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Common Organic Compounds and Functional Groups

Class ofcompound General structure Functional group Example

alkanes

alkyl halides

alkenes

alkynes

aromatic compounds

alcohols

phenols

thiols

ethers

ketones

aldehydes

carboxylic acids

esters

amides

amines

nitriles

nitroalkanes

R—

H

R—

X

R—CH=CH— R'

R—C^C— R'

R—OH

Ar—OH

R—SH

R—O— R'

O
II

R—C— R'

O

R—C—

H

O

R—C—OH

O

R—C—O— R'

O

R—C—NH,

R—NHj

R—C=N

R—NO2

X = F. CI, Br, or I

carbon-carbon double bond

carbon-carbon triple bond

benzene ring, also drawn

hydroxyl group

hydroxyl group on an aromatic ring

sulfhydryl group

oxygen between two alkyl groups

carbonyl group

carbonyl group

carboxyl group

carboalkoxy group

carboxamide group

amino group

cyano group

nitro group

CH3CH2CH2CH3
butane

CHiCH.CH.Cl
1 -chloropropane

CH3CH2—CH=CH2
1 -butene

CH3—C=C—CH3
2-butyne

H H

H H
benzene

CH3CH2—OH
ethanol

phenol

CH3—SH
methanethiol

CH3CH2—O—CH2CH3
diethyl ether

O

CH3—C—CH3
acetone

O

CH3CH2—C—

H

propanal

O

CH3—C—OH
acetic acid

O
II

CH3—C—O—CH2CH3
ethyl acetate

O
II

H—C—N(CH3)2

N, A'-dimethylformamide

CH3CH2—NH2
ethylamine

CH,CH2—C^N
propionitrile

CH3CH2—NO2
nitroethane



Common Abbreviations Used in Organic Chemistry

Organic Groups

Abbreviation Meaning

Ac

•Boc

Bn

n-Bu

i-Bu

s-Bu

i-Bu

Me

Et

t-Hx

Ph

Pr

i-Pr

Sia

THP

Ts

acclyl

allyl

hen/oyl

/-butyloxycarbonyl

ben/yl

/;-bulyl

isobulyl

.vec-buiyl

tert-buly\

Cbz (or Z) ben/yloxycarbonyl

Siruclure

methyl

ethyl

cyclohexyl

phenyl

propyl

isopropyl

secondary isoaniyl

tetrahydropyranyl

/~\ °

/xvra-toluenesultoiiyl. "tosyl" CH,—( 7—S—

R

O

O
II

CH,—C—

R

H,C=CH—CH,—

R

O
II

Ph— C—

R

O
II

(CH,),C—O—C—

R

Ph—CH,—

R

CH,—CH,—CH,—CH,—

R

(CH,);CH—CH,—

R

CH,—CH,—CH—

R

"
I

CH,

(CH3),C—

R

O
II

Ph— CH,—O—C—

R

CH,—

R

CH,—CH,—

R

CH,—CH,—CH,—

R

(CH,),CH—

R

(CH,),CH— CH—

R

I

CH,

Not all of these abbreviations are used in this text, but they are provided for

reference.

Reagents and Solvents

Abbreviation Meaning Structure

Ac,0

DCC

DIBAl.or DIBAH

DMK, "glyme"

dlglyme

DMF

DMSO

EtOH

EtO"

Et,0

HMPA. HMPT

LAH

LDA

MCPBA

MeOH

McO

MVK

NBS

PCC

Pyr

f-BuOH

/-BuOK

THE

TMS

acetic anhydride

dicyclohcxylcarbodiimidi

diisobutylalumiuin hydride

1 .2-diineth()xyethane

bis(2-melhoxyclhyl) ether

dirnelhylfonnamidc

dimethyl sulfoxide

ethanol

ethoxide ion

diethyl ether

hexamethylphosphoric triamide

lithium aluminum hydride

lithium diisopropylaniide

";cM-chloroperoxybenzoic acid

methanol

melhoxide ion

methyl vinyl ketone

A'-bromosucciniinide

pyridinium chlorochroniate

pyridine

tertiary butyl alcohol

potassium tertiary-huloxidc

tetrahydrofuran

tetramethylsilane

O C)

II II

CH,—C—O—C—CH,

e < ;-N=C=nV )

[(CH,),CHCH,),AIH

CH,—O—CH;CH,—O—CH,

(CH,—O—CH,CH,);0

C)

H—C— N(CH,),

O
II

CH,—S—CH,

CH,CH,OH

CH,CH,—

O

CH,CH,—O—CH,CH,

[(CH,),N],P=0

LiAIH,

[(CH,),CH],N Lr

o

C—O—O—

H

CHjOH

CH,—

O

O
II

CH,—C—CH=CH,
P

N— Br

pyr CrO, • HCI

(CH,),C—OH

(CHjhC—O K-

O

(CH,l4Si
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Preface

To the Student As you begin your study of organic chemistry, you might feel overwhelmed by the

number of compounds, names, reactions, and mechanisms that confront you. You

may even wonder whether you can learn all this material in a single year. The most

important function of a textbook is to organize the material to show that most of or-

ganic chemistry consists of a few basic principles and many extensions and appli-

cations of these principles. Relatively little memorization is required if you grasp

the major concepts and develop flexibility in applying those concepts. Frankly, I

have a poor memory, and I hate memorizing lists of information. I don't remember

the specifics of most of the reactions and mechanisms in this book, but I can work

them out by remembering a few basic principles, like "alcohol dehydrations usual-

ly go by El mechanisms."

Still, some facts and fundamental principles (probably about ten to twenty) in

each chapter must be learned to serve as the working "vocabulary" of that chapter.

As a student I learned this the hard way, when I made a D on my second organic

chemistry exam because I had neglected to learn the important terms. In writing this

book. I've tried to point out a small number of important facts and principles that

should be learned to prepare for solving problems. For example, in studying nuclear

magnetic resonance one might memorize thousands of chemical shifts, but Table

13-3 lists only about a dozen representative values that can be learned and used to

solve most problems.

Don 7 try to lucDiorize your way through this course. It doesn't work; you have

to know what's going on so you can apply the material. Also, don't think (like I did)

that you can get by without memorizing anything. Read the chapter, listen carefully

to the lectures, and work the problems. The problems will tell you whether you know
the material. If you can do the problems, you should do well on the exams. If you can't

do the problems, you probably won't be able to do the exams, either. If you keep hav-

ing to look up something to do the problems, that item is a good one to learn.

Here are some hints I give my students at the beginning of the course:

1. Read the material in the book before the lecture (expect 13-15 pages per lec-

ture). Knowing what to expect and what is in the book, you can take fewer

notes and spend more time listening and understanding the lecture.

2. Before the next lecture, review your notes and the book, and do the in-chapter

problems. Also, read the material for the next lecture.

3. If you are confused about something, visit your instructor during office hours

immediately, before you fall behind. Bring your attempted solutions to prob-

lems with you to show your instructor where you are having trouble.

4. To study for the exam, begin by reviewing each chapter and your notes, then

concentrate on the end-of-chapter problems. Also use old exams for practice,

if available.

Remember the two "golden rules" of organic chemistry.

1. DON'T GET BEHIND! The course moves too fast, and it's hard to catch up.

2. WORK LOTS OF PROBLEMS. Everyone needs the practice, and problems

show where you need more work.
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Study Aids

Several kinds of study aids are provided to emphasize and review the most impor-

tant points.

Summary Tables. Whenever a large amount of material lends itself to a concise

summary, a summary table is provided to compare and contrast this material. For

example, the following summary table compares the factors affecting S^l and

8^2 reactions.

SUMMARY: Nucleophilic Substitutions

SJ S,2

promoting factors

niicleophile

substrate (RX)

solvent

leaving group

other

characteristics

kinetics

stereochemistry

rearrangements

weak nucleophiles are OK
3° > 2°

good ionizing solvent needed

good one required

AgNO, forces ionization

first order, k,[RX]

mixture of inversion and retention

common

strong nucleophile needed

CH,X > 1° > 2°

wide variety of solvents

good one required

second order, ^'f[RX][Nuc: ~]

complete inversion

not possible

Reaction Summaries. At the conclusion of each section on syntheses or reactions

of a functional group ("Reactions of Alkynes." for example), a summary table is pro-

vided for efficient review. Each summary, highlighted by a beige background, in-

cludes cross-references to reactions that are discussed elsewhere.

SUMMARY: Reactions of Alkynes

I. ACETYLIDE CHEMISTRY
1. Formation of aceTy lide anions (alkynides)

a. Sodium, lithium, ami magnesium acetylides (Sections 9-6A and 10-9)

Example

R—C^C—

H

R—C^C—

H

R—C=C—

H

CH,—C=C-
propyne

-I-

+

-H

NaNH,

R'— Li

R'—MgX

+ NaNH,
sodium amide

R—C=C:"+Na + NHj

R—C=C— Li + R'—

H

R—C^C—MgX + R—

H

CH,—C=C:-^Na
sodium propynide

(propynyl sodium)

+ NH,

Problems. The in-chapter problems appear right after the relevant sections of the

text. These problems provide immediate review and reinforcement of the material as

you learn it, helping to make sure you understand each section well enough before

moving on to the next. Later, end-of-chapter problems promote additional review and

practice. Your instructor may choose to assign specific problems that reflect the em-

phasis of the lectures. Problems with red stars (*) are more difficult problems that re-

quire extra thought and perhaps some extension of the material presented in the chapter.
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Solved Problems. Where appropriate, solved problems (highlighted by a beige back-

ground) are provided to show how you might approach a particular type of problem

and what kind of answer is expected. For example, a solved problem might work

through a mechanism to show how it is broken down into individual steps and how
red curved arrows show movement of electrons.

SOLVED PROBLEM 8-4

A norbornene molecule labeled with deuterium is subjected to hydroboration-oxidation.

Give the structures of the intermediates and products.

c'xo (outside) face

I'liclr) (inside ) face

deuterium-labeled norbornene alkylborane alcohol

(racemic mixture)

SOLUTION
The syn addition of BH, across the double bond of norbornene takes place mostly from

the more accessible outside (e.xo) face of the double bond. Oxidation gives a product with

both the hydrogen atom and the hydroxyl group in exo positions. (The less accessible

inner face of the double bond is called the endo face.)

Glossaries. Each chapter ends with a glossary that defines and explains technical

terms introduced in that chapter. New terms defined in the glossary are printed in bold-

face the first time they appear in the chapter. The glossaries serve primarily as study

aids for reviewing the material. They will help to jog your memory as you go over

the definitions and make sure you understand and can use all the new terms.

addition A reaction involving an increase in the number of groups attached to the alkene Chapter 8
and a decrease in the number of elements of unsaturation. (p. 330) GlossafV

anti addition: An addition in which two groups add to opposite faces of the double bond '

(as in addition of Bis), (p. 355)

electrophilic addition: An addition in which the electi ophile bonds to one of the double-

bonded carbons first, followed by the nucleophile. (p. 331

)

syn addition: An addition in which two groups add to the same face of the double bond

(as in osmium tetroxide hydroxylation). (p. 348)

addition polymer (chain-growth polymer) A polymer that results from rapid addition of

one molecule at a time to a growing polymer chain, usually with a reactive intermediate

(cation, radical, or anion) at the growing end of the chain, (p. 367)

alkoxymercuration The addidon of mercuric acetate to an alkene in an alcohol solution,

forming an alkoxymercurial intermediate. Demercuration gives an ether, (p. 343)

Problem-Solving Strategies. The problem-solving strategies (highlighted by a green

background) suggest methods for approaching complicated problems, such as those

that require proposing mechanisms and developing multistep syntheses. Students

often have trouble seeing how to approach problem solving, and these strategies are

meant to help you break problems down into simpler pieces. Although organic chem-
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istry cannot be broken down into a rote process that guarantees an answer, experi-

enced chemists instinctively approach problems in ways that are more likely to lead

to solutions. The suggestions in the problem-solving discussions approximate what an

experienced chemist is likely to do in approaching these problems. They serve as a

starting point, not a guaranteed route to the answers.

PROBLEM-SOLVING
Multistep Synthesis

We use a systematic approach to solving multistep synthesis problems, working back-

ward, in the "retrosynthetic" direction. We begin by studying the target molecule and

considering what final reactions might be used to create it fi'om simpler intermediate

compounds. Comparing two or more pathways and the intemiediates involved is usu-

ally necessai^y. Eventually, this retrosynthetic analysis should lead back to starting

materials that are readily available or meet the requirements defined in the problem.

Problem-Solving Hints. These suggestions (green headings in the marginal col-

umn at the side of the page) are provided to remind you of facts or principles that

are likely to be useful for solving common types of problems. These are the tips I

give my own students when I help them work problems and review for exams. These

hints highlight material that is sometimes overlooked but plays an important role in

solving problems.

PROBLEM-SOLVING HINT

To move a proton (as in a

tautomerism) under basic condi-

tions, try removing the proton

from its old position, then adding

it to the new position.

Essential Problem-Solving Skills. This list is provided at the end of each chapter to

remind you of the kinds of skills needed to solve typical problems associated with

the material in that chapter. When you finish a chapter, this list can point out concepts

you might need to review, or it might suggest types of problems and solutions you

have not considered. Reviewing the problem-solving skills is often a good prelude

to doing the end-of-chapter problems.

ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 8

1. Predict the products of additions, oxidations, reductions, and cleavages of aikenes,

including

(a) Orientation of reaction (regiocheniistry

)

(b) Stereochemistry.

2. Propose logical mechanisms to explain the observed products of alkene reactions, in-

cluding regiochemistry and stereochemistry.

3. Use aikenes as starting materials and intermediates in devising one-step and multistep

syntheses.

4. When more than one method is usable for a chemical transformation, choose the bet-

ter method and explain its advantages.

5. Use clues provided by products of reactions such as ozonolysis to determine the struc-

ture of an unknown alkene.

Four-Color Printing. This book is printed with four colors of ink to help you find

and organize the material. Color is used to highlight major features for easy location;

the beige backgrounds of summary tables and solved problems shown above are

examples. The green backgrounds of problem-solving strategies and essential



problem-solving skills, and the green headings for problem-solving hints are further

examples. Other features that are set off by color:

1. Key definitions and rules are in blue type.

MARKOVNIKOV'S RULE The addition of a proton acid to the double bond

of an alkene results in a product with the acid proton bonded to the carbon

atom that already holds the greater number of hydrogen atoms.

2. Curved red arrows are used throughout for "electron pushing," to show the

flow of electrons through the course of a reaction.

OH

OH H
/A-an.9-l,2-cyclopentane diol

3. Important general reactions are highlighted by a check mark in the margin.

Nucleophiles are often printed in blue and electrophiles in green.

C—
(IX

B---H

//

:c=c + B— H + X-

transition state

The variety of available colors makes it possible to highlight and distinguish

key aspects of reactions, structures, and molecular drawings, and to distinguish atoms

and bonds within molecules and transition states.

isopropyl bromide (2°) /-butyl bromide (3°)

attack is pcssible attack is impossible

I am always interested to hear from students using this book. If you have any

suggestions about how the book might be made better, or if you've found an eiTor,

please let me know. (L. G. Wade, Whitman College, Walla Walla. WA, 99362;

E-mail wadelg@whitman.edu). I take students' suggestions seriously, and hundreds

of them now appear in this book. For example. Whitman student Brian Lian sug-

gested Figure 21-9, and University of Minnesota student (and racing driver) Jim

Coleman gave me the facts on methanol use at Indianapolis.

Good luck with your study of organic chemistry. I'm ceitain you will enjoy this

course, especially if you let yourself relax and develop an interest in how organic com-

pounds influence our lives. My goal in wiiting this book has been to make the process a

little easier: to build the concepts logically on top of each other, so they flow naturally

from one to the next. The hints and suggestions for problem-solving have helped my
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students in the past, and I hope some of them will help you to learn and use the materi-

al. Even if your memory is worse than mine (highly unlikely), you should be able to do

well in organic chemisti^y. I hope this will be a good learning experience for all of us.

Solutions Monual. (ISBN: 0-13-974()23-6) Brief answers to many of the in-chap- Supplements
ter problems are given at the back of this book. These answers are sufficient for a stu-

dent on the right track, but they are of limited use to one who is having difficulty

working the problems. The Solutions Manual, prepared by Jan W. Simek of California

Polytechnic State University, contains many solutions to all the problems. Solutions

also give helpful hints on how to approach each kind of problem. This supplement

is a useful aid for any student, and it is particularly valuable for students who feel they

understand the material but need more help with problem solving. Appendix 1 of

the Solutions Manual summarizes the lUPAC system of nomenclature. Appendix 2

reviews and demonstrates how acidity varies with structure in organic molecules,

and how one can predict the direction of an acid -base equilibrium.

The W@de Companion Website. This online center supports and enhances the text

with interactive exercises, visualization exercises (hundreds of highly accurate 3-di-

mensional renderings of important molecules presented with mini-tutorials), current

events features, relevant links, and animations— all organized according to the Wade
table of contents. This useful website was created for Prentice Hall by Dr. Rainer

Glaser and Dr. Mike Lewis of the University of Missouri, Columbia. Access this site

at www.prenhall.com/wade.

Chemistry on the Internet. (ISBN 0-13-758731-7) This free book features a de-

scription of the Internet and suggestions for students who are planning to use Prentice

Hall's chemistry Internet site. CheniCentral (www.prenhall.com/~chem). This book

may be packaged with the text.

ChemOffice Ltd. Software. (ISBN: 0-13-082932-3) This CD-ROM includes the stu-

dent versions of ChemDraw and Chem3D. It can be bundled with the text for a dis-

count. Each purchase of ChemOffice Ltd is accompanied by the Tutorials in Modeling,

Visualization, and Analyzing workbook. This guide— created specifically for Wade
4/e— provides students with dozens of tutorials that require the use of ChemOffice

Ltd; it is available for free downloading at www.prenhall.com/wade.

Prentice Hall Molecular Model Kit. (ISBN: 0-205-08136-3) Every organic chem-

istry student needs a set of molecular models. These models are used to demonstrate

a multitude of principles, including stereochemistry, ring strain, conformations of

cyclic and acyclic systems, and many others. These principles are ideally presented

with this durable model kit. The kit allows students to build space-filling and ball-

and-stick models of organic molecules.

Brumlik Framework Molecular Model Kit. (ISBN: 0-13-330076-5) Models con-

structed with this kit allow students to see the relationship between atoms in organ-

ic molecules, including precise interatomic distances and bond angles. The flexible

bonds can form strained systems, with the amount of bend in the bonds giving a

qualitative idea of the amount of strain.

Brumlik Universal Molecular Model Kit. (ISBN: 0-13-931700-7) A scientifically

accurate molecular model set that demonstrates the framework of a molecule, the

space-filling capacity of a molecule, and molecular orbitals. This kit features color-

coded atomic valence spheres and connectors. Its parts are fully interchangeable

with the Brumlik Framework Molecular Model Kit.
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THEMES OF THE TIMES

New York Times Themes ofthe Times. This newspaper supplement features recent

articles on such topics as chemistry and health, environmental problems, and ad-

vances in chemistry as reported in the New York Times. It is available at no charge to

users of Wade's Organic Chemistry.

To the Instructor In writing the first edition of this text, my goal was to produce a modem, readable

text that uses the most effective techniques of presentation and review. The second

and third editions extended and refined that goal, with substantial rewriting and re-

organization and with the addition of several new features. This fourth edition in-

corporates even more refinements than the third, with revisions in the organization,

writing, and graphics. Some of the more obvious revisions are:

1. The chapters are reorganized to place alkynes immediately after alkenes, to re-

inforce the similarities between these two functional groups.

2. Much of the writing has been revised to enhance clarity and understanding, and

to eliminate unnecessary repetition. Several new topics have been added, such as

discussions of thiols, NMR imaging, and epoxy glues. Other topics have been ex-

panded and updated, including polymer chemistry and biological applications.

3. All of the IR spectra and most of the NMR spectra are new, and many more '^C

NMR spectra have been added. The new IR spectra are taken from the Aldrich FT-

IR catalog, with greatly enhanced resolution. The new proton NMR spectra are

from the Aldrich FT-NMR catalog, taken at 300 MHz. A larger format is used for

the new NMR spectra to allow the relatively smaller splittings to be fully resolved.

A new section has been added comparing low-field and high-field NMR spectra.

0
4000 3500 3000 2500 2000 1800 1600 1400 1200 1000

wavenumber (cm"'

)

800 600
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4. The popular Problem-Soh ing Hints introduced in the third edition have been

expanded to include more reminders and principles that help students solve

specific types of problems.

5. The art program has been enhanced, using a large number of computer-gener-

ated three-dimensional strucmres. Fift\' new color photographs have been added

to increase student interest, while directly reinforcing the material. We hope > ou

will agree that these photos are highly relevant.

The entire book has been edited, with many large passages rewritten to en-

hance clarity. As in the first edition, each new topic is introduced carefully and ex-

plained thoroughly. Many introducton.- sections have been rewritten to update them

and make them more approachable for students. Whenever possible, illustrations

have been added or modified to help students visualize the physical concepts.

The emphasis continues to be on chemical reactivity. Chemical reactions are

introduced as soon as possible, and each functional group is considered in view of

its reactivity toward electrophiles. nucleophiles. oxidants, reductants. and other

reagents. "Electron-pushing" mechanisms are stressed throughout as a means of ex-

plaining and predicting this reacti\ ity. Structural concepts such as stereochemistrv'

and spectroscopy are thoroughly treated as useful techniques that enhance the fun-

damental study of chemical reacti\ ity.

This book maintains the traditional organization that concentrates on one function- Organization
al group at a time while comparing and contrasting the reactivity of different func-

tional groups. Reactions are emphasized, beginning with Lewis acid -base reactions

in Chapter 1. continuing with thermodynamics and kinetics in Chapter 4. and cov-

ering most of the important substitution, addition, and elimination reactions in the

three chapters following stereochemistn,'.

Spectroscopic techniques (IR. MS. and NMR) are covered in Chapters 12 and

13. so that they will be covered in the first semester. This early coverage is needed

to allow effective use of spectroscopy in the laboratory. Still, a large amount of or-

ganic chemistry has been covered before this digression into structure determina-
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tion. The principles of spectroscopy are practiced and reinforced in later chapters,

where the characteristic spectral features of each functional group are summarized

and reinforced by practice problems.

Key Features Flexibility of Coverage

No two instructors teach organic chemistry exactly the same way. This book covers

all the fundamental topics in detail, building each new concept on those that come
before. Many topics may be given more or less emphasis at the discretion of the in-

structor. Examples of these topics are '''C NMR spectroscopy, ultraviolet spec-

troscopy, conservation of orbital symmetry, nucleic acids, and the special topics

chapters: lipids and synthetic polymers.

Another area of flexibility is in the problems. The wide-ranging problem sets

review the material from several viewpoints, and more study problems are provided

than most students are able to complete. This large variety allows the instructor to

select the most appropriate problems for the individual course.

Up-to-Date Treatment

In addition to the classical reactions, this book covers many techniques and reac-

tions that have more recently gained wide use among practicing chemists. Molecu-

lar-orbital theory is introduced early and used to explain electronic effects in

conjugated and aromatic systems, pericyclic reactions, and ultraviolet spectroscopy.

Carbon- 1 3 NMR spectroscopy is treated as the routine tool it has become in most re-

search laboratories. Many of the newer synthetic techniques are also included, such

as the Birch reduction, Swem oxidations, alkylation of 1,3-dithianes, and oxidations

using pyridinium chlorochromate.

Reaction Mechanisms

Reaction mechanisms are important in all areas of organic chemistry, but they are dif-

ficult for many students. Students fall into the trap of memorizing a mechanism while

not understanding why it proceeds as it does. This book stresses the principles used

to predict mechanisms. Problem-solving sections develop basic techniques for ap-

proaching mechanism problems, and they work to minimize rote memorization.

These techniques emphasize deciding whether the reaction is acidic, basic, or free

radical in nature, then breaking it down into Lewis acid-base interactions and using

"arrow pushing" to illustrate these individual steps.

Introduction to Mechanisms Using Free-Radical Halogenation

The advantages and disadvantages of using free-radical halogenation to introduce

reaction mechanisms have been debated for many years. The principal objection to

free-radical halogenation is that it is not a useful synthetic reaction. But useful re-

actions such as nucleophilic substitution and additions to alkenes are complicated

by participation of the solvent and other effects. Gas-phase free-radical halogena-

tion allows a clearer treatment of kinetics and thermodynamics, as long as its dis-

advantages as a synthetic reaction are carefully discussed and the student is aware

of the Umitations.

Organic Synthesis

Organic synthesis is stressed throughout this book, with progressive discussions of

the process involved in developing a synthesis. Retrosynthetic analysis is empha-

sized, and the student learns to work backward from the target compound and for-



ward from the starting materials to find a common intermediate. Several new prob-

lem-solving discussions of organic synthesis have been added, emphasizing how one

approaches a multistep synthesis.

Typical yields have been provided for many synthetic reactions, although

I hope students will not misuse these numbers. Too often students consider the

yield of a reaction to be a fixed characteristic just as the melting point of a com-

pound is fixed. In practice, many factors affect product yields, and literature val-

ues for apparently similar reactions often differ by a factor of 2 or more. The

yields given in this book are typical yields that a good student with excellent

technique might obtain.

Spectroscopy

Spectroscopy is one of the most important tools of the organic chemist. This book

develops the theory for each type of spectroscopy and then discusses the character-

istic spectral features. The most useful and dependable characteristics are summa-

rized into a small number of rules of thumb that allow the student to inteipret most

spectra without looking up or memorizing large tables of data. For reference use,

extensive tables of NMR and IR data and a more complete version of the Wood-

ward -Fieser rules for UV are provided as appendices.

This approach is particularly effective with IR and NMR spectroscopy, and

with mass spectrometry. Practical rules are given to help students see what in-

formation is available in the spectrum and what spectral characteristics usually

correspond to what structural features. Sample problems show how the infor-

mation from various spectra is combined to propose a structure. The emphasis is

on helping students develop an intuitive feel for using spectroscopy to solve

structural problems.

Nomenclature

lUPAC nomenclature is stressed throughout the book, but common nomenclature is

also discussed and used to develop students' familiarity. Teaching only the lUPAC
nomenclature might be justifiable, hut such an approach would handicap students in

their further study and use of the literature. Much of the literature of chemistry, bi-

ology, and medicine uses common names such as methyl ethyl ketone, isovaleric

acid, methyl /-butyl ether, y-aminobutyric acid, and e-caprolactam. This book em-

phasizes why systemic nomenclature is often prefeired, yet it encourages familiari-

ty with common names as well.

Instructor Supplements

Wade Presentation Manager CD-ROM. (ISBN: 0-13-974080-5) This CD-ROM
(runs on both Macintosh and IBM compatible machines) contains a wealth of images

from the text, hundreds of 3-dimensional renderings of important organic molecules

that can be manipulated with the Prensentation Manager 3.0 software, and over 15

minutes of newly created animations. This program allows the user to search for im-

ages and animations by key terms, preview the selected pieces, edit the attached

notes, and create transparency acetates. The user can also import his own multime-

dia assets into the program.

Transparency Pack. (ISBN: 0-13-974064-3) The package comprises 200 two- and

four-color acetates of the most useful images, computer art. and line drawings from

the text. The transparency pack is available at no charge to adopters of Wade Or-

ganic Chemistry.
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Prentice Hall Custom Test. (Windows ISBN: 0-13-974049-X; Mac ISBN: 0-13-

974031-7) This program contains a bank of over 1500 test questions prepared by

Gary Hollis of Roanoke College. Based on the testing technology developed by En-

gineering Software Associates. Inc. (ESA). this supplement allows instructors to tai-

lor exams to their own needs. With the Online Testing option, exams can be

administered online, and data can be automatically transferred for evaluation. A com-
prehensive desk reference guide is included as well as online assistance.

Test Item File. (ISBN: 0-13-974056-2) This book is a printed version of all ques-

tions found on the Prentice Hall Custom Test software, organized according to the

table of contents of Wade's Organic Chemistry.

Syllabus Builder. Syllabus Manager located at www/prenhall.com/wade.

Extend the boundaries of your course with Syllabus Manager, a new online syllabus

creation and management utility. The W@de Companion Website integrates Syllabus

Manager, providing you with an easy, step-by-step process to create and revise your

syllabus incorporating links into your text's Companion Website and other online

content.

I've enjoyed working on this new edition, and I hope it's much better than the

third edition. I've tried to make this book as error-free as possible, but I'm sure some
errors have slipped by. If you find errors, or have suggestions about how the book

might be made better, please let me know (L. G. Wade. Whitman College. Walla

Walla. WA, 99362; E-mail wadelg@whitman.edu). Errors can be fixed quickly, in the

next printing. I've already started a file of possible changes and improvements for the

fifth edition, and I hope many of the current users will contribute suggestions to this

file. I hope this book makes your job easier and helps more of your students to suc-

ceed. That's the most important reason I wrote it.
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CHAPTER

Introduction

and Review

I

The modem definition of organic chemistry is the chemistiy ofcarbon compounds.

What is so special about carbon that a whole branch of chemistry is devoted to its

compounds? Unlike most other elements, carbon forms strong bonds to other carbon

atoms and to a wide variety of other elements. Chains and rings of carbon atoms can

be built up to form an endless variety of molecules. It is this diversity of carbon com-

pounds that provides the basis for life on Earth. Living creatures are composed large-

ly of complex organic compounds that serve stmctural. chemical, or genetic functions.

The term organic literally means "derived from living organisms." Original-

ly, the science of organic chemistry was the study of compounds extracted from

living organisms and their natural products. Compounds such as sugar, urea, starch,

waxes, and plant oils were considered "organic," and people accepted Vitalism:

the belief that natural products needed a "vital force" to create them. Organic chem-

istry, then, was the study of compounds having the vital force. Inorganic chemistry

was the study of gases, rocks, and minerals and the compounds that could be made
from them.

In the nineteenth century, the definition of organic chemistry had to be rewrit-

ten. Experiments had shown that organic compounds could be synthesized from in-

organic compounds. One of these famous experiments was performed by the German
chemist Friedrich Wohler in 1828. He converted ammonium cyanate, made from

ammonia and cyanic acid, to urea simply by heating it in the absence of oxygen.

nh; ocn
ammonium cyanate

(inorganic)

heat

o
II

H.N—C—NH;
urea

(organic)

Urea had always come from living organisms and was presumed to contain the

vital force, yet ammonium cyanate is inorganic and thus lacks the vital force. Some
chemists claimed that a trace of vital force from Wohler's hands must have contam-

inated the reaction, but most recognized the possibility of synthesizing organic com-

pounds from inorganics. Many other syntheses were carried out, and the vital force

theory was eventually discarded.

Since Vitalism was disproved in the early nineteenth century, you'd think it

would be extinct by now. And you'd be wrong! Vitalism lives on today in the

l-l

The Origins of

Organic Chennistry

The Jarvik 7 artificial heart,

largely composed of synthetic

organic materials.
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Four examples of organic

compounds in living organ-

isms. Tobacco contains nico-

tine, an addictive alkaloid.

Rose hips contain vitamin C.

essential for preventing scurvy.

The red dye carmine comes

from cochineal insects, shown

on prickly pear cactus. Opium
poppies contain morphine, a

pain-relieving, addictive

alkaloid.

minds of nonscientists who believe that "natural" (plant-derived) vitamins, flavor

compounds, etc. are somehow different and more healthful than the identical "ar-

tificial" (synthesized) compounds. Assuming they are pure, the only way to tell

them apart is through '"*C dating: Compounds synthesized from petrochemicals

have a lower content of radioactive '"*C and appear old because their '""C has de-

cayed over time. Plant-derived compounds are recently synthesized from CO2 in

the air. They have higher '"'C content. Some large chemical suppliers provide iso-

tope ratio analyses to show that their "naturals" have high '"*C content and are

plant-derived. Such a sophisticated analysis lends a high-tech flavor to this twen-

tieth-century form of Vitalism.

Even though organic compounds do not need a vital force, they are still dis-

tinguished from inorganic compounds. The distinctive feature of organic compounds
is that they all contain one or more carbon atoms. Still, not all carbon compounds
are organic; substances such as diamond, graphite, carbon dioxide, ammonium
cyanate, and sodium carbonate are derived from minerals and have typical inor-

ganic properties. Most of the millions of carbon compounds are considered to be or-

ganic, however.

We ourselves are composed largely of organic molecules, and we are nour-

ished by the organic compounds in our food. The proteins in our skin, the lipids in

our cell membranes, the glycogen in our livers, and the DNA in our nuclei are all or-

ganic compounds. Our bodies are also regulated and defended by complex organic

compounds.

Chemists have learned to synthesize or simulate many of these complex
molecules. The synthetic products serve as drugs, medicines, plastics, pesticides,

paints, and fibers. Many of the most important advances in medicine are actual-

ly advances in organic chemistry. New synthetic drugs are developed to combat

disease, and new polymers are molded to replace failing organs. Organic chem-

istry has gone through a full circle. It began as the study of compounds derived

from "organs." and now it gives us the drugs and materials we need to save or re-

place those organs.

nicotme

oT f

vitamin C
CH,OH

i

'

HCOH

H
HO

carmme

OH O
glucose ^ ,COOH

OH

morphine

-N— CH,
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Before we begin our study of organic chemistry, we must review some basic prin- I "2

ciples. Although you have seen some of this material in general chemistry, we con-
PfjncioleS of

sider it from a slightly different viewpoint. Many of these concepts of atomic and ^

molecular structure are crucial to your understanding of the structure and bonding

of organic compounds.

Atomic Structure

I -2A Structure of the Atom cloud of electrons

Atoms are made up of protons, neutrons, and electrons. Protons are positively

charged and are found together with (uncharged) neutrons in the nucleus. Electrons,

which have a negative charge that is equal in magnitude to the positive charge on

the proton, occupy the space surrounding the nucleus (Figure 1-1). Protons and

neutrons have similar masses, about 1800 times the mass of an electron. Almost all

the atom's mass is in the nucleus, but it is the electrons that take part in chemical

bonding and reactions.

Each element is distinguished by the number of protons in the nucleus. The

number of neutrons is usually similar to the number of protons, although the num-

ber of neutrons may vary. Atoms with the same number of protons but different num-

bers of neutrons are called isotopes. For example, the most common kind of carbon

atom has six protons and six neutrons in its nucleus. Its mass number (the sum of the

protons and neutrons) is 12. and we write its symbol as '"C. About 1 percent of car-

bon atoms have seven neutrons: the mass number is 13, written '''C. A very small frac-

tion of carbon atoms are '"'C. a radioactive nucleus having eight neutrons. The '''C

isotope has a half-life (the time it takes for half of the nuclei to decay) of 5730 years.

The predictable decay of '"'C is used to determine the age of organic materials up to

about 50,000 years old.

nucleus

(protons and neutrons)

Figure I-

1

An atom has a dense, posi-

tively charged nucleus

surrounded by a cloud of

electrons.

I -2B Electronic Structure of the Atom

An element's chemical properties are detemiined by the number of protons in the nu-

cleus and the corresponding number of electrons around the nucleus. The electrons

form bonds and determine the structure of the resulting molecules. Because they are

small and light, electrons show properties of both particles and waves; in many ways,

the electrons in atoms and molecules behave more like waves than like particles.

Electrons that are bound to nuclei are found in orbitals. The Heisenberg un-

certainty principle states that we can never determine exactly where the electron is;

but even though we do not know its exact location, we can speak of the electron

density, the probability of finding the electron in a particular part of the orbital. An
orbital, then, is an allowed energy state for an electron, with an associated probabil-

ity function that defines the distribufion of electron density in space.

Atomic orbitals are grouped into different "shells'" at dift'erent distances from

the nucleus. Each shell is identified by a principal quantum number n, with n = 1 for

the lowest-energy shell closest to the nucleus. As /; increases, the shells are farther from

the nucleus, higher in energy, and can hold more electrons. Most of the common el-

ements in organic compounds are found in the first two rows of the periodic table, in-

dicating that their electrons are found in the first two electron shells. The first shell

(/; = 1 ) can hold two electrons, and the second shell (n = 2) can hold eight.

The first electron shell contains just the l.v orbital. All 5 orbitals are spherical-

ly symmetrical, meaning that they are nondirectional. The electron density is only a

function of the distance from the nucleus. The electron density of the Is orbital is

graphed in Figure 1-2. Notice the exponential falloff in electron density with in-

creasing distance from the nucleus. The electron density is highest at the nucleus, and

it drops off at increasing distances from the nucleus. The Is orbital might be imag-
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distance distance from the

nucleus

Figure 1-2

Graph and diagram of the 1 s

atomic orbital. The electron

density is highest at the

nucleus and drops off exponen-

tially with increasing distance

from the nucleus in any

direction.

nucleus

ined as a cotton boll, with the cottonseed at the middle representing the nucleus. The

density of the cotton is highest nearest the seed, and it becomes less dense at greater

distances from this "nucleus.""

The second electron shell has two different kinds of orbitals. the 2s and 2p or-

bitals. Like the Is orbital, the 2^ is spherically symmetrical. Its electron density is not

a simple exponential function, however. The 2^ orbital has a smaller amount of elec-

tron density close to the nucleus. Most of the electron density is farther aw ay. beyond

a node, or region of zero electron density. Because most of the 2s electron density

is farther from the nucleus than that of the Is, the 2s orbital is higher in energy. Fig-

ure 1-3 shows a graph of the 25 orbital.

2s
electron density

node node

distance

from the

nucleus

distance

from the

nucleus

nucleus

Figure 1-3

The Is orbital has a small

region of high electron density

close to the nucleus, but most

oj the electron density is

farther from the nucleus,

beyond a node, or region of

zero electron density.
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nodal

plane

the 2p^ orbital the 2p^. 2p^.. and 2p.

orbitals superimposed

at 90° angles

4 Figure 1-4

The 2p orbitals. There are

three 2p orbitals. oriented at

right angles to each other. Each

is labeled according to its

orientation along the .v, y. or c

axis.

In addition to the 2s orbital, the second shell also contains three 2p atomic

orbitals. one oriented in each of the three spatial directions. These orbitals are

called the 2p^. the 2p, . and the 2p-. according to their direction along the .v. y. or

z axis. The 2p orbitals are slightly higher in energy than the 2s. because the aver-

age location of the electron in a 2/? orbital is farther from the nucleus. Each p or-

bita l consists of two lobes, one on either side of the nucleus, \vith_a_nodal plane

at the nucleus. The nodal plane is a flat (planar) region of space, including the nu-

cleus. with zero electron density. The three 2p orbitals diTfer only in their spatial

orientation, so they have identical energies. Orbitals with identical energies are

called degenerate orbitals. Figure 1-4 show s the shapes of the three degenerate

2p atomic orbitals.

The Pauli exclusion principle tells us that each orbital can hold a maximum of

two electrons. pro\'ided that their spins are paired. The first shell (one Is orbital) can

accommodate two electrons. The second shell (one 2s orbital and three 2p orbitals)

can accominodate eight electrons, and the third shell (one 35 orbital, three 3p or-

bitals. and five 3c/ orbitals) can accommodate 18 electrons.

I-2C Electronic Configurations ofAtoms

Aufbau means "building up"' in German, and the aiifbaii principle tells us how to

buUd up the electronic configuration of an atom's grmind (most stab le) state . Start-

ing with the lowest-energy orbital, we fill the orbitals in order until we have added

the proper number of electrons. Table 1-1 shows the application of the aufbau prin-

ciple to the elements of the first two row s of the periodic table.

Two additional concepts are illustrated in Table 1 - 1 . The valence electrons are

those electrons that are in the outemiost shell. Helium has two valence electrons,

and neon has eight, corresponding to a filled first shell and second shell, respective-
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Relative orbital energies

energy

TABLE l-l Electronic Configurations of the Elements of the First and

Second Rows

Element Confimirai! Valence Electrons

H 1

He \s- 2

Li h - 2.v' 1

Be 2

B \s^2s-2p\ 3

C \s'2s'2p\2p\ 4

N \s- 2s- 2p\ 2p\ 2p\ 5

0 \s-2s-2pl2p\2p\ 6

F ! r 2s-2p\2p:2p\ 7

Ne 1 s" 2.V" 2p', 2p' 2p: 8

ly. In general (for the representative elements), the column or group number of the

periodic table corresponds to the number of valence electrons. Hydrogen and lithi-

um have one valence electron, and they are both in the first column (group lA) of the

periodic table. Carbon has four valence electrons, and it is in group IVA of the peri-

odic table. Figure 1-5 shows how these configurations place the elements in the cor-

responding columns of the periodic table.

lA

H IIA

Li Be

Na Mg

Partial periodic table

noble

gases

(vm)

IIIA I\"A VA \1A VIIA He

B C N 0 F Xe

AI Si P S CI Ar

Figure 1-5

First three rows of the periodic table. The organization of the periodic table results from the

filling of atomic orbitals in order of increasing energy. For these representative elements,

the number of the column corresponds to the number of valence electrons.

Notice in Table 1-1 that carbon's third and fourth valence electrons are not

paired: they occupy separate orbitals. Although the Pauli exclusion principle says

that tw o electrons can occupy the same orbital, the electrons repel each other, and

pairing requires additional energy. Hund's rule states that when there are two or

more orbitals of the same energy, electrons \\ ill go into different orbitals rather than

pair up in the same orbital . The first 2p electron (boron) goes into one 2p orbitah

the second (carbon) goes into a different orbital, and the third (nitrogen) occupies

the last 2p orbital. The fourth, fifth, and sixth 2p electrons must pair up with the first

three electrons.

PROBLEM l-l

Write the electronic configurations of the third-row elements show n in the partial periodic

table in Fisure 1 -5.
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In 1915. G. N. Lew is proposed several new theories describing how atoms bond to-

gether to fomi molecules. One of these theories states that a filled shell of electrons

is especiall) stable, and ato??is rraiisfer or share electrons in such a w ay as to attain

a filled shell of electrons. A filled shell of electrons is simply the electron configu-

ration of a noble gas such as He. Ne. or Ar. This principle has come to be called the

octet rule because a filled shell implies eight \ alence electrons for the elements in

the second row of the periodic table.

I -3A lom^^onding

There are tw o wa\ v that atoms can interact to attain noble-gas configurations. Some-

times atoms attain noble-gas configurations b> transfening electrons from one atom

to another. For example, lithium has one electron more than the helium configura-

tion, and fluorine has one electron less than the neon contlguration. Lithium easih

loses its valence electron, and fluorine easily gains one:

Li'^-F: > Li" + :F:" ^ Li--F:'

electron transfer He configuration Ne configuration ionic bond

.A transfer of one electron gi\ es each element a noble-gas contlguration. The re -

sulting ions ha\ e opposite charges, and they attract each other to form an ionic bond .

Ionic bonding usuallv results in the foiTTiation of a large ciystal lattice rather than in-

dividual molecules. Ionic bonding is common in inorganic compounds but relative-

ly uncommon in organic compounds.

I-3B Coyalent^ond^ing

Covalent bonding, in w hich electrons are shared rather than transfeixed. is the most

commonjy pe of bonding in orgaiTuTcxrmpbunds. Consider the hydrogen molecule,

for example. Hydrogen seeks the noble-gas configuration of helium, with two elec-

trons in the first shell. If tw o hx drogen atoms come together and fomi a bond. the>

"share" their two electrons, and each atom has two electrons in its \ alence shell.

H — H • * H ' H each H shares tw o electrons

(He configuration)

Covalent bonding is particularlx important m organic chemistr\. and we will stud\

co\alent bonding in detail in Chapter 2.

1-3

Bond Formation:

The Octet Rule

The simplest w ay to symbolize the bonding in a covalent molecule is to use Lewis I "4
structures as w e did abo\ e. using H = H for the hydrogen molecule. In a Lewis struc-

ture, each valence electron is symbolized by a dot. or a bonding pair of electrons is

symbolized by a dash (— ). We tn. to arrange all the atoms so the\ have their appro-

priate noble-gas configurations: two electrons for h\ drogen and octets for the sec-

ond-row elements.

.A. more interesting stmcture is that of methane. CH4.

H
H

I

H:C:H or H— C—

H

" H
methane

Lewis Structures
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Carbon contributes four valence electrons, and each hydrogen contributes one, to

give a total of eight electrons. All eight electrons surround carbon to give it an octet,

and each hydrogen atom shares two of the electrons.

The Lewis structure for ethane, C^Hf,, is more complex.

H H
H H II

H:C:C:H or H—C— C—

H

ethane

Once again, we have computed the total number of electrons (14) and distributed

them so that each carbon atom is surrounded by eight and each hydrogen by two. The
only possible structure for ethane is the one shown, with the two carbon atoms shar-

ing a pair of electrons and each hydrogen atom sharing a pair with one of the carbons.

The ethane structure shows the most important characteristic of carbon— its ability

to form strong carbon -carbon bonds.

We will encounter many structures with nonbonding electrons in the valence

shell. A pair of nonbonding electrons is often called a lone pair. These are electrons

that are not shared. Oxygen atoms, nitrogen atoms, and the halogens (F, CI, Br, I) usu-

ally have nonbonding electrons in their stable compounds. These lone pairs of non-

bonding electrons help to determine the reactivity of their parent compounds. As the

following structures show, there is a lone pair of electrons on the nitrogen atom of

methylamine, and there are two lone pairs on the oxygen atom of ethanol. Halogen

atoins usually have three lone pairs, as shown in the structure of chloromethane.

H lone pair H H ^ '""e pairs H

H—C—N—H H— C—C— O:"^ H— C—CliB lone pairs

H H lone pairs

H—C—C—f
H H H
ethanol

H H H H H H
methylamine ethanol chloromethane

A correct Lewis structure should show any lone pairs. Organic chemists often

draw structures that omit most or all of the lone pairs. These are not true Lewis struc-

tures, and you should assume the conect number of nonbonding electrons.

PROBLEM 1-2

Draw Lewis structures for the following compounds.

(a) ammonia. NH, (b) water. HiO
(c) hydronium ion, H^O^ (d) propane, C^H^

(e) ethylamine. CH3CH.NH2 (f) dimethyl ether. CH3OCH3
(g) tluoroethane. CHjCH.F (h) borane, BH,
(i) boron trifluoride. BF,

Explain what is unusual about the bonding in compounds in parts (h) and (i).

1-5

Multiple Bonding

In drawing Lewis structures in Section 1-4, we placed just one pair of electrons be-

tween any two atoms. The^hanngj)fi)ne43a^ between two atoins is called a single

bond^^Many molecules have adjacent atoins sharing two or even three electron pairs.

The shnrino^jAvojjairs is called a double bond, and the sharing of threej)aiTsJs,

called a triple bond. Ethylene, C2H4, is an example of an organic compound with

a double bond. When we draw a Lewis structure for ethylene, the only way to pro-
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vide both of the carbon atoms with octets is to allow thcni to share two pairs of elec-

trons. The follow ing ;ire examples of organic compounds u ith double bonds. In each

case, four electrons (two pairs) are shared between two atoms to give them octets. A
double dash (=) is used to svmbolize a double bond.

H. .H
r-c:

or

H H
eth\ lene

H.
:c::o:

or

H
fonnaldeh\de

H.
:c"n:

H' H

or

H H
formaldimine

Acetylene. C^H;. is an organic compound with a triple bond. When we draw

the structure of acetylene, three pairs of electrons must be placed between the car-

bon atoms to give them octets. The following are examples of organic compounds

with triple bonds. .A triple dash i=i is used to symbolize a triple bond.

H:C-:C:H

or

H H
H :C:C:::C:C:H

H H

or

H
H :C:C:::N:

H

or

H
I

H

H—C^C— H H— C— C=C— C— H H— C— C= N:

I I I

H H H
acetylene dimethylacet\lene aceionitrile

From the Lewis structures we have presented, it can be seen that carbon normally

forms four bonds in neutral organic compounds. Nitrogen generally forms three bonds,

and oxygen usually forms two. Hydrogen and the halogens usually form only one

bond. The number of bonds an atom usually fonns is called its valence. Carbon is

tetra\ alent. nitrogen is tri\alent. oxygen is di\ alent. and hydrogen and the halogens

are monovalent. By remembering the usual number of bonds for these common ele-

ments, we can write organic structures more easily. If we draw a structure with each

atom having its usual number of bonds, the correct Lew is structure usually results.

Summary Common Bonding Patterns (Uncharged)

-C— —N— —O— —

H

valence:

lone pairs:

carbon

4

0

nitrogen

1

oxygen
'2

2

h\ drogen
1^

0

— CI:

halogens

r

3

PROBLEM 1-3

Wnte a Lewis structure for each of the following molecular formulas,

(a) N: (b) HCN (c) HONO
(d) CO: (e) H^CNH (f ) HCO.H
(g) C.HjCl (h) Ks'NH (i) C.Ht.

(j) C3H4 (two double bonds) (k) CjHj (one triple bond)

PROBLEM-SOLVING HINT
These "usual numbers of bonds"

might be single bonds, or they

might be combined into double

and triple bonds. For example,

three bonds to nitrogen might

be three single bonds, one single

bond, and one double bond, or

one triple bond (:N=N=Kln
working problems, consider all

possibilities.
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PROBLEM 1-4

Circle any lone pairs (pairs of nonbonding electrons) in the structures you drew for Prob-

lem 1-3.

1-6

Electronegativity

and Bond Polarity

Abond with the electrons shared equally between the two atoms is ca1 1ed_ajionjK>-

lar bond . Examples of nonpolar bonds are the bond in H2 and the C—C bond in

ethane. In most bonds between two different elements, the bonding electrons are at-

tracted more strongly to one of the two nuclei. An unequally shared pair of bonding

electrons is called a polar bond.

nonpolar

covalent bond

— cc3)^)'

polar

covalent bond

Na+ :C1:

ionic bond

When carbon is bonded to chlorine, for example, the bonding pair of electrons

is attracted more strongly to the chlorine atom. The carbon atom bears a small par-

tial positive charge, and the chlorine atom bears an equal amount of negative charge.

The stRicture below shows the polar carbon -chlorine bond in chloromethane. We
symbolize the bond polarity by an arrow with its head at the negative end of the polar

bond and a plus sign at the positive end. The bond polarity is measured by its dipole

moment (jx), defined to be the amount of charge separation (8^ and multiplied

by the bond length. The symbol 8* rneans ''a siriall amount of positive~charge"; §^

means "a small amount of negative charge."

H
\

H

-CI

We often use electronegativities as a guide in predicting whether a given bond

will be polar and the direction of its dipole moment . The Pauling electronegativity

scale, most commonly used by organic chemists, is based on bonding properties,

and it is useful for predicting the polarity of covalent bonds. Elements with higher

electronegativities generally have more attraction for the bonding electrons. There-

fore, in a bond between two different atoms, the atom with the higher electronega-

tivity is the negative end of the dipole. Figure 1-6 shows the Pauling electronegativities

for some of the important elements in organic compounds.

H
2.2

Li Be B C N 0 F

1.0 1.6 1.8 2.5 3.0 3.4 4.0

Na Ms A\ Si P S CI

0.9 1.3 1.6 1.9 2.2 2.6 3.2

Figure 1-6
K
0.8

Br

3.0

The electronegativities of some I

of the elements found in 2.7

organic compounds.
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Notice that the electronegativities increase from left to right across the peri-

odic table. Nitrogen, oxygen, and the halogens are all more electronegative than

carbon; sodium, lithium, and magnesium are less electronegative. Hydrogen's elec-

tronegativity is similar to that of carbon, and we usually consider C—H bonds t£

be nonpol ai". We will consider the polarity of bonds and molecules in more detail

in Section 2-11.

PROBLEM 1-5

Use electronegativities to predict the direction of the dipole moments of the following bonds,

(a) C— CI (b) C—O (c) C—N (d) C— S (e) C—

B

(f) N— CI (g) N— O (h) N— S (!) N— B (j) B— CI

In polar bonds, the partial charges {S* and 8~) on the bonded atoms are real. For-

mal charges provide a method for keeping track of electrons, but theymay or

may not correspond to real charges. In most cases, if the Lewis structure shows

that an atom has a formal charge, it actually bears at least part of that charge. The

concept of formal charge helps us to see which atoms bear most of the charge in

a charged molecule, and it also helps us to see charged atoms in molecules that

are neutral overall.

To calculate formal charges, we simply count how many electrons contribute

to the charge of each atom and compare that number with the number of valence

electrons in the free, neutral atom
(
given by the group number in the periodic table).

The electrons that contribute to an atom's charge are:

1. All its unshared (nonbonding) electrons; plus

2. Halfthe (bonding) electrons it shares with other atoms, or one electron of each

bonding pair.

The formal charge of a given atom can be calculated by the formula

/ formal charge = (group number) — (nonbonding electrons) —
^ (shared electrons)

O

SOLVED PROBLEM i-l

Compute the formal charge on each atom in the following structures,

(a) Methane, CH

4

H
H:C:H

H

SOLUTION
Each of the hydrogen atoms in methane has one bonding pair of electrons (two shared elec-

trons). Half of two shared electrons is one electron, and one valence electron is what hy-

drogen needs to be neutral. Hydrogen atoms with one bond are formally neutral:

FC = 1 - 0 - 1 = 0.

The carbon atom has four bonding pairs of electrons (eight electrons). Half of

eight shared electrons is four electrons, and four electrons are what carbon
(
group IVA)

needs to be neutral. Carbon is formally neutral whenever it has four bonds:

FC = 4 - 0 - '(8) = 0.

1-7

Formal Charges
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(b) The hydroniuni ion. H ^O^

^^ isvo nonbonding electrons

H :"0 ^ H

H \
three bonds, six bonding electrons

SOLUTION
In drawing the Lewis structure for this ion, we use eight electrons: six from oxygen plus

three from the hydrogens, minus one because the ion has a positive charge. Each hydro-

gen has one bond and is neutral. Oxygen is surrounded by an octet, with six bonding

electrons and two nonbonding electrons. Half the bonding electrons plus ail the non-

bonding electrons contribute to its charge: 6/2-1-2 = 5; but oxygen (group VIA) needs

six valence electrons to be neutral. Consequently, the oxygen atom has a formal charge

of -hi : FC = 6 - 2 - '

(6) = + 1

.

(c) HjN—BHj
Boron has four bonds, eight bonding electrons

H\H

^ H H

Nitrogen has four bonds, eight bonding electrons

SOLUTION
This is an example of a neutral compound where the individual atoms are formally charged.

The Lewis structure shows that both nitrogen and boron have four shared bonding pairs

of electrons. Both boron and nitrogen have 8/2 = 4 electrons contributing to their charges.

Nitrogen ( group V ) needs five \ alence electrons to be neutral, so it bears a formal charge

of -t- 1. Boron (group III) needs only three valence electrons to be neutral, so it bears a

formal charge of - 1

.

Nitrogen: FC = 5 - 0 - Us) = +1

Boron: FC = 3 - 0 - ^8) = -1

(d) [H.CNH:]^

H H

SOLUTION
This Lewis structure shows that both carbon and nitrogen ha\ e four shared pairs of bond-

ing electrons. With four bonds, carbon is formally neutral; however, nitrogen is in group

V. and it bears a fomial positi\ e charge: FC = 5 — 0 — 4 = -1-1.

Notice that this compound might also be drawn with the following Lewis structure:

H H
\- ../
C—

N

/ \
H H

In this structure, the carbon atom has three bonds with six bonding electrons. We calcu-

late that 6/2 = 3 electrons, one short of the four needed for a neutral carbon atom:

FC = 4 - 0 - ^(6) = +\.

Nitrogen has six bonding electrons and two nonbonding electrons. We calcu-

late that 6/2 -1-2 = 5, and the nitrogen is uncharged in this second structure:

FC = 5 - 2 - ^(6) = 0.

The significance of these two Lewis structures is discussed in Section 1-9.
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Most organic compounds contain only a few common elements, usually with com-

plete octets of electrons. The following summary table shows some of the most com-

monly occurring bonding structures, using dashes to represent bonding pairs of

electrons. Use the rules for calculating formal charges to verify the charges shown

on these structures. A good understanding of the structures shown here w ill help you

to draw organic compounds and their ions quickly and correctly.

SUMMARY: Common Bonding Pat:terns in Organic Compounds and Ions

Atom
Valence

Electrons

Positively

Charged Neutral

Negatively

Charged

B—

N

O

halogen

(no ociei

)

-c—
I

^ (no octet)

—N—

-0-

-Cl-

—c—

—N—

-0—

— €]

—C-
I

— N-

— O:

c\-

PROBLEM-SOLVING HINT
This is a very important table.

Work enough problems to

become familiar with these

bonding patterns so you can

recognize other patterns as

being either unusual or wrong.

Some organic compounds contain ionic bonds. For example, the structure of methy-

lamnionium chloride (CH3NH3CI) cannot be drawn using just co\ alent bonds. That

would require nitrogen to have five bonds, implying ten electrons in its \ alence shell.

The coiTect structure shows chloride ion to be ionically bonded to the rest of the

structure.

1-8

Ionic Structures

H H

H—C—N—H :C1:

H H

meth\ lammonium chloride

H H

H—

C

H H

too many electrons

around nitrogen

cannot be drav\ n covalently

Some molecules can be drawn either covalently or ionically. For example, sodium

methoxide ( NaOCH ,) may be drawn with either a covalent bond or an ionic bond be-

tween sodium and oxygen. Because sodium generally forms ionic bonds with oxy-

gen (as in NaOH). the ionically bonded structure is usually preferred. In general-

bonds between atoms with \ ery large electronegativity differences (about 2 or more )

are usuallv drawn as ionic.

H H

Na^ -:0—C—

H

Na—O—C—

H

H
more common

H
less common
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PROBLEM 1-6

Draw Lewis structures for the following compounds and ions, showing appropriate for-

mal charges.

(a) [CH,0H2]' (b) NH4CI (c) (CHjJ.NH.Cl (d) NaOH
(e) "CH, (f) CH3 (g) NaBH4 (h) NaBHjCN
(i) (CH,),0— BF, (J) [HONH,]^ (k) KOC(CH3)3 (1) [H.C=OH]^

1-9

Resonance

H

H—c—

c

.0 =

H

acetic acid

O—

H

I-9A Resonance Hybrids
Some compound,s" structures are not adequately represented by a single Lewis struc-

ture. WhenjAvo^iMTiore valence bond structures are possible, differing only in the

placement of electrons, the molecule will usually show characteristjcsof both struc-

tures. The different stnictures are called resonance structures or resonance forms

because the}^ are not different compounds, just different ways^f^ravnng^ie^ame.

compound. The actual molecule is said to be a resonance hybrid of its resonance

forms. In Solved Problem l-l(d) we saw^tPTat the ion [H2CNH2F might be repre-

sented by either of the following resonance forms:

H ^ H
\^ P-/
C—

N

/ \
H H

H H
\ -/

<—> C=N
/ \

H H

resonance forms

H H

/ \
H H

combined

representation

The actual structure of this ion is a resonance hybrid of the two structures. In

the actual molecule, the positive charge is delocallzed (spread out) over both the

carbon atom and the nitrogen atom. In the left resonance form, the positive charge^

is on carbon, but carbon does not have an octet. Nitrogen's nonbonding electrons

can move into the bond to give the second structure, having a double bond, a posi-

tive charge on nitrogen, and an octet on carbon. The combined representation at-

tempts to combine the two resonance forms into a single picture with the charge

shared by carbon and nitrogen.

This spreading of the positive charge over two atoms makes the ion more

stable^ffian it woul5~be if the^ntire charge were localized onl^^^njh^arbon or only

on the nitrogen. We call this a resonance-stabilized cation. Resonance is most

important^'hen it allows a chargelo be delocalized over two or more atoms, as in

this example.

Resonance stabilization plays a crucial role in organic chemistry', especially in

the chemistry of compounds having double bonds. We will use the concept of reso-

nance frequently throughout this course. For example, the acidity of acetic acid

(below) is enhanced by resonance effects. When acetic acid loses a proton, the re-

sulting acetate ion has a negative charge delocalized over both of the oxygen atoms.

Each oxygen atom bears half of the negative charge, and this delocalization stabilizes

the ion. Each of the carbon-oxygen bonds is halfway between a single bond and a

double bond, and thev are said to have a bond order of I-,.

+ H.O H—C—C^^
H -A-

H

H—C—

C

o:

H

+ H3O-

equilibrium

resonance

acetate ion



We use a single dcnible-headed arrow between resonance forms (and often

enclose them in brackets) to indicate that the actual structure is a hybrid of the Lewis

structures we have drawn. By contrast, an equilibrium is represented by two arrows

in different directions.

Some uncharged molecules actually have resonance-stabilized, equal positive

and negati\'e formal charges. We can draw two Lewis structures for nitromethane

(CH3NO;), but both of them have a formal positive charge on nitrogen. Nitromethane

has a positive charge on the nitrogen atom and a negative charge spread equally over

the two oxygen atoms. The N—O bonds are midway between single and double

bonds, as indicated in the combined representation:

H

H— C-

H

N
o.

H

H—C-

H

o:

-N

0 =

resonance forms

H

= H— C—

H

O -

O"

combined representation

Reinember that individual resonance forms do not exist. The molecule does

not "resonate" between these structures. It is a hybrid with some characteristics of

both. An analogy is a mule, which is a hybrid of a horse and a donkey. The mule

does not "resonate" between looking like a horse and looking like a donkey: it

looks like a mule all the time, with the broad back of the horse and the long ears

of the donkey.

I-9B Major and Minor Resonance Contributors

Two or more conect Lewis structures for the same compound may or may not rep-

resent electron distributions of equal energy. Although separate resonance fomis do

not exist, we can estimate their relative energies as if they did exist. More stable res -

onance fomts are closer represeiitjitionsof thereal molgcule_than less stable ones. The

two structures given above for the acetate ion have similar bonding, and they are of

identical energy. The following resonance forms are bonded differenth. howe\er.

~H _ H H H~
\ r \- ../
C=N <

—

> C—

N

/ \ / \
H H H H_

major contributor minor contributor

These structures are not equal in est imated energv. The first structure has the

positive charge on nitrogen. The second has the positive charge on carbon, and the

carbon atom does not ha\ e an octet. The first structure is more stable, because it has

an additional bond and all the atoms have octets. Many stable ions have a positive

charge on a nitrogen atom with four bonds (see Summary Table, page 13). We call

the more stable resonance foniT the major contributor, and the less stable form is

the minor contributor. The structure of the actual compound resembles the major

contributor more than it does the minor contributor

Many organic molecules have major and minor resonance contributors.

Fonnaldehyde ( H2C= 0) can be written with a negative charge on oxygen balanced

by a positive charge on carbon. This polar resonance form is higher in estimated en-

ergy than the double-bonded structure, because it has charge separation, fewer bonds,

and a positively charged carbon atom without an octet. The charge-separated struc-
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PROBLEM SOLVING HINT
Resonance forms can be

compared by the following

criteria, beginning with the

most important.

1 . As many octets as possible

2. AsjTiany bonds as possible

3. Any negative charges on elec-

tronegative atoms

4. Asjitde charge separation as

ture is only a minor contributor. But it help.s to explain why the formaldehyde C=0
bond is very polar, with a partial positive charge on carbon and a partial negative

charge on oxygen.

O
P
c

/ \
H H
all octets

no charge separation

(major contributor)

:0:

/ \
H H

no octet on C
charge separation

(minor contributor)

il

H H
dipole moment

In drawing resonance forms, we try to draw structures that are as low in ener-

gy as possible. The best candidates are those that have the maximum number of

octets and the maximum number of bonds. Also, we look for structures with the min-

imum amount of charge separation.

Only electrons can be delocalized. Unlike electrons, nuclei cannot be delocal-

ized. They must remain in the^ame places, with the same bond distances and angles,

in all the resonance contributors. Some general rules will help us to draw realistic res-

onance structures.

1. All the resonance structures must be valid Lewis structures for the compound.

2. Only the placement of the electrons may be shifted frotn one structure to an-

other. (Electrons in double bonds and lone pairs are the ones that are most

commonly shifted.) Nuclei cannot be moved, and the bond angles must remain

the same.

3. The number of unpaired electrons (if any) must remain the same. Most stable

compounds have no unpaired electrons, and all the electrons must remain paired

in all the resonance structures.

4. The major resonance contributor is the one with the lowest energy; good con-

tributors generally have all octets satisfied, as many bonds as possible, and as

little charge separation as possible. Negative charges are more stable on the

more electronegative atoms.

5. Resonance stabilization is most important when it serves to delocalize a charge

over two or more atoms.

SOLVED PROBLEM 1-2

For each of the following compounds, draw the important resonance forms. Indicate which

structures are major and minor contributors or whether they would have the same energy.

(a) [CH^OCH,]^

SOLUTION

H
I - /H—C—O—C+

I

H

minor contributor

H H
I + /

H—C—0=C
I

\
H "

major contributor

The first (minor) structure has a carbon atom with only six electrons around it. The sec-

ond (major) structure has octets on all atoms and an additional bond.
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SOLUTION

H O

c—

c

/ \
H H

H ^O-

c—

c

/ \
H H

minor contributor

c=c
/ \

H H

major contributor

Both of these structures have octets on oxygen and both carbon atoms, and they have

the same number of bonds. The first structure has the negative charge on carbon; the sec-

ond has it on oxygen. Oxygen is the more electronegative element, so the second struc-

ture is the inajor contributor.

(C) H2SO4

SOLUTION

H—O— S—O—

H

.0.

= 0:

H—6— S—O—

H

•
ii

.0.

H— O-

= 0 =

-0—

H

The first structure. \\ ith more bonds and less charge separation, is possible because sulfur

is a third-row element with accessible d orbitals. giving it an expandable valence. For ex-

ample. SFf, is a stable compound with 12 electrons around sulfur. Theoretical calculations

suggest that the last structure, with octets on all atoms, may be the major resonance con-

tributor, however We cannot always predict the major contributor of a resonance hybrid.

:0:

H—O— S—O—

H

=
0:^

PROBLEM 1-7

Draw the important resonance forms for the following molecules and ions,

(a) CO^ (b) NOl (c) NO^
(d) H.C=CH—CH; (e) H.C=CH—CH; (f) SO3"

(g) [CHjOOCH,),]^

PROBLEM 1-8

For each of the following compounds, draw the important resonance forms. Indicate w hicl

structures are major and minor contributors or whether they ha\ e the same energy.

(a)

(c)

(e)

[H,CNO:]

[H.COH]^

[H,CCN]-

O

(2) H—C— CH-

O

-c-

(b) H.C=CH—NO.
(d) H,CNN^
(f) H.N—CH—CH=CH— NH:

O

(h) H— C— NH,

PROBLEM-SOLVING HINT
In drawing resonance forms for

ions, see how you can delocalize

the charge over several atoms.

Try to spread a negative charge

over electronegative elements

like oxygen and nitrogen. Try to

spread a positive charge over as

many carbons as possible, but

especially over any atoms that

can bear the positive charge and

still have an octet; for example,

oxygen (with three bonds) or

nitrogen (with four bonds).

Several kinds of formulas are used by organic chemists to represent organic com- MO
pounds. Some of these fomiulas involve a shorthand notation that requires some ex- c<-»-, .^-,1 Z.^^^, .u,-

planation. Ihe most obvious rormulas are the structural lormulas, which actually

show which atoms are bonded to which. There are tw o t> pes of structural formulas.

complete Lewis structures and condensed structural formulas. As we have seen, a

Lewis structure symbolizes a bonding pair of electrons as a pair of dots or as a dash

(—). Lone pairs of electrons are shown as pairs of dots.

l-lOA Condensed Structural Formulas

Condensed structural formulas ( Table 1-2) are written without showing all the in-

dividual bonds . In a condensed structure, each of the central atoms is~shown togeth-

er w ith the atoms that are bonded to it. The atoms bonded to a central atom are often
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listed after the central atom (as in CH3CH 3 rather than H3C— CH^) even if that is

not their actual bonding order. In many cases, if there are two or more identical

groups, parentheses and a subscript may be used to represent all the identical groups.

Nonbonding electrons are rarely shown in condensed structural formulas.

When a condensed structural formula is written for a compound containing

double or triple bonds, the multiple bonds are often drawn as they would be in a

Lewis structure. Table 1-3 shows examples of condensed structural formulas con-

taining multiple bonds. Notice that the —CHO group of an aldehyde and the

—COOH group of an acid are actually bonded differently from what the condensed

notation suggests.

As you can see from Tables 1-2 and 1-3, the distinction between a complete

Lewis structural formula and a condensed structural formula is a hazy one. Chemists

often draw formulas with some parts condensed and other parts completely drawn

out. You should work with these different types of formulas so that you understand

what all of them mean.

TABLE 1-2 Examples of Condensed Structural Formu las

Conipoiind Lewis StntctiDX' Condensed Structural Formula

H H

ethane
1

H—C-
1

1

-c--H CH3CH3

H H

H H H

isobutane
1

H—C—C C—

H

1

(CH3)3CH

H
1

H

H—

(

H
1

H

H H H H H un

n-hexane H—C—C—C—
1 1

c—

C

—C—

H

CH,(CH,)_,CH,

H H H
1 1

H H H

H H H H
1

1 1 1

CH,CH,OCH,CH,

diethyl ether H—C—C--6—c— C—

H

or CH,CH.—0—CH,CH,

1 1

or (CH,CH,),0
H H H H

H H

ethanol
1

H—C--c—0—H CHjCHpH
1

H
1

H

H : 6-
1

-HH

isopropyl alcohol H—C—c-
1

—c-

1

-H (CHjjXHOH

H H H

H H

diniethylamine H—C--N
1

—c—
1

H (CH3)2NH

H H H
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TABLE 1-3 Condensed Structural Formulas for Double and Triple Bonds

Conipoiiiul Lewis Sti'iictiiie Condensed Structural Formula

H H H

2-butene H—C—C=C—C—

H

CH,CHCHCH, or CH,CH=CHCH,
1 1 1

H H H

H

acetonitrile H—C—C=N: CH3CN or H,C—C=N

H

H O'
1

II

0
II

acetaldehyde H—C—C—

H

1

CH,CHO or CH,CH

H

H O' H
1

II 1

0

aCclUIlc n V-, v_ v_ n
1

1

PH CC)CV\ nr PI4 CC\Av_n^v^wv_n^ oi v^ri^i_v_n^

1 1

H H

H O' 0

acetic acid H—C—C—0—

H

CH,COOH or CH,C—OH
1 or CH,CO,H
H

PROBLEM 1-9

Draw a complete Lewis structure for each of the following condensed structural formulas,

(a) CH3(CH,),CH(CH,). (b) (CH,)^CHCH,Ci (c) CH,CH,COCH.CH,
(d) CH,CH.CHO (e) CH,cbCN (f) (CH.JjCCOOH

(g) (CH,CH.).CO

I -I OB Line-Angle Formulas

Another kind o£shorthand used for organic structures is the line -angle formu-
la, sometimes called a skeletal structure or a'stick tigureTLine- angle formulas

are often used for cyclic compounds and occasionally for noncyclic ones. In a

stick figure, bonds are represented by lines, and carbon atoms are assumed to be

present wherever two lines meet or a line begins or ends. Nitrogen, oxygen, and

halogen atoms are shown, but hydrogen atoms are not usually drawn unless they

are bonded to a drawn atom. Each carbon atom is assumed to have enough hy-

drogen atoms to give it a total of four bonds. Table 1-4 shows some examples of

line -angle drawings.

PROBLEM l-IO

Give a Lewis structure for each of the following line-angle structures.

H
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(f)

O

(h)

CHO

TABLE 1-4 Examples of Line- Angle Drawings

Compound Condensed Structure Line-Angle Formula

hexane

2-hexene

3-hexanol

2-cvclohexenone

2-meth\ Icvclohexanol

nicotinic acid

(niacin, a vitamin)

CH,(CH->rH,

CH,CH=CHCH.CH-CH,

CH-,CH-CH(OHiCH-CH-CH.

/CH,^ O
CH- C

CH- ^CH

CH- CHOH

CH. ^CHCH-,

H

H,

c c

OH

O

COOH

OH

OH

M I

Molecular Formulas

and Empirical

Formulas

Before w e can u rite possible structural formulas for a compound, we need to know-

its molecular fomiula. The molecular formula simply giN es the number of atoms of

each element in one molecule of the compound. For example, the molecular fonrxU-

la for 1-butanol is C^iHjoO.

CH;CH:CH;CH:OH

1-butanol. molecular formula C-H O

Calculation of the Empirical Formula. Molecular formulas are determined by a

o-step process. The fu-st step is the detemiination of an empingaLfgrmula. siiTi-

ply thejelati\e ratio s of the elements present
.
Suppose, for example, that an un-

known compound was tound by quantitative elemental analysis to contain 40.0

percent carbon and 6.67 percent hy drogen. The remainder of the weight is assumed

to be oxygen, giving 53.3 percent oxygen. To conven these numbers to an empirical

formula, we can follow a simple procedure:

1. Assume the sample contains 100 g. so the percent \ alue gives the number of

grams of each element. Dix ide that number of grams of each element by the

atomic weight to get the number of moles of that atom in the 100 g sample.

2. Din ide each of these numbers of moles by the smallest one. This step should

sive reco2nizable ratios.
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For this example, we do the follow ing computations:

40.0 gC
12.0 g /mol

6.67 g H
1.01 g/mol

53.3 g O
16.0 g/mol

= 3.33 mol C:

= 6.60 mol H;

= 3.33 mol O:

3.33 mol

6.60 mol

3.33 mol

3.33 mol

= 1

= 1.98

1

The first computation divides the number of grams of carbon by 12. the num-

ber of grams of hydrogen by I . and the number of grams of oxygen b\ 1 6. We com-

pare these numbers by dividing them by the smallest number. 3.33. The fmal result

is a ratio of one carbon to tw o hydrogens to one oxygen. This result gives the em-

pirical formula CiH20i or CH^O. which simply shows the ratios of the elements.

The molecular formula can be an\ multiple of this empirical formula, because any

multiple also has the same ratio of elements. Possible molecular formulas are CH;0

.

C:H.O:. QH^O,. CHsO^. and so on.

Calculation ofthe Molecular Fonmila. How do we know the correct molecular for-

mula? We can choose the nght multiple of the empirical formula if we know the mo-

lecular weight. Molecular weights can be determined by methods that relate the

freezing point depression or boiling point elex ation of a solvent to the molal con-

centration of the unknown. If the compound is volatile, we can com ert it to a gas and

use its volume to determine the number of moles according to the gas law. Newer
methods include t7iass spectrometry, which we will co\ er in Chapter 1 1.

For our example I empirical formula CH^O). let's assume that the molecular

weight is determined to be about 60. The weight of one CH^O unit is 30. so our un-

known compound must contain tw ice this many atoms. The molecular formula must

be C2H4O;. The compound might be acetic acid.

O
li

CH;— C—OH
acetic acid. C-H^O-

In Chapters 12. 13, and 15 we will see how to use other techniques to deter-

mine the complete strucmre for a compound once we ha\ e its molecular formula.

PROBLEM \-\ I

Compute the empirical and molecular formulas for each of the following elemental analy-

ses. In each case, propose at least one structure that fits the molecular formula.

C H X a mv
(a) 40.0<~f 6.67^c 0 0 90

(b) 3im 6.67'~c 18.7<^f 0 75

(c) 37.2'7c lJ5^c 0 64

(d) 38.4"-^ 4m'~c 0 56.8^c 125

PROBLEM-SOLVING HINT
If an elemental analysis does not

add up to I00?'o the missing

percentage is assumed to be

oxygen.

We will often use the concept of acids and bases in our study of organic chemistP. . 1-12
We need to consider exactly what is meant by the terms acid and base. Most people ArrheniuS Acids
would agree that H^SO^ is an acid and NaOH is a base. Is BF- an acid or a base? Is

ethylene (H2C=CH2) an acid or a base? To answer these questions, we need to un- SnO baseS
derstand the three different definitions of acids and bases: The .Arrhenius detlnition.

the Bronsted-Lowr\ definition, and the Lewis definition.
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Acidic compounds were first classified on the basis of their sour taste. The
Latin terms acidiis (sour) and acetum (vinegar) gave rise to our modern terms acid

and acetic acid. Alkaline compounds (bases) were considered to be substances that

neutralize acids, such as limestone and plant ashes {al kalai in Arabic).

The Arrhenius theory, developed at the end of the nineteenth century, helped

to provide a better understanding of acids and bases. Acids were defined as sub-

stances thaj^j^is^ociate in water to give H :,

0"^ ions. The stronger aci ds, such as sul-

furic acicUI42S04)^ere^ degree than weaker acids,

such as acetic acid (CHjCOOH). '

'

H.SOj + Hp Wf)^ + HSO4
sulfuric acid

o o

CH3—C—OH + H,0 <^ H3O+ + CH,—C—O-

acetic acid

Using the Arrhenius definition, bases^are substances that dissociate in water to

^ve hydrOTideJons. Strong bases, sucji as NaOH, were assumed to dissociate more
completely than weaker, sparingly soluble bases such as Mg(0H)2.

NaOH Na+ + "OH

Mg(OH). <^ Mg2+ + 2 OH

The acidity or basicity of an aqueous (water) solution is measured by the con-

centration of HjO^. This value also implies the concentradon of ' OH, because these

two concentrafions are related by the water ion-product constant:

= [HjO^jL OH] = 1.00 X 10-' ^ (at24°C)

In a neutral solution, the concentrations of H^O"^ and^H are equal.

[H3O+] = [ OH] = I.OXIO^M in a neutral solution

Acidic and basic solutions are defined by an excess of H^O"^ or ~0H.

acidic: [H,0+] > 10"^ M and ["OH] < 10"^ M
basic: [H3O+] < 10"^ M and ['OH] > IQ-^ M

Because these concentrations can span a wide range of values, the acidity or

basicity of a solution is usually measured on a logarithmic scale. The pH is defined

as the negative logarithm (base 10) of the H jO"^ concentration.

[7h~= -log,o[H^O^

A neutral solution has a pH of 7, an acidic solution has a pH less than 7, and a basic

solution has a pH greater ihmT.

PROBLEM 1-12

Calculate the pH of the following solutions.

(a) 5.00 g of HBr in 1 00 mL of aqueous solution

(b) 2.00 g of NaOH in 50 niL of aqueous solution

The Arrhenius definition was an important contribution to understanding many

acids and bases, but it does not explain the reacfivity of compounds such as ammo-
nia (NH,). Ammonia is known to neutralize acids, yet it has no hydroxide ion in its

molecular formula. A more versatile theory of acids and bases is necessary to in-

clude ammonia and many organic acids and bases.
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In 1923 the Br0nsted-Lowry definition of acids and bases was developed, based on

the transfer of protons. A Brpnsted-Lowry acid is an\ species that can donate a

proton, and a Br0nsted-Lowry base is any species that can accept a proton. All

the Arrhenius acids and bases t"it under this definition, because compounds that dis-

sociate to give H^O^ are proton donors, and compounds that dissociate to give ~0H
are proton acceptors. (The hydroxide ion accepts a proton to form H2O.)

In addition to the Arrhenius acids and bases, the Br0nsted-Lowry definition

includes bases that have no hydroxide ions, yet can accept protons. Consider the fol-

lowing examples of acids donating protons to bases. NaOH is a base under either the

Arrhenius or Br0nsted-Lowry definition. The other three bases are included under

the Br0nsted-Lowry definition but not under the Arrhenius definition because they

have no hydroxide ions.

HCl
proton

donor

+ NaOH
proton

acceptor

NaCl -I- HOH

1-13

Bronsted-Lowry
Acids and Bases

+
proton

donor

HCl +

= NH3
proton

acceptor

Hso; + H— NH,

H
\

CH,

C=C

proton

donor

HNO, +

proton

donor

H H
proton

acceptor

H

H—C—

C

H

/
,CH,

+ cr

H

H

C= N'
/

H H
proton

acceptor

C=N"
/ \

H H

+ NO,.

When a base accepts a proton, it becomes capablejiLreturning thaJ_proton :

It becomes an acid. When an acid donates its protonjl becomes capable ofaccept-

ing that proton back: It becomes a base. One of the most important principles of the

Br0nsted-Lowry definifion is this concept of mnjugafp acids and bases . For ex-

ample. NH4 and NH3 are a conjugate acid-base pair. NH, is the base; when it ac-

cepts a proton, it is transformed into its conjugate acid, NH4 . Many compounds
(water, for instance) can react either as an acid or as a base. Here are some addi-

tional examples of conjugate acid-base pairs.

H,SOj 4- HjO Hso; + H,0-
acid base conjugate

base

conjugatc

acid

Hp -f :NH3 <^ on + NH;
acid base conjugate

base

conjugate

acid

0 0

—C—OH + CH,— 0:^ H—C—0 = + CH3—0—
acid base conjugate

base

conjugate

acid

H
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PROBLEM-SOLVING HINT

In most cases, the pK^ of an acid

corresponds to the pH where

the acid is about half dissociated.

At a lower (more acidic) pH.the

acid is mostly undissociated; at a

higher (more basic) pH,the acid

is mostly dissociated.

I-I3A Acid Strength

The strength of a Br0nsted-Lowry acid is expressed as it is in the Arrhenius defi-

nition, by the extent of its ionization in water. The general reaction of an acid (HA)
with water is the following:

HA
acid

+ H,0 H3O+ +

conjugate acid-base pair

A
base

K.,

[H30^][A-]

[HA]

A'^ is called the acid-dissociation constant, and itsjd ze indicate s the relative

strength of the acid. The stronger the ar id is;, the more it dissociates, giving a larger

value^oFX,, . Acid dissociation constants vary over a wide range. Strong acids are al-

most completely ionized in water, and their dissociation constants are greater than

1 . Most organic acids are weak acids, with values of that are less than 10"'*. Many
organic compounds are extremely weak acids; for example, methane and ethane are

essentially nonacidic, with K_, values less than 10

Because they span such a wide range, acid-dissociation constants are often ex-

pressed on a logarithmic scale. The pA'^ of an acid is defined just like the pH of a so-

lution: as the negative logarithm (base 10) of A'^.

SOLVED PROBLEM 1-3

Calculate and pA",, for water.

SOLUTION
The equilibrium that defines for water is

Hp + Hp
acid (HA) solvent

K.
H3O+ + OH

conjugate base (A )

Water serves as both the acid and the solvent in this dissociation. The equilibrium ex-

pression is

[H30^][A-] [H30+][-0H]

[HA] [H:0]

We already know that [H30"'][ OH] = 1.00 X 10 the ion-product constant for

water.

The concentration of H^O in water is simply the number of moles of water in 1 L

(about 1 kg).

1000 g/L

18 g/mol
= 55.6 mol/L

Substitution gives

[H30^][-0H] 1.00 X 10"

[H2O] 55.6

The logarithm of 1.8 X 10^'" is - 15.7. and the pA, of water is 15.7.

= 1.8 X 10 '^M

Strong acids generally have values of pAT^, around 0. and weak acids, such as most

organic acids, have values of pA'^ that are greater than 4. Weaker acids have larger vcih^

lies ofpK^, . Table 1 -5 gives values of A",, and pA'^ for some common inorganic and or-

ganic compounds. Notice that the values of pA'^ increase as the values of decrease.
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TABLE 1-5 Relative Strength of Some Connmon Organic and Inorganic Acids and Their Conjugate Bases

Acid Conjugate Base K,.

sdonizer

slronjj

acids

weak

acids

very

weak

not

acidic

HCl

hydrochloric

acid

HF

hydrofluoric

acid

ammonium
ion

CH,—OH
methyl

alcohol

H,0

water

NH,

ammonia

CH,

methane

H,0

H,0

H— C—OH + H,0

formic

acid

O
II

CH,—C—OH + H,0

acetic acid

H— C= N: + H,0

hydrocyanic

acid

+ H,0

H,0

H,0

H,0

H,0

H,0+ +

H,0^ +

CI

chloride

ion

F

lluonde

ion

O

H,0+ + H—C— O-

formate

ion

O

H,0+ +

H3O+ +

H,0+ +

H,0+ +

H,0+ +

H,0+ +

H,0+ +

CH,—C— O-

acetate ion

:C= N:

cyanide ion

:NH,

CH,0-

methoxide

ion

HO-
hydroxide

ion

amide

ion

^CH,

methyl

anion

w cake:

bases

weaker

V
stronger

bases

1.6 X 10-

6.8 X

1.7 X 10-^

1.8 X 10-5

6.0 X 10-1"

5.8 X 10-"'

3.2 X lO-"-

1.8 X 10-'^

10-"

< 10-41)

-2.2

3.17

3.76

4.74

9.22

9.24

15.5

15.7

33

>40

PROBLEM 1-13

Ammonia appears in Table 1-5 both as an acid and as a conjugate base.

(a) Explain how ammonia can act as both an acid and a base. Which of these roles does it

commonly fill in aqueous solutions?

(b) Show how water can serve as both an acid and a base.

(c) Show how methanol (CH ,0H ) can serve as both an acid and a base. Write an equation

for the reaction of methanol with sulfuric acid.

I-I3B Base Strength

There is a relationship between the strength of an acid and that of its conjugate base.

For an acid (HA) to be strong, its conjugate base (A~) must be stable in its anionic

form; otherwise, HA would be reluctant to lose its proton. Therefore, the conjugate
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base of a strong acid must be a weak base. On the other hand, if an acid is weak, its

conjugate is a strong base.

Hci + Hp ^ H3O+ + cr
strong acid weak base

CH,—OH + Hp H,0+ + CH3O:

weak acid strong base

In the reaction of an acid with a base, the equilibrium generally favors the

weaker acid and base. For example, in the preceding reactions, H^O^ is a weaker acid

than HCI but a stronger acid than CH3OH. It also follows that H2O is a stronger base

than Cr but a weaker base than CH ^O".

The strength of a base is measured much like the strength of an acid, by using

the equilibrium constant of the hydrolysis reaction.

^ A- + H,0 HA + OH
conjugate conjugate

base acid

The equilibrium constant (A'b) for this reaction is called the base-dissociation

constant for the base A~. Because this constant spans a wide range of values, it is often

given in logarithmic form. The negative logarithm (base 10) of A'b is defined as pA^b-

[HA][-OH]
^ "

[An
" -logio/iTh

When we multiply by K^^ . we can see how the acidity of an acid is related

to the basicity of its conjugate base.

LhlAJ LA J water ion-product constant

(KM.)

Logarithmically,

[pK, + pK^, = -log Ur^ = \4
j

The product of K., and must always equal the ion-product constant of water.

10 If the value of is large, the value of A',, must be small; that is, the stronger

an acid, the weaker its conjugate base. Similarly, a small value of A"., (weak acid)

implies a large value of K^, (strong base).

The stronger an acid, the weaker its conjugate base.

The weaker an acid, the stronger its conjugate base.

Acid-base reactions favor the weaker acid and the weaker base.

PROBLEM-SOLVING HINT
An acid will donate a proton to

the conjugate base of any weak-

er acid (smaller or higher

pKa).

PROBLEM 1-14 (Partially Solved)
Write equations for the following acid-base reactions. Use the information in Table 1-5 to

predict whether the equilibrium will favor the reactants or the products,

(a) HCOOH + CN (b) CH,COO + CH3OH
(c) CH,OH + NaNH, (d) NaOCH, + HCN
(e) HCI + H2O (t ) H,0^ + CH,0
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Solution to (a): Cyanide is the conjugate base ot'HCN. It can accept a proton tVoin formic

acid;

II .. ^ II
..

H—C—O— H + •C= N- «=—* H—C— O: + H—C^N:
formic acid cyanide formate weaker acid

stronger acid stronger base weaker base

Reading from Table 1-5, formic acid (pA'^ = 3.76) is a stronger acid than HCN
(pA'a = 9.22). and cyanide is a stronger base than formate. The products (weaker acid and

base) are favored.

SOLVED PROBLEM 1-4

Each of the following compounds can act as an acid. Show the reaction of each com-

pound with a general base (A~). and show the .structure of the conjugate base that results,

(a) CH^CH.OH (b) CH,NH, (c) CH,COOH

SOLUTION
(a) Ethanol (CHjCHiOH) can lose the O— H proton to give a conjugate base that is an

organic analogue of hydroxide ion:

CH3CH3—O— H + A: CH3CH— + HA

ethanol base ethoxide

(weak acid) (strong base)

(C— H protons are much less acidic than O— H protons, because carbon is less elec-

tronegative than oxygen, and the negative charge is therefore less stable on carbon.)

(b) Methylamine (CH3NH2) is a very weak acid. A very strong base can abstract a

proton to give a powerful conjugate base.

H

CH—N—H + A-~ CH—N—H + HA

methylamine very strong (powerful base)

(very weak acid) ba.se

(c) Acetic acid (CH,COOH) is a moderately strong acid, giving the resonance-

stabilized acetate ion as its conjugate base.

CH3—C—O—H + A-

acetic acid

(moderate acid) O' :0:"

II .. I ..

CH,—C— O: <

—

> CH,—C= 0. + HA

acetate ion

(moderate base)

SOLVED PROBLEM 1-5

Each of the compounds in Solved Problem 1-4 can also react as a base. Show the reac-

tion of each compound with a general acid (HA), and show the structure of the conjugate

acid that results.

SOLUTION
(a) Ethanol can undergo protonation on its oxygen atom. Notice that it is one of the lone

pairs of the oxygen that forms the new O— H bond.
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H

CH3CH;—O—H -r HA CH3CH,—O'—H -r A-~

ethanol acid (strong acid)

(weak base)

(b) The nitrogen atom of methylamine has a pair of electrons that can bond to

a proton.

H
I

CH,— NH- - HA CH,— NH; ^ A:

methylamine acid (moderate acid)

(moderate base)

(c) Acetic acid has nonbonding electrons on both its oxygen atoms. Either of these

oxygen atoms might become protonated. but protonation of the double-bonded oxygen is

favored because protonation of this oxygen gives a symmetrical resonance-stabilized con-

jugate acid.

O'

CH,— C—O—H ^ }L\

acetic acid

(ver\ weak base)

O—H :0—H :0—

H

CH3— C—O—H *—> CHj—C—O—H <—> CH3— —

H

conjugate acid of acetic acid

(vers' strons acid 1

A:

PROBLEM 1-15

Show the product of protonation on the other (—OH ) oxygen of acetic acid. E.xplain why
protonation of the double-bonded oxygen is favored.

PROBLEM 1-16

(a) Rank ethanol. methylamine, and acetic acid in decreasing order of acidity.

(b) Rank ethanol. methylamine (pK^ 3.36). and ethoxide ion (CH3CH20~) in decreasing

order of basicity. In each case, explain your ranking.

I - 1 3C Structural Effects on Acidity

How can w^e look at a structure and predict w hether a compound w ill be a strong acid,

a weak acid, or not an acid at all? To be a Bronsted-Lown,' acid (HA), a compound

must contain a hydrogen atom that can be lost as a proton. A strong acid must have

a stable conjugate base (A = ~) after losing the proton.

The stability of the conjugate base is a good guide to acidit\ . More-stable an-

ions tend to be weaker bases, and their conjugate acids tend to be stronger acids.

Some of the factors that affect the stability of conjugate bases are electronegativity,

size, and resonance.

Electronegativity. A more electronegati\e element bears a negati\e charge more

easily, giving a more stable conjugate base and a stronger acid. Electronegativities

increase from left to right in the periodic table:
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FiprtronTgativity

Stability

< N < O <

electronegativity increases

CH, < NH. < OH <

Acidity H—CH, < H—NH. < H—OH < H—

F

acidity increases

Basicity CH, > NH. > OH

basicity increases

. Size. The negative charge of an anion is more stable if it is spread over a large

region of space. Within a column of the periodic table, acidity increases down tht

column, as the size of the elements increases.

Acidity H— F < H— CI < H— Br < H—

I

Stability

size increases

Resonance Stabilization . The negative charge of a conjugate base may be delocalized

over two or more atoms by resonance. Depending on how electronegative those atoms

are. and how many share the charge, resonance delocalization is often the dominant ef-

fect in the stabilization of an anion. Consider the following conjugate bases. Ethoxide

ion has a negative charge localized on one ox> gen atom: acetate ion has the negative

charge shared by two oxygen atoms; and the methanesulfonate ion has the negative

charge spread over three oxygen atoms. The conjugate acids of these anions show that

acids are much strongerif theydeprotonate to give resonance-stabilized bases.

Conjugate Base Acid

CH3CH,—O:

ethoxide ion

CH,—C—O:
I ..

CH,—C=0

II ..

CH,—S—O:
,

II

..

.0.

acetate ion

I .

CH,—s=q:

methanesulfonate ion

O
II

CH,—S=0
"

I

:0:

CH,CH.—OH

ethanol

O
II

CH,—C—OH
acetic acid

O
II

CH,—S—OH
"

II

O

methanesulfonic acid

15.9

(weal< acid)

4.74

(moderate acid)

-1.2

(strong acid)
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PROBLEM 1-17

Write equations for the following acid-base reactions. Label the conjugate acids and bases,

and show any resonance stabilization. Predict whether the equilibrium favors the reactants

or products.

(a) CH,CH,OH + CH,NH" (b) CH,CH,COOH + CH3NHCH3
(c) CH,OH + H,S04 (d) NaOH + HjS

(e) CH,NHt + CH,0 (f ) CH,0^ + CH3COOH
(g) CH,SO, + CH,COOH

1-14

Lewis Acids and

Bases

The Br0nsted-Lowry definition of acids and bases depends on the transfer of a pro-

ton from the acid to the base. The base uses a pair of nonbonding electrons to form

a bond to the proton. G. N. Lewis reasoned that this kind of reaction does not need

a proton: A base could use its lone pair of electrons to bond to some other electron-

deficient atom. In effect, we can look at an acid-base reaction from the viewpoint of

the bonds that are being formed and broken rather than a proton that is transferred.

The following reaction shows the proton transfer with emphasis on the bonds being

broken and formed. Organic chemists use curved arrows to show the movement of

the participating electrons.

Lewis bases are defined as species with nonbonding electrons that can be do-

nated to form new bonds. Lewis acids are species that can accept these electron pairs

to form new bonds. Since a Lewis acid accepts a pair of electrons, it is calledan

electrophile, from the Greek words meaning "lover of electrons." A Lewis base is

called a nucleophile, or "lover of nuclei," because it donates electrons to a nucleus

with an empty (or easily vacated) orbital. In this book we sometimes use colored

type for emphasis: blue for nucleophiles, green for electrophiles, and occasionally red

for acidic protons.

The Lewis acid-base definitions allow reactions having nothing to do with

protons to be considered as acid-base reactions. Below are some examples of Lewis

acid-base reactions. Notice that the common Br0nsted-Lowry acids and bases also

fall under the Lewis definition, with a proton serving as the electrophile. Curved ar-

rows are used to show the movement of electrons, generally from the nucleophile to

the electrophile.

nucleophile electrophile

nucleophile electrophile

H

nucleophile electrophile

B H
bond formed

H F

H—N—B—

F

I I

H F

bond formed

H

CH3—O—C—

H

H
bond formed

+ :C1:
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Some of the terms associated w ith acids and bases have evolved specific mean-

ings in organic chemistry. When organic chemists use the term base, they usually

mean a proton acceptor (a Bronsted-Lowry base). Similarly, the term acid usually

means a proton acid (a Bronsted-Lowry acid). When the acid-base reaction in-

volves formation of a bond to some other element (especially carbon), organic

chemists refer to the electron donor as a micleophile (Lewis base) and the electron

acceptor as an electmphile (Lewis acid).

The curv^ed-arrow formalism is used to show the flowiof an^JmroiLpair/rom

the electron donor to the electron acceptor The movement of each pair of electrons in-

volved in making or breaking bonds is indicated by its own separate arrow, as shown

in the preceding set of reactions. In this book, these curved arrows are always printed

in red. In the reaction of CH3O" with CH3CI above, one cur\ed arrow shows the lone

pair on oxygen forming a bond to carbon. Another cur\'ed arrow shows that the C— CI

bonding pair detaches from carbon and becomes a lone pair on the CP product.

The curved-an'ow formalism is universally used as a symbolic device for keep-

ing track of the flow of electrons in reactions. We have also used this de\ ice ( in Sec-

tion 1-9, for example) to keep track of electrons in resonance structures as we
imagined their "flow " in going from one resonance structure to another. Of course

we know that electrons do not "flow" in resonance structures: They are simply de-

localized. Still, the curved-arrow formalism helps our minds flow from one reso-

nance structure to another. We will find ourselves constantly using these (red) curved

arrows to keep track of electrons both as reactants change to products and as we
imasine additional resonance structures of a hvbrid.

PROBLEM 1-18 (Partially Solved)

In the following acid-base reactions

( 1 ) Determine v\hich species are acting as acids and w hich are acting as bases.

(2) Use the curved-arrow formalism to show the movement of electron pairs in these re-

actions, as well as the imaginary mo\ement in the resonance hybrids of the products.

(3) Indicate which reactions are best termed Bronsted-Lo\vr>' acid-base reactions.

O
II

CH,— C—H -

acetaldehsde

HCl

O—

H

CH,—C—

H

O—

H

CH-—C— H + CI

This reaction is a proton transfer from HCl to the C=0 group: therefore, it is a

Bronsted-Lovvpv' acid-base reaction, with HCl acting as the acid (proton donor) and ac-

etaldehyde acting as the base (proton acceptor). Before drawing any cur\ed arrows, re-

member that arrows must show the movement of electrons://o/7i the electron pair donor (the

base) to the electron pair acceptor (the acid). An arrow must go from the electrons on ac-

etaldehyde that form the bond to the hydrogen atom, and the bond to chlorine must break,

with the chloride ion taking these electrons. Drawing these arrows is easier once we draw

good Lewis structures for all the reactants and products.

acid

H

O
^11

CH,—C—

H

CH-—

C

o

H

PROBLEM-SOLVING HINT
The curved arrows we use in

mechanisms show the flow of

electrons and not the movement
of atoms.We will use these

curved arrows constantly

throughout this course. Please

learn to use them correctly now.

Use one curved arrow for each

participating electron pair

The resonance fonns of the product show that a pair of electrons can be moved between

the oxygen atom and the C= 0 pi bond. The positi\e charge is delocalized over the car-
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bon and oxygen atoms, w ith most of the positi\ e charge on oxygen because all octets are

satisfied in that resonance structure.

(b) O
II

CH;—C—

H

acetaldeh% de

- CH— O-

o-
I

CH—C—

H

""

I

O— CH-

In this case no proton has been transferred, so this is not a Bronsted-Lowry acid-base

reaction: but a bond has been formed betw een the C=0 carbon atom and the oxygen of

the CH ;—0~ group. Draw ing the Lew is structures makes it clear that the CH-,— 0~ group

(the nucleophile in this reaction) donates the electrons to form the new bond to acetalde-

hyde (the electrophile). This result agrees with our intuiuon that a negativelv charged ion

is likelv to be electron-rich and therefore an electron donor.

I

CH,—C—

H

j

=0—CH,

;:0— CH3

electrophile nucleophile

Notice that acetaldeh\de acts as the nucleophile (base) in part (a) and the electrophile

(acid) in part (b). Like most organic compounds, acetaldehyde is both acidic and basic. It

acts as a base if w e add a strong enough acid to make it donate electrons or accept a pro-

ton. It acts as an acid if the base w e add is strong enough to donate an electron pair or ab-

stract a proton.

BH.

BH. CH.—O—CH-

O

(d) CH — C—

H

O

:ei CH.— C—

H

OH

OH

CH—O—CH,

o-
I

CH — C—

H

I

OH
H O

H—C—C—

H

H O-

H— C= C- H-0

.f) CH — NH- CH-— CI CH.— NH-— CH-

Chapter I Each chapter ends w ith a glossar% that summarizes the most important new terms in the chap-

G loSSa.ry these glossaries as more than a dictionary to look up unfamiliar terms as you en-

' counter them; the index seri es that purpose. The glossary- is one of the tools for rex iew ing the

chapter. You can read carefully through the glossan." to see if you understand and remember

all the terms and associated chemistry mentioned there. .Anything that seems unfamihar should

be re\ lew ed b\ turning to die page number gi\ en in the glossary listing.

acids and bases (pp. 21-31)

(.\rrhenius definitions) acid: dissociates in w ater to give H ,0^

base: dissociates in w ater to give OH
(Bronsted-LowT) definitions) acid: proton donor

base: proton acceptor

(Lew is definitions) acid: electron-pair acceptor (electrophile)

base: electron-pair donor (nucleophile)



conjugate acid The acid that results from protonation of a base. (p. 23)

conjugate base The base that results from loss of a proton from an acid. (p. 23)

covalent bonding Bonding that occurs by the sharing of electrons in the region between two

nuclei, i p.
~

i

single bond A co\ alent bond thai in\ ol\ es the sharing of one pair of electrons.

double bond A co\ alent bond diat involves the sharing of two pairs of electrons.

triple bond A co\ alent bond that involves the sharing of three pairs of electrons.

cur\ed-arrou formalism A method of drawing cun ed arrows to keep track of electron

movement from nucleophile to electrophile (or within a molecule) during the course of a re-

action.
(
p. 31

)

degenerate orbitals Orbital-N with identical energies, (p. 5)

dipole moment ( i A measure of the polarit\ of a bond i or a molecule ). proportional to the

product of the charge separation times the bond length, (p. 10)

electron density The relative probability of finding an electron in a certain region of space,

(p. 3)

electronegativity .A measure of an element's affinity for electrons. Elements \\ ith higher

electronegati\ ities have more attraction for their electrons, (p. 10)

electrophile .An electron-pair acceptor ( Lewis acid), (p. 30)

empirical formula The ratios of atoms in a compound, (p. 20) See also molecular

formula.

formal charges .A method for keeping track of charges, show ing what charge \\ ould be on

an atom in a particular Lewis structure, (p. 11)

Himd's rule \Mien there are nvo or more unfilled orbitals of the same energ\ (degenerate or-

bitals). the lowest-energy configuration places the electrons in different orbitals (with paral-

lel spins) rather than paired in the same orbital, (p. 6)

ionic bonding Bonding that occurs by the attraction of oppositel> charged ions. Ionic bond-

ing usually results in the formation of a large three-dimensional crystal lattice, (p. 7)

isotopes Atoms with the same number of protons but different numbers of neutrons: atoms

of the same element but with different atomic masses, (p. 3)

Lewis acid. Lewis base See acids and bases.

Lewis structure A structural formula that shows all valence electrons. \\ ith the bonds sym-

bolized by dashes (— ) or by pairs of dots, and nonbonding electrons symbolized by dots,

(p. 7)

'

line-angle formula (skeletal structure, stick figure i A shorthand structural formula with

bonds repre.Ncnted by lines and carbon atoms \\here\ er two lines meet or a line begins or

bends. Nitrogen. ox> gen. and halogen atoms are shown, but h_\ drogen atoms are not. Each car-

bon atom is assumed to ha\e enough hydrogens to gi\e it four bonds, (p. 19)

H :0—

H

H \/
\ /C^

/ ^C^
H ,/ \

" ^ 2-cyclohexenol

Lewis structure of 2-cyclohexenol equivalent line-angle formula

lone pair k pair of nonbonding electrons, (p. 8)

molecular formula The number of atoms of each element in one molecule of a compound.

The empirical formula simply gives the ratios of atoms of the different elements. For
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example, the molecular formula of glucose is ChHijO,,. Its empirical formula is CH^O. Nei-

ther the molecular formula nor the empirical formula gives structural information,

(p. 20)

node In an orbital, a region with zero electron density, (p. 4)

nodal plane A ITat (planar) region of space with zero electron density, (p. 5)

nonbonding electrons Valence electrons that are not used for bonding. A pair of nonbond-

ing electrons is often called a lone pair.
( p. 8)

nucleophile An electron-pair donor ( Lewis base), (p. 30)

octet rule Atoms generally form bonding arrangements that give them filled shells of elec-

trons (noble-gas configurations). For the second-row elements, this configuration has eight va-

lence electrons, (p. 7)

orbital An allowed energy state for an electron bound to a nucleus; the probability

function that defines the distribution of electron density in space. The Pciuli exclusion

principle states that up to two electrons can occupy each orbital if their spins are paired,

(p. 3)

organic chemistry (new definition): The chemistry of carbon compounds, (old definition):

The study of compounds derived from living organisms and their natural products, (p. I)

pH A measure of the acidity of a solufion, defined as the negative logarithm (base 10) of the

H,0^ concentration. pH = -logio [HjO^] (p. 22)

polar bond (polar covalent bond) A covalent bond in which electrons are shared unequally.

A bond with equal sharing of electrons is called a nonpolar bond. (p. 10)

resonance hybrid A molecule or ion for which two or more valid Lewis structures can

be drawn, differing only in the placement of the valence electrons. These Lewis structures are

called resonance forms or resonance structures. Individual resonance forms do not exist,

but we can estimate their relative energies. The more important (lower-energy)

structures are called major contributors, and the less important (higher-energy) structures

are called minor contributors. When a charge is spread over two or more atoms by resonance,

it is said to be delocalized, and the molecule is said to be resonance-stabilized,

(pp. 14-16)

structural formulas A complete structural formula (such as Lewis structure) shows all the

atoms and bonds in the molecule. A condensed structural formula shows each central atom

along with the atoms bonded to it. A line-angle formula assumes that there is a carbon atom

wherever a line begins or ends. See Section 1-10 for examples, (p. 17)

valence The number of bonds an atom usually forms, (p. 9)

valence electrons Those electrons that are in the outermost shell, (p. 5)

Vitalism The belief that all syntheses of organic compounds require the presence of a "vital

force." (p. 1

)

ESSENTrAL PROBLEM-SOLVING SKILLS IN CHAPTER I

1. Draw and interpret Lewis, condensed, and line -angle structural formulas. Show

which atoms bear formal charges.

2. Draw resonance forms and use them to predict stabilities.

3. Calculate empirical and molecular formulas from elemental compositions.

4. Predict relative acidities and basicities based on stmcture, bonding, and resonance of

conjugate acid-base pairs.

5. Calculate, use, and interpret values of A'^ and pA'^.

6. Identify nucleophiles (Lewis bases) and electrophiles (Lewis acids), and write equa-

tions for Lewis acid -base reactions.
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Study Problems
It's easy to fool yomself into thinking you understand organic chemistry when you actually do not. As you read through this book,

all the facts and ideas may make sense, yet you have not learned to combine and use those facts and ideas. An examination is a

painful time to learn that you do not really understand the material.

The best way to learn organic chemistry is to use it. You will certainly need to read and reread all the inatenal in the chap-

ter, but this level of understanding is just the beginning. Problems are provided so you can work with the ideas, applying them

to new compounds and new reactions that you have never seen before. By working problems, you force yourself to use the ma-

terial and fill in the gaps in your understanding. You also increase your level of self-confidence and your ability to do well on

exams.

Several kinds of problems are included in each chapter. There are problems within the chapters, giving examples and drill

over the material as it is covered. Work these problems as you read through the chapter to ensure your understanding as you go

along. Answers to many of these in-chapter problems are found at the back of this book. Study Problems at the end of each

chapter give you additional experience using the material, and they force you to think in depth about the ideas. Some of the study

problems have short answers in the back of this book, and all of them have detailed answers in the accompanying Solu-

tions Manual.

Taking organic chemistry without working the problems is like skydiving without a parachute. Initially there is a breezy

sense of freedom and daring. But then, there is the inevitable jolt that comes at the end for those who went unprepared.

1-19. Define and give an example for each term.

(a) isotopes (b) orbital (c) node

(d) degenerate orbitals (e) valence electrons (f) ionic bonding

(g) covalent bonding (h) Lewis structure (i) nonbonding electrons

(j) single bond (k) double bond (I) triple bond

(m) polar bond (n) formal charges (o) resonance forms

(p) inolecular forinula (q) empirical formula (r) Arrhenius acid and base

(s) Br0nsted-Lowry acid and base (t) Lewis acid and base (u) electrophile

(v) nucleophile

1-20. Name the element that corresponds to each electronic configuration.

(a) \.s-2s-2p- (b) \.s-2s-2p^ (c) 2i-- 2//\\v- 3/>' (d) l.v- 2.r 2/?'^ 3.y- 3/;'

1-21. There is a small portion of the periodic table that you must know to do organic chemistry. Construct this part

from memory, using the following steps.

(a) From memory, make a list of the elements in the first two rows of the periodic table, together with their num-

bers of valence electrons.

(b) Use this list to construct the first two rows of the periodic table.

(c) Organic compounds often contain sulfur, phosphorus, chlorine, bromine, and iodine. Add these elements to

your periodic table.

1-22. For each compound, state whether its bonding is covalent. ionic, or a mixture of covalent and ionic.

(a) NaCl (b) NaOH (c) CH,Li Td) CH.CL (e) NaOCH, (f) HCO.Na (g)CF4

1-23. (a) Both PCI , and PCI5 are stable compounds. Draw Lewis structures for these two compounds.

(b) NCI3 is a known compound, but all attempts to synthesize NCI, have failed. Draw Lewis structures for NCI3

and a hypothetical NCI5, and explain why NCI5 is an unlikely structure.

1-24. Draw a Lewis structure for each species.

(a) N3H4 (b) N,H, (c) (CH,)4NC1 (d) CH,CN (e) CH,CHO
(f) CH,S(0)CH, (g) H,S04 (h) CH,NCO (i) CH,OSO,OCH3 (j) CHjCCNHjCHj
(k) (CH3)3CNO

1-25. Draw a Lewis structure for each compound. Include all nonbonding pairs of electrons,

(a) CH,CHCHCH:CHCHCOOH (b) NCCH.COCH.CHO
(c) CH:CHCH(OH)CH:C02H (d) CH3CH(CH3)CH,C(CH,CH3)3CHO

1-26. Draw a line-angle formula for each compound in Problem 1-25.

1-27. Draw Lewis structures for

(a) two compounds of formula C4H,o.

(b) two compounds of formula C2H7N.

(c) three compounds of formula C^H^Ot .

(d) two compounds of formula C;H40.
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1-28.

1-29.

1-30.

1-31.

1-32.

1-33.

Draw a complete structural formula and a condensed structural formula for

(a) three compounds of formula C^H^O.

(b) five compounds of formula C^H^O.

Some of the following molecular formulas correspond to stable compounds. When possible, draw a stable struc-

ture for each formula.

CH, CH, CH4 CHs

C2H2 C2H3 C2H4 C2H<i C2Hf, C2H7

C3H3 C3H4 C3H5 CyH(, C3H7 CjH).; C3Hg

Can you propose a general rule for the numbers of hydrogen atoms in stable hydrocarbons?

Draw complete Lewis structures, including lone pairs, for the following compounds.

(b) / \ (c)(a)

N N
H

pyrrolidine

N'
H

morpholine

(d) NH,-" ^ "-COOH
y-aminobutyric acid

(a neurotransmitter)

o o

CHO (g) \ //

SO,H (h) ^^^^y^OH

Give the molecular formula of each compound shown in Probletn 1-30.

Compound X, isolated from lanolin (sheep's wool fat), has the pungent aroma of dirty sweatsocks. A careful

analysis showed that compound X contains 62.0 percent carbon and 10.4 percent hydrogen. No nitrogen or halo-

gen was found.

(a) Compute an empirical formula for compound X.

(b) A molecular weight detennination showed that compound X has a molecular weight of approximately 1 17.

Find the molecular formula of compound X.

(c) There are many possible structures that have this molecular formula. Draw complete structural formulas for

four of them.

For each of the following structures.

( 1 ) Draw a Lewis structure; fill in any nonbonding electrons.

(2) Calculate the formal charge on each atom other than hydrogen. All are electrically neutral except as noted.

(a) X=N=N

(c) [CH,=CH— CH,]'

H

H'

(d) CH,NO

C—N^N (b) (CHjjjNO

(trimethylamine oxide)

(e) [(CH,),0]^

1-34. ( 1 ) From what you remember of electronegativities, show the direction of the dipole moments of the following

bonds.

(2) In each case, predict whether the dipole moment is relatively large or small,

(a) C— CI (b)C— H (c) C— Li (d) C— N (e) C—

O

(f) C— B (g) C—Mg (h) N— H (i) O— H (j) C— Br

1-35. Determine whether the following pairs of structures are actually different compounds or simply resonance forms

of the same compounds.

o o-

and (b)

C.
o-

and
O
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1-36.

1-37.

= 1-38.

1-39.

and

o- O

(d) CH,=C— H and CH,—C—

H

O—H +0—

H

(f) H—C— H and H— C—

H

(h) CH,=C=0 and H— C= C—OH

O O—

H

li I

(e) H—C—CH, and H—C=CH,

o o-

(g) H—C— NH, and H—C= NH,

(i) CH,=CH—CH, and CH,—CH= CH,

O
II I

(j) CH,—C—CH= CH, and CH,—C=CH— CH,

Draw the important resonance forms for the following molecules and ions

O O

(a) CH,—C—CH, (b) H—C—CH=CH— CH, (c) C ';^CH,

(g) CH,—CH=CH—CH=CH—CH—CH, (h) CH,—CH=CH—CH=CH—CH,—CH,

(a) Draw the resonance forms for SO, (bonded O— S— O).

(b) Draw the resonance forms for ozone (bonded O— O— O).

(c) Sulfur dioxide has one more resonance form than ozone. Explain why this structure is not possible for ozone.

The following compound can become protonated on any of the three nitrogen atoms. One of these nitrogens is

much more basic than the others, however.

(a) Draw the important resonance forms of the products of protonation on each of the three nitrogen atoms.

(b) Determine which nitrogen atom is the most basic.

CH,—NH—

C

\
NH,

In the following sets of resonance forms, label the major and minor contributors and state which structures would

be of equal energy. Add any missing resonance forms.

(a) [cH,—CH—C= N:

o-

(b) CH,—C=CH—CH—CH,

O O
II - II

(c) CH,—C—CH—C—CH,

(d) [cH,—CH—CH=CH—NO,

NH,

(e) LcH,—CH,— C— NH, ^

CH,—CH=C= N: ]

o-

CH,—C—CH=CH—CH,_
+

o- o
I II

CH,—C=CH—C—CH,

<—* CH,—CH=CH—CH— NO,]

NH,

CH,—CH,—C= NH,_
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1-40. For each pair of ions, determine which ion is more stable. Use resonance forms to explain your answers.

(a) CH,—CH— CH, or CH —CH— OCH,

(b) CH,=CH—CH—CH, or CH,=CH—CH,—CH,

(c) CH,—CH, or CH,—C= N:

,CH, ^CH^

(d)
I II

or

(e) CH,—N—CH, CH,—CH—CH,
I

' or "

I

CH,—C—CH, CH,—C— CH,

1-41. Rank the following species in order of increasing acidity. Explain your reasons for ordering them as you do.

NH3 H,SO, CH.OH CH,COOH

1-42. Rank the following species in order of increasing basicity. Explain your reasons for ordering them as you do.

CH,0^ CH,COOH CH3COO" NaOH NHJ HSO;

1-43. The of phenylacetic acid is 5.2 X 10~\ and the pA'^ of propionic acid is 4.87.

O O

^ "^CH,-C—OH CH,—CH,—C—OH

phenylacetic acid. = 5.2 x 10 ' propionic acid, p^^ = 4.87

(a) Calculate the pA'^ of phenylacetic acid and the A', of propionic acid.

(b) Which of these is the stronger acid'^ Calculate how much stronger an acid it is.

(c) Predict whether the following equilibrium will favor the reactants or the products.

^
^^CH,COO- + CH,CH,COOH <(^^>-CH,COOH + CH,CH,COO-

1-44. Label the reactants in these acid-base reactions as Lewis acids (electrophiles) or Lewis bases (nucleophiles). Use

curved arrows to show the movement of electron pairs in the reactions.

(a) CH,0: + CH,— Cj: > CH,—O— CH, + (:}'

(b) CH,—6— CH, + :6—H > CH,—6: ^ CH.—O—

H

"II I I

CH3 H CH, H
O :0:"

II I

(c) H—C—H + :NH, > H—C—

H

-NH3

(d) CH,—NH, + CH,—CH—CP * CH,—NH,—CH,CH, + :C1:"

Q" Q—

H

(e) CH,—C— CH, + H,S04 > CH,— C— CH, + HSO;

(f) (CH,),CC1 + AlCl, > (CH,),C- + -AlCl,
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II

(g) CH.— C— CH, - =0—H * CH.— C-=CH- - H—O—

H

(hi CH =CH- - BF, > BF,—CH-—CH-

(i) BFj—CH-—CH; - CH-=CH. > BF,—CH-—CH-—CH-— CH-

1-45. Predict the products of the following acid-base reactions.

(ai H-SO_ - CH.COO- ^ (hi CH.COOH - (CH,)-N:

O

(c) ^ C—OH - -OH (dl (CHj^XH - "OH ^

O
n

(e) HO— C— OH - 2 -OH (fl H-0 - XH,

(g) HCOOH - CH,0-

1-46. MethyUithium (CHii i is often used as a base in organic reactions,

(a) ftedict the products of the following acid-base reaction.

CH-.CH-—OH - CH,— Li *

(b) WTiat is the conjugate acid of CHii? Would you expect CH jLi to be a strong base or a weak base?

4-4". In 1 934. Edw ard A. Doisy of Washington Universitx extracted 3000 lb of hog o\ aries to isolate a few milligrams

of pure estradiol, a potent female hormone. Doisy burned 5.00 mg of this precious sample in oxygen and found

that 14.54 mg of CO; and 3.97 mg of H;0 were generated.

(a) Determine the empirical formula of estradiol.

(b) The molecular weight of estradiol was later determined to be 2 "^2. Determine the molecular formula of estra-

diol.



CHAPTER2
Structure and

Properties of

Organic Molecules

In
Chapter 1, we considered how atoms bond together to gain noble-gas config-

urations, forming molecules in the process. Using the octet rule, we drew Lewis

structures for organic molecules and used these diagrams to determine which

bonds are single bonds, double bonds, and triple bonds. We discussed various ways

of drawing organic structures, and we saw how resonance structures represent mol-

ecules whose actual bonding cannot be described by a single Lewis structure.

The material in Chapter 1 explains little about the actual shapes and prop-

erties of organic molecules. These aspects of molecular structure can be ex-

plained by considering how the atomic orbitals on an atom mix to form hybrid

atomic orbitals and how orbitals on different atoms combine to form molecular

orbitals. We use these orbitals to account for the shapes and properties we observe

in organic molecules.

2-1

Wave Properties

of Electrons

in Orbitals

40

We like to picture the atom as a miniature solar system, with the electrons orbiting

around the nucleus. This solar system picture satisfies our intuition, but it does not

correspond with what we know about the atom. About 1923, Louis de Broglie sug-

gested that the properties of electrons in atoms are better explained by treating the

electrons as waves rather than as particles.

There are two general kinds of waves, traveling waves and standing waves.

Examples of traveling waves are the sound waves that carry a thunderclap and the

water waves that form the wake of a boat. Standing waves vibrate in a fixed location.

Standing waves are found inside an organ pipe, where the rush of air creates a vi-

brating air column, and in the wave pattern of a guitar string when it is plucked. An
electron in an atomic orbital is like a stationary, bound vibration: a standing wave.

We can understand the features of an orbital (a three-dimensional standing

wave) more easily by using a guitar string as a one-dimensional analogy (see Fig.

2-1). If you pluck a guitar string at its middle, a standing wave results. This vibra-

tion has all of the string displaced upward for a fraction of a second, then downward

for an equal time. If we draw an instantaneous picture of the waveform, it shows the

string displaced in a smooth curve either upward or downward, depending on the

exact instant of the picture. The amplitude of the wave is the square of its displace-

ment. Whether the instantaneous displacement of the wave is upward or downward,

its amplitude is positive.
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A l.s orbital is like this guitar string, except that it is three-dimensional. The or-

bital can be described by its wave function i//, which is the mathematical description

of the shape of the wave as it vibrates. All of the wave is positive in sign for a brief

instant; then it is negative in sign. The electron density at any point is simply the

amplitude of the wave at that point, and the amplitude is i/r. the square of the wave

function. Notice that the plus sign and the minus sign of these wavefunctions are not

charges. The plus or minus sign is the instantaneous sign of the constantly chang-

ing wavefunction. The l.s- orbital is spherically symmetrical, and it is often represented

by a circle (representing a sphere) with a nucleus in the center and with a plus or

minus sign to indicate the instantaneous sign of the wave function (Fig. 2-2).

If we gently place a tlnger at the center of the guitar string while plucking the

string, the finger keeps the midpoint of the string from moving. The amplitude at

the midpoint is zero, and this point is a node. The string vibrates in two parts, with

the two halves vibrating in opposite directions. We say that the two halves of the

string are out ofphase: When one is displaced upward, the other is displaced down-

ward. Figure 2-3 shows this first harmonic of the guitar string.

The first harmonic of the guitar string resembles the 2p orbital (Fig. 2-4). We
have drawn the 2p orbital as two "lobes." separated by a node (a nodal plane). The

two lobes of the p orbital are out of phase with each other. Whenever the wave func-

tion has a plus sign in one lobe, it has a minus sign in the other lobe.

2-1 A Linear Combination ofAtomic Orbitals

The most important wave propejlyjjfjitomic orbi tal s is their ability to^ornbine and

overlap to give rnore complgx standing waves. This process is called the linear com-
hinafion of atomic orbitals (LCAO) : Wave functions are added and subtracted to

give the wave functions of new orbitals. The number of new orbitals generated al-

ways equals the number of orbitals we started with.

upward displacement

rest position

rest position

downward displacement

amplitude = (displacement)-

Figure 2-

1

A standing wave. The funda-

mental frequency of a guitar

string is a standing wave with

the string alternately displaced

upward and downward. The

amplitude at any point is the

square of the displacement at

that point.

1. When orbitals on different atoms interact, they produce molecu lar orbitals

that lead to bonding (or antibonding).

2. When^orbitals on the satne atomjnteract, they give hybrid atomicorbitals

that defing the geometry of the bonds formed .

O

— »- dislancr

nucleus

represented by
highest at

the nucleus

wave function

with positive sign

nucleus

distance

nucleus

distance
represented by

amplitude

(electron density)

wave function

with negative sign

4 Figure 2-2

The Is orbital is similar to the

fundamental vibration of a

guitar string. The wave func-

tion is instantaneously all posi-

tive or all negative. The

amplitude (the square of the

wave function) is the electron

density. A circle with a nucleus

is used to represent the spheri-

cally symmetrical s orbital.
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amplitude = (displacement)-

Figure 2-3

First harmonic of a guitar

string. The two halves of the

string are separated by a node,

a point with zero amplitude.

The two halves vibrate out of

phase with each other

nodal plane

nucleus

wave function

(instantaneous picture)

nodal plane

nucleus

equivalent wave function

(instantaneous picture)

nucleus

represented by

represented by

I

nodal plane

1
nucleus

nodal plane

A Figure 2-4

The 2p orbital has two lobes, separated by a nodal plane. The two lobes are out of phase

with each other. When one has a plus sign, the other has a minus sign.

We begin by looking at how atomic orbitals on different atoms interact to give

molecular orbitals. Then we consider how atomic orbitals on the same atom can in-

teract to give hybrid atomic orbitals.

2-2 The stability of a covalent bond results from a large amount of electron density in the

Molecular OrbitSlls
region, the space between the two nuclei (Fig. 2-5). In the bonding region,

' / the electrons are close to both nuclei, resulting in a lowering of the overall energy.

The bonding electrons also mask the positive charges of the nuclei, so they do not

repel each other as much as they would otherwise.

There is always an optimum distance for the two bonded nuclei. If they are too

far apart, their attraction for the bonding electrons is diminished. If they are too close

together, their electrostatic repulsion pushes them apart. The intemuclear distance

wherg^ttraction and repulsion are balanced, whicjLalsa^ivesjhemmimu^^
(the strongest bond), is called the bond length.

2-2A The Hydrogen Molecule; Sigma Bonding

The hydrogen molecule is the simplest example of covalent bonding. As two hy-

drogen atoms approach each other, their Is wave functions can add constructively so

that they reinforce each other, or destructively so that they cancel out where they

bonding region

Figure 2-5

A bonding molecular orbital

places a large amount of elec-

tron density in the bonding

region, the space between the

two nuclei.

nucleus 1

electrons in this region

attract both nuclei

and mask the positive

charges from repelling each other

nucleus 2
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add

Is Is

represented by:

bonding molecular orbital

o-bonding MO

4 Figure 2-6

Formation of a cr-bonding MO.
When the Is orbitals of two

hydrogen atoms overlap in

phase with each other, they

interact constructively to form

a bonding MO. The electron

density in the bonding regitm

(between the nuclei) is

increased. The result is a cylin-

drically symmetrical bond, or

sigma bond.

overlap. Figure 2-6 shows how the wave functions interact constructively when they

are in phase and have the same sign in the region between the nuclei. The wave func-

tions reinforce each other and increase the electron density in this bonding region.

The result is a bonding molecular orbital (bonding MO).
The bonding MO depicted in Figure 2-6 has most of its electron density cen-

tered along the line connecting the nuclei. This type of bond is called a cylindrically

symmetrical bond or a sigma bond (crbond ). Sigma bonds are the most common
bonds in organic compounds. All single bonds in organic compounds are sigma

bonds, and every double or triple bond contains one sigma bond.

add

node

represented by: antibondins molecular orbital

node

a* antibondins MO

M Figure 2-7

Formation of a ct* antibonding

MO. When two Is orbitals

overlap out of phase^_thev

interacUkstructively to form

a n antibonding MO. Thgjosi-

tive and negative values of the

wave functions tend to cancel

out in the region between the

nuclei, and a node separates

the nuclei. We use an asterisk

(*) to designate antibonding

orbitals; this sigma anti-

bonding orbital is symbolized

by (r*=.
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When two hydrogen \s orbitals overlap out of phase with each other, an anti-

bonding molecular orbital results (Fig. 2-7). The two l.s wave functions have op-

posite signs, and they tend to cancel out where they overlap. The result is a node

(actually a nodal plane) separating the two atoms. The presence of a node separat-

ing the two nuclei usually indicates that the orbital is antibonding.

Figure 2-8 shows the relative energies of the atomic orbitals and the molecu-

lar orbitals of the H2 system. When the \s orbitals are in phase , the resultin£_molec;

ular orbital is a sigma bonding MO. with lower energy than that of a atomic orbital.

Qxsrlap of two \s orbitals out of phase gives an antibonding!(x *) orbital witlThigh-

er energy than that of a U atomic orbital. The two electronsjnthe Ho system are found

with paired spins in thg_sigmn bonding MO. gmngji stable molecule. In stable

molecules, the antibonding orbitals (such as a *) are usually vacant.

Figure 2-8

When the two hydrogen \s

orbitals overlap, a sigma

bonding MO and a sigma anti-

bonding MO result. Two elec-

trons (represented by arrows)

go into the bonding MO with

opposite spins, forming a

stable molecule.

energy

atomic orbital

antibonding

atomic orbital

bonding

molecular orbital

2-2B Sigma Overlap Involving p Orbitals

When two p orbitals overlap along the line between the nuclei, a bonding orbital and

an antibonding orbital result. Once again, most of the electron density is centered

along the line between the nuclei. This linear overlap is another type of sigma bond-

ing MO. The constructive overlap of two p orbitals along the line joining the nuclei

forms a crbond represented as follows:

I
* — ••^•^

a-bonding MO

SOLVED PROBLEM 2-1

Draw the cr* antibonding orbital that results from destructive overlap of the two orbitals

shown above.

SOLUTION
This orbital involves the destructive overlap of lobes of the two p orbitals with opposite

phases. If the signs are reversed on one of the orbitals. adding the two orbitals gives an

antibonding orbital with a node separating the two nuclei:
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node

a* antibonding MO

Overlap of an ,v orbital with a p orbital also gives a bonding MO and an antibonding

MO, as shown below. Constructive overlap of the s orbital with the orbital gives a

cr-bonding MO with its electron density centered along the line between the nuclei.

Destructive overlap gives a cr* antibonding orbital with a node separating the nuclei.

a-bonding MO

node

{-)s o* antibonding MO

A pTboiid (tt bond) results from overlap between two p orbitals oriented peipen-

dicular to the line connecting the nuclei (Fig72-9). These parallel orbitals overlap side-

ways, with most of the electron density centered above and below the line connecting

the nuclei. A pi molecular orbital is not cylindrically symmetrical; it involves paral-

lel overlap rather than the linear overlap of a sigma bond. Figure 2-9 shows a pi

bonding MO and the corresponding tt* antibonding MO.

2-3

Pi Bonding

node

destructive (antibonding) interaction

• -I- •

constructive (bonding) interaction

rr* antibonding MO

energy

rt-bonding MO

< Figure 2-9

The sideways overlap of two p
orbitals leads to a pi bonding

MO and a pi antibonding MO.
A pi bond is not as strong as

most sigma bonds.
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2-3A Single and Double Bonds

A double bond requires the presence of four electrons in the bonding region between

the nuclei. The first pair of electrons goes into the sigma bonding MO, forming a

strong sigma bond. The second pair of electrons cannot go into the same orbital or

the same space. It goes into a pi bonding MO, with its electron density centered

above and below that of the sigma bond.

The combination of a sigma bond and a pi bond is the normal structure of a dou-

ble bond Figure 2-10 shows the structure of ethylene, an organic molecule^ontain-

ing a carbon -carbon double bond.

H. .H
:c :

: c

:

H' H
Lewis structure of ethylene

Figure 2-10

The second bond of a double bond is a pi bond. The pi bond has its electron density

centered in two lobes, above and below the sigma bond. Together, the two lobes of the pi

bonding molecular orbital constitute one bond.

Thus far, we have discussed only bonds involving overlap of simple s and p
atomic orbitals. Although these simple bonds are occasionally seen in organic com-

pounds, they are not as common as bonds formed using hybrid atomic orbitals.

Hybrid atomic orbitals result from the mixing of orbitals on the same atom. The

geometry of these hybrid orbitals helps us to account for the actual structures and bond

angles observed in organic compounds.

If we predict the bond angles of organic molecules using just the simple s and p
orbitals, we must predict bond angles of about 90°. The 5- orbitals are nondirectional,

and the /; orbitals are oriented at 90° to one another (see Fig. 1-3). Experimental

evidence shows that this prediction is wrong (Fig. 2-11). Bond angles in organic

compounds are usually close to 109°, 120°, or 180°. A common way of account-

ing for these bond angles is the valence-shell electron pair repulsion theory

(VSEPR theory): Electron pairs repel each other, and the bonds and lone pairs

around a central atom generally are separated by the largest possible angles. An
angle of 109.5° is the largest possible separation for four pairs of electrons; 120°

is the largest separation for three pairs; and 180° is the largest separation for two

pairs. All the structures in Figure 2-11 have bond angles that separate their bonds

about as far apart as possible.

half of Ti-bonc

2-4

Hybridization and

Molecular Shapes

Figure 2-1

1

The angles between the p
orbitals are all 90°, but few

organic compounds have bond

angles of 90°. Their bond

angles are usually close to

109°, 120°, or 180°.

iiiclhanc. 109.5° ethylene, close to 1
20° acetylene, 180°



2-4 Hybridization and Molecular Shapes 47

The shapes of these molecules cannot result from bonding between simple s and

p atomic orbitals. Although these orbitals have the lowest energies for isolated atoms

in space, they are not the best for forming bonds. To explain the shapes of common
organic molecules, we assume that the .s- and /; orbitals combine to form hybrid atom-

ic orbitals that separate the electron pairs more widely in space and place more elec-

tron density in the bonding region between the nuclei.

2-4A sp Hybrid Orbitals

Orbitals can interact to form new orbitals. W'e have used this principle to form mo-

lecular orbitals by adding and subtracting atomic orbitals on different atoms, but we

can also add and subtract orbitals on the same atom. Consider the result when we add

a p orbital to an s orbital on the same atom (Fig. 2-12).

destructive

o\erlap

constructive

overlap

6>

.V /)

constructive destructive

overlap overlap

sp hybrid

v (-}p

+ -XE)

second sp hybrid

The resulting orbital is called an sp hybrid orbital. Its electron density is con-

centrated toward one side of the atom. We^

s

talled with twcTorbkals (s arid p). so we
ipust^fiiiislvwith two sp hybrid orbitals. The second sp hybrid orbital results if we add

the p orbital with the opposite phase (Fig. 2-12).

The result of this hybridization process is a pair of sp hybrid orbitals, one di-

rected toward the left and one toward the right. These hybridized orbitals provide en-

hanced electron density in thebonding region-for^a^ma bond toward the left of the

atoiB and for another sigma bond toward the right. In addition, these hybrid orbitals

give abond angle of 180°, separating the bonding electrons as much as possibleTin

general, sp hybridization results in this linear bonding arrangement.

SOLVED PROBLEM 2-2

Draw the Lewis structure for beryllium hydride. BeH;. Draw the orbitals that o\erlap in

the bonding of BeH; . and label the hybridization of each orbital. Predict the H—Be—

H

bond angle.

SOLUTION
First, we draw a Lewis structure for BeH;

.

H:Be:H

There are only four valence electrons in BeHi (two from Be and one from each H), so the

Be atom cannot have an octet of electrons. The bonding must in\ olve orbitals on Be that

give the strongest bonds (the most electron density in the bonding region) and also allow

the two pairs of electrons to be separated as far as possible.

< Figure 2-12

Addition of an s orbital to a /?

orbital gi\'es an sp hybrid

atomic orbital, with most of its

electron density on one side of

the nucleus. Adding the p
orbital with opposite phase

gi\es the other sp hybrid

atomic orbital, with most of its

electron density on the oppo-

site side of the nucleus from

the first hybrid.
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Hybrid orbitals concentrate the electron density in the bonding region, and sp hy-

brids give 180° separation for two pairs of electrons. Hydrogen cannot use hybridized or-

bitals. since the closest available p orbitals are the 2//s. much higher in energy than the

\s. The bonding in BeH^ results from overlap oi sp hybrid orbitals on Be with the \s or-

bitals on hydrogen. Figure 2-13 shows how this occurs.

First bond

Figure 2-13

The bonding of BeH; . To form

two sigma bonds, the two sp

hybridized atomic orbitals on

Be overlap with the \s orbitals

of hydrogen. The bond angle is

180° (linear).

2-4B sp^ Hybrid Orbitals

To orient three bonds as far apart as possible, bond angles of 1
20" are required. When

an s orbital combines with two p orbitals. the resulting three hybrid orbitals are ori-

ented at 120" angles to each other (Fig. 2-14). These orbitals are called sp' hybrid

s sp- hybrid orbitals

Figure 2-14

Hybridization of an s orbital

with two p orbitals gives a set

of three sp' hybrid orbitals.

The bond angles associated

with this trigonal structure are

about 120°. The remaining p
orbital is perpendicular to the

plane of the three hybrid

orbitals.

120°

120°

three sp- hybrid orbitals superimposed

unhybridized

p. orbital

sp--\\\bnA carbon atom

(viewed from the side)
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orbitals because they are composed of one s and two p orbitals. The 120° arrange-

ment is called trigonal geometry, in contrast to the linear geometry associated with

sp hybrid orbitals. There is still an unh\ bridized p orbital (p.) perpendicular to the

plane of the three .s/r hybrid orbitals.

SOLVED PROBLEM 2-3

Borane (BH,) is not stable under normal conditions, but it has been detected at low pressure.

(a) Draw the Lewis structure for borane.

(b) Draw a diagram of the bonding in this molecule, and label tlie h\ bridization of each orbital.

(c) Predict the H—B—H bond angle.

SOLUTION
There are only six valence electrons in borane. Boron has a single bond to each of the three

hydrogen atoms.

H
.B.

H' 'H

The best bonding orbitals are those that provide the greatest electron density in

the bonding region while keeping the three pairs of bonding electrons as far apart as

possible. Hybridization of an s orbital with two p orbitals gives three sp- hybrid or-

bitals directed 120" apart. Overlap of these orbitals with the hydrogen I5 orbitals

gi\ es a planar, trigonal molecule. (Note that the small back lobes of the hybrid orbitals

are often omitted.

)

PROBLEM-SOLVING HINT
The number of hybrid orbitals

formed is always the same as the

total number of s and p orbitals

hybridized.

number

of qrbitajs hybrid angle

2 sp 180°

3 sp^ 120=

4 sp^ 109.5"

2-4C sp^ Hybrid Orbitals

Many organic compounds contain carbon atoms that are bonded to four other atoms.

When four bonds are oriented as far apart as possible, they form a regular tetrahe-

dron (109.5' bond angle s), as pictured in Figure 2-15. This tetrahedral arrange-

ment can be explained by hybridization of the s orbital with all three p orbitals. The

resulting four orbitals are called sp'^ hybrid orbitals because they are composed of

one s and three p orbitals.

109.5=

four sp'^ hybrids

Figure 2-15

Hybridization of an ^ orbital

with all three p orbitals gives

four sp' hybrid orbitals with

tetrahedral geometr}' and

109.5° bond angles.
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1>

H

H : C :H

H
methane

H
109.5= ^

H
H

H

Figure 2-16

Methane has tetrahedral geom-

etr\'. using four sp-^ h\ brid

orbital s to form sigma bonds to

the four hvdrosen atoms.

2-5

Drawing Three-

Dimensional

Molecules

PROBLEM-SOLVING HINT

When showing perspective, do

not draw another bond between

the two bonds in the plane of

the paper Such a drawing shows

an incorrect shape.

H
T

H

incorrea

H H
J

H H
I

correct

Methane iCH.i is the simplest example of sp' hybridization (Fig. 2-16). The

Lew is structure for methane has eight \ alence electrons (four from carbon and one

from each h\ drogen). corresponding to four C—H single bonds. Tetrahedral geom-

etr\ separates these bonds by the largest p>ossible angle. 109.5°.

Figures 2-15 and 2-16 were more difficult to draw than the earlier figures because

they depict three-dimensional objects on a two-dimensional piece of paper. The p.

orbital should look like it points in and out of the page, and the tetrahedron should

look three-dimensional. These drawings use perspecti\ e to add the third dimension.

Most organic molecules are three-dimensional, but the use of perspective is

difficult when the molecule is large and comphcated. Organic chemists have devel-

oped a shorthand notation to simplify three-dimensional drawings. Dashed lines in-

dicate bonds that go backw ard. away from the reader, \\edge-shaped bonds depict

bonds that come forward, tow ard the reader. Straight lines are bonds in the plane of

the paper. Dashed lines and wedges show perspective in the second drawing of

methane in Figure 2-16.

The three-dimensional structure of ethane. C-H^. has the shape of two

tetrahedra joined together. Each carbon atom is sp' hybridized, with four sigma

bonds formed by the four sp- hybrid orbitals. Dashed lines represent bonds that

go away from the viewer, wedges represent bonds that come out toward the

viewer, and other bond lines are in the plane of the paper. All the bond angles

are close to 109.5".

in the

plane

of the paper

away from

the reader

H
\
H toward

the reader 4t #
ethane ethane ethane
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PROBLEM 2-1

(a) Use your molecular models to make ethane, and compare the model with the structure

given above.

(b) Make a model of propane (C ,H.s). and draw this model using dashed lines and wedges

to represent bonds going back and coming forward.

At this point we can consider some general rules for determining the hybridization

of orbitals and the bond angles of atoms in organic molecules. After stating these

rules, we solve some problems to show how the rules are used.

Rule 1 : Both sigmabonding ejectrons and lone pairs occupy hybrid orbitals .

The number of hybrid orbitals_on_atLatom is computed by adding the number

o£sigma bonds and the number of loiTe_Eairsi)f elertrons nn that atom .

Since the first bond to another atom is always a sigma bond, the number of hybrid

orbitals may be computed by adding the number of lone pairs to the number of atoms

bonded to the central atom.

Rule 2: Use the hybridization and geometry that give the widest possible sep-

aration of the calculated number of bonds and lone pairs:

Summary of Hybridization and Geometry

Hybrid Orbitals Hybridization Geometiy

Approximate

Bond Angles

2

3

4

s + p = sp

s + p + p = sp'

s + p + p + p = sp^

linear

trigonal

tetrahedral

180"

120°

109.5°

The mimber of hybrid orbitals obtained equals the number of atomic orbitals com-

bined. Lone pai rs of elecJroiTsjakoipjiiore space than bonding pairs of electrons,

thus they compress the bond angles.

Rule 3: If two or three pairs of electrons form a multiple bond between two

atoms, the first bond is a sigma bond formed by a hybrid orbital. The second

bond is a pi bond, consisting of twolobes above and below the sigma bond,

formed by two p orbitals. The third bond of a triple bond is another pi bond,

perpendicular to tEe first pi bond (see Fig. 2-18).

We illustrate these rules by working through some sample problems.

SOLVED PROBLEM 2-4

Predict the hybridization of the nitrogen atom in ammonia, NH ,. Draw a picture of the

three-dimensional structure of ammonia, and predict the bond angles.

SOLUTION
The hybridization depends on the number of sigma bonds plus lone pairs. A Lewis struc-

ture provides this information.

H
I

H
H—N: or H:N:.^

I J-f
lone pair

H

In this structure, there are three sigma bonds and one pair of nonbonding electrons.

Four hybrid orbitals are required, implying sp' hybridization and tetrahedral geometry

2-6

General Rules of

Hybridization and

Geometry
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around the nitrogen atom, with bond angles of about 109.5°. The resulting structure is

much like that of methane, except that one of the s// hybrid orbitals is occupied by a lone

pair of electrons.

0

H 107.3°

Notice that the bond angles in ammonia ( 107.3" ) are slightly smaller than the ideal

tetrahedral angle, 109.5°. The nonbonding electrons are more diffuse than a bonding pair

of electrons, and they take up more space. The lone pair repels the electrons in the N—

H

bonds, compressing the bond angle.

PROBLEM 2-2

Predict the hybridization of the oxygen atom in water, HiO. Draw a picture of its three-di-

mensional structure, and explain why its bond angle is 104.5°.

SOLVED PROBLEM 2-5

Predict the hybridization, geometry, and bond angles for ethylene. C2H4

.

SOLUTION
The Lewis structure of ethylene is

H. .H \
:C"C: or .c=c

Each carbon atom has an octet, and there is a double bond between the carbon

atoms. Each carbon is bonded to three other atoms (three sigma bonds), and there are no

lone pairs. The carbon atoms are sp' hybridized, and the bond angles are trigonal: about

120°. The double bond is composed of a sigma bond formed by overlap of two sp- hy-

bridized orbitals, plus a pi bond formed by overlap of the unhybridized p orbitals re-

maining on the carbon atoms. Because the pi bond requires parallel alignment of its two

p orbitals. the ethylene molecule must be planar (Fig. 2-17).

a-bond framework 7t bond ethylene

(viewed from above the plane) (viewed from alongside the plane)

Figure 2-17

The carbon atoms in ethylene are sp- hybridized, with trigonal bond angles of about 120°.

All the carbon and hydrogen atoms lie in the same plane.
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PROBLEM 2-3

Predict the hybridization, geometry, and bond angles for the carbon atoms in 2-butene,

CH;CH=CHCH,.

SOLVED PROBLEM 2-6

Predict the hybridization, geometry, and bond angles for the carbon atoms in acety-

lene, C2H2

.

SOLUTION
The Lew is structure of acetylene is

H:C:::C:H or H—C=C—

H

Both carbon atoms have octets, but each carbon is bonded to just two other atoms, re-

quiring two sigma bonds. There are no lone pairs. Each carbon atom is sp hybridized and

linear ( 1
80' bond angles). Notice that the sp hybrid orbitals are generated by the 5 orbital

and the p, orbital (the p orbital directed along the line joining the nuclei). The p, orbitals

and the p. orbitals are unhybridized.

The triple bond is composed of one sigma bond, formed by overlap of .sp hybrid or-

bitals. plus two pi bonds. One pi bond results from overlap of the two p^ orbitals and an-

other from overlap of the two p. orbitals (Fig. 2-18).

acetvlene acerviene

< Figure 2-18

The carbon atoms in acetylene

are sp hybridized, with linear

(180°) bond angles. The triple

bond contains one sigma bond

and two perpendicular pi

bonds.

PROBLEM 2-4

Predict the hvbridization. geometrv. and bond angles for the atoms in acetonitrile.

CH,—C=n5.

SOLVED PROBLEM 2-7

Predict the h\ bridization. geometty . and bond angles for the atoms in acetaldehyde. CH ;CHO.

SOLUTION
The Lew is structure for acetaldehyde is

H .0:

H H

H

or H—C—

C

\

O:

H H

The oxygen atom and both carbon atoms have octets of electrons. The CH , carbon

atom is sigma bonded to four atoms, so it is sp^' hybridized (and tetrahedral). The C=0

PROBLEM-SOLVING HINT
Begin with a good Lewis struc-

ture, and use hybrid orbitals for

the sigma bonds and lone pairs.

Use pi bonds between unhy-

bridized p orbitals for the sec-

ond and third bonds of double

and triple bonds.
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carbon is bonded to three atoms (no lone pairs), so it is s/r hybridized and its bond an-

gles are about 120°.

The oxygen atom is probably .sy^- hybridized because it is bonded to one atom (car-

bon) and has two lone pairs, requiring a total of three hybrid orbitals. We cannot experi-

mentally measure the angles of the lone pairs on oxygen, however, so it is impossible to

confirm whether the oxygen atom is really sp- hybridized.

The double bond between carbon and oxygen looks just like the double bond in

ethylene. There is a sigma bond formed by overlap of sp- hybrid orbitals, and a pi bond
formed by overlap of the unhybridized /; orbitals on carbon and oxygen ( Fig. 2-19).

Figure 2-19

The CH j carbon in acetaldehyde is spj, hybridized, with tetrahedral bond angles of about

109.5°. The carbonyl (C=0) carbon is sp- hybridized, with bond angles of about 120°.

The oxygen atom is probably sp- hybridized, but we cannot measure any bond angles to

verify this prediction.

PROBLEM 2-5

( 1 ) Draw a Lewis structure for each of the following compounds.

(2) Label the hybridization, geometry, and bond angles around each atom other than hy-

drogen.

(3) Draw a three-dimensional representation (using wedges and dashed lines) of the struc-

ture.

(a) CO. (b) CHj—O—CH, (c) (CH,)3N

(d) HCbOH (e) HCN "

(f) CH3CH=CH;
(g) ozone (O,), bonded 000

PROBLEM 2-6

Allene, CH2=C=CH2, has the structure shown below. Explain how the bonding in allene

requires the two =CH2 groups at its ends to be at right angles to each other.

H
H ., /

"'C=C=C
H*^ \

H
allene

SOLVED PROBLEM 2-8

In Chapter 1, we considered the electronic structure of the [CHiNH,]^. Predict its

hybridization, geometry, and bond angles.
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SOLUTION
This is a tricky question. This ion has two important resonance forms:

C—

N

/ \
H H

H H
\ ^/
C=N

/ \
H H

resonance fomis

H H
&-/

/ \
H H

combined
representation

When resonance is involved, different resonance forms may suggest different hy-

bridization and bond angles. Only electrons can be delocalized. howe\ er: the molecule can

have only one set of bond angles, which must be compatible with all the imponant reso-

nance fonns. Looking at either resonance form for [CHNH2]^, we would predict sp~ hy-

bridization (120° bond angles) for the carbon atom; however, the first resonance form

suggests sp^ hybridization for nitrogen (109° bond angles), while the second suggests sp-

hybridization (120° bond angles). Which is correct"^

Experiments show that the bond angles on both carbon and nitrogen are about 120°,

implying sp~ hybridization. Nitrogen cannot be sp"" hybridized because there must be an

unhybridized p orbital available to fonn the pi bond in the second resonance form. In the

first resonance form below, we picture the lone pair residing in this unhybridized p orbital.

In general, resonance-stabilized structures have bond angles appropriate for the

largest number of pi bonds needed at each atom: that is, with unhybridized p orbitals

available for all the pi bonds shown in any important resonance form.

PROBLEM-SOLVING HINT

To predict the hybridization and

geometry of an atom in a reso-

nance hybrid, consider the reso-

nance form with the most pi

bonds to that atom.

PROBLEM 2-7

( 1 ) Draw the important resonance forms for each compound.

(2) Label the hybridization and bond angles around each atom other than hydrogen,

(3) Use a three-dimensional drawing to show where the electrons are pictured to be in

each resonance form.

(a) [H;COH]- (b)

O

(c) [H.CCN]-

In ethane (CH,— CH,), both carbon atoms are sp^ hybridized and tetrahedral Ethane 2-7
looks like two methane molecules that have each had a hydrogen plucked off (to

flotation of
form a methyl group) and are joined by overlap of their sp^ orbitals (Fig. 2-20). in

We can draw many structures for ethane, differing only in how one methyl binglG bOndS
group is twisted in relation to the other one. Sjacli.structures, differing only in ro ta-

tions about a singlejxmd—

a

re called coi'4ormnunn$ Two of the infinite number of

conformations of ethane are show n in Figure 2-20. Construct a molecular model of

ethane, and twist the model into these two conformations.
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H H H H
methyl group methyl group ethane

^ Figure 2-20

Ethane is composed of two

methyl groups bonded by

overlap of their sp'' hybrid

orbitals. These methyl groups

may rotate with respect to each

other.

rotate

eclipsed

H H

HV \
H H

staggered

Which of these structures for ethane is the "right" one? Are the two methyl

groups lined up so that their C—H bonds are parallel (eclipsed), or are they staggered,

as in the drawing on the right? The answer is that both structures, and all the possi-

ble structures in between, are correct structures for ethane, and a real ethane moje^

cule rotates through all these conformations . The two carbon atoms are bonded by

overlap of their s/r orbitals to form a sigma bond along the line between the car-

bons. This sigma bond can be twisted without destroying the linear overlap of the two

sp^ orbitals. No matter how you turn one of the methyl groups, its sp^ orbital still over-

laps with the sp^ orbital of the other carbon atom.

2-8

Rigidity of Double

Bonds

Not all bonds allow free rotation; for example, ethylene is quite rigid. In ethylene,

the double bond between the two CHt groups has a sigma bond and a pi bond. When
we twist one of the two CHt groups, the sigma bond is unaffected but the pi bond

loses its overlap. The two p orbitals cannot overlap when the two ends of the mole-

cule are at right angles, and the pi bond is effectively broken.

hold in position

H

i V, V

H H
H

H
try to twist

overlap destroyed

We can make a generalization:

_Rotation is allowed by single bonds, but double bonds are rigid and cannot

be twisted.

Because double bonds are rigid, we can separate and isolate compounds that differ

only in how their substituents are arranged on a double bond. For example, the dou-

ble bond in 2-butene (CH,—CH=CH—CH ,) prevents the two ends of the mole-

cule from rotating. Two different compounds are possible, and they have different
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physical properties. The molecule wUhjhe methyl groups on the same side of the dou-

ble bond is called c/Ajjj)utene, andthe one with the methy[groups on£ppositeincIes

is called /ra/75'-2-butene. Such molecules are discussed further in Section 2-10.

H,C CH, H,C H

c=c c=c
/ \ / \

H H H CH,
t /.v-2-butene ?/<;«.v-2-butene

PROBLEM 2-8

Two compounds aie known with the formula CH ,—CH^N—CH,.

(a) Draw a Lewis structure for this molecule, and label the hybridization of each carbon

and nitrogen atom.

(b) What two compounds have this formula?

(c) Explain why there is only one compound known with the formula tCH,):CNCH,.

If you were asked to draw a structural formula for C4H,n, either of the following

, structures would be a coiTect answer.

1 CH,—CH,—CH,—CH, CH,—CH—CH,
O /i-butane isobutane

These two compounds are isomers. Isomers are different compounds with thesame
molecular formula. »-Butane and isobutane are called constitutional isomers (or

structural isomers) because they differ in their bonding sequence; that is, their

ajorns are connected differently . The first compound (/?-butane for "normar" butane)

has its carbon atoms in a straight chain four carbons long. The second compound
("isobutane" for "an isomer of butane") has a branched structure with a longest chain

of three carbon atoms and a methyl side chain.

There are three constitutional isomers of pentane (C^Hp). whose common
names are /!-pentane. isopentane, and neopentane. The number of isomers increas-

es rapidly as the number of carbon atoms increases.

CH, CH,

CH,—CH,—CH,—CH— CH, CH,—CH—CH,—CH, CH,—C—CH,

CH,
/!-pentane isopentane neopentane

2-9

Constitutional

Isomerism

PROBLEM-SOLVING HINT
Constitutional isomers (struc-

tural isomers) differ in the order

in which their atoms are

bonded.

In Section 2-8, we saw another kind of isomerism in 2-butene. Cis- and trans-2- 2- I 0
butene have exactly the same anangement of C—C and C=C bonds, so they are not

Stereoisomerism
constitutional isomers. Cis- and /m/;.y-2-butene are called stereoisomers because

they differ only in the spatial orientation of the groups attached to the double bond.

^Stereoisomers arejsomersjhat differ only in how their atoms are oriented in space,

not in the bonding order of their atoms. In contrast, 1 -butene is a constitutional iso-

mer of cis- and rra/;.v-2-butene.
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PROBLEM-SOLVING HINT
Similar groups on the same side

of the double bond:ds; similar

groups on opposite sides of the

double bond: trans.
I H3C.,

c=c

constitutional isomers

stereoisomers

CH3 H3C

H H

c/5-2-butene

H

rran.v-2-butene 1-butene

Cis and trans isomers are only one type of stereoisomerism. The study of the struc-

ture and chemistry of stereoisomers is called stereochemistry. We will encounter

stereochemistry throughout our study of organic chemistry, and Chapter 5 is devot-

ed entirely to this field.

Cis-trans isomers are also called geometric isomers because they differ in the

geometry of the groups on a double bond. The cis isomer is always the one with sim-

ilar groups on the same side of the double bond, and the trans isomer has similar

groups on opposite sides of the double bond.

To have cis-trans isomerism, there must be two different groups on_gach_end

of the double bond; otherwise, there can be no ci s or trans isomers. For example. 1-

butene has two identical hydrogens on one end of the double bond. Reversing their

positions does not give a different compound. Similarly, 2-methyl-2-butene has two

identical methyl groups on one end of the double bond. Reversing the methyl groups

does not give a different compound.

H H
\ /

identical < C=C
/ \

H CH.CH,

1-butene

no cis or trans

identical

CH

CH

C-=C

H

CH,

2-methyl-2-butene

no cis or trans

PROBLEM-SOLVING HINT
Identical groups on one of the

double-bonded carbons implies

no cis-trans isomerism.

PROBLEM 2-9

Which of the following compounds show cis-trans isomerism? Draw the cis and trans iso-

mers of those that do.

(a) CHF=CHF (b) F:C=CH, (c) CH2=CH—CH.—CH3

(d) ^^CHCHj (e) [^^^^^^CHCHCH3 CHCH,

PROBLEM 2-10

Give the relationship between the following pairs of structures. The possible relationships

are the following:

same compound constitutional isomers (structural isomers)

cis-trans isomers not isomers (different molecular formula)

(a) CH3CH.CHCH,CH3 and CH,CHXHCH,CH,CH3

(b)

CH3CH3

Br H
\ /
C=C

/ \
H Br

and

Br
\ /
C=C

/ \
H H

CH3

Br
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Br H
\ /

(c) C=C
/ \

H Br

Br

and

H H

Br H
\ /
C=C

/ \
Br H

Br

(d) C=C and
/ \

H Br

H CI

C= C
/ \

Br H

CI CI

(e) H—C— C—H and H— C— C—

H

CI H

H CH,

H H

CH, H

(f) H— C C— H and H— C C—CH,

CH, H H H

(g) CH,—CH.—CH,—CH, and CH,—CH=CH—CH

,

(h) CH,=CH—CH,CH,CH, and CH,—CH=CH—CH.CH,
(i) CH:=CHCH:CH;CH, and CH,CH;CH:CH=CH;

'CH, /-^CH, ^CH,

and
I

J
(k)

TH,

CH,

(J) and

CH,

In Section 1 -6. we reviewed the concept of polar covalent bonds between atoms w ith 2-11
different electronegativities. Now we are ready to combine this concept with molec-

ular geometr}' to stud\ the polarit\ of entire molecules.

2-1 I A Bond Dipole Moments

Bond polarities can range from totally nonpolar covalent. through polar covalent. to

totally ionic. In the following examples, ethane has a nonpolar covalent C—C bond.

Methylamine. methanol, and chloromethane have increasingly polar (C—N. C—O.

and C— CI) co\alent bonds. Methylammonium chloride CH,NH^C1~) has an ionic

bond between the methvlammonium ion and the chloride ion.

H,C— CH, H,C— NH, H,C—OH H,C—CI H,CNH: CI

ethane methylamine methanol chloromethane methylammonium
chloride

nonpolar increasing polarity ^
The polarity of an individnal bond is measured as its dipole moment in units of the

debye, abbreviated D. The bond dipole moment, /x. is defined as

/i ^ g X J
j

where 6 is the amount of charge at eithensnd^ofthe dipole. and d is the distance be-

tween the charges.

Polarity of Bond
and Molecules
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Dipole moments are expressed in debyes (D). where 1 debye = 3.34 X 10"^"

coulomb meters. If a proton and an electron (charge 1.60 X 10"'^ coulomb) were 1

A apan (distance 10" '" meter), the dipole moment would be

M = ( 1.60 X 10"'^ coulomb) X (10"'^^ meter) = 1.60 x 10"-^ coulomb meter

Expressed in debyes.

1.60 X 10--'C m
^ = 3.34x10-00. = ^-^^

A simple rule of thumb, using common units, is that

u(inikbxes) = 4.8 x g (electron charge) x (in angstroms)

Dipole moments are measured experimentally, and they can be used to calcu-

late other information such as bond lengths and charge separations.

For example, the dipole moment can be used to calculate the charge separation

of a typical C—O single bond. The bond length is 1.43 A. and the dipole moment
is measured as 0.86 D. We calculate that the amount 5 of charge separation is about

0. 1 25 electronic charge, so the carbon atom has about an eighth of a positive charge,

and the oxygen atom has about an eighth of a negative charge.

\5-
* M = 0.86 D

8'

0.86 D = 4.8 X S X 1.43 A
8 = 0.125 e

PROBLEM 2-1 I

The C=0 double bond has a dipole moment of about 2.4 D and a bond length of

about 1.21 A.

(a) Calculate the amount of charge separation in this bond.

(b) Use this information to explain the relative importance of the follov\ ing tw o resonance

contributors.

II

C
/ \

R R

:0:"

C
/ \

R R

Bond dipole moments in organic compounds range from zero in symmetrical

bonds to about 3.6 D for the strongly polar C=N: triple bond. Table 2-1 shows typ-

ical dipole moments for some of the bonds common in organic molecules. Recall that

the positive end of the crossed arrow corresponds to the less electronegative i partial

positive charge) end of the dipole.

2-1 IB Molecular Dipole Moments

A molecular dipole moment is the dipole moment of the molecule taken^as^a

yvhole. The molecular dipole moment is a good indicator of the overall polarity of

a molecule. Its value is equal to the vector sum of the indi\ idual bond dipQk_jTiq-
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1

mon Covalent Bonds

Bond Dipole Moment, fi Bond Dipole Moment, /j.

C—

N

0.22 D H^C 0.3 D

C—

0

0.86 D TI XT
1 - J* 1 u

C—

F

1.51 D H—

O

1.53 D
C— CI 1.56 D C=0 2.4 D

C— Br 1.48 D C= N 3.6 D

C—

I

1.29 D

ments. This vector sum reflects both the magnitude and the direction of each in-

dividual bond dipole moment. For example, both formaldehyde and carbon diox-

ide have strongly polar C=0 bonds, yet carbon dioxide has a molecular dipole

moment of zero. The lack of a molecular dipole moment in CO2 results from its lin-

ear geometry, with the bond dipole moments of the two C=0 groups exactly can-

celing each other.

H\^ \ t ^ +

H

^c=o: :p=c=o:

M = 2.3 D M = 0

formaldehyde carbon dioxide

Figure 2-21 gives some examples of molecular dipole moments. Note that the

dipole moment of C—H bonds is quite small, and we^t_eajreat_C^—H bonds as

nonpolar. Note that the tetrahedral symmetn, of CCl^ allows all the strong C—Cl^

bond dipole moments to cance l. A partial canceling of the bond dipole moments ex-

plains why CHCI3 . with three C—CI bonds, has a smaller molecular dipole moment
than CH3CI. with only one.

H ,C1 ,C1 H
\ ^ V

, V \ ^X— CI H— C/t- C1^C/?S ^X— C= N:
H / - x\ Cl x\ Cl H /
H *C1 ^Cl H

u = 1 .9 D u = 1 .0 D u = 0 p. = 3.9 D ^ molecular dipole moment is

chloromethane chloroform carbon tetrachloride acetonitrile the vector sum of the mdi-

A Figure 2-21

A molecular dip

the vector sum c

vidual bond dipole moments.

Lone pairs of electrons also contribute to the dipole moments of bonds and

molecules. Each lone pair corresponds to a charge separation, with the nucleus hav-

ing^partial positive charge balanced by the negative charge of the lone pair. The con-

tribution of lone pairs helps to explain the large dipole moments ofC=0 and C=N
bonds (Fig. 2-22).

Using a table of bond dipole moments and knowing the geometry of a mol-

ecule, we can often estimate its molecular dipole moment. To obtain an accu-

rate value, however, it is necessary to consult a table or make an experimental

measurement.
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^ Figure 2-22

The presence of lone pairs may
have a significant effect on the

molecular dipole moment.

\\ -)—

»

^— H >•

C=0<
CH3 v-^

CH3—c=n3

|a= 1.5 D
ammonia

p- 1.9D

water

p = 2.9 D
acetone

H

p = 3.9D

acetonitrile

PROBLEM 2-12

The N—F bond is more polar than the N—H bond, but NF, has a smaller dipole moment
than NH3. Explain this curious result.

NH3 NF3

M = 1.5 D /X = 0.2D

PROBLEM 2-13

For each of the following compounds

( 1 ) Draw the structure.

(2) Show how the bond dipole moments (and those of any nonbonding pairs of electrons)

contribute to the molecular dipole moment.

(3) Predict whether the compound has a large (> 1 D), small, or zero dipole moment,

(a) CH2CI2 (b) CH,F (c) CF4 (d) CH3OH
(e) O, (f) HCN (g) CH,CHO (h) H.C=NH
(i) (CHo^N (j) CH2=CHC1 (k) BF3 (1) BeClj

(m)NHI

PROBLEM 2-14

Two isomers of 1,2-dichloroethene are known. One has a dipole moment of 2.95 D; the other

has zero dipole moment. Draw the two isomers and explain why one has zero dipole moment.

CHC1=CHC1

1,2-dichloroethene

2-12

Intermolecular

Attractions and

Repulsions

When two molecules approach, they attract or repel each other. This interaction can

be described fairly simply in the case of atoms (like the noble gases) or simple mol-

ecules such as H2 or Ch. In general, the forces are attractive until the molecules

come so close that they infringe on each other's atomic radius. When this happens,

the small attractive force quickly becomes a large repulsive force, and the molecules

"bounce" off each other. With complicated organic molecules, these attractive and

repulsive forces are more difficult to predict. We can still describe the nature of the

forces, however, and we can show how they affect the physical properties of organ-

ic compounds.

Attractions between molecules are particularly important in solids and liquids.

In these "condensed" phases, the molecules are continuously in contact with each

other. The melting points, boiling points, and solubilities of organic compounds show

the effects of these forces. Three major kinds of attractive forces cause molecules to
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associate into solids and liquids: the dipole-dipole forces of polar molecules, the Lon-

don forces that affect all molecules, and the "hydrogen bonds" that link molecules

having —OH or—NH groups.

2-i2A Dipole-Dipole Forces

Most molecules have permanent dipole moments as a result of their polar bonds.

Each molecular dipole moment has a positive end and a negative end. The most sta-

ble arrangement has the positive end of one dipole close to the negative end of an-

other. When two negative ends or two positive ends approach each other, they repel.

They may tum and orient themselves in the more stable positive-to-negative arrange-

ment. Dipole-dipole forces, therefore, are generally attxactiyeJptpniiolecjilfirjV^^

resu lting from the attraction of the positive and negative ends of the djpole moments

of polar molecules . Figure 2-23 shows the attractive and repulsive orientations of

polar molecules, using chloromethane as the example.

Polar molecules are mostly oriented in the lower-energy positive-to-negative

anangement, and the net force is attractive. This attraction must be overcome when

the liquid vaporizes, resulting in larger heats of vaporization and higher boiling points

for compounds with strongly polar molecules.

attraction (common)

symbolized by

repulsion (uncommon)

M Figure 2-23

Dipole-dipole interactions

result from the approach of two

polar molecules. If their posi-

tive and negative ends

approach, the interaction is an

attractive one. If two negative

ends or two positive ends

approach, the interaction is

repulsive. In a liquid or a solid,

the molecules are mostly

oriented with the positive and

negative ends together, and the

net force is attractive.

2-I2B The London Dispersion Force

Carbon tetrachloride (CCI4) has zero dipole moment, yet its boiling point is higher

than that of chloroform (/x = 1.0 D). Clearly, there must be some kind of force other

than dipole-dipole forces holding together the molecules of carbon tetrachloride.

CI CI
\ _ \ _
,^,\C CI ^^\C H

CI / CI V
CI CI

/X = 0 /J. = 1.0 D
carbon tetrachloride, bp = 77°C chloroform, bp = 62°C
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random temporary dipoles when separated

Figure 2-24

London dispersion forces

result from the attraction of

correlated temporary dipole

moments.

+ ' - +

+ -

'

correlated temporary dipoles when in contact

In nonpolar molecules such as carbon tetrachloride, the principal attractive

force is the London dispersion force , one of the van der Waals forces (Fig72^^24).

The London force arises from temporary dipole moments that are induced in a mol-

ecujej3}Lother nearby molecules. Even though carbon tetrachloride has no permanent

dipole moment, the electrons are not always evenly distributed. A small temporary

dipole moment is induced when one molecule approaches another molecule in which

the electrons are slightly displaced from a symmetrical arrangement. The electrons

in the approaching molecule are displaced slighjly_s(ithaLan_attractive dipole -dipole

interaction resuhs.

These temporary dipoles last only a fraction of a second, and they change con-

tinuously; yet they are conelated so that their net force is attractive. This attractive

force depends on close surface contact of two molecules, so it is roughly propor-

tional to the molecular surface area. Carbon tetrachloride has a larger surface area than

chloroform (a chlorine atom is much larger than a hydrogen atom), and the inter-

molecular van der Waals attractions between carbon tetrachloride molecules are

stronger than they are between chloroform molecules.

We can see the effects of London forces in the boiling points of simple hydro-

carbons. If we compare the boiling points of several different isomers, the isomers

with larger surface areas (and greater potential for London force attraction) have

higher boiling points. The boiling points of three isomers of molecular formula CjHii

are given below. The long-chain isomer (/?-pentane) has the greatest surface areaand

thehighest boiling point. As the amount of chain branching increases, the molecule

becomes more spherical and its surface area decreases. The most highly branched iso-

mer (neopentane) has the smallest surface area and the lowest boiling point.

CH, CH,

CH,—CH,—CH,—CH,—CH3 CH3—CH—CH,— CH3 CH,—C—CH,

CH,
/?-pentane. bp = 36°C isopentane, bp = 28°C neopentane, bp = 10°C

2-I2C Hydrogen Bonding

A hydrogen bond is not a true bond but a particularly strong form of dipole -dipole

attraction. A hydrogen atom can participate in hydrogen bonding if it is bonded to

oxygen, nitrogen, or fluorine. Organic compounds do not contain H—F bonds, so we

consider only N—H and O—H hydrogens to be hydrogen bonded (Fig. 2-25).
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H—O— CH:,
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•4 Figure 2-25

Hydrogen bonding is a strong

intermolecular attraction

between an electrophilic O—

H

or N—H hydrogen atom and a

pair of nonbonding electrons.

The O—H and N—H bonds are strongly polarized, leaving the hydrogen atom

with a partial positive charge^This electrophilic hydrogen has a strong affinity for non-^

bonding electrons, and it forms intermolecular attachments with the nonbonding

electrons on oxygen or nitrogen atoms .

Although hydrogen bonding is a strong form of intermolecular attraction, it is

much weaker than a normal C— H, N— H, or O—H covalent bond. Breaking a hy-

drogen bond requires about 5 kcal/mol (20 kJ/mol), compared with about 100

kcal/inol (about 400 kJ/mol) required to break a C—H, N—H, or O—H bond.

Hydrogen bonding has a large effect on the physical properties of organic com-

pounds. The structures and boiling points of ethanol (ethyl alcohol) and dimethyl

ether, two isoiners of molecular formula CtHj^O, are as follows:

CH3—CH.—OH CH3—O—CH,

ethanol. bp 78°C dimethyl ether, bp -l^^C

These two isomers have the same size and the same inolecular weight: however, al-

cohols like ethanol have O—H hydrogens, and they are extensively hydrogen bond-

ed. Dimethyl ether has no O—H hydrogen, and it cannot form hydrogen bonds. As
a result of its hydrogen bonding, ethanol has a boiling point more than 100°C high-

er than that of dimethyl ether.

The effect of N—H hydrogen bonding on boiling points can be seen in the

isomers of fonnula C ^HyN shown below. Trimethylainine has no N—H hydrogens,

and it is not hydrogen bonded. Elhylmethylamine has one N—HJiydrogen atom ,

and the resulting hydrogen bonding raises its boil ing point about 34°C above that of

trimethylamine
. Propylamine, with two N—H hydrogens, i s more extensively hy-

drogen bonded and has the highest boiling point of these three isomers.

CH,—N—CH, CH3CH3—N—CH, CHjCH.CH,—N—

H

CH, H H
trimethylamine, bp 3.5°C ethylmethylamine. bp 37°C propylamine, bp 49°C

Alcohols form stronger hydrogen bonds than amines, probably because oxy -

gen jsjnore electronegative than nitrogen, thus the O—H bond is more stronglvpo-

larized thanjhe N—H bond . This effect is seen in the boiling points above, with

more than 100° difference in the boiling points of ethanol and dimethyl ether, com-
pared with a 34° difference for ethylmethylamine and trimethylamine. Still, hydro-

gen bonding has a major effect on the properties of amines.
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PROBLEM 2-15

Draw the hydrogen bonding that takes place between

(a) two molecules of ethanoi.

(b) two molecules of propylamine.

PROBLEM-SOLVING HINT

To predict relative boiling points,

look for differences in (
I )

hydro-

gen bonding, (2) molecular

weight and surface area, and (3)

dipole moments.

SOLVED PROBLEM 2-9

Rank the following compounds in order of increasing boiling points. Explain the reasons

for vour chosen order.

CH,

CH,—C—CH3

CH,

neopentane «-hexane 2,3-dimethylbutane

OH

1-pentanol 2-methyl-2-butanol

SOLUTION
To predict relative boiling points, we should look for differences in ( 1 ) hydrogen bond-

ing, (2) molecular weight and surface area, and (3) dipole moments. E.xcept for neopen-

tane, these compounds have similar molecular weights. Neopentane is the lightest, and it

is a compact spherical structure that minimizes van der Waals attractions. Neopentane is

the lowest-boiling compound.

Neither n-he.xane nor 2.3-dimethylbutane is hydrogen bonded, so they will be next

higher in boiling points. Because 2.3-dimethylbutane is more highly branched (and has a

smaller surface area) than //-hexane. 2.3-dimethylbutane will be lower boiling than 11-

hexane. So far, we have

neopentane < 2,3-dimethylbutane < «-hexane < the others

The two remaining compounds are both hydrogen bonded, and 1-pentanol has more

area for van der Waals forces. Therefore. 1-pentanol should be the highest-boiling com-

pound. We predict the following order:

neopentane < 2.3-dimethylbutane < »-hexane < 2-methyl-2-butanol < 1-pentanol

10°C 58°C 69"C 102=C 138°C

The actual boiling points are given here to show that our prediction is correct.

PROBLEM 2-16

For each pair of compounds, circle the compound you expect to ha\'e the higher boiling

point. Explain your reasoning.

(a) (CH,)3C—C(CH,), and (CH,);CH—CH.CH.—CH(CH,h
(b) CH3(CH2)6CH, and CH,(CH2)5CH30H
(c) HOCH;— (CH2)4—CH.OH and (CH,),CCH(OH)CH,

(d) (CH3CH;CH;),NH and (CHjCH.jjN

(e)
<^^^

^NH and
<^^^

^NH.
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In addition to affecting boiling points and melting points, intermolecular forces 2- I 3
determine the solubility properties of organic compounds. The general rule is

that "like dissolves like." Polar substances dissolve in polar solvents, and non-

polar substances dissolve in nonpolar solvents. We discuss the reasons for this

rule now, then apply the rule in later chapters as we discuss the solvent proper-

ties of organic compounds.

We should consider four different cases: ( 1 ) a polar solute with a polar sol-

vent. (2) a polar solute w ith a nonpolar solvent. (3) a nonpolar solute with a nonpo-

lar solvent, and (4) a nonpolar solute with a poUir soh ent. We will use sodium chloride

and w ater as examples of polar solutes and solvents, and paraffin "wax" and gaso-

line as examples of nonpolar solutes and solvents.

Polarity Effects on

Solubilities

Polar Solute in a Polar Solvent (Dissolves). When you think about sodium chlo-

ride dissolving in water, it seems remarkable that the oppositely charged ions can be

separated from each other. A great deal of energy is required to separate these ions.

A polar solvent (such as water) can separate the ions because it solvates them (Fig.

2-26). If water is the solventJthejolvation process is caWed hxdration. As the salt dis-

solves, water molecules surround each ion , with the appropriate end of the water di-

pole moment next to the ion.Jirthe case of the positive (sodium) ioiythe oxygen atom

of the water molecule approaches. The negative ions (chloride) are approached by^fie

hydrogen atoms of the water molecules.

4 Figure 2-26

The hydration of sodium and

chloride ions by water mole-

ionic cr> stal lattice hydrated ions cules overcomes the lattice

(dissolves) energy of sodium chloride. The

salt dissolves.

Because water molecules are \ ery polar, a large amount of energy is released

in the hydration of the sodium and chloride ions. This energy is nearly sufficient to

overcome the lattice energy of the ciTstal. The salt dissolves, panly as a result of the

strong solvafion by water molecules and partly as a result of the increase in entropy

(randomness or freedom of movement) when it dissolves.

Polar Solute in a Nonpolar Solvent (Does Not Dissolve). If you stir sodium chlo-

ride with a nonpolar solvent such as turpentine or gasoline, you w ill find that the

salt does not dissolve (Fig. 2-27). The nonpolar molecules of these solvents do^not

jolvate ions very strongly, andjhey cannot overcome the large lattice energy of the

salt crystal. This is a case where the attractions of the ions in the solid for each other

are much greater than their attractions for the solvent.

Nonpolar Solute in a Nonpolar Solvent (Dissolves). Paraffin "wax" dissolves in

gasoline. Both paraffin and gasoline are mixtures of nonpolar hydrocarbons
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Figure 2-27

The intermolecular attractions

of polar substances are

stronger than their attractions

for nonpolar solvent mole-

cules. Thus, a polar substance

does not dissolve in a nonpolar

solvent.

© 0 © 0 © 0
0 © 0 © © ©
© 0 ® 0 © ©
0 © 0 © © ©

nonpolar

solvent

strong ionic forces

o o o c:> o c3O CD o o o
© © © © © ©c:> o
©©©©©©qco
©©©©©©o^
0 © © © © ©

does not dissolve

(Fig. 2-28). The molecules of a nonpolar substance (garaffin) are weakly attracted

to _each other, and these van der Waals attractions areeasily overcome by van der

Waals attractions with the solvent. Although there is little change in energy when
the nonpolaj^ substance dissolves in a nonpolar solvent, there is a largejncrease

in entropy.

^ Figure 2-28

The weak intermolecular

attractions of a nonpolar

substance are overcome by the

weak attractions for a nonpolar

solvent. The nonpolar

substance dissolves.

nonpolar solid

(weak intermolecular forces)

nonpolar

solvent

O G CD

dissolves

Motor oil and water do not mix

because the nonpolar oil mole-

cules cannot displace the

strong intermolecular attrac-

tions between water molecules.

Soiipolar Solute in a Polar Solvent (Does Not Dissolve). Everyone u ho does

home canning knows that a nonpolar solid such as paraffin does not dissolve in a polar

soh ent such as w ater. Why not? The nonpolar molecules are only weakly attracted

to each other, and little energy is required to separate them. The problem is that the

water molecules are strongh attracted to each other by their hydrogen boiiding. If a

nonpolar paraffin molecule were to dissolve, it would have to displace some of these

hydrogen bonds, yet there is almost no energy released from solvation of the non-

polar molecule. In effect, the hydrogen-bonded network of water molecules excludes

the paraffin molecules (Fig. 2-29).

Figures 2-26 through 2-29 show why the saying "like dissolves like" is gener-

ally true. Polar substances dissolve in polar solvents, and nonpolar substances dis-

solve in nonpolar soh ents. This general rule also applies to the mixing of liquids.

E\er\one know s that water and gasoline lor oil) do not mix. Gasoline and oil are both

nonpolar h\ drocarbons. ho\\ e\ er. and the\ mix freeh with each other. They do not

dissoh e in water because they would have to break up the hydrogen bonds of the

w ater molecules.

Ethanol is a polar molecule, and it is miscible with water: It mixes freely with

water in all proportions. Ethanol has an O—H group that forms hydrogen bonds
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f

H,0

nonpolar solid does not dissolve

-4 Figure 2-29

It a nonpolar molecule were to

dissolve in water, it would

break up the hydrogen bonds

between the water molecules.

Therefore, nonpolar substances

do not dissolve in water.

with the water molecules. When ethanol dissolves in water, it forms new

ethanol- water hydrogen bonds to replace the water -water hydrogen bonds that are

broken:

CH3—CH.— O. + ,0
H H H

0'

/0\
• H H

/0\
CH3—CH,—6<3"^ "

H.

hi the next section, we will see many different kinds of organic compounds

with a wide variety of "functional groups." As you encounter these new compounds,

you should look to see whether the molecules are polar or nonpolar and whether

they can engage in hydrogen bonding.

PROBLEM 2-17

Circle the member of each pair that is more soluble in water.

(a) CH,CH;OCH:CH, or CH,CH:CH,CH,CH,
(b) CH,CH.NHCH,
(c) CH,CH.OH or

or

or CH^CH.CH.CH,
CHjCH.CH^CHpH

O

cltssoi^& easier '

(d)

O
II

c
/ \

H,C CH,

In future chapters, we will study many different types of organic compounds. The var- 2- I 4
ious kinds of compounds are briefly described here so that you will recognize them

as you encounter them. For the purposes of this brief survey, we divide organic com-

pounds into three classes: ( 1 ) hydrocarbons, (2) compounds containing oxygen, and

(3) compounds containing nitrogen.

Hydrocarbons
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TABLE 2-2 Correspondence of Prefixes and Numbers of Carbon Atoms

Alkane Name Number of Carbons Alkane Name Number of Carbons

methane 1 /(wane 6

ethane 2 heptane 7
Q0

butane 4 nonane 9

pentane 5 deeane 10

CH3
1

CH4 CH,—CH, CH,—CH.—CH, CH,—CH,—CH.—CH, CH3—CH—CH,
methane ethane propane butane isobutane

The hydrocarbons are compounds composed entirely of carbon and hydrogen.

The major classes of hydrocarbons are the alkanes, the alkenes, the alkynes, and the

aromatic hydrocarbons.

2-I4A Alkanes

Alkanes are hydrocarbons tiTatcjontain only single bonds. Alkane names generally

have the -one suffix, while the first part of the name gives the number of carbon

atoms. Table 2-2 shows how the prefixes in the names correspond with the number

of carbon atoms.

The cycloalkanes are a special class of alkanes, those that are in the form of a

ring. Figure 2-30 shows some examples of cycloalkanes.

Alkanes are the major components of heating gases (natural gas and liquefied

petroleum gas), gasoline, motor oil, fuel oil, and paraffin
"
wax." Other than com-

bustion, alkanes undergo few reactions . In fact, when a molecule contains an al-

kane portion and a nonalkane portion, we often ignore the presence of the alkane

portion because it is relatively unreactive.

The reactive nonalkane part of the molecule is called the functional group,

since that is where reactions usually occur. Most nonalkane compounds are charac-

terized and classified by the functional groups they contain.

A molecule with a functional groupjnay be repj;esented as the functional group

with alkyl groups attached. An ajkyl group is an alkane portion of a molecule^_with.

one hySrogen atom removed toallow_bonding to the functional group^. Figure 2-3

1

sliows how an alkyl group is named, using a substituted cycloalkane as the example.

We are often concerned with the structure of only one part of a molecule; the

rest of the structure is unimportant. In these cases we often use the symbol R as a

> Figure 2-30

Cycloalkanes are alkanes in the

form of a ring.

H

H

H

H H
\ /

c c
\ /

/ \

H H
cyclopentane

H

H

H cyclopentane

H
H H

\ /
C C-^

H^l
I

H
H^l. I.^H or

/ \ \
H H

H H
cyclohexane

cyclohexane
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H H H H

H—C—C— H H—C— C-

H H
ethane

H H
ethyl group

H H CH^—
/

" \"

c- c— CH
\ /

-

H H CH.— CH.

ethvlcvclohexane

Figure 2-31

Alk\ 1 groups are named like the alkancs they are derned from, w ith a -\/ suffix.

ethvlcN'clohexane

substituent. The R group is simply an alky] group. We presume that the exact nature

of the R group is not important.

CH,

-R might be ^^^X^CH,

an alkylcyclopentane methy leyclopentane

or ^^^CH— CH,

isopropyleyclopentane

or other compounds

2-I4B Alkenes

Alkenes are hydixxarbons that contain_carbon- carbon double bonds^A carbon -car-

bon double bond is the most reactiv e part of an alkene, so we say that the double bond

is the functional group of the alkene . Alkene names end in the -ene suffix, as shown

by the following examples:

CH;=CH;
ethene (ethylene)

CH.=CH—CH.—CH,
1-butene

CH:=CH—CH,
propene (propy lene)

CH,—CH=CH—CH,
2-butene

Carbon-carbon double bonds cannot rotate, and many alkenes show geomet-

ricjcis-trans) isomerism (Section 2-10). The following are the cis-trans isomers of

some simple alkenes:

CH, CH, CH, H CI CI CI H
\- / \ / \ / \ /
c=c c=c c=c c=c/\ /\ /\ /\

H H H CH, H H H CI

c/5-2-butene ?ra»5-2-butene c/i- 1 .2-dichloroethene rra/(5-l,2-dichloroethene

Cycloalkenes are also common. Unless the rings are very large, cycloalkenes

are always the cis isomers, and the tenn cis is omitted from the names. In a large ring.

a traris doiible bond may occiirrgTvmg a rrfl»5-cycloalkene.

cyclopentene cyclohexene fraH5-cyclodecene
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2-I4C Alkynes

AikynesjLrejiydrocarbonj^with carbon-carbon triple bonds. The C= :C triple bond

bJheJkticticinal^g^roup of the alkynes. Alkyne names generally have the -yne suffix,

although some of their common names {acety lene, for example) do not conform to

this rule. The triple bond is linear, so there is no possibility of geometric isomerism

in alkynes.

H—C=C—H H—C^C—CH3
ethyne (acetylene) propyne (methylacetylene)

H—C=C—CH.—CH3
1-butyne

CH,- -c^c-
2-butyne

CH3

In an alkyne, four atoms must be in a straight line. These four collinear atoms

are not easily bent into a ring, and cycloalkynes are rare. Cycloalkynes are stable

only if the ring is fairly large.

2-I4D Aromatic Hydrocarbons

The compounds below may look like cycloalkenes, but their properties are different

from those of simple alkenes. These aromatic hydrocarbons ( also called arenes)

are all derivatives of benzene, represented by a six-membered ring with three dotL-

ble bonds. This bonding arrangement is particularly stable, for reasons that will be

explained in Chapter 16.

H

H,

H'

,H

H

H
I

H CH,CH,
C C

,C-

H'

H

or

^C

I

H

or

C.
H

H
I

H. ,C

C
II

H C
I

H

or

benzene

CH,CH,

ethylbenzene an alkylbenzene

Just as a generic alkyl group substituent is represented by R. a generic aryl

group is represented by Ar. When a benzene ring serves as a substituent, it is called

a phenyl group, abbreviated Ph.

Ar
might be or other compounds

an arylcyclopentane

PROBLEM 2-18

phenylcyclopentane

Classify the following hydrocarbons and draw a Lewis structure for each one. A compound

may fit into more than one of the following classifications:

alkane cycloalkane aromatic hydrocarbon

alkene cycloalkene

alkyne cycloalkyne
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(a) CH,(CH;i.CH, (b) CH;CHCHCH:CH, (c) CH,CCCH:CH;CH,

Many organic compounds contain oxygen atoms bonded to alkyl groups. The major

classes of oxygen-containing compounds are alcohols, ethers, ketones and alde-

hydes, and carboxylic acids and acid derivatives.

2- ISA Alcohols

Alcohols are organic compounds that contain the hydroxyl group (—OH) as thgjr

functional group.jfhe general fonriulaJoLtyijilcohoH s R—

O

H. Alcohols are among
the most polar organic compoundj^cause the hydroxyl group islironglypolar and

can^ participate in hydrogen bonding. Some of the simple alcohols like ethanol and

methanol are miscible (soluble in all proportions) with water. Four of the most com-

mon alcohols are gi\ en below. Notice that the suffix of each name i s the -ol suffix

from the w ord "alcoho/."

OH

CH,—CH—CH,
2-propanol

(isopropyl alcohol)

Alcohols are some of the most common organic compounds. Methyl alcohol

(methanol), also known as "wood alcohol." is used as an industrial solvent and as

an automobile racing fuel. Ethyl alcohol (ethanol) is sometimes called "grain alco-

hol" because it is produced by the fermentation of grain or almost any other or-

ganic material. "Isopropyl alcohol" is the common name for 2-propanol. used as

"rubbing alcohol."

2-15

Organic

Compounds
Containing Oxyg

R—OH CH,—OH CH;CH,—OH CH,—CR—CH,—OH
an alcohol methanol ethanol 1-propanol

(methyl alcohol ) (ethyl alcohol) ((;-propyl alcohol)

R—O—R' CH,—O—CH, CH3CH,—O—CH.CH, ( ^O—CH,
ROR'. an ether dimeth) 1 ether diethyl ether

cyclohexyl methyl ether

2.I5B Ethers

Ethers are composed of two alkyl groups boiided to an oxygen atom. The general

formula for an ether is R—O— R'
. (The symbol R represents anotheralkyl group.'

either the same as or different from the first.) Like alcohols^hers are much more j:^^ ^ ^ ^

polarjhan hydrocarbons. Ethers ha\e no O—H h\drogen s. however, and they can- ,

,

not hydrogen bond with themselves. Ether names are often formed from th^liaiTies

of the alk> 1 groups and the word "ether." Diethyl ether is the common "ether" used

for starting engines in cold weather and once used for surgical anesthesia.
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2- ISC Aldehydes and Ketones

The carbonyl groupj^C=0, is the functional group for both aldehydes^ and ketones.

A ketone has two alkyl groups bonded U) the carbonyl group; an aldehyde carbonyl

group has one^lkyl^group and a hydrogen atom. Ketone names generally have the

-one suffix; aldehyde names use eitherjhe -al suHTx^jfThe -aldefiyde^u^l^.

The carbonyl group is strongly polar, and mosiketones and aldehyd^sare^sjMne-

wha^soluble in water Both acetone and acetaldehyde are miscible with water. Ace-

tone, often used as nail polish remover, is a common solvent with low toxicity.

O

C
/ \

R R'

RCOR'. a ketone

o

o

CH3—C—CH,

2-propanone (acetone)

o

o
II

CH,—C—CH^CHj

2-bulanone (methyl ethyl ketone)

O

cyclohexanone

o

R—C—

H

or RCHO
an aldehyde

CH,—C—

H

or CH3CHO
ethanal (acetaldehyde)

CH3CH2—C—

H

or CH3CH2CHO
propanal (propionaldehyde)

CH3CH2CH9 C H

or CH3CH2CH2CHO
butanal (butyraldehyde)

2-I5D Carboxylic Acids

Carboxylic acids contain the carboxvl group .—COOH. as their functional group.

The general formula for a carboxylic acid is R—COOH (or RCO2H). The carboxyl

group is a combination of a carbonyl group and a hydroxyl group, but this combi-

nation has different properties from those of ketones and alcohols. Carboxylic acids

owe their acidity (pA'., of about 5) to the resonance-stabilized corboxylate anions

formed by deprotonation. The following reaction shows the dissociation of a car-

boxylic acid.

O"

R— C—O—H + H.O:

carboxylic acid

O"

R— C— O:

:0:

R—c=o; H3O

carboxylate anion

Historical names are commonly used for carboxylic acids. Formic acid was

first isolated from ants, genus Formica. Acetic acid, found in vinegar, gets its name

from the Latin word for "sour" (acetum). Propionic acid gives the tangy flavor to

sharp cheeses, and butyric acid provides the pungent aroma of rancid butter.

O o o o

H—C—OH
methanojc acid

(formic acid)

CH3—C—OH
ethanoic acid

(acetic acid)

CH3—CH3—C—OH
propanoic acid

(propionic acid)

CH3—CH,—CH,— C—OH
butanoic acid

(butyric acid)

Carboxylic acids are strongly polar, like ketones, aldehydes, and alcohols. They are

relatively soluble in water; in fact, all four of the carboxylic acids shown above are

miscible (soluble in all proportions) with water.

PROBLEM 2-19

Draw a Lewis structure, and classify each of the following coinpounds. The possible clas-

sifications are as follows:
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alcohol ketone carboxylic acid

ether aldehyde

(a) CH,CH.CHO (b) CH,CH:CHtOH)CH, (c) CH,COCH:CH3

,COOH ^O.

(d) CH,CH:OCH:CH-, (e)
|

|

(f)

/\^CHO X\^CH,OH

2-I5E Carboxylic Acid Derivatives

Several related functional groups can be fonned from carboxylic acids. Each contains

the carbonyl group bonded to an oxygen or other electron-withdrawing element.

Among these functional groups are acid chlorides, esters, and amides. All these

groups can be converted back to carboxylic acids by acidic or basic hydrolysis.

O

R—C—OH

orR—COOH
carboxylic acid

O

CH —C—OH

or CH,COOH
acetic acid

o
11

R—C— CI

orR—COCl
acid chloride

O

CH —C— CI

or CH,C0C1
acetyl chloride

O

R—C—O— R'

orR—COOR'
(^ester^

O

CH —C—O—CH.CH,
or CH3C00CH,CH,

ethyl acetate

Nitrogen is another element often found in the functional groups of organic com-

pounds. The most common "nitrogenous" organic compounds are the amines, the

amides, and the nitriles.

2-I6A Amines

Amines are alkylated derivatives of ammonia. Like ammonia, amines are basic.

R—NH. + H.O R- NH, OH 10-
13 V^ll

Because of their basicity ("alkalinity"), naturally occurring amines are often called

alkaloids. Simple amines are named by naming the alkyl groups bonded to nitrogen

and adding the word "amine." The structures of some simple amines are shown below,

together with the structure of nicotine, a toxic alkaloid found in tobacco leaves.

R'

I

IR—NH, or R—NH— R' or R—N—R"

CH,— NH.

methylamine

N
I

H
piperidine

(CH,CH,),N:

O
11

R— C— NH,

orR—CONH,

o

CH — C— NH,

or CH,CONH,
acetamide

2-16

Organic Compounds
Containing Nitrogen

triethylamine nicotine
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2-I6B Amides

Amides are acid derivatives that result from a combination of an acid with ammo-
nia or an amine. Proteins have the structure of long-chain, complex amides.

o o o

R—C— NH. or R—C— NHR'
amides

O

CH3—C—NH2

acetamide

o

CH3—C—NH—CH3

A'-methylacetamide

or R—c—nr;

CH,
/

C—

N

\
CH3

/V,A'-dimethy!benzamide

2-I6C Nitrlles

A nitrile is a compound containing the cyano group, —C=N. We used the cyano
group as an example of sp hybridized bonding in Section 2.6.

R—C=N: CH3—C= N: CH,CH.—C= N: C=N:

a nitrile acetonitnle propionitrile benzonitrile

All these classes of compounds are summarized in the table of Common Organic
Compounds and Functional Groups, given on the front inside cover for conve-

nient reference.

PROBLEM 2-20

Draw a Lewis structure, and classify each of the following compounds.

(a) CH,CH,CONHCH, (b) (CH,CH2)2NH (c) (CH,),CHCOOCH3
(d) (CH3CH,)3CCH,COCl (e) (CH3CH,)30 (f) CH3CH.CH3CN

O

(g) (CH,),CCH.CH,COOH (h)

(m)

N—CH

(o)

N—CH.

CN
X^s^COCH,

PROBLEM 2-21

Circle the functional groups in the following structures. State to which class (or classes) of

compounds the structure belongs.

(a) CH2=CHCH2CH, (b) CH,—O—CH3 (c) CH,CHO
(d) HCONH. (e) CH3NHCH3 (f) R—COOH
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XH.OH

(g) (h)

CN

CH.OH

hydrocoilisone

CH.

(k)

HO

(CH,CH.CH,CH),— CH,

\ itamin E

acid chloride An acid derivative with a chlorine atom in place of the hydroxyl group.
(
p. 75 ) Ch3.pt6r 2

o Glossary

R—C— Cl

alcohol A compound that contains a hydroxyl group; R—OH. (p. 73)

O
II

aldehyde A carbonyl group with one alkyl group and one hydrogen: R—C— H. (p. 74)

alkanes Hydrocarbons containing only single bonds, (p. 70)

alkenes Hydrocarbons containing C=C double bonds, (p. 71)

alkynes Hydrocarbons containing C^C triple bonds, (p. 72)

alkyl group A hydrocarbon group with only single bonds; an alkane with one hydrogen re-

moved, to allow bonding to another group; symbolized by R. (p. 70)

amide An acid derivative that contains an amine instead of the hydroxyl group of the acid,

(p. 76)
O O o

R—C— NH. R—C— NHR' R— C— NR:

amine An alkylated analogue of ammonia; R—NH.. R^NH. or R3N. (p. 75)

aromatic hydrocarbons (arenes) Hydrocarbons containing a benzene ring, a six-membered

ring with three double bonds, (p. 72)

bond dipole moment A measure of the polarity of an individual bond in a molecule, de-

fined as = (4.8 X d X d). jx is the dipole moment in debyes (10*'" esu-A), d is the bond

length in angstrom units, and 5 is the effective amount of charge separated, in units of the elec-

tronic charge, (p. 59)

carbonyl group The ^C=0 functional group, as in a ketone or aldehyde, (p. 74)

carboxyl group The —COOH functional group, as in a carboxylic acid. (p. 74)

O
II

carboxylic acid A compound that contains the carboxyl group; R—C—OH. (p. 74)

cis -trans isomers (geometric isomers) Stereoisomers that differ in their cis-trans arrange-

ment on a ring or a double bond. The cis isomer has similar groups on the same side, while

the trans isomer has similar groups on opposite sides, (p. 58)
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constitutional isomers (structural isomers) Isomers whose atoms are connected different-

ly; they differ in their bonding sequence, (p. 57)

cyano group The —C=N functional group, as in a nitrile. (p. 76)

dipole-dipole forces Attractive intermolecular forces resulting from the attraction of the

positive and negative ends of the molecular dipole moments of polar molecules, (p. 63)

dipole moment See bond dipole moment and molecular dipole moment,

double bond A bond consisting of four electrons between two nuclei. One pair of electrons

forms a sigma bond, and the other pair forms a pi bond. (p. 46)

O
II

ester An acid derivative with an alkyl group replacing the acid proton: R— C— OR', (p. 75)

ether A compound with an oxygen bonded between two alkyi groups; R—O—R'. (p. 73)

functional group The reactive, nonalkane part of an organic molecule, (p. 70)

geometric isomers See cis-trans isomers, (p. 58)

hybrid atomic orbital A directional orbital formed from a combination of s and p orbitals

on the same atom. Two orbitals are formed by sp hybridization, three orbitals by sp' hy-

bridization, and four orbitals by sp' hybridization, (p. 46)

sp hybrid orbitals give a bond angle of 180° (linear geometry).

sp" hybrid orbitals give bond angles of 120° (trigonal geometry).

sp"' hybrid orbitals give bond angles of 109.5° (tetrahedral geometry),

hydrocarbons Compounds composed exclusively of carbon and hydrogen.

alkanes: Hydrocarbons containing only single bonds, (p. 70)

alkenes: Hydrocarbons containing C=C double bonds, (p. 71

)

alkynes: Hydrocarbons containing C=C triple bonds, (p. 72)

cycloalkanes, cycloalkenes, cycloalkynes: Alkanes, alkenes, and alkynes in the form of

a ring. (p. 70)

aromatic hydrocarbons: Hydrocarbons containing a benzene ring, a six-membered ring

with three double bonds, (p. 72)

benzene

hydrogen bond A particularly strong intermolecular attraction between a nonbonding pair

of electrons and an electrophilic O—H or N—H hydrogen. Hydrogen bonds have bond en-

ergies of about 5 kcal/mol (21 kJ/mol ), compared with about 100 kcal/mol (about 400 kJ/mol)

for typical C—H bonds, (p. 64)

hydroxyl group The —OH functional group, as in an alcohol, (p. 73)

isomers Different compounds with the same molecular formula, (p. 57)

constitutional isomers (structural isomers) are connected differently; they differ in their

bonding sequence.

stereoisomers differ only in how their atoms are oriented in space.

geometric isomers are stereoisomers that differ in their cis-trans arrangement on a ring

or a double bond.

stereochemistry is the study of the structure and chemistry of stereoisomers.

O

ketone A carbonyl group with two alkyl groups attached; R— C— R'. (p. 74)

linear combination of atomic orbitals ( LCAO) Wave functions can add to each other to pro-

duce the wave functions of new orbitals. The number of new orbitals generated equals the orig-

inal number of orbitals. (p. 41

)

London dispersion forces Intermolecular forces resulting from the attraction of coordinat-

ed temporary dipole moments induced in adjacent molecules, (p. 63)

molecular dipole moment The vector sum of the bond dipole moments (and any nonbond-

ing pairs of electrons) in a molecule; a measure of the polarity of a molecule, (p. 60)

molecular orbital (MO) An orbital formed by overlap of atomic orbitals on different atoms.
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MOs can be either bonding or anlibonding. but only the bonding MOs are tilled in most sta-

ble molecules, (p. 42)

A bonding molecular orbital places a large amount of electron density in the bonding re-

gion between the nuclei. The energy of an electron in a bonding MO is lower than it is in

an atomic orbital.

An antibonding molecular orbital places most of the electron density outside the bond-

ing region. The energy of an electron in an antibonding MO is higher than it is in an atom-

ic orbital.

nitrile A compound containing a cyano group. —C=N. (p. 76)

node In an orbital, a region of space with zero electron density, (p. 41

)

pi bond ( 77 bond) A bond formed by sideways overlap of two /; orbitals. A pi bond has its

electron density in two lobes, one above and one below the line joining the nuclei, (p. 45)

sigma bond ( tr bond ) A bond w ith most of its electron density centered along the line joining

the nuclei; a cylindncally symmetrical bond. Single bonds are nonnally sigma bonds, (p. 43)

stereochemistry The study of the structure and chemistry of stereoisomers, (p. 58)

stereoisomers Isomers that differ only in how their atoms are oriented in space, (p. 57)

structural isomers (lUPAC term: constitutional isomers) Isomers whose atoms are con-

nected differently; they differ in their bonding sequence, (p. 57)

triple bond A bond consisting of si.x electrons between two nuclei. One pair of electrons fomis

a sigma bond, and the other two pairs form two pi bonds at right angles to each other (p. 53)

van der Waals forces The attractive forces between neutral molecules, including di-

pole-dipole forces and London forces, (p. 64)

dipole-dipole forces: The forces between polar molecules resulting from attraction of

their permanent dipole moments.

London forces: Intermolecular forces resulting from the attraction of correlated tempo-

rary dipole moments induced in adjacent molecules.

wave function The mathematical description of an orbital. The amplitude of the wave.

given by the square of the wave function (i//"). is proportional to the electron density, (p. 41

)

ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 2

1. Draw the structure of a single bond, a double bond, and a triple bond.

2. Predict the hybridization and geometry of the atoms in a molecule.

3. Draw a good three-dimensional representation of a given molecule.

4. Identify constitutional isomers and stereoisomers.

5. Identify polar and nonpolar molecules and predict which ones can engage in hydro-

gen bonding.

6. Predict general trends in the boiling points and solubilities of compounds, based on their

size, polarity, and hydrogen-bonding ability.

7. Identify the general classes of hydrocarbons and draw structural formulas for exam-

ples.

8. Identify the classes of compounds containing oxygen or nitrogen, and draw structur-

al formulas for examples.

Study Problems
Define and give examples of the following terms.

(a) bonding MO (b) antibonding MO
(d) sigma bond (e) pi bond

(g) triple bond (h) constitutional isomers

(j) stereoisomers (k) bond dipole moment
(m) dipoIe-dipoIe forces (n) London forces

(p) miscible liquids (q) hydrocarbons

(s) functional group (t) alkane

(v) alkyne (w) alcohol

(c) hybrid atomic orbital

(f ) double bond

(i) cis-trans isomers

(I) molecular dipole moment
(o) hydrogen bonding

(r) alkyl group

(u) alkene

(x) ether
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(y) ketone (z) aldehyde (A) aromatic hydrocarbon

(B) carboxylic acid (C) ester (D) amine

(E) amide (F) nitrile

2-23. If the carbon atom in CH2CI2 were flat, there would be two stereoisomers. The carbon atom in CH^CK is actually

tetrahedral. Make a model of this compound and determine whether there are any stereoisomers of CH2CI2.

H H

H—C— CI CI—C— CI

I I

CI H
2-24. Cyclopropane (C^Hg, a three-membered ring) is more reactive than most other cycloalkanes.

(a) Draw a Lewis structure for cyclopropane.

(b) Compare the bond angles of the carbon atoms in cyclopropane with those in an acyclic (noncyclic) alkane.

(c) Suggest why cyclopropane is so reactive.

2-25. For each of the following compounds

( 1 ) Give the hybridization and approximate bond angles around each atom except hydrogen.

(2) Draw a three-dimensional diagram, including any lone pairs of electrons.

(a) H,0" (b) OH (c) NH,NH. (d) (CH,)3N (e) (CH^jjN^

(f) CH,COOH (g) CH3CH=NH (h) CH,OH (1) CH.O
2-26. For each of the following compounds

( 1 ) Draw a Lewis structure.

(2) Show the kinds of orbitals that overlap to form each bond.

(3) Give approximate bond angles around each atom except hydrogen.

(a) (CHjloNH (b) CH,CH20H (c) CH3—CH=N—CH,
(d) CH,—CH=C(CH,). (e) CH,—C=C—CHO (f) H.N—CH,—CN

O

(g) CH —C-CH, (h) ( Y
1-11. In most amines, the nitrogen atom is sp^ hybridized, with a pyramidal structure and bond angles close to 109°. In

formamide, the nitrogen atom is found to be planar, with bond angles close to 120°. Explain this surprising find-

ing. (Hint: Consider resonance forms and the overlap needed in them.)

O

H—C—NH2
formamide

2-28. Predict the hybridization and geometry of the carbon and nitrogen atoms in the following ions. (Hint: Resonance)

O
II

.-.

(a) CH,—C—CH, (b) H2N—CH=CH—CH,

2-29. Draw orbital pictures of the pi bonding in the following compounds.

(a) CH3COCH;, (b) HCN (c) CH2=CH—CH=CH—CN (d) CH,—C=C—CHO
2-30. (a) Draw the structure of c/^-CH,—CH=CH—CHiCH, showing the pi bond with its proper geometry.

(b) Circle the six coplanar atoms in this compound.

(c) Draw the trans isomer and circle the coplanar atoms. Are there still six?

(d) Circle the coplanar atoms in the following structure.

CH,

2-31. In 2-pentyne, CH3CCCH2CH3, there are four atoms in a straight line. Use dashed lines and wedges to draw a

three-dimensional representation of this molecule, and circle the four atoms that are in a straight line.

2-32. Which of the following compounds show cis-trans isomerism? Draw the cis and trans isomers of the ones that do.

(a) CH2=C(CH3)2 (b) CH3CH=CHCH3 (c) CH3—C=C—CH3

(d) cyclopentene, (e) CH,—CH=C—CH,—CH,

^ CH2CH2CH3
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2-33. Give the relationships between the following pairs of structures. The possible relationships are the following:

same compound, cis-trans isomers, constitutional (structural) isomers, not isomers (different molecular formula).

(a) CH,CH,CH.CH,

CH, CH,

(c)

and (CH,)3CH

CH,
and

and

(b) CH.=CH— CH^Cl

CH, CH,V/
(d) and

CH,

(f)

\
CH,—CH,

\

and CHC1=CH—CH,

CH,
\
C=CH,
/
CH,

and

CH, CH.CH,

CH,—CH,

CH.CH,,

2-34.

2-35.

2-36.

2-37.

2-38.

(g) and (h) and

O O

Sulfur dioxide has a dipole moment of 1.60 D. Carbon dioxide has a dipole moment of zero, even though C—

O

bonds are more polar than S—O bonds. Explain this apparent contradiction.

For each of the following compounds

( 1 ) Draw the Lewis structure.

(2) Show how the bond dipole moments (and those of any nonbonding pairs of electrons) contribute to the mo-

lecular dipole moment.

(3) Predict whether the compound will have a large C
(a) CH,—CH=N—CH; (b) CH,—CN

O NC

(d) CH,— C— CH, (e)

NC

\
(

/
=C
/
\

CN

D). small, or zero dipole moment,

(c) CBr4

XI

(f)

CN
(g)

H
Diethyl ether and 1-butanol are isomers, and they have similar solubilities in water. Their boiling points are very

different, however. Explain why these two compounds have similar solubility properties but dramatically differ-

ent boiling points.

CHjCH.—O—CH.CH,

diethyl ether, bp 35-C

8.4 mL dissolves in 100 mL H.O

CH,CH;CH;CH;—OH
i-butanoi. bp 1 18 C

9.1 mL dissolves in 100 mL H^O

A'-methylpyrrolidine has a boiling point of 8 PC. and piperidine has a boiling point of 106'C.

(a) Explain this large difference (25X) in boiling point for these two isomers.

(b) Tetrahydropyran has a boiling point of 88°C. and cyclopentanol has a boiling point of 141 °C. These two iso-

mers have a boiling point difference of 5yQ. Explain why the two oxygen-containing isomers have a much
larger boiling point difference than the two amine isomers.

N-CH,

;V-methylpyrrolidine. bp 81°C piperidine. bp 106°C

O O
tetrahydropyran. bp 88°C cyclopentanol. bp UPC

OH

Which of the following pure compounds can form hydrogen bonds? Which can form hydrogen bonds with water?

(a) (CH,CH,),NH
"

(b) (CH,CHO,N (c) CHXH.CH.OH
(d) (CH,CH,(:H,),0 (e) CH,(CH2),CH, (f) CH,=CH—CH.CH,

(g) CH-,COCH, (h) CH3CH,C00H (i) CH,CH,CHO
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2-39.

2-40.

2-41.

.0.

(j) (k)

o

(1) CH,— C— NH,

Predict which compound in each pair has a higher boiling point. Explain your prediction.

(a) CH^CH^OCH, or CH,CH(OH)CH,
(b) CH,CH,CH.CH, or CHiCH.CH.CH^CHj
(c) CH^CH.CH.CH^CH, or (CHjJ^CHCH.CH,
(d) CH3CH.CH:CH,CH3 or CHjCHzCHjCHjCHjCl

Circle the functional groups in the following structures. State to which class (or classes) of compounds the struc-

ture belongs.

,0^ ^ XOOH . . CHO

(a)

O

N—

H

CH.OCH,

(h) CH,—CH—COOCH,

Dimethyl sulfoxide (DMSO) has been used as an anti-inflammatory rub for racehorses. DMSO and acetone seem

to have similar structures, but the C=0 carbon atom in acetone is planar, while the S=0 sulfur atom in DMSO
is pyramidal. Draw coirect Lewis structures for DMSO and acetone, predict the hybridizations, and explain these

observations.
O O

CH,—S—CH,

DMSO
CH,—C—CH,

acetone

2-42. Many naturally occuiring compounds contain more than one functional group. Identify the functional groups in

the following compounds.

(a) Penicillin G is a naturally occuning penicillin.

(b) Dopamine is the neurotransmitter that is deficient in Parkinson's disease.

(c) Thyroxine is the principal thyroid hormone.

(d) Testosterone is a male sex hormone.

O

thyroxine testosterone



CHAPTER 3
Structure and

Stereochemistry

of Alkanes

Whenever possible, we will study organic chemistry using families of com-

pounds to organize the material. The properties and reactions of the com-

pounds in a family are similar, just as their structures are similar. By
considering how the structural features of a class of compounds determine their prop-

erties, we can predict the properties and reactions of similar new compounds. This

organization elevates organic chemistry from a catalog of many individual com-

pounds to a systematic study of a few types of compounds. Organic molecules are

classified according to their reactive parts. caWed functional groups. We considered

some of the common functional groups in Sections 2-14 through 2-16.

An alkane is a hydrocarbon that contains only single bonds. The alkanes are

the simplest and least reactive class of organic compounds because they contain only

carbon and hydrogen and they have no reactive functional groups. Although alkanes

undergo reactions such as cracking and combustion at high temperatures, they are

much less reactive under most conditions than other classes of compounds having

functional groups.

Hydrocarbons are classified according to their bonding (Section 2-14). A hydrocar-

bon with a carbon -carbon double bond (such as ethylene) is called an alkene. If a

hydrocarbon has a carbon -carbon triple bond (like acetylene), it is called an alkyne.

Hydrocarbons with aromatic (benzenelike) rings are called aromatic liydrocarbons.

If a hydrocarbon has no double or triple bonds, it is said to be saturated, because it

has the maximum number of bonded hydrogens. Another way to describe alkanes,

then, is as the class of saturated hydrocarbons. The table^aTTEe fopoTtheToilow-

mg^pagel^eviewslhe classffiMTibiTof hydrocarbons.

3-1

Classification of

Hydrocarbons

(Review)

The structures and formulas of the first 20 unbranched alkanes are shown in Table 3-2

Molecular Formulas
3- 1 . Any isomers of these compounds have the same molecular formulas even though

their structures are different. Notice how the molecular formulas increase by two

hydrogen atoms each time a carbon atom is added. of AlkaneS
The structures of the alkanes in Table 3-1 are puiposely written in an unusual

manner. The general formula for the unbranched (straight-chain) alkanes is a chain

of —CHo— groups (methylene groups), terminated at each end by a hydrogen

83
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Summary of Hydrocarbon Classification

Coiupoiind Type Functional Group Lxample

alkanes none (no double or triple bonds) CH,

—

CHt—CH,, propane

aikenes ^C=C^ double bond CH2=CH—CH,, propene

alkynes —C=C— triple bond H—C=C—CH3, propyne

aromatics

1

benzene ring
| ||

CV\ C\An 1v_ n -

1

ethylbenzene

atom. These alkanes differ only by the number of methylene groups in the chain. If

the molecule contains n carbon atoms, it must contain (In + 2) hydrogen atoms.

Figure 3-1 shows this representation of alkane structure and how it leads to formu-

las of the form C„H2„ + 2.

A series of compounds, like Jhejj-alkanes, tjiaUliffer only by^the nuniber of—CHt— grouj3s, is^ called a homologous series, and thejndividual members of the

series^are called homologs. For example^butane is a homolog of propane, and both

oj^ these^arejiomologs of hexane and decane.

Although we have derived the C„H2„ + 2 formula using the «-alkanes, its use

is not limited to unbranched molecules. Any isomer of one of these //-alkanes has

TABLE 3-1 Formulas and Physical Properties of the Unbranched Alkanes, Called the n-Alkanes

Alkane Number of Carbons Structure Fornnila

Boiling

Point CO
Melting

Point (°C) Density''

methane 1 H—CH.—

H

CH4 -164 -183 0.55

ethane 2 H— (CH.),—

H

CH, -89 -183 0.51

propane 3 H— (CH,),—

H

C3H8 -42 -189 0.50

butane 4 H—(CH,)4—

H

C4H,q 0 -138 0.58

pentane 5 H—(CH,),—

H

CjHij 36 -130 0.63

hexane 6 H— (CH,)(,—

H

C6H14 69 -95 0.66

heptane 7 H— (CH,)7—

H

CyH,, 98 -91 0.68

octane 8 H—(CH,)s—

H

CgHix 126 -57 0.70

nonane 9 H—(CH,),—

H

C9H2() 151 -51 0.72

decane 10 H—(CH,)„—

H

C10H22 174 -30 0.73

undecane 11 H—(CH,),|—

H

CmH24 196 -26 0.74

dodecane 12 H— (CH,)|,—

H

C 12^26 216 -10 0.75

tridecane 13 H— (CH,),,—

H

C13H28 235 -5 0.76

tetradecane 14 H— (CH,)|4—

H

C14H30 254 6 0.76

pentadecane 15 H— (CH,),s—

H

C15H32 271 10 0.77

hexadecane 16 H— (CH,),,—

H

C16H34 .287 18 0.77

heptadecane 17 H— (CH,),7—

H

CnH,, 303 23 0.76

octadecane 18 H-(CH2),«-H CisH,^ 317 28 0.76

nonadecane 19 H (CHt),9 H C|9H4o 330 32 0.78

eicosane 20 H—(CH^).o—

H

C20H42 343 37 0.79

triacontane 30 H— (CH2)3o—

H

C 30^62 >450 66 0.81

" Densities are given in g/mL at 20°C, except for methane and ethane, whose densities are given at their boiling points.
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H H H H H H H H H H CH3

H—C— H H—C—C— H H—C—C—C—H H—C—C—C—C— H CH3— CH— CH3

H HH HHH HHHH
methane. C|H^ ethane, C'-,H(, propane. C3Hjj butane, C^Hn, isobulane. C^H

,„

CH3 CH3

CH3— CH,—CH^—CH.— CH3 CH3— CH—CH2— CH3 CH3—C— CH3

or H-tCH.i^H CH3

pentane, C^Hp

Figure 3-1

Examples of the general alkane molecular formula, C„H2„ + 2-

isopentane, C«;Hp neopentane, C^H

the same molecular formula. Butane and pentane follow the C„H2„ + 2 there-

fore, branched alkanes such as isobutane, isopentane, and neopentane also fol-

low the rule.

PROBLEM 3-1

Using the general molecular formula for alkanes,

(a) Predict the molecular fonnula of triacontane, the C30 straight-chain alkane.

(b) Predict the molecular formula of 4.6-diethyl-12-(3,5-dimethyloctyl)triacontane. an

alkane containing 44 carbon atoms.

The names methane, ethane, propane, and butane have historical roots. From pen- 3-3
tane on, alkanes are named using the Greek word for the number of carbon atoms,

f\|omenclatUre of
plus the suffix -ane to identify the molecule as an alkane. Table 3-1 gives the names

and physical properties of the «-alkanes up to 20 carbon atoms. AlKSneS

3-3A Common Names

If all alkanes had unbranched (straight-chain) structures, their nomenclature would

be very simple. Most alkanes have structural isomers, however, and we need a way
of naming all the different isomers. For example, there are two isomers of formula

C4H11, . The unbranched isomer is simply called butane (or n-butane, meaning "nor-

mal" butane), and the branched isomer is called isobutane, meaning an "isomer of

butane."

CH,

CH,—CH,—CH,—CH, CH,—CH—CH3
butane (n-butane) isobutane
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The three isomers of C5H12 are called pcntane (or n-pentane), isopeiuane, and

lu'opentanc.

CH3 CH3

CH,—CH,—CH,—CH,—CH3 CH3—CH—CH,—CH, CH,—C—CH3
pentane (n-pentane) isopentane I

~ CH3
neogentane

Isobutane, isopentane, and ncopentane are examples of common names or

trivial names, meaning historical names arising from common usage. Common
names cannot easily describe the larger, more complicated molecules having many
isomers, however. The number of isomers for any molecular formula grows rapidly

as the number of carbon atoms increases. For example, there are five structural iso-

mers of hexane, 18 isomers of octane, and 75 isomers of decane! We need a system

of nomenclature that enables us to name complicated molecules without having to

memorize hundreds of these historical common names.

3-3B lUPAC or Systematic Names

A group of chemists representing the countries of the world met in 1 892 to devise a

system for naming compounds that would be simple to use, require a minimum of

memorization, and yet be flexible enough to name even the most complicated organic

compounds. This was the first meeting of the group that came to be known as the In-

tjmationa l Union of Pure^ajid Applied Chemistry, abbreviated lUPAC, Thisjnter^

national group has developed a detailed system of nomenclature that we call the

lUPAC rules. The lUPAC rules are accepted throughout the world as the standard

method for naming organic compounds. The names that are generated using this sys-

tem are called lUPAC names or systematic names.

The lUPAC system works consistently to name many different families of com-

pounds. We will consider the naming of alkanes in detail, and later extend these rules

to other kinds of compounds as we encounter them. The lUPAC system uses the

longest chain of carbon atoms as the main chain, which is numbered to give the lo-

cations of side chains.

The Main Chain. The first mle of nomenclature gives the base name of the compound:

Rule I : Find the longest continuous chain of carbon atoms, and use thename

ofjhis chain as the base name of the compound.

For example, the longest chain of carbon atoms in the following compound

contains six carbons, so the compound is named as a hexane derivative. The longest

chain is rarely drawn in a straight line; look carefully to find it.

CH,CH3

CH3HCH—CH,—CH,— CH,'3
3 4 5 h

3-methyl/!e.ra«e

The groups attached to the main chain are calledsubstituents because they

are substituted (in place of a hydrogen atom) on the main chain. When thereare two

longest chains of equal length, use the chain withjhe^rgater number of substituents.
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The following compound contains two different seven-carbon chains and is named

as a heptane. We choose the chain on the right as the main chain because it has

more substituents (in red) attached to the chain.

CH,— CH

CH,

CH. CH,— CH

CH—CH—CH.CH,

CH3

CH.

CH—CH

CH3 CH—CH,

CH,

wrong

seven-carbon chain, but only three substituents

CH,

-CH.CH,

CH^CH,

CH3

correct

seven-carbon chain, four substituents

PROBLEM-SOLVING HINT
When looking for the longest

continuous chain (to give the

base name), look to find all the

different chains of that length.

Often, the longest chain with

the most substituents is

not obvious.

Numbering the Main Chain. Tog^ive the locations of the substituents, each car-

bon atom on the main chain must be given a number.

Rule 2: Number the longest chain beginriing with the end of the chain near-

est a substituent.

We start the numbering from the^d nearest a branch so the numbers of the sub-

stituted carbons will be as low as possible. In the heptane structure above on the

right, numbering from top to bottom gives the first branch at C3 (carbon atom 3),

whereas numbering from bottom to top gives the first branch at C2. Numbering from

bottom to top is correct. (If each end had a substituent the same distance in. we
would start at the end nearer the second branch point.)

CH,

CH,--CH—CH.

'CH—CH—CH.CH,

CH, CH—CH,

'CH,

incoiTect

CH,

CH,--CH—CH.

'CH—CH—CH.CH

CH^CH,

'CH,

conect

3-ethy 1-2,4.5-trimethylheptane

Naming Alkyl Groups. Next, name the substituent groups.

Rule 3: Name the substituent groups attached to the longest chain as alkyl

groups. Give the location of each alkyl group by the numbej^jof the main-chain

carbon atom to which it is attached.

Alkyl groups are named by replacing the -one suffix of the alkane name with

-v/. Methane becomes methyl; ethane becomes ethxl.

CH4, methane

CH,—CH,, ethane

CH,—CH.—CH,, propane

CH,— . methyl group

CH,—CH.— . ethyl group

CH,—CH.—CH.— . propyl groupj
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The following alkanes show the use of the alkyl group nomenclature

CH,—CH.CH-i "CHt 'CHj—^CHj—'CH3

CH3— CH—CH3—CH,—CH, 'CH3—CH,—CH—CH.—^CH.—'CH —CH
3-methylhexane 3-ethyl-6-methylnonane

Figure 3-2 gives the names of the most common alkyl groups, those having up

to four carbon atoms. The propyl and butyl groups are simply unbranched three- and

four-carbon alkyl groups. These groups are often named as "n-propyl'" and "/j-butyl"

groups, however, to eliminate any question about which kind of propyl group or

butyl group is meant.

Three carbons

One carhou Two carbons CH3

CH3— CH3—CH2— CH3—CH2—CH,— CH3—CH—
methyl group ethyl group /1-propyl group isopropyl group

(or "propyl group")

CH3 CH-)— CHi

—

CHt"

n-butyl group

(or "butyl group")

Four carbons

CH3
I

CH,—CH—CH,—
isobutyl group

CH3

CH3—CH,—CH—
sec-b\iXy\ group

CH3

CH3— C—

CH3

rer?-butyl group

(or "r-butyl group")

Figure 3-2

Some common alkyl groups.

The simple branched alkyl groups are usually known by common names. The

isopropyl and isobutyl groups have a characteristic "iso" (CH3)2CH grouping, just

as in isobutane.

CH, CH, CH,

CH— CH—CH,— CH—CH
/ / - /
CH, CH, CH,

isopropyl group isobutyl group isobutane

The names of the secondary-huiyl (sec-buly\) and rer//V;/T-butyl (tert-butyX or

r-butyl) groups are based on the degree of alkyl substitution of the carbon atom at-

tached to the main chain. In the i'tr-butyl group, the carbon atom bonded to the main

chain is secondary (2°), or bonded to two other carbon atoms. In the r-butyl group,

it is tertiary (3°), or bonded to three other carbon atoms. In both the /;-butyl group

and the isobutyl group, the carbon atoms bonded to the main chain are primary (1°).

bonded to only one other carbon atom.
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H

R— C-

H

R
I

R—C—

H

R
I

R— C-

I

R
a primary ( I °) carbon a sccondaiy (2°) carbon a tertiary (3°) carbon

H CH,

CHjCH^CH,—C— CH3CH-,— C-

H
/;-butyl group (1°)

H
«'( -butyl group (2°)

CH,

CH,—C—

CH,
/-butyl group (3°)

SOLVED PROBLEM 3-1

Give the structures of 4-isopropyloctane and 5-/-butyldecane.

SOLUTION
4-Isopropyloctane has a chain of eight carbons, with an isopropyi group on the fourth

carbon. 5-?-Butyldecane has a chain of ten carbons, with a r-butyi group on the fifth.

CH,—CH— CH,

CH,—CH,—CH,—CH—CH,—CH,—CH,—CH3
4-isopropyloctane

CH,
I

CH,—C— CH,

CH,—CH,—CH,—CH.—CH—CH,—CH,—CH,—CH,— CH,

5-;-butyldecane

PROBLEM 3-2

Name the following alkanes.

CH,—CH,

(a) CH,—CH—CH,— CH,

CH,—CH, CH,CH(CH,),

(b) CH,—CH,—CH—CH—CH,—CH,—CH,
CH,—CH—CH,

CH, CH,

(c) CH,—CH,—CH,—CH,—CH,—CH,—CH—CH— CH,

Multiple Groups. The final rule tells how to organize the names of compounds

3itlLmore tjiajTmie substituent.

Rule 4: When two or more substituents are present, list them in alphabetical

order. When two or more of the same alkyljubstituentare present, use the pre-

fixes di-, tri-, tetra-, and so on to avoid having to name the alkyl group twice.

di- means 2 penta- means 5

tri- means 3 hexa- means 6

tetra- means 4

PROBLEM-SOLVING HINT
When substituents are being

alphabetized, /so- is used as part

of the alkyl group name, but the

hyphenated prefixes are not.

Thus isobuty\ is alphabetized with

/, but n-butyl, t-butyl, and

sec-butyl are alphabetized with

b.The number prefixes d/-, tn-,

tetra-, etc. are also ignored in

alphabetizing.
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Using this rule, we can construct names for some complicated structures. Let's

finish naming the heptane on p. 87. This compound has an ethyl group on C3 and

three methyl groups on C2, C4, and C5. The ethyl group is listed alphabetically be-

fore the methyl groups.

CH,—'CH—CH,

'CH—'CH^CH.CH,

CH, CH-rCH,

3-ethyl-2.4.5-trimethylheptane

SOLVED PROBLEM 3-2

Give a systematic (lUPAC) name for the following compound.

CH,

CH—CH, CH,CH3

CH,—CH- -CH—CHj—CH—CH3

CH, C CH-,

I

CH3

SOLUTION
The longest carbon chain contains eight carbon atoms, so this compound is named as an

octane. Numbering from left to right gives a branch on C2; numbering from right to left

gives a branch on C3. so we number from left to riaht.

CH,

CH—CH, CHjCHj

CH,--CH—CH—'CHj—CH—CH

'CH,—C—CH
CH3

There are four methyl groups: Two on C2. one on C3. and one on C6. These four

groups will be listed as 2.2.3.6-tetramethyl. . . There is an isopropyl group on C4. List-

ing the isopropyl group and the methyl groups alphabetically, we have

4-isopropyl-2.2.3.6-tetramethyloctane

SUMMARY: Rules for Naming Alkanes

To name an alkane, we follow four rules:

1. Find the longest continuous chain of carbon atoms, and use this chain as the base name.

2. Number the longest chain, beginning with the end nearest a branch.

3. Name the substituents on the longest chain (as alkyl groups). Gi\ e the location of each substituent by the number of the

main-chain carbon atom to which it is attached.
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1

4. When two or more substituents are present, list them in alphabetical order. When two or more of the same alky! sub-

stituent are present, use the prefixes di-, tri-, tetra-, and so on (ignored in alphabetizing) to avoid having to name the

alky! group twice.

PROBLEM 3-3

Write structures for the follow ing compounds.

(a) 3-ethyl-3-methylpentane (b) 3-methyl-5-propylnonane

(c) 4-r-butyl-2-methylheptane (d) 5-isopropyl-3.3.4-trimethyloctane

PROBLEM 3-4

Pro\ ide IL'P.AC names for the following compounds.

PROBLEM-SOLVING HINT

Always compare the total

number of carbon atoms In the

name with the number in the

structure to make sure they

match. For example, an

isopropyldtmethyiociane should

have 3 — 2-8 carbon atoms.

lai iCH;,),CHCH,CH,

CHXH,

(c) CHrH.CH-CH— CHiCH,)-

CiCH-,),

(e) CH.CHXHCHCH,
"

"
i

CHlCH,),

PROBLEM 3-5

Gi\ e structures and names for

I a ) the five isomers of C5H,4

.

(b) CH;— C(CH,);—CH,

CH, CH-CH,

(d) CH-— CH— CH-— CH— CH-,

CH.—CHCHXH,

(f) (CH,),C—CH— CH-CH.CH,

lb) the nine isomers of C-H^

.

Complex Substituents. Complex alkyl groups are occasionally encountered. They

are named b\ a systematic method using the longest alkyl chain as the base alkyl

group . The base alkyl group is numbered beginning w ith the^arbon atom ( the "head

carbon") bonded to the main chain. The substituents grijhe ba^_alkyl^roijp are list-

ed^ with appropriate numbers, and parentheses are used to set off the name of the

complex alkyl group. The following examples illustrate the systematic method for

naming complex alkyl groups.

CHXH,

—CH—CH— CH,

CH,
a (l-ethyl-2-methylpropyl) group

CH,

CH-CH,

CH3CH2 CH—CHXH,

CH3CH;—CH—CH,—CH—CH,CH,CH-CH3
3-eth\ 1-5-1 1 -ethyl-2-meth)lpropy 1 )nonane

CH. CH-

—C—CH,—CH-CH-
!

CH,
a (1.1.3-trimethylbutyl) group

1 -ethyl-3-( 1 . 1 .3-trimethylbutyl)cyclooctane

PROBLEM 3-6

Draw the structures of the following groups, and gh e their more common names.

group (b) the (2-methylpropyl) group(a) the ( 1-methylethyl

(c) the (1-methylpropyl) group (d) the (1.1-dimelhylethyl) group
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PROBLEM 3-7

Draw the structures of the following compounds.

(a) 4-( l-methylethyl)heptane (b) 5-(1.2.2-trimethylpropyl)nonane

PROBLEM 3-8

Without looking at the structures, give a molecular formula tor each compound in Prob-

lem 3-7. Use the names of the groups to determine the number of carbon atoms, then use

the {111 + 2) rule.

.Alkanes are used primarily as fuels, solvents, and lubricants. Natural gas, gasoline,

kerosene, heating oil. lubricating oil, and paraffin "wax" are all composed primari-

ly of alkanes, with different physical properties resulting from different ranges of

molecular weights.

3-4A Solubilities ofAlkanes

Alkanes are nonpolar, so they dissolve in nonpolar or weakly polar organic sol-

vents. Alkanes are said to be hydrophobic ("water hating") because they do not dis-

solve in water. Their hydrophobic nature makes alkanes good lubricants and

preservatives for metal because they keep water from reaching the metal surface

and causing corrosion.

3-4B Densities ofAlkanes

The densities of the //-alkanes are listed in Table 3-1 (page 84). Alkanes have den -

sities around 0/7_g/mL^^mpared with a density of 1.0 g/mL for water. Because

alkanes are less dense than water and insoluble in water, a mixtiire of an alkane

( such as gasoline or oil) and water quickly separates into two phases, with the

alkane on top.

3-4C Boiling Points ofAlkanes

Table 3-1 also gives the boiling points and melting points of the unbranched alkanes.

The boiliiig,pQiiitsJncrease smoothly^ithjncreasing numbers of carbon atoms and

increasing molecular weights. Larger molecules have Jarggr surface areas, resulting

irTiiicreased intermolecular van der Waals attractions. These increased attractions

must be overcome for vaporization and boiling to occur. A larger molecule, with

greater surface area and greater van der Waals attractions, therefore boils at a high-

er temperature.

A graph of »-alkane boiling points versus the number of carbon atoms (the

blue line in Fig. 3-3) shows the increase in boiling points with increasing molecular

weight. Each additional CH2 group increases the boiling point by about 30°C up to

about ten carbons, and by about 20°C in the higher alkanes.

The green line in Figure 3-3 represents the boiling points of some branched

alkanes. In general, a branched alkane boils at a lower temperature than the //-alkane

with the same number of carbon atoms. This difference in boiling points is also ex-

plained by the intermolecular van der Waals forces. Branched alkanes are inore com-

pact, with less surface area for London force interactions.

3-4

Physical Properties

of Alkanes

Oil floats on water Note how

the oil slick (from the leaking

Exxon Valdez) spreads across

the top of the water. Oil

recovery booms, containing

nonpolar fibers, are used to

soak up and contain the spilled

oil. Note how^ most of the oil

slick ends at the oil recovery

booms.
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u
o

C

400

300 k CH3— (CH.),— CH,

200 -

5 10 15

number of carbon atoms

M Figure 3-3

Alkane boiling points.

Comparison of the boiling

points of the unbranched

alkanes (blue) with those of

some branched alkanes (red).

Because of their smaller

surface areas, branched alkan̂

have lower boiling points than

unbranched alkanes.

3-4D Melting Points ofAlkanes

The blue line in Figure 3-4 is a graph of the melting points of the /)-alkanes. Like the

boiling points, the melting points increase with increasing molecular weight. The melt-

ing point graph is not smooth, however. Alkanes with even numbers of carboiiatoms^pack

better into a solid structure, and higher temperatures are needed to melt them. Alkanes

with odd numbers of carbon atoms do not pack as well, and they melt at lower temper-

atures. The sawtooth-shaped graph of melting points is smoothed by drawing separate

lines (green and red) for the alkanes with even and odd numbers of carbon atoms.

5 10 15

number of carbon atoms

A Figure 3-4

Alkane melting points. The

melting point curve for

n-alkanes with even numbers

of carbon atoms is slightly

higher than that for alkanes

with odd numbers of carbons.

Branching of the chain also affects an alkane's melting point. A branched

alkane generally melts higher than the /(-alkane with the same number of carbon

atoms. Branching of an alkane gives it a more compact three-dimensional structure,

which packs more easily into a solid structure and increases its melting point. The

boiling points and melting points of three isomers of formula C6H,4 are given below.

The boiling points decrease and the melting points increase as the shape of the mol-

ecule becomes more highly branched and compact.

CH,
\
CH-

/
CH,

CH,—CH,— CH,,

bp 60°C

mp -154°C

CH3

CH-
/
CH„

/
-CH
\

CH,

bp 58X
mp -135°C

CH,

CH,—C—CH,—CH,

CH,
bp 50°C

mp -98=C
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PROBLEM 3-9

List each set of compounds in order of increasing boihng point.

(a) octane, nonane, and decane

(b) octane. {CH,),C—CCCH,),, and CH3CH2C(CH3)2CH2CH2CH3

PROBLEM 3-10

Repeat Problem 3-9. listing the compounds in order of increasing melting point.

The differences in their physical properties are the features that distinguish the most

important uses of each group of alkanes.

3-5A Major Uses ofAlkanes

C/-C2. The first four alkanes (methane, ethane, propane, and butane) are gases at

room temperature and^tmospheric pressure. Methane and ethane are difficult to

liquefy, so they are usually handled as compressed gases. Upon cooling to cryogenic

(very low) temperatures, however, methane and ethane become liquids. Liquefied

natural gas. mostly methane, is transported in special refrigerated tankers more easily

than it can be transported as a compressed gas.

Cj-Cj. Propane and butane are easily liquefied at room temperature under a mod-

est pressure. These gases, often obtained along with liquid petroleum, are stored in

low-pressure cylinders of liquefied petroleum gas (LPG). Propane aiid butane ai;e

good fuels, both for heating aiKi_for internal combustion engine s. They bum clean-

ly, and pollution-control equipment is rarely necessary. In many agricultural areas,

propane and butane are more cost-effective tractor fuels than gasoline and diesel

fuel. Propane and butane have largely replaced Freons® (see p. 230) as propellants

in aerosol cans. Unlike alkanes. the chlorofluorocarbon Freon® propellants are sus-

pected of damaging the earth's protective ozone layer.

C^-Cg. The next four alkanes are free-flowing, volatile liquids . Isomers of pentane,

hexane. heptane, and octane are the primary constituents of gasoline. Their volatil-

ity is crucial for this use. because the carburetor simply squirts a stream of gasoline

into the intake air as it rushes through. If gasoline did not evaporate easily, it would

reach the cylinder in the form of droplets. Droplets cannot bum as efficiently as a

vapor, so the engine would smoke and gi\e low mileage.

In addition to being volatile^gasoline must resist the potenfially damaging ex-

plosive combustion known as knocking. The antikiiock propertî of gasoline arg^

rated by an octane number that is assigned by comparing the gaso line to a mixture

o_f^;4ieptane (whichlcnocksbadly) and isooctane~( 2.2,4-triniethylpentane, which is

nolprone to knocking). The gasoline being tested is used in a test engine with vari-

able compression ratio. Higher compression ratios induce knocking, so the com-

pression ratio is increased until knocking begins. Tables are available that show the

percentage of isooctane in a isooctane/ heptane blend that begins to knock at any

given compression ratio. The octane number assigned to the gasoline is simply the

percentage of isooctane in an isooctane/heptane mixture that begins to knock at that

same compression ratio.

3-5

Uses and Sources

of Alkanes
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CH3CH2CH2CH2CH2CH2CH3

//-heptane |0 octane)

prone to knocking

CH3 CH,

CH3— C—CH,—CH—CH3

CH3
2.2.4-trimethylpentane ( 100 octane)

"isooctane." resists knocking

Cg-C,^. The nonanes (C9) through_about the hexadecanes (C|f,) are higher-boiling

Hguids that are somewhat viscous. These^alkanes are used in kerosene, jet fuel, and

dilesel fuel. Kerosene, the lowest-boiling of these fuels, was once widely available

but is now harder to find. It is less volatile than gasoline and less prone to forming

explosive mixtures. Kerosene was used in kerosene lamps and heaters, which use

wicks to allow this heavier fuel to burn. Jet fuel is similar to kerosene, but more

highly refined and less odorous.

Diesel fuel is not very volatile, so it would not function well in a carburetor. In

a diesel engine, the fuel is sprayed directly into the cylinder right at the top of the com-

pression stroke. The hot, highly compressed air in the cylinder causes the fuel to

burn quickly, swirling and vaporizing as it bums. Some of the alkanes in diesel fuel

have fairly high freezing points, and they may solidify in cold weather. This partial

solidification causes the diesel fuel to turn into a waxy, semisolid mass. Owners of

diesel engines in cold climates often mix kerosene with their diesel fuel in the win-

ter. The added kerosene dissolves the frozen alkanes, diluting the slush and allow-

ing it to be pumped to the cylinders.

and Up. Alkanes with more than 16 carbon atoms are niost ofteii tised as lu-

brTcatmg and heating oils. These are^ometimes called "mineral" oils because they

come from petroleum, which was once considered a mineral.

ParafTm "wax" is not a true wax, but a purified mixture of high-molecular-

weight alkanes with melting points well above room temperature. The true waxes are

long-chain esters, discussed in Chapter 25.

3-5B Alkane Sources; Petroleum Refining

Alkanes are derived moslly from petrolgum and petroleum by-products. Petroleum.

often called crude oil. is pumped from wells that reach into pockets containing the

remains of prehistoric plants. The principal constituents of crude oil are the alkanes,

some aromatics, and some undesirable compounds containing sulfur and nitrogen.

The composition of petroleum and the amounts of contaminants vary from one source

to another, and a refinery must be carefully adjusted to process a particular type of

crude oil. Because of their different qualities, different prices are paid for light Ara-

bian crude. West Texas crude, and other classes of crude petroleum.

The first step in refining petroleum is a careful fractional distillation. The prod-

ucts of that distillation are not pure alkanes but mixtures of alkanes with useful ranges

of boiling points. Table 3-2 shows the major fractions obtained from distillation of

crude petroleum.

After petroleum is distilled, catalytic cracking converts some of the less

valuable fractions to more valuable products. Catalytjc cracking involves heating

alkanes_[n_the^r^sence of materials that catalyzejhe cleavage ofJargejnolecules

into smaller ones. Cracking is often used to convert higher-boiling fractions into

mixtures that can be blended with gasoline. When cracking is done in the presence

of hydrogen ( hydrocracking), the product is a mixture of alkanes, free of sulfur and

The large distillation tower at

left is used to separate petro-

leum into fractions based on

their boiling points. The ""cat

cracker" at right uses catalysts

and high temperatures to crack

large molecules into smaller

ones.
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TABLE 3-2 Major Fractions Obtained fronn Distillation of Crude Petroleum

Boiling

Range CO Number of Carbons Fraction Use

under 30 2-4 petroleum gas LP gas tor heatmg

30 - 1 80 4-9 gasoline motor fuel

160°- 230° 8-16 kerosene heat, jet fuel

200°- 320° 10-18 diesel motor fuel

300°- 450° 16-30 heavy oil heating, lubrication

>300° (vacuum) >25 petroleum "jelly,"

paraffin "wax"

residue >35 asphalt

nitrogen impurities. The following reaction shows the catalytic hydrocracking of a

molecule of tetradecane into two molecules of heptane.

CH,—{CH.)p—CH, + ^TTT .I""!' ,
,

2 CH,—(CH,)5—CH3
- - - SiOt or catalyst -

'

3-5C Natural Gas

Natural gas was once treated as a waste product of petroleum production and de-

stroyed by flaring it off. Now natural gas is an equally valuable natural resource,

pumped and stored throughout the world. Natural gas jsjibout 70 percent methane,

10 pejcent ethane. and^ l5 percent propane, depending on the source of the gas. Small

amounts of other hydrocarbons and contaminants are also present. Natural gas is

often found above pockets of petroleum, although it is also found in places where

there is little, if any, recoverable petroleum. NMuraLgasJsjased primarily as a fud

to heat buildings and to generate electricity. It is also important as a starting mater-

ial for the production of fertilizers.

Alkanes are the least reactive class of organic compounds. Their low reactivity is re-

flected in another term for alkanes: paraffins. Theliame paraffiii corned from two

Latin terms, parum, meaning "too little," and ajfinis, meaning "affinity." Chemists

found that alkanes do not react with strong acids or bases or with most other reagents.

They attributed this low reactivity to a lack of affinity for other reagents, and they

coined the name "paraffins."

Most useful reactions of alkanes take place under energetic or high-tempera-

ture conditions. These conditions are inconvenient in a laboratory because they re-

quire specialized equipment, and the rate of the reaction is difficult to control. Alkane

reactions often form mixtures of products that are difficult to separate. These mix-

tures may be of commercial importance for an industry, however, where the products

may be separated and sold separately. Newer methods of selective functionalization

may eventually change this picture. For now, however, the following alkane reac-

tions are rarely seen in laboratory applications, but they are widely used in the chem-

ical industry and even in your home and car.

3-6A Combustion

Combustion is a rapid oxidation that takes place at high temperatures, converting

alkanes to carbon dioxide and water. Little control over the reaction is possible, ex-

cept for moderating the temperatui-e and controlling the fuel /air rafio to achieve ef-

ficient burning.

3-6

Reactions of

Alkanes
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+ excess O,

Example

CH^CHXH, + 5 O,

heat

heat

n CO. + (/; + 1 ) H.O

3 CO, + 4 H,0

Unfortunately, the burning of gasoline and fuel oil pollutes the air and depletes the

petroleum resources needed for lubricants and chemical feedstocks. Solar and nuclear

heat sources cause less pollution, and they do not deplete these important natural re-

sources. Facilities that use these more environment-friendly heat sources are more

expensive than those that rely on the combustion of aikanes, however.

3-6B Cracking and Hydrocracking

As discussed in Section 3-5B, the catalytic cracking of large hydrocarbons at high

temperatures produces smaller hydrocarbons. The cracking process is usually oper-

ated under conditions that give the maximum yields of gasoline. In hydrocracking,

hydrogen is added to give saturated hydrocarbons; cjaddng.^dthQiiLtvydrogen gives

rnixtures of aikanes and alkenes.

Catalytic hydrocracking

Combustion is the most

common reaction of aikanes.

Lightning initiated this tire in

a tank containing 3 million

gallons of gasoline at the Shell

Oil storage facility in Wood-

bridge, NJ (June II, 1996).

long-chain alkane

H,. heat

calalvst

shorter-chain aikanes

Catalytic cracking

long-chain alkane

heat

catalyst

C.H,

shorter-chain aikanes and alkenes

3-6C Hajogenation

Under the proper conditions, alkangs react with halogens (F;, CK. Bis. I2) to form

alkyl halideŝ For example, methane reacts with chlorine (CI 2) to form chloromethane

(methyl chloride), dichloromethane (methylene chloride), trichloromethane (chlo-

roform), and tetrachloromethane (carbon tetrachloride).

CH4 + CI2 ' CH3CI + CH2CI2 + CHCl, + CCI4 + HCl

Heat or light is usually needed to initiate this halogenation. The reaction

of aikanes with chlorine or bromine proceeds at a moderate rate and is easily

controlled. The reaction with fluorine is often too fast to control, however, while

iodine reacts very slowly or not at all. We discuss the halogenation of aikanes in

Chapter 4.
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3-7

Structure and

Conformations

of Alkanes

Although alkanes are not as reactive as other classes of organic compounds, they have

many of the same structural characteristics. We will use the simple alkanes as exam-

ples to study some of the properties of organic compounds, including the structure of

the sp^ hybridized carbon atom and properties of C—C and C—H single bonds.

3-7A Structure of Methane

The simplest alkane is methane, CH4. Methane is perfectly tetrahedral, with the

109.5° bond angles predicted for an sp^ hybrid carbon. The four hydrogen atoms are

covalently bonded to the central carbon atom, with bond lengths of 1 .09 A.

109.5°

H
.09 A

H
H

3-7B Conformations of Ethane

Ethane, the two-carbon alkane, is composed of two methyl groups with overlapping

ip' hybrid orbitals forming a signia bond between them.

1.10 AX
H- 109.6° /..H

CH
1.54 A- \,H H

ethane

H

ethane ethane

The two methyl groups are not fixed in a single positioiijDutjrexelativd^ free

to rotate about the sigma bond connecting the two carbon atoms. The bond maintains

its linear bonding overlap as the carbon atoms turn. Thejlifferent arrangements

formed by rotations about a single bond are called conformations, and a specific con;

formation is called a conformer ("conformational isomer" ). Pure conformers can-

Figure 3-5

The Newman projection

looks straight down the

carbon -carbon bond.

H
\

H

H

-C
\
H

viewed from the end perspective drawing

H front carbon

HH

H back carbon

Newman projection
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not be isolated in most cases, because the molecules are constantly rotating through

all the possible conformations.

idtate

H H
/ \

V H hV
H H

linear overlap of sigma bond o\erlap maintained

Rotate

In draw ing confomiations. we w ill often use Newman projections, a way of

draw ing a molecule looking straight down the bond connecting two carbon atoms

(Fig. 3-5). The front carbon atom is represented by three lines (three bonds) coming

together in a Y shape. The back carbon is represented by a circle w ith three bonds

pointing out from it. Until you become familiar w ith the Newman projection, you

should make a model of each example and compare your model w ith the draw ings.

An infinite number of conformations are possible for ethane, because the angle

betw een the h_\ drogen atoms on the front and back carbon atoms can take on an in-

finite number of values. Figure 3-6 uses Newman projections and sawhorse structures

to illustrate some of these ethane conformations. Sawhorse structures picture the

Newman projections:

HH

Saw horse structures:

staggered. 6 = 60° skew. 9 = anything else

Figure 3-6

Ethane conformations. The

eclipsed conformation has a

dihedral angle d - 0°. and

the staggered conformation

has 6 = 60°. Any other

conformation is called a^kew
conformation.
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molecule looking down at an angle toward the carbon-carbon bond. Sawhorse struc-

tures can be misleading, depending on how the eye sees them. We will generally use

perspective or Newman projections to draw molecular conformations.

Any of these conformations can be specified by its dihedral angle ( 0)jheangle

between the C>^^ bonds on the front carbon atonTanJtlie C—TTboii^ the back

carbon in the Newman projection. Two of thg conformationsliave ĵcjgjaiTiesT^^
conformation with ^ = 0° is called the eclipsed conformation because the Newman
projection shows the hydrogen atoms on the back carbon to be hidden (eclipsed) by

those on the front carbon. The staggered conformation, with 0 = 60° has the hy-

drogen atoms on the back_£arbon staggered halfway between the hydrogens on the

front carbon^ Any^other intermediatejx)nformation is called a skew conformation.

In a sample of ethane gas at room temperature, the ethane molecules are rotating

and their conformations are constantly changing. These conformations are not all

equally favored, however. Thejowest-energy conformation is the staggered confor-

mation, with the electjX)n^clouds in the C—

H

boiids^separated asmuch as possible.

The eclipsed conformation places the C—H electron clouds closer together; it is

about 3.0 kcal/mol (12.6 kJ/mol) higher in energy than the staggered conformation.

Three kilocalories is not a large amount of energy, and at room temperature, most

molecules have enough kinetic energy to overcome this small rotational barrier.

Figure 3-7 is a graph showing how the potential energy of ethane changes as

the carbon -carbon bond rotates. The y axis shows the potential energy relative to the

most stable (staggered) conformation. The .v axis shows the dihedral angle as it in-

creases from 0° (eclipsed) through 60° (staggered) and on through additional eclipsed

and staggered confomiations as 6 continues to increase. As ethane rotates toward

an_eclipsgd^onformation. it s potential energy increases, and there is resistance to

the rotation. This resistance to twisting (torsion) is called torsional strain, and the

3 .0 kcal/mol (12.6 kJ/mol) of energy required is called torsional energy.

Conformational analysis is the study ofthe energetic s of different conforma-

tions. Many reactions depend on a molecule's ability to twist into a particular con-

formation; conformational analysis can help to predict which conformations are

favored, and which reactions are more hkely to take place. We wiH apply conforma-

tional analysis to propane and butane first, and later to some interesting cycloalkanes.

Figure 3-7

Tlie torsional energy of ethane

is lowest in the staggered

conformation. The eclipsed

conformation is about

3.0 kcal/mol(12.6 kJ/mol)

higher in energy. At room

temperature, this banier is

easily overcome, and the mole-

cules rotate constantly.

60° 120°

dihedral anale

180°

180°
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H
\

H

H

-C

view ed from the end perspecti\ e drawing

H

CH,
New man projection

Figure 3-8

Propane is the three-carbon alkane. It is show n here as a perspecti\e draw ing and as a

New man projection looking dow n one of the carbon-carbon bonds.

3-7C Conformations of Propane

Propane is the three-carbon alkane. with t'ormula C;H.. Figure 3-8 shows a three-

dimensional representation of propane and a New man projection looking dow n one

of the carbon -carbon bonds.

Figure 3-9 show s a graph of the torsional energy of propane as one of the car-

bon-carbon bonds rotates. The torsional energy of the eclipsed conformation is

about 3.3 kcal/mol ( 1 3.8 kJ/mol ). only 0.3 kcal ( 1 .2 kJ ) more than that required for

ethane. .Apparently, the torsional strain resulting from eclipsing a carbon -h_\ drogen

bond with a carbon-meth\ 1 bond is only 0.3 kcal ( 1.2 kJ) more than the strain of

eclipsing tw o carbon -hydrogen bonds.

PROBLEM 3-1 I

Draw a graph, similar to Figure 3-9. of the torsional strain of 2-methylpropane as it rotates

about the bond between CI and C2. Show the dihedral angle and draw a Newman projec-

tion for each staggered and eclipsed conformation.

PROBLEM-SOLVING HINT

A C— H bond eclipsed with

another C— H bond contributes

1.0 kcal/mol torsional energy

(one third of eclipsed ethane).

A C— H bond eclipsed with a

C—CH, bond contributes

1 .3 kcal/mol.

H
H

H

HCH, HCH,

-4 Figure 3-9

Torsional energy of propane.

\Mien a C—C bond of propane

rotates, the torsional energy

varies much like it does in

ethane, but w ith 0.3 kcal/mol

(1.2 kJ/mol) of additional

torsional energy in the eclipsed

conformation.
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3-8

Conformations of

Butane

Butane is the four-carbon alkane, with molecular formula CjH,,,. We refer to A?-bu-

tane as a straight-chain alkane, but the chain of carbon atoms is not really straight.

The angles between the carbon atonisare close to the tetrahedral angle, about 1093^.

Rotations about any of the carbon-carbon bonds are possible; Figure 3-10 shows

Newman projections, looking along the central C2—C3 bond, for four conforma-

tions of butane. Construct butane with your molecular models, and sight down the

C2—C3 bond. Notice that we have defined the dihedral angle d as the angle be-

tween the two end methyl groups.

Three of the conformations shown in Figure 3-10 are given special names.

When the methyl groups are pointed in the same direction 6 = 0°) they eclipse each

other. This conformation is called totally eclipsed, to distinguish it from the other

eclipsed conformations like the one at B — 120°. At a dihedral angle of 60°^jhe_bu-

taiie molecule is^ staggered and the jiiethyl ^iT)U£s^are toward the left and right of

each other. Th is 60° conformation is called gauche, a French word meaning "left"

or "awkward."

totally eclipsed (0°) gauche (60°) eclipsed (120°) anti(180°)

Figure 3-10

Butane conformations. Rotations about the center bond in butane give different molecular

shapes. Three of these conformations are given specific names.

Another staggered conformation occurs 0 = 180°, with the methyl groups point-

ing in opposite directions. This conformation is called anti because the methyl groups

are "opposed.""

3-8A Torsional Energy of Butane

A graph of the relative torsional energies of the butane confomiations is shown in Fig-

ure 3-11. All the staggered confomiations (anti and gauche) are lower in energy than

any of the eclipsed conformations. The_antijConformation is lowest in energy be-

cause it places the bulky methyl groups as^fai^apart as possible . The gauche confor-

mations, with the methyl groups separated by just 60°. are 0.9 kcal (3.8 kJ) higher

in energy than the anti conformation because the methyl groups are close enough that

their electron clouds begin to repel each other. Use your molecular models to com-

pare the crowding of the methyl groups in these conformations.
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3-8B Steric Hindrance

The totally eclipsed cj^nformatioiijs about 1 .4 kcal (5.9 kJ) higher in energy than the

other eclipsed £Dn£omiatiQm,_b££ausej t forces the two end methyj_groups so close

together thatjheir^lectron clouds experience a strong repulsion. This kind of inter-

ference between two bulky groups is called steric strain or steric hindrance. The
following structure shows the interference between the methyl groups in the totally

eclipsed conformation.

Rotating the totally eclipsed conformation 60° to a gauche conformation re-

leases most, but not all. of this steric strain. The gauche conformation is still 0.9

kcal/mol (3.8 kJ/mol) higher in energy than the most stable anti conformation.

What we have learned about the conformations of butane can be applied to

other alkanes. We can predict that carbon-carbon single bonds will assume stag-

gered conformations whenever possible to avoid eclipsing of the groups attached to
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PROBLEM-SOLVING HINT

A C—CH, bond eclipsed with

another C—CH3 bond

contributes about 3 kcal/mol

torsional energy. (Totally

eclipsed butane is about 5 kcal/

mol, with 1 .0 for each of the two

interactions between C— H
bonds, leaving 3 kcal for the

methyl-methyl eclipsing.)

them. Among the staggered conformations, the anti conformation is preferred be-

cause it has the lowest torsional energy. We must remember, however, that there is

enough thermal energy present at room temperature for the molecules to rotate rapid-

ly among all the different conformations. The relative stabilities are important because

more molecules will be found in the more stable conformations than in the less

stable ones

PROBLEM 3-12

Draw a graph, similar to Figure 3- 11 , of the torsional energy of 2-methylbutane as it rotates

ahout the C2—C3 bond.

3-9

Conformations of

Higher Alkanes

The higher alkanes resemble butane in their preference for anti and gauche confor-

mations about the carbon -carbon bonds. The lowest-energy conformation for any

straight-chain alkane is the one with all the internal carbon -carbon bonds in their anti

conformations. These anti conformations give the chain a zigzag shape. At room

temperature, the internal carbon -carbon bonds undergo rotation, and many molecules

contain gauche conformations. Gauche conformations make kinks in the zigzag struc-

ture. Nevertheless, we frequently draw alkane chains in a zigzag structure to repre-

sent the most stable arrangement.

anti conformation gauche conformation

H HH HH HH H
\/ -.J v/ \/
C C C C H/\/\/\/\/

H C C C C
/\ /\ ^\ ^\

H HH HH HH H

octane, all anti conformation

PROBLEM 3-13

Draw a perspective representation of the most stable conformation of 3-methylhexane.

3-10 Many organic compounds are cyclic: They contain rings of atoms. The carbohy-

I

drates we eat are cyclic, the nucleotides that make up our DNA and RNA are cyclic,

and the antibiotics we use to treat diseases are cyclic. In this chapter, we use the cy-

cloalkanes as examples to discuss the properties and stability of cyclic compounds.

Cycloalkanes are alkanes that contain rings of carbon atoms. Simple cy-

cloalkanes are named like acyclic (noncyclic) alkanes, with the prefix cyclo- indi-

cating the presence of a ring. For example, the cycloalkane with four carbon atoms

in a ring is called cyclobiitane. The cycloalkane with seven carbon atoms in a ring is

cycloheptane. Line -angle formulas are often used for drawing the rings of cy-

cloalkanes (Fig. 3-12).

3- 1 OA General Molecular Formulas of Cycloalkanes

Simple cycloalkanes are rings of CH2 groups (methylene groups). Each one has ex-

actly twice as many hydrogen atoms as carbon atoms, giving the general molecular

formula C„H2„. This general formula has two fewer hydrogen atoms than the

(2n + 2) formula for an acyclic alkane. A ring has no ends, and no hydrogens are

needed to cap off the ends of the chain.
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A
H H

or

A
cyclopropane

C3H6

H H

H—C—C—

H

H—C—C—

H

H H

or

cyclobutane

C4H8

H
H H
\ / H

\ /^X /

\ /

H—C—C—

H

H H

or

cyclopentane

H H
H \ / H
\ /

H^l

/ ^C^ \
H / \ H

H H

or

cyclohexane

H H
H \ / H
\ /H—C C—

H

\ /

I

I^H
H H

cycloheptane

A Figure 3-12

Structures of some cycloalkanes.

3- 1 OB Physical Properties of Cycloalkanes

Most cycloalkanes resemble the acyclic (non-cyclic), open-chain alkanes in their

physical properties and in their chemistry. They are nonpolar, relatively inert com-

pounds with boiling points and melting points that depend on their molecular weights.

The cycloalkanes are held in a more compact cyclic shape, so their physical proper-

ties are similar to those of the compact, branched alkanes. The physical properties

of some common cycloalkanes are listed in Table 3-3.

3- IOC Nomenclature of Cycloalkanes

Cycloalkanes are named much like acyclic alkanes. Substituted cycloalkanes use the

cycloalkane for the base name, with the alkyl groups named as substituents. If there

is just one substituent. no numbering is needed.

CH, CH,

/C—C—CH,

H H

methylcyclopentane ?-butyicycloheptane ( 1 .2-dimetliylpropyl)cyclohexane

TABLE 3-3 Physical Properties of Some Simple Cycloalkanes

Cycloalkane Forimila Boiling Point C^C) Melting Point (°C) Densit}-

cyclopropane C,H6 -33 -128 0.72

cyclobutane C4H8 -12 -50 0.75

cyclopentane C5H10 49 -94 0.75

cyclohexane 81 7 0.78

cycloheptane C7H14 118 -12 0.81

cyclooctane 148 14 0.83
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If there are two or more substituents onjhejnngjjhe^ring carbons are num-
beredjo^ive theJowest possible numbers Tor the substituted carbon^TThe^ nurnbef^-

ing begins with one of the substituted ring carbons and continues in the direction

that gives the lowest possible numbers to the other substituents. In the name, the

substituents are listed in alphabetical order. When the numbering could begin with

either of two alkyl groups (as in a disubstituted cycloalkane), begin with the one that

is alphabetically first.

CH,

CH,CH,

1 -ethyl-2-mcthylcyclobutane

HjC CH3

CH3
. 1 .3-triinethylcyclopentane

CH2CH3

CH.CH3

1 . 1 -diethyl-4-isopropyIcyciohexane

Whenjhe acyclic portion of the molecule contains moxe carboiiiitQm&ihan_the

cyclic portion (or when it containsjn_important functiojial group), the cyclic portion

is sometimes named as a cycloalkyl substituent.

4-cyclopropyl-3-methyloctane

H—C=C—CH,—CH,— CH.

5-cyclobutyl- 1 -pentyne cyclopentylcyclohexane

PROBLEM 3-14

Give an lUPAC name for each of the following compounds

CH,—CH—CH,CH3

(a)

CH,

PROBLEM 3-15

Draw the structure and give the molecular formula for each of the following compounds.

(a) cyclododecane (b) propylcyciohexane

(c) cyclopropylcyciopentane (d) 3-ethyl-l.l-dimethylcyclohexane

3-1 I

Cis-Trans

Isomerism in

Cycloalkanes

Open-chain alkanes undergo rotations about their carbon -carbon single bonds, and

they are free to assume any of an infinite number of conformations. Alkenes have rigid

double bonds that prevent rotation, giving rise to cis and trans isomers with differ-

ent orientations of the groups on the double bond (Section 2-10). Cycloalkanes are

similar to alkenes in this respect. A cycloalkane has two distinct faces. If two sub -

stituents point toward the same face, they are cis. If they poinj^toward opposite faces,

the>^aretrans. These geometric isomers cannot interconvert without breaking and

re-forming bonds.
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H H
\ /C=C
/ \

H3C CH3
cw-2-butene

CH3CH3 CH3 CH3
m- 1 ,2-dimethyIcyclopeniane

H3C H

C=C
/ \

H CH3
?/-<//i.v-2-butene

H,C' 'H

H CH,

= <CH, H

H CH,
trans- 1 ,2-dimethylcyclopentane

4 Figure 3-13

Cis-trans isomerism in

cycloalkanes. Like alkenes .

cycloalkane rings arejgstricted

from free rotation. Two
substituents on a cycloalkane

must be either on the same side

(cis) or on opposite sides

(trans) of the ring.

Figure 3-13 compares the cis-trans isomers of 2-butene with those of 1.2-di-

methylcyclopentane. You should make models of these compounds to convince your-

self that cis- and rrtv/;.?- 1 .2-dimethylcyclopentane cannot interconvert by simple

rotations about the bonds.

PROBLEM 3-16

Which of the following cycloalkanes are capable of geometric (cis-trans) isomerism? Draw

the cis and trans isomers.

(a) 3-ethyl-l.l-dimethylcyclohexane (b) 1.4-dimethylcyclohexane

Ic) l-ethyl-3-methylcyclopentane (d) l-cyclopropyl-2-methylcyclohexane

PROBLEM 3-17

Gi\e lUPAC names for the following cycloalkanes.

H
^

-CH,
(a)

H
i

CH.CHXH,

H

(c)

H,C
H

CHXH,

Although all the simple cycloalkanes (up to about C.,,) have been synthesized, the 3-12
most common rings contain five or six carbon atoms. We will study the stabilities and

Stabilities of
conformations of these rings in detail because they help to determine the properties

of many important organic compounds. v_yClOaiKa.neS,

Why are tlve-membered and six-membered rings more common than the other Ring Strain
sizes? Adolf von Baeyer first attempted to explain the relati\ e stabilities of cyclic mol-

ecules in the late nineteenth centur>', and he was aw arded a Nobel Prize for this work

in 1905. Bagyer reasoned_thcUjhgj;aij70^ in acyclic alkanes have bond^gles
of 109.5°. (We now explain this bond angle by the tetrahedral geometry of the sp-'

hybridized carbon atoms.)

If a cycloalkane requires bond angles other than 109.5°. the orbitals of its car-

bon-carb^njbonds cannot achieve optimujii overlap, and the cycToallcane iiiust have

some angle strain (sometimes called Baeyer strain) ass^)ciated wlfTTit. Figtire 3-14

shows that a plaiiar cyclobutane.Withlts^90"T)ond^ angles, is expected to have sig-

nificant angle strain.
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Figure 3-14

The ring strain of a planar

cyclobutane results from two

factors: Angle strain from the

compressing of the bond

angles to 90° rather than the

tetrahedral angle of 109.5°, and

torsional strain from eclipsing

of the bonds.

109.5°

tetrahedral

angle
19.5°

' angle

compression

Hh hh
Newman projection

of planar cyclobutane

In addition to this angle strain, the New man projection in Figure 3-14 shows

that the bonds are eclipsed, resembling the totally eclipsed conformation of bu-

tane (Section 3-7). This eclipsing of bonds gives rise to torsional straiii. Together,

the angle strain and the torsional strain add to give what we call the ring strain

of the cyclic compound . The amount of ring strain depends primarily oiTthe^size

of the ring.

Before we discuss the ring strain of different cycloalkanes, we need to con-

sider how ring strain is measured. In theory, we should measure the total amount of

energy in the cyclic compound and subtract the amount of energy in a similar, strain-

free reference compound. The difference should be the amount of extra energy due

to ring strain in the cyclic compound. These measurements are commonly made
using heats of combustion.

3-I2A Heats of Combustion

The heat of combustion is the amount of heat released when a compound is burned

with an excess of oxygen in a sealed container called a bomb calorimeter. If the com-

pound has extra energy as a result of ring strain, that extra energy is released in the

combustion. The heat of combustion is usually measured by the temperature rise in

the water bath surrounding the "bomb."

A cycloalkane can be represented by the molecular formula (CH2)„, so the

2eneral reaction in the bomb calorimeter is:

uCO. + nUp + /7(energy per CH,)

heat of combustion

cycloalkane. (CH,)„

The molar heat of combustion of cyclohexane is found to be nearly twice that

of cyclopropane, simply because cyclohexane contains twice as many methylene

(CHo) groups per mole. To compare the relative stabilities of cycloalkanes. we divide

the heat of combustion by the number of methylene (CH^) groups. The result is the

energy per CH2 group. These normalized energies allow us to compare the relative

amounts of ring strain (per methylene group) in the cycloalkanes.

Table 3-4 shows the heats of combustion for some simple cycloalkanes. The ref-

erence value of 157.4 kcal (659 kJ) per mole of CH^ groups comes from an un-

strained long-chain alkane. The values show large amounts of ring strain in

cyclopropane and cyclobutane. Cyclopentane, cycloheptane, and cyclooctane have
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TABLE 3-4 Heats of Combustion (Per Mole) for Some Simple Cycloalkanes

Molar Heal Heal of Conihuslion Rin\>, Slrain

Ring size Cycloalkane of Combustion per CH2 Group per CH2 Group Total Ring Strain

S) cyclopropane AQQ SH-W.o KLal 1 00.0 KLal _ / ,\J KLul ^ 1 1 NJ /

4 cyclobutane 655.9 kcal 164.0 kcal 6.6 kcal 26.4 kcal(llOU)

5 cyclopentane 793.5 kcal 158.7 kcal 1.3 kcal 6.5 kcal (27 kJ)

6 cyclohexane 944.5 kcal 157.4 kcal 0.0 kcal 0.0 kcal (0.0 kJ)

7 cycloheptane 1 108.3 kcal 158.3 kcal 0.9 kcal 6.3 kcal (26 kJ)

8 cyclooctane 1268.9 kcal 158.6 kcal 1.2 kcal 9.6 kcal (40 y)
reference: long-chain alkane 157.4 kcal 0.0 kcal 0.0 kcal (0.0 kJ)

much smaller amounts of ring strain, and cyclohexane has no ring strain at all. We
will discuss several of these rings in detail to explain this pattern of ring strain.

3-I2B Cyclopropane

The information in Table 3-4 shows that cyclopropane bears more ring strain per

methylene group than any of the other cycloalkanes. Two factors contributejp

this large ring strain. First is the angle strain required to compressjheJ)onc[jii-

gksjromjhe tetrahedral angle of 109.5° to the 60° angles of cyclopropane. The

bonding overlap of the carbon-carbon sp^ orbitals is weakened when the bond an-

gles differ so much from the tetrahedral angle. The sp^ orbitals cannot point di-

rectly toward each other, and they overlap at an angle to form weaker "bent bonds"

(Fig. 3-15).

Torsional strain is the second factor in cyclopropane's large ring_strain. The

three-membered ring is planar, and all the bonds are eclipsed. A Newman projection

of one of the carbon-carbon bonds (Fig. 3-16) shows that the conformation resem-

bles the totally eclipsed conformation of butane. The torsional strain in cyclopropane

is not as great as its angle strain, but it helps to account for the large total ring strain.

Cyclopropane is generally more reactive than other alkanes. Reactions that

open the cyclopropane ring release 27.6 kcal ( 1 15 kJ ) of ring strain, which provides

an additional driving force for these reactions.

PROBLEM 3-18

The heat of combustion of r/5-1.2-dimethylcyclopropane is larger than that of the trans iso-

mer. Which isomer is more stable? Use drawings to explain this difference in stability.

109.5° tetrahedral

angle

60° \ /' ^"8'^

compression

"bent bonds"

nonlinear overlap

4 Figure 3-15

Angle strain in cyclopropane.

The bond angles are

compressed to 60° from the

usual 109.5° bond angle of sp^

hybridized carbon atoms. This

se\ere angle strain leads to

nonlinear overlap of the sp^

orbitals and "bent bonds."
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Figure 3-16

Torsional strain in cyclopropane. All the carbon-carbon bonds are eclipsed, generating

torsional strain that contributes to the total ring strain.

3- 1 2C Cyclobutane

The total ring strain in cyclobutane is almost as great as that in cyclopropane, but

distributed over four carbon atoms. If cyclobutane were perfectly planar and

square, it would have 90° bond angles. A planar geometry requires eclipsing of all

the bonds, however, as in cyclopropane. To reduce this torsional strain, cyclobu-

tane actually assumes a slightly folded form with bond angles of 88°. These small-

er bond angles require slightly more angle strain thaii 90° angles, but the relief^of

some of the torsional strain appears to compensate for^ small increase in an^
stranr(Figr3^17).

PROBLEM 3-19

fra7!5-1.2-Dimethylcyclobutane is more stable than m-1.2-dimethylcyclobutane. but d5-l,3-

dimethylcyclobutane is more stable than rra/!.v-1.3-dimethylcyclobutane. Use drawings to

explain these observations.

slightly folded conformation Newman projection of one bond

Figure 3-17

The conformation of cyclobutane is slightly folded. Folding gives partial relief from the

eclipsing of bonds, as shown in the Newman projection. Compare this actual structure with

the hypothetical planar structure in Figure 3-14.
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"flap"

folded

upward
\

viewed

from

Newman projection

showing relief of

eclipsing of bonds

< Figure 3-18

The conformation of cyclopen-

tane is slightjy_folded. like the

shape of an envelope. This

puckered conformation reduces

the eclipsing of adjacen t CH^~
groups.

^

3- 1 2D Cyclopentane

If cyclopentane had the shape of a planar, regular pentagon, its bond angles would

be 108°, close to the tetrahedral angle of 109.5°. A planar structure would require all

the bonds to be eclipsed, however. Cyclopentane actually assumes a slightly puck-

ered "envelope" conformation that reduces the eclipsing and lowers the torsional

Strain (Tig. 3-18). This pucTcet^ed^TiapeTslnot fixed, but undulates by the thermalUp^

and-down motion of the five methylene groups. The "flap" of the envelope seems to

move around the rina as the molecule undulates.

We will cover the conformations of cyclohexanes in more detail than other cy-

cloalkanes, because cyclohexane-like ring systems are particularly common. Car-

bohydrates, steroids, plant products, pesticides, and many other important

compounds contain cyclohexane-like rings whose conformations and stereochem-

istry are critically important to their reactivity. The abundance of cyclohexane rings

in nature is probably due to both their stability and the selectivity offered by their

predictable conformations. The combustion data (Table 3-4) show that cyclo-

hexane has no ring strain. Cyclohexane must have bond angles that are near the

tetrahedral angle (no angle strain) and also have no eclipsing of bonds (no torsion-

al strain). A planar, regular hexagon would have bond angles of 120° rather than

109.5°, implying some angle strain. A planar ring would also have torsional strain

from eclipsing of the bonds on adjacent CHt groups. The cyclohexane ring clearly

cannot be planar.

3-13

Cyclohexane

Conformations

3- 1 3A Chair and Boat Conformations

The cyclohexane molecule achieves tetrahedral bond angles and staggered conforma-

tions by assuming a puckered confonnation. The mos t stable confomiation is the chair

conformation shown in Figure 3-19. Build a molecular model of cyclohexane, and

compare its shape with the drawings in Figure 3-19. In the_chair conformation, the an-

gles between the carbon -carbon_bonds are all 109.5°. The Newman projection look-

ing down the "seat" bonds shows that the bonds are all in staggered conformations.

The^ boat conformation^of cydohexane ( Fig.^-20) also has bond angles of

109.5°_atid_avpids angle strain . The boat conformation resembles theTIiarr confor-

mation except that the "footrest" methylene group is folded upward. The boat con-

formation suffers from torsional strain, however, because there is eclipsing of bonds.
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Figure 3- 1

9

The chair conformation of

cyclohexane has one meth-

ylene group pucliered upward

and another puckered down-

ward. Viewed from the

Newman projection, the chair

conformation has no ecHpsing

of the carbon -carbon bonds.

The bond angles are 109.5°.

chair conformation of cyclohexane

H H

chair conformation

H

H H
Newman projection

"flagpole"

hydrogens

boat conformation

of cyclohexane

symmetrical boat

Figure 3-20

In the symmetrical boat

conformation of cyclohexane.

eclipsing of bonds results in

torsional strain. In the actual

molecule, the boat conforma-

tion is skewed to give the twist

boat, a conformation with less

eclipsing of bonds and less

interference between the two

flagpole hydrogens.

eclipsed

Newman projection "twist" boat
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half-chair

4 c 6

chair

4 Figure 3-2

1

Coniormauonal energy of

cvclohexane. The chair confor-

marion is Ttiostjtable. followed

bv the m is.1 boat. To convert

benveen these tw o confonna-

tions. the molecule must pass

through the unstable half-chair

conformation.

This eclipsing forces tw o of the hydrogens on the ends of the "boat" to interfere

with each other. These hydrogens are called flagpole hydrogens because they point

UB\yard from the ends of the boat like two flagpoles. The second drawing in higure

3-20 uses a Newman projection of the carbon-carbon bonds along the sides of the

boat to show this eclipsing.

A cvclohexane molecule in the boat conformation actually exists as a slightly

skew ed tmst boat conformation, also show n in Figure 3-20. If you assemble \ our

molecular model in the boat conformation and t%vist it slightl>. the flagpole hxjro-

gens move away from each other and the eclipsing of the bonds is reduced. Even

though the twist boat is lower in energy than the symmetrical boat, it is still about

5.5 kcal/mol (23 kJ/mol I higher in energ\ than the chair conformation. \\"hen some-

one refers to the "boat conformation." the nx ist boat is often intended.

At an\ instant, most of the molecules in a c> clohexane sample are in chair con-

formations. The energy barrier beiw een the boat and chair is suftlciently low. how -

ever, that the conformations interconven many times each second. The intercom ersion

from the chair to the boat takes place by the footrest of the chair flipping upward and

forming the boat. The highest-energy point in this process is the conformation w here

the footrest is planar w ith the sides of the molecule. This unstable arrangement is

called the half-chair conformation. Figure 3-21 show s how the energy of cyclo-

hexane varies as it intercom erts ber\\ een the boat and chair forms.

3-I3B Axial and EquatorialPositions

If w e could freeze cyclohexane in the chair conformation, we would see that there are

uvo distinctiy different kinds of carbon-hydrogen bonds. Six of the bonds ( one on each

carbon atom ) are directed up and down, parallel to the axis of the ring. These are called

axial bonds. The other six bonds point out from the ring, along the "equator" of the ring.

These are called equatorial bonds. The axial bonds and h\ drogens are shown in red

in Figure 3-22. and the equatorial bonds and hydrogens are shown in green.

Each carbon atom in cyclohexane is bonded to two hydrogen atoms, one di-

rected upw ard and one dow nw ard. As the carbon atoms are numbered in Figure

3-22. CI has an axial bond upward and an equatorial bond downward. C2 has an

equatorial bond upward and an axial bond downw ard. The panem alternates. The
odd-numbered_cait>oiLatoms ha\ e a.xial bonds up and equatorial bonds down, like C 1

.

"

Ifre e\ en-numbered carbons ha\ e equatorial bonds up and axial bonds dow n, like C2.

TEs pattern of alternating axial and equatorial bonds is helpful for predicung the

conformations of substimted cyclohexanes. as w e see in Sections 3-13 and 3-14.

I
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Figure 3-22

The axial bonds are directed

vertically, parallel to the axis

of the ring. The equatorial

bonds are directed outward,

toward the equator of the ring.

As they are numbered here, the

odd-numbered carbons have

their upward bonds axial and

their downward bonds equato-

rial. The even-numbered

carbons have their downward

bonds axial and their upward

bonds equatorial.

equatorial

seen from the side seen from above

PROBLEM-SOLVING
Drawing Chair Conformations

Drawing realistic pictures of cyclohexane conformations is not difficult, but certain rules

should be followed to show the actual positions and angles of the substituents on the ring.

Make a cyclohexane ring with your models, put it in a chair conformation, and use it to

follow along with this discussion. When you hold your model at the angle that corre-

sponds to a drawing, the angles of the bonds in the model should correspond to the an-

gles in the drawing.

To draw the carbon-carbon bond framework, first draw two parallel lines, slight-

ly slanted and slightly offset. The atoms at the ends of these bonds lie in a plane, and

they define what will be the "armrests" of our chair.

Draw the headrest and footrest carbons, and draw the lines connecting them to the arm-

rests. The two lines connecting the headrest carbon should be parallel to the two lines con-

necting the footrest.

in back

in front
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Notice that the ciubon-caibon bond framework uses lines with only three different slopes,

labeled a, b, and c. Compare this drawing with your model, and notice the pairs of car-

bon-carbon bonds with three distinct slopes.

We can draw the chair with the headrest to the left and the footrest to the right, or vice

versa. Practice drawing it both ways.

Now fill in the axial and equatorial bonds. The axial bonds are drawn vertically, either up

or down. When a vertex of the chair points upward, its axial bond al.so points upward. If

the vertex points downward, its axial bond points downward. CI is a downward-point-

ing vertex, and its axial bond also points downward. C2 points upward, and its axial bond

points upward.

axis

I

I

The equatorial bonds take more thought. Each carbon atom is represented by a vertex

formed by two lines (bonds), having two of the possible slopes a, b. and c. Each equa-

torial bond should have the third slope; the slope that is not represented by the two lines

forming the \ ertex.

Look at your model as you add the equatorial bonds. The vertex CI is formed by lines of

slopes b and r, so its equatorial bond should have slope (/. The equatorial bond at C2
should have slope b. and so on. Notice the W- and M-shaped patterns that result when these

bonds are drawn coixectly.

PROBLEM 3-20

The cyclohexane chair drawn above has the headrest to the left and the footrest to the right.

Draw a cyclohexane chair with its axial and equatorial bonds, having the headrest to the

right and the footrest to the left.

PROBLEM 3-21

Draw 1.2.3.4.5.6-hexamethylcyclohexane with all the methyl groups

(a) in axial positions.

(b) in equatorial positions.
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3-14

Conformations of

Monosubstituted

Cyclohexanes

A substituent on a cyclohexane ring (in the chair conformation) can occupy either

an axial or an equatorial position. In many cases, the reactivity of the substituent de-

pends on whether its position is axial or equatorial. The two possible chair confor-

mations for methylcyclohexane are shown in Figure 3-23. These conformations are

in equilibrium, because they interconvert at room temperature. The twist boat serves

as an intermediate in this chair-chair interconversion, sometimes called a "ring-

flip." Place different-colored atoms in the axial and equatorial positions of your cy-

clohexane model, and notice that the chair-chair interconversion changes axial to

equatorial and equatorial to axia l.

The two chair conformations of methylcyclohexane interconvert at room tem-

perature, so the one that is lower in energy predominates. Careful measurements

have shown that the chair with thejTiethyl group in an equatorialjposition is the most

stable conformation. It is about 1.7 kcal/mol (7.1 kJ/mol) lower in energy than the

conformation with the methyl group in an axial position. Both of these chair con-

formations are lower in energy than any boat conformation. We can show how the

1.7 kcal energy difference between the axial and equatorial positions arises by ex-

amining molecular models and Newman projections of the two conformations. First,

make a model of methylcyclohexane and use it to follow this discussion.

Consider a Newman projection looking along the armrest bonds of the con-

formation with the methyl group axial (Fig. 3-24a): The methyl group is on CI, and

we are looking from CI toward C2. There is a 60° angle between the bond to the

methyl group and the bond from C2 to C3, and the methyl substituent and C3 are in

a gauche relationship. In our analysis of torsional strain in butane, we saw that a

gauche interaction raises the energy of a conformation by 0.9 kcal/mol (3.8 kJ/mol)

relative to the anti conformation. This axial methyl group is also gauche to C5, as you

will see if you look along the CI—C6 bond in your model. Figure 3-24b shows this

second gauche relationship.

axial

CH3 axial CH, equatorial

A Figure 3-23

Chair-chair interconversion of methylcyclohexane. The methyl group is axial in one

conformation, and equatorial in the other.
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7

oauche

gauche

H

H

H

CH:
. T aauche

H

H

H H
Newman projection

(a)

67 1

CH.

H H
Newman projection

(b)

H

H

Figure 3-24

(a) When the methyl substituent is in an axial position on CI. it is gauche to C3. ( bl The

axial methyl group on C 1 is also gauche to C5 of the ring.

The New man projection for the conformation w ith the methyl group equator-

ial show s that the methyl group has an anti relationship to both C3 and C5. Figure

3-25 show s the Newman projection along the CI—C2 bond, with the anti relation-

ship of the methyl group to C3.

PROBLEM 3-22

Draw a Newman projection, similar to Figure 3-25. down the CI to C6 bond in the equa-

torial conformation of methylcyclohexane. Show that the equatorial methyl group is also

anti to C5.

The axial methylcyclohexane conformation has two gauche interactions, each

representing about 0.9 kcal (3.8 kJ) of additional energ\ . The equatorial methyl group

H CH,

H^^-+^CH.^4^

H3C CH-

H H
Newman projection

A Figure 3-25

Looking dow n the CI—C2 bond of the equatorial conformation, we find that the methyl

group is anti to C3.
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Figure 3-26

The axial substituent interferes

with the axial hydrogens on C3
and C5. This interference is

called a 1,3-diaxial interaction.

H equatorial .

axial

C'-H

1, 3-diaxial interactions

equatorial

more stable by 1.7 kcal/mol (7.1 kJ/mol)

has no gauche interactions. We predict that the axial conformation is higher in en-

ergy by 1.8 kcal (7.6 kJ) per mole, in good agreement with the experimental value

of 1.7 kcal (7.1 kJ) per mole. Figure 3-26 shows that the gauche relationship of the

axial methyl group with C3 and C5 places the methyl hydrogens close to the axial

hydrogen s on these carbons, aiid Their electron cloilds begin to interfere. Thjs form

of steric hindrance is called a 1,3-diaxial interaction because it involves substituents

on the carbon atom that would be numbered C3 if the carbon bearing the methyl

group was numbered C 1 . These 1,3-diaxial interactions are not present in the equa-

torial conformation.

In most cases, a larger group has a larger energy difference between the axial

ajid^quatorial positions. This is because the 1,3-diaxial interaction shown in Figure

3-26 is stronger for larger groups. Table 3-5 shows the energy differences between

the axial and equatorial positions for several different alkyl groups and functional

groups. The axial position is higher in energy in each case.

PROBLEM 3-23

Table 3-5 shows that the axial -equatorial energy difference for methyl, ethyl, and isopropyl

groups increases gradually: 1.7. 1.8. and 2.1 kcal/mol (7.1, 7.5, and 8.8 kJ/mol). The t-

butyl group jumps to an energy difference of 5.4 kcal/mol (23 kJ/mol), over twice the value

for the isopropyl group. Draw pictures of the axial conformations of isopropylcyclohex-

ane and ?-butylcyclohexane, and show why the ?-butyl substituent experiences such a large

increase in axial energy over the isopropyl group.

PROBLEM 3-24

Draw the most stable conformation of

(a) ethylcyclohexane. (b) isopropylcyclohexane.

(c) r-butylcyclohexane.

TABLE 3-5 Energy Differences Between the Axial and Equatorial Conformations of Monosubstituted

Cyclohexanes

X

E{axial) — E(equatorial)

(kcal/mol) (kJ/mol)

F 0.2 0.8

CN 0.2 0.8

CI 0.5 2.1

Br 0.6 2.5

OH 1.0 4.1

COOH 1.4 5.9

CH, 1.7 7.1

CH,CH, 1.8 7.5

CH(CH,). 2.1 8.8

C(CH,), 5.4 23
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The steric interference between substituents in axial positions is particularly severe

when there are large substituents on two carbon atoms that bear a 1,3-diaxial rela-

tionship (cis on CI and C3. or CI and C5). Figure 3-27 shows the large 1,3-diaxial

interaction between the two methyl groups in the unfavorable diaxial conformation

of f/.v- 1 ,3-dimethylcyclohexane. The 1,3-diaxial interference is relieved when the

molecule flips to the diequatorial confonnation. Use your models to compare the

diaxial and diequatorial forms of c /.s- 1 ,3-dimethylcyclohexane.

diaxial—very unfavorable diequatorial— nuich more stable

Figure 3-27

Two chair conformations are possible tor (/.s'-l,3-dimethylcyclohexane. The unfavorable

confonTiation has both methyl groups in axial positions, with a 1,3-diaxial interaction

between them. The more stable conformation has both methyl groups in equatorial

positions.

3-15

Conformations of

Disubstituted

Cyclohexanes

Either of the chair conformations of ?/r//Kv-1.3-dimethylcyclohexane has one

methyl group in an axial position and one in an equatorial position. These confor-

mations have equal energies, and they are present in equal amounts.

Chair conformations of trans- 1,3-diinethylcyclohexane

axial

Now we can compare the relative stabilities of the cis and trans isomers of 1 ,3-

dimethylcyclohexane. The most stable con^formation of the_cis isomerJias both methyl

groups inequatorial pos i tions^^theiLCQnfprmat ion ofjthe trans isomer places one

methyl group in an a)dal position. TheJrans isomer is therefore higher i"n energy than

the cis isomer by about 1 .7 kcal/mol, the energy difference between axial and equa-

torial methyl groups. Remember that the cis and trans isomers cannot interconvert.

and there is no equilibrium between these isomers.

SOLVED PROBLEM 3-3

(a) Draw both chair conformations of (; w-l,2-dimethylcyclohexane, and detennine which

conformer is more stable.

( b) Repeat for the trans isomer.

(c) Predict which isomer (cis or trans) is more stable.
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PROBLEM-SOLVING HINT
If you number the carbons in a

cyclohexane, the odd-numbered

carbons are similar, as are the

even-numbered carbons. If the

odd-numbered carbons all have

their up bond axial and their

down bond equatorial, the even-

numbered carbons will all have

their down bond axial and their

up bond equatorial. For example,

CIS- 1, 3 (both up, both odd) will

be both axial or both equatorial.

CIS- 1,2 (both up, one odd, one

even) will be one axial, one

equatorial. This tip allows you to

predict the answers before you

draw them.

SOLUTION
(a) There are two chair conformations possible for the cis isomer, and these two confor-

mations interconvert at room temperature. Each of these conformations places one methyl

group axial and one equatorial, giving them the same energy.

axial

CH,

equatorial \-^-'\~-\—'CV{^ equatorial

same energy

(b) There are two chair conformations of the trans isomer that interconvert at room

temperature. One of these has both methyl groups axial, and the other has both equator-

ial. The diequatorial conformation is more stable because neither methyl group occupies

the more hindered axial position.

axial

H

higher energy (diaxial)

-....^^ ^ —% equatorial

-CH,

-A
equatorial

lower energy (diequatorial

)

H,C I

(c) The trans isomer is more stable. The most stable conformation of the trans iso-

mer is diequatorial and therefore about 1 .7 kcal/mol (7. 1 kJ/mol) lower in energy than ei-

ther conformation of the cis isomer, each having one methyl axial and one equatorial.

Remember that cis and trans are distinct isomers and cannot interconvert.

PROBLEM 3-25

(a) Draw both chair conformations of cis- 1 ,4-dimethylcyclohexane, and determine which

conformer is more stable.

(b) Repeat for the trans isomer.

(c) Predict which isomer (cis or trans) is more stable.

PROBLEM 3-26

Use your results from Problem 3-25 to complete the following table. Each entry shows the

positions of two groups arranged as shown. For example, two groups that are trans on ad-

jacent carbons (/ra/;.v-l,2) must be both equatorial (e.e) or both axial (a.a).

Positions cis trans

1,2 (e,a) or (a,e) (e,e) or (a,a)

1,3

1,4
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1

3-1 5A Substituents of Different Sizes

In many substituted cyclohexanes, the substituents are of different sizes. As shown

in Table 3-5 (p. 1 18), the energy difference between the axial and equatorial positions

for a larger group is greater than that for a smaller group. In general, if both groups

cannot be equatorial, the most stable confonnation has the larger group equatorial and

the smaller group axial.

SOLVED PROBLEM 3-4

Draw the most stable conformation of m/;).v-l-ethyl-3-niethylcyciohexane.

SOLUTION
First, we draw the two conformations.

axial

less stable more stable

Both of these conformations require one group to be axial while the other is equa-

torial. The ethyl group is bulkier than the methyl group, so the conformation with the

ethyl group equatorial is more stable. These chair conformations are in equilibrium at

room temperature, and the one with the equatorial ethyl group predominates.

PROBLEM 3-27

Draw the two chair conformations of each of the following substituted cyclohexanes. In each

case, label the more stable conformation.

(a) f/5-l-ethyl-2-methylcyclohexane (b) m//(.v- 1 -ethyl-2-methylcyclohexane

(c ) cis- 1 -ethyl-4-isopropylcyclohexane (d) tnins- 1 -ethyl-4-methylcyclohexane

PROBLEM-SOLVING
Recognizing Cis and Trans Isomers

Some students find it difficult to look at a chair conformation and tell whether a disub-

stituted cyclohexane is the cis isomer or the trans isomer, hi the following drawing, the

two methyl groups appear to be oriented in similar directions. They are actually trans but

are often mistaken for cis.

H
down

tniiis- 1 .2-dimethylcyclohexane

This ambiguity is eliminated by recognizing that each of the ring carbons has two

available bonds, one upward and one downward. In this drawing, the methyl group on

CI is on the downward bond, and the methyl on C2 is on the upward bond. Because one
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is on a downward bond and one on an upward bond, their relationship is trans. A cis re-

lationship would require both groups to be upward or both to be downward.

PROBLEM 3-28

Name the following compounds. Remember that two up bonds are cis; two down bonds

are cis; one up bond and one down bond are trans.

3- 1 SB Extremely Bulky Groups
Some groups are so bulky that they are extremely hindered in axial positions. Cy-

clohexanes with te rtia ry-bu\y\ substituents show that an axial r-butyl group is se-

verely hindered. Regardless of the other groups present, the most stable conformation

has a r-butyl group in an equatorial position. The following figure shows the severe

steric interactions in a chair conformation with a /-butyl group axial.

H
equatorial

,CH,

\ CH,

CH,
strongly preferred conformation

axial

extremely crowded

If two /-butyl groups are attached to the ring, both of them are much less hin-

dered in equatorial positions. When neither chair conformation allows both bulky

groups to be equatorial, they may force the ring into a twist boat conformation. For

example, c/5-1.4-di-r-butylcyclohexane (Fig. 3-28) is most stable in the twist boat.

f-butyl group moves out of the axial position twist boat

Figure 3-28

The most stable conformation of cis- 1 ,4-di-/-butylcyclohexane is a twist boat. Either of the

chair conformations requires one of the bulky /-butyl groups to occupy an axial position.
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PROBLEM 3-29

Draw the most stable conformation of

(a) cis- 1 -r-butyl-3-eth\lcyclohexane.

(b) rra/i5-l-f-butyl-2-meth>lcyclohexane.

(c) fra7i5-3-f-but}l-l-( l.l-dimethylpropyhcyclohexane.

Two or more nngs can be joined into bicxclic or polycyclic sx stems. There are three

ways that tw o nngs ma\ be joined. Fused rings are movt common, sharing tw o ad-

jacent carbon atoms and the bond between them. Bridged rings are also common,

sharing two nonadjacent carbon atoms (the bridgehead carbons i and one or more

carbon atoms i the bridge i between them. Spirocyclic compounds, in \\ hich the two

rings share onlv one carbon atom, are relati\el\ rare.

fused bicyclic bridged bicyclic spirocyclic

bridgehead

carbons

bicyclo[4.4.0]decane

(decalin)

bicyclo[2.2. 1 ]heptane

(norbomane

)

spiro[4.3]octane

3-1 6A Nomenclature of Bicyclic Alkanes

The name of a bicychc compound is based on the name of the alkane ha\ ing the

same number of carbons as there are in the ring system. This name follow s the pre-

fix bicyclo and a set of brackets enclosing three numbers. The follow ing examples

contain eight carbon atoms and are named bicyclo[4.2.0]octane and bicy-

clo[3.2. l]octane. respectively.

four-carbon

bridge

zero-carbon bridge

uvo-carbon

bridge
tu o-carbon

bridse

one-carbon bridae

three-carbon

bridse

bicyclo[4.2.0]octane bicyclo[3.2. 1 ]octane

All fused and bridged bicyclic systems have three bridges connecting the two

bridgehead atoms (red circles) where the rings connect. The numbers in the brack-

ets give the number of carbon atoms in each of the three bridges connecting the

bridsehead carbons, in order of decreasins size.

3-16

Bicyclic Molecules

PROBLEM 3-30

Name the following compounds,

(a) (b) (c)0
3-I6B c/s- and trans-Decaiin

Decalm i bicyclo[4.4.Ujdecane) is the most common example of a fused ring sys-

tem. Tw o geometric isomers of decalin exist, as show n in Figure 3-29. One has the

rings fused using two cis bonds, while the other is fused using two trans bonds. You
should make a model of decalin to follow this discussion.
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If we consider the left ring in the drawing of r/.s-decalin. the bonds to the right

ring are both directed downward (and the attached hydrogens are directed upward).

These bonds are therefore cis. and this is a cis ring fusion. In rra/i.s^-decalin. one of

the bonds to the right ring is directed upward and the other downw ard. These bonds

are trans, and this is a trans ring fusion. The six-membered rings in both isomers as-

sume chair conformations, as shown in Figure 3-29.

The conformation of r/5-decaHn is somew^hat flexible, while thetrans isomer
is_guitejTgid. If one of the rings in the trans isomer did a chair-chair interconver-

sion. the bonds to the second ring w ould both become axial and would be directed

180° apart. This is an impossible conformation, and it prevents any chair-chair in-

terconversion in rn//;5-decalin.

PROBLEM 3-31

Use your models to do a chair-chair interconversion on each ring of the conformation of

t /.s-decalin shown in Figure 3-29. Draw the confonnation that resuhs.

Glossary

Chapter 3 acvclic Not cyclic, (p. 104)

alkane A hydrocarbon having only single bonds: a saturated hydrocarbon; general for-

mula: C;H.J_. . (p. 83)

alkyi group The group of atoms remaining after a hydrogen atom is remo\ed from an

alkane: an alkane-like substituent. Symbolized by R. (p. 87)

angle strain or Baeyer strain The strain associated with compressing bond angles to

smaller (or larger) angles, (p. 107)

anti conformation A conformation with a 180° dihedral angle betw een the largest groups.

Usually the lowest-energy confonnation. (p. 102)

aromatic hydrocarbon A hydrocarbon having a benzenelike aromatic ring. (p. 84)

axial bond One of six bonds (three up and three down) on the chain confonnation of the cy-

clohexane ring that are parallel to the "axis" of the ring. (p. 113)
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bridged bicyclic compound A compound containing two rings joined at nonadjacent car-

bon atoms.
(
p. 1 23

)

bridged bicyclic systems (bridgeheads circled)

bridgehead carbons The carbon atoms shared b\ two or more rings. Three chains of carbon

atoms (bridges) connect the bridgeheads. ( p. 123)

catalytic cracking The heatmg of large alkanes over a catalyst to cleave them into smaller

molecules. (
p. 95 i

chair-chair interconversion (ring-flip) The process of one chair conformation of a cy-

clohexane flipping into another one. w ith all of the a.xial and equatorial positions re\ ersed. The

boat conformation is an intermediate for the chair-chair interconversion. (p. 116)

chair (methyls a.\ial) boat chair (methyls equatorial)

cis-trans isomers (geometric isomers) Stereoisomers that differ only with respect to their

cis or trans arrangement on a ring or double bond. (p. 106)

cis Having two similar groups directed toward the same face of a ring or double bond.

trans Ha\ ing tw o similar groups directed tow ard opposite faces of a ring or double bond.

H H H CH, HjC CH, H CH,

c/5-2-butene f;-a/;5-2-butene cis- 1 .2-dimethylcyclopentane trans- 1 .2-dimethylcyclopentane

combustion .A rapid o.xidation at high temperatures in the presence of air or oxygen.
( p. 96)

common names The names that ha\ e developed historically, generally with a specific name
for each compound: also called trivial names, (p. 86)

conformational analysis The study of the energetics of different conformations, (p. 100)

conformations or conformers Structures that are related b\ rotations about single bonds. In

most cases, confonnations intercom ert at room temperature, and they are not true isomers,

(p. 98)

totally eclipsed conformation gauche conformation anti conformation
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conformations of cyclohexane (p. Ill)

llagpolc hydrogens

H "\ H

chair half-chair boat twist boat

chair conformation The most stable conformation of cyclohexane, with one part puck-

ered upward and another part puckered downward.

boat conformation The less stable puckered conformation of cyclohexane, with both

parts puckered upward. The most stable boat is actually the twist boat for simply twist)

conformation. Twisting minimizes torsional strain and steric strain,

flagpole hydrogens Two hydrogens in the boat conformation point upward like flagpoles.

The twist boat reduces the steric repulsion of the flagpole hydrogens,

half-chair conformation The unstable conformation halfway between the chair confor-

mation and the boat conformation. Part of the ring is flat in the half-chair conformation,

constitutional isomers (structural isomers) Isomers whose atoms are connected differ-

ently; they differ in their bonding sequence.

cracking Heating large alkanes to cleave them into smaller molecules, (p. 97)

cyclic Containing a ring of atoms, (p. 104)

cycloalkane An alkane containing a ring of carbon atoms; general formula: C„H2„. (p. 104)

degree of alkyi substitution The number of alkyl groups bonded to a carbon atom in a com-

pound or in an alkyl group, (p. 88)

H H R R

R—C—H R—C—H R—C—H R— C—

R

H R R R

primary (1°) secondary (2°) tertiary (3°) quaternary (4°)

carbon atom carbon atom carbon atom carbon atom

1,3-diaxial interaction The strong steric hindrance between two axial groups on cyclohexane

carbons with one carbon between them. (p. 117)

dihedral angle i d) (see also conformations) The angle between two specified groups in a

Newman projection, (p. 99)

eclipsed conformation Any conformation with bonds directly lined up with each other, one

behind the other in the Newman projection. The conformation with 0 = 08 is an eclipsed

conformation, (p. 99)

equatorial bond One of the six bonds (three down and three up) on the cyclohexane ring that

are directed out toward the "equator" of the ring. The equatorial positions are shown below

in green, (p. 113)

axis

axial bonds in red; equatorial bonds in green
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fused ring system A molecule in u hicli two or more rings share two adjacent carbon atoms,

(p. 123)

fused rinii svstems

gauche conformation A conformation with a 60' dihedral angle between the largest groups,

(p. 102)

geometric isomers See cis-trans isomers, the lUPAC term. (p. 106)

halogenation The reaction of alkanes u ith halogens, in the presence of heat or light, to give

products \\ ith halogen atoms substituted for hydrogen atoms.
( p. 97)

R— H + X; > R—X + HX X = F. CI. Br

heat of combustion The heat given off when a mole of a compound is burned with excess

oxygen to give CO; and H;0 in a bomb calorimeter. A measure of the energy content of a mol-

ecule, (p. 108)

homologs Two compounds that differ only by one or more —CH;— groups, (p. 84)

hydrocracking Catalytic cracking in the presence of hydrogen to give mixtures of al-

kanes. I p. 97)

hydrophilic .Attracted to water; soluble in w ater.

hydrophobic Repelled by water: insoluble in water, (p. 92)

lUPAC names The systematic names that follow the rules adopted by the International Union

of Pure and Applied Chemistry, (p. 86)

kerosene A thin, volatile oil distilled from petroleum, with a boiling range higher than that

of gasoline and lower than that of diesel fuel. Kerosene was once used in lanterns and heaters,

but now most of this petroleum fraction is more highly refined for use as jet fuel. (p. 95)

methine group The —CH— group,

methylene group The —CH;— group, (p. 83)

methyl group The —CH, group, (p. 87)

n-alkane, normal alkane, or straight-chain alkane An alkane with all its carbon atoms in

a single chain, with no branching or alkyl substituents. (p. 85)

Newman projections A way of drawing the conformations of a molecule by looking straight

down the bond connecting two carbon atoms.
( p. 99)

1 80° dihedral angle

a Newman projection of butane in the anti conformation

octane number A rating of the antiknock properties of a gasoline blend. Its octane number
is the percentage of isooctane (2.2,4-trimethylpentane) in an isooctane/heptane blend that

begins to knock at the same compression ratio as the gasoline being tested, (p. 94)

paraffins Another term for alkanes. (p. 96)

ring strain The extra strain associated w ith the cyclic structure of a compound, as compared
with a similar acyclic compound. Composed of angle strain and torsional strain, (p. 108)

angle strain or Baeyer strain: The strain associated with compressing bond angles to

smaller (or larger) angles.

torsional strain: The stram associated with eclipsing of bonds in the ring.



128 Chapter 3: Structure and Stereochemistry of Alkanes

saturated Having no double or triple bonds, (p. 83)

sawhorse structures A way of picturing conformations by looking down at an angle toward

the carbon-carbon bond. (p. 99)

skew conformation Any conformation that is not precisely staggered or eclipsed, (p. 99)

spirocyclic compounds Bicyclic compounds in which the two rings share only one carbon

atom. (p. 123)

staggered conformation Any conformation with the bonds equally spaced in the Newman
projection. The conformation with 0 - 60° is a staggered conformation, (p. 99)

steric hindrance or steric strain The interference between two bulky groups that are so

close together that their electron clouds experience a strong repulsion, (p. 103)

structural isomers See constitutional isomers, the lUPAC term,

substituent A side chain or appendage on the main chain, (p. 86)

systematic names Same as lUPAC names, the names that follow the rules adopted by the In-

ternational Union of Pure and Applied Chemistry, (p. 86)

torsional energy or conformational energy The energy required to twist a bond into a spe-

cific conformation, (p. 100)

torsional strain The resistance to twisting about a bond. (p. 100)

totally eclipsed conformation A conformation with a 0° dihedral angle between the largest

groups. Usually the highest-energy conformation, (p. 102)

ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 3

1. Explain and predict trends in physical properties of alkanes.

2. Correctly name alkanes, cycloalkanes, and bicyclic alkanes.

3. Given the name of an alkane, draw the structure and give the molecular formula.

4. Compare the energies of alkane conformations and predict the most stable con-

formation.

5. Compare the energies of cycloalkanes and explain ring strain.

6. Identify and draw cis and trans stereoisomers of cycloalkanes.

7. Draw accurate cyclohexane conformations, and predict the most stable conformations

of substituted cyclohexanes.

H
eclipsed conformation of ethane staggered conformation of ethane

Study Problems
3-32. Give a definition and an example for each term.

(a) alkane (b) alkene

(d) saturated (e) hydrophobic

(g) hydrophilic (h) /;-alkane

(j) methyl group (k) common name

(m) conformers (n) eclip.sed

(p) staggered (q) gauche

(s) an acyclic alkane (t) cis-trans isomers on a ring

(v) boat conformation (w) twist boat

(y) axial position (z) equatorial position

(c) alkyne

(f) aromatic

(i) methylene group

(I) systematic name

(o) Newman projection

(r) anti conformation

(u) chair conformation

(x) half-chair conformation

(A) catalytic cracking
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(B) chair-chair interconversion (C) fused ring system (D) bridged bicyclic compound

(E) bridgehead carbon atoms (F) combustion

\\ hich of the following Lewis structures represent the same compound ? W hich ones represent different com-

pounds'.^

H H H H H CH,

H-

CH, CH
,

C—C—H H-

H H

H CH,
I I

C—C—

H

CH, H

CH,

(b) 4-isopropyldecane

(d) 2.3-dimethyl-4-propylnonane

(f ) trans- 1 .3-diethylcyclopentane

(h) isobutylcyclopentane

(j) pentylcyclohexane

H

Draw the structure that corresponds with each name

(a) 3-ethyloctane

(c) it'f-butylcycloheptane

(e) 2.2.4.4-tetramethylhexane

(g) cis- 1 -ethyl-4-methylcyclohexane

(i) r-butylcyclohexane

(k) cyclobutylcyclohexane

Each of the following descriptions applies to more than one alkane. In each case. drav\ and name two structures

that match the description.

(a) a methylheptane (b) a diethyldecane (c) a c/i-diethylcycloheptane

(d) a rra/!5-dimethylcyclopentane (e) a (2.3-dimethylpentyl)cycloalkane

Write structures for a homologous series of alcohols (R—OH) having from one to six carbons.

Give the lUPAC names of the following alkanes.

(a) CH,C(CH,i-CH(CH,CH,iCH-CH~CH(CH;). (b) CH.CH-—CH—CH-CH-—CH—CH,------ -

I

- -

\

CH,CHCH, CH CHCH

(e)

CH;CH,

(d)

(g)

CH,

CH;

CHXH;

C(CH,CH3)3 CH,CH,

(h)

CH^HXH,
CH(CH.),

Draw and name eight isomers of molecular formula Cj,H;s •

The follow ing names are all incorrect or incomplete, but they represent real structures. Draw each structure and

name it correctly.

(a) 2-ethylpentane (b) 3-isopropylhexane (c) 4-methylhexane

(d) 2-dimethylbutane (e) 2-cyclohexylbutane (f ) 2.3-diethylcyclopentane
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3-40. In each pair of compounds, which compound has the higher boiHng point? Explain your reasoning.

(a) octane or 2,2, 3-trimethylpentane (b) heptane or 2-methylnonane (c) 2,2,5-trimethylhexane or nonane

3-41. There are eight different five-carbon alky! groups.

(a) Draw them.

(b) Give them systematic names.

(c) In each case, label the degree of substitution
(
primary, secondary, or tertiary) of the head carbon atom, bond-

ed to the main chain.

3-42. Use a Newman projection, about the indicated bond, to draw the most stable conformer for each compound.

(a) 3-methylpentane about the C2—C3 bond

(b) 3.3-dimethylhexane about the C3—C4 bond

3-43. (a) Draw the two chair conformations of ra-l ,3-diinethylcyclohexane, and label all the positions as axial or

equatorial.

(b) Label the higher-energy conformation and the lower-energy conformation.

(c) The energy difference in these two conformations has been measured as about 5.4 kcal (23 kJ ) per mole.

How much of this energy difference is due to the torsional energy of gauche relationships?

(d) How much energy is due to the additional steric strain of the 1,3-diaxial interaction?

3-44. Draw the two chair conformations of each compound, and label the substituents as axial and equatorial. In each

case, determine which conformation is more stable.

(a) c/.v-l-ethyl-2-isopropylcyclohexane (b) rA-««5-l-ethyl-2-isopropylcyclohexane

(c) m-l-ethyl-3-methylcyclohexane (d) ?ra«^-l-ethyl-3-methylcyclohexane

(e) cis- 1 -ethyl-4-methylcyclohexane

3-45. Using what you know about the conformational energetics of substituted cyclohexanes, predict which of the two

decalin isomers is more stable. Explain your reasoning.

3-46. The most stable form of the common sugar glucose contains a six-membered ring in the chair conformation with

all the substituents equatorial. Draw this most stable conformation of glucose.

glucose
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The Study of

Chemical Reactions

The most interesting and useful aspect of organic chemistry is the study of reactions.

We cannot expect to remember all the thousands of specific organic reactions, but we

can use some basic principles to organize the reactions into logical groups and sim-

plify the learning process. We begin our study by considering the halogenation of

alkanes. a relatively simple reaction that takes place in the gas phase, without a sol-

vent to complicate the reaction. In practice, alkanes are so unreactive that they are

rarely used as starting materials for most organic syntheses. We begin with them be-

cause we have already studied their structure and properties, and their reactions are

relatively uncomplicated. Once we have used alkanes to develop the tools for study-

ing reactions, we will apply those tools to a wide variety of more useful reactions.

A reaction equation, with the reactants on the left and the products on the right,

is only the first step in our study of a reaction. If we truly want to understand a re-

action, we must also know the mechanism, the step-by-step pathway from reactants

to products. To know how well the reaction goes to products, we study its thermo-

dynamics, the energetics of the reaction at equilibrium. The amounts of reactants and

products present at equilibrium depend on their relative stabilities. Even though the

equilibrium may favor the formation of a product, this does not mean the reaction will

take place at a useful rate. To use a reaction in a realistic time period (and to keep

the reaction from becoming violent), we study its kinetics, the variation of reaction

rates with different conditions and concentrations of reagents.

The reaction of methane w ith chlorine produces a mixture of chlorinated products,

whose composition depends on the amount of chlorine added and also on the reac-

tion conditions. Either light or heat is needed for the reaction to take place at a use-

ful rate. The first reaction with chlorine is the following:

4-1

Introduction

4-2

Chlorination of

Methane

H H

H—C—H + CI— CI
heat or light

H—C— CI + H— CI

H
methane chlorine

H
chloromethane

(methyl chloride)

hydrogen

chloride

131
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This reaction may continue; heat or light is needed for each step:

H C! CI CI

I CI, I CI, I CI, I

H—C— CI — H—C— CI CI—C— CI —--^ CI—C— Ci

I I I I

H H H CI

+ HCl + HCl + HCl

This sequence raises several questions about the chlorination of methane. Why
is heat or light needed for the reaction to go? Why do we get a mixture of products?

Is there any way to modify the reaction to get just one pure product? Are the ob-

served products formed because they are the most stable products possible? Or are

they favored because they are formed faster than any other products?

We will answer these questions, but first we must understand three aspects of

the reaction: the mechanism, the thermodynamics, and the kinetics.

1. The mechanism is the complete, step-by-step description of exactly which

bonds break and which bonds form in what order to give the observed

products.

2. Thermodynamics is the study of the energy changes that accompany chemi-

cal and physical transformations. It allows us to compare the stability of reac-

tants and products and predict which compounds are favored by the equilibrium.

3. Kinetics is the study of reaction rates, determining which products are formed

Jastest. Kinetics also helps to predict how the rate will change if we change the

reaction conditions.

We will use the chlorination of methane to show how we study a reaction. Be-

fore we can propose a detailed mechanism for the chlorination, we must learn every-

thing we can about how the reaction works and what factors affect the reaction rate

and the product distribution.

A careful study of the chlorination of methane has established three important

characteristics:

1. The chlorination does not occur at room temperature in the absence of light. The

reaction begins when light falls on the mixture or when it is heated. Therefore,

we know this reaction requires some form of energytouiitiate^ it.

2. The most effective wavelength of light is a blue color that is strongly absorbed

by chjorine gas. This finding implies that light is absorbed by the chlorine mol-

ecule, activating chlorine so that it initiates the reaction with methane.

3. The light-initiated reaction has a high quantum yield. This means that many

molecules of the produc^are formed for every photon of light absorbed. Our

fnechanism must explain how hundreds of individual reactions of methane with

chlorine result from the absorption of a single photon by a single molecule of

chlorine.

4-3 A chain reaction rnechanism has been proposed to explain the chlorination of

The Free-Radical
methane. A chain reaction consists of three kinds of steps:

Chain Reaction !• The initiation step, which generates a reactive intennediate

2. Propagation steps, in which the reactive intermediate reacts w^thji stable^mol-

ecule to form another reactive intermediate, allowing the chain to continue
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until the supply of reactants is exhausted or the reactive intermediate is

destroyed

3. Termination steps, side reactions that destroy reacti\ e intermediates and tend

to slow or stop the reaction

In stud\ ing the chlorination of methane, w e u ill consider just the first reaction

to form chloromethane (common name methxl chloride). This reaction is a substi-

tution: Chlorine does not add to methane, hut a chlorine atom substitutes for one of

the hydrogen atoms, u hich appears in the HCl by-product.

H

^ heat or light (M^ H-C^ + (H^Cl

H
chlorine chloromethane

(methyl chloride)

4-3A The Initiation Step: Generation of Radicals

Blue light, absorbed by chlorine but not by methane, promotes this reacfion. There-

fore, initiation probably results from the absorption of h^ht by a molecule of chlo-

rine. Blue light has about the right energy required to split a chlorine molecule (CI)

into two chlorine atoms (58 kcal/mol).* The splitting of a chlorine molecule by the

absorption of a photon of light is shown belou . Notice the fishhook-shaped half-ar-

rows used 10 show the mo\ ement of single unpaired electrons. Just as we use curved

arrow s to represent the movement of electron pairs, w e use these half-arrow s to rep-

resent the mo\ ement of single unpaired electrons. These half-arrow s show that the

two electrons in the CI— CI bond separate, and one lea\ es w ith each chlorine atom.

:C1;C1: + photon (/h-) > -C}- + C}-

This^ initiation step produces two highly reactive chlorine atom s. A chlorine

atom is an example of a reactive intermediateiji short-li\ ed species that is never

present injiigh coiiceiitration because i t reacts as quickh as it is forme^. Each CI-

atom has an odd number of valence electrons (seven), one of w hich is unpaired. The
unpaned electron is called the otld electron or the radical electron. Species w ith un-

paired electrons are called radicals or free radicals. Radicals are electron-deficient

because they lack an octet. The odd electron readih combines w ith an electron in an-

other atom to complete an octet and form a bond.

Figure 4- 1 shows the Lewis structures of some free radicals. Radicals are often

represented by a staicture with a single dot representing the unpaired odd electron.

Lewis structures

Written

Br-

CI- Br-

chlorine atom bromine atom

H:0-

HO-
h\ droxvl radical

H
H:C-

H

CH3-

methyl radical

HH
H:C:C-

H H

CH3CH2-
ethvl radical

Figure 4-1

Free radicals are reactive

species with odd numbers of

electrons. The unpaired elec-

tron is represented b) a dot in

the formula.

*The energy of a photon of light is related to its frequency I'by the relationship £ = hv. where li is Planck's

constant. Blue light has an energy of about 60 kcal (250 kJ ) per einstein (an einstein is a mole of photons).
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PROBLEM 4-1

Draw Lewis structures for the following free radicals.

(a) the //-propyl radical, CH3—CH,— CHt
(b) the r-butyl radical. (CH3)3C-

(c) the isopropyi radical

(d) the iodine atom

/

4-3 B The Propagation Steps

When a chlorine radical collides with a methane molecule, it abstracts (removes) a

hydrogen atom from methane. One of the electrons in the C—H bond remains on

carbon, while the other combines with the odd electron on the chlorine atom to form

the H— CI bond.

EirstMropa^ation step

H ^ H

H—C—H + CI- > H— C- + H—CI

H H
methane chlorine atom methyl radical hydrogen chloride

This step forms only one of the final products: the molecule of HCl. A later

step must form chloromethane. Notice that the first propagation step begins with

one free radical (the chlorine atom) and produces another free radical (the methyl

radical). The regeneration of a free radical is characteristic of a propagation step

of a chain reaction. The reaction can continue because another reactive intermediate

is produced.

In the second propagation step, the methyl radical reacts with a molecule of

chlorine to form chloromethane. The odd electron of the methyl radical combines with

one of the two electrons in the CI— CI bond to give the CI—CH, bond, and the

chlorine atom is left with the odd electron.

Second propagathn_ step _

H /—

H

> H—C—CI + CI-

H H
methyl radical chlorine molecule chloromethane chlorine atom

In addition to forming chloromethane, the second propagation step produces

another chlorine atom. The chlorine atom can react with another molecule of methane,

giving HCl and a methyl radical, which reacts with Ch to give chloroinethane and

regenerate yet another chlorine atom. In this way, the chain reaction continues until

the supply of the reactants is exhausted or some other reaction consumes the radical

intermediates. The chain reaction explains the formation of many molecules of methyl

chloride and HCl by each photon of light that is absorbed. We can summarize the re-

action mechanism:



4-3 The Free-Radical Chain Reaction 135

Initiation

CI— CI + /7V (light) 2 CI'

Propagation

H
I

H—C—

H

H

H
I

H— C- +
I

H

+ CI

CI— CI

Overall reaction

H

H— C— H + CI— CI

H

H
I

H— C- + H— CI

H

H
1

H—C— CI + CI

I

H

H
I

H—C— CI + H-

H

continues

the chain

CI

Notice that the overall reaction is simply the sum of the propagation steps.

PROBLEM 4-2

(a) Write the propagation steps leading to the formation of dichloromethane (CH^Ch)
from chloromethane.

(b) Explain why free-radical halogenation usually gives mixtures of products.

(c) How could an industrial plant control the proportions of reactants to favor production

of CCl4?TofavorCH,Cl?

4-3C Termination Reactions

If anything happens to consume some of the free-radical intermediates without gen-

erating new ones, the chain reaction will slow or stop. Therefore, the most important

side reactions in a chain reaction are the ones that consume free radicals. Such a side

reaction is called a termination reaction: a step that produces fewer reactive inter-

mediates (fi;ee imiicals) than it consumes. The following are some of the possible ter-

mination reactions in the chlorination of methane:

H

H— C- + CI'

H

CI + CI

H

H— C-

H

H

C—

H

H

H
I

H— C— CI

I

H

CI— CI

H H

H—C—C—

H

H H
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' H

H— C- collides with wall

H

CI • collides with wall

\

Combination of any two free radicals is a termination step because it decreas-

es the number of free radicals. Other termination steps involve reactions of free rad-

icalsjj/ith the walls of the vessel or other contaminants. One might object that the first

of these termination steps actually gives chloromethane, one of the products. Still,

this step consumes the free radicals that are necessary for the reaction to continue,

thus breaking the chain. Its contribution to the amount of product obtained from the

reaction is small in comparison to the contribution of the propagation steps.

While a chain reaction is in progress, the concentration of radicals is very low.

The probability that two radicals will combine in a termination step is lower than the

probability that each will encounter a molecule of reactant and give a propagation

step. The termination steps become important toward the end of the reaction, when

there are relatively few molecules of reactants available. At this point, the free rad-

icals are less likely to encounter a molecule of reactant than they are to encounter each

other (or the wall of the container). The chain reaction quickly stops.

PROBLEM 4-3

Each of the following proposed mechanisms for the free-radical chlorination of methane is

wrong. Explain how the experimental evidence disproves each mechanism.

(a) CK + /7v CI* (an "activated" fonn of CI.)

Cf* + CH4 HCl + CH,C1

(b) CH4 + hv CH,- + H-

CH,- + CI. CH3CI + CI-

CI- + H- -> HCl

PROBLEM 4-4

Free-radical chlorination of hexane gives very poor yields of 1-chlorohexane. while cyclo-

hexane can be converted to chlorocyclohexane in good yield.

(a) How do you account for this difference?

(b) What ratio of reactants (cyclohexane and chlorine) would you use for the synthesis of

chlorocyclohexane?

PROBLEM-SOLVING HINT

In a free-radical chain reaction,

Initiation steps generally create

new free radicals. Propagation

steps usually combine a free

radical and a reactant to give a

product and another free

radical. Termination steps

generally decrease the number

of free radicals.

4-4 Now that we have determined a mechanism for the chlorination of methane, we can

r .1.1 • consider the energetics of the individual steps. Let's begin by reviewing some of the
bquilibrium . , a Af .u- a-T principles needed for this discussion.

Constants and Thermodynamics is the branch of chemistry that deals with the energy changes

Free Energy accompanying chemical and physical transformations. These energy changes are

most useful for describing the properties of systems at equilibrium. Let's review how

energy and entropy variables describe an equilibrium.

The equilibrium concentrations of reactants and products are governed by the

equilibrium constant of the reaction. For example, if A and B react to give C and

D, then the equilibrium constant K^^ is defined by the following equaUon:
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A B

^ _ [products]

^'^
[reactants]

C + D

[C][D]

[A][B]

The value of K^^^ tells us the position of the equilibrium: whether the products

or the reactants are more stable, and therefore energetically favored. If^AgyJsJarge£

than l,^he reaction is favoxed as written from left tonight.. IQC-g is less than l^^e
reverse reaction is favored (from right to left as written).

The chlorination of methane has a large equilibrium constant of about 1.1 X 10'^.

CH4 + CI, CH3CI + HCl

[CH3C1][HC1]
K,eq

[CH4][C1,]
= 1.1 X 10'

The equilibrium constant for^hlorination is so large th^j the remaining amounts of the

reactants are closejo zero_at__equilibrium. Such a reaction is said to go to completion,

and the value of K^^ is a measure of the reaction's tendency to go to completion.

From the value ofA"^^ we canjcalculate the change in free energy (sometimes

called Gibbs free energy) that accompanies the reaction. Free energy is represent-

ed by G. and the change (A) in free energy associated with a reaction is represented

by AG. the difference betw een the free energy of the products and the free energy of

the reactants.

I

AG = (free energy of products) — (free energy of reactants)

j

If the energy levels of the products are low er than the energy levels of the reactants

(a "downhiTr" reaction), then the reaction is energeticalK fa\ored; and this equation

gives a. negative value of AG. corresponding to a decrease in the energy of the system.

The standard Gibbs free energy change AG" is most commonly used. The

symbol ° designates a reaction involving reactants and products in their standard

states (pure substances in their most stable states at 25°C and 1 atm pressure). The

relationship between AG" and K^^ is given by the expression

^eq =
I

or conversely, by

I^G' = -/?7(]nA;
^j

= -2.303/?r(log,o A,^)

where

R = 1.987 cal/kelviiwnol (8.314 J/kelvin-mol). tĥ gas constant

T — a^bsohotejeiBperature, in kelvins

e — 2.718. the base of natural logarithms

The valug of RT at 25°C is about 0.592 kcal/mol (2.48 kJ/mol).

The formula shows that a reacjdorus^favored (^^g > 1 )i|ithasajiggan"vg value

of AG° (energy is released). A reaction that has a positive value of AG° (energy must

beadded) is an unfavorable reaction. These predictions agree with our intuition that

reactions should go from higher-energy states to lower-energy states, w ith a net de-

crease in free energy.
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SOLVED PROBLEM 4-1

Calculate the \ aiue of AC" for the chlorination of methane.

SOLUTION

AG°= -2.303/?7-(logA:e<,)

K^^ for the chlorination is 1.1 X 10'^ and log K^^ = 19.04

At 25°C (about 298°K), the value of RT is

RT = (1.987 cal/kelvin-mol)(298 kelvins) = 592 cal/mol, or 0.592 kcal/mol

Substituting, we have:

\G° - (- 2.303X0.592 kcal/mol)(19.04) = -25.9 kcal/mol (- 108.2 kJ/moI)

This is a large negative value for \G\ showing that this chlorination has a large

driving force that pushes it toward completion.

In general, a reaction goes nearly to completion 099 percent) for values of AG°
that are more negative than about -3.0 kcal. Table 4-1 shows what percentages of

the starting materials are converted to products at equilibrium for reactions with var-

ious values of AG°.

PROBLEM 4-5

The following reaction has a value of AG° = —0.50 kcal/mol (
— 2.1 kJ/mol).

CH,Br -r H;S CHjSH - HBr

(a) Calculate K^^ at room temperature (25'C) for this reaction as written.

(b) Starting with a 1 M solution of CH^Br and H.S. calculate the final concentrations of

all four species at equilibrium.

PROBLEM 4-6

At room temperature (25°C). the reaction of two molecules of acetone to form diacetone al-

cohol proceeds to an extent of about 5 percent. Determine the \ alue of AG° for this reaction.

O O OH
II -OH II I

2CH3—C—CH, c ^ CHj—C—CH,— C(CH3),

acetone diacetone alcohol

TABLE 4-1 Product Composition as a Function of AG° at 25°C

AG^ K = e-^'' Conversion To Products

+ 1.0 kcal/mol ( + 4.2 kJ/mol) 0.18 15%
+ 0.5 kcal/mol ( + 2.1 kJ/mol) 0.43 30%
0.0 kcal/mol (0.0 kJ/mol) 1.0 50%

-0.5 kcal/mol (-2.1 kJ/mol) 2.3 70%
-1.0 kcal/mol (-4.2 kJ/mol) 5.4 84%
-2.0 kcal/mol (-8.4 kJ/mol) 29 - 97%
-3.0 kcal/mol (-13. kJ/mol) 159 99.4%

-4.0 kcal/mol (-17. kJ/mol) 860 99.88%
-5.0 kcal/mol (-21. kJ/mol) 4660 99.98%
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Two factors contribute to the change in free energy: the change in enthalpy and the 4-5
change in entropy multiplied by the temperature. Enthalpy and

' AG° = - T\s°"\ Entropy

AG° = change in free energy = (free energy of products ) — (free energy of reactants)

1H° = change in enthalpy = (enthalpy of products) - ( enthalpy of reactants)

A5^ = change in entrop\ = (entrop\ of products) - (entrop\ of reactants)

At low temperatures, the enthalp\ term i \H' ) is usually much lai;ger than the entropy

term (— T A5°). and the entrop\ term li sometimes ignored.

4-5A Enthalpy

Thechange in enthalpy (\H°)\% the heat of reaction— the amount of hgat evoh ed

or consumed in the_course^of a reaction, usually given in kilocalories per mole. The

enthalpy change is a measure of the relative strength of bonding in the products and

reactants. Reactions tend to fa\ or products w ith the lowest enthalpy (those with the

strongest bonds).

If weaker bonds are broken and stronger bonds are fomied. heat is e\ ol\ ed and

the reaction is exothermic (ne.gati \ e value of A//°). In an exothermic reaction, the

enthalpy term makes a favorable negative contribution to AG". If stronger bonds are

broken and w eaker bonds are fomied. then energy is consumed in the reaction, and

the reaction is endothermic (positi\ e \ alue of \H°). In an endothermic reaction,

the enthalp\ tenn makes an unfavorable positi\"e contribution to AG".

The value of A//" for the chlorination of methane is about —25.0 kcal/mol

(
- 104.5 kJ/mol I. This is a highly exothermic reaction, w ith the decrease in enthalpy

serv ing as the primary driving force.

4-5B Entropy

Entropy is oftenjkscribed^as random or freedom of motion. Re_actLQHS tend to

favor products with the greatest entropy. Notice the negati\'e sign in the entropy term

of the free-energy expression. A positive value of the entropy change (A5"). indi-

cating that the prodiKts have more freedom ofjTToHnnjthan the reactants^jriakes a fa-

vorable (negative) contributioirto AG^
In many cases, the enthalpy change (A//") is much larger than the entropy

change (A5'). and the enthalpy term dominates the equation for AG'. Therefore, a

negative value of AS'' does not necessarily mean that the reaction has an unfa\ orable

value of AG'. The formation of strong bonds (the change in enthalpy) is usually the

most important component in the dri\ ing force for a reaction.

In the chlorination of methane, the value of A5' is —2.9 eu (entropy units or

cal/kelvin-mole ). The - T \S' temi in the free energy is

-rA5" = -(298°K)(2.9cal kelvin-moli = - 860 cal/mol

= - 0.86 kcal/mol (
- 3.6 kJ mol

)

The \ alue of AG'' = — 25.9 kcal/ mol is diN ided into enthalpy and entropy terms:

AG" = \W - T \S = - 25.0 kcal, mol - 0.86 kcal/mol

= - 25.9 kcal mol (
- 108.2 kJ/mol)
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The enthalpy change is the largest factor in the driving force for chlorination.

This is the case in most organic reactions: The entropy term is often small in rela-

tion to the enthalpy term. When we discuss chemical reactions involving the break-

ing and forming of bonds, we can often use the values of the enthalpy changes (^H°),

under the assumption that AC" = AH". We must be cautious in making this ap-

proximation, however, since some reactions have relatively small changes in en-

thalpy and larger changes in entropy.

SOLVED PROBLEM 4-2

Predict whether the value of \S° for the dissociation of CU is positive (favorable) or neg-

ative (unfavorable). What effect does the entropy term have on the sign of the value of AG°
for this reaction?

CI, ^ 2C1-

SOLUTION
Two isolated chlorine atoms have much more freedom of motion than a single chlorine

molecule. Therefore, the change in entropy is positive. This positive (favorable) value of

r AS° is small, however, compared with the much larger, positive (unfavorable) value of

A//°. The chlorine molecule is much more stable than two chlorine atoms, showing that

the positive enthalpy term predominates.

PROBLEM-SOLVING HINT

In general, two smaller mole-

cules (or fragments, such as radi-

cals) have more freedom of

motion (greater entropy) than

one larger molecule.

PROBLEM 4-7

When ethene is mixed with hydrogen in the presence of a platinum catalyst, hydrogen adds

across the double bond to form ethane. At room temperature, the reaction goes to comple-

tion. Predict the signs of A//° and AS° for this reaction. Explain these signs in terms of

bonding and freedom of motion. -

H
:c=c

H Pt catalyst

H

-c-

H

-c- -H

ethene

H H
ettiane

PROBLEM 4-8

For each reaction, estimate whether AS° for the reaction is positive, negative, or impossi-

ble to predict.

H-decane propene heptane

(b) The formation of diacetone alcohol;

O

2CH,—C—CH,

O

(c) CH,—C—OH + CH,OH

O OH
-OH

CH,—C—CH,— C(CH3)2

O

CH,—C—OCH, + up
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We can put known amounts of methane and chlorine into a bomb calorimeter and use

a hot wire to initiate the reaction. The temperature rise in the calorimeter is used to

calculate the precise value of the heat of reaction. \H'. This measurement show s

that 25 kcal ( 105 kJ i of heat is evoh ed (exothermic i for each mole of methane con-

verted to chloromeihane. Thus A//' for the reaction is negati\ e. and the heat of re-

action is si\ en as

4-6

Bond Dissociation

Energies

\H' = -25 kcal/mol (105 kJ /mol)

In many cases, w e want to predict w hether a particular reaction w ill be en-

dothermic or exothennic. without actually measuring the heat of reaction. We can cal-

culate an approximate heat of reaction b\ adding and subtracting the energies in\ ol\ ed

in the breaking and forming of bonds. To do this calculation, we need to know the

energies of the affected bonds.

The bond-dissocia tion energ^MBDEHs the amount of energy required to

break a particular bond homolytically. that is. in such a way that each bonded

atom retains one of the bond's two electrons . In contrast, when a bond is broken

and one of the atoms retains both electrons, w e say that heterolytic cleavage

has occurred.

Hemolytic cleavage (radical cleavage i forms free radicals, while heterohtic

cleavase formsiohs. .A heterohtic cleavase is sometimes called an ionic cleavage.

Homolyiic clea\-age (free radicals result):

A : B > .A - B \H'- — bond-dissociation energy

:a:CI: 2 :C1- \H- = 58 kcal/mol (242 kJ/mol)

Heierohnc clem age (ions result):

A-B

(CH-j-,C—Cl:

A"

(CHj-,C-

:B

c\-~

Note that a curv ed arrow is used to show the movement of the electron pair in an ionic

cleavage, and half-arrow s to show the separation~of indi\ idual electrons iiTaTioH

mohtic cleavage .

Energy is released w-hen_bonds are formed, and energy i s consumed to

break boiids^j^^heiefaieJaQnd dissociation energies are always positive (en^

dothermic ). The overall enthalpy chan og^for a reaction is the sum of the disso -

ciation energieToTihe bondTbroken minus the sum of the dissociation energjgj

of the boiids formed . By studying the heats of reaction for many different re-

actions, chemists have developed reliable tables of bond-dissociation energies.

Table 4-2 gives the bond-dissociation energies for the hemolysis of bonds in a

variety' of molecules.
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TABLE 4-2 Bond-Dissociation Energies for Homolytic Cleavages

A:B A- + -B

Bond-Dissociation Bond-Dissociation

Energy Energy

D /DOIUl kcal/niol kJ/mol Bond Icrnl/tYinl k J/tYin]

H— \ IioikIs aikl X— X hoiids RoikIs U) SL'CDiicIiirv L(,irh(.)ns

H—

H

104 435 (CH,),CH—

H

95 397

D—

D

106 AAA (CH,^CH—

F

106 444
F—

F

38 159 (CH,),CH—CI 80 335
CI— CI 58 242 (CH,),CH—Br 68 285

Br—Br 46 192 (CH,)^CH—

I

53 222
I— I . 36 151 (CH3)2CH—OH 91 381

H—

F

136 569 Bonds to ici'liiiry ciirbons

H—CU 1m 431 (CH3)3C—

H

91 381
H—Br QQ00 368 (CH,),C—

F

106 444
H—

I

/I 297 (CH,),C—CI 79 331
HO—

H

110
(CH,),C—Br 65 272

HO—OH CIji 213 (CH,)3C—

I

50 209

Metin 1 bonds (CH3)3C—OH 91 381

CHj—

H

104 435 Other C—H bonds
CH3—

F

109 456 PhCH.—H (benzylic) 85 356
CH,—CI 84 351 CH,=CHCH,—H (allylic) 87 364
CH,—Br 70 293 CH:=CH—H (vinyl) 108 452
CH,—

I

56 234 Ph—H (aromatic) 110 460
CH, OH 91 381 C—C bonds

Bi>nLlN U) priinarv curbons L.ri, LH, 88 368
CH,CHi—

H

98 410 85 356
CH,CHi—

F

107 448 82 343
CH,CH^—CI 81 339 (Lri,)iCri—Lri, 84 351
CH,CH^—Br 68 285 (LH,),L —CH, 81 339
CH,CHn—

I

53 222

CH,CH:—OH 91 381

CH,CH,CH,—

H

98 410

CH,CH^CH^—

F

107 448

CH,CH,CH,—CI 81 339

CH,CH,CH,—Br 68 285

CH,CH^CH^—

I

53 222

CH,CH",CH',—OH 91 381

4-7

Calculation of

Enthalpy Changes

in Chlorination

We can use values from Table 4-2 to predict the heat of reaction for the chlorination of

methane. This reaction involves the breaking (positive values) of a CH,—H bond and a

CI— CI bond, and the formation (negative values) of a CH,— CI bond and a H— CI bond.

Overall reaction

CH,—

H

CI—CI

Bonds broken

CI—CI

CH,—

H

AH° (per mole)

+58kcal(242 kJ)

+ 104 kcal (435 kJ)

CH,—CI

Bonds fomied

H—CI

CH3—CI

H—CI

dJf°(per mole)

-103 kcal (431 kJ)

-84 kcal (351 kJ)

total +162 kcal (677 kJ)

AH° = +162 kcal + (-187) kcal

total - 187 kcal (782 kJ)

= - 25 kcal/mol ( - 105 kJ/mol)

The bond-dissociation energies also provide the heat of reaction for each in-

dividual step:
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First propagation step

CI- + CH4 * CH,- + HCl

Breaking a CH,—H bond + 104 kcal/mol ( + 435 kJ/mol)

Forming the H—CI bond - 103 kcal/mol (-431 kJ/mol)

Step total + 1 kcal/mol ( + 4 kJ/mol)

Second propagation step

CH,- + CI. * CH3CI + Cl-

Breaking a CI—CI bond + 58 kcal/mol ( + 243 kJ/mol)

Forming a CH, —CI bond - 84 kcal/mol ( - 352 kJ/mol)

Step total - 26 kcal/mol (-109 kJ/mol)

Grand total = + 1 kcal/mol + (- 26 kcal/mol) = - 25 kcal/mol (- 105 kJ/mol)

The sum of the values of A//° for the individual propagation steps gives the overall

enthalpy change for the reaction. The initiation step, CI;—» 2 CI • is not added to

give the overall enthalpy change because it is not necessary for each molecule of

product fomied. The first splitting of a chlorine molecule simply begins the chain re-

action, which generates hundreds or thousands of molecules of chloromethane.
PROBLEM-SOLVING HINT

PROBLEM 4-9 Bond-dissociation energies are

„ , • r 1 i- 1- 1 1 1 • r 1
for breaking bonds, which costs

(al Propose a mechanism tor the tree-radical chlorination 01 ethane. 111 , /^ energy. In calculating values of

AH°, use positive BDE values for

CH,—CH, + CK CH,— CH,C1 + HCl bonds that are broken and nega-

tive values for bonds that are

(b) Calculate \H° for each step in this reaction. formed,

(c) Calculate the overall value of A//° for this reaction.

Alternative Mechanism. The mechanism we have used is not the only one that

might be proposed to explain the reaction of methane with chlorine. We know that

the initiating step must be the splitting of a molecule of CI ^ , but there are other prop-

agation steps that would form the coirect products:

(a) Cl-+CH,—H * CH,— CI + H- A//" = + 104 kcal - 84 kcal = + 20 kcal ( + 84 kJ)

(b) H- + CI— CI > H— CI + CI- ^W = + 58 kcal - 103 kcal = -45 kcal (- 189 kJ)

Total -25 kcal(-105 kJ)

This alternative mechanism seems plausible, but step (a) is endothermic by 20

kcal/mol (84 kJ/mol). The previous mechanism provides a lower-energy alternative.

When a chlorine atom collides with a methane molecule, it will not react to give

methyl chloride and a hydrogen atom (A//° = + 20 kcal = + 84 kJ); it will react to

give HCl and a methyl radical (A//" = + 1 kcal = +4 kJ). the first propagation step

of the coiTect mechanism.

PROBLEM 4-10

(a) Using bond-dis.sociation energies from Table 4-2 (page 142). calculate the heat of re-

action for each of the steps in the free-radical bromination of methane,

Br, + CH, CH3Br + HBr

(b) Calculate the overall heat of reaction.
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4-8

Kinetics and

the Rate Equation

KineticsJs^Uie studyjrfjgaction rates. How fast a reaction goes is just as impor-

tant as the position of its equilibrium. The fact that thermodynamics favors a re-

action (negative AG°) does not necessarily mean the reaction will actually occur.

For example, a mixture of gasoline and oxygen does not react without a spark or

a catalyst. Similarly, a mixture of methane and chlorine does not react if it is kept

cold and dark.

The rate of a reaction is how fast the products appear and the reactants dis-

ag^ear. We can determine the rate by measuring the increase in the concentrations

of the products with time, or the decrease in the concentrations of the reactants

with time.

Reaction rates depend on the concentrations of the reactants. The greater the

concentrations, the more often the reactants collide and the greater the chance of re-

action. A rate equation (sometimes called a rate law) is the relationship between

the concentrations of the reactants and the observed reaction rate. Each reaction has

its own rate equation, determined experimentally by changing the concentrations of

the reactants and measuring the change in the rate. For example, consider the gen-

eral reaction

r A + B C +

The reaction rate is usually proportional to the concentrations of the reactants

([A] and [B]) raised to some powers, a and b. We can use a general rate expression

to represent this relationship:

4U r rate A-[A]"[B]"

where is the rate constant, and the values of the powers {a and b) must^edeter-

iriinedexperimenUilly. We cannot guess or calculate the rate equation from just the

stoichiometry of the reaction. The rate equation depends on the mechanism of the re-

action and on the rates of the individual steps in the mechanism.

In the general rate equation, the power a is called the order of the reaction

with respect to reactant A, and b is the order of the reaction with respect to B. The

surn^of these powers {a +_^) is called the overall order of the reaction.

The following reaction has a simple rate equation:

CH,— Br + "OH
H^O/acetone

CH3—OH + Br"

Experiments show that doubling the concentration of methyl bromide, [CH3Br], dou-

bles the rate of reaction. Doubling the concentration of hydroxide ion, [^OH], also

doubles the rate. Thus, the rate is proportional to both [CH^Br] and ["OH], and the

rate equation has the following form:

rate Av[CH3Br]["0H]

This rate equation is first order in each of the two reagents because it is pro-

portional to the first power of their concentrations. The rate equation is second order

overall because the sum of the powers of the concentrations in the rate equation is

2; that is, (first order) + (first order) = second order overall.

Reactions of the same overall type do not necessarily have the same form

of rate equation. For example, the following similar reaction has a different

kinetic order:

H^O/acetone

(CH3)3C— Br + OH > (CHjX^C—OH + Br"
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Doubling the concentration of r-but\ 1 bromide ( [fCHj-C— Br] ) causes the rate to
^

double, but doubling the concentration of hydroxide ion ( [ OH ] i has no effect on the -yo^- bl > -^Uf c^^-n cji-vtLi' C\ -
rate of this particular reaction. TTie rate equation is ,

ton j>r Hrve rfcioL^-KU-
rate = U(CH-, i.C— Br] j u, - .^t

This reaction is first order in r-but\ 1 bromide, and zeroth order in h\ droxide ion
(
pro- 3 (cX.<S.

portional to [~0H] to the zeroth power). It is first order overall. . ^_

The most imponant fact to remember is that the rate equation must be deter-
cU-c^bl*'^£) rCurit.ot_i

mined experimentally. We cannot predict the form of the rate equation from the 3^ "^r.e tfacAj>/Tt u skn ro
stoichiometrx of the reaction. First. \\ e determine the rate equation experimentalh.

(x,<^ Oc<i iva x^C Ta-tc
then use that information to propose consistent mechanisms.

-zero odler
PROBLEM 4-1 I

The reacuon of /-but} 1 chloride with methanol is found to follow the rate equation en below:

(CH.hC—CI - CH.—OH * (CHjhC—OCHj - HCl

f-but>l chloride methanol methyl f-but> 1 ether

rate = Av[(CH;i;C— CI]

( a I NXTiat is the kinetic order w ith respect to f-but} 1 chloride?

(b) XMiat is the kinetic order with respect to methanol?

(c ) \Miat is the kinetic order o% erall?

PROBLEM 4-12

Coiororr.iSL^M reacts with dilute sodium c>anide (Na" C=X) according to the following

equation:

CH.— CI - "C=N —* CHj—c=-\ - cr
chloromeihane cyanide acetonitrile chloride

\\"hen the concentration of chloromethane is doubled, the rate is obsen ed to double.

\Mien the concentration of cyanide ion is tripled, the rate is obser\ ed to triple.

(a) \S"hat is the kinetic order w ith respect to chloromethane?

(b) WTiat is the kinetic order w ith respect to cyanide ion?

(c) Write the rate equation for this reaction,

(di \Miat is the kinetic order o\ erall?

PROBLEM 4-13

VMien a small piece of platinum is added to a mixture of ethene and hydrogen, a reaction

takes place:

H H
^\ Ptcata]\st !

/C--C. - H- --^ H—C—C—

H

H H
H H

ethene hydrogen ethane

Doubling the concentration of hydrogen has no effect on the reaction rate. Doubling the

concentration of ethene also has no effect.

( a ) \Miat is the kinetic order of this reaction with respect to ethene? Hydrogen? XSTiat is the

o\ erall order?

( b) Write the unusual rate equation for this reaction.

c Explain this strange rate equation, and suggest w hai one might do to accelerate the reaction.
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4-9

Activation Energy

and the Temperature

Dependence of Rates

Each reaction has its own characteristic rate constant, k, . Its value depends on the con-

ditions of the reaction, especially the reaction temperature. This temperature depen-

dence is expressed by the Arrhenius equation,

Ae
J

v\here /4 = a constant (the"frequency factor")

E ^
= activation energy

R = the gas constant. 1.987 cal/kelvin-mole

T = the absolute temperature

The activation energy, E.^, is the rninimum kinetic energy the molg£ules_must

possess to overcome the repulsions between their electron cloudsjwhen they collide.

The exponential term f '^^ corresponds to the fraction of collisions in which the

particles have the minimum energy E.^ needed to react. The frequency fac tor A ac-

counts for the frequency^^ollisions and the fraction of coll ision s with the proper

orientation for the reaction to occur. In most cases, only a small fraction of colli-

sions occur between molecules with enough speed and with just the right orientation

for reaction to occur. Far more collisions occur without enough kinetic energy or

without the proper orientation, and the molecules simply bounce off each other.

The Arrhenius equation implies that the rate of a reaction depends on the frac-

tion of molecules with kinetic energy of at least E,^. Figure 4-2 shows how the dis-

tribution of kinetic energies in a sample of a gas depends on the temperature. The

black curved line shows the molecular energy distribution at room temperature, and

the dashed lines show the energy needed to overcome barriers of 1 kcal (4 kJ). 10

kcal (42 kJ ). and 19 kcal (79 kJ ). The area under the curve to the right of each bar-

rier corresponds to the number of molecules with enough energy to overcome that

barrier. The red curve shows how the energy distribution is shifted at 100°C. At

100°C, many more molecules have the energy needed to overcome the energy bar-

riers, especially the 19 kcal/mol barrier.

As the temperature increases, a larger fraction of molecular collisions have

enough kinetic energy to result in reaction, and the reaction rate increases. Table

4-3 shows the dependence of reaction rates on the temperature by listing values of

the relative rate constant ^.^^1, which is just the exponential term e~^'
''^^

for some

typical values of £3 and some convenient temperatures. With a typical activation en-

ergy of about 10 to 15 kcal/mol (40 to 60 kJ/mol). the reaction rate approximately

Figure 4-2

Graph showing how the

number of molecules having

a given activation energy

decreases as the activation

energy increases. At a higher

temperature (red curve), more

collisions have the needed

energy.

room temperature 100 °c

(300 °K) (373 °K)

/ 1 kcal/mol

\ 7v 10 kcal/mol

\.
: ^^^^^^^ !

19 kcal/mol

1 1
^""-,4^

energy (E)
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' TABLE 4-3 Variation of the Relative Rate Constant k^ei with Temperature

£a (per mole)

Values ofk rei
= e'^^

'^'^
(units of 10~

27''C (SOO'-Ki 37°C (310'K) lOO'C (373''K)

5 kcal (21kJ) 240.(XX) 320.000 1.200.000

lOkcal (42 kJ) 58 99 1.500

15 kcal (63 kJ) 0.014 0.031 1.9

20 kcal (84 kJ 0.0000033 0.00OO098 0.002?

doubles when the temperature is raised by lO'C. as from 27'C (near room temper-

ature) to 37'C (bod\ temperature).

Because the relative rate constant /r^^, increases quicklv when the temperature

isxaised, it might seem that raising the temperature would always be a good way to

save time by making reactions go faster. The problem with raising the temperature

is that all reactions are accelerated, including all the unwanted side reactions. We try-

to find a temperature that allows the desired reaction to go at a reasonable rate with-

out producing unacceptable rates of side reactions.

The activation^nergy represents the energy difference between the regictants and

the transition state, the highest-energy state injjiiQlecularcollisiorLthat leads to re-

action. In effect, the aaiyation energ\' is the barrier that mus t be o\:ercome forjheje-

action to take place. The \ alue of is always positive, and its magnitude depends

on the relati\ e energ\ of the transition state. The term transition state imphes that this

configuration is the transition between the reactants and products, and the molecules

can either go on to products or return to reactants.

Unlike the reactants or products, a transidon state is unstable and cannot be iso-

lated. It is not an intermediate, because an intermediate is a species that exists for

some finite length of time, even if it is \ er\- short. .An intermediate has at least some
stability, but the transition state is a transient on the path from one intermediate to

another. The transmon state is often symbolized by a double dagger superscript

and the changes in variables such as tiree energy, cnthalpyTandxptropy invnlvpfjin

achieving the transition state are symboUzed AG". \H^. and A5'. AG* is similar to

£3. and the symbol AG" is often used in speaking of the activadon energy.

Transition states have high energies because bonds must begin to break before

other bonds can form. The following equadon shows the reaction of a chlorine rad-

ical with methane. The transidon state show s the C—H bond partially broken and

the H— CI bond partially formed. Transition states are often enclosed by brackets to

emphasize their transient nature.

H
I

H— C—

H

H

^ -CI -r

H
I

H— C---H-

H
transition state

H— c:

.H

Reaction-Energy Diagrams. The concepts of transidon state and acd\ ation ener-

g\ are easier to understand graphically. Figure 4-3 shows a reaction-energy dia-

gram for a one-step exothermic reaction. The vertical axis of the energy diagram

represents the total potential energy of all the species involved in the reacdon. The
horizontal axis is called the reaction coordinate. The reacdon coordinate symbol-

izes the progress of the reaction, going from the reactants on the left to the products

4-10

Transition States

- H— ci
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Figure 4-3

Reaction-energy diagram for a

one-step exothemiic reaction.

The reactants are toward the

left, and the products are

toward the right. The vertica
l

axis represents^the potentia l

energy^The transition state^is

the highest point on the graph,

and the activation energy is

the en^ergy difference bctvv ecu

the reactants and the transi-

tion state.

A-l-B

transition state

A + B

( reactants)

C + D

C + D
(products)

reaction coordinate

on the right. The transition state is the highest point on the graph, and the activation

energy is the energy difference between the reactants and the transition state. The heat

of reaction (A//°) is the difference in energy between the reactants and the products.

If a catalyst were added to the reaction in Figure 4-3. it would create a transi-

tion state of lower energy, thereby lowering the activation energy. Addition of a cat-

alyst would not change the energies of the reactants and products, however; therefore,

the heat of reaction would be unaffected.

SOLVED PROBLEM 4-3

Consider the following reaction:

CH, + CI- •CH, + HCl

This reaction has an activation energy (E^) of +4 kcal/mol ( + 17 kJ/mol) and a of

-I- 1 kcal/mol (+4 kJ/mol). Draw a reaction-energy diagram for this reaction.

SOLUTION
We draw a diagram that shows the products to be 1 kcal higher in energy than the reac-

tants. The barrier is made to be 4 kcal higher in energy than the reactants.

H3C—H— CI]-

transition state

CH3 + HCl

' A/y^ = + 1 kcal

reaction coordinate

PROBLEM 4-14

(a) Draw the reaction-energy diagram for the reverse reaction:

CH,- + HCl > CH, + Cl-

( b) What is the activation energy for this reverse reaction?

(c) What is the heat of reaction (A//°) for this reverse reaction?
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PROBLEM 4-15

(ai Draw a reaction-energy diagram for the following reaction:

CH,- + CU > CHCI + Ci-

The activation energy is 1 kcal/mol i4 kJ/moh. and the u\erall for the reaction is -26

kcal/mol (-109 kJ/mol).

(b) Give the equation for the reverse reaction.

(c) What is the activation energy for the reverse reaction?

Many reactions proceed by mechanisms involving several steps and several inter- 4-1 I

mediates. The reaction of methane w ith chlorine, for example, goes through two

propagation steps. The propagation steps are shown below, along with their heats of

reaction and their acti\ ation energies. Just the propagation steps are shown because

the rate of the initiation step is controlled by the amount of light or heat available to

split chlorine molecules.

Rates of Multistep

Reactions

Step A//° (per mole ) (per mole)

CH, + CI- —> CH,- + HCl +lkcal(+4kJ) 4kcal(17kJ)

CH,- + CI. —
* CH.Cl - CI- -26kcal(-109kJ) lkcal(4kJ)

In this reaction. CI - andCH,- are reactive intermediates. Unlike transition

states, these intermediates are stable as long as they do not collide with other atoms

or molecules. They are free radicals, however, and they are quite reactive toward

other molecules. Figure 4-4 shows a single reaction-energy profile that includes both

propagation steps of the chlorination. It is easy to tell the difference between transi-

tion states and intennediates in Figure 4-4. The energy rnaxima (h igh points) are the

unstable transition states, and the energy minima ( low points) are the intermediates.

This complete energy profile provides most of the important information about the

energetics of the reaction.

The Rate-Determining Step. In a multistep reaction, each step has its own char-

acteristic rate. There can be only one o\ erall reaction rate, however, and it is controlled

by the rate-determining step. In general, the highest-energy step of a multistep

rate-determining

- transition state

£
,
= 1

reaction coordinate

CHXl + C1-

A Figure 4-4

Combined reaction-energy

diagram for the chlorination of

methane. The energy maxima
are transition states, and the

energy minima are intermedi-

ates.
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reaction is the "bottleneck," and it determines the overall rate. How can we tell which

step is rate determining? If we have the reaction-energy diagram, it is simple: The

highest point in the energy diagram is the transition state with the highest energy—
the transition state for the rate-determining step.

The highest point in the energy diagram of the chlorination of methane (Fig-

ure 4-4) is the transition state for the reaction of methane with a chlorine radical.

This step must be rate-determining. If we calculate a rate for this slow step, it will

be the rate for the overall reaction. The second, faster step will consume the prod-

ucts of the slow step as fast as they are formed.

4-12

Isotope Effects

Our understanding of a multistep reaction is incomplete: we cannot realistically pre-

dict rates unless we know which step is rate-determining. One experimentaLmethod

for finding the rate-determiiT[ng step is using isotope effects, which are cjianges in

reaction rates resulting from using different isotopes. The^isqtopejiiosL^orQrnonly

used is deuterium (D). the isotopejjf hydrogen with mass number 2, which has a

proton and a neutron in its nucleus. Although the chemistry of deuterium is nearly

identical with that of hydrogen, bonds to deuterium arejHghtly stronger than bonds

to^hydrogen. and the activation energy for abstraction of a deuterium atom is slight-

ly higher than for a hydrogen atom.

If a hydrogen atom is being abstracted in the rate-determining step, a compound

with deuterium in place of that hydrogenj\alLreactjnore^wJy. For example, methane

undergoes free-radical chlorination 12 times as fast as tetradeuteriomethane (CD4).

This evidence implies that aC— H{orC— D) bond is being broken in the rate-de-

termining step.

H

Faster

CH, + CI

Slower

CD^ + CI

Rate-determining step

CH.Cl + HCl relative rate = 12

CD3CI + DCl

H—C—H + CI

H

H

H—C --H--CI

H
bond to H is breaking

in transition state

relative rate = 1

H

H— C- + H— CI

H

Slower with deuterium

D

D— C— D + CI

I

D

D

D— C---D--CI

D

bond to D is breaking

in transition state

D

D— C- + D— CI

I

D
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We now appl\ what we know about rates to the reaction of methane with halogens. 4- I 3
The rate-determining step for chlorination is the endothermic reaction of the chlo- TerDDeratUre
rine atom w ith methane to form a methvl radical and a molecule of HCl. _ '"^

.

Dependence of

Rare-determining step Hslogenation

CH_ - CI- > CH,- ^ HCl

The activation energy for this step is 4 kcal/mol ( 1 7 kJ/mol ). At room temper-

ature, the value of e~^' is 1300 X 10"''. This value represents a rate that is fast

but controllable.

In a free-radical chain reaction, it is important that each propagation step occur

quickh . or the free radicals w ill undergo man\' unproducti\ e collisions and become

invoh ed in termination steps. We can predict how quickly the viuious halogen atoms

react w ith methane by using the measured activation energies of the slowest steps:

Relative rate le'^-"^'^ X 10^)

Reaction (per mole) 27°C (300''K> 227^C I500°K)

F- - CH. > HF - CH, 1.2kcal(5kJ) 140.000 300.000

C1--CH » HCl-CH;' 4kca](17kJ) 1300 18.000

Br- - CH » HBr-CH, 18 kcal (75 kJ) 9x10"* 0.015

I- - CH^ * HI - CH, 34 kcal ( 140 kJ) 2 X lO"'' 2X10"'

Using these relative rates, w e can make predictions about the reactions of

methane with halogen radicals. The reaction with fluorine should be difficult to con-

trol because its i;elam e rate is ver}" high. The reaction with chlorine should have a

moderate rate at room temperature, but it may become difficult to control if the tem-

perature rises much (the rate at 500°K is rather high). The reaction with bromine is

ver\' slow, but heating might give an obser\ able rate. lodination is probabh' out of

the question because its rate is exceedingly slow even at 500' K.

Laborator}' halogenations show that our predictions are right. In fact, fluorine

reactsjexplosively with methane, and chlorine reacts at a moderatej;at^^A mixture

of bromine and methane must be heated to react, and iodine does not react at all.

PROBLEM 4-16

The bromination of methane proceeds through the following steps:

A//° (per mole) (per mole)

hv
Br- > 2 Br- +46 kcal( 192 kJ) 46 kcal (192 kJ)

CH, -Br- > CH,--HBr +16kcal(67kJ) 18 kcal (75 kJ)

CH3--Br- * CH3r-Br- -24 kcal( - 101 kJ) lkcal(4kJ)

(a) Draw a complete reaction energy diagram for this reaction.

(b) Label the rate-determining step.

(c) Draw the structure of each transition state.

(d) Compute the overall \ alue of A//' for the bromination.

PROBLEM 4-17

(a) Using the BDEs in Table 4-2 (p. 142). compute the value of IH" for each step in the

lodination of methane.

(b) Compute the overall value of A//" for iodination.

(c) Suggest nio reasons why iodine is not ohser\ed to react with methane.
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4-14

Halogenation

of Higher Alkanes

Up to now, our discussions of halogenation have used methane as the starting mate-

rial. Using such a simple compound, we could concentrate on the thermodynamics

and kinetics of the reaction. Now we consider the halogenation of the "higher" al-

kanes, meaning those of higher molecular weight.

4- 1 4A Chlorination of Propane: Product Ratios

Halogenation is a substitution, where a halogen atom replaces a hydrogen.

R—H + X. > R— X + H—

X

In methane, all four hydrogen atoms are identical, and it does not matter which hy-

drogen is replaced. In the higher alkanes, the replacement of different hydrogen

atoms leads to different products. As an example, consider the chlorination of propane.

Two monochlorinated (just one chlorine atom) products are possible. One has the

chlorine atom on a primary carbon atom, and the other has the chlorine atom on the

secondary carbon atom.

1° carbon 2° carbon CI CI

Vh,—CH,—CH, + CI > CH,—CH,—CH3 + CH,—CH—CH,
propane 1-chloropropane, 40% 2-chloropropane, 60%

(fj-propyl chloride) (isopropyl chloride)

The product ratio shows that the replacement of hydrogen atoms by chlorine

is not random. Propane has six primary hydrogens (hydrogens bonded to primary car-

bons) and only two secondary hydrogens (bonded to the secondary carbon), yet the

major product results from substitution of a secondary hydrogen. We can calculate

how reactive each kind of hydrogen is by dividing the amount of product observed

by the number of hydrogens that can be replaced to give that product.

H

R—C—

H

I

H
primary (1°) hydrogens

R

R—C—

H

H
secondary (2°) hydrogens

R

R—C—

H

R
tertiary (3°) hydrogen

Six priinaiy ( 1°) hydrogens

H^C, > CH.—CH.—CH.— CI
- \ replacement - -

CH:( primary chloride

relative reactivity

40%
6 hydrogens

= 6.67% per H

Figure 4-5

There are six primary hydro-

gens in propane and only two

secondary hydrogens, yet the

major product results from

replacement of a secondary

hydrogen.

Two secondaty (2°) hydrogens

H CH:
replacement

CH3—CH— CH3

CI

secondary chloride

30.0

60%
hydrogens

= 30.0% per H

The 2° hydrogens are - 4.5 limes as reactive as the 1° hydrogens,
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Figure 4-5 shows the definition of primary, secondary, and tertiary hydrogens

and the calculation of their relativ e reacti\ ity. The secondary hydrogens are 4.3 times

as reactive as the primary hydrogens. To explain this preference for reaction at the

secondary' position, we must look carefully at the reaction mechanism (Fig. 4-6).

When a chlorine atom reacts with propane, abstraction of a hydrogen atom can

give either a primary radical or a secondary radical. The structure of the radical formed

in this step determines the structure of the observed product, either 1 -chloropropane

or 2-chloropropane. The product ratio shows that the secondary radical is formed

preferentially. This preference for reaction at the secondary position results from the

greater stability of the secondary free radical and the transition state leading to it.

PROBLEM 4-18

What would be the product ratio in the chlorination of propane if all the hydrogens were

abstracted at equal rates?

PROBLEM 4-19

Classify each hydrogen atom in the following compounds as primary (1°). secondary (2°),

or tertiary (3°).

(a) butane (b) isobutane (cl 2-methylbutane

(d) cyclohexane (e) norbomane (see page 123)

4-I4B Free-Radical Stabilities

Figure 4-7 shows the energy required (the bond-dissociation energy) to form a free

radical by breaking a bond between a hydrogen atom and a carbon atom. This ener-

gy is greatest for a methyl carbon, and it decreases for a primary carbon, a secondary

carbon, and a tertiary carbon. The more highly substituted the carbon atom, the less

energy is required to form the free radical.

Initiation: Splitting of the chlorine molecule

("1. + hv ^ 2C1-

First propagation step: Abstraction (removal) of a primary or secondary hydrogen

CH3— CH.—CH3 + CI- > CH.—CH.— CH3 or CH3—CH—CH3 + HCl

primary radical secondar)' radical

Second propagation step: Reaction with chlorine to form the alkyl chloride

•CH.— CH.— CH3 + C U > ( I—CH.—CH.— CH3 + Cl-

primary radical primary chloride

(1 -chloropropane)

Cl

I

or CH3—CH—CH3 + Cl. > CH3—CH— CH3 -I- Cl-

secondan,' radical secondar\- chloride

(2-chloropropane)

A Figure 4-6

The mechanism for free-radical chlorination of propane. The first propagation step forms

either a primary radical or a secondary radical. This radical detemiines whether the final

product will be the primary chloride or the secondary chloride.
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Formation ofa methyl radical

CH^ ^ H- + CH.

Bond dissociation energy

AH° = 104 kcal (435 kJ)

Formation ofa primary 11°) radical

CH3—CH2— CH3 > H- + CH3— CH,— CH2 A//^ = 98kcaI(410kJ)

Formation ofa secondary (2°) radical

CH3— CHo— CH3 > H- + CH3—CH—CH3 A//° = 95 kcal (397 kJ)

Figure 4-7

Bond-dissociation energies

show that more highi\ substi-

tuted free radicals are more

stable than less highly substi-

tuted ones.

Fonnation ofa tertiary (3°) radical

CH,

CH3— C—

H

H-

CH.

CH3— C- AH" = 91 kcal (381 kJ)

CHo

From the information in Figure 4-7. we conclude that free radicals are more sta-

ble if they are more highly substituted. The following free radicals are listed in de-

creasing order of stability.

R R H H

R— C- > R— C- > R— C- > H— C-

R H H
3' > 1' > >

H

Me •

tertiary > secondary > primary > methyl

In the chlorination of propane, the secondary hydrogen atom is abstracted more

often because the secondary radical, and the transition state leading to it. are lower

in energy than the primary radical and its transition state. Using the bond-dissocia-

tion energies in Table 4-2 (page 142). we can calculate for each of the possible

reaction steps. x-\bstraction of the secondary hydrogen is 3 kcal/mol (13 kJ/mol) more

exothermic than abstraction of the primary h\"drogen.

1° H: CH-— CH-— CH- + CF CH.—CH-— CH- H— CI

Energ\ required to break the CH;CH-CH,—H bond

Energy released in forming the H-|-C1 bond

Total energy^ for reaction at the primary position:

CH3

2°H: CH3— CH. + CF >

CH3

Energ\ required to break the CH,—CH^H bond

EnersN released in formins the H^Cl bond

-98 kcaFmol (-410 kJ/mol)

- 103 kcaVmol ( -431 kJ/mol)

-5 kcal/mol ( -21 kJ/mol)

CH,
I

CH3— CH- + H— CI

+ 95 kcal/mol ( +397 kJ/mol)

-103 kcaFmol ( -431 kJ/mol)

Total energy for reaction at the secondary position: -8 kcaFmol ( -34 kJ/mol)
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A reaction-energy diagram for this first propagation step appears in Figure

4-8. The activation energy to form the secondar\^ radical is sHghtly lower, so the sec-

ondar)' radical is formed faster than the primary radical.

1= E

CH,CH.CH, -I- CI

difference in activation

energies (about 1 kcal)

reaction coordinate

1
" radical

CH,CH.CH, + HQ

3 kcal difference

CH,CHCH, + HC1

y radical

Figure 4-8

Reaction-energ)' diagram for

the first propagation step in the

chlorination of propane.

Formation of the secondar\-

radical has a lower acti\ ation

energy than does formation of

the primary radical.

SOLVED PROBLEM 4-4

Tertian.' hydrogen atoms react with CI- about 5.5 times as fast as priman.- ones. Predict

the product ratios for chlorination of isobutane.

SOLUTION
There are nine priman." hydrogens and one tertian. h\ drogen in isobutane.

'H-,C

I

nine primary hydrogens ^i^—H C—C—
I

one tertiary hydrogen

H-C

(9 priman.- hydrogens) x (reactivity 1.0) = 9.0 relative amount of reaction

( 1 teniary hydrogen) x (reactivity 5.5) = 5.5 relati\ e amount of reaction

E\ en though the priman. h\ drogens are less reactive, there are so man\ of them that

the priman. product is the major product. The product ratio will be 9.0 : 5.5 or about 1 .6 : 1

.

9.0
Fraction of primarv' = = 62%

^ ^ 9.0 - 5.5

5.5
Fraction ot tertian.' = = 38%

9.0 + 5.5

CH;— CI CH,

CH,— C—H CH,—C— CI

I "I
CH3 CH,

major product major product

6Z9c 387f
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PROBLEM 4-20

Use the bond-dissociation energies in Table 4-2 (page 142) to calculate the heats of reac-

tion for the two possible first propagation steps in the chlorination of isobutane. Use this

information to draw a reaction-energy diagram like Figure 4-8, comparing the activation en-

ergies for formation of the two radicals.

PROBLEM 4-21

Predict the ratios of products that result when isopentane (2-methylbutane) is chlorinated.

PROBLEM 4-22

(a) When /(-heptane burns in a gasoline engine, the combustion process takes place too

quickly. The explosive detonation makes a noise called knocking. When 2,2,4-trimethylpen-

tane (isooctane) is burned, combustion takes place in a slower, more controlled manner.

Combustion is a free-radical chain reaction, and its rate depends on the reactivity of the

free-radical intermediates. Explain why isooctane has less tendency to knock than does n-

heptane.

(b) Alkoxy radicals (R—O- ) are generally more stable than alkyl (R- ) radicals. Write an

equation showing an alkyl free radical (from burning gasoline) abstracting a hydrogen atom

from r-butyl alcohol, (CH3)3COH. Explain why r-butyl alcohol works as an antiknock ad-

ditive for gasoline.

4-I4C Bromination of Propane

Figure 4-9 shows the free-radical reaction of propane with bromine. Notice that this

reaction is both heated to 1 25°C and irradiated with light to achieve a moderate rate.

The secondary bromide (2-bromopropane) is favored by a 97 : 3 product ratio. From

this product ratio, we calculate that the two secondary hydrogens are each 97 times

as reactive as one of the primary hydrogens.

The 97 : 1 reactivity ratio for bromination is much larger than the 4.5 : 1 ratio

for chlorination. We say that bromination is more selective than chlorination because

the major reaction is favored by a larger amount. To explain this enhanced selectiv-

Br Br

CH3—CH2—CH3 + Br. CH3—CH.— CH. + CH3—CH—CH3 + HBr

primary bromide. 3% secondary bromide, 97%

Relative reactivity

3%
six primary hydrogens -7- = 0.5% per H

two secondary hydrogens = 48.5% per H

The 2° hydrogens are - 97 times as reactive as the 1
° hydrogens.

A Figure 4-9

This 97 : 3 ratio of products shows that bromine abstracts a secondary hydrogen 97 times as

rapidly as a primary hydrogen. Bromination (reactivity ratio 97 : I) is much more selective

than chlorination (reactivity ratio 4.5 : 1 ).
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ity, we must consider the transition states and activation energies for the rate-deter-

mining step.

As with chlorination, the rate-determining step in bromination is the first prop-

agation step: abstraction of a hydrogen atom by a bromine radical. The energetics of

the two possible hydrogen abstractions are shown below. Compare these numbers

with the energetics of the first propagation step of chlorination shown on page 155.

The bond energies are taken from Table 4-2 (page 142).

1°H: CH,—CH,—CH, + Br- * CH,—CH,—CH, • + H— Br

Energy required to break the CH,CH.CH.^H bond +98 kcal/mol ( +410 kJ/mol)

Energy released in forming the H-^Br bond —88 kcal/mol (-368 kJ/mol)

Total energy for reaction at the primary position: + 10 kcal/mol ( +42 kJ/mol)

CH,

2°H: CH,—CH. + Br- >

CH,

Energy required to break the CH,—CH-|-H bond

Energy released in forming the H^Br bond

Total energy for reaction at the secondary position:

CH,

CH,—CH- + H— Br

+ 95 kcal/mol (+397 kJ/mol)

-88 kcal/mol (-368 kJ/mol)

+7 kcal/mol ( +29 kJ/mol)

The energy differences between chlorination and bromination result from the

difference in the bond-dissociation energies of H— CI ( 103 kcal) and H—Br (88

kcal). The HBr bond is weaker, and abstraction of a hydrogen atom by Br- is en-

dothermic. This endothermic step explains why bromination is much slower than

chlorination, but it still does not explain the enhanced selectivity observed with

bromination.

Consider the reaction-energy diagram for the first propagation step in the bromi-

nation of propane (Fig. 4-10). Although the difference in values of AH° between ab-

straction of a primary hydrogen and a secondary hydrogen is still 3 kcal/mol (13

kJ/mol), the energy profile for bromination shows a much larger difference in acti-

vation energies for abstraction of the primary and secondary hydrogens than we saw

for chlorination (Fig. 4-8).

CH^CH,CH:, + Br-

difference in activation

energies (over 2 kcal)

1
° radical

CH,CH^CH,-hHBr

reaction coordinate

3 kcal difference

CH,CHCH, + HBr
2° radical Figure 4- 1

0

Reaction-energy diagram for

the first propagation step in the

bromination of propane. The

energy difference in the transi-

tion states is nearly as large as

the energy difference in the

products.
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4-15

The Hammond
Postulate

Figure 4-1 1 summarizes the energy diagrams for bromination and chlorination of

propane. Together, these energy diagrams provide the explanation for the enhanced

selectivity observed in bromination.

When we compare the reaction-energy diagrams for the first propagation steps

of chlorination and bromination, there are two important differences:

1. The first propagation step is endothermic for bromination but exothermic for

chlorination.

2. The transition states forming the 1° and 2° radicals for the endothermic bromi-

nation have a larger energy difference than those for the exothermic chlorina-

tion, even though the energy difference of the products is the same (3 kcal, or

1 3 kJ ) in both reactions.

In general, we will find that these differences are related:

in an endothermic reaction, the transition state is closer to the products in en-

ergy and in structure, in an exothermic reaction, the transition state is closer to

the reactanls in energy and in structure.

Figure 4-12 compares the transition states for bromination and chlorination. The

product-like transition state for bromination has the C—H bond nearly broken and

a great deal of radical character on the carbon atom. The energy of this transition state

about 2.5 kcal

difference

in E

CH3CH.CH.
+ HBr

3 kcal

CH3CHCH3 -I- HBr

CH-^CH-)CH^

about 1 kcal

difference

in E„

CH3CH.CH3
" + C1-

CH3CH2CH2-1-HCI

1°

kcal

10

CH3CHCH3 + HCl

reaction coordinate »-

(a) BROMINATION
endothermic

TS close to products

laree difference in E

,

reaction coordinate

(b) CHLORINATION
exothermic

TS close to reactants

small difference in

Figure 4-i i

(a) In the endothermic bromination, the transition states are closer to the products (the

radicals) in energy and in structure. The difference in the 1° and 2° activation energies is

about 2.5 kcal ( 10 kJ ). nearly the entire energy difference of the radicals, (b) In the

exothermic chlorination. the transition states are closer to the reactants in energy and in

structure. The difference in activation energies for chlorination is about 1 kcal (4 kJ), only

a third of the energy difierence of the radicals.
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—C H -Br

transition state

reactants

s^ close in

/energy
products

close in

enersv

reactants

—C-H CI

transition state

close in

structure

products

A Figure 4-12

In the endothemiic bromination. the transition state resembles the free radical. In the

exothermic chlorination. the free radical has just begun to form in the transition state.

reflects most of the energy difference of the radical products. The reactant-like tran-

sition state for chlorination has the C—H bond just beginning to break, w ith little

radical character on the carbon atom. This transition state reflects only a small part

(about a third i of the energ\ difference of the radical products. Therefore, chlorina-

tion is less selective.

These reactions are examples of a more general principle, called the Ham-
mond postulate.

HAMMOND POSTUL.ATE Related species that are similar in energy are

also similar in stmcture. The structure of a transition state resembles the struc-

ture of the closest stable species.

This general rule tells us something about the transition states in endothermic

and exothermic reactions. The transition state is always the point of highest energy

on the energy diagram. Its structure resembles either the reactants or the products.

whiche\er ones are higher in energy. In an endothermic reaction, the products are

higher in energy, and the transition state is product-like. In an exothennic reaction,

the reactants are higher in energy, and the transition state is reactant-like. The Ham-
mond postulate helps us understand why exothennic processes tend to be less se-

lective than similar endothemiic processes.

PROBLEM 4-23

(a) Compute the heats of reaction for abstraction of a primar} hydrogen and a secondary

hydrogen from propane by a fluorine radical.

CH—CH,— CH, - F- » CH,—CH,— CH,- + HF

CH,—CH-— CH, - F- > CH,—CH— CH, - HF

( b) How selective do you expect free-radical tluorination to be?

(c) What product distribution would you expect to obtain from the free-radical fluorination

of propane?
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PROBLEM 4-24

We showed earlier
(
page 1 50) that there is a large deuterium isotope effect in the chlorination

of methane; methane undergoes free-radical chlorination about 12 times as fast as tetradeu-

teriomethane (CD4). Monochlorination of deuterioethane (CiH^D) leads to a mixture con-

taining 93 percent C2H4DCI and 7 percent CtH^CI.

(a) Calculate the relative rates of abstraction of hydrogen and deuterium in the chlorina-

tion of ethane.

(b) Consider the thermodynamics of the chlorination of methane and the chlorination of

ethane, and use the Hammond postulate to explain why one of these reactions has a much
larger isotope effect than the other.

PROBLEM-SOLVING
Proposing Reaction Mechanisms

Throughout this course, we will propose mechanisms to explain reactions. Methods for

dealing with different types of mechanisms will be discussed as we encounter them. These

techniques for dealing with a variety of mechanisms are collected in Appendix 4, but at

this point we consider only free-radical mechanisms like those in this chapter.

Free-Radical Reactions

General principles: Free-radical reactions generally proceed by chain-reaction mechanisms,

using an initiator with an easily broken bond (such as chlorine, bromine, or a peroxide) to start

the chain reaction. In drawing the mechanism, expect free-radical intermediates (especially

highly substituted or resonance-stabilized intermediates). Watch for the most stable free rad-

icals, and avoid any high-energy radicals such as hydrogen atoms.

1. Draw a step that breaks the weak bond in the initiator.

A free-radical reaction usually begins with an initiation step in which the initiator un-

dergoes homolytic (free-radical) cleavage to give two radicals.

2. Draw a reaction of the initiator with one of the starting materials.

One of the initiator radicals reacts with one of the starting materials to give a free-rad-

ical version of the starting material. The initiator might abstract a hydrogen atom or

add to a double bond, depending on what reaction leads to formation of the observed

product. You might want to consider bond-dissociation energies to see which reaction

is energetically favored.

3. Draw a reaction of the free-radical version of the starting material with another

starting material molecule to form a bond needed in the product and generate a

new radical intermediate.

Check your intermediates to be sure that you have used the most stable radical inter-

mediates. For a realistic chain reaction, no new initiation steps should be required; a rad-

ical should be regenerated in each propagation step.

4. Draw termination step(s).

The reaction ends with termination steps, which are side reactions rather than part

of the product-forming mechanism. The reaction of any two free radicals to give a

stable molecule is a termination step, as is a collision of a free radical with the con-

tainer.

Before we illustrate this procedure, let's consider a few common mistakes. Avoid-

ing these mistakes will help you to draw correct mechanisms throughout this course.

Common Mistakes to Avoid

1. Do not use condensed or line-angle formulas for reaction sites. Draw all the

bonds and all the substituents of each carbon atom affected throughout the mechanism.
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1

Three-bonded carbon atoms in intermediates are most likely to be radicals in the free-

radical reactions we have studied. If you draw condensed formulas or line-angle for-

mulas, you will likely misplace a hydrogen atom and show a reactive species on the

wrong carbon.

2. Do not show more than one step occurring at once, unless they really do occur

at once.

PROBLEM-SOLVING HINT

Free-radical bromination is

highly selective, chlorination is

moderately selective, and fluo-

rination is nearly nonselective.

In every mechanism problem, we first draw what we know, showing all the bonds and

all the substituents of each carbon atom that may be affected throughout

the mechanism.

SAMPLE PROBLEM
Draw the mechanism of the reaction of methylcyclopentane with bromine under irradia-

tion with light. Predict the major product.

H CH,

H H

H \ /

Br,

hv

-c-

H

-c-

H

1. Draw a step involving cleavage of the weak bond in the initiator.

The use of light w ith bromine suggests a free-radical reaction, with light providing the

energy for dissociation of Br, . This homolytic cleavage initiates the chain reaction by

generating two Br- radicals.

Initiation step

hv
Br— Br > Br- + -Br

2. Draw a reaction of the initiator w ith one of the starting materials.

One of these initiator radicals should react with methylcyclopentane to give a free-rad-

ical version of methylcyclopentane. As we have seen, a bromine or chlorine radical can

abstract a hydrogen atom from an alkane to generate an alkyl radical. The bromine rad-

ical is highly selective, and the most stable alkyl radical should result. Abstraction of

the tertiary hydrogen atom gives a tertiary radical.

First propagation step

2° <

H

r
H,C

' \

y /Br

\ /
C C.

H—C—C—

H

H H

H,C 3° radical

H p. H

H— C—C—

H

H H

3. Draw a reaction of the free-radical version of the starting material with another

starting material molecule to form a bond needed in the product and generate a

new radical intermediate.
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The alkyl radical should react with another starting-material molecule, in another prop-

agation step, to generate a product and another radical. Reaction of the alkyl radical with

Brj gives 1 -bromo-1 -methylcyciopentane (the major product) and another bromine rad-

ical to continue the chain.

Second propcificition step

Br-

CH, r CH, Br

H V--^ H H H

\ / \ /

H— C— C— H H— C— C—

H

H H H H
major product

4. Draw termination step(s).

it is left to you to add some possible termination steps and summarize the mechanism
developed above.

As practice in using a systematic approach to proposing mechanisms for free-radi-

cal reactions, work Problem 4-25 by going through the four steps outlined above.

Problem 4-25

2.3-Dimethylbutane reacts with bromine in the presence of light to give a good yield of

a monobrominated product. Further reaction gives a dibrominated product. Predict the

structures of these products, and propose a mechanism for the formation of the mono-

brominated product.

Intermediates

4- I 6 The free radicals we have studied are one class of reactive intermediates. Reac-

Reactive ^'^^ intermediates are short-lived species that are never present in high con-

centrations because they react as quickly as they are formed. In most cases,

reactive intermediates are fragments of molecules (like free radicals), often hav-

ing atoms with unusual numbers of bonds. For example, some of the common re-

active intermediates contain carbon atoms with only two or three bonds

(compared with carbon's four bonds in its stable compounds). Such species react

quickly with a variety of compounds to give more stable products with tetrava-

lent carbon atoms.

Although reactive intermediates are not stable compounds, they are impor-

tant to our study of organic chemistry. Most reaction mechanisms involve reac-

tive intermediates. If you are to understand these mechanisms and propose

mechanisms of your own, you need to know how reactive intermediates are formed

and how they are likely to react. In this chapter, we consider their structure and

stability, and in later chapters, we see how they are formed and ways they react

to give stable compounds.

Species with trivalent (three-bonded) carbon are classified according

to their charge, which depends on the number of nonbonding electrons. The

carbocations or carhoniiim ions have no nonbonding electrons and are positive-

ly charged. The radicals ox free radicals have one nonbonding electron and

are neutral. The carhanions have a pair of nonbonding electrons and are nega-

tively charged.
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H H H „
I \ \ \

H— C- H— C- H— C: C-

H H H "

:arbocation radical carbanion carbene

The most common intemiediates with a di\alent (two-bonded I carbon atom

are the carbenes. A carbene has two nonbonding electrons on the divalent carbon

atom, makine it luichareed.

4-I6A Carbocations

A carbocation (often called a carboniuni ion) is a species that contains a carbon

atom hearing a positi\e charge. The positively charged carbon atom is bonded to

three other atoms, and it has no nonbonding electrons. It is sp' hybridized, with a

planar structure and bond angles of about 120°. For example, the methyl cation (CH3)

is planar, with bond angles of exactly 120°. The unhybridized /; orbital is vacant,

and lies perpendicular to the plane of the C—H bonds (Fig. 4-13). The structure of

CH3) is similar to the structure of BH ,. discussed in Chapter 2.

The positive carbon atom of a carbocation has only six electrons in its valence

shell. Because of this electron-deficient carbon, carbocations are strong electrophiles

(Lewis acids), and they react with any nucleophiles they encounter. Carbocations

are proposed as intermediates in man\^ organic reactions. For example, when a high-

ly substituted alkyl halide is heated in a polar solvent, it may ionize to give a carbo-

cation. The carbocation reacts with any available nucleophile. often the solvent. We
will study these reactions in Chapter 6.

Like free radicals, carbocations are electron-deficient species: The\ ha\ e few er

than eight electrons in the valence shell. Also like free radicals, carbocations are sta-

bilized by alkyl substituents. An alkyl group stabilizes an electron-deficient carbo-

cation in two ways: ( 1 ) through an inductive effect, and (2) through the partial o\'erlap

of filled orbitals with empt\ ones. The inductive effect is a donation of electron den-

sity through the sigma bonds of the molecule. The positi\ ely charged carbon atom

withdraws some electron density from alkyl groups bonded to it.

,CH3 CH3

. CH,

Alkyl substituents also have filled sp^ orbitals that can overlap with the empty

p-orbital on the positively charged carbon atom, further stabilizing the carbocation.

Even though the attached alkyl group rotates, one of its sigma bonds is always

aligned with the empty /) orbital on the carbocation. The pair of electrons in this

sigma bond spreads out into the empty /' orbital, stabilizing the electron-deficient car-

bon atom. This type of overlap between a /; orbital and a sigma bond is called hy-

percunjiigation. Figure 4-14 shows how hyperconjugation with an alkyl group

stabilizes a carbocation.

In general, more highly substituted carbocations are more stable.

top view

vacant

side view

A Figure 4-13

The methyl cation is similar

to BH : . The carbon atom

is sigma bonded to three

hydrogen atoms by overlap of

its sp- hybrid orbitals with the

s orbitals of hydrogen. There

is a vacant p orbital perpen-

dicular to the plane of the three

C—H bonds.

vacant

carbocation alkyl group

Figure 4-14

A carbocation is stabilized by

o\ erlap of filled orbitals on an

adjacent alk'yl group with the

\ acant p orbital of the carbo-

cation. Overlap between a

sigma bond and a p orbital is

called hyperconjugation.
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H3C-C^Br

R

R—
I

R
most stable

R

> R—C^

I

H

H
I

> R— C" >

H

H

H—C+

H
least stable

Stability of carbocations

3° > 2° > 1° > methyl

Unsaturated carbocations may also be stabilized by resonance stabilization. If

a pi bond is adjacent to a carbocation, the filled p orbitals of the pi bond will over-

lap with the empty p orbital of the carbocation. The result is a delocalized ion. with

the positive charge shared by two atoms. Resonance derealization is particularly

effective in stabilizing a carbocation.

H

c c+

H

H H
\

H

H

C /CH,

H

H

.C' c,
8*1

I

8*

H H

Carbocations are common intermediates in organic reactions. Highly substituted

alkyl halides can ionize when they are heated in a polar solvent. The strongly elec-

trophilic carbocation reacts with any available nucleophile, often the solvent.

heat, CH,CH,OH
CH3 H

I V
H,C—C— O:

CH, CH3 CH2CH3

PROBLEM 4-26

The triphenylmethyl cation is so stable that some of its salts can be stored for months. Ex-

plain why this cation is so stable.

triphenylmethyl cation

PROBLEM 4-27

Rank the following carbocations in decreasing order of stability. Classify each as primary,

secondary, or tertiary.

(a) The isopentyl cation. (CH,)2CHCH.—CHt

(b) The 3-methyl-2-butyl cation, CH,—CH—CHCCH,).

(c) The 2-methyl-2-butyl cation, CH,—C(CH,)CH:CH,
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4-I6B Free Radicals

Like carbocations. free radicals are sp- hybridized and planar. Unlike carbocations.

however, the p orbital perpendicular to the plane of the C—H bonds of the radical

is not empty: it contains the odd electron. Figure 4-15 shows the structure of the

methvl radical.

H
H'

^ p orbital

C- -H

top view side view

Figure 4-15

The structure of the methyl

radical is like that of the

methyl cation (Fig. 4-13).

except there is an additional

electron. The odd electron is in

the p orbital perpendicular to

the plane of the three C—

H

bonds.

Radicals and carbocations are both electron-deficient because they lack an octet

around the carbon atom. Like carbocations. radicals are stabilized by the electron-

donating effect of alkyl groups, making more highly substituted radicals more stable.

This effect is confirmed by the bond dissociation energies shown in Figure 4-7: Less

energy is required to break a C—H bond to form a more highly substituted radical.

R

R— C-

I

R
most stable

R H

> R— C- > R— C-

I I

H H

>

H
1

H— C-

I

H
least stable

Stability of radicals

3° > > V > methvl

Like carbocations. radicals can be stabilized by resonance. Overlap with the p
orbitals of a pi bond allows the odd electron to be delocalized over two carbon atoms.

Resonance derealization is particularly effective in stabilizing a radical.

H

H

c c

CH,

H H

H

H C CH-,

\ / % /c c

H H

H
or o-C

H

H

r CH-,

H

PROBLEM 4-28

Rank the follow ing radicals in decreasing order of stability. Classifv each as primarv'. sec-

ondarv', or tertiary

.
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(a) The isopentyl radical. (CHO^CHCH,—CH,

(b) The 3-methyi-2-butyi radical. CH,—CH— CHCCHj),

(c) The 2-methyi-2-biityl radical. CH,—C(CH,)CH.CH,

4-I6C Carbanions

methyl anion

Figure 4-16

Both the methyl anion and

ammonia have an sp^

hybridized central atom,

with a nonbonding pair of

electrons occupying one of

the tetrahedral positions.

A carbanion has a trivalent carbon atom that bears a negative charge. There are

eight electrons around the carbon atom (three bonds and one lone pair), so it is not

electron-deficient; rather, it is electron-rich and a strong nucleophile (Lewis base).

A carbanion has the same electronic structure as an amine. Compare the structures

of a methyl carbanion and ammonia:

H
I

H— C:

I

H
methyl anion

H
1

H— N:

I

H
ammonia

The hybridization and bond angles of a carbanion also resemble those of an

amine. The carbon atom is sp^ hybridized and tetrahedral. One of the tetrahedral po-

sitions is occupied by an unshared lone pair of electrons. Figure 4-16 compares the

orbital structures and geometry of ammonia and the methyl anion.

Like amines, carbanions are nucleophilic and basic. A carbanion has a nega-

tive charge on its carbon atom, however, making it a more powerful base and a

stronger nucleophile than an amine. For example, a carbanion is sufficiently basic to

remove a proton from ammonia.

R
\

rV
R

R
\

HY
Vh
H

R3C:

r7
R

X—

H

R,CH +

The stability order of carbanions reflects their high electron density. Alkyl

groups and other electron-donating groups actually destabilize a carbanion. The order

of stability is the opposite of that for carbocations and free radicals, which are elec-

tron-deficient and are stabilized by alkyl groups.

R R H H

R— C:

R
least stable

< R— C: < R— C:

H H

< H— C:~

I

H
most stable

Stability of carbanions

3° < 2° < r < methyl

Carbanions that occur as intermediates in organic reactions are almost always

bonded to stabilizing groups. They can be stabilized either by inductive effects or by

resonance. For example, halogen atoms are electron-withdrawing, and they stabi-

lize carbanions through the inductive withdrawal of electron density. Resonance also

plays an important role in stabilizing carbanions. A carbonyl group (C=0) stabilizes

an adjacent carbanion by overlap of its pi bond with the nonbonding electrons of the
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carbanion. The negative charge is delocalized onto the electronegative oxygen atom

of the carbonyl group.

= 0 H

H

C—C—H + :0H

H

H

C— C:^

/ \
H H

:0: H
\ /
c=c

/ \
H

resonance-stabilized carbanion

PROBLEM 4-29

Acetylacetone (2.4-pentanedione) reacts with sodium hydroxide to give water and the sodi-

um salt of a carbanion. Write a complete structural formula for the carbanion. and use res-

onance forms to show the stabilization of the carbanion.

O O

H,C—C—CH,—C—CH,

acetylacetone (2.4-pentanedione)

PROBLEM 4-30

Acetonitrile (CH,C= N) is deprotonated by very strong bases. Write resonance forms to

show the stabilization of the carbanion that results.

+ H,0

H

4-I6D Carbenes

Carbenes are uncharged reactive intermediates containing a divalent carbon atom.

The simplest carbene has the formula -CH: ^'''"^ called methylene, just as a

—CHj— group in a tnolecule is called a methxiene ^roup. One way of generating

carbenes is to fomi a carbanion that can expel a halide ion. For example, a strong base

can abstract a proton from tribromomethane (CHBr,) to give an inductively stabilized

carbanion. This carbanion expels bromide ion to give dibromocarbene.

Br

Br—C—h'^-OH

tribromomethane

H,0 + Br— C:

Br

a carbanion

Br.
+ Br

Br

dibromocarbene

The electronic stRicture of dibromocarbene is shown below. The carbon atom

is sp' hybridized, with trigonal geometry. An unshared pair of electrons occupies

one of the sp' hybrid orbitals. and there is an empty p orbital extending above and

below the plane of the atoms. A carbene has both a lone pair of electrons and an

empty p orbital, so it can react as a nucleophile or as an electrophile.

empty p orbital

nonbonding electrons

paired in this

sp- orbital

sp- hybridized
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Methylene itself is formed when diazomethane (CH2N2) is heated or irradiat-

ed with light. The diazomethane molecule splits to form a stable nitrogen molecule

and the very reactive carbene.

diazomethane methylene nitrogen

The most common synthetic reaction of carbenes is their addition to double

bonds to form cyclopropane rings. For example, dibromocarbene adds to cyclohex-

ene to give an interesting bicyclic compound.

Br Br

Br Br

cyclohexene dibromocarbene

Carbenes have never been purified or even made in a high concentration, be-

cause when two carbenes collide, they immediately dimerize to give an alkene.

^^r- + r^^ very fast
^ ^^r=r-^^

R R R R

Carbenes and carbenoids (carbeneiike reagents) are useful both for the syn-

thesis of other compounds and for the investigation of reaction mechanisms. The

carbene intermediate is generated in the presence of its target compound, so that it

can react immediately, and the concentration of the carbene is always low. We will

study reactions using carbenes in Chapter 8.

PROBLEM 4-31

When it is strongly heated, ethyl diazoacetate decomposes to give nitrogen gas and a car-

bene. Draw a Lewis structure of the carbene.

O
^ - II

:N=N—CH—C—O—CH3CH3

ethyl diazoacetate

SUMMARY: Reactive Intermediates

Structure Stability Acid/Base

carbocations —
1

3° > 2° > 1° >
electrophilic

strong acids

radicals
1

— c-

1

3° > 2° > 1° > •CH3 electron-deficient

carbanions — C:" ':CH3 > 1° > 2° > 3°
nucleophilic

strong bases

carbenes >- both nucleophilic

and electrophilic
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activation energy (EJ The energy difference between the reactants and the transition state:

the minimum energy the reactants must have for the reaction to occur, (p. 146)

bond dissociation energ} ( BDE ) The amount of energy required to break a particular bond

homolytically. to give radicals, (p. 141

)

A:B » A- + B- IH = BDE

carbanion A strongly nucleophilic species v\ ith a negati\ely charged carbon atom ha\ ing only

three bonds. The carbon atom has a nonbonding pair of electrons, (p. 1 66

)

carbene .A highly reactive species with an uncharged carbon atom w ith two bonds and a

nonbonding pair of electrons. The simplest carbene is methylene. :CH;. (p. 167)

carbocation (carbonium ion) A strongly electrophilic species with a positively charged car-

bon atom having only three bonds, (p. 163)

catalyst A substance that increases the rate of a reaction (by lowering EJ without being con-

sumed in the reaction, (p. 148)

chain reaction A multistep reaction where a reactive intermediate fornied in one step brings

about a second step that generates the intermediate needed for the ne.xt step. (p. 132f)

initiation step: The preliminarx' step in a chain reaction, where the reactive intermediate

is first formed.

propagation steps: The steps in a chain reaction that are repeated over and over to form

the product. The sum of the propagation steps should give the net reaction,

termination steps: Any steps where a reactive intermediate is consumed w ithout anoth-

er one being generated.

enthalpy ( heat content: H ) A measure of the heat energy in a system. In a reaction, the heat

absorbed or evolved is called the heat of reaction. A//'. A decrease in enthalpy (negati\e

\H°) is favorable for a reaction, (p. 139)

endothermic: Consuming heat (having a positive A//""),

exothermic: Giving off heat (having a negative \H°).

entropy iS l .A measure of disorder or freedom of motion. An increase in entropy (positive

\S' ) is favorable for a reaction, (p. 139)

equilibrium A state of a system such that no more change is taking place: the rate of the for-

ward reaction equals the rate of the reverse reaction, (p. 136)

equilibrium constant A quantity calculated from the relative amounts of the products and

reactants present at equilibrium, (p. 136l For the reaction

aA + bB cC + dD

the equilibrium constant is

[AYiBf

free energy (Gibbs free energy; G) A measure of a reaction's tendency to go in the direction

written. A decrease in free energy (negative AG) is favorable for a reaction, (p. 137)

Free-enerev change is defined: AG

standard Gibbs free energy change: (AG" ) The free-energy change corresponding to re-

actants and products in their standard states (pure substances in their most stable states)

at 25°C and 1 atm pressure. AG° is related to K^^ by

Hammond postulate Related species (on a reaction-energy diagram) that are similar in en-

ergy are also similar in structure. In an exothermic reaction, the transition state is closer to the

reactants in energy and in structure. In an endothermic reaction, the transition state is closer

to the products in energy and in structure, (p. 158)

heterolytic cleavage ( ionic cleavage) The breaking of a bond in such a w ay that one of the

atoms retains both of the bond's electrons. A heterolytic cleavage forms two ions. (p. 141

)

A:B * A: ^ B"

Chapter 4

Glossary
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homol) tic cleavage ( radical cleavage) The breaking of a bond in such a way that each atom

retains one of the bond's two electrons. A homolvtic cleavase produces two radicals,

(p. 141)

a'^'b > A- -r B

inductive effect A donation (or withdrawal) of electron density through sigma bonds, (p. 163)

intermediate A molecule or a fragment of a molecule that is formed in a reaction and exists

for a finite length of time before it reacts in the next step. An intermediate corresponds to a

relati\e minimum (a low point) in the reaction-energy diagram, (p. 147)

reactive intermediate: A short-li\ ed species that is never present in high concentration

because it reacts as quickly as it is formed, (p. 162)

isotope effect A change in a reaction rate resulting from using a different isotope. For ex-

ample, breaking a bond to deuterium is generally slower than breaking the same bond to hy-

drogen, (p. 150)

kinetics The study of reaction rates, (p. 13 If. 144)

mechanism The step-b} -step pathw ay from reactants to products showing which bonds break

and which bonds form in v\ hat order. The mechanism should include the structures of all in-

termediates and arrows to show the movement of electrons, (p. 13 If)

potential-energy diagram See reaction-energy diagram.

radical ( free radical ) A highly reactive species in which one of the atoms has an odd num-

ber of electrons. Most commonly, a radical contains a carbon atom with three bonds and an

"odd" (unshared) electron, (pp. 133. 153. 165)

rate of a reaction The amount of product formed or reactant consumed per unit of time,

(p. 144)

rate-determining step The slowest step in a multistep sequence of reactions. In general, the

rate-determining step is the step with the highest-energy transition state, (p. 149)

rate equation (rate law) The relationship between the concentrations of the reagents and the

observed reaction rate. (p. 144) A general rate law for the reaction A — B —* C-Dis
rate - k.iAYlB]"

kinetic order: The power of a concentration term in the rate equation. The rate equation

abo\e is ath order in [A], bih order in [B]. and io - bilh overall order,

rate constant: The constant in the rate equation,

reaction-energy diagram ( potential-energy diagram ) A plot of potential-energy changes as

the reactants are con\erted to products. The \ ertical axis is potential energy (usually free en-

ergy, but occasionally enthalpy). The horizontal axis is the reaction coordinate, a measure

of the progress of the reaction, (p. 147)

^ transition state

products

reacdon coordinate

substitution A reaction in w hich one atom replaces another, usualh as a substituent on a car-

bon atom.
(
p. 133)

thermodynamics The study of the energy changes accompanying chemical transformations.

Themiod> namics is generally concerned with systems at equilibrium, (p. 136)

transition state (activated complex) The state of highest energy between reactants and prod-

ucts. A relative maximum (high point) on the reaction-energy diagram, ( p. 147)
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ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 4

1. Explain the mechanism and energetics of the free-radical halogenation of alkanes.

2. Based on the selectivity of halogenation, predict the products of halogenation of an

alkane.

3. Calculate free-energy changes from equilibrium constants.

4. Calculate enthalpy changes from bond-dissociation energies.

5. Determine the order of a reaction, and suggest a possible mechanism based on its rate

equation.

6. Use energy diagrams to discuss transition states, activation energies, intermediates, and

the rate-determining step of a multistep reaction.

7. Explain how to use isotope effects to determine whether a C—H bond is being broken

in the rate-determining step of a reaction.

8. Use the Hammond postulate to predict whether a transition state will be reactant-like

or product-like.

9. Describe the structures of carbocations. carbanions, free radicals, and carbenes and the

structural features that stabilize them. Explain which are electrophilic and which are

nucleophilic.

Study Problems

4-32.

4-^3.

4^4.

4-/6.

Give a definition and an example for each term.

(b) hgterolytic cleavag^

(e) carbanioncarbocation

(g) carbonium ion

( j) transition__sM£^

(m) <ate constanQ

(p) substitution reactiaa^

Consider the following reaction-energy diagram.

(k) j;ate_ec^uatioH5

(n) reaction mechanism

(c) ^yeradica)
(f) carbene

(1) equilibrium constant

( o )'cEain~react^^

(r) 'Ijond^dissociation energy

(a) Label the reactants and the products. Label the activation energy for the first step and the second step.

(b) Is the overall reaction endothermic or exothermic? What is the sign of

(c) Which points in the curve conespond to intermediates? Which correspond to transition states?

(d) Label the transition state of the rate-determining step. Does its structure resemble the reactants. the products,

or an intermediate?

Draw a reaction-diagram profile for a one-step exothermic reaction. Label the parts that represent the reactants,

products, transition state, activation energy, and heat of reaction.

Draw a reaction-energy diagram for a two-step endothermic reaction with a rate-determining second step.

Treatment of f-butyl alcohol with concentrated HCl gives /-butyl chloride.

CH, CH,

CH,—c—OH H" -h cr CH,—C— CI H,0

CH,

f-butyl alcohol

CH,

/-butyl chloride
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4^8.

4-39.

4-^

4^1.

4-42.

*4-43.

4-44.

When the concentration of is doubled, the reaction rate doubles. When the concentration of /-butyl alcohol is

tripled, the reaction rate triples. When the chloride ion concentration is quadrupled, however, the reaction rate is

unchanged. Write the rate equation for this reaction.

Label each hydrogen atom in the following compounds as primary (1°), secondary (2°), or tertiary (3°).

(a) CH,CH3CH{CH,)2 (b) (CH^hCCH^CCCH,),

(c)

CH,

(d)

Use bond-dissociation energies to calculate values of A//° for the following reactions.

(a) CH,—CH, + U »CH,CH.I -h HI (b) CH,CH:C1 + HI >CH,CH2l + HCl
(c) (CH^I.C—OH + HCl *(CH3),C— CI + H.O (d) CH3CH2CH3 + H, » CH3Ck3 + CH4
(e) CH3CH2OH + HBr CH3CH2— Br + H,0

Use the information in Table 4-2 (p. 142) to rank the following radicals in decreasing order of stability.

CH,CH, / "^CH, (CH,)2CH CH2=CH—CH2•CH3 CH,CH,
<^

^CH. (CH3)3C-

For each of the following alkanes,

(1) Draw all the possible monochlorinated derivatives.

(2) Determine whether free-radical chlorination would be a good way to make any of these monochlorinated

derivatives.

(a) cyclopentane (b) methylcyclopentane

(c) 2,3-dimethyIbutane (d) 2,2,3,3-tetramethylbutane

Write a mechanism for the light-initiated reaction of cyclohexane with chlorine to give chlorocyclohexane. Label

the initiation and propagation steps.

XI

CL
hv

+ HCl

cyclohexane chlorocyclohexane

Draw the important resonance structures of the following free radicals.

O

(a) CH,=CH—CH. (b) (c) CH,—C— O- (e)

The light-catalyzed reaction of cyclohexene with a low concentration of bromine gives exclusively 3-bromocy-

clohexene. Propose a mechanism to explain this preference for substitution at the methylene group next to the

double bond.

H Br

Br. HBr

cyclohexene 3-bromocyclohexene

For each compound, predict the major product of free-radical bromination. Remember that bromination is highly

selective, and only the most stable radical will be formed.

(a) cyclohexane (b) methylcyclopentane (c) 2,2,3-trimethylbutane

(d) decalin (e) 3-methyloctane (f) hexane

(g)

(e) 3-methyloctane

CH,CH3 /\^CH3

CXcH,
ethylben/ene

, .2-diniethylcyclohexene
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4-45. When exactly 1 mole of methane is mixed with exactly 1 mole of chlorine and light is shone on the mixture, a chlo-

rination reaction occurs. The products are found to contain substantial amounts of di-, Iri-, and tctrachloromethane.

(a) Explain how a mixture is formed from this stoichiometric mixture of reactants. and propose mechanisms for

the formation oi these compounds from chloromethane.

(b) How would you run this reaction to get a good conversion of methane to CH,CI .' Methane to CCI4 ?

4-46. The chlorination of pentane gives a mixture of three monochlorinated products.

(a) Draw their structures.

(b) Predict the ratios in which these monochlorination prt)ducts will be formed, remembering that a chlorine

atom abstracts a secondary hydrogen about 4.5 times as fast as it abstracts a primary hydrogen.

4-47. (a) Draw the structure of the transition state for the second propagation step in the chlorination of methane.

•CH, + CU * CH,C1 + CI-

Be careful to show whether the transition state is product-like or reactant-like and which of the two partial

bonds is stronger.

(b) Repeat for the second propagation step in the bromination of methane.

4-48. Peroxides are often added to free-radical reactions as initiators because the oxygen-oxygen bond is homolytically

cleaved rather easily. For example, the bond-dissociation energy of the O—O bond in hydrogen peroxide

(H—O—O—H) is only 51 kcal/mol (213 kJ/mol). Give a mechanism for the hydrogen peroxide-initiated reac-

tion of cyclopentane with chlorine.

4-49. When dichloromethane is treated with strong NaOH, an intermediate is generated that reacts like a carbene. Draw

the structure of this reactive intermediate, and give a mechanism for its formation.

^4-50. When ethene is treated in a calorimeter with and a Pt catalyst, the heat of reaction is found to be -32.7

kcal/mol ( - 137 kJ/mol). and the reaction goes to completion. When the reaction takes place at 1400 K. the equi-

librium is found to be evenly balanced, with A'^.^ = I . Compute the value of AS for this reaction.

Pt catalyst

CH,=CH. + H, <— ' CH,—CH, A// =- 32.7 kcal/mol

''4-51. When a small amount of iodine is added to a mixture of chlorine and methane, it prevents chlorination from oc-

curring. Therefore, iodine is free-radical iiiliibiror for this reaction. Calculate A//° values for the possible reac-

tions of iodine with species present in the chlorination of methane, and use these values to explain why iodine

inhibits the reaction. (The 1— CI bond dissociation energy is 50 kcal/mol or 21 1 kJ/mol.)

^4-52. When healthy. Earth's stratosphere contains a low concentration of ozone (O,) that hv

absorbs potentially harmful ultraviolet (UV) radiation by the cycle shown at right:

Chlorofluorocarbon refrigerants, such as Freon 12''" (CF^ClO, are stable in the lower

atmosphere, but in the stratosphere, they absorb high-energy UV radiation to generate Ot -i- O
chlorine radicals.

CF.CIo -'^ -CF.Cl + CI- heat

The presence of a small number of chlorine radicals appears to lower ozone concentrations dramatically. The fol-

lowing reactions are all known to be exothermic (except the one requiring light) and to have high rate constants.

Propose two mechanisms to explain how a small number of chlorine radicals can destroy large numbers of ozone

molecules. Which of the two mechanisms is more likely when the concentration of chlorine atoms is very small?

CI—0—0— CI 0-, + 2 CI- CI— O- + O > 0-, + CI-

CI - + O3 > CI— O- + O2 2C1— O- » CI—0—0— CI



CHAPTER ^
Stereochemistry

5 - I Stereochemistry is the study of the three-dimensional structure of molecules. No one

Introduction '^^'^ understand organic chemistry, biochemistry, or biology without using stereo-

chemistry. Biological systems are exquisitely selective, and they often discriminate

between molecules with subtle stereochemical differences. We have seen (Sections

2-9, 2-10) that isomers are grouped into two broad classes: constitutional isomers and

stereoisomers. Constitutional isomers (structural isomers) differ in their bonding se-

quence; their atoms are connected differently. Stereoisomers have the same bond-

ing sequence, but they differ in the orientation of their atoms in space.

Differences in spatial orientation might seem unimportant, but stereoisomers

often have remarkably different physical, chemical, and biological properties. For ex-

ample, the cis and trans isomers of butenedioic acid are a special type of stereoiso-

mer called cis-trans isomers (or geometric isomers). Both compounds have the

formula HOOC—CH=CH—COOH, but they differ in how these atoms are

arranged in space. The cis isomer is called maleic acid, and the trans isomer is called

fumaric acid. Fumaric acid is an essential metabolic intermediate in both plants and

animals, but maleic acid is toxic and irritating to tissues.

o o o

H C—OH HO—C C—OH
c=c c=c

HO—C H H H
II

O
fumaric acid, mp 287°C maleic acid, mp 138°C

essential metabolite toxic irritant

The discovery of stereochemistry was one of the most important breakthroughs

in the structural theory of organic chemistry. Stereochemistry explained why sever-

al types of isomers exist, and it forced scientists to propose the tetrahedral carbon

atom. In this chapter, we study the three-dimensional structures of molecules to un-

derstand their stereochemical relationships. We compare the various types of

stereoisomers and study ways to differentiate among stereoisomers. In future chap-

ters, we will see how stereochemistry plays a major role in the properties and reac-

tions of organic compounds.
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What is the difference between your left hand and your right hand? They look sim- j'A
ilar, yet a left-handed glove does not tit the right hand. The same principle applies ChiraN
to your feet. They look almost identical, yet the left shoe tits painfully on the right

foot. The relationship between your two hands or your two feet is that they are non-

superimposable (nonidentical) mirror images of each other. Obkcts that havejeft-

handed and right-handed forms are called chiral (ki rdl, rhymes with "spiral"), the

Greek word for "handed."

We can tell whether an object is chiral by looking at its mirror image ( Fig. 5-
1 ).

Every physical object (with the possible exception of a vampire) has a minor image,

but a chiral object luis a mirror iinci}>e tluil is different from the origimd object. For ex-

ample, a chair and a spoon and a glass of water all look the same in a mirror. Such ob-

jects are called achiraK meaning "not chiral." A hand looks different in the minor. If

the original hand were the right hand, it would look like a left hand in the mirror.

^ Figure 5-1

Use of a mirror to test for

chirality. An object is chiral if

its mirror image is different

from the original object.

Besides shoes and gloves, which are obviously "handed," we see many other

chiral objects every day (Fig. 5-2). What is the difference between an English car and

an American car? The English car has the steering wheel on the right-hand side,

while the American car has it on the left. To a first approximation, the English and

American cars are nonsuperimposable mirror images. Most screws have right hand

threads and are turned clockwise to tighten. The mirror image of a right-handed



176 Chapter 5: Stereochemistry

screw is a left-handed screw, turned counterclockwise to tighten. TTiose of us who are

left-handed realize that scissors are chiral. Most scissors are right-handed. If you use

them in your left hand, they cut poorly, if at all. A left-handed person must go to a

well-stocked store to find a pair of left-handed scissors, the mirror image of the "stan-

dard" right-handed scissors.

PROBLEM 5-1

Determine whether the following objects are chiral or achiral.

5-2A Chirality and Enantiomerism in Organic Molecules

Like other objects, molecules are either chiral or achiral. For example, consider the

two geometric isomers of 1 .2-dichlorocyclopentane (Fig. 5-3). The cis isomer is

achiral ("not chiral'" ). since its mirror image is superimposable on the original mol-

ecule. Two molecules are said to be superimposable if they can be_placed on top of

each other and the three-dimensional position of each atom of one molecule coincides

with the equivalent atom of the other molecule. To draw the mirror image of a mol-

ecule, simply draw the same structure with left_and right reversed. The up-and-down

and front-and-back directions are unchanged. These two mirror-image structures are

identical (superimposable), and c/^-l.2-dichlorocyclopentane is achiral.

The mirror image of rran5-l,2-dichlorocyclopentane is different from (non-

superimposable with) the original molecule. These are two different compounds,

and we should expect to discover two mirror-image isomers of rra«.9-l,2-dichloro-

cyclopentane. You should make models of these isomers to convince yourself that they

same compound different compounds

Figure 5-3

Stereoisomers of 1,2-dichloro-

cyclopentane. The cis isomer

has no enantiomers; it is

achiral. The trans isomer is

chiral: it can exist in either of

two nonsuperimposable enan-

tiomeric forms.

CI CI CI CI

cis-l. 2-dichlorocyclopentane

(achiral)

CI [J CI H
trans- 1 . 2-dichlorocyclopentane

(chiral)



5-2 Chirality 177

are different no matter how you twist and turn them. Such nonsuperimposable mjr-

ror-image molecules are called enantiomers. A chiral compound alw a\ s has an enan-

tiomer (a nonsuperimposable mirror image). An achiral compound always has a

mirror image that is the same as the original molecule. Let's re\ iew the definitions

of these \\ ords.

enantiomers: mirror-image isomers: pairs of compounds that are nonsuper-

imposable mirror images

chiral: ("handprl"^ diffprpnr from its mirror image: having an enantiomer

achiral: ("not handed" ) identical with its mirror image: not chiral

Any compound that is chiral must have an enantiomer. Any compound that is

achiral cannot have an enantiomer.

PROBLEM 5-2

Make a model and draw a three-dimensional structure for each compound. Then draw

the mirror image of your original structure and determine whether the mirror image

is the same compound. Label each structure as being chiral or achiral. and label pairs

of enantiomers.

(a) c/5-1.2-dimethylcyclobutane (b) m/;/5- 1 .2-dimethylcyclobutane

(c) m- and then r7£7/!5- 1.3- (d) 2-bromobuiane

dimethvlcvclobutane

'Q .0-

(f)

5-2B Chiral Carbon Atoms

The structure of 2-bromobutane in problem 5-2(d) shows that a ring is not necessan,'

for a molecule to be chiral. What is it about a molecule that makes it chiral? The

iTiosj_common feature ( but not the only one ) that lends chiralit\ is a carbon atom

that is bonded to four different groups. Such a carbon atomls called~a"chiral carbon

atom^an asymmetric carbon atom, or a stereocenter. The lUPAC term for^ch an

atom (or group of atoms) is a chiralit>_centen Therefore, when the atom is carbon

(the most common case), we will use the specific term chiral carbon atom. Notice

in Figure 5-4 how the tetrahedral arrangement around a chiral carbon atom gi\ es it

a nonsuperimposable mirror image.

Make a model of a chiral carbon atom, bonded to four different-colored atoms.

Also make its mirror image, and tr} to superimpose the two. No matter how you

twist and turn the models, they can never look the same. .\ chiral carbon atom is

g&gn labeled w ith an asterisk (*) in drawing the structure of a compound.

PROBLEM-SOLVING HINT
Stereochemistry is a difficult

topic for many students. Use

your models to help you see

the relationships between struc-

tures. Once you have experi-

ence working with these

three-dimensional relationships,

you may (or may not) be able

to visualize them without

constructing models.

Figure 5-4

Enantiomers of a chiral carbon

atom. These two mirror images

are nonsuperimposable.
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Figure 5-5

A carbon atom bonded tpjust

three different types of groups

is not chiral.

rotate 1
80°

C ^

same as the

first structure

If two groups on a carbon atom are the same, however, the arrangement usti-

ally is not chiral. Figure 5-5 shows the mirror image oFa~tetrahe'3ral structure with

only three different groups; two of the four groups are the same. If the structure on

the right is rotated 180°, it superimposes on the left structure.

2-Bromobutane [Problem 5-2(d)] is chiral because it has a chiral carbon atom.

Carbon atom 2 of 2-bromobutane is bonded to a hydrogen atom, a bromine atom, a

methyl group, and an ethyl group.

Br

CH,—CH— CH.CH3

A three-dimensional drawing shows that 2-bromobutane cannot be superimposed on

its mirror image.

PROBLEM-SOLVING HINT
Every object has a mirror image.

Is its mirror image the same or

different?

DifferentiThe object is chiral.

SameiThe object is achiral.

\ H

CH3CH2 Br

H ,.uC*

Br CH2CH3

We can make some generalizations at this point, as long as you remember that

the ultimate test for chirality is always whether the molecule's minor image is the

same or different.

1. If a compound has no chiral carbon atom, it is usually achira l.

2. If a compound has just one chiral carbon atom, it is chiral.

3. If a_compound has more than one chiral carbon, it may or may not be chiral.

(We will see examples in Section 5-12.)
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SOLVED PROBLEM 5-1

Star each chiral carbon atom in the following structure:

H CI

SOLUTION
There are three chiral carbons, starred in red.

1. The iCHOH i carbon of the side chain is chiral. Its four substituents are the ring, a

h\ drogen atom, a hydroxyl group, and a methyl group.

2. Carbon atom CI of the ring is chiral. Its four substituents are the side chain, a hydro-

gen atom, the part of the ring closer to the chlorine atom I—CH;—CHCl— ). and the

part of the ring farther from the chlorine atom ( —CH-—CH;—CH-—CHCl— ).

3. The ring carbon bearing the chlorine atom is chiral. Its four substituents are the chlo-

rine atom, a hydrogen atom, the part of the ring closer to the side chain, and the part

of the ring farther from the side chain.

Notice that different groups might be different in any manner. For example, the

ring carbon bearing the chlorine atom is chiral e\ en though tw o of its ring substituents ini-

tially appear to be —CH;— group s. These two parts of the ring are different he£ause one

i _s closer to the side chain and one is farther awav. The entire structure of the .group must

be considered.

PROBLEM 5-3

Draw a three-dimensional structure for each compound, and star all chiral carbon atoms.

Draw the mirror image for each structure, and tell whether > ou ha\ e drawn a pair of enan-

tiomers or just the same molecule twice. Build molecular models of any of these examples

that seem difficult to vou.

PROBLEM-SOLVING HINT

To draw the mirror image of a

structure, keep up-and-down

and front-and-back aspects as

they are in the original struc-

ture, but reverse left and right^ —
.Br .OH

(a) 1-bromobutane (b) 1-pentanol

OH
CI

(c) 2-pentanol

NH-

(d) 3-pentano! (e) chlorocyclohexane (f ) CH —CH—COOH
(g) c/5- 1 .2-dichlorocyclobutane (h) Oa;;j-1.2-dichlorocyclobutane

( i ) trans- 1 .3-dichlorocvcIobutane

PROBLEM-SOLVING HINT
To see whether a ring carbon is

chiral, see if there is a difference

in the path around the ring in

each direction. If there is, then

the two ring bonds are "different

groups."
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Figure 5-6

cis- 1 ,2-DichIorocyclopentane

has a mirror plane of

symmetry. Any compound with

an internal mirror plane of

symmetry cannot be chiral.

internal mirror plane

of symmetry (a)

5-2C Mirror Planes of Symmetry

In Figure 5-3 we saw that c/\v- 1 ,2-dichlorocyclopentane is achiral. Its mirror image

was found to be identical with the original molecule. Figure 5-6 shows a shortcut that

often shows whether a molecule is chiral.

IXwe_drawaJhne_doMIllie^^

a carbon atom and twoJiydrogeiTato^ the part of themolecukjhat-appeaisjo^tl^

right of the line is the mirmiilmaga^fJhe part on the left. This kind ofjymnietryjs

called an internal mirror plane, sometimes symbolized by the Greek lowercase let-

ter sigma (cr). Since the right-hand side of the molecule is the reflection of the left-

hand side, the molecule's mirror image is the same as the original molecule.

Notice below that the chiral trans isomer of 1,2-dichlorocyclopentane does not

have a mirror plane of symmetry. The chlorine atoms do not reflect into each other

across our hypothetical mirror plane. One of them is directed up, the other down.

nol a pkiiic

of svmnictrv

enantiomers

does not correspond

CI H

different from the

structure at left

We can generalize from these and other examples to state the following principle:

Any molecule that has an internal mirror plane ofsymmetry cannot be chiral,

even though it may contain chiral carbon atoms.

The converse is not true, however. When we cannot find a mirror plane of sym-

metry, that does not necessarily mean that the molecule must be chiral. The follow-

ing example has no internal mirror plane of symmetry, yet the mirror image is

superimposable on the original molecule. You may need to make models to show

that these mirror images are just two drawings of the same compound.

CI

Br

Br

CI

Br.

CI

CI

Br

(hydrogens are omitted for clarity)
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Figure 5-7

A carbon atom with two iden-

tical substituents (only three

different substituents) usually

has an internal mirror plane of

symmetry. The structure is not

chiral.

Using what we know about niiiror planes of symmetry, we can see why a chi-

ral (asymmetiic) carbon atom is special. Figure 5-4 showed that a chiral carbon has

a mirror image that is nonsuperimposable on the original structure. If a carbon atom

has only three different kinds of substituents, however, it has an internal mirror plane

of symmetry (Fig. 5-7). Therefore, it cannot contribute to chirality in a molecule.

PROBLEM 5-4

For each compound, determine whether the molecule has an internal mirror plane of sym-

metry. If it does, draw the mirror plane on a three-dimensional drawing of the molecule.

If the molecule does not have an internal mirror plane, determine whether or not the struc-

ture is chiral.

(a) methane (b) c/.s-1.2-dibromocyclobutane

(c) rra/;.5-1.2-dibromocyclobutane (d) 1 .2-dichloropropane

(e) glyceraldehyde. HOCH.—CH—CHO (f

)

OH

NH,
I

"

(h) CH,—CH—COOH
alanine

Alanine, from Problem 5-4fh). is one of the amino acids found in common proteins.

Alanine has a chiral carbon atom, and it exists in two enantiomeric forms.

O, OH HO ,0

CH, NH.
natural alanine

H,N CH,
unnatural alanine

These mirror itiiages are different, and this difference is reflected in their biochem-

istry. Only the enantiomer on the left can be metabolized by the usual enzyme; the

one on the right is not recognized as a useful amino acid. Both are named alanine,

however, or 2-aminopropanoic acid in the lUPAC system. We need a simple way to

distinguish between enantiomers and to give each of them a unique name.

5-3

(R) and (S)

Nomenclature of

Chiral Carbon
Atoms
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The most widely accepted system lor naming the configuration of chiral car-

bon atoms is the Cahn-Ingold-Prelog convention, which assigns to each chiral car-

bon atom a letter (R) or (5). To name the configuration of a chiral carbon atom,

follow this two-step procedure:

1. Assign a "priority" to each group bonded to the chiral carbon. We speak of

group 1 as having the highest priority, group 2 second, group 3 third, and group

4 as having the lowest priority.

(a) Look at the first atom of the group— the atom bonded to the chiral carbon.

® Atoms with higher atomic numbers receive higher priorities. For example,

I

if the four groups bonded to a chiral carbon atom were H, CH , , NHj , and

C'"- ® F, the fluorine atom (atomic number 9) would have the highest priority,

® p"^ "^NH followed by the nitrogen atom of the NHt group (atomic number 7), then

© by the carbon atom of the methyl group (atomic number 6). Note that we
look only at the atomic number of the atom directly attached to the chiral

carbon, not the entire group. Hydrogen comes last.

WjjJulLflerent isotopes of the same elernent, the heavier jsotopes

have higher priorities . For example, tritium (^H) receives a higher priori-

ty than deuterium ('^H), followed by hydrogen ('H).

Examples ofpriority for atoms bonded to a chiral carbon:

I > S > O > N > '^C > ''C > Li > > 'H > 'H

® CH,CH.Br

CHjCH, - CH(CH,K

(b) In case of ties, use the next atoms along the chain as tiebreakers. For ex;
ample, we assign a higher priority to isogropyl —CH(CH3)2than to ethyl
—iCHtCHj. The first carbon atom in the ethyl group is bonded to two hy-

drogens and one carbon, while the first carbon in the isopropyl group is

bonded to two carbons and one hydrogen. An ethyl group and a

—CHiCHiBr have identical first atoms and second atoms, but the bromine

atom in the third position gives —CH2CH2Br a higher priority than

—CH^CH,. One high-priority atom takes priority over any number of

lower-priority atoms.

Examples

H

—C— Br

H

OH

" CH')CH2CH')CH2

H CH3 CHoBr

> —C— CI > —C—CH, > —C—CH. >
I I I

CI CH3 H

(c) TiQatdouble and triple bondsasjfgach were a bond to a separate atorg. For

this method, imagine that each pi bond is broken and the atoms at both

ends duplicated. Note than when you break a bond, you always add two

imaginary atoms.

' *

®CH, NH,
^ ©

'

alanine

©
H

R—C=C
H

becomes R-

H
break and duplicate

H H

C—C—

H

c) (c)
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H H H H

R—C=N
break and duplicate

R—C=C—

H

break and duplicate

OH

R—C=0
break and duplicate

becomes R—C— N

(N) (£)

(C)

^
becomes R— C—C—H

(£) (£)

OH

becomes R—C—O

(k (c)

c
I* ©

\©/^S CH(CH,),

C CH,OH
II ©

"

O

2. Using a three-dimensional drawing or a model , put the fourth priority group in

back and view the molecule along the bond from the chiral carbon to the fourth

priority group. Draw an arrow from the first priority group, through the second.

to the third. If the arrow points clockwise, the chiral carbon atom is called (R)

(Latin, rectus, "upright'"). If the arrow points counterclockwise, the chiral car-

bon atom is called (5) (Latin, sinister, "left").

rotate (/?) enantiomer

rotate
iS) enantiomer

Alternatively, you can draw the arrow and imagine turning a car's steering

wheel in that direction. If the car would go to the left, the chiral carbon atom is

designated (5). If the car would go to the right, the chiral carbon atom is de-

signated (R).

PROBLEM-SOLVING HINT
Until you become comfortable

working with drawings, use

models to help you assign (R)

and (S) configurations.
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Let's use the enantiomers of alanine as an example. The naturally occurring

enantiomer is the one on the left, determined to have the (S ) configuration.

natural (5)-alanine unnatural (/?)-alanine

Of the four atoms attached to the chiral carbon in alanine, nitrogen has the

largest atomic number, giving it the highest priority. Next is the —COOH carbon

atom, since it is bonded to oxygen atoms. Third is the methyl group, followed by

the hydrogen atom. When we position the natural enantiomer with its hydrogen

atom pointing away from us. the arrow from —NH^ to —COOH to —CH, points

counterclockwise. Thus, the naturally occurring enantiomer of alanine has the (S)

configuration. Make models of these enantiomers to illustrate how they are named

(R) and (5).

SOLVED PROBLEM 5-2

Draw the enantiomers of 1 .3-dibromobutane and label them as (R) and (S). (Making a

model is particularly helpful for this type of problem.)

CH,—CH^—CH—CH3

Br Br

SOLUTION
The third carbon atom in 1 ,3-dibromobutane is chiral. The bromine atom receives first pri-

ority, the (—CH^CH^Br) group second priority, the methyl group third, and the hydro-

gen fourth. The following mirror images are drawn with the hydrogen atom back, ready

to assign (R) or (5 ) as shown.

PROBLEM-SOLVING HINT

In assigning priorities for a ring

carbon, go around the ring in

each direction until you find a

point of difference; then use the

difference to determine which

ring carbon has higher priority

than the other.

SOLVED PROBLEM 5-3

The structure of one of the enantiomers of carvone is shown below. Find the chiral car-

bon atom and determine whether it has the (R) or the (S) configuration.
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SOLUTION
The chiral carbon atom is one of the ring carbons, as indicated by the asterisk in the struc-

ture below. .Although there are two —CH;— groups bonded to the carbon, they are dif-

ferent —CH;— groups. One is a —CH;—CO— group, and the other is a

—CHj—CH=C group. The groups are assigned priorities, and this is found to be the

iS ) enantiomer

(C)

Group©: C*— C— CH,

CH,

Group ^ : C*—CH,—C—

O

C—
ch; "ch, II

(5 )-car\'one (r) (c

Group ^: C*—CH,—C—C— C= 0

H CH,

PROBLEM 5-5

Star each chiral carbon atom in the following examples. For each chiral carbon, determine

whether it has the ) or the (5) configuration.

(a) HO
H CH,CH,

(di ^ Cl

Cl

(b)

H
I

Br

H,C

H H CH,

(c) H C C

CH.CH-
\ ^ \ / \
C C CH,

I
n

H H CH,

CHO

^(i) C

(CH,,0),CH
>^ CH=CH,
CHiCHj,

'

PROBLEM 5-6

In Problem 5-3. you drew the enantiomers for a number of chiral compounds. Now go back

and desisnate each chiral carbon atom as either i/?) or (5).

PROBLEM-SOLVING HINT
If the lowest priority atom

(usually H) is oriented toward

you, instead of turning the struc-

ture around, you can leave it as

it is with the H toward you and

apply the R/S rule backward.

PROBLEM-SOLVING HINT
Interchanging any two
substituents on a chiral carbon

atom inverts its (R) or (S)

configuration. If there is only

one chiral carbon in a molecule,

inverting its configuration gives

the enantiomer
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5-4

Optical Activity

Mirror-image molecules have nearly identical physical properites. Compare the fol-

lowing properties of (/?)-2-bromobutane and (S )-2-bromobutane.

<R)-2-Bn>inohiitane (S )-2-Brninobii!ane

boiling point ( "Cj 91.2 91.2

melting point (°C) -112 -112
refractive index 1.436 1.436

density 1.253 1.253

Differences in enantiomers become apparent in their interactions with other

chiral molecules, such as enzymes. Still, we need a simple method to distinguish be-

tween enantiomers and measure their purity in the laboratory. Polarimetry is a com-

mon method used to distinguish between enantiomers, based on their ability to rotate

the plane of polarized light in opposite directions. For example, the two enantiomers

of thyroid homione are shown below. The (S) enantiomer has a powerful effect on

the metabolic rate of all the cells in the body. The (R) enantiomer is useless. In the

laboratory, we distinguish between the enantiomers by observing that the active one

rotates the plane of polarized light to the left.

I I H^N H H2N H I I

II II
thyroid hormone (S) wrong enantiomer {R)

rotates polarized light to the left rotates polarized light to the right

5-4A Plane-Polarized Light

Most of what we see is unpolarized light, vibrating randomly in all directions. Plane-

polarized light is composed of waves that vibrate in only one plane. Although there

are other types of "polarized light." the term usually refers to plane-polarized light.

When unpolarized light passes through a polarizing filter, the randomly vi-

brating light waves are filtered, so that most of the light passing through is vibrating

in one direction (Fig. 5-8). The direction of vibration of light passing through a po-

larizing filter is called the axis of the filter. Polarizing filters may be made from care-

fully cut calcite crystals or from plastic sheets that have been treated in a special

way. Plasfic polarizing filters are often used as lenses in sunglasses, since the axis of

the filters can be positioned to filter out reflected glare.

waves vibrating waves vibrating

> Figure 5-8

The waves of plane-polarized

light vibrate primarily in a light source polarizing filter plane-polarized light

single plane.
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second polarizing tllter,

tlrst polarizing tllter axis parallel to the first

plane-polarized light

second polarizing tllter,

tlrst polarizing tllter axis perpendicular to the first

< Figure 5-9

When the axis of a second

polarizing filter is parallel to

the first, a maximum amount

of light passes through.

When the axes of the filters

plane-polarized light are perpendicular, no light

passes through.

When light passes first through one polarizing filter and then through another,

the amount of light emerging depends on the relationship between the axes of the two

filters I Fig. 5-9). If the axes of the two filters are lined up
(
parallel), then nearly all

the light that passes through the first filter also passes through the second. If the a.\es

of the tv.0 filters are perpendicular (crossed poles), however, all the polarized light

that emerges from the first filter is stopped by the second. At intermediate angles of

rotation, intemiediate amounts of light pass through.

You can demonstrate this effect for yourself by wearing a pair of polarized

sunglasses while looking at a light source through another pair ( Fig. 5-10). The sec-

ond pair seems to be quite transparent, as long as its axis is lined up with the pair you

A Figure 5-10

Using sunglasses to demonstrate parallel axes of polarization and crossed poles. When the

two pairs of sunglasses are parallel, a maximum amount of light passes through. When
they are perpendicular, very little light passes through.
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Figure 5-1

1

Optical activity; rotation of the

plane of polarized light. When
polarized light passes through

a solution of an optically active

substance, the plane of vibra-

tion rotates.

light source polarizing filter sample cell final plane of

polarization

are wearing. When the second pair is turned at 90"^

opaque, as if they were covered with black ink.

however, the lenses become

PROBLEM-SOLVING HINT

Don't confuse the process for

naming a structure (R) or (S)

with the process for measuring

an optical rotation. Just because

we use the terms c/ockw/se and

counterclocl<wise in naming (R)

and (S) does not mean that light

follows our naming rules.

5-4B Rotation of Plane-Polarized Light

When polarized light passes through a solution containing a chiral compound, the chi-

ral compound causes the plane of vibration to rotate (Fig. 5-11). For example, if po-

larized light vibrating in the vertical plane passes through a solution of one of the

enantiomers of 2-butanol, it might emerge with its plane of vibration rotated 30°

from the vertical. This rotation can be detected by using a second polarizing filter and

rotating it until the maximum amount of light is observed.

The rotation of polarized light was first discovered in the early nineteenth cen-

tury, when the field of stereochemistry was quite primitive. The relationship between

chirality and the ability to rotate the plane of polarized light was unknown. The ro-

tation of the plane of polarized light was called optical activity, and substances that

could rotate the plane of polarized light were said to be optically active. These terms

are still in use today.

Before the relationship between chirality and optical activity was known, enan-

tiomers were called optical isomers because they were distinguished by their opti-

cal activity. The term was loosely applied to more than one type of isomerism among
optically active compounds, however, and this ambiguous term has been replaced

by the well-defined term enantiomers.

Two enantiomers have identical physical properties, except for the direction

they rotate the plane of polarized light.

Enantiomeric compounds rotate the plane of polarized light by exactly the

same amount but in opposite directions ^

If the {R) isomer rotates the plane 30° clockwise, the (5) isomer will rotate it .30°

counterclockwise . If the (R) enantiomer rotates the plane 5° counterclockwise, the

(S) enantiomer will rotate it 5° clockwise.

We cannot predict which direction a particular enantiomer [either (/?) or (5)]

will rotate the plane of polarized light.

(R) and (S) are simply names, while the direction and magnitude of rotation are

physical properties that must be measured.

5-4C Polarimetry

A polarimeter measures the rotation of polarized light. It has a tubular cell filled with

a solution of the optically active material and a system for passing polarized light
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+ 15° 0 _,5<.

sodium monochromator polarizing sample cell analyzing detector

lamp filter filter filter

Figure 5-12

Schemati c diagram of a polarime ter. The light originates at a source (usually a sodium

lamp) and passes through a polarizing filter and the sample cell. The analyzing filter is

another polarizing filter equipped with a protractor. It is turned until a maximum amount of

light is observed, and the rotation is read from the protractor.

through the solution and measuring the rotation as the light emerges (Fig. 5-12). In

the polarimeter. the light from a sodium lamp is filtered so that it consists of just one

wavelength (one color). This is necessary because most compounds rotate different

wavelengths of light by different amounts. The wavelength of light most common-
ly used for polarimetry is one of the yellow emission lines in the spectrum of sodi -

uni. called the sodium D line . A sodium lamp with a yellow filter provides

monochromatic (one color) light for polarimetry.

Monochromatic light from the source passes through a polarizing filter, then

through the sample cell containing a solution of the optically active compound. On
leaving the sample cell, the polarized light encounter? anoIHefpolarizing filter. This

filter is movable, w ith a scale allowing the operator to read the angle between the axis

of the second (analyzing) filter and the axis of the first (polarizing) filter. The oper-

ator rotates the analyzing filter until the maximum amount of light is transmitted, t^^en

the observed rotation is read from the protractor. The observed rotation is symbol-

ized by a. the Greek letter alpha .

Compounds that rotate the plane of polarized light toward the right (clock-

wise) are called dextrorotatory, from the Greek word dexios. meaning "toward the

right." Compounds that rotate the plane toward the left (counterclockwise) are called

levorotatory, from the Latin word laeviis, meaning "toward the left." These terms

are sometimes abbreviated by a lowercase d or /. Using lUPAC notation, the direc-

tion of rotation is specified by the (-I-) or ( — ) sign of the rotation:

dextrorotatory (clockwise) rotations are (-\-)\

levorotatory (counterclockwise) rotations are (
—

).

For example, the isomer of 2-butanol that rotates the plane of polarized light clock-

w ise is named ( -i- )-2-butanol or J-2-butanol. Its enantiomer. ( - )-2-butanol or

/-2-butanol. rotates the plane counterclockwise by exactly the same amount.

You can see the principle of polarimetry by using two pairs of polarized sun-

glasses, a beaker, and some corn syrup or sugar solution. Wear one pair of sun-

glasses, look down at a light, and hold another pair of sunglasses above the light.

Notice that the most light is transmitted through the two pairs of sunglasses when
their axes are parallel. Very little light is transmitted when their axes are per-

pendicular.
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Figure 5-13

Apparatus for using a Hghtbulb

and two pairs of polarized

sunglasses as a simple

polarimeter.

Put syrup into the beaker, and hold the beaker above the bottom pair of sun-

glasses so the light passes through one pair of sunglasses (the polarizing filter), then

the beaker (the optically active sample), and then the other pair of sunglasses (the an-

alyzing filter); see Figure 5-13.

Again, check the angles giving maximum and minimum light transmission. Is

the syrup solution dextrorotatory or levorotatory? Did you notice the color variation

as you rotated the filter? You can see why just one color of light should be used for

accurate work.

5-4D Specific Rotation

The rotation of polarized light by an optically active compound is a characteristic

physical property of that compound, just like the boiling point or the density. The ro-

tation (a) observed in a polarimeter depends on the concentration of the sample so-

lution, the length of the cell, and how strongly optically active the compound is. For

example, twice as concentrated a solution would give twice the original rotation.

Similarly, a 20 cm cell gives twice the rotation observed using a similar concentra-

tion in a 10 cm cell.

To use the rotation of polarized light as a characteristic property of a com-

pound, we must standardize the conditions for measurement. We define a compound's

specific rotation [a] as the rotation found using a 10 cm ( I dm) sample cell and a

concentration of 1 g/mL. Other cell lengths and concentrations may be used, as long

as the observed rotation is divided by the path length of the cell (/ ) and the concen-

tration (c).

a(observed)

a(observed) = rotation observed in the polarimeter

c = concentration, g /mL
/ = length of sample cell (path length), decimeters (dm)

SOLVED PROBLEM 5-4

When one of the enantiomers of 2-butanol is placed in a polarimeter. the observed rota-

tion is 4.05° counterclockwise. The solution was made by diluting 6 g of (-)-2-butanol

to a total of 40 mL, and the solution was placed into a 200-mm polarimeter tube for the

measurement. Determine the specific rotation for this enantiomer of 2-butanol.
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SOLUTION
Since it is levorotatory, this must be a sample of (-)-2-butanol. The concentration is 6 g

per 40 mL = 0.15 g/ml, and the path length is 200 mm = 2 dm. The specific rotation is

-4 05°
[a]l^ =

^-"^
= -13.5°^ (0.15)(2)

A rotation depends on the wavelength of light used and also on the tempera-

ture, so these data are given together with the rotation. In Solved Problem 5-4. the

"25" means that the measurement was made at 25°C. and the "D" means that the light

used was the D line of the sodium spectrum.

Without even measuring it. we can predict that the specific rotation of the other

enantiomer of 2-butanol will be

[a]5- = +13.5°

where the ( + ) refers to the clockw ise direction of the rotation. This enantiomer would

be called ( + )-2-butanol. We could refer to this pair of enantiomers as ( + )-2-butanol

and ( — )-2-butanol or as (/?)-2-butanol and (S)-2-butanoI.

Does this mean that (/?)-2-butanol is the dextrorotatory isomer and (5)-2-bu-

tanol is levorotatory? Not at alll The rotation of a compound. ( + ) or (
— ). is some-

thing that we measure in the polarimeter. depending on how the molecule interacts

with light. The (R) and (5 ) nomenclature is our own artificial way of describing how
the atoms are arranged in space.

In the laboratory, we can measure a rotation and see whether a particular sub-

stance is ( + ) or (
— ). On paper, we can determine whether a particular drawing is

named (/?) or (S). But it is difficult to predict whether a structure we call iR) will ro-

tate polarized light clockwise or counterclockwise. Similarly, it is difficult to predict

whether a dextrorotatory substance in a flask has the (R) or (S) configuration.

PROBLEM 5-7

A solution of 2.0 g of ( + )-glyceraldehyde. HOCH;—CHOH—CHO. in 10 mL of water

was placed in a 100 mm cell. Using the sodium D line, a rotation of -1-1.74° was found at

25 'C. Determine the specific rotation of ( + )-glyceraldehyde.

PROBLEM 5-8

A solution of 0.5 g of (-)-epinephrine (see Fig. 5-14) dissolved in 10 mL of dilute HCl was

placed in a 20 cm polarimeter tube. Using the sodium D line, the rotation was found to be

-5.0° at 25 °C. Determine the specific rotation of epinephrine.

PROBLEM 5-9

A chiral sample gives a rotation that is close to 180" . How can one tell whether this rota-

tion is +180° or -180°?

If polarimetry were the only way to differentiate between enantiomers. one might ask

whether the difference was important. Biological systems commonly distinguish be-

tween enantiomers. and tw o enantiomers may have totally different biological prop-

erties. In fact, any chiral probe can distinguish between enantiomers. and a

polarimeter is only one example of a chiral probe. A tangible example of a chiral

5-5

Biological

Discrimination of

Enantiomers



192 Chapters: Stereochemistry

probe is your hand. If you needed to sort a box of gloves into right-handed gloves

and left-handed gloves, you could distinguish between them by checking to see which

ones fit your right hand.

Enzymes in living systems are chiral, and they are capable of distinguishing be-

tween enantiomers. Usually, only one enantiomer of a pair fits properly into the chi-

ral active site of an enzyme. For instance, the levorotatory form of epinephrine is

one of the principal hormones secreted by the adrenal medulla. When synthetic ep-

inephrine is given to a patient, the ( — ) form has the same stimulating effect as the

natural hormone. The ( + ) form lacks this effect and is mildly toxic. Figure 5-14

shows a simplified picture of how only the ( — ) enantiomer fits into the enzyme's

active site.

(/?)-(-)-epinepliiine enzyme active site enzyme-substrate complex

natural epinephrine

OH

Figure 5-14

Chiral recognition of epineph-

rine by an enzyme. Only the

levorotatory enantiomer fits

into the active site of the

enzyme.

OH

NH,—CH2 \

CH,

(S)-(+)-epinephrine

unnatural epinephrine

does not fit the enzyme's active site

Biological systems are capable of distinguishing between the enanfiomers of

many different chiral compounds. In general, just one of the enantiomers produces

the characteristic effect; the other either produces no effect or has a totally different

effect. Even your nose is capable of distinguishing between some enantiomers. For

example, (-)-carvone is the fragrance associated with spearmint oil, while ( + )-car-

vone has the tangy odor of caraway seed. We can conclude that the receptor sites for

the sense of smell are chiral, just as the active sites in most enzymes are chiral. In

general, enantiomers do not interact identically with other chiral molecules, whether

or not they are of biological origin.
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H3C CH, H.C CH,

( + )-carvone (caraway seed) (-)-carvone (spearmint)

PROBLEM 5-10

If you had the two enantiomers of carvone in Lininaris.ed bottles, could you use just your nose

and a polarimeter to determine

(a) whether it is the ( + ) or ( - ) enantiomer that smells like spearmint?

(b) whether it is the (R) or (S) enantiomer that smells like spearmint?

(c) With the information given in the drawings of carvone above, what can you add to your

answers to (a) or ( b)?

Suppose we had a mixture of equal amounts of ( + )-2-butanol and (
- )-2-butanol. The 5-6

( + ) Isomer would rotate polarized light clockwise with a specific rotation of + 13.5°, Racemic MixtUreS
and the ( - ) isomer would rotate the polarized light counterclockwise by exactly the

same amount. We would observe a rotation of zero, just as though 2-butanol were

achiral. A solution of equal amounts of two enantiomers, so that the mixture is op -

tically inactive, is called a racemic mixture .

Sometimes a racemic mi xture is called a racemate, a ( ± ) pair, or a {dj)pmr.

A racemic mixture is symbolized by placing ( ± ) or (cl,l) in front of the name of the

compound. For example, racemic 2-butanol would be symbolized by "(±)-2-bu-

tanol" or "((:/,/)-2-butanol."

CH, CH,

.C and C '"'^'"'"^

n y \ / H contains cciual

HO CH.CH, CH3CH, OH amounts of the

(5)-(-H)-2-butanol (/?)-(- )-2-butanol two enantiomers.

-I- 13.5° rotation - 13.5° rotation

You might guess that a racemic mixture would be unusual, since it requires

exactly equal quantities of the two enantiomers. This is not the case, however. Many
reactions lead to racemic products, especially when an achiral molecule is convert-

ed to a chiral molecule .

A reaction that uses optically inactive reactants and catalysts cannot produce

a product that is optically active. Any chiral product miisTbe tormed as a

racemic mixture.

For example, hydrogen adds across the C=0 double bond of a ketone to produce

an alcohol.

R R

\=0 R'-C-O
R' H H
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Figure 5-15

Hydrogenation of 2-butanone

forms racemic 2-butanol.

Hydrogen adds to either face of

the double bond. Addition of

H2 to one face gives the (R)

product, while addition to the

other face gives the (S

)

product.

CH3CH2

CH3'

H—

H

c=o:

H—

H

add H, from top

add H-, from bottom CH3CH2,

H (S) H

racemic mixture

y of 2-butanol

enantiomers

Because the carbonyl group is flat, a simple ketone such as 2-butanone is achi-

ral. Hydrogenation of 2-butanone gives 2-butanol, a chiral molecule (Fig. 5-15). This

reaction involves adding hydrogen atoms to the C=0 carbon atom and oxygen

atom. If the hydrogen atoms are added to one face of the double bond, the (S) enan-

tiomer results. Addition of hydrogen to the other face forms the (R) enantiomer. It is

equally probable for hydrogen to add to either face of the double bond, and equal

amounts of the (R) and (5) enantiomers are formed.

Logically, it makes sense that optically inactive reagents and catalysts cannot

form optically active products. If the starting materials and reagents are optically in-

active, how could we obtain a product that is dextrorotatory? There is no reason for

the dextrorotatory product to be favored over a levorotatory one. The ( + ) product

and the ( - ) product are favored equally, and they are formed in equal amounts: a

racemic mixture.

5-7 Sometimes we deal with mixtures that are neither optically pure (all one enantiomer)

Enantiomeric Excess
^'^^ racemic (equal amounts of two enantiomers). In these cases, we specify the op-

j • in •
ticargurity (o.p.) of the rnixture. The optical purity of a niixture is defined as the ratio

and vJptlCal runty of its rotation to the rotation of a pure enantiomer. For example, if we have some

[mostly ( + )] 2-butanol with a specific rotation of +9.54°, we compare this rotation

with the +13.5° rotation of the pure ( + ) enantiomer.

observed rotation 9.54°
o.p. = X 100% /= X 100% = 70.7%

rotation of pure enantiomer / 13.5

The enantiomeric excess (e.e.) is a similar method for expressing the relative

amounts of enantiomers in a mixture. To compute the enantiomeric excess of a mix-

ture, we calculate the excess of the predominant enantiomer as a percentage of the

entire mixture. The calculation of enantiomeric excess generally gives the same re-

sult as the calculation of optical purity, and we often use the two terms interchange-

ably. Algebraically, we use the following formula:

(excess of one over the other) „
100% \= ^ ~ X 100%

(entire mixture)

The units cancel out in the calculation of either e.e. or o.p.. so these formulas can be

used whether the amounts of the enantiomers are expressed in concentrations, grams,

or percentages.
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SOLVED PROBLEM 5-5

Calculate the e.e. and the specific rotation of a mixture containing 6 g of ( + )-2-butanol

and 4 g of ( - )-2-butanol.

SOLUTION
In this mixture, there is a 2 g excess of the { + ) isomer and a total of 10 g, for an e.e. of

20%. We can envision this mixture as 80% racemic [4 g( + ) and 4 g( - )] and 20% pure ( + ).

|6 - 4| 2
o.p. = e.e. = ~ = — = 20%
^ 6 + 4 10

The specific rotation of enantiomerically pure ( + )-2-butanol is +13.5°. The rotation of

this mixture is

observed rotation = (rotation of pure enantiomer) X (o.p.)

= (+13.5°) X (20%) = +2.7°

PROBLEM 5-1 I

When (/?)-2-bromobutane is heated with water. 2-butanol is the product. The reaction forms

twice as much (5)-2-butanol as (/?)-2-butanol. Calculate the e.e. and the specific rotation

expected for the product. The rotations of the butanol enantiomers are shown on page 193.

PROBLEM 5-12

A chemist finds that the addition of ( + )-epinephrine to the catalytic reduction of 2-butanone

(Fig. 5-15) gives a product that is slightly optically active, with a specific rotation of +0.45°.

Calculate the percentages of ( + )-2-butanol and ( - )-2-butanol fonned in this reaction.

Let's consider whether r/.v-l,2-dibromocyclohexane is chiral. If we did not know
about chair conformations, we might draw a flat cyclohexane ring. With a flat ring,

the molecule has an internal mirror plane of symmetry, and it is achiral.

But we know that the ring is puckered into a chair conformation with one

bromine atom axial and one equatorial. A chair conformation of 1 ,2-dibromocy-

clohexane and its mirror image are shown below. These two mirror-image structures

are nonsuperimposable. You may be able to see the difference more easily if you

make models of these two conformations.

5-8

Chirality of

Conformationaliy

Mobile Systems

Does this mean that r/5-l,2-dibromocyclohexane is chiral? No, it does not, be-

cause the chair-chair interconversion is rapid at room temperature. If we had a
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bottle of just the conformation on the left, the molecules would quickly undergo

chair-chair interconversions. Since the two mirror-image conformations intercon-

vert and have identical energies, any sample of r;\s-l,2-dibromocyclohexane must

contain equal amounts of the two mirror images.

A molecule cannot be optically active if its chiral conformations are in equi-

librium with their miiTor images.

c/5-l,2-Dibromocyclohexane appears to exist as a racemic mixture, but with a

major difference: It is impossible to create an optically active sample of c/5-l,2-di-

bromocyclohexane. The molecule is incapable of showing optical activity. We could

have predicted the coixect result by imagining that the cyclohexane ring is flat.

This finding leads to a general principle we can use with conformationally mo-

bile systems:

To determine whether a conformationally mobile molecule can be optically

active, consider its most symmetric conformation.

An alternative statement of this rule is that a molecule cannot be optically active if

i t is in equilibrium with a structure (or a conformation) that is achiral. Because con-

formers differ only by rotations about single bonds, they are generally in equilibri-

um at room temperature. We can consider cyclohexane rings as though they were flat

(the most symmetric conformation), and we should consider straight-chain com-

pounds in their most symmetric conformations, usually an eclipsed conformation.

For example, the gauche conformations of butane are chiral, but they quickly

interconvert. They are in equilibrium with the totally eclipsed conformation, which

is symmetric, implying that butane must be achiral.

H3C

H

gauche totally eclipsed gauche

(chiral) (achiral) (chiral)

SOLVED PROBLEM 5-6

Draw each compound in its most symmetric conformation, and determine whether it is ca-

pable of showing optical activity,

(a) 1,2-dichloroethane

SOLUTION
The most symmetric conformation is the one with the two chlorine atoms eclipsed. This

confonnation has two internal mirror planes of symmetry, and it is achiral.
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(b) tnins- 1 .2-dibromocyciohexane

SOLUTION
Drawn in its most symmetric conformation, this molecule is still nonsuperimposable on

its mirror image. It is a chiral compound, and no chair-chair interconversion can inter-

convert the two enantiomers.

-PROBLEM 5-13

( 1 ) Make a inodel of each compound, draw it in its most symmetric conformation, and de-

termine whether it is capable of showing optical activity.

(2) Star each chiral carbon atom, and compare your result from part ( 1 ) with the predic-

tion you would tnake based on the chiral carbons.

( a ) 1 -bromo- 1 -chloroethane

(c) 1 -bromo- 1 ,2-dichloroethane

(e) trans- 1 ,3-dibromocyclohexane

( b) 1 -bromo-2-chloroethane

(d) cis- 1 .3-dibromocyclohexane

( f ) trans- 1 .4-dibromocvclohexane

PROBLEM-SOLVING HINT
Consider the most symmetric

accessible conformation. You can

also consider the most stable

conformation and see if it can

interconvert with its mirror

image.

5-9

Chiral Compounds
Most chiral organic compounds have at least one chiral carbon atom. There are some

compounds that are chiral because they have another chiral atom, such as phospho-

rus, sulfur, or nitrogen, serving as a stereocenter. Some compounds are chiral even

though they have no chiral atoms at all. In these types of compounds, there are char-

acteristics of the molecules" shapes that lend chirality to the structure. CarboD AtOITIS

Without Chiral

5-9A Conformational Enantiomerism

Some molecules are so bulky or so highly strained that they cannot easily convert from

one chiral conformation to the mirror-image confortiiation. They cannot achieve the

most symmetric conformation because the most symmetric confonnation has too

much steric hindrance or ring strain. Since these molecules are "locked'" into a con-

formation, we must evaluate the individual locked-in conformation to determine

whether the molecule is chiral.

Figure 5-16 shows three conformations of a sterically crowded derivative of

biphenyl. The center drawing shows the molecule in its most symmetric conforma-

tion. This confonnation is planar, and it has a miiTor plane of symmetry. If the mol-

ecule could achieve this conformation, or even pass through it for an instant, it would

not be optically active. This planar conformation is very high in energy, however, be-

cause the iodine and bromine atoms are too large to be forced so close together. The
molecule can exist only in one of the two staggered conforinations shown on the left

and right. These conformations are nonsuperimposable mirror images, and they do

not interconvert. They are enantioiners, and they can be separated and isolated. Each

of them is optically active, and they have equal and opposite specific rotations.

Even a simple strained molecule can show conformational enantiomerism.

fA'o«^-Cyclooctene is the smallest stable /ran.v-cycloalkene. and it is strained. If
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impossible,

too crowded

Figure 5-16

This biphenyl cannot pass

through its symmetric confor-

mation because there is too

much crowding of the iodine

and bromine atoms. The mole-

cule is "locked" into one of the

two chiral. enantiomeric, stag-

gered conformations.

C^C
H

H
4=C

H

rra«5-cyclooctene existed as a planar ring, even for an instant, it could not be chiral.

Make a molecular model of /ra/»-cyclooctene, however, and you will see that it can-

not exist as a planar ring. In fact, its ring is folded into the three-dimensional struc-

ture pictured in Figure 5-17. The mirror image of this structure is different, and

/ra/;,s-cyclooctene is a chiral molecule. In fact, the enantiomers of /ran.s-cyclooctene

have been separated and characterized, and they are optically active.

A Figure 5-17

rra;(.s-Cyclooctene is strained,

unable to achieve a symmetric

planar conformation. It is

locked into one of these two

enantiomeric conformations.

H

H

H

Figure 5-

The two ends

molecule are

H

'H

18

of the allene

peipendiculan

5-9B TheAllenes

The sp hybrid carbon atom requires a linear arrangement of atoms (Section 2-4).

There are two kinds of sp hybrid carbon atoms. The most common are those that

participate in triple bonds, such as in alkynes or nitriles:

H H

.sy; hybridized

A carbon atom that participates simultaneously in two double bonds is also sp hy-

bridized. Compounds containing a C=C=C unit are called allenes. The parent

compound, propadiene. has the common name allene.

^ sp hybridized

H,C=C=CH,
allene

In allene. the central carbon atom is sp hybridized and linear, while the two outer

carbon atoms are sp' hybridized and trigonal. We might imagine that the whole mol-

ecule lies in a plane, but this is not correct. The central sp hybrid carbon atom must

use different p orbitals to forni the pi bonds with the two outer carbon atoms. The two

unhybridized p orbitals on the sp hybrid carbon atom are perpendicular, so the two

pi bonds must also be perpendicular. Figure 5-18 shows the three-dimensional struc-

ture of allene.

Allene itself is achiral. If you make a model and its mirror image, you will find

it identical with the original molecule. If we add some substituents to allene. how-

ever, the molecule may be chiral.

Make a model of the following compound:

CH3—^H=C=CH—CH,
2.3-pentadiene
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Carbon atom 3 is the sp hybrid allene carbon atom. Carbons 2 and 4 are both sp' and

planar, but their planes are perpendicular to each other. None of the carbon atoms are

attached to tour different atoms, so there is no chiral carbon atom. Nevertheless, 2.3-

pentadiene is chiral. as you should see from your models and from the following

drawines of the enantiomers.

minor

enantiomers of 2.3-pentadiene

PROBLEM 5-14

Draw three-dimensional representations of the following compounds. Which have chiral car-

bon atoms? Which have no chiral carbons but are chiral anyway? Use your models for parts

(a) through (d) and any others that seem unclear.

(a) 1.3-dichloropropadiene

(c) 1 -chloro-3-methyl- 1 .2-butadiene

(e) bromocyclohexane

D D

(b) 1-chloro-l. 2-butadiene

(d) l-chloro-1.3-butadiene

CH, Br

Br I

PROBLEM-SOLVING HINT

D/enes are compounds with two

double bonds. In the name, each

double bond is given the lower

number of its two carbon

atoms. A//enes are dienes with

the two double bonds next to

each other, joined at one carbon

atom. An allene is chiral if each

end has two distinct

substituents.

H H

We have been using dashed lines and wedges to indicate perspective in drawing the 5*10
stereochemistry of chiral carbon atoms. When we draw molecules with several chi-

ral carbons, perspective drawings become time-consuming and cumbersome. In ad-

dition, the complicated drawings make it difficult to see the sirnilarities and

differences in groups of stereoisomers.

At the turn of the century. Emil Fischer was studying the stereochemistry of sug-

ars (Chapter 23). which contain as many as seven chiral carbon atoms. To draw these

structures in perspective would have been difficult, and to pick out minor stereo-

chemical differences in the drawings would have been nearly impossible. Fischer

developed a symbolic way of drawing chiral carbon atoms, allowing them to be

drawn rapidly. The Fischer projection also facilitates comparison of stereoisomers.

Fischer Projections
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holding them in their most symmetric conformation and emphasizing any differ-

ences in their stereochemistry.

5- 1 OA Drawing Fischer Projections

The Fischer projection looks like a cross, with the chiral carbon (usually not drawn

in) at the point where the lines cross. The horizontal lines are taken to be wedges, that

is, bonds that project out toward the viewer. The vertical lines are taken to project

away from the viewer, as dashed lines. Figure 5-19 shows the perspective implied by

the Fischer projection. The center drawing illustrates why this projection is sometimes

called the "bow-tie convention." Problem 5-15 should help you to visualize how the

Fischer projection is used.

thi.s angle

Figure 5-19

The Fischer projection uses a

cross to represent a chiral

carbon atom. The horizontal

lines project toward the viewer,

and the vertical lines project

away from the viewer.

HO

COOH

H
\ iew from

this angle

(S )-lactic acid

perspective drawing

COOH

HOi-C-iH

CH,

HO

COOH

H

CH,

(S )-lactic acid

Fischer projection

PROBLEM 5-15

For each set of examples, make a model of the first structure and tell the relationship of each

of the other structures to the first structure. Examples of relationships: same compound,

enantiomer, structural isomer.

(a) H-

COOH

-OH

(b) H-

CH,

CH,CH,

-Br

CH,

(c) (/?)-2-butanol

HO-

Br-

COOH

H
CH,

CH,

H

CH^CH,

CH,

-OH

CHjCHj

H,C-

Br-

HO-

H

-COOH

OH
CHXH,

H

CH,

CH,

-H

CH,CH,

HO-

CH,

H

COOH
CH,

Br

CH.CH,

CH.CH,

-OH

CH,
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In working Problem 5-15. you may have noticed that Fischer projections that

differ by a 180" rotation are the same. WTien we rotate a Fischer projection by 1 SO",

the \enical (dashed linei bonds still end up venical. and the horizontal ( wedged)

lines still end up horizontal. The "horizontal lines forward, vertical lines back" con-

vention is maintained. Rotation by ISO" is allowed.

COOH COOH CH-. CH-.

i roiaie ISO' I

H— OH = H—C—OH = HO—C—H = HO—

H

CH- CH-. COOH COOH

On the other hand, if we were to rotate a Fischer projection by 90'. we w ould

change the configuration and confuse the viewer. The original projection has the \ er-

tical groups back (dashed lines i and the horizontal groups forward. When we rotate

the projection by 90". the vertical bonds become horizontal and the horizontal bonds

become \ ertical. The \ie\\ er assumes that the horizontal bonds come for\\ ard and that

the vertical bonds go back. The \ iew er sees a different molecule ( acmally. the enan-

tiomer of the original molecule i. A 90 " rotation is not allow ed.

COOH COOH ^ H H

H^— OH = H«-C^OH ^ H-C C COOH Y HC COOH
i

/\

CH, CH. OH OH

orientation

In comparing Fischer projections, w e caimot rotate them by 90" and we can-

not rum them over. Either of these operations gives an incorrect representation of

the molecule. The Fischer projection must be kept in the plane of the papver. and it

may be rotated only by ISO".

The final rule for drawing Fischer projections helps to ensure that we do not

rotate the drawing by 90". This rule is that the carbon chain is drawTi along the ver-

tical line of the Fischer projection, usually with the most highly oxidized carbon

substiment at the top. For example, to represent ( 7? t- 1.2-propanediol with a Fischer

projection, w e should arrange the three carbon atoms along the venical. The r\vo

ends of the molecule are a methyl group and a —CH;OH group. The —CH;OH
group is more highly oxidized and is placed at the top.

CH-OH

/C- CH,

H OH

\iewed

from

this anele

CH-OH CH-OH

H—C^OH - H OH

CH, CH,

PROBLEM 5-16

Draw a Fischer projection for each _ /: . _ -\. . _ r.e cross represents a chi-

ral carbon atom, and the carbon chain should be along the ^ ertical. with the more highly ox-

idized end at the top.
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(a) (5)-1.2-propanediol

(c) (5)-1.2-dibromobutane

(e) (/?)-2lvceraldehvde. HO

(b) (^)-2-bromo-l-buianol

(d) (/?)-2-butanol

OH

CH-— CH—CHO

PROBLEM-SOLVING HINT

Interchanging any two groups on

a Fischer projection (or on a

perspective drawing) inverts the

configuration of that chiral

carbon from (R) to (S) or from

(S) to (R).

5- 1 OB Drawing Mirror Images of Fischer Projections

How doeN one drau the mirror image of a molecule draw n in Fischer projection?

With our perspecti\ e drawings, the rule was to reverse left and right while keeping

the other directions (up and down, front and back) in their same positions. This rule

still applies to Fischer projections. Interchanging the groups on the horizontal part

of the cross reverses left and right w hile leaving the other directions unchanged.

COOH COOH
I

H

—

—OH HO H

CH3 CH3
(/?)-lactic acid tS )-lactic acid

Testing for enantiomerism is particularly simple using Fischer projections. If

the Fischer projections are properly drawn (carbon chain along the \ enicalj. and if

the mirror image cannot be made to look the same as the original strucmre with a 180°

rotation in the plane of the paper, the tw o mirror images are enantiomers. In the fol-

low ing examples, any groups that fail to superimpose after a 180' rotation are cir-

cled in red.

Orisinal

CH.

Mirror ima?e

CH,

HO H---cr 180=C7--H^— OH---

CH3 " CH,

These mirror images are the same. 2-Propanol ib achiral

ISO' rotation

CH,

H- OH

CH,

CH-OH

H OH

CH:

CH-OH

HO H

CH,

180" H—OH

(cnpn)

These mirror images are different. 1.2-Propanediol is chiral.

CH CH, CH3

H-

Br-

-Br

-H

Br-

H-

-H

CH, CH,

H

CH,

These mirror images are different. This structure is chiral.

Mirror planes of symmetr) are panicularly easy to identify from the Fischer pro-

jection because this projection is normaIl\ the most >\ mmetnc conformation. In the
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first preceding example and in the follou ing example, the symmetn.- planes are in-

dicated in red: these examples with symmetn. planes cannot be chiral.

CH^ CH-, CH,

H Br Br H ^ ^ H Br
(7 ^ a 180=

H Br Br H = H Br

CH. CH. CH.

These mirror images are the same. This structure is achiral.

PROBLEM 5-17

For each Fischer projection

(1) Make a model.

(2) Draw the mirror image.

(3) Determine whether the mirror image is the same as. or different from, the original

structure.

1 4 1 Draw in an\' mirror planes of symmetp. that are apparent from the Fischer projections.

CHO CH.OH CH-Br

(a»H OH ibiH

—

— Br (c) Br Br

CH-OH CH-OH CH,

CHO CH-OH CH-OH

H OH H OH HO H
(d, .e f

H OH H OH H OH

CH-OH CH-OH CH-OH

5- 1 OC Assigning (R) and (S) Configurations from Fischer

Projections

The Cahn-lngold-Prelog convention (Section 5-3) can be applied to structures

drawn using Fischer projections. Let's review the uvo rules for assigning (R) and

(S): (1) Assign priorities to the groups bonded to the chiral carbon atom: (2) put the

lowest-priorit} group ( usually H ) in back, and draw an arrow from group 1 to group

2 to group 3. Clockw ise is [R). and counterclockw ise is (5).

The ( ) or ( 5 ) configuration can also be determined directly from the Fischer

projection, without having to conx ert it to a perspective drau ing. The low est-prior-

it} atom is usually hydrogen. In the Fischer projection, the carbon chain is along the

vertical line, so the hydrogen atom is on the horizontal line and projects out in front.

Once we have assigned priorities, we can draw an arrow from group 1 to group 2 to

group 3 and see u hich w ay it goes. If the molecule w ere turned around so that the

hydrogen w ould be in back (as in the definition of (R) and (S)). the arrow would ro-

tate in the other direction. By mentally mming the arrow around, w e can assign the

configuration.

.As an example, consider the Fischer projection formula of one of the enan-

tiomers of glyceraldehyde. First priorit> goes to the —OH group, followed by the

—CHO group and the —CH;OH group. The hydrogen atom receives the lowest

priority . The arrow from group 1 to group 2 to group 3 appears counterclockwise in
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PROBLEM-SOLVING HINT
When naming (R) and (S) from

Fischer projections with the

hydrogen on a horizontal bond

(toward you instead of away

from you), just apply the normal

rules backward.

the Fischer projection. If the molecule is turned over so the hydrogen is in back, the

arrow is clockwise, and this is the (R) enantiomer of 2lvceraldehvde.

counterclockwise clockwise

CH.OH

Fischer projection

{R )-( + )-glyceraldehyde

CHO

H*-C—OH

hydrogen QH^OH
in front

^HO CH.OH

perspective drawing

(R )-( + )-glyceraldehyde

PROBLEM 5-18

For each Fischer projection, label each chiral carbon atom as (R) or (5 ).

(a)-(f ) the structures in Problem 5-17

CH.CH, COOH

(g)H- -Br (h) H,N-

CH,

H (i)Br-

CH.OH

-CI

CH, CH,

SUMMARY: Fischer Projections and Their Use

1. They are most useful for compounds with two or more chiral carbon atoms.

2. Chiral carbons are at the centers of crosses.

3. The vertical lines project away from the viewer, the horizontal lines toward the viewer.

4. The carbon chain is usually placed along the vertical, most oxidized end (the carbon with the most bonds to O or halo-

gen) at the top.

5. The entire projection can be rotated 180' (but not 90') in the plane of the paper without changing its stereochemistry.

6. Interchanging any two groups on a chiral carbon (for example, those on the horizontal line) inverts its stereochemistry.

5-1 I We have defined stereoisomers as isomers w hose atoms are bonded together in the

DiaStereomerS
order but differ in how the atoms are directed in space. We have also consid-

ered enantiomers. minw-image isomers, in detail. All other stereoisomers are clas-

sified as diastereomers, w hich are defined as stereoisomers that are not minor

images. Most diastereomers are either geometric isomers or compounds containing

two or more chiral carbon atoins.

5-1 I A Cis-trans isomerism on Double Bonds

We have already seen one class of diastereomers. the cis-trans isomers, or geo-

metric isomers. For example, there are two isomers of 2-butene:

H,C H H,C CH,
\ / \ / '

c=c c=c
/ \ / \

H CH3 H H
rrani-2-butene c75-2-butene
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These stereoisomers are not min or images of each other, so they are not enantiomers.

They are diastereomers.

5-1 IB Cis-trans Isomerism on Rings

Cis-trans isomerism is also possible w hen there is a ring present. O'.v- and /ra/;.s-1.2-

dimethylcyclopentane are geometric isomers, and they are also diastereomers. The

trans diastereomer has an enantiomer. but the cis diastereomer has an internal mir-

ror plane of symmetry, and it is achiral.

H CH,

enantiomers of tran.s-\.

CH, H
2-dimethylcyclopentane

5- lie Diastereomers of Molecules with Two or More Chiral

Carbon Atoms

Apart from geometric isomers, most other compounds that show diasteromerism

have two or more chiral carbon atoms. For example. 2-bromo-3-chlorobutane has

two chiral carbon atoms, and it exists in two diastereomeric forms. The two di-

astereomers of 2-bromo-3-chlorobutane are shown below. Make molecular models

of these two stereoisomers.

'CH,

H-^C^Br
(D

®
H-^C^Cl

'CH,

CH,

H-

H-

Br

®
®
-CI

'CH,

'CH,

not \

mirror I

images /

H-

Cl-

Br

H

'CH,

'CH,

H-^C— Br

Cl-^C^H

'CH,

diastereomers

These two structures are not the same; they are stereoisomers because they dif-

fer in the orientation of their atoms in space. They are not enantiomers. however, be-

cause they are not mirror images of each other: C2 has the (5) configuration in both

structures, while C3 is (/?) in the structure on the left and (5) in the structure on the

right. The C3 carbon atoms are mirror images of each other, but the C2 carbon atoms

are not. If these two compounds were mirror images of each other, both chiral car-

bons would ha\ e to be min"or images of each other.

Since these compounds are stereoisomers but not enantiomers, they must be di-

astereomers. In fact, both of these diastereomers are chiral and each has an enan-

tiomer. Thus, there are a total of four stereoisomeric 2-bromo-3-chlorobutanes: two
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pairs of enantiomers. Either member of one pair of enantiomers is a diastereomer of

either member of the other pair.

CH,

H-

H-

CH,

-Br

-CI

CH,

Br-

ci-

H

H

CH,

{2S. M) (2R. 3S)

enantiomers

-diastereomers

CH,

H-

ci-

Br

H

CH,

as, 3S)

CH,

Br-

H-

-H

-CI

CH3

(2R. 3R)

enantiomers

We have now seen all the types of isomers we need to study, and we can dia-

gram their relationships and summarize their definitions.

SUMMARY: The Types of Isomers

all isomers

constitutional isomers

(structural isomers)

stereoisomers

diastereomers enantiomers

cis-trans isomers other diastereomers

(geometric isomers) (two or more chiral carbons)

Isomers are different compounds with the same molecular formula.

Constitutional isomers are isomers that differ in the order in which atoms are bonded together. Constitutional isomers are

sometimes called structural isomers because they have different connections among their atoms.

Stereoisomers are isomers that differ only in the orientation of the atoms in space.

Enantiomers are mirror-image isomers.

Diastereomers are stereoisomers that are not mirror images of each other.

Cis-trans isomers (geometric isomers) are diastereomers that differ in their cis-trans arrangement on a ring or a double bond.

PROBLEM 5-19

For each pair, give the lelation.ship between the two compounds. Making models will be

helpful.

(a) (27?,35)-2,3-dibromohexane and (25,3/?)-2.3-dibromohexane

(b) (2/?,3.S')-2.3-dibromohexane and (2/?,3/?)-2.3-dibromohexane

H C Br H C H
' \ <>H ' \ ^>CH,

(c) ,X—C and X—

C

h V \ Br / \
Br CH3 H Br
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In the preceding secrion we saw there are four stereoisomers (rv\ o pairs of enan- 5-12
tiomerst of 2-bromo-3-chlorobutane. These four isomers are simplv all the permu- c^^^^^^u^ i^*^,,

tations ot {R) and (5 » contisuranons at the tw o chiral carbon atoms. C2 and Cj«: '

Molecules with Two
diasiereomers OT More Chiral

^ ^ Carbons
i2R3R\ i2S3S\ (2i?.35i i2S.3R)

We might suspect that a compound with n chiral carbon atoms u ould ha\ e 2"

stereoisomers. This formula often works, and it is called the 2 rule, -. here n is the

number of chiral carbon atoms. The 2" rule suggests u e should xOOk ror a maximum
of 2' stereoisomers. \S"e may not alw ays find 2' isomers, especially w hen two of the

chiral carbon atoms ha\ e identical substiments.

2.3-Dibromobutane is an example of a compound ha\ ing few er than 2"" stereoiso-

mers. It has uvo chiral carbons. C2 and C3. and the 2' rule predicts a maximum of four

stereoisomers. The four permutations of i /? > and ( 5 1 configuraiions at C2 and C3 are

shown below . Make molecular models of these scrucmres to compare them.

CH.. CH- CH, CH.
I

-

H H Br Br H H Br
_ ^ mirror plane of

H Br Br H Br H H Br

CHj CH. CHj CH,
i2R3R\ '25.35 '1R.3S' ZS.3R

>\mmetr»

enactiomers same compouna.

the = diastereomer die meso diastereomer

diastereomer^
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There are only three stereoisomers of 2,3-dibromobutane because two of the

four structures are identical. The diastereomer on the right is achiral. having a mir-

ror plane of symmetry. The chiral carbon atoms have identical substituents, and the

one with (R) configuration reflects into the other having (5) configuration. It seems

almost as though the molecule were a racemic mixture within itself

5-13

Meso Compounds

Compounds that are achiral even though they have chiral carbon atoms are called

meso compounds. The {2R3S ) isomer of 2.3-dibromobutane is a meso compound:

most meso compounds have this kind of symmetric structure, with two similar halves

of the molecule having opposite configurations. In speaking of the two diastereomers

of 2,3-dibromobutane. the symmetric one is called the nwso diastereomer. and the chi-

ral one is called the ( ± ) diastereomer. since one enantiomer is ( + ) and the other is ( — ).

MESO COMPOUND: An achiral compound that has chiral carbon atoms.

We have already seen other meso compounds, although we have not yet called

them that. For example, the cis isomer of 1 .2-dichlorocyclopentane has two chiral car-

bon atoms, yet it is achiral. Therefore, it is a meso compound. C/5'-l,2.-dibromocy-

clohexane is not symmetric in its chair conformation, but it consists of equal amounts

of the two enantiomeric chair confirmations in a rapid equilibrium. We are justified

in looking at the molecule in its symmetric flat conformation to determine whether

it is chiral. For acyclic compounds, the Fischer projection helps to show the symmetr}'

of meso compounds.

CI CI

cis- 1 .2-dichlorocyclopentane

Br-

CH3

H
COOH

Br-
er cr

H

H——OH
H——OH

cis- 1

Br

.2-dibromocvclohexane

CH3
wf'^o-2.3-dibromobutane

COOH
meso tartaric acid

SOLVED PROBLEM 5-7

Determine w hich of the following compounds are chiral. Star am chiral carbon atoms, and

draw in any mirror planes. Label any meso compounds. ( Use your molecular models to

follow along.)

(a) CH,,

H-

HO-

(b)

-OH

-H

Br-

Br-

CH.OH

-CI

-CI

(c) CH,

CH,, CH,OH

H-

HO-

HO-

H-

-OH

-H

-H

OH

(d) H

CI

CH,

SOLUTION
(a) CH,

H-

HO-

CH,

-OH

-H

HO-

H-

-H

-OH

CH, CH,

This compound does not have a

plane of symmetry, and w e might

suspect that it is chiral. Drawing the

mirror image shows that it is non-

superimposable on the original

structure. These are the enantiomers

of a chiral compound.
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fb)

Br_-

Br-

CH,OH

-_CI_

-CI

CH,OH
meso

Both (b) and (c) have mirror planes

of symmetry and are achiral. Be-

cause they ha\ e chiral carbon atoms

yet are achiral. they are meso.

Draw ing this compound in its most

symmetric conformation (flat)

shows that it does not have a mirror

plane of symmetry. When we draw

the mirror image, it is found to be an

enantiomer

PROBLEM 5-20

Which of the following compounds are chiral? Draw each compound in its most symmet-

ric confonnation. star any chiral carbon atoms, and draw in any mirror planes. Label any

meso compounds. You may use Fischer projections if you prefer.

(a) /«^5f)-2.3-dibromo-2.3-dichlorobutane

(b) (±)-2.3-dibromo-2.3-dichlorobutane (c) butane

(d) (2^.35) HOCH^—CHBr—CHOH—CH.OH
CHO

(e)

PROBLEM 5-21

Draw all the distinct stereoisomers for each stnicture. Show the relationships (enantiomers,

diastereomers. etc.) between the isomers. Label any meso isomers, and draw in any mirror

planes of symmetry.

(a) CH,—CHCl—CHOH—COOH
(b) tartaric acid. HOOC—CHOH—CHOH—COOH
(CI HOOC—CHBr—CHOH—CHOH—COOH

CH-,

(d) HO

CH.
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5-14

Absolute and

Relative

Configuration

Throughout our study of stereochemistry, we have drawn three-dimensional repre-

sentations, and we have spolcen of chiral carbons having the (/?) or (S) configuration.

All these ways of describing the configuration of a chiral carbon atom are absolute;

that is, they give the actual orientation of the atoms in space. We say that these meth-

ods specify the absolute conflguration of the molecule. For example, given the

name "(/?)-2-butanor" any chemist can construct an accurate molecular model or

draw a three-dimensional representation.

ABSOLUTE CONFIGURATION: The detailed stereochemical picture of a

molecule, including how the atoms are arranged in space. Alternatively, the

(R) or (5) configuration at each chiral carbon atom.

Chemists have determined the absolute configurations of many chiral com-

pounds since 195 1 , when X-ray crystallography was first used to find the orientation

of atoms in space. Before 195 1 . there was no way to link the stereochemical draw-

ings with the actual enantiomers and their observed rotations. No absolute configu-

rations were known. It was possible, however, to coirelate the configuration of one

compound with that of another and to show that two compounds had the same or op-

posite configurations. When we convert one compound into another using a reac-

tion that does not break bonds at the chiral carbon atom, we know that the product

must have the same relative configuration as the reactant, even if we cannot deter-

mine the absolute configuration of either compound.

RELATIVE CONFIGURATION: The expenmentally determined relationship

between the configurations of two molecules, even though we may not know
the absolute configuration of either.

For example, optically active 2-methyl-l-butanol reacts with PBr^ to give op-

tically active l-bromo-2-methylbutane. None of the bonds to the chiral carbon atom

are broken in this reaction, so the product must have the same configuration at the

chiral carbon as the starting material does.

CH3CH2CHCH2OH + PBr3

CH3
(+)-2-methyl- 1 -butanol

[a]^5 = +5.8°

CH3CH2CHCH2Br

CH3
(-)- 1 -bromo-2-methylbutane

[a]25 = -4.0°

We say that ( + )-2-methyl- 1 -butanol and ( — )- 1 -bromo-2-methylbutane have the same

relative configuration, even though we don't have the foggiest idea whether either of

these is (R) or (S ) unless we relate them to a compound whose absolute configura-

tion has been established by X-ray crystallography.

Before the advent of X-ray crystallography, several systems were used to

compare the relative configurations of chiral compounds with those of standard

compounds. Only one of these systems is still in common use today: the d-l sys-

tem, also known as the Fischer-Rosanoff convention. The configurations of sug-

ars and amino acids were related to the enantiomers of glyceraldehyde. Compounds

with the same relative configuration as { + )-glyceraldehyde were assigned the D

prefix, and those with the relative configuration of ( - )-glyceraldehyde have the

L prefix.

We now know the absolute configuradons of the glyceraldehyde enantiomers:

The ( + ) enantiomer has the (R) configuration, with the hydroxyl (OH) group on

the right in the Fischer projection. The (
—

) enantiomer has the iS) configuration,

with the hydroxyl group on the left. Most naturally occurring amino acids have the

L configuration, with the amino (NHi) group on the left in the Fischer projection.
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CHO COOH COOH COOH

HO-

(5)

•H -H H^N- -H H.N- H

CH2OH
L-(- )-glvceraldehvde

R
an L-amino acid

CH2OH
L-(-)-serine

CH.CH.COOH
L-(+)-2lutamic acid

Sugars have several chiral carbons, but the\ can all be degraded to glyceraldehyde

by oxidizing them from the aldehyde end. ( We discuss these reactions in Chapter 23.)

Most naturally occurring sugars degrade to ( -t- )-glyceraldehyde. so they are given the

D prefix. This means that the bottom chiral carbon of the sugar has its hydroxyl (OH)

group on the right in the Fischer projection.

CHO

H-

HO-

H-

H-

OH
-H

-OH CHO

OH

CH^OH

degrade

HO-

CHO

H

degrade H- -OH

CHoOH

D-(+)-glucose D-(-i-)-2lvceraldehvde D-(-)-threose

We have seen that enantiomers ha\ e identical physical properties except for the di-

rection in which they rotate polarized light. Diastereomers. on the other hand, gen-

erally have different physical properties. For example, consider the diastereomers

of 2-butene (shovvn below). The symmetr\^ of rra/!5-2-butene causes the dipole mo-

ments of the bonds to cancel. The dipole moments in cis-2-hutene do not cancel but

add together to create a molecular dipole moment. The dipole -dipole attractions of

c/5-2-butene give it a higher boiling point than that of trans-2-huienc.

5-15

Physical Properties

of Diastereomers

H,C

H

c=c
H

CH,

M = 0

rra/ij-2-butene

bond dipoles cancel

bp = 0.9=C

H,C CH3

c=c
/

H H
M = 0.33 D
c/5-2-butene

vector sum dipole ^

bp = 3.7=C

Diastereomers that are not geometric isomers also have different ph\ sical prop-

erties. The two diastereomers of 2.3-dibromosuccinic acid have melting points that

differ by nearly lOO'C:

H-

Br-

COOH

-Br

-H

COOH

HBr-

H-

COOH COOH
and ( — )-2.3-dibromosuccinic acid

mp for either is 158-C

COOH

-Br

-Br

H-

H-

COOH
weio-2.3.-dibromosuccinic acid

nfip 256'C
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Most of the common sugars are diastereomers of glucose. All these diastere-

omers have different physical properties. For example, glucose and galactcse are di-

astereomeric sugars that differ only in the stereochemistr\- of one chiral carbon

atom, C4.

H O
\ //
,C

H-

HO—
H-
H-

-OH

-H

-OH

OH

,CH,OH

C4-

D-( + )-glucose. mp 148°C

H—
HO—
HO-
H-

-OH

-H

H

-OH

,CH.OH
D-(+)-galactose. mp 167°C

Because diastereomers have different physical properties, we can separate them

by ordinan' means such as distillation, recrx stallization. and chromatographN'. As we
will see in the next section, the separation of enantiomers is a more difficult process.

PROBLEM 5-22

W hich of the follow ing pairs of compounds could be separated by recrj'stallization or

distillation?

(a) meso-\2csX2cnc acid and ( ± )-tartaric acid (HOOC—CHOH—CHOH—COOH

)

CH,CH CH,CH,

PhCH.

(an acid -base salt)

H-

HO-

COOH

-OH

-H

COO"

5-16 Pure enantiomers of optically active compounds are often obtained by isolation from

Resolution of
^io'o^i'^'^l sources. Most optically active molecules are found as only one enan-

tiomer in living organisms. For example, pure ( + )-tartaric acid can be isolated from

the precipitate formed by yeast during the femientation of wine. Pure (-^ )-glucose

is obtained from many different sugar sources, such as grapes, sugar beets, sugar-

cane, and honey. Alanine is a common amino acid found in protein as the pure (+ )

enantiomer.

Enantiomers
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H O
\ //
C

H-

HO-

COOH

-OH

-H

COOH

H——OH

HO——H

H——OH
H——OH

H,N

COOH

H

CH,

L-( + )-tartaric acid

(2/?.3/?)-tartaric acid

CH.OH
D-( + )-2iucose L-(+)-alanine

When a chiral compound is synthesized from achiral reagents, however, a

racemic mixture of enantiomers is obtained. For example, we saw that the reduction

of 2-butanone (achiral) to 2-hutanol (chiral) gives a racemic mixture:

O

H,C—C— CH.—CH,
H.. Pt

-butanone

H OH

CH3 CH.CH,
(/?)-2-butanol

HO H

CH, CH,CH,
(5)-2-butanol

If we need one pure enantiomer of 2-butanol. we must find a way of separat-

ing it from the other enantiomer. The separation of enantiomers is called resolution,

and it is a very different process from the usual physical separations. A chiral probe

is necessary for the resolution of enantiomers; such a chiral compound or apparatus

is called a resolving agent.

In 1 848, Louis Pasteur noticed that a salt of racemic ( ± )-tartaric acid crystal-

lizes into mirror-image crystals. Using a microscope and a pair of tweezers, he phys-

ically separated the enantiomeric crystals. He found that solutions made from the

"left-handed"" crystals rotate polarized light in one direction, and solutions made

from the "right-handed" crystals rotate polarized light in the opposite direction. Pas-

teur had accomplished the first artificial resolution of enantiomers. Unfortunately, few

racemic compounds crystallize as separate enantiomers. and other methods of sep-

aration are required.

5-I6A Chemical Resolution of Enantiomers

The most common method for resolving a racemic mixture into its enantiomers is to

use an enantiomerically pure natural product that bonds with the compound to be re-

solved. When the enantiomers of the racemic compound bond to the pure resolving

agent, a pair of diastereomers results. The diastereomers are separated, then the re-

solving agent is cleaved from the separated enantiomers.

Let"s consider how a racemic mixture of (/?)- and (5')-2-butanol might be re-

solved. We need a resolving agent that reacts with an alcohol and that is readily

available in an enantiomerically pure state. A carboxylic acid combines with an al-

cohol to form an ester. Although we have not yet studied the chemistry of esters

(Chapter 21), you can see how an acid and an alcohol can combine with the loss

of water:

O
II

R—C—OH
acid

-h R'—OH
alcohol

(H" catalyst)

An illustration of Louis Pasteur

working in the laboratorv'. He
is. no doubt, contemplating the

implications of enantiomerism

in tartaric acid crystals.

— O-

ester

R' + H—O—

H

water
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HO

CHoCH,

-H

CH3

(S )-2-butanol

CH2CH3

OHH-

CH3

(/?)-2-butanol

H-

> + HO

COOH

OH

H

COOH
{R. /?)-(+)-tartaric acid

o
c— o-

CHXH

H

H

HO

OH CH3

H

separating

then

H,0

H-

HO

COOH

OH
+ HO-

CH2CH3

-H
-H

CH.

COOH
(S'j-l-butyl (R, «)-tartrate

COOH

{R, /?)-(+)-tartaric acid (5)-2-butanol

H

CHtCH3 p.

o—

c

CH3H

HO

OH

-H

separating

then

H.O

H

HO

COOH

-OH

-H
+ H-

CH2CH3

OH

CH,

COOH
(7?)-2-butyl {R. /?)-tartrate

diastereomers

COOH

(R. /f)-(+)-tartaric acid (/?)-2-butanoI

A Figure 5-20

Formation of {R}- and (5 )-2-butyl tartrate. Tiie reaction of a pure enantiomer of one

compound with a racemic mixture of another compound produces a mixture of diastere-

omers. Separation of the diastereomers. followed by hydrolysis. gi\ es the resolved enan-

tiomers.

For our resolving agent, we need an optically active chiral acid to react with

2-butanol. Any winery can provide large amounts of pure ( + )-tartaric acid. Figure

5-20 shows that diastereomeric esters are fomied when (R)- and (5)-2-butanol react

with ( + )-tartaric acid. We can represent the reaction schematically as follows:

(/?)- and (5)-2-butanol

plus

(RMHananc acid

(/?)-2*butyl

(/?,^)-tartrate
+ (S)-2-butyl

(/?./? )-tartrate

diastereomers. not mirror images

The diastereomers of 2-butyl tartrate have different physical properties, and

they can be separated by conventional distillation, recrystallization. or chrotnatog-

raphy. Separation of the diastereomers leaves us with two flasks, each containing

one of the diastereomeiic esters. The resolving agent is then cleaved from the sepa-

rated enantiomers of 2-butanol by the reverse of the reaction used to make the ester.

Adding an acid catalyst and an excess of water to an ester diives the equilibrium to-

ward the acid and the alcohol:

O O
II (H+catalvst) II

C—O— R' -f H—O—H ^ ' R—C—OH + R'—OH
ester water acid alcohol
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Hydrolysis of (/?)-2-bulyl tartrate gives (/?)-2-butanol and ( + (-tartaric acid,

and hydrolysis of (S)-2-biit\ l tartrate gives (5 )-2-butanol and ( + )-tartaric acid. The

recovered tartaric acid would probably be thrown away, since it is cheap and nontoxic.

Many other chiral resolving agents are expensive, requiring that they be carefully re-

covered and recycled.

PROBLEM 5-23

To show that {/?)-2-but\ l-(/?./?)-tartrate and (5 )-2-butyl-(/?./? (-tartrate are not enantiomers.

draw and name the muTor images of these compounds.

5-1 6B Chromatographic Resolution of Enantiomers

Chromatography is a powerful method for separating compounds. One type of chro-

matography invoh es passing a mixture through a column containing particles whose

surface tends to adsorb organic compounds. Compounds that are adsorbed strongly

spend more time on the stationary particles; they come off the column later than less

strongly adsorbed compounds, which spend more time in the mobile solvent phase.

In some cases, enantiomers may be resolved by passing the racemic mix-

ture through a column containing particles whose surface is coated with chiral

molecules ( Fig. 5-2 1 ). As the solution passes through the column, the enantiomers

form weak complexes, usually through hydrogen bonding, with the chiral column

packing. The solvent flows continually through the column, and the dissolved

Beginning of

chromatography

solution of

(+) and (-)

chiral

column

packing

Half-way point

extra ^

solvent

(-) enantiomer

(+) enantiomer ^

more tightly

bound

less tightly

bound

Near the end:

(+) enantiomer

being collected

(—) enantiomer

(+) enantiomer

< Figure 5-21

Chromatographic resolution of

enantiomers. The enantiomers

of the racemic compound form

diastereomeric complexes with

the chiral material on the

column packing. One of the

enantiomers binds more tightly

than the other, and its move-

ment through the column is

slower.
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enantiomers gradually move along, retarded by the time they spend complexed

with the column packing.

The special feature of this chromatography is the fact that the enantiomers

form diastereomeric complexes with the chiral column packing. These diastereomeric

complexes have different physical properties. They also have different binding en-

ergies and different equilibrium constants for complexation. One of the two enan-

tiomers will spend more time complexed with the chiral column packing. The more
strongly complexed enantiomer passes through the column more slowly and emerges

from the column after the faster-moving (more weakly complexed) enantiomer.

5-17

Stereochemistry

of Chemical

Reactions:

An Overview

One of the most interesting and useful aspects of stereochemistry is the study of

what happens to optically active molecules when they react. The products isolated

from the reaction of a chiral starting material can tell us a great deal about the reac-

tion mechanism. Also, we can use our knowledge of the stereochemical consequences

of a reaction to develop useful synthetic methods for chiral compounds. We divide

our discussion of the reactions of chiral compounds into three parts:

1. Reactions that take place at the chiral carbon atom

2. Reactions that do not involve the chiral carbon atom

3. Reactions that generate a new chiral carbon atom

In this chapter, we briefly consider the possible stereochemical outcomes of

these three types of reactions. In future chapters, we will study the reactions them-

selves in more detail.

5- 1 7A Reactions at the Chiral Carbon Atom

Inversion of Configuration. When a reaction takes place at a chiral carbon atom,

it may change the configuration of the chiral carbon. An inversion of configuration

gives a product whose stereochemistry is opposite that of the reactant. For example,

hydroxide ion reacts with (/?)-2-bromobutane to form (S )-2-butanol.

HO—C,
\"
CH.CH,

(S)-2-butanol

Inversion of configuration is a common result of reactions that take place at chi-

ral carbon atoms. R Walden first proved that a substitution reaction had inverted the

configuration of a chiral carbon in 1893. In his honor, a substitution that inverts the

configuration at a chiral carbon atom is called a Walden inversion.

Racemization. Reactions of optically active compounds often show neither clean in-

version of configuration nor clean retention of configuration. This result is called

racemization. If the product is optically inactive (a racemate), we say that the reaction

proceeds with complete racemization. If some optical activity remains, the compound

has undergone partial racemization. In the case of partial racemization, we say that the

reaction has produced predominant retention or predominant inversion, depending on

whether the major product is the retention product or the inversion product.

For example, racemization takes place in most reactions where the chiral car-

bon atom is converted to a carbocation. Carbocations are flat and achiral, and the orig-

H—O:

(/?)-2-bromobutane
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OCHXH^

CH;CH.
H3C ^ CUiCUy).

Br

(R)

CH,CH. y
'

"C-— CH(CH3)2

H3C
Br

CH.CH.OH

bottom

attack

CH.CHV y CH(CH.).

H,C

iS)

(in\ersion)

CH:,CH,

C

OCH.CH,

(/?)

(retention)

Figure 5-22

An example of racemization. Ionization of the chiral alkyl halide gives an achiral carboca-

tion. It can be attacked by the nucleophile (ethanol) from either face, giving both enan-

tiomers of the product.

inal stereochemistry' is lost. The product from such a reaction is usually racemic.

Figure 5-22 shows an optically active alkyl halide ionizing to a carbocation. which

is attacked by the solvent, ethanol.

Although the alkv 1 halide is opticalh active, the intermediate carbocation is pla-

nar and achiral. Ethanol can attack the carbocation on either face, leading to racem-

ization. Attack on the top face leads to a product with the (S ) configuration ( inversion

of configuration): attack on the bottom face gives the (/?) configuration (retention of

configuration).

This racemization is not complete. howe\ er. because the leaving bromide ion

panially blocks the bottom side of the carbocation. Under most conditions, ethanol

attacks more easih' from the top. giving predominant inversion of configuration.

Retention of Configuration. In\ ersion of configuration and racemization are the

most common stereochemical results of reactions that take place at a chiral carbon

atom. .A. few reactions at chiral carbon atoms give products that ha\ e the same con-

figuration as the starting material: this result is called retention of configuration.

An example is the reaction of an alcohol with thion\ 1 chloride. SOCl;. Under the

proper conditions, this reaction converts alcohols to alk\ 1 chlorides with retention

of configuration.

CI

CH,CH, V CH;CH, S=0 + HCl

X—OH -r CI—S— CI > X—

O

H / H V
CH, CH3

CI

CH,CH. S=0 CH3CH, CHXH.
(slow) 1^ ^ (fast)

' \'
^,X—O- > ^^C^y S=0 > X— CI

hV ^ h V h V
CH, <zn '-9.-) CH, + so.
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Why isn't the product racemized. as in the earlier reaction that formed a car-

bocation (Fig. 5-22)? The difference Hes in the source of the nucieophile. In Figure

5-22 the nucieophile (ethanol) is distributed throughout the solution. In the thionyl

chloride reaction the nucieophile (chloride ion) is a part of the anion that leaves to

form the carbocation. The carbocation and the anion form a closely associated ion

pair, and chloride ion immediately attacks the nearby face of the carbocation.

PROBLEM 5-24

By analogy with the reactions you have just seen, draw the stereochemistry of the products

of the following reactions.

(a) (5)-3-chlorohexane + aqueous KOH
(b) (5)-3-bromo-3-methylhexane -I- ethanol, heat

CH,

5- 1 7B Reactions that Do Not Involve a Chiral Carbon Atom
When a reaction takes place so that none of the bonds to a chiral carbon atom are bro-

ken, the stereochemistry of the chiral carbon is normally unchanged. For example, in

the following reaction, the chiral carbon atom is a part of the nucieophile, and its

four bonds are never broken. lodomethane is attacked and undergoes an inversion, but

iodomethane is not chiral. Its inversion of configuration is unnoticed in the product.

CH,CH,
- \-

hV
CH,

-0:

'3 Na^

sodium (5')-2-butoxide iodomethane

CH,CH.

hV
CH,

-0-

H
/

-c,,..

Vh
H

(S)-2-methoxybutane

Nal

PROBLEM-SOLVING HINT

(R) and (S) are just names.

Don't rely on names to predict

physical properties or to deter-

mine the stereochemistry of a

reaction.

PROBLEM 5-25

3.4-Dimethyl- 1 -pentene has the formula CH,=CH—CH(CH ,)—CH(CH . When pure

(/?)-3.4-dimethyl-l-pentene is treated with hydrogen over a platinum catalyst, the product

is (5)-2,3-dimethylpentane.

(a) Draw the equation for this reaction. Show the stereochemistry of the reactant and

the product.

( b) Does this reaction go with retention or inversion of the chiral carbon atom?

How reliable is the (R) or (5) designaUon for determining whether a reaction goes with

retention or inversion?

(c) How useful is the (R) or (S) designation for predicting the sign of an optical rotation?

Can you predict the sign of the rotation of the reactant? Of the product?

(HiiU from Juliet Capulet: "Whafs in a name? That which we call a rose/By any other

name would smell as sweet.'")

5- 1 7C Reactions that Generate a New Chiral Carbon Atom

Many reactions form new chiral carbon atoms; yet if a reaction uses only achiral (or

racemic) reagents and catalysts, then equal amounts of the two miiTor images of the

new chiral carbon result, and the product is racemic. For example, we saw (Figure
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5-15) that hydrogenation of 2-biitanone (achiral) gives a racemic mixture of the chi-

ral product. 2-butanol. In every reaction that gives a chiral product from an achiral

reagent, there will be two equally probable mirror-image mechanisms giving the two

enantiomers of the product.

Just as living things come from other living things, optically active products

come from optically active reagents or catalysts. The most common optically active

catalysts are enzymes. Chiral products of enzyme reactions are generally pure enan-

tiomers. Chemists have developed chiral catalysts that mimic enzymes, producing op-

tically active products from achiral reagents. This result is called asymmetric mdiiction.

Asymmetric Induction. Asymmetric induction is the use of an optically active

reagent or catalyst to convert an optically inactive starting material to an optically ac-

tive product. For example, the reduction of 2-butanone can be accomplished in a

stereospecific manner by an enzyme. In this case, an achiral starting material is con-

verted to an optically active product by a chiral catalyst. The enzyme selectively cat-

alyzes the addition of hydrogen to just one of the faces of the C=0 double bond.

O
enzyme »^n,v,j-i-,^5

CH,

CH3—C—CH.—CH3 ^T7^ * C—

O

^ - ^ NADPH, a reducing coenzyme / \
H H

(/?)-2-butanol. [a]i^ = -13.5"

Chemists have begun to imitate nature's use of chiral catalysts for asymmetric

induction. For example, a complex of rhodium with a chiral ligand called DIOP cat-

alyzes the hydrogenation of an achiral starting material to the biologically active ( —

)

form of dopa. Because the catalyst is chiral, the transition states leading to the two

enantiomers of dopa are diastereomeric. They have different energies, and the tran-

sition state leading to the ( — ) enantiomer of the product is favored.

H,N COOH

Rh{DIOP)Cl.
HO CH.

..C
H V \
H.N COOH

(5)-(-)-dopa

Rh(DIOP)Cl, Ph =

Levodopa [( — )-dopa or /-dopa] is used in patients with Parkinson's disease to

counteract a deficiency of dopamine, one of the neurotransmitters in the brain.

Dopamine itself is useless as a drug, because it cannot cross the '"blood -brain

barrier": that is, it cannot get into the cerebrospinal fluid from the bloodstream.

(
— )-Dopa. on the other hand, is an amino acid related to tyrosine. It crosses the

blood -brain barrier into the cerebrospinal fluid, where it undergoes enzymatic

conversion to dopamine. Only the ( — ) enantiomer of dopa can be transformed into

dopamine; the other enantiomer. ( + )-dopa. is toxic to the patient.
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Figure 5-23

The catalytic reduction of

2-methyI-cyclopentanone

gives primarily c/.?-2-methyl-

cyclopentanol. The reduction

occurs more readily on the face

of the molecule that is not

hindered by the bulky methyl

group.

OH
major

product

methyl group

is out of

the w av
Pt surface

bulky methyl group

interferes

HO

(5 )-( — )-dopa dopamine

Directing Influence of a Chiral Carbon. If a molecule already has one chiral

center, that chiral center can "direct" a reagent to form a second chiral carbon atom

in the desired manner. The reagent does not need to be chiral because the chirali-

ty is contained within the starting material itself. Figure 5-23 shows an example of

the directing influence of one chiral carbon atom in the formation of another. The

catalytic reduction of 2-methylcyclopentanone gives almost entirely r/5-2-methyl-

cyclopentanol because hydrogen adds preferentially to the less hindered face of

the molecule.

The reagent in Figure 5-23 is not distinguishing between two equivalent faces

of the molecule but between one relatively unhindered face and a face with a methyl

group in the way. The products, cis- and rra/!5-2-methylcyclopentanol. are not enan-

tiomers but diastereomers: different compounds with different properties. The tran-

sition states leading to their formation are diastereomeric, with different energies.

Ch2.pt6r 5 absolute configuration The detailed stereochemical picture of a molecule, including how the

^ I
_ „ atoms are arranged in space. Alternatively, the (R) or the (S ) configuration at each chiral car-

' bon atom. (p. 210)

achiral Not chiral. (p. 175)

asymmetric carbon atom (chiral carbon atom) A caibon atom that is bonded to four different

groups, (p. 177)

asymmetric induction (asymmetric synthesis) The fonnation of an optically active product

from an optically inactive starting material. Such a process requires the use of an optically ac-

tive reagent or catalyst, (p. 219)
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1

Cahn-Ingold-Prelog convention The accepted method for designating the absolute con-

tlguration of a chiral carbon atom as either (/?) or (S). (p. 182)

chiral Different from its mirror image, (p. 175)

chiral carbon atom (as> mmetric carbon atom) A carbon atom that is bonded to four differ-

ent groups.
(
p. 1 77)

chirality center The IL P.AC term for an atom holding a set of ligands in a spatial arrange-

ment that is not superimposable on its mirror image. Chiral carbon atoms are the most com-

mon chirality centers. ( p. 1 77

)

chiral probe A molecule or an object that is chiral and can use its own chirality to differen-

tiate between mirror images, (p. 191

)

cis On the same side of a ring or double bond. (p. 204)

cis-trans isomers (geometric isomers) Isomers that differ in their geometric arrangement

on a ring or double bond. Cis-trans isomers are a subclass of diastereomers. (p. 204)

configurations The two possible spatial arrangements around a chiral carbon atom or other

stereocenter.

configurational isomers (see stereoisomers)

conformers (conformational isomers) Structures that differ only by rotations about sigma

bonds. In most cases, conformers interconvert at room temperature; thus, they are not differ-

ent compounds and not true isomers, (p. 196)

constitutional isomers (structural isomers) Isomers that differ in the order in uhich their

atoms are bonded together, (p. 206)

D and L configurations ( Fischer- Rosanoff convention) D has the same relative configuration

as (
- )-glyceraldehyde. L has the same relative configuration as ( — )-glyceraldehyde. (p. 210)

dextrorotatory. ( + ), or id) Rotating the plane of polarized light clockwise, (p. 189)

diastereomers Stereoisomers that are not mirror images. ( p. 204f

)

enantiomeric excess (e.e.) The excess of one enantiomer in a mixture of enantiomers ex-

pressed as a percentage of the mixture. Similar to optical purity.
( p. 194) Algebraically.

e.e. =

enantiomers .A pair of nonsuperimposable mirror-image molecules; mirror-image iso-

mers, (p. 177)

Fischer projection A method for drawing a chiral carbon atom as a cross. The carbon chain

is kept along the vertical, with the most oxidized carbon at the top. Vertical bonds project

away from the \ ie\\er. and horizontal bonds project toward the viewer, (p. 199)

geometric isomers (see cis-trans isomers) (p. 204)

internal mirror plane {ai A plane of symmetry through the middle of a molecule, dividing

the molecule into two mirror-image halves. A molecule with an internal mirror plane of sym-

metry cannot be chiral. ( p. 180)

inversion of configuration (see also Walden inversion) A process in which the groups

around a chiral carbon atom are changed to the opposite spatial configuration, (p. 216)

CH. CH-
\ /

HO" ^ C— Br > HO—C ^ Br"
H/ \ H

CH,CH; CH-CH,

(/?) (5)

.An example of inversion of configuration.

isomers Different compounds with the same molecular formula.
( pp. 174. 206)

levorotatory. ( — ). or (/) Rotating the plane of polarized light counterclockwise, (p. 189)

meso compound An achiral compound that contains chiral carbon atoms, (p. 208)

optical isomers (archaic; see enantiomers) Compounds w ith identical properties except for

the direction in which they rotate polarized light, (p. 188)
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optically active Capable of rotating the plane of polarized light, (p. 188)

optical purity (o.p.) The specific rotation of a mixture of two enantiomers. expressed as a

percentage of the specific rotation of one of the pure enantiomers. Similar to enantiomeric ex-

cess, (p. 194) Algebraically,

observed rotation
o.p. = : : X 100%

rotation or pure enantiomer

plane-polarized light Light composed of waves that vibrate in only one plane, (p. 186)

polarimeter An instrument that quantitatively measures the rotation of plane-polarized light

by an optically active compound, (p. 188)

racemic mixture [racemate. racemic modification, (±) pair. {d,l ) pair] A mixture of equal

quantities of enantiomers, such that the mixture is optically inactive, (p. 193)

racemization The loss of optical activity that occurs when a reaction shows neither clean re-

tention of configuration nor clean inversion of configuration, (p. 216)

relative configuration The experimentally determined relationship between the configurations

of two molecules, even though the absolute configuration of either may not be known, (p. 210)

resolution The process of separating a racemic mixture into the pure enantiomers. Resolu-

tion requires a chiral resolving agent, (p. 212)

resolving agent A chiral compound (or chiral material on a chromatographic column) used

for separating enantiomers. (p. 213)

retention of configuration A process in which the groups around a chiral carbon atom are

unchanged in their spatial orientation, (p. 217)

R' 9 R'
\ II \
,X—OH + Cl—S—Cl > ,.C— Cl

H/ H/
R' R-

An example of retention of configuration.

2" rule A molecule with n chiral carbon atoms might have as many as 2" stereoisomers,

(p. 207)

specific rotation A measure of a compound's ability to rotate the plane of polarized light.

a(observed)
[oi]h = ,

cl

where c is concentration in g/mL, and / is length of sample cell (path length) in decime-

ters, (p. 190)

stereocenter (chirality center) An atom that gives rise to stereoisomers when its groups are

interchanged, commonly a tetrahedral atom with four different groups. Chiral carbon atoms

are the most common stereocenters. (p. 177)

stereochemistry The study of the three-dimensional structure of molecules, (p. 174)

stereoisomers (configurational isomers) Isomers whose atoms are bonded together in the

same order, but they differ in how the atoms are oriented in space, (p. 174)

stereospecific reaction A reaction in which a particular stereoisomer reacts to give one spe-

cific stereoisomer [or (</,/) pair] of the product.

structural isomers (see constitutional isomers) Isomers that differ in the order in which their

atoms are bonded together, (p. 206)

superimposable Identical in all respects. The three-dimensional positions of all atoms co-

incide when the molecules are placed on top of each other, (p. 176)

trans On opposite sides of a ring or double bond. (p. 204)

Walden inversion (see also inversion of configuration) A step in a reaction sequence in

which a chiral carbon atom undergoes inversion of configuration, (p. 216)
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ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTERS
1. Classif) molecules as chiral or achiral. and identity mirror planes of symmetr\'.

2. Identify chiral carbon atoms and name them using the (/?) and (5) nomenclature.

3. Calculate specific rotations from polarimetn.- data.

4. Draw all stereoisomers of a given strucmre.

5. Identify enantiomers. diastereomers. and meso compounds.

6. Draw correct Fischer projections of chiral carbon atoms.

7. Predict the stereochemistr\' of products of reactions such as substitutions and elimi-

nations on optically active compounds.

8. Predict the differences in products of stereospecific reactions of diastereomers.

Study Problems

?-26.

5-27.

Brief!) define each term and gi\ e an example.

(a) (/?)and(5)

(d) cis and trans

Ig) constitutional isomers

( j t Fischer projection

I m I optical isomers

(p) racemic mixture

(s) (±)and(J./)

(v) inversion of configuration

For each structure

( 1 ) Star any chiral carbon atoms.

(2) Label each chiral carbon as (/?) or (5 ).

(3) Draw in any internal mirror planes of symmetn.

(4) Label the structure as chiral or achiral.

(5) Label anv meso structures.

(b) chiral and achiral

(e) D and l configurations

(h) stereoisomers

(k) diastereomers

(n) meso

(q) specific rotation

(t) absolute contlguration

(w) retention of configuration

(c) chiral carbon atom

(f) isomers

(i) enantiomers

(1) cis-trans isomers

(o) racemizafion

(r) dextrorotatop.

(u) relative confisuralion

(ai

H
I

CI y ^

HO CH,

CH-Br

H—Lfir

CH-OH

(bi H^—OH

CH,

CH-Br

H—r-Br

(c)

H H H CI

./ . /
C C

/ \ / \
H C Br

^\
H OH

idi

CH,

H CH H
J I

C C^
/ \ / \

H.C C CH-
^\

H CH,

CH-

H- Br

CH.Br

(f)
Br-

Br

(i)

CI

C=C =

\

Br

-H

CH,Br

Br

-Br

-OH

H——OH

(hi H—— OH

H—— OH

(j)

(m)

CI

O

(ki ^Br

r-""'^ (n

(o)

CH,

menthol)

CH(CH-,),

(P)
H.C

NH,
'O
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5-28. Draw a three-dimensional representation that corresponds to each description.

(a) (S)-2-chlorobutane (b) (/?)-!, i,2-trimethyicyclohexane

(c) (2/?,35)-2,3-dibromohexane (d) ( l/?,2 /?)-!,2-dibromocyclohexane

(e) /»iASY;-3.4-hexanediol. CH,CH2CH(OH)CH(OH)CH2CH3 (f) (±)-3,4-hexanediol

5-29. Convert the following perspective formulas to Fischer projections.

(a)

H ^OH

/ \
CH, CH.OH

CH,

(b) ,vC
Br V \
H CHO

(c)

Br H H OH

(d) C CH,
/ \ / '

HOCH, ,C

H OH

C—

C

/ \
HOCH, CH,

5-30.

5-31.

5-32.

Convert the following Fischer projections to perspective formulas.

COOH CHO CH,OH

(a) H,N- H (b) H- -OH (c) Br- -Cl (d)
H-

CH.OH

-Br

-CI

CH, CHjOH CH,
CH,

Give the stereochemical relationships between each pair of isomers. Examples are same compound, structural

isomers, enantiomers. diastereomers.

CH, CH,

(a)
-OH HO-

-OH HO-

CH,OH

CH, CH,

Br

CI V \ H,C > \
Br H H CI

(g)

H,C H H CH,

Draw the enantiomer. if any, for each structure.

CHO

(a) ,X
Br V \
CI H

(b) H-

CHO

Br

CH,OH

CH, CH,
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(g) O

OH

CH, H

CH,

5-33. Calculate the specific rotations of the following samples taken at 25°C using the sodium D line.

(a) 1.00 g of sample is dissolved in 20.0 mL of ethanol. 5.00 mL of this solution is placed in a 20.0-cm po-

larimeter tube. The observed rotation is 1.25° counterclockwise.

( b) 0.050 g of sample is dissolved in 2.0 mL of ethanol. and this solution is placed in a 2.0-cm polarimeter tube.

The observed rotation is clockwise 0.043°.

5-34. ( + )-Tartaric acid has a specific rotation of + 1 2.0°. Calculate the specific rotation of a mi.xture of 60 percent ( + )-

tartaric acid and 40 percent ( - )-tartaric acid.

5-35. For each structure

(1) Draw all of the stereoisomers.

(2) Label each structure chiral or achiial.

(3) Gi\e the relationships between the stereoisomers (enantiomers. diastereomers).

(a)

CHO

-OH

-OH

CH,OH

CH,

(b)

CH3

H

CH3

5-36. The specific rotation of (5 )-2-iodobutane is + 15.90°.

(a) Draw the structure of (5 )-2-iodobutane.

(b) Predict the specific rotation of (/?)-2-iodobutane.

(c) Determine the percentage composition of a mi.xture of (/?)- and (5 )-2-iodobutane with a specific rotation of

-7.95°.

"5-37. ta) Draw all the stereoisomers of 2.3.4-tribromopentane. (Use of Fischer projections will be helpful.) Label each

structure as chiral or meso.

(b) In each stnicture. label C2 and C4 as {R) or as (5).

(c) Under what circumstances is C3 chiral?

"5-38. A graduate student was studying enzymatic reductions of cyclohexanones when she encountered some interesting

chemistry. When she used an enzyme and NADPH to reduce the following ketone, she was surprised to find that

the product was optically activ e. She carefully repurified the product, so that no enzyme. NADPH. or other conta-

minants were present. Still, the product was optically active.

*5-39.

O
COOH

H

NADPH
enzyme

HO COOH

H
optically active?

(a) Does the product ha\ e any chiral carbon atoms or other stereocenters?

(b) Is the product capable of showing optical activity? If it is. explain how.

(c) If this reaction could be accomplished using H; and a nickel catalyst, would the product be optically ac-

tive? Explain.

Draw all the stereoisomers of 1 .2.3-trimethylcyclopentane and give the relationships between them.



CHAPTER

AlkyI Halides:

Nucleophilic

Substitution and

Elimination

6-1

Introduction

Our study of organic chemistry is organized into families of compounds according

to their functional groups. Alkyl halides contain halogen atoms as their functional

groups. In Chapter 4, we saw that alkyl halides may be formed by free-radical halo-

genation of alkanes. Free-radical halogenation is not a particularly good method for

synthesizing most alkyl halides, but it is useful for studying free-radical reaction

mechanisms. Better syntheses of alkyl halides will be covered in later chapters, to-

gether with the chemistry of the functional groups involved.

In this chapter, we consider the physical properties and reactions of alkyl

halides. We use their reactions to introduce substitution and elimination, two of the

most important types of reactions in organic chemistry. Stereochemistry (Chapter

5) will play a major role in our study of these reactions. Many other reactions show

similarities to substitution and elimination, and the techniques used to study these

mechanisms will be used throughout our study of organic reactions.

There are three major classes of organohalogen compounds: the alkyl halides,

the vinyl halides, and the aryl halides. An alkyl halide simply has a halogen atom

bonded to one of the sp^ hybrid carbon atoms of an alkyl group. A vinyl halide has

a halogen atom bonded to one of the sp ' hybrid carbonjtomsj^ anaTkene. An aryl

•ttalifle has a halogen atom bonded to one of the sp" hybrid carbon atoms ofanaro-

matic ring. The chemistry of vinyl halides and aryl halides is different from that of

alkyl halides because their bonding and hybridization are different. We will consid-

er the reactions of vinyl halides and aryl halides in later chapters. The structures of

some representative alkyl halides, vinyl halides, and aryl halides are shown below,

with their most common names and uses.

226

Mkyl halides

CHCl,
chlorotorm

solvent

CF,Cl2

Freon-12®

refrigerant

CCl,—CH,
1,1,1 -trichloroethane

cleaning tluid

CP,—CHCIBr
Halothane

nonflammable anesthetic
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Vin\l ha Iides

CI H
\ /
c=c

/ \
H H
vinyl chloride

monomer I'or poly( vinyl chloride)

F F
\ /
C=C

/ \
F F

tetrafluoroethylene (TFE)

monomer for Teflon®

An'l halides

HO

NH.

CH.—CH—COOH

/?«/(i-dichlorobenzene

nKitiib.ills

thyroxine

thvroid hormone

The carbon -halogen bond in an alkyl halide is polar because halogen atoms

are more electronegative than carbon atoms. Most reactions of alkyl halides result

from breaking this polarized bond. The carbon atom has a partial positive charge,

making it somewhat electroplrilic^ nucleophile can attack this electrophilic car-

_Jxui,jor thejialogen atom can leave^ a halide ion, taking the bondiiTg_Bairjof elec-

trons with it. By serving as a leaving group, the halogen can be eliminated from the

alkyl halide, or it can be replaced (substituted for) by a wide variety of functional

groups. This versatility allows alkyl halides to serve as intermediates in the synthe-

sis of many other functional groups.

PROBLEM 6-1

Classify each compound as an alkyl halide, a vinyl halide, or an aryl halide.

(a) CH3CHCFCH, (b) (CH3)3C— Br (c)

CI CI

(d)

Br

(e)

Br

(f) CI

bromocyclohexane 1 -bromocyclohexene a PCB (polychlorinated hiphenyl)

H ^—
\ 5-

H

There are two ways of naming alkyl halides. The systematic (lUPAC) nomenclature

treats an alkyl halide as an alkane with a halo- substituent: Fluorine xsfliioro-, chlo-

rine is chloro-. bromine is bromo-, and iodine is iodo-. The result is a systematic

haloalkane name, as in 1-chlorobutane or 2-bromopropane. Common or "trivial"

names of alkyl halides are constructed by naming the alkyl group and then the halide,

as in "isopropyl bromide." This is the origin of the term alkyl halide. Common names

are useful only for simple alkyl halides, such as those named below.

JUPATjiame:

common name:

CHjCH,—

F

tluoroeihaiic

ethyl fluoride

CI

CH,CH,CH,CH,
1 -chlorobutano

/2-butyl chloride

Br

CH —CH—CH,

isopropyl bromide

6-2

Nomenclature of

Alkyl Halides
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IlIPAC name:

common name:

iodocyclohcxane

cyclohexyl iodide

CH —

I

iniiis- 1 -ciik)ro-3-methylcyciopentane

(none)

lUFACname:

CH^CH^ CH CH-,CH^

3-( iodomclliy I i]x-nlane

CHjCH,—

F

CHjCHjCH, CH CHjCHjCHj
4-( 2-IUior()eihv I )heptane

Some of the halomethanes have acquired common names that are not clearly

related to their structures. A compound of formula CH^Xi (a methylene group with

two halogens) is called a methylene halide; a compound of formula CHX, is called

a halofonn: and a compound of formula CX4 is called a carbon tetrahalide.

Il'I'AC name:

common name:

CH2CI2
dlLliloroiiiclhanc

methylene chloride

CHCI3
tnchloiiiiiiethanc

chloroform

CCI4

tetrachlnioniothane

carbon tetrachloride

PROBLEM 6-2

Give the structures of the following compounds.

(a) methylene iodide

(c) 3-bromo-2-methylpentane

(e) 2-bromo-3-ethyl-2-methyihexane

(f ) cis- 1 -tluoro-3-( fluoromethyl )cyc!ohexane

(b) carbon tetrabromide

(d) iodoform

Alkyl halides are classified according to the nature of the carbon atom bond-

ed to the halogen. If the halogen-bearing carbon is bonded to one carbon atom, it is

primary ( 1 °) and the alkyl halide is a primary halide. If two carbon atoms are bond-

ed to the halogen-bearing carbon, it is secondary (2°) and the compound is a sec-

ondary halide. A tertiary halide (3°) has three other carbon atoms bonded to the

halogen-bearing carbon atom. If the halogen-bearing carbon atom is a methyl group

(bonded to no other carbon atoms), the compound is a methyl halide.

CH—X R—CH—

X

methyl halide primary (1°) halide

Examples

R
I

R—CH—

X

secondary (2°) halide

R

R—C—

X

R
tertiary (3°) halide

TUPAC nanu-

common name:

CH3— Br

bvoiiKHiielhane

methyl bromide

CH:(CH2CH2 I

1°

1 -Huoropropane

//-propyl fluoride

CH3—CH— CH^CHj
2°

2-iodobutane

sec-huty] iodide

(CH3)3C— CI
" 3°

2-chl(inv2-methylpropane

r-butyl chloride

A geminal dihalide (Latin, geminus, "twin") has the two halogen atoms bond-

ed to the same carbon atom. A vicinal dihalide (Latin, vicinu.s, "neighboring") has

the two halogens bonded to adjacent carbon atoms. Later, we discuss reactions that

are specific to geminal and vicinal dihalides.
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Br Br
\ /
C

/ \
a sicminal dibroiiiide

CI CI

—c—c—

a vicinal dichioridc

PROBLEM 6-3

For each of the following compounds

(1) Give the lUPAC name.

(2) Give the common name (if possible).

(3) Classify the compound as a methyl, primary, secondary, or tertiary halide.

(a) (CH,).CH— CH.Cl
(c) CH,— CHCl:
(e) CHCl,

(g) CH,— CH.— CHBr

(1)

H

CI

H

(b) CH,I,

(d) BrCH.— CCl,

(f) (CH,).,C— Br

CH, (h) CH,—CH— CH,CI

CH.CH,

(j) CH,—CH—CH,CH,

Br—CH—CH,—CH,

(k)

CH,

CH,

6-3A Solvents 6-3

Alkyl halides are used primarily as industrial and household solvents. Carbon tetra- CommOD UseS of
chloride (CCI4) was once used for dry cleaning, spot removing, and other domestic

cleaning. Carbon tetrachloride is toxic and carcinogenic (causes cancer), however,

and dry cleaners now use 1.1,1-trichloroethane and other solvents instead.

Methylene chloride (CHiCh) and chloroform (CHCl ,) are also good solvents

for cleaning and degreasing work. Methylene chloride was once used to dissolve the

caffeine from coffee beans to produce decaffeinated coffee. Concerns about the safe-

ty of coffee with residual traces of methylene chloride prompted a change to the use

of liquid carbon dioxide instead. Chloroform is more toxic and carcinogenic than

methylene chloride; it has been replaced by methylene chloride and other solvents

in most industrial degreasers and paint removers.

Even the safest halogenated solvents, such as methylene chloride and 1.1,1-

trichloroethane, should be used carefully, however. They are all potentially toxic

and carcinogenic, and they dissolve the fatty oils that protect skin, causing a form

of dermatitis.

Alkyl Halides

6-3B Reagents

We will often encounter syntheses using alkyl halides as starting materials for mak-

ing more complex molecules. The conversion of alkyl halides to organometallic

reagents, compounds containing carbon -metal bonds, is a particularly important
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tool for organic synthesis. We discuss the formation of organometallic compounds
in Section 9-8.

6-3C Anesthetics

Use of the Dubois chlorofomi

inhaler to produce surgical

anesthesia, around 1850.

CI—

C

DDT

A Figure 6-1

DDT is dichlorodiphenyl-

trichloroethane. or 1.1,1-

trichloro-2.2-bis-( p-chloro-

phenyUethane. DDT was the

first chlorinated insecticide. Its

use rendered large parts of the

world safe from insect-borne

disease and starvation, but it

accumulated in the environ-

ment.

Chloroform (CHCI3) was the first substance found to produce general anesthesia,

opening new possibilities for careful surger\ with a patient w ho is unconscious and

relaxed. Chloroform is toxic and carcinogenic, however, and it was soon abandoned

in favor of safer anesthetics. A less toxic anesthetic is a mixed alkyl halide,

CF^CHClBr, trade name Halothane. Ethyl chloride is often used as a topical anes-

thetic for minor procedures. When sprayed on the skin, its evaporation (bp 12°C)

cools the area and enhances the numbing effect.

6-3D Freons: Refrigerants and Foaming Agents

The freons (also called chlowflnowcarbons. or CFCs) are tluorinated haloalkanes

that were developed to replace ammonia as a refrigerant gas. Ammonia is toxic, and

leaking refrigerators often killed people who were working or sleeping nearby. Freon-

12"^. CF^CK. vvas once the most widely used refrigerant. Low -boiling freons (such

as Freon-1
1

' . CC1;F) were used as fooming agents that are added to a plastic to va-

porize and form a froth that hardens into a plastic foam. The release of freons into

the atmosphere has raised concerns about their reactions with the earth's protective

ozone lav er. It appears that CFCs gradually diffuse up into the stratosphere, where

the chlorine atoms catalyze the decomposition of ozone (O;) into oxygen (0.). The

freon-catalyzed depletion of ozone has been blamed for the "hole" in the ozone layer

that has been found to occur over the South Pole.

International treaties have limited the future production and use of the ozone-

destroying freons. Freon-1 2® can be replaced by low-boiling hydrocarbons or car-

bon dioxide in aerosol cans, where it was once used as a propellant. In refrigerators

and automotive air conditioners. Freon-1 2® can be replaced by Freon-22® . CHClFi

.

Freons with C—H bonds (such as Freon-22®). called HCFCs. are generally de-

stroyed at lower altitudes before they reach the stratosphere. HCFC-123 (CHCI2CF3)

is used as a substitute for Freon-1 1® in making plastic foams.

6-3E Pesticides

ALkyl halides have contributed to human welfare through their use as insecticides.

Since antiquity, people ha\ e died from famine and disease caused or carried by mos-

quitoes, fleas, and other vemiin. The "black death"" of the Middle Ages w iped out

nearly a third of the population of Europe through infection by the flea-borne bubon-

ic plague. Whole regions of ^Africa and tropical America were uninhabited and un-

explored because people could not survive insect-borne diseases such as malaria,

vellow fever, and sleeping sickness.

.Arsenic compounds, nicotine, and other crude insecticides were developed in

the nineteenth centur\-. but these compounds are just as toxic to birds, animals, and

people as they are to insects. Their use is extremely hazardous: but a hazardous in-

secticide was still preferable to certain death by starvation or disease.

The war against insects changed dramatically in 1939 with the discover)' of

DDT ( Fig. 6-1 ). DDT is extremely toxic to insects, but its toxicitv in mammals is quite

low. About an ounce of DDT is required to kill a person, but that same amount of in-

secticide protects an acre of land against locusts or mosquitos. DDT has saved over

100 million human lives by controlling insect-bome diseases and by protecting food

crops. As with many inventions. DDT shov\ ed undesired side effects. It is a long-last-

ing insecticide, and its residues accumulate in the environment. The widespread use
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of DDT as an agricultural insecticide led to the development of substantial concen-

trations in wildlife. cau>ing declines in several species. In 1972. DDT was banned

bv the U.S. Environmental Protection .Agenc\ for use as an agricultural insecticide.

It is still used as a last resort. ho\\ e\ er. in countries where insect-borne diseases

threaten human life.

Manx other chlorinated insecticides ha\ e been de\ eloped. Some of them also

accumulate m the en\ ironment. gradual!) producing toxic effects in wildlife. Others

can be used w ith little ad\ erse impact if the\ are applied properly. Because of their

persistent toxic effects, chlorinated insecticides are rareh used in agnculture. They

are general!} used \\ hen a potent insecticide is needed to protect life or property.

For example, lindane is used in shampoos to kill lice, and chlordane is used to pro-

tect wooden buildings from termites. The structures of some chlorinated insecticides

are show n below.

CI CI

Lindane Kepone Aldrin

CI HCI

Chlordane

PROBLEM 6-4

Kepone and chlordane are synthesized from hexachlorocyclopentadiene and other tn e-

membered-ring compounds. Show how these two pesticides are composed of tw o flve-

membered rings.

CI CI

CI CI

hexachlorocyclopentadiene

In an alk> 1 halide. the halogen atom is bonded to an sp' hybrid carbon atom. The halo- 6-4
genjs more electronegative than carbon, and the C—X bond^s polarized with a par- Structure of
tialjositive charge on carbon and a partial negative charge^n the halogerT ,

^
"

AlkyI Halides
H M

H

-X
(5"

/I = 4.8 X S X J

w here 5 is the charge and d is the bond length.

The electronegativities of the halogens increase in the order

I < Br < CI <

The carbon -halogen bond lengths increase as the halogen atoms become bigger

( larger atomic radii ) in the order

C— F < C— CI C— Br < C—

1
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These two effects oppose each other, with the larger halogens having longer bonds

but weaker electronegativities. The overall result is that the bond dipole moments in-

crease in the order

C— I < C—Br < C—F < C—CI /

dipole moment, m: 1.29 D 1.48 D 1 51 D 1.56 D /

A molecular dipole moment is the vector sum of the individual bond dipole mo-

ments. Molecular dipole moments are not easy to predict because they depend on the

bond angles and other factors that vary with the specific molecule. Table 6-1 shows

the experimentally measured dipole moments of the halogenated methanes. Notice

how the four symmetrically oriented polar bonds of the carbon tetrahalides cancel to

give a molecular dipole moment of zero.

PROBLEM 6-5

Although the C— I bond is longer than a C— CI bond, the C— CI bond has a larger di-

pole moment. Explain.

TABLE 6- Molecular Dipole Moments of Methyl Halides

X CH,X CH.X. CHX, CX,

F 1.82 D 1.97 D 1.65 D 0

CI 1.94 D 1.60 D 1.03 D 0

Br 1.79 D 1.45 D 1.02 D 0

I 1.64 D 1.11 D 1.00 D 0

CI

CI
CI

carbon tetrachloride

ethyl fluoride, bp -38°C ethyl chloride, bp 12°C

van der

Waals

Radius

Halogen (lO'^cm)

F 1.35

CI 1.8

Br 1.95

I 2.15

H (for comparison) 1.2

ethyl bromide, bp 38°C ethyl iodide, bp 72°C

4 Figure 6-2

Space-filling drawings of the

ethyl halides. The heavier halo-

gens are larger, with much

greater surface areas.
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6-5A Boiling Points

Two t>pe.s of intemiolecular forces strongly influence the boiling points of alk>l

halides. The London force attraction is the strongest intermolecular force, and the di-

pole-dipole attraction (arising from the polar C—X bond) is an additional force. Be-

cause the London force is a siiiface attraction, molecules with larger surface areas

ha\ e larger London attractions, resulting in higher boiling points.

Molecules with higher molecular weights generally have higher boiling points

because the\ are heavier (and therefore slower moving), and they ha\e greater sur-

face area. The surface areas of the alkyl halides var>' with the surface areas of halo-

gens. We can get an idea of the relative surface areas of halogen atoms by

considering their van der Waals radii. Figure 6-2 shows that an alkyl fluoride has

about the same surface area as the corresponding alkane: thus its London attrac-

tive forces are similar. The alkyl fluoride has a larger dipole moment, how ever, so

the total attractive forces are slightl\ greater in the alkyl fluoride, giving it a high-

er boiling point. For example, the boiling point of //-butane is 0"C. while that of

/!-butyl fluoride is SS^C.

The other halogens are considerably larger than tluorine. gi\ ing them more

surface area and raising the boiling points of their alk^ l halides. With a boiling point

of 78^C. «-butyl chloride shows the influence of chlorine's much larger surface area.

This trend continues with //-butyl bromide i bp 102°C) and /;-but_\ 1 iodide (bp 131"C).

Table 6-2 shows the boiling points and densities of some simple alkyl halides. No-

tice that compounds with branched, more spherical shapes ha\ e lower boiling points

as a result of their smaller surtace areas. For example, //-butyl bromide has a boiling

point of 102"C. while the more spherical r-butyl bromide has a boiling point of only

73^C. This effect is similar to the one w e saw with alkanes.

TABLE 6-2 Molecular Wei ghcs. Boiling Points, and Densities of Some Simple Alkyl Halides

Compound Molecular Weight Boiling Point 1 "C 1 Densit}- (g/mL)

CH-,—

F

34 -78

CH,—CI 50.5 -24 0.92

CH-— Br 95 4 1.68

CHj—

I

142 42 2.28

CH^Cl. 85 40 1.34

CHCI3 119 61 1.50

CCL 154 77 1.60

CH.CH—

F

48 -38 0.72

CH.CH — CI 64.5 12 0.90

CH;CH — Br 109 38 1.46

CH.CH:—

I

156 72 1.94

CH-,CH-CH.—

F

62 3 0.80

CH^CH-CH — CI 78.5 47 0.89

CH:CH-CH — Br 123 71 1.35

CH,CH;CH:—

I

170 102 1.75

(CH-.)-CH— CI 78.5 36 0.86

(CHO-CH— Br 123 59 1.31

(CH,);CH—

I

170 89 1.70

CH,CH-CH-CH---F 76 33 0.78
1

CH.CH-CH-CH---CI 92.5 78 0.89

CH.CH-CH-CH-—-Br 137 102 1.28

CHjCH:CH;CH-—-I 184 131 1.62

(CH;)-,C— CI 92.5 52 0.84

(CH,)-,C— Br 137 73 1.23
'

(CH,i,C—

I

184 100 1.54
i

6-5

Physical Properties

of Alkyl Halides
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PROBLEM 6-6

For each pair of compounds, predict which compound has the higher boiling point. Check
Table 6-2 to see if your prediction was right, then explain why that compound has the high-

er boiling point.

(a) isopropyl bromide and /7-butyl bromide

(b) isopropyl chloride and /-butyl bromide

(c) /?-butyl bromide and //-butyl chloride

6-5B Densities

Table 6-2 also shows the densities of common alkyl halides. Like their boiling points,

their densities follow a predictable trend. Alkyl fluorides and alkyl chlorides (those

with just one chlorine atom) are less dense than water (1.00 g/mL). Alkyl chlorides

with two or more chlorine atoms are denser than water, and all the alkyl bromides

and alkyl iodides are denser than water.

PROBLEM 6-7

When water is shaken with hexane, the two liquids separate into two phases. Show which

compound is present in the top and which in the bottom phase. When water is shaken with

chloroform, a similar two-pha.se .system results. Again, show which compound is present

in each phase. Explain the difference in the two experiments.

6-6 Many syntheses of alkyl halides use the chemistry of functional groups we have not

Preparation of Alkyl

Halides in subsequent chapters.

yet covered. For now, we review free-radical halogenation and summarize the other,

often more useful, syntheses of alkyl halides. Those other syntheses will be discussed

6-6A Free-Radical Halogenation

Although we discussed its mechanism at length in Section 4-3, free-radical halo-

genation is rarely an effective method for synthesis of alkyl halides. It usually

produces mixtures of products because there are different kinds of hydrogen atoms

that can be abstracted. Also, more than one halogen atom may react, giving mul-

tiple substitution. For example, the chlorination of propane can give a messy mix-

ture of products.

fCH,—CH,— CH.Cl + CH,—CHCl—CH,
CH3—CH,—CH, + CI, —> <+ CH,—CHCl—CH,C1 + CH,—CCl,— CH3

[+ CH,—CH—CHCU + others

In industry, free-radical halogenation is sometimes useful because the reagents

are cheap, the mixture of products can be separated by distillation, and each of the

individual products is sold separately. In a laboratory, however, we need a good yield

of one particular product. Free-radical halogenation rarely provides good selectivi-

ty and yield, so it is seldom used in the laboratory. Laboratory syntheses using free-

radical halogenation are generally limited to specialized compounds that give a single

major product, such as the following examples.
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CH,

Br; CH3—C— Br

CH,
?-but\i bromide

(90%)

All the h}, drogen atoms in cyclohexane are equivalent, and free-radical chlori-

nation gi\es a good yield of chlorocyclohexane. Formation of dichlorides and trichlo-

rides is possible, but these side reactions are controlled by using only a small amount

of chlorine and an excess of cyclohexane. Free-radical bromination is highly selec-

tive (Section 4-14). and it gives good yields of products that have one type of hydro-

gen atom that is more reacti\ e than the others. Isobutane has only one tertiar\' hydrogen

atom, and this atom is preferentially abstracted to gi\ e a tertian.' free radical.

cyclohexane chlorocyclohexane isobutane

(509r)

6-6B Allylic Halogenation

Bromination of cyclohexene gives a good yield of 3-bromocyclohexene. where

bromine has substituted for an allylic hydrogen on the carbon atom next to the

double bond.

allylic positions

H H

+ Br.
hv

cvclohexene

H Br

-t- HBr

3-bromocyclohexene

This selecti\e allylic bromination occurs because the allylic intermediate is reso-

nance-stabilized. Abstraction of an alh lie h\ drogen atom gi\ es a resonance-stabilized

allvlic radical. This radical reacts with Br., reseneratins a bromine radical.

Bi—

H

cvclohexene abstraction of allvlic H

H Br

allvlic radical

+ Br-

allvlic bromide

Overall reaction

\ /
c=c Br.

/n- c=c
/ \ /

+ HBr

H
an alh lic h\ dro2en

Br

an alh lie bromide

A large excess of bromine must be a\ oided because bromine can add to the dou-

ble bond (Chapter 8). A'-Bromosuccinimide is often used as the bromine source in

free-radical brominations because it combines with the HBr side product to regen-

erate a nearlv constant low concentration of bromine.
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o o

N— Br + HBr N—H + Br,

A'-bromosuccinimide fNBS) regenerates a low concentration of Brj

All) lie halogenation is discussed in more detail in Chapter 15.

PROBLEM 6-8

Show how free-radical halogenation might be used to synthesize each of the following

compounds. In each case, explain why we expect to get a single major product.

(a) l-chloro-2,2-dimethylpropane fneopentyl chloride)

(b) 2-bromo-2-methylbutane

Br

(c)

^
^-CH—CH.CH.CH,

1 -bromo- 1 -phenylbutane

PROBLEM 6-9

The light-cataK zed reaction of 2.3-dimethyl-2-butene w ith a small concentration of bromine

gi\ es two products:

H,C CH, „ ,\ / Br,, hi'

c=c —=

—

/ \
H;C CH,

2.3-dimethvl-2-butene

H,C
\ /
C=C

/ \
H,,C CH

CH.— Br
I Z^^'

+ Br—C—

C

I

\
CH3

Gi\'e a mechanism for this reaction, showing how the two products arise as a consequence

of the resonance-stabilized intermediate.

Following is a brief summary of the most important methods of making alkyl halides.

Several of these methods are not discussed until later, but they are listed here so that

you can use this summar\' for reference throughout the course.

SUMMARY: Methods for Preparing Alkyl Halides

1. From alkalies: free-radical halogenation (synthetically useful only in certain cases) (Section 4-14)

R—H -—%—^ R—X + H—

X

heat or light

Example

CH, CH,

CH,—C— CH, , ,
^ CH — C—CH,

'

I

heat or light '

j

^

H Br

isobutane r-butyl bromide
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2. From alkciws ami alkyiics

\

Examples

/
C=C

/ \

c=c
/ \

—c=c

HX

2 HX

c=c-
2 X.

\
c=c

/ \
(

/

q

NBS;
I

O

C—

H

—c—c—

H X

—c—c—

X X

H X

—c—c—

H X

X X

—c—c—

X X

\ /
c=c

/ \
(

/

(Section 8-3)

(Section 9-9E)

(Section 9-9D)

(Sections 6-6b, 15-7)

C— Br

(ally lie bromination)

CH,

CH,—CH= C(CH3),

2-methyl-2-butene

CH,—CH=CH—CH3
2-butene

H— C=C—CH2CH3CH3
1-pentyne

HBr

CK

2 HBr

CH,—CH,—C—CH,
I

Br

2-bronio-2-methylbutane

CH3—CHCl—CHCl— CH3
2,3-dichlorobutane

CH3—CBr,—CH.CH.CHj
2,2-dibromopentane

3. From alcohols (^tcWoxi^ 10-8, 10-9, 10-10)

R—OH

Example

HX. PX^.or others

HBr, H^SO

,

CH.CH.CH.CH.OH -—^
1-butanol

R—

X

CHjCH^CH.CH.Br
1 -bromobutane

4. From other halicles (Sections 6- 1 0)

R—X + r

R— Cl + KF

acetone

18-crown-6

CH,CN

R— 1 + X

R—

F
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Example

H,C = =CH— CH,C1

allyl chloride

Nal
acetone

H,C=CH— CH,!

allvl iodide

6-7

Reactions of Alkyl

Halides: Substitution

and Elimination

Alkyl halides are easily converted to many other functional groups. The halogen

atom can leave with its bonding pair of electrons to form a stable halide ion: we say

that a halide is a good leaving group. When another atom replaces the halide ioii^,

the reaction is a substitution. When the halide ion leaves with another atom or ion

(often Hj"), the reaction is an elimination. In many eliminations, a molecule of

H—X is lost from the alkyl halide to give an alkene. Such eliminations are called

dehydrohalogenations to indicate that a hydrogen halide has been removed from

the alkyl halide. .Substitution and elimination reactions often occur in competition

with each other.

In a nucleophilic sustitution, a nucleophile (Nuc=~) replacesji group (=X = ^j_from

^^arbon atom , using its lone pair of electrons to form a newbond to the carbon atCTi.

Nucleophilic substitution

-c—c-

H :X:

Nuc: —C—C— + :X:

H Nuc

In an elimination, both the halide ion and another substituent are lost. Anew Trbond

isjbrmed.

Elimination

+ c—c—

H :X:

\ /
B—H + C=C +

/ \
:X:

In the elimination (a dehydrohalogenation). the reagent (
B

: ) reacts as a base,

abstracting a proton from the alkyl halide. Most nucleophiles are also basic and can

engage in either substitution or elimination, depending on the alkyl halide and the re-

action conditions.

In addition to alkyl halides. many other types of compounds undergo substi-

tution and elimination reactions. Substitutions and eliminations are introduced in

this chapter using the alkyl halides as examples. In later chapters, we encounter sub-

stitutions and eliminations of other types of compounds.

PROBLEM 6-10

Classify each reaction as a substitution, elimination, or neither.

+ NaBr

+ H,0+ + HSO4-
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H
.Br

Br

KI
- IBr - KBr

PROBLEM 6-1 I

Gi\ e the structures of the substitution products expected when l-bromohexane reacts w ith

(a) Na^ OCH:CH; (b) NaCN (c) NaOH

A nucleophilic substitution has the general form

^ Nuc:' - —C—V —

*

Xuc— C—

\\ here Xuc = is the nucleophile and is the lea\ ing halide ion. .-Vn example is the

reaction of iodomethane (CH3I ) \\ ith potassium hydroxide. The product is methanol.

H H

H—0 =

hydroxide

- H— C- H—O— C—H - V-

H
iodomethane

I

H
methanol iodide

H\ droxide ion is a good nucleophile (donor of an electron pair) because the oxygen

atom has unshared pairs of electrons and a negative charge. lojiomethane is called

the substrate, meaning the compound that is attached b>' the reagent. The carbon

a tom nf iodomethane is el

e

ctmj2hi]i£ because it is bonded to an electronegative io-

dine atom. Electron densii} is drawn away from carbon by the halogen atom. gi\ ing

the carbon atom a panial positi\ e charge. The negative charge of hydroxide ion is at-

tracted to this partial positi\ e charge.

H— O:

H
nucleophile electrophile

Hydroxide ion attacks the back side of the electrophihc carbon atom, donating

a pair of electrons to form a new bond. ( In general, nucleophiles are said to attack

electrophiles. not the other way around. ) Xotice that arrows are used to show the

movement of electron pairs, from the electron-rich nucleophile to the electron-poor

carbon atom of the electrophile. Carbon can accommodate onl\ eight electrons in its

valence shell, so the carbon-iodine bond must begin to break as the carbon-o.xy-

gen bond begins to form. Iodide ion is the lea\1np group: it leaves with the pair of

electrons that once bonded it to the carbon atom.

The following mechanism shows attack by the nucleophile ( hydroxide ). the

transition state, and the deparmre of the lea\ ing group ( iodide).

.C— I:HO:

nucleophile electrophile

HO

H

--c---i'
^\ •

H H

H
/

HO— C,
\

H H

transmon state product lea\ing

group
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Figure 6-3

The reaction-energy diagram

for the reaction of methyl

iodide with hydroxide shows

only one energy maximum: the

transition state. There are no

intermediates.

HO

HO C I

reaction coordinate

/\

The reaction of methyl iodide (iodomethane) with hydroxide ion is a concerted

reaction, taking place in a single step with bonds breaking and forming at the same
time. The middle structure is a transition state, a po int of maximum energy, rathei"

than an intermediate In this transition state, the bond^to theluicTeophile (hydroxide)

is partially formed, and the bond to the leaving group (iodide) is partially broken. Re-

member that a transition state is not a discrete molecule that can be isolated; it ex-

ists for only an instant.

The reaction-energy diagram for this substitution (Fig. 6-3) shows only one

transition state and no intermediates between the reactants and the products. The re-

actants are shown slightly higher in energy than the products because this reaction

is known to be exothermic. The transition state is much higher in energy because it

involves a five-coordinate carbon atom with two partial bonds.

The one-step mechanism shown in Figure 6-3 is supported by kinetic infor-

mation. One can vary the concentrations of the reactants and observe the effects on

the reaction rate (how much methanol is fornied per second). The rate is found to dou-

ble when the concentration of either reactant is doubled . The reaction is therefore first

order in each of the reactants, and second order overal l. The rate equation has the fol-

lowing form: ^

This rate equation is consistent with the one-step mechanism shown above.

This mechanism requires a collision between a molecule of methyl iodide and a hy-

droxide ion. Both of these species are present in the transition state, and the collision

frequency is proportional to both concentrations. The rate constant depends on

several factors, including the energy of the transition state and the temperature (Sec-

tion 4-4).

This one-step nucleophilic substitution is an example of the Sf^2 mechanisni.

The abbreviation Sn2 stands for Substitution, Nucleophilic, biniolecular. The term bi-

molecular means that the transition state of the rate-determining step (the only step

in this reaction) involves the collision of two molecules . Bimolecular reactions usu-

ally have rate equations that are second order overall.

Under certain conditions, the reaction of 0.5 M methyl iodide with 1.0 M sodium hydrox-

ide forms methanol at a rate of 0.05 mol/L per second. What would be the rate if 0.1 M
methyl iodide and 2.0 M NaOH were used?

PROBLEM 6-12
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N4any useful reactions take place by the Sj^2 mechanism. The reaction of an alkyl

halide, such as methyl iodide, with hydroxide ion gives an alcohol. Other nucle-

ophiles convert alkyl halides to a wide variety of functional groups. The following

table summarizes some of the types of compounds that can be formed by nucle-

ophilic displacement of alkyl halides.

6-9

Generality of the

5^2 Reaction

SUMMARY: Sn2 Reactions of Alkyl Halides

Nuc: + R—

X

Niic—

R

Niicleophilc Product Class of Product

R —X + : I
: * R--] alkyl halide

—X + :0H R--OH

R —X + :0R' R--OR' ether

R —X + -:SH R--SH thiol ( mercaptan

)

R —X + :SR' R--SR' thioether (sulfide)

R —X + :NH, R--NH^X~ amine

R-—X + -:N=N= N:- R--N=N == N:- azide

R-—X + -:C=C— R' R--c=c--R' alkyne

R —X + C=N- R- nitrile

R —X + R—COO: R' —coo—-R ester

R-—X + = P(Ph)3 [R--PPhjl^ X phosphonium salt

Examples

+ :OH

CH.Cl
benzyl chloride

CH3I

iodomethane

(methyl iodide)

+

phenoxide

CH3CH2CH2CH,CH,Br + :SH
1 -bromopentane

CH,CH,CHXHX1 + jNH,

I -chlorobutane ammonia

(/(-butyl chloride) (excess)

CHjCH.Br + Na+ :C=C—

H

bromoethane sodium acetylide

(ethyl bromide)

CHjCH.CHJ + -:C=N
1-iodopropane cyanide

(//-propyl iodide)

CH.OH
benzyl alcohol

OCH,

methoxybenzene

(methyl phenyl ether)

CHJCH^CH,CH^CH^SH
1 -pentanethiol

CH,CH,CH,CH3NH,
1 -butanamine

(/i-butylamine)

CH,CH,—C=C—

H

1-butyne

(ethylacetylene)

CHjCH.CH,—C=N
butanenitrile

(butyronitrile)
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Halogen Exchange Reactions. The 8^2 reaction provides a useful method for syn-

thesizing alkyl iodides and fluorides, which are more difficult to make than alkyl

chlorides and bromides. Halides can be converted to other halides by halogen ex-

change reactions^^in which one_halide displaces anotherr

iodide is a good nucleophile . and many alkyl chlorides react with sodium io-

dide to give alkyl iodides. Alkyl fluorides are difficult to synthesize directly, and

they are often made by treating alkyl chlorides or bromides with KF under conditions

that use a crown ether and an aprotic solvent to enhance the normally weak nucle-

ophilicity of the fluoride ion (see Section 6-10).

R—X + I > R— I + X-

. KF R-F . KX

Examples

H,C=CH—CH.Cl + Nal » H.C=CH—CHJ + NaCl
allyl chloride allyl iodide

CH,CH.C1 + KF '^;'!?7m^
> CH ,CH,F + KCl

ethyl chloride ethyl Huoride

PROBLEM 6-13

Predict the major product for each of the following substitutions.

(a) CHjCH.Br + (CH,),C—O^K ^
ethyl bromide potassium f-butoxide

(b) H—C^Ci-'^Na + CHjCH.CH.CH,— CI ^
sodium acetylide l-chlorobutane

(c) (CH3):CH— CH:— Br + excess NH3
(d) CHjCHJ + NaCN ^
(e) 1 -chloropentane + Nal

(i )
1 -chloropentane + KF

—

>

PROBLEM 6-14

Show how you would convert l-chlorobutane into the following compounds.

(a) 1-butanol (b) l-tluorobutane (c) 1-iodobutane

(d) CH,— (CH,),—CN (e) CH,— (CH.),— C=CH
(f) CH,CH.—6— (CH,),—CH3 (g) CH,— (CH.),— NH3

6-10

Factors Affecting

Sfsj2 Reactions:

Strength of the

Nucleophile

We will use the 8^2 reaction as an examle of how we study the effects of varying the

species that participate in the reaction. We find that both the nucleophile and the

substrate (the alkyl halide) are important, as well as the type of solvent used. We
begin by considering what makes a good nucleophile.

The nature of the nucleophile strongly affects the rate of the 8n2 reaction. A
good nucleophile is much more effective than a weak one in attacking an electrophilic

carbon atom. For example, both methanol (CH3OH) and methoxide ion (CH,0~)

have easily shared, polarizable pairs of nonbonding electrons, but methoxide ion re-

acts with electrophiles in the 8^2 reaction about 1 million times faster than methanol.

It is generally true that a species with a negative charge is a stronger nucleophile

than^a similar species without a negative charge .

Methoxide ion has nonbonding electrons that are readily available for bonding.

In the transition state, the negative charge is shared by the oxygen of the methoxide

ion and by the halide leaving group. Methanol, however, has no negative charge; the
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transition state has a partial negative charge on the halide but a partial positive charge

on the methanol oxygen atom. As in the case of methanol and the methoxide ion, a

base is always a stronger nucleophile than its conjugate acid.

H

CH,— O:

conjugate base

(stronger nucleophile)

H

\

H

CH3- -0-

H
I

--C
^\
H H

lower E,

H
fi-

I

,%

CH —O -C - I:

'

I

^\
••

H H H

conjugate acid higher

(weaker niicleopliile 1

We might be tempted to say that methoxide is a much better nucleophile be-

cause it is much more basic. This would be a mistake because basicity and nucle-

ophilicity are different properties. Basicity is defined by the equilibrium constant for

abstracting a proton. Nucleophilicity is defined by the rate of attack on an elec -

trophilic cad2anuitnmAiLhoth cases, the nucleophile (or base) forms a new bond. If

the new bond is to a proton, it has reacted as a base^;jf the riew bond is to carbon, it

hasjpacted as a nucleophile. Predicting which way a species will react mayl^e dif-

ficult; most (but not all) good nucleophiles are also strong bases, and vice versa.

Basicity

CH,—

O

/
-Q

H

H H

H

CHr 0
H

/

H

+ ]
H

B H + A;

Nucleophilicity

+ + X:

Table 6-3 lists some common nucleophiles in decreasing order of their nucle-

ophilicity in common solvents such as water and the alcohols. The strength of nu-

cleophiles shows three major trends:

TABLE 6-3 Some Common Nucleophiles, Listed in Decreasing Order of

Nucleophilicity in Hydroxylic Solvents Such as Water and the Alcohols

strong nucleophiles (CH,CH,),P: moderate nucleophiles = Br =

"

-:S—

H

:NH,

CH,— S—CH,

(CH,CH,),NH :C1:

-:C=N 0

(CH,CH2),N:
II

..

CH,C— O:-

H— 0:
weak nucleophiles

CH,— 0:
H—0—

H

CH,—0—

H
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SUMMARY: Trends in Nucleophilicity

1. A species with a negative charge is a stronger nucleophile than a similar species without a negative charge. In particular,

a base is a stronger nucleophile than its conjugate acid.

:0H > H,0: ":SH > (H.S),^: "^NH, > :NH3

2. Nucleophilicity decreases from left to right in the periodic table , following the increase in electronegativity from left to

right. The more electronegative elements ha\e more tightly held nonbonding electrons that are less reactive toward form-

ing new bonds.

OH > ¥- ^NH, > H,6: (CHjCH,),?: > (CH^CH,),^:

3. Nucleophilicity increases down the periodic table , following the increase in size and polarizability.

j-- > •Br- > :Cj:- > :F:- -:SeH > -:SH > :0H

(CH3CH2)3P: > (CH3CH,)3N:

The third trend reflects an atom's ability to engage in partial bonding as it be-

gins to attack an electrophilic carbon atom. Down a column in the periodic table.

the_atoms become larger, w ith more electrons at a greater distance from the nucle-

us. The electroiTS_are more loosely held , and the atom is more poiarizable: Its elec-

trons can move more freely toward a positive charge, resulting in stronger bonding

in the transition state. The increased mobility of its electrons enhances the atom's abil-

ity to begin to form a bond at a relatively long distance.

Figure 6-4 illustrates this polarizability effect by comparing the attack of iodide

ion and fluoride ion on a methyl halide. The outer shell of the tluoride ion is the sec-

ond shell. These electrons are tightly held, close to the nucleus. Fluoride is a "hard"

(low-polarizability ) nucleophile. and its nucleus must approach the carbon nucleus

quite closely before the electrons can begin to o\ erlap and form a bond. In the tran-

sition state, there is little bonding betw een fluorine and carbon. In contrast, the outer

shell of the iodide ion is the fifth shell. These electrons are loosely held, making the

sp^ orbital

back lobe
little bonding

X

H
I

8-

C- X

H H

Figure 6-4

Comparison of fluoride ion and

iodide ion as nucleophiles in

the Sn.2 reaction. Fluoride has

tighUy bound electrons that

cannot begin to form a C—

F

bond until the atoms are close

together. Iodide has more

loosely bound outer electrons

that begin bonding earlier in

the reaction.

"hard." small valence shell transition state

H

X

HH

more bondina

'soft." large \ alence shell

H

c- -

H H

transition state

6-

X



6-10 Factors Affecting Sn2 Reactions: Strength of the Nucleophile 245

iodide ion a ""soft" ( high-polari/ahility) nucleophile. The outer electrons begin to

shift and t)\crlap v\ ith the carbon atom from farther away. There is a great deal of

bonding between iodine and carbon in the transition state.

6- 1 OA Solvent Effects on Nucleophilicity

Another factor in the nucleophihcity of these ions is their solvation, particularly in

protic solvents. A protic solvent is one tha t has acidic protons, usually iinhej^orn]^

ofO—H or N—H groups. These groups fomi hydrogen bonds to negatively c_harged

nucleophiles. Protic solvents, especially alcohols, are convenient solvents for nu-

cleophilic substitutions because the reagents (alkyl halides. nucleophiles. etc.) tend

to be quite soluble.

Small anions are solvated much more strongly than large_anions in a grotjc

solvent because the solvent approaches a small anion more closely and fomis stronger

hydrogen bonds. When an anion reacts as a nucleophile. energy is required to "strip

off" some of the solvent molecules, breaking some of the hydrogen bonds that sta-

bilized the solvated anion. More energy is required to strip off solvent from a small,

strongly solvated ion such as fluoride than from a large, diffuse, less strongly solvated

ion like iodide.

The enhanced solvation of srnaller jmions in protic solvents, requiring more

energy to strip off their solvent molecules, reduces their nucleophilicity. This trend

reinforces the trend in polarizability: The polarizability increases with increasing

atomic number, and the solvation energy (in protic solvents) decreases with in-

creasing atomic number. Therefore, we make the general statement that nucle-

ophilicity (in protic solvents) increases down a column in the periodic table, as long

as we compare similar species with similar charges.

In contrast with protic solvents, aprotic solvents (solvents withou t

O—H or N—H groups) enhance the nucleophilicity of anions An anion jsjriore

reactive in an aprotic solvent because it is not so strongly solvated. There are no hy-

drogen bonds to be broken when solvent must make way for the nucleophile to ap-

proach an electrophilic carbon atom. The relatively weak solvating ability of aprotic

solvents is also a disadvantage: Most polar, ionic reagents are not soluble in simple

aprotic solvents such as the alkanes.

Polar aprotic solvents have strong dipole moments to enhance solubility, ye t

theyjiaye^no O—H or N—

f

LgmmJsjoJprm hydrogen bonds with anions . Exam-
ples of useful polar aprotic solvents are acetonitrile. dimethylformamide. and acetone.

We can add specific solvating reagents to enhance solubility without affecting the re-

activity of the nucleophile. For example, the "crown ether" 18-crown-6 specifical-

solvent partially stripped

off in the transition state
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ly solvates potassium ions. Using the potassium salt of a nucleophile and solvating

the potassium ions causes the nucleophilic anion to be dragged along into solution.

CH3—C= N:

acetonitrile

:0:

C CH,
/ \../

H N
\
CH3

dimethylformamide

(DMF)

CH

O'

II

c
/ \
3

CH3
acetone

18-crown-6

solvates ions

The following example shows how fluoride ion. normally a poor nucleophile

in hydroxylic (protic) solvents, can be a good nucleophile in an aprotic solvent. Al-

though KF is not very soluble in acetonitrile, 18-crown-6 solvates potassium ions,

and the poorly solvated (and therefore nucleophilic) fluoride ion follows.

CH,C1
KF. 18-crown-6

CH,CN

CH,F

6- 1 OB Steric Effects on Nucleophilicity

To serve as a nucleophile. an ion or molecule must get in close to a carbon atom to

attack it. Bulky groups on the nucleophile hinder this close approach, and they slow

the reaction rate. For examples, consider the r-butoxide ion and the ethoxide ion. The

r-butoxide ion is a stronger base (for abstracting protons) than ethoxide, but ?-butox-

ide has three methyl groups that hinder any close approach to a carbon"atom^ There -

fore, ethoxide ion is a stronger nucleophile than r-butoxide ion. When bulky groups

interfere with a reaction by virtue of their size, we call the effect steric hindrance.

PROBLEM-SOLVING HINT
Steric hindrance (bulkiness) hin-

ders nucleophilicity (5^2) more
than it does basicity.

CH3

CH3— C— O:

CH,
r-butoxide (hindered)

stronger base, yet weaker nucleophile

CH,—CH.— 0:-

ethoxide (unhindered)

weaker base, yet stronger nucleophile

Steric hindrance has little effect on basicity because basicity involves attack_on

an unhindered proton. When a nucleophilic attack at a carbon atom is involved, how -

ever, a bulky base cannot approach the carbon atom so easily. Most bases are also nu-

cleophiles. capable of attacking either a proton oranelectrophilic carboriatom. If we

want a species to act as a base, we use a bulky reagent like f-butoxide ion. If we want

it to react as a nucleophile, we use a less hindered reagent, like ethoxide.

PROBLEM 6-15

For each pair, predict the stronger nucleophile in the S^^J2 reaction (using an alcohol as the

solvent). Explain your prediction,

(a) (CH,CH,),N or (CH,CH,),NH
(c) NH3 or PH,
(e) (CH,),N or (CH,),0

(f) (CH3)2CH—O" or CH^CH^CH,—

O

(2) r or cr

(b) (CH,),0 or (CH,).S

(d) CW,S or H,S
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Just as the nucleophile is important in the 5^2 reaction, the structure of the aii<yl

halide is equally important. We will often refer to the alkyl halide as the substrate:

literally, the compound that is being attacked by the reagent. In addition to alkyl

halides, a variety of other types of compounds serve as substrates in S,.;2 reactions.

To bejLgQQd_ substrate for S^2 attack by a nucleophile, a molecule must have an

electrqphilic aubon atom with a good leav[ng^group, and that carbon atom must

not be too sterically hindered for a nucleophile to attack.

6-1 I

Reactivity of the

Substrate in S^2

Reactions

6-1 I A Leaving-Group Effects on the Substrate

A leaving group serves two purposes in the 8^2 reaction: It polarizes the C—X
bond—jTTgBng^the carborratom_electiX)philic— and it leaves with the pai^of^lec-

tronsj^hat^once bonded it to the electrophilic carbon atom. To fill these roles, a good

leaving group should be

1. Electron-withdrawing, to polarize the carbonjitotri

2. Stable (not a strong base) once it has left

3. Polarizable. to stabilize the transition state

/. The leaving group must be electron-withdrawing to create a partial gositive charge

on the carbon atom, making the carbon electrophil ic. An electron-withdrawing leav-

ing group also stabilizes the negatively charged transition state. Halogen atoms are

strongly electronegative, and alkyl halides are common substrates for Sn2 reactions.

Oxygen, nitrogen, and sulfur also form strongly polarized bonds with carbon; given

the right substituents, they can fomi the basis for excellent leaving groups,

Strongly polarized: C—X (X = halogen ) C—O C—N C—

S

2. The leaving group mustj3ej:e_n' stable oncejljiasjeft with the pair of electrons

that bonjiedjrtoairboji. A stable leaving group is needed for favorable energetics.

The leaving group is leaving in the transition state; a reactive leaving group would

raise the energy of the transition state, slowing the reaction. Also, the energy of the

leaving group is reflected in the energy of the products. A reactive leaving group

would raise the energy of the products, driving the equilibrium toward the reactants.

bond formins bond breakinc

Nuc:
/

Nuc Nuc—

C

transition state

Good leaving groups should be weak bases; therefore, they are the conjugate

bases of strong acids. The hydrohalic acids { HF, HCl, HBr, and HI ) are strong, and

their conjugates ( F~, CP. Br~, and I") are all weak bases . Other weak bases can

also serve as leaving groups. Sulfate ions, sulfonate ions, and phosphate ions are

weak bases and good leaving groups. Table 6-4 lists examples of good leaving groups.

Hydroxide ion. alkoxide ions, and other strong bases are not good leaving

groups for S^2 reactions. For example, the —OH group of an alcohol is not a good
leaving group because it would have to leave as hydroxide ion.

:X

:Br: CH,—OH Br— CH, + '• OH (strong base)
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TABLE 6-4 Weak Bases that Are Common Leaving Groups

0 O'

iDii.s. • 1^1 • tsr • • 1 •
• U o— K

.. II ..

• U— o—UK
II

•

_
.. 1 ..

= 0— P—OR

.U. .o. .0.

halides sulfonate sulfate phosphate

H H
1

1

R R

Neutral molecules: =0— H :0—

R

1

:N—

R

1

:P—

R

1

R R
water alcohols amines phosphines

Ions that are strong bases and poor leaving groups:

:0H :0R ":NH2
hydroxide alkoxide amide

Table 6-4 also lists some neutral molecules that can be good leaving groups.

A neutral molecule often serves as the leaving group from a positively charged elec-

trophile. For example, if an alcohol is placed in an acidic solution, the hydroxyl

group is protonated. Water then serves as the leaving group. Note that the need to pro-

tonate the alcohol (requiring acid) limits the choice of nucleophiles to those few that

are not strong bases, such as bromide and iodide. A strongly basic nucleophile would

become protonated in acid.

H

^ :Br— CH, + =0—

H

water

3. Finally, a good leaving group should be polarizable, to maintaiii partial bonding

w ith the carbon atom in the transition state . This bonding helps to stabilize the tran-

sition state and reduce the activation energy. The departure of a leaving group is

much like the attack of a nucleophile, except that the bond is breaking rather than

forming. Polarizable nucleophiles and polarizable leaving groups both stabilize the

transition state by engaging in more bonding at a longer distance. Iodide ion, one of

the most polarizable ions, is both a good nucleophile and a good leaving group. In

contrast, fluoride ion is a small, "hard" ion. Fluoride is both a poor nucleophile (in

protic solvents) and a poor leaving group in Sn2 reactions.

PROBLEM-SOLVING HINT
PROBLEM 6-16

When dimethyl ether (CH ,
— O—CH ,) is treated with concentrated HBr, the initial prod-

ucts are CH ,Br and CH3OH. Propose a mechanism to account for this reaction.

CH,—OH + H^

H

:Br:- 'CHj^O—

H

piotonalcd aiculiol

Do not write 5^2 reactions that

show hydroxide ions, alkoxide

ions, or other strong bases serv-

ing as leaving groups.

6- 1 I B Steric Effects on the Substrate

Different alkyl halides undergo 8^2 reactions at vastly different rates.The structure

of the substrate is the most important factor in its reactivity toward Sj^2 displace-

ment. The reaction goes rapidly with methyl halides and with most primary sub-

strates. It is more sluggish with secondary halides, and tertiary halides fail to react
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TABLE 6-5 Effect of Substituents on the Rates of 2 Reactions

Class of Halide E.xciDiple Relative Rate

methyl

nnm 'irv / 1
^

^

secondary (2°)

tertiary (3°)

H-butyl (1°)

isobutyl (

1

")

neopentyl (1°)

CH,— Br

CH,CHi— Br

(CH,),CH— Br

(CH,),C— Br

CH,CH,CHnCH,— Br

(CH,).CHCH,— Br

(CH,),CCH,—Br

>1000
50

1

<0.001

20

2

0.0005

Noie: Two or three alkyi groups, or even a single bulky alkyl group, slow the

reaction rate. The rates listed are compared to the secondary case (isopropyl

bromide), assigned a relative rate of 1

.

at all by the 8^2 mechanism. Table 6-5 shows the effect of alkyl substitution on the

rate of 5^2 displacements.

For simple alkyl halides. the relative rates for 8^2 displacement are as follows:

Relative rates for Sn2: CH3X > 1° > 2° > 3°

The physical explanation for this order of reactivity is suggested by the information

in Table 6-5. All the slow-reacting compounds have one property in common: The

back side of the electrophilic carbon atom is crowded by the presence of bulky groups.

Tertiary halides are more hindered than secondary halides. which are more hindered

than primary halides. Even a bulky primary halide (like neopentyl bromide) under-

goes 8^,2 reaction at a rate similar to that of a tertiary halide. The relative rates show

that it is the bulk of the alkyl groups, rather than an electronic effect, that is respon-

sible for the variation in reactivity of alkyl halides in the Sn2 displacement.

This effect on the rate is another example of steric hindrance. When the nu-

cleophile approaches the back side of the electrophilic carbon atom, it must come
within bonding distance of the small back lobe of the C—X sjr orbital. If there are

two alkyl groups bonded to the carbon atom, this is difficult. Three alkyl groups

make it impossible. Just one alkyl group can produce a large amount of steric hin-

drance if it is unusually bulky, like the /-butyl group of neopentyl bromide.

Figure 6-5 depicts the 8^2 reaction of hydroxide ion with ethyl bromide and

with ?-butyl bromide. The nucleophile can easily approach the electrophilic carbon

of ethyl bromide, and the resulting transition state is not crowded. The approach to

the tertiary carbon of r-butyl bromide is nearly impossible, due to the steric hin-

drance of the three methyl groups, and crowding in the transition state raises the ac-

tivation energy.

The effect of steric hindrance on 8n2 reactions is quite general. A nucleophile

can easily attack a primary halide. but attack on a tertiary halide is nearly impossi-

ble. Secondary alkyl halides fall somewhere in between. Make models of ethyl bro-

mide (1°). isopropyl bromide (2°). and r-butyl bromide (3°) to compare the ease of

bringing in an atom for a backside attack. Figure 6-6 compares the ease of attack on

primary, secondary, and tertiary alkyl halides.

PROBLEM 6-17

Rank the following compounds in decreasing order of their reactivity toward the S Nj- reac-

tion with sodium ethoxide (Na'^'OCH^CH,) in ethanol.

PROBLEM-SOLVING HINT

Do not write Sn2 reactions oc-

curring on tertiary alkyl halides.

methyl chloride

isopropyl bromide

/-butyl iodide

methyl iodide

neopentyl bromide

ethyl chloride
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Unhindered priniai-y luilide

back- side attack transition state primary product

Hindered tertiaiy lialide

back-side attack transition state tertiary product

(very difficult)

reaction coordinate

A Figure 6-5

Steric hindrance in the S^2 reaction. Nucleophilic attack on the primary alkyl halide is

relatively unhindered, but attack on the tertiary halide is very difficult. Crowding in the

transition state for the tertiary halide also raises the activation energy and slows the reac-

tion.

PROBLEM 6-18

For each pair of compounds, state which compound is the better Sn2 substrate.

(a) 2-methyl-l-iodopropane or r-butyl iodide

(b) cyclohexyl bromide or 1-bromo-l-methylcyclohexane

(c) 2-bromobutane or isopropyl bromide

(d) 2,2-dimethyl-l-chlorobutane or 2-chlorobutane

(e) 1 -iodo-2,2-dimethylpropane or isopropyl iodide
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ethyl bromide (1°)

attack is easy

CH,
\

.
C

HV
H

Br

isopropyl bromide (2°)

attack is possible

CH,
\
, C

H

Br

f-butyl bromide (3°)

attack is impossible

,.C— Br

CH3

Figure 6-6

Ss- attack on a simple primar\ alkyi halide is unhindered. Attack on a secondary halide is

hindered, and attack on the tertian.' halide is nearly impossible.

As we have seen, the S^2 reaction requires attack by a nucleophile on the back side

of an electrophilic carbon atom. We can picture the nucleophile donating its pair of

electrons to the small back lobe of carbon's sp' h\ brid orbital (Fig. 6-7). A carbon

atom can have only four filled bonding orbitals Ian octet), so the attacking group

must form a bond as the leaving group leaves, using the same orbital that bonded to

the leaving group. Since the leaving group blocks attack from its side of the mole-

cule, the only available part of carbon's v/r'orbital is the small back lobe. Attack on

this small back lobe is called back-side attack.

Back-side attack literally turns the tetrahedron of the carbon atom inside out.

like an umbrella caught by the wind (Fig. 6-8). In the product, the nucleophile as-

sumes a stereochemical position opposite the position the leaving group originally

occupied. We call this result inversion of configuration.

In the case of a chiral carbon atom, back-side attack gives the opposite con-

figuration of the chiral carbon (Section 5-17A). The Sx2 displacement is the most

common example of a Walden inversion, a step (in a reaction sequence) where a chi-

ral carbon atom undergoes inversion of configuration. In the 1890s. Paul Walden, of

6-12

Stereochemistry

of the Sn2 Reaction

HO:"

5/7- hybrid orbital attack on the C - Br xp ' orbital

Figure 6-7

In the Sn,2 reaction, back-side

attack takes place on the small

back lobe of the sp- hybrid

orbital.
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HO:

H

HO -C X:

H H
transition state

H

H

Figure 6-8

Back-side attack inverts the

carbon atom's tetrahedron, Hke

the wind inverts an umbrella.

HO
inversion

X: > HO :X:"

the University of Tubingen (Germany), was one of the first to study reactions giv-

ing inversion of configuration.

Inversion of configuration in the SN2 reaction

H

,,X^Br:HQ:'
• CH,7

CH3CH.
(5)-2-bromobutane

H

h6---c---bi :

H,C CHXH,

HO— C.

H
-

i CH,
CH^CH,

:Br:

(/?)-2-butanol

In some cases, inversion of configuration is readily apparent. For example,

when c/5-l-bromo-3-methylcyclopentane undergoes 8^2 displacement by hydroxide

ion. inversion of configuration gives /raA/.9-3-methylcyclopentanol.

CH,
cis- 1 -biomo-3-methylcyclopentane

CH3
transition state

CH3 gj.

frani-3-methylcyclopentanol

The 5^2 displacement is a good example of a stereospecific reaction: one in

which a particular stereoisomer reacts to give one specific stereoisomer of the prod-

uct. To study the mechanism of a nucleophilic substitution, we often look at the prod-

uct to see if the reaction is stereospecific. with inversion of configuration. If it is,

the 8^2 mechanism is a good possibility, especially if the reaction kinetics are sec-

ond order. In many cases (no chiral carbon or ring, for example), it is impossible to

determine whether inversion has occun'ed. In these cases, we use kinetics and other

evidence to help determine the reaction mechanism.

PROBLEM 6-19

Draw a perspective structure or a Fischer projection for the products of the following 8^2

reactions.

(a) c/5'-l-bromo-4-methylcyclohexane -I- KOH
(b) (/?)-2-bromopentane + KCN
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(c) CH, (d)

Br-

H-
-H Nal

acetone

CHXH,

CH,

(e) H Br + NaOCH,

CHXH.CH,
CH,OH

Br

H / \
+ NaSH

CH.

PROBLEM 6-20

L'nder appropriate conditions. (5)-l-bromo-l-nuoroethane reacts with sodium methoxide

to give pure (5)-l-tluoro-l-methoxyethane.

CH.CHBrF NaOCH, CH3CHFOCH3 + NaBr

(a) Why is bromide replaced, rather than fluoride?

(b) Draw perspective structures (as shown on the previous page for 2-bromobutane) for

the stalling material, the transition state and the product.

(c) Does the product show retention or inversion of configuration?

(d) Is this result consistent with reaction by the Sn,2 mechanism?

When r-butyl bromide is placed in boiling methanol, methyl r-butyl ether can be iso-

lated from the reaction mixture. Because this reaction takes place w ith the solvent

acting as the nucleophile. it is called a solvolysis (solvo for "sohent."" plus lysis.

meaning "cleavage").

(CH3)3C— Br + CH3—OH (CH3)3C—O—CH, + HBr

?-butyl bromide methanol methyl r-butyl ether

This solvolysis is a substitution, since methoxide has replaced bromide on

the ?-butyl group. It does not go through the mechanism, however. The Sx2 re-

quires a strong nucleophile and a substrate that is not too hindered. Methanol is a

weak nucleophile. and ?-butyl bromide is a hindered tertiary halide: a poor 3^2

substrate.

An interesting characteristic of this reaction is that its rate does not depend on

the concentration of methanol, the nucleophile. The rate depends only on the con-

centration of the starting material, r-butyl bromide.

rate ^ )^r[(CH3)3C— Br] J

This rate equation is First order overall : first order in the concentration of the alkyl

halide and zeroth order in the concentration of the nucleophile. Because the rate does

not depend on the concentration of the nucleophile. we infer that the nucleophilgjs

not present in the transition state of the rate-determining step . The nucleophile must

react after the slow step.

Thisjtype^f^ubstitution is called the S;^! reaction, for Substitution. Nucle-

ophilLc^ iwiniokcuIaKThe~lenn unuuolecinaFmesins there is only one moleculgjn-

volved in the transition state of the rate-determining step . The mechanism of the S-^ l

reaction of r-butyl bromide with methanol is shown below. Ionization of the alkyl

halide (first step) is the rate-detemiining step.

6-13

First-Order

Nucleophilic

Substitution:The

Sisjl Reaction
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Step J: Formation of carbocation (rate-determining)

(CH,)3C— Br: (CH3)3C+ + :Br: (slow)

Step 2: Nucleophilic attack on the carbocation

(CH3)3C =0—CH,

H

^ (CH3)3C—O—CH3 (fast)

H

Final Step: Loss of proton to solvent

(CH3)3C—O—CH, + CH,—OH

Figure 6-9

Reaction-energy diagrams of

the Sn I and 8^2 reactions. The

SnI is a two-step mechanism

with two transition states (X\

and :t:2) and a carbocation

intermediate. The 8^,2 has only

one transition state and no

intermediate.

(CH3)3C—O—CH, + CH3—O—

H

H

(fast)

The SnI mechanism is a multistep process. The first step is a slow ionization

to form a carbocation. The second step is a fas t attack on the carbocation by a nu ;

cleophile. The carbocation is a strong electroj^hile: it reacts very fast with both

strong and weak nucleophiles. In the case of attack by an alcohol or water, loss of

a proton gives the final uncharged product. Following is the general mechanism for

the SnI reaction.

/ R—

X

R+ + Nuc: R— Nuc

rate-determining step

(very fast)

The reaction-energy diagram of the SnI reaction (Fig. 6-9) shows why the rate

does not depend on the strength or concentration of the nucleophile. The ionization

(first step) is highly endothermic. and its large activation energy detennines the over-

all reaction rate. The nucleophilic attack (second step) is strongly exothermic, with

a lower-energy transition state. In effect, a nucleophile reacts with the carbocation

almost as soon as it forms.

The reaction-energy diagrams of the SnI mechanism and the Sn2 mechanism

are compared in Figure 6-9. The SnI has a jrueinteiroediate , the carbocatiop . The

intermediate appears as a relative minimum (a low point) in the reaction-energy di-

agram. Reagents and conditions that favor formation of the carbocation (the slow

step) accelerate the SnI reaction; reagents and conditions that hinder its forma-

tion retard it.

rate-determining

transition state

intermediate

R— \ + Nuc

R— Nuc + X-

R—X + Nuc:

R— Nuc-I-X-

Sn2
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6-I3A Substituent Effects

The rate-determining step of the S^l reaction is ionization to form a carbocation:

a strongly endothermic process. The transition state for this endothermic process

resembles the carbocation (Hammond postulate): consequently, rates of Sv,l re-

actions depend strongly on carbocation stability. In Section 4-16A. we saw that

alkyl groups stabilize carbocations by donating electrons through sigma bonds

(the inductive effect) and through overlap of filled orbitals with the empt} p or-

bital of the carbocation ihyperconjugation). Highly substituted carbocations are

therefore more stable.

vacant

carbocation alkyl group

h) perconj ugation

Reactivity tow ard S^T substitution mechanisms follows the stabilit_\' of carbo-

cations:

Svl reactivity:
|~~ > 2- > V > chjO

This order is the opposite of that for the Sx2 reaction. Alkyl groups hinder the

Sv2 by^blocking attack of the strong nucleophile. but alkyl groups enhance_theSN.-l

bxstabilizing the carbocation intermediate .

Resonance stabilization of the carbocation can also promote the S^l reac-

tion. For example, allyl bromide is a primary halide. but it undergoes the Syl

reaction about as fast as a secondary halide. The carbocation formed by ioniza-

tion is resonance stabilized, with the positive charge spread equally over two

carbon atoms.

H.

H'
:c=c:

,H H

~C—

H

allvl bromide

,HC
H Br- H

resonance-stabilized carbocation

H.

I Nuc
H

PROBLEM 6-21

Choose the member of each pair that will react faster by the Ss, l mechanism.

(a) 1 -bromopropane or 2-bromopropane

( b) 2-bromo-2-methylbutane or 2-bromo-3-methylbutane

(c) bromocyclohexane or 3-bromocyclohexene

(d) l-bromo-2.2-dimethylpropane or 2-bromopropane

PROBLEM-SOLVING HINT

Primary cations are rarely

formed In solution, unless they

are resonance-stabilized.
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PROBLEM 6-22

3-Bronii)cyclohexene is a secondary halide, and benzyl bromide is a primary halide. Both

halides undergo SnI substitution about as fast as most tertiary halides. Use resonance struc-

tures to explain this enhanced reactivity.

Br

3-brom()cyclohexene benzyl bromide

6-I3B Leaving-Group Effects

The leaving group is breaking its bond to carbon in the rate-determining ionization

step of the SnI mechanism. A highly polarizable leaving group helps stabilize the rate-

determining transition state through partial bonding as it leaves. The leaving group

should be a weak base, very stable after it leaves with the pair of electrons that bond-

ed it to carbon.

Figure 6-10 shows the transition state of the ionization step of the S^l reaction.

Notice how the leaving group is taking on a negative charge while it stabilizes the

new carbocation through partial bonding. The leaving group should be stable as it

takes on this negative charge, and it should be polarizable to engage in effective par-

tial bonding as it leaves. A good leaving group is just as necessary in the S^l reac-

tion as it is in the Sn2 , and similar leaving groups are effective for either reaction.

Table 6-4 (page 248) lists some common leaving groups.

PROBLEM 6-23

Choose the member of each pair that will react faster by the S^^l mechanism.

(a) 2-iodo-2-methylbutane or /-butyl chloride

(b) 2-bromo-2-methylbutane or ethyl iodide

(c) /i-propyl bromide or 3-bromocyclohexene

(d) methyl iodide or cyclohexyl bromide

6-I3C Solvent Effects

The SnI reaction_^gO£SJiiuchjTiore readily in polar solvents thal^tabilize ions. The

rate-determining^tepfonns two ions, and ionization is taking place

j

njjiejransition

state^olaLsolventsjoIvate these loiisTTanlnteraction of the solvent's dipoIeTiTg^

ment with the chai"ge ofthe ion. Orotic soTvents such as alcohols and water are even

more effective solvents because anions form hydrogen bonds with the —OH hy-

Figure 6-10

hi the transition state of the

SnI ionization, the leaving

group is taking on a negative

charge. The C—X bond is

breaking, and a polarizable

leaving group can still main-

tain substantial overlap.

R
\
JO X

rV
R

X is taking on a partial negative charge

\ 6- 1*
R

r7
R

partial bonding in the transition state

R R
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drogen atom , and cations complex with the nonbonding electrons of the —OH oxy-

gen atom.

R— X- R- X-

H' R

= 0

0:---R----:0.

R ; H

H R

" O
/ \

^ H R

H---:.\ H
OO H

R O— R R

ionization solvated ions

Ionization of an alkyl halide requires the formation and separation of positive

and negative charges, similar to what happens when sodium chloride dissolves in

water. Sn,1 reactions require highly polar solvents that strongly solvate ions. One

measure of a soh ent's ability to solvate ions is its dielectric constant (e). a measure

of the solvent's polarity. Table 6-6 lists the dielectric constants of some common sol-

vents and the relatix e ionization rates for r-butyl chlonde in these solvents. Note that

ionization occurs much faster in highl\ polar solvents.

TABLE 6-6 Dielectric

Constants (e) of Common
Solvents and onization

Rates of t-Butyl Chloride

in Those Solvents

1

Relative

Solvent e Rate

water 78 8000

methanol 33 1000

ethanol 24 200

acetone 21 1

diethyl

ether 4.3 0.001

hexane
-1

0 < 0.0001

We saw that the S^Z reaction is stereospecific: The nucleophile attacks from the back 6-14
side of the electrophihc carbon atom, giving inversion of configuration. In contrast, c^-^^^^^u^^-.^^^,,
, „ , . . JT c- u u u Stereochemistry ot
the Syl reaction is not stereospecific. In the Svl mechamsm. the carbocationjnier-

, ^ n
mediate is sp- hvbridized and planar. A nucleophile can attack the carbocation from the S[\| I Reaction
either face. Figure 6-1 1 shows the Sxl soh oh sis of a chiral compound. (S )-3-bromo-

2.3-dimethylpentane. in ethanol. The rarhnr.sTi on is plan ar and achiral: attack from

both faces gi\ es both enantiomers of the product.

If a nucleophile attacks the carbocation from the front side (the side the lea\ -

ing group left), rhp pmHnrt 'ihnu s rptpntinrrQljconflguration. .-Xnack from the back

:Br:

H3C/
(CHjj.CH

(5)

:Br:

C

CH^CHx iCH-.iXH

from the bottom

planar carbocation (achiral)

OCHXH3

C

(CH.iXH CHXH,

retention of confiauraiion

(CH,uCH.^\,/
C

(^1

OCHXH3
inversion of configuration

A Figure 6-1

1

A chiral carbon atom undergoes racemization when it ionizes to a planar, achiral carboca-

tion. A nucleophile can attack the carbocation from either face, giving either enantiomer of

the product.
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front-side attack

is slightly hindered

by leaving group

attack from the bottom

Slep I : Foniuition of the carhocalion

Step 2: NudeophiWc attack

H

+ CH3OH2

+ CH3OH2

trans

60% inversion of configuration

A Figure 6-12

In the S;s|l reaction of m-l-bromo-3-deuteriocyclopentane with methanol, the carbocation

can be attacked from either face. Because the leaving group (bromide) partially blocks the

front side as it leaves, back-side attack (inversion of configuration) is slightly favored.

side^giye s inversion of configuration. A combination of retentionjmd_inversion is

called racemization because an optically active compound gives racemic, or near-

ly racemic, products. When racemization occurs, the product is rarely completely

racemic. however; there is often more inversion than retention of configuration. As
the leaving group leaves, it partially blocks the front side of the carbocation, but the

back side is unhindered, so attack is more likely there.

Figure 6-12 shows a cyclic case where one of the faces of a cyclopentane ring

has been "labeled" by a deuterium atom. Deuterium has the same size and shape as

hydrogen, and it undergoes the same reactions. It distinguishes between the two faces

of the ring: The bromine atom is cis to the deuterium in the reactant. so the nucle-

ophile is cis to the deuterium in the retention product. The nucleophile is trans to the

deuterium in the inversion product. The product mixture contains both cis and trans

isomers, with the trans isomer slightly favored because the leaving group hinders

approach of the nucleophilic solvent from the front side.

6-15

Rearrangements

in Sn I Reactions

Carbocations frequently undergo structural changes, called rearrangements, to form

more stable ions. A rearrangement may occur after a carbocation is formed, or it

may occur as the leaving group is leaving. Rearrangements are not seen in the 8^2

reaction, where no carbocation is formed and the one-step mechanism allows no op-

portunity for rearrangement.

An example of a reaction with reanangement is the S^.l reaction of 2-bromo-

3-methylbutane in boiling ethanol. The product is a mixture of 2-ethoxy-3-methylbu-

tane (not rearranged) and 2-ethoxy-2-methylbutane (rearranged).
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Br OCH^CHj OCH.CH,
I

ClI.CII.Oll
I

"
I

"

'

CH3—CH—CH—CH3 — > CH3—CH—CH—CH3 + CH,—CH—C—CH3 + HBr

CH3 CHj CH3
2-biomo-3-methylbutane (not rearranged) (rearranged)

2-ethoxy-3-methylbutane 2-ethoxy-2-mcthylbutane

PROBLEM 6-24

Give the S^l mechanism for the formation of 2-ethoxy-3-methyibiitane, the unreananged

product in this reaction.

The rearranged product, 2-ethoxy-2-methylbutane, results from a hydride shift:

the movement of a hydrogen atom with its bonding pair of electrons. A hydride shift

is represented by the symbol ~H. In this case, the hydride shift converts the initial-

ly formed secondary carbocation to a more stable tertiary carbocation. Attack by the

solvent gives the rearranged product.

Step 1: Formation of the carbocation and rearrangement

. g J. .
- hydrogen moves with a pair of electrons

:Br: H
U I

CH,—C—C—CH3

H CH3

H

CH3—C—C—CH3

H CH,
secondary carbocation

H

H
I

+

CH3—C— C—CH,

H CH,
tertiary carbocation

This rearrangement involves movement of a hydrogen atom with its bonding

pair of electrons over to the empty p orbital of the carbocation. In three dimensions,

the rearrangement looks like this:

2° carbocation

Step 2: Solvent attack and loss ofa proton

H

3° carbocation

CH,—C—C—CH

H CH,
tertiary carbocation

H
I

CH,— C-

H
rearrans

OCH2CH3

-C—CH3

CH,
;ed product

When neopentyl bromide is boiled with ethanol, it gives only a rearranged sub-

stitution product. This product results from a methyl shift (represented by the sym-

bol ~CH,), the migration of a methyl group together with its pair of electrons.

Without rearrangement, ionization of neopentyl bromide would give a very unstable

primary carbocation.

+ CH,CH,OH,
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CH3 CH3

CH,—C—CH.^Br: CH3—C— CH2+

CH3
neopentyl bromide

Br:

CH3
primary carbocation

PROBLEM-SOLVING HINT

Primary halides and methyl halides

rarely ionize to carbocations in

solution. If they do, they usually

ionize with rearrangement.

The methyl shift occurs while bromide ion is leaving, so that only the more stable ter-

tiary carbocation is formed.

PROBLEM-SOLVING HINT
Most rearrangements convert

2^ (or incipient 1°) carbocations

to 3° or resonance-stabilized

carbocations.

CH3 H

CH3—C-^C^Br:

CH, H

CH3 H
~CH

CH3—C C—

H

+
I

CH3
3° carbocation

:Br:

In three dimensions,

H

A \"CH:

-CH,

Br CH.

3° carbocation

Attack by ethanol on the tertiary carbocation gives the product. Since re-

arrangement is required for ionization, only rearranged products are observed.

CH,

> CH3—C— CH.—CH3

O—CH3CH3
rearranged product

In general, we should expect rearrangements in reactions involving carbocations

whenever a hydride shift or an alkyl shift can form a more stable carbocation.

PROBLEM 6-25

Propose a mechanism involving a hydride shift or an alkyl shift for each solvolysis reac-

tion. Explain how each rearrangement fonns a more stable intermediate.

CH, I CH, OCH, CH,—O CH,

(a) CH,—C CH— CH3

CH,

CH3OH

heat
CH3—C-

(b)

CI

CH,

CH,CH,OH

heat

CH3

,OCH,CH

-CH— CH3 + CH,—C—CH—CH3

CH,

+ CH,—C—OH

(d)

CHd
CH,CH,OH

heat

CH,

OCHjCH, +

0CH,CH3



6-16 Comparison of Sv,. I and SNj2 Reactions 261

PROBLEM 6-26

Few reactions at chiral carbon atoms give clean retention of configuration; inversion (with

the Sn2) and racemization (with the SnI ) are far more common. In Chapter 5 (page 217),

the reaction of an alcohol with thionyl chloride (SOCh) was offered as an example of a re-

action that gives retention of configuration. Please review that reaction.

(a) This reaction is a substitution. Does it resemble the S^l or the 5^2? E.\plain.

(b) Explain why this reaction gives retention rather than the racemization expected for the

S^l or the inversion expected for the Sn2.

Let's compare what we know about the and 8^-2 reactions, then organize this ma-

terial into a brief table.

Effect of the Nucleophile. The niicleophile takes part in the slow step (the only

step) of the S^,2 reaction but not in the slow step of the S^l. Therefore, a strong nu-

cleophile promotes the S^il but not the S^l. Weak nucleophiles fail to promote the

Sj^2 reaction: therefore, reactions with weak nucleophiles often go by the S^l mech-

anism if the substrate is secondary or tertiary.

S^ l: Nucleophile strength is unimportant.

Snj2: Strong nucleophiles arc required.

Effect of the Substrate. The structure of the substrate (the alkyl halide) is an im-

portant factor in determining which of these substitution mechanisms might operate.

Methyl halides and primary halides cannot easily ionize and undergo S^ l substitu-

tion because methyl and primary carbocations are high in energy. They are relative-

ly unhindered, however, and they make good S^i2 substrates.

Tertiary halides are too hindered to undergo Snj2 displacement, but they can

ionize to form tertiary carbocations. Tertiary halides undergo substitution exclusively

through the Sn, 1 mechanism. Secondai7 halides can undergo substitution by either

mechanism, depending on the conditions.

S^.l substrates: 3^ > 2 (
1° and CH,X are unlikely)

S^,2 substrates: CH,X > 1° > 2° (3° is not suitable)

If silver nitrate (AgNO,) is added to an alkyl halide in a good ionizing solvent, it re-

moves the halide ion to give a carbocation. This technique can force some unlikely

ionizations, often giving interesting rearrangements (see problem 6-29.)

Effect of the Solvent. The slow step of the Sv;l reaction involves the formation of

two ions. Solvation of these ions is crucial to stabilizing them and lowering the ac-

tivation energy of their formation. Very polar ionizing solvents such as water and

the alcohols are needed for the S^l. The solvent may be heated to reflux (boiling)

to provide the energy needed for ionization.

Less charge separation is generated in the transition state of the 8^2 reaction.

Strong solvation may weaken the strength of the nucleophile due to the energy need-

ed to strip off the solvent molecules. Therefore, the 8^2 reaction often goes faster in

less polar solvents if the nucleophile can be gotten into solution. Polar aprotic sol-

vents may enhance the strength of weak nucleophiles.

S^, I : Good ionizing solvent required.

Sn,:2: May go faster in a less polar solvent.

Kinetics. The rate of the S^l reaction is proportional to the concentration of the

alkyl halide but not the concentration of the nucleophile. It follows a first-order rate

equation.

6-16

Comparison of I

and S|sj2 Reactions
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The rate of the 8^2 reaction is proportional to the concentrations of both the alkyl

halide [R—X ] and the nucleophile [Nuc = ]. It follows a second-order rate equation.

Sn;1 rate

Ss.2 rate

MR—X]

A;,(R—X|[Nuc:

Stereochemistry. The S-v- 1 reaction involves a flat carbocation intermediate that can

be attacked from either face. Therefore, the S^ l usually gives a mixture of inversion

and retention of configuration.

The Sn,i2 reaction takes place through a back-side attack, which inverts the stere-

ochemistry of the carbon atom. Complete inversion of configuration is the result.

Ss^ l stereochemistry: Mixture of retention and inversion; racemization.

Sx,2 stereochemistry: Complete inversion.

Rearrangements. The Sn,1 reaction involves a carbocation intermediate. This in-

termediate can rearrange, usually by a hydride shift or an alkyl shift, to give a more

stable carbocation.

The Sx2 reaction takes place in one step with no intermediates. No rearrange-

ment is possible in the 8^2 reaction.

8x1: Rearrangements are common.

8n,2: Rearrangements are not possible.

SUMMARY: Nucleophilic Substitutions

S,2

promoting factors

nucleophile

substrate (RX)

solvent

leaving group

other

characteristics

kinetics

stereochemistry

rearrangements

weak nucleophiles are OK
3° > 2°

good ionizing solvent needed

good one required

AgNO, forces ionization

first order. k^lRX]

mixture of inversion and retention

strong nucleophile needed

CH ,X > 1° > 2°

wide variety of solvents

good one required

second order. A-r[RX][Nuc:

complete inversion

not possible

PROBLEM-SOLVING HINT

The strength of the nucleophile

(or base) usually determines the

order of the reaction. Also, 5^2

is unlikely on 3° halides, and 5^1

is unlikely on I
° halides.

PROBLEM 6-27

For each reaction, give the expected substitution product, and predict whether the mecha-

nism will be predominantly first order or second order.

(a) 2-chloro-2-methylbutane + CH.COOH
(b) isobutyl bromide -I- sodium methoxide

(c) 1-iodo-l-methylcyclohexane -i- ethanol

(d) cyclohexyl bromide -l- methanol

(e) cyclohexyl bromide + sodium ethoxide

PROBLEM 6-28

When (/?)-2-bromobutane is heated with water, the Sfjl substitution proceeds twice as fast

as the S^;2. Calculate the e.e. and the specific rotation expected for the product. The rota-

tions of the butanol enantiomers are shown on page 193.
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PROBLEM 6-29

A reluctant first-order substrate can be forced to ionize b\' adding some silver nitrate (one

of the few soluble silver salts) to the reaction. Silver ion reacts with the halogen to form a

silver halide (a highly exothermic reaction), generating the cation of the alkyl group.

R— X - Ae R AgX i

Gi\e mechanisms for the follow ing siU er-promoted rearrangements.

CH-,

I A2N0,.H,0
(a)CH,—C— CH-— I

—^ ' - ^

A2NO.. H,0/CHrH,OH

.An elimination in\ ol\ es the loss of tw o atoms or groups from the substrate, usual-

ly with formation of a pi bond. Depending on the reagents and conditions invoh ed.

an elimination might be a first-order (El) or second-order (E2) process. The fol-

lowing examples illustrate the types of eliminations w e co\ er in this chapter.

6-17

First-Order

Elimination:The

El Reaction

El:

H CH.CH-,

H—C C—CH.CH,

CH, :Br:

CH-OH
H CH.CH,

H—C—C—CHXH,
I

-
"

CH, :Br:"

H CH,CH,
\ / -

-

C= C
/ \

H,C CH.CH;

CH,—O—

H

"

I

H

E2:

CH30:^

H CH.CH,

H— C- -C— CHXH,
Na- -QCH;

CH.OH

CH, :Br:

CH3O—

H

H CHXH,
\ / '

C=C
/ \

H;C CH.CH,

:Br:"

In many cases, substimtion and elimination reactions can take place at the same

time and under the same conditions. We will consider these possibilities later, once

we have discussed the El and E2 mechanisms.

6-I7A Mechanism and Kinetics of the E I Reaction

The abbreviation El stands for Elimination, unimolecular. The term iinimolec-

iilar means that the rate-determining transition state involves a single molecule

rather than a collision between two molecules. The slow step of an El reaction
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is the same as in the S^gl reaction: uniinolecular ionization to form a carbocation.

In a fast second step, a base abstracts a proton on the carbon atom adjacent to the

. The electrons that once formed the carbon—hydrogen bond now form a pi

bond between two carbon atoms. The general mechanism for the El reaction is

as follows:

Step I: Formation of the carbocation (rate-determining)

—c—c— —c—c^ + '-x-

a.H ^:X: H

Step 2: A base abstractsa proton (fast)

B—H + ^c=c:

6-I7B Competition with the I Reaction

The El reaction almost always occurs together with the Sv^l. Whenever a carbocat-

ion is formed, it can undergo either substitution or elimination, and mixtures of prod-

ucts often result. The following reaction shows the competition between elimination

and substitution in the reaction of r-butyl bromide with boiling ethanol.

I

^

h I

CH,— C— Br + CH,—CH.— OH HjC^C^ + c_0—CH.— CH,
I

" " CH3
I

-

-

CH3 CH3
?-butyl bromide ethanol 2-methylpropene ethyl ?-butyl ether

(El product) (S>jl product)

The first product (2-methylpropene) results from dehydrohalogenation,

an elimination of hydrogen and a halogen atom. Under these first-order condi-

tions (the absence of a strong base), dehydrohalogenation takes place by the El

mechanism: Ionization of the alkyl halide gives a carbocation intermediate, which

loses a proton to give the alkene. The substitution product results from nucle-

ophilic attack on the carbocation. Ethanol serves as a base in the elimination and

as a nucleophile in the substitution.

Step 1: Ionization toform a carbocation

Br-

CH,—C—CH3

CH3

Step 2: Basic attack by the solvent (El reaction)

CH3CH.—6 =

:Br:
+

CH,—C—CH3
I

CH3

H CH3

H CHt I r

\ / - -

C=C + CH3CH,—O/^
/ \ ^

H CH,
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or: Niicleophilic attack by the solvent (S^J reaction)

("Hxn — () -II

CH,—C—CH3

CH,CH3—O^H

CH,— C—CH, ?

:OCH2CH,
I 11x11,—O— H

^ CH3—C— CH,

CH,

Under ideal conditions, one of these first-order reactions provides a good yield of one

product or the other. Often, however, carbocation intermediates react in two or more

ways to give mixtures of products. For this reason. S^l and El reactions of alkyl

halides are not often used for organic synthesis. They have been studied in great de-

tail to learn about the properties of carbocations, however.

CH, CH,CH,OH,

6-I7C Orbitals and Energetics

hi the second step of the El mechanism, the adjacent carbon atom must rehybridize

to sp~ as the base attacks the proton and electrons flow into the new pi bond.

B—

H

empty p Ti-bond

The El reaction has a potential-energy diagram (Fig. 6-13) similar to that for

the Sfvjl reaction. The ionization step is strongly endothermic. with a rate-determin-

ing transition state. The second step is a fast exothermic deprotonation by a base. The
base is not involved in the reacdon until after the rate-determining step, so the rate

depends only on the concentration of the alkyl halide.

rate-determining

transition state

reaction coordinate

Figure 6-13

Reaction-energy diagram of

the El reaction. The first step

is a rate-determining ioniza-

tion. Compare this energy

profile with that of the S>,1

reaction. Figure 6-9.
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Like other carbocation reactions, the El may be accompanied by rearrangement.

Compare the following El reaction (with rearrangement) with the S^l reaction of the

same substrate, shown on page 259.

Formation of the carbocation and rearrangement

. Ev- H :Br: H H

CH,—C—C— CH, CH—C—C— CH, > CH,—C—C—CH,

H CH, H CH3 H CH3
secondary carbocation tertiary carbocation

Removal of either adjacent proton

CH3CH.OH/\
CH,—C—C—C—H > C=C + CH,—CH,—

C

- Ill / \ -
' \

H CH3 H "

We can now summarize four ways that a carbocation can react to become
more stable.

SUMMARY: Carbocation Reactions

A carbocation can:

1. React with its own leaving group to return to the reactant.

2. React with a nucleophile to form a substitution product (S^l).

3. Lose a proton to form an elimination product (an alkene) (El).

4. ReaiTange to a more stable carbocation, then react further.

The order of stability of carbocations is: resonance-stabilized, 3° > 2° > 1°

PROBLEM 6-30

Give the substitution and elimination products you would expect from the following

reactions.

(a) 3-bromo-3-ethylpentane heated in methanol

( b ) 1 -iodo- 1 -methyIcyclopentane heated in ethanol

(c) 3-bromo-2,2-diinethylbutane heated in ethanol

(d) iodocyclohexane + silver nitrate in water (see Problem 6-29)

6-18

Second-Order

Elimination:The

E2 Reaction

Elimination can also take place under second-order conditions with a strong base present.

As an example, consider the reaction of r-butyl bromide with methoxide ion in methanol.

CH3O
—^^^^hindered

\ T^CH3

H i ( Br:

H
Rate = A- [(CH,),C— Br][-OCH,]

E2

CH—O—

H

H
.
CH,

H
""'C=C''

CH3

Br:
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This is a second-order reaction because meUTOxide ion is a strong base as wel l

as a strong nucleophile . It attacks the alkyl halide faster than the halide can ionize

to give a first-order reaction. No substitution product (methyl r-butyl ether) is ob-

served, however. The S^2 mechanism is blocked because the tertiary alkyl halide is

too hindered. The observed product is 2-methylpropene. resulting from elimination

of HBr and formation of a double bond.

In this reaction, methoxide reacts as a base rather than_as a nucleophile. Most

strong nucleophiles are also strong bases, and elimination commonly results when

a strong base/nucleophile is used with a poor Ss,-2 substrate. Instead of attacking the

back side of the hindered electrophilic carbon, methoxide abstracts a proton from one

of the methyl groups. This reaction takes place in one step, with bromide lea\ ing. as

the base is abstracting a proton.

The rate of this elimination is proportional to the concentrations of both the alkyl

halide and the base, giving a second-order rate equation. This is a bimolecitlar process,

with both the base and the alkyl halide participating in the transition state. Therefore,

this mechanism is abbreviated E2 for Elimination, bimolecular.

B-H
C
//

:c=c: + B— H + X-

/.•JR— X][B-] transition state

The E2 reaction requires abstraction of a proton on a carbon atom next to the

carbon bearing the halogen. If there are tw o or more possibilities, mixtures of prod-

ucts may result. The follow ing examples show how abstraction of different protons

leads to different products:

CH3O: :OCH,

H H H

H—C—C—C—CH,CH.

H ^Br H
2-bromopentane

NaOCH,

CH.OH

H

H

\
(

/
C=C

H

CH2CH2CH:j

-pentene

+ CH-.OH

H3C
\

H

+ C= C
/ \

H CH.CH,

2-pentene (cis and trans)

NaBr

CH,CH.O H

H—C—

H

1 -bromo-

H

-meth\ IcNclohexane

N'aOCHXH,

CHXH^OH

PROBLEM 6-31

H

methy lenec\ clohexane

-I-

I -methylcvclohexene

+ CH,CH.OH + NaBr

Under the conditions gi\ en. one of the two preceding examples can also undergo substitu-

tion by the Ss,2 mechanism. Show the product that would result from this S^2 reaction.

PROBLEM 6-32

Predict the elimination products of the following reactions,

(a) 5er-butvl bromide ~ NaOCH XH-,
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(b) 3-bromo-3-ethylpentane + methanol

(c) 2-bromo-3-ethyipentane + NaOCH,
(d) 1 -bromo-2-methylcyclohexane + NaOCH^CH,

Many compounds can eliminate in more than one way. to give mixtures of products.

In the examples shown above, both 2-bromopentane and 1-bromo-l-methylcyclo-

hexane can eliminate in two ways. In most cases, we can predict which elimination

product will predominate. For example, consider the E2 reaction of 2-bromobutane

with potassium hydroxide:

OH
CH3—CH,—CH— CH, —^ CH3—CH,—CH=CH. + CH,—CH=CH—CH,

I I97f 81%

monosLibstituted disubstituted

The first product has a monosubstituted double_bond, with one substituent on the

doubly bonded carbons. It has the general formulaRT—CH—CH^ . The second prod-

uct has a disubstituted double bond, with general formula R—CH—CH—

R

(or R2C=CHt). In most El and E2 eliminations where there are two qi" more pos-

sible elimination
^
products. the product with the most hi^hh substituted_double_bond

wWpredominate. This general principle is called the SaytzefF rule^jind reactions that

give the most highly substituted alkene are said to follow Saytzeff orientation.

SAYTZEFF RULE: In elimination reactions, the most highly substituted alkene

usually predominates.

rR;C=CR. > R.C=CHR > RHC=CHR and R:C=CH3 > RHC=CH.
/tetrasubstituted trisubstituted disubstituted monosubstituted

This order of preference is the same as the order of stability of alkenes. We consid-

er the stability of alkenes in more detail in Section 7-7, but for now. it is enough just

to know that more highly substituted alkenes are more stable. Later, we will study

some unusual reactions where the Saytzeff rule does not apply.

PROBLEM 6-33

In the last section, two examples were shown to give mixtures of products: the elimination

of 2-bromopentane with methoxide and the elimination of l-bromo-l-methylcyclohexane

with ethoxide. In each case, predict which product is the major product. Explain your an-

swers, showing the degree of substitution of each double bond in the products.

PROBLEM 6-34

The reaction of 2-bromobutane with potassium hydroxide (above) can also give substitu-

tion. Show the substitution product and give the mechanism for its formation.

6-19

Positional

Orientation of

Elimination:

The Saytzeff Rule

SOLVED PROBLEM 6-1

When 3-iodo-2,2-dimethylbutane is treated with silver nitrate in ethanol, three elimina-

tion products are formed. Give their structures, and predict which ones are formed in larg-

er amounts.

SOLUTION
Silver nitrate reacts with the alkyl iodide to give silver iodide and a cation.
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CH,

CH,—C—CHI—CH3 + Ag+

CH,

CH,

CH3—C—CH—CH, + Agl I

CH,

This secondary carbocation can lose a proton to give an unrearranged alkene (A), or it can

rearrange to a more stable tertiary cation.

Loss of a proton

CH

RearrangenunU

CH3 H

CH,—C^-^C—CH,

CH,
2° carbocation

-CH,

CH,—C— C.

CH, C—

H

H

(methyl shift)

Product (A) -f- CH3CH2OH2

CH, H

CH,—C C— CH,
+

I

CH3
3° carbocation

PROBLEM-SOLVING HINT

Whenever a carbocation is

formed next to a more highly

sbustituted carbon, consider

whether a rearrangement might

occur

The tertiary cation can lose a proton in either of two positions. One of the products (B)

is a tetrasubstituted alkene, and the other (C) is disubstituted.

Fonnatiun uf a tetrasubstituted alkene

CH,CH-,0H2

Formation of a disubstituted alkene

CH3CH2OH ^^C— C— CH,

^^^H^^X CH,
H H

(B)

(tetrasubstituted)

CH,

H—

C

I

H

C—C—CH, + CH.CH,OH,
I

"

CH,

(C)

(disubstituted)

Product B predominates over product C because the double bond in B is more highly sub-

stituted. Whether product A is a major product will depend on the specific reaction con-

ditions and w hether proton loss or rearrangement occurs faster.

Reactivity ofthe Substrate in the E2. The order of reactivity of alkyl halides toward

E2 dehydrohalogenation is found to be

30 ^ 2° > l°|
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This reactivity order reflects the greater stability of highly substituted double bonds.

Elimination of a tertiary halide gives a more highly substituted alkene than elimina-

tion of a secondary halide. which gives a more highly substituted alkene than a pri-

mary halide. The stabilities of the alkene products are reflected in the transition

states, giving lower activation energies and higher rates for elimination of alkyi

halides that lead to highly substituted alkenes.

PROBLEM 6-35

Each of the two carbocations in vSol ved Problem 6- 1 can also react with ethanol to give a sub-

stitution product. Give the structures of the two substitution products formed in this reaction.

PROBLEM 6-36

Give the structure of the elimination products for the following reactions, and label the major

products. When a rearrangement occurs, show how a more stable intermediate is formed.

(a) 2-bromohexane -I- NaOH
(b) i-(bromomethyl)-]-methylcyclopentane heated in methanol

(c) m-l-bromo-2-methylcyclohexane + AgNO, in heated ethanol

(d) c;5'-l-bromo-2-methylcyc]ohexane + NaOEt
(e) neopentyl bromide 4- AgNO^ heated in methanol

(f ) neopentyl bromide + NaOCH,

6-20 Like the 81,42 reaction, the E2 follows a concerted mechanism: Bond breaking and

Stereochemistry of

the E2 Reaction

bond formation take place at the same time, and the partial formation of new bonds

lowers the energy of the transition state. Concerted mechanisms require specific geo-

metric arrangements so that the orbitals of the bonds being broken can overlap with

those being formed and the electrons can flow smoothly from one bond to another.

The geometric arrangement required by the S^2 reaction is a back-side attack: with

the E2 reaction, a coplanar arrangement of orbitals is needed.

The E2 elimination requires the partial formation of a new pi bond, with its par-

allel p orbitals, in the transition state. The electrons that once formed a C—H bond

must begin to overlap with the orbital that the leaving group is vacating. Formation

of this new pi bond implies that these two .v/?
' orbitals must be parallel so that pi

overlap is possible as the hydrogen and halogen leave and the orbitals rehybridize to

the p orbitals of the new pi bond.

Figure 6-14 shows two conformations that provide the necessary coplanar

alignment of the leaving group, the departing hydrogen, and the two carbon atoms.

When the hydrogen and the halogen are,antj_to each other ( ^ = 1 80°). their orbitals

are aligned/This is called the anti-coplanar conformation^When the hydrogen and

the halogeiT^lipse each other (6 = 0°), their orbitals are once again aligned. This

is calkd_the syn-coplanar conforrnation. Make a model corresponding to Figure

6-14. and use it to follow along with this discussion.

Of these possible confomiations. the anti-coplanar arrangement is most com-

monly seen in E2 reactions. The transition state for the anti-coplanar arrangement is a

staggered conformation, with the base far away from the leaving group. In most cases,

this transition state is lower in energy than that for the syn-coplanar elimination.

The transition state for syn-coplanar elimination is an eclipsed conformation.

In addition to the higher energy resulting from eclipsing interactions, the transition

state suffers from interference between the attacking base and the leaving group. To

abstract the proton, the base must approach quite close to the leaving group. In most

cases, the leaving group is bulky and negatively charged, and the repulsion between

the base and the leaving group raises the energy of the syn-coplanar transition state.
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Base: Base—

H

anti-coplanar transition state

(staggered conformation—lower energy)

Base:

syn-coplanar transition state

(eclipsed conformation—higher energy)

Some molecules are rigidly held in eclipsed (or nearly eclipsed) conforma-

tions, with a hydrogen atom and a leaving group in a syn-coplanar arrangement.

Such compounds are likely to undergo E2 elimination by a concerted syn-coplanar

mechanism. Deuterium labeling (using D. the hydrogen isotope with mass number

2) is used in the following reaction to show which atom is abstracted by the base. Only

the hydrogen atom is abstracted, because it is held in a syn-coplanar position with

the bromine atom. Remember that syn-coplanar eliminations are unusual, however;

anti-coplanar eliminations are more common.

yn-coplanar

HOCH,

+ NaBr

PROBLEM 6-37

When the compound shown below is treated with sodium methoxide. the only elimination

product is the trans isomer. None of the cis isomer is obser\'ed. Use your models and a

careful drawing of the transition state to explain this result.

H H
Br^e-4cH,
Ph Ph

Ph
NaOCH;

CH,0H

H

C=C
Ph

(ph = phenyl group. H(3)

Ph

H

\
(

/
C=C

Ph

is not formed.

CH,

M Figure 6-14

Concerted transition states of

the E2 reaction. The orbitals of

the hydrogen atom and the

halide must be aligned so they

can begin to form a pi bond in

the transition state.

PROBLEM-SOLVING HINT
Models are helpful whenever

complex stereochemistry is

involved.



272 Chapter 6: Alk\i Halides: Nucleophilic Substitution and Elimination

6-20A E2 Reactions with Diastereomers

The E2 is another example of a stereospecific reaction, in that a particular stereoiso-

mer reacts to give a specific stereoisomer of the product. The E2 is stereospecific be-

cause it normally goes through an anti and coplanar transition state. The products are

alkenes. and different diastereomers of starting materials commonly give different di-

astereomers of alkenes. In Problem 6-37. you showed why the E2 elimination of one

diastereomer of l-bromo-l,2-diphenylpropane gives only the trans isomer of the

alkene product.

Ph

Br

H

s

R

Ph

H

CH,

H

Ph f \ ..

E2

H3C tBr..

Base—

H

Ph H
C=C

n,c^ ^Ph
trans

:Br:

If we look at this reaction from the left end of the molecule, the anti and coplanar

arrangement of the H and Br is apparent.

Base '•

^
H H

Ph S..
H3C (.Br..

Base

'

trans

:Br:

The follow ing reaction shows how the anti-coplanar elimination of the other di-

astereomer gives only the cis isomer of the product. In effect, the two different di-

astereomers of the reactant give two different diastereomers of the product: a

stereospecific result.

Ph

R

Ph

Br

CH,

Base • ^
H

Ph -f^'
H3C

Ph

^Br.

Base—

H

Ph Ph

H^C^
cis

:Br:

Viewed from the left end of the molecule.

PROBLEM 6-38

Show that the other enantiomer (S.S) of this second diastereomer of l-bromo-1.2-diphenyl-

propane also undergoes E2 elimination to gi\ e the cis diastereomer of the product. ( We do

not expect these achiral reagents to distinguish betw een enantiomers.)
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Potassium iodide reacts with vicinal dibromides to give alkenes b\' the E2 elim-

ination of two bromine atoms. This elimination is con\ enient for investigating the

stereochemistrv of the E2 reaction.

V- -Br- H :I— Br:

-c-c- — >-=cC^
I n H
H :Br: :Br:

Figure 6-15 show s the E2 elimination of 2.3-dibromobutane w ith iodide ion

through the anti-coplanar transition state. Notice that /?/6'5o-2.3-dibromobutane elim-

inates to give r7-a//5-2-butene. while (±)-2.3-dibromobutane (either enantiomer)

eliminates to give a5-2-butene. Use your models to follow the stereochemistr)' of

this elimination.

Br,

H
H3C

CH,

wiejo-2,3-dibromobutane

'"^Br^^ ,H

H;C ^
iR. -2.3-dibromobutane

Br H CH,
C= C

H;C ^ ^ H

fra/ij-2-butene

I— Br H, H
C= C

H;C^ ^CH,

c/i-2-butene

Br-

- Br-

A Figure 6-15

In the presence of iodide, the

meso diastereomer of 2.3-

dibromobutane eliminates to

fra;;5-2-butene. Under the

same conditions, the ( = )

diastereomer eliminates to give

c/j-2-butene.

PROBLEM 6-39

In the debromination of ((i./)-2.3-dibromobutane. we have seen that the tR.R) enantiomer

gives the cis product. Draw the same reaction using the iS.S ) enantiomer and show that it

gives the same product.

PROBLEM 6-40

Predict the products of the following reactions.

CH-CH:

H-
(ai

lb)

Br

Br

I

CCCH.K

-^Br

— CH,

KI (elimination)

- KOH (substitution and elimination)

PROBLEM-SOLVING HINT

Make a model of each com-
pound, and place it in the con-

formation where the groups to

be eliminated (H and a leaving

group or two bromines) are

ont/ and coplanarThe positions

of the other groups will be

near their positions in the

alkene product.

CHXH,
(c) (3/?.4/?)-3. 4-dibromoheptane - KI (elimination)
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6-20B E2 Reactions In Cyclohexane Systenns

Nearly all cyclohexanes are most stable in chair conformations. In the chair, all the

carbon -carbon bonds are staggered, and any two adjacent axial bonds are in an anti-

coplanar conformation, ideally oriented for the E2 reaction. As drawn, the axial

bonds are vertical. On any two adjacent carbon atoms, one has its axial bond point-

ing up and the other has its axial bond pointing down. These two bonds are trans to

each other, and we refer to their geometry as trans-diaxial.

perspective view Newman projection

An E2 elimination can take place on this chair conformation only if the proton and

the leaving group can get into a trans-diaxial arrangement. Figure 6-16 shows the E2

dehydrohalogenation of bromocyclohexane. The molecule must flip into the chair

conformation with the bromine atom axial before elimination can occur.

(You should make models of the structures in the following examples and prob-

lems so you can follow along more easily.)

A Figure 6- 1

6

E2 elimination of bromocyclohexane requires that the proton and the leaving group be

trans and both be axial.

SOLVED PROBLEM 6-2

Explain why the following deuterated l-bromo-2-methylcyclohexane undergoes dehy-

drohalogenation by the E2 mechanism, to give only the indicated product. Two other

alkenes are not observed.

CH, OCH,

D H
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SOLUTION
In an E2 elimination, the hydrogen atom and the leaving group must be in a trans-diaxi-

al relationship. In this compound, only one hydrogen atom— the deuterium— is trans to

the bromine atom. When the bromine atom is axial, the adjacent deuterium is al.so axial,

providing a trans-diaxiai arrangement.

PROBLEM 6-41

Problem 6-36(d) asked for the structures of the products expected when c/i-I-bromo-2-

methylcyclohexane undergoes elimination with sodium ethoxide. Now repeat this problem

for the trans isomer.

PROBLEM 6-42

When the follow ing stereoisomer of 2-bromo-l .3-dimethy!cyclohexane is treated with sodi-

um methoxide. no E2 reaction is observed. Explain why this compound cannot undergo

the E2 reaction in the chair conformation.

NaOCH,

CH3OH
no reaction

Br
H H

fast elimination slow elimination

Problem 6-43

PROBLEM-SOLVING HINT
Look for a hydrogen trans to the

leaving group: then see if the hy-

drogen and the leaving group

can become diaxial.

PROBLEM 6-43

Two stereoisomers of a bromodecalin are shown above. .-Mthough the difference betv\ een

these stereoisomers may seem tri\ ial. one isomer undergoes elimination \\ ith KOH much
faster than the other.

(a) Predict the products of these eliminations.

(b) Explain the large difference in the ease of elimination.

PROBLEM 6-44

Give the expected product(s) of E2 elimination for each reaction. (Hint: Use models!)

CH.

NaOCH,
one product

two products
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6-21

Comparison of E

I

and E2 Elimination

Mechanisms

Let's summarize the major points to remember about the El and E2 reactions, con-

centrating on the factors that help us predict which of these mechanisms will oper-

ate under a given set of experimental conditions. Then we will organize these factors

into a short table.

Effect ofthe Base. The nature of the base is the single most important factor in de-

temiining whether an elimination will go by the El or E2 mechanism. If a strong base

is present, the rate of the bimolecular reaction will be greater than the rate of ion-

ization, and the E2 reaction will predominate (perhaps accompanied by the Sn2).

If no strong base is present, with a good solvent a unimolecular ionization is

likely, followed by loss of a proton to a weak base such as the solvent. Under these

conditions, the El reaction usually predominates (always accompanied by the 5^1).

I.i: Base strcnglii is uninipi)iiaii,.

E2: Strong bases are rcc|uired.

Effect ofthe Solvent. The slow step of the E 1 reaction involves the formation of two

ions. Like the Sn 1 , the E 1 reaction is critically dependent on polar ionizing solvents

such as water and the alcohols.

In the E2 reaction, the transition state spreads out the negative charge of the base

over the entire molecule. There is no more need for solvation in the E2 transition state

than there is in the reactants. Therefore, the E2 is less sensitive to the solvent; in

fact, some reagents are stronger bases in less polar solvents.

El: Good ionizing solvent required.

E2: Solvent polarity is not so important.

Effect ofthe Substrate. For both the El and the E2 reactions, the order of reactiv-

ity is

E1.E2: 3° > 2° > 1° (1° usually will not go El)

In the El reaction, the rate-determining step is the formation of a carbocation,

and the reactivity order reflects the stability of carbocations. In the E2 reaction, the

more highly substituted halides generally form more highly substituted, more stable

alkenes.

Kinetics. The rate of the El reaction is proportional to the concentration of the alkyl

halide [RX] but not to the concentration of the nucleophile. It follows a first-order

rate equation.

The rate of the E2 reaction is proportional to the concentrations of both the

alkyl halide [RX] and the base [B : It follows a second-order rate equation.

L I l alc ^ /MLi<-"^J

E2rate = /:,[RX][B:
]

Orientation ofElimination. In most E 1 and E2 eliminations with two or more pos-

sible products, the product with the most highly substituted double bond (the most

stable product) predominates. This principle is called the Saytzeff rule, and the most

highly substituted product is called the Saytzeff product.

El or E2
-t-

Br major minor

El, E2: Usually Saytzeff orientation.
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Stereochemistry. The El reaction begins u ith an ionization to give a flat carbocat-

ion. No particular geometr> is required.

The E2 reaction takes place through a concerted mechanism that requires a

coplanar arrangement of the bonds to the atoms being eliminated. The transition

state is usually anti-coplanar. although it may be syn-coplanar in rigid systems. In the

c\ clohexanes. the anti-coplanar requirement means that the proton and the lea\ ing

group must ha\ e a trans-diaxial relationship on adjacent carbon atoms.

El : No particular geometr\ required for the slow step.

E2: Coplanar arrangement (usually : the transition state.

Rearrangements. The El reaction in\olves a carbocalion intermediate. This inter-

mediate can rearrange, usual!) b\ the shift of a h> dride or an alkyl group, to gi\ e a

more stable carbocation.

The E2 reaction takes place in one step u ith no intermediates. No rearrange-

ment is possible in the E2 reaction.

El : Rearrangements are common.

E2: No rearrangements.

SUMMARY: Elinnination Reactions

El E2

promoting factors

base weak bases work strong base required

solvent good ionizing sohent wide variety of sohents

substrate 3' > 2"^ 3= > 2" > T
leaving group good one required good one required

characteristics

kinetics first order. A-r[RX] second order. Av[RX][B :
~]

orientation most highly substituted alkene most highly substituted alkene

stereochemistry no special geometry' coplanar transition state required

rearrangements common not possible

We have covered a great deal of theorv about the substitutions and eliminations of 6-22
alk>i halides. and one might get the impression there is an enormous amount to mem-

Substitution VerSUS
orize. Memorizing is not the best way to approach this material because the real

world and real reagents and solvents are not as clean as our equations on paper. Most tliminatlOn

nucleophiles are also basic, and most bases are also nucleophilic. Most solvents can

solvate ions or react as nucleophiles. or both. How can we possibh predict which of

these reactions will take place in any given example?

We cannot always answer this question. In most cases, though, we can elimi-

nate some of the possibilities and make some good predictions. Here are some gen-

eral guidelines:

1. The strength of the base or nucleophile determines the order of the reac-

tion. If a strong nucleophile (or base) is present, it w ill force second-order

kinetics: either Sv2 or E2. A strong nucleophile attacks the electrophilic car-

bon atom or abstracts a proton faster than the molecule can ionize for first-

order reactions.
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If no strong base or nucleophile is present, the fastest reaction will prob-

ably be a first-order reaction, either S>,1 or El. .Addition of silver salts to the

reaction can force some kind of ionization.

2. Primary halides usually undergo the Sv2 reaction, occasionally the E2 reac-

tion. Most priman.' halides cannot undergo first-order reactions, since prima-

ry carbocations are rarely formed. With good nucleophiles. Sv.2 substitution is

usually observed. With a very strong base. E2 elimination may also be ob-

served. If the primar\ halide can ionize \\ ith rearrangement to give a more sta-

ble carbocation. the rearranged Sy,! and El products may be observed.

3. Tertiary halides usually undergo the E2 reaction (strong base) or a mixture of

Ssl and El (weak base). Tertiary halides cannot undergo the S>,2 reaction. .A

strong base forces second-order kinetics, resulting in elimination by the E2

mechanism. In the absence of a strong base. tertiar\' halides react by first-order

processes, usually a mixture of Sv.! and El. The specific reaction conditions

determine the ratio of substitution to elimination.

4. The reactions of secondaiy halides are the most difficult to predict. With a

strong base, either the Sx2 or the E2 reaction is possible. With a weak base

and a good ionizing solvent, either the Sx.1 or the El reaction is possible. Mix-

tures of products are common. Figure 6-17 shows these possibilities with a

secondary halide under second-order and first-order conditions.

5. High temperaturesfavor elimination. Eliminating two atoms from a molecule

usually increases entropy (favorable), represented by the ( - T\S) term in the

free-energy expression. Raising the temperature increases the magnitude of

this favorable term. Under conditions where both substitution and elimination

are possible, raising the temperature usually increases the ratio of elimination

products to substitution products.

6. Some basesfavor substitution or elimination. To promote elimination, the base

should readily abstract a proton but not readily anack a carbon atom. A bulky-

strong base, such as r-buto\ide [~OC(CH; j^]. enhances elimination. To en-

hance substitution, we need a good nucleophile with limited basicity : a high-

ly polarizable species, the conjugate base of a strong acid. Bromide (Br~ ) and

iodide (I~) are good examples.

2nd Order Conditions ^strong base/nucleophile)

H

H

Ei

Svl

H»

1st Order Conditions (weak base/nucleophile)

A Figure 6- 1

7

Under second-order conditions (strong base/nucleophile). a secondary alk>l halide might

undergo either substitution (Sn;2) or elimination (E2). Under first-order conditions (weak

base/nucleophile). S^l and El are possible.
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SOLVED PROBLEM 6-3

Predict the mechanisms and products of the follow ing reactions.

(a)

CH,OH

heat

1 -bromo- 1 -methvlc\ clohexane

Br

(bl CH,—CH—CH,CH,CH,CH,

2-bromohexane

NaOCH,

CH,OH

SOLUTION
(a) There is no strong base or nucleophile present, so this reaction must be first order, with

an ionization of the alk> l halide as the skw step. Deprotonation of the carbocation gives ei-

ther of two elimination products, and nucleophilic attack gi\ es a substitution product.

Br-

„ r CH,OH \. " ^ \^ - "-y^oCH-
Df ^—

>

carbocation major minor substitution product

elimination products

(b) This reaction takes place with a strong base, so it is second order. This secondary halide

can undergo both Ss,2 substitution and E2 elimination. Both products will be formed, with

the relati\ e proportions of substitution and elimination depending on the reaction conditions.

CH,—CH=CH— CH,CH,CH, CH-=CH—CHXH^CH^CH,
major minor

' y '

E2 products

OCH,

CH,—CH—CHXHXHXH,
Sv,2 product

PROBLEM 6-45 PROBLEM-SOLVING HINT

Predict the products and mechanisms of the following reactions. When more than one prod- The strength of the base/nucle-

uct or mechanism is possible, explain which are most likelv. ophile usually determines the

, .,
' order of the reaction.

(a) ethyl bromide + sodium ethoxide

(b) f-butyl bromide -I- sodium ethoxide

(c) isopropyl bromide + sodium ethoxide

(d) isobutyl bromide + potassium hydroxide in ethanol / water

(e) isobutyl bromide -i- silver nitrate in ethanol / water

(f ) 1 -bromo- 1-methylcyclopentane heated in methanol

(g) (bromomethyl)cyclopentane -r silver nitrate in methanol

PROBLEM 6-46

Potassium iodide reacts with vicinal dibromides to give alkenes by the E2 elimination of

two bromine atoms.

:I:-^Br: H ^'f— Br^

—c—c— —> ^C=C^
K I

H
H :Br: :Br:
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PROBLEM-SOLVING HINT
Consider using your models

whenever stereochemistry is

involved.

The following compounds show different rates of debromination. One reacts quite fast, and

the other seems not to react at all. Explain this surprising difference in rates.

(CHjj.C

(CH,),C

KI, acetone

KI, acetone

(CHjjjC

no reaction

SUMMARY: Reactions of AlkyI Halides

Some of these reactions have not yet been covered, but they are included here for completeness and for later reference.

Notice the section numbers, indicating where each reaction is covered.

1. Nucleophilic substitutions (Section 6-10)

a. Alcoholformation

R—X + :0H > R—OH + :X-

Example

CH3CH,— Br + NaOH > CH3CH3—OH + NaBr

ethyl bromide ethyl alcohol

b. Halide exchcmge

R—X + > R— I + :X-

R-Cl + KF
''"-^ R-F + KCl

Example

H.C=CH— CH.Cl + Nal > H.C=CH—CHJ + NaCl

ally! chloride allyl iodide

c. Williamson ether synthesis

R—X + R'O- > R—O— R' + :X" ether synthesis

R—X + R'S:- > R—S— R' + :X thioether synthesis

Example

CH,— I + CH3CH,—O Na+ > CH3—O—CH2CH3 + Na+r
methyl iodide sodium etho.xide methyl ethyl ether

d. Amine synthesis

:NH,
R—X + excess :NH3 > R—NH^X" R—NH, + NH; :X-

amine

Example

CH^CH.CH,— Br + :NH3 > CH3CH,CH—NH. + NH^Br
/(-propyl bromide /(-propylamine
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1

e. Xirrile sy iuhesis

R—X ^ '

cvanide

Example

(CHjXHCHXH— CI - XaCX -

1 -chloro-3-methylbutane

f. Alky ue synthesis

R—C=C:- - R —X -

acet>"licle ion

Examples

CH,—C^C—H - NaXH-
prop\Tie sodium amide

CH,— C= C:--Na - CH;CH.—

I

propNuide ion ethyl iodide

R—C^N: -r -X

nitrile

(CH,i.CHCH-CH;—CN
4-methN Ipentanonitrile

- NaCl

R—C= C—R - :X-

alkyue

CH,—C=C:-Na- - XHj
sodium propynide

CH,—C= C— CH-CH, - Nal

2-pentyne

2. Eliminations

a. Dehydrohalogenation (Sections 6-20 and l-9\)

H

KOH \
-c— c-

I I

X

c=c

Examples

/

KOH

1 . 1 -dibromopentane

b. Dehalogenation (Sections 6-20A and 7-9C)

Br

KI

\
:X

CH CH-CH,—C= C—

H

1-pentyne

-c—c-
I

Br

\ /
C=C - I— Br - KBr

/ \

Exampit

KI

trans- 1 -2-dibromocyclohexane
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3. Formation of organometalUc reagents (Sec\\on 10-8)

a. Grignard reagents

CH,CH,—O—CHXH.
R—X + Mg —^ R—Mg—

X

(X = CI, Br, or I) organomagnesium halide

_ , (Gringard reagent)
Example ^

+ M2 > < X
H ^ \ / H

broinocyclohexane cyclohexylmagnesium bromide

b. Organolithiiim reagents

R—X + 2 Li » R— Li ^ Li'X"
(X = CI. Br. or I) organolithium

Example

CH,CH,CH,CH,— Br + 2 Li i^ii^ CH.CHXHXH;— Li ^ LiBr

;i-butyl bromide ;!-butyllithium

4. Coupling of organocopper reagents ( Section 10-10)

2R— Li + Cul > R,CuLi + Lil

RXuLi + R'—X > R— R' - R—Cu + LiX

Example

2CHJ 2CH3Li + 2 Lil (CH,),CuLi

c=c — —> c=c
/ \ / \HI H CHj

5. Reduction (Section 10-10)

( 1 ) Mg or Li

Example

(1) Mg, ether

(2) H,0
/z-decvl bromide «-decane

CgHjcj CH, Br H O * ^9^19 CHj

PROBLEM SOLVING
Organic Synthesis

Alkyl halides are readily made from other compounds, and the halogen atom is easily con-

verted to other functional groups. This flexibility makes alkyl halides useful as reagents

and intermediates for organic synthesis. Organic synthesis is the preparation of desired

compounds from readily available materials. Synthesis is one of the major areas of or-

ganic chemistr> , and nearl>' every chapter of this book in\ ol\ es organic synthesis in some

way. A synthesis may be a simple one-step reaction, or it may invoh e many steps and in-

corporate a subtle strategy for assembling the correct carbon skeleton u ith all the functional

groups in the right positions.
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Many of the problems in this boot; are synthesis problems. In some synthesis prob-

lems, you are asked to shew how to convert a given starting material to the desired prod-

uct. There are obvious one-step answers to some of these problems, while others may

require several steps and there may be many correct answers. In solving multistep synthetic

problems, it is often helpful to analyze the problem backward: Begin with the desired

product (called the target compound) and see how it might be mentally changed or bro-

ken down to give the starting materials. This backward approach to synthesis is called a

retrosynthetic analysis.

Some problems allow you to begin with any compounds that meet a certain re-

striction: for example, you might be allowed to use any alcohols containing no more than

four carbon atoms. A retrosynthetic analysis can be used to break down the target compound

into fragments no lai^ger than four carbon atoms: then those fragments could be formed from

the appropriate alcohols by functional group chemistry.

The following suggestions should help you solve synthesis problems.

1. Do not guess a starting material and try every possible reaction to convert it to the tar-

get compound. Rather, begin with the target compound and use a retrosynthetic analy-

sis to simplify it.

2. Use simple equations, with reagents written above and below the arrows, to show the

reactions. The equations do not have to be balanced, but they should include all the

reagents and conditions that are important to the success of the reaction.

Br,, light NaOH, alcohol _ H",H-,0
A * B r—: * C * U

heat

3. Focus your attention on the functional groups, since that is generally where reactions occur.

Do not use any reagents that react with a functional group you don't intend to modify.

In solving multistep synthesis problems, you will rarely be able to "see" the solu-

tion immediately. These problems are best approached systematically, working backward

and considering alternative routes. To illustrate a systematic approach that can guide you

in solving synthesis problems, we will work out the synthesis of an ether from alkanes. By
using alkanes as starting materials, we can illustrate reactions that were recently covered.

Alkanes are rarely used as starting materials in actual practice, however, since function-

alized compounds are readily available. The problem-solving method described here will

be extended in future chapters to multistep syntheses based on the reactions of various

functional groups.

A systematic retrosynthetic analysis begins with an examination of the structure of

the product. We will consider the synthesis of ethoxycyclohexane from alkanes contain-

ing up to six carbon atoms.

O—CH.CH,

ethoxycyclohexane

1. Review the functional groups and carbon skeleton of the target compound.
The target compound is an ether. The two alkyl groups are a six-carbon cyclohexane ring

and a two-carbon ethyl group.

2. Review the functional groups and carbon skeletons of the starting materials ( if

specified), and see how their skeletons might fit together in the target compound.
The synthesis is to begin with alkanes containing up to six carbon atoms, so every func-

tional group needed in the synthesis must be introduced into an alkane. Most likely,

we will start with cyclohexane to give the six-carbon cyclohexyl group and ethane to

give the two-carbon ethyl group in the product.

3. Compare methods for synthesizing the functional groups in the target compound,
and select the reactions that are most likely to give the correct product. This step

may require writing several possible reactions and evaluating them.
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Ethers can be synthesized by nucleophilic reactions between alkyl halides and alkox-

ides (Section 6-9). The target compound might be formed by Sv,2 attack of an alkox-

ide ion on an alkyl halide in either of two ways:

-CH,—CH,

CH.CH,—

O

CH3CH2-

The first reaction is better because the 5^.2 attack is on a primary alkyl halide. The sec-

ond reaction requires attack on a secondary halide, which is more prone to side reac-

tions such as E2 elimination. Assuming we can make the necessary reactants. we choose

the first reaction.

Working backward through as many steps as necessary, compare methods for

synthesizing the reactants needed for the final step. This process may require w rit-

ing several possible reaction sequences and evaluating them, keeping in mind the

specified starting materials.

Two reactants are needed for the fmal reaction: An ethyl halide and an alkoxide ion. The

ethyl halide could be ethyl chloride, which can be made by direct chlorination of ethane

because all the hydrogen atoms in ethane are equivalent. Abstraction of any hydrogen

atom leads to ethyl chloride.

heat or lightCH,—CH, + CI, CH3—CH,— CI

Alkoxide ions are commonly formed by the reaction of an alcohol with sodium metal.

^ R—O—H + Na > Na- "O—R yH, f

The alkoxide needed in the final step is formed by addine sodium to cvclohexanol.

H Na

cyclohexanol alkoxide ion

To choose a route to cyclohexanol. you should review methods for alcohol synthesis.

So far. you know that alcohols can be made by Sv2 displacement of alkyl halides by hy-

droxide ion. For the synthesis of cyclohexanol. the reaction is

OH
OH

a cvclohexyl halide cyclohexanol

Chlorocyclohexane can be made efficiently by free-radical halogenation of cyclohexa-

ne because all the hydrogen atoms in cyclohexane are equivalent. Abstraction of any hy-

drosen 2i\'es chlorocvclohexane.

+ CI,
heat or lisht

cyclohexane chlorocyclohexane

The Sv;2 attack by hydroxide ion on chlorocyclohexane (a secondary alkyl halide) will

be accompanied by some elimination. This step comes early in the synthesis, howev-

er, w hen we can accept a smaller yield because the starting materials are easy to obtain.

5. Summarize the complete synthesis in the forward direction, including all steps

and all reagents, and check it for errors and omissions.
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This summary is left to you (Problem 6-47). as a review of both the chemistry involved

in the synthesis and the method used to develop multistep syntheses.

PROBLEM 6-47

Summarize the synthesis of ethoxycyclohexane from cyclohexane and ethane. This sum-

mar}' should be in the synthetic (forward) direction, showing each step and all reagents.

Problem 6-48 requires devising several multistep syntheses. As practice in working

such problems, we suggest that you proceed in order through the five steps outlined above.

PROBLEM 6-48

Show how you would synthesize each compound, starting with alkanes or cycloalkanes that

contain no more than six carbon atoms. In using free-radical halogenation. be careful to

use reactions that w ill gi\ e good yields of the correct products.

acid A species that can donate a proton.

acidity (acid strength): The thermodynamic reactivity of an acid,

alkyi halide ( haloalkane) A deri\ative of an alkane in which one (or more) of the hydrogen

atoms has been replaced by a halogen, (p. 226. 227)

allylic The saturated position adjacent to a carbon-carbon double bond. (p. 235)

allylic halogenation Substitution of a halogen for a hydrogen at the alh lie position.

Chapter 6

Glossary

Br

H,C=CH—CH.— CH, + N— Br
light

-> H,C=CH—CH— CH,

allylic bromide

allylic position N-bromosuccinimide

N—

H

6
succinimide

anti Adding to (or eliminating from) opposite faces of a molecule.
(
p. 270)

anti-coplanar Ha\ing a dihedral angle of 180°. (p. 270)

syn-coplanar Having a dihedral angle of 0°. (p. 270)

HX

syn-coplanar

Haprotic solvent A solvent that has no acidic protons: a soh ent w ith no O— H or N
groups, (p. 245)

aryl halide An aromatic compound ( benzene derivative) in w hich a halogen is bonded to one

of the carbon atoms of the aromatic ring. (p. 226)

base An electron-rich species that can abstract a proton, (p. 243)

basicity (base strength): The thermodynamic reacti\ity of a base,

concerted reaction A reaction in which the breaking of bonds and the formation of new
bonds occur at the same time ( in one step).

( pp. 240. 270)
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dehydrohalogenation An elimination in which the two atoms lost are a hydrogen atom and

a halogen atom. (p. 238, 264)

electrophile (Lewis acid) A species that can accept an electron pair from a nucleophile,

forming a bond. (p. 239)

electrophilicity (electrophile strength) The kinetic reactivity of an electrophile.

elimination A reaction that involves the loss of two atoms or groups from the substrate, usu-

ally resulting in the formation of a pi bond. (pp. 238, 263, 266)

E2 reaction (elimination, bimolecular): A concerted elimination involving a transition

state where the base is abstracting a proton at the same time that the leaving group is leav-

ing. The anti-coplanar transition state is generally preferred, (p. 266)

H _ CH, B—H H CH,

o v«C—C^*-"' —> c=cH / N / \ ..

H (^Cl: H CH, :C1:"

El reaction (elimination, unimolecular): A multistep elimination where the leaving group

is lost in a slow ionization step, then a proton is lost in a second step. Saytzeff orientation

is generally preferred, (p. 263)

B =^
H CH, H ^ CH, B—H H CH,

„ C—C^^"3 ^=±- .c—c c=c
H :C1: H CH, :C1:" H CH3 CI-

freons A generic name for a group of chlorofluorocarbons used as refrigerants, propellants.

and solvents. Freon-12 is CF2CI2. and freon-22 is CHClFj. (p. 230)

geniinal dihalide A dihalide with both halogens on the same carbon atom. (p. 228)

CH,—CH;— CBr,— CH3
a geminal dibromide

halogen exchange reaction A substitution where one halogen atom replaces another; com-

monly used to form fluorides and iodides, (p. 242)

hydride shift (symbolized ---H ) Movement of a hydrogen atom with a pair of electrons from

one atom (usually carbon) to another. Hydride shifts are examples of rearrangements that

convert carbocations into more stable carbocations. (p. 259)

hydroxylic solvent A solvent containing OH groups (the most common type of protic sol-

vents), (p. 245)

inversion of configuration (see also Walden inversion) A process in which the groups

around a chiral carbon atom are changed to the opposite spatial configuration, usually as a re-

sult of back-side attack, (pp. 251, 258)

R> R'
\ .. .. y

no- + „ vC— Br: > HO— C'/ „ + =Br:H /
R- R-

(S) (R)

The 8^2 reaction goes with inversion of configuration.

leaving group The atom or group of atoms that departs during a substitution or elimination

reaction. The leaving group can be charged or uncharged, but it departs with the pair of elec-

trons that originally bonded the group to the remainder of the molecule, (pp. 239, 247, 256)

methyl shift ( symbolized ~CH, ) Rearrangement of a methyl group with a pair of electrons

from one atom (usually carbon) to another. A methyl shift (or any alkyl shift) in a carbocat-

ion generally results in a more stable carbocation. (p. 259)



Chapter 6 Glossary 287

nucleophile ( Lewis base) An electron-rich species that can donate a pair of electrons to form

a bond. ( p. 243

)

nucieophiiicity i nucleophile strength): The kinetic reacti\ity of a nucleophile. (p. 243)

nucleophilic substitution A reaction where a nucleophile replaces another group or atom ( the

leaNing group i m a molecule, (p. 239)

organic synthesis The preparation of desired organic compounds from readily available

starting materials, (p. 282)

polarizable Having electrons that are easily displaced toward a positive charge. Polarizable

atoms can begin to form a bond at a relatively long distance, (p. 244)

primary halide, secondary halide, tertiary halide These terms specify the substitution of

the halogen-bearing carbon atom (sometimes called the head carbon). If the head carbon is

bonded to one other carbon, it is primary. If it is bonded to two carbons, it is secondary, and

if bonded to three carbons, it is tertiary.
( p. 228)

CH,

CH.—CH,— Br CH-—CH— Br CH-— C— Br
.- _

I ^

CH, CH,

a primary halide (1°) a secondary halide (2°) a tertiar\' halide (3°)

protic solvent A solvent containing acidic protons, usualh O— H or N— H groups, (p.

245)

racemization The loss of optical acti\ it>' that occurs w hen a reaction shov\ s neither clean re-

tention of configuration nor clean in\ ersion of configuration, i p. 258)

reagent The compound that ser\es as the attacking species in a reaction,

rearrangement A reaction involving a change in the bonding sequence v\ ithin a molecule.

Rearrangements are common in reactions such as the Sv;l and El involving carbocation in-

termediates.
(
p. 258

)

retention of configuration Formation of a product with the same configuration as the reac-

tant. In a nucleophilic substitution, retention of configuration occurs when the nucleophile as-

sumes the same stereochemical position in the product as the lea\ ing group occupied in the

reactant. (p. 257)

retrosynthetic analysis A method of workmg backw ard to solve multistep s\ nthetic prob-

lems.
(
p. 283

)

SaytzefT rule An elimination usually gives the most highly substituted alkene product. The

Sa_\ tzeff rule does not always apph. but u hen it does, the reaction is said to gi\e Saytzeff ori-

entation, (p. 268)

solvolysis A nucleophilic substitution where the solvent serves as the attacking reagent.

"Solvolysis" literalh means "cleavage by the solvent.'" (p. 253)

(CHj),C— Br
CH..OH.lieat^

(CH,);C—OCH; - (CH;):C=CH: - HBr

stereocenter An atom that gi\ es rise to stereoisomers w hen its groups are interchanged. Chi-

ral carbon atoms are the most common stereocenters.

stereospecific reaction A reaction in which a particular stereoisomer reacts to gi\ e one spe-

cific stereoisomer [or (d.l) pair] of the product, (pp. 252. 272)

steric hindrance or steric strain Interference by bulky groups when the)' approach a posi-

tion where their electron clouds begin to repel each other, (pp. 246. 248)

substitution (displacement) .A. reaction in which an attacking species (nucleophile. elec-

trophile. or free radical) replaces another group, (p. 238)

Sx;2 reaction (substitution, nucleophilic. bimolecular): The concerted displacement of

one nucleophile by another on an spr hybrid carbon atom. (p. 240)

S>,1 reaction (substitution, nucleophilic. unimolecular): A two-step interchange of nu-

cleophiles. u ith bond breaking preceding bond formation. The first step is ionization to
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form a carbocation. The second step is the reaction of the carbocation with a nucleophile.

(p. 253)

substrate The compound that is attacked by the reagent, (p. 247)

syn Adding to (or eliminating from) the same face of a molecule, (p. 270)

syn-coplanar Having a dihedral angle of 0°. See anti-coplanar for a diagram, (p. 270)

trans-diaxial An ami and coplanar arrangement allowing E2 elimination of two adjacent

substituents on a cyclohexane ring. The substituents must be trans to each other, and both

must be in axial positions on the ring. (p. 274)

vicinal dihalide A dihalide with the halogens on adjacent carbon atoms, (p. 228)

Br
I

CH,—CHBr—CHBr—CHj CH,—CH=C— CH3

a vicinal dibromide a vinyl bromide

vinyl halide A derivative of an alkene in which one (or more) of the hydrogen atoms on the

double-bonded carbon atoms has been replaced by a halogen, (p. 226)

Walden inversion (see also inversion of configuration) A step in a reaction sequence in

which a chiral carbon atom undergoes inversion of configuration, (p. 251)

PROBLEM-SOLVING HINT

Don't try to memorize your

v^ay through this chapter Try

to understand what is happen-

ing in the different reactions.

Some memorizing is necessary,

but simply memorizing every-

thing won't allow you to pre-

dict new reactions.

^1 pi)9oLuoeo U:>^+U^

Study Problems

ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 6

1. Correctly name alkyl halides and idendfy them as 1°, 2'\ or 3°.

2. Predict the products of Sfjl, Sn2, El, and E2 reacdons, including stereochemistry.

3. Draw the mechanisms and energy profdes of 5^,1, 5^2, El, and E2 reactions.

4. Predict and explain the rearrangement of cations in first-order reactions.

5. Predict which substitutions or eliminations will be faster, based on differences in sub-

strate, base /nucleophile, leaving group, or solvent.

6. Predict whether a reaction will be first order or second order

7. When possible, predict predominance of substitution or elimination.

8. Use the Saytzeff rule to predict major and minor elimination products.

9. Use retrosynthetic analysis to solve multistep synthesis problems with alkyl halides as

reagents, intermediates, or products.

6-49. Define and give an example for each of the following temis.

6-50.

6-51.

(b) electrophile (c) leaving group

(f ) SnI reaction (g) solvolysis

(j) El reaction (k) rearrangement

(n) alkyl halide (0) aryl halide

(r) primary halide (s) secondary halide

(v) syn elimination

Give the structures of the following compounds,

(a) isopropyl chloride (b) isobutyl bromide

(d) 2,2,2-trichloroethanol (e) rra«.v-l,4-diiodocyclohexane

Give systematic (lUPAC) names for the following compounds.

(a) nucleophile

(e) Sn2 reaction

(i) E2 reaction

(m)steric hindrance

(q) allylic halide

(u) anti elimination

(d) substitution

(h) eliminadon

(I) base

(p) vinyl halide

(t) tertiary halide

(w) stereospecific reaction

(c) 1 ,2-dibromo-3-methylpentane

(b)

(Tl

CH3



Study Problems 289

6-52.

6-53.

6-54.

CI CI

CH,I

Predict the compound in each pair that w ill undergo the Sv,2 reaction faster.

(a) /'\--''^ci
'"^^Y^

-'^^^^"^''^^Cl

CI

CI Br

(c) .^^^^^^^^^-"^ or /^^^^^^-"^ (d)

CI

(e) ^ or ^CH.Cl

Predict the compound in each pair that will undergo solvoly&is (in aqueous ethanol) more rapidly,

(a) (CH3CH-,)-,CH— CI or (CHjjjC— CI (b) /"^^--..--''^/-^q

CH.Br

Show how each compound might be synthesized by the Sv,2 displacement of an alkyl halide

( >-CHv(a) (b) (d) CH,NH.

(e) H;C=CH— CH.CN (f) (CH,),C— OCH, (g) H— C= C— CH^CH^CH,

*6-55.

6-56.

6-57.

(a) Give two syntheses for (CHO2CH—O—CH.CH,. and explain which synthesis is better.

(b) A student wanted to synthesize meth\l /-butyl ether. CH,—O—CiCH j,. He attempted the synthesis by

adding sodium methoxide (CH30Na) to /-butyl chloride, but he obtained none of the desired product. Show
what product is fomied in this reaction, and gi\ e a better synthesis for methyl /-butyl ether.

When ethyl bromide is added to potassium /-butoxide. the product is ethyl /-butyl ether.

CH3CH:— Br + (CHjjjC—0~"K
ethyl bromide potassium /-butoxide

(CH.JjC— O— CH^CH,
ethyl /-butyl ether

(a) What happens to the reaction rate if the concentration of ethyl bromide is doubled?

(b) What happens to the rate if the concentration of potassium /-butoxide is tripled and the concentration of ethyl

bromide is doubled'^

(c) What happens to the rate if the temperature is raised?

When /-butyl bromide is heated w ith ethanol. one of the products is ethyl /-butyl ether.

(a) What happens to the reaction rate if the concentration of ethanol is doubled?

(b) What happens to the rate if the concentration of /-butyl bromide is tripled and the concentration of ethanol is

doubled?

(c) What happens to the rate if the temperature is raised?
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6-58.

6-59.

6-60.

6-61.

6-62.

6-63.

6-64.

6-65.

Chioiocyclohexane reacts with sodium cyanide ( NaCN ) in ethanol to give cyanocyclohexane. The rate of forma-

tion of cyanocyclohexane increases when a small amount of sodium iodide is added to the solution. Explain this

acceleration in the rate.

Give the solvolysis products expected when each compound is heated in ethanol.

(a) z"^-^^'' (b)

Allylic halides have the structure

(c)

CI

\
(c=c—C—

X

(a) Show how the first-order ionization of an allylic halide leads to a resonance-stabilized cation.

(b) Draw the resonance structures of the allylic cations formed by ionization of the following allylic halides.

(c) Show the products expected from S^l solvolysis of these halides in ethanol.

(i)

CH.Br

(ii)

Br

(iii)

List the following carbocations in decreasing order of their stability.

^CH,

Two of the carbocations in Problem 6-61 are prone to rearrangement. Show how they might rearrange to more

stable carbocations.

Draw perspective structures or Fischer projections for the substitution products of the following reactions.

CH,
CH,

(a) H-
water

-Br -f- NaOH > (b)

Br-

H-
CHXH,

-H
, acetone , , „+ Nal > (c) Br-

-CH,

CHXHj

Predict the products of the following Sn2 reactions.

- ^^A-CH,CH,Br

CH.CH,

CH,

CH(CH3),

EtOH, heat

(a) CH,CH,ONa + CHjCH^Cl

(c) ^ NaSCH,

(e)
<^

^N: + CH3I >

+ NaOH

(b) + NaCN
acetone

(d) CH^tCH.jgCHjCl + Nal
acetone

(f) (CH,),C—CH2CH2Br + e.xcess NH,

(h) Br CH,
NaOH

CH3OH

Predict the dehydrohalogenation produces ) that resuh when the following alkyl halides are heated in alcoholic

KOH. When more than one product is formed, predict the major and minor products.
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6-66.

6-67.

6-68.

6-69.

6-70.

6-71.

*6-72.

*6-73.

Predict the major and minor products of the E2 dehydrohaiogenation of the following.

(a) (CH,),CH— ClCH,), (b) (CH,)^^—CH—CH, (c) (CH,),C—CH,— CH, (d)

Br Br Br ^'

When (±)-2.3-dibromobutane reacts with potassium hydroxide, some of the products are (25, 3/?)-3-bromo-2-

butanol and its enantiomer and /ra/!5-2-bromo-2-butene. Give mechanisms to account for these products.

CH, CH,,

H-

H-

-OH

-Br

HO-

Br-

H

-H

CH, 1 CH,

(IS.iR) (2R,3S)

3-bromo-2-butanol

H,C Br
- \ /

C==C
/ \

H CH,

fra>!5-2-bromo-2-butene

A solution of pure (5)-2-iodobutane {[a] = + 15.90°) in acetone is allowed to react with radioactive iodide.

' ' F until 1.0 percent of the iodobutane contains radioactive iodine. The specific rotation of this recovered

iodobutane is found to be +15.58°.

(a) Determine the percentages of (/?)- and (5)-2-iodobutane in the product mixture.

(b) What does this result suggest about the mechanism of the reaction of 2-iodobutane with iodide ion?

(a) Optically active 2-bromobutane undergoes racemization on treatment with a solution of KBr. Give a mecha-

nism for this racemization.

(b) In contrast, optically active 2-butanol does not racemize on treatment \\ ith a solution of KOH. Explain why a

reaction like that in (a) does not occur

(c) Optically active 2-butanol does racemize in dilute acid. Propose a mechanism for this racemization.

Predict the products of El elimination of the following compounds. Label the major products.

/-^^CH,

(a) (CH3)3C—CH—CH, (b) f T (c)

"^Br

CH,

When 1-bromomethylcyclohexene undergoes solvolysis in ethanol. three major products are formed. Gi\ e mech-

anisms to account for these three products.

XH.Br /--"^^ /'"'^^ /^^/CH^OC.Hj
ethanol

heat
" " OC.H,

1 -bromomethylcyclohexene

Protonation converts the hydroxyl group of an alcohol to a good leaving group. Suggest a mechanism for each re-

action.

(a)

OH
H,SOj, heat

(In
+ H.O (b)

OH
HBr, heat

or S^I)

Br

+ H,0

Predict the products of the following eliminations of vicinal dibromides w ith potassium iodide. Remember to

consider the seometric constraints of the E2 reaction.

Br

(a) CH,—CH.—CH—CH;— Br

H

Br

(0a
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6-74. Gi\e a mechanism to explain the two products formed in the following reaction.

H CH, Br CH, 9^3
\ / \ / H

•CH.CH,

H C H C Y C— CH,
\ / \ \BS./n \ / \ I

'

C=C CH., ^ > C=C CH, + Br—C—

C

/ \ / \
I

\
H H H H H "

3-meth\i- 1 -butene not rearranged rearranged

6-75. Predict the major product of the following reaction, and give a mechanism to support your prediction.

ethylbenzene

6-76. Because the reaction goes through a flat carbocation. we might expect an optically active starting material to

give a completely racemized product. In most cases, however, S^ l reactions actually give more of the inversion

product. In general, as the stability of the carbocation increases, the excess inversion product decreases. Extreme-

ly stable carbocations gi\ e completely racemic products. Explain these observations.

6-77. When l-bromo-2-methylcyclohexane undergoes solvolysis in methanol, four major products are formed. Give

mechanisms to account for these products.

OCH

CH, CH, CH, CH,
CH,OH

heat

'6-78. Deuterium ( D) is the isotope of hydrogen of mass number 2. with a proton and a neutron in its nucleus. We have

seen that the chemistr} of deuterium is nearly identical to the chemistn. of hydrogen, except that the C— D bond

is slightly (1.2 kcal/mol or 5.0 kJ/mol) stronger than the C— H bond. Reaction rates tend to be slower if a C— D
bond (as opposed to a C— H bond) is broken in a rate-determining step. This effect on the rate is called a kinetic

isotope effect.

(a) Propose a mechanism to explain each product in the following reaction.

Br OH
I KOH. alcohol !

CH;—CH— CH, > CH;=CH— CH, + CH,—CH— CH,

elimination product substitution product

(b) WTien the following deuterated compound reacts under the same conditions, the rate of formation of the sub-

stitution product is unchanged. \\ hile the rate of fomiation of the elimination product is slowed by a factor

of 7.

Br OH
I KOH. alcohol I

CD;—CH—CD, > CD.=CH—CD, + CD,—CH—CD,

seven times slow er rate unchanged

Explain w hy the elimination rate is slowed but the substitution rate is unchanged.

(c) A similar reaction takes place on heating the alkyl halide in an acetone/w ater mixture.

Br OH
I water/acetone I

CH,—CH— CH- > CH,=CH—CH, + CH,—CH—CH,
heat - -

.

elimination product substitution product

Give a mechanism for the formation of each product under these conditions, and predict how the rate of forma-

tion of each product will change when the deuterated halide reacts. Explain your prediction.

Br OH
I water/acetone I

CD,—CH—CD- > CD,=CH— CD, + CD,—CH—CD,
heat - - .

rate changed? rate changed?
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' 6-19. When the following compound is treated with sodium methoxide in methanol, two elimination products are pos-

sible. Explain why the deuterated product predominates by about a 7: I ratio (refer to Problem 6-78).

^Br CH3OH r r H r H
h

87% 13%

*6-80. The reaction of an amine with an alkyi halide gives an ammonium salt.

R,N: + R—X > R,N— R'X

amine alkvl halide ammonium salt

The rate of this 5^2 reaction is sensitive to the polarity of the solvent. Draw an energy diagram for this reaction

in a nonpolar solvent and another in a polar solvent. Consider the nature of the transition state, and explain why

this reaction should be sensitive to the polarity of the solvent. Predict whether it will be faster or slower in a more

polar solvent.

*6-81. The following reaction takes place under second-order conditions (strong nucleophile). yet the structure of the

product shows rearrangement. Also, the rate of this reaction is several thousand times faster than the rate of sub-

stitution of hydroxide ion on 2-chlorobutane under similar conditions. Propose a mechanism to explain the en-

hanced rate and rearrangement observed in this unusual reaction. ("Et" is the abbreviation for ethyl.)

EtjN- :NEt2

H,C—CH— CH,CH, > H,C—CH— CH,CH, + Cr

CI OH

*6-82. (a) Design an alkyl halide that will give only 2.4-diphenyl-2-pentene upon treatment with potassium /-butoxide

(a bulky base that promotes E2 elimination),

(b) What stereochemistry is required in your alkyl halide so that only the following stereoisomer of the product

is formed?

Ph^ /H

H3C CH(Ph)CH3

*6-83. When 2-bromo-3-phenylbutane is treated with sodium methoxide, two alkenes result (by E2 elimination). The

Saytzeff product predominates.

(a) Draw the reaction, showing the major and minor products.

(b) When one pure stereoisomer of 2-bromo-3-phenylbutane reacts, one pure stereoisomer of the major product

results. For example, when (2/?.3/?)-2-bromo-3-phenylbutane reacts, the product is the stereoisomer with the

methyl groups cis. Use your models to draw a Newman projection of the transition state to show why this

stereospecificity is observed.

(c) Use a Newman projection of the transition .state to predict the major product of elimination of (25,3/?)-2-

bromo-3-phenylbutane.

(d) Predict the major product from elimination of (25,35)-2-bromo-3-phenylbutane. This prediction can be made
without drawing any structures, by considering the results in part (b).

*6-84. Solvolysis of bromomethylcyclopentane in methanol gives a complex product mixture of the following five com-

pounds. Propose mechanisms to account for these products.

CH.Br CH. CH, CH,0 CH,
OCH,

CH3OH " " " - - , -
,



CHAPTER 7
Structure and

Synthesis of Alkenes

Alkenes are hydrocarbons with carbon -carbon double bonds. Alkenes are some-

times called olefins, a temi derived from olefumt gas. meaning "oil-forming gas."

This term originated with early experimentalists who noticed the oily appearance of

alkene derivatives. Alkenes are among the most important industrial compounds (see

Section 7-6), and many alkenes are also found in plants and animals. Ethylene is the

largest-volume industrial organic compound, used to make polyethylene and a vari-

ety of other industrial and consumer chemicals. Pinene is a major component of tur-

pentine, the paint solvent distilled from extracts of evergreen trees. Muscalure

(c/s-9-tricosene) is the sex attractant of the common housefly.

CH3(CH^)7 (CH.)pCH3
"\ / '

'

c=c
/ \

H H
c/i-9-tricosene, "muscalure"

The bond energy of a carbon -carbon double bond is about 146 kcal/mol (611

kJ/mol), compared with the single-bond energy of about 83 kcal/mol (347 kJ/mol).

We can calculate the approximate energy of a pi bond:

double-bond dissociation energy 146 kcal/mol (611 kJ/mol)

subtract sigma bond dissociation energy ( — ) 83 kcal/mol (
— )(347 kJ/mol)

pi bond dissociation energy 63 kcal/mol (264 kJ/mol)

This value of 63 kcal/mol is much less than the sigma bond energy of 83

kcal/mol, making pi bonds more reactive than sigma bonds.

Because a carbon -carbon double bond is relatively reactive, it is considered

to be a functional group, and its reactions are characteristic of alkenes. In previous

chapters, we saw alkene synthesis by elimination reactions and encountered a few re-

actions of alkenes. In this chapter, we study alkenes in more detail, concentrating on

their properties and the ways they are synthesized.

294

7-1

Introduction

ethylene (ethene) a-pinene



7-2 The Orbital Description of the All<ene Double Bond

In a Lewis structure, the double bond of an alkene is represented by two pairs of 7-2
electrons between the carbon atoms. The Pauli exclusion principle tells us that two

"pp|g Orbital
pairs of electrons can go into one region of space between the carbon nuclei only i^"

each pair has its own orbital. Using ethylene as an example, let's consider how the UeSCfiptlOn OT

electrons are distributed in the double bond. AlksnS Double

7-2A The Sigma Bond Framework

In Chapter 2, we saw how we can visualize the sigma bonds of organic molecules

using hybridized atomic orbitals. In ethylene each carbon atom is bonded to three

other atoms (one carbon and two hydrogens), and there are no nonbonding electrons.

Three hybrid orbitals are needed, implying sp' hybridization. We have seen (Section

2-4) that sp- hybridization con-esponds to bond angles of about 120°, giving optimum

separation of tliree atoms bonded to the carbon atom.

sigma bonding orbitals of ethylene

Each of the carbon -hydrogen bonds is formed by overlap of an sp~ hybrid or-

bital on carbon with the Ls' orbital of a hydrogen atom. The C—H bond length in eth-

ylene (1.08 A) is slightly shorter than the C—H. bond in ethane (1.09 A) because

the sp- orbital in ethylene has more .s' character (one-third .v) than an sp^ orbital (one-

fourth s). The s orbital is closer to the nucleus than the p orbital, contributing to

shorter bonds.

H
I

1 1 A H

C=?=C )
116.6

WJS H
ethylene

The remaining sp- orbitals overlap in the region between the carbon nuclei,

providing a bonding orbital. The pair of electrons in this bonding orbital forms one

bond between the double-bonded carbon atoms. This bond is a sigma bond because

its electron density is centered along the line joining the nuclei. The C=C bond in

ethylene (1.33 A) is much shorter than the C—C bond (1.54 A) in ethane, partly be-

cause the sigma bond of ethylene is formed from sp- orbitals (with more s charac-

ter) and partly because there are two bonds drawing the atoms together.

Bond

7-2B The Pi Bond

Two more electrons must go into the carbon -carbon bonding region. Each carbon

atom still has an unhybridized p orbital, and these overlap to form a pi bonding

molecular orbital. The two electrons in this orbital form the second bond between the

double-bonded carbon atoms. For pi overlap to occur, these p orbitals must be par-

allel, which requires that the two carbon atoms be oriented with all their C—H bonds
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Figure 7-1

The pi bond in ethylene is

formed by overlap of the unhy-

bridized p orbitals on the sp'

hybrid carbon atoms. This

overlap requires the two ends

of the molecule to be coplanar.
,

in a single plane (Fig. 7-1 ). Half of the pi orbital is above the line connecting the car-

bon atoms, and the other half is below the line.

Figure 7-2 shows that the two ends of the ethylene molecule cannot be twist-

ed with respect to each other without disrupting the pi bond. Unlike single bonds, a

carbon -carbon double bond does not permit rotation. This is the origin of cis-trans

isomerism. If two groups are on the same side of a double bond (cis), they cannot ro-

tate to opposite sides (trans). Figure 7-2 shows that there are two distinct isomers of

2-butene: c/'5-2-butene and rran,v-2-butene.

Figure 7-2

The two isomers of 2-butene

cannot interconvert by rotation

about the carbon -carbon

double bond.

H

H3C'
"'C-

Ml
H

'CH,

CH,

H'

H H

H3C
""C

CH3

'H

no overlap with the ends perpendicular trans

7-3

Elements of

Unsaturation

7-3A Elements of Unsaturation in Hydrocarbons

Alkenes are^alledjinsaturated becausgjhey^are capable of add ing hydrogen in the

presence of a catalyst. The product, an alkane, is called sattu-atedbecatisei^

with any more hydrogen. Either the pi bond of an alkene (or an alkyne) or the ring of

a cyclic compound decreases the number of hydrogen atoms in a molecular formula.

These structural features are called elements of unsaturation.* Each element of un-

saturation corresponds to two feweThycIrogenatomsTlian m the "saturated" formula.

CH3—CH.—CH,
propane. CjH^

saturated

CH3—CH=CH,
propene. CjH^

one element of unsaturation

CH.
/ v
CH,—CH,

cyclopropane, CjH^

one element ot unsaturation

Consider, for example, the formula C4Hg. A saturated alkane would have a C„H,2„+2)

formula, or C4H1,, . The formula CjH^ is missing two hydrogen atoms, so it has one

element of unsaturation, either a pi bond or a ring. There are five constitutional iso-

mers of formula C^iW^ :

CH2=CH—CH.CHj
1-butene

CH,—CH=CH—CH3
2-butene

CH3

CH,=C—CH3
isobutylene

CH,—CH,

CH,— CH,
cyclobutane

CH,
/ V
CH,—CH—CH,
methylcyclopropane

*Degree of iinsatiinttioii and index of hydroin'u deficiency are equivalent terms.
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When you need a structure for a particular molecular formula, it helps to find

the number of elements of unsaturation. Calculate the number of hydrogen atoms

from the saturated formula C„H,2„ + 2)- see how many are missing. The number

of elements of unsaturation is simply half the number of missing hydrogens. This sim-

ple calculation allows you to consider possible structures quickly, without always hav-

ing to check for the correct molecular formula.

PROBLEM 7-1

(a) Calculate the number of elements of unsaturation implied by the molecular fonriula C,,H|2

.

(b) Give t"ive examples of structures with this formula (C^Hi,). At least one should contain

a ring, and at least one a double bond.

PROBLEM 7-2

Determine the number of elements of unsaturation in the molecular formula C4H^ . Give all

nine possible structures having this formula. Remember that

PROBLEM-SOLVING HINT
If you prefer to use a formula, el-

ements of unsaturation

a double bond = one element of unsaturation

a ring = one element of unsaturation

a triple bond = two elements of unsaturation

(2C + 2 H)

C =

H =

number of carbons

number of hydrogens

7-3B Elements of Unsaturation with Heteroatoms

Heteroatoms {hetero, "different") are any atoms other than carbon and hydrogen.

The rule for calculating elements of unsaturation in hydrocarbons can be extended

to include heteroatoms. Let's consider how the addition of a heteroatom affects the

number of hydrogen atoms in the formula.

Halogens. Halogens simply substitute for hydrogen atoms in the molecular fonnula.

The formula CtH^ is saturated, so the formula C2H4F2 is also saturated. C4Hg has one

element of unsaturation. and C4H5Br3 also has one element of unsaturation. In calcu-

lating the number of elements of unsaturation, smiply count lial()i>ci]s as Imlroi^en aloms.

CH,—CHF. CH,—CH=CH— CBr,

C2H4F2

saturated

C4H5Br3

one element of unsaturation

CH.—CBr.

CH,—CHBr

one element of unsaturation

Oxygen. An oxygen atom can be added to the chain without changing the number
of hydrogen atoms or carbon atoms. In calculating the number of elements of un-

saturation, ignore the oxygen atoms.

CH3—CH,
C-,Hs, saturated

CH,—O—CH3
C,H,p, saturated

CH3—C—H or CH,—CH,
CHjO, one element of unsaturation

Nitrogen. A nitrogen atom can take the place of a carbon atom in the chain, but ni-

trogen is trivalent, having only one additional hydrogen atom, compared with two hy-

drogens for each additional carbon atom. In computing the elements of unsaturation.

count nitrogen as half a ccwhon atom.

H

carbon -I- 2 H

H H
1

-c-

1

-c-
1

-N-

H H H

H

H

c-

I

H

nitroiien + 1 H
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The formula C4H9N is like a formula with 4- carbon atoms, with saturated for-

mula C4 5H9 + 2- The formula C4H9N has one element of unsaturation, because it is

two hydrogen atoms short of the saturated formula.

CH3— CH,

/
HX=CH

:N—

H

H

N
H2C=CH—CH,—CH.—NH.

examples of formula C^H^jN, one element of unsaturation

PROBLEM-SOLVING HINT

In figuring elements of unsatura-

tion:

Count halogens as hydrogens.

Ignore oxygen.

Count nitrogen as half a carbon.

SOLVED PROBLEM 7-1

Draw at least four compounds of formula C4H5NOCI.

SOLUTION
Counting the nitrogen as \ carbon, ignoring the oxygen, and counting chlorine as a hy-

drogen shows the formula is equivalent to C4 5H7. The saturated formula for 4.5 carbon

atoms is C4 5H,| , showing that CjHjjNOCl has two elements of unsaturadon. These could

be two double bonds, two rings, one triple bond, or a ring and a double bond. There are

many possibilities, four of which are listed below.

CI O

H
I

H

NH,

two double bonds

CI

H
O

H H

two rings

OCHjCl

H—C=C—CH
I

one triple bond

CI

one ring,

one double bond

PROBLEM 7-3

Draw five more compounds of formula C4H5NOCI.

PROBLEM 7.4

For each of the following molecular formulas, determine the number of elements of un-

saturation and give three examples.

(a) C3H4CI2 (b) C4H8O (c) C4H4O2 (d) C5H5NO, (e) C6H3NClBr

7-4

Nomenclature of

Alkenes

Simple alkenes are named much like alkanes, using the root name of the longest

chain containing the double bond. The ending is changed from -am to -ene. For ex-

ample, "ethane" becomes "ethene," "propane" becomes "propene," and "cyclo-

hexane" becomes "cyclohexene."

lUPAC names:

Common names:

CH2=CH2
ethene

ethylene

CH2=CH—CH3
propene

propylene

cyclohexene

When the chain contains more than three carbon atoms, a number is used to give the

location of the double bond. The chain is numbered starting from the end closest to
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the double bond, and the double bond is given the lower number of its two double-

bonded carFon atorhs. Cycloalkenes are assumed to have the double bond in the

number 1 pos ition.

CH.=CH—CH.— CH, CH.=CH—CH.—CH,—CH3

lUPAC names: l-biitcne l-pcnlcnc

CH3—CH=CH—CH, CH3—CH=CH—CH3—CH3 T

lUPAC names: 2-buienc 2-pcntenc cvclohcxene

A compound with two double^nds is^a_dieiie^A triene has^three double bonds, and

a tetraene has four. Numbers are used to specify the locations of the double bonds.

lUPAC namc^

1234 7fi5 4 3 ::
CH,=CH—CH=CH, CH,—CH=CH—CH=CH—CH=CH2

1 .3-huiadici\- 1

6 5

.3.3.7-cyclooctatetracnc

Each alkyl group attached to the main chain is listed with a number to give its loca-

tion. Note that the double bond is still given preference in numbering, however.

4 : I
1 ; ; I i 234 s h 7

CH,—CH=C—CH, CH,—CH—CH=CH. CH3—CH= C—CH.—CH.—CH— CH3

lUPAC names:

CH3
2-methvl-2-butene

CH3
3-methvl- 1 -butene

CH3 CH3
3.6-diniethyl-2-heptene

3 2

1 -methyleyclopentene

; ,CH.CH3

2-ethyl- 1 .3-eyclohexadiene 7-bromo- 1 .3..'S-eyelolieptatriene

Alkenes as Substitueiits . Alkenes named as substituents are called alkenyl groups.

They can be named systematically (ethenyl, propenyl. etc.). or by common names.

Common substituents are the vinyl, ally], methylene, and phenyl groups. The phenyl

group (Ph) is different from the others because it is aromatic (see Chap. 16) and does

not undergo the typical reactions of alkenes.

1=CH,
methylene group

(methylidene group)

!—CH=CH2
vinyl group

(ethenyl group)

—CH3—CH=CH.
allyl group

(2-propenyl group)

3-propyl- 1 -heptene

phenyl group

(Ph^)

3-methvlenecvciohexene

CH=CH2

CH2=CHCHCH.CH=CH.
3-vinyI- 1 .5-hexadiene

CH.=CH—CH.— CI

allyl chloride

(3-chloropropene)

Common Names. Most alkenes are conveniently named by the lUPAC system, but

common names are sometimes used for the simplest compounds.

CH3

CH,=CH2
IUP.A.C name: uihcnc

common name: ethylene

CH,=CH—CH3

propylene

CH.=C—CH3
2-nicili_\ Ipmpeiic

isobutylene

2-phenyl- 1 .3-cyclopentadiene

elhcn\ Iben/ene

styrene
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7-5

Nomenclature of

cis-trans Isomers

7-5A cis-trans Nomenclature

In Chapter 2, we saw how the rigidity and lack of rotation of carbon -carbon dou-

ble bonds give rise to cis-trans isomerism, also called geometric isomerism. If two

similar groups bonded to the carbons of the double bond are on the same side of the

bond, the alkene is the cis isomer. If the similar groups are on opposite sides of the

bond, the alkene is trans. Not all alkenes are capable of showing cis-trans isomerism.

If either carbon of the double bond holds two identical groups, the molecule cannot

have cis and trans forms. Following are some cis and trans alkenes and some alkenes

that cannot show cis-trans isomerism.

HiC CHiCHo
\ / '

^

C=C
/ \

H H
f/.9-2-pentene

C=C
/ \

H CH.CH,
fra«.9-2-pentene

H3C H
' \ /

^CH2CH2CH3

C=C C=C
/ \ / \

H3C CH9CH3 H H
2-methyl-2-pentene 1-pentene

I nciilicr cis nor nans)

Trans cycloalkenes are unstable unless the ring is large enough (at least eight

carbon atoms) to accommodate the trans double bond (Section 7-7D). Therefore, all

cycloalkenes are assumed to be cis unless they are specifically named trans. The cis

name is rarely used with cycloalkenes, except to distinguish a large cycloalkene from

its trans isomer.

cyclohexene cyclooctene /r««,s-cyclodecene r/.s-cyclodecene

7-5B £-Z Nomenclature

The cis-trans nomenclature for geometric isomers sometimes fails to give an unam-

biguous name. For example, the isomers of I-bromo-l-chloropropene are not clear-

ly cis or trans because it is not obvious which substituents are referred to as being

cis or trans.

Br CH, CI CH,

C=-C C=C
/ \ / \

CI H Br H
geometric isomers of 1-bromo-l-chloropropene

In response to this problem, we use another system. The E-Z system of nomencla-

ture for cis-trans isomers is patterned after the Cahn-Ingold-Prelog convention for

chiral carbon atoms (Section 5-3 ). It assigns a unique configuration of either E orZ
to any double bond capable of geometric isomerism.

To name an alkene by the E-Z system, mentally separate the double bond

into its two ends. Remember how you used the Cahn-Ingold-Prelog rules (page

182) to assign priorities to groups on a chiral carbon atom so you could name it (/?)

or (S). Consider each end qfjhe double bond separately, and use those same rules

to assign first and second priorities to the two subsfituent groups on that en^. Do
tEFsame for the other end of the double bond. If the two first priority atoms are

together (cisfoniht same side of the double bond, you Have^ffie Z^isomer, from the
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German word ziisomm^thJ^ge[her"_lfjhe lwo First jjriority atoms are on op^f'z.

site (trans) sides of the double bond, you have the E isomer, from the German

word entgegen, "'oppositeT^

C= ^ =C
2 ^ 2

Zusammen

C= I =c

For example.

-(T) "s together

Br
\

(

/
C=C

CH, (D B,

becomes
\
C= =C

CH3 ®
= z

HCI H CI CI

(Z )- 1 -broino- 1 -chloreipropene

The other isomer is named similarly:

CI CH,
\ / -

C=C becomes
/ \

Br H
(£ )- 1 -bromo- 1 -cliloropropene

If the alkene has more than one double bond, the stereochemistry about

each dojable bond should be specified. The following compound is properly Darned

.^-bromo-l.^Z.?^ )-octadiene:

3-bromo-( 3Z.5£ )-oetadiene

The use of E-Z names (rather than cis and trans) is always an option, but it is re-

quired whenex er a double bond is not clearly cis or trans. Most trisubstituted and tetra-

substituted double bonds are more clearly named E or Z rather than cis or trans.

SUMMARY: Rules for Naming Alkenes

The following rules summarize the lUPAC system for naming alkenes.

1. Select the longest chain or largest ring that contains the largest possible number of double bonds, and name it with the

-ene suffix. If there are two double bonds, the suffix is -diene; for three, -triene; for four, -tetraene; and so on.

2. Number the chain from the end closest to the double bonds. Number a ring so that the double bond is between carbons 1

and 2. Place the numbers giving the locations of the double bonds in front of the root name.

3. Name substituent groups as in alkanes, indicating their locations by the number of the main-chain carbon to which they are

attached. The ethenyl group and the propenyl group are usually called the vinyl group and the allyl group, respectively.

4. For compounds that show geometric isomerism, add the appropriate prefix: cis- or trans-, or E- or Z-. Cycloalkenes are

assumed to be cis unless named otherwise.
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PROBLEM-SOLVING HINT
To see whether a compound can

have cis and trans isomers, draw

the structure, then draw it again

with the groups on one end of

the double bond reversed. See if

you can describe a difference be-

tween the two.

PROBLEM 7-5

Give the systematic (lUPAC) names of the following alkenes.

(a) CH,=CH—CH2—CH(CH3)2 (b) CHjCCH,),—C—CH^CHj

CH,

(c) CH:=CH—CH,—CH=CH2 (d) CH2=C=CH—CH=CH2

CH,

(h) CH3

PROBLEM 7-6

( 1 ) Determine which of the following compounds show cis-trans isomerism.

(2) Draw and name the cis and trans isomers of those that do.

(a) 3-hexene (b) 1 ,3-butadiene (c) 2,4-hexadiene

(d) 3-methyl-2-pentene (e) 2,3-dimethyl-2-pentene (f) cyclopentene

PROBLEM 7-7

Each of the following names is incorrect. Draw the structure represented by the incorrect name
(or a consistent structure if the name is ambiguous), and give your drawing the correct name,

(a) c/5-2.3-dimethyl-2-pentene (b) 3-vinyl-4-hexene

(c) 2-methylcyclopentene (d) 6-chlorocyclohexadiene

(e) 3,4-dimethylcyclohexene (f ) m-2,5-dibromo-3-ethyl-2-pentene

PROBLEM 7-8

Some of the following examples can show geometric isomerism, and some cannot. For

the ones that can, draw all the geometric isomers, and assign complete names using the

E-Z system.

(a) 3-bromo-2-chloro-2-pentene (b) 3-ethyl-2,4-hexadiene

(c) 3-bromo-2-methyl-2-butene (d) 1 .3-pentadiene

(e) 4-r-butyl-5-methyl-4-octene (f) 3,7-dichloro-2,5-octadiene

(g) (h) (1)

cyclohexene cyclodecene 1 ,5-cyclodecadiene

7-6

Commercial

Importance of

Alkenes

Because the carbon -carbon double bond is readily converted to other functional

groups, alkenes are important intermediates in the synthesis of polymers, drugs,

pesticides, and other valuable chemicals. Ethylene is the organic compound pro-

duced in the largest volume, at around 49 billion pounds per year in the United

States. Most of this ethylene is polymerized to form 26 billion pounds of poly-

ethylene per year. The remainder is used to synthesize a wide variety of organic

chemicals including ethanol, acetic acid, ethylene glycol, and vinyl chloride (Fig-

ure 7-3). Ethylene also serves as a plant hormone, accelerating the ripening of

fruit. For example, tomatoes are harvested and shipped while green, then treated

with ethylene to make them ripen and turn red just before they are placed on
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H H

H H
polyethylene

polymerize

o
//

CH,—

C

• \
H

acetaldehyde

oxidi/e
CH3-C

O
/
\

o
/ \

H2C—CH,

ethylene oxide

H,0

CHo—CH2

OH OH

ethylene glycol

Ag catalyst

oxidize

H H
\ /
C ==C
/ \
H H

ethylene

H,0
catalyst

CH3--CH2

OH

ethanol

OH
acetic acid

CH2—CH2

CI CI

ethylene dichloride

NaOll

H CI

\ /
c=c
/ \
H H
vinyl chloride

O H CH.
/\ \ /

H,C—CH—CH, - C=C
^ Ag cat. / \

H H
propylene oxide propylene

polymerize

H.O
H3O

catalyst

CH2—CH—CH3 CH3—CH—CH3

OH OH
propylene glycol

OH
isopropyl alcohol

H CH3

C—C—
H H

polyethylene

CH3—C—CH:
^

il

o
acetone

A Figure 7-3

Ethylene and propylene are the

largest-volume industrial

organic chemicals. They can be

used to synthesize a wide

variety of useful compounds.

display. Propylene is produced at the rate of about 25 billion pounds per year,

with much of that going to make about 12 billion pounds of polypropylene. The
rest is used to make propylene glycol, acetone, isopropyl alcohol, and a variety

of other important organic chemicals.

The largest use of alkenes is for the production of polymers, which are used in

consumer products from shoes to plastic bags to car bumpers. A polymer (Greek,

poly, "many," and mews, "parts") is a large molecule made up of many monomer
(Greek, mono, "one") molecules. Many common polymers are made simply by poly-

merizing alkenes. An alkene monomer can polymerize by a chain reaction where ad-

ditional alkene molecules add to the end of the growing polymer chain. Because

these polymers result from addition of many individual alkene units, they are called

addition polymers. Polyolefins are polymers made from monofunctional (single

functional group) alkenes such as ethylene and propylene. Figure 7-4 shows some ad-

dition polymers made from simple alkenes and haloalkenes. We discuss polymer-

ization reactions in Chapters 8 and 26.

This plant in Tokuyama, Japan,

pas.ses ethane rapidly over a

hot catalyst. The products are

ethylene and hydrogen.



304 Chapter 7: StiLicture and Synthesis ol Alkenes

Figure 7-4

Alkenes polymerize to form

addition polymers. Many
common polymers are

produced in this way.

vinyl chloride

:c=c

tetralluoroethylene

^\ y^^3 polymerize

propylene (monomer)

H r^i
polymerize

polymerize

H

C-

H

H

C-

H

F

C-

F

CH,

H

H CH3

C— C-

H H

H

C

,H

polypropylene (polymer)

CI

-c

H

H CI

c—

c

H H

H

C-

H
poly( vinyl chloride)

PVC, "vinyl"

F

C

F F

C—

C

F F

F

C

F

CH3

C—

H

CI

-c—

H

F

-C—

F

poly(tetrafluoroethylene)

PTFE. Teflon

7-7

Stability of Alkenes

In making alkenes. we often find that the major product is the most stable alkene.

Many reactions also provide opportunities for double bonds to rearrange to more

stable isomers. Therefore, we need to know how the stability of an alkene depends

on its structure. Stabilities can be compared by converting different compounds to a

common product and comparing the amounts of heat given off. One possibility would

be to measure heats of combustion from converting alkenes to COt and H.O. Heats

of combustion are large numbers (several hundred kilocalories per mole), however,

and measuring small differences in these large numbers is difficult. Instead, alkene

energies are often compared by measuring the heat of hydrogenation: the heat given

off (A//°) during catalytic hydrogenation. Heats of hydrogenation can be measured

about as easily as heats of combustion, yet they are smaller numbers and provide

more accurate energy differences.

7-7A Heats of Hydrogenation

When an alkene is treated with hydrogen in the presence of a plafinum catalyst, hy-

drogen adds to the double bond, reducing the alkene to an alkane. Hydrogenation is

mildly exothermic, evolving about 20 to 30 kcal (80 to 120 kJ) of heat per mole of

hydrogen consumed. Consider 1-butene and //r;7!.s-2-butene:

HoC=CH—CH,—CH3 + H,

1-butene

(monosubstiuucd)

Pt

H,C H
- \ /
^C=C^ + H.

H CH3
//v(/).v-2-butene

(disiibsliuilcd)

Pt

CH3—CH.—CH.—CH3 = -30.3 kcal/mol

butane (-127 kJ/mol)

CH3—CH.—CH.—CH, A//° = -27.6 kcal/inol

(-115 kJ/mol)

butane
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Figure 7-5 shows these heats of hydrogenation on a reaction-energy diagram.

The difference in the stabiHties of 1-butene and rra//.v-2-butene is the difference in

their heats of hydrogenation. //v//(.s-2-Butene is more stable by

30.3kcal/mol - 27.6kcal/mol = 2.7kcal/mol (llkJ/mol)

7-7B Substitution Effects

A 2.7 kcal/mol ( 1 1 kJ/mol) stability difference is typical for a monosubstituted alkene

(1-butene) and a trans-disubstituted alkene {rrans-2-hulcne). In the following equa-

tions we compare the monosubstituted double bond of 3-methyl- 1-butene with the

trisubstituted double bond of 2-methyl-2-butene. The trisubstituted alkene is more sta-

ble by 3.4 kcal/mol ( 14 kJ/mol).

CH,

CH.^CH—CH— CH,
3-methyl- 1-butene

(monosubstituted)

CH,

CH —CH= C—CH,
2-methyl-2-butene

( liisiibsiiiutcd

)

H,. Pt

H,. Pt

CH3

CH,—CH,—CH—CH,
2-methylbutane

CH,—CH,—CH—CH3
2-methylbutane

-30.3 kcal

(-127 kJ)

A//° = -26.9 kcal

(-113 kJ)

To be completely correct, we should compare heats of hydrogenation only for

compounds that give the same alkane, as 3-methyl- 1-butene and 2-methyl-2-butene do.

Yet most alkenes with similar substitution patterns give similar heats of hydrogenation.

For example, 3,3-dimethyl- 1-butene (below) hydrogenates to give a different alkane

than does 3-methyl- 1 -butene or 1 -butene ( above ); yet these three monosubstituted alkenes

have similar heats of hydrogenation, because the alkanes formed have similar energies.

In effect, the heat of hydrogenation is a measure of the energy content of the 77 bond.

CH,

CH2=CH—C—CH,

CH,
3,3-dimethyl- 1 -butene

(monosubslituled)

H,, Pt

CH,—CH,—C—CH, ^H° = -30.3 kcal

I (-127 kJ)
CH,

2,2-dimethylbutane
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less highly substituted

H

"'a /H
separation \^^Q

H3C /
I

H H

closer groups

more highly substituted

H
I

120" - 9
separation '

wider separation

A Figure 7-6

The isomer with the more

highly substituted double bond

has a larger angular separation

between the bulky alkyl

groups.

PROBLEM-SOLVING HINT

Heats of hydrogenation are al-

ways exothermic.A larger

amount of heat given off implies

a less stable alkene.

In practice, we can use heats of hydrogenation to compare the stabilities of

different alkenes as long as they hydrogenate to give alkanes of similar energies.

Most open-chain alkanes and unstrained cycloalkanes have similar energies, and

we can use this approximation. Table 7-1 shows the heats of hydrogenation of a va-

riety of alkenes with different substitution. The compounds are ranked in decreasing

order of their heats of hydrogenation, that is, from the least stable double bonds to

the most stable. Note that the values are similar for alkenes with similar substitu-

tion patterns.

The most stable double bonds are those with the most alkyl groups attached.

For example, hydrogenation of ethylene (no alkyl groups attached) evolves 32.8

kcal/mol. while propene and 1-pentene (one alkyl group for each) give off 30.1

kcal/mol. Double bonds with two alkyl groups hydrogenate to produce about 28

kcal/mol. Three or four alkyl substituents further stabilize the double bond, as with

2-methyl-2-butene (trisubstituted. 26.9 kcal) and 2.3-dimethyl-2-butene (tetrasub-

stituted. 26.6 kcal).

The values in Table 7-1 confirm the Saytzeff rule:

More highly substituted double bonds are usually more stable.

In other words, the alkyl groups attached to the double-bonded carbon stabilize

the alkene.

Two factors are probably responsible for the stabilizing effect of alkyl groups

on a double bond. Alkyl groups are electron-donating, and they contribute electron

density to the pi bond. In addition, bulky substituents like alkyl groups are best sit-

uated as far apart as possible. In an alkane, they are separated by the tetrahedral bond

angle, about 109.5°. A double bond increases this separation to about 120°. In gen-

eral, alkyl groups are separated best by the most highly substituted double bond.

This steric effect is illustrated in Figure 7-6 for two double-bond isomers (isomers

that differ only in the position of the double bond). The isomer with the monosub-

stituted double bond separates the alkyl groups by only 109.5°, while the trisubsti-

tuted double bond separates them by about 120°.

PROBLEM 7-9

Use the data in Table 7-1 to determine the energy difference between 2.3-dimethyl-l-butene

and 2.3-dimethyl-2-butene. Which of these double-bond isomers is more stable?

7-7C Energy Differences in cis-trans Isomers

The heats of hydrogenation in Table 7-1 show that trans isomers are generally more

stable than the corresponding cis isomers. This trend seems reasonable because the

alkyl substituents are separated farther in the trans isomers than they are in the cis

isomers. The greater stability of the trans isomer is evident in the 2-pentenes, which

show a 1.0 kcal (4 kJ) difference between the cis and trans isomers.

C= C + H.
/ \

H H

Pt

CH,—CH.—CH.—CH.CH, AH° = -28.6 kcal/mol

(-120kJ/mol)

H,C H
\ /
C= C + H,

/ \
H CH2CH3

trans

Pt

CH3—CH.—CH.—CH,CH3 AH° = -27.6 kcal/mol

(-116kJ/moI)
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TABLE 7-1 Molar Heats of Hydrogenation of Alkenes

Name Slritctiire

Molar Heat of

Hydrogenation I-1H°)
kcal U General Structure

ethene (ethylene) H,C=CH, 32.8 137) unsubstituted

propene (propylene)

1-butene

1-pentene

1-hexene

3-methyl- 1-butene

3,3-dimethyl- 1 -butene

CH,—CH=CH,
CH,—CH,—CH=CH,
CH —CH'—CH,—CH=CH2
CH — (CHJ,—CH=CH,
(CH,),CH—CH=CH,
(CHJ^C—CH=CH2

"

30.1

30.3

30.1

30.1

30.3

30.3

126"

127

126

126

127

127^

>•

nn)nosubstituted

R—CH=CH2

c/5-2-butene

CH, CH,
\ /
C=C

/ \
H H

CH,—CH, CH,

c=c
H H

28.6 120 disubstituted (cis)

cK-2-pentene 28.6 120

>•

R R
\ /
C=C

/ \
H H

2-methylpropene

(isobutylene)

2-methyl- 1-butene

(CH,),C=CH,

CH,—CH,—C=CH,

28.0

28.5

117

119
disubstituted (geminal)

K
\
C—CH,

/
R2,3-dimethy 1- 1 -butene

CH,

(CH,),CH,—C=CH,
"

1

"

CH,

ZO.U

>

>

CH, H
\ /
c=c

/ \
H CH,

CH,—CH,^ ^H
C=C

/ \
H CH,

?raH^-2-butene

fra/i5-2-pentene

z/.o

27.6

1 lo

116

>

disubstituted (trans)

R H
\ /
C=C

/ \
H R

2-methyl-2-butene CH,—C=CH— CH,

CH,

26.9 113'

\

trisubstituted

R,C=CHR

2,3-dimethyl-2-butene (CH,),C=C(CH,), 26.6 llf
\

tetrasubsiituted

R,C=CR,

Note: A lower heat of hydrogenation corresponds to a lower energy and greater stability in the aikene.

A 1 kcal/mol difference between cis and trans isomers is typical for disubsti-

tuted alkenes. Figure 7-7 summarizes the relative stabilities of alkenes. comparing

them with ethylene, the least stable of the simple alkenes.

PROBLEM 7-10

Tell which member of each pair is more stable, and by about how many kcal/mol or kJ/mol.

(a) c/5,c/5-2.4-hexadiene or rra«5,/ra«5-2.4-hexadiene

(b) 2-methyl- 1-butene or 3-methyl- 1-butene

(c) 2-methyl- 1-butene or 2-methyl-2-butene

(d) 2.3-dimethyi- 1-butene or 2.3-dimethyl-2-butene
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ethylene,

unsubstituted

>>

E?

2.7 kcal

(11 U)

monosubstituted

disubslilulcd

4.2 kcal

(18 kJ)

4.8 kcal

(20 kJ)

" "eminal

5.2 kcal

(22 kJ)

,]i trans

5.9 kcal

(25 kJ)

trisubstituted

c= c

6,2 kcal

(26 kJ)

tetrasubstituted

c= c

Figure 7-7

Relative energies of typical tt bonds compared with ethylene. (The numbers are approximate.).

7-7D Stability of Cycloalkenes

Most cycloalkenes react like acyclic (noncyclic) alkenes. The presence of a ring

makes a major difference only if there is ring strain, either because of a small ring

or because of a trans double bond. Rings that are five-membered or larger can easi-

ly accommodate double bonds, and these cycloalkenes react much like straight-chain

alkenes. Three- and four-membered rings show evidence of ring strain, however.

Cyclobutene. Cyclobutene has a heat of hydrogenation of —30.7 kcal/mol ( — 128

kJ/mol), compared with cyclopentene's value of —26.6 kcal/mol (111 kJ/mol).

H H H H

H H

cyclobutene

L
Pt

^

H'7 V
AH' -30.7 kcal/mol

(-128 kJ/mol)

+ H.
Pt

H
cyclopentene

A//° = -26.6 kcaVmol

(-111 kJ/mol)

H
cyclopentane

The double bond in cyclobutene has about 4 kcal/mol of extra ring strain (in ad-

dition to the ring strain in cyclobutane) by virtue of the small ring. The 90° bond angles

in cyclobutene compress the angles of the sp' hybrid carbons (nomially 120°) more than

they compress the sp^ hybrid angles (normally 109.5°) in cyclobutane. The extra ring

strain in cyclobutene makes its double bond more reactive than a typical double bond.
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Cyclopropene. Cyclopropene has bond angles of about 60°, compressing the bond

angles of the carbon -carbon double bond to half their usual value of 120°. The dou-

ble bond in cyclopropene is highly strained.

unstrained angle 1
20°

C^C
/ \

H H
propene

angle 60°

(60° strain)

;yclopropene

Many chemists once believed that a cyclopropene could never be made be-

cause it would snap open immediately from the large ring strain. Cyclopropene was

eventually synthesized, however, and it can be stored in the cold. Cyclopropenes

were still considered to be strange, highly unusual compounds. Natural product

chemists were surprised when they examined the kernel oil of SteivuUa foelida, a trop-

ical tree. One of the constituents of this oil is sterciilic acid a carboxylic acid that

contains a cyclopropene ring.

H H

C
/ \

O

CH,—(CHOv—C=C— (CH.)7—C—OH
sterculic acid

trans Cycloalkenes. Another difference between cyclic and acyclic alkenes involves

the relationship between cis and trans isomers. In acyclic alkenes, the trans isomers

are usually more stable; but the trans isomers of small cycloalkenes are rare, and

those with fewer than eight carbon atoms are unstable at room temperature. The

problem with making a trans cycloalkene lies in the geometry of the trans double

bond. The two alkyl groups on a trans double bond are so far apart that several car-

bon atoms are needed to complete the ring.

Try to make a model of trans-cyclohexene, being careful that the large amount

of ring strain does not break your models. OYy/?.s-Cyclohexene is too strained to be iso-

lated, while rAT//?.s-cycloheptene can be isolated at low temperatures. trans-Cy-

clooctene is stable at room temperature, although its cis isomer is still more stable.

nng connects

behind the double bond c
/ \

H CH,
trans cyclic system OW75-cycioheptene

maii:iiiall\ stable

rrans-cyclooctene

Once a cycloalkene contains at least ten or more carbon atoms, it can easily ac-

commodate a trans double bond. For cyclodecene and larger cycloalkenes. the trans

isomer is nearly as stable as the cis isomer.

CH,—CH. H
/ - \- /

CH, C
I

"
i

CH, C
\- / \
CH,—CH. H
ci5-cyclooctene

more stable

c/s-cyclodecene fra/(5-cyclodecene
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7-7E Bredt's Rule

We have seen that a trans cycloalkene is not stable unless there are at least eight car-

bon atoms in the ring. An interesting extension of this principle is called Bredt's rule.

BREDT'S RULE: A bridged bicycHc compound cannot have a double bond at

a bridgehead position unless one of the rings contains at least eight carbon atoms.

Let's review exactly what Bredt's rule means. A bicyclic compound is one that con-

tains two rings. The bridgehead carbon atoms are part of both rings, with three

links connecting them. A bridged bicyclic compound has at least one carbon atom

in each of the three links between the bridgehead carbons. In the following examples,

the bridgehead carbon atoms are circled in red.

no third bridae

bridgeheads

third bridge

decalin

bicvclic. but not bridged

norbomane

a bridged bicyclic compound

If there is a double bond at the bridgehead carbon of a bridged bicyclic system,

then one of the two rings contains a cis double bond and the other must contain a trans

double bond. For example, the following structures show that norbomane contains a

five-membered ring and a six-membered ring. If there is a double bond at the bridge-

head carbon atom, the five-membered ring contains a cis double bond, and the six-

membered ring contains a trans double bond. This unstable arrangement is called a

"Bredt's rule violation." If the larger ring contains at least eight carbon atoms, then

it can contain a trans double bond, and the bridgehead double bond is stable.

CIS

,trans in si.x-membered ring

Bredt's rule violation

.trans in eight-membered ring

Stable: trans in an eisht-membered rina

SOLVED PROBLEM 7-2

Which of the follovvins alkenes are stable':

CIS

trans

trans

SOLUTION
Compound (a) is stable. Although the double bond is at a bridgehead, it is not a bridged

bicyclic system. The trans double bond is in a ten-membered ring. Compound (b) is a
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Bredt"s rule violation and is not stable. The largest ring contains six carbon atoms, and the

trans double bond cannot be stable in this bridgehead position.

Compound (c) (norbomene) is stable. The (cis) double bond is not at a bridge-

head carbon.

Compound (d) is stable. .Although the double bond is at the bridgehead of a bridged

bicvclic system, there is an eight-membered ring to accommodate the trans double bond.

PROBLEM 7-1 I

Explain why each of the following alkenes is or is not stable.

(a) 1,2-dimethylcyclobutene (b) ?ra;!5-1.2-dimethylcyclobutene

(c) rra/?.s-3,4-dimethylcyclobutene (d) rra/?.<r-l,2-dimethylcyclodecene

7-8A Boiling Points and Densities

Most physical properties of alkenes are similar to those of the corresponding al-

kanes. For example, the boiling points of 1-butene, c/'5-2-butene. ?7W7^-2-butene. and

//-butane are all close to O'C. Also like the alkanes, alkenes have densities around 0.6

or 0.7 g/cm\ The boiling points and densities of some representative alkenes are

listed in Table 7-2. The table shows that boiling points of alkenes increase smooth-

Iv w ith molecular weieht. As with alkanes. increased branchina leads to greater

7-8

Physical Properties

of Alkenes

TABLE 7-2 Physical Prop erties of Some Representative Alkenes

Name Srriicriire Carbons Boiling Point (°C) Densin (g/cm-)

ethene (ethylene) CH,=CH, -1 -104

propene (propylene) CH^CH='CH, 3 -47 0.52

isobutylene (CH,)X= CH, 4 -7 0.59

1-butene CH,CH,CH='CH, 4 -6 0.59

fra;!i-2-butene

H,C H
\ /
c=c

/ \
H CH,

4 1 0.60

c/5-2-butene

H,C CH,
- \ / -

c=c
/ \

H H

4 4 0.62

3-meth)l- 1-butene (CH,)XH—CH= CH, 5 25 0.65

1-pentene CH,C'H,CH,—CH=CH, 5 30 0.64

rran.?-2-pentene

H,C H

c=c
/ \

H CH^CHj

5 36 0.65

(;';i-2-pentene

H,C CH.CH,

c=c
/ \

H H

5 37 0.66

2-methyl-2-butene (CH,,),C=CH— CH,, 5 39 0.66

1 -hexene CH,(CH,),—CH=CH, 6 64 0.68

2.3-dimethyl-2-butene (CH,),C=C(CH,,), 6 73 0.71

1-heptene CH,(CH,)j—CH=CH, 7 93 0.70

I-octene CH,(CHJ,—CH=CH^ 8 122 0.72

1-nonene CH,(CHJ,—CH=CH", 9 146 0.73

1-decene CH^ICHJ-—CH= CH" 10 171 0.74
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volatility and lower boiling points. For example, isobutylene has a boiling point of

— 7°C, which is lower than the boiling point of any of the unbranched butenes.

7-8B Polarity

Like alkanes, alkenes are relatively nonpolar. They are insoluble in water but solu-

ble in nonpolar solvents such as hexane, gasoline, halogenated solvents, and ethers.

Alkenes tend to be slightly more polar than alkanes, however, for two reasons: The

more weakly held electrons in the pi bond are more polarizable (contributing to in-

stantaneous dipole moments) and the vinylic bonds tend to be slightly polar (con-

tributing to a permanent dipole moment).

AlkyI groups are slightly electron-donating toward a double bond, helping to

stabilize it. This donation slightly polarizes the vinylic bond, with a small partial

positive charge on the alkyl group and a small negative charge on the double-bond

carbon atom. For example, propene has a small dipole moment of 0.35 D.

vinvlic bonds-

c=c
H H ^ CH3

propene. /j. = 0.35 D vector sum = ^ vector sum = 0

IJ.
= 0.33 D IX = 0

c /.v-2-butene, bp 4°C /ra/!5-2-butene. bp 1°C

In a cis-disubstituted alkene. the vector sum of the two dipole moments is di-

rected perpendicular to the double bond. In a trans-disubstituted alkene, the two di-

pole moments tend to cancel out. If an alkene is symmetrically trans-disubstituted,

the dipole moment is zero. For example, r/.v-2-butene has a nonzero dipole moment,

while the trans isomer has no measurable dipole moment.

Compounds with permanent dipole moments engage in dipole -dipole attrac-

tions, while those without permanent dipole moments engage only in van der Waals

attractions. Cis- and /ra/?,s-2-butene have similar van der Waals attractions, but only

the cis isomer has dipole-dipole attractions. Because of its increased intermolecu-

lar attractions, r/'.s'-2-butene must be heated to a slightly higher temperature (4°C ver-

sus 1°C) before it begins to boil.

The effect of bond polarity is even more apparent in the 1,2-dichloroethenes,

with their strongly polar carbon -chlorine bonds. The cis isomer has a large dipole

moment (2.95 D), giving it a boiling point 12°C higher than the trans isomer, with

zero dipole moment.

CK ^ CI CU HV V V /
c=c c=c

H H H ^ CI

Li\ trans

vector sum = \. vector sum = 0

IX = 2.95 D IX = 0

bp = 60°C bp = 48°C

PROBLEM 7-12

For each pair of compounds, predict the one with a higher boiling point. Which compounds

have zero dipole moments?

(a) cz.y- 1,2-dichloroethene or c/,s-l,2-dibromoethene
,

(b) cis- or rra«i-2,3-dichloro-2-butene

(c) cyclohexene or 1,2-dichlorocyclohexene
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Dehydrohalogenation is the elimination of a hydrogen and a halogen from an alkyl 7-9
halide to form an alkene. In Sections 6-18 through 6-22 we saw how dehydrohalo-

/\|[<gng Svnthesis
genation can take place by the El and E2 mechanisms. The second-order elimina-

.

'
.

tion (E2) is usually better for synthetic purposes because the El has too many bliminatlOn OT

competing reactions. Alkyl HalideS

7-9A Dehydrohalogenation by the E2 Mechanism

Second-order elimination is a reliable s> nihetic reaction, especially if the alkyl halide

is a poor Sv,2 substrate. E2 deh\ drohalogenation takes place in one step, in which a

strongjTase abstracts a proton from one carbon atom as the leaving group lea\'esthe

adjacent carbon .

The E2 dehydrohalogenation gives excellen t yields w ith bulky secondary.' and

tertiar}- arkyThalTdes that arFpoor 5^2 substratesTA strong base forces second-order

elimination by abstracting a proton. The molecule's bulkiness hinders second-order

substitution, and a relatively pure elimination product results. Tertiar\ halides are

the best E2 substrates because they are prone to elimination and cannot undergo Sn,2

substitution.

CH-.— C— Br - OH- * H-C= C - H-0 - Br"

CH
(>90%)

In using the E2 dehydrohalogenation to synthesize alkenes. remember that the

elimination must take place in a one-step, coplanar arrangement (review Section

6-20 1. This requirement prevents elimination in some compounds, but it lends se-

lectivity and leads to pure products with other compounds.

Use ofa Bulky Base. If the substrate is prone to substitution, a bulky base can min-

imize the amount of substitution. Large alkyl groups on a bulky base hinder its ap-

proach to attack a carbon atom (substitution), yet it can easily abstract a proton

(elimination). Some of the bulky strong bases commonh used for elimination are t-

butoxide ion. diisopropylamine. trieth\ lamine. and 2.6-dimelhyIpyridine.

CH. (CHjXH

CH:~C— O- (CHj-CH— N:

CH; H
r-buto.xide diisopropylamine

(CH,CH.);N:

trieth\ lamine 2.6-dimethylp>Tidine

The dehydrohalogenation of bromocyclohexane by diisopropylamine illus-

trates the use of a bulky base for elimination. Bromocyclohexane. a secondary alk>'I

halide. can undergo both substitution and elimination. Elimination (E2) is favored
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over substitution (S^2j by using diisopropylamine as the base. Diisopropylamine is

too bulky to be a good nucleophile, but it acts as a strong base to abstract a proton.

H
Br

H
H

bromocyclohexane

(i-Pr),NH, heat

+ [(CHjj^CHJjNH, Br-

cyclohexene

(93%)

Formation of the Hofmann Product. Bulky bases can also accomplish dehydro-

halogenations that do not follow the Saytzeft" rule. Steric hindrance often prevents a

bulky base from abstracting the^proton that leads to the most highly substituted

alkene. In these cases, it abstracts a less hindered proton, often the one that leads to

formation ofihejeast highly substit,^ product, called the Hofmann product. The

following reaction gives mostly the Saytzeff product w ith the relatively unhindered

ethoxide ion. but mostly the Hofmann product \\ ith the bulky ;-butoxide ion.

CH;

c—CH

Br H

CH,

c—CH

Br H

OCHXH,

CH3CH3OH

-OC(CH,),

(CH,),COH

Saytzeffproduct

H,C CH,

c=c
/ \

H CH3
717c

H,C CH,

c=c
/ \

H CH,
28%

Hofinann product

CH,—H,C H
^ - \ /

C=C
/ \

H3C H
29%

CH,—H,C H
^ - \ /

C=C
/ \

H3C H
72%

less hindered

SOLVED PROBLEM 7-3

Predict the elimination product! s) of the following reaction.

(i-Pr),XH

SOLUTION
The conformation shown for the reactant places the proton and the halide in an anti-copla-

nar arrangement. Concerted elimination gives only the trans alkene. Use your models to

show that the reaction must take place from this conformation and that only the follow-

ing trans product results:

pure trans
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SOLVED PROBLEM 7-4

Predict the elimination product(s) of the following reaction.

(CHo.C— O"

SOLUTION
This compound caimot eliminate because no hydrogen atoms can achieve a coplanar

arrangement with the (bromide) leaving group. Cyclohexyl halides normally eliminate

the proton and leaving group from trans-dia.xial positions of the chair conformation (re-

\iew Section 6-20). If there are no adjacent protons trans to the leaving group, the E2 re-

action may be impossible.

PROBLEM 7-13

Predict the products of the following reactions.

( a) 1-bromo-l-methylcyclohexane — XaOH in acetone

( b) 1-bromo-l-methylcyclohexane — ethanol. heat

ic) chlorocyclohexane - XaOH in acetone

id) chlorocyclohexane — triethylamine. (CH;CH;);X:

le) 1-bromo-l-methylcyclohexane - (CH;CH;i;X:

(f) 771^5(3- 1.2-dibromo-1.2-diphenylethane — XaOH in acetone

ig) I J./ )-1.2-dibromo-1.2-diphenylethane - XaOH in acetone

H CI

PROBLEM-SOLVING HINT

Don't try to memorize your way

through these reactions. Look at

each one and consider what it

might do. Use your models for

the ones that involve stereo-

chemistry.

(h) XaOH in acetone

- (CH,i,C— O- m (CH,i,C— OH

7-9B Dehydrohalogenation by the El Mechanism

First-order dehvdrohaloeenation usually takes place in a good ionizing solvent (such

as an alcohol or water), without a strong nû leophile or base to force second-order

kinetics. The substrate is usually_a secondani or tertiary_alkv'Ihalide . First-order

eUinination requires ionization to form a carbocaiion. which loses a proton to a w eak

base (usually the soh em i. E 1 dehydrohalogenation is generally accompanied by S^-l

substitution because the nucleophilic soh ent can also attack the carbocation direct-

ly, forming the substitution product.

Elimination b\ the El mechanism

' ~, / R— OHivoheni' \ /— C—C— — C— C- - ":X > C=C + R—OH, ":X
\ / \ -

formation of

the carbocation

proton abstraction elimination products
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Accompanied by S,^I substitution

H X

-c—c-

H

—C—C+ + :X
R—OH (solvent) _^+

> i

H O—

R

I I

—C—C— + H—

X

formation of

the carbocation

nucleophilic attack substitution products

7-9C Alkene Synthesis by Dehalogenation ofVicinal Dibromides

Vicinal dibromides (two bromines on adjacent carbon atoms j are converted to alkenes

by reduction with either iodidejon^o^^ in acetic acid. This dehalogenation is

rarely an important synthetic reaction, because the most likely origin of a vicinal di-

bromide is from bromination of an alkene (Section 8-10). We cover this reaction

with dehydrohalogenation because the mechanisms are similar.

:I:Br:

acetone \ /
c=c

:Br: Na-

CH3COOH \ /
> C=C + ZnBr.

/ \

This dehalogenation is formally a reduction because a molecule of Br^ (an ox-

idizing agent) is removed. The reaction with iodidejjikgs place by the E2 mechaiiism,

with the same geometric constraints as the E2 dehydrohalogenation. Elimination

usually takes place through an anti-coplanar arrangement, as shown in the following

example.

anti

coplanar

Nal

acetone

Ph H
\ /
C=C

/ \
H Ph

/ra/(5-stilbene

(89%)

Use your models to show that only the trans isomer of stilbene is formed in this ex-

ample by elimination through the anti-coplanar transition state.

Zinc serves as a reducing agent in zinc/acetic acid dehalogenation. The reac-

tion is heterogeneous (part solid and part liquid), with the actual reduction taking

place at the surface of the metallic zinc. Zinc is oxidized from the 0 oxidation state

to the +2 oxidation state, forming ZnBr^.

CH,—CH—CH— CH3 + Zn
CH^COOH

CH3—CH=CH—CH3 + ZnBr,

Br Br
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PROBLEM 7-14

Predict the products of the following reactions,

la i 1.2-dibromodecane - Zn in CHjCOOH
(b) fra7jj-1.2-dibromocyclohexane — NaT in acetone

(c) rra/u- 1 .2-dibroniocyclodecane - Nal in acetone

Br

(d)

Br

Br

— Nal in acetone

- Nal in acetone

Deh> dration of alcohols is one of the best methods for the s\Tithesis of alkenes. The 7-10
word dehxdration literallv means the removal of water.

I I acidic cataiv^Lheai \ / bv Dehvdration
—c—c— ' =^ c=c - H O

/ \
H OH

Alkene Synthesis

by Dehydra

of Alcohols

Dehydration is re\ ersible. and in most cases the equilibrium constant is not large. In

facL the reN erse reaction ( hydration i is a method for converting alkenes to alcohols

(see Section 8-4). Dehydration can be forced to completion by remo\ing the prod-

ucts from the reaction ttdxmre as they form. The alkene boUs at a low er temperamre

than the alcohol because the alcohol is hydrogen bonded. A carefully controlled dis-

tillation removes the alkene while leaving the alcohol in the reaction mixmre.

Concentrated sulfuric acid and/or concentrated phosphoric acid are often used

as reagents for dehydration because these acids act both as acidic catal> sts and as de-

hydrating agents. H} dration of these acids is highl} exothermic. The overall reaction

(using sulfuric acid) is

II \ /—C—C— - H-SO. C=C - H-.O- - HSO-
- ' / \

H OH

The mechanism of dehydration resembles the El mechanism co%ered in Chap-

ter 6. The hydroxyl group of the alcohol is a poor leaving group ( ~0H ». but proto-

nation by the acidic catalyst com ens it to a good leaving group ( H-O ).

Siep 1: Protonation of the hydroxyl group (fast equilibrium

i

H

O H :0—H HSOr

H— O— S—O— H —C—C—
I I I

o

Ionization of the protonated alcohol gi\ es a carbocation that loses a proton to give

the alkene. The carbocation is a very strong acid: any weak base such as H2O or

HSOr can abstract the proton in the final step.
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Sicp 2: Ionization (slow; rate-determining) Step 3: Proton abstraction (fast)

H

H . = 0—

H

\ /
+—C—C— — C—C+ + H,0: > C=C + H,0

/ \ ^

Like other El mechanisms, dehydration of an alcohol follows an order of re-

activity that reflects carbocation stability: 3° alcohols react faster than 2° alcohols,

and 1° alcohols are the least reactive. Rearrangements of the carbocation intermedi-

ates are common in alcohol dehydrations.

SOLVED PROBLEM 7-5

Give a mechanism for the sulfuric acid-catalyzed dehydration of ;-butyl alcohol.

SOLUTION
The first step is protonation of the hydroxyl group, which converts it to a good leaving

group.

^ ^ CH,
I ^

I /
CH,—C—O—H + H^SOj CH,—C— + HSO;

CH, CH, "

The second step is ionization of the protonated alcohol to give a carbocation.

H CH,
I / /

CH,—C— «^ CH,—C^ + H.O:
3

I

3 ^
CH, "

Abstraction of a proton completes the mechanism.

"x
C=C + H,0+

/ \
H CH,

PROBLEM SOLVING
Proposing Reaction Mechanisms

In Chapter 4, we considered general principles for drawing free-radical reaction mecha-

nisms. Reactions involving strong bases and strong nucleophiles, or strong acids and strong

electrophiles, are much more common than free-radical reactions. In general, when or-

ganic chemists speak of an acid or a base, they mean a proton acid ( proton donor) or a pro-

ton base (proton acceptor). When they speak of an electrophile or a nucleophile, they

mean an electron pair acceptor or an electron pair donor (These usages overlap somewhat

because the transfer of a proton involves donating and accepting a pair of electrons.)

The first step in proposing a mechanism is to classify the reaction by examining

what is known about the reactants and the reaction conditions. A free-radical initiator such

as chlorine, bromine, or a peroxide suggests that a free-radical chain reaction (like those
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discussed in Chapter 4) is most likely. In the presence of a strong acid or a reactant that

can dissociate to give a strong electrophile, a mechanism involving strong electrophiles

(such as the SnI, the El, alcohol dehydration, etc.) is most likely. In the presence of a

strong base or a strong nucleophile. a mechanism involving strong nucleophiles (such as

the Sn2 or the E2) is most likely. (Appendi.x 4 contains more complete methods for ap-

proaching mechanism problems.)

Once you have decided which type of mechanism is most likely, some general prin-

ciples can guide you in proposing the mechanism. Some of these principles for free-rad-

ical reactions were discussed in Chapter 4. Now we consider reactions that involve either

strong nucleophiles or strong electrophiles as intermediates. In later chapters, we will

apply these principles to more complex mechanisms.

Whenever you start to work out a mechanism, draw all the bonds and all the sub-

stituents of each carbon atom affected throughout the mechanism. Three-bonded carbon

atoms are likely to be the reactive intemiediates. If you attempt to draw condensed fomiulas

or line -angle formulas, you will likely misplace a hydrogen atom and show the wrong car-

bon atom as a radical, cation, or anion.

Show only one step at a time; never combine steps, unless two or more bonds re-

ally do change position in one step (as in the E2 reaction, for example). Protonation of an

alcohol and loss of water to give a carbocation, for example, must be shown as two steps.

You must not simply circle the hydroxyl and the proton to show water falling off.

Use curved arrows to show the movement of electrons in each step of the reac-

tion. This movement is always /rowi the nucleophile (electron donor) to the electrophile

(electron acceptor). For example, protonation of an alcohol must show the arrow going

from the electrons of the hydroxyl oxygen to the proton— never from the proton to the

hydroxyl group. Don V use curved aiTows to try to "point out" where the proton (or other

reagent) goes.

Reactions Involving Strong Nucleophiles

When a strong base or nucleophile is present, expect to see intermediates that are also

strong bases and strong nucleophiles; anionic intermediates are common. Acids and elec-

trophiles in such a reaction are generally weak. Avoid drawing carbocations, HjO^, and

other strong acids. They are unlikely to coexist with strong bases and strong nucleophiles.

Functional groups are often converted to alkoxides, carbanions, or other strong nu-

cleophiles by deprotonation or reaction with a strong nucleophile. Then the carbanion or

other strong nucleophile reacts with a weak electrophile such as a carbonyl group or an

alkyl halide.

Consider, for example, the mechanism for the dehydrohalogenation of 3-bromopentane:

CH3CH.O
CH,—CH,—CH—CH,—CH, '

> CH,—CH=CH—CH,—CH,

Br

Someone who has not read Chapter 6 or the guidelines above for classifying mechanisms

might propose an ionization, followed by loss of a proton:

Incorrect mechanism

H H

CH,—C—C—CH,—CH3
-

\ h
-

H Br

H H unlikely

CH3—C—C—CH,—CH,
I

"

H Br-
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This would be a very bad mechanism, violating several general principles of proposing

mechanisms. First, in the presence of ethoxide ion (a strong base), both the carbocation and

the ion are unlikely. Second, the mechanism fails to explain why the strong base is re-

quired; the rate of ionization would be unaffected by the presence of ethoxide ion. Also,

doesn't just fall off (even in an acidic reaction); it must be removed by a base.

The presence of ethoxide ion (a strong base and a strong nucleophile) in the reac-

tion suggests that the mechanism involves only strong bases and nucleophiles and not any

strongly acidic intermediates. As shown in Section 7-9A, the reaction occurs by the E2
mechanism, a simple example of a reaction involving a strong nucleophile. In this concerted

reaction, ethoxide ion removes a proton as the electron pair left behind fonns a pi bond and

expels bromide ion.

CH3CH.O—

H

H

^ CH3—C=C—CH.—CH,
H Br-

Correct mechanism

H H

CH3—C—C—CH.—CH3

H ( Br

Reactions Involving Strong Electrophiles

When a strong acid or electrophile is present, expect to see intermediates that are also

strong acids and strong electrophiles; cationic intermediates are common. Bases and nu-

cleophiles in such a reaction are generally weak. Avoid drawing carbanions, alkoxide

ions, and other strong bases. They are unlikely to coexist with strong acids and strong

electrophiles.

Functional groups are often converted to carbocations or other strong electrophiles

by protonation or by reaction with a strong electrophile; then the carbocation or other

strong electrophile reacts with a weak nucleophile such as an alkene or the solvent.

For example, consider the dehydration of 2,2-dimethyl-l-propanol:

9^3 CH3
I

H,SO,. 150°C \^

CH3—C—CH.—OH — > ^C=CH—CH3

CH3

The presence of sulfuric acid indicates that the reaction is acidic and should involve strong

electrophiles. The hydroxyl group is a poor leaving group; it certainly cannot ionize to

give a carbocation and ~OH (and we do not expect to see a strong base like ~OH in this

acidic reaction). Yet. the hydroxyl group is weakly basic, and in the presence of a strong

acid it can become protonated.

Step I : Protonation of the hydroxyl group

CH3 .^---^ ^
CH3—C—CH,—O—H + H2SO4 * CH,—C—CH,—O—H + HSO

CH3 CH3
slariing alcohol protonated alcohol

+

The protonated hydroxyl group —OH. is a good leaving group. A simple ionization

to a carbocation would form a primary carbocation. Primary carbocations are very unsta-
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ble, however; therefore, a methyl shift occurs as water leaves, so that a primary carboca-

tion is never formed. A tertiary carbocation results.

Step 2: Ionization with rearrangement

CH3 H CH,
I I

H^O leaving
i

CH—C—CH.^O—H CH3—C—CH. + H.O-

I

^ - with CH-, shift +
I

-

CH3 CH3
protonated alcoliol tertiary carbiK'ation

The final step is loss of a proton to a weak base, such as HS04~ or HjO (but ?iot ~OH,

which is incompatible with the acidic solution). Either of two types of protons, labeled 1

and 2 below, could be lost to give alkenes. Loss of proton 2 gives the required product.

Step 3: Abstraction of a proton to form the required product

^ H H CH3 CH, H

H—C—C—-C— CH, > C=C or C=C
|-> + i-l / \ _ / \

j_j
H CHi CH3 CH3 ^^3

abstract proton 1 abstract proton 2

' 2 observed product

H,0:

Because abstraction of proton 2 gives the more highly substituted (therefore more

stable) product, the Saytzeff rule predicts it will be the major product. Note that in other

problems, however, you may be asked to propose mechanisms to explain unusual com-

pounds that are only minor products.

PROBLEM 7-15

For practice in recognizing mechanisms, classify each reaction according to the type of

mechanism you expect:

( 1 ) Free-radical chain reaction

(2) Reaction involving strong bases and strong nucleophiles

(3) Reaction involving strong acids and strong electrophiles

O

9 CH, C
II Ba(OH), \' / \

(a) 2CH3—C—CH, ^ C=C CH3

CH, H
CH.OH

(c) styrene > polystyrene

BF,
(d) ethylene ^ polyethylene

Problems 7-16 and 7-17 provide practice in proposing mechanisms by applying the

general principles described above.
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PROBLEM-SOLVING HINT
Alcohol dehydrations usually go

through the El mechanism, with

a carbocation intermediate.

PROBLEM 7-16

Propose mechanisms for the following reactions:

(a) CH,—CH.—CH.—CH.—OH ^
> CH,—CH=CH—CH,

{Hint: Hydride shift)

,Br

(b)

NaOCH,
OCH,

+

PROBLEM 7-17

Propose a mechanism for each of the following reactions.

,0H

7-1 I

Alkene Synthesis:

H igh-Temperatu re

Industrial Methods

7-1 I A Catalytic Cracking ofAlkanes
The least expensive way to make alkenes on a large scale is by the catalytic crack-

ing of petroleum: heating a mixture of alkanes in the presence of a catalyst. Alkenes

are formed by a bond cleavage to give an alkene and a shortened alkane.

H H H H

H— C— c—c— C

H H H H

H H H H H H H

H
heat \

catalyst
H—C—C—C—C—C—H + C=C— C—

H

Ions-chain alkane

H H H H H
shorter alkane

H H H
alkene

Cracking is used primarily to make small alkenes, up to about six carbon atoms.

Its value depends on having a market for all the different alkenes and alkanes pro-

duced. The average molecular weight and the relative amounts of alkanes and alkenes

can be controlled by varying the temperature, catalyst, and concentration of hydro-

gen in the cracking process. A careful distillation on a huge column separates the mix-

ture into its pure components, ready to be packaged and sold.

Because mixtures are always formed, catalytic cracking is not suitable for lab-

oratory synthesis of alkenes. Better methods are available for synthesizing relative-

ly pure alkenes from a variety of other functional groups. Several of these methods

are discussed in Sections 7-9. 7-10. and later sections as listed in the Summary.

7-1 IB Dehydrogenation of Alkanes

Dehydrogenation is the removal of Hi from a molecule, just the reverse of hydro-

genation. Dehydrogenation of an alkane gives an alkene. This reaction has an unfa-

vorable enthalpy change but a favorable entropy change.
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H H
I I heat \ /—C—C— ; > C=C + H,

I I

catalyst / \

1H° = +20to +30kcal ( + 80to +120kJ) 1S° = +30 eu

^\ ^^^^
c=c + c=c

H,C^ ^CH, H,C^

+ H,C=CH—CH.CH, + H.C=CH—CH= CH. -r H.

Pt. 500°C
CH3CHXH2CH3

The hydrogenation of alkenes (Section 7-7) is exothermic, with values of A//^ around

—20 to —30 kcal (
— 80 to —120 kJ). Therefore, dehydrogenation is endothermic

and has an unfavorable (positive) value of A//°. The entropy change for dehydro-

genation is strongly favorable (A5° = + 30 eu). however, because one alkane mol-

ecule is converted into two molecules (the alkene and hydrogen), and two molecules

are more disordered than one.

The equilibrium constant for the h\drogenation-deh>'drogenation equilibri-

um depends on the change in free energy. AG = IH - TIS. At room temperature,

the enthalp) temi predominates and h\ drogenation is fa\ ored. When the temperature

is raised. howe\ er. the ( — 7A5 ) entropy term becomes larger and eventually domi-

nates the expression. At a sufficiently high temperature, dehydrogenation is favored.

PROBLEM 7-18

The dehydrogenation of butane to rran5-2-butene has A//" = +27.6 kcal/mol

(+ 116 kJ/mol) and A5° = + 28.0 eu. (leu = 1 cal/kelvin-mol)

(a) Compute the value of AG° for dehydrogenation at room temperature (25^C or 298 K).

Is dehydrogenation favored or disfavored?

(b) Compute the value of AG for dehydrogenation at lOOO'C. assuming AS and \H are con-

stant. Is dehvdrosenation fa\ ored or disfavored?

In many ways, dehydrogenation is similar to catalytic cracking. In both cases,

a catalyst is used to lower the activation energ\'. and both reactions use high tem-

peratures to increase a favorable entropy term ( - TIS ) and overcome an unfa\ orable

enthalpy term (A//). Unfortunately, dehydrogenation and catalytic cracking also

share a tendenc}^ to produce mixtures of products, and neither reaction is well suit-

ed for the laboratory synthesis of alkenes.

SUMMARY; Methods for Synthesis of Alkenes

1. Dehydwhalogenation of alky I halides (Section 7-9)

H

1 1_ base, heat
^ =

I I

(loss of HX) / \

Example
X

(CH3)3CO~K+
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2. Dehalogenation of vicinal dibromides (Section 7-9C)

Br

II Nalor \ /—c—c— * c=c
I I

Zn. CH3COOH / \
Br

Example

B\
."ph Ph. /H

.X—C .
> C=C

nu J \ acetone / \
Br ^Ph

3. Dehydration ofalcohols (Section 7-10)

I I
cone. H^SO, or H,PO, \ /—C—C— ^7 ^ > C=C + H,0

I I

heat / \
H OH

Example

-H

H 150°C

H

+ H,0

HH
cyclohexanol cyclohexene

4. Dehydrogenation of cdkanes (Section 7-1 IB)

I I heat, catalyst—c—c— c=c
II ^ \
H H

(Useful only for small alkenes; commonly gives mixtures.)

r-'Lj^Lj'oo /^u Pt. 500°C fl-butene + cis- and /ra??.v-2-butene +
CH3CH,CH,CH3 >

ll.3-butadiene + H,

5. Hofmann elimination (Section 9-15)

H
I I

A22O, heat \ /—C—C— > ^C=C^ + :N(CH3)3

-N(CH3)3 r
(Usually gives the least highly substituted alkene.)

^^^'"^'^
Ag,0. heat

CH3—CH,—CH—CH3 —= > CH3—CH,—CH=CH, + =N(CH3)3

+N(CH3)3 I-

6. Reduction ofalkynes (Section 9-9)

R R'
H,.Pd/BaSO^ \ /

R—C=C— R' * C=C cis-alkene
quinoline / \

H H
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R H
Na. NH3 \ /

R— C=C— R' C=C trans-alkene

H R'

^^"'"/''^^ CH,CH, CHXH3
H,.Pd/BaSO, \- / -

^

CH,CH.—C=C—CH.CH3 '
. ,.

> C=C
- " quinoline / \

H H

CH3CH. H
Na. NH, X" /

CH3CH2—C=C—CH2CH3 /^^^\
H CH2CH3

7. Wittig reaction {Stction lS-13)

R' R'
\ \
C=0 + Ph.P^CHR" > C=CHR" + Ph3P=0

/ - /
R R

Example ^

C=0 + Ph3P=CHCH3 >
I

C=C^
CH3

cyclopentanone

alkene (olefin) A hydrocarbon with one or more carbon -carbon double bonds, (p. 294) Chapter 7
diene: A compound with two carbon-carbon double bonds, (p. 299) GloQ^arv
triene: A compound with three carbon -carbon double bonds, (p. 299) '

tetraene: A compound with four carbon -carbon double bonds, (p. 299)

allyl group A vinyl group plus a methylene group: CH2=CH—CHi— (p. 299)

Bredt's rule A stable bridged bicyclic compound cannot have a double bond at a bridge-

head position unless one of the rings contains at least eight carbon atoms, (p. 310)

bicyclic: Containing two rings.

bridged bicyclic: Having at least one carbon atom in each of the three links connecting

the bridgehead carbons.

a bridged bicyclic compound a Bredt's rule violation

bridgehead carbons: Those carbon atoms that are part of both rings, with three arms of

bonds connecting them,

catalytic cracking The heating of petroleum products in the presence of a catalyst, causing

bond cleavage to form alkenes and alkanes of lower molecular weight, (p. 322)

cis-trans isomers (geometric isomers) Isomers that differ in their cis-trans arrangement on

a ring or double bond. Cis-trans isomers are a subclass of diastereomers. (p. 300)

cis: Having similar groups on the same side of a double bond or a ring.

trans: Having similar groups on opposite sides of a double bond or a ring.

Z: Having the higher-priority groups on the same side of a double bond.

E: Having the higher-priority groups on opposite sides of a double bond.
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dehalugenation The ehmination of a halogen (Xj) from a compound. Dehalogenation is

formally a reduction, (p. 316)

X X
I I

Zn, CH3COOH \ /—C—C— > C=C + ZnX,
II / \ ^

dehydration The elimination of water from a compound: usually acid-catalyzed, (p. 317)

H OH
II H+ \ /— C—C— C=C + H.O
II / \ -

dehydrogenation The elimination of hydrogen (Hi) from a compound; usually done in the

presence of a catalyst, (p. 322)

H H
Pt. high temperature

^ ^^^^^ „

I I

' / \

dehydrohalogenation The elimination of a hydrogen halide (HX ) from a compound; usu-

ally base-promoted, (p. 313)

H X
I I KOH \ /—C—C— > C=C + H,0 + K+X-
II / \ -

double-bond isomers Constitutional isomers that differ only in the position of a double

bond. Double-bond isomers hydrogenate to give the same alkane. (p. 306)

element of unsaturation A structural feature that causes a reduction of two hydrogen atoms

in the molecular formula. A double bond or a ring is one element of unsaturation: a triple

bond is two elements of unsaturation. (p. 296)

geminal dihalide A compound with two halogen atoms on the same carbon atom. (p. 228)

geometric isomers See cis-trans isomers, (p. 300)

heteroatom Any atom other than carbon or hydrogen, (p. 297)

Hofmann product The least highly substituted alkene product, (p. 314)

hydrogenation Addition of hydrogen to a molecule. The most common hydrogenation is

the addition of H, across a double bond in the presence of a catalyst {catalytic hydrogenation).

The value of ( - A//°) for this reaction is called the heat of hydrogenation. (p. 304)

H H
\ / Pt II
C=C -I- H, * —C—C— -AH° = heat of hydrogenation

/ \ - II ^ ^

olefin An alkene. (p. 294)

polymer A substance of high molecular weight made by linking many small molecules,

called monomers, (p. 303)

addition polymer: A polymer formed by simple addition of monomer units.

polyolefin: A type of addition polymer with an olefin serving as the monomer,

saturated Having only single bonds: incapable of undergoing addition reactions, (p. 296)

Saytzeff rule An elimination usually gives the most stable alkene product, commonly the most

highly substituted alkene. The Saytzeff rule does not always apply, especially with a bulky base

or a bulky leaving group, (pp. 306, 314)

Saytzeff elimination: An elimination that gives the Saytzeff product.

Saytzeff product: The most highly substituted alkene product, (p. 324)

thermal cracking The heating of petroleum products, causing bond cleavage to form prod-

ucts of lower molecular weight. Cracking is often used to form mixtures that are rich in eth-

ylene and propylene. Catalytic cracking involves the use of a catalyst, usually an acidic

aluminosilicate mineral, (p. 322)
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unsaturated Ha\ing multiple bmuK thai can undergo addition reactions, (p. 296)

vicinal diiialide A compound uiili two halogens on adjacent carbon atoms, (p. 316)

vinyl group An ethenyl group. CH;=CH— l p. 299)

ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 7

1. Draw and name all alkenes w ith a gi\en molecular formula.

2. Use the £-Z and cis-trans systems to name geometric isomers.

3. Use heats of hydrogenation to compare stabilities of alkenes.

4. Predict relative stabilities of alkenes and cycloalkenes. based on structure and stere-

ochemistry.

5. Predict the products of dehydrohalogenation of alkyl halides. dehalogenation of di-

bromides. and dehydration of alcohols, including major and minor products.

6. Propose logical mechanisms for dehydrohalogenation. dehalogenation. and deh\ dra-

tion reactions.

7. Predict and explain the stereochemistry of E2 eliminations to form alkenes.

8. Propose effective single-step and multistep syntheses of alkenes.

Study Problems

7-19.

7-20.

7-21.

7-22.

7-23.

7-24.

7-25.

Define each term and give an example.

(a) double-bond isomers (b)

(d) Hofmann product (e)

(g) dehydrogenation (h)

(j) dehalogenation (k)

(m) heteroatom

Saytzeff elimination

Bredt's rule violation

dehydrohalogenation

2eminai dihalide

(c) element of unsaturation

(f) hydrogenation

( i ) dehydration

(1) \icinal dihalide

(n) polymer

Drav\- a structure for each compound,

(a) 3-methyl-l-pentene (b) 3.4-dibromo-l-butene

(d) (Zl-3-methyl-2-octene (e) vmylcyclopropane

(g) (3Z.6£)-1.3.6-octatnene

Gi\ e a correct name for each compound.

(a) CH,— CH,—C—CH;—CH,—CH, (b) (CH.CHo^C

CH.

(e)

(c) 1.3-cyclohexadiene

(f) (Z)-2-bromo-2-pentene

= CHCH-,

Label each structure as Z. E. or neither

CH-, /- H CH,H,C

(a) t <b) ^C=C^
H CI CI CH,,

(c)

Ph
\

C

/

CH,CH; -t H,C CHO
/ - \ /

C=C (d) C=C
\ / \
CH, H CH,OH

(a) Draw and name all five isomers of formula C ,H^F.

(b) Cholesterol. C27H4(,0, has only one pi bond. What else can nou say about its structure'^

Draw and name all stereoisomers of 3-methyl-2.4-hexadiene

(a) using the cis-trans nomenclature. (b) using the £-Z nomenclature.

Determine which compounds show cis-trans isomerism. Draw and label the isomers, using both the cis-trans and

£-Z nomenclatures where applicable.

(a) 1-pentene (b) 2-pentene (c) 3-hexene

(d) 1.1-dibromopropane (e) 1 .2-dibromopropane (f) 2.4-hexadiene
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7-26.

772S8.

7-29.

7-31.

7-32.

7-33.

7-34.

7-35.

7-36.

For each alkene, indicate the direction of the dipole moment. For each pair, determine which compound has the

larger dipole moment.

(a) m- 1 ,2-ditluoroethene or //wj.v- 1 ,2-dinuoroethene

(b) c/,v- 1 ,2-dibromoethene or /AW?5-2,3-dibromo-2-butene

(c) cis- or rra«,v-l,2-dibromo-l,2-dichloroethene

(d) c7.s-l,2-dibromo-l,2-dichloroethene or ra-l,2-dichioroethene

Predict the products of the following reactions. When more than one product is expected, predict which product

will be the major product.

OH

CH,
Br

H,SO,

heat

NaOCH
(c)

Write a balanced equation for each reaction.

CH, CH,
I I

H.SO^.heat

(a) CH,—CH—C— CH, — >

heat

NaOCfCH,),

Br

(c) CH,—CH-

OH
Br

-CH-

NaOCCCHjjj

Zn. CH3COOH
-CH, ^ >

Show how you would prepare cyclopentene from each compound,

(a) rra/!.9-l,2-dibromocyclopentane (b) cyclopentanol

(c) cyclopentyl bromide (d) cyclopentane (not by dehydrogenation)

Predict the products formed by sodium hydroxide -promoted dehydrohalogenation of the following compounds.

In each case, predict which product will be the major product.

(a) 1-bromobutane (b) 2-chlorobutane (c) 3-broinopentane

(d) 1-bromo-l-methylcyclohexane (e) l-bromo-2-methylcyclohexane

What halides would undergo dehydrohalogenation to give the following pure alkenes?

(a) l-butene (b) isobutylene (c) 2-pentene

(d) methylenecyclohexane (e) 4-methylcyclohe,xene

In the dehydrohalogenation of alkyl halides, a strong base such as r-butoxide usually gives the best results via the

E2 mechanism.

(a) Explain why a strong base such as r-butoxide cannot dehydrate an alcohol through the E2 mechanism.

(b) Explain why strong acid, used in the dehydration of an alcohol, is not effective in the dehydrohalogenation of

an alkyl halide.

Predict the major products of dehydration of the following alcohols.

(a) 2-pentanol (b) 1-methylcyclopentanol (c) 2-inethylcyclohexanol (d) 2.2-diniethyl-l-propanol

Dehydration of 2-inethylcyclopentanol gives a mixture of three alkenes. Propose mechanisms to account for

these three products.

OH
-methylcyclopentanol

H2SO4

heal

CH, CH, CH,

major

El eliminations of alkyl halides are rarely useful for synthetic purposes, because they give mixtures of substitu-

tion and elimination products. Explain why the sulfuric acid -catalyzed dehydration of cyclohexanol gives a good

yield of cyclohexene even though the reaction goes by an El mechanism. (Hint: What are the nucleophiles in the

reaction mixture? What products are formed if these nucleophiles attack the carbocation? What further reactions

can these substitution products undergo?)

The following reaction is called the pinacol rearrangement. The reaction begins with an acid-promoted ioniza-

tion to give a carbocation. This carbocation undergoes a methyl shift to give a more stable, resonance-stabilized

cation. Loss of a proton gives the observed product. Propose a mechanism for the pinacol reaiTangement.
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7-37.

7-38.

7-39.

7-40.

7-41.

*7-42.

^7-43.

^7-44.

H,C CH,

CH— C—C—CH,
H.SOj. heat

O CH,

CH,—C—C—CH,

HO OH CH,

pinacol pinacolone

Propose a mechanism to explain the formation of two products in the following reaction;

,CH,Br

+
'

Br

NBS. hv

A chemist allows some pure (25.3/?)-3-bromo-2.3-diphenylpentane to react with a solution of sodium ethoxide

( NaOCH^CH,) in ethanol. The products are two alkenes: A (cis-trans mixture) and B, a single pure isomer.

Under the same conditions, the reaction of (25.3S )-3-bromo-2.3-diphenylpentane gives two alkenes. A (cis-trans

mixture) and C. Upon catalytic hydrogenation. all three of these alkenes (A. B. and C) give 2.3-diphenylpentane.

Determine the structures of A. B. and C. give equations for their reactions with sodium ethoxide in ethanol. and

explain the stereospecificity of these reactions.

The energy difference between cis- and rran5-2-butene is about 1 kcal/mol; however, the trans isomer of 4.4-di-

methyl-2-pentene is 3.8 kcal/mol more stable than the cis isomer. Explain this large difference.

A double bond in a six-membered ring is usually more stable in an endocyclic position than in an exocyclic posi-

tion. Hydrogenation data on two pairs of compounds are gi\ en below. One pair suggests that the energy differ-

ence between endocyclic and exocyclic double bonds is about 2.1 kcal. The other pair suggests an energy

difference of about 1.2 kcal. Which number do you trust as being more representative of the actual energy differ-

ence'^ Explain your answer.

endocyclic exocvclic 25.7 27.8 25.1

heats of hvdroaenation (kcal/mol)

26.3

One of the follow ing dichloronorbomanes undergoes elimination much faster than the other. Determine v\ hich

one reacts faster, and explain the large difference in rates.

(CH,)XO"K^

(CH,|XOH

CI

cis trans

Treatment of 2-bromopropane with a solution of sodium ethoxide (NaOCH2CH3) in ethanol gives a product mix-

ture containing about 15% propene and 25% 2-ethoxypropane. The same reaction with hexadeuterio-2-bromo-

propane. CD^CHBrCD,, gives 31% CD.=CH—CD, and 697c (CD,):CH0CH.CH3 . Explain why using the

deuterated starting material reverses the product ratio. (You might want to review Section 4-12.)

A graduate student wanted to make methylenec\clobutane. and he tried the following reaction:

CH,OH
H,SOj

heat
+ other products

methylenecyclobutane

(minor)

Propose structures for the other products, and gi\ e mechanisms to account for their formation.

Give a mechanism to explain the formation of the following product. In your mechanism, explain the cause of the

rearrangement, and explain the failure to form the Saytzeff product.

CH,OH

H.SOj
>

heat
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H H

H.C

D

CH^

Reactions of Alkenes
D

Pt

All alkenes have a common feature: a carbon -carbon double bond. The reac-

tions of alkenes arise from the reactivity of the carbon -carbon double bond.

Once again, the concept of the functional group helps to organize and sim-

plify the study of chemical reactions. By studying the characteristic reactions of the

double bond, we can predict the reactions of alkenes we have never seen before.

8-1

Reactivity of the

Carbon-Carbon
Double Bond

Because single bonds (sigma bonds) are more stable than pi bonds, we might expect

the double bond to react and transform the pi bond into a sigma bond. In fact, this is

the most common reaction of double bonds. We have already seen an example of

such a reaction. Catalytic hydrogenation converts the C=C pi bond and the H—

H

sigma bond into two C—H sigma bonds. The reaction is exothermic (A//° = about

— 20 to -30 kcal/mol or about -80 to - 120 kJ/mol), showing that the product is

more stable than the reactants.

\ /
C=C + H—

H

/ \
catalyst c—c—

H H

energy

Hydrogenation of an alkene is an example of an addition,, one of the three

major reaction types we have studied: addition, elimination, and substitution. In an

addition, two molecules combine to form one product molecule. When an alkene

undergoes addition, two groups add to the carbon atoms of the double bond, and the

carbons become saturated. In many ways, addition is the reverse of elimination, in

which one molecule is split into two fragment molecules. In a substitution, one frag-

ment replaces another fragment in a molecule.

Addition

Elimination

\ /
C=C

/ \
X—

Y

—c— c-

X Y

c— c-

X Y

\ /
c=c +

/ \
Y

330
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Substitution

X + Y C— Y + X

Addition is the most common reaction of alkenes, and we will consider addi-

tions in detail. A wide variety of functional groups can be formed by addition of

suitable reagents to the double bonds of alkenes.

In principle, many different reagents could add to a double bond to fomi more sta-

ble products; that is, the reactions are energetically favorable. Not all of these reac-

tions have convenient rates, however. For example, the reaction of ethylene with

hydrogen (to give ethane) is strongly exothermic, but the rate is very slow. A mix-

ture of ethylene and hydrogen can remain for years without appreciable reaction.

Adding a catalyst such as platinum, palladium, or nickel allows the reaction to take

place at a rapid rate.

Some reagents react with carbon -carbon double bonds without the aid of a

catalyst. To understand what types of reagents react with double bonds, consider the

structure of the pi bond. Although the electrons in the signia bond framework are

tightly held, the pi bond is delocalized above and below the sigma bond (Fig. 8-1 ).

The pi bonding electrons are spread farther from the carbon nuclei, and they are more

loosely held. A strong electrophile has an affinity for these loosely held electrons; it

can pull them away to form a new bond (Fig. 8-2), leaving one of the carbon atoms

with only three bonds and a positive charge: a carbocation. In effect, the double bond

has reacted as a nucleophile, donating a pair of electrons to the electrophile.

In most additions, a nucleophile attacks the carbocation (as in the second step of

the SnI reaction), fomiing a stable addition product. In the product, both the electrophile

and the nucleophile are bonded to the carbon atoms that were in the double bond. The

following schematic reaction uses E^ as the electrophile and Nuc:~ as the nucleophile.

8-2

Electrophilic

Addition to Alkenes

If

half of K bond

„„ abond ,

heldtighdy '-^ ^

half ot 71 boE

Figure 8-1

The electrons in the pi bond

are spread farther from the

carbon nuclei than the sigma

electrons, and they are more

loosely held.

Step I : Attack of the pi bond on the electrophile Step 2: Attack by the nucleophile

\ // N I / I

C=C + E^ > —C— —C—C+ + Nuc:
/ \

I
\

I

\
E E

This type of reaction requires a strong electrophile to attract the electrons of the

pi bond and generate a carbocation in the rate-determining step. Most alkene reac-

tions fall into this large class of electrophilic additions to alkenes.

To illustrate the electrophilic addition, consider what happens when gaseous

HBr adds to 2-butene. The proton in HBr is electrophilic; it reacts with the alkene to

form a carbocation.

'HQ
C''"'

- "'^C+ C"„

empty /' orbital

M Figure 8-2

A strong electrophile pulls the

electrons out of the pi bond to

form a new sigina bond. A
carbocation results. The (red)

curved arrow shows the move-

ment of electrons, from the

electron-rich pi bond to the

electron-poor electrophile.
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H H H H

CH^ C——C CH-^

H— Br

CH3—C—C—CH3 + Br-

H

Bromide ion reacts rapidly with the carbocation to give a stable product in which the

elements of HBr have added to the ends of the double bond.

CH,- CH,

H

c-

H

H

C—CH,

Br

We will consider several types of additions to alkenes, using a wide variety of

reagents: water, borane, hydrogen, carbenes, halogens, oxidizing agents, and even

other alkenes. Most, but not all, of these will be electrophilic additions. Table 8-1 sum-

marizes the classes of additions we will cover. Note that the table shows what ele-

ments have added across the double bond in the final product, but it says nothing about

reagents or mechanisms. As we study these reactions, you should note the regio-

chemistry of each reaction, also called the orientation ofaddition, meaning which part

of the reagent adds to which end of the double bond. Also note the stereochemistry

if the reaction is stereospecific.

TABLE 8-1 Types of Additions to Alkenes

\ /
C=C Type of Addition

[Elements Added]'""
Product

hydration

[H,0]

hydrogenation

|H,|, a reduction

hydroxylation

[HOOH], an oxidation

oxidative cleavage
^

[C),|, an oxidation

epoxidation

|OJ, an oxidation

II nil

—c—c—
I 1

H H
I I—C—C—

OH OH
I I—c—c—

\ /
^c=o o=c^

o
/ \—c—c—

halogenation

|X,], an oxidation

halohydrin formation

[HOX|, an oxidation

HX addition

[HX]

-C—C—

\ OH

-c—c—

H X

-c—c—

H H
\ /
r

cyclopropanation
^ ^ \^

[CHJ

^These are not the reagents used but simply the groups that appear in the product.

8-3

Addition of

Hydrogen Halides

to Alkenes

8-3A Orientation ofAddition: Markovnikov's Rule

The simple mechanism shown for the addition of HBr to 2-butene applies to a large

number of electrophilic additions. We can use this mechanism to predict the out-

come of some fairly complicated reactions. For example, the addition of HBr to

2-methyl-2-butene could lead to either of two products, yet only one is observed.
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CH, CH, CH,

CH,—C=CH—CH, + H— Br > CH,—C—CH—CH, or CH,—C—CH—CH,

Br H H Br

observed not observed

The first step is protonation of the double bond. If the proton adds to the secondary

carbon, the product will be different from the one formed if the proton adds to the

tertiary carbon.

CH, CH,

CH,-C=CH-CH,
add to secondary carbon^ CH,-C-CH-CH,

^H^r H Br

tertiary carbocation

I add H"*" to tertiary carbon . „ „ „ „
CH,—C=CH—CH, CH,— C—CH—CH,

CH, CH,

H^r H Br

secondary carbocation

When the proton adds to the secondary carbon, a tertiary carbocation results. When
the proton adds to the tertiary carbon atom, a secondary carbocation results. The ter-

tiary carbocation is more stable (see Section 4-16A), so the first reaction is favored.

The second half of the mechanism shows the final product of the reaction of

2-methyl-2-butene with HBr:

CH, CH,

CH,—C—CH—CH, > CH,— C—CH— CH,

J H Br H
Br:-^

Note that protonation of one carbon atom of a double bond gives a carbocation on

the carbon atom that was not protonated. Therefore, the proton adds to the end of the

double bond that i^J^^^Jhighly^ubstituted to give the more highly substituted car-

bocation {the more stable carbocation)^

Figure 8-3 shows examples of additions where the proton has added to the less

highly substituted carbon atom of the double bond. The addition of HBr is re-

giospecific because in each case, only one of the two possible orientations of addi-

tion is observed.

Markovnikov's Rule. A Russian chemist, Vladimir Markovnikov, first showed the

orientation of addition of HBr to alkenes in 1869. Markovnikov stated:

MARKOVNIKOV'S RULE: The addition of a proton acid to the double bond
|

of an alkene results in a product with the acid proton bonded to the carbon

atom that already holds the greater number of hydrogen atoms. /

This is the original statement of Markovnikov's rule. Reactions that follow this rule

are said to follow Markovnikov orientation and give the Markovnikov product.

We are often interested in adding electrophiles other than proton acids to the double

bonds of alkenes. Markovnikov's rule can be extended to include a wide variety of
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CH,

\

less substituted

H

H H/+ I

H

H^Br H
Br-

CH

H—
3

C-C^
I

^
H

H

H

CH3H

H— C— C—

H

Br H

product

Positive cliarge

on less substituted carbon

less stable; not formed

Figure 8-3

An electrophile adds to the less

substituted end of the double

bond to give the more highly

substituted (and therefore more

stable) carbocation.

CH3

H

CH,
Br

H
H

product

Positive charge

on less substituted carbon

less stable; notfanned

Other additions, based on the addition of the electrophile in such a way as to produce

the most stable carbocation.

MARKOVNIKOV S RULE (extended): In an electrophilic addition to an alkene,

Jhe electrophile adds in such a way as to generate the most stable intermediate.

Like HBr. both HCl and HI add to the double bonds of alkenes, and they also

follow Markovnikov's rule; for example.

CH3

CH3—C=CH—CH3CH3 + HCl

CH,

CH,— C—CH—CHXH,

CI H

+ HI

+ HCl
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PROBLEM 8-1

Predict the major products for the following reactions.

(a) CH,—CH=CH. + HBr (b) 2-methylpropene + HCl

(c) l-methylcyclohexene + HI (d) 4-methylcyclohexene + HBr

PROBLEM 8-2

When 1 ,3-butadiene reacts with 1 mol of HBr. both 3-bromo- 1 -biitene and l-bromo-2-

butene are formed. Give a detailed mechanism to account for this mixture of products.

8-3B Free-Radical Addition of HBr:Anti-Markovnikov Addition

In 1933. M. S. Kharasch and F. W. Mayo showed that anti-Markovnikov products

result from additiorLof HBrJ^but notJiCl or HI ) in the^gresence oTpeipxides. Per-

"oxiHes^give rise to free radicals that act as catalysts to accelerate the addition, caus-

ingTfto occur by a different mechanism. The oxygen -oxygen bond in peroxides is

rather weak. It can break to give two radicals.

R—O—O—

R

heat
R— O- + O—

R

AH° = +36 kcal ( + 150 kJ)

Alkoxy radicals t R—O •
) catalyze the anti-Markovnikov addition of HBr. The

mechanism of this free-radical chain reaction is shown below.

Initiation

R—O—O—

R

R— O- + H— Br

heat
R— O-

R— O- -H

0—

R

+ Br-

Propagation

/
\ /
C=C + Br

/ \

I /
C— C- + H— Br

I
\

Br

I /
-c— C-

I

\
Br

c— c-

Br H

Let's consider the individual steps. In the initiation step, free radicals generat-

ed from the peroxide react with HBr to form brotnine radicals.

R— O- + H— Br: R—O— H + :Br 15 kcal (-63 kJ)

The bromine radical lacks an octet of electrons in its valence shell, making it elec-

tron-deficient and electrophilic. It adds to a double bond, forming a new free radi-

cal with the odd electron on a carbon atom.

:Br-
\ /

-c— c-

Br:

\
AH' 3 kcal (-12 kJ)
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This free radical reacts with an HBr molecule to generate another bromine radical.

C—C— + :Br = -6kcal (-25 kJ)

Br H

The regenerated bromine radical reacts with another molecule of the alkene,

continuing the chain reaction. Note that each propagation step starts with one free rad-

ical and ends with another free radical. The number of free radicals is constant, until

free radicals come together and terminate the chain reaction.

Radical Addition of HBr to Vnsymmetrical Alkenes. Now we must explain the

anti-Markovnikov orientation found in the products of the peroxide-catalyzed reac-

tion. When the alkene is unsymmetrical, if the bromine radical adds to the secondary

end of the double bond, a tertiary radical results.

CH, CH3

CH,— C=CH—CH, + Br- > CH,—C—CH—CH3

Br

tertiary radical (more stable)

Addition to the tertiary end forms a less stable secondary radical.

CH3 CH,

CH,— C=CH—CH, + Br- ^ CH,—C—CH—CH3

Br

SL'conil:ir\ radical (Ic^s stable

)

This reaction is similar to the addition of a proton to an alkene. The electrophile (in

this case, Br - ) adds to the less highly substituted end of the double bond, and the rad-

ical electron appears on the more highly substituted carbon to give the more stable

free radical. This intermediate reacts with HBr to give the anti-Markovnikov prod-

uct, in which H has added to the more highly substituted end of the double bond: the

end that started W\\h few er hydrogens.

CH3 CH3

CH,—C—CH—CH3 + H— Br > CH,—C—CH—CH, + Br-

Br H Br

anti-Markovnikov product

Note that both mechanisms for the addition of HBr to an alkene (with and with-

out peroxides) follow our extended statement of Markovnikov's rule: In both cases,

the electrophile adds to the less substituted end of the double bond to give the more

stable carbocation or free radical. In the ionic reaction, the electrophile is H^. In the

peroxide-catalyzed free-radical reaction, the electrophile is Br-.

Many students wonder why the reaction with Markovnikov orientation does not

take place in the presence of peroxides, together with the free-radical chain reac-

tion. It actually does take place, but the peroxide-catalyzed reaction is much faster.
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If just a tiny bit of peroxide is present, a mixture of Markovnikov and anli-

Markovnikov products results. If an appreciable amount of peroxide is present, the

radical chain reaction is so much faster than the uncatalyzed ionic reaction that only

the anti-Markovnikov product is observed.

The reversal of orientation in the presence of peroxides is called the peroxide

effect. It occurs only with the addition of HBr to alkenes. The reaction of an alkyl

radical with HCl is strongly endothermic, so the free-radical chain reaction is not ef-

fective for the addition of HCl.

CI—C— + H— CI —> CI—C—C— H + CI- = +10kcal (+42 kJ)

Similarly, the reaction of an iodine atom w ith an alkene is strongly endothennic. and

the free-radical addition of HI is not observed. Only HBr has just the right reactivi-

ty for each step of the free-radical chain reaction to take place.

\ / , I /
I- + C=C 1—C— C- J//° = +13 kcal (+54 U)

SOLVED PROBLEM 8-1

Show how you would accomplish the following synthetic conversions,

(a) Convert 1-methylcyclohexene to 1-bromo-l-methylcyclohexane.

SOLUTION
This synthesis requires the addition of HBr to an alkene with Marko\ nikov orientation.

Ionic addition of HBr gives the correct product.

1 -methylcyclohexene 1 -bromo- 1 -methylcyclohexane

(b) Convert I-methylcyclohexanol to l-bromo-2-methylcyclohexane.

SOLUTION
This synthesis requires the conversion of an alcohol to an alkyl bromide with the bromine

atom at the neighboring carbon atom. This is the anti-Markovnikov product, which could

be formed by the radical-catalyzed addition of HBr to 1-methylcyclohexene.

1 -methylcyclohexene I -bromo-2-methylcyclohexane

1 -Methylcyclohexene is easily synthesized by the dehydration of 1-methylcyclo-

hexanol. The most highly substituted alkene is the desired product.

H.O

1-methylcyclohexanol 1-methylcyclohexene
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The two-step synthesis is summarized as follows.

CH3 H^SO,

-methylcyclohexanol

OH heat

HBr

ROOR a
1 -methylcyclohexene

Br
1 -bromo-2-methylcyclohexane

PROBLEM-SOLVING HINT

Remember to write out com-

plete structures, including all

bonds and charges, when writing

a mechanism or determining the

course of a reaction.

PROBLEM 8-3

Predict the major products of the following reactions.

O o

(a) 2-methylpropene + HBr + CH,—C—O—O—C—CH,

(b) 1 -methylcyclohexene + HBr + CH ,CH,—O—O—CH3CH

,

(c) 1 -phenylpropene + HBr + di-/-butyl peroxide phenyl = Ph

PROBLEM 8-4

Show how you would accomplish the following synthetic conversions.

(a) 1-butene 1 -bromobutane

(b) 1-butene 2-bromobutane

(c) 2-methylcyclohexanol ^ 1-bromo-l-methylcyclohexane

(d) 2-methyl-2-butanol 2-bromo-3-methylbutane

8-4

Addition ofWater:

Hydration of

Alkenes

An alkene may react with water in the presence of a strongly acidic catalyst to form

an alcohol. Formally, this reaction is a hydration (the addition of water), with a hy-

drogen atom adding to one carbon and a hydroxy! group adding to the other. Hy-

dration of an alkene is the reverse of the dehydration of alcohols we studied in Section

7-10.

Hydration ofan alkene

/ \ /
C=C + H,0

alkene

H OH

" c—

alcohol

(Marko\ niko\ orientation)

Dehydration ofan alcohol

H OH

-c— c-
H+

c=c + H,0

alkenealcohol

For dehydrating alcohols, a concentrated dehydrating acid (such as H2SO4

or H3PO4) is used to drive the equilibrium to favor the alkene. Hydration of an

alkene is accomplished by adding excess water to drive the equilibrium toward

the alcohol.
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8-4A Mechanism of Hydration

The principle ofmicroscopic rcversihiliry states that a forward reaction and a reverse

reaction taking place under the same conditions (as in an equihbrium) must follow

the same reaction path\va> in microscopic detail. The h\ dration and dehydration re-

actions are the two complementarx reactions in an equilibrium: therefore. the> must

follow the same reaction path\va_\. It makes sense that the low est-energ> transition

stales and intermediates for the re\ erse reaction are the same as those for the forward

reaction, except in reverse order.

According to the principle of microscopic reversibility, we can write the hy-

dration mechanism b_\ rexersing the order of the steps of the dehydration (Section

7-10). Protonation of the double bond forms a carbocation. Nucleophilic attack by

water, follow ed by loss of a proton. gi\ es the alcohol.

Mechanism of acid-catalyzed hydration

H
I /

I

\

Step 2
H

H :0"—

H

I

I

c—c—
1 I

H :6h

C—C— + H^O^

Step 1

C=C + H—O—

H

/ \

+ H,0:

Step 3

H

H :OVH-
I

'

-c—c— + H,0:

Step 1 shows the protonation of the double bond to fomi a carbocation. the same

reaction as the first step in the addition of other electrophilic reagents, such as HBr.

Step 2 is the attack of w ater on the carbocation formed in step 1. Water is the

solvent for the hydration (dilute acid), and it is the most abundant nucleophile. The

product of step 2 is the protonated alcohol.

Step 3 is a proton transfer from the protonated alcohol to water, regenerating

the proton catalyst consumed in step 1.

8-4B Orientation of Hydration

Step 1 of the hy dration mechanism is identical to the tlrsl step in the addition of HBr.

HCL or HI. Just as Markovnikov's rule governs this step in the addition of the hy-

drogen halides. it also determines the orientation of hydration. Consider the hydra-

tion of 2-methyl-2-butene:

CH, CH,

CH,—C—CH—CH, but not CH,—C—CH—CH,
-

I

" "

I

-

H H

3"". more stable 2°. less stable

CH,—C=CH—CH
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The proton adds to the less highly substituted end of the double bond, so the posi-

tive charge appears at the more highly substituted end. Water attacks the carbocation

to give the protonated alcohol.

CH3

CH3— c- -CH-

H

CH, CH3—C—CH—CH,

CO- Hy \

CH3—

c

CH

OH H

CH,

H H

PROBLEM-SOLVING HINT
When predicting products for

electrophilic additions, also draw

the structure of the carbocation

(or other intermediate) that re-

sults from electrophilic attack.

This will help confirm that your

answer is correct.

The reaction has obeyed Markovnikov's rule. The proton has added to the end of the

double bond that already had more hydrogens (that is, the less highly substituted

end), and the —OH group has added to the more highly substituted end.

PROBLEM 8-5

Predict the products of the following hydration reactions.

(a) 1-methylcyclopentene + dilute acid

(b) 2-phenylpropene + dilute acid

(c) l-phenylcyclohexene + dilute acid

PROBLEM 8-6

An inexperienced graduate student wanted to make 3.3-dimethyl-2-butanol. She treated

3,3-dimethyl-l-butene with dilute acid and recovered a mixture of 2,3-dimethy]-2-butanol

and 2,3-dimethyl-2-butene. Using a detailed mechanism, show why these products are

formed rather than the desired alcohol.

8-5

Indirect Hydration

of Alkenes

Many alkenes do not easily undergo hydration in dilute aqueous acid because they are

nearly insoluble in water. Vei^ small concentrations of the alcohol are obtained, and

in many cases the overall equilibrium favors the alkene rather than the alcohol. No
amount of catalysis can cause a reaction to occur if the energetics are unfavorable. Two
other methods can be used to form alcohols with Markovnikov orientation from alkenes:

addition of sulfuric acid followed by hydrolysis, and oxymercuration-demercuration.

In effect, these reactions provide the means for hydration in difficult cases.

\ /
C

C
/ \

alkene

8-5A Addition of Sulfuric Acid,Then Hydrolysis

— C—

H

—C— OSO3H

alkyl hydrogen sulfate

+ H,.SO,

(cone.)

boil

— C—

H

—C OH

alcohol

(Markovnikov orientation)

Alkenes react and dissolve in concentrated sulfuric acid. Sulfuric acid protonates

the alkene, and the resulting carbocation dissolves.

C=C + H,SO,
/ \ -

'

alkene

H
I /— C—C^ + HSO4

carbocation (soluble) bisulfate
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This protonation takes place in concentrated sulfuric acid, where the only nu-

cleophile available is the bisulfate ion, HSO4 . Bisulfate is a weak nucleophile, but

the carbocation is a strong eiectrophile. Attack by bisulfate gives an aikyl hydro-

gen sulfate.

H O

> — C—C—O— S—O—

H

O
alkyl iiydrogen sulfate

carbocation

As an example, consider the addition of sulfuric acid to 2-methyl-2-butene.

The proton adds (with Markovnikov orientation) in the first step, followed by attack

of the bisulfate ion. The overall reaction is the electrophilic addition of sulfuric acid

across the double bond, with Markovnikov orientation.

CH, CH, CH,

CH3— C=CH— CH3 + H,S04 ^ CH3—C—CH—CH3 > CH,—C— CH-

HSO4—^ H OH
0= S=0

OH

An alkyl hydrogen sulfate can be converted to an alcohol by boiling in water.

This substitution is usually an \ reaction, with the bisulfate ion serving as the leav-

ing group. Ionization gives a carbocation that is quickly attacked by the solvent

(water) to give the Markovnikov alcohol, the same product that would be formed by

direct acid-catalyzed hydration.

CH, CH3 O

CH3—C—CH.— CH, CH3—C—CH,—CH, + O— S—OH
0 ~ ' ^ '

II

^ OSO3H O

CH3 CH3 CH3

CH3—C—CH3—CH3 ^ CH3— C—CH.—CH, CH3—C—CH.—CH,

^'•OH^ \0: ^OH H3O"

(50-70%)

8-5B Oxymercuration -Demercuration

Oxymercuration-demercuration is another method for converting alkenes to alco-

hols with Markovnikov orientation, but with the advantage that it does not involve a

free carbocation, and there is no opportunity for rearrangements. Carbocation re-

arrangements are common in both acid-catalyzed hydration and the formation of

alkyl hydrogen sulfates.

\ / H,0 I I
NaBH,

I I

^C=C^ + HgCOAc). — C—C— > —C—C—

HO HgOAc HO H
(Marko\ niko\ uncntation)
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O
II

CH3— c-

The reagent for mercuration is mercuric acetate, Hg(OCOCH3)2, abbreviated

Hg(0Ac)2. There are several theories as to how this reagent acts as an electrophile,

but the simplest one is that mercuric acetate dissociates slightly to form a positive-

ly charged mercury species, ^Hg(OAc).

O 0 0

-0—Hg— O-

Hg(0Ac)2

-C— CH, CH, -C—O— Hg^

+Hg(OAc)

+ CH, -C-
OAc

o

Oxymercuration involves an electrophilic attack on the double bond by the

positively charged mercury species. The product is a mcrcuriniiim ion. an

organometallic cation containing a three-membered ring.

OAc

\
(

/
Hg(OAc)

Hg+
/ \
c— c-

mercunnuim ion

Mercuration commonly takes place in a solution containing water and an or-

ganic solvent to dissolve the alkene. Attack on the mercurinium ion by water gives

(after deprotonation) an organomercurial alcohol.

Hg(OAc)
/ \
c—c— -c

Hg(OAc)

-c—

Hg(OAc)

-c—c—

Hu(OAc)

H.O:- H— O:

H.0-\ H

:0H

organomercurial alcohol

The second step is deniercuration, to form the alcohol. Sodium borohydride

(NaBHj, a reducing agent) replaces the mercuric acetate fragment with hydrogen.

H

C + NaBH, + 4 OH 4 —C—C— + NaB(OH), + 4 Hg
],

+ 4 "OAc

OH
organomercurial

alcohol

HO
alcohol

Oxymercuration-demercuration of an unsymmetrical alkene generally gives

Markovnikov orientation of addition, as shown by the oxymercuration of 2-methyl-

2-butene. In this unsymmetrical case, the mercurinium ion has a considerable

amount of positive charge on the more highly substituted carbon atom. Attack by

water occurs on this more electrophilic carbon, giving Markovnikov orientation. The

electrophile, ^ Hg(OAc), remains bonded to the less highly substituted end of the

double bond. Reduction of the organomercurial alcohol gives the Markovnikov al-

cohol, 2-methyl-2-butanol.

H3C

H,C

\ /
c=c

/ \

CH.
H.O: CH, CH,

Hg(()Ac)
H3C H

H

2-rTiethyl-2-butcne

-c—

c

g.Hg(OAc)

mercurinium ion
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OH CH,

H,C—C— C—

H

H3C Hg(OAc)
Markovnikov product

NaBII,

OH

H3C—C—CH—CH3

H3C H
-methyl-2-butan()

{90% overall)

The following reaction shows the oxymercuration-demercuration of cy-

clopentene to cyclopentanol. Attack by water on the mercurinium ion comes from the

opposite side of the ring, resulting in addition of the hydroxyl group and the mercury

atom to opposite sides of the ring. Such an addition to opposite faces of a double bond

is called an anti addition. Similarly, addition of two groups to the same face of a dou-

ble bond is called a syn addition.

+ Hg(OAc)

OAc

NaBH,

mercurinium ion oraanomercurial alcohol

H H

cyclopentanol

(85% overall)

Of the three methods we have seen for Markovnikov hydration of alkenes,

oxymercuration-demercuration is most commonly used in the laboratory. It gives bet-

ter yields than direct acid-catalyzed hydration, it avoids the possibility of re-

arrangements, and it does not involve such harsh conditions as the concentrated

sulfuric acid required to make the alkyl hydrogen sulfate. There are also disadvan-

tages, however. Organomercurial compounds are highly toxic. They must be used with

great care, then disposed of properly.

When mercuration takes place in an alcohol solvent, the product contains an alkoxyl

(—O— R) group. In effect, alkoxymercuration-demercuration converts alkenes to

ethers by adding an alcohol across the double bond of the alkene.

8-6

Alkoxymercu ration

Demercuration

\ /
c=c + Hg(0Ac)3

ROH NaBH,
-c—c—

RO HsOAc

As we have seen, mercuration involves formation of a mercurinium ion that is at-

tacked by the nucleophilic solvent. Attack by an alcohol solvent gives an organomer-

curial ether that can be reduced to the ether.

^^Hg(OAc)
V \

-c-

Hg(OAc)

—c—c—

H

= 0—

R

R—

O

Hg(OAc)

-c—c—

—c—c—

RO H
(Markovnikov orientation)

N.iBH
-c-

H

-c-

R—

O

an ether
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The solvent attacks the mercurinium ion at the more highly substituted end

of the double bond, giving Markovnikov orientation of addition. The Hg(OAc)
group appears at the less highly substituted end of the double bond. Reduction

gives the Markovnikov product, with hydrogen at the less highly substituted end of

the double bond.

SOLVED PROBLEM 8-2

Show the intermediates and products that result from alkoxymercuration-demercuration

of 1 -methylcyclopentene, using methanol as the solvent.

SOLUTION
Mercuric acetate adds to 1 -methylcyclopentene to give the cyclic mercurinium ion. This

ion has a considerable amount of positive charge on the more highly substituted tertiary

carbon atom. Methanol attacks this carbon.

a H
+ Hg(OAc)

-niethylcyclopentene

r,Hg{OAc)

CH,—O—

H

mercurinium ion

H
Hg(OAc)

- CH,
OCH,

trans intermediate

(product of anti addition)

Reduction of the intermediate gives the Markovnikov product. 1-methoxy-l-

methylcyclopentane.

.H H
Hg(OAc) /^"^H
CH3

'OCH3

intermediate

NaBH,
- CH,

OCH,
-methoxy- 1 -methylcyclopentane

PROBLEM 8-7

(a) Give a detailed mechanism for the following reaction.

CH,

CH,—C=CH—CH,
Hg(0AcK.CH3CH-,0H

CH,

CH,—C—CH—CH,

CH3CHP Hg(OAc)

(90%)

( b) Give the structure of the product that results when this intermediate is reduced by sodi-

um borohydride.

PROBLEM 8-8

Predict the major products of the following reactions.

(a) 2-methylpropene + cold, concentrated H2SO4

(b) the product from part (a), boiled with water

(c) 1-methylcyclohexene + aqueous HgtOAcij

(d) the product from part (c). treated with NaBH4
(e) 4-chlorocycloheptene + Hg(0Ac)2 in CH,OH
(f ) the product from part (e), treated with NaBH4
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PROBLEM 8-9

Show how you would accomphsh the following synthetic conversions.

(a) 1-butene —* 2-butyl hydrogen sulfate

(b) 1-butene 2-methoxybutane

(c) 2-iodo-l-methylcyclopentane ^ 1-methylcyclopentanol

We have seen three methods for hydrating an alkene with Markovnikov orientation.

What if we need to convert an alkene to the anti-Markovnikov alcohol? For exam-

ple, the following transfonnation cannot be accomplished using any of the hydration

procedures covered thus far.

8-7

Hydroboration of

Alkenes

CH3

CH,—C=CH—CH,

2-methyl-2-butene

(anti-Markovnikov)

CH,

CH3—C—CH—CH,

H OH
3-methyl-2-butanol

Such an anti-Markovnikov hydration was impossible until H. C. Brown, of Purdue

University, discovered that diborane (BtH^,) adds to alkenes with anti-Markovnikov

orientation to form alkylboranes, which can be oxidized to give anti-Markovnikov

alcohols. This discovery led to the development of a large field of borane chem.istry,

for which Brown received the Nobel Prize in chemistry in 1979.

CH,

CH,—C=CH—CH,

2-methyl-2-butene

CH,

CH,—C—CH—CH,

H Mil,

an alkylborane

o\icli/c

CH,

CH,—C—CH—CH,

3-methyl-2-butanol

(>90%)

Diborane ( B^H,,) is a dimer composed of two molecules of borane ( BH ,). The
bonding in diborane is unconventional, using three-centered (banana-shaped) bonds

with protons in the middle of them. Diborane is in equilibrium with a small amount
of borane, BH,.

H H H
\/ /
B B

/ \ \
H H

diborane

H
\

2 B—

H

/
H

borane

Diborane is an inconvenient reagent: a toxic, flammable, and explosive gas. It

is more easily used as a complex with tetrahydrofuran (THF), a cyclic ether. This

complex reacts like diborane, yet the solution is easily measured and transfeired.

CH.—CH,
\-.
O. +

CH,—CH.
tetrahydrofuran

(THF)

B,H„

diborane

CH,—CH,
y

=0— B—H =

CH,—CH.

borane-THF complex =

^O-BH,

BH, • THF
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/

The BH,- THF reagent is the form of borane commonly used in organic reac-

tions. BH3 adds to the double bond of an alkene to give an alkylborane. Basic hy-

drogen peroxide oxidizes the alkylborane to an alcohol. In effect,

hydroboration- oxidation converts alkenes to alcohols by adding water across the

double bond, with anti-Markovnikov orientation.

Hydroboration - oxidation:

\ / II 11,0,. oil
I I

C=C + BH,THF > —C—C— > —C—C—

H B— H H OH
anti-Markovnikov orientation

H (syn stereochemistry)

8-7A Mechanism of Hydroboration

Borane is an electron-deficient compound. It has only six valence electrons, and the

boron atom lacks an octet. This lack of an octet is the driving force for the unusual

bonding structures ("banana" bonds, for example) found in boron compounds. As an

electron-deficient compound, BH 3 is a strong electrophile, capable of adding to a dou-

ble bond (Fig. 8-4). This hydroboration of the double bond is thought to occur in one

step, with the boron atom adding to the less highly substituted end of the double bond.

Figure 8-4

Borane adds to the double

bond in a single step, with

boron adding to the less highly

substituted carbon and

hydrogen adding to the more

highly substituted carbon. This

orientation places the partial

positive charge in the transition

state on the more highly substi-

tuted carbon atom.

CH. CH,

CH, H

CH3H

CH3— C---C— CH3

H

more stable transition state

CH3H

CH3— C—C— CH3

H BH2

H BH2
CH3H

5-^

CH3— — CH3

HiB -H

less stable transition state

In the transition state, the electrophilic boron atom withdraws electrons from

the pi bond, and the carbon at the other end of the double bond acquires a partial pos-

itive charge. This partial charge is more stable on the more highly substituted carbon

atom. The product shows boron bonded to the less highly substituted end of the dou-

ble bond and hydrogen bonded to the more highly substituted end.

The second step is the oxidation of the boron atom, removing it from carbon

and replacing it with a hydroxy 1 (—OH ) group. Aqueous sodium hydroxide and hy-

drogen peroxide (HOOH or HiO^) are used for the oxidation.

CH, H

CH,—C C—CH3

H BH,

HjO,, NaOH

H^O

CH,

CH,—C—CH—CH3

H OH
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This hydration of an alkene by hydroboiation-oxidation is another example of

a reaction that does not follow the original statement of Markovnikov's rule (the

product is anti-Markovnikov). but still follows our understanding of the reasoning be-

hind Markovnikov's rule. The electrophilic boron atom adds lo the less highly sub-

stituted end of the double bond, placing the positive charge (and the hydrogen atom)

at the more highly substituted end.

SOLVED PROBLEM 8-3

Show how you would convert 1-methylcyclopentene to 2-methylcyclopentanol.

SOLUTION
Working backward, use hydroboralion -oxidation to form 2-methyl-cyclopentanol from

1-methylcyclopentene. Note the use of (1) and (2) to show the steps of a two-step se-

quence used with a single reaction anow.

CH3

H

CH,
(DBHj-THF /~~~^H
(2) H2O2, "OH \^J^H

OH
I -methylcyclopentene 2-methylcyclopentanol

1-Methylcyclopentene is the most highly substituted alkene that results from dehydration

of 1-methylcyclopentanol.

H.SO,
'

OH - S < + H,0a-
1 -methylcyclopentanol 1 -methylcyclopentene

The 2-methylcyclopentanol that results from this synthesis is the pure trans isomer. This

stereochemical result is discussed in Section 8-7C.

PROBLEM 8-10

Predict the major products of the following reactions.

(a) propene + BH, • THF
(b) the product froin part (a) + H.O./OH'
(c) 2-methyl-2-pentene + BH, • THF
(d) the product from part (c) + H^O^/OH"
(e) 1-methylcyclohexene -I- BH, • THF
(f) the product from part (e) + H.O./OH'

PROBLEM 8-1 I

Show how you would accomplish the following synthetic conversions,

(a) l-butene —* 1-butanol (b) 1-butene —* 2-butanol

(c) 2-bromo-2.4-dimethylpentane 2.4-dimethyl-3-pentanol

8-7B Stoichiometry of Hydroboration

For simplicity, we have neglected the fact that 3 moles of an alkene react with each

mole of BH3 . Each B—H bond in BH , can add across the double bond of an alkene.

The first addition forms an alkylborane, the second a dialkylborane, and the third a

trialkylborane.
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H—

B

H \=c'^
/ / \

H

\
H

C—C—

B

I I

H

alkylborane

Summary

\ /
c=c

/ \

\
H

\ /
c=c

H

dialkylborane

—C—C+-B

trialkylborane

\ /
3 C=C

/ \
+ BH,

H

H
:b—H

H^O,. OH
3 —C—C—

H OH

Trialkylboranes react exactly as we have discussed, and they oxidize to give

anti-Markovnikov alcohols. Boranes are often drawn as the 1 : 1 monoalkylboranes

to simplify their structure and emphasize the organic part of the molecule.

8-7C Stereochemistry of Hydroboration

The simultaneous addition of boron and hydrogen to the double bond, as shown in

Figure 8-4, leads to a syn addition: Boron and hydrogen add across the double bond

on the same side of the molecule. (If they added to opposite sides of the molecule,

the process would be an anti addition.

The stereochemistry of the hydroboration -oxidation of 1 -methylcyclopentene is

shown below. Boron and hydrogen add to the same face of the double bond (syn) to form

a trialkylborane. Oxidation of the trialkylborane replaces boron with a hydroxyl group

in the same stereochemical position. The product is rra/?5-2-methyl-cyclopentanol. A
racemic mixture is expected because the reagents are achiral, and the product is chiral.

H

H2B

CH3

H

OH
H CH,

transition state

HO' ^H

(85% overall)

(racemic mixture

of enantiomers)

Hydroboration of alkenes is another example of a stereospecific reaction,

where a particular stereoisomer of the starting compound reacts to give just one

stereoisomer [or ( ± ) pair] of the product. Problem 8-14 considers the different prod-

ucts formed by the hydroboration -oxidation of two acyclic diastereomers.

SOLVED PROBLEM 8-4

A norbomene molecule labeled with deuterium is subjected to hydroboration -oxidation.

Give the structures of the intermediates and products.

CAf) (outside) lace

BH3 • THF

t'lhlo (insiJe) face

deuterium-labeled norbomene alkylborane

h,Ot oh

alcohol

(racemic mixture)
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SOLUTION
The syn addition of BH, across the double bond of noibornene takes place mostly from

the more accessible outside (exo) face of the double bond. Oxidation gives a product with

both the hydrogen atom and the hydroxy 1 group in exo positions. (The less accessible

inner face of the double bond is called the endo face.)

PROBLEM 8-12

In the hydroboration of 1 -methylcyclopentene shown above, the reagents are achiral. and

the products are chiral. The product is a racemic mixture of r/w;.s-2-methylcyclopentanol,

but only one enantiomer is shown. Show how the other enantiomer is formed.

PROBLEM 8-13

Predict the major products of the following reactions. Include stereochemistry where

applicable.

(a) 1-methylcycloheptene + BH, • THF. then H^O^.OH"
(b) m;/;,v-4.4-dimethyl-2-pentene + BH, - THF. then H^O., OH"

+ BH, • THF, then H.O., OH"

CH,

PROBLEM 8-14

(a) When (Z)-3-methyl-3-hexene undergoes hydroboration -oxidation, two isomeric prod-

ucts are formed. Give their structures, and label each chiral carbon atom as {R) or (5 ). What

is the relationship between these isomers?

(b) Repeat part (a) for (£)-3-methyl-3-hexene. What is the relationship between the prod-

ucts formed from (Z)-3-methyl-3-hexene and those formed from (£')-3-methyl-3-hexene?

PROBLEM 8-15

Show how you would accomplish the following transformations.

(a)

(b)

(c) 1-methylcycloheptanol

PROBLEM 8-16

OH
2-methylcycloheptanol

When HBr adds across the double bond of 1 ,2-dimethylcyclopentene, the product is a mix-

ture of the cis and trans isomers. Show why this addition is not stereospecific.

Although we have mentioned catalytic hydrogenation before, we now consider the

mechanism and stereochemistry in more detail. Hydrogenation of an alkene is for-

mally a reduction, with adding across the double bond to give an alkane. The

process usually requires a catalyst containing Pt, Pd, or Ni.

8-8

Catalytic

Hydrogenation

of Alkenes
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The Parr hydrogenation appa-

ratus shakes the reaction vessel

(containing the alkene and the

soHd catalyst), while a pressur-

ized cylinder supplies

hydrogen.

Example

CH,—CH=CH— CH, + H.

catalyst

Pt

—c—c—

H H

CH,—CH.—CH,—CH,

For most alkenes. hydrogenation takes place at room temperature, using hy-

drogen gas at atmospheric pressure. The alkene is usually dissolved in an alcohol, an

alkane. or acetic acid. A small amount of platinum, palladium, or nickel catalyst is

added, and the container is shaken or stirred while the reaction proceeds. Hydro-

genation actually takes place at the surface of the metal, where the liquid solution of

the alkene comes into contact with hydrogen and the catalyst.

Hydrogen gas is adsorbed onto the surface of these metal catalysts, and the cat-

aly St weakens the H—H bond. In fact, if H . and D; are mixed in the presence of a

platinum catalyst, the two isotopes quickly scramble to produce a random mixture

of HD. H;, and D;. (No scrambling occurs in the absence of the catalyst.) Hydro-

genation is an example of heterogeneous catalysis, with the (solid) catalyst in a

different phase from the reactant solution. In contrast, homogeneous catalysis in-

volves reactants and catalyst in the same phase, as in the acid-catalyzed dehydration

of an alcohol.

Because the two hydrogen atoms add from a solid surface, they add with syn

stereochemistry. For example, when 1.2-dideuteriocyclopentene is treated with hy -

drogen gas over a catalyst, the product is the cis isomer resulting from syn addition

(Fi2. 8-5).

One face of the alkene pi bond binds to the catalyst, which has hydrogen adsorbed

on its surface. Hydrogen inserts into the pi bond, and the product is freed from the

catalyst. Both hydrogen atoms add to the face of the double bond that is complexed

with the catalyst.

9^, CH.

II II

catalyst with

hvdro2en adsorbed

II II

CH,

HX

CH,

C C

Pi

catalyst with

hydrogen and

alkene adsorbed

> %

hydrogen inserted

into C= C

A Figure 8-5

A solid heterogeneous catalyst adds two hydrogen atoms to the same face of the pi bond

(syn stereochemistry).

H,c

CH,-
/

"
-CH,

CH,

X.

Pt

alkane product

released from

catalyst
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Ru (BINAP) CI,'

OH

Ru(BlNAP)Cl,

967r e.e.
< Figure 8-6

Rhodium and ruthenium phos-

phines are used as homoge-

neous hydrogenation catalysts.

Chiral ligands can be attached

to accomplish asymmetric

induction, the creation of a

new chiral carbon as mostly

one enantiomer.

Soluble homogeneous catalysts, such as Wilkinson 's catalyst, also catalyze the

hydrogenation of carbon -carbon double bonds.

\ /
C=C + H.

/ \

CI PPhj

(Wilkinson's catalyst)
-c— c-

H H

Wilkinson's catalyst is not chiral. but its triphenylphosphine ( PPh,) ligands can

be replaced by chiral ligands to give chiral catalysts that are capable of asymmetric

induction. For example, on page 219 we saw the use of a rhodium-DlOP catalyst to

make just the (
— ) enantiomer of the drug dopa for treating Parkinson's disease. Fig-

ure 8-6 shows a chiral ruthenium complex catalyzing an asymmetric hydrogenation

of a carbon-carbon double bond to 2ive a larse excess of one enantiomer.

PROBLEM 8-17

Give the expected major product for each reaction, including stereochemistry where

applicable.

(a) 1-butene + Hn/Pt (b) f/5-2-butene + H^/Ni

(c)
\

+ H,/Pt (d) -I- excess H-,/Pt

PROBLEM 8-18

One of the principal components of lemon oil is limonene. C||,H,6. When limonene is treat-

ed with excess hydrogen and a platinum catalyst, the product is an alkane of fomiula C
|
qH^o .

What can you conclude about the structure of limonene?

PROBLEM 8-19

The chiral BINAP ligand shown in Figure 8-6 contains no chiral carbon atoms. Explain

how this lisand is chiral.

Methylene ( :CH;) is the simplest of the carbenes: uncharged, reactive intermediates 8-9
that have a carbon atom with two bonds and two nonbonding electrons. Like borane

/\(j(jj^jon of
(BH3), methylene is a potent electrophile because it has an unfilled octet. It adds to

the electron-rich pi bond of an alkene to form a cyclopropane. Carbenes to Alkenes
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H

+ =C

/ \ H

\
C H
\ /
C

/ \
H

H3C

Heating or photolysis of diazomethane (CH2N2) gives nitrogen gas and methylene:

H

N=N=CH^
heat or ultraviolet light

diazomethane

/Q
\
H

methylene

There are two difficulties with using diazotnethane to cyclopropanate double

bonds. First, it is extremely toxic and explosive. A safer reagent would be more con-

venient for routine use. Second, methylene generated from diazomethane is so reac-

tive that it inserts into C—H bonds as well as C=C bonds. In the reaction of propene

with diazomethane-generated methylene, for example, several side products ai'e formed.

C=C
H CH2—N= N:. hv

/
H H

propene

H,C H H,C H
\ / \ /c—c + c=c
/ \ / \ / \

H CH. H H CH,-H

H—CH,— H.C H
- \ /

+ c=c +
/ \

H H H—CH,

H,C H

c=c
/ \

H

PROBLEM 8-20

Show how the inseilion of methylene into a bond of cyclohexene can produce the following,

(a) 1-methylcyclohexene (b) 3-methylcyclohexene (c) norcarane.

8-9A The Simmons-Smith Reaction

\ /
C=C + ICH,ZnI — C; ;C— + Znl,

CH,

Two DuPont chemists discovered a reagent that converts alkenes to cyclopropanes

in better yields than diazomethane, with fewer side reactions. The Simmons -Smith
reaction, named in their honor, is one of the best ways of making cyclopropanes.

The Simmons -Smith reagent is made by adding methylene iodide to the

"zinc-copper couple." zinc dust that has been activated with an impurity of copper.

The reagent probably resembles iodomethyl zinc iodide. ICH.ZnI. This kind of

reagent is called a carbenoid because it reacts much like a carbene, but it does not

actually contain a divalent carbon atom.

CHJ, + Zn(Cu) ICH.Znl

Simmons- Smith reagent

(a carbenoid)
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Zn, CuCl

[59%

8-9B Formation of Carbenes by Alpha Eiimination

Carbenes are also formed by reactions of lialogenated compounds with bases. If a car-

bon atom has bonds to at least one hydrogen and to enough halogen atoms to make

the hydrogen slightly acidic, it may be possible to form a carbene. For example, bro-

moform (CHBr,) reacts with a 50 percent aqueous solution of potassium hydroxide

to form dibromocarbene.

CHBr, + OH
bromot'onn

Bi—C^Br

Br

:CBr3K^ + H.O

:CBr. + :Br

dibromocarbene

This dehydrohalogenation is called an alpha elimination because the hydrogen and

the halogen are lost from the same carbon atom. The more common dehydrohalo-

genations (to form alkenes) are called beta eliminations because the hydrogen

and the halogen are lost from adjacent carbon atoms. Dibromocarbene formed from

CHBr, can add to a double bond to form a dibromocyclopropane.

CHBr

KOH/H,0

Br

Br

The products of these cyclopropanations retain any cis or trans stereochem-

istry of the reactants.

H Ph
\ /
C=C

/ \
Ph H

H H
\ /
C=C

CH.CH. CH,CH,

CHCK

NaOH. H^O

CHBr,

NaOH, H,0

H

CH3CH2
Br.

Br

H

CH2CH3

PROBLEM 8-21

Predict the major products of the following reactions.

(a) cyclohexene + CHCl,, 50% NaOH/H.O

(b) OH (c)CHBr,

+ CHJ„ Zn(Cu) 50% NaOH/H.O
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PROBLEM 8-22

Show how you would accomplish each of the following synthetic conversions

(a) /ra/?.v-2-hutene * /ra/!.s 1 ,2-dimethylcyclopropane

(b) cyciopentene >

^V^^
(c) cyclohexanol >

8-10 Halogens add to alkenes to form vicinal dihalides.

Addition of

Halogens to

Alkenes
:c=c + X,

(X-, = Cli, Br„ sometimes I,)

X

—c—c—

X

usually anti addition

8- 1 OA Mechanism of Halogen Addition

A halogen molecule (Bis, Ch, or Ii) is electrophilic; a nucleophile can react, dis-

placing a halide ion:

Nuc: + :Br-rBr: Nuc— Br: + :Br:'

The nucleophile attacks the electrophilic nucleus of one bromine atom, and the other

bromine serves as the leaving group, departing as bromide ion. Many reactions fit this

general pattern; for example:

HO: + :Br-^Br: HO— Br: + :Br:

H3N: + :C1 -Cl: H3N—CI: + :C1:"

'Br'

/A—C—C— +

bromonium ion

:Br:

In the last reaction, the pi electrons of an alkene attack the bromine molecule, ex-

pelling bromide ion. A bromonium ion results, containing a three-membered ring

with a positive charge on the bromine atom (similar in structure to the mercurinium

ion discussed in Section 8-5B). The following reaction shows the formation and

opening of a general halonium ion together with the structures of a chloronium ion,

a bromonium ion, and an iodonium ion.

C=C

Forniation of halonium ion

X
/A—c—c—

halonium ion

+ :X:"

Opening of halonium ion

—c—c—
:X:

—c—c-

:X:

:X:
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Examples

cr
/A—c—c—
I I

chloronium ion

Br'

/ \—C— C—

biomonium ion

/ \—c—c—

iodonium ion

Unlike a normal carbocation. all the atoms in a halonium ion have filled octets.

The three-membered ring has considerable ring strain, however, which combines

with a positive charge on an electronegative halogen atom to make the halonium ion

strongly electrophilic. Attack by a nucleophile, such as a halide ion, opens the halo-

nium ion to give a stable product.

Chlorine and bromine commonly add to alkenes by the halonium ion mecha-

nism, lodination is used less frequently because diiodide products decompose easi-

ly. Any solvents used must be inert to the halogens; methylene chloride (CHiCK).

chlorofomi (CHCl,). ^md carbon tetrachloride (CCI4) are the most frequent choices.

8- 1 OB Stereochemistry of Halogen Addition

The addition of bromine to cyclopentene is a stereospecific anti addition.

f

1 Q
When a solution of bromine

(red-brown) is added to cyclo-

hexene. the bromine color

quickly disappears because

bromine adds across the double

bond. When bromine is added

to cyclohexane (at right), the

color persists.

H

cyclopentene

Br,

but not

trans- 1 ,2-dibromocyclopentane

(92%)

cis- 1 ,2-dibromocyclopentane

(not formed)

This anti stereochemistry is explained by the bromonium ion mechanism. When a nu-

cleophile attacks a halonium ion, it must do so from the back side, in a manner sim-

ilar to the Sn2 displacement. This back-side attack assures anti orientation of addition.

H Br. + enantiomer

Br H
trans

Halogen addition is another example of a stereospecific reaction, where a par-

ticular stereoisomer of the starting material gives only one stereoisomer of the prod-

uct. Figure 8-7 shows additional examples of this anti addition of halogens to alkenes.

The addition of bromine has been used as a simple chemical test for the pres-

ence of olefinic double bonds. A solution of bromine in carbon tetrachloride is a

clear, deep red color. When an alkene is added to this solution, the red bromine color

disappears (we say it is "decolorized"), and the solution becomes clear and color-

less. (Although there are other functional groups that decolorize bromine, few do it

as quickly as alkenes.)

PROBLEM 8-23

Give mechanisms to account for the stereochemistry of the products observed from the ad-

dition of bromine to cis- and /ra/25-2-butene (Figure 8-7). Why are two products formed from

the cis isomer but only one from the trans? (Making models will be helpful.)

PROBLEM-SOLVING HINT

Models may be helpful whenever

stereochemistry is involved.

Write complete structures, in-

cluding all bonds and charges,

when writing mechanisms.



356 Chapters: Reactions of Alkenes

H

H

cyclohexene

+ cu

H H
racemic /ran.v-1 ,2-dichlorocyclohexane

H . H
+ Br

H3C' 'CH,

cij-2-butene

H

c— c„„

Br

H
Br 'CH3

(+ enantiomer)

CH,

H

Br-

Br

H

CH,

CH,

Br-

H-

H

Br

CH.

(±)-2,3-dibrt)niobutane

H3C

H, ,CH3
':'C=C^:^ " + Br.

fra/;.v-2-butene

H3C

Br

H

C
/

Br
/

*^^CH3
H

CH
H

H

3

Br

Br

CH,

wc^o-2.3-dibromobutane

Figure 8-7

The stereospecific addition of

halogens to alkenes gives anti

addition to the double bond.

Br.

fra/;5-2-butene

shown in Newman projection

H3C

Br

Br

»;eso-2.3-dibromobutane

PROBLEM 8-24

Give mechanisms and predict the major products of the following reactions. Include stere-

ochemistry where appropriate.

(a) cycloheptene + Br, in CH.Cl, (b) (£)-3-decene + Br, m CCI4

8-1 1 In the presence of water, halogens add to alkenes to form halohydrins.

Formation of

Halohydrins \
(

/
Cl, Br, or I)

x^3
/ V

-c—

c

/ r \
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X

—C—C— + H,O^X
I i

:0H

halohydrin

Markosniko\ orientation

anti stereochemistry

When halogenation takes place with no solvent or with an inert solvent such as car-

bon tetrachloride (CCI4) or chloroform (CHCl ,). only the halide ion is available as

a nucleophile to attack the halonium ion. A dihalide results. But u hen an alkene re-

acts with a halogen in the presence of a nucleophilic soh ent such as water, a solvent

molecule is the most likely nucleophile to attack the halonium ion. When a w ater mol-

ecule attacks the halonium ion. the final product has a halogen on one carbon atom

and a h\ drox\ 1 group on the adjacent carbon. Such a compound is called a halohy-

drin: a chlowhydrin. a bwmohydvin. or an iodohydrin. depending on the halogen.

Stereochemistry of Halohydrin Formation. Because the mechanism involves a

halonium ion. the stereochemistry of addition is anti. as in halogenation. For exam-

ple, the addition of bromine water to cyclopentene gives r/Y;/i5-2-bromocyclopen-

tanol. the product of anti addition across the double bond.

enantiomer

cyclopentene rra/(.?-2-bromoc\clopentanoI

(cyclopentene bromohydrin)

PROBLEM 8-25

Gi\ e a mechanism for the addition of bromine water to cyclopentene. being careful to show

\\ h\- the trans product results and how both of the enantiomers are formed.

Orientation of Halohydrin Formation. E\ en though a halonium ion is in\ oh ed.

rather than a carbocation. the extended version of Markovnikov's rule applies to

halohydrin formation. When propene reacts with chlorine w ater, the major product

has the electrophile (the chlorine atom) bonded to the less highly substituted carbon

of the double bond. The nucleophile (the hydroxyl group) is bonded to the more

highly substituted carbon.

H;C=CH—CH, + CK + H.O > HX—CH—CH, + HCl

CI OH

The Markovnikov orientation observed in halohydrin formation is explained by the

structure of the halonium ion intermediate. The two carbon atoms bonded to the

halogen have partial positive charges, with a larger charge (and a weaker bond to

the halogen) on the more highly substituted carbon atom (Fig. 8-8). The nucleophile

(water) attacks this more highly substituted, more electrophilic carbon atom. The re-

sult is both anti stereochemistry and Markovnikov orientation. This halonium ion

mechanism can be used to explain and predict a wide variety of reactions in both nu-

cleophilic and nonnucleophilic solvents. The halonium ion mechanism is similar to

X
I I

c— c-

= 0^
H.O: H H

- W
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Figure 8-8

The more highly substituted

carbon of the chloronium ion

bears more positive charge

than the less substituted

carbon. Attack by water occurs

on the more highly substituted

carbon to give the

Markovnikov product.

H \x:h

larger 8'''on

the more highly

substituted carbon

= 0

H

H

the mercurinium ion mechanism for the oxymercuration of an alkene with

Markovnikov orientation (Section 8-5B).

SOLVED PROBLEM 8-5

When cyclohexene is treated with bromine in saturated aqueous sodium chloride, a mix-

ture of Arf/;/.v-2-bromocyclohexanol and rAa/!5-l-bromo-2-chlorocyclohexane results. Give

a mechanism to account for these two products.

SOLUTION
Cyclohexene reacts with bromine to give a bromonium ion, which will react with any

available nucleophile. The most abundant nucleophiles in saturated aqueous sodium chlo-

ride solution are water and chloride ions. Attack by water gives the bromohydrin, and at-

tack by chloride gives the dihalide. Either of these attacks gives anti stereochemistry.

Br.

H

cyclohexene

H
bromonium ion

-I- enantiomer

j^j.
mH!s-l-bronio-2-chlorocyclohexane

H

\i Br

H
fra«i-2-bromocyclohexanol

+ enantiomer

PROBLEM 8-26

Predict the major product(s) for each reaction. Include stereochemistry where appropriate,

(a) 1-methylcyclopentene + CK/H.O (b) 2-methyl-2-butene + Br./H^O

(c) m-2-butene + Cl./H.O (d) rra/!5-2-butene -I- Cl./HoO

(e) 1-methylcyclopentene -I- Bri in saturated aqueous NaCl

PROBLEM 8-27

Show how you would accomplish the following synthetic conversions.

(a) 3-methyl-2-pentene 2-chloro-3-methyl-3-pentanoI

(b) chlorocyclohexane rra/?.v-2-chlorocyclohexanol

(c) 1 -methylcyclopentanol 2-chloro- 1-methylcyclopentanol
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Halogens are oxidizing agents, and the addition of a halogen molecule across a dou-

ble bond is an oxidation. When we speak of the oxidation of aikenes. however, we

usually mean reactions that form carbon -oxygen bonds. These reactions are partic-

ularly important because many common functional groups contain oxygen, and

alkene oxidations are some of the best methods for introducing oxygen into organ-

ic molecules. We will consider methods for epoxidation. hydroxylation. and oxida-

tive cleavage of the double bonds of aikenes.

An epoxide is a three-membered cyclic ether, also called an oxirane. Epoxides

are valuable synthetic intermediates used for converting aikenes to a variety of other

functional groups. An alkene is converted to an epoxide by a peroxyacid, a car-

boxylic acid that has an extra oxygen atom in a —O—O— (peroxy) linkage.

8-12

Epoxidation of

Aikenes

\
(

/
c=c R-

alkene

o

-c—o—o-

peroxyacid

H
O

\ /\ /
c—

c

/ \
epoxide (oxirane)

R-

O

-c- -0—

H

The epoxidation of an alkene is clearly an oxidation, since an oxygen atom is

added. Peroxyacids are highly selective oxidizing agents. Some common peroxyacids

(sometimes called peracids) and their corresponding carboxylic acids are shown below.

O

R—C—O—

H

a carboxylic acid

o

o

H—C—O—

H

formic acid

o

o
II

CH,—C—O—

H

acetic acid

o

R—C—O—O—H H— C—O—O— H CH,—C—O—O—

H

a peroxyacid peroxyfomiic acid peroxyacetic acid

o

C—O—O—

H

benzoic acid. PhCO,H peroxybenzoic acid. PhCO,H

A peroxyacid epoxidizes an alkene by a concerted electrophilic reaction where

several bonds are broken and several are formed at the same time. Starting with the

alkene and the peroxyacid. a one-step reaction gives the epoxide and the acid di-

rectly, without any intermediates.

R

alkene peroxyacid

: O
;|

/ \
transition state

\ /
c
\
0

/
c

/ \
epoxide

Because the epoxidation takes place in one step, there is no opportunity for the alkene

molecule to rotate and change its cis or trans geometry. The epoxide retains what-

ever stereochemistry is present in the alkene.

The following examples use peroxybenzoic acid (Ph—CO3H) a common
epoxidizing reagent, to convert aikenes to epoxides with the same cis or trans stere-

acid

o R

H
acid
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ochemistry. (Note that the epoxide structures shown below assume that the lower

edge of the ring projects out of the page toward the viewer.)

CH, CH, o\ / - Ph-co,H CH, y \ CH,
c=c ^

H H H H
cis cis

CH, H o\ / Ph-CO,H CH3 X X H
^C=C^ > + enantiomer

H CH, H CH3

trans trans

PROBLEM 8-28

Predict the products, including stereochemistry where appropriate, for the peroxybenzoic

acid epoxidations of the following alkenes.

(a) c/5-2-hexene (b) rra/!.s-2-hexene

(c) c/j-cyciodecene (d) rra«5-cyclodecene

8-13

Acid-Catalyzed

Opening of

Epoxides

Most epoxides are easily isolated as stable products if the solution is not too acidic. Any
moderately strong acid protonates the epoxide, however. Water attacks the protonated

epoxide, opening the ring and forming a 1,2-diol, commonly called a glycol. Follow-

ing is the mechanism of the acid-catalyzed opening of an epoxide to give a glycol.

/
epoxide

P.-

cyclopentene oxide

H

/V—c—c—

H.O:

protonated epoxide

:0H

-c— c-

H H -OH,

OH

—C—C— + H,0+
i I

:0H

a glycol

(anti orientation)

Because glycol fomiation involves a back-side attack on a protonated epoxide,

this reaction leads to anti orientation of the hydroxyl groups on the double bond. For

example, when 1 ,2-epoxycyclopentane ("cyclopentene oxide") is treated with di-

lute mineral acid, the product is pure //r//).y-l,2-cyclopentanediol.

OH

HO H
trans- 1 ,2-cyclopentanediol

(racemic)

PROBLEM 8-29

(a) Give a detailed mechanism for the conversion of f/.?-3-hexene to the epoxide (3,4-epoxy-

hexane) and the ring-opening reaction to give the glycol, 3,4-hexanediol. In your mechanism,

pay particular attention to the stereochemistry of the intermediates and products.

(b) Repeat part (a) for ?ra/?.y-3-hexene. Compare the products obtained from cis- and

trans-3-hexem.
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O

Ph— C— OOH
CCl,

o

:ioo%)

o

CH3— C— OOH
H3O+

O

not isolated

O H
CH3—C-OH /^^OH

, OH
stronger acid.

luiclcophilic solvent (75%)

+ enantiomer

+ enantiomer

O

H— C— OOH
H3O+

(70%)

A Figure 8-9

Peioxyacetic acid and peroxyfonnic acid are used in strongly acidic aqueous solutions.

They epoxidize alkenes and open the epoxides to glycols in one step. Weakly acidic perox-

yacids. such as peroxybenzoic acid, can be used in nonaqueous solutions to give good

yields of epoxides.

Epoxidation reagents can be chcsen to favor either the epoxide or the glycol.

Peroxyacetic acid and peroxyformic acid are used in strongly acidic water solutions.

The acidic solution protonates the epoxide and converts it to the glycol. Peroxyben-

zoic acid is a weak acid that can be used in nonnucleophilic solvents such as carbon

tetrachloride. Peroxybenzoic acid in CCI4 generally gives good yields of epoxides.

Figure 8-9 compares the uses of these reagents.

PROBLEM 8-30

Because of its desirable solubility propeilies, w/tTfi-chloroperoxybenzoic acid (MCPBA) is

often used in peroxyacid epoxidations. Give a mechanism for the reaction of rra;i5-2-methyl-

3-heptene with MCPBA. and predict the structure of the product.

CI
O

C—O—O—

H

MCPBA

PROBLEM 8-31

Predict the major products of the following reactions.

(a) c/.s-2-butene -I- peroxybenzoic acid (PhCO^H) in chlorofomi
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(b) 1-methylcyclooctene + peroxyformic acid (HCO,H) in water

(c) rra/!.v-cyclodecene + MCPBA in methylene chloride

(d) fra/i.v-2-butene + peroxyacetic acid (CH^CO^H ) in water

PROBLEM 8-32

When 1 ,2-epoxycyclohexane (cyclohexene oxide) is treated with anhydrous HCl in

methanol, the principal product is /ra//,v-2-methoxycyclohexanol. Give a detailed mechanism

to account for the formation of this product.

8-14

Syn Hydroxylation

of Alkenes

Converting an alkene to a glycol requires adding a hydroxyl group to each end of the

double bond: hydroxylation of the double bond. We have seen that epoxidation of

an alkene, followed by acidic hydrolysis, gives anti hydroxylation of the double

bond. Reagents are also available for the hydroxylation of alkenes with syn stereo-

chemistry. The two most common reagents for this purpose are osmium tetroxide

and potassium permanganate.

alkene

c=c OsO, + H.O,

(or KMnO,, "OH)

—c—c—
I I

OH OH
syn addition

8-I4A Osmium Tetroxide Hydroxylation

Osmium tetroxide (OSO4, sometimes called osmic acid) reacts with alkenes in a

concerted step to form a cyclic osmate ester. Hydrogen peroxide hydrolyzes the os-

mate ester and reoxidizes osmium to osmium tetroxide. The regenerated osmium

tetroxide catalyst continues to hydroxylate more molecules of the alkene.

osmic acid

\/
c—o o

\
Os

/ \

osmate ester

\/
C—OH

C—OH
+ OSO4

glycol

Because the two carbon -oxygen bonds are formed simultaneously with the

cyclic osmate ester, the oxygen atoms add to the same face of the double bond: that

is, with syn stereochemistry. The follow ing reactions show the use of OSO4 and H2O2

for the syn hydroxylation of alkenes.

concerted formation of osmate ester
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(;/.v-3-hexene /»('.sY)-3.4-hexanediol

8-I4B Permanganate Hydroxylation

Osmium tetioxide is expensive, highly toxic, and volatile. A cold, dilute solution of

potassium permanganate also hydroxylates alkenes with syn stereochemistry, with

slightly reduced yields in most cases. Like osmium tetroxide. permanganate adds to

the alkene double bond to fomi a cyclic ester: a manganate ester in this case. The basic

solution hydrolyzes the manganate ester, liberating the glycol and producing a brown

precipitate of manganese dioxide. MnO;

.

+ MnO, I

concei'tetl tui'matiiMi nt maivjanalc c--tor

In addition to its synthetic \ alue. the permanganate oxidation of alkenes pro-

vides a simple chemical test for the presence of an alkene. When an alkene is added

to a clear, deep purple aqueous solution of potassium permanganate, the solution

loses its purple color and becomes the murky, opaque brown color of Mn02. (Al-

though there are other functional groups that decolorize permanganate, few do it as

quickly as alkenes.)

8-I4C Choosing a Reagent

To hydroxylate an alkene with syn stereochemistry: which is the better reagent: osmium

tetroxide or potassium permanganate? Osmium tetroxide gives better yields, but per-

manganate is cheaper and safer to use. The answer depends on the circumstances.

If the starting material is only 2 mg of a compound 15 steps along in a difficult

synthesis, we use osmium tetroxide. The better yield is crucial because the starting

material is precious, and little osmic acid is needed. If the hydroxylation is the first

step in a synthesis and invoh es 5 kg of the starting material, we use potassium per-

manganate. The cost of buying enough osmium tetroxide would be prohibitive, and

dealing with such a large amount of a volatile, toxic reagent would be inconvenient.

On such a large scale, we can accept the lower yield of the permanganate oxidation.

PROBLEM 8-33

Predict the major products of the following reactions, including stereochemistry.

(a) cyclohexene + OSO4/H2O;
(b) cyclohexene + peroxyacetic acid in water

(c) c/5-2-pentene + OsOj/H.O.
(d) r;5-2-pentene + peroxyacetic acid in water

(e) ?ra/!.5-2-pentene -I- OSO4/H.O;
(f) m7;;5-2-pentene + peroxyacetic acid in water
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PROBLEM 8-34

Show how you would accomplish each of the following conversions.

(a) r/.v-3-hexene to /?;e.vo-3.4-hexanediol

(b) t /.v-3-hexene to (^/,/)-3,4-hexanediol

(c) /ra/;.s-3-hexene to m£'.sY;-3,4-hexanediol

(d) rra/;.v-3-hexene to (f/./. )-3,4-hexanediol

8-15 8-1 5A Cleavage by Permanganate

Oxidative Cleavage

of Alkenes

In the potassium permanganate hydroxylation. if the solution is warm or acidic or too

concentrated, oxidative cleavage of the glycol may occur. Mixtures of ketones and

carboxylic acids are fomied, depending on whether there are any oxidizable aldehyde

C—H bonds in the initial fragments. Figure 8-10 shows the oxidative cleavage of a

double bond by warm or concentrated permanganate.

R'

R
c=c:

KMnO

(warm, cone.)

R R'

R— C— C—

OH OH
glycol

H
R-

R
:c=o +

ketone

(stable)

o=c
R'

H

aldehyde

(oxidizable)

o=c
R'

OH
acid

Example

KMn04

(warm, cone.)

Figure 8-10

Warm, concentrated KMnOj oxidizes alkenes to glycols, then cleaves the glycols. The

products are initially ketones and aldehydes, but aldehydes are oxidized to carboxylic acids

under these conditions.

O
OH

O'

8- 1 SB Ozonolysis

Like permanganate, ozone cleaves double bonds to give ketones and aldehydes: how-

ever, ozonolysis is milder, and both ketones and aldehydes can be recovered with-

out further oxidation.

R R' R /O. R' R, R'
\ / \ ^ \ / <CH,).S \ /
C—C +0, —> c c — C=0 + 0=C^

/ \ ' / \ / \ / \„
R H R O—O H R H

ozonide ketone aldehyde
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Ozone (O-,) is a high-energy form of oxygen produced when uUravioiet light or an

electrical discharge passes through oxygen gas. Ultraviolet light from the sun con-

verts oxygen to ozone in the upper atmosphere, where the "ozone layer" shields the

earth from some of the high-energy ultraviolet radiation it would otherwise receive.

^^O. + 34kcal(142kJ) O,

Ozone has 34 kcal/mol ( 142 kJ/mol) of excess energy over oxygen, and it is

much more reactive. A Lewis structure of ozone shows that the central oxygen atom

bears a positive charge, and each of the outer oxygen atoms hears half a negative charge.

O, = [To—0= 0: :0=0— O:]

Ozone reacts with an alkene to form a cyclic compound called a priinaij

ozonide or molozonide (because 1 mole of ozone has been added). The molozonide

has two peroxy (—O—O— ) linkages, and it is quite unstable. It rearranges rapid-

ly. e\en at low temperatures, to form an ozonide.

\/

/ \

-O

:0:

/ o

\ /

/
= 0:
\

;o'

-O.

molozonide

(pi"iniar\ ozonide)

Ozonides are not very stable, and they are rarely isolated. In most cases they

are immediately reduced by a mild reducing agent such as zinc or {more recently)

dimethyl sulfide. The products of this reduction are ketones and aldehydes.

ozonide

R'R /O.
\ ^ \
C C

/ \ / \
R O—O H

ozonide

R R'
\ /
C=C

/ \
R H

OR R'
CH,— S— CH, \ /—^ ^ C=0 + o=c
dimethyl sulfide dimethyl sulfoxide

I . U A (DMSO)
ketones, aldehydes

+ CH,—S—CH,

(DO,
R
\

R'

(2)(CH,).S
c=o o=c

R
\

+ (CH,),S=0

H

The following reactions show the products obtained from ozonolysis of some
representative alkenes. Note the use of ( 1 ) and (2) to denote the steps of a two-step

sequence used with a single reaction arrow.

(1)0,

3-nonene
(2)(CH,),S

CH,CH,CHC) +

(l)O,

(2)(CH,),S

CH3(CH.)4CHO

(65%)

CHO

PROBLEM-SOLVING HINT
To predict the products from

ozonolysis of an alkene, erase

the double bond and add two

oxygen atoms as carbonyl

(C= 0) groups where the

double bond used to be.

CHO
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One of the most common uses of ozonolysis has been for determining the po-

sitions of double bonds in alkenes. For example, if we were uncertain of the position

of the methyl group in a methylcyclopentene, the products of ozonolysis -reduction

would confirm the structure of the original alkene.

SOLVED PROBLEM 8-6

Ozonolysis -reduction of an unknown alkene gives an equimolar mixture of cyclohex-

anecarbaldehyde and 2-butanone. Determine the structure of the original alkene.

O
II

CH — C—CH.— CH,

cyclohexanecarbaldehyde 2-butanone

SOLUTION
We can reconstruct the alkene by removing the two oxygen atoms of the carbonyl groups

(C=0) and connecting the remaining carbon atoms with a double bond. One uncertain-

ty remains, however: The original alkene might be either of two possible geometric isomers.

H CH,CH, H CHXH, H CH,
\ / ' came from \ / " \ /

^.^^ C=0 0=C <
^^^^ C=C or ^^^^ C=C

(remove oxygen atoms and

reconnect the double bond)

PROBLEM 8-35

Give structures of the alkenes that would give the following products upon ozonoly-

sis-reduction.

O O

(a) CH,—C—CH.—CH,—CH,—C—CH.—CH
o" ' ^ 0

3

(b)

y^^^
and CH,—CH,—CH.— C—

H

cyclohexanone

o o

(c) CH,—CH.—C—CH.—CH,—CH,— CHj and CH,—CH.—C—

H

8-1 5C Comparison of Permanganate Cleavage and Ozonolysis

Both permanganate and ozonolysis break the carbon -carbon double bond and replace

it with carbonyl {C=0) groups. In the permanganate cleavage, any aldehyde prod-

ucts are further oxidized to carboxylic acids. In the ozonolysis -reduction proce-
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dure, the aldehyde products are generated in the dimethx I

thev are not oxidized.

•>ullide reduction step, and

CH,

OH

CH3

,0

H

(not isolated)

CH,

CH,

H

(1) o.

(2) (CH,),S

o

H

PROBLEM 8-36

Predict the major products of the following reactions.

(a) (f^S-methyl-S-octene + ozone, then (CH,);S

(b) (Z)-3-methyl-3-octene - warm, concentrated KMnOj

(c) + O,. then (CH,),S

(d) 1-ethylcycloheptene + ozone, then (CH^l^S

(e) 1-ethylcycloheptene -I- wami. concentrated KMn04
(f) 1-ethylcycloheptene + cold, dilute KMn04

PROBLEM-SOLVING HINT

Osmium tetroxide, cold, dilute

KMn04,and epoxidatlon oxidize

the pi bond of an alkene but

leave the sigma bond Intact.

Ozone and warm, concentrated

KMnO^ break the double bond

entirely to give carbonyl com-

pounds.

A polymer is a large molecule composed of many smaller repeating units (the

monomers) bonded together. Alkenes ser\ e as monomers for some of the most com-

mon polymers: polyethylene, polypropylene, polystyrene. poly(vinyI chloride), and

many others. Alkenes generally undergo addition polymerization, the rapid addi-

tion of one molecule at a time to a grow ing pol> mer chain. There is generally a re-

active intermediate (cation, anion, or radical) at the growing end of the chain: for that

reason, addition polymers are also called chain-growth polymers.

Many alkenes undergo addition polymerization under the right conditions. The

chain-growth mechanism involves addition of the reactive end of the growing chain

across the double bond of the alkene monomer. Depending on the structure of the

monomer, the reactive intemiediates may be carbocations. free radicals, or carbanions.

8-16

Polymerization of

Alkenes

8-I6A Cationic Polymerization

Alkenes that easily form carbocations are good candidates for cationic polymer-

ization. \\ hich is just another example of electrophilic addition to an alkene. Con-

sider what happens when pure isobutylene is treated u ith a trace of concentrated

sulfuric acid. Protonation of the alkene forms a carbocation. If a large concentration

of isobutylene is available, another molecule of the alkene may act as the nucleophile

and attack the carbocation and give another carbocation. If the conditions are right,

the growing end of the chain w ill keep adding across more molecules of the monomer.

The polymer of isobutylene is polyisobitnlene. one of the constituents of butyl rub-

ber used in inner tubes and other synthetic rubber products.
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Prutoiuitioii Attack by the second molecule of isobutylene dimer

H.SO. +

/CH3

H.C=C^
CH3

isobutylene

CH,—

C

CH3

H.C=C
CH,

CH.

CH3

CH3

CH3—C—CH,

CH3

CH,

-C
\
CH,

Attack hy a third molecule to give a trimer

CH3

CH3—C— CH3-

CH,

-C
\

HX=C

CH3 CH,

/
CH. CH, CH3

CH,—C—CH,—C—CH,—

C

dimer

CH3

third monomer

\

CH3

polymer

CH3 CH3
trimer

CH,

Loss of a proton is the most common side reaction that terminates chain growth:

CH,
HSO
CH H*^

CH,
I 11^/
-C—CH.—C—C—C"

I
-

I I
\

CH,

CH,

CH, CH,H CH3

CH3
I

-C— CH.-

I

CH3

CH3

-C—CH =

CH,

=C'\

CH3

CH,

Boron trifluoride (BF3) is an excellent catalyst for cationic polymerization be-

cause it leaves no counterion that might attack the carbocation at the end of the chain.

Boron trifluoride is electron-deficient and a strong Lewis acid. It adds to the less

highly substituted end of an alkene double bond to give the more stable carbocation.

Each additional monomer molecule adds with the same orientation, always giving the

more stable carbocation. The following reaction shows the polymerization of styrene

(vinylbenzene) using BF, as the catalyst.

First chain-lengthening step

F

B-

H

-CH,—

C

\
H,C=C

Ph

H

Ph

F H

F—B—CH.—C— CH,-

F Ph

H

Ph

H

^KCHj—CH—CH.—

C

The polymerization continues

H

H,C=C > (P^CH,-

Ph Ph
\
Ph

(P)— = growing polymer chain

-CH—CH.—CH
I

"
I

Ph Ph

-CHo
/
H

Ph

The most likely ending of this BF^-catalyzed polymerization is the loss of a proton

from the carbocation at the end of the chain. This side reaction protonates another

molecule of styrene, however, initiating a new polymer chain.

Tennination of a polymer chain

^>—CH.—CH—C— C"
-

I I

\
Ph H

H

+ H.C=C
Ph

H H
^ (P)—CH.—CH—CH=C

Ph

H

+ H.C-

H

Ph

polystyrene

Ph
\
Ph

starts another chain
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The product t)t this pols merization is polystyrene; a clear, brittle plastic that is

often used for inexpensive lenses and transparent containers. Polystyrene is also the

major component of the resin beads that are used to make synthetic proteins (See Sec-

tion 24-1 1 ).

PROBLEM 8-37

Propose a mechanism for the following reaction.

2 (CH,):C=CH— CH; - cat. » 2.3.4.4-tetramethyl-2-hexene

PROBLEM 8-38

Show the first three steps (as far as the tetramer) in the BF^-catalyzed polymerization of

propylene to form poK propylene.

PROBLEM 8-39

When cyclohexanol is dehydrated to cyclohexene. a gummy green substance forms on the

bottom of the flask. Suggest what this residue might be. and give a mechanism for its for-

mation (as far as the dimeri.

8-I6B Free-Radical Polymerization

Man> alkenes undergo free-radical polymerization when they are heated with radi-

cal initiators. For example. st\rene pol_\merizes to poly styrene w hen it is heated to

lOO'C w ith a peroxide initiator. A radical adds to styrene to give a resonance-stabilized

radical, w hich then attacks another molecule of styrene to gi\'e an elongated radical.

styrene stabilized radical styrene growing chain

Each propagation step adds another molecule of styrene to the growing chain.

This addition always takes place with the orientation that gives another resonance-

stabilized benzylic (next to a benzene ring) radical.

Propagation step

RO—c-

i H

growing chain

add many more
stvrene molecules

RO-

srvrene

-c—c—c— C-

I I I
\

H H H H

elongated chain

I I

H H

polyst>Tene

n = about 100 to 10.000

Chain growth may continue w ith addition of several hundred or several thousand

styrene units. Eventualh. the chain reaction stops, either by the coupling of two

chains or b\ reaction with an impurity (such as oxygen) or simply by running out

of monomer.
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PROBLEM 8-40

Show the intermediate that would resiiU if the growing chain added to the other end of the

styrene double bond. Explain why the tlnal polymer has phenyl groups substituted on al-

ternating carbon atoms rather than randomly distributed.

Ethylene is also polymerized by free-radical chain-growth polymerization.

With ethylene, the free-radical intermediates are less stable, so stronger reaction

conditions are required. Ethylene is commonly polymerized by free-radical ini-

tiators at pressures around 3000 atm and temperatures of about 200°C. The prod-

uct, called low-density polyethylene, is the material commonly used in

polyethylene bags.

PROBLEM 8-41

Give a mechanism for reaction of the first three ethylene units in the polymerization of eth-

ylene in the presence of a peroxide.

n H.C=CH.

ethylene

ROOR
high pressure

H H

C—

C

H H

polyethylene

8-I6C Anionic Polymerization

Like cationic polymerization, anionic polymerization depends on the presence of

a stabilizing group. To stabilize anions, the double bond should have a strong elec-

tron-withdrawing group such as a carbonyl group, a cyano group, or a nitro group.

Methyl a-cyanoacrylate contains two powerful electron-withdrawing groups, and it

undergoes nucleophilic additions very easily. If this liquid monomer is spread in a

thin film between two surfaces, traces of basic impurities (metal oxides, etc.) can

catalyze its rapid polymerization. The solidified polymer joins the two surfaces. The

chemists who first made this monomer noticed how easily it polymerizes and real-

ized that it could serve as a fast-setting glue. Methyl a-cyanoacrylate is sold com-

mercially as Super Glue.

Initiation step

trace of base

Propagation step

XOOCHj

XN

Super Glue

HO—C— C-

H

.COOCH,

'CN

highly stabilized anion

H

---C— C:

H

,COOCH, H.

growing chain

+ ^C=C'
H^ ^ ^CN

monomer

XOOCH,

COOCH,

H

+C—C

—

c—c(^

H CN H

elongated chain

,COOCH,

CN

H COOCH,
I I

c—c

H CN
polymer
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PROBLEM 8-42

Draw a mechanism for a base-catal_\ zed poi_\merization of melin 1 ci-mclhacry late to give

tiic Plexislas* polymer.
H. .COOCH,

C= C
H CH,

nioth\ I n -niethacrvlate

SUMMARY: Reactions ofAlkenes

1. Electrophilic Additions

a. Addition ofhydrogen halides (Section 8-3)

\ /
C=C + H—

X

/ \

(HX = HCL HBr. or HI)

Example

no peroxides

CH,

CH,—C=CH. + HBr
2-meth\lpropene

peroxides

—c—c—

H X
MarkovnikoN' orientation

(anti-Markovnikov \\ ith HBr and peroxides)

CH,

CH3—C— CH,

Br

r-butyl bromide

(Markovnikov orientation)

CH3

CHj—CH—CH,Br
isobutyl bromide

(anti-Markovnikov orientation)

b. Acid-catalyzed hydration (Section 8-4)

Example

\ /
C=C + H.O

/ \
H+

CH,—CH=CH. + H;0
propene

—c—c—

H OH
(Marko\"niko\' orientation)

H,SO^

OH

CH,—CH— CH,
2-propanol

c. Addition of sulfuric ac/c/ ( Section 8-5A)

C=C + H.SO,
/ \ -

' -c—c—

H OSO,H

H,0. boil

-c— c-

H OH
(Markovnikov orientation)
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Example

CH,—CH=CH3 + HjSOj

propene

H.O. boil

CH,—CH—CH, > CH3—CH—CH,

OSO3H OH
2-propanol

d. Ox\mercuration-demercitration (Section 8-5B)

\ / H.O
I I

^C— + Hg(OAcj, ~^\~^\~

HO HgOAc

NaBH,
-c—c—

Example

H,C=CHCH,CH,

1-butene

Hg(OAc)2 NaBH,
CH —CHCH,CH,

I

'
I

"

AcOHg OH

HO H
(Markovnikov orientation)

CH,—CHCHXH,

OH
2-butanol

e. AIkax\iuercuration-deiuerciiration (Section 8-6)

\=C^ + H2(0Ac),
/ \ ^

-

NaBH
—c—c—

RO HsOAc

-c— C-

RO H
(Markovnikov orientation)

Example

(]) Hg(OAc)..CH,OH
HiC=CH CH-, CH,

, XT nil * CH, CH CH-, CH,
- - 3 (2) NaBH^ -"1 - ^

1-butene 1

OCH3
2-methoxvbutane

f. H\droboration- oxidation (Section 8-7)

\ /
C=C + BH, THF

Example

-c—c—

H B—

H

H

H,0,. "OH
-c—

C

H OH

anti-Marko\ niko\ orientation

(syn stereochemistry )

c:h.

(1) BH, • THF

(2) H,0,. OH
H

H
OH

g. Polymerization

\ /
K+ + C=C

/ \

\ /

I / / \ III/
R—C— C-H > R—C—C—C— C-h

I \ I I I

\
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Example

n CH,—CH=CH,
BF,

propylene

2. Reduction: Catalytic Hydrogenation (Section 8-8)

\ /
C=C + H.

/ \

Pt. Pd. or Ni

H H

c— c—

H CH.
J n

polypropylene

—c—c—
I I

H H
(syn addition)

3. Addition of Carbenes: Cyclopropanation (Section 8-9)

\ /
C=C

/ \

X —c—c—
\ /
c
/\
X Y

Example

+ CHBr,

cyclohexene

4. Oxidative Additions

a. Addition of halogens (Section 8-10)

(X.Y = H. CI. Br. I. or—COOEt)

NaOH/H,0

c=c + X. —

^

(X, = CI.. Br,, sometimes I,)

X
I I—c—c—
I I

X
(anti addition)

Example

+ Br,

cyclohexene

trans - 1 .2-dibromocyclohexane

b. Hidohydrin fonnatiou (Section 8-11)

H,0
+ Br-, —

^

anti addition

(Markovnikov orientation)
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c. Epoxidation (Section 8-12)

\ /
C=C + R—C—O—O—

H

/ \ II

o
alkene

Example

peroxyacid

-C—C— + R—C—O—

H

\/
II

o o
syn addition

cyclohexene

d. Anti hydwxy'lation (Section 8-13)

\ /
C=C + R—C—O—O—

H

O

epoxycyclohexane

(cyclohexene oxide)

C—OH

O
benzoic acid

/
O

-c— c-

\/
o

H^, H,0
OH

—C—C—

OH
(anti addition)

Example

O
II

H—C—OOH, H,0+

cyclohexene

e. Syn hydroxylation (Section 8-14)

\
c=c

Example

KMn04 + -OH, H3O
(or OSO4. H,0.)

OSO4, H.Ot

—c—c—

OH OH
(syn addition)

cyclohexene

c/^-cyclohexane- 1 ,2-diol

5. Oxidative Cleavage ofAlkenes (Section 8-15)

a. Ozonohsis
R R'
\ /
c=c + o,

R H

Example

H CH,

R .0. R'
^ (CH,KS \

C C C=0 -t- 0=C
/ \ / \ / \

R 0—0 H R H

ozonide ketones and aldehydes

H CH,

CH,—C=C—CH3 + O3, then (CHO^S —> CH,—C=0 + 0=C—CH3

2-methyl-2-bLitene acetaldehyde acetone
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b. Potassium perwanganote

R R'
\ /
C=C + KMnO,

/ \ '

R H

Example

H CH,

CH3—C=C—CH, + KMnOj
2-methyl-2-butene

R R'
\ /
^c=o + o=c^

R OH
ketones and acids

(aldehydes are oxidi/ed)

OH CH,

CH3—C=0 + 0==C—CH3
acetic acid acetone

addition A reaction involving an increase in the number of groups attached to the alkene Chapter 8
and a decrease in the number of elements of unsaturation. (p. 330) Glossarv

anti addition: An addition in which two groups add to opposite faces of the double bond

(as in addition of Br2). (p. 355)

electrophilic addition: An addition in which the electrophile bonds to one of the double-

bonded carbons first, followed by the nucleophile. (p. 331

)

syn addition: An addition in which two groups add to the same face of the double bond

(as in osmium tetroxide hydroxylation). (p. 348)

addition polymer (chain-growth polymer) A polymer that results from rapid addition of

one molecule at a time to a growing polymer chain, usually with a reactive intermediate

(cation, radical, or anion) at the growing end of the chain, (p. 367)

alkoxymercuration The addition of mercuric acetate to an alkene in an alcohol solution,

forming an alkoxy mercurial intermediate. Demercuration gives an ether, (p. 343)

R—O R—

O

\ / R—OH
I I

NaBH,
I |

^C=C^ + Hg(OAc), > —C—C— > —C—C—

HgOAc H

alpha elimination The elimination of two atoms or groups from the same carbon atom.

Alpha eliminations are frequently used to form carbenes. (p. 353)

CHBr, + KOH > CBt. + H,0 + KBr

anionic polymerization The process of forming an addition polymer by chain-growth poly-

merization involving an anion at the end of the growing chain, (p. 370)

beta elimination The elimination of two atoms or groups from adjacent carbon atoms. This

is the most common type of elimination, (p. 353)

H Br

II \ /—C—C— + KOH > C= C + H.O + KBr
II / \ -

carbene A reacti\ e intermediate w ith a neutral carbon atom ha\ ing only two bonds and two

nonbonding electrons. Methylene (iCHj) is the simplest carbene. (p. 351

)

cationic polymerization The process of forming an addition polymer by chain-growth poly-

merization invoh ing a cation at the end of the growing chain, (p. 367)

chain-growth polymer See addition polymer, (p. 367)
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demercuration The removal of a mercury species from a molecule. Demercuration of the

products of oxymercuration and alkoxymercuration is usually accomplished using sodium

borohydride. (p. 342)

epoxide (oxirane) A three-membered cyclic ether, (p. 359)

epoxidation: Formation of an epoxide, usually from an alkene. A peroxyacid is general-

ly used for alkene epoxidations.

free-radical polymerization The process of forming an addition polymer by chain-growth

polymerization involving a free radical at the end of the growing chain, (p. 369)

glycol A 1,2-diol. (p. 360)

halogenation The addition of a halogen (X,) to a molecule, (p. 355)

halohydrin A beta-haloalcohol. with a halogen and a hydroxyl group on adjacent carbon

atoms, (p. 356)

halonium ion A reactive, cationic intermediate with a three-membered ring containing a

halogen atom. Usually a chloronium ion, a bronionium ion, or an iodonium ion. (p. 354)

heterogeneous catalysis Use of a catalyst that is a separate phase from the reactants. For

example, a platinum hydrogenation catalyst is a solid, a separate phase from the liquid

alkene. (p. 350)

homogeneous catalysis Use of a catalyst that is in the same phase as the reactants. For ex-

ample, the acid catalyst in hydration is in the liquid phase with the alkene. (p. 350)

hydration The addition of water to a molecule. Hydration of an alkene forms an alcohol, (p.

338)

H OH
\ / II
^C=C^ + H,0 > —C—C—

hydroboration The addition of borane (BH,) or one of its derivatives (BH^ • THF, for ex-

ample) to a molecule, (p. 345)

hydrogenation The addition of hydrogen to a molecule. The most common hydrogenation

is the addition of H^ across a double bond in the presence of a catalyst (catalytic hydro-

genation or catalytic reduction), (p. 349)

hydroxylation The addition of two hydroxyl groups, one at each carbon of the double bond,

(p. 362)

HO OH
\ / OsO,

I I

C==C + H.O, > —C—C—
/ \ - - II

Markovnikov's rule (p. 333)

(or iginal statement) When a proton acid adds to the double bond of an alkene, the proton

bonds to the carbon atom that already has more hydrogen atoms.

(extended statement) In an electrophilic addition to an alkene, the electrophile adds in

such a way as to generate the most stable intermediate.

Markovnikov orientation: An orientation of addition that obeys the original statement

of Markovnikov's rule; one that gives the Markovnikov product.

anti-Markovnikov orientation: An orientation of addition that is the opposite of that

predicted by the original statement of Markovnikov's rule; one that gives the anti-

Markovnikov product, (p. 335)

monomer One of the small molecules that bond together to fomi a polymer (p. 367)

oxidative cleavage The cleavage of a carbon-carbon bond through oxidation. Carbon-car-

bon double bonds are commonly cleaved by ozonolysis/reduction or by warm, concentrated

permanganate, (p. 363)
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oxymercuration The addition of aqueous mercuric acetate to an alkene. (p. 341

)

HO
\ / H.O

I I

C=C + H2(OAc), -^-^ —C—C— + HOAc
/ \ ^

- II
HgOAc

ozonolysis The use of ozone, usually followed by reduction, to cleave a double bond. (p. 364)

peroxide effect The reversal of orientation of HBr addition to alkenes in the presence of per-

oxides. A free-radical mechanism is responsible for the peroxide effect, (p. 337)

peroxyacid (peracid) A carboxylic acid with an extra oxygen atom and a peroxy

(—O—O—) linkage, general formula RCO3H. (p. 359)

polymer A high molecular weight compound composed of many molecules of a smaller,

simpler compound called the monomer, (p. 367)

polymerization: The reaction of the monomer molecules to form a polymer,

regiospecific reaction A reaction that always gives the same orientation on an unsymmet-

rical starting material. For example, the addition of HCl is regiospecific. predicted by

Markovnikov's rule. Hydroboration-oxidation is regiospecific because it consistently gives

anti-Markovnikov orientation, (p. 333)

Simmons-Smith reaction A cyclopropanation of an alkene using the carbenoid generated

from diiodoniethane and the zinc-copper couple, (p. 352)

stereospecific reaction A reaction that converts a particular stereoisomer of the starting ma-

terial to only one stereoisomer [or (±)pair] of the product, (p. 348)

ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 8

1. Predict the products of additions, oxidations, reductions, and cleavages of alkenes.

including

(a) Orientation of reaction (regiochemistry)

(b) Stereochemistry.

2. Propose logical mechanisms to explain the observed products of alkene reactions, in-

cluding regiochemistry and stereochemistn.

3. Use alkenes as starting materials and intermediates in devising one-step and multistep

syntheses.

4. When more than one method is usable for a chemical transformation, choose the bet-

ter method and explain its advantages.

5. Use clues provided by products of reactions such as ozonolysis to detemiine the struc-

ture of an unknown alkene.

In studying these reaction-intensive chapters, students ask whether they should

'"memorize" all the reactions. Doing organic chemistry is like speaking a foreign language,

and the reactions are our vocabulary. Without knowing the words, how can you construct

sentences'? Making flash cards often helps.

In organic chemistry, the mechanisms, regiochemistry, and stereochemistry are

our grammar. You must develop /flc;7;7v with the reactions, as you develop facility

with the words and grammar you use in speaking. Problems and multistep syntheses

are the sentences of organic chemistry. You must practice combining all aspects of

your vocabulary in solving these problems.

Students who fail exams often do so because they ha\ e memorized the \ocabular)',

but they have not practiced doing problems. Others fail because they think they can do prob-

lems, but they lack the vocabulary. If you understand the reactions and can do the end-of-

chapter problems without looking back, you should do well on your exams.
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Study Problems
8-43. Define each term and give an example.

(a) dimerization (b) polymerization (c) electrophilic addition

(d) stereospecific addition (e) syn addition (f) anti addition

(g) Markovnikov addition (h) anti-Markovnikov addition (i) peroxide effect

(j) hydrogenation (k) hydration (1) homogeneous catalysis

(m) heterogeneous catalysis (n) halogenation (0) halohydrin

(P) hydroxylation (q) epoxidation (r) oxidative cleavage

(s) hydroboration (t) oxymercuration -demercuration (u) alkoxymercuration -demercuration

(V) carbene addition (w) alpha elimination (X) beta elimination

(y) addition polymer (z) monomer (aa) cationic polymerization

8-44. Predict the major products of the following reactions, and give the structures of any intermediates. Include stereo-

chemistry where appropriate.

8-45. Propose mechanisms consistent with the following reactions.

OCH3 CI

Br Br Br
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8-46.

H

(g) 2 C=C^ / \
H H

H

Show how you would synthesize each compound using methylenecyclohexane as your starting material.

methvlenecvclohexane

(a)

(d)

(g)

OH (b)

O

8-47.

8-48.

^8-49.

8-50.

8-51.

Limonene is one of the compounds that give lemons their tangy odor. Show the structures of the products expect-

ed when limonene reacts with an excess of each of these reagents.

(a) borane in tetrahydrofuran, followed by basic hydrogen peroxide

(b) peroxybenzoic acid

(c) ozone, then dimethyl sulfide

(d) a mixture of osmic acid and hydrogen peroxide

(e) hot, concentrated potassium permanganate

(f) peroxyacetic acid in water

(g) hydrogen and a platinum catalyst

(h) hydrogen bromide gas

(i) hydrogen bromide gas in a solution containing dimethyl peroxide

( j) bromine water

(k) chlorine gas

(1) mercuric acetate in methanol, followed by sodium borohydride

(m) methylene iodide pretreated with the zinc -copper couple

The structures of three monomers are shown below. In each case, show the structure of the polymer that would

result from polymerization of the monomer. Vinyl chloride is polymerized to "vinyl" plastics and PVC pipe.

Tetratluoroethylene polymerizes to Teflon"^', used as non-stick coatings and PTFE valves and gaskets. Acryloni-

trile is polymerized to Orion' , used in sweaters and carpets.

limonene

;c=c;
H'

,H

XI
vinyl chloride

F F

telrafiuoroethvlene

,C=N
C=C

H H
acrylonitrile

When styrene (vinylbenzene) is commercially polymerized, about 1 -3% divinylbenzene is often added to the

styrene. Tlie incorporation of some divinylbenzene gives a polymer with more strength and better resistance to organ-

ic sohents. Explain how a very small amount of divinylbenzene has a marked effect on the properties of the polymer.

The cationic polymerization of isobutylene (2-methylpropene) is shown in Section 8-I6A. Isobutylene is often poly-

merized under free-radical conditions. Propose a mechanism for the free-radical polymerization of isobutylene.

Polytethvl acrylate) has the formula q
II

C— OCHXH-,

Give the structure of the ethyl acrylate monomer.
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8-52.

8-53.

8-54.

8-55.

8-56.

8-57.

8-58.

8-59.

Chapter 8: Reactions of Alkenes

Draw the structures of the following compounds, and determine which member of each pair is more reactive to-

ward the addition of HBr
(a) propene or 2-methylpropene (b) cyclohexene or 1 -methyicyclohexene

(c) 1-butene or 1,3-butadiene

Cyclohexene is dissolved in a solution of lithium chloride in chloroform. To this solution is added one equivalent

of bromine. The material isolated from this reaction contains primarily a mixture of ?ram-l,2-dibromocyclohex-

ane and /ra«.s-l-bromo-2-chlorocyclohexane. Use a detailed mechanism to show how the.se compounds are

formed.

Draw a reaction-energy diagram for the propagation steps of the free-radical addition of HBr to isobutylene. Draw
curves representing the reactions leading to both the Markovnikov and the anti-Markovnikov products. Compare

the values of AG° and E„ for the rate-detennining steps, and explain why only one of these products is observed.

Give the products expected when the following compounds are ozonized and reduced.

Show how you would make the following compounds from a suitable cyclic alkene.

»Br

OH

(e)

(c)

(f)

Br

OH
OCH,

Unknown X. CjHyBr, does not react with bromine or with dilute KMn04. Upon treatment with potassium

/-butoxide, X gives only one product. Y, CjHg. Unlike X, Y decolorizes bromine and changes KMnOj
from purple to brown. Ozonolysis-reduction of Y gives Z, CjH^Oi . Propose consistent structures for X, Y,

and Z.

One of the constituents of turpentine is a-pinene. formula CigHi^. The following scheme (called a "road

map") gives some reactions of a-pinene. Determine the structure of a-pinene and of the reaction products

A through E.

E
CioHigO^

H3O+

D
CioHifoO

A
CioHiftBr,

Br.

CCI,

a-pmene
Br,

(2) (CH3)2S

H.O
B

C.oHnOBr

H.SO^
heat

CioHijBr

The sex attractant of the housefly has the formula C.^Hj^,. When treated with warm potassium permanganate, this

pheromone gives two products: CH,(CH2),2COOH and CH,{CH2)7COOH. Suggest a structure for this sex attrac-

tant. Is there any part of the structure that is uncertain?
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8-60. In contact with a platinum catalyst, an unknown aikcnc reacts with 3 mol of hydrogen gas to give 1-iso-

propyi-4-methylcyciohe\ane. When the unknown alkene is ozonized and reduced, the products are the

following:

o o o o o o

H—C— H H—C—CH,—C—C—CH, CH,—C—CH,—C—

H

Deduce the structure of the unknown alkene.

*8-61. Propose a mechanism for the following reaction.

8-62.

8-63.

8-64.

8-65.

HO

The two butenedioic acids are called /;//»rtm- acid (trans) and nnilcic acid (cis). 2.3-Dihydroxybutanedioic acid is

called tartaric acid.

H COOH HOOC—CH—CH—COOHCOOH HOOC
\ _ / \ _ /
/^~~^\ /^~^\ OH OH

HOOC H H H
fumaric acid maleic acid tartaric acid

Show how you would convert

(a) fumaric acid to ( ± )-tartaric acid

(c) maleic acid to ( ± )-tartaric acid.

(b) fumaric acid to /Hf.so-tartaric acid,

(d) maleic acid to /»f5o-tartaric acid.

The compound BD, is a deuterated form of borane. Predict the product formed when 1 -methylcyclohexene reacts

with BDj • THF. followed by basic hydrogen peroxide.

A routine addition of HBr across the double bond of a \ inylcyclopentane gave an unexpected reananged product.

Propose a mechanism for the fomiation of this product, and explain why the reanangement occurs.

HBr
CH,

Br

CH,

An unknown compound decolorizes bromine in carbon tetrachloride, and it undergoes catalytic reduction to give

decalin. When treated with warm, concentrated potassium permanganate, this compound gives c rv-cyclohexane-

1.2-dicarboxylic acid and oxalic acid. Propose a structure for the unknown compound.

unknown compound

^--'^COOH
c(5-cyclohexane- 1 ,2-dicarboxylic acid

O O
II II

HO—C—C—OH
oxalic acid

> further \

oxidation
j
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8-66.

^8-67.

Many enzymes catalyze reactions that are similar to reactions we might use for organic synthesis. Enzymes tend

to be stereospecitlc in their reactions, and asymmetric induction is common. The following reaction, part of the

tricarboxylic acid cycle of cell respiration, resembles a reaction we might use in the laboratory; however, the en-

zyme catalyzed reaction gives only the (5) enanliomer of the product, malic acid.

H COOH
\ /
C
II

C
/ \

HOOC H
fumaric acid

fumarase

H,0, pH 7.4

HO COOH

CH.COOH
(5)-malic acid

DO-

D-

COOD

H

H

GOOD
Product in D,0

(a) What type of reaction does fumarase catalyze?

(b) Is fumaric acid chiral? Is malic acid chiral? In the enzyme-catalyzed reaction, is the product (malic acid) op-

tically active?

(c) If we could run the above reaction in the laboratory using sulfuric acid as the catalyst, would the product

(malic acid) be optically active?

(d) Do you expect the fumarase enzyme to be a chiral molecule?

(e) When the enzyme-catalyzed reaction takes place in DiO, the only product is the stereoisomer pictured

above. No enantiomer or diastereomer of this compound is formed. Is the enzyme-catalyzed reaction a syn

or anti addition?

(f ) Assume we found conditions to convert fumaric acid to deuterated malic acid using hydroboration with

BDj • THF, followed by oxidation with DiOt and NaOD. Use Fischer projections to show the

stereoisomer(s) of deuterated malic acid you would expect to be formed.

(a) The following cyclization has been observed in the oxymercuration-demercuration of this unsaturated alco-

hol. Propose a mechanism for this reaction.

OH ( 1 ) Hg(OAc).

(2) NaBHj

(b) Predict the product of formula C7H|,BrO from the reaction of this same unsaturated alcohol with bromine.

Give a mechanism to support your prediction.

*8-68. An inexperienced graduate student treated 5-decene with borane in THF, placed the flask in a refrigerator, and

left for a party. When he returned from the party, he discovered that the refrigerator was broken, and it had gotten

quite wann inside. Although all the THF had evaporated from the flask, he treated the residue with basic hydro-

gen peroxide. To his surprise, he recovered a fair yield of 1-decanoI. Use a mechanism to show how this reaction

might have occuned. (Hint: The addition of BH^ is reversible.)

*8-69. We have seen many examples where halogens add to alkenes with anti stereochemistry via the halonium ion

mechanism. However, when 1-phenylcyclohexene reacts with chlorine in carbon tetrachloride, a mixture of the

cis and trans isomers of the product is recovered. Propose a mechanism, and explain this lack of stereospecificity.

1-phenylcyclohexene cis- and trans-

1 ,2-dichloro- 1 -phenylcyclohexane

\



Alkynes are hydrocarbons that contain carbon -carbon triple bonds. Alkynes are

also called acetylenes because they are derivatives of acetylene, the simplest alkyne.

H—C=C—H CH3CH2—C=C—H CH,—C=C—CH,
acetylene ethylacetylene dimethylacetylene

The chemistry of the carbon-carbon triple bond is similar to that of the dou-

ble bond. In this chapter, we see that alkynes undergo most of the reactions of alkenes,

especially the additions and the oxidations. We also consider reactions that are spe-

cific to alkynes: some that depend on the unique characteristics of the C=C triple

bond, and others that depend on the unusual acidity of the acetylenic C—H bond.

A triple bond gives an alkyne four fewer hydrogens than the corresponding alkane.

Its molecukir formula is like that of a molecule with two double bonds: C„H2„ - 2 . There-

fore, the triple bond contributes two elements of un.saturation (e.u.) (Section 7-3).

H—C=C—

H

ethyne, C,H,

2 e.u.. c„h;„ : 3

Alkynes are not as common in nature as alkenes, but some plants do use alkynes

to protect themselves against disease or predators. Cicutoxin is a toxic compound
found in water hemlock, and capillin protects a plant against fungal diseases. The

alkyne functional group is not common in drugs either, but parsalmide is used as an

analgesic, and ethynyl estradiol (a synthetic female hormone) is a common ingredi-

ent in birth control pills. Dynemicin A is an antibacterial compound that is being

tested as an antitumor agent.

HOCH,CH2CH2— C=C—C^C—CH=CH—CH=CH—CH=CH—CHCH2CH2CH3

OH
Cicutoxin

o

CH3—c=c—c=c—

c

9-1

Introduction

^\ H.„^^

H^c—c^H ^c=c:^
H H H H

ethane, C^H^^ ethene, C^H^

0 e.u.. C h" , . 1 e.u.. C,H.„

capilhn
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parsalmide ethynyl estradiol Dynemicin A

PROBLEM 9-1

Draw structural formulas of at least two alkynes of each molecular formula,

(a) C,H,n (b) CgH,2 (c) C^Hio

9-2

Nomenclature

of Alkynes

lUPAC Names. The lUPAC nomenclature for alkynes is similar to that for alkenes.

We find the longest continuous chain of carbon atoms that includes the triple bond

and change the -ane ending of the parent alkane to -yne. The chain is numbered from

the end closest to the triple bond, and the position of the triple bond is designated by

its lower-numbered carbon atom. Substituents are given numbers to indicate their

locations.

Br

lUPAC name:

H—C=C—

H

ethyne

(acetylene)

CH3—C=C—H CH,—C=C— CH, CH3—CH—C=C—CH^—CH—CH3
propyne 2-butvne 6-bromo-2-methyl-3-heptyne

When additional functional groups are present, the suffixes are combined to pro-

duce the compound names of the alkenynes (a double bond and a triple bond),

alkxnols (a double bond and an alcohol), etc.

H,C=C— C: :C—CH, CH,—CH—C^C— H CH,—C=C—CH—CHXH,

lUPAC name: 2-methy 1- 1 -penten-3-yne

OH
3-butvn-2-ol

OCH3
4-methoxv-2-hexvne

Common Names. The common names of alkynes describe them as derivatives of

acetylene. Most alkynes can be named as a molecule of acetylene with one or two

alkyl substituents. This nomenclature is like the common nomenclature for ethers,

where we name the two alkyl groups bonded to oxygen.

common name:

common name:

H—C^C—

H

acetylene

CH,—C=C—

H

methylacetylene

(CH^i.CH—C^C—CH(CH,).

diisopropylacetylene

R—C^C—

H

an alkylacetylene

Ph—C=C—

H

phenylacetylene

Ph—C^C—Ph

diphenylacetylene

R—C=C— R'

a dialkylacetylene

CH,—C=C—CH.CH,

ethylmethylacetylene

H—C^C—CH.OH
hydroxymethylacetylene

(propargyl alcohol)
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Many of an alkyne"s chemical properties depend on whether there is an

acetylenic hydrogen (H—C=C), that is. if the triple bond comes at the end of a c ar-

bon chain. Such_an alkyne is called a terminal alkyne or a terminal acetylene^If

the triple bond is located somewhere other than the endj)Lih£ carboiL-chaiiL_the

alkyne is called an internal^alkypf or -m infprnaLacetylene.

acetvlenic hvdro2en •

H -C=C—CH.CH;

1-butvne, a terminal alkvne

(no acetylenic hydrogen)

CH,—C^C—CH,

2-butvne. an internal alkyne

PROBLEM 9-2

For each molecular formula, draw all the isomeric alkynes. and gi\ e their lUPAC names.

Circle the acetylenic hydrogen of each terminal alk\'ne.

(a) C4H(, (two isomers) (b) CjHs (three isomers)

The physical properties of alkynes (Table 9-1) are similar to those of alkanes and

alkenes of similar molecular w eights. Alkynes are relatively nonpolar and nearly in-

soluble in water. They are quite soluble in most organic solvents, including acetone,

ether, methylene chloride, chloroform, and alcohols.

Acetylene, propyne. and the butynes are gases at room temperature, just like

the corresponding alkanes and alkenes. In fact, the boiling points of alkynes are near-

ly the same as those of alkanes and alkenes w ith similar carbon skeletons.

TABLE 9-1 Physical Properties of Selected Alkynes

Density

Xanie Structure mp('C) hprC) (g/cni)

ethyne (acetylene) H—C=C—

H

-81 -84 0.62

propyne H—C^C—CH, -101 -23 0.67

1-butyne H—C^C—CH.CH, -126 8 0.67

2-but}'ne CH,—C=C—CH, -32 27 0.69

1-pentyne H—C=C—CH,CH-CH, -90 40 0.70

2-pentyne CH,—C=C—CH^CH, -101 55 0.71

3-methyl- 1-butyne CH,— CH(CH,)—C^C—

H

28 0.67

1 -hexyne H—C=C—(CH,),—CH, -132 71 0.72

2-hexyne CH,—C=C—CH,CH,CH, -90 84 0.73

3-hexyne CH.CH,—C^C—CHCH, -101 82 0.73

3.3-dimethy 1- 1 -butyne (CH.hC—C=C—

H

-81 38 0.67

1-heptyne H—C=C— (CH^ljCH, -81 100 0.73

1-octyne H—C=C— (CH,).CH, -79 125 0.75

1-nonyne H—C=C— (CH,)(,CH, -50 151 0.76

1 -decyne H—C=C—(CHO-CH, -36 174 0.77

9-3

Physical Properties

of Alkynes

9-4A Uses of Acetylene and Methylacetylene 9-4

Acetylene is by far the most important commercial alkyne. Its largest use is as the Commercial
fuel for the oxvacetvlene weldins torch. .Acetvlene is a colorless, foul-smellins sas j~c

,u 'u 11 ^ u , I " Importance ot
that burns in air w ith a yellow, sooty flame. W hen the flame is supplied w ith pure ^

oxygen, however, the color turns to light blue, and flame temperature increases dra- A' KyneS
matically. A comparison of the heat of combustion for acetylene with those of
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ethene and ethane shows why this gas makes an excellent fuel tor a high-tem-

perature flame.

CH,CH, + I O. 2 CO. + 3 H;0 A//° = - 373 kcal (- 1561 kJ)

— 373 kcal divided by 5 moles of products

H.C=CH. + 3 O. 2 CO. 2 H.O

- 75 kcal /mol of products

(-312U/mol)

^ -337 kcal (- 1410 kJ)

— 337 kcal divided by 4 moles of products = — 84 kcal /mol of products

(-352kJ/mol)

HC=CH + O. 2 CO. + 1 H.O A//°= -317 kcal (- 1326 kJ)

An oxygen-acetylene flame is

hot enough to melt steel for

welding. A cutting torch uses

an extra jet of oxygen to bum
away hot steel.

- 3 1 7 kcal divided by 3 moles of products = — 106 kcal /mol of products

(-442 kJ/mol)

If we were simply heating a house by burning one of these fuels, we might

choose ethane as our fuel because it produces the most heat per mole of gas con-

sumed. In the welding torch, we want the highest possible temperature of the gaseous

products. The heat of reaction must raise the temperature of the products to the flame

temperature. Roughly speaking, the increase in temperature of the products is pro-

portional to the heat given offper mole ofproducts formed. This rise in temperature

is largest with acetylene, which gives off the most heat per mole of products. The oxy-

acetylene flame reaches temperatures as high as 2800°C.

When acetylene was first used for welding, it was considered a dangerous,

explosive gas. Acetylene is thermodynamically unstable. When the compressed

gas is subjected to thermal or mechanical shock, it decomposes to its elements,

releasing 56 kcal (234 kJ) of energy per mole. This initial decomposition often

splits the container, allowing the products (hydrogen and finely divided carbon) to

burn in the air.

H—C^C—

H

2C + H.

2C + H. A//°= -56kcal/mol(-234kJ/moI)

2 CO. + H.O A//°= -261 kcal /mol (-1090 kJ/mol)

Acetylene is safely stored and handled in cylinders that are filled with crushed

firebrick wet with acetone. Acetylene dissolves freely in acetone, and the dissolved

gas is not so prone to decomposition. Firebrick helps to control the decomposition

by minimizing the free volume of the cylinder, cooling and controlling any decom-

position before it gets out of control.

Methylacetylene also is used in welding torches. Methylacetylene does not de-

compose as easily as acetylene, and it bums better in air (as opposed to pure oxygen).

Methylacetylene is well suited for household soldering and brazing that requires

higher temperatures then propane torches can reach. The industrial synthesis of

methylacetylene gives a mixture with its isomer, propadiene (allene). This mixture

is sold commerciallv under the name MAPP® gas (MethvMcetvlene-ProPadiene).

CH,—C^C—

H

methylacetylene

H.C=C=CH.
propadiene (allene)

9-4B Manufacture ofAcetylene

Acetylene, one of the cheapest organic chemicals, is made from coal or from natur-

al gas. The synthesis from coal involves heating lime and coke (roasted coal) m an

electric furnace to produce calcium carbide. Addition of water to calcium carbide pro-

duces acetylene and hydrated lime.
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3C + CaO
electnc furnace. 2500'C^

^
coke lime calcium carbide

CaQ + 2H:0 * H—C=C— H + Ca(OH).

acetylene hydrated lime

This second reaction once served as a light source in coal mines until battery-

powered lights became a\ailable. A miner's lamp works by allowing water to drip

slowly onto some calcium carbide. Acetylene is generated, feeding a small flame

where the gas bums in air with a yellow flickering light. Unfortunately, this flame

ignites the methane gas commonly found in coal seams, causing explosions. Bat-

tery-powered miner's lamps provide better light and reduce the danger of methane

explosions.

The synthesis of acetylene from natural gas is a simple process. Natural gas con-

sists mostly of methane, w hich forms acetylene when it is heated for a very short pe-

riod of time.

2CH4
'-'""^

> H—C=C—H + 3H.
^ 0.01 sec

Although this reaction is endothermic. there are twice as many moles of products as

reactants. The increase in the number of moles results in an increase in entropy, and

the ( -7"AS I term in the free energy (AG = \H — TIS ) predominates at this high

temperature.

PROBLEM 9-3

What reaction would acetylene likely undergo if it w ere kept at 1500"C for too long?

In Section 2-4. we studied the electronic structure of a triple bond. Let's review this 9-5

Eled

ofAlkynes

structure, usmg acetvlene as the example. The Lewis structure of acetylene shows c\^^4.^^^:^ c*^. .^^
f % ' ,u u . .u u 1

' electronic btructure
three pairs of electrons in the resion between the carbon nuclei:

Each carbon atom is bonded to tw o other atoms, and there are no nonbonding valence

electrons. Each carbon atom needs two hybrid orbitals to form the sigma bond frame-

work. Hybridization of the s orbital with one p orbital gives tw o hybrid orbitals. di-

rected 180' apart, for each carbon atom. Overlap of these sp hybrid orbitals with

each other and w ith the h\ drogen s orbitals gives the sigma bond framework. Ex-

perimental results ha\ e confirmed this linear ( 180') structure.

H C C H

Tw 0 pi bonds result from overlap of the two remaining unhybridized p orbitals

on each carbon atom. These orbitals overlap at right angles to each other, forming one

pi bond with electron density above and below the C—C sigma bond, and the other

w ith electron density in front and in back of the sigma bond. The shape of these pi

bonds is such that they blend to form a cylinder of electron density encircling the

sigma bond between the two carbon atoms.
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overlap oH p orbitals cylinder of electron density

9-6

dity of Alkynes

The carbon-carbon bond length in acetylene is 1 .20 A. and each carbon-hy-

drogen bond is 1 .06 A. Both bonds are shorter than the corresponding bonds in ethane

and in ethene.

H'

H
1 ..^4 A

X -c;
Vh
H

H'

1.09 A

ethane

:c=c:

1 .08 A

ethene

1.3.'? A .20 A

H^C^C—

H

^
1 .06 A

ethyne

The triple bond is relatively short because of the attractive overlap of three

bonding pairs of electrons and the high s character of the sp hybrid orbitals. The sp

hybrid orbitals are about one-half character (as opposed to one-third s character of

sp' hybrids and one-fourth of ^p"* hybrids), using more of the closer, tightly held 5

orbitals. The use of sp hybrid orbitals also accounts for the slightly shorter C—

H

bonds in acetylene compared with ethylene.

Terminal alkynes_are much more acidic than other hydrocarbon s. Removal of an

acetylenic proton forms an acetylide ion, which plays a central foIFTnalkyne

chemistry. The acidity of an acetylenic hydrogen stems from the nature of the sp

hybrid =C—H bond.

Tablejj shows how the acidity of a C—H bond varies with its hybridization,,

increasing with the increasing /character of the orbitals: sp^ < sp~ < sp. (Rernem-

Conipouiid Conjugate Base Hybridization s Character pK

H H

H—C—C—

H

H H

C=C

:NH3

H—C=C—

H

R—OH

H H

H—C—c<3"

H H

c=c

:NH2

R— O:"

25%

33%

(ammonia)

sp

(alcohoLs)

50%

50

44

35

25

16-li

weakest

acid

stronger

acid
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ber that a smaller value of pA"., corresponds to a stronger acid.) The acetylenic pro-

ton is about 10''^ times as acidic as a vinyl proton. When an acetylenic proton is ab-

stracted, the resulting carbanion has the lone pair of electrons in the sp hybrid orbital.

Electrons in this orbital are close to the nucleus, and there is less charge separation

than in carbanions with the lone pair in sp- or sp^ hybrid orbitals. Ammonia and al-

cohols are included for comparison; note that acetylene can be deprotonated by the

amide ( NHi) ion. but not by an alkoxide ion.

9-6A Formation of Acetylide Ions

Unlike alkanes and alkenes, terminal acetylenes can be deprotonated by a very strong

ba,se to form carbanions called acetylide ions (or alkynide ions). Hydroxide ion and

alkoxide ions are not strong enough bases to deprotonate alkynes. Internal alkynes

donotJiavejLCetylenic protons, so they do not react .

acidic proton
\

CH3CH.—C=C—H +
1-butyne, a terminal alkyne

C=C—

H

cyclohexylacetylene

NaNH.
sodium amide

NaNH,

sodium amide

CH3CH2—C=C: Na + NH3
sodium butynide

C^C: Na + NH,

sodium cyclohexylacetylide

base '

CH3—C=C—CH3 > no reaction

(no acetylenic proton)

2-butyne. an internal alkyne

Sodium amide (Na^~ :NH2) is frequently used as the base in forming acetylide

salts. The amide ion ( NHj) is the conjugate base of ammonia, a compound that

is itself a base. Ammonia is also a very weak acid, however, with

A'., = 10 (pA',, = 35). One of its hydrogens can be reduced by sodium to give

the sodium salt of the amide ion. a very strong conjugate base.

H
I

H—N—H + Na
ammonia

R—C=C—H + Na+-:NH,

H
Fe-^"*" catalyst

Na+-:N—

H

sodium amide

("sodamide")

R—C=C:-+Na +
a sodium acetylide

:NH,

Acetylide ions are strong nucleophiles. In fact, one of the best methods for syn-

thesizing substituted alkynes is a nucleophilic attack by an acetylide ion on an unhin-

dered alkyl halide. We consider this displacement reaction in detail in Section 9-7A.

CH3CH,—C= C: CH,CH,—C= C—CH, + Nal

PROBLEM 9-4

The boiling points of l-he.\ene (64°C) and 1-hexyne (71°C) are sufficiently close that it is

difficult to achieve a clean separation by distillation. Show how you might use the acidity

of 1-hexyne to remove the last trace of it from a sample of 1-hexene.



390 Chapter 9: Alkynes

PROBLEM 9-5

Predict the products of the f ollowing acid-

action would take place,

(a) H—C=C—H + NaNH,
(c) H—C=C—H + NaOCH,
(e) H—C=C:"^Na + CH,OH
(g) H—C=C:"^Na + H,C=CH,
(i) CH,OH + NaNH.

-base reactions, or indicate if no significant re-

(b) H—C^C—H + CH,Li

(d) H—C=C—H + NaOH
(f) H—C=C:-^Na + HjO
(h) H.C=CH, + NaNH,

9-6B Heavy-Metal Acetylides

Silver! I) and copper { I ) salts react with terminal alkynes to form silver and copper

acetylides. Silver and copper acetylides are bonded more covalently than other

acetylides. however, and they are much less basic and less nucleophilic. Silver and

copper acetylides are not very soluble; they form characteristic precipitates:

R—C^C— H + Ag+ > R—C=C— Agj +
(light colored precipitate)

R—C^C— H + Cu^ * R—C=C— Cu| +
(brick red precipitate)

This reaction provides a simple chemical test for terminal alkynes. Internal

acetylenes are unreactive toward Ag^ and Cu^ because they have no acetylenic pro-

tons. Adding a silver reagent or a copper(I) reagent to a solution of an alkyne shows

whether the alkyne is terminal or internal. The terminal alkyne forms a precipitate,

but the internal alkyne does not.

CH,—CH,—C^C— H + Ag+(orCu+) > CH,—CH,—C=C—Ag j (or Cu) +
precipitate

CH,—C^C—CH, + Ag^(orCu^) > no reaction

This qualitative test commonly uses AgNO, or CuNO,. often in an alcoholic

solution, or ammonia complexes of Ag(l) and Cu(I) ions made by adding a small

amount of aqueous ammonia to the solution of silver or cuprous nitrate.

Ag+'NO, + 2NH; » Ag(NH3)^'N03

Cu+ NO, + 2NH3 > Cu(NH3)J"N03

In addition to the qualitative test, the formation of heavy-metal acetylides can

be used for purifying alkynes— for example, when a mixture of terminal and inter-

nal alkyne isomers is formed in a double dehydrohalogenation (see Problem 9-35).

Addition of Ag(I) or Cu(I) causes the terminal alkyne to precipitate as its acetylide,

which can be filtered off from the internal alkyne.

R—CH,—C=C— H + Cu+ > R—CH.—C=C—Cu I (precipitate, filtered out)

R—C=C—CH, -1- Cu^ * no reaction, remains in solution

Addition of dilute acid regenerates the terminal alkyne from its acetylide.

R—CH,—C=C—Cu + HCI > R—CH,—C^C— H + CuCl

Because they are not strong nucleophiles. silver and copper acetylides are not

commonly used in the alkylation and carbonyl addition reactions discussed in the

next section. Heavy-metal acetylides tend to explode when dry, so they are always
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acidified while still wet. Because copper acetylides are explosive, copper tubing is

never used with acetylene for fear that a coating of copper acetylide might huild up

and explode.

Two different approaches are connnonly used for the synthesis of alkynes. In the

first, an appropriate electrophile undergoes nucleophilic attack by an acetylide ion.

The electrophile may be an unhindered primary alky! halide (undergoes S^,2). or it

may be a carbonyl compound (undergoes addition to give an alcohol). Either reac-

tion joins two fragments and gives a product with a lengthened carbon skeleton. This

approach is used in many laboratory syntheses of alkynes.

The second approach forms the triple bond by a double dehydrohalogenation of

a dihalide. This reaction does not lengthen the carbon skeleton. Isomerization of the

triple bond may occur (see Section 9-8), so dehydrohalogenation is useful only when

the desired product has the triple bond in a thermodynamically favored position.

9-7

Synthesis of Alkynes

from Acetylides

9-7A Alkylation of Acetylide Ions

An acetylide ion is a strong base and a powerful nucleophile. It can displace a halide

ion from a suitable substrate, giving a substituted acetylene.

s

R—C=C: + R'—X R—C=C—

R

(R'— X must be a primary alkyl halide)

X

If this 5^2 reaction is to produce a good yield, the alkyl halide must be an excellent

Sy2 substrate: It must be primary, with no bulky substituents or branches close to the

reaction center. In the following examples, acetylide ions displace primary halides

to form elongated alkynes.

H—C=C:^Na
sodium acetvlide

+

^C=C—

H

ethynylcyclohexane

(cyclohexy lacetylene

)

CH,CHXH,CH,— Br

;!-butvl bromide

( 1 ) NaNH2

(2) ethyl bromide

H—C^C CH,CH.CH,CH,
1-hexyne

(butylacetylene)

(75%)

NaBr

C^C—CH.CH,

1 -cyclohexyl- 1 -butyne

(ethylcyclohexy lacetylene)

If the back-side approach is hindered, the acetylide ion may abstract a proton,

giving elimination by the E2 mechanism.

Br

CH,CH—C= C:- + H,C—CH—CH,
butynide ion isopropyl bromide

E2
CH3CH,—C^C—H + HX=CH— CH,, + Br

butyne propene

SOLVED PROBLEM 9-1

Show how to synthesize 3-decyne from acetylene and any necessary alkyl halides.

SOLUTION
Another name for 3-decyne is ethyl /i-hexyiacetylene. It can be made by adding an ethyl

group and a hexyl group to acetylene. This can be done in either order; we begin by adding

the hexyl group.

PROBLEM-SOLVING HINT
Alkylation of acetylide ions is an

excellent way of lengthening a

carbon chain.The triple bond

can later be reduced (to an

alkane or an alkene) if needed.
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H—C^C—

H

acetylene

CHjlCH.),—C=C—

H

1-octyne

( 1 ) NaNH,

(2)CH,(CH,),Br

(1) NaNH-,

(2) CH3CH,Br

CH3(CH2)5—C=C—

H

1 -octyne

CH^CCH.);—C^C—CH2CH3

3-decyne

PROBLEM 9-6

Show the reagents and intermediates involved in the other order of synthesis of 3-decyne,

by adding the ethyl group llrst and the hexyi group last.

PROBLEM 9-7

Show how you might synthesize the following compounds, using acetylene and any suit-

able aikyl halides as your starting materials. If the compound given cannot be synthesized

by this method, explain why.

(a) 1-hexyne (b) 2-hexyne

(c) 3-hexyne (d) 4-methyl-2-hexyne

(e) 5-methyl-2-hexyne (f ) cyclodecyne

9-7B Addition of Acetylide Ions to Carbonyl Groups

Like other carbanions. acetylide ions are strong nucleophiles and strong bases. In

addition to displacing halide ions in 8^2 reactions, they can add to carbonyl (C=0)
groups. Figure 9-1 shows the structure of the carbonyl group. Because oxygen is

more electronegative than carbon, the C=0 double bond is polarized. The oxygen

atom has a partial negative charge balanced by an equal amount of positive charge

on the carbon atom.

The positively charged carbon is electrophilic: attack by a nucleophile places

a negative charge on the electronegative oxygen atom.

• s . I

Nuc:' ^C=0: > Nuc—C—0 =

"

The product of this nucleophilic attack is an alkoxide ion, a strong base. (An alkox-

ide ion is the conjugate base of an alcohol, a weak acid.) Addition of water or a di-

lute acid protonates the alkoxide to give the alcohol.

Nuc—C—0:^H—6—H > Nuc—C—OH + :0H

alkoxide (orH,0+)

Figure 9-1

The C=0 double bond of a

carbonyl group resembles the

C=C double bond of an

alkene; however, the carbonyl

double bond is strongly polar-

ized. The oxygen atom bears a

partial negative charge, and the

carbon atom bears a partial

positive charge.

R
c=o:

R
|i = 2.4D
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An acetylide ion can serve as the nucleophile in this addition to a carbonyl

group. The acetyhde ion adds to the carbon\ l group to fonn an alkoxide ion. .Addi-

tion of dilute acid ( in a separate step) protonates the alkoxide to gi\ e the alcohol.

/
R

R'—C= C:

acetvlide

\
c=o:

R

aldehyde

or ketone

R

R'—C^C—C— Q:"

R
an alko.xide

(2) H,0*

.An acetxlide adds to formaldehyde (H;0=0) to gi\e (after the protonation

step) a primary alcohol with one more carbon atom than there was in the acetylide.

H

R'—c=o: . c=o.

formaldelnde

H

R'—C=C—C— Q:"

H

R

R—C=C—C—OH
R

an acetvienic alcohol

H
1

R'—C=C—C—OH
I

H
a 1 ' alcohol

Example

CH—C=C—

H

propyne

( 1 ) NaNH,
(2) H,C=0

(3) H30-
CH3—C=C—CH,—OH

:-butvn-l-ol (1°)

An acetylide adds to an aldeh> de to give, after protonation. a secondar\' alco-

hol. The two groups of the secondary alcohol are the acetylide and the alkyl group

that w'as bonded to the carbonyl group of the aldehyde.

R'—C= C:

R

R'—C= C— C— O:"

H

(2) H,0-

R
I

R'—C=C—C—OH
I

H
a 2° alcohol

Example

CH3

CH3—CH—C=C—

H

3-methvl-I-butvne

( 1 ) NaXH,
(2) Ph—"CHO
(31 H,0^

CH3 Ph

CH —CH—C=C—CH—OH

4-meth_\ l- 1 -phen_\l-2-pent\ n- 1 -ol (2°)

A ketone has two alkyl groups bonded to its carbonyl carbon atom. Addition

of an acetylide. followed by protonation. gives a tertiary alcohol. The three alkyl

groups bonded to the carbinol carbon atom (the carbon bearing the —OH group) are

the acetylide and the two alkyl groups originally bonded to the carbonyl group in

the ketone.

R

R'—c=c:: +
\
c=o:

R

R

R —C=C—C— O:"

R

(2)H,0*

a ketone

R
I

R'—C=C— C—OH
I

R
a 3° alcohol
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Example

PROBLEM-SOLVING HINT

If a synthesis requires both alky-

lation of an acetylide and addi-

tion to a carbonyl.add the less

reactive group first: alkylate, then

add to a carbonyl. In general, you

should add reactive functional

groups late in a synthesis.

o

cyclohexanone

(l)Na+ :C=C—

H

(2) H3O+

OH

C=C—

H

1-ethynylcyclohexanol (3°)

PROBLEM 9-8

Show how you would synthesize each compound, beginning with acetylene and any nec-

essary additional reagents.

(a) 2-heptyn-4-ol OH (b) 2-propyn-l-ol (propargyl alcohol)

H—C=C—CH,OHCH3—C^C—CH—CH.CH.CHj

(c) 2-phenyl-3-butyn-2-ol

OH

CH,—C—C=C—

H

Ph

(d) 3-methyl-4-hexyn-3-ol

OH

CH3CH2—C—C=C—CH3

CH,

9-8

Synthesis ofAlkynes

by Elimination

Reactions

In some cases, we can generate a carbon-carbon triple bond by eliminating two

molecules of HX from a dihalide. Dehydrohalogenation of a geminal or vicinal di-

halide gives a vinyl halide. Under strongly basic conditions, a second dehydrohalo-

genation may occur to form an alkyne.

R-

H

c-

X

H

-C— R'

X
a vicinal dihalide

H X

R— C— C— R'

H X
a geminal dihalide

base

—HX
(fast)

base

—HX
(fast)

R'

R'

:c=c;

:c==c:

,R'

,R'

^x

base

— HX
(slow)

base

—HX
(slow)

R—C=C— R'

alkyne

R—C=C— R'

alkyne

Conditions for Elimination. We have already seen (Section 7-9A) many examples

of dehydrohalogenation of alkyl halides. The second step is new, however, because

it involves dehydrohalogenation of a vinyl halide to give an alkyne. This second de-

hydrohalogenation occurs only under extremely basic conditions— for example,

molten KOH or alcoholic KOH in a sealed tube, usually heated to temperatures close

to 200°C. Sodium amide is also used for the double dehydrohalogenation. Since the

amide ion ("iNHt) is a much stronger base than hydroxide, the amide reaction takes

place at a lower temperature. The following reactions are carefully chosen to form

products that do not reairange (see below).

Br Br

CH,—CH,—CH—CH—CH,
2,3-dibromopentane

KOH (fused). CH-CH-C^C-CH,
200°C

2-pentyne

(45%)
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(1) NaNH,. 150°

CH,—CH,—CH,—CH,—CHCK ^ ^
'

* CH,—CH,—CH,—C= C—

H

1,1-dichloropentane " 1-pentyne (55%)

Base-Catalyzed Rearrangements. Unfortunately, the double dehydrohalo-

genation is limited by the severe conditions. Any functional groups that are sen-

sitive to strong bases cannot survive; also, the alkyne products may rearrange

under these extremely basic conditions. Figure 9-2 shows how the loss of pro-

tons at one carbon atom and their replacement elsewhere leads to isomerization

of the triple bond. This ability to isomerize implies that all the possible triple-

bond isomers will equilibrate, and the most stable isomer will predominate. The

most stable alkyne isomer is generally the internal alkyne, or a mixture of inter-

nal alkynes.

R—C—C= Q— R +

H

R
^C—C=C— R <-

H

R.

H

C=C=C—

R

an acetylene
resonance-stabilized carbanion

rC=c=c + B:
y \
H R

an allene

H

R—C=C— C— R + B:-

H
an isomerized acetylene

R—C=C=C
H

R—C^C—

C

R

H

R

+ H—

B

resonance-stabilized carbanion

Figure 9-2

Under extremely basic conditions, an acetylenic triple bond can migrate along the carbon

chain by repeated deprotonation and reprotonation.

Any of several isomers of dibromopentane give 2-pentyne on dehydrohalo-

genation with fused KOH at 200°C. In each case the alkyne initially formed re-

arranges to the most stable isomer, 2-pentyne.

CH,—CH—CH—CHXHj Br—CH—CH2CH.CH,CH3

Br Br

2,3-dibromopentane

Br

Br

1 , 1 -dibromopentane

CH,—C—CH.CH^CH, CH,—CH—CHXH.CH,

Br

2,2-dibromopentane

Br Br

1 .2-dibroniopentane

\ KOH, 200°C
* CH3—C^C—CH.CH

2-pentyne



396 Chapter 9: Alkynes

PROBLEM 9-9

Give a mechanism to show how 1 . 1 -dibromopentane reacts with fused KOH at 200°C to give

2-pentyne.

Br

I KOH, 200°C
Br—CH—CHXHjCH.CH, > CH,—C=C—CH,CH3

PROBLEM 9-10*

Using heats of hydrogenation, we can show that most internal ali<ynes are about 4 kcal/mol

( 1 7 i<J/moi ) more stable than their corresponding terminal alkynes. Calculate the ratio of ter-

minal alkyne to internal alkyne present at equilibrium at 200°C.

R—C=C—

H

one component of

the mixture

Isomerization also results when sodium amide is used as the base in the dou-

ble dehydrohaiogenation. All possible triple-bond isomers are formed, but sodium

amide is such a strong base that it depiotonates the terminal acetylene, removing it

from the equilibrium. The acetylide ion becomes the favored product. When water

is added to quench the reaction, the acetylide ion is protonated to give the terminal

alkyne.

CH^fCH,)^—C=C—CH,

R—C= C:" + ^NHj

acetylide ion

(major component)

(l)NaNH^. 150°C

H^O
R—C=C—

H

major product

-octyne
(2) H,0

CH3(CH0^—CH,—C^C-
1 -octyne

(80%)

H

PROBLEM-SOLVING HINT

KOH,
200

most stable

internal

alkyne

(1) NaNH-,.

150'

(2) Hp

terminal
alkyne

PROBLEM 9-1 I

(a) Give a mechanism to show how 2-pentyne reacts with sodium amide to give 1-pentyne.

(b) Explain how this reaction converts a more stable isomer (2-pentyne) to a less stable iso-

mer ( 1-pentyne).

(c) How would you accomplish the opposite reaction, converting 1-pentyne into 2-pentyne?

PROBLEM 9-12

Show which of the following compounds could be synthesized in good yield by a double

dehydrohaiogenation from a dihalide. In each case

( 1 ) Show which base you would use ( KOH or NaNH,).

(2) Show how your starting material might be synthesized from an alkene.

(a) 2-butyne (b) I-octyne (c) 2-octyne (d) cyclodecyne

SUMMARY: Syntheses ofAlkynes

1. Alkykition of acety lide ions (Section 9-7A)

R—C^C:" + R'—X R—C^C— R' + X
(— R'—X must be an unhindered primary halide or tosylate)

Example

HjC—C=C:^Na + CHjCHjCH,- Br > H3C—C=C—CHpHXH,
sodium propynide I -bromopropane 2-hexyne



9-9 Addition Reactions of" Alkynes 397

2. Additions to carhonxl t^roups (Section 9-7B)

R' ^' ^'

\ I
.. H.O

I

R—C=C:" + ^C= 0: * R—C=C—C— O: > R—C=C— C—OH

^'
R' R'

Example
O OH

H—C= C: + CH,CH—C—H > H—C=C—CH—CH,CH,
(2)

sodium acelylide piopanal 1 -pentyn-3-ol

3. Double dt'liydrolialoiiciialion ofalkyl diludides (Section 9-8)

XX H X
II II fused KOH

R—C—C— R' or R— C— C— R' —rrTiTT^ R—C^C— R'

II II o/-NaNH2

H H H X
(KOH forms internal alkynes: NaNH, forms terminal alkynes.)

Examples

KOH. 200°C (fused)
CH,CH,—CH,— CCl-,—CH, > CHjCH,—C=C—CH3

2.2-dichloropentane 2-pentyne

NaNH,. l.-iO^C

CH3CH2—CH,— CCl-,—CH, = > CH,CH.—CH,—C=C—

H

2,2-dichloropentane 1-pentyne

We have already discussed some of the most impoilant reactions of alkynes. The nu-

cleophilic attack of acetylide ions on electrophiles, for example, is one of the best

methods for making more complicated alkynes (Section 9-7). Now we consider re-

actions that involve transformations of the carbon -carbon triple bond itself.

Many of the reactions of alkynes are similar to the corresponding reactions of

alkenes because both involve pi bonds between two carbon atoms. Like the pi bond

of an alkene, the pi bonds of an alkyne are electron-rich, and they readily undergo

addition reactions. Table 9-3 shows how the energy differences between the kinds of

carbon -carbon bonds can be used to estimate how much energy it takes to break a

particular bond. The bond energy of the alkyne triple bond is only about 54 kcal

(226 kJ) more than the bond energy of an alkene double bond. This is the energy need-

ed to break one of the pi bonds of an alkyne.

9-9

Addition Reactions

of Alkynes

TABLE 9-3 Approximate Bond Energies of Carbon -Carbon Bonds

Bond Toted Energy Class ofBond Approximate Energy

C—C 83 kcal (347 kJ)

C=C 146 kcal (611 kJ)

C^C 200 kcal (837 kJ)

alkane sigma bond

alkene pi bond

second alkyne pi bond

83 kcal (347 kJ)

63 kcal (264 kJ)

54 kcal (226 kJ)

Reagents add across the triple bonds of alkynes just as they add across the dou-

ble bonds of alkenes. In effect, this reaction conveils a pi bond into a sigma bond.

Since sigma bonds are generally stronger than pi bonds, the reaction is usually
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exothermic. Alkynes have two pi bonds, so up to two molecules can add across the

triple bond, depending on the reagents and the conditions.

77 bond (T bond
/ /R—C^C— R' + A—

B

We must consider the possibility of a double addition whenever a reagent adds

across the triple bond of an alkyne. Some conditions may allow the reaction to stop

after a single addition, while other conditions give double addition.

2(T bonds

c=c
/ \

R R'

A—

B

A B

R—C—C— R'

I I

A B

9-9A Addition of Hydrogen to Alkynes (Reduction to Alkanes)

In the presence of a suitable catalyst, hydrogen adds to an alkyne, reducing it to an

alkane. For example, when either of the butyne isomers reacts with hydrogen and a

platinum catalyst, the product is ^-butane. Platinum, palladium, and nickel catalysts

are commonly used in this reduction.

H H

R—C=C— R' + 2H.

Examples

H—C^C—CH3CH3 + 2 H,

1 -butyne

CH,—C=C—CH, + 2 H,

2-butyne

Pt, Pd, or Ni

Pt

Pt

R—C— C— R'

H H

H—CH,— CH.—CH2CH3
butane

(100%)

CH3—CH.—CH.—CH3
butane

(100%)

Catalytic hydrogenation takes place in two steps, with an alkene intermediate.

With efficient catalysts such as platinum, palladium, or nickel, it is usually impos-

sible to stop the reaction at the alkene stage.

R—C=C— R'
H,,Pt

R R'
\ /
C= C

/ \
H H

H,, Pt

H H

R—C—C— R'

H H

9-9B Hydrogenation to cis Alkenes

Hydrogenation of an alkyne can be stopped at the alkene stage by using a "poisoned"

(partially deactivated) catalyst made by treating a good catalyst with a compound

that makes the catalyst less effective. Lindlar's catalyst is a poisoned palladium cat-

alyst, composed of powdered barium sulfate coated with palladium, poisoned with

quinoline.

R— C=C
alkyne

R'
Hj, Pd/BaSO^

CH,OH

quinoline

(Lindlar's catalyst)

R R'
\ /
C=C

/ \
H H

cis alkene
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R—C=C—

R

< Figure 9-3

Catalytic hydrogenation of

alkynes using the Lindlar

catalyst.

The catalytic hydrogenation of alkynes is similar to the hydrogenation of

alkenes. and both proceed with syn stereochemistry. In catalytic hydrogenation, the

face of a pi bond contacts the solid catalyst, and the catalyst weakens the pi bond,

allowing two hydrogen atoms to add (Fig. 9-3). This simultaneous (or nearly si-

multaneous) addition of two hydrogen atoms on the same face of the alkyne ensures

syn stereochemistry.

In an internal alkyne, syn addition gives a cis product. For example, when 2-

hexyne is hydrogenated using the Lindlar catalyst, the product is c'/.v-2-hexene.

Lindlar's catalyst

2-hexyne c-/.s--2-hexene

Lindlar's catalvst
H. .(CHO^CH,

H—c=c—CH,CH,CH,CH, + H. r=c;
"

" " "
" H H

1-hexyne 1-hexene

9-9C Metal-Ammonia Reduction to trans Alkenes

To form a trans alkene, two hydrogens must be added to the alkyne with anti stere-

ochemistry. Sodium metal in liquid ammonia reduces alkynes with anti stereo-

chemistry, and this reduction is used to convert alkynes to trans alkenes.

R H
R—C=C— R + Na/NH, > ^C=C

^

uH R
alkyne trans alkene

Example

Na/NH, H,C. .H
CH,—C^C— (CHO4CH, ^ ^C=C^

H (CHO^CH,
2-octyne ?ra;!5-2-octene

(807f)

Ammonia (bp — 33°C) is a gas at room temperature, but it is kept liquid by

using dry ice to cool the reaction vessel. As sodium dissolves in liquid ammonia, it

gives up electrons, which produce a deep blue color. It is these solvated electrons that

actually reduce the alkyne.

NH3 + Na * NH,-e" (deep blue solution) + Na'

solvated electron
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The metal-ammonia reduction proceeds by addition of an electron to the alkyne

to form a radical anion, followed by protonation to give a neutral radical. Protons are

provided by the ammonia solvent or by an alcohol added as a cosolvent. Addition of

another electron, followed by another proton, gives the product.

The anti stereochemistry of the sodium-ammonia reduction appears to result

from the greater stability of the vinyl radical in the trans configuration, where the alkyl

groups are farther apart. An electron is added to the trans radical to give a trans vinyl

anion, which is quickly protonated to the trans alkene.

^c=c

radical anion

R
X=C. H—Ni

H

Q=Q e-

c=c +

vinyl radical

C=C

vinyl anion

:N:'

H

R-

H
C=C H—Ni

R'
^ C=C^

trans alkene

H

R' H

PROBLEM 9-13

Show how you would convert

(a) 2-pentyne to cM-2-pentene

(c) c/5-cyclodecene to rra;!5-cyclodecene

(b) 2-pentyne to m7/;.v-2-pentene

(d) rra».v-3-octene to f/.v-3-octene

9-9D Addition of Halogens

Bromine and chlorine add to alkynes just as they add to alkenes. If 1 mole of halo-

gen adds to an alkyne, the product is a dihaloalkene. The stereochemistry of addition

may be either syn or anti, and the products are often mixtures of cis and trans isomers.

R\ R\ ^R
R—C=C— R' + X, * ^C=CC^ + ^C=C^

(X, = CUorBr.) X R' X X

Example

CH.CCH,), B, CH,(CHO, ^
CH3(CH,)3—C=C—H + Br. > ^Q= Q'^ + "^C=C:^

Br H Br Br

(72%) (28%)

If 2 moles of halogen add to an alkyne. a tetrahalide results. Sometimes it is dif-

ficult to keep the reaction from proceeding all the way to the tetrahalide even when

we want it to stop at the dihalide.
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R—C=C— R' + 2X,
(X, = CKor Br,)

X X
I I

R—C—C— R'

I I

X X

Example

CHjCHj,—C^C—H + 2CK

PROBLEM 9-14

CI CI

CH^CHO,—C—C—

H

CI CI

(100%)

In the addition of just 1 mole of bromine to 1-hexyne. should the 1-hexyne be added to a

bromine solution or should the bromine be added to the 1-hexyne? Explain your answer.

9-9E Addition of Hydrogen Halides

Hy drogen halides add across the triple bond of an alkyne in much the same way they

add across the alkene double bond. The initial product is a vinyl halide. When a hy-

drogen halide adds to a temiinal alkyne. the product has the orientation predicted

by Markovnikov"s rule. A second molecule of HX can add. usually with the same ori-

entation as the first.

R^ H_xR—C=C—H + H—

X

(HX = HCl. HBr. or HI)

;c=c:
X' H

For example, when 1-pentyne reacts with HBr. the Markovnikov product is obtained.

In an internal alkyne such as 2-pentyne. however, the acetylenic carbon atoms are

equally substituted, and a mixture of products results.

H—C=C—CH3CH.CH3 + HBr

1-pentyne

H'
:c=c:

-CH-,CHiCH:j

Bi

CH,—C^C—CH.CH,
2-pentyne

HBr

2-bromo-l-pentene

(Marko\niko\' product)

Br H
I I

CH3—C=C—CHXH, 4

2-bromo-2-pentene

[(£) and (Z) isomers]

X Hi

I r
R—C—C-

I ,-4-

X

H

H Br

I I

CH,—C-=C—CH.CH,
3-bromo-2-pentene

[(£) and (Z) isomers]

The mechanism is similar to the mechanism of hydrogen halide addition to alkenes.

The vinyl cation fonned in the first step is more stable w ith the positive charge on the

more highly substituted carbon atom. Attack by halide ion completes the reaction.

-H
R—C^C—H + H—X >

alk_\ ne

vinyl cation

When 2 moles of a hydrogen halide add to an alkyne. the second mole usual-

ly adds with the same orientation as the first. This consistent orientation leads to a

geminal dihalide. For example, a double Markovnikov addition of HBr to 1-pentyne

gives 2.2-dibromopentane.

;c=c:
X H^

Markovnikov orientation
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H—C=C—CH2CH2CH3
1-pentyne

HBr H-

H'
=c:

-CH^CH2CH-5

Br

HBr

2-bromo- 1 -pentene

PROBLEM 9-15

H Br

H—C—C—CH2CH2CH3

H Br

2,2-dibromopentane

Propose a mechanism for the entire reaction of 1-pentyne with 2 moles of HBr. Show why
Markovnikov's rule should be observed in both the first and second additions of HBr.

PROBLEM 9-16

The reaction of 2-octyne with 2 equivalents of HCl gives a mixture of two products.

(a) Give the structures of the two products.

(b) Show why the second equivalent of HCl adds with the same orientation as the first

in each case.

In Section 8-3B, we saw the effect of peroxides on the addition of HBr to

alkenes. Peroxides catalyze a free-radical chain reaction that adds HBr across the

double bond of an alkene in the anti-Markovnikov sense. A similar reaction occurs

with alkynes, with HBr adding with anti-Markovnikov orientation.

H-c^C-CH,CH,CH, + ^Br
1-pentyne

:c=c
Br

l-bromo-l -pentene

(mixture of cis and trans isomers)

PROBLEM 9-17

Propose a mechanism for the reaction of 1-pentyne with HBr in the presence of peroxides.

Show why anti-Markovnikov orientation results.

PROBLEM 9-18

Show how 1 -hexyne might be converted to

(a) 1,2-dichlorohexene (b) 1-bromohexene

(c) 2-bromohexene (d) 1,1,2,2-tetrabromohexane

(e) 2-bromohexane (f) 2,2-dibromohexane

9-9F Hydration ofAlkynes to Ketones and Aldehydes

Mercuric Ion-Catalyzed Hydration. Alkynes undergo acid-catalyzed addition of

water across the triple bond in the presence of mercuric ion as a catalyst. A mixture of

mercuric sulfate in aqueous sulfuric acid is commonly used as the reagent. The hydra-

tion of alkynes is similar to the hydration of alkenes, and it also goes with Markovnikov

orientation. The products are not the alcohols we might expect, however.

R—C^C—

H

alkyne

H.O
HgSO^

H2SO4 H^O H

R,

O

H

C—C—

H

H

a vinyl alcohol (enol ketone

Electrophilic addition of mercuric ion gives a vinyl cation, which reacts

with water and loses a proton to give an organomercurial alcohol. Under the
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acidic reaction conditions, mercury is replaced by hydrogen to give a vinyl al-

cohol, called an enol.

H
17 H3O:

R—C^C—

H

alkyiie

HO.
;c=c:

vinyl alcohol

(enol)

-H H,0+ HO. M
C=C

H R Hg+
organomercurial alcohol

Enols tend to be unstable, and isomerize to the ketone form. As shown above,

this isomerization involves the shift of a proton and a double bond. The (boxed) hy-

droxyl proton is lost, and a proton is regained at the methyl position, while the pi bond

shifts from the C=C position to the C=0 position. This type of rapid equilibrium

is called a tautomerism. The one shown is the keto-enol tautomerism, which is

covered in more detail in Chapter 22. The keto form usually predominates.

o^^'^c:
H

H

keto enol

keto-enol tautomerism

In acidic solution, the keto-enol tautomerism takes place by addition of a pro-

ton to the adjacent carbon atom, followed by loss of the hydroxyl proton from oxygen.

Addition ofa proton

at the methylene group

Loss of the

hydroxyl proton

H— O:
;c—C—

H

H— O:

enol form resonance-stabilized intermediate

H + H,0^

For example, the mercuric-catalyzed hydration of 1-butyne ion gives 1-buten-

2-ol as an intermediate. In the acidic solution, the intermediate quickly equilibrates

to its more stable keto tautomer, 2-butanone.

HgSO^

H3SO4
;c—c;

, CHoCHj

0-lHj

l-buten-2-ol

H—C=C—CH.CH, + H.O

1-butyne

PROBLEM 9-19

When 2-pentyne reacts with mercuric sulfate in dilute sulfuric acid, the product is a mix-

ture of two ketones. Give the structures of these products, and use mechanisms to show

how they are formed.

H

H—C—

C

H
O

2-butanone

PROBLEM-SOLVING HINT
To move a proton (as in a

tautomerism) under acidic

conditions, try adding a proton

in the nev^ position, then remov-

ing it from the old position.
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Hydroboration- Oxidation. In Section 8-7 we saw that hydroboration- oxidation

adds water across the double bonds of alkenes with anti-Markovnikov orientation.

A similar reaction takes place with alkynes. except that a hindered dialkylborane

must be used to prevent addition of two molecules of borane across the triple bond.

Di(secondary isoamyl)borane. called "disiamylborane," adds to the triple bond only

once to give a vinylborane. (Amy! is an older common name for pentyl. ) In a terminal

alkyne, the boron atom bonds to the terminal carbon atom.

^ R—C^C—H + Sia.BH

terminal alkyne disiamylborane

R H H3C
\ / ^ \
^C=C^ Sia = ^CH—CH—

H BSia, H3C (Ij^

a vinylborane ' .vec-isoamyr " or "siamvl"

Oxidation of the vinylborane (using basic hydrogen peroxide) gives a vinyl al-

cohol (enol). resulting from anti-Markovnikov addition of water across the triple

bond. This enol quickly tautomerizes to its more stable carbonyl (keto) form. In the

case of a terminal alkyne. the keto product is an aldehyde. This sequence is an ex-

cellent method for converting terminal alkynes to aldehydes.

R

C=C

H

/
H BSia.

vinylborane

NaOH

R H
\ /
C= C

H O^HJ

unstable enol form

OH
R

H—C— C,

H

aldehyde

SOLVED PROBLEM 9-2

Under basic conditions, the keto -enol tautomerism operates by a different mechanism. Propose a base-catalyzed mechanism

for the tautomerism of the enol formed in the hydroboration -oxidation to its keto form, the aldehyde.

SOLUTION
In acid, the enol was first protonated. and then it lost a proton. Under basic conditions, the enol first loses its hydroxy! pro-

ton, then regains a proton on the adjacent carbon atom.

H
RR H

\ /
C=C

/ \
H =0 =

OH

enol form stabilized ""enolate"' ion keto form

Hydroboration of 1-hexyne, for example, gives the vinylborane with boron on

the less highly substituted carbon. Oxidation of this intermediate gives an enol that

quickly tautomerizes to hexanal.

CH3(CH.), H

CH,(CH3)3— C=C—H + Sia,BH > C=C

a vinylborane
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CH,(CH,), H

c=c
/ \

H BSia,

vinylbt>ranc

NaOH

CH3(CH,), H

c=c
H 0-{HJ

enol

CH,CH.CH.CH. u
-OH

3 . .|
.

H—C—
1

[H]

hexanal

(65%)

O

PROBLEM 9-20

The hydroboiation- oxidation of internal alkynes produces ketones.

(a) When hydroboration- oxidation is applied to 2-butyne, a single pure product is obtained.

Determine the structure of this product, and show the intermediates in its formation.

(b) When hydroboration-oxidation is applied to 2-pentyne. two products are obtained.

Show why a mixture of products should be expected with any unsymmetrical internal

alkyne.

PROBLEM 9-21

For each compound, give the product(s) expected from ( 1 ) HgS04/H2S04-catalyzed hy-

drolysis and (2) hydroboration-oxidation.

(a) 1-hexyne (b) 2-hexyne (c) 3-hexyne (d) cyclodecyne

PROBLEM 9-22

Disiamylborane adds only once to alkynes by virtue of its two bulky secondary isoamyl

groups. Disiamylborane is prepared by the reaction of BH3-THF with an alkene.

(a) Draw the structural formulas of the reagents and the products in the preparation of

disiamylborane.

(b) Explain why the reaction in part (a) goes only as far as the dialkylborane. Why is Sia^B

not formed?

PROBLEM-SOLVING HINT

To move a proton (as in a

tautomerism) under basic condi-

tions, try removing the proton

from its old position, then adding

it to the new position.

9- 1 OA Permanganate Oxidations

Under mild conditions, potassium permanganate oxidizes alkenes to diols (Section

8-14B). A similar reaction occurs with alkynes. If an alkyne is treated with aqueous

potassium permanganate under nearly neutral conditions, an cv-diketone results. This

is conceptually the same as hydroxylating each of the two pi bonds of the alkyne, then

losing two molecules of water to aive the diketone.

R—C=C— R'
KMnO

H^O, neutral

OH OH

R—C—C— R'

OH OH

(-2 H,0)

For example, when 2-pentyne is treated with a dilute solution of neutral perman-

ganate, the product is 2,3-pentanedione.

CH3—C=C—CH.CH3
2-pentyne

KMnO,

H-,0, neutral

o o
II II

CH3—C— C—CH.CH,
2,3-pentanedione

(90%)

9-10

Oxidation of

Alkynes

o o

R—C—C— R'
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If the reaction mixture becomes warm or too basic, the diketone undergoes ox-

idative cleavage. The products are the salts of carboxylic acids, which can be con-

verted to the free acids by adding dilute acid.

R—C=C— R'
KMnO^, KOH

H^O, heat

o

R— C—

O

+ O-

O

C- R'
HCl

o o

R—C—OH + HO—C— R'

Using harsher conditions for the reaction of 2-pentyne (as shown above), perman-

ganate cleaves the triple bond to give acetate and propionate ions. Acidification re-

protonates these anions to acetic acid and propionic acid.

CH3— C=C— CH2CH3
2-pentyne

KMnO^. KOH

H,0. heat

H +

o

CH —C—

O

acetate

O
II

CH—C—OH
acetic acid

+

+

o-

o

-C—CH^CHj
propionate

o

HO—C—CHXH,
propionic acid

Terminal alkynes are cleaved similarly to give a carboxylic acid and CO2

O

CH,(CH,)3—C=C—

H

1-hexyne

(1) KMnO^. KOH. H,0

(2) H + CH^fCH.jj—C—OH + CO, t

pentanoic acid

9- 1 OB Ozonolysis

Ozonolysis of an alkyne, followed by hydrolysis, gives products similar to those ob-

tained from oxidative cleavage by permanganate. Either cleavage can be used to de-

termine the position of the triple bond in an unknown alkyne (see Problem 9-24).

R—C=C— R' > R—COOH + R'—COOH
(J) HiU

Example

CH3—C=C—CH.CH, ^ CH3—COOH + CH3CH,—COOH
(2)H,0

PROBLEM 9-23

Predict the product(s) you would expect from treatment of each compound with (Ij dilute,

neutral KMn04 and (2) warm basic KMn04, then dilute acid,

(a) 1-hexyne (b) 2-hexyne (c) 3-hexyne

(d) 2-methy]-3-hexyne (e) cyclodecyne

PROBLEM 9-24

Oxidative cleavages can help to determine the positions of the triple bonds in alkynes.

(a) An unknown alkyne undergoes oxidative cleavage to give adipic acid and 2 equiva-

lents of acetic acid. Propose a structure for the alkyne.

unknown alkyne HOOC— (CH.jj—COOH + 2CH3COOH

adipic acid

(b) An unknown alkyne undergoes oxidative cleavage to give the following triacid plus 1

equivalent of propanoic acid. Propose a structure for the alkyne.
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COOH

unknown alivyne HOOC—(CH.)^—CH—COOH + CH^CH.COOH

a triacid propionic acid

PROBLEM-SOLVING
Multistep Synthesis

Multistep synthesis problems are useful for exercising your knowledge of organ-

ic reactions, and in Chapter 6 we illustrated a systematic approach to synthesis.

Now we apply this approach to a fairly difficult problem emphasizing alkyne

chemistry. The compound to be synthesized is c/5'-2-methyl-4-penten-3-ol.

H H
\ //=\

H3C CH—CH—CH3

OH CH,

f;.v-2-methyl-4-penten-3-ol

The starting materials are acetylene and compounds containing no more than four

carbon atoms. In this problem, it is necessary to consider not only how to assem-

ble the carbon skeleton and how to introduce the functional groups, but also when

it is best to put in the functional groups. We begin with an examination of the tar-

get compound and then examine possible intermediates and synthetic routes.

1. Review the functional groups and carbon skeleton of the target compound.

The target compound contains seven carbon atoms and two functional groups: a

cis carbon -carbon double bond and an alcohol. The best method for generating

a cis double bond is the catalytic hydrogenation of a triple bond (Section 9-9B).

OH
I

H,
H H

H,C—C=C—CH—CH(CH,), , .
„", ^ C=C

J - Lindlars / \
catalyst H3C CH—CH— CH3

OH CH3

Using this hydrogenation as the final step reduces the problem to a synthesis of

this acetylenic alcohol. We know how to form carbon -carbon bonds next to triple

bonds, and we have seen the formation of acetylenic alcohols (Section 9-7B).

Review the functional groups and carbon skeletons of the starting materi-

als, and see how their skeletons might fit together in the target compound.

Acetylene is listed as one of the starting materials, and we have good methods

(Section 9-7) for making carbon -carbon bonds next to triple bonds, by using

acetylide ions as nucleophiles. We can break the target structure into three

pieces, each containing no more than four carbon atoins.

OH CH3

H3C— —C=C— —CH—CH—CH3
1 carbon acetylene 4 carbons (functionalized)

3. Compare methods for assembling the carbon skeleton of the target com-

pound. Which ones provide a key intermediate with the correct carbon
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skeleton and functional groups correctly positioned for conversion to the

functionality in the target molecule?

Acetylenic alcohols result when acetylides add to ketones and aldehydes (Sec-

tion 9-7B). Reaction of the acetylide ion with 2-methylpropanal gives one of

the groups needed on the triple bond.

O OH
II

H^O""
i

H—C^C:- + H—C—CH(CH3)2 > ~ > H—C^C—C—CH(CH3)2

H

A methyl group is needed on the other end of the double bond of the target com-

pound. Methylation requires formation of an acetylide, however (Section 9-7A):

CH3I + :C=C—R > H3C—C=C— R + \-

The hydroxyl group in the acetylenic alcohol is much more acidic than

the acetylenic proton, however. Any attempt to form the acetylide would fail.

OH O-
I IH—C^C—CH—CH(CH3)2 + NaNHj > H—C^C—CH—^(CHj)^ + NH3

This problem can be overcome by adding the methyl group first and then

the alcohol portion. In general, we try to add less reactive groups earlier in a

synthesis, and more reactive groups later In this case, we add the functional-

ized group after adding the alkyl group because the alkyl group is less likely to

be affected by subsequent reactions.

(1) NaNH. NaNH,
H—C=C—H ru^'' H3C—C=C—H ^ H3C—C^C:" Na+

O OH
II

H^Q-"
I

H3C—C=C:- + H—C—CH(CH3)2 >——
> H3C—C=C—CH—CH(CH3)2

4. Working backward through as many steps as necessary, compare methods

for synthesizing the reactants needed for assembly of the key intermediate

with the correct carbon skeleton and functionality.

These compounds are all allowed as starting materials. Later, when we have cov-

ered more synthetic reactions, we will encounter problems that require us to eval-

uate how to make the compounds needed to assemble the key intermediates.

5. Summarize the complete synthesis in the forward direction, including all

steps and all reagents, and check it for errors and omissions.

This final step is left to you as an exercise. Try to do it without looking at this

solution, reviewing each thought process as you summarize the synthesis.

Now try your hand at the syntheses in Problem 9-25 to practice using a sys-

tematic approach.

PROBLEM 9-25

Develop syntheses for the following compounds, using acetylene and compounds

containing no more than four-carbon atoms as your organic starting materials.

(a) 3-methyl-4-nonyn-3-ol ("B-ol" means OH group on C3)

(b) f/^-l-ethyl-2-methylcyclopropane CH3CH, H

H CH2CH2CH3
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SUMMARY: Reactions of Alkynes

I. ACETYLIDE CHEMISTRY
1. Formation ofacetylide onions (alkyniiles)

a. Sodiiiin. lithium, and magnesium acetylides (Sections 9-6A and 10-9)

R—C^C—H + NaNH. » R—C=C:'^Na + NH3

R—C=C—H + R— Li * R—C=C— Li + R'—

H

R—C=C—H + R'—MgX * R—C^C—MgX + R'—

H

Example

CH,—C=C—H + NaNH, * CH,—C=C: ^Na + NH,
propyne sodium amide sodium propynide

(propynyl sodium)

b. Heavy-metal acetylides (Section 9-6B)

R—C^C—H + Ag^ > R—C=C—Agi

R—C^C—H + Cu^ » R—C^C—Cui

(These reactions are used to test for the presence of a terminal alkyne.)

2. Alkylation of acetylide ions (Section 9-7A)

R—C^C: + R'—X » R—C=C— R'

(R '—X must be an unhindered primary hahde or tosylate.)

Example

CH3CH2—C=C:-+Na + CH3CH.CH.—Br > CH3CH;—C=C—CH.CH.CHj
sodium butynide 1 -bromopropane 3-heptyne

3. Reactions with carbonyl groups (Section 9-7B)

R' R'

'^X . I .. H,0
I

R—C^C:" + —
* R—C=C—C—O:" > R—C=C—C—OH

^'
R' R'

Example

O
OH

(1) CHXH,—C— CH,
I

CH,—C=C: Na+ ^ CH,—C=C—C—CH,CH,
(2) H,0 -

I

sodium propynide '

IL ADDITIONS TO THE TRIPLE BOND (SECTION 9-9)

1. Reduction to alkanes (Section 9-9A)

3-methyl-4-hexyn-3-ol

H H
Pt. Pd, or Ni

> R—

H H

R—C^C— R' + 2H, —

—

> R—C—C— R'
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Example

CH,CH.

2-pentyn-l-ol 1-pentanol

CH,CH-,—C^C—CHj—OH + 2 H, ^ CH,CH,—CH,—CH,—CH,—OH

2. Reduction to alkenes (Sections 9-9B and 9-9Cj

R—C^C— R' + H,
Pd/BaSO_,, quirn)line

R R'
\ /
C=C

/ \
H H

Examples

R—C^C— R'
Na. NH, R

CH,CH,—C=C—CH.CH,

3-hexyne

CH,CH.—C=C—CH,CH,

3-hexyne

H,, Pd/BaSO^

quinoline

Na. NH,

\
H

C==C
/ \

H R'

trans

CH.CH, CH.CH,

c=c
/ \

H H
f/'i-S-hexene

CH,CH, H

C==C
/ \

H CH^CH,

?ra«j--3-hexene

3. Addition of halogens {X^ = CI,, Bi\) (Section 9-9D)

X X
X. X,

I I

R—C=C— R' —=-^ R—CX=CX— R' R—C—C— R'

X X
Example

Br, ^„ ^„ ^„ ^„ ^„ Br,

ir tsr

CH3C=CCH,CH, —^ CH,CBr=CBrCH,CH, — CH,—C—C—CHXH,
-pentyne cis- and

/ra/ii-2,3-dibromo-2-pentene
Br Br

2.2.3.3-tetrabromopentane

4. Addition ofhydrogen halides {where HX = HCl HBr or HI) (Section 9-9E)

H X
H—X H—X I I

R—C=C— R' * R—CH=CX— R' * R—C—C— R'

(Markovnikov orientation) I I

H X
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Example

CH,CH,—C=C—

H

-butyne

HCl
CH,CH, H

cr H

2-chloio-l-butene

CI

HCl
^ CH.CH,—C—CH,

I

CI

2,2-dichlorobutane

5. Addition of water (Section 9-9F)

a. Catalyzed by HgSO^/H-,SO^

R—C^C— R' + Hp

(Markovnikov oiientation)

HgS04, H-,SO^ R H
^C=C^^ \

HO R'

vinyl alcohol

(unstable)

H

R—C—C— R'

O H
ketone

(stable)

Example

CH,—C=C—H + Hp
propyne

HgSO^, H.SO^

b. Hydroboration - oxidation

R—C=C— R'
(l)Sia,BH-THF

(2)Hp,.NaOH

(anti-Markovnikov orientation)

Example

R R'

H OH

vinyl alcohol

(unstable)

O

CH,—C—CH,

2-propanone (acetone)

H

R—C—C— R'

H O
ketone or aldehyde

(stable)

CH,—C=C—

H

propyne

(DSia.BH -THF

(2)H^OT,NaOH

O
II

CH,—CH,— C—

H

propanal

III. OXIDATION OF ALKYNES (SECTION 9-10)

1. Oxidation to a-diketones (Section 9-1 OA)

Example

R—C=C— R'

CH—C=C—CHpH,
2-pentyne

KMn04

H-,0. neutral

KMn04

H-,0. neutral

O O
II II

R—C—C— R'

O O

CH,— C—C—CHXHj
pentane-2,3-dione

2. Oxidative cleavage (Section 9-1 OB)

O O
(1) KMnO,."OH II II

R—C=C— R' 7 > R—C—OH + HO—C-
(2) H +

(orO,. then H,0)
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Examples

O O
(1) KMnO^, NaOH

(2) H +CH—C^C—CH,CH, -7^^ * CH3—C—OH + HO—C—CH^CHj

O
(DKMnO^.NaOH

||

CH,CH,CH,—C^C—H ^.
> CH3CH2CH2—C—OH + COj j

Chapter 9 acetylene The simplest alkyne, H—C=C— H. Also used as a synonym for alkyne, a gener-

GloSSa.ry ^^^^^^ '^^^ compound containing a C=C triple bond. (pp. 385f)

acetylide ion (alkynide ion) The anionic salt of a terminal alkyne. Metal acetylides are

organometallic compounds with a metal atom in place of the acetylenic hydrogen of a terminal

alkyne. The metal -carbon bond may be covalent or ionic or partially covalent and partially

ionic, (p. 389)

R—C=C:-Na^ R—C=C—Ag
a sodium acetylide a silver acetylide

alkoxide ion R— O^, the conjugate base of an alcohol, (p. 392)

R—0:~+H20 R—O—H + OH
alkoxide alcohol

alkyne Any compound containing a carbon -carbon triple bond. (pp. 383, 385)

A terminal alkyne has a triple bond at the end of a chain, with an acetylenic hydrogen.

An internal alkyne has the triple bond somewhere other than at the end of the chain.

acclyleriic hydrogen (no acetylenic hydrogen;

[h]-C^C—CH.CH, CH,—C^C— CH,

1-butyne, a terminal alkyne 2-butyne. an internal alkyne

amyl An older common name for "pentyl." (p. 404)

end An alcohol with the hydroxy 1 group bonded to a carbon atom of a carbon -carbon dou-

ble bond. Most enols are unstable, spontaneously isomerizing to their carbonyl tautomers,

called the keto form of the compound. See tautomers. (p. 403)

Lindlar's catalyst A heterogeneous catalyst for the hydrogenation of alkynes to cis alkenes.

In its most common fomi, it consists of a thin coating of palladium on barium sulfate, with

quinoline added to decrease the catalytic activity, (p. 398)

s character The fraction of a hybrid orbital that corresponds to an s orbital; about one half

for sp hybrids, one third for sp- hybrids, and one fourth for sp^ hybrids, (p. 388)

siamyl group A contraction for "secondary isoamyl," abbreviated "Sia." This is the 1,2-di-

methylpropyl group. Disiamylborane is used for hydroboration of terminal alkynes because

this bulky borane adds only once to the triple bond. (p. 404)

Sia = CH—CH— R'—C=C—H + Sia^BH > ^C==C^

H,C (Ip^^ H BSia,

'.vc^r-isoamyr' or "siamyl" alkyne disiamylborane a vinylborane

tautomers Isomers that can quickly interconvert by the movement of a proton (and a double bond)

from one site to another. An equilibrium between tautomers is called a tautomerism. (p, 403)

O—

H

„ ..
I

o
\ / '

' H+ or ~0H
I

1

I

/-

C=C (
^ H^C—

C

/ \ '—
^

I

\

enol form kelo form

The keto-enol tautomerism is the equilibrium between these two tautomers.
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vinyl cation A cation with a positive cliarge on one of the carbon atoms of a C=C double

bond. The cationic carbon atom is usually sp hybridized. Vinyl cations are often generated by

the addition of an electrophile to a carbon-carbon triple bond. (p. 401)

R
\ +

R—C=C— R' > C=C— R'

) ^

a vinyl cation

ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 9

1. Name alkynes and draw the structures from their names.

2. Explain why alkynes are more acidic than alkanes and alkenes. Show how to generate

nucleophilic acetylide ions and heavy-metal acetylides.

3. Propose effective single-step and multistep syntheses of alkynes.

4. Predict the products of additions, oxidations, reductions, and cleavages of alkynes, in-

cluding orientation of reaction (regiochemistry ) and stereochemistry.

5. Use alkynes as starting materials and intermediates in one-step and multistep syntheses.

6. Show how the reduction of an alkyne leads to an alkene or alkene derivative with the

desired stereochemistry.

Study Problems

9-26.

.9-21

^:2§^

9-29.

9-30.

9-31.

Briefly define each term and give an example,

(a) alkyne (b) acetylide ion

(d) tautomerism (e) Lindlar's catalyst

(g) vinyl cation (h) oxidative cleavage of an alkyne

( j) hydroboration of an alkyne

Write structural fomiulas for the following compounds,

(a) 3-nonyne (b) methyl-/;-pentylacetyiene

(d) cyclohexylacetylene (e) 5-methyl-3-octyne

(g) 3-octyn-2-ol (h) c/5-6-ethyl-2-octen-4-yne

(j) vinylacetylene (k) (5)-3-methyl-l-penten-4-yne

Give common names for the following compounds,

(a) CH,—C^C—CH2CH3 (b) Ph—C=C—

H

(c) 3-methyl-4-octyne (d) (CHihC—C^C—CHtCH^jCH.CH,

Give lUPAC names for the following compounds.

Ph

(c) enol

(f) disiamylborane

( i ) hydration of an alkyne

(c) ethynylbenzene

(f ) /)(//;A-3.5-dibromocyclodecyne

(i) 1,4-heptadiyne

(a) CH,—C=C—CH—CH3 (b) CH,—CBr,—C= C— CH,

H,C
\

(c) (CH,),CH—C=C— CH,C(CH,), (d) ^C=C^
H C^C— CH3CH3

CH,

(e) CH,—C^C—C—OH C^C—CH,

CH.CH,

(a) Draw and name the seven alkynes of formula Cf,H|„.

(b) Which compounds in part (a) will form precipitates when treated with a solution of cuprous ions?

When we synthesize an internal alkyne, it is often contaminated with small amounts of a terminal isomer. The

boiling points are usually too close for a clean separation by distillation. Give equations to show how you might

remove small amounts of I-decyne from a sample of 2-decyne.
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9-32.

9-35.

9-37.

9 38.

Miiscahtre. the sex altiactunt ot the common housefly, is c7'.v-9-tricosene. Most syntheses of alkenes give mostly

the more stable trans isomer. Devise a synthesis of muscalure from acetylene and other compounds of your

choice. Your synthesis must give specifically the cis isomer of muscalure.

CH,(CH.)7

C=C
/

H
cw-9-tricosene.

/
'\

(CH,)pCH,

H
'muscalure'

Predict the products of reaction of 1-pentyne with the following reagents

(a) 1 equivalent of HCl

(d) H2, Pd/BaS04, quinoline

(g) cold, dilute KMn04
(j) NaNH;

(b) 2 equivalents of HCl

(e) 1 equivalent of Brn

(h) warm, cone. KMn04, NaOH
(k) Ag(NH,)2^

(c) excess H2 , Ni

(f 2 equivalents of Brj

(i) Na, liquid ammonia

(1) H3S04/HgS04,H20
(m) Sia.BH, then H.O,, OH
Show how you would accomplish the following synthetic transformations. Show all intermediates.

-butyne(a) 2,2-dibromobutane —

>

(c) 1 -butyne —* 3-octyne

c/.s-2-hexene 1-hexyne

cyclodecyne rran^-cyclodecene

i-hexyne hexanal. CH3(CH,)4CHO

(e)

(g)

(i)

(b)

(d)

(f)

(h)

(j)

2,2-dibromobutane 2-butyne

fra/i.s-2-hexene 2-hexyne

cyclodecyne c/5-cyclodecene

1-hexyne ^ 2-hexanone, CH3COCH2CH2CH2CH3
rAr//z5-2-hexene c/5-2-hexene

Potassium hydroxide is mixed with 2.3-dibromohexane. and the mixture is heated at 200°C in a sealed tube for 1

hour. The product mixture (A) is mixed with a copper( I)-ammonia complex, and a precipitate forms. The precipi-

tate (B) and the liquid phase (C) are separated. The precipitate is acidified, and the product (D) is distilled (bp

71°C). Product D is treated with sodium amide, followed by acetone, and then by dilute acid to give alcohol (F).

The liquid phase (C) is distilled, and the products are collected over a boiling range of 80 to SS^C. This

distillate is treated with sodium amide at 150^C for 1 hour, and the product mixture is distilled to give a pure

alkyne (E) of boiling point 71''C. Give the structures of the alkynes present in products A through E, and give the

structure of alcohol F.

2,3-dibromohexane

(D)

bp 71°C

KOH, 200°C

H,0+
(B)

precipitate

(C)

supernatant

( 1 ) NaNH,
O"
il

(2) CH3CCH3
(3) H +

; H,0'

(DNaNH^. 150°C

(2)H,0

(F)

alcohol

(E)

pure alkyne

Predict the products formed when CH3CH2—C=C: ^Na reacts with the following compounds.

(a) ethyl bromide (b) r-butyl bromide (c) formaldehyde (d) cyclohexanone

(e) CH3CH2CH2CHO (f) cyclohexanol (g) 2-butanone. CH3CH2COCH3

Show how you would synthesize the following compounds, starting with acetylene and any compounds contain-

ing no more than four carbon atoins.

(b) 2-hexyne

(d) rra/z5-2-hexene

(f) 2,2-dibromohexane

(h) 2-pentanone, CH3—CO—CH2CH2CH3

(j) »;e'i'o-2,3-butanediol

When treated with hydrogen and a platinum catalyst, an unknown compound (X) absorbs 5 equivalents of hydro-

gen to give //-butylcyclohexane. When X is treated with silver nitrate in elhanol. a white precipitate forms. This

precipitate is found to be soluble in dilute acid. Treatment of X with an excess of ozone, followed by dimethyl

sulfide and water, gives the following products:

(a) 1-hexyne

(c) t/.v-2-hexene

(e) hexane

(g) pentanal, CH3CH2CH2CH2CHO
(i) t ± )-3,4-dibromohexane
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-40.

-41.

H-

O

-C- -CH,— CH,

O O
II II

-c— c- H H

O O
II II

-C— C—

H

H

0 0 O
II II II

C—C—OH H— C—OH

Propose a structure for the unknown compound (X). Is there any uncertainty in your structure?

When compound Z is treated with a silver-ammonia complex, a white precipitate fornis. Treatment of compound Z
with ozone, followed by dimethyl sulfide and washing with water, gives forniic acid, 3-oxobutanic acid, and hexanal.

O O O o
<i)0,

II II II II

H—C—OH + CH,—C—CH.— C—OH + CH,(CH,),—C—

H

fomiic acid 3-oxobiitanoic acid hexanal
(2){CH,),S, H,0

Propose a structure for compound Z. What uncertainty is there in the structure you have proposed?

Propose structures for intermediates and products (A) through (L).

Me. ether

1 -bromobutane

KOH. H,0

(D)

(A)

Na

(B)

|cH,CH,Br

(C)

(1)CH,(CH.),CH0

(DO,
(2)(CH3)-,S

CH,CH,CH,CHO
CHjiCHOjCHO

(H) mixture

(1) NaNH,, 150°C/

(2) H,0 "
/

( 1 1 CH,— C— CH,CH,
(:)H,0 +

NaNH,
(I) Sia.BH

(K) (J)

-nonyne

2 HBr

(L)

(2)H,0^,NaOH
(I)

The following functional group interchange is a useful synthesis of aldehydes.

O
II

HR—C=C—

H

terminal alkvne

R—CH,— C-

aldehvde

(a) What reagents were used in this chapter for this transformation? Give an example to illustrate this method.

(b) This functional group interchange can also be accomplished using the following sequence.

R—C^C—

H

H OCH.CH,
\ / -

c=c
/ \

R H

NaOCH^CH,

CH^CHjOH

H OCH^CH,
\ / -

c=c
/ \

R H

O

R—CH.—C—

H

Propose mechanisms for these steps,

(c) Explain why a nucleophilic reagent such as ethoxide adds to an alkyne more easily than it adds to an alkene.
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Introduction

10-2

Structure and

Classification of

Alcohols

Alcohols are organic compounds containing hydroxy! (—OH) groups. They are

some of the most common and useful compounds in nature, in industry, and around

the house. The word alcohol is one of the oldest chemical terms, derived from

the early Arabic al-kuhl: originally meaning "the powder" and later used as "the

essence." Ethyl alcohol, distilled from wine, was considered to be "the essence"

of wine. Ethyl alcohol (grain alcohol) is found in alcoholic beverages, cosmetics,

and drug preparations. Methyl alcohol (wood alcohol) is used as a fuel and sol-

vent. Isopropyl alcohol (rubbing alcohol) is used as a skin cleanser for injections

and minor cuts.

CH,—CH,—OH
ethyl alcohol

CH,—OH
methyl alcohol

OH

CH,—CH—CH,
isopropyl alcohol

416

Alcohols are synthesized by a wide variety of methods, and the hydroxyl group

may be converted to most other functional groups. For these reasons, alcohols are ver-

satile synthetic intermediates. In this chapter we discuss the physical properties of

alcohols and summarize the methods used to synthesize them. In Chapter 11 (Re-

actions of Alcohols), we continue our study of the central role that alcohols play in

organic chemistry as reagents, solvents, and synthetic intermediates.

The structure of an alcohol resembles the structure of water, with an alkyl group

replacing one of the hydrogen atoms of water. Figure 10-1 compares the struc-

tures of water and methanol. Both have sir hybridized oxygen atoms, but the

C—O—H bond angle in methanol (108.9°) is considerably larger than the

H—O—H bond angle in water (104.5°) because the methyl group is much larg-

er than a hydrogen atom. The bulky methyl group counteracts the bond angle

compression caused by oxygen's nonbonding pairs of electrons. The O—H bond

lengths are about the same in water and methanol (0.96 A), but the C—O bond

is considerably longer (1.4 A), reflecting the larger covalent radius of carbon

compared to hydrogen.

One way of organizing the alcohol family is to classify each alcohol accord-

ing to the type of carbinol carbon atom: the one bonded to the —OH group. If

this carbon atom is primary (bonded to one other carbon atom), the compound is a
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H

O

104.5°

water

0.96 A

H

water

1.4 A

H
C

H H

O

I08.r

0.96 A

H

methyl alcohol methyl alcohol

Figure 1 0-1

Comparison of the structures

of water and methyl alcohol.

primary alcohol. A secondary alcohol has the —OH group attached to a secondaiy

carbon atom, and a tertiary alcohol has it bonded to a tertiary carbon. When we
studied alky! halides, we saw that primary, secondary, and tertiary halides react dif-

ferently. The same principle holds for alcohols. We need to learn how these classes

of alcohols are similar and under what conditions they react differently. Figure

10-2 shows examples of pritnary, secondary, and tertiary alcohols.

Type

Primaiy alcohol

Secondary alcohol

Tertiary alcohol

Phenols

Stmcfiire

H

R— C— OH

H

R'

R—C—OH

R'

R— C—OH

R"

OH

Examples

CH3CH2—OH CH3CHCH2— OH

ethanol 2-methyl- 1 -propanol

CH3

CH—OH

CH.

CH3

2-butanol cyclohexano

CH3

CH3— C—OH

CH^—OH

benzyl alcohol

H

OH

Ph

Ph—C—OH

CH3

-methyl-2-propanol

Ph

triphenylmethanol

cholesterol

CH3

OH

I -methylcyclopentanol

OH

phenol

CH3

3-methylphenol

HO

hydroquinone

Figure 10-2

Alcohols are classified according to the type of carbon atom (primary, secondary, or

tertiary) bonded to the hydroxyl group. Phenols have a hydroxy I group bonded to a carbon

atom in a benzene ring.
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10-3

Nomenclature of

Alcohols and

Phenols

Compounds with a hydroxyl group bonded directly to an aromatic (benzene)

ring are called phenols. Phenols have many properties similar to those of alcohols,

while other properties derive from their aromatic character. In this chapter, we con-

sider the properties of phenols that are similar to those of alcohols and note some of

the differences. In Chapter 16. we consider the aromatic nature of phenols and the

reactions that result from that aromaticity.

I0-3A lUPAC Names ("Alkanol" Names)

The lUPAC system provides unique names for alcohols based on rules that are sim-

ilar to those for other classes of compounds. In general, the name carries the -ol suf-

fix, together with a number to give the location of the hydroxyl group. The formal

rules are summarized in a three-step procedure:

1. Name the longest carbon chain that contains the carbon atom bearing the

—OH group. Drop the final -e from the alkane name and add the suffix -ol to

give the root name.

2. Number the longest carbon chain starting at the end nearest the hydroxyl group,

and use the appropriate number to indicate the position of the —OH group.

(The hydroxyl group takes precedence over double and triple bonds.)

3. Name all the substituents and give their numbers, as you would for an alkane

or an alkene.

In the following example, the longest carbon chain has four carbons, and the

root name is butanol. The —OH group is on the second carbon atom, so this is a 2-

butanol. The complete lUPAC name is l-chloro-3.3-dimethyl-2-butanol.

Cyclic alcohols are named using the prefix cyclo-: the hydroxyl group is as-

sumed to be on C 1

.

CH, OH

^CH,— C—-CH— 'CH.— CI

CH3

H HO CH2CH3

lUPAC name:

CI

/;v(;?.v-2-chlorocvclohexanoi 1 -ethylcyclopropanol

SOLVED PROBLEM 1 0-1

Give the systematic (lUPAC) name for the following alcohol.

CHJ CH,—OH

CH,—CH,—CH CH—CH—CH,

CM,
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SOLUTION
The longest chain contains six carbon atoms, but it does not contain the carbon bonded to the

hydroxyl group. The longest chain containing the carbon bonded to the —OH group is the

one indicated by the green box, containing five carbon atoms. This chain is numbered from

right to left so as to gi\ e the hydroxyl-bearing carbon atom the lowest possible number.

CHJ i'CH,— OH

'CH,—-'CH,— 'CH—-CH—CH— CH.
I

CH,

The correct name for this compound is 3-(iodomethyl)-2-isopropyl-l-pentanol.

In naming alcohols containing double and triple bonds, use the -ol suffix the

alkene or alk\ ne name. The alcohol functional group takes precedence over double

and triple bonds, so the chain is numbered in order to give the lowest possible number

to the carbon atom bonded to the hydrox\ 1 group. If numbers are needed to give the

location of the multiple bonds, the position of the —OH group is given by putting its

number before the -ol suffix. Numbers for the multiple bonds were once gi\en earl>

in the name, but the 1997 revision of the TUPAC rules puts them next to the -en or -\n

suffix the\ describe. Both the new and old placements of the numbers are show n below .

lUP.AC name:

HO

//iWi5-2-penten-l-ol

or r/«//s-pent-2-en- 1 -ol

H H
(Z)-4-chloro-3-buten-2-ol

or I Zt-4-chlorobut-?-cn-2-ol

Main Groups

(decreasing priority)

OH

acids

esters

aldehydes

ketones

alcohols

amines

alkenes

alkynes

alkanes

ethers

halides

2-cyclohexen-l-ol

or cvclohe\-2-en- 1 -ol

At right above is a panial table show ing the order of precedence of functional

groups for assigning lUPAC names. A more complete table, titled "Summary of

Functional Group Nomenclature." appears inside the back cover. In general, the high-

est priority functional group is considered the "main" group, and the others are treat-

ed as substituents.

The —OH functional group is named as a hydroxy substituent w hen it appears

on a structure w ith a higher priority functional group, or w hen the strucmre is too dif-

ficult to name as a simple alcohol.

CH-OH

: oxvmethvlcvclohexanone

H CH-CH,OH

HO*^^ y^H
trans-}-\ l-n\ aroxyeth) 1 )c\ clopenlanol

OH O

CH.—CH— CH,—C—OH

PROBLEM lO-l

Give the Il'PAC names of the follo\vin2 alcohols.

CH,
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aCH,
OH

(e, ^C=C^
CH,CH, CH,OH

(f)

CH-,CH2CHj

-OH

-Br

CH,

I0-3B Common Names ofAlcohols

The common name of an alcohol is derived from the common name of the alkyl

group and the word alcohol. This system pictures an alcohol as a molecule of water

with an alkyl group replacing one of the hydrogen atoms. If the structure is com-
plex, the common nomenclature becomes awkward, and the lUPAC nomenclature

should be used.

common name:

it I'AC name:

CH,—OH
methyl alcohol

mcihaiml

common name:

ILJPAC name:

«-butyl alcohol

1 -bulanol

CH,CHXH,—OH
^-propyl alcohol

1 -piopanol

CH,CH,CH,CH,—OH CH,-

OH

-CH—CHXH,

,vc'c-butyl alcohol

2-buianol

OH

CH,—CH—CH,
isopropyl alcohol

2-propanol

CH,

CH,—C—OH

CH3
f-butyl alcohol

2-methyl-2-propanol

H,C=CH—CH,—OH
allyl alcohol

2-propcn- l-ol

CH3

CH,—CH—CH,—OH

isobutyl alcohol

2-methy 1- 1 -propanol

PROBLEM 10-2

Give both the lUPAC name and the common name for each alcohol.

OH OH

(a) (b) (CH3),C—CH, (d) (CH,),CHCH,CH,OH

PROBLEM 10-3

For each molecular formula, draw all the possible alcohols with that formula. Give the

lUPAC name for each alcohol.

(a) C,HsO (b) C4H|„0 (c) C4H,0

1 0-3C Nomenclature of Diols

Alcohols with two —OH groups are called diols or glycols. They are named like

other alcohols except that the suffix diol is used and two numbers are needed to tell

where the two hydroxy] groups are located. This is the prefen"ed, systematic (lUPAC)

method for naming diols.

OH

CH3—CH—CH3OH

lUPAC name: 1 ,2-propanediol 1 -cyclohcx_\ 1- 1 .3-butanediol trans- 1 ,2-cyclopentanediol

The term glycol generally means a 1,2-diol, or vicinal diol, with its two hydroxy!

groups on adjacent carbon atoms. Glycols are usually synthesized by the hydroxy-
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lation of alkenes. using peroxyacids, osmium tetroxide. or potassium permanganate

(Section 8-14).

\ /
C=C

/ \
alkene

RCO,H. m

or OsO^, H^O^

—c—c—

HO OH
vicinal diol (glycol)

This synthesis of glycols is reflected in their common names. The glycol is named

for the alkene from which it is synthesized:

irPAC name:

common name:

CH.—CH.

OH OH
i .2-etlianediol

ethylene glycol

CH;—CH— CH.

OH OH

1 .2-pn)panediol

propylene glycol

c /a- 1 .2-cyclohc\aiiediol

c/^-cyclohexene glycol

The common names of glycols can be awkward and confusing because the ene

portion of the name implies the presence of an alkene double bond, but the glycol does

not contain a double bond. We w ill generally use the lUPAC "diol" nomenclature for

diols; however, you should be aware that the names "ethylene glycol" (automotive

antifreeze) and "propylene glycol" (used in medicines and foods) are universally ac-

cepted for these common diols.

PROBLEM 10-4

Give a systematic (TUPAC) name for each diol.

(a) CH3CH(OHl(CH;)4CH(OH)C(CH.) (b)

(c)

,jO"

HO— (CH,),

OH OH
-OH

1 0-3D Nomenclature of Phenols

Because the phenol structure in\ olves a benzene ring, the terms ortlw ( 1 .2-disubsti-

tuted). meta ( 1.3-disubstituted), and para ( 1.4-disubstituted) are often used in the

common names. The following examples illustrate the systematic names and the

common names of some simple phenols.

OH

lUPAC name:

common name:

2-bromophenoi

ort/jo-bromophenol

.^-nitrophenol

7?!«'to-nitrophenol

4-c

para-cu\\ Iphenol

The methv Iphenol s are called eresols, while the benzenediols have names based

on their historical uses and sources rather than their structures. We will generally

use the systematic names of phenolic compounds.
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irP \r name: 2-mclhylphenol 1 .2-benzenediol 1 .3-bcnzenedioi 1 .4-ben/cnediol

common name: o/7/2o-cresoI catechol resorcinol hydroquinone

I 0-4 Most of the common alcohols, up to about 1 1 or 12 carbon atoms, are liquids at room

Physical Properties

of Alcohols

temperature. Methanol and ethanol are free-flowing volatile liquids with character-

istic fruity odors. The higher alcohols (the butanols through the decanols) are some-

what viscous, and some of the highly branched isomers are solids at room
temperature. These higher alcohols have heavier but still fruity odors. 1-Propanol

and 2-propanol fall in the middle, with a barely noticeable viscosity and a charac-

teristic odor often associated with a physician's office. Table 1 0-1 lists the physical

properties of some common alcohols.

I0-4A Boiling Points ofAlcohols

Because we often deal with liquid alcohols, we forget how surprising it shouldht

that the lower molecular weight alcohols are liquids. For example, ethyl alcohol

and propane have similar molecular weights, yet their boiling points differ by

about 120°C.

^o^ ;m = i.69d

H CH.CH,
ethanol. MW 46

bp 78°C

H3C CH3
dimethyl ether, MW 46

bp -25°C

\ /
C yLt = 0.08 D

/ \
H3C CH3
propane, MW 44

bp -42°C

Such a large difference in boiling points indicates that ethanol molecules are at-

tracted to each other much more strongly than propane molecules. Two important in-

termolecular forces are responsible: hydrogen bonding and dipole-dipole attractions

(Section 2-12).

Hydrogen bonding is the major intermolecular attraction responsible for

ethanol's high boiling point. The hydroxyl hydrogen of ethanol is strongly polar-

ized by its bond to oxygen, and it can form a hydrogen bond with a pair of non-

bonding electrons from the oxygen atom of another alcohol molecule (Section

2-12C). Ethers have two alkyl groups bonded to their oxygen atoms, so they have

no O—H hydrogen atoms to form hydrogen bonds. Hydrogen bonds have a

strength of about 5 kcal (21 kJ) per mole: much weaker than typical covalent bonds

of 70 to 110 kcal.

Dipole-dipole attractions also contribute to the relatively high boiling points

of alcohols. The polarized C—O and H—O bonds and the nonbonding electrons add

to produce a dipole moment of 1 .69 D in ethanol, compared with a dipole moment

of only 0.08 D in propane. In liquid ethanol, the positive and negative ends of these

dipoles align to produce attractive interactions.

We can compare the effects of hydrogen bonding and dipole— dipole attrac-

tions by comparing ethanol with dimethyl ether. Like ethanol, dimethyl ether has a

large dipole moment (1.30 D), but dimethyl ether cannot engage in hydrogen bond-

ing, because it has no —O—H hydrogens.
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TABLE 1 0-1 Physical Properties of Selected Alcohols

lUPAC Name Common Name Formula mp ( °C

)

bp { L ) Density

methanol methvl alcohol CH.OH -97 65 0.79

ethanol ethyl alcohol CH-.CH OH -114 78 0.79

1-propanol n-propyl alcohol CH-,CH.CH,OH -126 97 0.80

2-propanol isopropyl alcohol (CH-,),CHOH -89 82 0.79

1-butanol n-butyl alcohol CH,(CH.)-,OH -90 118 0.81

2-butanol 5ec-butyl alcohol CH,CH(bH)CH,CH, -114 100 0.81

2-methyl- 1 -propanol isobutyl alcohol (CH,)^CHCH,OH -108 108 0.80

2-methyl-2-propanol /-butyl alcohol (CHjjjCOH 25 83 0.79

1-pentanol /i-pentyl alcohol CH,(CH.U0H -79 138 0.82

3-methyl- 1-butanol isopentyl alcohol (CHO^CHCH.CH.OH -117 132 0.81

2.2-dimethyl- 1 -propanol neopentyl alcohol {CH,)?CCH OH 52 113 0.81

cyclopentanol cyclopentyl alcohol cyc/o-CjH.OH -19 141 0.95

1 -hexanol n-hexanol CH,(CH.),OH -52 156 0.82

cyclohexanol cyclohexyl alcohol cvc/o-C(,H,,OH 25 162 0.96

1-heptanol «-heptyl alcohol CH,(CH.)t,OH -34 176 0.82

1-octanol /7-octyl alcohol CH;(CH,)-OH -16 194 0.83

1-nonanol «-nonyl alcohol CH;(CH.)sOH -6 214 0.83

1-decanol /!-decyl alcohol CH.(CH:)^OH 6 233 0.83

2-propen-l-ol allyl alcohol H,C=CH—CH^OH -129 97 0.86

phen) Imethanol benzyl alcohol Ph—CH.OH -15 205 1.05

diphenylmethanol diphenylcarbinol Ph,CHOH 69 298

triphenylmethanol triphenylcarbinol Ph,COH 162 380 1.20

1.2-ethanediol ethylene glycol HOCH~CH-OH -13 198 1.12

1.2-propanediol propy lene glycol CH,CH(OH)CH.OH -59 188 1.04

1.2.3-propanetriol gl\ cerol HOCH,CH(OH)CH-OH 18 290 1.26

Ether

- \ i
no hydrogen bond

The boiling point of dimethyl ether is — 25°C. about 17° higher than that of

propane, but still 103° lower than that of ethanol. Hydrogen bonds are clearly much
stronger intermolecular attractions than dipole-dipole attractions.

Alcohol

ivdrosi

I0-4B Solubility Properties ofAlcohols

Water and alcohols have simiku" properties because they all contain hydroxyl groups

that can form hydrogen bonds. Alcohols form hydrogen bonds u ith water, and sev-

eral of the lower molecular weight alcohols are miscible ( soluble in any proportions)

with water. Similarly, alcohols are much better solvents than hydrocarbons for polar

substances. Significant amounts of ionic compounds such as sodium chloride can

dissolve in some of the lower alcohols. We call the h\droxyl group hydrophilic,

meaning "water loving." because of its affinity for water and other polar substances.

The alcohoFs alkyl group is called hydrophobic ("water hating"") because it

acts like an alkane: It disrupts the network of hy drogen bonds and dipole-dipole at-

tractions of a polar solvent such as water. The alkyl group makes the alcohol less hy-

drophilic. yet it lends solubility in nonpolar organic solvents. Many alcohols are

miscible with a wide range of nonpolar organic solvents.
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TABLE 10-2 Water Solu-

bility of Alcohols

(at Id L.)

Sohihilitx

Alcohol in Wcilcr

methyl miscible

ethyl miscible

/!-propyl miscible

/-butyl miscible

isobutyl 1 A r\07
I U.U /o

«-butyl 9.1%

«-pentyl 2.7%

cyclohexyl 3.6%

n-hexyl 0.6%

phenol 9.3%'

hexane-l,6-diol miscible

Table 10-2 lists the solubility of some simple alcohols in water. The water sol-

ubility decreases as the alkyl group becomes larger. Alcohols with one-, two-, or

three-carbon alkyl groups are miscible with water. A four-carbon alkyl group is large

enough that some isomers are not miscible, yet r-butyl alcohol, with a compact spher-

ical shape, is miscible. Phenol is unusually soluble for a six-carbon alcohol because

of its compact shape and the particularly strong hydrogen bonds formed between

phenolic —OH groups and water molecules.

(CHj—CHj—CH2—CH

hydrophobic region

hydrophilic region

o
/ \

H H

PROBLEM 10-5

Predict which member of each pair will be more soluble in water. Explain the reasons for

your answers.

(a) l-hexanol or cyclohexanol

( b) 1 -heptanol or 4-methylphenol

(c) 3-ethyl-3-hexanol or 2-octanol

(d) 2-hexanol or cyclooctane-l,4-diol

H H
OH

OH

PROBLEM iO-6

Dimethylamine, (CHjjiNH, has a molecular weight of 45 and a boiling point of 7.4°C.

Trimethylamine, (CHjljN, has a higher molecular weight (59) but a lowe?- boiling point

t3.5°C). Explain this apparent discrepancy.

10-5 I0-5A Methanol

Commercially

Important Alcohols

Methanol (methyl alcohol) was originally produced by the destructive distillation of

wood chips in the absence of air. This source led to the name wood alcohol. During

Prohibition (1919-1933), when the manufacture of alcoholic beverages was pro-

hibited, anything called "alcohol" was often used for mixing drinks. Since methanol

is quite toxic, this practice resulted in many cases of blindness and death.

Today, most methanol is synthesized by a catalytic reaction of carbon monox-

ide with hydrogen. This reaction uses high temperatures and pressures and requires

large, complicated industrial reactors.

300-400 200-300 atmH, ^„CO + 2H, 7 r.r ^^ TT^ ^ CH,OH
ZnO-Cr-,03 catalyst

synthesis gas
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Synthesis gas. containing the hydrogen and carbon monoxide needed to make

methanol, can be generated by the partial burning of coal in the presence of water.

Careful regulation of the amount of water added allows production of synthesis gas

with the correct ratio of carbon nK)noxide to hydrogen.

3C + 4H,0
high temperature

CO. + 2 CO +

synthesis gas

4H.

Synthesis gas can also be formed underground, without mining the coal. Two
wells are drilled into the coal seam, and the coal between the wells is shattered by

explosives. The coal is ignited, and compressed air and water are forced into one

well (Fig. 10-3). The burning coal provides the heat and the carbon needed, pro-

ducing synthesis gas which leaves through the second well. This is called the in situ

("in place") process, since it is done without having to move the coal.

Methanol is one of the most common industrial solvents. It is cheap, relative-

ly less toxic (compared with halogenated solvents), and it dissolves a wide variety

of polar and nonpolar substances. Methanol is also a starting material for a wide va-

riety of methyl ethers, methyl esters, and other compounds used in plastics, medicines,

fuels, and solvents.

Methanol is a good fuel for internal combustion engines. Since 1965. all the

cars at the Indianapolis 500 have used methanol-fueled engines. The switch from

gasoline to methanol was driven by a bad fire after a crash in 1964. Methanol is

less flammable than gasoline, and water is effective against methanol fires (water

mixes with and dilutes methanol). As with any alternative fuel, there are advan-

tages and disadvantages to the use of methanol. Its high octane rating, low pol-

lutant emissions, and lower tlammability must be weighed against its lower

energy content (smaller A// of combustion per gram), requiring 1 .7 g of methanol

to produce the same energy as I g of gasoline. Because of its excellent solvent

properties, methanol is hard on rings, seals, and plastic fuel-system parts. Its

tendency to burn with little or no visible flame can allow dangerous methanol fires

to go undetected.

Experience at Indianapolis has

proved methanol (derived from

coal) to be an excellent fuel for

automotive engines.
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I0-5B Ethanol

The prehistoric discovery of ethanol probably occurred when rotten fruit was con-

sumed and found to have an intoxicating effect. This discovery presumably led to the

intentional fermentation of fruit juices. The primitive wine that resulted could be

stored (in a sealed container) without danger of decomposition, and it also served as

a safe, unpolluted source of fluids.

Ethanol can be produced by the fermentation of sugars and starches from many
different sources. Grains such as corn, wheat, rye, and barley are common sources,

resulting in the name grain alcohol for ethanol. Cooking the grain, followed by ad-

dition of sprouted barley, called malt, converts some of the starches to simpler sug-

ars. Brewer's yeast is then added, and the solution is incubated while the yeast cells

convert simple sugars such as glucose to ethanol and carbon dioxide.

QH,30,
alucose

yeast enzymes
2 C2H5OH + 2 CO2

ethanol

FRIENDLY REMINDER
Everything is toxic in large

enough amounts.

The alcoholic solution that results from fermentation contains only 12 to 15 per-

cent alcohol, because yeast cells cannot survive higher concentrations. Distillation

increases the alcohol concentration to about 40 to 50 percent (80 to 100 "proof") for

"hard" liquors. Distillation of ethanol-water solutions cannot increase the ethanol

concentration above 95 percent because the solution of 95 percent ethanol and 5 per-

cent water boils at a lower temperature (78.15°C) than either pure water (100°C) or

pure ethanol (78.3°C). Such a inixture of liquids that boils at a lower temperature than

either of its components is called a minimum-boiling azeotrope.

The 95 percent alcohol produced by distillation is well suited for use as a sol-

vent and a reagent when traces of water do not affect the reaction. When absolute

alcohol ( 100 percent ethanol) is required, the 95 percent azeotrope is passed through

a dehydrating agent such as anhydrous calcium oxide (CaO), which removes the

final 5 percent of water.

Since World War II, most industrial ethanol has been synthesized directly by

the catalyzed high-temperature, high-pressure, gas-phase reaction of water with eth-

ylene. This process uses catalysts such as P;05. tungsten oxide, or various special-

ly treated clays.

H.C=CH. + H.0 '"'^--""r--""^^ CH -CH.-OH
- - - catalyst

Like methanol, ethanol is an excellent solvent of low toxicity that is cheap to

produce. Unfortunately, the liquor tax makes ethanol relatively expensive. Use of un-

taxed ethanol is possible, but it requires extensive recordkeeping and purchase of a

special license. Denatured alcohol is ethanol that contains impurities that make it un-

drinkable. Denatured ethanol is untaxed, but the impurities (methanol, methyl isobutyl

ketone, aviation gasoline, etc.) also make it unsuitable for many laboratory uses.

Like methanol, ethanol is a good motor fuel, with similar advantages and dis-

advantages. A car's carburetor must be adjusted (for a richer mixture) and fitted with

alcohol-resistant seals if it is to run on pure ethanol. Solutions of about 10% ethanol

in gasoline ("gasohol") work well without any adjustments, however.

Many people imagine ethanol to be nontoxic, and methanol to be horribly toxic.

Actually, methanol is about twice as toxic as ethanol: Typical fatal doses for adults

are about 100 niL of methanol or about 200 mL of ethanol, although smaller doses

of methanol may damage the optic nerve. Many people die each year from underes-

timating ethanol's toxicity. In the lab, we would never ingest even a tiny fraction of

these amounts, so as chemists, we consider these solvents to be relatively nontoxic

compared with hazardous solvents such as benzene and chloroform.
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I0-5C 2-Propanol

2-Propanol (isopropyl alcohol) is made h\ the catalytic hydration of propylene. Iso-

propyl alcohol is commonly used as rubbing alcohol (rather than ethanol ). because

it has less of a drying effect on the skin, and it is not regulated and taxed by the gov-

ernment. 2-Propanol is about as toxic as methanol when taken orally, but it is safer

for use on the skin because it does not pass through skin as easily as methanol.

CH —CH—CH,

OH
2-propanol

CH-—CH=CH,
prop_\ lene

H,0
100-300 atm. 300"C

catalyst

Like the hydroxyl proton of water, the h\ droxyl proton of an alcohol is w eakly acidic.

A strong base can remove the hydroxyl proton to give an alkoxide ion.

R—O—

H

alcohol

+ B: R— O:

alkoxide ion

+ B—

H

10-6

Acidity of Alcohols

and Phenols

Example

CH3CH,— O-

ethanol

-H + B: CH,CH,— O:

ethoxide ion

B—

H

The acidities of alcohols var\ widely , from alcohols that are about as acidic as

water to some that are much less acidic. The acid dissociation constant. A',, of an al-

cohol is defined by the equilibrium

R—O—

H

^ H,0

[H3Q-][R0

[ROH]

R—

O

H,0

log(^,

I O-6A Effects on Acidity

The acid-dissociation constants for alcohols vary according to their structure, from

about 10"'^ for methanol down to about 10~'* for most tertiary alcohols. The acid-

ity decreases as the substitution on the alkyl group increases, because a more high-

TABLE 10-3 Acid-Dissociation Constants of Representative Alcohols

Alcohol Sinictiin' A'.

methanol CH,—

F

3.2 X 10''" 15.5

ethanol CH-,CH.—OH 1.3 X 10~'* 15.9

2-chloroethanoI CI—CH.CH,—OH 5.0 X 10"'^ 14.3

C1,C—CH.—OH 6.3 X lO"'-' 12.2

isopropyl alcohol (CH-J,CH—OH 3.2 X 10"'^ 16.5

r-butyl alcohol (CH,},C—OH 1.0 X 10"'^ 18.0

cyclohexanol QH,,-OH 1.0 X 10"'^ 18.0

phenol C^H,—OH 1.0 X 10"'" 10.0

Comparison w ith other acids

water H.O 1.8 X lO''" .
.15.7

acetic acid CH,COOH 1.6 X 10"-' 4.8

hydrochloric acid HCl 1.6 X 10"- — 2.2
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ly substituted alkyl group inhibits solvation of the alkoxide ion and drives the dis-

sociation equilibrium to the left. Table 10-3 compares the acid-dissociation constants

for some representative alcohols with those of water and other acids.

Table 10-3 also shows that substitution by electron-withdrawing halogen atoms

enhances the acidity of alcohols. For example, 2-chloroethanol is more acidic than

ethanol because the electron-withdrawing chlorine atom helps to stabilize the 2-

chloroethoxide ion.

CH,—CH,—OH + Hp
ethanol

CI—CH,—CH,—OH + H.O
2-chloroethano]

^ CH,—CHj—O + H3O"
ethoxide ion

I less slable)

CI—CH.—CH,—O- + H,0+
2-ehloroethoxide ion

(slabili/ed by CI)

K = 1.3 X 10-'6

K 5.0 X 10-'5

PROBLEM 10-7

Predict which member of each pair will be more acidic. Explain your answers.

(a) methanol or /-butyl alcohol

(b) 1-chloroethanol or 2-chloroethanol

(c) 2-chloroethanol or 2,2-dichloroethanol

PROBLEM 10-8

Without looking them up, rank the following compounds in decreasing order of acidity. Note

that these examples represent large classes of compounds that differ widely in acidity.

water, ethanol, 2-chloroethanol, /-butyl alcohol, ammonia, sulfuric acid, hexane

I0-6B Formation of Sodium and Potassium Alkoxides

In Chapter 1 1, we will see many useful reactions of alkoxide ions. When an alkox-

ide ion is needed in a synthesis, it is usually formed by the reaction of sodium or

potassium metal with the alcohol. This is a reduction, with the hydrogen ion reduced

to fonn hydrogen gas, which bubbles out of the solution, leaving the sodium or potas-

sium salt of the alkoxide ion.

R—O—H + Na > R—0-^Na + y |

Example

CH.CH.OH + Na > CH.CH.O +Na + y H, t

ethanol sodium metal sodium ethoxide hydrogen gas

The more acidic alcohols, like methanol and ethanol, react rapidly with sodi-

um to form sodium methoxide and sodium ethoxide. Secondary alcohols, such as 2-

propanol, react at a more moderate pace. Tertiary alcohols, such as /-butyl alcohol,

react slowly with sodium. Potassium is often used with tertiary alcohols because it

is more reactive than sodium, and the reaction can be completed in a convenient

amount of time.

(CH,)3C—OH + K
/-butyl alcohol potassium

(CH,),C—O- + tH. t

potassium /-butoxide
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1 0-6C Acidity of Phenols

We might expect that phenol v\ould have about the same acidity as cyclohexanol.

since their structures are similar. This prediction is wrong: Phenol is nearly 100 mil-

lion 1
10^) times more acidic than cyclohexanol.

H.O + + H,0

cyclohexanol

,0H

H,0 +
^ in-lO= 10

phenol

o

phenoxide ion

+ H,0-

Cyclohexanol is a typical secondary alcohol, with a typical acid dissociation

constant. There must be something special about phenol, making it unusually acidic.

If we consider the phenoxide ion in more detail, it becomes apparent that the nega-

tive charge is not confined to the oxygen atom but is delocalized over the oxygen and

three carbon atoms of the rina.

H' c
c.

H

O"

c c
II IV

c c/ \ ^ "

H C V

H

II

H H
C C

^11 II

c c/ \ - / \
H "JC H

I

H

II

H . C H
C C

,C

H' H

A large part of the negative charge in the resonance hybrid still resides on the

oxygen atom, since it is the most electronegative of the four atoms sharing the charge.

But the ability to spread the negative charge over four atoms rather than concentrat-

ing it on just one atom produces a more stable ion. The reaction of phenol with sodi-

um h\ droxide is exothermic, and the following equilibrium lies to the right.

O—

H

Na- -:0H Na + H,0

phenol sodium phenoxide

Phenoxide anions are prepared simply by adding the phenol to an aqueous so-

lution of sodium hydroxide or potassium hydroxide. There is no need to use sodium

or potassium metal.

PROBLEM 10-9

A nitre group ( — NO^) effectively stabilizes a negative charge on an adjacent carbon atom

through resonance:

X— .N

-.0..

,0-

:c—

N

o.. R p,
major
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Two of the following nitrophenols are much more acidic than phenol itself. The third

compound is only slightly more acidic than phenol. Use resonance structures of the ap-

propriate phenoxide ions to show why two of these anions should be unusually stable.

OH

NO, y 0,N

NO;

2-nitrophenol 3-nitrophenol

OH

4-nitrophenol

PROBLEM 10-10

The follow ing compounds are slightly soluble in w ater. One of these compounds is very sol-

uble in a dilute aqueous solution of sodium hydroxide, however. The other is still only

sliahtlv soluble.

(a) Explain the difference in solubility of these compounds in dilute sodium hydroxide.

( b I Show how this difference might be exploited to separate a mixture of these two com-

pounds using a separator}- funnel.

10-7

Synthesis of Alcohols:

Introduction and

Review

One of the reasons alcohols are important synthetic intermediates is that they can be

synthesized directly from a wide variety of other functional groups. In previous chap-

ters, we examined the conversion of alkyl halides to alcohols by substitution and the

conversion of alkenes to alcohols by hydration. h\ droboration. and h\ droxylation.

These reactions are summarized below, with references for review if needed.

Following this re\'iew. we will consider the largest and most versatile group of

alcohol syntheses; nucleophilic additions to carbonyl compounds.

1 0-7A Nucleophilic Substitution on an AlkyI Halide (See Chapter 6.)

Usually via the 5^2 mechanism: competes with elimination.

HO:'

R
\ \

H

R

HO -C - X

H H
transition state

.R

HO—

C

H

:X

Example

H Br
\/
C

/ \
CH, CH.CH;
(S)-2-bromobutane

KOH

HO H
\/
C

/ \
CH, CHXH,

(/?)-2-butanol. lOOQ inverted configuration

(plus elimination products)
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1 0-7B Synthesis ofAlcohols from Alkenes (See Chapter 8.)

AciJ- calal\zed Iwdralion (Section 8-4)

\ / II' II
C=C + H.O > — C—C—

/ \ - II
H OH

M;iiko\ iiikm orientation

Oxymercuration-demercuration (Section 8-5B

)

/ 11,() II NaBH, I I

C=C + H"(OAc), —C—C— —C— C-

/ \
(AcO)Hg OH H OH

MarkoN nikov oriontalion

Example

H,C OH H,C OH
^3^\ /CH, H2(0Ac), I I NaBH, I I

V=r ^„ ^
"> H—C—C—CH, ^ H—C—C—CH,

/ \ II II
H CH, (AcO)Hg CH, H CH,

(90% overall)

Hydrobonition-oxidation ( Section 8-7)

/
\ / (1)BH,-THF
c=c

/ \ (2)H,0,. NaOH
—c— c-

Example

CH,

H

BH,-THF

-methylcyclopentene

H OH
svn addition. anli-Marko\ niko\ orientation

CH,

H

BH,

H

H.OVNaOH

CH,

H

OH

H
/;rH;j-2-methylcyclopentanol

(85%)

Hydroxylation: synthesis of 1 ,2- dialsfrom alkenes (Section 8-13 and 8-14)

\ / OsO,.H,0, I I

c=c ———> —c—c

—

/ \ orKMnOj. "OH i i

(cold, dilute)

s\ 11 In drow lation
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Example

H . CHiCH^

H CH.CH,

c7'.v-3-hexene

CHXH3

KMnO, V \ ^^ Mn

CH2CH3

"OH

H,0

CH2CH3

H'

C

-C-

CH.CH,
~0H

H-

H

CH2CH3

-OH

-OH

CH2CH3
w«'.yo-3,4-hexanediol

(60%)

\
(

o
II

R—C—OOH. H,0^

OH

—c—c—

OH
ami hydrox) lalion

H^ CH.CH,

C

C

H CH.CH,

cM-3-hexene

Example

HCO3H
H
CH2CH3

:o

CH2CH3

CH2CH3

H^^^OH
I

rl

(±)-3.4-hexanediol

(70%)

H-

HO-

CH2CH3

-OH

-H

CH,CH3

10-8

Organometallic

Reagents for

Alcohol Synthesis

Organometallic compounds contain covalent bonds between carbon atoms and

metal atoms. Organometallic reagents are useful because they have nucleophilic car-

bon atoms, in contrast to the electrophilic carbon atoms of alkyl halides. Most met-

als ( M ) are more electropositive than carbon, and the C—M bond is polarized with

a partial positive charge on the metal and a partial negative charge on carbon. The

following partial periodic table shows the electronegativities of some metals used in

making organometallic compounds.

Electronegativities

Li 1 .0 C 2.5

Na 0.9 Mg L3 Al L6

K 0.8

C

—

M bond

C— Li
s- d

We have already encountered one type of organometallic compound with a

negative charge on carbon: Sodium acetylides. covered in Section 9-7B. Terminal

alkynes are weakly acidic, and they are converted to sodium acetylides by treatment

with an unusually strong base, sodium amide. These sodium acetylides are useful

nucleophiles, reacting with alkyl halides and carbonyl compounds to form new

carbon -carbon bonds.

R—C=C—H + NaNH. * R—C=C:-Na+ + NH3
terminal alkyne sodium amide a sodium acetylide ammonia



10-8 Organometallic Reagents for Alcohol Synthesis 433

R—C^C:- + R'—CH.^ * R—C=C— CU.— R' + X"

acetylide alkyl halidc subsliluted alkyne

R' R'

I
Q+

I

R—C^C:- +^^:C= 6: > p)_c=C_C_5:- _^ ^ p. _c=c_(^;_qH

R' R'

acctylidc ketone or aldehyde alkoxide acetylenic alcohol

Most alkyl and alkenyl groups are not acidic enough to be deprotonated by

sodium amide, but they can be made into Grignard reagents and organolithium

reagents. The.se reagents are extremely versatile, providing some of our best ways of

fonning carbon -carbon bonds.

I0-8A Grignard Reagents

Organometallic compounds of lithium and magnesium are most frequently used

for the synthesis of alcohols. The organomagnesium halides. of empirical for-

mula R—Mg— X. are called Grignard reagents in honor of the French chemist

Victor Grignard, who discovered their utility around 1905 and received the

Nobel Prize in chemistry in 1912. Grignard reagents result from the reaction of

an alkyl halide with magnesium metal. This reaction is always carried out in an

ether solvent, which is needed to solvate and stabilize the Grignard reagent as

it forms. Although we write the Grignard reagent as R—Mg— X, the actual

species in solution usually contains two, three, or four of these units associat-

ed together with several molecules of the ether solvent. Diethyl ether,

CH^CH^—O—CHiCH,. is the most common solvent for these reactions, al-

though other ethers are also used.

CH,CH,—O—CH,CH, o -

R—X + Mg ^

—

'- '-—^ R—Mg—X reacts like R: MgX
(X — CI, Br, or I) organomagnesium halide

(Griiznard reagent

i

Grignard reagents may be made from primary, secondary, and tertiary alkyl

halides, as well as from vinyl and aryl halides. Alkyl iodides are the most reac-

tive halides, followed by bromides and chlorides. Alkyl fluorides generally do

not react.

reactivity R— I > R— Br > R— CI >> R—

F

The following reactions show the formation of some typical Grignard reagents.

CH,— I + Mg CH3—Mg—

I

iodoniethane mcth) Imagnesium iodide

bromocyclohexane cyclohexylmagnesiuni hroniide

H.C==CH—CH.— Br + Mg H.C=CH—CH.—MgBr
allyl bromide alhimagnesium bromide
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I0-8B Organolithium Reagents

Like magnesium, lithium reacts with alkyl halides, vinyl halides, and aryl halides to

form organometallic compounds. Ether is not necessary for this reaction: organo-

lithium reagents are made and used in a wide variety of solvents.

R—X + 2 Li

(X = CI, Br, or I)

Li"X + R— Li

organolithium

reacts like R: Li*

H.xdinpU's

CH^CH^CH.CH.— Br

;;-butyl bromide

+ 2 Li

H3C=CH— CI + 2 Li

vinyl chloride

+ 2 Li

hexane

pentane

ether

CH^CH.CH.CH,— Li

;i-butyllithium

H.C=CH— Li

vinyllithium

+ LiBr

+ LiCl

+ LiBr

phenyllithium

PROBLEM 10-11

Which of the following compounds are suitable solvents for Grignard reactions?

(a) /7-hexane

(d) cyclohexane

.0.

(b) CH,—O—CH,
(e) benzene

.0.

(c) CHCL
(f ) CH30CH;CH20CH3

(g) (h)

O
.4-dioxane

THF
(tetrahydrofurani

PROBLEM 10-12

Predict the products of the following reactions,

(a) CH,CH.Br + Ms -^^^
... , ,. , T hexane

(b) isobutyl iodide + Li

(c) l-bromo-4-fluorocyclohexane + Mg

(d) CH,= CC1— CH,—CH, + Li —

—

THF

10-9

Addition of

Organometallic

Reagents to

Carbonyl

Compounds

Because they resemble carbanions, Grignard and organolithium reagents are strong

nucleophiles and strong bases. Their most useful nucleophilic reactions are addi-

tions to carbonyl (C=0) groups, much like we saw with acetylide ions (Section

9-7B). The carbonyl group is polarized, with a partial positive charge on carbon and

a partial negative charge on oxygen. The positively charged carbon is electrophilic;

attack by a nucleophile places a negative charge on the electronegative oxygen atom.

R—C— O:

The produc t of this nucleophilic attack is aiTalkoxide ion, a strong base. The addi-

tion of water or a dilute acid protonates the alkoxide to give the alcohol.
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R— C— O: H^g—

H

alkoxidc (orHjO^)

R— C—OH + :0H

Either a Grignard reagent or an organolithium reagent can serve as the nucle-

ophile in this addition to a carbonyl group. The following discussions refer to Grig-

nard reagents, but they also apply to organolithium reagents. The Grignard reagent

adds to the carbonyl group to form an alkoxide ion. Addition of dilute acid (in a sep-

arate step) protonates the alkoxide to give the alcohol.

R

( I ) ether
R'—C— O: ^MgX

R
magnesium alkoxide salt

R'—C—O—H + XMgOH

R
alcohol

We are interested primarily in the reactions of Grignard reagents with ketones

and aldehydes. Ketones are compounds with two alky! groups bonded to a carbonyl

group. Aldehydes have one alkyl group and one hydrogen atom bonded to the car-

bonyl group. Formaldehyde has two hydrogen atoms bonded to the carbonyl group.

R H H

R

C=0
\

a ketone

c=o c=o
/ /

R H
an aldehyde formaldehyde

I0-9A Addition of Grignard Reagents to Formaldehyde: Formation
of Primary Alcohols

H
ether T

H

R—MgX C=0

H

R^C—O MgX

H
Grignard reagent formaldehyde

Addition of a Grignard reagent to formaldehyde, followed by protonation, gives a pri-

mary alcohol with one more carbon atom than in the Grignard reagent.

R—CH.—OH

primary alcohol

H
\

CH3CH2CH3CH2—MgBr + C=0

H

butylmagnesium bromide formaldehyde

H
( 1 1 ether

(2) Hp+
CH^CH.CHXH.—C—OH

H
1-pentanol (92%)

PROBLEM 10-13 PROBLEM-SOLVING HINT

Show how you would synthesize the following alcohols by adding an appropriate Grignard °^
(2i '

'°

reagent to formaldehyde. show separate reactions, with

^, , one reaction arrow.
,CH.OH I

CH.OH

(a)

OH
(c)
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MgX

Grignard reagent

I0-9B Addition of Grignard Reagents to Aldehydes:
Formation of Secondary Alcohols

R'
R' R'

\
c=o ether

H

R-fC—

O

H

MgX
H3O-

R—C—OH

aldehyde

H
secondary alcohol

Grignard reagents add to aldehydes to give, after protonation, secondary alcohols.

The two alkyl groups of the secondary alcohol are the alkyl group from the Grig-

nard reagent and the alkyl group that was bonded to the carbonyl group of the

aldehyde.

CH3CH,—MgBr +

H3C
\

(

/
C=0

ether

H
acetaldehyde

CH,
I

CH,—CH,—C—O- +MgBr
"

I

H

H,0+
CHjCH,

CH3

-C—OH

H
2-butanol

(85%)

PROBLEM-SOLVING HINT

A secondary alcohol has two

groups on the carbinol carbon

atom. Consider two possible

reactions, with either group as

the Grignard reagent.

PROBLEM 10-14

Show how you would synthesize the following alcohols by adding an appropriate Grignard

reagent to an aldehyde.

OH

(a)' T y (b)r^ T ^ (c)|

OH I

Grignard reagent

I0-9C Addition of Grignard Reagents to Ketones:

Formation ofTertiary Alcohols

R'
R'

R—MgX +

R'

\
(C=0

ether R^C—Q- +MgX

R"

H,0+

ketone

R'

R—C—OH

R"
tertiary alcohol

A ketone has two alkyl groups bonded to its carbonyl carbon atom. Addition of a

Grignard reagent, followed by protonation. gives a tertiary alcohol, with three alkyl

groups bonded to the carbinol carbon atom. Two of the alkyl groups are the two

originally bonded to the ketone carbonyl group. The third alkyl group comes from

the Grignard reagent.

CH3CH.— MgBr

CHiCHiCHt
\-

(c=o
H3C

2-pentanone

( 1

)

ether

(2) H3O+

CH3CH^CH-,

CH3CH2—C—OH
CH,

3-niethyl-3-hexanol

(90%)
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SOLVED PROBLEM 10-2

Show how you would synthesize the following alcohol from compounds containing no

more than fi\ e carbon atoms.

CH,

C—OH

CHXHj

SOLUTION
This is a tertiary alcohol; any one of the three alky! groups might be added in the form of

a Grignard reagent. We can propose three combinations of Grignard reagents with ketones:

O
II

c.

o

+ CH,CH,MgBr
^CH,

CH^CH,

CH,

O

.C.
TH,CH, +

CH,MgBr

MgBr

( 1

)

ether

(2) H,0+

( 1 ) ether

(2) H30+

( 1

)

ether

(2) H,0^

PROBLEM-SOLVING HINT

Grignard reagents are incompat-

ible with water or acid. Dilute

acid is used in a separate step to

hydrolyze the magnesium

alkoxide.

correct:

incorrect:

( I ) RMgX

(2) H3O'

RMgX
.

(means a Grignard in aqueous acid)

Any of these three syntheses would probably work, but only the third begins with

fragments containing no more than five carbon atoms. The other two syntheses would re-

quire further steps to generate the ketones from compounds containing no more than five

carbon atoms.

PROBLEM 10-15

Show how you would synthesize each alcohol by adding an appropriate Grignard reagent

to a ketone.

(a) Ph,C— OH (b) 1-methylcyclohexanol (c) 1.1-dicyclohexyl-l-butanoI

PROBLEM-SOLVING HINT

A tertiary alcohol has three

groups on the carbinol carbon

atom. Consider three possible

reactions (as in Solved Problem

10-2), with each of these groups

as the Grignard reagent.

I0-9D Addition of Grignard Reagents to Acid Chlorides and Esters

Acid chlorides and esters are derivatives of carboxylic acids. In such acid deriva-

tives the —OH group of a carboxylic acid is replaced by other electron-withdraw-

ing groups. In acid chlorides, the hydroxyl group of the acid is replaced by a chlorine

atom. In esters, the hydroxyl group is replaced by an alkoxyl (—O— R) group.

0 0 0

R—C—OH R—C— CI R—C—O— R'

carboxylic acid acid chloride ester

Acid chlorides and esters react with two equivalents of Grignard reagents to give

(after protonation) tertiary alcohols.
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O

2
I
R+MgX + R'—C— CI

acid chloroide

O

-MgX + R'—C— OR"

( 1 J ether

(2) H3O+

2 R-

ester

( 1

)

ether

(2) H3O+

R

R'—C—OH

R

tertiary alcohol

R

R—C—OH
R

tertiary alcohol

Addition of the first equivalent of the Grignard reagent produces an unstable

intermediate that expels a chloride ion (in the acid chloride) or an alkoxide ion (in

the ester), giving a ketone. The alkoxide ion is a suitable leaving group in this reac-

tion because its leaving stabilizes a negatively charged intermediate in a strongly

exothermic step.

Attack on an acid chloride

R'

R^j;^Mgx^^c=^;:

Cl

acid chloride

R'

R—C—O:

-f I

intermediate

R'

R
-7(
c=o:

ketone

:C1;

Attack on an ester

R-

R'
\

-MgX ^^^c=o:
R"—O:

ester

R'

R—c-rO:"

^O—R"

intermediate

R'
\

R

C=0 =0— R'

ketone

The ketone reacts with a second equivalent of the Grignard reagent, forming

the magnesium salt of a tertiary alkoxide. Protonation gives a tertiary alcohol with

one of its alkyl groups derived from the acid chloride or ester, and the other two de-

rived from the Grignard reagent.

Grignard

(second equivalent)

R'

R—C—O +MgX
H,0+

R

ketone

intermediate

alkoxide

R'

R—C—OH

R

tertiary alcohol

An example using an ester follows. When an excess of ethylmagnesium bro-

mide is added to methyl benzoate, the first equivalent adds and methoxide is ex-

pelled, giving propiophenone. Addition of a second equivalent, followed by

protonation. gives a tertiary alcohol: 3-phenyl-3-pentanol.
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CHgHj—MgBr +

first cqiiivalcnl

C—OCH,

methyl benzoate

o:

X
CH,CH, :OCH.

propiophenone

second ci|Ui\ aleiU

CH3CH2—C— O:
H,0^

propiophenone

CH3CH, —C—OH

3-phenyl-3-pentanol (82%)

PROBLEM 10-16

Piopose a mechanism for the reaction of acetyl chloride with phenylmagnesiiim bromide PROBLEM-SOLVING HINT
When making a tertiary alcohol

with two identical alkyi groups,

OH consider using an acid chloride

to give 1,1-dipheiiylethanol.

O

CH,—C— CI + 2 MgBr

acetvl chloride phenylmagnesium bromide -diphenylethanol

PROBLEM 10-17

Show how you would add Grignard reagents to acid chlorides and esters to synthesize the

following alcohols.

(a) Ph,C—OH (b) 3-ethyl-2-methyl-3-pentanol

(c) dicyclohexylphenylmethanol

PROBLEM 10-18

A formate ester, such as ethyl formate, reacts with an excess of a Grignard reagent to give

(after protonation) secondary alcohols with two identical alkyl groups.

O

2R—MgX + H—C—O—CH,CH,

ethyl formate

( 1 ) ether

(2) H,0+

OH
I

R—CH—

R

secondary alcohol

PROBLEM-SOLVING HINT
When making a secondary

alcohol with identical alkyl

groups, consider using a

formate ester.

(a) Give a mechanism to show how the reaction of ethyl formate with an excess of allyl-

magnesium bromide gives, after protonation. l,6-heptadien-4-ol.

O

2 H,C=CH—CH,MgBr + H— C— OCH.CH,
allylmagnesium bromide ethyl formate

( 1

)

ether

(2) H,0+

(H,C=CH—CH,),CH—OH
1 .6-heptadien-4-ol (80%1

(b) Show how you would use reactions of Grignard reagents with ethyl formate to syn-

thesize the following secondary alcohols.

(i) 3-pentanol (ii) diphenylmethanol (iii) m//!.v,rra/)A-2.7-nonadien-5-ol
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-MgX

1 0-9E Addition of Grignard Reagents to Ethylene Oxide

Grignard reagents usually do not react with ethers, but epoxides are unusually reactive

ethers because of their ring strain. Ethylene oxide reacts with Grignard reagents to give,

after protonation, primary alcohols with two additional carbon atoms. Notice that the nu-

cleophilic attack by the Grignard reagent opens the ring and relieves the ring strain.

( Oy \
^CH.—CH,

ethylene oxide

ether

Example:

Co'
/ \

. CH2— CH-)

butylmagnesium bromide ethylene oxide

CH3(CH2)3^MgBr

:0: MgX

R+CH3—CH,

alkoxide

= 0: +MgBr

CH-)— CH-,

C4H9

H3O+

H3O+

OH

R+CH,—CH.

primary alcohol

OH

CHt— CH-)

C4H9I

-hexanol (61%)

PROBLEM 10-19

Show how you would synthesize the following alcohols by adding Grignard reagents to

ethylene oxide. ^-v^^CH,CH,OH

(a) 2-phenylethanol (b) 4-methyl-l-pentanol {c)|

PROBLEM 10-20

In Section 9-7B, we saw how acetylide ions add to carbonyl groups in much the same way
that Grignard and organolilhium reagents add. Acetylide ions also add to ethylene oxide

much like Grignard and organolithium reagents. Predict the products obtained by adding

the following acetylide ions to ethylene oxide, followed by a dilute acid workup,

(a) HC^C: (b) CHiCH,— C= C:"

SUMMARY: Grignard Reactions

MgX +

R—MgX

MgX +

H
\

(

/
C=0

H

formaldehyde

R'
\

C

/
c=o

H

aldehyde

R'

R"

\
Cc=o

ketone

( 1 ) ether

(2) H3O+

(1) ether

(2) H3O+

(1) ether

(2) H3O+

H

C—OH

H
1° alcohol

R'

|"r^C—OH

H
2° alcohol

R'

R- C—OH

R"

3° alcohol
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2 R+MgX + R'— C— OR"

esler

or acid chloride

R-^MgX + CH-,—CH,

ethylene oxide

( 1 ) ether

(2) H3O+

( 1 ) ether

(2) H,0 +

R'—C—OH

R

3° alcohol

two groups added

R-hCHXH,—OH

1
° alcohol

two carbons added

PROBLEM 10-21

Recall from Chapter 9 how acetylide ions are alkylated by displacing unhindered alkyl

halides.

H—C=C:- R—CH.— Br > H—C=C— CH.— R + Br"
-

Like acetylide ions. Grignaid and organolithiiim reagents are strong bases and strong

nucleophiles. Luckily, however, they do not displace halides as easily as acetylide ions do.

If they did displace alkyl halides, it would be impossible to form the reagents from alkyl

halides because whenever a molecule of reagent formed, it would react with a molecule of

starting material. All that would be formed is a coupling product. In fact, coupling is a side

reaction that hurts the yield of many Grignaid reactions.

ether
R— Br + Mg > R—Mg— Br R— R + Mg Br.

If we want to couple two groups together, we can do it by using an organocopper reagent,

a lithium diallvylcuprate, to couple with an alkyl halide.

R;CuLi + R'—X > R— R' + R—Cu + LiX

a lithium dialkylcuprate

The lithium dialkylcuprate is formed by the reaction of two equivalents of the coire-

sponding organolithium reagent (Section I0-8B) with cuprous iodide:

2R— Li + Cul » R.CuLi + Lil

This reaction takes place as if a carbanion ( R =

" ) were present and the carbanion at-

tacked the alkyl halide to displace the halide ion. This is not necessarily the actual mecha-

nism, however.

R—C— -:X

(hypothetical mechanism)
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Example

CH3CH2CH-

CH3

2-chlorobutane

-CI
(1) Li

(2) Cul

CHXH,CH—
"I
CH,

CuLi
CHjCH^CHjCHj— Br

lithium dialkylcuprate

CH3CH2CH—CH2CH2CH2CH3

CH3
3-methylheptane

(70%)

Show how you would synthesize the following compounds from aikyl halides, vinyl halides,

and aryl halides containing no more than six carbon atoms,

(a) «-octane (b) 3-methylheptane

(c) «-butylcyclohexane (d) fran.v-3-octene

\0-\6)

Side Reactions of

Organometallic

Reagents; Reduction

of AlkyI Halides

Grignard and organolithium reagents are strong nucleophiles and strong bases. In addi-

tion to their additions to carbonyl compounds, they react with other acidic or electrophilic

compounds. In some cases, these are useful reactions, but they are often seen as annoy-

ing side reactions where a small impurity of water or an alcohol destroys the reagent.

1 0- 1 I A Reactions with Acidic Compounds

Grignard and organolithium reagents react vigorously and irreversibly with water.

Therefore, all reagents and solvents used in these reactions must be dry.

CH,

CH,—CH—CH—CH,

Br

Ms

H—O—

H

R— H + Mg(OH)X

For example, consider the reaction of ethyllithium with water:

CH3— CH.— Li + H^—H -
ethyllithium

CH3— CHo-

ethane

H + Li+ -OH

The products are strongly favored in this reaction. Ethane is a very weak acid {K^ of

about 10""'°), so the reverse reaction (abstraction of a proton from ethane by lithium

hydroxide) is unlikely. When ethyllithium is added to water, ethane instantly bubbles

to the surface.

Why would we ever want to add an organometallic reagent to water? This is a

method for reducing an alkyl halide to an alkane:

/
/

R—X + Mg
ether

R—X + Li

R—M2X

R— Li LiX

R—

H

H,0

Mg(OH)X

R—H + LiOH

The overall reaction is a reduction because it replaces the electronegative halo-

gen atom with a hydrogen atom. In particular, this reaction provides a way to "label"

a compound with deuterium at any position where a halogen is present.

ether

CH3

CH3—CH—CH—CH,

MgBr
•D-j-O—

D

CH,

CH,—CH—CH—CH,

D

Mg(OD)Br
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In addition to O—H groups, the protons of N—H and S—H groups and the

hydrogen atom of a terminal alkyne. — C=C— H. are sufficiently acidic to proto-

nate Grignard and organolithium reagents. Unless we want to protonate the reagent,

compounds with these groups are considered incompatible w ith Grignard and organo-

lithium reagents.

PROBLEM 10-22

Predict the products of the following reactions.

(a) methylmagnesium iodide - D^O »

(b) »-butvIlithium - CH,CH;OH »

phenylmagnesium bromide

I 0- 1 OB Reactions with Electrophilic Multiple Bonds

Grignard reagents are useful because they add to the electrophilic double bonds of

carbon} I groups. However, we must make sure that the only electrophilic double

bond in the solution is the one we want the reagent to attack. There must not be any

electrophilic double (or triple) bonds in the solvent or in the Grignard reagent it-

self, or they will be attacked as well. An\ multiple bond involving a strongly elec-

tronegati\ e element is likeh to be attacked, including C= 0. S= 0. C= \. X= 0.

and C=N bonds.

In later chapters, we w ill encounter methods for protecting susceptible groups

to pre\ ent the reagent from attacking them. For now. simply remember that the fol-

lowing groups react with Grignard and organolithium reagents, and avoid com-
pounds containing these groups except for the one carbonyl group that gives the

desired reaction.

Protonate the Grignard or organolithium: O— H. N— H. S— H. —C^C—H

Attacked by the Grignard or organolithium: C= 0. C= N. C=N. S= 0. N=0

PROBLEM 10-23

Point out the flaw in each of the following incorrect Grignard syntheses.

OH
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MgBr
O
II

CH3CCH3, n,o+

(1) CH3CH-,MgBr

OH

HO

(2) H^O-'

CH.CH,

OH

lO-l I

Reduction of the

Carbonyl Group:

Synthesis of

r and 2° Alcohols

Grignard reagents convert carbonyl compounds to alcohols by adding alkyl groups.

Hydride reagents add a hydride ion (H = ), reducing the carbonyl group to an alkox-

ide ion with no additional carbon atoms. Subsequent protonation gives the alcohol.

This conversion of a ketone or an aldehyde to an alcohol involves adding two hy-

drogen atoms across the C=0 bond: a reduction.

R

R

\
/
c=o:

hydride

R

R
alkoxide ion

(2) n o
R

H-C—OH

R

The two most useful hydride reagents, sodium borohydride (NaBH4) and lithi-

um aluminum hydride (LiAlH4), reduce carbonyl groups in excellent yields. These

reagents are called complex hydrides because they do not have a simple hydride

structure such as Na^ H or Li^ ~H. Instead, their hydrogen atoms, bearing partial

negative charges, are covalently bonded to boron and aluminum atoms. This arrange-

ment makes the hydride a better nucleophile while reducing its basicity.

H H

o

R—C—

H

aldehyde

O

R—C— R'

kelone

o
II

R—C— OR'
ester

o
II

R—C—O-

acid (anion)

-NaBH,

-LiAIH4
reduces

Na+ H— B—

H

H
sodium borohydride

Li+ H— Al—

H

H
lithium aluminum hydride

Of these reducing agents, lithium aluminum hydride (LAH) is much stronger

and more difficult to work with. LAH reacts explosively with water and alcohols, lib-

erating hydrogen gas and sometimes starting fires. Sodium borohydride reacts slow-

ly with alcohols and with water as long as the pH is high ( basic). Sodium borohydride

is a convenient and highly selective reducing agent.

1 0- 1 I A Uses of Sodium Borohydride

reduces Sodium borohydride (NaBH4) reduces aldehydes to primary alcohols, and ketones

to secondary alcohols . The reactions take place in a wide variety of solvents, in -

cluding alcohols, ethers, and water. The yields are generally excellent.

O OH

NaBH4. CH3CH3OH

ease ol

reduction

cyclohexane carbaldehyde cyclohexyl methanol

(95%)



10-1 ] Reduction of the Carbonyl Group: Synthesis of 1° and 2° Alcohols 445

O OH

CH,--C—CHXH,
2-butanone

CH,—CH—CH.CH,
2-butanol (100<7f)

Sodium borohydiide is selective; it usually does not react with carbonyl_groups

^hat are less reactive than ketones and aldehydes. For example, carboxylic acids_and

esters are unreact ive toward borohydride reduction. Sodium borohydride can reduce

a ketone or an aldehyde in the presence of an acid or ester.

NaBH,
OCH, OCH,

1 0- 1 IB Uses of Lithium Aluminum Hydride

Lithium aluminum hydride (LiAlHj. abbreviated LAH) is a much stronger reagent

than sodium borohydride. It easily reduces ketones and aldehydes and also the less

reactive carbonyl groups: those in acids, esters, and other acid derivatives (see Chap-

ter 20). LAH reduces ketones to secondary alcohols, and aldehydes, acids, and es-

ters to primary alcohols. The lithium salt of the alkoxide ion is initially formed, then

the (cautious!) addition of dilute acid protonates the alkoxide. For example. LAH re-

duces both functional groups of the keto ester in the previous example.

PROBLEM-SOLVING HINT

Note that LAH and water are

incompatible.Water is added in

a separate hydrolysis step. An
explosion and fire would result

from the process indicated

LiAlH.

by

CH,-

O

-c- -OCH;
1 1 ) Li.AlHj

(2) H^O^
CH,—CH,OH

In summary, sodium borohydride is the best reagent for reduction of a simple

ketone or aldehyde. Using NaBHj. we can reduce a ketone or an aldehyde in the

presence of an acid or an ester, but we do not have a method (so far) for reducing an

acid or an ester in the presence of a ketone or an aldehyde. The sluggish acid or ester

requires the use of LiAIHj. and this reagent also reduces the ketone or aldehyde.

SUMMARY: Reactions of LiAIH4 and NaBH4

aldehyde

ketone

alkene

O
II

R—C—

H

O
II

R—C— R'

NaBH^

R—CH.OH

OH
I

R—CH— R'

no reaction

LiAlH^

R— CH,—OH

OH

R—CH— R'

no reaction

acid anion

ester

O
II

R—C—

O

anion in base

O
II

R—C—OR'

no reaction

no reaction

R—CH.—OH

R—CH.—OH
Note: The products shown are the final products, after hydrolysis of the alkoxide.
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PROBLEM-SOLVING HINT
When making a primary or

secondary alcohol, you can

consider adding an alkyi group

last (as a Grignard reagent) or

adding a hydrogen last (by

reducing a ketone or aldehyde).

PROBLEM 10-24

Predict the products you would expect from the reaction of NaBH4 with the following

compounds.

O

(a) CH,— (CH,jj,—CHO (b) CH,CH,—C—OCH3

O O

(cj Ph—COOH

(d)

O

(e)
H'

O

(f,

O

o

PROBLEM 10-25

Repeat Problem 10-24 using LiAlHa (followed by hydrolysis) as the reagent.

PROBLEM 10-26

Show how you would synthesize the following alcohols by reducing an appropriate car-

bonyl compound.

(a) 1-heptanol ^^-^ ^O^
(b) 2-heptanol ,

(c) 2-methyl-3-hexanol

1 0- 1 I C Catalytic Hydrogenation of Ketones and Aldehydes

O OH

-C- + H. _(Lh-

The conversion of a ketone or an aldehyde to an alcohol involves adding two

hydrogen atoms across the C=0 bond. This addition can be accomplished by cat-

alytic hydrogenation, commonly using Raney nickel as the catalyst. Carbon-car-

bon double bonds are reduced faster than the carbonyl group, however, so any alkene

double bonds present will be reduced. In most cases, sodium borohydride is more con-

venient for the reduction of simple ketones and aldehydes.

CH3 Q CH,

/HX=CH—CH.—C—C^ + 2H. ^'
> CH,—CH,—CH,—C—CH.OH

CH3 " CH,
2.2-dimethyl-4-pentenal 2,2-dimethyI-l-pentanoI (94%)

CH,
NaBH, I

> H,C=CH—CH.—C—CH.OH
(for comparison)

CH3
2.2-dimcihylpent-4-cn- 1 -ol
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SUMMARY: Alcohol Syntheses

I. FROMALKENES
1. Hydration (Sections 8-4 through 8-7)

a. Acid catalyzed:foms Markovnikov alcohols:

b. Oxymercuration-demercuration: fonns Markovnikov alcohols

c. Hydroboration- oxidation: forms anti-Markovnikov alcohols

CH,

CH3CH,

\ (1 ) Hg(OAc),. H,0 '

CH, (2)NaBH4 OH

CH,
(1)BH,-THF I

H.C=C , ^ ^ ^, > HO—CH.—C—CH,
\ (2)H;02. NaOH -

|

-

CH3 ^

2. Hydroxylation: forms vicinal diols (glycols) (Sections 8-13 and 8-14)

a. Syn hydroxylation, using KMnOJNaOH or using OsO^/H^O^

OsOj/H.O,

or KiMnOyNaOH

c\clopentene

b. Ami hydroxylation. using peracids

R— CO,H.

H^O

H

r/5-cyclopentane- 1 .2-diol

cyclopentene

-OH

"H

OH
rraH5-cyclopentane- 1 .2-diol

(+ enantiomer)

II. FROMALKYL HALIDES: NUCLEOPHIUC SUBSTITUTION (SECTIONS 6-9AND 6-13)

1. Second-order substitution: primary (and some secondary I halides

KOH
(CH,)XHCH,CH,— Br -7777^ (CH,)XHCH,CH.—OH

^ _ - _ H-,0 * ~ ~ ~

2. First-order substitution: tertian {and some secondary) halides

CH, CH, CH,
I acetone/water I I

CH,—C—CH, r > CH,—C—CH, + H,C=C—CH,
i

j

i heat
I

CI OH
r-butyl chloride r-butyl alcohol isobutylene
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III. FROM CARBONYL COMPOUNDS: NUCLEOPHILIC ADDITION TO THE CARBONYL GROUP
Addition of a Grigiiard or organoUthium reagent (Section 9-9)

O
ether

-C— + R—MgX

(^Addition to formaldehyde gives a primary alcohol

0-+MgX

-c—

R

H^0+

OH
I—C—

R

CH3CH2MgBr + H2C=0

ethylmagnesium bromide

( 1 ) ether

(2) H3O
CH3CH2—CH.—OH

I -propanol

Addition to an aldehyde gives a secondary' alcohol

^
^^MgBr

O

CH3—C—

H

H
(1) ether

(2) H,0+

phenylmagnesium bromide acetaldehyde

(^^^ Addition to a ketone gives a tertiary alcohol

CH,
1-phenylethanol

OH

CH^CH.MgCl +

O
(1) ether

(2) H3O+

cyclohexanone

d. Addition to an acid halide or an ester gives a tertiary alcohol

OH

'CH2CH3

I -ethylcyclohexanol

o
II

CH3—C— CI

acetyl chloride

or

O

CH3—C—OCH3
methyl acetate J 1.1-dicyclohexylethanol

e. Addition to ethylene oxide gives a primary alcohol (with two carbon atoms added)

(1)2 ^MgBr

cyclohexylmagnesium bromide

(2) H3O+

MgBr

cyclohexylmagnesium bromide

(1) CHj—CH,

(2) H3O+

CH,CH,OH

-cyclohexylethanol

2. Reduction of carbonyl compounds (Section 10-1 1)

a. Catalytic hydrogenation ofaldehydes and ketones

O

-C— + H.
Raney Ni

OH

—CH—

This method is usually not as selective or as effective as the use of hydride reagents.
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Use of liydricle reagents

)l
Reduction of an aldehyde gives a primary alcohol

O

benzaldehyde

NaBH,

(2^ Reduction of a ketone gives a secondary alcohol

.0
NaBH

,

cyclohexanone

(3) Reduction of an acid or ester gives a primary alcohol

O

CH3— (CH2)8—C—OH
decanoic acid

o

CH3— (CH,)^—C—OCH3
methvl decanoate

CH,OH

benzyl alcohol

H

OH

cyclohexanol

(1) LiAlH_,

(2) H^O
> CH3— (CH2)8—CH.—OH

1 -decanol

IV. SYNTHESIS OF PHENOLS (CHAPTER 17)

Thiols (Mercaptans)

Thiols are sulfur analogues of alcohols, with an —SH group in place of the alco-
| Q_ | 2

hoi —OH group. Oxygen and sulfur are in the same column of the periodic table

(group VIA), with oxygen in the second row and sulfur in the third. lUPAC names

for thiols are derived from the alkane names, using the sufTix -thiol. Thiols are also

called mercaptans ("captures mercury") because they form stable heavy-metal

derivatives. Common names are formed like those of alcohols, using the name of

the alkyl group with the word mercaptan. The —SH group itself is called a mer-

copto group.

CH,— SH CH3CH3CH.CH,— SH CH3CH=CHCH.—SH HS—CH,CH,—OH
U'PAC iiaiiic: iiicllia:! jv!ii. I -biilanciliii li 2-bLilenc- 1 -thiol 2-inei"capioi.-ihaiuil

common name: methyl mercaptan /j-butyl mercaptan

Thiols' ability to complex heavy metals has proved useful for making antidotes

to heavy-metal poisoning. For example, in World War II the Allies were concerned

that the Germans Would use lewisite, a volatile arsenic compound, as a chemical

warfare agent. Thiols complex strongly with arsenic, and British scientists devel-

oped dimercaprol (2,3-dimercapto-l-propanol) as an effective antidote. The Allies

came to refer to this compound as "British anti-lewisite" (BAD, a name that is still

used. Dimercaprol is useful against a variety of heavy metals, including arsenic, mer-

cury, and gold.
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CI H
\ /
c=c

/ \
H ASCI2

lewisite

CH2—CH—CH2

SH SH OH
dimercaprol

British anti-lewisite (BALj

Offensive use of thiols. Skunks

spray thiols to protect them-

selves from people, dogs, and

other animals.

The odor of thiols is their strongest characteristic. Skunk scent is composed
mainly of 3-methyl-l-butanethiol and 2-butene-l -thiol, with small amounts of other

thiols. Ethanethiol is added to natural gas (odorless methane) to give it the charac-

teristic "gassy" odor for detecting leaks.

Although oxygen is more electronegative than sulfur, thiols are more acidic

than alcohols. Their enhanced acidity results from two effects: First, S—H bonds are

generally weaker than O—H bonds, making S—H bonds easier to break. Second,

the thiolate ion (R— S~) has its negative charge on sulfur, which allows the charge

to be delocalized over a larger region than the negative charge of an alkoxide ion,

boiTie on a smaller oxygen atom. Thiolate ions are easily formed by treatment of the

thiol with aqueous sodium hydroxide.

CH3—CH2—SH + -OH
ethanethiol

pK.,= 10.5

CH3—CH.—OH + -OH
ethanol

pK =15.9

OH

CH3—CH2— S- + H2O
ethanethiolate pK = 15.7

CH3—CH2—o- + H2O
ethoxide pK =15.7

benzenethiol

pK =7.8

benzenethiolate

- H2O

pK =15.7

PROBLEM 10-27

Arrange the following compounds in order of decreasing acidity.

CH,COOH CH,OH CH3CH, CH3SO3H CH,NH, CH3SH CH,C=CH

Thiols can be prepared by 8^2 reactions of sodium hydrosulflde with unhin-

dered alkyl halides. The thiol product is still nucleophilic, so a large excess of hy-

drosulflde is used to prevent the product from undergoing a second alkylation to give

asulfide(R—S— R).

Na+ H— S: + R—X > R— SH + Na+
X"

sodium hydrosulfide alkyl halide thiol

Unlike alcohols, thiols are easily oxidized to give a dimer called a disulfide.

The reverse reaction, reduction of the disulfide to the thiol, takes place under re-

ducing conditions. Formation and cleavage of disulfide linkages is an important as-

pect of protein chemistry (Chapter 24). where disulfide "bridges" between cysteine

amino acid residues hold the protein chain in its active conformafion.

Br,

R— SH + HS—R c ' ' R— S— S—R + 2 HBr
two molecules of thiol disulfide
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Example

H,N—CH—C—OH

CH, O

SH

SH

CH, O

H,N—CH—C—OH
two cysteine residues

[O]

(oxidize)

( reduce

)

H.N—CH—C—OH

CH, O

S

S

CH, O
I

"
II

H.N—CH—C—OH
cystine disulfide bridge

+ H,0

More examples of disulfide bridges appear in Section 24-8c.

Just as mild oxidation converts thiols to disulfides, vigorous oxidation con-

verts them to sulfonic acids. Either KMn04 or nitric acid {HNO3) can be used as the

oxidant for this reaction. Any Lewis structure of a sulfonic acid requires either sep-

aration of formal charges or more than eight electrons around sulfur. Sulfur can have

an expanded octet, as it does in SF4 ( 10 electrons) and SF5 ( 12 electrons). The three

resonance forms shown below are most commonly used. Organic chemists tend to

use the form with an expanded octet, and inorganic chemists tend to use the forms

with charge separation.

R— S—

H

thiol

KM11O4 or HNO3

(vigorous oxidation)

O'

R— S—O—

H

_ expanded octet

:0:

R— S—O—

H

(both)

sulfonic acid

:0:

R— S—O—

H

:0:

charge separation_

Example

benzenethiol

HNO3

(boil)

o

Or OH

O
benzenesulfonic acid

PROBLEM 10-28

Give lUPAC names for the following compounds.

SH CHjCH.^ ^CHjSH ^-\^SH
(a) CH3CHCH2CHCH3 (b) /^^*^\ ^"^^l

CH, CH,

PROBLEM 10-29

Authentic skunk spray has become valuable for use in scent-masking products. Show how
you would synthesize the two major components of skunk spray from any of the readily

available butenes or from 1 ,3-butadiene.
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Chapter 10

Glossary

acid derivatives Compounds that are related to carboxylic acids but have other electron-

withdrawing groups in place of the —OH group of the acid. Three examples are acid chlo-

rides, esters, and amides, (p. 437)

O

R—C—OH
carboxylic acid

O
II

R—C— CI

acid chloride

O

-c— o-

ester

R'

O

R—C— NHt
amide

alcohol A compound in which a hydrogen atom of a hydrocarbon has been replaced by a hy-

droxyl group. — OH. (p. 416)

Alcohols are classified as primary, secondary, or tertiary depending on whether the hy-

droxyl group is bonded to a primary, secondary, or tertiary carbon atom. (p. 417)

OH

-C—

H

H

OH

-C—

R

H

OH
I

R—C—

R

R
primary alcohol secondary alcohol tertiary alcohol

aldehyde A carbonyl compound with one alkyl group and one hydrogen on the carbonyl

group, (p. 435) Formaldehyde has two hydrogens on the carbonyl group,

alkoxide ion The anion (R— O:") formed by deprotonation of an alcohol, (p. 427)

azeotrope A mixture of two or more liquids that distills at a constant temperature and gives

a distillate of definite composition. For example, a mixture of 95 percent ethanol and 5 per-

cent water has a lower boiling point than that of either pure ethanol or pure water, (p. 426)

carbinol carbon atom In an alcohol, the carbon atom bonded to the hydroxyl group, (p. 416)

denatured alcohol A fomi of ethanol containing toxic impurities, making it unfit for drink-

ing, (p. 426)

diol A compound with two alcohol — OH groups, (p. 420)

disulfide The oxidized dimer of a thiol. R— S— S— R. (p. 450)

epoxides (o.xiranes) Compounds containing oxygen in a three-membered ring. (p. 440)

glycol Synonymous with diol. The term "glycol" is most commonly applied to the 1,2-diols,

also called vicinal diols. (p. 420)

grain alcohol Ethanol, ethyl alcohol. Absolute alcohol is 100 percent ethanol. (p. 426)

Grignard reagent An organomagnesium halide. written in the form R—Mg— X. The ac-

tual reagent is more complicated in structure, usually a dimer or trimer complexed with sev-

eral molecules of ether, (p. 435)

hydride reagent A compound of hydrogen with a less electronegative element, so the hy-

drogen can be donated with its pair of electrons to an organic compound. Hydride transfer re-

duces the organic compound. Hydride reagents include simple hydrides such as NaH and

LiH as well as complex hydrides such as NaBHj and LiAlHj. (p. 444)

H:~ H—C— O:'

hydride reagent reduced

hydrophilic ("water loving") Attracted to water; water-soluble, (p. 423)

hydrophobic ("water hating") Repelled by water; water-insoluble, (p. 423)

hydroxy group (hydroxyl group) The —OH group, as in an alcohol, (p. 419)

ketone A carbonyl compound with two alkyl groups on the carbonyl group, (p. 435)

Uthium dialkylcuprate An organometallic reagent used to couple with an alkyl hahde. (p. 441

)

R^CuLi + R'—X * R— R' + R— Cu + LiX

a lithium dialkylcuprate

mi.scible Mutually soluble in any proportions, (p. 423)

organolithium reagent An organometallic reagent of the form R— Li. (p. 435)
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organometallic compounds (organometallic reagents) Compounds containing metal atoms

directly bonded to carbon. ( p. 435)

phenol A compound with a hydroxyl group bonded directly to an aromatic ring. (p. 421

)

Raney nickel A finely di\ ided nickel/aluminum alloy which has been treated with NaOH to

dissolve out most of the aluminum, (p. 446)

rubbing alcohol 2-Propanol. isopropyl alcohol, (p. 427)

skunk tnoiin) A digitigrade omnivorous quadruped that effectively synthesizes thiols: (verb)

to pre\'ent from scoring in a game or contest.
( p. 450)

sulfonic acid A strongly acidic compound of formula R— SO^H. formed by vigorous oxi-

dation of a thiol. ( p. 45 1

)

thiol (mercaptan) The sulfur analog of an alcohol. R— S— H. (p. 449)

thiolate ion (mercaptide) The anion (R— S'~) formed by deprotonation of a thiol, (p. 450)

wood alcohol Methanol, methyl alcohol. ( p. 424)

ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 10

1. Draw and name alcohols, phenols, diols. and thiols.

2. Predict relative boiling points, acidities, and solubilities of alcohols.

3. Show how to conv ert alkenes. alkyl halides. and carbonyl compounds to al-

cohols.

4. Predict the alcohol products of hydration, hydroboration. and hydro.xylation of

alkenes.

5. Use Grignard and organolithium reagents effectively for the synthesis of pri-

mary, secondary, and tertiary alcohols with the required carbon skeletons.

6. Predict the products from reactions of lithium dialkylcuprates with alkyl

and alkenyl halides.

7. Propose syntheses and oxidation products of simple thiols.

Study Problems
10-30. Briefly define each term and give an example.

(a) primary alcohol

(d) phenol

(g) alkoxide ion

(j) organolithium reagent

(m) carboxylic acid

(p) hydride reagents

(b) secondary alcohol

(e) diol

(h) epoxide

(k) ketone

(n) acid chloride

(q) thiol

(c) tertiary alcohol

(f) glycol

( i ) Gngnard reagent

(I) aldehyde

(o) ester

(r) disulfide

10-31. Give a systematic (lUPAC) name for each alcohol. Classify each as primary, secondary, or tertiary.

10-32. Gi\ e systematic ( lUPAC) names for the follow ing diols and phenols.

H

(b)
OH
OH

OH

XI

(d)

H
NO,



454 Chapter 10: Structure and Synthesis of Alcohols

(c) 3-cyclopenten-l-ol

(f) cyclopentene glycol

(i) 3-cyciopentenethioI

10-33. Draw the structures of the following compounds.

(a) triphenylmethanol (b) 3-(bromomethyl)-4-octanol

(d) 3-cyciohexyl-3-pentanol (e) /«e.sY;-2,4-pentanediol

(g) 4-iodophen()l (h) (2R,3R)-2.3-hexanedio)

(j) dimethyl disulfide

10-34. Predict which member of each pair has the higher boiling point, and explain the reasons for your predictions.

(a) 1-hexanol or 3,3-dimethyl-l-butanol (b) 2-hexanone or 2-hexanol

(c) 2-hexanol or 1 .5-hexanediol

10-35. Predict which member of each pair is more acidic, and explain the reasons for your predictions.

(a) cyclopentanol or 3-chlorophenol (b) cyclohexanol or 2-chlorocyclohexanol

(c) cyclohexanol or cyclohexanecarboxylic acid (d) 2,2-dimethyl-l-butanol or 1-butanol

10-36. Predict which member of each group is most soluble in water, and explain the reasons for your predictions.

(a) 1-butanol. 2-methyl-l-propanol, or 2-methyl-2-propanol

(b) chlorocyclohexane, cyclohexanol, or 1 .2-cyclohexanediol

(c) chlorocyclohexane. cyclohexanol, or 4-methylcyclohexanol

Show how you would synthesize the following alcohols from appropriate alkenes.

OH

(a) (b) I

J (c)

OH

Draw the organic products you would expect to isolate from the following reactions (after hydrolysis).

,MgBr O Mgl

(a)
I I

+ HjC^O (b) \ / ^ + (c) CH3—CH + Ph—CHO

CH3

O

(d) CH,MgI (e) 2

OH

O
il

II

^MgCl + Ph—C— CI (f) Ph—MgBr + ^C^
Ph Ph

O

(g) 2 Ph— MgBr + CH,CH.—C—OCH3

H3C

(m)
\
C=C

cold, dilute

KMnO^

-OH

(h) CH3—CH—CHO + NaBH4

CH3

O

+ LiAlH.

H CH,CH,CH3

(()) tCH.^CHjjCuLi + CH3CH:CH=CHCH.Br

CH2CH2CH3
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10-39. Show how you would use Grignard SN ntheses to prepare the follow ing alcohols from the indicated starting mater-

ial and any other necessan. reagents.

(a) 3-octanol from hexanal. CH;(CH:).CHO

(b) 1-octanol from 1-bromoheptane

(c) 1-cyclohexylethanol from acetaldehyde. CH ;CHO
(d) 2-cyclohexylethanol from bromocyclohexane

(e) benzvl alcohol ( Ph— CH-— OH ) from bromobenzene (Ph— Br)

O

from
<^

^C—QCH-CH.

(a)

OH
I

C—CH,

CH,

( g) cyclopentylphenylmethanol from benzaldehyde ( Ph— CHO

)

Show how you would accomplish the following transformations. You may use any additional reagents you

need.

H

CH,CH-CH,

H

OH
> Ph— CH-CH-CH-OH

OH O O

O
II

-C— OCH-CH,

OH
I

-CH-CH.Cl

O
II

(e) CH,— C— CH CH-— C— OCH-CH,

O O
II il

(f) CH,— C—CH-CH-— C—OCHXH,

CH,—CH—CH-CH-

OH

CH,— CH—CH.CH — CH,

10-41. Show how you would synthesize

(a) 2-phenylethanol by the addition of formaldehyde to a suitable Grignard reagent

(b) 2-phen\ leihanol from a suitable alkene

(c) cyclohexylmethanol from an alk} l halide using the Sv2 reaction

(d) 3-cyclohexyl-l-propanol b\ the addition of ethylene oxide to a suitable Grignard reagent

(e) c/5-2-penten-l -thiol from a suitable alkenyl halide

(f ) 2.5-dimethylhexane from a four-carbon alkyl halide

10-42. Complete the following acid -base reactions. In each case, indicate whether the equilibrium favors the reactants

or the products, and explain \ our reasoning.

(a) CH.CH,- O-

(c) KOH - CH-,CH,OH
(d) (CHj;C—O" - CH;CH-OH
(e) (CHO.C—O" - H,0

(b) KOH - CI

OH

OH

- CH-O

10-43. Suggest carbonyl compounds and reducing agents that might be used to form the following alcohols,

(a) ;/-octanol (b) 1-cyclohexyl-l-propanol (c) 1 -phenyl- 1-butanol
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OH

-OCH,CH,

OH

CH2OH

* 10-44. Geminal diols, or 1,1-diols, are usually unstable, spontaneously losing water to give carbonyl compounds. There-

fore, geminal diols are regarded as hydrated forms of ketones and aldehydes. Propose a mechanism for the acid-

catalyzed loss of water from propane-2,2-diol to give acetone.

HO OH
\ /

CH,—C—CH,
pi'opaiie-2,2-diol

O
II

CH,—C—CH3

acetone

+ H.O

* 10-45. Vinyl alcohols are generally unstable, quickly isomerizing to carbonyl compounds. Propose mechanisms for the

following isomerizations.

H

(a, ^C=C^ ^
H H

vinyl alcohol

,0

H—C—

C

HH
acetaldehyde

(b)

OH O

(c)

OH OH O

*10-46. Compound A (CyHnBr) is treated with magnesium in ether to give B (C7H||MgBr). which reacts violently with

D2O to give 1-methylcyclohexene with a deuterium atom on the methyl group (C). Reaction of B with acetone

(CH3COCH3) followed by hydrolysis gives D (CmHi^O). Heating D with concentrated H2SO4 gives E (CiqHk,),

which decolorizes two equivalents of Bri to give F (CioHi^Brj). E undergoes hydrogenation with excess H2 and

a Pt catalyst to give isobutylcyclohexane. Determine the structures of compounds A through F, and show your

reasoning throughout.

*10-47. Grignard reagents react slowly with oxetane to produce primary alcohols. Give a mechanism for this reaction,

and suggest why oxetane reacts with Grignard reagents even though most ethers do not.

R—Mg—X + 1 Ô
Grignard reagent

R—CH^CH.CH,—O +MgX

salt of 1° alcohol

^10-48. Determine the structures of compounds A through G. including stereochemistry where appropriate

(DCHjMgl C^HiP H.SO^ ^6^10 H,Pt

(2) H,0+ heat
B

^X^CH3

KMnOj
warm, cone.

H,S04
heat

H2SO4
heat

C,H,20

D
(DCH^Mgl

I) H3O+

C,oH,gO
( I ) Mg. ether

(3) H3O+

CjHgBr
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Bi* C Reactions of Alcohols
i H

HH

Alcohols are a particularly important class of organic compounds because the

hydroxyl group is easily converted to almost any other functional group. In

Chapter 10. we studied reactions that foim alcohols. In this chapter, our aim

is to understand how alcohols react and which reagents are most useful for convert-

ing them to other kinds of compounds. Table 11-1 gives an overview of the types of

reactions alcohols undergo and the products that result.

TABLE II- 1 Types of Reactions of Alcohols

r\>pe of reaction
R—OH —— > Product

0

R—OH
dehydration

alkenes R— OH
esteriiication

R—0—C— R'

esters

> >

R—OH
oxidation

> ketones, aldehydes,

acids
R— OH

tosylation
> R—OTs

R—OH
substitution

> R—

X

hahdes

tosylate esters

(good leaving group)

R—OH
reduction

R—

H

alkanes

R— OH
{ 1 ) form alkoxide

R—0— R'

ethers

>

(2)R'X

Oxidation of alcohols leads to ketones, aldehydes, and carboxylic acids. These func-

tional groups, in turn, undergo a wide variety of additional reactions. For these rea-

sons, alcohol oxidations are some of the most common organic reactions.

In inorganic chemistry, we think of oxidation as a loss of electrons and reduc-

tion as a gain of electrons. This picture works well for inorganic ions, as when Cr^"^

is reduced to Cr'^. Most organic compounds are uncharged, however, and gain or loss

of electrons is not obvious. Organic chemists tend to think of oxidation as the result

of adding an oxidizing agent (Ot, Br2, etc.), and reduction as the result of adding a

Oxidation States of

Alcohols and Related

Functional Groups

457
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reducing agent ( H. . NaBHj . etc.). Most organic chemists habitually use the follow-

ing simple rules, based on the change in the formula of the substance:

OXIDATION: loss of H. ; addition of O or O, ; addition of (halogens)

REDUCTION: addition of H. (or H" ); loss of O or O. : loss of X,

Addition or loss of H*. H;0. HX. etc. is neither an oxidation nor a reduction.

We can tell that an oxidation or a reduction of an alcohol has taken place by count-

ing the number of C—O bonds to the carbinol (C—OH) carbon atom. For exam-

ple, in a primar\' alcohol, the carbinol carbon atom has one bond to oxygen: in an

aldehyde, it has two (more oxidized): and in an acid, it has three. Oxidation of an al-

cohol usually converts C—H bonds to C—O bonds. If we convert an alcohol to an

alkane. the carbinol carbon loses its bond to oxygen and gains another bond to hy-

drogen: a reduction.

Figure 11-1 compares the oxidation states of primar), secondary, and tertiary

alcohols with those obtained by oxidation or reduction. The symbol [O] indicates an

unspecified oxidizing agent. Notice that oxidation of a primary or secondar)' alcohol

forms a carbonyl (C=0) group b\' the remo\ al of tw o hydrogen atoms: one from the

carbinol carbon and one from the hydroxyl group. A tertiar}' alcohol cannot easily ox-

idize because there is no hydrogen atom ax ailable on the carbinol carbon.

OXIDATION

H

R— C—

H

H
Alkane

no bonds to 0

[O]

OH

R— C— H -

H
Primai-y alcohol

one bond to O

O

R— C—

H

+ H.O

Aldehyde

two bonds to O

[O]

O

R— C—OH

Carboxylic Acid

three bonds to O

Figure I l-l

.\n alcohol is more oxidized

than an alkane. yet less

oxidized than carbonyl

compounds such as ketones,

aldehydes, and acids. Oxida-

tion of a primary' alcohol leads

to an aldehyde, and further

oxidation leads to an acid.

Secondar}' alcohols are

oxidized to ketones. Tertiary

alcohols cannot be oxidized

without breaking

carbon -carbon bonds.

H
I

R— C— R'

H
Alkane

no bonds to O

H
I

R— C— R'

I

R"

Alkane

no bonds to O

[O]

OH

R—C— R' —

H
Secondajy alcohol

one bond to O

O
II

• R— C— R' (no further

-I- H^O oxidation)

Ketone

two bonds to O

[O]

OH
I

-* R— C— R' (usuallv no further oxidation)

I

R"

Tertiaiy alcohol

one bond to O

REDUCTION



11-2 Oxidation of Alcohols 459

PROBLEM I l-l

Classify each reaction as an oxidation, a reduction, or neither.

O O
CrO,-pvndine

1|

HXrO_,
1[

(a) CH,—CH.OH ^ * CH,—C— H > CH,,—C—OH

O O O
II II II

(b) CH, » CH.OH > H— C—OH » H— C— H > HO—C—OH

H,C CH. CH;
'I I H- I

(C) CH.—C— C— CH, * CH,— C— C— CH, - H.O

I I II I

"

HO OH O CH,

Ll.AlH, TiCI,

(d) CH;— CH;—OH = ^ CH;— CH,

V CH.O OCH.

H-. CH.OH
(e) (

J
H : >

\^ J
H - H-0

^^2 r >^Br r^>l HBr T T^H
(f) * (g)

Br Br

Primary and secondar\ alcohols are easily oxidized by a variety of reagents, in- I I -2

eluding chromium reagents, permanganate, nitric acid, and even household bleach
OxidatiOD of

(NaOCl. sodium hypochlorite). The choice of reagent depends on the amount

and \alue of the alcohol. We use cheap oxidants for large-scale oxidations of AlCOnOlS

simple, inexpensive alcohols. We use the most effective and selective reagents,

regardless of cost, for delicate and valuable alcohols. In this chapter, we study

only the oxidants that have the widest range of uses and the best selectivity. An
understanding of the most common oxidants can later be extended to include ad-

ditional reasents.

I I-2A Oxidation of Secondary Alcohols

Secondary alcohols are easily oxidized to give excellent yields of ketones. The

chromic acid reagent is often best for laboratory oxidations of secondary alcohols.

OH

R—CH— R'

secondary alcohol

NaXr,0-/H,SOj

o
II

R—C— R'

ketone

Example

H

OH

cvclohexanol

NaXr^O.
o

cyclohexanone

(90^r)

The chromic acid reagent is prepared b\ dissolving sodium dichromate

1 Na^Cr^O- ) in a mixture of sulfuric acid and w ater. The actix e species in the mixture
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is probably chromic acid, H^CrOj . or the acid chromale ion, HCr04 . Adding chronii-

um trioxide (CrO,) to dilute sulfuric acid achieves the same result.

O
II

Na.Crp^ + Hp + 2 H^SO^ > 2 HO—Cr—OH + 2 Na" + 2 HSO^
sodium dichromate II

o
chromic acid (H,CrOj)

o o
II II

CrO, + H.O —
> HO—Cr—OH ^ H+ + "O—Cr—OH

chromium trioxide II II

o o
chromic acid acid chromate ion

The mechanism of chromic acid oxidation probably involves the formation of

a chromate ester. Elimination of the chromate ester gives the ketone. In the elimina-

tion, the carbinol carbon retains its oxygen atom but loses its hydrogen and gains the

second bond to oxygen.

Formation of the chromate ester

R' O R' O

R—C—O—H + H—O—Cr—OH > R—C—O—Cr—OH + H^O

H O HO
alcohol chromic acid chromate ester

Elimination of the chromate ester and oxidation of the carbinol carbon

R' "b" R' w
I .. II I .. \..R—C—O—Cr—OH > R—C= 0. + Cr—OH
P " ^IK -• /

H.O: H .O/ Hp^^ CrrVI. Cr(IV)

The chromium(IV) species formed above reacts further to give the stable re-

duced form, chromium(III). Both sodium dichromate and chromic acid are orange

in color, while chromic ion (Cr'^) is a deep blue. One can follow the progress of a

chromic acid oxidation by observing the color change from orange through various

shades of green to a greenish blue. In fact, the color change observed with chromic

acid can be used as a test for the presence of an oxidizable alcohol.

II-2B Oxidation of Primary Alcohols

Oxidation of a secondary alcohol gives a ketone, and a similar oxidation of a primary

alcohol forms an aldehyde. Unlike a ketone, however, an aldehyde is easily oxidized

further to give a carboxylic acid.

OH O O
I [O] II [O] II

R—CH—H * R—C—H > R—C—OH
primary alcohol aldehyde acid

Obtaining the aldehyde is often difficult, since most oxidizing agents strong

enough to oxidize primary alcohols also oxidize aldehydes. Chromic acid generally

oxidizes a primary alcohol all the way to the carboxylic acid.
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CH.OH

cyclohexyl methanol

Na^Cr.O-,

H2SO4

C—OH

cyclohexanecarboxylic acid

(92%)

A better reagent for the limited oxidation of primary alcohols to aldehydes is

pyridiniuni chlorochromate (PCC), a complex of chromium trioxide with pyridine

and HCI. PCC oxidizes most primary alcohols to aldehydes in excellent yields. Un-

like most other oxidants. PCC is soluble in nonpolar solvents such as dichloromethane

(CHnCK). which is an excellent solvent for most organic compounds. PCC can also

serve as a mild reagent for oxidizing secondai^ alcohols to ketones.

Pyridiniiim chlorochromate (PCC):

N—H CrO,Cr

pyridine • chromium trioxide • HCI

or pyH+ CrOjCr

OH

R— C—

H

H
primary alcohol

CrO, pyndine HCl (PCC)

CH,C1,

o

R—C—

H

aldehyde

O
pvH+ CrO,Cr (PCC) II

CH,{CH.),—CH.OH — 7^ * CH,(CH. —C—

H

1-heptanol ' ~ heptanai (78%)

I I -2C Resistance of Tertiary Alcohols to Oxidation

Oxidation of tertiary alcohols is not an important reaction in organic chemistry. Ter-

tiary alcohols have no hydrogen atoms on the carbinol carbon atom, and oxidation

must take place by breaking carbon—carbon bonds. Such oxidations require severe

conditions and result in mixtures of products.

The chromic acid test for primary and secondary alcohols makes use of ter-

tiary alcohols" resistance to oxidation. When a primary or secondary alcohol is added

to the chromic acid reagent, the orange color changes to green or blue. When a nonox-

idizable substance (such as a tertiary alcohol, a ketone, or an alkane) is added to the

reagent, no immediate color change occurs.

Summary of Alcohol Oxidations

To Oxidize Product Reagi'iU

2° alcohol ketone chromic acid (or PCC)
1° alcohol aldehyde PCC
r alcohol acid chromic acid
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PROBLEM I 1-2

Predict the products of the reactions of the following compounds with chromic acid and

also with PCC.

(a) cyclohexanol (b) 1 -methylcyclohexanol

(c) 2-methylcyclohexanol (d) cyclohexanone

(e) cyclohexane (f) acetic acid, CH3COOH
(g) ethanoi (h) acetaldehyde, CH3CHO

I 1-3

Additional Methods
for Oxidizing

Alcohols

A small fuel cell in this

portable breath tester catalyzes

the oxidation of ethanoi by

oxygen in the air. The oxida-

tion generates an electric

cun^ent that is proportional to

the concentration of ethanoi in

the sample.

Many other reagents and procedures have been developed for oxidizing alcohols.

Some are simply modifications of the procedures we have seen. For example, the

Collins reagent is a complex of chromium trioxide and pyridine, the original ver-

sion of PCC. The Jones reagent is a milder form of chromic acid: a solution of di-

luted chromic acid in acetone.

Two other strong oxidants are potassium permanganate and nitric acid. Both of

these reagents are less expensive than the chromium reagents, and both of them give

by-products that are less environmentally hazardous than the spent chromium

reagents. Both permanganate and nitric acid oxidize secondary alcohols to ketones

and primary alcohols to carboxylic acids. If these strong oxidants are not carefully

controlled, they will cleave carbon -carbon bonds.

CH—CH.
KMnOj

H^O

phenylethanol

CH3(CH2)4—CH.OH
1-hexanoI

acetophenone (72%)

o
1\% HNO

10-20°
CH.CCH,),—C—OH

hexanoic acid (80%)

Perhaps the least expensive method for oxidation of alcohols is dehydro-

genation: literally the removal of two hydrogen atoms. This industrial reaction

takes place at high temperature using a copper or copper oxide catalyst. The hy-

drogen by-product may be sold or used for reductions elsewhere in the plant.

The primary limitation of dehydrogenation is the inability of many organic com-

pounds to survive a reaction at 300°C. Dehydrogenation is not well suited for lab-

oratory syntheses.

O—

H

R—C— R' heat, CuO

o

R—C— R' +

H

Example

CuO

300°C

o

cyclohexanone

(90%)

+ H.



11-4 Biological Oxidation of Alcohols 463

PROBLEM I 1-3

When a primary alcohol is to be oxidized to an aldehyde, a useful alternative to PCC oxi-

dation is the Svvern oxidation, which a\ oids the use of chromium reagents. The Svvern ox-

idation uses dimethyl sulfoxide (DMSO) and oxalyl chloride as the reagents:

o o o
II II II

R—CH.OH + CH,—S—CH, + CI—C—C— CI » R—CHO

I'' alcohol DMSO oxal> 1 chknide aldeh>de

+ CH,—S—CH, + CO, + CO + 2HC1

dimeth\ l sulfide

ta) Determine which species are oxidized and which are reduced in the Swern oxidation,

(bl We ha\e seen DMSO before, as a product in the reduction after ozonolysis. What was

its function there

PROBLEM I 1-4

What is it about dehydrogenation that enables it to take place at 300'C but not at 25'C?

(a) Would you expect the kinetics, thermodynamics, or both to be unfaxorable at 25°C?

{Hint: Is the reverse reaction favorable at 25°C?)

(b) WTiich of these factors (kinedcs or thermodynamics ) improves as the temperature is raised'!"

(c) Explain the changes in the kinetics and thermodynamics of this reaction as the tem-

perature increases.

PROBLEM-SOLVING HINT
The summary table on page

461 is worth reviewing.

Remember that permanganate

oxidizes alkenes as well as

alcohols.

PROBLEM I 1-6

Suggest the method that w ould work best for each of the follow ing laboi-atoiy syntheses.

(a) 1-butanol ^ butanal. CH.CH.CH^CHO
(b) 1-butanol butanoic acid. CH.CH^CH.COOH
(c) 2-butanol 2-butanone. CH,COCH;CH,
(d) 2-buten-l-ol 2-butenal. CH3CH=CH—CHO
(e) 2-buten-l-ol 2-butenoic acid. CH,CH= CH—COOH
(f )

1 -methylcyclohexanol 2-methylcyclohexanone (several steps)

PROBLEM I 1-5

Gi\ e the structure of the principal product! s) w hen each of the follov\ ing alcohols reacts with

( 1) Na:Cr:0-/H:S04: (2) PCC: (3) KMnO^. OH.

(a) 1-octanol (b) 3-octanol

(c) 2-cyclohexen-l-ol (d) 1-methvlcvclohexanol

Although it is the least to.xic alcohol, ethanol is still a poisonous substance. When I I -4
someone is suffering from a mild case of ethanol poisoning, we say that he or she is

inm.v/cated. Animals often consume food that has fermented and contains alcohol.

Their bodies must detoxify any alcohol in the food to keep it from building up in the

blood and poisoning the brain. To detoxify ethanol. the liver produces an enzyme
called alcohol dehydrogenase (.\DH).

Alcohol dehydrogenase catalyzes an oxidation: the removal of two hydrogen

atoms from the alcohol molecule. The oxidizing agent is called nicotinamide ade-

nine dinucleotide (N.AD). N.AD exists in two forms: the oxidized form, called

NAD^, and the reduced form, called NADH. The following equation shows that

ethanol is oxidized to acetaldehyde. and NAD~ is reduced to N.'XDH. A subsequent

Biological Oxidation

of Alcohols
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oxidation, catalyzed by another enzyme, converts acetaldehyde to acetic acid, a nor-

mal metabolite.

OH

CH,—C—

H

H
ethancil

reduced torm

+

O

CH,—C—H + H.O +

H H

ADH

o

CH,—C—H +
acetaldehyde

oxidized form

NAD'
oxidi/ed Ibrm

NADH
reduced form

enzyme

o

CH,—C—OH +
acetic acid

H H

N'

\
NH + H^

sugar

NAD NADH

These oxidations take place with most small primary alcohols. Unfortunately,

the oxidation products of other alcohols are not always as nontoxic as acetic acid.

Methanol is oxidized first to formaldehyde and then to formic acid. Both of these

compounds are more toxic than methanol itself.

H

H—C—O—

H

I

H
methanol

[O]

-2 H H—C=0

H
formaldehyde

[O]
H—C=0

I

O—

H

formic acid

Ethylene glycol is a toxic diol. Its oxidation product is oxalic acid, the toxic

compound found in the leaves of rhubarb and many other plants.

H H

H—C—C—

H

I I

HO OH
ethylene glycol

2[0]

-4 H H—C—C—H + 2HiO
II II

o o

2[0]
HO—C—C—OH

11 II

o o
oxalic acid

Many poisonings by methanol and ethylene glycol occur each year. Alco-

holics occasionally drink ethanol that has been denatured by the addition of

methanol. Methanol is oxidized to formic acid, which may cause blindness and

death. Dogs are often poisoned by sweet-tasting ethylene glycol when antifreeze is

left in an open container. Once the glycol is metabolized to oxalic acid, the dog's

kidneys fail, causing death.

The treatment for methanol or ethylene glycol poisoning is the same. The pa-

tient is given intravenous infusions of diluted ethanol. The ADH enzyme is swamped

by all the ethanol, and most of the methanol (or ethylene glycol) is excreted by the

kidneys before it can be oxidized to formic acid (or oxalic acid). This is an example

of the competitive inhibition of an enzyme. The enzyme catalyzes oxidation of both
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ethanol and methanol, but the large quantity of ethanol ties up the enzyme, allowing

time for excretion of most of the methanol before it is oxidized.

PROBLEM I 1-7

A chronic alcoholic requires a much larger dose of ethanol as an antidote to methanol poi-

soning than does a nonalcoholic patient. Suggest a reason for the larger dose of the com-

petitive inhibitor for an alcoholic.

PROBLEM I 1-8

Unlike ethylene glycol, propylene glycol (propane- 1.2-diol) is nontoxic because it oxidizes

to a common metabolic intermediate. Give the structures of the biological oxidation prod-

ucts of propylene glycol.

One reason alcohols are such versatile chemical intermediates is that they react as both I 1-5
nucleophiles and electiophiles. The following scheme shows an alcohol reacting as A|<-/^U^Ic
a weak nucleophue, bonding to a Strong electrophile (in this case, a carbocation).

Nucleophiles and

R-o:- ^c^ . R-o-c * R-o-c- Electrophiles;

I
^ 1^ I I Formation of

H H
weak strong R-Q-H R-OH.

nucleophile electrophile

An alcohol is easily converted to a strong nucleophile by forming its alkoxide

ion. The alkoxide ion can attack a weaker electrophile, such as an alkyl halide.

R—O—H ^ R— O: Na+ —C— X > R—O— C-

Tosylates

weak strong weak X~ Na"*"

nucleophile nucleophile electrophile

In both cases, note that the O—H bond is broken when an alcohol reacts as a

weak nucleophile or in making the alkoxide to react as a strong nucleophile. In con-

trast, when an alcohol reacts as an electrophile, it is the C—O bond that is broken.

/This bond is broken when /This bond is broken when

/ alcohols read as nucleophiles. / alcohols react as electrophiles.

—C—O—H —C^O—

H

An alcohol is a weak electrophile because the hydroxyl group is a poor leav-

ing group. The hydroxyl group becomes a good leaving group (HiO) when it is pro-

tonated. For example, HBr reacts with a primary alcohol by an S^2 attack of bromide

on the protonated alcohol. Note that the C—O bond is broken in this reaction.

H R
t-i-

'

poor good

electiophile electrophile

Br— CH, + H.O

The disadvantage of using a protonated alcohol is that a strongly acidic solu-

tion is required to protonate the alcohol. Although halide ions are stable in acid, few
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PROBLEM-SOLVING HINT

o

o
II

R—O— S-<' CH,

Ts

tosyl group

ROTs

tosylate ester

TsOH

tosic acid

TsCI

cosyl chloride

OTs

cosylate ion

O

O

H—O—S—/ \— CH,

o

-O-S-/ VCH,

Other good nucleophiles are stable in strongly acidic solutions. Most strong nucle-

ophiles are also basic and will abstract a proton in acid. Once protonated, the reagent

is no longer nucleophilic. For example, an acetylide ion would instantly become pro-

tonated if it were added to a protonated alcohol.

C=C—

H

R—O—H + H—C^C—

H

no Sm2 X'

How can we convert an alcohol to an electrophile that is compatible with basic

nucleophiles? We can convert it to an alkyl halide, or we can simply make it tosy-

late ester. A tosylate ester (symbolized ROTs) is the product of condensation of an

alcohol with /?-toluenesulfonic acid (symbolized TsOH).

O

R—O— H + HO^S
alcohol II

O
TsOH

/>-toluencsiil tonic acid

O

R—O—

S

O

CH3 +H2O

alkyl tosylate, ROTs
a /7-toluenesulfonate ester

The tosylate group is an excellent leaving group, and alkyl tosylates undergo

substitution and elimination much like alkyl halides. In many cases, a tosylate is

more reactive than the equivalent alkyl halide.

OH

C—C—
^OTs

TsCI

pyridine
-c—c—

I I

Nuc

+ OTs

or eliinination:

OTs

c— c-

u I

H
B:0

\ /
C=C

/ \
+ B—H + OTs

Tosylates are actually made from alcohols, using tosyl chloride (TsCI) in pyri-

dine, as shown below. This reaction gives much higher yields than the reaction with

TsOH itself. The mechanism of tosylate formation shows that the C—O bond of the

alcohol remains intact throughout the reaction, and the alcohol retains its stereo-

chemical configuration. Pyridine serves as an organic base to reinove the HCl formed

in the reaction, preventing it from protonating the alcohol and causing side reactions.

CH3
/)-toluenesLilfonyl chloride

TsCI, "tosyl chloride"

pyridine

R—O—S=0 +

ROTs, a tosylate ester
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The following reaction shows the 5^2 displacement of tosylate ion ( OTs)

from (5)-2-butyl tosylate with in\ ersion of configuration. The tosylate ion is a par-

ticularly stable anion, w ith its negative charge delocalized over three oxygen atoms.

..
CH,CH, s^: ,CHXH,

I- ' ^.C—O— Ts > I—

C

HV W
CH,iodide

(S)-2-butyl tosylate iR)

VH
CH,

2-butvl iodide

•OTs

tos\ late ion

OTs =

tosvlate ion

o

:0—

S

.0.

CH,

=
0:"

•O.

resonance-stabilized anion

Like the halide group, the tosylate leaving group is displaced by a wide vari-

ety of nucleophiles. The Sn;2 mechanism (strong nucleophile) is more commonly

used than the Sn,1 in synthetic preparations. The following reactions show the gen-

erality of 5^2 displacements of tosylates. In each case, R must be a primary' or un-

hindered secondary alkyl group if substitution is to predominate over elimination.

.. II

g=s-

= 0:

CH,

SUMMARY: 5^2 Reactions of Tosylate Esters

R—OTs +

R—OTs +

R—OTs +

R—OTs +

R—OTs +

R—OTs +

"OH
hydroxide

c>'anide

Br'

halide

R—O"

alkoxide

:NH,

ammonia

LiAlHj

LAH

R—OH
alcohol

R—C=N
nitrile

R— Br

alkyl halide

R—O— R'

ether

R—NH; OTs
amine salt

R—

H

alkane

+

OTs

OTs

"OTs

"OTs

"OTs

PROBLEM 11-9

Predict the major products of the following reactions.

(a) ethyl tosylate + potassium r-butoxide

(b) isobutyl tosylate -I- Nal

(c) (/?)-2-he.xyl tosylate + NaCN
(d) the tosylate of cyclohexylmethanol -I- excess NH,
(e) /!-butyl tosylate + sodium acetylide. H— C= C:~~Na

PROBLEM 11-10

Show how you would convert l-propanol (and \vhate\er reagents are needed) to the fol-

lowing compounds using tosylate intermediates.

(al 1 -bromopropane (b) /?-propylamine. CH^CH^CH^NHi
(c) CH,CH2CH:— O— CH.CH, (d) CH.CH.CH:—CN

ethyl prop\ 1 ether but\ronitnle

PROBLEM-SOLVING HINT
Tosylate esters are particularly

usefuhThey are great leaving

groups, often better than halides.

Grignard reactions build alco-

hols, which are easily converted

to tosylates.
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1 1-6

Reduction of

Alcohols

The reduction of alcohols to alkanes is not a common reaction, because it removes

a functional group, leaving fewer options for further reactions.

reductionR—OH R—

H

We can reduce an alcohol in two steps, by dehydrating it to an alkene. then hydro-

genating the alkene.

cyclohexanol

H H

H^SO,
4

heat

H H

cyclopentene

Another method for reducing an alcohol involves converting the alcohol to the

tosylate ester, then using a hydride reducing agent to displace the tosylate leaving

group. This reaction works with most primary and secondary alcohols.

+ CI CH,
pyridine

tosvl chloride. TsCI

O—

cyclohexyl tosylate

LiAlH.

cyclohexane

(75%)

PROBLEM I l-l I

Predict the products of the following reactions.

(a) cyclohexylmethanol + TsCl/pyridine (b) product of (a) + LiAlHj

(c) 1-methylcyclohexanol + H^SOj.heat (d) product of (c) + H^.Pt

I 1-7

Reactions of

Alcohols with

Hydrohalic Acids

Tosylation of an alcohol, followed by displacement of the tosylate by a halide ion,

converts an alcohol to an alkyl halide. This is not the most common method for con-

verting alcohols to alkyl halides, however, because simple, one-step reactions are

available. A common method is to treat the alcohol with a hydrohalic acid, most

often HCl or HBr.

In acidic solution, an alcohol is in equilibrium with its protonated form. Proto-

nation converts the hydroxyl group from a poor leaving group ( ~0H) to a good leav-

ing group (HiO). Once the alcohol is protonated, all the usual substitution and

elimination reactions are feasible, depending on the structure (1°, 2°, 3°) of the alcohol.

R—O—

H

S^l or 5^2
R—

X

poor leaving group good leaving group

Most good nucleophiles are basic, becoming protonated and losing their nu-

cleophilicity in acidic solutions. Halide ions are exceptions, however. Anions of

strong acids, halides are weak bases and retain their nucleophilicity in acidic solu-

tions. Solutions of HBr and HCl contain nucleophilic Br and CI ions. These acids

are commonly used to convert alcohols to the coiresponding alkyl halides.
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Reactions with Hydrobromic Acid.

R—OH - HBi/H.O R— Bi

Concentrated hydiobioinic acid lapidly converts /-butyl alcohol to /-butyl bromide.

The strong acid protonates the hydroxyl group, converting it to a good leaving group.

The hindered tertiary carbon atom cannot undergo Sn2 displacement, but it can ion-

ize to a tertiary carbocation. Attack by bromide gives the alkyl bromide. The mech-

anism is similar to the other mechanisms we have studied, except that water

serves as the leaving group from the protonated alcohol.

Protonaticm and loss of the hydroxyl group

HCH,

H CH,— C^

?-butyl alcohol protonated

\

tertiary carbocation

Attack by bromide

CH,

CH,—C— Br

CH,
/-butyl bromide

Matiy other alcohols react with HBr, with the reaction mechanistn depending

on the structure of the alcohol. For example. I-butanol reacts with sodium bromide

in concentrated sulfuric acid to give 1-bromobutane by an S^2 displacetnent. The

sodium bromide/sulfuric acid reasent generates HBr in the solution.

CH,{CH:).—CH.OH
1-butanol

NaBr. H,SO,
CH,(CH.)3—CH.Br
1-bromobutane (90% )

Protonation converts the hydroxyl group to a good leaving group, but ion-

ization to a primary carbocation is unfavorable. The protonated primary alcohol is

well suited for the 5^2 displacetnent. however. Back-side attack by bromide ion

gives 1-bromobutane.

Protonation of the alcohol

CH,CH.CH,
- \-

H y
H

O—

H

Displacement by bromide

CH,CHXH. H
- \ - ../

:Br:^ fl H

CH.CH,CH,
/ - -

Br— C.,„

i H
H

+ H,0

Secondary alcohols also react with HBr to form alkyl bromides, usually by the

1 mechanism. For example, cyclohexanol is converted to bromocyclohexane using

HBr as the reagent.

cyclohexanol

HBr

bromocyclohexane

(80%)

PROBLEM 11-12

Propose a mechanism for the reaction of

(a) cyclohexanol with HBr to form bromocyclohexane.

(b) 2-cyclohexylethanol with HBr to fomi l-bromo-2-cyclohexylethane.

PROBLEM-SOLVING HINT
Memorizing all these mecha-

nisms is not the best way to

study this material. Depending

on the substrate, these reactions

can go by more than one mech-

anism. Gain experience working

problems, then consider each

individual case to propose a

likely mechanism.
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Reactions with Hydrochloric Acid.

R—OH + HCl/H.O

H

CH,

c— o-

CH,

ZnCU
-H

ZnCL
R— CI

Hydrochloric acid (HCI) reacts with alcohols in much the same way that hydro-

bromic acid does. For example, concentrated aqueous HCI reacts with /-butyl alco-

hol to give /-butyl chloride.

(CH,),C—OH -

r-butyl alcohol

PROBLEM 11-13

HCI/H.O (CHO.C— CI

/-butyl chloride

(98%)

H.O

The reaction of /-butyl alcohol with concentrated HCI goes by the Sk^I mechanism. Write

a mechanism for this reaction.

Chloride ion is a weaker nucleophile than bromide ion because it is smaller

and less polarizable. An additional Lewis acid, such as zinc chloride (ZnCU), is

sometimes necessary to promote the reaction of HCI with primary and secondary

alcohols. Zinc chloride coordinates with the oxygen of the alcohol in the same way

a proton does— except that zinc chloride coordinates more strongly.

The reagent composed of HCI and ZnCK is called the Lucas reagent. Sec-

ondary and tertiary alcohols react with the Lucas reagent by the Sfjl mechanism.

Si^l reaction with the Lucas reagent (fast)

H-

CH3 ZnCL
I . /

-C7-O+
I

^ \
CH3 H

H—

C

CH3

H—C— CI

I

CH,

+ HO— ZnCl-

When a primary alcohol reacts with the Lucas reagent, ionization is not possi-

ble— the primary carbocation is too unstable. Primary substrates react by the Sn2

mechanism, which is slower than the SnI reaction of secondary and tertiary sub-

strates. For example, when 1-butanol reacts with the Lucas reagent, chloride ion at-

tacks the complex from the back, displacing the leaving group.

CH.CH.CH. ZnCL

:CL^^ .0+

H ^
• \

H H

reaction with the Lucas reagent (slow)

CH.CH.CH3

Cl - C - .0—ZnCL
/\ "I

H H H
transition state

CH-iCH-jCHt

CI—
i H
H

+ :0:

ZnCL

H

TABLE 1 1-2 Reactions of

Alcohols with the Lucas

Reagent

Alcohol Time to React

Type (mill)

primary >6
secondary 1-5

tertiary < 1

The Lucas Test. The Lucas reagent reacts with primary, secondary, and tertiary al-

cohols at fairly predictable rates, and these rates can be used to distinguish among the

three types of alcohols. When the reagent is first added to the alcohol, the mixture

forms a single homogeneous phase: The concentrated HCI solution is very polar, and

the polar alcohol -zinc chloride complex dissolves. Once the alcohol has reacted to

form the alkyl halide. the relatively nonpolar halide separates into a second phase.

The Lucas test involves adding the Lucas reagent to an unknown alcohol and

watching for the second phase to separate (see Table 1 1-2). Tertiary alcohols react

almost instantaneously because they fomi relatively stable teHiary carbocations. Sec-
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ondary alcohols react in about 1 to 5 minutes because their secondary carbocations

are less stable than the tertiary ones. Primary alcohols react very slowly. Since the

activated primary alcohol cannot form a carbocation, it simply remains in solution

until it is attacked by the chloride ion. With a primary alcohol, the reaction may take

from 10 minutes to several days.

Show how you would use a simple chemical test to distinguish between the following pairs

of compounds. Tell what you would observe with each compound.

(a) isopropyl alcohol and /-butyl alcohol

(b) isopropyl alcohol and 2-butanone, CH^COCH^CH,
(c) 1-hexanol and cyclohexanol

(d) allyl alcohol and l-propanol

(e) 2-butanone and /-butyl alcohol

Limitations on the Use ofHydrohalic Acids with Alcohols. The reactions of alco-

hols with hydrohalic acids do not always give good yields of the expected alkyl

halides. Four principal limitations restrict the generality of this technique.

1. Limited ability to make alkyl iodides. Most alcohols do not react with HI

to give acceptable yields of alkyl iodides. Alkyl iodides are valuable

intermediates, however, because iodides are the most reactive of the alkyl

halides. We will discuss a better technique for making alkyl iodides in the

next section.

2. Poor yields of alkyl chlorides from primary and secondary alcolwls. Primary

and secondary alcohols react with HCl much more slowly than tertiary alco-

hols, even with zinc chloride added. Under these conditions, side reactions pre-

vent good yields of the alkyl halides.

3. Eliminations. Heating an alcohol in a concentrated acid such as HCl or HBr
often leads to elimination. Once the hydroxyl group of the alcohol has been pro-

tonated and converted to a good leaving group, it becomes a candidate for both

substitution and elimination.

4. Rearrangements. Carbocation intermediates are always prone to rearrange-

ments. We have seen (Section 6-15) that hydrogen atoms and alkyl groups can

migrate from one carbon atom to another to form a more stable carbocation.

This rearrangement may occur as the leaving group leaves, or it may occur

once the cation has formed.

When 3-methyl-2-butanol is treated with concentrated HBr, the major product is 2-bromo-

2-methylbutane. Propose a mechanism for the formation of this product.

PROBLEM 11-14

SOLVED PROBLEM I I -I

H OH Br

HBr
CH3— C—CH—CH, CH,—C—CH3—CH

CH,

3-methyl-2-butanol 2-bromo-2-meltiylbutane

CH,

SOLUTION
The alcohol is protonated by the strong acid. This protonated secondary alcohol loses

water to form a secondary carbocation.
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H OH,

=^ CH,—C—CH—CH,

H H;0:

^ CH,—C—CH—CH,
1 I

'

CH, CHj

protonated alcohol secondary' carbocation

A hydride shift transforms the secondary carbocation into a more stable tertiary

cation. Attack by bromide leads to the observed product.

CH,—C—CH—CH,
I

CH,

secondary carbocation

CH,—C—CH—CH,
I

CH,

tertiary carbocation

Br H

CH,—C—CH—CH,
I

CH,

observed product

Although rearrangements are usually seen as annoying side reactions, a clever

chemist can use a rearrangement to accomplish a synthetic goal. Problem 11-15

shows how an alcohol substitution with rearrangement might be used in a synthesis.

PROBLEM 11-15

Neopentyl alcohol. (CH,)3CCH20H. reacts with concentrated HBr to give 2-bromo-2-

methylbutane. a rearranged product. Give a mechanism for the formation of this product.

PROBLEM 11-16

When cyclohexylmethanol reacts with the Lucas reagent, one of the products is chlorocy-

cloheptane. Propose a mechanism to explain the formation of this product.

PROBLEM 11-17

When c/5-2-methylcyclohexanol reacts with the Lucas reagent, the major product is 1-chloro-

1-methylcyclohexane. Propose a mechanism to explain the formation of this product.

I 1-8 Several phosphorus halides are useful for converting alcohols to alkyl halides. Phos-

ReaCtionS of P^^'^^ tribromlde. phosphorus trichloride, and phosphorus pentachloride work well

and are commercially available.

Alcohols with

Phosphorus Halides
3R—OH + PCI, > 3R— CI + P(0H)3

3 R—OH + PBr, * 3 R— Br + PfOH),

R—OH + PCI5 > R— CI + POCI3 + HCl

Phosphorus triiodide is not sufficiently stable to be stored, but it can be gen-

erated in situ (in the reaction mixture) by the reaction of phosphorus with iodine.

6R—OH + 2P + 3 1. * 6R— I + 2 P(OH)3

Phosphorus halides produce good yields of most primary and secondary alkyl

halides. but none works well with tertiary alcohols. The two phosphorus halides

used most often are PBr3 and the phosphorus/iodine combination. Phosphorus tri-

bromide is often the best reagent for converting a primary or secondary alcohol to

the alkyl bromide, especially if the alcohol might rearrange in strong acid. A phos-

phorus and iodine combination is one of the best reagents for converting a primary

or secondary alcohol to the alkyl iodide. For the synthesis of alkyl chlorides, thionyl
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chloride (discussed below) generally gives better yields than PCI, or PCI5. espe-

cially with tertiary alcohols.

The following examples show the conversion of primary and secondary alco-

hols to bromides and iodides by treatment with PBr, and P/h

.

CH, CH,

CH,—C—CH,OH + PBr, > CH,—C—CH,Br

CH, CH,
neopentyl alcohol neopentyl bromide

(60%)

CH,(CH,)|,—CH.OH + P/I, > CH,{CH,)„— CH3I
(85%)

PROBLEM 11-18

Write balanced equations for the two preceding reactions.

Mechanism of the Reaction with Phosphorus Trihalides. The mechanism of the

reaction of alcohols with phosphorus trihalides explains why rean angements are un-

common and why phosphorus halides work poorly with tertiary alcohols. The mech-

anism is shown here using PBr, as the reagent; PCI, and PI, (generated from

phosphorus and iodine) react in a similar manner.

Displacement of bromide ion

Br Br
/

R—O: :P— Br > R—O— P: + :Br:

\
H Br H Br

Br
.. /

Br~R + =0— P:

I
\

H Br

leaving group

This mechanism explains why reanangements are uncommon in the reactions

of alcohols with PBr, and other phosphorus halides. No carbocation is involved, so

there is no opportunity for rearrangement. It also explains the poor yields with ter-

tiary alcohols. The final step is an 8^-2 displacement where bromide attacks the back

side of the alkyl group. This attack is hindered if the alkyl group is tertiary. In the case

of a tertiary alcohol, an ionization to a carbocation is needed. Such an ionization is

slow, and it invites side reactions.

5_^2 attacli on the alliyl group

Br

:Br:'"'~^RY-0— P:

^1 \
H Br

Thionyl chloride. SOCK . is often the best reagent for converting an alcohol to an alkyl 1 1-9
chloride. The gaseous SO2 and HCl by-products leave the reaction mixture and en-

f^gactions of
sure that there can be no reverse reaction.

O
heat

R—OH + CI— S— CI > R— CI + SO, + HCl

Alcohols with

Thionyl Chloride
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CI

R—0 =

H CI

thion> l chlonde

Under the proper conditions, thionyl chloride reacts by the interesting mecha-

nism summarized below. In the first step, the nonbonding electrons of the hydroxy!

oxygen atom attack the electrophilic sulfur atom of thionyl chloride. A chloride ion

is expelled, and a proton is lost to give a chlorosulfite ester. In the next step, the

chlorosulfite ester ionizes (when R = 2° or 3°). and the sulfur atom quickly delivers

chloride to the carbocation. When R is primar\'. chloride probably bonds to carbon

at the same time that the C—O bond is breaking.

R- -S-
\

O-

R—0-
CI

chlorosulfite ester

+ HCl

(fast)
o

R. s.=o:
ci

chlorosulfite ester

CI

This mechanism resembles the S^l. except that the nucleophile is delivered to

the carbocation b\ the leaving group, giving retention of configuration as show n in

the following example. (Under different conditions, retention of configuration may
not be observed.)

H OH

,C.

CH3(CH;),CH, CH;
i^)-2-octanol

SOCl^

.0.

o

dio.xane

(solvent)

H CI

CH3(CH2)4CH3 CH3
(i?)-2-chlorooctane

(84%)

Summary of the Best Reagents for Converting Alcohols to AlkyI Halides

Class ofAlcohol Chloride Bromide Iodide

priman.' SOCl. PBr, or HBr* P/U

secondan. SOCK PBr, P/I?

tertiar\' HCl HBr HI*

'Works only in selected cases.

PROBLEM-SOLVING HINT

Thionyl chloride reacts with

alcohols by various mechanisms

that depend on the substrate,

the solvent, and the tempera-

ture. Be cautious in predicting

the structure and stereochem-

istry of a product unless you

know the actual mechanism.

PROBLEM I M9
Suggest how you would convert m7/Ls-4-methylcyclohe.\anol to

(a) fra«5-l-chloro-4-methylcyclohexane.

(b) c/.r-l-chloro-4-methylcyclohexane.

PROBLEM I 1-20

Two products are observed in the reaction.

D OH D

SOCU

(a) Suggest a mechanism to explain hou these two products are formed.
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(b) Your mechanism for part (a) should be different from the usual mechanism of the re-

action of SOCl; with alcohols. Explain w hy the reaction tollows a different mechanism in

this case.

PROBLEM 11-21

Give the structures of the products you would e.xpect when each alcohol reacts with ( 1

)

HCl. ZnCl: : ( 2 ) HBr: ( 3 ) PBr , : ( 4 ) P/I, : ( 5 ) SOCK

.

(a) 1-butanol (b) 2-butanol

(c) 2-methvl-2-butanol (d) 2.2-dimethvl- 1 -butanol

ll-lOA Formation ofAlkenes

We studied the mechanism for dehydration of alcohols to alkenes in Section 7-10 to-

gether with other syntheses of alkenes. Dehydration requires an acidic catalyst to

protonate the hydroxyl group of the alcohol and con\ ert it to a good leaving group.

Loss of water, followed by loss of a proton, gives the alkene. An equilibrium is es-

tablished between reactants and products.

H

H =0-

I '^l

—c—c—
H

—c—

C

\
\

(

/

I l-IO

Dehydration

Reactions of

Alcohols

c=c + H,0^

To drive this equilibrium to the right, we remove one or both of the products

as they form; either by distilling the products out of the reaction mixture or by adding

a dehydrating agent to remove water. In practice, we often use a combination of dis-

tillation and a dehydrating agent. The alcohol is mixed with a dehydrating acid, and

the mixture is heated to boiling. The alkene boils at a lower temperature than the al-

cohol (because the alcohol is hydrogen-bonded), and the alkene distills out of the mix-

ture. For example.

cyclohe.xanol. bp 161°C cyclohe.xene. bp 83°C (809'f)

(distilled from the mixture)

Alcohol dehydrations generally take place through the El mechanism. Proto-

nation of the hydroxyl group converts it to a good leaving group. Water leaves, form-

ing a carbocation. Loss of a proton gives the alkene.

+ H,0"

Figure 1 1-2 shows the reaction-energy diagram for the El dehydration of an

alcohol. The first step is a mildly exothermic protonation. followed by an endother-

mic, rate-determining ionization. A fast, strongly exothermic deprotonation gives
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rate-determining step:

formation of the carbocation

Figure 1 1-2

Reaction-energy diagram for
reaction coordinate

dehydration of an alcohol.

the alkene. Because the rate-determining step is formation of a carbocation, the ease

of dehydration follows the same order as the ease of formation of carbocations:

3° > 2° > 1°. As in other carbocation reactions, rearrangements are common.
With primary alcohols, rearrangement and isomerization of the products are so

common that acid-catalyzed dehydration is rarely a good method for converting them

to alkenes. The following mechanism shows how 1-butanol undergoes dehydration

with rearrangement to give a mixture of 1-butene and 2-butene. The more highly

substituted product, 2-butene, is the major product, in accordance with the Saytzeff

rule (Section 6-19).

H

H—C-

H— O:

H H

c— c-

H H

H

-C—

H

H

Ionization of the protonated alcohol, with rearrangement

H H H H

H—C—C—C—C—

H

w—a^ H H H

H

H^O leaves

H
:

" misrates

I

H
I

H H

H—C—C—C—C—

H

H H H H
secondary carbocation

H

Loss of either proton to give two products

H H H H H

H—C—C— C-

H|, H

-C—

H

H

H—C—C=C—C—

H

H. H H

loss of H,^

V_B: _V

secondary carbocation

2-butene (major, 10'7c)

a disubstituted alkene

H
I

H—C= C-

I

H

H H

C—C—

H

H, H

loss of H|t

1-butene (minor, 30%)

a monosubstituted alkene

We can summarize dehydration's utility and give guidelines for predicting

the products:

1. Dehydration usually goes by the El mechanism. Rearrangements may occur

to form more stable carbocations.
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2. Dehydration works best with tertiary alcohols and almost as well with

secondary alcohols. Rearrangements and poor yields are common with

primary alcohols.

3. (Saytzeff rule) If two or more alkenes might be formed by deprotonation of the

carbocation. the most highly substituted alkene usually predominates.

The following problem shows how these rules are used to predict the products

of dehydrations. The carbocations are drawn to show how rearrangements occur and

how more than one product may result.

SOLVED PROBLEM 11-2

Predict the products of sulfuric acid -catalyzed dehydration of the following alcohols,

(a) 1-methylcyclohexanol (b) neopentyi alcohol

SOLUTION
(a) 1-Methylcyclohexanol reacts to fomi a tertiary carbocation. AbsU-acdon of a proton may

occur on any one of three carbon atoms. The two secondary atoms are equivalent, and

abstraction of a proton from one of these carbons leads to the trisubstituted double bond

of the major product. Abstraction of a methyl proton leads to the disubstituted double

bond of the minor product.

CH,

cr
1 -methylcycloliexanol

-H,0

CH,

H
H

cation

CH,

major product

(trisubstituted)

minor product

(disubstituted)

(b) Neopentyi alcohol cannot simply ionize to fomi a primary cadon. Rearrangement occurs

as the leaving group leaves, giving a tertiary carbocation. Loss of a proton from the adjacent

secondary carbon gives the trisubstituted double bond of the major product. Loss of a pro-

ton from the methyl group gives the monosubstituted double bond of the minor product.

CH3

CH3—C— CH,OH

CH,

neopentyi alcohol

( 2.2-dimethyl- 1 -propanol)

CH,

CH3—C^CH,—OH,

CH,

ionization with

rearrangement

H
I

-c-

H„

-C—
I

CH3

H,0:

CH,
I

^

-C—

H

H,

H,C CH,

c=c
\

CH3

CH,—C—CH, :6h,

CH,

3° cation

H CHXH,
\ / -

'

c=c
/ \

H CH,'3

j

loss of H*

major product

(trisubstituted)

>r H,

minor product

(disubstituted)

PROBLEM-SOLVING HINT
Most alcohol dehydrations go by

El mechanisms, involving proto-

nation of the OH group,

followed by loss of water.

PROBLEM I 1-22

Predict the products of the sulfuric acid-catalyzed dehydration of the following alcohols.

When more than one product is expected, label the major and minor products.

(a) 2-methyl-2-butanol (b) 1-pentanol

(c) 2-pentanol (d) 1-isopropylcyclohexanol

(e) 2-methvlcvclohexanol

PROBLEM-SOLVING HINT
Draw the carbocation, look for

possible rearrangements, then

consider all ways the original

carbocation and any rearranged

carbocation might lose protons

to give alkenes. Saytzeff 's rule

usually predicts the major

product.
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PROBLEM I 1-23

Some alcohols undergo rearrangement or other unwanted side reactions when they dehy-

drate in acid. Alcohols may be dehydrated under mildly basic conditions using phospho-

rus oxychloride (POCI3) in pyridine. The alcohol reacts with phosphorus oxychloride much
like it reacts with tosyl chloride (Section 1 1-5), displacing chloride ion from phosphorus

to give an alkyl dichlorophosphate ester The dichlorophosphate group is an outstanding leav-

ing group. Pyridine reacts as a base with the dichlorophosphate ester to give an E2 elimi-

nation. Propose a mechanism for the dehydration of cyclohexanol by POCl, in pyridine.

0
phosphorus oxychloride pyridine

I l-lOB Bimolecular Dehydration to Form Ethers

In some cases, a protonated primary alcohol may be attacked by another molecule

of the alcohol and undergo an Sn2 displacement. The net reaction is a bimolecular

dehydration to form an ether. For example, the attack by ethanol on a protonated

molecule of ethanol gives diethyl ether.

CH,

CH3CH2—O— C, + H3O+
V H
H

diethyl ether

Bimolecular dehydration can be used to synthesize symmetrical dialkyl ethers

from simple, unhindered primary alcohols. This method is used for the industrial

synthesis of diethyl ether (CH3CH2—O—CH^CH,) and dimethyl ether

(CH3—O— CH3). Under the acidic dehydration conditions, two reactions compete:

elimination to give an alkene and substitution to give an ether.

Substitution to give the ether, a bimolecular dehydration

2CH3CH2OH * CH3CH2—O—CH2CH3 + H2O
ethanol diethyl ether

Elimination to give the alkene, a unimolecular dehydration

H,SO,. I80°C
CH3CH2OH ^ > CH2=CH2 + H2O

ethanol ethylene

PROBLEM 11-24

Contrast the mechanisms of the two preceding dehydrations of ethanol.

How can we control these two competing dehydrations? The ether synthesis

(substitution) shows two molecules of alcohol giving two product molecules: one of

diethyl ether and one of water. The elimination shows one molecule of alcohol giv-

ing two molecules: one of ethylene and one of water. The elimination results in an

increase in the number of molecules and therefore an increase in the randomness

(entropy) of the system. The elirnination has a more positive change in entropy (A5)

than the substitution, and the -TAS term in the Gibbs free energy becomes more fa-

vorable for the elimination as the temperature increases. Substitution (to give the

O
II

CH3CHo

nucleophilic

Sn2
* CH3CH2-^0

electrophilic protonated ether water
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ether) is favored around 140°C and below, and elimination is favored around 180°C

and above. Diethyl ether is produced industrially by heating ethanol with an acidic

catalyst at around 140°C.

PROBLEM I 1-25

Explain why the acid-catalyzed dehydration is not a good method for the synthesis of an

Linsymmetrical ether such as ethyl methyl ether. CH^CHi— O— CH,.

PROBLEM I 1-26

Give a detailed mechanism for the following reaction.

H,S(),. heal

2CH3OH — * CH,— O— CH, + H.O

I l-l IA The Pinacol Rearrangement

Using our knowledge of alcohol reactions, we can explain results that seem strange

at first glance. The following reaction is an example of the pinacol rearrangement.

I l-l I

Unique Reactions

of Diols

H3C CH.

H3C— C— C—CH3

HO OH
pinacol

( 2.3-dimethyl-2.3-butanediol

)

H.SOj

"Toot"

CH3

H3C— C— C—CH3 + H^O

O CH3
pinacolone

(3.3-dimethyl-2-liutanone)

The pinacol reaiTangement is formally a dehydration. The reaction is acid cat-

alyzed, and the first step is protonation of one of the hydroxyl oxygens. Loss of water

gives a tertiary carbocation. as expected for any tertiary alcohol.

H,C CH3

H3C—C—C—CH3
I I;

HO: +OH,

CH3

H,C— C—

C

I

^
HO: CH,

+ H.O

Migration of a methyl group forms a resonance-stabilized carbocation that is

even more stable than a tertiary carbocation.

H3C_

H3C—c-

H—O:

CH3 ~CH3
(mettiyl migration)

CH3

CM,
. I

H3C—C—C—CH,

H—O: CH,

CH3

H3C—C—C—CH,

H—O" CH3

resonance-stabilized carbocation

The second resonance structure is particularly stable because all the atoms have

octets of electrons. This extra stability is the driving force for the rearrangement.

Deprotonation of the resonance-stabilized cation gives the product, pinacolone.

CH,

H3C—C—C— CH3

•O: CH,

H H.O:--H

resonance-stabilized carbocation

CH3

H,C— C—C—CH,

^O: CH,

CH,

H,C—C—C—CH,

.0. CH,

pinacolone

H,0^
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I I - 1 IB Periodic Acid Cleavage of Glycols

OsOj

alkene

:c=c
OsO, HIO,

alkene

c—c—

OH OH
glycol

;c=o + o=c

ketones and aldehydes

1.2-Diols (glycols), such as those foirned by hydroxylation of alkenes. are cleaved

by periodic acid (HIO4). The products are the same ketones and aldehydes that would

be formed by ozonolysis-reduction of the alkene. Hydroxylation followed by peri-

odic acid cleavage serves as a useful alternative to ozonolysis, and the periodate

cleavage by itself is useful for determining the structures of sugars (Chapter 23).

Periodic acid cleavage of a glycol probably involves a cyclic periodate inter-

mediate like that shown below.

HIO,

CH,
+ HIO,

=0 0=

H CH,

keto-aldehyde

cyclic periodate intermediate

PROBLEM-SOLVING HINT

Periodic acid cleaves a diol

to give the same products as

ozonolysis-reduction (O3

followed by Me2S) of the alkene.

PROBLEM 11-27

Predict the products formed by periodic acid cleavage of the following diols.

CH.OH

(a) CH,CH(0H)CH(0H)CH3 (b)

OH

(c) Ph— C— CH(OH)CH,CH, (d)

CH,

PROBLEM-SOLVING
Proposing Reaction Mechanisms

In view of the large number of reactions we've covered, proposing mechanisms

for reactions you have never seen may seem nearly impossible. As you gain ex-

perience in working mechanism problems, you will start to see similarities to

known reactions. Let's consider how an organic chemist systematically approaches

a mechanism problem. (A more complete version of this method appears in Ap-

pendix 4.) Although this stepwise approach cannot solve all such problems, it

should provide a starting point to begin building your experience and confidence.

Determining the Type of Mechanism

First, determine what kinds of conditions and catalysts are involved. In general,

reactions may be classified as involving (a) strong electrophiles (including acid-

catalyzed reactions), (b) strong nucleophiles (including base-catalyzed reactions),
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or fc) free radicals. These three types of mechanisms are quite distinct, and you

should first try to detemiine which type is involved. If uncertain, you can devel-

op more than one type of mechanism and see which tits the facts better.

(a) In the presence of a strong acid or a reactant that can dissociate to give

a strong electrophile, the mechanism probably involves strong electrophiles as

intermediates. Acid-catalyzed reactions and reactions involving carbocations (such

as the Sf^.l, the El, and most alcohol dehydrations) fall in this category.

(b) In the presence of a strong base or a strong nucleophile, the mechanism

probably involves strong nucleophiles as intermediates. Base-catalyzed reactions

and those depending on base strength (such as the S^2 and the E2) generally fall

in this category.

(c) Free-radical reactions usually require a free-radical initiator such as chlo-

rine, bromine, NBS. or a peroxide. In most free-radical reactions, there is no need

for a strong acid or base.

Once you have detemiined which type of mechanism you will write, there are

general methods for approaching the problem. At this point, we consider mostly the

electrophilic reactions covered in recent chapters. Suggestions for drawing the

mechanisms of reactions involving strong nucleophiles and free-radical reactions

are collected in Appendix 4.

Reactions Involving Strong Electrophiles

General principles: When a strong acid or electrophile is present, expect to see in-

termediates that are strong acids and strong electrophiles; cationic intermediates

are common. Bases and nucleophiles in such a reaction are generally weak, how-

ever. Avoid drawing carbanions, alkoxide ions, and other strong bases. They are

unlikely to coexist with strong acids and strong electrophiles.

Functional groups are often converted to carbocations or other strong elec-

trophiles by protonation or reaction with a strong electrophile; then the carboca-

tion or other strong electrophile reacts with a weak nucleophile such as an alkene

or the solvent.

1. Consider the carbon skeletons of the reactants and products, and decide

which carbon atoms in the products are most likely derived from which

carbon atoms in the reactants.

2. Consider whether any of the reactants is a strong enough electrophile to

react without being activated. If not, consider how one of the reactants

might be converted to a strong electrophile by protonation of a Lewis basic

site (or complexation with a Lewis acid).

Protonation of an alcohol, for example, converts it to a strong electrophile,

which can undergo attack or lose water to give a carbocation, an even stronger

electrophile. Protonation of an alkene converts it to a carbocation.

3. Consider how a nucleophilic site on another reactant (or, in a cyclization

in another part of the same molecule) can attack the strong electrophile to

form a bond needed in the product. Draw the product of this bond for-

mation.

If the intermediate is a carbocation, consider whether it is likely to rearrange

to form a bond in the product. If there isn't any possible nucleophilic attack that

leads in the direction of the product, consider other ways of converting one of

the reactants to a strong electrophile.

4. Consider how the product of a nucleophilic attack might be converted to

the final product (if it has the right carbon skeleton) or reactivated to form

another bond needed in the product.
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To move a proton from one atom to another (as in an isomerization), try adding

a proton to the new position, then removing it from the old position.

5. Draw out all steps of the mechanism using curved arrows to show the

movement of electrons.

Be careful to show only one step at a time.

Common Mistakes To Avoid In Drawing Mechanisms

1. Do not use condensed or line -angle formulas for reaction sites. Draw all the

bonds and all the substituents of each carbon atom affected throughout the

mechanism. In reactions involving strong electrophiles and acidic conditions,

three-bonded carbon atoms are likely to be carbocations. If you draw condensed

formulas or line -angle formulas, you will likely misplace a hydrogen atom

and show a reactive species on the wrong carbon.

2. Do not show more than one step occurring at once. Do not show two or three

bonds changing position in one step unless the changes really are concerted

(take place simultaneously). For example, protonation of an alcohol and loss

of water to give a carbocation are two steps. You must not show the hydroxyl

group "jumping" off the alcohol to join up with an anxiously waiting proton.

3. Remember that curved an ows show movement of electrons, always from the

nucleophile (electron donor) to the electrophile (electron acceptor). For ex-

ample, protonation of a double bond must show the arrow going from the elec-

trons of the double bond to the proton— never from the proton to the double

bond. Resist the urge to use an arrow to "point out" where the proton (or other

reagent) goes.

Sample Problem

To illustrate the stepwise method for reactions involving strong electrophiles, we
will develop a mechanism to account for the cyclization shown below. The cyclized

product is a minor product in this reaction. Note that a mechanism problem is dif-

ferent from a synthesis problem: In a mechanism problem, we are limited to the

reagents given and are asked to explain how these reactants form these products

under the conditions shown. Also, a mechanism problem may deal with how an

unusual or unexpected minor product is formed.

OH

In the presence of sulfuric acid, this is clearly an acid-catalyzed mechanism.

We expect strong electrophiles, cationic intermediates (possible carbocations),

and strong acids. Carbanions, alkoxide ions, and other strong bases and strong nu-

cleophiles are unlikely.

1. Consider the carbon skeletons of the reactants and products, and decide

which carbon atoms in the products are most likely derived from which

carbon atoms in the reactants.

Drawing the starting material and the product with all the substituents of the af-

fected carbon atoms, we see the major changes shown here. A vinyl hydrogen

must be lost, a = C— C bond must be formed, a methyl group must move over

one carbon atom, and the hydroxyl group must be lost.
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+ H—OH

2. Consider whether any of the reactants is a strong enough electrophile to

react without being activated. If not, consider how one of the reactants

might be converted to a strong electrophile by protonation of a Lewis basic

site (or complexation with a Lewis acid).

The starting material is not a strong electrophile. so it must be activated. Sul-

furic acid could generate a strong electrophile either by protonating the double

bond or by protonating the hydroxyl group. Protonating the double bond would

form the tertiary carbocation. activating the wrong end of the double bond.

Also, there is no good nucleophilic site on the side chain to attack this carbo-

cation to form the correct ring. Protonating the double bond is a dead end.

does not lead

toward product

The other basic site is the hydroxyl group. An alcohol can protonate on the hy-

dro.xyl group and lose water to form a carbocation.

3. Consider how a nucleophilic site on another reactant (or, in a cyclization

in another part of the same molecule) can attack the strong electrophile to

form a bond needed in the product. Draw the product of this bond for-

mation.

The carbocation can be attacked by the electrons in the double bond to form a

ring: but the positive charge is on the wrong carbon atom to give a six-mem-

bered ring. A fa\ orable rearrangement of the secondar\- carbocation to a tertiary

one shifts the positive charge to the correct carbon atom and accomplishes the

methyl shift we identified in step 1. Attack by the (weakly) nucleophilic elec-

trons in the double bond sives the correct six-membered ring.

2° 3°
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4. Consider how the product of nucleophilic attack might be converted to the

final product (if it has the right carbon skeleton) or reactivated to form
another bond needed in the product.

Loss of a proton (to HSO4 or H^O, but not to OH, which is not compatible!)

gives the observed product.

HSO4

5. Draw out all steps of the mechanism using curved arrows to show the

movement of electrons.

Coinbining the equations written immediately above gives the complete mech-

anism for this reaction.

PROBLEM-SOLVING HINT
By analogy with the pinacol

rearrangement, watch for carbo-

cation rearrangements that place

the + charge on a carbinol

carbon atom.

Following are problems that require proposing mechanisms for reactions

involving strong electrophiles. Work each one by completing the five steps de-

scribed above.

PROBLEM I 1-28

Propose a mechanism for each reaction.

/\^0H H.SO4. heat

,a,Q-

(b)

OCH,

CH3OH

XX-'CH.OH

(d)

H3C
OH OH

CH,

PROBLEM I 1-29

The following reaction also involves a starting material with a double bond and a

hydroxyl group, yet its mechanism follows a different course. Propose a mecha-

nism for this reaction, and point out how this rean'angement resembles that seen

in the pinacol rean-angement.

.0
OH

CH=CH.
CH,

I 1-12

Esterification of

Alcohols

Although we have used tosylate esters on several occasions, to an organic cheinist

the term ester normally means an ester of a carboxylic acid. Replacing the —OH
group of a carboxylic acid with the —OR group of an alcohol gives a carboxylic

ester. The following reaction, called the Fischer esterification, shows the rela-

tionship between the alcohol and the acid on the left, and the ester and water on

the right.
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R— O- H H—O-

O

-C- R'
H +

o

R—O—C— R' H—O—

H

alcohol acid ester

For example, if we mix isopropyl alcohol with acetic acid and add a drop of sul-

furic acid as a catalyst, the following equilibrium results.

O
II

H,SO_,

-CH3 <
" 'H- -c— o-

CH,

H + H—O- -c- H-

CH,

c— o-

o

C—CH,

acetic acid

CH,

isopropyl acetate
isopropyl alcoliol

Because the Fischer esterification is an equilibrium (often with an unfavorable equi-

librium constant), clever techniques are often required to achieve good yields of es-

ters. For example, we can use a large excess of the alcohol or the acid. Adding a

dehydrating agent removes water (one of the products), driving the reaction to the

right. There is a more powerful way to form an ester, however, without having to

deal with an unfavorable equilibrium. An alcohol reacts with an acid chloride in an

exothermic reaction to give an ester.

O

c-R—O—

H

+ Cl- R' R— O-

O

-C- R' + HCl

alcohol acid chloride ester

The mechanisms of these reactions are covered with similar mechanisms in

Chapter 21.

PROBLEM 11-30

Show the alcohol and the acid chloride you would use to make the following esters.

O O

(a) CH3CH,CH.C— OCH,CH2CH3

/(-propyl butyrate

O

(c) H,C O—C— CH(CH3),

(b) CHjiCH,),—O— C— CH,CH,

/i-butyl propionate

O

(d) o— c-

/7-tolyl isobulyrate L.-yclopropyl ben/oate

H—O—

H

water

In addition to forming esters with carboxylic acids, alcohols form inorganic esters

with inorganic acids such as nitric acid, sulfuric acid, and phosphoric acid. In each

type of ester, the alkoxy —OR) group of the alcohol replaces a hydroxy 1 group of

the acid, with loss of water. We have already studied tosylate esters, composed
of para-toluenesulfonic acid and alcohols (but made using tosyl chloride. Section

11-5). Tosylate esters are analogous to sulfate esters (Section 1 1-13A), which are

composed of sulfuric acid and alcohols.

O O

R—O—

H

+

I 1-13

Esters of Inorganic

Acids

alcohol pflra-toluenesulfonic acid

(TsOH)

R— O-

para-toluenesulfonate ester

(ROTs)

+ H.O
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R— O- H

Made using tosyl chloride

O

CI— S HCl

alcohol

O
pfl/a-toluenesulfonyl chloride

(TsCI)

II-I3A Sulfate Esters

O
tosylate ester

(ROTs)

HO-

O

-s- OH

A sulfate ester is like a sulfonate ester, except there is no alkyl group directly bond-

ed to the sulfur atom. In an alkyl sulfate ester, alkoxy groups are bonded to sulfur

through oxygen atoms. Using methanol as the alcohol,

CH,0-[hJ
II

CH,OH
II

c
> CH,—O—S—OH c ' > CH3—O— S—O—CH,

o
sulfuric acid

0

phosphate

ester

linkase

base

base

base

A Figure 11-3

Phosphate ester groups bond the

individual nucleotides together in

DNA. The "base" on each of the

nucleotides corresponds to one of

the four heteroxyclic bases of

DNA (see Section 23-20).

O
methyl sulfate

H.O O + H.O
dimethyl sulfate

Sulfate ions are excellent leaving groups. Like sulfonate esters, sulfate esters

are good electrophiles. Nucleophiles react with sulfate esters to give alkylated prod-

ucts. For example, the reaction of dimethyl sulfate with ammonia gives a sulfate salt

of methylamine, CH3NHJCH3OSO3 .

H
CH3

O'

-0— S— O-

.0.

CH, H-

H

N- -CH, :0-

"o"

11

-s- -0—CH,

ammonia dimethyl sulfate

PROBLEM 11-3!

methylammonium ion methylsulfate ion

Use resonance structures to show that the negative charge in the methylsulfate anion is

shared equally by three oxygen atoms.

IM3B Nitrate Esters

Nitrate esters are formed from alcohols and nitric acid.

.0

R—O—

H

-I- H— O- Nf R—O—N +

O
H—O—

H

o o-

alcohol nitric acid alkyl nitrate ester

The best known nitrate ester is "nitroglycerine." whose systematic name is

glycen l trinitrate. Glyceryl trinitrate results from the reaction of glycerol (1,2,3-

propanetriol ) with three molecules of nitric acid.

CH.—O—

H

CH—O—

H

+ HO—NO.

CH.—O—

H

glycerol

(glycerine)

nitric acid

CH.—O—NO.

CH—O—NO.

CH.—O—NO.

glyceryl trinitrate

(nitroglycerine)

H.O

Nitroglycerine was first made in 1 847 and was found to be a much more pow-

erful explosive than black powder, which is a physical mixture of potassium nitrate.
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sulfur, and charcoal. In black powder, potassium nitrate is the oxidizer, and sulfur and

charcoal provide the fuel to be oxidized. The rate of a black powder explosion is

limited by how fast oxygen from the grains of heated potassium nitrate can diffuse

to the grains of sulfur and charcoal. A black powder explosion does its work by the

rapid increase in pressure resulting from the reaction. The explosion must be confined,

as in a cannon or a firecracker, to he effective.

In nitroglycerine, the nitro groups are the oxidizer and the CH and CHi groups

are the fuel to be oxidized. This intimate association of fuel and oxidizer allows the

explosion to proceed at a much faster rate, forming a shock wave that propagates

through the explosive and initiates the reaction. The explosive shock wave can shat-

ter rock or other substances without the need for confinement. Because of its un-

precedented explosive power, nitroglycerine was called a high explosive. Many other

high explosives have been developed, including picric acid. TNT (trinitrotoluene).

PETN (pentaerythritol tetranitrate), and RDX (research department explosive).

Nitroglycerine and PETN are nitrate esters.

O^N NO. 0,N

NO2
picric acid

NO9 CH2ONO2

O2NOCH2—C—CH.ONOt

CH20N02

PETN

Pure nitroglycerine is a substance that is hazardous to make, use, and transport.

Alfred Nobel's family were experts at making and using nitroglycerine, yet his broth-

er and several workers were killed by an explosion. In 1866, Nobel found that ni-

troglycerine soaks into diatomaceous earth to give a pasty mixture that can be molded

into sticks that do not detonate so easily. He called the sticks dynamite, and found-

ed the firm Dynamit Nobel, which is still one of the world's leading ammunition

and explosives manufacturers. The Nobel prizes are funded from an endowment that

originated with Nobel's profits from the dynamite business.

I I - 1 3C Phosphate Esters

Alkyl phosphates are composed of 1 mole of phosphoric acid combined with 1 , 2,

or 3 moles of an alcohol. For example, methanol forms three phosphate esters.

O

HO— P—OH
ch,o-[h]

o

CH.—O—P—OH
CH.OH

OH

phosphoric acid

+ H.O OH

monomethyl phosphate

O

CH3—O—P—OH
+ H,0 O—CH,
dimethyl phosphate

CH3OH
CH,— O-

O

-P—O—CH,

+ H.O O— CH,
trimethyl phosphate

Phosphate esters play a central role in biochemistry. Figure 1 1-3 shows how
phosphate ester linkages compose the backbone of the nucleic acids RNA (ribonu-

cleic acid) and DNA (deoxyribonucleic acid). These nucleic acids, which carry the

genetic infomiation in the cell, are discussed in Chapter 23.

NO2

.N. .N.

O2N NO2

RDX

Illustration of Alfred Nobel

operating the apparatus used to

make nitroglycerine. The

temperature must be monitored

and controlled carefully during

this process; therefore, the

operator's stool has only one

leg to ensure that he stays

awake.
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I 1-14 In Section 10-6B, we learned to remove the hydroxyl proton from an alcohol by re-

Formation and
^'J'-'^ion with an "active" metal such as sodium or potassium. This reaction generates

a sodium or potassium salt of an alkoxide ion and hydrogen gas.

Reactions of

AlkoxideS
^-9-^ + Na — R-O: Na^ + i H, f

Sodium metal reacts vigor-

ously with simple primary

alcohols such as ethanol.

R—O—H + K R— O:

The reactivity of alcohols toward sodium and potassium decreases in the order:

methyl > 1° > 2° > 3°. Sodium reacts quickly with primary alcohols and some sec-

ondary alcohols. Potassium is more reactive than sodium and is commonly used with

tertiary alcohols and some secondary alcohols.

Some alcohols react sluggishly with both sodium and potassium. In these cases,

a useful alternative is sodium hydride, usually in tetrahydrofuran solution. Sodium

hydride reacts quickly to form the alkoxide, even with difficult compounds.

R—O—

H

alcohol

NaH
sodium hydride

THF
R— 0= Na+ + H—Ht
sodium alkoxide hydrogen

The alkoxide ion is a strong nucleophile as well as a powerful base. Unlike the

alcohol itself, the alkoxide ion reacts with primary alkyl halides and tosylates to

form ethers. This general reaction, called the Williamson ether synthesis, is an Sn2

displacement. The alkyl halide (or tosylate) must be primary so that a back-side at-

tack is not hindered. When the alkyl halide is not primary, elimination usually results.

Williomson ether synthesis

R—0:"<Na

alkoxide ion

R'—CH.—

X

primary alkyl halide

R—O—CH.— R'

ether

NaX

Example

CH,—CH,—O- +Na
sodium ethoxide

-I- CH3I

methyl iodide

CH3—CHj—O—CH3 + Nal

ethyl methyl ether

PROBLEM-SOLVING HINT

In using the Williamson ether

synthesis to make R—O— R',

choose the less hindered alkyl

group to serve as the alkyl

halide (R'—X) because it will

make a better 5^2 substrate.

Choose the more hindered alkyl

group to form the alkoxide

(R—O ) because it is less

sensitive to steric hindrance in

the reaction,

R—

O

R'-

R—O— R'

PROBLEM I 1-32

What is wrong with the following proposed synthesis of ethyl methyl ether? First, ethanol

is treated with acid to protonate the hydroxyl group, and then methoxide is added to dis-

place water.

CH,CH,—OH + CH3CH.—OH,

(incorrect synthesis of ethyl methyl ether)

» CHoCH,—O—CH,

PROBLEM II '33

(a) Show how ethanol and cyclohexanol may be used to synthesize cyclohexyl ethyl ether

(tosylation followed by the Williamson ether synthesis).

(b) Why can't we synthesize this product simply by mixing the two alcohols, adding some

sulfuric acid, and heating?

PROBLEM I 1-34

A student wanted to make (R)-2-ethoxybutane. using the Williamson ether synthesis. He re-

membered that the Williamson synthesis involves an Sn2 displacement, which takes place

with inversion of configuration. He ordered a bottle of (5)-2-butanol for his chiral starting

material. He also remembered that the Sn2 goes best on primary halides and tosylates, so
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he made ethyl tosylate and sodium (5)-2-butoxide. After warming these reagents together,

he obtained an excellent yield of 2-ethoxybutane.

(a) WTiat enantiomer of 2-ethoxybutane did he obtain? Explain how this enantiomer results

from the Sv.2 reaction of ethyl tosylate with sodium (5)-2-butoxide.

(b) What would have been the best synthesis of (/?)-2-ethoxybutane'?

(c) How can this student convert the rest of his bottle of (S)-2-butanol to (^)-2-ethoxybutane?

PROBLEM I 1-35

The anions of phenols (phenoxide ions) may be used in the Williamson ether synthesis, es-

pecially with very reactive alkylating reagents such as dimethyl sulfate. Using phenol, di-

methyl sulfate, and other necessary reagents, show how you would synthesize methyl

phenyl ether.

PROBLEM-SOLVING
Multistep Synthesis

Chemists use organic synthesis both to make larger amounts of useful natural

compounds and to invent totally new compounds in search of improved proper-

ties and biological effects. Synthesis also serves as one of the best methods for de-

veloping a firm command of organic chemistry . Planning a practical multistep

synthesis requires a working knowledge of the applications and the limitations of

a variety of organic reactions. We will often use synthesis problems for review-

ing and reinforcing the reactions w e ha\"e co\ ered.

We use a systematic approach to soh ing multistep synthesis problems, w ork-

ing backward, in the "retrosynthetic" direction. We begin by studying the target

molecule and considering what final reactions might be used to create it from

simpler intermediate compounds. Comparing two or more pathways and the in-

termediates in\ oh ed is usually necessary. E\ entually, this retrosynthetic analysis

should lead back to starting materials that are readily available or meet the re-

quirements defined in the problem.

We can now extend our systematic analysis to problems involving alcohols

and the Grignard reaction. As examples, we consider the syntheses of an acyclic

diol and a disubstituted cyclohexane. concentrating on the crucial steps that as-

semble the carbon skeletons and generate the fmal functional groups.

Sample Problem

Our first problem is to synthesize 3-ethyl-2.3-pentanediol from compounds con-

taining no more than three carbon atoms.

CH.CH,

CH,—CH—C—CH,— CH,

OH OH
3-ethyl-2.3-pentanediol

1. Re\iew the functional groups and carbon skeleton of the target compound.

The compound is a vicinal diol (glycol) containing seven carbon atoms. Gly-

cols are commonly made b} hydroxylation of alkenes. and this glycol w ould

be made by hydroxylation of 3-ethyl-2-pentene. which effectively becomes the

target compound.
CH^-CH, icMnO, CH-CH,

I cold, dilute '

CH,—CH=C—CH,—CH. —-^ CH,—CH—C—CH,—CH,
(or other methods) ^11 - ^

3-ethyl-2-pentene

3-ethyl-2.3-pentanediol
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2. Review the functional groups and carbon skeletons of the starting mate-

rials (if specified), and see how their skeletons might fit together into the

target compound.
The limitation is that the starting materials must contain no more than three

carbon atoms. To fomi a seven-carbon product requires at least three fragments,

probably a three-carbon fragment and two two-carbon fragments. A function-

al group that can be converted to an alkene will be needed on either C2 or C3
of the chain, since 3-ethyl-2-pentene has a double bond between C2 and C3.

3. Compare methods for assembling the carbon skeleton of the target com-
pound. Which ones provide a key intermediate with the correct carbon

skeleton and functional groups correctly positioned for conversion to the

functionality in the target molecule?

At this point, the Grignard reaction is our most powerful method for assembling

a carbon skeleton, and Grignards can be used to make primary, secondary, and

tertiary alcohols. The secondary alcohol 3-ethyl-2-pentanol has its functional

group on C2, while the tertiary alcohol 3-ethyl-3-pentanol has it on C3. Either

of these alcohols can be synthesized by an appropriate Grignard reaction, but

3-ethyl-2-pentanol may dehydrate to give a mixture of products. Because of

its symmetry, 3-ethyl-3-pentanol dehydrates to give only the desired alkene,

3-ethyl-2-pentene. It also dehydrates more easily because it is a tertiary

alcohol. , CH.-CH,

CH,—CH=C—CH,—CH3

3-ethyl-2-pentene

+

CH.—CH,

CH,=CH—CH—CH.—CH,

CH,—CH3
I H^SO,

CH,—CH—CH—CH,—CH, "

Preferred synthesis:

OH
3-ethyl-2-pentanol

I miiU'i

3-ethyl-l-pentene

CHt CH:, CHt CH3
I

" H,SO, I

CH3—CH,—C—CH,—CH3 — > CH3—CH=C—CH.—CH3
I iiinl\ proLluct)

OH 3-ethyl-2-pentene

3-etliyl-3-pentanol

4. Working backward through as many steps as necessary, compare methods

for synthesizing the reactants needed for assembly of the key intermediate.

(This process may require writing several possible reaction sequences and

evaluating them, keeping in mind the specified starting materials.)

The key intermediate, 3-ethyl-3-pentanol, is simply methanol substituted by

three ethyl groups. The last step in its synthesis must add an ethyl group. Ad-

dition of ethyl magnesium bromide to 3-pentanone gives 3-ethyl-3-pentanol.

CH,—CH,
(DCHjCH,—MgBr

(2)H30+

6 OH
3-pentanone 3-ethyl-3-pentanoI

The synthesis of 3-pentanone from a three-carbon fragment and a two-carbon

fragment requires several steps (see Problem 1 1-36). Perhaps there is a better

CH3—CH,—C—CH,—CH, ^^^^ ' > CH3—CH,—C—CH,— CH,
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1

alternative, considering that the key intermediate has three ethyl groups on a

carbinol carbon atom. Two similar alkyl groups can be added in one Grignard

reaction with an acid chloride or ester (Section 10-9D). Addition of 2 moles of

ethyl magnesium bromide to a three-carbon acid chloride gives 3-ethyl-3-

pentanol.

O

CH,—CH,—C— CI

propionyl chloride

(1) 2CH3CH2— MgBr

(2) H3O+

CH,— CH,

CH,—CH,—C—CH,—CH,

OH
3-ethyl-.Vpentancil

5. Summarize the complete synthesis in the forward direction, including all

steps and all reagents, and check it for errors and omissions.

O

CH3-CH-C-CI
propionyl chloride

(1)2CH,CH2— MgBr
CH,— CH,

CH,—CH,—C—CH,— CH,

OH
3-ethyl-.3-pentanol

H3SO4

CH,—CH,

CH,—CH==C—CH,— CH,

3-ethyl-2-pentene

KMnO^
(cold, dilute)

CH,— CH,

CH,—CH—C—CH,—CH,

OH OH
3-ethyl-2,3-pentanediol

PROBLEM 1 1-36

To practice working through the early parts of a niultistep synthesis, devise syn-

theses of

(a) 3-ethyl-2-pentanol from compounds containing no more than three carbon

atoms.

(b) 3-pentanone from alcohols containing no more than three carbon atoms.

SAMPLE PROBLEM
As another example of the systematic approach to multistep synthesis, let's con-

sider the synthesis of l-bromo-2-methylcyclohexane from cyclohexanol.

1. Review the functional groups and carbon skeleton of the target compound.
The skeleton has seven carbon atoms: a cyclohexyl ring with a methyl group.

It is an alkyl bromide, with the bromine atom on a ring carbon one atom re-

moved from the methyl group.

2. Review the functional groups and carbon skeletons of the starting mate-

rials (if specified), and see how their skeletons might fit together into the

target compound.
The starting compound has only six carbon atoms; clearly, the methyl group

must be added, presumably at the functional group. There are no restrictions on

the methylating reagent, but it must provide a product with a functional group

that can be converted to an adjacent halide.
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Compare methods for assembling the carbon skeleton of the target com-
pound to determine which methods provide a key intermediate with the

correct carbon skeleton and functional groups at the correct positions for

being converted to the functionality in the target molecule.

Once again, the clear choice is a Grignard reaction, but there are two possible

reactions that give the methylcyclohexane skeleton. A cyclohexyl Grignard

reagent can add to formaldehyde, or a methyl Grignard reagent can add to cy-

clohexanone. (There are other possibilities, but none that are more direct.)

MgBr __ CH.OH
H

+

H

C=0 (1) ether

(2) H,0+
to be functionalized

alcohol C

CHjMgBr +
(1) ether

(2) H3O+

OH

to be functionalized

alcohol D

Neither product has its alcohol functional group on the carbon atom that is func-

tionalized in the target compound. Alcohol C needs its functional group moved
two carbon atoms, while alcohol D needs it moved only one carbon atom. Con-

verting alcohol D to an alkene functionalizes the correct carbon atom. Anti-

Markovnikov addition of HBr converts the alkene to an alkyl halide with the

bromine atom on the correct carbon atom.

heat

HBr

ROOR

alkene
target compound

Working backward through as many steps as necessary, compare methods

for synthesizing the reactants needed for assembly of the key intermediate.

All that remains is to make cyclohexanone by oxidation of cyclohexanol.

OH
H Na^CfjO^

5. Summarize the complete synthesis in the forward direction, including all

steps and all reagents, and check it for errors and omissions.

OH
(1) CH^MgBr

Problem 1 1-37 provides practice in multistep syntheses and using alco-

hols as intermediates.
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PROBLEM I 1-37

Show how the following compounds might be formed from cyclohexanol.

(a) 1-chloro-l-phenylcyclohexane (b) 2-methylcyclohe\anol

(c) m//!5-cyclohexane-1.2-diol (work backward!)

SUMMARY: Reactions of Alcohols

1. Oxidation-rcdudion reactions

a. Oxidation of secondary alcohols to ketones (Section 1 1-2A)

Example

OH

R—CH— R'

OH
I

CH-—CH—CHXH,
2-butanol

Na.Cr.O,. H.SO_,

NaXr.O-. H,SO,

b. Oxidation ofprimary alcohols to carhoxylic acids (Section 1 1-2B)

Na.Cr.O-. H,SO,
R—CH-—OH —'—^—^ >

Example

CH,(CHO,—CH,—OH
l-he\anol

NaXr.O.. H.SO^

o

R—C— R'

O

CH,—C—CHXH,
2-butanone

o
II

R—C—OH

O
II

CH,(CH,),—C—OH
hexanoic acid

c. Oxidation ofprimaiy alcohols to aldehydes (Section 1 1-2B)

R—CH,—OH
PCC

O
II

R—C—

H

Example
o

CH3(CH,)^—CH,—OH
1-hexanol

PCC
CH3(CH0^—C—

H

hexanal

d. Reduction of alcohols to alkanes (Section 1 1-6)

( 1 ) TsCl/pyridine

Example

(2) LiAlH4

(1 ) TsCl/pyridine

(2) UAIH^

R—

H

H

cyclohexanol

2. Cleavage of the alcohol, hydroxy I group —Ct— O— H
a. Conversion ofalcohols to alkyl halides (Sections 1 1-7 through 1 1-9)

~H

cyclohexane

R—OH

R—OH

R—OH

HCl or SOClVpyridine

HBror PBr,

^ R— CI

-> R— Br

HI or P/I,

R—

1
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Examples

(CH3)3C—OH
f-butyl alcohol

(CH3)2CH—CH.OH
isobutyl alcohol

CHjCCH,)^—CHpH
1-hexanol

HCl

PBr,

P/It

(CH3)3C— CI

f-butyl chloride

(CH,),CH—CH.Br
isobutyl bromide

CH3(CH2)4—CHjI
1-iodohexane

b. Dehydration of alcohols to form alkenes (Section 1 1-lOA)

H OH
H.SO^orHjPO^ \ /

-c— c- ^ C=C + H.O

Example OH

cyclohexanol

H,S04, heat

+ H2O

cyclohexene

c. Dehydration of alcohols to form ethers (Section 1 1-lOB)

2R—OH R—O—

R

H,0
Example

2 CH3CH.OH
ethanol

H,SO

140=
CH3CH2—O—CH.CH3 + Hp

diethyl ether

3. Cleavage of the hydro.xyl proton —C—O^H

a. Tosylation (Section 11-5)

O

Example

alcohol tosyl chloride (TsCl)

(CH3)2CH—OH
isopropyl alcohol

TsCl/ pyridine

o
alkyl tosylate

(CH3)2CH—OTs
isopropyl tosylate

HCl

b. Acylation to form esters (Section 11-12)

R—OH

O
II

R'—C— CI

(acvl chloride)

o

R—O—C— R'

ester

+ HCl
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Example

a-
cjclohexanol

O
II

-c- -Cl

(acetyl chloride)

O
n

,0— c- -CH-.

cyclohexj l acetate

HCl

c. Deprotonation toform an alkoxide (Section 11-14)

R—OH - Na

R—OH - K ^

Example
CH3—CH.—OH - Na

ethanol

R—O" NV

R—O'K" + ^H,

Na~"0—CH;—CH3
sodium ethoxide

d. Williamson ether synthesis (Sections 11-14 and 14-5)

R—O"
R —

X

R—O—

R

(R' must be primary)

Example

Na-"0— CH;CH3 - CH3I

sodiimi ethoxide methvl iodide

CH3—CH;—O—CH3

ethyl methyl ether

- Xal

alcohol dehydrogenase 1 ADH) An enzyme used by living cells to oxidize ethyl alcohol to Chapter I I

acetaldeh\ de. 1 p. 463 1

alkoxide ion The anion formed by deprotonating an alcohol, (p. 488)

R— 0— H - Na > R—Q =

" ^^'a - - H, j

chromic acid reagent The solution formed by adding sodium or potassium dichromate ( and

a small amount of water 1 to concentrated sulfuric acid. (p. 459)

chromic acid test: When a priman. or secondar> alcohol is added to the chromic acid

reagent, the orange color changes to green or blue. A nonoxidizable compound ( such as a

tertiary alcohol, a ketone, or an alkane) produces no color change, (p. 461

)

Collins reagent (CrOj-Z p\Tidine) A complex of chromium trio.xide with pyridine, used to

oxidize priman," alcohols selecti\ely to aldehydes, (p. 462)

ester An acid derivative formed by the reaction of an acid w ith an alcohol with loss of

water. The most common esters are carboxylic esters, composed of carboxylic acids and

alcohols, (p. 484

1

Fischer esterification: The acid-catalyzed reaction of an alcohol with a carboxylic acid

to give an ester, (p. 484)

9 ^
H"

R—C—OH - H—O— R' R—C—O— R' - H,0

acid alcohol ester

ether A compound containing an oxygen atom bonded to two alkyl or ar} 1 groups, (p. 488)

inorganic esters Compounds deri\ ed from alcohols and inorganic acids with loss of water,

(p. 485) Examples are:

Glossary
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o o o
II II II

R—O— S— R R—O—S—O— R R—O—NO. R—O—P—O—

R

O O O—

R

sulfonate esters sulfate esters nitrate esters phosphate esters

Jones reagent A solution of dilute chromic acid dissolved in acetone, used for alcohol oxi-

dations, (p. 462)

Lucas test A test used to determine whether an alcohol is primary, secondary, or tertiary.

The test measures the rate of reaction with the Lucas reagent, ZnCli in concentrated HCl.

Tertiary alcohols react fast, secondary alcohols react more slowly, and primary alcohols react

very slowly, (p. 470)

nicotinamide adenine dinucleotide (NAD) A biological oxidizing/reducing reagent that

operates in conjunction with enzymes such as alcohol dehydrogenase, (p. 463)

oxidation Loss of ; addition of O or O2 ; addition of (halogens). Alternatively, an in-

crease in the number of bonds to oxygen or halogens or a decrease in the number of bonds to

hydrogen. (p. 458)

pinacol rearrangement Dehydration of a glycol in which one of the groups migrates to give

a ketone, (p. 479)

pyridinium chlorochromate (PCC) A complex of chromium trioxide with pyridine and

HCl. PCC oxidizes primary alcohols to aldehydes, (p. 461

)

reduction Addition of (or ); loss of (halogens). Alternatively, a reduction in the num-

ber of bonds to oxygen or halogens, or an increase in the number of bonds to hydrogen, (p. 458)

Swern oxidation A mild oxidation, using DMSO and oxalyl chloride, that can oxidize pri-

mary alcohols to aldehydes and secondary alcohols to ketones, (p. 463)

tosylate ester An ester of an alcohol with para-toluenesulfonic acid. Like halide ions, the to-

sylate anion is an excellent leaving group, (p. 465)

Williamson ether synthesis The 3^)2 reaction between an alkoxide ion and a primary alkyl

halide or tosylate. The product is an ether, (p. 488)

R—q-'^R'-^X > R—O— R' + X-

ESSENTIAL PROBLEM SOLVING SKILLS IN CHAPTER 1

1

1. Identify whether oxidation or reduction is needed to interconvert alkanes, al-

cohols, aldehydes, ketones, and acids, and identify reagents that will accomphsh

the conversion.

2. Predict the products of the reactions of alcohols with

(a) Oxidizing and reducing agents

(b) Carboxylic acids and acid chlorides

(c) Dehydrating reagents, especially H2SO4 and H3PO4

(d) Inorganic acids and acid chlorides

(e) Sodium and potassium.

3. Predict the products of reactions of alkoxide ions.

4. Propose chemical tests to distinguish alcohols from the other types of com-

pounds we have studied.

5. Use your knowledge of alcohol and diol reactions to propose mechanisms and

products of similar reactions you have never seen before.

6. Show how to convert an alcohol to a related compound with a different function-

al group.

7. Predict the products of pinacol rearrangement and periodate cleavage of gly-

cols.

8. Use retrosynthetic analysis to propose effective single-step and multistep syn-

theses of compounds using alcohols as intermediates (especially those using

Grignard and organolithium reagents to assemble the carbon skeletons).
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STUDY PROBLEMS
11-38.

11-39.

11-40.

11-41.

(c) losylate ester

(f ) alkyl phosphate ester

(i) chromic acid oxidation

Briefly define each term and give an example,

(a) PCC oxidation (b) carboxylic ester

(d) ether (e) Williamson ether synthesis

(g) Lucas test (h) pi nacol rearrangement

(j) alkoxide ion

In each case. shov\ how _\ou would synthesize the chloride, bromide, and iodide from the corresponding alcohol.

(a) 1-halobutane (halo = chloro. bromo. iodo) (b) halocyclopentane

(c) 1-halo-l-methylcyclohexane (d) l-halo-2-methylcyclohexane

Predict the major products of the follow ing reactions, including stereochemistry w here appropriate.

(b) (5)-2-butyl tosylate +

(d) cyclopentylmethanol

(a) (/?)-2-butanol + TsCl in pyridine

(c) cyclooctanol + CrC/H^SOj
(e) cyclopentylmethanol + Na2Cr;07/H;S04

(g) cycloheptanol + LiAlH4/TiCU

(i) potassium r-butoxide + methyl iodide

(k) ;;-butanol + HBr
(m) product from (1) + Os04/H:0:. then HIO4

(o) sodium ethoxide + 2-methyl-2-bromobutane

Show how you would accomplish the following synthetic conversions

NaBr
f CrO,- pyridine HCI

(f)

(h)

(J)

(I)

(n)

cyclopentanol + HCl/ZnCh
cyclooctylmethanol + CH^CH.MgBr
sodium methoxide + r-butyl iodide

cyclopentanol + H2SO4/ heat

sodium ethoxide + 1 -bromobutane

(a)

OH
H

PCH.CH,

H
(b) 2

CH,Br

Br

(c)

O

C— CH-,CH;CH,

H
(d)

CH3OH

H

OH

CHCH,CH,

11-42

11-43.

11-44.

Predict the major products of dehydration catalyzed by sulfuric acid.

(a) 1-hexanol (b) 2-hexanol (c) 3-pentanol

(d) 1-methylcyclopentanol (e) cyclopentylmethanol (f) 2-methylcyclopentanol

Predict the esterification products of the following acid/alcohol pairs.

(a) CH.CH CH.COOH CH,OH

OH O

+ CH,—C—OH

(c)

COOH

+ CH3CHPH (d) 2 CH,CH;OH H3PO4 (e) CH3OH HNO3

Show how you would make the methanesulfonate ester of cyclohexanol. beginning with cyclohexanol and an ap-

propriate acid chloride.

H
O

-0—S—CH,

O

cycfofiexyf meifianesuffonate

11-45. Show how you would comert (5)-2-hexanol to

(a) (5)-2-chlorohexane. (b) (/? )-2-bromohexane.
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11-46. When 1-cyclohexylethanol is treated with concentrated aqueous HBr. the major product is i-bromo-l-ethyicycio-

hexane.
OH

Br
HBr

(a) Give a mechanism for this reaction.

(b) How would you convert 1-cyclohexylethanol to ( l-bromoethyl)cyclohexane in good yield?

OH Br

11-47. Show how you would make each compound, beginning with an alcohol of your choice.

CHO H

XH.Br ^OCH,

(a)
\ / (b)

I i

''^U J

CH,

O

. X\-C—OH

OTs

(j) H

11-48.

11-49.

11-50.

11-51.

Predict the major products (including stereochemistry) when c/5-3-methylcyclohexanol reacts with the follow-

ing reagents.

(a) PBr, (b) SOCK (c) Lucas reagent (d) concentrated HBr (e) TsCl/pyridine. then NaBr

Show how you would use simple chemical tests to distinguish between the following pairs of compounds. In each

case, describe what you would do and what you would observe.

(a) 1-butanol and 2-butanol (b) 2-butanol and 2-methyl-2-butanol

(c) cyclohexanol and cyclohexene (d) cyclohexanol and cyclohexanone

(e) cyclohexanone and 1-methylcyclohexanol

Write the important resonance structures of the following anions.

o-
OH H

(a) C=C
/ \

H O-

(c) O- -s-

o

-CH,

Compound A is an optically active alcohol. Treatment with chromic acid converts A into a ketone, B. In a sepa-

rate reaction, A is treated with PBr,, converting A into compound C. Compound C is purified, and then it is al-

lowed to react with magnesium in ether. Compound B is added to the resulting solution of the Grignard reagent.

After hydrolysis, this solution is found to contain 3.4-dimethyl-3-hexanol. Propose structures for compounds A,

B, andC.

PBr, Mg, ether

Na^Cr-jOy, H^SO^
Grignard reagent

^ B
D 3,4-dimethyl-3-hexanol

i
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11-52. Gi\ e the structures of the intermediates and products V through Z

OH pBr,

cyciopentanol

W

Na^Cr^O-,

Mo. ether

(1) V
(2) H3O+

O
II

CH,C— CI

11-53.

11-54.

11-55.

11-56.

11-57.

= 11-58.

(a)

Under acid catalysis, tetrahydrofurfur\'l alcohol reacts to give surprisingly good yields of dihydropyran. Propose

a mechanism to explain this useful synthesis.

O CH,OH

tetrahvdrofurfurvl alcohol

o
dihydropyran

The following compound is first treated w ith OSO4/H2O; and then w ith concentrated H;S04. Propose structures

for both the intermediate product and the tlnal product, which has undergone a pinacol rearrangement.

OSO4, H^O,

intermediate

H.SO^

Show how y

taining four

product

ou would synthesize the following compounds. As starting materials, you may use any alcohols Con-

or fewer carbon atoms, cyciopentanol. and any necessary solvents and inorganic reagents.

OCH,

CH,

(b)
\

y^OH (c)

(8)

C—CH,

CH.CH,

CH,

Hi \
N=C CH,CH,

Many alcohols undergo dehydration at 0°C when treated with phosphorus oxychloride (POCl,) in the basic sol-

vent pyridine. (Phosphorus oxychloride is the acid chloride of phosphoric acid, with chlorine atoms in place of

the hydroxyl groups of phosphoric acid.)

(a) Propose a mechanism for the dehydration of cyciopentanol using POCl, and pyridine. The first half of the

mechanism, formation of a dichlorophosphate ester, is similar to the first half of the mechanism of reaction of

an alcohol with thionyl chloride. Like a tosylate. the dichlorophosphate group is a good leaving group. The

second half of the mechanism might be either first order or second order: draw both alternatives for now.

(b) When /ra/!5-2-methylcyclopentanol undergoes dehydration using POCl, in pyridine, the major product is 3-

methylcyclopentene, and not the Saytzeff product. What is the stereochemistry of the dehydration? What
does this stereochemistry imply about the correct mechanism in part (a)? Explain your reasoning.

Two unknowns. X and Y. both having molecular formula CjHgO. give the following results with four chemical

tests. Propose structures for X and Y consistent with this information.

Bromine Na Metal Chromic Acid Lucas Reagent

Compound X
Compound Y

decolorizes

no reaction

bubbles

no reaction

orange to green

no reaction

no reaction

no reaction

Alcohols combine with ketones and aldehydes to fonri interesting derivatives, which we will discuss in Chapter

18. The following reactions show the hydrolysis of two such derivatives. Propose mechanisms for these reactions.

H,0
OCH, HO

O
+ CH,OH (b)

O H

O

H,0

OH



CHAPTER

Infrared Spectroscopy

and

Mass Spectrometry

12-1

Introduction

One of the most important tasks of organic chemistry is the determination of organ-

ic structures. When an interesting compound is isolated from a natural source, its

structure must be completely determined before a synthesis is begun. Whenever we
run a reaction, we must determine whether the product has the desired structure. The

structure of an unwanted product must be known so the reaction conditions can be

altered to favor the desired product.

hi many cases, a compound can be identified by chemical means. We find the

molecular formula by analyzing the elemental composition and determining the mo-

lecular weight. If the compound has been characterized before, we can compare its

physical properties (melting point, boiling point, etc.) with the published values.

Chemical tests can suggest the functional groups and narrow the range of possible

structures before the physical properties are used to make an identification.

These procedures are not sufficient, however, for complex compounds that

have never been synthesized and characterized. They are also impractical with com-

pounds that are difficult to obtain, because a relatively large sample is required to

complete the elemental analysis and all the functional group tests. We need analyt-

ical techniques that work with tiny samples and that do not destroy the sample.

Spectroscopic techniques often meet these requirements. Absorption spec-

troscopy is the measurement of the amount of light absorbed by a compound as a

function of the wavelength of light. In general, a sample is iiradiated by a light source,

and the amount of light transmitted at various wavelengths is measured by a detec-

tor and plotted on a graph. Unlike chemical tests, spectroscopic techniques are non-

destructive: that is, the sample is not destroyed. Many different kinds of spectra can

be measured with little or no loss of sample.

In this book, we cover four spectroscopic or related techniques that serve as

powerful tools for structure determination in organic chemistry:

Infrared (IR) spectroscopy, covered in this chapter, observes the vibrations

of bonds and provides evidence of the functional groups presen t

.

MasS-gpectrometry (MS), also covered in this chapter bombards molecules

with electrons and breaks them apart. A nalysis of the masses of the fragments

gives the molecular weight, possibly the molecular torrnulaTand clues tqjhe

structure and functional group s. Less than a milligram of sample is destroyed

in this analysis.

500
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Nuclear magnetic resonance (NMR) spectroscopy, covered in Chapter 13,

observes the chemical environments of the hydrogen atoms (or the carbon

atoms) and provides evidence for the structure of the alkyl groups and clues to

the functional groups.

Ultraviolet (l)V) spectroscopy, covered in Chapter 15, observes electronic

transitions and provides information on the electronic bonding in the sample.

These spectroscopic techniques are complementary, and they are most power-

ful when used together. In many cases, an unknown compound cannot be complete-

ly identified from one spectrum without additional information, yet the structure can

be determined with confidence using two or more diflerent types of spectra. In Chap-

ter 13, we consider how information from different types of spectroscopy is combined

to provide a reliable structure.

Visible light, infrared light, ultraviolet light, microwaves, and radio waves are ex-

amples of electromagnetic radiation. They all travel at the speed of light, about

3 X 10'" cm/sec, but they differ in frequency and wavelength. The frequency of a

wave is the number of complete wave cycles that pas s a fixed point in^jeconcLEre-

quency, represented by the Greek letter pj nu), is usually given m hertz (Hz), mean-

mgcycles per second. The wavelength, represented by the Greek letter A (lambda),

is the distance between any two peaks (or any two troughs)of the wave.

The wavelength and frequency, which are inversely proportional are related

the equation

nI'A = c or A =

12-2

The Electromagnetic

Spectrum

where

c = speed of light (3 X 10' cm/sec)

V = frequency in hertz

A = wavelength in centimeters

ElgctroiTiagnetic waves travel as photons, which are rnassless packetj_of energy.

The energy of a photon is proportional to its frequency and inversely proportion al to

its wavelength. A photon of frequency v (or wavelength A) has arLenergy given by

= hv = —
A

where is Planck's constant, 1.58 X 10"" kcal-sec or 6.62 X 10 "kJ-sec.

Under certain conditions, a molecule struck by a photon may absorb the pho-

ton's energy. In this case, the molecule's energy is increased by an amount equal to
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higher frequency

shorter wavelength

Wavelength (X)

mA lo-'o

Energy

kcal/mol

10^

Molecular effects

L 10-8 X rays lO-* ionization

vacuum UV 102

near UV
electronic transitions

10-6 visible 10

10-4
infrared

(IR)
1

molecular vibrations

10-2

10-*
10-2 microwave rotational motion

lower frequency

longer wavelength

lOO(l)

102
radio 10-6 nuclear spin transitions

A Figure 12-1

The electromagnetic spectrum

the photon's energy hv. For this reason, we often represent the iiTadiation of a reac-

tion mixture by the symbol hv.

The electromagnetic spectrum is the range of all possible frequencies, from

zero to infinity. In practice, the spectrum ranges from the very low radio frequencies

used to communicate with submarines to the very high frequencies of gamma rays.

Figure 12-1 shows the wavelength and energy relationships of the various parts of

the electromagnetic spectrum.

The electromagnetic spectrum is continuous, and the exact positions of the di-

viding lines between the different regions are somewhat arbitrary. Toward the top of

the spectrum in Figure 12-1 are the higher frequencies, shorter wavelengths, and

higher energies. Toward the bottom are the lower frequencies, longer wavelengths,

and lower energies. X rays (very high energy) are so energetic that they excite elec-

trons past all the energy levels, causing ionization. Energies in the ultraviolet—vis-

ible range excite electrons to higher energy levels within molecules. Infrared energies

excite molecular vibrations, and microwave energies excite rotations. Radio-wave fre-

quencies (very low energy) excite the nuclear spin transitions observed in NMR
spectroscopy.

I 2-3 The infriired (from the Latin, infra, meaning "below" red) region of the spectrum cor

The Infrared Region responds to frequencies from just below the visible frequencies to just above the

highest microwave and radar frequencies: wavelengths of about 8 X 10"'' cm to

1 X 10~- cm . Common infrared spectrometers operate in the tiiiddle of this region,

at wavelengths between 2.5 X 10"'* cm and 25 X 10 cm, corresponding to ener-

gies of about 1.1 to 11 kcal/mol (4.6 to 46 kJ/mol). Infrared photons do not have

enough energy to cause electronic transitions, but they can cause groups of atoms to

vibrate with respect to the bonds that connect them. Like electronic transitions, these

vibrational transitions correspond to distinct energies, and molecules absorb infrared

radiation only at certain wavelengths and frequencies.
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The position of an infrared band is specified by its wavelength (A), measured in

microns (yum). A micron (or micrometer) corresponds to one millionth (10"''
) of a

meter, or 10 cm. A more common unit, however, is the wavenumber ( v). which

^oiTgsponds to the number of cycles (wavelength s) of the wave_in a centimeter. The

wavenuinber is the reciprocal of the wavelength (in centimeters). Since

1 cm = 10.000 fim. the wavenumber can be calculated by dividing 10,000 by the

wavelength in microns. The units of the wavenumber are cm" ' ( reciprocal centimeters).

10.000 /Ltm/cm 10,000 /xm/cm
or A ( iim )

—
A (cm) XifjiTXi) v(cm )

For example, an absorption at a wavelength of 4 fim couesponds to a wavenumber

of 2500 cm"'.

10,000 um/cm ^^^^ 10.000 Atm/cm
V = = 2500 cm or A =

,
= 4 um

4fim 2500 cm"'
^

Wavenumbers (in cm"') have become the most common method for specify-

ing IR absorptions, and we will use wavenumbers throughout this book. The
wavenumber is proportional to the frequency ( v) of the wave, so it is also proportional

to the energy of a photon of this frequency {E = hp). Some reference works still use

micron units, however, so you should know how to convert these units.

PROBLEM 12-1

Complete the following conversion table.

j'(rw"') 4000 1700 1640 1600 400

A(M'") 2.50 3.03 3.33 4.55 25.0

Before discussing characteristic infrared absorptions, we should understand some I 2-4
theory about the vibrational energies of molecules. The following figure shows that

a covalent bond between two atoms acts like a spring. If the bond is stretched, a

restoring force pulls the two atoms together toward their equilibrium bond length. If

the bond is compressed, the restoring force pushes the two atoms apart. If the bond

is stretched or compressed and then released, the atoms vibrate.

spring force spring force

C/mwO (yrffprO QmO
equilibrium ^^etche3]> '^compi^essg^

bond leneth

Molecular Vibrations

The frequency of the stretching vibration depends on two quantities: the mass-

esoftlie^atoms and the_stiffness of the bond. Heavier atoms vibrate more slowly

than lighjer ones; for example, a C—D bond has a lower characteristic frequency than
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TABLE 12-1 Bond Stretching Frequencies

Approximate Bond Energy

Bond [kcal (U)]

Approximate Stretching

Frequency (cm~')

heavier

atoms

Frequency dependence on atomic masses

100 (420) 3000

100 (420) 2100

83 (350) 1200

Frequency dependence on bond energies

c—

c

83 (350)

c=c 146 (611)

c^c 200 (840).,

C—

N

73 (305)

C=N 147 (615)

C=N 213 (891),,

c—

O

86 (360)
1c=o 178 (745)

i

stronger

bond

1200

1660

2200.

1200

1650

2200,

1100

1700,

f decreases

f increases

Note: In a group of bonds with similar bond energies, thefrequency decreases with

increasing atomic weight. In a group of bonds between similar atoms, the frequency

increases with bond energy.

a C—H bond. In a group of bonds with similar bond energies, the frequency de -

creases with increasing atomic weigh t.

Stronger bonds are generally stiffen requiring more force to stretch or compress

them. Thus, stronger bonds usually vibrate faster than weaker bond^s (assuming the

atoms have similar masses). For example. O—H bonds are stronger than C—

H

bonds, and O—H bonds vibrate at higher frequencies. Triple bonds are stronger than

double bonds, so triple bonds vibrate at higher frequencies than double_bonds. Sim-

ilarly, double bonds vibrate at higher frequencies than single bonds. In a group of

bonds having atoms of similar masses, Ihefrequeticy increases w ith bond energy.

Table 1 2- 1 lists some common types of bonds, together with their stretching fre-

quencies to show how frequency varies with the masses of the atoms and the strength

of the bonds.

Even with simple compounds, infrared spectra contain many different absorp-

tions, not just one absorption for each bond. Many of these absorptions result from

stretching vibrations of the molecule as a whole, or from bending vibrations. In a

bending vibration, the bond lengths stay constant, but the bond angles vibrate about

their equilibrium values.

Consider the fundamental vibrational modes of a water molecule (Fig. 12-2).

The two O—H bonds can stretch in phase with each other (symmetric stretching),

or they can stretch out of phase (antisymmetric stretching). The H—O—H bond

angle can also change in a bending vibration, making a scissoring motion.

Figure 12-2

A nonlinear molecule with /;

atoms has 3n - 6 fundamental

vibrational modes . Water has

3(3) — 6 = 3 modes. Two of

these are stretching modes, and

one is a bending mode.
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A nonlinear molecule w ith )i atoms generally has 3/; — 6 fundamental \ ibra-

tional modes. Methane, then, has 3(5) — 6 = 9 fundamental modes, and ethane has

3(8) — 6 = 18 fundamental modes. Combinations and multiples of these simple

fundamental modes of vibration are also observ ed. As you can see. the number of ab-

sorptions in an infrared spectnjm can be quite large, even for simple molecules.

It is very unlikely that two different compounds (except enantiomers) will have

the same frequencies for all their various complex vibrations. For this reason, the

infrared spectrum provides a "fingerprint"" of a molecule. In fact, the region of the

IR spectrum containing most of these complex vibrations (600 to 1400 cm ') is com-

monly called the fingerprint region of the spectrum.

The simple stretching vibrations (in the 1600 to 3500 cm"' region) are the

most characteristic and predictable: therefore, our study of infrared spectroscopy

w ill concentrate on them. Although w e w ill largely ignore bending vibrations at this

stage. > ou should remember that their absorptions generally appear in the 600 to

1400 cm"' region of the spectrum. Experienced spectroscopists can tell a great deal

about the structure of a molecule from these "wagging."" "scissoring."" "rocking.""'

and "twisting"" \ ibrations in the fingerprint region. The reference table of IR fre-

quencies (Appendix 2) lists both stretching and bending characteristic frequencies.

Not all molecular vibrations absorb infrared radiation. To understand which ones do

and which do not. we need to consider how an electromagnetic field interacts with

a molecular bond. The key to this interaction lies with the dipole moment of the

bond. A bond with a dipole moment can be visualized as a positive charge and a

negative charge separated by a spring. If this bond is placed in an electric field (Fig.

1 2-3 ). it is either stretched or compressed, depending on the direction of the field.

One of the components of an electromagnetic wave is a rapidlv reversing

electricfieldj E). This field altematelv stretches and compresses a polar bond, as

shown in Figure 12-3. When the electric field is in the same direction as the d i-

pole moment , the bond is compressed and its dipole moment decreases. When
thejleld is opposite the dipole moment, the bond stretches ajKULajlipolejiiomem

increases. If this alternate stretching and compressing of the bond occurs at the

frequency of the molecule"s natural rate of vibration, energy may be absorbed. Vi-

brations of bonds with dipole moments generally result in IR absorptions and are

said to be IR active.

12-5

IR-Active and

IR-Inactive Vibrations

(h) 0 represented as QWMKi)

electric

field

j

force on +
T in direction of field

molecule compressed

dipole moment decreased

+ force on -

— ' opposite direction

of field

electric

field

torce on

in direction of field

molecule stretched

dipole moment increased

force on -

y opposite direction

of field

< Figure 12-3

A bond with a dipole moment

(as in HF. for example) is either

stretched or compressed by an

electric field, depending on the

direction of the field. Notice

that the force on the positive

charge is in the direction of the

electric field (E). and the force

on the negative charge is in the

opposite direction.
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If a bond is syrnnielricaLandJiaszero dipole moment, the electric field d^esjiQl

interact with the bond . For example, the triple bond of acetylene (H—C=C—H)
has zero dipole moment, and the dipole moment remains zero if the bond is stretched

or compressed. Since the vibration produces no change in the dipole moment, there

is no absorption of energy. This vibration is said to be IR inactive, and it produces

no absorption in the IR spectrum. The key to an IR-active vibration is that the vi-

bration must change the dipole moment of the molecule.

In general, if a bond has a dipole moment, its stretching frequency causes an ab-

sorption in the IR spectrum. If a bond is symmetrically substituted and has zero di-

pole moment, its stretching vibration is weak or absent in the spectrum. Bonds with

zero dipole moments sometimes produce absorptions (usually weak) because mole-

cular collisions, rotations, and vibrations make them unsymmetrical part of the time.

PROBLEM 12-2

W hich of the bonds shown in red are expected to have IR-active stretching frequencies?

H—C=C— H H—C=C—

H

H—C=C—CH, H3C—C=C—CH, H3C—C=C— CH3

H

H,C—CH, H,C—C—

H

I

H

/CH3 H,C^ ^CH, ^CH3

c=c c=c c=c
/ \ / \ / \

H H H H H H

12-6

Measurement of

the IR Spectrum

An infrared spectrometer measuresjhgjrequencies of infrared light absorbed by

a compound. In a simple infrared spectrometer(Fig. 12-4), two bearnsonight are

used. The sample becmi passes through the sample cell, which holdslhe sample as a

thin Film of pure (neat) liquid or dissolved in a solvent. The reference beam passes

through a reference cell that contains only the solvent. A rotating mirror alternately

allows light from each of the two beams to enter the monochromator.

The monochromator uses prisms or diffraction gratings to allow o_nb_Qng fre-

q uency of light to enter the detector at a time . It scans the range of infrared fre-

quencies as a pen moves along the corresponding frequencies on the x axis of the chart

Figure 12-4

Block diagram ot an infrared

spectrometer.

0

motor

glowing

wire

source

reference

cell

sample

cell

rotating segmented mirror

detector

monochromator

light

transmitted

chart recorder
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Figure 12-5

Infrared spectrum of /!-octane.

Notice that the frequencies

scanned in a routine IR spec-

trum range from about 400

cm*' to about 4000 cm"'.

paper. Higher frequencies (shorter wavelengths) appear toward the left of the chart

paper. The detector signal is proportional to the difference in the intensity of light in

the sample and reference beams. \\ ith the reference beam compensating for any ab-

sorption by air or by the solvent. The detector signal controls movement of the pen

along the y axis, with 100 percent transmittance (no absorption) at the top of the

paper, and 0 percent transmittance (absorption of all the light) at the bottom.

In the infrared spectrum of //-octane (Fig. 12-5). there are four major ab-

sorption bands. The broad band between 2800 and 3000 cm*' results from C—H
stretching \ ibrations. and the band at 1467 cm* results from a scissonng \ ibration

of the CH; groups. The absorptions at 1378 and 722 cm*' result from the rockmg of

CH; and CH; groups, respectively. Since most organic compounds contain at least

some saturated C— H bonds and some CH; and CH-, groups, all these bands are

common. In fact. \\ ithout an authentic spectrum for comparison, we could nor look

at this spectrum and conclude that the compound is octane. We could be fairly cer-

tain that it is an alkane. however, because no functional groups are present.

Another characteristic in the octane spectrum is the absence of any identifiable

C—C stretching absorptions. (Table 12-1 shows that C—C stretching absorptions

occur around 1200 cm" ' . ) .Although there are seven C—C bonds in octane, their di-

pole moments are small, and their absorptions are weak and indistinguishable. This

result is common for alkanes with no functional groups to polarize the C—C bonds.

PROBLEM-SOLVING HINT

Use spectrum (singular) and

speara (plural) correctly:

'This spectrum is . .

."

'These spectra are . . .

."

Hydrocarbons contain only carbon -carbon bonds and carbon -hydrogen bonds. .An

infrared spectrum does not pro\ ide enough information to identify a structure con-

clusiveh' (unless an authentic spectrum is axailable to compare "frngerprints"" ). but

the absorptions of the carbon-carbon and carbon -hydrogen bonds can mdicate the

presence of double and triple bonds.

12-7

Infrared

Spectroscopy of

Hydrocarbons

I2-7A Carbon-Carbon Bond Stretching

Stronger bonds generally absorb at higher frequencies because of their greater stiff-

ness. Carbon-carbon single bonds absorb around 1200 cm"'. C=C double bonds

absorb around 1660 cm"', and C=C triple bonds absorb around 2200 cm"'.

Carbon-carbon bond stretchingfrequencies

1200 cm"'

1660 cm*'

2200 cm*'
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As discussed for the octane spectrum, C—C single bond absorptions (and most

other absorptions in the fingerprint region) are not very reliable. We use the finger-

print region primarily to confirm the identity of an unknown compound by compar-

ison with an authentic spectrum.

The absorptions ofC=C double bonds, however, are useful for structure de-

termination. Most unsymmetrically substituted double bonds produce observable

stretching absorptions in the region 1600 to 1680 cm '. The specific frequency of the

double-bond stretching vibration depends on whether there is another double bond

nearby. When two double bonds are one bond,aEart (as in 1 ,3-cyclohexadiene, below),

they are saidtoje conjugated . As we will see in Chapter 15, conjugated double

bonds are slightly more stable than isolated double bonds because there is a small

amount of pi bonding between them. This overlap between the pi bonds leaves a lit-

tle less electron density in the double bonds themselves; as a result, they are a little

less stiff and vibrate a little more slowly than an isolated double bond. Isolated dou-

ble bonds absorb around 1640 to 1680 cm and conjugated double bonds absorb

around 1620 to 1640 cm '.

1645 cm '

cyclohexene (isolated)

some pi overlap

less pi overlap than an isolated double bond

1620 cm-'

1 ,3-cyclohexadiene (conjugated)

The effect of conjugafion is even more pronounced in aromatic compounds. Aro-

matic C=C bonds are more like 1^ bonds than true double bonds, and their reduced pi

bonding results in less sfiff bonds with lower stretching frequencies, around 1600 cm"'.

1600 cm-

bond order = 1 j

Characteristic C=C stretching frequencies

isolated C=C
conjugated C=C

aromatic C=C

1640 - 1680 cm"'

1620 - 1640 cm"'

approx. 1600 cm"'

Carbon -carbon triple bonds in alkynes are stronger (and stiffer) than car-

bon-carbon single or double bonds, and they absorb infrared light at higher fre-

quencies. Most alkyne C=C triple bonds have stretching frequencies between 2100

and 2200 cm '. Terminal alkynes usually give sharp C=C stretching signals of

moderate intensity. The C=C stretching absoiption of an internal alkyne may be

weak or absent, however, due to the symmetry of the disubstituted triple bond with

a very small or zero dipole moment.

C stretch observed around 2100 to 2200 cm 'R—C=C—

H

terminal alkyne

u is small or zero

/
R—C^C— R' C=C stretch may be weak or absent

internal alkyne
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I2-7B Carbon -Hydrogen Bond Stretching

Alkanes, alkenes. and alkynes also have characteristic C—H stretching frequencies.

Carbon -hydrogen bonds involving .sp' hybrid carbon atoms generally absorb at fre-

quencies just below (to the right of) 3000 cm '. while those involving sp- hybrid

carbons absorb just above (to the left of) 3000 cm '. We explain this difference by

the amount of ,v character in the carbon orbital used to form the bond. The .v orbital

is closer to the nucleus than the p orbitals, and stronger, stiffer bonds result from or-

bitals with more s character.

2.5

100 ti

40 - T-

OL_L
4000

3.5

wavelength (nm)

4 4.5 5 5.5 6 8 9 10 12 13 14 15 16

-H bendin

C—H .stretch

I
I

I
! I—[-

3500 3000 2500 2000 1800 1600 1400 1200 1000

wavenumber (cm"')

800 600

PROBLEM-SOLVING HINT

The unsaturated =C— H
stretch, to the left of 3000 cm '

,

should alert you to look for a

weak C= C stretch.

wavelength (|im)

5 5.5 6 12 13 14 15 16

600

wavelength (|im)

5 5.5 6

3000 2500 2000 1800 1600 1400

wavenumber (cm~')

1200 1000 600

4 Figure 12-6

Comparison of the IR spectra

of (a) n-he\ane. (b) 1-hexene.

and (c) c/^-2-octene. The most

characteristic absorptions in

the 1-hexene spectrum are the

C=C stretch at 1642 cm '

and the unsaturated =C—

H

stretch at 3080 cm"'. The

nearly symmetrically substi-

tuted double bond in cis-2-

octene gives a weak C=C
absorption at 1660 cm" '. The

unsaturated =C—H stretch at

3023 cm"' is still apparent,

however.
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An sp'' orbital is one-fourth s character, while an sjr orbital is one-third s char-

acter. We expect the bond using the sp- orbital to be slightly stronger, with a larger

spring constant and a higher vibration frequency. The C—H bond of a terminal

alkyne is formed using an sp hybrid orbital, with about one-half .s character. This

bond is stiffer than a C—H bond using an sp^ or .s/r hybrid carbon, and it absorbs

at a higher frequency: about 3300 cm '.

C

—

H bond stretching frequencies: sp > sp' > sp^

I I—C—C— H sp^ hybridized, one-fourth s character

II
\ / I

^C=C^ sp- hybridized, one-third s character

H

—C=C—H .yp hybridized, one-half character 3300 cm"'

1 2-7C Interpretation of the Infrared Spectra of Hydrocarbons

Figure 12-6 compares the IR spectra of /i-hexane, 1-hexene, and r/.v-2-octene. The

hexane spectrum is similar to that of /z-octane (Fig. 12-5). The C—H stretching fre-

quencies form a band between 2800 and 3000 cm ', and the bands in the fingerprint

2800-3000 cm-'

3000-3100 cm-'

wavelength (tim)

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm~'

)

Figure 12-7

(a) The IR spectrum of 1-

octyne shows characteristic

absoiptions at 3313 cm"'

(alkynyl =C—H stretch) and

at 21 19 cm ' (C=C stretch).

(b) Neither of these absorp-

tions is seen in the spectrum of

4-octyne.

wavelength (|im)

5 5.5 6 14 15 16

3500 3000 2500 2000 1800 1600 1400 1200 1000

wavenumber (cnr '

)

600
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region me due to the bending vibrations discussed for Figure 12-5. This spectrum sim-

ply indicates the absence of any IR-active functional groups.

The spectrum of 1-hexene shows additional absorptions characteristic of a dou-

ble bond. The C—H stretch at 3080 cm ' corresponds to the alkene =C—H bonds

involving sjr hybrid carbons. The absorption at 1642 cm ' results from stretching

of the C=C double bond.

The spectrum of r/,9-2-octene (Figure 12-6c) resembles the spectrum of

1-hexene. except that the C=C stretching absorption at 1660 cm ' is very weak

in c/5-2-octene because the disubstituted double bond has a very small dipole mo-

ment. Even without the weak C=C stretching absorption, the unsaturated

=C—H stretching absorption just above 3000 cm ' suggests the presence of an

alkene double bond.

Figure 12-7 compares the IR spectra of 1-octyne and 4-octyne. In addition to

the alkane absolutions, the 1-octyne spectrum shows sharp peaks at 3313 and 21 19

cm '. The absolution at 3313 cm ' results from stretching of the stiff =C—H bond

formed by the sp hybrid alkyne carbon. The 2119 cm"' absorption results from

stretching of the C=C triple bond.

The spectrum of 4-octyne is not very helpful. Since there is no acetylenic hy-

drogen, there is no =C—H stretching absorption around 3300 cm"'. There is no

visible C=C stretching absorption around 2100 to 2200 cm"', either, because the

disubstituted triple bond has a very small dipole moment. This spectrum fails to alert

us to the presence of a triple bond.

PROBLEM 12-3

For each hydrocarbon spectrum, determine whether the compound is an alkane. an alkene,

an alkyne, or an aromatic hydrocarbon. More than one unsaturated group may be present.

wavelength ((ini)

2.5 3 3,5 4 4.5 5 5.5 6 7 8 9 10 11 12 13 14 15 16

n
T

1
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Jc
E
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)
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-
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wavelength (jim)
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12-8

Characteristic

Absorptions of

Alcohols and Amines

The O—H bonds of alcohols and the N—H bonds of amines are strong and stiff. The
vibration frequencies of O—H and N—H bonds therefore occur at higher frequen-

cies than those of most C—H bonds (except for alkynyl =C—H bonds).

R—O—

H

alcohol

H

R— N—

H

primary'

H

R— N— R'

secondarN

R-

R"

-N— R'

tertiarv

O—H and N—H stretchingfrequencies

alcohol O—

H

3300 cm I. broad

acidO—

H

3000 cm ', broad

amine N—H 3300 cm broad with spikes

Alcohol O—H bonds absorb over a wide range of frequencies, centered around

3300 cm^'. Alcohol molecules are involved in hydrogen bonding, with different mol-

ecules having different instantaneous arrangements. The O—H stretching frequen-

cies reflect this diversity of hydrogen-bonding arrangements, resulting in very broad

absorptions. Notice the broad O—H absorption centered around 3300 cm'' in the

infrared spectrum of 1-butanol (Fig. 12-8).

Figure 12-8

The IR spectrum of 1-butanol

shows a broad, intense O—

H

stretching absorption centered

around 3300 cm"'. The broad

shape is due to the diverse

nature of the hydrogen-

bonding interactions of alcohol

molecules.

wavelength (jim)

5 5.5 6 7

100

2000 1800 1600 1400

wavenumber (cm^')
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Figure 12-8 also shows a strong C—O stretching absorption centered near

1 050 cm ~
' . Compounds with C—O bonds (alcohols and ethers, for example) gen-

er^llyshmv jtrong absorptions in the range 1000 to 1200 cm~': however, there^re

other functional groups that also absorb in this region. Therefore, a strong peak be-

tweenTDDOlmd 1 200 cm" ' does not necessarily iiriph' a C—O bond, but the absence

of an absorption in this region suggests the absence of a C—O bond. For simple

ethers, this unreliable C—O absorption is usually the only clue that the compound

might be an ether.

Amine N—H bonds also ha\e stretching frequencies in the 3300 cm"' region,

or even slightly higher. Like alcohols, amines participate in hydrogen bonding that

can broaden the N—H absorptions. With amines. howe\ er. there may be one or more

sharp spikes superimposed on the broad N—H stretching absorption: often one

N—H spike for a secondary amine (R.NH) and two N—H spikes for a primary

amine (RNH;). These sharp spikes, combined w ith the presence of nitrogen in the mo-

lecular formula, help to distinguish amines from alcohols. Tertiary amines (R3N)

have no N—H bonds, and they do not give rise to N—H stretching absorptions in

the IR spectrum. Figure 12-9 shows the spectrum of diprop\ lamine. a secondary

amine.

wavelength (|im)

5 5.5 6 14 15 16

2000 1800 1600 1400

uavenumber (cm"')

600

< Figure 12-9

The IR spectrum of dipropyl-

amine shows a broad N—

H

stretching absorption centered

around 3300 cm"'. Notice the

spike in this broad absorption.

Because it has a large dipole moment, the C=0 double bond produces intense in-

frared stretching absorptions. Carbon\ l groups absorb at frequencies around 1700

cm"', but the exact frequency depends on the specific functional group and the rest

of the molecule. For these reasons, infrared spectroscopy is often the best method for

detecting and identifying the type of carbonyl group in an unknown compound. To

simplify our discussion of carbonyl absorptions, we first consider a "nomiar" stretch-

ing frequency for simple ketones, aldehydes, and carboxylic acids, then we examine

the types of carbonyl groups that deviate from this frequency.

12-9

Characteristic

Absorptions of

Carbonyl

Compounds

I 2-9A Simple Ketones, Aldehydes, and Acids

The C=0 stretching vibrations of simple ketones, aldehydes, and carboxylic acids

occur at frequencies around 1710 cm"'. These frequencies are higher than those for

C=C double bonds because the C=0 double bond is stronger and stiffen

O 1710 cnr O 1710cm- o 1710 cm

R—C—R'

ketone

R—C—

H

aldehyde
2700. 2800 cm

R—C—O—

H

acid
lnoad. 2500-3500 cm
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4000 3500 3000 2500 2000 1800 1600 1400 1200 1000

wavenumber (cm"'

)

800 600

> Figure 12-10

Infrared spectra of ( a ) 2-

heptanone and (b) butyralde-

hyde. Both the ketone and the

aldehyde show intense carbonyl

absorptions near 1710 cm '. In

the aldehyde spectrum, there

are two peaks (2720 and 2820

cm" ' ) characteristic of the

aldehyde C—H stretch.

wavelength (p.mi

5 5.5 6 7 8 9 10 12 13 14 15 16

2500 2000 1800 1600 1400 1200 1000

wavenumber (cm"'

)

800 600

In addition to the strong C=0 stretching absorption, an aldehyde shows a

characteristic set of two low-frequency C—H stretching frequencies around 2700 and

2800 cm"'. Neither a ketone nor an acid produces these absorptions. Figure 12-10

compares the IR spectra of a ketone and an aldehyde. Notice the characteristic car-

bonyl stretching absorptions in both spectra, as well as the aldehyde C—H absorp-

tions at 2720 and 2820 cm"' in the butyraldehyde spectrum.

.0

R—

C

H-

H

O
\
C—R

\ 1710 cm-'
\

broad, about 3000 cm"'

wavelength (|im)

k5 5 5,5 6 7 9 10 11 12 13 14 15 16

2000 1800 1600 14(J0 1200 1000

wavenumber (cm"'

)

600

Figure 12-11

Infrared spectrum of hexanoic acid. Carboxylic acids show a broad O—H absoiption from

about 2500 to 3500 cm"'. This broad absorption gives the entire C—H stretching region a

broad appearance, punctuated by sharper C—-H stretching absorptions.
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A carboxylic acid produces a characteristic O— H absorption in addition to

the intense carbonyl stretching absorption (Fig. 12-111. Because of the unusually

strong hydrogen bonding in carboxylic acids, the broad O—H stretching fre-

quency is shifted to about 3000 cm" '. centered on top of the usual C— H absorp-

tion. This broad O—H absorption gives a characteristic overinflated shape to the

peaks in the C—H stretching region. Participation of the acid carbonyl group in

hydrogen bonding frequently results in broadening of the strong carbonyl ab-

sorption as well.

SOLVED PROBLEM 12-1

Determine the functional group(s) in the compound w hose IR spectrum appears below.

wa\elength ([im)

: .1

-- -

n-i

1

1

-

\

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm~'

)

SOLUTION
First. look at the spectrum and see what peaks (outside the fingerprint region) don"t look

like alkane peaks: a weak peak around 3400 cm^'. a strong peak about 1720 cm~', and

an unusual C—H stretching region. The C—H region has two additional peaks around

2720 and 2820 cm '. The strong peak at 1725 cm"' must be a C=0. and the peaks at

2720 and 2820 cm"' suggest an aldehyde. The broad peak around 3-+00 cm"' looks like

an alcohol O— H. but it is misleading. From experience, we know alcohols give much
stronger O—H absorptions. This small peak might be from an impurity of water or from

a small amount of the hydrate of the aldehyde (see Chapter 18). Many IR spectra show-

small, unexplained absorptions in the O—H region.

PROBLEM-SOLVING HINT
Real spectra are rarely perfect.

Samples often contain traces of

water, giving weak absorptions in

the O— H region.

Many compounds oxidize in

air For example, alcohols often

give weak C=0 absorptions

from oxidized impurities.

PROBLEM 12-4

Spectra are gi\ en for three compounds. Each compound has one or more of the following

functional groups: alcohol, amine, ketone, aldehyde, acid. Determine the functional group(s)

in each compound.

wavelength ((imi

2.5 3 3.5 4 4.5 5 5.5 6 7 8 9 10 11 12 13 14 15 16

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm~')
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wavelength (nm)
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I2-9B Resonance Lowering of Carbonyl Frequencies

In Section 1 2-7A we saw that conjugation of a C=C double bond lowers its stretch-

ing frequency. This is also true of conjugated carbonyl groups, as show n below. De-

localization of the pi electrons reduces the electron density of the carbonyl double

bond, weakening it and lowering the stretching frequency from about 1710 cm"' to

about 1680 cm"' for conjugated ketones, aldehydes, and acids.

about 1680 cm

2-cyclohexenone 2-butenal benzoic acid

The C=C absorption of a conjugated carbonyl compound ma\ not be appar-

ent in the IR spectrum, because it is so much w eaker than the C=0 absorption. The

presence of the C=C double bond is often inferred from its effect on the C=0 fre-

quency and the presence of unsaturated =C—H absorptions above 3000 cnr'.

The carbonyl groups of amides absorb at particularly low IR frequencies: about

1640 to 1680 cm"'. The dipolar resonance structure (shown below) places part of the

pi bond between carbon and nitrogen, leaving less than a full C=0 double bond.
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about 1640-1680 cm

O'

c
N-

= 0 =

N—

about 1640 cm

II

^
CH,CH.CH.—C—NH.

The very low frequency of the amide carbon\ i might be mistaken for an alkene

C=C stretch. For example, consider the spectra of butyramide (C=0 about 1640

cm^') and 1-methylcyclopentene (C=C at 1658 cm ') in Figure 12-12. Three strik-

ing differences are evident in these spectra: ( 1 ) the amide carbonyl absorption is

much stronger than the absorption of the alkene double bond; (2) there are promi-

nent N—H stretching absorptions in the amide spectrum; and (3) there is an unsat-

urated C—H stretching (just to the left of 3000 cm '

) in the alkene spectrum. These

examples show that we can distinguish between C=0 and C=C absorptions, even

when they appear in the same region of the spectrum.

Like primary amines, most primary amides show two spikes in the N—H
stretching region (about 3300 cm"'), as in the butyramide spectrum (Fig. 12-12).

Secondary amides (like secondary amines) generally show one N—H spike.

1 2-9C Carbonyl Absorptions Above 1710 cm "

'

Some carbonyl groups absorb at frequencies higher than 1710 cm"'. For example,

simple carboxylic esters absorb around 1735 cm"'. These higher-frequency absorp-

tions are also seen in strained cyclic ketones (in a five-membered ring or smaller).

O
II

R—C—NH,
primary amide

R— NH,
primary amine

o
II

R—C—NH— R'

^econdar\ aiviKic

R—NH— R'

sccondar\' amine

wavelength (nm)

2^ 3 3.5 4 4.5 5 5.5 6 7 8 9 10 II i: 13 14 15 16

-L J !
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J i
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I

C -H .Ltrelrh
-

1/ i

-

ola)

u II
c
E i - ii\ CH,CH,CH,C

13

'iJ 1

1 1 I =0 stretchN-— H sirelch

4000 3500 .^000 2500 2000 1800 1600 1400 1200 1000 SOU 600

wavenumber (cm"')

wavelength (^m)

5 5.5" 6 14 15 16

3500 3000 2500 2000 1800 1600 1400

wavenumber (cm"')

1200 1000 800 600

< Figure 12-12

The carbonyl group of butyra-

mide (a) and the C=C double

bond of 1-methylcyclopentene

(b) absorb in the same region, but

three clues distinguish the alkene

from the amide: ( 1 ) the C=0
absorption is much stronger than

the C=C: (2) there are N—

H

absorptions (near 3300 cm"') in

the amide; and (3) there is an

unsaturated =C—H absorption

in the alkene.
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In a small ring, the angle strain on the carbonyl group forces more electron density

into the C=0 double bond, resulting in a stronger, stiffer bond.

O 1785 cm

O about 1735 cm o 1738 cm

R—C—O— R'

a carboxylic ester

CH3(CH2),C—OCH2CH3
ethyl octanoate

c
/ \

CH, CH,
\- /
CH.

cyclobutanone

12-10

Characteristic

Absorptions of

C—N Bonds

Infrared absorptions of carbon -nitrogen bonds are similar to those of carbon

-

carbon bonds, except that carbon -nitrogen bonds are more polar and give stronger

absorptions. Carbon -nitrogen single bonds absorb around 1200 cm"', in a region

close to many C—C and C—O absorptions. Therefore, the C—N single bond

stretch is rarely useful for structure determination.

Carbon -nitrogen double bonds resemble C=C double bonds, absorbing

around 1660 cm however, the C=N bond gives rise to stronger absorptions due

to its greater dipole moment. A C=N stretch often resembles a carbonyl absorption

in intensity, except at a lower frequency than most carbonyl absorptions.

The most readily recognized carbon -nitrogen bond is the triple bond of a

nitrile (Fig. 12-13). The stretching frequency of the nitrile C=N bond is close to

that of an acetylenic C=C triple bond, about 2200 cm"': however, nitriles gener-

ally absorb above 2200 cm" ' (2200 to 2300 cm"' ), while alkynes absorb below 2200

cm"'. Also, nitrile triple bonds are more polar than C=C triple bonds, so nitriles usu-

ally produce stronger absorptions than alkynes.

C— A' bond stretching frequencies

C—N 1200 cm"'

^

C=N 1600 cm"'

C=N >2200cm"'

for comparison: C=C <2200cm"'

usually strong

(usually moderate or weak)

Figure 12-13

Nitrile triple bond stretching

absorptions are at slightly

higher frequencies (and usually

more intense) than those of

alkyne triple bonds. Compare

this spectrum of butyronitrile

with that of 1-octyne in Figure

12-7.

100

4000

wavelength ((im)

5 5.5" 6 13 14 15 16

3500 3000 2500 2000 1800 1600

wavenumber (cm"

1400 1200 1000 800 600
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PROBLEM 12-5

The infrared spectra for three compounds are provided. Each compound has one or more

of the follow ing functional groups: conjugated ketone, ester, amide, nitrile. and alkyne. De-

termine th-^ functional grnup(s) in each compound.

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000

wavenumber (cm"' i

12 13 14 15 16

800 600

100

80

60

40

20

wavelength {[inw

3.5 4 4.5 5 5.5 6 7 8 9 10 11 12 13 14 15 16

I
'I

1738

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 SCO

wavenumber (cm~' i

600

100

80

60

40 -

w avelength (jim)

4.5 5 5.5 6 7 9 10 11 i: 13 14 15 16

334

20

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800

wavenumber (cm~'

)

600

It may seem there are too main numbers to memorize in learning about infrared 12-11
spectroscopy. There are hundreds of characteristic absorptions for different kinds of

compounds, and a detailed reference table of characteristic frequencies is given in Ap-

pendix 2. Please glance at Appendi.x 2. and note that Appendix 2.\ is organized vi-

sually, while Appendix 2B is organized by functional groups. For everyday use. it is

necessary to memorize only a few stretching frequencies, those shown in Table

12-2. In using this table, remember that the numbers are approximate and they do not

Simplified Summary
of IR Stretching

Frequencies



520 Chapter 12: Infrared Spectroscopy and Mass Spectrometry

give ranges to cover all the unusual cases. Also, remember how frequencies change

as a result of conjugation, ring strain, and other factors.

wavelength ([im)

3 3.5 4 4.5 5 5.5 6 6.5 7 8 9 10 1112 14 162.5

100 n

80 -

60 -

S 40

20

H
— A
C

Of iki

c= c
c= o
C= N

C—

C

c—

o

C—

N

fingerprint region

0
4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm"'j

Strengths and Limitations of Infrared Spectroscopy. The most useful aspect of

infrared spectroscopy is its ability to identify functional groups, but IR does not pro-

vide much information about the carbon skeleton or the alkyl groups in the com-

pound. These aspects of the structure are more easily determined by NMR, as we will

see in Chapter 13. Even an expert spectroscopist can rarely determine a structure

based only on the IR spectrum.

PROBLEM-SOLVING HINT

This table provides the numbers

but not the understanding and

practice needed to work most IR

problems. Learn the material in

this table, then practice doing

problems until you feel confident.

TABLE 12-2 Summary of IR Stretching Frequencies

Frequency (cm '

)

Functional Group Comments

3300 alcohol

amine, amide

alkyne

0—

H

N—

H

=C—

H

always broad

may be broad, sharp, or broad with spikes

always sharp

3000 alkane
1— C—

H

1

just below 3000 cm"'

alkene =C—

H

1

just above 3000 cm"'

acid n—

H

\ ;T\ hldad

2200 alkyne —
nitrile

-c=c—
—C=N

just below 2200 cm"'

just above 2200 cm"'

1710

(very strong)

carbonyl -c=o ketones, aldehydes, acids

esters higher, about 173.5 cm"'

conjugation lowers frequency

amides lower, about 1650 cm"

1660 alkene

amide

:c=c:

:c=o

conjugation lowers frequency

aromatic C=C about 1600 cm"'

stronger than C=C

stronger than C=C (see above)

Ethers, esters, and alcohols also show C—O stretching between 1000 and 1200 cm
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Ambiguities often arise in the interpretation of IR spectra. For example, a

strong absorption at 1680 cm ' might arise from an amide, an isolated double bond,

a conjugated ketone, a conjugated aldehyde, or a conjugated carboxylic acid. Fa-

miliarity with other regions of the spectrum usually enables us to determine which

of these functional groups is present. In some cases, we cannot be entirely certain

of the functional group without additional information, usually provided by other

types of spectroscopy.

Infrared spectroscopy can provide conclusive proof that two compounds are ei-

ther the same or different. The peaks in the fingerprint region depend on complex vi-

brations involving the entire molecule, and it is impossible for any two compounds

(except enantiomers) to have precisely the same infrared spectrum.

To summarize, an infrared spectrum is valuable in three ways.

1. It provides an indication of the functional groups in the compound.

2. It shows the absence of other functional groups that would give strong ab-

soiptions if they were present.

3. It can confirm the identity of a compound by comparison with a known sample.

SOLVED PROBLEM 12-2

You have an unknown with an absorption at 1680 cm"'; it might be an amide, an isolat-

ed double bond, a conjugated ketone, a conjugated aldehyde, or a conjugated carboxylic

acid. Describe what spectral characteristics you would look for to help you determine

which of these possible functional groups might be causing the 1680 peak.

SOLUTION
Amide: (1680 peak is strong.) Look for N—H absorptions (with spikes) around 3300 cm '.

Isolated double bond: { 1680 peak is weak or moderate.) Look for =C—H absorptions

just above 3000 cm"'.

Conjugated ketone: (1680 peak is strong.) There must be a double bond nearby, conjugated

with the C=0, to lower the C=0 frequency to 1680 cm"'. Look for the C=C of the

nearby double bond (moderate, 1620 to 1640 cm"') and its =C—H above 3000 cm"'.

Conjugated aldehyde: (1680 peak is strong.) Look for the aldehyde C—H stretch about

2700 and 2800 cm"'. Also look for the C=C and C—H of the nearby double bond ( 1620

to 1640 cm"' and just above 3000 cm"').

Conjugated carboxylic acid: (1680 peak is strong.) Look for the characteristic acid O—

H

stretch centered on top ofthe C—H stretch around 3000 cm"'. Also look for the C=C
and =C— Hofthe nearby double bond(1620to 1640 cm"' and just above 3000 cm"').

Many students are unsure how much information they should be able to obtain from

an infrared spectrum. In Chapter 13, we use IR together with NMR and other infor-

mation to determine the entire structure. For the present, concentrate on getting as

much information as you can from the IR spectrum by itself. Several solved spectra

are included below to show what information can be inferred. An experienced spec-

troscopist could obtain more information from these spectra, but we will concen-

trate on the major, most reliable, features.

Study this section by looking at each spectrum and writing down the iinportant

frequencies and your proposed functional groups. Then look at the solution and com-

pare it with your solution. The actual structures of these compounds are shown at the

end of this section. They are not given with the solutions because you cannot deter-

mine these structures using only the infrared spectra, so a complete structure is not

a part of a realistic solution.

12-12

Reading and

Interpreting

Infrared Spectra

(Solved Problems)
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wavelength (jjtn)

2^ 3 3.5 4 4,5 5 5.5 6 7 8 9 10 11 12 13 14 15 16

Ul I I I I I, I I I I I I I I I I I I I \ I I I I I L__J 1 \ I I . I
: I I I

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm~')

Compound 1. This spectrum is most useful for what it does not show. There is a

carbonyl absorption at 1714 cm ' and little else. There is no aldehyde C— H, no hy-

droxyl O— H, and no N— H. The carbonyl absorption could indicate an aldehyde,

ketone, or acid, except that the lack of aldehyde C—H stretch eliminates an alde-

hyde, and the lack of O—H stretch eliminates an acid. There is no visible C=C
stretch and no unsaturated C—H absorption above 3000 cm"', so the compound ap-

pears to be otherwise saturated. The compound is probably a simple ketone.

Compound 2. The absorption at 1650 cm"' is so intense that it probably indicates

a carbonyl group. A carbonyl group at this low frequency suggests an amide. The dou-

blet (a pair of peaks) of N—H absorption around 3300 cm" ' also suggests a prima-

ry amide, R—CONHi. Since there is no C—H absorption above 3000 cm"', this

is probably a saturated amide.

wavelength (|im)

2^ 3 3.5 4 4.5 5 5;5 6 7 8 9 10 11 12 13 14 15 16

r

R

nS

_ VI

"

T -

2246L

i
-

Compound #3

1 [ [ 1

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm"')

Compound 3. The sharp peak at 2246 cm ' results from a nitrile C=N stretch. (An

alkyne C=C absoiption would be weaker, and below 2200 cm"'.) The absence of
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C=C stretch or C— H stretch above 3000 cm ' suggests that the nitrile is otherwise

saturated.

wavelength (uni 1

2.5 3 3.5 4 4.5 5 5.5^ 6 7 8 9 10 II 12 13 14 15 16

100

wavenumber (ciir ' I

Compound 4. The carbonyl absoiption at 1685 cm" ' is about right for a conjugat-

ed ketone, aldehyde, or acid. (An amide would be lower in frequency, and a C=C
double bond would not be so strong.) The absence of any N—H stretch, O—H
stretch, or aldehyde — H stretch leaves a conjugated ketone as the best possibili-

ty. The C=C stretch at 1599 cm'' indicates an aromatic ring. We presume that the

aromatic ring is conjugated with the carbonyl group of the ketone.

wavelength (|im)

2.5 3 3.5 4 4.5 5 5.5 6 7 8 9 10 11 12 13 14 15 16

iiff]

i t
n

A

— 4-1
- H H n_ 1 _ Ccmpound 5

[

1688
1

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumhcr (cm '

)

Compound 5. The broad O—H stretch that obscures most of the C—H stretching

region suggests a carboxylic acid. The C=0 stretch is low for an acid ( 1 688 cm"
' ),

implying a conjugated acid. The aromatic C=C absoiption at 1600 cm"' suggests

that the acid may be conjugated with an aromatic ring.

wavelength (uni)

2.5 3 3.5 4 4.5 5 5.5 6 7 8 9 10 II 12 13 14 15 16

wavenumber (cm '

)

Compound 6. The carbonyl absoiption at 1727 cm ' suggests a ketone, aldehyde,

or acid. The C—H stretching at 2710 and 2805 cm"' confirms an aldehyde. Be-
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cause all the C—H stretch is below 3000 cm ' and since there is no visible C=C
stretch, the aldehyde is probably saturated.

wavelength (|im)

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm '

)

Compound 7. The carbonyl absorption at 1739 cm ' suggests an ester. The weak

peak at 1600 cm" ' indicates an aromatic ring, but it is not conjugated with the ester

because the ester absorption is close to its usual (unconjugated) position. The pres-

ence of both saturated (below 3000 cm"') and unsaturated (above 3000 cm"') C—

H

stretching in the 3000 cm"' region confirms the presence of both alkyl and unsatu-

rated portions of the molecule.

Structures of the compounds

(These structures cannot be determined from their IR spectra alone.)

compound

o

CH3CH.—C—NH. CH3(CH2)4—C^N

compound 2 compound 3

O

o
OH

compound 5

CH3CH3—CH—C—

H

CH3
compound 6

CH,

compound 4

o

CH,—C—OCH3

compound 7

PROBLEM 12-6

For each spectrum, interpret all the significant stretching frequencies above 1580 cm"'.

2.5

wavelength (Jim)

3.5 4 4.5 5 5.5 6 7 9 10 11 12 13 14 15 16

100

60

40

1642-

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm"')
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4000 3500 3000 2500 2000 1800 1600 1400 1200 1000

vvavenumber (cm^' i

800 600

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800

wavenumber (cm~'

)

600

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000

wavenumber (cm~')

800 600

Infrared spectroscopy gives infoniiation about the functional groups in a molecule, but

it tells little about the size of the molecule or what heteroatoms are present. To determine

a structure, we need a molecular weight and a molecular fomiula. Molecular formulas

were once obtained by careful analysis of the elemental composition, and a molecular

weight was determined by freezing point depression or some other technique. These

are long and tedious processes, and they require a large amount of pure material. Many
important compounds are available only in small quantities, and they may be impure.

Mass spectrometry (MS) provides the molecular weight and valuable infor-

mation about the molecular formula, using a very small amount of sample. High-res-

olution mass spectrometry (HRMS ) can provide an accurate molecular formula. The
mass spectrum also provides structural information that can confirm a structure de-

rived from NMR and IR spectroscopy.

Mass spectronieny is fundamentally different from spectroscopy. Spectroscopy

involves the absorption (or emission) of light over a range of wavelengths. Mass

12-13

Introduction to

Mass-SpectiiQmetry
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spectrometry does not use light at all. In the mass spectrometer, a sample is struck

by high-energy electrons, breaking the molecules apart. The masses of the fragments

are measured, and this information is used to reconstruct the molecule. The process

is similar to analyzing a vase by shooting it with a rifle, then weighing all the pieces.

I2-I3A The Mass,Sp££trometer

AjTiass spectrometer ionizes molecules in a high vacuum, sorts the ionsaccording

to their masses, and records the abundance of ions of each mass . A mass spectrum

is the graph plotted by the mass spectrometer, with the masses plotted as the a' axis

and the relative number of ions of each mass on the v axis. Several methods are used

to ionize samples and then to separate ions according to their masses. We will dis-

cuss only the most common techniques, electron impact ionization for forming the

ions, and magnetic deflection for separating the ions.

Electron Impact Ionization . __When an electron strikes a neu tral molecule, it may
ionize that molecule by knocking out an additional electron.

Fe^ + M * [M]t + 2e

When a molecule loses one electron, it then has a positive charge and one unpaired

electron. The ion is therefore a radical cation. The electron impact ionization of

methane is shown below.

H H
e- + H:C:H > 2e' + H-C-H

H H^^~-— unpaired

electron methane electron

radical cation

Most carbocations have a three-bonded carbon atom with six paired electrons

in its valence shell. The radical cation shown above is not a normal carbocation. The

carbon atom has seven electrons around it. and they bond it to four other atoms. This

unusual cation is represented by the formula [CH4]^ . with the + indicating the_pos-

itive charge and the indicating the unpaired_eIe£tron.

In addition to ionizing a molecule, the impact of an energetic electron may
break it apart. This fragmentation process gives a characteristic mixture of ions.

The radical cation corresponding to the mass of the original molecule is called the

molecular ion, abbreviated M". The ions of smaller molecular weights are called

fragments. Bombardment of ethane molecules by energetic electrons, for example,

produces the molecular ion and several fragments. Both charged and uncharged frag-

rnents are formed, but only the positively chargedfragments are detected by the mass

spectrometer We will often use green type for the "invisible" uncharged tTagments.

H H H H H H

e + H—C—C— H > can give H—C—C-H or H—C—C" + H-

H H H H H H
molecular ion.

H H
I, I

or H—C -I- -C—H or various other combinations of radicals and ions

I I

H H

We discuss the common modes of fragmentation in Section 12-15.
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ion

beam

ions that are too heavy

bend too little

fliaht tube

insulator

electron

beam

only ions of the right mass

can enter the detector

detector slits

detector

probe

recorder

Figure 12-14

Diagram of a mass spectrom-

eter. A beam of electrons

causes molecules to ionize and

fragment. The mi.xture of ions

is accelerated and passes

through a magnetic field,

where the paths of lighter ions

are bent more than those of

heavier ions. By van. ing the

magnetic field, the spectrom-

eter plots the abundance of

ions of each mass.

Separation of Ions of Different Masses. Once ionization and fragmentation ha\ e

fonned a mi.xture of ions, these ions are separated and detected. The most common type

of mass spectrometer, shown in Figure 12-14. separates ions by magnetic deflection.

The sample molecules are ionized by an electron beam passing through a vac-

uum chamber. The positively charged ions are attracted to a negatively charged ac-

celerator plate, which has a narrow slit to allow some of the ions to pass through. The

beam of ions enters an e\ acuated flight tube, with a curved portion positioned betw een

the poles of a large magnet. When a charged particle passes through a magnetic field,

a transverse force bends its path. The path of a heavier ion bends less than the path

of a lighter ion.

The e.xact radius of cur\ ature of an ion's path depends on its mass-to-charge

ratio, symbolized b\ m/z (or by m/e in the older literature). In this expression. //; is

the mass of the ion (in amu) and - is its charge in units of the electronic charge. The

vast majority of ions ha\ e a charge of + 1. so w e consider their path to be curv ed by

an amount that depends onlv on their mass.

At the end of the flight tube is another slit, followed by an ion detector con-

nected to an amplifier. At any gi\ en magnetic field, only ions of one particular mass

are bent exactly the right amount to pass through the slit and enter the detector. The

detector signal is proportional to the number of ions striking it. By vary ing the mag-

nedc field, the spectrometer scans all the possible ion masses and produces a graph

of the number of ions of each mass.

1 2- 1 3B The Mass Spectrum

The mass spectrometer usually plots the spectrum as a graph on a computer screen.

This information is tabulated, and the spectnim is printed as a bar graph or as a table

of relative abundances (Fig. 12-15). In the pnnted mass spectrum, all the masses are

rounded to the nearest whole-number mass unit. The peaks are assigned abundances

as percentages of the strongest peak , called the base peak. Notice That the base peak

does not necessarily correspond toTlie mass of tlielnolecular ion. It is simply the

strongest peak. making it easy~Tor otheFpeaks to be expressed as percentages.

Vmolecular ion peak (also called the parent pecikXjsjd!osQr\'eASn most mass

jgectra. meaning that a detectable number of molecul ar ions (M~) reach the detec -

tor v^ ithout fragmenting. These molecular ions are usually the particles of highest

A modem double-focusing

mass spectrometer. This one is

combined with a gas chromato-

graph to use as a GC-MS. The

gas chromatograph separates a

mixture into its components

and injects the purified compo-

nents into the source of the

mass spectrometer.
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Abundance

ni/: (% of base peak)

4

1

lUO (l^ase peak)

43 90

56 23
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1

100 (M^ 10
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41

2
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)
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ion, M"^—

1

'—

i

.il 1 1.1.1 ..,.1.1

K
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m/z

Figure 12-15

Mass spectrum of 2,4-dimethylpentane, given both as a bar graph and in tabular form.

Notice that abundances are given as percentages of the strongest peak (the base peak).

In this example, the base peak is at ni/z 4! and the molecular ion peak (parent peak) is

at ni/z 1 00,

mass in the spectrum. The value of ni/z for the molecular ion immediately gives the

molecular weight of the compound.

12-14

Determination of

the Molecular

Formula by Mass

Spectrometry

TABLE 12-3 "Exact"

Masses of Common
Isotopes

Atomic Mass

Isotope (amu)

'-C 12.000000

'H 1.007825
16q 15.994914

>4n 14.003050

I2-I4A High-Resolution Mass Spectrometry

Although mass spectra usually show the particle masses rounded to the nearest whole

number, the masses are not really integral. The ''C nucleus is defined to have a mass

of exactly 12 atomic mass units (amu). and all other nuclei have masses based on this

standard. For example, a proton has a mass of about 1, but not exactly: Its mass is

1.007825 amu. Table 12-3 shows the atomic masses for the most common isotopes

found in organic compounds.

Determination of a molecular formula is possible using a high-resolution mass

spectrometer (HRMS), one that uses extra stages of electrostatic or magnetic fo-

cusing to forni a very precise beam and to detect particle masses to an accuracy of

about 1 part in 20,000. A mass determined to several significant figures using an

HRMS is called an exact mass. Although it is not really exact, it is much more accu-

rate than the usual integral mass numbers. Comparison of the exact mass with mass-

es calculated by molecular formula allows identification of the correct formula.

Consider a molecular ion with a mass of 44. This approximate molecular weight

might correspond to C^Hg (propane), C^HjO (acetaldehyde), CO^, or CN^Hj. Each

of these molecular formulas corresponds to a different exact mass:

3 C 36.00000

8 H 8.06260

44.06260

C2H4O

2 C 24.00000

4H 4.03130

1 O 15 .99490

44.02620

CO.

1 C 12.00000

2 0 3 1.98983

43.98983

CN2H4

I C 12.00000

4H 4.03130

2N 28.00610

44.03740

If the HRMS measured the exact mass of this ion as 44.029 mass units, we

would conclude that the compound has a molecular formula of C2H4O, because the

mass corresponding to this formula is closest to the observed value. Published tables
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of exact masses are available for comparison with values obtained from the HRMS.
Depending on the completeness of the tables, they ma_\ include sulfur, halogens, or

other elements.

1 2- 1 4B Use of Heavier Isotope Peaks

Whether or not a high-resolution mass spectrometer is available, molecular ion peaks

often provide information about the molecular formula. Most elements do not con-

sist of a single isotope but contain heavier isotopes in \ ar\ ing amounts. These heav-

ier isotopes give rise to small peaks at higher mass numbers than the major M~
molecular ion peak. A peak that is one mass unit hea\ ier than the M~ peak is called

the M + 1 peak: two units heavier, the M + 2 peak: and so on. Table 12-4 gives the

isotopic composition of some common elements, showing how they contribute to

M+ 1 and M + 2 peaks.

Ideally, we could use the isotopic compositions in Table 12-4 to determine the

entire molecular formula of a compound, by carefully measuring the abundances of

the M". M+ 1. and M+2 peaks. In practice, however, there are background peaks at

ever>' mass number. These background peaks are often similar in intensity to the

M+ 1 peak, preventing an accurate measurement of the M^ 1 peak. High-resolution

mass spectrometr)' is much more reliable.

Some elements (particularly S. CI. Br. 1. and N) are recognizable from molecu-

lar-ion peaks, however. A compound with no sulfur, chlorine, or bromine has a small

M+ 1 peak and an even smaller M+ 2 peak. If a compound contains sulfur, the M+ 2

peak is larger than the M-i- 1 peak: about 4 percent of the M^ peak. If chlorine is pre-

sent, the M + 2 peak is about a third as large as the M^ peak. If bromine is present, the

and M + 2 ions have about equal abundances: the molecular ion appears as a dou-

blet separated by two mass units. \\ ith one mass corresponding to "^Br and one to ''''Br.

Iodine is recognized b_\ the presence of the iodonium ion. P. at ml: 127. This

clue is combined with a characteristic 127-unit gap in the spectmm coiresponding

to loss of the iodine radical. Nitrogen (or an odd number of nitrogen atoms) is sug-

gested by an odd molecular weight. Stable compounds containing only carbon, hy-

drogen, and oxygen ha\ e e\ en molecular weights.

Recognizable elements in the mass spectrum

Br M + 2 as lai'ge as M
CI .\I -2 a third as large as M~

I V at 127; large gap

N odd

S M + 2 larger than usual (470 of M~)

TABLE 12-4 Isotopic Composition of Some Common Elements

Element M- M-2

hydrogen H 100.07f

carbon '-C 98.97c 1.17c

nitrogen 99.67c 0.47c

oxygen 16Q 99.87c
ISq

0.27c

sulfur 95.07c 0.87c 4.27c

chlorine 75.57c "CI 24.57c

bromine 50.57c 49.57c

iodine 100.0<7f
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The following spectra show compounds containing sulfur, chlorine, and

bromine.

CH3--CH,— S— CH,

76 IV[+„

1 1 1 . . . 1, ,1 1

/
li

2 larger than usua 1

^—I I
I'I'I'll }^—, , , , , , < ^

10 20 30 40 50 60 70 80 90 100 110 120 L^O 140 150 160

m/z

CI

1

H,C—CH— CH3

8(0, IJ

-M +

(C3H.

2
-

r"ci)
J, 1 1 , .1.1

/

.1.

/80
1

'10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

m/z

100

80

60

40

20

CH,— CH,— CH,— Br

122 (C^H^^^Br) M + 2

^124(C3H/fBr)

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

m/z

PROBLEM 12-7

Point out which of these four mass spectra indicate the presence of sulfur, chlorine, bromine,

iodine, or nitrogen. Suggest a molecular formula for each.

S 60

a
E 40

(a)

77
156

158

ll, ll.ll .1 t 1

H) 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

m/z
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1 1 1 1 1
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In addition to the molecular formula, the mass spectrum provides structural infor-

mation. An electron with a typical energy of 70 eV ( 1 6 10 kcal/mol or 6740 kJ/mol

)

has far more energy than needed to ionize a molecule. The impact fomis the radical

cation, and it often breaks a bond to give a cation and a radical. The resulting cation

is observed by the mass spectrometer, but the uncharged radical is not accelerated or

detected. We can infer the mass of the uncharged radical from the amount of mass

lost from the molecular ion to give the observed cation fragment.

12-15

Fragmentation

Patterns in Mass

Spectrometry

Ionization

R:R' + [R-R']- +
radical cation

(molecular ion)

2e-
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+ R'

cation fragment radical fragment

(observed) (not obsersed)

This bond breaking does not occur randomly; it tends to form the most stable

fragments. By knowing what stable fragments result from different kinds of com-
pounds, we can recognize structural features and use the mass spectrum to confirm

a proposed structure.

Fragmentation

[RR']

1 2- ISA Mass Spectra ofAlkanes

The mass spectrum of /;-hexane (Fig. 12-16) shows several characteristics typical of

straight-chain alkanes. The base peak {miz 57) corresponds to loss of an ethyl group,

giving an ethyl radical and a butyl cation. The neutral ethyl radical is not detected,

since it is not charged and is not accelerated or deflected.

in/z of the charged

tragment on this side

ot the broken bond

57

[CHjCH.CH.CH.+CH.CHj]'
hexane radical cation

M- 86

CH^CHtCHiCH-,^
1 -butyl cation

detected at m/z 57

+ • CH.CH,
ethyl radical (29)

not detected

A similar fragmentation gives an ethyl cation and a butyl radical. In this case,

the ethyl fragment {mIz 29) is detected.

p29

[CH^CH.CHXH^^CHXHj]-

hexane radical cation

M+ 86

CH^CH.CH.CH.- + -CH.CH,

-butyl radical (57)

not detected

ethyl cation

detected at ni/z 29

Symmetric cleavage of hexane gives a propyl cation and a propyl radical.

[CHjCH.CH.-^CH.CH.CHj]^ > CH,CH,CHr + CH^CHjCHj

hexane radical cation

M*86
propyl cation

detected at ni/z 43

propyl radical (43)

not detected

Figure 12-16

Mass spectrum of «-hexane.

Groups of ions correspond to

loss of one-, two-, three-, and

four-carbon fragments.

100

80

E 60

I 40

20

0

29-

CH, — CHj-

43

CH^

57- 71

•CH, CH,

i
-43

Pk1-2«

L7-

CH,— CH,— CH,— CH,— CH,— CH
/(-hexane

3

43
1

M -

2'

57
M+

M ~ 15

86

1

Jj 1 1 1

n
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Cleavage to give a pentyl cation (miz 1 1 ) and a methyl radical is weak be-

cause the methyl radical is less stable than a substituted radical. Cleavage to give

a methyl cation (mIz 15) and a pentyl radical is not visible because the methyl

cation is less stable than a substituted cation. The stability of the cation is ap-

parently more important than the stability of the radical, since a weak peak ap-

pears corresponding to loss of a methyl radical, but we see no cleavage to give

a methyl cation.

71

[CH3CH2CH.CHXH2^ CH3]

"

hexane radical cation

M- 86

CH^CHiCHiCHiCH-,^
pentyl cation

weaiv at ni/z 1 1

+ CH,
methyl radical (15)

not delected

[CH^CHXHXH.CH.^CH,]
hexane radical cation

M+ 86

~
1 5 ( not t'oimed

)

CH^CH.CHXHXH.
pentyl radical (71

)

not detected

-I- CH3
methyl cation

(too unstable)

Cation and radical stabilities help to explain the mass spectra of branched

alkanes as well. Figure 12-17 shows the mass spectrum of 2-methylpentane.

Fragmentation of a branched alkane commonly occurs at a branch carbon atom

to give the most highly substituted cation and radical. Fragmentation of 2-

methylpentane at the branched carbon atom can give a secondary carbocation in

either of two ways:

CH3

CH3CH.CH2-hCH-fCH3
2-methylpentane radical cation

m/z 86

CH3
I

CHjCH^CH.—CH+
2-pcnlyl cation

m/: 1 1

+CH—CH3 +
isopropyl cation

m/z 43 (base peak)

+ -CH,

methvi radical

CH3CH2CH.-
propyl radical

Both fragmentations give secondary cations, but the second gives a primary

radical instead of a methyl radical. Therefore, the second fragmentation accounts

for the base (largest) peak, while the first accounts for another large peak at mIz 71.

Other fragmentations (to give primary cations ) account for the weaker peaks.

100

60

40

20

0

43

JM--42
i

"

CH ,— CH— CH3— CH — CH3
2-methylpentane

— 1

M -: n

\
1

.1. 1

57

.,1
86
.1

10 20 .W 40 50 60 70 80 90 100 110 120 130 140 150 160

iniz

PROBLEM-SOLVING HINT

Most molecular ions have even

mass numbers. Most fragments

have odd mass numbers.

(With a nitrogen atom, the mole-

cular ion is odd and most frag-

ments containing N are even.)

PROBLEM-SOLVING HINT
The guidelines we used to

predict carbocation stability in

El and S^l reactions are also

useful for interpreting mass

spectra. Relatively stable carbo-

cations are generally more abun-

dant in the mass spectrum.

< Figure 12-17

Mass spectrum of 2-methylpen-

tane. The base peak corre-

sponds to loss of a propyl

radical to give an isopropyl

cation.
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PROBLEM 12-8

Show the fragmentation that accounts for the cation at ml: 57 in the mass spectrum of

2-methylpentane.

PROBLEM 12-9

Show the fragmentations that give rise to the peaks at iniz 43, 57, and 85 in the mass spec-

trum of 2,4-dimethylpentane (Fig. 12-15).

1 2- 1 5B Fragmentation Giving Resonance-Stabilized Cations; Mass
Spectra ofAlkenes

Fragmentation in the mass spectrometer gives resonance-stabilized cations when-

ever possible. The most common fragmentation of alkenes is cleavage of an allylic

bond to give a resonance-stabilized allylic cation. Figure 12-18 shows how the rad-

ical cation of 2-hexene undergoes allylic cleavage to give the resonance-stabilized

cation responsible for the base peak at miz 55. We will encounter other types of res-

onance-stabilized cations in the mass spectra of ethers, amines, and carbonyl com-

pounds in later chapters covering the chemistry of these functional groups.

PROBLEM 12-10

Catalytic hydrogenation of compound X gives 2,6-dimethyloctane as the only product. The

mass spectrum of compound X shows a molecular ion at nil: 140 and prominent peaks at

mIz 57 and mlz 83. Suggest a structure for compound X. and justify your answer.

1 2- 1 5C Fragmentation Splitting Out a Small Molecule; Mass
Spectra of Alcohols

Mass spectral peaks are often seen con esponding to loss of small, stable molecules.

Loss of a small molecule is usually indicated by a peak with an even mass number,

-allylic position

H3C H - cleave here

,C= C, ,c—

c

+ CHjCHj

H,C H

methallyl cation, m/z 55

100

80

u
= 60

I 40

20

0

55

m;«,s-2-hexene
1

M+
84

1 1 1 .11

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

mlz

Figure 12-18

The radical cation of 2-hexene cleaves at an allylic bond to give a resonance-stabilized

methallyl cation, /;//- 55.
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CM,

CH3— CH— CH.— CH.— OH

11,0

CH,

CH:,— CH — CH=CH, //: 70

H,() + -CH, +

H

C <—» C
/ \ / \ +

CH3 CH= CH2 CH, CH= CH.

allylic (.ation m/z 55

(base peak)

i

55 (^1 - 18 - 15)

70""

M - 18
CH,

CH,—
1

'

CH— CH,— CH.— OH
3-iTiethyl-l-butanol

1 li 1 1

M+ 1

1

I

|l ^ n-UL-^ ^ ^ ^ ^ ^ ^ ^ ^
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

miz

A Figure 12-19

The mass spectrum of 3-methyl-l-butanol. The strong peak at m/z 70 is actually the

M - 18 peak, corresponding to loss of water. The molecular ion is not visible because it

loses water easily.

corresponding to loss of an even mass number. A radical cation may lose water (18),

CO (28), CO2 (44). and even ethene (28) or other alkenes. The most common example

is the loss of water from alcohols, which occurs so readily that the molecular ion is

often weak or absent. The peak coiresponding to loss of water (the M - 18 peak) is

usually strong, however.

The mass spectrum of 3-methyl-l-butanol (Fig. 12-19) is typical for alco-

hols. The peak at m/z 70 that appears to be the molecular ion is actually the in-

tense M— 18 peak. The molecular ion {iii/z 88) is not observed because it loses

water very readily. The base peak at /;;/- 55 corresponds to loss of water and a

methyl group.

In addition to losing water, alcohols may fragment next to the carbinol carbon

atom to give a resonance-stabilized carbocation.

OH

-c+c—

:0H OH

-C + C-

This type of alpha cleavage is prominent in the spectrum of 2,6-dimethyl-4-hep-

tanol shown in Problem 12-11.
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PROBLEM-SOLVING HINT

In general, you should be able to

propose favorable fragmenta-

tions for two or three of the

largest peaks in a spectrum. Also,

the spectrum should contain

large peaks corresponding to

the most favorable fragmenta-

tions of your proposed struc-

ture.You shouldn't expect to

account for all the peaks,

however

PROBLEM 12-11

Account for the peaks at /;//; 87. 111. and 126 in the mass spectrum of 2,6-dimethyl-

4-heptanol.

100

80

g 60

-a

I 40

20

0 1_^

OH

2,6-dimethyl-4-heptanol

87:

111 126

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

m/z

SUMMARY: Common Fragmentation Patterns

This summary is provided for rapid reference to the common fragmentation patterns of simple functional groups. Some of

these functional groups are discussed in later chapters, but they are included here so this reference table can be used through-

out the course.

1. Alkanes: cleavage to give the most stable carbocations (Section 12-15A)

R'

R—C^R"
H

R'

C +

H

+ -R"

2. Alcohols: loss of water (Section 12-15C)

H OH

-c—c— [>-<] + H.O

or a cleavage (Section 12-15C)

" OH

—c^c-

OH

-C

^OH'
II

-c

3. Alkenes and aromatics: cleavage to give allylic and benzylic carbocations

:h=

allylic cation

[R—CH=CH—CH,^R'] R—CH=CH— CHj + R'

(Section 12-15B)

(The following fragmentations are covered in later chapters.)

CH2+R

(Section 16-14)

CH2 + R

benzylic cation

m/z 91

4. Amines: a cleavage to give stabilized cations (Secdon 19-9)

+ R

tropylium ion

m/z 91

[R.N—CHj^R']- R,N= CH, + R'

iminium ion
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5. Ethers: loss of an alkyl group (Section 14-4)

[R—CH,—O— R'l-

or a cleavage

or [R—CH.—O^R'T

[R^CH,—O— R'J
a cleavage

R—CH=OH + R'

stabilized cation

R—CH,— O- + ^R
alkyl cation

H,C=0— R' + R

stabilized cation

6. Ketones and aldehydes: loss of alkyl groups to give acylium ions (Section 18-5)

O

R—C— R' R—C^O- + R'

alcvlium ion

The McLafferty rearrangement splits out aikenes.

T-hvdroaen

O H
II la 1/3 jy

R—C—C—C—C—R'

O—

H

R C
I

I

\/5 y/
+ c=c

/ \

R'

absorption spectroscopy The measurement of the amount of light absorbed by a compound

as a function of the \\a\elength. (p. 500)

base peak The strongest peak in a mass spectrum, (p. 527)

conjugated double bonds Double bonds that are one bond apart, so their pi bonding or-

bitals can overlap with each other, (pp. 508 and 516)

electromagnetic spectrum The range of all possible electromagnetic frequencies from zero

to infinity. In practice, it ranges from radio waves up to gamma rays. (p. 502)

fingerprint region The portion of the infrared spectrum between 600 and 1400 cm~ where

many complex vibrations occur; so named because no two different compounds (except enan-

tiomers) ha\ e exactly the same absorptions in this region, (p. 505)

fragmentation The breaking apart of a molecular ion upon ionization in a mass spectrom-

eter, (p. 526)

frequency ( v) The number of complete wave cycles that pass a fixed point in a second: or

the number of re\ ersals of the electromagnetic field per second, (p. 501

)

high-resolution mass spectrometer A mass spectrometer that can measure masses \ ery ac-

curately, usual!) to 1 part in 20.000. This high precision allows calculation of molecular for-

mulas using the known atomic masses of the elements, (p. 528)

infrared spectrometer A de\ ice that measures a compound's absorption of infrared light as

a function of frequency or wavelength, (p. 506)

infrared spectrum A graph of the infrared energy absorbed by a sample as a function of

the frequency (l: expressed as a wavenumber. cm ') or the wavelength (A. expressed in

^lm). (p. 506)

Chapter I 2

Glossary
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IR active A vibration that changes the dipole moment of the molecule and thus can absorb

infrared light, (p. 505)

IR inactive A vibration that does not change the dipole moment of the molecule and thus can-

not absorb infrared light, (p. 506)

mass spectrometer An instrument that ionizes molecules, sorts the ions according to their

masses, and records the abundance of ions of each mass. (p. 526)

mass spectrum The graph produced by a mass spectrometer, showing the masses along the

X axis and their abundance along the v axis. (p. 527)

m/z (formerly m/e): The mass-to-charge ratio of an ion. Most ions have a charge of + 1,

and m/z simply represents their masses,

molecular ion, (parent ion) In mass spectrometry, the ion with the same mass as the

molecular weight of the original compound; no fragmentation has occurred, (p. 526)

M+1 peak: An isotopic peak that is one mass unit heavier than the major molecular ion

peak. (p. 529)

M-l-2 peak: An isotopic peak that is two mass units heavier than the major molecular

ion peak. (p. 529)

photon A massless packet of electromagnetic energy, (p. 501)

radical cation A positively charged ion with an unpaired electron; commonly formed by elec-

tron impact ionization, when the impinging electron knocks out an additional electron, (p. 526)

R:R + e" > [R-R]- + 2e"

radical cation

wavelength (A) The distance between any two peaks (or any two troughs) of a wave. (p. 501)

wavenumber i v) The number of wavelengths that fit into one centimeter (cm ', or recip-

rocal centimeters); proportional to the frequency. The product of the wavenumber (in cm"')

and the wavelength (in ixm) is 10,000. (p. 503)

ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 12

1. Given an IR spectrum, identify the reliable characteristic peaks.

2. Explain why some characteristic peaks are usually strong or weak and why
some may be absent.

3. Predict the stretching frequencies of common functional groups.

4. Identify functional groups from IR spectra.

5. Identify conjugated and strained C=0 bonds and conjugated and aromatic

C=C bonds from their absorptions in the IR spectrum.

6. Determine molecular weights from mass spectra.

7. When possible, use mass spectra to recognize the presence of Br, CI, I, N,

and S atoms.

8. Predict the major ions from fragmentation of alkanes, alkenes, and alcohols.

9. Use the fragmentation pattern to determine whether a proposed structure is

consistent with the mass spectrum.

Study Problems

12-12. Define and give an example of each term.

(a) fingerprint region (b) an IR-active vibration (c) an IR-inactive vibration

(d) wavelength (e) conjugated double bonds (f) a radical cation

(g) a base peak (h) wavenumber (i) a molecular ion

12-13. Convert the following infrared wavelengths to cm^'.

(a) 6.24 yu-m, typical for an aromatic C=C (b) 3.38 fim, typical for a saturated C— H bond

(c) 5.85 ^im, typical for a ketone carbonyl (d) 5.75 /xm. typical for an ester carbonyl

(e) 4.52 /xm, typical for a nitrile (f) 3.03 fim, typical for an alcohol O—

H
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12-14. All the following compounds absorb infrared radiation between 1600 and 1800 cm '. In each case

(1) Show which bonds absorb in this region.

(2) Predict the approximate absorption frequencies.

(3) Predict which compound of each pair absorbs more strongly in this region.

H CHoCH,
\ / -

H H

or 0=Cy
CH2CH3

H

H CH.CH, H OCH,CH,

(b) C=C or C=C
/ \ / \

H H H H

/
(c) N=C

/ \
H H

CH.CH, H CH,CH,

or C=C
/ \

H H

H CH, H CH,CH,
\ / \ / -

-

(d) C=C or C= C
/ \ / \

H,C H H H

12-15. Describe the characteristic infrared absorption frequencies that would allow you to distinguish between the fol-

lowing pairs of compounds.

(a) 2,3-dimethyl-2-butene and 2,3-dimethyl-l-butene (b) 1 .3-cyclohexadiene and 1 ,4-cyclohexadiene

O O

(c) CH,(CH,),— C— H and CH,(CH,),— C— CH, (d)

pentanal 2-pentanone

OH

and

cyclohexanol

O

cyclohexanone

(e) CH.lCH,),—C=C—H and CHjtCH.),—C=C—CH.CH, (f) cyclohexanol and cyclohexene

1-octyne 3-octyne

o OH O

(g)CH,CH3CH.—C—OH and CH,—CH—CH,— C—

H

butanoic acid 3-hydroxybutanal

O o

(h) CH,CH3CH3—C— NH, and CH,CH,—C—CH.CH,

hutanamide 3-pentanone

12.16. Four infrared spectra are shown below, conesponding to four of the following compounds. For each spectrum.

determine the structure and explain how the peaks in the spectrum correspond to the structure you have chosen.

4
OH

CH, O
I II

CH,—C C—CH,

H

H

c; o

C—OH
c=c

/ \
H CH,

^) H

N—CH.CH, CH,—C^N

2.5

100

wavelength (|ini)

3.5 4 4.5 5 5.5 6 7 8 9 10 11 12 13 14 15 16

60

40

20

y\

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber tcm^'

)
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wavelength (pm)

2.5 3 3.5 4 4.5 5 5.5 6 7 8 9 10 II 12 13 14 15 16

(£)
^"

%

s

l'4-
-1

1
—t-i

Mi
4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm"' l

wavelength (urn)
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I

12-17. Predict the masses and the structures of the most abundant fragments observed in the mass spectra of the follow-

ing compounds.

(a) 2-methylpentane (b) 3-methyl-2-hexene (c) 4-methyl-2-pentanol

12-18. Give logical fragmentation reactions to account for the following ions observed in these mass spectra.

(a) /(-octane: 1 14. 85. 71. 57 (b) methylcyclohe.xane: 98. 83

(c) 2-methyl-2-pentene: 84. 69 (d) 1-pentanol: 70. 55, 41,31

12-19. A common lab experiment is the dehydration of cyclohexanol to cyclohexene.

(a) Explain how you could tell from the IR spectrum whether your product was pure cyclohexene, pure cyclo-

hexanol, or a mixture of cyclohexene and cyclohexanol. Give approximate frequencies for distinctive peaks.

(b) Explain why mass spectrometry might not be a good way to distinguish cyclohexene from cyclohexanol.

12-20. (A true story.) While organizing the undergraduate stockroom, a new chemistry professor found a half-gallon jug

containing a cloudy liquid (bp 100- 105°C), marked only "STUDENT PREP." She ran a quick mass spectrum,

which is printed below. As soon as she saw the spectrum (without even checking the actual mass numbers), she

said, "I know what it is."

(a) What compound is the "student prep"? Any uncertainty in the structure?

(b) Suggest structures for the fragments at 136, 107, and 93. Why is the base peak (at m/z 57) so strong?
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57
-

1 Ci'

i:56

93

1 1 1)^ , , , ,
1

ii i i I'
l- III " '

I

, ^
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

m/z

*12-21. A C—D (carbon-deuterium) bond is electronically much like a C—H bond, and it has a similar stiffness, mea-

sured by the spring constant, k. The deuterium atom has twice the mass of a hydrogen atom, however.

(a) Use the fact that the infrared absorption frequency is proportional to \ k/ni to calculate the IR absorption

frequency of a typical C—D bond.

(b) A chemist dissolves a sample in deuterochloroform (CDCl,), then decides to take the IR spectrum and simply

e\ aporates most of the CDCl^. What functional group will appear to be present in this IR spectrum as a result

of the CDCl, impurity :"

*12-22. The mass spectrum of /i-octane shows a prominent molecular ion peak im/z 1 14). There is also a large peak at

m/z 57, but it is not the base peak. The mass spectrum of 3.4-dimethylhexane shows a smaller molecular ion. and

the peak at mass 57 is the base peak. Explain these trends in abundance of the molecular ions and the ions at mass

57. and predict the intensities of the peaks at masses 57 and 1 14 in the spectnim of 2.2.3.3-tetramethylbutane.

12-23. An unknown, foul-smelling hydrocarbon gi\ es the mass spectrum and infrared spectrum shown below.

(a) Use the mass spectrum to propose a molecular formula. How many elements of unsaturation are there?

(b) Use the infrared spectrum to determine the functional group(s). if any.

(c) Propose one or more structures for this compound. What parts of the structure are uncertain? If you knew

that hydrogenation of the compound gives n-octane. would the structure still be uncertain?

(d) Propose structures for the major fragments at 39, 67, 81, and 95 in the mass spectrum. Explain why the base

peak is so strong.
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'12-24. Chapter 9 covered a synthesis of alkynes by a double dehydrohalogenation of dihaHdes. A student tried to convert

2.5-dimethyi-3-hexene to 2.5-diiTiethyi-3-hexyne by adding bromine across the double bond, then doing a double

elimination. The infrared and mass spectra of the major product are shown below.

Bi, KOH

heat
-c^c

(a) Do the spectra confirm the right product ' If not. what is it?

(b) Explain the important peaks in the IR spectrum.
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12.25. Four infrared spectra are shown below, con^esponding to four of the following compounds. For each spectrum,

determine the structure and explain how the peaks in the spectrum correspond to the structure you have chosen.
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CHAPTER 13
Nuclear Magnetic

Resonance

Spectroscopy

circulation

of electrons

induced

induced magnetic field

13-1

Introduction

Nuclear magnetic resonance spectroscopy (NMR) is the most powerful tool avail-

able for organic structure determination. Like IR spectroscopy. NMR can be used with

a very small sample, and it does not harm the sample. The NMR spectrum provides

a great deal of information about the structure of the compound, and some struc-

tures can be determined using only the NMR spectrum. More commonly, however,

the NMR spectrum is used in conjunction with other forms of spectroscopy and

chemical analysis to determine the structures of complicated organic molecules.

NMR is used to study a wide variety of nuclei, including 'H. ' -^C, '''N, '^F, and
""p. Since hydrogen and carbon are major components of organic compounds, organic

chemists find proton {'H) and carbon- 13 ('''C) NMR to be most useful. Historically,

NMR was first used to study protons (the nuclei of hydrogen atoms), and proton

magnetic resonance (PMR) spectrometers are the most common. "Nuclear magnet-

ic resonance" is assumed to mean "proton magnetic resonance" unless a different nu-

cleus is specified. We begin our study ofNMR with proton magnetic resonance and

conclude with a discussion of '"^C NMR.

13-2

Theory of Nuclear

Magnetic Resonance

A nucbus^ugth^n odd atomic number or an odd mass number has a miclearjjjin that

can be observed by the NMR spectrometer. A proton is the simplest nucleus, and its

odd atomic number of 1 indicates it has a spin. We can visualize a spinning proton

as a rotating sphere of positive charge (Fig. 13-1 ). This movement of charge is like

an electric current in a loop of wire. It generates a magrieti£ field (svrnbolized by^)
called the magnetic moment, that looks like the field of a small bar magnet.

Figur-e 13-1

A spinning proton generates a

magnetic field, called its

magnetic moment. This

magnetic field (H) resembles

that of a small bar magnet.

544
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Ho

lower energy

more stable

higher energy

less stable

4 Figure 1 3-2

An external magnetic field (//,,)

applies a force to a small bar

magnet, twisting the bar

magnet to align it with the

external field. The arrangement

of the bar magnet aligned with

the field is lower in energy

than the arrangement aligned

against the field.

When a small bar magi>et is placed in the field of a larger magnet (Fig. 13-2),

it twists to align itself with the field of the larger magnet— a lower-energy airange-

ment than an orientation against the field. The same effect is seen when a proton is

placed in an external magnetic field (//q)- shown below. Quantum mechanics re-

quires the proton's magnetic moment to be aligned either willi the external field or

againsr the field. Thj^fm/j^r-ejiergy sta t£_with the proton aligned with the field is

otjled the alpha-spin (a-spin) state. The higher-energy state with the proton aligned

against the external magnetic field~is called the beta-spinlji-spin ) state.

^0

(externally

applied field)

&

a -spin state

(lower energy)

P-spin state

(higher energy)

In the_absence of an external magnetic field, proton magneticjiiomenlsJiave

random orientations. When an external magnetic field is applied, each proton in a

sample assumes the a state or the /3 state. Because the a-spin state is lower in ener-

gy. there are more a spins than P spins.

0

Hq increases

No Field

spins in all directions

no energy difference

O (3 spin

higher energy

a spin

lower energy

external field

Magnetic Field

spins aligned with

or against field
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state -

a state

-

Figure 13-3

A nucleus is ""in resonance"

when it is irradiated with

radio-frequency photons

having energy equal to the

energy difference between the

spin states. Under these condi-

tions, a proton in the a-spin

state can absorb a photon and

flip lo the jS-spin state.

In a strong magnetic field, the energy difference between the two spin states js

larger tTian jrisjnji weaker field. In fact, the^energy differenceisproportional to the

sFrengjtujftlTe magnetic field, as expressed in the equation

A£ = h

2tt

where

IE =

h =

Ho =

y =

energy difference between a and fi states

Planck's constant

strength of the external magnetic field

gyromagnetic ratio, 26,753 sec"' gauss"' for a proton

The gyromagnetic ratio (y) is a constant that depends on the magnetic moment of

the^ nucleus under study. Magnetic fields are measured in ^auss ; for example, the

strength of the earth's magnetic field is about 0.57 gauss. The new SI unit is the tesla

(T), which is simply 10,000 gauss.

The energy difference between a proton's two spin states is not large. For a

strong external magnetic field of 25,000 gauss (2.5 T), it is only about 10""" kcal/mol

(4 X 10 kJ/mol). Even this small energy difference can be detected by the NMR
technique. When a proton interacts with a photon with just the right amount of elec-

tromagnetic energy, the proton's spin can tlip from a to ^ or from jS to a. A nucle-

us aligned with the field can absorb the energy needed to flip and become aligned

against the field.

When a^tuicleus is subjected to the right combination ofjiiagnetic field and

electromagnetic radiation to flip its spin, it is said to be in resonancg" (Fig. 13-3),

and its absorption of energy is detected by the NMR spectrometer . This is the origin

of the term "nuclear magnetic resonance."

A photon's energy is given by E = hv, showing that the energy E is propor-

tional to V. the frequency of the electromagnetic wave. This equation can be combined

with the equation for the energy difference between the spin states:

IE hv
h

y
^ Ha

77

Rearranging to solve for v shows that the resonance frequency v is proportional to

the applied magnetic field (//,,) and the gyromagnetic ratio ty):

1

^yHo
2 77

hv = AE For a proton, y = 26,753 sec ' gauss and

(26,753 sec"' gauss"')

277
X //n (4257.8 sec"' gauss"') X

For_the_fields_ofcurrently availablejnagnets. proton raspnance frequencies

occur in the rajikvSequency (RF )~regiotrof the spectrum. NMR spectrometers

are usually designed for the most powerful magnet that is pi'actical for the price

range of the spectrometer (to make A£ as large and easily detected as possible),

and the radio frequency needed for resonance is calculated based on the field. In

the past, the most common opexating frequenry for stmleat spectrometers has

been 60 MHz (megahertz; 1 million cycles per second), corresponding to a mag-

netic field of 14,092 gauss. Higher-resolution instruments comnionly operate at

frequencies of 100 to 300 MHz (and higher), corresponding to fields~onT4^6^

70,459 gauss.
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SOLVED PROBLEM 13-1

Calculate the magnetic fields that coirespond to proton resonance frequencies of 60 MHz
and 300 MHz.

SOLUTION
We substitute into the equation c = (l/277)y//o.

60 MHz = 60 X 10" sec"' = (4257.8 sec" ' gauss" ') X

Ho = 1 4,092 gauss ( 1 .4092 tesla)

300 MHz = 300 X lOSec"' = (4257.8 sec"' gauss"') X

H„ = 70.459 sauss (7.0459 tesla)

Up to now, we have considered the resonance of a naked proton in a magnetic field; 13-3
but real protons in organic compounds are not naked. They are surrounded by electrons

Magnetic Shielding
that paitially shield them from the external magnetic field. The electrons circulate^and

. ^|
generate a small "induced" magnetic field that opposes the extemal^ly applied field. D/ bleCtronS

A similar effect occurs when a loop of wire is moved into a magnetic field.

The electrons in the wire are induced to flow around the loop in the direction shown

in Figure 13-4; this is the principle of the electric generator. The induced electric

current creates a magnetic field that opposes the external field.

In a molecule, the electron cloud around each nucleus acts like a loop of wire,

rotating in response to the external field. This induced rotation is a circular cuirent

whose magnetic field opposes the external field. The result is that the magnetic fiejd

at the nucleus is weaker than the external field, and we say the nucleus is shielded .

The effective magnetic field at the shielded proton is always weaker than the exter-

-uat^ekTscTthe applied field must be increased for resonarice to occur at a given fre-

quencyjFig. 13-5).

^
^effective ^external ^shielding

south

north

wire loop

moved into

field

H
induced

induced

, Jmovement of

\ / electrons

induced circulation

of electron cloud

proton

induced

magnetic

field

4 Figure 1 3-4

When a loop of wire is moved
into a magnetic field, a current

is induced in the wire. This

current produces its own
smaller magnetic field, in the

direction opposite the applied

field. In a molecule, electrons

can circulate around a nucleus.

The resulting "current" sets up

a magnetic field that opposes

the external field, so the

nucleus feels a slightly weaker

field.
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Figure 13-5

The magnetic field must be

increased slightly above

14,092 gauss (at 60 MHz) for

resonance of a shielded proton.

A.

14,092.0 gauss

naked proton

absorbs at 14,092.0 g

electrons

shielding

effective

field

14,091.7

60 MHz

does not

absorb

^0
14,092.0 gauss

shielded proton

feels less than 14,092.0 g

effective

tleld

14,092.0

''^60 MHz

absorbs

14,092.3 gauss

stronger applied field

compensates for shielding

At 60 MHz. an unshielded naked proton absorbs at 14,092 gauss; but a shielded

proton requires a stronger field. For example, if a proton is shielded by 0.3 gauss when
the external field is 14.092.0 gauss, the effective magnetic field at the proton is 14.091.7

gauss. If the external field is increased to 14.092.3 gauss, the effective magnedc field

at the proton is increased to 14,092.0 gauss, which brings this proton into resonance.

If all protons were shielded by the same amount, they would all be in reso-

nance at the same combination of frequency and magnetic field. Fortunately, protons

in different chemical environments are shielded by different amounts. In methanol,

for example, the electronegative oxygen atom withdraws some electron density from

around the hydroxyl proton. The hydroxyl proton is not shielded as much_as the

methyl proton s, so the hydroxyl proton absorbs at a lower field than the methyl pro-

tons (but still at a higher field than a naked proton). We say tha^the hydroxyl protoji

is deshielded somewhat by the presence of the electronegative oxygen atom .

—^H—C—
more shielded. ^ I less shielded.

absorb at a higher field ~ absorbs at a lower field

Because of the diverse and complex structures of organic molecules, the shield-

ing effects of electrons at various posiuons are generally different. A careful mea-

surement of the field strengths required for resonance of the various protons in a

molecule provides us with two important types of information:

1. The number ofdifferent absorptions implies how many different, types of pro -

tons aregresent.

2. T^ieTunoiint of shielding shown by these absorptions often implies the elec-

tronic structure of the molecule close to each type of proton .

Two other aspects of the NMR spectrum we will consider are the intensities of

the signals and their splitdng patterns:

3. The intetisities of the signals imply how manv protons of each type are_present.

4. The splitting of the signals gives information about other nearby protons .

Before discussing the design of spectrometers, let's review what happens in

an NMR spectrometer. Protons (in the sample compound) are placed in a magnetic

field, where they align either with the field or against it. While still in the magnetic

field, the protons are subjected to radiation of a frequency they can absorb by chang-

ing their orientation relative to the field. If protons were isolated, they would all ab-

sorb at the same frequency, proportional to the magnetic field.
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But protons in a molecule are partially shielded from the magnetic field, and this

shielding depends on each proton's env ironment. Thus, protons in different environ-

ments within a molecule exposed to a constant frequency absorb the radiation at dif-

ferent magnetic field strengths. The NMR spectrometer must be equipped to vary the

magnetic field and plot a graph of energy absoiption as a function of the magnetic field

strength. Such a graph is called a nuclear magnetic resonance spectrum.

The_jimplest type of NMR spectrometej (Fig. 13-6) consists of four parts.

1. A stable magnet, with a sensitive controller to produce a precise magnetic field

2. A radio-frequencN' (RF) transmitter, emitting a precise frequency

3. A detector to measure the sample's absorption of RF energ\

4. A recorder to plot the output from the dgtector versus the applied magnetic fldd

The recorder prints a graph of absorption ( on the y a.xis ) as a function of the ap-

plied magnetic field (on the .v axis). Higher values of the magnetic field are toward

the right (upfield), and lower values are toward the left (do>vnfield). The absorp -

tions of more shielded protons appear upfield. tow ard the right of the spectrum, and

less shielded proton s appear downfield. toward theleft. The NMR spectrum of

methanol is show n in Figure 13-7.

13-4

The NMR
Spectrometer

sample tube

magnet

1

magnet

controller

detector

RF
transmitter

recorder

absorption

J
magnetic field

4 Figure 1 3-6

Block diagram of a nuclear

magnetic resonance spectrom-

eter.

H

H— O— C—

H

H

less shielded

lower field (downfield)

more shielded

higher field (upfield)

increasing magneticfield strength (Hq)

< Figure 13-7

Proton NMR spectrum of

methanol. The more shielded

rneth) I protons appear toward

the right of the spectrum

(higher field): the less shielded

h\ droxyl proton appears

toward the left (lower field)
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13-5 I3-5A Measurement of Chemical Shifts

The Chemical Shift The variations in the positions of NMR ahsoiptions. arising from electronic shield-

ing and deshielding, are called chemical shifts.

chemical shift The difference (in parts per million) between the resonance

frequency of the proton being observed and that of tetra-

methylsilane (TMS) .

In practice, it is difficult to measure the absolute field where a proton absorbs with

enough accuracy to distinguish individual protons, because the absorptions often

differ by only a few thousandths of a gauss at an applied field of 14,092 gauss. A more

accurate method for expressing chemical shifts is to determine the value relative to

a reference compound added to the sample. The difference in the magnefic field

strength for resonance of the sample protons and the reference protons can be mea-

sured very accurately.

The most common NMR reference compound is rerranietliyl.silwie. (CH^ijSi,

abbreviated TMS. Because silicon is less electronegative than carbon, the methyl groups

of TMS are relatively electron rich, and their protons are well shielded. They absorb

at a higher field strength than most hydrogens bonded to carbon or other elements, so

most NMR signals appear downfield (to the left) of the TMS signal. All the protons in

TMS absorb at exactly the same applied magnetic field, giving one strong absorption.

A sinall amount of TMS is added to the sample, and the instrument measures

the difference in magnetic field between where the protons in the sample absorb and

where TMS absorbs. For each type of proton in the sample, the distance downfield

of TMS is the chemical shift of those protons.

Chemical shifts are measured in ports per million (ppm), a dimensionless frac-

tion of the total applied field. By custom, the difference in field (the chemical shift)

between the NMR signal of a proton and that of TMS is not measured in gauss, but

in frequency units (hertz or Hz). Remember, in NMR, frequency units and magnet-

ic field units are always proportional, with v = -yHq/Itt. The horizontal axis of the

NMR spectrum is calibrated in hertz. A chemical shift in ppm can be calculated by

dividing the shift measured in hertz by the spectrometer frequency measured in mil-

lions of hertz (megahertz or MHz).

chemical shift (ppin)
shift downfield from TMS (Hz)

total spectrometer frequency (MHz)

The chemical shift (in ppm) of a given proton is the same regardless of the operafing

field and frequency of the spectrometer. The use of chemical shifts to describe ab-

sorptions standardizes values for all NMR spectrometers.

The most common scale of chemical shifts is tlTe_gjddta) scal e, which we will

use (Fig. 13-8). The absorption of tetramethylsilane (TMS) is defined as 0.00 ppm
onjhe 5jcale. Most_jjroton s absorb at lower fields than TMS, so the 8 scale increases
toward lower field (toward the left of the spectrum). The spectrum is calibrated in both

frequency and ppm 5.

SOLVED PROBLEM 13-2

A 60 MHz spectrometer records a proton that absorbs at a frequency 426 Hz down-

field from TMS.

(a) Determine its chemical shift, and express this shift as a magnetic field difference.

(b) Predict this proton's chemical shift at 300 MHz. In a 300 MHz spectrometer, how far

downfield (in gauss and in hertz) from TMS would this proton absorb?
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chemical shift ppm 5 =

shift downfield from TMS (in Hz)

spectrometer frequency ( in MHz

)

600 Hz 480 Hz 360 Hz 240 Hz 120 Hz OHz

10 9 S 7 6 5 4 3 2 1 0

ppm 8 *TMS

60 MHz

3000 Hz 2400 Hz 1800 Hz 1200 Hz 600 Hz OHz

10 9 8 7 6 5 4 3 2 1 0

ppm 6 ^ TMS

300 MHz

< Figure 13-8

Use of the d scale w ith 60- and

300-MHz spectrometers. The

absorption of TMS is defined

as 0. with the scale increasing

from right to left (toward the

lower field). Each d unit is 1

ppm difference from TMS:
60 Hz at 60 MHz and 300 Hz
at 300 MHz.

SOLUTION
1 a I The chemical shift is the fraction

shift downfield (Hz) 426 Hz
= = 7.10 ppm

spectrometer frequency (MHz) 60.0 MHz

The chemical shift of this proton is 57.10. The field shift is 14.092 gauss X

(7.10 X 10"^) = 0.100 gauss.

(b) The chemical shift is unchanged at 300 MHz: 57.10. The field shift is 70.459

gauss X (7.10 X 10"*) = 0.500 gauss. The frequency shift is 300 MHz X
^"

10 X 10"-) = 2130Hz.

PROBLEM 13-1

In a 60 MHz spectrometer, the protons in iodomethane absorb at a position 130 Hz dow n-

field from TMS.

(a) Whai is the chemical shift of these protons'^

(b ) Determine the diOFerence in the magnetic field required for resonance of the iodomethane

protons compared with the TMS protons.

(c) What is the chemical shift of the iodomethane protons in a 300-MHz spectrometer?

(d) How man\ hertz downfield from TMS would the> absorb at 300 MHz?

The 60 MHz NMR spectnam of methanol (Fig. 13-9) shows the two absorp-

tions of methanol together w ith the TMS reference peak at 50.0. The methyl protons

absorb 205 Hz (0.048 gauss) downfield from TMS. Their chemical shift is 3.4 ppm.

so we say that the methyl protons absorb at 53.4. The hydro.xyl proton absorbs far-

ther downfield. at a position around 290 Hz (0.068 gauss) from TMS. Its chemical

shift is 64.8.

Both the hydro.xyl proton and the methyl protons of methanol show the

deshielding effects of the electronegative oxygen atom. The chemical shift of a

methyl group in an alkane is about 50.9. Therefore, the methanol oxygen
deshields the methyl protons by an additional 2.5 ppm. Other electronegative

atoms produce similar deshielding effects. Table 13-1 compares the chemical

shifts of methanol w ith those of the methyl halides. Notice that the chemical

shift of the methyl protons depends on the electronegativity of the substituent.
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Figure 13-9

A 60-MHz NMR spectrum of

methanol. The methyl protons

absorb at 63.4. and the

hydroxyl proton absorbs at

54.8.
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-

1 1

1

1

H

1 1

t
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10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

5 (ppm)

with more electronegative substituents deshielding more and giving larger chem-

ical shifts.

The effect of an electronegative group on the chemical shift also depends on

its distance from the protons. In methanol, the hydroxyl proton is separated from

oxygen by one bond, and its chemical shift is 54.8. The methyl protons are separat-

ed from oxygen by two bonds, and their chemical shift is 53.4. In general, the effect

of an electron-withdrawing substituen t decreases with increasing distance, and the

effects are usually negligible protons that are separated from the electronegative

group by four or more bonds.

TABLE 13-1 Variation of Chemical Shift with Electronegativity

X in CH —X

F OH CI Br /

electronegativity of X 4.0

chemical shift of CH,—X §4.3

3.4

53.4

3.2

53.0

3.0

52.7

2.7

52.2

This decreasing effect can be seen by comparing the chemical shifts of the var-

ious protons in 1-bromobutane with those in butane. The deshielding effect of an

electronegative substituent drops off rapidly with distance. In 1-bromobutane, pro-

tons on the a-carbon are deshielded by about 2.5 ppm, and the ^-protons are deshield-

ed by about 0.4 ppm. Protons that are more distant than the /3-protons are deshielded

by a negligible amount.

H

butane

H H H H

C—C—C—C-

H

H

I -bromobutane

H H H H

H—C—C—C—C— Br

HHHH HHHH
chemical shift; 0.9 1.3 1.3 0.9 0.9 1.3 1.7 3.4

deshielding resulting from Br, ppm: 0.0 0.0 0.4 2.5
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If more than one electron-withdrawing group is present, the deshielding ef-

fects are nearly (but not quite) additive. In the chloromethanes (Table 13-2), the ad-

dition of the first chlorine atom causes a shift to 53.0. the second chlorine shifts the

absorption further to 55.3. and the third chloride moves the chemical shift to 57.2 for

chloroform: The chemical shift dijference is about 2 to 3 ppm each time another

chlorine atom is added, but each additional chlorine moves the peak slightly less

than the pre\ ious one did.

I2-5B Characteristic Values of Chemical Shifts

Since the chemical shift of a proton is determined by its en\ ironment. we can con-

struct a table of approximate chemical shifts for many types of compounds. Let's

begin with a short table of representative chemical shifts (Table 13-3) and consider

the reasons for some of the more interesting and unusual values. A comprehensive

table of chemical shifts appears in Appendix 1.

TABLE 13-3 Typical Values of Chemical Shifts

Type ofProton Approximate d Type ofProton Approximate 5

alkane (—CH,) 0.9 >=C^ 1.7

alkane (—CH,—

)

1.3
^CH,

alkanej—CH—

1

1.4
Ph—

H

Ph—CH,

7.2

2.3

0 R—CHO 9-10

—C—CH, 2.1
R—COOH 10-12

—C= C—

H

2.5
R—OH variable, about 2-5

R—CH,—

X

3-4
Ar—OH variable, about 4-7

(X = halogen. 0)

R—NH, variable, about 1.5-4

>=C^ 5-6
^ ^H
Note: These values are approximate, as all chemical shifts are affected by neighboring substituents. The
numbers given here assume that alkyl groups are the only other substituents present. A more complete

table of chemical shifts appear in .Appendix 1

.

TABLE 13-2 Chemical Shifts

of the Chloromethanes

Chemical

Compound Shift Difference

H—C— 11 M).2

I

H

H
I

H—C— CI

I

II

CI

I

H—C— C! 65.3

I

H

CI

I

H—C—CI

I

CI

2.8 ppm

2.3 ppm

1 .9 ppm

Note: Each chlorine atom added

changes the chemical shift of the

remaining methyl protons by about

2 to 3 ppm. These changes are

nearly additive

SOLVED PROBLEM 13-3

Using Table 13-3. predict the chemical shifts of the protons in the following compounds.

O
II

(a) CH-—C—OH (b) CI—CH-—CH;—CH, (c) (CH,)3CCH =CH;

SOLUTION
(a) The methyl group in acetic acid is next to a carbonyl group: Table 13-3 predicts a

chemical shift of about 52.1. (The experimental value is 52.10). The acid proton —COOH)
should absorb between 510 and 512. (The experimental value is 51 1.4. variable.)

(b) Protons a are on the carbon atom bearing the chlorine, and they absorb between

53 and 54 (experimental: 53.7 1. Protons b are one carbon removed, and they are predicted

PROBLEM-SOLVING HINT
Table 1 3-3 provides the numbers

but not the understanding and

practice needed to work most

NMR problems. Learn the mate-

rial in this table, then practice

doing problems until you feel

confident.
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to absorb about 61 .7, like the (3 protons in 1-bromobutane (experimental: 61 .X). The methyl

protons c will be nearly unaffected, absorbing around 60.9 ppm (experimental: 61.0).

(c) Methyl protons a are expected to absorb around 60.9 (experimental: 61.0). The

vinyl protons b and c are expected to absorb between 65 and 56 (experimental 55.8 for b

and 54.9 for c).

Vinyl and Aromatic Protons. Table 13-3 shows that double bonds and aromatic

rings produce large deshielding effects on their vinyl and aromatic protons. These

deshielding effects result from the same type of circulation of electrons that nor-

mally shields nuclei from the magnetic field. In benzene and its derivatives, the aro-

matic ring of pi-bonding electrons acts as a conductor, and the external magnetic

field induces a ring current (Fig. 13-10). At the center of the ring, the induced field

acts to oppose the external field. These induced field lines curve around , however,

aiidjjjT the edge of the ring the induced field adds to the_extemal field. As a result ,

the aromatic protoiTsjirg actually deshielded, resulting in absorption at low values of

the applied magnetic field. Benzene Rbsorb'^ nt ^ 7 andjuost aromatic protons ab -

sorb in the range of 57 to 58.

>- Figure 13-10

The induced magnetic field of

the circulating aromatic elec-

trons opposes the applied

magnetic field along the axis of

the ring. The aromatic hydro-

gens are on the equator of the

ring, where the induced field

lines curve around and rein-

force the applied field.

circulation

of electrons

(rina current)

induced

induced magnetic field

induced field

reinforces the

external field

(deshielding)

We should remember that the benzene molecule is not always lined up in the

posidon shown in Figure 13-10. Because benzene is constantly tumbling in the so-

lution, the chemical shift observed for its protons is an average of all the possible ori-

entations. If we could hold a benzene molecule in the position shown in Figure 13-10,

its protons would absorb at a field even lower than 57.2. Other orientations, such as

the one with the benzene ring edge-on to the magnefic field, would be less deshield-

ed and would absorb at a higher field. It is the average of all these orientafions that

is observed by the resonance at 67.2.

Figure 13-11 shows the NMR spectrum of toluene (methylbenzene). The aro-

matic protons absorb at a chemical shift of 57.2. The methyl protons are deshielded

by a smaller amount, absorbing at 62.3.

The pi electrons of an alkene deshield the vinyl protons in the same way that

an aromatic ring of electrons deshields the aromajic protons . The effect is not so

large in thTalkene. however, because there is not such a large, effective ring of elec-

trons as there is in benzene. Once again, the motion of the pi electrons generates an

induced magnetic field that opposes the applied field at the middle of the double

bond. The vinyl protons are on the periphery of this field, however, where the induced

field bends around and reinforces the external field (Fig. 13-12). As a result of this

deshielding effect, most vinyl protons absorb in the range of 55 to 56.
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Proton NMR spectrum of

toluene. The aromatic protons

absorb at a chemical shift of

57.2. and the methyl protons

absorb at 52.3.

induced

induced field

reinforces the

external field

(deshieldina)

< Figure 13-12

Vinyl protons are positioned on

the periphery of the induced

magnetic field of the pi elec-

trons. In this position, they are

deshielded by the induced

magnetic field.

Acetylenic Hydrogens. Since the pi bond of an alkene deshields the \ in_\ 1 protons,

w e might expect an acetylenic hydrogen ( —C=C— H) to be even more deshield-

ed by the two pi bonds of the triple bond. The opposite is true: Acetylenic hydrogens

absorb around 52.5. compared w ith 55 to 56 for \ inyl protons. Figure 13-13 shows

that the triple bond has a cx linder of electron density surrounding the sigma bond. As
the molecules tumble in solution, in some orientations this cylinder of electrons can

H.

He.

induced

^.nduced Shields

the proton

H

induced

< Figure 13-13

When the acetylenic triple

bond is aligned w ith the

magnetic field, the cylinder of

electrons circulates to create an

induced magnetic field. The

acetylenic proton lies along the

axis of this field, which

opposes the external field.
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Figure 13-14

Like a vinyl proton, the alde-

hyde proton is deshielded by

the circulation of electrons in

the pi bond. It is also

deshielded by the electron-

withdrawing effect of the

carbonyl (C=0) group, giving

a resonance between S9 and

510.

induced field

reinforces the

external field

(deshielding)

circulate to produce an induced magnetic field. The acetylenic proton lies alongjhe

axis of this induced field, which is a shieldedregion. When this shielded orientation

is averaged with all other possible orientations, the result is a resonance around 62.5.

Aldehyde Protons .—

A

ldehyde protons (—CHO) absorb at even lower fields than

vinyl protons and aromatic protons: between 39 and 510 . Figure 13-14 shows that the

aldehyde proton is deshielded both by the circulation of the electrons in the double

bond and by the inductive electron-withdrawing'effect of the carbonyl oxygen atom .

Hydrogen-Bonded Protons. The^heijiical shifts of O—H protons in alcohols and

N—H protons in amines depend on the concentrafion. In concentrated soludons
,

these protons are deshielBedby hŷ rogen_bonding. and they absorb at a relativel^^jow

field^ about 53.5 for an arruiieJM—HjndjbouJL54^5Jb^ alcohol O— H. When the

alcohol or amine is diluted with a non- hydrogen-bonding solvent such as CCI4, hy-

drogen bonding becomes less important. In dilute solutions, these resonances are

observed around 52.

Hydrogen bonding and the proton exchange that accompanies it may contribute

to a broadening of the peak from an O—H or N—H proton. A broad peak appears

because protons exchange from one molecule to another during the NMR resonance

( see Section 13-12). The protons pass through a variety of environments during this

exchange, giving absorptions over a wider range of frequencies and field strengths.

Q. . 'H-^-Q Carboxylic Acid Protom . Because carboxylic acid protons are bonded to an oxy-

^ \ gen next to a carbonyl group, they have considerable positive character. They are

R—C C— R stronalv deshielded and absorb at chemical shifts greater than 510. Carboxylic acids^
\q frequently exist as hydrogen-bonded dimers (shown at left), with moderate rates of

"^H* * * proton exchange that broaden the absorption of the acid proton,

carboxylic acid dimer The proton NMR spectnim of acetic acid is shown in Figure 1 3- 1 5. As we expect,

the methv l group next to the carbonyl absorbs at a chemical shift of 52.1. The acid pro-

ton absorption appears at a chemical shift that is not scanned in the usual range of the NMR
spectrum. It is seen in a second trace with a 2.5 ppm offset, meaning that this trace cor-

responds to frequencies with chemical shifts 2.5 ppm larger than shown on the trace.

The acid proton appems around 51 1.8: 59.3 read from the trace, plus the 52.5 offset.

PROBLEM 13-2

Predict the chemical shifts of the protons in the following compounds.

H



13-6 The Number of Signals 557

CH,
1

0 CH,
1

(d) CHj—C—C=C—

H

-CH,—C—OH (f) CH; —C—CH,Br
1

OH Br

Hz

600 500 400 300 200 100 0

< Figure 13-15

In the NMR spectrum of acetic

acid, the methyl protons are

deshielded to about 52.1 by the

adjacent carbonyl group. The

5 (ppm) acid proton appears at 51 1 .8.

shown on an offset trace.

In general, the number ofNMR signals corresponds to the number of different kiiids 13-6
of protons present in the molecule. For example, methyl r-butyl ether has two types

"p[-|g Numbsr
of protons (Fig. 13-16). The three methoxyl protons are chemically identical, and they "7

—
give rise to a single absorption at 53.4. The r-butyl protons are chemically different OT^o|gJia.lS

from the methyl protons, absorbing at 51.2.

Protons in identical chemical environments with the same shielding have the

same chemical shift. Such protons are said to be chemically equivalent. This is what

600 500 400

Hz
300 200 100

i

CH,

\

1

— 0—

\

ch;

c-
1

,

CH,

\
-CH,

/
/

~
1

[
'

\

I

TMS

J s. Ji:
1 1 1 1 1

1

MH 1 1 1 1 INI Mil III! MM M, nil MM mmImmI MM MM MM MM MM Imm Mil 1 1 1 II

1

A Figure 13-16

5 (ppm) types of protons, giving two

NMR signals.
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is meant whenever we use the term equivalent in discussing NMR spectroscopy. In

methyl /-butyl ether, the three methoxyl protons are chemically equivalent, and the

nine /-butyl protons are chemically equivalent.

Another example is methyl acetoacetate, whose spectrum is shown in Figure

13-17. This ester has three types of protons: the methoxyl protons (a), with a chem-

ical shift of 53.8; the methylene protons (b), deshielded by two adjacent carbonyl

groups, with a chemical shift of 53.5; and the methyl protons (c), at 52.3.

Figure 13-17

Methyl acetoacetate has three

types of protons, giving three

signals in the NMR spectrum.
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300 200 100

1 1 1 1

CH3-0-
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In some cases, there may be fewer signals in the NMR spectrum than there are

different types of protons in the molecule. For example. Figure 13-18 shows the

structure and spectrum of o-xylene ( 1,2-dimethylbenzene). There are three different

types of protons, labeled o for the two equivalent methyl groups, b for the protons

Figure 13-18

There are three types of

protons in o-xylene, but only

two absorptions are seen in_the,

spectrum. The aromatic

protons H'' and H'' are acciden-

tally_eq uivalent. producing a

single peak at 57.2 .
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> V J
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MM MM MM
10.0 9.0 8.0 7.0 6.0 5.0 4.0
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3.0 2.0 1.0
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adjacent to the methyl groups, and c for the protons two carbons removed. The spec-

trum shows only two absorptions, however.

The upfield signal at 62.3 corresponds to the six methyl protons, H''. The ab-

sorption at 67.2 coiTesponds to all four of the aromatic protons, H*' and H". Although

the two types of aromatic protons are different, the methyl groups do not strongly in-

fluence the electron density of the ring or the amount of shielding felt by any of the

substituents on the ring. The aromatic protons produce two signals, but these sig-

nals happen to occur at nearly the same chemical shift. These protons are said to be

accidentally equivalent.

PROBLEM 13-3

Determine the number of different kinds of protons in each compound,

(a) 1-chIoropropane (b) 2-chloropropane ^;;^\^CH,

(c) 2,2-dimethylbutane (d) 1 -bromo-2-methylbenzene,
|

^^Br

The area under a peakisjmjwriional to the number ofhydrogens contributmgjnjhqt 13-7
peak . For example, in the methyl /-butyl ether spectrum (Fig. 13^T97the absorption ^pg^g of the Pesks
of the r-butyl protons is larger and stronger than that of the methoxyl protons. This

.

.

difference reflects the fact that there are three times as many /-butyl protons as

methoxyl protons. We cannot simply^ompare peak heights, however; the area under

thepeak is proportional to the number of protons.

NMRspectrometers have integrators that compute the relative areas of peaks^

The integrator draws a second trace (the integral trace) that rises when it goes over

a peak. The amount the integral trace rises is proportional to the area of that peak.

Newer digital instruments also print a number representing the area of each peak.

These numbers correspond to the heights of the rises in an integral trace.

600 500 400

Hz
300 200 100

1 1

f-i H
-A

3 paces

V
\

0--c--G -

t
—

spate

1 1 1 1 1

1

MM INI nil nil iin nil nil nil nil nil 1 n 1 nil II II
1 1 1

1

nn nn 1 1 II nn Inn n 1 1

\-

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0

8 (
ppm

)

< Figure 13-19

Integrated NMR spectrum of

methyl /-butyl ether. In going

over a peak, the integrator trace

(blue) rises by an amount that

is proportional to the area

under the peak.
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PROBLEM-SOLVING HINT

(1) If you are having trouble

counting the fractional spaces,

use a millimeter ruler to

measure the integrals.

(2) You don't know the total

number of hydrogens, so try

setting the smallest integral

equal to one hydrogen and the

others proportionally. If some of

the other integrals are not

whole numbers of hydrogens,

then set the smallest equal to 2

or 3 as required. For example,

I ; 1.3:2 would become 3:4:6

and you would look for a

compound with this ratio or

6:8: 12 or 9:12: 18, etc.

Neither an integral trace (shown in blue in Figure 13-19) nor a digital integral

can specifically indicate that methyl /-butyl ether has three methyl hydrogens and nine

r-butyl hydrogens. Each simply shov/s that about three times as many hydrogens are

represented by the peak at 61.2 as are represented by the peak of 63.4. We must in-

terpret what the 3 : 1 ratio means in terms of the structure.

Consider another example: Figure 13-20 shows the integrated spectrum

of a compound with molecular formula CfiHiiO^. Because we know the mo-
lecular formula, we can use the integral trace to determine exactly how many
protons are responsible for each peak. The integrator has moved a total of 6

spaces vertically in integrating the 12 protons in the molecule. Each proton is

^
represented by

6 spaces
about 0.5 space per hydrogenz 12 hydrogens

Figure 13-20

Proton NMR spectrum for a

compound of molecular

formula C^HiiOi.
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C The signal at 63.9 has an integral of 0.5 space, so it must represent one proton.

-fX'CiAyvV}(ja.
integrator moves 1 space, corresponding to two protons. The signal at

I [ 62.2 has an integral of 1 .5 spaces, for three protons; and the signal at 61 .2 (3 spaces)

corresponds to six protons. Considering the expected chemical shifts together with

the information provided by the integrator leaves no doubt which protons are re-

sponsible for which signals in the spectmm.

O CH^ area = 6

S1.2

area = 3

S2.2

,H5C—C—CH^—C—CH^

^ outarea = 2

S2.6 -ai'ea = 1

83.9
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PROBLEM 13-4

Drav\ the integral trace expected for the NMR spectrum of methyl acetoacetate. shown in

Fieure 13-17.

PROBLEM 13-5 PROBLEM-SOLVING HINT

Determine the ratios of the peak areas in the followins spectra. Then use this mforma-
O^/g^" ^torns are o--with-

» drawers and rr-donors of elec-
tion, together with the chemical shifts, to pair up the compounds with their spectra. As-

sign the peaks in each spectrum to the protons they represent in the molecular structure.

Possible structures:

tron density. They deshield

protons on the adjacent carbon

atom to (53 -d4.

CH, OCH,

CH,' ^ CH.O

OH Br

CH—C—C=C—H CH,—CH—CH;—CH,

600 500 400

Hz
300 200

C=C— H

H CH,

Br—C—C— CH,

H Br

100 0
1 1 1 1

(a) r
i

'
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1

i 1 1

1
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*—
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5 ( ppm

)
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10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

8 (ppm)

H\<>3-4

— C—
Tl
OR

cr-withdrawing

When attached to aromatic rings,

however, O— H and O— R

groups donate electron density

into the 77 system of the ring.

Nearby protons absorb upfield of

the usual 67.2 for benzene (often

around (56.8).

C H
^1
:OR

77-(donating
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Hz
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13-8 1 3-8A Theory of Spin-Spin Splitting

Spin-Spin Splitting •'^ proton in the NMR spectrometer is subjected to both the external magnetic field and

the induced tleld of the shielding electrons. If there are other protons nearby, their small

magnetic fields also affect the absorption frequency of the proton we are observing.

Consider the spectrum of 1 . 1 .2-tribromoethane (Fig. 1 3-2 1 ). As expected, there are two

signals with areas in the ratio of 1 : 2. The smaller signal (H"*) appears at 55.7. shifted

downfield by the two adjacent bromine atoms. The larger signal (H^) appears at §4.1.

These signals do not appeal" as single peaks but as a triplet (three peaks) and a doublet

(two peaks), respectively. This splitting of signals into niultiplets. called spin-spin split-

ting, results when two different types of protons are close enough that their magnetic

fields influence each other. Such protons are said to be magnetically coupled.

Spin-spin splitting is explained by considering the individual spins of the

magnetically coupled protons. Assume that our spectrometer is scanning the sig-

Figure 13-21

The proton NMR spectrum of

1,1.2-tribromoethane shows a

triplet of area 1 at 55.7 and a

doublet of area 2 at 64. 1

.
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chemical shift of H''

Bi Br

< Figure 13-22

When the nearby H"* proton is

aligned with the external

magnetic field, it deshields H*";

when is aligned against the

field. It shields H^

nal for the H*" protons of 1.1.2-tribromoethane at 54.1 (Fig. 13-22). These protons

are under the influence of the small magnetic field of the adjacent proton, H''. The

orientation of H ' is not the same for every molecule in the sample. In some mole-

cules, is aligned with the external magnetic field, and in others, it is aligned

against the field.

When is aligned with the field, the H*" protons feel a slightly stronger

total field: They are effectively deshielded, and they absorb at a lower field.

When the H"" proton is aligned against the field, the H*^ protons are shielded, and

they absorb at a higher field. These are the two absorptions of the doublet seen

for the H*" protons. About half of the molecules have H"* aligned with the field and

about half against the field, so the two absorptions of the doublet are nearly equal

in area.

SpijT-S])in splitting is a reciprocal property: If one proton_splits another, the

second proton must spULtheJirst. Proton a appears as a trrpleUat 85.7) becausethere

are four permutations of the two H*" proton spins, with two of them giving the same

tnaofieticjield (Fig. 13-23). When both H'' spins are aligned with the applied field.

proton a is deshielded; when both H^^^^^Hg ^^e aligned against the field, proton a is

spins of protons:

H'' protons

reinforce field

M Figure 1 3-23

The H" absorption is affected

by the three combinations of

H'' spins. When the spins

reinforce the external field, the

absorption occurs at a lower

field. When the H*' spins

oppose the external field, the

H" absorption occurs at a

higher field. Two permutations,

where the H*' proton spins

cancel each other, allow H"* to

absorb at its "normal"' position.

The peak area ratios are 1:2:1.
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shielded; and when the two H'' spins are opposite each other Ttwo possible permu-

tations), they cancel each other out. Three signals resujtjAitlvthe middle signal twice

as large as the others because it corresponds to two possible spin permutations.

I3-8B The N + I Rule

The analysis used above for the splitting of 1,1,2-tribromoethane can be extended to

more complicated systems. In general, the multiplicity (number of peaks) of a sig-

nal is given by the + 1 rule:

+ 1 rule: If a signal is split by equivalent protons, it is split into + 1 peaks .

The relative areas of the A^ + 1 multiplet that results are approximately given

by the appropriate line of Pascal's triangle:

Relative Peak Intensities of Symmetric Multiplets

Number ofEquivalent Number of Peaks Area Ratios

Protons Causing Splitting (multiplicity) (Pascal's triangle)

0 1 (singlet) I

1 2(doublet) 1 I

2 3 (triplet) 1 2 1

3 4 (quartet) 13 3 1

4 5 (quintet) 14 6 4 1

5 6 (sextet) 1 5 10 10 5 1

6 7 (septet) 1 6 15 20 15 6 1

In ethylbenzene (CH3—CH^— Ph), for example, the methyl protons are

split by two adjacent protons, and they appear upfield as a triplet of areas 1:2:1

(Fig. 13-24). The methylene (CH2) protons are split by three protons, appearing

farther downfield as a quartet of areas 1:3:3:1. This splitting pattern is typical

for an ethyl group. Because ethyl groups are common, you should learn to rec-

Figure 13-24

Proton NMR spectrum of

ethylbenzene. The ethyl group

appears as a triplet at §1.2

(—CH3) and a quartet at 52.6

(—CH2— ). The aromatic

protons, although theoretically

not all equivalent, appear as a

singlet at ^.2.
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ognize this familiar pattern. All five aromatic protons absorb close to 7.2 ppm be-

cause the alkyl subslituent has little effect on the chemical shifts of the aromat-

ic protons.

Figure 13-24 also shows that the adjacent aromatic protons do not split each

other. In general, protons that are in resonance at the same field cannot produce ob -

servable spill-spin splitting. Therefore, splittinfj is never obserYedhenveen ec/uivalent

protons. The aromatic protons in ethylbenzene are not chemically equivalent, bunhgy

ztf^^^accTUHitally equivalent" and absorb at nearly the sanTeJleld_sti:englb. Accidental

equivalence prevents any observable spin-spin splitting between these aromatic protons.

PROBLEM SOLVING HINT
When you see splitting, look for

nonequivalent protons on adja-

cent carbon atoms.

I 3-8C The Range of Magnetic Coupling

In eihylben/ene there is no spin-spin splitting between the aromatic protons and the

protons of the ethyl group. These protons are not on adjacent carbon atoms, so they

are too far away to be magneticall>' coupled.

not on adjacent carbons

no splitting observed

-H H H
;c=c;

H

H' ~H H H

^ protons on adjacent carbon

atoms split each other

The magnetic coupling that causes spin-spin splitting takes place primarily through

the bonds of the molecule. Most examples of spin-spin splitting involve coupling

betv\ een protons that are separated by three bonds: They are therefore bonded to ad-

jacent carbon atoms (vicinal protons).

Most spin-spin splitting is between protons on adjacent carbon atoms.

Protons bonded to the same carbon atom (geminal protons) can split each other only

ifthey are nonequivalent. In most cases, protons on the same carbon atom are equiv-

alent, and equi\ alent protons cannot split each other.

Bonded to the same carbon: two bonds between protons

spin-spin splitting is normally observed

(if nonequivalent)

Bonded to adjacent carbons: three bonds between protons

H H
I , I

~ spin-spin splitting is norrnally observed

C C (^this is the most common case)

Bonded to nonadjacent carbons: four or more bonds bet^veen protons

H
^

H

—C—C—C— spin-spin splitting is not normally observed
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characteristic ethyl group

A Figure 13-25

A multiplet often "leans"

upward toward the protons that

are causing the splitting. The

ethyl multiplets in ethylben-

zene lean toward each other.

Protons separated by more than three bonds usually do not produce observ-

able spin-spin splitting. Occasionally, such "'long-range coupling" does occur, but

these cases are unusual. For now. we consider only nonequivalent protons on adja-

cent carbon atoms (or closer) to be magnetically coupled.

You may have noticed that the two multiplets in the upfield part of the ethyl-

benzene spectrum are not quite symmetrical. In general, a multiplet "leans" upward

toward the signal of the protons responsible for the splitting. In the ethyl signal (Fig.

1 3-25 ), the quartet at lower field leans toward the triplet at a higher field, and vice

versa.

Another example of a splitting pattern, the NMR spectrum of methyl isopropyl

ketone (3-methyl-2-butanone), is shown in Figure 13-26.

The three protons (a) of the methyl group bonded to the carbonyl appear as

a singlet of relative area 3, at 62.1. Methyl ketones and acetate esters characteris-

tically give such singlets around 52.1, since there are no protons on the adjacent

carbon atom.

sinalet, 32. 1 O

CH,—C—

R

a methyl ketone

->in2let. 82. 1 o

CH,—C—O—

R

an acetate ester

Figure 13-26

Proton NMR spectium of

methyl isopropyl ketone. The

isopropyl group appears as a

characteiistic pattern of a strong

doublet at a higher field and a

weak multiplet (a septet) at a

lower field. The methyl group

appears as a singlet at 82.1.
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PROBLEM-SOLVING HINT

Ethyl and isopropyl groups are

common. Learn to recognize

them from their splitting

patterns.

The six methyl protons {h) of the isopropyl group are equivalent. They appear

as a doublet of relative area 6 at about 51.1, slightly deshielded by the carbonyl group

two bonds away. This doublet leans downfield because these protons are magnetically

coupled to the methine proton c.

The methine proton H"^^ appears as a multiplet of relative area 1, at 52.5. This

absorption is a septet (seven peaks), because it is coupled to the six adjacent methyl

protons (h). Some small peaks of this septet may not be visible unless the spectrum

is amplified, as shown in Figure 13-27. where all seven peaks are visible. The pat-

tern seen in this spectrum is typical for an isopropyl group: The methyl protons give

a strong doublet at a higher field, and the methine proton gives a weak multiplet
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7 Hz
I—

I

CH3v
X— C—CH

H

AA. < Figure 13-27

Characteristic isopropyl group

pattern.

11/

(usualK difficult to count the peaks) at a lower field. Isopropyl groups are easily rec-

ognized from this characteristic pattern.

PROBLEM SOLVING
Drawing an NMR Spectrum

In learning about NMR spectra, you have seen that chemical shift \ alues can be

assigned to specific types of protons, that the areas under peaks are proportional

to the numbers of protons, and that nearby protons cause spin-spin splitting. By
analyzing the structure of a molecule w ith these principles in mind, you can pre-

dict the features of an NMR spectrum. Learning to draw spectra w ill help you to

recognize the features of actual spectra. The process is not difficult if a system-

atic approach is used. A stepwise method is illustrated here, by draw ing the NMR
spectrum of the compound shown below.

1. Determine how many types of protons are present, together with their

proportions.

In the example abo\ e. there are four types of protons, labeled a. b. c. and d. The

area ratios should be 6 : 1 : 2 : 3.

2. Estimate the chemical shifts of the protons. (Table 13.3 and Appendix
1 serve as guides.)

Proton b is on a carbon atom bonded to ox\ gen; it should absorb around 53 to

54. Protons a are less deshielded by the oxygen, probably around 61 to 52.

Protons c are on a carbon bonded to a carbonyl group: they should absorb

around 52.1 to 62.5. Protons d, one carbon removed from a carbonyl. will be

deshielded less than protons r. and also less than protons a. which are next to

a more strongly deshielded carbon atom. Protons d should absorb around 51.0.

3. Determine the splitting patterns.

Protons a and b split each other into a doublet and a septet, respectively (a typ-

ical isopropyl group pattern ). Protons c and d split each other into a quartet and

a triplet, respectively (a typical ethyl group pattern).

CH^

CH' —O—C—CH,— CH','

CH^
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4. Summarize each absorption in order, from tlie lowest field to the highest.

Proton h Protons c Protons CI Protons d

area 1 2 6 3

chemical shift 3-4 2.1-2.5 1-2 1

splitting septet quartet doublet triplet

5. Draw the spectrum, using the information from your summary.

10 9 8 7 6 5 4 3 2 1 0

Work through the following problem to become comfortable with pre-

dicting NMR spectra.

PROBLEM 13-6

Draw the NMR spectra you would expect for the following compounds.

O

(a) (CHO.CH—O—CH(CH02 (b) CI—CH,—CH,—C—O—CH,

(c) Ph—CHiCH,), (d) CH^CH.Q^^^ ^^^OCH^CHj

(e) CH,—COOCH2CH3

CH2—COOCH2CH3

I3-8D Coupling Constants

The distances between the peaks of niultipjets can provide additional structural in-

formation . These distances are all about 7 Hz in the methyl isopropyl ketone spec-

trum (Figs. 13-26 and 13-27). These splittings are equal because any two magnetically

coupled protons must have equal effects on each other. The distance between adja-

cent peaks of the H" multiplet (split by H*") must equaTthe distance between the peaks

of the H'' doublet (split by H").

The distance between the peaks of a multiplet (measured in hertz) i^scalledjhe

coupling^nstant. Coupling constants arere^resentecTBy J , and t"he coupling con-

stant between and H'^ is represented by Jab - In complicated spectra with many

types of protons, groups of neighboring protons can sometimes be identified by mea-

suring their coupling constants. Multiplets that have the same coupling constant may

arise from adjacent groups of protons that split each other.

The magnetic effect that one proton has on another depends on the bonds con-

necting the protons, but it does not depend on the strength of the external magnetic

field. For this reason, the coupling constant (measured in hertz) does not vary with
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—C

H

\

C

H

Approx. J

(free rotation) 7 H/^

c=c

c=c

\
( c

(cis)

(trans)

( seminal

)

10 Hz

15 Hz

Hz

Approx. J

8 Hz

2 Hz

(meta)

c=c

(allvlic)

H 6 Hz

^The value of 7 Hz in an alkyl group is averaged for rapid rotation about the carbon-carbon bond.

If rotation is hindered by a ring or bulky groups, other splitting constants may be observ ed.

the field strength of the spectrometer. A spectrometer operating at 300 MHz records

the same coupling constants as a 60 MHz instrument.

Figure 13-28 shows typical values of coupling constants. The paper used in

NMR spectrometers usually has a fine grid calibrated in hertz to allow reading of cou-

pling constants. Impoilant niultiplets are often expanded (as a separate trace) to make

the splitting easier to see and measure.

Coupling constants help to distinguish among the possible isomers of a com-

pound, as in the spectrum of p-nitrotoluene (Fig. 13-29). The methyl protons (c) ab-

sorb as a singlet at 52.5. and the aromatic protons appear as a pair of doublets. The

doublet centered around 57.3 corresponds to the two aromatic protons ortho to the

methyl group (a). The doublet centered around 58.0 corresponds to the two protons

ortho to the electron-withdrawing nitro group (b).

Each proton a is magnetically coupled to one b proton, splitting the H**

absorption into a doublet. Similarly, each proton b is magnetically coupled to

< Figure 13-28

Typical values of proton

coupling constants.

PROBLEM-SOLVING HINT

Watch for unusually large

coupling constants, especially in

the vinyl region, where they may

indicate stereochemistry about a

double bond.

4 Figure 13-29

Proton NMR spectrum of

/j-nitrotoluene.
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methyl (Z)-3-chloroacrylate.

one proton c/, splitting the H*' absorption into a doublet. The coupling constant

is 8 Hz, suggesting that the magnetically coupled protons and are ortho

to each other.

Both the ortho and meta isomers of nitrotoluene have four distinct types of

aromatic protons, and the spectra for these isomers are more complex. Figure 13-29

must correspond to the para isomer of nitrotoluene.

Coupling constants also help to distinguish stereoisomers. In Figure 13-30, the

9 Hz coupling constant between the two vinyl protons of methyl (Z)-3-chloroacry-

late shows that they are cis to one another.

PROBLEM 13-7
^

Draw the expected NMR spectrum for methyl (£)-3-chloroacr) late, the geometric isomer

of the example in Figure 13-30.

PROBLEM 13-8

Draw the NMR spectra you expect for the following compounds.

Ph H
\ /

(a) C=C
/ \

H OCH,),

O

CH,0 CH,

(b) C=C
/ \

CI h

CH,

(CH3)3C^

(c) C=C
H

\

C—OCH,CH,

H

PROBLEM 13-9

An unknown compound (C^H^NCl) shows moderately strong IR absorptions around 1650

cm ' and 2200 cm"'. Its NMR spectrum consists of two doublets (7 = 14 Hz) at 55.9 and

67. 1 . Propose a structure consistent with these data.



1 3-9 Low-Field and High-Field NMR Spectra 57 I

PROBLEM 13-10

Tw o spectra are gi\ en below. Propose a structure that coiTesponds to each spectrum.

500 400

Hz

300 200

1 1

!

1 1

(

: 1

a) C3H7CI |-

J
/

J

1JkJ I
rtlllll nil iin .,mI,.M MM ,MI MM rMi Imm iMI

10.0 9.0 8.0 7 0 6.0 5.0 4.0 3.0 2.0 1.0 0

I
6

(
ppm I

500 400

H?

300 200 100

1 1 1 1 1 1

|(b)C,H,oO.
1

3
r
J

2 />
3;/

2

1J
MM

% Hz
.,,,I,M,I,,M IMI ,M,1,,,, Mil MM Mil

10.0 9.0 8.0 7.0 6.0 5.0 4 0 3,0 2.0 1.0 0

8 (
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)

Up to now. we have considered only simple compounds whose protons give sin-

glets or nicely split absorptions at substantially different chemical shifts. For these

compounds, the 60 MHz spectra have been clear and w ell resolved. That is not al-

ways the case.

Many compounds give spectra w hose protons absorb close to each other, so

that their multiplets o\ erlap. Moreover, when protons split each other by a coupling

constant (in Hz) that is nearly as large as their chemical shift separation (in Hz), sec-

ond-order effects begin to alter the shapes of the multiplets. making them difficult

to interpret.

Some of these comple.xities can be resolved by going to higher spectrometer

frequencies and magnetic fields. Remember that coupling constants (in Hz) are con-

stant, and chemical shifts (in ppm 5) are constant. But the number of Hz separating

any two chemical shifts is proportional to the frequency. Increasing the spectrome-

ter frequency from 60 MHz to 300 MHz makes any chemical shift separation five

times as large (in Hz). v\hile not affecting the coupling constants. This increased res-

olution often separates the multiplets enough so that they no longer o\ erlap and they

give cleaner splitting.

Figure 13-31 compares the NMR spectnun of 1-bromobutane at 60 MHz with

the same spectrum taken at 300 MHz. Both spectra are plotted on a 5 0 - 10 scale, so

the peaks come at the same positions (chemical shifts in ppm 8 are constant). In the

60 MHz spectmm. the methylene (CH.) groups overlap and gi\e a complicated mul-

tiplet. In the 300-MHz spectrum, these multiplets no longer overlap. Their splitting

appears to be only a fifth as large as in the 60 MHz spectrum, so their multiplets are

cleanly separated. The 300-MHz spectrum is much easier to interpret.

Actually, the coupling constants in the 300 MHz spectrum are exactly the same

(in Hz) as in the 60 MHz spectrum, but the sweep width of the 300 MHz spectrum

(in Hz) is five times as large, making the coupling constants appear smaller. Because

the coupling constants appear so small, we often make an enlarged second trace of

an important multiplet so that its splitting is easier to see and measure.

PROBLEM 13-1 I

Gi\ e the chemical shift and the multiplicity of each absorption in the 300 MHz spectrum of

l-bromobutane (Figure 13-31 ). Explain which protons are responsible for each splitting.

13-9

Low-Field and

High-Field

NMR Spectra

Photo of ahigh-licld-XMR

spectrometer. The metal

container at right contains the

superconducting magnet,

cooled by a liquid helium bath

inside a liquid nitrogen bath.

The electronics used to control

the spectrometer and calculate

spectra are at left and in the

backaround.
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The 60 MHz NMR spectrum of 1 -bromobutane fails to resolve the methylene groups. They

appear as complex overlapping multiplets. At 300 MHz, these absorptions are cleanly

resolved.

With the increased resolution possible at 300 MHz, protons that appear acci-

dentally equivalent at 60 MHz may often be resolved and shown to be nonequivalent.

Figure 13-32 shows the 300 MHz spectrum of ethylbenzene. with the aromatic pro-

tons clearly absorbing at different chemical shifts and splitting each other. Compare

this spectrum with the one taken at 60 MHz {Figure 13-24). At 60 MHz, the aro-

matic protons are unresolved and "accidentally equivalent." The high-field spectrum

resolves the absoiptions.

So if the high-field spectrum is better than the low-field spectrum, why

doesn't everyone use only high-field spectrometers? The answer is cost and time.

To begin with, high-field spectrometers are much more expensive:

Cost in KB (kilobucks) ~ frequency in MHz

High-field spectrometers use superconducting magnets that require liquid ni-

trogen and liquid helium to keep them cold. Operating expenses for a high-field
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y— CH.CH3
—

f

—ii -11—
10 9 8 7 6 5 4 3 2 1

8 (ppm)

Figure 13-32

The 300 MHz spectrum resolves the aromatic protons in ethylbenzene. These protons are

"accidentally equivalent" in the 60-MHz spectrum (Figure 13-24).

spectrometer run about $5.000- $10,000 per year, compared with next to nothing

for the permanent magnet of a 60 MHz spectrometer. Depending on the software, a

high-field spectrum usually takes longer to set up and run. (Theoretically, the com-

puter-controlled high-field spectrometer can record a spectrum very quickly, but in

practice that is rarely the case.)

For a simple spectrum, the 60 MHz spectrum may be well resolved and just as

useful as a high-field spectrum. For a more complex structure, however, the increased

resolution of a high-field spectrum may be crucial. A wide variety of high-field spec-

trometers are in use, from 200 MHz up to 900 MHz and beyond. In this book, we have

used a 300-MHz instrument for all the high-field spectra.

PROBLEM-SOLVING HINT

Chemical shifts (in ppm 8) and

coupling constants (in Hz) do

not vary with the field strength

of the spectrometer.

There are many cases of complex splitting, where signals are split by adjacent pro- 13-10
tons of more than one type, with different coupling constants. Consider the vinyl

proton H', adjacent to the phenyl ring of styrene. The chemical shift of H^ is 56.6,

deshielded by both the vinyl group and the aromatic ring.

styrene

H" is coupled to H'^ with a typical trans coupling constant J^^ ^ 1 ^ Hz. It is also

coupled to proton H" with J^^ = 11 Hz. The H" signal is split into a doublet of spac-

ing 17 Hz, and each of those peaks is further split into a doublet of spacing 1 1 Hz.

for a total of four peaks. This complex splitting, called a doublet ofdoublets, can be

analyzed by a diagram called a splitting tree, shown in Figure 13-33.

Complex Splitting
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5 6.6

chemical shift of H"

Figure 13-33

A splitting tree. The H" signal

in styrene is split (y^b
= 17 Hz)

by coupling with H'^. and

further split (7,, = 1 1 Hz) by

coupling with H''.

y„,= !7Hz

J,... = 1 1 Hz 11 Hz

Figure 13-34

Proton NMR spectrum of

stvrene.

8 5.65

shift of H*

y^,= 17Hz

y,,= 1.4Hz

Figure 13-35

The H*" proton in styrene is

split by coupling with H"*

(y^h
= 17 Hz), and further split

by coupling with H^ (J^,^
=

1.4 Hz).

The proton NMR spectrum of styrene is shown in Figure 13-34. The absorp-

tion of H^. with splitting as in Figure 13-33, is centered at 56.6. H'' is also split by

two nonequivalent protons: It is split by with a trans coupling constant = 17 Hz
and further split by H*- with a geminal coupling constant i^c — 1-4 Hz. The H'' dou-

blet of doublets, centered at 55.65. is shown in Figure 13-35.

PROBLEM 13-12

Draw a spliuing tree, similar to Figures 13-33 and 13-35, for proton H' in styrene. What is

the chemical shift of proton H"?

Sometimes a signal is split by two or more different kinds of protons with sim-

ilar coupling constants. Consider ^-propyl iodide (Fig. 13-36), where the b protons

on the middle carbon atom are split by two types of protons: the methyl protons (H'^)

and the CHd protons (H').

The coupling constants for these two interactions are similar: J^^, = 7.3 Hz,

and y^, = 6.8 Hz. The spectrum shows the H*" signal as a sextet, almost as though

there were five equivalent protons coupled with H*". The second trace, enlarged and

offset, shows that the pattern is not a perfect sextet. The analysis of the splitting pat-

tern serves as a reminder that the (A'^ + 1 ) rule works only in a perfect multiplet.

when the signal is split by equivalent protons.
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< Figure 13-36

The NMR spectrum of

7!-prop\ 1 iodide seems to show

the signal split into a sextet

by the fi\ e hydrogens on the

adjacent carbon atoms. On
closer inspection, the multiplet

is seen to be an imperfect

sextet, the result of complex

splitting by two sets of protons

(a and c) with similar splitting

constants.

PROBLEM 13-13

The spectrum of fra7;j-2-hexenoic acid is shown below.

(a) Gi\ e peak assignments to show which protons gi\ e rise to which peaks in the spectrum.

I b I Draw a tree to show the complex splitting of the \ inyl proton centered around 7 ppm.

Estimate the values of the coupling constants.
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PROBLEM 13-14

The NMR spectrum of cinnamaldehyde is shown below.

(a) Determine the chemical shifts of H^, H'', and H^. The absorption of one of these pro-

tons is difficult to see; look carefully at the integrals.

(b) Estimate the coupling constants and y^t •

(c) Draw a tree to analyze the complex splitting of the proton centered at 56.7.

PROBLEM 13-15

Consider the proton NMR spectrum of the following ketone.

O

C
/ \

=C CH
\
HH,C

/

(a) Predict the approximate chemical shift of each type of proton.

(b) Predict the number of NMR peaks for each type of proton.

(c) Draw a tree to show the splitting predicted for the absorption of the circled proton.

PROBLEM-SOLVING HINT
Protons on the [3 carbon of an

a, ;S-unsaturated carbonyl

compound absorb at very low

fields (about 57) because of the

electron-withdrawing effect of

the carbonyl group.

O

H
\i3
c=

c
ay \
c

H
\<3
'C—C'J'\

13-1 I

Stereochemical

Nonequivalence

of Protons

Stereochemical differences often result in different chemical shifts for protons on

the same carbon atom. For example, the two protons on C| of allyl bromide (3-bro-

mopropene) are not equivalent. H'' is cis to the —CH^Br group, and H'' is trans,

absorbs at 55.3; H*' absorbs at 65. 1 . There are four different (by NMR) types of pro-

tons in allyl bromide, as shown in the structure

\ /
C,— Br

\ / ^

To determine whether similar-appearing protons are equivalent, mentally sub-

stitute another atom for each of the protons in question. Ifthe same product isformed

by imagimuy replacement of either of two protons, those protons are chemically

equivalent.

For example, the replacement of any of the three methyl protons in ethanol by

an imaginary Z atom gives the same compound; these hydrogens are chemically

equivalent.
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H'

\
,X —CH.OH

H

\
CH.OH

replace

H-

H V
H

\X—CH.OH
ZV
H

\X—CH.OH
H V
Z

different conformations of the same compound

When this imaginary replacement test is applied to the protons on C| of allyl

bromide, the imaginary products are different. Replacement of the cis hydrogen gives

the cis diastereomer, and replacement of the trans hydrogen gives the trans di-

astereomer. Because the two imaginary products are diastereomers, these protons

on C| are called diastereotopic protons.

diastereotopic

mentally

replace

mentally

replace

CH.Br

C=C
/ \

H'' H

H' CH.Br
\ / -

C=C—
X \

Z H

diastereomers

Cyclohutanol shows these stereochemical relationships in a cyclic system. The

hydroxy! proton H ' is clearly unique; it absorbs between 53 and 55, depending on

the solvent and concentration. H'' is also unique, absorbing between 53 and 54. Pro-

tons H"^ and H' are diastereotopic (and absorb at different fields) because H*-' is cis to

the hydroxy 1 group; H' is trans.

minor plane

of symmetry

OH'

To distinguish among the other four protons, notice that cyclobutanol has an

internal minor plane of symmetry. Protons H"^^ are cis to the hydroxyl group, while

protons H'' are trans. Therefore, protons H'' are diastereotopic to protons H''. and

the two sets of protons absorb at different magnetic fields and are capable of split-

ting each other.

PROBLEM 13-16

Use the imaginary replacement technique to show that protons H' and H'' in cyclobutanol

are diastereotopic.
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PROBLEM 13-17*

If the imaginary replacement of either of two protons forms enantiomers, then those pro-

tons are said to be enantiotopic. The NMR is not a chiral probe, and it cannot distinguish

between enantiotopic protons. They are seen to be "equivalent by NMR."

(a) Use the imaginary replacement technique to show that the two allylic protons (those on

C,) of allyl bromide are enantiotopic.

(b) Similarly, show that the two protons in cyclobutanoi are enantiotopic.

(c) What other protons in cyclobutanoi are enantiotopic?

diastcrcotopic,

different environments

Diastereomerism also occurs in saturated, acyclic compounds; for example,

1,2-dichloropropane is a simple compound that contains diastereotopic protons. The
two protons on the —CH2CI group are diastereotopic: their imaginary replacement

gives diastereomers.

diaslereomers

, <^ .

CH,

H-

H'

CH,
3

CH.

-CI
mentally

H-

diastercolt>pic protons
CI

-CI

and
H-

H'

-CI

CI

replace H

'

CI

replace H''

The most stable conformation of 1,2-dichloropropane (at left) shows that the

diastereotopic protons on C' exist in different chemical environments. They experi-

ence different magnetic fields and are nonequivalent by NMR. The NMR spectrum

of 1,2-dichloropropane is shown in Figure 13.37. The methyl protons appear as a

doublet at 51 .6, and the single proton on C" appears as a complex multiplet at 54. 1 5.

The two protons on C' appear as distinct absoiptions at 53.60 and 53.77. They are

split by the proton on C"^, and they also split each other.

CH,

CI — C* CH.Cl

H\ \ \

J
10 9876 5 43210

8(ppm)

Figure 13-37

The proton NMR spectmm of 1 ,2-dichloropropane shows distinct absoiptions for the methylene

protons on C' . These hydrogen atoms are diastereotopic and are chemically nonequivalent.



13-12 Time Dependence of NMR Spectroscopy 579

The presence of a chiral carbon atom adjacent to the CH2CI group gives rise

to the different chemical environments of these diastereotopic protons. When a mol-

ecule contains a chiral carbon atom, the protons on any methylene groups are usu-

ally diastereotopic. They may or may not be resolved in the NMR, however,

depending on the differences in their environments.

PROBLEM 13-18*

Predict the theoretical number of different NMR signals produced by each compound, and

give approximate chemical shifts. Point out any diastereotopic relationships,

(a) 2-bromobutane (b) cyclopentanol

(c) Ph—CHBr—CH.Br (d) vinyl chloride

We have already seen evidence that NMR does not provide an instantaneous pic-

ture of a molecule. For example, a terminal alkyne does not give a spectrum

where the molecules oriented along the field absorb at a high field and those ori-

ented perpendicular to the field absorb at a lower field. What we see is one sig-

nal whose position is averaged over the chemical shifts of all the orientations of

a rapidly tumbling molecule. In general, any type of movement or change that

takes place faster than about a hundredth of a second will produce an average

NMR spectrum.

13-12

Time Dependence
of NMR
Spectroscopy

I3-I2A Conformational Changes

This principle is illustrated by the cyclohexane spectrum. In the chair conformation,

there are two kinds of protons: the axial hydrogens and the equatorial hydrogens.

The axial hydrogens become equatorial and the equatorial hydrogens become axial

by chair-chair interconversions. These interconversions are fast on an NMR time

scale at room temperature. The NMR spectrum of cyclohexane shows only one sharp,

averaged peak (at 61.4) at room temperature.

H, (ax)

H3 (eq)
H, (eq)

H. (ax)

Low temperatures retard the chair -chair interconversion of cyclohexane. The

NMR spectrum at — 89°C shows two nonequivalent types of protons that split each

other, giving two broad bands corresponding to the absorptions of the axial and equa-

torial protons. The broadening of the bands results from spin-spin splitting between

axial and equatorial protons on the same carbon atom and on adjacent carbons. This

technique of using low temperatures to stop conformational interconversions is called

freezing out the conformations.

1 3- 1 2B Fast Proton Transfers

Hydroxyl Protons. Like conformational interconversions. chemical processes often

occur faster than the NMR technique can observe them. Figure 13-38 shows two

NMR spectra for ethanol. Part (a) shows the splitting we would predict for ethanol.

and part (b) shows the spectrum that is more commonly observed.
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Comparison of the NMR spec-

tram of unusually pure ethanol

and the spectram of ethanol

with a trace of an acidic (or

basic) impurity. The impurity

catalyzes a fast exchange of the

—OH proton from one ethanol

molecule to another. This

rapidly exchanging proton

produces a single, unsplit

absorption at an averaged field.

Figure 13-38(a) shows the expected coupling between the hydroxyl (—OH)
proton and the adjacent methylene (—CH2— ) protons, with a coupling constant

of about 5 Hz. This is an ultrapure sample of ethanol with no contamination of

acid, base, or water. Part (b) shows a typical sample of ethanol, with some acid

or base present to catalyze the interchange of the hydroxyl protons. No splitting

is seen between the hydroxyl proton and the methylene protons. During the NMR
measurement, each hydroxyl proton becomes attached to a large number of dif-

ferent ethanol molecules and experiences all possible spin arrangements of the

methylene group. What we see is a single, unsplit hydroxyl absorption corre-

sponding to the averaged field the proton experiences from bonding to many dif-

ferent ethanol molecules.

1 1 1 1

'
« '

lb) common ethanol spectrum H
(acidic or basic impurity)

HO— CH2
/ 1

-CH,
S

-J
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Figure 1 3-39

Example of a proton NMR spectrum with a broad N—H absorption.

Proton exchange occurs in most alcohols and carboxylic acids, and in many
amines and amides. If the exchange is fast (as it usually is for —OH protons), we
see one sharp averaged signal. If the exchange is very slow, we see splitting. If the

exchange is moderately slow, we may see a broadened peak that is neither cleanly

split nor cleanly averaged.

PROBLEM 13-19

Give mechanisms to show the interchange of protons between ethanol molecules under

(a) acid catalysis (b) base catalysis

N—H Protons. Protons on nitrogen often show broadened signals in the NMR,
both because of moderate rates of exchange and because of the magnetic proper-

ties of the nitrogen nucleus. Depending on the rate of exchange and other factors,

N—H protons may give absorptions that are sharp and cleanly split, sharp and un-

split (averaged), or broad and shapeless. Figure 13-39 illustrates an NMR spec-

trum where the —NHi protons produce a very broad absorption, the shapeless

peak centered at 65.3.

Because the chemical shifts of O—H and N—H protons depend on the con-

centration and the solvent, it is often difficult to tell whether or not a given peak cor-

responds to one of these types of protons. We can use proton exchange to identify

their NMR signals, by shaking the sample with an excess of deuterium oxide, D2O.

Any exchangeable hydrogens are quickly replaced by deuterium atoms, which are

invisible in the proton NMR spectrum.

R—O—H + D—O—D R—O—D + D—O—

H

R—NH. + 2D—O—D R—ND3 + 2 D—O—

H

When a second NMR spectrum is recorded (after shaking with D2O). the signals

from any exchangeable protons are either absent or much less intense.
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PROBLEM-SOLVING HINT

Remember to look for struc-

tural information based on

(
1

) number of absorptions,

(2) chemical shifts,

(3) areas of peaks, and

(4) spin-spin splitting.

PROBLEM 13-20

Draw the NMR spectrum expected from ethanol that has been shaken with a drop of DjO.

PROBLEM 13-21

Propose chemical structures consistent with the following NMR spectra and molecular for-

mulas.

600 500 400

Hz

300 200 100
1 1

1—

u

i

-J

—

1

....

(a)C4H|,)02
1—

'

3

Iii
mmIi

Iii
1 1 1 1 1

1

IMI MM MM MM MM MM MM MM MM MM MM MM M 1 M M MM IMI Imm MM
10.0 9.0 8.0 7.0 6.0 5.0 4.0

5 (ppm)

3.0 2.0

600 500 400 300 200 100 0
1 1 1

(b) CH^NO

"

2

j

!

II1 L
MillMMM MM MM MM MM JIM Mil MM MM MM MM 1 1 1 1 1 1 1 1 1 Mil llMll II, MM MM MM IMIII

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

5 (ppm)

PROBLEM SOLVING
Interpreting Proton NMR Spectra

Learning to interpret NMR spectra requires practice with a large number of ex-

amples and problems. The problems at the end of this chapter should help you gain

confidence in your ability to assemble a structure from the NMR spectrum com-

bined with other information. This section provides some hints that can help make

spectral analysis a little easier.
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When you first look at a spectrum, consider the major features before get-

ting bogged down in the minor details. Here are a few major characteristics you

might watch for:

1. If the molecular fomiula is known, use it to determine the number of elements

of unsaturation (see Section 7-3). The elements of unsaturation suggest rings,

double bonds, or triple bonds. Matching the integrated peak areas with the

number of protons in the formula gix es the numbers of protons represented by

the individual peaks.

Any broadened singlets in the spectrum might be due to —OH or —NH protons.

If the broad singlet is deshielded past 10 ppni. an acid —OH group is likely.

O

—O— H —N—

H

tVequently broad singlets

—C—OH
broad (or sharp) singlet. 5 > 10

3. An absorption around 63 to 64 suggests protons on a carbon bearing an elec-

tronegative element such as oxygen or a halogen. Protons that are more dis-

tant from the electronegative atom will be less strongly deshielded.

—O—C— H Br—C— H CI—C— H I—C—

H

around 63-54 for hydrogens on carbons bearing oxygen or halogen

4. Absorptions around 67 to 58 suggest the presence of an aromatic ring. If some

of the aromatic absorptions are farther downfield than 67.2. an electron-with-

drawing substituent mav be attached.

around 67-68 H

5. Absorptions around 65 to 66 suggest vinyl protons. Splitting constants can

differentiate cis and trans isomers.

\ /
C=C

/ \
H H

around 6.^-66: J = 10 Hz

H
\ /
C=C

/ \
H

around 6.'^-66; J = 15 Hz

6. Leam to recognize ethyl groups and isopropyl groups (and structures that re-

semble these groups) by their characteristic splitting patterns.

jUUliijUL

eth_\ 1 group isopropyl group



584 Chapter 13: Nuclear Magnetic Resonance Spectroscopy

7. Absorptions around 52.1 to 52.5 may suggest protons adjacent to a carbonyl

group or next to an aromatic ring. A singlet at 52. 1 often results from a methyl

group bonded to a carbonyl group.

O O
II I II

C—C— H —C—CH3

nnnind rS2.1 -(S2.5 singlet. 62.1 singlet. 62.3

8. Absorptions in the range 59 to 510 suggest an aldehyde.

—C—

H

I

aldehyde. 69-6 If)

9. A sharp singlet around 52.5 suggests a terminal alkyne.

—C^C—

H

around 62.5

These hints are neither exact nor complete. They are simple methods for

making educated guesses about the major features of a compound from its NMR
spectrum. The hints can be used to draw partial structures to examine all the pos-

sible ways they might be combined to give a molecule that corresponds with the

spectrum. Figure 1 3-40 gives a graphic presentation of some of the most common
chemical shifts. A more complete table of chemical shifts appears in Appendix 1.

SAMPLE PROBLEM

Consider how you might approach the NMR spectrum shown in Figure 13-41.

The molecular formula is known to be C4Hg02, implying one element of unsat-

uration (the saturated fonnula would be C4H,o02). Three types of protons ap-

pear in this spectrum. The absorptions at 54.1 and 51.2 resemble an ethyl

group— confirmed by the 2 : 3 ratio of the integrals.

partial structure: —CH-— CH;

The ethyl group is probably bonded to an electronegative element, since its

methylene (—CHj— ) protons absorb close to 54. Because the molecular formu-

la contains oxygen, an ethoxy group is suggested.

partial structure: — ()— CH^—CH,

-COOH
811-612

O
II—C—

H

> Figure 13-40

Common chemical shifts in the

'H NMR spectrum.

10

X X—C— H O

\= C^ I II I

H / —C—

C

H H x = 0, Hal
I

6 5 4

8 (ppm)
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- C.HoO-, -
4 o

— '

10 987654 3 2 10
§ (ppm I

Figure 13-41

Proton NMR spectrum for a compound of formula C4HSO2

.

The singlet at 52. 15 (area = 3 ) might be a methyl group bonded to a carbonyl

group. A carbonyl group would also account for the element of unsaturation.

O
II

partial structure: -—C— CH,

We have accounted for all eight hydrogen atoms in the spectrum. Putting to-

gether all the clues, we arrive at a proposed structure.

O
II

CH^—CH^—O—C— Cff,

ethyl acetate

At this point, the structure should be rechecked to make sure it is consistent with

the molecular formula, the proton ratios given by the integrals, the chemical shifts

of the signals, and the spin-spin splitting. In ethyl acetate, the H"' protons give a

triplet (split by the adjacent CH^ group. 7=7 Hz) of area 3 at 51.2; the H*" pro-

tons give a quartet (split by the adjacent CH, group. 7=7 Hz) of area 2 at 54. 1

:

and the H"^^ protons give a singlet of area 3 at 52.15.

PROBLEM 13-22

Draw the expected NMR spectrum of methyl propionate, and point out how it dif-

fers from the spectrum of eth> 1 acetate.

O

CH3—O— C—CH,— CH,

methyl propionate
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SOLVED PROBLEM 13-4

Propose a structure for the compound of molecular formula C4H111O whose proton NMR
spectrum appears below.

Hz
600 500 400 300 200 100 0

1 1 1 1

1

J
-1

/

JJ-J

IMSH
lUl 1.

i

1 1 M 1 1 INI MM MM MM MM MM 1 1 1 1 MM MM MM MM mmImmI MM 1 1 1 1 MM MM Mill Ml MM 1 1 1 1 II

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

6 (ppm)

SOLUTION
The molecular formula C4H|nO indicates no elements of unsaturation. Four types of hy-

drogens appear in this spectrum, in the ratio 1:2:1:6. The singlet (one proton) at S4.0

might be a hydroxyl group, and the absorption (two protons) at 53.4 corresponds to pro-

tons on a carbon atom bonded to oxygen. The 53.4 signal is a doublet, implying that the

adjacent carbon atom bears one hydrogen.

H
I

partial structure: H—O—CH,—C—
"

I

(Since we cannot be certain that the 54.0 absorption is actually a hydroxyl group, we

might consider shaking the sample with DjO. If the 4.0 ppm absorption represents a hy-

droxyl group, it will shrink or vanish after shaking with D2O.)

The absorptions at 51 .8 and 50.9 resemble the pattern for an isopropyl group. The

integral ratio of 1 :6 supports this assumption. Since the methine (—CH— ) proton

of the isopropyl group absorbs at a fairly high field, the isopropyl group must be bonded

to a carbon atom rather than an oxygen.

I

/™'
partial structure: —C—CH

' ^CH,

Our two partial structures add to a total of six carbon atoms (compared with the four

in the molecular formula) because two of the carbon atoms appear in both partial struc-

tures. Drawing the composite of the partial structures, we have isobutyl alcohol:

/CHd

Ha_o—CHb—CH^
\
CH^

This structure must be rechecked to make sure that it has the correct molecular for-

mula and that it accounts for all the structural evidence provided by the spectrum (Prob-

lem 13-23).
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PROBLEM 13-23

(a) Give the spectral assignments for the protons in isobutyi alcohol (Solved Problem

13-4). For example,

H'' is a singlet, area = 1, at 64.0

(b) Explain the ragged appearance of the methine proton multipiet around 61.8.

PROBLEM 13-24

Five proton NMR spectra are given below, together with molecular formulas. In each case,

propose a structure that is consistent with the spectriun.

(a)C4l

Offset: 2.4
[
ipm

J
10 9 8 7 6 5 4 3 2 1 0

5 (ppm)

600 500 400 300 200 100 0

1 1

V

1

(blC^H^O
s

/

MM MM MM MM MM MM .M, MM MM MM MM MM 1 1

1

Imm MM MM MM MM MM MM
10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

r
— (c) C,Hj5O,

3

J

3

2

h
10 9 8 7 6 5 4 3 2 1 0

6 (
ppm

)
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r
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13-13

Carbon- 1 3 NMR
Spectroscopy

Where does a carbonyl group absorb in the NMR? Where does an internal alkyne ab-

sorb? In the proton NMR, both of these groups are invisible. Sometimes we can infer

their presence: If the carbonyl group has a proton attached (an aldehyde proton), the

peak between 59 and 10 alerts us to its presence. If the adjacent carbon atom has hy-

drogens, their absorptions between 52. 1 and 2.5 are suggestive, but we still can't see

the carbonyl group. An internal alkyne is more difficult: There are no distinctive ab-

sorptions in the proton NMR and usually none in the IR either.

The development of Fourier transform NMR spectroscopy made carbon NMR
('-''C NMR or CMR) possible, and high-field superconducting spectrometers allowed

it to become nearly as convenient as proton NMR ('H NMR). Carbon NMR deter-

mines the magnetic environments of the carbon atoms themselves. Carbonyl carbon

atoms, alkyne carbon atoms, and aromatic carbon atoms all have characteristic chem-

ical shifts in the '''C NMR spectrum.

1 3- 1 3A Sensitivity of Carbon NMR
Caibon NMR took longer than proton NMR to become a routine technique because car-

bon NMR signals are much weaker than proton signals. About 99% of the carbon

atoms in a natural sample are the isotope '"C. This isotope has an even number of pro-
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tons and an even number of neutrons, so it has no magnetic spin and cannot give rise

to NMR signals. The less abundant isotope ' "^C has an odd number of neutrons, giving

it a magnetic spin of \. just like a proton. Because only 1% of the carbon atoms in a

I

sample are the magnetic
'

'C isotope, the sensitivity of '''C NMR is decreased by a fac-

tor of 1 00. In addition, the gyroniagnetic ratio of '""C is only one-fourth that of the pro-

ton, so the ' 'C resonance frequency (at a given magnetic field) is only one-fourth of that

for 'H NMR. The smaller gyromagnetic ratio leads to a further decrease in sensitivity.

Because '''C NMR is less sensitive than 'H NMR. special techniques are need-

ed to obtain a spectrum. If we simply operate the spectrometer in a normal (called

continuous wave or CW) manner, the desired signals are very weak and become lost

in the noise. When many spectra are averaged, however, the random noise tends to

cancel while the desired signals are reinforced. If several spectra are taken and stored

in a computer, they can be averaged and the accumulated spectrum plotted by the

computer. Since the '^C NMR technique is much less sensitive than the 'H NMR
technique, hundreds of spectra are commonly averaged to produce a usable result.

Several minutes are required to scan each CW spectrum, and this averaging proce-

dure is long and tedious. Fortunately, there is a better way.

I3-I3B Fourier Transform NMR Spectroscopy

When magnetic nuclei are placed in a magnetic field and irradiated with a pulse of

radio frequency close to their resonant frequency, the nuclei absorb some of the en-

ergy and precess like little tops at their resonant frequencies (Fig. 13-42). This pre-

cession of many nuclei at slightly different frequencies produces a complex signal

that decays as the nuclei lose the energ\ they gained from the pulse. This signal is

called a free induction decay (or transient) and it contains all the information need-

ed to calculate a spectrum. The free induction decay (FID) can be recorded by a

radio receiver and a computer in 1 to 2 seconds, and many FIDs can be averaged in

a few minutes. A computer converts the averaged transients into a spectrum.

A Fourier transform is the mathematical technique used to compute the spec-

trum from the free induction decay, and this technique of using pulses and collect-

ing transients is called Fourier transform spectroscopy. A Fourier transform

spectrometer is usually more expensive than a continuous wave spectrometer, since

it must have a fairly sophisticated computer with the capability of storing thousands

of complicated transients. A good '''C NMR instrument usually has the capability to

do 'H NMR spectra as well. When used with proton spectroscopy, the Fourier trans-

form technique produces good spectra with very small amounts (less than a mil-

ligram) of sample.

A
Ho O

pulse nuclei precess

A Figure 13-42

The Fourier transform NMR spectrometer delivers a radio-frequency pulse close to the

resonance frequency of the nuclei. Each nucleus precesses at its own resonance frequency,

generating a free induction decay (FID). Many of these transient FIDs are accumulated and

averaged in a short period of time. A computer does a Fourier transform (FT) on the aver-

aged FID, producing the spectiaim printed on the recorder.

spectrum

free induction decay ( FID)
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aromatic C -c= c-- C— C1,C— Br

Figure 13-43

Table of approximate chemical

shift values for '^C NMR. Most

of these values for a carbon

atom are about 15 to 20 times

the chemical shift of a proton if

it were bonded to the carbon

atom.

C= o

200

c =c —c— o—

I I I J L I I I

150 100 50

ppm downfield

from TMS

alkanes

J 1 L
0

TMS

1 3- 1 3C Carbon Chemical Shifts

Figure 13-43 gives some typical ranges of chemical shifts for carbon atoms in organic

molecules. A more detailed table of carbon chemical shifts is provided as Appendix

IC. Carbon chemical shifts are usually about 15 to 20 times larger than comparable

proton chemical shifts, which makes sense because the carbon atom is one atom

closer to a shielding or deshielding group than its attached hydrogen. For example,

an aldehyde proton absorbs around 59.4 in the 'H NMR spectrum, and the carbonyl

carbon atom absorbs around 1 80 ppm downfield from TMS in the '""C spectrum. Fig-

ure 13-44 compares the proton and carbon spectra of a complex aldehyde to show

this relationship between proton and carbon chemical shifts.

The proton (lower) and carbon (upper) spectra in Figure 13-44 are calibrated

so the full width of the proton spectrum is 10 ppm, while the width of the ' ^C spec-

trum is 200 ppm, 20 times as large. Notice how the corresponding peaks in the two

spectra almost line up vertically. This proportionality of '''C NMR and 'H NMR
chemical shifts is an approximation that allows us to make a first estimate of a car-

200 180 160 140 120 100 80 60 40 20 0

' ^'C NMR
1

aldehyde carbon^ 8180

,1,1 1

CDCI3

solvent

1

' NMR
spectrum

'H NMR
r

—

H H

aldehyde proton

89.4

'h

sp

NMR
"——

_

sctrum

H

CHCI3

impuritv \

\

^u I

10 9876 5 43210
8 (ppm)

Figure 13-44

Proton and
'

'C NMR spectra of a heterocyclic aldehyde. Notice the conelation of the

chemical shifts in the two spectra. The proton spectrum has a sweep width of 10 ppm, and

the carbon spectrum has a width of 200 ppm.
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1
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4 Figure 13-45

Proton and ' NMR spectra of"

1 ,2,2-trichloropropane.

bon atom's chemical shift. For example, since the peak for the aldehyde proton is at

59.5 in the proton spectrum, we expect the peak for the aldehyde carbon to appear

at a chemical shift between 15 and 20 times as large (between §144 and 5192) in the

carbon spectrum. The actual position is at 5180.

Notice also the triplet at 577 in the '''C NMR spectrum in Figure 13-44. This

is the carbon signal for deuterated chloroform (CDCl,), split into three equal-sized

peaks by coupling with the deuterium atom. Chlorofonn-r/ (CDCI3) is a common
solvent for '''C NMR because the spectrometer can "lock" onto the signal from deu-

terium at a different frequency from carbon. The CDCl, solvent signal is a common
feature of carbon NMR spectra.

Because chemical shift effects are larger in NMR, an electron-withdraw-

ing group has a substantial effect on the chemical shift of a carbon atom beta (one

carbon removed) to the group. For example. Figure 13-45 shows the 'H NMR and

'""C NMR spectra of 1,2,2-trichloropropane. The methyl (CH3) carbon absorbs at 33

ppm downfield from TMS because the two chlorine atoms on the adjacent —CCK

—

carbon have a substantial effect on the methyl carbon. The chemical shift of this

methyl carbon is about 15 times that of its attached protons (52.1 ), in accordance with

our prediction. Similarly, the chemical shift of the —CH^Cl carbon (56 ppm) is

about 15 times that of its protons (54.0). Although the CCI2 carbon has no protons,

the proton in a —CHCK group generally absorbs around 55.8. The carbon absoip-

tion at 87 ppm is about 15 times this proton shift.

1 3- 1 3D Important Differences Between Proton and
Carbon Techniques

Most of the characteristics of '"^C NMR spectroscopy are similar to those of the 'H

NMR technique. There are some important differences, however.

Operating Frequency. The gyromagnetic ratio for '''C is about one-fourth that of

the proton, so the resonance frequency is also about one-fourth. A spectrometer with

a 14,092 gauss magnet needs a 60 MHz transmitter for protons and a 15.1 MHz
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transmitter for '^C. A spectrometer with a 70,459 gauss magnet needs a 300 MHz
transmitter for protons and a 75.6 MHz transmitter for

'

-C.

Peak Areas. The areas of ' '^C NMR peaks are not necessarily proportional to the

number of carbons giving rise to the peaks. Carbon atoms with two or three pro-

tons attached usually give the strongest absorptions, and carbons with no protons

tend to give weak absorptions. Newer spectrometers have an integrating mode
that uses gated decoupling to equalize the absorptions of different carbon atoms.

This mode makes peak integrals nearly proportional to the relative numbers of

carbon atoms.

I3-I3E Spin-Spin Splitting

NMR splitting patterns are quite different from those observed in 'H NMR. Only

1% of the carbon atoms in the '-^C NMR sample are magnetic, so there is a small prob-

ability that an observed '''C nucleus is adjacent to another '''C nucleus. Tbeiefore, car-

bon-carbon splitting can be ignored. Carbon -hydrogen coupling is common,
however. Most carbon atoms are bonded directly to hydrogen atoms or are suffi-

ciently close to hydrogen atoms for carbon -hydrogen spin-spin coupling to be ob-

served. Extensive carbon -hydrogen coupling produces splitting patterns that can be

complicated and difficult to interpret.

Proton Spill Decoupling. To simplify '''C NMR spectra, they are commonly record-

ed using proton spin decoupling, where the protons are continuously irradiated

with a broadband ("noise") proton transmitter. As a result, all the protons are con-

tinuously in resonance, and they rapidly flip their spins. The carbon nuclei see an av-

erage of the possible combinations of proton spin states. Each carbon signal appears

as a single, unsplit peak because any carbon -hydrogen splitfing has been eliminat-

ed. The spectra in Figures 13-44 and 13-45 were generated in this manner.

PROBLEM 13-25

Draw the expected broadband-decoupled "C NMR spectra of the following compounds. Use

Figure 13-43 to estimate the chemical shifts.

O

O H C—

H

(a)/ \ (b)||
I

(c) C CH, (d) C==C^

O \/ H,C CH H H
I

CH3

Off-Resonance Decoupling. Proton spin decoupling produces spectra that are very

simple, but some valuable information is lost in the process. Off-resonance decou-

pling simplifies the spectmm but allows some of the splitting information to be re-

tained (Fig. 13-46). With off-resonance decoupling, the '""C nuclei are split only by

the protons directly bonded to them. The (A^ + 1 ) rule applies: A carbon atom with

one proton (a methine) appears as a doublet, while a carbon with two attached pro-

tons (a methylene) gives a triplet. A methyl carbon is split into a quartet. Off-reso-

nance-decoupled spectra are easily recognized by the appearance of TMS as a

quartet at 0 ppm, split by the three protons of each methyl group.

The best procedure for obtaining a ''C NMR spectrum is to run the spectrum

twice: The singlets in the broadband-decoupled spectrum indicate the number of

nonequivalent carbon atoms and their chemical shifts. The multiplicities of the ab-
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1 1 1

' r NMR
1 1 1 1

CI

1 1 1

cli^X
-(C)—@3

CH,-— Si— CH,

CI /cT"^^^
CH,

I

1 1 1 1 1 1
1 1 1 1

A Figure 1 3-46

Off-resonance decoupled

"C NMR spectnim of 1.2,2-

trichloropropane. The CCK
group appeals as a singlet, the

CHiCl group as a triplet, and the

200 180 160 140 120 100 80 60 40 20 0 CH, group as a quartet.

5 (ppm) Compare this spectnim with

Figure 13-45.
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2-butanone
TMS
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A Figure 13-47

Off-resonance -decoupled (upper) and broadband-decoupled (lower) ' 'C NMR spectra of

2-butanone.

sorptions in the off-resonance -decoupled spectrum indicate the number of hy-

drogen atoms bonded to each carbon atom. '"^C spectra are often given with two

traces, one broadband decoupled and the other off-resonance decoupled. If just

one trace is given, it is usually broadband decoupled. Figure 13-47 shows both

spectra for 2-butanone.

PROBLEM 13-26

Show w hich carbon atoms correspond with which peaks in the ^^C NMR spectrum of 2-bu-

tanone (Figure 13-47).
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PROBLEM 13-27

Repeat Problem 13-25. sketching the off-resonance -decoupled "C spectra of these compounds.

PROBLEM 13-28

Draw the proton NMR spectrum you would expect for 2-butanone. How well do the pro-

ton chemical shifts predict the carbon chemical shifts, using the "15 to 20 times as large"

rule of thumb?

13-14

Interpreting Carbon
NMR Spectra

Interpretation of '^C NMR spectra involves the same principles as those used with

'H NMR spectra. In fact, carbon spectra are often easier to interpret. A '''C NMR spec-

trum provides the following information:

1. The number of different absorptions implies how many different types of car-

bons are present.

2. The chemical shifts of those absorptions suggest what types of functional groups

contain those carbon atoms.

3. The peak areas (in the integrating mode) imply how many carbons of each

type are present.

4. The splitting of signals in the off-resonance -decoupled spectrum indicates

how many protons are bonded to each carbon atom (A' + 1 rule).

For example, consider the '''C NMR spectrum of 6-valerolactone in Figure

13-48. Notice that the CHt groups in the upper (off-resonance -decoupled) spectrum

are split into triplets, but they appear as singlets in the lower (broadband-decou-

pled) spectrum.

Let's consider how we might solve this structure, given only the '''C NMR
spectrum and the molecular formula. As we have seen in Figures 13-43 and 13-44,

the absorption at 173 ppm is appropriate for a carbonyl carbon. The off-reso-

> Figure 13-48

Off-resonance-decoupled and

broad-band-decoupled spectra

of 6-valerolactone, molecular

formula CsHjj02.
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nance -decoupled spectrum shows a singlet at 173 ppni, implying that no hydrogens

are bonded to the carbonyl carbon.

\
C=0

173 ppm

The chemical shift of the next absorption is about 70 ppm. This is about 20

times the chemical shift of a proton on a carbon bonded to an electronegative element.

The molecular formula implies that the electronegative element must be oxygen.

Since the absorption at 70 ppm is a triplet in the off-resonance -decoupled spectnam,

this carbon must be a methylene (—CH,— ) group.

O
II

partial structures: —CH,—O— —C—

The absorption at 30 ppm coiTesponds to a carbon atom bonded to a carbonyl

group. Remember that a proton on a carbon adjacent to a carbonyl group absorbs

around 2.1 ppm, and we expect the carbon to have a chemical shift about 15 to 20

times as large. This carbon atom is a methylene group, as shown by the triplet in the

off-resonance - decoupled spectrum

.

O
II

partial structures: —CH^—O— —CH,—C—

The two signals at 19 and 22 ppm are from carbon atoms that are not

directly bonded to any deshielding group, although the carbon at 22 ppm is prob-

ably closer to one of the oxygen atoms. These are also triplets in the off-reso-

nance-decoupled spectrum and therefore correspond to methylene groups. We
can propose

O
I II

partial structures: —C—CH,—CH,—CH,—O— —CH,—C—

The molecular formula CjH^Oj implies the presence of two elements of un-

saturation. The carbonyl (C=0) group accounts for one, but there are no more car-

bonyl groups and no double-bonded alkene carbon atoms. The other element of

unsaturation must be a ring. Combining the partial structures into a ring gives the com-

plete structure.

In the following problems, only the broadband-decoupled spectra are provid-

ed. In cases where off-resonance- decoupled spectra are available, the off-resonance

H f53^^4

:C—O—

70 ppm

<S2.1 H O

30 ppm —C—C—



596 Chapter 13: Nuclear Magnetic Resonance Spectroscopy

multiplicity of each peak is indicated: (s) = singlet, (d) = doublet, (t) = triplet, and

(q) = quartet.

PROBLEM 13-29

A bottle ot ally! bromide was found to contain a large amount of an impurity. A careful dis-

tillation separated the impurity, which has the molecular fonnula CjH^O. The '^C NMR spec-

trum of the impurity was obtained:

200 180 160 140 120 100 80

5 (ppm)

(a) Propose a structure for this impurity.

(b) Assign the peaks in the "C NMR spectrum to the carbon atoms in the structure.

(c) Suggest how this impurity arose in the allyl bromide sample.

PROBLEM 13-30

An inexperienced graduate student was making some 4-hydroxybutanoic acid. He ob-

tained an excellent yield of a different compound, whose '""C NMR spectrum appears

below.

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1

1 1 1 1 1 1 J 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1

200 180 160 140 20 100 80

6 (ppm)

60 40 20 0

(a) Propose a structure for this product.

(b) Assign the peaks in the '""C NMR spectrum to the carbon atoms in the structure.
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PROBLEM 13-31

A laboratory student was converting cyclohexanol to cyclohexyl bromide using 1 equiva-

lent of sodium bromide in a large excess of concentrated sulfuric acid. The major product

she recovered was not cyclohexyl bromide but a compound of formula ChHn, that ga\e the

following "C NMR spectrum:

1 1 1

' -^C NMR

^6" 10

1 1 1 1 1

(t)

! 1

(t)

1

1 t 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 r r 1 r 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 r 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

200 180 160 140 120 100 80 60 40 20 0

5 (ppm)

(a) Propose a structure for this product.

(b) Assign the peaks in the NMR spectrum to the carbon atoms in the structure.

(c) Suggest modifications in the reaction to obtain a better yield of cyclohexyl bromide.

When chemists use NMR spectroscopy, they take great pains to get the most uniform 13-15

Nuclear Magnetic
magnetic field possible (often homogeneous to within one part per billion). They

place small tubes of homogeneous solutions in the magnetic field and spin the tubes

to average out any remaining variations in the magnetic field. Their goal is to have KeSOnance Imaging
the sample behave as if it were all at a single point in the magnetic field, with every

molecule subjected to exactly the same external magnetic field.

Nuclear magnetic resonance imaging uses the same physical effect, but its

goals are almost the opposite of chemical NMR. In NMR imaging, a heterogeneous

sample (commonly a living human body) is placed in the magnetic field of a large-

bore superconducting magnet. The magnetic field is purposely non-uniform, with a

gradient that allows just the protons in one plane of the sample to be in resonance at

any one time. By using a combination of field gradients and sophisticated Fourier

transform techniques, the instrument can look selectively at one point within the

sample, or a line within the sample, or a plane within the sample. The computer gen-

erates an image of a 2-dimensional slice through the sample. A succession of slices

can be accumulated in the computer to give a 3-dimensional plot of the proton res-

onances within the bulk of the sample.

Medical NMR imaging is commonly called magnetic resonance imaging
(MRI) to avoid the common fear of the w ord "nuclear" and the misconception that

"nuclear" means "radioactive."" There is nothing radioactive about an NMR spec-

trometer. In fact. MRI is the least invasive, least hazardous method available for

imaging the interior of the body. The only common side effect is claustrophobia from

being confined within the ring of the wide-bore magnet.
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(a)

The MRI image can easily distinguish waten,' tissues, fatty tissues, bone, air

spaces, blood, etc. by their differences in composition and mo\ ement. By using pro-

ton relaxation times, the technique becomes even more useful. In a strong magnet-

ic field, slightly more proton spins are aligned with the field (the lower-energy state)

than against it. A radio-frequency pulse of just the right duration inverts some spins,

increasing the number of spins oriented aginst the magnetic field. The spins gradu-

ally relax to their normal state over a period of a few seconds. By following the free-

induction decay, the spectrometer measures how quickly spin relaxation occurs in

each pixel of the sample.

Differing relaxation times are coded by color or intensity in the image, giving

valuable information about the tissues involved. For example, cancerous tissues tend

to ha\ e longer relaxation times than the corresponding normal tissues, and tumors are

readily apparent in the NMR image. Figure 13-49 shows two actual MRI images:

The first image is a slice through a patient's head showing a brain tumor. The second

image is a slice through another patient's pelvic region showing an arthritic hip.

Figure 13-49

(a) MRI scan of a human brain

showing a metastatic tumor in

one hemisphere, (b) MRI
image of the pelvic region

show ing severe damage in an

arthritic hip.

PROBLEM SOLVING
Spectroscopy Problems

We have now learned to use both IR and NMR spectroscopy, as well as mass

spectrometiy, to determine the structures of unknown organic compounds. These

techniques usually provide a unique structure with little chance of error. A major

part of successful spectral interpretation is using an effective strategy rather than

simply looking at the spectra, hoping that something obvious will jump out. A
systematic approach should take into account the strengths and weaknesses of

each technique. The following table summarizes the information provided by each

spectroscopic technique.

Summary of the Information Provided by Each Type of Spectroscopy

MS IR NMR

molecular weight

molecular formula (HRMS)
heteroatoms s s

functional groups S H
alkyl substituents S

Notes: l/. usually provides this information.

H. usually provides helpful information.

S, sometimes provides helpful information.

We can summarize how you might go about identifying an unknown com-

pound, but the actual process depends on what you already know about the chem-

istr\' of the compound and what \ ou learn from each spectrum. Always go through

the process with scratch paper and a pencil, since you need to keep track of mass

numbers, formulas, possible functional groups, and carbon skeletons.

1. Mass spectrum. Look for a molecular ion. and determine a tentative mo-

lecular weight. Remember that some coinpounds (alcohols, for example)

may fail to give a visible molecular ion. If the molecular weight is odd.

consider a nitrogen atom. If an HRMS is available, compare the "exact"

mass with the tables to find a molecular formula with a mass close to the

experimental value.



Problem Solving: Spectroscopy Problems 599

Look for anything unusual or characteristic about the mass spectmm: Does

the M + 2 peak of the parent ion look larger than the M + 1 peak? It might con-

tain S. CI. or Br. Is there a large gap and a peak at 127 characteristic of iodine?

Although you might look at the MS fragmentation patterns to help deter-

mine the structure, this is more time-consuming than going on to other spec-

tra. You can verify the fragmentation patterns more easily once you have a

proposed structure.

2. Infrared spectrum. Look for O— H. N— H, or =C—H peaks in the 3300 cm"

'

region. Are there saturated C—H peaks to the right of 3000 cm"'? Unsaturated

=C—H peaks to the left of 3000 cm '? Also look for C=C or C=N stretch

around 2200 cm"', and for C=0. C=C. or C=N stretch between 1600 and

1800 cm"'. The exact position of the peak, plus other characteristics (inten-

sity, broadening), should help to determine the functional groups. For exam-

ple, a broad O—H band centered over the C—H stretch at 3000 cm"' might

imply that a carbonyl peak —COOH.
The combination of IR and an odd molecular ion in the mass spectrum

should contlrm amines, amides, and nitriles. A strong alcohol —OH absorp-

tion in the IR might suggest that the apparent molecular ion in the mass spec-

trum could be low by 18 units from loss of water.

3. Nuclear magnetic resonance spectrum. First look for strongly deshielded pro-

tons, such as carboxylic acids (610 to 612), aldehydes (69 to 610), and aromatic

protons (67 to 68). Moderately deshielded peaks might be vinyl protons (65

to 66) or protons on a carbon bonded to an electronegative atom such as oxy-

gen or halogen (63 to 64). A peak around 62.1 to 62.5 might be an acetylenic

proton or a proton on a carbon next to a carbonyl group, a benzene ring, or a

vinyl group.

These possibilities should be checked to see which are consistent with

the IR spectrum. Finally, the spin-spin splitting patterns should be analyzed to

suggest the structures of the alkyl groups present.

Once you have considered all the spectra, there should be one or two tenta-

tive structures. Each structure should be checked to see whether it accounts for the

major characteristics of all the spectra.

• Are the molecular weight and formula of the tentative structure consistent

with the appearance (or the absence) of the molecular ion in the mass spec-

trum? Are there peaks in the mass spectrum coiresponding to the expected

fragmentation products?

• Does the tentative structure explain each of the characteristic stretching fre-

quencies in the infrared spectrum? Does it account for any shifting of fre-

quencies from their usual positions?

• Does the tentative structure account for each proton (or carbon) in the NMR
spectrum? Does it also account for the observed chemical shifts and spin-

spin splitting patterns?

If the tentative structure successfully accounts for all these features of the

spectra, you can be confident that it is correct.
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PROBLEM 13-32 (Partially Solved)

Sets of spectra are given for two compounds. For each set,

( 1 ) Look at each spectrum individually and list the structural characteristics you can de-

termine from that spectrum.

(2) Look at the set of spectra as a group and propose a tentative structure.

(3) Verify that your proposed structure accounts for the major features of each spectrum.

The solution for compound 1 is given after the problem, but go as far as you can be-

fore looking at the solution.

1(J6

Compound 1

121

1 I.I 1 1 1

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

m/z

3

Compound 1
-

J
-I

\

2

TV, i
10 9 8 7 6 5 4 3 2 10

5
(
ppm

)



Problem Solving: Spectroscopy Problems 60 I

100

80

= 60

I 40

20

0

—i 4

5 7 —
Compound 2

43

1 ..II 1 1

1

II ii

miz

wavelength (uml

2.5 3 3.5 4 4.5 5 5.5 6 7 8 9 10 11 \Z 13 14 15 16

wavenumber (cm ')

SOLUTION TO COMPOUND I

Mass spectrum: The MS shows an odd molecular weight (121). possibly indicating the

presence of a nitrogen atom.

Infrared spectrum: The IR shows a sharp peak around 3400 cm"', possibly the N—H of

an amine or the =C—H of a terminal alkyne. Because the MS suggests a nitrogen atom,

and there is no other evidence for an alkyne (no C=C stretch around 2200 cm '). the 3400

cm"' absorption is probably an N—H bond. The unsaturated =C—H absorptions above

3000 cm"', combined with an aromatic C=C stretch around 1600 cm"', indicate an aro-

matic ring.
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NMR spectrum: The NMR shows complex splitting in the aromatic region, probably from

a benzene ring; the total integral of 5 suggests the ring is monosubstituted. Part of the aro-

matic absorption is shifted upfield of 57.2, suggesting that the substituent on the benzene

ring is a pi electron-donating group like an amine or an ether. An ethyl group (total area 5)

is seen at 51.2 and 53.1. appropriate for protons on a carbon atom bonded to nitrogen. A
sharp singlet of area 1 appears at 53.5, probably resulting from the N—H seen in the IR

spectrum. Combining this information, we propose a nitrogen atom bonded to a hydrogen

atom, a benzene ring, and an ethyl group: total molecular weight 121, in agreement with

the molecular ion in the mass spectrum.

Proposed structurefor compound I

H H
\ /
C=C

/ \ ..

H— C^ C—N—CH.—CH,
c—c '

/ \ H
H H

The proposed structure shows an aromatic ring with 5 protons, which explains the aro-

matic absorptions in the NMR and the C=C at 1600 cm"' and the =C—H above 3000

cm"' in the IR. The aromatic ring is bonded to an electron-donating —NHR group, which

explains the odd molecular weight, the N—H absorption in the IR, and the aromatic ab-

sorptions shifted above 57.2 in the NMR. The ethyl group bonded to nitrogen explains the

ethyl absorptions in the NMR, deshielded to 53.1 by the nitrogen atom. The base peak in

the MS (M - 15 = 106) is explained by the loss of a methyl group to give a resonance-

stabilized cation:

106—

I

Ph—N—CH,-LcH,

H

Ph-

H H

Ph—N=C f CH,

loss of 15

;»/,- 106

Chapter 1

3

Glossary

accidentally equivalent nuclei Nuclei that are nonequivalent by NMR yet absorb at nearly the

same chemical shift and are not resolved. Nuclei that absorb at the same chemical shift cannot

split each other, whether they are theoretically equivalent or accidentally equivalent, (p. 559)

chemically equivalent atoms Atoms that cannot be distinguished chemically. The replace-

ment test for chemically equivalent atoms gives identical compounds, (pp. 557, 576)

chemical shift The difference ( in ppm) between the resonance frequency of the proton (or car-

bon nucleus) being observed and that of tetramethylsilane (TMS). Chemical shifts are usual-

ly given on the 5 (delta) scale, the number of parts per million downfield from TMS. (p. 550)

complex splitting Splitting by two or more different kinds of protons with different cou-

pling constants, (p. 573)

coupling constant {J) The distance (in hertz) between two adjacent peaks of a multi-

plet. (p. 568)

deshielded Bonded to a group that withdraws part of the electron density from around the

nucleus: results in a larger chemical shift, moved downtleld. (p. 548)

diastereotopic atoms Nuclei that occupy diastereomeric positions. The replacement test for

diastereotopic atoms gives diastereomers. Diastereotopic nuclei can be distinguished by NMR,
and they can split each other unless they are accidentally equivalent, (p. 577)

downfield At a lower value of the applied magnetic field, toward the left on the NMR spec-

trum. The more deshielded a nucleus is, the farther downtleld it absorbs, (p. 549)



Fourier transform spectroscopy Spectroscopy that involves collecting transients (contain-

ing all the different resonance frequencies) and converting the averaged transients into a spec-

trum using the mathematical Fourier transform, (p. 589)

transient (free induction decay or FID): The signal that results when many nuclei are

irradiated by a pulse of energy and precess at their resonance frequencies,

gyromagnetic ratio (y) A measure of the magnetic properties of a nucleus. The resonance

frequency (/') is given by the equation p = yH^^JlTT, where H^.^i is the effective magnetic

field at the nucleus. The gyromagnetic ratio of a proton is 26,753 sec ' gauss"'. The gyro-

magnetic ratio of a '^C nucleus is 6728 sec ' gauss"', (p. 546)

induced magnetic field The magnetic field set up by the motion of electrons in a molecule

(or in a wire) in response to the application of an external magnetic field, (p. 547)

integration The measurement of the area under a peak, proportional to the number of pro-

tons giving rise to that peak. (p. 559)

magnetically coupled Protons that are close enough that their magnetic fields influence each

other, resulting in spin-spin splitting, (p. 562)

magnetic moment The magnitude of a nuclear magnetic field, related to the gyromagnetic

ratio y. (p. 544)

magnetic resonance imaging (MRI) The medical term for NMR imaging, avoiding the

word "nuclear."" Use of field gradients in a large-bore magnet to scan 2-dimensional slices of

a patient's body. (p. 597)

nuclear magnetic resonance spectroscopy (NMR) A form of spectroscopy that measures

the absorption of radio-frequency energy by nuclei in a magnetic field. The energy absorbed

cau,ses nuclear spin transitions, (p. 544)

carbon magnetic resonance ('""C NMR, CMR): NMR of the ' "C isotope of carbon.

proton magnetic resonance ( 'H NMR, PMR): NMR of protons,

off-resonance decoupling A technique used with ' ^C NMR in which only the protons directly

bonded to a carbon atom cause spin-spin splitdng. (p. 592)

relaxation time A measure of how slowly the nuclear spins return to their normal state

after an RF pulse near their resonance frequency. Alternatively, the evening after a chemistry

exam. (p. 597)

shielded Sunounded by electrons whose induced magnetic field opposes the externally ap-

plied magnetic field. The effective magnetic field at the shielded nucleus is less than the ap-

plied magnetic field, (p. 547)

spin decoupling Elimination of spin-spin splitting by constantly irradiating one type of nu-

clei at its resonance frequency, (p. 592)

spin-spin splitting (magnetic coupling) The interaction of the magnetic fields of two or more

nuclei, usually through the bonds connecting them. Spin-spin splitting converts an absoiption

to a multiplet, a set of smaller peaks, (p. 562)

multiplet: A group of peaks resulting from the spin-spin splitting of the absorption of a

single type of nucleus. A doublet has two peaks, a triplet has three peaks, a quartet has

four peaks, and so on. (p. 564)

A' + 1 rule: An absorption that is being split by A' equivalent protons is split into a mul-

tiplet with N -I- 1 individual peaks, (p. 564)

TMS Tetramethylsilane, an NMR standard whose absoiption is defined as 50.00. (p. 550)

upfield At a higher value of the applied magnetic field, toward the right on the NMR spec-

trum. The more shielded a nucleus is, the farther upfield it absorbs, (p. 549)

ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 12

1. Given a structure, determine which protons are equivalent and which are

nonequivalent; predict the number of signals and their approximate chem-

ical shifts.
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2. Given the chemical shifts of absorptions, suggest likely types of protons.

3. Use the integral trace to determine the relative numbers of different types of

protons.

4. Predict which protons in a structure will be magnetically coupled, and predict

the number of peaks and approximate coupling constants of their multiplets.

5. Use proton spin-spin splitting patterns to determine the structure of alkyl

and other groups.

6. Draw the general features of the NMR spectrum of a given compound.

7. Predict the approximate chemical shifts of carbon atoms in a given compound.

Given the chemical shifts of ' ^C absorptions, suggest likely types of carbons.

8. Use the off-resonance - decoupled ' ^C spectrum to determine the number of hy-

drogens bonded to a given carbon.

9. Combine the chemical shifts, integrals, and spin-spin splitting patterns in the

NMR spectrum with information from infrared and mass spectra to determine

the structures of organic compounds.

Study Problems
13-33.

13-34.

An unknown compound has the molecular formula CqHuBr. Its proton NMR spectrum shows the following

absorptions.

singlet. 67.1, integral 4.4 cm

singlet. 823. integral 13.0 cm

singlet. 82.2. integral 6.7 cm

Propose a structure for this compound.

Predict the multiplicity (the number of peaks as a resuU of splitting) for each shaded proton in the following

compounds.

(a) CH,—CH.—ecu—CH, (b) CH,—CH—OH (c) CH,—CH—CH,

CH CH,

(d) H CH, CH,

H H

13-35. Predict the approximate chemical shifts of the protons in the following compounds.

(a) benzene (b) cyclohexane (c) CH,—O—CH,—CH.—CHCl,

O

(d) CH,—CH,—C=C—H (e) CH,—CH^—C— CH, (f) (CHj^CH-CH,—CH,—OH

O

(g) CH,—CH,—C—

H

(h) CH,—CH=CH—CHO
O

(i) HOOC—CH,—CH,—C—O— CH(CH,),

H

(j) C

H
methylenccyclohexane

..(oO (I)

Ox ..O

indane "y-butyrolactone
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13-36.

13-37.

13-38.

The following proton NMR spectrum is ot a compound of molecular formula C,HxO.

(a) Propose a structure for this comixnuid.

(b) Make peak assignments, showing which protons give rise to which absoiptions in the spectrum.

600 500 400

Hz
300 200 100 0

NMR
1 1 1 1

M
—

3
1-

I

- —

-

1

. J
1

J

1

1 1 r 1 1 1 1 1 1 M MM MM MM MM MM MM MM MM MM .M, MM MM MM M MM m; Imm
10.0 9.0 8.0 7.0 6.0 5.0 4.0

8 (ppm)

3.0 ;.0 1.0

Using a 60 MHz spectrometer, a chemist observes the following absorption.

doublet, J = 7 Hz. at 54.00

(a) How many hertz from the TMS peak is this absorption'^

(b) Where would this peak be located (in ppm and in hertz) in the 300 MHz spectrum of this sample?

(c) What would J be in the 300 MHz spectrum?

A compound (C,oH|202) whose spectrum appears below was isolated from a reaction mixture containing 2-

phenylethanol and acetic acid.

(a) Propose a structure for this compound.

(b) Make peak assignments, showing which protons give rise to which absorptions in the spectiimi.

'hnmr
-

3

2
1

f

U \r-1

1 1 1
i

i

6
(
ppm

)

13-39. Sketch your predictions of the proton NMR spectra of the following compounds.

O

(a) CH3-O-CH3CH3 (b) (CH,),CH-C-CH3

XH3 CH,

(c) CI—CH,—CH,—CH,—CI
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13-40. Tell precisely how you would use the proton NMR spectra to distinguish between the following pairs of compounds.

O O

(a) 1 -bromopropane and 2-bromopropane (b) CH,—CH,— C—H and CHj—C—CH3

O O
II II

(c) CH,—CH,—O—C—CH, and CH,—CH,— C—O—CH,

(d) CH,—CH.—C=C—H and CH,—C=C—CH,

13-41. Give the approximate chemical shift and multiplicity of each absorption band in the off-resonance -decoupled

"C NMR spectra of the following compounds.

O

(a) CH,—C—O—CH;— CH, (b) H;C=CH— CH,C!

ethyl acetate 3-chloropropene

13-42. The following off-resonance -decoupled carbon NMR was obtained from a compound of formula C3H5CI3 . Pro-

pose a structure for this compound, and show which carbon atoms give rise to which peaks in the spectrum.

'-'cnmr'
' i 1 1 1 1

, . J

1

L

1 1 1 1 1 1 1 1
1

1

100 90 80 70 60 50 40 30 20 10

5 (ppm)

13-43. A small pilot plant was adding bromine across the double bond of 2-butene to make 2,3-dibroinobutane. A con-

troller malfunction allow ed the reaction temperature to rise beyond safe limits. A careful distillation of the prod-

uct showed that se\eral impurities had fomied. including the one whose NMR spectrum appears below.

Determine its structure, and give peak assignments.

200 180 IblJ 14U 120 100 SO 60 40 20 0

CDC13

solvent

1,.
1

2 /

1

—

1
1

'

—

i J
10 9876 5 43210

8 (ppm)

\
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13-44. A new chemist moved into an industrial lab where work was being done on oxygenated gasoline additives.

Among the additi\es that had been tested, she found an old bottle containing a clear, pleasant-smelling liquid but

missing its label. She took a quick NMR spectrum (shown below) and was able to determine the identity of the

compound without any additional information. Propose a structure and gi\ e peak assignments.

Hz
600 500 400 300 200 100 0

'h'nmr
1 1 1

j

I
—

i

y iu
1 1 1 1 1

1

nil MM MM MM MM MM M.I MM Mil Ml, lull MM MM In,, 1,,,, ,,,, iimImmImii ,,,, ,.,,m

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

5
(
ppm

)

*13-45. When 2-chloro-2-meth_\ Ibutane is treated with a variety of strong bases, the products alv\ ays seem to contain two

isomers (A and B) of fomiula C5H10. When sodium hydroxide is used as the base, isomer A predominates. When
potassium r-butoxide is used as the base, isomer B predominates. The proton NMR spectra of .A. and B are given

below.

(a) Determine the structures of isomers A and B.

(b) Explain why A is the major product using sodium hydroxide as the base and v\ hy B is the major product

using potassium r-butoxide as the base.

200 180 160 140 120 100 80 60 41) 20 0

"C NMR

1

CDCI,

'H NMR

f

/

^CHCI,
1 jj^

10 9 8 7 6 5 4 .1 2 1 0

6 (ppm)
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200 180 160 140 120 100 80 60 40 20 0

'-^CNMR

1

. 1 II

^CDCl,

1

'hnmr "

3

isimier B

3

^

/ CHCI3
2

1

' p-—. , .
.

10 98765432 1

8 (ppm)

13-46. (A true story.) A major university was designated as a national nuclear magnetic resonance center by the National

Science Foundation. Several large superconducting instruments were being installed when a government safety

inspector appeared and demanded to know what provisions were being made to handle the nuclear waste pro-

duced by these instruments. Assume you are the manager of the NMR center, and offer an explanation that could

be understood by a nonscientist.

13-47. A compound was isolated as a minor constituent in an extract from garden cress. Its spectra appear below.

(1) Look at each spectrum individually, and list the structural characteristics you can determine from that spectrum.

(2) Look at the set of spectra as a group, and propose a tentative stmcture.

(3) Verify that your proposed structure accounts for the major features of each spectrum.

100
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20

0

1 17 M 1-

1

,1 1 . .1.. . 1 1

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
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4000 3500 .M)00 2500 2000 1800 1600 1400 1200 1000 800 600
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'h nmr
2

r

5

10 9876543210 5(ppm)

-48. The following spectra are taken from a compound that is an important starting material for organic synthesis. De-

termine the structure, fust by cousideriug each spectrum individually, then by considering all the spectra together
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CHAPTER 14
Ethers, Epoxides, and

Sulfides

14-1

Introduction

Ethers are compounds of formula R—O— R', where R and R' may be alkyl groups

or aryl (benzene ring) groups. Like alcohols, ethers are related to water, with alkyl

groups replacing the hydrogen atoms. In an alcohol, one hydrogen atom of water is

replaced by an alkyl group. In an ether, both hydrogens are replaced by alkyl groups.

The two alkyl groups are the same in a symmetrical ether and different in an un-

symmetrical ether.

H—O—H R—O—H R—O— R'

water alcohol ether

Examples of ethers

CH3CH,—O—CH3CH3

diethyl ether

(a symmetrical ether)

-CH,

methyl phenyl ether

(an unsymmetrical ether)

o
tetrahydrofuran

(a symmetrical, cyclic ether)

As with other functional groups, we will discuss how ethers are formed and how

they react. Ethers (other than epoxides) are relatively unreactive, however, and they

are not frequently used as synthetic intermediates. Because they are stable with many

types of reagents, ethers are commonly used as solvents for organic reactions. In this

chapter we consider the properties of ethers and how these properties make ethers

such valuable solvents for organic reactions.

The most impoilant commercial ether is diethyl ether, often called "ethyl ether."

or simply "ether." Ether is a good solvent for reactions and extractions, and it is used

as a volatile starting fluid for diesel and gasoline engines. Ether was used as a sur-

gical anesthetic for over a hundred years (starting in 1842), but it is highly flamma-

ble, and patients often vomited as they regained consciousness. Several compounds

that are less flammable and more easily tolerated are now in use, including nitrous

oxide (N.O) and halothane (CF3—CHClBr).

I 4-2 I4-2A Structure and Polarity of Ethers

Physical Properties Like water, ethers have a bent structure, with an s/r hybrid oxygen atom giving a near-

of Ethers '"^ tetrahedral bond angle, in water, the nonbonding electrons compress the

610
H—O—H bond angle to 104.5°, but in a typical ether, the bulk of the alkyl groups
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enlarges the bond angle. Figure 14-1 shows the structure of diniethyl ether, with a

tetrahedral bond angle of 110°.

Although ethers lack the polar hydroxy) group of alcohols, they are still strongly

polar compounds. The dipole moment of an ether is the vector sum of two polar C—O
bonds, with a substantial contribution from the two lone pairs of electrons. Table 14-1

compares the dipole moments of dimethyl ether, diethyl ether, and tetrahydrofuran

(THF) with those of an alkane and an alcohol of similar molecular weights. An ether such

as THF provides a strongly polar solvent without the reactivity of a hydroxy! group.

1 4-2B Boiling Points of Ethers; Hydrogen Bonding

Table 14-1 compares the boiling points of several ethers, alcohols, and alkanes. No-

tice that the boiling points of dimethyl ether and diethyl ether are nearly IOO°C lower

than those of alcohols having similar molecular weights. This large difference resuUs

mostly from hydrogen bonding in the alcohols. Pure ethers cannot engage in hydro-

gen bonding, because they have no O—H groups. Ethers do have large dipole mo-

ments, resulting in dipole -dipole attractions, but these attractions appear to have

relatively little effect on their boiling points.

Although pure ethers have no hydroxy! groups to engage in hydrogen bonding,

they can hydrogen bond with other compounds that do have O—H or N— H groups. Fig-

ure 14-2 shows that a hydrogen bond requires both a hydrogen bond donor and a hydrogen

An ether inhaler used by

William Morton in the first

public demonstration of ether

anesthesia on October 16. 1846

at Massachusetts General

Hospital.

TABLE 14-1 Comparison of the Boiling Points of Ethers, Alkanes, and

Alcohols of Similar Molecular Weights

Compound Fonmila MW bp(°C) Dipole Moment (D)

water

ethanol

dimethyl ether

propane

/(-butanol

tetrahydroturan

H.O
CH,CH,—OH
CH,—6—CH,
CH,CH,CH,
CH,CH,CH,CH,—OH

Q "

"

18

46

46

44

74

72

100

78

-25
-42
118

66

1.9

1.7

1.3

0.1

1.7

1.6

diethyl ether

pentane

CH,CH,—0—CH,CH3
CHjCHCH^CH^CH,

74

72

35

36

1.2

0.1

Nate: The alcohols are hydrogen bonded, giving them much higher boiling points. The ethers have boil-

ing points that are closer to those of alkanes with similar molecular weights.
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Figure 14-2

A molecule of water or an

alcohol can serve as both a

hydrogen bond donor and

acceptor. Ether molecules have

no hydroxyl groups, so they

are not hydrogen bond donors.

If a hydrogen bond donor is

present, ethers can serve as

hydrogen bond acceptors.

Alcohol

O— H-

R

hydrogen bond

donor acceptor

Ether

R
/

O—

R

/ \
R \ R

no hydrogen bond

no donor acceptor

Alcohol + ether

R

/
)

\

R

R

hydrogen bond

donor acceptor

bond acceptor. The donor is the molecule with an O—H or N—H group. The acceptor

is the molecule whose lone pair of electrons forms a weak partial bond to the hydrogen

atom provided by the donor. An ether molecule has the lone pair to form a hydrogen

bond with an alcohol (or other hydrogen bond donor), but it cannot form a hydrogen

bond with another ether molecule. Because ether molecules are not held together by hy-

drogen bonds, they are more volatile than alcohols having similar molecular weights.

Table 14-2 lists the physical properties of a representative group of common ethers.

1 4-2C Ethers as Polar Solvents

Ethers are ideally suited as solvents for many organic reactions. They dissolve a wide

range of polar and nonpolar substances, and their relatively low boiling points sim-

plify their evaporation from the reaction products. Nonpolar substances tend to be

more soluble in ethers than in alcohols because ethers have no hydrogen-bonding net-

work to be broken up by the nonpolar solute.

TABLE 14-2 Physical Properties of Some Representative Ethers

Nome Structure mp ro bpro Density (g/mL)

dimethyl ether CH,—O—CH, - 140 -25 0.66

ethyl methyl ether CH,CH,—O—CH, 8 0.72

diethyl ether CH,CH^—0—CHXH, -116 35 0.71

di-«-propyi ether CH,CH,CH^—0—CHXH,CH, -122 91 0.74

diisopropyl ether (CH,).CH—O— CH(CH^), -86 68 0.74

1,2-dimethoxyethane (DME) CHj—C3—CHXH,—O—CH3 -58 83 - 0.86

methyl phenyl ether (anisole)

diphenyl ether

furan

tetrahydrofuran (THF)

1,4-dioxane 1.03
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ether solvates cations:

R

R
\ R
O

R

R R

Li+

R

R
(not well solvated)

alcohol solvates cations and anions:

R

H
H

O'

R— O.

H

o

Li+

R

O,

H
.0,

•H—

O

O—

R

4 Figure 14-3

An ionic substance such as

lithium iodide (Lil) is moder-

ately soluble in ethers because

the small lithium cation is

strongly solvated by the ether's

lone pairs of electrons. Unlike

alcohols, ethers cannot ser\ e as

hydrogen bond donors, and they

do not solvate small anions well.

Polar substances tend to be nearly as soluble in ethers as in alcohols because

ethers have large dipole moments as well as the ability to serve as hydrogen bond ac-

ceptors. The nonbonding electron pairs of an ether effectively solvate cations, as

shown in Figure 14-3. Ethers do not solvate anions as well as alcohols do, however.

Ionic substances with small, "hard" anions requiring strong solvation to overcome

their ionic bonding are often insoluble in ether solvents. Substances with large, dif-

fuse anions, such as iodides, acetates, and other organic anions, tend to be more sol-

uble in ether solvents than substances with smaller, harder anions.

Alcohols cannot be used as solvents for reagents that are more strongly basic

than the alkoxide ion. The hydroxyl group quickly protonates the base, destroying

the basic reagent.

B: + R—OH
f strong base alcohol

B— H + R— O:

protonated base alkoxide ion

Ethers are nonhydroxylic (no hydroxyl group), and they are normally unreac-

tive toward strong bases. For this reason, ethers are frequently used as solvents for

very strong polar bases (like the Grignard reagent) that require polar solvents. The

following four ethers are comtiion solvents for organic reactions. DME. THE and

dioxane are miscible with water, while diethyl ether is sparingly soluble in water.

CH3CH,—O—CH2CH3
diethyl ether

""ether"

bp 35°C

CH3—O—CH.CH.— O-

1 .2-dimethoxyethane

DME. ""glyme""

bp 82°C

CH, O
tetrahydrofuran

THF, oxolane

bp 65°C

PROBLEM 14-1

Rank the given solvents in decreasing order of their ability to dissolve each compound.

Solutes ^OH SohcnLs

(a) NaOAc (b)|
|| |

(c)|
|| |

ethyl ether

water

ethanol

dichloromethane
naphthalene 2-naphthol

.0.

1 .4-dioxane

dioxane

bp 101°C

1 4-2D Stable Complexes of Ethers with Reagents

The special properties of ethers (polarity, lone pairs, but relatively unreactive) enhance

the formation and use of many reagents. For example, Grignard reagents cannot form

unless an ether is present, possibly to share its lone pairs of electrons w ith the mag-
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H

R

^O—

R

\ a
H— C— Mti—

X

R— 0<»

R

Figure 14-4

Complexation of an ether with

a Grignard reagent stabihzes

the reagent and helps keep it in

solution.

nesium atom. This sharing of electrons stabilizes the reagent and helps keep it in so-

lution (Fig. 14-4).

Complexes with Electrophiles. An ether s nonbonding electrons also stabilize bo-

rane, BH, . Pure borane exists as a dimer called diborane, BiHf, . Diborane is a toxic,

flammable, and explosive gas, whose use is both dangerous and inconvenient. Bo-

rane forms a stable complex with tetrahydrofuran. This BH^-THF complex is com-
mercially available as a 1 M solution, easily measured and transferred like any other

air-sensitive liquid reagent. The availability of BH^-THF has contributed greatly to

the convenience of hydroboration (Section 8-7).

H'
:b b:

diborane

-H

H
-I- = 0:

H
I

-B = H

tetrahydrofuran H
BH,-THF

Boron trifluoride is used as a Lewis acid catalyst in a wide variety of reactions.

Like diborane, BF, is a toxic gas, but BF, fonns a stable complex with ethers, al-

lowing it to be conveniently stored and measured. The complex of BF3 with diethyl

ether is called "boron trifluoride etherate."

F /CH.CH,
F-B^ +

F CH.CH,

,CH,CH,
F— B=

—

or
CH.CH,

boron

tritluoride

diethyl ether BF, • OEt.

"boron trifluoride etherate'

PROBLEM 14-2

Aluminum trichloride (AlClii) dissolves in ether with the evolution of a large amount of

heat. (In fact, this reaction can become rather violent if it gets too warm. ) Show the struc-

ture of the resulting aluminum chloride etherate complex.

Crown Ether Complexes. In Chapter 6. we encountered the use of crown ethers,

large cyclic polyethers that specifically so lvate metal cations by ĉ jmplexing the

metal in the center of the ring. Different crown ethers solvate different cations, de-

pending on the relative sizes of the crown ether and the cation and the number of bind-

ing sites around the cation.

12-crown-4 15-crown-5 18-crown-6 18-crown-6

solvates Li+ solvates Na"*" solvates K"*" with K"*" solvated
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Complexation by crown ethers often allow s polar inorganic salts to dissolve in

nonpolar organic solvents. This enhanced solubility allows polar salts to be used

under aprotic conditions, w here the unconiple.xed anions may have greatly enhanced

reacti\ ity. For e.xample. in Section 6-lO.A w e used 18-crown-6 to dissoh e potassi-

um Huoride in acetonitrile (CH^CN). where the poorly solvated fluoride ion is a

moderately strong nucleophile. Many other salts, including carbo.xylate salts

(RCOO" K^). cyanides (KCN). and permanganates (KMnOj). can be dissolved in

aprotic (and often nonpolar) organic sohents using crown ethers. In each case, the

crow n ether complexes onh the cation. lea\ ing the anion bare and highly reactive.

PROBLEM 14-3

In the presence of 18-crown-6. potassium permanganate dissolves in benzene to give "pur-

ple benzene," a useful reagent for oxidizing alkenes in an aprotic environment. Use a draw-

ing of the complex to show why KMnOj dissohes in benzene, and the reactivity of the

permanganate ion is enhanced.

We ha\ e been using the common nomenclature of ethers, which is sometimes called I 4-3
the cz/At/ alkxl ether s\ stem. The lUPAC svstem. aenerallv used with more compli- Kl^rY-vQr^,-l-i-M ii-q

J 1 • • 11 J 1 J7
' 77 ^ '

1
I N OlTlcl ICIdLU Ic

cated ethers, is sometimes called the alko.v\- olkane svstem. Common names are al-

most always used for simple ethers. of Ethers

1 4-3A Common Names (AlkyI AlkyI Ether Names)

Common names of ethers are formed h\ naming the tv.o alk\ l groups on oxygen

and adding the word ether. Under the current system, the alkyl groups should be

named in alphabetical order, but many people still use the old system, w hich named

the groups in order of increasing complexity. For example, if one of the alk> 1 groups

is meth\ l and the other is /-butyl, the cuirent common name should be "r-butN 1 methyl

ether." but most chemists use the older common name, "methyl r-but>l ether" (or

MTBE). If both groups are methyl, the name is "dimethyl ether." If just one alkyl

group is described in the name, it implies the ether is symmetrical, as in "ethyl ether."

I4-3B lUPAC NamesJAIkoxyAlkane Names)
lUPAC names use the more complex alkyl group as the root name, and the rest of the

ether as an alkoxy group. For example, cyclohexyl methyl ether is named methox\ -

cyclohexane. This systematic nomenclature is often the only clear w ay to name com-

plex ethers.

lUP.AC name:

common name:

CH,—O—CH^CH,

ethyl methyl ether

H,C CH,

^r. OCH3

^^^^^

metho\yben/ene

methyl phenyl ether, anisole

(

CI—CH,—O—CH;

chloromethyl methyl ether

lUP.AC name:

OCH3CH3
3-etho\\ - 1 . 1 -dimeth\ IcNclohexanc

CI

H
OCH3

trans- 1 -chloro-2-mctho\vc\clohutane

CH,—OH

CH,—O—CH.CH,

2-elho\\ethanol
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PROBLEM 14-4

Give a common name and a systematic name for each compound,

(a) ^>-0CH3 (b) CH,CH,—O— CHCCH,). (c) ClCH.CHjOCHj

PCH.CH,

(f)

CH,

(e) (CH3)3C—O—CH (f) I

J

CH.CH, ^^'"OCH,

I4-3C Nomenclature of Cyclic Ethers

Cyclic ethers are our first examples of heterocyclic compounds, containing a ring

in which a ring atom is an element other than carbon. This atom, called the het-

eroatom, is numbered 1 in numbering the ring atoms. Heterocyclic ethers are an es-

pecially important and useful class of ethers.

H

H

Epoxides (Oxiranes). We have already encountered some of the chemistry of epox-

ides (Section 8-12). Epoxides are three-membered cyclic ethers, usually formed by

peroxyacid oxidation of the corresponding alkenes. The common name of an epox-

ide is formed by adding "oxide'" to the name of the alkene that is oxidized. The fol-

lowing reactions show the synthesis and common names of two simple epoxides.

H.C=CH, +
ethylene

O
II

Ph—C—OOH —>

peroxybenzoic acid

,H
peroxybenzoic acid

o
/ \

H.C—CH,
ethylene oxide

-I-

o

Ph—C—OH
benzoic acid

H
cyclohexene

,H

:o

H
cyclohexene oxide

One systematic method for naming epoxides is to name the rest of the mole-

cule and use the term "epoxy" as a substituent, giving the numbers of the two car-

bon atoms bonded to the epoxide oxygen.

H ,o.

H

H CH,
trans- 1 .2-epoxy-4-methylcyclohexane

CH,

H

CH CH,-
6

-CH,

OCH,
m-2.3-epoxy-4-methoxyhexane

Another systematic method names epoxides as derivatives of the parent com-

pound, ethylene oxide, using "oxirane" as the systeinatic name for ethylene oxide. In

this system, the ring atoms of a heterocyclic compound are numbered starting with

the heteroatom and going in the direction to give the lowest substituent numbers.

O H

H

H CH,CH, H

(CH,)2CH' CH.CH,
2,2-diethyl-3-isopropyloxirane

CH,

CH,0' - ' ^H
f/a/M-2-methoxy-3-methyloxirane
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Oxetanes. The least coiiimon cyclic ethers are the four-membered oxetanes. Be-

cause these four-membered rings are strained, they are more reactive than larger

cyclic ethers and open-chain ethers. They are not as reacti\e as the highl\ strained

oxiranes (epoxides), however.

-0

oxetane

CH-,-

-0

CH,CH,

CH, H
2-ethvl-3.3-dimethvloxetane

Fiirans (Oxolanes). The tl\ e-membered c\ clic ethers are commonl_\ named after

an aromatic member of this group, furan. We consider the aromaticity of furan and

other heterocycles in Chapter 16. The systematic term oxolane is also used for a

fi\ e-membered ring containing an oxygen atom.

3-methox\ furan tetrahydrofuran (THF)

(oxolane)

The saturated fi\ e-membered cyclic ether resembles furan but has four additional

h> drogen atoms. Therefore, it is called letrahydwfiiran (THF). One of the most polar

ethers, tetrahydrofuran is an excellent nonhydroxylic organic solvent for polar

reagents. Grignard reactions sometimes succeed in THF even when they fail in di-

eth_\ 1 ether.

Pyrans (Oxanes). The six-membered cyclic ethers are commonly named as deri\ -

atives of pyran, an unsaturated ether. The saturated compound has four more hy -

drogen atoms, so it is called tetrahydropyron (THP). The systematic term oxane is

also used for a six-membered ring containing an oxygen atom.

pyran 4-methylpyran tetrahydropyran (THP)

(oxane)

Dioxanes. Heterocyclic ethers v\ ith tw o oxygen atoms in a six-membered ring are

called dioxanes. The most common form of dioxane is the one with the two oxygen

atoms in a 1 .4-relationship. 1.4-Dioxane is miscible with w ater, and it is w idely used

as a polar solvent for organic reactions.

1.4-dioxane 4-methyl-1.3-dioxane dibenzodioxin (dioxin)
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Dio.xin is a common name for dibenzodioxin, 1,4-dioxane fused with two ben-

zene rings. The name "dioxin" is often used inconectly in the news media for 2,3,7,8-

tetrachlorodibenzodioxin (TCDD), a toxic contaminant in the synthesis of the

herbicide called 2,4,5-7 or Agent Orange. Surprisingly, TCDD has been in the en-

vironment for many millions of years because it is also formed in forest fires. Most
dioxins are toxic and carcinogenic (cause cancer) because they associate with DNA
and cause a misreading of the genetic code.

O

CH.—C—OH

2,4,5-trichlorophenoxyacetic acid

(2.4.5-T or Agent Orange)

O' ^ CI

2.3.7.8-tetrachlorodibenzodioxin

(TCDD, incorrectly ""dioxin")

PROBLEM 14-5

1.4-Dioxane is made commercially by the acid-catalyzed dehydration of an alcohol.

(a) Show what alcohol will dehydrate to give 1,4-dioxane.

(b) Propose a mechanism for this reaction.

PROBLEM 14-6

Name the following heterocyclic ethers.

H
(d)

O

CH,CH,

CH^CH,

H

(b)

(e)

O

O CI

Br

// \\

O OCH,CH,

CH(CH,),

CH,

14-4

Spectroscopy

of Ethers

Infrared Spectroscopy ofEthers. Infrared spectra do not show obvious or reliable

absorptions for ethers. Most ethers give a moderate to strong C—O stretch_around

1000 to 1200cnr_|_'^iri the fingerprint region) , but many compounds other than ethers

give similar absorptions. Nevertheless, the IR spectrum can be useful because it

shows the absence of carbonyl (C=0) groups and hydroxyl (O— H) groups. If the

molecular formula contains an oxygen atom, the lack of carbonyl or hydroxyl ab-

sorptions in the IR suggests an ether.

Mass Spectrometry ofEthers. The most common fragmentation of ethers is cleav-

age next to one of the carbon atoms bonded to oxygen. Since this carbon is alpha to

the oxygen atom, this fragmentation is called a cleavage. The resulting oxonium ion

(oxygen with three bonds and a positive charge) is resonance-stabilized by the non-

bonding electrons on oxygen.

(^^^Cleavage^

[R^CH.—O— R'j R-

not observed

H,

H'
:C—O— R'

H'

:c=o— R'

oxonium ion
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Another common clea\ age is the loss of either of the two alk\ 1 groups to give

another oxonium ion or an alkvl cation.

of an cilk-yTgroup

—I H
[R—CH;—O^R' R—CH—O—H R—CH=0—

H

+ R'

not obsen ed

oxonium ion

or

[R—CH,—O— R']" R—CH;—O- + R'

not obser\'ed alk\ 1 cation

The mass spectrum of meth\ 1 //-props 1 ether appears in Figure 14-5. The four

most abundant ions correspond to the molecular ion. a cleavage, and loss of each

of the two alkyl groups. All these modes of cleavage form resonance-stabilized

oxoniuin ions.

100

80

60

40

20

0

31

CH,— 0— CHXHXH,

45

5<

-I

ill II

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

m/z

a Cleavage

4.^-1

[CH3— O— CH.^CH-,— CH,]" " ^-lt:aNa,ge
^ CH, — 0= CH. + -CHXH,

m/z 74 //!/; 45 loss ot 29

Loss ofmethyl group

[CH3— O—CH,— CH.— CH,]^

—

* H— 6=CH— CH, — CH,+ CH,

„i/; 74 iii/z 59 lo^''
I
?

Loss ofpropyl group

31 ^
[CH,— O— CH,— CH.— CH,]- »H,C = 0 — H + CH.CH.CH^

in/z 74 3 1 loss of 43

Figure 14-5

The mass spectrum of meth_\ 1 //-propyl ether shows major peaks for the molecular ion, a
clea\ age. loss of the meth\ 1 group, and loss of the propyl group.
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PROBLEM 14-7

Give a fragmentation to account for each numbered peai< in the mass spectrum of /(-butyl

isopropyl ether.

100

80

o
c 60
-3

40

20

0

43

'57/—

73 101

1 16

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

ml:

NMR Spectroscopy of Ethers. In the ' spectrum, a carbon atom bonded to oxy-

gen generally absorbs between 665 and S90. Protons on carbon atoms bonded to

oxygen usually absorb at chemical shifts between 53.5 and 54 in the 'H NMR spec-

trum. Both alcohols and ethers have resonances in this range. See, for example, the

NMR spectrum of methyl /-butyl ether (page 559) and that of ethanol (page 580). If

a compound containing C, H, and O has resonances in the correct range, and if there

is no O—H stretch or C=0 stretch in the IR spectrum, an ether is the most likely

functional group.
H

-c—o-
665-690

63.5-64

14-5

The Williamson

Ether Synthesis

We have already seen most of the common methods for synthesizing ethers. We re-

view them at this time, looking more closely at the mechanisms to see which meth-

ods are most suitable for preparing various kinds of ethers. The Williamson ether

synthesis is the most reliable and versatile ether synthesis. This method involves the

Sn,:2 attack of an alkoxide ion on an unhindered primary alkyl halide or tosylate. Sec-

ondary alkyl halides and tosylates are occasionally used in the Williamson synthe-

sis, but elimination competes, and the yields are often poor.

R—O: ^R'^ = R—O— R'

Examples

3.3-dimethyl-2-pentanol

(1) Na

(2) CHXH,— OTs

(1) NaH

(2) CH3—

I

OCH.CH,

ethoxycyclohexane

(92%)

OCH,

2-methoxy-3,3-dimethylpentane

(90%)
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SOLVED PROBLEM 14-1

ta) Why is the following reaction a poor method for the synthesis of r-butyl propyl

ether?

(b) What would be the major product from this reaction?

(c) Propose a better synthesis of r-butyl propyl ether.

CH. CH.

CH;CH,CH,— O: Na- + CH,—C— Br )^-^ CH —C—O—CH,CH;CH,

sodium propoxide

CH3

r-butyl bromide

CH3

f-butyl propyl ether

SOLUTION
(a) The desired S>,2 reaction cannot occur on the tertiar}' alkyl halide.

(b) The alkoxide ion is a strong base as well as a nucleophile. and elimination prevails.

CH-CH.CH.— 0:"Na

sodium propoxide

E2
H,C=C

/
'\

CH,

isobutjlene

+ CH-,CH-CH~OH - NaBr

(c) .-^ better synthesis would use the less hindered alkyl group on the Sx2 substrate and

the alko.xide of the more hindered alkyl group.

CH,

CH,—C—O- Na- ^ CH,CH-CH.— Br

CH,

sodium r-butoxide 1 -bromopropane

CH.— C— O— CH-CH-CH-
i

"
"

CH,

r-butyl propyl ether

PROBLEM-SOLVING HINT

To convert two alcohols to an

ether, convert the more
hindered alcohol to its alkoxide.

Convert the less hindered

alcohol to its tosylate (or an

alkyl halide). Make sure the tosy-

late (or halide) is a good S>^2

substrate.

PROBLEM 14-8

Propose a Williamson synthesis of 3-buto\y- 1 , 1 -dimeth\ lc> clohexane from 3.3-dimethyl-

cvclohexanol and butanol.

Synthesis of Phenyl Ethers. A phenol (aromatic alcohol) can be used as the

alcohol fragment (but not the halide fragment) for the Williamson ether synthe-

sis. Phenols are more acidic than aliphatic alcohols (Section 10-6). and sodium

hydroxide is sufficiently basic to form the phenoxide ion. As with other alkox-

ides. the electrophile should have an unhindered primary alkyl group and a good
leaving group.

2-iutrophenol

(1) NaOH

(2) CH,CHXH,CH,

CH-CH;CH;CH;

NO.

2-butoxynitrobenzene

(80%)
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PROBLEM 14-9

Show how you w ould use the Williamson ether synthesis to prepare the following ethers.

You may use any alcohols or phenols as your organic starting materials.

(a) cyclohexyl propsl ether (b) isopropyl methyl ether

(c) 1 -methoxy-4-nitrobenzene (d) ethyl n-propyl ether (two ways)

(e) benzyl r-butyl ether (benzyl = Ph—CH;— i

14-6

Synthesis of

Ethers by

Alkoxymercu ration

-

Demercuration

The alkoxATnercuration- demercuration prcx;ess adds a molecule of an alcohol across

the double bond of an alkene (Section 8-6). The product is an ether, as shown below.

\ /
C=C

/ \ ROH —c—c—
I

AcOHg =0—

R

mercurial ether

NaBH,
-c-

H

c—

OR

PROBLEM-SOLVING HINT

A I koxymercu rati on adds the

— OR group of the alcohol to

the more highly substituted

carbon atom of the C= C
double bond.

Example

CH (CH^>,—CH^CH^

1-hexene

PROBLEM 14-10

(1) Hg(O.Ac),.CH-OH

XaBH.
' CH (CH- -CH— CH-

OCH,
2-methoxyhe.xane. 80%
(Markovnikov product)

Show how the following ethers might be synthesized using (1) alkoxymercuration-

demercuration and ( 2 ) the Williamson sy nthesis. (WTien one of these methods cannot be used

for the gi\ en ether, point out wh\ it will not work.)

(a) 2-methoxybutane (b) ethyl cyclohexyl ether

(c) 2-methyl-l-methoxycyclopentane (d) 1 -methyl- 1-methoxycyclopentane

(e) 1 -methyl- 1-isopropoxycyclopentane (f) r-but>l phenyl ether

14-7 The least expensive method for synthesizing simple symmetrical ethers is the acid-

^yp^l^g^j^ Ethers
^^^^^l)^"^*^ tiimolecular dehydration, discussed in Section Il-IOB. Unimolecularde-

' h\dration (to 2ive an alkene) competes with bimolecular dehydration; the alcohol

by Bi molecular must have an unhindered primar} alkyl group, and the temperature must be kept low

Dehy(d ration ^'^^ ^he reaction to give mostly the ether If the alcohol is hindered, or the tempera-

of Alcohols
^^^'^ '^^^ high, the deUcate balance between substitution and elimination shifts in

fa\ or of elimination, and ver\ little ether is formed. Bimolecular dehvdration is used

(Industrial Method) in industr. to make symmetrical ethers from primar>" alcohols. Because the dehy-

dration is so limited in its scope, it finds little use in the laborator\ synthesis of ethers.

Bimolecular dehydration

JV 2R— OH R—O— R - H-0

Examples

H,SO.. 140=C

2CH.0H ^
> CHj—O— CH, - H-0

methyl alcohol dimethyl ether

(100%)
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H,SO,, I4()^C

2CH,CH,0H — * CH3CH,—O—CH,CH, + H.O
ethyl alcohol diethyl ether

(88%)

H^SO,. 140°C

2CH,CH.CHpH — > CH,CH.CH.—O— CH^CH.CH, + Hp
/(-propyl alcohol /(-propyl ether

(75%)

H,SO,, 140°C

CH3—CH—CH, — * H3C=CH—CH, + H.O

OH
isopropyl alcohol

unimolecular dehydration

(no ether is formed)

If the conditions are carefully controlled, bimolecular dehydration is a cheap synthesis

of diethyl ether. In fact, this is the industrial method used to produce millions of gal-

lons of diethyl ether each year.

PROBLEM 14-11 PROBLEM-SOLVING HINT

Bimolecular dehydr;

hols is generally a p(

to use in syntheses.

Explain why bimolecular dehydration is not a uood method tor synthesis of unsymmetri- Bimolecular dehydration of alco-

1 .1 1 *u 1 .u 1 .u
^ hols is generally a poor method

cal ethers such as ethyl methyl ether. u

PROBLEM 1 4- 1

2

Propose a mechanism for the acid-catalyzed dehydration of /(-propyl alcohol to /(-propyl

ether, as shown above. When the temperature is allowed to rise too high, propene is formed.

Give a mechanism for the formation of propene. and explain why it is favored at higher

temperatures.

PROBLEM 14-13

Which of the following ethers can be formed in good yield by dehydration of the coitc-

sponding alcohols? For those that cannot be formed by dehydration, suggest an alternative

method that will work.

(a) dibutyl ether (b) ethyl //-propyl ether (c) di-.vt^r-butyl ether

SUMMARY: Syntheses of Ethers

1. The Williamson ether synthesis (Sections 11-14 and 14-5)

R— g:" + R'—X > R—O— R' + X-

X = CI, Br, I, OTs, etc. R' must be primary

2. Addition of an alcohol across a double bond: Alkoxymercuration-demercitration (Sections 8-6 and 14-6)

\ / R-OH I I
NaBH,

I I

^C=C^ + Hg(OAc). > —C—C— > —C—C—

AcOHg OR H OR
Markovnikov orientation

3. BinioleciiUir dehydration of alcohols (Section 11-lOB and 14-7)

2R—OH
R must be primary

2R—OH R—O—R + H,0
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14-8

Cleavage of Ethers

by HBr and HI

L nlike alcohols, ethers are not commonly used as synthetic intermediates because

lhe\ do not undergo many reactions. This unreactivity makes ethers attractive as sol-

\ ents. Even so. ethers do undergo a limited number of characteristic reactions.

Ethers are cleaxed by heating with HBr or HI to give alkyl bromides or

alkyl iodides.

R—O— R' excess HX
(X = Brorl)

R—

X

R'—

X

Ethers are unreactive toward most bases, but they can react under acidic con-

ditions. .\ protonated ether can undergo substitution or elimination v\ ith the expul-

sion of an alcohol. Ethers react with concentrated HBr and HI because these reagents

are sufficiently acidic to protonate the ether, while bromide and iodide are good nu-

cleophiles for the substitution.

X

R—O— R' + H'X-

ether (X = Br or I)

H

*R—O— R'

protonated ether

H
I

\— R - =0— R'

alk\ 1 halide alcohol

HX X—R + X— R'

In effect, this reaction converts a dialkyl ether into tw o alky] halides. The conditions

are very strong, however, and the molecule must not contain any acid-sensitive func-

tional groups.

Iodide and bromide ions are good nucleophiles but weak bases, so they are

more likely to substitute by the 5^2 mechanism than to eliminate by the E2 mecha-

nism. The reaction of dieth\ 1 ether with HBr is an example of this displacement. The

ethanol produced b\ the cleavage reacts with HBr (see Section 11-8). and the final

products are two molecules of ethyl bromide.

(

CH.CH,—O—CH-CH,

diethvl ether

ethanol

Protonation and cleavage of the ether

+ H^Br CH-,—C—H >w
H—O—CH;CH;

protonated ether

Conversion of ethanol to ethyl bromide

H—O— CH.—CH,
r "

H

Br

CH,—C—H + H—O—CH.CH,

H

eth\ l bromide ethanol

H-0 + Br—CH.CH3
ethvl bromide

Overall reaction

excess HBr/H,0
CH3CH,—O—CHXH3 '-^ 2CH3CH,—Br

diethyl ether ethyl bromide

Hydroiodic acid (HIi reacts with ethers the same way HBr does. Aqueous io-

dide is a stronger nucleophile than aqueous bromide, and iodide reacts at a faster

rate. We can rank the h> drohalic acids in order of their reacti\ it\ tow ard the cleav-

ase of ethers:

HI > HBr » HCl
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PROBLEM 14-14

Propose a mechanism tor the following reaction.

excess HBr

O
tetrahvdroturati

Br-^ '^Br

1 .4-dibroniobutane

Phenyl Ethers. Phenyl ethers ( one of the groups bonded to oxygen is a benzene ring

)

react with HBr or HI to give alkyl halides and phenols. Phenols do not react further

to give halides because the sp- hybridized carbon atom of the phenol cannot under-

go the 8^2 (or Sj^l ) reaction needed for conversion to the halide.

,CH,CH,
Br

H,--Br

r/
CH.CH,

H

ethyl phenyl ether protonated ether phenol

(no further reaction)

Br—CHXH,

ethyl bromide

PROBLEM 14-15 PROBLEM-SOLVING HINT

Predict the products of the followins reactions. An excess of acid is available in each case.
^""^ ^' convert both alkyl

..T^
"

. . . .TT groups (but not aromatic
(a) etho.xycyclohexane + HBr (b) tetrahydropyran + HI

groups) of an ether to alkyl

halides; phenols are unreactive,

(d)| II I
+ HI however.

(c) anisole(methoxybenzene) -I- HBr

O

(e) Ph—O—CH.CH;—CH—CH,—O— CH.CH, 4- HBr

CH,

When ethers are stored in the presence of atmospheric oxygen, they slowly oxidize I 4-9
to produce hydroperoxides and dialkyl peroxides, both of which are explosive. Such

AutOXidatiOD
a spontaneous oxidation by atmospheric oxygen is called an autoxidation.

of Ethers
OOH

/ R—O—CH,— R'

ether

excess

(slow)
R—O—CH— R' + R—O—O—CH,— R'

hydroperoxide dialkyl peroxide

Example

H,C

CH—O—CH

H3C

/
I

\

CH3

CH,

diisopropyl ether

excess 0-,

(weeks or months)

H,C,

H,C

OOH

CH—O—C—CH, +

H,C

CH, H3C

\
(

/
CH—O—O—CH

CH,

CH,

hydroperoxide diisopropyl peroxide

Organic chemists often buy large containers of ethers and use small quantities

over several months. Once a container has been opened, it contains atmospheric oxy-
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gen, and the autoxidation process begins. After several months, a large amount of per-

oxide may be present. Distillation or evaporation concentrates the peroxides, and an

explosion may occur.

Such an explosion may be avoided by taking a few simple precautions. Ethers

should be bought in small quantities, kept in tightly sealed containers, and used

promptly. Any procedure requiring evaporation or distillation should use only per-

oxide-free ether. Any ether that might be contaminated with peroxides should be dis-

carded or treated to destroy the peroxides.

SUMMARY: Reactions of Ethers

1. Cleavage by HBr and HI (Section 14-8)

Example

^ ^ excess HX . „Ar—O— R — — Ar—OH + R—

X

. . (X = Br, I)

Ar = aromatic nng

excess HI

CHjCH,—O—CH, * CHjCHJ + CH,!

ethyl methyl ether ethyl iodide methyl iodide

2. Autoxidation (Seclxon 14-9)

OOH
excess O, I

R—O—CH.— R' — ^ R—O—CH— R' + R—O—O—CH.— R'

(slow)
ether hydroperoxide dialkyl peroxide

14-10

Sulfides (Thioethers)

CH3CH2— s-

elhanethiolate

Sulfides are also called thioethers because they are the sulfur analogues of ethers.

Like thiols, sulfides have strong characteristic odors: The odor of dimethyl sulfide

is reminiscent of oysters that have been kept in the refrigerator for too long. Sulfides

are named like ethers, with "sulfide" replacing "ether" in the common names. In the

lUPAC (alkoxy alkane) names, "alkylthio" replaces "alkoxy."

CH3— S—CH
dimethyl sulfide

SCH,

methyl phenyl sulfide

SCH2CH3

4-(ethylthio)-2-methyl-2-pentene

Sulfides are easily synthesized by the Williamson ether synthesis, using a thi-

olate ion as the nucleophile.

CH3CH2CH2^Br
1 -bromopropane

CH3CH3CH2— S—CH2CH3
ethyl propyl sulfide

Br"

Thiols are more acidic than water. Therefore, thiolate ions are easily generat-

ed by treating thiols with aqueous sodium hydroxide.

CH3CH2— SH
pK,, = 10.5

Na+ -OH CH3CH2— S- Na+
ethancthiolate

+ H.O
pK = 15.7
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Because sulfur is larger and more polarizable than oxygen, thiolate ions are

even better nucleophiles than alkoxide ions. Thiolates are such effective nucleophiles

that secondary alkyl halides often react to give good yields of 8^2 products.

Br H
\/
C

/ \
CH3 CH2CH3
(/?)-2-bromobiitane

CH3S-

CH,OH

H SCH

/ \
CH3 CHoCH^

[S )-2-(mcthylthio) butane

PROBLEM 14-16

Show how you would synthesize butyl isopropyl sulfide using 1-butanol. 2-propanol, and

any solvents and reagents you need.

Sulfides are much more reactive than ethers. In a sulfide, sulfur's valence is not

necessarily filled: Sulfur can form additional bonds with other atoms. Sulfur forms

particularly strong bonds with oxygen, and sulfides are easily oxidized to sulfoxides

and sulfones. Sulfoxides and sulfones are drawn using either hypervalent double-

bonded structures or formally charged single-bonded structures as shown below.

R— S— R'

sulfide

CH,COOH

II

R— S— R'

:0:

R— S— R' R— S— R'

.0.

R

sulfoxide

:0:

-S^-^R'

:0:

sulfone

The hydrogen peroxide/acetic acid combination is a good oxidant for sulfides.

One equivalent of peroxide gives the sulfoxide, and a second equivalent further ox-

idizes the sulfoxide to the sulfone. This reagent combination probably reacts via the

peroxyacid, which is formed in equilibrium with hydrogen peroxide.

O

CH3—C-

aeid

-OH + H—O—O—

H

CH,

O

-c—O— O-

peroxyacid

H

Because they are easily oxidized, sulfides are often used as mild reducing

agents. For example, we have used dimethyl sulfide to reduce the potentially explo-

sive ozonides that result from ozonolysis of alkenes (Sec. 8-15).

H

O

CH3
O

O

-CH.

dimethyl sultide

o
o

H
ozonide

CH,

H

H—O—

H

O

+ CH3— S—CH3

dimethyl sulfoxide

Sulfur compounds are more nucleophilic than the corresponding oxygen com-

pounds, because sulfur is larger and more polarizable, and its electrons are less tight-

ly held in orbitals that are farther from the nucleus. Although ethers are weak
nucleophiles, sulfides are relatively strong nucleophiles. Sulfides attack unhindered

alkyl halides to give sulfonium salts.
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Sn2
R

alkyl halide

R'

u
-S—R X-

sulfonium salt

Example

CH3—S—CH3 + CH3I

dimethyl sulfide

CH3

-S—CH,

trimethylsulfoniuni iwdide

Sulfonium salts are good alkylating agents because the leaving group is an un-

charged sulfide. Sulfur's polarizability enhances partial bonding in the transition

state, lowering its energy.

Nuc:

nucleophile

CH3^s(
R

X- Nuc— CH,

R
sulfonium salt

R— S—

R

sulfide

X-

Example

CH3
rxl +

CH3—S—CH3

trimethvisulfonium iodide N-methylpyridinium iodide

CH3—S—CH3

dimethyl sulfide

Sulfonium salts are common alkylating agents in biological systems. For ex-

ample. ATP activation of methionine forms the sulfonium salt S-adenosylmethion-

ine (SAM), a biological methylating agent.

CH3 NH3

O O o

O—P—O— P—O—P—̂ O^CH^

OH OH OH

: S—CH2CH2—CH—COO"
methionine

CH, NH3

:S—CH2CH2—CH—COO"

CHt
NHt

OH OH
adenosine triphosphate (ATP)

OH OH
S-adenosvlmethionine (SAM)

SAM converts norepinephrine to epinephrine (adrenaline) in the adrenal glands.

OH

CHCH2—

N

OH
norepinephrine

CH. NH,

S—CH2CH2—CH—COO"

H

^ "^CHCH,—N—CH3

^ [adenosine]

SAM
OH

epinephrine

H
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PROBLEM 14-17

Mustard gas. CI—CH^CH;— S—CH;CH;— CI. was used as a poisonous chemical agent

in World War I. Mustard gas is much more toxic than a t} pical primary' alkyl chloride. Its

toxicity stems from its ability to alkylate amino groups on important metabolic enzymes,

rendering the enzymes inacti\e.

(a) Propose a mechanism to explain why mustard gas is an exceptionally potent alky-

lating agent.

(b) Bleach (sodium hypochlorite. NaOCl. a strong oxidizing agent) neutralizes and inac-

tivates mustard gas. Bleach is also effective on organic stains because it oxidizes colored

compounds to colorless compounds. Propose products that might be formed by the reac-

tion of mustard sas with bleach.

Epo.xides are easily made from alkenes. and (unlike other ethers) the\' undergo a I 4- I I

variety of useful synthetic reactions. For these reasons, epo.xides are valuable syn-
Synthesis of

thetic intermediates. Here we rev iew the epo.xidation techniques already covered (Sec- '

tion 8-12) and consider in more detail the useful syntheses and reactions of epoxides. Epoxides

14-1 I A Peroxyacid Epoxidation

Peroxyacids 1 5>ometm'ies called penicids} are used to convert alkenes to epoxides. If

the reaction takes place in aqueous acid, the epoxide opens to a glycol. Therefore,

to make an epoxide, we use a weakly acidic peroxyacid that is soluble in aprotic sol-

vents such as CH;CI; . Because of its desirable solubility properties. ??;6'm-chloroper-

oxybenzoic acid (MCPBA) is often used for these epoxidations.

O

C=C + R—C— O—O—

H

/ \
alkene peroxyacid

o
/ \

-c—c-

epoxide

o

- R—C—O—

H

acid

Example

MCPB.\

CHXl,

cvclohexene

(lOO^c)

MCPB.A -O—

H

/neffl-chloroperoxybenzoic acid

The epoxidation takes place in a one-step, concerted reaction that maintains

the stereochemistr}- of any substituents on the double bond.

;o

epoxide

o R

H'

,0

acidperoxyacid

The peroxv acid epoxidation is quite general, w ith electron-rich double bonds

reacting fastest. The following reactions are difficult transformations made possible

by this selective, stereospecific epoxidation procedure.
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CH,

CH,
1 .2-dinieth\i- 1 .4-cvclohexaciiene

Ph CH,

c=c
/ \

H NO.
(E)-2-nitro- 1 -phen\ Ipropene

MCPBAd equiv.)

Ph—C—OOH

c/5-4.5-epoxy-4.5-dimethyicyclohexene

Ph
^

.0. , CH3

H NO,

(E)-2-methy]-2-nitro-3-phenyloxirane

14-1 IB Base-Promoted Cyclization of Halohydrins

A second synthesis of epoxides and other cyclic ethers involves a variation of the

Williamson ether synthesis. If an alkoxide ion and a halogen atom are located in the

same molecule, the alkoxide may displace a halide ion and form a ring. Treatment

of a halohydrin with a base leads to an epoxide through this internal 5^2 attack.

= 0: :0:

/ \
O—H «^ —C—C— > —C—C—

0X X

Halohydrins are easily generated by treating alkenes with aqueous solutions of

halogens. Bromine water and chlorine water add across double bonds with

Markovnikov orientation (Section 8-11). The following reaction shows the reaction

of cyclopentene with chlorine water to give the chlorohydrin. Treatment of the chloro-

hydrin with aqueous sodium hydroxide gives the epoxide.

Formation of the chlorohydrin

cyclopentene chlorine water chloronium ion /ra;;j-chlorohydrin

(mixture of enantiomers)

Displacement of the chlorohydrin

(50% overall)

This reaction can be used to synthesize cyclic ethers with larger rings. The dif-

ficulty lies in preventing the base (added to deprotonate the alcohol) from attacking

and displacing the halide. 2,6-Lutidine, a bulky base that cannot easily attack a car-

bon atom, can be used to deprotonate the hydroxyl group to give a five-membered
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cyclic ether. Five-, six-, and se\en-membered land occasional!) foin--memhered

)

c\ clic ethers are formed this way.

chloro-alcohol 2.6-lutidine alkoxide 2-methyitetrahydrofuran

(2.6-dimethylpyridine) (857f)

PROBLEM 14-18

Show hou you would accomplish the follow ing transformations. Some of these examples

require more than one step.

(a) 2-methylpropene —
* 2.2-dimethyloxirane

(b) 1-phenylethanol 2-phenyloxirane

(c) 5-chloro- 1-pentene tetrahydropyran

(d) 5-chloro- 1-pentene —^ 2-methyltetrahydrofuran

(e) 2-chloro-l-hexanol 1.2-epoxyhe.xane

SUMMARY: Epoxide Syntheses

1. Pero.xyacid epoxidation (Section 14-1 LA)

o o o
\ / II / \ II

C=C + R—C—OOH > —C—C— + R— C—OH
/ \ II

2. Base-promoted cycUzation of liolohydrins (Section 14-1 IB)

X
'I II

-c-c- ^ -c-c-
I I VOH O

X = CI. Br. I. OTs, etc.

Example

XaOH. H.O
CH— CH-Cl CHXK

OH
2-chloro- 1 -phenylethanol 2-phen\ loxirane

Epoxides are much more reacti\ e than common dialkyl ethers because of the large 14-12
strain energy (about 25 kcal/mol. or 105 kJ/mol) associated with the three-mem-

^^j^ Catalyzed
bered ring. Unlike other ethers, epoxides react under both acidic and basic conditions, n • ^ •

The products of acid-catalyzed opening depend on the sohent used. UpeniDg Ot

Epoxides
In Water. In Section 8-13 we saw- that acid-catalyzed hydrolysis of epoxides gives

glycols with anti stereochemistry. The mechanism of this hydrolysis involves pro-

tonation of oxygen (forming a good leaving group), followed by Sx2 attack by

w ater. Anti stereochemistry results from the back-side attack of water on the pro-

tonated epoxide.
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(mixture of enantiomcrs)

Direct anti hydroxylation of an alkene (without isolation of the epoxide in-

termediate) is possible by using an acidic aqueous solution of a peroxyacid. As
soon as the epoxide is formed, it hydrolyzes to the glycol. Peroxyacetic acid

(CH^iCO^H) and peroxyformic acid (HCO3H) are often used for the anti hydroxy-

lation of alkenes.

H,C H

c=c
/ \

H CH3

//•«/(.v-2-butene

O
II

-c-

CH,

-OOH
HO

H+. H,0

\

H3C /

H

H OH
meso-buVdne- 1 ,2-dioI

H-

H-

-OH

-OH

PROBLEM 14-19

Propose mechanisms for the epoxidation and ring-opening steps of the epoxidation and

hydrolysis of ?ra/75-2-butene shown above. Predict the product of the same reaction with

c;.?-2-butene.

In Alcohols. When the acid-catalyzed opening of an epoxide takes place with an al-

cohol as the solvent, a molecule of alcohol acts as the nucleophile. This reaction pro-

duces an alkoxy alcohol with anti stereochemistry. This is an excellent method for

making compounds with ether and alcohol functional groups on adjacent carbon

atoms. For example, the acid-catalyzed opening of 1 .2-epoxycyclopentane in a

methanol solution gives rra/zi'-l-methoxycyclopentanol.

l,2-epoxycyclopenta;ie CH, rra;;5-2-methoxycyclopentanol (82%)

(mixture of enantiomcrs)

PROBLEM 14-20

Cellosolve® is the trade name for 2-ethoxyethanol, a common industrial solvent. This com-

pound is produced in chemical plants that use ethylene as their only organic feedstock.

Show how you would accomplish this industrial process.

Using Hydrohalic Acids. When an epoxide reacts with a hydrohalic acid (HCl,

HBr, or HI), a halide ion attacks the protonated epoxide. This reaction is analo-

gous to the cleavage of ethers by HBr or HI. The halohydrin initially formed re-

acts further with HX to give a 1 ,2-dihalide. This is rarely a useful synthetic
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reaction, since the 1.2-dihalide can be made directly from the alkene by elec-

trophilic addition of .

H

:0-> =0H
,

X
/V I I HX I

H^X —> —C—C— —
> —C—C— * —C-

:X-
X

(several steps)

PROBLEM 14-21

When ethylene oxide is treated with anhydrous HBr gas. the major product is 1.2-dibro-

moethane. When ethylene oxide is treated w ith concentrated aqueous HBr. the major prod-

uct is ethylene glycol. Use mechanisms to explain these results.

The Opening ofSqualene-2,3-Epoxide. Steroids are tetracyclic compounds that serve

a w ide vaiiety of biological functions, including hormones (sex hormones), emulsifiers

(bile acids), and membrane components (cholesterol). Tlie biosynthesis of steroids is be-

lieved to involve an acid-catalyzed opening of squalene-2.3-epoxide (Fig. 14-6). Squa-

lene is a member of the class of natural products called terpenes (see Section 25-8).

The enzyme squalene epoxidase oxidizes squalene to the epoxide, w hich opens and

forms a carbocation that cyclizes under the control of another enzyme. The cyclized in-

termediate rearranges to lanosterol. v\ hich is com erted to cholesterol and other steroids.

squalene squalene-2.3-epoxide cyclized intermediate

lanosterol cholesterol

A Figure 14-6

The biosynthesis of steroids starts with the epoxidation of squalene to squalene-2.3-

epoxide. The opening of this epoxide promotes the cyclization of the carbon skeleton

under the control of an enzyme. The cyclized intermediate is converted to lanosterol. then

to other steroids.
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protonated squaIene-2,3-epoxide tertiary carbocation tertiary carbocation

Figure 14-7

Cyclization of squalene epoxide begins with the acid-catalyzed opening of the epoxide.

Each additional cyclization step forms another carbocation.

Although the cyclization of squalene-2,3-epoxide is controlled by an enzyme,

its mechanism is similar to the acid-catalyzed opening of other epoxides. The epox-

ide oxygen becomes protonated and is attacked by a nucleophile. In this case, the nu-

cleophile is a pi bond. The initial result is a tertiary carbocation (Fig. 14-7).

This initial carbocation is attacked by another double bond, leading to the for-

mation of another ring and another tertiary carbocation. A repetition of this process

leads to the cyclized intermediate shown in Figure 14-6.

PROBLEM 14-22

Show the rest of the mechanism for formation of the cyclized intermediate in Figure 14-6.

14-13 Most ethers do not undergo nucleophilic substitutions or eliminations under basic con-

Base-Catalyzed
ditions because an alkoxide ion is not a good leaving group. Epoxides have about 25

. kcal/mol ( 105 kJ/mol) of ring strain that is released upon ring opening, however, and
King L^pening this strain is enough to compensate for the poor alkoxide leaving group. Figure

of Epoxides '^-8 compares the energy profdes for nucleophilic attack on an ether and on an epox-

ide. The starting epoxide is about 25 kcal/mol ( 105 kJ/mol) higher in energy than the

ether, and its displacement has a lower activation energy.

^ Figure 14-8

An epoxide is higher in energy

than an acyclic ether by about

25 kcal/mol ( 105 kJ/mol) ring

strain. The ring strain is

released in the product, giving

it an energy similar to the

products from the acyclic ether.

Release of the ring strain

makes the displacement of an

epoxide thermodynamicaily

favorable.

HO— R :0R'

reaction coordinate
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The reaction of an epoxide with hydroxide ion leads to the same product as the

acid-catalyzed opening of the epoxide: a 1 .2-diol (glycol), with anti stereochemistry. In

fact, either the acid-catalyzed or base-catalyzed reaction may be used to open an epox-

ide, but the acid-catalyzed reaction takes place under milder conditions. Unless there is

an acid-sensitive functional group present, the acid-catalyzed hydrolysis is preferred.

H—O—

H

H [ H

cyclopentene oxide

OH

fraH5-cyc]opentane- 1 .2-diol

(mixture of enantiomers)

Like hydroxide, alkoxide ions react w ith epoxides to form ring-opened prod-

ucts. For example, cyclopentene oxide reacts with sodium methoxide in methanol to

give the same ?ra/;5-2-methoxycyclopentanol produced in the acid-catalyzed open-

ins in methanol.

CH,— O: -Na

CH,OH

H H
cyclopentene oxide

PROBLEM 14-23

H OCH;
f)a/?5-2-methoxycyclopentanol

(mixture of enantiomers)

Give a complete mechanism for the reaction of cyclopentene oxide with sodium methox-

ide in methanol.

PROBLEM 14-24

Predict the major product w hen each reagent reacts with ethy lene oxide.

-ONa

(a) sodium ethoxide (b) sodium amide. NaNH; (c)

Symmetrically substituted epoxides (such as cyclopentene oxide, above) give the

same product in both the acid-catalyzed and base-catalyzed ring openings. An un-

symmetrical epoxide gi\ es different products under acid-catalyzed and base-catalyzed

conditions, however.

H3C OH

H,C—C—CH,
. CH.CH,

o
/ \

H;C—C—CH,

CH,
2.2-dimethvloxirane

CH,CH;—

O

2-ethoxy-2-methyl- 1 -propanol

acid-catah zed product

OH

14-14

Orientation of

Epoxide Ring

Opening

CHXH,— O:
. EtOH H,C—C—CH.

H,C O—CH,CH,
1 -ethoxy-2-methyl-2-propanol

base-catalyzed product
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H3C—

C

H3C

CH.

= 0-

We can apply what we know about reaction mechanisms to explain these dif-

ferent products. Under basic conditions, the alkoxide ion simply attacks the less hin-

dered carbon atom in an 8^2 displacement.

:0:- H O—CH,CH,

-CH,CH,

H3C—C— CH,

H,C O—CH3CH3

OH
I

H3C—C— CH. +

H3C O—CH.CH3

OCH2CH3

Under acidic conditions, the alcohol attacks the protonated epoxide. It might

seem that the alcohol would attack at the less hindered oxirane carbon, but this

is not the case. In the protonated epoxide, there is a balancing act between ring

strain and the energy it costs to put some of the positive charge on the carbon

atoms. We can represent this sharing of positive charge by drawing three reso-

nance structures:

PROBLEM-SOLVING HINT

In proposing mechanisms for

acid-catalyzed opening of epox-

ides, imagine that the protonated

epoxide opens to the more
stable (more highly substituted)

carbocation.

r

H

H3C—C—CH,

CH3

CH3CH.—O—

H

PROBLEM-SOLVING HINT

Acid-catalyzed:The nucleophile

(solvent) adds to the more
highly substituted carbon.

Base-catalyzed: The nucle-

ophile attacks the less highly

substituted carbon.

H
.1

K
H3C—C—CH2

CH3
structure I

H
I.

.0"

+ \
H3C— C—CH,

CH3
structure II

H
I

H3C—C—CH,

CH3
structure III

StiTJcture I is the conventional structure for the protonated epoxide, while struc-

tures II and III show that the oxirane carbon atoms share part of the positive charge.

The tertiary carbon bears a larger part of the positive charge, and it is more strong-

ly electrophilic: that is, structure II is more important than structure III. The bond be-

tween the tertiary carbon and oxygen is weaker, implying a lower transition state

energy for attack at the tertiary carbon. Attack by the weak nucleophile (ethanol in

this case) is sensitive to the strength of the electrophile, and it occurs at the more elec-

trophilic tertiary carbon.

H3C :0H

H3C—C—CH. ^

CH^CH.Oi^ H
H I

^=0—CH2CH3

H3C :0H

H3C—C—CH,

CH3CH2O: H

H—O—CH2CH3

This ring opening is similar to the opening of a bromonium ion in the formation

of a bromohydrin (Section 8-11) and the opening of the mercurinium ion during

oxymercuration (Section 8-5B). All three reactions involve the opening of an elec-

trophilic three-menibered ring by a weak nucleophile. Attack takes place at the carbon

atom that is more electrophilic: usually the more highly substituted carbon, because it

can better support the positive charge. Most base-catalyzed epoxide openings, on the

other hand, involve attack by a strong nucleophile at the less hindered carbon atom.

SOLVED PROBLEM 14-2

Predict the major products for the reaction of 1 -methyl- 1,2-epoxycyclopentane with

(a) sodium ethoxide in ethanol. (b) H2SO4 in ethanol.
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SOLUTION
(a) Sodium ethoxide attacks the less hindered secondary carbon to give (£)-2-ethoxy-

1 -meth\ Icyclopentanol.

(b) Under acidic conditions, the alcohol attacks the more electrophilic tertiary carbon

atom of the protonated epoxide. The product is (£)-2-ethoxy-2-methylcyclopentanol.

CH,CH;—6—H CHXH,

PROBLEM 14-25

Predict the major products of the following reactions, including stereochemistry where

appropriate.

(a) 2.2-dimethyloxirane + /H ^'^O (oxygen-labeled water)

(b) 2.2-dimethyloxirane + H'^^0"/H J^O
'

^

Ic) (Z)-2-ethyl-2.3-dimethyloxirane + CH,0 /CH,OH
(d) (Z)-2-ethyl-2.3-dimethyloxirane ^ H"/CH,OH

Like other strong nucleophiles, Grignard and organolithium reagents attack epoxides 14-15
to give (after hydrolysis) ring-opened alcohols.

Reactions

/ \ (I) ether I of Eooxides
R—MgX + CH,—CH— R'

, „ > CH.—CH— R'
. .

,

j

- With Grignard

^ and Organolithium

For example, ethylmagnesium bromide reacts with oxirane (ethylene oxide) to form Reagents
the magnesium salt of 1-butanol.

O—MgBr OH
V \ I H,0+

I

H.C— CH. > H,C—CH, — > HX—CH,

CH^CH.—MgBr CH3CH3 CH3CH,
1-butanol

Substituted epoxides can be used in this reaction, with the carbanion attacking

the less hindered epoxide carbon atom. This reaction works best if one of the oxirane

carbons is unsubstiluted. to allow an unhindered nucleophilic attack.

OH

O '

H ^\/MgBr ^\ ^CH,—CH—CH,

H^C-CH-CH, + f T
meth\ loxirane cyclohexylmagnesium 1 -cyclohexyl-2-propanol

bromide
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O CH.CH,

+

-cycl()hexyl-2-ethyloxirane phcnylmagncsium

bromide

(1) elher

(2) H3O+

OH

CH.—C—CH.CH3

2-cyclohexyl- 1 -phenyl-Z-butanol

PROBLEM 14-26

Give the expected products of the following reactions. Include a hydrolysis step where necessary.

(a) ethylene oxide + isopropylmagnesium bromide

(b) 2,2-dimethyloxirane + methyllilhium

(c) cyclopentyloxirane + ethylmaunesium bromide

14-16

Epoxy Resins:

The Advent of

Modern Glues

Epoxy resins bind graphite and

polymer fibers into laminates

used in the aerospace industry.

HO

CH3
bisphenol A

The earliest glues were made of carbohydrates and proteins. Wheat paste uses the

gluten in wheat, the sticky carbohydrate that holds bread together. Hide glue is a

collagen-containing protein extract of animal hides, hooves, and tendons. Hide glue

was used for wood and paper gluing for hundreds of years, and it is still used for fine

musical instruments and other articles that must be readily taken apart without dam-

aging the wood. Hide glue is water soluble, however, and the bond quickly fails in

a damp environment. It does not fill gaps because it shrinks to a fraction of its wet

volume as it dries. Glues based on casein (a milk protein) were developed to give a

stronger, water-resistant bond. A casein glue (such as Elmer's®) gives a bond as

strong as most woods, and it resists water for hours before it softens. But it does not

fill gaps well, and it works poorly with metals and plastics.

Imagine a glue that does not shrink at all as it hardens; it fills gaps perfectly so

that pieces don't need to be fitted closely. It holds forever in water, is at least as strong

as wood and plastic, and sticks to anything: wood, metal, plastic, and so forth. It lasts

forever on the shelf without hardening, yet hardens quickly once the pieces are in place.

It is nanny so it fills tiny voids, or thick and pasty so it stays in place while it hardens.

This ideal glue was only a dream until the development of epoxy adhesives.

Epoxies polymerize in place, so they match the shape of the joint perfectly and ad-

here to microscopic irregularities in the surfaces. There is no solvent to evaporate,

so there is no shrinkage. Epoxies are bonded by ether linkages, so they are unaf-

fected by water. Epoxies use a prepolymer that can be made as runny or as gummy
as desired, and they use a hardening agent that can be modified to control the cur-

ing time. In the absence of the hardening agent, they have a long shelf life.

The most common epoxy resins use a prepolymer made from bispheuol A and

epichlorohydrin.

O
/ \

OH + HiC—CH— CH3CI >

epichlorohydrin

O
/ \

HoC—CH- -CHo—
OH

O—CH^—CH—CHv
O
/ \

O— CHt—CH—CHt

prepolymer
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Under base-catalyzed conditions, the anion of bisphenol A opens the epoxide

of epichlorohydrin to give an alkoxide that snaps shut on the other end, forming an-

other epoxide.

H-,C—CH— CH.Cl

:0:—

O—CH,—CH—CH, * R

CI

O—CH.

This second epoxide reacts with another molecule of bisphenol A. Each mol-

ecule of bisphenol A can also react with two molecules of epichlorohydrin.

HO- -CH,—CH— CH, ^ :0-

OH
I

-O—CHi—CH— CH,

O
/ \

CICH,—CH—CH,
O
/ \

H,C—CH— CH,

OH

-CH,—CH—CH,

With exactly equal amounts of bisphenol A and epichlorohydrin, this polymer-

ization would continue until the polymer chains were very long and the material would

be a solid polymer. In making epoxy resins, however, excess epichlorohydrin is added

to form short chains with epichlorohydrins on both ends. More epichlorohydrin gives

shorter chains and a runny prepolymer. Less epichlorohydrin gives longer chains (con-

taining up to 25 epichlorohydrin/bisphenol A units) and a more viscous prepolymer.

When you buy epoxy glues, they come in two parts: the resin (prepolymer) and

the hardener. The hardener can be any of a wide variety of compounds having basic

or nucleophilic properties. Polyamines are the most common hardeners. The harden-

er can attack a terminal epoxide group, initiating a polymerization of the chain ends.

9°x
R—NHV\ H.C—CHH chain 1

H

H O-

9°x ^H.C—CH-H chain 2

R—N—CH.—CH^Thain 1

H

O

Co

H^C—CHH chains

R—N—CH.—CH—O—CH.—CHH chain 2

I

"
I

,

"

H
I
chain 1 I
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Or the hardener can deprotonate a hydroxy! group from the interior of a chain,

resulting in a cross-linking of one chain with another. The final polymer is an intricate

three-dimensional network of chains that is strong and resistant to chemical attack.

chain 1

CHt

chain 1

middle of chain

chain

CH. CH.

H—C—OH c H—C— OT

CH,

chain

chain

^H.C—CHH chain 2

o-

H—C—O—CH^—CHH chain 2

chain

SUMMARY: Reactions of Epoxides

1. Acid-catalyzed opening (Sections 8-13 and 14-12)

a. In water

c—c-
\/
o

H,0

b. In alcohols

c—c-
\/
o

R—OH

OH

—c—c—

OH
anti stereochemistry

OH

—c—c—

OR
The alkoxy group bonds to the more highly substituted carbon.

Example

H
\C—CH.

H3C o
methyl oxirane

(propylene oxide)

CH,OH
^ CH3—CH—CH.—OH

OCH,
2-methoxy- 1 -propanol

c. Using hydrohalic acids (X = CI, Br, I)

—c—c—
\/
o

2. Base-catalyzed opening

a. With cdkoxides (Section 14-13)

H—

X

OH

c—c—

X

H—

X

X

—c—c-

X

-C—CH,
\/

'

O

R— 0:

R—OH -C—CH.—OR

OH

The alkoxy group bonds to the less highly substituted carbon.
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Example

H .. ^

-^^^ CH-CH-CH-OCH3

o OH
propylene oxide l-methoxy-2-propanol

b. With organomerallics (Seclion 14-15)

—C—CH, [2X0^' —C—CH,—

R

O OH
M = Li or MgX R bonds to the less substituted carbon

Example

^c—̂ CH, -^^^ > CH3—CH—CH,

H3C O OH
propylene oxide l-cyclohexyl-2-propanol

alkoxymercuration Addition of mercury and an alkoxy group to a double bond, usually by Cha.pt6t* 14
a solution of mercuric acetate in an alcohol; usually followed by sodium borohydride reduc-

tion to give an ether, (p. 622)

R—O Hg(OAc) R—O H
Hg(OAc), 1 1 NaBH, I 1c=c — '-^ —c—c— —c— c

—

R-o-H II II
(alkoxymercuration) (reduction)

alpha cleavage The breaking of a bond between the first and second carbon atoms adjacent

to the ether oxygen atom (or other functional group), (p. 618)

auto.xidation Any oxidation that proceeds spontaneously using the oxygen in the air. Au-

toxidation of ethers gives hydroperoxides and dialkyl peroxides, (p. 625)

concerted reaction A reaction that takes place in one step, with simultaneous bond break-

ing and bond forming, (p. 629)

crown ether A large cyclic polyether used to complex and solvate cations in nonpolar sol-

vents, (p. 614)

dioxane A heterocyclic ether with two oxygen atoms in a six-membered ring. (p. 617)

epoxidation Oxidation of an alkene to an epoxide. Usually accomplished by treating the

alkene with a peroxyacid. (p. 629)

epoxide (oxirane) A compound containing a three-membered heterocyclic ether, (p. 616)

epoxy resins Polymers formed by condensing epichlorohydrin with a dihydroxy compound,

most frequently bisphenol A. (p. 638)

ether A compound with two alkyl (or aryl) groups bonded to an oxygen atom. R—O— R'

(p. 610)

symmetrical ether: An ether with two identical alkyl groups.

unsymmetrical ether: An ether with two different alkyl groups,

furan The five-membered heterocyclic ether with two carbon -carbon double bonds: or a

derivative of furan. (p. 617)

Glossary
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halohydrin A compound containing a halogen atom and a hydroxy! group on adjacent car-

bon atoms. Chlorohydrins, bromohydrins, and iodohydrins are most common, (p. 6.30)

heterocyclic compound (heterocycle) A compound containing a ring in which one or more

of the ring atoms are elements other than carbon. The noncarbon ring atoms are called het-

eroatoms. (p. 616)

heterocyclic ethers:

.0

epoxide oxelane fiiran THF pyran tetrahydropyran 1.4-dioxane

(oxirane) (oxolane) oxane

MCPBA An abbreviation for f^/-chloroperoxybenzoic acid, an epoxidizing agent, (p. 629)

oxane The systematic term for a six-membered cyclic ether (a tetrahydropyran). (p. 617)

oxetane A compound containing a four-membered heterocyclic ether, (p. 617)

oxirane The systematic term for an epoxide, or for ethylene oxide specifically, (p. 616)

oxolane The systematic term for a five-membered cyclic ether (a tetrahydrofuran). (p. 617)

peroxide Any compound containing the —O—O— linkage. The oxygen-oxygen bond is

easily cleaved, and organic peroxides are prone to explosions, (p. 629)

H—O—O—H R—O—O—H R—O—O— R'

hydrogen peroxide an alkyl liydroperoxide a dialkyl peroxide

peroxyacid (peracid) A carboxylic acid with an extra oxygen in the hydroxyl group, (p. 629)

O

R—C—O—O—

H

pyran The six-membered heterocyclic ether with two carbon-carbon double bonds: or a

derivative of pyran. (p. 617)

sulfide (thioether) A compound with two alkyl (or aryl) groups bonded to a sulfur atom

R— S— R'. (p. 626)

sulfone A compound of the form R— SO;— R' (see below), (p. 627)

sulfoniuni salt A salt containing a sulfur atom bonded to three alkyl groups, R^S^ and a

counterion (see below), (p. 627)

sulfoxide A compound of the form R—SO— R' (.see below), (p. 627)

R" O O

R— S— R' R— S— R' R— S— R' R— S— R'

II

X- o
sulfide sulfonium salt sulfoxide sulfone

Williamson ether synthesis Formation of an ether by the 8^2 reaction of an alkoxide ion with

an alkyl halide or tosylate. In general, the electrophile must be primary, or occasionally sec-

ondary, (p. 620) ^ ^
R—O-' R'j-X > R—O— R' + X-
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ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 14

1. Draw and name ethers and heterocyclic ethers, including epoxides.

2. Predict relative boiling points and solubilities of ethers.

3. Explain the stabilizing effects of ether solvents on electrophilic reagents, and

ethers" compatibilit\ w ilh organometallic reagents.

4. Determine the structures of ethers from their spectra, and explain the charac-

teristic absorptions and fragmentations.

5. Devise efficient laboratory' syntheses of ethers and epoxides, mcluding:

(a) The Williamson ether synthesis

( b ) .A.lkoxymercuration - demercuration

(c) Peroxyacid epoxidation

(d I Base-promoted cyclization of halohydrins.

6. Predict the products of the reactions of ethers and epoxides, including:

(a) Cleavage and autoxidation of ethers

(b) Acid- and base-promoted opening of epoxides

(c) Reactions of epoxides with organometallic reagents.

7. Use your knowledge of the mechanisms of ether and epoxide reactions to

propose mechanisms and products of similar reactions you have never

seen before.

Study Problems

14-27. Brietly define each term and gi\ e an example.

(a) autoxidation lb) Williamson ether synthesis

(d) heterocyclic compound (e) epoxidation

(g) unsymmetrical ether (h) crown ether

14-28. Write structural formulas for the following compounds.

(a) ethyl isopropyl ether (bl di-;;-butyl ether

(d) divinyl ether (e) allyl methyl ether

(g) a^-2.3-epoxyhexane (h) (2/?. 35)-2-methoxy-3-pentanoI

14-29. Gi\e common names for the follow ing compounds.

(a) (CH;):CH—O—CHiCHjCH-CH: (b) (CH.),C—O—CH-CHlCH,):
(c) Ph—O—CH.CH. (d) CI—CH,—O—CH.CH^CH,

( c ) alkoxymercuration - demercuration

(f) concerted reaction

Ic) 2-ethoxyoctane

If I cvclohexene oxide

(g)

o
/ \

H CH,

14-30. Gi\ e lUP.AC names for the follow ing compounds.

(a) CH;—O— CHiCH.iCH-OH lb) Ph—O— CH:CH; (c) (
/

(d)

OCH,

OCH.

OH

(e)

H

V ^^CH,—A..--0CH3

H

(g)

CH-O Br

O
(i)

O

CI
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Predict the products ot the following reactions,

(a) sec-hutyl isopropyl ether + cone. HBr, heat

(c) di-/i-butyl ether + hot cone. NaOH
(e) ethoxybenzene + cone. HI, heat

(g) r/Y»;.v-2,3-epoxyoctane + H^, H2O

(i) potassium r-butoxide + /(-butyl bromide

(b) /-butyl ethyl ether + cone. HBr. heat

(d) di-H-butyl ether -t- Na metal

(f) 1.2-epoxyhexane H^,CH,OH
(h) propylene oxide -I- methylamine (CH3NH2)

I

1^ ( 1 ) phenylniagnesium bromide

^•'^
I J (2) hydrolysis

14-32. (A true story.) An inexperienced graduate student moved into a laboratory and began work. He needed some di-

ethyl ether for a reaction, so he opened an old, rusty 1 -gallon can marked "ethyl ether" and found there was half a

gallon left. To purify the ether, the student set up a distillation apparatus, started a careful distillation, and went to

the stockroom for the other reagents he needed. While he was at the stockroom, the student heard a muffled

"boom."" He quickly returned to his lab to find a worker from another laboratory putting out a fire. Most of the

distillation apparatus was embedded in the ceiling.

(a) Explain what probably happened. (b) Explain how this near-disaster might have been prevented.

14-33. (a) Show how you would synthesize the pure (R) enantiomer of 2-butyl methyl sulfide starting with pure {R)-2-

butanol and any reagents you need.

(b) Synthesize the pure (S) enantiomer of the product.

14-34. (a) Predict the values of and the structures of the mo.st abundant fragments you would observe in the mass

spectrum of di-/!-propyl ether,

(b) Give logical fragmentations to account for the following ions observed in the mass spectrum of 2-methoxy-

pentane: 102, 87,71,59,31.

14-35. The following reaction resembles the acid-catalyzed cyclization of squalene oxide. Give a mechanism for this

reaction.

H,0

CH.OH

14-36. Show how you would accomplish the following synthetic transformations in good yield.

(a) 1-hexene l-phenyl-2-hexanol (b) I-hexene l-methoxy-2-hexanoI

(c) 1-hexene —* 2-methoxy-l-hexanol

14-37. Give the structures of intermediates .4 through H in the following synthesis of ;/a/;i-l-cyclohexyl-2-methoxycy-

clohexane.

OH
H3SO4

heat

cone. HBr

heat

(1) Hg(OAc),,

CH3OH
'

(2) NaBH^

MCPBA

C (gas) D

Mg,
ether

(2) up'
G

Na



Study Problems 645

14-38. (Another true story.) An organic lab student carried out the reaction of methyhiiagnesium iodide with acetone

(CH^COCH,)- followed by hydrolysis. During the distillation to isolate the product, she forgot to mark the vials

she used to collect the fractions. She turned in a product of fonnula QHjoO that boiled at 35°C. The IR spectrum

showed only a weak O—H stretch around 3300 cm ', and the mass spectrum showed a base peak at miz 59. The

NMR spectrum showed a quartet (J = 7 Hz) of area 2 at 63.5 and a triplet (J = 7 Hz) of area 3 at 61.3. Propose a

structure for this product, explain how it corresponds to the observed spectra, and suggest how the student isolat-

ed this compound.

14-39. Show how you would synthesize the follovvmg ethers in good yield from the indicated starting materials and any

additional reagents needed.

(a) cyclopentyl 7!-propyl ether from cyclopentanol and 1-propanol

(b) H-butyl phenyl ether from phenol and I-butanol

(c) 2-methoxydecane from a decene

(d) l-metho.\ydecane from a decene

(e) 1-ethoxy-l-methylcyclohexane from 1-methylcyclohexene

(f ) rran5-2.3-epoxyoctane from fra/7j-2-octene

14-40. There are two different ways of making 2-ethoxyoctane from 2-octanol using the Williamson ether synthesis.

When pure ( - )-2-octanol of specific rotation —8.24° is treated with sodium metal and then ethyl iodide, the

product is 2-ethoxyoctane with a specific rotation of — 15.6°. When pure (-)-2-octanol is treated with thionyl

chloride and then with sodium ethoxide. the product is also 2-ethoxyoctane. Predict the rotation of the 2-ethoxy-

octane made using the thionyl chloride/sodium ethoxide procedure, and give a detailed mechanism to support

your prediction.

14-41. Under base-catalyzed conditions, several molecules of propylene oxide can polymerize to give short polymers.

Give a mechanism for the base-catalvzed formation of the followina trimer.

O
/ \

3 H,C—CH—CH,
"OH

HO—CH,

CH, CH, CH,

-CH—O—CH,—CH—O—CH,—CH—OH

14-42. Under the right conditions, the following acid-catalyzed double cyclization proceeds in remarkably good yields.

Propose a mechanism. Does this reaction resemble a biological process you have seen?

H"A"

*14-43. Propylene oxide is a chiral molecule. Hydrolysis of propylene oxide gives propylene glycol, another chiral molecule.

(a) Draw the enantiomers of propylene oxide.

(b) Give a mechanism for the acid-catalyzed hydrolysis of pure (/?)-propylene oxide.

(c) Give a mechanism for the base-catalyzed hydrolysis of pure (/?)-propylene oxide.

(d) Explain why the acid-catalyzed hydrolysis of optically active propylene oxide gives a product with a rotation

opposite that of the product of the base-catalyzed hydrolysis.

* 14-44. An acid-catalyzed reaction was carried out using methyl cellosolve (2-methoxyethanol) as the solvent. When the

2-methoxyethanol was redistilled, a higher-boiling fraction (bp 162°C) was also recovered. The mass spectrum of

this fraction showed the molecular weight to be 134. The IR and NMR spectra appear below. Determine the

stnicture of this compound, and propose a mechanism for its formation.
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A compound of molecular formula Cj^H^O gives the IR and NMR spectra shown below. Propose a structure, and

show how it is consistent with the observed absorptions.
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CHAPTER I 5
^^^^^^^^ ^"^'^^ '-^'^^ ^

1 Conjugated Systems,

Orbital Symmetry,

and Ultraviolet

Spectroscopy

Double bonds that are separated by j us t one single bond interact wi th each other. 15-1
and they are called conjugated double bonds. Doublebonds with two oi^more^

Introduction
_gle bonds separating them have little iriteraction and are called isolated double

b_onds. For example, 1.3-pentadiene has conjugated double bonds, while 1,4-penta-

diene has isolated double bonds.

,CH,
;c=c;

:c^c;

conjugated double bonds

(more stable than isolated double bonds)

CH,
isolated double bonds

H ^C— C
^C=C^ H

H H

1.3-pentadiene

" CH,
"

1 .4-pentadiene

Because of the interaction between the double bonds, systems containmg
conjugatgd double bonds tend to be more stable than similar systemsjyijjij^olat-

ed double bonds. In this chapter, we consider the unique properties of conjugat-

ed systems, the theoretical reasons for this extra stability, and some of the

characteristic reactions of molecules containing conjugated double bonds. We
also study ultraviolet spectroscopy, a tool for determining the structures of con-

jugated systems.

In Chapter 7, we used heats of hydrogenation to compare the relative stabilities of I 5-2
alkenes. For example, the heats of hydrogenation of 1-pentene and m77;,s'-2-pentene

Stabilities of DieneS
show that the disubstituted double bond in Tnins-2-penlem is 2.6 kcal/mol ( 10 kJ/mol)

more stable than the monosubstituted double bond in 1 -pentene.

647
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^H° = -30.0 kcal (-125 kJ)

^H° = -27.4 kcaK- 115 kJ)

rra«.5-2-pentene

When a molecule has two isolated double bonds, the heat of hydrogenation is

close to the sum of the heats of hydrogenation for the individual double bonds. For

example, the heat of hydrogenation of 1 ,4-pentadiene is -60.2 kcal ( -252 kJ), about

twice that of 1-pentene.

A//° = -60.2 kcal (-252 kJ)

1 .4-pentadiene

For conjugated dienes, the heat of hydrogenation is less than the sum for the

individual double bonds. For example, /ra/z.v-l,3-pentadiene has a monosubstituted

double bond like the one in l-pentene and a disubstituted double bond like the one

in 2-pentene. The sum of the heats of hydrogenation of 1-pentene and 2-pentene is

— 57.4 kcal (-240 kJ), but the heat of hydi-ogenationjif.i£aa is

— 53.7 kcal (
— 225 kJ), showing that the conjugated diene has about 3.7 kca l ( 1 5 kJ)

extra stability .

1 -pentcnc 2-peiitenc predicted

(-30.0 kcal) + (-27.4 kcal) = -57.4 kcal (-240 kJ)

2H.
actual value: -53.7 kcal (—225 kJ)

Pt

™-l,3-pentadiene more stable by 3.7 kcal (15 kJ)

What happens if two double bonds are even closer together than in the conju-

gated case? Successive double bonds with no intervening single bonds are called cu-

mulatedj^ouble bonds. Consider 1,2-pentadiene, which contains cumulated double

bonds. Such 1,2-diene systems are also called allenes, after the simplest member of

the class, 1,2-propadiene or "allene," H2C=C=CH2. The heat of hydrogenation^of

1 ,2-pentadiene is -69.8 kcal/mol ( - 292 kJ/mol).
^

^ CH3CH2CH2CH2CH3 A//° = -69.8 kcal (-292 kJ)

pentane

sum of 1-pentene + 2-pentene ^H° = -57.4 kcal (-240 kJ)

1,2-pentadiene is less stable by 12.4 kcal (52 kJ)

Because 1,2-pentadiene has a larger heat of hydrogenation than 1.4-pentadiene, we

conclude that the cumulated double bonds of allenes are less stable than isolated

double bonds and much less stable than conjugated double bonds. Figure 15-1 sum-

marizes the relative stability of isolated, conjugated, and cumulated dienes and com-

pares them with alkynes.

.C=C= C.
H CH2CH3
1,2-pentadiene (ethylallene)
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cumulated

diene

1 .2-pentadiene

69.8

kcal

T

terminal

alkyne

I -pentyne

M.5
kcal

niternal

alkyne

2-pentyne

6.S.8

kcal

isolated

diene

1,4-pentadiene
isolated

diene

60.2

kcal

lnins-\ .4-hexadiene

57.4

kcal

conjugated

diene

trans-] .3-pentadiene

53.7

kcal^

T T T

alkane (pentane or hexane)

Figure 15-1

Relative energies of conjugated, isolated, and cumulated dienes compared with alkynes,

based on heats of hydrogenation (kcal/mol).

PROBLEM 15-1

Rank each group of compounds in order of increasing heat of hydrogenation.

(a) 1 .2-hexadiene; 1,3,5-hexatriene; 1 .3-hexadiene: 1 ,4-hexadiene; 1 ,5-hexadiene; 2.4-

hexadiene

PROBLEM 15-2

In a strongly acidic solution. 1,4-cyclohexadiene tautomerizes to 1,3-cyclohexadiene. Give

a mechanism for this rearrangement, and explain why it is energetically favorable.

PROBLEM 15-3

(Review ) The central carbon atom of an allene is a member of two double bonds, and it has

an interesting orbital anangement that holds the two ends of the molecule at right angles

to each other.

(a) Draw an orbital diagram of allene. showing why the two ends are perpendicular.

(b) Draw the two enantiomers of 1 .3-dichloroallene. A model may be helpful.

Figure 15-1 shows that the compound with conjugated double bonds is 3.7 kcaL/mj)l 15-3
( 1 5 kJTmoTXmore stable than a similar compound with isolated double bonds. This

3.7 kcal of extra stability injHe conjugated moIecuTeis called the resonance ener
Molecular Orbital

gy^nfii^stem . (Other terms favored by some chemists are conjugation energy, de- PiCtUre of a

localization energy, and stabilizationjnergy.)'We can best explain this extra stability Conjugated System
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of conjugated systems by examining their molecular orbitals. Let's begin with the

molecular orbitals of the simplest conjugated diene, 1,3-butadiene.

I5-3A Structure and Bonding of 1 ,3-Butadiene

The heat of hydrogenation of 1,3-butadiene is about 3.6 kcal ( 15 kJ) less than twice

that of 1-butene, showing that 1,3-butadiene has a resonance energy of 3.6 kcal.

H.C=CH—CH=CH2 ^^^^ CH3—CH3—CH.—CH, =- 56.6 kcal (- 237 kJ)

1,3-butadiene

H2C=CH—CH.—CH3 -^^^^ CH3—CH2—CH,—CH3 = -30.1 kcal (-126 kJ)

1-butene X 2 = - 60.2 kcal (-252 kJ)

resonance energy of 1 ,3-butadiene = 60.2 kcal - 56.6 kcal = 3.6 kcal (15 kJ)

Figure 15-2 shows the most stable confomiation of 1,3-butadiene. Note that this

conformation is planar, with the p orbitals on the two pi bonds aligned.

The C2—C3 bond in 1,3-butadiene is considerably shorter than a carbon -car-
'

. P
— —

.

bon single bond in an alkane: 1 .48 versus 1.54 A. This bond is shortened slightly by

the increased s character of the sp- hybrid orbitals; but the most important cause of

thi s bond shortening is its pi bonding overlap and^artial doublejpond character. The

planar conformation, with the p orbitals of the two double bonds aligned, allow over-

lap between the pi bonds. In effect, the electrons in the double bonds are delocalized

over the entire molecule, creating some pi overlap and pi bondjn g in th£X2-C3
bond. The length of this bond is intermediate between the normal length of a single

bond and that of a double bond.

Lewis structures are not adequate to represent delocalized molecules such as

1,3-butadiene. To represent the bonding in conjugated systems accurately, we must

consider molecular orbitals that represent the entire conjugated pi system, and not just

one bond at a time.

1 5-3B Constructing the Molecular Orbitals of 1 ,3-Butadiene

All four carbon atoms of 1,3-butadiene are sp- hybridized, and (in the planar con-

formation) they all have overlapping p orbitals. Let's review how we constructed

the pi molecular orbitals (MOs) of ethylene from the p atomic orbitals of the two car-

bon atoms (Fig. 15-3). Each p orbital consists of two lobes, with opposite phases of

the wave function in the two lobes. The plus and minus signs used in drawing these

orbitals indicate the phase of the wave function, not electrical charges. To minimize

confusion, we will color the lobes of the p orbitals to emphasize the phase difference.

In the pi bonding orbital of ethylene, there is overlap of lobes with the same sign

(+ with + and — with — ) in the bonding region between the nuclei. We call this

small amount

of overlap

Figure 15-2

Structure of 1,3-butadiene in

its most stable conformation.

The 1 .48 A central carbon

-

carbon single bond is shorter

than the 1.54 A bonds typical

of alkanes because of its partial

double-bond character.
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I

node

h9
(antibondina) =

destructive

o\erlap energy of the isolated

p orbitals on CI and C2

construcnve

overlap

(bondins)

Figure 1 5-3

Constructive overlap of unhy-

bridized p orbitals on the sp-

hybrid carbon atoms forms the

pi bonding orbital of ethylene.

Destructi\e overlap of these

two orbitals forms the anti-

bonding pi orbital. Combina-

tion of two p orbitals must give

exactlv two molecular orbitals.

reinforcement constructive overlap. In the antibonding orbital (marked by an *).

there is canceling of opposite signs i
— w hh —

i in the bonding region. This cancel-

ing of the \va\ e function is called destructive overlap. Midway between the nuclei

is a node: a region of zero electron densit\" where the positix e and negati\ e phases

exactly cancel. Electrons have lower potential energv in the bonding MO than in the

original p orbitals. and higher potential energv_in th'" antih£LQdjjlg_MO' ^^i the

ground state of ethylene, two electrons are in the bonding MO. but the antibonding

MO is vacant. Stable molecules tend to have filled bonding MOs and empty anti-

bonding MOs.
When viewing Figure 15-3. there are several important principles to keep in

mind. Constructive overlap results in a bonding interaction: destructn e m erlap re-

sults in an antibonding interaction. Also, the number of pi molecular orbitals is al-

ways_lhe sarnejts the number of p orbitals used to form the NIOs. These molecular

orbitals have energies that are symmetrically distributed above and below the ener-

gy of the starting p orbitals. Half are bonding MOs. and half are antibonding MOs.
Now we are ready to construct the molecular orbitals of 1.3-butadiene. The p

orbitals on CI through C4 overlap, giving an extended system of four p orbitals that

form four pi molecular orbitals. Tu o MOs are bonding, and two are antibonding. To

represent the fourp orbitals. w e draw four p orbitals in a line. Although 1 .3-butadiene

is not linear, this simple straight-line representation makes it easier to draw and \ i-

sualize the molecular orbitals.

H

H

A

u

H

C represented b\

^ ^

^ W W

The lowest energy molecular orbital alw ays consists entirely of bonding in-

teractions. \S'e indicate such an orbital by drawing all the positive phases of the p or-

bitals overlapping constructiveh* on one face of the molecule, and the negati% e phases

overlapping consiructi\ eh on the other face. Figure 15-4 show s the low est energy MO

PROBLEM-SOLVING HINT
Stable molecules tend to have

filled bonding MOs and empty

antibonding MOs.

bonding bonding bonding

999 9

A Figure 1 5-4

The low est-energy orbital of

1.3-butadiene has bonding

interactions betw een all adja-

cent carbon atoms. This orbital

is labeled tt, because it is a pi

bonding orbital and it has the

low est enerav.
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antibonding
bonding bonding

node

A Figure 15-5

The second MO of 1,3-biita-

diene has one node in the

center of the molecule. There

are bonding interactions at the

C 1—C2 and C3—C4 bonds,

and there is a (weaker) anti-

bonding interaction between

C2 and C3. This orbital is

bonding, but is not as strongly

bonding as tt, .

antibonding antibonding

bonding

node node

A Figure 15-6

The third butadiene MO is an

antibonding orbital, and it is

vacant in the ground state.

all antibonding

node node node

Figure 1 5-7

The highest energy MO of 1.3-

butadiene has three nodes and

three antibonding interactions.

It is strongly antibonding, and

its energy is very high.

for 1 ,3-butadiene. This MO places electron density on all four/j orbitals, with slight-

ly more on C2 and C3. (In these figures, larger and smaller p orbitals are used to

show which atoms bear more of the electron density in a particular MO.)
This lowest energy orbital is exceptionally stable for two reasons: There are

three bonding interactions, and the electrons are delocalized over four nuclei. This

orbital helps to illustrate why the conjugated system is more stable than two isolat-

ed double bonds. It also shows some pi bond character between C2 and C3, which

lowers the energy of the planar conformation and helps to explain the short C2—C3
bond length.

As with ethylene, the second molecular orbital (tt^) of butadiene (Fig. 15-5) has

one node in the center of the molecule. This MO represents the classic picture of a

diene. There are bonding interactions at the CI—C2 and C3—C4 bonds, and there

is a (weaker) antibonding interaction between C2 and C3.

The TT, orbital has two bonding interactions and one antibonding interaction,

so we expect it to be a bonding orbital (two bonding - one antibonding = one

bonding). It is not as strongly bonding nor as low in energy as the all-bonding tt,

orbital. Adding and subtracting bonding and antibonding interactions is not a reli-

able method for calculating energies of molecular orbitals, but it is useful for pre-

dicting whether a given orbital is bonding or antibonding and for ranking orbitals

in order of their energy.

The third butadiene MO (tt^) has two nodes (Fig. 15-6). There is a bonding in-

teraction at the C2—C3 bond, and there are two antibonding interactions, one be-

tween CI and C2. and the other between C3 and C4. This is an antibonding orbital

(*), and it is vacant in the ground state.

The fourth, and last, molecular orbital (7rf ) of 1.3-butadiene has three nodes

and is totally antibonding (Fig. 15-7). This MO has the highest energy and is unoc-

cupied in the molecule's ground state. This highest energy MO (tt*) is typical: For

most systems the highest energy MO has antibonding interactions between all pairs

of adjacent atoms.

Butadiene has four pi electrons (two electrons in each of the two double bonds

in the Lewis structure) to be placed in the four MOs described above. Each MO can

accommodate two electrons, and the lowest-energy MOs are filled first. Therefore,

the four pi electrons go into tt, and tt, . Figure 15-8 shows the electronic configura-

tion of 1.3-butadiene. Both bonding MOs are filled, and both antibonding MOs are

empty. Most stable molecules have this an'angement of filled bonding orbitals and

vacant antibonding orbitals. Figure 15-8 also compares the relative energies of the

ethylene MOs with the butadiene MOs to show that the conjugated butadiene sys-

tem is slightly more stable than two ethylene double bonds.

The partial double-bond character between C2 and C3 in 1,3-butadiene ex-

plains why the molecule is most stable in a planar conformation. There are actually

two planar conformations that allow overlap between C2 and C3. These conforma-

tions arise by rotation about the C2—C3 bond, and they are considered single-bond

analogues of trans and cis isomers about a double bond. Thus, they are named s-

trans ("single" -trans) and s-cis ( "single" -cis) conformations .

mild

interference

5-trans
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butadiene

antibonding

bondinsj

ft f •

+

+1

ethylene

f energy of

isolated

p orbital

< Figure 15-8

In both 1,3-butadiene and

ethylene, the bonding MOs are

filled and the antibonding MOs
are \acant. The a\ erage energy

of the electrons is slightly

lower in butadiene. This lower

energy is the resonance stabi-

lization of the conjugated

diene.

The 5-trans conformation is 2.3 kcal (9.6 kJ) more stable than the s-cis confor-

mation, which shows interference between the two nearby hydrogen atoms. The ro-

tational barrier for these confomiers ( rotation about the C2—C3 bond) is only about

4.9 kcal/mol (20.5 kJ/mol ). compared with about 60 kcal/mol (250 kJ/mol) for rota-

tion of a double bond in an alkene. The 5-cis and v-trans conformers of butadiene (and

all the skew conformations in between) easih' interconx ert at room temperature.

Conjugated compounds undergo a \ ariet\' of reactions, many of which go through in-

termediates that retain some of the resonance stabilization of the conjugated system.

Common intermediates include allylic systems, particularly allylic cations and rad-

icals. Allyhc cations and radicals are stabilized by delocalization. First, we consid-

er some reactions involving allylic cations and radicals, then (Section 15-8) we derive

the molecular orbital picture of their bonding.

In Chapter 7. we saw that the —CH;—CH=CH^ group is called the allyl

group. Many common names use this terminology.

c=c;

allylic position

H;C=CH—CH.Br H,C=CH—CH.OH

alh l bromide allvl alcohol

15-4

Allylic Cations

allvlbenzene

When allyl bromide is heated with a good ionizing solvent, it ionizes to the

allyl cation, an all> 1 group with a positive charge. More highly substituted analogues

are called allylic cations. All allvlic cations are stabilized by resonance with the ad -

jacent double bond, which delocalizes the positive charge over two carbon atoms .
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^ H2C=CH—CH.-^r:

allyl bromide

[H.C=CH—CH3 H3C—CH= CH2] + :Br:'

allyl cation

H H

CH,

H2C=CH—CH—CH, ;C=CH—CH,
CH,

Substituted allvlic cations

PROBLEM IS-4

Draw another resonance form for each of the substituted allylic cations shown above, show-

ing how the positive charge is shared by another carbon atom. In each case, state whether

your second resonance form is a more important or less important resonance contributor than

the first structure. (Which structure places the positive charges on the more highly substi-

tuted carbon atom?)

PROBLEM 15-5

When 3-bromo-l-methylcyclohexene undergoes solvolysis in hot ethanol. two products are

formed. Propose a mechanism that accounts for both of these products.

CH,CH.OH
^ >

heat

OCH.CH^

OCH2CH3

We can represent a delocalized ion such as the allyl cation either by resonance

forms, as shown on the left below, or by a combined structure, as shown on the

right. Although the combined structure is more concise, it is sometimes confusing

because it attempts to convey all the information provided by two or more reso-

nance forms.

H

H,C=C -CH,
3

H
-

I

HX—C=CH.
"1 2 3

'

resonance forms

H

or H,C—C^CH,

combined representation

Because of its resonance stabilization, the (primary) allyl cation is about as

stable as a simple secondary carbocation such as the isopropyl cation. Substituted al-

lylic cations generally have at least one secondary carbon atom bearing part of the

positive charge; they are about as stable as simple tertiary carbocations such as the

r-butyl cation.

Stability of carbocations

H^C^ < 1° < 2°. allyl < 3°, substituted allylic

is about as stable as CH,—CH—CH,

CH,—CH^CH^-CH, is about as stable as CH,—
CH,
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Electrophilic additions to conjugated dienes usualh involve allylic cations as in-

termediates. Unlike simple carbocations. an allylic cation can react with a nucle-

ophile at either of its positive centers. Let's consider the addition of HBr to

1 .3-butadiene. an electrophilic addition that produces a mixture of two products.

One product. 3-bromo- 1 -huiene. results from Markovnikov addition across one of

the double bonds, hi the other product. 1 -bromo-2-butene. the double bond shifts

to the C2— C3 position.

15-5

1,2- and

1 ,4-Acldition to

Conjugated Dienes

H,C=CH—CH= CH- - HBr

H Br H

H,C—CH— CH= CH, + H,C-

3-bromo- 1-butene '.

1.2-addition

The first product results from electrophilic addition of HBr across a double

bond. This process is called a 1,2-addition w hether or not these two carbon atoms

are numbered 1 and 2 in naming the compound. In the second product, the proton and

bromide ion add at the ends of the conjugated system, to carbon atoms w ith a 1.4-

relationship. Such an addition is called a 1.4-addition w hether or not these carbon

atoms are numbered 1 and 4 in naming the compound.

\ I I /
c=c—c=c

/ \
-c—"C—c=c

A B
1.2-addition

'\ + —c^c=c— c-

A B
1 .4-addition

The mechanism is similar to other electrophilic additions to alkenes. The pro-

ton is the electrophile. adding to the alkene to give the most stable carbocation. Pro-

tonation of 1.3-butadiene gi\es an allylic cation, which is stabilized by resonance

delocalization of the positive charge o\ er two carbon atoms.

H H
\ /

H > H— C—C- H
/

1
\ /

C
\

Jt c=cH / \

H H H

Bromide can attack this resonance-stabilized interaiediate at either of the tw o

carbon atoms sharing the positi\e charge. .Attack at the secondar> carbon gi\es 1.2-

addition. while attack at the primary carbon gives 1 .4-addition.

1.2-addition

The ke\ to formation of these tw o products is the presence of a double bond

in position to form a stabilized allylic cation. Molecules ha\ ing such double bonds

are likelv to react via resonance-stabilized intermediates.

Br

-CH=CH—CH,
-bromo-2-butene

1 .4-addition

H H

H—C—

H

I

/

H H

and

H

H;C— C,

H

(

/
C— C— Br

H
4-addiiion
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PROBLEM 15-6

Treatment of an alky! Iialide with alcoholic AgNO, often promotes ionization.

Ag* + R— Ci » AgCl +

When 3-chloro-l-methylcyclopentene reacts with AgN03 in eliianol, two isomeric ethers

are formed. Suggest structures, and give a mechanism for their formation.

PROBLEM 15-7

Give a detailed mechanism for each reaction, showing explicitly how the observed mixtures

of products are formed.

(a) 3-methyl-2-buten-l-ol + HBr
1 -bromo-3-methyl-2-butene + 3-bromo-3-methyi-l-butene

(b) 2-methyl-3-buten-2-ol + HBr
l-bromo-3-methyl-2-butene + 3-bromo-3-methyl-] -butene

(c) 1 ,3-butadiene + Br, ^ 3,4-dibromo-l -butene + l,4-dibromo-2-butene

(d) l-chloro-2-butene + AgNO,, H,0 ^ 2-buten-l-oi + 3-buten-2-ol

(e) 3-chloro-l -butene -I- AgNO,, H.O ^ 2-buten-l-oi + 3-buten-2-ol

15-6

Kinetic Versus

Thermodynamic
Control in the

Addition of HBr to

1 ,3-Butadiene

-80°C

One of the interesting peculiarities of the reaction of 1,3-butadiene with HBr is the

effect of temperature on the products. If the reagents are allowed to react briefly at

— 80°C, the 1,2-addition product predominates. If this reaction mixture is later al-

lowed to warm to 40°C, however, or if the reaction itself is carried out at 40°C, the

composition favors the 1,4-addition product.

(80%) HX—CH—CH=CH. ( 1 ,2-product)

H Br

(20%) H.C—CH=CH—CH. ( 1 ,4-product)

^, H Br

|40°C

'{\5%) H.C—CH—CH= CH2 (1,2-product)

H Br

(85%) HjC—CH=CH—CH. ( 1 ,4-product)

H Br

HBr

H,C=CH—CH= CH.

40°C

This variation in product composition with temperature reminds us that the

most stable product is not always the major product. Of the two products, we expect

l-bromo-2-butene (the 1,4-product) to be more stable, since it has the more highly

substituted double bond. This prediction is supported by the fact that this isomer pre-

dominates when the reaction mixture is wanned to 40°C and allowed to equilibrate.

A reaction-energy diagram for the second step of this reaction (Fig. 15-9) helps

to show why one product is favored at low temperatures and another at higher tem-

peratures. The allylic cation is in the center of the diagram; it can react toward the

left to give the 1 ,2-product or toward the right to give the 1 ,4-product. The initial prod-

uct depends on where bromide attacks the resonance-stabilized aliylic cation. Bro-

mide can attack at either of the two carbon atoms that share the positive charge.
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t( 1.4)

t{\.2)

CH,

Br
1 .2-product

(formed faster)
CH,— CH= CH— CH.Br

1 .4-product

(more stable)

reaction coordinate

< Figure 15-9

The allylic carbocation (center)

formed in the addition of HBr
to 1.3-butadiene can react at

either of its electrophilic

carbon atoms. The transition

state (t) leading to 1.2-addi-

tion has a low er energy than

that leading to the 1.4 product

it), so the 1,2-product is

formed faster (kinetic product).

The 1 .2-product is not as stable

as the 1.4-product. however. If

equilibrium is reached, the 1.4-

product predominates (thermo-

dynamic product).

a

Attack at the secondary carbon gives 1.2-addition. and attack at the primary carbon

gives 1.4-addition.

H,C=CH—CH= CH,
delocalized all_\ lie cation ^

H,C—CH—CH= CH, H;C—CH=CH—CH.

Br

attack at /
seeondar>' carbon /

H.C—CH—CH=CH, H,C

attack at

primary carbon

=CH— CH.

Br

1 .2-addition product

Kinetic Control at —80°C. The transition state for 1 .2-addition has a lower energy

than the transition state for 1.4-addition. giving the 1.2-addition a lower activation

energy (Ej. This is not surprising, because 1.2-addition results from bromide attack

at the more highly substituted secondary carbon, which bears more of the positive

charge because it is better stabilized than the primary carbon. Because the 1 .2-addi -

tionjiasj lower activation energy than the 1 .4-addition. the 1 .2-addition takes place

faster (at all temperatures).

Attack by bromide on the ally lie cation is a strongly e.xotheniiic process, so the

reverse reaction has a large activation energy. At -80°C few collisions take place

with this much energy, and the rate of the reverse reaction is practically zero. Under

these conditions, the product that is formed faster predominates. Because the ki-

netics of the reaction determine the results, this situation is called kinetic control

of the reaction. The 1. 2-product. favored under these conditions, is called the ki-

netic product.

Br

1 .4-addition product

Thermodynamic Control at 40°C. At 40°C. a significant fraction of molecular col-

lisions have enough energy for reverse reactions to occur. Notice that the activation

energy for the reverse of the 1.2-addition is less than that for the reverse of the 1.4-

addition. Although the 1.2-product is still formed faster, it also revens to the allylic

cation faster than the 1 .4-product does. At 40°C. an equilibrium is set up. and the rel-
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ative energy of each species determines its concentration. The 1,4-product is the

most stable species, and it predominates. Since thermodynamics determine the results,

this situation is called thermodynamic control (or equilibrium control) of the re-

action. The 1.4-product, favored under these conditions, is called the thermody-

namic product.

We will see many additional reactions whose products may be determined by

kinetic control or by thermodynainic control, depending on the conditions. In gen-

eral, reactions that do not reverse easily are kinetically controlled because an equi-

librium is rarely established. In kinetically controlled reactions, the product with the

lowest-energy transition state predominates. Reactions that are easily reversible are

themiodynaniically controlled unless soinething happens to prevent equilibrium from

being attained. In thermodynaniically controlled reactions, the lowest energy prod-

uct predominates.

PROBLEM 15-8

When Bri is added to 1 .3-butadiene at - 15°C, the product mixture contains 60 percent of

product A and 40 percent of product B. When the same reaction takes place at 60°C. the

product ratio is 10 percent A and 90 percent B.

(a) Propose structures for products A and B. (Hint: In many cases, an allylic carbocation

is more stable than a bromonium ion.)

(b) Give a mechanism to account for formation of both A and B.

(c) Show why A predominates at - 15°C, and B predominates at 60°C.

(d) If you had a solution of pure A. and its temperature was raised to 60°C, what would you

expect to happen? Give a mechanism to support your prediction.

Allyl

15-7

ic Radicals

H H

cyclohexene

Like allylic cations, allylic radicals are stabilized by resonance delocalization. For

example, the mechanism of free-radical bromination of cyclohexene is shown below.

Substitution occurs entirely at the allylic position, where abstraction of a hydrogen

gives a resonance-stabilized allylic radical as the intermediate.

Initiation step

Propagation steps

Br.
hi'

2 Br-

+ Br + HBr

an allylic radical

-f- Br, + Br-

continues

the chainH Br

allylic bromide

In larger concentrations, bromine adds across double bonds (via a bromonium

ion) to give saturated dibromides (Section 8-10). In the reaction shown above,

bromine substitutes for a hydrogen atom. The key to getting substitution is to have

only a low concentration of bromine available, together with light or free radicals to
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initiate the reaction. Because free radicals are highly reactive, even a small concen-

tration of radicals can produce a fast chain reaction. At higher concentrations of

bromine, the ionic (bromonium ion) addition becomes faster than the free-radical

substitution.

Stability ofAllylic Radicals. Why is it that (in the first propagation step) a bromine

radical abstracts only an allylic hydrogen atom, not one from another secondary site?

This preference for abstraction of allylic hydrogens derives from the resonance sta-

bilization of the allylic free radical that results. The bond-dissociation energies re-

quired to generate several free radicals are compared below. Notice that the allyl

radical (a primary free radical) is actually 3 kcal/mol ( 13 kJ/mol) more stable than

the teniary-huly\ radical.

CH3CH.—H * CH3CHV + H- A// = +98 kca]{ + 410 kJ) (primary)

(CH3),CH—H * (CH3).CH- + H- A// =+ 94 kcal( + 393 kJ) (secondary)

(CHO^C—H > (CH3)3C- + H- A// = +91 kcal ( + 381 kJ) (tertiary)

H2C=CH—CH.—H > H.C^CH—CH.- + H- A// = + 88 kcal ( + 368 kJ) (allyl)

The allylic 2-cyclohexenyl radical in the free-radical bromination of cyclo-

hexene has its odd electron delocalized over two secondary carbon atoms, so it is even

more stable than the unsubstituted allyl radical. The second propagation step may
occur at either of the radical carbons, but in this symmetrical case, either posifion

gives 3-bromocyclohexene as the product. Less symmetrical compounds often give

mixtures of products resulting from an allylic shift: In the product, the double bond

can appear at either of the positions it occupies in the resonance forms of the allylic

radical. An allylic shift in a radical reaction is similar to the 1,4-addition of an elec-

trophilic reagent such as HBr to a diene (Section 15-5).

The following propagation steps show how a mixture of products results from

the free-radical allylic bromination of 1-butene.

CH3—CH—CH=CH, + Br- > [CH3—CH—CH= CH. <—> CH,—CH=CH— CH,] + HBr
resonance-stabilized allylic radical

Br,

PROBLEM 15-9

'CH3—CH—CH=CH, + CH3—CH=CH— CH,' + Br-

Br Br

(mixture)

When methylenecyclohexane is treated with a low concentration of bromine under irradi-

ation by a sunlamp, two substitution products are formed.

Br, > two substitution products + HBr

methylenecyclohexane

(a) Propose structures for these two products.

(b) Give a mechanism to account for their formation.

Bromination Using NBS. Effective use of free-radical allylic bromination requires

a low concentration of bromine in the reaction mixture to enhance allylic substitu-

tion over ionic addition. Simply adding bromine would make the concentration too
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high, and ionic addition of bromine lo the double bond would result. A convenient

bromine source for allylic bromination is A'-bromosuccinimide (NBS). a brominat-

ed derivative of succinimide. Succinimide is a cyclic amide of the four-carbon diacid

succinic acid.

succinic acid succinimide A'-bromosuccinimide (NBS)

NBS provides a fairly constant, low concentration of Br; because it reacts with

HBr liberated in the substitution, converting it back into Br^ . This reaction also re-

moves the HBr by-product, preventing it from adding across the double bond by its

own free-radical chain reaction.

Step 1 : Free-radical allylic substitution (mechanism on p. 658)

R—H - Br. R— Br + HBr

Step 2: NBS converts the HBr by-product back into Br;

O

N— Br + HBr

O
NBS succinimide

The NBS reaction is carried out in a clever way. The allylic compound is dis-

solved in carbon tetrachloride, and 1 equivalent of NBS is added. NBS is denser than

CCI4 and not ver}' soluble in it. so it sinks to the bottom of the CCI4 solution. The re-

action is initiated using a sunlamp for illumination or a radical initiator such as a

peroxide. The NBS gradualh' appears to rise to the top of the CCI4 layer. It is actu-

ally converted to succinimide. w hich is less dense than CCI4 . Once all the sohd suc-

cinimide has risen to the top. the sunlamp is turned off. the solution is filtered to

remo\ e the succinimide. and the CCI4 is evaporated to recover the product.

PROBLEM 15-10

Devise a complete mechanism for the light-initiated reaction of 1 -hexene with NBS in car-

bon tetrachloride solution.

PROBLEM 15-11

Predict the product(s) of light-initiated reaction with NBS in CCI4 for the following start-

ins materials.

(a) cyclopentene (b) rra/;5-2-pentene

toluene



1 5-8 Molecular Orbitals of the Allylic System 66 I

Let's take a closer look at the electronic structure of allylic systems, using the allyl

radical as our example. One resonance form shows a pi bond between C2 and C3 with

the radical electron on CI, and the other shows a pi bond between CI and C2 with

the radical electron on C3. These two resonance forms imply that there is half a pi

bond between C I and C2 and half a pi bond between C2 and C3, with the radical elec-

tron half on CI and half on C3.

H

C:
H H

•c ^c

H

H '

: H

C^ C-

H H H H

H

H H

resonance forms

5-C^ ^C5-

H H
jombined representation

Remember that no resonance form has an independent existence: a compound

has characteristics of all its resonance forms at the same time, but it does not "res-

onate" among them. To have pi bonding overlap simultaneously between CI and C2
and between C2 and C3, the /; orbitals of all three carbon atoms must be parallel. The

geometric structure of the allyl system is shown in Figure 15-10. The allyl cation, the

allyl radical, and the allyl anion all have this same geometric structure, differing only

in the number of pi electrons.

Just as the four/? orbitals of 1,3-butadiene overlap to form four molecular or-

bitals, the three atomic /; orbitals of the allyl system overlap to form three molecu-

lar orbitals. shown in Figure 15-11. These three MOs share several important features

with the MOs of the butadiene system. The first MO is entirely bonding, the second

has one node, and the third has two nodes and (because it is the highest energy MO)
is entirely antibonding. (An asterisk is often used to show that an orbital is anti-

bonding, as in 77*.)

As with butadiene, we expect that half of the MOs will be bonding, and half

antibonding; but with an odd number of MOs, they cannot be symmetrically divid-

ed. One of the MOs must appear at the middle of the energy levels, neither bonding

nor antibonding: It is a nonbonding molecular orbital. Electrons in a nonbonding

orbital have the same energy as in an isolated p orbital.

The structure of the nonbonding orbital (ttt) may seem strange because there

is zero electron density on the center p orbital (C2). This is the case because 773 must

have one node, and the only syinmetrical position for one node is in the center of the

molecule, crossing C2. We can tell froin its structure that 772 must be nonbonding, be-

cause C2's p orbital has zero overlap with CI and zero overlap with C3. The total is

zero bonding, or a nonbonding orbital.

15-8

Molecular Orbitals

of the Allylic

System

PROBLEM-SOLVING HINT
In drawing pi MO's, several p
orbitals combine to give the

same number of MOs: half

bonding and half antibonding.

If there are an odd number

of MOs, the middle one is

nonbonding.

The lowest energy MO has

no nodes; each higher MO has

one more node.

The highest energy MO is

entirely antibonding, with a node

at each overlap.

In a stable system, the

bonding MOs are filled, and the

antibonding MOs are empty.

Tt bondins

H

H

n bonuine

-H

H < Figure 15-10

Geometric structure of the allyl

cation, allyl radical, and allyl

anion.
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Figure 15-11

The three molecular orbitals of

the allyl system. The lowest

energy MO (tt, ) has no nodes

and is entirely bonding. The

intermediate orbital ( tt; ) is

nonbonding. having one

symmetrical node that coin-

cides with the center carbon

atom. The highest energy MO
(77i) has two nodes and is

entirely antibonding. In the

allyl radical, tt, is filled. The

odd electron is in tt; , having

its electron density entirely on

ClandC3.

antibonding antibonding

antibonding 7i!m nodes

nonbonding nonbonding

energy of Iv
isolated T
p orbital

nonbonding n-,hi 1 node

bonding bonding

bonding tCj 0 nodes

electrons in the

allyl radical

4f

15-9

Electronic

Configurations of

the Allyl Radical,

Cation, and Anion

The right-hand column of Figure 15-11 shows the electronic structure for the allyl

radical, with three pi electrons in the lowest available molecular orbitals. Two elec-

trons are in the all-bonding MO ( tt, ), representing the pi bond shared between the

C 1—C2 bond and the C2—C3 bond. The odd electron goes into ttt with zero elec-

tron density on the center carbon atom (C2). This MO representation agrees with

the resonance picture showing the radical electron shared equally by CI and C3, but

not C2. Both the resonance and MO pictures successfully predict that the radical

will react at either of the end carbon atoms. CI or C3.

The electronic configuration of the allyl cation (Fig. 15-12) differs from that

of the allyl radical: it lacks the odd electron in 77;. which has half of its electron den-

sity on CI and half on C3. In effect, we have removed half an electron from each of

CI and C3, while C2 remains unchanged. This MO picture is consistent with the

resonance picture showing the positive charge shared by CI and C3.

H

C
H

H H

C

H

H H
\

H

C^

H

H H
combined representation

H H
resonance forms

Figure 15-12 also shows the electronic configuration of the allyl anion, which

differs from the allyl radical in having an additional electron in tt^ , the nonbonding or-

bital with its electron density divided between CI and C3. In agreement with the res-

onance picture, this electron's negative charge is divided equalh between C 1 and C3.

H

H

H H

H
I

H

H

H

H

H

H

Ci-
I

H

H

resonance fonns .-ombined representation
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antibonding Ti,*

energy of 0
isolated T
p orbital Ok

nonbonding 7t^

bondins n

1

ally] cation

(2 Ti electrons)

missing

an electron here

Jt-,

+

allyl radical

(3 71 electrons)

\4-

allyl anion

(4 7t electrons)

additional

electron here

It-

It-

A Figure 15-12

Comparison of the electronic structure of the allyl cation and allyl anion with the allyl

radical. The allyl cation has no electron in —~
. leaving half a positive charge on each of C

1

and C3. The alh l anion has another electron in t7-. giving half a negative charge to each of

CI andC3.

The molecular orbital representation shows the allyl anion with a pair of electrons

in 77;. a nonbonding orbital. This picture is also consistent with the resonance

forms show n abo\ e. \\ ith a lone pair of nonbonding electrons e\"enl\ di\ ided be-

tween C 1 and C3.

PROBLEM 15-12

When l-bromo-2-butene is added to magnesium metal in dry ether, a Grignard reagent is

formed. .Addition of water to this Grignard reagent gi\'es a mixture of 1-butene and 2-butene

(cis and trans). When the Grignard reagent is made using 3-bromo- 1-butene. addition of

water produces exactly the same mixture of products in the same ratios. Explain this curi-

ous resuh.

5^2 Displacement

Reactions of

Tosylates

.\ll\ lic halides and tosylates show enhanced reactivitv' toward nucleophilic displace- 15-10
ment reactions by the S^^ mechanism, usually undergoing second-order substitution

without allylic shifts or other rearrangements. For example, alh 1 bromide reacts w ith

nucleophiles by the Sx2 mechanism about 40 times faster than //-propyl bromide.

Figure 15-13 shows how this rate enhancement can be explained by allylic de- AllyliC HalideS and
locaUzation of electrons in the transition state. The transition state for the Sx2 reac-

tion looks like a trigonal carbon atom with a p orbital perpendicular to the three

substituents. The electrons of the attacking nucleophile are forming a bond using

one lobe of the /; orbital while the lea\'ing group's electrons are lea\'ing from the

other lobe.

When the substrate is ally lie. the transition state receives resonance stabiliza-

tion through conjugation with the p orbitals of the pi bond. This stabilization lowers

the energy of the transition state, resulting in a lower activation energy and an en-

hanced rate.
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Figure 15-13

In the transition state for the

Sn2 reaction of ally! bromide

with a nucleophile. the double

bond is conjugated with the p
orbital that is momentarily

present on the reacting carbon

atom. The resulting overlap

lowers the energy of the transi-

tion state, increasing the reac-

tion rate.

Sn|2 reaction on /7-propyl bromide:

CH3-CH2^ H

C

Br

H CH3— CHo— C^;^

:Br:

transition state

Nuc

Co.. „/ \ H
CH3— CH2 H

:Br:

Sf^2 reaction on allyl bromide

The enhanced reactivity of allylic halides and tosylates makes them particularly

attractive as electrophiles for Sn2 reactions. Allylic halides are so reactive that they

couple with Grignaid and organolithium reagents, a reaction that does not work well

with unactivated halides.

H.C=CH—CH.Br
allyl bromide

+ CH3—(CH;),— Li

/!-butyllithium

PROBLEM 15-13

H,C=CH- -CH3— (CH,),-

1-heptene

(85%)

-CH, LiBr

Show how you might synthesize the following compounds starting with alkyl or alkenyl

halides containing four carbon atoms or fewer,

(a) 1-heptene (b) 5-methyl-2-hexene

15-1 I

Thie Diels- AIde

r

Reaction

In 1928, the German chemists Otto Diels and Kurt Alder discovered that alkynes

and aikenes with electron-withdrawing groups add to conjugated dienes to form six-

mernbered ri tigs. The Diels -Alder reaction has proved to be a usefuTsyntEetic tool,

providing one of the best ways to make six-membered rings with diverse function-

ality and controlled stereochemistry. In 1950, Diels and Alder were awarded the

Nobel Prize for their work.

The Diels;::_Aldgr reaction is als^iiialled_a^[4,+ 2] cycloaddition because a

ring is fomied by the interaction of four pi electrons in the diene with two pi elec-

trons of the alkene or alkyne. Since the electron-poor alkene or alkyne is prone to react

with a diene, it is called a dienophile (lover of dienes). In effect, the Diels-Alder

reaction converts two pi bonds into two sigma bonds. We can symbolize the

Diels-Alder reaction by using three arrows to show the movement of three pairs of

electrons. This electron movement is concerted, with three pairs of electrons mov-
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ing simultaneously. The electron-withdrawing groups (—W) are usually carbonyl-

containing (C=0)^roups or cyano (^^=N) groups.

diene dienophile

electron-rich electron-poor

W

H
diene dienophile

The Diels -Alder reaction is like a nucleophile-electrophile reaction. The

diene is electron-rich, while the dienophile is electron-poor. Simple dienes such as

1.3-butadiene are sufficiently electron-rich to be effective dienes for the Diels -Alder

reaction. The presence of electron-releasing groups such as alkyl groups or alkoxy

(—OR) groups may further enhance the reactivity of the diene.

Simple alkenes and alkynes such as ethene and ethyne are not good dienophiles.

however. A good dienophile generally has one or more electron-withdrawing groups

(—W) pulling electron density away from the pi bond. Dienophiles commonly have

carbonyl-containing (C=0) groups or cyano (—C= N) groups to enhance their

Diels -Alder reactivity. Figure 15-14 shows some representative Diels- Alder reac-

tions involving a variety of different dienes and dienophiles.

diene

CH,

CH,

dienophile

^C= N

Diels -Alder adduct

CH,

CH,

H
/
C—C=N
C—

H

\
H

CH,0

OCH,

I

c
III

c
I

,c^

CH,0

O
I

^C-OCH,

^C-OCH,
II

o

H
T

c
I o

H

O

()

Figure 15-14

Examples of the Diels -Alder

reaction. Electron-releasing

substituents activate the diene;

electron-withdrawing

substituents activate the

dienophile.
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PROBLEM-SOLVING HINT

A Diels-Alder product always

contains one more ring than the

reactants.The two ends of the

diene form new bonds to the

ends of the dienophile.The

center (formerly single) bond of

the diene becomes a double

bond.The dienophile's double

bond becomes a single bond (or

its triple bond becomes a double

bond).

PROBLEM-SOLVING HINT

To deconstruct a Diels-Alder

product, look for the double

bond at the center of what was

the diene. Directly across the

ring is the dienophile bond,

usually with electron-with-

drawing groups. (If a single bond,

the dienophile had a double

bond; if double, the dienophile

had a triple bond.) Break the

two bonds that join the diene

and dienophile, and restore the

two double bonds of the diene

and the double (or triple) bond

of the dienophile.

PROBLEM 15-14

Predict the products of the following proposed Diels - Alder reactions.

CHO

(c)

O /OCH3
c

c
I

OCH,

C
(d)i ; + II '^'L./^

^

NC^ ^CN
I

(f)

CH3O

CN

CN

"OCH,

PROBLEM 15-15

What dienes and dienophiles would react to give the following Diels-Alder products?

O

(a)

O
II

C—CH, CH3O

(b)

CH3O

C—OCH.CH, CN

(c) P

O

X—OCH3

(d)|| I ll
(e)

C—OCH3 CH3O

O

CN

CNI

The mechanism of the Diels-Alder reaction is a simultaneous cyclic move-

ment of six electrons: four in the diene and two in the dienophile. The simple three-

arrow representation shown on page 665 is fairly accurate. This is called a concerted

reaction because all the bond-making and bond-breaking occurs simultaneously. For

the three pairs of electrons to move simultaneously, however, the transition state must

have a geometry that allows overlap of the two end p orbitals of the diene with those

of the dienophile. Figure 15-15 shows the required geometry of the transition state.

15-1 I A Stereochemical Requirements of the Diels-Alder
Transition State

The structure of the Diels-Alder transition state (Fig. 15-15) explains several char-

acteristics of this useful reaction. It explains why some isomers react differently than

others, and it enables us to predict the stereochemistry of the products. Three stere-

ochemical features of the Diels-Alder reaction are controlled by the requirements

of the transition state:

s-cis Conformatiou of the Diene^ The diene must be in the .y-cis_conformation to

react. When the diene is in the ,?-trans conformation, the end p orbitals are too far apart

to overlap with the p orbitals of the dienophile. The .y-trans conformation usually
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^— -' green = dienophile

reactants transition state red = new bonds

A Figure 15-15

The Diels-.AJder reaction has a concerted mechanism, with all the bond making and bond

breaking occurring in a single step. Three pairs of electrons move simultaneously, requiring

a transition state with overlap between the end p orbitals of the diene and those of the

dienophile.

has a lower energy than the 5-cis. but this energy difference is not enough to prevent

most dienes from undergoing Diels-Alder reactions. For example, the 5-trans con-

formation of butadiene is only 2.3 kcal/mol (9.6 kJ/mol) lower in energy than the 5-

cis conformation.

H H

H

1 ^

H
5-trans

3 kcal (9.6 kJj more stable

Structural features that aid or hinder the diene in achieving the 5-cis confor-

mation affect its ability to participate in Diels-Alder reactions. Figure 15-16 shows

that dienes with functional groups that hinder the 5-cis conformation react slower

DeUs-Alder rate compared w ith that of 1.3-butadiene

faster similar to butadiene ^Uwer —

CH,

CH X.

H

(no Diels-Alder)

a
< Figure 15-16

Dienes that easily adopt the

5-cis conformation undergo the

Diels-.\lder reaction more

readilv.
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than butadiene. Dienes with functional groups that hinder the 5-trans conformation

react faster than butadiene.

Because cyclopentadiene is fixed in the s-cis conformation, it is highly reac-

tive in the Diels-.Alder reaction. It is so reactive, in fact, that at room temperature,

cyclopentadiene slowly reacts with itself to form dicyclopentadiene. Cyclopenta-

diene is regenerated by heating the dimer above 200°C. Above 200°C. the

Diels-Alder reaction reverses, and the more volatile cyclopentadiene monomer
distills over into a cold flask. The monomer can be stored indefinitely at dry-ice

temperatures.

A H

H

syn Stereochemistry. The Diels - Alder reaction is a syn addition with respect to both

the diene and the dienophile. The dienophile adds to one face of the diene. and the

diene adds to one face of the dienophile. As you can see from the transition state in

Figure 15-15. there is no opportunity for any of the substituents to change their stere-

ochemical positions during the course of the reaction. Substituents that are on the

same side of the diene or dienophile will be cis on the new ly formed ring. The fol-

lowing examples show the results of this syn addition.

O

C—OCHj

C—OCH3

o

CH,0—

C

o
trans

COOCH,

trans fracemic)

CH-,

,H
C

COOCH,
I

C

C
I

COOCH,

H CH,

COOCH-,

COOCH,

H CH,

CH;

C'

H

^H

XH,

COOCH3

C
III

c

COOCH,

H CH,

COOCH,

COOCH,

H,C H

CIS (meso 1 trans fracemic >

The Endo Rule. When the dienophile has a pi bond in its electron-withdrawing

group (as in a carbonyl group or a cyano group), the p orbitals in that electron-with-

drawing group approach the central carbon atoms (C2 and C3) of the diene. This

proximity results in secondary overlap: an overlap of the p orbitals of the electron-

withdrawing group with the p orbitals of C2 and C3 of the diene (Fig. 15-17). Sec-

ondary overlap helps to stabilize the transition state.

The influence of secondary overlap was first observed in reactions using cy-

clopentadiene to form bicyclic ring systems. In the bicyclic product (called nor-

bomene). the electron-withdrawing substituent occupies the stereochemical position
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A Figure 15-17

In most Diels -Alder reactions, there is secondary overlap benveen the p orbitals of the

electron-withdrawing group and those of the central carbon atoms of the diene. Secondar>

o\erlap stabilizes the transition state, and it fa%"ors products having the electron-w ith-

drawing groups in endo positions.

closest to the central atoms of the diene. This position is called the endo position be-

cause the substituent seems to be inside the pocket formed b\' the six-membered nng
of norbomene. This stereochemical preference for the electron-withdrawing sub-

stituent to go in the endo position is called the endo rule,

The endo rule is useful for predicting the products of many types of

Diek - Alder reactions, regardless of whether they use cyclopentadiene to form nor-

bomene s\ stems. The follow ing examples show the use of the endo rule with other

types of Diels -Alder reactions.
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CH,

H

CH3

+

+

H H

H

H

C
II

o

o

p

o

but not

,H

H

CHO
H

CH3H^ O
H

H CH. O

SOLVED PROBLEM 15-1

Use the endo rule to predict the product of the following cycloaddition.

OCH, ^imagine replacing with CH,

C—CH,

O

SOLUTION
Imagine this diene to be a substituted cyclopentadiene; the endo product will be formed.

OCH3

OCH,

U

0CH3

imagine

CH, replacing H's

O
endo product

^C-CH,

In the imaginary reaction, we replaced the two inside hydrogens with the rest of the

cyclopentadiene ring. Now we put them back and have the actual product.

OCH, H OCH,

+

o

XH3

CH3O H

endo product

PROBLEM 15-16

For each proposed Diels- Alder reaction, predict the major product. Include stereochem-

istry where appropriate.



15-11 The Diels- Alder Reaction 671

15-1 IB Diels- Alder Reactions Using Unsymmetrical Reagents

Even when the diene and dienophile are both unsymmetrically substituted, the

Diels- Alder reaction usually gives a single product rather than a mixture. The prod-

uct is the isomer that results from orienting the diene and dienophile so that we can

imagine a hypothetical reaction intermediate with a "push-puir' flow of electrons

froin the electron-donating group to the electron-withdrawing group. In the follow-

ing representation, D is an electron-donating substituent on the diene, and W is an

electron-withdrawing substituent on the dienophile.

Fonnalion of 1,4-product

+ but not

W D'

4-product 1 .3-product

imaginary flow of electrons

o,

diene dienophile

Formation of 1 .2-product

+

W

imaginary flow of electrons

OCH3

diene dienophile

CH,— Ol>

H

9
imaginary intermediate

OCH3

imaginary intermediate

but not

1 .3-prodLict

CH,0.

-H

C
0

.4-product
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The hypothetical intermediates are not completely imaginary, because their

push-pull resonance helps stabilize the concerted Diels- Alder transition state. The
correct products of these unsymmetrical Diels -Alder reactions can be predicted

simply by remembering that the electron-donating groups of the diene and the elec-

tron-withdrawing groups of the dienophile usually bear either a 1,2-relationship or

a 1,4-relationship in the products, but not a 1,3-relationship.

SOLVED PROBLEM 15-2

Predict the products of the following proposed Diels -Alder reactions.

OCH,

SOLUTION
(a) The methyl group is weakly electron-donating to the diene. and the carbonyl group

is electron-withdrawing from the dienophile. The two possible orientations place these

groups in a 1 .4-relationship or a 1 ,3-relationship. We select the 1 .4-relationship for our pre-

dicted product. (Experimental results show a 70 : 30 preference for the 1 ,4-product.)

O

1 .4-relationship (major) 1.3-relationship (minor)

a09c} (30'7f)

(b) The methoxyl group (—OCH3) is strongly electron-donating to the diene. and

the cyano group (—C=N) is electron-withdrawing from the dienophile. Depending on

the orientation of addition, the product has either a 1 ,2- or a 1 .3-relationship of these two

groups. We select the 1 .2-relationship, and the endo rule predicts cis stereochemistry of

the two substituents.

1 .2-reIationship (product) 1.3-relationship (not formed)

PROBLEM 15-17

In Solved Problem 15-2. we simply predicted that the products would have a 1.2- or 1.4-re-

lationship of the proper substituents. Draw the "imaginary intermediates" for these reactions.

PROBLEM 15-18

Predict the products of the following Diels- Alder reactions.
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The Diels-Alder

as an Example of

;

Pericyclic Reaction

To understand why the Diels-Alder reaction takes place, we must consider the mo- 15-12
lecular orhitals involved. The Diels-Alder is a cycloaddition: Two molecules com-

bine in a one-step, concerted (simultaneous) reaction to form a new ring.

C\cloadditions such as the Diels-Alder are one class of pericyclic reactions, which 3S an Example of a

involve the concerted forming and breaking of bonds within a closed ring of inter-

acting orbilals. Figure 15-15 (page 667) show s the closed loop of interacting orbitals

in the Diels-Alder transition state. Each carbon atom of the new ring has one orbital

in\ oh ed in this closed loop.

A concerted pericyclic reaction has a single transition state, whose activation

energy may be supplied b\ heat (themial induction) or by ultraviolet light (photo-

chemical induction). Some pericyclic reactions proceed only under thermal induc-

tion, while others proceed only under photochemical induction. Some pericyclic

reactions take place under both thermal and photochemical conditions, but the two

sets of conditions give different products.

For many years, pericyclic reactions w ere poorly understood and unpredictable.

Around 1965. Robert B. Woodward and Roald Hoffmann developed a theory for

predicting the results of pericyclic reactions by considering the symmetn. of the mol-

ecular orbitals of the reactants and products. Their theory, called conservation of or-

bital symmetry, says that the MOs of the reactants must flow^ smoothl_\ into the

MOs of the products without any drastic changes in symmetr}': That is. there must

be bonding interactions to help stabilize the transition state. Without these bonding

interactions in the transition state, the concerted cyclic reaction cannot occur. Con-

servation of symmetr\' has been used to develop "rules" to predict w hich peric\ clic

reactions are feasible and w hat products will result. These rules are often called the

Woodward - Hoffmann rules.

I 5- 1 2A Conservation of Orbital Symmetry in the Diels-Alder
Reaction

W'e w ill not develop all the Woodw ard - Hoffmann rules, but we will show how the

molecular orbitals can indicate whether a cycloaddition will take place. The simple

Diels -.Alder reaction of butadiene with ethylene ser\es as our first example. The
molecular orbitals of butadiene and ethylene are represented in Figure 15-18. Buta-

diene, with four atomic p orbitals. has four molecular orbitals: two bonding MOs
(filled) and two antibonding MOs (vacant). Ethylene, with two atomic p orbitals.

has two MOs: a bonding MO (filled) and an antibonding MO (vacant).

In the Diels-Alder reaction, the diene acts as the electron-rich nucleophile.

and the dienophile acts as the electron-poor electrophile. If we imagine the diene
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(V

> Figure 15-18

Molecular orbitals of butadiene

and ethylene.

mM
n
1^

butadiene

LUMO

HOMO 93
«4

LUMO

HOMO

ethylene

contributing a pair of electrons to the dienophile, the highest-energy electrons of the

diene require the least activation energy for such a donation. The electrons in the

highest-energy occupied orbital, called the Highest Occupied Molecular Orbital

(HOMO), are the impoitant ones because they are the most weakly held. The HOMO
of butadiene is 7r?_^imditS-symiiietryjleLerrnines the course of the reaction.

The orbital in ethylene that receives these„electrons is the lowest-energy or-

bital available , the Lowest Unoccupied Molecular Orbital (LUMO). In ethylene,

the LUMO is the tt* antibonding orbital. If the electrons in the HOMO of butadiene

can flow smoothly into the LUMO of ethylene, a concerted reaction can take place.

Figure 15-19 shows that the HOMO of butadiene has the correct symmetry to over-

lap in phase with the LUMO of ethylene. Having the correct symmetry means the or-

bitals that form the new bonds can overlap constructively: plus with plus and minus

with minus. These bonding interactions stabilize the transition state and promote the

concerted reaction.

Figure 15-19 shows constructive overlap (bonding interactions) between the end

orbitals of the HOMO of butadiene and the LUMO of ethylene, where the new sigma

bonds will form in the Diels- Alder reaction. This favorable result shows the reac-

tion is symmetry-allowed. The Diels- Alder reaction is common, and this theory cor-

rectly predicts a favorable transition state.

butadiene HOMO

Figure 15-19

The HOMO of butadiene

forms a bonding overlap with

the LUMO of ethylene because

the orbitals have similar

symmetry. This reaction is

therefore symmetry-allowed.

bonding

interaction

ethylene LUMO
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I5-I2B The "Forbidden" |2 + 2| Cycloaddition

If a cycloaddition produces an overlap of positive-phase orbitals with negative-phase

orbitals (destructive overlap), antibonding interactions are generated. Antibonding in-

teractions raise the activation energy; thus the reaction is classified as symmetry-for-

bidden. The [2 + 2] cycloaddition of two ethylenes to give cyclobutane is such a

symmetry-forbidden reaction.

C
/ \ / \

H H H H

two ethylenes

H H

H— C---C—

H

H— C---C—

H

H H
(transition state)

H H

H—C—C—

H

H—C—C—

H

H H
cyclobutane

This [2 + 2] cycloaddition rec|uires the HOMO of one of the ethylenes to over-

lap with the LUMO of the other. Figure 15-20 shows that an antibonding interaction

results from this overlap, raising the activation energy. For a cyclobutane molecule

to result, one of the MOs would have to change its symmetry: Orbital symmetry

would not be conserved, and the reaction is therefore symmetry-forbidden. Such a

symmetry-forbidden reaction can occasionally be made to occur, but it cannot occur

in the concerted pericyclic manner shown above.

bonding

interaction

antibonding

ethylene interaction ethylene

HOMO LUMO

Figure 1 5-20

The HOMO and LUMO of two

ethylene molecules have

different symmetries, and they

overlap to form an antibonding

interaction. The concerted

|2 + 2] cycloaddition is there-

fore symmetry-forbidden.

I 5- 1 2C Photochemical Induction of Cycloadditions

When ultraviolet light rather than heat is used to induce pericyclic reactions, our pre-

dictions are generally reversed. For example, the [2 + 2] cycloaddition of two eth-

ylenes is photochemically "allowed." When a photon^w ith the coiTgct energy strikes

ethyjene, one of the_BLglggtrons is exdted^loJJie nextiugherjiiQlecular orbital ( Fig

.

15-21). This higherj)rbit al, formerly the LUMO, is now occupied: It is the new
HOMO*, the HOMO of the excited molecule.

The HOMO* of the excited ethylene molecule has the same symmetry as the

LUMO of a ground-state molecule. An excited molecule can react with a ground-state

molecule to give cyclobutane (Fig. 15-22). The [2 + 2] cycloaddition is therefore

9

HOMO

ethylene ground state

9f

4 d

HOMO''

ethylene excited state

Figure 15-21

Ultraviolet light excites one of

the ethylene pi electrons into

the antibonding orbital. The

antibonding orbital is now

occupied, and it is the new

HOMO*.
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bonding

interaction

bonding

interaction

HOMO* LUMO

Figure 15-22

Photochemical [2 + 2] cycle-

addition. The HOMO* of the

excited ethylene overlaps favor-

ably with the LUMO of an un-

excited (ground-state) molecule.

photochcmically allowed but thermally forbidden. In most cases, photochemical ly al-

lowed reactions are thermally forbidden, and thermally allowed reactions are pho-

tochemically forbidden.

PROBLEM 15-19

Show that the [4 -I- 2] Diels- Alder reaction is photochcmically forbidden.

PROBLEM 15-20

(a) Show that the [4 4- 4] cycloaddition of two butadiene molecules to give cycloocta-1,5-

diene is thermally forbidden but photochcmically allowed.

(b) There is a different, thermally allowed cycloaddition of two butadiene molecules. Show

this reaction, and explain why it is thermally allowed. {Hint: Consider the dimerization of

cyclopentadiene.)

Sp

15-13

Ultraviolet

Absorption

ectroscopy

We have already encountered three powerful spectroscopic techniques used by or-

ganic chemists. Infrared spectroscopy (IR. Chapter 12) observes the vibrations of

molecular bonds, providing information about the nature of the bonding and the

functional groups in a molecule. Nuclear magnetic resonance spectroscopy (NMR,
Chapter 13) detects nuclear transitions, providing information about the electronic

and molecular environment of the nuclei. From NMR information we can determine

the structure of the alky! groups present and often infer the functional groups. A
mass spectrometer (MS, Chapter 12) bombards molecules with electrons, causing

them to break apart in predictable ways. The masses of the molecular ion and the frag-

ments provide a molecular weight (and perhaps a molecular formula) as well as

structural information about the original compound.

We now study ultraviolet (UV) spectroscopy, which detec^s^ the electronic

transitions of conjugated systems and provides information about the lejigth and

structure of the conjugated part of a molecule. UV spectroscopy gives more spe-

cialized information than do IR or NMR. and it is less commonly used than the other

techniques.

I5-I3A Spectral Region

In our study of infrared spectroscopy, we saw that an organic molecule can absorb

electromagnetic radiation if the frequency of the waves corresponds to the frequen-

cy of the motions of bonds in the molecule. Common IR spectrometers operate at

wavelengths between 2.5 X 10"^ and 25 X 10 cm. conesponding to energies of

about 1 . 1 to 1 1 kcal/mol (4.6 to 46 kJ/mol).

Ultraviolet frequencies coiTespond to shorter wavelengths and much larger en-

ergies than infrared (Table 15-1). The UV region is a range of frequencies just be-

yond the visible: idtra, meaning beyond, and violet, the highest-frequency visible

light. Wavelengths of the UV region are given in units of nanometers (nm; 10"'' m).

Common UV spectrometers operate in the range 200 to 400 nm (2 X 10"''
to

4 X 10 cm), corresponding to photon energies of about 70 to 140 kcal/mol (300

to 600 kJ/mol). These spectrometers often extend into the visible region (longer

wavelength, lower energy) and are called UV- visible spectrometers. UV- visible

energies correspond to electronic transitions: the energy needed to excite an electron

from one molecular orbital to another.
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TABLE 15-1 Comparison of Infrared and Ultraviolet Wavelengths

Energy Range,

Spectral Rei^ion Wavelength, A kcal/niol (kJ/niol)

ultraviolet 200-400 nm (2-4 X 10 'cm) 70-140(300-600)
infrared 2.5-25 /xm (2.5-25 x 10 'cm) 1.1-11 (4.6-46)

I5-I3B Ultraviolet Light and Electronic Transitions

The wavelengths of UV light absurbed by a molecule are determined by the electron-

ic energy differences between orbitals in the molecule. Sigma bonds are very stable,

and the electrons in signia bonds are usually unaffected by wavelengths of light above

200 nm. Pi bonds have electrons that are more easily excited into higher energy orbitals.

Conjugated systems are particularly likely to have low-lying vacant orbitals. and elec-

tronic transitions into these orbitals produce characteristic ultraviolet absorptions.

Ethylene, for example, has two pi orbitals; the bonding orbital (77, the HOMO)
and the antibonding orbital (tt*. the LUMO). The ground state has two electrons in

the bonding orbital and none in the antibonding orbital. An electron can be excited

from the bonding orbital (tt) to the antibonding orbital (tt^) by the absorption of a

photon with the right amount of energy. This transition from a tt bonding orbital to

a TT* antibonding orbital is called a tt-^ 77^= transition (Fig. 15-23).

The TT —^ 7f^' transition of ethylene requires absoiption of light at 17 1 nm ( 164

kcal/mol. or 686 kJ/mol). Most UV spectrometers cannot detect this absorption, be-

cause it is obscured by the absorption caused by oxygen in the air. In conjugated

systems, however, there are electronic transitions with lower energies that coire-

spond to wavelengths longer than 200 nm. Figure 15-24 compares the MO energies

of ethylene with those of butadiene to show that the HOMO and LUMO of buta-

diene are closer in energy than those of ethylene.

In ethylene, there is only one occupied tt MO and only one unoccupied MO.
The only possible transition is the excitation of an electron from the occupied MO
to the unoccupied MO. In butadiene, there are four possible transitions, involving ex-

citation of an electron from either of the filled orbitals into either of the empty ones.

The lowest-energy transition, corresponding to absorption of light of the longest

wavelength, is the excitation of an electron from the highest occupied molecular or-

bital (HOMO) to the lowest unoccupied molecular orbital (LUMO). This is a

TT; 77? transition.

Notice in Figure 15-24 that the HOMO of butadiene is higher in energy than

the HOMO of ethylene. Also, the LUMO of butadiene is lower in energy than the

fit LUMO

HOMO

/?r. 171 nm
>

(164 kcaymol)

ethylene ground state ethylene excited state

Figure 15-23

The absorption of a 171-nm

photon excites an electron

from the tt" bonding MO of

ethylene to the 77* antibonding

MO. This absorption requires

light of greater energy (shorter

wavelength) than the range

covered by a typical UV spec-

trometer.
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low A

n

Figure 15-24

In 1 ,3-biitadiene, the 77^ vr*

transition absorbs at a wave-

length of 2 17 nm (129

kcai/mol), compared with

i 7 1 nm (164 kcal/mol), for

ethylene. This longer wave-

length (lower-energy) absoip-

tion results froin a smaller

energy difference between the

HOMO and LUMO in buta-

diene than in ethylene.

Carotene derivatives absorb

different wavelengths of light,

depending on the length of the

conjugated system and the

presence of other functional

groups.

LUMO

164 kcal

(171 nm)

HOMO

ethylene

•fffmm
mm
mm
9
6m

In-

LUMO

V

Ill nm

HOMO
11

1

^

129 kcal

217 nm

ground

state

excited

state

1 ,3-butadiene

LUMO of ethylene. Both differences reduce the relative energy of the tt^ tt* tran-

sition in butadiene. The resulting absorption is at 217 nm (129 kcal/mol, or 540

kJ/mol), which can be measured using a standard UV spectrometer.

Jiast^as conjugated dienes absorb at longer wavelengths than simple alkenes,

conjugated trienes absorb at even longer wavelengths. In general, the erfergy^differ-

ence between HOMO and LUMO decreases as the length of^coiijugation^ii^^

In 1,3,5-hexatriene, for example (Fig. 15-25), the HOMO is 773, and the LUMO is

ttJ. The lowest energy transition is the excitation of an electron from tt, into 774

.

The HOMO in 1,3,5-hexatriene is slightly higher in energy than that for 1,3-buta-

diene. and the hexatriene LUMO is slightly lower in energy. Once again, the nar-

rowing of the energy between the HOMO and the LUMO giver, a lower energy,

longer wavelength absoiption. The principal tt^ rf- transition in 1 ,3,5-hexatriene

occurs at 258 nm ( 108 kcal/mol, or 452 kJ/mol).

We can summarize the effects of conjugation on the wavelength of UV ab-

soiption by stating a general rule: A compound that coiikiins a longer chain ofcon-

jIIgatedjkniljle bonds absorbs light qlajonger wavelength . )3-Carotene, which has

1 1 conjugated double bonds in its pi system, absorbs at 454 nm, well into the visi-

ble region of the spectrum, corresponding to absoiption of blue light. White light

from which blue has been removed appears orange. ^-Carotene is the principal com-

pound responsible for giving canots their orange color.

/3-carotene
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129 kcal

217 nm

butadiene energies

(for comparison)

4^

^ A 4^ :| ^

7r:

LUMO

HOMO 258 nm
108 kcal

258 nm

ground

state

excited

state

1.3.5-hexatriene

^ Figure 1 5-25

1.3.5-hexatriene has a smaller

energy difference ( 1 08

kcal/mol) between its HOMO
and LUMO than does 1.3-buta-

diene (129 kcal/mol). The

77^ 77* transition corre-

sponding to this energy differ-

ence absorbs at a longer

wavelength: 258 nm. compared

with 2 1 7 nm for 1 .3-butadiene.

Because they have no interaction w ith each other, isolated double bonds do

noLgontribute to shifting the UV absorption to longer wavdengths. Both their reac-

tions and their UV absorptions are like those of simple alkenes. For example. 1.4-

pentadiene absorbs at 178 nm. a \ alue that is t\ pical of simple alkenes rather than

conjugated dienes.

isolated conjugated

I-pentene. 176 nm 1 .4-pentadiene. 178 imi 1,3-pentadiene. 223 nm

I 5- 1 3C Obtaining an Ultraviolet Spectrum

To measure the ultraviolet (or UV- visible) spectrum of a compound, the sample is

dissolved in a solvent (often ethanol) that does not absorb above 200 nm. The sam-

ple solution is placed in a quartz cell, and some of the solvent is placed in a refer-

ence cell. An ultraviolet spectrometer operates by comparing the amount of light

iranNmitted through the sample (the sample beam) with the amount of light in a ref-

erence beam. The reference beam passes through the reference cell to compensate

for any absorption of light by the cell and the solvent.

The spectrometer (Fig. 15-26) has a source that emits all frequencies of UV light

I above 200 nm). This light passes through a monochromalor. w hich uses a diffrac-

tion grating or a prism to spread the light into a spectrum and select one w avelength.

This single w a\ elength of hght is spht into tw o beams, w ith one beam passing through

the sample cell and the other passing through the reference (solvent) cell. The detector

continuously measures the intensity ratio of the reference beam (7^) compared with

the sample beam (/J. As the spectrometer scans the wavelengths in the UV region,

a chan recorder draws a graph (called a spectrum) of the absorbance of the sample

as a function of the w a\ elength.
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reference cell

with solvent

/|. reference beam

/ sample beam

monochromator sample dissolved
m solvent

recorder

plot of log (IJl^) versus X

Figure 1 5-26

In the ultraviolet spectrometer, a monochromator selects one wavelength of light, which is

split into two beams. One beam passes through the sample cell, while the other passes

through the reference cell. The detector measures the ratio of the two beams, and the chart

recorder plots this ratio as a function of wavelength.

The absorbance. A, of the sample at a particular wavelength is governed by

Beer's law, ,

A = log^^j ecl^
I

where

c = sample concentration in moles per liter

/ = path length of light through the cell in centimeters

s = the molar absorptivity (or molar extinction coefficient) of the sample.

Molar absorptivity (e) is a measure of how strongly the sample absorbs light at that

wavelength.

If the sample absorbs light at a particular wavelength, the sample beam (/,) is

less intense than the reference beam (7^). and the ratio is greater than 1. The ratio

is equal to 1 when there is no absorption. The absorbance (the logarithm of the ratio)

is therefore greater than zero when the sample absorbs and equal to zero when it

does not. A UV spectrum is a plot of A, the absorbance of the sample, as a function

of the wavelength.

UV- visible spectra tend to show broad peaks and valleys. The spectral data that

are most characteristic of a sample are as follows:

1. The wavelength(s) of maximum absorbance. called A^^^

2. The value of the molar absorptivity s at each maximum

Since UV- visible spectra are broad and lacking in detail, they are rarely print-

ed as actual spectra. The spectral information is given as a list of the value or values

of A,,,^,.^ together with the molar absorptivity for each value of Aj^^^ •

The UV spectrum of isoprene (2-methyl-l,3-butadiene) is shown in Figure

15-27. This spectrum could be summarized as follows:

A,„x = 222 nm s = 20,000

The value of A,,,,,;^ is read directly from the spectrum, but the molar absorptivity s must

be calculated from the concentration of the solution and the path length of the cell.

For an isoprene concentration of 4 X 10"'' M and a 1 cm cell, the molar absorptiv-

ity is found by reairanging Beer's law (A = sci).

e = — = — 3 = 20.000
cl 4 X 10'^
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0

200

X = 222ma\

CH2=CH—C= CH^

CH.

(solvent = methanol)

210 220 230 240 250 260 270 280 290 300 310 320 330 340 350

X (nm)

Figure 15-27

The UV spectrum of isoprene

dissolved in methanol shows

A„„ = 222 nm. e = 20.000.

Molar absoiptivities in the range 5000 to 30.000 are typical for the tt^ if^'-

transitions of conjugated polyene systems. Such large molar absoiptivities are help-

ful, since spectra may be obtained with very small amounts of sample. On the other

hand, samples and solvents for UV spectroscopy must be extremely pure. A minute

impurity with a large molar absoiptivity can easily obscure the spectrum of the de-

sired compound.

PROBLEM 15-21

One milligram of a compound of molecular weight 160 is dissolved in 10 mL of ethanol.

and the solution is poured into a 1-cm UV cell. The UV spectrum is taken, and there is an

absorption at A,„,,^ = 247 nm. The maximum absorbance at 247 nm is 0.50. Calculate the

value of e for this absorption.

1 5- 1 3D Interpreting UV- Visible Spectra

The values of A,„^,^ and e for conjugated molecules depend on the exact nature of the

conjugated system and its substituents. R. B. Woodward and L. F. Fieser developed

an extensive set of conelations between molecular sti'uctures and absorption maxi-

ma, called the Woodward -Fieser rules. These rules are summarized in Appendix

3. For most purposes, however, we can use some simple generalizations for esti-

mating approximate values of A,,,^,^ for common types of systems. Table 15-2 gives

the values of A|„_,^ for several types of isolated alkenes, conjugated dienes, conjugat-

ed trienes, and a conjugated tetraene.

The examples in Table 15-2 show that the addition of another conjugated dou-

ble bond to a conjugated system has a large effect on A„,^;^. In going from ethylene

(171 nm) to 1,3-butadiene (217 nm) to 1 ,3,5-hexatriene (258 nm) to 1 ,3,5,7-octate-

traene (290 nm)^the values of X^^^ increase by about 30 to 40 nm for each double

boncLejOfijidiiig tlie_cDiij.u.gated^ysten^ ATRyl group?aTsoTncrease the vaKiFof A^ax

by about 5 nm per alkyl group. For example, 2,4-dimethyl-l,3-pentadiene has the

same conjugated system as 1,3-butadiene. but with three additional alkyl groups (cir-

cled below). Its absoiption maximum is at 232 nm, a wavelength 15 nm longer than

A,,,,,^ for 1,3-butadiene at 217 nm.

1 ,3-butadiene 2.4-dimethy I- 1 .3-pentadiene

'^ma\
= -17 nm 3 additional alkyl groups. A,,,^^ = 232 nm
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Struc tural Difference Approximate Effect on A

additional conjugated C=C 30-40 nm longer

additional alky! substitute about 5 nm longer

TABLE 15-2

Ultraviolet Absorption Maxima ofSome Representative Molecules

Isolated

CH,=CH,

ethylene cyclohexene

Pi::: i
S2 nivi

1 .4-hexadiene

I NO nm

Conjugated dienes

1 .3-butadiene

\- 217 nm
2.4-hexadiene

227 nm
1 .3-cyclohexadiene 3-methylenecycIohexene

256 nm 232 nm

Conjugated trienes

1.3.5-hexatnene

25s nm
a steroid triene

3il4 iim

Conjugated tetraene

1.3.5.7-octatetraene

290 nm

PROBLEM-SOLVING HINT
Some good rules of thumb: An
additional conjugated C= C
increases A^j, about 30 to

40 nm:an additional alkyi group

increases it about 5 nm. Useful

base values:

217 nm 256 nm 232 nm

SOLVED PROBLEM 15-3

Rank the following dienes in order of increasing values of A^

maxima are 185 nm. 235 nm. 273 nm, and 300 nm).

(Their actual absorption

SOLUTION
A.., 185 nm 235 nm 273 nm 300 nm

These compounds are an isolated diene. two conjugated dienes, and a conjugated

triene. The isolated diene will have the shortest value of k^.^^ (185 nm), close to that of

cyclohexene ( 182 nm).

The second compound looks like 3-methylenecyclohexene (232 nm) with an addi-

tional alkyl substituent (circled). Its absorption maximum should be around (232 + 5)

nm. and 235 nm must be the correct value.

The third compound looks like 1. 3-cyclohexadiene (256 nm). but with an addition-

al alkyl substituent (circled) raising the value of A„,,,^ . So 273 nm must be the correct value.

The fourth compound looks Hke 1,3-cyclohexadiene (256 nm), but with an addi-

tional conjugated double bond (circled) and another alkyl group (circled). We predict a

value of A,„.„ about 35 nm longer than for 1,3-cyclohexadiene. and 300 nm must be the

correct \ aiue.
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PROBLEM 15-22

Using the examples in Table 15-2 to guide you. match the following UV absorption

maxima (A^,^^) with the corresponding compounds: (1) 232 nm: (2) 237 nm; (3) 273 nm;

(4) 283 nm; (5) 313 nm: (6) 353 nm.

(c)

1.2-addition .An addition in which two atoms or groups add to adjacent atoms, (p. 655)

C= C
/ \

A—

B

a 1.2-addition

-c—c-

A B

I.4-addition \n addition in which two atoms or groups add to atoms that bear a 1.4-rela-

tionship. (p. 655)

C=C
c=c A—

B

-c—

c

.c—c—

a 1.4-addition

Chapter I 5

Glossary

allyl group The common name for the 2-propenyl group. —CH;—CH=CH; (p. 653)

allylic position The carbon atom next to a carbon -carbon double bond. The term is used in

naming compounds, such as an allylic halide. or in referring to reactive intermediates, such

as an allylic cation, an allylic radical, or an allylic anion, ip. 653)

H-C=CH—CHBr— CH. i CH. i-C=CH—C CH, i,

an allylic halide an all>lic cation

allylic shift The isomerization of a double bond that occurs through the delocalization of an

allylic intemiediate. (p. 659)

NBSH-C=CH— CH-— CH-, H-C=CH—CHBr— CH-, BrCH;—CH=CH—CH.

allylic shift product

concerted reaction .A reaction in which all bond making and bond breaking occurs in the

same step. (p. 673)

conjugated double bonds Double bonds separated by single bonds, with interaction by over-

lap of the p orbitals m the pi bonds, (p. 647)

\ /
C= C

\ / \
C=C

/ \

conjugated

c=c c=c c=c=c;^
CH,

isolated cumulated
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isolated double bonds: Double bonds separated by two or more single bonds. Isolated

double bonds react independently, as they do in a simple alkene.

cumulated double bonds: Successive double bonds with no intervening single bonds.

allene (cumulene): A compound containing cumulated carbon-carbon double bonds,

conservation of orbital symmetry A theory of pericyclic reactions stating that the MOs of

the reactants must flow smoothly into the MOs of the products without any drastic changes

in symmetry. That is, there must be bonding interactions to help stabilize the transition state,

(p. 673)

constructive overlap An overlap of orbitals that contributes to bonding. Overlap of lobes with

similar phases (+ phase with + phase, or - phase with - phase) is generally constructive

overlap, (p. 65 1

)

cycloaddition A reaction of two alkenes or polyenes to form a cyclic product. Cycloadditions

often take place through concerted interaction of the pi electrons in two unsaturated mole-

cules, (p. 673)

delocalized orbital A molecular orbital that results from the combination of three or more

atomic orbitals. When filled, these orbitals spread electron density over all the atoms in-

volved, (p. 650)

destructive overlap An overlap of orbitals that contributes to antibonding. Overlap of lobes

with opposite phases (-1- phase with — phase) is generally destructive overlap, (p. 651)

Diels-Alder reaction A synthesis of six-membered rings by a [4 -I- 2] cycloaddition. This

notation means that four pi electrons in one molecule interact with two pi electrons in the

other molecule to form a new ring. (p. 664)

dienophile (diene lover): The component with two pi electrons that reacts w ith a diene

in the Diels-Alder reaction.

endo rule: The stereochemical preference for electron-poor substituents on the dienophile

to assume endo positions in a bicyclic Diels-Alder product.

secondary overlap: Overlap of the p orbitals of the electron-withdrawing group of the

dienophile with those of the central atoms (C2 and C3) of the diene. This overlap helps sta-

bilize the transidon state. With cyclic dienes, it favors endo products, (p. 668)

cyclopentadiene acrylonitrile Diets- Alder adduct

a diene a dienoptiile endo stereochemistry

heat of hydrogenation The enthalpy of reaction that accompanies the addition of hydrogen

to a mole of an unsaturated compound, (p. 647)

^C=C^ + H.
^^^^'^^^

> —C—C— A//° = heat of hydrogenation
/ \ - II

H H

HOMO An acronym for highest occupied molecular orbital. In a photochemically excit-

ed state, this orbital is represented as HOMO*, (p. 674)

kinetic control Product distribution is governed by the rates at which the various products

are formed, (p. 657)

kinetic product: The product that is formed fastest; the major product under kinetic control.

LUMO An acionym for lowest unoccupied molecular orbital, (p. 674)
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molar absorptivity £ (molar extinction coefficient) A measure of how strongly a com-

pound absorbs light at a particular ua\'elength. It is defined by Beer's law;

where A is the absorbance, and /, are the amounts of light passing through the reference and

sample beams, c is the sample concentration in moles per liter, and / is the path length of

light through the cell. (p. 680)

molecular orbitals iMOs) Orbitals that include more than one atom in a molecule. Molec-

ular orbitals can be bonding, antibonding, or nonbonding. (p. 651

)

bonding molecular orbitals: MOs that are lower in energy than the isolated atomic or-

bitals from w hich they are made. Electrons in these orbitals serve to hold the atoms together

antibonding molecular orbitals: MOs that are higher in energy than the isolated atom-

ic orbitals from u hich the_\ ^ue made. Electrons in these orbitals tend to push the atoms apart,

nonbonding molecular orbitals: MOs that are similar in energy to the isolated atomic

orbitals from which they are made. Electrons in these orbitals have no effect on the bond-

ing of the atoms, (p. 661

)

node A region of a molecular orbital with zero electron density, (p. 651

)

pericyclic reaction A reaction in\ ol\'ing concerted reorganization of electrons within a closed

loop of interacting orbitals. Cycloadditions are one class of pericyclic reactions, (p. 673)

reference beam A second beam in the spectrometer that passes through a reference cell

containing only the solvent. The sample beam is compared w ith this beam to compensate for

any absorption by the cell or the solvent, (p. 679)

resonance energy The extra stabilization provided b\ delocalization. compared with a lo-

calized structure. For dienes and polyenes, the resonance energy is the extra stability of the

conjugated system compared with the energy of a compound with an equivalent number of

isolated double bonds, (p. 649)

i-cis conformation .-\ cis-like conformation of a single bond in a conjugated diene or poly-

ene, (p. 652

)

s-trans conformation .A trans-like conformation of a single bond in a conjugated diene or

polyene, (p. 652

)

symmetry-allowed The MOs of the reactants can flow into the MOs of the products in one

concerted step according to the rules of conserv ation of orbital symmetry. In a symmetry-al-

lowed cycloaddition there is constructive overlap ( + phase with + phase. — phase with —

phase) betw een the HOMO of one molecule and the LUMO of the other, (p. 674)

symmetry-forbidden The MOs of the reactants are of incorrect symmetries to flow into

those of the products m one concerted step. (p. 675)

thermodynamic control (equilibrium control) Product distribution is go\emed by the sta-

bilities of the products. Themiodynamic control operates when the reaction mixture is al-

lowed to come to equilibrium, (p. 658)

thermodynamic product: The most stable product: the major product under thermody-

namic control.

UV-visible spectroscopy The measurement of the absorption of ultraviolet and visible light

as a function of wavelength. Ultraviolet light consists of wavelengths from about 100 to

400 nm. Visible light is from about 400 nm (violet) to 750 nm (red), (p. 676)

Woodward - Fieser rules A set of rules that correlate values of k^^^ in the UV-visible spec-

trum with structures of conjugated systems, (p. 681 and Appendix 3)

Woodward-Hoffman rules A set of symmetry rules that predict whether a particular per-

icyclic reaction is symmetry-allowed or symmetry-forbidden, (p. 673)

v-cis conformation i-trans conformation
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ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 15

1. Show how to construct the molecular orbitals of ethylene, butadiene, and the

allylic system. Show the electronic configurations of ethylene, butadiene, and

the allyl cation, radical, and anion.

2. Recognize reactions that are enhanced by resonance stabilization of the inter-

mediates, such as free-radical reactions and cationic reactions. Develop mech-

anisms to explain the enhanced rates and observed products, and draw

resonance forms of the stabilized intermediates.

3. Predict the products of Diels- Alder reactions, including the orientation of

cycloaddition with unsymmetrical reagents and the stereochemistry of the

products.

4. By comparing the molecular orbitals of the reactants. predict which cycloaddi-

tions v\ ill be thermally allowed and w hich will be photochemically allowed.

5. Use values of A^ax from UV- visible spectra to estimate the length of conju-

gated systems, and compare compounds with similar structures.

Study Problems
15-23.

15-24.

15-25.

15-26.

15-27.

Briefly detlne each term and gi\ e an example.

(b) molar absorptivity

(e) conjugated double bonds

(h) a substituted allene

(k) an allylic radical

(n) a 1,4-addition

(q) a Diels-Alder reaction

(t) a concerted reaction

(c)

(f)

(i)

(I)

an allylic alcohol

cumulated double bonds

a molecular orbital

an 5-trans conformation

(o) a cycloaddition

(r) thermodynamic control

(u) an HOMO, an HOMO*, and a LUMO

(a) A„^,

(d) an endo product

(g) isolated double bonds

(j) an antibonding MO
(m) a 1.2-addition

(p) kinetic control of a reaction

(s) a dienophile

(v) a symmetr>'-forbidden reaction

Classify the following dienes and polyenes as isolated, conjugated, cumulated, or some combination of these

classifications.

(a) 1.5-cyclooctadiene (b) 1.3-cyclooctadiene (c) 1.2-cyclodecadiene

(d) 1.3.6-cyclooctatriene (e) 1,3.5-cyclohexatriene (benzene)

Predict the products of the following reactions.

(a) allyl bromide + cyclohexyl magnesium bromide (b) cyclopentadiene -I- anhydrous HCl

(c) 2-methylpropene + NBS. light (d) 1-pentene + NBS. light

(e) 1.3-butadiene + bromine water (f) 1.3.5-hexatriene + bromine in CCI4

(g) l-(bromomethyl)-2-methylcyclopentene. heated in methanol

(h) cyclopentadiene + methyl acrylate. CH.=CH—COOCH-,
(i) I.3-cyclohexadiene + CH;06c—C=C—COOCH;

Show how the reaction of an allylic halide with a Grignard reagent might be used to synthesize the following

hydrocarbons.

(a) 5-methyl-l-hexene (b) 2.5.5-trimethyl-2-heptene

Draw the important resonance contributors for the following cations, anion, and radical.

CH,

(b) ^CH, (d)

H

H
H
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15-28. A solution was prepared using 0.0010 g of an unknown steroid (of molecular weight around 255) in 100 mL of

ethanol. Some of this solution was placed in a 1-cm cell, and the UV spectrum was measured. This solution was

found to have An,^^ = 235 nm. with A = 0.74.

(a) Compute the \alue of the molar absorpti\ ity at 235 nm.

(b) Which of the following compounds might give this spectrum?

15-29.

15-30.

15-31.

When iV-bromosuccinimide is added to l-he,xene and a sunlamp is shone on the mi.xture. three products result.

(a) Give the structures of these three products.

(b) Give a mechanism that accounts for the formation of these three products.

Predict the products of the following Diels- Alder reactions. Include stereochemistry where appropriate.

(a)
,OHC

II

O

H

H

C

C

COOCH,

CN

(c)

(e)

\ /
C
II

c
/ \

H CN

COOH

H CN
\ /
C

c
/ \

H CN

For each structure

(1) Draw all the important resonance contributors.

(2) E\ aluate the sienificance of each resonance contributor.

(a)

(e) :CH. (f) CH,.

(c) ':CH,

OCH,

C.

O

-C—CH.

o-

(d) CH,—C= NH,

H

cr
,CJ

~CH,,

H H

15-32. A graduate student was following a procedure to make 3-propyl-i.4-cyclohexadiene. During the workup proce-

dure, his research adviser called him into her office. By the time the student returned to his bench, the product

had warmed to a higher temperature than recommended. He isolated the product, which ga\ e the appropriate

=C—H stretch in the IR. but the C=C stretch appeared around 1630 cm ' as opposed to the literature value of

1650 cm ' for the desired product. The mass spectrum showed the correct molecular weight, but the base peak

was at M - 29 rather than at M — 43 as expected.

(a) Should he ha\e his IR recalibrated or should he repeat the experiment, watching the temperature more care-

fully? What does the 1630 cm ' absorption suggest?

(b) Draw the structure of the desired product, and propose a structure for the actual product.

(c) Show v\ hy he expected the MS base peak to be at M - 43. and show how your proposed structure would

give an intense peak at M - 29.
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15-33. Show how Diels- Alder reactions might be used to synthesize the following compounds.

^15-34.

aldrin

CH,

(c)

CH

(i)

H

COOCH3

Furan and nialeimide undergo a Diels- Alder reaction at 25°C to give the eudo isomer of the product. When the

reaction takes place at 90°C, however, the major product is the exo isomer. Further study shows that the endo iso-

mer of the product isomerizes to the exo isomer at 90°C.

furan: j^^^^^^O maleimide: N—

H

*15-35.

(a) Draw and label the endo and exo isomers of the Diels-Alder adduct of furan and maleimide.

(b) Which isomer of the product would you usually expect from this reaction? Explain why this isomer is usual-

ly preferred.

(c) Examine your answer to (b) and determine whether this answer applies to a reaction that is kinetically con-

trolled or one that is thermodynamically controlled or both.

(d) Explain why the endo isomer predominates when the reaction takes place at 25°C and why the exo isomer

predominates at 90°C.

(a) Sketch the pi molecular orbitals of 1.3,5-hexatriene (Figure 15-25).

(b) Show the electronic configuration of the ground state of 1 ,3.5-hexatriene.

(c) Show what product would result from the [6 -I- 2] cycloaddition of 1,3,5-hexatriene with maleic anhydride.

1.3.5-hexatriene maleic anhydride

(d) Show that the [6 + 2] cyclization of 1.3.5-hexatriene with maleic anhydride is thermally forbidden but pho-

tochemically allowed.

(e) Show the Diels- Aider product tliat would actually result from heating 1 .3.5-hexatriene with maleic anhydride.
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*15-36. The pentadienyl radical, H.C^CH—CH=CH—CH,-. has its odd electron delocalized over three carbon atoms.

(a) Use resonance forms to show which three carbon atoms bear the odd electron.

(b) How many molecular orbitals are there in the molecular orbital picture of the pentadienyl radical?

(c) How many nodes are there in the lowest energy MO of the pentadienyl system? How many in the high-

est energy MO?
(d) Draw the MOs of the pentadienyl system in order of increasing energy.

(e) Show how many electrons are in each MO for the pentadienyl radical (ground state).

(f ) Show how your molecular orbital picture agrees with the resonance picture showing delocalization of the odd

electron onto three carbon atoms.

(g) Remove the highest energy electron from the pentadienyl radical to give the pentadienyl cation. Which car-

bon atoms share the positive charge? Does this picture agree with the resonance picture?

(h) Add an electron to the pentadienyl radical to give the pentadienyl anion. Which carbon atoms share the nega-

tive charge? Does this picture agree with the resonance picture?

* 15-37. A student was studying teipene synthesis, and she wanted to make the compound shown below. First she convert-

ed 3-bromo-6-methylcyclohexene to alcohol A. shown below. She heated alcohol A with sulfuric acid and puri-

fied one of the components (compound B) from the resulting mixture. Compound B has the correct molecular

formula for the desired product.

(a) Suggest how 3-bromo-6-methylcyclohexene might be converted to alcohol A.

(b) The UV spectrum of compound B shows A^a^ at 273 nm. Is Compound B the con^ect product? If not. suggest

a structure for compound B consistent with these UV data.

(c) Propose a mechanism for the dehydration of alcohol A to compound B.

CH,

alcohol A desired product



CHAPTER 16
Aromatic Compounds

16-1

Introduction;

The Discovery

of Benzene

In 1825. Michael Faraday isolated a pure compound of boiling point 80°C from the

oily mixture that condensed from illuminating gas, the fuel burned in gaslights. El-

emental analysis showed an unusually small hydrogen-to-carbon ratio of 1 : 1, cor-

responding to an empirical formula of CH. Faraday named the new compound
"bicarburet of hydrogen." Eilhard Mitscherlich synthesized the same compound in

1834 by heating benzoic acid, isolated from gum benzoin, in the presence of lime.

Like Faraday, Mitscherlich found that the empirical formula was CH. He also used

a vapor-density measurement to determine a molecular weight of about 78, for a

molecular formula of C^jH^. Since the new compound was derived from gum ben-

zoin, he named it benzin, now called benzene.

Many other compounds discovered in the nineteenth century seemed to be re-

lated to benzene. These compounds also had low hydrogen-to-carbon ratios as well

as pleasant aromas, and they could be converted to benzene or related compounds. This

group of compounds was called aromatic because of their pleasant odors. Other or-

ganic compounds, without these properties, were called aliphatic, meaning "fatlike."

As the unusual stability of aromatic compounds was investigated, the term "aromat-

ic" came to be applied to compounds with this stability, regardless of their odors.

16-2

The Structure

and Properties

of Benzene

The Kekule Structure. In 1 866. Friedrich Kekule proposed a cyclic structure for ben-

zene with three double bonds. Considering that multiple bonds had been proposed

only recently (1859), the cyclic structure with alternating single and double bonds

was considered somewhat bizarre.

H

H.

H'

C,
C

,C-

,H

H

690

H

The Kekule structure has its shortcomings, however. For example, it pre-

dicts two different 1 ,2-dichlorobenzenes. but only one is known to exist. Kekule
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suggested (incorrectly) that a fast ecjuilihrium interconverls the iwo isomers of 1,2-

dichlorobenzene.

1 .2-diclilorobenzene

The Resonance Representation. The resonance pictiue of benzene is a natural ex-

tension of Kekule's hypothesis. In a Kekule structure, the C—C single bonds would

be longer than the double bonds. Spectroscopic methods have shown that the ben-

zenej2ngjjyM^uw the bonds are the same length ( 1 .397 A). Because the ring

is planar and the carbon nuclei are positioned at equal distances, the two Kekule

structures differ only in the positioning of the pi electrons.

Benzene is actually a resonance hybrid of the two Kekule structures. This rep-

resentation implies that the pi electrons are delocalized, with a bond order of U be-

tween adjacent carbon atoms. The carbon -carbon bond lengths in benzene are shorter

than typical single-bond lengths, yet longer than typical double-bond lengths.

all C—C bond

lengths 1.397 A

double bond

1.34 A

single bond

1.48 A

resonance representation bond oi lier = 1

combined representation

butadiene

The resonance-delocalized picture explains most of the structural properties

of benzene and its derivatives— the benzenoid aromatic compounds. Because the pi

bonds are delocalized over the ring, we often inscribe a circle in the hexagon rather

than drawing three localized double bonds. This representation helps us remember

there are no localized single or double bonds, and it prevents us from trying to draw

supposedly different isomers that differ only in the placement of double bonds in

the ring. We often use Kekule structures in drawing reaction mechanisms, however,

to show the movement of individual pairs of electrons.

PROBLEM 16-1

Write Lewis structures for the Kekule representations of benzene. Show all the va-

lence electrons.

Using this resonance picture, we can draw a more realistic representation of

benzene (Fig. 16-1). Benzene is a ring of six sp~ hybridj^arbon atoms, eagh bonded

Jo^MieJiyckogen atom. All the carbon -carbon bonds arejhe^amg length, and all the

bond angles are exactly 120°. Each sp~ carbon atom has an unhybridizedjMjrtntd ger-

pendicular to the pljitied^the rmg, and six electrons occupy this circle of p orbitals.

At this point, we can define an aromatic compound to be a cyclic compound
containing some number of conjugated double bonds and having an unusually large

resonance energy. Using benzene as the example, we will consider how aromatic

compounds differ from aliphatic compounds. Then we will discuss why an aromat-

ic structure confers extra stability and how we can predict aromaticity in some in-

teresting and unusual compounds.

Friedrich August Kekule von

Stradoniz (1829-96). pictured

on a Belgian postage stamp.
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Figure 1 6-

1

Benzene is a flat ring of sp- hybrid carbon atoms with their unhybridized p orbitais all

aligned and overlapping. The ring of p orbitais contains six electrons. The carbon-carbon

bond lengths are all 1.397 A. and all the bond angles are exactly 120°.

The Unusual Reactions ofBenzene. Benzene is actually much more stable than we
would expect from the simple resonance-delocalized picture. Both the Kekule struc-

ture and the resonance-delocalized picture show that benzene is a cyclic conjugated

triene. We might expect benzene to undergo the typical reactions of polyenes. In

fact, its reactions are quite unusual. For example, an alkene decolorizes potassium

permanganate by reacting to form a glycol. The purple permanganate color disap-

pears, and a precipitate of manganese dioxide forms. When pemianganate is added

to benzene, however, no reaction occurs.

Most alkenes decolorize solutions of bromine in carbon tetrachloride. The red

bromine color disappears as bromine adds across the double bond. When bromine

is added to benzene, no reaction occurs, and the red bromine color remains.

Addition of a catalyst such as ferric bromide to the mixture of bromine and

benzene causes the bromine color to disappear slowly. HBr gas is evolved as a by-

product, but the expected addition of Br. does not take place. Instead, the organic

product results from substitution of a bromine atom for a hydrogen, and all three

double bonds are retained.
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is not formed

The^Utiusual Stability ofBenzene. Benzene's reluctance to undergo topical alkene

reactions_suggests that it must ^be unusually stable . B\ comparing molar heats of hy-

drogenation. we can get a quantitative idea of its stability. Benzene, cyclohexene.

and the cyclohexadienes all hydrogenate to cyclohexane. Figure 16-2 shows how the

experimentally determined heats of h\ drogenation are used to compute the resonance

energies of 1.3-c\'clohexadiene and benzene, based on the following reasoning.

1. H\ drogenation of cv clohexene is exothermic by 28.6 kcal/mol i 120 kJ/mol).

2. Hn drogenation of 1.4-cyclohexadiene is exothermic by 57.4 kcal/mol (240

kJ/mol). about twice the heat of hydrogenation of cyclohexene. The resonance

energy of the isolated double bonds in 1.4-cyclohexadiene is about zero.

3. Hydrogenation of 1.3-cyclohexadiene is exothermic b\ 55.4 kcal/mol (232

kJ/mol ). about 1 .8 kcal ( 7.5 kJ) less than u\ ice the \ alue for cyclohexene. A res-

onance energy of 1.8 kcal (7.5 kJ) is rvpical for a conjugated diene.

4. H\ drogenation of benzene requires higher pressures of hydrogen and a more

active catalyst. This hydrogenation is exothermic by 49.8 kcal/mol (208 kJ/mol).

about 36.0 kcal (151 kJ) less than three times the value for cyclohexene.

49.8 kcal

85.8 kcal

36.0 kcal

catalyst

high pressure

A//-

3 X cyclohexene

resonance enersv

predicted >

-57.4

kcal

-28.6

kcal

.J? 1.8 kcal

resonance

enerav

(-85.8 predicted I

36 kcal

resonance

energv

-55.4

kcal -49.8

kcal

Figure 1 6-2

The molar heats of hydrogena-

tion and the relative energies of

cyclohexene. 1 .4-cyclohexa-

diene. 1.3-cyclohexadiene. and

benzene. The dashed lines

represent the energies that

w ould be predicted if e\ en-

double bond had the same

energy as the double bond in

cvclohexene.
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The huge 36 kcal/mol (151 kJ/mol) resonance energy of benzene cannot be

explained by conjugation effects alone. The heat of hydrogenation for benzene is

actually smaller than that for 1 ,3-cyclohexadiene. The hydrogenation of the dou-

ble bond of benzene is endothennic, the first endothermic hydrogenation we have en-

countered. In practice, this reaction is difficult to stop after the addition of 1 mole of

H2 because the product ( 1,3-cyclohexadiene) hydrogenates more easily than ben-

zene itself. Clearly, the benzene ring is exceptionally unreactive.

A 770
hydrogenation

benzene: -49.8 kcal (-208 kJ)

1,3-cyclohexadiene: -55.4 kcal (
— 232 kJ)

AH° = +5.6 kcal ( + 24 kJ)

PROBLEM 16-2

Using the int'omiation in Figure 16-2, calculate the values of AH° for the following reactions.

Failures of the Resonance Picture. For many years, chemists assumed that ben-

zene's large resonance energy results from having two identical, stable resonance

structures. It was thought that other hydrocarbons with analogous conjugated systems

of alternating single and double bonds would show similar stability. These cyclic

hydrocarbons with alternating single and double bonds are called annulenes. For

example, benzene is the six-membered annulene. so it can be named [6]annulene. Cy-

clobutadiene is [4]annulene, cyclooctatetraene is [8]annulene, and larger annulenes

are named similarly.

Figure 16-3

Cyclobutadiene and cyclooc-

tatetraene have alternating

single and double bonds

similar to those of benzene.

These compounds were

mistakenly expected to be

aromatic.

cyclobutadiene

[4]annulene

benzene

[6]annulene

cyclooctatetraene

[8]annulene

cyclodecapentaene

[10]annulene

For the double bonds to be completely conjugated, the annulene must be pla-

nar so the p orbitals of the pi bonds can overlap. As long as an annulene is assumed

to be planar, we can draw two Kekule-like structures that seem to show a benzene-

like resonance. Figure 16-3 shows proposed benzene-like resonance forms for cy-

clobutadiene and cyclooctatetraene. Although these resonance structures imply that

the [4] and [8]annulenes should be unusually stable, like benzene, experiments have

shown that cyclobutadiene and cyclooctatetraene are not unusually stable and that this

simple resonance picture is incorrect.

Cyclobutadiene has never been isolated and purified. It undergoes an extremely

fast Diels- Alder dimerization. To avoid the Diels- Alder reaction, cyclobutadiene

has been prepared at low concentrations in the gas phase and as individual mole-

cules trapped in frozen argon at low temperatures. This is not the behavior we expect

from a molecule with exceptional stability!
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In 1911. Richard Willstiitter synthesized cyclooctatetraene and found thatjt

reacts like a normal polyene . Bromine adds readily to cyclooctatetraene. and per-

manganate oxidizes its double bonds. This evidence shows that cyclooctatetraene is

much less stable than benzene. In fact, structural studies have shown that cyclooc-

tatetraene is not planar. It is most stable in a "tub" conformation^^with poor overlap

betwgenadjacent pi bonds . ••tub" conformation of

cyclooctatetraene

PROBLEM 16-3

(a) Draw the resonance structures of benzene, cyclobutadiene. and cyclooctatetraene. show-

ing all the carbon and hydrogen atoms.

(b) Assuming that these molecules are all planar, show how the p orbitals on the sp'

hybrid carbon atoms form continuous rings of o\ erlapping orbitals above and below the

plane of the carbon atoms.

PROBLEM 16-4

Show the product of the Diets- Alder dimerization of cyclobutadiene. (This reaction is sim-

ilar to the dimerization of cyclopentadiene. discussed in Section 15-11.)

Visualizing benzene as a resonance hybrid of two Kekule structures cannot fully

explain the unusual stability of the aromatic ring. As we have seen with other conju-

gated systems, moleculai" orbital theory provides the key to understanding aromatic-

ity and predicting which compounds w ill ha\ e the stability of an aromatic s\ stem.

Benzene has a planar ring of six sp- hybrid carbon atoms, each with an unhybridized

p orbital that overlaps with the p orbitals of its neighbors to fomi a continuous ring

of orbitals above and below the plane of the carbon atoms. Six pi electrons are con-

tained in this ring of overlapping p orbitals.

The^six overlapping p orbitals create a cyclic system of molecular orbitals.

Cyclic systems of molecular orbitals differ from linear systems such as 1,3-buta-

diene and the allyl system. A 2-dimensional cyclic system requires 2-dimensional

MOs. with the possibility of two distinct MOs having the same energy. We can still

follow the same principles in developing a molecular orbital representation for ben-

zene, however.

16-3

The Mo lecular

Orbitals of

Benzene

1. There are six atomic p orbitals that overlap to form the benzene pi system.

Therefore, there must be six molecular orbitals.

2. The lowest energy molecular orbital is entirely bonding, w ith constmctive over-

lap between all pairs of adjacent /) orbitals. There are no nodes in this lowest

lying MO.

3. The number of nodes increases as the MOs increase in energy.

4. The MOs should be evenly divided between bonding and antibonding MOs.
with the possibilitN of nonbonding MOs in some cases.

Figure 16-4 shows the six tt molecular orbitals of benzene as viewed from

above, show ing the sign of the top lobe of each p orbital. The first MO (77,) is en-

tirely bonding, with no nodes. It is a very low energy orbital because it has six bond-

ing interactions and the electrons are delocalized over all six carbon atoms. The top

lobes of the p orbitals all have the same sign, as do the bottom lobes. The six p or-

bitals overlap to form a continuously bonding ring of electron densit)

.

PROBLEM-SOLVING HINT

These principles, used in drawing

the MOs of benzene, are applic-

able to many MO problems.
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all antibonding

node

node untibondin"

node

node

node

Figure 16-4

The six tt molecular orbitals of

benzene, viewed from above.

The number of nodal planes

increases with energy, and

there are two degenerate MOs
at each intermediate energy

level.

bonding - node

all bondinji

all bonding

In a cyclic system of overlapping p orbitals, the intermediate^nergy levels are

degenerate (equal in energy), with two orbitals at each energy level. Both ttt and 773

have one nodal plane, as we expect at the second energy level .

antibonding

bonding bonding

bonding

nonbonding

node
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Notice that Ti.lias four bonding interactions and [wo antibonding interactions, for a

total of two net bonding interactions. Similarly, tt, has two bonding interactions and

four nonbonding interactions, also totaling two net bonding interactions. Although

we cannot use the number of bt)nding and antibonding interactions as a quantitative

measure of an orbital's energy, it is clear that ttt and tt, are bonding MOs, but not

as strongly bonding as tt, .

The next orbitals, 774' and tt^ , are also^degenerate, with twojiodal planesji
each. The~7^fl)fHral has two anTTboniHrngTrvteractions and four nonbonding inter-

actions; it is an antibonding (*) orbital. Its degenerate partner, tt*. has four anti-

bonding interactions and two bonding interactions, for a net two antibonding

interactions. This dggenerate pair of MOs, tt* and tt* , are about as strongly anti-

bonding as ttt and tti. are bonding

.

node

The all-antibonding tt^ has three nodal planes . Each pair of adjacent p orbitals

is out of phase and interacts destructively .

The Energy Diagram of Benzene. The energy diagram of the benzene MOs
(Fig. 16-5) shows them to be symmetrically distributed above and below the non-

bonding line (the energy of an isolated p orbital). The all-bonding and all-antibond-

ing orbitals ( 77, and 77(^") are lowest and highest in energy, respectively. The degenerate

bonding orbitals {tti and tt,) are higher in energy than tt, , but still bonding. The de-

generate pair ttJ and tt* are antibonding. yet not as high in energy as the all-anti-

bonding 77* orbital.

The Kekule structure for benzene shows three pi bonds, representing six elec-

trons (three pairs) involved in pi bonding. Six electrons fill the three bonding

MOs of the benzene system. This electronic configuration explains the unusual

stability of benzene. The first MO is all-bonding and is extremely low in energy.

The second and third (degenerate) MOs are still strongly bonding, and all three of
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energy

Figure 16-5

Energy diagram of tiie molec-

ular orbitals of benzene.

Benzene's six pi electrons till

the three bonding orbitals,

leaving the antibonding

orbitals vacant.

nonbonding

line

these bonding MOs delocalize the electrons over several nuclei. This configuration,

with all the bonding MOs filled (a "closed bonding shell"), is energetically very

favorable.

16-4

The Molecular

Although we can draw benzene-like resonance structures (Fig. 16-3) for cyclobuta-

diene, experimental evidence shows that cyclobutadiene is unstable. The instability

of cyclobutadiene is explained by its molecular orbitals, shown in Figure 16-6. Four

sp' hybrid carbon atoms form the cyclobutadiene ring, and their four p orbitals over-

of Cyclobutadiene '^P f^'^'' ^^^^ molecular orbitals. The lowest energy MO, tt, , is the all-bonding MO
—^""^ with no nodes.

Orbital Picture
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nonbonding ic

line Figure 16-7

An electronic energy diagram

of cyclobutadiene shows that

two electrons are unpaired in

separate nonbonding molecular

orbitals.

The next two orbitals, Tr^jind ttt, . are degenerate [egual energy.), each having

one symmetrically situated nodal plane. Each of these MOs has two bonding inter-

a^tionsjindjwo antibonding interactions. The^rietJx)iTding_order is zero, and these

two MOs are nonbondin^.

The final MO, ttJ . has two nodal planes and is entirely antibonding.

Figure 16-7 is an energy diagram of the four cyclobutadiene MOs. The lowest-

lying MO (77,) is strongly bonding, and the highest-lying MO (ttJ) is equally anti-

bonding. The two degenerate nonbonding orbitals are intermediate in energy, falling

on the nonbonding line (the energy of an isolated p orbital).

The localized structure of cyclobutadiene shows two double bonds, implying

four pi electrons. Two electrons fill tt, , the lowest-lying orbital. Once tt, is filled, there

are two orbitals of equal energy available for the remaining two electrons. If the two

electrons go into the same orbital, they must have paired spins and they must share

the same region of space. Since electrons repel each other, less energy is required for

the electrons to occupy different degenerate orbitals. with unpaired spins. This prin-

ciple is another application of Hund's rule (Section 1-2).

The electronic configuration in Figure 16-7 indicates that cyclobutadiene should

be unstable. Its highest-lying electrons are in nonbonding orbitals (tt^ and tt^) and are

therefore very reactive. According to Hund's rule.thejx)mpound exists asjijiradical

(twojtrpaired electrons) in its ground~state. Thus, molecular orbital theory success-

fully predicts the dramatic stability difference between benzene and cyclobutadiene.

The Polygon Rule. The patterns of molecular orbitals in benzene (Fig. 16-5) and

in cyclobutadiene (Fig. 16-7) are similar to the patterns in other annulenes: The low-

est-lying MO is the unique one with no nodes; thereafter, the molecular orbitals

occur in degenerate (equal-energy) pairs until only one highest-lying MO remains.

In benzene, the energy diagram looks like the hexagon of a benzene ring. In cy-

clobutadiene. the pattern looks like the diamond of the cyclobutadiene ring.

The polygon rule makes the general statement that the molecular orbital en-

ergy diagram of a regular, completely conjugated cyclic system has the same poly-

gonal shape as the compound, with one vertex (the all-bonding MO) at the bottom.

The nonbonding line cuts horizontally through the center of the polygon. Figure

PROBLEM-SOLVING HINT

The polygon rule gives you a fast

way to draw an electronic

configuration. It also provides a

quick check on molecular

orbitals you might draw, to see

which are bonding, antibonding,

and nonbonding.

< Figure 16-8

The polygon rule predicts that

the MO energy diagrams for

these annulenes will resemble

the polygonal shapes of the

annulenes.
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16-8 shows how the polygon rule predicts the shapes of the MO energy diagrams for

benzene, cyclobutadiene. and cyclooctatetraene. The pi electrons are filled into the

orbitals in accordance with the aufbau principle (lowest-energy orbitals are filled

first) and Hund's rule.

PROBLEM 16-5

Does the MO energ> diagram of cyclooctatetraene (Fig. 16-8) appear to be a particularly

stable or unstable configuration? Explain.

16-5

Aromatic,

Antiaromatic,

and Nonaromatic

Compounds

Our working definition of aromatic compounds has included cyclic compounds con-

taining conjugated double bonds, with unusually large resonance energies. At this

point we can be more specific about the properties that are required for a compound
(or an ion) to be aromatic.

.Aromatic compounds are those that meet the following criteria .

1. The structure must be cyclic
,
containing some number of conjugated pi bonds.

2. Each atom in the ring must have an unhybridized p orbital. (The ring atoms are

usually sp' hybridized or occasional!}, sp hybridized.)

3. The unhybridized p orbitalsjijust overlap to form a_continuous ring of paral-

lel orbitals. In most cases, the structure must be planar (or nearh planarj for

effective overlap to occur.

4. Delocalization of the pi electrons over the ring must result in a lowering of the

electronic energv .

An antiaromatic compound is one that meets the first three criteria, but delocal-

ization of the pi electrons o\ er the nng results in an increase in the electronic energy.

Aromatic structures are more stable than their open-chain counterparts. For

example, benzene is more stable than 1,3,5-hexatnene.

more stable (aromatic) stable

Cyclobutadiene meets the first three criteria for a continuous ring of overlap-

ping p orbitals. but the delocalization of the pi electrons results in an increase in the

electronic energy. Cyclobutadiene is less stable than its open-chain counterpart (1.3-

butadienel. and it is antiaromatic.

less stable (antiaromatic) more stable

A c\clic compound that does not ha\ e a continuous. o\erlapping ring of p or-

bitals cannot be aromatic or antiaromatic. It is said to be nonaromatic. or aliphatic.

Its electronic energy is similar to that of its open-chain counterpan. For example.

1,3-cyclohexadiene is about as stable as c/5,c/5-2,4-hexadiene.

similar stabilities

(nonaromatic)
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Erich Hiickel developed a shortcut for predicting which of the annulenes and relat-

ed compounds are aromatic and which are antiaromatic. In using Huckel's rule, we

must be certain that the compound under consideration meets the criteria for an aro-

matic or antiaromatic system.

It must have a continuous ring of overlapping p orbitals, usually in a planar

conformation.

16-6

Huckel's Rule

Once these criteria are met, Hiickel's rule applies:

HUCKEL'S RULE: If the number of pi electrons in the cyclic system is

+ 2), with an integer, the system is aromatic. Common aromatic systems

have 2. 6, and 10 pi electrons, for = 0, 1 , and 2.

Systems with 4A'pi electrons, with A' an integer, are antiaromatic. Common ex-

amples are systems with 4, 8, or 12 pi electrons.

Benzene is [6]annulene, cyclic, with a continuous ring of overlapping p or-

bitals. There are six pi electrons in benzene (three double bonds in the classical struc-

ture), so it is a (4A^ -I- 2) system, with A' = 1. Huckel's rule predicts benzene to be

aromatic.

Like benzene, cyclobutadiene ([4]annulene) has a continuous ring of overlap-

ping p orbitals, but it has four pi electrons (two double bonds in the classical struc-

ture). Hiickel's rule predicts cyclobutadiene to be antiaromatic.

Cyclooctatetraene is [8]annulene, with eight pi electrons (four double bonds)

in the classical structure. It is a 4A' system, with A' = 2. If Hiickel's rule were applied

to cyclooctatetraene, it would predict antiaromaticity. However, cyclooctatetraene is

a stable hydrocarbon with a boiling point of 152°C. It does not show the high reac-

tivity associated with antiaromaticity, yet it is not aromatic either. Its reactions are

typical of alkenes.

Cyclooctatetraene would be antiaromatic if Hiickel's rule applied, so the con-

jugation of its double bonds is energetically unfavorable. Remember that Hiickel's

rule applies to a compound only if there is a continuous ring of overlapping p orbitals,

usually in a planar system. Cyclooctatetraene is more flexible than cyclobutadiene,

and it assumes a nonplanar "tub" conformation that avoids most of the overlap be-

tween adjacent pi bonds. Hiickel's rule simply does not apply.

ittle overlap

eight 71 electrons

normal double-

bond overlap

PROBLEM 16-6

Make a model of cyclooctatetraene in the tub conformation. Draw this conformation, and

estimate the angle between the p orbitals of adjacent pi bonds.

PROBLEM-SOLVING HINT

HiJckers rule is commonly used

to determine aromaticity and

antiaromaticity. A continuous,

planar ring of overlapping p
orbitals is required for the rule

to apply. Otherwise, the system

is nonaromatic.

Large-Ring Annulenes. Like cyclooctatetraene, larger annulenes with 4A' systems

do not show antiaromaticity because they have the flexibility to adopt nonplanar

conformations. Even though [12]annulene, [16]annulene, and [20]annulene are
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4N systems (with iV = 3,4. and 5, respectively), they all react as partially conjugat-

ed polyenes.

[12]annulene [16]annulene [20]annulene

Aromaticity in the larger 4A^ + 2 annulenes depends on whether the molecule

can adopt the necessary planar conformation. In the all-cis [10]annulene, the planar

conformation requires an excessive amount of angle strain. The [10]annulene isomer

with two trans double bonds cannot adopt a planar conformation either because two

hydrogen atoms interfere with each other. Neither of these [lOJannulene isomers is

aromatic, even though each has (4N + 2) pi electrons, with A' = 2. If the interfer-

ing hydrogen atoms in the partially trans isomer are removed, the molecule can be

planar. When these hydrogen atoms are replaced with a bond, the aromatic com-

pound naphthalene results.

1

Some of the larger annulenes with + 2) pi electrons can achieve planar

confomiations. For example, the following
[
14]annulene and [ 1 8]annulene have aro-

matic properties.
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PROBLEM 16-8

One of the following compounds is much more stable than the other two. Classify each as

aromatic, antiaromatic, or nonaromatic.

heptalene azulene pentalene

Benzene is aromatic because it has a filled shell of equal-energy orbitals. The de-

generate orbitals and 77, are filled, and all the electrons are paired. Cyclobuta-

diene. by contrast, has an open shell of electrons. There are two half-filled orbitals

easily capable of donating or accepting electrons. To derive Huckel's rule, we must

show under what general conditions there is a filled shell of orbitals.

Recall the pattern of MOs in a cyclic conjugated system. There is one all-bond-

ing, lowest-lying MO, followed by degenerate pairs of bonding MOs. (There is no

need to worry about the antibonding MOs because they are vacant in the ground

state.) The lowest-lying MO is always filled (two electrons). Each additional shell

consists of two degenerate MOs, requiring four electrons to fill a shell. Figure 16-9

shows this pattern of two electrons for the lowest orbital, and then four electrons for

each additional shell.

A compound has a filled shell of orbitals if it has two electrons for the low-

est-lying orbital, plus AN electrons, where A' is the number of filled pairs of degen-

erate orbitals. The total number of pi electrons in this case is (4A^ +2). If the system

has a total of only 4A^ electrons, it is two electrons short of filling N pairs of de-

generate orbitals. There are only two electrons in the Mh pair of degenerate or-

bitals. This is a half-filled shell, and Hund's rule predicts these electrons will be

unpaired (a diradical).

16-7

Molecular Orbital

Derivation of

Huckel's Rule

(vacant orbitals not shown)

filled

shell

© + +
• • •

• • •

© + +

aromatic: (4A'-i- 2) electrons

enersv

(vacant orbitals not shown)

open

shell /V shells

y missing

2 electrons

© + +

anliaromatic: 4A' electrons

^Figure 16-9

In a cyclic conjugated system,

the lowest-lying MO is tilled

with two electrons. Each of the

additional shells consists of

two degenerate MOs, with

space for four electrons. If a

molecule has (4A' -I- 2) pi elec-

trons, it will have a filled shell.

If it has 4A' electrons, there

will be two unpaired electrons

in two degenerate orbitals. 6

PROBLEM 16-9

(a) Use the polygon rule to draw an energy diagram (as in Figs. 16-5 and 16-7) for the

MOs of a planar cyclooctatetraenyl system.

(b) Fill in the eight pi electrons for cyclooctatetraene. Is this electronic configuration aro-

matic or antiaromatic?
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(c) Draw pictorial representations (like Figs. 16-4 and 16-6) for the three bonding MOs and

the two nonbonding MOs of cyclooctatetraene. The antibonding MOs are difficult to draw,

except for the all-antibonding MO,

16-8 Up to this point, we have discussed aromaticity using the annulenes as examples.

Aromatic Ions
Annulenes are uncharged molecules having even numbers of carbon atoms with al-

ternating single and double bonds. Hiickers rule also applies to systems having odd

numbers of carbon atoms and bearing positive or negative charges. We now consid-

er some common aromatic ions and their antiaromatic counterparts.

1 6-8A The Cyclopentadienyljons

We can draw a five-membered ring of sp^ hybrid carbon atoms with all the unhy-

bridized p orbitals lined up to form a continuous ring. With five pi electrons this

system would be neutral, but it would be a radical because_an_odd number of elec -

trons cannot all be paired. With four pi electrons (a cafion). Hiickel's rule predicts

this system to be antiaromatic. With six pi electrons (an anion) , Hiickers rule pre -

dicts aromaticity.

two electrons

four electrons six electrons

cyclopentadienyl cation cyclopentadienyl anion

Because the cyclopentadienyl anion (six pi electrons) is aromatic, it is unus ij-

^lly stable compared with other carbanions. It can be formed by abstracting a pro-

ton from cyclopentadiene, which is unusually acidic for an alkene. Cyclopentadiene

has a pA'^ of 16. compared with a pA'., of 46 for cyclohexene. In fact, cyclopenta-

diene is nearly as acidic as water and more acidic than many alcohols. It is entirely

ionized by potassium /-butoxide:

pA", = 16 the cyclopentadienyl anion

(six pi electrons)
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Cyclopentadiene is unusually acidic because loss of a proton converts the

nonaromatic diene to the aromatic cyclopentadienyl anion. Cyclopentadiene con-

tains an 5/r hybrid (—CH^— ) carbon atom without an unhybridized p orbital, so

there can be no continuous ring ofp orbitals. Deprotonation of the —CH^— group

leaves an orbital occupied by a pair of electrons. This orbital can rehybridize to a p
orbital, completing a ring of/? orbitals containing six pi electrons: the two electrons

on the deprotonated carbon, plus the four electrons in the original double bonds.

p orbital

-OC(CH3)3 + HOC(CH 3 '3

cyclopentadiene

nonaromatic

cyclopentadienyl anion

aromatic

When we say the cyclopentadienyl anion is aromatic, this does not necessari-

ly imply that it is as stable as benzene. As a carbanion. the cyclopentadienyl anion

reacts readily with electrophiles. The fact that this ion is aromatic implies that it is

more stable than the corresponding open-chain ion.

more stable

(aromatic)

less stable

HUckel's rule predicts that the cyclopentadienyl cation, with four pi electrons,

is antiaromatic. In agreement with this prediction, the cyclopentadienyl cation is not

easily formed. Protonated 2,4-cyclopentadienol does lose water (to give the cy-

clopentadienyl cation), even in concentrated sulfuric acid. The antiaromatic cation

is simply too unstable.

H OH

2,4-cyclopentadienol

H.SOj

X-
(does not occur)

-I-

not formed

(four pi electrons)

Using a simple resonance approach, we might incorrectly expect both of the cy-

clopentadienyl ions to be unusually stable. Shown below are resonance structures

that spread the negative charge of the anion and the positive charge of the cation

over all five carbon atoms of the ring. With conjugated cyclic systems such as these,

the resonance approach is not a good predictor of stability. The Hiickel rule, based

on molecular orbital theory, is a much better predictor of stability for these aromat-

ic and antiaromatic systems.

\ /

cyclopentadienyl anion: six 77 electrons, aromatic
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+

cyclopentadieny! cation; four tt electrons. antiart)niatic

The resonance picture gives a misleading suggestion of stability.

PROBLEM 16-10

(a) Draw the molecular orbitals for the cyclopropenyl case.

H

( Since there are three p orbitals. there must be three MOs: one all-bonding MO and one de-

generate pair of MOs.)

(b) Draw an energy diagram for the cyclopropenyl MOs. (The polygon rule may be help-

ful.) Label each MO as bonding, nonbonding. or antibonding. and add the nonbonding line.

Notice that it goes through the approximate average of the MOs.
(c) Add electrons to your energy diagram to show the configuration of the cyclopropenyl

cation and the cyclopropenyl anion. Which is aromatic and which is antiaromatic?

PROBLEM 16-1 P
Repeat Problem 16-10 for the cyclopentadienyl ions. Draw one all-bonding MO. then a

pair of degenerate MOs. and then a final pair of degenerate MOs. Draw the energy dia-

gram, fill in the electrons, and determine the electronic configurations of the cyclopenta-

dienyl cation and anion.

I6-8B The CycloheptatrienyMons

As with the five-membered ring, we can imagine a flat seven-membered ring with

seven p orbitals aligned. The cation has six pi electrons, and the anion has eight _p i

electrons. Once again, we can draw resonance fornis that seem to show either the pos-

itive charge of the cation or the negative charge of the anion delocalized over all

seven atoms of the ring. By now. however, we know that the si.x-electron system is

aromatic and the eight-electron system is antiaromatic (if it remains planar).

cycloheptatrienyl cation (tropylium ion): six pi electrons, aromatic

cyclohcptatrienyl anion: eight pi electrons, antiaromatic (it planar)

The resonance picture gives a misleading suggestion of stability.
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The cycloheptatrienyl cation is easily formed by treating tlie corresponding al-

cohol with dilute (0.01 N) aqueous sulfuric acid. This is our first example of a hy-

drocarbon cation that is stable in aqueous solution.

OH
(pH < 3)

H + .H,0

H H
tropylium ion. six pi electrons

The cycloheptatrienyl cation is called the tropylium ion. This aromatic ion is

much less reactive than most carbocations. Some tropylium salts can be isolated and

stored for months without decomposing. Nevertheless, the tropylium ion is not nec-

essarily as stable as benzene. Its aromaticity implies that the cyclic ion is more sta-

ble than the coiTesponding open-chain ion.

more stable

(aromatic)

less stable

In contrast with the easy formation of the tropylium ion. preparation of the

corresponding anion is difficult because it is antiaromatic. Cycloheptatriene

(pA'a = 39) is a little more acidic than propene (pA'^ = 43). and the anion is very re-

active. This result agrees with the prediction of Hiickefs rule that the cyclohepta-

trienyl anion is antiaromatic.

-I- B—

H

cycloheptatriene

P^a = 39

cycloheptatrienyl anion

eight pi electrons

1 6-8C The Cyclooctatetraene Dianion

We have seen that aromatic stabilization leads to unusually stable hydrocarbon an-

ions such as the cyclopentadienyl anion. Dianions of hydrocarbons are rare and are

usually much more difficult to form. Cyclooctatetraene reacts with potassium metal,

however, to form an aromatic dianion.

2 K 2 K-

ten pi electrons

The^jC^idoQctatetraene dianion has a planar, regular octagonal structure, with

C—C bond lengths of 1.40 A. close to the 1.397 A bond lengths in benzene. Cy-

clooctatetraene itself has eight pi electrons, so the dianion has ten: (4A' + 2), with

N = 1. The cyclooctatetraene dianion is easily prepared because it is aromatic.
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PROBLEM-SOLVING HINT

Use Hiickel's rule (and the

criteria for its application),

rather than resonance, to deter-

mine which annulenes and ions

are aromatic, antiaromatic, and

nonaromatic.

PROBLEM 16-12

Explain why each compound or ion should be aromatic, antiaromatic. or nonaromatic.

(a) (b) (c)

the cyclono-

natetraene cation

the cyclono-

natetraene anion

(d)

the [I6]annulene dianion

(f) the [20]annulene dication

the [18]annulene dianion

PROBLEM 16-13

The following hydrocarbon has an unusually large dipole moment. Explain how a large di-

pole moment might arise.

PROBLEM 16-14

When 3-chlorocyclopropene is treated with AgBFj, AgCl precipitates. The organic prod-

uct can be obtained as a crystalline material, soluble in polar solvents such as nitromethane

but insoluble in hexane. When the crystalline material is dissolved in nitromethane con-

taining KCl, the original 3-chlorocyclopropene is regenerated. Determine the structure of

the crystalline material, and draw equations for its formation and its reaction with chlo-

ride ion.

I6-8D Summary ofAnnulenes and Their Ions

The application of Hijckel's rule to a variety of cyclic pi systems is summarized

below. These systems are classified according to the number of pi electrons: The 2,

6, and 10 pi-electron systems are aromatic, while the 4 and 8 pi-electron systems

are antiaromatic if they are planar.

2 pi-electrun systems (aioinutic)

.+ cyclopropenyl cation (cyclopropenium ion)

4 pi-electron systems (antioromatic)

cyclobutadiene cyclopropenyl anion cyclopentadienyl cation
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6 pi-electron sysfeiiis Iaromatic)

benzene cyclopentadienyl anion cycloheptatrienyl cation pyridine pyrrole furan

(cyclopentadienide ion) (tropylium ion)

8 pi-electron systems lantiaronuitic ifplanar)

cyclooctatetraene cycloheptatrien\ 1 cyclononatetraenyl pentalene

(not planar) anion cation

10 pi-electron systems I aromatic)

naphthalene azulene cyclononatetraenyl cyclooctatetraenyl indole

anion dianion

(Naphthalene can also be considered as two fused benzenes.)

12 pi-electron systems (antiaromatic ifplanar)

[12]annulene heptalene

(not planar)

The criteria for Hiickers rule require a ring of atoms, all with unhybridized p or- I 6-9

Heterocyclic

Aromatic

bitals overlapping in a continuous ring. In discussing aromaticity. we have consid-

ered onh compounds composed of rings of sp~ hybrid carbon atoms. Heterocyclic

compounds, w ith rings containing sp' hybridized atoms of other elements, can also

be aromatic. Nitrogen, oxygen, and sulfur are the most common heteroatoms in het- CompOUnds
erocyclic aromatic compounds.

jl^-9A Pyridine

Pyridine is an aromatic nitrogen analogue of benzene: a six-membered heterocyclic

ring w ith six pi electrons. Pyridine has a nitrogen atom in place of one of the six

—H units of benzene, and the nonbonding pair of electrons on nitrogen replaces
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pyridine

Figure 16-10

Pyridine has six delocahzed electrons in its cyclic pi system. The two nonbonding electrons

on nitrogen are in an sp- orbital, and they do not interact with the pi electrons of the ring.

the bond to a hydrogen atom. These nonbondino_ electrons are in an sp-hyhnd or-

bital in the plane of the rin^Fig. 16-10). They are perpendicular to tTTepTsystem and

do not overlap withjt.

Pyridine shows all the characteristics of aromatic compounds. It has a reso-

nance energy of 27 kcal/mol (113 kJ/mol), and it usually gives substitution rather

than addition. Because it has an available pair of nonbonding electrons, pyridine is

basic (Fig. 16-1 1 ). In an acidic solution, pyridine protonates to give the pyridinium

ion. The pyridinium ion is still aromatic, since the additional proton has no effect

on the electrons of the aromatic sextet: It simply bonds to pyridine's nonbonding pair

of electrons.

nated pyridine (a pyridinium pyridine, pK^ = 8.8 pyridinium ion. pA; = 5.2

ion) is still aromatic. —

1 6-9B Pyrrole

Pyrrole is an aromatic five-membered heterocycle. with one nitrogen atom and two

double bonds (Fig. 16-12). Although it may seem that pyrrole has only four pi elec-

trons, the nitrogen atom has a lone pair of electrons. The pyrrole nitrogen atom is s£'

hybridized, and its unhybridized p orbital overlaps with the p orbitals_of_thecarbon

.-itoms to form n rnntirmQus jing. The lone pair on nitrogen occupies the p orbital and

(unlike the lone pair of pyridine) these electrons take part m the pi bonding system

.

These two electrons, added tojhe four p i electrons of the two double bonds, coin-

plete an aromatic sextet. Pyrrole has a resonance energy of 22 kcal/mol (92 kJ/mol).

Pyn-ole (pK^, =T3.6) is a much weaker base than pyridine {pK^ = 8.8). This

difference is due to the structure of the protonated pyrrole (Fig. 16-13). To form a

bond to a proton requires use of one of the electron pairs in the aromatic sextet. In
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:N—

H

orbital structure of pyrrole

(six pi electrons, aromatic)

Figure 16-12

The pynole nitrogen atom is .v/r hybridized, with a lone pair of electrons in the /; orbital.

This p orbital overlaps with the /> orbitals of the carbon atoms to form a continuous ring.

Counting the four electrons of the double bonds and the two electrons in the nitrogen p
orbital, there are six pi electrons.

the protonated pyrrole, the nitrogen atotn is bonded to four different atoms (two car-

bon atoms and two hydrogen atoms), requiring s^r hybridization and leaving no

unhybridized p orbital. The protonated pyiTole is nonaromatic. In fact, a sufficient-

ly strong acid actually protonates pyrrole at the 2-position, on one of the carbon

atoms of the ring (discussed in Section 19-1 IB), rather than on nitrogen.

+ H.O

pyrrole, pK^^ = 13.6

(weak base)

OH

A^-protonated pyrrole, pK^ = 0.4

(strong acid)

N— H + H.O

pyrrole

(aromatic)

A'-protonated pyrrole

(nonari)matic)

OH
Figure 16-13

The pyn^ole nitrogen atom

must become sp^ hybridized to

abstract a proton. This elimi-

nates the unhybridized p
orbital needed for aromaticity.

I6-9C Pyrimidine and Imidazole

Pyrimidine is a six-membered heterocycle with two nitrogen atoms situated in a 1,3-

arrangement. Both nitrogen atoms are like the pyridine nitrogen. Each has its lone

pair of electrons in the sjr hybrid orbital in the plane of the aromatic ring. These

lone pairs are not needed for the aromatic se.xtet, and they are basic, like the lone pair

of pyridine.
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PROBLEM-SOLVING HINT

Practice spotting basic and

nonbasic nitrogen atoms. Most

nonbasic (pyrrole-lil<e) nitrogens

have three single bonds, and

most basic (pyridine-like) nitro-

gens have a double bond in the

ring.

imidazole

pyrimidine

^NyN-H
basic not basic

imidazole punne

Imidazole is an aromatic five-membered heterocycle with two nitrogen atoms.

One nitrogen atom (the one not bonded to a hydrogen) has its lone pair in an sp'^ or-

bital that is not involved in the aromatic system; this lone pair is basic. The other ni-

trogen uses its third sp~ orbital to bond to hydrogen, and its lone pair is part of the

aromatic sextet. Like the pyrrole nitrogen atom, this imidazole N—H nitrogen is

not very basic. Once imidazole is protonated, the two nitrogens become chemically

equivalent. Either nitrogen can lose a proton and return to an imidazole molecule.

/=\

H' H H
protonated imidazole

H H'
N: + H+

imidazole

Purine has an imidazole ring fused to a pyrimidine ring. Purine has three basic

nitrogen atoms and one pyrrole-like nitrogen.

Pyrimidine and purine derivatives serve in DNA and RNA to specify the genetic

code. Imidazole derivatives enhance the catalytic activity of enzymes. We will con-

sider these important heterocyclic derivatives in more detail in Chapters 23 and 24.

PROBLEM 16-15

The proton NMR spectrum of 2-pyridone gives the chemical shifts shown below.

H 7.26

6. 1 5 H H 6.57

2-pyridone

(a) Is 2-pyridone aromatic?

(b) Use resonance forms to explain your answer to (a). Also explain why the protons at

57.31 and 7.26 are more deshielded than the other two (66.15 and 6.57).

(c) Thymine is one of the heterocyclic bases found in DNA. Do you expect thymine to be

aromatic? Explain.

I6-9D Furan andThiophene

Furan is an aromatic five-membered heterocycle like pyiTole, but the heteroatom is

oxygen instead of nitrogen. The classical structure for furan (Fig. 16-14) shows

that the oxygen atom has two lone pairs of electrons. The oxygen atom is sp' hy-

bridized, and one of the lone pairs occupies an sp' hybrid orbital. The other lone pair

occupies the unhybridized p orbital, combining with the four electrons in the dou-

ble bonds to give an aromatic sextet. Furan has a resonance energy of 16 kcal/mol

(67 kJ/mol).
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:N—

H

pynole

N—

H

six pi electrons

furan

six pi electrons

thiophene

2p orbitals 3p orbital

six pi electrons

Figure 16-14

Pynole, furan. and thiophene are isoelectronic. In furan and thiophene, the pynole N—

H

bond is replaced by a nonbonding pair of electrons in the sp' hybrid orbital.

Thiophene is similar to furan, with a sulfur atom in place of the furan oxygen.

The bonding in thiophene is similar to that in furan, except that the sulfur atom uses

an unhybridized 3/? orbital to overlap with the 2p orbitals on the carbon atoms. The

resonance energy of thiophene is 29 kcal/mol (121 kJ/mol).

PROBLEM 16-16

Explain why each compound is aromatic, antiaromatic. or nonaromatic.

<''''V-}n= (b)ll II
<c)

II II
(d)

H
isoxazole pyran pyrylium ion 1 .2-dihydropyridine 1.3-thiazole

PROBLEM 16-17

Borazole. B,N,H(,, is an unusually stable cyclic compound. Propose a structure for bora-

zole. and explain why it is aromatic.

The polynuclear aromatic hydrocarbons (abbreviated PAHs or PNAs) are com-

posed of two or more fused benzene rings. Fused rings share two carbon atoms and

the bond between them.

Naphthalene. Naphthalene (C|oHg) is the simplest fused aromatic compound,

consisting of two fused benzene rings. We represent naphthalene by using one

of the three Kekule resonance structures or using the circle notation for the

aromatic rin^s.

16-10

Polynuclear

Aromatic

Hydrocarbons
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naphthalene

The two aromatic rings in naphthalene contain a total of 10 pi electrons. Two
isolated aromatic rings would contain 6 pi electrons in each aromatic system, for a total

of 12. The smaller amount of electron density gives naphthalene less than twice the

resonance energy of benzene: 60 kcal/mol (252 kJ/mol), or 30 kcal (126 kJ) per aro-

matic ring, compared with benzene's resonance energy of 36 kcal/mol (151 kJ/mol).

Anthracene and Phenanthrene. As the number of fused aromatic rings increases,

the resonance energy per ring continues to decrease, and the compounds become

more reactive. Tricyclic anthracene has a resonance energy of 84 kcal/mol (351

kJ/mol), or 28 kcal ( 1 17 kJ) per aromatic ring. Phenanthrene has a slightly higher res-

onance energy of 91 kcal/mol (381 kJ/mol), or about 30.3 kcal (127 kJ) per aromat-

ic ring. Each of these compounds has only 14 pi electrons in its three aromatic rings,

compared with 18 electrons for three separate benzene rings.

H H H H
anthracene phenanthrene

(Only one Kekule structure is shown for each compound.)

Because they are not as strongly stabilized as benzene, anthracene and phenan-

threne can undergo addition reactions that are more characteristic of their nonaromatic

polyene relatives. Anthracene undergoes 1,4-addition at the 9- and 10-positions to give

a product with two isolated, fully aromatic benzene rings. Similarly, phenanthrene

undergoes 1,2-addition at the 9- and 10-positions to give a product with two fully aro-

matic rings. (Because they are less likely to be substituted, the bridgehead carbon

atoms of fused aromatics are often left unnumbered.)

H H H H Br

Br,

CCI,

H Br

(mixture of cis and trans)
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CCl,

H H
phenanthrcne

PROBLEM 16-18

H H Br

(mixture of cis and trans)

(a) Draw ail tiie Ket:ule structures of anthracene and piienanthrene.

(b) Propose meclianisms for tlie two additions shown above.

(c) In Chapter 8, most of the additions of bromine to double bonds gave entirely anti ster-

eochemistry. E.xplain why the addition to phenanthrcne gives a mixture of syn and anti

stereochemistry.

(d) When the product from (c) is heated, HBr is evolved and 9-bromophenanthrene re-

sults. Propose a mechanism for this dehydrohalogenation.

Larger PolynuclearAromatic Hydrocarbons. There is a high level of interest in the

larger PAHs because they are formed in most combustion processes and many of

them are carcinogenic (capable of causing cancer). The following three compounds,

for example, are present in tobacco smoke. These coinpounds are so hazardous that

laboratories must install special containment facilities to work with them, yet smok-

ers expose their lung tissues to them.

pyrene benzo[fl]pyrene dibenzopyrene

The black material in diesel

exhaust consists of small parti-

cles that are rich in polynu-

clear aromatic hydrocarbons.

Purine is one of many fused heterocyclic compounds whose rings share two atoms I 6- I I

and the bond between them. For exatnple, the following compounds all contain fused r iii-.... _ i--.
. .. ^ - ^ rused Heterocyclic

heteiocyclic aromatic rings. '

Compounds

purine indole benzimidazole quinoline benzofuran benzothiophene

The properties of fused-ring heterocycles are generally similar to those of the

simple heterocycles. Fused heterocyclic compounds are common in nature, and they

are also used as drugs to treat a wide variety of illnesses. Figure 16-15 shows some
fused heterocycles that occur naturally or are synthesized for use as drugs.
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L-tr>ptophaii. an amino acid benziodarone, a vasodilator LSD, a hallucinogen quinine, an antimalarial drug

A Figure 16-15

Examples of biologically active fused heterocycles.

16-12

Nomenclature

of Benzene

Derivatives

Benzene derivatives have been isolated and used as industrial reagents for well over

100 years. Many of their names are rooted in the historical traditions of chemistry.

The following compounds are usually called by their historical common names, and

almost nex er by the systematic lUPAC names.

common name:

common name:

phenol

(benzenol)

C=C

toluene

(methylbenzene)

H

aniline

(benzenaniine)

OCH3

anisole

(methoxybenzene)

O

^OH

styrene

(\ niylbenzene)

acetophenone

(methyl phenyl ketone)

benzaldehvde benzoic acid

Many compounds are named as derivatives of benzene, with their substituents

named just as though they were attached to an alkane.

;e;f-butylbenzene nitrobenzene ethynylbenzene benzenesulfonic acid

(phenylacetylene)

Disubstituted benzenes are named using the prefixes ortho-, meta-, and para-

to specify the substitution patterns. These terms are abbreviated o-, /?;-. and p-. Num-

bers can also be used to specify the substitution in disubstituted benzenes.
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common name:

C—OOH

o-dichlorobenzene m-chloroperoxybenzoic acid

1 .2-diclilorohcn/cnc 3-chli)roperc>\_\ benzoic a^ul

1 .4 or para

/7-nitrophenol

4-nitriiphcnol

With three or more substituents on the benzene ring, numbers are used to give

their positions. Assign the numbers as you would with a substituted cyclohexane. to

give the lowest possible numbers to the substituents. The carbon atom bearing the

functional group that defines the base name (as in phenol or benzoic acid) is as-

sumed to be CI

.

NO.

O.N

1 .3..>-trinitrobcn/enc

NO,
2.4-dinitrophcnol 3.5-dihvdr()xvben/oic acid

Many disubstituted benzenes (and polysubstituted benzenes) have historical

names. Some of these are obscure, with no obvious connection to the structure of the

molecule.

CH,

common name:

lUPAC name:

;)i-xylene

1 .3-dimelhvlbenzene

H3C V CH3
mesit\ lene

1.3..'^- jnzene

o-toluic acid

2-nieth\ Iben/oic acid

/j-cresol

4-meth\ Iphcnol

When the benzene ring is named as a substituent on another molecule, it is

called a phenyl group. The phenyl group is used in the name just like the name of

an alk\ 1 group, and it is often abbreviated Ph (or (f)) in drawing a complex structure.

CH,—C=C—CH, CH,—CH.—OH
OPh

or Ph—CH.—C=C—CH3
l-phenyl-2-butyne

or Ph.O

diphenyl ether 3-phenoxycyclohexene

or PhCHXH.OH
2-phenylethanol
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The seven-carbon unit consisting of a benzene ring and a methylene

(—CH2— ) group is often named as a benzyl group. Be careful not to confuse the

benzyl group (seven carbons) with the phenyl group (six carbons).

CH,—

}

CH.Br CH,OH

a phenyl group a benzyl group benzyl bromide

(a-bromotoluene)

benzyl alcohol

Aromatic hydrocarbons are sometimes called arenes. An aryl group, abbreviat-

ed Ar, is the aromatic group that remains after the removal of a hydrogen atom from

an aromatic ring. The phenyl gi'oup. Ph. is the simplest aryl group. The generic aryl group

(Ar) is the aromatic relative of the generic alkyl group, which we symbolize by R.

Examples of aryl groups

H,C'

the phenyl

group

the o-nitrophenyl

group

Examples of the use ofa generic aryl group

Ar—MgBr
an arylmagnesium

bromide

Ar,0 or Ar—O— Ar'

a diarvl ether

the p-tolyl

group

Ar—NH.
an ar\ lamine

N
the 3-pyridyl

group

Ar—SO3H
an arvlsulfonic acid

PROBLEM 16-19

Draw and name all the chlorinated benzenes, having from one to six chlorine atoms.

PROBLEM 16-20

Name the following compounds.

CHXHX=CH OH

COOH

(f)

OCHlCH,),

NO,

NO,

CH,OCH,CH,

PROBLEM 16-21

Draw and name a specific example of each class of compounds.

(a) an alkyl aryl ether. Ar—O—

R

(b) an arylsulfonic acid. Ar—SO3H
^

(c) an ai^llithium reagent

(d) an aryl alcohol (What is a better generic name for this class of compounds?)
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(e) a diaryl methanol

(f) an arylbenzene

(g) a substituted benzyl alcohol

The melting points, boiling points, and densities of benzene and some derivatives are

given in Table 16-1. Benzene derivatives tend to be more symmetrical than similar

aliphatic compounds, so they pack better into crystals and have higher melting points.

For example, benzene melts at 6°C. while hexane melts at -95°C. Similarly, para-

disubstituted benzenes are more symmetrical than the ortho and meta isomers, and

they pack better into crystals and have higher melting points.

The relative boiling points of many benzene derivatives are related to their di-

pole moments. For example, the dichlorobenzenes have boiling points that follow

their dipole moments. Symmetrical /?-dichlorobenzene has zero dipole moment and

the lowest boiling point. /»-Dichlorohenzene has a small dipole moment and a slight-

ly higher boiling point. r>-Dichlorobenzene has the largest dipole moment and the

highest boiling point. Even though p-dichlorobenzene has the lowest boiling point, it

packs best into a crystal, and it has the highest melting point of the dichlorobenzenes.

C\

o-dichlorobenzene

bp 181°C

mp -17°C

/»-dichlorobenzene

bp 173°C

mp -25°C

CI

/)-dichlorobenzene

bp 170°C

mp 54°C

Benzene and other aromatic hydrocarbons are slightly denser than the nonaro-

matic analogues, but they are still less dense than water. The halogenated benzenes

are denser than water. The aromatic hydrocarbons and the halogenated aromatics

are generally insoluble in water, although some of the derivatives with strongly polar

functional groups (phenol, benzoic acid, etc.) are moderately soluble in water.

16-13

Physical Properties

of Benzene and

Its Derivatives

TABLE 16-1 Phy sical Properties of Benzene and Its Derivatives

Deiisit}- Density

Compound inp(°C) hprC) Compound mp(°C) bprc) (g/mL)

benzene 6 80 0.88 o-xylene -26 144 0.88

toluene -95 111 0.87 /^-xylene -48 139 0.86

ethylbenzene -95 136 0.87 /7-xylene 13 138 0.86

styrene - 31 146 0.91 o-chlorotoluene -35 159 1.08

ethynylbenzene - 45 142 0.93 »!-chlorotoluene -48 162 1.07

fluorobenzene -41 85 1.02 /'-chlorotoluene 8 162 1.07

chlorobenzene -46 132 1.11 o-dichlorobenzene - 17 181 1.31

bromobenzene - 31 156 1.49 H(-dichlorobenzene -25 173 1.29

iodobenzene -31 188 1.83 p-dichlorobenzene 54 170 1.07

benzyl bromide -4 199 1.44 r)-dibromobenzene 7 225 1.62

nitrobenzene 6 211 1.20 ;;;-dibromobenzene -7 218 1.61

phenol 43 182 1.07 /j-dibromobenzene 87 218 1.57

anisole 37 156 0.98 r)-toluic acid 106 263 1.06

benzoic acid 122 249 1.31 (H-toluic acid 111 263 1.05

benzyl alcohol - 15 205 1.04 /)-toluic acid 180 275 1.06

aniline - 6 186 1.02 o-cresol 30 192 1.03

diphenyl ether 28 259 1.08 /;;-cresol 12 202 1.03

mesitylene -45 165 0.87 /)-cresol 36 202 1.03
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16-14

Spectroscopy

of Aromatic

Compounds

Infrared Spectroscopy (Review). Aromatic compounds are readily identified by

their infrared spectra because they show a characteristic C=C stretch around 1600

cm '. This is a lower C=C stretching frequency than for isolated alkenes (1640

to 1680 cm"') or conjugated dienes (1620 to 1640 cm"') because the aromatic

bond order is only about \\. The aromatic bond is therefore less stiff than a normal

double bond, and vibrates at a lower frequency.

bond order = h
V = 1600 cm-'

V = 3030 cm-'

Like alkenes, aromatic compounds show unsaturated =C—H stretching just

above 3000 cm"' (usually around 3030 cm"'). The combination of the aromatic

C=C stretch around 1600 cm"' and the =C—H stretch just above 3000 cm"'

leaves little doubt of the presence of an aromatic ring. The sample spectra labeled

Compounds 4. 5. and 7 in Chapter 12 (pages 523-524) are examples of compounds

containing aromatic rings.

NMR Spectroscopy (Review). Aromatic compounds give readily identifiable 'H

NMR absoiptions around 57 to 58, strongly deshielded by the aromatic ring current

(Section 13-5B). In benzene, the aromatic protons absorb around 57.2. The absorp-

tion may be moved farther downfield by electron-withdrawing groups such as car-

bonyl. nitro. or cyano groups, or it may be moved upfield by electron-donating groups

such as hydroxyl, alkoxy. or amino groups.

Nonequivalent aromatic protons that are ortho or meta usually split each other.

The spin -spin splitting constants are about 8 Hz for ortho protons and 2 Hz for meta

protons. Figures 13-11, 13-18. 13-24. 13-29. and 13-34 are examples of proton NMR
spectra of aromatic compounds.

Aromatic carbon atoms absorb around 5120 to 5150 in the
'

'C NMR spectrum.

Alkene carbon atoms can also absorb in this spectral region, but the combination of

'^C NMR with 'H NMR or IR spectroscopy usually leaves no doubt about the pres-

ence of an aromatic ring.

Mass Spectrometry. The most common mass spectral fragmentation of alkylben-

zene derivatives is the cleavage of a benzylic bond to give a resonance-stabilized

benzylic cation. For example, in the mass spectrum of /!-butylbenzene (Fig. 16-16)

the base peak is at m/z 9 1 , from benzylic cleavage to give a benzylic cation. The

benzylic cation may reairange to give the aromatic tropylium ion. Alkylbenzenes

frequently give ions corresponding to the tropylium ion at m/z 91.

PROBLEM 16-22

Draw three more resonance forms for the benzyl cation in Figure 16-16.

Ultraviolet Spectroscopy. The ultraviolet spectra of aromatic compounds are quite

different from those of nonaromatic polyenes. For example, benzene has three ab-

solutions in the ultraviolet region: an intense band at A,„^^ = 184 nm = 68,000),
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,CH,4-CHXH.CH:

benz\ lie position

CHXH.CH, +

benzvl cation

>n/z9\

tropvlium ion

m/z9\

100

80

o
60

3 40

20

0

Ph— CHXHXHXH,
/i-butylbenzene

M-^ 1... .1., ...L ill 1, 1 .—fiiiii

-

,, , 1,

50 60 70 80 90

mlz

100 110 120 130 140 150 160

Figure 16-16

The mass spectrum of //-butyl-

benzene has its base peak at

m/z 9 1 . corresponding to

cleavage of a benzylic bond.

The fragments are a benzyl

cation and a propyl radical.

The benzyl cation rearranges to

the tropylium ion. detected at

ni/z9\.'

a moderate band at A^,^^ = 204 nm ie = 8800). and a characteristic low -intensity

band of multiple absorptions centered around 254 nm (s = 200 to 300). In the UV
spectrum of benzene in Figure 16-17. the absorption at 184 nm does not appear be-

cause wavelengths shorter than 200 nm are not accessible b\ standard UV- visible

spectrometers.

All three major bands in the benzene spectrum correspond to tt
—* tt^'- transi-

tions. The absorption at 184 nm corresponds to the energy of the transition from one

of the two HOMOs to one of the two LUMOs. The w eaker band at 204 nm corre-

sponds to a "forbidden" transition that would be impossible to observe if benzene

were always an unperturbed, perfectly hexagonal structure.

The most characteristic part of the spectrum is the band centered at 254 nm.

called the benzenoid band. .About three to six small, sharp peaks (called /7He struc-

ture) usually appear in this band. Their molar absorptivities are weak, usually 200 to

300. These benzenoid absorptions correspond to additional forbidden transitions.

Simple benzene deri\"ati\es show most of the characteristics of benzene,

including the moderate band in the 210 nm region and the benzenoid band m the

260 nm region. .Alkyl and halogen substituents increase the \ alues of A^^^^ by about
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TABLE 16-2 Ultraviolet Spectra of Benzene and Some Derivatives

Moderate Band Benzenuid Band
Compound Structure x^^Jnm) e K^.^Jnm} e

benzene

ethylbenzene

m-x\iene

bromobenzene

styrene

5 nm. as shown by the examples in Table 16-2. An additional conjugated double

bond can increase the value of A^ax b\ about 30 nm. as show n by the UV spectrum

of styrene in Figure 16-17.

PROBLEM 16-23

The UV spectrum of l-phenyl-2-propen-l-ol shows an intense absorption at 220 nm
and a weaker absorption at 258 nm. When this compound is treated with dilute sulfuric

acid, it rearranges to an isomer with an intense absorption at 250 nm and a weaker ab-

sorption at 290 nm. Suggest a structure for the isomeric product and give a mechanism

for its formation.

Cha.pt6t* 16 aliphatic compound .-Xn organic compound that is not aromadc. (p. 690)

Glossary annulenes Cyclic hydrocarbons with alternating single and double bonds, (p. 694)

[6]annulene (benzene) [10]annulene (cyclodecapentaene)

aromatic compound A cyclic compound containing some number of conjugated double

bonds, characterized by an unusually large resonance energy, (pp. 691. 700)

To be aromatic, all its ring atoms must ha\e unhybridized p orbitals that overlap to form

a continuous ring. In most cases, the suucture must be planar and have (4,V 2) pi elec-

trons, with A' an integer. Delocalization of the pi electrons o\ er the ring results in a low-

ering of the electronic energy,

antiaromatic compound A compound that has a continuous ring of p orbitals as in an aro-

matic compound, but delocalization of the pi electrons over the ring increases the electronic

energy, (p. 700)

In most cases, the structure must be planar and ha\ e (4A0 pi electrons, with \ an integer,

arenes Aromatic hydrocarbons, usually based on the benzene ring as a stmcuiral unit. (p. 718)
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aryl group (abbreviated Ar) The aromatic group that remains after taking a hydrogen atom

off an aromatic ring; the aromatic equivalent of the generic alkyl group (Rl. (p. 718)

benzenoid band The weak band around 250 to 270 nm in the UV spectra of benzenoid aro-

matics. This band is characterized by multiple sharp absorptions (fine structure), (p. 721

)

benzyl group iPhCH;— ) The se\ en-carbon unit consisting of a benzene ring and a meth-

ylene group. I p. 7 1 8

1

degenerate orbitals Orbitals hav ing the same energy, (p. 6%)

fused rings Rings that share a common carbon -carbon bond and its two carbon atoms, (p. 713)

heterocyclic compound (heterocycle) .A cyclic compound in w hich one or more of the ring

atoms is not carbon, (p. ~()9i

aromatic heterocycle: a heterocyclic compound that fulfills the criteria for aromaticity

and has a substantial resonance energy.

Hiickel's rule A cyclic molecule or ion that has a continuous ring of overlapping p orbitals

u ill be

1 . aromatic if the number of pi electrons is (4A' - 2). with .V an integer.

2. antiaromatic if the number of pi electrons is (4A0. w ith N an integer, (p. 701

)

Kekule structure .A classic structural formula for an aromatic compound, showing local-

ized double bonds, (p. 690)

nonaromatic compound Neither aromatic nor antiaromatic; lacking the continuous ring of

overlapping p orbitals required for aromaucity or antiaromaticity. ip. 700)

ortho Having a 1.2-relationship on a benzene ring. (p. 716)

nieta Having a 1 .3-relationship on a benzene ring. (p. 716)

para Ha\ ing a 1 .4-relationship on a benzene ring. ip. 716)

X X

Y X

Y

ortho (1.2) meta ( 1.3) para (1.4)

phenyl group (Ph or d)) The benzene ring, minus one hydrogen atom, when named as a sub-

stituent on another molecule, (p. 717)

polygon rule The energy diagram of the MOs of a regular, completely conjugated cyclic

system has the same polygonal shape as the compound, with one vertex (the all-bonding MO)
at the bottom. The nonbonding line cuts horizontally through the center of the polygon,

(p. 699)

Energy diagrams

c\clobutadiene ;\clopentadienyl cation

* 4^'

*

tropylium ion

polynuclear aromatic compounds .Aromatic compounds w ith t\\ o or more fused aromatic

rings. Naphthalene is an example of a polynuclear aromatic hydrocarbon (PAH or PN.A).

and indole is an example of a polynuclear aromatic heterocycle. (p. 713)

naphthalene indole

resonance energy The extra stabilization provided by delocalization. compared with a lo-

calized structure. For aromatic compounds, the resonance energy is the extra stabilization

provided by the delocalizadon of the electrons in the aromatic ring. (p. 693)

tropylium ion The cycloheptatrienyl cation, (p. 707)
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ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 16

1. Be able to construct the molecular orbitals of a cyclic system ofp orbitals sim-

ilar to benzene and cyclobutadiene.

2. Use the polygon rule to draw the energy diagram for a cyclic system of p or-

bitals, and fill in the electrons to show whether a given compound or ion is

aromatic or antiaromatic.

3. Use Hiickers rule to predict whether a given annulene. heterocycle. or ion will

be aromatic, antiaromatic. or nonaromatic.

4. For heterocycies containing nitrogen atoms, determine whether the lone pairs

are used in the aromatic system, and predict whether the nitrogen atom is

strongly or weakly basic.

5. Recognize fused aromatic systems such as polynuclear aromatic hydrocarbons

and fused heterocyclic compounds, and use the theon,- of aromatic compounds

to explain their properties.

6. Name aromatic compounds and draw their structures from the names.

7. Use IR. NMR, UV. and mass spectra to determine the structures of aromatic

compounds. Given an aromatic compound, predict the important features of its

spectra.

Study Problems
16-24. Define each term and give an example.

(a) a heterocyclic aromatic compound

(c) a Kekule structure

(e) degenerate orbitals

(g) a polynuclear aromatic heterocycle

(i) a polynuclear aromatic hydrocarbon

(k) a filled shell of MOs
(m) resonance energy

16-25. Draw the structure of each compound,

(a) o-nitroanisole

(d) 4-nitroaniline

(g) /?-bromostyrene

(j) sodium cyclopentadienide

16-26. Name the following compounds.

NO,

(b) an antiaromatic compound

(d) an annulene

(f) the polygon rule

(h) fused rings

(j) the benzenoid UV band

(1) Hiickers rule

(n) an ar\'l group

(b) 2.4-dimethoxyphenol

(e) w-chlorotoluene

(h ) 3 .5-dimethoxvbenzaldehvde

(c) /;-aminobenzoic acid

(f) /^-divinylbenzene

(i) tropylium chloride

(a)

CI

CI

CH,0

COOH

OCH,

(d)

CH,

OCH3

(g)

I

CHCHXH,

CHO

16-27. Draw and name all the methyl, dimethyl, and tnmethylbenzenes.
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16-28.

16-30.

16-31.

One of the following hydrocarbons is much more acidic than the others. Indicate which one. and explain why it is

unusualh acidic.

16-29. The strong polarization of a carbonyl group can be represented by a pair of resonance structures:

c=o: C— O:"

Cyclopropenone and cycloheptatrienone are more stable than anticipated. Cyclopentadienone. however, is rela-

tively unstable and rapidly undergoes a Diels- Alder dimerization. E.xplain.

O

cyclopropenone cycloheptatrienone cyclopentadienone

In Kekule's time, cyclohexane was unknown, and there was no proof that benzene must be a six-membered ring.

Determination of the structure relied largely on the known numbers of monosubstituted and disubstituted ben-

zenes, together with the knowledge that benzene did not react like a normal alkene. The following structures

were the likelv candidates.

CO

(b

(c

(localized double bonds)

(a) Show where the six hydrogen atoms are in each structure.

For each structure, draw all the possible monobrominated deri\ ati\ es (C^HsBr) that would result from random-

1\ substituting one hydrogen with a bromine. Benzene was known to have only one monobromo derivative.

For each of the structures that had only one monobromo deri\ ative in part (b). draw all the possible dibro-

mo derivatives. Benzene was known to ha\ e three dibromo derivatives, but resonance theory was unknown

at the time.

(d) Detemiine which structure was most consistent with what was known about benzene at that time: Benzene

gives one monobrominated derivati\ e and three dibrominated derivatives, and it gives negati\ e chemical tests

for an alkene.

(e) The structure that was considered the most likely structure for benzene is called Ladenburg benzene, after the

chemist who proposed it. What factors would make Ladenburg benzene relatively unstable, in contrast w ith

the stability obser\ed with real benzene?

The following molecules and ions are grouped by similar structures. Classify each as aromatic, antiaromatic. or

nonaromatic. For the aromatic and antiaromatic species, give the number of pi electrons in the ring.

(b)

H
I

.0.

H H
\ /

(d)

N

N'



726 Chapter 16: Aromatic Compounds

(f)
N N N—

H

16-32.

16-33.

16-34.

CH,

""f \ f \ f \ f ^

Azulene is a deep blue hydrocarbon with resonance energy of 49 kcal/mol (205 kJ/mol). Azulene has ten pi elec-

trons, so it might be considered one large aromatic ring. Azulene has an unusually large dipole moment ( 1.0 D)

for a hydrocarbon, indicating significant charge separation. Show how this charge separation might arise.

azulene

Each of the following heterocycles includes one or more nitrogen atoms. Classify each nitrogen atom as strongly

basic or weakly basic, according to the availability of its lone pair of electrons.

H
I

(a) HN (b) (c) O'^N (d)

The benzene ring alters the reactivity of a neighboring group in the benzylic position much like a double bond

alters the reactivity of groups in the allylic position.

H.C=CH— CH,

alhiic position

H

H
benzyl group benzylic position benzyl radical

Benzylic cations, anions, and radicals are all more stable than simple alky! intermediates.

(a) Use resonance structures to show the delocalization (over four carbon atoms) of the positive charge, odd elec-

tron, and negative charge of the benzyl cation, radical, and anion.

(b) Toluene reacts with bromine in the presence of light to give benzyl bromide. Propose a mechanism for this

reaction.

toluene

+ Br,
hv

benzvl bromide

HBr

(c) Which of the following reactions will have the faster rate and gi\ e the better yield'^ Use a drawing of the tran-

sition state to explain your answer.

NaOCH,
^CH,Br

'3

CH,OH

NaOCH,

CH3OH

^CHpCH,

OCH,
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16-35. Before spectroscopx was iinented. Konier's absolute nierliocl w as used to determine w hether a disubstituted ben-

zene deri\ati\e was the ortho. meta. or para isomer. Korner's method in\ohes adding a third group (often a nitro

group) and determining how many isomers are formed. For example, when w-.xylene is nitrated (b\ a method

show n m Chapter 17). two isomers are formed.

NO,

(a) How many isomers are formed by nitration of /?;-xylene?

(b) How many isomers are formed by nitration of p-xylene?

(c) A tum-of-the-century chemist isolated an aromatic compound of molecular formula Ct,H4Br; . He carefulh'

nitrated this compound and purified three isomers of formula C^H^Br-NO; . Propose structures for the origi-

nal compound and the three nitrated deri\ ati\ es.

16-36. For each NMR spectrum, propose a structure consistent w ith the spectrum and the additional information

provided.

(a) Elemental analysis shows the molecular formula to be CsH-OCl. The IR spectrum show s a moderate absorp-

tion at 1602 cm"' and a strong absorption at 1690 cm"'.

200 ISO IbO 140 120 100 80 60 40 20 0

1

CDCl,

1

r

1 /

TMS -

—Lll I

10 9 8 7 b 4 3 2 1 0

8 (ppm)
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(b) The mass spectrum shows a double molecuhir ion of ratio 1 : 1 at m/z 184 and 186.

200 180 160 140 120 100 SO 60 40 20 0

1

Jr

3
-

J

. . .

f=
w—

'

—

—'

2

I

10 987654 3 210
6 (ppm)

16-37. Recall (Section 16-10) that two positions of anthracene sometimes react more like polyenes than like aromat-

ic compounds.

(a) Draw a Kekule structure that shows how the reacti\ e positions of anthracene are the ends of a diene. appro-

priate for a Diels- Alder reaction.

(b) The Diels- Alder reaction of anthracene with maleic anhydride is a common organic lab experiment. Predict

the product of this Diels-Alder reaction.

16-38. Biphenyl has the following structure.

maleic anhydride

biphenyl

(a) 1> biphenyl a (fused) polynuclear aromatic hydrocarbon?

(b) How many pi electrons are there in the two aromatic rings of biphenyl'^ How does this number compare with

that for naphthalene'^

(c) The heat of hydrogenation for biphenyl is about 100 kcal/mol (418 kJ/mol). Calculate the resonance energy

of biphenyl.

(d) Compare the resonance energy of biphenyl with that of naphthalene and w ith that of two benzene rings. Ex-

plain the difference in the resonance energies of naphthalene and biphenyl.

16-39. The following hydrocarbon reacts with two equivalents of butyllithium to form a dianion of formula [C^H^,]" .

Propose a structure for this dianion. and suggest why it forms so readily.

'
' + 2C,H,Li > [CsHJ-- (Li-), + 2C,Hiot

H

H
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16-40. How would you convert 1 ,3,5,7-cyclononatetraene to an aromatic compound?

16-41. The ribonucleosides that make up ribonucleic acid (RNA) are composed of D-ribose (a sugar) and four hetero-

cyclic "'bases." The general structure of a ribonucleoside is

HO—CH, Q base

OH OH
a ribonucleoside

The four heterocyclic bases are cytosine, uracil, guanine, and adenine. Cytosine and uracil are called pyriinidine

bases because their structures resemble pyrimidine. Guanine and adenine are called purine bases because their

structures resemble purine.

16-42

N
pyrimidine

H,N N N

euannie adenine

Determine which rings of these bases are aromatic. Do any of these bases have easily fornied tautomers that are

aromatic? (Consider moving a proton from nitrogen to a carbonyl group to form a phenolic derivative.)

Consider the following compound, which has been synthesized and characterized.

(CH,),C

C(CH,),

(a) Assuming this molecule is entirely conjugated, do you expect it to be aromatic, antiaromatic, or nonaromatic?

(b) Why was this molecule synthesized with three r-butyl substituents? Why not make the unsubstituted com-

pound and study it instead?

(c) Do you expect the nitrogen atom to be basic? Explain.

(d) At room temperature, the proton NMR spectrum shows only two singlets of ratio 1 : 2. The smaller signal re-

mains unchanged at all temperatures. As the temperature is lowered to — 1 IO°C, the larger signal broadens

and separates into two new singlets, one on either side of the original chemical shift. At - 1 10°C, the spec-

trum consists of three separate singlets of areas 1:1:1.

Explain what these NMR data indicate about the bonding in this molecule. How does your conclusion based on

the NMR data agree with your prediction in pail (a)?



730 Chapter 16: Aromatic Compounds

16-43. A student found an old bottle labeled "thymol" on the stockroom shelf. After noticing a pleasant odor, she ob-

tained the following mass, IR, and NMR spectra. The NMR peak at 64.8 disappears on shaking with 0,0. Pro-

pose a structure for thymol, and show how your structure is consistent with the spectra. Propose a fragmentation

to explain the MS peak at m/z 135. and show why the resulting ion is relatively stable.

i:5

thymol

M+( 150)

1 1 ,ll 1 1

1

III I ,|J„ ll 1 ..ll ,ll 1 1 1

10 ' 20 ' 30 ' 40 ' 50 ' 60 ' 70 ' 80 ' 90 ' 100
' lio' 120

'

130
'

140
'

150
' 160
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16-44. An unknown compound gives the follow ing mass. IR, and NMR spectra. Propose a structure, and show how it is

consistent with the spectra. Show the fragmentations that give the prominent peaks at m/z 127 and 155 in the

mass spectrum.

100

80

o
'i 60

I 40

20

0

127 155
M+ (170)

ll ,,I ,,l 1 1 1 ,1 1

,

ll, ll 1, 1 1
1 1

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

200 180 160 140 120 100 80 60 40 20 0

Offset: 40 ppn

1

^— 1

=—

m m
10 9 8 ' 6 5 4 3 2 1 0

5 (ppm)

* 16-45. Hexahelicene (below) seems a poor candidate for optical activity: All its carbon atoms are sp- hybrids and pre-

sumably flat. Yet. he.xahelicene has been synthesized and separated into enantiomers. Its optical rotation is enor-

mous: [a]^ = 3700°. E.xplain why hexahelicene is optically active, and speculate as to why the rotation is so

large.

hexahelicene



CHAPTER 17
Nuc 5

Reactions of Aromatic

Compounds

With an understanding of the properties that make a compound aromatic,

we now consider the reactions of aromatic compounds. A large part of

this chapter is devoted to electrophilic aromatic substitution, the most im-

portant mechanism involved in the reactions of aromatic compounds. Many reac-

tions of benzene and its derivatives are explained by minor variations of electrophilic

aromatic substitution. We will study several of these reactions and then consider how
substituents on the ring influence its reactivity toward electrophilic aromatic substi-

tution and the regiochemistry seen in the products. We will also study other reactions

of aromatic compounds, including nucleophilic aromatic substitution, addition re-

actions, reactions of side chains, and special reactions of phenols.

17-1

Electrophilic

Aromatic

Substitution

Like an alkene, benzene has clouds of pi electrons above and below its sigma bond

framework. Although benzene's pi electrons are in a stable aromatic system, they

are available to attack a strong electrophile to give a carbocation. This resonance-

stabilized carbocation is called a sigma complex because the electrophile is joined

to the benzene ring by a new sigma bond.

sigma complex substituted

732

The sigma complex (also called an arenium ion) is not aromatic because the sp^

hybrid carbon atom intenupts the ring of p orbitals. This loss of aromaticity con-

tributes to the highly endothermic nature of this first step. The sigma complex regains

aromaticity either by a reversal of the first step (returning to the reactants) or by loss

of the proton on the tetrahedral carbon atom, leading to the substitution product.
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First step : Attack on the electrophile forms the sigitia complex

H H

H H H H

^ H

H H

Second step : Abstraction of a proton f^ives tlie siil)stitiition product

H H H H

H b^ H

H H

E + base-H

Figure 17-1

The pi electrons in benzene attack a strong electrophile to give a resonance-stabilized

sigma complex. Loss of a proton forms the substitution product and regenerates the

aromatic system.

Figure 17-1 shows that the sigma complex loses a proton to a base to regener-

ate the aromatic ring. The overall reaction, then, is the substitution of an electrophile

(E^) for a proton (H*) on the aromatic ring: electrophilic aromatic substitution.

This class of reactions includes substitutions by a wide variety of electrophilic

reagents. Because it enables us to introduce functional groups directly onto the aro-

matic ring, electrophilic aromatic substitution is the most important method for syn-

thesis of substituted aromatic compounds.

PROBLEM-SOLVING HINT
Note that the three resonance

forms of the sigma complex

show the positive charge on the

three carbon atoms ortho and

para to the site of substitution.

Bromination of Benzene. Bromination follows the general mechanism for elec-

trophilic aromatic substitution. Bromine itself is not sufficiently electrophilic to react

with benzene, but a strong Lewis acid such as FeBr, catalyzes the reaction. Bromine

donates a pair of electrons to FeBr, , forming a stronger electrophile with a weakened

Br— Br bond and a partial positive charge on one of the bromine atoms. Attack by

benzene forms the sigma complex.

17-2

Halogenation of

Benzene

:Br— Br: + PeBr,

5-

-FeBr

8*

:Br— Br-

Br, • PeBr, intermediate

(a stronger electrophile than Br,

]

:Br^Br— FeBr,

sigma complex

Bromide ion from FeBrj acts as a weak base to remove the proton, giving the aro-

matic product and HBr, and regenerating the catalyst.

+ PeBr:
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bromobenzene

Formation of the sigma complex is rate determining, and the transition state

leading to it occupies the highest-energy point on the energy diagram (Fig. 17-2). This

step is strongly endothermic because it forms a nonaromatic carbocation. The sec-

ond step is exothermic, with aromaticity regained and a molecule of HBr evolved.

The overall reaction is exothermic by 10.8 kcal/mol (45 kJ/mol).

Comparison with Alkenes. Benzene is not as reactive as alkenes, which react rapid-

ly with bromine at room temperature to give addition products. For example, cyclo-

hexene reacts to give rra/!.s^-l,2-dibromocyclohexane. This reaction is exothermic by

about 29 kcal/mol (121 kJ/mol).

+ Br, AH° = -29 kcal

(-121 kJ)

The analogous addition of bromine to benzene is endothermic because it re-

quires the loss of aromatic stability. The addition is not seen under normal circum-

stances. The substitution of bromine for a hydrogen atom gives an aromatic product.

The substitution is exothermic, but it requires a Lewis acid catalyst to convert bromine

to a stronger electrophile.

+ Br.

+ Br,
FeBr,

H
bromobenzene

(80%)

^H° = +2 kcal

(-FSkJ)

+ HBr ^H° = -10.8 kcal

(-45 kJ)

Chlorination of Benzene. Chlorination of benzene works much like bromination,

except that aluminum chloride (AlCl,) is most often used as the Lewis acid catalyst.

+ CI,
AlCl,

+ HCl

benzene chlorobenzene

(85%)
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rate-determining

transitiim state

products

Br + HBr

+ FeBr

reaction coordinate

M Figure 17-2

Tiie energy diagram for tlie

bromination of benzene

shows that the first step is

endothermic and rate deter-

mining, and the second step is

strongly exothermic.

PROBLEM 17-1

Give a detailed mechanism for the aluminum chloride-catalyzed reaction of benzene

with chlorine.

lodination of Benzene, lodination of benzene requires an acidic oxidizing agent,

such as nitric acid. Notice that nitric acid is consumed, so it is a reagent (an oxidant)

rather than a catalyst.

+ NO. + H,0

benzene iodobenzene (85%)

lodination probably involves an electrophilic aromatic substitution with iodonium ion

(V ) acting as the electrophile. The iodonium ion results from oxidation of iodine by

nitric acid.

+ HNO, + \l. > r + NO. + H,0

iodonium

ion

PROBLEM 17-2

Propose a mechanism for the reaction of benzene with the iodonium ion.

Benzene reacts with hot, concentrated nitric acid to give nitrobenzene. This slug-

gish reaction is not convenient because a hot mixture of concentrated nitric acid with

any oxidizable material might explode. A safer and more convenient procedure uses

a mixture of nitric acid and sulfuric acid. Sulfuric acid is a catalyst, allowing nitra-

tion to take place more rapidly and at lower temperatures.

+ HNO,
H.SO^

NO,

+ H.O

17-3

Nitration of

Benzene

nitrobenzene (857r)
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Sulfuric acid reacts with nitric acid to form the nitronium ion (
' NO,), a pow-

erful electrophile. The mechanism is similar to other sulfuric acid -catalyzed dehy-

drations. Sulfuric acid protonates the hydroxyl group of nitric acid, allowing it to

leave as water.

H O-^IK. +
H—9^N=o: + HSO4- :.o=N=o: + h.o:

nitronium ion

The nitronium ion reacts with benzene to form a sigma complex. Loss of a

proton from the sigma complex gives nitrobenzene.

benzene nitronium sigma complex nitrobenzene

ion (resonance-delocalized)

PROBLEM 17-3

/7-Xylene undergoes nitration much faster than benzene. Use resonance forms of the sigma

complex to explain this accelerated rate.

17-4

Sulfonation

of Benzene

We have already used esters of p-toluenesulfonic acid as activated derivatives of al-

cohols with a good leaving group, the tosylate group. /7-Toluenesulfonic acid is an

example of the aiylsiilfonic acids (general formula Ar— SO3H), often used as strong

acid catalysts that are soluble in nonpolar organic solvents. Arylsulfonic acids are eas-

ily synthesized by sulfonation of benzene derivatives, an electrophilic aromatic sub-

stitution using sulfur trioxide (SO,) as the eiectrophile.

H^SO,
+ SO,

benzene sulfur trioxide benzenesulfonic acid (95%;

"Fuming sulfuric acid" is the common name for a solution of 7 percent SO3 in

H2SO4. Sulfur trioxide is the anhydride of sulfuric acid, meaning that the addition

of water to SO3 gives H2SO4 . Although it is uncharged, sulfur trioxide is a strong elec-

trophile, with three sulfonyl (S=0) bonds drawing electron density away from the

sulfur atom. Benzene attacks sulfur trioxide, forming a sigma complex. Loss of a

proton on the tetrahedral carbon and reprotonation on oxygen gives benzenesulf-

onic acid.
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= 0 =

sulfur trioxide. a powerful electrophile

HSOj

benzene

•O.

sulfur iriDxide sigma complex

(resonance-delocalized)

PROBLEM 17-4

O^ .0.

benzenesulfonic acid

Use resonance forms to show that the dipolar sigma complex shown abo\ e has its positi\e

charge delocalized o\ er three carbon atoms and its negati\ e charge delocalized o\ er three

oxyeen atoms.

Desulfonation. Sulfonation is reversible, and a sulfonic acid group may be removed

from an aromatic ring by heating in dilute sulfuric acid. In practice, steam is often

used as a source of both water and heat for desulfonation.

SO,H

benzenesulfonic acid

+ H,0
H", A (heat)

+ H2SO4

benzene (95'>f

)

Desulfonation follows the same mechanistic path as sulfonation, except in the

opposite order. A proton adds to a ring carbon to form a sigma complex, then loss of

sulfur trioxide gives the unsubstituted aromatic ring.

(SO, + H;0

Protonation of the Aromatic Ring; Hydrogen -Deuterium Exchange. Desul-

fonation im oh es protonation of an aromatic ring to fonii a sigma complex. Similar-

ly, if a proton attacks benzene, the sigtiia complex can lose either of the tw o protons

at the tetrahedral carbon. We can prove that a reaction has occurred by using a deuterium

ion (D" ) rather than a proton and by show ing that the product contains a deuterium atom

in place of hydrogen. This experiment is easily accomplished by adding SO; to some

D2O (heavy water) to generate D^SOj. Benzene reacts to give a deuterated product.

D
I

:0—

D

+ SO,

H,S04)

D

+ H—O^D
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The reaction is reversible, but at equilibrium, the fmal products reflect the D/H ratio

of the solution. A large excess of deuterium gives a product with all six of the ben-

zene hydrogens replaced by deuterium. This reaction serves as a synthesis of ben-

zene-Jf, , formula C(,Df,

.

Up to now, we have considered only benzene as the substrate for electrophilic aro-

matic substitution. To synthesize more complicated aromatic compounds, we need

to consider the effects other substituents might have on further substitutions. For ex-

ample, toluene (methylbenzene) reacts with a mixture of nitric and sulfuric acids

much like benzene does, but with some interesting differences:

1. Toluene reacts about 25 times faster than benzene under the same conditions.

We say that toluene is activated toward electrophilic aromatic substitution and

that the methyl group is an activating group.

2. Nitration of toluene gives a mixture of products, primarily those resulting from

substitution at the ortho and para positions. Because of this preference, we say

that the methyl group of toluene is an ortho, para-director.

These product ratios show that orientation of substitution is not random. If

each C—H position were equally reactive, there would be equal amounts of ortho

and meta substitution and half as much para substitution: 40% ortho, 40% meta, and

20% para. This is the statistical prediction based on the two ortho positions, two

meta positions, and just one para position available for substitution.

para I

two ortho positions two meta positions one para position

The rate-determining step (the highest-energy transition state) for electrophilic

aromatic substitution is the first step, formation of the sigma complex. This step is

where the electrophile bonds to the ring, determining the substitution pattern. We
can explain both the enhanced reaction rate and the preference for oi1ho and para sub-

17-5

Nitration

ofToluene:

The Effect of

AlkyI Substitution
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stitution by considering the structures of the intermediate sigma complexes. In this

endothermic reaction, the structure of the transition state leading to the sigma com-

plex resembles the product, the sigma complex (Hammond postulate. Section 4-15).

We are justified in using the stabilities of the sigma complexes to indicate the rela-

tive energies of the transition states leading to them.

When benzene reacts with the nitronium ion, the resulting sigma complex has

the position charge distributed over three secondary (2") carbon atoms.

Benzene

In ortho or para substitution of toluene, the positive charge is spread over two sec-

ondary carbons and one tertiary (3°) carbon (bearing the CH, group).

Ortho attack

3° (favorable)

NO. H NO. H NO.
3° (favorable)

Because the sigma complexes for ortho and para attack have resonance forms with

tertiary carbocations, they are more stable than the sigma complex for nitration of ben-

zene. Therefore, toluene reacts faster than benzene at the ortho and para positions.

The sigma complex for meta substitution has its positive charge spread over

three 2° carbons; this intermediate is similar in energy to the intermediate for sub-

stitution of benzene. Therefore, meta substitution of toluene does not show the large

rate enhancement seen with ortho and para substitution.

Meta attack

NO. NO.

H NO.

-NO.

H
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Figure 17-3

The methyl group of toluene

stabilizes the sigma complexes

and the transition states leading

to them. This stabilization is

most effective when the methyl

group is ortho or para to the

site of substitution.

+ -NO.

reaction coordinate

H NO.

The methyl group in toluene is electron donating; it stabilizes the intermedi-

ate sigma comple.x and the rate-detemiining transition state leading to its formation.

This stabilizing effect is large w hen it is situated ortho or para to the site of substi-

tution and the positive charge is delocalized onto the tertiar}' carbon atom. When
substitution occurs at the meta position, the positi\ e charge is not delocalized onto

the tertian." carbon, and the meth\ 1 group has a smaller effect on the stability of the

sigma comple.x. Figure 17-3 compares the energy profiles for nitration of benzene and

toluene at the ortho. meta. and para positions.

17-6

Activating, Ortho,

Para-Directing

Substituents

I 7-6A AlkyI Groups

The results obserN ed \\ ith toluene are general for any alkylbenzene undergoing

electrophilic aromatic substitution. Substitution ortho or para to the alkyl group

gives an intemiediate (and a transition state) with the positive charge shared by the

tertiar}" carbon atom. As a result, alkylbenzenes undergo electrophilic aromatic sub-

stitution faster than benzene, and the products are predominantly onho- and para-

substituted. .An alkyl group is therefore an acti\"ating substituent. and it is ortho.

para-directing. This effect is called inductive stabilization because the alk\ 1 group

donates electron densit\ through the sigma bond joining it with the benzene nng.

Show n below is the reaction of ethylbenzene with bromine, catah zed by fer-

nc bromide. .As w ith toluene, the rates of fomiation of the onho- and para-substituted

isomers are greatly enhanced with respect to the meta isomer.

CHXH,

Br,

CH-CH;

,Br

CH,CH-, CH,CH-,

FeBr,
+ +

eth\ Ihenzene o-bromo

(38%)

;?;-hromo

(<l9c)

Br

/)-bromo

(62%)
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PROBLEM 17-5

(a) Draw a detailed mechanism loi' the FeBr,-cataly/ed reaction of ethylben/ene with

bromine, and show why the sigma complex (and the transition state leading to it) is lower

in energy for substitution at the oitho and para positions than it is for substitution at the meta

position.

(b) Explain why ///-xylene undergoes nitration 100 times faster than /j-xylene.

PROBLEM 17-6

Styrene ( vinylbenzene) undergoes electrophilic aromatic substitution much faster than ben-

zene, and the products are found to be primary ortho- and para-substituted styrenes. Use res-

onance forms of the intermediates to explain these results.

I7-6B Substituents with Nonbonding Electrons

The Methoxyl Group. Aiiisole (inethoxybenzene) undergoes nitration about 10,000

times faster than benzene and about 400 times faster than toluene. This result seems

curious because oxygen is a strongly electronegative group, yet it donates electron

density to stabilize the transition state and the sigtna complex. Recall that the non-

bonding electrons of an oxygen atom adjacent to a carbocation stabilize the positive

charge through resonance.

R
;c— o:

only six

valence electrons

:c=o:

each atom has eight

valence electrons

The second resonance form puts the positive charge on the electronegative oxygen

atom, but it has more covalent bonds, and it provides each atom with an octet in

its valence shell. This type of stabilization is called resonance stabilization, and

the oxygen atom is called resonance-donating or pi-donating because it donates

electron density through a pi bond in one of the resonance structures. Like alky!

groups, the methoxyl group of anisole preferentially activates the ortho and

para positions.

anisole o-nitroanisole ///-nitroanisole /7-nitroanisole

(45%) (<0.01%) (55%)

Resonance forms show that the methoxyl group effectively stabilizes the

sigma coinplex if it is ortho or para to the site of substitution, but not if it is meta.

Resonance stabilization is provided by a pi bond between the —OCH, substituent

and the ring.



742 Chapter 17: Reactions of Aromatic Compounds

NO,

Meta attack

:OCH,

NO,

:OCH,,

:OCH. :OCH,

:OCH

:OCH

:OCH,

Para attack

:OCH,

\

NO.

OCH3 OCH,

H NO, H NO,

-OCH,

0
H NO,

especially stable

:OCH,

H NO,

A methox) 1 group is so strongly activating that anisole quickly brominates in

water without a catalyst. In the presence of excess bromine, this reaction proceeds

quickly to the tribromide.

OCH, :OCH.

H,0
+ 3 HBr

anisole

PROBLEM 17-7

Br

2.4.6-tribromoanisole

(1009f)

Give a detailed mechanism for the bromination of ethoxybenzene to give o- and p-

bromoethoxvbenzene.

The Amino Group. Like an alkox\ 1 group, a nitrogen atom with a nonbonding pair

of electrons serves as a powerful activating group. For example, aniline undergoes

a fast bromination (without a catalyst) in bromine w ater to gi\e the tribromide. Sodi-

um bicarbonate is added to neutralize the HBr formed and prevent protonation of

the basic amino (— NH,) group (see Problem 17-10).
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+ HBr

aniline 2.4.6-tnbromoani line

(100<7f)

Nitrogen's nonbonding electrons provide resonance stabilization to the sigma

complex if attack takes place ortho or para to the position of the nitrogen atom.

Ortho attack Para attack

(plus other resonance forms)

PROBLEM 17-8

Draw all the resonance forms for the sigma complexes corresponding to bromination of

aniline at the ortho. meta. and para positions.

Thus, any substituent with a lone pair of electrons on the atom bonded to the

ring can provide resonance stabilization to a sigma complex. Several examples are

illustrated below in decreasing order of their activation of an aromatic ring. All these

substituents are strongly activating, and they are all ortho. para-directing.

SUMMARY: Activating. Ortho, Para-Directors

Group:

Compounds:

R
I

-O:- > —N—R > —O—H >

R R
\ /

:0:- :N : OH

H O

-O—R > —N—C—R > —

R

(no lone pairs)

H O

:0— R :N—C—R R

o
phenoxides > anilines > phenols > phenyl ethers > anilides > alkylbenzenes
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PROBLEM 17-9

W hen bromine is added to two beakers, one containing phenyl isopropyl ether and the other

containing cyclohexene, the bromine color in both beakers disappears. What obser\ation

could you make while performing this test that would allow you to distinguish the alkene

from the aryl ether?

17-7

Deactivating,

Meta-Directing

Substituents

Nitrobenzene is about 100.000 times less reactive than benzene toward electrophilic

aromatic substitution. For example, nitration of nitrobenzene requires concentrated

nitric and sulfuric acids at temperatures above 100°C. Nitration proceeds slowly.

gi\ ing the meta isomer as the major product.

dinitrobenzenes

NO.

HNO,. lOO'C.

H,SO,

NO,

+

.\0,

4-

nitrobenzene ortho (6%)

NO,
meta (9%) NO,

para (0.19c)

These results should not be surprising. We have already seen that a substituent

on a benzene ring has its greatest effect on the carbon atoms ortho and para to the

substituent. An electron-donating substituent activates primarily the ortho and para

positions, and an electron-withdrawing substituent (such as a nitro group) deacti-

vates primarily the ortho and para positions.

electron-donatins electron-\\ ithdrawina

ortho and para most

stronalv affected

activated deacti\ated

This selective deactivation leaves the meta positions the most reactive, and

meta substitution is seen in the products. Meta-directors. often called meta-allow-

ing substituents. deactivate the meta position less than the ortho and para positions,

allowing meta substitution.

We can show why the nitro group is a strong deactivating group b\ consid-

ering its resonance forms. No matter how w e position the electrons in a Lew is dot

diagram, the nitrogen atom always has a formal positi\'e charge.

o:

N:

.0 =

o.

O:

The positively charged nitrogen inductively w ithdraw s electron density from the aro-

matic ring. This aromatic ring is less electron-rich than benzene, so it is deactivated

toward reactions w ith electrophiles.
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The following reactions show why this deacti\ating effect is strongest at the

ortho and para positions. Each sigma complex has its positive charge spread o\er

three carbon atoms. In ortho and para substitution, one of the carbon atoms bearing

this positive charge is the carbon attached to the positively charged nitrogen atom of

the nitro group. Since like charges repel, this close proximity of two positive charges

is especially unstable.

Ortho attack

+ charges adjacent

e.specially unstable

Meta attack

Para attack

— charses adjacent

/

especially unstable

In the sigma complex for meta substitution, the carbon bonded to the nitro

group does not share the positive charge of the ring. This is a more stable situation

because the positive charges are farther apart. As a result, nitrobenzene reacts pri-

marily at the meta position. We can summarize by saying that the nitro group is a de-

activating group, and that it is a meta-allower (or meta-director).

The energy diagram in Figure 17-4 compares the energies of the transition

states and intermediates leading to ortho. meta. and para substitution of nitroben-

zene with those for benzene. Notice that a higher activation energy is involved for

substitution of nitrobenzene at any position, resulting in slower reaction rates than

for benzene.
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Figure 17-4

Nitrobenzene is deactivated

toward electrophilic aromatic

substitution at any position, but

deactivation is strongest at the

ortho and para positions. Reac-

tion occurs at the meta posi-

tion, but it is slower than the

reaction of benzene.

ortho, para
NO,

+ +E

reaction coordinate

H E

Just as activating substituents are all ortho, para-directors, most deactivating

substituents are meta-directors. In general, deactivating substituents are groups with

a positive charge (or a partial positive charge) on the atom bonded to the aromatic

ring. As we saw with the nitro group, this positively charged atom repels any posi-

tive charge on the adjacent carbon atom of the ring. Of the possible sigma com-

plexes, only the one corresponding to meta substitution avoids putting a positive

charge on this ring carbon. For example, the partial positive charge on a carbonyl car-

bon allows substitution primarily at the meta position:

Ortho attack

8-0

acetophenone

+ charges adjacent

(unfavorable)

(-1- charge here in other

resonance forms)

Meta attack

50 8-0

( -I- charge here in other

resonance forms)

This sigma complex does not place

the positive charge on the ring

carbon bearing the carbonyl group.
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The following summary table lists some common substitiients that are deacti-

vating and meta-directing. Resonance forms are also given to show how a positive

charge arises on the atom bonded to the aromatic ring.

SUMMARY: Deactivating, Meta-Directors

Group Resonance Forms Example

—NO,

nitro

— SO,H

sulfonic acid

—C= N:

cyano

O
II

—C—

R

ketone or aldehyde

O
II

—C—O—

R

ester

—NR,

quaternary

ammonium

\ .

.0._

o:

-S—O—

H

II

.0.

= 0:

-S—O—

H

.0.

O"

Jl ..

-S—O—

H

:0:

-C—

R

= 0:

I-

-C—

R

II ..

-C—O—

R

-C—O—

R

—N—

R

R

=
0:"

I
..

-C=0—

R

NO,

nitrobenzene

<Q^S03H

benzenesulfonic acid

C=N

benzonitrile

(Q^I-CH,

acetophenone

O
II

C—OCH3

methvl benzoate

NCCH,),!-

trimethylanilinium

iodide

PROBLEM 17-10

In an aqueous solution containing sodium bicarbonate, aniline reacts quickly with bromine

to give 2,4.6-tribromoaniline. Nitration of aniline requires very strong conditions, howev-

er, and the yields (mostly «(-nitroaniline) are poor.

(a) What conditions are used for nitration, and w hat form of aniline is present under these

conditions?

(b) Explain why nitration of aniline is so sluggish and why it gives mostly meta orientation.

*(c) Although nitration of aniline is slow and gives mostly meta substitution, nitration of

acetanilide (PhNHCOCH,) goes quickly and gives mostly para substitution. Use resonance

forms to explain this difference in reactivity.
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17-8

Halogen

Substituents:

Deactivating,

but Ortho,

Para-Directing

—Cr-X

less electron-ri

The halobenzenes are exceptions to the general rules. Halogens are deactivating

groups, yet they are ortho, para-directors. We explain this unusual combination of

properties by considering that

1. The halogens are strongly electronegative, withdrawing electron density from

a carbon atom through the sigma bond, (inductive withdrawal)

2. The halogens have nonbonding electrons that can donate electron density

through pi bonding, (resonance donation)

These inductive and resonance effects oppose each other. The carbon -halogen

bond (shown at left) is strongly polarized, with the carbon atom at the positive end

of the dipole. This polarization draws electron density away from the benzene ring,

making it less reactive toward electrophilic substitution.

If an electrophile reacts at the ortho or para position, however, the positive

charge of the sigma complex is shared by the carbon atom bearing the halogen. The

nonbonding electrons of the halogen can further delocalize the charge onto the halo-

gen, giving a halonium ion structure. This resonance stabilization allows a halogen

to be pi-donating, even though it is sigma-withdrawing.

Ortho attack Para attack Meta attack

( + charge here in other

resonance forms)

bromonium ion

(plus other structures)
H E

bromonium ion

(plus other structures)

no bromonium ion

Reaction at the meta position gives a sigma complex whose positive charge is

not delocalized onto the halogen-bearing carbon atom. Therefore, the meta inter-

mediate is not stabilized by the halonium ion structure. The following reaction il-

lustrates the preference for ortho and para substitution in the nitration of

chlorobenzene.

Figure 17-5 shows the effect of the halogen atom graphically, with an energy

diagram comparing energies of the transition states and intermediates for electrophilic

attack on chlorobenzene and benzene. Higher energies are involved for the reactions

of chlorobenzene, especially for attack at the meta position.
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meta

H E

reaction coordinate

M Figure 17-5

The energies of the intermedi-

ates and transition states are

higher for chlorobenzene than

for benzene. The highest

energy results from substitu-

tion at the meta position, while

the energies for ortho and para

substitution are slightly lower

due to stabilization by the

halonium ion structure.

PROBLEM 17-11

Draw all the resonance forms of the sigma complex for nitration of bromobenzene at the

ortho. meta. and para positions. Point out why the intermediate for meta substitution is less

stable than the other two.

PROBLEM 17-12

(a) Predict the structure of the product formed w hen HCl adds to 1-bromocyclohexene.

(b) Propose a mechanism with resonance fomis to support your prediction.

(c ) Explain how this prediction is in accord with the ortho, para-directing effect of bromine

on an aromatic rin2.

PROBLEM-SOLVING HINT
Remember which substituents

are activating and which are

deactivating.The activators are

ortho, para-directing, and the

deactivators are meta-directing,

except for the halogens.

SUMMARY: Directing Effects of Substituents

77 Donors (J Donors Halogens Carbomls

-NH,

OH

-OR

-NHCOCH,

(alkvll

(an-l)

'nhc. para-directing

—

F

—CI
— Br

— I

O

—C—

R

O
II

—C—OH
O

—C—OR

meta-directine

ACTIVATING DEACTIVATING
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17-9

Effects of More
than One

Substituent on

Electrophilic

Aromatic

Substitution

Two or more substituents exert a combined effect on the reactivity of an aromatic ring.

If the groups reinforce each other, the result is easy to predict. For example, we can

predict that all the xylenes (dimethylbenzenes) are activated toward electrophilic

substitution because the two methyl groups are both activating. In the case of a ni-

trobenzoic acid, both substituents are deactivating, and we predict that a nitrobenzoic

acid is deactivated toward attack by an electrophile.

COOH COOH

o-xylene

activated

NO,
//i-nitrobenzoic acid

deactivated

CH,
/«-toluic acid

not obvious

The orientation of addition is easily predicted in many cases. For example, in

w-xylene there are two positions ortho to one of the methyl groups and para to the

other. Electrophilic substitution occurs primarily at these two equivalent positions.

There may be some substitution at the position between the two methyl groups (ortho

to both), but this position is sterically hindered, and it is less reactive than the other

two activated positions. In /^-nitrotoluene. the methyl group directs an electrophile

toward its ortho positions. The nitro group directs toward the same locations because

they are its meta positions.

each i.s ortho

to one CH,

[uira to the

other

ortho to both

CH,"s but

hindered
HNO,

H,SO,

'

CH,
w-xylene

ortho to CH,

mcia to NO,
HNO,.

H,SO/

NO.
/5-nitrotoluene

NO,
major product

(65%)

NO,

NO,
major product

(99%)

PROBLEM 17-13

Predict the mononitration products of the following compounds,

(a) o-nitrotoluene (b) w-chlorotoluene

(c) o-bromobenzoic acid (d) /;-methoxybenzoic acid

(e) /?;-cresol (/n-methylphenol)

When the directing effects of two or more substituents conflict, it is more dif-

ficult to predict where an electrophile will react. In many cases, mixtures result. For

example, f?-xylene is activated at all the positions, and it gives mixtures of substitu-

tion products.
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(5m)

When there is a conflict between an activating group and a deactivating group,

the acti\ating group usually directs the substitution. We can make an important

generalization:

[_Acti\ating groups are usually stronger directors than deactivating groups.

In fact, it is helpful to separate substituents into three classes, from strongest to weakest.

r
I 1. Powerful ortho. para-directors that stabilize the sigma complexes through res-

[
onance. Examples are —OH. —OR. and —NR. groups.

I

2. Moderate ortho. para-directors, such as alk\ 1 groups and halogens.

1^^^
All meta-directors.

O

— OH. —OR. —NR. > — R. —X > —C— R. — SO,H. —NO,

If two substituents direct an incoming electrophile toward different reaction

sites, the substituent in the stronger class predominates. If both are in the same class,

mixtures are likely. In the following reaction, the stronger group predominates and

directs the incoming substituent. The methoxyl group is a stronger director than the

nitro group, and substitution occurs ortho and para to the methoxyl group. Steric ef-

fects prevent much substitution at the crow ded position ortho to both the methoxyl

group and the nitro group.

SO;H
»!-nitroanisole major products

SOLVED PROBLEM 17-1

Predict the major product! >.) of bromination of p-chloroacetanilide.

O

CI N—C—CH,

H

SOLUTION
The amide group (—NHCOCH,) is a strong activating and directing group because

the nitrogen atom with its nonbonding pair of electrons is bonded to the aromatic ring.

The amide group is a stronger director than the chlorine atom, and substitution occurs

PROBLEM-SOLVING HINT
Look for the most strongly acti-

vating substituent(s). If two of

the strongest activating groups

are in the same class and direct

to different positions, mixtures

of products are likely.
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mostly at the positions ortho to the amide. Like an alkoxyl group, the amide is a par-

ticularly strong activating group, and the reaction gives some of the dibrominated

product.

HO HO HO

CI CI

/j-chloroacetanilide

PROBLEM-SOLVING HINT
When predicting substitution

products for compounds with

more than one ring, first decide

which ring is more activated (or

less deactivated), then consider

only that ring, and decide which

position is most reactive.

PROBLEM 17-14

Predict the mononitration products of the following aromatic compounds.

(a) /7-methylanisole

(c) /7-chlorophenol

O

-c- -CH,

(b) w-nitrochlorobenzene

(d) /?;-nitroanisole

O

(f) CH,—C— NH-

O

C— NH,

(Consider the structures of these groups.

, . .,. , One is acdvating, and the other is deactivating.)
o-methylacetanihde "

PROBLEM 17-15

Biphenyl is two benzene rings joined by a single bond. The site of substitution for a biphenyl

is determined by ( 1 ) which phenyl ring is more activated (or less deactivated), and (2)

which position on that ring is most reactive, using the fact that a phenyl substituent is ortho.

para-directing.

(a) Use resonance forms of a sigma complex to show why a phenyl substituent should be

ortho. para-directing.

(b) Predict the mononitration products of the following compounds.

OH
O

C— CH,

biphenyl

(iv)

NO,

17-10

The Friedel- Crafts

Alkylation

Carbocations are perhaps the most important electrophiles capable of substituting

onto aromatic rings, because this substitution fonns a new carbon -carbon bond. Re-

actions of carbocations with aromatic compounds were first studied in 1877 by the

French alkaloid chemist Charles Friedel and his American partner, James Crafts. In

the presence of Lewis acid catalysts such as aluminum chloride (AlCl,) or ferric

chloride (FeCl,), alkyl halides were found to alkylate benzene to give alkylbenzenes.

This useful reaction is called the Friedel -Crafts alkylation.
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Friedel-Crafts alkylation

y rnr" . r-x Lewis acid

(AlCl,. FeBr,. etc.)
+ H—

X

(X CI. Br. I)

For example, aluminum chloride catalyzes the alkylation of benzene by r-butyl chlo-

ride. HCl sas is e\olved.

benzene

CH3
I

+ CH,—C— CI
"

I

CH3
;-butvl chloride

AlCl,,

r-butylbenzene

(90<7f)

+ HCl

This alkylation is a typical electrophilic aromatic substitution, with the r-butyl

cation acting as the electrophile. The A-butyl cation is formed by reaction of /-butyl

chloride with the catalyst, aluminum chloride.

f-butvl chlonde

CH,

CH,—C-

CH,
r-butyl cation

CI

+ CI— Al— CI

CI

The f-butyl cation reacts with benzene to form a sigma complex. Loss of a proton

gives the product, r-butylbenzene. The aluminum chloride catalyst is regenerated in

the final step.

CH,
CH,

^C—CH,

Friedel-Crafts alkylations are used with a wide \ ariety of primar\'. secondary

.

and tertiary alkyl halides. With secondary and tertiary halides. the reacting elec-

trophile is probably the carbocation.

R—X + AICI3

(R is secondary

or tertiary)

reacting

electrophile

"A1C1,X

With primar}' alkyl halides. the free primar\' carbocation is too unstable. The

actual electrophile is a complex of aluminum chloride w ith the alkyl halide. In this

complex, the carbon -halogen bond is weakened (as indicated by dashed lines) and
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there is considerable positive charge on the carbon atom. Following is the mechanism

for the aluminum chloride -catalyzed reaction of ethvl chloride with benzene.

CH,—CH,— CI + AICI3

CH3
§+l ' ^ s-

CH3---CI---AICI3

H :C1— AICI3

CHXH,

d-

CH3— CH2---CI---AICI3

1 + )

CHXH,

H
sigma complex

CI—AlCL

I.CH, + H— CI + AlCl,

PROBLEM 17-16

Propose products (if any) and mechanisms for the following AlCl3-catalyzed reactions.

(a) chlorocyclohexane with benzene

(b) methyl chloride with anisole

(c) 3-chloro-2.2-dimethylbutane with isopropylbenzene

Friedel- Crafts Alkylation Using Other Carbocation Sources. We have seen sev-

eral ways of generating carbocations. and most of these can be used for

Friedel-Crafts alkylations. Two methods are most commonly used: protonation of

alkenes and treatment of alcohols with BP,

.

Alkenes are protonated by HF to give carbocations. Fluoride ion is a weak nu-

cleophile and does not immediately attack the carbocation. If benzene (or an activated

benzene derivative) is present, electrophilic substitution occurs. The protonation step

follows Marko\ nikov"s rule, forming the more stable carbocation, which alkylates

the aromatic ring.

H,C= C:" + HF
H

H,C— C.
H

+

+ HF

Alcohols are another source of carbocations for Friedel-Crafts alkylations.

Alcohols commonly form carbocations when treated with Lewis acids such as boron

trifluoride (BF,)- If benzene (or an activated benzene derivative) is present, substi-

tution mav occur.

Formation of the cation

.
./^ BF,

BF, H—O— BF3

O
\

H
H

\
H

H
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Electrophilic siibstimtion on benzene

sigma complex

The BF;; used in this reaction is consumed and not regenerated. A full equiva-

lent of the Lewis acid is needed, and w e say that the reaction is promoted by BP,

rather than catalyzed b\ BF;

.

PROBLEM 17-17

For each reaction, show the generation of the electrophile and predict the products.

(a) benzene + cyclohe.xene + HF
(b) ;-butyl alcohol — benzene - BF;

(c) r-butylbenzene - 2-methylpropene - HF
(di 2-propanol - toluene — BF;

Limitations of the Friedel-Crafts Alkylation. So far. what we ha\ e seen is a rosy

picture of the Friedel -Crafts alkylation. There are three rnajor limitations, how-

ever, that severely restrict its use.

Limitation 1 Fnedel- Crafts reactions work only with benzene, halobenzenes. and Friedel -Crafts reactions fail

activated benzene derivatives: they fail with strongly deactivated systems such as ni-
^''^'^ strongly deactivated

trobenzene. benzenesulfonic acid, and phenyl ketones. In some cases, we can get
^X^'^^^s-

around this limitation h\ adding the deacti\ ating group or changing an activating

group into a deacti\ ating group afier the Friedel -Crafts step.

SOLVED PROBLEM 17-2

Devise a synthesis of p-nitro-f-butylbenzene from benzene.

SOLUTION
To make p-nitro-r-butylbenzene. we would first use a Friedel - Crafts reaction to make r-

but} lbenzene. Nitration gi\ es the correct product. If we were to make nitrobenzene first,

the Friedel -Crafts reaction to add the r-butyl group would fail.

Good

s ortho)

NO2

Limitation 2 Like other carbocation reactions, the Fnedel -Crafts alkylation is

susceptible to carbocation rearrangements. This limitation implies that only certain

alky Ibenzenes can be made using the Friedel -Crafts alkylation. r-Butylbenzene.

Alky! carbocations for

Friedel -Crafts alkylations are

prone to rearrangements.
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isopropylbenzene. and ethylbenzene can be synthesized using the Friedel- Crafts

alk> lation. because the corresponding cations are not prone to rearrangement. Con-
sider what happens, however, when we try to make /j-propylbenzene by the

Friedel -Crafts alk} lation.

Ionization with rearrangement gives isopropyl cation

H

CH;—CH,— CH,— CI - A1C1-, ^ CH,—C—CH,--C1--A1CU * CH,—C—CH, - -MQ\^

H H

Reaction with benzene gives isopropylbenzene

CH,

+ HCl - .\1C1,

Limitation 3 Since alkyl groups are activating substituents. the product of the

Friedel -Crafts alkylations are Friedel -Crafts alk\ lation is more reactive than the starting material. Multiple alk> -

prone to multiple alkylation. lations are hard to avoid. This limitation can be severe. If w e need to make eth\ l-

benzene. w e might tr\ adding some .AlCl, to a mixture of 1 mole of ethyl chloride

and 1 mole of benzene. As some ethylbenzene is formed, however, it is activated, re-

acting e\en faster than benzene itself. The product is a mixmre of some (ortho and

para) diethylbenzenes. some trieihylbenzenes. a small amoimt of ethy lbenzene. and

some leftover benzene.

CH-CH; CH-CH, CH.CH;

The problem of dialk> lation can be a\'oided by using a large excess of ben-

zene. For example, if 1 mole of ethyl chloride is used w ith 50 moles of benzene, the

concentration of ethylbenzene is alw ays low . and the electrophile is more likely to

react w ith benzene than with ethylbenzene. Distillation separates the product from

excess benzene. This is a common industrial approach, since a continuous distilla-

tion can recycle the unreacted benzene.

In the laboraton, . w e must often alky late aromatic comjxjunds that are more ex-

pensi\ e than benzene. Because w e cannot afford to use a large excess of the starting

material, a more selecti\e method is needed. Formnately. the Friedel -Crafts acyla-

tion. discussed in the next section, introduces just one group without danger of

polyaIk\lation or rearrangement.

PROBLEM 17-18

Predict the products (if any) of the follow ing reactions.

(a) (excess) benzene + isobut) 1 chloride — AlClj;

(b) (excess) toluene — 1-buianol ^ BF;
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(c) (excess) nitrobenzene + 2-chloropropane + AlCl^

(d) (excess) benzene + 3.3-dimethyl- 1 -butene + HF

PROBLEM 17-19

Which reactions will produce the desired product in good yield? You may assume that alu-

minum chloride is added as a catalyst in each case. For the reactions that will not give a good

yield of the desired product, predict the major products.

Recigents

(a) benzene + n-butyl bromide

(b) ethylbenzene + /-butyl chloride

(c) bromobenzene -I- ethyl chloride

(d) ethylbenzene + bromine

(e) anisole + methyl iodide (3 moles)

Desired Product

//-butylbenzene

p-ethyl-;-butylbenzene

/?-bromoethylbenzene

p-bromoethylbenzene

2,4,6-trimelhylanisole

PROBLEM 17-20

Show how you v\ould synthesize the following aromatic derivatives from benzene,

(a) /7-r-butylnitrobenzene (b) /)-toluenesulfonic acid (c) p-chlorotoluene

An acyl group is a carbonyl group with an alkyl group attached. Acyl groups are

named systematically by dropping the final -e from the alkane name and adding the

-oyl suffix. Historical names are often used for the fannyI group, the acetyl group.

and the propionyl group, however.

O
II

R—C—

acyl group

o

H—C—
(formyl)

methanoyl

o
II

CH,—C-

(acetyl)

ethanoyl

o
II

CH,CH.— C-

(propionyl)

propanoyl benzoyl

An acyl chloride is an acyl group bonded to a chlorine atom. Acyl chlorides

are made by reaction of the corresponding carboxylic acids with thionyl chloride.

Therefore, acyl chlorides are also called acid clilorides. We consider acyl chlorides

in more detail when we study acid derivatives in Chapter 21.

O

R—C—OH
a carboxylic acid

o
II

R—C— CI

(an acid chloride)

an acyl chloride

o
II

+ CI—S— CI

thionyl chloride

o

CH,—C— CI

acetyl chloride benzoyl chloride

O

R—C— CI

an acyl chloride

SO, t

17-1 I

The Friedel

Acylation

Crafts

HCl t

In the presence of aluminum chloride, an acyl chloride reacts with benzene (or

an activated benzene derivative) to give a phenyl ketone: an acylbenzene. The
Friedel -Crafts acylation is analogous to the Friedel -Crafts alkylation. except that

the reagent is an acyl chloride instead of an alkyl halide and the product is an acyl-

benzene (a "phenone") instead of an alkylbenzene.
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Friedel-Crafts acylation

Example

benzene

o
II

+ R—C— CI

benzene acyl halide

o
II

+ CH,—C— CI

acetyl chloride

AICK

AICI3

an acylbenzene

(a phenyl ketone)

CH.

+ HCl

+ HCl

acetylbenzene (95%)

(acetophenone)

17-1 I A Mechanism of Acylation

The mechanism of Friedel- Crafts acylation resembles that for alkylation, except

that the carbonyl group helps to stabilize the cationic intermediate. The acyl halide

forms a complex with aluminum chloride; loss of the tetrachloroaluminate ion

(~AlCl4) gives a resonance-stabilized acylium ion.

R—C— Cl: + AlCL

acyl chloride

o"

II r.

R-C^l
complex

AlCl, -AICI4 + [R—c=o; R—C^O:]

acylium ion

The acylium ion is a strong electrophile. It reacts with benzene or an activat-

ed benzene derivative to form an acylbenzene.

attack on sigma complex acylbenzene product complex

acylium ion

The product of acylation (the acylbenzene) is a ketone. The ketone's carbonyl

group has nonbonding electrons that complex with the Lewis acid catalyst (AICI3),

requiring a full equivalent of AICI3 in the acylation. The initial product is the alu-

minum chloride complex of the acylbenzene. Addition of water hydrolyzes this com-

plex, giving the free acylbenzene.

product complex free acylbenzene
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The electrophile in the Friedel- Crafts ac-ylation appears to be a large, bulky

complex: probably R—C=0 "AlClj. Para substitution usually prevails when the

aromatic substrate has an ortho, para-directing group, possibly because the elec-

trophile is too bulky for effective attack at the ortho position. For example, when

ethylbenzene reacts with acetyl chloride, the major product is /7-ethylacetophenone.

-I-

CH.CH,
ethylbenzene

o

CH —C— CI

acetyl chloride

( 1 ) AlCI,

(2) H,0

CH,

CH3CH3
p-ethylacetophenone

(70-80%)

One of the most attractive features of the Friedel -Crafts acylation is the de-

activation of the product toward further substitution. The acylbenzene has a car-

bonyl group (a deactivating group) bonded to the aromatic ring. Since Friedel -Crafts

reactions do not occur on strongly deactivated rings, the acylation stops after one

substitution.

o
II

R—C— CI

AICK

Thus, Friedel -Crafts acylation overcomes two of the three limitations of the

alkylation: The acylium ion is resonance-stabilized, so that no rearrangements occur;

and the acylbenzene product is deactivated, so that no further reaction occurs. Like

the alkylation, however, the acylation fails with strongly deactivated, aromatic rings.

SUMMARY: Comparison of Friedel -Crafts Alkylation and Acylation

Alla'lation

The alkylation cannot be used with strongly deactivated

derivatives.

The carbocations involved in the alkylation may
rearrange.

Polyalkylation is commonly a problem.

Acylation

Also true: Only benzene, halobenzenes. and activated

derivatives are suitable.

Resonance-stabilized acylium ions are not prone to

rearrangement.

The acylation forms a deactivated acylbenzene, which does

not react further.

17-1 IB The Clemmensen Reduction: Synthesis ofAlkylbenzenes

How do we synthesize alkylbenzenes that cannot be made by Friedel -Crafts alky-

lation? We use the Friedel -Crafts acylation to make the acylbenzene, which we re-

duce to the alkylbenzene using the Clemmensen reduction: treatment with aqueous

HCl and amalgamated zinc (zinc treated with mercury salts).

O

+ R—C— Ci
(1) AICI3

(2) H^0
Zn(Hg)

aq HCl
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This two-step sequence can synthesize many alkylbenzenes that are impossible to

make by direct alkylation. For example, we saw earlier that the Friedel - Crafts alky-

lation cannot be used to make ??-propylbenzene. Benzene reacts with A;-propyI chlo-

ride and AICI3 to give isopropylbenzene, together with some diisopropylbenzene. In

the acylation, benzene reacts with propanoyl chloride and AICI3 to give ethyl phenyl

ketone (propiophenone), which is easily reduced to /7-propylbenzene.

propanoyl chloride propiophenone «-propylbenzene

Carboxylic acids and acid anhydrides also serve as acylating agents in

Friedel -Crafts reactions. We consider these acylating agents in Chapters 20 and 21

when we study the reactions of carboxylic acids and their derivatives.

17-1 IC The Gatterman-Koch Formylation:

Synthesis of Benzaldehydes

The formyl group cannot be added to benzene by Friedel -Crafts acylation in the

usual manner. The problem lies with the necessary reagent, formyl chloride, which

is unstable and cannot be bought or stored.

O
II

H—C—
formyl group

O

_H—C— Cl_

formyl chloride

Formylation can be accomplished by using a high-pressure mixture of carbon

monoxide and HCl together with a catalyst: a mixture of cuprous chloride (CuCl) and

aluminum chloride. This mixture generates the formyl cation, possibly through a

small concentration of formyl chloride. The reaction with benzene gives formyl-

benzene. better known as benzaldehyde. This reaction, called the Gatterman-Koch
synthesis, is widely used in industry to synthesize aryl aldehydes.

CO HCl

O

H—C— CI

formyl chloride

(unstable)

+ H—C==0

AlCl,/CuCl
^ [h—C-=0^ -AlCl.

formyl cation

o

C—H + HCl

PROBLEM-SOLVING HINT

Friedel -Crafts acylations are

generally free from rearrange-

ments and multiple substitution.

They do not go on strongly

deactivated rings, however.

benzaldehyde

PROBLEM 17-21

Show how you would use the Friedel -Crafts acylation, Clemmensen reduction, and/or

Gatterman-Koch synthesis to prepare the following compounds.

O 0 0

(a) Ph—C—CH.CHfCH,),

isobutyl phenyl ketone

(d) /7-methoxybenzaldehyde

(f) n-butylbenzene

(b) Ph—C— C(CH,), (c) Ph—C— Ph

r-butyl phenyl ketone diphenyl ketone

(e) 1 -phenyl-2,2-dimethylpropane
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Nucleophiles can displace halide ions from aryl halides, particularly if there are

strong electron-withdrawing groups ortho or para foTHe'halide. B^causelTnucIe'-

ophile substitutes foFIHeavTrig group on an aromatic ring, this class of reac-

tions is called nucleophilic aromatic .substitution. The following examples

show that both ammonia and hydroxide ion can displace chloride from 2,4-

dinitrochlorobenzene:

17-12

Nucleophilic

Aromatic

Substitution

(heat, pressure)

+ 2 NH. >

NO,
2.4-dinitrochlorobenzene

NO.

NO,
2.4-dinitioaniline

(90%)

+ NH+Cl

0-Na^ OH

NO,

NO,
2,4-dinitrochlorobenzene

I NaOH

100°C

NO,

NO,
2,4-dinitrophenoxide

NaCl

H,0

NO,

(95%)

NO,
2,4-dinitrophenol

Electrophilic aromatic substitution is the most important reaction of aromatic

compounds because it has broad applications for a wide variety of aromatic com-

pounds. In contrast, nucleophilic aromatic substitution is restricted in its applica-

tions. In nucleophilic aromatic substitution, a strong nucleophile replaces a leaving

group, such as a halide; but the mechanisms of the nucleophilic aromatic substitu-

tions shown above are not immediately apparent. They cannot use the Sn2 mecha-

nism because aryl halides cannot achieve the correct geometry for back-side

displacement. The aromatic ring blocks approach of the nucleophile to the back of

the carbon bearing the halogen.

The SjmI mechanism cannot be involved either; strong nucleophiles are re-

quired, and the reaction rate is proportional to the concentration of the nucleophile.

The nucleophile must be involved in the transition state.

Eleclron-withdrawing substituents (such as nitro groups ) activcite^ the ring to-

ward_iiu£leoEhilic aromatic substitution, suggesting that the transition state is de-

veloping a negative charge on the ring. In fact, nucleophilic aromatic substitutions

are-difficult without at least one powerful electron-withdrawing group. (This effect

is-th&^pposite-xiflhat for electrophilic aromatic substitution, where'electron-with-

drawing-Substituents slow or st̂ )p the reaction.)
^

Nucleophilic aromatic substitutions have been studied in detail. Either

of two mechanisms may be involved, depending on the reactants. One mecha-

nism is similar to the electrophilic aromatic substitution mechanism, except

that nucleophiles and carbanions are involved rather than electrophiles and

carbocations. The other mechanism involves "benzyne." an interesting and un-

usual reactive intermediate.
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I7-I2A The Addition-Elimination Mechanism

Consider the reaction of 2,4-dinitrc)chlorobenzene with sodium hydroxide. When
hydroxide (the nucleophile) attacks the carbon bearing the chlorine, a negatively

charged sigma complex results. The negative charge is delocalized over the ortho

and para carbons of the ring and further delocalized into the electron-withdrawing

nitro groups. Loss of chloride from the sigma complex gives 2,4-dinitrophenol, which

is deprotonated in this basic solution.

Attack by hydroxide gives a resonance-stabilized sigma complex

NO2 NO2 NO,
sigma complex a phenol deprotonated

The resonance forms shown above illustrate how nitro groups ortho and para to the

halogen help to stabilize the intermediate (and the transition state leading to it). With-

out strong electron-withdrawing groups in these positions, formation of the nega-

tively charged sigma complex is unlikely.

CI

activates positions activated not activated

ortho and para

PROBLEM 17-22

Fluoride ion is usually a poor leaving group because it is not very polarizable. Fluoride

serves as the leaving group in the Sanger reagent (2,4-dinitrofluorobenzene), used in the de-

termination of peptide structures (Chapter 24). Explain why fluoride works as a leaving

group in this nucleophilic aromatic substitution, even though it is a poor leaving group in

the SktI and Sm2 mechanisms.
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NO.

+ R— NH,

NO.

+ HF

NO,

2.4-dinitrofluorobenzene +

(Sanger reagent)

NO.

2.4-dinitr()phenyl derivative

I 7- 1 2B The Benzyne Mechanism: Elimination-Addition

The addition-elimination mechanistii for nucleophilic aromatic substitution requires

strong electron-withdrawing substituents on the aromatic ring. Under extreme condi-

tions, however, unactivated halobenzenes react with strong bases. For example, a com-

mercial synthesis of phenol (the "Dow process" ) involves treatment of chlorobenzene

with sodium hydroxide and a small amount of water in a pressurized reactor at 350°C:

ONa^ OH

NaOH. 35(rc
_

H^O
NaCl

;hlorobenzene sodium phenoxide phenol

Similarly, chlorobenzene reacts with sodium amide (NaNH.. an extremely strong

base) to give aniline. Ph— NH.. This reaction does not require high temperatures,

taking place in liquid ammonia at -33°C.

Nucleophilic substitution of unactivated benzene derivatives occurs by a mech-

anism different froin the addition-eliinination we saw with the nitro-substituted

halobenzenes. A clue to the mechanism is provided by the reaction of/?-bromotoluene

with sodium amide. The products are a 50 : 50 mixture of m- and p-toluidine.

NHo

Na--NH,

NH,. -33°C'

CH,
/'-bromotoluene

CH,
p-toluidine

(50%)

NH.

CH,
m-toluidine

(50%)

These two products are explained by an elimination-addition mechanism, called

the benzyne mechanism because of its unusual intennediate. Sodiuin amide (or sodi-

um hydroxide in the Dow process) reacts as a hase, abstracting a proton. The prod-

uct is a carbanion with a negative charge and a nonbonding pair of electrons localized

in the sp' orbital that once formed the C—H bond.

:NH. :NH, ^^^^^

CH,
carbanion a "benzyne"
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The carbanion can expel bromide ion to become a neutral species. As bromide

leaves with its bonding electrons, an empty sp' orbital remains. This orbital overlaps

with the filled orbital adjacent to it, giving additional bonding between these two

carbon atoms. The two .s/r orbitals are directed 60° away from each other, so their

overlap is not very effective. This reactive intermediate is called a benzyne because

it can be symbolized by drawing a triple bond between these two carbon atoms.

Triple bonds are usually linear, however, so this is a very reactive, highly strained

triple bond.

Amide ion is a strong nucleophile, attacking at either end of the weak, reactive

benzyne triple bond. Subsequent protonation gives toluidine. About half of the prod-

uct results from attack by the amide ion at the meta carbon, and about half from at-

tack at the para carbon.

In summary, the benzyne mechanism operates when the halobenzene is unac-

tivated toward nucleophilic aromatic substitution, and forcing conditions are used

with a strong base. A two-step elimination forms a reactive benzyne intermediate. Nu-

cleophilic attack, followed by protonation, gives the substituted product.

PROBLEM-SOLVING HINT
With strong electron-with-

drawing groups ortho or para,

the addition-elimination mecha-

nism is more likely.Without

these activating groups, stronger

conditions are required, and the

benzyne mechanism is likely.

PROBLEM 17-23

Give a detailed mechanism to show why p-chlorotoluene reacts with sodium hydroxide at

350°C to give a mixture of p-cresol and /H-cresol.

PROBLEM 17-24

Give mechanisms and the expected products of the following reactions.

(a) 2,4-dinitrochlorobenzene -I- sodium methoxide (NaOCH,)

(b) 2,4-dimethylchlorobenzene -I- sodium hydroxide. 100°C

(c) p-nitrobromobenzene -I- methylamine (CH,— NH2)

(d) 2,4-dinitrochlorobenzene -I- excess hydrazine (H^N— NH^)

PROBLEM 17-25

Nucleophilic aromatic substitution provides one of the common methods for making phe-

nols. (Another method is discussed in Section 19-18.) Show how you would synthesize the

following phenols, using benzene or toluene as your aromatic starting material. Explain

why mixtures of products would be obtained in some cases,

(a) /j-nitrophenol (b) 2,4,6-tribromophenol (c) p-chlorophenol

(d) w-cresol (e) /?-/;-butylphenol
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PROBLEM 17-26

The highly reactive triple bond of benzyne is a powerful dienophiie. Predict the product

of the Diels-Alder reaction of benzyne (from chlorobenzene and NaOH. heatedi with

cyclopentadiene.

I7-I3A Chlorination

Although >ub>titution is more common, aromatic compounds may undergo addition

if forcing conditions are used. When benzene is treated u ith an excess of chlorine

under heat and pressure (or with irradiation by light), six chlorine atoms add to form

1 .2.?.4.5.6-hexachlorocyclohexane. This product is often called benzene hexachlo-

nde iBHCj because it is synthesized by direct chlorination of benzene.

H H CI

benzene benzene hexachloride. BHC
(eight isomers)

The addition of chlorine to benzene, believed to involve a free-radical mecha-

nism, is normally impossible to stop at an intermediate stage. The first addition de-

stroy s the ring's aromaticity . and the next 2 moles of CI; add very rapidly. All eight

possible stereoisomers are produced in various amounts. The most important iso-

mer for commercial purposes is the insecticide lindane, w hich is used in a shampoo

to kill head lice.

lindane

17-13

Addition Reactions

of Benzene

Derivatives

I7-I3B Catalytic Hydrogenation of Aromatic Rings

Catalytic hydrogenation of benzene to cyclohexane takes place at elevated temper-

atures and pressures, catalyzed by ruthenium or rhodium. Substituted benzenes react

to give substituted cy clohexanes: disubstituted benzenes often gi\ e mixtures of cis

and trans isomers.

H H H

benzene cyclohe.xane ( 1(X)%)
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;7!-xylene 1 ,3-dimethylcyclohexane (100%)

(mixture of cis and trans)

Catalytic hydrogenation of benzene is the commercial method for producing

cyclohexane and substituted cyclohexane derivatives. The reduction cannot be stopped

at an intermediate stage (cyclohexene or cyclohexadiene) because these alkenes are

reduced faster than benzene.

1 7- 1 3C Birch Reduction

In 1944, the Australian chemist A. J. Birch found that benzene derivatives are re-

duced to nonconjugated 1 ,4-cyclohexadienes by treatment with sodium or lithium in

a mixture of liquid ammonia and an alcohol. The Birch reduction provides a con-

venient method for making a wide variety of interesting and useful cyclic dienes.

H H H

benzene 1,4-cyclohexadiene (90%)

Figure 1 7-6 shows that the mechanism of the Birch reduction is similar to the

sodium/liquid ammonia reduction of alkynes to rra/z^-alkenes (Section 9-9C). A so-

NH, Na NHy e" (deep blue solution) -I- Na"*"

solvated electron

+ R— O:

+ R— O:

H H

4-cyclohexadiene

Figure 17-6

The mechanism of the Birch reduction begins with the addition of a solvated electron to

form a radical anion. Protonation of the radical anion gives a neutral radical. Addition of

another electron forms a carbanion, which is protonated to give 1 ,4-cyclohexadiene.
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lution of sodium in liquid ammonia contains solvated electrons that can add to ben-

zene, forming a radical anion. The strongly basic radical anion abstracts a proton

from the alcohol in the solvent, giving a cyclohexadienyl radical. The radical quick-

1\ adds another solvated electron to form a cyclohexadienyl anion. Protonation of this

anion gives the reduced product.

The two carbon atoms that are reduced go through carbanionic intermediates:

electron-withdrawing substituents stabilize the carbanions. while electron-donating

substituents destabilize them. Therefore, reduction takes place on carbon atoms bear-

ing electron-withdrawing substituents (such as those containing carbonyl groups)

and not on carbon atoms bearing electron-releasing substituents (such as alkyl and

alkoxyl groups).

A carbon hearing an electron-w ithdrawing carbonyl group is reduced

(909c)

\ carbon hearing an electron-releasing alkoxy l group is not reduced

H H

Substituents that are strongl> electron-releasing (—OCH j. for example) de-

acti\ ate the aromatic ring toward Birch reduction. Lithium is often used with these

deactivated systems, together with a cosolvent (often THF) and a weaker proton

source (r-butyl alcohol). The stronger reducing agent, combined with a weaker pro-

ton source, enhances the reduction.

PROBLEM 17-27

Give mechanisms for the Birch reductions shown abo\ e. Show why the observ ed orienta-

tion of reduction is fa\ ored in each case.

PROBLEM 17-28

Predict the major products of the following reactions.

(a) toluene - excess (heat, pressure)

(b) toluene - Na (liquid NH,. CHjCH.OH)
(c) o-xylene -f H;(1000psi. lOOT. Rh catalyst)

(d) p-xylene + Xa (liquid NH. . CH;CH;OH)'
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CH,0

(e)

OCH, excess Li

NH3(/)/THF

(CH3)3COH
(f)

-NH,
Na, NH3

CH3CH2OH

2.7-dinielhoxynaphthalene benzamide

Many reactions are not affected by the presence of a nearby benzene ring; yet oth-

ers depend on the aromatic ring to promote the reaction. For example, the Clem-

mensen reduction is occasionally used to reduce aliphatic ketones to alkanes. but it

works best reducing aryl ketones to alkylbenzenes. Several additional side-chain re-

actions show the effects of a nearby aromatic ring.

I7-I4A Permanganate Oxidation

An aromatic ring imparts extra stability to the nearest carbon atom of its side chains.

The aromatic ring and one carbon atom of a side chain can survive a vigorous per-

manganate oxidation. The product is a carboxylate salt of benzoic acid. This oxida-

tion is occasionally useful for making benzoic acid derivatives, as long as any other

functional groups are resistant to oxidation. (Hot chromic acid can also be used for

this oxidation.)

O O

(or Na^Cr^O,. H.SOj. heat)

PROBLEM 17-29

Predict the major products of treating the following compounds with hot. concentrated

potassium permanganate, followed by acidification with dilute HCl.

(a) isopropylbenzene (b) p-xylene (tetralin)

17-14

Side-Chain

Reactions

of Benzene

Derivatives

I7-I4B Side-Chain Halogenation

Alkylbenzenes undergo free-radical halogenation much more easily than alkanes be-

cause abstraction of a hydrogen atom at a benzylic position gives a resonance-sta-

bilized benzylic radical. For example, ethylbenzene reacts with chlorine in the

presence of light to give cv-chloroethylbenzene. Further chlorination can occur to

give dichlorinated products.
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resonance-stabilized benzylic radical

dichlorinated products

benzylic radical a-chloroethylbenzene chlorine radical

continues the chain

PROBLEM 17-30

Propose a mechanism for the formation of l.l-dichloro-l-phen_\lethane from 1-chloro-l-

phenylethane. The lUPAC natnes of these compounds are ( 1 . 1 -dichloroethyl ibenzene and

( 1-chloroethvI Ibenzene.

Although chlorination show s a preference for a substitution (the a position is

the benzvlic carbon bonded to the benzene ring), the chlorine radical is too reactive

to giv e entirely benzylic substitution. Mi.xtures of isomers are often produced. In the

chlorination of ethylbenzene. for e.xample. there is a significant amount of substitu-

tion at the (3 carbon.

benzv lie position
' H H

+ dichlorinated products

ethylbenZene a-chloroethylbenzene jS-chloroethylbenzene

(56'7f) (44^f)

Bromine radicals are not as reactive as chlorine radicals, and bromination is

more selective than chlorination (Section 4-14C). Bromine reacts exclusively at the

benzylic position.

H Br

ethylbenzene a-bromoethylbenzene a . a-dibromoethyIbenzene
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Either elemental bromine (much cheaper) or A'-bromosuccinimide may be used

as the reagent for benzylic bromination. /V-Bromosuccinimide is preferred for al-

lylic bromination (Section 15-7), since Br; can add to the double bond. This is not a

problem with the relatively unreactive benzene ring, unless it has powerful activat-

ing substituents.

PROBLEM-SOLVING HINT
In predicting reactions on side

chains of aromatic rings,

consider resonance forms that

delocalize a charge or a radical

electron onto the ring.

PROBLEM 17-31

What would be the ratio of products in the reaction of chlorine with ethyibenzene if chlo-

rine raiulomly abstracted a methyl or meth\'lene proton? What is the reactivity ratio for the

benzylic hydrogens compared with the methyl hydrogens?

PROBLEM 17-32

Propose a mechanism for the bromination of ethyibenzene shown above.

PROBLEM 17-33

Predict the major products when the following compounds are irradiated by light and treat-

ed with (1 ) 1 mole of Bri and ( 2 ) excess Br;

.

(a) isopropylbenzene (tetralin)

1 7- 1 4C Nucleophilic Substitution at the Benzylic Position

In Chapter 15. we saw that all\ lic halides are more reactive than most alkyl halides

in both Sn,-1 and 5^2 reactions. Benzylic halides are also more reactive in these sub-

stitutions, for reasons similar to those for ally lie halides.

First-Order Reactions First-order nucleophilic substitution requires ionization of

the halide to give a carbocation. In the case of a benzylic halide, the carbocation is

resonance-stabilized. For example, the 1-phenylethyl cation (2°) is about as stable as

a 3° alkyl cation.

C^

-phenylethy] cation (2°)

CH,

is about as stable as

CH3 CH,

r-butyl cation (3°)

Because they form relatively stable carbocations, benzyl halides undergo Sn,1 reac-

tions relatively easily.

-CH,— Br
CHXH.OH. A (heat)

benzyl bromide

-CH,—OCH3CH3

benzvl ethvl ether

If a benzylic cation is bonded to more than one phenyl group, the stabilizing

effects are additive. An extreme example is the triphenylmethyl cation. This cation
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1

Nuc 5
attacking

nucleophile

>. H

stabilizing

overlap

leaving

group

Figure 17-7

The transition state for 5^2

displacement of a benzylic

halide is stabilized by conjuga-

tion with the pi electrons in the

ring.

is exceptionally stable, with three phenyl groups to stabilize the positive charge. In

fact, triphenylmethyl tluoroborate can be stored for years as a stable ionic solid.

tiiphenylmethyl tluoroborate

Second-Order Reactions. Like allylic halides, benzylic halides are about 100 times

more reactive than primary alkyl halides in displacement reactions. The expla-

nation for this enhanced reactivity is similar to the explanation for the reactivity of

allylic halides.

During 8^2 displacement on a benzylic halide, the p orbital that partially bonds

with the nucleophile and the leaving group also overlaps with the pi electrons of the

ring (Fig. 17-7). This stabilizing conjugation lowers the energy of the transition state,

increasing the reaction rate.

Sn2 reactions of benzyl halides efficiently convert aromatic methyl groups to

functional groups. Halogenation, followed by substitution, gives the functionalized

product.
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PROBLEM 17-34

Propose a mechanism for the reaction of benzyl bromide with ethanoi shown above.

PROBLEM 17-35

(a) Based on what you know about the relative stabilities of alkyl cations and benzylic

cations, predict the product of addition of HBr to 1-phenylpropene.

(b) Propose a mechanism for this reaction.

PROBLEM 17-36

(a) Based on what you know about the relative stabilities of alkyl radicals and benzylic rad-

icals, predict the product of addition of HBr to 1-phenylpropene in the presence of a free-

radical initiator.

(b) Propose a mechanism for this reaction.

PROBLEM 17-37

Show how you would synthesize the following compounds, using the indicated start-

ing materials.

(a) 3-phenyl-l-butanol from styrene

CH,—CH—OCH,

XH.CN

(b)
I ( j I

from anisole (c) |( j |
from toluene

O.N'

OCH,

17-15

Reactions

of Phenols

Much of the chemistry of phenols is like that of aliphatic alcohols. For example,

phenols can be acylated to give esters, and phenoxide ions can serve as nucleophiles

in the Williamson ether synthesis. Formation of phenoxide ions is particularly easy

because phenols are more acidic than water; aqueous sodium hydroxide deproto-

nates phenols to give phenoxide ions.

O

C—OH

O
salicylic acid

o
II

CH,—C—OH

acetic acid

H+

OH
NaOH

H,0

O-Na^

O—C—CH,

C—OH

acetylsalicylic acid

(aspirin)

(Williamson)

CH30SO,OCH3
dimethyl sulfate

(or CH,I)

+ HCl

OCH,

anethole

(licorice flavoring)

All the alcohol-like reactions shown above involve breaking of the phenolic

O—H bond. This is a common way for phenols to react. It is far more difficult to

break the C—O bond of a phenol, however. Most alcohol reactions involving C—

O

bond breakage are not possible with phenols. For example, phenols do not undergo

acid-catalyzed elimination or Sn2 back-side attack. Phenols also undergo reactions
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that are not possible with ahphatic alcohols. Let's consider some reactions that are

peculiar to phenols.

1 7- 1 5A Oxidation of Phenols to Quinones

Phenols undergo oxidation, but they give different types of products from those seen

with aliphatic alcohols. Chromic acid oxidation of a phenol gives a conjugated 1,4-

diketone called a quinone. In the presence of air. many phenols slowly autoxidize

to dark mixtures containing quinones.

OH O

CH,

Na,Cr,07

H,SO^

;/?-cresol

2-methyl- 1 .4-benzoquinone

Hydroquinone ( 1.4-benzenediol) is easily oxidized because it already has two

oxygen atoms bonded to the ring. Even very weak oxidants like silver bromide (AgBr)

can oxidize hydroquinone. Silver bromide is reduced to black, metallic silver in a

light-sensitive reaction: Any grains of silver bromide that have been exposed to light

(AgBr*) react faster than unexposed grains.

OH O

+ 2 AsBr* + 2 Ag ^ + 2 HBr

OH O
hydroquinone quinone

Black-and-white photography is based on this reaction. A film containing small

grains of silver bromide is exposed by a focused image. Where light strikes the film,

the grains are activated. The film is then treated with a hydroquinone solution (the

developer) to reduce the activated silver bromide grains, leaving black silver de-

posits where the film was exposed to light. The result is a negative image, with dark

areas where light struck the film.

Quinones occur widely in nature, where they serve as biological oxidation -re-

duction reagents. The quinone coenzyme Q (CoQ) is also called ubiquinone because

it seems ubiquitous (found everywhere) in oxygen-consuming organisms. Coenzyme

Q serves as an oxidizing agent within the mitochondria of cells. The following re-

action shows the reduction of coenzyme Q by NADH (the reduced form of nicoti-

narnide adenine dinucleotide). which becomes oxidized to NAD^.

CH,0

CH,0

When threatened, the

bombardier beetle mixes

hydroquinone and HiOt with

enzymes. Peroxide oxidizes

hydroquinone to quinone, and

the strongly exothermic reac-

tion brings the solution to

boiling. The hot, irritating

liquid sprays from the tip of

the insect's abdomen.

CH,0

CH3O

coenzyme Q
oxidized form

NADH
reduced form

coenzyme Q
reduced form

NAD^
oxidized form

CH,

R = -(CH,—CH=C— CH.) H
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I 7- 1 5B Electrophilic Aromatic Substitution of Phenols

Phenols are highly reactive substrates for electrophilic aromatic substitution because

the nonbonding electrons of the hydroxyl group stabilize the sigma complex formed

by attack at the ortho or para position (Section 1 7-6B ). Therefore, the hydroxyl group

is strongly activating and ortho, para-directing. Phenols are excellent substrates for

halogenation, nitration, sulfonation. and some Friedel -Crafts reactions. Because they

are highly reactive, phenols are usually alkylated or acylated using relatively weak
Friedel -Crafts catalysts (such as HF) to avoid overalkylation or overacylation.

OH
OH

+ CH,—CH—CH.
HF

+

CH(CH,).

CH(CH3)3

Phenoxide ions, easily generated by treating a phenol with sodium hydroxide,

are even more reactive than phenols toward electrophilic aromatic substitution. Be-

cause they are negatively charged, phenoxide ions react with positively charged elec-

trophiles to give neutral sigma complexes whose structures resemble quinones.

NaOH

H,0

Br— Br
H ^

OH

pheneixide ion

Br

sigma complex

iv. Br,

Phenoxide ions are so strongly activated that they undergo electrophilic aro-

matic substitution w ith carbon dioxide, a weak electrophile. The carboxylation of phe-

noxide ion is an industrial synthesis of salicylic acid, needed for conversion to aspirin

(shown on p. 772).

COOH

salicvlic acid

PROBLEM 17-38

Predict the products formed when /?!-cresol (»;-methylphenol) reacts with

(a) NaOH and then ethyl bromide

(c) bromine in CCI4 in the dark

(e) sodium dichromate in H2SO4

O

(b) acetyl chloride. CH,—C— CI

(d) excess bromine in CCI4 in the light

(f) 2 equivalents of f-butyl chloride and AICI3

PROBLEM 17-39

Benzoquinone is a good Diels-Alder dienophiie. Predict the products of its reaction with

(a) 1,3-butadiene (b) 1,3-cyclohexadiene (c) furan
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PROBLEM 17-40

Phenol reacts with 3 equivalents of bromine in CCh (in the dark) to give a product of for-

mula Cf,H-,OBr-, . VSTien this product is added to bromine water, a yellow solid of molecu-

lar formula C»,H;OBr^ precipitates out of the solution. The IR spectrum of the yellow

precipitate show s a strong absorption (much like that of a quinone) around 1680 cm" . Pro-

pose structures for the two products.

SUMMARY: Reactions of Aromatic Compounds

1. Electrophilic aromatic substitution

a. Halogenation (Section 17-2)

b. Nitration (Section 1 7-3

)

- HXO,

c. 5w/^o/ianon (Section 1 7-4

)

SO;

d. Friedel- Crafts alhi lation (Section 17-10)

- iCH-j-,C— CI

FeBr-
+ HBr

bromobenzene

H,SO,

H,SO.

H,0-. heat

.AlCl-

^ H-0

nitrobenzene

CiCHj),

+ HCl

r-but\lbenzene

e. Friedel- Crafts acylation (Section 17-11)

O

- CH,CH-—C— CI
AlCI-

o

X— CH~CH-.

+ HCl

propiophenone

f. Gattennan-Koch synthesis ( Section 1 7- 1 1 C)

- CO. HC!
-AiaJCuQ

benzaldehvde
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g. SuhstitiienI effects (SecUom 17-5 through 17-9)

Activating, orlho, para-directing: — R, —OR, —OH, — 0= , — NR, (amines, amides)

Deactivating, uriho, para-directing: — CI, — Br, —

I

Deactivating, meta-allowing: — NO,. — SO3H, —nR\ ,—C= 0, —C= N

2. Nucleophilic aromatic substitution (Section 17-12)

X

+ Nuc:"

a halobenzene strong

(G = strong withdrawing group) nucleophile

Nuc

+ X-

Example

+ NaNH,

O.N' ^ no,
2,4-dinitrochlorobenzene

NH.

O2N' ^ ^NOj
2.4-dinitroaniline

+ NaCl

If G is not a strong electron-withdrawing group, severe conditions are required, and a benzyne mechanism

involved.

3. Addition reactions (Section 17-13)

a. Chlorination (Section 17- 13A)

H CI
H V H

+ 3 CU
heat and pressure

or liaht

benzene

CI

H

CI

H
CI /\ CI

H CI

benzene hexachloride (BHC)

b. Catalytic hydrogenation (Section 17-13B)

+ 3 H,

CH2CH3

CH.CH^

r;-diethylbenzene

H

Ru or Rh catalyst

100°C. 1000 psi

c. Birch reduction (Section 17-13C)

XH.CH,
Na or Li

NHjCO, R—OH

ethylbenzene

CH2CH3
1 .2-diethylcyclohexane

(mixture of cis and trans)

CH.CH,

1 -ethyl- 1
.4-cyclohexadiene
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4. Side-chain reactions

a. The Clemmensen leditctiun (converts acylbenzenes to alkylbenzenes. Section 17-1 IB)

O
II

C—

R

Zn(Hg)

dilute HCl

an acylbenzene

b. Permanganate oxidation (SecXxon 17-14A)

CH.—

R

an alkvlbenzene

-CH,—

R

hot. cone. KMnO,

H,0
COOK^

an alkylbenzene

c. Side-chain halogenation {Section 17-14B)

,CH.—

R

Br.

an alkylbenzene

a benzoic acid salt

Br

I

,CH—

R

an a-bromo alkylbenzene

d. Niicleophilic substitution at the henzylic position (Section 17-14C)

The benzylic position is activated toward both S^l and S^.2 displacements.

X

.CH—

R

+ Nuc:

Nuc

CH—

R

+ X-

an a-halo alkylbenzene

5. Oxidation ofphenols to quinones (Section 17-15A)

OH

,C1

o

Na,Cr,0^

H,SO,

o-chlorophenol

CI

O
2-chloro- 1 .4-benzoquinone

activating group A substituent that makes the aromatic ring more reactive (usually toward Chapter 1

7

electrophilic aromatic substitution) than benzene, (p. 738) GIOSS3.t*y

acyl group
( R— C— ) A carbonyl group with an alkyl group attached, (p. 757)

acyl chloride (acid chloride): An acyl group bonded to a chlorine atom. RCOCl. (p. 757)

acylium ion (R—C=0^ ) An acyl group fragment with a positive charge, (p. 758)
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O

benzylic position The carbon atom of an alkyi group that is directly bonded to a benzene ring;

the position to a benzene ring. (p. 768)

OCH3

CH2CH3

The benzylic positions are circled in red.

benzyne A reactive intermediate in some nucleophiiic aromatic substitutions, benzyne is

benzene with two hydrogen atoms removed. It can be drawn with a highly strained triple

bond in the six-membered ring. (p. 763)

or

Birch reduction The partial reduction of a benzene ring by sodium or lithium in liquid am-

monia. The products are usually 1,4-cyclohexadienes. (p. 766)

OCH3
Li, CH3CH2OH

OCH3

Clemmensen reduction The reduction of a carbonyl group to a methylene group by zinc

amalgam, Zn(Hg), in dilute hydrochloric acid. (p. 759)

amalgam: An alloy of a metal with mercury,

deactivating group A substituent that makes the aromatic ring less reactive (usually toward

electrophilic aromatic substitution) than benzene, (p. 744)

electrophilic aromatic substitution (EAS) Replacement of a hydrogen on an aromatic ring

by a strong electrophile. (p. 733)

Friedel- Crafts acylation Formation of an acylbenzene by substitution of an acylium ion on

an aromatic ring. (p. 757)

R—C— CI + AICI3 [R—C= 6', R—c=o:5
acylium ion

o

C—

R

an acylbenzene

Friedel -Crafts alkylation Formation of an alkyl-substituted benzene derivative by substi-

tution of an alkyl carbocation or carbocation-like species on an aromatic ring. (p. 752)

+ R— CI
AICK

R

+ HCl

Gatterman-Koch synthesis The synthesis of benzaldehydes by treating a benzene deriva-

tive with CO and HCl using an AlClj/CuCl catalyst, (p. 760)

O
II

Q
AlCK/CuCl r/^v

CO + HCl
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halonium ion Any positi\ely charged ion that has a positive charge (or partial positive charge)

on a halogen atom. In aromatic chemistry, the halonium ion usually has a positive charge de-

localized onto the halogen through resonance. (Specific: chloronium ion. bromonium ion,

etc.) (p. 748)

inductive stabilization Stabilization of a reactive intermediate by donation or withdrawal of

electron density through sigma bonds, (p. 740)

meta-director (meta allovver) A substituent that deactivates primarily the ortho and para

positions, leaving the meta position the least deactivated and most reactive, (p. 744)

nitration Replacement of a hydrogen atom by a nitro group. — NO^. (p. 735)

nitroniuni ion The NO^ ion. 0=N=0. (p. 736)

nudeophiiic aromatic substitution (NAS) Replacement of a leaving group on an aromat-

ic ring by a strong nucleophile. (p. 761

)

ortho, para-director A substituent that activates primarily the ortho and para positions to-

ward attack, (p. 738

)

quinone A deri\ ative of a cyclohexadiene-dione. Common quinones are the 1.4-quinones

(/)^»T/-quinones): the less stable 1.2-quinones (o/7/;()-quinones) are relatively uncommon,

(p. 773)

/=\ (^^^^^
0=K )=0

/)-quinone o-quinone

resonance stabilization Stabilization of a reactive intermediate by donation or withdrawal

of electron density through pi bonds.

resonance-donatinj» (pi-donating): Capable of donating electrons through resonance in-

\'ol\ing pi bonds, (p. 741

)

resonance-withdrawing (pi-withdrawing): Capable of withdrawing electron density

thnuigh resonance involving pi bonds, (p. 762)

H H

OCH3
allcoxyl groups are pi-donating

E

O—CH;

CI

NH,

N—

O

o-

nitro groups are pi-wittidraw ing

sigma complex An intermediate in electrophilic aromatic substitution or nucleophilic aro-

matic substitution with a sigma bond between the electrophile or nucleophile and the former

aromatic ring. The sigma complex bears a delocalized positive charge in electrophilic aromatic

substitution and a delocalized negative charge in nucleophilic aromatic substitution, (p. 732)

sulfonation Replacement of a hydrogen atom by a sulfonic acid group. — SO3H. (p. 736)

desulfonation: Replacement of the — SO,H group by a hydrogen. In benzene deriva-

tives, this is done by heating with water or steam.

ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 17

1. Predict product.s and give mechanisms for the common electrophilic aromat-

ic substitutions: halogenation, nitration, sulfonation, and Friedel- Crafts alky-

lation and acylation.

2. Draw resonance structures for the sigma complexes resulting from electrophilic

attack on substituted aromatic rings. Explain which substituents are activating

and which are deactivating, and show why they are ortho, para-directing or

meta-allowing.



780 Chapter 17: Reactions of Aromatic Compounds

3. Predict the position(s) of electrophilic aromatic substitution on molecules con-

taining substituents on one or more aromatic rings.

4. Design syntheses that use the influence of substitutents to generate the correct

isomers of multisubstituted aromatic compounds.

5. Determine which nucleophilic aromatic substitutions are likely, and propose

mechanisms of the addition-elimination type and of the benzyne type.

6. Predict the products of Birch reduction, hydrogenation, and chlorination of

aromatic compounds, and use these reactions in syntheses.

7. Explain how the reactions of side chains are affected by the presence of the aro-

matic ring, predict the products of side-chain reactions, and use these reac-

tions in syntheses.

8. Predict the products of oxidation and substitution of phenols, and use these

reactions in syntheses.

Study Problems
17-41.

17-42.

17-43.

17-44.

17-45.

Define each term and give an example.

(a) activating group

(d) siilfonation

(g) ortho, para-director

(j) Friedel -Crafts acylation

(m) Gatterman-Koch synthesis

(p) qui none

(c) sigma complex

(f) nitration

(i) resonance stabilization

(1) Clemmensen reduction

(o) Birch reduction

(b) deactivating group

(e) desulfonation

(h) meta-director

(k) Friedel -Crafts alkylation

(n) benzyne mechanism

(q) benzylic position

Predict the major products formed when benzene reacts with the following reagents,

(a) ?-butyl bromide. AlCl, (b) 1 -chlorobutane, AlCl,

(c) isobutyl alcohol + BF, (d) bromine + a nail

(e) isobutylene + HF (f) fuming sulfuric acid

(g) 1,2-dichloroethane + AlCl, (h) benzoyl chloride -I- AlCl,

(i) iodine + HNO, (j) nitric acid -I- sulfuric acid

(k) carbon monoxide, HCl, and AlClVCuCl (1) l-chloro-2,2-dimethylpropane -I- AlCl,

Predict the major products formed when isopropylbenzene reacts with the following reagents.

(a) 1 equivalent of Br. and light (b) Br. and FeBr, (c) SO, and H.SOj

(d) hot. cone. KMnOj (e) acetyl chloride and AICl, (f) /;-propyl chloride and AlCl,

Show how you would synthesize the following compounds, starting with benzene or toluene, and any necessary

acyclic reagents.

(b) 1 -phenyl- 1-methoxybutane

(e) 1 .2-dichloro-4-nitrobenzene

(a) 1 -phenyl- 1-bromobutane

(d) ethoxybenzene

(g) 3,4-dibromobenzoic acid

Predict the major products of the following reactions

(a) 2,4-dinitrochlorobenzene -I- NaOCH,
(c) nitrobenzene + fuming sulfuric acid

(e) /7-methylanisole -I- acetyl chloride + AlCl,

(g) 1 ,2-dichloro-4-nitrobenzene -I- NaNH.

(i) /'-ethylbenzenesulfonic acid + HN03,H2S04

(c) 3-phenyl-l-propanol

(f) 1 -phenyl-2-propanol

(b) isopropoxybenzene + r-butyl chloride -I- AICI3

(d) nitrobenzene + acetyl chloride -I- AlCl,

(f) /?-methylanisole 4- Br., light

O O

(h) Ph—C—NHPh + CH,CH,—C— CI, AICI3

(j) /7-ethylbenzenesulfonic acid -I- steam

O

« CQ + hot, cone. KMnOj
(1)

iiulanc
CH,

NH—C—CH,

4- acetyl chloride. AlCl,

/)-metliylacetanilide



17-46.

Study Problems

Predict the major products of hromiiiation of the following compounds, using Br^ and FeBr, in the dark.

781

17-47. Gi\e the structures of compounds A through H in the following series of reactions.

17-48. A student added 3-phen\ipropanoic acid (PhCH;CH;COOH) to a molten salt consisting of a 1 : 1 mixture of

NaCl and AlCl; maintained at 170" C. After 3 minutes, he poured the molten mixture into water and extracted into

dichloromethane. E\ aporation of the dichloromethane ga\ e a yield of the product w hose spectra appear

below . The mass spectrum of the product show s a molecular ion at ni/z 132. What is the product?

wavelength lum)
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17-49. The compound shown below reacts with HBr to give a product of molecular formula C,,|H| |Br.

HBr

17-50.

17-51.

17-52.

17-53.

C|oH||Br

(a) Give a mechanism for this reaction and predict the structure of the product. Carefully show the resonance sta-

bilization of the intermediate.

(b) When this reaction takes place in the presence of a free-radical initiator, the product is a different isomer of for-

mula C|„H| |Br. Propose a structure for this second product, and give a mechanism to account for its formation.

The following compound reacts with a hot, concentrated solution of NaOH (in a sealed tube) to give a mixture of

two products. Propose structures for these products, and give a mechanism to account for their formation.

NaOH. H,0

350°
2 products

a-Tetralone undergoes Birch reduction to give an excellent yield of a single product. Predict the structure of the

product, and propose a mechanism for its formation.

Na, NH,(/)

CH3CH2OH

a -tetralone

Electrophilic aromatic substitution usually occurs at the I -position of naphthalene, also called the a position.

a position

Predict the major products of the reactions of naphthalene with the following reagents,

(a) HNO,, H.SOj (b)Br,.FeBr, (c) CH,CH:C0C1, AlCI,

(d) isobutylene and HF (e) cyclohexanol and BP, (f) fuming sulfuric acid

Triphenylmethanol is insoluble in water, but when it is treated with concentrated sulfuric acid, a bright yellow so-

lution results. As this yellow solution is diluted with water, its color disappears and a precipitate of triphenyl-

methanol reappears. Suggest a structure for the bright yellow species, and explain this unusual behavior.
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The most common selectix e herbicide for killing broadleaf weeds is 2.4-dichlorophenox\ acetic acid (2.4-D>.

Show how you would synthesize 2.4-D from benzene, chloroacetic acid (CICH^COOH). and any necessary

reaaents and soh ents.

Cl- -0—CH-COOH

CI

phenoxvacetic acid -Di

1 "-55. Furan undergoes electrophilic aromatic substitution more readily than benzene

sufficient. For example, furan reacts with bromine to gi\ e 2-bromofuran.

> are

r-5(s.

Br- -Br

2-bromofuran

(a) Give mechanisms for bromination of furan at the 2-position and at the 3-position. Draw the resonance struc-

tures of each sigma complex, and compare their stabilities.

(b) Explain why furan undergoes bromination (and other electrophilic aromatic substimtions i primarily at the

2-position.

In Section 17-12A. we

aromatic su'"-:-'u"' — S- . . ;

ammo ac: j

;er reagenu 2.4-dinitrofluorobeiizene. is a good substrate for r

.

:. and sive a mechanism for the reaction of the Sanaer reasent

NH-

l"-5"

r-59.

to name a few. It is synthesiz

;

reaction.

-OH

Ph—CH-—CH—COOH
pbenv ^alanine

pohmers: polycarbonates, r _ . _ . „ _

: acetone w ith HCl as a catalyst. Propose a mec

0=Cy
CH,

HQ

CH,

phenol a:

Unlike most other electrophilic aromat:.

one sample of toluene is sulfonated at (i l _

tion products result.

(a) Explain the change in the :

(bl Predict what will happen v. ner. r.c r

I>e\ ise a svnthesis of the foUowina con.:

HO-

CH-

—C— —OH

CH.

bispbenol .A

e ( see Section IT-i i. W"hen
_ 'C. differe-: - " -

Reacrion

Temperature

Isomer ofthe Prody. :

:

O'-C lOO'-C

0-' i' i' : J.CIC. 43^ i3'f

n - . acid

p-: : : acid 53^r ~9'~f

eased.

C is heated to lOO'C.

e anv necessary reasents.

OH

C—CH.CH.
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* 17-60.

17-61.

When anthracene is added to the reaction ot chlorobenzene with concentrated NaOH at 350°C, an interesting

Diels- Alder addiict of formula C2(|H|4 results. The proton NMR spectrum of the product shows a singlet of area

2 around 63 and a broad singlet of area 12 around 67. Propose a structure for the product, and explain why one of

the aromatic rings of anthracene reacted as a diene.

hi Chapter 14, we saw that Agent Orange contains (2,4,5-trichlorophenoxy)acetic acid, called 2,4,5-T. This com-
pound is synthesized by the partial reaction of 1 ,2.4,5-tetrachiorobenzene with sodium hydroxide, followed by

reaction with sodium chloroacetate, ClCHiCOiNa.

(a) Draw the structures of these compounds and write equations for these reactions.

(b) One of the impurities in the Agent Orange used in Vietnam was 2,3,7,8-tetrachlorodibenzodioxin (2,3,7.8-

TCDD), often incorrectly called "dioxin." Give a mechanism to show how 2.3,7.8-TCDD is formed in the

synthesis of 2.4,5-T.

(c) Show how the TCDD contamination might be eliminated, both after the first step and on completion of the

synthesis.

OCH.COOH CI O CI

cr o CI

2,3.7.8-tetrachlorodibenzodioxin (TCDD)

* 17-62. Phenolphthalein, a common nonprescription laxative, is also an acid -base indicator that is colorless in acid and

red in base. Phenolphthalein is synthesized by the acid-catalyzed reaction of phthalic anhydride with 2 equiva-

lents of phenol.

OH HO

heal

phthalic anhydride

OH OH

o

phenolphthalein

o
red dianion

* 17-63.

(a) Propose a mechanism for the synthesis of phenolphthalein.

(b) Propose a mechanism for the conversion of phenolphthalein to its red dianion in base.

(c) Use resonance structures to show that the two phenolic oxygen atoms are equivalent (each with half a nega-

tive charge) in the red phenolphthalein dianion.

Benzene reacts with propylene oxide in the presence of aluminuin chloride to give an alcohol of formula CgHjiO.

Propose a mechanism for this reaction, and predict the structure of the product. (Hint: Consider how epoxides

usually open under acidic conditions.)

.0. AlClj

CH,

CgHpO

17-64. A graduate student tried to make o-fluorophenylmagnesium bromide by adding magnesium to an ether solution

of o-tluorobromobenzene. After obtaining puzzling results with this reaction, she repeated the reaction using as

solvent some tetrahydrofuran that contained a small amount of furan. From this reaction, she isolated a fair yield

of the following compound. Propose a mechanism for its formation.

Br
Mg

.0 O
vD-O



CHAPTER 18
Ketones and Aldehydes

We will study compounds containing the carbonyl group C=0) in detail because

the_\ are of central impoilance to organic chemistr> . biochemistry, and biology. Some
of the common types of carbonyl compounds are listed in Table 18-1.

Carbonyl compounds are e\er\ where, hi addition to being reagents and sol-

vents, they are constituents of fabrics. fla\ orings. plastics, and drugs. Naturally oc-

cumng carbonyl compounds include the proteins, carbohydrates, and nucleic acids

that make up all plants and animals. In the next few chapters, we will discuss the prop-

erties and reactions of simple carbonyl compounds. Then, in Chapters 23 and 24,

we appl_\ this carbonyl chemistry to carbohydrates, nucleic acids, and proteins.

TABLE 18-1 Some Common Classes of Carbonyl Compounds

Class General Formula Class General Fonmila

C) ()

ketones
11

R—C—R'
aldehydes R— C—

H

0
II

O
II

carhoxylic acids R— r—OH acid chlorides R—C— CI

o
II

O

esters R— C—0— R'
amides R— C —\H,

The simplest carbon\ l compounds are ketones and aldeh\ des. A ketone has two

alkyl (or ar\l) groups bonded to the carbonyl carbon atom. .An aldehyde has one

alkyl (or aryl) group and one hydrogen atom bonded to the carbon\ l carbon atom.

R

condensed structures:

Ketone: Two alkyl groups bonded to a carbonyl group.

Aldehyde: One alkyl group and one hydrogen bonded to a carbonyl group.

Ketones and aldehydes are similar in structure, and they have similar properties.

There are some differences. howe\ er. particularly in their reactions w ith oxidizing

0 0
II

0
II

C C C
/ \ / \ / \

R' R H

ketone aldehyde carbonyl group

RCOR' RCHO

18-1

Carbonyl

Compounds

785
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agents and with nucleophiles. In most cases, aldehydes are more reactive than ketones,

for reasons we discuss shortly.

18-2

Structure of

the Carbonyl

Group

The carbonyl carbon atom is .s/r hybridized and bonded to three other atoms through

three coplanar sigma bonds oriented about 120° apart. The unhybridized p orbital

overlaps with a p orbital of oxygen to form a pi bond. The double bond between car-

bon and oxygen is similar to an alkene C=C double bond, except that the carbonyl

double bond is shorter and stronger.

length

ketone C=0 bond 1.23 A

alkene C=C bond 1.34 A

energy

178 kcal/mol

(745 kJ/mol)

146 kcal/mol

(611 kJ/mol)

Another difference between the carbonyl and alkene double bonds is the large

dipole moment of the carbonyl group. Oxygen is more electronegative than carbon,

and the bonding electrons are not shared equally. In particular, the less tightly held

pi electrons are pulled more strongly toward the oxygen atom, giving ketones and

aldehydes larger dipole moments than most alkyl halides and ethers. We can use res-

onance forms to symbolize this unequal sharing of the pi electrons.

R R

c=o:

major

C— O:

The fnst resonance form is clearly more important, since it involves more bonds

and less charge separation. The contribution of the second structure is evidenced by

the large dipole moments of the ketones and aldehydes shown below.

III

H CH,

At = 2.7 D
acetaldehyde

O"

III

c
/ \

H3C CH,

II.
= 2.9 D

acetone

Compare with:

CI

I

T

H—C—

H

I

H
/X = 1.9 D

chloromethane

H3C'

IJL
= 1 .30 D

dimethyl ether

This polarization of the carbonyl group contributes to the reactivity of ketones

and aldehydes: The positively polarized carbon atom acts as an electrophile (Lewis

acid), and the negatively polarized oxygen acts as a nucleophile (Lewis base).

18-3

Nomenclature

of Ketones

and Aldehydes

lUPAC Names. Systematic names of ketones are derived by replacing the final -e

in the alkane name with -one. The "alkane"" name becomes "alkanone." In open-

chain ketones, the longest chain that includes the carbonyl carbon is numbered from

the end closest to the carbonyl group, and the position of the carbonyl group is in-

dicated by a number. In cyclic ketones, the carbonyl carbon atom is assigned the

number I

.
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O

CH;— C—CH-— CH;

2-butanone

CH, O CH,

CH,—CH— C—CH—CH;

2.4-dimeth\i-3-pentanone

o

C—CH.— CH;

1 -phenyl- 1 -propanone

CH--

O

-C— CH.

CH.
3-methylc\ clopentanone

OH

-c—
i

CH,

CH;

2-cyclohexenone

or cvclohex-2-en- 1 -one
4-hydroxy-^methyl-2-p>entanone

S>'stematic names for aldehydes are derived b\ replacing the final -e of the alkane

name with -al. .\n aldeh\ de carbon is at the end of a chain, so it is number 1 . If the alde-

h_\ de group is attached to a large unit i usualh a ring i. the suffix -carbaldehyde is used.

O Br CH; O

CH;— C— H CH;CH;CH;—CH—CH— CH;— C—

H

ethanal -l-bromo-3-medi\ Iheptanal

CH;

CH;— CH,—CH=CH—CHO

2-pentena] or pent-2-enal

CHO

c\cIohexanecarba]dehvde

OH (

-CH—CH;—

I

3-hydroxybutanal

CHO

OH

H

-h\ droxycNclopentanecarbaldehyde

A ketone or aldehyde group can also be named as a substituent on a molecule

with another functional group as its root. The ketone carbonyl is designated by the

prefix 0X0-. and the —CHO group is named as difonnyl group. Carboxylic acids

frequently contain ketone or aldehyde groups named as substituents.

O
II

CH;CH-— C— CH-—CHO
3-oxopentanal

H

TOOH
2-formylbenzoic acid

o
II

CH;— C—CH;—COOH
3-oxobutanoic acid

Common \aines. .As with other classes of compounds, ketones and aldehydes are

often called b\ common names rather than their systematic lUP.AC names. Ketone

common names are formed by naming the two alk} l groups bonded to the carbonyl

group. Substituent locations are given using Greek leners. beginning with the carbon

next to the carbon\ 1 group.

O
II

CH;CH;—C—CH,
methvl ethvl ketone

CH- O CH-
I II I

"

CH;CH-— CH—C—CH— CH-CH;
di-it f-bunl ketone

O CH-
I

Br—CH,—CH;—C—CH-CH;
/3-bromoethyl isopropyl ketone

OCH- O
3 a\

'

i:

CH;—CH,—CH—C—CiCHj,
i-butyl a-meihoxypropyl ketone
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Some ketones have historical common names. Dimethyl ketone is always called

acetone, and alkyi phenyl ketones are usually named as the acyl group followed by

the suffix -pheuone.

O

CH,— C—CH,
acetone

acetophenone propiophenone benzophenone

Common names of aldehydes are derived from the common names of car-

boxylic acids (Table 1 8-2). These names often reflect the Latin or Greek term for the

original source of the acid or the aldehyde.

TABLE 18-2 Common Names of Aldehydes

Carboxylic Acid Derivation Aldehyde

O

H—C—OH
formic acid

o

CH,—C—OH
acetic acid

o

CH,—CH,—C—OH
propionic acid

o
II

CH,—CH,—CH,—C—OH
butyric acid

O

C—OH

benzoic acid

formica, "ants'

acetuni, "sour

protos pion, "first fat'

biit\ri(m. "butter"

gum benzoin, "blending'

O

H—C—

H

formaldehyde

O
II

CH,—C—

H

acetaldehyde

O
II

CH,—CH,—C—

H

propionaidehyde

o
II

CH,—CH,—CH,—C—

H

butyraldehyde

O
II

C—

H

benzaldehyde

Greek letters are used with common names of aldehydes to give the locations of

substituents. The first letter (a) is given to the carbon atom next to the carbonyl group.

Br O OCH,0

Common name:

lUPAC name:

CH,—CH—CH,—C—H CH,—CH—C—

H

jS-bromobutyraldehyde «-methoxypropionaldehyde

3-bromobutaiuil 2-intfllu).\ypropanal

PROBLEM 18-1

Give the lUPAC name and (if possible) a common name for each compound.

OH O Ph

(a) CH3—CH—CH,—C—CH,CH, (b) CH3—CH—CH,—CHO
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Polarization of the carbony! group creates dipole-dipole attractions between the

molecules of ketones and aldehydes, resulting in higher boiling points than for hy-

drocarbons and ethers of similar molecular weights. Ketones and aldehydes have no

O—H or N—H bonds, however, so their molecules cannot form hydrogen bonds

w ith each other. Their boiling points are therefore lower than those of alcohols of sim-

ilar molecular weight. The following compounds of molecular weight 58 or 60 are

ranked in order of increasing boiling point. The ketone and the aldehyde are more

polar and higher boiling than the ether and the alkane, but lower boiling than the hy-

droeen-bonded alcohol.

18-4

Physical Properties

of Ketones and

Aldehydes

o o

CH^CHXHXH,
butane

bp 0°C

CH,—O—CH3CH,
methoxyethane

bp 8°C

CH,CH,— C—

H

propanal

bp 49°C

CH,— C— CH,
acetone

bp 56°C

CH,CH.CH,—OH
1 -propanol

bp 97°C

The melting points, boiling points, and water solubilities of some representa-

tive ketones and aldehydes are given in Table 18-3.

Although pure ketones and aldehydes cannot engage in hydrogen bonding with

each other, the\ have lone pairs of electrons and can act as h\ drogen bond acceptors

with other compounds having O—H or N—H bonds. For example, the —OH hy-

drogen of water or an alcohol can form a hydrogen bond with the unshared electrons

on a carbonyl o.xygen atom.

5-0"

•H H

/ \
R R'

•H
5-0'

R

/ \
R R'

Because of this hydrogen bonding, ketones and aldehydes are good solvents for

polar hydroxylic substances such as alcohols. They are also remarkably soluble in

water. Table 18-3 shows that acetaldehyde and acetone are miscible (soluble in all

proportions) with water and other ketones and aldehydes with up to four carbon

atoms are fairly soluble in water. These solubility properties are similar to those of

ethers and alcohols, which also engage in hydrogen bonding with water.

Formaldehyde and acetaldehyde are the most common aldehydes. Formalde-

hyde is a gas at room temperature, so it is often stored and used as a 40 percent aque-

ous solution caWed fonmilin. When dry fomialdehyde is needed, it can be generated

by heating one of the solid derivatives of formaldehyde, usually thoxane or

paraformaldehyde. Trioxane is a cyclic trimer. containing three formaldehyde units.

Paraformaldehyde is a linear polymer, containing many formaldehyde units. These
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solid derivatives form spontaneously when a small amount of acid catalyst is added

to pure formaldehyde.

H

H H
\ /

H^l l/H
c c

H H
trioxane, mp 62°C

(a trimer of formaldehyde)

H H H

heat

+c—o—c—o—c—o—c—0+
H H H H

paraformaldehyde

(a polymer of formaldehyde)

o

H— C—

H

formaldehyde

bp -21°C

H,0
HO OH

\ /
H—C—

H

formalin

TABLE 18-3 Physical Properties of Some Representative Ketones and Aldehydes

H.O
mp hp Density Solubilit\

lUPACName Common Name Structure ro CO (g/cnr) (%)

Ketones

2-propanone acetone CH,COCH, -95 56 0.79 oo

2-hutanone methyl ethyl ketone (MEK) CH,COCH,CH, -86 80 0.81 25.6

2-pentanone methyl ;i-propyl ketone CH,COCH,CH,CH, -78 102 0.81 5.5

3-pentanone diethyl ketone CH,CH,cdCH,CH, -41 101 0.81 4.8

2-hexanone CH,CO(CH,),CH, -57 127 0.83 1.6

3-hexanone CH,CH,COCH,CH,CH, 124 0.82

2-heptanone CH,C0(CH,)4CH, -36 151 0.81 1.4

3-heptanone CH,CH,CO(CH,),CH, -39 147 0.82 0.4

4-heptanone di-;(-propyl ketone (CH,CH,CH.),CO -34 144 0.82

4-methyl- mesityl oxide (CH,),C=CHCOCH, -59 131 0.86

3-penten-2-one

3-buten-2-one methyl vinyl ketone (MVK) CH:=CHCOCH, -6 80 0.86

cyclohexanone -16 157 0.94 13

acetophenone methyl phenyl ketone C6H,COCH3 21 202 1.02 0.5

propiophenone ethyl phenyl ketone CftHsCOCH.CH, 21 218

benzophenone diphenyl ketone C.HsCOC.H, 48 305 1.08

Aldehydes

methanal formaldehyde HCHO or CH.O -92 -21 0.82 55

ethanal acetaldehyde CH,CHO -123 21 0.78 oc

propanal propionaldehyde CH,CH.CHO -81 49 0.81 20

butanal «-butyraldehyde CH,(CH,),CHO -97 75 0.82 7.1

2-methylpropanal isobutyraldehyde (CH,),CHCHO -66 61 0.79 1

1

pentanal /j-valeraldehyde CH,(CH,),CHO -91 103 0.82

3-methylbutanal isovaleraldehyde (CHO^CHCH.CHO -51 93 0.80

hexanal caproaldehyde CH,(CH.)4CH0 -56 129 0.83 0.1

heptanal ;i-heptaldehyde CH,(CH.),CHO -45 155 0.85 0.02

propenal acrolein CH.=CH—CHO -88 53 0.84 30

2-butenal crotonaldehyde CH,—CH=CH—CHO -77 104 0.86 18

benzaldehyde QH^CHO -56 179 1 .05 0.3
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Acetaldehyde boils near room temperature, and it can be handled as a liquid.

Acetaldehyde is also used as a trimer (paralclchyde) and a tetramer (metuldehydc),

formed from acetaldehyde under acid catalysis. Heating either of these compounds

provides dry acetaldehyde. Paraldehyde is used in medicines as a sedative, and niet-

aldehyde is used as a bait and poison for snails and slugs.

\ / ^ /

CH3J ?/CH, ^ CH-C-H ^ ^»\? ?\
X.^ acetaldehyde, bp 20°C

H O—C—

H

C-O H

CH3

H O H
paraldehyde, bp 125''C

(a trimer of acetaldehyde) CH,
metaldehyde, mp 246°C

(a tetramer of acetaldehyde

)

1 8-5A Infrared Spectra of Ketones and Aldehydes

The carbonyl (C=0) stretching vibrations of simple ketones and aldehydes

occur around 1710 cm"'. Because the carbonyl group has a large dipole mo-

ment, these absorptions are very strong. In addition to the carbonyl absorption,

an aldehyde shows a set of two low-frequency C—H stretching absorptions

around 2710 and 2810 cm '.

18-5

Spectroscopy

of Ketones

and Aldehydes

O / 1710 cm

R—C— R'

ketone

O 1710 cm-

R—C—

H

\

2710. 2S1() cm '

aldehyde

Figure 12-10 (page 514) compares the IR spectra of a simple ketone and aldehyde.

Conjugation lowers the carbonyl stretching frequencies of ketones and alde-

hydes because the partial pi bonding character of the single bond between the con-

jugated double bonds reduces the electron density of the carbonyl pi bond. The

stretching frequency of this weakened carbonyl bond is lowered to about 1680 cm '.

Ring strain has the opposite effect, raising the carbonyl stretching frequency in ke-

tones with three-, four-, and five-membered rings.

about 1680 cm"'

acetophenone 2-butenal cycloperitanoiie cyclopropanone
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1 8-5B Proton NMR Spectra of Ketones and Aldehydes

When considering the proton NMR spectra of ketones and aldehydes, we are inter-

ested primarily in the protons bonded to the carbonyl group (aldehyde protons) and

the protons bonded to the adjacent carbon atom (the a-carbon atom). Aldehyde pro-

tons normally absorb at chemical shifts between 59 and 610. The aldehyde proton's

absorption may be split {J = 1 to 5 Hz) if there are protons on the a-carbon atom.

Protons on the a-carbon atom of a ketone or aldehyde usually absorb at a chemical

shift between 52.1 and 52.4 if there are no other electron-withdrawing groups near-

by. Methyl ketones are characterized by a singlet at about 52.1.

a carbDii a carbon a carbon

o o / o /

R—C@—C-(g) R—C—dg^ R—C— Gg^R'

S2.4 69-610 52.1 62.4

an aldehyde a methyl ketone other ketones

Figure 18-1 shows the proton NMR spectrum of butanal. The aldehyde proton

appears at 59.75. split by the protons on the a-carbon atom with a small (J = 1 Hz)

coupling constant. The a protons appear at 62.4. and the (3 and y protons appear at

increasing magnetic fields, as they are located farther from the deshielding effects of

the carbonyl group.

1 8-5C Carbon NMR Spectra of Ketones and Aldehydes

Carbonyl carbon atoms have chemical shifts around 200 ppm in the carbon NMR
spectrum. Because they have no hydrogens attached, ketone carbonyl carbon atoms

usually give weak absorptions. The a-carbon atoms usually absorb at chemical shifts

of about 30 to 40 ppm. Figure 18-2 shows the spin-decoupled carbon NMR spectrum

of 2-heptanone. in which the carbonyl carbon absorbs at 208 ppm. and the a-carbon

atoms absorb at 30 ppm (methyl) and 44 ppm (methylene).

Figure 1 8-

1

The proton NMR spectrum of butanal (butyraldehyde) shows the aldehyde proton at 59.8,

split into a triplet U = 1 Hz) by the two a protons. The a. f3. and y protons appear at

values of 8 that decrease with increasing distance from the carbonyl group.
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44 31 14

208
o

Ml 44 24 31 23 14

"\/\! ! I I I

H^C CHXHXHXHXH,

208

1 1 1 1 1 1 1 1 1 1

200 180 160 140 120 100 80 60 40 20 0

< Figure 18-2

This spin-decoupled carbon

NMR spectrum of 2-heptanone

shows the carbonyl carbon at

208 ppm and the a carbons at

30 ppm (methyl) and 44 ppm
(methylene).

PROBLEM 18-2

Tw o NMR spectra iire given below, together w ith the molecular fomiulas. Each compound is a ketone or an aldehyde, hi each case,

show what characteristics of the spectrum impl> the presence of a ketone or an aldehyde, and propose a structure for the compound.

200 180 160 140 I 20 1 1 )0

Offvel: 40 ppm

r

(a)CgH,oO

I
\ \ \

(b) l-^C NMR spectrum

of C^H^O

133

145

197

128

Each of the

absorptions at 1 28 and

1 29 ppm corresponds

to tuo carbons

26

200 180 160 140 120 100 80 60 40 20 0
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1 8-5D Mass Spectra of Ketones and Aldehydes

In the mass spectrometer, a ketone or an aldehyde may lose an alkyl group to give a

resonance-stabilized acylium ion, like the acylium ion that serves as the electrophile

in the Friedel -Crafts acylation (Section 17-11).

O

R—C— RJ > fR—C=0 ^-^ R—C^O^] + R'

acylium ion

Figure 18-3 shows the mass spectrum of methyl ethyl ketone (2-butanone).

The molecular ion is prominent at m/z 72. The base peak at m/z 43 corresponds to

loss of the ethyl group. Because a methyl radical is less stable than an ethyl radical,

the peak corresponding to loss of the methyl group {m/z 57) is much weaker than the

base peak from loss of the ethyl group.

O

C -t-CH,CH
43 -J

radical cation

mizll

CH3 C = 0+

acylium ion

miz 43 (base peak)

•CH2CH3

ethyl radical

loss of 29

O

CH3 -he — CH2CH3
- ' L S7

' "J
57

radical cation

mIz 72

CH3CH3 — (

acylium ion

mIz 57

methyl radical

loss of 1

5

Figure 18-3

The mass spectrum of 2-

butanone shows a prominent

molecular ion and a base peak

from loss of an ethyl radical to

give an acylium ion.

100

80

g 60
cz

I 40

20

0

43

0

II

CH,— C— CH,CH,

1^+

72

Jl ll1 1

57

,„L

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

mJz

McLafferty Rearrangement ofKetones andAldehydes. The mass spectrum of bu-

tyraldehyde (Fig. 1 8-4) shows the peaks we expect at m/z 72 (molecular ion), m/z 57

(loss of a methyl group), and m/z 29 (loss of a propyl group). The peak at m/z 57 is

from cleavage between the p and y carbons to give a resonance-stabilized carbo-

cation. This is also a common fragmentation with carbonyl compounds; like the other

odd-numbered peaks, it results from loss of a radical.

The base peak is at m/z 44, showing the loss of a fragment of mass 28. This loss

of a fragment with an even mass number corresponds to loss of a stable, neutral mole-

cule (as when water, mass 18, is lost from an alcohol). A fragment of mass 28 corresponds

to a molecule of ethylene (C2H4). This fragment is lost through a process called the

McLafferty rearrangement, involving the cyclic intramolecular transfer of a hydro-

gen atom from the y (gamma) carbon to the carbonyl oxygen (shown in Figure 18-5).
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100

80

«j

M 60
a

I 40

20

0

44

11
M -28

0

29 M+ II

a

57
H CHiCH-,CH,

h 1 III 1 1 1

10 20 30 40 50 60 70 80 90 100

miz

O

10 120 130 140 150 160

H— C— CH.CH.CH3
29 ' ' -

mizll

O 57-

II

H— C— CH-,— CH.— CH3

H—C^0+ + CHXH.CH,

mIz 29 loss of 43

H
=0

H C

^0<

H C
+ -CH^

loss ot 15

p. Y cleavage

McLiifferly rearran^^enwiit mIz 72

stabilized cation

mIz 57

wi/c 44 (base peak) + loss of 28

< Figure 18-4

The mass spectrum of

butyraldehyde shows the

expected ions of masses 72. 57.

and 29. The base peak at m/z

44 results from the loss of

ethylene via McLafferty

rearrangement.

Y hydrogen

O
H-

H-

H

H

/ \ H
H H
mIz 11

H C

H-
H H

H
C—

H

H

C
II

C

ethylene

loss of 28

McLafferty reaiTangement of butyraldehyde

H C

H
enol

mIz 44

H

H

O H
II P ly

R— C— C+ C— C-

/\ /\ I

A A B B R

R

R

?^^l
c ^ C^^
/ ^c^ \

R' / \ B
A A

O—

H

R—C= C

enol

McLafferty rearrangement of a general ketone or aldehyde

Figure 18-5

Mechanism of the McLafferty reaiTangement. This rearrangement may be concerted, as

shown here, or the y hydrogen may be transferred first, followed by fragmentation.

c=c
B' R

loss of aikene
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The McLafferty rearrangement is a characteristic fragmentation of ketones and

aldehydes as long as they have y hydrogens. It is equivalent to a cleavage between

the a and ji carbon atoms, plus one mass unit for the hydrogen that is transferred.

H

O

-C—CH
» 43—1

CH-,~r"CH-,"

H
y I

-CH,

O—

H

H—C=CH,
m Iz. 44

j8 y

+ H,C=CH,

PROBLEM 18-3

Why were no products from McLafferty rearrangement observed in the spectrum of 2-bu-

tanone (Fig. 18-3)?

PROBLEM 18-4

Use equations to show the fragmentation leading to each numbered peak in the mass spec-

trum of 2-octanone.

100

80

60

40

20

43

i iili|llll

O

H3C — C — CHXH^CH^CH.CH^CH,

85 ! I

113
12

10 20 30 40 50 60 70 90 100 110 120 130 140 150 160

1 8-5E Ultraviolet Spectra of Ketones and Aldehydes

The TT 77* Transition. The strongest absorptions in the ultraviolet spectra of alde-

hydes and ketones are the ones resulting from tt tt* electronic transitions. As
with alkenes. these absorptions are observable (A,„.,^ > 200 nm) only if the carbonyl

double bond is conjugated with another double bond. The simplest conjugated car-

bonyl system is propenal, shown below. The tt tt* transition of propenal occurs

at Amax of 210 nm (s = 11,000). Alkyl substitution increases the value of A^a^ by

about 10 nm per alkyl group. An additional conjugated double bond increases the

value of A,„,,^ by about 30 nm. Notice the large values of the molar absorptivities

{s > 5000), as we also observed for the tt^ tt* transitions of conjugated dienes.

/C= CC'
H C

II

o
propenal

„ „ = 210 nm.f = 11.000

[

CH
3^

fCH
c=c;

c

o

CH3

three alkyl groups three alkyl groups

= 244 nm,e = 12,500

The n tt* Transition. An additional band of absorptions in the ultraviolet spec-

tra of ketones and aldehydes results from promoting one of the nonbonding elec-

trons on oxygen to a tt* antibonding orbital. This transition involves a smaller amount

of energy than the tt —^ tt* transition because the promoted electron leaves a non-

bonding (77) orbital that is higher in energy than the tt bonding orbital (Fig. 18-6).
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4 Figure 18-6

Comparison of the tt if''

and the ti ^ tt* transidons.

The /; —* if''- transition requires

less energy because the

nonbonding (/;) electrons are

higher in energy than the

bonding tt electrons.

—^ '^'C— o<3
nonbonding'

orbital

G (-3

"allowed" transition "forbidden" transition

e = 5000 - 200,000 e s 1 0 - 200

':ic—o

Because the n tt* transition requires less energy than a. tt^ tt* transi-

tion, it gives a lower frequency (longer wavelength) absorption. The n ^ tt* tran-

sitions of simple, unconjugated ketones and aldehydes give absoiptions with values

of An,ax between 280 and 300 nm. Each double bond added in conjugation with the

carbonyl group increases the value of A^a^ by about 30 nm. For example, the

n —* TT* transition of acetone occurs at X„y^^ of 280 nm {s = 15). Figure 18-7 shows

the UV spectrum of a ketone conjugated with one double bond, having A,,,.,^ around

315 to 330 nm s = 110).

Figures 18-6 and 18-7 show that /; tt* transitions have small molar absorp-

tivities, generally about 10 to 200. These absolutions are around 1000 times weaker

than TT TT* transitions because the n tt* transition corresponds to a "forbid-

den" electronic transition with a low probability of occurrence. The nonbonding or-

bitals on oxygen are peipendicular to the tt* antibonding orbitals, and there is zero

overlap between these orbitals (see Fig. 18-6). This forbidden transition occurs oc-

casionally, but much less frequently than the "allowed" tt^ v* transition.

Notice that the y axis of the spectrum in Figure 18-7 is logarithmic, allowing

both the TT^ 77* and the much weaker /; tt* absorptions to be charted on the

same spectrum. It is often necessary to run the spectrum twice, using different con-

centrations of the sample, to observe both absorptions.

More complete information for predicting UV spectra is given in Appendix 3.

t: —- JT
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PROBLEM 18-5

Predict the approximate values of A^^^ for the tt

tion in each compound.

TT^' transition and the « ^ tt* transi-

18-6

Industrial Importance

of Ketones

and Aldehydes

In the chemical industry, ketones and aldehydes are used as solvents, starting mate-

rials, and reagents for the synthesis of other products. Although formaldehyde is

well known as the formalin solution used to preserve biological specimens, most of

the 3 billion kilograms of formaldehyde produced each year is used to make Bake-

lite®, phenol-formaldehyde resins, urea-formaldehyde glues, and other polymeric

products. Acetaldehyde is used primarily as a starting material in the manufacture of

polymers and drugs.

Acetone is the most important commercial ketone, with over 1 billion kilo-

grams used each year. Both acetone and methyl ethyl ketone (2-butanone) are com-

mon industrial solvents. These ketones dissolve a wide range of organic materials,

have convenient boiling points for easy distillation, and have low toxicities.

Many other ketones are used as flavorings and additives to foods, drugs, and

other products. Table 18-4 lists some simple ketones and aldehydes with well-known

odors and flavors. Pyrethrin, isolated from pyrethrum flowers, is commercially ex-

tracted for use as a "natural" insecticide. "Natural" or not. pyrethrin can cause severe

allergic reactions, nausea, vomiting, and other toxic effects.

TABLE 18-4 Ketones and Aldehydes Used in Household Products

Odor:

Uses:

Uses:

O
II

CH,—CH,—CH,—C—

H

butyraldehyde

buttery

marsarinc. foods

camphor

Odor: ' 'camphoraccous'

'

liniments, inhalants

vanillin

vanilla

foods, perfuines

pyrethrin

floral

phint insecticide

acetophenone

pistachio

ice cream

CHO

rra/!i-cinnamaldehyde

cinnamon

candy, foods, drugs

( — ) enantiomer: spearmint musky aroma

( + ) enantiomer: caraway seed

cand\. loollipastc. etc. perfumes
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In studying reactions of other functional groups, we have already encountered some

of the best methods for making ketones and aldehydes. Let's review and summarize

these reactions, and then consider some additional synthetic methods. A summar\

table of syntheses of ketones and aldehydes begins on page 806.

I 8-7A Ketones and Aldehydes from Oxidation of Alcohols

(Section I 1-2)

Because there are so many u ays of making alcohols, they are the most important in-

termediates for s\ nthesis of ketones and aldehydes. For example, a Grignard reac-

tion can assemble a complicated alcohol, which can be oxidized to a ketone or an

aldeh\de.

/ R—MgX
Grisnard

o

R'— C—

H

aldehN'de

( 1 ) ether

(2) H,0*

OH
I

R—CH— R'

secondar\'

alcohol

NaXr.O-:

H,SO.

Secofulcny alcohols ketones

Secondary alcohols are readily oxidized to ketones by sodium dichromate in

sulfuric acid ("chromic acid"" ) or by potassium permanganate (KMn04).

NaXr.O,

bomeol

Priman alcohols aldehxdes

camphor

(88%)

/
OH

R—CH,
priman, alcohol

[oxidizing agentl

^2H

o
II

R—C—

H

aldehyde

[os eroxidation]

18-7

Review of

Syntheses of

Ketones and

Aldehydes

o
II

R— C— R'

ketone

o

R—C—OH
carboxylic acid

Oxidation of a primary alcohol to an aldehyde requires careful selection of an

oxidizing agent. Because aldehydes are easily oxidized to carboxylic acids, strong

oxidants like chromic acid often give overoxidation. Pyridinium chlorochromate

(PCC). a complex of chromium trioxide w ith pyridine and HCl. provides good yields

of aldehydes w ithout o\ eroxidation.

,CH,OH

cvclohex\ Imethanol

N—H CrO,Cr

(PCC)

CHO

cyclohexanecarbaldehyde

(90%)

I 8-7B Ketones and Aldehydes from Ozonolysis ofAlkenes
(Section 8-I5B)

Ozonolysis, followed by a mild reduction, cleaves alkenes to give ketones and

aldehydes.
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/
R R'
\ /
C=C

/ \
H R"

(1) ( ) -,

(2) (CH^},S

R R'
\ /
c=o + o=c

/ \
H R"

Ozonolysis can be used as a synthetic method or as an analytical technique.

Yields are generally good.

(1) O,

(2) Me,.S

.CH3

o

o

-methylcyclohexene

H
6-oxoheptanal

(65%)

1 8-7C Phenyl Ketones and Aldehydes: Friedel- Crafts Acylation

(Section 17-11)

Friedel -Crafts acylation is an excellent method for synthesis of alkyl aryl ketones or

diaryl ketones. It cannot be used on strongly deactivated aromatic systems, however.

O

R—C— CI +
AlCl:,

R is alkyl or aryh G is hydrogen, a halogen, or an activating group

AlCL

O.N
p-nitrobenzoyl chloride

O.N
p-nitrobenzophenone

(90%)

The Gatterman - Koch synthesis is a variant of the Friedel -Crafts acylation in which

carbon monoxide and HCl generate an intermediate that reacts like formyl chloride.

Like Friedel -Crafts reactions, the Gattemian-Koch formylation succeeds only with

benzene and activated benzene derivatives.

CH,

CO. HCl

toluene

CHO

CH,-

/^-methylbenzaldehyde (major)

(50%)

I8-7D Ketones and Aldehydes from Hydration of Alkynes
(Section 9-9F)

Catalyzed by Acid and Mercuric Salts. Hydration of a terminal alkyne is a conve-

nient way of making methyl ketones. This reaction is catalyzed by a combination of

sulfuric acid and mercuric ion. The initial product of Markovnikov hydration is an
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1

end. which quickly taiitomerizes to its keto form, internal alkynes can be hydrated,

but mixtures of ketones often result.

/ R—C^C—

H

Hg-+. H,SO_,

H,()

alkyne

R H
\ /
C=C

/ \
HO H_

enol (not isolated)

Example

C

H.SO^.Hg-

O H

R—C—C—

H

H
methyl ketone

o
II

c

ethynvlcvclohexane enol

CH,

cyclohexyl methyl ketone

Hydroboration- Oxidation. Hydroboration- oxidation of an alkyne gives anti-

Markovnikov addition of water across the triple bond. Di( secondary isoamyl)

borane, called disiamylborane. is used, since this bulky borane cannot add twice

across the triple bond. On oxidation of the borane. the unstable enol quickly tau-

tomerizes to an aldehyde.

R—C=C—

H

alkyne

(1) Sia.BH

(2) H,0,. NaOH

R

C=C
/
H

H OH

enol (not isolated)

OH
o
II

R—CH —C—

H

aldehyde

Example

ethynvlcvclohexane

(1) Sia^BH

(2) H,0,. NaOH

o

CH,—C—

H

cyclohexylethanal

(65^f)

In the following sections, we consider additional syntheses of ketones and alde-

hydes that we have not covered before. These syntheses form ketones and aldehydes

from carboxylic acids, nitriles, acid chlorides, and alkyl halides (used to alkylate

1,3-dithiane).

SOLVED PROBLEM 18-1

Show how you would synthesize each compound from starting materials containing no

more than 6 carbon atoms.
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SOLUTION
(a) This compound is a ketone with 12 carbon atoms. The carbon skeleton might be as-

sembled from two 6-carbon fragments using a Grignard reaction, which gives an alcohol

that is easily oxidized to the target compound.

MgBr
.„ ( 1 ) ether
H >

(2) HjO^

H OH

Na-jCrjCy

H,S04
target (a)

An alternative route to the target compound involves Friedel -Crafts acylation:

O O

(b) This compound is an aldehyde with 8 carbon atoms. An aldehyde might come from

oxidation of an alcohol (possibly a Grignard product) or hydroboration of an alkyne. If

we use a Grignard, the restriction to 6-carbon starting materials means we need to add 2

carbons to a methylcyclopentyl fragment, ending in a primary alcohol. Grignard addition

to an epoxide does this.

OH
I ,0,

target (b)
PCC ^/\^CH, -CH,— CH,

(1) ^. ether
^^CH.MgBr

(2) H3O+ \ I

Alternatively, we could construct the carbon skeleton using acetylene as the 2-carbon

fragment. The resulting terminal alkyne undergoes hydroboration to the correct aldehyde.

( I ) Sia^BH
target (b)

(2) H.O,.-OH

CH,—C=C— H u—r=H—C=C:-Na+ CH,Br

PROBLEM 18-6

Show how you would synthesize each compound from starting materials containing no

more than six carbon atoms.

O O

(a)

C.
^CH,CH,,

(b)
~CH,CH,

(c)

O

CH,—C— CH,

18-8

Synthesis of

Ketones and

Aldehydes Using

1 ,3-Dithianes

1.3-Dithiane is a weak proton acid (pA'^, = 32) that can be deprotonated by strong

bases such as //-butyllithium. The resulting carbanion is stabilized by the electron-

withdrawing effect of two highly polarizable sulfur atoms.

+ CjHy— Li

//-hiit\ liitiiium

H H

.3-dithiane. pA",

butane

32

H
dithiane anion
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Alkylation of the dithiane anion by a primary alkyl halide or tosylate gives a

thioacetal (sulfur acetal) that can be hydrolyzed using an acidic solution of mercuric

chloride. The product is an aldehyde bearing the alkyl group that was added by the

alkylating agent. This is a useful synthesis of aldehydes bearing primary alkyl groups.

/ H". HgCl,

H
dithiane anion

alkylating agent

primary alkyl halide H R
thioacetal

H R
aldehyde

Alternatively, the thioacetal can be alkylated once rnore to give a thioketal.

Hydrolysis of the thioketal gives a ketone. (Acetals and ketals are discussed in more

detail in Section 18-18.)

/ ( 1 ) BuLi

(2) 1° R'—

X

H + .HgCU

H^O

o

R' R

ketone

For example, l-phenyl-2-pentanone may be synthesized as shown below:

H R
thioacetal

R' R
thioketal

( 1 ) BuLi

S S (^)PhCH,

1,3-dithiane

) BuLi

r c cX
PhCH, H

thioacetal

(2) CH,CH,CH^Br s S
- X

PhCH, CHXH.CHj
thioketal

H + .HgCl-, O

PhCH, CHXHXH,

In each of these sequences, dithiane is alkylated once or twice, then hydrolyzed

to give a carbonyl group bearing the alkyl group(s) used in the alkylation. We often

consider dithiane to be a synthetic equivalent of a carbonyl group that can be made
nucleophilic and alkylated.

PROBLEM 18-7

Show how you would use the dithiane method to make the following ketones and aldehydes,

(a) 3-phenylpropanal (b) 4-phenyl-2-hexanone

(c) dibenzyl ketone (d) I -cyclohexyl-4-phenyl-2-butanone

ketone

PROBLEM-SOLVING HINT
You can think of dithiane as a

"masked" carbonyl group. To

make an aldehyde or ketone, add

to dithiane whatever alkyl

groups are on the carbonyl

group of the target compound.

(These must be good S^2

substrates.)

Organolithium reagents can be used to synthesize ketones from carboxylic acids.

Organolithiums are so reactive toward carbonyls that they attack the lithium salts of

carboxylate anions to give dianions. Protonation of the dianion forms the hydrate of

a ketone, which quickly loses water to give the ketone (see Section 18-14).

O O 0~Li-
II LiOH II R-L, I

H,0^
R—C—OH > R—C—O Li > R—C—O-Li*

carboxylic acid lithium carboxylate

R'

dianion

18-9

Synthesis of

Ketones from

Carboxylic Acids

OH
I

R—C—OH

R

hvdrate

H,0
R—C—

R

ketone
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If the organolithium reagent is inexpensive, we can simply add 2 equivalents

to the carboxylic acid. The first equivalent generates the carboxylate salt, and the

second attacks the carbonyl group. .Subsequent protonation gives the ketone.

dianion hydrate

PROBLEM 18-8

Predict the products of the following reactions.

O

C—OH
(a)

(c) CH,(CH.),COOH

( 1 ) excess CH^^Li

(2) H3O+
'

( 1 ) excess CHjCHjLi

(2) H,0 +

(1)2

(b) CH,COOH

Li

(2)H30+

18-10

Synthesis of

Ketones

from Nitriles

R'^Mg— X

nucleophilic attack

Example

C=N-

Nitriles can also be used as starting materials for the synthesis of ketones. Discussed

in Chapter 21, nitriles are compounds containing the cyano (—C=N) functional

group. Since nitrogen is more electronegative than carbon, the —C=N triple bond

is polarized like the C=0 bond of the carbonyl group. Nucleophiles can add to the

—C=N triple bond by attacking the electrophilic carbon atom.

A Grignard or organolithium reagent attacks a nitrile to give the magnesium salt

of an imine. Acidic hydrolysis of the imine leads to the ketone. The mechanism of

this acid hydrolysis is the reverse of acid-catalyzed imine formation, covered in Sec-

tion 18-16. Note that the ketone is formed during the hydrolysis after any excess

Grignard reagent has been destroyed; thus, the ketone is not attacked.

R' MgX R' H

C= N. > C=N. —
R'
\

R R

C= 0: + NH+

R
Mg salt of imine ketone

MgBr

benzonitrilc

MoBr

])h c ny 1mag IIe s i um broni idc

ether
H3O+

benzophenone imine

(magnesium salt)

benzophenone



18-11 Synthesis of Aldehydes and Ketones from Aeid Chlorides 805

PROBLEM 189

Predict the products of the following reactions.

(a) CH,CH,CH:CH,—C=N + CH,CH:— MgBr. then H,0"^

(b) benzyl bromide + sodium cyanide

(c) product of (b) + cyciopentylmagnesium bromide, then acidic hydrolysis.

PROBLEM 18-10

Show how the following transformations may be accomplished in good yield. You may use

any additional reagents that are needed.

(a) bromobenzene —> propiophenone

(b) CH,CH.CN 3-heptanone

(c) pentanoic acid —» 3-heptanone

(d) toluene benzyl cyclopentyl ketone

Because aldehydes are easily oxidized to acids, one might wonder whether acids are

easily reduced back to aldehydes. Aldehydes tend to be more reactive than acids,

however, and reducing agents that are strong enough to reduce acids also reduce

aldehydes even faster.

O

R—C—OH
acid

f.i,AlHj

(slow)

o

_R—C— H_

aldehyde

(not isolable)

1 iAlH

(fast)
R— Cll.—

O

alkoxide

Acids can be reduced to aldehydes by first converting them to a functional

group that is easier to reduce than an aldehyde: the acid chloride. Acid chlorides

(acyl chlorides) are reactive derivatives of carboxylic acids in which the acidic hy-

droxyl group is replaced by a chlorine atom. Acid chlorides are often synthesized by

treatment of carboxylic acids with thionyl chloride, SOCL

.

O

R— C—OH
acid

O

CI— S— CI

thionyl chloride

o

R—C— CI

acid chloride

+ HCl

Strong reducing agents like LiAlHj reduce acid chlorides all the way to primary

alcohols. Lithium aluminum tri(r-butoxy)hydride is a milder reducing agent that re-

acts faster with acid chlorides than with aldehydes. Reduction of acid chlorides with

lithium aluminum tri(?-butoxy)hydride gives good yields of aldehydes.

/
Example

CH,

O

R—C— CI

acid chloride

o

Li+ "AlHlO-r-BiD,

liihiuiii aluminum tri(/-buloxy )hydride

CH, O

CH,CHCH —C—OH
isovaleric acid

SOCU
CH3CHCH —C— CI

isovaleroyi chloride

O

R—C—

H

aldehyde

I.i* ^A!ll(0-/-Bu)

18-1 I

Synthesis of

Aldehydes and

Ketones from

Acid Chlorides

SO3

1

CH, O

CH3CHCH.—C—

H

i.sovaleraldehyde (65%)

Synthesis ofKetones. Grignard and organolithium reagents react with acid chlorides

much like hydride reagents: They add R~ where a hydride reagent would add H~.
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As we saw in Section 10-9, Giignard and organolithium reagents add to acid chlo-

rides to give ketones, but they add again to the ketones to give tertiary alcohols.

O

R'— C— CI

acid chloride

(fast)

o
II

R —C—

R

ketone

RMgX
(fast)

O- +MgX

R'— C—

R

I

R
alkoxide

To stop at the ketone stage, a weaker organometallic reagent is needed: one

that reacts faster with acid chlorides than with ketones. A lithium dialkylcuprate is

such a reagent.

O O

RCuLi +

a lithium dialkylcuprate

R'—C— CI R'—C—

R

LiCl

The lithium dialkylcuprate is formed by the reaction of two equivalents of the

corresponding organolithium reagent (Section 10-8B) with cuprous iodide.

R— Li Cul R^CuLi + Lil

Example

(1) Li

(2) Cul
CuLi

Cl

80%

PROBLEM 18-11

Predict the products of the following reactions.

O

( 1 ) LiAlH

(2) H^O-'
(b)

-(-J
LiAlH(0-f-Bu)3

SUMMARY: Syntheses of Ketones and Aldehydes

1. Oxidation of alcohols {Section 11-2)

a. Secondaiy alcohols ketones

OH O
I

Na^Cr^O^/H^SO- II

R—CH— R' —— = > R—C— R'

secondary alcohol ketone
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b. Prinuiiy alcohols aldehydes

R—CH.OH
primary alcohol

C,H,NH+Cr03Cr(PCC)

O
II

R—C—

H

aldehyde

2. Ozoiiolysis ofalkenes (Section 8-15B)

R R'

C=C
/ \

H R"

(1)0,
R R'
\ /
c=o + o=c

(2) (CH,).S

R"

alkene aldehyde ketone

(gives aldehydes or ketones, depending on the starting alkene)

3. Friedel- Crafts acylatioii {SscUon 17-11

o

R—C— CI +
AICK

R can be alkyl or aryl:

G is hydrogen, a halogen, or an activating group.

The Gattennan-Koch fonnylation (Section 17-1 IC)

HCl CO +
AlCK.CuCI

G is hydrogen or an activating group.

C—R ( +
arvl ketone

ortho

)

O

C—

H

benzaldehvde deri\ ative

4. Hydration of alkynes (Section 9-9F)

a. Catahzed b\ acid and mercuric scdts (Markovnikov orientation)

R—C^C—

H

alkvne

R H
\ /
C=C

/ \
HO H
enol (not isolated)

b. Hydroboration- oxidation (anti-Markovnikov orientation)

H
"

R—C=C—

H

alkvne

(1) Sia.BH

(2) H202.NaOH

R
\ /
C=C

/ \
H OH
enol (not isolated)

o
II

R—C—CH,
ineth\ 1 ketone

o
II

R— CH.—C—

H

aldehyde



808 Chapter 18: Ketones and Aldehydes

5. Alkyhuion of ].3-dirhiaiies (Seclion 18-8)

Example

(1) BuLi

(2) 1°R—

X

alk\ lation

H H
1.3-dithiane

(1) BuLi

( 1

)

BuLi

(2) 1°R'—

X

alkylation

R H
thioacetyl

|h,0-. Ha

o

c
/ \

R H

CI,

aldehyde

(1) BuLi

S (2) PhCH^Br (2) Bu— Br

H H
1.3-dithiane

H CH.Ph

thioacetal

R R'

thioketal

jH,0^ HgCL

O
II

R R'

ketone

S H2CU

Bu CH.Ph

thioketal

O

C
/ \

Bu CH-Ph

1 -phenyl-2-hexanone

6. Synthesis of ketones using organolithiwns with caiboxylic acids (Section 18-9)

Example

O
II

R—C—OH
caiboxylic acid

O

OH

cyclohexane

carboxylic acid

2 R — Li

-f 2 CH;— Li

methyllithium

OLi

I

R—C— OLi

R'

dianion

LiO. ,OLi
C

H3O+

dianion

o
II

R—C—R'

ketone

cyclohexyl methyl

ketone

7. Synthesis of ketones from nitriles (Section 18-10)

R—C=N + R'—Mg—

X

(orR'— Li)

N—MsX
II

^

R—C— R'

Mg salt

of imine

H.O"

o
II

R—C— R'

ketone

Example

C=N
(1) CHjCH^CH,—MgBr

(2) H,0^

benzonitrile

o
II

CHXH2CH3

butyrophenone
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8. Aldehyde synthesis by reduction of acid chlorides (Section 18-11)

o o
II Li" AlH(0-f-Bu)3 II

R C CI — — „ , „ „„ ^77^ R C H
(or Ht, Pd, BaSO,. S)

acid chloride " aldehyde

Example
Ph O Ph O
I II Li+ "A1H(0-/-Bu), I II

CH,—CH—CH.—C— CI ^ CH3—CH—CH,—C—

H

3-phenylbutanoyl chloride 3-phenylbutanal

9. Ketone synthesis from acid chlorides (Section 18-11)

O O
II II

R'—C— CI + RXuLi > R'—C—

R

acid chloride ketone

Example q q

CHjiCH.IjC— CI + /^-v.^-'^CuLi > CH3(CH2)4C— (CH.l^CH,

Ketones and aldehydes undergo many reactions to give a wide variety of useful de- 18-12
rivatives. Their most common reaction is nucleophilic addition, addition of a nu-

[Reactions of
cleophile and a proton across the C=0 double bond. The reactivity of the carbonyl

group arises from the electronegativity of the oxygen atom and the resulting polar- KetOPieS and
ization of the carbon-oxygen double bond. The electrophilic carbonyl carbon atom Aldehydes;
is sp' hybridized and flat, leaving it relatively unhindered and open to attack from ei-

ther face of the double bond.

As a nucleophile attacks the carbonyl group, the carbon atom changes hy-

bridization from sp- to sp^. The electrons of the pi bond are forced out to the oxy-

gen atom, giving an alkoxide anion, which protonates to give the product of

nucleophilic addition.

Nucleophilic

Addition

Nuc

Nuc „ ^, Nuc
\ .. H— Nuc H

:'C^^^O^ _^ ^ ;(-;_0:
,

> ^ ,>,\C — O: + Nuc:-

R R

product

We have seen at least two examples of nucleophilic addition to ketones and

aldehydes. A Grignard reagent (a strong nucleophile resembling a carbanion. R: )

attacks the electrophilic carbonyl carbon atom to give an alkoxide intermediate. Sub-

sequent protonation gives an alcohol.

ethvlmaiznesiLini

CH3 CH,
I

+ H I

CH3CH.—C—5: MgBr — > CH3CH.—C—O—

H

CH, CH3

bromide acetone alkoxide 2-methyl-2-butanol



810 Chapiter 18: Ketones and Aldehydes

H} dride reduction of a ketone or aldehyde is another example of nucleophilic

addition, with hydride ion (H: serving as the nucleophile. Attack by hydride gives

an alkoxide that becomes protonated to an alcohol.

= 0 =

acetone

H—C— CH-.

I

CH3
alkoxide

CH3CH2OH

(solvent)

:0—

H

H—C—CH3

CH;
2-propanol

Weak nucleophiles. such as water and alcohols, can add to activated carbonyl

groups under acidic conditions. .A carbonyl group is a weak base, and it can be-

come protonated in an acidic solution. .A carbonyl group that is protonated (or bond-

ed to some other electrophile) is strongly electrophilic. inviting attack by a weak
nucleophile.

O—

H

=0—

H

activated carbon\ 1

:0—

H

R—C— Nuc

R

The following reaction is the acid-catah zed nucleophilic addition of w ater

across the carbonyl group of acetone. This hydration of a ketone or aldeh> de is dis-

cussed in Section 18-14.

CH; H— O:

/
CH-,

c=o:

CH H
\- /
C= 0:

LCH3

CH-, H
\- /
-C— O:
/

CH;

- H,0

CH;

H-0:~~ - C= 0:

CH;

attack bv w ater

H

acetone

H CH,

protonated. activated acetone

\

H,0\ H

O—C—O—

H

CH,

loss of H

H—O—C—O—

H

CH3

acetone hvdrate

- H;0^

In effect, the base-catalyzed addition to a carbonyl group results from nucle-

ophilic attack of a strong nucleophile followed by protonation. Acid-catalyzed ad-

dition begins with protonation. followed b\ the attack of a weaker nucleophile. Many
additions are reversible, with the position of the equilibrium depending on the rela-

tive stabilities of the reactants and products.

In most cases, aldehydes are more reactive than ketones toward nucleophilic

additions. They usualh react more quickly than ketones, and the position of the

equilibrium usually lies more toward the products than with ketones. We explain

aldehydes" enhanced reactivity by noticing that an aldehyde has onh' one electron-

donating alkyl group, making the aldehyde carbonyl group slightly more elec-

tron-poor and electrophilic (an electronic ejfect). Also, an aldehyde has only one

bulky alkyl group (compared with two in a ketone 1. leaving the carbonyl group

more exposed toward nucleophilic attack. Especiall> with a bulky nucleophile.

the product of attack on the aldeh> de is less hindered than the product from the

ketone (a steric effect).
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O
III

R R
ketone

less electrophilic

o
III

R H
aldehyde

more electrophilic

Nuc:'

Nuc:

O- Nuc

alkoxide

more crowded

O- Nuc

:<„
alkoxide

less crowded

H— Nuc

H— Nuc

HO Nuc

product

more crowded

HO Nuc

product

less crowded

PROBLEM 18-12 (review)

Show how you would accomplish the following synthetic conversions. You may use any ad-

ditional reagents and solvents you need.

O

(a) Ph—CHO -

O

(c) Ph— C— Ph

(d) Ph—CHO

Ph—C— Ph

OH

^ Ph—CH— Ph

OH

Ph—CH—C=C—CH.CH,

O

(b) Ph—C— Ph Ph,C—OH
PROBLEM-SOLVING HINT

Please become familiar with

these simple mechanisms. You

will see many examples in the

next few pages. Also, most of the

important multistep mechanisms

in this chapter are combinations

of these simple steps.

The following table summarizes the base-catalyzed and acid-catalyzed mech-

anisms for nucleophilic addition, together with their reverse reactions.

SUMMARY: Nucleophilic Additions to Carbonyl Groups

Basic conditions (strong niicleopliile)

Nuc: '~^c=o: Nuc—C— Q:"
> Xul—C—Q-H -I- Nuc:"

Reverse reaction:

Nuc—C—O— Nuc^C—Q:' Nuc: yC=q:

Acidic conditions (weak nucleophile, activated carbonyl)

H

/C=0. Nuc—C—O—

H

Reverse reaction:

Nuc—C—O—

H

Nuc: C= 0: /C=q:

Nuc—

H
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18-13

Nucleophilic

Addition of

Phosphorus Ylides:

TheWittig Reaction

We have seen carbonyl groups undergoing addition by a variety of carbanion-like reagents:

Grignai'd reagents, organolithiums. and acetylide ions, for example. In 1954. Georg Wit-

tig discovered a way of adding a phosphorus-stabilized carbanion to a ketone or aldehyde.

The product is not an alcohol, however, because the intermediate undergoes elimination

to an alkene. In effect, the Wittig reaction converts the carbonyl group of a ketone or an

aldehyde into a new double bond where no bond existed before. This reaction pro\ ed so

useful that Wittig received the Nobel Prize in 1979 for this discovery.

The Wittig reaction

R

R

\
(

/

R' ,Ph

C=0 -I-

ketone or aldehyde

:C—P— Ph

phosphorus yUde

R R'
\ /
C=C

/ \
R R'

alkene

+ Ph3P=0

The phosphorus-stabilized carbanion is an ylide (pronounced "ill'-id")— a mol-

ecule that bears no overall charge but has a negatively charged carbon atom bonded to

a positively charged heteroatom. Phosphorus ylides are prepared from tiiphen\ Iphosphine

and alkyl halides in a two-step process. The first step is nucleophilic attack by tri-

phenylphosphine on an unhindered (usually primary) alkyl halide. The product is an

alkyltriphenylphosphonium salt. The phosphonium salt is treated with a string base

(usually butyllithium) to abstract a proton from the carbon atom bonded to phosphorus.

Ph.
H

Ph— P: + H—C^X

triphenylphosphine alkyl halide

Examples

Ph.P:

phosphonium salt

Ph— P-

Ph.

H
C

^R

H

Br

Ph— P=C
.
Ph^

phosphorus ylide

+ C4H10

butane

LiX

-Br

Ph,P: + Ph—CH.— Br

Ph.P—CH,
methyltriphenylphosphonium

salt

-Br

Ph,P—CH.— Ph

benzyltriphenylphosphonium

salt

3u— Li
PhjP—CH,

ylide

-Li
PhjP—CH-

ylide

-Ph

The phosphorus ylide has two resonance forms: one with a double bond be-

tween carbon and phosphorus, and another w ith charges on carbon and phosphorus.

The double-bonded resonance form requires ten electrons in the valence shell of

phosphorus, using a d orbital. The pi bond between carbon and phosphorus is weak,

and the charged structure is the major contributor. The carbon atom actually bears a

partial negative charge, balanced by a corresponding positive charge on phosphorus.

PROBLEM 18-13

Trimethylphosphine is much less expensi\ e than triphenylphosphine. Why is trimethylphos-

phine unsuitable for making most phosphorus ylides?
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Because of its cai-banion character, the ylide carbon atom is strongly nucleophilic.

It attacks a carbonyl group to give a charge-separated intemiediate called a hetaine (pro-

nounced "bay'-tuh-ene"). A betaine is an unusual compound because it contains a neg-

atively charged oxygen and a positively charged phosphoiais on adjacent carbon atoms.

Phosphorus and oxygen fomi strong bonds, and the attraction of opposite charges pro-

motes the fast formation of a four-membered oxaphosphetune ring. (In some cases, the

oxaphosphetane may be fonned directly by a cycloaddition, rather than via a betaine.)

H R'
/ \

Ph,P—C:^^ ^C= 0.

R R'

ylide ketone or aldehyde

Ph^P :0:

H—C—C— R'

R R'

a t^etaine

Ph.P— O:

H—C—C— R'

R R'

oxaphosphetane

The four-membered ring quickly collapses to give the alkene and triphenylphos-

phine oxide. Triphenylphosphine oxide is exceptionally stable, and the conversion of

triphenylphosphine to triphenylphosphine oxide provides the driving force for the

Wittig reaction.

Ph,P= 0:

H—C—C— R'

R R'

four-membered ring

H

R

\
(

/
C=C

/

\

R'

R'

triphenylphosphine oxide

+ alkene

The following examples show the formation of carbon -carbon double bonds

using the Wittig reaction. Mixtures of cis and trans isomers often result when geo-

metric isomerism is possible.

O Ph,P—CH,

H

C=0 + Ph3P— C:

H

c=c

PROBLEM 18-14

Like other strong nucleophiles. triphenylphosphine attacks and opens epoxides. The initial

product (a betaine) quickly cyclizes to an oxaphosphetane that collapses to an alkene and

triphenylphosphine oxide.

( a ) Show each step in the reaction of rr(v/;.v-2,3-epoxybutane with triphenylphosphine to give

2-butene. What is the stereochemistry of the double bond in the product?

(b) Show how this reaction might be used to convert c/^-cyclooctene to ?/r(/;.s-cyclooctene.

Planning a Wittig Synthesis. The Wittig reaction is a valuable synthetic tool that con-

verts a carbonyl group to a cai'bon- carbon double bond. A wide variety of alkenes may
be synthesized by the Wittig reaction. To determine the necessary reagents, mentally
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divide the target molecule at the double bond and decide which of the two components

should come from the carbonyl compound and which should come from the ylide.

In general, the ylide should come from an unhindered alkyl halide. Tri-

phenylphosphine is a bulky reagent, reacting best with unhindered primary and

methyl halides. It occasionally reacts with unhindered secondary halides, but these

reactions are sluggish and often give poor yields. The following example and Solved

Problem show the planning of some Wittig syntheses.

Atuihsis

CH, ,CH.CH,
c=c

CH, H
±>

could come from

CH,

CH3

CH,

:c=o + Ph3P—c^

(preferred)

or

:C—PPh, + 0=CC
CH,

-CH^CH3

~H

XH.CH,

H

Br. /CH.CH,
C

H H

Sviitliesis

(nph,p

(2) BuLi
PhjP— C:

,CH.CH3

H

CH,

CH,
:c=o

CH,

:c=c:
CH,

-CHiCH^

H

H

SOLVED PROBLEM 18-2

Show how you would use a Wittig reaction to synthesize 1 -phenyl- 1,3-butadiene.

C=C H
\ /
c=c

/ \
H H

1 -phenyl- 1 ,3-butadiene

SOLUTION
This molecule has two double bonds that might he formed by Wittig reactions. The cen-

tral double bond could be formed in either of two ways. Both of these syntheses will prob-

ably work, and both will produce a mixture of cis and trans isomers.

Analvsis

H
, /

C==C
/ \

H CH= CH,

could come from

C=0 -t- Ph,P=C
\

H

CH=CH,

or

C= PPh, + 0=C
H

\

H

CH= CH,

You should complete this solution by drawing out the syntheses indicated by this analy-

sis (Problem 18-15).



18-14 Nucleophilic Addition of Water: Hydration of Ketones and Aldehydes 8 I 5

PROBLEM 18-15

(a) Outline the syntheses indicated in Solved Problem 18-2, beginning with aldehydes and

alk) 1 halides.

(b) Both of these syntheses of 1 -phenyl- 1 .3-butadiene form the central double bond. Show

how _\ou would synthesize this target molecule by forming the terminal double bond.

PROBLEM 18-16

Show how Wittig reactions might be used to synthesize the following compounds. In each

case, start with an alkvl halide and a ketone or an aldehvde.

(a) Ph—CH =

(c) Ph—CH =

= C(CH-J:

=CH—CH =

(b) Ph— CiCH:

=CH— Ph

H

)=CH,

PROBLEM-SOLVING HINT
Plan a Wittig synthesis so that

the less hindered end of the

double bond comes from the

ylide. Remember that the ylide

IS made by Sk^2 attack of

triphenylphosphine on an

unhindered alkyi halide,

followed by deprotonation.

CH,
(e)

C.

In an aqueous solution, a ketone or an aldehyde is in equilibrium with its hydrate, 18-14
a geminal diol. With most ketones, the equilibrium favors the unhydrated keto form

fSjucleODhilic Addition
of the carbonvl. r\A/

of Water: Hydration

of Ketones

/
R R OH
\ _ \ / _ [hydrate]

+ H,o ^ ^c^
[ketone][H.o] and Aldehydes

R R OH
keto form h) drate

(a seminal diol)

Example

9 HO OH
I! \ /

CH,—C—CH, + H.O CH,—C—CH3 = 0.002

acetone acetone hydrate

Hydration occurs through the nucleophilic addition mechanism, with water (in

acid) or hydro.xide ion (in base) serving as the nucleophile.

In acid

....—^ .../"ON =0— H :0—

H

II
H,0^ IP I I

C c C R—C—R R—C—

R

/ \ / \\
I IR R R

)
R .Q^ :0—

H

//; base

U.O-^ H H H,0-

H,0:-^

Oj :0:^^ OH
HO:^---^|K

I

^H-T-0— H
I

C HO—C—R c
> HO—C—R + OH

/ \
R R R R
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Aldehydes are more likely than ketones to form stable hydrates. The elec-

trophilic carbonyl group of a ketone is stabilized by its two electron-donating alkyl

groups, but an aldehyde carbonyl has only one stabilizing alkyl group; its partial

positive charge is not as well stabilized. Aldehydes are thus more electrophilic and

less stable than ketones. Formaldehyde, with no electron-donating groups, is even less

stable than other aldehydes.

'or
.III
* c

R R
ketone

two alkyl groups

. Ill
" c

R H
aldehyde

less stabilization

. Ill

H H
formaldehyde

relatively unstable

These stability effects are apparent in the equilibrium constants for hydra-

tion of ketones and aldehydes. Ketones have values of K^^ of about 10"'* to 10"-.

For most aldehydes, the equilibrium constant for hydration is close to 1.

Formaldehyde, with no alkyl groups bonded to the carbonyl carbon, has a hy-

dration equilibrium constant of about 2000. Strongly electron-withdrawing sub-

stituents on the alkyl group of a ketone or aldehyde also destabilize the carbonyl

group and favor the hydrate. Chloral (trichloroacetaldehyde) has an electron-

withdrawing trichloromethyl group that favors the hydrate. Chloral forms a sta-

ble, crystalline hydrate that became famous in the movies as knockout drops or

a Mickev Finn.

PROBLEM-SOLVING HINT
Don't be surprised to see some
O— H stretch, from the

hydrate, in the IR spectra of

many aldehydes.

o

CH,—CH.—C—

H

propanal

o
II

fonnaldehyde

o

CI3C—c-

chloral

-H

H.O

+ H.O

H,0

HO OH
\/

CH3—CH.—C—H K = 0.7

propanal hydrate

HO. ,0H
/CC' K = 2000

H H
formalin

HO OH
\/

CI3C—C—H K = 3000

chloral hvdrate

PROBLEM 18-17

Propose mechanisms for

(a) The acid-catalyzed hydration of chloral to form chloral hydrate.

(b) The base-catalyzed hydration of acetone to fomi acetone hydrate.

PROBLEM 18-18

Rank the following compounds in order of increasing amount of hydrate present at equi-

librium.

O O
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Hydrogen cyanide (H—C= N) is a toxic, water-soluble liquid that boils at 26°C. Be-

cause it is mildly acidic, HCN is sometimes called hydrocyanic acid.

H—C= N: + H,0 + •C= N: p^a = 9.2

The conjugate base of hydrogen cyanide is the cyanide ion (~ C= N'- ). Cyanide

ion is a strong base and a strong nucleophile. It attacks ketones and aldehydes to

give addition products called cyanohydrins. The mechanism is a base-catalyzed nu-

cleophilic addition: attack by cyanide ion on the carbonyl group, followed by pro-

tonation of the intermediate.

18-15

Nucleophilic Addition

of Hydrogen Cyanide:

Formation

of Cyanohydrins

/
ketone or aldehyde

R-

C=N
intermediate

:0—

H

i

R—C— R'

C=N
cyanohydrin

Cyanohydrins may be fomied using liquid HCN with a catalytic amount of sodi-

um cyanide or potassium cyanide. HCN is highly toxic and volatile, however, and

therefore dangerous to handle. Many procedures use a full equivalent of sodium or

potassium cyanide (rather than HCN). dissolved in some other proton-donating solvent.

Cyanohydrin formation is reversible, and the equilibrium constant may or may
not favor the cyanohydrin. These equilibrium constants follow the general reactivi-

ty trend of ketones and aldehydes,

formaldehyde > other aldehydes > ketones

Formaldehyde reacts quickly and quantitatively with HCN. Most other alde-

hydes have equilibrium constants that favor cyanohydrin formation. Reactions of

HCN with ketones have equilibrium constants that may favor either the ketones or

the cyanohydrins, depending on the structure. Ketones that are hindered by large

alkyl groups react slowly with HCN and give poor yields of cyanohydrins.

O
HO. ,CN

HCN ;c;

ch,ch; H
propanal

O

CH3CH, CH3
2-butanone

O

(CH,)3C C(CH,)3

di-r-butyl ketone

CH3CH; H
propanal cyanohydrin

(100%)

HO. ,CN
+ HCN ;c:

CH3CH; CH3
2-butanone cyanohydrin

(95%)

HO. XN
+ HCN :c

(< 5%)

(CH3)3C C(CH3)3

slow reaction, poor yields

The failure with bulky ketones is largely due to steric effects. Cyanohydrin

formation involves rehybridization of the .v/r carbonyl carbon to sp\ with a narrow-

ing of the angle between the alkyl groups from about 120° to about 109.5°, increas-

ing their steric interference.
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PROBLEM 18-19

Give a mechanism for each cyanohydrin synthesis shown above.

Organic compounds containing the cyano group (—C= N) are called nitriles.

A cyanohydrin is therefore an a-hydroxynitrile. Nitriles hydrolyze to carboxylic

acids under acidic conditions (discussed in Section 21-7D), so cyanohydrins hy-

drolyze to a-hydroxy acids. This is the most convenient method for making many a-

hydroxy acids:

O OH OH O
II ":CN J H,()- „| II

R—C—H + HCN R—C—CN —^ > R—C—C—OH
aldehyde I I

H H
cyanohydrin a-hydroxy acid

PROBLEM 18-20

Show how you would accomplish the following syntheses.

(a) hexanal hexanal cyanohydrin

(b) acetophenone acetophenone cyanohydrin

O OH

C—H CH—COOH
H r Y^H

(c)

18-16

Condensations with

Ammonia and

Primary Amines:

Formation of Imines

o

ketone or aldehyde

Under the proper conditions, either ammonia or a primary amine reacts with a ketone or

an aldehyde to form an inline, hnines iu e nitrogen analogues of ketones and aldehydes,

with a carbon -nitrogen double bond in place of the carbonyl group. Like amines, imines

are basic; a substituted imine is also called a Schiff base. Imine fomiation is an exam-

ple of a large class of reactions called condensations, reactions in which two (or more)

organic compounds are joined, with the elimination of water or another small molecule.

R—NH. ^
primary amine

OH

—c—

R—N—

H

:arbinolamine

C + H.O

R—

N

inline (Schiff base)

The mechanism of imine formation begins with a basic nucleophilic addition

of the amine to the carbonyl group. Attack by the amine, followed by protonation of

the oxygen atom (and deprotonation of the nitrogen atom), gives an unstable inter-

mediate called a carbinolamine.

O)
IK
c

R— NH,
nucleophilic attack

R—N—

H

fast proton transfer

:0—

H

—c—

R—N—

H

carbinolamine
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A carbinolamine reacts to form an imine by the loss of water and formation of

a double bond: a dehydration. This dehydration follows the same mechanism as the

acid-catalyzed dehydration of an alcohol (Section 1 1-10). Protonation of the hy-

droxyl group converts it to a good leaving group, and it leaves as water. The result-

ing cation is stabilized by a resonance structure with all octets filled and the positive

charge on nitrogen. Loss of a proton gives the imine.

:aibinolamine protonated

\ /
C +

N:
/ \

R H

\ /
C

N-

R H-

+ H,0:

minor major

intermediate (all octets filled)

The proper pH is crucial to imine formation. The second step is acid-catalyzed,

so the solution must be somewhat acidic. If the solution is too acidic, however, the

amine becomes protonated and nonnucleophilic, inhibiting the first step. Figure

18-8 shows that the rate of imine formation is fastest around pH 4.5.

C

R

H
nucleophilic

H

R— N-

I

H

-H

nonnucleophilic

Some typical imine-fonning reactions are shown below. In each case, notice

that the C=0 group of the ketone or aldehyde is replaced by the C=N—R group

of the imine.

< Figure 18-8

Although dehydration of the

carbinolamine is acid-

catalyzed, too much acid stops

the first step by protonating the

amine. Formation of the imine

is fastest around pH 4.5.

cyclohexanone

cyclopentanone

=0

+

+

benzaldehvde

ammonia

NH.

aniline

CH,—NH,
methylamine

NH

cyclohexanone imine

+ H,0

+ H.O

cyclopentanone phenyl imine

^ C=N—CH,

+ H.O

benzaldehyde methyl imine

PROBLEM 18-21

Give a mechanism for each of the imine-forming reactions above.

PROBLEM-SOLVING HINT
Imine formation is one of the

important mechanisms in this

chapter. If you know the simple

mechanisms, you can remember
this mechanism as having two

parts: (1) base-catalyzed nucle-

ophilic addition to the carbonyl

and (2) acld-catalyzed dehydra-

tion (as with an alcohol).
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PROBLEM 18-22

Depending on the reaction conditions, two different imines of formula C^HyN might be

formed by the reaction of benzaidehyde with methylamine. Explain, and give the struc-

tures of the two imines.

PROBLEM 18-23

Give the structures of the carbonyl compound and the amine used to form the following imines.

18-17

Condensations with

Hydroxylamine and

Ketones and aldehydes also condense with other ammonia derivatives, such as hy-

droxylamine and substimted hydrazines, to give imine derivatives. The equihbrium con-

stants for these reactions aie usually more favorable than those for reactions with simple

amines. Hydroxylamine reacts with ketones and aldehydes to form oximes; hydrazine

Hyd razi n eS deiivatives react to form hydrazones; and semicarbazide reacts to form semicarbazones.

The mechanisms of these reactions are similar to the mechanism of imine formation.

phenyl-2-propanone

H
^C=0

H

+ N^OH
/ '

H
hydroxylamine

benzaidehyde

-I-

H

H

N—NH,

hydrazine

phenyl-2-propanone oxime

H

:c=NJnh

benzaidehyde hydrazone

+ H,0

+ H.O

cyclohexanone

o
II

c
/ \

CH:( CHiCH^
2-butanone

+

H

H

N^NH—Ph

phenylhydrazine

semicarbazide

N— NH—Ph

cyclohexanone

phenylhydrazone

H.O

C
/ \

CH, CH.CH3
2-butanone

semicarbazone

+ H.O
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These derivatives are useful both as starting materials for further reactions (see

Section 19-19) and for characterization and identification of the original carbonyl

compounds. Oxinies. semicarbazones, and phenylhydrazones are often solid com-

pounds u ith characteristic melting points. Standard tables give the melting points of

these derivati\ es for thousands of different ketones and aldehydes.

If an unknown compound forms one of these deri\ ati\ es. the melting point can be

compared with that in the table. If the compound's physical properties match those of

a known compound and the melting point of its oxime. semicarbazide. or phen\ lh\ -

drazone deri\ ati\ e matches as w ell, w e can be fairlv certain of a correct identification.

PROBLEM-SOLVING HINT

Please learn these common
derivatives. You will see many
examples, especially in the

laboratory.

SUMMARY: Condensations ofAmines with Ketones and Aldehydes

Z in Z—NH,

:c=o + H^N^Zj

Reagent

:c=N—Z + H,0

Product

-H

-R

-OH

XH,

-NHPh

O
II

-NHCNH,

H^N—H ammonia

HqN—j-R
;

primary amine

H,N—OH hvdroxvlamine

H,N—NH, hydrazine

H,N—|-NHPh phenyIhydrazine

I

^ ^

H,N—NH—C—NH.

semicarbazide

X=N—H an imine

X=N—R an imine (Schiff base)

X=N—OH an oxime

X=N—NH, a hydrazone

X=N—NHPh a phenyIhydrazone

I O

X=N—NH—C—NH,

a semicarbazone

PROBLEM 18-24

2.4-Dimtrophenylh_\ drazine is frequently used for making deri\ ati\ es of ketones and aldehy-

des, because the products ( 2.4-dinitrophenyIhydrazones. called 2.4-DNP derivatives) are e\en

more likei\ than the phen\ lh> drazones to be solids with sharp melting points. Gi\ e a mecha-

nism for the reaction of acetone with 2.4-dinitrophenylhydrazine in a mildly acidic solution.

PROBLEM 18-25

Predict the products of the following reactions.

(a)

O
- HO— XH, H,X—XH,

O

ic) Ph—CH=CH—CHO - H,X—C—NH— XH, >

O
II H-

idiPh—C— Ph - Ph—XH—NH, >

PROBLEM 18-26

Show what amines and carbonyl compounds combine to give the following derivatives.

\ N—XHPh
O

(a) Ph—CH=N—XH—C— XH-

XOH
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18-18

Nucleophilic

Addition ofAlcohols:

Formation ofAcetals

Just as ketones and aldehydes react with water to form hydrates, they also react with

alcohols to form acetals. Acetals formed from ketones are often called ketals, al-

though this term was recently dropped from the lUPAC nomenclature. In the for-

mation of an acetal. two molecules of alcohol add to the carbonyl group, and one

molecule of water is eliminated.

O

.C. + 2R'—OH
R H
aldehyde

o

.C. + 2 R"—OH
R R'

ketone

R'Ov.^ .OR'
+ H.O

R H
acetal

R"0>. /OR"
/CC' + H.O

R R'

acetal (lUPAC)

ketal (common)

Although hydration is catalyzed by either acid or base, acetal formation must

be acid-catalyzed. For example, consider the reaction of cyclohexanone with

methanol, catalyzed by p-toluenesulfonic acid.

Overall reaction

+ 2 CH,OH

O
II

S—OH

O (Ts—OH)
/j-toluenesulfonic acid

CH,0 OCH3

+ H.O

cyclohexanone

PROBLEM-SOLVING HINT
In basic conditions, a strong nuc-

leophile usually adds directly to

the carbonyl group. In acidic con-

ditions, no strong nucleophiles

are usually present; an acid (or

Lewis acid) usually protonates the

carbonyl to activate it toward

attack by a weak nucleophile.

cyclohexanone

dimethyl acetal

The first step is a typical acid-catalyzed addition to the carbonyl group. The acid

catalyst protonates the carbonyl group, and the alcohol (a weak nucleophile) attacks

the protonated. activated carbonyl. Loss of a proton from the positively charged in-

termediate gives a hemiacetal. The hemiacetal gets its name from the Greek prefix

hemi-. meaning "'half Having added one molecule of the alcohol, the hemiacetal is

halfway to becoming a "full" acetal. Like the hydrates of ketones and aldehydes,

most hemiacetals are too unstable to be isolated and purified.

Mechanism {first half)

CH,—OH

HOJ :OCH,

kett)ne protonated (activated) ketone hemiacetal
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The second half of the mechanism converts the hemiacetal to the more stable

acetal. Protonation of the hydroxy! group, followed by loss of water, gives a reso-

nance-stabilized carbocation. Attack on the carbocation by methanol, followed by loss

of a proton, gives the acetal.

CH,—O O—

H

CH,- H

hemiacetal protonation. loss of water

+ H.O

:0: CH,—O :0—CH,
•\ /

-

resonance-stabilized carbocation

CH — ()—

H

attack bv methanol acetal

+ CH,—O—

H

H

PROBLEM 18-27

Propose a mechanism for the acid-catalyzed reaction of acetaldehyde u ith ethanol to gi\e

acetaldehvde diethyl acetal.

Since hydration is catalyzed by either acid or base, you might wonder why ac-

etal formation is catalyzed only by acid. In fact, the first step (fonnation of the hemi-

acetal) can be base-catalyzed, involving attack by alkoxide ion and protonation of the

alkoxide. The second step requires replacement of the hemiacetal —OH group by

the alcohol —OR" group. Hydroxide ion is a poor leaving group for the 8^2 reac-

tion, so alkoxide cannot displace the —OH group. This replacement occurs under

acidic conditions, however, because protonation of the —OH group and loss of water

gives a resonance-stabilized cation.

PROBLEM-SOLVING HINT

Acetal formation is one of the

important mechanisms in this

chapter. If you know the simple

mechanisms, you can remember
this mechanism as having two

parts: (I) acid-catalyzed nucle-

ophilic addition to the carbonyl

and (2) Ssjl by protonation and

loss of the OH group, then

attack by the alcohol.

Attempted base-catalyzed acetalformation

R— C— R'

:0— R'

= 0:

IP

R^ R'

^:0— R"

attack on ketone

(or aldeh\de)

^3
Qj-j I poor leaving group

R—C— R'

OR"
hemiacetal

:0— R"

(no S^2 displacement)

Equilibrium ofAcetal Formation. Acetal formation is reversible, and the equilib-

rium constant determines the proportions of reactants and products present at equi-

librium. For simple aldehydes, the equilibrium constants generally favor the acetal

products. For example, the acid-catalyzed reaction of acetaldehyde with ethanol

gives a good yield of the acetal.

With hindered aldehydes and with most ketones, the equilibrium constants

favor the carbonyl compounds rather than the acetals. To enhance these reactions, the



824 Chapter i 8: Ketones and Aldehydes

alcohol is often used as the solvent to assure a large excess. The water formed as a

by-product is removed by distillation to force the equilibrium toward the right.

Conversely, most acetals are hydrolyzed simply by shaking them with dilute

acid in water. The large excess of water drives the equilibrium toward the ketone or

aldehyde. The mechanism is simply the reverse of acetal formation. For example, cy-

clohexanone dimethyl acetal is quantitatively hydrolyzed to cyclohexanone by brief

treatment with dilute aqueous acid.

PROBLEM 18-28

Propose a mechanism for the acid-catalyzed hydrolysis of cyclohexanone dimethyl acetal.

Cyclic Acetals. Formation of an acetal using a diol as the alcohol gives a cyclic ac-

etal. Cyclic acetals often have more favorable equilibrium constants, since there is

a smaller entropy loss when two molecules (a ketone and a diol) condense than when

three molecules (a ketone and two molecules of an alcohol) condense. Ethylene gly-

col is the diol most commonly used to make cyclic acetals; its acetals are called eth-

ylene acetals (or ethylene ketals). Dithiane (Section 18-8) and its alkylated

derivatives are examples of cyclic thioacetals (sulfur acetals).

benzaldehyde

H H

+ H—C—C—

H

/ \

HO OH
ettiN Iciie i;l\col

benzaldehyde

ethylene acetal

+ H,0

Carbohydrates. Sugars and other carbohydrates most commonly exist as cyclic ac-

etals and hemiacetals. For example, glucose is a six-carbon sugar that is most stable

as a hemiacetal. Lactose is a disaccharide (composed of two sugar units) that has

one acetal and one hemiacetal. We discuss the structures of carbohydrates in detail

in Chapter 23.

CHO

H-

HO-

'

H-

H-

-OH

-H

-OH

-OH

HO

CH.OH
glucose

(open chain)

hemiacetal hemiacetal

glucose

(cyclic hemiacetal)

OH HO
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PROBLEM 18-29

Show what alcohols and carbonyl compounds give the follow uig derivatives.

(a) CH^CH.O OCH3CH, (b) O—CH

CH3—C—

H

,CH,

O—CH
TH,

(d) (e) (f)

PROBLEM-SOLVING HINT
Formation of an acetal (or hemi-

acetal) does not alter the oxida-

tion state of the carbonyl carbon

atom. In an acetal or hemiacetal,

the carbonyl carbon atom is the

one with two bonds to oxygen.

PROBLEM SOLVING
Proposing Reaction Mechanisms

Here we apply the general principles for proposing reaction mechanisms to the hy-

drolysis of an acetal. These principles were introduced in Chapter 1 1 and are sum-

marized in Appendix 4. Remember that you should draw all the bonds and

substituents of each carbon atom involved in a mechanism, that you should show

each step separately, and that curved arrows always show the movement of elec-

tron pairs (from the nucleophile to the electrophile).

Our problem is to propose a mechanism for the acid-catalyzed hydrolysis of

the following acetal.

OCH,

The type of mechanism is stated to be acid-catalyzed. Therefore, we assume it in-

volves strong electrophiles and cationic intermediates (possibly carbocations). but

no strong nucleophiles or strong bases, and certainly no carbanions or free radicals.

1. Consider the carbon skeletons of the reactants and products, and decide

which carbon atoms in the products are likely derived from which car-

bon atoms in the reactants.

First you must decide what products are formed by hydrolysis of the acetal. In

dealing with acetals and hemiacetals, any carbon atom with two bonds to oxy-

gen is derived from a carbonyl group. Draw an equation showing all the affected

atoms. The equation show s that water must somehow add (probably by a nu-

cleophilic attack), and the ring must be cleaved.

CH.

OCH,

H,0
H+

+ CH,OH

Consider w hether any of the reactants is a strong enough electrophile to

react w ithout being activated. If not, consider how^ one of the reactants

PROBLEM-SOLVING HINT

To lose an —OR or —OH
group under acidic conditions,

consider protonating the group

and losing a neutral molecule to

give a carbocation.
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might be converted to a strong electrophile by protonation of a Lewis basic

site (or complexation with a Lewis acid).

The reactant probably will not react with water until it is activated, most likely

by protonation. It can become protonated at either oxygen atom. We will arbi-

trarily choose the ring oxygen for protonation. The protonated compound is well

suited for ring cleavage to form a stabilized (and strongly electrophilic) cation.

H' OCH,

protonation

CH.
I rO—

H

H .pCHj

cleavage

k + OH
C

H OCH,
cCH.

OH

H' O—CH,

resonance-stabilized cation

Consider how a nucleophilic site on another reactant can attack the strong

electrophile to form a bond needed in the product. Draw the product of this

bond formation.

Attack by water on the cation gives a protonated hemiacetal.

H' O—CH,
attack by water

H
:c:

H'

XH.OH

^OCH, H'

H,0:

CH.OH

OCH3
hemiacetal

deprotonation

Consider how the product of nucleophilic attack might be converted to

the final product (if it has the right carbon skeleton) or reactivated to form

another bond needed in the product.

Just as an —OH group can be lost by protonation and loss of water, the

OCH3 group can be lost by protonating it and losing methanol. A proto-

nated version of the product results.

^CH.OH

^C—OH

H'

CH,

^CH.OH

:0—

H

XH.OH

H f\ OH
^O—CH,

H

TH.OH

H ^O—

H

deprotonation

resonance-stabilized

intermediate HOH
H3O +

products

5. Draw all the steps of the mechanism, using curved arrows to show the

movement of electrons.

The complete mechanism is given by combining the equations written imme-

diately above. You should write out the mechanism to review the steps involved.

As further practice in proposing reaction mechanisms, do Problems 18-30

and 18-31 by completing the five steps listed in this section.
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PROBLEM 18-30

In the mechanism for acetal h\drol\ sis shown abo\ e. the ring oxygen atom was

protonated first, the ring was cleaved, and then the methoxyl group was lost. The

mechanism could also be written to show the methoxyl oxygen protonaling and

clea\ in2 first, follow ed bv ring cleavaae. Draw this altemati\e mechanism.

PROBLEM 18-31

(a) Propose a mechanism for the acid-catah zed reaction of c> clohexanone \>. ith

ethylene gl\ col to gi\ e c\ cIohexanone ethylene acetal.

(b) Propose a mechanism for the acid-catalyzed hydrolysis of c\ clohexanone

eth\lene acetal.

(c) Compare the mechanisms you drew in parts (a) and ( b i. How similar are these

mechanisms, comparing them in rex erse order?

(d) Propose a mechanism for the acid-catah zed h} drolysis of the compound
ei\en in Problem 18-29(f).

PROBLEM-SOLVING HINT
The mechanism of a reverse

reaction is normally the reverse

of the mechanism of the forward

reaction, as long as they take

place under similar conditions. If

you know the mechanism for

formation of an acetal, you can

always write the mechanism for

Its hydrolysis, using the same

intermediates In reverse order.

.Acetals hydroh ze under acidic conditions, but the\ are stable to strong bases and nu-

cleophiles. .\cetals are easily made from the corresponding ketones and aldehydes

and easily comerted back to the parent carbonyl compounds. This easy intercon-

\ ersion makes acetals attracti\ e as protecting groups to pre\ ent ketones and alde-

hydes from reacting with strong bases and nucleophiles.

.As an example, consider the proposed sy nthesis below . The necessary Grignard

reagent could not be made because the carbonyl group would react with the nucle-

ophilic organometallic group.

18-19

Use of Acetals as

Protecting Groups

o

:-C-H )f

OMgBr

CH-CH^

cvclohexanone incompatible functional groups

(impossible reagent)

O
i:

-C— H H,0-

If the aldehy de is protected as an acetal. how e\ er. it is unreacti\ e toward a Grig-

nard reagent. The "masked"" aldeh\ de is com erted to the Grignard reagent, which is

allowed to react with cyclohexanone. Dilute aqueous acid both protonates the alkox-

ide to give the alcohol and h> drolyzes the acetal to give the deprotected aldehyde.

O

CH.CH.— C—

H

target compound

.Actual sx nthesis

O

5r— CH-CH-— C—

H

O

HOCH,CH,OH

IT

MeBr
Ox /O

+ CH.CH.— C—

H

Ox /O
-CH.CH-— C—

H

'masked" aldeh\de

CH,CH,

O. ,0

Mg

ether

Ox /O
BrMe—CH-CH,—C—

H

OH O

CHXH,—C—

H

target compound
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Selective Acetal Formation. Because aldehydes foirn acetals more readily than ke-

tones do, an aldehyde can be protected selectively in the presence of a ketone. This

selective protection leaves the ketone available for modification under neutral or basic

conditions without disturbing the more reactive aldehyde group. The following ex-

ample shows the reduction of a ketone in the presence of a more reactive aldehyde.

PROBLEM 18-32

Show how you would accomplish the following syntheses. You may use whatever additional reagents you need.

18-20

Oxidation

of Aldehydes

Unlike ketones, aldehydes are easily oxidized to carboxylic acids by common oxi-

dants such as chromic acid, chromium trioxide, permanganate, and peroxy acids.

Aldehydes oxidize so easily that air must be excluded from their containers to avoid

slow oxidation by atmospheric oxygen. Because aldehydes oxidize so easily, mild

reagents such as Ag^O can oxidize them selectively in the presence of other oxidiz-

able functional groups.

R

O

-c- -H
[O]

(oxidizina agent)

o

R—C—OH

Examples O
II

CH,—CH—C—

H

CH3
isobutyraldehyde

Na.Cr.O^

dil H2SO4

o

CH,—CH—C—OH
CH3

isobutyric acid (90%)
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O

A2,0

THF/H,0

OH

(977c)

Sih er ion. Ag". oxidizes aldehydes selectively in a convenient functional group

test for aldeh\ des. The Tollens test involves adding a solution of silver-ammonia

complex (the Tollens reagent i to the unknown compound. If an aldehyde is present,

its oxidation reduces silver ion to metallic silver in the form of a black suspension

or a silver mirror deposited on the inside of the container. Simple hydrocarbons,

ethers, ketones, and e\en alcohols do not react with the Tollens reagent, leaving a

clear, colorless solution.

O
I!

R—C—H -

aldehxde

2 Ag( XH;
Tollens

reaaent

3 -OH
H,0

-Ag i

silver

metal

+

o
II

R— C—

O

carboxN late

4 NH- + 2 H,0

PROBLEM 18-33

Predict the major products of the following reactions

XHO
-r Aa,0

- A2(XH;)r-0H

CHO

T- K,Cr,0-/H,SO^

t- KMnO.(cold. dilute)

Photo: .A Tollens test is usually

done on a small scale, but it

can also be used to create a

silver mirror on a large object.

1 8-2 1 A Catalytic Hydrogenation 18-21

Ketones and aldeh\des are most commonh reduced b\ sodium boroh\dride (see Other Reductions
Sections 10-12 and 18-12). Sodium borohydride (XaBHj) reduces ketones to sec-

KetOneS 3.nd
ondary alcohols and aldehydes to primary alcohols. Lithium aluminum hydride

(LiAlH^) also accomplishes these reductions, but it is a more powerful reducing Aldehydes
agent and more difficult to work with.

Like alkene double bonds, carbonyl double bonds can be reduced by catalyt-

ic hydrogenation. Catah tic hydrogenation is much slower with carbonyl groups

than with olefinic double bonds, however. Before sodium boroh\ dride was available,

catalytic hydrogenation was often used to reduce aldeh\ des and ketones; howexer.

any olefmic double bonds w ere unax oidabh reduced as well. In the laboraton.-. sodi-

um borohydride is usually preferred o\ er catalytic reduction because it reduces ke-

tones and aldehydes faster than olefins and no gas-handling equipment is required.

Catalytic hydrogenation is still widely used in industry, however, because H; is

much cheaper than XaBH^ . and pressure equipment is more readily available in in-

dustrial settings.
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The most common catalyst for catalytic hydrogenation of ketones and alde-

hydes is Raney nickel. Raney nickel is a finely divided hydrogen-bearing form of

nickel made by treating a nickel-aluminum alloy with a strong sodium hydroxide

solution. The aluminum in the alloy reacts to form hydrogen, leaving behind a fine-

ly divided nickel powder saturated with hydrogen. Pt and Rh catalysts are also used

for hydrogenation of ketones and aldehydes.

Ni— H,

(Raney nickel)

o

H H Ni— H,

OH

H

(90%)

H

1 8-2 1 B Deoxygenation of Ketones and Aldehydes

A deoxygenation replaces the carbonyl oxygen atom of a ketone or aldehyde with two

hydrogen atoms, reducing the carbonyl group past the alcohol stage all the way to a

methylene group. The following equation compares deoxygenation with the common
hydride reductions that give alcohols.

O

R— C— R'

ketone

deoxygenation

NaBH

,

or LiAlH,

H OH
\ /

R—C— R'

alcohol

(1) TsCl

(2) LiAlH^

H H
\ /

R— C— R'

methylene group

Clemmensen Reduction (Review). The Clemmensen reduction is most commonly

used to convert acylbenzenes (from Friedel- Crafts acylation. Section 17-1 IB) to

alkylbenzenes, but it also works with other ketones and aldehydes that are not sen-

sitive to acid. The carbonyl compound is heated with an excess of amalgamated zinc

(zinc treated with mercury) and hydrochloric acid. The actual reduction occurs by a

complex mechanism on the surface of the zinc.

CH,— (CH,),—CHO
heptanal

Zn(Hg)

HCl, HjO

Zn(Hg)

HCl, H,0

cyclohexanone

^ CH,— (CH,),—CH,
//-heptane (72%)

H
H

cyclohexane (75%)

o

Wolff- Kishner Reduction. Compounds that cannot survive treatment with hot acid

can be deoxygenated using the Wolff- Kishner reduction. The ketone or aldehyde

is converted to its hydrazone, which is heated with a strong base such as KOH or

potassium /-butoxide. Ethylene glycol, diethylene glycol, or another high-boiling

solvent is used to facilitate the high temperature needed in the second step.

+ H.N—NH,

N—NH.

.C^ + H.O
KOH
heat

H.
;c: + Hp + N=Nt
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Examples

cyclohexanone hvdrazone

KOH. heat

HOCH.CH.OCH^CH.OH
(diethvlene slvcol)

r-BuO"

O
II

CH,— S— CH,
(DMSO. a solvent)

+ N,

n-propylbenzene (82%)

H
H

cyclohexane (80%)

+ N,

The mechanism for formation of the hydrazone is the same as the mechanism

for imine formation (Section 18-16). The actual reduction step involves two tau-

tomeric proton transfers from nitrogen to carbon. In this strongly basic solution, we
expect a proton transfer from N to C to occur by loss of a proton from nitrogen, fol-

lowed by reprotonation on carbon.

R' /N. :0H
";c=N. H

R

hydrazone remove proton from N

R'

R
;c=-N' H

replace proton on C

-N^ H

+ OH

A second deprotonation sets up the intermediate for loss of nitrogen to form a car-

banion. This carbanion is quickly reprotonated to give the product.

"HH— C—

N

R
remove proton from N

:OH
H—C—
R

lose Nt

:N=N:

carbanion

H^O

product

H + -OH

PROBLEM 18-34

Propose a mechanism for both steps of the Wolff-Kishner reduction of cyclohexanone: the

formation of the hydrazone, then the base-catalyzed reduction with evolution of nitrogen gas.

PROBLEM 18-35

Predict the major products of the following reactions.

O

(2) KOH. heat

(1) H3NNH,

(2) KOH. heat

Zn(Hg)

HCl. H,0
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SUMMARY: Reactions of Ketones and Aldehydes

1. Addition of organometatlic reagents (Sections 9-7B and 10-9)

O O+Metal

R—C— R' + R"— Metal

(Metal = MgX. Li. Na. etc.)

R—C— R'

I

R"
alkoxide

H3O+

OH

R—C— R'

I

R"
alcohol

2. Reduction (Sections 10-12 and 18-21 A)

O

R—C— R' + NaBHj(orLiAlH,)

ketone or (or H-,/Raney Nickel)

aldehyde

o-

R—C— R'

H
alkoxide

OH

R—C—

R

H
alcohol

3. The Wittig reaction (Section 18-13)

R
/

Ph,P— C: +

phosphorus ylide

Example

R'

H

Ph,P—C:
\
CH,

R

\
(c=o

ketone or aldehyde

+ Q.0

R R'
\ /C=C + Ph,P=0

alkene

H

+ Ph,P=0

4. Hydration (Section 18-14)

O
II

R—C— R'

ketone or aldehyde

H.O

HO OH
\ /

R—C—R'

hydrate

Example O

CI3C—C—H + H.O
chloral

HO OH
\ /

CI3C—C—

H

chloral hydrate

5. Formation of cyanohydrins (Section 18-15)

o

R—C— R' + HCN
ketone or aldehyde

"CN

HO CN
\ /

,R—C— R'

cyanohydrin

Example O
II

CH3CHXH3— c-

butanal

H
HCN
"CN

HO CN
\ /

CH3CH.CH.—C—

H

butanal cyanohydrin



Summary: Reactions of Ketones and Aldehydes 833

6. Formation of iniines (Section 18-16j

O

R—C— R' +
ketone or aldehyde

R"—NH,
primary amine

N— R"

R—C— R'

imine (Schiff base)

H,0

Example
\

I
+ CH3—NHj ^

cyclopentanone methylamine

7. Formation ofo.xinies and hydrazones (Section 18-17)

o

R—C— R' + H,N—OH
ketone or aldehyde hydroxylamine

o
II

R—C— R' + H,N—NH— R"

ketone or aldehyde hydrazine reagent

cyclopentanone methyl imine

H+

N—OH

R—C— R'

oxime

N—NH— R"

R—C— R'

hvdrazone derivative

R' Reagent Name Derivative Name

-H hydrazine hydrazone

Ph phenylhydrazine phenylhydrazone

0
II

— c--NH, semicarbazide semicarbazone

Example
H-.

;c=o

+ H2N—NHPh

H.
C=N—NHPh

+ H,0

R"0 OR"
H+ \ /

benzaldehyde phenylhydrazine

8. Fonnation of acetals (Seclion 18-18)

o
II

R—C— R' + 2R"—OH ^

ketone (aldehyde) alcohol

Example

H + CH;—CH. «

OH OH
benzaldeh\de ethylene glycol

9. Oxidation of aldehydes (Section 18-20)

O
chromic acid, permanganate. Ag^, etc

benzaldehyde phenylhydrazone

R—C— R' + H2O
acetal

H + H2O

benzaldehyde ethylene acetal

O

R—C—

H

aldehyde

R—C—OH
acid
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Examples

Tollens test

O

.CHO

+ Na.Cr207/H2S04

benzaldehyde chromic acid

H^O

,COOH

benzoic acid

O

R—C—H + 2Ag(NH3)2+ + 3 -OH 2 Ag | + R— C—O + 4 NH3 + 2 H^O

aldehyde Tollens reagent silver carboxylate

10. Deoxygenation reactions

a. Clemmenseu reduction (Sections 17-1 IB and 18-21B)

O

R—C— R' + Zn(Hg)

ketone or aldehyde

HCl

b. Wolff- Kishner reduction (Section 18-21B)

O
II

R—C— R' + H,N— NH.

ketone or aldehyde/hydrazine

Example
.0

cyclohexanone

H H
\ /

R—C— R'

N—NH.

R—C— R'

hvdrazone

(1) H-,N— NH,

(21 KOH, heat

H H + H,0
KOH \ /

R-C-R' + N^Nt

cyclohexane

11. Reactions of ketones and aldehydes at their a positions

This large group of reactions is covered in Chapter 22.

Example: aldol condensation

O

2CH,—C—

H

base

OH O
I II

CH,—C—CH,—C—

H

H

acetal A derivative of an aldehyde or ketone having two alkoxy groups in place of the car- Chapter I

bonyl group. The acetal of a ketone is sometimes called a ketal. (p. 822) GlOSSSry

O CH,0 OCH,
II

\/
^

CH,—C—H + 2CH,0H CH,— C—H + H.O

acetaldehyde acetaldehyde

dimethyl acetal

\

ethylene acetal: A cyclic acetal using ethylene glycol as the alcohol, (p. 824)
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aldehyde A compound containing a carbonyl group bonded to an alkyl group and a hydro-

gen atom. (p. 785)

carbinolamine An intermediate in the formation of an imine, having an amine and a hy-

droxy 1 group bonded to the same carbon atom. (p. 818)

O
11

R—C—R + R'—NH.

carbinolamine imine

carbonyl group The C=0 functional group, (p. 785)

Clemmensen reduction The deoxygenation of a ketone or aldehyde by treatment with zinc

amalgam and dilute HCl. (p. 830)

condensation A reaction in which two or more organic compounds are joined, with the elim-

ination of a small molecule such as water, (p. 818)

cyanohydrin A compound with a hydroxyl group and a cyano group on the same carbon

atom. Cyanohydrins are generally made by the reaction of a ketone or aldehyde with HCN.

(p. 817)

HO NH— R'

\ /
R— C—

R

N— R'

II

R— C— R + H,0

O HO CN
II \ /

CH3—C—CH, + HCN CH3—C—CH,

acetone acetone cyanohydrin

dithiane (1.3-dithiane) A thioacetal of formaldehyde that is sufficiently acidic to be depro-

tonated by exceptionally strong bases. See Section 18-8. (p. 802)

H . , ,\ _ I I

BuLi

SH SH + /^~^ '

H
propane- 1, 3-thiol formaldehyde

\ / \ /
C C:" Li+

/ \ /
H H H
1,3-dithiane dithiane anion

enol A vinyl alcohol. Simple enols generally tautomerize to their keto forms, (p. 801)

HO O, ^\ / H'or^OH \ I

C=C c > c—c—
/ \ /

I

enol keto

hemiacetal A derivative of an aldehyde or ketone similar to an acetal, but with one alkoxy

group and one hydroxyl group on the former carbonyl carbon atom. (p. 822)

hydrate (of an aldehyde or ketone) The geminal diol formed by addition of water across the

carbonyl double bond. (p. 815)

O HO OH
II H+ or "OH \ /

C1,C—C—H + HjO :
> CI3C—C—

H

chloral chloral hydrate

hydrazone A compound containing the C=N

—

NHt group, formed by the reaction of a

ketone or aldehyde with hydrazine, (p. 820)

2,4-DNP derivative: A hydrazone made using 2.4-dinitrophenylhydrazine. (p. 821)

imine A compound with a carbon -nitrogen double bond, formed by the reaction of a ke-

tone or aldehyde with a primary amine. A substituted imine is often called a Schiff base,

(p. 818)



836 Chapter 18: Ketones and Aldehydes

N—CH,
H+ II

CH3—C—CH, + CH,— NH, CH,—C—CH, + H^O
acetone methylamine acetone methyl imine

ketal A common name tor the acetal ol'a ketone. The term ketal was recently banished from

the lUPAC nomenclature, (p. 822)

ketone A compound containing a carbonyl group bonded to two alkyl or aryl groups, (p. 785)

lithium dialkylcuprate An organometailic reagent that couples with alkyl halides and acyl

halides (acid chlorides), (p. 806)

O O
II II

RXuLi + R'—C— CI > R'—C— R + R—Cu + LiCl

McLafTerty rearrangement In mass spectrometi^. the loss of an alkene fragment by a cyclic

rearrangement of a carbonyl compound having y hydrogens, (p. 794)

nitrile A compound containing the cyano group, C=N. (p. 804)

nucleophilic addition Addition of a reagent across a multiple bond by attack of a nucle-

ophile at the electrophilic end of the multiple bond. As used in this chapter, the addition of a

nucleophile and a proton across the C=0 bond. (p. 809)

oxime A compound containing the C=N—OH group, formed by the reaction of a ketone

or aldehyde with hydroxylamine. (p. 820)

protecting group A group used to prevent a sensitive functional group from reacting

while another part of the molecule is being modified. The protecting group is later re-

moved, (p. 827)

Raney nickel A finely divided, hydrogen-bearing form of nickel made by treating a

nickel-aluminum alloy with strong sodium hydroxide. The aluminum in the alloy reacts

to form hydrogen, leaving a finely divided nickel powder saturated with hydrogen,

(p. 830)

semicarbazone A compound containing the C=N—NH—CONH, group, formed by the

reaction of a ketone or aldehyde with semicarbazide. (p. 820)

Tollens test A test for aldehydes: Adding the Tollens reagent, a silver-ammonia complex

[Ag(NH,)i^ OH], gives a carboxylate salt and a silver mirror on the inside of a glass container.

(P-^829)

"

Wittig reaction Reaction of an aldehyde or ketone with a phosphorus ylide to form an alkene.

One of the most versatile syntheses of alkenes. (p. 812)

ylide An uncharged molecule containing a carbon atom with a negative charge bonded to

a heteroatom with a positive charge. A phosphorus ylide is the nucleophilic species in the

Wittig reaction, (p. 812)

Wolff- Kishner reduction Deoxygenation of a ketone or aldehyde by conversion to the hy-

drazone, followed by treatment with a strong base. (p. 830)

O

ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 18

1. Name ketones and aldehydes, and draw the structures from their names.

2. Interpret the IR, NMR. UV, and mass spectra of ketones and aldehydes, and

use spectral information to determine the stmctures.

3. Write equations for syntheses of ketones and aldehydes from alcohols, alkenes,

alkynes, carboxylic acids, nitriles, acid chlorides, dithianes, and aromatic com-

pounds.

4. Propose effective single-step and multistep syntheses of ketones and aldehydes.
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5. Predict the products of reactions of ketones and aldehydes with the following

types of compounds; give mechanisms where appropriate.

(a) hydride reducing agents; Clemmensen and Wolff- Kishner reagents

(b) Grignard and organolithiuni reagents

(c) phosphorus ylides

(d) water

(e) hydrogen cyanide

(f) ammonia and primary amines

(g) hydroxylamine and hydrazine derivatives

(h) alcohols

(i) oxidizing agents

6. Use your knowledge of the mechanisms of ketone and aldehyde reactions to

propose mechanisms and products of similar reactions you have never seen

before.

7. Show how to convert ketones and aldehydes to other functional groups.

8. Use retrosynthetic analysis to propose effective multistep syntheses using ke-

tones and aldehydes as intermediates and protecting the carbonyl group if

necessary.

Study Problems
18-36. Define each term and give an example.

18-38.

18-39.

18-40.

18-41.

(a) ketone

(e) imine

(i) phenylhydrazone

(m) Wittig reaction

(q) Wolff- Kishner reduction

(b) aldehyde

(f) Schiffbase

tj) 2,4-DNP derivadve

(n) 1,3-dithiane acetal

(r) Clemmensen reducdon

(c) enol form

(g) carbinolamine

(k) semicarbazone

(o) hemiacetal

(s) ketal

(d) cyanohydrin

(h) oxime

(I) acetal

(p) Tollens test

(t) ethylene acetal

18-37. Name the following ketones and aldehydes. When possible, give both a common name and an lUPAC name.

(^CH,C0(CH:)4CH,

tef CH,(CH:),CHO

(Jep:H,CH,CH,CHO
(g) CH,CH.CHBrCH.CH(CH,)CHO
(i) CH3CH=CH—CH=CH—CHO

O

C® CH,(CH,).CO(CH2)2CH,

(@)PhCOPh
C;^CH,COCH,

(h) Ph—CH=CH—CHO
(j) CH,CH;COCH,CHO

O

(1)

CHO CH,

Rank the following carbonyl compounds in order of increasing equilibrium constant for hydration.

CHjCOCHjCl CICH.CHO CH3O CH3COCH3 CH,CHO

Sketch the expected proton NMR spectrum of 3,3-dimethylbutanal.

Predict the values of for the v-^ tt* and n tt* transitions in the UV spectrum of 3-methylcyclohex-2-enone.

A compound of formula CgHjoO; shows only two absorptions in the proton NMR: a singlet at 2.67 ppm and a

singlet at 2.15 ppm. These absorptions have areas in the ratio 2:3. The IR spectrum shows a strong abso.-ption at

1708 cm" '. Propose a structure for this compound.
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18-42. The proton NMR spectrum of a compound of formula C,,,H,;0 appears below. This compound reacts with

an acidic solution of 2.4-dinitrophenylhydrazine to give a crystalline derivative, but it gives a negative Tol-

lens test. Propose a structure for this compound and give peak assignments to account for the absorptions in

the spectrum.

200 15 160 140 120 100 60 -10 20

Offset: 40 ppm

C,„H,,0

10

5 (ppm)

18-43. The following compounds undergo McLaffertj' rearrangement in the mass spectrometer. Predict the masses of the

resulting charged fragments.

(a) pentanal (b) 3-methyl-2-pentanone (c) 3-methylpentanal

O
II

(d) CH.CHXH—C— OCH, (methyl butyrate)

18-44. An unknown compound gives a positive 2.4-dinitrophenylhydrazine test and a negative Tollens test. Its mass

spectrum shows prominent ions at »!/; 128. 100. 86. 85. and 71. Show which of the following structures is most

likely: 2-octanone: 4-octanone: 2-octen-3-ol: 5-propoxy-l-pentanol. Also show the fragmentations that lead to

the observ ed ions.

18-45. An unknown compound gives a molecular ion of ni/z 70 in the mass spectrum. It reacts with semicarbazide hy-

drochloride to give a cr\ stalline derivative, but it gives a negative Tollens test. The XMR and IR spectra appear

below. Propose a structure for this compound, and give peak assignments to account for the absorptions in the

spectra. Explain w hy the absorption at 1790 cm ' in the IR spectrum appears at an unusual frequency.

2.5

w avelength (^m)

4 4.5 5 5.5 6 7 9 10 11 12 13 14 15 16

100

80

60

40

20

0
4000 3500 3011' 2500 2000 1800 1600 1400 1200 1000

wavenumber (cm"'

)

800 600
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200 180 160 140 120 100 80 60 40

Offset: 40 ppm-

1
6 ippmi

18-46. The following compounds are easily differentiated by their U\' spectra.

0

(a) Predict values of for these compounds.

lb) Explain how theW spectra would be used to distinguish between these compounds.

18-47. For each compound.

(1) name the functional group.

(2) show w hat compound(s) result from complete h\ drolysis.

HO 0CH,CH3
CH-_0 OCH-,

(a) fb) CH.CH-CH-— C— CH, (c)

OCH;.

(e) [^^^^^^O—CH—CH, (f)

^ ^

N

(g) (h)

(d)

-O

0

18-48. Propose mechanisms for the follow ing reactions.

O PhXHNH.. H- N—XHPh

(a) CH;—C—

H

.0

(c)

CH;— C—

H

CH.

O CH,OH.H- CH,0 OCH,
II > - \ /

C(b) CH;— C— H CH,— C—

H

(d)

O-

O'
H,0

CH,— CH-

O - OH OH

C\ V CHO
N H - -NH,
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18-49. Show how you would accomplish the following syntheses efficiently and in good yield. You may use any neces-

sary reagents.

(a) acetaldehyde * lactic acid, CHjCHCOHjCOOH
O CHPh 0 0 O

18-50.

18-51.

18-52.

18-53.

Show how you would synthesize the following derivatives from an appropriate carbonyl compound.

(b)(a)

N—OH

(e)

CH3O OCH

Draw structures of the following derivatives.

(a) the 2,4-dinitrophenylhydrazone of benzaldehyde

(c) cyclopropanone oxime

(e) acetaldehyde dimethyl acetal

(g) the (E) isomer of the ethyl imine of propiophenone

(b)

(d)

(f)

(h)

(f)

the semicarbazone of cyclobutanone

the ethylene ketal of 3-hexanone

the methyl hemiacetal of formaldehyde

the dithiane thioacetal of propanal

Section 18-8 covers the synthesis of aldehydes and ketones using 1,3-dithiane as a masked carbonyl group: the

thioacetal of a carbonyl group. Like (oxygen) acetals, thioacetals hydrolyze in dilute acid. Thioacetals are

somewhat more stable, however, and mercuric (Hg"^") salts are often added as a specific Lewis acid to promote

the hydrolysis.

(a) Show how you would make 2-methyl- 1,3-dithiane from 1,3-dithiane.

(b) Propose a mechanism for the acid-catalyzed hydrolysis of 2-methyl- 1,3-dithiane.

(c) Propose a mechanism for how Hg^- might assist the hydrolysis.

2-methyl- 1 ,3-dithiane

There are three dioxane isomers: 1,2-dioxane, 1,3-dioxane, and 1,4-dioxane. One of these acts like an ether and is

an excellent solvent for Grignard reactions. Another one is potentially explosive when heated. The third one

quickly hydrolyzes in dilute acid. Show which isomer acts like a simple ether, and explain why one of them is

potentially explosive. Give a mechanism for the acid hydrolysis of the third isomer.

1 ,2-dioxane

O

O
i ,4-dioxane
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18-54. Predict the products formed when cyclohexanoiie reacts witli tlie following reagents.

18-55.

18-56.

18-57.

18-58.

18-59.

18-60.

18-61.

18-62.

18-63.

18-64.

(a) CH3NH,,H^
(c) hydroxylamine and weak acid

(e) phenylhydrazine and weak acid

(g) Tollens reagent

(i) sodium cyanide

(k) hydrazine, then hot. fused KOH

(b) excess CH3OH, H
(d) ethylene glycol and /;-toluenesulfonic acid

(I') PhMgBr and then mild H,0'

(h) sodium acetylide. then mild H3O'

(j) acidic hydrolysis of the product from (i)

(1) Ph,P==CH2

Both NaBHj and NaBDj are commercially available, and D.O is common and inexpensive. Show how you would

synthesize the following labeled compounds, starting with 2-butanone.

OH OD OD

(a) CH,- (c) CH,- -C-

H

-CH,—CH,C—CH,— CH, (b) CH,—C—CH,—CH,
D D

When LiAIHj reduces 3-methylcyclopentanone, the product mixture contains 60 percent r/.v-3-methylcyclopen-

tanol and 40 percent /;«/;.s-3-methylcyclopentanol. Use your models and make three-dimensional drawings to ex-

plain this preference for the cis isomer.

Some Grignard reagents react with ethyl orthoformate, followed by acidic hydrolysis, to give aldehydes. Propose

mechanisms for the two steps in this synthesis.

O— CH.CH,

H—C—O—CH^CH, +

O—CH,CH,

ethyl orthoformate

R—Mg—

X

O—CH,CH,

R—C—O—CH.CH,

H

O

-> R—C—

H

aldehyde

acetal

Show how you would accomplish the following syntheses.

((a)) benzene «-butylbenzene

(b) benzonitrile » propiophenone

(c) benzene » /^-methoxybenzaldehyde (d) Ph— (CHOU- GH

tetralone

Predict the products formed when cyclohexanecarbaldehyde reacts with the following reagents,

(a) PhMgBr, then (b) Tollens reagent (c) semicarbazide and weak acid

(d) excess ethanol and acid (e) 1.3-propanedithiol, (f) zinc amalgam and dilute hydrochloric acid

Show how you would synthesize 2-octanone from each compound. You may use any necessary reagents.

(|a))heptanal (b) l-octyne (c) 1,3-dithiane (d) 2-octanol

(e) heptanoic acid (f ) CHitCHO^CN (g) 2,3-dimethyl-2-nonene

Show how you would synthesize octanal from each compound. You may use any necessary reagents,

(a) l-octanol (b) l-nonene (c) l-octyne

(d) 1,3-dithiane (e) 1,1-dichlorooctane (f) octanoic acid

Hydration of alkynes (via oxymercuration) gives good yields of single compounds only with symmetrical or ter-

minal alkynes. Show what the products would be from hydration of each compound,

(a) 3-hexyne (b) 2-hexyne (c) l-hexyne (d) cyclodecyne (e) 3-methylcyclodecyne

Which of the following compounds would give a positive Tollens test? Remember that the Tollens test involves

mild basic aqueous conditions.

(b) CH,CH,CH,CH:CHO
(d) CH^CH.CH.CH:—CH(OH)OCH,

(a) CH,CH,CH,COCH,
(c) CH,CH=CH—CH=CH—OH
(e) CH,CH:CH,CH,—CH(OCH,)^

(f)

O' OH
Solving the following road-map problem depends on determining the stracture of A. the key intermediate. Give

structures for compounds A through K.
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CH,
(1) BuLi

(2) D

1-heptyne

(1) O,

(2) (CH3),S

(1) B Na^QjO^
CH3(CH,),MgBr C

H

18-65. The UV spectrum of an unknown compound shows values of X^^^ at 225 nm ( £ = 10,000) and at 318 nm
{ £ = 40). The mass spectrum shows a molecular ion at ni/z 96 and a prominent base peak at m/z 68. The IR and

NMR spectra appear below. Propose a structure, and show how your structure corresponds to the observed ab-

sorptions. Propose a favorable fragmentation to account for the MS base peak at ni/z 68 (loss of C2H4).
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18-66. Tw o structures for the sugar glucose are show n on page 824. Intercon\ ersion of the open-ehaui and cyclic hemi-

acetal forms is catalyzed by either acid or base.

(a) Give a mechanism for the cyclization, assuming a trace of acid is present.

(b) The cyclic hemiacetal is more stable than the open-chain form, and very little of the open-chain form is

present at equilibrium. Will an aqueous solution of glucose reduce Tollens reagent and give a positive Tollens

test? Explain.

18-67. T\\ o structures of the sugar fructose are shown below. The cyclic structure predominates in aqueous solution.

CH,OH

C=0

HO—

H

H——OH

H—OH

'CH,0H

fructose

or ^OH

HOHX

H

.0. OH

H HO/ \.
CH,OH

OH H
fructose

(cyclic form)

(a) Number the carbon atoms in the cyclic structure. What is the functional group at C2 in the cyclic form'^

(b) Give a mechanism for the cyclization. assuming a trace of acid is present.

18-68. The following road-map problem centers on the structure and properties of A. a key intermediate in these reac-

tions. Gi\ e structures for compounds A through J.

*18-69. A dithiane synthesis can convert an aldehyde to a ketone. The aldehyde is first converted to its dithiane deriva-

ti\e. which is deprotonated and alkylated. A mercuric chloride-assisted hydrolysis gi\es the ketone. Show how
this technique might be used to con\ert benzaldehyde to benzyl phenyl ketone.

=48-70. Under acid catalysis, an alcohol reacts w ith dihydropyran to gi\ e the tetrahydropyranyl derivative (called a "THP
ether") of the alcohol.

dihvdropyran tetrahydropyranyl denyative

R—O—THP. a ' THP ether"

(a) Propose a mechanism for this reaction.

(b) The "THP ether" is not an ether. What functional group does it actually contain? How will it react under

basic conditions? Under acidic conditions'^

(c) Propose a mechanism for hydrolysis of the THP derivati\e in dilute aqueous acid, and predict the products.
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^18-71.

*18-72.

The mass spectrum of unknown compound A shows a molecular ion at ;;;/- 1 16 and a prominent peak at mJz 87.

Its UV spectrum shows no maximum above 200 nm. The IR and NMR spectra of A are shown below. When A is

washed with dilute aqueous acid, extracted into dichloromethane, and the solvent evaporated, the product B
shows a strong carbonyl absorption at 1713 cm ' in the IR spectrum and a weak maximum at 274 x\m(E = 16)

in the UV spectrum. The mass spectrum of B shows a molecular ion of wi/c 72.

(a) Determine the structures of A and B, and show the fragmentation that accounts for the peak at mJz 87.

(b) Propose a mechanism for the acid-catalyzed hydrolysis of A to B.

3 3.5 4 4.5 5 5.5 6 6.5 7 8 9 10 1112 14 16

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm"')

160 140 120 100 80 60 40 20

(A true story.) The chemistry department custodian was cleaning the organic lab when an unmarked bottle fell off

a shelf and smashed on the floor, leaving a puddle of volatile liquid. The custodian began to wipe up the puddle,

but he was overcome with burning in his eyes and a feeling of having an electric drill thrust up his nose. He left the

room and called the fire department, who used breathing equipment to go in to clean up the chemical. Three stu-

dents were asked to identify the chemical quickly so the custodian could be treated and the chemical could be han-

dled properly. The students took IR and NMR spectra, which appear below. The UV spectrum showed values of

Amax at 220 nm {e = 16,000) and at 314 nm {e = 65). The mass spectrometer was down, so no molecular weight

was available. Determine the structure of this nasty compound, and show how your structure fits the spectra.

100

4000 .^500 3000 2500 2000 1800 1600 1400 1200 1000

wavenumber (cm~')

800 600
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'18-73. Because of its great utility, the Wittig reaction has inspired interesting and useful \ ariations. some with colorful

names. The Homer-Emmons modification uses a phosphonate-stabilized carbanion in a Wittig reaction. This

reagent is an anion that is more nucleophilic than the usual Wittig ylide. The by-product (RO);PO^ is water-solu-

ble and easily separated from the product. These phosphonate-stabilized carbanions are compatible with carbonyl

groups (especially esters) in the reagent.

O
II

/-

(EtOi-P—CH

R
( I ) strong base

(2i RX=0
R

R R'
\ /
C=C - (EtOi^POr

/ \ -
-

R R'

The reagent is prepared by the Arbusov reaction:

(EtOl.P: R-CHX

O
II

(EtONP—CHR, EtX

The Arbusov reaction can be carried out with an a-bromo ketone or a-bromo ester, in which case it is

called the Perkow reaction.

O 0 0

(EtO)-P: - R— C— CH-X lEtOi-P—CH-— C—

R

EtX

(a) Propose a mechanism for the Homer-Emmons reacuon.

(b) Propose a mechanism for the .Axbusov reaction.

(c) Show how you would use these reactions for the following conversions.

O O

(i) -C—

H

-C— OCH-.

O

o
II

.C— OCH,



19-1

Introduction

Amines are derivatives of ammonia with one or more alkyl or aryl groups bonded to

the nitrogen atom. Amines are classified as primary ( 1 °). secondary (2°). or tertiary

(3°), corresponding to one, two, or three alkyl or aryl groups bonded to nitrogen.

Secondary (2°) amines Tertiary (3°) amines

CH2CH3

CH.CH,

cyclohexylamine ( 1 °) /('rt-butylamine (

1

'

A'-ethylaniline (2°) piperidine (2°) MA'-diethylaniline (3°) quinuclidine (3°)

Quaternary ammonium salts have four alkyl or aryl bonds to a nitrogen atom.

The nitrogen atom bears a full positive charge, just as it does in simple ammonium
salts such as ammonium chloride. The following are examples of quaternary (4°)

ammonium salts:

CH3CH. I
-

CH3CH.—N—CH^CH,

CH,CH3
tetraethylammonium iodide

Br

CH.CH.CH.CH3
A'-butylpyridinium bromide

O CH3

CH3—C—O—CHjCH,—N—CH3

CH3
acetylcholine, a neurotransmitter

CH.CH.CH,

H
(5)-coniine

As a class, amines include some of the most important biological compounds.

Amines serve many functions in living organisms, such as bioregulation, neuro-

transmission, and defense against predators. Because of their high degree of bio-

logical activity, many amines are used as dmgs and medicines. The structures and uses

of some important biologically active amines are shown in Figure 19-1.

The alkaloids are an important group of biologically active amines, synthe-

sized mostly by plants as protection from being eaten by insects and other animals.

The structures of some representative alkaloids are shown in Figure 19-2. Although

some alkaloids are used medicinally (chiefly as painkillers), all alkaloids are toxic

and cause death if taken in large quantities. The Greeks chose the alkaloid coniine

to kill Socrates, although morphine, nicotine, or cocaine would have served equally

well. Mild cases of alkaloid poisoning can produce psychological effects that

846
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dopamine epinephrine amphetamine

a neurotransmitter an adrenal hormone an addictive stimulant

piperazine nicotinic acid pyridoxine histamine

kills intestinal worms niacin, a vitamin vitamin B^^ dilates blood vessels

Figure 19-1

Examples of some biologically active amines.

cocaine nicotine mescaline morphine

in coca leaves in tobacco in peyote cactus in opium poppies

Figure 1 9-2

Some representative alkaloids.

resemble peacefulness, euphoria, or hallucinations. People seeking these effects often

become addicted to the alkaloids. Alkaloid addiction often ends in death; current es-

titnates are over 40().()0() deaths in the United States per year, including both natur-

al alkaloids like nicotine and cocaine and synthetic alkaloids like amphetamine.

I9-2A Common Names

The common names of amines are formed from the names of the alkyl groups bond-

ed to nitrogen, followed by the suffix -amine. The prefixes di-, tri-, and tetra- are

used to describe two, three, or four identical substituents.

19-2

Nomenclature

ofAmines

CH,

CH^CH.NH, (CH3CHCH.CH2)2NH (CH,CH,),NCH,
ethylamine diisopentylamine diethylmethylamine

/ \ /CH.NH.

/ Vn(CH3).

(CH3CH.CH.CH,)4N^ CI

tetrabutvlammonium chloride

N-

cyclohexyldimethylamine benzylamine

H
diphenylamine
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NH,

3-aminocyclopentene

CH^CH.CHCH,
2-butanamine

In naming amines witii more complicated structures, the — NHigroup is called

the amino group. It is treated like any other substituent, with a number or other sym-

bol indicating its position on the ring or carbon chain.

O

NH,

CH.CH.CH.—COOH
-y-aininobutyric acid

(4-amiiK)butanoic acid) /;Y//7.v-3-aminocyclohexanol

C—OH

H.N

/?-aminobenzoic acid

Using this system, secondary and tertiary amines are named by classifying the

nitrogen atom (together with its alkyl groups) as an alkylaniino group. The largest

or most complicated alkyl group is taken to be the parent molecule.

N(CH3)2

CHjCH.CH.CHCH.CH.—OH
3-dimethylamino- 1 -hexanol CH2CH3

4-(ethyImethylamino)cyclohexanone

I9-2B lUPAC Names

The lUPAC nomenclature for amines is similar to that for alcohols. The longest

continuous chain of carbon atoms determines the root name. The -e ending in the

alkane name is changed to -amine, and a number shows the position of the amino

group along the chain. Other substituents on the carbon chain are given numbers, and

the prefix A^- is used for each substituent on nitrogen.

CH, NH.

CH3CHCH3CH.
3-methyl- 1 -butanamine

NHCH3

CH,CH.CHCH3
A'-methyl-2-butanamine

CH3 CH3

CH3CH2CHCHCHCH3

^N(CH3)2

2,4,A',A'-tetramethyl-3-hexanamine

Aromatic and heterocyclic amines are generally known by historical names. For

example, phenylamine is called aniline, and its derivatives are named as derivatives

of aniline.

NH.

CH.CH, NH.

aniline 3-ethylaniline

\(CH,CH3)2

A'.A'-diethylaniline

NH,

ch;
4-methylaniline

or/>-toluidine

We first considered nitrogen heterocycles in Section 16-9. The names and struc-

tures of some common ones are shown below. The heteroatom is usually given po-

sition number 1

.

H
I.

N'

aziridine

o
N

H
pyrrole

N
I

H
pyrrolidine

CH3
I -methylpyrrolidine

(A'-methylpynoiidine)

H
imidazole indole
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pyridine 2-methylpyridine piperidine pyrimidine purine

PROBLEM 19-1

Determine whieii of the heterocyclic amines shown above are aromatic. Give the reasons

for your conclusions.

PROBLEM 19-2

Draw the structures of the following compounds.

(a) /-butylamine (b) a-aminopropionaldehyde

(c) 4-(dimethylamino)pyridine (d) 2-methylaziridine

(e) A'-methyl-A'-ethyl-3-hexanamine (f) ;;/-chloroaniline

PROBLEM 19-3

Give correct names for the following amines.

(a)CH,—CH,—CH,—CH—CH, (b) CH-—CH,—CH—CH,

NH, NHCH,

In Chapter 2, we saw that ammonia has a slightly distorted tetrahedral shape, with a

lone pair of nonbonding electrons occupying one of the tetrahedral positions. This

geometry is represented by s[r hybridization of nitrogen, with the bulky lone pair

compressing the H—N—H bond angles to 107° from the "ideal" sp^ bond angle of

109.5°. This angle compression is not as great in trimethylamine. where the bulky

methyl groups open the angle slightly, as illustrated at right.

A tetrahedral amine with three different substituents (and a lone pair) is non-

superimposable on its mirror image. We might hope to resolve such an amine into

two enantiomers. In most cases, however, such a resolution is not possible because

the enantiomers interconvert rapidly (see Fig. 19-3). This interconversion takes place

by nitrogen inversion, in which the lone pair moves from one face of the molecule

to the other. The nitrogen atom is sp' hybridized in the transition state, and the non-

bonding electrons occupy a p orbital. This is a fairly stable transition state, as re-

flected by the small activation energy of about 6 kcal/mol (25 kJ/niol). Interconversion

sp '' orbital

H CH2CH3

(/?)-ethylmethylamine

p orbital

. CH,
'*CH2CH3

[transition state]

H—

N

H CH3

N
^

- ^

^ .v/)
' orbitital

(5 )-ethylmethylamine

19-3

Structure ofAmines

H

10/

ammonia

N">.., ^TI

108'

trimethylamine

< Figure 19-3

Nitrogen inversion intercon-

verts the two enantiomers of a

simple chiral amine. The tran-

sition state is a planar, sp'

hybrid structure with the lone

pair in a p orbital.
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oi(R)- and (S)-ethylmethylamine is shown in Figure 19-3. In naming the enantiomers

of chiral amines, the Cahn-Ingold-Prelog convention is used, with the nonbonding

electron pair having the lowest priority.

Although most simple amines cannot be resolved into enantiomers, several

types of chiral amines can be resolved:

1. Amines whose chirality stems from the presence of chiral carbon atoms. For ex-

ample, 2-butanamine can be resolved into enantiomers because the 2-butyl

group is chiral.

NH,

H^C^^ CHXH3
H

(^l-Z-butanamine

CH3CH.

{R )-2-butanainine

3V...,
^ ^^^^
H

2. Quaternary ammonium salts with chiral nitrogen atonis. Inversion of con-

figuration is not possible because there is no lone pair to undergo nitrogen

inversion. For example, the methyl ethyl isopropyl anilinium salts can be

resolved into enantiomers.

(CH3).CH -"^N^

H3C CHXH3
V2

CH3CH, \:h3

3. Amines that cannot attain the sp~ hybrid trcmsition state for nitrogen inver-

sion. For example, if the nitrogen atom is contained in a small ring, it is pre-

vented from attaining the 120° bond angles that facilitate inversion. Such a

compound has a higher activation energy for inversion, the inversion is slow,

and the enantiomers may be resolved. Chiral aziridines (three-membered rings

containing a nitrogen) often may be resolved into enantiomers.

/n:::Vch3
H3C

{S )-
1 .2,2-trimethylaziridine(R)-\ .2.2-trimethylaziridine

PROBLEM 19-4

Which of the following amines can be resolved into enantiomers? In each case, explain

why interconversion of the enantiomers would or would not take place.

(a) (;/.s-2-methylcyclohexanamine (b) A'-methyl-A'-ethylcyclohexanamine

(c) A'-methyiaziridine (d) ethyl methyl anilinium iodide

(e) methyl ethyl propyl isopropyl ammonium iodide
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Amines are strongly polar because the large dipole moment of the lone pair of elec-

trons adds to the dipole moments of the C ^-^ N and H ^-^ N bonds. Primary and sec-

ondary amines have N—H bonds, allowing them to form hydrogen bonds. Having

no N—H bonds, pure tertiary amines cannot engage in hydrogen bonding. They can

accept hydrogen bonds from molecules having O—H or N—H bonds, however.

19-4

Physical Properties

of Amines

overall

dipole

moment

H
\

R

•H
\

R^/
R

R
\

R^/
R

•H-

H'
:o:

1° or 2° amine:

hydrogen bond donor and acceptor

3° amine:

hydrogen bond acceptor only

Because nitrogen is less electronegative than oxygen, the N—H bond is less

polar than the O— H bond. Therefore, amines form weaker hydrogen bonds than do

alcohols of similar molecular weights. Primary and secondary amines have boiling

points that are lower than those of alcohols, yet higher than those of ethers of simi-

lar molecular weights. With no hydrogen bonding, tertiary amines have lower boil-

ing points than primary and secondary amines of similar molecular weights. Table

19-1 compares the boiling points of an ether, an alcohol, and amines of similar molec-

ular weights.

TABLE 19-1 Comparison of the Boiling Points of an Ether, an Alcohol, and Amines
of Similar Molecular Weights

Compound bp CO Type Molecular Weight

(CH,),N: 3 tertiary amine 59

CH,—0—CH,—CH, 8 ether 60

CH,—NH—CH,—CH3 37 secondary amine 59

CH,CH,CH,—NH, 48 primary amine 59

CH,CH,CH,—OH 97 alcohol 60

All amines, even tertiary ones, form hydrogen bonds with hydroxylic solvents

such as water and alcohols. Therefore, amines tend to be soluble in alcohols, and

the lower-molecular-weight amines (up to about six carbon atoms) are relatively sol-

uble in water. Table 19-2 lists the melting points, boiling points, and water solubili-

ties of some simple aliphatic and aromatic amines.

Perhaps the most obvious property of amines is their characteristic odor of rot-

ting fish. Some of the diamines are particularly pungent; the following diamines

have common names that aptly describe their odors.

CH,CH,CH,CH,

NH, NH,
putrescine

( 1 .4-butanediamine)

CH,CH,CH,CH,CH2

NH, NH.
cadaverine

( 1 ,5-pentanediamine

)

PROBLEM 19-5

Rank each set of compounds in order of increasing boiling points.

(a) triethylamine, di-/!-propylamine, /!-propyl ether

(b) ethane], dimethylamine, dimethyl ether

(c) trimethylamine, diethylamine. diisopropylamine
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TABLE 19-2 Melting Points, Boiling Points, and Water Solubilities of Some Sinnple Amines

h4olccitlnf' nip bn H^O Snliihilit\<

ij I 1 in. I It I L Weight l°C) t°r) {g/lUU g n2U)

Primary amines

methylainine CH,NH, 31 -93 -7 very soluble

ethylamine CHiCH.NH. 45 -81 17 X
;!-propylamine CHiCH^CH.NHi 59 -83 48 3C

isopropylamine (CH,),CHNH. 59 - 101 33 X
/(-butylamine CH,CH,CH.CH.NH, 73 -50 11 X
isobutylamine (CH,).CHCH,NH. 73 -86 68 X
.stT-butylamine CH,CH,CH(NH,)CH3 73 -104 63 X
^z-TZ-Hiitvliiminf* (rH,KrNH,V v_ 1 1 ^ y i ^ 1 1

T

73 45 X
cyclohexylamine c-vc7()-C,,H||NH. 99 134 slightly soluble

benzylamine C„H,CH2NH. 107 185 X
allylamine CH2=CH—CH^NH. 57 53 very soluble

aniline 93 -6 184 3.7

Secondary amines

dimethylamine (CH,)nNH 45 -96 7 very soluble

ethylmethylamine CH,CH,NHCH, 59 37 very soluble

diethylamine (CHjCHO^NH 73 -42 56 very soluble
("1 1 -n -nronvl n mi np —AO 1 1

1

III Sll^liUV SOIUUIC

diisopropylamine [(CH,):CH],NH 101 -61 84 slightly soluble

di-H -propylamine (CH,CH2CH,CH,)2NH • 129 -59 159 slightly soluble

A'-niethylaniline CftH^NHCH, 107 -57 196 slightly soluble

diphenylamine (QHjjiNH 169 54 302 insoluble

Tertiary amines

trimethylamine (CH,),N 59 -117 3.5 91

triethylamine (CH,CH,),N 101 -115 90 14

tri-«-propylamine tCH,CH,CH,),N 143 -94 156 slightly soluble

MA'-dimethylaniline C,H,N(CH,), 121 2 194 1.4

triphenylamine (C,H,),N 251 126 365 insoluble

I 9-5 An amine is a nucleophile (a Lewis base) because its lone pair of nonbonding

Basicity of Amines electrons can form a bond with an electrophile. An amine can also act as a

Br0nsted-Lowry base by accepting a proton from a proton acid.

Reaction of an amine as a nucleophile

H

Reaction ofan amine as a proton base

H

H

R— N:v CH,^I > R—N—CH, T

H
nucleophile electrophile new N—C bond formed

H

R—N—H X-

H
base proton acid protonated
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Because amines are fairly strong bases, their aqueous solutions are basic. An amine

can abstract a proton from water, giving an ammonium ion and a hydroxide ion. The

equilibrium constant for this reaction is called the base-dissociation constant for the

amine, symbolized by A",,.

R-
/

-N:
\

H

H

H—O—

H

[RNH+][ OH]

H

I

H

H OH

[RNH.l
login^h

Values of A'^ for most amines are fairly small (about I0~^ or smaller), and the

equilibrium for this dissociation lies toward the left. Nevertheless, aqueous solutions

of amines are distinctly basic, and they turn litmus paper blue.

Because they vary by many orders of magnitude, base-dissociation constants

are usually listed as their negative logarithms, or pK^, values. For example, if a cer-

tain amine has A'h = 10' \ then pA',, = 3. Just as we used pA'^ values to indicate acid

strengths (stronger acids have smaller pAT., values), we use pK^, values to compare

the relative strengths of amines as proton bases: Stronger bases have smaller values

of pA"],. The values of pA',, for some representative amines are listed in Table 19-3.

TABLE 19-3 Val ues of pKb for Some Representative Amines

Amine ^b P^b pA.of R3NH Amine a; pA'h pA.of R3NH

ammonia 1.8 X 10"- 4.74 9.26
Aiyl amines

Primary alley! amines aniline 4.0 X 10"'" 9.40 4.60

methylamine 4.3 X 10"-* 3.36 10.64 A'-methylaniline 6.1 X 10""' 9.21 4.79

ethylamine 4.4 X 10"-* 3.36 10.64 MA'-dimethylaniline 11.6 X 10"'" 8.94 5.06

;i-propylamine 4.7 X lO"-* 3.32 10.68 /)-toluidine 1.2 X 10"' 8.92 5.08

isopropylamine 4.0 X 10"-* 3.40 10.60 /)-tTuoroaniline 4.4 X 10""' 9.36 4.64

H-butylamine 4.8 X 10"-* 3.32 10.68 /5-chloroaniline 1 X 10""' 10.00 4.00

cyclohexylamine 4.7 X lO'-* 3.33 10.67 /j-bromoaniline 7 X 10"" 10.15 3.85

benzylamine 2.0 X 10"^ 4.67 9.33 /j-iodoaniline 6 X 10"" 10.22 3.78

/7-anisidine 2 X 10"- 8.70 5.30
Secondaiy amines p-nitroaniline 1 X 10"'-' 13.00 1.00

dimethylamine 5.3 X 10""' 3.28 10.72

diethylamine 9.8 X lO"-* 3.01 10.99 Heterocyclic amines

di-«-propylamine 10.0 X 10"^ 3.00 11.00 pyrrole 1 X 10"'^ -15 ~-l

Tertiaiy amines
pyrrolidine 1.9 X 10"' 2.73 11.27

imidazole 8.9 X 10"' 7.05 6.95

trimethylamine 5.5 X 10"' 4.26 9.74 pyridine 1.8 X 10"" 8.75 5.25

triethylamine 5.7 X 10"^ 3.24 10.76 piperidine 1.3 X 10"- 2.88 1 1.12

tri-;;-propylamine 4.5 X lO"' 3.35 10.65

Note: Stronger bases tiave smaller values of pK^,.

Some references do not list values of A"}, or pKy^ for amines. Instead, they list val-

ues of A'a or pA'a for the conjugate acid, which is the ammonium ion. We can show that

the product of A'^ for the ammonium ion and A'^, for the amine is A'w , the ion product for

water, which is 10"'"^. This is true for any conjugate acid-base pair (See Section 1-13B).

R—NH3 + H3O ^==^ R— NH, + H3O+

ammonium ion amine
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[rnh;] " [RNH2]
(from above)

K, X = [H30^][ OH] = /r, = 1.0 X 10""

pK, + pK^ = 14 pK^, = 14 - pK,

These relationships allow us to convert values of (or pKj for the ammoni-
um ion and /T,, (or pA",,) for the amine. They also remind us that a strongly basic

amine has a weakly acidic ammonium ion and a weakly basic amine has a strongly

acidic ammonium ion.

I 9-6 Figure 19-4 shows an energy diagram for the reaction of an amine with water. On the

Effects on '^^^ '^^^ reactants. the free amine and water. On the right are the products, the

ammonium ion and hydroxide ion.

Amine Basicity Any structural feature that stabilizes the ammonium ion (relative to the free

amine) shifts the reaction toward the right, making the amine a stronger base. Any
feature that stabilizes the free amine (relative to the ammonium ion) shifts the reac-

tion toward the left, makina the amine a weaker base.

Figure 19-4

Potential-energy diagram of

the base-dissociation reaction

of an amine.

H

N<2rH—6:

R— NH, + H,0

\
H

H

";N—H
R H

ammonium ion

Substitution by Alkyl Groups. As an example, consider the relative basicities of

ammonia and methylamine. Alkyl groups are electron-donating toward cations, and

methylamine has a methyl group to help stabilize the positive charge on nitrogen. This

stabilization lowers the potential energy of the methylammonium cation, making

methylamine a stronger base than ammonia. The simple alkylamines are generally

stronger bases than ammonia.

H V
H— N: + H.O H—N—H + OH pA'^^ = 4.74

\
H H

H

\
H H

stabilized by the alkyl group

(weaker base)

H3C— N: + H2O «^ H3C5=;N—H + "OH pK^^= 3>3b

(stronger base)
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We might expect secondary amines to be stronger bases than primary amines

and tertiary amines to be the strongest bases of all. The actual situation is more com-

plicated because of solvation effects. Because ammonium ions are charged, they are

strongly solvated by water and the energy of solvation contributes to their stability.

The additional alkyl groups around the ammonium ions of secondary and tertiary

amines decrease the number of water molecules that can approach closely and sol-

vate the ions. The opposing trends of inductive stabilization and steric hindrance of

solvation tend to cancel out in most cases; as a result, primary, secondary, and ter-

tiary amines show similar ranges of basicity.

Resonance Effects on Basicity. Aromatic amines (anilines and their derivatives) are

weaker bases than simple aliphatic amines (Table 19-3). This reduced basicity is due

to resonance derealization of the nonbonding electrons in the free amine. Figure

19-5 shows that stabilization of the reactant (the free amine) makes the amine less

basic. In aniline, overlap between the aromatic ring and the orbital containing nitro-

gen's lone pair stabilizes the lone pair and makes it less reactive. This overlap is lost

in the anilinium ion. so the reactant (aniline) is stabilized in comparison with the

product. The reaction is shifted toward the left, and aniline is not as basic as the

aliphatic amines.

aniline

stabilized by overlap with the ring

a, 0
anilinium ion

no overlap is possible

aliphatic amine

R— NH. + H

stabilized

by

overlap

NH. + H+

aromatic amine

R— NH, O^NH,
+ ^ — + •

more endothermic

^— NHt is less basic

< Figure 19-5

Aniline is stabilized by overlap

of the lone pair with the

aromatic ring. No such overlap

is possible in the anilinium ion.

Resonance effects also influence the basicity of pyrrole. Pyrrole is a very weak
base, with a p^^, of about 15. As we saw in Chapter 15. pyrrole is aromatic because

the nonbonding electrons on nitrogen are located in a p orbital, where they contribute

to the aromatic sextet. When the pyrrole nitrogen is protonated, pyrrole loses its aro-

matic stabilization. Therefore, protonation on nitrogen is unfavorable, and pyrrole is

a very weak base.

-OH

pyrrole Ky^=\Q ^- protonated

(aromatic) (not aromatic)
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Hybridization Effects. Our study of terminal alkynes showed that electrons are held

more tightly by orbitals with more ,v character. This principle helps to explain why
unsaturated amines tend to be weaker bases than simple aliphatic amines. In pyridine,

for example, the nonbonding electrons occupy an sp^ orbital, with greater .y charac-

ter and more tightly held electrons than those in the sp^ orbital of an aliphatic amine.

Pyridine's nonbonding electrons are less available for bonding to a proton. Pyridine

does not lose its aromaticity on protonation, however, and it is a much stronger base

than pyrrole.

H

' / sp^ hybridized

- / (more basic)

piperidine. pA' = 2 X8

The effect of increased s character on basicity is even more pronounced in ni-

triles, with sp hybridization. For example, acetonitrile has a pATj, of 24. This p^^ im-

plies that a concentrated mineral acid is required to protonate acetonitrile. This is a

very weak base

!

sp hybridized

CH3—C=N<C^3) ^^ry weakly basic

VK, = 24

PROBLEM 19-6

Rank each set of compounds in order of increasing basicity.

(a) NaOH, NH,. CH3NH2. Ph— NH; (b) aniline. /?-methylaniline. /7-nitroaniline

(c) aniline. pyiTole. pyridine (d) pynole, imidazole. 3-nitropyrrole

pyridine, pA:,, = 8.75

sp- hybridized

(less basic)

19-7

Salts of Amines

Protonation of an amine gives an amine salt. The amine salt is composed of two

types of ions: the protonated amine cation (an ammonium ion) and the anion derived

from the acid. Simple amine salts are named as the substituted ammonium salts. Salts

of complex amines use the names of the amine and the acid that make up the salt.

CH3CH2CH.—NH.
n-propylamine

(CHjCH.hN:
triethylamine

+

H-

HCl

hydrochloric acid

H.SO,
sulfuric acid

o

-0—C—CH3
acetic acid

CH3CH2CH2— NH3+ -CI

«-propylammonium chloride

(CH3CH2)3NH+ HSO4
triethylammonium

hydrogen sulfate

o

^^^N^H -O-C-CH3

pyridinium acetate

Amine salts are ionic, high-melting, nonvolatile solids. They are much more solu-

ble in water than the parent amines, and they are only slightly soluble in nonpolar

organic solvents.
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Formation of amine salts can be used to isolate and characterize amines. Most

amines containing more than six carbon atoms are relatively insoluble in water. In

dilute aqueous acid, these amines form their corresponding ammonium salts, and

they dissolve. Formation of a soluble salt is one of the characteristic functional group

tests for amines.

R3NH CI

amine salt

(w alci soluble)

When the solution is made alkaline (by the addition of NaOH), the free amine

is regenerated. The purified free amine either precipitates out of the aqueous solu-

tion, or it is extracted into an organic solvent.

Many drugs and other biologically important amines are commonly stored

and used as their salts. The amine salts are less prone to decomposition by

oxidation and other reactions, and they have virtually no fishy odor. The salts are

soluble in water, and they are easily converted to solutions for syrups and

injectables.

As an example, the drug ephedrine is widely used in cold and allergy medica-

tions. Ephedrine melts at 79°C, has an unpleasant fishy odor, and is oxidized by air

to undesirable products. Ephedrine hydrochloride melts at 217°C, does not oxidize

easily, and has virtually no odor. Obviously, the hydrochloride salt is preferable for

compounding medications.

R3N:,

"free" amine

( vvalcr insoluble)

OH CH, CH3

-CH—CH—NH + HCl

ephedrine

mp 19°C. foul-smelling

easily air oxidized

OH CH3 CH3

-CH—CH—NR. Cl-

ephedrine hydrochloride

mp 217°C, no odor

stable

The chemistry of amine salts plays a large role in drug addiction. For exam-

ple, cocaine is usually smuggled and "snorted" as the hydrochloride salt, which is

more stable and gives off less odor to alert the authorities. Smoking cocaine gives

a more intense rush (and stronger addiction) because of fast absorption by lung

tissues. But cocaine hydrochloride is not volatile: it tends to decompose before it

vaporizes. Treating cocaine hydrochloride with sodium hydroxide and extracting

it into ether converts it back to the volatile "free base" for smoking. "Free-basing"

cocaine is hazardous because it involves large amounts of ether. A simpler alter-

native is to mix a paste of cocaine hydrochloride with sodium bicarbonate and let

it dry into "rocks." This mixture is called "crack cocaine" because it makes a crack-

ling sound when it is heated.

Cocaine hydrochloride is often

divided into "lines" on a mirror

and then snorted. "Crack"

cocaine is sold as "rocks."

commonly smoked in a crude

pipe.

-Ph

cocaine hydrochloride

Ph

cocaine "free base"
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19-8

Amine Salts as

Phase-Transfer

Catalysts

Quaternary ammonium salts (R4N^~X) are especially valuable because they are

somewhat soluble in both water and nonpolar organic solvents. They are used as

phase-transfer catalysts to move ionic nucleophiles and bases into organic sol-

vents. A phase-transfer catalyst facilitates reactions in which one reactant is insolu-

ble in aqueous solutions and another is insoluble in organic solutions. The large

cation of the phase-transfer salt forms an ion pair with a water-soluble anion, and the

large alkyl groups in the ammonium ion lend solubility in the organic phase. Once

in the organic phase, the anion of the ion pair reacts with the water-insoluble reagent.

Figure 19-6 shows a reaction that is promoted by a phase-transfer catalyst. The

quaternary ammonium ion forms an ion pair with hydroxide ion, allowing hydrox-

ide to transfer into the organic phase (a solution of cyclohexene in chloroform). In the

organic phase, hydroxide ion is more reactive than in the aqueous phase because it

is stripped of its solvating water molecules. Hydroxide reacts with chloroform to give

dichlorocarbene, which reacts with cyclohexene to give the cyclopropanated product.

Other anions may be transferred into organic phases by tetra-alkylammonium

phase-transfer catalysts. For example, sodium cyanide (NaCN) is not soluble in most

organic solvents, but the cyanide ion (~CN) can be used as a nucleophile in organic

solvents under phase-transfer conditions, as shown below. Like the hydroxide ion.

Overall reaction

+ CHCI3 + NaOH
BU4N+CI- Cl

CI

+ NaCl + H2O

(80%)

Figure 19-6

Use of a phase-transfer cata-

lyst. This example shows the

reaction of cyclohexene and

chloroform, both insoluble in

water, with a 50% aqueous

solution of sodium hydroxide.

H2O, Na+,

-0H."Bu4N+ CI

CHCI3, BU4N+,

OH, 0

Mechanism

1 . Aqueous phase

BU4N+ -CI + Na+ -OH < i

tetrabutylammonium

chloride

BU4N+ -OH + Na+ -ci

(ion pair)

2. Organic phase

BU4N+ -OH + CHCI3

organic soluble

BU4N+ -CCI3 + H2O

BU4N+ -CCl:

Bu,N+ -CI + -CCh

catalyst regenerated dichlorocarbene

CI

CI
+ -ecu
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cyanide is actually a stronger nucleophile in the organic phase because it is not sol-

vated by water molecules.

Bu4N'"Cl + Na+~CN BujN^ CN + Na+"C1

organic insoluble ion pair

BU4N+ CN + R—CH.— CI > R—CH.—C=N + BU4N" CI

organic soluble a nitrile

I9-9A Infrared Spectroscopy

The most reliable IR absorption of primary and secondary amines is the N—H stretch

whose frequency appears between 3200 and 3500 cm"'. Since this absorption is often

broad, it is easily confused with the O—H absorption of an alcohol. In most cases,

however, there are one or more spikes visible in the N—H stretching region of an

amine spectrum. Primary amines (R

—

NHt) usually give two N—H spikes, while sec-

ondary amines (R2N—H) usually give just one. Tertiary amines (R3N) give no N—

H

absorptions. Notice in Figure 19-7 the characteristic N—H absorptions in the IR

spectrum of 1-propanamine, a primary amine. The IR spectrum of a secondary amine

appears in Figure 12-9, and that of an alcohol appears in Figure 12-8 for comparison.

19-9

Spectroscopy of

Amines

2.5

4000

wavelength (|4m)

4 4.5 5 5.5 6 7 9 10 11 12 13 14 15 16

3500 3000 2500 2000 1800 1600 1400 1200 1000

wavenumber (cm"')

800 600

< Figure 19-7

Infrared spectrum of

1-propanamine. Notice the

characteristic N—H stretching

absorptions at 3300 and

3400 cm"'.

Although an amine IR spectrum also contains absorptions resulting from vi-

brations of C—N bonds, these vibrations appear around 1000 to 1200 cm"', in the

same region as the C—C and C—O vibrations. Therefore, they are not very useful

for identifying an amine.

PROBLEM 19-7

The following partial IR spectra correspond to a primary amine, a secondary amine, and an

alcohol. Give the functional group for each spectrum.

5 3 3.5 4 2 5 3 3.5 \ 2 5 3 3.5

100 100 100

\
80 -4

X
80

(hi N
-r

80
lai i-

1
(C) s

60 60 ^f 60
s 1- 1/ S

i40 40 40

c C

20 20 20 /t \ k0
-

0 0i 1

4000 3500 3000 1500 4000 3500 3000 2500 4000 3500 3000 25
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19-96 Proton NMR Spectroscopy

Like the O—H protons of alcohols, the N—H protons of amines absorb at chemi-

cal shifts that depend on the extent of hydrogen bonding. The solvent and the sam-

ple concentration intluence hydrogen bonding and therefore the chemical shift.

Typical N—H chemical shifts appear in the range 61 to S4.

Another similarity between O—H and N—H protons is their failure, in many
cases, to show spin -spin splitting. In some samples, N—H protons exchange from

one molecule to another at a rate that is faster than the time scale of the NMR ex-

periment, and the N—H protons fail to show magnetic coupling. Sometimes the

N—H protons of a very pure amine will show clean splitting, but these cases are rare.

More commonly the N—H protons appear as broad peaks. A broad peak should

arouse suspicion of N—H protons. As with O—H protons, an absorption of N—

H

protons decreases or disappears on shaking the sample with D2O.

Nitrogen is not as electronegative as oxygen and the halogens, so the protons

on the a-carbon atoms of amines are not as strongly deshielded. Protons on an amine's

a-carbon atom generally absorb between 62 and 53, the exact position depending on

the structure and substitution of the amine.

i

CH,—NR, R—CH.—NR, R.CH—NR^
methyl (^2..1 methylene <52. 7 methine(52.9

Protons that are beta to a nitrogen atom show a much smaller effect, usually ab-

sorbing in the range 61.1 to 61.8. These chemical shifts show a downfield move-

ment of about 0.2 ppm resulting from the beta relationship. The NMR spectrum of

1-propanamine (Fig. 19-8) shows these characteristic chemical shifts.

y protons f3 protons a protons

\ \ /
CH3—CH,—CH,—NH2^
60.9 61.4 62.6 \ anable (6 1 .7 in this spectrum)

PROBLEM 19-8

The proton NMR spectrum of a compound of formula C4H,,N is shown below. Determine

the structure of this amine, and give peak assignments for all the protons in the structure.

Hz

600 500 400 300 200 100 0
"—

r

I J I I I i I M I I I I I I I I I I I I I J M I I I I I I I I I I i ) I I I I I I I I I I I I J I I I I I I M I I I M I I I I I I I I J I I [ I I I I I I I I I I I J I I I I I I I I I I I J I I I I [ I I I

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

6 (ppm

I
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180 IfiU 1 40 120 100 f)()

1

CH,CH,CH,NH,

,,,

5 4

8 (ppml

A Figure 19-8

' 'C and proton NMR spectra of l-propanamine.

I9-9C Carbon NMR Spectroscopy

The a-carbon atom bonded to the nitrogen of an amine usually shows a chemical shift

of about 30 to 50 ppm. This range agrees with our general rule that a carbon atom

shows a chemical shift about 20 times as great as the protons bonded to it. In

propanamine, for example, the a-carbon atom absorbs at 45 ppm, while its protons

absorb at 2.7 ppm. The /3 carbon is less deshielded. absorbing at 27 ppm. compared

with its protons' absorption at 1.5 ppm. The y-carbon atom shows little effect from

the presence of the nitrogen atom, absorbing at 1 1 ppm. Table 19-4 shows the car-

bon NMR chemical shifts of some representative amines.

TABLE 19-4 Carbon NMR Chemical Shifts of Some
Representative Amines

5 y /3 a

CH,—NH. methanamine

CH,—CH,—NH. ethanamine

CH,—CHn—CH,—NH,
11,2 :^,3 4.1/)

CH3—CH,—CHj—CH,—NH,
14.0 2U.4 M^J 42,

^

l-propanamine

1-butanamine

PROBLEM 19-9

The carbon NMR chemical shifts of diethylmethylamine. piperidine. 1-propanol. and

propanal are given below. Determine which spectrum corresponds to each structure, and

show which carbon atom(s) are responsible for each absorption.

(3) 25.9.27.8,47.9 (b) 13.8. 47.5, 58.2 (c) 7.9. 44.7. 201.9 (d) 10.0. 25.8. 63.6
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I9-9D Mass Spectrometry

The most obvious piece of information provided by the mass spectrum is the mole-

cular weight. Stable compounds containing only carbon, hydrogen, oxygen, chlo-

rine, bromine, and iodine give molecular ions with even mass numbers. Most of their

fragments have odd mass numbers. This is because carbon and oxygen have even va-

lences and even mass numbers, while hydrogen, chlorine, bromine, and iodine have

odd valences and odd mass numbers.

Nitrogen has an odd valence and an even mass number. When a nitrogen atom

is present in a stable molecule, the molecular weight is odd. In fact, whenever an

odd number of nitrogen atoms are present in a molecule, the molecular ion has an

odd mass number. Most of the fragments have even mass numbers.

The most common fragmentation of amines is a cleavage to give a resonance-

stabilized cation: an iminium ion. This ion is simply a protonated version of an imine

(Section 18-16).

R—CH.—N:

a cleavase

R

H

H R
\ /
C— N:

/ \
H H

H R
\ /
C= N"

/ \
H H

iminium ion

Figure 19-9 shows the mass spectrum of butyl propyl amine. The base peak {m/z

72) corresponds to a cleavage with loss of a propyl radical to give a resonance-sta-

bilized iminium ion, simply a protonated version of an imine. A similar a cleavage,

with loss of an ethyl radical, gives the peak at n^/z 86.

100

80

M 60

-a

I 40

20

0

72

i

H
86

ll, 1 1

10 20 30 40 50 60 70 90 100 110 120 130 140 150 160

m/z

CH3CHXH.— N— CH3— CH,CH;CH3

butyl propyl amine, miz 1 15

loss of CHXHXHv

86
H

lossof CHXH,

butyl propyl amine, ml: 115

H H

CH^CH.CHt— N— CHt < * CH^CH.CH-, — N==CH.

iminium ion, mIz 72

H H
I

I.

CH-,—N— CHXH2CH2CH3 < * CH. N — CH2CH2CH2CH3

iminium ion, mIz 86

Figure 19-9

Mass spectrum of butyl propyl amine. The base peak corresponds to a cleavage in the butyl

group, giving a propyl radical and a resonance-stabilized iminium ion.
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PROBLEM 19-10

(a) Show how fragmentation occurs to give the base peak at /;;/: 58 in the mass spectrum

of ethyl propyl amine, shown below.

(b) Show how a similar cleavage in the ethyl group gives an ion of mJz. 72.

(c) Explain why the peak at /;;/" 72 is much weaker than the one at m/z 58.

100

80

60

40

20

0

.^8

1

H
3b

-

III

44

hll 1 1

72

1 1.

10 20 30 40 .SO 60 70 90 100 10 120 130 140 l.'iO 160

We have studied the syntheses of most functional groups before their reactions. With

amines, however, we will study their reactions first and their syntheses second. Most

of the good amine syntheses begin with ammonia or an amine and add groups to

make more highly substituted amines. By studying their reactions first, we can read-

ily understand how to use these reactions to conveit simpler amines to more com-

plicated amines.

In Section 18-16, we saw that amines attack ketones and aldehydes. When this

nucleophilic attack is followed by dehydration, an imine (Schiff base) results. The

analogous reaction of a hydrazine derivative gives a hydrazone, and the reaction with

hydroxylamine gives an oxime. In Section 19-19, we use these reactions for the syn-

thesis of amines.

19-10

Reactions ofAmines

with Ketones and

Aldehydes (Review)

R

o

R'

+ Y— NH.

ketone or aldehyde

HO :N—

H

R R'

carbinolamine

N

R R'

derivative

H.O

Y = H or alkyl

Y = OH
Y = NHR

gives an imine (Schiff base)

gives an oxime

gives a hydrazone

19-1 I A Electrophilic Substitution ofArylamines

In an arylamine, the nonbonding electrons on nitrogen help stabilize intermediates

resulting from electrophilic attack at the positions ortho or para to the amine sub-

stituent. As a result, amino groups are strong activating groups and ortho, para-di-

rectors. Figure 19-10 shows the sigma complexes involved in ortho and para

substitution of aniline.

19-1

1

Aromatic

Substitution of Aryl

and Heterocyclic

Amines
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Figure 19-10

The amino group is a strong

activator and ortho, para-

director. The nonbonding elec-

trons on nitrogen stabiHze the

cr complex when attack occurs

at the ortho or para positions.

para substituted

The following reactions show the halogenation of aniline derivatives, which

occurs readily without a catalyst. If an excess of the reagent is used, all the unsub-

stituted positions ortho and para to the amino group become substituted.

NH. :NH.

excess Br-,

NaHCO,

aniline

3 HBr

Br

2.4.6-tribromoaniline

NO.

^-nitroaniline

excess CI.

NaHC03

NO,

-I- 2 HCl

4.6-dichloro-2-nitroaniline

Care must be exercised in reactions with aniline derivatives, however. Strong-

ly acidic reagents protonate the amino group, giving an ammonium salt that bears a

full positive charge. The —NH^ group is strongly deactivating (and meta-allow-

ing). Therefore, strongly acidic reagents are unsuitable for substitution of anilines.

Oxidizing acids (such as nitric and sulfuric acids) may oxidize the amino group,

leading to decomposition and occasional violent reactions. In Section 19-13. we see

how the amino group may be acylated to decrease its basicity and permit substitu-

tion by a wide variety of electrophiles.

strong acid

NH,

activated deactivated
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HNO3 (cone.)

H^SOj (cone.)
oxidation of the — NH^ group

(may bum or explode)

19-1 IB Electrophilic Aromatic Substitution of Pyrrole

Pyrrole undergoes electrophilic aromatic substitution more readily than benzene,

and mild reagents and conditions are sufficient. These reactions normally occur at the

2-position rather than the 3-position because the intermediate for substitution at the

2-position is better stabilized. Figure 19-11 shows the mechanism for electrophilic

substitution of pyrrole.

Halogenation. sulfonation. nitration, and Friedel -Crafts acylation can be car-

ried out with pynole. but milder reaction conditions must be used than with ben-

zene to avoid polymerization of the more reactive pyrrole. In the following

Friedel -Crafts acylation. acetic anhydride is used in place of acetyl chloride as a

milder acylating reagent, and SnCl4 is used as a milder catalyst in place of AICI3.

O O

CH,—C—O—C—CH,
acetic anhydride

SnCl,

H O
2-acetylpyrrole

PROBLEM 19-11

Propose a mechanism for the acetylation of pyrrole as shown above. You may begin with

pynole and the acylium ion. CH,—C=0^.

O

+ CH,—C—OH

Attack at the 2-position (obsen'ed)

H

1,

H

(better stabilization)

Attack at the 3-position (not obsen ed)

H

H

H
(not as well stabilized)

H

+ H^

H
2-substituted

(observed)

H

H

// w + H^

H
3-substituted

(not observed)

Figure 19-11

Mechanism for electrophilic substitution of pyrrole. Electrophilic attack at the 2-position

predominates because that intermediate is better stabilized.
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19-1 I C Electrophilic Aromatic Substitution of Pyridine

In its aromatic substitution reactions, pyridine resembles a strongly deactivated ben-

zene. Friedel- Crafts reactions fail completely, and other substitutions require un-

usually strong conditions. This deactivation results from the electron-withdrawing

effect of the electronegative nitrogen atom. Its nonbonding electrons are perpendic-

ular to the 77 system, and they cannot stabilize the positively charged intermediate.

When pyridine does react, it gives substitution at the 3-position, analogous to the

meta substitution shown by deactivated benzene derivatives. The following reactions

compare the intermediates formed by nitration of pyridine at the 2-position and at the

3-position.

Attack at the 3-positioii (observed)

3-nitropyridine

(observed)

Attack at the 2 -position (not obserx'ed)

I 2-nitropyridine

unfavorable (not observed)

resonance structure

Electrophilic attack on pyridine at the 2-position gives an unstable interme-

diate, with one of the resonance structures showing a positive charge and only six

electrons on nitrogen. In contrast, all three resonance forms of the intermediate

from attack at the 3-position place the positive charge on the less electronegative

carbon atoms.

Electrophilic substitution of pyridine is further hindered by the tendency of

the nitrogen atom to attack electrophiles and take on a positive charge. The pos-

itively charged pyridinium ion is even more resistant than pyridine to electrophilic

substitution.

pyridine electrophile pyridinium ion

(less reactive)

PROBLEM 19-12

Why is deactivation by electrophiles not a serious problem with pyrrole?

PROBLEM 19-13

Give a mechanism for nitration of pyridine at the 4-position, and explain why this orienta-

tion is not observed.
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Tw o electrophilic substitutions of pyridine are show n below. Notice that these

reactions require seN ere conditions, and the > ields are poor to fair.

Br,. 300=

pyridine

N
pyridine

fuming H.SO^. HgSO^

230T

3-bromopyridine

(30%)

SO.H

N
p}Tidine-3-sulfonic acid

(70%)

PROBLEM 19-14

Gi\ e a mechanism for the sulfonalion of pxTidine. pointing out w hy sulfonation occurs at

the 3-position.

19-1 ID Nucleophilic Aromatic Substitution of Pyridine

Pyndine is deacn\"ated toward electrophihc attack, but it is acti^med toward attack

by electron-nch nucleophiles: nucleophilic aromatic substitution. If there is a good

leaving group at either the 2-position or the 4-position. a nucleophile can attack and

displace the leaving group. The reaction below shows nucleophilic attack at the 2-

position. The intermediate is stabilized b\ delocalization of the negative charge onto

the electronegati\ e nitrogen atom. This stabilization is not possible if attack occurs

at the 3-position.

Nucleophilic artack at the 2-position (obsen ed)

-OCH,

CI

negati\ e charge on

electronegative nitrogen

(favorable

)

~OCH

Nucleophilic attack at the 3-position (not obsen ed)

^'OCH, OCH.

(no delocalization of nesati\ e charse onto N)

PROBLEM 19-15

We have considered nucleophilic acyl substitution of pyridine at the 2-position and 3-po-

sition. but not at the 4-position. Complete the three possible cases by showing the mecha-

nism for the reaction of metho.xide ion with 4-chloropyridine.
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PROBLEM 19-16

(a) Give a meclianism for the reaction of 2-bromopyridine with sodium amide to give

2-aminopyridine.

(b) When 3-bromopyridine is used in this reaction, stronger reaction conditions are re-

quired, and a mixture of 3-aminopyridine and 4-aminopyridine results. Propose a mecha-

nism to explain this curious result.

19-12 Amines react with primary alkyl halides to give alkylated ammonium halides. Alky-

lation proceeds by the 5^2 mechanism, so it is not feasible with tertiary halides be-

cause they are too hindered. Secondary halides often give poor yields, with

by Alkyl Halides elimination predominating over substitution.

Alkylation of Amines

R—NH, + R'—CH,— Br > R—NH.—CH,— R' "Br
- \^

pi imar\ amine primary halide saU of a secondary amine

Unfortunately, the initially formed salt may become deprotonated. The resulting

secondary amine is nucleophilic, and it can react with another molecule of the hahde.

R—NH.—CH.— R' Br + R—NH, R—NH—CH.— R' + R—NHj-Br
2 amine

CH,— R'

R—NH—CH.— R' + R'—CH.^r > R—NH—CH,— R' "Br
2° amine

The disadvantage of direct alkylation lies in stopping it at the desired stage.

Even if just 1 equivalent of the halide is added, some amine molecules will react

once, some will react twice, and some will react three times (to give the tetraalkyl-

ammonium salt). Others will not react at all. A complex mixture results.

Alkylation of amines gives good yields of the desired alkylated products in

two types of reactions:

1. "Exhaustive "alkylation to the tetraalkylammonium salt. Mixtures of different alky-

lated products are avoided if enough alkyl halide is added to alkylate the amine as

many times as possible. This exhausrive alkylation gives a tetraalkylammonium

salt. A mild base (often NaHC03 or dilute NaOH) is added to deprotonate the in-

termediate alkylated amines and to neutralize the large quantities ofHX formed.

NaHCO,
CH3CH.CH.—NH: + 3CH,— I ^ CH3CH.CH.— N^(CH3)3 "I

(90%)

PROBLEM 19-17

Give a mechanism to show the individual alkylations that fomi this quatemaiy aniinonium salt.

2. Reaction with a large excess of ammonia. Because ammonia is inexpensive

and has a low molecular weight, it is convenient to use a very large excess. If

a primary alkyl halide is added slowly to a large excess of ammonia, the pri-

mary amine is formed, and the probability of dialkylation is small. The excess

ammonia is simply allowed to evaporate.

R—CH2—NH3 -X
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PROBLEM 19-18

Show how you would use direct alkyiation lo synthesize the following compounds in

good yield.

(a) benzyltrimethylamnionium iodide (b) I -penlanamine (c) benzylamine

Primary and secondary amines react with acid halides to form amides. This re- I 9- I 3
action is an example of nucleophilic acyl substitution, the leplacement of a leav-

AcvlstiOPI ofAmines
ing group on a carbony! carbon by a nucleophile. We will study nucleophilic a • j /^ui -j
acyl substitution in detail in Chapters 20 and 21. In this case, the amine replaces "^X ^Clu ^^nlOriueS

chloride ion.

/
O

R'— NH, + R—C— CI

O

R—C— NH— R'
HCl

The amine attacks the carbonyl group of an acid chloride much as it attacks the

carbonyl group of a ketone or aldehyde. The acid chloride is more reactive than a ke-

tone or an aldehyde because the electronegative chlorine atom draws electron den-

sity away from the carbonyl carbon, making it more electrophilic. The chlorine atom

in the tetrahedral intermediate is a good leaving group. The tetrahedral intermediate

expels chloride to give the amide.

R—C— CI + R'— NH;

acid chloride amine

R

o-

NH,— R'

O

R—

C

H

-NH- -R'

O ci-

-C—NH— R'R'NH,
amide

tetrahedral intermediate

Example

2 CH —NH,

O

(C J^C—NHCH, + CH.NH, Cl"

v:=:v (959c)

It is unlikely that the amide produced in this reaction will undergo further acy-

lation. Amides are stabilized by a resonance structure that involves nitrogen's non-

bonding electrons and places a positive charge on nitrogen. As a result, amides are

much less basic and less nucleophilic than amines.

O

R—C— N:

H

\

O

R—C =

R'

I"

\

H

R'

The diminished basicity of amides can be used to advantage in Friedel -Crafts

reactions. For example, if the amino group of aniline is acetylated to give acetanilide,

the resulting amide is still activating and ortho. para-directing. Unlike aniline, how-

ever, acetanilide may be treated with acidic (and mild oxidizing) reagents, as shown
below. Aryl amino groups are frequently acylated before further substitutions are at-

tempted on the ring, and the acyl group is removed later by acidic or basic hydroly-

sis (Section 21-7C).
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SOLVED PROBLEM 19-1

Show how you would accomplish the following synthetic conversion in good yield.

O

SOLUTION
An attempted Friedel- Crafts acylation on aniline would likely meet with disaster. The free

amino group would attack both the acid chloride and the Lewis acid catalyst.

We can control the nucleophilicity of aniline's amino group by converting it to an

amide, which is still activating and ortho. para-directing for the Friedel -Crafts reaction.

Acylation, followed by hydrolysis of the amide, gives the desired product.

PROBLEM 19-19

Give the products expected from the following reactions,

(a) acetyl chloride + ethylamine
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(b)

benzovl chloride

- (CH,),NH

dimethylamine

O

(c) CH,—(CH.)4—C-

hexanoyl chloride

CI +

N

H
piperidine

Sulfon\ 1 chlorides are the acid chlorides of sulfonic acids. Like acyl chlorides, sul-

fonyl chlorides are strongly electrophilic.

O
II

R— C—OH

a carboxvlic acid

o
II

R—C— CI

an acyl chloride

(acid chloride)

O
II

R— S—OH

O
a sulfonic acid

o

R— S— CI

O
a sulfonvl chloride

19-14

Reaction of Amines
with Sulfonyl

Chlorides;

Sulfonamides

A primary or secondary amine attacks a sulfonyl chloride and displaces chlo-

ride ion to give an amide. Amides of sulfonic acids are called sulfonamides. This re-

action is similar to the formation of a sulfonate ester from a sulfonyl chloride (such

as tosvl chloride) and an alcohol (Section 11-5).

O ci-

sulfonvl chloride

R—S—NH— R'

II
^1

O H

R'NH,

O

R— S— NHR'

O R'NH, CI

sulfonamide

The sulfa drugs are a class of sulfonamides used as antibacterial agents. In

1936, sulfanilamide was found to be effective against streptococcal infections. Sul-

fanilamide is synthesized from acetanilide (having the amino group protected as an

amide) by chlorosulfonation followed by treatment with ammonia. The fmal reaction

is hydrolysis of the protecting group to give sulfanilamide.

O 0 0

sulfanilamide

CI -NU^
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PROBLEM 19-20

What would happen in the synthesis of sulfanilamide if the amino group were not protect-

ed as an amide in the chlorosulfonation step?

The biological activity of sulfanilamide has been studied in detail. It appears

that sulfanilamide is an analogue of p-aminobenzoic acid. Streptococci use p-

aminobenzoic acid to synthesize folic acid, an essential compound for growth and

reproduction.

incorporated into

-aminobenzoic acid

COOH
I

N—CH
H CH.CHjCOOH

folic acid

Sulfanilamide cannot be used to make folic acid, but the bacterial enzymes cannot

distinguish between sulfanilamide and /7-aminobenzoic acid. The production of ac-

tive folic acid is inhibited, and the organism stops growing. Sulfanilamide does not

kill the bacteria, but it inhibits their growth and reproduction, allowing the body's own
defense mechanisms to destroy the infection.

PROBLEM 19-21

Show how you would use the same sulfonyl chloride as used in the sulfanilamide synthe-

sis to make sulfathiazole and sulfapyridine.

H,N NH
N

O
sulfathiazole

O
sulfapyridine

19-15

Amines as

Leaving Groups:

The Hofmann
Elimination

An amino group (or alkylamino group) is not a good leaving group because it would

leave as the NH2 group (or "NHR group), a very strong base. An amino group can

be converted to a good leaving group, however, by exhaustive methylation: conver-

sion to a quaternary ammonium salt that can leave as a neutral amine. Exhaustive

methylation is usually accomplished using methyl iodide.

Exhaustive methylation ofan amine

R— NH, + 3 CH3—

I

poor lca\ ini: eroup

R— N(CH3)3 1 + 3 H—

I

T
good Icaviiig group

Elimination of the quaternary ammonium salt generally takes place by the E2

mechanism, which requires a strong base. To provide the base, the quaternary am-

monium iodide is converted to the hydroxide salt by treatment with silver oxide.

When the quaternary ammonium hydroxide is heated, E2 elimination takes place

and an alkene is formed. This elimination of a quaternary ammonium hydroxide is

called the Hofmann elimination.



19-15 Amines as Leaving Groups: The Hofmann Elimination 873

Conversion to the Inclroxide salt

2 R— N(CH,), I + Ag,0 + H,0
quaternary ammonium iodide

2 R— N(CH,), OH + 2 Agl i

quaternary ammonium hydroxide

Hofinann elimination

/
HO- H H—O—

H

1^ I heat \^ y—C—C— 7^ C=C
I f\ '

' ^ \
^N(CH,), alkene :N(CH,),

For example, when 2-butanamine is exhaustively methylated, converted to the

hydroxide salt, and heated, elimination takes place to form a mixture of 1-butene

and 2-butene.

Exhaustive methylation and conversion to the hydroxide salt

( 1 ) excess CH,!
CH3—CH—CH.—CH3

:NH2
2-butanamine

(2) Ag,0, H,0
CH3—CH—CH.—CH3

+N(CH3)3 -OH
quaternary ammonium hydroxide

Heating and Hofmann elimination

^OH or ^OH
H H

H^C—CH—CH—CH,

+N(CH3)3

150°C
> H.C=CH—CH.—CH, + CH.—CH=CH—CH. + H.O + ^NCCH,),-1: 3-4- 1-2 3 4

I -butene

Hofmann product

95%

2-butene (£ and Z)

SaytzetT product

5%

In Chapter 7, we saw that eliminations of alkyl halides usually follow the

Saytzeff rule; that is. the most highly substituted product predominates. This rule

applies because the most highly substituted alkene is usually the most stable. In the

Hofmann elimination, however, the product is commonly the least highly substi-

tuted alkene. We often classify an elimination as giving mostly the Saytzejfprod-

uct (the most highly substituted alkene) or the Hofinann product (the least highly

substituted alkene).

Saytzeff elimination

CI

CH,—CH—CH —CH, + Na' OCH, > CH,—CH=CH— CH, + H,C=CH—CH,—CH,1^2 ; - 4 ' 1^2 34" "12 3 - 4
"

2-chlorobutane sodium methoxide 2-butene (£ and Z) 1-butene

Saytzeff product Hot'mann product

(67%) (33%)
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PROBLEM-SOLVING HINT

Some of the stereochemical

features of the Hofmann elimi-

nation are best studied using

your models. Models are essen-

tial for working problems

involving this elimination, such

as Problem 19-22.

The Hofmann elimination's preference for the least highly substituted alkene

stems from several factors, but one of the most compelling involves the sheer bulk

of the leaving group. Remember that the E2 mechanism requires an anti-coplanar

arrangement of the proton and the leaving group. The extremely large trialkyl-

amine leaving group in the Hofmann elimination often interferes with this copla-

nar arrangement.

For example, consider the stereochemistry of the Hofmann elimination of 2-

butanamine, shown above. The methylated ammonium salt eliminates by losing

trimethyiamine and a proton on either CI or C3. The possible conformations along

the C2—C3 bond are shown at the top of Figure 19-12. An anti-coplanar arrange-

ment between a C3 proton and the leaving group requires a gauche interaction be-

tween the C4 methyl group and the bulky trimethylammonium group. The most

stable conformation about the C2—C3 bond has a methyl group in the anti-copla-

nar position, preventing elimination along the C2—C3 bond.

Looking along the C2—C3 bond

HO^ CHH^^
H / 2 3 \+

H3C CN(CH3)3

;'/H

H" "CH3

(n(CH3)3

needed for E2 (less stable)

The most stable C2—C3 conformation

HX\
4

CH3 H,C

„ ,..C CH / 2 3 \
H +N(CH3)3

3 M

W "H

+N(CH3)3

more stable (E2 is impossible in this conformation.)

Looking along the CI—C2 bond

HO^
H
XT ,VV\C
H / 1

H

C

3 4

CHXH3

Cn(CH3)3

(any of the three staggered conformations

1 \/ is suitable for the E2)

(N(CH3)3

A Figure 19-12

Hofmann elimination of 2-butanamine. The most stable conformation of the C2—C3 bond

has no proton on C3 in an anti relationship to the leaving group. Along the CI—C2 bond,

however, any staggered conformation has an anti relationship between a proton and the

leaving group. Abstraction of a proton from Cl gives the Hofmann product.

The bottom half of Figure 19-12 shows the conformations along the Cl—C2
bond. Any of the three staggered conformations of the Cl—C2 bond provides an anti

relationship between one of the protons and the leaving group. The Hofmann prod-

uct predominates because elimination of one of the Cl protons involves a lower-en-

ergy, more probable transition state than the hindered transition state required for

Saytzeff (C2—C3) elimination.

The Hofmann elimination is frequently used to determine the structures of

complex amines by converting them to simpler amines. The direction of elimination

is usually predictable, giving the least substituted alkene. Figure 19-13 shows two ex-

amples simplifying complex amines using the Hofmann elimination.
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(1)CH,I heat

:NH2 ^N(CH3)3 -OH

4 Figure 19-13

Examples of the Hofmann
elimination. The least substi-

tuted alkene is usually the

favored product.

PROBLEM 19-22

Predict the major products formed when the following amines undergo exhaustive methy-

lation. treatment with Ag^O. and heating.

(a) 2-hexanamine (b) 2-methylpiperidine

H

(1) CH3I

(2) Ag.O

CH^CH^ -OH

heat

Amines oxidize easily, and oxidation is often an annoying problem in amine syntheses. 19-16
Amines often oxidize during storage if they are in contact with air. Preventino air oxidation r^^-.A^^*-:^^

. , c ^ ^ ^ r . Uxidation ot
is one ot the reasons tor converting amines to then" salts tor storage or use as medicines.

.

The following are some of the oxidation states of amines and their oxidation products. Amines; I he L-Ope

Elimination

I I ^o-

immonium salt hydroxylamine amine oxide nitre compound

-N— N —N— —N—OH —N— —N +

—c—

Most amines are oxidized by common oxidizing agents such as HjO; and

MCPBA (/)/-chloi"operoxybenzoic acid). Primary amines oxidize easily, but com-

plex mixtures of products often result. Secondary amines are easily oxidized to hy-

droxylamines, although several side products are also formed, and the yields are

often low. The mechanisms of amine oxidations are not well characterized, partly be-

cause many reaction paths are available.

R R'

R— N: + H,0, * R— N: + H,0

H OH
2° amine a 2° hydroxylamine

Tertiary amines are oxidized to amine oxides, often in good yields. Either

H2O2 or MCPBA may he used for this oxidation. Notice that an amine oxide must

be drawn with a full positive charge on nitrogen, as in ammonium salts and nitro

compounds. Because the N—O bond of the amine oxide is formed by donation of

the electrons on nitrogen, this bond is often written as an an'ow.
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R
I

R—N^O + Hp
I (or ArCOOH)
R

3° amine oxide

Because of the positive charge on nitrogen, the amine oxide may undergo a

Cope elimination much Hke the Hofmann eUmination of a quaternary ammonium
salt. The amine oxide acts as its own base through a cyclic transition state, so a strong

base is not needed. The Cope elimination generally gives the same orientation as

Hofmann elimination, resulting in the least substituted alkene.

R

R— N: + H.O.
I (orArCO,H)
R

3° amine

Cope cliiiiinotion ofan amine oxide

R

/ V
H N(CH,).

C—C— R'

H H

5-

H NiCH,),

R—C—C— R'

H H
[transition state]

HO— N(CH3)2

R. ,R'

C=C/ \
H H

Cope elimination occurs under milder conditions than Hofmann elimination.

It is pailicularly useful when a sensitive or reactive alkene must be synthesized by

the elimination of an amine. Because the Cope elimination involves a cyclic transi-

tion state, it occurs with syn stereochemistry.

SOLVED PROBLEM 19-2

Predict the products expected when the following compound is treated with H2O2 and heated.

CH3

SOLUTION
Oxidation coiwerts the tertiary amine to an amine oxide. Cope elimination can give ei-

ther of two alkenes. We expect the less hindered elimination to be favored, giving the Hof-

mann product.

^^N(CH,),

O"
I

,N-(CH,K

CH,

rv

CH, CH,

I^H
H

CH3

imnor

-I- (CH3)2N—OH

o
major

+ (CH,),N—OH
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PROBLEM 19-23

Give the products expected when the following tertiary amines are treated with MCPBA
and heated.

(a) MA^-dimethyl-2-hexanamine (b) A',A'-diethyl-2-hexanamine

(c) cyclohexyldimethylamine (d) A'-ethylpiperidine

PROBLEM 19-24

When the (/?, R) isomer of the amine shown below is treated with an excess of methyl io-

dide, then silver oxide, then heated, the major product is the Hofmann product.

(a) Draw the structure of the major (Hofmann) product.

(b) Some Saytzeff product is also formed. It has the (£) configuration. When the same

amine is treated with MCPBA and heated, the Saytzeff product has the (Z) configuration.

Use stereochemical drawings of the transition states to explain these observations.

(CH,):N^

H 7 V CH,
H,C CHtCH,),

,CH(CH,).
C=C

(£)

c=c
(Zi -

-

Reactions of amines with nitrous acid (H—O—N= 0) are particularly useful for

synthesis. Because nitrous acid is unstable, it is generated in situ (in the reaction

mixture) bv mixing sodium nitrite (NaNO^) with cold, dilute hydrochloric acid.

Na^ :0—N=0:
sodium nitrite

CI H--O—N=
nitrous acid

o: + Na- cr

19-17

Reactions ofAmi
with Nitrous Acid

In an acidic solution, nitrous acid may protonate and lose water to give the ni-

trosonium ion. ^N=0. The nitrosonium ion appears to be the reactive intermediate

in most reactions of amines with nitrous acid.

H—o—N=o: +
nitrous acid

H

H—o^N=o:
protonated nitrous acid

H.O +
nitrosonium ion

Reaction with Primary Amines: Formation ofDiazonium Salts. Primary amines

react w ith nitrous acid. \ ia the nitrosonium ion. to gi\ e diazonium cations of the

form R—N=N. This procedure is called diazotization of an amine. Diazonium

salts are the most useful products obtained from the reactions of amines with nitrous

acid. The mechanism for diazonium salt fonnation begins with a nucleophilic attack

on the nitrosonium ion to form an A^-nitrosoamine.

R—N— N= o: + H3O+

H
A^-nitrosoamine

R—Ni^ + N=o:
H nitrosonium

primar}' amine ion

H

R—N—N= 0.

H
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H

R—N— N= (ii'T^ ,0
-

A'-nitrosoamine

Next, a proton transfer (a tautomerism) from nitrogen to oxygen forms a hydroxyl

group and a second N—N bond.

H
I ..

R—N— N=0—

H

protonated A'-nitrosoamine

+ H;0: R— N= >s—OH + H,0'

second N— N bond formed

Protonation of the hydroxyl group, followed by loss of water, gives the diazonium cation.

R—N= N—OH c ^ R— N= .\^OH.

The overall diazotization reaction is

R—N= N: + H.O-
diazonium ion

R—NH,
primary' amine

+ NaNO,
sodium nitrite

+ 2HC1 R—N=NC1
diazonium salt

+ 2H.0 + NaCl

Alkanediazonium salts are unstable. They decompose to give nitrogen and carbocations.

R—N= N:

alkanediazonium cation

R- + :N= N:
carbocation nitrogen

The driving force for this reaction is the formation of N^, an exceptionally sta-

ble molecule. The carbocations generated in this manner react like others we
have seen: by nucleophilic attack to give substitution, by proton loss to give elim-

ination, and by rearrangement. Because of the many competing reaction path-

ways, alkanediazonium salts usually decompose to give complex mixtures of

products. Therefore, the diazotization of primary alkylamines is not widely used

for synthesis.

Arenediazonium salts (formed from arylamines) are relatively stable, howev-

er, and they serve as intermediates in a variety of important synthetic reactions. These

reactions are discussed in Section 19-18.

Reaction with Secondary Amines: Formation of N-Nitrosoamines. Secondary

amines react w ith the nitrosonium ion to form secondary A^-nitrosoamines, some-

times called nitrosamines.

N=o:
nitrosonium

ion

R—N—N=0: + H;0^

R
2° yV-nitrosoamine

Secondary yV-nitrosoamines are stable under the reaction conditions because

they do not have the N—H proton needed for the tautomerism (shown above with

a primary amine) to form a diazonium ion. The secondary A'-nitrosoamine usually

separates from the reaction mixture as an oily liquid.

Small quantities of A'-nitrosoamines have been shown to cause cancer in lab-

oratory animals. These findings have generated concern about the common practice

of using sodium nitrite to preserve meats such as bacon, ham, and hot dogs. When
the meat is eaten, sodium nitrite combines with stomach acid to form nitrous acid,

which can convert amines in the food to A'-nitrosoamines. Because nitrites are nat-

urally present in many other foods, it is unclear just how much additional risk is
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involved in using sodium nitrite to preserve meats. More research is being done in

this area to evaluate the risk.

The most useful reaction of amines with nitrous acid is the reaction of ar\ 1-

amines to form arenediazonium salts. We consider next how these diazonium salts

may be used as synthetic intermediates.

PROBLEM 19-25

Predict the products from the reactions of the following amines with sodium nitrite in

dilute HCl.

(a) cyclohexanamine (b) ,V-ethyl-2-hexanamine (cl piperidine (d) aniline

In contrast with alkanediazonium salts, arenediazonium salts are relatively stable in

aqueous solutions around 0 to 10°C. Above these temperatures. the\ decompose,

and they may explode if they are isolated and allow ed to dry. The diazonium

I —C =N) group can be replaced by many different functional groups, including

— H. —OR —CN. and halogens.

.Arenediazonium salts are formed by diazotizing a primary aromatic amine.

Primarv aromatic amines are commonly prepared by nitrating an aromatic ring, then

reducing the nitro group to an amino (—NH;) group. In effect, by forming and di-

azotizing an amine, an activated aromatic position can be converted into a wide va-

riety of functional groups. For example, toluene might be con\ erted to a variety of

substituted derivatives using this procedure:

19-18

Reactions of

Arenediazonium

Salts

NO,

HNO3

H.SOj

( 1 ) Fe. HCl

(2i "OH

NaNO,

HCl

CH, CH,

The following flowchart shows some of the functional groups that can be in-

troduced via arenediazonium salts:

\ anous reasents

,Ar— .\= N-

H,0-

CuCl (Br)

CuCN

HBF.(KI)

H:PO-

H— Ar'

Products

Ar—OH phenols

.Ar -Cl(Br) aryl halides

.At—C^N benzonitriles

Ar -F(D aryl halides

.Ar—

H

(deamination)

Ar—N=N— .Ar' azo dyes

PROBLEM-SOLVING HINT
These reactions of diazonium

salts are extremely useful for

solving aromatic synthesis

problems.

Replacement ofthe Diazonium Group by Hydroxide: Hydrolysis. Hydrolysis takes

place when a solution of an arenediazonium salt is strongly acidified (usually by

adding H^SOj) and warmed. The h\ drox\ l group of water replaces N2. forming a phe-

nol. This is a useful laboratory synthesis of phenols because (unlike nucleophilic

aromatic substitution) it does not require strong electron-withdrav\ ing substituents or

powerful bases and nucleophiles.
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/
Example'

At—N=N Cl

:NH.

C—CH,

H2SO4, heat

Ar—OH + N^t +

( 1 ) NaNO,, HCl

(2) H-jSOj, H^Oheat

OH

C—CH,

Replacement of the Diazonium Group by Chloride, Bromide, and Cyanide: The

Sandmeyer Reaction. Copper(I) salts (cuprous salts) have a special affinity for di-

azonium salts. Cuprous chloride, cuprous bromide, and cuprous cyanide react with

arenediazonium salts to give aryl chlorides, aryl bromides, and aryl cyanides. It is

often necessary to heat the reaction mixture to drive these reactions to completion.

The use of cuprous salts to replace arenediazonium groups is called the Sandmey-
er reaction. The Sandmeyer reaction (using cuprous cyanide) is an excellent method

for attaching another carbon substituent to an aromatic ring.

The Sandmeyer reaction

/ Ar-N^N CI- '^^-^ +

Examples
:NH. CI

NO. NO2
(70%)

Replacement of the Diazonium Group by Fluoride and Iodide. When an arene-

diazonium salt is treated with fluoroboric acid (HBF4), the diazonium fluoroborate

precipitates out of solution. If this precipitated salt is filtered and then heated, it de-

composes to give the aryl fluoride. Although this reaction requires the isolation and

heating of a potentially explosive diazonium salt, it may be earned out safely if it is
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done carefulh u ith the proper equipment. There are few other methods for making

ar> I fluorides.

^ Ar—X^N CI- -^^^ Ar—X^N BF, Ar— F + j ^ BF,

diazonium fluoroborate

Example N
III

N- BF,

(1) N"aNO,. HQ
(2) HBF.

heat
(50'7f)

.Ar\l iodides are formed b> treating arenediazonium >ahs w ith potassium io-

dide. This is one of the best methods for the s\ nthesis of iodobenzene deri\ atives.

Ar—X^X CI
K.I

Ar—

1

Example

( 1 ) NaNO^. HCl

(2) KI
(75%)

O

Reduction of the Diazonium Group to Hydrogen: Deamination ofAnilines. H> -

pophosphorus acid (H^PO; ) reacts with arenediazonium salts, replacing the diazonium

group with a hydrogen. In effect, this is a reduction of the arenediazonium ion.

Example

-Ar—X= X Cl-
H-PO,

.Ar—

H

(1) NaXO.. HCl

(2) H,PO^

COOH COOH
(707c)

CH.CH- CH;CH-

This reaction is sometimes used to remo\ e an amino group that was added to

activate the ring. For example, direct bromination of toluene cannot gi\ e 3.5-dibro-

motoluene because the methyl group activates the ortho and para positions.

: Br,

FeBr,

Br

CH;
toluene

Br

CH,
no 3.5-dibromotoluene

but -I-

Br' ^ ^Br Br

CH, CH,
mixture of ortho and para bromination

monosubstitution and

trisubstitution products
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Starting with p-toluidine (/^-methyl;

amino group directs bromination to its orti

(deamination) gives the desired product.

CH3 CH3
p-toluidine

iline), however, the strongly activating

positions. Removal of the amino group

CH3
deaminated

Diazonium Salts as Electrophiles: Diazo Coupling. Arenediazonium ions act as

weak electrophiles in electrophilic aromatic substitutions. The products have the

structure Ar—N=N— Ar, containing the —N=N— azo linkage. For this reason,

the products are called azo compounds, and the reaction is called diazo coupling. Be-

cause they are weak electrophiles, diazonium salts react only with strongly activat-

ed rings (such as derivatives of aniline and phenol).

Ar—N=N + H— At'

diazonium ion (activated)

Ar—N=N— Ar' +
an azo compound

Example

NCCH,)i>2 N=N

methyl orange (an indicator)

PROBLEM 19-26

Propose a mechanism for the synthesis of methyl orange.

O.N

0,N

Azo compounds bring two substituted aromatic rings into conjugation with an

azo group, which is a strong chromophore. Therefore, most azo compounds are

strongly colored, and they make excellent dyes, known as azo dyes. The diazo cou-

pling syntheses of some common azo dyes follow.

0,N

N= N: O.N

COO

HO

OH

COO
alizarin yellow
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Diazo coupling often takes place in basic solutions because deprotonation of

the phenolic —OH groups and the sulfonic acid and carboxylic acid groups helps

to acti\ate the aromatic rings toward electrophilic aromatic substitution. Many of

the common azo dyes have one or more sulfonate (— SOy) or carbo.xylate

( —COO") groups on the molecule to promote solubility in water and to help bind

the dye to the polar surfaces of common fibers such as cotton and wool.

PROBLEM 19-27

Show how you would convert aniline to the following compounds.

(a) fluorobenzene (b) chlorobenzene (c) 1 .3.5-trimethylbenzene

(d) bromobenzene (e) iodobenzene (f) benzonitrile

(g) phenol

HO

SUMMARY: Reactions ofAmines

1. Reaction as a proton base (Section 19-5)

H
/

R—N: + H—

X

\
H

base proton acid

2. Reactions with ketones and aldelndes (Sections 18-16 and 18-17)

H
I

R—N^H X-

H
ammonium salt

o
II

C + Y—NH,
/ \

R R'

ketone

or aldeh\ de

Y =

Y =

Y =

3. Alkylation (Section 19-12)

R—NH,

primary amine

HO^ ^N—

H

C
/ \

R R' _

carbinolamine

'N

Y

C + H,0
/ \

R R'

derivati\e

H or alkyl gives an amine (Schiff base)

OH gives an o.xime

NHR gives a hvdrazone

R—CH,— Br

primar%' halide

R—NH,—CH,— R' Br

salt of secondary amine

(^Overalkylation is common.)

Examples

CH,—CH;—CH,—NH; - 3 CH-—

I

excess NH3 - CHjCH.CHXHXH,- Br

NaHCO,
CH-—CH,—CH,—NCCHjj-I

-> CH3CH2CH2CH,CH,—NH,
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4. Acylation t(i form amides {Seclion 19-13)

O

R—C— CI + 2R'— NH,
acid chloride amine

o

R—C—NH— R' + R'NH, CI

amide

Example O

2H,N— Ph + CH,—C— CI

aniline acetyl chloride

o

CH3—C—NH— Ph + PhNHjCr
acetanilide

5. Reaction with siilfoiiyl chlorides to give sulfonamides (Section 19-14)

o

Example

R—NH. + CI—S— R'

amine II

o
sulfonyl chloride

o
II

CHjCCH,),—NH, + CI—S— Ph

1-butanamine II

o
benzenesulfonyl

chloride

o

R—NH— S— R' + HCl

O
sulfonamide

O

CH3(CH2)3NH—S— Ph + HCI

O
A^-butyl benzenesulfonamide

6. Hofmann and Cope eliminations

a. Hofmann elimination (Section 19-15)

Conversion to quaternary ammonium hydroxide

R—CH.—CH,— NH.
Ag.O

Elimination
HO H H

R—CH.—CH.—N(CH3)3 -I

R—CH,—CH.— N(CH3)3 OH

H—O—H R H
I heat \ /

R—C—C—H > C=C
I rl / \
'

' H H :N(CH3)H +N(CH3)3

Hofmann elimination usually gives the least substituted alkene

Example 1:4 l'iO°C
CH3—CH—CH,—CH3 ^

+N(CH3)3 OH

3/3

» CH,—CH=CH—CH, + H,C=CH—CH.—CH3
(Saytzeff product) (Hofmann product)

(5%) (95%)

b. Cope elimination of a tertiary amine oxide (Section 19-16)

H :N(CH,), H N(CH,),

or H.O.

H H H H

Cope elimination also gives the least highly substituted alkene.

HO—N(CH3).

R R'
'

\ /
c=c

/ \
H H



Summary: Reactions of Amines 885

7. Chiilalion (Seciion 19-16)

a. Secondary amines

R,N—

H

2° amine

+ H,0. R.N—OH
a 2° hydroxyamine

H,0

b. Tertiary amines

R,N:
3° amine

+
(or ArCO,H)

R,N—O + Hp
3° amine oxide (orArCOOH)

8. Diazotization {Section 19-17)

R—NHj
primary alkylamine

Ar— NH,
primary arylamine

a. Reactions of diazonium salts (Section 19-18)

(I) Hydrolysis

NaNO,. HCl

NaNO,, HCI

Ar—N=N:Cr
HoSO^, heat

H,0
Ar—

Example

Ph—N= N: CI

benzenediazonium

chloride

H3SO4, heat

H,0
Ph—OH
phenol

R—N= N:

alkanediazonium salt

Ar—N^N: Cl-

arenediazonium salt

OH + N, t
+

f Njt + HCl

HCl

(II) The Sandmeyer reaction

Ar—N=N:C1-
CuX

Examples
Ph—N^N: cr

benzenediazonium chloride

cr

X = CI. Br, C^N

CuCl

> Ar—X +

O.N'

p-nitrobenzenediazonium chloride

> Ph— CI + N3I
chlorobenzene

CuCN
C=N

O3N'

p-nitrobenzonitrile

(III) Replacement by fluoride or iodide

+ HBF
Ar—N= N: Cr

4 + heat^ Ar—N= N: Ar—

F

N, t + BF,

Ar—N=N: cr

Example

KI
> At- I + NjI + KCl

N.^ CI-
KI

2-naphthylenediazonium chloride 2-iodonaphthalene
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(IV) Reduction to hydrogen

Ar—N^N:Cr

Example

CH

H.PO,

(1) NaNO,. HCl

(2) H3PO2

Ar—H + N. I

H

/j-ethylanihne

(V) Diazo coupling

Ar—N= N: + H— Ar'

diazonium ion (activated)

Example

0,N N=N: +

CH,CH,
ethvlbenzene

Ar—N=N— Ar' +
an azo compound

O.N N=N

para red

19-19

Synthesis of Amines
by Reductive

Amination

Many methods are available for the synthesis of amines. Most of these methods are

derived from the reactions of amines covered in the preceding sections. We begin with

two general methods of amine synthesis and then consider methods that are applic-

able to specific types of amines.

Reductive amination, the most general method for synthesizing amines, in-

volves the reduction of an imine or oxime derivative of a ketone or aldehyde.

The inline or oxime is reduced by lithium aluminum hydride (LiAlH4) or by cat-

alytic hydrogenation. In effect, reductive amination adds one alkyl group to the

nitrogen atom. The product can be a primary, secondary, or tertiary amine, de-

pending on whether the amine used as the starting material had zero, one, or two

alkyl groups.

\..
N—

H

/

O
II

(1) R— C— R'

(2) reduction

H

N—C—

R

R'

Primary Amines. Primary amines result from condensation of hydroxylamine (zero

alkyl groups) with a ketone or an aldehyde, followed by reduction of the oxime. This

is a convenient reaction because most oximes are stable, easily isolated compounds.

The oxime is reduced using catalytic reduction, lithium aluminum hydride, or sodi-

um cyanoborohydride (NaBH3CN).

O

R—C— R'

ketone or aldehvde

H,N— Oil

IT

N—OH

R—C— R'

oxime

reduction R—CH— R'

1° amine
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Examples

O

CH.CH.CH;— C-

2-pentanone

O

-C—

H

benzaldehyde

-CH,
ll,N—OH

H,.\—OH

CH,CHXH,—C—CH,
2-pentanone oxime

N—OH
(!) LiAlH,

C—

H

benzaldeh\'de

oxime

(2)H,0

H,

Ni

Ml

CH.CH.CH,—CH—CH3
2-pentanamine

NH,

-CH,

benzvlamine

Secondary Amines. Condensation of a Icetone or an aldehx de \\ itli a piimaiA" amine

forms an ;V-substituted imine (a Schiff base). Reduction of the jV-substituted imine

2ives a secondary amine.

O
II

R—C— R'

ketone or aldehvde

r amine N— R"

II

R—C— R'

A'-substituted imine

reduction

NHR"
I

R—CH— R'

2' amine

Example

O
II

CH,—C—CH,
acetone

N—Ph
11

CH — C— CH.
( 1 ) LiAlHj

(2) H,0

NHPh

CH3—CH— CH3
phenylisoprop\'lamine

(75^^)

Tertiary Amines. Condensation of a ketone or an aldehyde with a secondary amine

gi\es an iminium salt. Iminium salts are frequently unstable, so they are rarely iso-

lated. A reducing agent in the solution reduces the iminium salt to a tertiary amine.

The reducing agent must be capable of reducing the iminium salt, but it must not re-

duce the carbonyl group of the ketone or aldehyde. Sodium cyanoborohydride

(NaBH^CN) works w^ell for this reduction because it is less reactive than sodium

borohydride and it does not reduce the carbonyl group.

O
IIR— C— R"

ketone or aldehvde

R— N—

R

R'—C— R"

iminium salt

R— N—

R

R—CH— R"

3" amine

H,C CH-\-/
N

NaBH,CN
(85%)

cyclohexanone iminium salt yv, yV-dimethycyclohexylamine
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PROBLEM-SOLVING HINT
Reductive amination is the most

useful amine synthesis: It adds a

r or 2° alkyi group to nitrogen.

Use an aldehyde to add a I

°

group, and a ketone to add a 2°

group.

H
I

Y—N—

H

R
\
C

/
c=o

R

R

Y—N=C,

(NaBH3CN to make
tertiary amines)

R

LiAIH^

H H

y— N— C-

R

-R

hydroxylamine -> primary amine

primary amine -> secondary amine

secondary amine -> tertian/ amine

SOLVED PROBLEM 19-3

Show how to synthesize the following amines from the indicated starting materials,

(a) A'-cyclopenlyianiiine from aniline (bj /V-ethylpyrrolidine from pyrrolidine

SOLUTION
(a) This synthesis requires adding a cyclopentyl group to aniline (primary) to make a

secondary amine. Cyclopentanone is the carbonyl compound.

H

Ph— N— H +

aniline cyLlopentanone

Ph—

N

Ni

H

Ph—

N

(b) This synthesis requires adding an ethyl group to a secondary amine to make a tertiary

amine. The carbonyl compound is acetaldehyde. Formation of a tertiary amine by reduc-

tive amination involves an iminium intermediate, which is reduced by NaBH^CN.

N— H + CH —

C

\

pyrrolidine

H

acetaldehvde

N=C
\

NaBH3CN
H

N— C—

H

CH,

PROBLEM 19-28

Show how to synthesize the following amines from the indicated starting materials by re-

ductive amination.

(a) benzylmethylamine from benzaldehyde

:NH, O

(b) Ph—CH,—CH—CH, from Ph—CH,—C—CH,

( ± )-aiTiphetamine 1 -phenyl-2-propanone

(c) A'-benzylpiperidine from piperidine

(d) A/-cyclohexylaniline from cyclohexanone

(e) cyclohexylamine from cyclohexanone

(f) from compounds containing no more than five carbon atoms

19-20

Synthesis of

Amines by

Acylation-

Reduction

The second general synthesis of amines is by acyiation- reduction. Like reductive

amination, acyiation -reduction adds one alkyl group to the nitrogen atom of the

starting amine. Acyiation of the starting amine by an acid chloride gives an amide,

with no tendency toward overacylation (Section 19-13). Reduction of the amide by

lithium aluminum hydride (LiAlH4) gives the corresponding amine.

R—NH, +
amine

O

CI—C— R'

acid chloride

acyiation

o

R—NH—C— R'

amide

(acylated amine)

reduction

( 1 ) LiAlH^

(2) H^O
R—NH—CH,— R'

alkylated amine

Acyiation -reduction converts ammonia to a primary amine, a prirnary amine

to a secondary amine, or a secondary amine to a tertiary amine. These reactions are

quite general, with one restriction: The added alkyl group is always 1° because the
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carbon bonded to nitrogen is derived from the carbonyl group of the amide, reduced

to a methylene (—CH.— ) group.

Priman' amines

O

R—C— CI + NH,
acid chloride ammonia

o

R—C—NH.
1° amide

(I ) LiAlH

(2) H.O
R—CH,— NH,

1° amine

Example

CH, O

CH3—CH—CH,— C— CI + NH,

3-metliylbutanoyI chloride

CH, O

CH,—CH—CH,—C—NH,

3-methylbutanamide

(I) LiAlH,

CH,

(2)H,0
^ CH,—CH—CH,—CH,— NH,

3-methyl- 1 -butanamine

Secondan' amines

/
O

R— C— CI + R'—NH,
acid chloride pi unary amine

o
II ..

R— C—NH— R'

TV-substituted

amide

(1) LiAlH^

(2) H,0
R—CH,—NH— R'

2° amine

Example

O

CH3CH2CH2—C— CI

butanoyi chloride

Tertiary amines

O

aniline

CH3CH,CH,—C—NH

O

A'-phenylbutanamide

(1) LiAlH^

(2) H,0

R—C— CI + R^NH
acid chloride secondary

amine

o
II .. (1) LiAlH,

R—c— nr; , ,. ^ > R—CH,—nr;

Example

MjV-disubstituted

amide

(CH,CH,),N O

(2)H,0
3° amine

+ H—N(CH,CH,),

(CH,CH,),N

(I) LiAlH,

benzoyl

chloride

(2)H,0

dielhylaminc MA-diethylbenzamide benzyldiethylamine

PROBLEM 19-29

Show how to synthesize the following amines from the indicated starting materials

by acylation-reduction.

(a) A-propylpiperidine from piperidine (b) A'-benzylaniline from aniline

CH,CH,CH,—CH,—NH

A'-butylaniline

PROBLEM-SOLVING HINT
Like reductive amination,

acylation-reduction adds an

alkyi group to nitrogen. It is

more restrictive, though, because

the group added is always 1°.

X— N—

H

I

y

o
II

R—C— CI

O
.. II

X— C—

R

I

y

LiAlH.jLiAii 14

1 :

ammonia ;

'

;
, , amine

primary amine -> secondary amine

secondary amine -* tertiary amine
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19-21

Reduction of

Nitro Compounds;
Synthesis of

Arylamines

Both aromatic and aUphatic nitro groups are easily reduced to amino groups. The most

common methods are catalytic hydrogenation and acidic reduction by an active metal.

R—NO,
HVcatalyst

or active metal and H"^

catalyst = Ni, Pd, or Pt

active metal = Fe, Zn, or Sn

R—NH,

NO,

CHjCH,CH, CH CH^
2-nitropentane

Examples

NO,

CH3
o-nitrotoluene

HSO: ^NH.

Sn, H.SO,

H,. Ni
-NH,

CH,
o-toluidine

(90%)

CHjCH^CH,—CH—CH3
-OH

:NH,

CH3CH,CH-, CH CHj
2-aminopentane (85%)

The most common reason for reducing aromatic nitro compounds is to make
substituted anilines. Much of this chemistry was developed by the dye industry,

which uses aniline derivatives for azo coupling reactions (Section 19-18) to make ani-

line dyes. Nitration of an aromatic ring (by electrophilic aromatic substitution) gives

a nitro compound, which is reduced to the aromatic amine.

Ar—

H

HXO;. H,SO_,

Ar—NO.
reduction

Ar—NH.

For example, nitration followed by reduction is used in the synthesis of benzocaine

(a topical anesthetic), shown below. Notice that the stable nitro group is retained

through an oxidation and esterification. The final step reduces the nitro group to the

relatively sensitive amine (which could not survive the oxidation step).

CH,

HNO,

nitration

( ]) KMnO^.-OH

(2)

oxidation

O
II

C— OCH,CH,

NO,

NO,

Zn. HCl

CH3CH,0H

reduction

CHjCH-jOH.

(see Section 11-12)

esterification

:NH2- HCl
benzocaine HCl

o

C—OCHXH,

NO,
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1

PROBLEM 19-30

Show how you would prepare the following aromatic amines by aromatic nitration, fol-

lowed by reduction. You may use benzene and toluene as your aromatic starting materials,

(a) aniline (b) /;-bromoaniline

(c) /H-bromoaniline (d) ;«-aminobenzoic acid

The Sn;2 reaction of amines w ith alkyl hahdes is complicated by a tendency for over-

alkylation to form a mixture of monoalkylated and polyalkylated products (Section

19-12). Simple primary amines can be synthesized, however, by adding a large ex-

cess of ammonia to a halide or tosylate that is a good S-,,-2 substrate. Because there

is a large excess of ammonia present, the probability that a molecule of the halide will

alkylate ammonia is much larger than the probability that it w ill overalkylate the

amine product. (This technicfue has largely been replaced by the azide synthesis,

covered below.

)

19-22

Direct Alkylation of

Ammonia and

Amines

/ R—CH,—X + excess NH,

Example

CH,CH.CH.CH,CH,— Br

1-bromopentane

excess NH,

R—CH,—NH. + NH4X

CH.CH.CH.CH^CH.—NH. + NHjBr

1-pentanamine

Nucleophilic aromatic substitution can be used to synthesize aryl amines, if there

is a strong electron-withdrawing group ortho or para to the site of substitution (see

Section 17-12). This reaction usually stops with the desired product because the prod-

uct (an arylamine) is less basic and less nucleophilic than the reactant (an alk^lamine).

H—NCCH,).

an alkylamine

I more nucleophilic)

-I-

NaHCO,
O.N

an ar> lamine

(less nucleophilic)

PROBLEM 19-31

Show how you would accomplish the following conversions in good \ ield.

(a) 1-bromoheptane * 1-heptanamine

NO-, NO, NO, NH,

NO, NO,

N(CH,),

NO, NH,

NHPh

We don't have to use ammonia to put the nitrogen atom into a primary amine. We I 9-23
can use a better reaaent to introduce the nitrogen atom, then convert the product to n ^ J. ,^4-\^^ K-.\A^^

, ^
, , . , = u u Keduction ot Azides

an amine. We have used this approach to make aromatic amines by nitrating the nng,

then reducing the nitro group to an amino group. A strong reducing agent can reduce and Nitriles to
practically any nitrogen-containing group to an amino group. Primary Amines
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1 9-23A Formation and Reduction ofAzides

Azide ion ( N,) is an excellent nucleophile that displaces leaving groups from un-

hindered primary and secondary alkyl halides and tosylates. The products are alkyl

azides (RN,), which have no tendency to react further. Azides are easily reduced to

primary amines, either by LiAlH4 or by catalytic hydrogenation. Alkyl azides can be

explosive, so they are reduced without purification.

R—X + Na' :N= N= N:

halide or tosylate sodium azide

(must be 1° or 2°)

[R— N=N= N: R—N—N=N:J
an alkyl azide

LiAlH^

or H,/Pd
R— NH,
1° amine

Examples

-CH

l-biomo-2-phenylethane

.CH.^Br — ^ (fV^CHjCH,-

Br

-N-
(2) H.O

2-phenylethyl azide

N
NaN

.

( 1 ) LiAlHj

(2)

cyclohexyl bromide cyclohexyl azide

(l)LiAIH,

\(
J^CH.CH,— NH,

2-phenylethylamine (89%)

,NH,

cyclohexylamine (54%)

Azide ion also reacts with a variety of other electrophiles. The following ex-

ample shows how an azide ion opens an epoxide. The product can be reduced to an

amino alcohol.

H^. Pd

I9-23B Formation and Reduction of Nitriles

Like the azide ion, cyanide ion ( ~ :C=N : ) is a good Sn2 nucleophile; it displaces leav-

ing groups from unhindered primai^ and secondary alkyl halides and tosylates. The

product is a nitrile (R—C=N), which has no tendency to react further. Nitriles are re-

duced to primary amines by lithium aluminum hydride or by catalytic hydrogenation.

R—X +

halide or tosylate

(must be 1° or 2°)

R— C= N:

nitrile

LiAlH,

or HVcatalyst
R—CH.—NHj

amine

(one carbon added)

Example

CH,CH.CH.

0Br
1 -bromopropane

CH3CH3CH2— c =

butanenitrile

(1) LiAlH

(2) H,0
CH3CH2CH2—CH,—NH,

1 -butanamine (70%)

When the cyano (—C=N) group is added and reduced, the resulting amine has

an additional carbon atom. In effect, the cyanide substitution -reduction process is like

adding —CH2— NH2. The following synthesis makes 2-phenylethylaniine, which we

also made by the azide synthesis. Notice that the starting material in this case has one

less carbon atom because the cyanide synthesis adds both a carbon and a nitrogen.



19-24 The Gabriel Synthesis of Primary Amines 893

-CH.— Br

:C=N;

CH,—CN:
Ni

phenylacetonitrile

-CH.CH.NH.

2-phenylethylamiiic

benzyl bromide

We have seen (Section 18-15) that cyanide ion adds to ketones and aldehydes

to form cyanohydrins. Reduction of the —C=N group of the cyanohydrin provides

a method for synthesis of j8-hydroxy amines.

cyclopentanone

1 ICN a"
cyclopentanone

cyanohydrin

( 1 ) LiAlH^

(2) H30+

OH

1 -(methylamino)cyclopentanol

PROBLEM 19-32

Show how you would accomplish the following synthetic conversions.

(a) benzyl bromide —* benzylamine

(b) l-bronio-2-phenylethane 3-phenylpropanamine

(c) pentanoic acid ^ 1-pentanamine

(d) pentanoic acid 1-hexanamine

(e) (7?)-2-bromobutane (5)-2-butanamine

(f ) (^)-2-bromobutane —* (5)-2-methyl-l-butanamine

(g) 2-hexanone l-amino-2-methyl-2-hexanol

PROBLEM-SOLVING HINT
To convert an alkyi halide (or

alcohol, via the tosylate) to an

amine, form the azide and

reduce. To convert it to an

amine with an additional carbon

atom, form the nitrile and

reduce. In either case, the alkyI

group must be suitable for 5^2

displacement.

In 1887. Siegmund Gabriel (at the University of Berlin) developed the Gabriel amine

synthesis for making primary amines without danger of overalkylation. He used the

phthalimide anion as a protected form of ammonia that cannot alkylate more than

once. Phthalimide has one acidic N—H proton (pA^^ 8.3) that is abstracted by potas-

sium hydroxide to give the phthalimide anion.

H
KOH

H,0

o
phthalimide

19-24

The Gabriel

Synthesis of

Primary Amines

resonance-stabilized phthalimide anion

The phthalimide anion is a strong nucleophile, displacing a halide or tosylate

ion from a good Sn2 substrate. Overalkylation does not occur because the A^-alkyl

phthalimide is not nucleophilic and there are no additional acidic protons on nitro-

gen. Heating the A'-alkyl phthalimide with hydrazine displaces the primary amine,

giving the very stable hydrazide of phthalimide.

R—

X

alkyi halide

(usually \°)

heat
+ R—NH.

phthalimide anion A^-alkyl phthalimide phthalimide hy drazide primary amine
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CH3

Br—CHjCHXHCH,

isopentyl bromide

The Gabriel synthesis of isopentylamine is a typical example:

O

(phthalimide anion)

o
CH, CH,

I H,N—NH, .. I

N—CH.CH.CHCH, ' H.N—CH.CH.CHCHj
hydrazine

A'-isopentylphthalimide isopentylamine (95%)

PROBLEM 19-33

Show how Gabriel syntheses might be used to prepare the following amines,

(a) benzylamine (b) i-hexanamine (c) y-aminobutyric acid

PROBLEM 19-34

Explain why a Gabriel synthesis cannot be used to make aniline.

19-25

The Hofmann
Rearrangement

of Amides

In the presence of a strong base, primary amides react with chlorine or bromine to

form shortened amines with loss of the carbonyl carbon atom. This reaction, called

the Hofmann rearrangement, is used to synthesize primary alkyl and aryl amines.

U
The Hofmann rearrangement

R—C—NH. + X, + 4NaOH R—NH, + 2NaX + Na.CO, + 2 H,0
primary amide (X, = CI, or Br,)

Although we have several other methods for making primary amines, most of them

depend on 5^2 displacements, which fail with 3° alkyl groups. The Hofmann re-

arrangement can produce primary amines with 1°. 2°. or 3° alkyl groups, or aryl

amines. The following examples suggest the wide variety of amines that are acces-

sible by the Hofmann rearrangement.

Examples

O

CH,CH,CH,CH.CH.—C— NH.
hexanamide

CH, O

C C—NH,

CH,
2-methy 1 - 2-phenyIpropanamide

o

CI3, "OH

H,0

CI,, "OH

H,0

CH,CH,CH,CH.CH2—NH.
1-pentanamine (90%)

CH,

CH,
2-phenyl-2-propanamine

/'-nitrolienzamide

Brj, "OH

H^^O
0,N NH.

/)-nitroanuine
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The mechanism of ihe Hofmann rearrangement is particular!) interesting be-

cause it involves some intermediates that we have not encountered before. The first

step is the replacement of one of the hydrogens on nitrogen by a halogen. This step

is possible because the amide N—H protons are slightly acidic, and a strong base

deprotonates a small fraction of the amide molecules. The deprononated amide is a

strong nucleophile.

O
11 r/^

R—C—N:
\

H

H
priman amide

Br— Br

deprotonated amide

Because of the electronegative nature of bromine, the A-bromo amide is more

easily deprotonated than the original primary amide. Deprotonation of the A'-bromo

amide gives another resonance-stabilized anion. The deprotonated amide has a

bromine atom present as a potential leaving group. In order for bromide to leave.

ho\ve\er. the alkyl iR— ) group must migrate to nitrogen. This is the actual re-

an'angement step. gi\ ing an isocyanate intermediate.

O
11 r/

R—C—N:

H
OH

Br

V-bromo amide

R—

C

\
:N— Br

:0

N— Br

deprotonated

lsoc\ anates react rapidly w ith w ater to give carbamic acids.

O

R—C— N:

Br
/
I-

\
H

/V-bromo amide

R—N=C= 0: + Br-

an isocyanate

R—N=c=o:
--0H

isocyanate

Decarboxylation of the carbamic acid 2ives the amine and carbon dioxide.

H O

> R—N—C—OH + OH
a carbamic acid

O
II 1^ >

R—NH—C—O—

H

"OH

R—X—

H

O

R—NH—C—O-

H—O—

H

R—NH,

R—N^H + 0=C=0

OH

PROBLEM 19-35

Propose a mechanism for the following Hofmann rearrangement used in the synthesis of

phentermine. an appetite suppressant.

CH; O

-C C—NH.
1

CH,

H.O

CH,
Br.. -OH // \ I

-^TT^—> <^ ^CH-,—C—NH.

CH,

phentermine
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PROBLEM-SOLVING HINT
The Hofmann rearrangement

mechanism is long and compli-

cated, but it can be broken

down:

1. Deprotonation to form the

bromoamide. then another

deprotonation.

2. Rearrangement, with

bromide as the leaving group.

3. Hydroxide attack on the

carbonyl of the isocyanate.

4. Decarboxylation of the

carbamic acid.

(Step 2, the actual rearrange-

ment, may be easier to under-

stand if you compare it with the

Curtius rearrangement, in

Problem 19-37.)

PROBLEM 19-36

When (/?)-2-methylbutanamide reacts with bromine in a strong aqueous solution of sodi-

um hydroxide, the product is an optically active amine. Give the structure of the expected

product, and use your knowledge of the reaction mechanism to predict its stereochemistry.

^PROBLEM 19-37

The Citrtiiis rearrangement accomplishes the same synthetic goal as the Hofmann re-

arrangement, and it takes place by a similar mechanism. An acid chloride reacts with azide

ion to give an acyl azide. which undergoes Curtius rearrangement when heated.

O
II

C
/ \

R CI

NaN,
C

/ \ .
-

R N_N= N:

acyl azide

A -

R ^N^N= N:

H^O

heat

R—N=c=o:
isocyanate

H,0
R— NH,

amine

(a) The Curtius rearrangement takes place through a much shorter mechanism than the

Hofmann rearrangement. Which step(s) of the Hofmann rearrangement resemble the Cur-

tius rearrangement?

(b) Bromide serves as the leaving group in the Hofmann rearrangement. What is the leav-

ing group in the Curtius rearrangement?

(c) Propose a mechanism for the following reaction.

CH, O

C C— N,

CH,

H.O

heat

CH,

C— NH.

CH.

SUMMARY: Syntheses of Amines

1. Reductive animation (Seciion 19-19)

a. Primary amines

O :N—OH :NH2

II H^.X OH II reduction I

R—C— R' > R—C— R' > R—CH— R'

H
ketone or aldehvde oxime 1" amine

Example

cyclopentanone cyclopentanone oxime cyclopentylamine

b. Secondary amines

O 10 amine =N-R" :NHR"
II R"—NH, II reduction H

R—C— R' —^ R— C— R' > R—CH— R'

ketone or aldehyde A^-substituted imine 2 amine
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Example

O N— Ph NHPh
II Ph— NH, II (l)LiAlH,

I

CH3-C-CH, ^^-^ CH3-C-CH3
^^^^^Q

> CH-CH-CH3
acetone ~ phenylisopropylamine

c. Tertian.' amines

o R—N—

R

I! R—NH— R II NaBHXXR— C— R" ^ R'—C— R" ^

ketone or aldeh\ de iminium salt

R—N—

R

R —CH— R"

3° amine

Example

HXiCH,

H,C CH,

N
' \../ ^

N

XaBHXN

cyclohexanone umnium salt A', A'-dimethylcyclohexylamine

2. Acylaiion-rediiction ofamines (Section 19-20)

O
11

R—XH, ~ R —C— CI

amine acid chloride

ac\ lation

O
'I

R— C—XH—

R

amide

(acvlated amine)

reduction

( 1 ) LiAIHj

(2) H,0

R —CH,—XH—

R

alkylated amine

Example

O

CH,CHXH,—C— CI

butano\l chloride

O

CH3CH,CH2C^

NH

.V-phen\lbutanamide

CH,CHXH,CH,

:NH

( 1 ) LiAlH_,

(2) H,0

iV-butylaniline (2°)

3. Reduction ofnitro compounds (Section 19-21)

R— NO,
HJcatalvst

or active metal and H"

catalyst = Ni. Pd. or Pt

active metal = Fe. Zn. or Sn

Example

NO,
Sn. H,SO_,

NH,

R— NH,

"OH
NH,

nitrobenzene aniline
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4. Nucleophilic aromatic substitution (Section 17-12)

R— NH, + AR—X > R—NH— Ar + HX
(The aromatic ring should be activated toward nucleophilic attack.)

Example 0,N

CH,CH,—NH, + F- NO,

ethylamine 2,4-dinitrofluorobenzene

5. Alkylatioii ofammonia {Section 19-22)

R—CH.—X + excess NH,

Example
,CH.Br

benzyl bromide

6. Reduction ofazides (Section 19-23A)

:NH,

CH.CH,—NH^ ( ) >— NO,

A'-ethyl-2,4-dinitroaniline

R—CH,— NH. + HX

,CH2NH2

(excess)

benzylamine

Example

R—N=N= N:"

alkyl azide

Br

LiAIH^

or H2/Pd

NaN,

R—NH,
1° amine

N,
(DLiAlHj

(2)

cyclohexyl bromide

7. Reduction of nitriles {Section 19-23B)

R—C^N:
nitrile

cvclohexvi azide

HVcatalyst or LiAlH^

NH.

cyclohexylamine

R—CH,—NH2
1° amine

Example
CH,— Br

benzyl bromide

CH,—CN:

phenylacetonitrile

H2

Ni

CH2CH2NH2

^-phenylethylamine

8. The Gabriel synthesis ofprimary amines (Section 19-24)

O

Q^nt k+

oR—

X

alkyl halide
phthalimide anion

H,NNH,
N— R ^ R—NH,

heat

A'-alkyl phthalimide
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9. The Hofmann rearrangement iSscliovi 19-25)

O

R—C—NH. + X, + 4NaOH > R—NH, - 2 NaX + NaXO, + 2 H,0

1° amide (X, = CKorBro amine

Example O
I! CK. -OH

CH CH-CH,CH-CH,—C— NH, ' ^ ^ CH CH-CH-CH-CH-— NH-
- - - - H-,U -----
hexanamide " pentanamine

o Chapter I 9

acylation Addition of an acyl group (R— C— ). usually replacing a hydrogen atom. Acyl- GIOSSa.ry

ation of an amme gives an amide, ip. 869 )

O 0

R— NH, - CI— C— R' > R— NH— C— R - HCl

amine acid chlonde amide

O

acetylation: Acylation by an acetyl group iCH-,— C— ).

acylation -reduction .A. method for synthesizing amines by acylating ammonia or an amine,

then reducing the amide, (p. 888)

O O
II .. II (l)LiAlH,

R—NH; - R— C— C! * R—NH—C— R'
p^YiO

R—NH—CH-—
R'

amine acid chloride amide " alkylated amine

amine .A derivative of ammonia with one or more alkyl or an.i groups bonded to the nitro-

gen atom. (p. 846)

A primary amine i

1
' amine ) has one alkyl group bonded to nitrogen.

A secondary amine (2' amine) has two alkyl groups bonded to nitrogen.

A tertiary amine (3° amine) has three alkyl groups bonded to nitrogen.

H H R"

I ! I

R—N—H R— N— R' R—N— R'

pnmars amine secondar)' amine tertian, amine

amino group The —NH; group. If alkylated, it becomes an alkylamino group. —NHR
or a dialkylamlno group. — NR;. (p. 848)

amine oxide An amine v\ ith a fourth bond to an o.xygen atom. In the amine oxide, the nitrogen

atom bears a positive charge, and the o.xygen atom bears a negative charge. Because of this

donation of electrons, the bond to oxygen is often drawn using an arrow, (p. 875)

O- R
T I

R—N— R' R—NH,-X R—N—RX
I, an ammonium salt J,
R" R

an amine oxide a quatemarv' ammonium salt

ammonium salt (amine salt) A derivativ e of an amine with a positively charged nitrogen

atom having four bonds. An amine is protonated by an acid to give an ammonium salt,

(p. 856) A quartemary ammonium salt has a nitrogen atom bonded to four alkyl or aryl

groups, (p. 846)
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azide A compound having the azido group, — N3. (p. 892)

CH.CH-—N—N^N: CH,CH,—N=N=NT
ethyl azide

base-dissociation constant (A'^,) A measure of the basicity of a compound such as an amine,

defined as the equilibrium constant for the following reaction. The negative log,o of is

given as pA",,. (p. 853)

H
I _

R—NX ^ H—O—H R— N— H - OH
H

H

Cope elimination A \ ariaiion of the Hofmann elimination, where a tertiarv' amine oxide

elimmates to an alkene u ith a h>droxylamine sen ing as the leaving group, (p. 875)

diazo coupling The use of a diazonium salt as an electrophile in electrophilic aromatic sub-

stitution, (p. 882)

-Ar—N=N - H^(^^)—Y > Ai—S=N—{I^^^Y +

diazonium ion (acti\ ated) an azo compound

diazotization of an amine The reaction of a primary' amine with nitrous acid to form a dia-

zonium salt. (p. 877)

exhaustive alkylation Treatment of an amine with an excess of an alkylating agent (often

methyl iodide) to fomi the quatemarv^ ammonium salt. (p. 872)

excess CH-I
R—NH: '-^ R—N(CH03 I

exhausti\ e meth\ lation of a primary amine

Gabriel amine synthesis Synthesis of primary amines by alkylation of the potassium salt of

phthalimide. follow ed by displacement of the amine by hydrazine, (p. 893)

Hofmann elimination Elimination of a quatemar\' ammonium hydroxide with an amine as

the leavins eroup. The Hofmann elimination usuallv gives the least highly substituted alkene.

(p. 872)
^
^

HO- H H
heat

H O H R^ ^H
R—C—C—H > C=C

\
f\ H H :N(CH,),

H -NCCH,),

Hofmann rearrangement of amides (Hofmaim degradation I Treatment of a primary amide

\\ ith sodium hydroxide and bromine or chlorine gives a primarv' amine, (p. 894)

O

R—C— NH. - X, - 4NaOH > R— NH- - 2 NaX + NaXO, + 2 H,0

r amide ^X, = CI, or Br. ) amine

hydroxylamine The compound H^NOH: or generically. an amine in w hich a hydroxyl group

is one of the three substituents bonded to nitrogen, (p. 875)

R'

R—N—OH

nitrile .A. compound of formula R—C=N. containmg the cyano group, —C=N. (p. 892)
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nitrogen inversion (pyramidal inversion) In\cision of configuration of a nitrogen atom in

u hicli the lone pair moves from one face of the molecule to the other. The transition stale is

planar, with the lone pair in a p orbital, (p. 849)

A'-nitrosoaniine (nitrosamine) An amine with a nitroso group (—N=0) bonded to the

amine nitrogen atom. The reaction of secondary amines with nitrous acid gives secondary

A'-nitrosoamines. (p. 878)

phase-transfer catalyst A compound (such as a quaternary ammonium halide) that is sol-

uble in both water and organic solvents and that helps reagents move between organic and

aqueous phases, (p. 858)

reductive amination The reduction of an imine or oxime derivative of a ketone or aldehyde.

One of the most general methods for synthesis of amines, (p. 886)

O N— R" NHR"
II R" NH, II reduction II

R— C— R' TTT-^ R— C— R' > R—CH— R'

H
ketone or aldehyde jV-substituted imine 2" amine

+
Sandmeyer reaction Replacement of the —N=N group in an arenediazonium salt by a

cuprous salt: usually cuprous chloride, bromide, or cyanide, (p. 880)

Ar—N^N -CI > Ar—X + N, t
(X = CI. Br. C^N) - '

sulfonamide An amide of a sulfonic acid. The nitrogen analogue of a sulfonate ester, (p.

871)

O O

R—NH— S— R' R— NH—
S^;^J^^^^^^^^J^CH3

o o
a sulfonamide a p-toluenesulfonamide (a tosylamide)

ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 19

1. Name amines and draw the structures from their names.

2. Interpret the IR. NMR. and mass spectra of amines, and use the spectral in-

formation to determine the stmctures.

3. Explain how the basicity of amines varies with hybridization and aromaticity.

4. Contrast the physical properties of amines with those of their salts.

5. Predict the products of reactions of amines with the following types of com-

pounds: give mechanisms where appropriate.

(a) ketones and aldehydes

(b) alkyl halides and tosylates

(c) acid chlorides

(d) sulfonyl chlorides

(e) nitrous acid

(f ) oxidizing agents

(g) arylamines with electrophiles

6. Give examples of the use of arenediazonium salts in diazo coupling reactions

and in the synthesis of aryl chlorides, bromides, iodides, fluorides, and nitriles.

7. Illustrate the uses and mechanisms of the Hofmann and Cope eliminations,

and predict the major products.

8. Use your knowledge of the mechanisms of amine reactions to propose mech-

anisms and products of similar reactions you have never seen before.
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9. Show how to synthesize amines from other amines, ketones and aldehydes,

acid chlorides, nitro compounds, alkyl halides, nitriles. and amides.

10. Use retrosynthetic analysis to propose effective single-step and multistep syn-

theses of compounds with amines as intermediates or products, protecting

the amine as an amide if necessary.

Study Problems
19-38. Give a definition and an example for each term.

19^9

^0.

19-41.

(a) acylation of an amine

(d) a 3° amine

(g) an aliphatic heterocyclic amine

(j) a diazo coupling reaction

(m) Gabriel synthesis of an amine

(p) an A'-nitrosoamine

(s) a sulfonamide

For each compound,

(1) classify the nitrogen-containing functional groups.

(2) provide an acceptable name.

CH,

(b) a 1° amine (c)

(e) an aromatic heterocyclic amine (f)

(h) a quaternary ammonium salt (i)

(k) exhaustive methylation (1)

(n) the Hofmann elimination (o)

(q) reductive amination (r)

a tertiar\' amine oxide

diazotization of an amine

a sulfa drug

the Hofmann rearrangement

the Sandmeyer reaction

(a) CH,- -C— CH,-
I

CH,

-NH, (b)
/

CH,

CH—NH. (c)

NO,

(d)

N N r
/ \

CH, CH,

(e) CH,—N—CH,CH

NHCH^CH,

(f) Ph—N—CH,CH,

CH,,

(g)

N ci-
CHXH,

Rank the amines in each set in order of increasing basicity

H
,NH3 /--^^^NH,

(a)

H

(c

H

=J \=J
Which of the following compounds are capable of being resolved into enantiomers?

(a) jV-ethyl-A'-methylaniline (b) 2-meth\lpipendme (c) 1-methylpiperidine (d) 1.2.2-trimethylaziridine

(e) (f)

N cr
/ \

CH, CH.CH,

N Cl-
/ \

CH, CH,CH,

19-42. Complete the following proposed acid -base reactions. Predict whether the reactants or products are favored.

(a)

pyridine

CH,COOH
acetic acid

(b)

N
H

pyrrole

+ CH,COOH
acetic acid
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CH,

(c) +

cr
H

(d)

N
H

NHj cr

+

N
H

pyn'olidine

aniliniuni chloride

pyridiiiium chloride pipendiiie

19-43. Predict the organic products formed when the following amides are treated with alkaline bromine water.

O

O 0 0

(a) Ph—CH.CH,— C— NH, (b) H,N— C— (CHj,—C— NH, (c)

19-i44. Predict the products of the following reactions.

CNH,

H H

O

(a) excess NH, + Ph—CH^CH.CH.Br

CH,

(c)

(e)

(g)

N

NH

+ MCPBA

( 1 ) excess CH,I

(2) Ag,0

(3) heat

+ NaNO, + HCl

(b) CH,NH, +

(d) product from part (c)

(f) product from part (e)

NO.

CH.— C— CI

heat

(I ) excess CH,I
(2|Ag,0

(3) heat

(h)
Zn. HCl

NH,
( 1 ) HCl, NaNO,

(2) H,P0,
(j)

NO.

NCH,

(k) CH,— (CH.) —C—CH.CH,

(m) 2-butanone + diethylamine

NaOCHXH,
(o) 4-tluoropyridine —

-

O
II

C—NHCH,

CN

LiAlH,

LiAIH,

NaBH,CN

(!) Ph—CH,—CH—CH,
LiAIH,

(n) pyrrole
HNO,

(p) 1-bromopentane
( 1 1 NaN,

(2) LiAlHj

19-45. Show how ;H-ioluidine can be converted to the following compounds, using any necessary reagents.

NH. CH,

(a)

C^N
(b)

CH,.^ ^CH.NH.Q CH,

(c)

m-toluidine /)!-toluonitrile m-iodotoluene

CH,

(d)

OH CH,

(e)

NH. CH.

(f)

m-cresol

O.N

3-inelhvl-4-nitroaniline
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19-46.

19-47.

19-48.

19-49.

19-50.
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The mass spectrum of /-butylamine is given below. Use a diagram to show the cleavage that accounts for the base

peak. Suggest why no molecular ion is visible in this spectrum.

100

80

y 60

-a

I 40
a

20

0

—
(CH3)3CNH2

,
1 1 1^1

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Using any necessary reagents, show how you would accomplish the following syntheses.

O

(c) ^N—H >

^
^NiCH,).

(e) N—CH,

COOH

CH,CH,

(mosquito repellent) -

The following drugs are synthesized using the methods in this chapter and in previous chapters. Devise a synthe-

sis for each, starting with any compound containing no more than six carbon atoms.

(a) Phenacetin, used with aspirin and caffeine in pain-relief medications.

(b) Methamphetamine, once considered a safe diet pill but now known to be addictive and destructive of brain tissue.

(c) Dopamine, one of the neurotransmitters in the brain. Parkinson's disease is thought to be the result of a

dopamine deficiency.

O NHCH,
HO

CH,,CH.O- NH—C—CH,

phenacetin

Give mechanisms for the following reactions.

(a)

O

+ (CH,),NH
NaBHjCN

CH.—CH—CH,

methamphetamine

N(CH,).

CH.CH.NH,

dopamine

H,. Pt

CN

The two most general amine syntheses are the reduction of amides and the reductive amination of carbonyl com-

pounds. Show how these techniques can be used to accomplish the following syntheses,

(a) benzoic acid benzylamine (b) benzaldehyde benzylamine

(c) pyrrolidine A'-ethylpyrrolidine (d) HOOC— (CH,)^—COOH 1,5-pentanediamine (cadaverine)

(e) cyclohexanone ^ A'-cyclohexylpyrrolidine
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Several additional amine syntheses are effectively limited to making primary amines. The reduction of azides and

nitro compounds and the Gabriel synthesis leave the carbon chain unchanged. Formation and reduction of a ni-

trile adds one carbon atom, and the Hofmann rearrangement eliminates one carbon atom. Show how these amine

syntheses can be used for the following con\ersions.

(a) allyl bromide —» allylamine

(b) ethylbenzene —* p-ethylaniline

(c) 3-phenylheptanoic acid 2-phenyl-l-he.xanamine

(d) 1 -bromo-3-phenylheptane —* 3-phenyl-l-heptanamine

( e ) 1 -bromo-3-phenylheptane —* 4-phenyl- 1 -octanamine

(a) Guanidine (below) is about as strong a base as hydroxide ion. Explain why guanidine is a much stronger base

than most other amines.

(b) Show why /j-nitroaniline is a much weaker base (3 pA't, units weaker) than aniline.

*(c) Explain why A',N,2.6-tetramethylaniline (belov\ ) is a much stronger base than A'.A'-dimethylaniline.

guanidine A',A'.2.6-tetramethylaniline A'A-dimethylaniline

Using toluene and alcohols containing no more than four carbon atoms as your organic starting materials, show-

how you would synthesize the following compounds in good yields.

(a) 1 -pentanamine (b) iV-methyl-l-butanamine (c) A'-ethyl-A/-propyl-2-butanamine

(d) benzyl-/(-propylamine (e) N=N OH

Using any necessary reagents, show how you would accomplish the following multistep syntheses.

CH,

(b)

CH,CH,CH,CH,

NO,

CH=CH,

CH,CH,

CH,NH,

The alkaloid coniine has been isolated from hemlock and purified. Its molecular formula is C^HpN. Treatment

of coniine with excess methyl iodide, followed by silver oxide and heating, gives the pure (S)-enantiomer of

A'.A^-dimethyl-7-octene-4-amine. Propose a complete structure for coniine. and show how this reaction gi\es the

obsened product.

A chemist is summoned to an abandoned waste-disposal site to determine the contents of a leaking, corroded bar-

rel. The barrel reeks of an o\ erpowering fishy odor The chemist dons a respirator to approach the barrel and col-

lect a sample, which she takes to her laboratory for analysis.

The mass spectrum shows a molecular ion at ni/z 101. and the most abundant fragment is at }n/z 86. The IR

spectrum shows no absorptions above 3000 cm"', many absorptions between 2800 and 3000 cm"', no absorptions

between 1500 and 2800 cm"', and a strong absorption at 1200 cm"'. The proton NMR spectrum shows a triplet

(7 = 7 Hz) at 51.0 and a quartet (J — 1 Hz) at 52.4. with integrals of 17 spaces and 1 1 spaces, respectively.

(a) Show w hat structural information is implied by each spectrum, and propose a structure for the unknown

toxic waste.

(b) Current EPA regulations prohibit the disposal of liquid wastes because they tend to leak out of their contain-

ers. Propose an inexpensive method for con\ erting this waste to a solid, relatively odorless form for reburial.

(c) Su22est how the chemist miaht remove the fishv smell from her clothina.
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19-57. The following spectra for A and B correspond to two structural isomers. The NMR singlet at 51 . 1 6 in spectrum A
disappears when the sample is shaken with DjO. The singlet at 5().6 ppm in the spectrum of B disappears on

shaking with DiO. Propose structures for these isomers, and show how your structures correspond to the spectra.

Show what cleavage is responsible for the base peak at ni/z 44 in the mass spectrum of A and the prominent peak

at ni/z 58 in the mass spectrum of B.

^ 60
a
•a

I 40

A
44

J.. .1 1. . ll, ...1

, M+ 73

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

m/z

200 ISO 160 I4U 120 100 bl) 60 40 20 0

A

1 1

— '4

2/

f
1

—1—

^

u
10 9 K 7 6 4 3 2 I 0

6 (ppm)
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'19-58. (A true stoiy.) A dnig enthusiast responded to an ad placed by a DEA infomiant in a drug-culture magazine. He later

flew from Colorado to Mainland, where he bought some 1 -phenyl-2-propanone (P2P) from the infomiant. The police

waited nearly a month for the suspect to synthesize something, then obtained a search warrant and searched the resi-

dence. They found the unopened bottle of P2P; apparently the suspect was not a good chemist and was unable to fol-

low the instructions the infomiant gave him. They also found pipes and bongs with residues of marijuana and cocaine,

plus a bottle of methylamine hydrochloride, some muriatic acid (dilute HCl ), zinc strips, flasks, and other equipment.

(a) Assume you are consulting for the police. Show what synthesis the suspect was prepared to carry out, to

provide probable cause for the charge of attempting to manufacture a controlled substance.

(b) Assume you are a member of the jury. Would you convict the defendant of attempting to manufacture a

controlled substance?
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19-59. An unknown compound shows a weak molecular ion at m/z 87 in the mass spectrum, and the only large peak is at

mJz. 30. The IR spectrum follows. The NMR spectrum shows only three singlets: one ot area 9 at ^).9. one of

area 2 at 51.0, and one of area 2 at 52.4. The singlet at 51.0 disappears on shaking with D^O. Determine the

structure of the compound, and show the favorable fragmentation that accounts for the ion at mJz 30.

wavelength I urn)

2.5 3 3.5 4 4.5 5 5.5 6 7 8 9 10 11 12 13 14 15 16

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm~'

)

*19-60. A compound of formula C, |H|f,N2 gives the IR, 'H NMR, and '^C NMR spectra shown below. The proton NMR
peak at 52.0 disappears on shaking with DiO. Propose a structure for this compound, and show how your struc-

ture accounts for the observed absorptions.
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CHAPTER20
Carboxylic Acids

The combination of a carbonyl group and a hydroxyl on the same carbon atom is 20-1
called a carboxyl group. Compounds containing the carboxyl group are distinctly

IntiroduCtion
acidic and are called carboxylic acids.

O O
II II—C—O—H R— C—O— H R—COOH R— CO,H

carboxyl group carboxylic acid condensed structures

Carboxylic acids are classified according to the substituent bonded to the carboxyl

group. An aliphatic acid has an alkyi group bonded to the carboxyl group, while an

aromatic acid has an aryl group. The simplest acid is formic acid, with a proton

bonded to the carboxyl group. Fatty acids are long-chain aliphatic acids derived

from the hydrolysis of fats and oils (Section 20-6).

O

H—C—O—

H

formic acid

o

CH,—CH.—C—O—

H

propanoic acid

(an aliphatic acid)

benzoic acid

(an aromatic acid)

o

CHjCCH,),,—C—O—

H

stearic acid

(a fatty acid)

A carboxylic acid donates protons by heterolytic cleavage of the acidic O—

H

bond to give a proton and a carboxylate ion. We consider the ranges of acidity and

the factors affecting the acidity of carboxylic acids in Section 20-4.

O O

R—C—O— H ^ R— C—O +

carboxylic acid carboxylate ion

909
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TABLE 20-1 Names and Physical Properties of Some Carboxylic Acids

})lp bn Soluhilitv

WPAC Name Common Name Formula (2/100 e H^O)

methanoic" formic HCOOH 8 101 ^ (miscible)

ethanoic" acetic CH,COOH 17 118 Xj

propanoic propionic CH,CH.COOH -21 141 oc

2-propenoic'' acrylic H,C=CH—COOH 14 141 30

butanoic butyric CH,(CH,),COOH -6 163 00

2-niethylpropanoic isobutyric (CH,)^CHCOOH -46 155 23

/ra/!,v-2-butenoic'' crotonic CH,—CH=CH—COOH 71 185 8.6

pentanoic valeric CH,(CH,),COOH -34 186 3.7

3-inethylbutanoic isovaleric (CH,).CHCH.COOH -29 177 5

2.2-diniethylpropanoic pivalic (CH,),C—COOH 35 164 2.5

hexanoic caproic CHi(CH,)4C00H -4 206 1.0

octanoic caprylic CH,(CH.)ftCOOH 16 240 0.7

decanoic capric CH,(CH,)8C00H 31 269 0.2

dodecanoic lauric CH,(CH,)inCOOH 44 i

tetradecanoic myristic CH,(CH.)pCOOH 54 i

hexadecanoic palmitic CH,(CH,)|4C00H 63 i

octadecanoic stearic 72 i

fK-9-octadecenoic^ oleic CH,(CH^)7CH=CH(CH,)7COOH 16 i

cis.cis-9, 1 2-octadecadienoic^ linoleic CH,(CH,)4CH=CHCHoCH=
CH(CH,)7C00H

-5 i

cyclohexanecarboxylic c-QH||C60H 31 233 0.2

benzoic benzoic C„Hs—COOH 122 249 0.3

2-methylbenzoic o-toluic (^-CH,C„H4C00H 106 259 0.1

3-methylbenzoic OT-toluic w-CH,Cf,H4C00H 112 263 0.1

4-methylbenzoic /j-toluic /;-CH,C6H4COOH 180 275 0.03

" lUPAC name is rarely used.

20-2 20-2A Common Names

Nomenclature of

Carboxylic Acids

Several aliphatic carboxylic acids have been known for hundreds of years, and their

common names reflect their historical sources. Formic acid was extracted from ants:

formica in Latin. Acetic acid was isolated from vinegar, called acetum ("sour") in

Latin. Propionic acid was considered to be the first fatty acid, and the name is de-

rived from the Greek protos pion ("first fat"). Butyric acid results from the oxidation

of butyraldehyde, which is found in butter: butyrum in Latin. Caproic. caprylic. and

capric acids are found in the skin secretions of goats: caper in Latin. The names and

physical properties of some carboxylic acids are shown in Table 20- 1

.

In common names, the positions of substituents are named using Greek let-

ters. Notice that the lettering begins with the carbon atom adjacent to the carboxyl

carbon, the a carbon. With common names, the prefix iso- is sometimes used for

acids ending in the — CH(CH3)2 grouping.

c—c—c—c— c-

E 6 y ji a

o

-C—OH

CI O
I II

CH,—CH— C—OH
(i ~ a

a-chloropropionic acid

NH, O CH, O

CH,—CH.—CH.—C-
y - a - a

'

y-aminobutyric acid

-OH CH —CH—CH,—C—OH
y a

'

isovaleric acid

(/3-methylbutyric acid)
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20-2B lUPAC Names

The IL'PAC nomenclature for carboxylic acids uses the name of the alkane that cor-

responds to the longest continuous chain of carbon atoms. The final -e in the alkane

name is replaced by the suffix -oic odd. The chain is numbered, starting with the car-

boxyl carbon atom, to give positions of substituents along the chain. In naming, the

carboxyl group takes priority over any of the functional groups discussed previously.

O

o
II

!I '!> \(' name:

ciimmon name:

NH.

formic acid

o

-C—C—C—C—C—C—OH
6 5 4 3 2 1

o o

H—C—OH CH3—C—OH CH3—CH—C—OH

O O

CH,CCH—C—OH

CHXH.CH,

iiicthaiioic acid clhanoic acul 2-c\cUihc\\ipropainiic acid .i-o\i>-2-pnip\ Ihiiiaih 'ic acitl

acetic acid a-cyclohexylpropionic acid

Ph O

a-acetyivaleric acid

CH, O

CH.-
4

IIPAC name:

common name:

CH.—CH,— C—OH CH,—CH,—CH—CH,—C—OH CH,—CH—CH,—C—OH

4-aminohuIanoic acid

y-aminobutyric acid

4 3 2 1

3-phcnylpentanoic acid

jS-phenylvaleric acid

4 3 2 1

.Vmctliylbutanoic acid

isovaleric acid

Unsaturated acids are named using the name of the coiresponding alkene. with

the final -e replaced by -oic acid. The carbon chain is numbered starting with the car-

boxyl carbon, and a number gives the location of the double bond. The stereochem-

ical terms cis and trans (and Z and E) are used as they are with other alkenes.

Cycloalkanes with —COOH substituents are generally named as cycloalkanecar-

boxxlic acids.

CH,—CH, H
6 - 5V /

c=c
/4 3\

H,C CH.- COOH

(f)-4-methyl-3-hexenoic acid

Ph H
\ /
C=C

/ 2\
H COOH

1

fr(:»(,v-3-phen\i-2-propenoic acid

(cinnamic acid)

COOH

3.3-dimethylcyclohexanecarboxylic acid

Aromatic acids of the form Ar—COOH are named as derivatives of benzoic

acid. Ph—COOH. As with other aromatic compounds, the prefixes ortho-. meta-. and

para- may be used to give the positions of additional substituents. Numbers are used

if there are more than two substituents on the aromatic ring. Many aromatic acids have

common names that are unrelated to their structures.

COOH

benzoic acid

H,N

COOH

p-aminobenzoic acid

COOH

OH
o-hydroxybenzoic acid

(salicvclic acid)

COOH

COOH

H,C
/j-methylbenzoic acid

(p-toluic acid)

«-naphthoic acid
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20-2C Nomenclature of Dicarboxylic Acids

Common Names ofDicarboxylic Acids. A dicarboxylic acid (also called a diacid

)

is a compound with two carboxyl groups. The common names of simple dicarboxylic

acids are used more frequently than their systematic names. A common mnemonic

used for these names is "Oh my, such good apple pie," standing for oxalic, wal-

onic, succinic, glutaric, adipic, and /?imelic acids. The names and physical proper-

ties of some dicarboxylic acids are given in Table 20-2.

TABLE 20-2 Names and Physical Properties of Some Simple Dicarboxylic Acids

^^^^<J^OC^'^ mp Solubilin-

lUPACName Common Name Formula (°C) (g/lOOgH.O)

ethanedioic oxalic HOOC—COOH 189 14

propanedioic malonic ' HOOCCH.COOH 136 74

butanedioic succinic^ HOOC(CH,),COOH 185 8

pentanedioic glutaric - HOOC(CH2),COOH 98 64

hexanedioic adipic- H00C(CH,)4C00H 151 2

heptanedioic pimelic H00C(CH,)5C00H 106 5

c/5-2-butenedioic maleic- m-HOOCCH=CHCOOH 130.5 79
rra/!5-2-butenedioic fumaric- fra/7i-H00CCH=CHC00H 302 0.7

benzene- 1.2-dicarboxy lie phthalic- l,2-QH4(COOH)3 231 0.7

benzene- 1,3-dicarboxy lie isophthalic l,3-C(,H4(COOH)2 348

benzene- 1.4-dicarboxy lie terephthalic l,4-QH4(COOH)2 300 subl. 0.002

Substituted dicarboxylic acids are given common names using Greek letters,

as with the simple carboxylic acids. Greek letters are assigned beginning with the car-

bon atom adjacent to the carboxyl group that is closer to the substituents.

O Br O O CH, Ph

HO—C—CH,—CH—CH.—CH,—C—OH

/3-bromoadipic acid

o

-CH,—C—OHHO—C—CH—CH-
a P

-
y

a-methyl-/3-phenylglutaric acid

Benzenoid compounds with two carboxyl groups are named phthalic acids.

Phthalic acid itself is the ortho isomer. The meta isomer is called isophthalic acid,

and the para isomer is called terephthalic acid.

COOH

COOH
^;-phtlialic acid

phthalic acid

HOOC COOH /-\/COOH

;«-phthalic acid

isophthalic acid

HOOC
/j-phthalic acid

terephthalic acid

lUPAC Names ofDicarboxylic Acids. Aliphatic dicarboxylic acids are named sim-

ply by adding the suffix -dioic acid to the name of the parent alkane. For straight-

chain dicarboxylic acids, the parent alkane name is determined by using the longest

continuous chain that contains both carboxyl groups. The chain is numbered begin-

ning with the carboxyl carbon atom that is closer to the substituents, and these num-

bers are used to give the positions of the substituents.

O Br O O CH, Ph O

HO— C—CH,—CH—CH,—CH,—C—OH

3-broniohexanedioic acid

HO—C—CH—CH—CH,—C—OH
I : ! 4 ~ 5

2-methyl-3-phenylpentanedioic acid
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The system for naming cyclic dicarboxylic acids treats the carboxyl groups as

substituents on the cychc structure.

COOH

rooH

mills- 1 .3-cyclopentanedicarboxylic acid

COOH
1.3-benzenedicarboxylic acid

PROBLEM 20-1

Draw the structures of the following carboxylic acid

(a) Q-niethylbutyric acid

(c) 4-aminopentanoic acid

(e) /ra;rv-2-methylcyclohexanecarboxylic acid

(g) /»-chlorobenzoic acid

( i ) /3-aminoadipic acid

PROBLEM 20-2

(b) 2-bromobutanoic acid

(d) t /.v-4-phenyl-2-butenoic acid

(f ) 2.3-dimethylfumaric acid

(h) 3-methylphthalic acid

(j) 3-chloroheptanedioic acid

Name the following carboxylic acids. When possible, give both a common name and a sys-

tematic name.

I CHXH, /\ .COOH

COOH (b) COOH

(e)

COOH HOOC

COOH

CI HC

Structure ofthe Carboxyl Group. The stmcture of the most stable conformation of

fomiic acid is shown below. The entire molecule is approximately planar. The sp' hy-

brid carbonyl carbon atom is planar, with nearly trigonal bond angles. The O—

H

bond also lies in this plane, eclipsed with the C=0 bond.

O
I 24 '/^

bond angles

O
(W7A

H O
bond lengths

It seems surprising that an eclipsed conformation is most stable. It appears that

one of the unshared electron pairs on the hydroxyl oxygen atom is delocalized into

the electrophilic pi system of the carbonyl group. We can draw the following reso-

nance forms to represent this delocalization.

O" :0: :or

20-3

Structure and

Physical Properties

of Carboxylic Acids

H .0.

r

H .0. H

C

major very minor
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Boiling Points. Carboxylic acids boil at considerably higher temperatures than do

alcohols, ketones, or aldehydes of similar molecular weights. For example, acetic

acid (MW 60) boils at 1 18°C, 1-propanol (MW 60) boils at 97°C, and propionalde-

hyde (MW 58) boils at 49°C.

O O

CH3—C—OH CH3—CH^—CH2—OH CH3—CH2— C—

H

acetic acid, bp 1 18°C 1-propanol, bp 97°C propionaldehyde, bp 49°C

The high boiling points of carboxylic acids result from formation of a stable,

hydrogen-bonded dimer. This dimer contains an eight-membered ring joined by two

hydrogen bonds, effectively doubling the molecular weight of the molecules leaving

the liquid phase.

0---H—

O

/- \
R—C ,C—

R

\ /-

O— H---0

hydrogen-bonded acid dimer

Melting Points. The melting points of some common carboxylic acids are given in

Table 20-1 (page 910). Acids containing more than 8 carbon atoms are generally

solids, unless they contain double bonds. The presence of double bonds (especially

cis double bonds) in a long chain impedes the formation of a stable crystal lattice,

resulting in a lower melting point. For example, both stearic acid (octadecanoic acid)

and linoleic acid (rz.9,r/5-9,12-octadecadienoic acid) have 18 carbon atoms, but stearic

acid melts at 70°C and linoleic acid melts at -5°C.

9 H HH H
II \ / \ / n

CH3— (CH.),,—C—OH /^^^\ /^^\
\\

stearic acid, mp 70°C CH.lCH,), CH, (CH,)^—C—OH
linoleic acid, mp — 5°C

The melting points of dicarboxylic acids (Table 20-2, page 912) are relatively

high. With two carboxyl groups per molecule, the forces of hydrogen bonding are par-

ticularly strong in diacids; a high temperature is required to break the lattice of

hydrogen bonds in the crystal and melt the diacid.

Solubilities. Carboxylic acids form hydrogen bonds with water, and the lower-

molecular-weight carboxylic acids (up through 4 carbon atoms) are miscible with

water. As the length of the hydrocarbon chain increases, water solubility decreases

until acids with more than 10 carbon atoms are essentially insoluble in water. The

water solubilities of some simple carboxylic acids and diacids are given in Tables

20-1 and 20-2.

Carboxylic acids are very soluble in alcohols because acids form hydrogen

bonds with alcohols. Also, alcohols are not as polar as water, so the longer chain

acids are more soluble in alcohols than they are in water. Most carboxylic acids

are quite soluble in relatively nonpolar solvents such as chloroform because the

acid continues to exist in its dimeric form in the nonpolar solvent. Thus, the

hydrogen bonds of the cyclic dimer are not disrupted when the acid dissolves in

a nonpolar solvent.
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20-4A Measurement ofAcidity

A carboxylic acid may dissociate in water to give a proton and a carboxylate ion. The

equilibrium constant A',, for this reaction is called the acid-dissociation constant. The

pA',, of an acid is the negative logarithm of A".,, and we commonly use pA', as an in-

dication of the relative acidities of different acids (Table 20-3).

O

R— C—O—H + H,0

K. =

O

R—C—

O

-f-

[R— C0,][H30^]

[R— CO,H]

10 ') for simple carboxylic acids. For exam-Values of pA',, are about 5 (
A'^

pie, acetic acid has a pAT,, of 4.7 (A',, = 1.8 X 10 ""'). Although carboxylic acids are

not as strong as most mineral acids, they are still much more acidic than other func-

tional groups we have studied. For example, alcohols have pA'^ values in the range

16 to 18. Acetic acid (pA', = 4.74) is about 10" times as acidic as the most acidic

alcohols! In fact, concentrated acetic acid causes acid bums when it comes into con-

tact with the skin.

20-4

Acidity of

Carboxylic Acids

PROBLEM-SOLVING HINT
In an aqueous solution, an acid

will be mostly dissociated if the

pH is above (more basic than)

the acid's pK^.and mostly undis-

sociated if the pH is below

(more acidic than) the acid's pKj.

iadLc zu-j values oi an d pKj for Some S mple Carboxylic Acids and

Dicarboxylic Acids

Foniiiila Name Values

Simple carboxylic acids

K, (at 25 °C) pA-„

HCOOH methanoic acid 1.77 X 10"'* 3.75

CH,COOH ethanoic acid 1.76 X 10"' 4.74

CH,CH,COOH propanoic acid 1.34 X 10"' 4.87

CH,(CHo,COOH butanoic acid 1.54 X 10"' 4.82

CH,(CH,),COOH pentanoic acid 1.52 X 10"' 4.81

CH,(CH04C00H hexanoic acid 1.31 X 10"' 4.88

CH,(CHO„COOH octanoic acid 1.28 X 10"' 4.89

CH,(CHOsCOOH decanoic acid 1.43 X 10"' 4.84

Ce,H,COOH benzoic acid 6.46 X 10"' 4.19

p-CH,C(,H4COOH /'-toluic acid 4.33 X 10"' 4.36

p-ClCf,H4COOH /7-chlorobenzoic acid 1.04 X 10"' 3.98

p-NOAHjCOOH /)-nitrobenzoic acid 3.93 X 10"' 3.41

Dicarboxylic acids

A',„ pA.,:

HOOC—COOH oxalic 5.4 X 10"- 1.27 5.2 X 10--5 4.28

HOOCCH.COOH malonic 1.4 X 10"' 2.85 2.0 X 10"-6 5.70

H00C(CH\),C00H succinic 6.4 X 10"' 4.19 2.3 X 10--6 5.64

HOOC(CH,),COOH glutaric 4.5 X 10"' 4.35 3.8 X 10
-6

5.42

HOOC(CH.)4COOH adipic 3.7 X 10"' 4.43 3.9 X 10"-6 5.41

m-HOOCCH=CHCOOH maleic 1.0 X 10"- 2.00 5.5 X 10"-7 6.26

fra;i.v-HOOCCH=CHCOOH fumaric 9.6 X lO"-" 3.02 4.1 X 10"-5 4.39

1.2-C,H4(COOH), phthalic 1.1 X 10"' 2.96 4.0 X 10
-6

5.40

1.3-Ce,H4(COOH), isophthalic 2.4 X 10"' 3.62 2.5 X 10
-5

4.60

1.4-C,H4(COOH). terephthalic 2.9 X lO"' 3.54 3.5 X 10"-5 4.46
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R—O— H+H.O: c ^ R— Q: + H3O+ [k = 10'^^)

alcohol alkoxide

O"

II ..

R— C—O— H + H.O:

acid

R— OH + H^O

R— COOH + H^O

+ "3^ (Kb 10-5)

+ H3O+

+ H,0^

Figure 20-1

Carboxylic acids are more acidic than alcohols because carboxylate ions are more stable

than alkoxide ions.

Dissociation of either an acid or an alcohol involves breaking an O—H bond,

but dissociation of a carboxylic acid gives a carboxylate ion with the negative charge

spread out equally over two oxygen atoms, compared with just one oxygen in an

alkoxide ion (Fig. 20-1 ). The delocalized charge makes the carboxylate ion more

stable than the alkoxide ion; therefore, dissociation of a carboxylic acid to a car-

boxylate ion is less endothermic than dissociation of an alcohol to an alkoxide ion.

The carboxylate ion can be visualized either as a resonance hybrid (as in Fig.

20-1 ) or as a conjugated system of three p orbitals containing four electrons. The

carbon atom and the two oxygen atoms are sp' hybridized, and each has an unhy-

bridized p orbital. Overlap of these three p orbitals gives a three-center 7r-molecu-

lar orbital system. There is half a Trbond between the carbon and each oxygen atom,

and there is half a negative charge on each oxygen atom (Fig. 20-2).

Table 20-3 gives pA^^ values for dicarboxylic acids in addition to those for sim-

ple carboxylic acids. Diacids have two dissociation constants: K^i is for the first dis-

Figure 20-2

Structure of the acetate ion.

Each C—O bond has a bond

order of ^ from one a bond and

half a 71 bond. Each oxygen

atom bears half of the negative

charge.

CH,

02

02
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sociation. and A',,2 is for the second dissociation, to give a dianion. The second car-

boxyl group is always less acidic than the first (A'.,2« A"^]) because extra energy is

required to create a second negative charge close to another, mutually repulsive, neg-

ative charge.

O
II

o
II

x
\

H,0-

HO OH
malonic acid

O
II

o
1.4 X 10-^

o

,c
CH.

anion

\
OH

K^, = 2.0 X 10-<'

2 H,0^

O
II

o

o
II

,c
ch:

dianion

\
O

20-4B Substituent Effects on Acidity

A substituent that stabilizes the negatively charged carboxylate ion enhances disso-

ciation and results in a stronger acid. Electronegative atoms enhance the strength of

an acid in this manner. This inductive eftect can be quite large if one or more strong-

ly electron-withdrawing groups are present on the a-carbon atom. For example,

chloroacetic acid (CICH2—COOH ) has a p^., of 2.86. indicating that it is a stronger

acid than acetic acid (p^^ = 4.74). Dichloroacetic acid (CKCH—COOH) is stronger

yet. with a pA'^ of 1 .26. Trichloroacetic acid (CI3C—COOH) has a pA',, of 0.64. com-

parable in strength to some mineral acids.

The magnitude of a substituent effect depends on its distance from the car-

boxyl group. Substituents on the a-carbon atom are most effective in increasing acid

strength. More distant substituents have smaller effects on acidity, showing that in-

ductive effects decrease rapidly with distance.

H O

H—C—C—O—

H

H
acetic acid

pA', = 4.74

H O

CI—C— C—O—

H

H
chloroacetic acid

p^.:, = 2.86

H O
I II

CI—C—C—O—

H

CI

dichloroacetic acid

pA; = 1.26

CI O

CI—C—C—O—

H

CI

trichloroacetic acid

p^'^ = 0.64

stronger acids

CI o
I II

CH,—CH.—CH.—C-

4-chlorobutanoic acid

pA' = 4.52

CI o

-OH CH,—CH— CH,—C-
3-chlorobutanoic acid

pA' = 4.05

CI O
I II

OH CH,—CH,—CH—C-
2-chlorobutanoic acid

pA',, = 2.86

OH

Table 20-4 lists values of and pA'^ for some substituted carboxylic acids,

showing how electron-withdrawing groups enhance the strength of an acid.

PROBLEM 20-3

Rank the compounds in each set in order of increasing acid strength.

(a) CH,—CH,—COOH CH,—CHBr—COOH CH,—CBr,—COOH
(b) CH,—CH,—CH,—CHBr—COOH CH,—CH,—CHBr—CH,—COOH
CH,—CHBr—CH,—CH,COOH
(c) CH,CHCOOH CH,CHCOOH CH,CH,COOH CH,CHCOOH

NO, CI C=N
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TABLE 20-4 Values of and pK^ for Substituted

Carboxylic Acids

Acid

F,CCOOH
Cl,CCOOH
CIXHCOOH
0,N—CH,COOH
NCCH,CO'OH
FCHXbOH
CICH.COOH
CH,CH,CHC1C00H
BrCH.COOH
ICH.COOH
HC^CCHXOOH
CH,OCH,CbOH
HOCH.CbOH
CH,CHCICH.COOH
Cf,H,CH,C06H
ch,=chch,cooh
cich.chxh',cooh
CH,cbOH
CH,CH,CH,COOH
CH,CH^CObH

5.9 X 10"' 0.23

2.3 X 10 ' 0.64

5.5 X 10-- 1.26

2.1 X 10-2 1.68

3.4 X 10 2.46

2.6 X 10-3 2.59

1.4 X 10--3 2.86

1.4 X 10"^ 2.86

1.3 X 10-3 2.90

6.7 X 10-* 3.18

4.8 X 10-* 3.32

2.9 X 10 3.54

1.5 X lo-* 3.83

8.9 X 10-5 4.05

4.9 X 10-5 4.31

4.5 X 10-5 4.35

3.0 X 10-5 4.52

1.8 X 10-5 4.74

1.5 X 10-5 4.82

1.3 X 10-5 4.87

Carboxylic Acids

20-5 A strong base can completely deprotonate a carboxylic acid. The products are a car-

SaltS of
^^^y''^^^ io'^' cation remaining from the base, and water. The combination of a

carboxylate ion and a cation is a salt of a carboxylic acid.

O O

R—C—O—H + M+ OH R—C—0-M+ + H.O
carboxylic acid strong base acid salt water

For example, sodium hydroxide deprotonates acetic acid to form the sodium

salt of acetic acid. ^—- -

O O
II II

CH,— C—O—H + Na+ OH CH,—C—O +Na + H.O
acetic acid sodium hydroxide sodium acetate

Because mineral acids are stronger than carboxylic acids, addition of a miner-

al acid converts a carboxylic acid salt back to the original carboxylic acid.

O O
II II

R—C—O-^M + H" R—C—O—H +
acid salt reaenerated acid

Example

O O
II II

CH,— C—O+Na + H+Cl CH,—C—O—H + NaCr
sodium acetate acetic acid

Carboxylic acid salts have very different properties from the acids, including

enhanced solubility in water and less odor. Because acids and their salts are easily

interconverted, these salts serve as useful derivatives of carboxylic acids.
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Nomenclature of Carboxylic Acid Salts. Salts of carboxylic acids are named sim-

ply by naming the cation, then naming the carboxylate ion by replacing the -ic acid

part of the acid name with -ate. The example above shows that sodium hydroxide re-

acts with acetic acid to form sodium acetate. The following examples show the for-

mation and nomenclature of some other salts.

O O

lUFAC name:

common name:

R'PAC name:

common name:

CHjCH.CH.CH.—C—OH +
pentanoic acid

valeric acid

O

CH^CH^CH,—C—OH +
butannic aci^I

butyric acid

LiOH
lithium livdmxidc

:NH,

CHjCHXH.CH,—C—O Li

lithium pentanoatc

lithium valerate

O

CH3CH2CH2—C—O +NH4
aiiiiiinniiini butanoak-

ammonium butvrate

Properties ofAcid Salts. Like the salts of amines (Chapter 19). carboxylic acid

salts are solids with little odor. They generally melt at high temperatures, and they

often decompose before reaching their melting points. Carboxylate salts of the alkali

metals (Li^. Na^, K"^) and ammonium (NH4) carboxylates are generally soluble in

water but relatively insoluble in nonpolar organic solvents. Soap is a common ex-

ample of carboxylate salts, consisting of the soluble sodium salts of long-chain fatty

acids (Chapter 25 ). Carboxylate salts of most other metal ions are insoluble in water.

For example, when soap is used in "hard" water containing calcium, magnesium, or

iron ions, the insoluble carboxylate salts precipitate out as "hard-water scum."

O

2CH3(CH,)„—C—

O

a soap

O

^Na + Ca^- [CH3(CH.),^— C— 0],Ca i + 2 Na^

"'hard-water scum""

Salt formation can be used to identify and purify acids. Carboxylic acids are

deprotonated by the weak base sodium bicarbonate, forming the sodium salt of the

acid, carbon dioxide, and water. An unknown compound that is insoluble in water,

but dissolves in a sodium bicarbonate solution with a release of bubbles of carbon

dioxide, is almost certainly a carboxylic acid.

O
il

R—C—O—

H

insoluble in water

+ NaHCO.

O

R—C—O +Na
water soluble

+ H,0 + CO. T

Some purification methods take advantage of the different solubilities of acids

and their salts. Nonacidic (or weakly acidic) impurities can be removed from a car-

boxylic acid using acid-base extractions. First, the acid is dissolved in an organic sol-

vent such as ether and shaken with water. The acid remains in the organic phase while

any water-soluble impurities are washed out. Next, the acid is washed with aqueous

sodium bicarbonate, fomiing a salt that dissolves in the aqueous phase. Nonacidic

impurities (and weakly acidic impurities such as phenols) remain in the ether phase.

The phases are separated, and acidification of the aqueous phase regenerates the acid.

PROBLEM 20-4

Phenols are less acidic than carboxylic acids, with values of pA'^ around 10. Phenols are de-

protonated by (and therefore soluble in) solutions of sodium hydroxide but not by solu-

tions of sodium bicarbonate. Explain how you would use extractions to isolate the three pure

compounds from a mixture of /^-cresol (/^-methylphenol), cyclohexanone, and benzoic acid.
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PROBLEM 20-5

Oxidation of a primary alcohol to an aldehyde usually gives some overoxidation to the car-

boxylic acid. Assume you have used PCC to oxidize 1-pentanol to pentanal.

(a) Show how you would use acid-base extraction to purify the pentanal.

(b) Which of the expected impurities cannot be removed from pentanal by acid-base ex-

tractions? How would you remove this impurity?

20-6 The most important commercial aliphatic acid is acetic acid. Vinegar is a 5 percent

Commercial Sources ^'l'^^^"^ solution of acetic acid used in cooking and in prepared foods such as pick-

A -J
les. ketchup, and salad dressings. Vinegar is produced by fermentation of sugars and

OT L.a.rDOXyllC ACiaS starches. An intermediate in this fermentation is ethyl alcohol. When fermented al-

coholic beverages such as wine and cider are exposed to air, the alcohol oxidizes to

acetic acid. This is the source of "wine vinegar" and "cider vinegar."

O
fermentation „ „ „ fermentation II

sugar and starches * CH,—CH,—OH > CH,—C—OH
ethyl alcohol ~ vinegar

Acetic acid is also an industrial chemical. It serves as a solvent, a starting ma-

terial for synthesis, and a catalyst for a wide variety of reactions. Some industrial

acetic acid is produced from acetylene, using a mercuric-catalyzed hydration (see Sec-

tion 9-9F) to form acetaldehyde, followed by a catalyzed air oxidation to acetic acid.

O O
H,0. HgSO,. H,SO, II II

H—C=C—H — =
* CH,— C—H ^ ,

"
,

> CH,—C—O—

H

cobalt acetate *

acetylene acetaldehyde (catalyst) acetic acid

Methanol can also serve as the feedstock for an industrial synthesis of acetic

acid. The rhodium-catalyzed reaction of methanol with carbon monoxide requires

high pressures, so it is not suitable for a laboratory synthesis.

Rh catalyst

CH.OH + CO n ^ CH,COOH
neat, pressure

methanol acetic acid

Figure 20-3 shows how long-chain aliphatic acids are obtained from the hy-

drolysis of fats and oils, a reaction discussed in Chapter 25. The fatty acids found

in fats and oils are generally straight-chain acids with even numbers of carbon atoms

ranging between about C(, and Cig. The hydrolysis of animal fat gives mostly

Figure 20-3

Hydrolysis of a fat or an oil

gives a mixture of the salts of

straight-chain fatty acids.

Animal fats contain primarily

saturated fatty acids, while

most vegetable oils are polyun-

saturated.

O

CH,-o~c-AAAA/V\

o

CH—o-c-^WW\
o

CH,— o— c-/WVW\
fat or oil

"OH/HjO

tiydrolysis

CH,— OH

CH— OH

CH,— OH
glycerol

O

-o_c-VVWVV\

o

-o_c^VWV\
O

-o_|^WWV\
fatty acid salts

(soap)
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saturated fatty acids, while plant oils give large amounts of unsaturated fatty acids

with one or more olefmic double bonds.

Some of the aromatic carboxylic acids are also commercially important. Ben-

zoic acid is used as an ingredient in medications, a preservative in foods, and a start-

ing material for synthesis. Benzoic acid can be produced by the oxidation of toluene

with potassium pemianganate. nitric acid, or other strong oxidants.

HNO,
COOH

toluene benzoic acid

Two important commercial diacids are adipic acid (hexanedioic acid) and

phthalic acid ( 1,2-benzenedicarboxyl acid). Adipic acid is used in the manufacture

of nylon 66. and phthalic acid is used to make polyesters. The industrial synthesis of

adipic acid uses benzene as the starting material. Benzene is hydrogenated to cy-

clohexane. whose oxidation (using a cobalt/acetic acid catalyst) gives adipic acid.

Phthalic acid is produced by the direct oxidation of naphthalene or xylene using a

vanadium pentoxide catalyst.

H,. Ni

high pressure

The vinegaroon (whip-tail

scorpion) expels a spray of

acetic acid to repel predators.

Co(OCOCH,),.CH,COOH

benzene cvclohexane

or

CH,
heat

/--.^COOH

xylene naphthalene

COOH
phthalic acid

20-7A Infrared Spectroscopy

The most obvious feature in the infrared spectrum of a carboxylic acid is the intense

carbonyl stretching absorption. In a saturated acid, this vibration occurs around

1710 cm often broadened by hydrogen bonding involving the carbonyl group. In

conjugated acids, the carbonyl stretching frequency is lowered to about 1690 cm~'.

^ rio cm--'

R—C—O—

H

^ I
'Son cm

:c=c—C—O—

H

-2500-3500 cnr 2500-?500 cm '

The O—H stretching vibration of a carboxylic acid absorbs in a broad band

around 2500-3500 cm"'. This frequency range is lower than the hydroxyl stretch-

ing frequencies of water and alcohols, whose O—H groups absorb in a band cen-

tered around 3300 cm '. In the spectrum of a carboxylic acid, the broad hydroxyl

band appears right on top of the C—H stretching region. This overlapping of ab-

sorptions gives the 3000 cm ' region a characteristic appearance of a broad peak

(the O—H stretching) with sharp peaks (C—H stretching) superimposed on it.

The IR spectrum of 2-methylpropenoic acid (methacrylic acid) is shown in

Figure 20-4. Compare this conjugated example w ith the spectrum of hexanoic acid

(Fig. 12-1 1. p. 514). Notice the shift in the position of the carbonyl absorptions and

notice that the conjugated, unsaturated acid has a fairly strong C=C stretching ab-

sorption around 1630 cm"', just to the right of the carbonyl absorption.

20-7

Spectroscopy of

Carboxylic Acids
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Figure 20-4

IR spectrum of 2-methyl-

propenoic acid.

40nfl 3500 3000 2500 2000 1800 1600 1400 1200 1000

wavenumber (cnr'j

800 600

•;0-

V

\

PROBLEM 20-6

The IR spectrum of rra/;.?-2-octenoic acid appears below. Point out the spectral character-

istics that allow you to tell that this is a carboxylic acid, and show which features lead you

to conclude that the acid is unsaturated and conjugated.

2.5

100

'

wavelength (|im)

3.5 4 4.5 5 5.5 6 7 8 9 10 11 12 13 14 15 16

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000

wavenumber (cm"'

)

800 600

20-7B NMR Spectroscopy

Carboxylic acid protons are the most deshielded protons we have encountered, ab-

sorbing between 510 and 513. Depending on the solvent and the concentration, this acid

proton peak may be sharp or broad, but it is always unsplit due to proton exchange.

H O

—C—C—O—

H

Ji ^810-613

^ 62.0-62.5

The protons on the a-carbon atom absorb between 52.0 and 52.5, in about the

same position as the protons on a carbon atom alpha to a ketone or an aldehyde. The

proton NMR spectrum of butanoic acid is shown in Figure 20-5.

Q sextet (overlapping quartet of triplets)

H—O—C—CH,—CH.—CH3
/ /

' \
611.2 82.4 81.6 81.0

singlet triplet triplet

The carbon NMR chemical shifts of carboxylic acids resemble those of ke-

tones and aldehydes. The carbonyl carbon atom absorbs around 180 ppm, and the
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200 180 IWi 140 120 100 80 60 40 20 0
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1
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'
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-CH,— CH,— CH,

1

1

II

' HO— C- —
1

Offset: 2.0 ppm.

r

10 9 8 7 6 5 4 2 1 0

6 ( ppm

)

Figure 20-5

Proton NMR spectrum of butanoic acid.

a-carbon atom absorbs around 30 to 40 ppm. The chemical shifts of the carbon

atoms in hexanoic acid are the following:

O
II

HO—C—CH,—CH,—CH.—CH,— CH,
! I I

, I

181 34 25 31 22 14 (ppm)

PROBLEM 20-7

(a) Determine the structure of the carbo.xylic acid whose proton NMR spectrum appears

below.

(b) Draw the NMR spectrum you would e.xpect from the corresponding aldehyde whose

oxidation would give this carboxylic acid.

(c) Point out two distinctive differences in the spectra of the aldehyde and the acid.

600 500 400

Hz

300 200 100

1 1 1

n
/

i

1

I

1 Jffsel: 5.0 npni

1

ii
IIIIM INI INI INI INI INI INI mmImm IN. INI 1 1 1 1 Nil Nil iInn Nil Inn 1 1 1 1 1

1

10.0 9.0 8.0 7.0 6.0 5.0 4.0

6 ( ppm

)

3.0
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20-7C Ultraviolet Spectroscopy

Saturated carboxylic acids have a weak n tt* transition that absorbs around 200

to 215 nm. This absorption corresponds to the weak transition around 270 to 300 nm
in the spectra of ketones and aldehydes. The molar absorptivity is very small (about

30 to 100), and the absorption often goes unnoticed.

Conjugated acids show much stronger absorptions. One C=C double bond

conjugated with the carboxyl group results in a spectrum with A^,^^ still around

200 nm, but with molar absorptivity of about 10,000. A second conjugated dou-

ble bond raises the value of Ai,,^^ to about 250 nm, as illustrated by the following

examples.

CH,=CH

CH,—CH=CH—CH=CH

II—C—OH A,„^^ = 200 nm e = 10,000

O

—C—OH A„.,^ - 254 nm e = 25.000

20-7D Mass Spectrometry

The molecular ion peak of a carboxylic acid is usually small because favorable

modes of fragmentation are available. The most common fragmentation is loss of

a molecule of an alkene (the McLafferty reanangement, discussed in Section 18-5D).

Another common fragmentation is loss of an alkyl radical to give a resonance-sta-

bilized cation with the positive charge delocalized over an allylic system and two

oxygen atoms.

H O

R—C—C— C.
I I

OH

loss of an alkyl group

R- +

?-^^|"

HO-^ ^C-^ \
/ \

McLafferty reairangement

H0+
II

:c==c: OH

,H

O'

-C.

HO" "^c.

( m/z is even

)

HO

,c;

;c=c; ^OH

resonance-stabilized cation

{iiiiz is odd)

\/
C

+
II

c
/\

HO

;c=c: ^o+H

The mass spectrum of pentanoic acid is given in Figure 20-6. The base peak at

m/z 60 corresponds to the fragment from loss of propene via the McLafferty re-

aiTangement. The strong peak at //;/- 73 corresponds to loss of an ethyl radical with

reanangement to give a resonance-stabilized cation.

PROBLEM 20-8

Draw all four resonance forms of the fragment at m/z 73 in the mass spectrum of pen-

tanoic acid.
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100

80

^ 60

-a

I 40

20

0

60

—
1

CH^CH.CH^CH.COOH

73

1 ill I,.

102
/

20 30 40 50 60 70

O

HO'

H

,CH.

O

CH3CH2+ CH2— CHo— C— OH
'— 73

90 100

O

HO CHn

//;/.- 60

CH.CHy +

neutral,

not obsci N ed

10 120 130 140 150 160

H.

H

C

neutral,

not observed

HO

^ ^H
ni/z 73

OH

PROBLEM 20-9

Use equations to explain the prominent peaks at ni/z 74 and ni/z 87 in the mass spectrum

of 2-methylpentanoic acid.

100

80

y 60
a

I 40

20

0

74

1

i

j

i

' - -
1

CH,

, 1 ll ll

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

m/z

20-8A Review of Previous Syntheses

We have ah"eady encountered three methods for preparing carboxyHc acids: ( 1 ) ox-

idation of alcohols and aldehydes, (2) oxidative cleavage of alkenes and alkynes,

and (3) severe side-chain oxidation of alkylbenzenes.

1. Primary alcohols and aldehydes are commonly oxidized to acids by chromic

acid (H2Cr04, formed from NajCr^Oy and H2SO4). Potassium permanganate

is occasionally used, but the yields are often lower (Sections 1 1-2B and 18-20).

R—CH.—OH
primary alcohol

H^CrO^

(or KMnO_j)

o

R—C—

H

aldehyde

H.CrO,

Figure 20-6

The mass spectrum of

pentanoic acid shows a weak

parent peak, a base peak from

the McLaffeily reanangement,

and another strong peak from

loss of an ethyl radical.

20-8

Synthesis of

Carboxylic Acids

(or KMnO^)

o
!|

R— C—OH
carboxylic acid



926 Chapter 20: Carboxylic Acids

Example

Ph—CH,—CH,—CH,—OH
3-phenylpropanol

Na^Cr.O^, H^SO^

o

Ph—CH.—CH3—C—OH
3-phenylpropanoic acid

H'

alkene

R"

Ph.

H'

2. Cold, dilute potassium permanganate reacts with alkenes to give glycols. Warm,
concentrated permanganate solutions oxidize the glycols further, cleaving the

central carbon -carbon bond. Depending on the substitution of the original

double bond, ketones or acids may result (Section 8-15A).

cone. KMnO,

Examples

.H
:c=c;

TH.—CH,

cyclohexene

R R'

H—C—C— R"

_ HO OH _

glycol (not isolated)

cone. KMnO,

cone. KMnO

,R'

R—cooH + o=c;
~R"

acid ketone

Ph—COOH + CH3—CH3—COOH

COOH

k^COOH
adipic acid

With alkynes. either ozonolysis or a vigorous permanganate oxidation cleaves

the triple bond to give carboxylic acids (Section 9-10).

R—C=C— R'

alkvne

cone. KMnO^

or(l) O3

(2) h;o

o o
II II

R—C—C— R'

(not isolated)

Example

CH,CH,CH,—C^C— Ph
I) O3

(2) H.O

R—COOH + HOOC— R'

carboxylic acids

CH CH.CH,—COOH + Ph—COOH

3. Side chains of alkylbenzenes are oxidized to benzoic acid derivatives by treat-

ment with hot potassium permanganate or hot chromic acid. Because this ox-

idation requires severe reaction conditions, it is useful only for making benzoic

acid derivatives with no oxidizable functional groups. Oxidation-resistant func-

tional groups such as — CI, —NO^, —SO3H, and —COOH may be present

(Section 17-14A).

R(alkylj
Na^Cr.O^. H,SO_,. heat

or KMnO^. H.O, heat

an alkylbenzene

(Z must be oxidation-resistant)

COOH

a benzoic acid
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Example

CH— CH,
Na.CisO-. H.SOj

heat

/'-chloroisoprop) Ihenzene

COOH

p-chlorobenzoic acid

20-8B Carboxylation of Grignard Reagents

We have seen how Grignard reagents act as strong nucleophiles. adding to the car-

bonyl groups of ketones and aldehydes (Section 10-9). Similarly. Grignard reagents

add to carbon dioxide to form magnesium salts of carboxylic acids. Addition of di-

lute acid protonates these magnesium salts to give carboxylic acids. This method is

useful because it conveits a halide functional group to a carboxylic acid functional

group, adding a carbon atom in the process.

R—

X

(all<yl or

ar) l halide)

Mg
ether

R—MgX

O"

R—C—O:

PROBLEM-SOLVING HINT
Oxidation of alcohols does not

change the number of carbon

atoms. Oxidative cleavages of

alkenes and all<ynes decrease the

number of carbon atoms

(except in cyclic cases).

Carboxylation of Grignard

reagents and formation and

hydrolysis of nitriles increase the

number of carbon atoms by one.

'O'

II ..

R— C—OH

Example

Mg
ether

C—O- MsBr

bromoc\clohexane

COOH

cvclohexanecarboxvlic acid

20-8C Formation and Hydrolysis of Nitriles

Another way to con\en an alk>l halide (or tos_\late) to a carboxylic acid with an ad-

ditional carbon atom is to displace a halide with sodium cyanide. The product is a ni-

tiile with one additional carbon atom. .Acidic or basic hydrolysis of the nitiile gives a

carhox\ lic acid by a mechanism discussed in Chapter 21. This method is limited to

halides and tos\"lates that are good Sn,-2 electrophiles: usually primaiy and unhindered.

H*. H.O
R—CH,—

X

NaCN

acetone
R— CH,—C^N:

or "OH. H,0

o
II

R—CH,—C—OH

Example

Br

benz\'l bromide

PROBLEM 20-10

NaCN
acetone

CH —C=N
H". H,0

o

CH —C—OH

phenylacetonitrile phenylacetic acid

Show how you would synthesize the following carboxylic acids, using the indicated start-

ing materials.

^4)) 4-octyne butanoic acid (55T)?ra;!5-cyclodecene decanedioic acid

(4£)) bromobenzene —^ phenylacetic acid (d) 2-butanol —> 2-methylbutanoic acid

(e) /7-xylene terephthalic acid (f 1 allyl iodide 3-butenoic acid
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SUMMARY: Syntheses of Carboxylic Acids

1. Oxidation oj priman- alcohols and aldehydes (Section i 1-2B and 18-20)

R—CH.—OH
primary alcohol

HjCrO^

or KMnO

o

R—C—

H

aldehyde

H.CrO^

or KMn04

o

R— C—OH
carboxylic acid

2. Oxidation cleavage of alkenes and alkynes (Section 8-15A and 9-10)

cone. KMnOj
R R'
\ /
C=C

/ \
H R"

alkene

R—C=C— R'

alkyne

R—COOH

acid

o=c
R'

R"

ketone

cone. KMnO_,

or (DO,
(2)H,0

R—COOH + HOOC— R'

carboxylic acids

3. Oxidation of alkylbenzenes (Seclion 17-14A)

.R(alkyl)
Na^Cr.O^. H^SO^

o/ KMnO^, up

an alkylbenzene

(Z must be oxidation-resistant)

COOH

a benzoic acid

4. Carboxylation of Grigiuird reagents (Section 20-8B)

R—

X

alkyl or

aryl halide

Mg

ether
R—MgX

0=C=0
O

R— C— O- ^MgX
H+

O

R—C—OH
acid

Example Mg ( 1 ) CO-,

CH -CH-CH, CH3-CH-CH, ^ CH3-CH-CH,

CH.Br CH.MgBr
isobutyl bromide

5. Formation and hydrolysis of nitriles (Section 20-8C)

NaCN ^ '
^"-^

R—CH,—X > R—CH—C^N:

Example

acetone

CH.— Br

or "OH. H.O

( 1 ) NaCN, acetone

(2) H+, H2O

CH,—COOH
isovaleric acid

O

R—CH.—C—OH

O

CH.—C—OH

benzyl bromide phenylacetic acid
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6. The halofonii reaction (Con\ erts methyl ketones to acids and iodoform; Chapter 22)

o o

R—C—CH, ^ * R—C— + HCX3
OH

X = CI, Br. I

IT I
O O

txample n n

II
(liX,.-OH II

Ph—C— CH, > Ph—C—OH
acetophenone benzoic acid

7. Mulonic ester synthesis (Makes substituted acetic acids: Chapter 22)

COOEt COOEt O
I

(l)Na~ -OCH.CH,
|

(1)"0H II

CH: n,R-x " ' R-CH
,3,H^heat^

R-CH-C-QH

COOEt COOEt
Example

COOEt COOEt O
I

(l)Na~ "OCHXH, I
(1)"0H II

9^2 (2)CHXHXHXH,-Br' ""Bu—CH
,2)H-.heat

' ""Bu—CH,—C—OH

COOEt COOEt
hexanoic acid

Ketones, aldehydes, and carhoxylic acids all contain the carbonyl group. \ et the

reactions of acids are quite different from those of ketones and aldehydes. Ke-

tones and aldehydes commonly react b\ nucleophiiic addition to the carbonx 1

group; but carhoxylic acids (and their deri\ atixes ) more commonly react hy nu-

cleophiiic acyl substitution. \\ here one nucleophile replaces another on the acyl

(C= 0) carbon atom.

Nucleophiiic acyl substitution

O'

o

R—C—X + Nuc:

O O

R—C— Nuc + :X

O O

R—C—OH
carboxvlic acid

R— C—

X

acvl halide

R—C—O—C—

R

anhydride

R- -C— O-

ester

-R'

Acid derix atives differ in the nature of the nucleophile bonded to the acyl

carbon: —OH in the acid. — CI in the acid chloride. — OR' in the ester, and
—NH; (or an amine) in the amide. Nucleophiiic acyl substitution is the most

common method for intercon\ erting these derivatives. The mechanisms of these

substitutions \ ary. and they depend on whether the reaction takes place in acid

or base.

Under basic conditions, a strong nucleophile can add to the carbonyl group

to gi\ e a tetrahedral intermediate. This intermediate then expels the leaving

group. The hase-catalyzed hydrolysis of an ester to an acid is an example of this

mechanism. More examples are discussed in Chapter 21 (Carhoxylic Acid

20-9

Reactions of

Carboxylic Acids

and Their

Derivatives;

Nucleophiiic Acyl

Substitution

o

R—C— NH,
amide
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Derivatives), since nucleophilic acyl substitution is a common method for inter-

converting acid derivatives.

R—C— OR' R—C— OR' R—C :0— R' ^^=^ R—

C

:6H :0H

ester + OH tetrahedral intermediate acid + alkoxide
R'—g—

H

carboxylate

+ alcohol

Under acidic conditions, the carbonyl group becomes protonated, activating it

toward nucleophilic acyl substitution. Attack by a (weak) nucleophile gives a tetra-

hedral intermediate. In many cases, the leaving group becomes protonated before it

leaves, so it leaves as a neutral molecule. We now cover the most useful example of

acid-catalyzed nucleophilic acyl substitution: the Fischer esterification.

20-10 Carboxylic acids are directly converted to esters by the Fischer esterification, an

Condensation of
'^'^i^-catalyzed nucleophilic acyl substitution by an alcohol. The net reaction is re-

Acids with Alcohols:

The Fischer

Esterification

placement of the acid —OH group by the —OR group of the alcohol.

O O

/ R—C—OH
acid

-I- R'—OH
alcohol

R— C—O— R'

ester

+ Hp

Examples

O
H.SO,

CH3—C—OH + CH3CH.—OH

,COOH

A", =3.38
eq

excess CH,OH

COOH
phthalic acid

CH2CH3 -I- Hp

COOCH3
dimethyl phthalate

The Fischer esterfication mechanism is an acid-catalyzed nucleophilic acyl

substitution. The carbonyl group of a carboxylic acid is not sufficiently electrophilic

to be attacked by an alcohol. The acid catalyst protonates the carbonyl group and ac-

tivates it toward nucleophilic attack. Loss of a proton gives the hydrate of an ester.

:0-

-c-

H

-O H

= 0—

H

R—C=0—

H

protonated carboxylic acid

:0—

H

> R—C—O—

H

..J
-

H—O— R'

:0—

H

R—C—0—

H

H—O— R'

:0—

H

R—C—5—H + H+

0—R'
hydrate of an ester
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Loss of water from the hydrate of the ester occurs by the same mechanism as

loss of water from the hydrate of a ketone (Section 18-14). Protonation of either one

of the hydroxy! groups allows it to leave as water, forming a resonance-stabilized

cation. Loss of a proton from the second hydroxyl group gives the ester.

H—O—

H

R—C—O—

H

:0— R'

protonated

:0—

H

R—

C

\
:0— R'

resonance-stabilized

-> R— C,

:0—

H

/

O— R'

The mechanism of the Fischer esterification may seem long and complicated

at first, but it is simplified by breaking it down into two components: ( 1 ) acid-

catalyzed addition of the alcohol to the carbonyl and (2) acid-catalyzed dehydration.

If you have learned these mechanistic components as we have encountered them,

you can write the entire mechanism without having to memorize it.

R— C + H,0+
\
:0— R'

ester

PROBLEM 20-1 I

Propose a mechanism for the acid-catalyzed reaction of acetic acid with ethanol to give

ethyl acetate.

PROBLEM 20-12

Most of the Fischer esterification mechanism is identical with the mechanism for acetal

formation. The difference is in the final step, where a carbocation loses a proton to give the

ester. Write mechanisms for the following reactions, with the comparable steps directly

above and below each other. Explain why the final step of the esterification (proton loss)

cannot occur in acetal formation, and show what happens instead.

O

Ph—C—

H

aldehyde

o
II

Ph— C—OH
acid

H+, CH3OH
CH,0 OCH,

\ /
Ph—C— H + H,0

acetal

O

Ph—C— OCH3 + H,0

ester

PROBLEM 20-13

A carboxylic acid has two oxygen atoms, each with two nonbonding pairs of electrons.

(a) Draw the resonance forms of a carboxylic acid that is protonated on the hydroxyl

oxygen atom.

(b) Compare the resonance forms with those given above for an acid protonated on the

carbonyl oxygen atom.

(c) Explain why the carbonyl oxygen atom of a carboxylic acid is more basic than the hy-

droxyl oxygen.

PROBLEM-SOLVING HINT
The Fischer esterification mech-

anism is a perfect example of

acid-catalyzed nucleophilic acyl

substitution.You should under-

stand this mechanism well.
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Fischer esterification is an equilibrium, and typical equilibrium constants for

esterification are not very large. For example, if 1 mole of acetic acid is mixed with

1 mole of ethanol, the equilibrium mixture contains 0.65 mole each of ethyl acetate

and water, and 0.35 mole each of acetic acid and ethanol. Esterification using sec-

ondary and tertiary alcohols gives even smaller equilibrium constants.

PROBLEM-SOLVING HINT
In equilibrium reactions, look for

ways to use an excess of a

reagent or else to remove a

product as it forms. Is it possible

to use one of the reagents as a

solvent? Can we distill off a

product or drive off water?

Equ ilibrium m i.xlure

O

CH3—

c

0.35 mole

OH + CH3CH2OH
0.35 mole

o

CH3—C—OCH2CH3
0.65 mole

+ H2O
0.65 mole

Esterification may be driven to the right either by using an excess of one of the

reactants or by removing one of the products. For example, in forming ethyl esters,

excess ethanol is often used to drive the equilibrium as far as possible toward the ester.

Alternatively, water may be removed either by distilling it out or by adding a dehy-

drating agent such as magnesium sulfate or molecular sieves (dehydrated zeolite

crystals that adsorb water).

Because of the inconvenience of driving the Fischer esterification to comple-

tion, we often prefer the reaction of an acid chloride with an alcohol for laboratory

synthesis of esters. The Fischer esterification is preferred in industry, where the tech-

niques mentioned above give good yields of products and avoid the expensive step

of converting the acid to its acid chloride.

PROBLEM 20-14

Show how Fischer esterification might be used to form the following esters. In each case,

suggest a method for driving the reaction to completion.

(a) methyl salicylate (b) methyl formate (bp 32°C) (c) ethyl benzoate

PROBLEM 20-15

The mechanism of the Fischer esterification was controversial until 1938, when Irving

Roberts and Harold Urey of Columbia University used isotopic labeling to follow the al-

cohol oxygen atom through the reaction.

A catalytic amount of sulfuric acid was added to a mixture of 1 mole of acetic acid and

1 mole of special methanol containing the heavy '**0 isotope of oxygen. After a short peri-

od, the acid was neutralized to stop the reaction, and the components of the mixture were

separated.

O

CH— C—O—H + CH,—O—

H

H^SO^
O

CH,—C—O—CH, -t- H,0

(a) Give a detailed mechanism for this reacdon.

(b) Follow the labeled '**0 atom through your mechanism, and show where it will be found

in the products.

(c) The '**0 isotope is not radioactive. Suggest how you could experimentally determine

the amounts of '^O in the separated components of the mixture.

20-1 I Halide ions are excellent leaving groups for nucleophilic acyl substitution; there-

Svnthesis and Use '^^'^^ halides are particularly useful intermediates for making acid derivatives.

' .In particular, acid chlorides (acyl chlorides) are easily made and are commonly used

of Acid Chlorides as an activated form of a carboxylic acid. Both the carbonyl oxygen and the chlorine

atom withdraw electron density from the acyl carbon atom, making it strongly elec-
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trophilic. Acid chlorides react with a wide range of nucleophiles. generally through

the addition -elimination mechanisrn of nucleophilic acyl substitution.

O

R' Tl
R—C— C 1 R

:0:

-c

Nuc:^ Nuc

an acid chloride (acyl chloride) acid chloride tetrahedral intermediate

The best reagents for converting carboxylic acids to acid chlorides are thionyl

chloride (SOCK) and oxalyl chloride (C0C1)2 because they form gaseous by-products

that do not contaminate the product. Oxalyl chloride is particularly easy to use be-

cause it boils at 62°C and any excess is easily evaporated from the reaction mixture.

R OH
CI— s— Cl

o o
II II

or Cl—C—C— Cl

R—C— Cl

0'

II

R—C— Nuc + Cl

acid derivative

Examples q

CH,(CH,).\ .(CH,).—C—OH
" ^C=C^
H H

oleic acid

O
II

Cl—S— Cl

thionyl chloride

CHjtCHO.-

H'
:c=c;

o

.(CHj,—C— Cl

~H
SO,t + HClt

o

CH.— CH,—C—OH

3-phenylpropanoic acid

O O
II II

Cl—c—C— Cl

oxalyl chlonde

oleoyl chloride

(959c)

O

CH,— CH,— C— Cl + HClt + cot + CO,t

3-phenylpropanoyl chloride

(95^7^)

The mechanisms of these reactions begin like the reaction of an alcohol with

thionyl chloride. Either oxygen atom of the acid can attack sulfur, replacing chloride

by a mechanism that looks like sulfur's version of nucleophilic acyl substitution.

The product is an interesting, reactive chlorosulfite anhydride.

•O' H

R—C— O:

Cl

rS=o:

Cl

o
II I

R—C—

O

H / Cl

I
^1
s—0-

Cl

b' H "b"

II cu II

R—C—O— S— Cl

This reacti\e anhydride undergoes nucleophilic acyl substitution by chloride ion

to give the acid chloride.

O" "O" +HC1

^ R— C—O— S— Cl

a chlorosulfite anhydride

O

Cl

c— o-

O"

-s- Cl

p
R— C—

O

Cl

O"

II

S— Cl

o-

R— C. + SOt + c\-

~C1
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*PROBLEM-20-I6

Propose a mechanism for the reaction of benzoic acid with oxalyl chloride. This mechanism

begins like the thionyl chloride reaction, to give a reactive mixed anhydride. Nucleophilic

acyl substitution by chloride ion gives a tetrahedral intermediate that eliminates a leaving

group that fragments into carbon dioxide, carbon monoxide, and chloride ion.

O

R—C— CI + R'—OH

Acid chloiides react w ilh alcohols to give esters through a nucleophilic acyl sub-

stitution by the addition-elimination mechanism discussed above. Attack by the al-

cohol at the electrophilic carbonyl group gives a tetrahedral intermediate. Loss of

chloride and deprotonation give the ester.

R—C^CI

R'—O—

H

II ..

R—C—O— R' + HCl

ester

This reaction provides an efficient two-step method for con\ erting a carboxylic

acid to an ester. The acid is converted to the acid chloride, which reacts with an al-

cohol to 2ive the ester.

R-

O
II

-C—OH
acid

(COCl),

or SOCLi

o

R—C— CI

acid chloride

R'—O—

H

alcohol

o
II

R—C—O— R'

ester

HCl

Example

O
II

Ph—C—OH
benzoic acid

SOCK
O

II

Ph— C— CI

benzovl chlonde

CH,CH,—OH

ethanol

o

Ph— C—O— CH,CH, + HCl

ethvl benzoate

Ammonia and amines react with acid chlorides to give amides, also through the

addition -elimination mechanism of nucleophilic acyl substitution. A carboxylic acid

is efficiently converted to an amide by forming the acid chloride, which reacts with

an amine to sive the amide.

O

R—C— CI + 2R'— NH,
acid chloride amine

o
II ..

R—C—NH— R'

amide

R'NH, CI

Example

O
II

CH,—C— CI + 2 CH3—NH.
acetyl chloride methylamine

O H

CH3—C—N— CH,

A'-methvlacetamide

+ CH3NH3 CI

PROBLEM 20-17

Give mechanisms for the nucleophilic acyl substitutions to form ethyl benzoate and

yV-methvlacetamide as shown above.
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PROBLEM 20-18

Show how you would use an acid chloride as an intermediate to synthesize

(a) A'-phenylbenzamide (PhCONHPh) from benzoic acid and aniline

(b) phenyl propionate (CH^CHiCOOPh) from propionic acid and phenol

Carboxylic acids are converted to their methyl esters very simply by adding an ether 20-12
solution of diazomethane. The only by-product is nitrogen gas. and any excess dia-

EsterificatiOD Usin?
zornethane also evaporates. Purification of the ester usually involves only evapora-

_

o

tion of the solvent. Yields are nearly quantitati\ e in most cases. DiaZOmethane

O

R—C—OH
acid

Example

+ CH.N.
diazomethane

COOH

o

R—C—O—CH3 + N.t
methvl ester

COOCH,
CH,N.

+

cyclobutanecarhoxylic acid meth\ 1 cyclobutanecarboxylate

(100%)

Diazomethane is a toxic, explosive yellow gas that dissolves in ether and is

fairly safe to use in ether solutions. The reaction of diazomethane with carboxylic

acids probably involves transfer of the acid proton, giving a methyldiazonium salt.

This diazonium salt is an excellent methylating agent, with nitrogen gas as a leav-

ing group.

O"

R—C— O: + CH3—N=N:
methyldiazonium salt

O"

R—C—O—CH, + •N=N:

Because diazomethane is hazardous in large quantities, it is rarely used indus-

trially or in large-scale laboratory reactions. The yields of methyl esters are excel-

lent, however, so diazomethane is often used for small-scale esterifications of valuable

and delicate carboxylic acids.

Amides can be synthesized directly from carboxylic acids, although the acid chlo-

ride procedure uses milder conditions and often gives better yields. The initial reac-

tion of a carboxylic acid with an amine gives an ammonium carboxylate salt. The

carboxylate ion is a poor electrophile, and the ammonium ion is not nucleophilic, so

the reaction stops at this point. Heating this salt to well above 100°C drives off steam

and forms an amide. This direct synthesis is an important industrial process because

it avoids the expense of making the acid chloride.

20-13

Condensation of

Acids with Amines:

Direct Synthesis

ofAmides
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O
II

R—C—OH + R'—NH.
acid amine

o

r> R— C—O H,N— R'

an ammonium carboxylate salt

heat

o

> R— C—NH— R' + Hp I

amide

Example

COOH

+ CH,CH.NH.

COO- H,NCH.CH,
heat

benzoic acid ethylamine ethylammonium henzoate

PROBLEM 20-19

Show how to synthesize the following compounds.

( 1 ) using benzoyl chloride and any other necessary reagents

(2) using benzoic acid and any other necessary reagents

Q O

O

C—NHCH.CH,

A'-ethylbenzamide

+ H.O

(a)

C— N(CH,),

N. /V-dimethylbenzaniide

(b)

C—O—CHfCH,),

isopropyl benzoate

(c)

O
II

C—OCH,

methyl benzoate

20-14 Lithium aluminum hydride (LiAlH4 or LAH) reduces carboxylic acids to primary

D « J. ^( alcohols. The aldehyde is an intermediate in this reduction, but it cannot be isolated
Keduction Ot , a a ^ ^ abecause it is reduced more easily than the original acid.

Carboxylic Acids
o

Example

R— C—OH
acid

O

CH.—C—OH

phenylacetic acid

( 1 ) LiAlH^

(2) H3O+

(1) L1AIH4

(2) H3O+

R—CH,—OH
primary alcohol

CH.—CH3OH

(75%)

2-phenylethanol

Lithium aluminum hydride is a strong base, and the first step is deprotonation

of the acid. Hydrogen gas is evolved, and the lithium salt results.

O H

R—C—qj-H"'^+ Li+ H—Al —

H

H

O
II

H, I + R—C—O- +Li AlH,

Several paths are possible for the rest of the mechanism. In one likely path, AlH , adds

to the carbonyl group of the lithium carboxylate salt.

'V
R—cr

:0: Li^

H H
\ /
Al

H

= 0— AlH.

R—C—

H

= 0= Li+
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Elimination gives an aldehyde, which is ciiiickly reduced to a lithium alkoxide.

937

— AlH.

R— C-—H R—

C

R

H
1

-c- -H

:0: Li^

lithium alkoxidealdehyde

Water added in the second step protonates the alkoxide to the primary alcohol.

R—CH,—O" Li" + H.O * R—CH.—OH + LiOH

Carboxylic acids are also reduced to primaiy alcohols by borane. Borane (com-

plex with THF: see Section 8-7) reacts with the carboxyl group faster than with any

other carbonyl function. It often gives excellent selectivity, as shown by the follow-

ing example, where a carboxylic acid is reduced while a ketone is unaffected. (LiAlH4

would also reduce the ketone.)

H3C-
BH,THF

H3C—

c

CH.OH

(80%:

Reduction to Aldehydes. Reduction of carboxylic acids to aldehydes is difficult be-

cause aldehydes are more reactive than carboxylic acids toward most reducing agents.

Almost any reagent that reduces acids to aldehydes also reduces aldehydes to primary

alcohols. What is needed is a derivative of the acid that is more reactive than the

aldehyde. As you might guess, the reactive acid derivative is the acid chloride.

Lithium aluminum tri(r-butoxy )hydride. LiAl[OC(CH3)3]3H. is a weaker re-

ducing agent than lithium aluminum hydride. It reduces acid chlorides because they

are strongly activated toward nucleophilic addition of a hydride ion. Under these

conditions, the aldehyde reduces more slowly, and it is easily isolated.

R—C— CI + LiAl(0— R)3H

acid

chloride

R—C^l + A1(0— R)3

H

Example
O

CH3—CH—C—OH

CH3
isobutyric acid

SOCl,

o
il

CH3—CH—C— CI

CH3
isobutyr> l chloride

Li.4][OC(CH3)3],H

AlH,

O
II

R—C—

H

aldehyde

LiCI

O

CH,—CH -H

CH,
isobutyraldehyde

PROBLEM 20-20

Show how you would synthesize the following compounds from the appropriate carboxylic

acids or acid derivatives.

(a)

CH.CHO

(b)

CH,CH,OH
0=:^,/'X^CH,OH

(0, -Q- -
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20-15

Alkylation of

Carboxylic Acids

to Form Ketones

o

R-C-OH ^ii^

cai'boxylic acid

A general method of making ketones involves the reaction of a carboxylic acid

with 2 equivalents of an organolithium reagent. This reaction was discussed in

Section 18-9.

O

c- O—

H

(1) 2 R-~-Li

(2) Hp

o
II

R—C— R'
R'—

H

Example

OJ
COOH

(1) 2CH3CH3— Li

(2) H2O

benzoic acid propiophenone

The first equivalent of the organolithium reagent simply deprotonates the acid.

The second equivalent adds to the carbonyl to give a stable dianion. Hydrolysis of

the dianion (by adding water) gives the hydrate of a ketone. Because the ketone is

formed in a separate hydrolysis step (rather than in the presence of the organolithi-

um reagent), overalkylation is not observed.

OLi

R—C— OLi

R'

dianion

H3O+
OH

R—C—OH

R'

hydrate of ketone

o
II

R—C-

ketone

-R' + H.O

PROBLEM 20-21

Give the mechanism for conversion of the dianion to the ketone under mildly acidic conditions.

PROBLEM 20-22

Show how the following ketones might be synthesized from the indicated acids, using any

necessaiy reagents.

(a) propiophenone from propionic acid (two ways, using alkylation of the acid and using

Friedel- Crafts acylation)

(b) methyl cyclohexyl ketone from cyclohexanecarboxyhc acid

SUMMARY: Reactions of Carboxylic Acids

General types of reactions

O

R—C—OH-

O

R—C—Y nucleophihc acyl substitution

R—CH2—OH reduction

o

R—C— 0~ deprotonation

R—Y + COt decarboxylation
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1. Saltfoniuition (Section 20-5)

O

R—C—OH
acid

M* OH
strong base

Example O

2CH,CH,—C—OH + Ca(0H)2

propionic acid

2. Conversion to acid chlorides (Section 20- 1 1

)

o o
II II

R—C—OH + CI— S— CI —
acid thionyl ciiloride

Example O

CH3—CH.—CH.—C—OH + SOCI2

butanoic acid thionyl chloride

3. Conversion to esters (Sections 20-10, 20-1 1, and 20-12)

O

R—C—O + H,0
salt

O
II

(CH3CH2—C—O ),Ca-+

calcium propionate

o

R—C— CI + SO. T + HClt
acid chloride

O

Example

o
II

R—C—OH + R'—OH
acid alcohol

O

R—C— CI + R'—OH
acid chloride alcohol

O
II

R—C—OH + CH.N,
acid diazomethane

O

H+

OH
CH3—CH,—OH

^ CH,—CH,—CH,—C— CI

butanoyl chloride

o

R—C—O— R' + Hp
ester

o
li

R—C—O— R' + HClT
ester

o

R—C—O—CH, + N, T

methyl ester

O
II

''^OCH,CH3
^

benzoic acid ethanol

4. Conversion to amides (Sections 20-1 1 and 20-13)

O O
II II ,R— C—OH + R'— NH. R—C—O H,N— R'

acid amine salt

ethyl benzoate

heat

o
II

R— C—NH— R' 4- H3O

amide

O

R—C— CI + 2R'—NH,
acid chloride amine

O

R—C—NH—R' + R'NH, Cl-

amide
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Example
o
II

CH,—C—OH + CH,—NH—CH3
acetic acid dimethylamine

5. Conversion to anhydrides (Sections 21-5)

o o

heat

o

^ CH,—C— NCCH,)^ + Hp
A'.A'-dimethvlacetamide

o o

R—C— CI + HO—C— R'

acid chloride acid

Example

R—C—O—C— R' + HCl
acid anhydride

o o o o

CH3—C— CI + HO— C— Ph

acetyl chloride benzoic acid

6. Reduction to primary alcohols (Sections 9-12 and 20-14)

O
II

R—C—OH
acid

(1) L1AIH4

(2) H3O+
(or use BiHg)

CH3—C—O—C— Ph + HCI

a mixed anhydride

(acetic benzoic anhydride)

R—CH,—OH
primary alcohol

7. Reduction to aldehydes (Sections 18-1 1 and 20-14)

O

R— C— CI

acid chloride

LiAl[OC(CH3)3]3H

lithium aluminum tri(f-butoxy)hydride

8. Alkylation to form ketones (Sections 18-9 and 20-15)

O

R— C—

H

aldehyde

O

R—C—O- +Li

lithium carboxylate

(1) R'— Li

alkyllithium

(2) H,0

O

R—C— R'

ketone

9. Side-chain halogenation (Hell-Volhard-Zelinsky reaction; Section 22-4)

O Br O Br O

R—CH.—C—OH
Br,/PBr3

R—CH—C— Br

a-bromo acyl bromide

H,0
-> R—CH— C—OH + HBr

a-bromoacid

Ch2.pt6r 20 anhydride A composite of two acid molecules, with loss of water. A mixed anhydride con-

GIOSS3.ry '^'"^ different acids, (p. 929)

0 00 0 0
II II II II II

2 CH3—C—OH CH3—C—O—C—CH3 + H,0 Ph—C—O—C—CH3
acetic acid acetic anhydride acetic benzoic anhydride

carboxyl group The —COOH functional group of a carboxylic acid. (p. 909)

carboxylate ion The anion resulting from deprotonation of a carboxylic acid. (p. 909)



Essential Problem-Solving Skills 941

carboxylation A reaction in which a compound (usually a carboxylic acid) is formed by the

addition of COi to an intermediate. The addition of COi to a Grignard reagent is an example

of a carboxylation. (p. 927)

carboxylic acid Any compound containing the carl^nyl j^ioiip, —COOH. (p. 909)

An aliphatic acid has an alkyl group bonded to the carboxyl group.

An aromatic acid has an aryl group bonded to the carboxyl group.

A dicarboxylic acid (a diacid) has two carboxyl groups.

fatty acid A long-chain linear carboxylic acid. Some fatty acids are saturated, while others

are unsaturated, (p. 909)

Fischer esterification The acid-catalyzed reaction of a carboxylic acid with an alcohol to form

an ester, (p. 930)

O O
II II

R— C—O—H + R'—OH R—C—O— R' + H,0

acid alcohol ester

molecular selves Dehydrated zeolite crystals with well-defined pore sizes to admit mole-

cules smaller than the pores. Often used to adsorb water from solvents or reactions, (p. 932)

nucleophilic acyl substitution A reaction in which a nucleophile substitutes for a leaving

group on a carbonyl carbon atom. Nucleophilic acyl substitution usually takes place through

the following addition -elimination mechanism, (p. 923)

O'

R— C;;^-X^ + Nu^ R—C^X > R—C—Nuc -t- :X

Nuc

the addition-elimination mechanism of nucleophilic acyl substitution

phthalic acids Benzenedicarboxylic acids. Phthalic acid itself is the ortho isomer. The meta

isomer is isophthalic acid, and the para isomer is terephthalic acid. (p. 912)

salt of a carboxylic acid An ionic compound containing the deprotonated anion of a car-

boxylic acid, called the carbo.xylate ion: R—COO . An acid salt is formed by the reaction

of an acid with a base. (p. 918)

ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 20

1. Name carboxylic acids, and draw the structures from their names.

2. Show how the acidity of acids varies with their substitution.

3. Contrast the physical properties of carboxylic acids and their salts.

4. Inteipret the IR, UV. NMR, and mass spectra of carboxylic acids, and use the

spectral information to determine the structures.

5. Show how to synthesize carboxylic acids from oxidation of alcohols and alde-

hydes, carboxylation of Grignard reagents, hydrolysis of nitriles, and oxidation

of alkylbenzenes.

6. Show how acids are converted to esters and amides using acid chlorides as in-

termediates. Give mechanisms for these nucleophilic acyl substitutions.

7. Give the mechanism of the Fischer esterification. and show how the equihb-

rium can be driven toward the products or the reactants.

8. Predict the products of reactions of carboxylic acids with the following

reagents; give mechanisms where appropriate.

(a) diazomethane

(b) amines, followed by heating

(c) lithium aluminum hydride

(d) excess alkyllithium reagents
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Study Problems
20-23.

20-25.

20-26.

20-27.

20-28.

20-29.

20-31.

(b) carboxylate ion

(d) acid-dissociation constant

(f) Fischer esteritlcation

(h) nucleophilic acyl substitution

(j) salt of a carboxyhc acid

Define each term and give an example,

(a) carboxylic acid

(c) carboxylation of a Grignard reagent

(e) ester

(g) fatty acid

(i) dicarboxylic acid

(k) acid chloride

Give the lUPAC names of the following compounds.

/al)PhCH:CH,COOH (@ CH3CH.CH(CH,)CO,H
(3) HOOCCH2CH(CH3)CH.CO.H CHjCHjCHCCH^jCOONa

NO.

(c) CH,CH(CH,)CHBrCOOH
(f) (CH3)3C=CHCOOH

(h)

COOH 0,N

COOH

NO,

((c)JfCH , )2CHCHBrC00H
(f) CH3CH(NH,)CH,C00H

Give the common names of the following compounds,

(a) PhCH,CH,COOH ((b))CH3CH,CH(CH3)CO,H
(d) HOOCCH,CH(CH3)CH,CO;H Te) (CH3)2CHCH2COONaaCOOH

^.COO

Draw the structures of the following compounds.

(a^ ethanoic acid (J^ phthalic acid (c) magnesium formate

(d) malonic acid /(e) ^chloroacetic acid (f) acetyl chloride

( g) zinc undecanoate(athlete's-foot powder) (h) sodium benzoate (a food preservative)

(i) sodium tluoroacetate (Compound 1080, a controversial coyote poison)

In each pair of compounds, which is the strongerJ)^se?

((a^ CH3COO" or CICH2COO" (b))sodium acetylide or sodium acetate

(c) 'sodium acetate or sodium ethoxide

Predict the products (if any) of the following acid -base reactions.

f
acetic acid + ammonia (b) phthalic acid + excess NaOH
p-toluic acid + potassium trifluoroacetate (d) a-bromopropionic acid + sodium propionate

benzoic acid + sodium phenoxide

Rank the following isomers in order of increasing boiling point. Explain the reasons for your order of ranking

O

OH
3-hydroxytetrahydrofuran

CH,—C—OCH2CH3

ethyl acetate

O
II

CH3CH2CH2—C—OH
butyric acid

Arrange each group of compounds in order of increasing acidity.

(a) phenol, ethanol, acetic acid (b) />toluenesulfonic acid, acetic acid, chloroacetic acid

(tcj^benzoic acid, o-nitrobenzoic acid, /H-nitrobenzoic acid

(2d),butyric acid, a-bromobutyric acid, /3-bromobutyric acid

What conclusions can you draw from the pA',s of the following compounds?

CH^COOH CH.COOH CH,COOH

NO. 1.68 CN 2.46 CI 2.86

CH2COOH

OH 3.83

CH.COOH

Ji 4.74

Predict the products, if any, of the following reactions.

(1) LiAIH^

toOH (2) H3O+
CH.Br

(1) NaCN

(2) H,0+
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20-34.

20-35.

('c)

( 1 ) SOCl,

(2) AlCl,
(d) 4-octyne

KMnOj, H,0

(warm, cone.)

COOH
Ph

CH.OH

CH.OH — = >

KMnOj. H,0

(warm, cone.)

(1) Mg, ether

(2) CO,

(3) H,0^

(f) CH,CH,—CH—COOH

(h)

KMnO^, H3O

(hot, cone.)

(j)

COOH

CH,

2-butanol. H+

CHCH
O

(k) HOCH,CH,CH,— C—OH (cyclic ester)

Show how you would accomplish the following syntheses efficiently. You may use any necessary reagents,

(a) /ra;;5-l-bromo-2-butene /ra;;.v-3-pentenoic acid (two ways)

O

(b) CH,tCHj3C00H
valeric acid

(c) 2-butenal *

(e) 3-hexene »

—> CH,tCH,),— C— OCH, (two ways)

methyl valerate

2-butenoic acid (d) hexanoic acid —
propanoic acid

hexanal

^/\^CH,OH
(g)

CHXOOH CH,CONHCH,

Show how you would use extractions with a separatory funnel to separate a mixture of the following compounds.

benzoic acid phenol benzyl alcohol aniline

When pure (S)-lactic acid is esterified by racemic 2-butanol, the product is 2-butyl lactate, with the following sliiicture:

OH OH OH O CH,

CH,—CH—COOH + CH,—CH— CH.CH,

lactic acid 2-butanol

CH,—CH— C—O—CH—CH,CH,

2-butyl lactate

(a) Draw three-dimensional structures of the two stereoisomers formed, specifying the configuration at each

chiral carbon atom. (Using your models may be helpful.)

(b) Determine the relationship between the two stereoisomers you have drawn.

20-36. Show how you would accomplish the following multistep syntheses.

(a) Ph—CH,—CH.—OH » Ph—CH,—CH,—COOH

O O



944 Chapter 20: Carboxylic Acids

*20-37. The IR, NMR, and mass spectra are provided for an organic compound.

(a) Consider each spectrum individually, and tell what characteristics of the molecule are apparent from that spectrum.

(b) Propose a structure for the compound, and show how your structure fits the spectral data.

*(c) Explain why an important signal is missing from the proton NMR spectrum.
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)
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1 1

CHC13

/ 1

DMSO-d,
/

*

1
1 ,

f

1

10 5

8 (ppm)

20-38. In the presence of a trace of acid. 5-hydroxyvaleric acid forms a cyclic ester (lactone).

HO—CH.CH.CH2CH3—COOH
5-hydro.\yvaleric acid

(a) Give the structure of the lactone, called ^-valerolactone.

(b) Propose a mechanism for the formation of S-valerolactone.
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20-39. We have seen that an acid chliii ide reacts with an alcohol to form an ester.

O O
II II

R—C— CI + R'—OH > R— C—O— R' + HCl

An acid chloride also reacts with another carboxylic acid molecule. The product is an acid anhydride.

0 0 o o

R—C— CI + R'— C—OH > R—C—O—C— R' + HCl

acid anhydride

Propose a mechanism for the reaction of benzoyl chloride (PhCOCl) with acetic acid, and show the structure of

the resulting anhydride.

*20-40. The relative acidities of carboxylic acids (and, by inference, the stabilities of their carboxylate ions) have been

used to compare the electron-donating and electron-withdrawing properties of substituents. These studies are par-

ticularly valuable to distinguish between inductive and resonance effects on the stabilities of compounds and

ions. Some examples:

(a) The phenyl group is a mild ortho. para-director in electrophilic aromatic substitution. Is the phenyl group

electron-donating or electron-withdrawing in EAS?
The pK^ of phenylacetic acid is 4.31, showing that phenylacetic acid is a stronger acid than acetic acid. Is the

phenyl group electron-donating or electron-withdrawing in the ionization of phenylacetic acid?

How can you resolve the apparent contradiction?

(b) 4-Methoxybenzoic acid is a weaker acid than benzoic acid, but methoxyacetic acid is a stronger acid than

acetic acid. Explain this apparent contradiction.

(c) Methyl groups are usually electron-donating, and propanoic acid is a weaker acid than acetic acid. Yet,

2.6-dimethylbenzoic acid is a stronger acid than benzoic acid, while 2,6-dimethylphenol is a weaker acid

than phenol. Explain these confusing experimental results.

20-41. (A true story) The manager of an organic chemistry stockroom prepared unknowns for a "Ketones and Alde-

hydes" experiment by placing two drops of the liquid unknowns in test tubes and storing the test tubes for several

days until they were needed. One of the unknowns was misidentified by every student, however. This unknown

was taken from a bottle marked "Heptaldehyde." The stockioom manager took an IR spectrum of the liquid in the

bottle and found a shaip carbonyl stretch around 1710 cm"' and small, sharp peaks around 2710 and 2810 cm"'.

The students complained that their spectra showed no peaks at 2710 or 2810 cm"', but a broad absorption

centered over the 3000 cm"' region and a carbonyl peak around 1715 cm"'. They also maintained that their sam-

ples are soluble in dilute aqueous sodium hydroxide.

(a) Identify the compound in the stockroom manager's bottle and the compound in the students" test tubes.

(b) Explain the discrepancy between the stockroom manager's spectmm and the students" results.

(c) Suggest how this misunderstanding might be prevented in the future.

y* 2810

3000 1710 cm-'

stockroom manager's spectnmi

r

3000 cm-' 1715 cm-'

student's spectrum

^20-42. The antidepressant drug tranylcypromine is a primary amine with the amino group on a cyclopropane ring. Show

how you would convert r/r/«5-cinnamic acid to tranylcypromine. {Hint: The cyclopropyl group is a poor Sx2 sub-

strate, like a tertiary group. Consider reactions that can make primary amines with tertiar\' alkyi groups.)

COOH

rra»i-cinnamic acid tranylcypromine
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20-43. The following NMR spectra correspond to compounds of formulas (A) CyHioOi, (B) C4H6O2. and (C) C6H10O2,

respectively. Propose structures, and show how they are consistent with the observed absorptions.
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CHAPTER 21
HN N

CH,

CH,

H COOH

[

acylated, '.

inactive

enzyme

Carboxylic Acid

Derivatives

Carboxylic acid derivatives are compounds with functional groups that can be con-

verted to carboxylic acids by a simple acidic or basic hydrolysis. The most impor-

tant acid derivatives are esters, amides, and nitriles. Acid halides and anhydrides are

also included in this group, although we often think of them as activated forms of the

parent acids rather than completely different compounds.

O

R—C—

X

acid halide

Condensed structure: RCOX

O O

R- -C—O— C-

anhydride

(RCO).O

R R-

O

-C—O-
ester

RCO.R'

R'

21-1

Introduction

R-

Esters and amides are particularly common in nature. For example, isoamyl ac-

etate gives ripe bananas their characteristic odor, and geranyl acetate is found in the

oil of roses, geraniums, and many other flowers. /V,A^-diethyl-/?/em-toluamide

(DEET®) is one of the best insect repellents known, and penicillin G is one of the an-

tibiotics that revolutionized modern medicine.

O

-C—NH;
amide

RCONH.

R—C=N
nitrile

RCN

isoamyl acetate

(banana oil)

geranyl acetate

(geranium oil)

o

PhCH.—C—NH
N(CH^CH,).V2

COOH
A',A'-diethyl-/)if/«-toluamide penicillin G

947
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21-2

Structure and

Nomenclature of

Acid Derivatives

2 1 -2A Esters of Carboxylic Acids

Esters are carboxylic acid derivatives in which the hydroxyl group (—OH) is re-

placed by an alkoxy group (—OR). An ester is a combination of a carboxylic acid

and an alcohol, with loss of a molecule of water. We have seen that esters can be

formed by the Fischer esterification of an acid with an alcohol (Section 20-10).

O
II

R— C—OH + R'—OH
acid alcdlml

H+

O

-C—O— R'

ester

+ H,0

The names of esters consist of two words that reflect their composite struc-

ture. The first word is derived from the alkyl group of the alcohol, and the second word

from the carboxylate group of the carboxylic acid. The lUPAC name is derived from

the lUPAC names of the alkyl group and the carboxylate. while the common name
is derived from the common names of each. The following examples show both the

lUPAC names and the common names of some esters.

O

CH3CH2—OH + HO—C—CH, ^
lUPAC name: eihanul clhanoic acid

common name: cih\ l alcohol acetic acid

o

lUPAC name:

common name:

(CH^j.CH—O—C—

H

1 -methyletln I mcthanoate

isopropyl formate

phenyl benzoate

phenyl benzoate

Il'P.'\C name:

common name:

O CH,

Ph—CH.—O—C—CH—CH3

benzyl 2-mcthylpropanoate

benzyl isobutyrate

O

CH.CH.—O—C—CH, + Hp
ethyl ethanoate

ethyl acetate

CH,

O

CH,—O—

C

meth\ 1 2-phenyiethanoate

methyl phenylacetate

o

^O—C—

H

methyl cyciopentanecarboxylate

methyl cyciopentanecarboxylate

cyclohexyl methanoate

cyclohexyl formate

Lactones. Cyclic esters are called lactones. A lactone is formed from an open-

chain hydroxy acid in which the hydroxyl group has reacted with the acid group to

form an ester.

lUPAC name:

common name:

H-

H-
H-

o
/
C—OH

H-
;c

/3
Ho-

/\
H H

4-hydroxybutanoic acid

y-hydroxybutyric acid

o
//

O +

/\
H H

4-hydroxybulanoic acid lactone

y-butyrolactone

H-

H'
H~

H'

H.O

The lUPAC names of lactones are derived by adding the term lactone at the end

of the name of the parent acid. The common names of lactones, used more often

than lUPAC names, are formed by changing the -ic acid ending of the hydroxy acid
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to -olactoue. A Greek letter designates the carbon atom that bears the hydroxy group

to close the ring. Substituents are named just as they are on the parent acid.

O

o

H 'P.\(" naUK-: ."^-liydroxN ponlaiidic acid lactone

common name: 6-valerolactone

CH,
4-h) (Jro\\ -2-iiictli> Ipcmaii' ik acid lactone

a-methyl-y-valerolactone

2 1 -26 Amides

An amide is a composite of a carboxylic acid and ammonia or an amine. An acid re-

acts with an amine to form an ammonium carboxylate salt. When this salt is heated

to well above 100°C. water is driven off and an amide results.

O

R—C—OH + H,N— R'

acid amine

o

R—C—O- H3N— R'

salt

heat —NH-
amide

R' + H.OT

The simple amide structure shows a nonbonding pair of electrons on the ni-

trogen atom. Unlike amines, however, amides are only weakly basic, and we consider

the amide functional group to be neutral. A concentrated strong acid is required to

protonate an amide, and protonation occurs on the carbonyl oxygen atom rather than

on nitrogen. This lack of basicity can be explained by picturing the amide as a res-

onance hybrid of the conventional structure and a structure with a double bond be-

tween carbon and nitrogen.

II

R N— R'

R'

R'

= 0:

N— R'

I

R'

concentrated acid

o

R N— R'

R'

R'

:0

I

,H

N— R'

I

R'

very weakly basic protonation on oxygen

This resonance representation conectly predicts a planar amide nitrogen atom, sp-

hybridized to allow pi bonding with the carbonyl carbon atom. For example, for-

mamide has a planar structure like an alkene. The C—N bond has pmtial double-bond

character, with a rotational hairier of 18 kcaL/mol {75 kJ/mol).

H'

0'

II 117°

1

H

H
H'

= 0:

.H

formamide

An amide of the form R—CO—NH^ is called a primary amide because there

is only one carbon atom bonded to the amide nitrogen. An amide with an alkyl group

on nitrogen (R—CO—NHR') is called a secondary amide or an A'-substituted
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amide. Amides with two alkyl groups on the amide nitrogen (R—CO—NR2) are

called tertiary amides or A^^-disubstituted amides.

O

R—C—NH,
primary amide

O H

R—C—N— R'

secondary amide

(A'-substituted amide)

O R'

R—C—N— R'

tertiary amide

(jV.A'-disubstituted amide)

To name a primary amide, first name the corresponding acid. Drop the -ic acid

or -oic odd suffix, and add the suffix -amide. For secondary and tertiary amides,

treat the alkyl groups on nitrogen as substituents. and specify their position by the

prefix A'-.

O

CH3—C—NH—CH2CH3
H'l'AC" namr \ cih\ IclhaiKiinnic

common name: A'-ethylacetamide

o

H—C- -N(CH3)2

A'.A'-dimoth\ Imcthananiide

M/V-dimethylformamide

O CH.CH3

(CH3)2CH—C—N—CH3
A'-cthyl-A'.2-climethylpropanamidc

A'-ethyl-A'-methylisobutyramide

For acids that are named as alkanecarboxylic acids, the amides are named using

the suffix -carboxamide. Some amides, such as acetanilide. have historical names that

are still commonly used.

O

-C—NH.

cyclopentanecarboxamide

o

[>—C-N(CH3),

MA'-dimethylcyclopropanecarboxamide

O H

.C— N.
H,C

acetanilide

Lactams. Cyclic amides are called lactams. Lactams are formed from amino acids,

where the amino group and the carboxyl group have joined to form an amide. Lac-

tams are named like lactones, by adding the term lactam at the end of the lUPAC
name of the parent acid. Common names of lactams are formed by changing the -ic

acid ending of the amino acid to -olactam.

IIIPAC name:

common name:

O

HoN—CH.—CH.—CH,—C—OH

4-amin()butannic acid

-y-aminobutyric acid

o

-N

heat

lUPAC name:

common name:

\
H

3-aniin()propanoic

acid lactam

jS-propiolactam

0
H //

\
H—

C

\
N

H— C- /
/ ^C

H /\

H

H H
4-aminohutanoic acid lactam

y-butyrolactam

+ H,0

CH:

6-aminc)hexanoic

acid lactam

e-caprolactam

O

N—

H

CH3
4-amino-2-methylpentanoic

acid lactam

a-methyl-'y-valerolactam
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2I-2C NItriles

Nitriles contain the cyano group, —C= N. Although nitriles lack the carbonyl

group of carboxylic acids, they are classified as acid derivatives because they

hydrolyze to give carboxylic acids and can be synthesized by dehydration of

amides.

Hydrolysis to an acid

R—C=N
nitrile

H.O

H+ or "OH

o
II

R—C— NH,
primary amide

H,0
o
II

R—C—OH
acid

Synthesisfrom an acid

O
II

R—C—OH
acid

Ml

heat

O

R—C— NH,
primary amide

POCK R—C^N
nitrile

Both the carbon atom and the nitrogen atom of the cyano group are sp hy-

bridized, and the R—C=N bond angle is 180° (linear). The structure of a nitrile is

similar to that of a terminal alkyne. except that the nitrogen atom of the nitrile has a

lone pair of electrons in place of the acetylenic hydrogen of the alkyne. Figure 21-1

compares the structures of acetonitrile and propyne.

< Figure 21-1

Comparison of the electronic

structures of acetonitrile and

propyne (methylacetylene). In

both compounds, the atoms at

the ends of the triple bonds are sp

hybridized, and the bond angles

are 180°. In place of the

acetylenic hydrogen atom, the

acetonitrile propyne nitrile has a lone pair of electrons

~ — _—. in the orbital of nitrogen.

Although a nitrile has a lone pair of electrons on nitrogen, it is not very

basic. A typical nitrile has a pA'^, of about 24, requiring a concentrated solution

of mineral acid to protonate the nitrile. We explain this lack of basicity by not-

ing that the nitrile's lone pair resides in an .9/7-hybrid orbital, with 50% s char-

acter. This orbital is close to the nucleus, and these electrons are tightly bound
and relatively unreactive.

Nitrile nomenclature is derived from that of carboxylic acids. The lUPAC name
is constructed from the alkane name, with the suffix -nitrile added. For common
names, the suffix -ic acid is replaced by the suffix -onitrile.

Br OCH,

CH3—C=N CH3—CH—CH,— C=N CH3—CH—CH.CH.CH,—C^N
lUPAC name: ellianenitiile 3-broniubutaiK'imnle .^-mcthow liexaneiiitrile

common name: acetonitrile j8-bromobutyronitrile 5-methoxycapronitrile
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For acids that are named as alkanecarboxylic acids, the corresponding nitriles

are named using the suffix -carbonitrile. The —C=N group can also be named as

a substituent, the cyano group.

CN

CN CH3—CH.—CH—tH.—'COOH
cyclopropanecarbonitrile 3-cyanopentanoic acid

2 1 -2D Acid Halides

Acid halides, also called acyl halides, are activated derivatives used for the synthe-

sis of other acyl compounds such as esters, amides, and acylbenzenes (in the

Friedel- Crafts acylation). The most common acyl halides are the acyl chlorides

(acid chlorides), and we will generally use acid chlorides as examples.

o 00
R—C— halogen R—C— CI R—C— Br

an acid halide acid chloride acid bromide

(acyl halide) (acyl chloride) (acyl bromide)

The halogen atom of an acyl halide inductively withdraws electron density

from the carbonyl carbon, enhancing its electrophilic nature and making acyl halides

particularly reactive toward nucleophilic acyl substitution. The halide ion also serves

as a good leaving group.

]?l .. ..

/>
R—C— CI: ^=± R—C— CI: > R—Q =C1:

NucT—^ Nuc leaving group

An acid halide is named by replacing the -ic acid suffix of the acid name with

-yl and the halide name. For acids that are named as alkanecarboxylic acids, the acid

chlorides are named using the suffix -carbonyl chloride.

O

C— CI
O O Br O

CH3—C—F CH3—CH2—C— CI CH3—CH—CH2—C—Br

ethanoyi nuoride propanoyl chloride 3-hromohulanoyl bromide cyclopentanecarbonyl chloride

acetyl fluoride propionyl chloride jS-bromobutyryl bromide

2I-2E Acid Anhydrides

The word anhydride means "without water." An acid anhydride contains two mol-

ecules of an acid, with loss of a molecule of water. Addition of water to an anhydride

regenerates two molecules of the carboxylic acid.

o o 00
R—C—OH + HO—C— R R—C—O—C—R + H.O

two molecules of acid acid anhydride water

Like acid halides, anhydrides are activated derivatives of carboxylic acids, al-

though anhydrides are not as reactive as acid halides. In an acid chloride, the chlo-

rine atom activates the carbonyl group and serves as a leaving group. In an anhydride,

the carboxyl group serves these functions.
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ov o
IK .. II

R—C—O—C—

R

:0: o

R—C—O—C—

R

R—

C

O'

~Nuc

Nuc:- Nuc

Half of an anhydride's acid units are lost as leaving groups. If the acid is ex-

pensi\e. we would not use the anhydride as an activated form to make a derivative:

the acid chloride is a more efficient alternative, using chloride as the leaving group.

Anhydrides are used primarily when the necessary anhydride is cheap and readily

available. Acetic anhydride, phthalic anhydride, succinic anhydride, and maleic an-

hydride are the ones most often used. Diacids commonh form cyclic anhydrides,

especially if a five- or six-membered ring results.

Anhydride nomenclature is very simple: the word acid is changed to anhy-

dride in both the common name and the lUPAC name (rareh used). The following

examples shov\' the names of some common anhydrides.

O O o o

CH,—C—O— C— CH,

(abbreviated Ac^O)

eiliaiidic aiih\(.lridc

acetic anhydride

CF,—C—O—C— CF3

(abbreviated TFAA)
iriniioroclhaiioK' aiilndritle

trinuoroacetic anh\dride

l.2-hen/ciK\iiLarh(>\\ lie aiili\dridc

phthalic anh\dride

o
.. II

:0—C—

R

leaving group

o

o

o
2-hutciiL\l:. dridc

maleic anhydride

Anhydrides composed of two different acids are called mixed anhydrides and

are named using the names of the individual acids.

11 PAC name:

common name:

O O
II II

CH — C—O—C—

H

;Uiaiitiu nicliiaiidic aiihxdridc

acetic formic anhydride

O o

CH3CH.— C—O—C— CF3

lialUiorneilianoic propanoic aiih_\diadc

trifluoroacetic propionic anhydride

2I-2F Nomenclature of Multifunctional Compounds

With all the different functional groups we ha\e studied, it is not always obvious

which functional group of a multifunctional compound is the "main"" one. and which

groups should be named as substituents. In choosing the principal group for the root

name, we use the following priorities:

acid > ester > amide > nitrile > aldehyde > ketone > alcohol > amine > alkene > alkyne

Table 21-1 summarizes these priorifies. together with the suffixes used for main

groups and the prefixes used for substituents. The following examples illustrate these

priorities in naming multifunctional compounds.

OH

CH,—CH,—CH—C=N
2-hydroxybutanenitrile

O

,C—OCH.CH,

CN
ethyl o-cyanobenzoate

O
II

C—NH,

C—

H

O
2-formylcyclohexanecarboxamide
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TABLE 21-1 Summary of Functional Group Nomenclature

Functional Group Name as Main Group Name as Substituent

Main groups in order ofdecreasing priority:

carboxylic acids -oic acid carboxy^

esters -oate alkoxycarbonyl"

amides -amide amido''

nitriles -nitrile cyano

aldehydes -al formyl

ketones -one 0X0

alcohols -ol hydroxy

amines -amine amino
alkenes -ene alkenyl

alkynes -yne alkynyl

alkanes -ane alkyl

ethers alkoxy

halides halo

' Denotes rare usage.

PROBLEM 21-1

Name the following carboxylic acid derivatives, giving both a common name and an lUPAC
name where possible.

(b) PhOCHO
(d) PhNHCOCHjCHCCH,),
(f) CH,CH(OH)CH.CN
(h) CKCHCOCl

(a) PhCOOCH.CHlCH,)^
(c) PhCH(CH,)COOCH,
(e) CH,CONHCH,Ph
(g) (CHj^CHCH.COBr
(i) (CH3),CHC00CH0

O

(J) -c

o

o

o

COCI

(1) PhCONH^(^^

H COOH

(Hint: Named as a

piperidine denvative.)

21-3

Physical Properties

of Carboxylic Acid

Derivatives

2 1 -3A Boiling Points and Melting Points

Figure 21-2 is a graph of the boiling points of simple acid derivatives plotted against

their molecular weights. For comparison, the /t-alkanes are included. Notice that es-

ters and acid chlorides have boiling points near those of the unbranched alkanes with

similar molecular weights. These acid derivatives contain highly polar carbonyl

groups, but the polarity of the carbonyl group has only a small effect on the boiling

points (see Chapter 18).
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/;-alkanes

20 60 100 140 180

molecular weight

Figure 21-2

Boiling points of acid derivatives plotted against their molecular weights. Alcohols and

unbranched alkanes are included for comparison.

Carboxylic acids are strongly hydrogen bonded in the liquid phase, resulting

in elevated boiling points. The stable hydrogen-bonded dimer has a higher effective

molecular weight and boils at a higher temperature. Nitriles also have higher boil-

ing points than esters and acid chlorides of similar molecular weight. This effect re-

sults from a strong dipolar association between adjacent cyano groups.

^0---H— O. R—C^N:"'
R— CC^ ic-R

O— H---0 ' :N=C—

R

carboxylic acid dimer dipolar association of nitriles

Amides have surprisingly high boiling points and melting points compared

with other compounds of similar molecular weight. Primary and secondary amides

participate in strong hydrogen bonding, shown in Figure 21-3. The resonance picture

shows a partial negative charge on oxygen and a partial positive charge on nitrogen.

The positively charged nitrogen polarizes the N—H bond, making the hydrogen

strongly electrophilic. The negatively charged oxygen's lone pairs are particularly

effective in forming hydrogen bonds to these polarized N—H hydrogens.
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C R'

R'

:0:

R N

R'

Figure 21-3

The resonance picture of an

amide shows its strongly polar

nature. Hydrogen bonds and

dipolar attractions stabilize the

liquid phase, resulting in

higher boiling points.

O- H
\ +/
C= N

/ \
R H

6-

C= N

R

/

H
hydrogen bonding

H
\
+N'
//

H-0—

C

\

r; c
^ 'O-

R'

O -+ N
R'

>^ ^R'
I

R

intermolecular attraction

Pure tertiary amides lack N—H bonds, so they cannot participate in hydro-

gen bonding (although they are good hydrogen bond acceptors). Still, they have high

boiling points, close to those of carboxylic acids of similar molecular weights. Fig-

ure 21-3 shows how a pairing of two molecules is strongly attractive, helping to sta-

bilize the liquid phase. Vaporization disrupts this arrangement, so a higher temperature

is needed for boiling.

Strong hydrogen bonding between molecules of primary and secondary amides

also results in unusually high melting points. For example, A^-methylacetamide (sec-

ondary, one N—H bond) has a melting point of 28°C. which is 89° higher than the

melting point {— 61°C) of its isomer dimethylformamide (tertiary, no N—H bond).

With two N—H bonds to engage in hydrogen bonding, the primary amide propi-

onamide melts at 79°C, about 50° higher than its secondary isomer A'-methylacetamide.

o o o
II

^CH, i ,H
II

M
H—c— n:^ ch,—c— n:^ ch,ch.—c—

CH3 CH3 " H
diniethylfoiTnamide yV-methylacetamide propionamide

mp -61°C mp28°C mp 79°C

2 1 OB Solubility

Acid derivatives (esters, acid chlorides, anhydrides, nitriles, and amides) are solu-

ble in common organic solvents such as alcohols, ethers, chlorinated alkanes, and

aromatic hydrocarbons. Acid chlorides and anhydrides cannot be used in nucle-

ophilic solvents such as water and alcohols, however, because they react with these

solvents. Many of the smaller esters, amides, and nitriles are relatively soluble in

water ( Table 21-2) because of their high polarity and their ability to form hydrogen

bonds with water.

Esters, tertiary amides, and nitriles are frequently used as solvents for organic

reactions because they provide a polar reaction medium without O—H or N—

H

groups that can donate protons or act as nucleophiles. Ethyl acetate is a moderately

polar solvent with a boiling point of 77°C, convenient for easy evaporation from a

reaction mixture. Acetonitrile, dimethylformamide (DMF), and dimethylacetamide
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TABLE 21-2 Esters, Amides, and Nitriles Commonly Used as Solvents for Organ ic Reactions

UiillH'itim Name ,,,,, i°r'\nip ( L

)

op ( L ) y^citar Soliihilitx

0
II

CH,—C—OCH,CH, ethyl acetate -83 11 10%

0

H—C— N(CH,), dimethylfonnamide

(DMF)

-61 153 miscible

0
II

CH,— C— N(CH,), dimetliylacetamide

(DMA)
-20 165 miscible

CH,—C^N acetonitrile -45 82 miscible

(DMA) are highly polar solvents that solvate ions almost as well as water, but with-

out the reactivity of O—H or N—H groups. These three solvents are miscible with

water and are often used as solvent mixtures with water.

2I-4A Infrared Spectroscopy

Different types of carbonyl groups give characteristic strong absorptions at different

positions in the infrared spectrum. As a result, infrared spectroscopy is often the best

method to detect and differentiate these carboxylic acid derivatives. Table 21-3 sum-

marizes the characteristic IR absoiptions of carbonyl functional groups. As in Chap-

ter 12, we are using about 1710 cm ' for simple ketones, aldehydes, and acids as a

standard for comparison.

TABLE 21-3 Characteristic IR Stretching Absorptions of Acid Derivatives

Functional Group Frequency Comments

O
lower if conjugated, higher if strained

lower if conjugated

broad, on top of C—H stretch

lower if conjugated, higher if strained

two peaks tor R—CO— NH,.

one peak for R—CO— NHR"'

very high frequency

two peaks

usually just above 2200 cm '

21-4

Spectroscopy of

Carboxylic Acid

Derivatives

ketone

acid

ester

amide

acid chloride

acid anhydride

nitrile

R—C—N— R'

O

R—C— CI

O O

R—C—O—C—

R

--0. 1710 cm

= 0. 1710 cm-

O— H. 2500-3500 cm"'

C= 0. 1735 cm '

C= 0, 1640-1680 cm '

N— H, 3200-3500 cm"'

C= 0. 1800 cm-'

-C= 0. 1800 and 1750 cm"'

-C= N. 2200 cm-'
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Esters. Ester carbonyl groups absorb at relatively high frequencies, about 1735

cm '. Except for strained cyclic ketones, few other functional groups absorb strong-

ly in this region. Esters also have a C—O single-bond stretching absorption between

1000 and 1200 cm"', but many other molecules also absorb in this region. We do not

consider this absorption to be diagnostic for an ester, but we may look for it in un-

certain cases.

Conjugation lowers the carbonyl stretching frequency of an ester. Conju-

gated esters absorb around 1710 to 1725 cm ' and might easily be confused with

simple ketones. The presence of both a strong carbonyl absorption in this region

and a conjugated C=C absorption around 1620 to 1640 cm"' suggests a conju-

gated ester. Compare the spectra of ethyl octanoate and methyl benzoate in Fig-

ure 21-4 to see these differences.

Figure 21-4

Infrared spectra of (a) ethyl

octanoate and (b) methyl

benzoate. The carbonyl

stretching frequency of simple

esters is around 1735 cm ' and

that of conjugated esters is

around 1710-1725 cm"'.

wavelength (nm)

5 5.5 6 7 12 13 14 15 16

2000 1800 1600 1400 1200 1000

wavenumber (cm '

)

600

less than a

full double bond

II

C

:0:

\../
N

C

N

PROBLEM 21-2

What characteristics of the meth) 1 benzoate spectrum rule out an aldehyde or carboxylic

acid functional group giving the absorption at 1723 cm '?

PROBLEM 21-3

Give the frequencies of the C—O single-bond stretching absorptions in the IR spectra of

ethyl octanoate and methyl benzoate.

Amides. Simple amides have much lower carbonyl stretching frequencies than the

other carboxylic acid derivatives, absorbing around 1640 to 1680 cm ' (often a close

doublet). This low-frequency absorption agrees with the resonance picture of the

amide. The C=0 bond of the amide carbonyl is somewhat less than a full double
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bond. Because it is not as strong as the C=0 bond in a simple ketone or carboxylic

acid, the amide C=0 has a lower stretching frequency.

Primary and secondary amides have N—H bonds that give infrared stretching

absorptions in the region 3200 to 3500 cm '. These absorptions fall in the same re-

gion as the broad O— H absoiption of an alcohol, but the amide N—H absorptions

are usually sharper. In primai7 amides (R—CO—NH2). there are two N—H bonds,

and two sharp peaks occur in the region 3200 to 3500 cm '. Secondary amides

(R—CO—NHR' ) have only one N—H bond, and only one peak is observed in the

N—H region of the spectrum. Tertiary amides (R—CO—NR^) have no N—

H

bonds, and there is no N—H absorption.

The infrared spectrum of butyramide appears in Figure 12- 1 2a. page 517.

Notice the strong carbonyl stretching absorption around 1630-1650 cm ' and two

N—H stretching absoiptions at 3350 and 3180 cm"'.

Lactones and Lactams. Unstrained lactones (cyclic esters) and lactams (cyclic

amides) absorb at typical frequencies foresters and atnides. Ring strain raises the car-

bonyl absorption frequency, however. Recall that cyclic ketones with five-membered

or smaller rings show a similar increase in carbonyl stretching frequency (Section

1 8-5 A). Figure 21-5 shows the effect of ring strain on the C=0 stretching fre-

quencies of lactones and lactams.

5-valcrolactone y-butyrolactone P-propiolactone 5-valerolactam y-butyrolactam (3-propiolactam

1735 cm-l 1770 cm"^ 1800 cm-^ 1670 cm-' 1700 cm"' 1745 cm-'

no strain moderate strain highly strained no strain moderate strain highly strained

Figure 21-5

Ring strain in a lactone or lactam increases the carbonyl stretching frequency.

Nitriles. Nitriles show a characteristic C=N stretching absorption around 2200

cm"' in the infrared spectrum. This absorption can be distinguished from the alkyne

C=C absorption by two characteristics: Nitriles usually absorb at frequencies slight-

ly higher than 2200 cm"' (to the left of 2200 cm"
' ), while alkynes usually absorb at

frequencies sUghtly lower than 2200 cm"
'

; and nitrile absorptions are usually stronger

because the C=N triple bond is more polar than the alkyne C=C triple bond.

The IR spectrum of butyronitrile appears in Figure 12-13, page 518. Notice

the strong triple-bond stretching absorption at 2249 cm"'. The IR spectrum of

he.xanenitrile (Compound 3. p. 522) shows C=N stretching at 2246 cm"'.

Acid Halides and Anhydrides. Acid halides and anhydrides are rarely isolated as

unknown compounds; but they are commonly used as reagents and intermediates, and

infrared spectroscopy can confirm that an acid has been converted to a pure acid

chloride or anhydride. The carbonyl stretching vibration of an acid chloride occurs

at a high frequency, around 1800 cm"'.

Anhydrides give nro carbonyl stretching absorptions, one around 1800 cm"'

and another around 1750 cm"'. Figure 21-6 shows the spectrum of propionic anhy-

dride, with carbonyl absorptions at 1818 and 1751 cm"'.
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Figure 21-6

Infrared spectrum of propionic

anhydride, showing C=0
stretching absorptions at 1818

and 1751 cm '.

4000

wavelength f^ni)

5 5.5 6 9 to 12 13 14 15 16

3500 3000 2500 2000 1800 1600 1400 1200 1000

wavenumber (cin '

I

800 600

PROBLEM-SOLVING HINT
The absorptions listed in Table

21-3 are often the best spectro-

scopic information available for

determining the functional group

in an unknown compound.

PROBLEM 21-4

The following IR spectra may include a carboxylic acid, an ester, an amide, a nitrile, an acid

chloride, or an acid anhydride. Determine the functional group suggested by each spec-

trum, and list the specific frequencies you used to make your decision.

2.5

wavelength (|im)

3.5 4 4.5 5 5.5 6 7 8 9 10 12 13 14 15 16

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000

wavenumber (cm"'

)

800 600
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2.5 3 3.5 4 4.5 5 5.5 6 7 8 9 10 11 12 13 14 15 16

100

80

60

40

20

(h)

0
4000 3500 3000 2500 2000 1800 1600 1400 1200 1000
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800 600
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100
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20

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm~'

)
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2I-4B NMR Spectroscopy

NMR spectroscopy of acid derivatives is complementary to IR spectroscopy. For the

most part, IR gives information about the functional groups, while NMR gives in-

formation about the alkyl groups. In many cases, the combination of IR and NMR
provides enough information to determine the structure.

Proton NMR. The proton chemical shifts found in acid derivatives are close to

those of similar protons in ketones, aldehydes, alcohols, and amines (Fig. 21-7). For

example, protons alpha to a carbonyl group absorb between S2.0 and 52.5, whether

the carbonyl group is part of a ketone, aldehyde, acid, ester, or amide. The protons

of the alcohol-derived group of an ester or the amine-derived group of an amide give

absorptions similar to those in the spectrum of the parent alcohol or amine.

82,0-52.5 O

R— CHo— C—

X

alpha protons

R

O
II

H— C-

aldehyde

O
II

R— C— O-

ester 54

O H— variable. 85-88, broad

R— C—N— CH,—

amide 53

O

H— C— NRt

_5S

Cjonnamide

R— CH2— C= N:

52..^

nitrile

A Figure 21-7

Typical absoiptions of acid

derivatives in the proton NMR
spectrum.

The N—H protons of an amide may be very broad, appearing between 65 and

58, depending on concentration and solvent. The /?)/7/n7 proton bonded to the carbonyl

group of a formate ester or formamide resembles an aldehyde proton, but it is slight-

ly more shielded and appears around 58. In a nitrile, the protons on the cv-carbon

atom absorb around 52.5, similar to the a protons of a carbonyl group.

The NMR spectrum of A'-methylformamide (Fig. 21-8) shows the fomiyl pro-

ton (H—C=0) around 58, and the N—H proton is nearly invisible around 57. The

N-methyl group appears as two singlets (not a spin -spin splitting doublet) around

600 500 400

Hz

300 200 100
1 1 1 1 1

—

b
>

II

H— C— NHCH,

1 1i

M 1 1 M1 1 1 1 1

1

MM MM 1 1 1 1 1 1 1 1 INI nil 1 1 1 1 MM MM MM 1 1 M MM MM mmI M, MM MM MM MM MM
10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

8 (ppm)

< Figure 2 1 -8

The NMR spectrum of

A'-methylformamide shows two

methyl singlets resulting from

hindered rotation about the

amide bond.
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.CH3

H H
cisoid

H CH3
transoid

52.9. The two singlets result from hindered rotation about the amide bond, giving cisoid

and transoid isomers that interconvert slowly with respect to the NMR time scale.

Carbon NMR. The carbonyl carbons of acid derivatives appear at shifts around

170 to 180 ppm, slightly more shielded than the carbonyl carbons of ketones and

aldehydes. The a-carbon atoms absorb around 30 to 40 ppm. The .sy^^'-hybridized

carbons bonded to oxygen in esters absorb around 60 to 80 ppm, and those bonded
to nitrogen in amides absorb around 40 to 60 ppm. The cyano carbon of a nitrile ab-

sorbs around 120 ppm.

O O

R—C—O—C— R—C—N—C— R—C=N:

• 1 80 ppm —60 ppm ~ 1 80 ppm —50 ppm — 1 20 ppm

PROBLEM 21-5

For each set of IR and NMR spectra, determine the structure of the unknown compound. Explain how your proposed struc-

ture fits the spectra, (a) C,HsNO (b) C5H3O2

200 180 160 140 120 100 80 60 40 20

L.,

r
(alCt^HgNO

>

6 (ppm)

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm"'

)



21-5 Interconversion of Acid Derivatives by Nucleophilic Acyl Substitution 963

200 180 160 140 120 100 80 60 40 20

(b) CjH/J,

5

5 (ppm)

wavelength (|im)

3.5 4 4.5 5 5.5 6 7 9 10 11 12 13 14 15 16

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm"'

)

Preview. Acid derivatives react with a wide variety of nucleophilic reagents under

both basic and acidic conditions. Most of these reactions involve nucleophilic acyl

substitutions, following similar reaction mechanisms. In each case, the nucleophilic

reagent adds to the carbonyl group to produce a tetrahedral intermediate, which ex-

pels the leaving group to regenerate the carbonyl group. Tlirough this addition -elim-

ination process, the nucleophilic reagent substitutes for the leaving group. In the

sections that follow, we consider several examples of these reactions, first under basic

conditions and then under acidic conditions. In each case, we will note the similari-

ties with the other reactions that follow this same addition -elimination pathway.

Nucleophilic acyl substitutions are also called acyl transfer reactions because

they transfer the acyl group from the leaving group to the attacking nucleophile. The

following is a generalized addition -elimination mechanism for nucleophilic acyl

substitution.

nucleophilic attack

Nuc

tetrahedral intermediate

II

R Nuc

product

21-5

Interconversion of

Acid Derivatives by

Nucleophilic Acyl

Substitution

PROBLEM-SOLVING HINT

This mechanism applies to most

of the reactions In this chapter

+ Y:
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Depending on the nature of Nuc:~ and Y: , we can imagine converting any

acid derivative into almost any other. Reactions that actually occur generally convert

a more reactive acid derivative to a less reactive one. Predicting these reactions re-

quires a knowledge of the relative reactivity of acid derivatives.

2 1 -5A Reactivity ofAcid Derivatives

Acid derivatives differ greatly in their reactivity toward nucleophilic acyl substitu-

tion. For example, water hydrolyzes acetyl chloride in a violently exothermic reac-

tion, while acetamide is stable in boiling water. Acetamide is hydrolyzed only by

boiling it in strong acid or base for several hours.

O

CH,— C— CI + H,0

O

CH,—C— NH, + Na+ OH

O
(very fast)

H,0. boil

(slow)

CH,—C—OH + HCl

O

CH,—C—O^Na + NH,

The reactivity of acid derivatives toward nucleophilic attack depends on their

structure and on the nature of the attacking nucleophile. In general, reactivity follows

this order:

Recictivity Derivative Leaving group Basicin-

more reactive

t
acid

chloride

anhydride

ester

amide

less reactive carboxylate

O

R—C— CI

O O

R— C—O—C—

R

O

R—C—O— R'

o
II

R—C— NH.

O
II

R—C—

cr

o
IIO—C—

R

-O— R'

basic

more basic

This order of reactivity stems partly from the basicity of the leaving groups. Strong

bases are not good leaving groups, and the reactivity of the derivatives decreases as

the leaving group becomes more basic.

Resonance stabilization also affects the reactivity of acid derivatives. In amides,

for example, resonance stabilization is lost when a nucleophile attacks.

O'

R—C—NH,

=
0:"

R—C=NH.

Nuc:

resonance-Stabilized

=0 =

R—C— NH.

Nuc
no resonance stabilization
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A smaller amount of stabilization is present in esters.

O"

C—O— R'

:0:"

R—c=6- R'

NUC :

:0:

R—C— 0-

Nuc

R'

weak rcsoiuiiicc slubili/atinn no resonance siabili/ation

Resonance stabilization of an anhydride is like that in an ester, but the stabi-

lization is shared between two carbony! groups. Each carbonyl group receives less

stabilization than an ester carbonyl.

O' O'

II .. II

R—C—O—C—

R

R—C=0—C—

R

Nuc-'

shall weak resonance stabili/.alion

= 0: O'

R—C—O—C—

R

Nuc

There is little resonance stabilization of an acid chloride, and it is quite reactive.

In general, we can easily accomplish nucleophilic acyl substitutions that con-

vert more reactive derivatives to less reactive ones. Thus, an acid chloride is easily

converted to an anhydride, ester, or amide. An anhydride is easily converted to an ester

or an amide. An ester is easily converted to an amide, but an amide can be hydrolyzed

only to the acid or the carboxylate ion (in basic conditions). Figure 21-9 graphical-

ly summarizes these conversions. Notice that thionyl chloride (SOCK) converts an

acid to its most reactive derivative, the acid chloride (Section 20-1 1 ).

The following reactions all involve nucleophilic acyl substitution by the addi-

tion-elimination mechanism. They convert more reactive derivatives to less reactive

ones, so they generally give good yields of products.

PROBLEM-SOLVING HINT
You should be able to draw any

of the mechanisms in this

section without having to

memorize them.

Intel-conversions of acid derivatives

O
acid chloride

||

R— C— CI

O O

R—C—O—C—

R

anhydride

O
II

R— C— OR'

ester

O
amide

R— C— NHo

SOCl.

< Figure 21-9

More reactive acid derivatives

are easily converted to less

reactive derivatives. A "down-

hill" reaction from

O O
II II

R— C—W to R—C—

Z

generally requires H—Z or Z~

as the nucleophile for nucle-

ophilic acyl substitition.
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Conversion ofan acid chloride to an anhydride

'0\ O
\y II

acid chloride

nucleophilic attack

^ R—C^Cl
I

^
/••\ ^

H C— R'

tetrahedral intermediate

o
II

-> R—C

y \Ĉ— R'

O' O
II II

R—C—O—C— R'

anhydride

+ H—CI

Example
O

CH3(CH,),—C— CI

heptanoyl chloride

o

CH3(CH.),—C—OH
heptanoic acid

O o

CH3(CH,),—C—O—C— (CH,)5CH3

heptanoic anhydride

3

Conversion of an acid chloride to an ester

-95

R—C— CI + R—OH

acid chloride alcohol

nucleophilic attack

R—C^Cl -

R' H
tetrahedral intermediate

O"

/
R—C

\
+ CI:

=0—

H

R'

R—C—0—R'

ester

+ HCl

Example O

cyclopentanecarbonyl

chloride

OH

+ CH,—CH—CH,

2-propanol

^^^^^^'^OCHCCHj), + HCl

2-propyl

cyclopentanecarboxylate

o

/
3

Conversion of an acid chloride to an amide

6-

R—c— ci: / 2r;n—H

acid chloride amine

nucleophilic attack

P
R—C-rCll ^ R—C

O'
R—C

O'

R2N—

H

tetrahedral intermediate

R2N-JH :nr;

r;nh + r;nh, cr

Reaction of an acid chloride with ammonia gives a primary amide: with a primaty

amine, this reaction gives a secondary amide; and with a secondary amine, it gives

a tertiary amide.

Example

O

CH3—(CH,)4—C— Cl +

hexanoyl chloride cyclohexylamine

NH.

O

CH3— (CHO4—C— NH-

A'-cyclohexylhexanamide

+ HCl
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Conversion of an acid anhydride to an ester

'0\ O :0-^ O
P

R—C—O— C— R + R'—OH

anhydride alcohol

nucleophilic attack

R—C^O—C—

R

R' H
tctrahcdral intermediate

o

R—

C

O

O—C—

R

R' H

O O

Example

Cr°"
cyclopentanol

R— C—O— R' + R—C—OH
ester

O
o o

CH3—C—O— C—CH,

acetic anhvdride

^X/O-C-CH,
( / + AcOH

cyclopentyl acetate acetic acid

Conversion ofan acid anhydride to an amide

'0^ O = 00 O

R—c—o—c— R + r;nh

anhydride

nucleophilic attack

R—c-rO—c—r
I

^
"N—

H

tetrahedral intermediate

o"

R—

C

"N—

H

O

O—C—

R

O

R—C— NR; +
amide

O

R— C—OH

Reaction of an anhydride with ammonia gives a primary amide: with a primary

amine, this reaction gives a secondary amide: and with a secondary amine, it gives

a tertiary amide.

-NH, O O

aniline

+ CH,—C—O—C—CH,

acetic anhvdride

o

.NH—C—CH.

acetanilide

+ AcOH

acetic acid

Conversion ofan ester to an amide (ammonolysis ofan ester)

^ R—C—O— R' + R —NH.

:0
0

primary amme
(or NH,)

nucleophilic attack

R—C-^— R'

-N—

H

R-/
tetrahedral intermediate

O'

N—

H

R"/ ^H

O

R—C—NHR" + R—OH
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Example

H O

ethyl formate cyclohexylamine A'-cyclohexyltormamide

(90%)

PROBLEM 21-6

(a) Propose a mechanism for the reaction of benzyl alcohol with acetyl chloride to give ben-

zyl acetate.

( b) Propose a mechanism for the reaction of benzoic acid with acetyl chloride to give acetic

benzoic anhydride.

(c) Propose a second mechanism for the reaction of benzoic acid with acetyl chloride to

give acetic benzoic anhydride. This time, let the o?/!er oxygen of benzoic acid serve as the

nucleophile to attack the carbonyl group of acetyl chloride. Because proton transfers are fast

between these oxygen atoms, it is difficult to differentiate between these two mechanisms

experimentally.

PROBLEM-SOLVING HINT

A strong base may serve as a

leaving group if it leaves in a

highly exothermic step, usually

converting an unstable, nega-

tively charged intermediate to a

stable molecule.

2 1 -SB Leaving Groups in Nucleophillc Acyl Substitutions

Loss of an alkoxide ion as a leaving group in the second step of the conversion of an

ester to an amide (above) should surprise you. In our study of alkyl substitution and

elimination reactions (SnI, Sn2, El, E2), we saw that strong bases such as hydrox-

ide and alkoxide are not good leaving groups. Figure 21-10 compares the acyl addi-

tion-elimination mechanism with the 8^2 mechanism. The differences in the

mechanisms explain why strong bases may serve as leaving groups in acyl substitu-

tion, even though they cannot in alkyl substitution.

The Sn2 reaction's one-step mechanism is not highly endothermic or exother-

mic. The bond to the leaving group is about half broken in the transition state, so the

reaction rate is sensitive to the nature of the leaving group. With a poor leaving group

such as alkoxide, this reaction is quite slow.

In the acyl substitution, the leaving group leaves in a separate second step. This

second step is highly exothermic, and the Hammond postulate (Section 4-15) predicts

that the transition state resembles the reactant: the tetrahedral intermediate. In this

transition state, the bond to the leaving group has barely begun to break. The ener-

gy of the transition state (and therefore the reaction rate) is not very sensitive to the

nature of the leaving group.

Nucleophillc acyl substitution is our first example of a reaction with strong

bases as leaving groups. We will see many additional examples of such reactions. In

general, a strong base may serve as a leaving group if it leaves in a highly exother-

mic step, usually converting an unstable, negatively charged intermediate to a sta-

ble molecule.

PROBLEM 21-7

Which of the following proposed reactions would take place quickly under mild conditions?

O O
II II

(a) CH,—C— NH, + NaCl > CH,—C— CI + NaNH,
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ho:

H

•C— OCH

bond to mclhoxide is about hall bn)ken

H
8- I 18-

HO---C---0CH,
/ \
H H

transition state

HO—CC OCH
\^H
H

Acyl siihsiitulion

O.
„)

R— C— OCH

/
:NH.

OCH^ leaves in an

exothermic step

O", O
r II

"OCH:,

R— C— OCH,
I

^
+NH,

transition state

R—

C

^NH,

' bond to niethoxide

has just begun

to break

O
HOCH,

R—

C

NHo

< Figure 21-10

Comparison of Sf^2 and acyl

addition -elimination reactions

with methoxide as the leaving

group. In the concerted Sn,2,

methoxide leaves in a slightly

endothermic step, and the bond

to methoxide is largely broken

in the transition state. In the

acyl substitution, methoxide

leaves in an exothermic second

step with a reactant-like transi-

tion state: The bond to

methoxide has just begun to

break in the transition state.

O
II

(b) Ph—C— CI + CHjNH, -

O
II

(c) (CH,),CH—C— NH, + CHjOH —
o o
II II

(d) CH,CH,—C— CI + CH —C—OH
O O
II II

(e) CH,—C—O—C—CH, + CHjNH,

PROBLEM 21-8

o
II

Ph—C—NHCH, + HCl

O

(CH,|,CH—C—OCH, + NH,

O O
II II

CH,CH,—C—O—C—CH, + HCl

O
II

-> CH,—C— NHCH, + CHjCOOH

Show how you would synthesize the following esters from appropriate acyl chlorides

and alcohols.

(a) ethyl propionate (b) phenyl 3-methylhexanoate

(c) benzyl benzoate (d) cyclopropyl cyclohexanecarbcxylate

PROBLEM 21-9

Show how you would use appropriate acy! chlorides and amines to synthesize the follow-

ing amides.

(a) /V.A^-dimethylacetamide (b) acetanilide (PhNHCOCH,)

O

(c) cyclohexane carboxamide (d)

'

C—

N
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PROBLEM 21-10

(a) Show how you would use acetic anhydride and an appropriate alcohol or amine to syn-

thesize (i) benzyl acetate; (ii) acetanilide, PhNHCOCH,. (b) Propose a mechanism for

each synthesis in part (a).

PROBLEM 21-11

Propose a mechanism for the reaction of benzyl acetate with methylamine. Label the at-

tacking nucleophile and the leaving group, and draw the transition state in which the leav-

ing group leaves.

21-6

Acid-Catalyzed

Nucleophilic Acyl

Substitution

In each substitution discussed in the previous section, a nucleophile attacks the car-

bonyl group to form a tetrahedral intermediate. Some nucleophiles are too weak to

attack an unactivated carbonyl group. For example, an alcohol attacks the carbonyl

group of an acid chloride, but it does not attack an acid. If a strong acid protonates

the carbonyl group of the carboxylic acid, it is activated toward attack by the alco-

hol; Fischer esterification is the result (Section 20-10).

R—C—OH +

activation of C=0

= 0—

H

f II

R C—O—

H

H—O— R'

nucleophilic attack

=0—

H

R—C—O—

H

I

H—O—R'

tetrahedral intermediate

several steps

(Section 20-10)

R—

C

O'

O—R'
ester

H3O+

A similar mechanism is responsible for the acid-catalyzed transesterifica-

tion of an ester: substitution of one alkoxy group for another. When an ester is treat-

ed with a different alcohol in the presence of an acid catalyst, the two alcohol groups

can interchange. An equilibrium results, and the equilibrium can be driven toward

the desired ester by using a large excess of the desired alcohol or by removing the

other alcohol.

Transesterification also occurs under basic conditions, catalyzed by a small

amount of alkoxide ion. Once again, a large excess of the desired alcohol helps to

achieve a good conversion.

O

Transesterification

R—C—O— R' + R"—OH
(large excess)

H+ or "OR"

O

R—C—O—R" + R'—OH

Example

O

C—O—CH2CH3 + CH—OH

ethyl benzoale (large excess)

H+ or OCH3

o

C—O—CH, + CH3CH,—OH

methyl benzoate
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PROBLEM SOLVING
Proposing Reaction Mechanisms

Rather than simply showing the mechanisms for acid-catalyzed and base-cat-

alyzed transesterification. let"s consider how one might work out these mecha-

nisms as in a problem.

Base-Catalyzed Transesterification

First consider the base-catalyzed transesterification of ethyl benzoate with

methanol. This is a classic example of nucleophilic acyl substitution by the addi-

tion-elimination mechanism. Methoxide ion is sufficiently nucleophilic to attack

the ester carbonyl group. Ethoxide ion serves as a leaving group in a strongly

exothermic second step.

nucleophilic attack tetrahedral intermediate

Now try a base-catalyzed mechanism on your own in this Problem.

PROBLEM 21-12

When ethyl 4-hydroxybutyrate is heated in the presence of a trace of a basic cat-

alyst (sodium acetate), one of the products is a lactone. Propose a mechanism for

formation of this lactone.

Acid-Catalyzed Transesterification

The acid-catah zed reaction follow s a similar mechanism, but it is more compli-

cated because of additional proton transfers. We use the stepw ise procedure to pro-

pose a mechanism for the follov\ ing reaction, in w hich methanol replaces ethanol.

O O
II II

1. Consider the carbon skeletons of the reactants and products, and identi-

fy which carbon atoms in the products are likely derived from which car-

bon atoms in the reactants.

In this case, an ethoxyl group is being replaced by a methoxyl group.

2. Consider whether any of the reactants is a strong enough electrophile to

react w ithout being activated. If not. consider how one of the reactants

might be converted to a strong electrophile by protonation of a Lew is

basic site.

The ester carbonyl group is not a strong enough electrophile to react with

methanol. Protonation converts it to a strong electrophile (shown in step 3).

3. Consider how a nucleophilic site on another reactant can attack the strong

electrophile to form a bond needed in the product.
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PROBLEM-SOLVING HINT

Acid-catalyzed nucleophilic acyl

substitution usually differs from

the base-catalyzed reaction in

two major ways: (
I

) The

carbonyl must be protonated to

activate it toward attack by a

weak nucleophile, and (2) leaving

groups are usually protonated,

then lost as neutral molecules.

Methanol has a nucleophilic oxygen atom that can attack the activated car-

bonyl group to form the new C—O bond needed in the product.

nucleophilic attack

(resonance-stabilized)

-H

OCH,

OCH.CH,
+ CH,OH,

tetrahedral intermediate

4. Consider how the product of nucleophilic attack might be converted to the

final product or reactivated to form another bond needed in the product.

The task here is to break bonds, not form them. The ethoxyl group (OCH2CH3)
must be lost. The most common mechanism for losing a group under acidic

conditions is to protonate it (to make it a good leaving group), then lose it. In

fact, losing the ethoxyl group is exactly the reverse of the mechanism used

above to gain the methoxyl group.

Protonation prepares the ethoxyl group to leave. When it leaves, the prod-

uct is simply a protonated version of the final product.

O
.H

^OCH,

-H
:0

.OCH,

^OCH.CH, ^ >0t
CH.CH,

= 0
II

OCH,

,0.

CHX'H,

5. Draw out all steps of the mechanism, using curved arrows to show the

movement of electrons.

Once again, this summary is left to you to help you review the mechanism.

PROBLEM 21-13

Complete the mechanism for this acid-catalyzed transesterification by drawing

out all the individual steps. Draw the important resonance contributors for each

resonance-stabilized intermediate.

PROBLEM 21-14

Propose a mechanism for the following ring-opening transesterification. Use the

mechanism in Problem 21-13 as a model.
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Some reactions that can go as basic nucleophilic acyl substitutions actually

work much better with an acid catalyst. For example, aspirin is made from salicylic

acid and acetic anhydride. When these reagents are mixed, the reaction goes slow-

1\. Addition of a drop of sulfuric acid accelerates the reaction, and it goes to com-

pletion in a minute or two.

O

^..^OH
? ? HSO

+ CH,— C—O—C—CH, : K)! + CH.COOH
Qj_j acetic anhvdride \—^ qj^

II

'

II

o o
salicylic acid aspirin

(acetylsaiicylic acid)

PROBLEM 21-15

Propose a mechanism for the acid-catah zed reaction of salicylic acid with acetic anhydride.

All acid derivati\ es hydrolyze to give carboxy lie acids. In most cases, hydrolysis oc-

curs under either acidic or basic conditions. The reactivity of acid derivatives toward

hy droly sis varies from highly reacti\e acyl halides to relatively unreactive amides.

2 1 -7A Hydrolysis ofAcid Halides and Anhydrides

Acid halides and anhydrides are so reacti\ e that they hydroly ze under neutral condi-

tions. Hydrolysis of an acid halide or anhydride is usually an annoying side reaction

that takes place on exposure to moist air. Hydrolysis can be avoided by storing acid

halides and anhvdrides under dr\ nitrogen and bv usins drv soh'ents and reasents.

O
'J

R—C— CI + H,0: R—C^^
OH,

R—c Q-c\

H

2 1 -7B Hydrolysis of Esters

Acid-catalyzed hydrolysis of an ester is simply the re\ erse of the Fischer esterifl-

cation equilibrium. Addition of excess water drives the equilibrium toward the acid

and the alcohol.

Basic hydrolysis of esters, called saponiflcation, avoids the equilibrium of the

Fischer esterification. Hydroxide ion attacks the carbonyl group to gi\ e a tetrahedral

intermediate. Expulsion of alkoxide ion gives the acid, and a fast proton transfer

gives the carboxylate ion and the alcohol. This strongly exothermic proton transfer

drives the saponification to completion. Notice that a full mole of base is consumed

to deprotonate the acid.

O

R—C—O— R' + ":0—

H

ester

nucleophilic attack

K ..— '^"C—O— R'

:0—

H

tetrahedral intermediate

R—

C

O-
/^O—R'

O—H

acid alkoxide

proton transfer

21-7

Hydrolysis of

Carboxylic Acid

Derivatives

R—C—O—H + HCl

R—CC^ H—O— R'

carboxvlate alcohol
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Example

O

CH3CH,—C—O—CH.CH, + Na^-OH
ethyl propionate

O

CH,CH,—C—O "Na

sodium propionate

CH,CH,—OH
ethanol

The term saponification (Latin, saponin, "soap") literally means "the making

of soap." Soap is made by the basic hydrolysis of fats, which are esters of long-chain

carboxylic acids (fiitty acids) with the triol glycerol. When sodium hydroxide hy-

drolyzes a fat, the resulting long-chain sodium carboxylate salts are what we know
as soap. Soaps and detergents are discussed in more detail in Chapter 25.

O O

CH,—O—

C

vVWWV\ CH,—O— H + Na^ O—

C

O

vWWW\
o

CH—O—H + Na+ -O—

C

O
II

CH,—O—

C

\AAA/V\
o

nAAAAAAA
a fat (triester of glycerol)

CH3—O— H + Na+ -O—

C

glycerol

\AAAAA/V\
soap (salts of fatty acids)

PROBLEM 21-16

Suppose we have some optically pure (/?)-2-butyl acetate that has been "labeled"" with the

heavy isotope at one oxygen atom as shown below.

V CH^CH,
II 18 / -

"

CH-C-O-C^H
CH3

(a) Draw a mechanism for the hydrolysis of this compound under basic conditions. Pre-

dict which of the products w ill contain the ""O label. Also predict whether the 2-butanol prod-

uct will be pure (R). pure (5), or racemized.

( b) Repeat part (a) for the acid-catalyzed hydrolysis of this compound.

(c) Explain how you would prove experimentally where the '^'O label appears in the prod-

ucts. ('^O is not radioactive.)

PROBLEM 21-17

(a) Explain why we speak of acidic hydrolysis of an ester as acid-catalyzed, but of basic

hydrolysis as base-promoted.

(b) Soap manufacturers always use base to hydrolyze fats, and never acid. Suggest two

reasons basic hydrolysis is prefened.

PROBLEM 21-18

Propose a mechanism for the base-promoted hydrolysis of y-butyrolactone:
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2I-7C Hydrolysis ofAmides

Amides undergo hydrolysis to carboxylic acids under both acidic and basic condi-

tions. Amides are the most stable acid derivatives, and stronger conditions are required

for their hydrolysis than for hydrolysis of an ester. Typical hydrolysis conditions in-

volve prolonged heating in 6 M HCl or 40 percent aqueous NaOH.

Basic hydrolysis

O

R—C— NHR' + Na- OH
H,0

O

R—C—0~ + R'NH,

Example

C— N(CH.CH,).

N.A^-diethylhenzamide

Acid hxdrolysis

/

+ NaOH

O

R— C—NHR' + H,0

H,0
COO- Na^

sodium benzoate

+ (CH,CH.).NH

diethylamine

O

R—C—OH + R'NHr

Example q

,CH,— C—NHCH,

A'-methyl-2-phenylacetaniide

+ H.SOj
H,0

O

CH.—C—OH

phen\ lacetic acid

CH3NH, HSO4-

meth\ lammonium

The basic hydrolysis mechanism (shown below for a primary amide) is simi-

lar to that for hydrolysis of an ester. Hydroxide attacks the carbonyl to give a tetra-

hedral intermediate. Expulsion of an amide ion gives a carboxylic acid, which is

quickly deprotonated to give the salt of the acid and ammonia.

OH R—C^NH, R—C^ ^ r:NH,
:0— H*^

R—CC^ :NH,
:0:"

nuclcophilic attack
OH

tetrahedral intermediate

Under acidic conditions, the mechanism of amide hydrolysis resembles the

acid-catalyzed hydrolysis of an ester. Protonation of the carbonyl group activates it

toward nucleophilic attack by water to give a tetrahedral intermediate. Protonation

of the amino group enables it to leave as the amine. A fast exothermic proton trans-

fer gives the acid and the protonated amine.
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R—C—NH. + H

activation of C=0

^ = 0—

H

^11 ..

R—C— NH,

nucleophilic attack

R—C—NH,

= 0—

H

R—C— NH,

H H
tetrahedral intermediate

R— =NH,
= 0—

H

= 0—

H

R—C—NH. + H
I

:0—

H

R—Cr^ NHJ
:0—

H

=0—

H

PROBLEM 21-19

Draw tiie important resonance contributors for both resonance-stabilized cations in the

mechanism for acid-catalyzed hydrolysis of an amide.

PROBLEM 21-20

Propose a mechanism for the hydrolysis of MA'-dimethylacetamide

(a) under basic conditions (b) under acidic conditions

PROBLEM 21-21

The equilibrium for hydrolysis of amides, under both acidic and basic conditions, favors the

products. Use your mechanisms for the hydrolysis of yV.jV-dimethylacetamide to show which

steps are sufficiently exothermic to drive the reactions to completion.

2 1 -7D Hydrolysis of Nitriles

Nitiiles are hydrolyzed to amides, and further to carboxylic acids, by heating w ith

aqueous acid or base. Mild conditions can hydrolyze a nitiile only as far as the amide;

stronger conditions can h) droh ze it all the way to the carboxylic acid.

Basic hydrolysis

R—C= N: + H,0
niirile

-QH

H,0

o

R—C— NH;
1° amide

-QH

H,0

o

R—C—O- + NU.
carboxylate ion

Example

C=N-

N

nicotinonitrile

NaOH

H,0/EtOH. 50°C

N
nicotinamide

Acidic hydrolysis

R—C= N: + H.O
nitrile

H,0

o
II

R—C— NH,
primary amide

H,0

O
II

R— C—OH +
carboxylic acid

NH;
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Example

Ph—CH,—C^N:
phenylacetonitrile

H,SO^, heat

H^O/EtOH

o
II

Ph—CH,—C—OH
phenylacelic acid

The mechanism for basic hydrolysis begins with attack by hydroxide on the

electrophilic carbon of the cyano group. Prolonation gives the unstable enol tau-

tomer of an amide. Removal of a proton from oxygen and reprotonation on nitrogen

gives the amide. Further hydrolysis of the amide to the carboxylate salt involves the

same base-catalyzed mechanism as that discussed above.

Attack by hydroxide ion and reprotonation

^b—H :0—

H

H— O—

H

R—C= N:

nitrile

R—C= N:

= 0—

H

R—C=N— H +
enol tautomer of amide

:0—

H

Removal and replacement of a proton llaiitomerization)

O- O
H—O—

H

R—C= N— H R—C—N—

H

enolate of an amide

PROBLEM 21-22

Propose a mechanism for the basic hydrolysis of benzonitrile to the benzoate ion and ammonia.

PROBLEM 21-23

The mechanism for acidic hydrolysis of a nitrile resembles the basic hydrolysis, except that

the nitrile is first protonated. activating it toward attack by a weak nucleophile (water).

Under acidic conditions, the proton transfer (tautomerism) involves protonation on nitro-

gen followed by deprotonation on oxygen. Propose a mechanism for the acid-catalyzed hy -

drolysis of benzonitrile to benzamide.

O"

R—C—NH. + ^O—

H

amide

Carboxylic acids and their derivatives can be reduced to alcohols, aldehydes, and

amines. Because they are relatively difficult to reduce, acid derivatives generally re-

quire a strong reducing agent such as lithium aluminum hydride (LiAl4).

2I-8A Reduction to Alcohols

Lithium aluminum hydride reduces acids, acid chlorides, and esters to primary al-

cohols. (The reduction of acids was covered in Section 20-14.)

21-8

Reduction of

Acid Derivatives

LiAlH,

^orR—C— CI;

acid chloride

R—CH,0- ^Li

priman,- alkoxide

R'—O Li

H3O"
R—CH,OH
primary alcohol

+ R'—OH
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Example

O

CH.—C—OCH3CH3

ethyl phenylacelate

(1) LiAIH^

(2) H,0"

CH.—CH.OH

-phenylethanol

+ CH,CH,OH

Both esters and acid chlorides react through an addition -elimination mechanisin to

give an aldehyde, which is quickly reduced to an alkoxide. Dilute acid is added in a

second step to protonate the alkoxide.

H

R—C—O— R' + H— Al— HLi+

es^r^""^-
-'^^^^^^

^

H
nuclcophilic attack

R—C—6— R'

I

^'

H
tetrahedral intermediate

R—

C

O'

H

=
0:" -Li

R—C—

H

H
salt

aldehyde

Li- :0—

R

alkoxide

:0H

R—C—

H

H
primary

alcohol

PROBLEM 21-24

Propose a mechanism for the reduction of octanoyl chloride by lithium aluminum hydride.

2 1 -8B Reduction to Aldehydes

Acid chlorides are more reactive than other acid derivatives, and they are reduced to

aldehydes by mild reducing agents such as lithium aluminum tri(r-butoxyjhydride.

This reduction was covered in Sections 18-11 and 20-14.

O O
II Ln7-BuOi,AlH II

R—C— CI — > R—C—

H

ether

Example

O O
II Li(/-BuO),A]H II

CH3(CH,),—C— CI ^ > CH^CCH,)—C—

H

octanoyl chloride octanal

2I-8C Reduction to Amines

Lithium aluminum hydride reduces amides, azides, and nitriles to amines, pro-

viding some of the best synthetic routes to amines (Sections 19-20 and 19-23).

Azides. primary ainides, and nitriles are reduced to primary ainines. Secondary

amides are reduced to secondary amines, and tertiary amides are reduced to ter-

tiary amines.



21-8 Reduction of Acid Derivatives 979

Amides •/

Example

/

/

/

O

o

R—C— NH.
primary amide

o

R—C— NHR'
secondary amide

O

R—c— nr;
tertiary amide

LiAlH,

(2) H,0

(1) LiAIH^

(2) H,0

( 1 ) LiAlHj

(2) H,0

CH,—C—NH— Ph

acetanilide

( 1 ) LiAlH^

(2) H.O

R—CH,— NH.
primary amine

R—CH,—NHR'
secondary amine

R—CH,— NR;
tertiary amine

CH,—CH,— NH— Ph

A'-ethylaniline

Azides

Example

R—N=N= N:
( 1 ) LiAlH

(2) H.O

(1) LiAlH

(2) H,0

R— NH.

CH.— NH.

Nitriles

H

R—C= N:
H,/Pt

(n(l)LiAlH_,;(2)H-,0
R—C— N:

H

H

H

Example

(1) LiAIH^

(2) H,0
CH,—CH — NH.

PROBLEM 21-25

Give tlie expected products of lithium aluminum hydride reduction of the following com-

pounds (followed by hydrolysis).

(a) cyclohexyl azide (b) A^-cyclohexylacetamide (c) ^-caprolactam

H

CH, C
II

O
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2 I -9 Esters and Acid Chlorides Grignard and organolithium reagents add twice to acid

Reactions of
^^'""'^^^ esters to give alkoxides (Section 10-9D). Protonation of the alkoxides

Acid Derivatives

with Organometallic

Reagents

o
II

Ph—C— OEt

an ester

o
II

H—C— OEt

a formate ester

o

CH3CH.—C— CI

an acid chloride

gives alcohols.

O OM2X
11 2 R"Mt!X I

R—C— OR' ^

—

> R—C— R"

ester (or 2 R"Li)

Examples

+ 2 PhMgBr

+ 2 C^H^Li

2 PhMgBr

R" + R'OMgX
alkoxide salt

OMgBr

Ph—C— Ph

I

Ph

OLi

H C C^Hy

C^Hy

OMgBr

CH3CH.—C— Ph

Ph

H3O'

H3O"

OH

^ R—C— R"

R"

tertiary alcohol

OH
I

Ph—C— Ph

I

Ph

a 3° alcohol

OH

H C C^Hg

C4H9

a 2° alcohol

OH

CH3CH,—C— Ph

Ph

a 3° alcohol

R—C— OR' + R"—MgX

ester Grignard

The mechanism involves nucleophilic substitution at the acyl carbon atom. At-

tack by the carbanion-like organometallic reagent, followed by elimination of alkox-

ide (from an ester) or chloride (from an acid chloride), gives a ketone. A second

equivalent of the organometallic reagent adds to the ketone to give the alkoxide. Hy-

drolysis gives tertiary alcohols, unless the original ester is a formate (R=H), which

gives a secondary alcohol. In each case, two of the groups on the product are the

same, derived from the organometallic reagent.

:0:y +MgX

R—C— OR'
I

R"

tetrahedral intemiediate ketone

= 0:- +MgX

R—C— R"

R"

alkoxide

Nitriles. A Grignard or organolithium reagent attacks the electrophilic cyano

group to form the salt of an imine. Acidic hydrolysis of the salt (in a second

step) gives the imine, which is further hydrolyzed to a ketone (Sections 18-10

and 18-16).

R'—Mg—

X

R—C= N:

R'. .MgX
/C=n:

R
salt of imine

R^

R'

-H
:c=N'

RL
;c=o:

R'

ketone
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1

Example

Ph—C= N: + CH^Mgl

henzonitrile iiiclliv Imagiicsiiim

iodide

Ph. .Mgl H,0+
/C=n: —

—

CH,
magnesium salt

PROBLEM 21-26

Give a mechanism for the acidic hydrolysis of the ahove magnesium salt to acetophenone.

PROBLEM 21-27

Draw a mechanism for the reaction of propanoyl chloride with 2 moles of phenylmagne-

sium bromide.

PROBLEM 21-28

Show how you would add a Grignard reagent to an ester or a nitrile to synthesize

(a) 4-phenyl-4-heptanol (b) 4-heptanol (c) 2-pentanone

^C=0.
cnr
acetophenone

PROBLEM-SOLVING HINT

Grignards add to esters and acid

chlorides to give tertiary alco-

hols, with one group from the

ester or acid chloride, and two

identical groups from the Grig-

nard. Formate esters give

secondary alcohols, with a

hydrogen from the ester and

two identical groups from the

Grignard.

Having discussed the reactions and mechanisms characteristic of all the common acid de-

rivatives, we now review the syntheses and reactions of each type of compound. In addi-

tion, these sections cover any reactions that are peculiai' to a specific class of acid derivative.

Synthesis ofAcid Chlorides. Acid chlorides (acyl chlorides) are synthesized from

the corresponding carboxylic acids using a variety of reagents. Thionyl chloride.

SOCK , and oxalyl chloride, (C0C1)2 , are the most convenient reagents because they

produce only gaseous side products (Section 20-1 1 ).

O O
II SOCl, II

R—C—OH — > R—C— CI + so, t + HClj
or (COCl),

Reactions ofAcid Chlorides. Acid chlorides react quickly with water and other

nucleophiles and are therefore not found in nature. Because they are the most reac-

tive acid derivatives, acid chlorides are easily converted to other acid derivatives.

Often, the best synthetic route to an ester, anhydride, or amide may involve using the

acyl chloride as an intermediate.

H^O

O

R—C— CI

acid chloride

(acyl chloride

)

R'OH

R'NH,

o

R— C—OH + HCl

acid

O

R— C— OR' + HCl

ester

O

R— C—NHR' + HCl

amide

21-10

Summary of the

Chemistry of Acid

Chlorides

o o
R'COOH R—C—O—C— R'

anhydride

HCl

(Section 21-7A)

(Sections 20-11 and 21-5)

(Sections 20-11 and 21-5)

(Sections 21-5 and 21-1 1)
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Grignard and organolithium reagents add twice to acid chlorides to give 3° al-

cohols (after hydrolysis). Lithium dialkylcuprates add just once to give ketones.

Lithium aluminum hydride adds hydride twice to acid chlorides, reducing them to

1° alcohols (after hydrolysis). Acid chlorides react with the weaker reducing agent

lithium tri-r-hutoxyaluminum hydride to give aldehydes.

O

R—C— CI

acid chloride

(acyl chloride)

(1)2 R'MgX

(2)H,0

RXuLi

(1) LiAlH_j

(2)H,0

Li(/-BuO),AlH

OH
I

R— C— R'

I

R'

3° alcohol

o

R—C— R'

ketone

R—CH2OH
1° alcohol

o
II

R—C—

H

aldehyde

(Sections 10-9 and 21-9)

(Section 18-11)

(Sections 10-11 and21-8A)

(Sections 18-11 and 21-8B)

Friedel- Crafts Acylation ofAromatic Rings. In the presence of aluminum chlo-

ride, acyl halides acylate benzene, halobenzenes. and activated benzene derivatives.

Friedel -Crafts acylation is discussed in detail in Section 17-11.

O

R—C— CI -I-

AlCl,

o

C—

R

Example

O

(Z = H. halogen, or an

activating group)

CH3— CH3—C— CI + CH,0^t^.
AlCl,

CH3O

an acylbenzene

propionyl chloride anisole /7-methoxypropiophenone

(major product)

PROBLEM 21-29

Write a mechanism for the acylation of anisole by propionyl chloride. Recall that

Friedel -Crafts acylation involves an acylium ion as the electrophile in electrophilic aromatic

substitution.

PROBLEM 21-30

Show how Friedel -Crafts acylation might be used to synthesize the following compounds,

(a) acetophenone (b) benzophenone (c) /(-butylbenzene
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Anhydrides are activated acid derivatives often used for the same types of acylations

as acid chlorides. Anhydrides are not as reactive as acid chlorides, and they are oc-

casionally found in nature. For example, cantharidin is a toxic ingredient of "Span-

ish tly," which is used as a vesicant (causing blistering and burning) to destroy warts

on the skin.

Because anhydrides are not as reactive as acid chlorides, they are often more se-

lective in their reactions. Anhydrides are valuable when the appropriate acid chloride

is too reactive, does not exist, or is more expensive than the corresponding anhydride.

Acetic Anhydride. Acetic anhydride is the most important carboxylic acid anhydride.

It is produced and used in large quantities in industry, primarily for synthesis of plas-

tics, fibers, and drugs. (See the synthesis of aspirin on p. 973.) The industrial syn-

thesis of acetic anhydride uses a catalytic reaction between acetylene and acetic acid

in the presence of mercuric oxide. Its large-scale manufacture makes acetic anhydride

a convenient and inexpensive acylating reagent.

O O

H— C=C— H + CH.COOH O,
H2O

acetylene acetic acid

21-1 I

Summary of the

Chemistry of

Anhydrides

CH,—C—O—C—CH3
acetic anhydride

(abbreviate4Ac,0)

cantharidin

GeneralAnhydride Synthesis. Other anhydrides must be made by less specialized

methods. The most general method for making anhydrides is the reaction of an acid

chloride with a carboxylic acid or a carboxylate salt.

O
II

R—C— CI

acid chloride

O

O—C— R'

carboxylate

(or acid)

O O

R— C—O—C— R'

acid anhydride

+ ci-

Examples

O
II

CH —C— CI

acetyl chloride

O

CH —C— CI

acetyl chloride

O

HO—C— Ph

benzoic acid

O
II

H—C— O- "Na

sodium formate

O O
pyridine

CH,— C—O—C— Ph

acetic benzoic anhydride

O O

CH3—C—O—C—

H

acetic formic anhydride

+ HCl

+ NaCl

Some cyclic anhydrides are made simply by heating the corresponding diacid.

A dehydrating agent, such as acetyl chloride or acetic anhydride, is occasionally

added to accelerate this reaction. Because five- and six-membered cyclic anhydrides

are particularly stable, the equilibrium favors the cyclic products.

heat

o
phthalic acid phthalic anhydride (steam)

Blister beetles secrete

cantharidin, a powerful vesi-

cant. Crushing a blister beetle

between the fingers results in

severe blistering of the skin.

When horses eat hay

containing blister beetles, they

often die from gastroenteritis

and kidney failure caused by

cantharidin poisoning.
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O

CH3CCI 4-

o

CH,COH + HCl

O
succinic acid succinic anhydride

Reactions ofAnhydrides. Anhydrides undergo many of the same kinds of reac-

tions as acid chlorides. Like acid chlorides, anhydrides are easily converted to less

reactive acid derivatives.

H,0

O o

R—C—O—C—

R

anhydride

R'OH

R'NHt

O

R— C—OH
acid

O

R— C— OR'

ester

+ R—COOH

+ R—COOH

O

R—C—NHR' + R—COOH
amide

(Section 21-7A)

(Section 21-5)

(Section 21-5)

Like acid chlorides, anhydrides participate in the Friedel- Crafts acylation.

Catalysts may be aluminum chloride, polyphosphoric acid (PPA), or other acidic

reagents. Cyclic anhydrides can provide additional functionality on the side chain of

the aromatic product.

/
O O

II II

+ R—C—O—C—

R

(Z = H. halogen, or an activating group)

AICK

(or other acidic

catalyst)

o
II

C—

R

an acylbenzene

Example

AICI3

benzene succinic anhydride

COOH

4-oxo-4-pheny]butanoic acid

Notice that most reactions of anhydrides involve loss of one of the two acid mol-

ecules as a leaving group. If a precious acid needed to be activated, converting it to the

anhydride would allow only half of the acid groups to react. Converting the acid to an

acid chloride would be easier, and it would allow all the acid groups to react. In most

cases, it is easier and more efficient to make and use acid chlorides rather than anhy-

drides. There are three specific instances when anhydrides are preferred, however.

1. Use of acetic anliydride. Acetic anhydride is inexpensive and convenient to

use, and it often gives better yields than acetyl chloride for acetylation of al-

cohols (to make acetate esters) and amines (to make acetamides).
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Use of acetic formic anhydride. Fonn\ 1 chloride (the acid chloride of formic

acid) cannot he used for formyiation because it quickly decomposes to CO and

HCl. Acetic formic anhydride, made from sodium formate and acetyl chloride,

reacts primarily at the form\ I group. Lacking a bulky, electron-donating alkyl

group, the formyl group is both less hindered and more electrophilic than the

acetyl group. Alcohols and amines are formylated by acetic formic anhydride

to give formate esters and fomiamides. respectively.

O O

CH;—C—O— C—H + R—OH
-more reactive

carbonvl

o

H—C—O—

R

a formate ester

-r CH.COOH

o o

CH,—C—O— C—H + R— NH.

O

H—C—NH—R + CH3COOH
a formamide

3. Use of cyclic anhydrides to give difiinctional compounds. It is often necessary

to convert just one acid group of a diacid to an ester or an amide. This conver-

sion is easily accomplished using a cyclic anh\ dride.

When an alcohol or an amine reacts w ith an anhydride, only one of the

carboxyl groups in the anhydride is converted to an ester or an amide. The

other is e.xpelled as a carbo.xylate ion. and a monofunctionalized derivative

results.

O
J

O

O + CH.CH-— OH O— CH,CH,
OH

O
glutaric anh\ dride

PROBLEM 21-31

O
monoethvl ester

( a ) Gi\ e the products expected w hen acetic fomiic anhydride reacts \\ ith ( i ) aniline and ( ii

)

benzyl alcohol.

( b) Write mechanisms for these reactions.

PROBLEM 21-32

Show how you w ould use anhydrides to synthesize the follow ing compounds. In each case,

explain w hy an anhx dride might be preferable to an acid chloride.

(a) n-octyl formate (b) ;;-octyl acetate

(CI phthalic acid monoamide (d) succinic acid monomethyl ester

Esters are among the most common acid derivati\ es. They are found in plant oils,

where they give the fruity aromas we associate with ripeness. For example, the odor Summary of the
of ripe bananas comes mostly from isoamyl acetate. Oil of wintergreen contains .

'

methyl salicylate, which has also been used medicinally. La\ender oil and sweet v-hemiStry OT tSterS

clover contain small amounts of couniarin. w hich gives depth and longevity to their
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odors. Sperm whales use spermaceti, a waxy ester, to regulate their buoyancy in the

water and possibly as a resonating chamber for communicating underwater.

O

C—OCH3 ^^--.^^ O— (CH2)i5CH3

. .
^C-(CH2),4CH3

OH ^ O O
isoamyl acetate methyl salicylate coumarin spermaceti

(isopentyl acetate) oil of wintergreen (cetyl palmitate)

Esters are widely used in industry as solvents. Ethyl acetate is a particular-

ly good solvent for a wide variety of compounds, and its toxicity is low compared

with other solvents. Ethyl acetate is also found in household products such as

cleaners, polishes, glues, and spray finishes. Ethyl butyrate and butyl butyrate

were once widely used as solvents for paints and finishes, including the "butyrate

dope" that was sprayed on the fabric covering of aircraft wings to make them

tight and stiff. Polyesters (covered below and in Chapter 26) are among the most

common polymers, used in fabrics (Dacron®), films (VCR tapes), and solid plas-

tics (soft-drink bottles).

Synthesis of Esters. Esters are usually synthesized by the Fischer esterificadon of

an acid with an alcohol or by the reaction of an acid chloride (or anhydride) with an

alcohol. Methyl esters are conveniently made by treating the acid with diazomethane.

The alcohol group in an ester can be changed by transesterification, catalyzed by ei-

ther acid or base.

O O

R -C—OH
acid

O

+ R'—OH
alcohol

R—C—OR'
ester

O

-t- H,0 (Section 20-10)

R—C— CI

acid chloride

+ R'—OH
alcohol

R—C— OR'
ester

+ HCl (Secfion 20-11)

O O

-C—O—

C

anhydride

R-

O
II

-C—OR"
ester

R +

-t-

O

R—C—OH
acid

+

R'—OH
alcohol

R'—OH
alcohol

CH,N,
diazomethane

H+ or "OR'

R-

R-

O
II

-C— OR'
ester

O
II

-C— OR'

ester

o

R—C—OCH3
methyl ester

+ RCOOH (Section 21-5)

+

R"OH (Section 21-6)

(Section 20-12)

Reactions of Esters. Esters are much more stable than acid chlorides and anhy-

drides; for example, most esters do not react with water under neutral conditions. They

hydrolyze under acidic or basic conditions, however, and an amine can displace the

alkoxyl group to form an amide. Lithium aluminum hydride reduces esters to primary
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alcohols, and Grignard and organolithium reagents add twice to give alcohols (after

hvdrolvsis).

O

R—C—OR'
ester

H^O

H~ or "OH

R'OH

R'XH,

(1) LiAlH^

(2) H.O

(1) 2 R'MgX

(2) H,0

o

R—C—OH + R'OH (Section 21-7B)

acid

O

R—C—OR" + R'OH (Section 21-6)

ester

O
II

R—C—NHR" + R OH (Section 21-5)

amide

R—CH.OH + R OH (Sections 9-12 and 21-8A)

P alcohol

OH
I

R—C—R"

I

R"
3' alcohol

R'OH (Sections 9-9 and 21-9)

Formation ofLactones. Simple lactones containing fn e- and si\-membered rings

are often more stable than the open-chain hydroxy acids. Such lactones form spon-

taneously under acidic conditions (\ ia the Fischer esteritlcation ).

O
+ H,0

O
277c 73%

Lactones that are not energetically favored may be synthesized by driving the

equilibrium tow ard the products. For e.xample. the ten-membered 9-hydrox\ nonanoic

acid lactone is formed in a dilute benzene solution containing a trace of p-toluene-

sulfonic acid. The reaction is driven to completion by distilling the benzene/water

azeotrope to remove water and shift the equilibrium to the right.

benzene
-1-

9-hvdro.\vnonanoic acid 9-hydro.xynonanoic acid lactone

(95'7f)

H,0

lremo\ed)

Lactones are common among natural products. For example. L-ascorbic acid

(vitamin C) is necessary in the human diet to avoid the connective tissue disease

known as scurvy. In acid solutions, ascorbic acid is an equilibrium mixture of the

cyclic and acyclic forms, but the cyclic form predominates. Erythromycin is a

member of the macrolide (large-ring lactones) group of antibiotics, isolated from

Streptomyces erythraeus. It inhibits bacterial protein synthesis, arresting bacter-

ial growth and development. Erythromycin is effecti\e against a wide range of
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COOH

C—OH

C—OH

H-

HO-
-OH
-H

CH2OH

diseases, including staphylococcus, streptococcus, chlamydia, and Legionnaires'

disease.

H CHoOH
HO^. / -

^ -0-

HO

L-ascorbic acid (vitamin C)

HO OH

H CH3 H3C H H3C OH
H. ^ ^ >C H

HO

H CHXH3 O ^ O— sugar

erythromycin

PROBLEM 21-33

Propose a mechanism for the formation of 9-hydroxynonanoic acid lactone, as shown above.

PROBLEM 21-34

Suggest the most appropriate reagent for each synthesis, and explain your choice.

(a)

(c)

OH

COOH

CH

O
II

O—C—CH,

COOH

CH,

OH

COOH

OH

C—OCH,
I

o

COOH C—OCH,
II

o

PROBLEM 21-35

Show how you would synthesize each compound, starting with an ester containing no more

than eight carbon atoms. Any other necessary reagents may be used.

(a) Ph,C—OH (b) (PhCH.j.CHOH (c) PhCONHCH.CH,

(d) Ph.CHOH (e) PhCH.OH (f) PhCOOH

(g) PhCH;COOCH(CH3)2 (h) PhCH,— CfCH^CHj),

OH

Polyesters. Right now. you are probably using at least five things that are made
from polyester. Your clothes probably have some Dacron® polyester fiber in them,

and they are almost certainly sewn with Dacron® thread. Your computer is using

floppy disks made of Mylar®, and your VCR is playing a tape made of Mylar®. Some
of the electronics in your computer are probably "'potted" (covered and insulated

from shock) in Glyptal® polyester resin. The soft drink in your hand probably came

in a green plasfic bottle that was blow-molded from poly(ethylene terephthalate)

resin, better known as PET.

All these plastics are essentially the same compound, composed of terephthalic

acid (/7fin/-phthalic acid) esterified with ethylene glycol. This polyester is made by

a base-catalyzed transesterification of dimethyl terephthalate with ethylene glycol at

a temperature around 150°. At this temperature, methanol escapes as a gas, driving
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the reaction to completion. We stud> polyesters and other pol> mers in more detail

in Chapter 26.

O

CHO—

C

o

— C— OCH, - HO—CH.CH,—OH
' " eth} lenj gl\ ^'i i

dimethyl terephthalate

heat, loss of CH-,OH

NaOCH-

o
II

-c-

o
II

-c-

o o

O—CH-CH-—O—C^^^^ —C—O—CH-CH-— O-

poly(ethylene terephthalate) or PET. also called Dacron"^ polyester or Mylar' film

Synthesis ofAmides. Amides are the least reactive acid derivatives, and they can

he made from any of the others. In the laboratory, amides are commonly synthesized

by the reaction of an acid chloride (or anhydride) with an amine. The most common
industrial s\nLhesis involves healing an acid with an amine to drive off water and

promote condensation. Esters react with amines and ammonia to give amides, and

the panial hydrolysis of nitriles also gives amides.

O

R—C—OH
acid

O
li

R—C— CI

acid chloride

O O
II

R—C—O—C—

R

anhydride

o

R—C— OR
ester

R—C=N
nitrile

- R—XH,
amine

- 2 r:xh
amine

- r:nh

heat

R —NH-
amine

H-0
or "OH

o

R— C—XHR'
amide

O

R—c— nr:
amide

O
II

R—c— nr:
amide

O
||

R— C— NHR'
amide

o
II

R— C— XH-

H,0

21-13

Summary of the

Chemistry of

Amides

(Section 20-15)

R- XH- Cr (Sections 20-1 1 and 21-5)

RCOOH (Section 21-5)

R"OH (Section 21-5)

1
° amide (Section 2 1 -7D

)

Reactions ofAmides. Because amides are the most stable acid derivatives, they

are not easil\ con\erted to other derivatives by nucleophilic acyl substitution.

From a synthetic standpoint, their most important reaction is the reduction to

ammes. w hich is one of the best methods for synthesizing amines. The Hofmann
rearrangement also converts amides to amines, with loss of one carbon atom. Al-

though an amide is considered a neutral functional group, it is both weakl}' acidic

and weakly basic, and amides are hydrolyzed by strong acid or strong base. Just

as nitriles can be hvdrolvzed to amides, amides can be dehvdrated to nitriles.



990 Chapter 2 1 : Carboxylic Acid Derivatives

O
II

R—C—NHR'
amide

H,0

or "OH

(l)LiAlH^

Br,. -OH

(Hofmann rearr.)

POCK

(or P3O5)

o
II

R— t—OH + R'NH,
acid

R— CH3NHR'
amine

R—NH; + COf

R—C^N
nitrile

(Section 21-7C)

(Sections 19-20 and 21-8C)

(Section 19-25)

(Section 21-70;

Dehydration ofAmides to Nitriles. Strong dehydrating agents can remove the el-

ements of water from a primary amide to give a nitiile. Dehydration of amides is

one of the most common methods for synthesis of nitriles. Phosphonjs pentoxide

(P2O5) is the traditional reagent for this dehydration, but phosphorus oxychloride

(POCI3) sometimes gives better yields.

Example

CH.CH-

O
II

R— C— .\H,

priman.' amide

FOCI-

(or P^O^)
R—C^N:

nitrile

CH;CH;CH.CH,—CH—
2-ethylhexanamide

O

C— \H,
P,0,

CH.CH:

CH;CH,CH,CH,—CH—C=N:
2-ethylhexanenitrile (90%)

Formation of Lactams. Fi\ e-membered lactams (y-lactams) and six-membered

lactams (d-lactams) often form on heating or adding a dehydrating agent to the ap-

propriate y-amino acids and 5-amino acids. Lactams containing smaller or larger

rines do not form readilv under these conditions.

V^COOH

y-aminobut} ric acid

heat NH

O
y-butyrolactam

+ H,0

5-amino\ aleric acid

heat NH

O
6-valerolactam

+ H,0

Biological Reactivity of (i-Lactams. /3-Lactams are unusuall) reactive amides,

capable of acylating a variety of nucleophiles. The considerable strain in the four-

membered ring appears to be the driving force behind the unusual reactix ity of

/3-lactams. When a /3-lactam acylates a nucleophile. the ring opens and the ring

strain is relieved.
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H H Nuc: H H

H—C C—

H

H O

H—C C—

H

-N^C— Nuc

H .IP
^-propiolactani

The ^-lactam ring is found in three impoilant classes of antibiotics, all isolated

from fungi. Penicillins have a jS-lactam ring fused to a five-niembered ring containing

a sulfur atom. Cephalosporins have a )S-lactam ring fused to an unsaturated six-mem-

bered ring containing a sulfur atom. Carbapenems have a ^-lactam ring fused to an un-

saturated five-membered ring with a sulfur atom bonded to the ring. The structures of

penicillin V. cephalexin, and imipenem illustrate these three classes of antibiotics.

O H
II I

PhOCH,—C—

N

O

penicillin V
a penicillin

,CH,

CH,

COOH

Ph-

O
II

-CH—

C

OH

^ CH3

COOH
cephalexin (Keflex -

)

a cephalosponn

These /3-lactam antibiotics apparently work by interfering with the synthesis

of bacterial cell walls. Figure 21-11 shows how the carbonyl group of the /3-lactam

acylates an amino group on one of the enzymes involved in making the cell w all. The

acylated enzyme is inactive for synthesis of the cell wall protein.

H H

H—C C—

H

/ \
= NH2 C— Nuc

.0.

NHCH,CH^^^
II

I /)^SCH,CH.N—C—

H

COOH
imipenem (Primaxin®)

a carbapenem

o

PhOCHX—NH

COOH

NH.

Figure 21-11

/3-Lactam antibiotics function

by acylating and inactivating

one of the enzymes needed to

make the bacterial cell wall.

PROBLEM 21-36

Show how you would accomplish the following syntheses. You may use any necessary reagents.

(a) benzoic acid benzyldimethylamine

(b) p\'iTolidine A'-methylpyrrolidine

PROBLEM 21-37

Nitriles are considered carboxylic acid derivatives because they are often prepared from

acids through the primar\' amides. Show how you would con\ert the following carboxylic

acids to nitriles.

(a) butyric acid butyronitrile (b) benzoic acid benzonitrile

(c) cyclopentanecarboxylic acid —
» cyclopentanecarbonitrile



1

I
Production of continuous-

filament nylon tire cord.

O

Polyamides: Nylon. The discovery of nylon in 1 938 made possible a wide range of

high-strength fibers, fabrics, and plastics that we take for granted today. The most

common form of nylon is called nylon 6,6 because it consists of a 6-carbon diacid

and a 6-carbon diamine in repeating blocks. Nylon 6,6 is made by mixing adipic

acid and 1 .6-hexanediamine (common name, hexamethylene diamine) to form a

nylon salt, then heating the salt to drive off water and form amide bonds. The molten

product is extruded in continuous filaments and stretched to align the polymer chains.

The combination of polymer chains aligned with the fiber, plus the strong amide hy-

drogen bonding between the chains, gives nylon fibers great strength. We consider

nylon chemistry in more detail in Chapter 26.

O

HO—C— (CH.)^—C—OH
adipic acid

+ H,N—(CH2)g—NH,
hexamethy lene diamine

o o

O—C— (CH.)^—C—

O

H3N- -(CH,)6-

nylon salt

-NH,

O o o

heat. -H,0

o

—C— (CH.)4—C—NH— (CH.)^,—NH—C— (CH.)^— C- •NH—(CHA—NH
polyl hexamethylene adipamide). called nylon 6.6

2M4
Summary of the

Chemistry of

Nitriles

Although nitriles lack an acyl group, they are considered acid derivatives because

they hydrolyze to carboxylic acids. Nitriles are frequently made from carboxylic acids

(with the same number of carbons) by conversion to primaiy amides followed by de-

hydration. They are also made from primary alkyl halides and tosylates (adding one

carbon) by nucleophilic substitution of cyanide ion. Aryl cyanides can be made by the

Sandmeyer reaction of an aryldiazonium salt with cuprous cyanide. a-Hydroxyni-

triles (cyanohydrins) are made by the reaction of ketones and aldehydes with HCN.

O
II

R—C— NH,
primary amide

R—X (1°)

alkyl halide

Ai—N=N
diazonium salt

o
II

R—C— R'

ketone or aldehyde

POCI,

NaCN

CuC.X

HCN

R—C^N
nitrile

R—C^N + Na-X-

nitrile

Ar— C=N +
aryl nitrile

HO C^N
\/

R—C— R'

cyanohydrin

Not

(Section 21-13)

(Section 6-9)

(Section 19-18)

(Section 18-15)

Reactions ofNitriles. Nitriles undergo acidic or basic hydrolysis to amides, which

may be further hydrolyzed to carboxylic acids. Hydrogen peroxide (H2O2) is added

to the basic hydrolysis because the hydroperoxide anion ( —OOH) reacts faster with

the cyano group than does hydroxide ion. Reduction of a nitrile by lithium aluminum

992
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hydride gives a primary amine, and the reaction with a Grignard reagent gives an

inline that hydrolyzes to a ketone.

H-,0

R—C=N
nitrile

or "OH/HiOt

(I) LiAlHj

(2) H^O

R'MeX

o

R— C— NH,

amide

R— CH.,NH,

amine

H,0

or OH

O
II

R—C— OH
acid

N
.MgX

R—C— R'

imine salt

O
II

R—C— R'

ketone

PROBLEM 21-38

Show how you would convert the following starting materials to the indicated nitiiles.

(a) phenylacetic acid —
» phenylacetonitrile

(b) phenylacetic acid —* 3-phenylpropionitrile

(c) p-chloronitrobenzene p-chlorobenzonitrile

PROBLEM 21-39

Show how each transformation may be accoinplished using a nitrile as an intermediate.

You may use any necessary reagents.

(a) l-he.\anol —* 1 -heptanamine

(b) cyclohexanecaiboxamide —* cyclohexyl ethyl ketone

(c) 1-octanol —
» 2-decanone

(Section 21-7D)

(Sections 19-20 and 21-8C)

(Sections 18-10 and 21-9)

Most carboxylic esters are composites of carboxylic acids and alcohols. A thioester 21-15

Thioesters
is formed from a carboxylic acid and a thiol. Thioesters are also called thiol esters

to emphasize the fact that they are derivatives of thiols.

O O
II II

R—C—OH + R'—OH R— C—O— R' + Hp
acid alcohol ester

O o

R—C—OH + R'— SH R—C— S— R' + H,0
acid thiol thioester

Thioesters are more reactive toward nucleophilic acyl substitution than normal

esters. If we add thioesters to the order of reactivity, we have the following sequence:

Relative reactivity

0 0 0 0 o o

R—C— CI > R— C—O—C— R > R—C— S— R' > R— C—O— R' > R—C—NH,
acid chloride anhydride thioester ester amide

The enhanced reactivity of thioesters results from two major differences. First,

the resonance stabilization of a thioester is less than that of an ester. In the thioester.
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O

CH3— C— S— CH.CH.N— C— CH.CHiN— C— CH— C— CHt— O— P— O—P— O— CH,

thioester

ester C—

O

good C— O
n overlap

:0:"

thioester QC S
poor C— S

7t overlap

:0:"

R—C— O— R' R—C=0—

R

R—C— S— R' < > R—C^S"—

R

stronger n overlap J weaker n overlap J

Figure 21-12

The resonance overlap in a thioester is not as effective as that in an ester.

the second resonance form involves overlap between a 2p orbital on carbon and a 3p

orbital on sulfur (Fig. 21-12). These orbitals are of different sizes and are located at

different distances from the nuclei. The overlap is weak and relatively ineffective,

leaving the C— S bond of a thioester weaker than the C—O bond of an ester

The second difference is in the leaving groups: An alkyl sulfide anion ( = S— R)
is a better leaving group than an alkoxide anion (

=0— R) because the sulfide is

less basic than an alkoxide, and the larger sulfur atom carries the negative charge

spread over a larger volume of space. Sulfur is also more polarizable than oxygen,

allowing more bonding as the alkyl sulfide anion is leaving (Section 6-1 1 A).

Living systems need acylating reagents, but acid halides and anhydrides are

too reactive for selective acylation. Also, they would hydrolyze under the aqueous

conditions found in living organisms. Thioesters are not so prone to hydrolysis, yet

they are excellent selective acylating reagents; therefore, thioesters are common acy-

lating agents in living systems. Many biochemical acylations involve transfer of acyl

H O H O o- o-

OH CH3

coenzyme A (CoA)

O O

1^
CH,— C— S— CoA -I- Nuc:" CH,—C^S— CoA CH,—

C

'\,
+ :S- CoA

acetyl coenzyme A
Nuc

tetrahedral intermediate

Nuc

acylated product

Figure 21-13

Coenzyme A (CoA) is a thiol whose thioesters serve as biochemical acyl transfer reagents.

Acetyl CoA transfers an acetyl group to a nucleophile, with coenzyme A serving as the

leaving group.
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groups from thioesters of coenzyme A (CoA). Figure 21-13 shows the structure of

acetyl coenzyme A. together with the mechanism for transfer of the acetyl group to

a nucleophile. In effect. acet\i CoA serves as a water-stable equivalent of acetyl

chloride (or acetic anh_\dnJei in li\ ing systems.

Carbonic acid ( H;CO-, ) is fomied u hen carbon dioxide dissoh es in water. .Although

carbonic acid itself is constantly in equilibrium u ith carbon dioxide and w ater, it

has several important stable derivatives. Carbonate esters are diesters of carbonic

acid, with two alkoxy groups replacing the h\ droxyl groups of carbonic acid. Ureas

are diamides of carbonic acid. \\ ith tv\ o nitrogen atoms bonded to the carbonyl group.

The unsubstituted urea, simply called urea, is the waste product excreted b>- mam-
mals from the metabolism of excess protein. Carbamate esters (urethanes) are the

stable esters of the unstable carbamic acid, the monoamide of carbonic acid.

21-16

Esters and Amides
of Carbonic Acid

o=c=o H-0

o

H—O—C—O—

H

carbonic acid (unstable)

o
II

R—O—C—O—

R

a carbonate ester

o
II

R—NH—C— N'H—

R

a substituted urea

o
II

R—NH—C—O—

R

a carbamate or urethane

o o

CH.CH,—O—C—O—CH-CH,
dieth% 1 carbonate

o

O— C—O— CH,CH,

H,N—C— NH,
urea

cyclohexyl ethyl carbonate

o

(CH3),N—C— X(CH;),

tetrameth\ lurea

o
II

H-X— C—OH

carbamic acid

(unstable

)

o

H-X— C— OEt

ethvl carbamate I -naphthy]-.V-methyIcarbamate

(Sevin insecticide)

Most of these derivatives are synthesized hy nucleophilic acyl suhstimtion from

phosgene, the acid chlonde of carbonic acid.

O

CI—C— CI + 2 CH3CH,—OH
phosgene

O

CH.CH,— O— C—O—CHXH; + 2 HCl
diethvl carbonate

o
II

CI—C— CI
CH,CH,OH

O
1

CI—C—OCH.CH,

O

N— C—OCHXH;

ethyl .V-cyclohex\ l carbamate

o

CI—C— CI + 2(CH-,),XH

O

(CH3);X—C—NICH,), + 2 HCl
tetramethylurea
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Another way of making urethanes is to treat an alcohol or a phenol u ith an

isocyanale. which is an anhydride of a carbamic acid. Although the carbamic acid is

unstable, the urethane is stable. This is the way Sevin' insecticide is made.

R—N=C=0
an isocvanate

H.O R-

R—N=C=0
an isocyanale

Example

CH3—N=C=0
methvl isocvanate

o
II

-NH—C—OH
a carbamic acid

+ HO— R'

alcohol

OH

R— NH2 + CO2
an amine

o

R—NH—C—O— R'

a carbamate ester

(urethane)

1-naphthol Sevin"-^ insecticide

PROBLEM 21-40

Propose a mechanism for the reaction of methyl isocyanate with 1-naphthol to give Sevin'^

insecticide.

PROBLEM 21-41

For each heterocyclic compound

(i) explain what type of acid derivative is present

(ii) show what compounds would result from complete hydrolysis

(iii) Are any of the rings aromatic? Explain.

o o
HA

(d)HN NH
^'^^JJT^^

(f'°'

PROBLEM 21-42

Biosynthesis of the pyrimidine bases used in DNA occurs \ ia .V-carbamoylaspartate. which

is formed as follows:

00 H OH
II II I enzvme II I

H,N— C—O—P— O- + H,N—C—COO » H,N—C—N—C—COO
I "I -

I I

O CH;COOH H CH-COOH

carbamoyl phosphate aspartate A'-carbamoylaspanate

A^-carbaiTioylaspartate cyclizes under the control of an enzyme, giving dihydroorotate. which

is dehydrogenated to orotate. a direct precursor to the pyrimidine bases. (The structures of

the pyrimidine bases are covered in Section 23-21.)
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O
II

HO—
H,N ^CH,

I

^

,CHCOO' (-H.O)

HN'
I

H H

CH,
I

"

rHCOO

NAD+
enzyme HN'

I

CH

COO

A'-earbamcn laspartate dih\droorotate

(a) W hat kind of compound is carbamoyl phosphate'^ Would \ ou expect such a compound

to react w ith an amine to gi\e an amide?

(b) What special kind of amide is A'-carbamoyiaspartate?

(c) What kind of reaction cyclizes A'-carbamoyiaspartate to dihydroorotate?

(d) Is orotate aromatic? Draw the structure of pyrimidine. Wh\ is orotate called a "pyrim-

idine base"? {Hint: Consider tautomers.)

Polycarbonates and Polyiirethanes. The chemistry of carbonic acid derivatives is

particular!) important to pohmer chemists because two important classes of poly-

mers are bonded by linkages containing these functional groups: the polycarbonates

and the polyiirethanes. Polycarbonates are polymers bonded by the carbonate ester

linkage, and polyurethanes are polymers bonded by the carbamate ester linkage.

Lexan* polycarbonate is a strong, clear polymer used in bulletproof windows and

crash helmets. The diol used to make Lexan '
is a phenol called bisphenol A. a com-

mon intermediate in polyester and polyurethane synthesis.

heat, loss of 2 HCl

Lexan pol) carbonate

A polyurethane results when a diol reacts with a diisocyanate. a compound
w ith two isocyanate groups. A common form of polyurethane is made by the reac-

tion of ethylene glycol w ith a common polymer reagent called toluene diisocyanate.

Before the development of

tough, resilient polyurethane

wheels, street roller skates

used steel wheels that stopped

dead when they hit the smallest

pebble or crack in the pa\ement.

Rollerblades would not exist

w ithout polymer technology,

both in the wheels and in the

strong ABS plastic used for the

uppers. The helmet is molded

from Lexan® polycarbonate.

0=C=N

O

-c-

=C=0

CH,
toluene diisocyanate

+ HO—CH.CH.—OH
ethvlene sivcol

O

O—CH,CH,—O— C-

a polyurethane

CH.CH,—O—
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Chapter 21 acid halide (acyl halide) An activated acid derivative in which the hydroxy! group of the acid

Glossary
is replaced by a halogen, usually chlorine, (p. 952)

amide An acid derivative in which the hydroxyl group of the acid is replaced by a nitrogen

atom and its attached hydrogens or alkyl groups. An amide is a composite of a carboxylic acid

and an amine, (p. 949)

O OH OR'
R— C— NH, R— C—N— R' R— C—N— R'

primary amide secondary amide tertiary amide

(A'-substituted amide) (A'.A'-disubstituted amide)

amnionolysis of an ester Cleavage of an ester by ammonia (or an amine) to give an amide

and an alcohol, (p. 967)

anhydride (carboxylic acid anhydride) An activated acid derivative formed from two acid

molecules with loss of a molecule of water A mixed anhydride is an anhydride derived from

two different acid molecules, (p. 952)

o o o
II II II

2 R—C—OH R—C—O—C—R + H.O

carbamate ester See urethane. (p. 995)

carbonate ester A diester of carbonic acid. (p. 995)

carbonic acid The one-carbon dicarboxylic acid, HOCOOH. Carbonic acid is constantly in

equilibrium with carbon dioxide and water. Its esters and amides are stable, however, (p. 995)

ester An acid derivative in which the hydroxyl group of the acid is replaced by an alkoxyl

group. An ester is a composite of a carboxylic acid and an alcohol. ( p. 948)

Fischer esterification:

O O
II II

R— C—OH + R—OH R—C—O— R' + Hp
acid alcohol ester

Hofmann rearrangement of amides Conversion of a primary amide to an amine (with

one less carbon) by treatment with a basic bromine solution. The C=0 group is lost as

CO.. (pp. 989, 894)

isocyanate A compound of formula R—N=C=0. (p. 996)

lactam A cyclic amide, (p. 950)

lactone A cyclic ester, (p. 948)

nitrile An organic compound containing the cyano group, C=N. (p. 951

)

nucleophilic acyl substitution A nucleophile substitutes for a leaving group on a carbonyl

carbon atom. Nucleophilic acyl substitution usually takes place through the following

addition -elimination mechanism, (p. 963)

O'

II

R—C—Nuc + :X-

:0:

R— C—

X

Nuc

addition-elimination mechanism of nucleophilic acyl substitution

polymer A large molecule composed of many smaller units (monomers) bonded togeth-

er, (pp. 988, 992, 997)

polyamide (nylon) A polymer in which the monomer units are bonded by amide linkages,

polycarbonate A polymer in which the monomer units are bonded together by carbon-

ate ester linkages.
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polyester A polymer in whieh the monomer units are bonded by ester linkages.

polyurethane A polymer in which the monomer units are bonded together by carbamate

ester (urethane) linkages,

saponification Basic hydrolysis of an ester to an alcohol and a carboxylate salt. (p.973)

thioester An ester derived from a carboxylic acid and a thiol, (p. 993)

transesterification Substitution of one alkoxy group for another in an ester. Transesterification

can take place under either acidic or basic conditions, (p.970)

urea A diamide of carbonic acid. (p. 995)

urethane (carbamate ester) An ester of carbamic acid, HiN—COOH; a monoester,

monoamide of carbonic acid. (p. 995)

ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 21

1. Name carboxylic acid derivatives and draw the structures from their names.

2. Compare the physical properties of acid derivatives, and explain the unusual-

ly high boiling points and melting points of amides.

3. Interpret the IR, NMR, and mass spectra of acid derivatives, and use the spec-

tral information to determine the structures. Show how the carbonyl stretching

frequency in the IR depends on the structure of the acid derivative.

4. Show how acid derivatives are easily interconverted by nucleophilic acyl

substitution from more reactive derivatives to less reactive derivatives. Show
how acid chlorides serve as activated intermediates to convert acids to acid

derivatives.

5. Show how acid catalysis is used to synthesize acid derivatives, as in the Fis-

cher esterification and in transesterification. Propose mechanisms for these

reactions.

6. Show how acid derivatives hydrolyze to carboxylic acids, and explain why ei-

ther acid or base is a suitable catalyst for the hydrolysis. Propose mechanisms

for these hydrolyses.

7. Show what reagents are used to reduce acid derivatives, and show the products

of reduction.

8. Show what products result from the addition of Grignard and organolithium

reagents to acid derivatives, and give mechanisms for these reactions.

9. Summarize the importance, uses, and special reactions of each type of acid

derivative.

Study Problems
21-43. Define each term and give an example.

(a) ester (b) lactone

(d) lactam (e) tertiary amide

(g) nitrile (h) acid chloride

(j) mixed anhydride (k) Fischer esterification

(m) polyester (n) ammonolysis of an ester

(p) Hofmann reanangement (q) urethane

(s) thioester (t) transesterification

Give appropriate names for the following compounds.

(c) Friedel - Crafts acyladon

(f) primary amide

(i) anhydride

(I) nucleophilic acyl substitution

(o) carbonate ester

(r) saponification

(u) urea

21-44.

CH, O 0 0 o

(a) CHjCHjCHCH,— C— CI (b) Ph—C—O— C—

H

(c) CH3—C—NH— Ph
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21-45.

21-46.

21-47.

21-48.

21-49.

O

(d) CH,—NH—C— Ph

C^N

O
II

(e) Ph—O—C— CH3

O
II

(f) Ph—C—O—CH,

C— N(CH,CH3), (k)
H,C

.0 O
CHjCH2 H

0)

O
Predict the major products formed when benzoyl chloride (PhCOCl) reacts with the following reagents,

(a) ethanol (b) sodium acetate (c) aniline (d) anisole and aluminum chloride

(e) excess phenylmagnesium bromide, then dilute acid

Acid-catalyzed transesteritlcation and Fischer esterification take place by nearly identical mechanisms. Transes-

terification can also take place by a base-catalyzed mechanism, but all attempts at base-catalyzed Fischer esterifi-

cation (using OR", for example) seem doomed to failure. Explain why Fischer esterification does not occur

under basic catalysis.

Predict the products of the following reactions.

(a) phenol + acetic anhydride

(b) phenol + acetic formic anhydride

(c) aniline + phthalic anhydride

(d) anisole + succinic anhydride and aluminum chloride

(e) Ph—CH—CH.— NH2 + 1 equivalent of acetic anhydride

OH
(f) Ph—CH—CH,— NH: + excess acetic anhydride

OH

Show how you would accomplish the following syntheses in good yields.

H

(b)

(d)

COOH

COOH

COOH

C00CH3

Propose mechanisms for the following reactions.

O

(a)

C— CI

benzoyl chloride

-I-

CH3

HO—CH

CH3

isopropyl alcohol

COOCH3

O CH3
II I

C—O—CH

CH3

isopropyl benzoate

o o

C—O—C—CH3

o
II

COCHiCHj).

COOH

O

CH.OH

CH.OH
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21-50.

21-51.

(b)

O

C—OCH.CH,

ethyl benzoatc

o

C—OCH.CH,

NaOH

H,0

O

C—ONa

sod ill 111 ben/oate

tliyl beii/oalc

H,0

COOH

benzoic aeid

+ CH,CH.OH

etlianol

CH,CH.OH

ethanol

O EtO HO.^.X\^COOEt
EtOH '

\ I

OAc
Ac,0

(e) CH,—CH— CH.CH,

(/^ )-2-butanol

CH,—CH— CH.CH,

2-butvl acetate
(acetic

anhydride)

Does this reaction proceed with retention, inversion, or racemization of the chirai carbon atom?

Predict the products of the following reactions.

O

(a)

C.

Tl
OH

CH,NH^

O

(c) Ph—C— CI + N—

H

O
II (1) LiAlH,

(e) Ph— C— OCH.CH,
^ Q

O

(g)

(j)

O "OCH,

CH,OH
O ( 1 ) excess PhMgBr

(2) H,0
(i) C^N

(1) CH^Mgl

(2) H,0^

O
CH, O

NaOH
H,0

Br,. NaOH
(k) PhCH,—CH—CH,— C— NH,

Predict the products of saponification of the following esters.

O O
II II

(a) H— C—O— Ph (b) CH,CH,—C—OCH^CH, (c)
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21-52.

21-53.

21-54.

21-55.

An ether extraction of nutmeg gives large quantities of trimyristin, a waxy crystalline solid of melting point

57°C. The IR spectrum of trimyristin shows a very strong absorption at 1733 cm '. Basic hydrolysis of

trimyristin gives 1 equivalent of glycerol and 3 equivalents of myristic acid (tetradecanoic acid).

(a) Draw the structure of trimyristin.

(b) Predict the products formed when trimyristin is treated with lithium aluminum hydride, followed by aqueous

hydrolysis of the aluminum salts.

Two widely used pain relievers are aspirin and acetaminophen. Show how you would synthesize these drugs from

phenol.

O

O—C—CH3

COOH
aspirin

HO

O
II

NH—C—CH,

acetaminophen

Show how you would accomplish the following syntheses. Some of these conversions may require more than one step.

(a) isopentyl alcohol —
* isopentyl acetate (banana oil)

(b) 3-ethylpentanoic acid 3-ethylpentanenitrile

(c) isobutylamine A'-isobutylformamide

(d) ethyl acetate 3-methyl-3-pentanol

(e) pyrrolidine —* iV-methylpyrrolidine

(f) cyclohexylamine —* yV-cyclohexylacelamide

(g) bromocyclohexane dicyclohexylmethanol

(h) dimethyl oxalate

N O

O

^XX^C—QCH3 +

OH

Grignard reagents add to carbonate esters as they add to other esters,

(a) Predict the major product of the following reaction:

O
II

CH-CH,—O—C—O—CHXH,
diethyl carbonate

( 1 ) excess PhMgBr

(2) H.O

(b) Show hov\ you would synthesize 3-ethyl-3-pentanol using diethyl carbonate and ethyl bromide as your only

organic reagents.

*21-56. One mole of acetyl chloride is added to a liter of triethylamine. resulting in a vigorous exothermic reaction. Once

the reaction mixture has cooled. 1 mole of ethanol is added. Another vigorous exothermic reaction results. The

mixture is analyzed and found to contain triethylamine. ethyl acetate, and triethylammonium chloride. Give

mechanisms for the two exothermic reactions.

21-57. Show how you would accomplish the following multistep syntheses using the indicated starting material and any

necessary reagents.

(a) 6-hepten-l-ol * f-caprolactone (b) methoxybenzene * p-methoxybenzamide

COOH

/CH,Br /\ /CH,CH,NH2

-fir -€i
"

"
- ^HO >^ OH CH,0

OH OCH3
gallic acid mescaline

CH,CH2NH,

OCH,
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Phosgene is the acid chloride of carbonic acid. AUhough phosgene was used as a war gas in World War I, it is

now used as a reagent for the synthesis of many useful products. Phosgene reacts like other acid chlorides, but it

can react twice.

O

HO—C—OH
carbonic acid

o
II

CI—C— CI

phosgene

2Nuc:^

o

Nuc— C— Nuc + 2C1-

Predict the products formed when phosgene reacts with

(a) excess ethanol (b) excess methylamine

(c) 1 equivalent of methanol, followed by 1 equivalent of aniline (d) ethylene glycol

(e) r-Butyloxycarbonyl chloride is an important reagent for the synthesis of peptides and proteins (Chapter 24).

Show how you would use phosgene to synthesize /-butyloxycarbonyl chloride.

CH, O

CH,— C—O—C— CI

CH,

r-butyloxycarbonyl chloride

O O

HOCCH,CH,CNHN(CH,),

Alar®

Alar"" was once used as a growth retardant for apples to keep them on the tree longer, resulting in sweeter, jucier

apples. A controversy arose in 1989, with a group suggesting that Alar*' residues in apple juice might be harmful

to children because the hydrolysis of Alar® produces a toxic hydrazine derivative. Apple juice is slightly acidic,

and it may be stored for a long time, possibly allowing hydrolysis to take place. Many people stopped eating ap-

ples, and a large part of that year's apple crop was wasted. This result was unnecessary because there was never

any serious concern about fresh apples, and most of the apples had never been treated with Alar*. Eventually it

was shown that the amounts of Alar"* in apple juice were not hazardous, but apple growers stopped using Alar®

anyway. The most unfortunate outcome of this controversy was the enactment of "veggie libel laws" that expose

people to lawsuits if they express concern about food products.

(a) Show what products are formed by the hydrolysis of Alar'"'.

(b) Propose a mechanism for this hydrolysis under mildly acidic conditions.

In Section 21-16. we saw that Sevin® insecticide is made by the reaction of 1-naphthoI with methyl isocyanate. A
Union Carbide plant in Bhopal, India, once used this process to make Sevin® for use as an agricultural insecti-

cide. On December 3. 1984. either by accident or by sabotage, a valve was opened that admitted water to a large

tank of methyl isocyanate. The pressure and temperature within the tank rose dramatically, and pressure-relief

valves opened to keep the tank from bursting. A large quantity of methyl isocyanate rushed out through the pres-

sure-relief valves, and the vapors flowed with the breeze into populated areas, killing about 2500 people and in-

juring many more.

(a) Write an equation for the reaction that took place in the tank. Explain why the pressure and temperature rose

dramatically.

(b) Propose a mechanism for the reaction you wrote in part (a).

(c) Propose an alternative synthesis of Sevin®. Unfortunately, the best alternative synthesis uses phosgene, a gas

that is even more toxic than methyl isocyanate.

The structures of five useful polymers are shown below, together with some of their best-known products. In each case,

(i) determine the kind of polymer (polyamide, polyester, etc.)

(ii) draw the structures of the monomers that would be released by complete hydrolysis

(iii) suggest what monomers or stable derivatives of the monomers might be used to make these polymers

O
II

(a) —O—C-

O

OCH, CH,0—

C

soft, sheer fabrics; synthetic silk

repeating nnn

C -OCH, CH.O-

O o

(b) —NH— (CH,),—C—NH— (CH,),— C-

O

NH— (CH,),—Cj-NH— (CH,),—

C

O

chnibiiig ropes, violin strings
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21-62.

*21-63.

21-64.

21-65.

O

(c) — C-

crash helmets, bulletproof "glass"

(d) —NH NH

O

C-I-NH

(e)

high-strength fabrics; bulletproof vests

o

N—C--0—CH,CH,—O—C—

N

-O—CH,CH,—O—

skateboard wheels, foam mattresses

The following compounds were isolated from the fungus Cephalosporium acremonium in 1948 from the sea near

a sewage outlet on the Sardinian coast. Both compounds exhibit powerful antibacterial activity:

HOOC

O

;CH— (CHO,— C—

N

O

cephalosporin N

O
H,N

II
H

CH, XH— (CH,),—C-N
HOOC

CH,

COOH

O

CH,—O—C—CH,

cephalosporin C

(a) Name the class of antibiotics represented by each compound.

(b) After its structure had been determined, one of these compounds came to be known by a more appropriate

name. Determine which compound is poorly named, and replace the inappropriate part of the name.

Methyl /)-nitrobenzoate has been found to undergo saponification faster than methyl benzoate.

(a) Consider the mechanism of saponification, and explain the reasons for this rate enhancement.

(b) Would you expect methyl /j-methoxybenzoate to undergo saponification faster or slower than methyl benzoate?

A student has just added ammonia to hexanoic acid and has begun to heat the mixture when he is called away to

the telephone. After a long telephone conversation, he returns to find that the mixture has overheated and turned

black. He distills the volatile components and recrystallizes the solid residue. Among the components he isolates

are compounds A (a liquid, molecular formula C^HnN) and B (a solid, molecular formula Cf,H,,NO). The in-

frared spectrum ofA shows a strong, sharp absorption at 2247 cm" '. The infrared spectrum of B shows absorp-

tions at 3390, 3200, and 1665 cm"'. Determine the structures of compounds A and B.

A chemist was called to an abandoned aspirin factory to determine the contents of a badly corroded vat. Knowing

that two salvage workers had become ill from breathing the fumes, she put on her breathing apparatus as soon as

she noticed an overpowering odor like that of vinegar but much more pungent. She entered the building and took

a sample of the contents of the vat. The mass spectrum showed a molecular weight of 102, and the NMR spec-

trum showed only a singlet at 62.15. The IR spectrum, which appears below, left no doubt about the identity of

the compound. Identify the compound, and suggest a method for its safe disposal.

wavelength ([im)

5 5.5 6 12 13 14 15 16

100

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000

wavenumber (cm"'

)

800 600
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21-66. An unknown compound gives a mass spectrum with a weak molecular ion at ml: 1 13 and a prominent ion at nilz

68. Its NMR and IR spectra are shown belov\. Determine the structure, and show how it is consistent with the ob-

ser\ ed absorptions. Propose a fa\ orable I'ragmentation to explain the prominent MS peak at wl:, 68.

200 ISO 160 140 120 100 80 60 40 20 0

i
1

J

_ -

f
-

10 9 8 7 6 5 4 : 1 0

S (ppml

*21-67. An unknown compound of molecular formula C5H9NO gi\ es the IR and NMR spectra shown below. The broad

NMR peak at 57.55 disappears \\ hen the sample is shaken with D2O. Propose a structure, and show how it is con-

sistent v\ ith the absorptions in the spectra.

wavelength (|imi

5 3 \ 4.5 :1 5. 6 8 10 1 12 13 14 15 16

.-A

\ ,
/ '

"

-\—
V. -._

;li -'i- v :- 'J
Vi
41

V V-\

f

f - ....

...

i

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

vvavenumber (cm~')
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r

:

L, Ll,i
10 9 8 7 ft 5 4 3 2 I 0

8 (ppm)

21-68. An unknown compound gives the NMR, IR, and mass spectra shown below. Propose a structure, and show how it

is consistent with the observed absorptions. Show fragmentations that account for the prominent ion at m/z 69

and the smaller peak at m/z 99.

100

80

60

40

20

0

69

114 M+

„,.! II ., .1 ll ii.i 1 1

)

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

m/z
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Hz
600 500 400 300 200 100 0

1 1 1 1 1 1

1

3

i 1

1

'

1 L
2^

'<

1

-

1

i
!

JJ—

1

h Jil
1

4-
1 1 1 1 1

1

,,mIii.iIii 1 1 1 1 1 1 1 1 1 1 1 1 1

1

1 1 1 1 1 1 1 1 1 1 1 1 1 1

1

1 1 1 1 1 1 1 1 1 1 1 1 i 1

1

,>!,,,,

i

lM,il,>1 1 1 1 I I I I I I 1 1 1 1 1 I I 1 1 1 1 I I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 I [ 1 I 1 [ 1 i 1 1 1 1 M ; I I t I I M ] I I I I ]] 1 1 ] I I 1 I I I 1 1 1 [ 1 1 ] 1

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

5 (ppm)

69. The ' H N'MR spectrum. ' 'C NMR spectrum, and IR spectrum of an unknow n compound (C^,!-!^©^ ) appear below.

Determine the structure, and show how it is consistent with the spectra.

wavelength
(
nm i

2.5 3 3.5 4 4.5 5 5.5 6 7 8 9 10 11 12 13 14 15 16

1 1

i
--\-hn

J
\

-i ir
1'- -h -!—i—

-

'

(—

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

wavenumber (cm"'

)

200 180 160 140 120 100 80 60 40 20 0

Offset 40 ppir

1 1 1 1

/

/

"1
.J*. 1L.

10 9

6 ipprni



CHAPTER

Alpha Substitutions

and Condensations of

Enols and Enolate Ions

c=c

22-1

Introduction

Up to now, we have studied two of the main types of carbonyl reactions: nucle-

ophiHc addition and nucleophilic acyl substitution. In these reactions, the carbonyl

group serves as an electrophile by accepting electrons from an attacking nucle-

ophile. In this chapter, we consider two more types of reactions: substitution at

the carbon atom next to the carbonyl group (called alpha substitution) and car-

bonyl condensations. Alpha (a) substitutions involve the replacement of a hy-

drogen atom at the a carbon atom (the carbon next to the carbonyl) by some other

group. Alpha substitution generally takes place when the carbonyl compound is

converted to its enolate ion or enol tautomer. Both of these have lost a hydrogen

atom at the alpha position, and both are nucleophilic. Attack on an electrophile

completes the substitution.

Alpha substitution

Y (
c— c-

O' E

c—c-

enolate ion

Carbonyl condensations are alpha substitutions where the electrophile is

another carbonyl compound. From the electrophile's point of view, the conden-

sation is either a nucleophilic addition or a nucleophilic acyl substitution. With

ketones and aldehydes, protonation of the alkoxide gives the product of nucle-

ophilic addition. With esters, loss of alkoxide gives the product of nucleophilic

acyl substitution.

1008

Condensation: Addition to ketones and aldehydes

/

O
II

c—

c

o

c

'3

\

enolate ketone

o

c— c-

\ /
c

o-

o
ROH

c
/ \

OH

c— c-

/
I

addition product

+ RO-



22-2 Enols and Enolalc Ions I 009

Condensation: Substitution w ith esters

iP Ot
o c o V^"-^ o ^

\ c V c=o
II .. ^ <^r> II / X II /
c—c— —> c—c— Cor —* c—c— + Ro-/I /

I

^ / I

enolak' csicr substitution product

Alpha substitutions and condensations of carbonyl compounds are some of the

most common methods for forming carbon -carbon bonds. A wide variety of com-

pounds can participate as nucleophiles or electrophiles (or both) in these reactions,

and many useful products can be synthesized. We begin our study of these reactions

by considering the structure and formation of enols and enolate ions.

22-2A Keto-EnolTautomerism

In the presence of strong bases, ketones and aldehydes act as weak proton acids. A
proton on the a carbon is abstracted to form a resonance-stabilized enolate ion with

the negative charge spread over a carbon atom and an oxygen atom. Reprotonation

can occur either on the a carbon (returning to the keto form) or on the oxygen atom,

giving a vinyl alcohol, the end form.

22-2

Enols and

Enolate Ions

Base-catalvzecl keto-enol tautomehsm

o;
\ .-./

c—

c

/ \
+ H.O

keto fomi enolate ion

In this way, base catalyzes an equilibrium between isomeric keto and enol

forms of a carbonyl compound. For simple ketones and aldehydes, the keto form

predominates. Therefore, a vinyl alcohol (an enol) is best described as an alternative

isomeric form of a ketone or aldehyde. In Section 9-9, we saw that an enol interme-

diate, formed by hydrolysis of an alkyne, quickly isomerizes to its keto form.

OH

keto form

(99.98%)

enol fonn

(0.02%)

o

H—C—CH3

keto form

(99.90%)

HO:
\ /
C=C +

/ \
enol form

(vinyl alcohol)

OH

OH

H—C^CH.

enol form

(0.10%)

This type of isomerization. occurring by the migration of a proton and the

movement of a double bond, is called tautomerism, and the isomers that inter-

convert are called tautomers. Don't confuse tautomers with resonance forms.

Tautomers are true isomers (different compounds) with their atoms arranged dif-

ferently. Under the right circumstances, with no catalyst present, either individ-

ual tautomeric form may be isolated. Resonance forms are different representations

of the same structure, with all the atoms in the same places, showing how the

electrons are delocalized.
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Keto-enol tautomerism is also catalyzed by acid. In acid, a proton is moved
from the a carbon to oxygen by first protonating oxygen and then removing a pro-

ton from carbon.

Acid-catalyzed keto-enol tautomerism

H H

O H

X—C— " HO:

c=c + H,0^

keto form protonated carbonyl enol fomi

PROBLEM-SOLVING HINT

In acid, proton transfers usually

occur by adding a proton in the

new position, then deproto-

nating the old position; In base,

by deprotonating the old posi-

tion, then reprotonating at the

new position.

Compare the base-catalyzed and acid-catalyzed mechanisms shown above for

keto-enol tautomerism. In base, the proton is removed from carbon, then replaced

on oxygen. In acid, oxygen is protonated first, then carbon is deprotonated. Most

proton-transfer mechanisms work this way. In base, the proton is removed from the

old location, then replaced at the new location. In acid, protonation occurs at the

new location, followed by deprotonation at the old location.

In addition to its mechanistic importance, keto-enol tautomerism affects the

stereochemistry of ketones and aldehydes. A hydrogen atom on an a carbon may be

lost and regained through keto-enol tautomerism; such a hydrogen is said to be eno-

lizable. If a chiral carbon has an enolizable hydrogen atom, a trace of acid or base

allows that carbon to invert its configuration, with the enol serving as the interme-

diate. A racemic mixture (or an equilibrium mixture of diastereomers) is the result.

enolizable hydrogens

H+ or "OH

a carbons

{R) configuration

PROBLEM 22-1

achiral {S) configuration

Phenylacetone can form two different enols.

(a) Show the structures of these enols.

(b) Predict which enol will be present in the larger concentration at equilibrium.

(c) Give mechanisms for the formation of the two enols in acid and in base.

PROBLEM 22-2

Show each step in the mechanism of the acid-catalyzed interconversion oi{R)- and (S)-

2-methylcyclohexanone.

PROBLEM 22-3

When c/5-2,4-dimethylcycIohexanone is dissolved in aqueous ethanol containing a trace of

NaOH, a mixture of cis and trans isomers results. Give a mechanism for this isomerizadon.

22-2B Formation and Stability of Enolate Ions

A carbonyl group dramatically increases the acidity of the protons on the a-car-

bon atom because most of the enolate ion's negative charge resides on the elec-

tronegative oxygen atom. The pA'., for removal of an a proton from a typical ketone
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or aldehyde is about 20, showing that a typical ketone or aldehyde is much more

acidic than an alkane or an alkene (pA",, > 40), or even an alkyne {pA'„ = 25). Still,

a ketone or aldehyde is less acidic than water (pA",, = 15.7) or an alcohol (pA*,, = 16

to 19) When a simple ketone or aldehyde is treated with hydroxide ion or an

alkoxide ion, the equilibrium mixture contains only a small fraction of the depro-

tonated. enolate form.

ketone or aldehyde

R—C— C:"

R'

H

= 0:

R— C=C

enolate ion

R'

ROH

H
major

cyclohexanone

O—CH^CH,

;thoxide ion cyclohexanone enolate

(equilibrium lies to the left)

Even though the equilibrium concentration of the enolate ion may be small, it

serves as a useful, reactive nucleophile. When an enolate reacts with an electrophile

(other than a proton), the enolate concentration decreases, and the equilibrium shifts

to the right ( Fig. 22- 1 ). Eventually, all the carbonyl compound reacts via a low con-

centration of the enolate ion.

Figure 22-1

I

Reaction of the enolate ion

£ with an electrophile removes it

.
. from equilibrium.

PROBLEM 22-4

Give the important resonance forms for the enolate ion of

(a) acetone (b) cyclopentanone (c) 2,4-pentanedione

Sometimes this equilibrium mixture of enolate and base won't work, usually be-

cause the base (hydroxide or alkoxide) reacts with the electrophile faster than the eno-

late does. In these cases, we need a base that reacts completely to convert the carbonyl

compound to its enolate before adding the elecrophile. Although sodium hydroxide
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and alkoxides are not sufficiently basic, powerful bases are available to convert a car-

bonyl compound completely to its enolate. The most effective and useful base for this

puipose is lithium diisopropylamide (LDA), the lithium salt of diisopropylamine. LDA
is made by using an alkyllithium reagent to deprotonate diisopropylamine.

CH,

CH3

CH,

-CH

CH,

CH3—CH
:n—H

—CH
+ C4HyLi

«-butyllithium butane

+ :n: Li^

CH,
diisopropylamine

CH3—CH

CH3
lithium diisopropylamide (LDA)

Diisopropylamine has a pA'_, of about 40. showing that it is much less acidic than a

typical ketone or aldehyde. By virtue of its two isopropyl groups, LDA is a bulky

reagent; it does not easily attack a carbon atom or add to a carbonyl group. Thus it

is a powerful base, but not a strong nucleophile. When LDA reacts with a ketone, it

abstracts the a proton to form the lithium salt of the enolate. We will see that these

lithium enolate salts are very useful in synthesis.

O H
II I

R—C—C—

ketone

(pA;,= 2U)

Example

O- +Li

R—c=c:

LDA lithium salt

of enolate

(equilibrium lies to the right )

0-Li+

(/-C3H7)3N—

H

diisopropylamine

(pA; = 4U)

H + (/-C^H^KN-Li^

cyclohexanone

(pA; = 18)

LDA lithium enolate

of cyclohexanone

( lOO'h

+ (/-C^H^jjN—

H

(pK, = 40)

22-3 22-3A Base-Promoted a Halogenation

Alpha Halogenation when a ketone is treated with a halogen and base, an a-halogenation reaction occurs.

of Ketones oh ox
-C—C— + -OH + X,

ketone (X, = CL, Br„ or L)

—C—C— + X- + H,0

cyclohexanone 2-chlorocyclohexanone
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The base-promoted halogenation takes place by a nucleophilic attack of an

enolate ion on the electrophilic halogen molecule. The products are the halogenat-

ed ketone and a halide ion.

O

-c—c— OH

= 0:

—c=c;
enolate ion

This reaction is called base-promoted, rather than base-catalyzed, because a full

equivalent of the base is consumed in the reaction.

O X

—c— c- + X

SOLVED PROBLEM 22-1

Propose a mechanism for the reaction of 3-pentanone with sodium hydroxide and bromine

to give 2-bromo-3-pentanone.

SOLUTION
In the presence of sodium hydroxide, a small amount of 3-pentanone is present as its enolate.

O H

CH,CH,C—CHCH,
~0H

O

CH,CH,C—CHCHj

O

CH,CH,C=CHCH,

The enolate reacts with bromine to give the observed product.

O
Br^Br

CH,

C—C— Br + Br

CH,CH,

enolate
H

a-haloketone

PROBLEM-SOLVING HINT
In drawing mechanisms, you can

show either resonance form of

an enolate attacking the elec-

trophile. It is often more intu-

itive to show the carbanion

form attacl<ing.

O

C— C:

PROBLEM 22-5

Propose a mechanism for the example showing the formation of 2-chlorocyclohexanone above.

Multiple Halogenation. In many cases, base-promoted halogenation does not stop

with replacement of just one hydrogen. The product (the a-haloketone) is more re-

active toward further halogenation than is the starting material, because the electron-

withdrawing halogen stabilizes the enolate ion, enhancing its formation.

O X

-c—

c

OH H,0

O
\

(

/
C— C:

'\

X :0:

c=c
\

H
(enolate stabilized by X)

For example, bromination of 3-pentanone gives mostly 2.2-dibromo-3-pen-

tanone. After one hydrogen is replaced by bromine, the enolate ion is stabilized by

both the carbonyl group and the bromine atom. A second bromination takes place

faster than the first. Notice that the second substitution takes place at the same car-

bon atom as the first, because that carbon atom bears the enolate-stabilizing halogen.

O H

CH,CH.—C—C—CH,

O

CH3CH,—C—C—CH,

Br

Br— Br

O Br

CH3CH.—C—C—CH3

Br

monobrominated ketone stabilized by Br second bromination
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Because of this tendency for multiple halogenation, base-promoted halogena-

tion is rarely used for the preparation of monohalo ketones. The acid-catalyzed pro-

cedure (discussed in Section 22-3C) is preferred.

PROBLEM 22-6

Give a mechanism to show how acetophenone undergoes base-promoted chlorination to

give trichloroacetophenone.

O

R—C—CH,
methyl ketone

22-3B The Haloform Reaction

With most ketones, base-promoted halogenation continues until the a-carbon atom

is completely halogenated. Methyl ketones have three a protons on the methyl car-

bon, and they undergo halogenation three times to give trihalomethyl ketones.

3X, + 3 OH

O
II

R—C—CX,
trihalomethyl

ketone

+ 3X + 3H.0

With three electron-withdrawing halogen atoms, the trihalomethyl group can

serve as a reluctant leaving group for nucleophilic acyl substitution. The trihalomethyl

ketone reacts with hydroxide ion to give a carboxylic acid. A fast proton exchange

gives a carboxylate ion and a haloform (chloroform. CHCl, : bromoform. CHBr, : or

iodoform. CHI, ). The overall reaction is called the haloform reaction.

O

R—C—CH,
a methyl ketone

R—C—CX,

:0H
nucleophilic acyl substitution

R—cC ^ + y =cx,
O:

R-C^..

a carboxylate ion

HCX,

a haloform

The overall haloform reaction is summarized below. A methyl ketone reacts with

a halogen under strongly basic conditions to give a carboxylate ion and a haloform.

excess .X , OH

(X, = CU.Br,.orU)

o

R—C—CX
a trihalomethyl ketone

(not isolated)

"OH

o
II

R—C—
a carbo.xylate

HCX,
a haloform

O
II

CH3CH.—C—CH,
2-butanone

Example

excess Br-,

"OH

o

Ph—C—CH,
acetophenone

o
II

CH,CH,—C— CBr,
"OH

O
II

CH,CH,—C-
propionate

o + HCBr,

bromoform

When the halogen is iodine, the haloform product (iodoform) is a solid that sep-

arates out as a yellow precipitate. This iodoform test identifies methyl ketones,

which halogenate three times, then lose — CI3 to give iodoform.

excess

"OH

o
II

Ph—C— CI,

a.a.a-triiodoacetophenone

"OH

o

Ph—C— O-

benzoate

HCI, i

iodoform
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Iodine is an oxidizing agent, and an alcohol can give a positive iodoform test

if it oxidizes to a methyl ketone. The iodoform reaction can convert such an alcohol

to a carboxvlic acid with one less carbon atom.

OH O O

R—CH— CH, + I, > R— C—CH, + 2 HI ^ > R—C— + HCI4
(one less carbon j

Example

OH O O
I u II u II

CH.(CH.)^—CH—CH. -^7- CH^(CH.).—C—CH^ —^ CH,(CHJ— C—O + HCI4
2-hexanol 2-hexanone pentanoate

PROBLEM 22-7

Give a mechanism for the reaction of methyl cyclohexyl ketone with excess bromine m the

presence of sodium hydroxide.

PROBLEM 22-8

Predict the products of the following reactions.

(a) methyl cyclopentyl ketone + excess + excess NaOH
(b) 1-cyclopentylethanol + excess I. + excess NaOH
(c) cyclohexanone + excess I2 + excess NaOH
(d) propiophenone + excess Br2 + excess NaOH

PROBLEM 22-9

Which compounds will give a positi\ e iodoform test?

(a) 1-phenylethanol (b) 2-pentanone (c) 2-pentanol

(d) 3-pentanone (e) acetone (f) isopropyl alcohol

22-3C Acid-Catalyzed a Halogenation

Ketones also undergo a halogenation under acidic catalysis. One of the most effec-

tive procedures is to dissolve the ketone in acetic acid, which serves as both the sol-

vent and the acid catalyst. In contrast with basic halogenation. acidic halogenation

can replace just one hydrogen or more than one if appropriate amounts of the halo-

gen are used.

O O

+ HBr

+ 2 HCI

acetophenone a,a-dichloroacetophenone
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The mechanism of acid-catalyzed halogenation involves attack of the enoi form

of the ketone on the electrophilic halogen molecule. Loss of a proton gives the a-

haloketone and the hydrogen halide.

H H— O:

C—

C

-.0

(

X

C—C— + H—

X

enol halogen

PROBLEM-SOLVING HINT

Under acidic conditions, reac-

tions at positions a to carbonyl

groups often involve the enol

tautomer acting as a nucleophile.

carbocation intermediate a-haloketone

This reaction is similar to the attack of an alkene on a halogen, resulting in ad-

dition of the halogen across the double bond. The pi bond of an enol is more reac-

tive toward halogens, however, because the carbocation that results is stabilized by

resonance with the enol —OH group. Loss of the enol proton converts the interme-

diate to the product, an a-haloketone.

Unlike ketones, aldehydes are easily oxidized, and halogens are strong oxi-

dizing agents. Attempted halogenation of aldehydes using halogens usually results

in oxidation to carboxylic acids.

O

R—C—H + X, + H.O
aldehyhde

R-

O

-C—OH
acid

+ 2H-

SOLVED PROBLEM 22-2

Propose a mechanism for the acid-catalyzed conversion of cyclohexanone to 2-chlorocyclohexanone.

O O

CI,

CH3COOH
*

cyclohexanone

SOLUTION
Under acid catalysis, the ketone is in equilibrium with its enol form.

2-chlorocyclohexanone

(65%)

H vQ—C— CH,

keto fonii

< >

stabili/ed intermediate enol form

The enol acts as a weak nucleophile, attacking chlorine to give a resonance-stabilized intermediate. Loss of a proton

gives the product.

H
. /
O.

1; CI

Cl-r-.CI
< > + H— CI
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PROBLEM 22-10

Propose a mechanism for the acid-catalyzed bromination of 3-pentanone.

PROBLEM 22-1 I

Acid-catalyzed halogenation is synthetically useful for converting ketones to a./3-unsatu-

rated ketones, which are useful in Michael reactions (Section 22-18). Propose a method

for converting cyclohexanone to 2-cyclohexenone (newer name cyclohex-2-en-l-one), an

important synthetic starting material.

O H H

-c—C— C-

ketonc

O

-c—c=c-

a.^-unsaturated cyclohexanone cyclohexenone

The Hell-Volhard-Zelinsky (HVZ) reaction replaces a hydrogen atom with a

bromine atom on the a carbon of a carboxylic acid. The carboxylic acid is treated with

bromine and phosphorus tribromide, followed by water to hydrolyze the intermedi-

ate a-bromo acyl bromide.

22-4

a Bromination of

Acids: The HVZ
Reaction

The HVZ reaction

O

R—CH,—C—OH
Br,/PBr,

Example

O

Br O
I II

R—CH— C— Br
rt-bromo acyl bromide

Br O

H^O

CH,CH,CH,—C-

butanoic acid

-OH
Br./PBr,

CH^CH^CH— C— Br

2-bromobutanoyl bromide

H,0

Br O

R—CH—C—OH
a-bromoacid

Br O
I II

CH3CH3CH—C—OH
2-bromobutanoic acid

The mechanism is similar to other acid-catalyzed a halogenations; the enol

form of the acyl bromide serves as a nucleophilic intermediate. The first step is for-

mation of acyl bromide, which enolizes more easily than does the acid.

H

R— C—

C

I

H
acid

O
BrVPBr,

H

R—C—

C

OH

,0 R O—

H

\

H
acyl bromide

Br H

C= C
\
Br

enol form

keto lorin

The enol is nucleophilic. attacking bromine to give the a-brominated acyl bromide.

R C^O—

H

\ y
Br^Brv C=C

H Br

enol

R

Br

O:

a-bromo acyl bromide

HBr

HBr

-C—C + HBr
I

\
H
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If a derivative of the a-bromoacid is desired, the a-bromo acyl bromide serves

as an activated intermediate (similar to an acid chloride) for the synthesis of an ester,

amide, or other derivative. If the a-bromoacid itself is needed, a water hydrolysis com-

pletes the synthesis.

PROBLEM 22-12

Show the products of the reactions of these carboxylic acids with PBr,/Br2 followed by

hydrolysis.

(a) propanoic acid (b) benzoic acid (c) succinic acid (d) oxalic acid

22-5

Alkylation of

Enolate Ions

We have seen many reactions where nucleophiles attack unhindered alkyl halides

and tosylates by the 8^2 mechanism. An enolate ion can serve as the nucleophile, be-

coming alkylated in the process. Because the enolate has two nucleophilic sites (the

oxygen and the a carbon), it can react at either of these sites. The reaction usually

takes place primarily at the a carbon, fomiing a new C—C bond. In effect, this is

another type of a substitution, with an alkyl group substituting for an a hydrogen.

O

-C— C— CH.— R + X
\

C-alkylation product

(more common

)

0—CH,—

R

1

/'

—c=c
\

0-alkylation product

(less common)

+ X-

Typical bases such as sodium hydroxide or an alkoxide ion cannot be used

to form enolates for alkylation because at equilibrium, a large quantity of the hy-

droxide or alkoxide base is still present. These strongly nucleophilic bases give

side reactions with the alkyl halide or tosylate. Lithium diisopropylamide (LDA)

avoids these side reactions. Because it is a much stronger base, LDA converts the

ketone entirely to its enolate. All of the LDA is consumed in forming the enolate,

leaving the enolate to react without interference from the LDA. Also, LDA is a

very bulky base and thus a poor nucleophile, so it generally does not react with the

O R'

R—C—C— R' Li + (/-Pr)2N—

H

enolate diisopropylamine

O R'

R—C—C— R' + LiX

CH.— R"

substituted ketone

alkyl halide or tosylate.

O R'

R—C—CH— R' + (/-POjN- +Li

enolizable ketone LDA

O R'

R—C—C— R' + R"—CH,^
Li+

unhindered halide
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Example

O CH,

Ph—C—CH—CH,
I) LDA

(2) Ph— CH,— Br

O CH,
II I

"

Ph—C— C— CH,

CH.— Ph

Direct alkylation of enolates (using LDA) gives the best yields when only one

kind of a hydrogen can be replaced by an alkyl group. If there are two different kinds

of a protons that may be abstracted to give enolates, mixtures of products alkylated

at the different a carbons may result. Aldehydes are not suitable for direct alkylation

because they undergo side reactions when treated with LDA.

PROBLEM 22-13

Predict the major products of the following reactions.

( 1

)

LDA

(2) CH,=CHCH,Br
'

( 1

)

LDA

(2) CH,CH2l

(1) LDA

(2) CH,I

A milder alternative to direct alkylation of enolate ions is the formation and alky-

lation of an enamine derivative. An enamine (a vinyl amine) is the nitrogen ana-

logue of an enol. The resonance picture of an enamine shows that it has some

carbanion character.

R

R— N:

\ /
C=C
/ \

R

R—

nia|or

/
c—
/ \

niinoi

22-6

Formation

and Alkylation

of Enamines

An enamine is a stronger nucleophile than an enol, but still quite selective in

its alkylation reactions. The nucleophilic carbon atom attacks an electrophile to give

a resonance-stabilized cationic intermediate (an iminium ion).

an enamine electrophile

R R R R

^C— C—

E

/
I

C—C—

E

maidr

An enamine results from the reaction of a ketone or aldehyde with a secondary

amine. Recall that a ketone or aldehyde reacts with a primary amine (Section 18-16)

to form a carbinolamine. which dehydrates to give the C=N double bond of an

inline. But a carbinolamine from a secoiulan' amine does not fonn a C=N double



Chapter 22: Alpha Substitutions and Condensations of Enols and Enolate Ions

bond because there is no proton on nitrogen to eUminate. A proton is lost from the

a carbon, forming the C=C double bond of an enamine.

R R
\ /
N:

H

R R

N OH
\
C

/ \

2° carbinolamine

R R H
\ / . /
:N O
\ ^\
C H

/ \

R R
\ /

R R
\ +/
N

C
/ \

no proton on N

removes a proton

Example

cyciohexanone pyrrolidine pyrrolidine enamine

of cyciohexanone

PROBLEM 22-14

Give a mechanism for the acid-catalyzed reaction of cyciohexanone with pyrrolidine.

H

Enamines displace halides from reactive alkyl halides. giving alkylated imini-

um salts. The iminium ions are unreactive toward further alkylation or acylation.

The following example shows benzyl bromide reacting with the pyrrolidine enam-

ine of cyciohexanone.

CH.^Br

Ph

benzyl bromide

O

H,0+
H

"CH,Ph +

alkylated iminium salt alkylated ketone

N
/ \

H H

The alkylated iminium salt hydrolyzes to the alkylated ketone. The mechanism

of this hydrolysis is the same as the mechanism for acid-catalyzed hydrolysis of an

inline (Section 18-16).

PROBLEM 22-15

Without looking back, give a mechanism for the hydrolysis of this iminium salt to the alky-

lated ketone. The llrst step is attack by water, followed by loss of a proton to give an amino

alcohol. Protonation on nitrogen allows pyrrolidine to leave, giving the protonated ketone.
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Overall reaction

O

C
All.

H

C
\

N
II ILO'
C E —

—

>

/ \ /
C

iniinium salt

The enamine alkylation procedure is sometimes called the Stork reaction,

after its inventor, Gilbert Stork of Columbia University. The Stork reaction is often

the best method for alkylating or acylating ketones, using a variety of reactive alkyl

and acyi halides. Some halides that react well with enamines to give alkylated and

acylated ketone derivatives are the following.

O

Ph—CH,—

X

benzyl halides

:c=c—CH,—

X

allylic halides

CH3—

X

methyl halides

R—C— CI

acyl halides

The following sequence shows the acylation of an enamine to synthesize a

/3-diketone. The initial acylation gives an acyl iminium salt, which hydrolyzes to the

/3-diketone product. As we will see in Section 22-15, ^-dicarbonyl compounds are

easily alkylated, and they serve as useful intennediates in the synthesis of more com-

plicated molecules.

acyl chloride intermediate acyi iminium salt

PROBLEM 22-16

Give the expected products of the following acid-catalyzed reactions.

(a) acetophenone -I- methylamine (b) acetophenone -I- dimethylamine

(c) cyclohexanone + aniline (d) cyclohexanone -I- pipeiidine

PROBLEM 22-17

Show how you would accomplish each conversion using an enamine synthesis.

(a) cyclopentanone » 2-allylcyclopentanone

(b) 3-pentanone » 2-methyl-l-phenyl-3-pentanone

O O

(c) acetophenone Ph—C—CH.—C— Ph

o

C E
/ \ /

c
l\

/3-diketone

Condensations are some of the most important enolate reactions of carbonyl

compounds. Condensations combine two or more molecules, often with the loss

of a small molecule such as water or an alcohol. Under basic conditions, the

aldol condensation involves the nucleophilic addition of an enolate ion to

another carbonyl group. The product, a ^-hydroxy ketone or aldehyde, is called

an aldol because it contains both an aldehyde group and the hydroxy group

22-7

The Aldol

Condensation

of Ketones

and Aldehydes
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O

R—C—CH —

R— C—CH,— R'

O
ketone or aldehyde

R'

of an alcohc;/. The aldol product may dehydrate to an a,^-unsaturated carbonyl

compound.

Tlw aldol concentration

H+ or "OH

OH

R—C—CH.

R—C—CH— R'

O

R— C—CH.— R'

heat

H+ or "OH

aldol product

R—C—C— R' +

O
a./3-unsaturaled

ketone or aldehyde

Hp

22-7A Base-Catalyzed Aldol Condensations

Under basic conditions, the aldol condensation occurs by a nucleophilic addition of the eno-

late ion (a strong nucleophile) to a caitonyl group. Piotonation gives the aldol product. Note

that the carbonyl group serves as the electrophile that is attacked by the nucleophilic enolate

ion. From the electrophile's viewpoint, the reaction is a nucleophilic addition across the

carbonyl double bond. From the viewpoint of the enolate ion, the reaction is an alpha sub-

stitution: The other carbonyl compound replaces an alpha hydrogen.

o;

=0-

H

c—c—

enolate carbonNl product

Consider the aldol condensation of acetaldehyde. shown below. Deprotonation

of acetaldehyde gives an enolate ion. which acts as a strong nucleophile. Attack on

the carbonyl group of another acetaldehyde molecule gives addition across the car-

bonyl double bond, forming the aldol product.

H

O

\

H

= 0

Step 1: Formation of the enolate ion

c—c-

enolate

//

H
acetaldehyde

,C—C—H + :0H

H H
\ /
C— C:

/- \
O H

H H
\ /
c=c

/ \
:0: H

base enolate of acetaldehyde

Step 2: Nucleophilic attack at the carbonyl

b-^~^ :0—

H

n

—

H—O—

H

H—C—CH,

H—C—C—

H

O H
acetaldehyde

O H
aldol product

(50%)

H,0

H—C—CH,

H—C—C—H + -OH

The aldol condensation is reversible, establishing an equilibrium between reactants

and products. For acetaldehyde, conversion to the aldol product is about 50 percent.
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Ketones also undergo aldol condensation, but equilibrium concentrations of the prod-

ucts are generally small. Aldol condensations are sometimes accomplished by clever ex-

perimental methods. For example. Figure 22-2 shows how a good yield of the acetone

aldol product ("diacetone alcohol") is obtained, even though the equilibrium concen-

tration of the product is only about 1 percent. Acetone is boiled so it condenses into a

chamber containing an insoluble basic catalyst. Tlie reaction can take place only in the

catalyst chamber. When the solution returns to the boiling tlask. it contains abcuit 1 per-

cent diacetone alcohol. Diacetone alcohol is less volatile than acetone, remaining in the

boiling flask while acetone boils and condenses (refluxes) in contact with the catalyst.

After several hours, nearly all the acetone is conveiled to diacetone alcohol.

O CH^ O
OH

CH3— C— CH3 + c= o

CH,
P

CH.

2 acetone

(997f)

CH3— C—CH2—C~OH

4-liydro.\y-4-methyl-2-pentanone

"diacetone alcoiiol"

(1%)

out

cold water in

II
BaCOH), catalyst

acetone mixture

A Figure 22-2

The aldol condensation of acetone gives only 1 percent product at equilibrium, yet a clever

technique gives a good yield. Acetone refluxes onto a basic catalyst such as Ba(OH . The

non\ olatile diacetone alcohol does not retlux. so its equilibrium concentration gradually

increases until all the acetone is converted to diacetone alcohol.

SOLVED PROBLEM 22-3

Propose a mechanisin for the base-catalyzed aldol condensation of acetone (Fig. 22-2).

SOLUTION
The tlrst step is formation of the enolate to serve as a nucleophile.

H

CH,— C— C—H + :OH

H
\ /
c—c-

/ \
H,C H

:0:~ H
\ /
C=C

/ \
H,C H

+ H,0

H
acetone enolate ion

The second step is a nucleophilic attack by the enolate on another molecule of ace-

tone. Protonation gives the aldol product.
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H3C H

H CH,
I I

•
":c—c—c—O—H + OH

H3C
H CH,

PROBLEM 22-18

Propose a mechanism for the aldol condensation of cyclohexanone.

PROBLEM 22-19

Give the expected products for the aldol condensations of

(a) propanal (b) phenylacetaldehyde.

PROBLEM 22-20

A student wanted to dry some diacetone alcohol, and allowed it to stand over anhydrous

potassium carbonate for a week. At the end of the week, the sample was found to contain

nearly pure acetone. Propose a mechanism for the reaction that took place.

H,

H—C— CH,

C=C/ \H— O: H

attack by enol

22-7B Acid-Catalyzed Aldol Condensations

Aldol condensations also take place under acidic conditions; the enol serves as a

weak nucleophile to attack an activated
( protonated ) carbonyl group. As an exam-

ple, consider the acid-catalyzed aldol condensation of acetaldehyde. The first step is

formation of the enol by the acid-catalyzed keto-enol tautomerism, as discussed

earlier. The enol then attacks the protonated carbonyl of another acetaldehyde mol-

ecule. Loss of the enol proton gives the aldol product.

H—O"

= 0—

H

H—C— CH;

;c—C—

H

H

H.

H— O'

= 0—H

H—

C

— CH,

;c —C —H

H

lose H.

:0

resonance-Stabilized intermediate

:0—

H

H—C—CH3

C—C—

H

H

aldol product

PROBLEM 22-21

Propose a complete mechanism for the acid-catalyzed aldol condensadon of acetone.

22-8

Dehydration of

Aldol Products

Heating a basic or acidic mixture of an aldol product leads to dehydration of the al-

cohol function. The product is a conjugated a',/3-unsaturated aldehyde or ketone.

Notice that an aldol condensation, followed by dehydration, forms a new car-

bon-carbon double bond. Before the Wittig reaction was discovered (Section 18-13),

the aldol with dehydration was probably the best method for joining two molecules

with a double bond. It is still often the cheapest and easiest method.
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H,C

O—

H

CH,—C—CH,

O
C—C-H or -QH

heat

-- new double bond

H—OH

H
diaeetonc aleohol 4-niethyl-3-penten-2-one

(mesityl oxide)

Under acidic conditions, dehydration follows a mechanism similar to those of

other acid-catalyzed alcohol dehydrations (Section 11-10). We have not previously seen

a base-catalyzed dehydration, however. Base-catalyzed dehydration depends on the

acidity of the a proton of the aldol product. Abstraction of an of proton gives an enolate

that can expel hydroxide ion to give a more stable product. Hydroxide is not a good

leaving group in an E2 elimination, but it can serve as a leaving group in a strongly

exothemiic step like this one, which stabilizes a negatively charged intermediate. The

following mechanism shows the base-catalyzed dehydration of 3-hydroxybutanal.

:0—

H

H.

O

= 0—

H

l>
H— C— CH,

C—
H.

c— c-

-CH,

H
removal of a proton loss of hydroxide

H

conjugated system

Even when the aldol equilibrium is unfavorable for formation of a j8-hydroxy

ketone or aldehyde, the dehydration product may be obtained in good yield by heat-

ing the reaction mixture. Dehydration is usually exothermic because it leads to a

conjugated system. In effect, the exothemiic dehydration drives the aldol equilibri-

um to the right.

PROBLEM 22-22

Propose a mechanism for the dehydration of diacetone alcohol to mesityl oxide,

(a) in acid (b) in base

PROBLEM 22-23

When pi opionaldehyde is wanned with sodium hydroxide, one of the products is 2-methyl-

2-pentenal. Propose a mechanism for this reaction.

PROBLEM 22-24

Predict the products of aldol condensation, followed by dehydration, of the following ke-

tones and aldehydes.

(a) butyraldehyde (b) acetophenone (c) cyclohexanone

+ OH

When the enolate of one aldehyde (or ketone) adds to the carbonyl group of anoth-

er, the result is called a crossed aldol condensation. The compounds used in the re-

action must be selected carefully, or a mixture of several products will be formed.

Consider the aldol condensation between acetaldehyde (ethanal) and propanal

shown below. Either of these reagents can form an enolate ion. Attack by the eno-

late of ethanal on propanal gives a product different from the one formed by attack

22-9

Crossed Aldol

Condensations
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of the enolate of propanal on ethanal. Also, self-condensations of ethanal and propanal

continue to take place. Depending on the reaction conditions, various proportions

of the four possible products result.

1. Enolate of ethaiuil adds to propanal

O. OH

CH.CH.—C—

H

2. Enolate ofpropanal adds to ethanal

>

CH,CH.—C—

H

r

{

:CH.CHO

3. Self-condensation of ethanal

O.
(

H CH3-

CH.CHO

OH

CH,—C—

H

•

I

CH,—CH—CHO

CH,—C—
(
:CH, -CHO

OH

-C—

H

CH.—CHO

CH,—C—H ^
CH,—CH—CHO

4. Self-condensation ofpropanal

OH

CH,CH.—C—H CH3CH.— C—

H

f

CH,—CH—CHO CH,—CH—CHO

A crossed aldol condensation can be effective if it is planned so that only one of

the reactants can fonn an enolate ion and so that the other compound is more likely to

react with the enolate. If only one of the reactants has an a hydrogen, only one enolate

will be present in the solution. If the other reactant is present in excess or contains a par-

ticularly electrophilic carbonyl group, it is more likely to be attacked by the enolate ion.

The following two reactions are successful crossed aldol condensations. The

aldol products may or may not undergo dehydration, depending on the reaction con-

ditions and the structure of the products.

CH,

CH,—C—

C

O
+ CH,—

C

O "OH

"H H
CH,

excess, no a protons

CH, OH

CH,—C—C—

H

CH,

CH,

"OH -H

O

a protons

H + CH,CH.—

C

O "OH

~H

CH3—C—

H

aldol

OH

-C—

H

CH, C ^
I

c—cC
CH,

I

H
dehydrated

(75%)

O

H

"OH

excess, no a protons a protons

CH
I

CH

C
o

c

H

-H

c—

C

CH

O

~H

dehydrated

(807f)

To cairy out these reactions, slowly add the compound with protons to a basic so-

lution of the compound with no a protons. This way. the enolate ion is formed in the

presence of a large excess of the other component, and the desired reaction is favored.

PROBLEM-SOLVING
Proposing Reaction Mechanisms

The general principles for proposing reaction mechanisms, first introduced in

Chapter 7 and summarized in Appendix 4. are applied here to a crossed aldol con-
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densation. This example emphasizes a base-catalyzed reaction involving strong

nucleophiles. hi drawing mechanisms, be careful to draw all the bonds and sub-

stituents of each carbon atom involved. Show each step separately, and draw curved

arrows to show the movement of electrons from the nucleophile to the electrophile.

Our problem is to propose a mechanism for the base-catalyzed reaction of

methylcyclohexanone with benzaldehyde:

O O

First, we must determine the type of mechanism. Sodium ethoxide, a strong

base and a strong nucleophile, implies the reaction involves strong nucleophiles

as intermediates. We expect to see strong nucleophiles and anionic intermediates

(possibly stabilized carbanions), but no strong electrophiles or strong acids, and

certainly no carbocations or free radicals.

1. Consider the carbon skeletons of the reactants and products, and decide

which carbon atoms in the products are likely derived from which car-

bon atoms in the reactants.

Because one of the rings is aromatic, it is clear which ring in the product is de-

rived from which ring in the reactants. The carbon atom that bridges the two rings

in the products must be derived from the carbonyl group of benzaldehyde. The two

a protons from methylcyclohexanone and the carbonyl oxygen are lost as water.

2. Consider whether any of the reactants is a strong enough nucleophile to

react without being activated. If not, consider how one of the reactants

might be converted to a strong nucleophile by deprotonation of an acidic

site or by attack on an electrophilic site.

Neither of these reactants is a strong enough nucleophile to attack the other.

If ethoxide removes an a proton from methylcyclohexanone, however, a

strongly nucleophilic enolate ion results.

CH3CH.OH

3. Consider how an electrophilic site on another reactant (or, in a cyclization,

another part of the same molecule) can undergo attack by the strong nu-

cleophile to form a bond needed in the product. Draw the product of this

bond formation.

Attack at the electrophilic carbonyl group of benzaldehyde, followed by pro-

tonation. gives a jS-hydroxy ketone (an aldol).
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aldol

4. Consider how the product of nucleophilic attack might be converted to the

final product ( if it has the right carbon skeleton) or reactivated to form

another bond needed in the product.

The /3-hydroxy ketone must be dehydrated to give the final product. Under

these basic conditions, the usual alcohol dehydration mechanism (protonation

of hydroxyl, followed by loss of water) cannot occur. Removal of another pro-

ton gives an enolate ion that can lose hydroxide in a strongly exothermic step

to give the final product.

aldol dehydrated

5. Draw out all the steps using curved arrows to show the movement of elec-

trons. Be careful to show only one step at a time.

The complete mechanism is given by combining the equations shown above.

We suggest you write out the mechanism as a review of the steps involved.

As further practice in proposing mechanisms for base-catalyzed reactions,

do Problems 22-25 and 22-26 using the steps shown above.

PROBLEM 22-25

Propose mechanisms for the following base-catalyzed condensations:

(a) 2,2-dimethylpropanal with acetaldehyde

(b) benzaldehyde with propionaldehyde

PROBLEM 22-26

When acetone is treated with excess benzaldehyde in the presence of base, the

crossed condensation adds 2 equivalents of benzaldehyde and expels 2 equiva-

lents of water. Propose a structure for the condensation product of acetone with

two molecules of benzaldehyde.

PROBLEM-SOLVING HINT
Practice predicting the struc-

tures of aldol products (before

and after dehydration) and

drawing the mechanismsThese

reactions are among the most

important in this chapter.

PROBLEM 22-27

In the problem-solving feature above, methylcyclohexanone was seen to react at its un-

substituted a carbon. Try to write a mechanism for the same reaction at the methyl-substi-

tuted carbon atom, and explain why this regiochemistry is not observed.

PROBLEM 22-28

Predict the major products of the following base-catalyzed aldol condensations with

dehydration.

(a) benzophenone (PhCOPh) + propionaldehyde

(b) 2,2-dimethylpropanal + acetophenone
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PROBLEM 22-29

Ciiiiianialdehydc is used as a tlavoiing agent in cinnamon candies. Show how cin-

namaldehyde is synthesized by a crossed aldol condensation followed by dehydration.

cinnamaldehyde:

Intramolecular aldol reactions of diketones are often useful for making five- and six-

membered rings. Aldol cyclizations of rings larger than six and smaller than five are

less common because larger and smaller rings are less favored by their energy and

entropy. The following reactions show how a 1.4-diketone can condense and dehy-

drate to give a cyclopentenone and how a 1,5-diketone gives a cyclohexenone.

22-10

Aldol Cyclizations

enolate of 1.4-diketone

"OH "OH
+ H.O

R'

a cyclopentenone

c7'5-8-undecene-2,5-dione

OH

"OH

enolate of 1,5-dik.etone

"OH

aldol product

2.6-heptanedione

(a 1,5-diketone)

CH,

OH
aldol product

"OH

OH

"OH

+ H.O

f;.s-jasmone (a perfume)

(90%)

H,0

-I-

CH,

3-methylcyclohex-2-enone

H.O
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The following example shows how the carbonyl group of the product may be

outside the ring in some cases.

"OH
CH3

CH,
OH

aldol product

"OH
+ H2O

CH,

-acetyl-2-methylcyclopentene

PROBLEM 22-30

Show how 2.7-octanedione might cyclize to a cycloheptenone. Explain why ring closure to

the cycloheptenone is not observed.

PROBLEM 22-31

When 1 ,6-cyclodecanedione is treated with sodium carbonate, the product gives a UV spec-

trum similar to that of l-acetyl-2-methylcyclopentene. Propose a structure for the product,

and give a mechanism for its formation.

O

1 ,6-cyclodecanedione

22-1 I

Planning Syntheses

Using Aldol

Condensations

As long as we remember their limitations, aldol condensations can serve as useful

synthetic reactions for making a variety of organic compounds. In particular, aldol

condensations (with dehydration) form new carbon-carbon double bonds. We can

use some general principles to decide whether a compound might be an aldol prod-

uct and which reagents to use as starting materials.

Aldol condensations produce two types of products: f 1) /3-hydroxy aldehydes

and ketones (aldols), and (2) Q:,/3-unsaturated aldehydes and ketones. If a target mol-

ecule has one of these functionalities, an aldol should be considered. To determine

the starting materials, divide the structure at the bond. In the case of the dehy-

drated product, the a, 13 bond is the double bond. Figure 22-3 shows the division of

some aldol products into their starting materials.

PROBLEM 22-32

Show how each compound can be dissected into two reagents joined by an aldol conden-

sadon, then decide whether the necessary aldol condensation is feasible.

OH

(a) CH,CH,CH,—CH—CH—CHO (b) Ph-

CH^CH^CH,

OH CH, O

-C—CH— C-

CH2CH3

-Ph

Ph H
\ /

(c) C=C CH,
/ \ /

H C

O

(d)a
o

c-

OH

-CH3

(e)

CH,

C'

o

XH,
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PROBLEM 22-33

The following compound results from base-catalyzed aldol cyclization of a 2-substituted

cyclohexanone.

(a) Show the diketone that would cyclize to give this product.

(b) Propose a mechanism for the cyclization.

O

OH O

CH3— CH.— CP
J- «CH— C— H

H CH3

break at the a.p bond

came from CH,— CH- C
O

propanal

H

O

+ CH,— C—

H

CH,

propanal

OH O

H CH,

break at the a.B bond

O
c

H

benzaldehvde

O

+ CH.—

C

CH,

propiophenone

H
O

CH3
break at the double bond

came from Q
CH,

O

acetophenone

+ CH,—

C

O

acetophenone

CH,— CH. O

H

H
break at the double bond

came from
o

H

benzaldehvde

CH, CHt O
I

"
II

CHi—

C

butanal

H

Figure 22-3

.'\idol products are /3-hydroxyl aldehydes and ketones, or Q.^-unsaturated aldehydes and

ketones. An aldol product is dissected into its starting materials by mentally breaking the

Q./3 bond.

The a hydrogens of esters are weakly acidic, and they can be abstracted to give

enolate ions. Esters are less acidic than ketones and aldehy des because the ester

carbon\ l group is stabilized by resonance with the other oxygen atom. This reso-

nance makes the carbonv I group less capable of stabilizing the negative charge of

an enolate ion.

O

R—C—O— R'

= 0 =

R—C=0— R'

22-12

The Claisen Ester

Condensation
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A typical pA'^ for an a proton of an ester is about 24, compared with a pK^ of

about 20 for a ketone or aldehyde. Even so, strong bases do deprotonate esters.

O

CH,—C—CH,
acetone

ipK, = 20)

o

CH3—O—C— CH,
methyl acetate

(pK^ = 24)

+ base:' -CH,
i

CH,—C= CH,
enolate of acetone

+ base

:

II
.-.

CH,—O—C—CH.

:0:

CH,—O—C=CH,
enolate of methyl acetate

Ester enolates are strong nucleophiles, and they undergo a wide range of in-

teresting and useful reactions. Most of these reactions are related to the Claisen con-

densation, the most important of all ester condensations.

The Claisen condensation results when an ester molecule undergoes nucle-

ophilic acyl substitution by an enolate. The intennediate has an alkoxy (—OR) group

that acts as a leaving group, leaving a jS-keto ester. The overall reaction combines two

ester molecules to give a ^-keto ester.

O

R—CH.—C—OR'

R'O— C—CH—

R

O
ester enolate

R— CH;— Cv^OR'

R'O—C—CH—

R

O
intermediate

R—CH,—C^

R'O— C—CH—

R

O
a ^-keto ester

:OR'

Notice that one molecule of the ester (deprotonated, reacting as the enolate)

serves as the nucleophile to attack another molecule of the ester, which serves as the

acylating reagent in this nucleophilic acyl substitution.

/3-Keto esters are more acidic than simple ketones, aldehydes, and esters be-

cause the negative charge of the enolate is delocalized over both carbonyl groups.

/3-Keto esters have p^^ values around 1 1 , showing they are stronger acids than water.

In strong base such as ethoxide ion or hydroxide ion, the /3-keto ester is rapidly and

completely deprotonated.

O
R— CH,—C^

R'O—C—C^H
O R

a j3-keto ester

(P^a =11)

R'—OH +

:0R'

O' }0-
R— CH,—

C

R'O—c—cr

.0.

~R

R— CH,—C R—CH,—

C

R'O—C— C. R'O—C=C.
II

^R
I

:0: :0:

resonance-stabilized enolate ion

O'

R

Deprotonation of the ^-keto ester provides a driving force for the Claisen con-

densation. The deprotonation is strongly exothermic, making the overall reaction

exothennic and driving the reaction to completion. Because the base is consumed in

the deprotonation step, a full equivalent of base must be used, and the Claisen con-

densation is said to be base-promoted rather than base-catalyzed. After the reaction

is complete, addition of dilute acid converts the enolate back to the /3-keto ester.

The following example shows the self-condensation of ethyl acetate to give

ethyl acetoacetate (ethyl 3-oxobutanoate). Ethoxide is used as the base to avoid trans-

esterification or hydrolysis of the ethyl ester (see Problem 22-34). The initial prod-

uct is the enolate of ethyl acetoacetate, which is reprotonated in the final step.
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o o

O CH,— r O CH,— C/^ o
II Na+-OCH,CH, I II H,0+ I II

2 CH,—C—OCHXH, —^ Na+ :CH—C—OCH.CH, — > " CH,—C—OCH^CH,
sodium ethoxide " ,

"

ethyl acetate keto ester eiidlate ethyl acetoacetate

SOLVED PROBLEM 22-4

Propose a mechanism for the self-condensation of ethyl acetate to give ethyl acetoacetate.

SOLUTION
The first step is formation of the ester enolate. The equilibrium for this step lies far to the

left; ethoxide deprotonates only a small fraction of the ester.

H O' O
I II .. II

CH,—C—OCH^CHj + :OCH2CH3 «^ ":CH,—C—OCH,CH, + H—OCH^CH,

(pA:, = 24) enolate (pA:^ = 16)

The enolate ion attacks another molecule of the ester; expulsion of ethoxide ion

gives ethyl acetoacetate.

0> 0-)
\0 w

CH,—C—OCH,CH, CH,—C—OCH,CH, CH,—C O
-

-
I II

^O' :OCH,CH,

O O CH,—C—OCHXH,

:CH,—C—OCHXH, CH,—C—OCH,CH,

nucleophilic attack expulsion of ethoxide ethyl acetoacetate

In the presence of ethoxide ion. ethyl acetoacetate is deprotonated to give its eno-

late. This exothermic deprotonation helps to drive the reaction to completion.

H—OCH,CH,

O H^^'o O O (P'^. = 16)

II h II II II

CH,—C—CH—C— OCH,CH, + ":OCH,CH, CH,—C—CH—C—OCH,CH, -f

(pA'^ =11) enolate

When the reaction is complete, the enolate ion is reprotonated to give ethyl acetoacetate.

0 0 OHO
II

r.
II H,0+ II I II

CH,—C—CH—C— OCH,CH, — > CH,— C—CH—C—OCH^CH,
enolate ethyl acetoacetate

PROBLEM 22-34

Ethoxide is used as the base in the condensation of ethyl acetate to avoid some unwanted

side reactions. Show what side reactions would occur if the following bases were used,

(a) sodium methoxide (b) sodium hydroxide

PROBLEM 22-35

Esters with only one a hydrogen generally give poor yields in the Claisen condensation. Give

a mechanism for the Claisen condensation of ethyl isobutyrate. and explain why a poor

yield is obtained.
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PROBLEM-SOLVING HINT

The Claisen condensation

occurs by a nucleophilic acyl

substitution, with different

forms of the ester acting as

both the nucleophile (the

enolate) and the electrophile

(the ester carbonyl).

PROBLEM 22-36

Predict the products of self-condensation of the following esters,

(a) methyl propanoate + NaOCH, (b) ethyl phenylacetate + NaOCH^CHj

O

(c)^^^CH,—C—OCH3 + NaOCHj

SOLVED PROBLEM 22-5

Show what ester would undergo Claisen condensation to give the following ^-keto ester:

O O

Ph—CH,—CH,—C—CH—C—OCH3

CH,— Ph

SOLUTION
First, break the structure apart at the a,/3 bond (a,^ to the ester carbonyl j. This is the bond

formed in the Claisen condensation.

O

Ph—CH.—CH,—C-

i3

o

-CH—C—OCH3

CH.— Ph

Next, replace the a. proton that was lost, and replace the alkoxy group that was lost from

the carbonyl. Two molecules of methyl 3-phenylpropionate result.

O O
II II

Ph—CH,—CH,—C—OCH, H—CH—C— OCH3

CH,— Ph

Now draw out the reaction. Sodium methoxide is used as the base because the re-

actants are methyl esters.

O

2 Ph—CH,—CH,—C— OCH,
(1) Na+-OCH3

(2) H3O+

o o
II II

Ph—CH,—CH,—C—CH—C—OCH,
I

CH,— Ph

PROBLEM 22-37

Propose a mechanism for the self-condensation of methyl 3-phenylpropionate catalyzed

by sodium methoxide.

PROBLEM 22-38

Show what esters would undergo Claisen condensation to give the following /3-keto esters.

(a) CH3CH,CH,—

C

O
O

o
(b) Ph—CH,—C O

(c)

CH3CH,—CH— C— 0CH,CH3

CH,CH,— C O
"

"
I II

^CH—C— OCH,
CH,

Ph—CH—C—OCH3

O O

0CH,CH3
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An internal Claisen condensation of a diester forms a ring. Such an internal Claisen

cyclization is called a Dieckmann condensation or a Dieckmann cyclization. Five-

and six-memhered rings are easily fomied by Dieckmann condensations. Rings larg-

er than six carbons or smaller than five carbons are rarely formed by this method.

The following examples of the Dieckmann condensation show that a 1.6-diester

gives a t'lve-membered rins. and a 1,7-diester sives a six-membered rins.

22-13

The Dieckmann
Condensation:A

Claisen Cyclization

-OCH-,CH,

o

H
,

C
I / \
C OCH.CH,

C— OCH.CH,

o
II

c
„ / \
CH. OCH.CH,

C—OCHXH,

O
dietlnl adipate

(a 1.6-diester)

O

c

^CH, OCH, "OCH,

^^C—OCH3
*

O
dimethyl pimelate

(a 1.7-diester)

PROBLEM 22-39

Propose mechanisms for the two Dieckmann condensations shown above.

PROBLEM 22-40

Some of the follow ing keto esters can be formed b)' Dieckmann condensations, but others

cannot. Determine which ones are possible, and draw the starting diesters.

O

OCH.CH,

cyclic ^-keto ester

(807f)

OCH,

cyclic /3-keto ester

C— OCH.CH,

(b)

O

C— OCH,
II

o
o

o

(c)

C— OCH,,

O (d)0

C— 0CH,CH-,

O

(Consider using a protecting group.)

Claisen condensations can take place between different esters, particularly w hen

only one of the esters has the ahydrogens needed to form an enolate. In a crossed

Claisen condensation, an ester without a hydrogens serves as the electrophilic com-

ponent. Some useful esters without a hydrogens are benzoate, formate, carbonate,

and oxalate esters.

22-14

Crossed Claisen

Condensations
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O O o o o

o

C—OCH, H—C—OCH, CH,0—C—OCH3 CH,0—C—C—OCH3
methyl formate dimethyl carbonate dimethyl oxalate

methyl benzoate

A crossed Claisen condensation is carried out by first adding the ester without

a hydrogens to a solution of the alkoxide base. The ester with a hydrogens is slow-

ly added to this solution, where it forms an enolate and condenses. The condensa-

tion of ethyl acetate with ethyl benzoate is an example of a crossed Claisen

condensation.

o 00
C—OC,H, + CH,—C—OC^H,

(DNa+'OCHjCHj

ethyl benzoate

(no hydrogens)

(2) H3O+
C—CH.—C—OCH,

ethyl benzoylacetateethyl acetate

(foi nis ciidlalf I

PROBLEM 22-41

Propose a mechanism for the crossed Claisen condensation between ethyl acetate and

ethyl benzoate.

PROBLEM 22-42

Predict the products from crossed Claisen condensation of the following pairs of esters. In-

dicate which combinations are poor choices for crossed Claisen condensations.

O O
II II

(a) Ph—CH,—C— OCH3 + Ph—C— OCH3 >

O O
II II

(b) Ph—CH,—C— OCH, + CH,—C—OCH3 >

o 00
(c) CH3—C—OC2H5 + C2H5O—C—C— OC2H5 >

O O
II II

(d) CH,—CH,—C—OC,H, + C3H5O—C— OC-,H, >

SOLVED PROBLEM 22-6

Show how a crossed Claisen condensation might be used to prepare

O O
II II

H—C—CH—C—OCH,
I

Ph

SOLUTION
Break the a. (3 bond of this /3-keto ester, since that is the bond formed in the Claisen

condensation.

O O

H—C—
j

j—CH—C—OCH3

Ph

Now add the alkoxy group to the carbonyl and replace the proton on the a carbon.
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O O
II II

H—C—OCH, H—CH—C— OCH,
I

Ph

Write out the reaction, making sure that one of the components has a hydrogens and the

other does not.

() O () O
II II (l)Na+-OCH, II II

H—C—OCH, + H—CH—C—OCH, ^ H— C—CH—C—OCH,
I

(2) H-,0
I

Ph Ph

no a hydrogens forms enolate

PROBLEM 22-43

Show how crossed Claisen condensations could be used to prepare the following esters.

o o o
II II II

(a) Ph—C—CH—C—OCH,CH, (b) Ph—CH— C—OCH,

CH, C— C— OCH,
IIO OGO 0 0

(c) EtO— C—CH—C—OCH,CH, (d) (CH,),C— C—CH—C—OCH,

Ph CHXH.CH,

Crossed Claisen condensations between ketones and esters are also possible. Ke-

tones are more acidic than esters, and the ketone component is more likely to depiotonate

and serve as the enolate component in the condensation. The ketone enolate attacks the

ester, which undergoes nucleophilic acyl substitution and thereby acylates the ketone.

O O
II II

R—CH,— C— R' R—CH,— C— OR'
ketone, pK^ = 20 ester, pK^ = 24

more acidic less acidic

II la H/—> —c—c— C,

OR' ' O

ketone enolate ester tetrahedral intermediate acylated ketone

This condensation works best if the ester has no a hydrogens, so that it cannot

form an enolate. Because of the difference in acidities, however, the reaction is often

successful between ketones and esters even when both have a hydrogens. The fol-

lowing examples show some crossed Claisen condensations between ketones and

esters. Notice the variety of difunctional and trifunctional compounds that can be

produced by appropriate choices of esters.

O O
(l)Na+-OCH3

CH3—C—CH3 + <( )^C—OCH
(2)H,0+

acetone methyl benzoate a jS-diketone
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O
o

+ C.H.O—C—OC.H,
(DNa-'-OCjHj

(2) Hfi^

cyclohexanone

o

diethyl carbonate

o o

" + C.H,0—C—C— OC.H
(l)Na+-OC,H,

(2) H3O+

cyclopentanone dielhx l (ixalate

PROBLEM-SOLVING HINT

Claisen and crossed Claisen

condensations are important

synthetic tools and interesting

mechanistic examples. Practice

predicting product structures

and drawing mechanisms until

you gain confidence.

PROBLEM 22-44

Predict the major products of the following crossed Claisen condensations.

O

+ H— C— OCH,
NaOCH,

O o

(bjCH,—C—CH, + CH,—C—OCH,

O O
II II

(c) CH,—C—CH3CH,—C—OCHXH,

NaOCH

NaOCH.CH,

PROBLEM 22-45

Show how Claisen condensations could be used to make the following compounds.

o 9 ?

(a)

C— Ph
(b)

CH,—CH,—C—CH— CH,

,C—C—OCH,CH,

22-15 Many alkylation and acylation reactions are most effective using anions of yS-dicar-

Syntheses Using
bony! compounds that can be completely deprotonated and converted to their eno-

late ions by common bases such as methoxide ion and ethoxide ion. The malonic
P"'--''CSrDOnyl ester synthesis and the acetoacetic ester synthesis use the enhanced acidity of the a

Compounds protons in malonic ester and acetoacetic ester to accomplish alkylations and acyla-

tions that are difficult or impossible with simple esters. We have seen that most ester

condensations use alkoxides to form enolate ions. With simple esters, only a small

amount of enolate is formed; the equilibrium favors the alkoxide and the ester. The

alkoxide often interferes with the desired reaction. For example, if we want an alkyl

halide to alkylate an enolate, alkoxide ion in the solution will attack the alkyl halide

and form an ether.
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In contrast. /3-dicarbonyl compounds, such as malonic ester and aceloacetic

ester, are more acidic than alcohols. They are completely deprotonated by alkox-

ides. and the resulting enolates are easily alkylated and acylated. At the end of the

synthesis, one of the carbonyl groups can be removed by decarboxy lation. lea\ ing a

compound that is difficult or impossible to make by direct alkylation or ac\ lation of

a simple ester.

O O

CH3CH2O—C—CHi—C—OCH2CH3 CH3—C—CH,—C—OCHXH3
diethyl malonate (malonic ester) ethyl acetoacetate (acetoacetic ester)

First v\ e compare the acidity ad\ antages of ^-dicarbonv l compounds, and then

we consider how these compounds are used in synthesis.

Acidities of fi-Dicarhonyi Compounds. Table 22- 1 compares the acidities of some

carbonyl compounds w ith the acidities of alcohols and water. Notice the large increase

in acidity for compounds w ith two carbonyl groups beta to each other. In fact, the a

protons of the ^-dicarbonx l compounds are more acidic than the hydro.xyl protons

of water and alcohols. This enhanced acidity results from increased stability of the

enolate ion. The negative charge is delocalized over two carbonyl groups rather than

TABLE 22-1 Typical Acidities of Carbonyl Compounds

Coiijii'^me Acid Conjugate Base pK^

I i/ bust s

H—O— H OH 15.7

water

CH,0—H CH;0- 15.5

methanol

CH^CH-O—H CH;CH,0~ 15.9

ethanol

Simple ketones and esters

O O
II II

CH,—C—CH, :CH-— C— CH, 20

acetone

O O
II II

CH3—C— OCH-CH, ":CH,—C— OCH.CH, 24

eth\ 1 acetate

fi-dk arbonyl compounds

0 0 0 0

CH,CH,0—C—CH,—C—OCHXH, CH,CH,0— C—CH— C— OCH-CH, 13

diethyl malonate (malonic ester)GO 00
We . II II II

CH,—C— CH-— C—OCH.CH, CH,—C—CH—C—OCH.CH, 11

ethvl acetoacetate (acetoacetic ester 1
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just one, as shown by the resonance forms for the enolate ion of diethyl malonate (also

called iiialonic ester).

O O

CH,CH.O— C C—OCH.CH, + ^OCH.CH,

c
/ \

H H
diethyl malonate (malonic ester)

(pK, = 13)

CH.CH.O—C C— OCH,CH,
- \r./ -

c

H

:0: :0:

CH,CH,0— ^C— OCH.CH,

C

H
resonance-stabilized enolate ion

-* CH,CH.O— C C—OCH,CH,

C

H

PROBLEM 22-46

Show the resonance forms for the enolate ions that result when the following compounds
are treated with a strong base.

(a) ethyl acetoacetate (b) 2,4-pentanedione

(c) ethyl cv-cyanoacetate (d) nitroacetone

22-16 The malonic ester synthesis makes substituted derivatives of acetic acid. Malonic

The Malonic
(diethyl tnalonate) is alkylated or acylated on the carbon that is a to both car-

bonyl groups, and the resulting detivative is hydrolyzed and allowed to decarboxylate.

Ester Synthesis

Malonic ester synthesis

CO,

C—OC.H3 C—OC^Hj H
I

'
"

(1) NaOC.H.
I

'
" H,0+

I

H—C— H — R—C—H —

—

> R—C—

H

I

(2) K— X
I

heat
|

C—OC.H, C—OCHc C—OH

O 0 0
malonic ester alkylated malonic ester substituted acetic acid

Malonic ester is completely deprotonated by sodium ethoxide. The resulting

enolate ion is alkylated by an unhindered alkyl halide, tosylate, or other electrophilic

reagent. This step is an 8^2 displacement, requiring a good 8^2 substrate.

0 0 00 0 0
II II

Na^-OCH^CH,
|| _ || || ||

CHjCH^OC—CH,—COCH.CH, < " ^ CH,CH,OC—CH— COCH^CH, > CH^CH^OC—CH— COCH.CH,

malonic ester alkylated diethyl malonate

Hydrolysis of the alkylated diethyl malonate (a diethyl alkylmalonic ester)

gives a rnalonic acid derivative.
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O O

CH,CH,0—C—CH— C—OCHXH,

R
a diethyl alkyhiialonate

H^ heat

H,0

o o

HO—C—CH—C—OH

R
an alkyhiialonic acid

Any carboxylic acid with a carbonyl group in the 13 position is prone to de-

carboxyhtte. At the temperature of the hydrolysis, the alkylmalonic acid loses COi
to give a substituted derivative of acetic acid. Decarboxylation takes place through

a cyclic transition state, initially giving an enol form that quickly tautomerizes to

the product.

O^H
o=c ( o

V
R

I

OH
H

alkylmalonic acid

O H H
\

o=c
R.

O
tautomerism

O

H OH

CO, + enol

R—C— C'C^ + co.t
I

OH
H

substituted acetic acid

The product of a malonic ester synthesis is a substituted acetic acid, with the

substituent being the group used to alkylate malonic ester. In effect, the second car-

boxyl group is temporary, allowing the ester to be easily deprotonated and alkylat-

ed. Hydrolysis with decarboxylation removes the temporary carboxyl group, leaving

the substituted acetic acid.

temporary

ester group

COOC.Hg

O
il

CH,—C— OC.H,
malonic ester

(1) -OC^Hj

(2) R—

X

COOC.H,

O

R—CH—C— OC,H,
alkylmalonic ester

H+. heat

H,0

The alkylmalonic ester has a second acidic proton that can be removed by a

base. Removing this proton and alkylating the enolate with another alkyl halide gives

a dialkylated malonic ester. Hydrolysis and decarboxylation leads to a disubstituted

derivative of acetic acid.

COOC2H5

O

R—CH—C—OC.H,

alkylmalonic ester

(1) NaOCH.CH,

(2) K'-X

COOC2H5

o

R—C—C—OC,H,

R'

dialkylmalonic ester

H+. heat

H,0

CO, t

O

R—CH,— C—OH
substituted acetic acid

co^t

H O

R—C—C—OH

R'

disubstituted acetic acid

The malonic ester synthesis is useful for making cycloalkanecarboxylic acids,

some of which are not easily made by any other method. The ring is formed from a

dihalide. using a double alkylation of malonic ester. The following synthesis of cy-

clobutanecarboxylic acid shows that a strained four-membered ring system can be
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generated by this ester alkylation, even though most other condensations cannot form

four-membered rings.

COOC2H5

O

CH.—C— OC,H,
(1) -OC,H,

(2) CH,— CH.-
I

-

Br

(31 OC.H,

-C II

I

Br

COOCjHg

O

CH,—C—C—OC,H,
I

"
I

CH,—CH.

H+. heat

H,0

co^t

o
II

CH.—CH—C—OH
I

"
I

CH.—CH,
cyclobutanecarboxylic acid

PROBLEM-SOLVING HINT
A malonic ester synthesis goes

through alkylation of the

enolate, hydrolysis, and decar-

boxylation.To design a synthesis,

look at the product and see

what groups are added to acetic

acid. Use those groups to alky-

late malonic ester, then

hydrolyze and decarboxylate.

SOLVED PROBLEM 22-7

.Show how the malonic ester synthesis is used to prepare 2-benzylbutanoic acid.

SOLUTION
2-Benzylbutanoic acid is a substituted acetic acid having the substituents Ph—CH.-
andCH^CH,—

.

O

(CH,—CH,)-CH—C—OH
substituent acetic acid

(CH.— Ph)

substituent

Adding these substituents to the enolate of malonic ester eventually gives the cor-

rect product.

COOC3H,

O

CH,—C—OC^H,

malonic ester

COOC2H5

(1) NaOCH^CH,

(2) PhCH.Br
CH-

O
II

-c- -OCH,

CHjPh

COOC2H5

O

CH,CH.—C—C— OC^H,

CH,Ph

dialkvlniulonic ester

(1) NaOCH.CH,

(2) CH^CHjBr

CO, t

O
H+, heat

H,0
CH3CH,—CH—

C

CH.Ph

disubstituted acetic acid

OH

PROBLEM 22-47

Show how the following compounds can be made using the malonic ester synthesis,

(a) 3-phenylpropanoic acid (b) 2-methylpropanoic acid

(c) 4-phenylbutanoic acid (d) cyclopentanecarbo.xylic acid

22-17 The acetoacetic ester synthesis is similar to the malonic ester synthesis, but the

The Acetoacetic P'^^'^'^'-^^ ketones: substituted derivatives of acetone. In the acetoacetic ester

r I
•

synthesis, substituents are added to ethyl acetoacetate (acetoacetic ester), followed

LSter byntheSIS by hydrolysis and decarboxylation to produce an alkylated derivative of acetone.
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O O O R O

/ CH
(1) -OC,H,

3
C-CH-C-OC,H3
ethyl acetoacetate

(acetoacetic ester)

CH3—C—CH—C—OCH5
alkylated ester

Acetoacetic ester is like a molecule of acetone with a temporary ester group

attached to enhance its acidity. Ethoxide ion completely deprotonates acetoacetic

ester. The resulting enolate is alkylated by an unhindered alkyl halide or tosylate

to give an alkylacetoacetic ester. Once again, the alkylating agent must be a good

Sn2 substrate.

tempoiaiA cslci' izi'oup

H,0+

heat

O R

CH,—C—CH.
substituted acetone

+ CO, t

o o

C—OC.H,

O

H—C—C—CH3

H
ethyl acetoacetate

(P^a =11)

OC,H<;

C— OC2H5

o
II

:C— C—CH,
I

H
enolate ion

R—

X

o.

C— OC.H,

O

R—C— C— CH3

H
alkylacetoacetic ester

Acidic hydrolysis of the alkylacetoacetic ester initially gives an alkylacetoacetic

acid. The alkylacetoacetic acid is a ^-keto acid; the keto group in the jS position al-

lows decarboxylation to occur.

O o

C—OC.H,

O

R—CH—C—CH3
alkylacetoacetic ester

(a /3-kcio esten

H^. heat

H,0

C—OH

O

R—CH—C—CH,
alkylacetoacetic acid

(a /J-kcIo acidi

CO, t

H O
decarboxylates

R CH,CH— C- ^.x,

a substituted acetone

The /3-keto acid decarboxylates by the same mechanism as the alkylmalonic

acid in the malonic ester synthesis. A six-membered cyclic transition state splits out

carbon dioxide to give the enol form of the substituted acetone. This decarboxyla-

tion usually takes place spontaneously at the temperature of the hydrolysis.

O—

H

A-' .

0=C (O

c—

c

/ \ \
R H CH,
the i3-keto

acid

o

o=c
R

H
\
O
/

c=c
\:h3

CO, + enol

tautomerization

H O

C—C,

H
CH,

a substituted acetone

Disubstituted acetones are formed simply by alkylating acetoacetic ester a sec-

ond time before the hydrolysis and decarboxylation steps, as shown in the following

general synthesis.



1044 Chapter 22: Alpha Substitutions and Condensations of Enols and Enolate Ions

tcniporary ester group

COOC,Hs

O

R—CH— C—CH3
(1) -OC.H,

(2) R'—

X

COOCoH,

O

R—C—C—CH,

R'

dialkylacetoacetic

ester

H^, heat

H,0

CO,
I

H O

R—C—C—CH3

R'

disubstituted

acetone

SOLVED PROBLEM 22-8

Show how the acetoacetic ester synthesis is used to maiie 3-propyl-5-hexen-2-one.

SOLUTION
Tile target compound is acetone with an //-propyl group and an ailyl group as substituents:

O acetone

(CH3CH.CH,)-CH— C— CH3

/?-propyl group (CHt CH CH2

ally! group

With an //-propyl halide and an allyl halide as the alkylating agents, the acetoacetic ester synthesis should produce

3-propyl-5-hexen-2-one.

Two alkylation steps give the required substitution:

COOC.H,

O

CH.—C—CH,

(1) -OC,H,

(2) CH,CH,CH,Br

COOC.H,
, ] , -Qc^H

O (2) CH,=CH—CH.Br

COOC2H5

o

CH,CH.CH.—CH—C—CH, CH3CH2CH3—C—C—CH3

H,C=CH— CH.

Hydrolysis proceeds with decarboxylation to give the disubstituted acetone product.

COOC2H5

O
II JJ+ hpptt

CH,CH.CH.—C—C—CH, —V-

—

>

H.C=CH— CH.

COOH

O

CH,CH.CH.—C— C— CH,

H.C=CH—CH.

j8-keto acid

CO, I

o

^ CH3CH.CH.—CH— C— CH3

H.C=CH—CH.

3-propyl-5-hexen-2-one

PROBLEM-SOLVING HINT
An acetoacetic ester synthesis

goes through alkylation of the

enolate, hydrolysis, and decar-

boxylation. To design a synthesis,

look at the product and see

what groups are added to

acetone. Use those groups to

alkylate acetoacetic ester, then

hydrolyze and decarboxylate.

PROBLEM 22-48

Show the ketones that would result from hydrolysis-decarboxylation of the following

)S-keto esters.

O

COOCH3

o
o

(a) PhCH,—CH—C—CH, (b) CH.—C—C—CH, (c) OCH.CH,

COOC,H, CH.—CH,
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PROBLEM 22-49

Show how the following ketones might be synthesized using the acetoacetic ester synthesis.

O
O

(a) PhCH,CH.—C— CH, (b CH,

Ph—CH, O

(c) H,C=CHCH,CH—CCH,

Q-.jS-Unsatufated carhonyl compounds have unusually electrophilic double bonds.

The /3 carbon is electrophilic because it shares the partial positive charge of the car-

bonyl carbon through resonance.

22-18

Conjugate Additions:

The Michael Reaction

^c=c;

O"

H
electrophilic sites

A nucleophile can attack an Q',j8-unsaturated carbonyl compound either at the

carbonyl group itself or at the (3 position. When attack occurs at the carbonyl group,

protonation of the oxygen leads to a 1,2-addition product in which the nucleophile

and the proton have added to adjacent atoms. When attack occurs at the (3 position,

the oxygen atom is the fourth atom counting from the nucleophile, and the addition

is called a 1,4-addition. The net result of 1,4-addition is addition of the nucleophile

and a hydrogen atom across a double bond that was conjugated with a carbonyl

group. For this reason, 1,4-addition is often called conjugate addition.

1 ,2-adiiirioit

H'
;c=c

attack at carbonyl

1 ,4-additinn:

H. .C^Nuc
/C= CC' CH,

H H
protonation of alkoxide

Michael addition

c—c

H'
:c=c:

O—

H

;C^Nuc
CH,

~H

Nuc-
H'

attack at /3 carbon protonation of enolate tautomerism

;C— C.
/
H

(keto)

0
II

x\
'CH,

Addition of a stabilized enolate ion to the double bond of an Q',j3-unsaturated

carbonyl compound is called a Michael addition. The electrophile (the a./3-unsaturated

carbonyl compound) accepts a pair of electrons; it is called the Michael acceptor. The

attacking nucleophile donates a pair of electrons; it is called the Michael donor. A
wide variety of compounds can serve as Michael donors and acceptors. Some of the

inost common ones are shown in Table 22-2. Common donors are enolate ions that are

stabilized by two strong electron-withdrawing groups such as carbonyl groups, cyano

groups, or nitro groups. These enolates are formed quantitatively by common bases,
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TABLE 22-2 Some Common Michael Donors and Michael Acceptors

Michael Donors Michael Acceptors

L) (J
II II

u
II II

K— L —CH— L—

K

p-diketone rl,L.— L H -— L— H conjugated aldehyde

0 O
II

.-.

II

O

R—C—CH—C—OR' jS-keto ester H,C=CH--C—

R

conjugated ketone

O

R,CuLi dialkyi cuprate H,C=CH--C—OR conjugated ester

O
II

C=C/ \ enamine H,C=CH— C— NH, conjugated amide

0

R—C—CH—C=N /3-keto nitrile H,C=CH--C=N conjugated nitrile

0

R—C—CH—NO, a-nitro ketone H,C=CH—NO, nitroethylene

COOC,H,

O

without extra base around to attack the Michael acceptor. Common acceptors contain

a double bond conjugated with a carbonyl group, a cyano group, or a nitro group.

Let's consider a typical Michael addition, addition of the malonic ester enolate

to methyl vinyl ketone (MVK ). The crucial step is the nucleophilic attack by the eno-

late at the carbon. The resulting enolate is strongly basic, and it is quickly protonated.

H O'

CHjO-C— CH:

malonic ester enolate

COOCH,

H
I

1-^

I

,C7=C-CH,
C,H,0—C—CH—

C

COOCH,

O
O O

MVK
H

preiduct enoiatc

H— OC,H,

C,H,0—C—CHCHjCH^CCH,

1 .4-addition product

(90%)

The product of this Michael addition may be treated like a substituted malonic

ester, as in the malonic ester synthesis. Hydrolysis and decarboxylation lead to a 8-

keto acid. It is not easy to imagine other ways to synthesize this interesting keto acid.

COOC2H5

O O

C,H30—C— CHCH.CH,CCH3
1,4-addition product

H+, heat

H^O

COOH

O O

HO—C—CHCH,CH,CCH3
substituted malonic acid

co^t

o o

HO—C— CH^CHXHjCCHj
a 5-keto acid

SOLVED PROBLEM 22-9

Show how the following diketone might be synthesized using a Michael addition.

O
« II

CH—CH,—

C

O

CH—C—CH,
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SOLUTION
A Michael addition would have formed a new bond at the /3 carbon of the acceptor. There-

fore, we break this molecule apart at the /3.ybond.

O
Ph „

II

CH—CH,—C— Ph

O

came I'rom Ph.

XH—C—CH,
Ph'

O

TH=CH—C— Ph

Michael acceptor

o
II

:CH—C—CH,
I

Ph

Michael donor

The top fragment, where we broke the fi bond, must have come from a conju-

gated ketone, and it must have been the Michael acceptor. The bottom fragment is a

simple ketone. It is unlikely that this ketone was used without some sort of addi-

tional stabilizing group. We can add a temporary ester group to the ketone (making

a substituted acetoacetic ester) and use the acetoacetic ester synthesis to give the

correct product.

Ph.
O

;C=CH—C— Ph

o
.-.

II

Ph—C—C— CH,
I

COOC,H,

leiiipoiarv

ester group

Ph O
I II

H—C—CH,— C-

O
II

Ph—C—C—CH,
I

C00C-,H5

-Ph

H+, heat

H,0

O
II

Ph—CH—CH,— C— Ph

O
II

Ph—CH—C—CH,

target molecule

+ CO, t

PROBLEM-SOLVING HINT
Claisen condensations usually

give 1 ,3-dicarbonyl products,

with one saturated carbon

between two carbonyl groups.

Michael additions commonly give

1 ,5-dicarbonyl products, with

three saturated carbons

between two carbonyl groups.

When you need a compound
with three carbons between two
carbonyl groups, consider a

Michael addition.

PROBLEM 22-50

In Solved Problem 22-9, the target molecule was synthesized using a Michael addition to

form the bond that is /3.y to the upper carbonyl group. Another approach is to use a Michael

addition to form the bond that is /B.yto the other (lower) carbonyl group. Show how you

would accomplish this alternative synthesis.

PROBLEM 22-51

Show how cyclohe.xanone might be conveited to the following S-diketone. {Hint: Stork)

O O

PROBLEM 22-52

Show how an acetoacetic ester synthesis might be used to form a 6-diketone.

PROBLEM 22-53

Give a mechanism for the conjugate addition of a nucleophile (Nuc^) to acrylonitrile

(H,C=CHCN) and to nitroethylene. Use resonance forms to show how the cyano and

nitro groups activate the double bond toward conjugate addition.
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PROBLEM 22-54

Show how the following products might he synthesized from suitable Michael donors

and acceptors.

O
il

(a) Ph—CH—CH,—C— OCHjCH, (b) CH,—CH,—CN

O

(c)

CH(COOCH2CH3)2

CH,CH,CN

O

(e) CH,—CH,—C—CH,

CH,—CH

CH,—COOH
O

(d)

O
CH,

CH,CH,— C— Ph

(f) Ph—CH—CH.—COOH

CH.COOH

22-19

The Robinson

Annulation

British chemist Sir Robert

Robinson (1886-1975)

invented the Robinson annula-

tion to form complicated ring

systems.

CH,
"OH

We have seen that Michael addition of a ketone enolate (or its enamine) to an a.jS-un-

saturated ketone gives a 5-diketone. If the conjugate addition takes place under strong-

ly basic or acidic conditions, the 5-diketone undergoes a spontaneous intramolecular

aldol condensation, usually with dehydration, to give a new six-membered ring: a

conjugated cyclohexenone. This synthesis is called the Robinson annulation (ring-

forming) reaction. Consider an example using a substituted cyclohexanone as the

Michael donor and methyl vinyl ketone (MVK) as the Michael acceptor.

The Robinson annulation

+

H

C—

H

K
CH, O

OH

new cyclohexenone

(65%)

The mechanism begins with addition of the enolate of the cyclohexanone to

MVK, forming a 5-diketone.

Step 1: Michael addition

+ "OH

a 5-diketone

This 5-diketone might take part in several different aldol condensations, but

it is ideally suited for a particularly favorable one: formation of a six-membered

ring. To form a six-membered ring, the enolate of the methyl ketone attacks the

cyclohexanone carbonyl. The aldol product dehydrates to give a cyclohexenone.
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Slcp 2: Cyc lic aUlol

CH

Step 3: Deliydratiou

CH, CH,

H—O—

H

HO
It is not difficult to predict the products of the Robinson annulation and to draw

the mechanisms if you remember that the Michael addition is first, followed by an

aldol condensation with dehydration to give a cyclohexenone.

OH

PROBLEM SOLVING:
Proposing Reaction Mechanisms

This problem-solving example addresses a complicated base-catalyzed reaction,

using the system for proposing mechanisms summarized in Appendix 4. The prob-

lem is to propose a mechanism for the base-catalyzed reaction of ethyl acetoac-

etate with methyl vinyl ketone.

0 0 o
II II II NaOC^H,

CH,—C—CH,—C—OC.H, + CH,=CH—C—CH3
ethyl acetoacetate MVK

First, we must detennine the type of mechanism. The use of a basic catalyst

suggests the reaction involves strong nucleophiles as intermediates. We expect to

see anionic intermediates (possibly stabilized carbanions). but no strong elec-

trophiles or strong acids, and certainly no carbocations or free radicals.

1. Consider the carbon skeletons of the reactants and products, and decide

which carbon atoms in the products are likely derived from which car-

bon atoms in the reactants.

The ester group in the product is clearly derived from ethyl acetoacetate. The

jS carbon from the ester (now part of the C=C double bond) should be derived

from the ketone of ethyl acetoacetate. The structure ofMVK can be seen in the

remaining four carbons.

O H

C
C2H5O'

CH,

-H

H

O

-C
H'

-H
C3H5O'

CH' O

O

-C^

CH^

H H
H \/

c^'^^c:

-C
c

CH.O

-H

O

H



1 050 Chapter 22: Alpha Substitutions and Condensations of Enols and Enolate Ions

2. Consider whether one of the reactants is a strong enough nucieophile to

react without being activated. If not, consider how one of the reactants

might be converted to a strong nucieophile by deprotonation of an acidic

site or by attack on an electrophilic site.

Neither reactant is a strong enough nucieophile to attack the other. Ethyl ace-

toacetate is more acidic than ethanol; ethoxide ion quickly removes a proton,

giving the enolate ion.

O

CH3—C—CH— C— OC^H, + OC3H5 CH3-

O O
II II

-C—CH—C— OC3H, + C2H5OH

3. Consider how an electrophilic site on another reactant (or, in a cycliza-

tion, another part of the same molecule) can undergo attack by the strong

nucieophile to form a bond needed in the product. Draw the product of this

bond formation.

The enolate of acetoacetic ester might attack either the electrophilic double

bond (Michael addition) or the carbonyl group of MVK. A Michael addition

forms one of the bonds needed in the product.

C^H.O C.HjO C.H.OH C.H.O'

O
II

CH

H

H H
H \ /

c^'^^cC
I

I

H

o / .0
CH,

4. Consider how the product of nucleophilic attack might be converted to

the final product (if it has the right carbon skeleton) or reactivated to form

another bond needed in the product.

The carbonyl group of ethyl acetoacetate must be converted to a C=C double

bond in the a. (5 position of the other ketone. This conversion corresponds to an

aldol condensation with dehydration.

C.H,0'

O

,C~

ch:

H

~C'
-CH,

\
CH,

H

^H H

-OC2H5

O

/C
CH.O' ^C^

CH,

C,H,0

"CH,

CH, / ^C O^OH 9\
H H

O

C,H,0'

H

C
CH,

CH,

cHjrl ^c-
^ 3 OH

I

H

C,H,0

O

C,H,0'

O

r I

CH,
H

~C' CH,

CH, ^C O

H

OCH,
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5. Draw out all the steps using curved arrows to show the movement of elec-

trons. Be careful to show only one step at a time.

The complete mechanism is given by combining the equations shown above.

We suggest you write out the mechanism as a review of the steps.

As further practice in proposing mechanisms for multistep condensations,

try Problems 22-35 and 22-56 using the approach shown above.

PROBLEM 22-55

Propose a mechanism for the following reaction.

O
-OH

O

C
/ \

H,C=CH CH,CH3
CH,

PROBLEM 22-56

The base-catalyzed reaction of an aldehyde (having no a hydrogens) with an an-

hydride is called the Perkin condensation. Propose a mechanism for the follow-

ing example of the Perkin condensation. (Sodium acetate serves as the base.)

O O

CH,—C—0—C—CH,

-I-

O
II

-C—

H

(1) CH,CO,Na. A

(2) H,0+

II

CH=CH—C—OH

cinnamic acid

+ CH,COOH

PROBLEM 22-57

Show how you would use Robinson annulations to synthesize the following compounds.

Work backward, remembering that the cyclohexenone is the new ring and that the double

bond of the cyclohexenone is formed by the aldol with dehydration. Take apart the double

bond, then see what structures the Michael donor and acceptor must have.

O CH,

CH,

PROBLEM-SOLVING HINT

You can usually spot a product

of Robinson annulation because

it has a new cyclohexenone ring.

The mechanism is not difficult if

you remember "Michael goes

first," followed by an aldol with

dehydration.

SUMMARY: Enolate Additions and Condensations

A complete summary of additions and condensations would be long and involved. This summary covers the major classes of

condensations and related reactions.

L a Halogenation (Sections 22-3 and 22-4)

OH OX
R-C-C- + X- ^^^^^ R-l-L
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a. The iodoform {or halofonn) reaction

o o

R—C—CH, + excess Ij R—C—O + HCl, |

methyl ketone

b. The Hell-Volhard-Zelinsky (HVZ) reaclion

O Br O Br O
II BiVPBr, I II H,0 I II

R—CH,—C—OH ^ R—CH—C— Br R—CH—C—OH
Qf-bromo acid

2. Alkylation ofUtliiuin enolates (Section 22-5)

O OR'
II (1) LDA II I

R—C—CH.— R ^ > R—C—CH—

R

(2) R -X
(LDA = lithium diisopropylamide; R'—X = unhindered 1° halide or tosylatej

3. Alkylation of enamines (Stork reaction) (Section 22-6)

R R Y-^ R' R' R
Nt I H,o+ O. +

R" ;:c—C— ^—> ^C—C— + R—N—

H

enamine alkylated enamine alkylated ketone H

4. The aldol condensation and subsequent dehydration (Sections 22-7 through 22-1 1

)

O OH

R—C—CH.— R' R—C—CH,— R' R—C—CH.— R'

H+or-OH I heat II

R—C—CH,— R'
c

> R—C—CH— R'
c

> R—C—C— R'

II

"

II

H+or-OH
II

O O O + H.O
ketone or aldehyde aldol product a,/3-saturated

ketone or aldehyde

5. The Claisen ester condensation (Sections 22-12 through 22-14)

(Cyclizations are the Dieckmann condensation.)

o o
II II

RO—C—CH,— R' C— CH-— R'

~OR I

RO—C—CH.— R' > RO—C—CH— R' + ROH
II

' II

o o
The product is initially formed at its anion.
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6. The nialoiiir ester synthesis (Section 22- 1 6

)

COOCH.CH,

H—C—

H

(I) NaOCH2CH3

(2) R—

X

COOCH.CH,
malomc ester

7. The acetoaeetic ester synthesis ( Section 22-17)

COOCH3CH3

H—C—

H

(1) NaOCH.CH,

(2) R —

X

0=C—CH,
acetoaeetic ester

COOCH.CHj

R—C—

H

COOCH^CHj
substituted

malonic ester

COOCH^CHj

R—C—

H

0=C— CH,
substituted acetoaeetic ester

8. The Michiiel addition (eonjiii^ale addition) (Sections 22-18 and 22-19)

o
^ 1 II

Y—CH: + ^C=C—C— ROH

H3O+

heat

H3O+

heat

CO, I

R—CH,

COOH
substituted

acetic acid

CO, t

R—CH,

0=C—CH,
substituted acetone

O
I 1 II—c—c—c-

Y—CH H

( Y and Z are carbonyl or other electron-withdrawing groups.)

Example: The Robinson annulation

0 ^
cyclohexanone MVK

"OH

O
Michael adduct

aldol

dehydration

o
annulated product

acetoaeetic ester synthesis Alkylation or acylation of acetoaeetic ester (ethyl acetoacetate).

followed by hydrolysis and decarboxylation, to give substituted acetone derivatives, (p. 1042)

aldol condensation An acid- or base-catalyzed conversion of two ketone or aldehyde mol-

ecules to a /3-hydroxy ketone or aldehyde (called an aldol). Aldol condensations often take

place with subsequent dehydration to give Qf,/3-unsaturated ketones and aldehydes. (p.l021

)

crossed aldol condensation: An aldol condensation between two different ketones or

aldehydes, (p. 1025)

alpha-carbon atom The carbon atom next to a carbonyl group. The hydrogen atoms on the

n carbon are called a hydrogens or a protons, (p. 1008)

alpha substitution Replacement of a hydrogen atom at the a carbon atom by some other

group, (p. 1008)

Claisen condensation The base-catalyzed conversion of two ester molecules to a ^-keto

ester, (p. 1031

)

crossed Claisen condensation: A Claisen condensation between two different esters or

between a ketone and an ester, (p. 1035)

condensation A reaction that bonds two or more molecules, often with the loss of a small

molecule such as water or an alcohol, (p. 1008)

Chapter 22

Glossary
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conjugate addition ( 1,4-addition) Another term for Michael addition, (p. 1045)

Dieckmann condensation A Claisen condensation that forms a ring. (p. 1035)

enaniine A vinyl amine, usually generated by the acid-catalyzed reaction of a .secondary

amine with a ketone or an aldehyde, (p. 1019)

enol A vinyl alcohol. Simple enols usually tautomerize to their keto forms, (p. 1009)

H
HO. , H+or OH |

C=C (
> c—c—^\

y

enol keto

enolate ion The resonance-stabilized anion formed by deprotonating the carbon atom next

to a carbonyl group, (p. 1009)

^c— " ^c=c;
enolate ion

+ base—H

enolizable hydrogen (a hydrogen) A hydrogen atom on a carbon adjacent to a carbonyl

group. Such a hydrogen may be lost and regained through keto-enol tautomerism, losing its

stereochemistry in the process, (p. 1010)

haloform reaction The conversion of a methyl ketone to a carboxylate ion and a haloform

(CHX , ) by treatment with a halogen and base. The iodoform reaction uses iodine to give a

precipitate of solid iodoform, (p. 1014)

Hell - Volhard - Zelinsky (HVZ ) reaction Reaction of a carboxy lie acid with Br; and PBr^,

to give an a-bromo acyl bromide, often hydrolyzed to an a-bromo acid. (p. 1017)

malonic ester synthesis Alkylation or acylation of malonic ester (diethyl malonate), fol-

lowed by hydrolysis and decarboxylation, to give substituted acetic acids, (p. 1040)

Michael addition (conjugate addition) A 1,4-addition of a nucleophile (the Michael donor,

usually a resonance-stabilized carbanion) to a conjugated double bond such as an a.jS-unsat-

urated ketone or ester (the Michael acceptor), (p. 1045)

Robinson annulation Formation of a cyclohexenone ring by condensation of methyl vinyl

ketone (MVK ) or a substituted MVK derivative with a ketone. Robinson annulation proceeds

by Michael addition to MVK. followed by an aldol condensation with dehydration, (p. 1048)

Stork reaction Alkylation or acylation of a ketone or aldehyde using its enamine derivative

as the nucleophile. Acidic hydrolysis regenerates the alkylated or acylated ketone or alde-

hyde, (p. 1021)

tautomerism An isomerism involving the migration of a proton and the corresponding move-

ment of a double bond. An example is the keto-enol tautomerism of a ketone or aldehyde

with its enol form. (p. 1009)

tautomers: The isomers related by a tautomerism.

H
I H+or OH HO

^c—c:— c
'

- ^c=c^

keto tautomer enol tautomer

keto-enol tautomerism

ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 22

This is a difficult chapter because condensations take on a wide variety of foirns.

You should try to understand the reactions and their mechanisms so you can gen-

eralize and predict related reactions. Work enough problems to get a feel for the
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standard reactions and to gain confidence in wortcing out new variations of the

standard mechanisms. Make sure you feel comfortable with condensations that

form new rings.

1. Show how enols and enolate ions act as nucleophiles. Give mechanisms for

acid-catalyzed and base-catalyzed keto-enol tautomerisms.

2. Give mechanisms for acid-catalyzed and base-promoted alpha halogenation

of ketones and acid-catalyzed halogenation of acids (the HVZ reaction). Ex-

plain why multiple halogenation is common with basic catalysis, and give a

mechanism for the haloform reaction.

3. Show how alkylation and acylation of enamines and lithium enolates are used

synthetically. Give mechanisms for these reactions.

4. Predict the products of aldol and crossed aldol reactions, before and after de-

hydration of the aldol products. Give the mechanisms under acid and base

catalysis. (Aldols are reversible, so be sure you can write these mechanisms

backward as well.) Show how aldols are used to make ^-hydroxy carbonyl

compounds and a,jS-unsaturated carbonyl compounds.

5. Predict the products of Wittig reactions, give their mechanisms, and show how

to use Wittig reactions to synthesize olefins.

6. Predict the products of Claisen and crossed Claisen condensations, and give

mechanisms. Show how a Claisen condensation constructs the carbon skele-

ton of a target compound.

7. Show how the malonic ester syntliesis and the acetoacetic ester synthesis are

used to make substituted acetic acids and substituted acetones. Give mecha-

nisms for these reactions.

8. Predict the products of Michael additions, and show how to use these reac-

tions in syntheses. Show the general mechanism of the Robinson annulation,

and use it to form cyclohexenone ring systems.

Study Problems

22-58. Define each term and give an example.

(a) haloform reaction

(d) crossed aldol condensation

(g) HVZ reaction

(j) crossed Claisen condensation

(m) tautomerism

(p) acetoacetic ester synthesis

22-59. For each molecule shown below,

( 1 ) indicate the most acidic hydrogens.

(2) draw the important resonance contributors of the anion that results from removal of the most acidic hydrogen.

(b) condensation

(e) alpha substitution

(h) Claisen condensation

(k) enamine

(n) enolizable hydrogen

(q) Michael addition

(c) aldol condensation

(f) a./3-unsaturated compound

(i) Dieckmann condensation

(1) Stork reaction

(o) malonic ester synthesis

(r) Robinson annulation

O

(a)a COOH

(b) ^^^^^^^^^

O

(d)

OH COOCH,

(f)

COOCH,
O O

CN

II II

(g) CH,—CH=CH— C—H (h) CH3=CH—CH,— C—

H
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22-60.

22-61.

22-62.

22-64.

22-65.

Chapter 22: Alpha Substitutions and Condensations of Enols and Enolate Ions

( 1 ) Rank the following compounds in order of increasing acidity.

(2) Indicate which compounds would be more than 99 percent deprotonated by a solution of sodium ethoxide in

ethanol.

OCH,
(d)

COOH

OCH3
(f)

CH,OH

(g)
OCH,

Pentane-2,4-dione (acetylacetone) exists as a tautomeric mixture of 8 percent keto and 92 percent enol forms.

Draw the stable enol tautomer, and explain its unusual stability.

O O

CH,—C—CH —C—CH3

acetylacetone

Predict the products of the following aldol condensations. Show the products both before and after dehydration.

O

CH,\
II -OH / ^ ^ H+

(a) ^CH—CH,—C— H > (b)

O

O

(c) 2 Ph—CHO + CH,—C— CH,
OH

O

(d) Ph—CH,—C—H + H,C=0
-OH

22-63. Predict the products of the following Claisen condensations.

(a)

CH3.

CH/

O

:CH—CH,—C—OCH,
"OCH,

CH3OH
COOCH3 "OCH,

CH3OH

o o

(c) CH,CH,—C—CH,CH,CH,CH,—C—OCH,

O

-OCH,
(Dieckmann)

NaOCHj

CH3OH

O

,CH —C—OCH3

CH,—C—

(

CH,—C— CH,

O
Propose mechanisms for the reactions shown in Problems 22-62 (a) and (b) and 22-63 (a) and (b).

Show how you would use an aldol, Claisen, or other type of condensation to make each compound.

CHO COOEt O

^ W W O W
k>^cH,CH,

NaOCHj

CH3OH
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22-66.

22-67.

22-68.

22-69.

O O

C(CH,), (e)

Predict the products of the following reactions.

O O
(1) NaOCH,

Ph (f)

(a) CH,CH,—C— CH-,—C—OCH,

O O
II II

(b) CH,— C— CH,— C— OCH^CH, +

(1) LDA

(2) CH3I

O
(3) HjO^heat

(1) NaOCHXH,

(2) H,0+, heat

O
o

(2) CH^CH.CH.Br
(d)

H' OH

O O

(I) H,C=CH—CH.Br

(g) product from part ( f

:

(2) H^O-^

H3O+

(f)
^OCH, NaOCH,

(2) CH^CH.CH.CH.Br

heat
(decarboxylation)

Show how you would accomplish the following conversions in good yields. You may use any necessary reagents.

XOOHCH, 0
\

^

—c--c
/
CH,

CH, 0
\
—c— c
/
CH,

CH, O

CH,— C— C— CH,Br (b)
" /
CH,

CH, O

CH,—C—C—

O

/
CH,

O

(d) Ph—C—

H

aCOOH

Ph—CH=CH— CH,

O

^Q-^CHO CH= C. (////?/.• aldol)

CH,

Show how you would use the malonic ester synthesis to make the following coinpounds.

O O

(a) ^C-OH (b) ^^^^^..-^^'^^^^ (c) <^^^CH,CH,—C-OH

CH.CH,

Show how you would use the acetoacetic ester synthesis to make the following compounds.

,CH,—CH—C— CH,

I CH, ^^^^y ^ .

CH,

O
II

C— CH, (c)

(Consider using

2.6-heptanedione as

an intermediate.)
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22-70.

22-71.

22-72.

22-73.

22-74.

The following compounds can be synthesized by aldol condensations followed by further reactions. In each

case, work backward from the target molecule to an aldol product and show what compounds are needed for the

condensation.

O
OH II O

(a) Ph—CH,—CH.—CH— Ph (b)

Propose mechanisms for the lollowing reactions.

C— Ph

CH, C-OCH,

O

NO,

+ PhCHO
"OH

O

CHPh

+ Ph—C—OCH,
"OCH,

OCH,

O

+ H.C=CH—C—CH.CH,
"OH

o

Write equations showing the expected products of the following enamine alkylation and acylation reactions. Then

give the tlnal products expected after hydrolysis of the iminium salts.

(a) pyiTolidine enamine of 3-pentanone + allyl chloride

(b) pyrrolidine enamine of acetophenone + butanoyl chloride

(c) piperidine enamine of cyclopentanone + methyl iodide

(d) piperidine enamine of cyclopentanone + methyl vinyl ketone

Show how you would accomplish the following multistep conversions. You may use any additional reagents you need.

O

(a) dimethyl adipate and allyl bromide

O

(b) cyclopentanone >

Many of the condensations we have studied are reversible. The reverse reactions are often given the prefix retro-,

the Lain word meaning "backward." Give mechanisms to account for the following reactions.

O 0 0

CH, H+ II
I r CH, H+

(a)
I I

CH,—C— (CH,),—CHO (b)
|

kCH,

^OH ^nu ^^^CH,
(retro-aldol)

-OH

OH
(relro-aldol and further condensation)

(retro-Michael)

+ H,C=CH—CN
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22-75.

22-76.

22-77.

-78.

Show how you would use the Robinson annulation to synthesi/e the following eonipounds.

H,C.

(a)

Ph O

Propose a mechanism for the following reaction. Show the structure of the compound that results from hydrolysis

and decarboxylation of the product.

^-\^CHO /CH= C(COOCH,CH,).

+ CH,(COOCH,CH,).
NaOCH.CH, H,0^ A

hydrolysis,

decarboxylation

benzaldehvde nialonic ester

A reaction involved in the metabolism of sugars is the splitting of fructose 1.6-diphosphate to give glyceralde-

hyde 3-phosphate and dihydroxyacetone phosphate. In the living system, this retro-aldol is catalyzed by an en-

zyme called aldolase: however, it can also be catalyzed by a inild base. Propose a mechanism for the

base-catalyzed reaction.

o
li

CH,— O— P— O-

I

c=o o

HO—C—

H

I

H—C—OH
I

H— C—OH O
I II

CH,—O— P—

O

I

O

fnictose 1 .6-diphosphate

aldolase or OH

O
II

CH,—O— P—O-

I

"
I

c=o o-
I

CH,OH

dihydroxyacetone phosphate

() H
\/
C

H—C—OH O
II

CH—O— P—

O

I

o

^ L'lyccraldehydc ^phosphate

Biochemists studying the structure of collagen (a fibrous protein in connective tissue) found cross-links contain-

ing a.^-unsaturated aldehydes between protein chains. Show the structures of the side chains that react to form

these cross-links, and give a mechanism for their formation in a weakly acidic solution.

H—

N

I

H—C— CH,
I

o==c

-CH,

CHO N—

H

I I

-CH,—CH=C—CH,— CH,— C—

H

C=0

protein chain protein chain

22-79. Show reaction sequences (not detailed mechanisms) that explain these transformations.

(!) NaOEt EtOOC
(a) CH,0 + 2CH,(C00Et),

CH,(COOEt)

(2)

(c) CH,0 -f 2

O O

OEt

(ll NaOEt

(2) H,0+

(1) NaOEt

(2)

COOH
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Carbohydrates and

Nucleic Acids

Carbohydrates are the most abundant organic compounds in nature. Nearly all plants

and animals synthesize and metabolize carbohydrates, using them to store energy

and deliver it to their cells. Plants synthesize carbohydrates through photosynthe-

sis, a complex series of reactions that use sunlight as the energy source to convert

carbon dioxide and water into glucose and oxygen. Many molecules of glucose can

be linked together to form either starch for energy storage or ceUulose to support

the plant.

6 CO, + 6H,0 -^^^ 6O2 + Q,H,,05 > starch, cellulose + H.O
glucose

Most living organisms oxidize glucose to carbon dioxide and water to provide

the energy needed by their cells. Plants can retrieve the glucose units from starch

when needed; in effect, starch is a plant's storage unit for solar energy for later use.

Animals can also store glucose energy by linking many molecules together to form

glycogen, another form of starch. CeUulose makes up the cell walls of plants and

forms their structural framework. Cellulose is the major component of wood, a strong

yet supple material that supports the great weight of the oak, yet allows the willow

to bend with the wind.

Almost every aspect of human life involves carbohydrates in one form or an-

other. Like other animals, we use the energy content of carbohydrates in our food for

producing and storing energy in our cells. Clothing is made from cotton and linen,

two forms of cellulose. Other fabrics are made by manipulating cellulose to convert

it to the semisynthetic fibers )-ayon and cellulose acetate. In the fomi of wood, we
use cellulose to construct our houses and as a fuel to heat them. Even this page is made

from cellulose fibers.

Carbohydrate chemistry is one of the most interesting areas of organic chem-

istry. Many chemists are employed by companies that use carbohydrates to make

foods, building materials, and other consumer products. All biologists need to un-

derstand carbohydrates, which play pivotal roles throughout the plant and animal

kingdoms. At first glance, the structures and reactions of carbohydrates may seem

complicated. We will leam how these structures and reactions are consistent and pre-

dictable, however, and we can study carbohydrates as easily as we study the simplest

organic compounds.

1060

23-1

Introduction



23-2 Classification of Carbohydrates 1 06

1

The term carbohydrate arose because most sugars have molecular rormulas

CnlHiO),,,. suggesting that carbon atoms are combined in some way with water. In

fact, the empirical formula of most simple sugars is CCHiO). Chemists named these

compounds "hydrates of carbon'" or "carbohydrates" because of these molecular for-

mulas. Our modern definition of carbohydrates includes polyhydroxyaldehydes,

polyhydroxyketones, and compounds that are easily hydrolyzed to them.

Monosaccharides, or simple siigcirs. are carbohydrates that cannot be

hydrolyzed to simpler compounds. Figure 23-1 shows the Fischer projection

representations of monosaccharides glucose imd fructose. Glucose is a polyhy-

droxyaldehyde, while fructose is a polyhydroxyketone. Polyhydroxyaldehydes are

called aldoses {old- is for aldehyde and -ose is the suffix for a sugar), and polyhy-

droxyketones are called ketoses {ket- for ketone, -ose for sugar).

23-2

Classification of

Carbohydrates

CHO

H^C — OH

CHO

H

HO— C — H HO
I

or

H — C — OH H

OH

H

OH

OHH— C — OH H-

CH.OH CH.OH

glucose

CH.OH

C= 0

HO— C—

H

H — C — OH

H— C — OH

CH.OH

HO

H

H

fructose

CH,OH
I

"

c==o

-H

-OH

-OH

CH.OH

Figure 23-1

Glucose and fructose are

monosaccharides. Glucose is

an aldose (a sugar with an

aldehyde group), and fructose

is a ketose (a sugar with a

ketone group). Carbohydrate

structures are commonly drawn

using Fischer projections.

We have used Fischer projections to draw the structures of glucose and fruc-

tose because Fischer projections conveniently show the stereochemistry at all the

chiral carbon atoms. The Fischer projection was originally developed by Emil Fischer,

a carbohydrate chemist who received the Nobel Prize for his proof of the structure

of glucose. Fischer used this shorthand notation for drawing and comparing sugar

structures quickly and easily. We will use the Fischer projection extensively in our

work with carbohydrates, so you may want to review it (Section 5-11) and make
models of the structures in Figure 23-1 to make certain you understand the stereo-

chemistry implied by these structures. In aldoses, the aldehyde carbon is the most

highly oxidized, so it is always at the top of the Fischer projection. In ketoses, the

carbonyl group is usually the second carbon from the top.

PROBLEM 23-1

Draw the mirror images of glucose and fructose. Are glucose and fructose chiral? Do you

expect them to be optically active?

A disaccharide is a sugar that can be hydrolyzed to two monosaccharides. For

example, sucrose ("table sugar") is a disaccharide that is easily hydrolyzed to one

molecule of glucose and one molecule of fructose.

H,0^
1 sucrose

tieat
1 glucose + 1 fructose

Both monosaccharides and disaccharides are highly soluble in water, and most

have the characteristic sweet taste we associate with sugars.

Polysaccharides are carbohydrates that can be hydrolyzed to many monosac-

charide units. Polysaccharides are naturally occurring polymers ( biopolyiners) of

PROBLEM-SOLVING HINT

The Fischer projection repre-

sents each chiral carbon atom

by a cross with the horizontal

bonds projecting toward the

viewer and the vertical bonds

projecting away. The carbon

chain is arranged along the

vertical bonds, with the most

oxidized end at the top.

CHO CHO

H- -OH = H—C^OH

CH.OH CH^OH

For more than one chiral carbon

atom (see Fig. 23- 1), the Fischer

projection represents a totally

eclipsed conformation: not the

most stable conformation, but

usually the most symmetric

conformation, helpful for

comparing stereochemistry.
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carbohydrates. They include starch and cellulose, both biopolymers of glucose.

Starch is a polysaccharide whose carbohydrate units are easily added to store ener-

gy or removed to provide energy to cells. The polysaccharide cellulose is a major

structural component of plants. Hydrolysis of either starch or cellulose gives many
molecules of glucose.

over 1000 glucose molecules

over 1000 glucose molecules

Before we can understand the chemistry of these more complex carbohydrates,

we must first learn the principles of carbohydrate structure and reactions, using the

simplest monosaccharides as examples. Then we will apply these principles to more

complex disaccharides and polysaccharides. The chemistry of carbohydrates is un-

derstood by applying the chemistry of alcohols, aldehydes, and ketones. In general,

the chemistry of biomolecules can be predicted by applying the chemistry of simple

organic molecules with similar functional groups.

23-3A Classification of Monosaccharides

Most sugars have their own specific common names, such as glucose, fructose, galac-

tose, and mannose. These names are not systematic, although there are simple ways to

remember the common structures. We simplify the study of monosaccharides by group-

ing similar structures together. This classification is done according to thi'ee criteria:

1. Whether the sugar contains a ketone or an aldehyde group

2. The number of carbon atoms in the carbon chain

3. The stereochemical configuration of the chiral carbon atom farthest from the

carbonyl group

As we have seen, sugars with aldehyde groups are called aldoses, and those with

ketone groups are called ketoses. The number of carbon atoms in the sugar gener-

ally ranges from three to seven, designated by the terms triose (three carbons), tet-

rose (four carhom), pentose (five carbons), hexose (six carbons), and heptose (seven

carbons). These two groups of terms are often combined. For example, glucose has

an aldehyde and contains six carbon atoms, so it is an aldohexose. Fructose also con-

tains six carbon atoms, but it is a ketose, so it is called a ketohexose. Most ketoses

have the ketone on C2, the second carbon atom of the chain. The most common nat-

urally occurring sugars are aldohexoses and aldopentoses.

•CHO 'CH.OH
1

-CHOH -c=o

CHOH CHOH 'CHO 'CHpn

^CHOH ^CHOH -CHOH -c=o

^CHOH CHOH CHOH CHOH

'CHpH
an aldohexose

'CH.OH
a ketohexose

^CH.OH
an aldotetrose

^CH.OH
a ketotetrose

Starch

cellulose

heat

heat

23-3

Monosaccharides
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PROBLEM 23-2

(a) How many chiral carbon atoms are there in an aldotetrose? Draw all the aldotetrose

stereoisomers.

(b) How many cliiral carbons arc there in a ketotetrose ? Draw ail the l<etotetrose stereoiso-

mers.

(c) How many chiral carbons and stereoisomers are there for an aldohexose? For a keto-

hexose?

PROBLEM 23-3

(a) There is only one ketotriose, called JihyJro.xycicetone. Draw its structure.

(b) There is only one aldotriose, called i^lyccmldehyde. Draw the two enantiomers of glyc-

eraldehyde.

23-3B The d and l Configurations of Sugars

Around the turn of the century, carbohydrate chemists made great strides in deter-

mining the structures of natural and synthetic sugars. They found ways to build larg-

er sugars out of smaller ones, adding a carbon atom to convert a tetrose to a pentose

and a pentose to a hexose. The opposite conversion, removing one carbon atom at a

time (called a degradation), was also developed. A degradation could convert a hex-

ose to a pentose, a pentose to a tetrose. and a tetrose to a triose. There is only one al-

dotriose. glyceraldehyde.

These chemists noticed they could start with any of the naturally occurring

sugars, and degradation to glyceraldehyde always gave the dextrorotatory ( + )

enantiomer of glyceraldehyde. Some synthetic sugars, on the other hand, degrad-

ed to the levorotatory (
—

) enantiomer of glyceraldehyde. Carbohydrate chemists

started using a D to designate the sugars that degraded to ( + ) glyceraldehyde and

an L for those that degraded to ( — ) glyceraldehyde. Although these chemists did

not know the absolute configurations of any of these sugars, the D and L relative

configurations were useful to distinguish the naturally occurring D sugars from

their unnatural L enantiomers.

We now know the absolute configurations of ( + ) and (
—

) glyceraldehyde.

These structures serve as the confiaurational standards for all monosaccharides.

CHO

H—C—OH

CH.OH
( + )-glyceraldehyde

D series of sugars

CHO

HO'^C^H

CH.OH
( — )-glyceraldehyde

L series of suaars

Figure 23-2 shows that degradation (covered in Section 23-14) removes the alde-

hyde carbon atom, and it is the bottom chiral carbon in the Fischer projection (the

chiral carbon farthest removed from the carbonyl group) that determines which enan-

tiomer of glyceraldehyde is formed by successive degradation.

The ( + ) enantiomer of glyceraldehyde has its OH group on the right in the

Fischer projection, as shown in Figure 23-2. Therefore, sugars of the D series

have the OH group of the bottom chiral carbon on the right in the Fischer pro-

jection: sugars of the L series have the OH group of the bottom chiral carbon

on the left. In the following examples, notice that the D or L configuration is
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CHO

H — c— OH

HO—c— H

H—c—
1

OH

H— c— OH

CHjOH

D-(+) -glucose

degrade

CO.f

CHO

HO— C—

H

H— C— OH

H— C— OH

CHjOH

D-(-)-arabinose

degrade

COjf

CHO

H— C— OH

H— C— OH

CH2OH

D-(-)-erythrose

CO.f

CHO

degrade H— C— OH

CH2OH

D- (+) -glyceraldehyde

Figure 23-2

Degradation of an aldose removes the aldehyde carbon atom to give a smaller sugar. Sugars

of the D series give ( + )-glyceraldehyde on degradation to the triose. Therefore, the OH
group of the bottom chiral carbon atom of the D sugars must be on the right in the Fischer

projection.

determined by the bottom chiral carbon, and the enantiomer of a D sugar is al-

ways an L sugar.

CHO CHO

CH2OH
I

CHjOH

C=0 0=C

HO--H H—-OH H--OH

H--OH HO--H H--OH

HO--H

HO--H

H-

HO-

CHO

-OH

-H

H- -OH

CH3OH
D-threose

CH2OH
L-threose

CH.OH
D-ribulose

CH.OH
L-ribulose

CH3OH
D-xylose

HO-

H

CHO

-H

OH

HO -H

CH.OH
L-xylose

Most naturally occuixing sugars have the D configuration, and most members

of the D family of aldoses (up through six carbon atoms) are found in nature. Figure

23-3 shows the D family of aldoses. Notice that the D or L configuration does not tell

us which way a sugar rotates the plane of polarized light. This must be determined

by experiment. Some D sugars have ( + ) rotations, while others have ( — ) rotations.

On paper, the family tree of D aldoses (Fig. 23-3) can be generated by starting

with D-( + )-glyceraldehyde and adding another carbon at the top to generate two

aldotetroses: one (erythrose) with the OH group of the new chiral carbon on the right,

and another (threose) with the new OH group on the left. Adding another carbon to

these aldotetroses gives four aldopentoses, and adding a sixth carbon gives eight

aldohexoses.* In Section 23-15, we describe the Kiliani- Fischer synthesis, which

actually adds a carbon atom and generates the pairs of elongated sugars just as we

have drawn them in this family tree.

At the time the D and L system of relative configurations was introduced,

chemists could not detennine the absolute configurations of chiral compounds. They

decided to draw the D series with the glyceraldehyde OH group on the right, and the

L series with it on the left. This guess later proved to be conect, and it was not nec-

essary to revise all the old structures.

* Drawn in this order, the names of the four aldopentoses (ribose, arabinose, xylose, and lyxose) are remem-

bered by the mnemonic "Ribs are e.vtra /ean." The mnemonic for the eight aldohexoses (allose, altrose, glu-

cose, mannosc, gulose. idose, galactose, and taiose) is "All altnusts ,t;/adly /)?(;ke ,ij(/m itt i,'((/ion tonks.'"



23-4 Erythro and Threo Diastcreomei s I 065

CHO

H- OH

CH^OH

D-(+)-glyceialdehydc

CHO

H —— OH

H —— OH

CH.OH

D-(-)-erythrose

CHO CHO

H —

H —
— OH

— OH

H—— OH

CH.OH

D-(-)-ribose

HO—
H—

— H

— OH

H—— OH

CH.OH

D-(-)-arabinose

CHO CHO

H-

OH

OH

OH

HO-

H

H-

•OH H-

H

OH

OH

H-

HO-

H-

CHO

OH

H

OH

-OH H-

HO-

HO-

H-

CHO

H

H

OH

OH H- OH
CH.OH

D-(+)-allose

CH.OH

D-(-l-)-altrose

CH,OH

D-(+)-2lucose

CH^OH

D-(+)-mannose

H-

H-

HO-

H-

CHO

HO

H- -OH

CH.OH

D-(-)-threose

CHO

H—— OH

pHO—— H

H—— OH

CH.OH

D-(+)-xylose

CHO CHO

OH

OH

-H

HO-

H-

HO-

OH H-

H

OH

H

-OH

CH,OH

D-(-)-gulose

CH,OH

D-(-)-idose

Figure 23-3

The D family of aldoses. All these sugars occur naturally except for threose. lyxose, allose.

and gulose.

HO-

r HO-

CHO

H

H

H- OH

CH.OH

D-(-)-lyxose ^

CHO

H-

HO-

HO-

H-

OH

H

H

HO-

HO-

HO-

CHO

H

H

H

OH H- OH

CH,OH

D-(-i-)-galactose

CH.OH

D-C+l-talose

PROBLEM 23-4

Draw and name the enantiomers of the sugars shown in Figure 23-2. Give the relative con-

figuration (D or L) and the sign of the rotation in each case.

PROBLEM 23-5

Which configuration {R or S) does the bottom chiral carbon have for the D series of sugars?

Which confisuration for the L series?

PROBLEM-SOLVING HINT

Most naturally occurring sugars

are of the D series, with the OH
group of the bottom chiral

carbon on the right in the

Fischer projection.

Erythrose is the aldotetrose with the OH groups of its two chiral carbons situated on 23-4
the same side of the Fischer projection, and threose is the diastereomer with the OH

ErVthrO and ThreO
groups on opposite sites of the Fischer projection. These names have evolved into a

'

shorthand way of naming diastereomers with two adjacent chiral carbon atoms. A
diastereomer is called erythro if its Fischer projection shows similar groups on the

same side of the molecule. If similar groups are on opposite sides of the Fischer pro-

jection, a diastereomer is called threo.

Diastereomers
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For example, syn hydroxylation of ?/r//!.v-crotonic acid gives two enantiomers

of the threo diastereomer of 2,3-dihydroxybutanoic acid. The same reaction with

c/.v-crotonic acid gives the erythro diastereomer of the product.

COOH
CH, H
\ /
c=c

/ \
H COOH

fr«/i\-crotonic acid

H-

HO-

-OH

-H

HO-

H-

CH,

COOH

-H

-OH

CH,

(2R.3S) (2S,3R)

f/!reo-2.3-dihydroxybutanoic acid

CH, COOH

c=c
/ \

H H
r/.v-crotonic acid

H-

H-

COOH

-OH

-OH

HO-

HO-

COOH

H

-H

CH,

(2R,3R)

CH,

(25, 3S)

ent/!ra-2,3-dihydroxybutanoic acid

The terms entliro and rhreo are generally used only with molecules that do

not have symmetric ends. In symmetric molecules such as 2,3-dibromobutane and

tartaric acid, the terms meso and (d, I) are preferred, because these terms indicate the

diastereomer and tell whether or not it has an enantiomer. Figure 23-4 shows the

proper use of the terms en thro and threo for dissymmetric molecules, as well as the

terms meso and (d. I) for symmetric molecules.

PROBLEM 23-6

Draw Fischer projections for the enantiomers of f/j/fo-l .2.3-hexanetriol,

HOCH—CH(OH)—CH(OH)—CH.CH.CH,

Figure 23-4

The terms en thro and threo

are used with dissymmetric

molecules whose ends are

different. The erythro diastere-

omer is the one with similar

groups on the same side of the

Fischer projection, while the

threo diastereomer has similar

groups on opposite sides of the

Fischer projection. The terms

?neso and ( ± ) [or ((/. / )] are

preferred with symmetric

molecules.

H

H

CH2CH3

-Br

-Br

Br

H

CH2CH3

-H

-Br

CH3 CH3

erythro threo

2.3 - dibromopentane

CH

H

H

3

Br

Br

CH,

Br

H

H

Br

CH, CH3

ui.h

2.3 -dibromobutane

CH3 CH3

H

H

CI H

OH HO

CI

H

CH3 CH3

erythro threo

3-chloro-2-butanol

COOH

H

H

Oil H

OH HO

COOH

-OH

-H

COOH COOH
meso ((/./)

tartaric acid
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Many common sugars are closely related, differing only by the stereochemistry at a

single carbon atom. For example, glucose and mannose differ only at C2. the first chi-

ral carbon atom. Sugars that differ only by the stereochemistry at a single carbon

are called epiniers, and the carbon atom where they differ is generally stated. If the

number of a carbon atom is not specified, it is assumed to be C2. Therefore, glucose

and mannose are "C2 epimers" or simply "epimers." The C4 epimer of glucose is

galactose, and the C2 epimer of erythrose is threose.

23-5

Epimers

CHO C2 epiineis CHO CHO

HO-^-H H^-OH H--OH

HO--H HO- H C4 epimers HO -H

H^-OH H^-OH jHO--H

H—-OH H--OH H--OH

'CH.OH
D-mannose

PROBLEM 23-7

' CH.OH
D-glucose

CHO'"'^^ C2 epimers

H^-OH

H--OH

' CH.OH
D-galactose

'CH.OH
D-ei7throse

'CH.OH
D-threose

(a) Draw D-allose. the C3 epimer of glucose.

(b) Draw D-talose. the C2 epimer of D-galactose.

(c) Draw D-idose. the C3 epimer of D-talose. Now compare your answers with Figure 23-3.

(d) Draw the C4 "epimer" of D-.\ylose. Notice that this ""epimer" is actually an L-series

sugar, and we have seen its enantiomer. Give the correct name for this L-series susar.

Cyclic Hemiacetah. In Chapter 1 8 we saw that an aldehyde reacts with one mole-

cule of an alcohol to give a hemiacetal. and with a second molecule of the alcohol

to give an acetal. The hemiacetal is not as stable as the acetal, and most hemiacetals

decompose spontaneously to the aldehyde and the alcohol. Therefore, hemiacetals

are rarely isolated.

If the aldehyde group and the hydroxyl group are part of the same molecule, a

cyclic hemiacetal results. Cyclic hemiacetals are particularly stable if they result in

five- or six-membered rings. In fact, five- and six-membered cyclic hemiacetals are

often more stable than their open-chain forms.

O.

= 0:-

y-hydroxyaldehyde

GO,

.. /H
O^

I

~

C—

H

O—

H

H

The Cyclic Hemiacetal Form of Glucose. Aldoses contain an aldehyde group and

several hydroxyl groups. The solid, crystalline form of an aldose is normally a cyclic

hemiacetal. In solution, the aldose exists as an equilibrium mixture of the cyclic

hemiacetal and the open-chain form. For most sugars, the equilibrium favors the

cyclic hemiacetal.

23-6

Cyclic Structures of

Monosaccharides

derix ed from

the OH group

+ H-

: O—H derived from

ihc CHO group
cyclic hemiacetal
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Aldohexoses such as glucose can form cyclic hemiacetals containing either

five-membered or six-membered rings. For most common aldohexoses, the equilib-

rium favors six-membered rings, with a hemiacetal linkage between the aldehyde

carbon and the hydroxyl group on C5. Figure 23-5 shows formation of the cyclic

hemiacetal of glucose. Notice that the hemiacetal has a new chiral carbon atom at CI.

Figure 23-5 shows the CI hydroxyl group up. but another possible stereoisomer

would have this hydroxyl group directed down. We discuss the stereochemistry at CI

in more detail in Section 23-7.

The cyclic structure is often drawn initially in the Haworth projection, which

depicts the ring as being flat (of course, it is not). The Haworth projection is widely

used in biology texts, although most chemists prefer to use the more realistic chair

conformation. Figure 23-5 shows the cyclic form of glucose both as a Haworth pro-

jection and as a chair conformation.

Drawing Cyclic Monosaccharides. Cyclic hemiacetal structures may seem com-

plicated at first glance, but they are easily drawn and recognized by following the

process illustrated in Figure 23-5:

1. Mentally lay the Fischer projection over on its right side. The groups that were

on the right in the Fischer projection are down in the cyclic structure, and the

groups that were on the left are up.

2. C5 and C6 curl back away from you. The C4—C5 bond must be rotated so that

the C5 hydroxyl group can form a part of the ring. For a sugar of the D series,

this rotation puts the terminal —CH^OH (C6 in glucose) upward.

3. Close the ring and draw the result. Always draw the Haworth projection or

chair conformation with the oxygen at the back, right-hand comer, with CI at

the far right. CI is easily identified because it is the hemiacetal carbon— the

only carbon bonded to two oxygens. The hydroxyl group on CI can be either

up or down, as discussed in Section 23-7. Sometimes the ambiguous stereo-

chemistry is symbolized by a wavy line.

CHO

chair conformation (all substituents equatorial) chair conformation (OH on CI axial)

A Figure 23-5

Glucose exists almost entirely as its cyclic hemiacetal form.
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Chair conformations are also easily drawn by recognizing the differences be-

tween the sugar in question and glucose. The following procedure is useful for draw-

ing D-aldohe.xoses.

1. Draw the chair conformation puckered as shown in Figure 23-5. The hemiac-

etal carbon (CI) is the footrest.

2. Glucose has its substituents on alternating sides of the ring. In drawing the

chair conformation, just put all the ring substituents in equatorial positions.

(In the Haworth projection, the —OH on C4 is opposite the —CH2OH on

C5. and the —OH on C3 is opposite that on C4.)

3. To draw or recognize other common sugars, notice how they differ from glu-

cose and rnake the appropriate changes.

SOLVED PROBLEM 23-1

Draw the cyclic hemiacetal forms of D-mannose and D-galactose both as chair confor-

mations and as Haworth projections. Mannose is the C2 epimer of glucose, and galactose

is the C4 epimer of glucose.

SOLUTION
The chair conformations are easier to draw, so we will do them fust. Draw the rings, and

number the carbon atoms, starting with the hemiacetal carbon. Mannose is the C2 epimer

of glucose, so the siibstituent on C2 is axial, while ail the others are equatorial as in glu-

cose. Galactose is the C4 epimer of glucose, so its substituent on C4 is axial.

HO

H C2

D-mannose

PROBLEM-SOLVING HINT
Learn to draw glucose, both in

the Fischer projection and in the

chair conformation (all

substituents equatorial). Draw
other pyranoses by noticing the

differences from glucose and

changing the glucose structure

as needed. Remember the

epimers of glucose

(C2: mannose; C3; allose; and

C4: galactose). To recognize

other sugars, look for axial

substituents where they differ

from j8-glucose.

The simplest way to draw Haworth structures for these two sugars is to draw the

chair conformations and then draw the flat rings with the same substituents in the up and

down positions. For practice, however, let's lay down the Fischer projection for galac-

tose. You should follow along with your molecular models.

1. Lay down the Fischer projection: right down; left up.

CHO

H-

HO-

HO

H-

-OH

-H

-H

-OH

CH2OH

CH.OH

PROBLEM-SOLVING HINT
Groups on the right in the

Fischer projection are down in

the usual cyclic structure, and

groups that were on the left in

the Fischer projection are up.

D-galactose
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2. Rotate the C4—C5 bond to put the —OH in place. (For a D sugar, the —CHjOH
goes up.)

6

CH2OH

HO

H

-OH
H O

H OH

3. Close the ring, and draw the final hemiacetal. The hydroxyl group on CI can be either

up or down, as discussed in Section 23-7. Sometimes this ambiguous stereochemistry

is symbolized by a wavy line.

OH HO

PROBLEM 23-8

Draw the Haworth projection for the cyclic structure of D-mannose by laying down the

Fischer projection.

PROBLEM 23-9

Allose is the C3 epimer of glucose. Draw the cyclic hemiacetal form of D-allose, first in the

chair conformation and then in the Haworth projection.

The Five-Membered Cyclic Hemiacetal Form of Fructose. Not all sugars exist as

six-membered rings in their hemiacetal forms. Many aldopentoses and ketohexoses

form five-membered rings. The five-membered ring of fructose is shown in Figure

23-6. Five-membered rings are not puckered as much as six-membered rings, so they

are usually depicted as flat Haworth projections. The five-membered ring is cus-

HO

H

H

'CH^OH

-c= o

H

OH

OH

3

4

5

'rH^OH

D-fructose

HO HOCHt O

cyclic form

Figure 23-6

Fructose forms a five-membered cyclic hemiacetal. Five-membered rings are usually repre-

sented as fiat Haworth structures.
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tomarily drawn with the ring oxygen in back and the hemiacetal carbon (the one

bonded to two oxygens) on the right. The —CH^OH at the back left (C6) is in the

up position for D-series ketohexoses.

Pyranose and Furanose Names. Cychc structures of monosaccharides are named

according to their five- or six-membered rings. A six-membered cycHc hemiacetal

is called a pyranose. derived from the name of the six-membered cyclic ether pyran.

A five-membered cyclic hemiacetal is called a furanose, deri\ ed from the name of

the five-membered cyclic elher furan. The ring is still numbered as it is in the sugar,

not beginning with the heteroatom as it would be in the heterocyclic nomenclature.

These structural names are incorporated into the systematic names of the sugars:

pyran a pyranose D-glucopyranose furan a furanose D-fructofuranose

PROBLEM 23-10

Talose is the C4 epimer of mannose. Draw the chair conformation of D-talopyranose.

PROBLEM 23-1 I

(a) Figure 23-3 shows that the degradation of D-glucose gives D-arabinose. an aidopen-

tose. Arabinose is most stable in its furanose form. Draw D-arabinofuranose.

( b) Ribose. the C2 epimer of arabinose. is most stable in its furanose form. Draw D-ribo-

furanose.

PROBLEM 23-12

The carbons 1 group in D-galactose ma}' be isomerized from CI to C2 by brief treatment with

dilute base (by the enediol reairangement. Section 23-8). The product is the C4 epimer of

fructose. Draw the furanose structure of the product.

When a pyranose or furanose ring closes, the hemiacetal carbon atom is converted

from a flat carbonyl group to a chiral carbon. Depending on which face of the (pro-

tonated) carbonyl group is attacked, the hemiacetal —OH group can be directed ei-

ther up or down. These two orientations of the hemiacetal —OH group give

diastereomeric products called anomers. Figure 23-7 shows the anomers of glucose.

anomeric carbon

a-D-glucopyranose open-chain form P-D-glucopyranose

Figure 23-7

The anomers of glucose. The hydroxyl group on the anomeric (hemiacetal) carbon is down
(axial) in the a anomer and up (equatorial) in the ^ anomer. The (3 anomer of glucose has

all its substituents in equatorial positions.

23-7

Anomers of

Monosaccharides;

Mutarotation
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The heniiacetal carbon atom is called the anomeric carbon, easily identified

as the only carbon atom bonded to two oxygens. Its —OH group is called the

anomeric hydroxyl group. Notice in Figure 23-7 that the anomer with the anomeric

—OH group down (axial) is called the a (alpha) anomer, while the one with the

anomeric —OH group up (equatorial) is called the p (beta) anomer. We can draw
the a and (3 anomers of most aldohexoses by remembering that the ^ form of glu-

cose (jS-D-glucopyranose) has all its substituents in equatorial positions. To draw an

a anomer, simply move the anomeric —OH group to the axial position.

Another way to remember the anomers is to notice that the a anomer has its

anomeric hydroxyl group trans to the terminal —CH2OH group, while it is cis in the

13 anomer. This rule works for all sugars, from both the d and L series, as well as for

furanoses. Figure 23-8 shows the two anomers of fructose, whose anomeric carbon

is C2. The a anomer has the anomeric —OH group down, trans to the terminal

—CH.OH group, while the (3 anomer has it up, cis to the terminal —CH2OH.

anomeric carbon

trans = a

a-D-fructofuranose P-D-fructofuranose

Figure 23-8

The Of anomer of fructose has the anomeric —OH group down, trans to the terminal

—CHnOH group. The /3 anomer has the anomeric hydroxyl group up, cis to the terminal

—CH^OH.

PROBLEM 23-13

Draw the following monosaccharides, using chair conformations for the pyranoses and

Haworth projections for the furanoses.

(a) a-D-mannopyranose (C2 epimer of glucose)

(b) /3-D-galactopyranose (C4 epimer of glucose)

(c) /3-D-allopyranose (C3 epimer of glucose)

(d) a-D-arabinofuranose

(e) /3-D-ribofuranose (C2 epimer of arabinose)

Properties ofAnomers: Mutarotation. Because anomers are diastereomers, they

generally have different properties. For example, a-D-glucopyranose has a melting

point of 146°C and a specific rotation of +1 12.2°. while /3-D-glucopyranose has a

melting point of 150°C and a specific rotation of + 18.7°. When glucose is crystal-

lized from water at room temperature, pure crystalline a-D-glucopyranose results. If

glucose is crystallized from water by letting the water evaporate at a temperature

above 98°C. crystals of pure /3-D-glucopyranose are formed (Fig. 23-9).

In each of these cases, all the glucose in the solution crystallizes as the favored

anomer. In the solution, the two anomers are in equilibrium through a small amount

of the open-chain form, and this equilibrium continues to supply more of the anomer

that is crystallizing out of solution.
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pure a anomer pure (3 anomer

mp 146°C. [a] = + 1 12.2° mp \50'C. [a] = + 18.7°

A Figure 23-9

An aqueous solution of D-glucose contains an equilibrium mixture of

a-D-glucopyranose. ^-D-glucopyranose. and the intermediate open-chain form. Crystalliza-

tion below gives the a anomer. and crystallization above 98'C gives the /3 anomer.

When one of the glucose anomers dissolves in water, an interesting change in

the specific rotation is observed. When the a anomer dissolves, its specific rotation

gradually decreases from an initial value of + 1 12.2° to -1-52.6°. When the pure f3

anomer dissolves, its specific rotation gradually increases from -I- 18.7° to the same

value of -1-52.6°. This change ("mutation") in the specit~ic rotation is called mu-
tarotation, Mutarotation occurs because the two anomers interconx ert in solution.

When either of the pure anomers dissolves in water, its rotation gradually changes

to an intermediate rotation that results from equilibrium concentrations of the

anomers. The specific rotation of glucose is usually listed as -1-52.6°. the \ alue for

the equilibrium mixture of anomers. The positive sign of this rotation is the source

of the name dextrose, an old common name for glucose.

SOLVED PROBLEM 23-2

Calculate how much of the a anomer and how much of the /3 anomer are present in an equi-

librium mixture with a specific rotation of -1-52.6°.

SOLUTION
If the fraction of glucose present as the a anomer ([a] = -t- 1 12.2°) is a. the fraction pre-

sent as the (3 anomer ([a] = ^ 18.7°) is b. and the rotation of the mixture is -1-52.6°. w^e

ha\e

a(+]U.2°) + b( + lS.7°) = +52.6°

There is very little of the open-chain form present, so the fraction present as the a anomer

(a) plus the fraction present as the j3 anomer (b) should account for all the glucose:

o + b — I or b - \ — a

Substituting (1 — aj for b in the first equation, we have

a(112.2°) + (1 - aX18.7°) = 52.6°
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Solving this equation for n. we have a = 0.36, or 36 percent. Thus /; must be

( 1
- 0.36) = 0.64, or 64 percent. The amounts of the two anomers present at equilibrium are

a anomer, 36% /3 anomer, 64%

When we remember that the anomeric hydroxy! group is axial in the a anomer and

equatorial in the (3 anomer, it is reasonable that the more stable f3 anomer should pre-

dominate.

PROBLEM 23-14

Like glucose, galactose shows mutarotation when it dissolves in water. The specific rota-

tion of a-D-galactopyranose is -I- 150.7°, while that of the /3 anomer is +52.8°. When ei-

ther of the pure anomers dissolves in water, the specific rotation gradually changes to

+ 80.2°. Determine the percentages of the two anomers present at equilibrium.

23-8

Reactions of

Monosaccharides:

Side Reactions

in Base

Sugars are multifunctional compounds that can undergo reactions typical of any of their

functional groups. Most sugars exist as cyclic hemiacetals, yet in solution they are in equi-

librium with their open-chain aldehyde or ketone forms. As a result, sugars undergo

most of the usual reactions of ketones, aldehydes, and alcohols. Reagents commonly used

with monofunctional compounds often give unwanted side reactions with sugars, how-

ever. Carbohydrate chemists have developed reactions that work well with sugars while

avoiding the undesired side reactions. As we learn about the unique reactions of simple

sugars, we will often draw them as their open-chain forms because in many reactions,

it is the small equilibrium amount of the open-chain fomi that reacts.

Epimerizatioii and the Enediol Rearrangement. One of the most important as-

pects of sugar chemistry is the inability, in most cases, to use basic reagents because

they cause unwanted side reactions. Two common base-catalyzed side reactions are

epimerization and enediol reanangement.

Under basic conditions, the proton alpha to the aldehyde (or ketone) carbonyl

group is reversibly removed (Fig. 23-10). In the resulting enolate ion, C2 is no longer

HO: H— C— OH

HO

H

H

H

OH

OH

CH3OH

D-slucose

"OH

Base-catalyzed epimerization ofglucose

C
I

":C

HO

H

H

O:

-OH

H

OH

OH

CH.OH CH2OH

enolate

Figure 23-10

Under basic conditions, stereochemistry is lost at the carbon atom next to the carbonyl

group.

HO— C —

H

HO

H

H

H + -OH

OH

OH

CH.OH

D-mannose
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chirai. and its stereochemistry is lost. Reprotonation can occur on either face of the

enolate. gi\ ing either configuration. The result is an equilibrium mixture of the orig-

inal sugar and its C2 epinier. Because a mixture of epimers results, this stereochemical

change is called epimerization. The following reaction shows the rapid base-cat-

alyzed epimerization of glucose to a mixture of glucose and its C2 epimer, mannose.

PROBLEM 23- 1

5

Give a mechanism for the base-catalyzed epimerization of erythrose to a mixture of erythrose

and threose.

Another base-catalyzed side reaction is the enediol rearrangement, which

moves the carbonyl group up and down the chain (Fig. 23-1 1). If the enolate ion

formed by removal of a proton on C2 reprotonates on the CI oxygen, an enediol

intermediate results. Removal of a proton from the C2 oxygen of the enediol and

reprotonation on CI gives fructose, a ketose.

H /O

H— C OH

HO-

H-

H-

H

OH

OH

CHjOH

D-2lucose

OH

H O

HO

H

H

+ H3O

-OH

H _
OH

OH

Bose-calalyzed enediol rearrangement

+ -OH

CH2OH

enolate

c

HO

H

H-

C— OH

-H

OH

OH
CH.OH

enediol

/OH
C

HO

H

H-

c—0-

-H

OH

OH
CH.OH

enolate

H
I

H-C-OH ^

c=o

HO

H

H

H

OH

OH

CH.OH

D-fructose

A Figure 23-1

1

Under basic conditions, the carbonyl group can isomerize to other carbon atoms. Aldoses

equilibrate with ketoses via enediol intermediates.

Under strongly basic conditions, the combination of enediol rean'angements and

epimerization leads to a complex mixture of sugars. Except when using specially

protected sugars, most chemists doing sugar chemistry employ neutral or acidic

reagents to avoid these annoying side reactions.

PROBLEM 23-16

Show how C3 of fructose can epimerize under basic conditions.

PROBLEM 23-17

Show how another enediol rearrangement can move the carbonyl group from C2 in fruc-

tose to C3.

Like other aldehydes and ketones, aldoses and ketoses can be reduced to the corre-

sponding polyalcohols. called sugar alcohols or alditols. The most common reagents

are sodium borohydride or catalytic hydrogenation using a nickel catalyst. Alditols

are named by adding the suffix -itol to the root name of the sugar. The following

equation shows the reduction of glucose to glucitol, sometimes called sorbitol.

23-9

Reduction of

Monosaccharides
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H H
^-D-glucopyranose

H-

HO-

H

H-

\
C=0

OH

-H

OH

-OH

CH2OH

H„ Ni

H-

HO

H-

H-

OH

H
OH

OH

CH.OH
open-chain aldehyde

CH.OH
D-glucitol (D-sorbitol)

an alditol

Reduction of a ketose creates a new chiral carbon atom, formed in either of two

configurations, resulting in two epimers. For example, reduction of fructose gives a

mixture of glucitol and mannitol.

HOCH^O^ CH,OH

\H HO/
H ] [OH
OH H

a-D-fructofuranose

CH.OH

c=o

HO H

H OH

H OH

CH.OH
open-chain ketone

CH.OH CH.OH

NaBH,

H——OH HO——

H

HO^— H HO——H

H——OH H——OH
H——OH H——OH

CH.OH
D-elucitol

CH2OH
D-mannitoI

a mixture of alditols

Sugar alcohols are widely used in industry, primarily as food additives and

sugar substitutes. Glucitol has the common name sorbitol because it was first iso-

lated from the berries of the mountain ash, Sorbiis auciiparia. Industrially, sor-

bitol is made by catalytic hydrogenation of glucose. Sorbitol is used as a sugar

substitute, a moistening agent, and a starting material for making vitamin C. Man-
nitol was first isolated from plant exudates known as mannas (of Biblical fame),

the origin of the names mannose and mannitol. Mannitol is derived commercially

from seaweed, or it can be made by catalytic hydrogenation of mannose. Galacti-

tol (dulcitol) also can be obtained from many plants, or it can be made by catalyt-

ic hydrogenation of galactose.

PROBLEM 23-18

When D-glucose is treated with sodium borohydride, optically active glucitol resuUs. When
optically active D-galactose is reduced, however, the product is optically inactive. Explain

this loss of optical activity.

PROBLEM 23-19

Emil Fischer synthesized L-gulose. an unusual aldohexose that reduces to give D-glucitol.

Suggest a structure for this L sugar, and show how L-gulose gives the same alditol as

D-glucose. (Hint: D-glucitol has —CHjOH groups at both ends. Either of these primary

alcohol groups might have come from reduction of an aldehyde.)
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Monosaccharides are oxidized by a variety of reagents. The aldehyde group of an

aldose oxidizes easily. Some reagents also selectively oxidize the terminal —CH2OH
group at the far end of the molecule from the aldehyde. Oxidation is used to identi-

fy the functional groups of a sugar, to help to determine its stereochemistry, and as

part of a synthesis to convert one sugar into another.

Bromine Water. Bromine water oxidizes the aldehyde group of an aldose to a car-

boxylic acid. Bromine water is used for this oxidation because it does not oxidize the

alcohol groups of the sugar and it does not oxidize ketoses. Also, bromine water is

acidic and does not cause epimerization or reairangement of the carbonyl group. Be-

cause bromine water oxidizes aldoses but not ketoses. it serves as a useful test to

distinguish aldoses from ketoses. The product of bromine water oxidation is an al-

donic acid (older term: glyconic acid). For example, bromine water oxidizes glucose

to gluconic acid.

23-10

Oxidation of

Monosaccharides;

Reducing Sugars

aldehyde

o -H

(CHOH),,

CH.OH
aldose

Br,

H,0

acid

O OH

(CHOH),,

CH.OH
aldonic acid

(glyconic acid)

Example

CHO

H-

HO-

H-

H-

OH

H

OH

OH

CH,OH
glucose

Br,

H,0

H-

HO-

H-

H-

COOH

-OH

H

-OH

-OH

CH,OH
gluconic acid

PROBLEM 23-20

Draw and name the products of bromine water oxidation of

(a) ivmannose (b) D-izalactose (c) D-tVuctose.

Nitric Acid. Nitric acid is a stronger oxidizing agent than bromine water, oxidiz-

ing both the aldehyde group and the terminal —CHiOH group of an aldose to car-

boxylic acid groups. The resulting dicarboxylic acid is called an aldaric acid (older

terms: glycaric acid or saccharic acid). For example, nitric acid oxidizes glucose

to glucaric acid.

ildehyde CHO

(CHOH),,

alcohol CH2OH

aldose

HNO,

acid COOH

(CHOH),,

acid COOH

aldaric acid

(glycaric acid)

Example

CHO

H

HO-

H

H-

OH

H

OH

OH

CH2OH
glucose

HNO,

COOH

OH

H

OH

OH

COOH
glucaric acid

H-

HO-

H-

H-
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PROBLEM 23-21

Draw and name the products of nitric acid oxidation of

(a) D-mannose (b) D-gaiactose

PROBLEM 23-22

Two sugars, A and B, are i<;nown to be glucose and galactose, but it is not certain which

one is which. On treatment with nitric acid, A gives an optically inactive aldaric acid,

while B gives an optically active aldaric acid. Which sugar is glucose, and which

is galactose?

Tullens Test. Tollens test detects aldehydes, which react with Tollens reagent to

give carboxylate ions and metallic silver, often in the form of a silver mirror on the

inside of the container.

R

O

C—

H

aldehyde

+ 2 Ag(NH3)2 -OH + OH
Tollens reagent

R

O
II

c—o-

oxidized

acid anion

+ 2 Agi + 4 NH-, + 2 H.O

reduced

silver mirror

In its open-chain form, an aldose has an aldehyde group, which reacts with

Tollens reagent to give an aldonic acid and a silver mirror. This oxidation is not a good

synthesis of the aldonic acid, however, because Tollens reagent is strongly basic and

promotes epimerization and enediol rearrangements. Sugars that reduce Tollens

reagent to give a silver minor are called reducing sugars.

CH.OH o

H H
jS-D-glucose

aldehyde CHO

H

HO

H

H

OH

H

OH

OH

CH.OH
open-chain form

Ag(NH3)t -OH

(Tollens reaaent)

acid COOH

H

HO-

H-

H-

OH

-H

-OH

-OH

CH.OH
gluconic acid

(-1- side products)

+ Agi

Tollens test cannot distinguish between aldoses and ketoses because the basic

Tollens reagent promotes enediol rearrangements. Under basic conditions, the open-

chain form of a ketose can isomerize to an aldose, which reacts to give a positive

Tollens test.

CH.OH

C=0

R
a ketose

"OH

H OH
C

C—OH

R
enediol intermediate

OH

H,
C

O

H—C—OH

R
an aldose

AgiNHj), OH

O:
C

O

H—C—OH + Agi

R
positive Tollens test
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Nonreducing

The obvious question is: What good is Tollens test if it doesn't distinguish between al- 23-11
doses and ketoses? The answer hes in the fact that Tollens reagent must react with the

open-chain fonn of the sugar, which has a free aldehyde or ketone. If the cycHc fonn

cannot open to the free carbonyl compound, the sugar does not react with Tollens oUgarS. rOrmatlOn
reagent. Hemiacetals are easily opened, but an acetal is stable under neutral or basic of Glycosides
conditions (Section 18-18). If the carbonyl group is in the form of a cyclic acetal. the

cyclic form cannot open to the free carbonyl compound, and the sugar gives a nega-

tive Tollens test (Fig. 23-12).

CH.OH acetal

no reaction

OH H

a glycoside

Example's of nonreducing sugars

HO

methyl P-D-glucopyranoside

(or methyl P-o-glucoside)

HOCH. o CH.OH

.H HO^
OCH.CH,

OH H

ethyl a-D-fructofurano.side

(or ethyl a-D-fructoside)

Figure 23-12

Sugars that are full acetals are

stable to Tollens reagent and

are nonreducing sugars. Such

sugars are called glycosides.

Sugars in the form of acetals are called glycosides, and their names end in

the -aside suffix. For example, a glycoside of glucose would be a glucoside, and if

it were a six-membered ring it would be a ghicopyrauoside. Similarly, a glycoside

of ribose would be a riboside, and if it were a five-membered ring it would be a ri-

bofiiranoside. In general, a sugar whose naine ends with the suffix -ose is a reduc-

ing sugar, and one whose name ends with -aside is nonreducing. Because they exist

as stable acetals rather than hemiacetals, glycosides cannot spontaneously open to

their open-chain forms, and they do not mutarotate. They are locked in a particular

anomeric form.

We can summarize by saying that Tollens test distinguishes between reducing

sugars and nonreducing sugars: Reducing sugars (aldoses and ketoses) are hemi-

acetals. and they mutarotate. Nonreducing sugars (glycosides) are acetals, and they

do not mutarotate.

PROBLEM 23-23

Which of the following are reducing sugars'? Comment on the common name sucrose for

table sugar.

(a) methyl a-D-galactopyranoside (b) ^-L-idopyranose (an aldohexose)

(c) cv-D-allopyranose (d) ethyl )3-D-ribofuranoside
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(e) H (f) H

PROBLEM 23-24

Draw the structures of the compounds named in Problem 23-23 parts (a), (c), and (d). Al-

lose is the C3 epimer of glucose, and ribose is the C2 epimer of arabinose.

Formation of Glycosides. Recall that aldehydes and ketones are converted to ac-

etals by treatment with an alcohol and a trace of acid catalyst (Section 18-18). These

conditions also convert aldoses and ketoses to the acetals we call glycosides. Re-

gardless of the anomer used as the starting material, both anomers of the glycoside

are formed (as an equilibrium mixture) under these acidic conditions. The more sta-

ble anomer predominates. For example, the acid-catalyzed reaction of glucose with

methanol gives a mixture of methyl glucosides.

methyl a-D-giucopyranoside methyl /3-D-glucopyranoside

Like other acetals. glycosides are stable to basic conditions but are hydrolyzed to a

free sugar and an alcohol by aqueous acid. Glycosides may be used with basic

reagents and in basic solutions.

An aglycone is the group bonded to the anomeric carbon atom of a glycoside.

For example, methanol is the aglycone in a methyl glycoside. Many aglycones are

bonded by an oxygen atom, while others are bonded through a nitrogen atom or

some other heteroatom. Figure 23-13 shows the structures of some glycosides with

interesting aglycones.

Disaccharides and polysaccharides are glycosides in which the alcohol form-

ing the glycosidic bond is an —OH group of another monosaccharide. We consid-

er disaccharides and polysaccharides in Sections 23-18 and 23-19.

PROBLEM 23-25

The mechanism of glycoside formation is the same as the second part of the mechanism for

acetal formation. Give a mechanism for the formation of methyl ^-D-glucopyranoside.
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PROBLEM 23-26

Show the products that result from hydrolysis of amygdalin in dilute acid. Can you suggest

why amygdalin might be toxic to tumor (and possibly other) cells?

PROBLEM 23-27

Treatment of either anomer of fructose with excess ethanol in the presence of a trace of

HCl gi\ es a mixture of the n and /3 anomers of ethyl-D-fiTJCtofuranoside. Draw the starting

materials, reagents, and products tor tins reacimn. Circle the aglycone in each prciduct.

CH.OH
HO

aglycone

ethyl a.-D-glucopyranoside

aglycone

HO

OH OH

;ytidine. a nucleoside (Section 23-21

)

H
CH.OH

salicin. from willow bark

aalycone

H

amygdalin

a component of laetrile. a controversial cancer drug

Figure 23-13

The group bonded to the anomeric carbon of a glycoside is called an aglycone. Some agly-

cones are bonded through an oxygen atom (a true acetal). and others are bonded tlu^ough

other atoms such as nitroeen.

Ester Formation

Because they contain several hydroxy) groups, sugars are veiy soluble in water and 23' I 2
rather insoluble in organic solvents. Sugars are difficult to recrj'stallize from water,

^-^figj- and
because they often form supersaturated syrups like honey and molasses. If the hy-

droxyl groups are alkylated to form ethers, sugars behave like simpler organic com-

pounds. The ethers are soluble in organic solvents, and they are more easily purified

by recr}'stallization and simple chromatographic methods.

Treating a sugar with methyl iodide and silver oxide converts its hydroxyl groups

to methyl ethers. Silver oxide polarizes the H,C— I bond, making the methyl carbon

strongly electrophilic. Attack by the carbohydrate —OH group, followed by depro-

tonation. gives the ether. Figure 23-14 shows that the anomeric hydroxyl group is also

converted to an ether. If the conditions are carefully controlled, the hemiacetal C—

O

bond is not broken, and the configuration at the anomeric carbon is preserved.

The Williamson ether synthesis is the most common method for forming

simple ethers, but it involves a strongly basic alkoxide ion. Under these basic
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R— O:

H
sugar hydroxyl group

Example H

HO

Hv 8+ 6+ 5-

H

polarized CH:,!

CH.OH
CHJ, AgoO

OH I

H OH

a-D-glucopyranose

R

H
^d— CH3 R_o_cH3

ether

CH,0
CH2OCH3

CH3O

OCH3

methyl 2,3,4,6-tetra-(9-methyl-a-D-glucopyranoside

Figure 23-14

Treatment of an aldose or a ketose with methyl iodide and silver oxide gives the totally

methylated ether. If the conditions are carefully controlled, the stereochemistry at the

anomeric carbon is usually preserved.

conditions, a simple sugar would isomerize and decompose. A modified

Williamson method may be used if the sugar is first converted to a glycoside (by

treatment with an alcohol and an acid catalyst). The glycoside is an acetal, sta-

ble to base. Treatment of a glycoside with sodium hydroxide and methyl iodide

or dimethyl sulfate gives the methylated carbohydrate.

methyl a-D-glucopyranoside (dimethyl sulfate) methyl 2.3.4.6-tetra-O-methyl-a-D-glucopyranoside

(stable to base)

PROBLEM 23-28

Give a mechanism for methylation of any one of the hydroxyl groups, using NaOH and di-

methyl sulfate.

PROBLEM 23-29

Draw the expected product of the reaction of the following sugars with methyl iodide and

silver oxide.

(a) cv-D-fructofuranose (b) /3-D-galactopyranose

Ester Formation. Another way to convert sugars to easily handled derivatives is to

acylate the hydroxyl groups to form esters. Sugar esters are readily crystallized and

purified, and they dissolve in common organic solvents. Treatment with acetic an-

hydride and pyridine (as a mild basic catalyst) converts sugar hydroxyl groups to

acetate esters, as shown in Figure 23-15. This reaction acetylates all the hydroxyl

groups, including that of the hemiacetal on the anomeric carbon. The anomeric C—

O



23-13 Reactions with Phciivihydrazine: Osazone Formation 1083

:0: :0:

II

-C— O—C— CH,

R— O—

H

sugar

:0\
CH,—

C

I

w-

R H

:0— C— CH,
:0+

I

II

CH,— C +HO— C— CH,

R— O:

acetate ester

Example

CH.OH
(CHjCOkO

pyridine

OH

(3-D-t'ructofuranose

CH^O— C— CH,

C— CH,
II

O

penta-O-acetyl-P-D-fructofuranoside

A Figure 23-15

Acetic anhydride and pyridine convert all the hydroxyl groups on a sugar to acetate esters.

The stereochemistry at the anomeric carbon is usually preserved.

bond is not broken in the acylation. and the stereochemistry of the anomeric carbon

atom is usually preserved. If we stail with a pure a anomer or a pure f3 anomer. the

product is the conesponding anomer of the acetate.

PROBLEM 23-30

Predict the products formed when the following sugars react with acetic anhydride and

pyridine.

(a) a-D-glucopyranose (b) /3-D-ribofuranose

One of the best methods for derivatizing ketones and aldehydes is conversion to

hydrazones. especially phenylhydrazones and 2.4-dinitrophenylhydrazones (Sec-

tion 18-17). In his exploratory work on sugar structures. Emil Fischer often made
and used phenylhydrazone derivatives. In fact, his constant use of phenylhy-

drazine ultimately led to Fischer's death from chronic phenylhydrazine poison-

ins in 1919.

R'
\
^C=0 + H.N—NH

R
ketone or

aldehvde

R'

C=N—NH

phenylhydrazine phen> Ih) drazone

Sugars do not form the simple phenylhydrazone derivatives we might expect,

however. Two molecules of phenylhydrazine condense with each molecule of the

sugar to give an osazone, in which both CI and C2 have been converted to phenyl-

hydrazones. The term osazone is deri\ ed from the -ose suffix of a sugar and the last

half of the word h\ drazone. Most osazones are easily crystallized, with sharp melt-

ing points. Melting points of osazone derivatives are valuable clues for identification

and comparison of sugars.

23-13

Reactions with

Phenylhydrazine:

Osazone Formation

+ H.O
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PROBLEM-SOLVING HINT

If two aldoses form the same

osazone, they are C2 epimers. If

an aldose and a ketose form the

same osazone, they have the

same structure at all carbons

except C I and C2.

H
\
C=0

CHOH

aldose

H
\
CHOH

C=0

(CHOH)„

CH.OH

ketose

Ml — Ph

excess H,N— NH— Ph

H
\
C= N—NHPh

N— NHPh

unaffected portion

H.
\
C= N—NHPh

C=N— NHPh

osazone

In the formation of an osazone, both C 1 and C2 are converted to phenylhy-

drazones. Therefore, a ketose gives the same osazone as its related aldose. Also no-

tice that the stereochemistry at C2 is lost in the phenylhydrazone. Therefore. C2
epimers give the same osazone.

PROBLEM 23-31

(a) Show that D-glucose, D-mannose, and D-fructose all give the same osazone. Show the

structure and stereochemistry of this osazone.

(b) D-Talose is an aldohexose that gives the same osazone as D-galactose. Give the struc-

ture of D-talose. and cive the structure of its osazone.

23-14

Chain Shortening:

The Ruff

Degradation

H

HO-

H

H-

In our discussion of D and L sugars, we briefly mentioned a method for shortening the

chain of an aldose by removing the aldehyde carbon at the top of the Fischer projec-

tion. Such a reaction, removing one of the carbon atoms, is called a degradation.

The most common method used to shorten sugar chains is the Ruff degrada-

tion, developed by Otto Ruff, a prominent Gennan chemist around the turn of the cen-

tury. The Ruff degradation is a two-step process that begins with a bromine-water

oxidation of the aldose to its aldonic acid. Treatment of the aldonic acid with hydrogen

peroxide and feiric sulfate oxidizes the carboxyl group to CO2 and gives an aldose

with one less carbon atom. The Ruff degradation is used mainly for structure deter-

mination and synthesis of new sugars.

Rujfdegradation

CHO COOH

OH

-H

OH

-OH

CH,OH

Br-,

H^O

CHO

Fe2(S04)3

HO

H-

H-

H

OH + C0.|

OH

CH,OH

D-glucose D-gluconic acid D-arabinose
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HO

H-

CHO

H

OH

CH.OH

COOH

Br,

H,0 Fe-,(SO^)3

CHO

-OH

OH

CH.OH

D-arabinose D-arabinonic acid D-erythrose

+ co.t

PROBLEM 23-32

Show that Ruff degradation of D-mannose gives the same aldopentose (D-arabinose) as does

D-gliicose.

PROBLEM 23-33

D-Lyxose is formed by Ruff degradation of galactose. Give the structure of D-lyxose. Ruff

degradation of D-lyxose gives D-threose. Give the structure of D-threose.

PROBLEM 23-34

D-Altrose is an aldohexose. Ruff degradation of D-altrose gives the same aldopentose as

does degradation of D-allose. the C3 epimer of glucose. Give the structure of D-altrose.

The Kiliani -Fischer synthesis lengthens an aldose carbon chain by adding one car-

bon atom to the aldehyde end of the aldose. The result of this process is a chain-

lengthened sugar with a new carbon atom at CI and the former aldehyde group (the

former CI ) now at C2. This synthesis is useful both for determining the structure of

existing sugars and for synthesizing new sugars.

The Killiani-Fischer synthesis

CHO HCN

CN

CHOH

(CHOH),,

CH.OH

an aldose a cyanohydrin

COOH

H,0+ CHOH

(CHOH),,

CH,OH

a chain-lengthened

aldonic acid

The aldehyde carbon atom is made chiral in the first step, formation of the

cyanohydrin. Two epimeric cyanohydrins result. For example, D-arabinose reacts

with HCN to give the following cyanohydrins.

CHO

HO-

H

H

CN

H—C^OH
CN

HO—C—

H

-H

OH

OH

CH.OH

HCN

HO

H-

H-

H

-OH

OH

CH,OH

+

HO

H

H-

H

OH

OH

CH.OH

23-15

Chain Lengthening:

The Kiliani-Fischer

Synthesis

Na(H2)

'CHO

CHOH

a chain-lengthened

aldose

D-arabinose two epimeric cyanohydrins
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Aqueous hydrogenation of these cyanohydrins gives two imines, which
quickly hydrolyze to aldehydes. A poisoned catalyst of palladium on barium sul-

fate is used for the hydrogenation, to avoid further reduction of the aldehydes to

give alditols.

H

HO

H-

H-

HO-

HO

H

H-

C= N

OH

H

OH

OH

CH.OH

H

H

OH

-OH

CH.OH

cpimoric c\ unoh_\ diins

n

Pd/BaSO,

II.

Pd/BaSO,

H

H

HO

H-

H-

H

HO

HO

H-

H-

C= NII

OH

H

-OH

-OH

CH,OH

H

-H

-OH

OH

CH.OH

H +

H+

H,0

CHO

H

HO-

H

H

OH

-H

OH

-OH

CH.OH

glucose

HO

CHO

H

HO

H

H-

H

OH

-OH

CH,OH

cpirneric iinines

The Kiliani- Fischer synthesis accomplishes the opposite of the Ruff degra-

dation. Ruff degradation of either of two C2 epimers gives the same shortened aldose,

and the Kiliani -Fischer synthesis converts this shortened aldose back into a mixture

of the same two C2 epimers. For example, glucose and mannose are degraded to

arabinose, and the Kiliani -Fischer synthesis converts arabinose into a mixture of

glucose and mannose.

PROBLEM 23-35

Ruff degradation of D-arabinose gives D-erythrose. The Kiliani -Fischer synthesis converts

D-ei-ythrose to a mixture of D-arabinose and D-ribose. Draw out these reactions, and give the

structure of D-ribose.

PROBLEM 23-36

The Wohl degradation, an alternative to the Ruff degradation, is nearly the reverse of the

Kiliani -Fischer synthesis. The aldose carbonyl group is converted to the oxime. which is

dehydrated by acetic anhydride to the nitrile (a cyanohydrin). Cyanohydrin formation is

reversible, and a basic hydrolysis allows the cyanohydrin to lose HCN. Using the follow-

ing sequence of reagents, give equations for the individual reactions in the Wohl degrada-

tion of D-arabinose to D-erythrose. Mechanisms are not required.

( 1 ) hydroxylamine hydrochloride

(2) acetic anhydride

(3) OH, H,0
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SUMMARY: Reactions of Sugars

1. Undesirable rearrangements catalyzed by base (Section 23-8)

Because of these side reactions, basic reagents are rarely used with sugars,

a. Epimerization of the alpha carbon

CHO CHO

b. Enediol rearrangements

CHO

H

HO-

H-

H-

-OH

H
-OH

OH
CH,OH

2. Reduction (Section 23-9)

(CHOH),,

CH.OH

"OH HO-

H-

H-

CHO

(CHOH),,

CH.OH
aldose

CH.OH

c=o
H

OH

OH

CH.OH

NaBH_,

or H^/Ni'

H--OH "OH HO--H

(CHOH)„

CH2OH

"OH

CH.OH

(CHOH),,

CHpH
alditol

H-

H-

CHpH

CHOH

C=0

OH

OH

CH.OH

etc.

3. Oxidation (Section 23-10)

a. To aldonic acids (glxconic acids) by bromine water

CHO

(CHOH),,

CH.OH
aldose

b. To aldaric acids (glycaric acids) by nitric acid

CHO

(CHOH),,

CH.OH
aldose

c. Tollens test for reducing sugars

CHO CH,OH

CHOH C=0
or

(CHOH),, (CHOH)

CHpH CH3OH
aldose ketose

H,0

HNO,

Ag{NH,).OH

COOH

(CHOH),,

CHpH
aldonic acid

COOH

(CHOH),,

COOH
aldaric acid

coo-

CHOH + reaiTangement

(CHOH),, + Ag (silver min-or)

CH.OH
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4. Glycoside fonmitiun (conversion to an acelal) (Section 23-1 1)

CH.OH__.Q

H CH3OH HO
CH.OH o

(either anomer)

5. Alkylatioii to give ethers (Section 23-12)

OCH,

H (tt + ^)

a methyl glycoside

(more stable anomer predominates)

H

HO
CH-,OH

H \ excess CH3I

OH^

H

CH30

CH.OCH^O
H

6. Acylation to give esters (Section 23-12

H
CH.OH ,Q

(gives the same anomer as the starting material)

0 0 H

CH3C—O—COT,

pyridine

AcO

CH.OAc^^o

H

AcO

(gives the same anomer as the starting materials)

7. Osazone formation (Section 23-13)

CHO CHO

H- -OH HO-
or

-H

CH,OH

C=O excess [Ph—NHNH,]

(CHOH)„ (CHOH),, (CHOH),,

CHjOH CH.OH CH,OH
either aldose epimer or ketose

8. Ruffdegradation (Section 23-14)

H+

C=N— NHPh

C=N— NHPh

(CHOH)„

CH.OH
osazone

co.t

(1) Br,/H,0 CHO

(2) H.O,, Fe2(S04)3
(CHOH)„

CH,OH

aldose shortened aldose

9. Kiliani - Fischer synthesis (Section 23-15)

CHO

(l)HCN

(2) H^/Pd(BaS04)

H3O+

HO-

CHO

H

and

(CHOH)„

CH.OH

aldose epimers of lengthened aldose
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Considering the stereochemical comple.\it\ of sugars, it is amazing that Emii Fischer

determined the structures of glucose and the other aldohexoses in 1891. only 14

) ears after the tetrahedral structure of carbon had been proposed. Fischer recei\ ed

the Nobel Prize for this work in 1902. Much of Fischer's proof used the carbohydrate

reactions we have studied, together with some clever reasoning about the symmetry

and dissymmetry of the resulting products. We will use Fischer's work with glucose

as an elegant example of these reactions, showing the determination of complex

stereochemistry by cle\ er use of simple methods.

In 1891. there were no methods for determining the absolute configuration

of molecules, so Fischer could not know w hich enantiomer was the naturally oc-

curring one. He made the assumption that the —OH group on C2 of ( + )-glyc-

eraldehyde (and on the bottom chiral carbon of the D family of sugars) is on the

right in the Fischer projections. Eventually, this was shown to be a correct guess,

but all his reasoning would ha\"e applied to the other enantiomers if the guess had

been wrong.

Fischer had done man\' chemical tests on glucose, and he had used Ruff

degradations to degrade it to D-( -^ )-glyceraldehyde. He knew that glucose is

an aldose and that it has six carbon atoms; therefore, the eight members of the

D family of aldohexoses (Fig. 23-3) are the possible structures. Fischer used four

major clues to determine which of these structures corresponds to glucose.

We will consider the four clues individually and study the information obtained

from each.

CLUE 1: On Ruff degradation, glucose and mannose give the same al-

dopentose; D-( — )-arabinose.

This clue suggests that glucose and mannose are C2 epimers. a hypothesis

he confirmed by treating them with phenylhydrazine and show ing that glucose

and mannose give the same osazone. Even more important, this information re-

lates the structure of glucose to the simpler structure of arabinose. the chain-short-

ened aldopentose.

CLUE 2: On Ruff degradation. D-(— )-arabinose gives the aldotetrose D-( — )-

erythrose. Upon treatment with nitric acid, ery throse gives an optically inoc-

tive aldaric acid, weso-tananc acid.

D-Er) throse. obtained from Ruff degradation of a D-aldopentose. must be a

D-aldotetrose. There are only two D-aldotetroses. labeled below as structures I and

II. Nitric acid oxidation of structure I gives a symmetrical meso product, but struc-

ture II gives an optically active product.

23-16

Fischer's Proof

of the Configuration

of Glucose

CHO

CH.OH
structure I

(er>'throse)

COOH

H--OH HNO, H-
(T

-OH

H—-OH H--OH
mirror plane

COOH
meso-iMi.iii^ avid

HO-

H-

CHO

H

OH

CH.OH
structure II

HNO, HO-

H-

COOH

H

OH

COOH
optically acii\ c tariai ic acid

Because oxidation of D-erythrose gives an optically inactive aldaric acid,

erythrose must correspond to structure I. Structure I would give /»e.f()-tartaric acid

when it is oxidized to an aldaric acid. D-Arabinose must be one of the two epimeric

structures that would desrade to this structure for D-ervthrose.
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CHO CHO

CHO

D-( — )-erythrose

erythrose

structure

possible structures of d-( — )-arabinose

CLUE 3; On oxidation with nitric acid. u-( - )-arabinose gives an optically

active aldaric acid.

Of the two possible structures for D-arabinose (below), only the second would

oxidize to give an optically active aldaric acid. Structure B must be arabinose.

CHO

HNO,

structure A

COOH

H OH

' H OH o-

H OH

COOH

optically inactive aldaric acid

CHO

mirror plane

of symmetry

HNO,
HO-

H-

H-

COOH

H

OH

OH

COOH

structure B
(D-arabinose)

optically active aldaric acid

Since glucose and mannose degrade to arabinose, structures X and Y shown

below must be glucose and mannose. At this point, however, it is impossible to tell

which structure is glucose and which is mannose.

CHO

HO-

CHO

-H

or

HO-

H-

H-

CHO

H

OH

OH

CH.OH

Ruff degradation
HO-

H-

H-

-H

-OH

-OH

CH2OH

structure X structure Y D-arabinose

CLUE 4: When the —CHO and —CH^OH groups of D-mannose are in-

terchanged, the product is still D-mannose. When the —CHO and —CH2OH
groups of D-glucose are interchanged, the product is an unnatural L sugar.

Fischer had developed a clever method for converting the aldehyde group of an

aldose to an alcohol while converting the terminal alcohol group to an aldehyde. In

effect, this synthesis interchanges the two end groups of the aldose chain.

CHO

(CHOH),,

CHpH
original aldose

several steps

CH3OH

(CHOH),,

CHO
end groups interchanged
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1

If the two end groups of structure X are interchanged, the product looks strange

indeed. Remember that we can rotate a Fischer projection by 180°; when we do that,

it becomes clear that the product is an unusual sugar of the L series (L-gulose). Struc-

ture X must be D-glucose.

HO-

H-

H-

CH,OH CHO

H

OH

OH

CH.OH

H—-OH HO—-H

HO--H rotate 180° HO—-H

H—-OH H--OH

H--OH HO—-H

structure X
(D-glucose)

CHO

end groups interchanged

CH.OH

an L sugar

(L-gulose)

Structure Y gives a D sugar when its end groups are interchanged. In fact, a

1 80° rotation shows that the product of end-group interchange in structure Y gives

back the original structure! Structure Y must be D-mannose.

HO-

H-

H-

H

OH

OH

CH,OH

structure Y
(D-mannose)

rotate 180°

HO-

HO-

H-

CHO

H

H

OH

structure Y
(D-mannose)

This type of reasoning can be used to determine the staictures of all the other

aldoses. Problems 23-37 and 23-38 will give you some practice determining sugar

structures.

PROBLEM 23-37

On treatment with phenylhydrazine, aldohexoses A and B give the same osazone. On treat-

ment with warm nitric acid, A gives an optically inactive aldaric acid, but sugar B gives an

optically active aldaric acid. Sugars A and B are both degraded to aldopentose C, which gives

an optically active aldaric acid on treatment with nitric acid. Aldopentose C is degraded to

aldotetrose D, which gives optically active tartaric acid when it is treated with nitric acid.

Aldotetrose D is degraded to ( -I- )-glyceraldehyde. Deduce the structures of sugars A, B, C,

and D. and use Figure 23-3 to determine the con-ect names of these sugars.

PROBLEM 23-38

Aldose E is optically active, but treatment with sodium borohydride converts it to an opti-

cally inactive alditol. Ruff degradation of E gives F, whose alditol is optically inactive.

Ruff degradation of F gives optically active D-glyceraldehyde. Give the structures and

names of E and F and their optically inactive alditols.

PROBLEM-SOLVING HINT

In working this type of problem,

it is often easier to start with

the smallest structure

mentioned (often glyceralde-

hyde) and work backward to

larger structures.Write out all

possible structures and use the

clues to eliminate the wrong

ones.
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23-17 Using methods similar to Fischer's, the straight-chain form of any monosaccha-

ride can be worked out. As we have seen, however, monosaccharides exist most-

n _i-
ly as cyclic pyranose or furanose hemiacetals. These hemiacetals are in

King bize; reriOdIC equilibrium with the open-chain forms, so sugars can react like hemiacetals or

Acid Cleavage I'ke ketones and aldehydes. How can we freeze this equilibrium and determine

the optimum ring size for any given sugar? Sir Walter Haworth ( inventor of the

Haworth projection) used some simple chemistry to determine the pyranose struc-

ture of glucose in 1926.

Glucose is converted to a pentamethyl derivative by treatment with methyl

iodide and silver oxide (Section 23-12). The five methyl groups are not the

same, however. Four are methyl ethers, but one is the glycosidic methyl group

of an acetal.

Determination of

of Sugars

ethers

/3-D-glucose • methyl 2.3.4.6-tetra-(7-meth\i-i3-D-glucoside

Acetals are easily hydrolyzed by dilute acid, but ethers are stable under these

conditions. Treatment of the pentamethyl glucose derivative with dilute acid hy-

drolyzes only the acetal methyl group. Haworth determined that the free hydrox-

yl group is on C5 of the hydrolyzed ether, showing that the cyclic form of glucose

is a pyranose.

"CHjOCHj

open-chain form

2,3,4,6,-0-tetramethyl-D-glucose

PROBLEM 23-39

(a) Show the product that results when fructose is treated with an excess of methyl iodide

and silver oxide.

(b) Show what happens when the product of part (a) is hydrolyzed using dilute acid.

(c) Show what the results of parts (a) and (b) imply about the hemiacetal structure of fruc-

tose.

Periodic Acid Cleavage of Carbohydrates. Another method used to determine the

structure of carbohydrate rings is cleavage by periodic acid. Recall that periodic acid
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cleaves vicinal diols to give two carbonyl compounds, either ketones or aldeh_\des.

depending on the substitution of the reactant (Section 1 1-1 IB).

R H

R—C—C— R' + HIO,

periodic acid

R H
\ / + HIO,
C=0 + o=c

/ \ + H,0
R R'

ketones and aldeh\ des
OH OH

vicinal diol

An a-hydroxy ketone or Q'-h\ drox\ aldeh\'de is cleaved to a carboxylic acid and

a shortened ketone or aldehvde.

O OH

R— C—C— R'

R'

+ HIO4

O
II

R—C—OH + 0=C
R'

+ HIO,

R'

In all these cleavages, the products may be predicted by mentally replacing the

bond to be clea\ ed b\' two OH groups. The predicted stmcture is usualh' the hydrate of

the actual product. Ether and acetal groups are not affected, but hemiacetals react thi^ough

their open-chain structures. For example, fructose reacts with 5 moles of periodic acid to

2i\'e 3 moles of fonnic acid. 2 moles of formaldehyde, and 1 mole of carbon dioxide:

CH,OH

-c=o

HO—C—

H

H—C—OH

H^C—OH

XH3OH
D-fructose

5 HIO

,

OH

-c=o

OH

HO-

OH

H—C—OH
OH

H-

OH

CH.OH

OH

OH

-C—

H

OH

OH

-C—OH
I

OH

CH.OH

h) drated products

CH, (formaldehyde)

II

"

O

CO.t + H,0

o

HO—C—H (formic acid)

+ H,0

H,0

O

+ H,0H—C—OH (formic acid)

O
II

H—C—OH (formic acid)

O
II

'CH, (formaldehyde) + H.O

H,0

Because ether and acetal groups are not affected, periodic acid cleavage of a

glycoside can help to determine the size of the ring. For example, periodic acid ox-

idation of methyl /3-D-glucopyranoside gives the products shown below. The struc-

ture of the fragment containing C4. C5. and C6 implies that the original glycoside

w as a six-membered ring bonded through the C5 oxvaen atom.

¥'CH,OH

HO'

HoVji-H^^ ^OCH.

P^^ OH
H H

methyl j3-D-glucopyranoside

HIO, o H,0"

OCH,

'CHO

H-^OH

'CHjOH

D-glyceraldehyde

'CHO

J
CHO

O
II—C—OH
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PROBLEM-SOLVING HINT

Cleavage occurs only between

two carbon atoms that bear

hydroxy! groups.

PROBLEM 23-40

(a) Predict the products of cleavage of mannose by an excess of periodic acid.

(b) Explain how periodic acid cleavage distinguishes between an aldose and a ketose.

PROBLEM 23-41

(a) Draw the structure of methyl j3-D-glucofuranoside, and predict the products of period-

ic acid oxidation. Show how these products differ from the products of periodic acid oxi-

dation of methyl /3-D-glucopyranoside.

(b) Predict the products of periodic acid oxidation of methyl /3-D-fructofuranoside. and

show how these products imply that the original glycoside was a five-membered ring.

23-18 As we have seen, the anonieric carbon of a sugar can react with the hydroxyl group

Disaccharides
of an alcohol to give an acetal called a glycoside. If the hydroxyl group is part of an-

other sugar molecule, then the glycoside product is a disaccharide, a sugar com-

posed of two monosaccharide units (Fig. 23-16).

In principle, the anonieric carbon can react with any of the hydroxyl groups of

another sugar to form a disaccharide. In naturally occun-ing disaccharides, howev-

er, there are three common glycosidic bonding arrangements.

1. A 1,4' link. The anomeric carbon is bonded to the oxygen atom on C4 of the

second sugar. The prime symbol (') in 1,4' indicates that C4 is on the second

sugar.

a disaccharide

A Figure 23-16

A sugar reacts with an alcohol to give an acetal called a glycoside. When the alcohol is part

of another sugar, the product is a disaccharide.
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2. A 1,6' link. The anomeric carbon is bonded to the oxygen atom on C6 of the

second sugar.

3. A 1,1 ' link. The anomeric carbon of the first sugar is bonded through an oxy-

gen atom to the anomeric carbon of the second sugar.

We will consider some naturally occurring disaccharides with these common
glycosidic linkages.

23- ISA The 1,4' Linkage: Cellobiose, Maltose, and Lactose

The most common glycosidic linkage is the 1,4' link. The anomeric carbon of one

sugar is bonded to the oxygen atom on C4 of the second ring.

Cellobiose: A (i-1,4' Gliicosidic Linkage. A simple example of a 1
,4' linkage is cel-

lobiose. the disaccharide obtained by partial hydrolysis of cellulose. In cellobiose.

the anomeric carbon of one glucose unit is linked through an equatorial (/3) car-

bon-oxygen bond to C4 of another glucose unit. This jS-1,4' linkage from a glu-

cose acetal is called a /S-1,4' glucoH\A\c linkage.

Cellobiose. 4-0-{fi-D-glncop\ninos\i)-(i-D-gliicopynmose or 4-0-(fi-D-glucop\ranosyl)-D-ghicopyranose

Two alternative ways of drawing and naming cellobiose

The complete name for cellobiose, 4-0-(^-D-glucopyranosyl)-/3-D-glucopyra-

nose, gives its stnicture. This name says that a jS-D-glucopyranose ring (the right-hand

ring) is substituted in its 4-position by an oxygen attached to a (/3-D-glucopyranosyl)

ring, drawn on the left. The name in parentheses says the subsdtuent is a j8-glucose,

and the -syl ending indicates that this ring is a glycoside. The left ring with the -syl

ending is an acetal and cannot mutarotate, while the right ring with the -ose ending

is a hemiacetal and can mutarotate. Because cellobiose has a glucose unit in the

hemiacetal form (and therefore is in equilibrium with its open-chain aldehyde form),

it is a reducing sugar. Once again, the -ose ending indicates a mutarotating, reduc-

ing sugar.

Mutarotating sugars are often shown with a wavy line to the free anomer-

ic hydroxyl group, signifying that they can exist as an equilibrium mixture of

the two anomers. Their names are often given without specifying the stereo-

chemistry of this mutarotating hydroxyl group, as in 4-C>-(/3-D-glucopyranosyl)-

D-glucopyranose.

Maltose: An a-1,4' Gliicosidic Linkage. Maltose is a disaccharide formed when
starch is treated with sprouted barley, or molt. This malting process is the first step

in the brewing of beer, converting polysaccharides to disaccharides and monosac-

charides that ferment more easily. Like cellobiose, maltose contains a 1 .4'glycosidic

linkage between two glucose units. The difference in maltose is that the stereo-

chemistry of the glucosidic linkage is a rather than (i.
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Maltose, 4-0-(a-D-ghicopyranosyl)-D-glucopyranose

Like cellobiose, maltose has a free hemiacetal ring (on the right). This hemi-

acetal is in equilibrium with its open-chain form, and it mutarotates and can exist in

either the a or ^ anomeric form. Because maltose exists in equilibrium with an open-

chain aldehyde, it reduces Tollens reagent, and maltose is a reducing sugar.

PROBLEM 23-42

Draw the structure of the individual mutarotating a and (3 anomers of maltose.

PROBLEM 23-43

Give an equation to show the reduction of Tollens reagent by maltose.

Lactose: A fi-1,4' Galactosidic Linkage. Lactose is similar to cellobiose, except that

the glycoside (the left ring) in lactose is galactose rather than glucose. Lactose is

composed of one galactose unit and one glucose unit. The two rings are linked by a

^-glycosidic bond of the galactose acetal to the 4-position on the glucose ring: a

)S-1,4' galactosidic linkage.

Lactose, 4-0-{^-D-galactopyranosyl)-D-ghicopyranose

axial 4-hvdroxyl uroup of sialactose

OHT

/3 -galactosidic linkage

Lactose occurs naturally in the milk of mammals, including cows and humans. Hy-

drolysis of lactose requires a /3-galactosidase enzyme (sometimes called lactase). Some

humans synthesize a /3-galactosidase, but others do not. This enzyme is present in the

digestive fluids of nonnal infants to hydrolyze their mother's milk. Once the child stops

drinking milk, production of the enzyme gradually stops. In most parts of the world, peo-

ple do not use milk products after early childhood, and the adult population can no

longer digest lactose. Consumption of milk or milk products can cause digestive dis-

comfoit in lactose-intolerant people who lack the /3-galactosidase enzyme. Lactose-in-

tolerant infants must drink soybean milk or another lactose-free formula.

PROBLEM 23-44

Does lactose mutarotate? Is it a reducing sugar? Explain. Draw the two anomeric forms of

lactose.
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23-I8B The 1 ,6' Linkage: Gentiobiose

In addition to the common \A' glycosidic linkage, the 1.6' linkage is also found in

naturally occurring carbohydrates. In a 1.6' linkage, the anomeric carbon of one

sugar is linked to the oxygen of the temiinal carbon (C6) of another. This linkage gives

a different sort of stereochemical arrangement, because the hydroxyl group on C6 is

one carbon atom removed from the ring. Gentiobiose is a sugar with two glucose units

joined by a ^-1.6' glucosidic linkage.

Gentiobiose, 6-0-{fi-D-gli(copyranos\l)-D-gliicop\ranose

/3 -glucosidic linkage

.Although the 1.6' linkage is rare in disaccharides, it is commonly found as a

branch point in polysaccharides. For example, branching in amylopectin ( insoluble

starch) occurs at 1,6' linkages, as discussed in Section 23-19B.

PROBLEM 23-45

Is gentiobiose a reducing sugar? Does it mutarotate? Explain your reasoning.

23- 1 8C Linkage ofTwo Anomeric Carbons: Sucrose

Some sugars are joined by a direct glycosidic linkage between their anomeric carbon

atoms: a 1.1
' linkage. This is the case in sucrose, common table sugar. Sucrose is

composed of one glucose unit and one fructose unit bonded by an oxygen atom link-

ing their anomeric carbon atoms. (Because fructose is a ketose and its anomeric car-

bon is C2, this is actually a 1,2' linkage.) Notice that the linkage is in the a position

with respect to the glucose ring and in the /3 position with respect to the fructose ring.

Sucrose, a-D-glucopyranosyl-f3-D-fructofuranoside

(or fi-D-fructofuranosyl-a-D-glucopyranoside)

OH H
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Both monosaccharide units in sucrose are present as acetals, or glycosides.

Neither ring is in equilibrium with its open-chain aldehyde or ketone form, so sucrose

does not reduce Tollens reagent and it cannot mutarotate. Because both units are gly-

cosides, the systematic name for sucrose can list either of the two glycosides as being

a substituent on the other. Both systematic names end in the -aside suffix, indicat-

ing a nonmutarotating, nonreducing sugar. Like many other common names, sucrose

ends in the -ose ending even though it is a nonreducing sugar. Common names are

not reliable indicators of the properties of sugars.

Sucrose is hydrolyzed by enzymes called invertases, found in honeybees

and yeasts, that specifically hydrolyze the ^-D-fructofuranoside linkage. The re-

sulting mixture of glucose and fructose is called invert sugar because hydroly-

sis converts the positive rotation [ + 66.5°] of sucrose to a negative rotation that

is the average of glucose [ + 52.7°] and fructose [
— 92.4°]. The most common

form of invert sugar is honey, a supersaturated mixture of glucose and fructose

hydrolyzed from sucrose by the invertase enzyme of honeybees. Glucose and

fructose were once called dextrose and levulose, respectively, according to their

opposite signs of rotation.

SOLVED PROBLEM 23-3

An unknown carbohydrate of formula C12H22O11 reacts with Tollens reagent to form a

silver mirror. An a-glycosidase has no effect on the carbohydrate, but a ^-galactosidase

hydrolyzes it to D-galactose and D-mannose. When the carbohydrate is methylated (using

methyl iodide and silver oxide) and then hydrolyzed with dilute HCl, the products are

2,3,4,6-tetra-O-methylgalactose and 2,3,4-tri-O-methylmannose. Propose a structure for

this unknown carbohydrate.

SOLUTION
The formula shows this is a disaccharide composed of two hexoses. Hydrolysis gives

D-galactose and D-mannose, identifying the two hexoses. Hydrolysis requires a j8-galac-

tosidase, showing that galactose and mannose are linked by a )3-galactosyl linkage. Since

the original carbohydrate is a reducing sugar, one of the hexoses must be in a free hemi-

acetal form. Galactose is present as a glycoside; thus mannose must be present in its hemi-

acetal form. The unknown carbohydrate must be a (/3-galactosyl)-mannose.

The methylation/hydrolysis procedure shows the point of attachment of the glyco-

sidic bond to mannose and also confirms the size of the six-membered rings. In galactose,

all the hydroxyl groups are methylated except CI and C5. CI is the anomeric carbon, and

the C5 oxygen is used to form the hemiacetal of the pyranose ring. In mannose. all the hy-

droxyl groups are methylated except CI, C5, and C6. The C5 oxygen is used to form the

pyranose ring (the C6 oxygen would form a less stable seven-membered ring); therefore,

the oxygen on C6 must be involved in the glycosidic linkage. The structure and system-

atic name are shown below.

6-0-(/3-D-galactopyranosyl)-D-mannopyranose

H H
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PROBLEM 23-46

Trehalose is a nonreducing disaccharide (C|;H;;0; , ) isolated from the poisonous mushroom

Amomta muscaiia. Treamient u ith an Q-glucosidase con\ erts trehalose to uvo molecules of glu-

cose, but no reaction occurs when trehalose is treated with a /3-glucosidase. When trehalose is

methylated by dimethyl sulfate in mild base and then hydrolyzed. the only product is 2.3.4.6-

tetra-0-meth_\ Iglucose. Propose a complete structure and systematic name for trehalose.

PROBLEM 23-47

Rafpnose is a trisaccharide lCisH;;0|f,) isolated from cottonseed meal. Raffinose does not

reduce Tollens reagent, and it does not mutarotate. Complete hydrolysis of raffmose gives

D-glucose. D-fructose. and D-galactose. When raffmose is treated with invertase. the prod-

ucts are D-fructose and a reducing disaccharide called melibiose. Raffinose is unaffected by

treatment with a ^-galactosidase. but an a-galactosidase hydrolyzes it to D-galactose and

sucrose. When raffinose is treated with dimethyl sulfate and base followed by hydrolysis,

the products are 2.3.4-tri-O-methylglucose. 1 .3.4.6-tetra-O-methylfructose. and 2.3.4.6-

tetra-O-methylgalactose. Determine the complete structures of raffmose and melibiose. and

2ive a systematic name for melibiose.

Polysaccharides are carbohydrates that contain many monosaccharide units joined

by gh cosidic bonds. They are one class of biopolymers. or naturally occurring poK -

mers. Smaller polysaccharides, containing about three to ten monosaccharide units,

are sometimes called oligosaccharides. Most polysaccharides have hundreds or

thousands of simple sugar units linked together into long polymer chains. Except

for units at the ends of chains, all the anomeric carbon atoms of polysaccharides are

imolved in acetai glycosidic links. Therefore, polysaccharides give no noticeable

reaction with Tollens reagent, and they do not mutarotate.

23-i9A Cellulose

Cellulose, a polymer of D-glucose. is the most abundant organic material. Cellulose

is synthesized by plants as a structural mateiial to suppoil the weight of the plant.

Long cellulose molecules, called micwfibhls. are held in bundles b\ hydrogen bond-

ing between the many —OH groups of the glucose rings. .About 50 percent of dry

w ood and about 90 percent of cotton fiber is cellulose.

Cellulose is composed of D-glucose units linked by /3-1.4' glycosidic bonds.

This bonding arrangement (like that in cellobiose) is rather rigid and \ ery stable,

giving cellulose desirable propenies for a structural material. Figure 23-17 shows a

partial structure of cellulose.

Humans and other inammals lack the /3-glucosidase enz\ me needed to hy-

drolyze cellulose, and they cannot use it directly for food. Several groups of bacte-

ria and protozoa can hydrolyze cellulose, however. Termites and ruminants maintain

colonies of these bacteria in their digestive tracts. When a cow eats hay. these bac-

teria con\ en about 20 to 30 percent of the cellulose to digestible carbohydrates.

23-19

Polysaccharides

The acoustic properties of

cellulose have never been

surpassed by other substances.

Here, a luthier can es maple

for use in a \ iolin.

-alucosidic linkage

< Figure 23-17

Cellulose is a jS- 1.4' polymer

of D-glucose. s\ stematically

named poly( 1 A'-O-^-D-

glucopyranoside).
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Rayon is a fiber made from cellulose that has been converted to a soluble de-

rivative then regenerated. In the common viscose proc ess, wood pulp is treated with

carbon disulfide and sodium hydroxide to convert the free hydroxyl groups to xan-

thates, which are soluble in water. The viscous solution (called viscose) is forced

through a spinneret into an aqueous sodium bisulfate solution, where a fiber of in-

soluble cellulose is regenerated. Alternatively, the viscose solution can be extruded

in sheets to give cellophane film. Rayon and cotton are both cellulose, yet rayon

thread can be much stronger because it consists of long, continuously extruded fibers,

rather than short cotton fibers spun together.

ROH + CS,

cellulose

NaOH RO—C—SjNa+ + Hp
xanthate derivatives

(viscose)

RO—C—

S

+ NaHS04 ROH + CS, + Na.SO^

extiTjded into solution rayon

(regenerated cellulose)

PROBLEM 23-48

Cellulose is converted to cellulose acetate by treatment with acetic anhydride and pyridine.

Cellulose acetate is soluble in common organic solvents, and it is easily dissolved and spun

into fibers. Show the structure of cellulose acetate.

23- 1 9B Starches: Amylose,Amylopectin, and Glycogen

Plants use starch granules for storing energy. When the granules are dried and ground

up, different types of starches can be separated by mixing them with hot water. About

20 percent of the starch is water-soluble amylose, and the remaining 80 percent is

water-insoluble amylopectin. When starch is treated with dilute acid or appropriate

enzymes, it is progressively hydrolyzed to maltose and then to glucose.

Amylose. Like cellulose, amylose is a linear polymer of glucose with 1,4' glyco-

sidic linkages. The difference is in the stereochemistry of the linkage. Amylose has

an a- 1,4' link, while cellulose has a )8-l,4' link. A partial structure of amylose is

shown in Figure 23-18.

Figure 23-18

Amylose is an a- 1,
4' polymer

of glucose, systematically

named poly( lA'-O-a-D-

glucopyranoside). Amylose

differs from cellulose only in

the stereochemistry of the

glycosidic linkage.

H H
CH.OH

a glucosidic j^q
linkage
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The subtle stereochemical difference between cellulose and amylose results in

some striking physical and chemical differences. The a linkage in amylose kinks

the polymer chain into a helical structure. This kinking increases hydrogen bonding

with water and lends additional solubility. As a result, amylose is soluble in water,

while cellulose is not. Cellulose is stiff and sturdy, while amylose is not. Unlike cel-

lulose, amylose is an excellent food source. The a- 1,4' glucosidic linkage is easily

hydrolyzed by an cv-glucosidase enzyme, present in all animals.

The helical structure of amylose also serves as the basis for an interesting and

useful reaction. The inside of the helix is just the right size and polarity to accept an

iodine (L) molecule. When iodine is lodged within this helix, a deep blue starch-

iodine complex results (Fig. 23-19). This is the basis of the starch-iodide test for

oxidizers. The material to be tested is added to an aqueous solution of amylose and

potassium iodide. If the material is an oxidizer, some of the iodide (P) is oxidized

to iodine (Ii), which forms the blue complex with amylose.

< Figure 23-19

The amylose helix fomis a

blue charge-transfer complex

with molecular iodine.

Amylopectin. Amylopectin, the insoluble fraction of starch, is also primarily an

Of- 1,4' polymer of glucose. The difference between amylose and amylopectin lies in

the branched nature of amylopectin, with a branch point about every 20 to 30 glucose

A Figure 23-20

Amylopectin is a branched a- 1,4' polymer of glucose. At the branch points, there is a

single a- 1.6' linkage that provides the aUachment point for another chain. Glycogen has a

similar structure, except that its branching is much more extensive.
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units. Another chain starts at each branch point, connected to the main chain by an

a-1,6' glycosidic linkage. A partial structure of amylopectin. including one branch

point, is shown in Figure 23-20.

Glycogen. Glycogen is the carbohydrate that animals use to store glucose for read-

ily available energy. A large amount of glycogen is stored in the muscles themselves,

ready for immediate hydrolysis and metabolism. Additional glycogen is stored in

the liver, where it can be hydrolyzed to glucose for secretion into the bloodstream,

providing an athlete with a "second wind."

The structure of glycogen is similar to that of amylopectin. but w ith more ex-

tensi\ e branching. The highly branched structure of glycogen leaves many end groups

available for quick hydrolysis to provide glucose needed for metabolism.

23- 1 9C Chitin:A Polymer of N-Acetylglucosamine

Chitin
(
pronounced ki'-t'n. rhymes with Titan) fonns the exoskeletons of insects. In

crustaceans, chitin forms a matrix that binds calcium carbonate crystals into the ex-

oskeleton. Chitin is different from all the other carbohydrates we have studied. It is

a polymer of A'-acetylglucosamine. an amino sugar (actually an amide) that is com-

mon in living organisms. In A'-acetylglucosamine. the hydroxyl group on C2 of glu-

cose is replaced b\ an amino group (forming glucosamine), and that amino group is

acetylated.

N-Acetylglucosamine, or 2-acetamido-2-deoxy-D-ghicose

H
I

H
C=0

CH3

Chitin is bonded like cellulose, except using A'-acetylglucosamine instead

of glucose. Like other amides, A'-acetylglucosamine forms exceptionally strong

hydrogen bonds between the amide carbonyl groups and N—H protons. The

glycosidic bonds are jS-1.4' links, giving chitin structural rigidity, strength, and

stability that exceed even that of cellulose. Unfortunately, this strong, rigid poly-

mer cannot easily expand, so it must be shed periodically by molting as the an-

imal grows.

Chitin. or polyi 1 .4' -0-fi-2-acetamido-2-deoxy-D-glucopyranoside),

a ^-1,4-linked polymer ofN-acetylglucosamine
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Nucleic acids are substituted pohmers of the aldopentose ribose that caiTv an or-

ganism's genetic information. A tiny amount of DNA in a feililized egg cell deter-

mines the physical characteristics of the fully developed animal. The difference

between a frog and a human being is encoded in a relatively small part of this DNA.
Each cell carries a complete set of genetic instructions that determine the type of

cell, what its function will be. when it will grow and divide, and how it will synthe-

size all the proteins, enzymes, carbohydrates, and other substances the cell and the

organism need to survive.

The tw o major classes of nucleic acids are ribonucleic acids (RNA) and de-

oxyribonucleic acids (DNA). In a typical cell. DNA is found primarily in the nu-

cleus, w here it cairies the permanent genetic code. The molecules of DNA are huge,

with molecular weights up to 50 billion. When the cell di\ ides. DNA replicates to

form two copies for the daughter cells. DNA is relatively stable, prox iding a medi-

um for transmission of genetic information from one generation to the next.

RNA molecules are typically much smaller than DNA. and they are more eas-

il\ hydrolyzed and broken down. RNA commonly serves as a working copy of the

nuclear DN.A being decoded. Nuclear DNA directs the synthesis of messenger RNA,

w hich lea\ es the nucleus to serve as a template for the construction of protein mol-

ecules in the ribosomes. The messenger RNA is then enzymatically cleaved to its

component parts, which become a\ ailable for assembly into new RNA molecules to

direct other syntheses.

The backbone of a nucleic acid is a polymer of ribofuranoside rings (five-mem-

bered rings of the sugar ribose) linked by phosphate ester groups. Each ribose unit

carries a heterocyclic base that pro\'ides part of the information needed to specify a

particular amino acid in protein synthesis. Figure 23-2 1 shows the ribose-phosphate

backbone of RNA.

23-20

Nucleic Acids:

Introduction

HIV (the .-XIDS virus) is shovs n

here attacking a T-4 lympho-

cyte. HIV is an RNA virus,

w hose genetic material must be

translated to DNA before

inserting itself into the host

cell's DN.A. Several of the anti-

AIDS drugs are directed

toward stopping this reverse

transcription of RNA to DNA.
(Masnification lOOOX)

Symbolically.

'

5' end

o=p— o-

o
I

CH.O

,H H

base,

H
I f

H
O HO

,

\

,o=p— o-—
]

o
I

CH, O base-,

O HO
\

Jo=p— o-—^
o

CH, O

HO

base:,

3' end

0= P— o-

Ribose
\

o=p— o-

Ribose
\

o=p— o-

Ribose
|

— base,
< Figure 23-2

1

A short segment of the RN.-X

polymer. Nucleic acids are

assembled on a backbone made

up of ribofuranoside units

linked by phosphate esters.
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DNA and RNA each contain four monomers, called nucleotides, that differ in

the structure of the bases bonded to the ribose units. Yet this deceptively simple struc-

ture encodes complex information just as the 0 and 1 bits used by a computer encode

complex programs. First we consider the structure of individual nucleotides, then

the bonding of these monomers into single-stranded nucleic acids, and finally the base

pairing that binds two strands into the double helix of nuclear DNA.

23-21

Ribonucleosides

and

Ribonucleotides

NH.

pyrimidine

Ribonucleosides are components of RNA based on glycosides of the furanose form

of D-ribose. We have seen (Section 23- 1 1 ) that a glycoside may have an aglycone (the

substituent on the anomeric carbon) bonded by a nitrogen atom. A ribonucleoside is

a j8-D-ribofuranoside (a ^-glycoside of D-ribofuranose) whose aglycone is a hetero-

cyclic nitrogen base. The following stmctures show the open-chain and furanose forms

of ribose, and a ribonucleoside with a generic base bonded through a nitrogen atom.

CHO

OH

-OH

-OH

CH3OH

D-ribose

HO—CH, o. OH

H H

OH OH
)3-D-ribofuranose

OH OH
a ribonucleoside

The four bases commonly found in RNA are divided into two classes: The mono-

cyclic compounds cytosine and uracil are called pyrimidine bases because they resem-

ble substituted pyrimidines, and the bicyclic compounds adenine and guanine are called

purine bases because they resemble the bicyclic heterocycle purine (Section 19-3).

H
cytosine (C)

pyrimidine bases

0
li

H

N

NH3

N

tNj^O N

H H H

uracil (U) adenine (A)

"N' NH,

punneguanine (G)

purine bases

When bonded to ribose through the nitrogen atoms circled above, the four het-

erocyclic bases make up the four ribonucleosides cytidine, uridine, adenosine, and

guanosine (Figure 23-22). Notice that the two ring systems (the base and the sugar)

NH,

1 7^

5 Ni
HO-CHt O

OH OH
cytidine (C)

HO-CHt o

OH OH
uridine (U)

T J
'

HO-CH. O

H \^r^ H

OH OH
adenosine (A)

Figure 23-22

The four common ribonucleosides are cytidine. uridine, adenosine, and guanosine.

HO-CH. O 9' 4 N

OH OH
suanosine (G)
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are numbered separately, and the carbons of the sugar are given primed numbers.

For example, the 3' carbon of cytidine is C3 of the ribose ring.

PROBLEM 23-49

Cytosine, uracil, and guanine have tautomeric forms with phenolic hydroxy! groups. Draw

these tautomeric forms.

PROBLEM 23-50

(a) An aliphatic aminoglycoside is relatively stable to base, but it is quickly hydrolyzed by

dilute acid. Propose a mechanism for the acid-catalyzed hydrolysis.

R R
\ /

HO—CH. N

H

H H
H,0+

RtNH, + sugar

H
OH OH

an aliphatic riboside

(bl Ribonucleosides are not so easily hydrolyzed. requiring relati\ely strong acid. Using

your mechanism for part la), show w hy cytidine (for example) is not so readily hydrolyzed.

Explain why this stability is important for li\ ing organisms.

Ribonucleotides. Ribonucleic acid consists of ribonucleosides bonded togeth-

er into a polymer. This polymer cannot be bonded by glycosidic linkages like

those of other polysaccharides because the glycosidic bonds are already used

to attach the heterocyclic bases. Instead, the ribonucleoside units are linked by

phosphate esters. The 5'-hydroxyl group of each ribofuranoside is esterified

to phosphoric acid. .\ ribonucleoside that is phosphorylated at its 5' carbon is

called a ribonucleotide ("tied'" to phosphate). The four common ribonucleotides,

shown in Figure 23-23, are simply phosphorylated versions of the four common
ribonucleosides.

o

-Q—P— O— CHi O
I

'

^

Q-

N

H
1 I

H
OH OH

cytidine monophosphate.

CMP (cytidvlic acid)

O— P— O— CH, O

H

O

O— P — O— CHi^O
I

Q-

OH OH

H Hy

OH OH

uridine monophosphate.

UMP (uridylic acid)

adenosine monophosphate.

AMP (adenylic acid)

Figure 23-23

Four common ribonucleotides. These are ribonucleosides esterified b\ phosphoric acid at

their 5 '-position, the —CH.OH at the end of the ribose chain.

o

-O—P— O— CH, O
I

Q-

H
I I

H
OH OH

N^NH,

guanosine monophosphate.

GMP (guanidylic acid)

The phosphate groups of these ribonucleotides can exist in any of three ion-

ization states, depending on the pH of the solution. At the nearly neutral pH of most

organisins (7.4), there is one proton on the phosphate group. By convention, however,

these groups are usually written completely ionized.
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0 0 0
1 II II

HO—P—O— ribose O—P—O— ribose O—P—O— ribose

I I I

OH OH O-
in acid nearly neutral 'i

1-

(usually written)

Ribonucleic Acid

23-22 Now that we recognize the individual ribonucleotides, we can consider how

The Structure of
^^^^^^ units are bonded into the RNA polymer. Each nucleotide has a phosphate

group on its 5' carbon (the end carbon of ribose) and a hydroxyl group on the

3' carbon. Two nucleotides are joined by a phosphate ester linkage between the

5'-phosphate group of one nucleotide and the 3'-hydroxyl group of another

(Fig. 23-24).

The RNA polymer consists of many nucleotide units bonded this way, with a

phosphate ester linking the 5' end of one nucleoside to the 3' end of another. A
molecule of RNA always has two ends (unless it is in the form of a large ring); one

end has a free 3' group, and the other end has a free 5' group. We refer to the ends

as the 3' end and the 5' end, and we refer to directions of replication as the 3' 5'

direction and the 5' 3' direction. Figures 23-21 and 23-24 show short segments

of RNA with the 3' end and the 5' end labeled.

3' -hydroxyl

5"-phosphate

OH OH

Figure 23-24

Two nucleotides are joined by a phosphate linkage between the 5'-phosphate group of one

and the 3 '-hydroxyl group of the other.
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All our descriptions of ribonucieosides. ribonucleotides, and ribonucleic acid also

apply to the components of DNA. The principal difference between RNA and DNA
is the presence of D-2-deoxyribose as the sugar in DNA instead of the D-ribose found

in RNA. The prefix deoxy- means that an oxygen atom is missing, and the number

2 means it is missing from C2.

CHO

H

H-

H-

H no OH HO

OH

-OH

OH

OH

^ CH3OH
D-2-deoxvribose /3-D-2-deoxyTibofuranose a deoxvribonucleoside

Another key difference between RNA and DNA is the presence of thymine in

DNA instead of the uracil in RNA. Thymine is simply uracil with an additional methyl

group. The four common bases ofDNA are cytosine, thymine, adenine, and guanine.

23-23

Deoxyribose and

the Structure of

Deoxyribonucleic

Acid

NH,

additional CH,

O

H H
cytosine (C) thymine (T)

p\rimidine bases

H
adenine (A) guanine (G)

purine basc^

These four bases are incoiporated into deoxyribonucleosides and deoxyribonu-

cleotides similar to the bases in ribonucieosides and ribonucleotides. The following

structures show the common nucleosides that make up DNA. The corresponding nu-

cleotides are simply the same structures with phosphate groups at the 5 '-positions.

Four common deoxyribouucleosides that make up DNA

OH H OH H OH H OH H
deoxycytidine deoxythymidine deoxyadenosine deoxyguanosine

The structure of the DNA polymer is similar to that of RNA, except there are

no hydroxy 1 groups on the 2' carbon atoms of the ribose rings. The alternating de-

oxyribose rings and phosphates act as the backbone, while the bases attached to the

ribose units cany the genetic information. The sequence of nucleotides is called the

primary structure of the DNA strand.
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23-23A Base Pairing

Having discussed the primary structure of DNA and RNA, we now consider how
the nucleotide sequence is reproduced or transcribed into another molecule. This in-

formation transfer takes place by an interesting hydrogen-bonding interaction be-

tween specific pairs of bases.

Each pyrimidine base forms a stable hydrogen-bonded pair with only one of

the two purine bases. Cytosine forms a base pair, joined by three hydrogen bonds,

with guanine. Thymine (or uracil, in RNA) fonns a base pair with adenine, joined by

two hydrogen bonds. Guanine is said to be complementary to cytosine, and adenine

is complementary to thymine. This base pairing was first suspected in 1950, when
Erwin Chargaff of Columbia University noticed that various DNAs, taken from a

wide variety of species, had about equal amounts of adenine and thymine, and about

equal amounts of guanine and cytosine.

guanine

ribose

thymine

PROBLEM 23-51

All the rings of the tour heterocyclic bases are aromatic. This is more apparent when the polar

resonance fomis of the amide groups are drawn, as is done for thymine at the left. Redraw the

hydrogen-bonded guanine-cytosine and adenine-thymine pairs shown above, using the polar

resonance fonns of the amides. Show how these fomis help to explain why the hydrogen bonds

involved in these paiiings are particularly strong. Remember that a hydrogen bond arises between

an electron-deficient hydrogen atom and an electron-rich pair of nonbonding electrons.

23-23B The Double Helix of DNA
In 1953. James D. Watson and Francis C. Crick used X-ray diffraction patterns of

DNA fibers to determine the molecular structure and conformation of DNA. They

found that DNA contains two complementary polynucleotide chains held together by

3'end

HO— ribose O

A

O

HO— P-

I

Q-

O- ribose O

o-

P-

O

O
II

P-

o-

O— ribose O

o-

P— O-^ ribose^O

O

o-

c

ribose

O

o— p-

o-

o

o-

p-

o

o

O— ribose O

O

-P— OH
II

O

5' end

ribose O— P— O -
f
ribose \

- OH

o-
5' end

3'end

Figure 23-25

DNA usually consists of two complementary strands, with all the base pairs hydrogen-

bonded together. The two strands are antiparallel, running in opposite directions.
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h\ di"ogen bonds between the paired bases. Figure 23-25 shows a portion of the dou-

ble strand of DNA. with each base paired with its complement. The two strands are

anriparallel: One strand is arranged 3' -^5' from left to right, while the other runs

in the opposite direction. 5' ^ 3' from left to right.

Watson and Crick also discovered that the two complementary strands of DNA
are coiled into a helical conformation about 20 A in diameter, w ith both chains coiled

around the same axis. The helix makes a complete turn for every ten residues, or

about one turn in every 34 A of length. Figure 23-26 shows the double helix of DNA.
In this draw ing. the two sugar-phosphate backbones form the vertical double helix

with the heterocyclic bases stacked horizontally in the center. Attractive stacking

forces between the pi clouds of the aromatic pyrimidine and purine bases are sub-

stantial, helping to stabilize the helical arrangement.

Electron imcroszraph ot

double-stranded DNA which

has partially uncoiled to show

the individual strands.

(Magnification 13.000X)

strand I:

5'end
strand II:

?'end

-.A:::T-

— T:::.A-

G:::C—
ClilC

'

-A:::T-

-GIIIC-

T:::A

f A:::T

C:;!G

-G;:iC-

-C:::G-

— A:::T

-T:::A-

34 A

: G:::C -)

-T:::A-

strand I:

3'end
strand II:

5'end

Figure 23-26

Double helix of DNA. Tw o

complementary strands are

joined by hydrogen bonds

between the base pairs. This

double strand coils into a

helical arransement.

When DNA undergoes replication I in preparation for cell di\ ision). an enzyme

uncoils part of the double strand. Individual nucleotides naturally hydrogen-bond to

their complements on the uncoiled part of the original strand, and a DNA polymerase

enzyme couples the nucleotides to form a new strand. This process is depicted

schematically in Figure 23-27. A similar process transcribes DNA into a comple-

mentan,' molecule of messenger RNA for use by ribosomes as a template for protein

synthesis.

A great deal is known about replication of DNA and translation of the

DNA/RNA sequence of bases into proteins. These exciting aspects of nucleic acid

chemistry are part of the field of molecular biology, and they are covered in detail

in biochemistrv' courses.

23-23C Additional Functions of Nucleotides

We generally think of nucleotides as the monomers that form DNA and RNA. yet

these versatile biomolecules serve a variety of additional functions. Here we briefly

consider a few additional functions.
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Figure 23-27

Replication of the double

strand of DNA. A new strand is

assembled on each of the orig-

inal strands, with the DNA
polymerase enzyme forming

the phosphate ester bonds of

the backbone.

y parent strands

uncoiling

daughter

strand

daughter

strand

AMP: A Regulatory Hormone. Adenosine monophosphate (AMP) also occurs in

a cyclic form, where the 3'- and 5'-hydroxyl groups are both esterified by the same

phosphate group. This cyclic AMP is involved in transmitting and amplifying the

chemical signals of other hormones.

O

O—P—O—CH, o

o-

OH OH
adenosine monophosphate (AMP)

cyclic AMP

NAD: A Coenzyme. Nicotinamide adenine dinucleotide (NAD) is one of the

principal oxidation -reduction reagents in biological systems. This nucleotide

has the structure of two D-ribose rings (a ^//nucleotide) linked by their 5' phos-

phates. The aglycone of one ribose is nicotinamide, and the aglycone of the other

is adenine. A dietary deficiency of nicotinic acid (niacin) leads to the disease
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called pellagra, caused by the inability to synthesize enough nicotinamide

adenine dinucleotide.

O

-NH.

'N'

nicotinic acid

(niacin)

nicotinamide

adenine

OH OH

NAD+
nicotinamide adenine dinucleotide

The following equation shows how NAD^ serves as the oxidizing agent in the

biological oxidation of an alcohol. Just the nicotinamide portion of NAD shown

takes part in the reaction. The enzyme that catalyzes this reaction is called alcohol

dehydrogenase (ADH).

H H

ADH enzyme
H,C—

C

O
+

~H

+ H^

ethanol NAD" acetaldehyde NADH

ATP: An Energy Source. When glucose is oxidized in the living cell, the energy

released is used to synthesize adenosine triphosphate (ATP), an anhydride of phos-

phoric acid. As with most anhydrides, hydrolysis of ATP is highly exothermic. The

hydrolysis products are adenosine diphosphate (ADP) and inorganic phosphate.

o o o
II II II

HO—P—O—P—O—P—O—CH,^o

O O"
H H
OH OH

adenosine triphosphate (ATP)

NH,

+ H,0

o o
II II

HO—P—O—P—O—CH.^O

Q-

H

AH'

OH OH

adenosine diphosphate (ADP)

7..^ kcal/mol (-31 kJ/mol)

NH,

phosphate
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The highly exothermic nature of ATP hydrolysis is largely explained by the

heats of hydration of the products. ADP is hydrated about as well as ATP, but inor-

ganic phosphate has a large heat of hydration. Hydrolysis also reduces the electro-

static repulsion of the three negatively charged phosphate groups in ATP. Hydrolysis

of adenosine triphosphate (ATP) liberates 7.3 kcal (31 kJ) of energy per mole of ATP.

This is the energy that muscle cells use to contract and all cells use to drive their en-

dothermic chemical processes.

Chapter 23

Glossary

aglycone A nonsugar residue bonded to the anomeric carbon of a glycoside (the acetal or ketal

form of a sugar). Aglycones are commonly bonded to the sugar through oxygen or nitrogen,

(p. 1080)

aldaric acid (glycaric acid, saccharic acid) A dicarboxylic acid formed by oxidation of

both end carbon atoms of a monosaccharide, (p. 1077)

alditol (sugar alcohol) A polyalcohol formed by reduction of the carbonyl group of a mono-

saccharide, (p. 1075)

aldonic acid (glyconic acid) A monocarboxylic acid formed by oxidation of the aldehyde

group of an aldose, (p. 1077)

aldose A monosaccharide containing an aldehyde carbonyl group, (p. 1061)

amino sugar A sugar (such as A^-acetylglucosamine ) in which a hydroxy] group is replaced

by an amino group, (p. 1 102)

anomeric carbon The hemiacetal or hemiketal carbon in the cyclic form of a sugar (the car-

bonyl carbon in the open-chain form). The anomeric carbon is easily identified because it is

the only carbon with two bonds to oxygen atoms, (p. 1072)

anomers Sugar stereoisomers that differ in configuration only at the anomeric carbon. Anomers

are classified as a or /3 depending on whether the anomeric hydroxyl group (or the aglycone

in a glycoside) is trans (a) or cis (/3) to the terminal —CH^OH. (p. 1071

)

carbohydrates (sugars) A class of polyhydroxy aldehydes and ketones, many of which have

formula C„(H20)„, from which they received the name "hydrates of carbon" or "carbohy-

drates." (p. 1061

)

cellulose A lineai' (3- 1
.4' polymer of D-glucopyranose. Cellulose forms the cell walls of plants

and is the major constituent of wood and cotton, (pp. 1062, 1099)

chitin A /3-l,4' polymer of A'-acetylglucosamine that lends strength and rigidity to the ex-

oskeletons of insects and crustaceans, (p. 1 102)

degradation A reaction that causes loss of a carbon atom. (p. 1084)

deoxyribonucleic acid (DNA) A biopolymer of deoxyribonucleotides that serves as a tem-

plate for the synthesis of ribonucleic acid. DNA is also the template for its own replication,

through uncoiling and the pairing and enzymatic linking of complementary bases, (p. 1 107)

deoxy sugar A sugar in which a hydroxyl group is replaced by a hydrogen. Deoxy sugars

are recognized by the presence of a methylene group or a methyl group, (p. 1 107)

dextrose The common dextrorotatory isomer of glucose, D-(-l- )-glucose. (p. 1098)

D series of sugars All sugars whose chiral carbon atom farthest from the carbonyl group has

the same configuration as the chiral carbon atom in D-( + )-glyceraldehyde. Most naturally

occurring sugars are members of the D series, (p. 1063)

disaccharide A carbohydrate whose hydrolysis gives two monosaccharide molecules. ( pp.

1061, 1094)

enediol rearrangement ( Lobry de Bruyn- Alberta van Ekenstein reaction) A base-catalyzed

tautomeiizalion that interconverts aldoses and ketoses with an enediol as an intermediate.

This enolization also epimerizes C2 and other carbon atoms, (p. 1074)

epimers Two diastereoineric sugars differing only in the configuration at a single chiral car-

bon atom. The epimeric carbon atom is usually specified, as in "C4 epimers." If no epimeric
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carbon is specified, it is assumed to be C2. The inlerconversion of epimers is called epimer-

ization. (pp. 1067. 1074)

erythro and threo Diastereomers having similar groups on the same side (erythro) or on op-

posite sides (threo) of the Fischer projection. This terminology was adapted from the names

of the aldotetroses eiythrose ami threose. (p. 1065)

H-

H-

CHO

-OH

-OH

Br-

Br-

COOH

H

H

HO-

H-

CHO

-H

-OH

H-

ci-

COOH

-OH

-H

CH,OH
D-erv'throse

CH;CH,

e/Trtro-Z.S-dibromopentanoic acid

CH,OH
D-threose

CH,

f/7/fo-3-chloro-2-butanol

furanose .'\ five-membered cyclic hemiacetal form of a sugar, (p. 1071

)

furanoside A five-membered cyclic glycoside. ( p. 1079)

glucoside A glycoside derived from glucose, (p. 1079)

glycoside A cyclic acetal form of a sugar. Glycosides are stable to base, and they are nonre-

ducing sugars. Glycosides are generally furanosides (five-membered) or pyrancsides (si.x-

membered), and they e.xist in anomeric a and /3 forms.
(
p. 1079)

glycosidic linkage A general term for an acetal bond from an anomeric carbon joining two

monosaccharide units, (p. 1094)

glucosidic linltage: A glycosidic linkage using an acetal bond from the anomeric carbon

of glucose.

galactosidic linkage: A glycosidic linkage using an acetal bond from galactose.

Havvorth projection A flat-ring representation of a cyclic sugar. The Haworth projection

does not show the axial and equatorial positions of a pyranose. but it does show the cis. trans

relationships, (p. 1068)

ketose A monosaccharide containing a ketone carbonyl group. (
p. 1061

)

Kiliani- Fischer synthesis A method for elongating an aldose at the aldehyde end. The al-

dose IS converted into two epimeric aldoses with an additional carbon atom. For example.

Kiliani -Fischer synthesis converts D-arabinose to a mixture of D-glucose and D-mannose.

(p. 1085)

L series of sugars All sugars whose chiral carbon atom farthest from the carbonyl group has

the same configuration as the chiral carbon atom in L-( — )-glyceraldehyde. Sugars of the L se-

ries are not common in nature, (p. 1063)

monosaccharide A caibohydrate that does not undergo hydrolysis of glycosidic bonds to give

smaller sugar molecules, (p. 1061)

mutarotation A spontaneous change in optical rotation that occurs when a pure anomer of

a sugar in its hemiacetal form equilibrates with the other anomer to give an equilibrium mix-

ture with an averaged value of the optical rotation, (p. 1072)

nucleoside An A'-glycoside of /3-D-ribofuranose or /3-D-deoxyribofuranose. where the agly-

cone is one of several derivatives of pyrimidine or purine, (p. 1 104)

nucleotide .'\
5 '-phosphate ester of a nucleoside, (p. 1104)

oligosaccharide .A carbohydrate whose hydrolysis gives more than two monosaccharide

units, but not as many as a polysaccharide (usually about two to ten units), (p. 1099)

osazone The product, containing two phenylhydrazone residues, that results from reaction

of a reducing sugar with phenylhydrazine. (p. 1083)

polysaccharide A carbohydrate whose hydrolysis gives many monosaccharide molecules,

(pp. 1061. 1099)

primary structure The primar_\ structure of a nucleic acid is the sequence of nucleotides

forming the polymer. This sequence detemiines the genetic characteristics of the nucleic acid,

(p. 1107)

pyranose A six-membered cyclic hemiacetal form of a sugar, (p. 1071)

pyranoside A six-membered cyclic glycoside, (p. 1079)
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rayon A commerical tlber made from regenerated cellulose, (p. 1 100)

reducing sugar Any sugar that gives a positive Tollens test. Both ketoses and aldoses (in their

hemiacetal forms) give positive Tollens tests, (p. 1078)

ribonucleic acid ( RNA ) A biopolymer of ribonucleotides that controls the synthesis of pro-

teins. The synthesis of RNA is generally controlled by and patterned after DNA in the cell,

(p. 1 103)

ribonucleotide The 5 '-phosphate ester of a ribonucleoside, a component of RNA based on

/3-D-ribofuranose and containing one of four heterocyclic bases as the aglycone. (p. 1 104)

Ruff degradation A method for shortening the chain of an aldose by one carbon atom by

treatment with bromine water followed by hydrogen peroxide and Fe2(S04)3. (p. 1084)

starches A class of a- 1,4' polymers of glucose used for carbohydrate storage in plants and

animals, (pp. 1062, 1100)

amylose: A linear a-1,4' polymer of D-glucopyranose used for carbohydrate storage in

plants.

amylopectin: A branched a-1,4' polymer of D-glucopyranose used for carbohydrate stor-

age in plants. Branching occurs at a- 1,6' glycosidic linkages.

glycogen: An extensively branched a-1,4' polymer of D-glucopyranose used for carbo-

hydrate storage in animals. Branching occurs at a- 1.6' glycosidic linkages,

sugar (saccharide) Any carbohydrate, regardless of structure, complexity, or taste. A sim-

ple sugar is a monosaccharide, (p. 1061

)

Tollens test A test for reducing sugars employing the same silver-ammonia complex used as

a test for aldehydes. A positive test gives a silver precipitate, often in the form of a silver mir-

ror. Tollens reagent is basic, and it promotes enediol rearrangements that interconvert ketoses

and aldoses. Therefore, both aldoses and ketoses give positive Tollens tests if they are in their

hemiacetal forms, in equilibrium with open-chain carbonyl structures, (p. 1078)

ESSENTIAL PROBLEM SOLVING SKILLS IN CHAPTER 23

1. Draw the Fischer projection of glucose and the chair conformation of the (3

anomer of glucose (all substituents equatorial) from memory.

2. Recognize the structures of other anomers and epimers of glucose, drawn as

either Fischer projections or chair structures, by noticing the differences from

the glucose structure.

3. Correctly name monosaccharides and disaccharides. and draw their structures

from their names.

4. Predict which carbohydrates mutarotate, which reduce Tollens reagent, and

which undergo epimerization and isomerization under basic conditions. (Those

with free hemiacetals will, but glycosides with full acetals will not.)

5. Predict the products of the following reactions of carbohydrates:

bromine in water NaOH and dimethyl sulfate

nitric acid acetic anhydride and pyridine

periodic acid phenylhydrazine

NaBH4 or H./Ni Ruff degradation

alcohols and Kiliani- Fischer synthesis

CH3I and Ag.O

6. Use the information gained from these reactions to determine the structure of

an unknown carbohydrate. Use the information gained from methylation and

from periodic acid cleavage to determine the ring size.

7. Draw the common types of glycosidic linkages, and recognize these linkages

in disaccharides and polysaccharides.

8. Recognize the structures of DNA and RNA, and draw the structures of a

ribonucleotide and a deoxyribonucleotide.
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Study Problems

23-52. Define each term and give an example.

23-53.

23-54.

23-55.

23-56.

23-57.

23-58.

23-59.

23-60.

(a)

(e)

(i)

(ni

(q)

(u)

aldose

glycoside

erythro and threo

Havvorth projection

ribonucleoside

reducing sugar

aldonic acid

sugar

furanose

polysaccharide

deoxyribonucleotide

(d)

(h)

(I)

<P)

(t)

aldaric acid

anomers

pyranose

disaccharide

osazone

(vv) glycosidic linkage

(b) ketose (c)

(f) aglycone (g)

(j) epimers (k)

(n) monosaccharide (o)

(r) ribonucleotide (s)

(v) amino sugar

Glucose is the most abundant monosaccharide. From memory, draw glucose in

(a) the Fischer projection of the open chain

(b) the most stable chair conformation of the most stable pyranose anomer

(c) the Haworth projection of the most stable pyranose anomer

Without referring to the chapter, draw the chair conformations of

(a) /3-D-mannopyranose (the C2 epimer of glucose)

(b) «-D-allopyranose (the C3 epimer of glucose)

(c) /3-D-galactopyranose (the C4 epimer of glucose)

(d) .V-acetylglucosamine. glucose with the C2 oxygen atom replaced by an acetylated amino group

Classify the following monosaccharides. {Examples: D-aldohexose, L-ketotetrose.)

(a) ( + )-glucose

(d) CHO
(b)

(e)

(-)

HO-

HO-

H-

HO-

-H

-H

-OH

-H

CHpH
)-aulose

arabinose

CH.OH

C=0

(c)

(f)

L-fructose

CHO

H-

H-

-OH

-OH

CH,OH
-)-nbulose

H-

HO-

-OH

H

CHpn
( + )-threose

Fructose is the ketose that results from the enediol rearrangement of glucose that shifts the carbonyl group to C2.

(a) Propose a mechanism for the enediol rearrangement that converts D-glucose to D-fructose.

(b) Draw the a and /3 anomers of D-fructofuranose. How can you tell which anomer is a and which is /3 regard-

less of the ring size?

The relative configurations of the stereoisomers of tartaric acid were established by the following synthesis.

1. D-( -t- )-glyceraldehyde » diastereomers A and B (separated).

2. Hydrolysis of A and B using aqueous Ba(OH); gave C and D. respectively.

3. HNO, oxidation of C and D gave (
- )-tartaric acid and 5o-tartaric acid, respectively.

(a) You know the absolute configuration of D-( + )-glyceraldehyde. Use Fischer projections to show the absolute

configurations of products A. B, C. and D.

(b) Show the absolute configurations of the three stereoisomers of tartaric acid: ( -I- )-tartaric acid, ( — )-tartaric

acid, and /;;f5o-tartaric acid.

Use Figure 23-3 (the D family of aldoses) to name the following aldoses.

(a) the C2 epimer of D-arabinose (b) the C3 epimer of D-mannose (c) the C3 epimer of D-threose

(d) the enantiomer of D-galactose (e) the C5 epimer of D-glucose

Draw the following sugar derivatives.

(a) methyl ^-D-glucopyranoside (b) 2.3.4.6-tetra-O-methyl-D-galactopyranose

(c) 1.3.6-tri-(9-methyl-D-fructofuranose (d) methyl 1,3.6-tri-O-methyl-a-D-fructofuranoside

Draw the structures (using chair conformations of pyranoses) of the following disaccharides.

(a) 4-0-(a-D-glucopyranosyl)-D-galactopyranose (b) a-D-fructofuranosyl-/3-D-mannopyranoside

(c) 6-0-(/3-D-galactopyranosyl)-D-glucopyranose
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23-61.

23-62.

23-63.

23-64.

23-65.

23-66.

23-67.

23-68.
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Gi\ e the complete systematic name for each structure.

OCH,

(a)

(c)

HOCH, o. PCH,

.H HO.

H

CH.OH
OH H

HOCH- CH;OH

.H HO,

CH,OHo
H' \
^^^

H0\ bu^-vA-O"

CH, o

' CH,oVi^-^\^OH
H „H H

"° CH.OHo

H fn
c=o

I

CH,

\\ hich ot the sugars mentioned m Problems 23-59. 23-60, and 23-61 are reducing sugars? Which ones would un-

dergo mutarotation?

Predict the products obtained when D-galactose reacts with each reagent.

(a)Br:andH:0 ( b) NaOH. H;0^ (c)CH.OH. H^ ^ (d) .AgfNH,); "OH
(e)H:.Ni (f) Ac;0 (g) excess CHjI. Ag;0 (hiNdBH.
(i) Br;.H;0. thenH;0;andFe;(S0j3 (j) HCN. then HjO". then Na(Hg) ( k) excess HIO4

Draw the structures of the products expected when the following carbohydrates are subjected to methylation fol-

lowed by acidic hydroh sis. In each case, suggest what reagent would be most appropriate for the methylation

step.

(a) D-fructose (b) ethyl a-D-glucopyranoside (c) sucrose (d) lactose (e) gentiobiose (f) chitin

(a) Which of the D-aldopentoses will gi\e optically active aldaric acids on oxidation with HNO3?
( b) Which of the D-aldotetroses will gi\e optically active aldaric acids on oxidation w ith HNO3 ?

(c) Sugar X is known to be a D-aldohexose. On oxidation with HNO,, X gives an optically inactive aldaric acid.

WTien X is degraded to an aldopentose. oxidation of the aldopentose gives an optically acti\ e aldaric acid.

Determine the structure of X.

(d) Even though sugar X gi\ es an optically inacti\ e aldaric acid, the pentose formed by degradation gi\ es an op-

tically active aldaric acid. Does this finding contradict the principle that opticalh inacti\e reagents cannot

form optically acti\'e products?

(e) Show w hat product results if the aldopentose formed from degradation ofX is further degraded to an aldotet-

rose. Does HNOj oxidize this aldotetrose to an optically active aldaric acid?

(a) Give the products expected w hen ( -r )-glyceraldehyde reacts w ith HCX.
(b) What is the relationship betw een the products? How might the) be separated?

(c) Are the products optically active? Explain.

When fructose reacts with Tollens reagent, the major products are the carboxylate ions of mannonic acid and glu-

conic acid.

(a) Give a mechanism to show how fructose isomerizes to a mixture of glucose and mannose in the presence of

Tollens reagent.

(b) Explain why bromine water is a better reagent than Tollens reagent for the oxidation of aldoses to aldonic

acids.

When the gum of the shrub Sterculia setigera is subjected to acidic hydrolysis, one of the w ater-soluble compo-

nents of the hydrolysate is found to be tagatose. The following information is known about tagatose.

1. Molecular formula Cf,H]206

2. Undergoes mutarotation

3. Does not react w ith bromine w ater

4. Reduces Tollens reagent to give D-galactonic acid and D-talonic acid

5. Methyladon of tagatose (using CH J and AgjO) followed by acidic hydrolysis gives 1.3.4.5-tetra-(9-methylta-

gatose

(a) Draw a Fischer projection structure for the open-chain form of tagatose.

(b) Draw the most stable conformation of the most stable cyclic hemiacetal form of tagatose.
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23-69. After a series of Kiliani-Fischer syntheses on ( + )-glyceraldehyde. an unknown sugar is isolated from the reac-

tion mixture. The following experimental information is obtained.

1. Molecular formula QH,;©;,

2. Undergoes mutarotation

3. Reacts with bromine water to give an aldonic acid

4. Reacts w ith phenylhydrazine to gi\e an osazone, mp 178°C

5. Reacts with HNO, to give an optically acti\e aldaric acid

6. Ruff degradation followed by HNO, oxidation gives an optically inactive aldaric acid

7. Two Ruff degradations followed by HNO, oxidation give meso-ldnanc acid

8. Methylation (using CH J and .A.g;0) followed by acidic hydrolysis gives a 2.3.4.6-tetra-O-methylated deriva-

tive

(a) Draw a Fischer projection structure for the open-chain form of this unknown sugar. Use Figure 23-3 to name

the sugar.

(b) Draw the most stable conformation of the most stable cyclic hemiacetal form of this sugar, and give the struc-

ture a complete systematic name.

23-70. An unknow n reducing disaccharide is found to be unaffected by invertase enzymes. Treatment with an a-galac-

tosidase clea\es the disaccharide to give one molecule of D-fructose and one molecule of D-galactose. When the

disaccharide is treated with iodomethane and silver oxide and then hydrolyzed in dilute acid, the products are

2.3.4.6-tetra-0-meth\ Igalactose and 1 .3.4-tri-(9-methylfructose. Propose a structure for this disaccharide. and

give its complete systematic name.

23-71. Draw the structures of the following nucleotides.

(a) guanosine triphosphate (GTP) (b) deoxycytidine monophosphate (dCMP)

(c) cyclic guanosine monophosphate (cGMP)

23-72. Draw the structure of a four-residue segment of DNA w ith the follow ing sequence.

(3' end) G-T-A-C (5 'end)

23-73. Erw in Chargaff "s disco\ en' that DN.A contains equimolar amounts of guanine and cytosine and also equimolar

amounts of adenine and thy mine has come to be known as Chargaff 's rule.

G = C and A = T
(a) Does Chargaff "s nile implv that equal amounts of guanine and adenine are present in DNA'^ That is. does

G = A?
^

(b) Does Chargaff "s rule imph that the sum of the purine residues equals the sum of the pyiimidine residues?

That is, does A + G = C ^ T^*

(c) Does Chargaff "s rule apply only to double-stranded DNA. or would it also apply to each individual strand if

the double helical strand were separated into its tv\ o complementar\' strands?

23-74. Retroviruses like HI\'. the pathogen responsible for AIDS, incorporate an RNA template that is copied into DNA
during infection. The reverse transcriptase enzyme that copies RNA into DNA is relati\ely nonselectiv e and

error-prone, leading to a high mutation rate. Its lack of selectiv ity is exploited by the anti-HIV drug AZJ
(3'-azido-2'.3'-dideoxythymidine). which becomes phosphorylated and is incorporated by reverse transcriptase

into DNA. where it acts as a chain terminator. Mammalian DNA polymerases are more selective, hav ing a low

affinity for AZT. so its toxicity is relatively low.

Draw the structures ofAZT and natural deoxythymidine. Draw the structure of AZT 5 '-triphosphate, the

derivative that inhibits reverse transcriptase.

*23-75. Exposure to nitrous acid (see Section 19-17). sometimes found in cells, can convert cytosine to uracil.

(a) Propose a mechanism for this conversion.

(b) Explain how^ this conversion would be mutagenic upon replication.

(c) DN.A generally includes thymine, rather than uracil (found in RNA). Explain how the use of thymine rather

than uracil facihtates repairs of nitrous acid-induced mutations.
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Amino Acids,

Peptides, and

Proteins

24-1 Proteins are the most abundant organic molecules in animals, playing important roles

Introduction
aspects of cell structure and function. Proteins are biopolymers of a-amino

acids, so named because the amino group is bonded to the a-carbon atom, next to

the carbonyl group. The physical and chemical properties of a protein are determined

by its constituent amino acids. The individual amino acid subunits are joined by

amide linkages called peptide bonds. Figure 24-1 shows the general structure of an

a-amino acid and a protein.

Proteins have an amazing range of structural and catalytic properties as a re-

sult of their varying amino acid composition. Because of this versatility, proteins

serve an astonishing variety of functions in living organisms. Some of the functions

of the major classes of proteins are outlined in Table 24- 1

.

TABLE 24-1 Examples of Protein Functions

Class of Protein Example Function of Example

structural proteins collagen, keratin tendons, skin, hair, nails

enzymes DNA polymerase replicate and repair DNA
transport proteins hemoglobin transport O2 to the cells

contractile proteins actin, myosin cause contraction of muscles

protective proteins antibodies complex with foreign proteins

hormones insulin regulate glucose metabolism

toxins snake venoms incapacitate prey

The study of proteins is one of the major branches of biochemistry, and there

is no clear division between the organic chemistry of proteins and their biochem-

istry. In this chapter, we begin the study of proteins by learning about their con-

stituents, the amino acids. We also discuss how amino acid monomers are linked

into the protein polymer, and how the properties of a protein depend on those of its

constituent amino acids. These essentials are needed for the further study of protein

structure and function in a biochemistry course.

I 118
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a -carbon atom O

HA— CH—C— OH

a-amino group R side chain

an a-amino acid

peptide bonds

O O

NH— CH— C— NH— CH— C—

I

CH; CH~OH H CH.SH CHiCH.i.

a short section of a protein

0 0 0 0 0

HA—CH— C— OH HA — CH— C-OH HA— CH— C— OH H;.\— CH— C — OH HA — CH— C— OH

CH. CH.OH H CH.SH CHiCH,).

alanine serine glycine cysteine valine

individual amino acids

Figure 24-

1

Structure of a general protein and its constituent amino acids. The amino acids are joined

by amide linkages called peptide bonds.

The term amino acid might mean an\ molecule containing both an amino group 24-2
and anv t\ pe of acid 2roup: however, the term is almost ahvavs used to refer to >. nr\r\

' .

' , . .
, , ., ... .' jiij ji.ru CLU re diiQ

an Q-ammo carboxyhc acid. The simplest Q-amino acid is aminoacetic acid, called

glycine. Other common amino acids have side chains is\mholized by Ri substi- jtereOCiiemiStry OT

tuted on the a-carbon atom. For example, alanine is the amino acid w ith a methyl the Ck'-Amino Acids
side chain.

0 0 0

HA— CH,— C—OH HA—CH— C—OH HA—CH— C—OH

R CH,
glycine a substituted amino acid alanine i R = CH i

Except for glycine, the a-amino acids are all chiral. Nearly all the naturally

occurring amino acids are found to ha\ e the IS) configuration at the a-carbon atom.

Figure 24-2 shows the iS) enantiomer of alanine arranged in the Fischer projection,

with the carbon chain along the vertical and the most highly oxidized carbon at the

top. Notice that ( Shalanine has a configuration similar to that of L-( — )-gK ceralde-

hyde. with the amino group on the left in the Fischer projection. Because their stere-

ochemistrv is similar to that of L-( — )-glyceraldehyde. the naturally occurring

^S)-amino acids are classified as L-amino acids.

Although D-amino acids are occasionally found in nature, we usually as-

sume the amino acids under discussion are the common L-amino acids. Remember
once asain that the D and L nomenclature, like the R and S desianation. sives the
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Figure 24-2

Almost ail the naturally occur-

ring amino acids have the (5)

configuration, with stereo-

chemistry resembling that of

L-{ - )-glyceraldehyde. They

are therefore called L-amino

acids.

H2N

COOH

Co,

V CH3
H

COOH

H

CH3

(S)-alanine

(L-alanine)

HO^ V CH2OH

CHO

H

CHO

HO H

CHoOH
L-(-)-glyceraldehyde

H2N-

H2N

COOH

V R
H

COOH

-H

R

an L-amino acid

(5)-configuration

configuration of the chiral carbon atom. It does not imply the sign of the optical ro-

tation, ( + ) or ( - ). which must be determined by experiment.

Amino acids combine many of the properties and reactions of both amines and

carboxyiic acids. The combination of a basic amino group and an acidic carboxyl

group in the same molecule also results in some unique properties and reactions.

The side chains of some amino acids also have functional groups that lend interest-

ing properties and undergo reactions of their own.

24-2A The Standard Amino Acids of Proteins

There are 20 a-amino acids, called the standard amino acids, that are found in

nearly all proteins. The standard amino acids differ from each other in the structure

of the side chains bonded to their a-carbon atoms. All the standard amino acids are

l-amino acids. Table 24-2 shows the 20 standard amino acids, grouped according to

the chemical properties of their side chains. Each amino acid is given a three-letter

abbreviation and a one-letter symbol f
green

J for use in writing protein structures.

Notice in Table 24-2 that proline is different from the other standard amino

acids because its amino group is fixed in a ring with its a-carbon atom. This cyclic

structure lends additional strength and rigidity to proline-containing peptides.

1\ ^ ft carbon

jj ^ a-amino group

PROBLEM 24-1

Draw three-dimensional representations of the following amino acids.

(a) L-phenylalanine (b) L-arginine (c) D-serine (d) L-tryptophan

proline

24-2B Essential Amino Acids

Human beings can synthesize about half of the amino acids needed to make protein.

Other amino acids, called the essential amino acids, must be provided in the diet.

The ten essential amino acids, staired {*) in Table 24-2. are the following:

arginine (Arg) valine (Val) methionine (Met) leucine (Leu)

threonine (Thr) phenylalanine (Phe) histidine ( His) isoleucine (He)

lysine (Lys) tryptophan (Trp)
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TABLE 24-2 The Standard Amino Acids

Name S^n'hn' Abbreviation Structure

Functional Group

in Side Chain

Isoelectric

Point

side chain is H or aik_\ 1 (nonpolar)

dycine

alanine

^valine

leucine

isoleucine

Gly

Ala

Val

Leu

lie

HA-—CH—COOH

H

H,N—CH—COOH

H,N—CH—COOH
---4-

CH, CH,

H,N—CH—COOH
" 4

CH,—CH— CH,

^ CH,

H,N—CH—COOH

CH3—CH—CHXH,

^^phen\lalanine F Phe H.N—CH—COOH

CH,

proline Pro HN—CH—COOHV V
H,C,. ^CH-,

side chain contains an —OH
serine S Ser H,N-—CH— COOH

\ -

CH,—OH
;

*threonine T Thr H,N-—CH—COOH
-4

HO-—CH—CH3

tyrosine Y T\T H-N-—CH—COOH

-OH

side chain contains sulfur

cysteine C Cys H,N--CH—COOH
4
CH,— SH

''methionine M Met H,X--CH—COOH
4
CH,—CH,—

S

—CH,

alkyl group

alk;\ l group

alk) 1 group

alkyl group

aromatic group

thiol

sulfide

6.0

6.0

6.0

6.0

6.0

5.5

riaid cyclic structure 6.3

hydroxy 1 group 5.7

hydroxyl group 5.6

phenolic—OH group 5.7

5.0

5.7

(continued)
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TABLE 24-2 (continued)

Name Sviiihi'l Abbreviation

side chain contains nonbasic nitrogen

asparagine N Asn

glutamine Q Gin

tryptophan \V Trp

side chain is acidic

aspartic acid D Asp

glutamic acid E Glu

side chain is basic

*lysine K Lys

*arginine R Arg

histidine H His

Structure

H,N—CH—COOH
" J

,CH,—C—NHj

O

H,N—CH—COOH
" J

CH,—CH.—C—NH,
.

II

O

H,N—CH—COOH

H,N—CH—COOH

CH,—COOH

H,N—CH—COOH
" J

1

CH,—CHj—COOH

H,N—CH—COOH
" 4

I

CH,—CHo—CH,—CH,—NH,

H,N—CH—COOH

H,N—CH—COOH

Functional Group Isoelectric

in Side Chain Point

amide 5.4

amide 5.7

indole 5.9

carboxylic acid 2.8

carboxylic acid 3.2

amino group 9.7

guanidino group 10.8

imidazole ring 7.6

CH,—CH,—CH,—NH—C—NH.
II

NH

Proteins that provide all the essential amino acids in about the right proportions

for human nutrition are called complete proteins. Examples of complete proteins are

those in meat, fish, milk, and eggs. About 50 g of complete protein per day is ade-

quate for adult humans.

Proteins that are severely deficient in one or more of the essential amino acids

are called incomplete proteins. If the protein in a person's diet comes mostly from

one incoinplete source, the amount of human protein that can be synthesized is lim-

ited by the amounts of the deficient amino acids. Plant proteins are generally
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incomplete. Rice, com, and wheat are all deficient in lysine. Rice also lacks threo-

nine, and com also lacks tryptophan. Beans, peas, and other legumes have the most

complete proteins among the common plants, but they are deficient in methionine.

Vegetarians can achieve an adequate intake of the essential amino acids if they

eat many different plant foods. Plant proteins can be chosen to be complementary,

with some foods supplying amino acids that others lack. An alternative is to supple-

ment the vegetarian diet with a rich source of complete protein such as milk or eggs.

PROBLEM 24-2

The herbicide glyphosaie ( Roundup®) kills plants by inhibiting an enzyme needed for syn-

thesis of phenylalanine. Deprived of phenylalanine, the plant cannot make the proteins it

needs, and it gradually weakens and dies. Although a small amount of giyphosate is dead-

ly to a plant, its human toxicity is quite low. Suggest why this powerful herbicide has little

effect on humans.

24-2C Rare and Unusual Amino Acids

In addition to the standard amino acids, other amino acids are found in protein in

smaller quantities. For example, 4-hydroxyproline and 5-hydroxylysine are hydrox-

ylated versions of standard amino acids. These are called rare amino acids, even

though they are commonly found in collagen.

H.N—CH.—CH—CH.—CH.—CH—COOH

OH NH,

5-hydroxylysine

A.COOH

H
4-hydroxyproline

Some of the less common D enantiomers of amino acids are also found in

nature. For example, D-glutamic acid is found in the cell walls of many bacteria,

and D-serine is found in earthworms. Some naturally occuiring amino acids are not

a-amino acids: y-aminobutyric acid (GABA) is one of the neurotransmitters in the

brain, and /3-alanine is a constituent of the vitamin pantothenic acid.

H-

COOH

-NH, H-

CHXH.COOH
D-glutamic acid

COOH

NH.

CH.OH
D-serine

CH —CH —CH —COOH CH—CH —COOH

NH. NH,
y-aminobutyric acid /3-alanine

Although we commonly write amino acids with an intact carboxyl (—COOH) group 24-3
and amino (—NH2) group, their actual structure is ionic and depends on the pH.

Acid-Base
The carboxyl group loses a proton, giving a carboxylate ion, and the amino group is _
protonated to an ammonium ion. This structure is called a dipolar ion or a zwit- r TOpertieS OT

terion (German for "dipolar ion"). AminO Acids

O O

H,N—CH—C—OH ^ H,N—CH— C—

O

I I

R R
uncharged structure dipolar ion or zwitterion

(niinor compoiicni) (maiui componont)
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The dipolar nature of amino acids gives them some unusual properties:

1. Amino acids have high melting points, generally over 2()0°C.

H.N—CH.—COO"
glycine, mp 262°C

2. Amino acids are more soluble in water than they are in ether, dichloromethane,

and other common organic solvents.

3. Amino acids have much larger dipole moments (/x) than simple amines or

simple acids.

H3N—CH:—COO" CH,—CH.—CH.—NH, CH,—CH.—COOH
glycine, ^t = 14 D propylamine, 11= 1.4 D propionic acid, fi = 1.7 D

4. Amino acids are less acidic than most carboxylic acids and less basic than

most amines. In fact, the acidic part of the amino acid molecule is the —NH3
group, not a —COOH group. The basic part is the —COO group, and not a

free —NHj group.

R

R—COOH R—NH. H,N—CH—COO
pA'., = .'S pAj., = 4 pA',, = 1(J

Because amino acids contain both acidic (—NH3 ) and basic (—COO )

groups, they are amphoteric (having both acidic and basic properties). The predom-

inant form of the amino acid depends on the pH of the solution. In an acidic solu-

tion, the —COO group is protonated to a free —COOH group, and the molecule

has an overall positive charge. As the pH is raised, the —COOH loses its proton at

about pH 2. This point is called pA'a, , the first acid-dissociation constant. As the pH
is raised further, the —NH3 group loses its proton at about pH 9 or 10. This point

is called pK^2^ the second acid-dissociation constant. Above this pH, the molecule

has an overall negative charge.

+ OH + OH
H,N—CH—COOH c H,N—CH—COO- c H,N—CH—COO^'1 H+ '

I

H+ -

I

R R R
cationic in acid pA'^, = 2 neutral pA'^, = 9-10 anionic in base

Figure 24-3 shows a titration curve for glycine. The curve starts at the bottom

left, where glycine is entirely in its cationic form. Base is slowly added, and the pH
is recorded. At pH 2.3, half of the cationic form has been converted to the zwit-

terionic form. At pH 6.0, essentially all the glycine is in the zwitterionic form. At

pH 9.6, half of the zwitterionic form has been converted to the basic form. From this

graph, we can see that glycine is mostly in the cationic form at pH values below 2.3,

mostly in the anionic form at pH values above 9.6, and mostly in the zwitterionic

form at pH values between 2.3 and 9.6. By varying the pH of the solution, we can

control the charge on the molecule. This ability to control the charge of an amino

acid is useful for separating and identifying amino acids by electrophoresis, as de-

scribed in the next section.
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0.5 1 1 .5

PH

0.3 1 1.5 2

Equivalents of OH added

O

H,N— CHt— C— O"

anionic above pH 9.6

O
II

H,N— CH.— C— O"

zwitterionic near the

isoelectric point

O

H3N — CH,— C— OH

calionic below pH 2.3

M Figure 24-3

A titration curve for glycine.

The pH controls the charge on

glycine: cationic below pH 2.3;

anionic above pH 9.6; and zwit-

terionic between pH 2.3 and

9.6. The isoelectric pH is 6.0.

An amino acid bears a positive charge in acidic solution (low pH) and a negative

charge in basic solution (high pH ). There must be an intermediate pH where the

amino acid is evenly balanced between the two forms, as the dipolar zwitterion

with a net charge of zero. This pH is called the isoelectric pH or the isoelectric

point.

24-4

Isoelectric Points

and Electrophoresis

H,N—CH—coo

R
high pH

(anionic in base)

OH
H3N—CH—COO

R
isoelectric pH

(neutral)

"OH
H,N CH—COOH

R
low pH

(cationic in acid)

The isoelectric points of the standard amino acids are given in Table 24-2. No-

tice that the isoelectric pH depends on the amino acid structure in a predictable way.

acidic amino acids:

neutral atnino acids:

basic amino acids:

aspartic acid (2.8). glutamic acid (3.2)

(5.0 to 6.3)

lysine (9.7). arginine (10.8). histidine (7.6)

Aspartic acid and glutamic acid have side chains containing acidic carboxyl

groups. These amino acids have acidic isoelectric points around pH 3. An acidic so-

lution is needed to prevent deprotonation of the second carboxylic acid group and

keep the atnino acid in its neutral isoelectric state.

Basic ainino acids (histidine. lysine, and arginine) have isoelectric points at

pH values of 7.6, 9.7, and 10.8, respectively. These values reflect the weak basicity

of the itnidazole ring, the intermediate basicity of an arnino group, and the strong

basicity of the guanidino group. A basic solution is needed in each case to prevent

protonation of the basic side chain to keep the amino acid at its isoelectric point.
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PROBLEM-SOLVING HINT

At its isoelectric point (lEP), an

annino acid has a net charge of

zero, with NH3 and COO
balancing each other. In more
acidic solution (lower pH),the

carboxyl group becomes proto-

nated and the net charge is posi-

tive. In more basic solution

(higher pH),the amino group

loses its proton and the net

charge is negative.

The other amino acids are considered neutral, with no strongly acidic or basic

side chains. Their isoelectric points are slightly acidic (from about 5 to 6) because

the — NHt group is slightly more acidic than the —COO group is basic.

PROBLEM 24-3

Draw the structure of the predominant form of

(a) valine at pH 1 1 (b) proline at pH 2

(c) arginine at pH 7 (d) glutamic acid at pH 7

(e) a mixture of alanine, lysine, and aspartic acid at (
i ) pH 6; ( ii) pH 11; (iii) pH 2

PROBLEM 24-4

Draw the resonance forms of a protonated guanidino group, and explain why arginine has

such a strongly basic isoelectric point.

PROBLEM 24-5

Although tryptophan contains a heterocyclic amine, it is considered a neutral amino acid.

Explain why the indole nitrogen of tryptophan is more weakly basic than one of the imi-

dazole nitrogens of histidine.

Differences in isoelectric points can be used to separate mixtures of amino

acids by electrophoresis. A streak of the amino acid mixture is placed in the center

of a layer of acrylamide gel or a piece of filter paper wet with a buffer solution. Two
electrodes are placed in contact with the edges of the gel or paper, and a potential of

several thousand volts is applied across the electrodes. Positively charged (cationic)

amino acids are attracted to the negative electrode (the cathode), and negatively

charged (anionic) amino acids are attracted to the positive electrode (the anode). An
amino acid at its isoelectric point has no net charge, and it does not move.

As an example, consider a mixture of alanine, lysine, and aspartic acid in a buffer

at pH 6. Alanine is at its isoelectric point, in its dipolar zwitterionic form with a net charge

of zero. A pH of 6 is more acidic than the isoelectric pH for lysine (9.7), so lysine is in

the cationic form. Aspartic acid has an isoelectric pH of 2.8, so it is in the anionic form.

Structure at pH 6
'

H3N—CH—COO- H,N—CH—COO- H^N—CH—COO"

CH, (CH,)^— NH^ CH,—COO-
alanine (charge 0) lysine (charge -1-1) aspartic acid (charge - 1)

When a voltage is applied to a mixture of alanine, lysine, and aspartic acid at

pH 6, alanine does not move. Lysine moves toward the cathode, and aspartic acid

moves toward the anode (Fig. 24-4). After a period of time, the separated amino

acids are recovered by cutting the paper or scraping the bands out of the gel. If elec-

trophoresis is being used as an analytical technique (to determine the amino acids pres-

ent in the mixture), the paper or gel is treated with a reagent such as ninhydrin

(Section 24-9) to make the bands visible. The amino acids are then identified by

comparing their positions with those of standards.

PROBLEM 24.6

Draw the electrophoretic separation of Ala, Lys, and Asp at pH 9.7.

PROBLEM 24-7

Draw the electrophoretic separation of Trp, Cys, and His at pH 6.0.
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power

supply

Bcginiiiii}^ cathode anode
+

wet with pH 6 buffer solution

streak containing Ala. Lys. Asp

power

supply

End cathode anode

Asp moves toward the positive charge

Ala does not move
Lys"*" moves toward the negative charge

4 Figure 24-4

A simplified picture of the

electrophoretic separation of

alanine, lysine, and aspartic

acid at pH 6. Cationic lysine is

attracted to the cathode;

anionic aspartic acid is

attracted to the anode. Alanine

is at its isoelectric point, so it

does not move.

Naturally occurring amino acids can be obtained by hydrolysis of protein and sepa- 24-5
ration of the amino acid mixture. Even so, it is often less expensive to synthesize

the pure amino acid. In some cases an unusual amino acid or an unnatural enan-

tiomer is needed, and it must be synthesized. In this chapter we consider four meth-

ods for making amino acids. All these methods are extensions of reactions we have

already studied.

Synthesis of

Amino Acids

24-5A Reductive Amination

Reductive amination of ketones and aldehydes is one of the best methods for syn-

thesizing amines (Section 19-19). It also forms amino acids. When an a-ketoacid is

treated with aminonia. the ketone reacts to form an imine. The imine is reduced to

an atnine by hydrogen and a palladium catalyst. Under these conditions, the car-

boxylic acid is not reduced.

O N— H NH.
II excess Nil II ! 1 I

R—C—COOH —^ R—C—coo- —^ R—CH—COO"
•* Pd

a-ketoacid imine a-amino acid

This entire synthesis is accomplished in one step by treating the a-ketoacid

with amtnonia and hydrogen in the presence of a palladium catalyst. The product is

a racemic a-amino acid. The following reaction shows the synthesis of racemic

phenylalanine from 3-phenyl-2-oxopi"opanoic acid.

O NH2
II NH,. H, I

Ph—CH,—C—COOH Ph—CH,—CH—COO +NH,
Pd - •*

3-phenyl-2-oxopropanoic acid (D.D-phenylalanine (ammonium salt!

(30%)
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Reductive amination resembles the biological synthesis of amino acids. We
can call it a biomimetic ("mimicking the biological process") synthesis. The biosyn-

thesis begins with reductive amination of a-ketoglutaric acid (an intermediate in the

metabolism of carbohydrates), using ammonium ion as the aminating agent and

NADH as the reducing agent. The product of this enzyme-catalyzed reaction is the

pure L enantiomer of glutamic acid.

O
II

HOOC—CH,CH,—C—COO + 'NH, +

«-keto2lutaric acid

H H
O

C— NH,
enzyme I

> HOOC—CH,CH,—Cll—COO +

L-glutamic acid

NADH NAD^

Biosynthesis of other amino acids uses L-glutamic acid as the source of the

amino group. Such a reaction, moving an amino group from one molecule to anoth-

er, is called a transamination, and the enzymes that catalyze these reactions are

called transaminases. For example, the following reaction shows the biosynthesis

of aspartic acid using glutamic acid as the nitrogen source. Once again, the enzyme-

catalyzed biosynthesis gives the pure l enantiomer of the product.

HOOC -COO

+NH3

CH.CH,—CH-
L-glutamic acid

+

O

HOOC—CH.—C—COO-
oxaloacetic acid

transaminase

O
II

HOOC—CH.CH.—C—COO-
a-ketoglutaric acid

-f

+NH3

HOOC—CH.—CH—COO-
L-aspartic acid

PROBLEM 24-8

Show how the following amino acids might be formed in the laboratory by reductive ami-

nation of the appropriate a-ketoacid.

(a) alanine (b) leucine (c) serine (d) glutamine

24-5B Amination of an a-Halo Acid

The Hell-Volhard-Zelinsky reaction, discussed in Section 22-4, is an effective

method for introducing bromine at the a position of a carboxylic acid. The a-bromo

acid is converted to a racemic a-amino acid by direct amination using a large excess

of ammonia.

O Br O NH, O
II (1) Br,/PBr, I II

" NH, I II

R—CH.—C—OH „- —^ R—CH—C—OH 7^ R—CH—C—O" +NR
(2) H,0 (large excess)

carboxylic acid " a-bromo acid (D.D-a-amino acid

(ammonium salt)

In Section 19-22 we saw that direct amination is often a poor synthesis of

amines, giving large amounts of overalkylated products. In this case, however, the re-

action gives acceptable yields because a large excess of ammonia is used, making am-

monia the nucleophile most likely to displace bromine. Also, the adjacent carboxylate

ion in the product reduces the nucleophilicity of the amino group. The following se-
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quence shows bromination of 3-phen\ Ipropanoic acid, follow ed by displacement of

bromide ion. to form the ammonium sah of racemic phenylalanine.

Br NH
(1) BrTPBr, excess NH- !

Ph—CH,—CH-—COOH = Ph—CH.—CH—COOH > ph—CH-—CH—COO "NH

3-phenylpropanoic acid - iD.Li-pnenylalamne (salt)

(30-50rt)

PROBLEM 24-9

Shou how \ou w ould use bromination followed by amination to synthesize the following

amino acids.

(a) glycine (b) leucine (c) valine (d) glutamic acid

24-5C The Gabriel-Malonic Ester Synthesis

One of the best methods of amino acid synthesis is a combination of the Gabriel

synthesis of amines (Section 19-24) with the malonic ester synthesis of carboxylic

acids (Section 22-16). The conventional malonic ester synthesis involves alkvlation

of diethyl malonate. followed by hydrolysis and decarboxylation to gi\ e an allev -

iated acetic acid. In the Gabriel -malonic ester synthesis, the starting material is

.V-phthalimidomalonic ester. We can think of .V-phthalimidomalonic ester as a mol-

ecule of glycine (aminoacetic acid), with the amino group protected as an amide (a

phthalimide in this case) to keep it from acting as a nucleophile. The acid is pro-

tected as an ethyl ester, and the a position is further activated by the additional (tem-

porarv ) ester group of diethyl malonate.

O
COOEt

O

N—CH

O
COOEt

iV-phthalimidomalonic ester

temporary ester group

COOEt

o

N—C—C—O— Et

H

shcine

protected acid

protected amine

Just as the malonic ester synthesis gives substituted acetic acids, the .V-ph-

thalimidomalonic ester s\ nthesis gives substimted aminoacetic acids; a-amino acids.

A'-Phthalimidomalonic ester is alky lated in the same way as malonic ester. When the

alkv lated .V-phthalimidomalonic ester is hydrolyzed. the phthalimido group is hy-

drolyzed along with the ester groups. The product is an alkv lated aminomalonic acid.

Decarboxvlation si\ es a racemic a-amino acid.

TJie Gabriel-malonic ester synthesis

tempwrarv ester group

COOEt

N—CH
(1) base

(2) R— -X

O
COOE:

A -phthalimidomalonic ester

H-0-
COOH

H;N—C—

R

COOH

hydrolvzed

heat

CO-

H

H^—C— R

COOH

acid
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The Gabriel -malonic ester synthesis is used to synthesize many amino
acids that cannot be formed by direct amination of haloacids. The following ex-

ample shows the synthesis of methionine, which is formed in very poor yield by

direct amination.

O

N-

O

COOEt

-CH

COOEt

O

(1) NaOEt

(2) CI— C IIXH^SCH,

O

COOEt

N—C— t HX"H,SCH

COOEt

H3O+

heat

H
. I

H3N—C—CH,CH.SCH,

COOH
(D, L)-methionine

(50%)

PROBLEM 24-10

Show how the Gabriel -malonic ester synthesis could be used to make

(a) valine (b) phenylalanine (c) glutamic acid (d) leucine

*PROBLEM 24-1 I

The Gabriel -malonic ester synthesis uses an aminomalonic ester with the amino group

protected as a phthalimide. A variation has the amino group protected as an acetami-

do group. Propose how you might use an acetamidomalonic ester synthesis to make
phenylalanine.

O

COOEt

O

CH,—C—N—C—C—O— Et

H H
acetamidomalonic ester

o

acetaldehyde

24-5D The Strecker Synthesis

The first known synthesis of an amino acid occurred in 1 850 in the laboratory of

Adolph Strecker in Tubingen. Germany. Strecker added acetaldehyde to an aqueous

solution of ammonia and HCN. The product was a-amino propionitrile, which Streck-

er hydrolyzed to racemic alanine.

The Strecker synthesis ofalanine

CH,—C—H + NH, + HCN
H.O

NH.

CH3—C—

H

C^N
a-amino propionitrile

^NH,

CH, H

COOH
(D,L)-alanine

(60%)

The Strecker synthesis can form a large number of amino acids from appro-

priate aldehydes. The mechanism is shown below. First, the aldehyde reacts with

ammonia to give an imine. The imine is a nitrogen analogue of a carbonyl group, and

it is electrophilic when protonated. Attack of cyanide ion on the protonated imine

gives the a-amino nitrile. This mechanism is similar to that for formation of a

cyanohydrin, except that in the Strecker synthesis cyanide ion attacks an imine rather

than the aldehyde itself.
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Step I: Formation ofthe inline (mechanism in Section 18-16)

O' N—

H

R—C—H + NUj
aldehvde

R— C—H + H.O
inline

Step 2: Attack by cyanide

HAn
,

U
R—C— H ^ R—C—

H

CN

NH.

R— C—

H

CN
a-amino nitrile

In a separate step, hydrolysis of the a-amino nitrile (Section 21-7D) gives an

a-amino acid.

R

H,N—CH— C=N
a-amino nitrile

R

H3N—CH—COOH
Q-amino acid (acidic form)

SOLVED PROBLEM 24-1

Show how you would use a Strecker synthesis to make isoleucine.

SOLUTION
Isoleucme has a 5fc -butyl group for its side chain. Remember that CH,—CHO undergoes Strecker synthesis to give alanine,

with CH, as the side chain. Therefore, .u'c-butvl—CHO should aive He.

CH3 O

CHjCHXH— C—

H

iec-butyl—CHO
(2-methylbutanal)

NH.. HCN

H,0

CH3 NH,

CH3CHXH—C—

H

C^N

CH3 NH,

CH,CHXH—C—

H

COOH
(D.D-isoleucine

PROBLEM 24-12

(a) Show how a Strecker synthesis would be used to make phen\ lalanine.

(b) Propose a mechanism for each step in the synthesis in part (a).

PROBLEM 24-13

Show how you would use a Strecker synthesis to make

(a) leucine (b) 2lvcine (c) valine

PROBLEM-SOLVING HINT
In the malonic ester synthesis,

use the side chain of the desired

amino acid (must be a good 5^2
substrate) to alkylate the ester

In the Strecker synthesis, the

aldehyde carbon becomes the

Q carbon of the amino acid:

Begin with [side chain]—CHO.

SUMMARY: Syntheses of Amino Acids (Section 24-5)

1. Reductive amination

0 N—H NH.
1 excess NH, II H, I

R—C—COOH ^ R—C—COO- NH^ —'-^ R—CH—COO
^ Pd

a-ketoacid imine a-amino acid
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2. Amination ofan a-haloacid

O

R—CH-,—C—OH

carboxylic acid

(1) Br^/PBr,

(2) H.O

Br O
I II

R—CH—C—OH
a-bromo acid

(large excess)

NH, O

:—CH—C—O- NH,

(D,L)-ar-amino salt

(ammoniuin salt)

3. The Gabriel -malonic ester synthesis

temporar\ ester group
\

o
COOEt

N—CH

COOEt
O

A'-phthalimidomalonic ester

o

(1) base

(2) R—

X

COOEt

N—C—

R

I

COOEt

heat

o
alkylated

COOH
I

+ I

H3N—C—

R

COOH
hydrolyzed

heat

4. 77;f Strecker synthesis

o

R—C—H + NH, +

aldehyde

HCN
H,0 I

-

R— C—

H

C=N
a-amino nitrile

co,t

H
-

I

H3N—C—

R

COOH
a-axnino acid

NH,
H,0-

R—C—

H

COOH
a-amino acid

24-6

Resolution of

Amino Acids

All the laborator\- s}'ntheses of amino acids described in Section 24-5 produce racemic

products. In most cases, only the L enantiomers are biologically active; the D enan-

tiomers ma\ e\ en be to.xic. Pure L enantiomers are needed for peptide synthesis if the

product is to have the actiMty of the natural material. Therefore, we must be able to

resolve a racemic amino acid into its enantiomers.

In man_\' cases, amino acids can be resoh ed by the methods we have already

discussed (Section 5-16). If a racemic amino acid is convened to a salt with an op-

tically pure chiral acid or base, two diastereomeric salts are formed. These salts can

be separated by physical means such as selective crystallization or chromatograph\

.

Pure enantiomers are then regenerated from the separated diastereomeric salts. Str} ch-

nine and brucine are examples of naturally occurring optically active bases, and tar-

taric acid is used as an optically active acid for resolving racemic mixtures.

Enzymatic resolution is also used to separate the enantiomers of amino acids.

Enz\ mes are chiral molecules with specific catalytic activities. For example, when

an acylated amino acid is treated with an enzyme like hog kidne>- acylase or car-

boxypeptidase. the enzyme clea\ es the acyl group from just the molecules having the

natural (L) configuration. The enzyme does not recognize D-amino acids, so they are
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COOH O COOH

V, i ^ I 1
— C— HI 1

Rrv R

L-ainino acid

COOH COOH
1

0
IIi

H — C— XH-, H— C— NH — C CH:,

R R

D-amino acid

acylase

COOH

HoN— C—

H

R

L is deacvlaled

COOH O
I II

H— C— NH— C— CH3

R

D is unaffected

racemic amino acid acylaled (easily separated mixture)

Figure 24-5

An acylase enzyme (sucii as hog kidney acylase or carboxypeptidase) deacylates only the

natural L-amino acid.

unaffected. The resulting mixture of acylated D-amino acid and deacylated L-amino

acid is easily separated. Figure 24-5 shows hov\ this selective enzymatic deacyla-

tion is accomplished.

PROBLEM 24-14

Suggest how >ou would separate the free L-amino acid from its acylated D enantiomer in

Fisure 24-5.

Amino Acids

Amino acids undergo manv of the standard reactions of both amines and carboxvlic 24-7
acids. Conditions for some of these reactions must be carefully selected, however, so

Reactions of
that the amino group does not interfere w ith a carboxyl group reaction, and \ ice \ ersa.

We will consider two of the most useful reactions, esterification of the carboxyl group

and acylation of the amino group. These reactions are often used to protect either the

carboxyl group or the amino group w hile the other group is being modified or cou-

pled to another amino acid. Amino acids also undergo reactions that are specific to the

Q-amino acid structure. One of these unique amino acid reactions is the formation of

a colored product on treatment with ninhydrin. discussed in Section 24-7C.

24-7A Esterification of the Carboxyl Group

Like monofunctional carboxylic acids, amino acids are esterified by treatment with

a large excess of an alcohol and an acidic catalyst (often gaseous HCl). Under these

acidic conditions, the amino group is present in its protonated (—NH^ ) form, and

it does not interfere w ith esterification. The following example illustrates esterifica-

tion of an amino acid.

o cr o
II - II

H.N—CH—C—Q- H,N—CH—C—O—CH.Ph
X \ Ph—CH,— oil y \

HX. .CH. -± > H.C. /CH,
' CH, "

" ^CH,^
'

proline proline benzyl ester

(90%)
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Esters of amino acids are often used as protected derivatives to prevent the car-

boxyl group from reacting in some undesired manner. Methyl, ethyl, and benzyl es-

ters are the most common protecting groups. Aqueous acid hydrolyzes the ester and

regenerates the free amino acid.

O O

CH-jCH-,"H3N—CH—C—OCH.CH3

CH,— Ph

phenylalanine ethyl ester

H3N- -CH—C—OH +

CH,— Ph

phenylalanine

-OH

Benzyl esters are particularly useful as protecting groups because they can be

removed either by acidic hydrolysis or by neutral hydrogenolysis ("breaking apart

by addition of hydrogen"). Catalytic hydrogenation cleaves the benzyl ester, con-

verting the benzyl group to toluene and leaving the deprotected amino acid. Although

the mechanism of this hydrogenolysis is not well known, it apparently hinges on the

ease of formation of benzylic intermediates.

O

H,N—CH—C—OCH.

CH.— Ph

phenylalanine benzyl ester

O
H,. Pd

H3N—CH—C—O- + CH,

CH.— Ph

phenylalanine toluene

PROBLEM 24-15

Give a mechanism for the acid-catalyzed hydrolysis of phenylalanine ethyl ester.

PROBLEM 24-16

Give equations for the formation and hydrogenolysis of glutamine benzyl ester.

24-7B Acylation of the Amino Group: Formation of Amides

Just as an alcohol esterifies the carboxyl group of an amino acid, an acylating agent

converts the amino group to an amide. Acylation of the amino group is often done

to protect it from unwanted nucleophilic reactions. A wide variety of acid chlorides

and anhydrides are used for acylation. Benzyl chloroformate acylates the amino

group to give a benzyloxycarbonyl derivative, often used as a protecting group in

peptide synthesis (Section 24-10).

O

H.N—CH—COOH

CH2

NH

histidine

H.N—CH—COOH

CH3CH(CH3)2
leucine

(acetic anhydride)

CH3—C—NH—CH—COOH

CH.

NH

O

PhCHjOC— CI

(hen/,vl chlorororniate)

yV-acetylhistidine

O

PhCH.O—C—NH—CH—COOH
CH2CH(CH3)2

A'-benzyloxycarbonyl leucine

(90%)
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The amino group of the .V-benzylox\ carbonyl derivative is protected as the

amide half of a carbamate ester fa urethane. Section 21-16). which is more easily hy-

drolyzed than most other amides. In addition, the ester half of this urethane is a ben-

zyl ester that undergoes hydrogenolysis. Catalytic hydrogenolysis of the

.V-benz\ loxycarbonyl amino acid gives an unstable carbamic acid that quickl\- de-

carboxylates to give the deprotected amino acid.

O H

CH-—O— C— N— CH— COOH
I

CH-

CH( CHj).

'

.>\\ carbon leucine

H,. Pd
CH-,

toluene

O H

HO— C— N—CH— COOH

CH-

CHlCH;)-

a carbamic acid

PROBLEM 24-17

G:\ e equations for the formation and h> drogenolysis of .V-benzyloxycarbonyl methionine.

24-7C Reaction with Ninhydrin

Ninhydrin is a common reagent for % isualizing spots or bands of amino acids that have

been separated b> chromatography or by electrophoresis. \Mien ninhydrin reacts with

an amino acid, one of the products is a deep \ iolet. resonance-stabilized anion called

Ruhemann 's purple. Ninh\ drin produces this same purple d\ e regardless of the struc-

ture of the original amino acid. The side chain of the amino acid is lost as an aldehvde.

Reaction of an amino acid with ninhydrin

O

H-X— CH—COOH

R

amino acid

o o

p>Tidine

o o
Ruhemann" s purple

CO--

H-X—CH—COOH

CH,
1

'

CHlCHj),

leucine

The reaction of amino acids w ith ninhydrin can detect amino acids on a wide

variety- of substrates. For example, if a kidnapper touches a ransom note with his

fingers, the dermal ridges on his fingers leave traces of amino acids from skin se-

cretions. Treatment of the paper with ninh} drin and pyridine causes these secretions

to mm purple, forming a visible fingerprint.

PROBLEM 24-18

Use resonance forms to show delocalization of the negati\ e charge in the Ruhemami"s pur-

ple anion.

SUMMARY: Reactions ofAmino Acids

1. Esterification of the carboxyl group (Section 24-
, Ai

R
I

O

H;X—CH—C— O-

amino acid

R'—OH
alcohol

R O

H-X—CH—C—O— R' - H,0
ammo ester
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2. Acylalion of the amino f^roitp: fonncilion of amides (Section 24-7B)

R O O O R O

H,N—CH—C—OH + R'—C—

X

amino acid acylating agent

3. Reaclioii with niiiliydrin (Section 24-7C)

R—C—NH—CH—C—OH
acylated amino acid

H,N—CH—COOH + 2
-

I

R

amino acid

o

ninhydrin

pyridine
N-

O O

Ruhemann's purple

H—

X

+ R—CHO

+ co,t

4. Formation ofpeptide bonds (Sections 24-10 and 24- 1 1

)

peptide bond

O O O / O
II

^
II

lossofH,0 -
II / II

H,N—CH—C—O + H,N—CH—C—O" H,N—CH—C—NH—CH—C— O"

R' R' R-

Amino acids also undergo many other common reactions of amines and acids.

24-8

Structure and

Nomenclature of

Peptides and

Proteins

24-8A Peptide Structure

Now we discuss the most important reaction of amino acids: formation of peptide

bonds. Amines and acids can condense, with the loss of water, to forni amides.

O

R— C—OH
acid

H,N— R'

amme

o

R—C—O- H3N— R'

salt

heat

o

R—C—NH— R' + H,0
amide

Recall from Section 2 1-5A that amides are the most stable acid derivatives.

This stability is partly due to the strong resonance interaction between the non-

bonding electrons on nitrogen and the carbonyl group. The amide nitrogen is no

longer a strong base, and the C—N bond has restricted rotation because of its par-

tial double-bond character.

R
R' ~N'

R

R ^N

R

Having both an amino group and a carboxyl group, an amino acid is ideally suit-

ed to form an amide linkage. Under the proper conditions, the amino group of one

molecule condenses with the carboxyl group of another. The product is an amide

called a dipeptide because it consists of two amino acids. The amide linkage be-
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tween the amino acids is called a peptide bond. Although it has a special name, a

peptide bond is just like other amide bonds u e have studied.

peptide bond

O

H;N C—OH H
\ / \ / loss of H,0
C + C
/\ \
H R' H3N C-0-

O

In this manner, any number of amino acids can be bonded in a continuous chain.

A peptide is an>' polymer of amino acids linked b\ amide bonds betw een the amino

group of each amino acid and the carboxyl group of the neighboring amino acid. Each

amino acid unit in the peptide is called a residue. .A. polypeptide is a peptide contain-

ing many amino acid residues but usually ha\ ing a molecular weight of less than about

5000. Proteins contain more amino acid units, w ith molecular weights ranging from

about 6000 to about 40.000.000. The term oligopeptide is occasionally used for pep-

tides containing about four to ten amino acid residues. Figure 24-6 show s the structure

of the nonapeptide brad\ kinin. a human hormone that helps to control blood pressure.

iN terminus, C terminus000 o o 00 o o
II II II i; II II II II II

H;.N— CH — C— N — CH — C — N— CH — C— NH — CH — C— NH— CH — C— NH — CH — C — .V— CH — C— \H — CH — C — NH— CH — C — O-

! I i

H CH, CH, \/ CH

o
HN NH, HN NH;

Arg Pro Pro Gl> Phe Ser Pro Phe .\rg

A Figure 24-6

The human hormone bradykinin is a nonapeptide with a free —XHr at its N terminus and

a free —C00~ at its C terminus.

The end of the peptide with the free amino group (—NH7 ) is called the N-ter-

minal end or the N terminus, and the end w ith the free carboxyl group ( —C00~
t

is called the C-terminal end or the C terminus. Peptide structures are generally

drawn with the N termmus at the left and the C temimus at the right, as bradykinin

is drawn in Figure 24-6.

24-8B Peptide Nomenclature

Peptides are named beginning at the N terminus, and the names of amino acid residues

imohed in amide Unkages (all except the last) are given the -yl suffix of acyl groups.

For example, the following dipeptide is named alanylserine. The alanine residue has

the -yl suffix because it has acylated the nitrogen of serine.

0 0
II

H,X—CH--c- -XH—CH—C—0-

CH; CH,OH

alanyl serine

.AJa-Ser
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Bradykinin (Fig. 24-6) is named as follows (without any spaces):

arginyl prolyl prolyl glycyl phenylalanyl seryl prolyl phenylalanyl arginine

This is a cumbersome and awkward name. A shorthand system is more convenient,

representing each amino acid by its three-letter abbreviation. These abbreviations,

given in Table 24-2, are generally the first three letters of the name. Once again, the

amino acids are arranged from the N terminus at the left to the C terminus at the

right. Bradykinin has the following abbreviated name:

Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg

Single-letter symbols (also given in Table 24-2) are becoming widely used as

well. Using single letters, we symbolize bradykinin by

RPPGFSPFR

PROBLEM 24-19

Draw the complete structures of the following peptides.

(a) Thr-Phe-Met (b) serylarginylglycylphenylalanine (c) IMQDK

24-8C Disulfide Linkages

Amide linkages (peptide bonds) form the backbone of the amino acid chains we call

peptides and proteins. A second kind of covalent bond is possible between any cys-

teine residues present. Cysteine residues can form disulfide bridges (also called

disulfide linkages) joining two chains or linking a single chain into a ring.

Mild oxidation joins two molecules of a thiol into a disulfide, forming a disul-

fide linkage between the two thiol molecules. This reaction is reversible, and a mild

reduction cleaves the disulfide.

[oxidation]

R— SH + HS—

R

two molecules of thiol

[reduction]
R— S— S—R +

disulfide

H.O

Similarly, two cysteine sulfhydryl (— SH) groups are oxidized to give a disul-

fide-linked pair of amino acids. This disulfide-linked dimer of cysteine is called cystine.

Figure 24-7 shows formation of a cystine disulfide bridge linking two peptide chains.

Figure 24-7

Cystine, a dimer of cysteine,

results when two cysteine

residues undergo oxidation to

form a disulfide bridge.

peptide

chain

two cysteine residues cystine disulfide bridge
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HO

CH, O

C-f-NH— CH

CH3CH2 CH

O

CH.CH.C— NH,

O

yNH
0= C

I

CH.- CH

NH

C

NH O

CH— CH2— C— NH,

c=o

o= c NH

z
N terminus

O

H2N|— CH— CH2— S^S— CHt—CH— Cjj-N — CH— C^-NH— CH— C-f NH— CH^C— NH2

O O

cvsline disulfide bridae

CH2 O

CH
/ \

H,C CH,

C terminus

(amide form)

He Gin

/ \

Tyr Asn

/ \

^Cys—S—S— Cys Pro Leu Gly • NH2

N terminus C terminus (amide form)

A Figure 24-8

Structure of bovine oxytocin. A disulfide linkage holds part of the molecule in a large ring.

Two cysteine residues may form a disulfide bridge within a single peptide

chain, making a ring. Figure 24-8 shows the structure of bovine oxytocin, a pep-

tide hormone that regulates milk production in cows. Oxytocin is a nonapeptide

with two cysteine residues (at positions 1 and 6) linking part of the molecule in a

large ring. In drawing the structure of a complicated peptide, arrows are often used

to connect the amino acids, showing the direction from N terminus to C terminus.

Notice that the C terminus of oxytocin is a primary amide (Gly NH,) rather than

a free carboxyl group.

Figure 24-9 shows the structure of bovine insulin, a more complex peptide hor-

mone that regulates glucose metabolism. Insulin is composed of two separate pep-

tide chains, the A chain, containing 21 amino acid residues, and the B chain,

containing 30. The A and B chains are joined at two positions by disulfide bridges,

and the A chain has an additional disulfide bond that holds six amino acid residues

in a ring. The C-terminal amino acids of both chains occur as primary amides.

Disulfide bridges are commonly manipulated in the process of giving hair a

permanent wave. Hair is composed of protein, which is made rigid and tough part-

ly by disulfide bonds. When hair is treated with a solution of a thiol such as

2-mercaptoethanol (HS—CH;

—

CHt—OH), the disulfide bridges are reduced

and cleaved. The hair is wrapped around curlers, and the disulfide bonds are allowed

to re-form, either by air oxidation or by application of a neutralize)'. The disulfide

bonds reform in new positions, holding the hair in the bent conformation enforced

by the curlers.
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N terminus I I

^ chain
|

| C tenninus

\ /
Glv^ Ile^ Val-^ Glu-^ Gln-^ Cvs— S— S— Cys-^ Ser^ Leu Tvr Gin Leu^ Glu Asn Tvr Cvs Asn-NH,

+ +
' '

i

Cys Val S
I "^Ala-Ser^ , i

1
]

^ Val Glu Ala Leu Tyr Leu— Val Cys^ Gl v Glu
I / 'I

Asn Gin His Leu Cys Gly Ser His Leu
/ Arg

Val
I

1

T

^ I

B chain
|

NH2- Ala Lvs Pro Thr Tvr -*- Phe Phe Gly

Phe _L±
C terminus

N terminus

A Figure 24-9

Structure of bovine insulin. Two chains are joined at two positions by disulfide bridges, and

a third disulfide bund holds the A chain in a rins.

Pep

24-9 Insulin is a relatively simple protein, yet it is a complicated organic structure. How

tide Structure
possible to determine the complete structure of a protein with hundreds of amino

acid residues and a molecular weight of many thousands? Chemists have developed

clever ways to determine the exact sequence of amino acids in a protein. We will

consider some of the most common methods.

Determination

24-9A Cleavage of Disulfide Linkages

The first step in structure determination is to break all the disulfide bonds, separat-

ing the indi\ idual peptide chains and opening any disulfide-linked rings. The indi-

vidual peptide chains are then purified and analyzed separately.

Cystine bridges are easily cleaved by reducing them to the thiol (cysteine)

form. These reduced cysteine residues have a tendency to reoxidize and re-form

disulfide bridges, however. A more permanent clea\ age involves oxidizing the disul-

fide linkages with peroxyformic acid (Fig. 24- 10). This oxidation converts the disul-

fide bridges to sulfonic acid (— SO3H ) groups. The oxidized cysteine units are called

cysteic acid residues.

24-9B Determination of the Amino Acid Composition

Once the disulfide bridges have been broken and the individual peptide chains have

been separated and purified, the structure of each chain must be determined. The

first step is to determine which amino acids are present and in what proportions. To

analyze the amino acid composition, the peptide chain is completely hydrolyzed by

boiling it for 24 hours in 6 M HCl. The resulting mixture of amino acids (the hy-

divlysate) is placed on the column of an amino acid analyzei; diagrammed in Fig-

ure 24-1 1.

In the amino acid analyzer, the components of the hydrolysate are dissolved in

an aqueous buffer solution and separated by passing them down an ion-exchange

column. The solution emerging from the column is mixed with ninhydrin. which re-

acts with amino acids to give the purple ninhydrin color. The absorption of light is

recorded on a strip chart as a function of time.
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O O
II II

'VVVVXAAAAAAAAT NH C"H C "VVVVAAAAA/- 'U\AAAAAAAA/WV J^j-J CH C 'WWVAA/W

I I

9^2 o 9^2 cysteicacid
'

II

'

S H— C— OOH ^^^^

S SO,H
I I

"

CHt CH, , .

,

I

-
I

2 cysteic acid

d d

The time required for each amino acid to pass through the column (its reten-

tion time) depends on how strongly that amino acid interacts with the ion-exchange

resin. The retention time of each amino acid is known from standardization with

pure amino acids. The amino acids present in the sample are identified by compar-

ninhydrin

solution

V f4

hydrolysate

ion-exchange resin

I

different amino acids

I move at different

speeds

recorder

4 Figure 24- 1

1

In an amino acid analyzer, the

hydrolysate passes through an

ion-exchange column. The

solution emerging from the

column is treated with ninhy-

drin, and its absorbance is

recorded as a function of time.

Each amino acid is identified

by the retention time required

to pass through the column.
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standard

Figure 24-12

Use of an amino acid analyzer

to determine the composition

of human bradykinin. The

bradykinin peaks for Pro, Arg,

and Phe are larger than those in

the standard equimolar mixture

because bradykinin has three

Pro residues, two Arg residues,

and two Phe residues.

bradykinin

o

tune

ing their retention times with the known values. The area under each peak is nearly

proportional to the amount of the amino acid producing that peak, so we can deter-

mine the relative amounts of amino acids present.

Figure 24-12 shows a standard trace of an equimolar mixture of amino acids,

followed by the trace produced by the hydrolysate from human bradykinin (Arg-

Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg).

Sequencing the Peptide: Terminal Residue Analysis. The amino acid analyzer

determines the amino acids present in a peptide, but it does not reveal their se-

quence: the order in which they are linked together. The peptide sequence is de-

stroyed in the hydrolysis step. To determine the amino acid sequence, we must

cleave just one amino acid from the chain and leave the rest of the chain intact.

The cleaved amino acid can be separated and identified, and the process can be

repeated on the rest of the chain. The amino acid may be cleaved from either end

of the peptide (either the N terminus or the C terminus), and we will consider one

method used for each end. This general method for peptide sequencing is called

terminal residue analysis.

24-9C Sequencing from the N Terminus: The Edman Degradation

The most efficient method for sequencing peptides is the Edman degradation. A
peptide is treated with phenyl isothiocyanate, followed by mild acid hydrolysis. The

products are the shortened peptide chain and a heterocyclic derivative of the N-ter-

minal amino acid called a phenylthiohydantoin.

Step 1: Attack by the free amino group on phenyl isothiocyanate. The product is a

phenylthiourea.

PU~i^C=S- Ph-N--C^^' Ph-NH-C^^'
*

I 1 i I

I —I

I

I —

I

H,N—CH—C— NH-^peptide H,N+—CH—C— NH-^peptide HN—CH—C—NH-^ peptide
-

I II

-
i II

••

I II

R' O R' O R' O

a phenylthiourea



24-9 Peptide Structure Determination I I 43

Step 2: Mild acid hydrolysis results in cyclizotion and expulsion of the shortened

peptide chain.

II

,C— NH- -Ph

hn:
'CH—C—NH-| peptide |

S

II

HN NHPh
\ /

H—C-C—NH— peptide

I I

R' OH

HN N-
\ /

-Ph

protonated phen_\ Ithiourea

H—C—C^NH,— peptide

I, U,^
"

R' :0o
H

H,0:

HN N— Ph
\ /

H—C-C^
I

R'

H,N— peptide
|

a phen\ lthiohydantoin

The phen\ Ithioh) dantoin den\ ati\ e is identified by chromatography, by com-

paring it w ith phen\ Ithiohydantoin deri\ atives of the standard amino acids. This

gives the identity of the original N-terminal amino acid. The rest of the peptide is

cleaved intact, and further Edman degradations are used to identify additional amino

acids in the chain. This process is w ell suited to automation, and several types of au-

tomatic sequences have been developed.

Figure 24-13 shows the first two steps in the sequencing of bovine oxytocin.

Before sequencing, the oxytocin sample is treated with peroxyformic acid to convert

the disulfide bridse to cvsteic acid residues.

Step 1: Cleavage and detennination of the N-terniinal amino acid.

O

H,N— CH— C — \H— Tvr— He— Gin— peptide

^

• (2) H,0*

CH-,

(1) Ph— \= C= S

SO^H

c\ steic acid

-> HN N— Ph + HA — Tvr— He— Gln^peptide
\ /

"
—

I O

cysteic acid

phenylthiohydantoin

Step 2: Cleavage and detennination of the second amino acid (the new .\'-tenninal amino acid).

HA'— CH— C—NH— He— Gln^peptide —
I

^^--^
1 (2 1 H;0-

CHo

(1) Ph— N=C=S
HN N— Ph -I- HA— He— Gin— peptide

\ /
-

CH-C
O

OH OH
tyrosine phen\ Ithiohydantoin

Figure 24-13

The tlrst two steps in sequencing bovine oxytocin. Each Edman degradation cleaves the

N-tenninal amino acid and forms its phenylthiohydantoin derivative. The shortened peptide

is available for the next step.

In theon.'. Edman degradations could sequence a peptide of any length. In practice,

how e\ er. the repeated c\ cles of degradation cause some internal hydrolysis of the pep-

tide, w ith loss of sample and accumulation of by-products. After about 30 cycles of degra-

dation, further accurate anah sis becomes impossible. .-X small peptide such as brad\ kinin

can be completeh determined b\ Edman degradation, but larger proteins must be bro-

ken into smaller Ixagments (Section 24-9E ) before the> can be completely sequenced.
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PROBLEM 24-20

Draw the structure of the phenyhhioliydantoin derivatives of

(a) alanine (b) vahne (c) lysine (d) prohne

PROBLEM 24-21

Show the third and fourth steps in the sequencing of bovine oxytocin. Use Figure 24-13 as

a guide.

PROBLEM 24-22

The Sanger method for N-terminus detennination is a less common alternative to the Edman
degradation. In the Sanger method, the peptide is treated with the Sanger reagent, 2,4-dini-

trofluorobenzene, and then hydrolyzed by reaction with 6 M aqueous HCl. The N-terminal

amino acid is recovered as its 2,4-dinitrophenyl derivative and identified.

The Sanger method

O

0,N F + H2N—CH—C— NH-

R'

peptide

2.4-dinitr()nuorobenzene

(.Sunizcr reaaent)

O.N

peptide

NH-

NO,

O
II

CH— C-

R'

derivative

•NH- peptide
6 M HCl, heat

0,N NH—CH—COOH + amino acids

R'
NO,

2.4-dinitrophenyl derivative

(a) Give a mechanism for the reaction of the N terminus of the peptide with 2.4-dinitro-

fluorobenzene.

(b) Explain why the Edman degradation is usually preferred over the Sanger method.

24-9D C-Terminal Residue Analysis

There is no efficient method for sequencing several amino acids of a peptide start-

ing from the C terminus. In many cases, however, the C-terminal amino acid can be

identified using the enzyme carboxypeptidase, which cleaves the C-terminal pep-

tide bond. The products are the free C-terminal amino acid and a shortened peptide.

Further reaction cleaves the second amino acid that has now become the new C ter-

minus of the shortened peptide. Eventually, the entire peptide is hydrolyzed to its in-

dividual amino acids.

O O carboxypeptidase O - O
, II II

H,0
, ,

II II

peptidej-NH—CH—C—NH—CH—C—OH = >
\

peptide
-j
-NH-CH—C—OH -h H,N—CH—C—OH

R"-' R" R"-! R"

\^ free amino acid

(further cleavage)
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A peptide is incubated with the carboxypeptidase enzyme, and the appearance

of free amino acids is monitored. In theon,'. the amino acid whose concentration in-

creases first should be the C terminus, and the next amino acid to appear should be

the second residue from the end. In practice, different amino acids are cleaved at

different rates, making it difficult to determine amino acids past the C terminus and

occasionally the second residue in the chain.

24-9E Breaking the Peptide into Shorter Chains: Partial Hydrolysis

Before a large protein can be sequenced, it must be broken into smaller chains, not

longer than about 30 amino acids. Each of these shortened chains is sequenced, and

then the entire structure of the protein is deduced by fitting the short chains togeth-

er like pieces of a jigsaw puzzle.

Partial clea\ age can be accomplished either by using dilute acid with a short

reaction time or b\ using enzymes such as tnpsin and chyjiiotnpsiii. The acid-cat-

alyzed cleavage is not very selective, leading to a mixture of short fragments result-

ing from clea\ age at various positions. Enzymes are more selecti\ e. gi\ ing cleavage

at predictable points in the chain.

TRYPSIN Cleaves the chain at the carboxyi groups of the basic amino acids

lysine and arginine.

CHYMOTRYPSIN Cleaves the chain at the carboxyi groups of the aromat-

ic amino acids phen\ lalanine. tyrosine, and tr\ ptophan.

Let"s use bo\"ine oxytocin as an example to illustrate the use of partial hy drol-

ysis. Oxytocin could be sequenced directly b\ C-terminal analysis and a series of

Edman degradations, hut it provides a simple example of how a structure can be

pieced together. Acid-catalyzed panial hydrolysis of oxytocin (after cleavage of the

disulfide bridge) gives a mixture that includeN the following peptides:

Ile-Gln-.Asn-Cys Gln-Asn-Cys-Pro Pro-Leu-Gl\ NH; C\ s-Tyr-Ile-Gln-Asn Cys-Pro-Leu-Gly

When w e match the o\ erlapping regions of these fragments, the complete se-

quence of oxN tocin appears:

Ile-Gln-Asn-Cys

Gln-Asn-Cys-Pro

Cys-Tyr-Ue-Gln-Asn

Cys-Pro-Leu-GIy

Pro-Leu-Gly-NH.

Complete structure

Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-Gly • NH;

The two Cys residues m ox\ tocin may be in\ oh ed in disulfide bridges, either

linking two of these peptide units or forming a ring. By measuring the molecular

weight of oxytocin, we can show that it contains just one of these peptide units:

therefore, the Cys residues must link the molecule in a ring.

PROBLEM 24-23

Show w here in. psin and chymotrypsin w ould clea\ e the following peptide.

Tyr-Ile-Gin-Arg-Leu-GK -Phe-Ly s-.\sn-Trp-Phe-Gly-Ala-Lys-Gh -Gln-Gln • XH:
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PROBLEM 24-24

After treatment with peroxyformic acid, the peptide hormone vasopressin is partially hy-

drolyzed. The following fragments are recovered. Propose a structure for vasopressin.

Phe-Gln-Asn

Pro-Arg-GlyNH,

Cys-Tyr-Phe

Asn-Cys-Pro-Arg

Tyr-Phe-Gln-Asn

24- 1 OA Introduction

Total synthesis of peptides is rarely an economical method for their commercial

production. Important peptides are usually derived from biological sources. For

example, insulin for diabetics was originally taken from pork pancreas. Now, re-

combinant DNA techniques are improving the quality and availability of pep-

tide pharmaceuticals. It is possible to extract the piece of DNA that contains the

code for a particular protein, insert it into a bacterium, and induce the bacteri-

um to produce the protein. Strains of Escherichia coli have been developed to pro-

duce human insulin that avoids dangerous reactions in people who are allergic

to pork products.

Laboratory peptide synthesis is still an important area of chemistry,

however. When the structure of a new peptide is determined, a synthesis is usu-

ally attempted. The purpose of the synthesis is twofold: If the synthetic materi-

al is the same as the natural material, it proves that the proposed structure is

correct; and the synthesis provides a larger amount of the material for further

biological testing.

Peptide synthesis requires the formation of amide bonds between the proper

amino acids in the proper sequence. With simple acids and amines, we would form

an amide bond simply by converting the acid to an activated derivative (such as an

acyl halide or anhydride) and adding the amine.

O O
II .. 1!

R—C—X + H,N— R' > R—C—NH— R' + H—

X

(X is a good leaving group, preferably electron-withdrawing)

Amide formation is not so easy with amino acids, however. Each amino

acid has both an amino group and a carboxyl group. If we activate the carboxyl

group, it reacts with its own amino group. If we mix some amino acids and add

a reagent to make them couple, they form every conceivable sequence. Also,

some amino acids have side chains that might interfere with peptide formation.

For example, glutamic acid has an extra carboxyl group, and lysine has an extra

amino group. As a result, peptide synthesis always involves both activating

reagents to form the correct peptide bonds and protecting reagents to block for-

mation of incorrect bonds.

Chemists have developed two types of methods for synthesizing peptides. The

classical sohttion-phase method involves adding reagents to solutions of growing

peptide chains, and the solid-phase method involves adding reagents to growing pep-

tide chains bonded to solid particles. Although a variety of reagents and procedures

can be used with each method, we will consider only one set of reagents for the so-

lution-phase method and one set for the solid-phase method.

24-10

Solution-Phase

Peptide Synthesis
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24- 1 OB Solution-Phase Method

Consider the structure of alanylvalylphenylalanine. a simple tripeptide:

o o o
II II II

H,N—CH— C—NH—CH—C—NH—CH—C—OH
"

I I I

CH, CH(CHO: CH.Ph
alanyl valyl phenylalanine

Ala-Val-Phe

Solution-phase peptide synthesis begins at the N terminus and ends at the

C terminus, or left to right as we draw the peptide. The first major step is to cou-

ple the carboxyl group of alanine to the amino group of valine. This cannot be

done simply by activating the carboxyl group of alanine and adding valine. If

we activated the carboxyl group of alanine, it would react with another mole-

cule of alanine.

To prevent side reactions, the amino group of alanine must be protected to

make it nonnucleophilic. Treating the free amino acid with benzyl chloroformate

fomis a urethane. or carbamate ester, that is easily remo\ ed at the end of the synthesis.

This protecting group has been used for many years, and it has acquired several

names. It is called the henzyloxycarbouyl group, the carbobenzoxy group (Cbz), or

simply the Z group (abbreviated Z ).

Preliminaiy step: Protect the amino group w ith Z

O O

CH,—O—C— CI + H,N—CH—C—OH

benz\ 1 chloroformate

Z-Cl

CH,

alanine

Ala

Z group

O

NH—CH—C—OH + HCl

CH-,

benzyloxycarbonyl alanine

Z-Ala

The amino group in Z-Ala is protected as the nonnucleophilic amide half

of a carbamate ester. The carboxyl group can be activated without reacting with

the protected amino group. In the solution-phase synthesis, the carboxyl group

is activated by treatment with ethyl chloroformate. The product is a mixed an-

hydride of the amino acid and carbonic acid. It is strongly activated toward nu-

cleophilic attack.

Step 1: Activate the carboxyl group

O O
II II

Z—NHCH—C—OH + CI—C— OCH,CH, Z—NHCH

CH,,

protected alanine

anhydride of carbonic acid

ethvl chloroformate

CH,
mixed anhydride

When the second amino acid (valine) is added to the protected, activated ala-

nine, the nucleophilic amino group of \ aline attacks the activated carbonyl of alanine,

displacing the anhydride and forming a peptide bond.
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O O

Step 2: Couple the next amino acid

O O o
II II .. II II II + co,T

Z— NHCH—C—O—C—OCH,CH, + H,N—CH—C—OH > Z—NHCH—C—NH—CH—C—OH
I

^ 3 _

I

_^ CH,CHpH
CH,

protected, activated alanine

CH(CH3)2

valine

PROBLEM 24-25

CH. CH(CH,),

Z-AIa-Val

Give complete mechanisms for formation of Z-Aia, its activation by ethyl chloroformate,

and the coupling with valine.

At this point, we have the N-protected dipeptide Z-Ala-Val. Phenylalanine must be

added to the C terminus to complete the Ala-Val-Phe tripeptide. Activation of the valine

carboxyl group, followed by addition of phenylalanine, gives the protected tripeptide.

Step 1: Activate the carboxyl groupGOG GO
II II

I I

II II II

Z—NHCHCNHCH—CH-GH + CI—C—OEt > Z—NHCHCNHCH—C- G—C— GEt11^ II ^
CH, CH(CH,). CH, CH(CH3)2

HCl

Step 2: Couple the next amino acid

O O

Z—.-Ma—NHCH—C-^O—C— GEt
I

CH(CH3

G
II

+ H,N—CH—C—GH
'

I

CH,— Ph

phenylalanine

O G

Ala—NHCH—C—NH—CH—C—GH
I

I

H,C—CH—CH, CH,— Ph

Z-Ala-Val-Phe

+ CG,t + EtGH

To make a larger peptide, repeat these two steps for the addition of each amino

acid residue:

1. Activate the C terminus of the growing peptide by reaction with ethyl chloro-

formate

2. Couple the next amino acid

The final step in the solution-phase synthesis is deprotection of the N terminus

of the completed peptide. The N-terminal amide bond must be cleaved without break-

ing any of the peptide bonds in the product. Fortunately, the benzyloxycarbonyl

group is partly an amide and partly a benzyl ester, and hydrogenolysis of the benzyl

ester takes place under mild conditions that do not cleave the peptide bonds. This mild

cleavage is the reason for using the benzyloxycarbonyl group {as opposed to some

other acyl group) to protect the N terminus.

O

Final step: Remove the protecting group

O O
II II H^, Pd •• II

-CH,—O—C—NHCHC— Val— Phe > H,NCHC—Val— Phe co,t + CH,

CH,
Z-Ala-Val-Phe

CH,

Ala-Val-Phe
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PROBLEM 24-26

Show how you would synthesize Ala-Val-Phe-Gly-Leu starting with Z-Ala-Val-Phe.

PROBLEM 24-27

Show how the solution-phase synthesis would be used to synthesize Ile-Gly-Asn.

The solution-phase method w orks well for small peptides, and man> peptides

have been synthesized b\ this process. Larger proteins are not easily synthesized by

the solution-phase method, however. A large number of chemical reactions and pu-

rifications are required even for a small peptide. Although the individual yields are ex-

cellent, w ith a large peptide, the overall yield becomes so small as to be unusable, and

several months (or years) are required to complete so many steps. The large amounts

of time required and the low overall yields are due largely to the purification steps. For

larger peptides and proteins, solid-phase peptide synthesis is usually preferred.

PROBLEM-SOLVING HINT

Remember chat classical (solu-

tion-phase) peptide synthesis:

1 . Goes N C. Protect N
terminus (Z group) first,

deprotect last.

2. Couple each AA by activating

C terminus (ethyl chlorofor-

mate). adding newAA.

In 1962. Robert Bruce Merrifield of Rockefeller University de\ eloped a method for syn- 24-1 I

thesizing peptides w ithout ha\ ing to purifS' the intermediates. He did this by attaching the
5olid PhaSS

growing peptide chains to solid pol\ sty rene beads. .After each amino acid is added, the
.

excess reagents are washed awa\' b\ rinsing tlie beads witli sohent. This ingenious method Psptidc SyPlthesiS

lends itself to automation, and Merrifield built a machine that can add several amino acid

units while running unattended. Using this machine. Merrifield synthesized ribonucle-

ase ( 124 amino acids) in just six weeks, obtaining an oN erall \ ield of 17 percent. Merri-

field"s w ork in solid-phase peptide synthesis w on the Nobel Prize in 1984.

24-1 I A The Individual Reactions

There ai"e three important reactions to consider before we use solid-phase peptide syn-

thesis. We must fust leam how an amino acid is attached to the solid support, how
and w h_\ the amino group is protected, and how peptide bonds are fonned.

Attaching the Peptide to the Solid Support. The greatest difference betw een solu-

tion-phase and soUd-phase peptide synthesis is that solid-phase synthesis is done in

the opposite direction: starting with the C terminus and going toward the N termi-

nus, right to left as we write the peptide. The tlrst step is to attach the last amino acid

(the C terminus) to the solid support.

The solid support is a special polystxrene bead in which some of the aromat-

ic rings have chloromethyl groups. This polymer, often called the Merrifield resin,

is made by copolymerizing styrene with a few percent of /7-(chloromethyl)styrene.

H

C= C
\

H H
srsrene

-I-

Fonnation of the Merrifield resin

CH,C1

/?-( chloromethyl )st> rene

CH,C1 CH,C1

i-CH— CH;— CH—CH.—CH— CH,

polymer
abbreviation
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Like other benzyl halides, the chloromethyl groups on the polymer are reactive to-

ward Sn2 attack. The carboxyl group of an N-protected amino acid displaces chloride,

giving an amino acid ester of the polymer. In effect, the polymer serves as the alcohol

part of an ester protecting group for the carboxyl end of the C-terminal amino acid.

Attachment of the C-termmal amino acid

protecting

group

Once the C-terminal amino acid is fixed to the polymer, the chain is built on

the amino group of this amino acid. At the completion of the synthesis, the ester

bond to the polymer is cleaved by anhydrous HF. Because this is an ester bond, it is

more easily cleaved than the amide bonds of the peptide.

Cleavage of the finished peptide

O
CH,F

peptide C—O—CH.
I!F

peptide

O

-C—OH +

Use of the t-Butyloxycarbonyl (Boc) Protecting Group. The benzyloxycar-

bonyl group (the Z group) cannot be used with the solid-phase process because

this group is removed by hydrogenolysis in contact with a solid catalyst. A poly-

mer-bound peptide cannot achieve the intimate contact with a solid catalyst re-

quired for hydrogenolysis. The N-protecting group used in the Merrifield

procedure is the r-butyloxycarbonyl group, abbreviated Boc or /-Boc. The Boc
group is similar to the Z group, except that it has a r-butyl group in place of the

benzyl group. Like other r-butyl esters, the Boc protecting group is easily re-

moved under acidic conditions.

The acid chloride of the Boc group is unstable, so we use the anhydride, d\-t-

butyldicarbonate. to attach the group to the amino acid.

Protection of the amino group as its Boc derivative

CH, O O CH,

CH,—C—O—C—O—C—O—C—CH3 + H2N—CH—COOH

CH3 CH,
di-r-butyldicarbonate

R
amino acid
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CH,

-NH—CH—COOH + CO. + CH—C—OH
I

"
I

R CH,

Boc-amino acid

The Boc group is easih^ cleaved by brief treatment u ith trifluoroacetic acid ( TEA).

CF,COOH. Loss of a relatively stable r-butyl cation from the protonated ester gives an

unstable carbamic acid. Decarboxylation of the carbamic acid gives the deprotected amine

group of the amino acid. Loss of a proton from the ?-butyl cation gi\ es isobuiylene.

CH, O"

I II

CH,— C—O—C—NH—CH—COOH
CH,

CFXOOH
O—

H

* CH,—C—O—C—NH—CH—COOH
CH,

CHr

Boc-amino acid

CH,

-c-

CH,

:o=

R

:6—

H

=C—NH—CH—COOH

R
a carbamic acid

CH, R
protonated

CH,
/

CH.=C
\
CH,

isobutN'lene

+ H,N—CH—COOH + CO,t

R
tree amino acid

People who synthesize peptides generally do not make their own Boc-protect-

ed amino acids. Because they use all their amino acids in protected form, they buy

and use commercially available Boc-amino acids.

Use ofDCC as a Peptide Coupling Agent. The final reaction needed for the Mer-

ritleld procedure is the peptide bond-forming condensation. When a mi.xture of an

amine and an acid is treated w ith A'jV'-dicyclohex\ Icarbodiimide ( abbre\ iated DCC).

the amine and the acid couple to form an amide. The molecule of water lost in this

condensation converts DCC to NjV'-dicyclohexyl urea (DCU).

O

R—C—O +

acid

O

H,N— R' + ^N=C=NH^^ ^ * R— C—NH— R' +

amine MA^'-dicvclohexyicarbodiimide (DCC) amide

H O H

N—C— N'H^^
^

A'.A"-dicvclohe\vl urea (DCU)

The mechanism for DCC coupling is not as complicated as it may seem. The

carboxylate ion adds to the strongly electrophilic carbon of the diimide. gix ing an ac-

tivated acyl derivative of the acid. This activated derivative reacts readily with the

amine to give the amide. In the final step. DCU serves as an excellent leaving group.

Fonnation of an activated acyl derivative

H,N— R'
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Coupling with the amine and loss ofDCU

PROBLEM 24-28

Propose a mechanism tor the coupling of acetic acid and aniline using DCC as a coupling

agent.

Now we consider an example to illustrate how these procedures are combined

in the Merrifield solid-phase peptide synthesis.

O

24-1 I B An Example of Solid-Phase Peptide Synthesis

For easy comparison of the solution-phase and solid-phase methods, we will

consider the synthesis of the same tripeptide we made using the solution-phase

method.

Ala-Val-Phe

The solid-phase synthesis is cairied out in the direction opposite from the so-

lution-phase synthesis. The first step is attachment of the N-protected C-terniinal

amino acid (Boc-phenylalanine) to the polymer.

O

Me^C—O—C^NH—CH—C—

O

Ph—CH.

CH.— CI

Boc

o
II

Me,C—O—Cf-NH—CH—C—O—CH.

Ph—CH,Boc

Boc-Phe ( P ) Boc-Phe—(?)

Trifluoroacetic acid (TFA) cleaves the Boc protecting group of phenylalanine

so that its amino group can be coupled with the next amino acid.

Boc

O
II

NH—CH—C—O—CH.

Ph—CH,

(TFA)

CF3COOH

Boc-Phe—(p)

o
II

H3N—CH—C—O—CH.

Ph—CH,

Phe

The second amino acid (valine) is added in its N-protected Boc form so that it

cannot couple with itself. Addition of DCC couples the valine carboxyl group with

the free —NH^ group of phenylalanine.



o o

Boc—NH—CH—C—O + H,N—CH—C—O— C"H,

(CH,)XH Ph— CH,

DCC

Boc-Val Phe—(?)

24-1 1 Solid-Phase Peptide Synthesis I I 53

O O
, II II

Bod-NH—CH—C—NH—CH—C—O—CH, + DCU
:

^

I I

(CH,)X"H Ph—CH,

Boc-Val-Phe

To couple the final amino acid (alanine), the chain is first depiotected by

treatment with trifTuoroacetic acid. The N-protected Boc-alanine and DCC are

then added.

Step I : Depwlectiou

O O
^_ II II

Boc-hNH—CH—C—NH—CH—C—O— CH,

(CHO.CH Ph—CH,

Boc-Val-Phe

(TFA)

CF,COOH
O O CH,

II II I

H.N—CH— C—NH—CH—C—O— CH, + CH.—C= CH,
I I

,
- .

-

(CH,),CH Ph— CH,

Val-Phe—(p)

CO,

Step 2: Coupling

O O
II II

H,N—CH—C—NH—CH—C—O— C H,
'

I I

(CH,),CH Ph—CH,

Val-Phe—( P

()

Boc-hNH—CH—C— Cr
I

(11

DCC

o o o
,

, II II II

BochXH-CH—C— .\H—CH—C—NH—CH—C—O— ( H,
'

^

I I I

CH, (CH,I,CH Ph—CH,

Boc-Ala-Val-Phe—(p)

If we were making a longer peptide, the addition of each subsequent amino

acid would require the repetition of two steps:

1. Use trifluoroacetic acid to deprotect the amino group at the end of the grow-

ing chain.

2. Add the next Boc-amino acid, using DCC as a coupling agent.

Once the peptide is completed, the final Boc protecting group must be removed,

and the peptide must be cleaved from the polymer. Anhydrous HF cleaves the ester

linkage that bonds the peptide to the polymer, and it also removes the Boc protect-

ing group. In our example, the following reaction occurs.

o o o o o o

ocl-NH—CH— C—NH—CH— C—NH—CH—C—O— ( H

I I I

CH, (CH,),CH Ph— CH.

HF
CH,

H N—CH—C—NH—CH—C—NH—CH—C—OH + CO, + CH —C=CH,
I I I

-

CH, ICH,),CH Ph— CH, —

Boc-Ala-Val-Phe—(?) Ala-Val-Phe
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PROBLEM-SOLVING HINT
Remember that solid-phase

peptide synthesis:

1 . Goes C — N. Attach the

Boc-protected C terminus to

the bead first.

2. Couple each AA by removing

(TFA) the Boc group from the

N terminus, then add the next

Boc-protected AA with DCC.

3. Cleave (HF) the finished

peptide from the bead.

PROBLEM 24-29

Show how you would synthesize Leu-Gly-Ala-Vai-Phe starting with Boc-Ala-Val-

Phe— (P).

PROBLEM 24-30

.Show how solid-phase peptide synthesis would be used to make Ile-Gly-Asn.

of Proteins

24-12 There are many different ways of classifying proteins. They may be classified ac-

ClaSSification '-''^'"'^'"S ^^^^^ chemical composition, their shape, or their function. Protein com-

position and function are treated in detail in a biochemistry course. For now, we
briefly survey the types of proteins and their general classifications.

Proteins are grouped into simple and conjugated proteins according to their

chemical composition. Simple proteins are those that hydrolyze to give only amino

acids. All the protein structures we have considered so far are simple proteins. Ex-

amples are insulin, ribonuclease. oxytocin, and bradykinin. Conjugated proteins

are bonded to a nonprotein group such as a sugar, a nucleic acid, a lipid, or some other

group. The nonprotein part of a conjugated protein is called a prosthetic group.

Table 24-3 lists some examples of conjugated proteins.

TABLE 24-3 Classes of Conjugated Proteins

Class Prosthetic Group Examples

glycoproteins carbohydrates y-globulin, interferon

nucleoproteins nucleic acids ribosomes, viruses

lipoproteins fats, cholesterol high-density lipoprotein

metalloproteins a complexed metal hemoglobin, cytochromes

Proteins are classified into fibrous and globular proteins according to

whether they form long filaments or coil up on themselves. Fibrous proteins

are stringy, tough, and usually insoluble in water. They function primarily as

structural parts of the organism. Examples of fibrous proteins are a-keratin in

hooves and fingernails, and collagen in tendons. Globular proteins are folded

into roughly spherical shapes. They usually function as enzymes, hormones,

or transport proteins. Examples of globular proteins are insulin, ribonuclease,

and hemoglobin.

24-13

Levels of Protein

Structure

24-I3A Primary Structure

Up to now, we have discussed the primary structure of proteins. The primary

structure is the covalently bonded structure of the molecule. This definition in-

cludes the sequence of amino acids, together with any disulfide bridges. All the

properties of the protein are determined, directly or indirectly, by the primary struc-

ture. Any folding, hydrogen bonding, or catalytic activity depends on the proper

primary structure.
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24-I3B Secondary Structure

Peptide chains tend to form orderly hydrogen-bonded airangements. In particular, the

carbonyl oxygen atoms fomi hydrogen bonds with the amide (N—H) hydrogens.

Two arrangements allow an orderly an-angement of hydrogen bonds: the a-helix

and the pleated sheet. These hydrogen-bonded an'angements. if present, are called

the secondary structure of the protein.

If the molecule winds into a helical coil, each carbonyl oxygen can hydrogen-

bond with an N—H hydrogen on the next turn of the coil. Many proteins wind into

an a-helix (a helix that looks like the thread on a right-handed screw) with the side

chains positioned on the outside of the helix. For example, the fibrous protein

a-keratin is arranged in the a-helical structure, and most globular proteins contain

segments of a-helix. Figure 24-14 shows the a-helical arrangement.

R

CH C= 0
\ A \ AT A \
C= 0 H—N C= 0 H—

N

\ / \ N \ H—N \
•H—N H—N ^CH C=0/N r=n CH

^ CH C= 0- c CH HC„„ c

m

CH C= 0- c^HC,:' CH HC,„,r C=0
C^O H—N T C=#D H—

N

Figure 24-14

The a-helical arrangement. Each peptide carbonyl group is hydrogen-bonded to an N—

H

hydrogen on the next turn of the helix. Side chains are symbolized by green atoms in the

space-filling structure.

C = gray

N - blue

0 = red

R = green

Segments of peptides can also form orderly airangements of hydrogen bonds

by lining up side by side. In this arrangement, each carbonyl group on one chain

forms a hydrogen bond with an N—H hydrogen on an adjacent chain. This arrange-

ment may invoh e many peptide molecules lined up side by side, resulting in a two-

dimensional sheet. The bond angles between amino acid units are such that the sheet

is pleated (creased), with the amino acid side chains arranged on alternating sides of

the sheet. Silk fibroin, the principal fibrous protein in the silks of insects and arach-

nids, has a pleated sheet secondary structure. Figure 24-15 shows the pleated sheet

structure.

A protein may or ma> not have the same secondary structure throughout its

length. Some parts may be curled into an a-helix. while other parts are lined up in a

pleated sheet. Pans of the chain may have no secondary structure at all. Such a struc-

tureless part is called a random coil. Most globular proteins, for example, contain

segments of a-helix or pleated sheet separated by kinks of random coil, allowing

the molecule to fold into its globular shape.

24-I3C Tertiary Structure

The tertiary structure of a protein is its complete three-dimensional conformation.

Remember that the secondary structure is a local structure. Parts of the protein may
have the a-helical structure, while other parts ha\ e the pleated-sheet structure, and

Spider web is composed

mostly of fibroin, a protein

with pleated-sheet secondary

structure. The pleated-sheet

arrangement allow s for

multiple hydrogen bonds

between molecules, conferring

great strength.
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Figure 24-1

5

The pleated sheet arrangement.

Each peptide carbonyl group is

hydrogen-bonded to an N—

H

hydrogen on an adjacent

peptide chain.

Tertiary structures of proteins

are determined by X-ray crys-

tallography. A single crystal of

the protein is bombarded with

X rays, whose wavelengths are

appropriate to be diffracted by

the regular atomic spacings in

the crystal. A computer then

determines the locations of the

atoms in the crystal.

Figure 24- 1

6

The tertiary structure of a

typical globular protein

includes segments of a-helix

with segments of random coil

at the points where the helix is

folded.

-CH-
CH

V
CH

-CH-

H R

CH

O R.

CH

CH

H R

CH

,R o

-CH.

H R

CH

O R.

CH

R H

R 6
II

' CH \ / C N

N

H R

CH

-CH-

H R

CH

O R.

CH
CH'

I

R H

R 6

N

H R

CH

Still other parts are random coils. The tertiary structure includes all the secondary

structure and all the kinks and folds in between. The tertiary structure of a typical

globular protein is represented in Figure 24-16.

Coiling of an enzyme can produce important catalytic effects. Polar, hy-

drophilic (water-loving) side chains are oriented toward the outside of the globule.

Nonpolar, hydrophobic (water-hating) groups are arranged toward the interior.

Coiling in the proper conformation creates an enzyme's active site, the region that

binds the substrate and catalyzes the reaction. A reaction taking place at the active

site in the interior of an enzyme may occur under essentially anhydrous, nonpolar

conditions— while the whole system is dissolved in water!

random coil

\
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24- 1 3D Quaternary Structure

Quaternary structure refers to the association of two or more peptide chains in the

complete protein. For example, hemoglobin, the oxygen canier in mammalian blood,

consists of four peptide chains fitted together to form a globular protein. Figure

24-17 summarizes the four levels of protein structure.

' N— H 0= C * N— H-

He Gin \ \ \

0= C CH
Tyr Asn CH i< N-^" ,CH

primary structure secondary structure

/ ^ R N—H-0= C K
Cys—S—S— Cys->- Pro-«-Leu^GlyNH

m

tertiary structure quaternary structure

Figure 24-17

A schematic comparison of the

levels of protein structure.

Primary structure is the cova-

Icntly bonded structure,

including the amino acid

sequence and any disulfide

bridges. Secondary structure

refers to the areas of a-helix.

pleated sheet, or random coil.

Tertiary structure refers to the

ON'erall conformation of the

molecule. Quaternary structure

refers to the association of two

or more peptide chains in the

active protein.

For a protein to be biologically active, it must have the correct structure at all levels.

The sequence of amino acids must be right, with the correct disulfide bridges link-

ing the cysteines on the chains. The secondary and tertiary structures are important,

as well. The protein must be folded into its natural conformation, with the appropriate

areas of a-helix and pleated sheet. For an enzyme, the active site must have the right

conformation, with the necessary side-chain functional groups in the coirect positions.

Conjugated proteins must have the right prosthetic groups, and multichain proteins

must have the right combination of individual peptides.

With the exception of the covalent primary structure, all these levels of struc-

ture are maintained by weak solvation and hydrogen-bonding forces. Small changes

in the environment can cause a chemical or conformational change resulting in de-

naturation: disruption of the normal structure and loss of biological activity. Many
factors can cause denaturation. but the most common ones are heat and pH.

The cooking of egg white is an example of protein denaturation by high tem-

perature. Egg white contains soluble globular proteins called albumins. When egg

white is heated, the albumins unfold and coagulate to produce a solid rubbery mass.

Different proteins have different abilities to resist the denaturing effect of heat. Egg

albumin is quite sensitive to heat, but bacteria that live in geothermal hot springs

have developed proteins that retain their activity in boiling water.

When a protein is subjected to an acidic pH. some of the side-chain car-

boxyl groups become protonated and lose their ionic charge. Conformational

24-14

Protein

Denaturation

Irreversible denaturation of egg

albumin. The egg white does

not become clear and runny

again when it is cooled.
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changes result, leading to denaturation. In a basic solution, amino groups become
deprotonated, similarly losing their ionic charge, causing conformational changes

and denaturation.

Milk turns sour because of the bacterial conversion of carbohydrates to lactic

acid. When the pH becomes strongly acidic, soluble proteins in milk are denatured

and precipitate. This process is called curdling of milk. Some proteins are more re-

sistant to acidic and basic conditions than others. For example, most digestive en-

zymes such as amylase and trypsin remain active under acidic conditions in the

stomach, even at a pH of about 1

.

In many cases, denaturation is irreversible. When cooked egg white is cooled,

it does not become uncooked. Curdled milk does not uncurdle when it is neutral-

ized. Denaturation may be reversible, however, if the protein has undergone only

mild denaturing conditions. For example, a protein can be salted out of solution by

a high salt concentration, which denatures and precipitates the protein. When the

precipitated protein is redissolved in a solution with a lower salt concentration, it

usually regains its activity together with its natural conformation.

Chapter 24

Glossary

active .site The region of an enzyme that binds the substrate and catalyzes the reaction, (p.

1156)

amino acid Literally, any molecule containing both an amino group (—NH2) and a car-

boxy 1 group (—COOH). The term usually means an a-amino acid, with the amino group on

the carbon atom next to the carboxyl group, (p. 1119)

biomimetic synthesis A laboratory synthesis that is patterned after a biological synthesis. For

example, the synthesis of amino acids by reductive amination resembles the biosynthesis of

glutamic acid. (p. 1 128)

complete proteins Proteins that provide all the essential amino acids in about the right pro-

portions for human nutrition. Examples of complete proteins are those m meat. fish. milk, and

eggs. Incomplete proteins are severely deficient in one or more of the essential amino acids.

Most plant proteins are incomplete, (p. 1 122)

conjugated protein A protein that contains a nonprotein prosthetic group such as a sugar,

nucleic acid, lipid, or metal ion. (p. 1 154)

C terminus The end of the peptide chain with a free or derivatized carboxyl group. As the

peptide is written, the C terminus is usually on the right. The amino group of the C-terminal

amino acid links it to the rest of the peptide, (p. 1 137)

denaturation An unnatural alteration of the conformation or the ionic state of a protein. De-

naturation generally results in precipitation of the protein and loss of its biological activity.

Denaturation may be reversible, as in salting out a protein, or irreversible, as in cooking egg

white, (p. 1 157)

dipolar ion (zwitterion) A structure with an overall charge of zero but having a positively

charged substituent and a negatively charged substituent. Most amino acids exist in dipolar

ionic forms, (p. 1123)

disulfide linkage (disulfide bridge) A bond between two cysteine residues formed by mild

oxidation of their thiol groups to a disulfide, (p. 11 38)

Edman degradation A method for removing and identifying the N-terminal amino acid

from a peptide without destroying the rest of the peptide chain. The peptide is treated with

phenylisothiocyanate, followed by a mild acid hydrolysis to convert the N-terminal amino

acid to its phenylthiohydantoin derivative. The Edman degradation can be used repeatedly to

determine the sequence of many residues beginning at the N terminus, (p. 1 142)

electrophoresis A procedure for separating charged molecules by their migration in a strong

electric field. The direction and rate of migration are governed largely by the average charge

on the molecules, (p. 1 126)

enzymatic resolution The use of enzymes to separate enantiomers. For example, the enan-

tiomers of an amino acid can be acylated and then treated with hog kidney acylase. The
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enzyme hydrolyzes the acyl group from the natural L-amino acid, but it does not react with

the D-amino acid. The resulting mi.\ture of the free L-amino acid and the acylated D-amino acid

is easily separated, (p. 1 132)

enzyme .-X protein-containing biological catalyst. Many enzymes also include prosthetic

groups, nonprotein constituents that are essential to the enzyme's catalytic activity, (p. 1 154)

essential amino acids Ten standard amino acids that are not biosynthesized by humans and

mu^l be pro\ ided in the diet. (p. 1 120)

fibrous proteins A class of proteins that are stringy, tough, threadhke. and usually insolu-

ble in water, (p. 1 154)

globular proteins A class of proteins that are relatively spherical in shape. Globular pro-

teins generalh hav e lower molecular weights and are more soluble in water than fibrous pro-

teins, (p. 1 154)

a-helix A helical peptide conformation in which the carbonyl groups on one turn of the heli.x

are hydrogen-bonded to N—H hydrogens on the next turn. Extensive hydrogen bonding

makes this helical arrangement quite stable, (p. 1 155)

hydrogenolysis Clea\ age of a bond by the addition of h\ drogen. For e.xample. catalytic hy-

drogenolysis cleaves benzyl esters, (p. 1 134)

isoelectric point ( isoelectric pH I The pH at w hich an amino acid (or protein) does not move

under electrophoresis. This is the pH where the average charge on its molecules is zero, with

most of the molecules in their zwitterionic form. (p. 1 125)

L-amino acid .An amino acid having a stereochemical configuration similar to that of L-( — )-

glyceraldehyde. Most namrally occurring amino acids have the L configuration, (p. 1119)

N terminus The end of the peptide chain with a free or deri\ atized amino group. .As the pep-

tide is u ritten. the N tem^inus is usualh on the left. The carboxyl group of the N-terminal

amino acid links it to the rest of the peptide.
(
p. 1 137)

oligopeptide .A small polypeptide, containing about four to ten amino acid residues, (p.

peptide Any poh mer of amino acids linked b)' amide bonds bem een the amino group of each

amino acid and the carboxyl group of the neighboring amino acid. The terms dipeptide. tripep-

tide. etc. may specify the number of amino acids in the peptide.
(
p. 1 137)

peptide bonds .Amide linkages between amino acids, (p. 1 137)

pleated sheet .A two-dimensional peptide conformation with the peptide chains lined up side

b> side. The carbonyl groups on each peptide chain are hx drogen-bonded to N—H hydro-

gens on the adjacent chain, and the side chains are arranged on alternating sides of the sheet,

(p. 1155)

polypeptide .A peptide containing many amino acid residues. .Although proteins are polypep-

tides, the term polypeptide is commonly used for molecules with lower molecular w eights than

proteins, (p. 1 137)

primary structure The covalently bonded structure of a protein: the sequence of amino

acids, together with any disulfide bridges, (p. 1 154)

prosthetic group The nonprotein part of a conjugated protein. Examples of prosthetic groups

are sugars, lipids, nucleic acids, and metal complexes, (p. 1 154)

protein A biopolymer of amino acids. Proteins are polypeptides w ith molecular weights

higher than about 6000 amu. (pp. 1 137. 1 154)

quaternary structure The association of tw o or more peptide chains into a composite pro-

tein.
(
p. 1 157

1

random coil .A t\ pe of protein secondary' structure where the chain is neither curled into an

a-helix nor lined up in a pleated sheet. In a globular protein, the kinks that fold the molecule

into its globular shape are usually segments of random coil. (p. 1 155)

O o

benzvl ester acid toluene
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residue An amino acid unit of a peptide, (p. i 137)

Sanger method A method tor determining the N-terminal amino acid of a peptide. The pep-

tide is treated with 2,4-dinilrofluorobenzene (Sanger's reagent), then completely hydrolyzed.

The derivatized amino acid is easily identified, but the rest of the peptide is destroyed in the

hydrolysis, (p. 1 144)

secondary structure The local hydrogen-bonded arrangement of a protein. The secondary

structure is generally the a-helix, pleated sheet, or random coil. (p. 1155)

sequence As a noun, the order in which amino acids are linked together in a peptide. As a

verb, to determine the sequence of a peptide, (p. 1 142)

simple proteins Proteins composed of only amino acids (having no prosthetic groups), (p.

11 54)

solid-phase peptide .synthesis A method in which the C-terminal amino acid is attached to

a solid support
(
polystyrene beads) and the peptide is synthesized in the C ^ N direction by

successive coupling of protected amino acids. When the peptide is complete, it is cleaved

from the solid support, (p. 1 149)

solution-phase peptide synthesis (classical peptide synthesis) Any of several methods in

which protected amino acids are coupled in solution in the correct sequence to give a desired

peptide. Most of these methods proceed in the N ^ C direction (p. 1 146)

standard amino acids The 20 a-amino acids found in nearly all naturally occurring pro-

teins, (p. 1 120)

Strecker synthesis Synthesis of a-amino acids by reaction of an aldehyde with ammonia and

cyanide ion. followed by hydrolysis of the intermediate a-amino nitrile. (p. 1 130)

terminal-residue analysis Sequencing a peptide by removing and identifying the residue at

the N terminus or at the C terminus, (p. 1 142)

tertiary structure The complete three-dimensional conformation of a protein, (p. 1 155)

transamination Transfer of an amino group from one molecule to another. Transamination

is a common method for the biosynthesis of amino acids, often involving glutamic acid as the

source of the amino group, (p. 1 128)

zwitterion (dipolar ion) A structure with an overall charge of zero but having a positively

charged substituent and a negatively charged substituent. Most amino acids exist in zwitteri-

onic forms, (p. 11 23)

ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 24

1. Correctly name amino acids and peptides, and draw the structures from their

names.

2. Use perspective drawings and Fischer projections to show the stereochemistry

of D- and L-amino acids.

3. Explain which amino acids are acidic, which are basic, and which are neutral.

Use the isoelectric point to predict whether a given amino acid will be positively

charged, negatively charged, or neutral at a given pH.

4. Show how one of the following syntheses might be used to make a given amino

acid:

reductive amination

HVZ followed by ammonia

Gabriel-malonic ester synthesis

Strecker synthesis

5. Predict products of the following reactions of amino acids: esterification, acy-

lation, reaction with ninhydrin.

6. Use information from terminal residue analysis and partial hydrolysis to de-

termine the structure of an unknown peptide.
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7. Show how solution-phase peptide synthesis or soHd-phase peptide synthesis

would be used to make a given peptide. Use appropriate protecting groups to

prevent unwanted couplings.

8. Discuss and identify the four levels of protein structure (primary, secondary,

tertiary, quaternary). Explain how the structure of a protein affects its proper-

ties and how denaturation changes the structure.

Study Problems
24-31. Define each term and give an example.

(a) a-amino acid

(d) diptolar ion

(g) enzymatic resolution

(j) isoelectric point

(m) prosthetic group

(p) tertiary structure

(s) Strecker synthesis

(b) conjugated protein

(e) disulfide bridge

(h) essential amino acid

( k) L-amino acid

(n) primary structure

(q) quaternary structure

(t) zwitterion

24-32. Draw the complete structure of the following peptide.

(c) protein denaturation

(f) Edman degradation

(i) hydrogenolysis

(I) peptide

(o) secondary structure

(r) solid-phase peptide synthesis

(u) oligopeptide

Val-Gln-MetNH.

24-33.

24-34.

24-35.

24-36.

Predict the products of the following reactions.

.0

(a) Phe +
OH pyridine

heat

O CH,
II I

H,. Pd
(b) Ph—CH,—O—C—NH—CH—COOH —^ >

(c) Lys -H excess (CH,C0)20 »

CHO
I

NH,, HCN
(e) CH,CH,—CH—CH, ^— >

(d) (D.L)-proline
( 1 ) excess Ac,0

(2) hog kidney acylase. H^O

(f) product from part (e)

H-.O

(g) isovaleric acid 4- Br^/PBr, (h) product from part (g) -t- excess NH, >

Show how you would synthesize any of the standard amino acids from each starting material. You may use any

necessary reagents.

O

(a) (CH,),CH—C—COOH (b) CH,—CH—CH,—COOH

CH,CH,

(c) (CH,),CH—CH,—CHO (d) CH,Br

Show how you would convert alanine to the following derivatives. Show the stmcture of the product in each case,

(a) alanine isopropyl ester (b) N-benzoylalanine

(c) A^-benzyloxycarbonyl alanine (d) /-butyloxycarbonyl alanine

Suggest a method for the synthesis of the unnatural d enantiomer of alanine from the readily available L enan-

tiomer of lactic acid.

CH,—CHOH—COOH
lactic acid

24-37. Show how you would use the Gabriel -malonic ester synthesis to make histidine. What stereochemistry would

you expect in your synthetic product?
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24-38. Show how you would use the Strecker synthesis to maite tryptophan. What stereochemistry would you expect in

your synthetic product?

24-39. Write the complete structures for the following peptides. Tell whether each peptide is acidic, basic, or neutral.

(a) methionylthreonine (b) threonylmethionine (c) arginylleucyllysine (d) Glu-Cys-Gln

24-40. The following structure is drawn in an unconventional manner.

CH, O O
I II II

CHjCH,—CH—CH—NH—C—CH—CHXH,—C—NH,

CONH, NH—CO—CH.NH.

(a) Label the N terminus and the C terminus. (b) Label the peptide bonds.

(c) Identify and label each amino acid present. (d) Give the full name and the abbreviated name.

24-41. Aspartame (Nutrasweet®) is a remarkably sweet-tasting dipeptide ester. Complete hydrolysis of aspartame gives

phenylalanine, aspartic acid, and methanol. Mild incubation with carboxypeptidase has no effect on aspartame.

Treatment of aspartame with phenyl isothiocyanate followed by mild hydrolysis gives the phenylthiohydantoin of

aspartic acid. Propose a structure for aspartame.

24-42. A molecular weight determination has shown that an unknown peptide is a pentapeptide. and an amino acid

analysis shows that it contains the following residues: one Gly, two Ala. one Met. one Phe.

Treatment of the original pentapeptide with carboxypeptidase gives alanine as the first free amino acid re-

leased. Sequential treatment of the pentapeptide with phenyl isothiocyanate followed by mild hydrolysis gives the

following derivatives:

first time second time third time

S s s

X XX
Ph—N NH Ph—N NH Ph—N NH

O H ^^-^^ 0 H '^^^ O

Propose a structure for the unknown pentapeptide.

24-43. Show the steps and intermediates in the synthesis of Ile-Leu-Phe

(a) by the solution-phase process. (b) by the sohd-phase process.

24-44. Using classical solution-phase techniques, show how you would synthesize Ala-Val and then combine it with Ile-

Leu-Phe to give Ile-Leu-Phe-Ala-Val.

24-45. Peptides often have functional groups other than free amino groups at the N terminus and other than carboxyl

groups at the C terminus.

(a) A tetrapeptide is hydrolyzed by heating with 6 M HCl. and the hydrolysate is found to contain Ala, Phe. Val.

and Glu. When the hydrolysate is neutralized, the odor of ammonia is detected. Explain where this ammonia

might have been incorporated in the original peptide.

(b) The tripeptide thyrotropic honnone releasing factor (T^) has the full name pyroglutamylhistidylprolin-

amide. The structure appears below. Explain the functional groups at the N terminus and at the C terminus.

^CH,

H.C CH, n n CH, CH, n
/ V ? ? \" / "

°

0=C ^CH—C—NH— CH— C N CH C—NH,

N CH2

~N—

H

N=^

(c) On acidic hydrolysis, an unknown pentapeptide gives glycine, alanine, valine, leucine, and isoleucine. No
odor of ammonia is detected when the hydrolysate is neutralized. Reaction with phenyl isothiocyanate fol-

lowed by mild hydrolysis gives no phenylthiohydantoin derivative. Incubation with carboxypeptidase has no

effect. Explain these findings.

I

H
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*24-46. Lipoic acid is often found near the active sites of enzymes, usually bound to the peptide by a long, tlexible amide

linkage with a lysine residue.

(a) Is lipoic acid a mild oxidizing agent or a mild reducing agent? Draw it in both its oxidized and reduced

forms.

(b) Show how lipoic acid might react with two Cys residues to form a disulfide bridge.

(c) Give a balanced equation for the hypothetical oxidation or reduction, as you predicted in part (a), of an alde-

hyde by lipoic acid.

? ^ /X /COOH
R—C— H 4- \ /

-^-^

S—

S

24-47. Histidine is an important catalytic residue found at the active sites of many enzymes. In many cases, histidine ap-

pears to remove protons or to transfer protons from one location to another.

(a) Show which nitrogen atom of the histidine heterocycle is basic and which is not.

(b) Use resonance forms to show why the protonated form of histidine is a particularly stable cation.

(c) Show the structure that results when histidine accepts a proton on the basic nitrogen of the heterocycle and

then is deprotonated on the other heterocyclic nitrogen. Explain how hisddine might function as a pipeline to

transfer protons between sites within an enzyme and its substrate.

24-48. Metabolism of arginine produces urea and the rare amino acid oniithiiie. Ornithine has an isoelectric point close

to 10. Propose a structure for ornithine.

24-49. Glutathione (GSH) is a tripeptide that serves as a mild reducing agent to detoxify peroxides and maintain the cys-

teine residues of hemoglobin and other red blood cell proteins in the reduced state. Complete hydrolysis of glu-

tathione gives Gly. Glu. and Cys. Treatment of glutathione with carboxypeptidase gives glycine as the first free

amino acid released. Treatment of glutathione with phenyl isothiocyanate gives the phenylthiohydantoin of glu-

tamic acid.

(a) Propose a structure for glutathione consistent with this information.

(b) Oxidation of glutathione forms glutathione disulfide (GSSG). Propose a structure for glutathione disulfide,

and write a balanced equation for the reaction of glutathione w ith hydrogen peroxide.

24-50. Complete hydrolysis of an unknown basic decapeptide gives Gly, Ala, Leu, He. Phe, Tyr. Glu, Arg, Lys. and Sen

Tenninal residue analysis shows that the N terminus is Ala and the C terminus is He. Incubation of the decapep-

tide with chymotrypsin gives two tripeptides, A and B, and a tetrapeptide, C. Amino acid analysis shows that

peptide A contains Gly. Glu. Tyr, and NH , : peptide B contains Ala. Phe. and Lys; and peptide C contains Leu.

He, Ser, and Arg. Terminal residue analysis gives the following results.

A' termmits C tcniiinus

A Glu Tyr

B Ala Phe

C Arg He

Incubation of the decapeptide w ith trypsin gives a dipeptide D. a pentapeptide E. and a tripeptide F. Terminal

residue analysis of F shows that the N terminus is Ser. and the C terminus is He. Propose a structure for the de-

capeptide and for fragments A through F.



25-1

Introduction

In our study of organic chemistry, we have usually classified compounds accord-

ing to their functional groups. Lipids, however, are classified by their solubility:

Lipids are substances that can be extracted from cells and tissues by nonpolar

organic solvents.

Lipids include many types of compounds containing a wide variety of functional

groups. You could easily prepare a solution of lipids by grinding a T-bone steak in a

blender and then extracting the puree with chlorofomi or diethyl ether. The result-

ing solution of lipids would contain a multitude of compounds, many with complex

structures. To facilitate the study of lipids, chemists have divided this large family of

compounds into two major classes: complex lipids and simple lipids.

Complex lipids are those that are easily hydrolyzed to simpler constituents.

Most complex lipids are esters of long-chain carboxylic acids called/(7rf\' acids. The

two major groups of fatty acid esters are waxes and glycerides. Waxes are esters of

long-chain alcohols, and glycerides are esters of glycerol.

Simple lipids are those that are not easily hydrolyzed by aqueous acid or base.

This term often seems inappropriate, because many so-called "simple" lipids are

Figure 25-1

Complex lipids contain ester

functional groups that can be

hydrolyzed to acids and alco-

hols. Simple lipids are not

easily hydrolyzed.

Examples of complex lipids

O
II

CH2—O—C— (CH2)i6CH3

O

CH—O—C— (CH2)i6CH3

O

CH.—O—C— (CH2)i6CH3

tristearin, a fat

O

CH3(CH2),5—O—C— (CH2)i4CH3

spermaceti (cetyl palmitate), a wax

Examples ofsimple lipids

cholesterol, a steroid

a-pinene, a terpene

I 164
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quite complex molecules. We will consider three important groups of simple lipids:

steroids, prostaglandins, and terpenes. Figure 25-1 shows some examples of complex

and simple lipids.

Waxes are esters of long-chain fatty acids with long-chain alcohols. They occur

widely in nature and serve a number of puiposes in plants and animals. Spermaceti

(Fig. 25-1) is found in the head of the sperm whale and probably helps to regulate

the animal's buoyancy for deep diving. It may also serve to amplify high-frequency

sounds for locating prey. Beeswax is a mixture of waxes, hydrocarbons, and alcohols

that bees use to form their honeycomb. Carnaiiha wax is a mixture of waxes of very

high molecular weights. The camauba plant secretes this waxy material that coats its

leaves to prevent excessive loss of water by evaporation. Waxes are also found in

the protective coatings of insects' exoskeletons, mammals' fur, and birds* feathers.

In contrast to these waxes, the "paraffin wax" used to seal preserves is not a true

wax; rather, it is a mixture of high molecular weight alkanes.

O O
II II

CH,(CH,).,—O—C— (CHJ.,CH, CH,(CH.)„—O—C— (CH,),^,^,

a component of beeswax a component of camauba wax

For many years, natural waxes were used in making cosmetics, adhesives, var-

nishes, and waterproofing materials. Synthetic materials have now replaced natural

waxes for most of these uses. Plant leaves often have a wax

coating to prevent excessive

loss of water.

Glycerides are simply fatty acid esters of the triol glycerol. The most common glyc-

erides are triglycerides (triacylglycerols), in which all three of the glycerol —OH
groups have been esterified by fatty acids. For example, tiistearin ( Fig. 25- 1 ) is a com-

ponent of beef fat in which all three —OH groups of glycerol are esterified by stearic

acid, CH3(CH2),6COOH.
Triglycerides are commonly called fats if they are solid at room temperature

and oils if they are liquid at room temperature. Most triglycerides derived from mam-
mals are fats, such as beef fat or lard. Although these fats are solid at room temper-

ature, the warm body temperature of the living animal keeps them somewhat fluid,

allowing for body movement. In plants and cold-blooded animals, triglycerides are

generally oils, such as corn oil, peanut oil, or fish oil. A fish requires liquid oils rather

than solid fats because it would have difficulty moving if its triglycerides solidified

whenever it swam in a cold stream.

Fats and oils are commonly used for long-term energy storage in plants and an-

imals. Fat is a more efficient source of long-tenn energy than carbohydrates because

metabolism of a gram of fat releases over twice as much energy as a gram of sugar

or starch. An average 70-kg adult male stores about 1000 kcal of readily available

energy as glycogen (0.2 kg), and about 140,000 kcal of long-term energy as fat

(15 kg): enough to supply his resting metabolic needs for nearly three months!

The fatty acids of common triglycerides are long, unbranched carboxylic acids

with about 12 to 20 carbon atoms. Most fatty acids contain even numbers of carbon

atoms because they are derived from two-carbon acetic acid units. Some of the com-

mon fatty acids have saturated carbon chains, while others have one or more ele-

ments of unsaturation: generally carbon-carbon double bonds. Table 25-1 shows

the structures of some common fatty acids derived from fats and oils.

25-3

Triglycerides
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TABLE 25- 1 Structures and Melting Points of Some Common Fatty Acids

Name Carbons Structure Melting Point (°C)

Saturated uvids

lauric acid 12

myristic acid 14

palmitic acid 16

stearic acid 18

arachidic acid 20

Unsaturated acids

oleic acid 18

linoleic acid 18

linolenic acid 18

eleostearic acid 18

arachidonic acid 20

PROBLEM 25-1

Trimyristin, a solid fat present in nutmeg, is hydrolyzed to give 1 equivalent of glycerol and

3 equivalents of myristic acid. Give the structure of trimyristin.

Table 25-1 shows that saturated fatty acids have melting points that increase

gradually with their molecular weights. The presence of a cis double bond lowers the

melting point, however. Notice that the 18-carbon saturated acid (stearic acid) has a

melting point of 70°C, while the 18-carbon acid with a cis double bond (oleic acid)

has a melting point of 4°C. This lowering of the melting point results from the un-

saturated acid's "kink" at the position of the double bond (Fig. 25-2). Kinked mol-

ecules cannot pack as tightly together in a solid as the uniform zigzag chains of a

saturated acid.

A second double bond lowers the melting point further (linoleic acid, mp
— 5°C), and a third double bond lowers it still further (linolenic acid, mp — 1 1°C).

stearic acid, mp 70°C oleic acid, mp 4°C

Figure 25-2

The cis doulile bond in oleic acid lowers the melting point by 66°C.

44

59

64

70

76

4

-5

-11

49

-49
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The trans double bonds in eleostearic acid (mp 49°C) have a smaller effect on the

melting point than the cis double bonds of linolenic acid. The geometry of a trans dou-

ble bond is similar to the zigzag conformation of a saturated acid, and it does not kink

the chain as much as a cis double bond.

Fats and oils also have melting points that depend on the unsaturation (espe-

cially cis double bonds) in their fatty acids. A triglyceride derived from saturated

fatty acids has a higher melting point because it packs more easily into a solid lat-

tice than a triglyceride derived from kinked, unsaturated fatty acids. Figure 25-3

shows typical conformations of triglycerides containing saturated and unsaturated

fatty acids. Tristearin (mp 72°C) is a saturated fat that packs well in a solid lattice.

Triolein (mp -4°C) has the same number of carbon atoms as tristearin, but triolein

has three cis double bonds, whose kinked conformations prevent optimum packing

in the solid.

Most saturated triglycerides are fats because they are solid at room tempera-

ture. Most triglycerides with several unsaturations are oils because they are liquid at

room temperature. The term polyunsaturated simply means there are several double

bonds in the fatty acids of the triglyceride.

Most naturally occurring fats and oils are mixtures of triglycerides containing

a variety of saturated and unsaturated fatty acids. In general, oils from plants and

cold-blooded animals contain more unsaturations than fats from warm-blooded an-

imals. Table 25-2 gives the approximate composition of the fatty acids obtained from

hydrolysis of some common fats and oils.

For many years, lard (a soft, white solid obtained by rendering animal fat) was

commonly used for cooking and baking. Although vegetable oil could be produced

more cheaply and in greater quantities, consumers were unwilling to use vegetable

oils because they were accustomed to using white, creamy lard. Then vegetable oils

were treated with hydrogen gas and a nickel catalyst, reducing some of the double

bonds to give a creamy, white vegetable shortening that resembles lard. This
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TABLE 25-2 Fatty Acid Composition of Some Fats and Oils, Percent by Weight

Saturated Fatty Acids Unsaturated Fatty Acids

Source Laurie Myristic Palmitic Stearic Oleic Linoleic Linolenic

beef fat 0 6 27 14 49 2 0

lard 0 1 24 9 47 10 0

human fat 1 3 27 8 48 10 0

herring oil 0 5 14 3 0 0 30'

corn oil 0 1 10 3 50 34 0

olive oil 0 0,1 7 2 84 5 7

soybean oil 0.2 0.1 10 2 29 51 7

' Contains large amounts of even more highly unsaturated fatty acids.

"partially hydrogenated vegetable oil" largely replaced lard for cooking and baking.

Margarine is a similar material flavored with butyraldehyde to give it a taste like

that of butter. More recently, consumers have learned that "polyunsaturated" veg-

etable oils are more easily digested, prompting a switch to natural vegetable oils.

PROBLEM 25-2

Give an equation for the complete hydrogenation of triolein using an excess of hydrogen.

What is the name of the product, and what are the melting points of the starting material

and the product'!'

25-4

Saponification of

Fats and Oils; Soaps

and Detergents

Saponification is the base-catalyzed hydrolysis of the ester linkages in fats and oils

(Review Section 21-7B). One of the products is soap, and the word saponification

is derived from the Latin word saponis. meaning "soap." Saponification was dis-

covered (before 500 B.C.). when it was found that a curdy material resulted when an-

imal fat was heated with wood ashes. Alkaline substances in the ashes promote

hydrolysis of the ester linkages of the fat. Soap is currently made by boiling animal

fat or vegetable oil with a solution of sodium hydroxide. The following reaction

shows formation of soap from tristearin. a component of beef fat.

O
II

CH,—O—C— (CH.),6CH3

O
II

CH—O—C— (CH2),f,CH3 + 3 NaOH

O

CH.—O—C— (CH.jigCH,

tristearin, a fat

heat

H,0

CH,—OH

CH—OH

CH,—OH
glycerol

o

+ 3 Na+-0—C— (CH,),(,CH3

sodium stearate, a soap

Chemically, a soap is the sodium or potassium salt of a fatty acid. The nega-

tively charged carboxylate group is hydrophilic (attracted to water), and the long hy-

drocarbon chain is hydrophobic (repelled by water) and lipophilic (attracted to oils).

In water, soap forms a cloudy solution of micelles: clusters of about 100 to 200 soap

molecules with their polar "heads" (the carboxylate groups) on the surface of the

cluster and their hydrophobic "tails" (the hydrocarbon chains) enclosed within. The

micelle (Fig. 25-4) is an energetically stable particle because the hydrophilic groups
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. . _, surrounding the micelle.

are hydrogen-bonded to the suiTounding water, while the hydrophobic groups are

shielded within the interior of the micelle, interacting with other hydrophobic groups.

Soaps are useful cleaning agents because of the different affinities of a soap

molecule's two ends. Greasy diil is not easily removed by pure water because grease

is hydrophobic and insoluble in water. Soap, however, has a long hydrocarbon chain

that dissolves in the grease, with its hydrophilic head at the surface of the grease

droplet. Once the surface of the grease droplet is covered by many soap molecules,

a micelle can form with a tiny grease droplet at its center. This grease droplet is eas-

ily suspended in water because it is covered by the hydrophilic carboxylate groups

of the soap (Fig. 25-5). The resulting mixture of two insoluble phases (grease and

water), with one phase dispersed throughout the other in small droplets, is called an

emulsion. We say the grease has been emulsified by the soapy solution. When the

wash water is rinsed away, the grease goes with it.
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The usefulness of soaps is limited by their tendency to precipitate out of solu-

tion in hard water. Hard water is water that is acidic or that contains ions of calci-

um, magnesium, or iron. In acidic water (such as the "acid rain" of environmental

concern), soap molecules are protonated to the free fatty acids. Without the ionized

carboxylate group, the fatty acid floats to the top as a greasy "'acid scum" precipitate.

O
II

CHjCCH,),—C—

O

a soap

-Na

O

CH3(CH,),—C—OH i

acid scum

-I- Na^

Many areas have household water containing calcium, magnesium, and iron

ions. Although these mineral-rich waters can be healthful for drinking, the ions react

with soaps to form insoluble salts called hard-water scum. The following equation

shows the reaction of a soap with calcium, common in areas where water comes in

contact with limestone rocks.

O
II

2CH,(CH,),—C— O-

a soap

^Na + Ca+2

O

[CH,(CHO,—C— Ol^Ca [

hard-water scum

+ 2Na^

PROBLEM 25-3

Give equations to show the reactions of sodium stearate with

(a) Ca-" (b) Mg-^ (c) Fe'^

PROBLEM 25-4

Several commercial laundry soaps contain water-softening agents, usually sodium carbon-

ate (Na^COj) or sodium phosphate (NajPOj or Na2HP04). Explain how these water-soft-

ening agents allow soaps to be used in water that is hard by virtue of its

(a) low pH (b) dissolved Ca"^. Mg"*, and Fe^* salts

Figure 25-6

Synthetic detergents may have

anionic, cationic. or nonionic

hydrophilic functional groups.

Of these detergents, only

Gardol "'
is a carboxylate salt

and forms a precipitate in hard

water.

An alkylbenzenesulfonate detergent

O

no precipitate

Examples of other types ofdetergems

{^^^r- — N"— (CHol
1
5— CH

,

CH, Cl-

benzylcetyldimethylammonium chloride

(benzalkonium chloride)

O CH,

CH,— (CH,)g—^^^ OCH.CHj^OH

Nonoxynol. Ortho Pharmaceuticals

O

CH,— (CH,)!,)— C— N— CHj—C— O- +Na

/V-lauroyl-A'-methylglycine, sodium salt

Gardol. Colgate-Palmolive Co.
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Soaps precipitate in hard w ater because of the chemical properties of the car-

boxylic acid group. Synthetic detergents avoid precipitation by using other func-

tional groups in place of carboxylic acid salts. Sodium sahs of sulfonic acids are the

most widely used class of synthetic detergents. Sulfonic acids dre more acidic than

carboxylic acids, so their salts are not protonated. even in strongly acidic wash water.

Calcium, magnesium, and iron salts of sulfonic acids are soluble in water, so sulfonate

salts can be used in hard water without forming a scum ( Fig. 25-6).

Like soaps, synthetic detergents combine hydrophiiic and hydrophobic regions

in the same molecule. Hydrophobic regions are generally alkyl groups or aromatic

rings. Hydrophiiic regions may contain anionic groups, cationic groups, or nonion-

ic groups containing several oxygen atoms or other hydrogen-bonding atoms. Fig-

ure 25-6 shows examples of an anionic detergent (a sulfonate), a cationic detergent

( benzalkonium chloride), and a nonionic detergent ( Nonoxynol®).

PROBLEM 25-5

Draw a diagram, similar to Figure 25-5. of an oil droplet emulsified b\ the alkylbenzene-

siilfonate detergent shown in Figure 25-6.

PROBLEM 25-6

Point out the hydrophiiic and hydrophobic regions in the structures of benzalkonium chlo-

ride. Nonoxynol'. and GardoP (Fig. 25-6).

PROBLEM 25-7

The synthesis of the alkylbenzenesulfonate detergent shov\ n in Figure 25-6 begins with the

partial polymerization of propylene to gi\ e a pentamer.

acidic caiah st

5 H,C=CH— CH, -—

>

a pentamer

Show how Friedel- Crafts reactions can con\ ert this pentamer to the final synthetic detergent.

Phospholipids are lipids that contain groups derived from phosphoric acid. The most

common phospholipids are phosphoglycerides. which me closely related to common
fats and oils. A phosphoglyceride generally has a phosphoric acid group in place of

one of the fatty acids of a triglyceride. The simplest class of phosphoglycerides are

phosphatidic acids, which consist of glycerol esterified by two fatty acids and one

phosphoric acid group. Although it is often draw n in its acid form, a phosphatidic acid

is actually deprotonated at neutral pH.

O

CH.—O—C— (CH, )„CH3

O

CH—O—C— (CH,)„CH,,

O

CH.—O— P—OH

OH
a phosphatidic acid

o
II

CH,—O—C— (CH, )„CH

,

o
II

2H- -t- CH—O—C— (CH;),CH,

O
II

CH,—O—P—O-

o-
ionized form

25-5

Phospholipids

nonpolar.

hydrocarbon

tails

polar head

schematic representation
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PROBLEM 25-8

Draw the important resonance forms for a phosphatidic acid that has lost

(a) one proton (b) two protons

Many phospholipids contain an additional alcohol esterified to the phos-

phoric acid group. Cephalins are esters of ethanolamine, and lecithins are esters

of choline. Both cephalins and lecithins are widely found in plant and animal

tissues.

HO-

O

-CH.CH.—NH.
ethanolamine

HO—CH.CH.— N(CH3)3

choline

CHj—O—

C

O nonpolar

CH—O—C'^ ^

O

CH,—O— P—O—CH.CH,— NH3

O

CH.—O—

C

O

CH-

CH,-

O polar

-0—

c

o

-0—p—o-

o-

nonpolar

-CH.CH,— N(CH3)3

polar

a cephalin,

or phosphatidyl ethanolamine

a lecithin,

or phosphatidyl choline

Like phosphatidic acids, lecithins and cephalins contain a polar "head" and

two long, nonpolar hydrocarbon "tails." This soaplike structure gives phospholipids

some interesting properties. Like soaps, they fonn micelles and other aggregations

with their polar heads on the outside and their nonpolar tails protected on the inside.

Another stable form of aggregation is a lipid bilayer, with the heads on the

two surfaces of a membrane and the tails protected within. Cell membranes contain

phosphoglycerides oriented in a lipid bilayer, forming a barrier that restricts the flow

of water and dissolved substances. Figure 25-7 shows the arrangement of phospho-

lipids in a bilayer membrane.

Figure 25-7

Phosphoglycerides can aggre-

gate into a bilayer membrane

with their polar heads exposed

to the aqueous solution and the

hydrocarbon tails protected

within. This lipid bilayer is an

important part of the cell

membrane.

hydrophilic surface

exposed to water

hydrophobic

interior

hydrophilic surface



25-6 Steroids 1173

Steroids are complex polycyclic molecules found in all plants and animals. They are

classified as simple lipids because they do not undergo hydrolysis like fats, oils, and

waxes do. Steroids encompass a wide variety of compounds, including hormones,

emulsifiers, and components of membranes. Steroids are defined as compounds

whose structures are based on the tetracyclic androstane ring system, shown below.

The four rings are designated A. B. C. and D, beginning with the ring at lower left,

and the carbon atoms are numbered beginning with the A ring and ending with the

two "angular" (axial) methyl groups.

25-6

Steroids

androstane

We have seen {Section 3-16B) that fused ring systems such as androstane can

have either trans or cis stereochemistry at each ring junction. A simple example is

the geometric isomerism of Trans- and c/5-decalin shown in Figure 25-8. If you make
models of these isomers, you will find that the trans isomer is quite rigid and flat

(aside from the ring puckering). In contrast, the cis isomer is relatively flexible, and

it has the two rings situated at a sharp angle to each other.

rra/is-decalin

r/.f-decalin

H
4^

T
H

both hydrogens up

one hydrogen up

one hydrogen down
< Figure 25-8

Geometric isomers of decalin.

In fra/!^-decalin. the two bonds

to the second ring are trans to

one another, and the hydrogens

on the junction are also trans.

In c(5-decalin. the bonds to the

second ring are cis, and the

junction hydrogens are also cis.

In the androstane structure shown above, each of the ting junctions is trans.

Most steroids have this all-trans structure, which results in a stiff, nearly flat mole-

cule with the two axial methyl groups perpendicular to the plane. In some steroids,

the junction between rings A and B is cis, requiring the A ring to fold down below

the rest of the ring system. Figure 25-9 shows the androstane ring system with both

trans and cis A-B ilng junctions. The B-C and C-D ring junctions are nearly always

trans in natural steroids.

Most steroids have an oxygen functional group (=0 or —OH) at C3. and

some kind of side chain or other functional group at C17. Many also have a double

bond from C5 to either C4 or C6. The structures of androsterone and cholesterol

serve as examples. Androsterone, a male sex hormone, is based on the simple
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a trans A-B steroid

Figure 25-9

Common steroids may iiave either a cis or a trans A-B ring junction. The other rmg junc-

tions are normally trans.

These gallstones, shown here

within the gallbladder, are

composed mostly of choles-

terol.

androstane ring system. Cholesterol is a common biological intermediate and is be-

lieved to be the biosynthetic precursor to other steroids. It has a side chain at CI 7 and

a double bond between C5 and C6.

OH H
androsterone

HO

cholesterol

The principal sex hormones have been characterized and studied extensively.

Testosterone is the most potent of the natural male sex hormones, and estradiol is the

most potent natural female hormone. Notice that the female sex hormone differs

from the male hormone by its aromatic A ring. For the A ring to be aromatic, the CI

9

methyl group must be lost. In mammals, testosterone is converted to estradiol in the

female's ovaries, where enzymes remove C19 and two hydrogen atoms to give the

aromatic A ring.



PROBLEM 25-9

How u oLild _\ oLi use a simple extraction to separate a mixture of testosterone and estradiol?

When steroid hormones were first isolated, people belie\ed that no s\nthetic

hormone could n\ al the astonishing potency of natural steroids. In the past 20 years.

ho\\e\ er. nian_\ sy nthetic steroids ha\ e been de\ eloped. Some of these synthetic hor-

mones are hundreds or thousands of times more potent than natural steroids. One ex-

ample is ethynyl estradiol, a s\ nthetic female hormone that is more potent than

estradiol. Ethyn\ 1 estradiol is a common ingredient in oral contracepti\es.

eth\nyl estradiol

Some of the most imponant physiological steroids are the adrenocortical hor-

mones, synthesized b\ the adrenal cortex. Most of these hormones have either a car-

hon\l group or a h\dro\yl group at Cll of the steroid skeleton. The principal

adrenocortical homione is Cortisol, used for the treatment of intlammaton,' diseases

of the skin (psoriasis), the joints (rheumatoid arthritis), and the lungs (asthma). Fig-

ure 25-10 compares the stmcture of natural conisol w ith two synthetic corticoids: tlu-

ocinolone acetonide. a fluorinated synthetic homione that is more potent than Cortisol

for treating skin inflammation: and beclomethasone. a chlorinated synthetic hor-

mone that is more potent than Cortisol for treating asthma.

CH,OH CH,OH

H F

Cortisol fluocinolone acetonide beclomi

Figure 25-10

Cortisol is the major natural hormone of the adrenal cortex. Fluocinolone acetonide is more

potent for treating skin inflammation, and beclomethasone is more potent for treating

asthma.

PROBLEM 25-10

Draw each molecule in a stable chair confomiation. and tell w hether each red group is axial

or equatorial.
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OH H
androsterone

H H

digitoxigenin, a cardiac stimulant

25-7

Prostaglandins

Prostaglandins are fatty acid derivatives that are even more powerful biochemical

regulators than steroids. They are called prostaglandins because they were first iso-

lated from secretions of the prostate gland. They were later found to be present in all

body tissues and fluids, usually in minute quantities. Prostaglandins affect many dif-

ferent body systems, including the nervous system, smooth muscle, blood, and the

reproductive system. They play important roles in regulating such diverse factors as

blood pressure, blood clotting, the allergic inflammatory response, activity of the

digestive system, and the onset of labor.

Prostaglandins have a cyclopentane ring with two long side chains trans to

each other, with one side chain ending in a carboxylic acid. Most prostaglandins

have 20 carbon atoms, numbered as follows:

COOH

Many prostaglandins have hydroxy 1 groups on Cll and CI 5, and a trans dou-

ble bond between C 1 3 and CI 4. They also have a carbonyl group or a hydroxyl group

on C9. If there is a carbonyl group at C9. the prostaglandin is a member of the E se-

ries. If there is a hydroxyl group at C9, it is a member of the F series, and the sym-

bol a means the hydroxyl group is directed down. Many prostaglandins have a cis

double bond between C5 and C6. The number of double bonds is also given in the

name, as shown below for two common prostaglandins.

PGE, PGF,„

(PG means prostaglandin; (PG means prostaglandin:

E means ketone at C9; F means hydroxyl at C9, and a means down:

1 means one C= C double bond) 2 means two C=C double bonds)

Prostaglandins are derived from arachidonic acid, a 20-carbon fatty acid with

four cis double bonds. Figure 25-1 1 shows schematically how an enzymatic cyclo-

oxidation converts arachidonic acid to the prostaglandin skeleton.
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COOH

arachidonic acid

COOH reduction

V r
H H H ( HJH

Figure 25-1 I

BiON\ntheMs ot prostaglandins begins by an enzyme-catalyzed oxidative cyclization of

arachidonic acid.

COOH

HO i

H H H OH

PGF.^

Terpenes are a diverse family of compounds with carbon skeletons composed of

fi\ e-carbon isopentyl ( isoprene) units. Terpenes are commonly isolated from the es-

sential oils of plants: the fragrant oils that are concentrated from plant material, usu-

ally by steam distillation. Essential oils often have pleasant tastes or aromas, and

they are widely used as flavorings, deodorants, and medicines. Table 25-3 lists sev-

eral common types of essential oils and their principal components.

TABLE 25-3 Some Useful Essential Oils

Essential Oil Source Major Components

perfume flowers mixtures of terpenes and terpenoids

oil of mrpentine evergreens mixtures of terpenes and terpenoids

oil of celer% celer%

/3-selinene. a terpene

oil of anise anise seed

anethole

oil of bay ba> leaves

mvrcene. a terpene

cedar leaf oil lea\ es of the "white cedar"

(actually a pine)

Q-pinene. a terpene

25-8A Characteristics and Nomenclature ofTerpenes

Hundreds of essential oils \\ ere used as perfumes, flavorings, and medicines for cen-

turies before chemistry was capable of studying the mixtures. In 1818 it was found

that oil of turpentine has a C : H ratio of 5 : 8. and many other essential oils have sim-

ilar C : H ratios. This group of piney-smelling natural products v\ ith similar C: H ra-

tios came to be know n as terpenes.

25-8

Terpenes
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In 1 887, German chemist Otto Wallach determined the structures of several ter-

penes and discovered a common structural feature: All are made up of two or more five-

carbon units of isoprene: 2-methyl-1 ,3-butadiene. The isoprene unit maintains its

isopentyl structure in a terpene, usually with modification of the isoprene double bonds.

Isoprene

(may have double bonds)

The isoprene molecule and the isoprene unit are said to have a "head" (the

branched end) and a "tail" (the unbranched ethyl group). Myrcene can be divided into

two isoprene units, with the head of one unit bonded to the tail of the other.

head

head

myrcene ^-sehnene

^-Selinene has a more complicated structure, with two rings and a total of 15

carbon atoms. Nevertheless, jS-selinene is composed of three isoprene units. Once
again, these three units are bonded head to tail, although the additional bonds used

to form the rings make the head-to-tail arrangement more difficult to see.

Many terpenes contain additional functional groups, especially carboxyl groups

and hydroxyl groups. A terpene aldehyde, a terpene alcohol, a terpene ketone, and a

terpene acid are shown below.

COOH

oeranial menthol camphor

PROBLEM 25-1 I

Circle the isoprene units in geranial, menthol, camphor, and abietic acid

abietic acid

Class Name Carbons

monoterpenes 10

sesquiterpenes 15

diterpenes 20

triterpenes 30

tetraterpenes 40

25-8B Classification ofTerpenes

Terpenes are classified according to the number of carbon atoms, in units of ten. A
terpene with 10 carbon atoms (two isoprene units) is called a monoterpene, one

with 20 carbon atoms (four isoprene units) is a diterpene, and so on. Terpenes with

15 carbon atoms (three isoprene units) are called sesquiterpenes, meaning that they

have 1 2 times 10 carbon atoms. Myrcene, geranial, menthol, and camphor are



monoteipenes. /3-selinene is a sesquiterpene, abietic acid is a diterpene, and squalene

( Fig. 25-12) is a triterpene.

Carotenes, with 40 carbon atoms, are tetraterpenes. Their extended system of

conjugated double bonds moves the intense tt-^ tt* ultraviolet absolution into the

visible region, making them brightly colored. Carotenes are responsible for the pig-

mentation of carrots, tomatoes, and squash, and they give a fiery color to tree leaves

in autumn. ^-Carotene is the most common carotene isomer. It can be di\ ided into

two head-to-tail diterpenes, linked tail to tail.

/3-carotene; A„^, = 454 nm. e = 140,000

PROBLEM 25-12

Circle tlie eight isoprene units in /3-carotene.

Carotenes are believed to serve as biological precursors of retinol, commonly

known as vitamin A. If a molecule of /3-carotene is split in half at the tail-to-tail link-

age, each of the diterpene fragments may be converted to retinol.

2 H,0
carotene

enzyme

PROBLEM 25-13

(a) Circle the isoprene units in the following terpenes.

( b) Classify each of these as a monoteipene. a diterpene. etc.

( 1 ) a-famesene (2) limonene (3) a-pinene (4) zingiberene

(from oil of citronella) (from oil of lemon) (from tuipentine) (from oil of ginger)

25-8C Terpenoids

Many natural products are derix ed from terpenes. even though they do not have car-

bon skeletons composed exclusively of C^ isoprene units. These teipene-like com-

pounds are called terpenoids. They may have been altered through reanangements.

loss of carbon atoms, or introduction of additional carbon atoms. Cholesterol is an

example of a terpenoid that has lost some of the isoprenoid carbon atoms.
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Figure 25-12

Cholesterol is a triteipenoid

that has lost three (blue)

carbon atoms from the original

six isoprene units of squalene.

Another carbon atom has

migrated ( red arrow ) to form

the axial methyl group between

rings C and D.

squalene

HO
H3C CH3

intermediate

loss of three carbons
>

HO
cholesterol

Figure 25-12 shows that cholesterol is a triterpenoid, formed from six isoprene

units with loss of three carbon atoms. The six isoprene units are bonded head to tail,

with the exception of one tail-to-tail linkage. The triterpene precursor of cholesterol

is believed to be squalene. We can envision an acid-catalyzed cyclization of squalene

to give an intermediate that is converted to cholesterol with loss of three carbon atoms.

Ch3.pt6r 25 detergent (synthetic detergent) A synthesized compound that acts as an emulsifying agent.

Glossary Some of the common classes of synthetic detergents are alkylbenzenesulfonate salts, alkyl sul-

fate salts, alkyiammonium salts, and nonionic detergents containing several hydroxyl groups

or ether linkages, (p. 1 1 70)

emulsify To promote formation of an emulsion, (p. 1 169)

emulsion A mixture of two immiscible liquids, one dispersed throughout the other in small

droplets, (p. 11 69)

essential oils Fragrant oils (essences) that are concentrated from plant material, usually by

steam distillation, (p. 1177)

fat A fatty acid triesterof glycerol (a triglyceride) that is solid at room temperature, (p. 1 165)

fatty acid A long-chain carboxylic acid. Most naturally occurring fatty acids contain even

numbers of carbon atoms between 12 and 20. (p. 1 165)

glyceride A faUy acid ester of glycerol, (p. 1 165)

hard water Water that contains acids or ions (such as Ca"^, Mg^^, or Fe"*"^) that react with

soaps to form precipitates, (p. 1 170)

hydrophilic Attracted to water; polar, (p. 1168)

hydrophobic Repelled by water; usually nonpolar and lipophilic (soluble in oils and in non-

polar solvents), (p. 1168)

isoprene The common name for 2-methyl-l,3-butadiene, the structural building block for

terpenes. (p. 1 178)

lipid bilayer A fonri of aggregation of phosphoglycerides with the hydrophilic heads form-

ing the two surfaces of a planar structure and the hydrophobic tails protected within. A lipid

bilayer forms part of the cell membrane, (p. 1 172)

lipids Substances that can be extracted from cells and tissues by nonpolar organic sol-

vents, (p. 1 164)

complex lipids: Lipids that are easily hydrolyzed to simpler constituents, usually by

saponification of an ester.

simple lipids: Lipids that are not easily hydrolyzed to simpler constituents.
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micelle A cluster of molecules of a soap, phospholipid, or other emulsifying agent suspended

in a soh ent. usually v\ ater. The hydrophilic heads of the molecules are in contact with the sol-

vent, and the hydrophobic tails are enclosed within the cluster. The micelle may or may not

contain an oil droplet, (p. 1 168)

oil A fatty acid triester of glycerol (a triglyceride) that is liquid at room temperature. ( p. 1 165)

phosphoglyceride An ester of glycerol in which the three hydroxyl groups are esterifled by

two fatty acids and a phosphoric acid derivative, (p. 1171)

phosphatidic acids .A variety of phosphoglycerides consisting of glycerol esterified by

two fatt\ acids and one free phosphoric acid group.

cephalins (phosphatidyl ethanolamines); A variety of phosphoglycerides with

ethanolamine esterified to the phosphoric acid group.

lecithins (phosphatidyl cholines): A variety of phosphoglycerides with choline esteri-

fied to the phosphoric acid group.

phospholipid Any lipid that contains one or more groups deri\ ed from phosphoric acid.
(
p.

1171)

prostaglandins A class of biochemical regulators consisting of a 20-carbon carboxylic acid

containing a cyclopentane ring and various other functional groups, (p. 1 176)

saponification Base-promoted hydrolysis of an ester. Originally used to describe the hy-

drolysis of fats to make soap. (p. 1 168)

soap The alkali metal salt of a fatty acid. (p. 1 168)

steroid A compound whose structure is based on the tetracyclic androstane ring system, (p.

1173)

terpenes A diverse family of compounds w ith carbon skeletons composed of two or more

5-carbon isoprene units. Monoterpenes contain 10 carbon atoms, sesquiterpenes contain

15. diterpenes contain 20. and triterpenes contain 30. (p. 11 77)

terpenoids .4 family of compounds including both terpenes and compounds of terpene ori-

gin whose carbon skeletons have been altered or rearranged, (p. 1 179)

triglyceride (triacylglycerol) .A fatty acid triester of glycerol. Triglycerides that are solid at

room temperature -dvc fats, and those that are liquid are oils. (p. 1 165)

wax An ester of a long-chain fatty acid w ith a long-chain alcohol, (p. 1 165)

ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 25

L Classify lipids both into the large classifications (such as simple lipids, complex

lipids, phospholipids, etc.) and into the more specific classifications (such as

waxes, triglycerides, cephalins. lecithins, steroids, prostaglandins, terpenes. etc.).

2. Predict the physical properties of fats and oils from their structures.

3. Identify the isoprene units in terpenes. and classify terpenes according to the

number of carbon atoms.

4. Predict the products of reactions of lipids v\'ith standard organic reagents. In par-

ticular, consider the reactions of the ester and olefinic groups of glycerides

and the carboxyl groups of fatty acids.

5. Explain how soaps and detergents work, with particular attention to their sim-

ilarities and differences.

Study Problems
25-14. Define each term and gi\e an example,

(a) lipid (b) fat

(e) wax (f) soap

(i) micelle (j) phospholipid

(m) complex lipid (n) prostaglandin

(c) oil (d) fatty acid

(g) detergent (h) hard water

(k) triglyceride (1) simple lipid

(o) steroid (p) terpene
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25-15.

25-16.

25-17.

25-18.

25-19.

25-20.

25-21.

25-22.

25-23.

25-24.

Chapter 25: Lipids

Give the general classification of each compound,

(a) glyceryl tripalmitate

O o

(b) CH — (CH,)„—CH,—O—S—O ^Na (c) CH — (CH,), —O—C— (CH,), —CH,

O
sodium lauryl sulfate (in shampoo)

tetradecyl octadecanoate

=CH
CH,

(d) H,C4

H C
- norethindrone

caryophyllene (I'rom cloves) (a synthetic hormone)

Predict the products obtained from the reaction of triolein with the following reagents,

(a) NaOH in water (b) H, and a nickel catalyst (c) Br, in CCI4

(d) ozone, then ditnethyl sulfide (e) warm KMnOj in water (f) CH,I,/Zn(Cu)

(g) saponification, then LiAlHj

Show how you would convert oleic acid to the following fatty acid derivatives.

(a) 1 -octadecanol (b) stearic acid (c) octadecyl stearate

(d) nonanal (e) nonanedioic acid (f) 2,9. 10-tribromostearic acid

Phospholipids undergo saponification much like triglycerides. Draw the structure of a phospholipid meeting the

following criteria; then draw the products that would result from its saponification.

(a) a cephalin containing stearic acid and oleic acid (b) a lecithin containing palmitic acid

Some of the earliest synthetic detergents were the sodium alkyl sulfates.

O
II

CH3(CH,)„CH,—O—S—O -Na

O

Show how you would make sodium octadecylsulfate using tristearin as your organic starting material.

Which of the following chemical reactions could be used to distinguish between a polyunsaturated vegetable oil

and a petroleum oil containing a mixture of saturated and unsaturated hydrocarbons? Explain your reasoning.

(a) addition of bromine in CCI4 (b) hydrogenation (c) saponification (d) ozonolysis

How would you use simple chemical tests to distinguish between the following pairs of compounds?

(a) sodium stearate and /;-dodecylbenzenesulfonate (b) beeswax and ""paraffin wax"

(c) trimyristin and myristic acid (d) trimyristin and triolein

A triglyceride can be optically active if it contains two or more different fatty acids.

(a) Draw the structure of an optically active triglyceride containing 1 equivalent of myristic acid and 2 equiva-

lents of oleic acid.

(b) Draw the structure of an optically inactive triglyceride with the same fatty acid composition.

Draw the stiaicture of an optically active triglyceride containing 1 equivalent of stearic acid and 2 equivalents of

oleic acid. Draw the products expected when this triglyceride reacts with the following reagents. In each case,

predict whether the products will be optically active.

(a) H, and a nickel catalyst

(b) Br2inCCl4

(c) hot aqueous NaOH
(d) ozone followed by (CH,),S

The structure of limonene appears in Problein 2.*)- 13. Predict the products formed when limonene reacts with the

following reagents.

(a) excess HBr (b) excess HBr. peroxides

(c) excess Br, in CCI4 (d) ozone, followed by dimethyl sulfide

(e) warm, concentrated KMnOj (f) BH, THF, followed by basic H,0,
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25-26.

Olestra^ is a new fat-based fat substitute that became available in snack foods such as potato chips in 1998. Pre-

vious fat substitutes were carbohydrate-based or protein-based mixtures that do not give as good a sensation in

the mouth, and are not suitable for frying. With Olestra®, the glycerol molecule of a fat is replaced by sucrose

(page 1097). The sucrose molecule has six, seven, or (most commonly) eight fatty acids esterified to its hydroxyl

groups. The fatty acids come from hydrolysis of vegetable oils such as soybean, com. palm, coconut, and cotton-

seed oils. This unnaturally bulky, fat-like molecule does not pass through the intestinal walls, and digestive en-

zymes cannot get close to the sucrose center to bind it to their active sites. Olestra^ passes through the digestive

system unchanged, and it pro\ ides zero calories. Draw a typical Olestra^ molecule, using any fatty acids that are

commonly found in vegetable oils.

Cholic acid, a major constituent of bile, has the following structure.

COOH

HO

25-27.

25-29.

25-30.

(a) Draw the structure of cholic acid showing the rings in their chair conformations, and label each methyl group

and hydroxyl group as axial or equatorial. (Making a model may be helpful.)

(b) Cholic acid is secreted in bile as an amide linked to the amino group of glycine. This cholic acid -amino acid

combination acts as an emulsifying agent to disperse lipids in the intestines for easier digestion. Draw the

structure of the cholic acid-glycine combination, and explain why it is a good emulsifying agent.

Carefully circle the isoprene units in the following terpenes. and label each as a monoterpene. sesquiterpene, or

diterpene.

(c) H,C CH,

y-bisabolene

patchouli alcohol

When an extract of parsley seed is saponified and acidified, one of the fatty acids isolated is petroselenic acid.

formula C;^H;^0;. Hydrogenation of petroselenic acid gives pure stearic acid. When petroselenic acid is treated

with warm potassium permanganate followed by acidification, the only organic products are dodecanoic acid and

adipic acid. The NMR spectrum shows absorptions of vinyl protons split by coupling constants of 7 Hz and 10

Hz. Propose a structure for petroselenic acid, and show how your structure is consistent w ith these observations.

The long-temi health effects of eating partially hydrogenated \ egetable oils concern some nutritionists because

many unnatural fatty acids are produced. Consider the partial hydrogenation of linolenic acid by the addition of 1

or 2 equivalents of hydrogen. Show how this partial hydrogenation can produce at least three different fatty acids

we have not seen before.

Fatty alcohols can react v\ ith reducing sugars to gi\ e gly cosides such as the cetyl glucoside shown below. Predict

the solubility properties and the most obvious uses of this cetyl glucoside.

H
CH,OH

(CH. -CH;

a cetvl slucoside
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26-1 People have always used polymers. Prehistoric tools and shelters were made from

Introduction
^'^'^'•^ ''""^ straw. Both of these building materials contain cellulose, a biopolymer of

glucose. Clothing was made from the hides and hair of animals, which contain pro-

tein, a biopolymer of amino acids. After people learned to use fire, they made ceramic

pottery and glass, using naturally occuiring inorganic polymers.

A polymer is a large molecule composed of many smaller repeating units (the

monomers) bonded together. Today when we speak of polymers, we generally mean

synthetic organic polymers rather than natural organic biopolymers such as DNA, cel-

lulose, and protein, or inorganic polymers such as glass and concrete. The first syn-

thetic organic polymer was made in 1838, when vinyl chloride was accidentally

polymerized. Polystyrene was discovered in 1839, shortly after styrene was synthe-

sized and purified. The discovery of polystyrene was inevitable, since styrene

polymerizes spontaneously unless a stabilizer is added.

Also in 1839, Charles Goodyear (of tire and blimp fame) discovered how to

convert the gummy polymeric sap of the rubber tree to a strong, stretchy material by

heating it with sulfur. Vulcanized rubber quickly revolutionized the making of boots,

tires, and rainwear. This was the first time that someone had artificially cross-linked

a natural biopolymer to give it more strength and stability.

In fewer than 150 years, we have become literally surrounded by synthetic

polymers. We wear clothes of nylon and polyester, we walk on polypropylene car-

pets, we drive cars with plastic fenders and synthedc rubber tires, and we use artifi-

cial hearts and other organs made of silicone polymers. Our pens and computers,

our toys and our televisions are made largely of plastics.

Articles that are not made from polymers are often held together or coated with

polymers. A bookcase may be made from wood, but the wood is bonded by a phe-

nol-formaldehyde polymer and painted with a latex polymer. Each year, about 50 bil-

lion pounds of synthetic organic polymers are produced in the United States, mostly

for use in consumer products. Large numbers of organic chemists are employed to

develop and produce these polymers.

In this chapter, we discuss some of the fundamental principles of polymer

chemistry. We begin with a survey of the different kinds of polymers, then consider

the reactions used to induce polymerization. Finally, we discuss some of the struc-

tural characteristics that determine the physical properties of a polymer.
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Classes of Synthetic Polymers. There are two major classes of polymers: addi-

tion polymers and condensation polymers. Addition polymers result from the rapid

addition of one molecule at a time to a growing polymer chain, usually with a re-

active intermediate (cation, radical, or anion) at the growing end of the chain. Ad-

dition polymers are sometimes called chain-growth polymers, because growth

usually occurs at the end of a chain. The monomers are usually alkenes, and

polymerization involves successive additions across the double bonds. Poly( vinyl

chloride), widely used as a synthetic leather, is an example of an addition polymer.

H CI

c— c-

H H

H CI

c— c-

vinyl chloride

H H

poly( vinyl chloride)

repeating unit

H CI

-C— C—
H H

Condensation polymers result from condensation (bond formation with loss

of a small molecule) between the monomers. The most common condensations in-

volve the formation of amides and esters. In a condensation polymerization, any two

molecules can condense; they do not need to be at the end of a chain. Condensation

polymers are sometimes called step-growth polymers because any pair of monomer
molecules can react to give a step in the condensation. Dacron polyester is an example

of a condensation polymer.

C—O—CH3 + HO—CH.—CH.—OH

dimethyl terephthalate ethvlonc ulvcol

C -hO—CH.—CH.—O—

C

Dacron® polyester

repeating unit

C-O—CH —CH,—OH 2/; CH3OH

Many alkenes undergo chain-growth polymerization when treated with small 26-2
amounts of suitable initiators. Table 26-1 shows some of the most common ad-

dition polymers, all made from substituted alkenes. The chain-growth mecha-

nism involves addition of the reactive end of the growing chain across the double

bond of the monomer. Depending on the monomer and the initiator used, the re-

active intermediates may be free radicals, carbocations. or carbanions. Although

these three types of chain-growth polymerizations are similar, we consider them

individually.

Addition Polymers

26-2A Free-Radical Polymerization

Free-radical polymerization results when a suitable alkene is heated with a radi-

cal initiator. For example, styrene polymerizes to polystyrene when it is heated to

100°C in the presence of benzoyl peroxide. This chain-growth polymerization is a
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TABLE 26-1 Some of the Most Important Addition Polymers

Polymer Polviner Uses Monomer Formula Polymer Repealing Unit

polyethylene

polypropylene

polystyrene

poly(isobutylene)

poly(vinyl chloride)

poly(acrylonitrile)

poly( methyl a-methacrylate)

poly ( tetrafluoroethylene

)

bottles, bags, films

plastics, olefin fibers

plastics, foam insulation

specialized rubbers

Orion®, Acrilan® fibers

acrylic fibers,

Plexiglas®, Lucite® paints

poly(methyl a-cyanoacrylate) "super"" glues

H,C=CH,

H,C=CH—CH,

H,C=CH

H3C=C(CH3)2

vinyl plastics, films, water pipes H,C=CH— CI

H,C=CH—CN

H,C O

H,C= C C—OCH,

CN O

H,C=C C—OCH,

Teflon'"' coatings. PTFE plastics F,C= CF,

-^CH,— CH.-t;

CH,
I

CH,—CH-

CH.—CH-

CH.

CH,—C—
CH,

CI

CH,—CH-

CN
I

CH,—CH-

COOCH3

CH —C

CH,

COOCH,

CH,—C

CN

i-CF,— CF,i7;

free-radical chain reaction. Benzoyl peroxide cleaves when heated to give two car-

boxyl radicals, which quickly decarboxylate to give phenyl radicals.

o o
II II

c—o—o—

C

benzoyl peroxide

heat

O
II

c— o-

carboxyl radicals

H H

2 H 2 CO,

H H

phenyl radicals

A phenyl radical adds to styrene to give a resonance-stabilized benzylic radi-

cal. This reaction starts the growth of the polymer chain.
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Initiation step

phenyl radicals styrene benzylic radical

Each propagation step adds another molecule of styrene to the growing chain.

This addition takes place with the orientation that gives another resonance-stabilized

benzylic radical.

Pr()pai>cition step

many more

stvrene molecules

H H H H

eloMiiatcd chain

C— C

I I

H H
_

polystyrene

n = about 100 to 10,000

Chain growth may continue with addition of several hundred or several thousand

styrene units. The length of a polymer chain depends on the number of additions of

monomers that occur before a termination step stops the process. Strong polymers

with high molecular weights result from conditions that favor fast chain growth and

minimize termination steps. Eventually the chain reaction stops, either by the cou-

pling of two chains or by reaction with an impurity (such as oxygen) or simply by

running out of monomer.

PROBLEM 26-1

Show the intermediate that would result if the growing chain added to the other end of the

styrene double bond. Explain why the final polymer has phenyl groups substituted on al-

ternating carbon atoms rather than randomly distributed.

Ethylene and propylene are also polymerized by free-radical chain-growth

polymerization. With ethylene, the free-radical intemiediates are less stable, so stronger

reaction conditions are required. Ethylene is commonly polymerized by free-radical ini-

tiators at pressures around 3000 atm and temperatures of about 200°C. The product,

called low-density polyethylene, is the material commonly used in polyethylene bags.

PROBLEM 26-2

Give a mechanism for reaction of the first three propylene units in the polymerization of

propylene in the presence of benzoyl peroxide.

/; H:C=CH— CH,

propylene

benzoyl peroxide

high pressure

H CH,
I I

c—c—

H H

polypropylene
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Chain Branching by Hydrogen Abstraction. Low-density polyethylene is soft

and flimsy because it has a highly branched, amorphous structure. (High-densi-

ty polyethylene, discussed in Section 26-4, is much stronger because of the orderly

structure of unbranched linear polymer chains.) Chain branching in low-density

polyethylene results from abstraction of a hydrogen atom in the middle of a chain

by the free radical at the end of a chain. A new chain grows from the point of the

free radical in the middle of the chain. Figure 26-1 shows abstraction of a hydro-

gen from a polyethylene chain and the first step in the growth of a branch chain

at that point.

H H H H

—he—c—c—c—c— c

—

I I I I I I

H H H H H H

\
H H H

I I I

c—c—

c

I I IHUH

H H
I I

-he—

c

I I

H H

H
I .

-c— c-

H H
I Ic— c - + H

middle of a polyethylene chain growing end of a chain

( 1
° free radical

H H H H

chain with 2° free radical

in the middle

H H H H
I I I I

-c—c—c— c-

I I I

H H H H

terminated chain

new chain growing

at the branch point

original chain

Figure 26-1

Chain branching occurs when the growing end of a chain abstracts a hydrogen atom from

the middle of a chain. A new branch grows off the chain at that point.

PROBLEM 26-3

Give a mechanism, using Figure 26-1 as a guide, showing chain branching during the free-

radical polymerization of styrene. There are two types of aliphatic hydrogens in the poly-

styrene chain. Which type is more likely to be abstracted?

26-2B Cationic Polymerization

Cationic polymerization occurs by a mechanism similar to the free-radical

process, except that it involves carbocation intermediates. Strongly acidic cata-

lysts are used to initiate cationic polymerization. Lewis acids such as BF3 are

often preferred because they leave no counterion that might react with the grow-

ing chain. The following mechanism shows formation of polyisobutylene using

BF3 as the catalyst.

Initiation step

F
F H

/CH,
I I

/CH3
C=CC —

* F—B—C—C:^
~CH,

I I
CH3

F F H
boron tritluoride isobutylene initiated chain
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Propagation step

H

F3-- C—

C

H

r.H-

H CH, H

c— c- -c—

growinu chain isobiitylene

H CH, H

elongated chain

-CH,— C—
CH,

polymer

A major difference between cationic and free-radical polymerization is that

the cationic process needs a monomer that fomis a relatively stable carbocation when

it reacts with the cationic end of the growing chain. Some monomers form more sta-

ble intermediates than others. For example, styrene and isobutylene undergo cation-

ic polymerization easily, while ethylene and acrylonitrile do not polymerize well

under these conditions. Figure 26-2 compares the intermediates involved in these

cationic polymerizations.

Good iiionoDiersfor cationic polymerization

growing chain

growing chain

styrene

c=c
H^ ^CH,

isobutylene

benzylic carbocation

H
CH3

K—C— C+ (good)

I ^CH,
H ^

tertiary carbocation

Poor monomers for cationic polymerization

growing chain

growing chain

C=C
H^ ^H

ethylene

H^ ^CN
C=C

H^ ^H

acrylonitrile

H
H

R—C— C+ (poor)

I ^H
H

primary carbocation

H
,CN

R—C— C^

\,
(poor)

H

destabilized carbocation

Figure 26-2

Cationic polymerization

requires formation of a rela-

tively stable carbocation inter-

mediate.

PROBLEM 26-4

The mechanism given above for cationic polymerization of isobutylene shows that all the

monomer molecules add with the same orientation, giving a polymer with methyl groups

on alternate carbon atoms of the chain. Explain why no isobutylene molecules add with

the opposite orientation.
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PROBLEM 26-5

Suggest which of the following monomers might polymerize well on treatment with BF3.

(a) vinyl chloride (b) propylene (c) methyl a-cyanoacrylate

PROBLEM 26-6

Chain branching occurs in cationic polymerization much as it does in free-radical po-

lymerization. Give a mechanism to show how branching occurs in the cationic polymer-

ization of styrene. Suggest why isobutylene might be a better monomer for cationic

polymerization than styrene.

26-2C Anionic Polymerization

Anionic polymerization occurs through carbanion intermediates. Effective anion-

ic polymerization requires a monomer that gives a stabilized carbanion when it re-

acts with the anionic end of the growing chain. A good monomer for anionic

polymerization should contain at least one strong electron-withdrawing group such

as a carbonyl group, a cyano group, or a nitro group. The following reaction shows

the chain-lengthening step in the polymerization of methyl acrylate. Notice that the

chain-growth step of an anionic polymerization is simply a conjugate addition to a

Michael acceptor (Section 22-20).

o
"h II

I

/C—OCH, H.
-C— C: ±^

I "^H H'
_H

srowing chain

Chain-growth step in anionic polymerization

COOCH,

~c=c'

o
II

,C—OCH,

methyl acrvlate

H H
XOOCH,

-c-—+C—C—

C

I I I

H H H

stabilized anion

H

COOCH,

CH,— CH-

polymer

PROBLEM 26-7

Draw the important resonance forms of the stabilized anion formed in the anionic po-

lymerization of methyl acrylate.

Anionic polymerization is usually initiated by a strong carbanion-like

reagent such as an organolithium or Grignard reagent. Conjugate addition of

the initiator to a monomer molecule starts the growth of the chain. Under the

polymerization conditions there is no good proton source available, and

many monomer units react before the carbanion is protonated. The following re-

actions show a butyllithium-initiated anionic polymerization of acrylonitrile to

give Orion®.

Initiation step

H
s 6 H. ,CN

I

/CN
Bu-^i + ^^C= CC' * Bu—C— C: Li+

H
butyllithium acrylonitrile stabilized anion
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iirowins chain acrvlonitriie

H CN

c— c-

H H

H

-C—Ci

-CN

H

elonsated chain

H CN

H-c—c

—

H H
.

polymer

PROBLEM 26-8

Methyl a-cyanoacrylate (Super Glue) is easily polymerized, even by weak bases. Draw a

mechanism for its base-catalyzed polymerization, and explain why this polymerization

goes .so quickly and easily.

H. .COOCH,
C=C

H CN
methyl a-cyanoacrylate

PROBLEM 26-9

Chain branching is not as common with anionic polymerization as it is with free-radical

polymerization and cationic polymerization.

(a) Give a mechanism for chain branching in the polymerization of acrylonitrile.

(b) Compare the relative stabilities of the intermediates in this mechanism with those you

drew for chain branching in the cationic polymerization of styrene (Problem 26-6). Ex-

plain why chain branching is less common in this anionic polymerization.

Chain-growth polymerization of alkenes usually gives a head-to-tail bonding arrange-

ment, with any substituent(s) appearing on alternate carbons of the polymer chain.

This bonding arrangement is shown below for a generic polyalkene. Although the

polymer backbone is joined by single bonds (and can undergo conformational

changes), it is shown in the most stable all-anti conformation.

HHHHHHHHHH

HRHRHRHR

The stereochemistry of the side groups (R) in the polymer has a major effect

on the polymer's properties. The polymer has many chiral centers, raising the pos-

sibility of millions of stereoisomers. Polymers are grouped into three classes, ac-

cording to their predominant stereochemistry. If the side groups are generally on the

same side of the polymer backbone, the polymer is called isotactic (Greek, iso,

meaning "same," and tactic, meaning "order"). If the side groups generally alter-

nate from one side to the other, the polymer is called syndiotactic (Greek, meaning

"alternating order"). If the side groups occur randomly on either side of the polymer

backbone, the polymer is called atactic (Greek, meaning "no order"). In most cases,

isotactic and syndiotactic polymers have enhanced strength, clarity, and thermal

properties over the atactic form of the polymer. Figure 26-3 shows these three types

of polyrners.

26-3

Stereochemistry

of Polymers
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An isotactic polymer (side f^roups on the same side of the backbone)

/ / /
H 1^ H R H 1^ H R H R H R H R

a s i i i a a i,'

^ * 9 f 5 5 *
A syndiotactic polymer {side i^roiips on alternating^ sides of the backbone)

H R R H H R R H H R R H H R

*i i i i i M • •

> $ $ % ^ ^
An atactic polymer (side groups on random sides of the backbone)

HRHR RHHR RHRHHR
Figure 26-3

Three stereochemical types of addition polymers.

» > 5 •> S ^

PROBLEM 26-10

Draw the structures of isotactic poly(acrylonitrile) and syndiotactic polystyrene.

26-4

Stereochemical

Control of

Polymerization;

Ziegler-Natta

Catalysts

For any particular polymer, the three stereochemical forms have distinct properties.

In most cases, the stereoregular isotactic and syndiotactic polymers are stronger and

stiffer because of their greater crystallinity (a regular packing arrangement). The

conditions used for polymerization often control the stereochemistry of the poly-

mer. Anionic polymerizations are the most stereospecific; they usually give isotac-

tic or syndiotactic polymers, depending on the nature of the side group. Cationic po-

lymerizations are often stereospecific. depending on the catalysts and conditions used.

Free-radical polymerization is nearly random, resulting in branched, atactic polymers.

In 1953, Karl Ziegler and Giulio Natta discovered that aluminum-titanium

initiators catalyze the polymerization of alkenes, with two major advantages over

other catalysts:

1. The polymerization is completely stereospecific. Either the isotactic form or the

syndiotactic form may be made, by selecting the proper Ziegler-Natta catalyst.

2. Because the intermediates are stabilized by the catalyst, very little hydrogen ab-

straction occurs. The resulting polymers are linear with almost no branching.

A Ziegler-Natta catalyst is an organometallic complex, often containing titanium

and aluminum. A typical catalyst is formed by adding a solution of TiCl4 (titanium

tetrachloride) to a solution of (CH3CHo),Al (triethyl aluminum). This mixture is

then "aged" by heating it for about an hour. The precise structure of the active cata-

lyst is not known, but the titanium atom appears to form a complex with both the

growing polymer chain and a molecule of monomer. The monomer attaches to the

end of the chain (which remains complexed to the catalyst), leaving the titanium

atom with a free site for complexation to the next molecule of monomer.
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With a Ziegler-Natta catalyst, a high-density polyethylene (or linear polyethyl-

ene) Ciui be produced with almost no chain branching and with much greater strength than

common low-density polyethylene. Many other polymers are produced with improved

properties using Ziegler-Natta catalysts, hi 1963, Ziegler and Natta received the Nobel

Prize for their work, which had revolutionized the polymer industry in only ten years.

Natural rubber is isolated from a white fluid, called latex, that exudes from cuts in the

bark of Hevea brasiliensis, the South American rubber tree. Many other plants secrete

this polyiner, as well. The name rubber was first used by Joseph Priestly, who used the

crude material to "rub out" errors in his pencil writing. Natural rubber is soft and

sticky. An enterprising Scotsman named Charles Macintosh found that rubber makes

a good waterproof coating for raincoats. Natural rubber is not strong or elastic, how-

ever, so its uses were limited to wateiprooflng of cloth and other strong materials.

Structure of Natural Rubber. Like many other plant products, natural rubber is a

terpene composed of isoprene units (Section 25-8). If we imagine lining up many mol-

ecules of isoprene in the s-c\% confomiation, and moving pairs of electrons as shown

below, we would produce a structure similar to natural rubber. This polymer results

from 1,4-addition to each isoprene molecule, with all the double bonds in the cis

configuration. Another name for natural rubber is c/.v-l,4-polyisoprene.

Imaginary polymerization of isoprene units

Natural rubber

26-5

Natural and

Synthetic Rubbers

The cis double bonds in natural rubber force it to assume a kinky conforma-

tion that may be stretched and still return to its shorter, kinked stincture when released.

Unfortunately, when we pull on a mass of natural rubber, the chains slide by each

other and the material pulls apart. This is why natural rubber is not suitable for uses

requiring strength or durability.

Vulcanization: Cross-Linking of Rubber. In 1839, Charles Goodyear accidental-

ly dropped a mixture of natural rubber and sulfur onto a hot stove. He was surprised

to find that the mbber had become strong and elastic. This discovery led to the process

that Goodyeai- called vulcanization, after the Roman god of fire and the volcano. Vul-

canized rubber has much greater toughness and elasticity than natural rubber. It with-

stands relatively high temperatures without softening, and it remains elastic and

flexible when cold.

Vulcanization also allows the casting of complicated shapes such as rubber

tires. Natural rubber is putty-like, and it is easily mixed with sulfur, formed around

the tire cord, and placed into a mold. The mold is closed and heated, and the gooey

mass of string and rubber is vulcanized into a strong, elastic tire carcass. White latex drips out of a

On a molecular level, vulcanization causes cross-linking of the c75--
1 ,4-poly- gouge in the bark of a rubber

isoprene chains through disulfide (— S— S— ) bonds, similar to the cysteine bridges tree in a Malaysian rubber

that link peptides (Section 24-8C). In vulcanized rubber, the polymer chains are plantation.
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Figure 26-4

Vulcanization of rubber intro-

duces disulfide cross-links

between the polyisoprene

chains. Cross-linking forms a

stronger, elastic material that

does not pull apart when it is

stretched.

Wallace Carothers, the inventor

of Nylon, stretches a piece of

synthetic rubber in his labora-

tory at the DuPont company.

linked together, so they can no longer slip past each other. When the material is

stressed, the chains stretch but cross-linking prevents tearing. When the stress is re-

leased, the chains return to their shortened, kinky conformations as the rubber snaps

back. Figure 26-4 shows the structure of rubber before and after vulcanization.

Rubber can be prepared with a wide range of physical properties by control-

ling the amount of sulfur used in vulcanization. Low-sulfur rubber, made with about

1 to 3 percent sulfur, is soft and stretchy. It is good for rubber bands and inner tubes.

Medium-sulfur rubber (about 3 to 10 percent sulfur) is somewhat harder, but still

flexible, making good tires. High-sulfur rubber (20 to 30 percent sulfur) is called

hard rubber and was once used as a hard synthetic plastic.

PROBLEM 26-1 I

(a) Draw the structure of gutta-percha, a natural rubber with all its double bonds in the

trans configuration.

(b) Suggest why gutta-percha is not very elastic, even after it is vulcanized.

Synthetic Rubber. There are many different formulations for synthetic rubbers, but

the simplest is a polymer of 1,3-butadiene. Specialized Ziegler-Natta catalysts can

produce 1.3-butadiene polymers where 1,4-addition has occurred on each butadiene

unit, and the remaining double bonds are all cis. This polymer has properties simi-

lar to those of natural rubber, and it can be vulcanized in the same way.

^3
1.4-polymerization of 1,3-butadiene

26-6

Copolymers of

Two or More
Monomers

All the polymers we have discussed are homopolymers, polymers made up of

identical monomer units. Many polymeric materials are copolymers, made by

polymerizing two or more different monomers together. In many cases,

monomers are chosen so that they add selectively in an alternating manner.

For example, when a mixture of vinyl chloride and vinylidene chloride
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(1,1-dichloroethylene) is induced to polymerize, the growing chain preferen-

tially adds the monomer that is not at the end of the chain. This selective re-

action gives the alternating copolymer Saran"', used as a film for wrapping

food.

Overall reaction

H

C=C
CI

/
H H

vinyl chloride

H CI
\ /
c=c

/ \
H CI

\'iiivlicienc chloriilo

CI CI

CH.—C—CH,—C-h-

H Cl_

Saran®

Some polymers have three or more monomers mixed to give products with de-

sired properties. For example, acrylonitrile. butadiene, and styrene are polymerized

to give ABS plastic, a strong, tough, and resilient material used for bumpers, crash

helmets, and other articles that must withstand heavy impacts.

PROBLEM 26-12

Isobutylene and isoprene copolymerize to give "butyl rubber." Draw the structure of the

repeating unit in butyl rubber, assuming that the two monomers alternate.

Condensation polymers result from formation of ester or amide linkages between

difunctional molecules. The reaction is called step-growth polymerization. Any two

monomer molecules may react to form a dimer, dimers may condense to give

tetramers, and so on. Each condensation is an individual step in the growth of the

polymer, and there is no chain reaction. Many kinds of condensation polymers are

known. We discuss the four most common types: polyamides, polyesters, polycar-

bonates, and polyurethanes.

26-7

Condensation

Polymers

26-7A Polyamides: Nylon

When Wallace Carothers of DuPont discovered nylon in 1938, he opened the door

to a new age of fibers and textiles. At that time, thread used for clothing was made
of spun animal and plant tlbers. These fibers were held together by friction or

sizing, but they were weak and subject to rotting and unraveling. Silk (a protein)

was the strongest fiber known at the time, and Carothers reasoned that a polymer

bonded by amide linkages might approach the strength of silk. Nylon proved to

be a completely new type of fiber, with remarkable strength and durability. It can

be melted and extruded into a strong, continuous fiber, and it cannot rot. Thread

spun from continuous nylon fibers is so much stronger than natural materials that

it can be made much thinner. Availability of this strong, thin thread made possi-

ble stronger ropes, sheer fabrics, and nearly invisible women's stockings that

came to be called "nylons."

Nylon is the common name for polyamides. Polyamides are generally made
from reactions of diacids with diamines. The most common polyamide is called

nylon 6.6 because it is made by reaction of a six-carbon diacid (adipic acid) with a

six-carbon diamine. The six-carbon diamine, systematically named 1 ,6-hexanedi-

amine, is commonly called hexametliylene diamine. When adipic acid is mixed with

hexamethylene diamine, a proton-transfer reaction gives a white solid called nylon

salt. When nylon salt is heated to 250°C, water is driven off as a gas. and molten nylon

Scanning electron micrograph

of the material in a nylon

stocking. Sheer stockings

require long, continuous fibers

of small diameter and enor-

mous strength.

(Magnification I5()X.)
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results. Molten nylon is cast into a solid shape or extruded through a spinneret to

produce a fiber.

O O
o o

II II

II II O—C—(CH.L—C—O-

HO—C— (CH.)4—C—OH + H.N—(CH,^—NH, >

adipic acid

o

hexamelhylcnc diamine

H,N— (CH;)^—NH
nylon salt

O

— C— (CH,)4— C-

o o

NH— (CH.),—NH—C— (CH.),—C—NH— (CH2)6-

poly(hexamethyiene adipamide), called nylon 6.6

-NH-

Nylon can also be made from a single monomer having an amino group at one

end and an acid at the other. This reaction is similar to the polymerization of a-amino

acids to give proteins. Nylon 6 is a polymer of this type, made from a six-carbon

amino acid: 6-aminohexanoic acid (£r-aminocaproic acid). This synthesis starts with

£r-caprolactam. When caprolactam is heated with a trace of water, some of it is

hydrolyzed to the free amino acid. Continued heating gives condensation and

polymerization to molten nylon 6. Nylon 6 (also called Perlon^) is used for making

strong, flexible fibers for ropes and tire cord.

H,0. heat

£'-caprolactam

o
II

H3N—(CH.),—C—O-

f:-aminocaproic acid

heat, -H,0

O O o o

-NH—(CH.),—C—NH—(CH2)5—C—NH— (CH.),—C—NH— (CH.),—C—
poly(6-aminohexanoic acid), called nylon 6 or Perlon"

PROBLEM 26-13

(a) Nomex®. a strong fire-resistant fabric, is a polyamide made from meta-phlhaWc acid

and //;e/fl-diaminobenzene. Draw the structure of Nomex®.

(b) Kevlar®, made from terephthalic acid (prtAO-phthalic acid) and /?flra-diaminobenzene.

is used in making tire cord and bulletproof vests. Draw the structure of Kevlar®.

26-7B Polyesters

The introduction of polyester fibers has brought about major changes in the way we
care for our clothing. Nearly all modern permanent-press fabrics owe their wrinkle-

free behavior to polyester, often blended with other fibers. These polyester blends

have reduced or eliminated the need for starching and ironing clothes to achieve a

wrinkle-free surface that holds its shape.
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The most common polyester is Dacron®. the polymer of terephthalic acid (para-

phthalic acid or benzene- 1,4-dicarboxylic acid) with ethylene glycol. In principle, this

polymer might be made by mixing the diacid with the glycol and heating the mix-

ture to drive off water. In practice, however, a better product is obtained using a trans-

esterification process (Section 21-5). The dimethyl ester of terephthalic acid is heated

to about 150°C with ethylene glycol. Methanol is evolved as a gas, driving the re-

action to completion. The molten product is spun into Dacron® fiber or cast into

Mylar® tllm.

poly(ethylene terephthalatel or PET. also called Dacron" polyester or Mylar" film

Dacron® fiber is used to make fabric and tire cord, and Mylar® film is used to

make magnetic recording tape. Mylar® film is strong, flexible, and resistant to ul-

traviolet degradation. Aluminized Mylar® was used to make the Echo satellite, a

huge balloon that was put into orbit around the Earth as a giant reflector. Poly( eth-

ylene terephthalate) is also blow-molded to make plastic soft-drink bottles that are

sold by the billions each year.

PROBLEM 26-14

KodeV'' polyester is formed by ti ansesterification of dimethyl terephthalate with 1 .4-di(hy-

droxymethyl )cyclohexane. Draw the structure of Kodel "^.

PROBLEM 26-15

GlyptaV'-' resin makes a strong, solid polymer matrix for electronic pails. Glyptal is made

from terephthalic acid and glycerol. Draw the structure of glyptal, and explain its remark-

able strength and rigidity.

26-7C Polycarbonates

A carbonate ester is simply an ester of carbonic acid. Carbonic acid itself exists in

equilibrium with carbon dioxide and water, but its esters are quite stable.

O
II

CO, + Hp R—O—C—O— R'

a carbonate ester

Carbonic acid is a diacid: with suitable diols, it can form polyesters. For ex-

ample, when phosgene (the acid chloride of carbonic acid) reacts with a diol. the

product is a poly(carbonate ester). The following equation shows the synthesis of

Lexan® polycarbonate: a strong, clear, and colorless material that is used for bullet-

proof windows and crash helmets. The diol used to make Lexan® is a phenol called

bisphenol A. a common intermediate in polyester and polyurethane synthesis.

O
II

HO—C—OH
carbonic acid
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O

CI—C— CI +
phosgene

heat, loss of2HCl

Lexan- polycarbonate

PROBLEM 26-16

Propose a mechanism for the reaction of bisphenol A with phosgene.

PROBLEM 26-17

Bisphenol A is made on a large scale by a condensation of phenol with acetone. Suggest

an appropriate catalyst, and propose a mechanism for this reaction. (Hint: This is a con-

densation because three molecules are joined with loss of water. The mechanism belongs

to another class of reactions, though.)

26-7D Polyurethanes

A urelhane (Section 21-16) is an ester of a carbamic acid (R—NH—COOH), a

half-amide of carbonic acid. Carbamic acids themselves are unstable, quickly de-

composing to amines and CO^. Their esters (urethanes) are quite stable, however.

O

R—NH— C—OH
a carbamic acid

R—NH, +
amine

CO,

o

R—NH— C—O— R'

a urethane or carbamate ester

Because carbamic acids are unstable, normal esterification procedures cannot

be used to form urethanes. Urethanes are most commonly made by treating an iso-

cyanate with an alcohol or a phenol. The reaction is highly exothermic, and it gives

a quantitative yield of a carbamate ester. The following reaction shows the fomiation

of ethyl A^-phenylcarbamate.

/ R—N=C=0 + HO— R'

isocyanate alcohol

Example

-N=C=0 + HO—CHXH,

phenyl isocyanate ethanol

O

R—NH—C—O— R'

carbamate ester

(urethane)

O

NH—C—O—CHXH,

ethyl-iV-phenylcarbamate

PROBLEM 26-18

Propose a mechanism for the reaction of phenyl isocyanate with ethanol.
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A polyurethane results when a did reacts with a diisocyanate. a compound

with two isocyanate groups. The compound shown below, commonly called toluene

diisocyanate. is frequently used for making polyurethanes. When ethylene glycol or

another diol is added to toluene diisocyanate. a rapid condensation gives the

pol> urethane. Low-boiling liquids such as butane are often added to the reaction

mixture. Heat e\ohed b\ the pol>merization vaporizes the volatile liquid, produc-

ing bubbles that con\ ert the viscous polymer to a frothy mass of polyurethane foam.

0=C= N N=C=0

toluene diisoc\anate

+ HO—CH^CH,—OH
etln icne i:l\coi

o

O—CHXH.—O—C—

N

a polyurethane

O—CH.CH,— O-

PROBLEM 26-19

Explain why the addition of a small amount of glycerol to the polymerization mixture gives

a stiffer urethane foam.

PROBLEM 26-20

Gi\ e the structure of the poh urethane fomied by the reaction of toluene diisocyanate with

bisphenol .\.

Although polymers are very large m.olecules. we can explain their chemical and 26-8
physical properties in terms of what we already know about smaller molecules. For Polymer Structure
example, when you spill a base on your polyester slacks, the fabric is weakened be- '

cause the base hydrolyzes some of the ester linkages. The physical properties of S-HCl Properties
polyiners can also be explained using concepts we ha\e already encountered. Al-

though poh mers do not crystallize or melt quite like smaller molecules, we can de-

tect cry stalline regions in a polymer, and w e can measure the temperature at w hich

these cnstallites melt. In this section, w e consider briefly some of the important as-

pects of polymer crystallinity and thermal behavior.

26-8A Polymer Crystallinity

Although polymers rarely form the large crystals characteristic of other organic com-

pounds, many do form microscopic crystalline regions called crystallites. A highly

regular polymer that packs well into a crystal lattice will be highh crystalline, and

it will generally be denser, stronger, and more rigid than a similar polymer with a

low er degree of crystallinity. Figure 26-5 show s how the poly mer chains are arranged

in parallel lines in crystalline areas within a polymer.

Polyeth\ lene provides an example of how crystallinity affects a polymer's

physical properties. Free-radical polymerization gives a highly branched low -densi-

ty polyethylene that fonns \ ery small crystallites because the random chain branch-

ins destroys the resularitv of the crystallites. .An unbranched hiah-densitv
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Figure 26-5

Crystallites are areas of crys-

talline structure within the

large mass of a solid polymer.

polyethylene is made using a Ziegler-Natta catalyst. The linear structure of the

high-density material packs more easily into a crystal lattice, so it forms larger and

stronger crystallites. We say that high-density polyethylene has a higher degree of

crystallinity. and it is therefore denser, stronger, and more rigid than low-density

polyethylene.

Stereochemistry also affects the crystallinity of a polymer. Stereoregular iso-

tactic and syndiotactic polymers are generally more crystalline than atactic poly-

mers. By careful choice of Ziegler-Natta catalysts, we can make a linear polymer

with either isotactic or syndiotactic stereochemistry.

26-8B Thermal Properties

At low temperatures, long-chain polymers are glasses. They are solid and unyield-

ing, and a strong impact causes them to fracture. As the temperature is raised, the

polymer goes through a glass transition temperature, abbreviated . Above , a

highly crystalline polymer becomes flexible and moldable. We say it is a thermo-

plastic, because application of heat makes it plastic (moldable). As the temperature

is raised further, the polymer reaches the crystalline melting temperature, abbre-

viated r^,. At this temperature, crystallites melt and the individual molecules can

slide past one another.

Above T„ , the polymer is a viscous liquid and can be extruded through spinnerets

to form fibers. The fibers are immediately cooled in water to form crj stallites and then

stretched (drawn) to orient the cr\'stallites along the fiber, increasing its strength.

Long-chain polymers with low ciystallinity (called amorphous polymers) be-

come rubbery when heated above the glass transition temperature. Further heating

causes them to grow gummier and less solid until they become viscous liquids with-

out definite melting points. Figure 26-6 compares the thermal properties of crys-

talline and amorphous long-chain polymers.

These phase transitions apply only to long-chain polymers. Cross-linked poly-

mers are more likely to stay rubbery, and they may not melt until the temperature is

so high that the polymer begins to decompose.

26-8C Plasticizers

In many cases, a polymer has desirable properties for a particular use, but it is too brit-

tle— either because its glass transition temperature (T^) is above room temperature

or because the polymer is too highly crystalline. In such cases, addition of a plasti-

cizer often makes the polymer more flexible. A plasticizer is a nonvolatile liquid that
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crystalline polymer

liroad T„.

amorphous polymer

Figure 26-6

Crystalline and amorphous

long-chain polymers show

different physical properties

when they are heated.

dissolves in the polymer, lowering the attractions between the polymer chains and al-

lowing them to slide by one another. The overall effect of the plasticizer is to reduce

the crystallinity of the polymer and lower its glass transition temperature (T,,).

A common example of a plasticized polymer is poly( vinyl chloride). The com-

mon atactic form has a of about 80°C, well above room temperature. Without a O

plasticizer. "vinyl" is stiff and brittle. Dibutyl phthalate (see structure at left) is added C—O—CHXHXHXH
to the polymer to lower its glass transition temperature to about 0°C. This plasti-

^
cized material is the flexible, somewhat stretchy film we think of as vinyl raincoats,

shoes, and car roofs. Dibutyl phthalate is slightly volatile, however, and it gradual-

ly evaporates. The soft, plasticizied vinyl gradually loses its plasticizer and becomes ^

hard and brittle. ^'^ut.vi phthalate

C—O—CH,CH,CH,CH3

addition polymer (chain-growth polymer) A polymer that results from the rapid addition

of one molecule at a time to a growing polymer chain, usually with a reactive intermediate

(cation, radical, or anion) at the growing end of the chain, (p. 1 1 85)

amorphous polymer A long-chain polymer with low crystallinity. (p. 1200)

anionic polymerization The process of forming an addition polymer by chain-growth po-

lymerization involving an anion at the end of the growing chain, (p. 1 190)

atactic polymer A polymer with the side groups on random sides of the polymer back-

bone, (p. 1 191)

cationic polymerization The process of forming an addition polymer by chain-growth po-

lymerization involving a cation at the end of the growing chain, (p. 1 188)

chain-growth polymer See addition polymer.

condensation polymer (step-growth polymer) A polymer that results from condensation

(bond formation with loss of a small molecule) between the monomers. In a condensation po-

lymerization, any two molecules can condense, not necessarily at the end of a growing chain,

(pp. 1 185, 1195)

copolymer A polymer made from two or more different monomers, (p. 1 194)

crystalline melting temperature ( T„^ ) The temperature at which melting of the crystallites

in a highly crystalline polymer occurs. Above 7,,, the polymer is a viscous liquid.
( p. 1200)

crystallinity The relative amount of the polymer that is included in crystallites, and the rel-

ative sizes of the crystallites, (p. 1 199)

crystallites Microscopic crystalline regions found within a solid polymer below the crys-

talline melting temperature, (p. 1 199)

free-radical polymerization The process of forming an addition polymer by chain-growth

polymerization involving a free radical at the end of the growing chain, (p. 1 185)

glass transition temperature (T^) The temperature above which a polymer becomes rub-

bery or flexible, (p. 1200)

homopolymer A polymer made from identical monomer units, (p. 1 194)

isotactic polymer A polymer with all the side groups on the same side of the polymer back-

bone, (p. 1 191)

Chapter 26

Glossary
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monomer One of the small molecules that bond together to form a polymer, (p. 1 184)

nylon The common name for polyamides. (p. 1 195)

plasticizer A nonvolatile liquid that is added to a polymer to make it more flexible and less

brittle below its glass transition temperature. In effect, a plasticizer reduces the crystallinity

of a polymer and lowers T^. (p. 1200)

polyamide (nylon) A polymer whose repeating monomer units are bonded by amide link-

ages, much like the peptide linkages in protein, (p. 1 195)

polycarbonate A polymer whose repeating monomer units are bonded by carbonate ester

linkages, (p. 1 197)

polyester A polymer whose repeating monomer units are bonded by carboxylate ester link-

ages, (p. 1 196)

polymer A large molecule composed of many smaller units (monomers) bonded togeth-

er, ('p.
1 184)

polymerization The process of linking monomer molecules into a polymer, (p. 1 184)

polyurethane A polymer whose repeating monomer units are bonded by urethane (carbamate

ester) linkages, (p. 1198)

rubber A natural polymer isolated from the latex that exudes from cuts in the bark of the

South American rubber tree. Alternatively, synthetic polymers with rubberlike properties are

called synthetic rubber, (p. I 193)

step-growth polymer See condensation polymer.

syndiotactic polymer A polymer with the side groups on alternating sides of the polymer

backbone, (p. 1191)

thermoplastic A polymer that becomes moldable at high temperature, (p. 1200)

vulcanization Heating of natural or synthetic rubber with sulfur to form disulfide cross-

links. Cross-linking adds durability and elasticity to rubber, (p. 1 193)

Ziegler-Natta catalyst Any one of a group of addition polymerization catalysts involving

titanium-aluminum complexes. Ziegler-Natta catalysts produce stereoregular (either isotac-

tic or syndiotactic) polymers in most cases, (p. 1 192)

ESSENTIAL PROBLEM-SOLVING SKILLS IN CHAPTER 26

L Given the structure of a polymer, detemiine whether it is an addition or con-

densation polytner, and determine the structure of the monomer(s).

2. Given the structure of one or more monomers, predict whether polymeriza-

tion will occur to give an addition polymer or a condensation polymer, and

give the general structure of the polymer chain.

3. Use mechanisms to explain how a monomer polymerizes under acidic,

basic, or free-radical conditions. For addition polymerization, consider

whether the reactive end of the growing chain is more stable as a cation

(acidic conditions), anion (basic conditions), or free radical (radical ini-

tiator). For condensation polymerization, consider the mechanism of the

step-growth reaction.

4. Predict the general characteristics (strength, elasticity, crystallinity, chemical

reactivity) of a polymer based on its structure, and explain how its physical

characteristics change as it is heated past and T,,,

.

5. Explain how chain branching, cross-linking, and plasticizers affect the prop-

erties of polymers.

6. Compare the stereochemistry of isotactic, syndiotactic, and atactic polymers.

Explain how the stereochemistry can be controlled during polymerization and

how it affects the physical properties of the polymer.
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Study Problems

26-21. Define each term and give an example.

26-22.

26-23.

26-24.

26-25.

26-26.

26-27.

(b) condensation polymer

(e) isotactic polymer

(h) cationic polymerization

(k) amorphous polymer

(n) vulcanization

(q) polyamide

(t) polyurethane

(c) copolymer

(f ) syndiotactic polymer

(i) anionic polymerization

(I) monomer
(o) Ziegler-Natta catalyst

(r) polyoletln

(u) polycarbonate

(a) addition polymer

(d) atactic polymer

(g) free-radical polymerization

(j) crystalline polymer

(m)plasticizer

(p) glass transition temperature

(s) polyester

(v) crystalline melting temperature

Polyisobutylene is one of the components of butyl rubber used for making inner tubes.

(a) Give the structure of polyisobutylene. (b) Is this an addition polymer or a condensation polymer?

(c) What conditions (cationic, anionic, free-radical) would be most appropriate for polymerization of isobuty-

lene? Explain your answer.

Poly(trimethylene carbamate) is used in high-quality synthetic leather. It has the following structure.

H O

-CH^CH.CH.—N—C— O-

(a) What type of polymer is poly(trimethylene carbamate)?

(b) Is this an addition polymer or a condensation polymer?

(c) Draw the products that would be formed if the polymer were completely hydrolyzed under acidic or basic

conditions.

Poly(butylene terephthalate) is a hydrophobic plastic material widely used in automotive ignition systems.

/ O O \

-CH,CH,CH,CH,— O- -0-

polyfbutylene terephthalate)

(a) What type of polymer is poly( butylene terephthalate)?

(b) Is this an addition polymer or a condensation polymer?

(c) Suggest what monomers might be used to synthesize this polymer and how the polymerization might be

accomplished.

Union fibers, used in stretchy fabrics, are composed of the following polymer.

i

H O H

(CHO,—N— C—
(a) What functional group is contained in the Urylon structure?

(b) Is Urylon an addition polymer or a condensation polymer?

(c) Draw the products that would be formed if the polymer were completely hydrolyzed under acidic or basic

conditions.

Polyethylene glycol, or Carbowax"'' [-tO—CHi— CHi-);;], is widely used as a binder, thickening agent, and

packaging additive for foods.

(a) What type of polymer is polyethylene glycol? (We have not seen this type of polymer before.)

(b) The systematic name for polyethylene glycol is poly(ethylene oxide). What monomer would you use to make

polyethylene glycol?

(c) What conditions (free-radical initiator, acid catalyst, basic catalyst, etc.) would you evaluate for use in this

polymerization?

(d) Propose a polymerization mechanism as far as the tetramer.

Polychloroprene, commonly known as iicoprene. is widely used in rubber parts that must withstand exposure to

gasoline or other solvents.
H CI

-CH,— C= C— CH,-

polychloroprene (neoprene)

(a) What type of polymer is polychloroprene? (b) What monomer is used to make this synthetic rubber?
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26-28. Polyoxyniethylene (polyfornialdehyde) is the tough, self-lubricating Delriir' plastic used in gear wheels.

(a) Give the structure ol' polylormaldehyde.

(b) Formaldehyde is polymerized using an acidic catalyst. Using H * as a catalyst, show the mechanism of the

polymerization as far as the trimer.

(c) Is Deirin an addition polymer or a condensation polymer?

26-29. Acetylene can be polymerized using a Ziegler-Natta catalyst. The cis or trans stereochemistry of the products

can be controlled by careful selection and preparation of the catalyst. The resulting polyacetylene is an electrical

semiconductor with a metallic appearance. c/i-Polyacetylene has a copper color, and trans- is silver.

(a) Draw the structures of cis- and rra//.s-polyacetylene.

(b) Use your structures to show why these polymers conduct electricity.

(c) It is possible to prepare polyacetylene films whose electrical conductivity is anisotropic: That is, the conduc-

tivity is higher in some directions than in others. Explain how this unusual behavior is possible.

26-30. Use chemical equations to show how the following accidents cause injury to the clothing involved (not to men-
tion the skin under the clothing!).

(a) An industrial chemist spills aqueous H2SO4 on her nylon stockings but fails to wash it off immediately.

(b) An organic laboratory student spills aqueous NaOH on his polyester slacks.

26-31. Polyt vinyl alcohol), a hydrophilic polymer used in aqueous adhesives, is made by polymerizing vinyl acetate and

then hydrolyzing the ester linkages.

(a) Give the structures of poly(vinyl acetate) and poly( vinyl alcohol).

(b) Vinyl acetate is an ester. Is poly(vinyl acetate) therefore a polyester? Explain.

(c) We have seen that basic hydrolysis destroys the Dacron® polymer. Poly( vinyl acetate) is converted to

polytvinyl alcohol) by a basic hydrolysis of the ester groups. Why doesn't the hydrolysis destroy the

polyfvinyl alcohol) polymer?

(d) Why is polytvinyl alcohol) made by this circuitous route? Why not just polymerize vinyl alcohol?

26-32. In reference to cloth or fiber, the term acetate usually means cellulose acetate, a semisynthetic polymer made by

treating cellulose with acetic anhydride. Cellulose acetate is spun into yam by dissolving it in acetone or methyl-

ene chloride and forcing the solution through spinnerets into warm air, where the solvent evaporates.

(a) Draw the structure of cellulose acetate.

(b) Explain why cellulose acetate is soluble in organic solvents, even though cellulose is not.

(A true story) An organic chemistry student wore a long-sleeved acetate blouse to the laboratory. She was rinsing

a warm separatory funnel with acetone when the pressure rose and blew out the stopper. Her right arm was

drenched with acetone, but she was unconcerned because acetone is not very toxic. About ten minutes later, the

right arm of the student's blouse disintegrated into a pile of white fluff, leaving her with a ragged short sleeve and

the tatters of a cuff remaining around her wrist.

(c) Explain how a substance as innocuous as acetone ruined the student's blouse.

(d) Predict what usually happens when students wear polyvinyl chloride shoes to the organic laboratory.

*26-33. One of the earliest commercial plastics was Bakelite®, formed by the reaction of phenol with a little more than

one equivalent of formaldehyde under acidic or basic conditions. Baeyer first discovered this reaction in 1872,

and practical methods for casting and molding Bakelite® were developed around 1909. Phenol-formaldehyde

plastics and resins (also called phenolics) are highly cross-linked because each phenol ring has three sites (two

ortho and one para) that can be linked by condensation with formaldehyde. Suggest a general structure for a phe-

nol-formaldehyde resin, and propose a mechanism for its formation under acidic conditions. (Hint: Condensation

of phenol with formaldehyde resembles the condensation of phenol with acetone, used in Problem 26-17 to make

bisphenol A.)

*26-34. Plywood and particle board are often glued with cheap, wateiproof urea-formaldehyde resins. Two to three moles

of formaldehyde are mixed with one mole of urea and a little ammonia as a basic catalyst. The reaction is al-

lowed to proceed until the mixture becomes syrupy, then it is applied to the wood surface. The wood surfaces are

held together under heat and pressure while polymerization continues and cross-linking takes place. Propose a

mechanism for the base-catalyzed condensation of urea with formaldehyde to give a linear polymer, then show

how further condensation leads to cross-linking. (Hint: The carbonyl group lends acidity to the N—H protons of

urea. A first condensation with formaldehyde leads to an imine, which is weakly electrophilic and reacts with an-

other deprotonated urea.)
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APPENDIX lA NMR Absorption Positions of Protons in Various Structural Environments

STi'nt'tUf'fj} tvnf 5 Value and range-"

1

TMS, 0.000
4 1 3 1 2 1 1 1 0 } 7 3 \ I 1 0

1

1

'

1

RiNH'', 0.1-0.9 mole fraction in an inert solvent.

1 1

CH,—C— C— X(X = CI. Br. 1. OH, OR, C= t). N
1 1

RSHi^

RNHi^. 0.1—0.9 mole fraction in an inert .solvent.
1

1

1
1

CH,—C—X(X = F, CI, Br. 1. OH. OR. OAr, N

-

1...

CH,-C=C^
CH,—C=0
CH,Ar
CH,—S—
CH,— n;^

1

H—C— X(X - F, CI, Br, 1, 0)

'

]

ArSH''

4 1 3 1 2 1 1 1 0 c
) 7 (3 \ )

CH,— 0—
ArNH,''ArNHR^ and Ar,NH''

ROH**, 0.1-0.9. mole fraction in an inert solvent.
1

H^

ArOH^ polymeric association

"v. /^C—C^. conjuaated

H—N—C^

RNHI. R,NHt. and R,NH + .(tnfluoroacetic acid solutionl

H— c:'

N

H-C<
o—

ArNHt, ArRNH,+ . and ArR,NH+ (trifluoroacetic icid solution

^C=N^
OH'^

RCHO. aliphatic, a, /3-unsaturated

RCHO, aliphatic

ArCHO
ArOH. inteiTnolecularly bonded— SO,H
RCO,H, dinier, in nonpolar solvents

1 4 1 3 1 2 11 1 0 c
) iS ( I1 : C)

" Normally, absoiption.s for the functional groups indicated will be found within the range shown in black. Occasionally, a functiona

absorb outside this range. Approximate limits are indicated by extended outlines.

Absorption positions of these groups are concentration-dependent and are shifted to lower S values in more dilute solutions.

group will



APPENDIX IB Spin-Spin Coupling Constants

Type J. Hz Type V, Hz

H
\ /
C

/ \
H

^CH—CH

with free rotation

1
1

1

12-15

2-9

~7

\ /"

\ >-ll

H--'
='-

4-10

0.5-2.5

—C—(—C— )—c— ~0
1 I I

H H

CH,—CH,—

X

6.5-7.5

H\ /C-H
~0

CH,

^CH—

X

CH
5.5-7.0

^ \.— ri l_ ri c

^CH— C= C—

H

9-13

2-3n
H—C—C—

H

1 1

X Y

a.a 5-10
a.e 2-4
e.e 2-4

/CH-C^^ 1-3

c=cr
H

0.5-3
\/C=C H

(_

6-8

>=< 7-12

11

0

0-6-9

H
13-18 o m-1-3

p.Q-l

a = axial, e = equatorial
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APPENDIX IC '^C Chemical Shifts in Organic Compounds*
>C=0 Ketone

>C=0 Aldehyde

>C=0 Acid

>C=0 Ester, amide

>C=S Thioketone

> C=N ^ Azomethine

>C=N Nitrite

> C=N\ Heteroaromatic

>C=C< Alkene

>C=C< Aromatic

>C=C< Heteroaromatic

—C=C— Alkyne

>C—C< (C Quaternary)

>C—0^
>C—N<

>C—Halogen

>CH—C< (C Tertiary)

>CH—0^
>CH—N<
>CH—
>CH— Halogen

'

—

A—CH,—C< (C Secondary) r
vcl... J..p.int '

!

—CH,—0^
—CH,—N<
—CH,—
—CH,— Halogen

H,C— C-e (C Primary)

H,C—0^
H,C—N<
H,C—
H,C—Halogen

Resonances of

common solvents
1 1 , n , 1 1 1 1 1 1 1

H,1,C0 CS,
1

cjF,C001^ c >H„ C iCOOH CI, l.4i:jio«ane ,0H D^ ISO |C^,),CI>

ppm(TMS) 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

*Relative to internal tetramethylsilane.

Copyright 1998 by Bruker Analytik GmbH. Used by permission.
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APPENDIX 2B Characteristic Infrared Absorptions of Functional Groups

Range Range

Group Iittensitx'^ (cnr') Group Intensity'' Ian '}

A. Hydrocarbon chromophore h. Alkyne. nionosubstituted m 2140-2100
1. C— H stretching Alkyne. disubstituted V. w 2260-2190

a. Ail^ane m-s 2962-2853 c. Allene m -1960
b. Ailvenc. nionosubstituted m 3040-3010 and m -1060

(vinyl) and m 3095-3075 d. Aromatic V -1600
Alkenc. disubstituted. cis m 3040-3010 V -1580
Alkene. disubstituted. trans m 3040-3010 m -1.500

Alkene, disubstituted, gem m 3095-3075 and m -1450
Alkene, trisubstituted m 3040-3010 B. Carbonyl chromophore

c. Alkyne s -3300 1 . Ketone stretching vibrations

d. Aromatic V -3030 a. Saturated, acyclic s 1725-1705

2. C— H bending b. Saturated, cyclic:

a. Alkane, C—

H

w -1340 6-niembered ring

Alkane, —CH,— m 1485-1445 (and higher) s 1725-1705

Alkane, — CH, m 1470-1430 5-niembered ring s 1750-1740
and s 1380-1370 4-membered ring s -1775

Alkane, ,t;t';;;-dimethyl s

and s

1385-1380
1370-1365

c. a./3-Unsaturated. acyclic

d. a./3-Unsaturated. cyclic:

s 1685-1665

Alkane, /(T/-butyl 111 1395-1385 6-menibered ring

and s -1365 (and higher) s 1685-1665
b. Alkene. nionosubstituted 5-membered ring s 1725-1708

(vinyl) s 995-985 e. Q'.^,a',;S'-Unsaturated,

s 915-905 acyclic s 1670-1663
and s 1420-1410 f. Aryl s 1700-1680

Alkene. disubstituted. cis s -690 g. Diaryl s 1670-1660
Alkene. disubstituted. ircins s 970-960 h. a-Diketones s 1730-1710

and ni 1310-1295 i. ^-Diketones (enolic) s 1640-1540
Alkene. disubstituted. gem s 895-885 j. 1.4-Quinones s 1690-1660

and s 1420-1410 k. Ketenes s -2150
Alkene. trisubstituted s 840-790 2. Aldehydes

c. Alkyne s -630 a. Carbonyl stretching vibrations:

d. Aromatic, substitution Saturated, aliphatic s 1740-1720
type;'' five adjacent V. s -750 a./3-Unsaturated. aliphatic s 17(15-1680

hydrogen atoms and V. s -700 «./3.y.§-Unsaturated.

four adjacent hydrogen aliphatic s 1680-1660
atoms V, s -750 Aryl s 1715-1 695

three adjacent hydrogen b. C— H stretching

atoms V, m -780 vibrations. w 2900-2820
two adjacent hydrogen two bands and w 2775-2700
atoms V, m -830 3. Ester stretching vibrations

one hydrogen atom V, w -880 a. Saturated, acyclic s 1750-1735
3. C—C multiple bond stretching b. Saturated, cyclic:

a. Alkene. nonconjugated V 1680-1620 5-Lactones (and larger

Alkene. nionosubstituted rings) s 1750-1735
(vinyl) m -1645 •y-Lactones s 1780-1760
Alkene, disubstituted, cis m -1658 /3-Lactones s -

1 820

Alkene, disubstituted, trans m -1675 c. Unsaturated:

Alkene, disubstituted. gem m -1653 Vinyl ester type s 1800-1770
Alk'i^'nA ti'iciinttitiit^^rl m «./3-Unsaturated and aryl s 1 7^n 1717

1 / D\J— 1 / 1 /

Alkene. tetrasubstituted w -1669 «./3-Unsaturated 5-lactone s 1730-1717
Diene w -1650 a.jS-Unsaturated y-lactone s 1760-1740

and w -1600 jS.y-Unsaturated y-lactone s ~ 1 son

{continued}

'Abbreviations: s = strong, m = medium, w = weak, V = variable, b = broad, sh = sharp. — = approximately

''Substituted benzenes also show weak bands in the 2000 - 1670 cm ' region.
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APPENDIX 2B (continued)

Range Range

Group Intensity^ {cm ') Group Intensity" (cm ')

d. a-Ketoesters S 17S«; 1740 Imides. cyclic. s -1710

e. jS-Ketoesters (enolic) s IOjU 6-membered ring and s 1700

f. Carbonates s 1 /oU— 1 Z'+U Imides, cyclic. a,/3-unsaturated, s — 1730

g. Thioesters s lOVU 6-membered ring and s — 1670

4. Carboxylic acids Imides, cyclic, 5-membered s -1770

a. Carbonyl stretching vibrations: ring and s — 1700

Saturated aliphatic s 17')'! 1 7nn Imides, cyclic, «,/3-unsaturated, s -1790

a./3-Unsaturated aliphatic s 1 / 1 J — 1 OVU 5-membered ring and s — 1710

Aryl s 1 7nn 1 A«n
1 /UU— 1 DOU b. N—H stretching vibrations:

b. Hydroxyl stretching Primary, free; tv.o bands m —3500

(bonded), several bands w I /UU-ZjUU and m —3400

c. Carboxylate anion s i 0 1 U— 1 JjU Primary, bonded: m —3350

stretching and s
1 /inn 1 inn two bands and m —3180

5. Anhydride stretching vibrations Secondary, free; one band m —3430

a. Saturated, acyclic s 1 ojU— 1 oUU Secondary, bonded;

and s 1 /yu — 1 /4u one band m 3320-3140

b. a,/3-Unsaturated and aryl. s
IOTA ] "70A c. N—H bending vibrations:

acyclic and s
I lid 1 T)f\
1 / /U— 1 /_U Primary amides, dilute

c. Saturated, 5-membered s 1 o /U — 1 o_U solution s 1620-1590

ring and s
1 orvA 17*;n
1 oUU— 1 / J>U Secondary amides s 1550-1510

d. a-^-Unsaturated, s 1 OJU— 1 oUU ^ Miscellaneous chromophoric groups

5-membered ring and s 1 ojU— 1 /oU 1. Alcohols and phenols

6. Acyl halide stretching vibrations a. 0—H stretching vibrations:

a. Acyl fluorides s
1 ocn~ 1 6DU Free 0—

H

V, sh 3650-3590

b. Acyl chlorides s ~ 1 7QS Intermolecularly hydrogen

c. Acyl bromides s ^ 1 o 1

U

bonded (change on dilution)

d. a,^-Unsaturated and aryl s
1 "TOO 1 KCi single-bridge compounds v. sh 3550-3450

and m 1 "7^0 1 T)f\
1 /jU— 1 1 SO polymeric association s, b 3400-3200

7. Amides Intramolecularly hydrogen

a. Carbonvl stretching vibrations: bonded (no change

Primary, solid and on dilution)

concentrated solution s ~ IOjU single-bridge compounds v. sh 3570-3450

Primary, dilute solution s
1 *iOA~ 1 oyu chelate compounds w, b 3200-2500

Secondary, solid and b. 0—H bending and C—O stretching vibrations:

concentrated solution s 1 OoU— 1 OJ>U Primary alcohols s -1050

Secondary, dilute solution s 1 7nA I A7A
1 /UU — 1 0 / u and s 1350-1260

Tertiary, solid and all Secondary alcohols s -1100

solutions s 1 A7n lA^nID /U— IDjU and s 1350-1260

Cyclic, 6-lactams s ~ 1 OoU Tertiary alcohols s -1150

Cyclic, y-lactams s
^ 1 -7AA~ 1 /UU and s 1410-1310

Cyclic, y-lactams. fused to Phenols s -1200

another ring s
I 7^A 1 7AA
1 /jU— 1 /UU and s 1410-1310

Cyclic. /3-lactams s
I "7AA 1 "7 1

A

1 /oU- 1 /iU 2. Amines

Cyclic, j8-lactams, fused to a N—H stretching vibrations:

-3500another ring, dilute solution s 1 /oU— 1 / /U Primary, free; two bands m
Ureas, acyclic s ~ looU and m -3400

Ureas, cyclic. Secondary, free; one band m 3500-3310

6-membered ring s -1640 Imines (=N—N);

Ureas, cyclic. one band m 3400-3300

5-membered ring s -1720 Amine salts m 3130-3030

Urethanes s 1740-1690 b. N—H bending vibrations:

Imides, acyclic s -1710 Primary s-m 1650-1590

and s -1700 (continued)

^Abbreviations: s = strong, m = medium, w = weak, v = variable, b = broad, sh = sharp. ~ = approximately
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APPENDIX 2B (continued)

Range Range

Group Intpn v/V\''* Group Intensity'' (cm ')

Secondary w 1650-1550 Aliphatic s 1570-1550

Amine salts s 1600-1575 and s 1380-1370

and s -1500 g. 0— NOi. nitrates s 1650-1600

c. C—N vibrations: and s 1300-1250

Aromatic, primary s 1340-1250 h. C— NO. nitroso compound s 1600-1500

Aromatic, secondary s 1350-1280 i. 0— NO. nitrites s 1680-1650

Aromatic, tertiary s 1360-1310 and s 1625-1610

Aliphatic w 1220-1020 4 Halogen compounds. C—X stretching vibrations

and w -1410 a. C—

F

s 1400-1000

3. Unsaturated nitrogen compounds b. C— CI s 800-600

a. C=N stretching vibrations: c. C— Br s 600-500

Alkyl nitriles m 2260-2240 d. C—

I

s -500
a./3-Unsaturated alkyl 5 Sulfur compounds

nitriles m 2235-2215 a. S—H stretching vibrations w 2600-2550

A17I nitriles m 2240-2220 b. C= S stretching vibrations s 1200-1050

Isocyanates m 2275-2240 c. S=0 stretching vibrations:

Isocyanides m 2220-2070 Sulfoxides s 1070-1030

b ^C=N— stretchino \ ibrations (imines. oximes) Sulfones s 1160-1140

and s 1350-1300
Alkyl compounds \' 1690-1640

Sulfites s 1230-1 150
a.^-Unsaturated compounds V 1660-1630 and s 1430-1350

c. —N=N— stretching Sulfonyl chlorides s 1185-1165
\ ibrations. azo compounds V 1630-1575 and s 1370-1340

d. —N=C=N— stretching Sulfonamides s 1180-1140
vibrations, diimide s 2155-2130 and s 1350-1300

e. —N, stretching vibrations. s 2160-2120 Sulfonic acids s 1210-1150
azides and vv 1340-1180

s 1060-1030
f. C

—

NOt. nitro compounds: and s -650
Aromatic s 1570-1500 Thioesters (C=0)S s -1690

and s 1370-1300

"Abbreviations: s = strong, m = medium, w = weak, v = variable, b = broad, sh = sharp. ~ = approximately

To use UV- visible spectroscopy for structure determination, we need to know what

types of spectra correspond to the most common types of conjugated systems. The

most useful correlations between structures and UV spectra were developed in the

early 1940s by R. B. Woodward and L. F. Fieser. These correlations are called the

Woodward -Fieser rules. The rules presented here predict only the lowest-energy

77 —* 77* transition froin the HOMO to the LUMO. Values of \„^^^ measured in dif-

ferent solvents can be different, so we generally assume that ethanol is the solvent.

In discussing these rules, we use the following specialized terms:

CHROMOPHORE Any functional group (or collection of groups) responsi-

ble for absorption.

AUXOCHROME A substituent that is not a chromophore by itself, but which

alters the wavelength or the molar absorbtivity when it is attached to a chro-

mophore.

B.ATHOCHROMIC SHIFT A shift toward lower frequency and longer wave-

length (longer A„,.,J.

HYPSOCHROMIC SHIFT A shift toward higher frequency and shorter

wavelength (shorter Am.,^).

Appendix 3

The Woodward -

Fieser Rules

for Predicting

Ultraviolet-Visible

Spectra



UV Spectra of Dienes and Polyenes

liatliochroniic Effects ofAlkyl Groups. A molecule's system of conjugated double

bonds (the chromophore ) is the largest factor in determining its UV spectrum, but the

absorption is also affected by alkyl substituents. Each alkyl group attached to the

chromophore serves as an auxochrome, producing a small bathochromic shift of about

5 nm. The following table shows the effects of adding alkyl groups to 1 ,3-butadiene.

Values of A^^j^for Some Su bstituted 1 ,3,Butadienes

Number ofAlkyl Groups Compound A„„, (mn)

0 H:C=CH—CH=CH: 217

1 CH3—CH=CH—CH=CH3 224

CH,

1 H:C=C—CH=CH: 220

H,C CH,
1

1

2 H2C=C—C=CH. 226

2 CH,—CH=CH—CH=CH—CH, 227

CH, CH,

3
r 1

CH,—C=CH—C=CH2 232

CH, CH,
1

1

4 CH,—C=CH—C=CH—CH, 241

Conformation Effects

For dienes that are predominantly in the 5-trans conformation (either free to rotate

or held in the ^-trans conformation). Woodward and Fieser used a base value of 217

nm, the A„,,,^ for unsubstituted 1 .3-butadiene. To this value, add 5 nm for each alkyl

substituent. For dienes that are held in the ^-cis conformation by a six-membered

ring, the base value is 253 nm for the diene, plus 5 nm for each alkyl substituent.

+5

acyclic (.s-trans) diene iransoid cyclic diene cisoid cyclic diene

base 217 nm hase2l7nm base 253 nm
+ 2 alkyl X (3 nm) + 2 alkyl X (5 nm)

Additional Conjugated Double Bonds. For trienes and larger conjugated systems,

add 30 nm to the base value for each additional double bond. The additional double

bond must be attached at the end of the conjugated system to extend the length of the

polyene system in order to have this large 30-nm contribution, however.

acyclic (.s-trans) triene cisoid cyclic triene

217 nm + 30 nm = base 247 nm 253 nm + 30 nm = base 283 nm
+ 2 alkyl X (5 nm)
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Contributions of auxochromic groups are added to the base values of the poly-

ene chromophore. Add 5 nni for each alkyl group and 5 nni if one of the double

bonds in the conjugated system is exocyclic to a ring. An exocyclic double bond is

one that is attached to a rinc at one end.

exocyclic double bonds

The shifts associated with common auxochromic groups are summarized in

the following table.

The Woodward -Fieser Rules for Conjugated Dienes:

Values for Auxochromic Groups

Grouping Siibstituent Correction (inn)

another conjugated C=C +30
alkyl group +5
alkoxy (—OR) oroup 0

If one of the double bonds in the chromophore is exocyclic, add

another 5 nm:

/ \ ^cxoc.
{ +5 (in addition to 30 nm if

\ / it lengthens the system)

exocyclic double bond

Nore: These values are added to the base value for the diene system.

Examples. The best way to learn to use the rules for predicting UV absoiptions is

to work through some examples. The following examples show several structures

that follow the rules closely and one that does not.

1.

2.4-dimethyl- 1 .3-pentadiene

base: 217 nm
three alkyl groups: 15

predicted A|,,g^: 232 nm;
observed: 232 nm

2. G^^"^^
base

two alkyl groups

exocyclic C=C
predicted A,,,.,^

217 nm
10

5

232 nm; observed: 230 nm

base

two alkyl groups

exocyclic C=C
predicted A„,,,

217 nm
10

5

232 nm; observed: 236 nm



base

three alkyl groups

exocyclic C=C
predicted A^^,

base

conjugated C=C
three alkyl groups

exocyclic C=C
predicted A^,,

217 nm
15

5

237 nm; observed: 235 nm

253 nm
30

15

5

303 nm; observed: 304 nm

exoc.

1,3.5-hexatriene

base

conjugated C=C
predicted A^,,

217 nm
30

247 nm; observed: 258 nm

UV Spectra of Conjugated Ketones and Aldehydes

77 tt"" Transitions. As with dienes and polyenes, the strongest absorptions in the

UV spectra of aldehydes and ketones result from tt^ tt* electronic transitions.

These absorptions are observable (An^^^ > 200 nm) only if the carbonyl double bond

is conjugated with another double bond.

The Woodward -Fieser rules for conjugated ketones and aldehydes appear in the

following table. Note that bathochromic effects of alkyl groups depend on their lo-

cation: 10 nm for groups a to the carbonyl and 12 nm for groups in ^
positions. Contributions from additional conjugated double bonds (30 nm) and exo-

cyclic positions of double bonds (5 nm) are similar to those in dienes and polyenes.

The Woodward -Fieser Rules for Conjugated Ketones and Aldehydes

P "
\ /
C=C R

/ \ /
/3 C Base values: 210 nm if R = H (aldehyde)

II

0
2 1 5 nm if R = alkyl (ketone)

general structure

Grouping Position Correction

alkyl group, a C=C

II

o

+ 10 nm

alkyl group. /3

II

+ 12 nm

exocyclic position of a C=C bond + 5 nm

0

additional conjugated double bond

o

+ 30 nm
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The following examples show how the Woodward -Fieser rules predict values

of A,„_j^ for a variety of conjugated ketones and aldehydes. Notice that the molar ab-

sorptivities (e) for these transitions are quite large (>5000), as we also observed for

TT^" transitions in conjugated dienes and polyenes.

1. /C=CC

O

2. ><;c=c;

H

,H

C
II

o

o

CH,

O /

exocNclic

double hcmd

Base value 210 nm
(no coneclions)

Predicted A 210 nm
Experimental: A

max
= 210 nm. e =

Base value 215 nm
2 X jS substituent 24 nm
Predicted A,,,.j^ 239 nm
Experimental: A

max
= 237 nm. e =

Base value 215 nm
a substituent 10 nm
j8 substituent 12 nm
Predicted A,,^,^^ 237 nm
Experimental: A

max
= 233 nm. e =

Base value 215 nm
a substituent 10 nm

substituent 12 nm
Exocyclic double bond 5 nm
Predicted A,,, ,, 242 nm
Experimental: A^^ 241 nm.

1 .000

12,000

12.500

5200

7T^ 7T* Transitions. As discussed in Section 18-5E, ketones and aldehydes also

show weak UV absorptions (e = 10 to 200) from "forbidden"" /; tt* transitions.

Because the promoted electron leaves a nonbonding {/;) orbital that is higher in en-

ergy than the pi bonding orbital, this transition involves a smaller amount of energy

and results in a longer-wavelength (lower-frequency) absorption. /; if- Transi-

tions of simple, unconjugated ketones and aldehydes give absoiptions with values of

Aniax between 280 and 300 nm. Each double bond added in conjugation with the car-

bonyl group increases the x alue of A^,^,^ by about 30 nm.
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Appendix 4A
Methods and

Suggestions

for Proposing

Mechanisms

In this appendix we consider how an organic chemist systematically approaches a

mechanism problem. Although there is no 'fonnula" for solving all mechanism prob-

lems, this stepwise method should provide a starting point for you to begin building

experience and confidence. Solved problems that apply this approach appear on

pages 160. 318. 480, 825, 971. 1027. and 1049.

Determining the Type of Mechanism

First, determine what conditions or catalysts are involved. In general, reactions may
be classified as (a) involving strong electrophiles (includes acid-catalyzed reactions),

(b) involving strong nucleophiles (includes base-catalyzed reactions), or (c) involv-

ing free radicals. These three types of mechanisms are quite distinct, and you should

first try to determine which type is involved. If uncertain, you can develop more than

one type of mechanism and see which one fits the facts better.

(a) In the presence of a strong acid or a reactant that can give a strong elec-

trophile, the mechanism probably involves strong electrophiles as intermediates.

Acid-catalyzed reactions and reactions involving carbocations (such as the S^I, El,

and most alcohol dehydrations) generally fall in this category.

(b) In the presence of a strong base or strong nucleophile, the mechanism prob-

ably involves strong nucleophiles as intermediates. Base-catalyzed reactions and

those whose rates depend on base strength (such as 8^2 and E2) generally fall in

this category.

(c) Free-radical reactions usually require a free-radical initiator such as chlo-

rine, bromine, NBS, AIBN. or a peroxide. In most free-radical reactions, there is no

need for a strong acid or base.

Points to Watch in All Mechanisms

Once you have determined which type of mechanism to write, use the general meth-

ods discussed here to approach the problem. Regardless of the type of mechanism,

however, you should follow three general rules in proposing a mechanism:

1. Draw all bonds and all substituents of each carbon atom affected through-

out the mechanism. Do not use condensed or line -angle formulas for re-

action sites.

Three-bonded carbon atoms are most likely reactive intermediates: carbocations

in reactions involving strong electrophiles. carbanions in reactions involving

strong nucleophiles, and free radicals in radical reactions. If you draw con-

densed formulas or line -angle foimulas, you might misplace a hydrogen atom

and show a reactive species on the wrong carbon.

2. Show only one step at a time. Do not show two or three bonds changing po-

sition in one step unless the changes really are concerted (take place si-

multaneously).

For example, three pairs of electrons really do move in one step in the

Diels- Alder reaction; but in the dehydration of an alcohol, protonation of the

hydroxyl group and loss of water are two separate steps.

3. Use curved arrows to show movement of electrons, always from the nucle-

ophile (electron donor) to the electrophile (electron acceptor).

For example, a proton has no electrons to donate, so a curved arrow should

never be drawn from to anything. When an alkene is protonated, the arrow

should go from the electrons of the double bond to the proton. Don't try to use

curved arrows to "point out" where the proton (or other reagent) goes. In a

free-radical reaction, half-headed anows show single electrons coming together

to form bonds or separating to give other radicals.
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Approaches to Specific Types of Mechanisms

Reactions Involving Strong Electropliiles. General principles: When a strong acid

or electrophile is present, expect intermediates that are strong acids and strong elec-

trophiles; cationic intemiediates are common. Carbocations. protonated (three-bond-

ed) oxygen atoms, protonated (four-bonded) nitrogen atoms, and other strong acids

might be involved. Any bases and nucleophiles in such a reaction are generally weak.

Avoid drawing carbanions, alkoxide ions, and other strong bases. They are unlikely

to coexist with strong acids and strong electrophiles.

Functional groups are often converted to caibocations or other strong electrophiles

by protonation or by reaction with a strong electrophile. then the carbocation or other

strong electrophile reacts with a weak nucleophile such as an alkene or the solvent.

1. Consider the carbon skeletons of the reactants and products, and identify which

carbon atoms in the products are most likely derived from which carbon atoms

in the reactants.

2. Consider whether any of the reactants is a strong enough electrophile to react

without being activated. If not. consider how one of the reactants might be con-

verted to a strong electrophile by protonation of a Lewis basic site, complex-

ation with a Lewis acid, or ionization.

3. Consider how a nucleophilic site on another reactant (or, in a cyclization, an-

other part of the same molecule) can attack this strong electrophile to form a

bond needed in the product. Draw the product of this bond formation.

If the intermediate is a carbocation, consider whether it is likely to re-

arrange to form a bond in the product.

If there is no possible nucleophilic attack that leads in the direction of the

product, consider other ways of converting one of the reactants to a strong elec-

trophile.

4. Consider how the product of nucleophilic attack might be converted to the final

product (if it has the right carbon skeleton) or reactivated to form another bond

needed in the product.

5. Draw out all the steps using curved arrows to show movement of electrons. Be

careful to show only one step at a time.

Reactions Involving Strong Nucleophiles. General principles: When a strong base

or nucleophile is present, expect intermediates that are strong bases and strong nu-

cleophiles; anionic intemiediates are common. Alkoxide ions, stabilized carbanions,

and other strong bases might be involved. Any acids and electrophiles in such a re-

action are generally weak. Avoid drawing carbocations. protonated carbonyl groups,

protonated hydroxyl groups, and other strong acids. They are unlikely to coexist with

strong bases and strong nucleophiles.

Functional groups are often converted to strong nucleophiles by deprotonation

of the group itself; by deprotonation of the alpha position of a carbonyl group, nitro

group, or nitrile; or by attack of another strong nucleophile. Then the resulting car-

banion or other nucleophile reacts with a weak electrophile such as a carbonyl group,

an alkyl halide, or the double bond of a Michael acceptor.

1. Consider the carbon skeletons of the reactants and products, and identify which

carbon atoms in the products are most likely derived from which carbon atoms

in the reactants.

2. Consider whether any of the reactants is a strong enough nucleophile to react

without being activated. If not, consider how one of the reactants might be con-

verted to a strong nucleophile by deprotonation of an acidic site or by attack

on an electrophilic site.



3. Consider how an electrophilic site on another reactant (or, in a cyclization, an-

other part of the same molecule) can undergo attack by the strong nucleophile

to form a bond needed in the product. Draw the product of this bond formation.

If no appropriate electrophilic site can be found, consider another way of

converting one of the reactants to a strong nucleophile.

4. Consider how the product of nucleophilic attack might be converted to the final

product (if it has the right carbon skeleton) or reactivated to form another bond

needed in the product.

5. Draw out all the steps using curved arrows to show movement of electrons. Be
careful to show only one step at a time.

Reactions Involving Free Radicals. General principles: Free-radical reactions gen-

erally proceed by chain-reaction mechanisms, using an initiator with an easily broken

bond (such as chlorine, bromine, or a peroxide) to start the chain reaction. In draw-

ing the mechanism, expect free-radical intennediates (especially highly substituted or

resonance-stabilized intermediates). Cationic intermediates and anionic intermedi-

ates are not usually involved. Watch for the most stable free radicals, and avoid high-

energy radicals such as hydrogen atoms.

Initiation

1. Draw a step involving homolytic (free-radical) cleavage of the weak bond in

the initiator to give two radicals.

2. Draw a reaction of the initiator with one of the starting materials to give a free-

radical version of the starting material.

The initiator might abstract a hydrogen atom or add to a double bond, de-

pending on what reaction leads towai^d the observed product. You might want to

consider bond-dissociation energies to see which reaction is energetically favored.

Propagation

3. Draw a reaction of the free-radical version of the starting material with anoth-

er starting material molecule to form a bond needed in the product and gener-

ate a new radical intermediate. Two or more propagation steps may be needed

to give the entire chain reaction.

Termination

4. Draw termination steps showing the recombination or destruction of radicals.

Termination steps are side reactions rather than part of the product-forming

mechanism. Reaction of any two free radicals to give a stable molecule is a

termination step, as is a collision of a free radical with the container.
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In this appendix, we consider how an organic chemist systematically approaches a

multistep synthesis problem. As with mechanism problems, there is no reliable "for-

mula" that can be used to solve all synthesis problems, yet students need guidance

in how they should begin.

In a multistep synthesis problem, the solution is rarely immediately apparent.

A synthesis is best developed systematically, working backward (in the retwsyn-

thetic direction) and considering alternative ways of solving each stage of the syn-

thesis. A strict retrosynthetic approach requires considering all possibilities for the

final step, evaluating each reaction, and then evaluating every way of making each

of the possible precursors.

This exhaustive approach is very time-consuming. It works well on a large

computer, but most organic chemists solve problems more directly by attacking the

crux of the problem: steps that build the carbon skeleton. Once the carbon skeleton

is assembled (with usable functionality), converting the functional groups to those

required in the target molecule is relatively easy.

The following steps suggest a systematic approach to developing a multistep

synthesis. These steps should help you organize your thoughts and approach syn-

theses like many organic chemists do: in a generally retrosynthetic direction, but

with primary emphasis on the crucial steps that form the carbon skeleton of the

target molecule. Solved problems that apply this approach appear on pages 282,

407, and 489.

Appendix 4B
Suggestions

for Developing

Multistep Syntheses

1. Review the functional groups and carbon skeleton of the target compound,

considering what kinds of reactions might be used to create them.

2. Review the functional groups and carbon skeletons of the starting materials (if

specified), and see how their skeletons might fit together into the skeleton of

the target compound.

3. Compare methods for assembling the carbon skeleton of the target compound.

Which ones produce a key intermediate with the correct carbon skeleton and

functional groups correctly positioned for conversion to the functionality in

the target molecule?

Also notice what functional groups are required in the reactants for the

skeleton-forming steps and whether they are easily accessible from the speci-

fied starting materials.

4. Write down the steps involved in assembling the key intermediate with the cor-

rect carbon skeleton.

5. Compare methods for converting the key intermediate's functional groups to

those in the target compound, and select reactions that are likely to give the cor-

rect product. Reactive functional groups are often added late in a synthesis, to

prevent them from interfering with earlier steps.

6. Working backward through as many steps as necessary, compare methods for

synthesizing the reactants needed for assembly of the key intemiediate. (This

process may require writing several possible reaction sequences and evaluat-

ing them, keeping in mind the specified starting materials.)

7. Summarize the complete synthesis in the forward direction, including all steps

and all reagents, and check it for errors and omissions.





Answers to Selected Problems

These short answers are sometimes incomplete, but they should

put you on the right track. Complete answers to all problems are

found in the Solutions Manual.

CHAPTER I

1.5. (a) C—C'h (b) C— 6: (c) C— N: (d) 'c— S; (e) C— B;

(f)||N— CI: (g) N— 6;(h) N— S; (i) N— B;: (j) B—CI.

1.6. (a) + 1 on O: (b) + 1 on N, - 1 on CI: (c) + 1 on N, -
1 on CI;

(d) +1 onNa, -1 on O: (e) +1 onC:(f) -1 onC:(g) +1 on Na,

-1 onB:(h) +1 onNa, -1 onB:(i) + 1 on O, -
1 on B;

( j) + 1

on N: ( k) + 1 on K, - 1 on O: ( 1) + 1 on O. 1.11. (a) CH^O,

C,H,0,; (b) C.HsNO,, .same; (c) C.HjCl, same; (d) C,H,C1,

CjHf^ci,. 1.12. (a) 0.209: (b) 14.0. 1.14. (a) favors products:

(b) favors reactants; (c) favors products: (d) favors products:

(e) favors products; (f ) favors products. 1.15. There is no reso-

nance stabilization of the positive charge when the other oxygen

atom is protonated. 1.16. (a) acetic acid, ethanol. methylamine:

(b) ethoxide, methylamine. ethanol. 1.20. (a) carbon; (b) oxy-

gen: (c) phosphorus; (d) chlorine. 1.27. The following are con-

densed structures that you should convert to Lewis structures.

(a) CH,CH,CH,CH, and CH ,CH(CH ,): : (b) CH,CH ,NH , and

CHjNHCH,; (c) CH,(CH,OH); and CH,CHOHCH,OH and

CH,OCH,OCH, and others: (d) CH,=CHOH and CH,CHO.
1.31. (a) C5H5N: (b) CaH.N; (c) c/r.NO: (d) C4H>,NO,:

(e) C, ,H2,N0: (f ) C,H„0: (g) C^HsSO,; (h) C,H,0,.

1.32. Empirical formula C ,H(,0; molecular formula C5H12O2.

1.35. (a) different compounds: (b) resonance forms: (c) resonance

forms; (d) resonance forms; (e) different compounds; (f ) reso-

nance fomis; (g) resonance forms; (h) different compounds;

(i ) resonance forms: ( j) resonance forms. 1.38. (b) The =NH
nitrogen atom is the most basic. 1.40. (a) second; (b) first;

(c) second; (d) first; (e) first. 1.46. (a) CH,CH,0" Li* + CHy,

(b) Methane; CH,Li is a very strong base. 1.47. (a) C>,HpO:

(b) C,8H:40,.

CHAPTER 2

2.2. sp': Two lone pairs compress the bond angle to 104.5°.

2.4. Methyl carbon; sp\ about 109.3°. Nitrile carbon sp. 180°.

Nitrile nitrogen sp. no bond angle. 2.6. The central carbon is sp.

with two unhybridized /) orbitals at right angles. Each terminal

=CH2 group must be aligned with one of these /; orbitals.

2.8. CH,—CH=N—CH , shows cis-trans isomerism about the

C=N double bond, but (CH,)2C=N—CH, has two identical

substituents on the C=N carbon atom, and there are no cis-trans

isomers. 2.10. (a) constitutional isomers; (b) cis-trans isomers;

(c) constitutional isomers; (d) same compound; (e) same com-

pound: (f ) same compound: (g) not isomers; (h) constitutional

isomers: (i) same compound:
( j) constitutional i.somers;

(k) constitutional isomers. 2.12. The N— F dipole moments op-

pose the dipole moment of the lone pair. 2.14. trans has zero di-

pole moment because the bond dipole moments cancel.

2.17. (a)CH,CH:OCH:CH, (bl CH,CH,NHCH;;
(c) CH,CH:OH: (d) CH,COCH,. 2.18. (a) alkane; (bl alkene;

(c) alkyne; (d) cycloalkyne; (e) cycloalkane; (f ) aromatic hydro-

carbon and alkene: (g) cycloalkene: (h) alkyne, alkene: (i) aromat-

ic hydrocarbon and cycloalkene. 2.19. (a) aldehyde: (b) alcohol;

(c) ketone; (d) ether; (e) carboxylic acid: (f ) ether: (g) ketone:

(h) aldehyde: (i) alcohol. 2.20. (a) amide; (b) amine; (c) ester;

(d) acid chloride: (e) ether; (f ) nitrile: (g) carboxylic acid:

(h) cyclic ester: (i ) ketone, cyclic ether: ( j) cyclic amine;

(k) cyclic amide; (1) amide; (m) ketone, amine; (n) cyclic ester;

(o) nitrile: ( p) ketone. 2.23. No stereoisomers. 2.24. Cyclo-

propane has bond angles of 60°, compared w ith the 109. .3° bond

angle of an unstrained alkane. 2.27. Formamide must have an

.v/)~-hybridized nitrogen atom because it is involved in pi-bonding

in the other resonance form. 2.32. Only (b) and (e).

2.33. (a) constitutional isomers: (b) constitutional isomers; (c) cis-

trans isomers; (d) constitutional isomers; (e) cis-trans isomers;

(f ) same compound; (g) cis-trans isomers; (h) constitutional iso-

mers. 2.34. CO, is .?/)-hybridized and linear; the bond dipole mo-

ments cancel. The sulfur atom in SO, is .v/r-hybridized and bent;

the bond dipole moments do not cancel. 2.36. Both can form H-

bonds with water, but only the alcohol can form H-bonds with it-

self. 2.38. (a), (c), (h), and (1) can form hydrogen bonds in the

pure state. These four plus (b), (d), (g), (i), ( j), and (k) can form

hydrogen bonds with water. 2.40. (a) cyclic ether: (b) cyclic

alkene, carboxylic acid; (c) alkene, aldehyde; (d) aromatic, ketone:

(e) alkene, cyclic ester: (f ) cyclic amide; (g) aromatic nitrile,

ether: (h) amine, ester

CHAPTER 3

3.1. (a) C„|H,,;; (b) C44H,,,,. 3.2. (a) 3-iTiethylpentane;

(b) 5-ethyl-2-methyl-4-propylheptane: (c) 4-isopropyl-2-methylde-

cane. 3.4. (a) 2-methylbutane; (b) 2,2-dimethylpropane;

(c) 3-ethyl-2-methylhexane; (d) 2,4-dimethylhexane; (e) .Vethyl-

2,2,4.5-tetramethylhexane; (f ) 4-/-butyl-3-methylheptane.

3.8. (a) CiyHii; (b) CisH,,. 3.9. (a)octane < nonane < decane;

(b) (CHjhC— C(CH,), < CH,CH,C(CH,),CH.CH:CH, <
octane. 3.14. (a) l,l-dimethyl-3-(l-methylpropyl) cyclopentane

or 3-iec-butyl- 1 , 1 -dimethylcyclopentane: ( b) 3-cyclo-propyl- 1,1-

dimethylcyclohexane; (c) 4-cyclobutylnonane. 3.16. (b), (c),

and (d). 3.17. (a) c/i-l-methyl-3-propylcyclobutane: (b) r/v;/i.v-l-

/-butyl-3-ethylcyclohexane; (c) ?ra;(.s-l ,2-dimethyl-cyclopropane.

3.18. Trans is more stable. In the cis isomer the methyl groups

are nearly eclipsed. 3.28. (a) c7^-1.3-dimethylcyclohexane;

(b) r/s-1.4-dimethylcyclohexane: (c) r;w!.v-l,2-dimethylcyclo-

hexane; (d) (/.v-l,3-dimethylcyclohexane; (e) c/.v-l ,3-dimethyl-

cyclohexane; (f ) /ra/?s-l,4-dimethylcyclohexane.

3.30. (a) bicyclo[3.1.0]heptane: (b) bicyclo[3.2.1]octane;

(c) bicyclo[2.2.2]octane; (d) bicyclo[3. 1 . 1 ]heptane. 3.33. (a) All

except the third (isobutane) are >!-butane. (b) Top left and bottom

left are c;i-2-butene. Top center and bottom center are 1-butene.

Top right is n«/(.s'-2-butene. Lower right is 2-methylpropene.

(c) The first and second are c(i-l,2-dimethyl-cyclopentane.

The third and fourth are rra/;j-l,2-dimethyl-cyclopentane. The

fifth is ('/.s-!.3-dimethylcyclopentane. 3.37. (a) 3-ethyl-2,2.6-

trimethylheptane; (b) 3-ethyl-2,6,7-trimethyloctane:

(c) 3,7-diethyl-2,2,8-trimethyldecane: (d) 2-ethyl-l,

1-dimethylcyclobutane; (e) bicyclo[4. 1 .0]heptane; (f ) r/.?-l-ethyl-

3-propylcyclopentane; (g) (l,l-diethylpropyl)cyclohexane;

Al
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(h) r/.s- 1 -ethyl-4-isopropylcycloclccane. 3.39. (a) should be

3-methylhexane; (b) 3-ethyl-2-methylhexane; (c) 3-methylhexane;

(d) 2,2-dimelhylbutane; (e) .ver-bulylcyclohcxane or

( 1 -methyl-propyl ) cyclohexane; (f ) should be cis or trans- 1 ,2-

diethyl-cyclopentane. 3.40. (a) octane; (b) 2-methylnonane;

(c) noiiane. 3.45. The trans isomer is more stable, because both of

the bonds to the second cyclohexane ring are in equatorial positions.

CHAPTER 4

4.3. (a) One photon of light would be needed for every molecule

of product formed (the quantum yield would be I ); (b) Methane

does not absorb the visible light that initiates the reaction, and the

quantum yield would be 1 . 4.4. (a) Hexane has three different

kinds of hydrogen atoms, but cyclohexane has only one type.

(b) Large excess of cyclohexane. 4.5. (a) AT^^ = 2.3;

(b) |CH,Br] = [HjS] = 0.40 M. [CHjSH] = [HBr] = 0.60 M.

4.8. (a) positive; (b) negative; (c) not easy to predict.

4.10. (a) initiation +46 kcal/mol; propagation + 16 and -24

kcal/mol; (b) overall —8 kcal/mol. 4.11. (a) first order;

(b) zeroth order; (c) first order overall. 4.13. (a) zero, zero, ze-

roth order overall; (b) rate = k, ; (c) increase the surface area of

the platinum catalyst. 4.14. (b) +3 kcal/mol; (c) - 1 kcal/mol.

4.15. (c) +27 kcal/mol. 4.17. (a) initiation +36 kcal/mol; prop-

agation + 33 and —20 kcal/mol; (b) overall + 13 kcal/mol; (c) low

rate and very unfavorable equilibrium constant. 4.18. 1°: 2° ratio

of 6: 2, product ratio of 75% 1
° and 25% 2°. 4.22. (a) The com-

bustion of isooctane involves highly branched, more stable tertiary

free radicals that react less explosively, (b) ?-butyl alcohol forms

relatively stable alkoxy radicals that react less explosively.

4.24. (a) H/D reactivity ratio = 2.7; (b) The reaction with

methane is slightly endothemiic. but the reaction with ethane is

exothennic. Less breakage of the C—H (or C— D) bond occurs in

the transition state for ethane. 4.27. Stability: (c) 3° > (b) 2° >
(a) 1°. 4.28. Stability: (c) 3° > (b) 2° > (a) 1°.

4.36. rate = A-,[H *][(CH3)3C—OH]; second order overall.

4.39. PhCH, > CH,=CHCH2 • > (CH3),C >
(CH,),CH > CH3CH: > CH, . 4.43. The free radical inter-

mediate is resonance-stabilized.

CHAPTER 5

5.1. chiral: spring, desk, screw-cap bottle, ritle, knot.

5.2. (b), (d), (e), and (f ) are chiral. 5.3. (a) achiral. no C*;

(b) achiral. no C*; (c) chiral, one C*; (d) achiral, no C*; (e) achi-

ral, no C*; (f ) chiral, one C*; (g) achiral, two C*; (h) chiral, two

C*; (i) achiral, no C*;( j) chiral, one C*; (k) chiral, two C*.

5.4. (a) mirror, achiral; (b) mirror, achiral; (c) chiral, no mirror;

(d) chiral, no mirror; (e) chiral, no miiTor; (f ) mirror, achiral;

(g) mirror, achiral; (h) chiral, no minor 5.5. (a) (/?); (b) (S);

(c) (/?); (d) (5), (S); (e) (/?), (5); (f ) (/?), (S): (g) (R). (S); (h) (/?);

(i) (S). 5.7. +8.7'. 5.9. Dilute the sample. If clockwise, will

make less clockwise, and vice-versa. 5.11. e.e. = 33.3%>. Spe-

cific rotation = 33.3%. of + 13.5° = +4.5°. 5.14. (a), (b), (f ),

and (h) are chiral; only ( h) has chiral carbons. 5.15. (a) enan-

tiomer, enantiomer, same; (b) same, enantiomer, enantiomer;

(c) enantiomer, same, same. 5.17. (a), (d). and (f ) are chiral. The

others have internal mirror planes. 5.18. (from 5-17) (a) (/?);

(b) none; (c) none; (d) (2/?), (3/f); (e) (25), OR): (f ) (2R), (3^);

(new ones) (b) (R)\ (c) (5'); (d) (S). 5.19. (a) enantiomers; (b) di-

astereomers; (c) diastereomers; (d) constitutional isomers;

(e) enantiomers; (f ) diastereomers; (g) enantiomers; (h) same

compound. 5.22. (a), (b), and (d) are pairs of diastereomers and

could theoretically be separated by their physical properties.

5.24. (a) (5)-2-butanol (inversion); (b) racemic mixture of

3-ethoxy-3-methylhexanes (racemization); (c) (15, 3/f)-3-chloro-

l-methylcyclopentane. 5.31. (a) same compound; (b) enan-

tiomers; (c) enantiomers; (d) enantiomers; (e) enantiomers;

(f ) diastereomers; (g) enantiomers; (h) same compound.

5.33. (a) -I2.5°;(b) +8.6°. 5.34. (20% e.e.) X (+12.0°) =

( + )2.4°. 5.36. (b)(-)L5.90°s;(c)7.95°/15.90° = 50% e.e.

Composition is 75% (/?) and 25% (S).

CHAPTER 6

6.1. (a) vinyl halide; (b) alkyl halide; (c) aryl halide; (d) alkyi

halide; (e) vinyl halide; (f ) aryl halide. 6.5. The C—CI bond has

considerably more charge separation (0.23 e) than the C—

I

bond (0. 1 6 e). 6.7. Water is denser than hexane, so water

forms the lower layer. Chloroform is denser than water, so

chloroform forms the lower layer 6.10. (a) substitution;

(b) elimination; (c) elimination, also a reduction.

6.12. 0.02 mo/L per second. 6.13. (a) (CH3),COCH2CH3;
(b) HC=CCH,CH2CH2CH3 ; (c) (CH,),CHCH,NH,";

(d) CH3CH,C= N; (e) 1-iodopentane; (f) ! -tluoropentane.

6.15. (a) (CH,CH2),NH, less hindered; (b) (CH3)2S, S more

polarizable; (c) PH3, P more polarizable; (d) CH3S , negatively

charged; (e) (CH3)3N, N less electronegative;

(f ) CHiCHiCHj—O , less hindered; (g) I , more polarizable.

6.17. methyl iodide > methyl chloride > ethyl chloride > iso-

propyl bromide » neopentyl bromide, /-butyl iodide.

6.18. (a) 2-iTiethyl-l-iodopropane; (b) cyclohexyl bromide;

(c) isopropyl bromide; (d) 2-chlorobutane; (e) isopropyl iodide.

6.23. (a) 2-iodo-2-methylbutane; (b) 2-bromo-2-methylbutane;

(c) 3-bromocyclohexene; (d) cyclohexyl bromide.

6.27. (a) (CH3),C(OCOCH3)CH2CH3, first order; (b) l-methoxy-2-

methylpiopane, .second order; (c) 1-ethoxy-l-methylcyclohexane,

first order; (d) methoxycyclohexane, first order; (e) ethoxycyclo-

hexane, second order 6.32. (a) H2C=CHCH2CH3 and

CH,CH=CHCH,;(bjCH3CH=C(CH2CH3)2;
(c) CH3CH=C(CH2CH3)2 and CH2=CHCH(CH2CH3)2

:

(d) 1 -methylcyclohexene and 3-methylcyclohexene. 6.34. 2-bu-

tanol by the Sn2. 6.40. (a) ?r(//i.v-2-pentene; (b) Substitution in-

verts the carbon atom bonded to bromine. Elimination forms

2,4-dimethyl-3-hexene (ethyl and /-butyl cis). (c) r;.s-3-heptene.

6.42. There is no hydrogen trans to the bromide leaving group.

6.46. In the first example the bromines are axial; in the second,

equatorial. 6.51. (a) 2-bromo-2-methylpentane; (b) !-chloro-I-

methylcyclohexane; (c) l,l-dichloro-3-fluorocycloheptane;

(d) 4-(2-bromoethyl)-3-(fluoromethyl)-2-methylheptane;

(e) 4,4-dichloro-5-cyclopropyl-l-iodoheptane; (f ) c/j'-I,2-

dichloro-l-methylcyclohexane. 6.52. (a) I -chlorobutane;

(b) 1-iodobutane; (c) 4-chloro-2,2-dimethylpentane; (d) 1-bromo-

2,2-dimethylpentane; (e) chloromethylcyclohexane.

6.53. (a) /-butyl chloride; (b) 2-chlorohexane; (c) bromocyclo-

hexane; (d) iodocyclohexane; (e) 2-bromo-2-methylpentane;

(f ) 3-biomocyclohexene. 6.56. (a) rate doubles; (b) rate multi-

plied by six; (c) rate increases. 6.63. (a) (/?)-2-butanol (inver-

sion); (b) (5)-2-iodo-3-methylpentane (inversion); (c) racemic

mixture of 3-ethoxy-2,3-dimethylpentanes (racemization).

6.64. (a) diethyl ether; (b) PhCH2CH2CN; (c) r-Hx—S—CH,

;

(d) 1-iododecane; (e) N-methylpyridinium iodide;

(f ) (CH3)3CCH2CH2NH2; (g) tetrahydrofuran; (h) c(.y-4-methyl-

cyclohexanol. 6.68^ (a) o.p. = e.e. = 15.58/15.90 = 98% (99%(5)

and 1 %{R); (b) The e.e. of (5) decreases twice as fast as radioac-

tive iodide substitutes, thus gives the (R) enantiomer; implies the
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Ss2 mechanism. 6.75. N'BS provides low cone. Br- for free-radi-

cal brominaiion. .Abstraction of one of the CH ; hydrogens gives a

resonance-.stabilized free radical: product Ph-CHBr-CH ,

.

CHAPTER 7

7.4. lai one: ibi one: 'o three: idi four. (e> five. 7.5. lai 4-

methyl- 1 -pentene: ib) 2-eth\l-l-hexene: (ci l.-t-pentadiene:

(d) 1.2.-t-pentatriene: te) 2.5-dimethyl- 1 .3-cyclopentadiene:

f ) 4-%Tn>lcyclohexene: i gi allylbenzene or 3-phenylpropene:

I h) rra/j5-3.-)-dimeth>lcyclopentene: ( i ) 7-methylene-1.3.5-cyclo-

heptatriene. 7.6. ( 1 ) (at. (c) and (d) show geometric isomerism.

7.7. (a) 2.3-dimethyl-2-pentene; (b) 3-ethyl- 1 .-l-hexadiene:

(c) l-meihylcyclopentene; (d) give positions of double bonds:

(e) specify cis or trans: (f ) (£") or (Z». not cis. 7.9. 2.3-<iimeth> 1-

2-butene is more stable by 1 .4 kcal/mol. 7.11. ( a( stable:

(b) unstable: (c> stable: (d) stable: (e) unstable (maybe stable

cold): (f ) stable: ( g) unstable: (hi stable. 7.12. (a) ci5-lJ2-dibro-

moethene: ( b ) cis i trans has zero dipole moment r. i c ) 1 .2-

dichlorocyclohexene. 7.14. lai 1-decene: ( bi cyclohexene:

(c) m-cyclodecene: (di no reaction <Br"s equatorial i: le) rrans-cy-

clodecene. 7.15. ( a t strong bases and nucleophiles: i b • strong

acids and electrophiles: (c) free-radical chain reaction: id) strong

acids and electrophiles. 7.18. ( a» AG > 0. disfavored. ( b) AG <
0. favored. 7.21. (a) 2-ethyl-l -pentene: ( bi 3-ethyl-2-pentene:

(c) (3£.6£)-1.3.6-octatiiene: (di ( £ )-i-ethyl-3-heptene:

(e) l-cyclohexyl-1.3-cyclo-hexadiene. 7.25. ( b). (c). and

I f ) show geometric isomerism. 7.27. t a) cy clopentene:

' b) 2-methyl-2-butene (major) and 2-methyI- 1 -butene (minor):

;
' -methylcyclohexene ( major ) and methylenec> clohexane

r.v.r.oT): (d) 1 -methylcyclohexene (minor) and methylenecyclo-

hexane (major). 731. (a) a 1-halobutane: ( bi a f-butyl halide:

I c ) a 3-halopentane: ( d ) a halomethylcyclohexane: i e ) a 4-halocy-

clohexane ( preferably cis ). 733. i a i 2-pentene: ( b i 1 -methylcy

-

clopentene: (c) 1 -methylcyclohexene: (d) 2-methyl-2-butene

rearrangement). 7.44. El with rearrangement by an alkyl shift.

The SasTzeff product % iolaies Bredt's rule.

CHAPTER 8

8.1. 1 a) 2-bromopropane; i bi 2-chloro-2-methylpropane: to 1-

!odo-l-meih> lcyclohexane: (d) mixture of cis and trans 3-inethyl

and -l-methylcyclohexane. 8.3. (a) 1 -bromo-2-methylpropane:

b) 1 -bromo-2-methylcyclohexane: (c) 2-bromo-l-phenylprof>ane.

8.5. (a) 1-methylcyclopentanol: )bi 2-phenyl-2-propanol:

c) 1-phenylcyclohexanol. 8.6. The 2 ' caibocation rearranges to

a 3" carbocation. 8.10. ( b) 1-propanol: (d) 2-methyl-3-pentanol:

(f ) fra/i5-2-methylcyclohexanol. 8.13. (a) fra«5-2-methylcyclo-

beptanol: ( b) mostly 4.-i-dimethyl-2-pentanol: (c) —OH exo on

the less substituted carbon. 8.16. The carbocation can be at-

tacked from either face. 8.22. (a) CH;I; - Zn(Cui:

(b) CH-Br;. NaOH. H O. PTC: lo dehydrate ( H-SO^). then

CHCl-.. NabH/H:0. PTC. 8J7. la) cV. H:0: (b) KOH/heat.

then C1:/H:0: (c) H-SO,/heai. then Cl^/H-O. 8J1. (a) c/5-2-

epoxybutane: (b) /ra/75-1 -methyl- 1.2-cyclooctanediol:

(c) rra«5-epoxycyclodecane: (d) ni«c>-2.3-butanediol.

8J3. (a) c/5-cyclohe.xane-1.2-diol: ( b) rra/u-cy clohexane- 1.2-dioI:

(c).(f ) (/?.S)-2.3-pentanediol ( -enantiomer): (d). (enR.R>-2.3-

pentanediol ( —enantiomer). 8J4. la) 0s0i/H;0::
I bi CH.CO-.H/H:0-: (c) CH^CO-.H/H.O": (d)'0s0^/H:0;.

8.51. H;C=CH—COOCH:CH:. . 8.52. ta) 2-methylpropene (3=

cation): (b) 1 -methylcyclohexene (3^ cation): lo 1 .3-butadiene

( resonance-stabilized cation ). 8o6. ( a ) 1 -methyIcy clohe.xene.

RCO=H/H;0": (b) c>clooctene. OsOwTi;©; : lo trans-

cvciodecene. Br-: (d) cyclohexene. C\-JH O
8.59. CH .(CH: r;CH=CH(CH:>-CH; ^i*

CHAPTER 9

9.3. ji. r. : : ;ls elements. C and H ; 9.4. Tre^: :r.r mix-

ture with NaNH; to remove the 1-hexyne. 9.5. lai Na^ C=CH
and NH: : (b) Li"C=CH and CH^: (Ci no reaction: (di no reac-

tion: (e) acetylene - NaOCH;: (f i acetylene - NaOH: igi no re-

action: ( h) no reaction: ( i ) NH; ~ NaOCH ; 9.''. - N..NT?

buty 1 halide: ( b ) NaNH; : prop> 1 halide: NaN

;

(c) NaNTI;: ethyl halide: repeat: (d) Ss2 on >c ^
favorable: (e) NaNTl;: isobutyl halide ( low yieldi: NaNH;: methyl

- ' V V- iir : - xicond substitu": ' -
'

;:de. 9.8. a. ^

CH,;. r-cr. N'.iNH:. _'.=.-. v.njCH:CH:CHO: r >.c:..- ...=:ylide

— ethylene oxide: ici sodium acetylide — formaldehyde: (d» sodi-

um acen-lide - CH J. then NaXH;. then CHjCH^COCH..
9.10. .About 1 : 70. 9.13. r a. H; . Lmdlan ( b < .Na. NH;. : to.

I d I -Add halogen. deh> drohalogenate to the alkyne. reduce as
'

ed. 9.16.(a~»CH;CCl;CH C^H 2-i CH CH-CCKCfH; -

;

( b » Lone pairs on CI he 9.18.(a)Cl-:

(b)HBr. peroxides: (c I- 3 ; . . . .ess Br; : (el re-

duce to 1 -hexene. add HBr. i f ) excess HBr. 9.20. ( a > The two

er.z- - J :

'—
; : 't-' ^ The rwo eri-

'

" :"e niple

h , . --^^ily ditferer . ^ -e-

9.21. - . .
- - •,rc^.:;-^^xa-

d 3-hexanone: • c I 3-r - . jyclodecanone

- 924. iaiCH:C=C CH: ,C=CCH: 9!28. a . eth> 1-

-acet} lene: '

^
' rheny'acety lene: i c > 5fc-buty l-n-pn'Try-

-ne:(di5e - iacety lene. 931. Form "
.

. _^Jtofthei=: -e 9.38. ' .?-c> clohexac;. .

(HC=C—CH=CH— .a: . . :ransi.

CHAPTER 10

10.1. lap 2-pr^ -I-^' : ;;ibi5-broma-I- -7

ic) -t-methyl-3-c} c.oliexen- ! - ':5-2-m=..-.;. 1^;. ,;;ohe\anol:

( e ) (£ )-2-chloro-3-meth> 1-2 - r . . IR.^S >-2-bromo-3-

he.xanol. 10.4. laiS.S- : . -I.'-nonanediol: ( bi l.S-octanedi-

ol: (c) c/5-2-cyclohexer.; - d ?-cyc!ouer.r.l-2.-l-

heptanediol. 10.5. (ai c\ci. ^ict:

lb) 4-methylphenol: more cc: , , -d<: ci 3-ethyl-

3-hexanol: more spherical: idi c}., - -e OH
groups per carbon: i e » enantiomer> . . _

10.7. 1 a) methanol: less substimted: lb nne

closer to the OH group: ICI 2.2: -
. .-to

stabilize die alkoxide. 10.9. : i 4-

nitrophenol " - ^in-opnc.-^. >.^r;..zc^ : :;>..-:.i--je

with the nitr _ 10.10. ( a) The phenol i left' is deprotonaied

by sodium h> arc . :!ves. ibil' ry funnel, the

alcohol (right) w :. _ ether la\v -.enolic com-

jxiund will go into an aqueous sodium h\aro:uac layer.

10.11. (bi. (f e . h' 10.15. lai.Add r^e- '"-ir-e^-.i-

bromidetob. . ne. PhCOPh. ( ^

iodide to eye ... ;e. ic I -Add prop;. : - - ^ ^-

dic> clohexyl ketone. 10.17. i a i 2 Ph-MgBr - PhCOCl:

ibi 2 CH=CH:MgBr - (CH.>:CHCOCi: ici 2 c-HxMgBr -

PhCOCl. 10.19. ( a 1 PhMgBr - etiiylene oxide:

lb) iCH-):CHCH:MgBr — ethylene oxide; i c i 2-methylcyclo-

hexylmagnesium bromide — ethylene oxide. 10.23. lai Grignard

removes NTl proton: i b ) Gn f- ; ks ester, i c ) Water will kill
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Grignaid; (d) Grignard removes OH proton. 10.26. (a) heptanoic

acid + LiAIH4 ; or heptaldeiiyde + NaBH4 ; ( b) 2-heptanone +
NaBHj; (c) 2-iTiethyl-3-hexanone + NaBH4; (d)ketoesler +
NaBHj. 10.34. (a) 1-hexanol, larger surface area; (b) 2-hexanol,

iiydrogen-bonded; (c) 1 ,5-hexanediol, two OH groups.

10.38. (a) cyclohexyl methanol; (b) 2-cyclopentyl-2-pentanol;

(c) 2-methyl-l -phenyl- 1-propanol; (d) methane + 3- hydroxycy-

ciohexanone; (e) 5-phenyl-5-nonanol; (f ) triphenylmethanol;

(g) 1,1-diphenyl-l-propanol; (h) 3-(2-hydroxyethyl)cyclohexanol;

(i) reduction of just the ketone, but not the ester; ( j) isobutyl alco-

hol; (k) the tertiary alcohol; (1) the secondary alcohol; (m) cyclo-

hexane (n) ( 25,35' )-2,3-hexanediol ( -Henantiomer);

(o) (25',3/?)-2,3-hexanediol ( -Henantiomer); (p) 1 ,4-heptadiene.

10.39. (a) EtMgBr; (b) Grignard with formaldehyde; (c) r-HxMg-

Br; (d) Grignard with ethylene oxide; (e) Grignard with formalde-

hyde; (f ) 2 CHjMgl; (g) cyclo-pentylmagnesium bromide.

CHAPTER I I

11.1. (a) oxidation, oxidation; (b) oxidation, oxidation, reduction,

oxidation; (c) neither (C2 is oxidation, C3 reduction); (d) reduc-

tion; (e) neither; (f ) oxidation; (g) neither. 11.6. (a) PCC;

(b) chromic acid; (c) chromic acid or Jones reagent; (d) PCC;

(e) chromic acid; (f ) Dehydrate, hydroborate, oxidize (chromic

acid or Jones reagent). 11.7. An alcoholic has more alcohol de-

hydrogenase. More ethanol is needed to tie up this larger amount

of enzyme. 11.8. CH ,COCHO (pyruvaldehyde) and CH ,CO-

COOH (pyruvic acid). 11.11. (a) cyclopentane; (b) cyclopentyl

tosylate; (c) cyclopentane; (d) cyclopentene; (e) cyclopentane.

11.10. Treat the tosylate with (a) bromide; (b) ammonia; (c) ethox-

ide; (d) cyanide. 11.14. (a) chromic acid or Lucas reagent;

(b) chromic acid; (c) Lucas reagent; (d) Lucas reagent; allyl alco-

hol forms a resonance-stabilized carbocation. (e) Lucas reagent.

11.19. (a) thionyl chloride (retention); (b) tosylate (retention),

then Sn2 using chloride ion (inversion). 11.20. resonance-delo-

calized cation, positive charge spread over two carbons.

11.22. (a) 2-niethyl-2-butene ( -l-2-methyl-l-butene); (b) 2-pentene

(-f 1-pentene); (c) 2-pentene ( + l-pentene); (d) c-Hx=C(CH3)2
( + 1-isopropylcyclohexene); (e) 1-methylcyclohexene (-i-3-methyl-

cyclohexene). 11.25. Using R—OH and R'—OH will

form R—O— R, R'—O— R', and R—O— R'.

11.30. (a) CHjCHjCHjCOCl + 1-propanol; (b) CHjCH^COCl +
1-butanol; (c) (CH,),CHC0C1 + p-methylphenol; (d) benzoyl

chloride -I- cyclopropanol. 11.32. An acidic solution (to proto-

nate the alcohol) would protonate methoxide ion. 11.33. (a) the

alkoxide of cyclohexanol and an ethyl halide or tosylate; (b) dehy-

dration of cyclohexanol. 11.41. (a) Na, then ethyl bromide;

(b) NaOH, then PCC to aldehyde; Grignard, then dehydrate;

(c) Mg in ether, then CHjCH^CH.CHO. then oxidize; (d) PCC,

then EtMgBr 11.44. Use CH,SO,CI. 11.45. (a) thionyl chlo-

ride; (b) tosylate, displace with bromide. 11.51. Compound A is

2-butanol. 11.57. X is l-buten-4-ol; Y is tetrahydrofuran

(5-membered cyclic ether).

CHAPTER 12

12.3. (a) alkene; (b) alkane; (c) terminal alkyne. 12.4. (a) amine

(primary); (b) acid; (c) alcohol. 12.5. (a) conjugated ketone;

(b) ester; (c) primary amide. 12.6. (a) 3070 =C— H; 1642 C=C
alkene: (b) 2712, 2814 —CHO; 1691 carbonyl-aldeliyde: (c) over-

inflated C—H region—COOH; 1703 carbonyl (maybe conjugat-

ed); 1650 C=C (maybe coniugaledhconjugated acid; (d) 1742

ester (or strained ketone)-f.sYe/: 12.7. (a) bromine (C^H^Bt);

(b) iodine (C^H,!); (c) chlorine (C4H7CI); (d) nitrogen (C7H17N).

12.10 Probably 2,6-dimethyl-3-octene or 3.7-dimethyl-3-octene.

12.1 1. 1 26: loss of water; 111: allylic cleavage; 87; cleavage next

to alcohol. 12.14. (a) about 1660 and 1710; the carbonyl is much
stronger; (b) about 1660 for both; the enol is much stronger;

(c) about 1660 for both; the imine is much stronger;

(d) about 1660 for both; the terminal alkene is stronger

12.16. (a) CH,=C(CH,)COOH; (b) (CH ,)2CHCOCH,

;

(c) PhCH,C=N; (d) PhNHCHjCHj. 12.17. (a) 86. 71, 43;

(b) 98, 69; (c) 84, 69. 87, 45.

CHAPTER 13

13.1. (a) 52.17; (b) ().(B06 gauss; (c) 62.17; (d) 651 Hz.

13.3. (a) three; (b) two; (c) three; (d) five. 13.5. (a) 2-methyl-3-

butyn-2-ol; (b)/;-dimethoxybenzene; (c) l,2-dibromo-2-methyl-

propane. 13.9. /ra/!.s CHC1=CHCN. 13.10. (a) 1 -chloro-

propane; (b) methyl /j-methylbenzoale, CHjC^HjCOOCHj.
13.14. (a) H^ 59.7 (doublet); H^ 56.6 (multiplet); H', 57.4 (dou-

blet); (b) J,h = 8 Hz, Jbc = 18 Hz (approx). 13.18. (a) Five; the

two hydrogens on C3 are diastereotopic. (b) Six; all the CH,
groups have diastereotopic hydrogens, (c) Six; three on the Ph. and

the CHi hydrogens are diastereotopic. (d) Three; The hydrogens

cis and trans to the CI are diastereotopic. 13.21. (a) butane-1,3-

diol; (b) H,NCH,CH,OH. 13.24. (a) (CH,),CHCOOH;
(b) PhCH,CHO; (c) CHjCOCOCH^CH,;
(d) CH,=CHCH(OH)CH, ; (e) (CH,),C(OCH,)C=CH.
13.29. (a) allyl alcohol. H2C=CHCH,bH. 13.30. (a) 4-hydroxy-

butanoic acid lactone. 13.31. (a) cyclohexene.

13.32. isobutyl bromide. 13.36. (a) isopropyl alcohol.

13.38. (a) PhCH,CH,OCOCH,. 13.42. 1,1,2-trichloropropane.

13.45. A is 2-methyl-2-butene (Saytzeff product); B is 2-methyl-l-

butene. 13.47. PhCH^CN.

CHAPTER 14

14.2. (CH,CH,):0— AICI3 . 14.4. (a| cyclopropyl methyl ether;

methoxycyclopropane; (b) ethyl isopropyl ether; 2-ethoxypropane;

(c) 2-chloroethyl methyl ether; 1 -chloro-2-methoxyethane;

(d) 2-niethyoxy-2,3-dimethylpentane; (e) sec-buly\ ?-butyl ether;

2-( 1,1-dimethylethoxy) butane; (f ) ;'ra«.?-2-methoxycyclohexanol

(no common name). 14.6. (a) dihydropyran; (b) 2-chloro-l,4-

dioxane; (c) 3-isopropylpyran; (d) rra77i-2,3-diethyloxirane or

rra;!i-3,4-epoxyhexane; (e) 3-bromo-2-ethoxyfuran; (f ) 3-bromo-

2,2-dimethyloxetane. 14.11. Intermolecular dehydration of a

mixture of methanol and ethanol would produce a mixture of

diethyl ether, dimethyl ether, and ethyl methyl ether.

14.13. Intermolecular dehydration might work for (a). Use the

Williamson for the other two. 14.15. (a) bromocyclohexane and

ethyl bromide; (b) 1 ,5-diiodopentane; (c) phenol and methyl

bromide; (e) phenol, ethyl bromide, and l,4-dibromo-2-niethylbu-

tane. 14.20. Epoxidiation of ethylene gives ethylene oxide,

and catalytic hydration of ethylene gives ethanol. Acid-catalyzed

opening of the epoxide in ethanol gives cellosolve.

14.24. (a) CHjCH^OCH^CH.O Na^ (b) HjNCH.CH.O'Na^
(c) c-Hx—OCHjCHjO'Na*. 14.25. (a) 2-methyl-l,2-propane-

diol, "'O at the C2 hydroxy! group; (b) 2-methyl-l ,2-propanediol,

"*0 at the CI hydroxyl group; (c), (d) same products, (S.S) and

(R.R). 14.26. (a) (CH3),CH—CH,CH,—OH;
(b) CH3—CH,C(CH3)2—OH; (c) 1 -cyclopentyl- 1-butanol.

14.32. (a) The old ether had autoxidized to form peroxides. On
distillation, the peroxides were heated and concentrated, and they

detonated, (b) Discard the old ether or treat it to reduce the
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peroxides. 14.36. (a) epoxide + phenylmagnesium bromide;

(b) epoxide + sodium methoxide in methanol; (c) epoxide +

methanol, H* . 14.40. Sodium then ethyl iodide gives retention of

configuration. Thionyl chloride gives retention, then the

Williamson gives inversion. Second product ( + )15.6°.

14.44. (CH,OCH,CH,):0 14.45. phenyloxirane

CHAPTER 15

15.1. (a) 2.4-hexadiene < 1 ,3-hexadiene < 1,4-hexadiene < 1.5-

hexadiene < 1,2-hexadiene < 1 .3.5-hexatriene; (b) third < fifth <

first < fourth < second. 15.6. 3-ethoxy-l-methylcyclopentene

and 3-ethoxy-3-methylcyclopentene. 15.8. (a) A is 3,4-dibromo-

1-butene; B is 1 .4-dibromo-2-butene; (c) Hint: A is the kinetic

product. B is the thermodynamic product: (d) Isomerization to an

equilibrium mixture. \09c A and 90'7c B. 15.9. (a) l-{bro-

momethyl icyclohexene and 2-bromo- 1 -methyienecyclo-hexane.

15.10. (a) 3-bromocyclopentene: (b) {cis and trans) 4-bromo-2-

pentene. (c) PhCHiBr 15.12. Both generate the same allylic

carbanion. 15.13. (a) allyl bromide + «-butyllithium: (b) iso-

propyllithium + 1 -bromo-2-butene. 15.20. (b) [4 + 2] cycload-

dition of one butadiene with just one of the double bonds of

another butadiene. 15.21.800. 15.22. (a) 353 nm; (b) 313 nm:

(c) 232 nm: (d) 273 nm; (e) 237 nm. 15.24. (a) isolated; (b) con-

jugated; (c) cumulated; (d) conjugated and isolated; (e) conjugat-

ed. 15.25. (a) allylcyclohexane; (b) 3-chlorocyclopentene:

(c) 3-bromo-2-methyl-propene; (d) 3-bromo-l-pentene and 1-

bromo-2-pentene; (e) 4-bromo-2-buten-l-ol and l-bromo-3-buten-

2-ol; (f ) 5,6-dibromo-1.3-hexadiene. l,6-dibromo-2,4-hexadiene.

and 3.6-dibromo-l .4-hexadiene (minor); (gl l-(methoxymethyl)-

2-methyl-cyclopentene and 1 -methoxy- 1 -methyl-2-methylenecy-

clopentane; (h). ( i ) Diels-Alder adducts. 15.26. (a) allyl

bromide + isobutyl Grignard; (b) 1 -bromo-3-methyl-2-butene +
CH,CH:C(CH,):MgBr 15.28. (a) 19.000; (b) second structure.

15.29. 3-bronio-l-hexene. and (cis and trans)- l-bromo-2-hexene.

15.32. (al The product i.somerized: 1630 suggests conjugated;

( b) 2-propyl- 1 .3-cyclohexadiene.

CHAPTER 16

16.2. (a) +7.6 kcal/niol; (b) -2 1 .2 kcal/mol: (c) -26.8 kcal/mol.

16.5. Two of the eight pi electrons are unpaired in two non-bond-

ing orbitals. an unstable configuration. 16.7. (a) nonaromatic (in-

ternal H's prevent planarity); (b) nonaromatic (one ring atom has

no p orbital); (c) aromatic,
[
14]annulene; (d) aromatic (in the outer

system). 16.8. Azulene is aromatic, but the other two are antiaro-

matic. 16.10. The cation (cyclopropenium ion) is aromatic; the

anion is antiaromatic. 16.12. (a) antiaromatic if planar; (b) aro-

matic if planar; (c) aromatic if planar; (d) antiaromatic if planar;

(e) nonaromatic; (f ) aromatic if planar 16.14. cyclopropenium

fluoroborate 16.16. (a) aromatic; (b) nonaromatic; (c) aromatic;

(d) nonaromatic; (e) aromatic. 16.20. (a) tluorobenzene;

(b) 4-phenyl-l-butyne; (c) 3-methyl-phenol or wi-cresol: (d) o-ni-

trostyrene; (e) /?-bromobenzoic acid: (f ) isopropyl phenyl ether:

(g) 3,4-dinitrophenol: (h) benzyl ethyl ether 16.23. 3-phenyl-2-

propene-l-ol 16.26. (a) o-dichlorobenzene: (b) /'-nitroanisole;

(c) 2,3-dibromobenzoic acid; (d) 2,7-dimethoxynaphthalene;

(e) m-chlorobenzoic acid; (f ) 2,4,6-trichlorophenol; (g) 2-(l-

methylpropyDbenzaldehyde; (h) cyclopropenium fluoroborate.

16.28. The second is deprotonated to an aromatic cyclopentadienyl

anion. 16.30. (d), (e) The fourth structure, with two three-

membered rings, was considered the most likely and was

called Ladenburg benzene. 16.35. (a) three; (b) one: (c) metci-

dibromobenzene. 16.36. a-chloroacetophenone 16.38. (a) no;

(b) six in each; total 12, compared with 10 in naphthalene;

(c) (6 X 28.6) - 100 = 7l.6kcal, 35.8 kcal per ring, nearly as

much as benzene (36 kcal). Naphthalene has only 60 kcal, 30 kcal

per ring. 16.40. Deprotonate it to give an anion with 10 pi elec-

trons. 16.43. 2-isopropyl-5-methylphenol

CHAPTER 17

17.3. The sigma complex for /^-xylene has the -I- charge on two
2'' carbons and one 3° carbon, compared with three 2° carbons in

benzene. 17.9. Bromine adds to the alkene but substitutes on

the aryl ether, evolving gaseous HBr 17.10. Strong acid is used

for nitration, and the amino group of aniline is protonated to a

deactivating — NH,* group. 17.12. 1-bromo-l-chlorocyclohexa-

ne; the intermediate cation is stabilized by a bromonium ion reso-

nance form. 17.13. (a) 2.4- and 2,6-dinitrotoluene;

(b) 3-chloro-4-nitrotoluene and 5-chloro-2-nitrotoluene: (c) 3- and

5-nitro-2-bromobenzoic acid; (d) 4-methoxy-3-nitrobenzoic acid:

(e) 5-methyl-2-nitrophenol and 3-methyl-4-niirophenol.

17.16. (a) phenylcyclohexane; (b) o- and p-methylanisole. with

overalkylation products: (c) 1 -isopropy-4-( 1,1,2-

trimethylpropyl)benzene. 17.17. (a) phenylcyclohexane:

(b) r-butylbenzene; (c) /;-di-f-butylbenzene; (d) o- and p- isopropy-

Itoluene. 17.18. (a) /-butyl-benzene; (b) 2- and 4-^er-butyl-

toluene; (c) no reaction; (d) ( l,l,2-trimethylpropyl)benzene.

17.19. (a) ier-butylbenzene and others; (b) OK; (c) -I- disub.

trisub; (d) OK (some ortho): (e) OK.

17.21. (a) (CH ,)2CHCH:C0C1. benzene, AlCl,

:

(b) (CH,),CC0C1. benzene, AlCl,; (c) PhCOCl, benzene, AlCl,:

(d) CO/HCl. AlCl,/CuCl, anisole: (e) Clemmensen on (b):

(f ) CH,(CH,),C0C1. benzene, AlCl, then Clemmensen.

17.22. Fluoride leaves in a fast exothermic step; the C— F bond is

only slightly weakened in the reactant-like transition state (Ham-

mond postulate). 17.24. (a) 2,4-dinitroanisole; (b) 2,4- and

3,5-dimethylphenol: (c) N-methyl-4-nitroaniline; (d) 2,4-dinitro-

phenylhydrazine. 17.28. (a) (trichloromethyl) hexachlorocyclo-

hexane; (b) 1 -methyl- 1,4-cyclohexadiene; (c) cis and trans-\.2-

dimethylcyclohexane: (d) 1.4-dimethyl-l ,4-cyclohexadiene.

17.29. (a) benzoic acid: (b) benzoic acid; (c) r>-phthalic acid.

17.31. 60% beta, 40% alpha; reactivity ratio = 1.91 to 1.

17.35. (a) 1-bromo-l-phenylpropane 17.37. (a) HBr. then Grig-

nard with ethylene oxide: (b) CH,C0C1 and AlCl,. then Clem-

mensen, Bri and light, then OCH,: (c) Nitrate, then Br, and light,

then NaCN. 17.38. (a) 3-ethoxytoluene; (b) ;?7-tolyl acetate:

(c) 2,4.6-tribromo-3-methylphenol; (d) 2,4.6-tribromo-3-(tribro-

momethyl)phenol; (e) 2-methyl-l,4-benzoquinone; (f ) 2.4-di-f-

butyl-3-methyl-phenol. 17.48. indanone 17.53. The yellow

species is the triphenylmethyl cation. 17.58. kinetic control at 0°.

thermodynamic control at 100°. 17.59. Brominate, then Grignard

with 2-butanone.

CHAPTER 18

18.1. (a) 5-hydroxy-3-hexanone; ethyl /3-hydioxypropyl ketone;

(b) 3-phenylbutanal; /3-phenylbutyraldehyde: (c) rra/!.?-2-methoxy-

cyclohexane-carbaldehyde: (d) 6,6-dimethyl-2,4-cyclohexa-

dienone. 18.2. (a) 2-phenylpropanal; (b) acetophenone.

18.3. No y-hydrogens. 18.5. (a) <200, 280; (b) 230, 310;

(c) 280. 360; (d) 270. 350. 18.8. (a) acetophenone: (b) acetylcy-

clohexane: (c) 3-heptanone. 18.9. (a) 3-heptanone; (b) pheny-

lacetonitrile: (c) benzyl cyclohexyl ketone. 18.11. (a) benzyl

alcohol; (b) benzaldehyde; (c) hept-l-en-3-one.
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18.13. |(CH,),P— R]" could lose a proton from a CH,.

18.16. (a) Wittigol'PhCH.Br + acetone; (b) Wittig ol CH J +
PhCOCH,: (c) Wittig of PhCH^Br + PhCH=CHCHO; (d) Wit-

tig of CH,I + cyclopentanone; (e) Wittig of EtBr + cyclohexa-

none. 18.18. second < fourth < first < third. 18.22. cis and

trans isomers. 18.23. (a) cyciohexanone and methylamine; (b) 2-

butanone and ammonia; (c) acetaldehyde and aniline; (d) 6-amino-

2-hexanone. 18.26. (a) benzaldehyde and semicarbazide;

(b) camphor and hydroxylamine; (c) tetralone and phenylhy-

drazine; (d) cyciohexanone and 2,4-DNP; (e) 5-aminopentanal;

(f ) 5-amino-2-butanone. 18.29. (a) tetralone and ethanol;

(b) acetaldehyde and 2-propanol; (c) hexane-2,4-dione and ethane-

diol; (d) tetralone and 1 ,3-propanediol; (e) .S-hydroxypentanal and

methanol; (f ) (HOCH:CH,CH.),CHCHO. 18.33. (a) 4-hydroxy-

cyclohexanecarboxylic acid; (b) 4-oxocyclohexanecarboxylic acid;

(c) 3-oxocyclohexanecarboxylic acid; (d) c7.v-3.4-dihydroxycyclo-

hexanecarboxylic acid. 18.35. (a) indane; (b) hexane; (c) ethyl-

ene ketal of 2-propylcyclohexanone; (d) propylcyclohexane.

18.40. 240 nm and 300-320 nm. 18.41. 2.5-hexanedione

18.42. l-phenyl-2-butanone (benzyl ethyl ketone). 18.43. (a) 44;

(b) 72; (c) 44; (d) 74. 18.45. cyclobutanone 18.50. (all H " cat.)

(a) cyclobutanone and hydroxylamine; (b) benzaldehyde and cy-

clopentylamine; (c) benzylamine and cyclopentanone; (d) fi-

tetralone andethylene glycol; (e) cyclohexylamine and acetone;

(f ) cyclopentanone and methanol. 18.55. (a) NaBDj. then

H:0; (b) NaBD4, then D^O; (c) NaBHj. then D.O.

18.58. (a) CH,CH,CH,COCI and AlCl,, then Clemmensen;

(b) EtMgBr. then H,0^; (c) Cl,/FeCI,, then Dow process to phe-

nol; NaOH, CH,I. then Gatterman; (d) oxidize to the acid, SoCU,

then AlCl , . 18.62. (a) 3-hexanone; (b) 2- and 3-hexanone; (c) 2-

hexanone; (d) cyclodecanone; (e) 2- and 3-methyl-cyclodecanone.

18.64. A IS 2-heptanone. 18.70. ( b) The "THP ether" is an ac-

etal, stable to base but hydrolyzed by acid. 18.71. A is the ethyl-

ene ketal of 2-butanone; B is 2-butanone. 18.72. ?ra/?i-2-butenal

(crotonaldehyde)

CHAPTER 19

19.1. Pyridine, 2-niethylpyridine, pyrimidine, pyrrole, imidazole,

indole, and purine are aromatic. 19.3. (a) 2-pentanamine; (b) N-

methyl-2-butanamine; (c) /w-aminophenol; (d) 3-methylpyrrole;

(e) /ra;i.v-l,2-cyclopentanediamine; (f ) m-3-aminocyclohexa-

necarbaldehyde. 19.4. (a) resolvable (chiral carbons); (b) not re-

solvable (N inverts); (c) symmetric; (d) not resolvable; proton on

N is removable; (e) resolvable (chiral quat. salt). 19.6. (a) aniline

< ammonia < methylamine < NaOH; (b)/)-nitroaniline < aniline

< /)-methylaniline; (c) pyrrole < aniline < pyridine; (d) 3-ni-

tropyrrole < pyrrole < imidazole. 19.7. (a) primary amine;

(b) alcohol; (c) secondary amine. 19.8. isobutylamine

19.9. (a) piperidine; (b) diethylmethylamine; (c) propanal;

(d) 1-propanol. 19.18. (a) benzylamine -I- excess CH,I;

(b) I-bromopentane -I- excess NH,; (c) benzyl bromide -I- excess

NHj. 19.19. (a) CHjCONHCH^CHj; (b) PhCON(CH,):;

(c) N-hexanoyI piperidine. 19.25. (a) cyclohexanediazonium

chloride (then cyclohexanol and cyclohexene); (b) N-nitroso-N-

ethyl-2-hexanamine; (c) N-nitrosopiperidine; (d) benzenediazoni-

um chloride. 19.27. (a) diazotize, then HBF4, heat; (b) diazotize,

then CuCI; (c) Protect (CH,COCl|, then 3 CH,I/A1CI,, H,0^ di-

azotize, H3PO,; (d) diazotize, then CuBr; (e) diazotize, then KI;

(f ) diazotize, then CuCN; (g) diazotize, then H^SOj, H^O. heat;

(h) diazotize, then couple with lesorcinol. 19.28. (a) CH^NHt,
NaBH,CN; (b) H,NOH/H then LiAlH4; (c) PhCHO,
NaBH,CN; (d) anihne/H*, then LiAIH4; (e) H2N0H/H^ then

LiAlHj; (f) piperidine + cyciohexanone + NaBH,CN.
19.30. (a I nitrate, reduce; (b) brominate, then nitrate and reduce;

(c) nitrate, then brominate and reduce; (d) oxidize toluene, then ni-

trate and reduce. 19.31. (a) large excess of NH , ; (b) dimethy-

lamine; (c) aniline, then Zn, HCl. 19.36. Hofmann rearrangement

goes with retention of configuration. 19.41. only (b), (d), and

(f). 19.43. (a) 2-phenylethylamine; (b) 1 ,4-butanediamine;

(c) /ra«.9-2-phenylcyclopropanamine. 19.56. (a) triethylamine;

(b) An acid converts it to a solid ammonium salt, (c) Rinse the

clothes with diluted vinegar (acetic acid). 19.57. A is 2-bu-

tanamine; B is diethylamine. 19.59. 2,2-dimethyl-l-propanamine.

CHAPTER 20

20.2. (a) 2-iodo-3-methylpentanoic acid; a-iodo-/3-methylvaleric

acid; (b) (Z)-3,4-dimethyl-3-hexenoic acid; (c) 2,3-dinitrobenzoic

acid; (d) /raA;.s-l,3-cyclohexanedicarboxylic acid; (ej 2-chloroben-

zene-l,4-dicarboxylic acid; 2-chloroterephthalic acid; (f ) 3-methyl-

hexanedioic acid; /3-methyladipic acid. 20.3. (a) first, second,

third; (b) third, second, first; (c) third, second, fourth,

first. 20.6. Broad acid OH centered around 3000; conjugated car-

bonyl about 1690; C=C about 16.'>0. 20.7. (a) propanoic acid;

(b) —CHO proton triplet between 69 and 510. 20.10. (a) KMn04
(b) KMnOj; (c) PhMgBr -I- ethylene oxide, oxidize; (d) PBrj,

Grignard, CO,; (e) Cone. KMnOj, heat; (f ) KCN, then H,0*.

20.14. (a) Methanol and salicylic acid. H^; methanol solvent, de-

hydrating agent: (b) Methanol and formic acid H \ distill product

as it fomis; (c) Ethanol and benzoic acid, H , ethanol solvent,

dehydrating agent. 20.15. (a) see Fischer esterification;

(b) C— "*0—CH , ; (c) mass spectrometry. 20.20. (a) phenyl-

acetic acid and LiAlH4, then PCC; (b) phenylacetic acid and

LiAlHj: (c) cyclopentanone-3-carboxylic acid; make ethylene

acetal. then LiAlH4. 20.22. (a) benzene + CH,CH;C0C1,

AlCl,; or propionic acid + 2 PhLi, then H,0"; (b) Add 2 CHjLi,

then }iiO\ 20.33. (a) Grignard + CO, ; or KCN, then H3O+;

(b) CH3OH. H ^; or CH^N, ; (c) Ag^ (d) SOCK , then Li(f-

BuO),AlH; or LiAlHj . then PCC; (e) cone. KMnO^, heat;

(f ) L1AIH4 or B;Hf, ; ( g) SoCl , , then excess CH ,NH:

.

20.35. diastereoiners 20.37. phenoxyacetic acid

20.41. (a) stockroom: heptaldehyde; students: heptanoic acid;

(b) air oxidation; (c) Prepare fresh samples immediately before

using. 20.43. (a) 2-phenylpropanoic acid; (b) 2-methylpropenoic

acid; (c) /raMi-2-hexenoic acid.

CHAPTER 21

21.2. No aldehyde C—H at 2700 and 2800; no acid O—H cen-

tered at 3000. 21.4. (a) acid chloride C=0 at 1810; (b) primary

amide C=0 at 1640, two N—H around 3300; (c) anhydride

C=0 double absorption at 1740 and 1810. 21.5. (a) acrylamide,

H;C=CHC0NH2 ; (b) 5-hydroxyhexanoic acid lactone.

21.8. (a) ethanol, propionyl chloride; (b) phenol, 3-methylhexanoyl

chloride; (c) benzyl alcohol, benzoyl chloride; (d) cyclopropanol,

cyclohexanecarbonyl chloride. 21.9. (a) dimethylamine. acetyl

chloride: (b) aniline, acetyl chloride: (c) ammonia, cyclohexa-

necarbonyl chloride; (d) piperidine, benzoyl chloride.

21.10. ( i ) PhCH:0H; ( ii ) PhNH , . 21.25. (a) cyclohexanamine;

(b) cyclohexyl ethyl amine; (c) (CH;)(,NH (7-membered ring);

(d) morpholine; (e) cyclohexyl methyl propyl amine.

21.30. (a) benzene -I- acetyl chloride; (b) benzene -I- benzoyl chlo-

ride; (c) benzene + butyryl chloride, then Clemmensen.

21.32. (a) ;;-octyl alcohol, acetic formic anhydride (formyl chlo-

ride is unavailable); (b) /i-octyl alcohol, acetic anhydride (cheap.
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easy to use); (c) phthalic anhydride, ammonia (aniiydride forms

monoamide): (d) succinic anhydride, methanol (annhydride forms

monoester). 21.34. (a) acetic anhydride: ( b) methanol. H
'

;

(c)diazomethane. 21.36. (a) SOCl, HN(CH . LiAlHj

;

(h) acetic formic anhydride, then LiAlHj. 21.38. (a) SOCK.
NH,, POCi,: (b) LiAIHj. make tosyiate. NaCN; (c) Fe/HCl, dia-

zotize. CuCN. 21.45. (a) ethyl benzoate; (b) acetic benzoic anhy-

dride; (c) PhCONHPh; (d) 4-methoxybenzophenone; (e) Ph ,COH.

21.48. (a) acetic formic anhydride; (b) 800, . CH ,COONa;

(c) oxalyl chloride; (d) H /beat. (CH,):CHOH; (e) Ag ' , H '

.

21.51.(afterH)(a)HCOOH + PhOH; ( b) CH ,CH.COOH +
CH^CHiOH; (c) S-lo-hydroxyphenyU-propanoic acid;

(d) (CH:OH): + (COOH),. 21.55. (a) Ph,COH; (b) 3 EtMgBr

+

EtCOOEt. then H,0' . 21.58. (a) diethyl carbonate;

(b) CH,NHCONHCH,; (c) CHjOCONHPh. 21.62. Penicillin

21.65. Acetic anhydride; add water to hydrolyze it to dilute acetic

acid. 21.66. CH ,CH:OCOCH:CN 21.67. 6-valerolactam

21.68. ethyl crotonate

CHAPTER 22

22.8. (a), (b) cyclopentane carboxylate and chloroform /iodofomi;

(c) 2,2,6,6-tetraiodocyclohexanone; (d) PhCOCBrnCH,.

22.12. (a) CH,CHBrCOOH; (b) PhCOOH;
(c) HOOCCH:CHBrCOOH; (d) oxalic acid.

22.16. (a) PhC(NCH,)CH ,; (b) CH:=C(h)NMe: ; (c) cyclohexa-

none phenyl imine; (d) piperidine enamine of cyclohexanone.

22.17. (a) enamine + allyl bromide; (b) enamine + PhCH2Br;

(c) enamine + PhCOCl. 22.19. (a) .3-hydroxy-2-methylpentanal;

(b) .3-hydroxy-2.4-diphenylbutanal. 22.20. retro-aldol. reverse of

aldol condensation. 22.24. (a) 2-ethyl-2-hexenal; (b) 1 .3-diphenyl-

2-buten-l-one; (c) 2-cyclohexylidene-cyclohexanone.

22.26. PhCH=CHCOCH=CHPh, -dibenzalacetone".

22.28. (a) 2-methyl-3.3-diphenyl-2-propenal; (b) 4,4-dimethyl-l-

phenyl-2-penten-l-one. 22.29. benzaldehyde and acetaldehyde.

22.32. (a) butanal and pentanal (no); (b) two PhCOCH,CH,
(
yes);

(c) acetone and PhCHO 9yes); (d) 6-oxoheptanol (yes. but also at-

tack by enolate of aldehyde); (e) nonane-2,8-dione (yes).

22.34. (a) transesterification to a mixture of methyl and ethyl es-

ters; (b) saponification. 22.35. no second alpha proton to form

the final enolate to drive the reaction to completion.

22.36. (a) methyl 2-methyl-3-ketopentanoate: (b) ethyl 2.4-

diphenyl-3-ketobutyrate. 22.37. methyl 2-benzyl-.^-phenyl-3-ke-

topentanoate 22.38. (a) ethyl butyrate; ( b) methyl phenylacetate;

(c) r2Hx—CH,CH,COOCH, ; (d) ethyl cyclopentanecarboxylate.

22.42. (a) PhCO—CH( Ph)COOCH , ; (b) poor choice, four prod-

ucts; (c) EtOCOCO—CH,COOEt; (d) EtOCO—CH(CH,)COOEt.
22.43. (a) PhCOOEt + CH,CH:COOEt; (b) PhCH^COOMe +
MeOCOCOOMe; (c) (EtO),C=0 + PhCH.COOEt;
(d) (CH,),CCOOMe + CH,(CH,)3COOMe." 22.47. Alkylate

malonic ester with: (a) PhCH,Br; (b) CH,I twice;

(c) PhCH:CH:Br; (d) Br(CH2)4Br (twice). 22.48. la) 4-phenyl-

2-bulanone; (b) cyclobutyl methyl ketone; (c) cyclopentanone.

22.49. Alkylate acetoacetic ester with: (a) PhCH.Br;

(b) BriCHOjBr (twice); (cl PhCH.Br. then CH,=CHCH:Br.
22.51. Alkylate the enamine of cyclohexanone with MVK.
22.54. (a) malonic ester anion -i- ethyl cinnamate; (b) malonic

ester anion + acrylonitrile. then H,0' (c) enamine of

cyclopentanone -I- acrylonitrile. then H ,0 '

; (d) enamine of

2-methylcyclopentanone + PhCOCH=CH: , then H,0^;

(e) alkylate acetoacetic ester with CH ,I. then MVK, then HjO :

(f ) hydrolyze the product from (a). 22.60. (l)g<b<f<a<c
< d < e; (2) a. c. d. e. 22.68. Alkylate with: (a) BriCH.isBr

(twice); (b) EtBr. then CH ,rH=CHCH_,Br; (c) PhCH,Br.

22.69. Alkylate with: (a) CH ,1. then r-Hx—CH,Br;
(b) Br(CH,)4Br; (c) MVK ( hydroly.sis, decarboxylation, then

Aldol gives product). 22.73. (a) Dieckmann of dimethyl adipatc.

alkylation by allyl broinide, hydrolysis and decarboxylation;

(b) Aldol of cyclopentanone, dehydration; (c) Robinson with

CH,CH=CHCOCH,. then reduction. 22.75. (a) EtCOPh +

MVK; (b) cyclohexanone and ethyl vinyl ketone; (c) cyclohexa-

none and (CH,):C=CHCOCH,

.

CHAPTER 23

23.2. (a) two C*. two pairs of enantiomers; (b) one C*. one pair of

enantiomers; (c) four C*. eight pairs of enantioiners; three C*.

four pairs of enantiomers. 23.5. {R) for D series. (S ) for L series.

23.14. 28% alpha. 72% beta. 23.18. Galactitol is symmetrical

(meso) and achiral. 23.19. L-gulose has the same structure as D-

glucose, but with the CHO and CH^OH ends interchanged.

23.20. (a) D-mannonic acid; (b) D-galactonic acid: (c) Br^ does not

oxidize ketoses. 23.21. (a) D-mannaric acid; (b) D-galactaric

acid. 23.22. A is galactose; B is glucose. 23.23. (a) non-reduc-

ing; (b) reducing; (c) reducing; (d) non-reducing; (e) reducing;

(f ) """sucrose"' is nonreducing; should have ""-oside" ending.

23.26. glucose, benzaldehyde, and HCN (toxic). 23.27. A = d-

galactose; B = D-talose; C = D-lyxose; D = D-threose

23.38. E = D-ribose; F = D-erythrose. 23.44. reducing and mu-

tarotating. 23.45. reducing and mutarotatine. 23.46. Trehalose

is a-D-glucopyranosyl-a-D-glucopyranoside. 23.47. Melibiose is

6-0-(«-D-galactopyranosyl)-D-glucopyranose. 23.58. (a) D-ri-

bose; (b) D-altrose; (c) L-erythrose; (d) i.-galactose; (e) L-idose.

23.65. (a) D-arabinose and D-lyxose; (b) D-threose; (c) X = D-

galactose; (d) No; the optically active hexose is degraded to an op-

tically active pentose that is oxidized to an optically active aldaric

acid: (e) D-threose gives an optically active aldaric acid.

23.68. (a) D-tagatose is a ketohexose. the C4 epimer of D-fructose.

(b) A pyranose with the anomeric carbon (C2) bonded to the oxy-

gen atom of C6. 23.69. D-altrose 23.73. (a) no; ( b) yes;

(c) Only applies to double-stranded DNA.

CHAPTER 24

24.5. As in pyrrole, the lone pair on the indole N is part of the aro-

matic sextet. One N in histidine is like that in pyridine, with the

lone pair in an sp' hybnd orbital. 24.8. Reducti\e amination of

(a) CH,COCOOH; (b) (CH,):CHCH;COCOOH:
(c) HOCH^COCOOH: (d) h/nCOCH.CH.COCOOH.
24.9. Start with (a) CH,C00H: (b) (CHo^CHCH^CH.COOH:
(c) (CH,)2CHCH,C00H; (d) HOOCCH,CH;CH;Co6h.
24.10. N-phthalimidomalonic ester and (a) (CH3)2CHBr;

PhCH^Br; (c) BrCH,CH:COO~; (d) (CH,):CHCH;Br
24.14. The free amino group of the deacylated L enantiomer

should become protonated (and soluble) in dilute acid.

24.22. (a) nucleophilic aromatic substitution; (b) Edman cleaves

only the N-terminal amino acid, leaving the rest of the chain intact

for further degradation. 24.24. Cys-Tyr-Phe-Gln-Asn-Cys-Pro-

Arg-Gly • NH, . 24.26. Add ethyl chlorofomiate. then Gly. ethyl

chloroformate, then Leu. Deprotect using H; and Pd. 24.29. Add
TEA (CF,COOH). then Boc-Gly and DCC, then TEA. then Boc-

Leu and DCC, then HE. 24.33. (a) Ruhemann's purple; (b) ala-

nine; (c) CH,CONH(CH:)4CH(COOH)NHCOCH,; (d) L-proline

and N-acetyl-D-proline; (e) CH,CH,CH(CH,)CH(NH,)CN;
(f ) isoleucine; (g) 2-bromo-3-methylbutanoic acid; (h) valine.

24.34. (a) NH,/H:/Pd; (b) Br,/PBr, . H.O. excess NH,;
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(c) NH(/HCN/H:0, H,0* ; (d) Gabriel-mulonic ester sytilhesis.

24.36. Convert the alcohol to a tosylate and displace with excess

ammonia. 24.41. aspartylphenylalanine methyl 24.42. Phe-

Ala-Gly-Met-Ala. 24.45. (a) C-terminal amide (CONH^), or

amide (Gin) of Glu; (b) The N-terminal Glu is a cyclic amide (a

"pyroglutamyl" group) that effectively blocks the N-terminus. The

C-terminal Pro is an amide; (c) cyclic pentapeptide. 24.48. Or-

nithine is H,N(CH,),CH(NH2)C00H, a homolog of lysine, with a

similar lEP 24.50. Ala-Lys-Phe-Glu-Gly-Tyr-Arg-Ser-Leu-Ile.

CHAPTER 25

25.2. Hydrogenation of triolein (m.p. — 4°C) gives tristearin (m.p.

72°C). 25.9. Estradiol is a phenol, soluble in aqueous sodium hy-

droxide. 25.13. ( 1 ) sesquiterpene; (2) monoterpene; (3) monoter-

pene; (4) sesquiterpene. 25.15. (a) a triglyceride (a fat); (b) an

alkyl sulfate detergent; (c) a wax; (d) a sesquiterpene; (e) a steroid.

25.17. (a) H./Ni, LiAlH4; (b) H^/Ni; (c) stearic acid from (b). add

SOClj, then 1-octadecanol (a); (d) O,, then (CH,)2S; (e) KMnOj,
then H^; (f ) Br,/PBr, , then H,0. 25.19. reduce (LiAlH4), ester-

ify with sulfuric acid. 25.21. (a) Sodium stearate precipitates in

dilute acid or Ca"^ ; ( b) Paraffin "wax" does not saponify;

(c) Myristic acid shows acidic properties when treated with base;

(d) Triolein decolorizes Br, in CCI4. 25.28. Petroselenic acid is

(r/i-6-octadecenoic acid. 25.30. The sugar-like head is polar and

hydrophilic. and the alkane-like tail is nonpolar and hydrophobic.

This is a good nonionic surfactant (that is, an uncharged deter-

gent).

CHAPTER 26

26.1. The radical intermediates would not be benzylic if they

added with the other orientation. 26.3. The benzylic hydrogens

are more likely to be abstracted. 26.4. They all add to give

the more highly substituted carbocation. 26.5. (a) and (b) are

possible; (c) is terrible. 26.6. The cation at the end of a chain ab-

stracts hydride from a benzylic position in the middle of a chain.

In isobutylene, a tertiary cation would have to abstract a hydride

from a secondary position: unlikely. 26.15. The third hydroxyl

group of glycerol allows for profuse cross-linking of the chains

(with a terephthalic acid linking two of these hydroxyl groups),

giving a very rigid polyester 26.19. Glycerol allows profuse

cross-linking, as in Problem 26-15. 26.23. (a) a polyurethane;

(b) condensation polymer; (c) HO(CH2),NH2 and CO,.

26.24. (a) a polyester; (b) condensation polymer; (c) dimethyl

terephthalate and 1 .4-butanediol; transesteriflcation.

26.25. (a) a polyurea; (b) condensation polymer;

(c) H2N(CH2)qNH, and CO, . 26.26. (a) polyether (addition

polymer); (b) ethylene oxide; (c) base catalyst. 26.27. (a) addi-

tion polymer; a synthetic rubber; (b) 2-chloro-l,3-butadiene

("chloroprene"). 26.28. (a) —CH,—O-fCH^—Oj-; (c) addi-

tion polymer. 26.31. (b) and (c) No to both. Poly(vinyl acetate)

is an addition polymer. The ester bonds are not in the main poly-

mer chain; (d) Vinyl alcohol (the enol form of acetaldehyde) is not

stable.
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346

from hydroboration, 345
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IR spectra, 512
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nomenclature, 418

nucleophilicity, 465
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reduction, 468
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Swem oxidation, 463
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Aldehydes, 74, 785-831

addition of acetylides, 392
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deoxygenation, 830
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formation of hydrazones, 820
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Grignard reactions. 809
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IR spectra, 5 1

3

NMR spectra, 553, 556

nomenclature, 786

nucleophilic addition, 809-24

oxidation, 828, 828

reactions, 809-34

reduction, 444-46, 810

summary of reactions, 832-34

summary of syntheses, 806-09

UV spectra, 1216

with Grignard reagents, 436

Wolff-Kishner reduction, 830

Aldehydes and ketones, 785-831

industrial importance, 798

physical properties, 789, 790 t

Alditols, 1076

Aldol (a beta-hydroxy ketone or

aldehyde), 1022

Aldol condensation

acid-catalyzed, 1024

base-catalyzed. 1022

dehydration. 1025

Aldol condensations in syntheses,

1030

Aldol condensations, crossed. 1026

Aldol cyclizations, 1029

Aldolase enzyme, 1059

Aldonic acids, 1077

Aldoses, 1061

Aldoses: names, 1065 t

Aldrin, 231,688

Ahphatic (contrast with aromatic), 690

Aliphatic acid, 909

Alizarin yellow dye, 882

Alkaline. 22

Alkaloids, 75, 846

n-Alkanes, 84

Alkanes, 70, 83

acidity, 388

boiling points, 84 t, 92

catalytic cracking, 322

dehydrogenation, 322

densities, 84 t, 92

from alkyl halides, 442

halogenation, 97

IR spectra, 508

mass spectra, 532

melting points, 84 t, 92

molecular formulas, 84

nomenclature, 85-91

physical properties, 84 t

polarity, 311,312

reactions, 96

solubilities, 92

uses and sources. 94

Alkenes. 71. 294

acidity, 388

addition of carbenes, 35

1

addition of halogens, 354

addition of hydrogen halides. 333

addition of sulfuric acid, 340

addition reactions, 331 ff, 332 t

alkoxymercuration, 343

boiling points, 31 1 t

catalytic hydrogenation, 349

commercial importance, 302

densities, 31 1 t

dimerization, 367

epoxidation, 359

from alcohols, 317, 475

from aldehydes, 8 1

2



Index

from alkanes, 322

from alkynes, 398

from dehydrohalogenation, 3 1

3

from ketones, 8 1

2

from vicinal dibromides. 316

halohydrin formation, 356

hydration, 338

hydroboration, 345

hydroxylation, 360, 362

indirect hydration, 340

IR spectra, 508

mass spectra, 534

nomenclature, 298-301

oxidative cleavage, 364, 926

oxymercuration, 341

ozonolysis, 364, 799

physical properties, 3 1 1 t

polymerization, 367

stability, 304-8

summary of reactions, 37 1 - 75

summary of syntheses, 323-25

synthesis, 313, 323-25

synthesis by the Wittig reaction.

812

synthesis of cis, 398

synthesis of trans. 399

Alkenyl groups. 299

Alkoxide ions, 427, 488

Alkoxides, formation, 428

Alkoxy radicals, 335

Alkoxymercuration

of alkenes, 343

synthesis of ethers, 622

Alkyl fluorides, synthesis. 242

Alkyl group

definition, 70

naming, 87

Alkyl halides, 226

boiling points, 233 t

coupling, 441

densities, 233 t

dipole moments. 232 t

eliminations to alkynes, 394

from addition of HX, 333. 335

from alcohols 468-74

from alkynes. 400-402

nomenclature, 227

reaction summaiy. 280

reactions, 238-82

reactions with amines. 868

reduction. 442

SN2 reactions of allylic. 663

synthesis. 234-38

synthesis summary. 280

Alkyl shift in carbocations, 260

Alkyl substitution, degree. 88

Alkylation

Friedel-Crafts. 757-60

of acetylide ions. 391

of amines. 868

of carboxylic acids. 938

of dithiane. 802

of enamines. 1019

of enolate ions. 1018

Alkylbenzenes

aromatic substitution. 740

oxidation to acids, 926

synthesis. 759

Alkylbenzenesulfonate detergents.

1171

Alkynes. 72. 383-412

acetylides for synthesis, 391

acidity, 388

addition of halogens. 400

addition of HX,401

addition of water, 647

addition reactions, 397

commercial importance, 385

electronic structure, 387-88

elements of unsaturation, 383

formation of acetylides, 389

heavy-metal acetylides, 390

hydration, 402, 800

hydroboration, 404. 801

hydrogenation. 398

hydroxylation. 405

IR spectra. 508

NMR chemical shifts, 553, 555

nomenclature, 384

oxidation, 405

oxidative cleavage, 405, 926

ozonolysis, 406

physical properties. 385 t

structure, 387-88

summai7 of reactions, 409- 12

summary of syntheses, 396

synthesis by eliminations, 394

Allenes, 648

chirality, 198

AUose, 1065 t

Allowed reactions, 674

Allyl alcohol, carbon NMR. 596

Allyl anion. 662

Allyl cation, 653, 662

Allyl group. 299. 653

Allyl radical. 662

Allylic cations. 653

Allylic halides, SN2 reactions, 663

Allylic halogenation, 235

Allylic radicals, 658-59

Allylic shift, 659

Allylic system, MO"s. 661-64

Alpha carbon atom. 1008

Alpha cleavage (MS of ethers). 618

Alpha cleavage, amine MS, 862

Alpha elimination. 353

Alpha helix of proteins, 1 155

Altrose, 1065 t

Altruists, making gum. 1064

Aluminum chloride, 752. 757

Amalgamated zinc. 759

Amanita muscaria. 1099

Amides. 75

dehydration. 990

from acid chlorides, 934, 966

from acids and amines, 935

from anhydrides, 967

from esters, 967

Hofmann rearrangement, 894

hydrolysis. 975

IR spectra, 5 1

7

nomenclature, 949

of carbonic acid, 995

physical properties 954-57

reactions, 989

reduction to amines, 889, 978

spectroscopy, 957

summary, 989

synthesis, 989

Amine oxides. 875

Amine salts. 856

Amines. 75. 846-98

by reduction of azides. 892

acylation. 869

alkylation by alkyl halides, 868

alkylation of ammonia, 891

basicity. 852. 853 t

chiral, 850

deamination of anilines, 881

diazotization, 877-83

direct alkylation, 891

exhaustive alkylation, 868

from amides, 978

from amines, 886, 888, 891

from azides. 979

from Hofmann rearrangement. 894

from ketones, 886

from nitriles. 892, 979

from nitro compounds. 890

Gabriel synthesis, 893

Hofmann elimination. 872

hybridization effects on basicity.

856

hydrogen bonding. 851

imine formation. 863

IR spectra, 5 1

3

nomenclature, 847

oxidation, 875
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Amines (com.)

physical properties, 851. 852 t

reaction with nitrous acid 877-83

resonance effects on basicity, 855

Sandmeyer reaction, 880

spectroscopy, 859

structure, 849

summary of reactions, 883-86

syntheses summary, 896-99

synthesis, 886-98

synthesis, acylation-reduction, 888

synthesis, reducti\e aniination. 886

to sulfonamides, 87

1

Amino acid analyzer, 1 140

Amino acid composition determination.

1140

L-Amino acids. 1119

Amino acids

acid-base properties. 1 123

acidic and basic. 1 125

amphoteric properties. 1 1 24

benzyl esters, 1 134

electrophoresis, 1 1 25

essential, 1 120

esterification, 1 133

functional groups, 1 1 2 1 - 22 t

isoelectric points, 1121-22 t, 1 125

yV-benzyloxycarbonyl, 1134

physical properties, 1 124

protecting groups, 1134

rare, 1 1 23

reaction with ninhydrm. 1 135

reactions. 1133

resolution, 1 132

standard. 1 1 20

stereochemistry. 1 1 20

summary of reactions. 1 1 35

summary of syntheses. 1131

synthesis. 1 127

titration curve, 1 1 25

zwitterionic forms. 1 123

Amino group. 848

effect on EAS. 742

Amino sugars. 1 102

/?-Aminobenzoic acid. 872

y-Aminobutyric acid. 1 123

Ammonia. 23

acidity. 25

dipole moment. 62

direct alkylation, 891

refrigerant, 230

structure. 52

Ammonium salts. 848, 856

Ammonolysis of esters, 967

Amorphous polymers, 1200

AMP, 1105, 1110

Amphetamine, 847

Amphoteric (amino acids), 1 124

Amplitude of a wave, 40

Amygdalin, 1081

Amylase, 1158

Amylopectin, 1101

Amylose, 1 100

Amylose, color with iodine, 1101

Androstane, 1 173

Androsterone, 1 174, 1 176

Anesthetics, 230

Anethole, 1 177

Anethole synthesis. 772

Angle strain, cycloalkanes. 107

Anhydrides

conversion to amides, 967

conversion to esters, 967

from acid chlorides, 966

hydrolysis, 973

IR spectroscopy, 959

nomenclature. 952

reactions, 984

summary, 983

synthesis, 983

synthetic uses, 984.

Aniline, 848

electrophilic aromatic substitution,

743. 864

Anilines, deamination, 881

Anionic polymerization, 370, 1 190

Anise, oil of, 1 177

Anisole, 612 t

electrophilic aromatic substitution, 741

Annulation, Robinson, 1048

Annulenes, 694. 701. 709 t

Anomeric carbon atom. 1071

Anomers of monosaccharides. 1071

Anthracene. 714

additions. 714

Anti addition. 343

of halogens. 355

Anti conformation. 102

Anti-coplanar transition state in the

E2. 270

Anti-Markovnikov addition

of water, 345, 404

of HBr, 335

Antiaromatic compounds, 700

Antibodies, 1118

Antibonding MO, 651

Antibonding molecular orbital, 43

Aprotic solvents. 245

Arabinonic acid, 1085

Arabinose, 1064, 1065 t

Ruff degradation, 1084

structure proof, 1089

Arachidic acid. 1 1 66 t

Arachidonic acid. 1 166 t. 1 176

Arbusov reaction. 845

Arenediazonium salts. 877-83

Arenes, 7 1

8

Arginine, 1 122 t

Aromaric compounds, 690-722

Aromatic acid. 909

Aromatic compounds

additions. 765

nomenclature. 716

physical properties, 719 t

reaction summary, 775-77

reactions, 732-77

spectroscopy, 720

Aromatic heterocyclics, 709-13

Aromatic hydrocarbons, 72

Aromatic ions, 704. 708 t

Aromatic protons, NMR chemical shifts,

553-54

Aromatic substitution

electrophilic, 732-60

nucleophilic, 761-64

Aromatic, definition, 691. 700

Aromaticity

annulenes and ions. 709 t

cyclopentadienyl anion. 704. 708 t

Huckel's rule. 701. 703

large-ring annulenes. 701. 709 t

tropylium ion, 706, 709 t

Aromatics

reduction, 765, 766

side-chain halogenation, 768

side-chain reactions, 768-71

Arrhenius acids and bases, 21

Arrhenius equation, 146

Arsenic compounds, pesticides. 230

Aryl group. 719

Aryl halide. 226

Arylamines from nitro compounds, 890

Arylamines, electrophilic aromatic subst..

863-67

Asparagine, 1 122 t

Aspartame, 1 162

Aspartic acid, 1 122 t

biosynthesis, 1 128

Aspirin synthesis, 772, 1002

Asymmetric carbon atom, 177

Asymmetric carbons, naming. 181

Asymmetric induction. 220

Atactic polymers. 1191

Atom, stnacture, 3

Atomic orbitals. 3

ATP, 1111

Attractions, intermolecular. 62

Aufbau principle. 5
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Autoxidation of ethers. 625

Auxochrome. 1213

Axial bonds, 1 13

Azeotrope. 426

Azides. reduction to amines. 892. 979

Aziridine. 848

Azo dyes. 882

Azo linkage. 882

AZT. 1117

Azulene. 726

B
Back-side attack. 251

Baeyer strain, cycloalkanes. 107

Bakelite. 1204

Banana bonds. 345

Base dissociation constant. 26

Base pairing in DNA. 1108

Base peak in mass spectrum. 527

Base strength. 26

Base, comparison of El and E2. 276

Base-catalyzed mechanisms, proposing.

1219

Base-dissociation constants, amines.

853 t

Bases in DNA. 1107

Bases in RNA. 1104

Bases, bulky. 313

Basic amino acids. 1 125

Basicity

and nucleophilicity. 243

of amines, 852, 853 t

of amines, structural effects. 854

of pyridine. 710

of pyrrole, 710

Bathochromic shift, 1213

Bay, oil of. 1 1 77

Beclomethasone. 1 175

Beef fat, composition, 1 168 t

Beeswax, 1 165

Benzaldehyde, 788

Benzaldehydes, synthesis, 760

Benzalkonium chloride. 1171

Benzene, 72

additions, 765

bromination, 733

chlorination. 734

deuteration. 737

discovery, 690

energy diagram, 698

heat of hydrogenation, 693

iodination, 735

Kekule structures, 690

MO picture, 695-98

nitration, 735

protonation, 737

resonance energy, 693

resonance picture, 69

1

structure, 691

sulfonation. 736

unusual reactions. 692

UV spectrum, 72

1

Benzene hexachloride, synthesis, 765

Benzenesulfonic acid

desulfonation, 737

synthesis, 736

Benzenoid band (UV). 721

Benzimidazole, 715

Benziodarone, 716

Benzocaine, synthesis, 890

Benzofuran. 715

Benzoic acid. 909

industrial synthesis. 921

IR frequency. 5 1

6

IR spectrum, 523

Benzoic acids, synthesis, 768

Benzonitrile, 76

Benzonitriles, synthesis. 880

Benzophenone, 788

synthesis, 804

Benzothiophene, 715

Benzoyl chloride, 757

Benzoyl group, 757

Benzoyl peroxide, 1 186

Benzo[a]pyrene, 715

Benzyl chloroformate, 1 147

Benzyl esters, removal by hydro-

genolysis, 1 1 34

Benzyl fluoride, 246

Benzyl group, 718

Benzylic position. 726

halogenation. 768-70

nucleophilic substitution. 770

Benzyloxycarbonyl protecting group.

1134. 1147

Benzyne mechanism. 763

Beryllium hydride, bonding. 47

Beta elimination. 353

Betaine, 812

BF, catalyst for Friedel-Crafts, 754

BF3 complex w ith ether. 614

BH; complex with THE 614

Bhopal, India, 1003

Bicyclic alkanes, nomenclature, 123

Bicyclic compounds. 123, 310

Bimolecular dehydration of alcohols,

622

Bimolecular elimination, 266

Bimolecular substitution, 240

Biological reactivity of beta-lactams,

990

Biomimetic synthesis. 1 128

Biopohmers. 1099

Biosynthesis

of aspartic acid, 1 128

of cholesterol, 633-34

of glutamic acid. 1 128

Biphenyl. 728

Biphenyls. chirality, 198

Birch reduction, 766

Birch, A. J., 766

Bisabolene, 1 183

Bisphenol A. 783. 1 197

Black powder. 487

Boat conformation, 1 1

1

Boc protecting group, 1 150

Boiling points

effect on, 62-66

of acid chlorides, 954-57

of alcohols, 423 t

of alkanes, 84 t, 92

of alkenes, 3 1 1 t

of alkyl halides. 233 t

of alkynes, 385 t

of amides, 954-57

of amines, 852 t

of aromatics, 719 t

of carboxylic acids. 914. 910 t

of cycloalkanes. 105 t

of esters. 954-57

of ethers. 61 1 - 12 t

of ketones and aldehydes. 790 t

of nitriles. 954-57

Bomb calorimeter. 109 t

Bond angles, predicting. 51

Bond dipole moments. 10. 59. 61 t

Bond dissociation energy (BDE). 141.

142 t

Bond energy, effect on IR frequency,
504^"

Bond order. 14

Bond polarity, 10, 59

Bond stiffness, 503

Bond stretching frequencies. 504-20

Bond, sigma, 43

Bonding molecular orbital, 43. 65

1

Bonding patterns, common (table). 13

Bonding region. 42

Bonds, rotation, 55

Bonds, usual numbers (table), 9 t

Borane

bonding, 48

complex with THE, 345, 614

Bomeol, 799

Boron trifluoride, 368

complex with ether, 614

polymerization catalyst. 1 1 88
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Bovine insulin, 1 1 39

Bovine oxytocin, 1 139

Bradykinin, 1 1 37

Bredt's nile, 310

Bridged bicyclic compounds, 310

Bridged rings, 123

Bridgehead carbon atoms, 123, 310

British anti-lewisite, 449

Bromination of benzene, 733

Bromine water, to oxidize sugars, 1077

Bromine, appearance in MS, 529

A'-Bromo amide, 895

1 -Bromo- 1 -methyIcyclohexane,

E2, 267

1 -Bromo-2-chlorobutane, stereochem,

206

a-Bromoacyl bromides, 1017

Bromobenzene, electrophilic AS, 748

Bromobenzene, synthesis. 733

Bromobenzene, UV spectrum, 722 t

2-Bromobutane, chirality, 178

2-Bromobutane, elimination, 268

1-Bromobutane. NMR chemical shifts,

552

Bromocyclohexane, elimination, 314

Bromoethane, 232

Bromohydrin, 357

Bromonium ion, 354

Bromonium ion resonance stnicture,

748

2-Bromopentane, E2, 267

2-Bromopropane, 228

3-Bromopyridine, synthesis, 867

A^-Bromosuccinimide (NBS), 235, 660

Br0nsted-Lowry acids and bases, 23

Bubonic plague, 230

1,3-Butadiene, MO's, 650-52

1,3-Butadiene, polymerization, 1 194

1,3-Butadiene, structure and bonding,

650-52

Butanal (see also butyraldehyde), 74

Butanal, IR spectrum, 514

Butanal, mass spectrum, 795

Butanal, NMR spectrum, 792

2-Butanamine, Hofmann elim, 874

Butane, 84 t

conformations, 102

isomers, 85

torsional energy, 102

uses, 94

Butanoic acid (see also butyric acid), 74

Butanoic acid, NMR spectrum, 923

1-Butanol, boiling point and solubility,

81

2-Butanol, formation from 2-Butanone,

194

1-Butanol, IR spectrum, 512

2-Butanol, resolution of enantiomers,

214

2-Butanone, 74

2-Butanone, carbon NMR, 593

2-Butanone, hydrogenation, 194

2-Butanone, mass spectrum, 794

2-Butenal, IR frequency, 516

2-Butene geometric isomers, 296

2-Butene, cis and trans, 107

2-Butene, geometric isomers, 57, 71

1-Butene, heat of hydrogenation, 304,

307 t

c(.s-2-Butene, heat of hydrogenation, 304,

307 t

?ra/?,v-2-Butene, heat of hydrogenation,

304, 307 t

2-Butene, properties of cis and trans, 21

1

?-Butoxide (bulky base), 313

?-Butoxide ion, 246

?-Butyl alcohol, reaction with HBr, 469

r-Butyl bromide, E2, 266

/?-ButyI isopropyl ether, MS, 620

Butyl propyl amine, mass spectrum, 862

Butyl rubber, 367, 1 194

2-Butyl tartrate, 214

Butylamine, carbon NMR, 861

/(-Butylbenzene, MS, 721

f-Butylbenzene, synthesis, 753

r-Butyloxycarbonyl chloride, 1003

r-Butyloxycarbonyl group, 1 150

1-Butyne, 72

2-Butyne. 72

Butyraldehyde, 74, 788

IR spectrum, 514

mass spectrum, 795

NMR spectrum, 792

use, 798

Butyramide, IR spectrum, 517

Butyric acid (see also butanoic acid), 74

Butyrolactone, carbon NMR, 596

Butyronitrile, IR spectrum, 518

c
C-terminal end of a peptide, 1 1 37

C-terminal residue analysis, 1 144

Cadaverine, 85

1

Caffeine, removal from coffee, 229

Cahn-Ingold-Prelog convention, 181

Camphor, 798, 799, 1178

Cantharidin, 983

ff-Caprolactam in nylon 6 synthesis,

1196

Carbamate esters, 995, 1 198

Carbamic acid, 895

Carbanions

basicity, 166

stability, 166

structure, 166

Carbapenems, 991

Carbenes, 167

addition to alkenes, 351

by alpha elimination, 353

by phase-transfer catalysis, 858

from diazomethane, 35

1

Carbenoid, 352

Carbinol carbon atom, 458

Carbinolamine, 818

Carbobenzoxy group, 1 147

Carbocation

alkyl shift, 260

El reaction, 263

in the SNl, 255

hydride shift, 259

reactions, summary, 266 t

rearrangements, 259

stability, 163

structure, 163

Carbohydrates, 1060-1102

anomers, 1071

cyanohydrins of, 1085

D and L configurations, 1063

drawing cyclic structures, 1068

D family of aldoses, 1065 t

enediol rearrangement, 1075

epimerization, 1074

ester formation, 1082

ether formation, 1081

mutarotation, 1072

osazone formation, 1083

reaction with phenylhydrazine, 1083

Carbon atom

anomeric, 1071

carbinol, 458

primary, 88

secondary, 88

substitution, 88

tertiary, 88

Carbon dating, 2

Carbon dioxide, dipole moment, 61

Carbon NMR, 588

of acid derivatives, 962

of amines, 861

of carboxylic acids. 923

of ketones and aldehydes. 792

Carbon tetrachloride. 229

b.p., 63

dipole moment, 61

Carbon

alpha carbon atom, 1008

electronic configuration, 6
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isotopes, 3

predicting hybridization. 51

unique properties, 2

Carbon-carbon bond energies, 397 t

Carbon-carbon bonds, IR spectra, 501

Carbon-hydrogen bonds. IR spectra,

509

Carbonate esters, 995

polymers of, 1 197

Carbonic acid, esters and amides, 995

Carbonium ions (see carbocations), 163

Carbonyl group, 74, 786

Carbonyls, addition of acetylides. 392

Carbowax, 1203

Carboxy! group, 909

Carboxylate ion, 909

Carboxylation of Grignard reagents. 926

Carboxylic acid derivatives. 75, 948-97

Carboxylic acid salts

nomenclature, 919

properties, 919

Carboxylic acids. 909-38

acidity. 74. 915

alkylation to ketones. 938

boiling points. 914. 910 t

commercial sources. 920

conversion to amides. 935

conversion to esters. 930. 935

diazomethane esterification. 935

from alcohols. 460. 925

from alkenes. 365

from alkenes. alkynes. 926

froiTi alkylbenzenes, 926

from alkynes. 406

from Grignard reagents. 926

from nitriles. 926

with organolithiums. 803

IR spectra. 5 1

3

mass spectrometry, 924

melting points, 914. 910 t

NMR spectroscopy. 556. 922

nomenclature. 910

physical properties. 913. 910 t

reactions, 929-40

reduction, 445, 936

salts, 918

solubilities, 914. 910 t

spectroscopy, 92

1

substituted, acidity. 917. 918 t

summary of reactions. 938-40

summary of syntheses. 928-29

synthesis. 925-29

UV spectroscopy, 924

Carboxylic amides {see amides), 949

Carboxylic esters (see esters), 948

Carboxypeptidase. 1132, 1144

Carmine. 2

Carnauba wax, 1 165

beta-Carotene, 678. 1 179

Carothers. Wallace, 1 195

Caroway seed, 193

Carvone, 193, 798, 1183

Carvone enantiomers, 193

Caryophyllene, 1 182

Catalysis

heterogeneous. 350

homogeneous, 350

Catalyst, effect on rate, 148

Catalytic cracking, 95, 97, 322

Catalytic hydrogenation

of alkenes, 349, 446

of alkynes, 398

of ketones and aldehydes, 829

Cation, allyl, 662

Cationic polymerization, 367, 1 188

Cations, allylic, 653

Cedar leaf oil, 1 177

Cedrene, 1183

Celery, oil of, 1 1 77

Cell membrane, 1 172

Cellobiose, 1095

Cellophane. 1 100

Cellulose, 1062

Cellulose acetate. 1 100, 1204

Cellulose, structure, 1099

Center of symmetry, 180

Cephalexin, 991

Cephalins, 1 172

Cephalosporins, 991, 1004

CH bonds, IR spectra, 509

Chain branching in polymerization,

1 188

Chain reaction. 132

Chain-growth polymers. 367. 1 184

Chair conformations, 1 1

1

of carbohydrates. 1068

drawing. 1 14

Chair-chair interconversion, 1 16

Chargaff's rule, 1117

Chargaff, Erwin, 1 108

Charge separation, dipole, 60

Charges, formal, 11, 13 t

Chemical shifts

(NMR), 550-57. 553 t. 1206 t. 1207 t

carbon NMR, 590

table of values, 553 t, 1206 t, 1207 t

Chemically equivalent protons (NMR),

557

Chiral, 175

Chiral amines, 850

Chiral carbon atom, 177

Chiral carbon, directing influence, 220

Chiral carbon, reactions, 216

Chiral carbons, naming, 181

Chiral probe, 191

Chirality, 175

Chirality center, 177

Chirality

of allenes, 198

of mobile sy.stems, 195

without chiral carbons, 197

Chitin, 1 102

Chloesterol, 1 164

Chloral hydrate, 816

Chlordane, 231,688

Chlorinated insecticides. 230

Chlorination of benzene. 734

Chlorination of methane. 97. 131

Chlorine, appearance in MS. 529

3-Chloro-2-Butanol, 1066

Chloroacetic acids, acidity. 917. 918 t

Chlorobenzene. electrophilic AS, 748

Chlorobenzene, synthesis, 734

1-Chlorobutane, 228

Chloroethane. 232

2-Chloroethanol, acidity, 428

Chloroform, 226

b.p., 63

dipole moment, 61

Chlorohydrin. 357

Chloromethane. dipole moment. 61

Chloromethanes, NMR chemical shifts,

553

p-(Chloromethyl) styrene, 1 149

Chloronium ion, 354

Chlorosulfite esters, 474

Cholesterol, 1 174

Cholesterol, biosynthesis, 633-34, 1 180

Cholic acid, 1 183

Choline, 1 172

Chromatography of enantiomers, 215

Chromic acid, 459. 799

Chromic acid test, 461

Chromic acid, oxidation of aromatics,

768

Chromophore, 1213

Chymotrypsin, 1 145

Cinnamaldehyde, 798

NMR spectrum, 576

Cinnamic acid, 91

1

Cis and trans cyclohexanes, 121

Cis-trans isomerism, 58, 71, 174, 205,

296, 300

Cis-trans isomers

cycloalkanes, 106

energy difference, 306

Claisen condensation, 1032-38

crossed, 1036
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Claisen cyclization, 1035

Classical peptide synthesis, 1 146

Classification of proteins, 1 154

Cleavage

of alkenes, 364

ethers, 624

of glycols. 480

of sugars by periodic acid. 1092

hemolytic and heterolytic. 141

Cleminensen reduction, 759, 830

CMP, 1105

Cocaine. 847. 857

Cochineal insects. 2

Coenzyme A. 994

Coenzyme Q. 773

Collagen, 1118, 1123. 1154

Collins reagent, 462

Combustion

of alkanes, 96

heat of, 109 t

Commercial sources of carboxylic acids.

920

Commercially important alcohols. 424

Common bonding patterns (table). 13

Coinmon names of alkanes. 85

Competitive inhibition, 464

Complementary bases in DNA, 1 108

Complete protein, 1122

Complex hydrides, 444-45

Coinplex lipids, 1164-72

Complex splitting, NMR. 573

Coinplex substituents, naming, 91

Composition of fats and oils, 1 168 t

Concerted mechanism in the E2, 270

Concerted reactions, 240, 629, 666.

673

Condensation polymers, 1 185, 1 195

Condensation

aldol (see aldol condensation), 1022

Claisen, 1032-38

crossed aldol, 1026

crossed Claisen. 1036

Dieckmann. 1035

Condensations. 1008-51

imine formation. 818

summary. 1051

Condensed structural formulas. 17

Configuration

absolute, 210

of monosaccharides, proof, 1089

relative. 210

Configurations. D and L in sugars. 1063

Conformation effects in UV spectra,

1214

Conformational analysis, 100

Confonnational enantiomerism, 195

Confonnations, 56, 98

freezing out (NMR), 579

of higher alkanes, 104

s-trans and s-cis. 652

Conformers, 98

Conformers. chirality. 195

Coniine, 846

Conjugate acid-base pairs, 23

Conjugate addition, polymerization, 1 190

Conjugate additions, 1043

Conjugated dienes, 647-54

Conjugated double bonds, IR spectra,

508

Conjugated proteins, 1 154

Conjugated systems, MO picture,

650-54

Conjugation energy, 649

Conjugation

effect on IR frequencies, 516

effect on UV, 678

Conservation of orbital symmetry, 673

Constitutional isomers, 57

Constructive overlap, 43, 651

Continuous wave NMR, 589

Contractile proteins, 1118

Coordinated temporary dipoles. 64

Cope elimination. 875

CoplanarTS m the E2. 270

Copolymers. 1 194

Copper acetylides. 390

Copper oxide, 462

Corey-House reaction, 441

Com oil, composition, 1 168 t

Corusol. 1175

Coupling constants. NMR. 568-70,
'

569 t. 1207 t

Covalent bonding, 7

Cows, digestion of cellulose, 1099

Cracking of alkanes, 97

Cracking, catalytic, 322

Crafts, James, 752

Crick, F. C. 1 108

Crossed aldol condensadons. 1026

Crossed Claisen condensation, 1036

Crossed poles, 186

Crotonaldehyde, 844

Crotonic acid, 1066

Crown ethers, 614

with nucleophiles, 246

Crude oil, 95

Crystalline melting temperature. 1200

Crystallinity of a polymer. 1 199

Crystallites in a polymer, 1 199

Cumulated dienes, 648

Cuprous salts. Sandmeyer reaction, 880

Curdling of niillk. 11 58

Curved arrow formalism, 3

1

Cyano group, 95

1

reduction, 892

Cyanohydrin formation, 817

Cyanohydrins

from sugars, 1085

reduction, 893

Cyclic AMP, 1110

Cyclic hemiacetals. 1067

Cyclic monosaccharides, drawing, 1068

Cyclic structures of sugars, 1067

Cyclization, Claisen. 1035

Cyclizations. aldol. 1029

Cycloaddilion. 664. 673

Cycloadditions. photochemical. 675

Cycloalkanecarboxylic acids. 9 1

1

Cycloalkanes. 70. 104

boiling points. 105 t

cis-trans isomerism, 106

density. 105 t

formulas, 104

geometric isomerism, 106

heat of combustion, 109 t

melting points. 105 t

nomenclature. 105

physical properties. 105 t

ring strain, 107

stability. 107

Cycloalkenes. trans. 309

Cyclobutadiene, 694, 708 t

MO picture. 698-99

Cyclobutane. 105

confonnation. 1 10

physical propenies. 105 t

ring strain, 109 t

Cyclobutanol, diastereotopic protons, 577

Cyclobutene, ring strain, 308

Cyclodecapentaene. 694

fr««5-Cyclodecene. 7

1

Cyclodecene. cis and trans isomers, 300,

309

Cycloheptane, 105

physical properties, 105 t

ring strain. 109 t

Cycloheptatrienone. 725

Cycloheptatrienyl anion. 707

Cycloheptatrienyl cation. 706. 709 t

1.3-Cyclohexadiene. heat of hydration,

693

1.4-Cyclohexadiene. heat of hydration,

693

Cyclohexane. 105

conformations. 1 1

1

lack of ring strain. 109 t

physical properties. 105 t

synthesis. 765
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Cyclohexanes

cis and trans. 121

E2 reactions. 274

Cyclohexanol. dehydration. 475

Cyclohexanone, 74

IR spectrum. 522

Cyclohexene

from cyclohexanol. 475

heat of hydrogenation. 693

2-Cyclohexenone, IR frequency. 5 1

6

Cyclohexenones. formation. 1048

CyclohexN'l methyl ether. 73

Cyclooctane

physical properties. 105 t

ring strain. 109 t

Cyclooctatetraene dianion. 707. 709 t

Cyclooctatetraene

energy diagram. 699

tub conformation. 695

rra/!i-Cyclooctene. 309

trans-Cyciooctene. chirality. 198

Cyclopentadiene dimerization. 668

Cyclopentadienone. 725

Cyclopentadienyl anion. 704. 708 t

Cyclopentadienyl cation, 705

Cyclopentane. 105

conformation. 1 1

1

physical properties. 105 t

ring strain. 109 t

Cyclopentanol. b.p.. 81

Cyclopentene

formation of bromohydrin. 357

ring strain. 308

Cyclopropanation of alkenes. 332 t

Cyclopropane. 105

physical properties. 105 t

ring strain. 109 t

structure. 109

Cyclopropanes. from carbenes. 35 1 . 352

Cyclopropene. ring strain. 308

Cyclopropenium ion. 706. 708 t

Cyclopropenone. 725

Cysteic acid. 1 140

Cysteine. 1121 t. 1138

Cystine. 1 138

Cytidine. 1081. 1104

Cytidylic acid. 1105

Cytochromes. 1 154

Cytosine. 1104, 1107

D
D configuration of sugars. 1063

Dacron polyester. 988. 1 185. 1197

DCC. peptide coupling. 1151

DDT. 230

de Broglie. Louis. 40

Deactivated aromatics in EAS. 744-49

Deactivating groups in EAS. 744-49

Deamination of anilines. 881

Debye. unit of dipole moment. 60

Decahn. 123. 310. 1173

Decalin conformations. 124

Decarboxylation. 1041. 1043. 1151

of acetoacetic acids, 1043

of malonic acids, 1041

Decolorization of bromine. 355

Degenerate orbitals. atomic, 5

Degradation. 1063

Ruff, 1084

Wohl. 1086

Degree of alkyl substitution. 88

Dehalogenation of vicinal dibromides,
3'^16

Dehydration

of alcohols. 317 475-79

of alcohols to ethers. 622

of aldol products. 1025

of amides. 990

mechanism. 3 1

7

Dehydrogenation

of alcohols. 462

of alkanes. 322

Dehydrohalogenation. 313

definition. 238

El. 264. 315

Dehydrohalogenations to alkynes. 394

Delocalization energy. 649

Delocalized bonding. 650

Delocalized charges. 14

Delrin. 1204

Demercuration. 342

Denaturation of proteins. 1 157

Denatured alcohol. 426

Densities

of alcohols. 423 t

of alkanes. 84 t. 92

of alkenes. 3 1 1 t

of alkyl halides. 233 t

of alkynes. 385 t

of aromatics. 719 t

of cycloalkanes. 105 t

of ketones and aldehydes. 790 t

Density, electron. 3

Deoxyadenosine. 1107

Deoxycytidine. 1107

Deoxygenation of ketones and aldehydes.

830

Deoxyguanosine, 1107

Deoxyribofuranose, 1107

Deoxyribonucleic acids {.see DNA),

1103-12

Deoxyribonucleosides. 1107

Deoxyribose, 1 107

Deoxythymidine. 1107

Derivatives of carboxylic acids. 948-97

Deshielding, magnetic in NMR. 548

Destructive overlap. 43. 651

Desulfonation of benzenesulfonic acid.

737

Detergents. 1 170

Deuteration of benzene. 737

Deuterium isotope effects. 150

Dextrorotatory. 189

Dextrose (.vff glucose). 1073. 1098

Di-t-butyldicarbonate. 1150

Diacetone alcohol

NMR spectrum. 560

synthesis. 1023

Diagram, reaction-energy. 147

Dialkylcuprates. 441

Diastereomers. 205

E2 reactions, 272

erythro and threo, 1065

physical properties. 21

1

Diastereotopic protons. 577

1.3-Diaxial interactions. 1 18

Diazo coupling reactions. 882

Diazomethane. 168. 352, 935

Diazonium salts

azo coupling, 882

formation and reactions, 877-83

Diazotization of amines, 877-83

Dibenzopyrene, 7 1

5

Diborane, 345

Diborane reduction of acids. 937

2.3-Dibromobutane. 1066

2.3-Dibromobutanes, E2, 273

Dibromocarbene. 167, 353

cis- 1 ,2-Dibromocyclohexane. achirality,

195

2.3-Dibromopentane. 1066

2.3- Dibroniosuccinic acid, properties.

211

Dibutyl phthalate. 1201

beta-Dicarbonyl compounds, acidities.

1039 t

'

Dicarboxylic acids

nomenclature, 912

physical properties. 912 t

p-Dichlorobenzene. 227

1 .2-Dichlorobenzene. 691

Dichlorobenzenes. mp"s and bp's. 719

Dichlorocarbene. 858

1.2-Dichlorocyclopentane. chirality. 180

1.2-Dichloroethene. cis and trans. 312

1.2-Dichloroethene. geometric isomers.

71



110 Index

Dichloromethane, 228

2,4-Dichlorophenoxyacetic acid, 783

1 ,2-Dichloropropane, diastereotopic

protons, 578

1 .2-Dichloropropane, NMR, 578

Dicyclohexyl urea (DCU), 1151

N,N'-Dicyclohexylcarbodiimide, 1151

Dicyclopentadiene, cracking, 668

Dieckmann condensation, 1035

Dielectric constant, solvent. 257 t

Diels-Alder reaction, 664-72

secondary overlap, 668

stereochemistry, 666-69

syn stereochemistry, 668

with unsymmetrical reagents, 671

Diene nomenclature, 299

Dienes

1,2- and 1 ,4-addilion, 655

addition ot HX. 656-58

isolated, conjugated, cumulated,

647-49 t

UV spectra, 1214

Dienophile, 664

Diesel fuel, 94

Diethyl carbonate, 995

Diethylether, 73, 611 t, 612 t, 613

industrial synthesis, 478

Diethyl malonate (see malonic ester),

1040

acidity, 1039 t

Digitoxigenin, 1 176

Dihedral angle, 100

Dihydropyran, 843

Dihydroxyacetone phosphate, 1059

2.3-Dihydroxybutanoic acid, 1066

Diisopropylamine (bulky base), 313

beta-Diketones, synthesis by enamines.

1021

Dimercaprol, 449

Dimerization of alkenes, 367

1.2-Dimethoxyethane (DME), 612 t, 613

Dimethyl ether, 73, 612 t

boiling point, 65

polarity, 422

Dimethyl sulfate, 486

with sugars, 1082

Dimethyl sulfide, 365, 626

Dimethyl sulfoxide, 82

3.3-Dimethyl-l-Butene, 307 t

Dimethylacetamide (DMA), physical

prop, 957

N.N-Dimethylbenzamide, 76

Dimethylcyclohexane conformations,

1 19

1,2-Dimethylcyclopentane, cis and trans,

107

1 .2- Dimethylcyclopentane, stereo-

chemistry, 205

Dimethylformamide, 246

Dimcthylformamide (DMF), physical

properties, 957

2,4-Dimethylpentane, mass spectrum,

528
'

2,6-Dimethylpyridine (bulky base), 313

2,4-Dinitrt)nuor()bcnzene, 1 144

2,4-Dinitrophenylhydrazine reagent,

821

Diols

nomenclature, 420

pinacol rearrangement, 479

reactions, 479

DIOP, 219

1,4-Dioxane, 612t, 613

Dioxanes, nomenclature, 617

Dioxin (2,3,7,8-TCDD), 618, 784

Dipeptide, 1 136

Diphenyl ether, 612 t

Dipolar ion forms of amino acids, 1 1 23

Dipole moment, 10

bond, 59

in IR spectra, 505

Dipole moments

alkyl halides, 231, 232 t

of bonds, 59, 61 t

molecular, 60

Dipole-dipole forces, 63

Dipoles, coordinated temporary, 64

Dipropyl ether, 612 t

Dipropylamine, IR spectrum, 513

Directing influence of a chiral carbon,

220

Disaccharides, 1061, 1094

Disiamylborane, 404

Dissociation constant

acid, 24, 25 t

water, 24

Dissolving metal reduction, 399

Dissolving metal reductions, 766

N,N-Disubstituted amides, 949

Disubstituted cyclohexanes, conforma-

tions, 1 19

Disubstituted double bond, 268

Disulfide bonds in vulcanization, 1 193

Disulfide bridges (disulfide linkages),

451, 1 138

Disulfide linkages, cleavage, 1140

Disulfides, 450

Diterpene, 1178

1.3-Dithiane, 802

Dithiane synthesis of ketones and

aldehydes, 802

DMSO (see dimethyl sulfoxide), 82, 463

DNA
bases, 1 107

base pairing, 1 108

double helix, 1 108

polymerase, 1 109. 1 1 18

primary structure. 1 108

replication, 1 109

secondary structure. 1 108

translation, 1 109

2,4-DNP derivatives, 821

Dodecane, 84 t

1-Dopa, 219

Dopamine (neurotransmitter), 82, 219,

847, 904

Double bond, 8

conjugated, 647-49 t

cumulated, 648

energy, 294

as a functional group, 71

IR spectra, 508

isomers, 306

reacfivity, 330

rigidity, 56

substitution, 268

Double helix of DNA, 1108

Dow process (phenol synthesis), 763

Drawing chair conformations, 1 14

Drawing cyclic monosaccharides, 1068

Drawing perspective, 50

Dulcitol, 1076

Dynamite, 487

E
E-Z nomenclature of alkenes, 300

El and E2 comparison, 276, 277 t

El carbocafion intermediate, 263

El competition with SNl, 264

El dehydration of alcohols, 317

El kinetics, 263-65

El mechanism, 315

El reaction, mechanism, 263

El rearrangement, 266

E2 concerted mechanism, 270

E2 dehalogenation, 316

E2 in cyclohexanes, 274

E2 kinetics, 267

E2 mechanism, 313

E2 of quaternary ammonium salts, 873

E2 reaction, mechanism, 266

E2 stereochemistry, 270

E2, substrate dependence, 270

E2 with diastereomers, 272

Earthworms, 1 123

Eckenstein rearrangement, 1075

Eclipsed conformation. 56, 100
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Edman degradation. 1 142

Egg white. 1 157

Eicosane. 84 t

Electromagnetic spectrum. 502

Electron density. 3

Electron impact ionization. 526

Electron shells. 5

Electron-deficient, carbocations. 163

Electronegativities, table, 10

Electronegativity. 10

effect on NMR. 552

Electronic configurations of atoms. 6

Electronic transitions. 676

Electrons

in atoms. 3

shielding in NMR. 547

solvated. 399

\ alence. 5

Electiophile. 30

Electrophilic addition to alkenes. 33 1 ff,

332 t

Electrophilic aromatic substitution,

732-60

of acetophenone. 746

of aniline, 743

of anisole, 741

of arylamines, 863-67

of halobenzenes. 748

of nitrobenzene. 744, 745

of phenols, 774

of pyridine, 866

of pyrrole, 865

of toluene. 738

activating groups. 738-43

deactivating groups. 744-49

effect of multiple subst. 750

effects of substituents, 738-49

Friedel-Crafts alkylation. 752-56

inductive stabilization. 740

resonance stabilization, 741

Electrophilicity of alcohols. 465

Electrophoresis. 1125

Elements of unsaturation. 296

Elements

common bonding (table). 13

isotopic composition, 529

Eleostearic acid. 1166 t

Elimination, 238. 330

bimolecular. 266

first order (El), 263

second order (E2), 266

vs substitution, 277

Eliminations to give alkynes. 394

Eliminations, comparison, 276, 277 t

Empirical fomiulas. 20-21

Emulsification of arease, 1 169

Emulsion. 1 169

Enamines. formation and alkylation.

1019

Enantiomeric excess. 194

Enantiomers, 177

biological discrimination. 191

resolution. 212

Endo face of norbornene. 348. 669

Endo rule in the Diels-Alder, 669

Endothermic. 139

Enediol rearrangement. 1075

Energies of carbon-carbon bonds. 397 t

Energies of dienes. 649 t

Energy barrier. 146

Energy diagram

of benzene. 698

of cyclobutadiene. 699

Energy profile of El reaction. 265

Energy, resonance. 649

Enol (vinyl alcohol). 647

Enol tautomer. 1009

Enolate additions, summary, 1051

Enolate ion. 1008

Enolate ions

alkylation. 1018

fomiation and stability. 1011

Enolizable hydrogen, 1010

Entgegen isomer. 301

Enthalpy change. 139

Entropy change. 139

Enzymatic resolution of amino acids.

1132

Enzymes. 1118

Ephedrine. 857

Epimerization of monosaccharides.

1074

Epimers. 1067

Epinephrine. 847

Epinephrine enantiomers. 192

Epinephrine, biosynthesis, 628

Epoxidation of alkenes, 332 t, 359

Epoxidation, stereochemistry. 359

Epoxide syntheses, suinmary. 63

1

Epoxides. 359. 629-42

acid-catalyzed opening. 631

base-catalyzed opening. 634

from alkenes, 629-31

from halohydrins. 630

nomenclature. 616

opening in acid, 360

orientation of opening, 635

reaction summary. 640

synthesis. 629-31

with Grignard reagents. 440. 637

with organolithium reagents. 637

Equatorial bonds. 113

Equilibrium constant. 136

Equilibrium control. 656-58

Erythro. 1065

Erythromycin. 988

Erythrose, 1064, 1065 t. 1085

structure proof 1089

Escherichia coli. 1 146

Essential amino acids. 1 120

Essential oils. 1 177

Esterification by diazomethane. 935

Esters. 75. 985

Claisen condensation. 1032-38

from acid chlorides. 934. 966

from acids and alcohols. 930

from alcohols. 484

from anhydrides. 967

of carbonic acid. 995

of inorganic acids. 485

to amides. 967

with Grignard reagents. 437

with Grignards. 980

hydrolysis. 973

IR spectra. 517

nomenclature. 948

physical properties. 954-57

reactions. 986

reduction, 445, 977

saponification. 974

spectroscopy. 957-63

summary. 985

synthesis. 986

Estradiol. 1 174

Ethanal {see acetaldehyde). 74

Ethane. 84 t

conformations. 98

Ethanoic acid {see acetic acid). 74

Ethanol. 73

acidity. 29

boiling point. 65

NMR spectrum. 580

polarity. 422

toxicity, 426

uses, 426

Ethanolamine, 1 172

Ether as anesthetic, 610

Ethers, 73. 610-26

autoxidation, 625

boiling points. 61 1 - 12 t

cleavage by HBr and HI. 624

complex with Grignard reagents. 6 1

3

crow n. 614

dipole moments. 6 1

1

from alcohols. 478. 622

from alkenes. 622

from alkenes by alkoxymercuration.

343
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Ethers (cant.

)

formed from sugars, 1081

hydrogen bonding, 61

1

IR spectroscopy, 618

MS, 618

NMR. 620

nomenclature. 615

nomenclature of cyclic, 616

physical properties, 612 t

polar solvents, 613

polarity, 612 t

reactions, 624-26

reactions, summary, 626

symmetrical, 610

synthesis. 620-23

unsymmetrical. 610

Ethoxide ion. 246

Ethyl acetate. 75

acidity, 1039 t

Claisen condensation, 1033

NMR spectrum. 585

physical properties. 957

Ethyl acetoacetate {see acetoacetic ester).

1043

acidity. 1039 t

Ethyl alcohol {see ethanol), 426

Ethyl carbamate. NMR spectrum, 581

Ethyl chloroformate. 1 147

Ethyl diazoacetate. 168

Ethyl fructoside, 1080

Ethyl group, 73

Ethyl halides. radius. 232

Ethyl methyl sulfide. MS. 530

Ethyl octanoate, IR spectrum, 958

Ethyl orthoformate, 841

Ethyl phenyl amine. MS. IR. and NMR.
600

Ethylamine, carbon NMR. 861

Ethylbenzene. 72, 84 t

NMR spectrum, 564

UV spectrum, 722 t

Ethylene acetals, 824

Ethylene glycol, toxicity, 464

Ethylene ketals, 824

Ethylene oxide with Grignard reagents,

440

reaction with Gngnards, 637

Ethylene

bonding. 53. 296

heat of combustion. 386

Ethylmethylamine, b.p., 65

Ethyne, 72

Ethynyl estradiol, 1 1 75

Everything, toxicity of, 426

Exact mass (in MS), 528

Exhaustive alkylation of amines, 868

Exhaustive methylation, 872

Exo face of norbomene, 348, 669

Exothermic. 139

Explosives. 487

Extinction coefficient, molar, 680

F
Faraday, Michael, 690

Farnesene, 1 1 79

Fats, 1165

Fats and oils: saponification, 1 168

Fats, fatty acid composiuon, 1 168 t

Fatty acid composition of fats and oils.

1168 t

Fatty acids, 909, 974, 1165

industrial source, 920

melting points, 1 166 t

Ferric bromide, 733

Ferric chloride. 752

Fibrous proteins, 1 154

Fieser. L. F., 681, 1213

Fingerprint region. 505

First-order reaction. 144

First-order elimination (El ). 263

Fischer esterification. 484. 986

Fischer esterification, mechanism. 930

Fischer projections, 199, 204

Fischer projecfions of sugars. 1061

Fischer's proof of glucose structure. 1089

Fischer. Emil, 1061

Flagpole hydrogens. 1 13

Fluocinolone acetonide, 1175

Fluorobenzenes. synthesis, 880

Fluoroethane, 228, 232

Foaming agents, 230

Folic acid, 872

Forbidden reactions, 675

Forbidden transifions (UV), 721. 797

Formal charges. 11. 13 t

Formaldehyde. 788

dipole moment. 61

with Grignard reagents. 435

Fomialdimine. 9

Formalin. 790. 816

Formamide. 80

Formic acid. 74. 909

acidity, 25

Forms, resonance. 14

Fomiula. calculation. 21

Formulas

empirical, 20

line-angle, 19

molecular, 20

structural, 17

Formyl group, 757

Formylation, Gatterman-Koch, 760

Fourier transform NMR. 589

Fragmentation in mass spectrometry.

526, 531-37

summary, 536

Free energy change, 137

Free energy, effect on composition, 138

Free induction decay (NMR). 589

Free radicals, 133, 165

addition of HBr, 335

chain reaction, 132

halogenation, 234

mechanisms, proposing, 1220

polymerization, 369, 1185

stabilities, 153

Freezing out conformations (NMR), 579

Freon 11 (foaming agent), 1199

Freon 12. 226

Freons. 226. 230

Frequencies in IR spectra. 520 t, 1208 t.

1211 t

Frequencies, bond stretching. 504-20

Frequencies, characteristic IR. 520 t.

1208 t. 1211 t

Frequency. 501

Frequency factor. 146

Friedel. Charles. 752

Friedel-Crafts acylation. 757-60, 800,

982

Friedel-Crafts acylation of pyrrole. 865

Friedel-Crafts alkylation, 752-56

Friedel-Crafts alkylation, limitations,

755

Fructose. 843. 1061

Fructose 1.6 -diphosphate, 1059

Fructose, furanose form, 1070

Fructose, in sucrose, 1097

Fructosides, 1079

Fumaric acid, 382. 912

Functional group. 294

Functional group, definition. 70

Functional groups of amino acids,

1121 -22

t

Fundamental vibrational modes, 504

Furan, 612 t, 712

Furanose form of fructose. 1070

Furanose forms of carbohydrates, 1071

Furans, nomenclature, 617

Fused heterocyclic compounds, 715

Fused rings, 123, 713

G
GABA. 1123

Gabriel synthesis of amines, 893

Gabriel-malonic ester synthesis, 1 129
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Galactitol. 1076

Galactose. 212. 1065 t

/3-Galactosidase. 1096

1.4'-Galactosidic linkage. 1096

Gallic acid. 1002

Gamma aminobutyric acid. 1 123

Gammaglobulin. 1154

Gardol. 1171

Gasohol. 426

Gasoline. 94

Gatterman-Koch formylation. 760. 800

Gauche confonnation. 101

Geminal dihalides. 228

Genetic code. 1 103

Gentiobiose. 1097

Geometric isomerism. 58. 71. 174. 205.

296. 300

c_\cloalkanes, 106

Geometric isomers

energy difference. 306

nomenclature. 300

Geometr_\'. predicting. 51

Gibbs free energy, 137

Glass transition temperature. 1200

Globular proteins. 1154

Globulin, gamma. 1 154

Glucaric acid. 1077

Glucitol. 1076

Gluconic acid. 1077. 1084

Glucose. 212. 1061. 1064. 1065 t

configuration, proof. 1089

com ersion to ethanol. 426

m sucrose. 1097

pyranose form. 1068

Ruff degradation. 1084

)8-Glucosidase. 1099

Glucosides. 1079

l,4'-Glucosidic linkage. 1094

1.6'-Glucosidic linkage. 1097

Glutamic acid. 1 122 t

D-Glutamic acid. 1 123

Glutamic acid, biosynthesis. 1 128

Glutamine. 1 122 t

Glutaric acid. 912

Glutaric anhydride. 985

Glutathione. 1 163

Glycaric acids. 1077

Glyceraldehyde. 1063. 1064

Glyceraldehyde. 3-phosphate. 1059

Glyceraldehyde. amino acid structure.

1120

Glyceraldehyde. Fischer projection.

204

Glycerides. 1 165

Glycerol. 974

Glycer^'l trinitrate. 486

Glycine. 1119. 1121 i

titration cur\ e. 1 125

Glycogen. 1 102

Glycols

formation from alkenes. 360. 362

from epoxides. 360

nomenclature. 420

periodic acid cleavage. 480

Glyconic acid. 1077

Glycoproteins. 1 154

Glycosides. 1079

formation. 1080

Glycosidic linkages in disaccharides.

1094

Glyme (DME). 612 t. 613

Glyptal resin. 988. 1197

GMP. 1105

Goodyear. Charles. 1 184. 1 193

Grain alcohol (see ethanol). 73. 426

Grignard reactions of ketones and

aldehydes. 809

Grignard reagents. 433

carboxylation. 926

complex w ith ethers. 613

with epoxides. 637

Grignards

with acid derivati\ es. 980

with nitriles. 804

Guanidylic acid. 1 105

Guanine. 1104. 1107

Guanosine. 1 104

Guitar string. 40

Gulose. 1065 t

L-Gulose. 1091

Gum. made by altruists. 1064

Gutta-percha. 1194

Gyromagnetic ratio. 546

H
Half-chair conformation. 113

Halide ions as leaving groups. 247

Halides. alkyl (see alkyl halides). 226

Halides. Van der Waals radius. 232 t

a-Haloacids. synthesis for amino acids.

1128

Haloalkane names. 227

Halobenzenes

electrophiUc AS. 748

synthesis by Sandmeyer, 880

Haloform reaction. 1014

Halogen exchange reactions. 242

alpha-Halogenation of acids. 1017

alpha-Halogenation of ketones

in acid, 1015

in base. 1012

Halogenation

allylic. 235

of alkanes. 97

of alkenes. 332 t

of aromatics side chains. 768-70

of benzene. 733-35

dependence on temperature. 151

free-radical. 234

selectivity. 158

Halogens

addition to alkenes. 354

addition to alkynes. 400

in aromatic substitution. 733

Halohydrin formation. 332 t

orientation. 357

stereochemistr>-. 357

Halohydrins. 356

displacement to epoxides. 630

Halonium ion resonance structure, 748

Halothane. 226

Hammond postulate. 158

Hard liquors. 426

Hard rubber. 1194

Hard water. 1 1 70

Hard-water scum. 1170

Havvorth projections. 1068

HBr. reaction with alcohols. 469

HCFCs. 230

HCl. reaction \\ ith alcohols. 470

HCN addition to ketones and aldehydes.

817

Head carbon. 91

Heat of combustion, cycloalkanes. 109 t

Heat of hydrogenation. 304. 307 t, 647

Heavy-metal acetylides. 390

Helicenes. chirality. 731

a-Helix of proteins. 1 155

Hell-Volhard-Zelinsky (HVZ) reaction.

1017

Hemiacetal forms of sugars. 1067

Hemiacetals. 822

Hemoglobin. 1118. 1154. 1157

Heptadecane. 84 t

Heptane. 84 t

2-Heptanone

carbon NMR. 793

IR spectrum. 514

Heptose. 1062

Herring oil. composition, 1 168 t

Hertz. 501

Heteroatom. 616

Heteroatoms. elements of unsaturation.

297

Heterocyclic compounds. 616. 709-13

Heterogeneous catalysis, 350

Heterolytic cleavage. 141



114 Index

Hevea brasiliensis (rubber tree), 1 193

Hexadecane, 84 l

Hexahelicene, chirality, 73

1

Hexamethylene diamine, 1 195

;i-Hexane

IR spectrum, 509

MS. 532

Hexanenitrile, IR spectrum, 522

1 ,2,3-Hexanetriol, stereochemistry,

1066

Hexanoic acid. IR spectrum, 514

1-Hexene, IR spectrum. 509

2-Hexene, MS, 534

2-Hexenoic acid. NMR spectrum, 575

Hexose. 1062

HF as catalyst for Friedel-Crafts, 754

High-density polyethylene, 1193

High-resolution mass spectrometry, 528

Higher alkanes, conformations, 104

Hindrance, steric, 103

Histamine. 847

Histidine. 1 122 t

HIV, 1117

Hoffmann, R.. 673

Hofmann elimination. 872

Hofmann product. 314, 873

Hofmann rearrangement of amides,

894

Hog kidney acylase, 1 132

HOMO, 674, 1213

Homogeneous catalysis, 350

Homologous series, 84

Homologs, 84

Hemolytic cleavage, 141

Homopolymers. 1194

Honey. 1098

Hormones, 1118

Homer-Emmons modification of Wittig.

845

Hot dogs, nitrites. 878

HRMS. 528

Hiickel's rule, 701.703

Human fat, composition. 1 168 t

Hund's rule, 6, 699

HVZ reaction, 1017

synthesis of amino acids, 1 128

Hybrid atomic orbitals. 41, 46

Hybrid orbitals, s character. 387-88

Hybrid, resonance. 14

Hybridization effects on amine basicity,

856

Hybridization of atomic orbitals. 46

Hybridization, predicting. 5

1

Hydration. 67

of alkenes. 332 t. 338

of alkenes. indirect, 340

of alkenes, orientation, 339

of alkynes, 647, 800

of ketones and aldehydes, 810, 815

Hydrazine, reaction with ketones and

aldehydes. 820

Hydrazone formation. 820, 863

Hydrazone, in Wolff-Kishner reduction,

830

Hydride reagents, 444-46

Hydride shift in carbocations, 259

Hydroboration

of alkenes, 345

of alkynes, 404, 801

mechanism, 346

stereochemistry, 348

stoichiometry, 347

Hydrocarbons

classification, 70

IR spectra, 507

saturated, 84

Hydrochloric acid, acidity, 25

Hydrocortisone, structure, 77

Hydrocracking of alkanes, 95, 97

Hydrocyanic acid, 817

acidity, 25

Hydrotluoric acid, acidity. 25

Hydrogen bonding, 64. 65

in alcohols, 423

in amines. 851

effect on nucleophile. 245

Hydrogen halides

addition to alkenes, 332 t

addition to alkynes, 401

Hydrogen molecule, bonding. 43

Hydrogen peroxide, oxidation of amines.

875

Hydrogen, addition to alkynes. 398

Hydrogen, bonding in. 42

Hydrogen-bonded protons. NMR spectra.

556

Hydrogenation of alkenes, 332 t, 349

of alkynes, 398

of ketones and aldehydes, 446, 829

heat of 304, 307 t

Hydrogenolysis of benzyl esters, 1 134

Hydrohalic acids

reaction with alcohols, 468-72

reaction with epoxides, 632

Hydrolysis

of acid derivatives, 973

of diazonium salts, 879

of nitriles, 926

Hydronium ion, 1

1

Hydrophilic, 423, 1168

Hydrophobic, 423, 1 168

Hydroquinone, 773

Hydroxyacid synthesis, 818

Hydroxy! group, 73

Hydroxylamine hydrachloride, 820

Hydroxylation

of alkenes, 332 t. 360. 362

stereochemistry, 360, 362

5-Hydroxylysine, 1123

4-Hydroxyproline, 1 1 23

Hyperconjugation, 163, 255

Hypsochromic shift, 1213

I

Idose, 1065 t

Imidazole, 7 1 1 , 848

Imines (Schiff bases), 818

formation, 863

in reductive amination, 886

IR spectra, 5 1

8

Iminium ions in MS. 862

Iminium salt. 1021

in reductive amination. 887

Imipenem. 991

In situ process of coal gasification.

425

Incomplete protein. 1 122

Indianapolis. 425

Indirect hydration of alkenes. 340

Indole. 715. 848

Inductive effects in the SnI. 255

Inductive effects on carbocations. 163

Inductive stabilization of HAS, 740

Industrial importance of ketones and aid.

798

Industrial sources of carboxylic acids,

920

Infrared region, 502

Infrared spectra, interpretation. 510-20

Infrared spectrometer. 506

Infrared spectroscopy {see IR). 500-525

Infrared spectrum. 507

Infrared, characteristic frequencies,

1208 t. 1211 t

Inhibition of an enzyme. 464

Initiation step. 132

Inorganic acids, esters. 485

Insulin, 1118. 1139, 1146

Integrator, NMR, 559

Interconversion of acid derivatives,

963-73

Interferon. 1 154

Intemiediate, 147

Intermolecular attractions, 62

Internal alkynes. 385

Internal mirror plane of symmetry. 180

Interpretation of carbon NMR, 594-97
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Interpretation of proton NMR. 582-86

Interpretation of UV spectra, 681-82

Inversion of configuration. 216. 251

Invert sugar, 1098

Invertases. 1098

lodination of benzene, 735

Iodine, appearance in MS. 529

lodobenzene, synthesis, 733, 880

lodocyclohexane, 228

lodoethane, 232

Iodoform reaction, 1014

lodohydrin, 357

lodomethane, sugar ethers. 1081

lodomethyl zinc iodide. 352

lodonium ion, 354

1-Iodopropane, NMR spectrum, 575

Ion product, water, 24

Ionic bond, 7

Ionic cleavage, 141

Ionic structures, 13

Ions, aromatic, 704, 708 t

IR charcteristic frequencies, 520 t. 1208 t,

1211 t

IR spectra

of alcohols, 512

of amines, 513

of carbonyl compounds, 513-18

of hydrocarbons, 507

uiterpretation, 510-20

IR spectrometer, 506

IR spectroscopy, 500-525

of acid derivatives, 957

of amines, 859

of aromatics, 720

of carboxylic acids. 92

1

of ethers. 618

of ketones and aid. 791

effect of conjugation. 516

solved problems. 521-24

strengths. 520

IR. summary of frequencies. 520 t,

1208 t. 1211 t

IR-active vibrations. 505

IR-inactive vibrations. 505

Isobutyl alcohol. NMR spectrum, 586

Isobutylbenzene, synthesis, 754

Isobutylene, polymerization, 368

Isocyanates, 895, 1003, 1198

Isoelectric point (isoelectric pH), 1 125

Isoelectric points of amino acids,

1121-22 t

Isolated dienes, 647

Isoleucine. 1 121 t

Isomerism

cis-trans. 71

geometric, 71

Isomers, 57

cis-lrans, 58

constitutional, 57

geometric. 58

structural. 57

table of types. 206 t

Isopentane, b.p., 64

Isophthalic acid. 912

Isoprene units in terpenes, 1 178

Isoprene. UV spectrum, 681

Isopropyl alcohol, 73, 427

Isopropyl chloride, MS, 530

Isopropyl methyl ketone, NMR spectrum,

566

Isotactic polymers, 1191

Isotope effects, 1 50

Isotope peaks in MS, 529

Isotopes, definition, 3

Isotopic composition of elements, 529

Isovaleric acid, 910

Isoxazole, 7 1

3

lUPAC nomenclature, 86

J

Jarvik 7 heart, 1

cis-Jasmone, 1029

Jones reagent, 462

K
Keflex, 991

Kekule structures of benzene, 690

Kekule. Friedrich, 690

Kepone, 23

1

a-Keratin, 1 154

Kerosene, 95

Ketals {see acetals), 822

Keto tautomer, 1009

Keto-enol tautomerism, 403, 1009

Ketones and aldehydes, 74, 785-831

addition of acetylides, 392

alpha-halogenation in acid, 1015

alpha-halogenation in base, 1012

Clemmensen reduction, 830

cyanohydrin formation, 817

deoxygenation, 830

dithiane synthesis, 802

formation of hydrazones, 820

fomiation of imines. 818

from alcohols, 459, 799

from alkenes. 364, 800

from alkynes, 405, 800

from aromatics (Friedel-Crafts)

757

from carboxylic acids, 803, 938

from Friedel-Crafts acylation, 800

from nitrilcs, 804

Grignard reactions. 809

haloform reaction. 1014

hydration, 810, 815

industrial importance, 798

iodoform reaction, 1014

IR spectra, 5 1

3

nomenclature, 786

nucleophilic addition, 809-24

physical properties, 789, 790 t

reactions, 809-34

reduction, 444-46, 810

spectroscopy. 791

summary of reactions, 832-34

summary of syntheses, 806-9

synthesis, 799-809

UV spectra, 1216

with Grignard reagents, 436

Wolff-Kishner reduction, 830

Ketoses, 1061

Kevlar, 1196

Kharasch, M. S., 335

Kiliani-Fischer synthesis of sugars,

1085

Kilobucks, cost for NMR, 572

Kinetic control, 656-58

Kinetic product, 656-58

Kinetics, 144

comparison of El and E2, 276

comparison of SNl and SN2. 261

definition, 132

of El. 263-65

of E2, 267

Kodel polyester, 1 197

Komer's absolute method, 727

L
L configuration of sugars, 1 063

/3-Lactams, biological reactivity, 990

Lactams, formation, 990

IR spectroscopy, 959

nomenclature, 950

Lactase, 1096

Lactic acid, 943

Fischer projection. 202

Lactones

formation. 987

IR spectroscopy. 959

nomenclature, 948

spectroscopy, 957

Lactose, 1096

Lactose intolerance, 1096

Ladenburg benzene, 725
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Laetrile, 1081

Laevorotatory (see levoiotatory ), 189

Lanosterol, biosynthesis, 633-34

Lard, 1167

Large-ring annulenes, 701, 709 t

Latex, 1193

Laurie acid, 1 166 t

A'-lauroyl-A'-methylglycine. 1171

LCAO, 41

LDA (lithium diisopropylamide), 1012,

1018

Leaving group, 239

effects, SNl, 256

factors affecting. 247

in nucleophilic acyl substitution. 968

amines (Hofmann elimination). 872

Lecithins, 1172

Leucine, 1 121 t

Levodopa, 2 1

9

Levorotatory, 189

Levulose (fructose), 1098

Lewis acids and bases, 30

Lewis structures. 7

Lewis, G. N., 7

Lewisite. 450

Lexan polycarbonate, 1 197

Like dissolves like, 67-69

Limonene. 1 1 79

Lindane, 231

Lindane, synthesis, 765

Lindlar's catalyst, 398

Line-angle formulas, 19

Linear combination of atomic

orbitals. 41

Linear geometry {sp hybrid). 47

Linear polyethylene, 1193

Linkages in disaccharides 1094

Linoleic acid, 1 166 t

Linolenic acid, 1 166 t

Lipid bilayer. 1 172

Lipids, 1164-80

complex, 1 164-72

simple, 1164-80

Lipoic acid, 1 163

Lipophilic, 1 168

Lipoprotein, 1 1 54

Lipoproteins. 1 154

Liquified natural gas. 94

Liquified petroleum gas. 94

Lithium alum hydride in reductive

amination 886

Lithium aluminum hydride. 445, 936,

977

Lithium aluminum tri(t-butoxy )hydride,

805, 978

Lithium dialkylcuprate, 441

Lithium diisopropylamide {see LDA)
1012

Lithium enolates, formation. 1012

Lithium tluoride. bonding, 7

London dispersion forces, 63

Lone pair of electrons, 8

Long-range coupling (NMR). 565

Low-density polyethylene, 1 187

LSD, 716

Lucas reagent, 470

Lucas test, 470

Lucite, 1 186 t

LUMO, 674, 1213

Lysine, 1 122 t

Lyxose, 1065 t

M
Magnetic deflection mass spectrometry,

527

Magnetic moment, 544

Magnetic resonance (see NMR),
544-602

Magnetic resonance imaging (MRI),

597

Magnetic shielding in NMR, 547

Magnetically coupled protons (NMR),

562

Magnetogyric ratio, 546

Major contributor, resonance, 15

Maleic acid, 912

Maleic anhydride, 953

Malic acid. 382

Malonic acid, 912

Malonic acids, decarboxylation. 1041

Malonic ester synthesis. 1040

Malonic ester, acidity. 1039 t

Malt, 426

Maltose. 1095

Manna, 1076

Mannitol, 1076

Mannose, 1065 t

structure proof, 1089

MAPP gas. 386

Margarine. 798, 1168

Markovnikov orientation, 333. 357

Markovnikov product, 333

Markovnikov's rule, 333

Markovnikov, Vladimir, 333

Mass spectra of alcohols, 534

of alkanes. 532

of alkenes, 534

of amines, 862

of aromatics. 720

of carboxylic acids, 924

of ethers, 618

of ketones and aldehydes, 794

fragmentation patterns, 531-37

Mass spectrometer, 527

Mass spectrometry (MS), 500. 525-37

McLafferty learr. 794

summary, 536

Mass spectrum, 527

Mayo, F. W., 335

Mcintosh (raincoat), 1193

McLafferty rearrangement (MS), 794,

924

MCP. 361

MCPBA, 629

MCPBA with amines. 875

Mechanism. 143

Mechanism of E 1 . 263 - 265

Mechanism of halogen addition, 355

Mechanism, definition, 132

Mechanisms, proposing (summary),

1217

Melibiose, 1099

Melting points

of alcohols, 423 t

of alkanes, 84 t, 93

of alkynes, 385 t

of amides. 954-57

of amines, 852 t

of aromatics. 719 t

of carboxylic acids, 914, 910 t

of cycloalkanes,105 t

of fatty acids. 1 166 t

of ketones and aid, 790 t

Menthol, 1178

Mercaptans, 449

Mercapto group, 449

Mercuric acetate, 341

Mercuric sulfate, 647

Mercurinium ion, 341

Merrifield resin, 1 149

Merrifield. R. B., 1149

Mescaline, 847, 1002

Mesityl oxide. UV spectrum, 797

Meso compounds. 208

Messenger RNA, 1103

Meta, 716

Meta directors (meta allowers),

744-47

Metaldehyde, 791

Metalloproteins, 1154

Methamphetamine, 904

Methane, 84 t

bonding, 50

chlorination, 97, 131

lack of acidity, 25

structure, 98

Methanesulfonic acid. 29
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Methanoic acid (sec formic acid). 74

Metiianoi. 73

acidity, 25

NMR spectrum. 552

structure, 4 1

7

toxicity. 426. 464

uses, 424. 425

Methionine, 1 121 t

synthesis, 1 130

Methoxyl group, effect on EAS, 741

3-Methoxypyridine, synthesis, 867

Methyl acetate, Claisen cond,1032

Methyl acetoacetate, NMR spectrum.

558

Methyl alcohol {set- methanol),

417.424

Methyl benzoate. IR spectrum, 958

Methyl ethyl ketone {.scf 2-butanone).

74

mass spectrum. 794

Methyl glucoside, 1080

Methyl n-propyl ether. MS. 619

Methyl orange, 882

Methyl phenylacetate, IR spectrum, 524

Methyl shift in carbocations. 260

Methyl sulfate, 486

Methyl t-butyl ether, NMR spectrum 557,

559

Methyl vinyl ketone (MVK), 1048

Methyl Z-3-chloroacetate, NMR, 570

3-Methyl-l-butanol, MS. 535

3-Methyl-l-butene, 307 t

2-Methyl-2-butene, 307 t

addition of HBr, 333

hydroboration, 346

radical addition of HBr, 336

4-Methyl-3-penten-2-one, UV spectrum,

797

A'-Methylacetamide, 76

Methylacetylene, 72, 386

Methylamine, 8, 75

carbon NMR, 861

Methylammonium chloride, 13

2-Methylbutanal, IR spectrum, 523

Methylcyclohexane, conformations,

116

2-Methylcyclopcntanone. reduction.

220

1 -Methylcyclopentene

hydroboration. 347

IR spectrum, 517

Methylene (carbene), 167

Methylene chloride, 229

Methylene group. 83

A'-Methylformamide. NMR spectrum.

961

2-Methylpentane, MS, 533

2-Methylpentanoic acid, mass spectrum,

925

2-Methylpropenoic acid, IR spectrum,

922

A'-Methylpyrrolidine, b.p., 81

Micelles. 1168

Michael acceptor, 1045

Michael additions, 1045

Michael donor, 1045

Microfibrils, 1099

Microns, 503

Microscopic reversibility, 338

Mineral oils, 95

Minor contributor, resonance, 15

Minor images, 175

of Fischer projections. 202

Mirror plane of symmetry, 1 80

Miscible. alcohols in water, 424

Mitscherlich, Eilhard, 690

Mixed anhydrides, 953

Modes, fundamental vibrational, 504

Molar absorptivity, 680

Molar extinction coefficient, 680

Molecular biology, 1109

Molecular dipole moments, 60

Molecular formula from HRMS, 528

Molecular formula, calculation, 21

Molecular formulas, 20

Molecular geometry, predicting, 51

Molecular ion in MS, 526

Molecular orbitals, 42

of benzene, 695-98

of butadiene, 650-52

of conjugated systems, 650-54

of cyclobutadiene, 698-99

of the allylic system, 661 -64

bonding, antibonding. 65

1

Huckel's rule, 703

Molecular polarity, 60

Molecular shapes. 46

Molecular vibrations. 503

Molozonide, 365

Monomers, 303, 367, 1 184

Monosaccharides. 1061

anomers, 1071

cyclic structures, 1067

enediol rearrangement, 1075

epimerization, 1074

ester formation, 1082

ether formation. 1082

glycoside formation, 1080

Kiliani-Fischer synthe, 1085

mutarotation,1072

osazone formation, 1083

oxidation, 1077

periodic acid cleavage, 1092

reaction summary, 1087

reactions in base, 1074

reducing, 1078

reduction, 1076

ring size detennination. 1092

Ruff degradation. 1084

with phenylhydrazine. 1083

Wohl degradation. 1086

Monosubstituted double bond, 268

Monoterpene, 1 178

Morphine, 2, 847

Morton, William. 610

Motor oil, 95

MRI, 597

Mule, 15

Multifunctional compounds, nomencla-

ture, 953

Multiplets in the NMR spectrum, 564

Multistep reactions, rates, 149

Multistep syntheses

how to solve, 1220

proposing (summary), 1220

Muscalure, 294

Muscalure, synthesis, 414

Muscone, 798

Mustard gas, 629

Mutarotation, 1072

Mylar. 988, 1197

Myosin, 1118

Myrcene, 1 177

Myristic acid. 1 166 t

N
N terminus, 1 137

A^-terminal end of a peptide, 1 137

NAD coenzyme, 1110

NADH, 773, 1128

NADPH, 219

Naming chiral carbons. 181

Naphthalene, 713

Naphthoic acid. 910

Natta. Giulio. 1192

Natural gas, 94

Natural rubber, 1 193

NBS (N-bromosuccinimide), 235, 660

Neon, electronic configuration, 5

Neopentane, b.p.. 64

Neopentyl bromide. 473

Neoprene rubber. 1203

Neurotransmitters. 1123

Neutral amino acids, 1 125

Neutral leaving groups, 248

Neutrons, 2

Newman projections, 99
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Niacin, 20, 847, UK)
Nicotinamide adenine dinucieotide. 463,

1110

Nicotine. 2. 75. 847

Nicotinic acid (niacin), 20, 847, 1110

Ninhydrin, 1 135

Nitrate esters, 486

Nitration of benzene, 735

Nitration of toluene. 738

Nitric acid, to oxidize monosaccharides,

1077

Nitriles. 76, 817

aryl, synthesis, 880

from amides, 990

hydrolysis, 926, 976

IR spectra, 518, 959

nomenclature, 951

physical properties, 954-57

reactions, 992

reaction with Grignards, 804

reduction to amines, 892, 979

spectroscopy, 957

structure, 951

summary, 992

synthesis, 992

with Grignards, 980

Nitro compounds, reduction, 890

Nitrobenzene

EAS, 745

synthesis, 736

Nitrogen inversion, 849

Nitroglycerine, 486

Nitromethane, resonance structures, 15

Nitronium ion, 736

Nitrophenols. acidity, 429

3-Nitropyridine, synthesis, 866

yV-Nitrosoamines, 878

Nitrosonium ion, 877

p-Nitrotoluene, EAS. 750

p-NitrotoIuene, NMR spectrum, 569

Nitrous acid, 877

reaction with amines, 877-83

NMR
carbon. 588

carbon chemical shifts, 590, 1 207 t

carbon off-resonance decoupling, 592

carbon spin-spin splitting, 592

chemical shifts. 550-57. 1206 t, 1207 t

complex splitting, 573

conformations, 579

continuous wave, 589

coupling constants, 568-70, 569 t

DiO to show exchange. 581

diastereotopic protons. 577

effect of electronegativity, 552

ethyl group pattern. 566

Fourier transform, 589

free induction decay, 589

high-field, 571-73

hydroxyl protons exchange. 579

imaging. 597

integration of signals, 559

interpretation of carbon spectra,

594-97

interpretation of spectra, 582-86

isopropyl group pattern, 567

long-range coupling, 565

low-field, 571-73

multiplets, 564

N + 1 rule, 564

N-H protons exchange, 581

pointing of multiplets 566

proton chemical shifts. 550-57. 1206 t,

1207 t

proton exchange, 579

proton chemical shifts, 1206 t

proton spin decouphng, 592

range of coupling, 565

replacement test, 577

spectra: Number of signals. 557

spectra: chemical shifts. 553

spectrometer, 549

spectroscopy, 501, 544-602

spectroscopy of acid derivatives. 961

spectroscopy of amines, 860

spectroscopy of aromatics, 720

spectroscopy of carboxylic acids, 922

spectroscopy of ethers, 620

spectroscopy of ketones and aid, 792

spectrum, 549

spin-spin coupling constants, 1207 t

spin-spin sphtting, 562-67

sphtting trees, 574

stereochemical nonequivalence, 576

time dependence, 579

Nobel, Alfred, 487

Nodal plane, 5. 42

Node, definition, 3

Nodes (in wave functions), 41

Nodes in MO's, 651

Noise decouphng. carbon NMR, 592

Nomenclature

of acid halides. 952

of alcohols, 418

of alkanes. 85-91

of alkenes. 298-301

of alkyl halides. 227

of alkynes, 384

of amides, 949

of amines, 847

of anhydrides, 952

of aromatic compounds, 716

of carboxylic acid salts, 919

of carboxylic acids, 910

of cyclic ethers, 616

of cycloalkanes, 1 05

of dicarboxylic acids, 912

of diols, 420

of epoxides, 616

of esters, 948

of ethers, 615

of geometric isomers, 300

of ketones and aldehydes. 786

of lactams, 950

of lactones, 948

of multifunc compounds, 953

of nitriles. 95

1

of peptides. 1 1 37

of phenols. 421

of terpenes, 1 177

Nomex. 1 1 96

Nonadecane, 84 t

Nonaromatic compounds. 700

Nonbonding electrons. 8

Nonbonding MO. 661

Nonionic detergent. 1 170

Nonoxynol, 1171

Nonpolar bond, 10

Nonreducing sugars. 1079

sucrose, 1098

Norbomane. 123. 310

Norbomene, 669

endo and exo faces. 348

Norethindrone, 1 182

Normal alkanes, 84 t

Nuclear magnetic resonance (see NMR).
544-602

Nuclear spin, 544

Nucleic acids, 1 103-12

Nucleophile. 30

comparison of SNl and SN2. 261

strength in the SN2, 242

Nucleophiles in aprotic solvents, 245

Nucleophilic acyl substitution, 929-34,

963-73

Nucleophilic addition to ketones and

aldehydes. 809-24

Nucleophilic aromatic substitution.

761-64

of pyridine. 867

Nucleophilic substitution, 239

1st order, 253

2nd order, 239

benzylic position, 770

Nucleophilicity

of alcohols 465

and basicity. 243

of carbanions.166
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factors affecting 244 t

solvent effects. 245

steric effects, 246

trends. 244 t

Nucleoproteins. 1154

Nucleotides, 1 105

Number of signals in the NMR. 557

Nutrasweet, 1 1 62

Nylon. 992

Nylon 6. 1196

Nylon 6.6. 1195

Nylon polymers. 1 195

Nylon salt. 1195

o
Octadecane. 84 t

Octane. 84 t

Octane number. 94

«-Octane. IR spectrum. 507

c'(.s-2-0ctene. IR spectrum. 509

rra;!s-2-Octenoic acid, IR spectrum.

922

Octet rule. 7

1-Octyne. IR spectrum, 510

4-Octyne. IR spectrum. 510

Odd electron. 133

Off-resonance decoupling, carbon

NMR. 592

Offenhauser engines. 425

Oils. 1165

fatty acid composition. 1168 t

mineral. 95

polyunsaturated. 1167

Olefins (see alkenes). 294

Oleic acid. 1 166 t

Oligopeptide definition. 1 137

Oligosaccharides. 1099

Olive oil. composition. 1 168 t

Opening of epoxides. 631-37

Opium. 847

Opium poppies. 2

Opfical activity. 188

Optical isomers. 188

Opfical purity, 194

Opfically active. 1 88

Orbital. 41

Is. 3

Is wavefunction. 41

2p.5

2p wavefunction. 42

2s. 4

Orbitals

of El reaction. 265

atomic, 3

molecular. 42

Order of a reaction, 144

Organic chemistry, detmitions, 1

Organic polymers. 1 184- 1201

Organic synthesis. 282

methods for proposing. 1220

Organocuprates. 441

Organolithium reagents. 434

Organolithiums

with acid derivatives. 980

with acids. 938

u ith carboxylic acids. 803

with epoxides. 637

Organomercurial alcohol, 343

Organometallic reagents. 432

Organometallic reagents, side reactions.

442

Orientation of addition to alkenes. 333.

335, 339

Orientation of eliminations. 277

Orion acrylic. 1 186 t. 1190

Ornithine, 1 163

Orotate. 997

Ortho, 716

Ortho, para directors, 738-43

Osmate ester, 362

Osmium tetroxide (osmic acid), 362

Overalkylation. Friedel-Crafts alkylation.

756

0\ erall order, 144

Overlap of orbitals, 43

Overlap, constructive and destructive, 65

1

Oxalic acid, 912

Oxalyl chloride, 463, 933

Oxaphosphetane, 8 1

2

Oxetanes, nomenclature. 617

Oxidation

of alcohols, 459, 799

of aldehydes, 828

of amines, 875

of aromatics, 768

of monosaccharides, 1077

of phenols, 773

of sulfides, 628

Oxidation states, 458

Oxidative cleavage of alkenes,

332 t. 364

Oxime formation, 863

Oximes, 820

in reducfive amination, 886

Oxiranes (see epoxides), 359, 629-42

Oxonium ion in MS of ethers, 618

Oxymercuration of alkenes. 341

Oxytocin, 11 39

sequence determination. 1 143

Ozone destruction by CFCs. 173. 230

Ozonide. 365

Ozonolysis

of alkenes. 364

of alkynes. 406

P
(d.l) Pair {see racemic mixture). 193

(±) Pair {see racemic mixture). 193

Palmitic acid, 1 166 t

Para. 716

Para red dye. 882

Paraffin "wax". 95. 1 165

Paraffin, solubility. 67-69

Paraffins. 96

Paraformaldehyde. 790

Paraldehyde. 791

Parent ion in MS. 526

Parkinson's disease. 82. 219. 847. 904

Pascal's triangle. 564

Pasteur, Louis, 213

Patchouli alcohol. 1 183

Pauli exclusion principle. 5

Pauling electronegativity. 10

PCB's. 227

PCC, 461.799

PeniciUin G. 82

Pemcillm N. 1004

Penicillin V, 991

Pentadecane, 84 t

2,3-Pentadiene, chirality, 198

Pentane, 84 t

Pentane isomers, 86

/j-Pentane, b.p., 64

Pentanoic acid, mass spectrum. 925

2-Pentene, cis and trans. 300

Pentose, 1062

Peptide bonds, 1118, 1136

Peptide definition. 1137

Peptide nomenclature, 1 1 37

Peptide sequencing, 1141

Peptide structure detemiination. 1 140

Peptide synthesis, classical, 1 146

Peptide synthesis, solution-phase. 1 146

Peptides, 1136

benzyloxycarbonyl group. 1 147

Boc protecting group. 1 150

C-temiinal analysis. 1 144

DCC coupling. 1151

disulfide linkages. 1 138

Edman degradation. 1142

partial hydrolysis. 1 145

Sanger reagent. 1 144

solid-phase synthesis. 1 149

structure. 1 1 36

terminal residue analysis. 1 142

Peracids (see peroxyacids), 359, 629
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Pericyclic reactions. 673

Periodic acid, 480

Periodic acid cleavage of sugars, 1092

Periodic table, 6

Perkow reaction. 845

Perlon. 1196

Permanent wave, 1 139

Permanganate hydroxylation. 363

Permanganate oxidation of aromatics.

768

Permanganate, reaction with alkynes.

405

Peroxide effect on HBr addition to

alkenes. 335

Peroxides effect on HBr addition to

alkynes. 647

Peroxyacids, 359, 629

Peroxyformic acid. 1 1 40

Perspective, drawing. 50

Pesticides. 230

PET polymer. 988. 1 197

PETN. 487

Petroleum jelly. 95

Petroleum refming. 95

Petroselenic acid. 1183

Peyote, 847

pH, 22

Phase (of a wave function), 41 , 650

Phase-transfer catalysts, 858

Phenacetin, 904

Phenanthrene, 714

additions, 715

Phenol-formaldehyde resins 1184. 1204

Phenol-quinone oxidation. 773

Phenolic resins. 1204

Phenolphthalein. 784

Phenols, 417

acidity, 429

from diazonium salts, 879

electrophilic aromatic subst, 774

nomenclature, 421

oxidation, 773

reactions, 772-74

synthesis. 763

Phenoxide ions. 429

EAS. 774

Phentermine. 895

Phenyl ethers

cleavage by HBr and HI. 625

synthesis, 621

Phenyl group, 717

Phenyl isothiocyanate. 1 142

Phenylalanine, 1 12 1 t

synthesis. 1127. 1129

Phenylcyclopentane, synthesis, 755

2-Phenylethanol, synthesis, 936

Phenylhydrazine, 820

with carbohydrates, 1083

Phenylhydrazones, 820

3-Phenylpropanoic acid, 781

Phenylthiohydantoin, 1142

Phosgene, 995. 1003, 1198

Phosphate esters. 487

Phosphate leaving groups. 248

Phosphatidic acids. 1171

Phosphatidyl cholines. 1 172

Phosphatidyl ethanolamines 1 172

Phosphoglycerides. 1171

Phospholipids. 1171

Phosphonium salts, 812

Phosphorus halides with alcohols. 472

Phosphorus tribromide. with alcohols.

472

Phosphorus ylide. 812

Photochemical cycloadditions. 675

Photochemically allowed reactions, 675

Photographic developer, 773

Photons, 501

Phthalic acid, 912

Phthalic acid, industrial synthesis, 921

Phthalic anhydride. 953. 983

Physical properties

of alcohols, 423 t

of alkanes, 84 t

of alk7nes, 385 t

of amines, 852 t

of aromatics, 7 1 9 t

of ethers. 612 t

of ketones and aid. 789. 790 t

of polymers. 1 1 99

Pi bonding. 45

energy, 294

reactivity, 331 '

rigidity. 296

Pi-donating substituents, 741

Picric acid, 487

Pimehc acid, 912

Pinacol rearrangememt, 479

Pinacolone from pinacol, 479

a-Pinene, 294, 1164, 1177

Piperazine, 847

Piperidine, 75, 849

basicity. 856. 853 t

Pistachio flavor. 798

Planck"s constant. 546

Plane-polarized light. 186

Plasticizers. 1200

Pleated sheet of proteins. 1 155

Plexiglas. 1186 t

Plywood. 1204

Polar aprotic solvents. 245

Polar bond. 10

Pol ari meter, 188

Polarity effects on solubilities, 67-69

Polarity

of alcohols, 423

of alkenes, 311,312

of bonds and molecules, 59

of ethers, 612

Polarizability

in leaving groups, 248

in nucleophiles, 244

Polarized light, 186

Poly(acrylonitrile), 1186t

Poly(butylene terephthalate), 1203

Poly(ethylene terephthalate) or PET. 1 197

Poly(isobutylene). 1186t

Poly(methyl alpha-cyanoacrylate), II86 t

Poly(methyl alpha-methacrylate), 1 186 t

Poly(tetrafluoroethylene), 304

Poly(tetrafluoroethylene), 1 186 t

Poly(trimethylene carbamate), 1203

Poly(vinyl acetate), 1204

PoIy(vinyl alcohol), 1204

Poly( vinyl chloride), 304, 1 185, 1 186 t

Polyacetylene. 1204

Polyamides, 992. 1195

Polycarbonates, 997, 1197

Polychloroprene, 1203

Polyenes, UV spectra, 1214

Polyesters, 988. 1196

Polyethylene. 303. 370, 1 186 t

Polyethylene

high-density, 1 193

low-density, 1 187

Polyethylene glycol, 1203

Polyformaldehyde, 1204

Polygon rule for annulenes, 699

Polyisobutylene, 367, 1188, 1203

Polymer, 303, 367

crN'stalUnity, 1199

crystallinity, stereochemistry, 1200

structure and properties, 1 199

Polymerization. 1184

of alkenes. 367

of isobutylene. 368

anionic. 370. 1190

cationic, 367, 1188

free-radical, 369

chain branching, 1 188

Polymers, 1184-1201

amorphous, 1200

glass phase. 1200

glass transition temperature. 1200

physical properties. 1 199

plasticizers. 1200

stereochemistry; 1191

thermoplastic. 1200
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Polynuclear aromatic hydrocarbons.

713

Polyolefin. 303

Polypeptide definition. 1137

Polypohosphoric acid, 984

Polypropylene. 1 186 t

Polysaccharides. 1061. 1099

helical structure. 1101

Polystyrene. 367. 369. 1 186 t. 1 187

Polystyrene beads. 1 149

Polyunsaturated oils. 1167

Polyurethanes. 997. 1 198

Potassium alkoxides. 428

Potassium permanganate. 363. 462

Potassium phthalimide. 893, 1 129

Primary alcohol, 417

Primary alkyl halides, 228

Primary amides. 949

Primary amines. 846

synthesis. 868

Primary carbon atom. 88

Primary ozonide. 365

Primar>' structure of DNA. 1 108

Primary structure of proteins. 1 154

Principle of microscopic reversibility.

338

Priorities, for naming R and S. 181

Priority rules for R and S. 182

Problem solving

drawing NMR spectra. 567

interpretation of NMR. 582-86

mechamsms. 318. 971. 1027. 1049.

1217

mechanisms (acid-cat), 825

multistep synthesis, 489

mechanisms (E+ ), 480

mechanisms (radical), 160

multistep synthesis. 282. 407. 1220

spectral problems. 598-602

Productlike transition states. 158

Prohne. 1121 t

Propadiene. 386

Propagation steps. 132. 134

Propanal [see propionaldehyde). 74

Propanamide. IR spectrum. 522

1-Propanamine. IR spectrum. 859

1-Propanamine. NMR spectrum. 861

Propane. 84 t

bromination. 156

chlorination. 152

conformations. 101

polarity. 422

uses. 94

1.2-Propanediol. Fischer projection. 202

Propanoic acid (see propionic acid). 74

!-Propanol. 73

2-Propanol, 73

2-Propanol. uses. 427

2-Propanone (see acetone). 74

Propanoyl group. 757

Propenal. UV spectrum, 796

Propene, 84 t

Propionaldehyde, 74, 788

Propionic acid. 74

Propionic anhydride. IR spectrum. 960

Propionitrile. 76

Propiophenone. 788

Proposing mechanisms (summary),

1217

/(-Propyl alcohol, 73

Propyl bromide, MS, 530

/?-Propyl iodide, NMR spectrum, 575

Propylamine, boiling point, 65

Propylamine, carbon NMR, 861

Propylene, conversion to 2-Propanol.

427

Propyne, 71, 84 t

Prostaglandins, 1176

Prosthetic group, 1 154

Protecting groups, acetals, 827

Protecting groups, benzyl esters, 1 134

Protecting groups, benzyloxycarbonyl,

1147

Protecting groups, N-benzyloxycarbonyl,

1134

Protecting groups, t-butyloxycarbonyl,

1150

Protective proteins, 1118

Protein: definition, 1137

Protein functions. 1118

Protein synthesis from DNA. 1 109

Protein, complete and incomplete, 1 122

Proteins (see also peptides). 1 136

active site. 1 156

alpha-helix, 1 155

classification, 1 154

conjugated, 1 154

denaturation, 1 157

fibrous, 1 154

globular, 1154

levels of structure, 1 154

primary structure, 1 154

pleated sheet, 1 155

quaternary structure, 1 157

random colli. 1 155

salting out. 1 158

secondary structure. 1 155

simple. 1 154

tertiary structure. 1155

Proton relaxation. 597

Proton spin decoupling, carbon NMR.
592

Proton spin states. 545

Protonation of benzene, 737

Protons, 2

PTFE, 1186t

Purine, 715, 849

Purine bases, 729

Purine bases in DNA. 1 107

Purine bases in RNA. 1104

Putrescine. 851

Pyran. 612 t. 713

Pyranose form of glucose, 1068

Pyranose forms of carbohydrates, 1071

Pyrans. nomenclature. 617

Pyrene. 715

Pyrethrin, 798

Pyridine. 709. 849

basicity. 856

electrophilic aromatic substitution. 866

nucleophilic aromatic substitufion, 867

Pyridine-3-suIfonic acid, synthesis, 867

Pyridinium chlorochromate (PCC). 461,

799

Pyridinium salts. 856

2-Pyridone. 712

Pyridoxine. 847

Pyrilium ion. 713

Pyrimidine. 711. 849

bases. 729

bases in DNA. 1107

bases in RNA. 1104

Pyrrole. 710. 848

electrophilic AS. 864

Pyrrole-2-carbaldehyde. H and C NMR,
590

Pyrrolidine. 848. 1020

Q
Quaternary ammonium salts. 846. 872

as phase-transfer, 858

Quaternary structure of proteins. 1 157

Quinine. 716

QuinoHne, 715

Quinones

from phenols, 773

structure. 773

R
R and S names (chiral carbons), 181

R and S names from Fischer projecUons.

203

R symbol for an alky! group. 71

Racemate. 193

Racemic mixture. 193

Racemic modification. 193
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Racemization, 216

in the SNl, 258

ofenolizable hydrogens, 1010

Radical, 133

Radical anion, 400

Radical cation (in MS), 526

Radical cleavage, 141

Radical electron, 133

Radical mechanisms, 160

Radical mechanisms, proposing, 1220

Radical stabilities, 153

Radical, allyl. 662

Radicals

allylic, 658-59

stability, 165

structure, 165

Raffmose, 1099

Random coil of proteins, 1 155

Raney nickel, 830

Rare amino acids, 1 123

Rate constant. 144

Rate equation, 144

Rate law, 144

Rate of a reaction, 144

Rate, variation with temperature, 146

Rate-determining step, 149

Rayon, 1100

RDX, 487

Reactantlike transition states. 158

Reaction coordinate, 148

Reaction-energy diagram. 147

Reactive intermediates, 133, 149, 162, 168 t

Reactivity of acid derivatives, 964, 993

Rearrangements

of alkynes in base, 395

comparison of El and E2, 277

comparison of SNl and SN2, 262

in El reactions, 266

in Friedel-Crafts alkylations, 755

in carbocations. 259

in SNl reactions, 258

Recombinant DNA, 1 146

Reducing sugars, 1078

Reduction

of acid derivatives, 977

of alcohols, 468

of alkyl halides, 442

of alkynes, 398-400

of aromatics, 765, 766

of azides, 892

of carboxylic acids, 936

of ketones and aldehydes, 810

of monosaccharides, 1076

of nitriles, 892

of nitro compounds, 890

Clemmensen, 759

Reduction/oxidation states, 458

Reductive amination, 886

amino acid synthesis, 1 127

Reference beam, 506, 679

Refining of petroleum, 95

Regiospeciflcity in addition to alkenes,

333

Relative configuration, 210

Relaxation, 597

Replication of DNA, 1 109

Residue, amino acid in a peptide, 1 1 37

Resolution of amino acids, 1 132

Resolution of enantiomers, 212

Resolving agent. 213

Resonance effects in SNl reactions, 255

Resonance effects on acidity, 29

Resonance effects on amine basicity,

855

Resonance energy, 649

Resonance energy of benzene, 693

Resonance forms, 14, 16

Resonance hybrid, 14

Resonance picture of benzene, 691

Resonance stabilization

of carbanions, 167

of carbocations, 164

of EAS, 741

of radicals, 165

Resonance structures (see resonance

forms), 14

Resonance structures, rules, 16

Resonance, effect on IR frequencies.

516

Resonance-donating substituents. 741

Resonance-stabilized ions, 14

Resonance-stabilized ions in MS, 534

Retention of configuration, 217, 474

Retention times of amino acids, 1 141

Retinol, 1179

Retro-aldol, 1058

Retro-Michael, 1058

Retrosynthetic analysis, 283, 1220

Retrosynthetic direction, 283, 1220

Reverse transcriptase, 1117

Ribonuclease, 1154

Ribonucleic acids {see RNA), 1 103 - 12

Ribonucleosides, 1 104

Ribonucleotides, 1 105

Ribose. 1065 t

Ribosides, 1079

Ribosomes, 1109, 1154

Ribs, extra lean, 1064

Ribulose. 1064

Ring size determination in sugars, 1092

Ring strain, 107

Rings, stereoisomerism, 205

RNA bases, 1 104

RNA, bonding structure. 1 106

RNA, messinger RNA, 1 103

Robinson annulation, 1048

Rotation of bonds, 55

Rotation of plane-polarized light, 1 86

Rubber, 1193

cross-linking, 1 193

synthetic. 1 194

vulcanized, 1 193

Rubbing alcohol, 73

Ruff degradation of sugars. 1084

Ruff degradation, in structure proof,

1089

Ruhemann's purple, 1135

Ruminants. 1099

s
S character of a hybrid orbital, 387-88

s-Cis conformation, 652

s-Trans conformation, 652

Saccharic acids. 1077

Salting out of proteins. 1 1 58

Salts of amines, 856

Salts of carboxylic acids, 918

SAM (S-adenosylmethionine), 628

Sample beam, 506, 679

Sandmeyer reaction. 880

Sanger reagent, 762, 1 144

Saponification of esters, 974, 1 168

Saran copolymer. 1 195

Saturated compounds. 296

Saturated fatty acids. 1 166 t

Saturated hydrocarbons, 84

Sawhorse structures, 99

Saytzeff orientation, 268

Saytzeff product, 268, 314, 873

Saytzefi' rule, 268, 306, 314

Saytzeff rule in dehydration, 476

Schiff bases (imines), 818

Second order reaction, 144

Second-order effects in NMR, 571

Second-order elimination (E2), 266

Secondary alcohol, 417

Secondary alkyl halides, 228

Secondary amides, 949

Secondary amines, 846

Secondary carbon atom, 88

Secondary overlap in the Diels-Alder,

668

Secondary structure of DNA, 1 108

Secondary structure of proteins, 1 155

Selectivity in halogenation. 158

iS-Selinene, 1177

Semicarbazide, 820
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Semicarbazones, 820

Sequence of a peptide, 1 142

Serine, 1 121 t

D-Serine, 1 123

Sesquiterpene. 1 179

Sevin insecticide, 9%. 1003

Shapes of molecules, 46

Shells, electron, 5

Shielding, magnetic in NMR. 547

Side-chain halogenation of aromatics,

768-70

Side-chain reactions of aromatics,

768-71

Sigma bond, 43

Sigma bond energy, 294

Sigma complex, 732

Silk fibroin, 1155

Silver acetylides, 390

Silver oxide, 829

Silver oxide with sugars, 1081

Silver oxide, sugar ethers. 1081

Silver-ammonia complex (Tollens

reagent), 829

Simmons-Smith reaction, 352

Simple lipids, 1164-80

Simple proteins. 1 154

Simple sugars, 1061

Single bond, 8

Skeletal structures, 19

Skew conformation, 100

Skunk, 450

S^l and S^-2, comparison. 261. 262 t

Sjvjl competition with El. 264

S^l energy profile. 254

S^l leaving group effects. 256

8^1 mechanism, 253

SnI reacdon. 253

S^l rearrangements, 258

SnI solvent effects, 256

Sfgl stereochemistry. 257

S^l substituent effects. 255

Sn2 mechanism. 239

Si,j2 reaction, generality, 241 t

Sn2 reaction, stereochemistry, 25

1

Sn2 reactions of allylic halides. 663

Sn2 nucleophile strength. 242

Sn2 steric effects. 248. 249 t

Sn2 structural effects. 248. 249 t

Sn2 substrate reactivity, 248, 249 t

Soap, 920,974. 1168

SOCl: with alcohols, 473

Sodium alkoxides. 428

Sodium amide (sodamide). 389. 394

Sodium borohydride. 342, 444

Sodium cyanoborohydride, 887

Sodium DHne. 189

Sodium dichromate, 459

Sodium hydrosulfidc. 450

Sodium nitrite. 878

Sohd-phase peptide synthesis. 1 149

Solubility of alkanes, 92

Solubility of carboxylic acids. 914,

910t

Solubilities, effects of polarity, 67-69

Solubility

of acid chlorides, 954-57

of alcohols, 423, 424 t

of amides, 954-57

of amines, 852 t

of esters, 954-57

of ketones and aldehydes, 790 t

of nitriles. 954-57

Solutes, polar and nonpolar. 67-69

Solution-phase peptide synthesis, 1 146

Solvated electrons, 399

Solvafion, 67-69

Solvent effects in the S^l. 256

Solvent effects on nucleophilicity. 245

Solvent

comparison of El and E2. 276

comparison of SnI and Sn2, 261

ethers, 613

Solvolysis, 253

Sorbitol, 1076

South Pole, ozone hole, 230

Soybean oil, composition, 1 168 t

sp hybrid orbital. 47

sp' hybrid orbitals. 48

sp' hybrid orbitals. 49

Spearmint. 193

Specific rotation, 190

Spectroscopy

IR. 500-25

NMR, 544-602

UV, 679-82

Spectrum, electromagnetic. 502

Spermaceti. 1 164

Spin states of a proton. 545

Spin-spin coupling constants. NMR.
1207 t

Spin-spin splitting, carbon NMR, 592

Spin-spin splitting, proton NMR,
562-67

Spirocyclic compounds, 123

SplitUng of peaks in NMR, 562-67

Splitfing trees (NMR), 574

Squalene, cyclization to lanosterol,

633-34, 1 180

Squalene-2.3-epoxide. opening. 633-34

Stability

of alkenes, 304, 307 t

of allylic radicals. 658-59

of carbanions, 166

of carbocations, 163

of cycloalkanes, 107

of dienes, 647-649 t

of radicals, 165

Stabilization energy, 649

Staggered confomiation, 56, 100

Standard amino acids, 1 120

Standard free energy change, 137

Standing waves, 40

Starch. 1062, 1100

Starch-iodide test, 1101

Starch-iodine complex, 1 101

Stearic acid, 909, 1166t

Step-growth polymers, 1 185, 1 195

Sterculic acid, 309

Stereocenter, 177

Stereochemical nonequivalence,

NMR, 576

Stereochemistry, 174-206

comparison of El and E2. 277

comparison of SnI and Sn2, 262

halohydrin formation, 357

of alkyne reductions, 398-400

of amino acids, 1 120

of epoxidation, 359

of halogen additions, 355

of hydroboration, 348

of hydrogenation, 350

of hydroxylation, 360, 362

of polymers, 1191

of the Diels-Alder 666-69

of the E2, 270

of the SnI. 257

of the Sn2 reaction, 251

Stereoisomerism on rings, 205

Stereoisomers, 57, 174

table of types, 206

Stereospecific hydroboration, 348

Stereospecific reacUon, 252

Stereospecificity

of halohydrin fomiation. 357

of halogen addition. 355

Steric effects on nucleophilicity, 246

Steric hindrance, 103

in the Sn2, 248, 249 t

Steric strain, 103

Steroids, 1173

Stick figures, 19

Stiffness of a bond, 503

/TOM.v-Stilbene, 316

Stool, one-legged, 487

Stork reaction, 1021

Strain, steric. 103

Strecker synthesis of amino acids. 1

1

Strecker. Adolph. 1130
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Stretching frequencies, 504

Slruclinai formulas. 17

Structural isomers, 57

Structural proteins, 1118

Structure of amines, 849

Structure of peptides, 1 1.36

Structures, line-angle. 19

Structures, Newman, 99

Structures, sawhorsc, 99

Styrene, NMR spectrum, 574

Styrene, UV spectrum, 72

1

Substituent effects in the S^l. 255

Substituent effects on acidity, 917, 918 t

Substituents, 86

A'-substituted amides, 949

Substituted carboxylic acids, acidity. 917,

918t

Substitution. 330

definition, 238

of a double bond, 268

effects on alkene energy, 305

vs elimination, 264. 277

radical. 133

Substitutions, comparison. 261. 262 t

Substrate dependence of E2. 270

Substrate reactivity in the S|vj2, 248,

249 t

Substrate, comparison of SnI and Sj^2,

261

Succinic acid. 912

Succinic anhydride, 984

Sucrose. 1080. 1097

Sugars {see monosaccharides), 1061.

1062

anomers. 1071

cleavage by periodic acid. 1092

cyclic structures. 1067

D and L configurations. 1063

D family of aldoses. 1065 t

drawing cyclic structures. 1068

ester formation, 1082

ether formation, 1081

glycoside formation, 1080

Kiliani-Fischer synthesis, 1085

mutarotation, 1072

osazone formation, 1083

reaction with phenylhydrazine, 1083

reducing, 1078

ring size determination. 1092

summary of reactions. 1087

Sulfa drugs. 871

Sulfanilamide, 871

Sulfapyridine, 872

Sulfate esters, 486

Sulfate leaving groups, 248

Sulfathiazole, 872

Sulfides. 626-29

oxidation. 627

synthesis. 626

Sulfonamides. 871

Sultonate esters, 485

Sulfonate leaving groups, 248

Sulfonation of benzene, 736

Sulfonic acids, detergents, 1 170

Sulfonium salts, 628

Sulfonyl chlorides, 871

Sulfur trioxide, 736

Sulfur, appearance in MS, 529

Sulfuric acid addition to alkenes. 340

Sulfuric acid, structure. 17

Summary

of condensations, 1051

of enolate additions, 1051

of reactions of alkynes. 409 - 1

2

of reactions of amino acids, 1 135

of reactions of aromatic cmpds,

775-77

of reactions of carboxylic acids.

938-40

of reactions of ethers, 626

of syntheses of amino acids, 1131

of syntheses of carboxylic acids,

928-29

of syntheses of epoxides. 63

1

of syntheses, ketones and aldehydes.

806-09

of synthesis of alkynes. 396

of synthesis of ethers. 623

of the reactions of amines 883-86

of the reactions of epoxides. 640

of the reactions of sugars, 1087

of the syntheses of amines, 896-99

Super glue, 370. 1186 t, 1191

Superimposable, 176

Swern oxidation, 463

Symmetrical ether, 610

Symmetry, conservation, 673

Symmeti^, mirror plane. 180

Symmetry-allowed. 674

Symmetry-forbidden. 675

Syn addition, 343

Syn addition of borane, 348

Syn stereochemistry in the Diels-Alder,

668

Syn-coplanar TS in the E2. 270

Syndiotactic polymers, 1191

Syntheses using aldol condensations.

1030

Synthesis gas. 425

Synthesis

of alcohols, 430

of alkenes, 3 1

3

of amines, acylation-reduclion. 888

of amines, reductive amination. 886

of amino acids. 1 127

of carboxylic acids, 925-29

of epoxides, 629-31

of ethers, summary, 623

of ketones and aid, 799-809

of peptides, 1 146-53

methods for developing, 1220

Synthetic detergents, 1 1 70

Synthetic polymers, 1 184- 1201

Synthetic rubber, 1 194

Systematic names, 86

T
t-Boc protecting group, 1 150

Table sugar (see sucrose), 1097

Tagatose, 1117

Talose, 1065 t

Target compound, 283

Tartaric acid, 213, 1089

Tartaric acid, stereochemistry, 1066

Tautomerism, 403, 1009

Tautomers, 1009

TCDD, 618, 784

Teflon, 304, 1186t

Temperature, effect on rates, 147 t

Temporary ester groups. 1041

Terephthalic acid, 912, 1197

Terminal alkynes, 385

A'-Terminal end of a peptide, 1 1 37

C-Terminal end of a peptide, 1 137

Temiinal-residue analysis, 1142

Termination reactions, 135

Termination steps, 132

Termites, digestion of cellulose, 1099

Terpenes, 1 177

isoprene units, 1 178

nomenclature, 1177

Terpenoids, 1 179

Tertiary alcohol, 417

Tertiary alkyl halides. 228

Tertiary amides, 949

Tertiary amines, 846

Tertiary carbon atom, 88

Tertiary structure of proteins. 1 155

Testosterone. 82. 1 174

Tetrachloromethane. 228

Tetradecane, 84 t

Tetrafluoroethylene (TFE), 227

Tetrahedral geometry. 49

Tetrahydrofuran (THE). 61 1 t.

612 t. 613

Tetrahydropyran. boiling point, 81

Tetralone, 782, 841
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Tetramethylsilane (TMS). 550

Tetrasubstituted double bond, 268

Tetrose. 1062

Texas nitrogen. 13

Thermally forbidden reactions. 675

Thermodynamic control, 656-58

Thermodynamic product. 656-58

Thermodynamics, 132, 136

Thermoplastic, 1200

THF (tetrahydrofuran). 611 t. 612 t. 613

Thiazole. 713

Thioacetal. 802

Thioesters, 993

Thioethers (.s('(^ sullldes). 626-29

Thioketals, 802

Thiol esters {see thioesters). 993

Thiols. 449

Thionyl chloride. 473. 933. 981

Thiophene, 712

THP ethers, 843

Threo, 1065

Threonine. 1 121 t

Threose. 1064. 1065t

Thymine. 712. 1 107

Thymol. 729

Thyrotropic hormone releasing factor.

1162

Thyroxine. 82, 227

Titanium tetrachloride. 1192

TMS (tetramethylsilane). 550

TNT, 487

Tollens reagent and test. 829

Tollens test for reducing sugars, 1078

Toluene diisocyanate, 1199

Toluene

electrophilic aromatic substitution.

738

nitration, 738

NMR spectrum, 555

Toluic acid. 910

Torsional energy, 100

Torsional strain, 100

Tosylate esters, 466

reduction, 468

8^2 displacement. 466

Totally eclipsed confonnation.lOl

Toxicity of alcohols, 426

Toxicity of eveiything, 426

Toxins, 1118

Trans cycloalkenes. 300. 309

Trans-diaxial E2 reactions. 274

Transaminase enzymes. 1128

Transamination. 1 128

Transesterification. 1197

Transesterification, acid-catalyzed. 970

Transition state. 147

Transitions, electronic, 676

Translation of DNA, 1 109

Transport proteins. 1118

Tranylcypromine. 945

Traveling waves. 40

Trees, splitting. NMR. 574

Trehalose. 1099

Triacontane, 84 t

Triacylglycerols, 1 165

Trialkylboranes, 348

1.1,2-Tribromoethane, NMR spectrum,

563

1.1.1-Trichloroethane. 226

2.4,5-Trichlorophenoxy acetic acid. 618

2.4.5-Trichlorophenoxyacetic acid, 784

1.2.2-Trichloropropane, H and C NMR.
593

Tridecane, 84 t

Triethylamine (bulky base), 75, 313

Trifluoroacetic acid, 1151

Triglycerides, 1 1 65

Trigonal geometry, 48

Trimerization of alkenes, 367

Trimethylamine. b.p.. 65

Trimyristm, 1002, 1166

Trinitrotoluene. 487

Triolein, 1 167

Trio.se, 1062

Trioxane. 790

Triphenylmethyl cation. 771

Triphenylphosphine. 812

Triple bond. 8

Triple bond, electronic structure. 387-88

Triple bonds. IR spectra. 508

Tristearin. 1164. 1167

Trisubstituted double bond, 268

Trivial names, 85

Tropylium ion, 706, 09 t

Trypsin, 1145, 1158

L-Tryptophan, 716, 1 122 t

Turpentine, 294

Turpentine, oil of. 1 177

Twist boat conformation, 1 13

Tyrosine. 1 1 2 1 t

u
Ubiquinone. 773

Ultraviolet spectroscopy {see UV). 501.

676-82

Ultraviolet Woodward-Fieser rules.

1213

Umbrella, inversion by wind. 252

UMR 1105

Undecane, 84 t

Unimolecular elimination (El), 263

Unimolccular substitution (.S.,4 ), 253

Unsaturated compounds, 296

Unsaturated fatty acids, 1 166 t

Unsaturation. elements of. 296

Unsymmetrical ether, 610

Uracil. 1104

Urea, synthesis from inorganics. I

Urea-formaldehyde resins, 1204

Ureas, 995

Urethanes, 995. 1 198

Uridine. 1 104

Uridylic acid. 1 105

Urylon. 1203

UV Spectra. 679-82

of aromatics. 720

of carboxylic acids. 924

of ketones and aldehydes. 796

interpretation, 681 -682

prediction of absorptions, 1213

niles for predicting, 681 -682

Woodward-Fieser rules. 1213

UV spectrometer. 676

UV spectroscopy

benzenoid band. 72

1

ultraviolet, 676-682

V
Valence electrons, 5

Valences of common atoms. 9

Valeric acid. 910

Valerolactone. carbon NMR spectrum.

594

Valine. 1121 t

Van der Waals forces. 64

Vanillin. 798

Vegetable shortening. 1 167

Vegetarian diets, 1 123

Venoms, 1118

Vibrational modes, 504

Vibrations, molecular. 503

Vicinal dibromides. dehalogenation.

316

Vicinal dihalides. 228

Vicinal diols. 420

Vinegar. 920

Vinyl alcohol (enol). 647. 1009

Vinyl amines. 1019

Vinyl anion. 400

Vinyl cation, 401

Vinyl chloride. 227

Vinyl chloride. 1194

Vinyl group. 299

Vinyl halide. 226

Vinyl protons. NMR chemical shifts 553

555
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Vinyl radical, 400

Vinylboranes, 404

Vinylidene chloride, 1194

Viruses, 1 154

Viscose process for rayon, 1 100

Vital force, theory of, 1

Vitalism, 1

Vitamin A, 1 179

Vitamin B6, 847

Vitamin C, 2, 988

Vitamin E, 77

VSEPR, 46

Vulcanization, 1 193

w
Walden inversion, 216, 251

Wallach, Otto, 1178

Water

acidity, 25

dipole moment, 62

dissociation constant, 24

Watson, J. D., 1108

Wave function, 41

Wave theory of matter, 40

Wavelength, 501

Wavenumber, 503

Waves, standing, 40

Waves, traveling, 40

Waxes, 1 165

Williamson ether synthesis, 488, 620

Williamson ether synthesis with sugars,

1081

Willstiitter, Richard. 695

Wittig reaction, 812-13

Wittig, Homer-Emmons modification,

845

Wohl degradation, 1086

Wohler, Friedrich, 1

Wolff-Kishner reduction. 830

Wood. 1099

Wood alcohol (see methanol) 73. 424

Woodward. R. B.. 673. 1213

Woodward-Fieser rules for UV. 681-82.

1213

Woodward-Hoffmann rules, 673

X
x-ray diffraction of DNA, 1 108

/?(-Xylene. UV spectrum. 722 t

oXylene. NMR spectrum. 558

Xylenes. EAS. 750

Xylose. 1064. 1065 t

Y
Ylide, phosphorus, 812

z
Z group, 1 147

Z stereochemistry, 301

Zeroth order reaction. 144

Ziegler. Karl, 1192

Ziegler-Natta catalysts, 1192, 1200

Zinc chloride. 470

Zinc-copper couple, 352

Zingiberene, 1 179

Zusammen isomer. 301

Zwitterionic form of amino acids, 1 123
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Typical Values of Proton NMR Chemical Shifts

Type ofproton Approximate 8

alkane

"(—CH,)
(—CHj—

)

(—CH—

)

0.9

1.3

1.4

O
II

—C—CH3 2.1

C—

H

2.5

R—CH,—X (X = halogen, —-0— ) 3-4

1—C=
1

=C—

H

5-6

1—c=
1

=C—CH, 1.7

Ph—

H

7.2

Ph—CH3 2.3

R—CHO 9-10

R—COOH 10-12

R—OH variable, about 2-5

Ar—OH variable, about 4-7

R—NH2 variable, about 1.5-4

These values are approximate, because all chemical shifts are

affected by neighboring substituents. The numbers given here

assume that alkyl groups are the only other substituents present.

A more complete table of chemical shifts appears in Appendix 1

.

Summary of Functional Group Nomenclature

Name as Name as

Functional Group Main Group Substituent

Main groups in order ofdecreasing priority

carboxylic acids -oic acid carboxy^

esters -oate alkoxycarbonyP

amides -amide amido^

nitriles -nitrile cyano

aldehydes -al formyl

ketones -one 0x0
alcohols -ol hydroxy

amines -amine amino
alkenes -ene alkenyl

alkynes -yne alkynyl

alkanes -ane alkyl

ethers alkoxy

halides halo

^Denotes rare usage.

Typical Values of IR Stretching Freq uencies

Frequency Functional group Comments

3300 cm"'

alcohol 0—

H

amine, amide N—

H

alkyne=C—

H

Always broad.

May be broad, sharp, or broad with spikes.

Always sharp.

alkane C—

H

\
Alkane —C—H just below 3000 cm"'.

3000 cm"' alkene C—

H

Alkene =C—H just above 3000 cm"'.

1

acid 0—

H

Very broad, 2500-3500 cm" '.

2200 cm-' alkyne —C=C—
nitrile —C^N

Alkyne C=C just below 2200 cm"'.

Nitrile C=N just above 2200 cm"'.

1710 cm-'

c=o
/
(very strong)

Ketones, aldehydes, acids.

Esters higher, about 1735 cm"'.

Conjugation lowers frequency.

Amides lower, about 1650 cm-'.

1660 cm-'

/ \

/

amide C=0

Conjugation lowers frequency.

Aromatic C=C about 1600 cm"'.

Stronger than C=C.

Stronger than C=C.

Conjugation of multiple bonds generally lowers their streching frequencies. A more com-

plete table of IR streching frequencies appears in Appendix 2.
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