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List of Selected Applications

Applications make any subject seem more relevant and interesting—for nonmajors and majors alike. The following is a list of some
of the biological, medicinal, and environmental applications that have been integrated throughout Organic Chemistry. Each chapter
opener showcases an interesting and current application relating to the chapter’s topic.

Description Reference

Prologue The structure of palytoxin, one of the most toxic substances known, is used to illustrate the conventions Figure 1
for drawing skeletal (line) structures.

Chapter 1 The structure of capsaicin, the spicy component of hot peppers, is used to apply the most important Section 1.13
concepts from the chapter—how to determine the hybridization and geometry around an atom, how to
label all polar and nonpolar bonds, and how to compare bond length and bond strength for different
C—C bonds.

Chapter 2 Aspirin must be in its neutral form to cross a cell membrane, so the different properties of acids and Section 2.7
their conjugate bases can have important physiological consequences.

Chapter 3 Because of their different functional groups, vitamin A is water insoluble, whereas vitamin C is water Section 3.6
soluble. As a result, excess vitamin A is stored in the fat cells of tissue, but excess vitamin C is excreted.

Chapter 4 Lipids, water-insoluble biological compounds, contain the same structural features as alkanes, the Section 4.15
simplest organic molecules.

Chapter 5 Starch and cellulose are used to illustrate how apparently minute differences in structure can result in Section 5.1
vastly different properties.

Chapter 6 The metabolism of glucose and the combustion of gasoline are two apparently different organic Chapter opener,
reactions that share a common thread—both reactions release a great deal of useful energy. Section 6.4

Chapter 7 Nitrosamines, one potential by-product of the sodium nitrite used to preserve meats, can be Section 7.16
converted to unstable intermediates that react with biological nucleophiles (such as DNA
or an enzyme). The end result can be cancer or death of the cell.

Chapter 8 Ethylene, the simplest hydrocarbon containing a carbon—carbon double bond, is a hormone that Chapter opener
regulates plant growth and fruit ripening.

Chapter 9 New asthma drugs, such as zileuton, inhibit the enzyme responsible for the synthesis of leukotriene C, Section 9.16
from arachidonic acid. By blocking the synthesis of a compound responsible for the disease, zileuton
treats the cause of the asthma, not just its symptoms.

Chapter 10 Fats are solids at room temperature, whereas oils are liquids, because oils have more Z double bonds, Chapter opener,
giving rise to more kinks in their hydrocarbon chains. Section 10.6

Chapter 11 Ethynylestradiol, a synthetic compound containing a C—C triple bond, is a component of several Chapter opener
widely used oral contraceptives.

Chapter 12 Antabuse, a drug given to alcoholics to prevent them from consuming alcoholic beverages, acts by Section 12.13
interfering with the normal oxidation of ethanol. Instead, acetaldehyde builds up in the person’s
system, causing them to become violently ill.

Chapter 13 Vitamin E is a fat-soluble vitamin that is thought to inhibit radical reactions that cause Chapter opener,
oxidative damage to the lipids in the cell membrane. Section 13.12
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found in proteins and polypeptides in living organisms.

Description Reference

Chapter 14 Trace amounts of tetrahydrocannabinol (THC), the primary active constituent of marijuana, can be Chapter opener,
detected by modern instrumental methods, such as mass spectrometry and IR spectroscopy. Section 14.3

Chapter 15 Magnetic resonance imaging (MRI)—NMR spectroscopy in medicine—is a powerful diagnostic Section 15.12
technique used routinely in hospitals today.

Chapter 16 Commercial sunscreens contain conjugated compounds that absorb UV light, thus shielding your skin Section 16.15
(for a time) from the harmful effects of UV radiation.

Chapter 17 Zoloft, Viagra, and Claritin are just three of many drugs whose structures contain benzene rings. Figure 17.5

Chapter 18 A key step in the laboratory synthesis of LSD involves carbon—carbon bond formation using electrophilic | Chapter opener,
aromatic substitution. Figure 18.4

Chapter 19 Aspirin relieves pain and reduces inflammation by blocking the synthesis of prostaglandins, 20-carbon | Chapter opener,
fatty acids with a five-membered ring that are responsible for pain, inflammation, and a wide variety of | Section 19.6
other biological functions.

Chapter 20 Juvenile hormones, the compounds that regulate the complex life cycles of some insects, are synthesized Chapter opener,
by reactions that form new carbon—carbon bonds. Figure 20.6

Chapter 21 11-cis-Retinal is the light-sensitive conjugated aldehyde that plays a key role in the complex chemistry Chapter opener,
of vision for all vertebrates, arthropods, and mollusks. Figure 21.9

Chapter 22 Penicillin and related B-lactams Kill bacteria because they undergo a nucleophilic acyl substitution Chapter opener,
reaction that interferes with the synthesis of the bacterial cell wall. Section 22.14

Chapter 23 One method for synthesizing tamoxifen, a potent anticancer drug, forms a new carbon—carbon bond on Chapter opener,
the o carbon to a carbonyl group using an intermediate enolate. Section 23.8

Chapter 24 Gibberellic acid, a plant growth hormone, can be synthesized in the laboratory using two intramolecular | Chapter opener
aldol reactions to form two carbon—carbon bonds of the complex carbon skeleton.

Chapter 25 Dopamine, a neurotransmitter, is a chemical messenger released by one nerve cell, which then binds toa | Figure 25.6
receptor in a neighboring target cell. Proper dopamine levels are necessary to maintain an individual’s
mental and physical health. Parkinson’s disease results when dopamine-producing neurons die and
dopamine levels drop.

Chapter 26 Cholesterol, a lipid synthesized in the liver, is found in almost all body tissues. Even though it is Chapter opener,
a vital component for healthy cell membranes and it serves as the starting material for the synthesis of all Section 26.8
other steroids, elevated cholesterol levels can lead to coronary artery disease.

Chapter 27 Lactose, a carbohydrate formed from glucose and galactose, is the principal sugar in dairy products. Chapter opener,
Individuals who lack adequate amounts of lactase, the enzyme necessary to digest and absorb lactose, Section 27.12
suffer from a condition known as lactose intolerance.

Chapter 28 The two amino acids that comprise the sweetener aspartame are joined via the same peptide bond that is

Chapter opener,
Section 28.5




List of How T0’s

How To boxes provide detailed instructions for key procedures that students need to master. Below is a list of
each How To and where it is presented in the text.

Chapter 1 Structure and Bonding

How To Draw a Lewis Structure 13
Chapter 2 Acids and Bases

How To Determine Relative Acidity of Protons 69
Chapter 4 Alkanes

How To  Name an Alkane Using the IUPAC System 120
How To Name a Cycloalkane Using the [UPAC System 124
How To Draw a Newman Projection 130
How To  Draw the Chair Form of Cyclohexane 138
How To Draw the Two Conformers for a Substituted Cyclohexane 140
How To  Draw Two Conformers for a Disubstituted Cyclohexane 143
Chapter 5 Stereochemistry

How To Assign R or S to a Stereogenic Center 168

How To  Find and Draw All Possible Stereoisomers for a Compound with Two Stereogenic Centers 172
Chapter 7 Alkyl Halides and Nucleophilic Substitution

How To Name an Alkyl Halide Using the [UPAC System 222
Chapter 9  Alcohols, Ethers, and Epoxides

How To Name an Alcohol Using the [IUPAC System 304
Chapter 10 Alkenes

How To Name an Alkene 349
How To  Assign the Prefixes E and Z to an Alkene 351
Chapter 11 Alkynes

How To Develop a Retrosynthetic Analysis 405
Chapter 14 Mass Spectrometry and Infrared Spectroscopy

How To Use MS and IR for Structure Determination 498

Chapter 15 Nuclear Magnetic Resonance Spectroscopy
How To  Use a Molecular Formula and an Integrated '"H NMR Spectrum to Determine

the Number of Protons Giving Rise to an NMR Signal 517
How To Use 'H NMR Data to Determine a Structure 529

Chapter 16 Conjugation, Resonance, and Dienes

How To Draw the Product of a Diels—Alder Reaction 562
Chapter 17 Benzene and Aromatic Compounds

How To  Use the Inscribed Polygon Method to Determine the Relative Energies of MOs

for Cyclic, Completely Conjugated Compounds 598
Chapter 18 Electrophilic Aromatic Substitution
How To Determine the Directing Effects of a Particular Substituent 629
Chapter 21 Aldehydes and Ketones—Nucleophilic Addition
How To Determine the Starting Materials for a Wittig Reaction Using Retrosynthetic Analysis 753
Chapter 24 Carbonyl Condensation Reactions
How To  Synthesize a Compound Using the Aldol Reaction 868
How To  Synthesize a Compound Using the Robinson Annulation 885
Chapter 25 Amines
How To Name 2° and 3° Amines with Different Alkyl Groups 896
Chapter 27 Carbohydrates
How To Draw a Haworth Projection from an Acyclic Aldohexose 981
Chapter 28 Amino Acids and Proteins
How To  Use (R)-0i-Methylbenzylamine to Resolve a Racemic Mixture of Amino Acids 1021
How To Synthesize a Dipeptide from Two Amino Acids 1029

xvii
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List of Mechanisms

Mechanisms are the key to understanding the reactions of organic chemistry. For this reason, great care has
been given to present mechanisms in a detailed, step-by-step fashion. The list below indicates when each
mechanism in the text is presented for the first time.

Chapter 7 Alkyl Halides and Nucleophilic Substitution

7.1  The Sy2 Mechanism 236
7.2 The Syl Mechanism 244
Chapter 8 Alkyl Halides and Elimination Reactions
8.1  The E2 Mechanism 277
8.2  The E1 Mechanism 283
Chapter 9 Alcohols, Ethers, and Epoxides
9.1  Dehydration of 2° and 3° ROH—An E1 Mechanism 316
9.2  Dehydration of a 1° ROH—An E2 Mechanism 317
9.3 A 1,2-Methyl Shift—Carbocation Rearrangement During Dehydration 319
9.4  Dehydration Using POCl; + Pyridine—An E2 Mechanism 321
9.5 Reaction of a 1° ROH with HX—An S\2 Mechanism 323
9.6 Reaction of 2° and 3° ROH with HX—An Sy1 Mechanism 323
9.7  Reaction of ROH with SOCl, + Pyridine—An Sy2 Mechanism 325
9.8 Reaction of ROH with PBr;—An Sy2 Mechanism 326
9.9  Mechanism of Ether Cleavage in Strong Acid—

(CH;)\COCH; + HI — (CH\)'\C] -+ CH}[ + Hzo 331
Chapter 10 Alkenes
10.1  Electrophilic Addition of HX to an Alkene 360
10.2  Electrophilic Addition of H,O to an Alkene—Hydration 366
10.3 Addition of X, to an Alkene—Halogenation 367
10.4 The Mechanism of Halohydrin Formation 370
10.5 The Mechanism of Hydroboration 374
Chapter 11  Alkynes
11.1  Electrophilic Addition of HX to an Alkyne 394
11.2  Addition of X, to an Alkyne—Halogenation 396
11.3 Tautomerization in Acid 398
11.4 Hydration of an Alkyne 398
Chapter 12 Oxidation and Reduction
12.1 Addition of H, to an Alkene—Hydrogenation 416
12.2 Dissolving Metal Reduction of an Alkyne to a Trans Alkene 422
12.3 Reduction of RX with LiAIH, 423
12.4 Epoxidation of an Alkene with a Peroxyacid 425
12.5 Oxidation of an Alcohol with CrO; 434
12.6 Oxidation of a 1° Alcohol to a Carboxylic Acid 435
Chapter 13 Radical Reactions
13.1 Radical Halogenation of Alkanes 452
13.2 A Radical Chain Mechanism Leading to Ozone Destruction 460
13.3 Allylic Bromination with NBS 463
13.4 Radical Addition of HBr to an Alkene 468
13.5 Radical Polymerization of CH,=CHZ 472

Chapter 16 Conjugation, Resonance, and Dienes
16.1 Electrophilic Addition of HBr to a 1,3-Diene—1.2- and 1,4-Addition 557

xviii
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Chapter 18 Electrophilic Aromatic Substitution

18.1 General Mechanism—Electrophilic Aromatic Substitution 610
/8.2 Bromination of Benzene 612
18.3 Friedel-Crafts Alkylation Using a 3° Carbocation 616
18.4 Friedel-Crafts Alkylation Involving Carbocation Rearrangement 618
18.5 Benzylic Bromination 637

Chapter 20 Introduction to Carbonyl Chemistry; Organometallic Reagents;
Oxidation and Reduction

20.1 LiAlH, Reduction of RCHO and R,C=0 691
20.2 Reduction of RCOCI and RCOOR' with a Metal Hydride Reagent 697
20.3 Reduction of an Amide to an Amine with LiAlH, 699
20.4 Nucleophilic Addition of R"MgX to RCHO and R,C=0 704
20.5 Reaction of R"MgX or R"Li with RCOCI and RCOOR' 712
20.6 Carboxylation—Reaction of RMgX with CO, 715
20.7 1,2-Addition to an o.B-Unsaturated Carbonyl Compound 717
20.8 1,4-Addition to an o,B-Unsaturated Carbonyl Compound 717
Chapter 21 Aldehydes and Ketones—Nucleophilic Addition

21.1 General Mechanism—Nucleophilic Addition 744
21.2  General Mechanism—Acid-Catalyzed Nucleophilic Addition 744
21.3 Nucleophilic Addition of "CN—Cyanohydrin Formation 748
21.4 The Wittig Reaction 752
21.5 TImine Formation from an Aldehyde or Ketone 755
21.6 Enamine Formation from an Aldehyde or Ketone 758
21.7 Base-Catalyzed Addition of H,O to a Carbonyl Group 761
21.8 Acid-Catalyzed Addition of H,O to a Carbonyl Group 761
21.9 Acetal Formation—Part [1] Formation of a Hemiacetal 763
21.10 Acetal Formation—Part [2] Formation of the Acetal 764
21.11 Acid-Catalyzed Cyclic Hemiacetal Formation 767
21.12 A Cyclic Acetal from a Cyclic Hemiacetal 768
Chapter 22 Carboxylic Acids and Their Derivatives—Nucleophilic Acyl Substitution

22,1 General Mechanism—Nucleophilic Acyl Substitution 793
22.2 Conversion of Acid Chlorides to Anhydrides 197
22.3 Conversion of Acid Chlorides to Carboxylic Acids 797
22.4 Conversion of an Anhydride to an Amide 798
22.5 Conversion of Carboxylic Acids to Acid Chlorides 800
22.6 Fischer Esterification—Acid-Catalyzed Conversion of Carboxylic Acids to Esters 801
22.7 Conversion of Carboxylic Acids to Amides with DCC 803
22.8 Acid-Catalyzed Hydrolysis of an Ester to a Carboxylic Acid 804
22.9 Base-Promoted Hydrolysis of an Ester to a Carboxylic Acid 805
22,10 Amide Hydrolysis in Base 809
22.]11 Hydrolysis of a Nitrile in Base 818
22.12 Reduction of a Nitrile with LiAIH, 819
22.13 Reduction of a Nitrile with DIBAL-H 819
22.]4 Addition of Grignard and Organolithium Reagents (R—M) to Nitriles 820
Chapter 23 Substitution Reactions of Carbonyl Compounds at the oo Carbon

23.] Tautomerization in Acid 835
23.2 Tautomerization in Base 835
23.3 Acid-Catalyzed Halogenation at the oo Carbon 845
23.4 Halogenation at the o Carbon in Base 846
23.5 The Haloform Reaction 847
Chapter 24 Carbonyl Condensation Reactions

24.1 The Aldol Reaction 866
24.2  Dehydration of B-Hydroxy Carbonyl Compounds 868
24.3 The Intramolecular Aldol Reaction 874
24.4 The Claisen Reaction 876
24.5 The Dieckmann Reaction 880
24.6 The Michael Reaction 881

24.7 The Robinson Annulation—Part [1] Michael Addition to Form a
1.5-Dicarbonyl Compound 883
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24.8 The Robinson Annulation—Part [2] Intramolecular Aldol Reaction

to Form a 2-Cyclohexenone 883
Chapter 25 Amines
25.1 The E2 Mechanism for the Hofmann Elimination 920
25.2 Formation of a Diazonium Salt from a 1° Amine 923
25.3 Formation of an N-Nitrosamine from a 2° Amine 924
25.4  Azo Coupling 928
Chapter 26 Lipids
26.1 Biological Formation of Geranyl Pyrophosphate 958
26.2 Biological Formation of Farnesyl Pyrophosphate 958
Chapter 27 Carbohydrates
27.1 Glycoside Formation 985
27.2  Glycoside Hydrolysis 986

Chapter 28 Amino Acids and Proteins
28.1 Formation of an o-Amino Nitrile 1018




and logic of organic chemistry by giving them a book that they would use. Five years

and three drafts later, I present to you Organic Chemistry, a text based on lecture notes
and handouts that have been developed in my own organic chemistry courses over the years. I
have followed two guiding principles: use relevant and interesting applications to illustrate chem-
ical phenomena, and present the material in a student-friendly fashion using bulleted lists, solved
problems, and extensive illustrations and summaries. Organic Chemistry is my attempt to sim-
plify and clarify a course that intimidates many students—to make organic chemistry interesting,
relevant, and accessible to all students, both chemistry majors and those interested in pursuing

careers in biology, medicine, and other disciplines, without sacrificing the rigor they need to be
successful in the future.

When I began this project, my goal was to write a text that showed students the beauty

The Basic Features

@ Style This text is different—by design. Today’s students rely more heavily on visual
imagery to learn than ever before. I have therefore written a text that uses less prose and
more diagrams, equations, tables, and bulleted summaries to introduce and reinforce the
major concepts and themes of organic chemistry.

€ Content Organic Chemistry accents basic themes in an effort to keep memorization at a min-
imum. Relevant materials from everyday life are used to illustrate concepts, and this material
is integrated throughout the chapter rather than confined to a boxed reading. Each topic is
broken down into small chunks of information that are more manageable and easily learned.
Sample Problems are used as a tool to illustrate stepwise problem solving. Exceptions to the
rule and older, less useful reactions are omitted to focus attention on the basic themes.

# Organization Organic Chemistry uses functional groups as the framework within which
chemical reactions are discussed. Thus, the emphasis is placed on the reactions that different
functional groups undergo, not on the reactions that prepare them. Moreover, similar reac-
tions are grouped together so that parallels can be emphasized. These include acid-base
reactions (Chapter 2), oxidation and reduction (Chapters 12 and 20), radical reactions
(Chapter 13), and reactions of organometallic reagents (Chapter 20).

By introducing one new concept at a time, keeping the basic themes in focus, and breaking com-
plex problems down into small pieces, I have found that many students find organic chemistry an
intense but learnable subject. Many, in fact, end the yearlong course surprised that they have actu-
ally enjoyed their organic chemistry experience.

IMlustrations

The illustration program is a key component of the visual emphasis in Organic Chemistry.
Besides traditional skeletal (line) structures and condensed formulas, there are numerous ball-
and-stick molecular models and electrostatic potential maps to help students grasp the three-
dimensional structure of molecules (including stereochemistry) and to better understand the
distribution of electronic charge. Unique to Organic Chemistry are the micro-to-macro illustra-
tions. These pieces combine line art and photos to place molecules in a broader context. Examples
include starch and cellulose (Chapter 5), adrenaline (Chapter 7), and dopamine (Chapter 25).

xxiii
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Organization and Presentation

For the most part, the overall order of topics in the text is consistent with the way most instructors
currently teach organic chemistry. There are, however, some important differences in the way top-

ics are presented to make the material logical and more accessible. This can especially be seen in
the following areas.

2

Review material—Chapter 1 presents a healthy dose of review material covering Lewis
structures, molecular geometry and hybridization, bond polarity, and types of bonding.
While many of these topics are covered in general chemistry courses, they are presented
here from an organic chemist’s perspective. I have found that giving students a firm grasp of
these fundamental concepts helps tremendously in their understanding of later material.

Acids and bases—Chapter 2 on acids and bases serves two purposes. It gives students
experience with curved arrow notation using some familiar proton transfer reactions. It also
illustrates how some fundamental concepts in organic structure affect a reaction, in this case
an acid-base reaction. Since many mechanisms involve one or more acid-base reactions, 1

emphasize proton transfer reactions early and come back to this topic often throughout the
text.

Functional groups—Chapter 3 uses the functional groups to introduce important properties
of organic chemistry. Relevant examples—PCBs, vitamins, soap, and the cell membrane—
illustrate basic solubility concepts. In this way, practical topics that are sometimes found in
the last few chapters of an organic chemistry text (and thus often omitted because instructors

run out of time) are introduced early so that students can better grasp why they are studying
the discipline.

Stereochemistry—Stereochemistry (the three-dimensional structure of molecules) is intro-
duced early (Chapter 5) and reinforced often, so students have every opportunity to learn
and understand a crucial concept in modern chemical research, drug design, and synthesis.

Modern reactions—While there is no shortage of new chemical reactions to present in an
organic chemistry text, I have chosen to concentrate on new methods that introduce a par-
ticular three-dimensional arrangement in a molecule, so-called asymmetric or enantioselec-
tive reactions. Examples include Sharpless epoxidation (Chapter 12), CBS reduction
(Chapter 20), and enantioselective synthesis of amino acids (Chapter 28).

Grouping reaetions—Since certain types of reactions have their own unique characteristics
and terminology that make them different from the basic organic reactions, I have grouped
these reactions together in individual chapters. These include acid-base reactions (Chapter
2), oxidation and reduction (Chapters 12 and 20), radical reactions (Chapter 13), and reac-
tions of organometallic reagents (Chapter 20). I have found that focusing on a group of reac-
tions that share a common theme helps students to better see their similarities.

Synthesis—Synthesis, one of the most difficult topics for a beginning organic student to
master, is introduced in small doses, beginning in Chapter 7 and augmented with a detailed
discussion of retrosynthetic analysis in Chapter 11. In later chapters, special attention is
given to the retrosynthetic analysis of compounds prepared by carbon—carbon bond forming
reactions (for example, Sections 20.11 and 21.10C).

Spectroscopy—Since spectroscopy is such a powerful tool for structure determination, four
methods are discussed over two chapters (Chapters 14 and 15).

Key concepts—End-of-chapter summaries succinctly summarize the main concepts and
themes of the chapter, making them ideal for review prior to working the end-of-chapter
problems or taking an exam.



hen I started working on this project in the fall of 1999, I had no sense of the magnitude
Wof the task nor any idea of just how many people I would rely upon to complete it.

Although mine is the only name that appears on the cover, this text is truly the result of
extensive contributions from a number of individuals.

I must first thank two chemist—friends, Spencer Knapp and John Murdzek, for the roles they have
played in seeing this project to its completion. I never imagined that Spencer Knapp, a former
classmate from Cornell and co-worker from Harvard, would one day serve as my “right-hand per-
son” for a number of aspects for this text. In addition to his excellent work in reviewing the man-
uscript and illustrations and overseeing the creation of the spectra, along with his colleagues
Patrick J. O’Connor and Richard A. Huhn, his steady encouragement and keen insight throughout
the writing process have been of enormous value.

John Murdzek helped develop every aspect of this project with uncanny attention to detail. He
took a wordy and rambling first draft and helped me polish it into a cleaner and well-organized
final manuscript. His thoughtful feedback has significantly improved the quality of this book. He
is a true professional and I have been most fortunate to have had his assistance from first to final
draft. I hope our collaboration continues for many future editions.

I have also benefited greatly from a team of advisors who have helped guide me through the many
intricate aspects of the text and also provided great moral support. They include:

Robert S. Coleman The Ohio State University
Malcolm D.E. Forbes University of North Carolina—Chapel Hill
Susan M. King University of California—Irvine
Spencer Knapp Rutgers University

C. Peter Lillya University of Massachusetts—Amherst
Robert E. Maleczka, Jr. Michigan State University
Keith T. Mead Mississippi State University

Richard Pagni University of Tennessee

Michael Rathke Michigan State University

Ieva L. Reich University of Wisconsin—Madison
John W. Taylor Rutgers University

Laren M. Tolbert Georgia Institute of Technology
Jane E. Wissinger University of Minnesota

Having served as an accuracy checker for professional publications in the past, I know how
important and challenging this can be for an organic chemistry text. I have had the good fortune to

be supported by a great group of instructors who have helped insure that this text is as “error-free”
as possible. They include:

Daniel A. Adsmond Ferris State University

Kay M. Brummond University of Pittsburgh

Donnie N. Byers Johnson County Community College
Todd S. Deal Georgia Southern University

Susan M. King University of California—Irvine
Kathleen V. Nolta University of Michigan—Ann Arbor
Catherine Woytowicz The George Washington University
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