Francis A. Carey
Robert M. Giuliano

..

\

()
/ :

1/]/
ol

\
\ |

\

AN
MR
/////
AN
L
\

BRI TR
RITRRR
R
AALATRRRR RN
—o/a'lllllll!f..
AW \

9
mis

- \f’f’

4

Or
Che

T

o

-,

fry

NINTH EDITION



Organic
Chemistry

)

Connect

Learn
Succeed

NINTH EDITION

Francis A. Carey

University of Virginia

Robert M. Giuliano

Villanova University



The McGraw-Hill Companies

Connect
Learn
; Succeed”

ORGANIC CHEMISTRY, NINTH EDITION

Published by McGraw-Hill, a business unit of The McGraw-Hill Companies, Inc., 1221 Avenue of the
Americas, New York, NY 10020. Copyright © 2014 by The McGraw-Hill Companies, Inc. All rights
reserved. Printed in the United States of America. Previous editions © 2011, 2008, and 2006. No part of this
publication may be reproduced or distributed in any form or by any means, or stored in a database or
retrieval system, without the prior written consent of The McGraw-Hill Companies, Inc., including, but not
limited to, in any network or other electronic storage or transmission, or broadcast for distance learning.

Some ancillaries, including electronic and print components, may not be available to customers outside the
United States.

This book is printed on acid-free paper.
1234567890DOW/DOW 109876543

ISBN 978_0_07_340274_1
MHID 0_07_340274_5

Senior Vice President, Products & Markets: Kurt L. Strand

Vice President, General Manager, Products & Markets: Marty Lange
Vice President, Content Production & Technology Services: Kimberly Meriwether David
Managing Director: Thomas Timp

Brand Manager: J. Derek Elgin, Ph.D.

Director of Development: Rose Koos

Senior Development Editor: Lora Neyens

Director of Digital Content: Andrea M. Pellerito, Ph.D.

Executive Marketing Manager: Tamara L. Hodge

Lead Project Manager: Sheila M. Frank

Senior Buyer: Sandy Ludovissy

Senior Designer: Laurie B. Janssen

Cover Design: Ron Bissell

Cover Image: Pasieka/Science Source/Photo Researchers

Content Licensing Specialist: John C. Leland

Media Project Manager: Laura L. Bies

Photo Research: David Tietz/Editorial Image, LLC

Compositor: Precision Graphics

Typeface: 10.5/12 Times LT Std

Printer: R. R. Donnelley

All credits appearing on page or at the end of the book are considered to be an extension of the copyright page.
Library of Congress Cataloging-in-Publication Data

Cataloging-in-Publication Data has been requested from the Library of Congress.

The Internet addresses listed in the text were accurate at the time of publication. The inclusion of a website does not

indicate an endorsement by the authors or McGraw-Hill, and McGraw-Hill does not guarantee the accuracy of the
information presented at these sites.

www.mhhe.com



Each of the nine editions of this text has benefited from the individual and
collective contributions of the staff at McGraw-Hill. They are the ones who

make it all possible. We appreciate their professionalism and thank them for

their continuing support.



iv

About the Authors

Prior to retiring in 2000, Frank Carey’s career teaching chemistry was spent entirely at
the University of Virginia.

In addition to this text, he is coauthor (with Robert C. Atkins) of Organic Chemistry:
A Brief Course and (with Richard J. Sundberg) of Advanced Organic Chemistry, a two-
volume treatment designed for graduate students and advanced undergraduates.

Frank and his wife Jill, who is a teacher/director of a preschool and a church organist,
are the parents of Andy, Bob, and Bill and the grandparents of Riyad, Ava, Juliana, Miles,
and Wynne.

Robert M. Giuliano was born in Altoona, Pennsylvania and attended Penn State (B.S. in
chemistry) and the University of Virginia (Ph.D., under the direction of Francis Carey). Fol-
lowing postdoctoral studies with Bert Fraser-Reid at the University of Maryland, he joined
the chemistry department faculty of Villanova University in 1982, where he is currently
Professor. His research interests are in synthetic organic and carbohydrate chemistry, and
in functionalized carbon nanomaterials.

Bob and his wife Margot, an elementary and preschool teacher he met while attending
UVa, are the parents of Michael, Ellen, and Christopher and grandparents of Carina and

Aurelia.



Brief Contents

List of Important Features xvi
Preface xx
Acknowledgements xxvi

1 Structure Determines Properties 2
2 Alkanes and Cycloalkanes: Introduction to Hydrocarbons 52
3 Alkanes and Cycloalkanes: Conformations and cis-trans Stereoisomers 96
4 Alcohols and Alkyl Halides: Introduction to Reaction Mechanisms 132
5 Structure and Preparation of Alkenes: Elimination Reactions 176
6 Addition Reactions of Alkenes 216
7 Chirality 262
8 Nucleophilic Substitution 306
9 Alkynes 342
10 Conjugation in Alkadienes and Allylic Systems 370
11  Arenes and Aromaticity 406
12 Electrophilic and Nucleophilic Aromatic Substitution 456
13 Spectroscopy 510
14 Organometallic Compounds 578
15 Alcohols, Diols, and Thiols 614
16 Ethers, Epoxides, and Sulfides 650
17 Aldehydes and Ketones: Nucleophilic Addition to the Carbonyl Group 686
18 Carboxylic Acids 736
19 Carboxylic Acid Derivatives: Nucleophilic Acyl Substitution 770
20 EnolsandEnolates 820
21 Amines 858
22 Phenols 914
23 Carbohydrates 946
24 Lipids 992
25 Amino Acids, Peptides, and Proteins 1030
26 Nucleosides, Nucleotides, and Nucleic Acids 1084
27 Synthetic Polymers 1122
Glossary G-1
Credits C-1

Index I-1



This page intentionally left blank



Contents

List of Important Features xvi
Preface xx
Acknowledgements  xxvi

CHAPTER 1

Structure Determines Properties 2

1.1 Atoms, Electrons, and Orbitals 2
Organic Chemistry: The Early Days 3
1.2 lonicBonds 6
1.3  Covalent Bonds, Lewis Formulas, and the Octet Rule 8
1.4 Double Bonds and Triple Bonds 9
1.5  Polar Covalent Bonds, Electronegativity,
and Bond Dipoles 10
Electrostatic Potential Maps 13
1.6 Formal Charge 13
1.7  Structural Formulas of Organic Molecules 15
1.8 Resonance 19
1.9  Sulfur and Phosphorus-Containing Organic
Compounds and the Octet Rule 23
1.10 The Shapes of Some Simple Molecules 24
Molecular Models And Modeling 25
111 Molecular Dipole Moments 27
1.12 Curved Arrows and Chemical Reactions 28
1.13  Acids and Bases: The Brgnsted-Lowry View 30
1.14 How Structure Affects Acid Strength 35
1.15 Acid-Base Equilibria 39
1.16 Lewis Acids and Lewis Bases 41
117 Summary 43
Problems 46
Descriptive Passage and Interpretive Problems 1:
Amide Lewis Structural Formulas 51

CHAPTER 2

Alkanes and Cycloalkanes: Introduction
to Hydrocarbons 52

2.1 Classes of Hydrocarbons 53
2.2 Electron Waves and Chemical Bonds 53
2.3  Bondingin H,: The Valence Bond Model 55
2.4 Bondingin H,: The Molecular Orbital Model 56
2.5 Introduction to Alkanes: Methane, Ethane,

and Propane 57

2.6  sp®Hybridization and Bonding in Methane 58
Methane and the Biosphere 59
2.7 Bondingin Ethane 61
2.8 sp?Hybridization and Bonding in Ethylene 61
2.9 spHybridization and Bonding in Acetylene 63
2,10 Which Theory of Chemical Bonding Is Best? 64
2,11  Isomeric Alkanes: The Butanes 65
2,12 Higher n-Alkanes 66
213 The C;H;, Isomers 66
2.14 IUPAC Nomenclature of Unbranched Alkanes 68
2.15 Applying the IUPAC Rules: The Names
of the C¢H,, Isomers 69
What's in a Name? Organic Nomenclature 70
2.16 Alkyl Groups 72
2.17 IUPAC Names of Highly Branched Alkanes 73
2.18 Cycloalkane Nomenclature 75
2.19 Sources of Alkanes and Cycloalkanes 76
2.20 Physical Properties of Alkanes and Cycloalkanes 77
2.21 Chemical Properties: Combustion of Alkanes 80
Thermochemistry 83
2.22 Oxidation—-Reduction in Organic Chemistry 83
2.23 Summary 86
Problems 90

Descriptive Passage and Interpretive Problems 2:
Some Biochemical Reactions of Alkanes 94

CHAPTER 3

Alkanes and Cycloalkanes: Conformations
and cis-trans Stereoisomers 96

3.1 Conformational Analysis of Ethane 97
3.2 Conformational Analysis of Butane 101
3.3  Conformations of Higher Alkanes 102
Computational Chemistry: Molecular Mechanics
and Quantum Mechanics 103
3.4 The Shapes of Cycloalkanes: Planar or Nonplanar? 104
3.5 Small Rings: Cyclopropane and Cyclobutane 105
3.6 Cyclopentane 106
3.7 Conformations of Cyclohexane 107
3.8 Axial and Equatorial Bonds in Cyclohexane 108
3.9 Conformational Inversion in Cyclohexane 109
3.10 Conformational Analysis of Monosubstituted
Cyclohexanes 110
Enthalpy, Free Energy, and Equilibrium Constant 113
3.11 Disubstituted Cycloalkanes: cis-trans Stereoisomers 114
3.12 Conformational Analysis of Disubstituted

Cyclohexanes 115
vii



viii Contents

3.13 Medium and Large Rings 119

3.14 Polycyclic Ring Systems 119

3.15 Heterocyclic Compounds 122

3.16 Summary 123
Problems 126
Descriptive Passage and Interpretive Problems 3:
Cyclic Forms of Carbohydrates 131

CHAPTER I

Alcohols and Alkyl Halides:
Introduction to Reaction Mechanisms 132

41 Functional Groups 133
4.2  |UPAC Nomenclature of Alkyl Halides 134
4.3  |UPAC Nomenclature of Alcohols 135
4.4  Classes of Alcohols and Alkyl Halides 136
4.5 Bonding in Alcohols and Alkyl Halides 136
4.6  Physical Properties of Alcohols and Alkyl Halides:
Intermolecular Forces 137
4.7  Preparation of Alkyl Halides from Alcohols
and Hydrogen Halides 141
4.8 Reaction of Alcohols with Hydrogen Halides:
The Sy1 Mechanism 142
Mechanism 4.1 Formation of tert-Butyl Chloride from
tert-Butyl Alcohol and Hydrogen Chloride 143
4.9  Structure, Bonding, and Stability of Carbocations 149
410 Effect of Alcohol Structure on Reaction Rate 152
411 Reaction of Methyl and Primary Alcohols with Hydrogen
Halides: The Sy2 Mechanism 153
Mechanism 4.2 Formation of 1-Bromoheptane from
1-Heptanol and Hydrogen Bromide 154
4.12 Other Methods for Converting Alcohols
to Alkyl Halides 155
4.13 Halogenation of Alkanes 156
4.14 Chlorination of Methane 156
4.15 Structure and Stability of Free Radicals 157
From Bond Enthalpies to Heats of Reaction 161
416 Mechanism of Methane Chlorination 161
Mechanism 4.3 Free-Radical Chlorination
of Methane 162
4.17 Halogenation of Higher Alkanes 163
4.18 Summary 167
Problems 170
Descriptive Passage and Interpretive Problems 4:
More About Potential Energy Diagrams 174

CHAPTER 5

Structure and Preparation of Alkenes:

Elimination Reactions 176
5.1 Alkene Nomenclature 176

5.2  Structure and Bonding in Alkenes 178
Ethylene 179

5.3
5.4

55
5.6
5.7
5.8
5.9
5.10

5.1

5.12

5.13

5.14
5.15

5.16

5.17
5.18

5.19

Isomerism in Alkenes 180

Naming Stereoisomeric Alkenes

by the £~ZNotational System 181

Physical Properties of Alkenes 183

Relative Stabilities of Alkenes 184

Cycloalkenes 187

Preparation of Alkenes: Elimination Reactions 188
Dehydration of Alcohols 189

Regioselectivity in Alcohol Dehydration:

The Zaitsev Rule 190

Stereoselectivity in Alcohol Dehydration 191

The E1 and E2 Mechanisms of Alcohol Dehydration 191
Mechanism 5.1 The E1 Mechanism for Acid-Catalyzed
Dehydration of tert-Butyl Alcohol 192
Rearrangements in Alcohol Dehydration 193
Mechanism 5.2 Carbocation Rearrangement in
Dehydration of 3,3-Dimethyl-2-butanol 194
Mechanism 5.3 Hydride Shift in Dehydration

of 1-Butanol 196

Dehydrohalogenation of Alkyl Halides 197

The E2 Mechanism of Dehydrohalogenation

of Alkyl Halides 199

Mechanism 5.4 E2 Elimination of
1-Chlorooctadecane 200

Anti Elimination in E2 Reactions: Stereoelectronic
Effects 202

Isotope Effects and the E2 Mechanism 204

The E1 Mechanism of Dehydrohalogenation

of Alkyl Halides 205

Mechanism 5.5 The E1 Mechanism for
Dehydrohalogenation of 2-Bromo-2-methylbutane 205
Summary 207

Problems 210

Descriptive Passage and Interpretive Problems 5:
A Mechanistic Preview of Addition Reactions 215

CHAPTER 6

Addition Reactions of Alkenes 216

6.1
6.2

6.3
6.4

6.5

6.6

6.7

Hydrogenation of Alkenes 216

Stereochemistry of Alkene Hydrogenation 217
Mechanism 6.1 Hydrogenation of Alkenes 218
Heats of Hydrogenation 219

Electrophilic Addition of Hydrogen

Halides to Alkenes 221

Mechanism 6.2 Electrophilic Addition of Hydrogen
Bromide to 2-Methylpropene 223

Rules, Laws, Theories, and the Scientific Method 225
Carbocation Rearrangements in Hydrogen Halide
Addition to Alkenes 225

Acid-Catalyzed Hydration of Alkenes 226
Mechanism 6.3 Acid-Catalyzed Hydration

of 2-Methylpropene 227

Thermodynamics of Addition-Elimination

Equilibria 228



6.8
6.9

6.10

6.11

6.12
6.13

6.14

6.15

6.16

Hydroboration-Oxidation of Alkenes 231
Mechanism of Hydroboration-Oxidation 233
Mechanism 6.4 Hydroboration of
1-Methylcyclopentene 233

Mechanism 6.5 Oxidation of an Organoborane 235
Addition of Halogens to Alkenes 234

Mechanism 6.6 Bromine Addition to
Cyclopentene 237

Epoxidation of Alkenes 239

Mechanism 6.7 Epoxidation of Bicyclo[2.2.1]-2-
heptene 240

Ozonolysis of Alkenes 241

Free-Radical Addition of Hydrogen Bromide to
Alkenes 242

Mechanism 6.8 Free-Radical Addition of Hydrogen
Bromide to 1-Butene 243

Free-Radical Polymerization of Alkenes 245
Mechanism 6.9 Free-Radical Polymerization of
Ethylene 245

Introduction to Organic Chemical Synthesis:
Retrosynthetic Analysis 246

Ethylene and Propene: The Most Important Industrial
Organic Chemicals 248

Summary 249

Problems 252

Descriptive Passage and Interpretive Problems 6:
Oxymercuration 258

CHAPTER ;

Chirality 262

7.1

7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9

7.10
711
712

713
714
715
7.16
717
718

Molecular Chirality: Enantiomers 263

The Chirality Center 265

Symmetry in Achiral Structures 266

Optical Activity 268

Absolute and Relative Configuration 269

The Cahn-Ingold-Prelog R-S Notational System 271
Fischer Projections 273

Properties of Enantiomers 275

The Chirality Axis 276

Chiral Drugs 277

Reactions That Create a Chirality Center 279
Chiral Molecules with Two Chirality Centers 282
Achiral Molecules with Two Chirality Centers 284
Chirality of Disubstituted Cyclohexanes 286
Molecules with Multiple Chirality Centers 287
Reactions That Produce Diastereomers 288
Resolution of Enantiomers 290

Stereoregular Polymers 293

Chirality Centers Other Than Carbon 294
Summary 295

Problems 298

Descriptive Passage and Interpretive Problems 7:
Prochirality 304

Contents ix

CHAPTER 8

Nucleophilic Substitution 306

8.1
8.2
8.3

8.4
8.5

8.6

8.7

8.8

8.9

8.10

8.11
8.12

8.13

Functional Group Transformation

by Nucleophilic Substitution 307

Relative Reactivity of Halide Leaving Groups 309
The Sy2 Mechanism of Nucleophilic Substitution 310
Mechanism 8.1 The Sy2 Mechanism of Nucleophilic
Substitution 311

Steric Effects and S\2 Reaction Rates 313
Nucleophiles and Nucleophilicity 315
Enzyme-Catalyzed Nucleophilic Substitutions

of Alkyl Halides 317

The Sy1 Mechanism of Nucleophilic Substitution 317
Mechanism 8.2 The Sy1 Mechanism of Nucleophilic
Substitution 318

Stereochemistry of Sy1 Reactions 320

Carbocation Rearrangements in Sy1 Reactions 321
Mechanism 8.3 Carbocation Rearrangement in the Sy1
Hydrolysis of 2-Bromo-3-methylbutane 322

Effect of Solvent on the Rate of Nucleophilic
Substitution 322

Substitution and Elimination as Competing

Reactions 326

Nucleophilic Substitution of Alkyl Sulfonates 329
Nucleophilic Substitution and Retrosynthetic

Analysis 332

Summary 333

Problems 335

Descriptive Passage and Interpretive Problems 8:
Nucleophilic Substitution 340

CHAPTER 9

Alkynes 342

9.1 Sources of Alkynes 342

9.2 Nomenclature 344

9.3  Physical Properties of Alkynes 344

9.4  Structure and Bonding in Alkynes: sp Hybridization 344

9.5 Acidity of Acetylene and Terminal Alkynes 347

9.6 Preparation of Alkynes by Alkylation
of Acetylene and Terminal Alkynes 348

9.7 Preparation of Alkynes by Elimination Reactions 350

9.8  Reactions of Alkynes 352

9.9 Hydrogenation of Alkynes 352

9.10 Metal-Ammonia Reduction of Alkynes 354

9.11  Addition of Hydrogen Halides to Alkynes 354
Mechanism 9.1 Sodium-Ammonia Reduction of an
Alkyne 355

9.12 Hydration of Alkynes 357

Mechanism 9.2 Conversion of an Enol to a Ketone 357



9.13

9.14
9.15
9.16

Contents

Addition of Halogens to Alkynes 358
Some Things That Can Be Made from
Acetylene...But Aren't 359
Ozonolysis of Alkynes 359

Alkynes in Synthesis and Retrosynthesis
Summary 361

Problems 363

Descriptive Passage and Interpretive Problems 9:
Thinking Mechanistically About Alkynes 368

360

CHAPTER 10

Conjugation in Alkadienes and Allylic

Systems

10.1
10.2

10.3

10.4
10.5
10.6
10.7
10.8
10.9

10.10

10.11
10.12
10.13
10.14

10.15

370

The Allyl Group 371

Sn1 and Sy2 Reactions of Allylic Halides 374
Mechanism 10.1 Sy1 Hydrolysis of an Allylic Halide
Allylic Free-Radical Halogenation 377
Mechanism 10.2 Allylic Chlorination of Propene 379
Allylic Anions 380

Classes of Dienes: Conjugated and Otherwise 381
Relative Stabilities of Dienes 382

Bonding in Conjugated Dienes 383

Bonding in Allenes 385

Preparation of Dienes 386

Diene Polymers 387

Addition of Hydrogen Halides to Conjugated

Dienes 388

Mechanism 10.3 Addition of Hydrogen Chloride

to 1,3-Cyclopentadiene 388

Halogen Addition to Dienes 390

The Diels-Alder Reaction 391

Retrosynthetic Analysis and

the Diels-Alder Reaction 394

Molecular Orbital Analysis of the Diels-Alder

Reaction 395

Summary 396

Problems 398

Descriptive Passage and Interpretive Problems 10:
Intramolecular and Retro Diels-Alder Reactions 402

375

CHAPTER 11

Arenes and Aromaticity 406

1na
11.2
11.3
1.4
1.5

11.6

1.7

Benzene 407

The Structure of Benzene 407

The Stability of Benzene 409

Bonding in Benzene 410

Substituted Derivatives of Benzene

and Their Nomenclature 412

Polycyclic Aromatic Hydrocarbons 414
Fullerenes, Nanotubes, and Graphene 416
Physical Properties of Arenes 416

11.8

11.9

11.10
1.1
11.12
11.13
11.14

11.15

11.16
1.7
11.18
11.19
11.20
11.21
11.22

11.23

The Benzyl Group 418

Nucleophilic Substitution in Benzylic Halides
Benzylic Free-Radical Halogenation 422
Benzylic Anions 423
Oxidation of Alkylbenzenes
Alkenylbenzenes 426
Polymerization of Styrene 428

Mechanism 11.1 Free-Radical Polymerization of
Styrene 428

The Birch Reduction 429

Mechanism 11.2 The Birch Reduction 429
Benzylic Side Chains and Retrosynthetic Analysis
Cyclobutadiene and Cyclooctatetraene 431
Huckel’s Rule 433

Annulenes 435

Aromatic lons 437

Heterocyclic Aromatic Compounds 440
Heterocyclic Aromatic Compounds

and Huickel’'s Rule 442

Summary 444

Problems 448

Descriptive Passage and Interpretive Problems 11:
The Hammett Equation 453

420

424

431

CHAPTER 12

Electrophilic and Nucleophilic Aromatic
Substitution 456

12.1

12.2

12.3

12.4

12.5

12.6

12.7

12.8
12.9

12.10

121

12.12

12.13

12.14

Representative Electrophilic Aromatic Substitution
Reactions of Benzene 457

Mechanistic Principles of Electrophilic

Aromatic Substitution 458

Nitration of Benzene 459

Mechanism 12.1 Nitration of Benzene 460

Sulfonation of Benzene 461

Mechanism 12.2 Sulfonation of Benzene 461
Halogenation of Benzene 462

Mechanism 12.3 Bromination of Benzene 463
Biosynthetic Halogenation 464

Friedel-Crafts Alkylation of Benzene 465

Mechanism 12.4 Friedel-Crafts Alkylation 465
Friedel-Crafts Acylation of Benzene 467

Mechanism 12.5 Friedel-Crafts Acylation 468
Synthesis of Alkylbenzenes by Acylation-Reduction 469
Rate and Regioselectivity in Electrophilic

Aromatic Substitution 470

Rate and Regioselectivity in the Nitration

of Toluene 472

Rate and Regioselectivity in the Nitration

of (Trifluoromethyl)benzene 474

Substituent Effects in Electrophilic Aromatic Substitution:
Activating Substituents 476

Substituent Effects in Electrophilic Aromatic Substitution:
Strongly Deactivating Substituents 480

Substituent Effects in Electrophilic Aromatic Substitution:
Halogens 482



12.15
12.16

12.17
12.18
12.19
12.20

12.21
12.22

Multiple Substituent Effects 484

Retrosynthetic Analysis and the Synthesis

of Substituted Benzenes 486

Substitution in Naphthalene 488

Substitution in Heterocyclic Aromatic Compounds
Nucleophilic Aromatic Substitution 490

The Addition-Elimination Mechanism of Nucleophilic
Aromatic Substitution 492

Mechanism 12.6 Nucleophilic Aromatic Substitution
in p-Fluoronitrobenzene by the Addition-Elimination
Mechanism 493

Related Nucleophilic Aromatic Substitutions 494
Summary 496

Problems 500

Descriptive Passage and Interpretive Problems 12:
Benzyne 507

CHAPTER 13

489

Spectroscopy 510

131

13.2

13.3
134
13.5

13.6
13.7
13.8
13.9
13.10
13.11
13.12

13.13
13.14
13.15
13.16
13.17
13.18
13.19
13.20

13.21
13.22
13.23
13.24
13.25
13.26

Principles of Molecular Spectroscopy:
Electromagnetic Radiation 511

Principles of Molecular Spectroscopy:

Quantized Energy States 512

Introduction to '"H NMR Spectroscopy 512
Nuclear Shielding and 'H Chemical Shifts 514
Effects of Molecular Structure on 'H Chemical Shifts
Ring Currents: Aromatic and Antiaromatic 522
Interpreting '"H NMR Spectra 523

Spin-Spin Splitting and '"H NMR 525

Splitting Patterns: The Ethyl Group 528

Splitting Patterns: The Isopropyl Group 529
Splitting Patterns: Pairs of Doublets 530

Complex Splitting Patterns 531

'"H NMR Spectra of Alcohols 534
Magnetic Resonance Imaging (MRI)
NMR and Conformations 535
3C NMR Spectroscopy 536
3C Chemical Shifts 537

3C NMR and Peak Intensities
3C—"H Coupling 541

Using DEPT to Count Hydrogens
2D NMR: COSY and HETCOR 543
Introduction to Infrared Spectroscopy 545
Spectra by the Thousands 546
Infrared Spectra 547

Characteristic Absorption Frequencies
Ultraviolet-Visible Spectroscopy 553
Mass Spectrometry 555

Molecular Formula as a Clue to Structure 560
Summary 561

Problems 564

Descriptive Passage and Interpretive Problems 13:
More on Coupling Constants 575

535

539

541

549

517

Contents xi

CHAPTER 1 I

Organometallic Compounds 578

14.1
14.2
14.3
14.4
14.5

14.6
14.7

14.8

14.9

14.10

14.11
14.12

14.13

14.14

14.15

Organometallic Nomenclature 579

Carbon-Metal Bonds 579

Preparation of Organolithium and

Organomagnesium Compounds 581
Organolithium and Organomagnesium Compounds
as Brgnsted Bases 582

Synthesis of Alcohols Using Grignard and
Organolithium Reagents 583

Synthesis of Acetylenic Alcohols 586

Retrosynthetic Analysis and Grignard and
Organolithium Reagents 586

An Organozinc Reagent for Cyclopropane

Synthesis 587

Transition-Metal Organometallic Compounds 589
An Organometallic Compound That Occurs Naturally:
CoenzymeB;, 591

Organocopper Reagents 592
Palladium-Catalyzed Cross-Coupling Reactions
Homogeneous Catalytic Hydrogenation 597
Mechanism 14.1 Homogeneous Catalysis of Alkene
Hydrogenation 599

Olefin Metathesis 600

Mechanism 14.2 Olefin Cross-Metathesis 602
Ziegler-Natta Catalysis of Alkene Polymerization 603
Mechanism 14.3 Polymerization of Ethylene in the
Presence of Ziegler-Natta Catalyst 605

Summary 606

Problems 608

Descriptive Passage and Interpretive Problems 14:
Cyclobutadiene and (Cyclobutadiene)
tricarbonyliron 612

595

CHAPTER 15

Alcohols, Diols, and Thiols 614

15.1
15.2

15.3

15.4
15.5
15.6
15.7

15.8
15.9
15.10

Sources of Alcohols 615

Preparation of Alcohols by Reduction of Aldehydes
and Ketones 617

Preparation of Alcohols by Reduction

of Carboxylic Acids 620

Preparation of Alcohols from Epoxides 620
Preparation of Diols 621

Reactions of Alcohols: A Review and a Preview 623
Conversion of Alcohols to Ethers 624

Mechanism 15.1 Acid-Catalyzed Formation of Diethyl

Ether from Ethyl Alcohol 624
Esterification 625
Oxidation of Alcohols 627

Biological Oxidation of Alcohols 629
Sustainability and Organic Chemistry 630



xii

15.11
15.12
15.13
15.14

Contents

Oxidative Cleavage of Vicinal Diols 633

Thiols 634

Spectroscopic Analysis of Alcohols and Thiols 637
Summary 638

Problems 641

Descriptive Passage and Interpretive Problems 15:
The Pinacol Rearrangement 646

CHAPTER 16

Ethers, Epoxides, and Sulfides 650

16.1

16.2
16.3
16.4
16.5

16.6
16.7
16.8

16.9
16.10
16.11

16.12

16.13
16.14
16.15
16.16
16.17

16.18

Nomenclature of Ethers, Epoxides, and Sulfides 650
Structure and Bonding in Ethers and Epoxides 652
Physical Properties of Ethers 652

Crown Ethers 654

Preparation of Ethers 655

Polyether Antibiotics 656

The Williamson Ether Synthesis 657

Reactions of Ethers: A Review and a Preview 658
Acid-Catalyzed Cleavage of Ethers 659

Mechanism 16.1 Cleavage of Ethers by Hydrogen
Halides 660

Preparation of Epoxides 660
Conversion of Vicinal Halohydrins to Epoxides 661

Reactions of Epoxides with Anionic Nucleophiles 662
Mechanism 16.2 Nucleophilic Ring-Opening

of an Epoxide 664

Acid-Catalyzed Ring Opening of Epoxides 665
Mechanism 16.3 Acid-Catalyzed Ring Opening

of an Epoxide 666

Epoxides in Biological Processes 667

Preparation of Sulfides 667

Oxidation of Sulfides: Sulfoxides and Sulfones 668

Alkylation of Sulfides: Sulfonium Salts 669
Spectroscopic Analysis of Ethers, Epoxides,
and Sulfides 670

Summary 672

Problems 675

Descriptive Passage and Interpretive Problems 16:
Epoxide Rearrangements and the NIH Shift 682

CHAPTER 1;

Aldehydes and Ketones: Nucleophilic
Addition to the Carbonyl Group 686

171
17.2
17.3
17.4
17.5

17.6

Nomenclature 687

Structure and Bonding: The Carbonyl Group 689
Physical Properties 691

Sources of Aldehydes and Ketones 691
Reactions of Aldehydes and Ketones:

A Review and a Preview 695

Principles of Nucleophilic Addition: Hydration
of Aldehydes and Ketones 696

17.7

17.8

17.9
17.10

17.11

17.12
1713
1714
1715
17.16

Mechanism 17.1 Hydration of an Aldehyde or Ketone
in Basic Solution 699

Mechanism 17.2 Hydration of an Aldehyde or Ketone
in Acid Solution 700

Cyanohydrin Formation 700

Mechanism 17.3 Cyanohydrin Formation 701
Reaction with Alcohols: Acetals and Ketals 703
Mechanism 17.4 Acetal Formation from Benzaldehyde
and Ethanol 705

Acetals and Ketals as Protecting Groups 706
Reaction with Primary Amines: Imines 707
Mechanism 17.5 Imine Formation from Benzaldehyde
and Methylamine 709

Imines in Biological Chemistry 710

Reaction with Secondary Amines: Enamines 712
Mechanism 17.6 Enamine Formation 713

The Wittig Reaction 714

Stereoselective Addition to Carbonyl Groups 716
Oxidation of Aldehydes 718

Spectroscopic Analysis of Aldehydes and Ketones 718
Summary 721

Problems 724

Descriptive Passage and Interpretive Problems 17:
The Baeyer-Villiger Oxidation 732

CHAPTER 18

Carboxylic Acids 736

18.1 Carboxylic Acid Nomenclature 737

18.2 Structure and Bonding 739

18.3 Physical Properties 739

18.4 Acidity of Carboxylic Acids 740

18.5 Substituents and Acid Strength 742

18.6 lonization of Substituted Benzoic Acids 744

18.7 Salts of Carboxylic Acids 745

18.8 Dicarboxylic Acids 747

18.9 Carbonic Acid 748

18.10 Sources of Carboxylic Acids 749

18.11 Synthesis of Carboxylic Acids by the Carboxylation
of Grignard Reagents 751

18.12 Synthesis of Carboxylic Acids by the
Preparation and Hydrolysis of Nitriles 752

18.13 Reactions of Carboxylic Acids:

18.14

18.15

18.16

18.17
18.18

A Review and a Preview 753

Mechanism of Acid-Catalyzed Esterification 754
Mechanism 18.1 Acid-Catalyzed Esterification of
Benzoic Acid with Methanol 754

Intramolecular Ester Formation: Lactones 757
Decarboxylation of Malonic Acid

and Related Compounds 758

Spectroscopic Analysis of Carboxylic Acids 760
Summary 761

Problems 763

Descriptive Passage and Interpretive Problems 18:
Lactonization Methods 768



CHAPTER 19

Carboxylic Acid Derivatives: Nucleophilic
Acyl Substitution 770

19.1
19.2

19.3

19.4
19.5

19.6
19.7
19.8
19.9

19.10
19.11

19.12
19.13

19.14

19.15
19.16

19.17
19.18

19.19

Nomenclature of Carboxylic Acid Derivatives 771
Structure and Reactivity of Carboxylic

Acid Derivatives 772

Nucleophilic Acyl Substitution Mechanisms 775

776
778

Nucleophilic Acyl Substitution in Acyl Chlorides
Nucleophilic Acyl Substitution in Acid Anhydrides
Mechanism 19.1 Nucleophilic Acyl Substitution
in an Anhydride 780

Physical Properties and Sources of Esters
Reactions of Esters: A Preview 781
Acid-Catalyzed Ester Hydrolysis 783
Mechanism 19.2 Acid-Catalyzed Ester Hydrolysis
Ester Hydrolysis in Base: Saponification 786
Mechanism 19.3 Ester Hydrolysis in Basic Solution 789
Reaction of Esters with Ammonia and Amines 790
Reaction of Esters with Grignard and Organolithium
Reagents and Lithium Aluminum Hydride 791

Amides 792

Hydrolysis of Amides 796

Mechanism 19.4 Amide Hydrolysis in Acid Solution 797
Mechanism 19.5 Amide Hydrolysis in Basic Solution 799
Lactams 800
B-Lactam Antibiotics
Preparation of Nitriles 802

Hydrolysis of Nitriles 803

Mechanism 19.6 Nitrile Hydrolysis in Basic
Solution 804

Addition of Grignard Reagents to Nitriles
Spectroscopic Analysis of Carboxylic Acid
Derivatives 805

Summary 807

Problems 810

Descriptive Passage and Interpretive Problems 19:
Thioesters 816

780

784

800

805

CHAPTER 20

204

20.5

20.6

20.7

20.8

20.9

Contents xiii
Mixed and Directed Aldol Reactions 831

Chalcones as Aromatase Inhibitors: From the Mulberry
Tree to Cancer Chemotherapy 832

Acylation of Enolates: The Claisen and Related
Condensations 833

Mechanism 20.3 Claisen Condensation of Ethyl
Propanoate 834

Alkylation of Enolates: The Acetoacetic Ester and Malonic
Ester Syntheses 837

The Haloform Reaction 840

The Haloform Reaction and the Biosynthesis

of Trihalomethanes 841

Mechanism 20.4 The Haloform Reaction 842
Conjugation Effects in o,B-Unsaturated

Aldehydes and Ketones 843

Summary 847

Problems 849

Descriptive Passage and Interpretive Problems 20:
The Enolate Chemistry of Dianions 855

CHAPTER 21

Enols and Enolates

20.1

20.2
20.3

820

Enol Content and Enolization 821
Mechanism 20.1 Acid-Catalyzed Enolization
of 2-Methylpropanal 823

Enolates 824

The Aldol Condensation 828

Mechanism 20.2 Aldol Addition of Butanal 828

Amines 858

211  Amine Nomenclature 859
21.2 Structure and Bonding 860
21.3 Physical Properties 862
21.4 Basicity of Amines 863

21.5

21.6

21.7
21.8
21.9

21.10
21.11
21.12
21.13
21.14
21.15
21.16
21.17
21.18

21.19
21.20

Amines as Natural Products 868
Tetraalkylammonium Salts as Phase-Transfer

Catalysts 869

Reactions That Lead to Amines: A Review

and a Preview 870

Preparation of Amines by Alkylation of Ammonia 872
The Gabriel Synthesis of Primary Alkylamines 873
Preparation of Amines by Reduction 874

Mechanism 21.1 Lithium Aluminum Hydride Reduction
of an Amide 877

Reductive Amination 878

Reactions of Amines: A Review and a Preview 879
Reaction of Amines with Alkyl Halides 881

The Hofmann Elimination 881

Electrophilic Aromatic Substitution in Arylamines
Nitrosation of Alkylamines 885

Nitrosation of Arylamines 887

Synthetic Transformations of Aryl Diazonium Salts
Azo Coupling 891

From Dyes to Sulfa Drugs 892
Spectroscopic Analysis of Amines
Summary 896

Problems 902

Descriptive Passage and Interpretive Problems 21:
Synthetic Applications of Enamines 910

883

888

894



Xiv Contents

23.17 Application of Familiar Reactions
2 2 to Monosaccharides 973
CHAPTER 23.18 Oxidation of Monosaccharides 976
23.19 Glycosides: Synthesis of Oligosaccharides 978
Phenols 914 Mechanism 23.3 Silver-Assisted Glycosidation 980

23.20 Glycobiology 981

23.22 Summary 983
Problems 984
Descriptive Passage and Interpretive Problems 23:
Emil Fischer and the Structure of (+)-Glucose 989

22.1 Nomenclature 914

22.2 Structure and Bonding 916

22.3 Physical Properties 916

22.4 Acidity of Phenols 917

22.5 Substituent Effects on the Acidity of Phenols 918
22.6 Sources of Phenols 919

22.7 Naturally Occurring Phenols 920

22.8 Reactions of Phenols: Electrophilic CHAPTER

Aromatic Substitution 921

22.9 Acylation of Phenols 923

22.10 Carboxylation of Phenols: Aspirin LIpIdS 992

and the Kolbe-Schmitt Reaction 925 24.1 Acetyl Coenzyme A 993
22.11 Preparation of Aryl Ethers 926 24.2 Fats, Oils, and Fatty Acids 994
James Bond, Oxidative Stress, and Antioxidant 24.3 Fatty Acid Biosynthesis 997
Phenols 928 24.4 Phospholipids 999
22.12 Cleavage of Aryl Ethers by Hydrogen Halides 930 24,5 Waxes 1001
22.13 Claisen Rearrangement of Allyl Aryl Ethers 931 24.6 Prostaglandins 1002
22.14 Oxidation of Phenols: Quinones 932 Nonsteroidal Antiinflammatory Drugs (NSAIDs)
22.15 Spectroscopic Analysis of Phenols 933 and COX-2 Inhibitors 1004
22.16 Summary 935 24.7 Terpenes: The Isoprene Rule 1005
Problems 937 24.8 lIsopentenyl Diphosphate: The Biological
Descriptive Passage and Interpretive Problems 22: Isoprene Unit 1008
Directed Metalation of Aryl Ethers 943 24.9 Carbon-Carbon Bond Formation in Terpene
Biosynthesis 1008
24.10 The Pathway from Acetate to Isopentenyl
2 3 Diphosphate 1011
CHAPTER 24.11 Steroids: Cholesterol 1013
Mechanism 24.1 Biosynthesis of Cholesterol
Carbohydrates 946 from Squalene 1015

24.12 VitaminD 1016
Good Cholesterol? Bad Cholesterol? What's
the Difference? 1016
24.13 Bile Acids 1017
24.14 Corticosteroids 1017
24.15 SexHormones 1018
24.16 Carotenoids 1019
Crocuses Make Saffron from Carotenes 1020
2417 Summary 1021

23.1 Classification of Carbohydrates 947
23.2 Fischer Projections and p,L Notation 948
23.3 The Aldotetroses 949
23.4 Aldopentoses and Aldohexoses 950
23.5 A Mnemonic for Carbohydrate Configurations 952
23.6 Cyclic Forms of Carbohydrates: Furanose Forms 952
23.7 Cyclic Forms of Carbohydrates: Pyranose Forms 956
23.8 Mutarotation 958

Mechanism 23.1 Acid-Catalyzed Mutarotation

of p-Glucopyranose 959 Problt.em.s 1022 )
23.9 Carbohydrate Conformation: The Anomeric Effect 960 Descriptive Passage and Interpretive Problems 24:
23.10 Ketoses 962 Polyketides 1027
23.11 Deoxy Sugars 963
23.12 Amino Sugars 964
23.13 Branched-Chain Carbohydrates 965
CHAPTER

23.14 Glycosides: The Fischer Glycosidation 965

Mechanism 23.2 Preparation of Methyl

D-Glucopyranosides by Fischer Glycosidation 967 Amino ACIdS, Peptldes, and Proteins 1030
23.15 Disaccharides 969 25.1 Classification of Amino Acids 1031
23.16 Polysaccharides 971 25.2 Stereochemistry of Amino Acids 1035

How SweetItls! 972 25.3 Acid-Base Behavior of Amino Acids 1036

Electrophoresis 1039



254
255
25.6

25.7
25.8
259
25.10
25.11
25.12

25.13
25.14

25.15

25.16
25.17
25.18

25.19

25.20
25.21
25.22

Synthesis of Amino Acids 1040

Reactions of Amino Acids 1041

Some Biochemical Reactions of Amino Acids 1043
Mechanism 25.1 Pyridoxal 5'-Phosphate-Mediated
Decarboxylation of an a-Amino Acid 1044
Mechanism 25.2 Transamination: Biosynthesis of
L-Alanine from L-Glutamic Acid and Pyruvic Acid
Peptides 1049

Introduction to Peptide Structure Determination
Amino Acid Analysis 1052

Partial Hydrolysis and End Group Analysis
Insulin 1055

Edman Degradation and Automated
Sequencing of Peptides 1056
Mechanism 25.3 The Edman Degradation
Peptide Mapping and MALDI Mass
Spectrometry 1058

The Strategy of Peptide Synthesis 1059
Amino and Carboxyl Group Protection
and Deprotection 1060

Peptide Bond Formation 1061
Mechanism 25.4 Amide Bond Formation
Between a Carboxylic Acid and an Amine Using
N,N’-Dicyclohexylcarbodiimide 1063
Solid-Phase Peptide Synthesis: The Merrifield
Method 1064

Secondary Structures of Peptides and Proteins
Tertiary Structure of Polypeptides and Proteins
Mechanism 25.5 Carboxypeptidase-Catalyzed
Hydrolysis 1072

Coenzymes 1073

Oh NO! It's Inorganic! 1074

Protein Quaternary Structure: Hemoglobin
G-Coupled Protein Receptors 1075
Summary 1076

Problems 1078

Descriptive Passage and Interpretive Problems 25:
Amino Acids in Enantioselective Synthesis 1081

1047

1052

1053

1057

1066
1069

1074

CHAPTER 26

Nucleosides, Nucleotides,

26.1
26.2
26.3
26.4

and Nucleic Acids 1084
Pyrimidines and Purines 1085
Nucleosides 1088
Nucleotides 1090
Bioenergetics 1091
ATP and Bioenergetics 1092

26.5
26.6

26.7
26.8

26.9

Phosphodiesters, Oligonucleotides,

and Polynucleotides 1094

Nucleic Acids 1095

Secondary Structure of DNA: The Double Helix
1096

1098

1096
It Has Not Escaped Our Notice...
Tertiary Structure of DNA: Supercoils

26.10
26.11
26.12
26.13
26.14

Contents XV

1100
1102
1104

Replication of DNA
Ribonucleic Acids
Protein Biosynthesis
AIDS 1105

DNA Sequencing 1106

26.15 The Human Genome Project 1108

26.16 DNA Profiling and the Polymerase Chain Reaction 1108

26.17 Recombinant DNA Technology 1111

26.18 Summary 1112
Problems 1115
Descriptive Passage and Interpretive Problems 26:
Oligonucleotide Synthesis 1117

CHAPTER 27

Synthetic Polymers 1122

271 Some Background 1122

27.2 Polymer Nomenclature 1123

27.3 Classification of Polymers: Reaction Type 1124

27.4 Classification of Polymers: Chain Growth
and Step Growth 1126

27.5 Classification of Polymers: Structure 1127

27.6 Classification of Polymers: Properties 1130

27.7 Addition Polymers: A Review and a Preview 1130

27.8 Chain Branching in Free-Radical Polymerization 1133
Mechanism 27.1 Branching in Polyethylene Caused by
Intramolecular Hydrogen Transfer 1134
Mechanism 27.2 Branching in Polyethylene Caused by
Intermolecular Hydrogen Transfer 1135

27.9 Anionic Polymerization: Living Polymers 1135
Mechanism 27.3 Anionic Polymerization
of Styrene 1136

27.10 Cationic Polymerization 1137
Mechanism 27.4 Cationic Polymerization
of 2-Methylpropene 1138

27.11 Polyamides 1139

27.12 Polyesters 1140

27.13 Polycarbonates 1141

27.14 Polyurethanes 1141

27.15 Copolymers 1142
Conducting Polymers 1144

2716 Summary 1145
Problems 1148
Descriptive Passage and Interpretive Problems 27:
Chemically Modified Polymers 1149

Glossary G-1

Credits C-1

Index I-1



List of Important Features

Mechanisms

4.1 Formation of tert-Butyl Chloride from tert-Butyl Alcohol
and Hydrogen Chloride 143

4.2  Formation of 1-Bromoheptane from 1-Heptanol
and Hydrogen Bromide 154

4.3  Free-Radical Chlorination of Methane 162

5.1 The E1 Mechanism for Acid-Catalyzed Dehydration
of tert-Butyl Alcohol 192

5.2  Carbocation Rearrangement in Dehydration
of 3,3-Dimethyl-2-butanol 194

5.3  Hydride Shift in Dehydration of 1-Butanol 196

5.4  E2 Elimination of 1-Chlorooctadecane 200

5.5 The E1 Mechanism for Dehydrohalogenation
of 2-Bromo-2-methylbutane 205

6.1 Hydrogenation of Alkenes 218

6.2  Electrophilic Addition of Hydrogen Bromide
to 2-Methylpropene 223

6.3  Acid-Catalyzed Hydration of 2-Methylpropene 227

6.4 Hydroboration of 1-Methylcyclopentene 233

6.5 Oxidation of an Organoborane 235

6.6 Bromine Addition to Cyclopentene 237

6.7 Epoxidation of Bicyclo[2.2.1]-2-heptene 240

6.8 Free-Radical Addition of Hydrogen Bromide
to 1-Butene 243

6.9  Free-Radical Polymerization of Ethylene 245

8.1 The S\2 Mechanism of Nucleophilic Substitution 311

8.2  The Sy1 Mechanism of Nucleophilic Substitution 318

8.3  Carbocation Rearrangement in the Sy1 Hydrolysis of
2-Bromo-3-methylbutane 322

9.1 Sodium-Ammonia Reduction of an Alkyne 355

9.2  Conversion of an Enol to a Ketone 357

10.1  Sy1 Hydrolysis of an Allylic Halide 375

10.2  Allylic Chlorination of Propene 379

10.3 Addition of Hydrogen Chloride to
1,3-Cyclopentadiene 388

11.1  Free-Radical Polymerization of Styrene 428

11.2 The Birch Reduction 429

12.1  Nitration of Benzene 460

12.2 Sulfonation of Benzene 461

12.3 Bromination of Benzene 463

12.4 Friedel-Crafts Alkylation 465

12.5 Friedel-Crafts Acylation 468

12.6 Nucleophilic Aromatic Substitution in
p-Fluoronitrobenzene by the Addition-Elimination
Mechanism 493

14.1 Homogeneous Catalysis of Alkene Hydrogenation 599

14.2 Olefin Cross-Metathesis 602

xvi

14.3

15.1

16.1
16.2
16.3
17.1

17.2

17.3
17.4
17.5

17.6
18.1

191

19.2
19.3
19.4
19.5
19.6
20.1
20.2
20.3
20.4
21.1

23.1

23.2

23.3
241
251
25.2

25.3
254

25.5
27.1

27.2

27.3
27.4

Polymerization of Ethylene in the Presence

of Ziegler-Natta Catalyst 605

Acid-Catalyzed Formation of Diethyl Ether

from Ethyl Alcohol 624

Cleavage of Ethers by Hydrogen Halides 660
Nucleophilic Ring-Opening of an Epoxide 664
Acid-Catalyzed Ring Opening of an Epoxide 666
Hydration of an Aldehyde or Ketone

in Basic Solution 699

Hydration of an Aldehyde or Ketone

in Acid Solution 700

Cyanohydrin Formation 701

Acetal Formation from Benzaldehyde and Ethanol 705
Imine Formation from Benzaldehyde and
Methylamine 709

Enamine Formation 713

Acid-Catalyzed Esterification of Benzoic Acid with
Methanol 754

Nucleophilic Acyl Substitution in an Anhydride 780
Acid-Catalyzed Ester Hydrolysis 784

Ester Hydrolysis in Basic Solution 789

Amide Hydrolysis in Acid Solution 797

Amide Hydrolysis in Basic Solution 799

Nitrile Hydrolysis in Basic Solution 804
Acid-Catalyzed Enolization of 2-Methylpropanal 823
Aldol Addition of Butanal 828

Claisen Condensation of Ethyl Propanoate 834

The Haloform Reaction 842

Lithium Aluminum Hydride Reduction of an Amide 877
Acid-Catalyzed Mutarotation of b-Glucopyranose 959
Preparation of Methyl b-Glucopyranosides by Fischer
Glycosidation 967

Silver-Assisted Glycosidation 980

Biosynthesis of Cholesterol from Squalene 1015
Pyridoxal 5’-Phosphate-Mediated Decarboxylation

of an a-Amino Acid 1044

Transamination: Biosynthesis of L-Alanine from
L-Glutamic Acid and Pyruvic Acid 1047

The Edman Degradation 1057

Amide Bond Formation Between a Carboxylic Acid and
an Amine Using N,N’-Dicyclohexylcarbodiimide 1063
Carboxypeptidase-Catalyzed Hydrolysis 1072
Branching in Polyethylene Caused by Intramolecular
Hydrogen Transfer 1134

Branching in Polyethylene Caused by Intermolecular
Hydrogen Transfer 1135

Anionic Polymerization of Styrene 1136

Cationic Polymerization of 2-Methylpropene 1138



Tables

1.1 Electron Configurations of the First Twelve Elements
of the Periodic Table 5

1.2 Lewis Formulas of Methane, Ammonia, Water,
and Hydrogen Fluoride 9

1.3  Selected Values from the Pauling Electronegativity
Scale 11

1.4 Selected Bond Dipole Moments 12

1.5 A Systematic Approach to Writing Lewis Formulas 16

1.6 Introduction to the Rules of Resonance 21

1.7  VSEPR and Molecular Geometry 24

1.8  Acidity Constants (pK,) of Acids 33

2.1 The Number of Constitutionally Isomeric Alkanes
of Particular Molecular Formulas 67

2.2 IUPAC Names of Unbranched Alkanes 69

2.3 Heats of Combustion (~AH®) of Representative
Alkanes 81

2.4  Oxidation Number of Carbon in One-Carbon
Compounds 84

2.5 Summary of IUPAC Nomenclature of Alkanes and
Cycloalkanes 88

2.6 Summary of IUPAC Nomenclature of Alkyl Groups 89

31 Heats of Combustion (-AH°) of Cycloalkanes 105

3.2  Heats of Combustion of Isomeric
Dimethylcyclohexanes 115

4.1 Functional Groups in Some Important Classes of Organic
Compounds 134

4.2  Boiling Point of Some Alkyl Halides and Alcohols 139

4.3 Some Bond Dissociation Enthalpies 159

4.4  Conversions of Alcohols and Alkanes to Alkyl Halides 169

5.1 Cahn-Ingold-Prelog Priority Rules 182

5.2  Preparation of Alkenes by Elimination Reactions of
Alcohols and Alkyl Halides 209

6.1 Heats of Hydrogenation of Some Alkenes 220

6.2 Some Compounds with Carbon-Carbon Double Bonds
Used to Prepare Polymers 247

6.3  Addition Reactions of Alkenes 250

7.1 Absolute Configuration According to the Cahn-Ingold-
Prelog Notational System 271

7.2 Classification of Isomers 295

8.1 Functional Group Transformation via Nucleophilic
Substitution 307

8.2  Nucleophilicity of Some Common Nucleophiles 316

8.3  Properties of Some Solvents Used in Nucleophilic
Substitution 323

8.4  Relative Rate of S\ 2 Displacement of 1-Bromobutane
by Azide in Various Solvents 324

8.5  Relative Rate of Sy1 Solvolysis of tert-Butyl Chloride
as a Function of Solvent Polarity 325

8.6  Approximate Relative Leaving-Group Abilities 329

8.7 Comparison of Sy1 and Sy2 Mechanisms of Nucleophilic
Substitution in Alkyl Halides 334

9.1 Structural Features of Ethane, Ethylene, and
Acetylene 346

9.2  Preparation of Alkynes 362

9.3  Conversion of Alkynes to Alkenes and Alkanes 363

9.4  Electrophilic Addition to Alkynes 364

List of Important Features

141

11.2

121

12.2

12.3

12.4

131

13.2

13.3

13.4

13.5

1441

15.1

15.2
15.3

154
15.5
16.1

16.2
17.1

17.2

17.3

17.4

17.5
18.1

18.2

18.3

18.4

18.5

191

19.2

19.3
19.4

19.5
19.6

xvii

Names of Some Frequently Encountered Derivatives
of Benzene 412

Reactions Involving Alkyl and Alkenyl Side Chains

in Arenes and Arene Derivatives 446

Representative Electrophilic Aromatic Substitution
Reactions of Benzene 457

Classification of Substituents in Electrophilic Aromatic
Substitution Reactions 477

Representative Electrophilic Aromatic Substitution
Reactions 497

Limitations on Friedel-Crafts Reactions 498

Splitting Patterns of Common Multiplets 529
Chemical Shifts of Representative Carbons 538
Infrared Absorption Frequencies of Some Common
Structural Units 552

Absorption Maxima of Some Representative Alkenes
and Polyenes 554

Approximate Values of Proton Coupling Constants
(inHz) 575

Reactions of Grignard Reagents with Aldehydes

and Ketones 585

Reactions Discussed in Earlier Chapters That Yield
Alcohols 616

Reactions of Alcohols Discussed in Earlier Chapters 623
Preparation of Alcohols by Reduction of Carbonyl
Functional Groups 639

Reactions of Alcohols Presented in This Chapter
Oxidation of Alcohols 641

Physical Properties of Diethyl Ether, Pentane,
and 1-Butanol 653

Preparation of Ethers and Epoxides 674
Summary of Reactions Discussed in Earlier Chapters That
Yield Aldehydes and Ketones 693

Summary of Reactions of Aldehydes and Ketones
Discussed in Earlier Chapters 695

Equilibrium Constants (Kj,4) and Relative Rates of
Hydration of Some Aldehydes and Ketones 696
Reactions of Aldehydes and Ketones with Derivatives
of Ammonia 712

Nucleophilic Addition to Aldehydes and Ketones 722
Systematic and Common Names of Some

Carboxylic Acids 738

Effect of Substituents on Acidity of Carboxylic Acids 743
Acidity of Some Substituted Benzoic Acids 745
Summary of Reactions Discussed in Earlier Chapters
That Yield Carboxylic Acids 750

Summary of Reactions of Carboxylic Acids Discussed

in Earlier Chapters 753

Conversion of Acyl Chlorides to Other Carboxylic

Acid Derivatives 777

Conversion of Acid Anhydrides to Other Carboxylic
Acid Derivatives 779

Preparation of Esters 782

Conversion of Esters to Other Carboxylic Acid
Derivatives 783

Intermolecular Forces in Amides 793

Preparation of Nitriles 802

640



xviii List of Important Features

20.1 Enolization Equilibria (keto == enol) of Some Carbonyl
Compounds 821

20.2 pK, Values of Some Aldehydes, Ketones, and Esters 825

21.1  Basicity of Amines As Measured by the pK, of Their
Conjugate Acids 864

21.2 Effect of para Substituents on the Basicity of Aniline 865

21.3 Methods for Carbon-Nitrogen Bond Formation
Discussed in Earlier Chapters 871

21.4 Reactions of Amines Discussed in Previous Chapters 880

21.5 Preparation of Amines 897

21.6 Reactions of Amines Discussed in This Chapter 898

21.7 Synthetically Useful Transformations Involving Aryl
Diazonium lons (Section 21.17) 900

22.1 Comparison of Physical Properties of an Arene, a Phenol,
and an Aryl Halide 917

22.2 Acidities of Some Phenols 918

22.3 Electrophilic Aromatic Substitution Reactions
of Phenols 922

23.1 Some Classes of Monosaccharides 947

23.2 Familiar Reaction Types of Carbohydrates 974

24.1 Some Representative Fatty Acids 995

24.2 Classification of Terpenes 1006

25.1 The Standard Amino Acids 1032

25.2 Acid-Base Properties of Amino Acids with Neutral
Side Chains 1037

25.3 Acid-Base Properties of Amino Acids with lonizable
Side Chains 1038

25.4 Covalent and Noncovalent Interactions Between Amino
Acid Side Chains in Proteins 1070

26.1 Pyrimidines and Purines That Occur in DNA
and/or RNA 1087

26.2 The Major Pyrimidine and Purine Nucleosides in RNA
and DNA 1089

26.3 AG® for the Hydrolysis of Bioenergetically Important
Phosphates 1093

26.4 The Genetic Code (Messenger RNA Codons) 1103

26.5 Distribution of DNAs with Increasing Number of
PCR Cycles 1111

27.1 Recycling of Plastics 1129

27.2 Summary of Alkene Polymerizations Discussed

in Earlier Chapters 1131

Boxed Essays

Chapter 1

Organic Chemistry: The Early Days 3
Electrostatic Potential Maps 13
Molecular Models And Modeling 25

Chapter 2

Methane and the Biosphere 59
What's in a Name? Organic Nomenclature 70
Thermochemistry 83

Chapter 3
Computational Chemistry: Molecular Mechanics
and Quantum Mechanics 103

Enthalpy, Free Energy, and Equilibrium Constant 113

Chapter 4

From Bond Enthalpies to Heats of Reaction 161
Chapter 5
Ethylene
Chapter 6

Rules, Laws, Theories, and the Scientific Method 225
Ethylene and Propene: The Most Important Industrial
Organic Chemicals 248

Chapter 7

Chiral Drugs 277
Chirality of Disubstituted Cyclohexanes

Chapter 8

Enzyme-Catalyzed Nucleophilic Substitutions
of Alkyl Halides 317

Chapter 9

Some Things That Can Be Made from Acetylene . . .
But Aren’t 359

Chapter 10
Diene Polymers
Chapter 11
Fullerenes, Nanotubes, and Graphene 416
Chapter 12

Biosynthetic Halogenation 464

Chapter 13

Ring Currents: Aromatic and Antiaromatic 522
Magnetic Resonance Imaging (MRI) 535
Spectra by the Thousands 546

Chapter 14
An Organometallic Compound That Occurs Naturally:

179

286

387

Coenzyme B;, 591

Chapter 15

Sustainability and Organic Chemistry 630
Chapter 16

Polyether Antibiotics 656

Chapter 17

Imines in Biological Chemistry 710
Chapter 19

B-Lactam Antibiotics 800

Chapter 20

Chalcones as Aromatase Inhibitors: From the Mulberry Tree
to Cancer Chemotherapy 832

The Haloform Reaction and the Biosynthesis

of Trihalomethanes 841

Chapter 21

Amines as Natural Products
From Dyes to Sulfa Drugs

Chapter 22
James Bond, Oxidative Stress, and Antioxidant Phenols
Chapter 23

How Sweet It Is!

868
892

928

972



Chapter 24

Nonsteroidal Antiinflammatory Drugs (NSAIDs)
and COX-2 Inhibitors 1004

Good Cholesterol? Bad Cholesterol? What's
the Difference? 1016

Crocuses Make Saffron from Carotenes 1020

Chapter 25
Electrophoresis 1039

Peptide Mapping and MALDI Mass Spectrometry 1058

Oh NO! Its Inorganic! 1074

Chapter 26

It Has Not Escaped Our Notice... 1096
Chapter 27

Conducting Polymers 1144

Descriptive Passage and Interpretive
Problems

Chapter 1

Amide Lewis Structural Formulas 51
Chapter 2

Some Biochemical Reactions of Alkanes 94
Chapter 3

Cyclic Forms of Carbohydrates 131
Chapter 4

More About Potential Energy Diagrams 174
Chapter 5

A Mechanistic Preview of Addition Reactions 215
Chapter 6

Oxymercuration 258

Chapter 7

Prochirality 304

Chapter 8

Nucleophilic Substitution 340

Chapter 9

Thinking Mechanistically About Alkynes 368

List of Important Features

Chapter 10

Intramolecular and Retro Diels—Alder Reactions 402
Chapter 11

The Hammett Equation 453

Chapter 12

Benzyne 507

Chapter 13

More on Coupling Constants 575

Chapter 14

Cyclobutadiene and (Cyclobutadiene)tricarbonyliron
Chapter 15

The Pinacol Rearrangement 646

Chapter 16

Epoxide Rearrangements and the NIH Shift 682
Chapter 17

The Baeyer-Villiger Oxidation 732

Chapter 18

Lactonization Methods 768

Chapter 19

Thioesters 816

Chapter 20

The Enolate Chemistry of Dianions 855
Chapter 21

Synthetic Applications of Enamines 910
Chapter 22

Directed Metalation of Aryl Ethers 943
Chapter 23

Emil Fischer and the Structure of (+)-Glucose 989
Chapter 24

Polyketides 1027

Chapter 25

Amino Acids in Enantioselective Synthesis 1081
Chapter 26

Oligonucleotide Synthesis 1117

Chapter 27

Chemically Modified Polymers 1149

612



XX

Preface

It's different now.
What's different?

How we read, share information, and learn. That's what's different.
All of these things are more visual, more graphical than before.

And so is this book.

Reading and Seeing

The central message of chemistry is that the properties of a substance come from its struc-
ture. What is less obvious, but very powerful, is that someone with training in chemistry
can look at the structure of a substance and tell you a lot about its properties. Organic
chemistry has always been, and continues to be, the branch of chemistry that best connects
structure with properties.

The goal of this text, as it has been through eight previous editions, is to provide
students with the conceptual tools to understand and apply the relationship between the
structures of organic compounds and their properties. Both the organization of the text and
the presentation of individual topics were designed with this objective in mind.

In planning this edition, we committed ourselves to emphasizing line formulas as the
primary tool for communicating structural information. Among other features, they replace
the act of reading and interpreting strings of letters with seeing structural relationships
between molecules. In order to provide a smooth transition for students as they progress
from the textual representations they’ve used in introductory chemistry, we gradually
increase the proportion of bond-line formulas chapter by chapter until they eventually
become the major mode of structural representation. Thus, we illustrate Sy1 stereochem-
istry in Chapter 8 by the equation:

CH;O0 .
M e )\/\%>\/+)\/\>icﬁ

(R)-3-Chloro-3,7- (5)-3,7-Dimethyl-3- (R)-3,7-Dimethyl-3-
dimethyloctane methoxyoctane (89%) methoxyoctane (11%)

The conversion from reading to seeing is also evident in data recast from a tabular to
a graphical format. One example compares Sy2 reaction rates:

Increasing relative reactivity toward Sy2 substitution
(RBr + Lil in acetone, 25°C)

%—Br >—Br \ CH;Br
Br
1

very slow 1,350 221,000

The pace of technological improvements in nuclear magnetic resonance spectroscopy
requires regular updating of this core topic, and almost all of the proton spectra in this
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edition were obtained at 300 MHz. The spectra themselves were provided courtesy of
Sigma-Aldrich, then graphically enhanced to maximize their usefulness as a teaching tool.

CICH(CH3),

10 9 8 7 6 5 4 3 2 1 0
Chemical shift (8, ppm)

The teaching of organic chemistry has especially benefited as powerful mod-
eling and graphics software have become routinely available. Computer-gen-
erated molecular models and electrostatic potential maps were integrated into
the third edition of this text and their number has increased in each succeeding
edition. Also seeing increasing use are molecular orbital theory and the role
of orbital interactions in chemical reactivity. These, too, have been adapted to
enhance their value as teaching tools as illustrated in Figure 10.2 showing the

m-molecular orbitals of allylic carbocations, radicals, and anions.

Audience

Organic Chemistry is designed to meet the needs of the “mainstream,”

xxi

H

n2+ NZ_H_

H

At A

Radical Anion

two-semester

undergraduate organic chemistry course. From the beginning and with each new edition,
we have remained grounded in some fundamental notions. These include important issues
concerning the intended audience. Is the topic appropriate for them with respect to their
interests, aspirations, and experience? Just as important is the need to present an accurate
picture of the present state of organic chemistry. How do we know what we know? What
makes organic chemistry worth knowing? Where are we now? Where are we headed?

A Functional Group Organization
With a Mechanistic Emphasis

The text is organized according to functional groups—the structural units most closely
identified with a molecule’s characteristic properties. This time-tested organization offers

two major advantages over alternatives organized according to mecha-
nisms or reaction types.

1. The information content of individual chapters is more
manageable in the functional-group approach. A text organized
around functional groups typically has more and shorter chapters
than one organized according to mechanism.

2. Patterns of reactivity are reinforced when a reaction used to
prepare a particular functional-group family reappears as a
characteristic reaction of another.

Understanding organic chemistry, however, is impossible without a
solid grasp of mechanisms. Our approach is to build this understand-
ing from the ground up beginning in Section 1.12 “Curved Arrows
and Chemical Reactions” and continuing through Section 1.16 with
applications to Brgnsted and Lewis acid-base chemistry. The text
contains more than 60 mechanisms that are featured as stand-alone
items presented as a series of elementary steps. Numerous other
mechanisms—many of them accompanied by potential energy
diagrams—are incorporated into the narrative flow.

Numerous other mechanisms—many of them accompanied by
potential energy diagrams—are incorporated into the narrative flow.

Mechanism 5.1

The E1 Mechanism for Acid-Catalyzed Dehydration of tert-Butyl Alcohol
THE OVERALL REACTION:

H,S0;4

(CH3);COH (CH3),C=CH, + H;O
tert-Butyl alcohol 2-Methylpropene Water

THE MECHANISM:

Step 1: Protonation of fert-butyl alcohol:

H H
%— /\ /\/ —“fﬂ;‘ %— /: +:O/:
+\ N\

H H

tert-Butyl alcohol Hydronium ion tert-Butyloxonium ion ‘Water

Step 2: Dissociation of zert-butyloxonium ion to a carbocation and water:

H
/\ / §10W + 3 O/:
; + \
H

tert-| Bulyloxomum ion tert-Butyl cation Water
Step 3: Deprotonation of rert-butyl cation:

)V /\ /H ; k /H
ast
A N H + ()\H ANy + H_S)\'

H
tert-Butyl cation Water 2-Methylpropene Hydronium ion
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Generous and Effective Use of Tables

. Reaction and comments Example

Annotated summary tables that incorporate commentary have + Reduction: Garbony

been a staple of Organic Chemistry since the first edition. ety o o N, gH on

- . . e " S ~"on

Some review reactions from earlier chapters, others the reac- rocuoton wit sodum B x [

. . borohydride or lithium

tions or concepts of a current chapter. Still others walk the STy o-Galactose o-Galcttol 00%)

reader step-by-step through skill builders and concepts unique 2. Cyanohydtin formation: o o on o oH
to organic chemistry. Well received by students and faculty oo dseomens WO S0 P o NN+ o NN o

. . R GERE T OH OH OH OH OH OH

alike, these summary tables remain one of the text’s strengths. L vavinoss T Py

3. Acylation: All available

hydroxyl groups of Hgo o ’ FEY o ®
carbohydrates are capable e + 5Ac0 Pyidne - ASOS Ac= CHiC
of undergoing acylation to HO, AcO

form esters. CHl OAc
0-D-Glucopyranose  Acetic 1,2,3,4,6-Penta-O-acetyl-
anhydride D-glucopyranose (88%)

4. Alkylation: Carbohydrate

HO— CeHsCHzO
KOH Cﬁ”ﬁ“"z@’&%
HsCH,CI CeHsCHz0
Problem 14.4 sCHCl e Ot ZCeHsCHzOQCHS

Write the structure of the organic product of each of the following reactions.

o enzyl Methyl 2,3,4,6-tetra-O-benzyl-
loride. ‘a-D-glucopyranoside (95%)
7\ o~ . _1.diethyl ether
@ @—/H U TR
PrOblemS )OK/ B = ZnCl, CSHS/VOO o
(b) 1. diethyl ether gEH=0 ———= HO-
. . . co AN M e Ho
Problem-solving strategies and skills are : e
OCHs Faldehyde Methyl 4,6-O-benzylidene-

emphasized throughout. Understanding :< . e I )

: : . (c) H,C=0 + CIMg %"sgf’»

is progresswe.ly .relnfo.rced by problems _ HOV@”{O w
that appear within topic sections. For sample Solution e T @”

many problems, sample solutions are o-fibose b Abotrarcee
. . . . (‘,)' 4 é.w(— r{ é _}é’ \an. FOOURS (cwand/or B)
given, including examples of handwrit- rbon—~ carbon boud Formats b
; Fwtta TAE iy Frowp ded e HO oo
ten solutions from the author. et Sy HOAOH Hg&;%
HO =0 —— =
© Méan-;'/ Larboe. > &Hb\’r W,
o D-Glucose o nediol
GO diethyl efiar t ’ B
) = ?

o Aridifsatson convarte Fhe alboxide.
+o The &M,ﬁma'*g? A&/ca&?!: whiek
/s Fhe. ispleted roZuot:

7 2 N
&___}—-(.{.g

Chapter Openers

Each chapter begins with an opener meant to capture the reader’s
attention. Chemistry that is highlighted in the opener is relevant

to chemistry that is included in the chapter. CHAPTER OUTLINE
141 Organometallic Nomenclaturel575) Parkinsonism results from a dopamine deficitn the brain that afects the "ring
14.2 Carbon-Metal Bonds 579 of neurons. a pa),
14.3 Preparation of Organolithium and synthesis of which involves the enantioselective organorhodium-catalyzed
Organomagnesium Compounds 581 hydrogenation described in Section 14.12.

Descriptive Passages and Interpretive Problems

Compounds as Bronsted Bases 582
14.5 Synthesis of Alcohols Using Grignard and

Many organic chemistry students later take standardized pre- P L o Organometallic Compounds
. . . . 14.7 Retrosynthetic Analysis and Grignard and

professional examinations composed of problems derived from a og SN 356 ‘ o
descriptive passage; this text includes comparable passages and 1o i?::?,i‘;‘nfil.o,gmmn.c g;;;;';;;gjrg;jgf;g;:*;g;_;t’;:rig;g;g\'g;m;;33;;;";;
*1: . . M . Compod e least one organon ¢ compound, sodium acetylide
problems to familiarize students with this testing style. ¥ Nt Commome oy o iNddéf‘gﬂg,"w:.ch . mn.é’gm,ﬁ b;‘w'ge,,}] mo‘"’]i.;'(:
. . . 10 Organcem e sodium. But just beca ompound contains both a metal and
Thus, every chapter concludes with a self-contained Descrip- I v ot oo 55 ST St iy s ot e oo
. . . 12 R nlike sodium acetylide, however, the negative charge in sodium

tive Passage and Interpretive Problems unit that complements the N 5 methoxde s on vy nt o+

. . 14.14 Ziegler-Natta Catalysis of Alkene a* :C= at 0
chapter’s content while emulating the “MCAT style.” These 27 o o5 B st e

. . . W L] (hasa etal bond)  (does not h netal bond)
passages—Ilisted on page xix—are accompanied by more than 100 The properies of organometllc compounds ar much
. . . . G and (C different from those of the other classes we have studied so
total multiple-choice problems. Two of these: More on Spin-Spin e e e e i e ety
Splitting and Coupling Constants in Chapter 13 and Cyclobutadi- iyt s ;lﬁfel?a:l’ﬁ?a‘“:‘um Wi )du?Fl
ene and (Cyclobutadiene)tricarbonyliron in Chapter 14 are new to e S s e ) S o
. Lo ence of a negatively charged, nucleophilic carbon in acetylide
this edition. fon: Conversely. cenai other arganometalie compounds

behave as electrophiles.
578

The passages focus on a wide range of topics—from structure,
synthesis, mechanism, and natural products. They provide instruc-
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tors with numerous opportunities to customize their own organic chemistry course while
giving students practice in combining new information with what they have already learned.

What's New

We have already described a number of graphical features designed to foster learning:

» an emphasis on bond-line structural drawings

» adoption of 300 MHz as the standard for nuclear magnetic resonance spectra and
enhancing them graphically to allow easier interpretation

» greater integration of molecular orbital diagrams

There have also been significant changes in content.

» Chapter 14 (Organometallic Compounds) has been a prominent part of our
text since the first edition and, owing to Nobel-worthy advances based on organic
compounds of transition metals, has steadily increased in importance. The chemistry
of these transition—metal organic compounds has been expanded in 9e to where it
now comprises approximately one-half of the chapter.

» Chapter 20 (Enols and Enolates) has been extensively revised and is much shorter.
The new, more conceptual organization allows many synthetic reactions formerly
treated independently according to purpose to be grouped efficiently according to
mechanism.

» Retrosynthetic analysis is introduced earlier (Section 6.15), elaborated with
dedicated sections in subsequent chapters (8.12, 10.13, 11.16, 12.16, 14.7), and used
regularly thereafter.

» Boxed essays— Fullerenes, Nanotubes, and Graphene updates the ever-expanding
role of elemental carbon in its many forms in Chapter 11. Sustainability and Organic
Chemistry is a new boxed essay in Chapter 15 that uses real-world examples to
illustrate principles of “green” chemistry.

McGraw-Hill Higher Education
and Blackboard Have Teamed Up

Blackboard®, the Web-based course management system, m\‘
has partnered with McGraw-Hill to better allow students ri/"
and faculty to use online materials and activities to com- ‘TJ

plement face-to-face teaching. Blackboard features excit-
ing social learning and teaching tools that foster more Do More The Best Of
logical, visually impactful, and active learning opportuni- ‘ 3

ties for students. You’ll transform your closed-door class- Both Worlds
rooms into communities where students remain connected to their educational experience
24 hours a day. This partnership allows you and your students access to McGraw-Hill’s
Connect® and McGraw-Hill Create™ right from within your Blackboard course—all with
one single sign-on. Not only do you get single sign-on with Connect and Create, you also
get deep integration of McGraw-Hill content and content engines right in Blackboard.
Whether you’re choosing a book for your course or building Connect assignments, all the
tools you need are right where you want them—inside of Blackboard. Gradebooks are now
seamless. When a student completes an integrated Connect assignment, the grade for that
assignment automatically (and instantly) feeds your Blackboard grade center. McGraw-
Hill and Blackboard can now offer you easy access to industry leading technology and
content, whether your campus hosts it or we do. Be sure to ask your local McGraw-Hill
representative for details.

McGraw-Hill LearnSmart™

i LearnSmal‘t“‘ McGraw-Hill LearnSmart is available as an integrated fea-
ture of McGraw-Hill Connect® Chemistry It is an adaptive learning system designed to help
students learn faster, study more efficiently, and retain more knowledge for greater success.
LearnSmart assesses a student’s knowledge of course content through a series of adaptive
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questions. It pinpoints concepts the student does not understand and maps out a personalized
study plan for success. This innovative study tool also has features that allow instructors to
see exactly what students have accomplished and a built-in assessment tool for graded assign-
ments. Visit the following site for a demonstration. www.mhlearnsmart.com

B C D production] arhbes e Loom e e Ui dein L
- o Compene B e

T Comen) IVE 13 Urariernt 3 Sl uiicien

Which compound
would you expect g
to be the major

product of the
reaction shown?

McGraw-Hill Connect” Chemistry

% C()r'ﬂtv'ec-l:® McGraw-Hill Connect Chemistry provides online presen-

tation, assignment, and assessment solutions. It connects
[CHEMISTRY your students with the tools and resources they’ll need to
achieve success. With Connect Chemistry, you can deliver assign-
ments, quizzes, and tests online. A robust set of questions and
activities are presented and aligned with the textbook’s learning

B s outcomes. As an instructor, you can edit existing questions and
Chapter 1 ... author entirely new problems. Track individual student perform-
add questions i ssigninent () riestons) ance—by question, assignment, or in relation to the class overall—
ES—— with detailed grade reports. Integrate grade reports easily with
ool I O il = e Learning Management Systems (LMS), such as WebCT and Black-
e board—and much more. ConnectPlus Chemistry provides stu-
YAt AN A N SH dents with all the advantages of Connect Chemistry, plus 24/7
My s gt e online access to an eBook. This media-rich version of the book is
Oy gy | oA — available through the McGraw-Hill Connect platform and allows
— EE— seamless integration of text, media, and assessments. To learn more,
] visit www.mcgrawhillconnect.com

McGraw-Hill Create™

% Crea te With .McGraw'-Hill Create, you can easily rearrange chapters,

combine material from other content sources, and quickly upload
content you have written, like your course syllabus or teaching notes. Find the content you
need in Create by searching through thousands of leading McGraw-Hill textbooks. Arrange
your book to fit your teaching style. Create even allows you to personalize your book’s
appearance by selecting the cover and adding your name, school, and course information.
Order a Create book and you’ll receive a complimentary print review copy in 3—5 business
days or a complimentary electronic review copy (eComp) via e-mail in minutes. Go to
www.mcgrawhillcreate.com today and register to experience how McGraw-Hill Create
empowers you to teach your students your way. www.mcgrawhillcreate.com
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My Lectures—Tegrity”

% o eq rity McGrayv-Hill Tegrity® records and di'stributes.your class lectu?e with
° just a click of a button. Students can view anytime/anywhere via com-

puter, iPod, or mobile device. It indexes as it records your PowerPoint® presentations and

anything shown on your computer so students can use keywords to find exactly what they

want to study. Tegrity is available as an integrated feature of McGraw-Hill Connect Biology

and as a standalone.

Instructor Resources
Presentation Center

Accessed from the Connect website, Presentation Center is an online digital library
containing photos, artwork, animations, and other media types that can be used to create
customized lectures, visually enhanced tests and quizzes, compelling course websites, or
attractive printed support materials. All assets are copyrighted by McGraw-Hill Higher
Education, but can be used by instructors for classroom purposes. The visual resources in
this collection include:

® Art Full-color digital files of all illustrations in the book can be readily incorporated
into lecture presentations, exams, or custom-made classroom materials. In addition,
all files are pre-inserted into PowerPoint slides for ease of lecture preparation.

B Photos The photo collection contains digital files of photographs from the text,
which can be reproduced for multiple classroom uses.

Also accessed through your textbook’s Connect website are:

® PowerPoint® Lecture Outlines Ready-made presentations that combine art and
lecture notes are provided for each chapter of the text.

B Classroom Response Systems bring interactivity into the classroom or lecture hall.
These wireless response systems, which are essentially remote that are easy to use
and engage students, give the instructor and students immediate feedback from the
entire class. Wireless response systems allow instructors to motivate student prepara-
tion, interactivity, and active learning. Nearly 600 questions covering the content of
the Organic Chemistry text are available on the Organic Chemistry site for use with
any classroom response system.

B Test Bank An updated test bank with over 1300 questions is available with the
9th edition. The Test Bank is available as both word files and in a computerized test
bank program, which utilizes testing software to quickly create customized exams.
This user-friendly program allows instructors to sort questions by format; edit exist-
ing questions or add new ones; and scramble questions for multiple versions of the
same test.

B Solutions Manual This manual provides complete solutions to all end-of-chapter
problems in the text. The Solutions Manual includes step-by-step solutions to each
problem in the text as well as self-tests to assess student understanding.

Student Resources

Solutions Manual

The Solutions Manual provides step-by-step solutions guiding the student through the rea-
soning behind each problem in the text. There is also a self-test section at the end of each
chapter that is designed to assess the student’s mastery of the material.

Schaum’s Outline of Organic Chemistry

This helpful study aid provides students with hundreds of solved and supplementary prob-
lems for the organic chemistry course.
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ARMY STRONC.

Although function dictates form in the things we build, structure determines
properties in molecules. Dragsters are designed to accelerate to high speeds
in a short distance from a standing start. Most are powered by nitromethane
(CH3NO,), which, because of its structure, makes it more suitable for this
purpose than gasoline.

Structure Determines
Properties

tructure* is the key to everything in chemistry. The properties

of a substance depend on the atoms it contains and the way
these atoms are connected. What is less obvious, but very power-
ful, is the idea that someone who is trained in chemistry can look
at the structural formula of a substance and tell you a lot about its
properties. This chapter begins your training toward understand-
ing the relationship between structure and properties in organic
compounds. It reviews some fundamental principles of the Lewis
approach to molecular structure and bonding. By applying these
principles, you will learn to recognize structural patterns that are
more stable than others and develop skills in communicating
structural information that will be used throughout your study of
organic chemistry. A key relationship between structure and
properties will be introduced by examining the fundamentals of
acid-base chemistry from a structural perspective.

1.1 Atoms, Electrons, and Orbitals

Before discussing structure and bonding in molecules, let’s first
review some fundamentals of atomic structure. Each element is
characterized by a unique atomic number Z, which is equal to

*A glossary of the terms shown in boldface may be found immediately before
the index at the back of the book.



1.1

Organic Chemistry: The Early Days

Atoms, Electrons, and Orbitals

Eighteenth—century chemists regarded their science as being
composed of two branches. One dealt with substances
obtained from natural or living sources and was called organic
chemistry; the other dealt with materials from nonliving matter—
minerals and the like—and was called inorganic chemistry. Over
time, combustion analysis established that the compounds
derived from natural sources contained carbon, and a new defi-
nition of organic chemistry emerged: Organic chemistry is the
study of carbon compounds. This is the definition we still use
today.

As the eighteenth century gave way to the nineteenth,
many scientists still subscribed to a doctrine known as vitalism,
which held that living systems possessed a “vital force” that was
absent in nonliving systems. Substances derived from natural
sources (organic) were thought to be fundamentally different
from inorganic ones. It was believed that inorganic compounds
could be synthesized in the laboratory, but organic compounds
could not—at least not from inorganic materials.

In 1823, Friedrich Wohler, after completing medical stud-
ies in Germany, spent a year in Stockholm studying under one of
the world’s foremost chemists of the time, Jons Jacob Berzelius.
Wohler subsequently went on to have a distinguished indepen-
dent career, spending most of it at the University of Gottingen.
He is best remembered for a brief paper he published in 1828
in which he noted that, on evaporating an aqueous solution of
ammonium cyanate, he obtained “colorless, clear crystals often
more than an inch long,” which were not ammonium cyanate but
were instead urea.

NH4OCN O=C(NH,),
Ammonium cyanate Urea
(inorganic) (organic)

This transformation was remarkable at the time because
an inorganic salt, ammonium cyanate, was converted to urea,
a known organic substance earlier isolated from urine. It is
now recognized as a significant early step toward overturning
the philosophy of vitalism. Although Woéhler himself made no
extravagant claims concerning the relationship of his discovery
to vitalist theory, the die was cast, and over the next generation
organic chemistry outgrew vitalism. What particularly seemed to
excite Wohler and Berzelius had very little to do with vitalism.
Berzelius was interested in cases in which two clearly different
materials had the same elemental composition, and he invented

the word isomers to apply to them. Wéhler’s observation that an
inorganic compound (ammonium cyanate) of molecular formula
CH4N,0 could be transformed into an organic compound (urea)
of the same molecular formula had an important bearing on the
concept of isomerism.

From the concept of isomerism we can trace the origins
of the structural theory—the idea that a specific arrangement
of atoms uniquely defines a substance. Ammonium cyanate
and urea are different compounds because they have different
structures.

Three mid-nineteenth-century scientists, August Kekulé,
Archibald S. Couper, and Alexander M. Butlerov, stand out for
separately proposing the elements of the structural theory. The
essential features of Kekulé's theory, developed and presented
while he taught at Heidelberg in 1858, were that carbon nor-
mally formed four bonds and had the capacity to bond to other
carbons so as to form long chains. Isomers were possible because
the same elemental composition (say, the CH;N,O molecular
formula common to both ammonium cyanate and urea) accom-
modates more than one pattern of atoms and bonds. Shortly
thereafter, Couper, a Scot working at the Ecole de Medicine
in Paris, and Butlerov, a Russian chemist at the University of
Kazan, proposed similar theories.

In the late nineteenth and early twentieth centuries, major
discoveries about atoms and electrons placed theories of molec-
ular structure and bonding on a more secure, physics-based
foundation. Several of these are described at the beginning of
this section.
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the number of protons in its nucleus. A neutral atom has equal numbers of protons, which
are positively charged, and electrons, which are negatively charged.

Electrons were believed to be particles from the time of their discovery in 1897
until 1924, when the French physicist Louis de Broglie suggested that they have wavelike
properties as well. Two years later Erwin Schrodinger took the next step and calculated the
energy of an electron in a hydrogen atom by using equations that treated the electron as if
it were a wave. Instead of a single energy, Schrodinger obtained a series of them, each of
which corresponded to a different mathematical description of the electron wave. These
mathematical descriptions are called wave functions and are symbolized by the Greek
letter s (psi).



Figure 1.1

Probability distribution (1) for an
electron in a 1s orbital.

A complete periodic table of the
elements is presented at the back of
the book.

Other methods are also used to
contrast the regions of an orbital where
the signs of the wave function are
different. Some mark one lobe of a

p orbital + and the other —. Others
shade one lobe and leave the other
blank. When this level of detail isn't
necessary, no differentiation is made
between the two lobes.

Figure 1.2

Boundary surfaces of a 1s orbital and a
2s orbital.
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According to the Heisenberg uncertainty principle, we can’t tell exactly where an
electron is, but we can tell where it is most likely to be. The probability of finding an elec-
tron at a particular spot relative to an atom’s nucleus is given by the square of the wave func-
tion (%) at that point. Figure 1.1 illustrates the probability of finding an electron at various
points in the lowest energy (most stable) state of a hydrogen atom. The darker the color in
a region, the higher the probability. The probability of finding an electron at a particular
point is greatest near the nucleus and decreases with increasing distance from the nucleus
but never becomes zero.

Wave functions are also called orbitals. For convenience, chemists use the term
“orbital” in several different ways. A drawing such as Figure 1.1 is often said to represent
an orbital. We will see other kinds of drawings in this chapter, and use the word “orbital”
to describe them too.

Orbitals are described by specifying their size, shape, and directional properties.
Spherically symmetrical ones such as shown in Figure 1.1 are called s orbitals. The letter s is
preceded by the principal quantum number n (n = 1, 2, 3, etc.), which specifies the shell
and is related to the energy of the orbital. An electron in a ls orbital is likely to be found
closer to the nucleus, is lower in energy, and is more strongly held than an electron in a 2s
orbital.

Instead of probability distributions, it is more common to represent orbitals by their
boundary surfaces, as shown in Figure 1.2 for the 1s and 2s orbitals. The region enclosed
by a boundary surface is arbitrary but is customarily the volume where the probability of
finding an electron is high—on the order of 90-95%. Like the probability distribution plot
from which it is derived, a picture of a boundary surface is usually described as a drawing
of an orbital.

A hydrogen atom (Z = 1) has one electron; a helium atom (Z = 2) has two. The single
electron of hydrogen occupies a 1s orbital, as do the two electrons of helium. We write their
electron configurations as:

Hydrogen: 1s' Helium: 15

In addition to being negatively charged, electrons possess the property of spin. The
spin quantum number of an electron can have a value of either +3 or —3. According to the
Pauli exclusion principle, two electrons may occupy the same orbital only when they have
opposite, or “paired,” spins. For this reason, no orbital can contain more than two electrons.
Because two electrons fill the 1s orbital, the third electron in lithium (Z = 3) must occupy
an orbital of higher energy. After 1s, the next higher energy orbital is 2s. The third electron
in lithium therefore occupies the 2s orbital, and the electron configuration of lithium is

Lithium: 15°2s’

The period (or row) of the periodic table in which an element appears corresponds to the
principal quantum number of the highest numbered occupied orbital (n = 1 in the case of
hydrogen and helium). Hydrogen and helium are first-row elements; lithium (n = 2) is
a second-row element.

With beryllium (Z = 4), the 2s level becomes filled and, beginning with boron
(Z =5), the next orbitals to be occupied are 2p,, 2p,, and 2p,. These three orbitals (Fig-
ure 1.3) are of equal energy and are characterized by boundary surfaces that are usually




1.1 Atoms, Electrons, and Orbitals

2p, 2p, 2p,

Figure 1.3

Boundary surfaces of the 2p orbitals. The wave function changes sign at the nucleus. The two halves

of each orbital are indicated by different colors. The yz-plane is a nodal surface for the 2p, orbital. The
probability of finding a 2p, electron in the yz-plane is zero. Analogously, the xz-plane is a nodal surface for
the 2p, orbital, and the xy-plane is a nodal surface for the 2p, orbital.

described as “dumbell-shaped.” The axes of the three 2p orbitals are at right angles to one
another. Each orbital consists of two “lobes,” represented in Figure 1.3 by regions of dif-
ferent colors. Regions of a single orbital, in this case, each 2p orbital, may be separated
by nodal surfaces where the wave function changes sign and the probability of finding an
electron is zero.

The electron configurations of the first 12 elements, hydrogen through magnesium,
are given in Table 1.1. In filling the 2p orbitals, notice that each is singly occupied before
any one is doubly occupied. This general principle for orbitals of equal energy is known
as Hund’s rule. Of particular importance in Table 1.1 are hydrogen, carbon, nitrogen, and
oxygen. Countless organic compounds contain nitrogen, oxygen, or both in addition to
carbon, the essential element of organic chemistry. Most of them also contain hydrogen.

It is often convenient to speak of the valence electrons of an atom. These are
the outermost electrons, the ones most likely to be involved in chemical bonding and

TABLE 1.1  Electron Configurations of the First Twelve Elements

of the Periodic Table

Number of electrons in indicated orbital

Atomic
Element number Z 1s 2s 2p, 2p, 2p, 3s
Hydrogen 1 1
Helium 2 2
Lithium 3 2 1
Beryllium 4 2 2
Boron 5 2 2 1
Carbon 6 2 2 1 1
Nitrogen 7 2 2 1 1 1
Oxygen 8 2 2 2 1 1
Fluorine 9 2 2 2 2 1
Neon 10 2 2 2 2 2
Sodium 11 2 2 2 2 2 1
Magnesium 12 2 2 2 2 2 2




Detailed solutions to all of the
problems are found in the Student
Solutions Manual along with a brief
discussion and advice on how to do
problems of the same type.

In-chapter problems that contain
multiple parts are accompanied by a
sample solution to part (a).

Figure 1.4

An ionic bond is the force of attraction
between oppositely charged ions. Each
Na* ion in the crystal lattice of solid
NaCl is involved in ionic bonding to
each of six surrounding CI™ ions and vice
versa. The smaller balls are Na* and the
larger balls are CI".
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reactions. For second-row elements these are the 2s and 2p electrons. Because four
orbitals (2s, 2p,, 2p,, 2p.) are involved, the maximum number of electrons in the valence
shell of any second-row element is 8. Neon, with all its 2s and 2p orbitals doubly
occupied, has eight valence electrons and completes the second row of the periodic table.
For main-group elements, the number of valence electrons is equal to its group number
in the periodic table.

Problem 1.1

How many electrons does carbon have? How many are valence electrons? What third-row
element has the same number of valence electrons as carbon?

Once the 2s and 2p orbitals are filled, the next level is the 3s, followed by the 3p,,
3p,, and 3p, orbitals. Electrons in these orbitals are farther from the nucleus than those in
the 2s and 2p orbitals and are of higher energy.

Problem 1.2

Referring to the periodic table as needed, write electron configurations for all the elements in
the third period.

Sample Solution The third period begins with sodium and ends with argon. The atomic
number Z of sodium is 11, and so a sodium atom has 11 electrons. The maximum number of
electrons in the 1s, 2s, and 2p orbitals is ten, and so the eleventh electron of sodium occupies
a 3sorbital. The electron configuration of sodium is 1s?2s?2p,?2p,?2p,?3s.

Neon, in the second period, and argon, in the third, have eight electrons in their
valence shell; they are said to have a complete octet of electrons. Helium, neon, and argon
belong to the class of elements known as noble gases or rare gases. The noble gases are
characterized by an extremely stable “closed-shell” electron configuration and are very
unreactive.

Structure determines properties and the properties of atoms depend on atomic struc-
ture. All of an element’s protons are in its nucleus, but the element’s electrons are distrib-
uted among orbitals of various energy and distance from the nucleus. More than anything
else, we look at its electron configuration when we wish to understand how an element
behaves. The next section illustrates this with a brief review of ionic bonding.

1.2 lonic Bonds

Atoms combine with one another to give compounds having properties different from
the atoms they contain. The attractive force between atoms in a compound is a chemical
bond. One type of chemical bond, called an ionic bond, is the force of attraction between
oppositely charged species (ions) (Figure 1.4). Positively charged ions are referred to as
cations; negatively charged ions are anions.

Whether an element is the source of the cation or anion in an ionic bond depends on
several factors, for which the periodic table can serve as a guide. In forming ionic compounds,
elements at the left of the periodic table typically lose electrons, giving a cation that has the
same electron configuration as the preceding noble gas. Loss of an electron from sodium, for
example, yields Na™, which has the same electron configuration as neon.

Nag) — Na'(9) + e
Sodium atom Sodium ion Electron
15225°2p°%3s" 15%25°2p°
[The symbol (g) indicates that the species is present in the gas phase.]
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Problem 1.3

Species that have the same number of electrons are described as isoelectronic. What +2 ion is
isoelectronic with Na*? What —2 ion?

A large amount of energy, called the ionization energy, must be transferred to any
atom to dislodge an electron. The ionization energy of sodium, for example, is 496 kJ/mol (119
kcal/mol). Processes that absorb energy are said to be endothermic. Compared with other
elements, sodium and its relatives in group 1A have relatively low ionization energies. In
general, ionization energy increases across a row in the periodic table.

Elements at the right of the periodic table tend to gain electrons to reach the electron
configuration of the next higher noble gas. Adding an electron to chlorine, for example, gives
the anion CI”, which has the same closed-shell electron configuration as the noble gas argon.

Cl(g) + e — Cl (g)

Chloride ion
15225%2p%3523p°

Chlorine atom Electron

15725%2p%3523p°

Problem 1.4

Which of the following ions possess a noble gas electron configuration?

(a) K* (c) H (e) F
(b) He* (d) O (f) Ca®*
Sample Solution (a) Potassium has atomic number 19, and so a potassium atom has

19 electrons. The ion K*, therefore, has 18 electrons, the same as the noble gas argon. The
electron configurations of both K* and Ar are 1522522p®3523p°.

Energy is released when a chlorine atom captures an electron. Energy-releasing reac-
tions are described as exothermic, and the energy change for an exothermic process has a
negative sign. The energy change for addition of an electron to an atom is referred to as its
electron affinity and is —349 kJ/mol (-83.4 kcal/mol) for chlorine.

We can use the ionization energy of sodium and the electron affinity of chlorine to
calculate the energy change for the reaction:

Na(g) + Cl(g)

Sodium atom Chlorine atom

— Na'(g) + CI(g)

Sodium ion  Chloride ion

Were we to simply add the ionization energy of sodium (496 kJ/mol) and the electron affin-
ity of chlorine (—349 kJ/mol), we would conclude that the overall process is endothermic by
+147 kJ/mol. The energy liberated by adding an electron to chlorine is insufficient to override
the energy required to remove an electron from sodium. This analysis, however, fails to con-
sider the force of attraction between the oppositely charged ions Na™ and CI', as expressed in
terms of the energy released in the formation of solid NaCl from the separated gas-phase ions:

Na*(g) +

Sodium ion

NaCl(s)

Sodium chloride

g —
Chloride ion
This lattice energy is 787 kJ/mol and is more than sufficient to make the overall process for
formation of sodium chloride from the elements exothermic. Forces between oppositely

charged particles are called electrostatic, or Coulombic, and constitute an ionic bond when
they are attractive.

Problem 1.5

What is the electron configuration of C*? Of C™? Does either one of these ions have a noble gas
(closed-shell) electron configuration?

The S| (Systéme International d’Unites)
unit of energy is the joule (J). An older
unit is the calorie (cal). Many chemists
still express energy changes in units of
kilocalories per mole (1 kcal/mol =
4.184 kJ/mol).

lonic bonding was proposed by the
German physicist Walther Kossel in
1916, in order to explain the ability of
substances such as molten sodium
chloride to conduct an electric current.
He was the son of Albrecht Kossel,
winner of the 1910 Nobel Prize in
Physiology or Medicine for early studies
of nucleic acids.



Gilbert Newton Lewis has been called
the greatest American chemist.

Unshared pairs are also called /one
pairs.
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Ionic bonds are very common in inorganic compounds, but rare in organic ones. The
ionization energy of carbon is too large and the electron affinity too small for carbon to realis-
tically form a C** or C* ion. What kinds of bonds, then, link carbon to other elements in mil-
lions of organic compounds? Instead of losing or gaining electrons, carbon shares electrons
with other elements (including other carbon atoms) to give what are called covalent bonds.

1.3 Covalent Bonds, Lewis Formulas, and the Octet Rule

The covalent, or shared electron pair, model of chemical bonding was first suggested by
G. N. Lewis of the University of California in 1916. Lewis proposed that a sharing of two
electrons by two hydrogen atoms permits each one to have a stable closed-shell electron
configuration analogous to helium.

H- ‘H H:H

Two hydrogen atoms, Hydrogen molecule:
each with a single covalent bonding by way of
electron a shared electron pair

The amount of energy required to dissociate a hydrogen molecule H, to two separate
hydrogen atoms is its bond dissociation enthalpy. For H, it is quite large, amounting to
+435 kJ/mol (+104 kcal/mol). The main contributor to the strength of the covalent bond
in H, is the increased Coulombic force exerted on its two electrons. Each electron in H,
“feels” the attractive force of two nuclei, rather than one as it would in an isolated hydro-
gen atom.

Only the electrons in an atom’s valence shell are involved in covalent bonding.
Fluorine, for example, has nine electrons, but only seven are in its valence shell. Pairing a
valence electron of one fluorine atom with one of a second fluorine gives a fluorine mol-
ecule (F,) in which each fluorine has eight valence electrons and an electron configuration
equivalent to that of the noble gas neon. Shared electrons count toward satisfying the octet
of both atoms.

F:F:
Two fluorine atoms, each Fluorine molecule:
with seven electrons in covalent bonding by way of
its valence shell a shared electron pair

The six valence electrons of each fluorine that are not involved in bonding comprise three
unshared pairs.

Structural formulas such as those just shown for H, and F, where electrons are repre-
sented as dots are called Lewis formulas, or Lewis structures. It is usually more convenient
to represent shared electron-pair bonds as lines and to sometimes omit electron pairs.

The Lewis model limits second-row elements (Li, Be, B, C, N, O, F, Ne) to a total
of eight electrons (shared plus unshared) in their valence shells. Hydrogen is limited to
two. Most of the elements that we’ll encounter in this text obey the octet rule: In forming
compounds they gain, lose, or share electrons to achieve a stable electron configuration
characterized by eight valence electrons. When the octet rule is satisfied for carbon, nitro-
gen, oxygen, and fluorine, each has an electron configuration analogous to the noble gas
neon. The Lewis formulas of methane (CH,), ammonia (NH;), water (H,0), and hydrogen
fluoride (HF) given in Table 1.2 illustrate the octet rule.

With four valence electrons, carbon normally forms four covalent bonds as shown in
Table 1.2 for CH,. In addition to C—H bonds, most organic compounds contain covalent
C—C bonds. Ethane (C,Hy) is an example.

H H H H

Combine two . . to write a HH |
carbons and H- -C- -C--H  Lewis formula H:C:C:H or H—C—C—H

six hydrogens for ethane HH | |

H H

H H



1.4 Double Bonds and Triple Bonds

TABLE 1.2 | Lewis Formulas of Methane, Ammonia, Water,
and Hydrogen Fluoride

Atom and sufficient Lewis formula
Number of number of
valence electrons hydrogen atoms to
Compound Atom in atom complete octet Dot Line
Methane Carbon 4 H H IT
H-C-H H'S'H H—C—H
Z |
H H
Ammonia Nitrogen 3 H- -N- H H:N:H H—l'\|]—H
H H H
Water Oxygen 6 H-: O ‘H H:O::H H—Q—H
Hydrogen Fluorine 7 H- -F: H:F: H—F:

fluoride

Problem 1.6

Write Lewis formulas, including unshared pairs, for each of the following. Carbon has four
bonds in each compound.

(a) Propane (C3Hg) (c) Methyl fluoride (CH5F)

(b) Methanol (CH,0) (d) Ethyl fluoride (C,H5F)

Sample Solution (a) The Lewis formula of propane is analogous to that of ethane but the
chain has three carbons instead of two.

Combine three . . .
carbons and H--C--C--C- -H
eight hydrogens

H H H
H H H
to write a HHH |1
Lewis formula H:C:C:C:H or H—C—C—C—H
for propane HHH I1| |_|| Il|

The ten covalent bonds in the Lewis formula shown account for 20 valence electrons, which is
the same as that calculated from the molecular formula (CsHg). The eight hydrogens of CsHg
contribute 1 electron each and the three carbons 4 each, for a total of 20 (8 from the hydrogens
and 12 from the carbons). Therefore, all the valence electrons are in covalent bonds; propane
has no unshared pairs.

1.4 Double Bonds and Triple Bonds

Lewis’s concept of shared electron pair bonds allows for four-electron double bonds and
six-electron triple bonds. Ethylene (C,H,) has 12 valence electrons, which can be distrib-
uted as follows:

H H
Combine two carb Hu
ombine two carbons &~ .
and four hydrogens ¢ € to write ESI

H H





