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PREFACE

o

A User’s Guide to ORGANIC CHEMISTRY: Structure and Function

n this edition of Organic Chemistry: Structure and Function, we maintain our goal of

helping students organize all the information presented in the course and fit it into a
logical framework for understanding contemporary organic chemistry. This framework
emphasizes that the structure of an organic molecule determines how that molecule func-
tions in a chemical reaction. In the sixth edition, we have strengthened the themes of
understanding reactivity, mechanisms, and synthetic analysis to apply chemical concepts
to realistic situations. We have incorporated new applications of organic chemistry in the
life sciences, industrial practices, green chemistry, and environmental monitoring and
clean-up. This edition includes more than 100 new or substantially revised problems,
including new problems on synthesis and green chemistry, and new “challenging” prob-
lems. Organic Chemistry: Structure and Function is offered in an online version to give
students cost-effective access to all content from the text plus all student media resources.
For more information, please visit our Web site at http://ebooks.bfwpub.com.

CONNECTING STRUCTURE AND FUNCTION

This textbook emphasizes that the structure of an organic molecule
determines how that molecule functions in a chemical reaction. By
understanding the connection between structure and function, we
can learn to solve practical problems in organic chemistry.

Chapters 1 through 5 lay the foundation for making this connection.
In particular, Chapter 1 shows how electronegativity is the basis for
polar bond formation, setting the stage for an understanding of polar
reactivity. Chapter 2 makes an early connection between acidity and
electrophilicity, as well as their respective counterparts, basicCity- |l reactions in
nucleophilicity. Chapter 3 relates the structure of radicals to their |5
relative stability and reactivity. Chapter 4 illustrates how ring size
affects the properties of cyclic systems, and Chapter 5 provides an
early introduction to stereochemistry. The structures of haloalkanes
and how they determine haloalkane behavior in nucleophilic substitu-
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UNDERSTANDING AND VISUALIZING REACTION MECHANISMS

The emphasis on structure and function in the early chapters primes the students for
building a true understanding of reaction mechanisms, encouraging understanding over
memorization.

Because visualizing chemical reactivity can be challenging for many students, we use
many different visual cues and models to help students visualize reactions and how they

proceed mechanistically.

e NEW. Improved and ex-
panded coverage of electron-
pushing arrows in Section
2-2. The use of electron-
pushing arrows, introduced
in Section 2-2, is reinforced
in Section 6-3 and applied
extensively in all subsequent

Curved arrows show how starting materials convert to products

Bonds consist of electrons. Chemical change is defined as a process in which bonds are broken
and/or formed. Therefore, when chemistry takes place, electrons move. Following the basic
principles of electrostatics, electrons, being negatively charged, are attracted to sites of electron
deficiency, or positive charge. Either highly electronegative or electron-deficient (and, therefore,
electron-attracting) atoms, positively charged ions, or the 8 atom in a polar covalent bond can
be the destination for electron movement. The vast majority of chemical processes we will
introduce in this text will involve the movement of one or more pairs of electrons.

A curved arrow (1) will show the flow of an electron pair from its point of origin,
either a lone pair or a covalent bond, to its destination. The electron-pair movement that

Chapters_ interconverts resonance forms (Section 1-5) follows these same principles. However, we
know that resonance forms do not represent distinct entities. When we use curved arrows
o Interlude: A Summar to depict the electron movement associated with a chemical reaction, we are describing an
A 3 . y actual structural change, from the Lewis structures of the starting materials to those of the
Of Ol’ganlc Reactlon Mech- products. The examples below illustrate the various ways in which curved arrows are
. . employed in this movement. In each case a red color denotes an electron pair that moves.
anisms, following Chapter
14, summarizes the rela-
tively few types of reaction
mechanisms that drive the
majority of organic reac-
tions, thereby encouraging understanding over memorization.

1. Dissociation of a polar covalent bond into ions (B more electronegative than A)

AEB —> A" + :B”

Movement of an electron pair converts
the A-B covalent bond into a lone pair on atom B

¢ Computer-generated ball-and-stick and space-filling models help students visualize
steric factors in many kinds of reactions. Icons in the page margins indicate where model
building by students will be especially helpful for visualizing three-dimensional structures
and dynamics.

¢ Electrostatic potential maps of many species help students see how electron distribu-
tions affect the behavior of species in various interactions.

MECHANISM * Mechanism icons in the page margins highlight the locations of

-w . . .
m important mechanisms.
M

* Model-building icons in the page margins indicate all of the structures MODEL BUILDING
that are found on the book’s Web site as 3-D and rotatable structures.

® Reaction Summary Road Maps, found at the ends

of some chapters, summarize the principal reactions for preparation
and applications of each major functional group. The Preparation
maps indicate the possible origins of a functionality—that is, the
precursor functional groups. The Reaction maps show what each
functional group does. In both maps, reaction arrows are labeled with
particular reagents and start from or end at specific reactants or prod-
ucts. The reaction arrows are also labeled with new section numbers
indicating where the transformation is discussed in the new edition.

® Approximately 50 animated mechanisms are offered on the W. H.
Freeman Web site. All mechanisms are indicated by Media Link icons

in the page margins.



STRONGER PEDAGOGY FOR SOLVING PROBLEMS

Exercise 7-4

Working with the Concepts: Stereochemical Consequences of Sy1 Displacement

Gentle warming of (2R,4R)-2-iodo-4-methylhexane in methanol gives two stereoisomeric methyl
ethers. How are they related to each other? Explain mechanistically.

Strategy

The substrate is secondary; therefore, substitution can proceed by either the Sy1 or the Sy2 mech-
anism. Let’s consider the reaction conditions to see which is more likely and what its consequences
will be.

Solution

* The reaction takes place in methanol, CH;OH, a poor nucleophile (disfavoring Sy2) but a very
polar, protic solvent, well suited for dissociation of secondary and tertiary haloalkanes into ions
(favoring Sy1).

* Dissociation of the excellent leaving group I from C2 gives a trigonal planar carbocation.
Methanol may attack from either face (compare mechanism steps 1 and 2 in Section 7-2), giving
two stereoisomeric oxonium ions. The positively charged oxygen makes the attached hydrogen
very acidic; after proton loss, two stereoisomeric ethers result (mechanism step 3 in Section 7-2;
see also Figure 7-3). We have here another example of solvolysis (specifically, methanolysis),
because the nucleophile is the solvent (methanol).

(Caution! When describing the Sy1 mechanism, avoid the following two very common

errors: (1) Do not dissociate CH;0H to give methoxide (CH;0 ") and a proton before bonding
with the cationic carbon. Methanol is a weak acid whose dissociation is thermodynamically not
favored. (2) Do not dissociate CH3;0H to give a methyl cation and hydroxide ion. Although the
presence of the OH functional group in alcohols may remind you of the formulas of inorganic
hydroxides, alcohols are not sources of hydroxide ion.)
* The two stereoisomeric ether products are diastereomers; 25,3R and 2R,3R. At the reaction
site, C2, both R and S configurations result from the two possible pathways of methanol attack,
a and b. At C3 a stereocenter where no reaction occurs, the original R configuration remains
unchanged.

Improved Problem-Solving Approaches

e NEW. In this edition we have revised all of the
in-chapter exercises, called Working with the Con-
cepts. Each exercise now begins with a Strategy
section that emphasizes the reasoning students need
to apply in attacking problems. The Solution arranges
the steps logically and carefully, modeling good
problem-solving skills.

o NEW. Try It Yourself Exercises. Each in-chapter
worked exercise is paired with a Try It Yourself prob-
lem that follows up on the concept being taught.

e NEW. Caution statements appear in many of the
exercises, alerting students to potential pitfalls and
how to avoid them. The exercises chosen for solu-
tion are typical homework or test questions, enabling
students to acquire a feel for solving complex prob-
lems, rather than artificially simplified ones. In
response to strong positive feedback on this feature,
we have increased substantially the number of these
solutions.

Exercise 7-5

Try It Yourself

Hydrolysis of molecule A (shown in the margin) gives two alcohols. Explain.

e NEW. Interlude: Solving Problems in Organic Chem-
istry, following Chapter 11, examines the different types of
problems common in organic chemistry and teaches students
how to approach and proceed through each type of problem.

Interlude

Solving Problems in Organic Chemistry

‘With approximately one-third of the year’s course in organic chemistry behind you, let’s
take stock of your ability to solve problems, and look to possible remedies for the difficul-
ties you may have encountered. This interlude has the following structure:
Understanding the Question
Types of Problems in Organic Chemistry
A General Approach to Problem Solving: The “WHIP” Strategy
Solving Problems That Ask “What”
Nomenclature
Acidity
Energy
Stability
Spectroscopy
Solving Problems That Ask “How” and/or “Why"”
What is the product of a reaction?

How does the product form?
What reagent(s) do you need to convert one molecule into a specific other?
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Problem I-7. Which reaction below proceeds faster, (a) or (b)? What is the product? Explain.

Cl Cl

Excess NaOH, H Excess NaOH,
CH3CH20H CH3CH,0H
(a) e (b) ——

What does the question ask? “Explain!” There’s your cue: This is a mechanism problem.

How to start? As in the preceding example, characterize the substrates: Here they are
secondary chloroalkanes, with additional steric hindrance on the adjacent carbon. Again,
the reagent is a strong nucleophile and base.

Information: Displacement by Sy2 is unlikely; as in Problem I-6, E2 should be favored
(Table 7-4). What next?

Proceed, logically: Use the question as a clue to how to proceed. Why should these two
reactions proceed at different rates? How do the substrates differ? Answer: stereochemi-

e NEW. “WHIP” strategy. Beginning in Chapter 3
we introduce a novel and powerful approach to
problem solving, the “WHIP” approach. We teach
students how to recognize the fundamental types of
questions they are likely to encounter, and explain
the solution strategy in full detail in a new Interlude
section that follows Chapter 11. The “WHIP” strat-
egy encourages students to ask the following ques-
tions: WHAT does the problem ask? HOW to
begin? INFORMATION needed? PROCEED logi-
cally; do not skip steps! Solutions of several prob-

cally. So, redraw both starting materials in the more instructive cyclohexane chair forms:

lem types illustrate the strategy.
H,C

/ Cl, Equatorial Clis cis
®) gauche to hydrogen
L /~CH3 __/ on the adjacent carl
Hi
H

° Many more exercises. We have increased the number of end-of-chapter problems to give
students more practice solving problems.

Axial Cl is trans and anti
to hydrogen atoms
on the adjacent carbons

A Wide Variety of Problem Types

Users and reviewers of past editions have often cited the end-of-chapter problems as a major
strength of the book, both for the range of difficulty levels and the variety of practical applica-
tions. We highlight those end-of-chapter problems that are more difficult with a special icon.

e The Chapter Integration Problems include worked-out, step-by-step solutions to
problems involving several concepts from within chapters and from among several
chapters. These solutions place particular emphasis on problem analysis, deductive
reasoning, and logical conclusions.

¢ Team Problems encourage discussion and collaborative learning among students.
They can be assigned as regular homework or as projects for groups of students
to work on.

¢ For students planning careers in medicine or related fields, Preprofessional Prob-
lems offer a multiple-choice format typical of problems on the MCAT®, GRE, and
DAT. In addition, a selection of actual test passages and questions from past
MCAT® exams appears in an appendix.

REAL CHEMISTRY BY PRACTICING CHEMISTS:
An Emphasis on Practical Applications

Every chapter of this text features discussions of biological, medical, and industrial applica-
tions of organic chemistry, many of them new to this edition. Some of these applications
are found in the text discussion, others in the exercises and problems, and still others in the
Chemical Highlight boxes. Topics range from the chemistry behind the effects on human
health of “compounds in the news” (cholesterol, trans fatty acids, grape seed extracts, green
tea), to advances in the development of “green,” environmentally friendly methods in the
chemical industry, new chemically based methods of disease diagnosis and treatment, and
uses of transition metals and enzymes to catalyze reactions in pharmaceutical and medicinal
chemistry. A major application of organic chemistry, stressed throughout the text, is the
synthesis of new products and materials. We emphasize the development of good synthetic
strategies and the avoidance of pitfalls, illustrating these ideas with many Working with the
Concepts and Integration Problems. Many chapters contain specific syntheses of biological
and medicinal importance.



New Applications Include:

Detecting Performance Enhancing Drugs
Using Mass Spectrometry (Ch. 11,
p. 476),

Synthesis of Immunosuppressants (Ch. 14,
p. 644),

A Green Approach to Ibuprofen (Ch. 16,
p. 736),

Synthetic Differentiation of Carbonyl Groups
(Ch. 17, p. 796),

Plastics Fibers and Energy from Biomass-
Derived Hydroxyesters (Ch. 19, p. 905),

Synthesis of the Natural Product Buflavine
(Ch. 21, p. 991),

Industrial Production of Phenol from

CHEMICAL HIGHLIGHT 11-2

Spectroscopic methods are revolutionizing our ability to
detect dangerous environmental substances in real time.
Portable infrared imaging detectors (high-tech cameras)
that can identify and pinpoint the location, extent, and
movement of clouds of toxic gases are commercially avail-
able. These devices monitor the IR spectrum of the image
of each pixel in the camera’s field of view. The detectors
are programmed to alert a user to the presence of a variety
of agents by matching the fingerprint regions of observed
IR spectra with a customized database loaded into the
device’s memory.

Technological advances in the identification of chemical
substances by their molecular masses have led to the devel-
opment of the “puffer” machine that you may have seen
at an airport security checkpoint. A passenger stands under
the device’s archway while a puff of air is released, which
passes his or her body and is wafted into a detector. The
detector uses many of the basic features of the mass spec-
trometer: It ionizes molecules in the air stream and detects
their masses. It differs in that masses are distinguished not
by the amount their paths are curved by electric fields in a
vacuum, but by how fast they drift through a series of
charged rings at normal atmospheric pressure—thus the
name ion-mobility spectrometry (IMS). Ton mobility, a
function of the mass, shape, and size of a particle, allows

Security in the 21st Century: Applications of IR and MS

unambiguous identification of the original molecule by
comparison with a standard database. In 10 s or less, these
devices can detect both positive and negative ions deriving
from minute amounts (less than 10™° g) of a variety of
explosive substances, toxic industrial chemicals, illegal
narcotics, and chemical warfare agents.

The Explosive Detection Trace Portal in operation at the
San Francisco International Airport.

Cumene (Ch. 22, p. 1041),
Synthesis of the Antihypertensive Phentolamine (Ch. 22, p. 1047),
Synthesis of the Natural Product Resveratrol (Ch. 22, p. 1073),
Drug Design and “Bird Flu” (Ch. 24, p. 1152),

Synthesis of the Drug Varenicline (Chantix) (Ch. 25, p. 1171),
A “Super Green” Hantzsch Pyridine Synthesis (Ch. 25, p. 1182),
Organocatalytic Reductions (Ch. 25, p. 1186),

Enantioselective Phase Transfer Catalysis (Ch. 26, p. 1222).

NEW AND UPDATED TOPICS

As with all new editions, each chapter has
been carefully reviewed and revised.
Updates and improvements, many of which
involve “green” chemistry, include:

'—\—/\/\/\/\_/\/\/v\/—\/—\/\/_\/
Applications and Hazards of Haloalkanes: “Greener” Alternatives

The properties of haloalkanes have made this class of compounds a rich source of com-
mercially useful substances. For example, fully halogenated liquid bromomethanes, such as
CBrF; and CBrCIF, (“Halons”), are extremely effective fire retardants. Heat-induced cleav-
age of the weak C—Br bond releases bromine atoms, which suppress combustion by inhibit-
ing the free-radical chain reactions occurring in flames (see Chapter 3, Problem 40). Like
Freon refrigerants, however, bromoalkanes are ozone depleting (Section 3-9) and have been
banned for all uses except fire-suppression systems in aircraft engines. Phosphorus tribro-
mide, PBr3, a non-ozone-depleting liquid with a high weight percent of bromine, is a promis-
ing replacement. In 2006, a PBry-based fire-suppression cartridge system (under the trade
name PhostrEx™) was approved by both the U.S. Environmental Protection Agency (EPA)
and the U.S. Federal Aviation Administration (FAA). It is now in commercial use in the
Eclipse 500 jet aircraft.

The polarity of the carbon—halogen bond makes haloalkanes useful for applications such as
dry cleaning of clothing and degreasing of mechanical and electronic components. Alternatives

L —~———~———— T —

New section: Curved arrows show how
starting materials convert to products
(Ch. 2, p. 57)

New section: Sustainability and Green
Chemistry (Ch 3, p. 103)

New section: Applications and Hazards of
Haloalkanes: “Greener” Alternatives
(Ch. 6, p. 217)

Expanded coverage of solvation effects in Sy2 reactions (Ch. 6, p. 235)
New section: Which is “Greener”: Syl or Sy2? (Ch. 7, p. 263)
Expanded coverage of green uses of ethanol (Ch. 9, p. 368)

The Eclipse 500 jet over San
Francisco.

Expanded coverage of resonance in NMR (Ch. 10, p. 390)
New section: Sharpless Oxidations and the Synthesis of Antitumor Drugs (Ch. 12, p. 536)

Expanded coverage of the Diels-Alder reaction (Ch.14, p. 628) and Electrocyclic
Reactions (Ch.14, p. 641)

Expanded coverage of annulenes and aromaticity (Ch. 15, p. 697)
Expanded coverage of the stereochemistry of the Wittig reaction (Ch. 17, p. 806)

Expanded coverage of intramolecular aldol condensations (Ch. 18, p. 843)
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New section: Substitution at the Carboxy Carbon Occurs by Addition—Elimination
(Ch. 19, p. 886)

Expanded coverage of relative reactivity of carboxylic acid derivatives (Ch. 20, p. 926)

Expanded coverage of the mechanism of the base-mediated ester hydrolysis
(Ch. 20, p. 938)

Expanded coverage of IR spectroscopy of amines (Ch. 21, p. 977)

Expanded coverage of phenol syntheses from haloarenes, including a new section on Pd
catalysis (Ch. 22, p. 1038)

Expanded coverage of cell-surface carbohydrate recognition (Ch. 24, p. 1150)

SUPPLEMENTAL MATERIAL FOR STUDENTS AND INSTRUCTORS

We believe a student needs to interact with a concept several times in a variety of scenarios
to obtain a practical understanding. With that in mind, W. H. Freeman has developed the
most comprehensive student learning package available.

FOR INSTRUCTORS

Instructors Resource CD-ROM
ISBN: 1-4292-3149-1
To help instructors create lecture presentations, Web sites, and other resources, this CD-ROM
allows instructors to export resources directly to their computers. Some of these resources
include:
* All textbook images, in both JPEG and PPT format
Animated Mechanisms
Full solutions to all problems within the text
Lecture PowerPoints
Clicker Questions
Text Test Bank, which includes hundred of multiple-choice questions

Electronic Resources

Instructors can access valuable teaching tools at www.whfreeman.com/organicé6e. These
password-protected resources are designed to enhance lecture presentations, and include
Textbook Images (available in JPEG and PowerPoint format), the Online Quiz Gradebook,
Clicker Questions, Video Lectures, MCAT Solutions, and more.

WebAssign Premium

For instructors interested in online homework management, W. H. Freeman and WebAssign
have partnered to deliver WebAssign Premium—a comprehensive and flexible suite of
resources for your course. Combining the most widely used online homework platform with
a wealth of visualization and tutorial resources, WebAssign Premium extends and enhances
the classroom experience for instructors and students by combining algorithmically gener-
ated versions of selected end-of-chapter questions with a fully interactive eBook at an
affordable price. See page xxx for more details, or visit www.webassign.net to sign up for
a faculty demo account.

e NEW. Molecular Modeling Problems

With this edition we now offer new molecular modeling problems for almost every chapter,
which can be found on the text’s companion Web site. The problems were written to be
performed using the popular Spartan Student Edition™ software from Wavefunction, Inc.
With purchase of this text, students can buy Spartan Student Edition software at a significant
discount from www.wavefun.com/cart/spartaned.html using the code WHFOCHEM.


www.whfreeman.com/organic6e
www.webassign.net

While the problems are written to be performed using Spartan Student Edition software,
they can be completed using any electronic structure program that allows Hartree-Fock,
density functional, and MP2 calculations.

FOR STUDENTS

Study Guide and Solutions Manual

by Neil Schore, University of California, Davis

ISBN: 1-4292-3136-X

Written by Organic Chemistry coauthor Neil Schore, this invaluable manual includes chap-
ter introductions that highlight new materials, chapter outlines, detailed comments for each
chapter section, a glossary, and solutions to the end-of-chapter problems, presented in a way
that shows students how to reason their way to the answer.

Workbook for Organic Chemistry: Supplemental Problems and Solutions

by Jerry Jenkins, Otterbein College

ISBN: 1-4292-4758-4

Jerry Jenkins’ extensive workbook provides approximately 80 problems per topic with full
worked-out solutions. The perfect aid for students in need of more problem-solving, the
Workbook for Organic Chemistry can be paired with any organic chemistry text on the
market. For instructors interested in online homework, W.H. Freeman has also placed these
problems in WebAssign.

Molecular Model Set

ISBN: 0-7167-4822-3

A modeling set offers a simple, practical way to see, manipulate, and investigate molecular
behavior. Polyhedra mimic atoms, pegs serve as bonds, oval discs become orbitals. Freeman
is proud to offer this inexpensive, best-of-its-kind kit containing everything you need to
represent double and triple bonds, radicals, and long pairs of electrons—including more
carbon pieces than are offered in other sets.

Spartan Student Discount
With purchase of this text, student can buy Spartan Student at a significant discount at
www.wavefun.com/cart/spartaned.html using the code WHFOCHEM.

PREMIUM MULTIMEDIA RESOURCES

The Organic Chemistry Book Companion Web site, which can be |k s
accessed at www.whfreeman.com/organic6e, contains a wealth of
Pr'emlum Student Resources. Students can unlock these resources (synthesis) of CHCH
with the click of a button, putting extensive concept and problem-

solving support right at their fingertips. Some of the resources [ T« + oS

available are listed below.

NEW. ChemCasts replicate the face-to-face experience of watch-
ing an instructor work a problem. Using a virtual whiteboard, the
Organic ChemCast tutors show students the steps involved in solv-
ing key worked examples, while explaining the concepts along the
way. The worked examples featured in the ChemCasts were chosen
with the input of organic chemistry students.

NEW. Organic Flashcards contain over 200 terms and images

Suggest starting mate@s for the preparation
HS.

. WH
BEFREEMAN

designed to test students’ organic chemistry knowledge and reinforce


www.wavefun.com/cart/spartaned.html
www.whfreeman.com/organic6e
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key concepts along the way. Selected from the key terms and concepts in the text, the Organic
Flashcards also include nomenclature exercise information and reaction summary road map
content. These dynamic Web-based cards also allow students to create their own cards, start
review quizzes, and print for on-the-go studying.

NEW. ChemNews from Scientific American provides an up-to-the-minute streaming feed
of organic chemistry-related new stories direct from Scientific American magazine. Stay on
top of the latest happenings in chemistry, all in one, easy place.

NEW. The multimedia-enhanced eBook contains the complete text with a wealth of
helpful functions. All student multimedia, including the ChemCasts, Organic Flashcards,
and ChemNews from Scientific American, are linked directly to the eBook pages. Stu-
dents are thus able to access supporting resources when they need them—taking advan-
tage of the “teachable moment” as students read. Customization functions include
instructor and student notes, document linking, and editing capabilities. The eBook also
includes 3D molecule images for all model-building exercises, courtesy of ChemSpider
(www.chemspider.com).

Online Learning Environments

The above resources are available in two platforms. WebAssign Premium offers the most
effective and widely used online homework system in the sciences, and is designed
specifically for those instructors seeking graded homework management. The Student
Companion Web site provides the student-oriented support materials independent of any
homework system.

WebAssign Premium

For instructors interested in online homework management, WebAssign Premium features
a time-tested, secure online environment used by millions of students worldwide. Featuring
algorithmic problem generation and supported by a wealth of chemistry-specific learning
tools, WebAssign Premium for Organic Chemistry presents instructors with a powerful
assignment manager and study environment. WebAssign Premium provides the following
resources:

e  Algorithmically generated problems, where applicable: Students receive home-
work problems containing unique values for computation, encouraging them to
work out the problems on their own.

e  Complete access to the interactive eBook, from a live table of contents, as well
as from relevant problem statements.

e Links to ChemCasts, Organic Flashcards, ChemNews from Scientific American,
and other interactive tools are provided as hints and feedback to ensure a clearer
understanding of the problems and the concepts they reinforce.

e  Graded molecular drawing problems using the popular MarvinSketch application
allow instructors to evaluate student understanding of molecular structure. The
system evaluates virtually “drawn” molecular structures, returning a grade as
well as helpful feedback for common errors.

Student Companion Web site

The Organic Chemistry Book Companion Web site, (www.whfreeman.com/organic6e), pro-
vides a range of tools for problem solving and chemical explorations. They include, among
others:

Student self-quizzes

An interactive periodic table of the elements

Author Lecture Videos

Reaction and nomenclature exercises, which are drag-and-drop exercises designed
for memorization and rote memorization
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®  Animated Mechanisms for reference and quizzing

® To access additional support, including the ChemCasts, Organic Flashcards, and
ChemNews from Scientific American, students can upgrade their access through a
direct subscription to the Premium component of the Web site.
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CHAPTER

Structure and Bonding
In Organic Molecules

ow do chemicals regulate your body? Why did
your muscles ache this morning after last night’s
long jog? What is in the pill you took to get rid
of that headache you got after studying all night?
What happens to the gasoline you pour into the gas
tank of your car? What is the molecular composition
of the things you wear? What is the difference between
a cotton shirt and one made of silk? What is the origin
of the odor of garlic? You will find the answers to
these questions, and many others that you may have
asked yourself, in this book on organic chemistry.
Chemistry is the study of the structure of mol-
ecules and the rules that govern their interactions.
As such, it interfaces closely with the fields of biol-
ogy, physics, and mathematics. What, then, is organic
chemistry? What distinguishes it from other chemi-
cal disciplines, such as physical, inorganic, or nuclear
chemistry? A common definition provides a partial answer: Organic chemistry is the chem-
istry of carbon and its compounds. These compounds are called organic molecules.
Organic molecules constitute the chemical building blocks of life. Fats, sugars, proteins,
and the nucleic acids are compounds in which the principal component is carbon. So are
countless substances that we take for granted in everyday use. Virtually all the clothes that
we wear are made of organic molecules—some of natural fibers, such as cotton and silk;
others artificial, such as polyester. Toothbrushes, toothpaste, soaps, shampoos, deodorants,
perfumes—all contain organic compounds, as do furniture, carpets, the plastic in light fixtures
and cooking utensils, paintings, food, and countless other items. Consequently, organic chem-
ical industries are among the largest in the world, including petroleum refining and processing,
agrochemicals, plastics, pharmaceuticals, paints and coatings, and the food conglomerates.
Organic substances such as gasoline, medicines, pesticides, and polymers have improved
the quality of our lives. Yet the uncontrolled disposal of organic chemicals has polluted the
environment, causing deterioration of animal and plant life as well as injury and disease to
humans. If we are to create useful molecules—and learn to control their effects—we need
a knowledge of their properties and an understanding of their behavior. We must be able
to apply the principles of organic chemistry.
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Tetrahedral carbon, the essence
of organic chemistry, exists as a
lattice of six-membered rings in
diamonds. In 2003, a family of
molecules called diamandoids
was isolated from petroleum.
Diamandoids are subunits of
diamond in which the excised
pieces are capped off with
hydrogen atoms. An example
is the beautifully crystalline
pentamantane (molecular model
on top right and picture on the
left; © 2004 Chevron U.S.A. Inc.
Courtesy of MolecularDiamond
Technologies, ChevronTexaco
Technology Ventures LLC), which
consists of five “cages” of the
diamond lattice. The top right
of the picture shows the carbon
frame of pentamantane stripped
off its hydrogens and its
superposition on the lattice

of diamond.



Structure and Bonding in Organic Molecules

This chapter explains how the basic ideas of chemical structure and bonding apply to
organic molecules. Most of it is a review of topics that you covered in your general chem-
istry courses, including molecular bonds, Lewis structures and resonance, atomic and molec-
ular orbitals, and the geometry around bonded atoms.

1-1 The Scope of Organic Chemistry: An Overview

A goal of organic chemistry is to relate the structure of a molecule to the reactions that it
Almost everything you see in can undergo. We can then study the steps by which each type of reaction takes place, and
this picture is made of organic we can learn to create new molecules by applying those processes.

chemicals. Thus, it makes sense to classify organic molecules according to the subunits and bonds
that determine their chemical reactivity: These determinants are groups of atoms called
functional groups. The study of the various functional groups and their respective reactions
provides the structure of this book.

el
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Functional groups determine the reactivity of organic molecules

We begin with the alkanes, composed of only carbon and hydrogen atoms (“hydrocarbons’)
Carbon frame Functional connected by single bonds. They lack any functional groups and as such constitute the basic
provides group imparts scaffold of organic molecules. As with each class of compounds, we present the systematic

structure reactivity rules for naming alkanes, describe their structures, and examine their physical properties
(Chapter 2). An example of an alkane is ethane. Its structural mobility is the starting point
H;C—CH; for a review of thermodynamics and kinetics. This review is then followed by a discussion
Ethane of the strength of alkane bonds, which can be broken by heat, light, or chemical reagents.
We illustrate these processes with the chlorination of alkanes (Chapter 3).
H, o .
A Chlorination Reaction
PN
Hz(f (‘THZ CH, + Cl, 2% CH.C + HC
HCCHy . . . . . .
C Next we look at cyclic alkanes (Chapter 4), which contain carbon atoms in a ring. This
H, arrangement can lead to new properties and changes in reactivity. The recognition of a
Cyclohexane new type of isomerism in cycloalkanes bearing two or more substituents—either on the
same side or on opposite sides of the ring plane—sets the stage for a general discussion of
stereoisomerism. Stereoisomerism is exhibited by compounds with the same connectivity
but differing in the relative positioning of their component atoms in space (Chapter 5).
We shall then study the haloalkanes, our first example of compounds containing a
functional group—the carbon—halogen bond. The haloalkanes participate in two types of
organic reactions: substitution and elimination (Chapters 6 and 7). In a substitution reac-
tion, one halogen atom may be replaced by another; in an elimination process, adjacent
atoms may be removed from a molecule to generate a double bond.
HC=CH
Acetylene A Substitution Reaction
(An alkyne) - oy —
CH;—Cl + K'I' — CH;—I + K'd
H2C:O . . . .
Formaldehyde An Elimination Reaction
(An aldehyde) C‘Hz—c‘H2 + K" OH —> H,C=CH, + HOH + K'I~
(H) H I
H,C—C—CH, Like the haloalkanes, each of the major classes of organic compounds is characterized
(:f:;tz) I:lee) by a particular functional group. For example, the carbon—carbon triple bond is the func-
tional group of alkynes (Chapter 13); the smallest alkyne, acetylene, is the chemical burned
H,C—NH, in a welder’s torch. A carbon—oxygen double bond is characteristic of aldehydes and ketones
Methyl amine (Chapter 17); formaldehyde and acetone are major industrial commodities. The amines
(An amine) (Chapter 21), which include drugs such as nasal decongestants and amphetamines, contain
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nitrogen in their functional group; methyl amine is a starting material in many syntheses of
medicinal compounds. We shall study the tools for identifying these molecular subunits,
especially the various forms of spectroscopy (Chapters 10, 11, and 14). Organic chemists
rely on an array of spectroscopic methods to elucidate the structures of unknown com-
pounds. All of these methods depend on the absorption of electromagnetic radiation at
specific wavelengths and the correlation of this information with structural features.

Subsequently, we shall encounter organic molecules that are especially crucial in bio-
logy and industry. Many of these, such as the carbohydrates (Chapter 24) and amino acids
(Chapter 26), contain multiple functional groups. However, in every class of organic com-
pounds, the principle remains the same: The structure of the molecule determines the reac-
tions that it can undergo.

Synthesis is the making of new molecules

Carbon compounds are called “organic” because it was originally thought that they could
be produced only from living organisms. In 1828, Friedrich Wohler* proved this idea to be
false when he converted the inorganic salt lead cyanate into urea, an organic product of
protein metabolism in mammals (Chemical Highlight 1-1).

Waohler’s Synthesis of Urea

O
|

Lead cyanate Water Ammonia Urea Lead hydroxide

Synthesis, or the making of molecules, is a very important part of organic chemistry
(Chapter 8). Since Wohler’s time, many millions of organic substances have been synthe-
sized from simpler materials, both organic and inorganic.” These substances include many An organic molecular architect at
that also occur in nature, such as the penicillin antibiotics, as well as entirely new com- work.
pounds. Some, such as cubane, have given chemists the opportunity to study special kinds
of bonding and reactivity. Others, such as the artificial sweetener saccharin, have become
a part of everyday life.

Typically, the goal of synthesis is to construct complex organic chemicals from simpler,
more readily available ones. To be able to convert one molecule into another, chemists must
know organic reactions. They must also know the physical factors that govern such pro-
cesses, such as temperature, pressure, solvent, and molecular structure. This knowledge is
equally valuable in analyzing reactions in living systems.

As we study the chemistry of each functional group, we shall develop the tools both
for planning effective syntheses and for predicting the processes that take place in nature.

But how? The answer lies in looking at reactions step by step.

| | (H) I\{ -
H
H H H \2
H_ _C_ _C—C—N_: N\ H ~ _H H_ _C_ %
c” e c—c—=5 f~n H. C—CH C \
| |, H D cieal | | H
C — - C—
HO S¢” H 07" N\C< \C<H T~y O TG
! H—0—C" iy H TNy | 0
(0]
Benzylpenicillin Cubane Saccharin

*Professor Friedrich Wohler (1800—1882), University of Gottingen, Germany. In this and subsequent
biographical notes, only the scientist’s last known location of activity will be mentioned, even though
much of his or her career may have been spent elsewhere.

As of September 2009, the Chemical Abstracts Service had registered over 50 million chemical substances
and more than 61 million genetic sequences.
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CHEMICAL HIGHLIGHT 1-1

Urination is the main process by which we excrete nitrogen
from our bodies. Urine is produced by the kidneys and then
stored in the bladder, which begins to contract when its
volume exceeds about 200 mL. The average human excretes
about 1.5 L of urine daily, and a major component is urea,
about 20 g per liter. In an attempt to probe the origins of
kidney stones, early (al)chemists, in the 18th century,
attempted to isolate the components of urine by crystalliza-
tion, but they were stymied by the cocrystallization with the
also present sodium chloride. William Prout,* an English
chemist and physician, is credited with the preparation of
pure urea in 1817 and the determination of its accurate
elemental analysis as CH4N,O. Prout was an avid proponent
of the then revolutionary thinking that disease has a molecu-
lar basis and could be understood as such. This view clashed
with that of the so-called vitalists, who believed that the
functions of a living organism are controlled by a “vital
principle” and cannot be explained by chemistry (or physics).
Into this argument entered Wohler, an inorganic chemist,
who attempted to make ammonium cyanate, NH, " OCN~
(also CH4N,0), from lead cyanate and ammonia in 1828,
but who obtained the same compound that Prout had charac-
terized as urea. To one of his mentors, Wohler wrote, “I can
make urea without a kidney, or even a living creature.” In
his landmark paper, “On the Artificial Formation of Urea,”
he commented on his synthesis as a “remarkable fact, as it
is an example of the artificial generation of an organic mate-
rial from inorganic materials.” He also alluded to the signifi-
cance of the finding that a compound with an identical
elemental composition as ammonium cyanate can have such
completely different chemical properties, a forerunner to the
recognition of isomeric compounds. Wohler’s synthesis of

*Dr. William Prout (1785-1850), Royal College of Physicians,
London.

Urea: From Urine to Wahler’s Synthesis to Industrial Fertilizer

urea forced his contemporary vitalists to accept the notion
that simple organic compounds could be made in the labora-
tory. As you shall see in this book, over the ensuing decades,
synthesis has yielded much more complex molecules than
urea, some of them endowed with self-replicating and other
“lifelike” properties, such that the boundaries between what
is lifeless and what is alive are dwindling.

Apart from its function in the body, urea’s high nitrogen
content makes it an ideal fertilizer. It is also a raw material
in the manufacture of plastics and glues, an ingredient of
some toiletry products and fire extinguishers, and an alterna-
tive to rock salt for deicing roads. It is produced industrially
from ammonia and carbon dioxide to the tune of 100 million
tons per year.

The effect of nitrogen fertilizer on wheat growth:
treated on the left; untreated on the right.

Reactions are the vocabulary and mechanisms are the grammar

of organic chemistry

When we introduce a chemical reaction, we will first show just the starting compounds, or
reactants (also called substrates), and the products. In the chlorination process mentioned
earlier, the substrates—methane, CH,, and chlorine, Cl,—may undergo a reaction to give
chloromethane, CH;Cl, and hydrogen chloride, HCl. We described the overall transforma-
tion as CH; + Cl, — CH;Cl + HCIL. However, even a simple reaction such as this one may
proceed through a complex sequence of steps. The reactants could have first formed one or
more unobserved substances—call these X—that rapidly changed into the observed products.
These underlying details of the reaction constitute the reaction mechanism. In our example,
the mechanism consists of two major parts: CH,; + Cl, — X followed by X — CH;CI + HCL.

Each part is crucial in determining whether the overall reaction will proceed.

Substances X in our chlorination reaction are examples of reaction intermediates, spe-
cies formed on the pathway between reactants and products. We shall learn the mechanism

of this chlorination process and the nature of the reaction intermediates in Chapter 3.




1-2 Coulomb Forces: A Simplified View of Bonding

How can we determine reaction mechanisms? The strict answer to this question is, we
cannot. All we can do is amass circumstantial evidence that is consistent with (or points
to) a certain sequence of molecular events that connect starting materials and products (“the
postulated mechanism”). To do so, we exploit the fact that organic molecules are no more
than collections of bonded atoms. We can, therefore, study how, when, and how fast bonds
break and form, in which way they do so in three dimensions, and how changes in substrate
structure affect the outcome of reactions. Thus, although we cannot strictly prove a mech-
anism, we can certainly rule out many (or even all) reasonable alternatives and propose a
most likely pathway.

In a way, the “learning” and “using” of organic chemistry is much like learning and
using a language. You need the vocabulary (i.e., the reactions) to be able to use the right
words, but you also need the grammar (i.e., the mechanisms) to be able to converse intel-
ligently. Neither one on its own gives complete knowledge and understanding, but together
they form a powerful means of communication, rationalization, and predictive analysis. To
highlight the interplay between reaction and mechanism, icons are displayed in the margin
at appropriate places throughout the text.

Before we begin our study of the principles of organic chemistry, let us review some
of the elementary principles of bonding. We shall find these concepts useful in understand-
ing and predicting the chemical reactivity and the physical properties of organic molecules.

1-2 Coulomb Forces: A Simplified View of Bonding

The bonds between atoms hold a molecule together. But what causes bonding? Two atoms
form a bond only if their interaction is energetically favorable, that is, if energy—heat, for
example—is released when the bond is formed. Conversely, breaking that bond requires
the input of the same amount of energy.

The two main causes of the energy release associated with bonding are based on Coulomb’s
law of electric charge:

1. Opposite charges attract each other (electrons are attracted to protons).

2. Like charges repel each other (electrons spread out in space).

Bonds are made hy simultaneous coulombic attraction
and electron exchange

Each atom consists of a nucleus, containing electrically neutral particles, or neutrons, and
positively charged protons. Surrounding the nucleus are negatively charged electrons, equal
in number to the protons so that the net charge is zero. As two atoms approach each other,
the positively charged nucleus of the first atom attracts the electrons of the second atom;
similarly, the nucleus of the second atom attracts the electrons of the first atom. As a result,
the nuclei are held together by the electrons located between them. This sort of bonding is
described by Coulomb’s* law: Opposite charges attract each other with a force inversely
proportional to the square of the distance between the centers of the charges.

Coulomb’s Law

(+) charge X (—) charge
2

Attracting force = constant X :
distance

This attractive force causes energy to be released as the neutral atoms are brought together.
This energy is called the bond strength.

*Lieutenant-Colonel Charles Augustin de Coulomb (1736-1806), Inspecteur Général of the University of
Paris, France.

REACTION

MECHANISM

D=0 A

Charge separation is rectified by
Coulomb’s law, appropriately in
the heart of Paris.
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Neutron Electron
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Nucleus Proton
(Protons and

Neutrons)



Figure 1-1 The changes in
energy, E, that result when two
atoms are brought into close
proximity. At the separation
defined as bond length, maximum
bonding is achieved.

Figure 1-2 Covalent bonding.
Attractive (solid-line) and repulsive
(dashed-line) forces in the bonding
between two atoms. The large
spheres represent areas in space
in which the electrons are found
around the nucleus. The small
circled plus sign denotes the
nucleus.

Figure 1-3 lonic bonding. An
alternative mode of bonding
results from the complete transfer
of an electron from atom 1 to
atom 2, thereby generating two
ions whose opposite charges
attract each other.

Structure and Bonding in Organic Molecules

Absorbed

Released

|
Bond length

Interatomic distance ——>

When the atoms reach a certain closeness, no more energy is released. The distance
between the two nuclei at this point is called the bond length (Figure 1-1). Bringing the
atoms closer together than this distance results in a sharp increase in energy. Why? As
stated above, just as opposite charges attract, like charges repel. If the atoms are too close,
the electron—electron and nuclear—nuclear repulsions become stronger than the attractive
forces. When the nuclei are the appropriate bond length apart, the electrons are spread
out around both nuclei, and attractive and repulsive forces balance for maximum bonding.
The energy content of the two-atom system is then at a minimum, the most stable situation
(Figure 1-2).

An alternative to this type of bonding results from the complete transfer of an electron
from one atom to the other. The result is two charged ions: one positively charged, a cation,
and one negatively charged, an anion (Figure 1-3). Again, the bonding is based on coulombic
attraction, this time between two ions.

The coulombic bonding models of attracting and repelling charges shown in Figures 1-2
and 1-3 are highly simplified views of the interactions that take place in the bonding of
atoms. Nevertheless, even these simple models explain many of the properties of organic
molecules. In the sections to come, we shall examine increasingly more sophisticated views
of bonding.

Attraction
e 0 Repulsion

Atom 1 Atom 2 Covalently Bonded Molecule

e transfer

_>Q

Anion
Ionically Bonded Molecule

Cation

Atom 1 Atom 2
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1-3 lonic and Covalent Bonds: The Octet Rule

We have seen that attraction between negatively and positively charged particles is a basis
for bonding. How does this concept work in real molecules? Two extreme types of bonding
explain the interactions between atoms in organic molecules:

1. A covalent bond is formed by the sharing of electrons (as shown in Figure 1-2).

2. An ionic bond is based on the electrostatic attraction of two ions with opposite
charges (as shown in Figure 1-3).

We shall see that many atoms bind to carbon in a way that is intermediate between these
extremes: Some ionic bonds have covalent character and some covalent bonds are partly
ionic (polarized).

What are the factors that account for the two types of bonds? To answer this ques-
tion, let us return to the atoms and their compositions. We start by looking at the peri-
odic table and at how the electronic makeup of the elements changes as the atomic
number increases.

The periodic table underlies the octet rule

The partial periodic table depicted in Table 1-1 includes those elements most widely found in
organic molecules: carbon (C), hydrogen (H), oxygen (O), nitrogen (N), sulfur (S), chlorine (Cl),
bromine (Br), and iodine (I). Certain reagents, indispensable for synthesis and commonly
used, contain elements such as lithium (Li), magnesium (Mg), boron (B), and phosphorus (P).
(If you are not familiar with these elements, refer to Table 1-1 or the periodic table on the
inside cover.)

The elements in the periodic table are listed according to nuclear charge (number of
protons), which equals the number of electrons. The nuclear charge increases by one with
each element listed. The electrons occupy energy levels, or “shells,” each with a fixed

capacity. For example, the first shell has room for two electrons; the second, eight; and the Carbon Atom
third, 18. Helium, with two electrons in its shell, and the other noble gases, with eight Filled 1st shell
electrons (called octets) in their outermost shells, are especially stable. These elements show

very little chemical reactivity. All other elements (including carbon, see margin) lack octets c4

in their outermost electron shells. Aroms tend to form molecules in such a way as to reach

an octet in the outer electron shell and attain a noble-gas configuration. In the next two gﬁ?gﬁj;‘:: shell:
sections, we describe two extreme ways in which this goal may be accomplished: by the electrons
formation of pure ionic or pure covalent bonds.

(a) Redraw Figure 1-1 for a weaker bond than the one depicted. (b) Write the elements in Table 1-1
from memory.

ICLICREYE Partial Periodic Table

Period Halogens Noble gases
First H' He’

Second Li2! Be2? B} 24 N2 026 27 Ne2®

Third NaZ®! Mg”’z INEEE G284 p28s g286 1287 Ap288
Fourth K288 Br2S187 Kp28188
Fifth 2818187 Xe2b-18.188
Note: The superscripts indicate the number of electrons in each principal shell of the atom.




Sodium Chlorine
atom l atom

Sodium chloride
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In pure ionic bonds, electron octets are formed
by transfer of electrons

Sodium (Na), a reactive metal, interacts with chlorine, a reactive gas, in a violent manner
to produce a stable substance: sodium chloride. Similarly, sodium reacts with fluorine (F),
bromine, or iodine to give the respective salts. Other alkali metals, such as lithium and
potassium (K), undergo the same reactions. These transformations succeed because both
reaction partners attain noble-gas character by the transfer of outer-shell electrons, called
valence electrons, from the alkali metals on the left side of the periodic table to the halogens
on the right.

Let us see how this works for the ionic bond in sodium chloride. Why is the interaction
energetically favorable? First, it takes energy to remove an electron from an atom. This
energy is the ionization potential (IP) of the atom. For sodium gas, the ionization energy
amounts to 119 kcal mol~'.* Conversely, energy may be released when an electron attaches
itself to an atom. For chlorine, this energy, called its electron affinity (EA), is —83 kcal mol .
These two processes result in the transfer of an electron from sodium to chlorine. Together,
they require a net energy input of 119 — 83 = 36 kcal mol .

[Na2®! —5 [Na2®]* IP = 119 kcal mol ' (498 kJ mol ")
Sodium cation Energy input required
(Neon configuration)
287 LS (o) EA = —83 kecal mol ™' (—347 kJ mol™ )
Chloride anion Energy released

(Argon configuration)

Na + Cl— Na” + CI-  Total = 119 — 83 = 36 kcal mol~' (151 kJ mol™")

Why, then, do the atoms readily form NaCl? The reason is their electrostatic attraction,
which pulls them together in an ionic bond. At the most favorable interatomic distance
[about 2.8 A (angstroms) in the gas phase], this attraction releases (see Figure 1-1) about
120 kcal mol ™" (502 kJ mol™'). This energy release is enough to make the reaction of
sodium with chlorine energetically highly favorable [+36 — 120 = —84 kcal mol ™'
(=351 kJ mol ™ H].

Formation of Ionic Bonds by Electron Transfer

Na?®! + C1**7 — [Na®®]" [CI***] 7, or NaCl (—84 kcal mol 1)

More than one electron may be donated (or accepted) to achieve noble-gas electronic
configurations. Magnesium, for example, has two valence electrons. Donation to an appro-
priate acceptor produces the corresponding doubly charged cation with the electronic struc-
ture of neon. In this way, the ionic bonds of typical salts are formed.

A representation of how charge (re)distributes itself in molecules is given by electro-
static potential maps. These computer-generated maps not only show a form of the mole-
cule’s “electron cloud” but also use color to depict deviations from charge neutrality. Excess
electron density—for example, a negative charge—is shown in colors shaded toward red;
conversely, diminishing electron density—ultimately, a positive charge—is shown in colors
shaded toward blue. Charge-neutral regions are indicated by green. The reaction of a sodium
atom with a chlorine atom to produce Na“Cl™ is pictured this way in the margin. In the
product, Na® is blue, Cl™ is red.

#This book will cite energy values in the traditional units of kcal mol~', in which mol is the abbreviation
for mole and a kilocalorie (kcal) is the energy required to raise the temperature of 1 kg (kilogram) of
water by 1°C. In SI units, energy is expressed in joules (kg m* s 2, or kilogram-meter” per second”). The
conversion factor is 1 kcal = 4184 J = 4.184 kJ (kilojoule), and we will list these values in parentheses
in key places.
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A more convenient way of depicting valence electrons is by means of dots around the
symbol for the element. In this case, the letters represent the nucleus including all the
electrons in the inner shells, together called the core configuration.

Valence Electrons as Electron Dots
Li- ‘Be .B- C N O F
Na- ‘Mg CAl- Sl p S Cl

Electron-Dot Picture of Salts

1 e transfer

Na- + -Cl: Na :Cl:

2 e transfer

‘Mg + 2-Cl: Mg [:Cl: T,

The hydrogen atom is unique because it may either lose an electron to become a bare
nucleus, the proton, or accept an electron to form the hydride ion, [H, i.e., H:]", which
possesses the helium configuration. Indeed, the hydrides of lithium, sodium, and potassium
(Li'H", Na"H", and K"H™) are commonly used reagents.

H — [H] " Bare nucleus IP = 314 kcal mol~! (1314 kJ mol— ')
Proton
H- % [H] Helium configuration =~ EA = —18 kcal mol~! (—75 kJ mol ')

Hydride ion

Draw electron-dot pictures for ionic LiBr, Na,O, BeF,, AlICl;, and MgS.

In covalent bonds, electrons are shared to achieve octet
configurations

Formation of ionic bonds between two identical elements is difficult because the electron
transfer is usually very unfavorable. For example, in H,, formation of H"H™ would require
an energy input of nearly 300 kcal mol~' (1255 kJ mol™"). For the same reason, none of
the halogens, F,, Cl,, Br,, and I,, has an ionic bond. The high IP of hydrogen also prevents
the bonds in the hydrogen halides from being ionic. For elements nearer the center of the
periodic table, the formation of ionic bonds is unfeasible, because it becomes more and
more difficult to donate or accept enough electrons to attain the noble-gas configuration.
Such is the case for carbon, which would have to shed four electrons to reach the helium
electronic structure or add four electrons for a neonlike arrangement. The large amount of
charge that would develop makes these processes very energetically unfavorable.

—4e : +4 e

cH C ::(2:47
Helium N\ /\/ Neon

configuration Very difficult configuration

Instead, covalent bonding takes place: The elements share electrons so that each atom
attains a noble-gas configuration. Typical products of such sharing are H, and HCI. In
HCI, the chlorine atom assumes an octet structure by sharing one of its valence electrons
with that of hydrogen. Similarly, the chlorine molecule, Cl,, is diatomic because both
component atoms gain octets by sharing two electrons. Such bonds are called covalent
single bonds.

Chapter 1
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Electron-Dot Picture of Covalent Single Bonds

H-+ -H —> H:KH\,\
.. = Shared
H:-+ -Cl: —> Ht‘fjl:\[\electron

pairs

c1 + c1 - c1c1

Because carbon has four valence electrons, it must acquire a share of four electrons to
gain the neon configuration, as in methane. Nitrogen has five valence electrons and needs
three to share, as in ammonia; and oxygen, with six valence electrons, requires only two
to share, as in water.

H

H:-(;:H H:NZH HZQ!H
H H

Methane Ammonia Water

It is possible for one atom to supply both of the electrons required for covalent bonding.
This occurs upon addition of a proton to ammonia, thereby forming NH,", or to water,
thereby forming H;O™.

H H | .
H:N:+ H' —> |H:N:H H:6:+H+—>[H:6:H
Ammonium Hyd{'onium
ion ion

Besides two-electron (single) bonds, atoms may form four-electron (double) and six-
electron (triple) bonds to gain noble-gas configurations. Atoms that share more than one
electron pair are found in ethene and ethyne.

H, . H
‘Cc::Cl H:C:::C:H
H’ "H
Ethene Ethyne
(Ethylene)* (Acetylene)*

The drawings above, with pairs of electron dots representing bonds, are also called
Lewis' structures. We shall develop the general rules for formulating such structures in
Section 1-4.

Draw electron-dot structures for F,, CE4, CH,Cl,, PH;, Brl, HO ', H,N , and H;C . (Where appli-
cable, the first element is at the center of the molecule.) Make sure that all atoms have noble-gas
electron configurations.

In most organic bonds, the electrons are not shared equally:
polar covalent bonds

The preceding two sections presented two extreme ways in which atoms attain noble-gas
configurations by entering into bonding: pure ionic and pure covalent. In reality, most bonds
are of a nature that lies between these two extremes: polar covalent. Thus, the ionic bonds
in most salts have some covalent character; conversely, the covalent bonds to carbon have
some ionic or polar character. Recall (Section 1-2) that both sharing of electrons and

*In labels of molecules, systematic names (introduced in Section 2-5) will be given first, followed in
parentheses by so-called common names that are still in frequent usage.

"Professor Gilbert N. Lewis (1875-1946), University of California, Berkeley.
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IE W E”A Electronegativities of Selected Elements

Note: Values established by L. Pauling and updated by A. L. Allred (see Journal of Inorganic and
Nuclear Chemistry, 1961, 17, 215).

coulombic attraction contribute to the stability of a bond. How polar are polar covalent
bonds and what is the direction of the polarity?

We can answer these questions by considering the periodic table and keeping in mind
that the positive nuclear charge of the elements increases from left to right. Thus, the ele-
ments on the left of the periodic table are often called electropositive, electron donating,
or “electron pushing,” because their electrons are held by the nucleus less tightly than are
those of elements to the right. These elements at the right of the periodic table are described
as electronegative, electron accepting, or “electron pulling.” Table 1-2 lists the relative
electronegativities of some elements. On this scale, fluorine, the most electronegative of
them all, is assigned the value 4.

Consideration of Table 1-2 readily explains why the most ionic (least covalent) bonds occur
between elements at the two extremes (e.g., the alkali metal salts, such as sodium chloride).
On the other hand, the purest covalent bonds are formed between atoms of equal electronega-
tivity (i.e., identical elements, as in H,, N,, O,, F,, and so on) or in carbon—carbon bonds.
However, most covalent bonds are between atoms of differing electronegativity, resulting in
their polarization. The polarization of a bond is the consequence of a shift of the center of
electron density in the bond toward the more electronegative atom. It is indicated in a very
qualitative manner (using the Greek letter delta 8) by designating a partial positive charge, 5,
and partial negative charge, 6, to the respective less or more electronegative atom. The larger
the difference in electronegativity, the bigger is the charge separation. As a rule of thumb,
electronegativity differences of 0.3 to 2.0 units indicate polar covalent bonds; lesser values are
typical of essentially “pure” covalent bonds, larger values of “pure” ionic ones.

The separation of opposite charges is called an electric dipole, symbolized by an arrow
crossed at its tail and pointing from positive to negative. A polarized bond can impart
polarity to a molecule as a whole, as in HF, ICl, and CH;F.

Polarization results Polar Bonds
in a dipole } > } >
8" st
| > > H f H
- - e L ee ee - o fes A
A% :B? O'H:F: 0 N He B H:C:F:? H:C:0:H’
f \ i i
Less A dipole More Hydrogen Iodine Fluoromethane Methanol
electro- electro- fluoride monochloride
negative negative

In symmetrical structures, the polarizations of the individual bonds may cancel, thus
leading to molecules with no net polarization, such as CO, and CCl, (margin). To know
whether a molecule is polar, we have to know its shape, because the net polarity is the
vector sum of the bond dipoles. The electrostatic potential maps in the margin clearly
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Polar Bonds but
No Net Polarization

Dipoles cancel
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Carbon dioxide
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5 :ClC:Cl: 6
SN
i

&

Tetrachloromethane

Structure and Bonding in Organic Molecules

illustrate the polarization in CO, and CCly, showing the respective carbon atoms shaded
relatively blue, the attached, more electronegative atoms relatively red. Moreover, you can
recognize how the shape of each molecule renders it nonpolar as a whole. There are two
cautions in viewing electrostatic potential maps: (1) The scale on which the color differen-
tials are rendered may vary. For example, a much more sensitive scale is used for the
molecules in the margin, in which the charges are only partial, than for NaCl on p. 8, in
which the atoms assume full charges. Thus, it may be misleading to compare the electro-
static potential maps of one set of molecules with those of another, electronically very
different group. Most organic structures shown in this book will be on a comparative scale,
unless mentioned otherwise. (2) Because of the way in which the potential at each point is
calculated, it will contain contributions from all nuclei and electrons in the vicinity. As a
consequence, the color of the spatial regions around individual nuclei is not uniform.

Valence electron repulsion controls the shapes of molecules

Molecules adopt shapes in which electron repulsion (including both bonding and nonbond-
ing electrons) is minimized. In diatomic species such as H, or LiH, there is only one bonding
electron pair and one possible arrangement of the two atoms. However, beryllium fluoride,
BeF,, is a triatomic species. Will it be bent or linear? Electron repulsion is at a minimum
in a linear structure, because the bonding and nonbonding electrons are placed as far from
each other as possible, at 180°.* Linearity is also expected for other derivatives of beryl-
lium, as well as of other elements in the same column of the periodic table.

BeF, Is Linear BCl; Is Trigonal
. . o.a e LGl
:F:Be:F: not _ Be:F: ° "B',J not :Cl:B:Cl:
% .F. :Cl:

Electrons are Electrons are
farthest apart closer

In boron trichloride, the three valence electrons of boron allow it to form covalent bonds
with three chlorine atoms. Electron repulsion enforces a regular trigonal arrangement—that
is, the three halogens are at the corners of an equilateral triangle, the center of which is
occupied by boron, and the bonding (and nonbonding) electron pairs of the respective
chlorine atoms are at maximum distance from each other, that is, 120°. Other derivatives
of boron, and the analogous compounds with other elements in the same column of the
periodic table, are again expected to adopt trigonal structures.

Applying this principle to carbon, we can see that methane, CH,, has to be tetrahedral.
Placing the four hydrogens at the vertices of a tetrahedron minimizes the electron repulsion
of the corresponding bonding electron pairs.

This method for determining molecular shape by minimizing electron repulsion is called
the valence-shell electron-pair repulsion (VSEPR) method. Note that we often draw mol-
ecules such as BCl; and CH, as if they were flat and had 90° angles. This depiction is for

*This is true only in the gas phase. At room temperature, BeF, is a solid (it is used in nuclear reactors) that
exists as a complex network of linked Be and F atoms, not as a distinct linear triatomic structure.
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ease of drawing only. Do not confuse such two-dimensional drawings with the true three-
dimensional molecular shapes (trigonal for BCl; and tetrahedral for CHy).

Show the bond polarization in H,O, SCO, SO, IBr, CH,, CHCI;, CH,Cl,, and CH;Cl by using
dipole arrows to indicate separation of charge. (In the last four examples, place the carbon in the
center of the molecule.)

Ammonia, :NHj, is not trigonal but pyramidal, with bond angles of 107.3°. Water, Hzé, is not linear
but bent (104.5°). Why? (Hint: Consider the effect of the nonbonding electron pairs.)

In Summary There are two extreme types of bonding, ionic and covalent. Both derive
favorable energetics from Coulomb forces and the attainment of noble-gas electronic struc-
tures. Most bonds are better described as something between the two types: the polar cova-
lent (or covalent ionic) bonds. Polarity in bonds may give rise to polar molecules. The
outcome depends on the shape of the molecule, which is determined in a simple manner
by arrangement of its bonds and nonbonding electrons to minimize electron repulsion.

1-4 Electron-Dot Model of Bonding: Lewis Structures

Lewis structures are important for predicting geometry and polarity (hence reactivity) of
organic compounds, and we shall use them for that purpose throughout this book. In this
section, we provide rules for writing such structures correctly and for keeping track of
valence electrons.

Lewis structures are drawn by following simple rules

The procedure for drawing correct electron-dot structures is straightforward, as long as the
following rules are observed.

Rule 1. Draw the (given or desired) molecular skeleton. As an example, consider methane.
The molecule has four hydrogen atoms bonded to one central carbon atom.

H

HCH HHCHH
H

Correct Incorrect

Rule 2. Count the number of available valence electrons. Add up all the valence electrons
of the component atoms. Special care has to be taken with charged structures (anions or
cations), in which case the appropriate number of electrons has to be added or subtracted
to account for extra charges.

CH, 4 H 4 X 1 electron = 4 electrons HBr 1 H I X 1 electron = 1 electron
1C 1 X 4 electrons = 4 electrons 1 Br 1 X 7 electrons = 7 electrons

Total 8 electrons Total 8 electrons

H,0" 3H 3 X 1 electron = 3 electrons NH, 2H 2 X 1 electron = 2 electrons
10 1 X 6 electrons = 6 electrons 1N 1 X 5 electrons = 5 electrons

Charge +1 = —1 electron Charge —1 = +1 electron

Total 8 electrons Total 8 electrons
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Rule 3. (The octet rule) Depict all covalent bonds by two shared electrons, giving as many
atoms as possible a surrounding electron octet, except for H, which requires a duet. Make
sure that the number of electrons used is exactly the number counted according to rule 2.
Elements at the right in the periodic table may contain pairs of valence electrons not used
for bonding, called lone electron pairs or just lone pairs.

Consider, for example, hydrogen bromide. The shared electron pair supplies the hydro-
gen atom with a duet, the bromine with an octet, because the bromine carries three lone
electron pairs. Conversely, in methane, the four C—H bonds satisfy the requirement of the
hydrogens and, at the same time, furnish the octet for carbon. Examples of correct and
incorrect Lewis structures for HBr are shown below.

Correct Lewis Structure Incorrect Lewis Structures

H:Br: H:Br: H::Br: H:Br:
3 electrons No octet
around H 4 electrons Wrong number

around H of electrons

Frequently, the number of valence electrons is not sufficient to satisfy the octet rule
only with single bonds. In this event, double bonds (two shared electron pairs) and even
triple bonds (three shared pairs) are necessary to obtain octets. An example is the nitrogen
molecule, N,, which has ten valence electrons. An N-N single bond would leave both
atoms with electron sextets, and a double bond provides only one nitrogen atom with an
octet. It is the molecule with a triple bond that satisfies both atoms. You may find a
simple procedure useful that gives you the total number of bonds needed in a molecule
to give every atom an octet (or duet). Thus, after you have counted the supply of avail-
able electrons (rule 2), add up the total “electron demand,” that is, two electrons for each
hydrogen atom and eight for each other element atom. Then subtract “demand” from
supply and divide by 2. For N,, demand is 16 electrons, supply is 10, and hence the
number of bonds is 3.

Sextets Octets
Sextet

Octet\\
‘N:iIN: ‘N:iIN

Single bond Double bond Triple bond

Further examples of molecules with double and triple bonds are shown below.

Correct Lewis Structures

NetH el H:C:::C:H .C.
Ethene Ethyne Formaldehyde
(Ethylene) (Acetylene)

In practice, another simple sequence may help. First, connect all mutually bonded atoms
in your structure by single bonds (i.e., shared electron pairs); second, if there are any electrons
left, distribute them as lone electron pairs to maximize the number of octets; and finally, if
some of the atoms lack octet structures, change as many lone electron pairs into shared
electron pairs as required to complete the octet shells (see also the Chapter Integration
Problems 1-23 and 1-24).
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Draw Lewis structures for the following molecules: HI, CH;CH,CH3, CH;0H, HSSH, SiO, (OSiO),
0,, CS, (SCS).

Rule 4. Assign (formal) charges to atoms in the molecule. Each lone pair contributes two
electrons to the valence electron count of an atom in a molecule, and each bonding (shared)
pair contributes one. An atom is charged if this total is different from the outer-shell electron
count in the free, nonbonded atom. Thus we have the formula

number of outer-shell number of unshared

number of bonding

Formal charge = | electrons on the — | electrons on the atom |— — | electrons surrounding the

free, neutral atom in the molecule

or simply

atom in the molecule

Formal charge = number of valence electrons — number of lone pair electrons

— é number of bonding electrons

The reason for the term formal is that, in molecules, charge is not localized on one atom
but is distributed to varying degrees over its surroundings.

As an example, which atom bears the positive charge in the hydronium ion? Each
hydrogen has a valence electron count of 1 from the shared pair in its bond to oxygen.
Because this value is the same as the electron count in the free atom, the (formal) charge
on each hydrogen is zero. The electron count on the oxygen in the hydronium ion is 2 (the
lone pair) + 3 (half of 6 bonding electrons) = 5. This value is one short of the number of
outer-shell electrons in the free atom, thus giving the oxygen a charge of +1. Hence the
positive charge is assigned to oxygen.

Another example is the nitrosyl cation, NO™. The molecule bears a lone pair on nitro-
gen, in addition to the triple bond connecting the nitrogen to the oxygen atom. This gives
nitrogen five valence electrons, a value that matches the count in the free atom; therefore
the nitrogen atom has no charge. The same number of valence electrons (5) is found on
oxygen. Because the free oxygen atom requires six valence electrons to be neutral, the
oxygen in NO" possesses the +1 charge. Other examples are shown below.

H _ H H £0
i + oo oo e oo s
_C:u:C:H H:C:H H:N:H H:C:S: C
Ethenyl (vinyl) Methyl anion Ammonium ion Methanethiolate Protonated
cation ion formaldehyde

Sometimes the octet rule leads to charges on atoms even in neutral molecules. The
Lewis structure is then said to be charge separated. An example is carbon monoxide, CO.
Some compounds containing nitrogen—oxygen bonds, such as nitric acid, HNOs, also exhibit
this property.

The octet rule does not always hold

The octet rule strictly holds only for the elements of the second row and then only if there
is a sufficient number of valence electrons to satisfy it. Thus, there are three exceptions to
be considered.

.
H:0:H
H

Hydronium ion

t
‘N:iO:

Nitrosyl cation

Charge-separated
Lewis structures

— t
:C=0:

Carbon monoxide

.0
H:O:N
e

0.

Nitric acid
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Exception 1. You will have noticed that all our examples of “correct” Lewis structures
contain an even number of electrons; that is, all are distributed as bonding or lone pairs.
This distribution is not possible in species having an odd number of electrons, such as
nitrogen oxide (NO) and neutral methyl (methyl radical, +CHjs; see Section 3-1).

Odd electron Electron deficient
S, 2, 9 nh.n
iN::O H:C:H H:Be:H ‘B
H H

Nitrogen oxide Methyl radical Beryllium hydride Borane

Exception 2. Some compounds of the early second-row elements, such as BeH, and BHj3,
have a deficiency of valence electrons.

Because compounds falling under exceptions 1 and 2 do not have octet configurations, they
are unusually reactive and transform readily in reactions that lead to octet structures. For
example, two molecules of -CHj; react with each other spontaneously to give ethane, CH;—CHj,
and BHj; reacts with hydride, H ', to give borohydride, BH, .

HC + CH — HCCH
H H HH
Ethane
H. .H 1
B +:H — H:B:H
H H
Borohydride

Exception 3. Beyond the second row, the simple Lewis model is not strictly applied, and
elements may be surrounded by more than eight valence electrons, a feature referred to as
valence-shell expansion. For example, phosphorus and sulfur (as relatives of nitrogen and
oxygen) are trivalent and divalent, respectively, and we can readily formulate Lewis octet
structures for their derivatives. But they also form stable compounds of higher valency,
among them the familiar phosphoric and sulfuric acids. Some examples of octet and
expanded-octet molecules containing these elements are shown below.

o’ :0:
:Cl:P:ClI: H:O:P:0O:H H:S:H H:0:S:0:H
: g.lx\ Octet :.Q ;\\ 10 electrons \‘\ Octet :O':\(\ 12 electrons
H
Phosphorous Phosphoric Hydrogen Sulfuric
trichloride acid sulfide acid

An explanation for this apparent violation of the octet rule is found in a more sophisticated
description of atomic structure by quantum mechanics (Section 1-6). However, you will
notice that, even in these cases, you can construct dipolar forms in which the Lewis octet
rule is preserved (see Section 1-5).

2+

:b':’ :(').‘7Z
.

HOPOH HOSOH
:Q: :Q:’
H

Covalent bonds can be depicted as straight lines

Electron-dot structures can be cumbersome, particularly for larger molecules. It is simpler
to represent covalent single bonds by single straight lines; double bonds are represented by
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two lines and triple bonds by three. Lone electron pairs can either be shown as dots or
simply omitted. The use of such notation was first suggested by the German chemist August
Kekulé,* long before electrons were discovered; structures of this type are often called
Kekulé structures.

Straight-Line Notation for the Covalent Bond

H
H H H H -/
| +/
H—C—H :N=N: Cc=C H—( [
| H H “ ¢
H 7N\
H H
Methane Diatomic Ethene Hydronium Protonated
nitrogen ion formaldehyde

Exercise 1-7

Working with the Concepts: Drawing Lewis Structures

Draw the Lewis structure of HCIO, (HOCIO), including the assignment of any charges to atoms.
Strategy

To solve such a problem, it is best to follow one by one the rules given in this section for drawing
Lewis structures.

Solution

* Rule 1: The molecular skeleton is given as unbranched, as shown.

* Rule 2: Count the number of valence electrons:

H=1,20=12,Cl =7, total = 20

* Rule 3: How many bonds (shared electron pairs) do we need? The supply of electrons is 20; the
electron requirement is 2 for H and 3 X 8 = 24 electrons for the other three atoms, for a total of
26 electrons. Thus we need (26 — 20)/2 = 3 bonds.

To distribute all valence electrons according to the octet rule, we first connect all atoms by
two-electron bonds, H:O:Cl: O, using up 6 electrons. Second, we distribute the remaining 14 elec-
trons to provide octets for all nonhydrogen atoms, (arbitrarily) starting at the left oxygen. This
process requires in turn 4, 4, and 6 electrons, resulting in octet structures without needing additional
electron sharing:

H:§Z¢:l:é:

* Rule 4: We determine any formal charges by noting any discrepancies between the “effective”
valence electron count around each atom in the molecule we have found and its outer-shell count
when isolated. For H in HOCIO, the valence electron count is 1, which is the same as in the
H atom, so it is neutral in the molecule. For the neighboring oxygen, the two values are again
the same, 6. For Cl, the effective electron count is 6, but the neutral atom requires 7. Therefore,
Cl bears a positive charge. For the terminal O, the electron counts are 7 (in the molecule) and
6 (neutral atom), giving it a negative charge. The final result is
P

Hé(;:l:p

Exercise 1-8

Try It Yourself

Draw Lewis structures of the following molecules, including the assignment of any charges to atoms
(the order in which the atoms are attached is given in parentheses, when it may not be obvious from
the formula as it is commonly written): SO, F,O (FOF), BF;NH; (F;BNH;), CH;0H," (H;COH, "),
CLC=0, CN", C,".

*Professor F. August Kekulé von Stradonitz (1829-1896), University of Bonn, Germany.

Chapter 1
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In Summary Lewis structures describe bonding by the use of electron dots or straight
lines. Whenever possible, they are drawn so as to give hydrogen an electron duet and
other atoms an electron octet. Charges are assigned to each atom by evaluating its elec-
tron count.

1-5 Resonance Forms

In organic chemistry, we also encounter molecules for which there are several correct Lewis
structures.

The carbonate ion has several correct Lewis structures

Let us consider the carbonate ion, CO32_. Following our rules, we can easily draw a
Lewis structure (A) in which every atom is surrounded by an octet. The two negative
charges are located on the bottom two oxygen atoms; the third oxygen is neutral,
connected to the central carbon by a double bond and bearing two lone pairs. But
why choose the bottom two oxygen atoms as the charge carriers? There is no reason
at all—it is a completely arbitrary choice. We could equally well have drawn struc-
ture B or C to describe the carbonate ion. The three correct Lewis pictures are called
resonance forms.

Resonance Forms of the Carbonate Ion

C(ﬁ: o ‘ : ‘ Red arrows /¥ denote
the movement of electron
Cw. < c/) < C irs: “el ing”
I A e 2L o\~ . _ | pairs: “electron pushing
207 0. .00 0. o7 0.
A B C

The individual resonance forms are connected by double-headed arrows and are placed
within one set of square brackets. They have the characteristic property of being intercon-
vertible by electron-pair movement only, indicated by red arrows, the nuclear positions in
the molecule remaining unchanged. Note that, to turn A into B and then into C, we have
to shift two electron pairs in each case. Such movement of electrons can be depicted by
curved arrows, a procedure informally called “electron pushing.”

The use of curved arrows to depict electron-pair movement is a useful technique that
will prevent us from making the common mistake of changing the total number of electrons
when we draw resonance forms. It is also advantageous in keeping track of electrons when
formulating mechanisms (Sections 2-2 and 6-3).

But what is its true structure?

Does the carbonate ion have one uncharged oxygen atom bound to carbon through a
double bond and two other oxygen atoms bound through a single bond each, both bearing
a negative charge, as suggested by the Lewis structures? Or, to put it differently, are A,
B, and C equilibrating isomers? The answer is no. If that were true, the carbon—oxygen
bonds would be of different lengths, because double bonds are normally shorter than
single bonds. But the carbonate ion is perfectly symmetrical and contains a trigonal cen-
tral carbon, all C—O bonds being of equal length—between the length of a double and
that of a single bond. The negative charge is evenly distributed over all three oxygens:
It is said to be delocalized, in accord with the tendency of electrons to “spread out in
space” (Section 1-2). In other words, none of the individual Lewis representations of this
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molecule is correct on its own. Rather, the true structure is a composite of A, B, and C.
The resulting picture is called a resonance hybrid. Because A, B, and C are equivalent
(i.e., each is composed of the same number of atoms, bonds, and electron pairs), they
contribute equally to the true structure of the molecule, but none of them by itself accu-
rately represents it.

Because it minimizes coulombic repulsion, delocalization by resonance has a stabilizing
effect: The carbonate ion is considerably more stable than would be expected for a doubly
negatively charged organic molecule.

The word resonance may imply to you that the molecule vibrates or equilibrates from
one form to another. This inference is incorrect. The molecule never looks like any of the
individual resonance forms; it has only one structure, the resonance hybrid. Unlike sub-
stances in ordinary chemical equilibria, resonance forms are not real, although each makes
a partial contribution to reality. The trigonal symmetry of carbonate is clearly evident in its
electrostatic potential map shown on page 18.

An alternative convention used to describe resonance hybrids such as carbonate is to
represent the bonds as a combination of solid and dotted lines. The 2— sign here indicates
that a partial charge (% of a negative charge) resides on each oxygen atom (see margin).
The equivalence of all three carbon—oxygen bonds and all three oxygens is clearly indicated
by this convention. Other examples of resonance hybrids of octet Lewis structures are the
acetate ion and the 2-propenyl (allyl) anion.

H < H ;"] H y
O: O O
Hécc} <—>HC‘C/.. HC‘C&
G- S I i
i -O. -0 H ©
Acetate ion
H H H H ] H H
\C—C/ “—> \C C/ or \é;C/
Vi 2N SN
H (‘Z—H H (‘Z—H H (‘I—H
H H | H

2-Propenyl (allyl) anion

Resonance is also possible for nonoctet molecules. For example, the 2-propenyl (allyl)
cation is stabilized by resonance.

H H H H H H
Se—c” o’ o O’
— <—> —_ e
/ N / N\ NG
T H (‘Z—H H (‘Z—H
H H H

2-Propenyl (allyl) cation

When drawing resonance forms, keep in mind that (1) pushing one electron pair toward
one atom and away from another results in a movement of charge; (2) the relative positions
of all the atoms stay unchanged—only electrons are moved; (3) equivalent resonance forms
contribute equally to the resonance hybrid; and (4) the arrows connecting resonance forms
are double headed («>).

The recognition and formulation of resonance forms is important in predicting reactiv-
ity. For example, reaction of carbonate with acid can occur at any two of the three oxy-
gens to give carbonic acid, H,CO; (which is actually in equilibrium with CO, and H,O).
Similarly, acetate ion is protonated at either oxygen to form acetic acid (see margin).
Analogously, the 2-propenyl anion is protonated at either terminus to furnish propene, and
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the corresponding cation reacts with hydroxide at either end to give the corresponding
alcohol (see below).

H H H H H H - q
Ned” o N R - N o’
- - = is the —
/ No / N\ / AN - N
H C—H H \C—H H /C—H same as H \H \C—H
|
L H | H g H
Propene
H H H H H H HO H
/C:C\+ < > /C—C\\ + HO —— /C:C\ is the /C— C\
H C‘—H H C‘—H H /C\—OH same as H }I (‘Z—H
L | H 'y H

2-Propen-1-ol

(a) Draw two resonance forms for nitrite ion, NO, . What can you say about the geometry of this
molecule (linear or bent)? (Hint: Consider the effect of electron repulsion exerted by the lone pair
on nitrogen.) (b) The possibility of valence-shell expansion increases the number of feasible reso-
nance forms, and it is often difficult to decide on one that is “best.” One criterion that is used is
whether the Lewis structure predicts bond lengths and bond angles with reasonable accuracy. Draw
Lewis octet and valence-shell-expanded resonance forms for SO, (OSO). Considering the Lewis
structure for SO (Exercise 1-8), its experimental bond length of 1.48 10\, and the measured S-O
distance in SO, of 1.43 10\, which one of the various structures would you consider “best”?

Not all resonance forms are equivalent

The molecules described above all have equivalent resonance forms. However, many
molecules are described by resonance forms that are not equivalent. An example is the
enolate ion. The two resonance forms differ in the locations of both the double bond and
the charge.

The Two Nonequivalent Resonance Forms of the Enolate Ion

H H H H
NP4 T4
c+C .+ <« C—C
TN e
H 0. H .0

e "/
\<:
S
Although both forms are contributors to the true structure of the ion, we shall see that

one contributes more than the other. The question is, which one? If we extend our consid-
eration of nonequivalent resonance forms to include those containing atoms without electron
octets, the question becomes more general.

Enolate ion

[Octet <— Nonoctet] Resonance Forms

(@ :0: (08 :0:
H | S Wl
C HO—S—OH <«— HO*‘S*O

Formaldehyde Sulfuric acid
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Such an extension requires that we relax our definitions of “correct” and “incorrect” Lewis
structures and broadly regard all resonance forms as potential contributors to the true
picture of a molecule. The task is then to recognize which resonance form is the most
important one. In other words, which one is the major resonance contributor? Here are
some guidelines.

Guideline 1. Structures with a maximum of octets are most important. In the enolate ion,
all component atoms in either structure are surrounded by octets. Consider, however, the
nitrosyl cation, NO™: One resonance form has a positive charge on oxygen with electron
octets around both atoms; the other form places the positive charge on nitrogen, thereby
resulting in an electron sextet on this atom. Because of the octet rule, the second structure
contributes less to the hybrid. Thus, the N-O linkage is closer to being a triple than a
double bond, and more of the positive charge is on oxygen than on nitrogen. Similarly, the
dipolar resonance form for formaldehyde (p. 20) generates an electron sextet around carbon,
rendering it a minor contributor. The possibility of valence shell expansion for third-row ele-
ments (Section 1-4) makes the non-charge-separated picture of sulfuric acid with 12 electrons
around sulfur a feasible resonance form, but the dipolar octet structure is better.

Guideline 2. Charges should be preferentially located on atoms with compatible electro-
negativity. Consider again the enolate ion. Which is the major contributing resonance form?
Guideline 2 requires it to be the first, in which the negative charge resides on the more
electronegative oxygen atom. Indeed, the electrostatic potential map shown in the margin
on p. 20 confirms this expectation.

Looking again at NO*, you might find guideline 2 confusing. The major resonance
contributor to NO™ has the positive charge on the more electronegative oxygen. In cases
such as this, the octet rule overrides the electronegativity criterion; that is, guideline 1 takes
precedence over guideline 2.

Guideline 3. Structures with less separation of opposite charges are more important reso-
nance contributors than those with more charge separation. This rule is a simple consequence
of Coulomb’s law: Separating opposite charges requires energy; hence neutral structures are
better than dipolar ones. An example is formic acid, shown below. However, the influence of
the minor dipolar resonance form is evident in the electrostatic potential map in the margin:
The electron density at the carbonyl oxygen is greater than that at its hydroxy counterpart.

:(H): 1?27

CY) H «— C.+ _H
H/ \O/ H/ \O/

Major Minor

Formic acid

In some cases, to draw octet Lewis structures, charge separation is necessary; that is, guide-
line 1 takes precedence over guideline 3. An example is carbon monoxide. Other examples
are phosphoric and sulfuric acids, although valence-shell expansion allows the formulation
of expanded octet structures (see also Section 1-4 and guideline 1).

When there are several charge-separated resonance forms that comply with the octet
rule, the most favorable is the one in which the charge distribution best accommodates the
relative electronegativities of the component atoms (guideline 2). In diazomethane, for
example, nitrogen is more electronegative than carbon, thus allowing a clear choice between
the two resonance contributors (see also the electrostatic potential map in the margin).
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Exercise 1-10

Working with the Concepts: Drawing Resonance Forms

Draw two all-octet resonance forms for nitrosyl chloride, ONCI. Which one is better?

Strategy

To formulate any octet structure, we follow the rules given in Section 1-4 for drawing Lewis
structures. Once this task is completed, we can apply the procedures and guidelines from the pres-
ent section to derive resonance forms and evaluate their relative contributions.

Solution

* Rule 1: The molecular skeleton is given as shown.

* Rule 2: Count the number of valence electrons:

N=50=6,Cl =7, total = 18

* Rule 3: How many bonds (shared electron pairs) do we need? The supply of electrons is 18; and the
electron requirement is 3 X 8 = 24 electrons for the three atoms. Thus we need (24 — 18)/2 = 3 bonds.
Because there are only three atoms, there has to be a double bond.

To distribute all valence electrons according to the octet rule, we first connect all atoms by
two-electron bonds, O:N:Cl, using up 4 electrons. Second, we use 2 electrons for a double bond,
arbitrarily added to the left portion to render O::N:Cl. Third, we distribute the remaining 12 elec-
trons to provide octets for all atoms, (again arbitrarily) starting at the left with oxygen. This
process requires in turn 4, 2, and 6 electrons, resulting in the octet structure 0::N:Cl:, which we
shall label A. R
* Rule 4: We determine any formal charges by noting any discrepancies between the “effective”
valence electron count around each atom in A and its outer-shell count when it is isolated. For O,
the two lone pairs and the double bond give a valence electron count of 6, as in the O atom; for
N it is 5 and for Cl it is 7, again as found in the respective neutrals. Thus, there is no formal
charge in A.

* We are now ready to formulate resonance forms of A by moving electron pairs. You should
try to do so for all such electrons. You will soon find that only one type of electron movement
furnishes an all-octet structure, namely, that shown on the left below, leading to B:

m 2 H\f\ i/ H H\ / H
N:Cl N::Cl g N D
(0] Cl: «— :0 Cl:| Compare /C C C\ «—> /C C C\
H H H H
A B
Nitrosyl chloride 2-Propenyl (allyl) anion

This movement is similar to that in the 2-propenyl (allyl) anion (as shown on the right above)
and related allylic resonance systems described in this section. Because we started with a charge-
neutral formula, the electron movement to its resonance form generates charges: a positive one
at the origin of the electron movement, a negative one at its terminus.

* Which one of the two resonance forms of ONCI is better? Inspection of the three guidelines
provided in this section helps us to the answer: Guideline 3 tells us that less charge separation is
better than more. Thus, charge-neutral A is a better descriptor of nitrosyl chloride than charge-
separated B.

Exercise 1-11

Try It Yourself

Draw resonance forms for the following two molecules. Indicate the more favorable resonance
contributor in each case. (a) CNO ™ ; (b) NO .




1-6 Atomic Orbitals: A Quantum Mechanical Description

To what extent can the assignment of a major resonance form help us predict reactivity?
The answer is not simple, as it depends on the reagent, product stability, and other factors.
For example, we shall see that the enolate ion can react at either oxygen or carbon with
positively charged (or polarized) species (Section 18-1), even though, as shown earlier, more
of the negative charge is at the oxygen. Another important example is the case of carbonyl
compounds: Although the non-charge-separated form is dominant, the minor dipolar con-
tributor, as shown earlier for formaldehyde, is the origin of the reactivity of the carbon—oxygen
double bond, electron-rich species attacking the carbon, electron-poor ones the oxygen
(Chapter 17).

In Summary Some molecules cannot be described accurately by one Lewis structure but
exist as hybrids of several resonance forms. To find the most important resonance con-
tributor, consider the octet rule, make sure that there is a minimum of charge separation,
and place on the relatively more electronegative atoms as much negative and as little positive
charge as possible.

1-6 Atomic Orbitals: A Quantum Mechanical Description
of Electrons Around the Nucleus

So far, we have considered bonds in terms of electron pairs arranged around the component
atoms in such a way as to maximize noble-gas configurations (e.g., Lewis octets) and
minimize electron repulsion. This approach is useful as a descriptive and predictive tool
with regard to the number and location of electrons in molecules. However, it does not
answer some simple questions that you may have asked yourself while dealing with this
material. For example, why are some Lewis structures “incorrect” or, ultimately, why are
noble gases relatively stable? Why are some bonds stronger than others, and how can we
tell? What is so good about the two-electron bond, and what do multiple bonds look like?
To get some answers, we start by learning more about how electrons are distributed around
the nucleus, both spatially and energetically. The simplified treatment presented here has
as its basis the theory of quantum mechanics developed independently in the 1920s by
Heisenberg, Schrodinger, and Dirac.* In this theory, the movement of an electron around
a nucleus is expressed in the form of equations that are very similar to those characteristic
of waves. The solutions to these equations, called atomic orbitals, allow us to describe the
probability of finding the electron in a certain region in space. The shapes of these regions
depend on the energy of the electron.

The electron is described by wave equations

The classical description of the atom (Bohr' theory) assumed that electrons move on
trajectories around the nucleus. The energy of each electron was thought to relate to the
electron’s distance from the nucleus. This view is intuitively appealing because it coin-
cides with our physical understanding of classical mechanics. Yet it is incorrect for sev-
eral reasons.

First, an electron moving in an orbit would give rise to the emission of electromagnetic
radiation, which is characteristic of any moving charge. The resulting energy loss from the
system would cause the electron to spiral toward the nucleus, a prediction that is completely
at odds with reality.

Second, Bohr theory violates the Heisenberg uncertainty principle, because it defines
the precise position and momentum of an electron at the same time.

*Professor Werner Heisenberg (1901-1976), University of Munich, Germany, Nobel Prize 1932
(physics); Professor Erwin Schrodinger (1887-1961), University of Dublin, Ireland, Nobel Prize 1933
(physics); Professor Paul Dirac (1902—-1984), Florida State University, Tallahassee, Nobel Prize 1933
(physics).

Professor Niels Bohr (1885-1962), University of Copenhagen, Denmark, Nobel Prize 1922 (physics).
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Note: The + and — signs in
Figure 1-4 refer to signs of
the mathematical functions
describing the wave
amplitudes and have nothing
to do with electrical charges.

Figure 1-4 (A) A wave. The signs
of the amplitude are assigned
arbitrarily. At points of zero ampli-
tude, called nodes, the wave
changes sign. (B) Waves with
amplitudes of like sign (in phase)
reinforce each other to make a
larger wave. (C) Waves that are
out of phase subtract from each
other to make a smaller wave.

Structure and Bonding in Organic Molecules

A better model is afforded by considering the wave nature of moving particles. According
to de Broglie’s* relation, a particle of mass m that moves with velocity v has a wavelength A.

de Broglie Wavelength

h
A=—
my

in which £ is Planck’s’ constant. As a result, an orbiting electron can be described by equa-
tions that are the same as those used in classical mechanics to describe waves (Figure 1-4).
These “matter waves” have amplitudes with alternating positive and negative signs. Points
at which the sign changes are called nodes. Waves that interact in phase reinforce each
other, as shown in Figure 1-4B. Those out of phase interfere with each other to make smaller
waves (and possibly even cancel each other), as shown in Figure 1-4C.

This theory of electron motion is called quantum mechanics. The equations developed
in this theory, the wave equations, have a series of solutions called wave functions, usu-
ally described by the Greek letter psi, ¢. Their values around the nucleus are not directly
identifiable with any observable property of the atom. However, the squares (°) of their
values at each point in space describe the probability of finding an electron at that point.
The physical realities of the atom make solutions attainable only for certain specific energies.
The system is said to be quantized.

Draw a picture similar to Figure 1-4 of two waves overlapping such that their amplitudes cancel
each other.

*Prince Louis-Victor de Broglie (1892 —1987), Nobel Prize 1929 (physics).
"Professor Max K. E. L. Planck (1858-1947), University of Berlin, Germany, Nobel Prize 1918 (physics).
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Atomic orhitals have characteristic shapes

Plots of wave functions in three dimensions typically have the appearance of spheres or dumb-
bells with flattened or teardrop-shaped lobes. For simplicity, we may regard artistic renditions
of atomic orbitals as indicating the regions in space in which the electron is likely to be found.
Nodes separate portions of the wave function with opposite mathematical signs. The value of
the wave function at a node is zero; therefore, the probability of finding electron density there
is zero. Higher-energy wave functions have more nodes than do those of low energy.

Let us consider the shapes of the atomic orbitals for the simplest case, that of the hydro-
gen atom, consisting of a proton surrounded by an electron. The single lowest-energy solu-
tion of the wave equation is called the s orbital, the number 1 referring to the first (lowest)
energy level. An orbital label also denotes the shape and number of nodes of the orbital. The
s orbital is spherically symmetric (Figure 1-5) and has no nodes. This orbital can be re-
presented pictorially as a sphere (Figure 1-5A) or simply as a circle (Figure 1-5B).

The next higher-energy wave function, the 2s orbital, also is unique and, again, spher-
ical. The 2s orbital is larger than the ls orbital; the higher-energy 2s electron is on the
average farther from the positive nucleus. In addition, the 2s orbital has one node, a spher-
ical surface of zero electron density separating regions of the wave function of opposite
sign (Figure 1-6). As in the case of classical waves, the sign of the wave function on either
side of the node is arbitrary, as long as it changes at the node. Remember that the sign of
the wave function is not related to “where the electron is.” As mentioned earlier, the prob-
ability of electron occupancy at any point of the orbital is given by the square of the value
of the wave function. Moreover, the node does not constitute a barrier of any sort to the
electron, which, in this description, is regarded not as a particle but as a wave.

After the 2s orbital, the wave equations for the electron around a hydrogen atom have
three energetically equivalent solutions, the 2p,, 2p,, and 2p, orbitals. Solutions of equal
energy of this type are called degenerate (degenus, Latin, without genus or kind). As shown
in Figure 1-7, p orbitals consist of two lobes that resemble a solid figure eight or dumbbell.
A p orbital is characterized by its directionality in space. The orbital axis can be aligned
with any one of the x, y, and z axes, hence the labels p,, p,, and p.. The two lobes of
opposite sign of each orbital are separated by a nodal plane through the atom’s nucleus and
perpendicular to the orbital axis.

y y

Hydrogen nucleus

X
z . .
Sign of wave function
(not a charge)
A B
y y
Node
Node
X X
A B

&N““"?.” ANIMATION: Fig. 1-5,
< 1sorhital

(
O

Figure 1-5 Representations of
a 1s orbital. (A) The orbital is
spherically symmetric in three
dimensions. (B) A simplified two-
dimensional view. The plus sign
denotes the mathematical sign of
the wave function and is not a
charge.

Figure 1-6 Representations of a
2s orbital. Notice that it is larger
than the 1s orbital and that a node
is present. The + and — denote
the signs of the wave function.

(A) The orbital in three dimensions,
with a section removed to allow
visualization of the node. (B) The
more conventional two-dimensional
representation of the orbital.
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B

Figure 1-7 Representations of 2p orbitals (A) in three dimensions and (B) in two dimensions. Remember that the + and
— signs refer to the wave functions and not to electrical charges. Lobes of opposite sign are separated by a nodal plane
that is perpendicular to the axis of the orbital. For example, the p, orbital is divided by a node in the yz plane.

&“““'Q,” ANIMATIONS: Fig. 1-1,
« p, orbital;

p,orbital

p, orbital

C

That the description of electrons
as waves is not simply a mathe-
matical construct but is “visibly
real” was demonstrated by re-
searchers at IBM in 1993. Using a
device called a scanning tunneling
microscope, which allows pictures
to be taken at the atomic level,
they generated this computer-
enhanced view of a circle of iron
atoms deposited on a copper sur-
face. The image, which they called
a “quantum corral,” reveals the
electrons moving in waves over
the surface, the maxima defining
the “corral” hovering over the
individual iron atoms. [Photograph
courtesy of Dr. Donald Eigler, IBM,

San Jose, California.]

The third set of solutions furnishes the 3s and 3p atomic orbitals. They are similar in
shape to, but more diffuse than, their lower-energy counterparts and have two nodes. Still
higher-energy orbitals (3d, 4s, 4p, etc.) are characterized by an increasing number of nodes
and a variety of shapes. They are of much less importance in organic chemistry than are the
lower orbitals. To a first approximation, the shapes and nodal properties of the atomic orbit-
als of other elements are very similar to those of hydrogen. Therefore, we may use s and
p orbitals in a description of the electronic configurations of helium, lithium, and so forth.

The Aufbau principle assigns electrons to orbitals

Approximate relative energies of the atomic orbitals up to the 5s level are shown in
Figure 1-8. With its help, we can give an electronic configuration to every atom in the
periodic table. To do so, we follow three rules for assigning electrons to atomic orbitals:

1. Lower-energy orbitals are filled before those with higher energy.

>

No orbital may be occupied by more than two electrons, according to the Pauli*
exclusion principle. Furthermore, these two electrons must differ in the orientation
of their intrinsic angular momentum, their spin. There are two possible directions of
the electron spin, usually depicted by vertical arrows pointing in opposite directions.
An orbital is filled when it is occupied by two electrons of opposing spin, frequently
referred to as paired electrons.

3. Degenerate orbitals, such as the p orbitals, are first occupied by one electron each,
all of these electrons having the same spin. Subsequently, three more, each of oppo-
site spin, are added to the first set. This assignment is based on Hund’s' rule.

*Professor Wolfgang Pauli (1900—1958), Swiss Federal Institute of Technology (ETH) Zurich, Switzerland,
Nobel Prize 1945 (physics).

"Professor Friedrich Hund (1896—1997), University of Gottingen, Germany.
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With these rules in hand, the determination of electronic configuration becomes sim-

ple. Helium has two electrons in the 1s orbital and its electronic structure is abbreviated

(15)2. Lithium [(1s)2(2s)1] has one and beryllium [(1s)2(2s)2] has two additional electrons

in the 2s orbital. In boron [(1s)2(2s)2(2p)1], we begin the filling of the three degenerate
2p orbitals. This pattern continues with carbon and nitrogen, and then the addition of
electrons of opposite spin for oxygen, fluorine, and neon fills all p levels. The electronic
configurations of four of the elements are depicted in Figure 1-9. Atoms with completely

filled sets of atomic orbitals are said to have a closed-shell configuration. For example,
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Figure 1-8 Approximate relative
energies of atomic orbitals, corre-
sponding roughly to the order in
which they are filled in atoms.
Orbitals of lowest energy are filled
first; degenerate orbitals are filled
according to Hund’s rule.

Figure 1-9 The most stable
electronic configurations of
carbon, (1s)?(2s)?(2p)?; nitrogen,
(1s)°(@s)°(2p)°; oxygen,
(15)?(2s)?(2p)*; and fluorine
(15)?(2s)?(2p)°. Notice that the
unpaired electron spins in the

p orbitals are in accord with Hund’s
rule, and the paired electron spins
in the filled 1s and 2s orbitals are
in accord with the Pauli principle
and Hund’s rule. The order of
filling the p orbitals has been
arbitrarily chosen as p,, p,, and
then p,. Any other order would
have been equally good.
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Figure 1-10 Closed-shell
configurations of the noble gases
helium, neon, and argon.
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He Ne Ar

helium, neon, and argon have this attribute (Figure 1-10). Carbon, in contrast, has an open-
shell configuration.

The process of adding electrons one by one to the orbital sequence shown in Figure 1-8
is called the Aufbau principle (Aufbau, German, build up). It is easy to see that the Aufbau
principle affords a rationale for the stability of the electron octet and duet. These numbers
are required for closed-shell configurations. For helium, the closed-shell configuration is a
1s orbital filled with two electrons of opposite spin. In neon, the 2s and 2p orbitals are
occupied by an additional eight electrons; in argon, the 3s and 3p levels accommodate eight
more (Figure 1-10). The availability of 3d orbitals for the third-row elements provides an
explanation for the phenomenon of valence-shell expansion (Section 1-4) and the loosening
up of the strict application of the octet rule beyond neon.

Experimental verification and quantification of the relative ordering of the orbital energy
levels depicted in Figures 1-8 through 1-10 can be obtained by measuring the ionization
potentials of the corresponding electrons, that is, the energies required to remove these
electrons from their respective orbitals. It takes more energy to do so from a ls orbital than
from a 2s orbital; similarly, ejecting an electron from a 2s level is more difficult than from
its 2p counterpart, and so on. This makes intuitive sense: As we go from lower- to higher-
lying orbitals, they become more diffuse and their associated electrons are located (on
average) at increasing distances from the positively charged nucleus. Coulomb’s law tells
us that such electrons become increasingly less “held” by the nucleus.

Using Figure 1-8, draw the electronic configurations of sulfur and phosphorus.

In Summary The motion of electrons around the nucleus is described by wave equations.
Their solutions, atomic orbitals, can be symbolically represented as regions in space, with
each point given a positive, negative, or zero (at the node) numerical value, the square of
which represents the probability of finding the electron there. The Aufbau principle allows
us to assign electronic configurations to all atoms.

1-7 Molecular Orbitals and Covalent Bonding

We shall now see how covalent bonds are constructed from the overlap of atomic orbitals.

The bond in the hydrogen molecule is formed by the overlap
of 1s atomic orbitals
Let us begin by looking at the simplest case: the bond between the two hydrogen atoms in

H,. In a Lewis structure of the hydrogen molecule, we would write the bond as an electron
pair shared by both atoms, giving each a helium configuration. How do we construct H, by
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using atomic orbitals? An answer to this question was developed by Pauling®: Bonds are
made by the in-phase overlap of atomic orbitals. What does this mean? Recall that atomic
orbitals are solutions of wave equations. Like waves, they may interact in a reinforcing way
(Figure 1-4B) if the overlap is between areas of the wave function of the same sign, or in
phase. They may also interact in a destructive way if the overlap is between areas of oppo-
site sign, or out of phase (Figure 1-4C).

The in-phase overlap of the two ls orbitals results in a new orbital of lower energy
called a bonding molecular orbital (Figure 1-11). In the bonding combination, the wave
function in the space between the nuclei is strongly reinforced. Thus, the probability of
finding the electrons occupying this molecular orbital in that region is very high: a con-
dition for bonding between the two atoms. This picture is strongly reminiscent of that
shown in Figure 1-2. The use of two wave functions with positive signs for representing
the in-phase combination of the two ls orbitals in Figure 1-11 is arbitrary. Overlap
between two negative orbitals would give identical results. In other words, it is overlap
between like lobes that makes a bond, regardless of the sign of the wave function.

On the other hand, out-of-phase overlap between the same two atomic orbitals results
in a destabilizing interaction and formation of an antibonding molecular orbital. In the
antibonding molecular orbital, the amplitude of the wave function is canceled in the space
between the two atoms, thereby giving rise to a node (Figure 1-11.)

Thus, the net result of the interaction of the two 1s atomic orbitals of hydrogen is the
generation of two molecular orbitals. One is bonding and lower in energy; the other is anti-
bonding and higher in energy. Because the total number of electrons available to the system
is only two, they are placed in the lower-energy molecular orbital: the two-electron bond.
The result is a decrease in total energy, thereby making H, more stable than two free hydro-
gen atoms. This difference in energy levels corresponds to the strength of the H-H bond.
The interaction can be depicted schematically in an energy diagram (Figure 1-12A).

It is now readily understandable why hydrogen exists as H,, whereas helium is mona-
tomic. The overlap of two filled atomic orbitals, as in He,, with a total of four electrons,
leads to bonding and antibonding orbitals, both of which are filled (Figure 1-12B). There-
fore, making a He—He bond does not decrease the total energy.

The overlap of atomic orbitals gives rise to sigma and pi bonds

The formation of molecular orbitals by the overlap of atomic orbitals applies not only to
the 1s orbitals of hydrogen but also to other atomic orbitals. In general, overlap of any n
atomic orbitals gives rise to n molecular orbitals. For a simple two-electron bond, n = 2,
and the two molecular orbitals are bonding and antibonding, respectively. The amount of
energy by which the bonding level drops and the antibonding level is raised is called the

*Professor Linus Pauling (1901-1994), Stanford University, Nobel Prizes 1954 (chemistry) and 1963
(peace).
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Figure 1-11 In-phase (bonding)
and out-of-phase (antibonding)
combinations of 1s atomic orbitals.
The + and — signs denote the sign
of the wave function, not charges.
Electrons in bonding molecular
orbitals have a high probability of
occupying the space between the
atomic nuclei, as required for good
bonding (compare Figure 1-2). The
antibonding molecular orbital has
a nodal plane where the probability
of finding electrons is zero. Elec-
trons in antibonding molecular
orbitals are most likely to be found
outside the space between the
nuclei and therefore do not
contribute to bonding.



Figure 1-12 Schematic repre-
sentation of the interaction of

(A) two singly occupied atomic
orbitals (as in Hy) and (B) two dou-
bly occupied atomic orbitals (as in
He,) to give two molecular orbitals
(MO). (Not drawn to scale.) Forma-
tion of an H-H bond is favorable
because it stabilizes two electrons.
Formation of an He—-He bond
stabilizes two electrons (in the
bonding MO) but destabilizes two
others (in the antibonding MO).
Bonding between He and He

thus results in no net stabilization.
Therefore, helium is monatomic.

Figure 1-13 Bonding between
atomic orbitals. (A) 1s and 1s (e.g.,
H,), (B) 1s and 2p (e.g., HF), (C) 2p
and 2p (e.g., F»), (D) 2p and 3p
(e.g., FCI) aligned along internu-
clear axes, o bonds; (E) 2p and 2p
perpendicular to internuclear axis
(e.g. H,C=CH,), a = bond. Note
the arbitrary use of + and — signs
to indicate in-phase interactions of
the wave functions. In (D), also
note the “figure 8 within a figure 8”
dumbbell shape and more diffuse
appearance of the 3p orbital when
compared to its 2p counterpart.
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No energy Unfilled antibonding
absorbed molecular orbital

E L—H
Net Energy ] L_
energy ~ released Filled bonding
decrease molecular orbital
A
Energy Filled antibonding
absorbed ] L /\/ molecular orbital
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No Energy W [
net released \I\ Filled bonding
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energy splitting. It indicates the strength of the bond being made and depends on a variety
of factors. For example, overlap is best between orbitals of similar size and energy. There-
fore, two 1s orbitals will interact with each other more effectively than a 1s and a 3s.

Geometric factors also affect the degree of overlap. This consideration is important for
orbitals with directionality in space, such as p orbitals. Such orbitals give rise to two types
of bonds: one in which the atomic orbitals are aligned along the internuclear axis (parts A,
B, C, and D in Figure 1-13) and the other in which they are perpendicular to it (part E).
The first type is called a sigma (o) bond, the second a pi (77) bond. All carbon—carbon
single bonds are of the o type; however, we shall find that double and triple bonds also
have 7 components (Section 1-8).

1s 2p 2p 2p

Is 1s
o bond, o bond, o bond,
asin H-H asin H-F asin F-F
A B C
Relatively more diffuse: weaker overlap Parallel orientation:
i weaker overlap
2p 3p
o bond, ;pbon%dp
in F-Cl >
as mD as in H,C=CH,
E
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Exercise 1-14

Working with the Concepts: Orbital Splitting Diagrams

Construct a molecular-orbital and energy-splitting diagram of the bonding in He,. Is it
favorable?

Strategy

To derive the molecular orbitals of the helium-helium bond, we first need to pick the appropriate
atomic orbitals for overlap. The periodic table (Table 1-1) and the Aufbau principle (Figure 1-10)
tell us that the orbital to use is ls. Therefore, a bond between two He atoms is made in the
same manner as the bond between two H atoms (Figure 1-11)—by the overlap of two ls atomic
orbitals.

Solution

* In-phase interaction results in the lower-energy (relative to the starting 1s orbital) bonding mole-
cular orbital. Out-of-phase interaction produces the higher-energy antibonding molecular orbital.
The resulting energy diagram is essentially identical to those shown in Figure 1-12A and B, except
that He, " contains only three electrons.

* The Aufbau principle instructs us to “fill from the bottom up.” Therefore two (bonding) electrons
go into the lower energy level and one (antibonding) electron goes into the higher energy level.

* The net effect is a favorable interaction (in contrast to neutral He,, Figure 1-12B). Indeed,
He, can be made in an electrical discharge of He" with He, showing that bond formation is
favorable.

Exercise 1-15

Try It Yourself

Construct a molecular-orbital and energy-splitting diagram of the bonding in LiH. Is it favorable?
(Caution: The overlapping orbital energies are not the same in this case. Hint: Consult Section 1-6,
specifically the part describing the Aufbau principle. What are the electronic configurations of
Li and H? The energy splitting between orbitals of unequal energies occurs such as to push the
higher-lying level up, the lower-lying one down.)

In Summary We have come a long way in our description of bonding. First, we thought
of bonds in terms of Coulomb forces, then in terms of covalency and shared electron pairs,
and now we have a quantum mechanical picture. Bonds are a result of the overlap of atomic
orbitals. The two bonding electrons are placed in the bonding molecular orbital. Because it
is stabilized relative to the two initial atomic orbitals, energy is given off during bond
formation. This decrease in energy represents the bond strength.

1-8 Hybrid Orbitals: Bonding in Complex Molecules

Let us now use quantum mechanics to construct bonding schemes for more complex mol-
ecules. How can we use atomic orbitals to build linear (as in BeH,), trigonal (as in BHj3),
and tetrahedral molecules (as in CH,)?

Chapter 1



Figure 1-14 Promotion of an
electron in beryllium to allow the
use of both valence electrons in
bonding.

Figure 1-15 Possible but incor-
rect bonding in BeH, by separate
use of a 2s and a 2p orbital on be-
ryllium. The node in the 2s orbital
is not shown. Moreover, the other
two empty p orbitals and the
lower-energy filled 1s orbital are
omitted for clarity. The dots indi-
cate the valence electrons.
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Consider the molecule beryllium hydride, BeH,. Beryllium has two electrons in the
1s orbital and two electrons in the 2s orbital. Without unpaired electrons, this arrangement
does not appear to allow for bonding. However, it takes a relatively small amount of energy
to promote one electron from the 2s orbital to one of the 2p levels (Figure 1-14)—energy
that is readily compensated by eventual bond formation. Thus, in the 1s*2s'2p' configura-
tion, there are now two singly filled atomic orbitals available for bonding overlap.

One could propose bond formation in BeH, by overlap of the Be 2s orbital with the
s orbital of one H and the Be 2p orbital with the second H (Figure 1-15). This scheme
predicts two different bonds of unequal length, probably at an angle. However, if electron
repulsion predicts that compounds such as BeH, should have linear structures (Section 1-3).
Experiments on related compounds confirm this prediction and also show that the bonds to
beryllium are of equal length.*

sp Hybrids produce linear structures

How can we explain this geometry in orbital terms? To answer this question, we use a
quantum mechanical approach called orbital hybridization. Just as the mixing of atomic
orbitals on different atoms forms molecular orbitals, the mixing of atomic orbitals on the
same atom forms new hybrid orbitals.

When we mix the 2s and one of the 2p wave functions on beryllium, we obtain two
new hybrids, called sp orbitals, made up of 50% s and 50% p character. This treatment
rearranges the orbital lobes in space, as shown in Figure 1-16. The major parts of the orbit-
als, also called front lobes, point away from each other at an angle of 180°. There are two
additional minor back lobes (one for each sp hybrid) with opposite sign. The remaining two
p orbitals are left unchanged.

Overlap of the sp front lobes with two hydrogen 1s orbitals yields the bonds in BeH,.
The 180° angle that results from this hybridization scheme minimizes electron repulsion.
The oversized front lobes of the hybrid orbitals also overlap better than do lobes of unhy-
bridized orbitals; the result is energy reduction due to improved bonding.

*These predictions cannot be tested for BeH, itself, which exists as a complex network of Be and H atoms.
However, both BeF, and Be(CHjs), exist as individual molecules in the gas phase and possess the
predicted structures.
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Front lobe

Hybridization

; Back lobe
2 °
B
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; 180 X ooy Beryllium hydride: linear
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Figure 1-16 Hybridization in beryllium to create two sp hybrids. (A) The resulting bonding gives

BeH, a linear structure. Again, both remaining p orbitals and the 1s orbital have been omitted for

clarity. The sign of the wave function for the large sp lobes is opposite that for the small lobes. \WATION — ANTMATION: Fi9 1-16
(B) The energy changes occurring on hybridization. The 2s orbital and one 2p orbital combine into %’ hybrids e
two sp hybrids of intermediate energy. The 1s and remaining 2p energies remain the same. C Sphy.

Note that hybridization does not change the overall number of orbitals available for bond-
ing. Hybridization of the four orbitals in beryllium gives a new set of four: two sp hybrids
and two essentially unchanged 2p orbitals. We shall see shortly that carbon uses sp hybrids
when it forms triple bonds.

sp? Hybrids create trigonal structures

Now let us consider an element in the periodic table with three valence electrons. What bond-
ing scheme can be derived for borane, BH;? Promotion of a 2s electron in boron to one of the
2p levels gives the three singly filled atomic orbitals (one 2s, two 2p) needed for forming three
bonds. Mixing these atomic orbitals creates three new hybrid orbitals, which are designated
sp” to indicate the component atomic orbitals: 67% p and 33% s (Figure 1-17). The third
p orbital is left unchanged, so the total number of orbitals stays the same—namely, four.

Front lobe

2
w P K f Back lobe

W

Hybridization
_— _—

costs Bonding

\ energy releases
1 2p, ) energy
sp
2s
sp° Boron hydride: trigonal

Figure 1-17 Hybridization in boron to create three sp? hybrids. The resulting bonding gives BH,
a trigonal planar structure. There are three front lobes of one sign and three back lobes of opposite
sign. The remaining p orbital (p,) is perpendicular to the molecular plane (the plane of the page;

one p, lobe is above, the other below that plane) and has been omitted. In analogy to Figure 1-16B, \MATION — ANTMATION: Fi? 117
the energy diagram for the hybridized boron features three singly occupied, equal-energy sp? %’ 0" hybrids e
levels and one remaining empty 2p level, in addition to the filled 1s orbital. C Py
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The front lobes of the three sp” orbitals of boron overlap the respective 1s orbitals of
the hydrogen atoms to give trigonal planar BH;. Again, hybridization minimizes electron
repulsion and improves overlap, conditions giving stronger bonds. The remaining unchanged
p orbital is perpendicular to the plane incorporating the sp® hybrids. It is empty and does
not enter significantly into bonding.

The molecule BH; is isoelectronic with the methyl cation, CH,*; that is, they have the
same number of electrons. Bonding in CH; " requires three sp” hybrid orbitals, and we shall
see shortly that carbon uses sp® hybrids in double-bond formation.

sp® Hybridization explains the shape of tetrahedral carbon compounds

Consider the element whose bonding is of most interest to us: carbon. Its electronic con-
figuration is (15)%(25)*(2p)*, with two unpaired electrons residing in two 2p orbitals. Promo-
tion of one electron from 2s to 2p results in four singly filled orbitals for bonding. We have
learned that the arrangement in space of the four C—H bonds of methane that would minimize
electron repulsion is tetrahedral (Section 1-3). To be able to achieve this geometry, the 2s
orbital on carbon is hybridized with all three 2p orbitals to make four equivalent sp® orbitals
with tetrahedral symmetry, each of 75% p and 25% s character and occupied by one electron.
Overlap with four hydrogen 1s orbitals furnishes methane with four equal C—H bonds. The
HCH bond angles are typical of a tetrahedron: 109.5° (Figure 1-18).

/l/ 2py

Hybridization
S ———

costs
1 energy

2p,

Bonding
releases
energy

2pZ

R}

2s
Methane: tetrahedral

Figure 1-18 Hybridization in carbon to create four sp® hybrids. The resulting bonding gives CH,

TI0| - i -
(&A;)N AN3|MAT.|0NS' Hg'] 18, and other carbon compounds tetrahedral structures. The sp® hybrids contain small back lobes of sign
C P .hyb"ds and methane opposite that of the front lobes. In analogy to Figure 1-16B, the energy diagram of sp®-hybridized
orhitals carbon contains four singly occupied, equal-energy sp® levels, in addition to the filled 1s orbital.

Any combination of atomic and hybrid orbitals may overlap to form bonds. For exam-
ple, the four sp® orbitals of carbon can combine with four chlorine 3p orbitals, resulting in
tetrachloromethane, CCly. Carbon—carbon bonds are generated by overlap of hybrid orbitals.
In ethane, CH;—CH; (Figure 1-19), this bond consists of two sp’ hybrids, one from each of
two CHj; units. Any hydrogen atom in methane and ethane may be replaced by CH; or other
groups to give new combinations.

In all of these molecules, and countless more, carbon is approximately tetrahedral. Tt
is this ability of carbon to form chains of atoms bearing a variety of additional substituents
that gives rise to the extraordinary diversity of organic chemistry.

\WATION ANIMATION: Fig. 1-19,
ft)) ethane orbitals

Figure 1-19 Overlap of two sp®
orbitals to form the carbon-carbon
bond in ethane. Ethane




1-8 Hybrid Orbitals: Bonding in Complex Molecules Chapter 1

Hybrid orbitals may contain lone electron pairs:
ammonia and water

What sort of orbitals describe the bonding in ammonia and water (see Exercise 1-5)? Let
us begin with ammonia. The electronic configuration of nitrogen, (15)%(25)*(2p)°, explains
why nitrogen is trivalent, three covalent bonds being needed for octet formation. We could
use p orbitals for overlap, leaving the nonbonding electron pair in the 2s level. However,
this arrangement does not minimize electron repulsion. The best solution is again sp> hybrid-
ization. Three of the sp® orbitals are used to bond to the hydrogen atoms, and the fourth
contains the lone electron pair. The HNH bond angles (107.3°) in ammonia are almost
tetrahedral (Figure 1-20). The effect of the lone electron pair is to reduce the bond angles
in NH; from the ideal tetrahedral value of 109.5°. Because it is not shared, the lone pair is
relatively close to the nitrogen. As a result, it exerts increased repulsion on the electrons in
the bonds to hydrogen, thereby leading to the observed bond-angle compression.

In principle, the bonding in water could also be described by formal sp® hybridization
on oxygen. However, the energetic cost is now too large (see Exercise 1-17). Nevertheless,
for the sake of simplicity, we can extend the picture for ammonia to water as in Figure 1-20,
with an HOH bond angle of 104.5°.

Lone electron Figure 1-20 Bonding and elec-
pair in tron repulsion in ammonia and
.. sp orbital Lone =, water. The arcs indicate increased
electron electron repulsion by the lone
pairs

pairs located close to the central
nucleus.

‘\\ Electron
repulsion \

Ammonia Water

104.5°

Pi bonds are present in ethene (ethylene) and ethyne (acetylene)

The double bond in alkenes, such as ethene (ethylene), and the triple bond in alkynes, such
as ethyne (acetylene), are the result of the ability of the atomic orbitals of carbon to adopt
sp* and sp hybridization, respectively. Thus, the o bonds in ethene are derived entirely from
carbon-based sp?® hybrid orbitals: Csp>~Csp* for the C—C bond, and Csp’~H]1s for holding
the four hydrogens (Figure 1-21). In contrast to BH;, with an empty p orbital on boron, the
leftover unhybridized p orbitals on the ethene carbons are occupied by one electron each,
overlapping to form a 7 bond (recall Figure 1-13E). In ethyne, the o frame is made up
of bonds consisting of Csp hybrid orbitals. The arrangement leaves two singly occupied
p orbitals on each carbon and allows the formation of two 7 bonds (Figure 1-21).

/\/ sp2 orbital

2p orbital 7 bond o bond
Figure 1-21 The double bond in ethene (ethylene) and the triple bond in ethyne (acetylene). C ethene and ethy"e orbitls
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Exercise 1-16

Draw a scheme for the hybridization and bonding in methyl cation, CH; ", and methyl anion, CH; .

Exercise 1-17
Working with the Concepts: Orbital Overlap in Water

Although it was convenient to describe water as containing an sp>-hybridized oxygen atom,
hybridization is unfavorable when compared to C in methane and N in ammonia. The reason
is that the energy difference between the 2s and p orbitals in O is now so large that the ener-
getic cost of hybridization can no longer be matched by the smaller number of bonds to H
atoms (two, instead of four or three). Instead, the oxygen uses (essentially) unhybridized
orbitals. Why is there a larger energy separation between the 2s and p orbitals in O? (Hint: As
you proceed horizontally from C to F in the periodic table, the positive nuclear charge
increases steadily. To review what effect this has on the energies of orbitals, consult the end
of Section 1-6.)

Why should this phenomenon affect the process of hybridization adversely? Ponder these
questions and then draw a picture of the orbitals in unhybridized O and their bonding in water.
Use electron-repulsion arguments to explain the HOH bond angle of 104.5°.

Strategy

The intraatomic overlap of orbitals underlying hybridization is affected by the same features
governing the quality of a bond made by interatomic overlap of orbitals: Overlap is best
between orbitals of similar size and energy. Also, bonding is subject to the geometric con-
straints imposed by the molecule containing the hybridized atom (see also Problem 48).
Proceeding along the series methane, ammonia, water, and hydrogen fluoride, the spherically
symmetric 2s orbital is lowered more in energy than the corresponding p orbitals are by the
increasing nuclear charge. One way to understand this trend is to picture the electrons in their
respective orbitals: Those relatively closer to the nucleus (2s) are held increasingly more
tightly than those farther away (2p). To the right of N in the periodic table, this discrepancy
in energy makes hybridization of the orbitals difficult, as this process effectively moves the
2s electrons farther away from the nucleus. Thus the reduction in electron repulsion by hybridi-
zation is offset by the cost in Coulomb energy. However, we can still draw a reasonable
overlap picture.

Solution

* We use the two singly occupied p orbitals on oxygen to overlap with the two respective hydro-
gen ls orbitals (margin). In this picture, the two lone electron pairs reside in a p and the 2s orbital,
respectively.

e Why, then, is the bond angle in water not 90°? Well, Coulomb’s law (electron repulsion) still
operates, whether we hybridize or not. Thus the two pairs of bonding electrons increase their
distance by distorting bond angles to the observed value.

Exercise 1-18

Try It Yourself

Extrapolate the picture for water in the preceding exercise to the bonding in HF, which also uses
unhybridized orbitals.

In Summary To minimize electron repulsion and maximize bonding in triatomic and larger
molecules, we apply the concept of atomic-orbital hybridization to construct orbitals of
appropriate shape. Combinations of s and p atomic orbitals create hybrids. Thus, a 2s and
a 2p orbital mix to furnish two linear sp hybrids, the remaining two p orbitals being
unchanged. Combination of the 2s with two p orbitals gives three sp® hybrids used in trigonal
molecules. Finally, mixing the 2s with all three p orbitals results in the four sp® hybrids
that produce the geometry around tetrahedral carbon.
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1-9 Structures and Formulas of Organic Molecules

A good understanding of the nature of bonding allows us to learn how chemists determine the
identity of organic molecules and depict their structures. Do not underestimate the importance
of drawing structures. Sloppiness in drawing molecules has been the source of many errors in
the literature and, perhaps of more immediate concern, in organic chemistry examinations.

To establish the identity of a molecule, we determine its structure

Organic chemists have many diverse techniques at their disposal with which to determine
molecular structure. Elemental analysis reveals the empirical formula, which summarizes
the kinds and ratios of the elements present. However, other procedures are usually needed
to determine the molecular formula and to distinguish between structural alternatives. For
example, the molecular formula C,HO corresponds to two known substances: ethanol and
methoxymethane (dimethyl ether). We can tell them apart on the basis of their physical
properties—for example, their melting points, boiling points (b.p.’s), refractive indices,
specific gravities, and so forth. Thus ethanol is a liquid (b.p. 78.5°C) commonly used as a
laboratory and industrial solvent and present in alcoholic beverages. In contrast, methoxy-
methane is a gas (b.p. —23°C) used as a refrigerant. Their other physical and chemical
properties differ as well. Molecules such as these, which have the same molecular formula
but differ in the sequence (connectivity) in which the atoms are held together, are called
constitutional or structural isomers (see also Chemical Highlight 1-1).

Exercise 1-19

Draw the two constitutional isomers with the molecular formula C4H;,, showing all atoms and
their bonds.

Two naturally occurring substances illustrate the biological consequences of such struc-
tural differences. Prostacyclin I, prevents blood inside the circulatory system from clotting.
Thromboxane A,, which is released when bleeding occurs, induces platelet aggregation,
causing clots to form over wounds. Incredibly, these compounds are constitutional isomers
(both have the molecular formula C,y,H3,05) with only relatively minor connectivity differ-
ences. Indeed, they are so closely related that they are synthesized in the body from a
common starting material (see Section 19-13 for details).

When a compound is isolated in nature or from a reaction, a chemist may attempt to
identify it by matching its properties with those of known materials. Suppose, however, that
the chemical under investigation is new. In this case, structural elucidation requires the use
of other methods, most of which are various forms of spectroscopy. These methods will be
dealt with and applied often in later chapters.

The most complete methods for structure determination are X-ray diffraction of
single crystals and electron diffraction or microwave spectroscopy of gases. These tech-
niques reveal the exact position of every atom, as if viewed under very powerful mag-
nification. The structural details that emerge in this way for the two isomers ethanol and
methoxymethane are depicted in the form of ball-and-stick models in Figure 1-22A and B.

A

Figure 1-22 Three-dimensional representations of (A) ethanol and (B) methoxymethane, depicted
by ball-and-stick molecular models. Bond lengths are given in angstrom units, bond angles in
degrees. (C) Space-filling rendition of methoxymethane, taking into account the effective size of
the electron “clouds” around the component nuclei.
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MODEL BUILDING

Structure and Bonding in Organic Molecules

Note the tetrahedral bonding around the carbon atoms and the bent arrangement of
the bonds to oxygen, which is similar to that in water. A more accurate picture of the
relative size of the component atoms in methoxymethane is given in Figure 1-22C, a space-
filling model.

The visualization of organic molecules in three dimensions is essential for understand-
ing their structures and, frequently, their reactivities. You may find it difficult to visualize
the spatial arrangements of the atoms in even very simple systems. A good aid is a molec-
ular model kit. You should acquire one and practice the assembly of organic structures. To
encourage you in this practice and to indicate particularly good examples where building a
molecular model can help you, the icon displayed in the margin will appear at the appropri-
ate places in the text.

Exercise 1-20

Use your molecular model kit to construct the two isomers with the molecular formula C4H;,.

Several types of drawings are used to represent
molecular structures

The representation of molecular structures was first addressed in Section 1-4, which outlined
rules for drawing Lewis structures. We learned that bonding and nonbonding electrons are
depicted as dots. A simplification is the straight-line notation (Kekulé structure), with lone
pairs (if present) added again as dots. To simplify even further, chemists use condensed
formulas in which most single bonds and lone pairs are omitted. The main carbon chain
is written horizontally, the attached hydrogens usually to the right of the associated carbon
atom. Other groups (the substituents on the main stem) are added through connecting
vertical lines.

The most economical notation of all is the bond-line formula. It portrays the carbon
frame by zigzag straight lines, omitting all hydrogen atoms. Each unsubstituted terminus
represents a methyl group, each apex a carbon atom, and all unspecified valences are
assumed to be satisfied by single bonds to hydrogen.

Kekulé Condensed Bond-Line Formulas
T
H H H
.o Br
Ry, T T
H— ‘c— ‘c— ‘c—‘c—l;{r :  CH,CHCH,CH,Br Br
H H H H
H O H 0
] [ 0
HoC—CoC M CHiCCH=CH, )k/
H |
i
H—C=C—C—OH HC=CCH,0H

)
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Figure 1-23 Hashed (red) and wedged (blue) line notation for (A) a carbon chain; (B) methane;
(C) ethane; (D) ethanol; and (E) methoxymethane. Atoms attached by ordinary straight lines lie in
the plane of the page. Groups at the ends of hashed lines lie below that plane; groups at the ends
of wedges lie above it.

Draw condensed and bond-line formulas for each C4H;, isomer.

Figure 1-22 calls attention to a problem: How can we draw the three-dimensional struc-
tures of organic molecules accurately, efficiently, and in accord with generally accepted con-
ventions? For tetrahedral carbon, this problem is solved by the hashed-wedged/solid-wedged
line notation. It uses a zigzag convention to depict the main carbon chain, now defined to
lie in the plane of the page. Each apex (carbon atom) is then connected to two additional
lines, one hashed wedged and one solid wedged, both pointing away from the chain. These
represent the remaining two bonds to carbon; the hashed-wedged line corresponds to the
bond that lies below the plane of the page, and the solid-wedged line to that lying above
that plane (Figure 1-23). Substituents are placed at the appropriate termini. This convention
is applied to molecules of all sizes, even methane (see Figure 1-23B—E). For simplicity, we
will refer to the two types of bonds as “hashed” (instead of “hashed wedged”) and “wedged”
(instead of “solid wedged”).

Draw hashed-wedged line formulas for each C,H;, isomer.

In Summary Determination of organic structures relies on the use of several experimental
techniques, including elemental analysis and various forms of spectroscopy. Molecular
models are useful aids for the visualization of the spatial arrangements of the atoms in
structures. Condensed and bond-line notations are useful shorthand approaches to drawing
two-dimensional representations of molecules, whereas hashed-wedged line formulas provide
a means of depicting the atoms and bonds in three dimensions.

THE BIG PICTURE

What have we learned and where do we go from here?

Much of the material covered in this introductory chapter is probably familiar to you
from introductory chemistry or even high school, perhaps in a different context. Here, the
purpose was to recapitulate this knowledge as it pertains to the structure and reactivity of
organic molecules. The fundamental take-home lessons for organic chemistry are these:

1. The importance of Coulomb’s law (Section 1-2), as evidenced, for example, by atomic
attraction (Section 1-3), relative electronegativity (Table 1-2), the electron repulsion
model for the shapes of molecules (Section 1-3), and the choice of dominant resonance
contributors (Section 1-5).

2. The tendency of electrons to spread out (delocalize), as manifested in resonance forms
(Section 1-5) or bonding overlap (Section 1-7).

3. The correlation of the valence electron count (Sections 1-3 and 1-4) with the Aufbau
principle (Section 1-6), and the associated stability of the elements in noble-gas—octet—
closed-shell configurations obtained by bond formation (Sections 1-3, 1-4, and 1-7).
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4. The characteristic shapes of atomic and molecular orbitals (Section 1-6), which provide
a feeling for the location of the “reacting” electrons around the nuclei.

5. The overlap model for bonding (Section 1-7), which allows us to make judgments with
respect to the energetics, directions, and overall feasibility of reactions.

With all this information in our grasp, we now have the tools to examine the structural
and dynamic diversity of organic molecules, as well as their sites of reactivity.

CHAPTER INTEGRATION PROBLEMS

1-23. Sodium borohydride, Na* “"BH,, is a reagent used in the conversion of aldehydes and ketones
to alcohols (Section 8-6). It can be made by treating BH; with Na"H

H T
HBH
H

BH; + Na'H™ —— Na"

a. Draw the Lewis structure of ~BH,.

SOLUTION
We follow the rules of Section 1-4.

Step 1. The molecular skeleton (Rule 1) is indicated in the bracketed part of the above equation:
a boron atom surrounded by four hydrogen atoms.

Step 2. What is the number of valence electrons? Answer (Rule 2):

4 H = 4 X 1 electron = 4 electrons
1B = 3 electrons
Charge = —1 = 1 electron
Total 8 electrons

Step 3. What is the Lewis structure? Answer (Rule 3): This one is simple; just placing two electrons each
between boron and its four bonded hydrogens consumes all the valence electrons at our disposal:

H
H:B:H
H

Step 4. Where is the charge? Answer (Rule 4): Because each hydrogen has a valence electron
count of one, namely, that of the neutral atom, the charge has to reside on boron. This conclusion
can be verified by counting the valence electrons around boron: four, one more than the number
associated with the atom. The correct Lewis structure is therefore

"
H:B:H
H

b. What is the shape of the borohydride ion?

SOLUTION

For the answer, we have to remember that electron repulsion controls the shape of simple molecules
(Section 1-3). The best arrangement for “BH, is therefore the same as that for CH,: tetrahedral and,
hence, sp> hybridized (margin).

c. Draw an orbital picture of the attack of H: " on BH;. Which are the orbitals involved in overlap for
bond formation?



Chapter Integration Problems

SOLUTION

To approach the answer to this question, let us draw the orbital pictures of the species involved (Sec-
tions 1-6 and 1-8). For H: ", it is a doubly occupied 1s orbital; for BH; it is an sp*-hybridized, trigonal
boron with its characteristic three bonds to hydrogen and a remaining empty 2p orbital perpendicular
to the molecular plane (Figure 1-17).

Hydride ion

\/\ 2p (empty orbital, ready
to accept electrons
from hydride ion)

Boron hydride
(borane)

Which part of BHj; is the hydride ion most likely to attack? Hybridization provides the answer:
the empty p orbital. You can readily imagine how the boron atom undergoes rehybridization from sp?
to sp® during the course of the reaction. The initial overlap of the hydrogen 1s orbital with the boron
2p orbital changes to the final overlap of the hydrogen 1s with the boron sp® hybrid orbital.

1-24. Propyne can be deprotonated twice with very strong base (i.e., the base removes the two protons
labeled by arrows) to give a dianion.

H

strong base

| -
H—C=C—C—H ——"°5 [CCCH,|’
‘ (—2H7)
Propyne Propyne dianion

Two resonance forms of the anion can be constructed in which all three carbons have Lewis
octets.

a. Draw both structures and indicate which is the more important one.

SOLUTION
Let us analyze the problem one step at a time:

Step 1. What structural information is embedded in the picture given for propyne dianion? Answer
(Section 1-4, Rule 1): The picture shows the connectivity of the atoms: a chain of three carbons, one
of the terminal atoms bearing two hydrogens.

Step 2. How many valence electrons are available? Answer (Section 1-4, Rule 2):

2 H = 2 X 1electron = 2 electrons
3C = 3 X 4 electrons = 12 electrons
Charge = —2 = 2 electrons
Total 16 electrons

Step 3. How do we get a Lewis octet structure for this ion? Answer (Section 1-4, Rule 3): Using the
connectivity given in the structure for propyne dianion, we can immediately dispose of eight of the
available electrons:

H
C:C:C:H

Now, let us use the remaining eight electrons in the form of lone electron pairs to surround as
many carbons as possible with octets. A good place to start is at the right, because that carbon requires

Chapter 1



Structure and Bonding in Organic Molecules

only two electrons for this purpose. The center carbon needs two lone pairs and the carbon at the left
has to make do (for the time being) with one additional pair of electrons:

:C:C:C:H

This structure leaves the carbon at the left with only four electrons. Thus, we have to change the two
lone pairs at the center into two shared pairs, furnishing the following dot structure:

:C::C:C:H

Step 4. Now every atom has its duet or octet satisfied, but we still have to concern ourselves with
charges. What are the charges on each atom? Answer (Section 1-4, Rule 4): Starting again at the
right, we can quickly ascertain that the hydrogens are charge neutral. Each is attached to carbon
through a shared electron pair, giving it an effective electron count of one, the same as in a free,
neutral hydrogen atom. On the other hand, the carbon atom bears three shared electron pairs and one
lone pair, thus having an effective electron count of five, one more electron than the number associ-
ated with the neutral nucleus. Hence one of the negative charges is located on the carbon at the right.
The central carbon nucleus is surrounded by four shared electron pairs and is therefore neutral. Finally,
the carbon at the left is attached to its neighbor by three shared pairs and has, in addition, two unbound
electrons, giving it the other negative charge. The result is

Step 5. We can now address the question of resonance forms. Is it possible to move pairs of electrons
in such a way as to generate another Lewis octet form? Answer (Section 1-5): Yes, by shifting the
lone pair on the carbon at the right into a sharing position and at the same time moving one of the
three shared pairs to the left into an unshared location:

H H

2—

Zé:::c:.é:H > :C:ZC::E:H
R TAs -

The consequence of this movement is the transfer of the negative charge from the carbon at the right
to the carbon at the left, which therefore becomes doubly negative.

Step 6. Which one of the two resonance pictures is more important? Answer (Section 1-5): Electron
repulsion makes the structure at the left a more important resonance contributor.

A final point: You could have derived the first resonance structure much more quickly by con-
sidering the information given in the reaction scheme leading to the dianion. Thus, the bond-line
formula of propyne represents its Lewis structure and the process of removing a proton each from
the respective terminal carbons leaves these carbons with two lone electron pairs and the associated
charges:

H

| —2H*
i H

i
H EC—C|Z—H —— :C=C—C—H

H

The important lesson to be learned from this final point is that, whenever you are confronted with a
problem, you should take the time to complete an inventory (write it down) of all the information
given explicitly or implicitly in stating the problem.

b. Propyne dianion adopts the following hybridization: [CspCspCsp®H,]*~, in which the CH, termi-
nus is sp> hybridized, unlike methyl anion, in which the carbon is sp® hybridized (Exercise 1-16).
Provide an orbital drawing of the dianion to explain this preference in hybridization.
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SOLUTION
You can construct an orbital picture simply by attaching one half (the CH, group) of the rendition of
ethene in Figure 1-21 to that of ethyne without its hydrogens.

You can clearly see how the doubly filled p orbital of the CH, group enters into overlap with one of
the 7 bonds of the alkyne unit, allowing the charge to delocalize as represented by the two resonance
structures.

Important Concepts

1.
2.

10.

11.

12.

13.

14.

Organic chemistry is the chemistry of carbon and its compounds.

Coulomb’s law relates the attractive force between particles of opposite electrical charge to the
distance between them.

. Ionic bonds result from coulombic attraction of oppositely charged ions. These ions are formed

by the complete transfer of electrons from one atom to another, typically to achieve a noble-gas
configuration.

. Covalent bonds result from electron sharing between two atoms. Electrons are shared to allow

the atoms to attain noble-gas configurations.

. Bond length is the average distance between two covalently bonded atoms. Bond formation

releases energy; bond breaking requires energy.

. Polar bonds are formed between atoms of differing electronegativity (a measure of an atom’s

ability to attract electrons).

. The shape of molecules is strongly influenced by electron repulsion.

. Lewis structures describe bonding by the use of valence electron dots. They are drawn so as to

give hydrogen an electron duet and the other atoms electron octets (octet rule). Formal charge
separation should be minimized but may be enforced by the octet rule.

. When two or more Lewis structures differing only in the positions of the electrons are needed

to describe a molecule, they are called resonance forms. None correctly describes the molecule,
its true representation being an average (hybrid) of all its Lewis structures. If the resonance
forms of a molecule are unequal, those which best satisfy the rules for writing Lewis structures
and the electronegativity requirements of the atoms are more important.

The motion of electrons around the nucleus can be described by wave equations. The solutions
to these equations are atomic orbitals, which roughly delineate regions in space in which there
is a high probability of finding electrons.

An s orbital is spherical; a p orbital looks like two touching teardrops or a “spherical figure eight.”
The mathematical sign of the orbital at any point can be positive, negative, or zero (node). With
increasing energy, the number of nodes increases. Each orbital can be occupied by a maximum of
two electrons of opposite spin (Pauli exclusion principle, Hund’s rule).

The process of adding electrons one by one to the atomic orbitals, starting with those of lowest
energy, is called the Aufbau principle.

A molecular orbital is formed when two atomic orbitals overlap to generate a bond. Atomic
orbitals of the same sign overlap to give a bonding molecular orbital of lower energy. Atomic
orbitals of opposite sign give rise to an antibonding molecular orbital of higher energy and
containing a node. The number of molecular orbitals equals the number of atomic orbitals from
which they derive.

Bonds made by overlap along the internuclear axis are called o bonds; those made by overlap
of p orbitals perpendicular to the internuclear axis are called 7= bonds.

Chapter 1
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15.

16.

17.

18.

The mixing of orbitals on the same atom results in new hybrid orbitals of different shape. One s
and one p orbital mix to give two linear sp hybrids, used, for example, in the bonding of
BeH,. One s and two p orbitals result in three trigonal sp® hybrids, used, for example, in BH;.
One s and three p orbitals furnish four tetrahedral sp® hybrids, used, for example, in CHy. The
orbitals that are not hybridized stay unchanged. Hybrid orbitals may overlap with each other.
Overlapping sp® hybrid orbitals on different carbon atoms form the carbon—carbon bonds in
ethane and other organic molecules. Hybrid orbitals may also be occupied by lone electron pairs,
as in NH;.

The composition (i.e., ratios of types of atoms) of organic molecules is revealed by elemental
analysis. The molecular formula gives the number of atoms of each kind.

Molecules that have the same molecular formula but different connectivity order of their atoms are
called constitutional or structural isomers. They have different properties.

Condensed and bond-line formulas are abbreviated representations of molecules. Hashed-
wedged line drawings illustrate molecular structures in three dimensions.

Problems

25.

26.

27.

28.

29.

Draw a Lewis structure for each of the following molecules and assign charges where appropriate.
The order in which the atoms are connected is given in parentheses.

(0]
(a) CIF (b) BrCN (c) SOCI,(CISCI)
(d) CH3;NH, (e) CH;0CH; (f) N,H, (HNNH)
(g) CH,CO (h) HN; (HNNN) (i) N,O (NNO)

Using electronegativity values from Table 1-2 (in Section 1-3), identify polar covalent bonds in
several of the structures in Problem 25 and label the atoms 8" and &, as appropriate.

Draw a Lewis structure for each of the following species. Again, assign charges where
appropriate.

(a) H™ (b) CH;~ (¢) CH;*
(d) CH,4 (e) CH;NH;"* (f) CH;0~
(g) CH, (h) HC, (HCO) (i) H,0, (HOOH)

For each of the following species, add charges wherever required to give a complete, correct
Lewis structure. All bonds and nonbonded valence electrons are shown.

T H
N ..
@ H—Q—C—H (b) C=0—H © #—C—H
H H H
o H=0_ L
(d) H*N*Q*H (e) ‘_/B:Q ) H*O*N*O*H
& H—0

(a) The structure of the bicarbonate (hydrogen carbonate) ion, HCO; , is best described as a
hybrid of several contributing resonance forms, two of which are shown here.

:0:

:6:7
..)L.. _ —> ..}\.. _
HO™ "O: HO™ O:

(i) Draw at least one additional resonance form. (ii) Using curved ‘“‘electron-pushing” arrows,
show how these Lewis structures may be interconverted by movement of electron pairs. (iii) Deter-
mine which form or forms will be the major contributor(s) to the real structure of bicarbonate,
explaining your answer on the basis of the criteria in Section 1-5.

(b) Draw two resonance forms for formaldehyde oxime, H,CNOH. As in parts (ii) and (iii) of (a),
use curved arrows to interconvert the resonance forms and determine which form is the major
contributor.

(c) Repeat the exercises in (b) for formaldehyde oximate ion, [H,CNO] .



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Problems

Several of the compounds in Problems 25 and 28 can have resonance forms. Identify these mole-
cules and write an additional resonance Lewis structure for each. Use electron-pushing arrows to
illustrate how the resonance forms for each species are derived from one another, and in each
case indicate the major contributor to the resonance hybrid.

Draw two or three resonance forms for each of the following species. Indicate the major contri-
butor or contributors to the hybrid in each case.

O
(a) OCN™ (b) CH,CHNH™ (c) HCONH, (HCNH,)
(d) O5; (000) (e) CH,CHCH, (f) ClO, (0OClO)

(g) HOCHNH," (h) CH;CNO

Compare and contrast the Lewis structures of nitromethane, CH;NO,, and methy] nitrite, CH;ONO.
Write at least two resonance forms for each molecule. Based on your examination of the reso-
nance forms, what can you say about the polarity and bond order of the two NO bonds in each
substance?

Write a Lewis structure for each substance. Within each group, compare (i) number of electrons,
(ii) charges on atoms, if any, (iii) nature of all bonds, and (iv) geometry.

(a) chlorine atom, Cl, and chloride ion, Cl1~

(b) borane, BH3, and phosphine, PH;

(¢) CF, and BrF, (C and Br are in the middle)

(d) nitrogen dioxide, NO,, and nitrite ion, NO,  (nitrogen is in the middle)
(e) NO,, SO,, and ClO, (N, S, and ClI are in the middle)

Use a molecular-orbital analysis to predict which species in each of the following pairs has the
stronger bonding between atoms. (Hint: Refer to Figure 1-12.)

(a) Hy or H," (b) He, or He," (¢) O, or O," (d) N, or N,*

For each molecule below, predict the approximate geometry about each indicated atom. Give the
hybridization that explains each geometry.

I‘Br Br (H)
(a) H,C—CH, (b) H,C—C—CH, (¢) H,C—O—CH—CH,
N N
@ H3C—N{2 © HCEC<CH2—OH (f) H,C=NH,

For each molecule in Problem 35, describe the orbitals that are used to form every bond to each
of the indicated atoms (atomic s, p, hybrid sp, sp®, or sp?).

Draw and show the overlap of the orbitals involved in the bonds discussed in Problem 36.

Describe the hybridization of each carbon atom in each of the following structures. Base your
answer on the geometry about the carbon atom.

(a) CH;Cl1 (b) CH;OH (¢) CH;CH,CH;4 (d) CH,=CH, (trigonal carbons)

O
() HC=CH (linear structure) ) C (2 (Hj PEEEN
H,.C~ H "H,CT H

Depict the following condensed formulas in Kekulé (straight-line) notation. (See also
Problem 42.)

MY
(a) CH;CN (b) (CH3),CHCHCOH (c) CH3$HCH2CH3
OH

(d) CH,BrCHBr, (e) CH;CCH,COCH; (f) HOCH,CH,0CH,CH,OH

Chapter 1



40

41

42
i

(A H—C—
F H

(d F—C—C—O0—H

[2.2.2]Propellane

|
F H

43
44

Structure and Bonding

in Organic Molecules

. Convert the following bond-line formulas into Kekulé (straight-line) structures.

0 Br
OH
@) /\( (b) \)LN/\ © )\/\
K Br
@ —< © "0 “eN M~ S~

. Convert the following hashed-wedged line formulas into condensed formulas.

HH” /H
WM H \/C G B
@ ...c—c” ® __.C—o0, H (© H—C,,
HNY/ .. HY - \"B
H NH, C Br
Vi
N
. Depict the following Kekulé (straight-line) formulas in their condensed forms.
H
s
i TIL T
e H () B—C—C—N—C—C—H © H—:s:—c‘—c‘—c‘—‘c—H
H H H H H H H
H H H H
H\C/H H\C/ \C*C/ \C/
. H— —H e N
(e) —c ) H \C/ H
o / AN H
H o I
H H
. Redraw the structures depicted in Problems 39 and 42 using bond-line formulas.
. Convert the following condensed formulas into hashed-wedged line structures.
CN SH

45

46

47.

48.

49

\
(a) CH3;CHOCH; (b) CHCI, (¢) (CH;),NH (d) CH;CHCH,CH;

. Construct as many constitutional isomers of each molecular formula as you can for (a) CsH,;
(b) C5HgO. Draw both condensed and bond-line formulas for each isomer.

. Draw condensed formulas showing the multiple bonds, charges, and lone electron pairs (if any)
for each molecule in the following pairs of constitutional isomers. (Hint: First make sure that
you can draw a proper Lewis structure for each molecule.) Do any of these pairs consist of
resonance forms?

(¢}
(a) HCCCH; and H,CCCH, (b) CH;CN and CH;NC (¢) CH;CH and H,CCHOH

Two resonance forms can be written for a bond between trivalent boron and an

atom with a lone pair of electrons. (a) Formulate them for (i) (CH3),BN(CHs),; (ii) (CH;3),BOCHj3;
(iii) (CH3),BF. (b) Using the guidelines in Section 1-5, determine which form in each pair of
resonance forms is more important. (¢) How do the electronegativity differences between N, O, and
F affect the relative importance of the resonance forms in each case? (d) Predict the hybridization
of N in (i) and O in (ii).

The unusual molecule [2.2.2]propellane is pictured in the margin. On the basis of

the given structural parameters, what hybridization scheme best describes the carbons marked by
asterisks? (Make a model to help you visualize its shape.) What types of orbitals are used in the
bond between them? Would you expect this bond to be stronger or weaker than an ordinary
carbon—carbon single bond (which is usually 1.54 A long)?

. (a) On the basis of the information in Problem 38, give the likely hybridization of

the orbital that contains the unshared pair of electrons (responsible for the negative charge) in
each of the following species: CH;CH, ; CH,=CH ; HC=C . (b) Electrons in sp, sp’, and



Problems

sp orbitals do not have identical energies. Because the 2s orbital is lower in energy than aA 2p,
the more s character a hybrid orbital has, the lower its energy will be. Therefore the sp (JT s and
% p in character) is highest in energy, and the sp (% s, % p) lowest. Use this information to deter-
mine the relative abilities of the three anions in (a) to accommodate the negative charge. (¢) The
strength of an acid HA is related to the ability of its conjugate base A~ to accommodate negative
charge. In other words, the ionization HA — H" + A™ is favored for a more stable A~.
Although CH;CH3;, CH,=—CH,, and HC=CH are all weak acids, they are not equally so. On the
basis of your answer to (b), rank them in order of acid strength.

50. A number of substances containing positively polarized carbon atoms have been labeled as
“cancer suspect agents” (i.e., suspected carcinogens or cancer-inducing compounds). It has
been suggested that the presence of such carbon atoms is responsible for the carcinogenic
properties of these molecules. Assuming that the extent of polarization is proportional to
carcinogenic potential, how would you rank the following compounds with regard to cancer-
causing potency?

(a) CH;Cl1 (b) (CH;),Si (¢) CICH,OCH,Cl
(d) CH;0CH,CI (e) (CH;),C*

(Note: Polarization is only one of the many factors known to be related to carcinogenicity. More-
over, none of them shows the type of straightforward correlation implied in this question.)

51. Certain compounds, such as the one pictured below, show strong biological activity against cell
types characteristic of prostate cancer. In this structure, locate an example of each of the follow-
ing types of atoms or bonds: (a) a highly polarized covalent single bond; (b) a highly polarized
covalent double bond; (c¢) a nearly nonpolar covalent bond; (d) an sp-hybridized carbon atom;
(e) an spz-hybridized carbon atom; (f) an sp3-hybridized carbon atom; (g) a bond between atoms
of different hybridization; (h) the longest bond in the molecule; (i) the shortest bond in the mole-
cule (excluding bonds to hydrogen).

Team Problems

Team problems are meant to encourage discussion and collaborative learning. Try to solve team
problems with a partner or small study group. Notice that the problems are divided into parts. Rather
than tackling each part individually, discuss each section of the problem together. Try out the vocab-
ulary that you learned in the chapter to question and convince yourselves that you are on the right
track before you move to the next part. In general, the more you use the terms and apply the con-
cepts presented in the text, the better you will become at correlating molecular structure and reac-
tivity and thus visualizing bond breaking and bond making. You will begin to see the elegant
patterns of organic chemistry and will not be a slave to memorization. The collaborative process
used in partner or group study will force you to articulate your ideas. Talking out a solution with
an “audience” instead of to yourself builds in checks and balances. Your teammates will not let
you get away with, “Well, you know what I mean,” because they probably do not. You become
responsible to others as well as yourself. By learning from and teaching others, you solidify your
own understanding.

52. Consider the following reaction:

H
o) 0

CH,CH,CH,CCH, + HCN — CH,CH,CH,CCH;
C

N
A B
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(a) Draw these condensed formulas as Lewis dot structures. Label the geometry and hybridization
of the bold carbons in compounds A and B. Did the hybridization change in the course of the
reaction?

(b) Draw the condensed formulas as bond-line structures.

(¢) Examine the components of the reaction in light of bond polarity. Using the notation for
partial charge separation, 8" and &, indicate, on the bond-line structures, any polar bonds.

(d) This reaction is actually a two-step process: cyanide attack followed by protonation. Depict
these processes by using the same “electron pair pushing” technique that we employed for reso-
nance structures in Section 1-5, but now show the flow of electrons for the two steps. Clearly
position the beginning (an electron pair) and the end (a positively polarized or charged nucleus)
of your arrows.

Preprofessional Problems

Preprofessional problems are included to give you practice solving the type of problems found on
exams required for entry into professional schools, such as the MCAT, DAT, chemistry GRE, and
ACS exams, as well as on many undergraduate tests. Do these multiple-choice questions as you go
through this course and then return to them before you take a professional school exam. These ques-
tions are to be answered “closed book”—that is, no periodic table, calculator, or the like.

53. A certain organic compound was found on combustion analysis to contain 84% carbon and 16%
hydrogen (C = 12.0, H = 1.00). A molecular formula for the compound could be

(a) CH,O (b) CsH,40, (© CHie (d) CeHyo (e) Ci4Hy,
Br CH;
54. The compound Br—?l—ITI—CHZCH_; has a formal charge of

Br CH;
(a) —1onN (b) +2 on N (¢) —1 on Al
(d) +1 on Br (e) none of the above

55. The arrow in the structure in the margin points to a bond that is formed by

(a) overlap of an s orbital on H and an sp* orbital on C
(b) overlap of an s orbital on H and an sp orbital on C
(c) overlap of an s orbital on H and an sp3 orbital on C
(d) none of the above

56. Which compound has bond angles nearest to 120°?

(a) O=C=S (b) CHI; (¢c) H,C=0
(d) H—C=C—H (e) CH,
57. The pair of structures that are resonance hybrids is
_CH,
e+ + CH
(a) HO—CHCH; and HO=CHCHj (b) D and |
e b CH\
CH,
._H

+ +
(© CH; H CcHY H (d) CH;CH, and CH,CHs



Structure and
Reactivity

Acids and Bases, Polar and
Nonpolar Molecules

ing several different types of bonds between
various elements. Can we predict, on the basis of
these structures, what kinds of chemical reactivity
these substances will display? This chapter will
begin to answer this question by showing how cer-
tain structural combinations of atoms in organic
molecules, called functional groups, display charac-
teristic and predictable behavior. We will see how
the chemistry of acids and bases serves as a simple
model for understanding the reactions of many
functional groups, especially those containing polar
bonds. We will pursue this analogy throughout the
course, through the concepts of electrophiles and
nucleophiles.
Most organic molecules contain a structural
skeleton that carries the functional groups. This skel-
eton is a relatively nonpolar assembly consisting of

In Chapter 1, we saw organic molecules contain-

carbon and hydrogen atoms connected by single bonds. The simplest class of organic com-

CHAPTER

pounds, the alkanes, lacks functional groups and is constructed entirely of singly bonded
carbon and hydrogen. Therefore, alkanes serve as excellent models for the backbones of
functionalized organic molecules. They are also useful compounds in their own right, as
illustrated by the structure shown at the top of this page, which is called 2,2,4-trimethylpentane
and is an alkane in gasoline. By studying the alkanes we can prepare ourselves to better
understand the properties of molecules containing functional groups. Therefore, in this
chapter we will explore the names, physical properties, and structural characteristics of the

members of the alkane family.

,,\c —c”
\\“/ \

Alkane single bond

The branched alkane
2,2,4-trimethylpentane is

an important component of
gasoline and the standard on
which the “octane rating”
system for fuel efficiency is
based. The car engine shown
above requires high-octane
fuel to achieve the performance
for which it is famous.



Chapter 2

Structure and Reactivity

2-1 Kinetics and Thermodynamics of Simple Chemical Processes

The simplest chemical reactions may be described as equilibration between two distinct
species. Such processes are governed by two fundamental considerations:

1. Chemical thermodynamics, which deals with the changes in energy that take place
when processes such as chemical reactions occur. Thermodynamics controls the
extent to which a reaction goes to completion.

2. Chemical kinetics, which concerns the velocity or rate at which the concentrations
of reactants and products change. In other words, kinetics describes the speed at
which a reaction goes to completion.

These two principles are frequently related, but not necessarily so. Reactions that are
thermodynamically very favorable often proceed faster than do less favorable ones. Con-
versely, some reactions are faster than others even though they result in a comparatively
less stable product. A transformation that yields the most stable products is said to be
under thermodynamic control. Its outcome is determined by the net favorable change in
energy in going from starting materials to products. A reaction in which the product
obtained is the one formed fastest is defined as being under Kinetic control. Such a prod-
uct may not be the thermodynamically most stable one. Let us put these statements on a
more quantitative footing.

Equilibria are governed by the thermodynamics of chemical change

All chemical reactions are reversible, and reactants and products interconvert to various
degrees. When the concentrations of reactants and products no longer change, the reaction
is in a state of equilibrium. In many cases, equilibrium lies extensively (say, more than
99.9%) on the side of the products. When this occurs, the reaction is said to go to comple-
tion. (In such cases, the arrow indicating the reverse reaction is usually omitted and, for
practical purposes, the reaction is considered to be irreversible.)

Equilibria are described by equilibrium constants, K. To find an equilibrium constant,
divide the arithmetic product of the concentrations of the components on the right side of the
reaction by that of the components on the left, all given in units of moles per liter (mol L™").
A large value for K indicates that a reaction goes to completion; it is said to have a large
driving force.

Reaction Equilibrium Constant
K [B]
A~—B K=——-"
[A]
K
A+B+=—C+D K_[C][D]
[A][B]

If a reaction has gone to completion, a certain amount of energy has been released. The
equilibrium constant can be related directly to the thermodynamic function called the
Gibbs* standard free energy change, AG°." At equilibrium,

AG° = —RTIn K = —2.303 RT log K (in kcal mol ™" or kJ mol ")

*Professor Josiah Willard Gibbs (1839-1903), Yale University, Connecticut.

"The symbol AG® refers to the free energy of a reaction with the molecules in their standard states
(e.g., ideal molar solutions) after the reaction has reached equilibrium.
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Equilibria and Free Energy for A —— B: K = [BI/[A]
Percentage AG°
K B A (kcal mol ™! at 25°C) (kJ mol™! at 25°C)
= 0.01 0.99 99.0 +2.73 +11.42
b 0.1 9.1 90.9 +1.36 +5.69
5 0.33 25 75 & +0.65 +2.72
£ 1 50 50 4 0 0
2 2 67 33 S —041 -1.72
2 3 75 25 ‘g —0.65 -272
§ 4 80 20 @ 082 —3.43
2 5 83 17 o 095 —3.97
G 10 90.9 9.1 —1.36 —5.69
100 99.0 0.99 —2.73 —11.42
1,000 99.9 0.1 —4.09 —17.11
10,000 99.99 0.01 —5.46 —22.84

in which R is the gas constant (1.986 cal K™! mol™! or 8.315 J K™! mol_l) and T is the
absolute temperature in kelvin* (K). A negative AG® signifies a release of energy. The
equation shows that a large value for K indicates a large favorable free energy change. At
room temperature (25°C, 298 K), the preceding equation becomes

AG°® = —1.36 log K (in kcal mol_l)

This expression tells us that an equilibrium constant of 10 would have a AG® of —1.36
kcal mol ! and, conversely, a K of 0.1 would have a AG®° = +1.36 kcal mol ™', Because
the relation is logarithmic, changing the AG® value affects the K value exponentially. When
K = 1, starting materials and products are present in equal concentrations and AG® is zero
(Table 2-1).

The free energy change is related to changes in bond strengths
and the degree of energy dispersal in the system

The Gibbs standard free energy change is related to two other thermodynamic quantities:
the change in enthalpy, AH°, and the change in entropy, AS°.

Gibbs Standard Free Energy Change
AG° = AH° — TAS®

In this equation, 7 is again in kelvin and AH® in kcal mol™" or kJ mol ', whereas AS® is
in cal K™' mol ™', also called entropy units (e.u.), or J K~ mol .

The enthalpy change of a reaction, AH®, is the heat absorbed or released at constant
pressure during the course of the reaction. Enthalpy changes in chemical reactions relate
mainly to differences between the strengths of the bonds in the products compared with
those in the starting materials. Bond strengths are described quantitatively by bond-
dissociation energies, DH®. The value of AH® for a reaction may be estimated by subtract-
ing the sum of the DH® values of the bonds formed from those of the bonds broken.
Chapter 3 explores in detail bond-dissociation energies and their value in understanding
chemical reactions.

*Temperature intervals in kelvin and degrees Celsius are identical. Temperature units are named after
Lord Kelvin, Sir William Thomson (1824—-1907), University of Glasgow, Scotland, and Anders Celsius
(1701-1744), University of Uppsala, Sweden.
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Enthalpy Change in a Reaction

( Sum of DH° > 3 ( sum of DH° ) -
of bonds broken of bonds formed/

If the bonds formed are stronger than those broken, the value of AH® is negative and
the reaction is defined as exothermic (releasing heat). In contrast, a positive AH® is char-
acteristic of an endothermic (heat-absorbing) process. An example of an exothermic reaction
is the combustion of methane, the main component of natural gas, to carbon dioxide and
liquid water.

CH, + 2 0, — CO, + 2 H,0y, AH®° = —213 kcal mol ' (—891 kJ mol ")

Exothermic

AH° = (sum of DH° values of all the bonds in CH, + 2 O,) — (sum of DH® values
of all the bonds in CO, + 2 H,0)

The exothermic nature of this reaction is due to the very strong bonds formed in the products.
Many hydrocarbons release a lot of energy on combustion and are therefore valuable fuels.

If the enthalpy of a reaction depends strongly on changes in bond strength, what is the
significance of AS®, the entropy change? You may be familiar with the concept that entropy
is related to the order of a system: Increasing disorder correlates with an increase in the
value of S°. However, the concept of “disorder” is not readily quantifiable and cannot be
applied in a precise way to scientific situations. Instead, for chemical purposes, AS® is used
to describe changes in energy dispersal. Thus, the value of S° increases with increasing
dispersal of energy content among the constituents of a system. Because of the negative
sign in front of the TAS® term in the equation for AG®, a positive value for AS® makes a
negative contribution to the free energy of the system. In other words, going from lesser to
greater energy dispersal is thermodynamically favorable.

What is meant by energy dispersal in a chemical reaction? Consider a transformation in
which the number of reacting molecules differs from the number of product molecules
formed. For example, upon strong heating, 1-pentene undergoes cleavage into ethene and
propene. This process is endothermic, primarily because a C—C bond is lost. It would not
occur, were it not for entropy. Thus, two molecules are made from one, and this is associated
with a relatively large positive AS°. After bond cleavage, the energy content of the system
is distributed over a greater number of particles. At high temperatures, the —7TAS° term in
our expression for AG® overrides the unfavorable enthalpy, making this a feasible reaction.

CH;CH,CH,CH=CH, — CH,=CH, + CH;CH=—=CH, AH® = +22.4 kcal mol ' (+93.7 kJ mol™")
1-Pentene Ethene Propene Endothermic
(Ethylene)

AS° = +33.3 cal K" mol ' or e.u. (+139.3 7 K ' mol™)

Calculate the AG® at 25°C for the preceding reaction. Is it thermodynamically feasible at 25°C?
What is the effect of increasing 7" on AG°? What is the temperature at which the reaction becomes
favorable? (Caution: AS® is in the units of cal K~ mol™!, whereas AH® is in kcal mol~'. Don’t
forget that factor of 1000!)

In contrast, energy dispersal and entropy decrease when the number of product molecules
is less than the number of molecules of starting materials. For example, the reaction of
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ethene (ethylene) with hydrogen chloride to give chloroethane is exothermic by —15.5 kcal mol ',
but the entropy makes an unfavorable contribution to the AG®; AS® = —31.3 e.u.
CH,—CH, + HCl — CH;CH,Cl AH®° = —15.5 kcal mol ™' (—64.9 kJ mol™})
AS° = =313 eu. (—131.0 J K" mol™")

Calculate the AG® at 25°C for the preceding reaction. In your own words, explain why a reaction
that combines two molecules into one should have a large negative entropy change.

In many organic reactions the change in entropy is small, and it often suffices to con-
sider only the changes in bonding energy to estimate whether they are likely to occur or
not. In those cases we will equate approximately AG® to AH°. Exceptions are transforma-
tions in which the number of molecules on each side of the chemical equation differ (as
shown in the examples above) or in which energy dispersal is greatly affected by profound
structural changes, such as, for example, ring closures and ring openings.

The rate of a chemical reaction depends on the activation energy

How fast is equilibrium established? The thermodynamic features of chemical reactions do
not by themselves tell us anything about their rates. Consider the combustion of methane,
mentioned earlier. This process releases 213 kcal mol ' (—891 kJ mol '), a huge amount
of energy, but we know that methane does not spontaneously ignite in air at room tem-
perature. Why is this highly favorable combustion process so slow? The answer is that
during the course of this reaction the potential energy of the system changes in the manner
shown in Figure 2-1. This figure, which is an example of a potential-energy diagram,
plots energy as a function of reaction progress. We measure reaction progress by the reac-
tion coordinate, which describes the combined processes of bond breaking and bond for-
mation that constitute the overall change from the structures of the starting compounds into
those of the products. The energy first rises to a maximum, a point called the transition
state (TS), before decreasing to the final value, which is the energy content of the product
molecules. The energy of the transition state may be viewed as a barrier to be overcome
in order for the reaction to take place. The energy input required to raise the energy of the
starting compounds to that of the transition state is called the activation energy, E,, of the

Transition state: maximum energy

/

E, large: reaction is slow

AH®° =-213 kcal mol ~: reaction

Starting
is very exothermic

materials

C02 +2 Hzo
Products

Reaction coordinate ——>
B
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Figure 2-1 A (highly oversimpli-
fied) potential-energy diagram for
the combustion reaction of meth-
ane. Despite its thermodynamic
favorability, as shown by the large
negative AH°, the process is very
slow because it has a high-energy
transition state and a large activa-
tion energy. (In actuality, the
process has many individual bond-
breaking and bond-forming steps,
and the applicable potential-
energy diagram therefore has
multiple maxima and minima.)
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Figure 2-2 Boltzmann curves
at two temperatures. At the
higher temperature (green curve),
there are more molecules of
kinetic energy E than at the

lower temperature (blue curve).
Molecules with higher kinetic
energy can more easily overcome
the activation-energy barrier.

Structure and Reactivity

reaction. The higher its value, the slower the process. The transition state for methane
combustion is very high in energy, corresponding to a high E, and a very low rate.

How can exothermic reactions have such high activation energies? As atoms move from
their initial positions in the starting molecules, energy input is required for bond breaking
to begin. At the transition state, where both partially broken old bonds and incompletely
formed new ones are present, the overall loss of bonding reaches its greatest extent, and
the energy content of the system is at its maximum. Beyond this point, continued strength-
ening of the new bonds releases energy until the atoms reach their final, fully bonded posi-
tions in the products.

Collisions supply the energy to get past the
activation-energy barrier

Where do molecules get the energy to overcome the barrier to reaction? Molecules have
kinetic energy as a result of their motion, but at room temperature the average kinetic energy
is only about 0.6 kcal mol™" (2.5 kJ mol "), far below many activation-energy barriers. To
pick up enough energy, molecules must collide with each other or with the walls of the
container. Each collision transfers energy between molecules.

A graph called a Boltzmann* distribution curve depicts the distribution of kinetic
energy. Figure 2-2 shows that, although most molecules have only average speed at any
given temperature, some molecules have kinetic energies that are much higher.

Higher temperature: more
// molecules with energy E
Lower temperature: fewer
molecules with energy E

Number of molecules ——

E
Kinetic energy (speed) of molecules ———>

The shape of the Boltzmann curve depends on the temperature. At higher temperatures,
as the average kinetic energy increases, the curve flattens and shifts toward higher energies.
More molecules now have energy higher than is required by the transition state, so the speed
of reaction increases. Conversely, at lower temperatures, the reaction rate decreases.

The concentration of reactants can affect reaction rates
Consider the addition of reagent A to reagent B to give product C:
A+B—C

In many transformations of this type, increasing the concentration of either reactant increases
the rate of the reaction. In such cases, the transition-state structure incorporates both mol-
ecules A and B. The experimentally observed rate is expressed by

Rate = k[A][B] in units of mol L™! s7!

in which the proportionality constant, k, is also called the rate constant of the reaction.
The rate constant equals the rate of the reaction at 1 molar concentrations of the two reactants,

*Professor Ludwig Boltzmann (1844—1906), University of Vienna, Austria.
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A and B. A reaction for which the rate depends on the concentrations of two molecules in
this way is said to be a second-order reaction.
In some processes, the rate depends on the concentration of only one reactant, such as
the hypothetical reaction
A— B
Rate = k[A] in units of mol L™! s7!

A reaction of this type is said to be of first order.

Exercise 2-3

Working with the Concepts: Using Rate Equations

What would be the reduction in rate for a reaction following the first-order rate law, rate = k[A],
when half of A is consumed (i.e., after 50% conversion of the starting material)? Answer the same
question for a second-order reaction for which the rate = k[A][B].

Strategy

Let us denote the initial concentration of A as [Ag]. The first question asks us to compare the initial
rate, which equals k[Ao], with the new rate when [A] has dropped to 0.5[Ag]. We write out the
first-order rate law, substituting the new concentration, and compare the two rates.

Solution

 The rate constant k does not change, so

new rate = k[A,ew] = k(0.5[Ag]) = 0.5k[Ay] = 0.5(initial rate)

The rate is decreased to one-half its initial value.

* In the second-order process, we follow the same approach. Assuming that the initial concentrations
of A and B are equal, after 50% conversion, [A,.,] = 0.5[A] and [B,..] = 0.5[B¢]. Replacing
[A] and [B] in the rate law with 0.5[Ay] and 0.5[B,], respectively, we obtain

new rate = k[Aewl[Brewl = k(0.5[Ag])(0.5[By]) = 0.25k[Apl[Bo] = 0.25(initial rate)

The rate drops to one-quarter its initial value.

Exercise 2-4

Try It Yourself

The reaction described by the equation
CH;Cl + NaOH —— CH;0H + NaCl

follows the second-order rate law, rate = k[CH;Cl][NaOH]. When this reaction is carried out with
starting concentrations [CH;Cl] = 0.2 M and [NaOH] = 1.0 M, the measured rate is 1 X 1074
mol L™' s~'. What is the rate after one-half of the CH,Cl has been consumed? (Caution: The
initial concentrations of the starting materials are not identical in this experiment. Hint: Determine
how much of the NaOH has been consumed at this point and what its new concentration is, com-
pared with its initial concentration.)

The Arrhenius equation describes how temperature
affects reaction rates

The kinetic energy of molecules increases when they are heated, which means that a larger
fraction of them have sufficient energy to overcome the activation barrier E, (Figure 2-2).
A useful rule of thumb applies to many reactions: Raising the reaction temperature by
10 degrees (Celsius) causes the rate to increase by a factor of 2 to 3. The Swedish chemist
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Arrhenius* noticed the dependence of reaction rate k on temperature 7. He found that his
measured data conformed to the equation

Arrhenius Equation

1
_ A —Ea/RT _
k = Ae = A(eEa/RT>

The Arrhenius equation describes how rates of reactions with different activation energies
vary with temperature. In this equation R is again the gas constant and A is a factor with
a value characteristic of a specific reaction. You can see readily that the larger the activation
energy E,, the slower the reaction. Conversely, the higher the temperature 7, the faster the
reaction. The A term can be imagined as the maximum rate constant that the reaction would
have if every molecule had sufficient collisional energy to overcome the activation barrier.
This will occur at very high temperature, when E,/RT will be close to zero and e "
approaches 1, thus rendering k nearly equal to A.

(a) Calculate AG® at 25°C for the reaction CH;CH,Cl — CH,—CH, + HCI (the reverse of
the reaction in Exercise 2-2). (b) Calculate AG° at 500°C for the same reaction. (Hint: Apply
AG° = AH° — TAS® and do not forget to first convert degrees Celsius into kelvin.)

For the reaction in Exercise 2-5, A = 10" and E, = 58.4 kcal mol '. Using the Arrhenius equa-
tion, calculate k at 500°C for this reaction. R = 1.986 cal K~' mol™'. (Caution: Activation ener-
gies are given in the units of kcal mol~', while R is in cal K™' mol~'. Don’t forget that factor
of 1000!)

In Summary All reactions are described by equilibrating the concentrations of starting
materials and products. On which side the equilibrium lies depends on the size of the equi-
librium constant, which in turn is related to the Gibbs free energy changes, AG°. An increase
in the equilibrium constant by a factor of 10 is associated with a change in AG® of about
—1.36 kcal mol ™' (—5.69 kJ mol ') at 25°C. The free energy change of a reaction is composed
of changes in enthalpy, AH®°, and entropy, AS°. Contributions to enthalpy changes stem
mainly from variations in bond strengths; contributions to entropy changes arise from the
relative dispersal of energy in starting materials and products. Whereas these terms define
the position of an equilibrium, the rate at which it is established depends on the concentra-
tions of starting materials, the activation barrier separating reactants and products, and the
temperature. The relation among rate, E,, and T is expressed by the Arrhenius equation.

2-2 Acids and Bases; Electrophiles and Nucleophiles;
Using Curved “Electron-Pushing” Arrows

Let us turn to a fundamental application of thermodynamics: the chemistry of acids and
bases. This section reviews the way in which acids and bases interact and how we quantify
this process. Acid-base reactions provide a model for the reactivity of organic molecules
that possess polar covalent bonds. We first introduce the use of curved arrows to indicate
how the electrons move when a chemical reaction takes place.

*Professor Svante Arrhenius (1859-1927), Technical Institute of Stockholm, Sweden, Nobel Prize 1903
(chemistry), director of the Nobel Institute from 1905 until shortly before his death.
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Curved arrows show how starting materials convert to products

Bonds consist of electrons. Chemical change is defined as a process in which bonds are broken
and/or formed. Therefore, when chemistry takes place, electrons move. Following the basic
principles of electrostatics, electrons, being negatively charged, are attracted to sites of electron
deficiency, or positive charge. Either highly electronegative or electron-deficient (and, therefore,
electron-attracting) atoms, positively charged ions, or the 8™ atom in a polar covalent bond can
be the destination for electron movement. The vast majority of chemical processes we will
introduce in this text will involve the movement of one or more pairs of electrons.

A curved arrow (V) will show the flow of an electron pair from its point of origin,
either a lone pair or a covalent bond, to its destination. The electron-pair movement that
interconverts resonance forms (Section 1-5) follows these same principles. However, we
know that resonance forms do not represent distinct entities. When we use curved arrows
to depict the electron movement associated with a chemical reaction, we are describing an
actual structural change, from the Lewis structures of the starting materials to those of the
products. The examples below illustrate the various ways in which curved arrows are
employed in this movement. In each case a red color denotes an electron pair that moves.

1. Dissociation of a polar covalent bond into ions (B more electronegative than A)

A—(\B —> A" + B~

Movement of an electron pair converts
the A-B covalent bond into a lone pair on atom B

2. Formation of a polar covalent bond from ions

N
A" +:B —> A—B
The reverse of the previous process: A lone pair on
B moves toward A, becoming a new covalent bond between them
As these examples show, both the formation and the cleavage of a covalent bond
by electron-pair movement changes the formal charges on the atoms involved. Notice
that the arrow usage in Example 2 does not imply that the electron pair originally on
atom B leaves that atom entirely. It simply converts from a lone pair to a shared pair.

3. Simultaneous formation and dissociation of two covalent bonds (A-B polarized
as shown)

— 5Ta e o -
X-\t/'A B — X—A + B

Movement of two electron pairs results in substitution of one bond for another
4. Addition of (a) an electron-pair donor or (b) an electron-pair acceptor to a multiple bond
+ N -
a) X:_ + >A=B° — X—A—B:~

(b) A<B + Y" —> "A—B—Y

As in Example 3, but A remains bonded to B in each product,
because only one of the two original bonds between them is broken
These are among the most common types of transformations that occur in organic
chemistry. Notice that proper use of curved arrows automatically generates the correct
Lewis structure of the product of the reaction. As you read further, try to associate each
new reaction with one of the electron-movement patterns shown above.

From the categories above, identify the one to which each of the following reactions belongs.
Draw appropriate curved arrows to show electron movement, and give the structure of the
product. (Hint: First complete all Lewis structures by adding any missing lone pairs.)
(a) HO” + H'; (b) H" + H,C=CH,; (¢) (CH;),N~ + HCI; (d) CH;0~ + H,C=O.

Chapter 2
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Notice that the arrow does not
point to show the H moving
from the acid to the base.
Instead, it shows the electron
pair of the base “grabbing”
the H away from the acid.

Structure and Reactivity

Acid and base strengths are measured by equilibrium constants

Brgnsted and Lowry* have given us a simple definition of acids and bases: An acid is a
proton donor and a base is a proton acceptor. Acidity and basicity are commonly measured
in water. An acid donates protons to water, forming hydronium ions, whereas a base removes
protons from water, forming hydroxide ions. Examples are the acid hydrogen chloride and
the base ammonia. In these equations we employ curved arrows to indicate the shift of a
pair of electrons, much as we did in Section 1-5. In each case, a lone pair from the base
creates a new bond with an acidic proton, and the electron pair originally linking the proton
to the remainder of the acid shifts to become a lone pair on the departing conjugate base.
The electron flow in the case of the reaction of water with hydrogen chloride is indicated
in the electrostatic potential maps below the equation. The red oxygen of water is proton-
ated by the blue hydrogen in the acid to furnish as products the blue hydronium ion and
red chloride ion.

H H
\ ., (\_4- . / + pA T
0. + H—Cl: — H—O: + :Cl:
/ . .o \ .o
oo~ 7 H
Water Hydrogen chloride Hydronium ion Chloride ion
(Base) (Acid) (Conjugate acid of water) (Conjugate base of HCI)

H
TN e 4 .
NH; + HE0OH = NH, + :OH
Ammonia  Water Ammonium ion Hydroxide ion
(Base) (Acid) (Conjugate acid (Conjugate base
of NH3) of water)

Water itself is neutral. It forms an equal number of hydronium and hydroxide ions by
self-dissociation. The process is described by the equilibrium constant K, the self-ionization
constant of water. At 25°C,

Ky
H,0 + H,0 == H;0" + OH~ K, = [H;O0"][OH ] = 10 " mol> L™?
From the value for K,, it follows that the concentration of H;O" in pure water is

107" mol L™\,
The pH is defined as the negative logarithm of the value for [H;O].

pH = —log [H3O+]

Thus, for pure water, the pH is +7. An aqueous solution with a pH lower than 7 is acidic;
one with a pH higher than 7 is basic.

*Professor Johannes Nicolaus Brgnsted (1879-1947), University of Copenhagen, Denmark. Professor
Thomas Martin Lowry (1874-1936), University of Cambridge, England.
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CHEMICAL HIGHLIGHT 2-1

Stomach Acid and Food Digestion

The human stomach produces, on average, 2 L of 0.02 M
hydrochloric acid each day. The pH of stomach juice falls
in the range between 1.0 and 2.5, dropping as HCI produc-
tion rises in response to the stimuli of tasting, smelling,

or even looking at food. Stomach acid disrupts the natural
folded shapes of protein molecules in food, exposing
them to attack and breakdown by a variety of digestive
enzymes.

You may wonder how the stomach protects itself from
such strongly acidic conditions—after all, stomach tissue
itself is constructed of protein molecules. The interior
lining of the stomach is coated with a layer of cells
called gastric mucosa, whose mucous secretions insulate
the stomach wall from acidic gastric juices. When certain
cells just beneath the gastric mucosa are activated by the
stimuli described above, they release signaling molecules
called histamine that cause parietal cells located in pits in
the lining to secrete HCI into the stomach. Cimetidine,
famotidine, and ranitidine, active ingredients in so-called
acid-reducer medications, block histamine from reaching
the parietal cells, interrupting the signal that would cause
production of stomach acid. These products are useful in
treating conditions such as hyperacidity, the secretion of
unnecessarily large amounts of acid, and peptic ulcers, - .
sores that result from bacterial infections that weaken the The parietal cells in the gastric pits of the stomach secrete
mucosa, exposing the lining to acid attack. hydrochloric acid upon activation by histamine.

| il ¥ 1 " ki b

The acidity of a general acid, HA, is expressed by the following general equation,
together with its associated equilibrium constant.

_ [H0"J[A]

K
HA + H, O =— H,0" + A~ K
’ ’ [HA][H,O]

In dilute aqueous solution, [H,O] is constant at 55 mol L%, so this number may be incor-

porated into a new constant, the acid dissociation constant, K.

+ -
K, = K[H,0] = wmol L'
[HA]

Like the concentration of H;O" and its relation to pH, this measurement may be put on
a logarithmic scale by the corresponding definition of pK,.

pK, = —log K,*

#K, carries the units of molarity, or mol L', because it is the product of a dimensionless equilibrium
constant K and the concentration [H,O], which equals 55 mol L~!. However, the logarithm function can
operate only on dimensionless numbers. Therefore, pK, is properly defined as the negative log of the
numerical value of K,, which is K, divided by the units of concentration. (For purposes of simplicity, we
will omit the units of K, in exercises and problems.)
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Relative Acidities of Common Compounds (25°C)
Acid K, pK.
Hydrogen iodide, HI (strongest acid) ~1.0 X 10" —10.0
Hydrogen bromide, HBr ~1.0 X 10° -9.0
Hydrogen chloride, HCI ~1.0 x 10 -8.0
Sulfuric acid, H,SO, ~1.0 X 10° -3.0
Hydronium ion, H;O™ 50 —-1.7
Nitric acid, HNO; 25 —14
Methanesulfonic acid, CH;SO;H 16 —-1.2
Hydrogen fluoride, HF 63 x 107* 32
Acetic acid, CH;COOH 2.0 X 1073 4.7
Hydrogen cyanide, HCN 63 x 1071 9.2
Ammonium ion, NH,* 57 x 10710 9.3
Methanethiol, CH;SH 1.0 x 107" 10.0
Methanol, CH;OH 32X 10716 15.5
Water, H,0 2.0 X 1071 15.7
Ammonia, NH, 1.0 X 107% 35
Methane, CH, (weakest acid) ~1.0 X 107% ~50
Note: K, = [H;O"][A”1/[HA] mol L™".
“First dissociation equilibrium

The pK, is the pH at which the acid is 50% dissociated. An acid with a pK, lower than 1
is defined as strong, one with a pK, higher than 4 as weak. The acidities of several common
acids are compiled in Table 2-2 and compared with those of compounds with higher pK,
values. Sulfuric acid and, with the exception of HF, the hydrogen halides, are very strong
acids. Hydrogen cyanide, water, methanol, ammonia, and methane are decreasingly acidic,
the last two being exceedingly weak.

The species A~ derived from acid HA is frequently referred to as its conjugate base
(conjugatus, Latin, joined). Conversely, HA is the conjugate acid of base A ™. The strengths
of two substances that are related as a conjugate acid-base pair are inversely related: The
conjugate bases of strong acids are weak, as are the conjugate acids of strong bases. For
example, HCI is a strong acid, because the equilibrium for its dissociation into H™ and C1~
is very favorable. The reverse process, reaction of Cl™ to combine with H*, is unfavorable,
therefore identifying Cl™ as a weak base.

. (_\ 3
H5Cl! —=— H" + :CL: Equilibrium lies on the right
Strong acid Conjugate base
is weak

In contrast, dissociation of CH;0H to produce CH;0~ and H™ is unfavorable; CH;0H is
a weak acid. The reverse, combination of CH;O  with H" is favorable; we therefore con-
sider CH;0O™ to be a strong base.

v L e
CH;0—H =— H" + CH;0: Equilibrium lies on the left
Weak acid Conjugate base

is strong
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In these examples we have used curved arrows to show the electron-pair movement in
both the forward and reverse directions. For the sake of simplicity, we have also used the
symbol H" to depict the dissociating proton. In reality, the free proton does not exist in
solution, but is always associated with the electron pair of another species present, typically
the solvent. As we have seen, in water, H' is represented by the hydronium ion, H;0". In
methanol, it would be methoxonium ion CH;OH,", in methoxymethane (Figure 1-22B) it
would be (CH;),OH", and so on. We shall see later that in many organic reactions carried
out under acidic conditions, there are several potential recipients of a dissociating proton,
and it becomes cumbersome to show them all. In these cases, we will stick with the short
notation H'.

Exercise 2-8

Write the formula for the conjugate base of each of the following acids. (a) Sulfurous acid, H,SOs;
(b) chloric acid, HCIOs; (¢) hydrogen sulfide, H,S; (d) dimethyloxonium, (CH;),OH"; (e) hydrogen
sulfate, HSO, .

Write the formula for the conjugate acid of each of the following bases. (a) Dimethylamide,
(CH;),N"; (b) sulfide, S*; (¢) ammonia, NH;; (d) acetone, (CH;),C=0O0; (e) 2,2,2-trifluoroethoxide,
CF;CH,0O".

Exercise 2-10

Which is the stronger acid, nitrous (HNO,, pK, = 3.3) or phosphorous acid (H;POs, pK, =
1.3)? Calculate K, for each.

We can estimate relative acid and base strengths
from a molecule’s structure

The relationship between structure and function is very evident in acid-base chemistry.
Indeed, three structural features allow us to estimate, at least qualitatively, the relative
strength of an acid HA (and hence the weakness of its conjugate base):

1. The increasing electronegativity of A as we proceed from left to right across a row in
the periodic table. The more electronegative the atom to which the acidic proton is
attached, the more polar the bond, and the more acidic the proton will be. For example,
the increasing order of acidity in the series H,C < H3;N < H,O < HF parallels the
increasing electronegativity of A (Table 1-2).

Increasing electronegativ-

H,C H;N H,0 HF

'

Increasing acidity

2. The increasing size of A as we proceed down a column in the periodic table. The acid
strengths of the hydrogen halides increase in the order HF < HCl < HBr < HI. Dis-
sociation to give H" and A~ is favored for larger A, because the overlap of its larger
outer-shell orbital with the ls hydrogen orbital is poor, weakening the H-A bond. In
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addition, the larger outer-shell orbitals permit the electrons to occupy a larger volume
of space, thus reducing electron—electron repulsion in the resulting anion.*

Increasing size of ‘

HF HCI HBr HI

Increasing acidity

'

3. The resonance in A™ that allows delocalization of charge over several atoms. This effect
is frequently enhanced by the presence of additional electronegative atoms in A~. For
example, acetic acid is more acidic than methanol. In both cases, an O—H bond dis-
sociates into ions. Methoxide, the conjugate base of methanol, possesses a localized
negative charge on oxygen. In contrast, the acetate ion has two resonance forms and is
able to delocalize its charge onto a second oxygen atom. Thus in the acetate ion the
negative charge is better accommodated (Section 1-5), stabilizing acetate and making it
the weaker base.

Acetic Acid Is Stronger than Methanol Because
Acetate Is Stabilized by Resonance

“Q /\.. _...7 oo
CH;0—H + H,0 == CH;—0:™ + H;0
Weaker acid Stronger base
:0: HOR 26:_

[ . aqr. A
CH;C—O—H + H0 == |CH;C~0:~ <—> CH;C=O0| + H;0

Stronger acid Weaker base

The effect of resonance is even more pronounced in sulfuric acid. The availability of
d orbitals on sulfur enables us to write valence-shell-expanded Lewis structures containing
as many as 12 electrons (Sections 1-4 and 1-5). Alternatively, charge-separated structures
with one or two positive charges on sulfur can be used. Both representations indicate that
the pK, of H,SO, should be low.

Q:;:’ HON :0: :":’
T oo e LA . ool
HO—S—O <«—> HO—S—O «—> HO—ﬁT&JO «—> HO—S‘:O <« efc.

|
:Q:* 80* :0

. .
. .

Hydrogen sulfate ion

As a rule, the acidity of HA increases to the right and down in the periodic table. Therefore,
the basicity of A~ decreases in the same fashion.

*The bond-strength argument is often the only reason given for the acidity order in the hydrogen halides:
HF possesses the strongest bond, HI the weakest. However, this correlation fails for the series H,C, H;N,
H,0, HF, in which the weakest acid, CH,, also has the weakest H-A bond. As we will see in Chapter 3,
bond strengths are only indirectly applicable to the process of dissociation of a bond into ions.
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The same molecule may act as an acid under one set of conditions and as a base under
another. Water is the most familiar example of this behavior, but many other substances
possess this capability as well. For instance, nitric acid acts as an acid in the presence of
water but behaves as a base toward the more powerfully acidic H,SO,:

Nitric Acid Acting as an Acid

"ﬂ /\.. e o
O,NO—H + H,0 —= O,NO:~ + H;0

Nitric Acid Acting as a Base
.o [\ /\.. e +
HO3S_Q—H + HQNO2 — HO3SQ: + H29N02
Similarly, acetic acid protonates water, as shown earlier in this section, but is protonated
by stronger acids such as HBr:
:0: HO:*

.. I.. .. I..
:BrH + CH,COH —= :Br:~ + CH,COH

Explain the site of protonation of acetic acid in the preceding equation. (Hint: Try placing the
proton first on one, and then on the other of the two oxygen atoms in the molecule, and consider
which of the two resulting structures is better stabilized by resonance.)

Exercise 2-12

Working with the Concepts: Determining pK,

Benzoic acid, C¢HsCO,H (margin), undergoes dissociation in water at 25°C according to the o
following dissociation equation:

C
N . “oH
C¢Hs;CO,H =— C¢HsCO, + H

The thermodynamic parameters for this process are AH° = —67 cal mol ' and AS® = —19.44 Benzoic acid
cal K™! mol™!. Calculate the acid dissociation constant, K,, as well as the pK, for benzoic acid.
How does benzoic acid compare in strength with acetic acid, whose pK, = 4.7?

Strategy

Acid dissociation constants describe equilibria and are related directly to AG® values. Therefore,
to calculate the acid dissociation constant we must first determine AG® for the dissociation reac-
tion at 25°C (298 K). Then we need to convert K, to pK,; the lower pK, will indicate the
stronger acid.

Solution

* We have

AG® = AH® — TAS® = —(67 cal mol™") — [(298 K) X (—19.44 cal K™' mol™1)]
= —(67 cal mol™") + (5793 cal mol™") = +5726 cal mol™' = +5.726 kcal mol !

» Using AG® = —1.36 log K, we obtain log K, = —4.2, corresponding to a pK, of 4.2, and a K,
of 6.4 X 1077

* The pK, that we have determined for benzoic acid is lower than the value for acetic acid (4.7).
Benzoic acid is stronger.
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Exercise 2-13

Try It Yourself

How much stronger an acid is acetic acid (pK, = 4.7) compared to water (pK, = 15.7)?

Lewis acids and bases interact by sharing an electron pair

A more generalized description of acid-base interaction in terms of electron sharing was intro-
duced by Lewis. A Lewis acid is a species that contains an atom that is at least two electrons
short of a closed outer shell. A Lewis base contains at least one lone pair of electrons. The
symbol X denotes any halogen, while R represents an organic group (Section 2-3).

Lewis Acids have unfilled valence shells

(X)H\ (R)H\ MgX,, AlX5, many
H* B—H(X) “C—H(MR) transition metal
(X)H / (R)H halide salts

Lewis Bases have available electron pairs

RH, (R)H
} O—H(R) }'S'—H(R) /:N—H(R) :P—HR) X
(R)H (R)H (R)H RH

A Lewis base shares its lone pair with a Lewis acid to form a new covalent bond. A Lewis
base—Lewis acid interaction may therefore be pictured by means of an arrow pointing in the
direction that the electron pair moves—from the base to the acid. The Brgnsted acid-base reac-
tion between hydroxide ion and a proton is an example of a Lewis acid-base process as well.

Lewis Acid-Base Reactions

H" + *0O—H —> H—O0—H

Cl  CH; Cl CH;

| e~ | | .
c1—;‘\1 + :ITI—CH3 — Cl—/\\l—lTI—CH3
Cl  CH, Cl CH,
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The reaction between boron trifluoride and ethoxyethane (diethyl ether) to give the Lewis
acid-base reaction product is shown on the previous page, and also in the form of electro-
static potential maps. As electron density is transferred, the oxygen becomes more positive
(blue) and the boron more negative (red).

The dissociation of a Brgnsted acid HA 1is just the reverse of the combination of the
Lewis acid H" and the Lewis base A~. We write it as follows:

Dissociation of a Brgnsted Acid

~ " .
H—A — H™ +:A

Electrophiles and nucleophiles also interact through
movement of an electron pair

Many processes in organic chemistry exhibit characteristics of acid-base reactions.
For example, heating an aqueous mixture of sodium hydroxide and chloromethane,
CHj;Cl, produces methanol and sodium chloride. This process involves the same kind
of movement of two pairs of electrons as does the acid-base reaction between
hydroxide ion and HCI, and may be described by the same curved “electron-pushing”
arrows:

Reaction of Sodium Hydroxide and Chloromethane

.o .o H,0, A .o .o
CH;Cl: + NaOH —— CH;OH + NaCl:
Methanol

Flow of Electrons Using Curved-Arrow Representation

HO:" + CH,;Cl: —> HO—CH, + :Cl:

Compare the

Brgnsted acid-base HO T 4+ H— 'C'l . HO— H + : ‘C’l .
reaction: .o (2 o o

Like the hydrogen atom in HCI, the carbon atom in chloromethane is at the positive end
of a polarized bond (Section 1-3). It therefore exhibits a tendency to react with species
possessing unshared pairs of electrons. The carbon is said to be electrophilic (literally,
“electron friendly”; philos, Greek, friend). In turn, atoms bearing lone pairs, such as the
oxygen in hydroxide ion, are described as nucleophilic (“nucleus friendly”). This reaction
is an example of a nucleophilic substitution, because a nucleophile substitutes itself for
an atom or group in the original starting material.

By definition, the terms nucleophile and Lewis base are synonymous. All nucleophiles
are Lewis bases. We commonly use the term nucleophile to refer to a Lewis base that is
attacking a nonhydrogen electrophilic atom, typically carbon. Nucleophiles, often denoted
by the abbreviation Nu, may be negatively charged, such as hydroxide, or neutral, such as
water, but every nucleophile contains at least one unshared pair of electrons. All Lewis
acids are electrophiles, as shown earlier in the examples of Lewis acid-base reactions.
However, species such as HCI and CH;Cl, whose atoms have closed outer shells and there-
fore are not Lewis acids, nonetheless may behave as electrophiles because they possess
polar bonds.

Chapter 2
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Nucleophilic substitution is a general reaction of haloalkanes, organic compounds pos-
sessing carbon—halogen bonds. The two following equations are additional examples:

H H

| .. | ..
CH3C‘CH2CH3 + :.1.:7 — CH3C‘CH2CH3 + :B.I' o
:Br: 1t

!

.o + .o

CH3CH2.I.: + :NH; — CH3CH21\‘IH + :.1-17
H

Exercise 2-14

Working with the Concepts: Using Curved Arrows

Using earlier examples in this section as models, add curved arrows to the first of the two reactions
immediately above.

Strategy

In the organic substrate, identify the likely reactive bond and its polarization. Classify the other
reacting species, and look for reactions in the text between similar types of substances.

Solution

» The C—Br bond is the site of reactivity in the substrate and is polarized (6" )C—Br(6"). Iodide
is a Lewis base and therefore a potential nucleophile (electron-pair donor). Thus the situation
resembles that found in the reaction between hydroxide and CH;Cl just above and Example 3 at
the beginning of the section.

* Follow the earlier patterns in order to add the appropriate arrows.

(|2H2CH3 CH2CH3

.o o 6} (&cos .o o
1" + H—_C—Br: —> I—C—H + :Br:
..Ul .o | .o

CH; CH,

Exercise 2-15

Try It Yourself

Add curved arrows to the second of the reactions immediately above Exercise 2-14 in the text.

Although the haloalkanes in these examples contain different halogens and varied num-
bers and arrangements of carbon and hydrogen atoms, they behave very similarly toward
nucleophiles. We conclude that it is the presence of the carbon—halogen bond that governs
the chemical behavior of haloalkanes: The C—X bond is the structural feature that directs
the chemical reactivity—structure determines function. The C—X bond constitutes the func-
tional group, or the center of chemical reactivity, of the haloalkanes. In the next section,
we shall introduce the major classes of organic compounds, identify their functional groups,
and briefly preview their reactivity.

In Summary In Brgnsted-Lowry terms, acids are proton donors and bases are proton accep-
tors. Acid-base interactions are governed by equilibria, which are quantitatively described
by an acid dissociation constant K,. Removal of a proton from an acid generates its conju-
gate base; attachment of a proton to a base forms its conjugate acid. Lewis bases donate
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an electron pair to form a covalent bond with Lewis acids, a process depicted by a curved
arrow pointing from the lone pair of the base toward the acid. Electrophiles and nucleo-
philes are species in organic chemistry that interact very much like acids and bases. The
carbon—halogen bond in the haloalkane is its functional group. It contains an electrophilic
carbon atom, which reacts with nucleophiles in a process called nucleophilic substitution.

2-3 Functional Groups: Centers of Reactivity

Many organic molecules consist predominantly of a backbone of carbons linked by single
bonds, with only hydrogen atoms attached. However, they may also contain doubly or
triply bonded carbons, as well as other elements. These atoms or groups of atoms tend to
be sites of comparatively high chemical reactivity and are referred to as functional groups
or functionalities. Such groups have characteristic properties, and they control the reactiv-
ity of the molecule as a whole.

Hydrocarbons are molecules that contain only
hydrogen and carbon

We begin our study with hydrocarbons, which have the general empirical formula C.H,.
Those containing only single bonds, such as methane, ethane, and propane, are called
alkanes. Molecules such as cyclohexane, whose carbons form a ring, are called cyclo-
alkanes. Alkanes lack functional groups; as a result, they are relatively nonpolar and
unreactive. The properties and chemistry of the alkanes are described in this chapter and in
Chapters 3 and 4.

Alkanes
CH, CH,—CH;  CH;—CH,—CH;  CH;—CH,—CH,—CH,
Methane Ethane Propane Butane

Double and triple bonds are the functional groups of alkenes and alkynes, respectively.
Their properties and chemistry are the topics of Chapters 11 through 13.

Alkenes and Alkynes

H
AN
CH,=CH, /CZCHz HC=CH CH;—C=CH
CH,
Ethene Propene Ethyne Propyne
(Ethylene) (Acetylene)

A special hydrocarbon is benzene, C¢Hg, in which three double bonds are incorporated
into a six-membered ring. Benzene and its derivatives are traditionally called aromatic,
because some substituted benzenes do have a strong fragrance. Aromatic compounds, also
called arenes, are discussed in Chapters 15, 16, 22, and 25.

Aromatic Compounds (Arenes)

i T
H\ /C\ /H H\ /C\ /H
(\j | (\j |
~ C\ PN ~ C\ PN
H H
Benzene Methylbenzene

(Toluene)
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Cycloalkanes

H,

/C\

H2c\ /CH2
H,C—CH,

Cyclopentane

H,C. CH,

N
C

H,

Cyclohexane
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L2 Common Functional Groups

“The letter R denotes an alkyl group (see text). Different alkyl groups can be distinguished by
adding primes to the letter R: R’, R”, and so forth.

Compound class General structure® Functional group Example
Alkanes R—H None CH;CH,CH,CH;
(Chapters 3, 4) Butane
Haloalkanes R—X:(X=FE CLBr,) —X: CH;CH,—Br:
(Chapters 6, 7) Bromoethane
i
Alcohols R—OH —OH (CH3),C—OH
(Chapters 8, 9) 2-Propanol
(Isopropyl alcohol)
Ethers R—O—R’ —0— CH4CH,—O—CH,
(Chapter 9) Methoxyethane
(Ethyl methyl ether)
Thiols R—SH —SH CH;CH,—SH
(Chapter 9) Ethanethiol
(H)R R(H) CH;
Alkenes >C = C< >C = C< >C =CH,
(Chapters 11, 12) (H)R R(H) CH,
2-Methylpropene
Alkynes (HR—C=C—R(H) —C=C— CH;C=CCH;
(Chapter 13) 2-Butyne
1 | T
(H)R C R(H) C C
, >~ e 7 e HC”  CH
Aromatic compounds ‘ I ‘ [ | [
(Chapters 15, 16, 22) C C C C HC CH
(H)R/ SN \R(H) SN N
| | H
R(H) Methylbenzene
(Toluene)
: C”) : : ﬁ : : ﬁ :
Aldehydes R—C—H —C—H CH;CH,CH
(Chapters 17, 18) Propanal
: (”) : : (H) : : (”) :
Ketones R—C—R’ —C— CH;CH,CCH,CH,CH;
(Chapters 17, 18) 3-Hexanone
: C”) : : ﬁ : : ﬁ :
Carboxylic acids R—C—0—H —C—OH CH;CH,COH
(Chapters 19, 20) Propanoic acid
: C||) : | | S I l..
Anhydrides R—C—0—C—R'(H) —C—0—C— CH;CH,COCCH,CH;
(Chapters 19, 20) Propanoic anhydride
H W H . (|:‘) . . (H) .
Esters (H)R—C—O—R’ —C—0— CH,CH,COCH;,
(Chapters 19, 20, 23) Methyl propanoate
(Methyl propionate)
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Table 2-3 E(LLULTTEDL))
Compound class General structure Functional group Example
:(”): :(ﬁ: :?:
Amides R—C—N—R'(H) —c—i\i< CH5CH,CH,CNH,
(Chapters 19, 20, 26) R'(H) Butanamide
Nitriles R—C=N: —C=N: CH;C=N:
(Chapter 20) Ethanenitrile
(Acetonitrile)
Amines R—N—R'(H) —i\i< (CH3):N':
(Chapter 21) " N,N-Dimethylmethanamine
R"(H) (Trimethylamine)
Many functional groups contain polar bonds
Polar bonds determine the behavior of many classes of molecules. Recall that polarity is
due to a difference in the electronegativity of two atoms bound to each other (Section
1-3). We have already introduced the haloalkanes, which contain polar carbon—halogen
bonds as their functional groups. In Chapters 6 and 7 we shall explore their chemistry in
depth. Another functionality is the hydroxy group, —O—H, characteristic of alcohols. The
characteristic functional unit of ethers is an oxygen bonded to two carbon atoms
(—C|I—O—(|I—). The functional group in alcohols and in some ethers can be converted into
a large variety of other functionalities and are therefore important in synthetic transforma-
tions. This chemistry is the subject of Chapters 8 and 9.
Haloalkanes Alcohols Ethers
CH,Cl: CH;CH,Cl: CH;OH CH;CH,0H CH,0 CH; CH;CH,0 CH,CH;
Chloromethane Chloroethane Methanol Ethanol Methoxymethane Ethoxyethane

(Methyl chloride) (Ethyl chloride)
(Topical anesthetics)

(Dimethyl ether)

(Wood alcohol) (Grain alcohol) (A refrigerant)

The carbonyl functional group, C=O0, is found in aldehydes, in ketones, and, in
conjunction with an attached —OH, in the carboxylic acids. Aldehydes and ketones are
discussed in Chapters 17 and 18, the carboxylic acids and their derivatives in Chapters 19
and 20.

Aldehydes Ketones
: (|? : ” : (|? : : (”) : :0:
HCH CH,CH or CH;CHO  CH,CCH, CH,CH,CCH,
Formaldehyde Acetaldehyde Acetone Butanone

(Methyl ethyl ketone)

(A disinfectant) (A hypnotic) (Common solvents)

HON

(Diethyl ether)

(An inhalation
anesthetic)

Carboxylic Acids

..
HCOH or HCOOH
or HCO,H

Formic acid

(Strong irritant)

..
CH;COH or CH;COOH
or CH3C02H

Acetic acid

(In vinegar)
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Other elements give rise to further characteristic functional groups. For example, alkyl
nitrogen compounds are amines. The replacement of oxygen in alcohols by sulfur furnishes
thiols.

Amines A Thiol
I}

CH3NH2 CH3NCH3 or (CH3)2NH CH3SH
Methanamine N-Methylmethanamine Methanethiol
(Methylamine) (Dimethylamine)

(Used in tanning leather) (Excreted after

we eat asparagus)

R represents a part of an alkane molecule

Table 2-3 depicts a selection of common functional groups, the class of compounds to which
they give rise, a general structure, and an example. In the general structures, we commonly
use the symbol R (for radical or residue) to represent an alkyl group, a molecular fragment
derived by removal of one hydrogen atom from an alkane (Section 2-5). Therefore, a gen-
eral formula for a haloalkane is R—X, in which R stands for any alkyl group and X for any
halogen. Alcohols are similarly represented as R—O—H. In structures that contain multiple
alkyl groups, we add a prime (') or double prime (") to R to distinguish groups that differ
in structure from one another. Thus a general formula for an ether in which both alkyl
groups are the same (a symmetrical ether) is R—-O—R, whereas an ether with two dis-
similar groups (an unsymmetrical ether) is represented by R—-O-R’.

2-4 Straight-Chain and Branched Alkanes

The functional groups in organic molecules are typically attached to a hydrocarbon scaffold
constructed only with single bonds. Substances consisting entirely of single-bonded carbon
and hydrogen atoms and lacking functional groups are called alkanes. They are classified
into several types according to structure: the linear straight-chain alkanes; the branched
alkanes, in which the carbon chain contains one or several branching points; and the cyclic
alkanes, or cycloalkanes, which we shall cover in Chapter 4.

A Straight-Chain Alkane A Branched Alkane A Cycloalkane

T
CH3_CH2_CH2_CH3 CH3_(|:_H (|:H2_(|:H2
CH, CH,—CH,
Butane, C4H,, 2-Methylpropane, C4H,, Cyclobutane, C4Hg
(Isobutane)

Straight-chain alkanes form a homologous series

In the straight-chain alkanes, each carbon is bound to its two neighbors and to two hydro-
gen atoms. Exceptions are the two terminal carbon nuclei, which are bound to only one
carbon atom and three hydrogen atoms. The straight-chain alkane series may be described
by the general formula H-(CH,),—H. Each member of this series differs from the next lower
one by the addition of a methylene group, —CH,—. Molecules that are related in this way
are homologs of each other (homos, Greek, same as), and the series is a homologous series.
Methane (n = 1) is the first member of the homologous series of the alkanes, ethane (n = 2)
the second, and so forth.
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Branched alkanes are constitutional isomers Number of
of straight-chain alkanes eV W2 Possible Isomeric
Branched alkanes are derived from the straight-chain systems by removal of a hydrogen Alkanes, CHar.2
from a methylene (CH,) group and replacement with an alkyl group. Both branched and n Isomers
straight-chain alkanes have the same general formula, C,H,,., The smallest branched
alkane is 2-methylpropane. It has the same molecular formula as that of butane (C,H;,) but ! !
different connectivity; the two compounds therefore form a pair of constitutional isomers 2 1
(Section 1-9). 3 1
For the higher alkane homologs (n > 4), more than two isomers are possible. There are 4 2
three pentanes, CsH,, as shown below. There are five hexanes, C¢H,4; nine heptanes, C;Hg; 5 3
and eighteen octanes, CgH . 6 5
7 9
8 18
The Isomeric Pentanes 9 35
CH,4 CH,4 10 75
| | 15 4,347
CH;—CH,—CH,—CH,—CHj; CH3—CH2—$H CH3—C|—CH3 20 366319
CH; CH;
Pentane 2-Methylbutane 2,2-Dimethylpropane
(Isopentane) (Neopentane)
The number of possibilities in connecting n carbon atoms to each other and to 2n + 2 sur- MODEL BUILDING

rounding hydrogen atoms increases dramatically with the size of n (Table 2-4).

Exercise 2-16

(a) Draw the structures of the five isomeric hexanes. (b) Draw the structures of all the possible
next higher and lower homologs of 2-methylbutane.

2-5 Naming the Alkanes

The multiple ways of assembling carbon atoms and attaching various substituents accounts
for the existence of the very large number of organic molecules. This diversity poses a
problem: How can we systematically differentiate all these compounds by name? Is it pos-
sible, for example, to name all the C¢H,, isomers so that information on any of them (such
as boiling points, melting points, reactions) might easily be found in the index of a hand-
book? And is there a way to name a compound that we have never seen in such a way as
to be able to draw its structure?

This problem of naming organic molecules has been with organic chemistry from its very
beginning, but the initial method was far from systematic. Compounds have been named after
their discoverers (“Nenitzescu’s hydrocarbon”), after localities (“sydnones”), after their shapes
(“‘cubane,” “basketane”), and after their natural sources (“vanillin”’). Many of these common
or trivial names are still widely used. However, there now exists a precise system for nam-
ing the alkanes. Systematic nomenclature, in which the name of a compound describes its
structure, was first introduced by a chemical congress in Geneva, Switzerland, in 1892. It has
continually been revised since then, mostly by the International Union of Pure and Applied
Chemistry (IUPAC). Table 2-5 gives the systematic names of the first 20 straight-chain
alkanes. Their stems, mainly of Greek origin, reveal the number of carbon atoms in the chain.
For example, the name heptadecane is composed of the Greek words hepta, seven, and deka,
ten. The first four alkanes have special names that have been accepted as part of the systematic
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Names and Physical Properties of Straight-Chain Alkanes, C,H,,. 2
Boiling Melting
point point Density at 20°C
n Name Formula °C) °C) (gmL™)
1 Methane CH, —161.7 —182.5 0.466 (at —164°C)
2 Ethane CH;CH; —88.6 —183.3 0.572 (at —100°C)
3 Propane CH;CH,CH; —42.1 —187.7 0.5853 (at —45°C)
4 Butane CH;CH,CH,CH; -0.5 —138.3 0.5787
5 Pentane CH;(CH,);CHj; 36.1 —129.8 0.6262
6 Hexane CH;(CH,),CH; 68.7 -953 0.6603
7 Heptane CH;(CH,)sCH; 98.4 -90.6 0.6837
8 Octane CH;(CH,)¢CH; 125.7 —56.8 0.7026
9 Nonane CH;(CH,),CH; 150.8 —53.5 0.7177
10 Decane CH;(CH,)sCH; 174.0 -29.7 0.7299
Propane, stored under pressure 11 Undecane CH;(CH,)yCHj; 195.8 —25.6 0.7402
in liquefied form in canisters such 12 Dodecane CHj;(CH,),,CH; 216.3 —-9.6 0.7487
as these, is a common fuel for 13 Tridecane CH,(CH,),,CH, 235.4 -55 0.7564
torches, lanterns, and outdoor
cooking stoves. 14 Tetradecane CH;(CH,),,CH; 253.7 5.9 0.7628
15 Pentadecane CH,(CH,),;CH, 270.6 10 0.7685
16 Hexadecane CH;(CH,),,CH, 287 18.2 0.7733
17 Heptadecane CH;(CH,),5CH; 301.8 22 0.7780
18 Octadecane CH;(CH,),,CH; 316.1 28.2 0.7768
19 Nonadecane CH;(CH,),,CH; 329.7 32.1 0.7855
CH, 20 Icosane CH;(CH,),3CH; 343 36.8 0.7886

CH3f(|If(CH2),,—CH3

H

An isoalkane
(e.g., n = 1, isopentane)

CH;

|
CH37(|:7(CH2)V:_H

CH;

A neoalkane
(e.g., n = 2, neohexane)

Alkyl groups
CH;—
Methyl
CH;—CH,—
Ethyl

CH;—CH,—CH,—
Propyl

nomenclature but also all end in -ane. It is important to know these names, because they serve
as the basis for naming a large fraction of all organic molecules. A few smaller branched
alkanes have common names that still have widespread use. They make use of the prefixes
iso- and neo- (margin), as in isobutane, isopentane, and neohexane.

Draw the structures of isohexane and neopentane.

As mentioned in Section 2-4, an alkyl group is formed by the removal of a hydrogen
from an alkane. It is named by replacing the ending -ane in the corresponding alkane by
-yl, as in methyl, ethyl, and propyl. Table 2-6 shows a few branched alkyl groups having
common names. Note that some have the prefixes sec- (or s-), which stands for second-
ary, and fert- (or t-), for tertiary. These prefixes are used to classify sp’-hybridized
(tetrahedral) carbon atoms in organic molecules. A primary carbon is one attached
directly to only one other carbon atom. For example, all carbon atoms at the ends of
alkane chains are primary. The hydrogens attached to such carbons are designated pri-
mary hydrogens, and an alkyl group created by removing a primary hydrogen also is
called primary. A secondary carbon is attached directly to two other carbon atoms, and
a tertiary carbon to three others. Their hydrogens are labeled similarly. As shown in
Table 2-6, removal of a secondary hydrogen results in a secondary alkyl group, and
removal of a tertiary hydrogen in a tertiary alkyl group. Finally, a carbon bearing four
alkyl groups is called quaternary.
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Branched Alkyl Groups
Structure Common name Example of common name in use Systematic name Type of group
CH; CH;
CH;— C| — Isopropyl CH;— C| —Cl (Isopropyl chloride) 1-Methylethyl Secondary
i h
CH; CH;
CH;— (|3 —CH,— Isobutyl CH;— C| — CHj; (Isobutane) 2-Methylpropyl Primary
" "
CH; CH;
CH;—CH,— C‘ — sec-Butyl CH;—CH,— C| —NH,; (sec-Butyl amine) 1-Methylpropyl Secondary
i i
CH; CH;
CH;— C| — tert-Butyl CH;— C| —Br (tert-Butyl bromide) 1,1-Dimethylethyl Tertiary
e ch
CH; CH;
CH;— (|3 —CH,— Neopentyl CH;— C| — CH,—OH (Neopentyl alcohol) 2,2-Dimethylpropyl Primary
ch i,

Primary, Secondary, and Tertiary Carbons and Hydrogens

Primary C \\

Secondary C \3\ (lj% Tertiary C
CH,CH,CCH,CHj
Primary H 2 I‘ll

RN

3-Methylpentane

Secondary H
Tertiary H

Exercise 2-18

Label the primary, secondary, and tertiary hydrogens in 2-methylpentane (isohexane).

The information in Table 2-5 enables us to name the first 20 straight-chain alkanes.
How do we go about naming branched systems? A set of [UPAC rules makes this a rela-
tively simple task, as long as they are followed carefully and in sequence.

IUPAC Rule 1. Find the longest chain in the molecule and name it. This task is not as
easy as it seems. The problem is that, in the condensed formula, complex alkanes may be
written in ways that mask the identity of the longest chain. Do not assume that it is always
depicted horizontally! In the following examples, the longest chain, or stem chain, is clearly
marked; the alkane stem gives the molecule its name. Groups other than hydrogen attached
to the stem chain are called substituents.

Methyl
"2 CH, CH,;CH, CH,CH,CH,CHs The stem chain is shown in
| « ¢ Ethyl black in the examples in this
CH;CHCH,CHj; CH3;CHCH,CH,CHCH,CHj;

section.
A methyl-substituted butane
(A methylbutane)

An ethyl- and methyl-substituted decane
(An ethylmethyldecane)
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If a molecule has two or more chains of equal length, the chain with the largest number
of substituents is the base stem chain.

CH; CH, CH; CH,

CH3$HCH$HCHCH2CH3 not CH3$HCH$HCHCH2CH3

CH, $H2 CH, $H2
T T
CH; CH;
4 substituents 3 substituents
A heptane A heptane
Correct stem chain Incorrect stem chain

Here are two more examples, drawn with the use of bond-line notation:

Methyl \B\J\/

A methylbutane An ethylmethyldecane

<<~ Ethyl

IUPAC Rule 2. Name all groups attached to the longest chain as alkyl substituents. For
straight-chain substituents, Table 2-5 can be used to derive the alkyl name. However, what if
the substituent chain is branched? In this case, the same TUPAC rules apply to such complex
substituents: First, find the longest chain in the substituent; next, name all its substituents.

IUPAC Rule 3. Number the carbons of the longest chain beginning with the end that is
closest to a substituent.

T
CH,CHCH,CH,
1 2 3 4
not 4 3 2 1 not 1 2 3 4 5 6 7 8

If there are two substituents at equal distance from the two ends of the chain, use the
alphabet to decide how to number. The substituent to come first in alphabetical order is
attached to the carbon with the lower number.

CH;CH, C‘H3
CH,CH,CHCH,CH,CHCH,CH,
1 2 3 4 5 6 7 8 17 15 13 11 9 7 5 3
Ethyl before methyl Butyl before propyl

What if there are three or more substituents? Then number the chain in the direction
that gives the lower number at the first difference between the two possible numbering
schemes. This procedure follows the first point of difference principle.

CH, CH; CH;

| |
CH;CH,CHCH,CH,CH,CH,CHCH,CHCH,CH; ~ Numbers for

substituted carbons:
1 2 3 4 5 [3 7 8 9 10 11 12 <— 3,8, and 10 (incorrect)

12 1 10 9 8 7 6 5 4 3 2 1 <— 3,5, and 10 (correct;
5 lower than 8)

3,5,10-Trimethyldodecane

Substituent groups are numbered outward from the main chain, with C1 of the group being
the carbon attached to the main stem.
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IUPAC Rule 4. Write the name of the alkane by first arranging all the substituents in
alphabetical order (each preceded by the carbon number to which it is attached and a
hyphen) and then adding the name of the stem. Should a molecule contain more than
one of a particular substituent, its name is preceded by the prefix di, tri, tetra, penta, and
so forth. The positions of attachment to the stem are given collectively before the sub-
stituent name and are separated by commas. These prefixes, as well as sec- and tert-,
are not considered in the alphabetical ordering, except when they are part of a complex
substituent name.

- I
CH,CHCH,CH, CH3CHC‘HCH3 CH3CHCH2CH2C‘HCH2(‘ICH3

CH, CH;CH, CH;
2-Methylbutane 2,3-Dimethylbutane 4-Ethyl-2,2,7-trimethyloctane
CH,CH,
CH3CH2C‘HCHCH3
o,
4,5-Diethyl-3,6-dimethyldecane 3-Ethyl-2-methylpentane

The five common group names in Table 2-6 are permitted by IUPAC: isopropyl,
isobutyl, sec-butyl, fert-butyl, and neopentyl. These five are used universally in the course
of normal communication between scientists, and it is necessary to know the structures
to which they refer. Nonetheless, it is preferable to use systematic names, especially when
searching for information about a chemical compound. The online databases containing
such information are constructed to recognize the systematic names; therefore, use of a
common name as input may not result in retrieval of a complete set of the information
being sought.

The systematic name of a complex substituent should be enclosed in parentheses to
avoid possible ambiguities. If a particular complex substituent is present more than once,
a special set of prefixes is placed in front of the parenthesis: bis, tris, tetrakis, pentakis, and
so on, for 2, 3, 4, 5, etc. In the chain of a complex substituent, the carbon numbered one
(C1) is always the carbon atom directly attached to the stem chain.

i
CH,

First substituent at position 2 ‘
g;slllcl::zoi:lﬂiﬂ group (}/ determines numbering CH,
attached to 2 ‘
the base stem CH2 CH2

Longest chain ‘ ‘
chosen has
highest number

3 9 of substituents (‘:H ‘
H
2
|
4-(1-Ethylpropyl)-2,3,5-trimethylnonane (‘:H2 (‘1H3
H— ? — (‘f —CH;
CH
| CH, H
CH;CH |
| CH,
CH;CH,CH,CHCH,CH,CH; |
4-(1-Methylethyl)heptane CH,
(4-Isopropylheptane) (‘:H
3

5,8-Bis(1-methylethyl)-
dodecane

Chapter 2

5-Ethyl-2,2-dimethyloctane

(“di” not counted in
alphabetical ordering)

but
1
5 3
4 2
5-(1,1-Dimethylethyl)-3-
ethyloctane

(“di” counted: part
of substituent name)
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Exercise 2-19

Write down the names of the preceding eight branched alkanes, close the book, and reconstruct
their structures from those names.

To name haloalkanes, we treat the halogen as a substituent to the alkane framework.
As usual, the longest (stem) chain is numbered so that the first substituent from either end
receives the lowest number. Substituents are ordered alphabetically, and complex append-
ages are named according to the rules used for complex alkyl groups.

CH,
CH3C|CH3
CH, CH, CICCH,
CH3é—Br FCHzéCH3 C|H2
CH,I (|:H3 1|{ CH3CHZCH2CHZCH2C|HCH2CH2CH2CH2CH3
TIodomethane 2-Bromo-2-methylpropane 1-Fluoro-2-methylpropane 6-(2-Chloro-2,3,3-trimethylbutyl)undecane

Common names are based on the older term alkyl halide. For example, the first three
structures above have the common names methyl iodide, fert-butyl bromide, and isobutyl
fluoride, respectively. Some chlorinated solvents have common names: for example, carbon
tetrachloride, CCly; chloroform, CHCl;; and methylene chloride, CH,Cl,.

Exercise 2-20

Draw the structure of 5-butyl-3-chloro-2,2,3-trimethyldecane.

Further instructions on nomenclature will be presented when new classes of compounds,
such as the cycloalkanes, are introduced.

In Summary Four rules should be applied in sequence when naming a branched alkane: (1) Find
the longest chain; (2) find the names of all the alkyl groups attached to the stem; (3) number
the chain; (4) name the alkane, with substituent names in alphabetical order and preceded by
numbers to indicate their locations. Haloalkanes are named in accord with the rules that apply
to naming the alkanes, the halo substituent being treated the same as alkyl groups.

2-6 Structural and Physical Properties of Alkanes

The common structural feature of all alkanes is the carbon chain. This chain influences the
physical properties of not only alkanes but also any organic molecules possessing such a back-
bone. This section will address the properties and physical appearance of such structures.

Alkanes exhibit regular molecular structures and properties

The structural features of the alkanes are remarkably regular. The carbon atoms are tetrahedral,
with bond angles close to 109° and with regular C-H (= 1.10 A) and C-C (= 1.54 A) bond
lengths. Alkane chains often adopt the zigzag patterns used in bond-line notation (Figure 2-3).
To depict three-dimensional structures, we shall make use of the hashed-wedged line notation
(see Figure 1-23). The main chain and a hydrogen at each end are drawn in the plane of the
page (Figure 2-4).

Draw zigzag hashed-wedged line structures for 2-methylbutane and 2,3-dimethylbutane.
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Figure 2-3 Ball-and-stick (top) and
space-filling molecular models of
hexane, showing the zigzag pattern
of the carbon chain typical of the
alkanes. [Model sets courtesy of
Maruzen Co., Ltd., Tokyo.]

The regularity in alkane structures suggests that their physical constants would follow
predictable trends. Indeed, inspection of the data presented in Table 2-5 reveals regular
incremental increases along the homologous series. For example, at room temperature (25°C),
the lower homologs of the alkanes are gases or colorless liquids, the higher homologs are
waxy solids. From pentane to pentadecane, each additional CH, group causes a 20-30°C
increase in boiling point (Figure 2-5).

300

200 — 075 @
s Density / 2
0 / :
< 100 o
= g
% / Boiling point 2.
£ :
0 065
; -
= A
y / Melting point fs
- 100 =]

—200 0.55

1 2 3 4 5 6 7 8 9 10 11 12
Number of carbons (1)

Figure 2-5 The physical constants of straight-chain alkanes. Their values increase with increas-
ing size because London forces increase. Note that even-numbered systems have somewhat
higher melting points than expected; these systems are more tightly packed in the solid state
(notice their higher densities), thus allowing for stronger attractions between molecules.

Attractive forces hetween molecules govern the physical
properties of alkanes

Why are the physical properties of alkanes predictable? Such trends exist because of inter-
molecular or van der Waals* forces. Molecules exert several types of attractive forces on
each other, causing them to aggregate into organized arrangements as solids and liquids.
Most solid substances exist as highly ordered crystals. Ionic compounds, such as salts, are
rigidly held in a crystal lattice, mainly by strong Coulomb forces. Nonionic but polar mol-
ecules, such as chloromethane (CH;Cl), are attracted by weaker dipole—dipole interactions,
also of coulombic origin (Sections 1-2 and 6-1). Finally, the nonpolar alkanes attract each
other by London' forces, which are due to electron correlation. When one alkane molecule

*Professor Johannes D. van der Waals (1837-1923), University of Amsterdam, The Netherlands, Nobel
Prize 1910 (physics).

"Professor Fritz London (1900-1954), Duke University, North Carolina. Note: In older references the
term “van der Waals forces” referred exclusively to what we now call London forces; van der Waals
forces now refers collectively to all intermolecular attractions.
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109.5°
HI095°H

C 110A
H H

Figure 2-4 Hashed-wedged line
structures of methane through
pentane. Note the zigzag arrange-
ment of the principal chain and
two terminal hydrogens.
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Ion-ion Interactions: Full Charges

This surfboard is being waxed with
paraffin to improve performance.

NN

Octane

2,2,3,3-Tetramethylbutane

Structure and Reactivity

London Forces: Unsymmetrical
Charge Distribution

Dipole-dipole Interactions:
Partial Charges

Figure 2-6 (A) Coulombic attraction in an ionic compound: crystalline sodium acetate, the
sodium salt of acetic acid. (B) Dipole—dipole interactions in solid chloromethane. The polar mole-
cules arrange to allow for favorable coulombic attraction. (C) London forces in crystalline pentane.
In this simplified picture, the electron clouds as a whole mutually interact to produce very small
partial charges of opposite sign. The charge distributions in the two molecules change continually
as the electrons continue to correlate their movements.

approaches another, repulsion of the electrons in one molecule by those in the other results
in correlation of their movement. Electron motion causes temporary bond polarization in
one molecule; correlated electron motion in the bonds of the other induces polarization in
the opposite direction, resulting in attraction between the molecules. Figure 2-6 is a simple
picture comparing ionic, dipolar, and London attractions.

London forces are very weak. In contrast to Coulomb forces, which change with the
square of the distance between charges, London forces fall off as the sixth power of the
distance between molecules. There is also a limit to how close these forces can bring
molecules together. At small distances, nucleus—nucleus and electron—electron repulsions
outweigh these attractions.

How do these forces account for the physical constants of elements and compounds? The
answer is that it takes energy, usually in the form of heat, to melt solids and boil liquids. For
example, to cause melting, the attractive forces responsible for the crystalline state must be
overcome. In an ionic compound, such as sodium acetate (Figure 2-6A), the strong interionic
forces require a rather high temperature (324°C) for the compound to melt. In alkanes, melting
points rise with increasing molecular size: Molecules with relatively large surface areas are
subject to greater London attractions. However, these forces are still relatively weak, and even
high-molecular-weight alkanes have rather low melting points. For example, a mixture of straight-
chain alkanes from C,;H,, to C,4yHg, constitutes paraffin wax, which melts below 64°C.

For a molecule to escape these same attractive forces in the liquid state and enter the
gas phase, more heat has to be applied. When the vapor pressure of a liquid equals atmo-
spheric pressure, boiling occurs. Boiling points of compounds are also relatively high if the
intermolecular forces are relatively large. These effects lead to the smooth increase in boil-
ing points seen in Figure 2-5.

Branched alkanes have smaller surface areas than do their straight-chain isomers. As a
result, they are generally subject to smaller London attractions and are unable to pack as
well in the crystalline state. The weaker attractions result in lower melting and boiling
points. Branched molecules with highly compact shapes are exceptions. For example,
2,2,3,3-tetramethylbutane melts at +101°C because of highly favorable crystal packing
(compare octane, m.p. —57°C). On the other hand, the greater surface area of octane com-
pared with that of the more spherical 2,2,3,3-tetramethylbutane is clearly demonstrated in
their boiling points (126°C and 106°C, respectively). Crystal packing differences also
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CHEMICAL HIGHLIGHT 2-2

“Sexual Swindle” by Means of Chemical Mimicry

Bees pollinate flowers. We have all watched nature pro-
grams and been told by extremely authoritative-sounding
narrators that “Instinct tells the bees which flower to
pollinate . . . ,” etc., etc. Instinct, schminstinct. Sex tells the
bee which flower to pollinate. Female bees of the species
Andrena nigroaenea produce a complex mixture of at least
14 alkanes and alkenes containing 21 to 29 carbon atoms.
The fragrance of this mixture attracts males of the same spe-
cies. Such sex attractants, or pheromones (see Section 12-17),
are ubiquitous in the animal kingdom and are typically
quite species specific. The orchid Ophrys sphegodes relies
on the male Andrena bee for pollination. Remarkably, in the
orchid, the leaf wax has a composition almost identical to
that of the Andrena pheromone mixture: The three major

compounds in both the pheromone and in the wax are the The orchid is even more innovative than most plants,
straight-chain alkanes tricosane (C,3Hyg), pentacosane because its flower, whose shape and color already resemble
(CysHs,), and heptacosane (C,7Hsg) in a 3:3:1 ratio. This is those of the insect, also produces the pheromonelike mixture
an example of what is termed “chemical mimicry,” the use in high concentration. Thus the male bee is hopelessly

by one species of a chemical substance to elicit a desired, attracted to this specific orchid by what is termed by the

but not necessarily normal response from another species. discoverers of this phenomenon a case of “sexual swindle.”

account for the slightly lower than expected melting points of odd-membered straight-chain
alkanes relative to those of even-membered systems (Figure 2-5).

In Summary Straight-chain alkanes have regular structures. Their melting points, boiling
points, and densities increase with molecular size and surface area because of increasing
attraction between molecules.

2-7 Rotation about Single Bonds: Conformations

We have considered how intermolecular forces can affect the physical properties of mole-
cules. These forces act between molecules. In this section, we shall examine how the forces
present within molecules (i.e., intramolecular forces) make some geometric arrangements
of the atoms energetically more favorable than others. Later chapters will show how mole-
cular geometry affects chemical reactivity.

Rotation interconverts the conformations of ethane

If we build a molecular model of ethane, we can see that the two methyl groups are read- MODEL BUILDING
ily rotated with respect to each other. The energy required to move the hydrogen atoms

past each other, the barrier to rotation, is only 2.9 kcal mol ! (12.1 kJ molfl). This value

turns out to be so low that chemists speak of “free rotation” of the methyl groups. In gen-

eral, there is free rotation about all single bonds at room temperature.

Figure 2-7 depicts the rotational movement in ethane by the use of hashed-wedged line
structures (Section 1-9). There are two extreme ways of drawing ethane: the staggered
conformation and the eclipsed one. If the staggered conformation is viewed along the C-C
axis, each hydrogen atom on the first carbon is seen to be positioned perfectly between two
hydrogen atoms on the second. The second extreme is derived from the first by a 60° turn
of one of the methyl groups about the C—C bond. Now, if this eclipsed conformation is
viewed along the C—C axis, all hydrogen atoms on the first carbon are directly opposite
those on the second—that is, those on the first eclipse those on the second. A further 60°
turn converts the eclipsed form into a new but equivalent staggered arrangement. Between
these two extremes, rotation of the methyl group results in numerous additional positions,
referred to collectively as skew conformations.
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Figure 2-7 Rotation in ethane: (A and C) staggered conformations; (B) eclipsed. There is virtually
“free rotation” between conformers.

The many forms of ethane (and, as we shall see, substituted analogs) created by such
rotations are called conformations (also called conformers). All of them rapidly inter-
convert at room temperature. The study of their thermodynamic and kinetic behavior is
conformational analysis.

Newman projections depict the conformations of ethane

A simple alternative to the hashed-wedged line structures for illustrating the conformers of
ethane is the Newman* projection. We can arrive at a Newman projection from the hashed-
wedged line picture by turning the molecule out of the plane of the page toward us and
viewing it along the C-C axis (Figure 2-8A and B). In this notation, the front carbon

Back
. H f carbon
. H\ JH H | H H H
View SaH o Front
d -——> ““‘__C —C — /@< — cerl?glon
'y N = | u
H H H H
H
H
C

A B

Figure 2-8 Representations of ethane. (A) Side-on views of the molecule. (B) End-on views of
ethane, showing the carbon atoms directly in front of each other and the staggered positions of the
hydrogens. (C) Newman projection of ethane derived from the view shown in (B). The “front” carbon
is represented by the intersection of the bonds to its three attached hydrogens. The bonds from the
remaining three hydrogens connect to the large circle, which represents the “back” carbon.

*Professor Melvin S. Newman (1908-1993), Ohio State University.
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Staggered Eclipsed Staggered

obscures the back carbon, but the bonds emerging from both are clearly seen. The front
carbon is depicted as the point of juncture of the three bonds attached to it, one of them
usually drawn vertically and pointing up. The back carbon is represented by a circle (Fig-
ure 2-8C). The bonds to this carbon project from the outer edge of the circle. The extreme
conformational shapes of ethane are readily drawn in this way (Figure 2-9). To make the
three rear hydrogen atoms more visible in eclipsed conformations, they are drawn somewhat
rotated out of the perfectly eclipsing position.

The conformers of ethane have different potential energies

The conformers of ethane do not all have the same energy content. The staggered conformer
is the most stable and lowest energy state of the molecule. As rotation about the C—C bond
axis occurs, the potential energy rises as the structure moves away from the staggered geom-
etry, through skewed shapes, finally reaching the eclipsed conformation. At the point of
eclipsing, the molecule has its highest energy content, about 2.9 kcal mol ™' above the stag-
gered conformation. The change in energy resulting from bond rotation from the staggered
to the eclipsed conformation is called rotational or torsional energy, or torsional strain.

The origin of the torsional strain in ethane remains controversial. As rotation to the
eclipsed geometry brings pairs of C—H bonds on the two carbons closer to each other,
repulsion between the electrons in these bonds increases. Rotation also causes subtle changes
in molecular orbital interactions, weakening the C—C bond in the eclipsed conformation.
The relative importance of these effects has been a matter of debate for decades, with the
most recent published theoretical research (2007) favoring electron repulsion as the major
contributor to the rotational energy.

A potential-energy diagram (Section 2-1) can be used to picture the energy changes asso-
ciated with bond rotation. In the diagram for rotation of ethane (Figure 2-10), the x axis denotes
degrees of rotation, usually called torsional angle. Figure 2-10 sets 0° at the energy minimum
of a staggered conformation, the most stable geometry of the ethane molecule.* Notice that
the eclipsed conformer occurs at an energy maximum: Its lifetime is extremely short (less
than 10”'% s), and it is in fact only a transition state between rapidly equilibrating staggered

*Strictly speaking, the torsional (also called dihedral) angle in a chain of atoms A—-B—C-D is defined as
the angle between the planes containing A,B,C and B,C,D, respectively. Thus, in Figure 2-10 and
subsequent figures in the next section, a torsional angle of 0° would correspond to one of the eclipsed
conformations.

Chapter 2

Figure 2-9 Newman projections
and ball-and-stick models of stag-
gered and eclipsed conformers of
ethane. In these representations,
the back carbon is rotated clock-
wise in increments of 60°.

Staggered: More stable,
because facing C-H
bonds are at maximum
distance (dashed lines)

Eclipsed: Less stable,
because facing C-H
bonds are at minimum
distance (dashed lines)
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Figure 2-10 Potential-energy diagram of the rotational isomerism in ethane. Because the
eclipsed conformations have the highest energy, they correspond to peaks in the diagram. These
maxima may be viewed as transition states between the more stable staggered conformers. The
activation energy (E,) corresponds to the barrier to rotation.

arrangements. The 2.9 kcal mol ' energy difference between the staggered and eclipsed con-
formations therefore corresponds to the activation energy for the rotational process.

All organic molecules with alkanelike backbones exhibit such rotational behavior. The
sections that follow will illustrate these principles in more complex alkanes. Later chapters
will show how the chemical reactivity of functionalized molecules can depend on their
conformational characteristics.

In Summary Intramolecular forces control the arrangement of substituents on neighboring
and bonded carbon atoms. In ethane, the relatively stable staggered conformations are inter-
converted by rotation through higher-energy transition states in which the hydrogen atoms
are eclipsed. Because the energy barrier to this motion is so small, rotation is extremely
rapid at ordinary temperatures. A potential-energy diagram conveniently depicts the energet-
ics of rotation about the C—C bond.

2-8 Rotation in Substituted Ethanes

How does the potential-energy diagram change when a substituent is added to ethane?
Consider, for example, propane, whose structure is similar to that of ethane, except that a
methyl group replaces one of ethane’s hydrogen atoms.

Steric hindrance raises the energy barrier to rotation

A potential-energy diagram for the rotation about a C—C bond in propane is shown in
Figure 2-11. The Newman projections of propane differ from those of ethane only by the
substituted methyl group. Again, the extreme conformations are staggered and eclipsed.
However, the activation barrier separating the two is 3.2 kcal mol ! (13.4 kJ molfl),
slightly higher than that for ethane. This energy difference is due to unfavorable interference
between the methyl substituent and the eclipsing hydrogen in the transition state, a phe-
nomenon called steric hindrance. This effect arises from the fact that two atoms or groups
of atoms cannot occupy the same region in space.
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Steric Hindrance
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Figure 2-11 Potential-energy diagram of rotation about either C—C bond in propane. Steric
hindrance increases the relative energy of the eclipsed form.

Steric hindrance in propane is actually worse than the E, value for rotation indicates.
Methyl substitution raises the energy not only of the eclipsed conformation, but also of
the staggered (lowest-energy, or ground state) conformation, the staggered to a lesser
extent because of less hindrance. However, because the activation energy is equal to the
difference in energy between ground and transition states, the net result is only a small
increase in E,.

There can be more than one staggered and one eclipsed
conformation: conformational analysis of butane

If we build a model and look at the rotation about the central C—C bond of butane, we find
that there are more conformations than one staggered and one eclipsed (Figure 2-12). Con-
sider the staggered conformer in which the two methyl groups are as far away from each
other as possible. This arrangement, called anti (i.e., opposed), is the most stable because
steric hindrance is minimized. Rotation of the rear carbon in the Newman projections in
either direction (in Figure 2-12, the direction is clockwise) produces an eclipsed conforma-
tion with two CH;—H interactions. This conformer is 3.6 kcal mol ' (15.1 kJ mol ") higher
in energy than the anti precursor. Further rotation furnishes a new staggered structure in
which the two methyl groups are closer than they are in the anti conformation. To distin-
guish this conformer from the others, it is named gauche (gauche, French, in the sense of
awkward, clumsy). As a consequence of steric hindrance, the gauche conformer is higher
in energy than the anti conformer by about 0.9 kcal mol ' (3.8 kJ mol ).

Further rotation (Figure 2-12) results in a new eclipsed arrangement in which the two
methyl groups are superposed. Because the two bulkiest substituents eclipse in this con-
former, it is energetically highest, 4.9 kcal mol ' (20.5 kJ mol ') higher than the most stable
anti structure. Further rotation produces another gauche conformer. The activation energy
for gauche = gauche interconversion is 4.0 kcal mol ' (16.7 kJ mol "). A potential-energy
diagram summarizes the energetics of the rotation (Figure 2-13). The most stable anti
conformer is the most abundant in solution (about 72% at 25°C). Its less stable gauche
counterpart is present in lower concentration (28%).

MODEL BUILDING
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Steric Hindrance
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Figure 2-12 Clockwise rotation of the rear carbon along the C2-C3 bond in a Newman projection
(top) and a ball-and-stick model (bottom) of butane.

H CH; H;C CH3 H CHj Steric Hindrance

H g g CH3
H H
H

CHj,

E;3=27 kcal
mol~!

CH; CH; CHj CH;
H H H;5C H H CHj; H H
H H H H H H H H
CH; H H CHj;
anti gauche gauche anti
| | | | | | |
0 60 120 180 240 300 360

Torsional angle

Figure 2-13 Potential-energy diagram of the rotation about the C2-C3 bond in butane. There
are three processes: anti — gauche conversion with E,; = 3.6 kcal mol™; gauche — gauche
rotation with £,, = 4.0 kcal mol™'; and gauche — anti transformation with E,; = 2.7 kcal mol ™.



2-8 Rotation in Substituted Ethanes

We can see from Figure 2-13 that knowing the difference in thermodynamic stability of
two conformers (e.g., 0.9 kcal mol ™' between the anti and gauche isomers) and the activation
energy for proceeding from the first to the second (e.g., 3.6 kcal mol ', 15.1 kJ mol ") allows
us to estimate the activation barrier of the reverse reaction. In this case, E, for the gauche-
to-anti conversion is 3.6 — 0.9 = 2.7 kcal mol ' (11.3 kJ mol ™).

Exercise 2-22

Working with the Concepts: Conformations

Draw a qualitative potential-energy diagram for rotation about the C3—C4 bond in 2-methylpentane.
Show Newman projections for all conformations located at the maximum and minimum points on your
graph. Describe similarities and differences with other molecules discussed in this section.

Strategy

First identify the structure of the molecule in question and the bond to be examined:

CH;  ¢3-C4bond
CH37CH I c:Hzi CHzi CH3

We have been asked to examine rotation about a bond between two CH, groups, each of which
contains one alkyl substituent. This situation therefore resembles rotation about the C2—C3 bond
in butane (see Figures 2-12 and 2-13), and the Newman projections and potential-energy diagram
will be similar.

Solution

* Using Figures 2-12 and 2-13 as guides, we can produce the following Newman projections and
potential-energy diagram:

H CH(CH,), H,C CH(CH,), H CH(CH,),
H H CH,
H H H H H H
CH, H H
18
CH(CH,), CH(CH,), CH(CH5), CH(CH;),
H H H,C H H CH; H H
H H H H H H H H
CH, H H CH,
I I I I I I I
0° 60° 120° 180° 240° 300° 360°

Torsional angle

» The single difference is that one of the alkyl groups is a 1-methylethyl (isopropyl) substituent
instead of CH;. Because of its greater size, the energies of all its steric interactions will be larger,
especially in conformations that bring the two alkyl groups close together. Therefore, the energy
differences between the anti and all other conformations will increase, with the greatest increase
at 180°.

Exercise 2-23

Try It Yourself

Draw the expected potential-energy diagram for the rotation about the C2-C3 bond in 2,3-
dimethylbutane. Include the Newman projections of each staggered and eclipsed conformation.

Chapter 2
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THE BIG PICTURE

The familiar chemistry of acids and bases provides a framework for understanding many
of the most important reactions between organic molecules. Much of the chemistry we
explore in the upcoming chapters expands on the concept that electrophiles and nucleophiles
are mutually attractive species, analogous to acids and bases. By identifying polar sites in
molecules, we can develop the ability to understand, and even to predict, what kinds of
reactions these molecules will undergo.

The sites of reactivity in organic molecules are called functional groups. Functional
groups serve to characterize the main classes of organic compounds. Beginning in Chap-
ter 6 and continuing through to the end of the book, we will discuss these compound
classes one by one, examining how their properties and reactivity arise from their struc-
tural characteristics.

Most organic molecules consist of hydrocarbon skeletons with functional groups
attached. We began a study of these skeletons with a discussion of the names and structures
of alkanes, hydrocarbons that lack functional groups. We presented concepts of molecular
motion and their associated energy changes. These ideas will underlie the behavior of mol-
ecules of all types, and we will return to them frequently.

CHAPTER INTEGRATION PROBLEMS

2-24. Consider the alkane shown in the margin.

a. Name this molecule according to the IUPAC system.

SOLUTION

Step 1. Locate the main, or stem, chain, the longest one in the molecule (shown in black below). Do
not be misled: The drawing of the stem chain can have almost any shape. The stem has eight carbons,
so the base name is octane.

Step 2. Identify and name all substituents (shown in color): two methyl groups, an ethyl group, and
a fourth, branched substituent. The branched substituent is named by first giving the number 1 (ital-
icized in the illustration below) to the carbon that connects it to the main stem. By numbering away
from the stem, we reach the number 2; therefore, the substituent is a derivative of the ethyl group (in
green), onto which is attached a methyl group (red) at carbon 1. Thus, this substituent is called a
1-methylethyl group.

Step 3. Number the stem chain, starting at the end closest to a carbon bearing a substituent. The
numbering shown gives a methyl-substituted carbon the number 3. Numbering the opposite way would
have C4 as the lowest numbered substituted carbon.

Step 4. Arrange the names of substituents alphabetically in the final name: ethyl comes first; then
methyl comes before methylethyl (the “di” in dimethyl, denoting two methyl groups, is not considered
in alphabetization because it is a multiplier of a substituent name and is therefore not considered part
of the name). For more practice naming, see Problem 35.

4-Ethyl-3,4-dimethyl-5-(1-methylethyl)octane

b. Draw structures to represent rotation about the C6—C7 bond. Correlate the structures that you draw
with a qualitative potential energy diagram.

SOLUTION
Step 1. Identify the bond in question. Notice that much of the molecule can be treated simply as a
large, complicated substituent on C6, the specific structure of which is unimportant. For the purpose
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of this question, this large substituent may be replaced by R. The “action” in this problem takes place
between C6 and C7:

Step 2. Recognize that step 1 simplified the problem: Rotation about the C6—C7 bond will give results
very similar to rotation about the C2—C3 bond in butane. The only difference is that a large R group
has replaced one of the smaller methyl groups of butane.

Step 3. Draw conformations modeled after those of butane (Section 2-8) and superimpose them on
an energy diagram similar to that in Figure 2-13. The only difference between this diagram and that
for butane is that we do not know the exact heights of the energy maxima relative to the energy
minima. However, we can expect them to be higher, qualitatively, because our R group is larger than
a methyl group and thus can be expected to cause greater steric hindrance.

c. Two alcohols derived from this alkane are illustrated in the margin. Alcohols are categorized on
the basis of the type of carbon atom that contains the —OH group (primary, secondary, or tertiary).
Characterize the alcohols shown in the margin.

SOLUTION

In alcohol 1, the —OH group is located on a carbon atom that is directly attached to one other
carbon, a primary carbon. Therefore, alcohol 1 is a primary alcohol. Similarly, the —OH group in
alcohol 2 resides on a tertiary carbon (one attached to three other carbon atoms). It is a tertiary
alcohol.

d. The —O-H bond in an alcohol is acidic to a similar degree to that in water. Primary alcohols have
K, =~ 107" tertiary alcohols K, =~ 10~'8. What are the approximate pK, values for alcohols 1 and 2?
Which is the stronger acid?

SOLUTION
The pK, for alcohol 1 is approximately 16 (—log K,); that for alcohol 2 is about 18. Alcohol 1, with
the lower pK, value, is the stronger acid.

e. In which direction does the following equilibrium lie? Calculate K, the equilibrium constant, and
AG°®, the free energy change, associated with the reaction as written in the left-to-right direction.

B R

SOLUTION

The stronger acid (alcohol 1) is on the left; the weaker (alcohol 2) is on the right. Recall the relation
between conjugate acids and bases: Stronger acids have weaker conjugate bases, and vice versa.
Relatively speaking, therefore, we have

Conjugate base Conjugate base
Alcohol 1 + of alcohol 2 — of alcohol 1 + Alcohol 2
(Stronger acid) (Stronger base) (Weaker base) (Weaker acid)

The equilibrium lies to the right, on the side of the weaker acid-base pair. Recall that K > 1 and
AG®° < 0 for a reaction that is thermodynamically favorable as written from left to right; use this
information to be sure to get the magnitude of K and the sign of AG® correct. The equilibrium
constant, K, for the process is the ratio of the K, values, (10716/10718) = 10 (not 107%). With

Chapter 2
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reference to Table 2-1, a K value of 100 corresponds to a AG° of —2.73 kcal mol ™! (not +2.73).
If the reaction were written in the opposite direction, with the equilibrium lying to the left,
the correct values would be those in parentheses. For more practice with acids and bases, see
Problem 27.

2-25. a. Calculate the equilibrium concentrations of gauche and anti butane at 25°C using the data
from Figure 2-13.

SOLUTION
We are given the relevant equations in Section 2-1. In particular, at 25°C the relationship between
the Gibbs free energy and the equilibrium constant simplifies to AG® = —1.36 log K. The energy

difference between the conformations is 0.9 kcal mol ', Substitution of this value into the equation
gives K = 0.219 = [gauche]/[anti]. Conversion to percentages may be achieved by recognizing that
% gauche = 100% X [gauche]/([anti] + [gauche]). Thus we find % gauche = 100% X (0.219)/
(1.0 + 0.219) = 18%, and therefore % anti = 82%. The problem is, we are given the answer on
page 83: At 25°C, butane consists of 28% gauche and 72% anti. What’s gone wrong?

The error derives from the fact that the energy values given in Sections 2-7 and 2-8 are enthalpies,
not free energies, and we have failed to include an entropy contribution to the free energy equation
AG° = AH° — TAS°. How do we correct this problem? We may look for equations to calculate AS®,
but let us use another, more intuitive approach. Examine Figure 2-13 again. Note that over a 360°
rotation the butane molecule passes from its anti conformation through two distinct gauche conforma-
tions before returning to its original anti geometry. The entropy term arises from the availability of
two gauche conformers equilibrating with a single anti. Thus we really have three species in equi-
librium, not two. Is there a way to solve this problem without going through calculations to determine
AS° and AG®? The answer is yes, and it is not very difficult.

Returning to Figure 2-13, let us label the two gauche forms A and B to distinguish them from
each other. When we calculated K in our original solution, what we actually determined was the
value associated with equilibration between the anti and just one of the two gauche conformers,
say gauche,. Of course, the value for gauchey is identical, because the two gauche conformations
are equal in energy. So, K = [gauche,]/[anti] = 0.219, and K = [gaucheg]/[anti] = 0.219.

Finally, recognizing that total [gauche] = [gauche,] + [gaucheg], we therefore have % gauche =
100% X ([gauche,] + [gaucheg))/([anti] + [gauche,] + [gaucheg]), giving us % gauche = 100% X
(0.219 + 0.219)/(1.0 + 0.219 + 0.219) = 30%, and therefore % anti = 70%, in much better agreement
with the values given for the equilibrium percentages in the text.

b. Calculate the equilibrium concentrations of gauche and anti butane at 100°C.

SOLUTION

As above, we determine K from the enthalpy difference in Figure 2-13, using this value as to input
for AG® in the more general equation AG° = —2.303 RT log K. We follow by correcting for the
presence of two gauche conformations in the overall equilibrium. Don’t forget that we must use
degrees Kelvin, 373 K for T. Solving, we obtain K = 0.297 = [gauche,]/[anti] = [gaucheg]/[anti].
Therefore, % gauche = 100% X (0.297 + 0.297)/(1.0 + 0.297 + 0.297) = 37%, and therefore %
anti = 63%.

The less stable conformations are more prevalent at higher temperatures, a straightforward
consequence of the Boltzmann distribution, which states that more molecules have higher energies
at higher temperatures (Section 2-1). For more practice with conformations, see Problems 42,
44, and 50.

Important Concepts

1. Chemical reactions can be described as equilibria controlled by thermodynamic and Kinetic
parameters. The change in the Gibbs free energy, AG®, is related to the equilibrium constant
by AG° = —RT In K = —1.36 log K (at 25°C). The free energy has contributions from changes
in enthalpy, AH®, and entropy, AS°: AG° = AH° — TAS°. Changes in enthalpy are due
mainly to differences between the strengths of the bonds made and those of the bonds broken.
A reaction is exothermic when the former is larger than the latter. It is endothermic when
there is a net loss in combined bond strengths. Changes in entropy are controlled by the
relative degree of energy dispersal in starting materials compared with that in products. The
greater the increase in energy dispersal, the larger a positive AS°.



10.

11.

12.

Problems

. The rate of a chemical reaction depends mainly on the concentrations of starting material(s), the

activation energy, and temperature. These correlations are expressed in the Arrhenius equation:
rate constant k = Ae =7,

. If the rate depends on the concentration of only one starting material, the reaction is said to be

of first order. If the rate depends on the concentrations of two reagents, the reaction is of
second order.

. Brgnsted acids are proton donors; bases are proton acceptors. Acid strength is measured by the

acid dissociation constant K,; pK, = —log K,. Acids and their deprotonated forms have a
conjugate relation. Lewis acids and bases are electron pair acceptors and donors, respectively.

. Electron-deficient atoms attack electron rich atoms and are called electrophiles. Conversely,

electron-rich atoms attack electron-poor atoms and are called nucleophiles. When a nucleophile,
which may be either negatively charged or neutral, attacks an electrophile, it donates a lone
electron pair to form a new bond with the electrophile.

. An organic molecule may be viewed as being composed of a carbon skeleton with attached

functional groups.

. Hydrocarbons are made up of carbon and hydrogen only. Hydrocarbons possessing only single

bonds are also called alkanes. They do not contain functional groups. An alkane may exist as a
single continuous chain or it may be branched or cyclic. The empirical formula for the straight-
chain and branched alkanes is C,H,, .

. Molecules that differ only in the number of methylene groups, CH,, in the chain are called

homologs and are said to belong to a homologous series.

. An sp® carbon attached directly to only one other carbon is labeled primary. A secondary carbon

is attached to two and a tertiary to three other carbon atoms. The hydrogen atoms bound to such
carbon atoms are likewise designated primary, secondary, or tertiary.

The IUPAC rules for naming saturated hydrocarbons are (a) find the longest continuous chain
in the molecule and name it; (b) name all groups attached to the longest chain as alkyl substitu-
ents; (c) number the carbon atoms of the longest chain; (d) write the name of the alkane, citing
all substituents as prefixes arranged in alphabetical order and preceded by numbers designating
their positions.

Alkanes attract each other through weak London forces, polar molecules through stronger
dipole—dipole interactions, and salts mainly through very strong ionic interactions.

Rotation about carbon—carbon single bonds is relatively easy and gives rise to conformations
(conformers). Substituents on adjacent carbon atoms may be staggered or eclipsed. The eclipsed
conformation is a transition state between staggered conformers. The energy required to reach the
eclipsed state is called the activation energy for rotation. When both carbons bear alkyl or other
groups, there may be additional conformers: Those in which the groups are in close proximity (60°)
are gauche; those in which the groups are directly opposite (180°) each other are anti. Molecules
tend to adopt conformations in which steric hindrance, as in gauche conformations, is minimized.

Problems

26.

The hydrocarbon propene (CH;—CH=CH,) can react in two different ways with bromine (Chap-
ters 12 and 14).

Br Br
(i) CH;—CH=CH, + Br, —> CH3;—CH—CH,

(ii) CH;—CH=CH, + Br, —> ?Hz—CHZCHz + HBr
Br

(a) Using the bond strengths (kcal mol ') given in the margin, calculate AH° for each of these
reactions. (b) AS°® = 0 cal K~ ! mol™! for one of these reactions and —35 cal K™' mol™! for the
other. Which reaction has which AS°? Briefly explain your answer. (¢) Calculate AG®° for each
reaction at 25°C and at 600°C. Are both of these reactions thermodynamically favorable at 25°C?
At 600°C?
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Bond (kcal mol ™)
Cc—C 83
C=C 146
C—H 99
Br—Br 46
H—Br 87
C—Br 68
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27.

28.
29.

30.

31.

32.

33.

34.
35.

(i) Determine whether each species in the following equations is acting as a Brgnsted acid or
base, and label it. (ii) Indicate whether the equilibrium lies to the left or to the right. (iii) Estimate
K for each equation if possible. (Hint: Use the data in Table 2-2.)

(a) H,O + HCN — H;0" + CN~

(b) CH;O™ + NH; — CH;OH + NH,~

(¢) HF + CH;COO™ ——= F~ + CH;COOH

(d) CH;~ + NH; — CH, + NH,~

(e) H;0" + CI” = H,0 + HCI

(f) CH;COOH + CH;S™ — CH,COO~ + CH;SH

Use curved arrows to show electron movement in each acid-base reaction in Problem 27.

Identify each of the following species as either a Lewis acid or a Lewis base, and write an equa-
tion illustrating a Lewis acid-base reaction for each one. Use curved arrows to depict electron-pair
movement. Be sure that the product of each reaction is depicted by a complete, correct Lewis
structure.

(a) CN™ (b) CH;0H (¢) (CH;),CH"
(d) MgBr, (e) CH3BH, (f) CH5S™
For each example in Table 2-3, identify all polarized covalent bonds and label the appropriate

atoms with partial positive or negative charges. (Do not consider carbon—hydrogen bonds.)

Characterize each of the following atoms as being either nucleophilic or electrophilic.
(a) lodide ion, I

(b) Hydrogen ion, H*

(¢c) Carbon in methyl cation, "CHj

(d) Sulfur in hydrogen sulfide, H,S

(e) Aluminum in aluminum trichloride, AlCl;

(f) Magnesium in magnesium oxide, MgO

Circle and identify by name each functional group in the compounds pictured.

@ﬂ D G W §

bt e I, Cﬁé

On the basis of electrostatics (Coulomb attraction), predict which atom in each of the follow-
ing organic molecules is likely to react with the indicated reagent. Write “no reaction’’ if none
seems likely. (See Table 2-3 for the structures of the organic molecules.) (a) Bromoethane,
with the oxygen of HO™; (b) propanal, with the nitrogen of NH;; (¢) methoxyethane, with H';
(d) 3-hexanone, with the carbon of CH; ; (e) ethanenitrile (acetonitrile), with the carbon of
CH;"; (f) butane, with HO ™.

Use curved arrows to show the electron movement in each reaction in Problem 33.

Name the following molecules according to the [UPAC system of nomenclature.

CH3CH2?HCH3 (‘:Hg CH,CHCH,CH,
(a) CH_ (b) CH5CHCH,CH,C CH,CH,CH,CH;

H,C CH, CH,CHCH,



36.

37.

38.
39.

40.

M1

42.

43.

Problems

CH,
C‘H2 H CH; CHs
(©) CH3CH2éCH2CH3 (d) CHS—(‘:—é—C—CH2CH2CH2CHZCH3
&, &, b,
C‘Hg (‘:Hg éHg CH—CH,
i,
CH;CH,
(¢) CH;CH(CH;)CH(CH;)CH(CH;)CH(CH;), (f) CliHZCHZCHZCH3

® )\ < @) m/ 0 /kj;;

Convert the following names into the corresponding molecular structures. After doing so,
check to see if the name of each molecule as given here is in accord with the IUPAC
system of nomenclature. If not, name the molecule correctly. (a) 2-methyl-3-propylpentane;
(b) 5-(1,1-dimethylpropyl)nonane; (¢) 2,3,4-trimethyl-4-butylheptane; (d) 4-tert-butyl-5-
isopropylhexane; (e) 4-(2-ethylbutyl)decane; (f) 2,4,4-trimethylpentane; (g) 4-sec-butylheptane;
(h) isoheptane; (i) neoheptane.

Draw the structures that correspond to the following names. Correct any names that are not in
accord with the rules of systematic nomenclature.

(a) 4-Chloro-5-methylhexane
(b) 3-Methyl-3-propylpentane
(¢) 1,1,1-Trifluoro-2-methylpropane
(d) 4-(3-Bromobutyl)nonane

Draw and name all possible isomers of C;H;4 (isomeric heptanes).

Identify the primary, secondary, and tertiary carbon atoms and the hydrogen atoms in each of
the following molecules: (a) ethane; (b) pentane; (¢) 2-methylbutane; (d) 3-ethyl-2,2,3,4-
tetramethylpentane.

Identify each of the following alkyl groups as being primary, secondary, or tertiary, and give it
a systematic [UPAC name.

CH, CH,
(a) —CHz—éH—CHZ—CHS (b) CH3—C‘H—CH2—CH2— (¢) CH;—
CH;—CH, CH;—CH—
(d) CHy—CH,—CH—CH,— (¢) CH;—CH,—CH—CH, (f) CHs—

. Rank the following molecules in order of increasing boiling point (without looking up the

real values!): (a) 3-methylheptane; (b) octane; (c¢) 2,4-dimethylhexane; (d) 2,2,4-
trimethylpentane.

Using Newman projections, draw each of the following molecules in its most stable conformation
with respect to the bond indicated: (a) 2-methylbutane, C2—C3 bond; (b) 2,2-dimethylbutane,
C2-C3 bond; (c¢) 2,2-dimethylpentane, C3-C4 bond; (d) 2,2,4-trimethylpentane,
C3-C4 bond.

Based on the energy differences for the various conformations of ethane, propane, and butane in
Figures 2-10, 2-11, and 2-13, determine the following:

(a) The energy associated with a single hydrogen—hydrogen eclipsing interaction
(b) The energy associated with a single methyl-hydrogen eclipsing interaction
(¢) The energy associated with a single methyl-methyl eclipsing interaction

(d) The energy associated with a single methyl-methyl gauche interaction
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44. At room temperature, 2-methylbutane exists primarily as two alternating conformations of rotation
about the C2—C3 bond. About 90% of the molecules exist in the more favorable conformation and
10% in the less favorable one. (a) Calculate the free energy change (AG®, more favorable confor-
mation — less favorable conformation) between these conformations. (b) Draw a potential-energy
diagram for rotation about the C2—C3 bond in 2-methylbutane. To the best of your ability, assign
relative energy values to all the conformations on your diagram. (¢) Draw Newman projections
for all staggered and eclipsed conformers in (b) and indicate the two most favorable ones.

45. For each of the following naturally occurring compounds, identify the compound class(es) to
which it belongs, and circle all functional groups.

1
H\C/O HSCHZCH(”:OH
| 0O
C .
N Cysteine
ﬁ HC‘T ﬁjH (In proteins)
C‘H3 (”) HC?HCHZOH HC\C _
CH;CHCH,CH,OCCH; OH H CH;CH=CHC=CC=CCH=CHCH,OH
3-Methylbutyl acetate 2,3-Dihydroxypropanal Benzaldehyde Matricarianol
(In banana oil) (The simplest sugar) (In fruit pits) (From chamomile)
T
PO
0 HZC\ (\:H T CH
CH; C H3 H3C -~ C— 3
WO A ch,  HC._ CH, | CH—¢/
e CH HZC\EI/CH / A
HZC/‘ CH, | ¢ ] CH o=c? CH
2 CH2 CH3 CHZ H2C CH2 H
Cineole Limonene Heliotridane Chrysanthenone
(From eucalyptus) (In lemons) (An alkaloid) (In chrysanthemums)

46. Give ITUPAC names for all alkyl groups marked by dashed lines in each of the following bio-
logically important compounds. Identify each group as a primary, secondary, or tertiary alkyl

substituent.
____________________ '; :'_______________________'I
H;C CH !
cH i A e W !
‘ 2 : :_ —q——t-————q ‘ 2 CH3 i
CH CH; | '!CH, —CH
N e A |
CH 1 | CHjs 1
| | L~
s : Chol 1
-------------- olesterol
CH3 HO (A steroid)
HO L A~
r bl
| ™ o T
| |
H;C (0] CH,CH,CH,CHCH,CH,CH,CHCH,CH,CH,CHCH; :
N 3 b J
Vitamin D, CH; Vitamin E
. a R i
H5C CH CH
s - 0w | L
1H5C CH; | I ‘ I 1H;C CH, 1
H A4 H | | | A4 |
| CH | : CH, ! ! CH !
b - a N | !_____# _____ 2
Valine Leucine Isoleucine

(An amino acid) (Another amino acid) (Still another amino acid)



47.

48.

49.

50.

Problems

Using the Arrhenius equation, calculate the effect on k of increases in temperature
of 10, 30, and 50 degrees (Celsius) for the following activation energies. Use 300 K (approxi-

mately room temperature) as your initial 7" value, and assume that A is a constant.
(a) E, = 15 keal mol™"; (b) E, = 30 kcal mol™"; (¢) E, = 45 kcal mol ™.

The Arrhenius equation can be reformulated in a way that permits the experimental
determination of activation energies. For this purpose, we take the natural logarithm of both sides

and convert into the base 10 logarithm.

a

23R

Ink =1In (Ae 58Ty = InA — E,/RT becomes logk =logA —

The rate constant k is measured at several temperatures 7 and a plot of log k versus 1/7T is
prepared, a straight line. What is the slope of this line? What is its intercept (i.e., the value of
log k at 1/T = 0)? How is E, calculated?

Reexamine your answers to Problem 33. Rewrite each one in the form of a complete equation
describing a Lewis acid-base process, showing the product and using curved arrows to depict
electron-pair movement. [Hint: For (b) and (d), start with a Lewis structure that represents a
second resonance form of the starting organic molecule.]

The equation relating AG® to K contains a temperature term. Refer to your answer to
Problem 44(a) to calculate the answers to the questions that follow. You will need to know that

AS° for the formation of the more stable conformer of 2-methylbutane from the next most stable
conformer is +1.4 cal K™! mol~!. (a) Calculate the enthalpy difference (AH®) between these two
conformers from the equation AG® = AH° — TAS°. How well does this agree with the AH®
calculated from the number of gauche interactions in each conformer? (b) Assuming that AH°
and AS° do not change with temperature, calculate AG® between these two conformations at the
following three temperatures: —250°C; —100°C; +500°C. (c) Calculate K for these two confor-
mations at the same three temperatures.

Team Problem

51.

Consider the difference in the rate between the following two second-order substitution
reactions.

Reaction 1: The reaction of bromoethane and iodide ion to produce iodoethane and bromide ion is
second order; that is, the rate of the reaction depends on the concentrations of both bromoethane and
iodide ion:

Rate = k[CH;CH,Br][I" ] mol L™ 7!

Reaction 2: The reaction of 1-bromo-2,2-dimethylpropane (neopentyl bromide) with iodide ion to
produce neopentyl iodide and bromide ion is more than 10,000 times slower than the reaction of
bromoethane with iodide ion.

Rate = k[neopentyl bromide][I ] mol L !'s!

(a) Formulate each reaction by using bond-line structural drawings in your reaction scheme.

(b) Identify the reactive site of the starting haloalkane as primary, secondary, or tertiary.

(c) Discuss how the reaction might take place; that is, how the species would have to interact in
order for the reaction to proceed. Remember that, because the reaction is second order, both
reagents must be present in the transition state. Use your model kit to help you visualize the
trajectory of approach of the iodide ion toward the bromoalkane that enables the simultaneous
iodide bond making and bromide bond breaking required by the second-order kinetics of these
two reactions. Of all the possibilities, which one best explains the experimentally determined
difference in rate between the reactions?

(d) Use hashed-wedged line structures to make a three-dimensional drawing of the trajectory on
which you agree.

Chapter 2
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Preprofessional Problems
52. The compound 2-methylbutane has

(a) no secondary H’s (b) no tertiary H’s (¢) no primary H’s
(d) twice as many secondary H’s as tertiary H’s
(e) twice as many primary H’s as secondary H’s

53.

Potential energy
>
+
o

C

Progress of reaction ———>

This energy profile diagram represents

CH; (a) an endothermic reaction (b) an exothermic reaction
H H (¢) a fast reaction (d) a termolecular reaction

54. In 4-(1-methylethyl)heptane, any H-C—C angle has the value

CH (a) 120° (b) 109.5° (c) 180°
(d) 90° (e) 360°

(@) OCH;

55. The structural representation shown in the margin is a Newman projection of the conformer of
H butane that is

\
o (a) gauche eclipsed (b) anti gauche (¢) anti staggered (d) anti eclipsed
H 56. Genipin (margin) is a Chinese herbal remedy that is effective against diabetes. To which of the
HO OH compound classes below does genipin not belong?

Genipin (a) alcohol (b) alkene (c) ester (d) ether (e) ketone
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ombustion of alkanes releases most of the energy

that powers modern industrialized society. We

saw in Chapter 2 that alkanes lack functional
groups; that being the case, how does combustion
occur? We will see in this chapter that alkanes are
not very reactive, but that they do undergo several
types of transformations. These processes, of which
combustion is one example, do not involve acid-base
chemistry. Instead, they are called radical reactions.
Although we shall not explore radical reactions in
great depth in this course, they play significant roles
in biochemistry (such as aging and disease processes),
the environment (destruction of the Earth’s ozone
layer), and industry (manufacture of synthetic fabrics
and plastics).

Radical reactions begin with the breaking of a bond, or bond dissociation. We examine
the energetics of this process and discuss the conditions under which it occurs. The majority
of the chapter will deal with halogenation, a radical reaction in which a hydrogen atom in
an alkane is replaced by halogen. The importance of halogenation lies in the fact that it
introduces a reactive functional group, turning the alkane into a haloalkane, which is suitable
for further chemical change. For each of these processes, we shall discuss the mechanism
involved to explain in detail how the reaction occurs. We shall see that different alkanes,
and indeed different bonds in the same alkane molecule, may react at different rates, and
we shall see why this is so.

A carbon radical

Only a relatively limited number of mechanisms are needed to describe the very large
number of reactions in organic chemistry. Mechanisms enable us to understand how and why
reactions occur, and what products are likely to form in them. In this chapter we apply mech-
anistic concepts to explain the effects of halogen-containing chemicals on the stratospheric
ozone layer. We conclude with a brief discussion of alkane combustion and show how that
process serves as a useful source of thermodynamic information about organic molecules.

NASA'’s X-43A hypersonic
research aircraft being dropped
from under the wing of a B-52B
Stratofortress on June 2, 2001.
Most supersonic aircraft
produce exhaust gases
containing molecules such as
nitric oxide (NO), whose radical
reactions are destructive to the
Earth’s stratospheric ozone (O5)
layer. In the 1970s the United
States abandoned plans to build
a fleet of supersonic aircraft
(SSTs, or supersonic transports)
for just this reason. In contrast,
the X-43A is hydrogen fueled,
posing no risk to stratospheric
ozone, and may represent the
first step toward the develop-
ment of environmentally
acceptable high-speed flight. In
2008, Boeing flew successfully
the first manned hydrogen-fuel-
cell-powered aircraft, another
aviation milestone.
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A single-barbed arrow /v
shows the movement of a
single electron.

:Cl-
Chlorine atom

H

|
H—C—H

Methyl radical

H

|
H”;C*C‘:'
H

Ethyl radical

A normal, double-barbed

curved arrow 7~ shows the

movement of a pair of
electrons.

Reactions of Alkanes

3-1 Strength of Alkane Bonds: Radicals

In Section 1-2 we explained how bonds are formed and that energy is released on bond
formation. For example, bringing two hydrogen atoms into bonding distance produces
104 kcal mol™" (435 kJ mol ") of heat (refer to Figures 1-1 and 1-12).

Bond making

H- + H ———— H—H  AH° = —104 kcal mol™' (=435 kJ mol ")

Released heat: exothermic

Consequently, breaking such a bond requires heat—in fact, the same amount of heat that
was released when the bond was made. This energy is called bond-dissociation energy, DH®,
and is a quantitative measure of the bond strength.

Bond breaking

H—H ——— H- + H- AH° = DH® = 104 kcal mol ' (435 kJ mol ™)

Consumed heat: endothermic

Radicals are formed by homolytic cleavage

In our example, the bond breaks in such a way that the two bonding electrons divide equally
between the two participating atoms or fragments. This process is called homolytic cleavage
or bond homolysis. The separation of the two bonding electrons is denoted by two single-
barbed or “fishhook™ arrows that point from the bond to each of the atoms.

Homolytic Cleavage: Bonding Electrons Separate
AL A v on
Radicals

The fragments that form have an unpaired electron, for example, H-, Cl:, CH;-, and
CH;CH,-. When these species are composed of more than one atom, they are called radicals.
Because of the unpaired electron, radicals and free atoms are very reactive and usually
cannot be isolated. However, radicals and free atoms are present in low concentration as
unobserved intermediates in many reactions, such as the production of polymers (Chapter 12)
and the oxidation of fats that leads to the spoilage of perishable foods (Chapter 22).

In Section 2-2 we introduced an alternative way of breaking a bond, in which the entire
bonding electron pair is donated to one of the atoms. This process is heterolytic cleavage
and results in the formation of ions.

Heterolytic Cleavage: Bonding Electrons Move as Pair

A—/§113—>A+ + !B~

Ions

Homolytic cleavage may be observed in nonpolar solvents or even in the gas phase. In
contrast, heterolytic cleavage normally occurs in polar solvents, which are capable of sta-
bilizing ions. Heterolytic cleavage is also restricted to situations where the electronegativies
of atoms A and B and the groups attached to them stabilize positive and negative charges,
respectively.

Dissociation energies, DH®, refer only to homolytic cleavages. They have characteristic
values for the various bonds that can be formed between the elements. Table 3-1 lists disso-
ciation energies of some common bonds. The larger the value for DH®, the stronger the cor-
responding bond. Note the relatively strong bonds to hydrogen, as in H-F and H-OH. However,
even though these bonds have high DH® values, they readily undergo heterolytic cleavage in
water to H" and F~ or HO™; do not confuse homolytic with heterolytic processes.
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e |CEB N Bond-Dissociation Energies of Various A—B Bonds in the Gas Phase [DH° in kcal mol~" (k) mol~")]

B in A-B
A in A-B -H -F -Cl -Br | -OH -NH,
H— 104 (435) 136 (569) 103 (431) 87 (364) 71 (297) 119 (498) 108 (452)
CH;— 105 (439) 110 (460) 85 (356) 70 (293) 57 (238) 93 (389) 84 (352)
CH;CH,— 101 (423) 111 (464) 84 (352) 70 (293) 56 (234) 94 (393) 85 (356)
CH;CH,CH,— 101 (423) 110 (460) 85 (356) 70 (293) 56 (234) 92 (385) 84 (352)
(CH3),CH— 98.5 (412) 111 (464) 84 (352) 71 (297) 56 (234) 96 (402) 86 (360)
(CH;);,C— 96.5 (404) 110 (460) 85 (356) 71 (297) 55 (230) 96 (402) 85 (356)
Note: (a) DH® = AH® for the process A-B — A+ + +B. (b) These numbers are being revised continually because of improved methods for their
measurement. (c) The trends observed for A—H bonds are significantly altered for polar A-B bonds because of dipolar contributions to DH®.

Bonds are strongest when made by overlapping orbitals that are closely matched in
energy and size (Section 1-7). For example, the strength of the bonds between hydrogen
and the halogens decreases in the order F > Cl > Br > I, because the p orbital of the
halogen contributing to the bonding becomes larger and more diffuse along the series. Thus,
the efficiency of its overlap with the relatively small s orbital on hydrogen diminishes. A
similar trend holds for bonding between the halogens and carbon.

Increasing size of tr—

CH;-F  CH;-Cl  CH;-Br  CH;-1
DH° = 110 85 70 57 kcal mol™!

Decreasing bond _

Exercise 3-1

Working with the Concepts: Understanding Bond Strengths

Compare the bond-dissociation energies of CH3;—F, CH;—OH, and CH;-NH,. Why do the bonds
get weaker along this series even though the orbitals participating in overlap become better matched
in size and energy?

Strategy

What factors contribute to the strength of a bond? As mentioned above, the sizes and energies
of the orbitals are very important. However, coulombic contributions may enhance covalent
bond strength. Let’s look at each factor separately to see if one outweighs the other in these
three bonds.

Solution

* The better the match in size and energy of orbitals between two atoms in a bond, the better the
bonding overlap will be (note Figure 1-2). However, the decrease in orbital size in the series C,
N, O, F is slight, and therefore the overlap changes by only a very small amount going from C-F
to C-0O to C-N.

e In the progression from N to O to F, nuclear charge increases, giving rise to stronger attraction
between the nucleus and the electrons. The increasing electronegativity in this series confirms this
effect (Table 1-2). As the electronegativity of the element attached to carbon increases, so does
its attraction for the shared electron pair in the covalent bond. Thus the polarity and the charge
separation in the bond both increase, giving rise to a partial positive charge (6*) on carbon and a
partial negative charge (6 ) on the more electronegative atom.

* Coulombic attraction between these opposite charges supplements the bonding resulting from
covalent overlap and makes the bond stronger. In this series of bonds, increasing coulombic attrac-
tion outweighs decreasing overlap going from N to O to F, giving the observed result.
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Bond-Dissociation Energies for Some Alkanes

DH° DH®
Compound [kcal mol ™! (kJ mol_l)] Compound [kcal mol ™! (kJ mol'l)]
CH,+H 105 (439) . CH,;+CH, 90 (377) .
C,Hs-H 01 423 & C,Hs CH, 89 (372) =
C:H,+H 101 (423) = C,Hs—-C,H; 88 (368) =
(CH,),CHCH,~-H 101 (423) g (CH,),CH-CH, 88 (368) g
(CH;),CH=+H 98.5 (412) § (CH;);C—-CH, 87 (364) §
(CH;);C+H 96.5 (404) |A (CH,),CH—= CH(CHj), 85.5 (358) a]

(CH,;);C—-C(CH3), 78.5 (328)

Note: See footnote for Table 3-1.

Exercise 3-2

Try It Yourself

In the series C—C (in ethane, H3C—CH;), N-N (in hydrazine, H,N-NH,), O-O (in hydrogen
peroxide, HO—OH), the bonds decrease in strength from 90 to 60 to 50 kcal mol '. Explain.
(Hint: Lone pairs on adjacent atoms repel each other.)

The stability of radicals determines the C—H bond strengths

How strong are the C—H and C-C bonds in alkanes? The bond-dissociation energies of
various alkane bonds are given in Table 3-2. Note that bond energies generally decrease
with the progression from methane to primary, secondary, and tertiary carbon. For example,
the C—H bond in methane is strong and has a high DH® value of 105 kcal mol'. In ethane,
this bond energy is less: DH® = 101 kcal mol '. The latter number is typical for primary
C-H bonds, as can be seen for the bond in propane. The secondary C—H bond is even
weaker, with a DH® of 98.5 kcal mol ', and a tertiary carbon atom bound to hydrogen has
a DH° of only 96.5 kcal mol .

C-H Bond Strength in Alkanes

CH3 -H > Rprimary_H > Rsecondary_H > Rtertiary_H
DH° = 105 101 98.5 96.5 kcal mol ™

Decreasing bond strength 1111

A similar trend is seen for C—C bonds (Table 3-2). The extremes are the bonds in
H,C-CH; (DH° = 90 kcal mol ') and (CH;);C—CH; (DH® = 87 kcal mol ).

Why do all of these dissociations exhibit different DH® values? The radicals formed
have different energies. For reasons we will address in the next section, radical stability
increases along the series from primary to secondary to tertiary; consequently, the energy
required to create them decreases.

Radical Stabilities

: CH3 < - Rprimary < - Rseconda.ry < - Rtertiary



3-2 Structure of Alkyl Radicals: Hyperconjugation

N H-+ CH,CH,CHR,

Primary radical
/ 2.5 keal mol ™' (10.5 kJ mol ")
H-+ CH3CHCHR2

Secondz'lry radical

H-+ CH3CH2C-R2

-1
/ 101 kcal mol Tertiary radical

/ 98.5 kcal mol™

96.5 kcal mol ™'

‘CH2CH2CHR2 CH; ?HCHRz CH3CH2C‘R2
H H H
Primary Secondary Tertiary

C—-H bond C—-H bond C—H bond

Figure 3-1 illustrates this finding in an energy diagram. We start (at the bottom) with
an alkane containing primary, secondary, and tertiary C—H bonds. Primary bond dissociation
is endothermic by DH° = 101 kcal mol ', that is, we are going up in energy by this amount
to reach the primary radical. Secondary radical formation costs less, 98.5 kcal mol™'. Thus,
the secondary radical is more stable than the primary by 2.5 kcal mol ™~ '. To form the tertiary
radical requires even less, 96.5 kcal mol !, and this radical is more stable than its secondary
analog by 2.0 kcal mol ' (or its primary analog by 4.5 kcal mol ).

Which C-C bond would break first, the bond in ethane or that in 2,2-dimethylpropane?

In Summary Bond homolysis in alkanes yields radicals and free atoms. The heat required to
do so is called the bond-dissociation energy, DH®. Its value is characteristic only for the bond
between the two participating elements. Bond breaking that results in tertiary radicals demands
less energy than that furnishing secondary radicals; in turn, secondary radicals are formed more
readily than primary radicals. The methyl radical is the most difficult to obtain in this way.

3-2 Structure of Alkyl Radicals: Hyperconjugation

What is the reason for the ordering in stability of alkyl radicals? To answer this question,
we need to inspect the alkyl radical structure more closely. Consider the structure of the
methyl radical, formed by removal of a hydrogen atom from methane. Spectroscopic mea-
surements have shown that the methyl radical, and probably other alkyl radicals, adopts a
nearly planar configuration, best described by sp® hybridization (Figure 3-2). The unpaired
electron occupies the remaining p orbital perpendicular to the molecular plane.

K p K
B ° “\\\\H

EEE—— H——C_

CS])z_HIS

Nearly planar

Cypi—Hyg

C,,»—H;

sp3

}/SVI’;“

Chapter 3

Figure 3-1 The different ener-
gies needed to form radicals from
an alkane CH3zCH,CHR,. Radical
stability increases from primary to
secondary to tertiary.

Figure 3-2 The hybridization
change upon formation of a
methyl radical from methane. The
nearly planar arrangement is
reminiscent of the hybridization
in BH5 (Figure 1-17).
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Ethyl radical

A

Figure 3-3 Hyperconjugation
(green dashed lines) resulting
from the donation of electrons

in filled sp® hybrids to the

partly filled p orbital in (A) ethyl
and (B) 1-methylethyl and
1,1-dimethylethyl radicals. The
resulting delocalization of electron
density has a net stabilizing effect.

MODEL BUILDING

Reactions of Alkanes

2,

-

CC—— %,
H2C/ "J\,',/H
Q H

! |\ ~ -
&

CH;— CH— CH; CH;—C —CH;
CH;
1-Methylethyl radical 1, 1-Dimethylethyl radical
(Isopropyl) (tert-Butyl)
B

Let us see how the planar structures of alkyl radicals help explain their relative sta-
bilities. Figure 3-3A shows that there is a conformer in the ethyl radical in which a C-H
bond of the CH; group is aligned with and overlaps one of the lobes of the singly occupied
p orbital on the radical center. This arrangement allows the bonding pair of electrons in the
o orbital to delocalize into the partly empty p lobe, a phenomenon called hyperconjugation.
The interaction between a filled orbital and a singly occupied orbital has a net stabilizing
effect (recall Exercise 1-14). Both hyperconjugation and resonance (Section 1-5) are forms
of electron delocalization. They are distinguished by type of orbital: Resonance normally
refers to m-type overlap of p orbitals, whereas hyperconjugation incorporates overlap with
the orbitals of o bonds. Radicals are stabilized by hyperconjugation.

What if we replace the remaining hydrogens on the radical carbon with alkyl groups? Each
additional alkyl group increases the hyperconjugation interactions further (Figure 3-3B). The
order of stability of the radicals is a consequence of this effect. Notice in Figure 3-1 that the
degree of stabilization arising from each hyperconjugative interaction is relatively small
[2.0-2.5 keal mol ! (8.4-10.5 kJ mol™")]: We shall see later that stabilization of radicals by
resonance is considerably greater (Chapter 14). Another contribution to the relative stability
of secondary and tertiary radicals is the greater relief of steric crowding between the substitu-
ent groups as the geometry changes from tetrahedral in the alkane to planar in the radical.

Even a cursory glance at the bond-dissociation energies between carbon and the more
electronegative atoms in Table 3-1 suggests that hyperconjugation and radical stabilities
alone do not provide a complete picture. For example, bonds between carbon and any of
the halogens all display essentially identical DH® regardless of the type of carbon. Several
interpretations have been proposed to explain these observations. Polar effects are likely
involved (as mentioned in the table footnote). In addition, the longer bonds between carbon
and large atoms reduce the steric repulsion between atoms around that carbon, diminishing
its influence on bond-dissociation energies.

3-3 Conversion of Petroleum: Pyrolysis

Alkanes are produced naturally by the slow decomposition of animal and vegetable matter
in the presence of water but in the absence of oxygen, a process lasting millions of years.
The smaller alkanes—methane, ethane, propane, and butane—are present in natural gas,
methane being by far its major component. Many liquid and solid alkanes are obtained from
crude petroleum, but distillation alone does not meet the enormous demand for the lower-
molecular-weight hydrocarbons needed for gasoline, kerosene, and other hydrocarbon-based
fuels. Additional heating is required to break up longer-chain petroleum components into
smaller molecules. How does this occur? Let us first look into the effect of strong heating
on simple alkanes and then move on to petroleum.



3-3 Conversion of Petroleum: Pyrolysis

High temperatures cause hond homolysis

When alkanes are heated to a high temperature, both C—H bonds and C—C bonds rupture,
a process called pyrolysis. In the absence of oxygen, the resulting radicals can combine to
form new higher- or lower-molecular-weight alkanes. Radicals can also remove hydrogen
atoms from the carbon atom adjacent to another radical center to give alkenes, a process
called hydrogen abstraction. Indeed, very complicated mixtures of alkanes and alkenes form
in pyrolyses. Under special conditions, however, these transformations can be controlled to
obtain a large proportion of hydrocarbons of a defined chain length.

Pyrolysis of Hexane

Examples of cleavage into radicals:

C1-C2 cleavage
CH;+ + -CH,CH,CH,CH,CH;

1 2 3 4 C2-C3 cleavage
CH;CH,CH,CH,CH,CH, CH;CH,+ + -CH,CH,CH,CH,
Hexane

C3-C4 cleavage
CH,CH,CH,* + +CH,CH,CH,

Examples of radical combination reactions:

0

CH3‘ 'CH2CH3 — CH3CH2CH3
Propane
CH3CH2CH2CH2CH2PI (\-CHZCHZCH3 — CH;CH,CH,CH,CH,CH,CH,CH;
Octane

Examples of hydrogen abstraction reactions:

H H
O = YemN |
Ethane Propene
H H

LY

|
CH;CH,CH,* CH,~CH,* —> CH;CH,CH, + CH,—CH,
Propane Ethene

Note how we used single-barbed (fishhook) arrows in these examples to show the formation of
a new covalent bond by the combination of two electrons. In the hydrogen abstraction reactions,
electrons from a bond being broken combine with unshared electrons to form new bonds.

Control of such processes frequently requires the use of special catalysts, such as crystalline
sodium aluminosilicates, also called zeolites. For example, zeolite-catalyzed pyrolysis of dodec-
ane yields a mixture in which hydrocarbons containing from three to six carbons predominate.

Zeolite, 482°C, 2 min
Dodecane —— > C; + C; + C5 + C4 + other products
17% 31% 23% 18% 11%

The Function of a Catalyst

What is the function of the zeolite catalyst? It speeds up the pyrolysis, so that the process
occurs at a lower temperature than otherwise would be the case. The catalyst also causes
certain products to form preferentially. Such enhanced reaction selectivity is a feature fre-
quently observed in catalyzed reactions. How does this happen?

In general, catalysts are additives that accelerate reactions. They enable new pathways
through which reactants and products are interconverted, pathways that have lower activa-
tion energies, E.,, than those available in the absence of the catalyst, E,. In Figure 3-4,
both uncatalyzed and catalyzed processes are shown in a simplified manner to consist of
only a single step with one activation barrier. We shall see that most reactions involve more
than one step. However, regardless of the number of steps, the catalyzed version of a reaction

Chapter 3
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Figure 3-4 Potential-energy
diagram comparing catalyzed and
uncatalyzed processes. Although
each is shown as consisting of a
single step, catalyzed reactions in
particular typically proceed via
multistep pathways.

Reactions of Alkanes

Lower barrier:
faster

Reaction coordinate ——>

always has greatly reduced activation energies. While a catalyst is not consumed during the
reaction it facilitates, it actively participates in it through the formation of intermediate
reactive species from which it is ultimately regenerated. Therefore, only a small amount of
a catalyst is needed to effect the conversion of a large amount of reactants. Catalysts
modify the kinetics of reactions; that is, they change the rate at which equilibrium is estab-
lished. However, catalysts do not affect the position of the equilibrium. The overall AH®,
AS°, and hence AG® values for catalyzed and uncatalyzed processes are identical: A catalyst
does not affect the overall thermodynamics of a reaction.

Many organic reactions occur at a useful rate only because of the presence of a catalyst.
The catalyst may be an acid (a proton), a base (hydroxide), a metal surface or metal com-
pound, or a complex organic molecule. In nature, enzymes usually fulfill this function. The
degree of reaction acceleration induced by a catalyst can amount to many orders of magni-
tude. Enzyme-catalyzed reactions are known to take place 10" times faster than the uncata-
lyzed processes. The use of catalysts allows many transformations to take place at lower
temperatures and under much milder reaction conditions than would otherwise be possible.

Petroleum is an important source of alkanes

Breaking an alkane down into smaller fragments is also known as cracking. Such processes
are important in the oil-refining industry for the production of gasoline and other liquid
fuels from petroleum.

As mentioned in the introduction to this chapter, petroleum, or crude oil, is believed to
be the product of microbial degradation of living organic matter that existed several hundred
million years ago. Crude oil, a dark viscous liquid, is primarily a mixture of several hundred
different hydrocarbons, particularly straight-chain alkanes, some branched alkanes, and
varying quantities of aromatic hydrocarbons. Distillation yields several fractions with a
typical product distribution, as shown in Table 3-3. The composition of petroleum varies
widely, depending on the origin of the oil.

IELICIEEERN Product Distribution in a Typical Distillation of Crude Petroleum
Amount Boiling point Carbon
(% of volume) °C) atoms Products
1-2 <30 C-C4 Natural gas, methane, propane, butane, liquefied
petroleum gas (LPG)
15-30 30-200 C,—Cy, Petroleum ether (Csg), ligroin (C;), naphtha, straight-run
gasoline’
5-20 200-300 C»—Cis Kerosene, heater oil
10-40 300—-400 C5—Css Gas oil, diesel fuel, lubricating oil, waxes, asphalt
8-69 >400 >Cys Residual oil, paraffin waxes, asphalt (tar)
(Nonvolatiles)
“This refers to gasoline straight from petroleum, without having been treated in any way.
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To increase the quantity of the much-needed gasoline fraction, the oils with higher
boiling points are cracked by pyrolysis. Cracking the residual oil from crude petroleum
distillation gives approximately 30% gas, 50% gasoline, and 20% higher-molecular-weight
oils and a residue called coke.

CHEMICAL HIGHLIGHT 3-1

Sustainability and the Needs of the 21st Century: “Green” Chemistry

Oil and natural gas supply much of the energy requirement
of both the United States and most of the rest of the industri-
alized nations of the world. In 2007, U.S. energy sources
included gas (23%), oil (40%), coal (22%), nuclear (8%),
hydroelectric and hydrothermal (3%), and other renewable
(4%). Significantly, these percentages have not changed
appreciably in over a decade. Much of this requirement is
met by imported petroleum products, the rapidly rising cost
of which has had a significant impact on the domestic econ-
omy. These substances also constitute the raw materials of
much of U.S. chemical industry, via their conversion into
simpler hydrocarbons such as alkenes, the starting points for
countless manufacturing processes. However, this petroleum-
based economy is plagued by significant problems: It is
energy intensive, suffers from the frequent necessity for toxic
discharge, and generates waste in the form of by-products,
solvents, and inorganic salts. It is also not sustainable in the
future, because the earth’s supply of petroleum is limited.

Chemists in academia and industry have responded by
actively exploring alternative sources of raw materials. Less
exploited fossil fuels such as methane are under investiga-
tion, as are renewable starting materials, typically derived
from agricultural sources. The latter, consisting of wood,
grain, plant parts and plant oils, and carbohydrates, are by
far the most abundant. Plant growth consumes CO, via
photosynthesis, a desirable feature in a time of concern over
the increasing concentration of CO, in the atmosphere and
its long-term effect on global climate. Conversion of these
raw materials into useful products presents a significant
challenge, however. Ideally, processes developed for these
conversions should be both efficient and environmentally
acceptable. What does this mean?

Over the past decade the term green chemistry has been
used increasingly to describe processes that meet a number
of environmental requirements. The term was coined in 1994
by Dr. Paul T. Anastas of the U.S. Environmental Protection
Agency (EPA) to denote chemical activities that strive to
achieve the goals of environmental protection and sustainable
development. Specifically, this means pollution prevention
by reducing or eliminating the use or generation of hazardous
materials in design, manufacture, and application of chemical

This process has no waste, complete atom economy, is
nontoxic, occurs at a much lower temperature than conven-
tional cracking, and is catalytic, fulfilling all the requirements

The Alyeska Pipeline Marine Terminal, Valdez, Alaska. Alaska
is second only to Texas in oil production in the United States.

products, and switching from oil-based chemicals to those
generated by nature. Some of the principles of green chemistry
are (in abbreviated form):

It is better to prevent waste than to have to clean it up.

2. Synthetic methods should maximize the incorporation of
all starting materials into the final products (“atom
economy”).

3. Reactions should use and generate substances that possess
efficacy of function but little or no toxicity.

Energy requirements should be minimized by conducting
reactions at ambient temperature and pressure.

Feedstocks should be renewable.

Catalytic processes are superior to stoichiometric ones.

A case of a green approach to the cracking of petroleum
is the recent discovery of a catalytic process that converts
linear alkanes into their higher and lower homologs with
good selectivity. For example, when butane is passed over
a Ta catalyst deposited on silica at 150°C, it undergoes
metathesis (metatithenai, Greek, to transpose) to mainly
propane and pentane:

H2 Ta on SiO,, H2 H2 H2
C CH, _ 150°C C C C
Hco ¢ > 1,c” cH, T HeT ¢ cH,
H, H,
Butane Propane Pentane

of a green reaction. Methods such as these are forming
anew paradigm for the practice of chemistry in the
21st century.
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ANIMATED MECHANISM:
(hlorination of methane

Reactions of Alkanes

3-4 Chlorination of Methane: The Radical Chain Mechanism

We have seen that alkanes undergo chemical transformations when subjected to pyrolysis,
and that these processes include the formation of radical intermediates. Do alkanes partici-
pate in other reactions? In this section, we consider the effect of exposing an alkane (meth-
ane) to a halogen (chlorine). A chlorination reaction, in which radicals again play a key
role, takes place, producing chloromethane and hydrogen chloride. We shall analyze each
step in this transformation to establish the mechanism of the reaction.

Chlorine converts methane into chloromethane

When methane and chlorine gas are mixed in the dark at room temperature, no reaction
occurs. The mixture must be heated to a temperature above 300°C (denoted by A) or irra-
diated with ultraviolet light (denoted by hv) before a reaction takes place. One of the two
initial products is chloromethane, derived from methane in which a hydrogen atom is
removed and replaced by chlorine. The other product of this transformation is hydrogen
chloride. Further substitution leads to dichloromethane (methylene chloride), CH,Cl,; tri-
chloromethane (chloroform), CHCl;; and tetrachloromethane (carbon tetrachloride), CCly.

Why should this reaction proceed? Consider its AH°. Note that a C—H bond in methane
(DH® = 105 kcal mol™ ") and a C1-Cl bond (DH® = 58 kcal mol ') are broken, whereas
the C—Cl bond of chloromethane (DH° = 85 kcal mol ') and an H-CI linkage (DH® =
103 kcal mol ') are formed. The net result is the release of 25 kcal mol ' in forming
stronger bonds: The reaction is exothermic (heat releasing).

Rory CH;-—Cl: + H—Cl: AH° = energy input — energy output
” (j - = 3DH°® (bonds broken) — XDH° (bonds formed)
= (105 + 58) — (85 + 103)
6 103 = —25 kcal mol ' (=105 kJ mol ™)

Chloromethane

Why, then, does the thermal chlorination of methane not occur at room temperature?
The fact that a reaction is exothermic does not necessarily mean that it proceeds rapidly
and spontaneously. Remember (Section 2-1) that the rate of a chemical transformation
depends on its activation energy, which in this case is evidently high. Why is this so? What
is the function of irradiation when the reaction does proceed at room temperature? Answer-
ing these questions requires an investigation of the mechanism of the reaction.

The mechanism explains the experimental conditions required
for reaction

A mechanism is a detailed, step-by-step description of all the changes in bonding that occur
in a reaction (Section 1-1). Even simple reactions may consist of several separate steps.
The mechanism shows the sequence in which bonds are broken and formed, as well as the
energy changes associated with each step. This information is of great value in both analyz-
ing possible transformations of complex molecules and understanding the experimental
conditions required for reactions to occur.

The mechanism for the chlorination of methane, in common with the mechanisms of
most radical reactions, consists of three stages: initiation, propagation, and termination. Let
us look at these stages and the experimental evidence for each of them in more detail.

The chlorination of methane can be studied step by step

Experimental observation. Chlorination occurs when a mixture of CH, and Cl, is either
heated to 300°C or irradiated with light, as mentioned earlier. Under such conditions, meth-
ane by itself is completely stable, but Cl, undergoes homolysis to two atoms of chlorine.

Interpretation. The first step in the mechanism of chlorination of methane is the heat- or
light-induced homolytic cleavage of the C1-CI bond (which happens to be the weakest bond
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in the starting mixture, with DH® = 58 kcal mol '). This event is required to start the
chlorination process and is therefore called the initiation step. As implied by its name, the

initiation step generates reactive species (in this case, chlorine atoms) that permit the sub-
sequent steps in the overall reaction to take place.

Initiation: Homolytic cleavage of the Cl1-Cl bond

e

:Cl1--Cl: Aorhv 2 :C1- AH° = DHC(Cl,) Note: In this scheme and in
. = +58 kc?al mol ! (+243KJ mol—l) those that follow, all radicals
and free atoms are in green.

Chlorine atom

Experimental observation. Only a relatively small number of initiation events (e.g., pho-
tons of light) are necessary to enable a great many methane and chlorine molecules to
undergo conversion into products.

Interpretation. After initiation has taken place, the subsequent steps in the mechanism are
self-sustaining, or self-propagating; that is, they can occur many times without the addition
of further chlorine atoms from the homolysis of Cl,. Two propagation steps fulfill this
requirement. In the first step, a chlorine atom attacks methane by abstracting a hydrogen
atom. The products are hydrogen chloride and a methyl radical.

Propagation step 1: Abstraction of an H atom by Cl

H
H\
H*C H— Cl*H + )C*H AH° = DH°(CH5-H)
(‘7 (‘7 H — DH°(H-Cl)
= +2 kcal mol ! (+8kJmol )
105 103
DH" (kcal mol™1) Methyl radical

The AH® for this transformation is positive; it is endothermic (heat absorbing), and its
equilibrium is slightly unfavorable. What is its activation energy, E,? Is there enough heat
to overcome this barrier? In this case, the answer is yes. An orbital description of the tran-
sition state (Section 2-1) of hydrogen removal from methane (Figure 3-5) reveals the details

Bond breakmg Bond making
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H 3p
Methyl radical Hydrogen chloride

Figure 3-5 Approximate orbital description of the abstraction of a hydrogen atom by a chlorine
atom to give a methyl radical and hydrogen chloride. Notice the rehybridization at carbon in the
planar methyl radical. The additional three nonbonded electron pairs on chlorine have been
omitted. The orbitals are not drawn to scale. The symbol F identifies the transition state.
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Figure 3-6 Potential-energy dia-
gram of the reaction of methane
with a chlorine atom. Partial bonds
in the transition state are depicted
by dotted lines. This process,
propagation step 1 in the radical
chain chlorination of methane, is
slightly endothermic.
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of the process. The reacting hydrogen is positioned between the carbon and the chlorine,
partly bound to both: H-CI bond formation has occurred to about the same extent as C—H
bond-breaking. The transition state, which is labeled by the symbol %, is located only about
4 kcal mol ™' above the starting materials. A potential-energy diagram describing this step
is shown in Figure 3-6.

Propagation step 1 gives one of the products of the chlorination reaction: HCl. What
about the organic product, CH;CI? Chloromethane is formed in the second propagation step.
Here the methyl radical abstracts a chlorine atom from one of the starting Cl, molecules,
thereby furnishing chloromethane and a new chlorine atom. The latter reenters propagation
step 1 to react with a new molecule of methane. Thus, one propagation cycle is closed, and
a new one begins, without the need for another initiation step to take place. Note how
exothermic propagation step 2 is, —27 kcal mol~'. It supplies the overall driving force for
the reaction of methane with chlorine.

Propagation step 2: Abstraction of a Cl atom by -CHj;

H
| A \ .
CQ (@—(\q: ——> H—C—Cl + -Cl:  AH® = DH°CL,) — DH®(CH,~Cl)
\ \ = —27 keal mol ™" (=113 kJ mol ™)
H H

58 85

DH°® (kcal mol™?)

Because propagation step 2 is exothermic, the unfavorable equilibrium in the first prop-
agation step is pushed toward the product side by the rapid depletion of its methyl radical
product in the subsequent reaction.

Cl,
CH, + Cl- = CH;- + HCl —= CH,Cl + Cl- + HCI

Slightly Very favorable;
unfavorable “drives” first equilibrium

The potential-energy diagram in Figure 3-7 illustrates this point by continuing the prog-
ress of the reaction begun in Figure 3-6. Propagation step 1 has the higher activation
energy and is therefore slower than step 2. The diagram also shows that the overall AH®
of the reaction is made up of the AH® values of the propagation steps: +2 — 27 =
—25 kecal mol ™', You can see that this is so by adding the equations for the two propaga-
tion steps.

AH® [keal mol ™! (kJ mol ™ ')]

:Cl-+CHy —> CH,- + HCl: +2(+8)
CHy + ClL, —> CH,Cl: + :Cl- =27 (—113)

CH, + Cl, —> CHyCl: + HCl: =25 (—105)
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k—— PROPAGATION STEP | —>k——— PROPAGATION STEP 2 ——
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E,= 4kcal mol !
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Experimental observation. Small amounts of ethane are identified among the products of
chlorination of methane.

Interpretation. Radicals and free atoms are capable of undergoing direct covalent bonding
with one another. In the methane chlorination process, three such combination processes
are possible, one of which—the reaction of two methyl groups—furnishes ethane. The
concentrations of radicals and free atoms in the reaction mixture are very low, however,
and hence the chance of one radical or free atom finding another is small. Such combina-
tions are therefore relatively infrequent. When such an event does take place, the propaga-
tion of the chains giving rise to the radicals or atoms is terminated. We thus describe these
combination processes as termination steps.

Chain termination: Radical-radical combination

[Y\ Cl: —> c1—cl
(\ﬁ CH, —> CH,—Cl:
aTe

+ ‘CH; ——> CH3—CHj

The mechanism for the chlorination of methane is an example of a radical chain
mechanism.

A Radical Chain Mechanism
Chain termination

X+ X —— X,

Initiation

X, —> 2:X-

Propagatlon steps

x +RH —> R- + HX:
X, + R+ —> RX: + iX-

A

Regenerated

R-+:§§-—>RX

R' + R' —_—> R2
Consumed
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Figure 3-7 Complete potential-
energy diagram for the formation
of CH3Cl from methane and chlo-
rine. Propagation step 1 has the
higher transition-state energy and
is therefore slower. The AH® of
the overall reaction CH, + Cl, —
CH3Cl + HCl amounts to

—25 kcal mol™" (=105 kJ mol ™),
the sum of the AH® values of the
two propagation steps.
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Only a few halogen atoms are necessary for initiating the reaction, because the propaga-
tion steps are self-sufficient in X The first propagation step consumes a halogen atom,
the second produces one. The newly generated halogen atom then reenters the propagation
cycle in the first propagation step. In this way, a radical chain is set in motion that can
drive the reaction for many thousands of cycles.

Exercise 3-4

Working with the Concepts: Radical Chain Mechanisms

Write a detailed mechanism for the light-initiated monochlorination of ethane, which furnishes
chloroethane. Calculate AH® for each step.

Strategy

Begin by writing the overall equation for the reaction and calculating its AH°, using data in
Tables 3-1 and 3-2 and the formula AH® = S DH® (bonds broken) — 2DH® (bonds formed). Then
write the initiation, propagation, and termination steps for a typical radical chain mechanism.
Solution

* The reaction equation is

CH;CH,—H + :(1—Cl: —> CHy,CH,—Cl: + H—(l:
AH® = 101 + 58 — 84 — 103 = —28 kcal mol !

The reaction is more exothermic than chlorination of methane, mainly because breaking the
C—H bond in ethane requires less energy than breaking the C—H bond in methane.
* The initiation step in the mechanism is light-induced dissociation of Cl,:

“\P

Initiation Cl: 0 c1 AH° = +58 kcal mol ™"

» Using the propagation steps for chlorination of methane as a model, write analogous steps for
ethane. In step 1, a chlorine atom abstracts a hydrogen:

NG

Propagation 1 CH;CH,— 1 ——> CH;CH,+ + H— Cl
AH° = 101 — 103 = —2 kcal mol ™

* In step 2, the ethyl radical formed in step 1 abstracts a chlorine atom from Cl,:

Propagation 2 CH3CH2[\“/(}/\(JZI —> CH3;CH,— Cl: + Cl
AH® = 58 — 84 = —26 kcal mol ™!

Note that the sum of the AH® values for the two propagation steps gives us AH® for the overall
reaction. This is because summing the species present in the two propagation steps cancels both
ethyl radicals and chlorine atoms, leaving just the overall stoichiometry.

e Finally, we formulate the termination steps as follows:

Termination Cl (\4+»/\ Cl: —> Cl, AH° = —58 kcal mol '
NN s L o _ -1
CH;CH,* + -Cl: —> CH3CH,CI: AH® = —84 kcal mol
CH3CH2(\“/\CHZCH3 — > CH;CH,CH,CH; AH® = —88 kcal mol "

One of the practical problems in chlorinating methane is the control of product selec-
tivity. As mentioned earlier, the reaction does not stop at the formation of chloromethane
but continues to form di-, tri-, and tetrachloromethane by further substitution. A practical
solution to this problem is the use of a large excess of methane in the reaction. Under
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such conditions, the reactive intermediate chlorine atom is at any given moment sur-
rounded by many more methane molecules than product CH;Cl. Thus, the chance of CI-
finding CH;Cl to eventually make CH,Cl, is greatly diminished, and product selectivity
is achieved.

Exercise 3-5

Try It Yourself

Write out the overall equation and the propagation steps of the mechanism for the chlorination of
chloromethane to furnish dichloromethane, CH,Cl,. (Caution: Write out each step of the mechanism
separately and completely. Be sure to include full Lewis structures of all species and all appropriate
arrows to show electron movement.)

In Summary Chlorine transforms methane into chloromethane. The reaction proceeds
through a mechanism in which heat or light causes a small number of Cl, molecules to
undergo homolysis to chlorine atoms (initiation). The chlorine atoms induce and maintain
a radical chain sequence consisting of two (propagation) steps: (1) hydrogen abstraction to
generate the methyl radical and HCI and (2) conversion of CH3+ by Cl, into CH;CI and
regenerated Cl-. The chain is terminated by various combinations of radicals and free atoms.
The heats of the individual steps are calculated by comparing the strengths of the bonds
that are being broken with those of the bonds being formed.

3-5 Other Radical Halogenations of Methane

Fluorine and bromine, but not iodine, also react with methane by similar radical mechanisms
to furnish the corresponding halomethanes. The dissociation energies of X, (X = F, Br, I)
are lower than that of Cl,, thus ensuring ready initiation of the radical chain (Table 3-4).

Chapter 3

DH° Values for

IELICREC S the Elemental

Halogens
. . . .y . DH°®
Fluorine is most reactive, iodine least reactive [kcal mol !
. . . . ) Halogen (kJ mol™)]
Let us compare the enthalpies of the first propagation step in the different halogenations of
methane (Table 3-5). For fluorine, this step is exothermic by —31 kcal mol~'. We have already F, 38 (159)
seen that, for chlorine, the same step is slightly endothermic; for bromine, it is substantially Cl, 58 (243)
so, and for iodine even more so. This trend has its origin in the decreasing bond strengths Br, 46 (192)
of the hydrogen halides in the progression from fluorine to iodine (Table 3-1). The strong L 36 (151)
hydrogen—fluorine bond is the cause of the high reactivity of fluorine atoms in hydrogen
abstraction reactions. Fluorine is more reactive than chlorine, chlorine is more reactive than
bromine, and the least reactive halogen atom is iodine.
The contrast between fluorine and iodine is illustrated by comparing potential-energy
diagrams for their respective hydrogen abstractions from methane (Figure 3-8). The
highly exothermic reaction of fluorine has a negligible activation barrier. Moreover, in
its transition state, the fluorine atom is relatively far from the hydrogen that is being
ielIEREN Enthalpies of the Propagation Steps in the Halogenation of Methane [kcal mol™" (k) mol™")]
Reaction F Cl Br I
:X-+ CHy —> +CHj + HX: —31 (—130) +2 (+8) +18 (+75) +34 (+142)
-CH; + X, —> CH; x +:X- ~72 (—301) —27 (—113) —24 (—100) —21 (—88)
CH, + X, —— CHS'g'g: + HX ~103 (—431) ~25 (—105) —6 (—25) +13 (+54)
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Relative
Reactivities of X in
Hydrogen Abstractions
F->Cl- > Br->1-

Decreasing reactivity-

Reactions of Alkanes

Early transition state Late transition state Transfer of H

far advanced

Transfer of H not
very advanced

CH3' +HI:
AH°® =

+34 kcal mol ™!
Endothermic

CH4 + ::I.'

AH° =
—31 kcal mol:l
Exothermic

Reaction coordinate: extent of H shift

Figure 3-8 Potential-energy diagrams: (left) the reaction of a fluorine atom with CH,, an
exothermic process with an early transition state; and (right) the reaction of an iodine atom with
CH,, an endothermic transformation with a late transition state. Both are thus in accord with the
Hammond postulate.

transferred, and the H-CHj; distance is only slightly greater than that in CH, itself. Why
should this be so? The H-CH; bond is about 30 kcal mol ' (125 kJ mol ') weaker than
that of H-F (Table 3-1). Only a small shift of the H toward the F- is necessary for
bonding between the two to overcome the bonding between hydrogen and carbon. If we
view the reaction coordinate as a measure of the degree of hydrogen shift from C to F,
the transition state is reached early and is much closer in appearance to the starting
materials than to the products. Early transition states are frequently characteristic of fast,
exothermic processes.

On the other hand, reaction of I- with CH, has a very high E, [at least as large as its
endothermicity, +34 kcal mol ™! (+142 kJ molfl); Table 3-5]. Thus, the transition state is
not reached until the H-C bond is nearly completely broken and the H-I bond is almost
fully formed. The transition state is said to occur late in the reaction pathway. It is sub-
stantially further along the reaction coordinate and is much closer in structure to the prod-
ucts of this process, CHs+ and HI. Late transition states are frequently typical of relatively
slow, endothermic reactions. Together these rules concerning early and late transition states
are known as the Hammond* postulate.

The second propagation step is exothermic

Let us now consider the second propagation step for each halogenation in Table 3-5. This
process is exothermic for all the halogens. Again, the reaction is fastest and most exother-
mic for fluorine. The combined enthalpies of the two steps for the fluorination of methane
result in a AH® of —103 kcal mol™' (=431 kJ mol™"). The formation of chloromethane is
less exothermic and that of bromomethane even less so. In the latter case, the appreciably
endothermic nature of the first step [AH® = +18 kcal mol ' (+75 kJ mol "] is barely
overcome by the enthalpy of the second [AH® = —24 kcal mol ' (—100 kJ mol )], result-
ing in an energy change of only —6 kcal mol ™' (—25 kJ mol ") for the overall substitution.
Finally, iodine does not react with methane to furnish methyl iodide and hydrogen iodide:
The first step costs so much energy that the second step, although exothermic, cannot drive
the reaction.

*Professor George S. Hammond (1921-2005), Georgetown University, Washington, D.C.
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When methane is allowed to react with an equimolar mixture of chlorine and bromine, only
hydrogen abstraction by chlorine atoms is observed. Explain.

In Summary Fluorine, chlorine, and bromine react with methane to give halomethanes.
All three reactions follow the radical chain mechanism described for chlorination. In these
processes, the first propagation step is always the slower of the two. It becomes more exo-
thermic and its activation energy decreases in the progression from bromine to chlorine to
fluorine. This trend explains the relative reactivity of the halogens, fluorine being the most
reactive. lodination of methane is endothermic and does not occur. Strongly exothermic
reaction steps are often characterized by early transition states. Conversely, endothermic
steps typically have late transition states.

3-6 Chlorination of Higher Alkanes: Relative Reactivity
and Selectivity

What happens in the radical halogenation of other alkanes? Will the different types of R—H
bonds—namely, primary, secondary, and tertiary—react in the same way as those in meth-
ane? As we saw in Exercise 3-4, the monochlorination of ethane gives chloroethane as the
product.

Chlorination of Ethane

A or hy
CH;CH; + Cl, — CH,CH,Cl + HCl ~ AH°® = —28 kcal mol ™!
Chloroethane (—117 kJ mol ")

This reaction proceeds by a radical chain mechanism analogous to the one observed for
methane. As in methane, all of the hydrogen atoms in ethane are indistinguishable from one
another. Therefore, we observe only one monochlorination product, chloroethane, regardless
of which hydrogen is initially abstracted by chlorine in the first propagation step.

Propagation Steps in the Mechanism of the Chlorination of Ethane

CH;CH; + :Cl- — CH;CH,- + HCl:  AH°=—2 kcal mol !
- L (—8kJ mol ")
CH,;CH,+ + Cl, —> CH;CH,Cl: + :Cl- AH°=—26 kcal mol !
h a (—109 kJ mol ")

What can be expected for the next homolog, propane?

Secondary C—H bonds are more reactive than primary ones

The eight hydrogen atoms in propane fall into two groups: six primary and two secondary
hydrogens. If chlorine atoms were to abstract and replace primary and secondary hydrogens
at equal rates, we should expect to find a product mixture containing three times as much
1-chloropropane as 2-chloropropane. We call this outcome a statistical product ratio,
because it derives from the statistical fact that in propane there are three times as many
primary sites for reaction as secondary sites. In other words, it is three times as likely for
a chlorine atom to collide with a primary hydrogen in propane, of which there are six, as
with a secondary hydrogen atom, of which there are only two.

However, secondary C—H bonds are weaker than primary ones (DH° = 98.5 versus
101 kcal mol™"). Abstraction of a secondary hydrogen is therefore more exothermic and
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___________ E,= 1kcal mol ! (4 kJ mol™"): slower
_______ T E,= 0.5 keal mol™" (2 kJ mol™"): faster

CH}CH2CH3 +Cl-
Removal of
primary hydrogen: less exothermic

CH}CHchz’ + HCl

(=8 kJ mol™h)

Removal of
secondary hydrogen: more exothermic

AH® =-4.5 kcal mol™"

1910 mor D CH;CHCH; + HCI

Reaction coordinate ———>

Figure 3-9 Hydrogen abstraction by a chlorine atom from the secondary carbon in propane is
more exothermic and faster than that from the primary carbon.

proceeds with a smaller activation barrier (Figure 3-9). We might thus expect secondary
hydrogens to react faster, leading to more 2-chloro- than 1-chloropropane. What is actually
observed? At 25°C, the experimental ratio of 1-chloropropane: 2-chloropropane is found to
be 43:57. This result indicates that both statistical and bond-energy factors determine the
product formed.

Chlorination of Propane
Cl

hv |
Clz + CH}CHch'g — CH3CH2CH2C1 + CH3CHCH3 + HCI
1-Chloropropane  2-Chloropropane

Expected statistical ratio 3 1
Expected C-H bond reactivity ratio Less : More
Experimental ratio (25°C) 43 : 57

It would be good to know the relative reactivity of secondary and primary hydrogens
in the chlorination of propane and, by extrapolation, the alkanes in general. For this
purpose, we need to factor out the statistical contribution of the hydrogens in propane
to the product ratio. In other words, what we want to know is: How much does one
primary hydrogen contribute to the “43” in the product ratio, and how much does one
secondary hydrogen do so to the “57” part? To find out, we simply divide these values
by the respective numbers of hydrogens giving rise to them: 43 is divided by 6 (=7)
and 57 by 2 (=28).

Reactivity of Hy,.  yield of 2-chloropropane/number of Hy,. ~ 57/2 28 4
Reactivity of H,,;,  yield of 1-chloropropane/number of H,,;,, ~ 43/6 7

Thus, the relative reactivity of a secondary versus primary H in propane is about 28/7 = 4.
We say that chlorine exhibits a selectivity of 4:1 in the removal of secondary versus primary
hydrogens at 25°C.

We could predict from this analysis that all secondary hydrogens are four times as
reactive as all primary hydrogens in all radical chain reactions. Is this prediction true?
Unfortunately, no. Although secondary C—H bonds generally undergo dissociation faster
than do their primary counterparts, their relative reactivity very much depends on the nature
of the attacking species, X+, the strength of the resulting H-X bond, and the temperature.
For example, at 600°C, the chlorination of propane results in the statistical distribution of
products: roughly three times as much 1-chloropropane as 2-chloropropane. At such a high
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temperature, virtually every collision between a chlorine atom and any hydrogen in the
propane molecule takes place with sufficient energy to lead to successful reaction. Chlorina-
tion is said to be unselective at this temperature, and the product ratio is governed by
statistical factors.

What do you expect the products of monochlorination of butane to be? In what ratio will they be
formed at 25°C?

Tertiary C—H bonds are more reactive than secondary ones

Let us now find the relative reactivity of a tertiary hydrogen in the chlorination of alkanes.
For this purpose, we expose 2-methylpropane, a molecule containing one tertiary and nine
primary hydrogens, to chlorination conditions at 25°C. The resulting two products, 2-chloro-
2-methylpropane (tert-butyl chloride) and 1-chloro-2-methylpropane (isobutyl chloride), are
formed in the relative yields of 36 and 64%, respectively.

Chlorination of 2-Methylpropane

CH, CH, CH,

‘ hv ‘ ‘
Cl, + CH,—C—H —> CICH,—C—H + CH;—C—Cl + HCI

CH, CH, CH,
64% 36%
1-Chloro-2-methylpropane  2-Chloro-2-methylpropane
(Isobutyl chloride) (tert-Butyl chloride)
Expected statistical ratio 9 : 1
Expected C-H bond reactivity ratio Less : More
Experimental ratio (25°C) 64 : 36

We determine the reactivity of tertiary relative to primary hydrogens in the same manner
as that employed above for secondary relative to primary hydrogens. We combine the experi-
mental result of 64% primary chlorination and 36% tertiary chlorination in 2-methylpropane
with the statistical presence of nine primary hydrogens and one tertiary hydrogen atom in
the starting alkane. Dividing the proportionate amount observed of each product by the
number of hydrogens that contribute to its formation gives a measure of reactivity per
hydrogen atom:

Reactivity of H,,, _ yield of 2-chloro-2-methylpropane/number of H,.,  36/1 36 5
Reactivity of H,,;,,  yield of 1-chloro-2-methylpropane/number of H,;,, ~ 64/9 7

Thus, tertiary hydrogen atoms are about five times as reactive as primary ones. This selec-
tivity, again, decreases at higher temperatures. However, we can say that, at 25°C, the
relative reactivities of the various C—H bonds in chlorinations are roughly

Tertiary : secondary : primary = 5:4:1

(iEiEss in reactivty o -1

The result agrees qualitatively quite well with the relative reactivity expected from consid-
eration of bond strength: The tertiary C—H bond is weaker than the secondary, and the
secondary in turn is weaker than the primary.

Chapter 3
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Exercise 3-8

Working with the Concepts: Determining Product Ratios from Selectivity Data

Consider the monochlorination of 2-methylbutane. How many different products do you expect? Estimate their yields.

Strategy

The first step is to identify all non-equivalent groups of hydrogens in the starting alkane and count how many hydrogens are in each group.
This will tell you how many different products to expect from the reaction. To calculate the relative yield of each product, multiply the
number of hydrogens in the starting alkane that give rise to that product by the relative reactivity corresponding to that type of hydrogen
(primary, secondary, or tertiary). To find the absolute percentage yield, normalize to 100% by dividing each relative yield by the sum of
the yields of all the products.

Solution

* 2-Methylbutane contains nine primary hydrogens, two secondary hydrogens, and one tertiary hydrogen. However, the nine primary
hydrogens are not all equivalent; that is, they are not all indistinguishable from one another. Instead, we can discern two distinct groups
of primary hydrogens. How do we know these groups are distinct from each other? Chlorination of any one of the six hydrogens in group A
gives 1-chloro-2-methylbutane, whereas reaction of any one of the three in group B gives 1-chloro-3-methylbutane. These products are
constitutional isomers of each other and have different names—this is the clue that tells us that they arise from replacement of hydrogens
in distinct, non-equivalent groups. Thus, we can obtain four structurally different products instead of three:

Chlorination of 2-Methylbutane

A
\S\CH% . .
C12 + CH:;*C*CHz*CH:; TCI)
‘ D
CH3 CH3 CH3 H CH3

\ \ | \
C1CH2—C‘—CH2—CH3 + CH3—C‘—CH2—CHZC1 + CHg,—(‘:—(‘:—CH3 + CHg,—(‘:—CHZ—CH3
H H H

1-Chloro-2-methylbutane 1-Chloro-3-methylbutane  2-Chloro-3-methylbutane 2-Chloro-2-methylbutane

(Chlorination at A) (Chlorination at B) (Chlorination at C) (Chlorination at D)
k -~ )
Substitution at Substitution at Substitution at
primary carbons the secondary carbon the tertiary carbon

* Carrying out the calculations as described in the strategy above gives us the following table:

Product Relative yield Absolute yield
1-Chloro-2-methylbutane (A, six primary) 6 X1=6 6/22 = 0.27 = 27%
1-Chloro-3-methylbutane (B, three primary) 3X1=3 3/22 = 0.14 = 14%
2-Chloro-3-methylbutane (C, two secondary) 2X4=38 8/22 = 0.36 = 36%
2-Chloro-2-methylbutane (D, one tertiary) 1X5=5 5/22 = 023 = 23%
Sum of relative yields of all four products 22

Exercise 3-9

Try It Yourself

Give products and the ratio in which they are expected to form for the monochlorination of
3-methylpentane at 25°C. (Caution: Be sure to take into account the number of hydrogens in each
distinct group in the starting alkane.)




3-7 Selectivity in Radical Halogenation with F and Br

In Summary The relative reactivity of primary, secondary, and tertiary hydrogens follows
the trend expected on the basis of their relative C—H bond strengths. Relative reactivity
ratios can be calculated by factoring out statistical considerations. These ratios are tem-
perature dependent, with greater selectivity at lower temperatures.

3-7 Selectivity in Radical Halogenation with Fluorine
and Bromine

How selectively do halogens other than chlorine halogenate the alkanes? Table 3-5 and
Figure 3-8 show that fluorine is the most reactive halogen: Hydrogen abstraction is highly
exothermic and has negligible activation energy. Conversely, bromine is much less reactive,
because the same step has a large positive AH® and a high activation barrier. Does this
difference affect their selectivity in halogenation of alkanes?

To answer this question, consider the reactions of fluorine and bromine with 2-methyl-
propane. Single fluorination at 25°C furnishes two possible products, in a ratio very close
to that expected statistically.

Fluorination of 2-Methylpropane

T
hv
F, + (CH;);CH — FCHsz‘fH + (CH;);CF + HF
CH,
86% 14%

2-Fluoro-2-methylpropane
(tert-Butyl fluoride)

1-Fluoro-2-methylpropane
(Isobutyl fluoride)

Expected statistical ratio 9 : 1
Expected C-H bond reactivity ratio Less : More
Experimental ratio (25°C) 86 : 14

Fluorine thus displays very little selectivity. Why? Because the transition states for the two
competing processes are reached very early, their energies and structures are similar to each
other, as well as similar to those of the starting material (Figure 3-10).

Conversely, bromination of the same compound is highly selective, giving the tertiary
bromide almost exclusively. Hydrogen abstractions by bromine have late transition states
in which extensive C—H bond breaking and H-Br bond making have occurred. Thus, their
respective structures and energies resemble those of the corresponding radical products.
As a result, the activation barriers for the reaction of bromine with primary and tertiary hydro-
gens, respectively, will differ by almost as much as the difference in stability between

Energies of early transition states
are similar and small

CH,CHCH, +: F -

CH;

CH3(|JHCH2- +HF

CH,

CH,CCH, + HF

CH,

Reaction coordinate ——>
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Figure 3-10 Potential-energy
diagram for the abstraction of a
primary or a tertiary hydrogen by
a fluorine atom from 2-methyl-
propane. The energies of the
respective early transition states
are almost the same and barely
higher than that of starting material
(i.e., both E, values are close to
zero), resulting in little selectivity.
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Figure 3-11 Potential-energy
diagram for the abstraction of a
primary or a tertiary hydrogen of
2-methylpropane by a bromine
atom. The two late transition
states are dissimilar in energy,
indicative of the energy difference
between the resulting primary and
tertiary radicals, respectively,
leading with greater selectivity to
the products.

Reactions of Alkanes

Energies of late transition states
are dissimilar and relatively large

CH,

CH}CHCHz' + HBr

CH:CCH; + HBr

CH;

CH;CHCH; + : Br -

CH,

Reaction coordinate ——>

primary and tertiary radicals (Figure 3-11), a difference leading to the observed high selec-
tivity (more than 1700:1).

Bromination of 2-Methylpropane

T
hv
Br, + (CH;);CH —> (CH;);CBr + BrCH,— C‘: —H + HBr
CH;
>99% <1%

1-Bromo-2-methylpropane
(Isobutyl bromide)

2-Bromo-2-methylpropane
(tert-Butyl bromide)

In Summary Increased reactivity goes hand in hand with reduced selectivity in radical sub-
stitution reactions. Fluorine and chlorine, the more reactive halogens, discriminate between
the various types of C—H bonds much less than does the less reactive bromine (Table 3-6).

3-8 Synthetic Radical Halogenation

Halogenation converts nonfunctional alkanes into functionalized haloalkanes, which (as we
shall soon see) are useful starting materials for a variety of subsequent transformations.
Thus, devising successful and cost-effective halogenations is of practical value. To do so,
we must take into account safety, convenience, selectivity, efficiency, and cost of starting
materials and reagents—considerations of green chemistry (see Chemical Highlight 3-1).

Fluorinations are unattractive, because fluorine is relatively expensive and corrosive.
Even worse, its reactions are often violently uncontrollable. Radical iodinations, at the other
extreme, fail because of unfavorable thermodynamics.

Relative Reactivities of the Four Types of Alkane C—H Bonds

Table 3-6 [ -

in Halogenations

F- Cl- Br-

C-H bond (25°C, gas) (25°C, gas) (150°C, gas)
CH;-H 0.5 0.004 0.002
RCH,-H* 1 1 1
R,CH-H 1.2 4 80
R;C-H 1.4 5 1700
For each halogen, reactivities with four types of alkane C—H bonds are normalized to the reactivity of the
primary C—H bond.
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Chlorinations are important, particularly in industry, simply because chlorine is inex-
pensive. (It is prepared by electrolysis of sodium chloride, ordinary table salt.) The
drawback to chlorination is low selectivity, so the process results in mixtures of isomers
that are difficult to separate. To circumvent the problem, an alkane that contains a single
type of hydrogen can be used as a substrate, thus giving (at least initially) a single
product. Cyclopentane is one such alkane. We depict it using the bond-line notation
(Section 1-9).

Chlorination of a Molecule with Only One Type of Hydrogen

Cl
hv
Q + ClL, = + HCI
92.7%
Cyclopentane Chlorocyclopentane

(Large excess)

To minimize production of compounds with more than one chlorine atom, chlorine is used
as the limiting reagent (Section 3-4). Even then, multiple substitution can complicate the
reaction. Conveniently, the more highly chlorinated products have higher boiling points and
can be separated by distillation.

Exercise 3-10

Working with the Concepts: Evaluating Synthetic Utility

Would you consider the monochlorination of methylcyclopentane (margin) to be a synthetically
useful reaction?

Strategy

Synthetically useful reactions are ones that produce a single product with high selectivity and in good
yield. Does this one? The starting compound contains 12 hydrogen atoms. Consider the product of
replacement of each of these hydrogens by chlorine. Are they all the same, or are they structurally
different? If more than one can form, we must estimate their relative amounts.

Solution

The molecule’s 12 hydrogens divide into three primary (on the CHj group), one tertiary (on Cl1),
and eight secondary (on C2-C5). In addition, the eight secondary hydrogens are divided into two
groups, four on C2 and C5, and four on C3 and C4. Thus several isomeric products must result
from monochlorination. The only way this reaction can still be synthetically useful is if one of
these isomers forms in much higher yield than all of the others.

Tertiary Primary
H CH; Cl CH; H CH,Cl
H H
Cly, hv
H H\ Secondary T i
H H A B
H H
H CH; H CH;
H
at
H
C D
Cl

Recalling the relative reactivities of hydrogens toward chlorination (tertiary = 5, secondary = 4, and
primary = 1), it is evident that all of the above products will form in significant amounts. By
multiplying the number of hydrogens in each group in the starting structure by the relative reactiv-
ity corresponding to its type, we find that the actual ratios for A, B, C, and D will be 5 (1 X 5) :
33X 1):16 4 X 4):16 (4 X 4). This process will not be synthetically useful!
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A battery of mercury cells for the
electrolysis of aqueous sodium
chloride in the cell room of a plant
producing chlorine. In the electro-
lytic process, chlorine gas is liber-
ated at a graphite anode (positive
electrode) and sodium at a mercury
cathode (negative electrode).
Sodium dissolves in mercury to
form an amalgam, which is allowed
to flow into a second cell to react
with water to form hydrogen and
sodium hydroxide. All three prod-
ucts (chlorine, hydrogen, and
sodium hydroxide) are widely
used in the chemical industry.

CH,

Methylcyclopentane
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CHEMICAL HIGHLIGHT 3-2

Chlorination, Chloral, and DDT

1,1,1-Trichloro-2,2-bis(4-chlorophenyl)ethane
(DDT, for ‘“dichlorodiphenyltrichloroethane’)

Chlorination of ethanol to produce trichloroacetaldehyde,
CCI;CHO, was first described in 1832. Its hydrated form is
called chloral and is a powerful hypnotic with the nickname
“knockout drops.” Chloral is a key reagent in the synthesis
of DDT, which was first prepared in 1874 and was demon-
strated by Paul Mueller* in 1939 to be a powerful insecti-
cide. The use of DDT in the suppression of insect-borne
diseases was perhaps best described in a 1970 report by the
U.S. National Academy of Sciences: “To only a few chemi-
cals does man owe as great a debt as to DDT. . .. In little
more than two decades, DDT has prevented 500 million
human deaths, due to malaria, that otherwise would have
been inevitable.” DDT effectively kills the Anopheles
mosquito, the main carrier of the malaria parasite. Malaria
afflicts hundreds of millions of people worldwide and claims

*Dr. Paul Mueller (1899-1965), J. R. Geigy Co., Basel, Switzerland,

Nobel Prize 1948 (physiology or medicine).

over 2 million lives each year, mostly children under the age
of five.

Although its toxicity to mammals is low, DDT is rather
resistant to biodegradation. Its accumulation in the food
chain makes it a hazard to birds and fish; in particular, DDT
interferes with proper eggshell development in many species.
DDT was banned by the U.S. Environmental Protection
Agency in 1972. However, because of its remarkable efficacy
in controlling malaria, 13 countries in which the disease is a
major health problem are still using DDT, albeit in a highly
controlled manner.

Eggshells damaged by high concentrations of environmental
pollutants.

Exercise 3-11

Try It Yourself

Would you expect either monochlorination or monobromination of 2,3-dimethylbutane to be a

synthetically useful process?

Because bromination is selective (and bromine is a liquid), it is frequently the method
of choice for halogenating an alkane on a relatively small scale in the research laboratory.
Reaction occurs at the more substituted carbon, even in statistically unfavorable situations.
Typical solvents are chlorinated methanes (CCl;, CHCl;, CH,Cl,), which are comparatively
unreactive with bromine.

In Summary Even though it is more expensive, bromine is the reagent of choice for selec-
tive radical halogenations. Chlorinations furnish product mixtures, a problem that can be
minimized by choosing alkanes with only one type of hydrogen and treating them with a

deficiency of chlorine.
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3-9 Synthetic Chlorine Compounds and the Stratospheric
Ozone Layer

We have seen that bond homolysis can be caused by heat and light. Such chemical events
can occur on a grand scale in nature and may have serious environmental consequences.
This section explores an example of radical chemistry that has had a significant effect on
our lives and will continue to do so for at least the next 50 years.

The ozone layer shields Earth’s surface from high-energy
ultraviolet light

Earth’s atmosphere consists of several distinct layers. The lowest layer, extending to about
15 km in altitude, is the troposphere, the region where weather occurs. Above the troposphere,
the stratosphere extends upward to an altitude of some 50 km. Although the density of the
stratosphere is too low to sustain terrestrial life, the stratosphere is the home of the ozone
layer, which plays a critical role in the ability of life to survive on Earth (Figure 3-12).
Ozone (O;) and ordinary molecular oxygen (O,) interconvert in the stratosphere by the
action of ultraviolet light from the sun:

Interconversion of Ozone and Molecular Oxygen in the Stratosphere
02 h_v) 2. :(é .

02 + 'Q' — 03
Ozone

hv

03 — 02 + ‘Q'
Ozone

In the first two reactions, high-energy solar radiation splits O, into oxygen atoms, which
may combine with other molecules of O, to produce ozone, a bluish gas with a character-
istic sharp and penetrating odor. Occasionally, ozone may be detected in the vicinity of
high-voltage equipment, in which electrical discharges cause the conversion of O, into Oj.
In urban areas, nitrogen dioxide (NO,) is produced through oxidation of nitric oxide (NO),
a product of high-temperature combustion. Nitrogen dioxide, in turn, is split by sunlight to
release oxygen atoms, which produce O; in the lower atmosphere.

Mesosphere

ks

s?‘\efg and ‘pl'OtectWe 0Zop,
«3\0 Sun a_}/‘
0, —> O3 Cr -

hv .o
CFCs —:Cl-

. Troposphere
Sl

Altitude (km) :
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A color-enhanced view of the up-
per atmosphere above Antarctica
shows that region in which the
concentration of ozone has
dropped below 35% of normal
(violet and gray areas). The ozone
hole has shown considerable vari-
ation in size and shape, reaching
its greatest extent—12 million
square miles (30 million square
km)—in both 2003 and 2006. In
2008 the hole peaked at 11 million
square miles (27 million square km),
still twice the size of Antarctica
and large enough to pose a hazard
to people in South America.

Figure 3-12 Ozone destroying
chemicals emanate from Earth to
reach the stratosphere.
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Common CFCs

CFCl,
CFC-11 (Freon 11)

CF,Cl,
CFC-12 (Freon 12)

CFCLCFE,CI
CFC-113 (Freon 113)

Reactions of Alkanes

The presence of ozone as an air pollutant near Earth’s surface causes severe irritation
of the respiratory membranes and the eyes. However, in the upper atmosphere, the third
reaction in the interconversion of ozone and molecular oxygen shown above occurs, in
which ozone absorbs UV light in the 200- to 300-nm wavelength range. Irradiation at these
wavelengths is capable of destroying the complex molecules that make up biochemical
systems. Ozone serves as a natural atmospheric filter, preventing up to 99% of this light
from reaching the surface and thereby protecting Earth’s life from damage.

CFCs release chlorine atoms upon ultraviolet irradiation

Chlorofluorocarbons (CFCs), or freons, are alkanes in which all of the hydrogens have
been replaced by fluorine and chlorine. In general, chlorofluorocarbons are thermally stable,
essentially odorless, and nontoxic gases. Among their many commercial applications, their
use as refrigerants predominates, because they absorb large quantities of heat upon vapor-
ization. Compression liquefies gaseous CFC, which flows through the cooling coils in refrig-
erators, freezers, and air conditioners. The liquid absorbs heat from the environment outside
the coils and evaporates. The gas then reenters the compressor to be liquefied again, and
the cycle continues.

CFCs are among the most effective and until recently the most widely used synthetic
organic compounds in modern society. Why, then, have the nations of the world, with
almost unprecedented unanimity, agreed to phase them completely out of use? This remark-
able event dates its origins to the late 1960s and early 1970s, when chemists Johnston,
Crutzen, Rowland, and Molina* pointed to the existence of radical mechanisms that could
convert several kinds of compounds, including CFCs, into reactive species capable of
destroying ozone in the Earth’s stratosphere (Figure 3-12).

Upon irradiation by UV light, the weaker C—Cl bonds in the CFC molecules undergo
homolysis, giving rise to atomic chlorine.

Initiation step: Freon 11 is dissociated by sunlight
.o hv .o
F3C7Cl: — F3C' + :Cl ¢
Chlorine atoms, in turn, react efficiently with ozone in a radical chain sequence.

Propagation steps: Ozone is decomposed by a radical chain reaction

:Cl-+0; —> :Cl—0-+0,

:@:1—:c}-+o —> 0,+:Cl-

The net result of these two steps is the conversion of a molecule of ozone and an oxygen
atom into two molecules of ordinary oxygen. As in the other radical chain processes that
we have examined in this chapter, however, the reactive species consumed in one propagation
step (:Cl*) is regenerated in the other. As a consequence, a small concentration of chlorine
atoms is capable of destroying many molecules of ozone. Does such a process actually
occur in the atmosphere?

*Professor Harold S. Johnston (b. 1920), University of California at Berkeley; Professor Paul
Crutzen (b. 1933), Max Planck Institute, Mainz, Germany, Nobel Prize 1995 (chemistry); Professor
F. Sherwood Rowland (b. 1927), University of California at Irvine, Nobel Prize 1995 (chemistry);
Professor Mario Molina (b. 1943), Massachusetts Institute of Technology, Nobel Prize 1995
(chemistry).
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Stratospheric ozone has decreased hy ahout 6% since 1978

Since measurements of atmospheric composition were first made, significant decreases in
stratospheric ozone have been recorded. These decreases are seasonal, being most severe in
the winter. They show extreme variations with latitude, with large reductions in the ozone
layer over the Antarctic being noticeable as early as 1978. Satellite measurements in 1987
confirmed that total ozone content in this portion of the atmosphere was less than half of its
usual value, and each year since 1995 more than 85% of the ozone in the lower stratosphere
over Antarctica is destroyed each spring. Localized regions of the Antarctic had no ozone
layer above them at all. In October 2000, an “ozone hole” 2.5 times the area of Europe
stretched as far north as southern South America. This finding prompted an alert by the
government of Chile to its citizens in Punta Arenas city and Tierra del Fuego that unprotected
skin would burn from as little as 7 minutes of exposure to the sun. In November 2001, a
40% depletion of the ozone above Northern Europe was observed. Stratospheric clouds,
which can form only in the extreme cold of the polar regions, have been shown to participate
in a complex chain of processes that enable halogen atoms to cause ozone hole formation.

Reduction in total ozone above the temperate regions of the Northern Hemisphere cur-
rently averages 6%. Epidemiological studies suggest that a reduction in stratospheric ozone
density of 1% might be expected to give rise to a 1-3% increase in skin cancers. As a
consequence, considerable effort has been made to identify the causes of ozone depletion.
Are CFCs responsible? Or could natural sources of atmospheric chlorine or other substances
be contributing significantly?

The answers to these questions were obtained in systematic studies carried out from
1987 to 1994: Chlorine monoxide (ClO), a critical component in the ozone-destroying chain
reaction illustrated earlier, rises to more than 500 times normal levels in regions of the
Antarctic ozone hole, where O3 concentration is the lowest. Furthermore, this chlorine
monoxide and at least 75% of stratospheric chlorine come from CFCs. This connection has
been proven by the observation of corresponding concentrations of gaseous hydrogen fluo-
ride (HF) in the stratosphere as well. Neither HF nor any other gaseous fluorine compound
occurs naturally or is produced by natural chemical processes anywhere on (or in) this
planet. However, CFC decomposition in the presence of hydrocarbons in the atmosphere is
known to produce HF. The observations demonstrate that natural sources such as volcanic
eruptions or sea spray are not major contributors to stratospheric chlorine, relative to CFCs.
Volcanic aerosols do, however, contribute to depletion of the ozone layer indirectly, by
interfering with chemical processes that convert stratospheric chlorine atoms into less reac-
tive compounds.

The world is searching for CFC substitutes

The Montreal Protocol on Substances That Deplete the Ozone Layer was signed in 1987
and called for a 50% reduction in output of CFCs by 1998. Increasingly alarming evidence
regarding ozone depletion led to amendments in 1990 and again in 1992, finally setting an
advanced deadline for complete rather than partial phaseout of CFC production: December 31,
1995, marked the end of production of virtually all CFCs in the industrialized world. Mean-
while, hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs) have been devel-
oped as replacements for CFCs in commercial applications. HCFCs are more chemically
reactive than CFCs and are much more prone to decomposition at lower atmospheric alti-
tudes. Their threat to stratospheric ozone is therefore less, because a smaller proportion
survives the time necessary to get to the upper atmosphere. Currently, HFC-134a is replac-
ing CFC-12 in refrigerator and motor vehicle air conditioner compressors. HCFCs-22 and
-141b have replaced CFC-11 in the manufacture of foam insulation.

Hydrochlorofluorocarbons are potential ozone-destroying agents and are themselves
scheduled for total phaseout in the United States by 2030. Efforts to replace all HCFCs
with HFCs are actively underway. It is hoped that this worldwide effort will finally bring
the depletion of the ozone layer to a halt in the near future. Recovery to nearly normal
levels is anticipated by the middle of this century.
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CFC Substitutes

CH,FCF,
HFC-134a

CHCIF,
HCFC-22

CHCLCF,;
HCFC-123

CH,CCLF
HCFC-141b

CH,CCIF,
HCFC-142b
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3-10 Combustion and the Relative Stabhilities of Alkanes

Let us review what we have learned in this chapter so far. We started by defining bond
strength as the energy required to cleave a molecule homolytically. Some typical values
were then presented in Tables 3-1 and 3-2 and explained through a discussion of relative
radical stabilities, a major factor being the varying extent of hyperconjugation. We then
used this information to calculate the AH® values of the steps making up the mechanism
of radical halogenation, a discussion leading to an understanding of reactivity and selectiv-
ity. It is clear that knowing bond-dissociation energies is a great aid in the thermochemical
analysis of organic transformations, an idea that we shall explore on numerous occasions
later on. How are these numbers found experimentally?

Chemists determine bond strengths by first establishing the relative energy contents of
entire molecules, or their relative positions along the energy axis in our potential-energy
diagrams. The reaction chosen for this purpose is complete oxidation (literally, “burning”),
or combustion, a process common to almost all organic structures, in which all carbon
atoms are converted into CO, (gas) and all of the hydrogens into H,O (liquid).

Both products in the combustion of alkanes have a very low energy content, and hence
their formation is associated with a large negative AH®, released as heat.

2 CHy,ip + Bn + 1) O —— 2n CO, + (2n + 2) H,O + heat of combustion

The heat released in the burning of a molecule is called its heat of combustion, AH?¢ .
Many heats of combustion have been measured with high precision, thus allowing com-
parisons of the relative energy content of the alkanes (Table 3-7) and other compounds.
Such comparisons have to take into account the physical state of the compound undergoing
combustion (gas, liquid, solid). For example, the difference between the heats of combustion
of liquid and gaseous ethanol corresponds to its heat of vaporization, AH7,, = 9.7 kcal mol !
(40.6 kJ mol ).

It is not surprising that the AHg,,, of alkanes increases with chain length, simply because
there is more carbon and hydrogen to burn along the homologous series. Conversely, isomeric
alkanes contain the same number of carbons and hydrogens, and one might expect that their
respective combustions would be equally exothermic. However, that is not the case.

Heats of Combustion [kcal mol~" (kJ mol~"), Normalized to 25°C]
Table 3-7 . .
of Various Organic Compounds

Compound (state) Name AHomp

CH, (gas) Methane —212.8 (—890.4)
C,Hg (gas) Ethane —372.8 (—1559.8)
CH;CH,CH; (gas) Propane —530.6 (—2220.0)
CH3(CH,),CH; (gas) Butane —687.4 (—2876.1)
(CH3);CH (gas) 2-Methylpropane —685.4 (—2867.7)
CH5(CH,)3CHjy (gas) Pentane —845.2 (—3536.3)
CH5(CH,)3CHj5 (liquid) Pentane —838.8 (—3509.5)
CH5(CH,)4CHj3 (gas) Hexane —1002.5 (—4194.5)
CH;(CH,)4CHj5 (liquid) Hexane —995.0 (—4163.1)
O (liquid) Cyclohexane —936.9 (—3920.0)
CH;CH,OH (gas) Ethanol —336.4 (—1407.5)
CH;CH,OH (liquid) Ethanol —326.7 (—1366.9)

C,H5,0,; (solid) Cane sugar (sucrose) —1348.2 (—5640.9)

Note: Combustion products are CO, (gas) and H,O (liquid).
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CH,CH,CH,CH; + 6.5 0,

A Less stable
2 kcal mol ™' (CH3);CH+ 6.5 0,
More stable
E 7 AHS,,, = —687.4 keal mol '
/ —685.4 kcal mol ™'
2 N
4C0, +5H,0 4C0, + 5 H,0

A comparison of the heats of combustion of isomeric alkanes reveals that their values are
usually not the same. Consider butane and 2-methylpropane. The combustion of butane has
a AHS,,;, of —687.4 kcal mol ™', whereas its isomer releases AH,, = —685.4 kcal mol ',
2 kcal mol " less (Table 3-7). This finding shows that 2-methylpropane has a smaller energy
content than does butane, because combustion yielding the identical kind and number of
products produces less energy (Figure 3-13). Butane is said to be thermodynamically less
stable than its isomer. Exercise 3-12 reveals the origin of this energy difference.

The hypothetical thermal conversion of butane into 2-methylpropane should have a AH® =
—2.0 kcal mol~!. What value do you obtain by using the bond-dissociation data in Table 3-2? (Use
DH® = 89 kcal mol ™' for the methyl—propyl bond in butane.)

In Summary The heats of combustion values of alkanes and other organic molecules give
quantitative estimates of their energy content and, therefore, their relative stabilities.

THE BIG PICTURE

Alkanes lack functional groups, so they do not undergo the kinds of electrophile—nucleophile
reactions typical of functionalized molecules. In fact, alkanes are pretty unreactive. How-
ever, under appropriate conditions, they undergo homolytic bond cleavage to form radicals,
which are reactive species containing odd numbers of electrons. This is another situation
in which the structure of a class of compounds determines their function. Unlike heterolytic
processes, which normally proceed via movement of pairs of electrons to form or break
bonds, homolytic chemistry utilizes the splitting of covalent bonds to give unpaired single
electrons, as well as their combination to give new bonds.

In organic chemistry, radical reactions are not encountered as frequently as those of
polar functional groups. However, radicals play prominent roles in biological, environmental,
and industrial chemistry.

The halogenation of alkanes, a radical process in which hydrogen is replaced by halogen,
forms the haloalkane functional group. Examination of halogenation allows us to learn about
several features common to most transformations, including the way information about a
reaction mechanism may be obtained from experimental observations, the relationship
between thermodynamics and kinetics, and notions of reactivity and selectivity. The products
of halogenation, the haloalkanes, are the starting compounds for a wide variety of reactions,
as we will see in Chapters 6 through 9.
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Figure 3-13 Butane has a
higher energy content than does
2-methylpropane, as measured
by the release of energy on
combustion. Butane is therefore
thermodynamically less stable
than its isomer.

Molecules with high energy
content are thermodynamically
less stable than molecules with
low energy content.
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Before we examine other classes of compounds and their properties, we need to learn
more about the structures and, in particular, the geometric shapes of organic molecules. In
Chapter 4 we discuss compounds that contain atoms in rings and in Chapter 5 we study
additional forms of isomerism. The ideas we introduce are a necessary background as we
begin a systematic study in the chapters that follow of polar reactions of haloalkanes and
alcohols.

CHAPTER INTEGRATION PROBLEMS

3-13. Todomethane reacts with hydrogen iodide under free radical conditions (hv) to give methane
and iodine. The overall equation of the reaction is

CH,I + HI - CH, + 1,

a. Write a mechanism for this process, including initiation, propagation, and at least one termination
step. Use bond strength data from Tables 3-1 and 3-4.

SOLUTION

Step 1. Begin by proposing a likely initiation step. Recall—from Section 3-4, for example—that
initiation steps of radical reactions include cleavage of the weakest bond in the starting compounds.
According to Tables 3-1 and 3-4, that is the carbon—iodine bond in CH;l, with DH® = 57 kcal mol .
Therefore

Initiation step
hv .
H3CiI — H3C -+ :.I.'

Step 2. Again following the model in Section 3-4, propose a propagation step in which one of the
species produced in the initiation step reacts with one of the molecules shown in the overall equation
of the reaction. Try to design the step so that one of its products corresponds to a molecule formed
in the overall reaction and the other is a species that can give rise to a second propagation step. The
possibilities are

(i) HiC-+HI —> CH, +:1- (i) :I-+HI —> L +H-
(i) HsC-+ CHsl —> CH, + - CH,I (iv) :T-+ CHyl —> L, +-CH,

Propagation steps (i) and (ii) both convert methyl radical into methane by removing a hydrogen atom
from HI and CH;l, respectively. Processes (iii) and (iv) show the removal of an iodine atom by another
iodine atom from either HI or CH;l, giving I,. All four propagation steps convert a molecule of starting
material in the overall equation of the reaction into a molecule of product. How do we choose the correct
steps? Look at the radical products of each hypothetical propagation step. The two correct steps are
those whose product radicals are each other’s reactants. Propagation step (i) consumes a methyl radical
and produces an iodine atom. Step (iv) consumes iodine and produces methyl. Therefore, steps (i) and
(iv) are the correct steps of a propagation cycle.

Propagation steps
HsC-+HI —> CH, +:1-
:1-+ CHyl —> L +-CH,
You can check this answer by adding up all species on the left and right sides of these equations,

respectively, to see if they correspond to the reactants and products of the overall reaction. They do:
The radicals cancel on both sides of the equations, leaving only the correct molecules.

Step 3. Finally, combination of any pair of radicals to give a single molecule constitutes a legitimate
termination step. There are three:

2:-—> 1,

2 H;C+ —> H3C—CH; (ethane)

HsC+ + 11+ — CHsl
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b. Calculate the enthalpy changes, AH®, associated with the overall reaction and all of the mechanistic
steps. Use Tables 3-1, 3-2, and 3-4, as appropriate.

SOLUTION

Breaking a bond requires energy input, forming a bond gives rise to energy output, and AH® =
(energy in) — (energy out). For the overall reaction, we have the following bond strength values to
consider:

CHy—1 + H—T 5 CH,—H + 1—1I
DH*: 57 71 105 36

The answer is AH® = (57 + 71) — (105 + 36) = —13 kcal mol™! (see also Table 3-5).

For the mechanistic steps, the same principle applies. With one exception, the same four DH®
values just shown are all that you need, because they correspond to the only four bonds that are either
made or broken in any of the steps in the mechanism.

Initiation step: AH® = DH® (CH;—I) = +57 kcal mol ™!
Propagation step (i): AH® = DH® (H-I) — DH° (CH;—H) = —34 kcal mol '
Propagation step (iv): AH® = DH® (CH;—1) — DH® (I-T) = 421 kcal mol ™"

Notice that the sum of the AH® values for the two propagation steps equals AH® for the overall reac-
tion. This is always true.

Termination steps: AH° = —DH® for the bond formed; —36 kcal mol ! for I,, —57 kecal mol ' for
CH;l, and —90 kcal mol ! for the C—C bond in ethane.

3-14. Consider the process described in Exercise 3-6, the reaction between methane and equimolar
amounts of Cl, and Br,. Analyze the full process mechanistically and predict what products you expect
to form.

Before presenting the solution to this problem, we shall introduce a problem solving strategy that
may be of value to you: the “WHIP” approach. We will develop this approach in detail in an Interlude
section that follows Chapter 11, but we introduce it here to illustrate its features. “WHIP” stands for
four steps to take in organizing your thinking to solve a problem:

What is the problem asking? — Do you understand the question?

How to begin? — What is the first step to take?

Information needed? — Do you need to look up data or review previously-covered material?
Proceed logically, step-by-step. — Do not skip any steps!

Let us apply this strategy to the problem at hand.

SOLUTION
What is the problem asking? Two things: You are to write out the mechanism steps that are involved in
the reaction system and decide what organic product or products you expect to form.

How to begin? Begin with the propagation steps, because they describe the formation of the
products.

Information needed? Refer back to Exercise 3-6 (and its solution in Appendix A): The problem relates
to radical halogenation of methane, which is depicted in Sections 3-4 and 3-5. Enthalpy data from
Tables 3-1 and 3-3 and from the text are also likely to be useful.

Proceed, step-by-step:

Initiation
Both Cl, and Br, undergo dissociation to atoms under the influence of heat or light. So, both chlorine
and bromine atoms are present.

Propagation step 1

Although both chlorine and bromine atoms are capable of reacting with methane, we note that the
reaction of chlorine proceeds with AH® = +2 kcal mol " and E, = 4 kcal mol~' (Section 3-4), whereas
the reaction of bromine has AH® = +18 kcal mol™! and E, = 19-20 kcal mol ™! (Section 3-5). The
large difference in E, means that chlorine will abstract a hydrogen atom from methane very much
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faster than will bromine. Thus for all practical purposes the only first propagation step we need to
consider is

Cng\/\M\Cl — CH3- + H— Cl

Does this mean that only CH;Cl1 will form as a final product? If you jumped to this conclusion,
you failed to “Proceed logically, step-by-step. — Do not skip any steps!” You also got the problem
wrong. Why? Ask yourself the following question: Does propagation step 1 include the formation of
the final product? No! The products of this step are HCI and methyl radical, not CH;Cl. At this point
we are not yet ready to answer the question of the final product. We must look at propagation step 2
first. And here, things get interesting.

Propagation step 2

Propagation step 1 forms methyl radicals. Propagation step 2 is the reaction of methyl radical with
the halogen X, (X, = either Cl, or Br,) to give a halogen atom and the final product, CH;X (X =
either Cl or Br). What have we learned in this chapter about the reactions of methyl radical with these
halogens? From Sections 3-4 and 3-5 we find

f\‘ Cl (\Cl —> CH;— Cl + - Cl AH® = —27 kcal mol '

E, =~ 0 kcal mol !

e Vg,

:Br—Br: —> CH;— Br + Br AH® = —24 kcal mol !
E, =~ 0 kcal mol '

Look carefully! Methyl radicals, once formed, have the option to attack either Cl, or Br, in reactions
that are almost equally exothermic and, more importantly, because of their very low activation ener-
gies, almost equally fast! It is here, in propagation step 2, where the choice of forming either CH;Cl
or CH;Br as the final product is made. We find that this propagation step proceeds at about the same
rate regardless of whether methyl radical reacts with bromine or chlorine. Thus, we arrive at the
observed experimental result, namely that CH3Cl or CH3Br are formed in almost equal amounts.

This quite counterintuitive outcome would be impossible to predict (or understand, after the
experimental fact) without analyzing the mechanistic details as we have done. Notice that both CH;Cl
and CH;Br are derived from methyl radicals that arose from the reaction of methane with only
chlorine atoms in propagation step 1. For more practice with radical reactions, see Problems 24, 39,
and 40.

Important Concepts

1. The AH® of bond homolysis is defined as the bond-dissociation energy, DH°. Bond homolysis
gives radicals or free atoms.

2. The C-H bond strengths in the alkanes decrease in the order

N

CH;—H > RCH,— H>R CH>R ?
7o 1
Methyl Primary Secondary Tertiary
(strongest) (weakest)

because the order of stability of the corresponding alkyl radicals is

1 [
CH;+ < RCH,* < R—CH-<R—$-

R
Methyl  Primary Secondary Tertiary
(least stable) (most stable)

This is the order of increasing stabilization due to hyperconjugation.



Problems

. Catalysts speed up the establishment of an equilibrium between starting materials and products.

4. Alkanes react with halogens (except iodine) by a radical chain mechanism to give haloalkanes.

10.

The mechanism consists of initiation to create a halogen atom, two propagation steps, and
various termination steps.

. In the first propagation step, the slower of the two, a hydrogen atom is abstracted from the alkane

chain, a reaction resulting in an alkyl radical and HX. Hence, reactivity increases from I, to F,.
Selectivity decreases along the same series, as well as with increasing temperature.

. The Hammond postulate states that fast, exothermic reactions are typically characterized by

early transition states, which are similar in structure to the starting materials. On the other hand,
slow, endothermic processes usually have late (productlike) transition states.

. The AH® for a reaction may be calculated from the DH® values of the bonds affected in the

process as follows:

o __ o o
AH® = 2 DHbonds broken 2 DHbonds formed

. The AH® for a radical halogenation process equals the sum of the AH® values for the propagation

steps.

. The relative reactivities of the various types of alkane C—H bonds in halogenations can be

estimated by factoring out statistical contributions. They are roughly constant under identical
conditions and follow the order

Primary Secondary Tertiary
CHy < ccH = cH <= cH

The reactivity differences between these types of CH bonds are greatest for bromination, making
it the most selective radical halogenation process. Chlorination is much less selective, and fluo-
rination shows very little selectivity.

The AH® of the combustion of an alkane is called the heat of combustion, AH?,,,,. The heats
of combustion of isomeric compounds provide an experimental measure of their relative
stabilities.

Problems

15.

16.

17.

18.

19.

20.

Label the primary, secondary, and tertiary hydrogens in each of the following compounds.

CH;
CH;

(a) CH3CH2CH2CH3 (b) CH}CH2CH2CH2CH3 (C) \)\/ (d)

Within each of the following sets of alkyl radicals, name each radical; identify each as either
primary, secondary, or tertiary; rank in order of decreasing stability; and sketch an orbital picture
of the most stable radical, showing the hyperconjugative interaction(s).

(a) CH,CH,CHCH; and CH;CH,CH,CH,"
(b) (CH;CH,),CHCH,* and (CH;CH,),CCH;
(¢) (CH;),CHCHCH,, (CH5),CCH,CH;, and (CH;),CHCH,CH,-

Write as many products as you can think of that might result from the pyrolytic cracking of
propane. Assume that the only initial process is C—C bond cleavage.

Answer the question posed in Problem 17 for (a) butane and (b) 2-methylpropane. Use the data
in Table 3-2 to determine the bond most likely to cleave homolytically, and use that bond cleav-
age as your first step.

Calculate AH® values for the following reactions. (a) H, + F, — 2 HF;
(b) H, + Cl, — 2 HCI; (¢) H, + Br, — 2 HBr; (d) H, + I, — 2 HI;
(e) (CHy):CH + F, — (CH,);CF + HF; (f) (CH,),CH + Cl, —
(CH,);CCl + HCL; (g) (CH;);CH + Br, — (CH,);CBr + HBr;

(h) (CH;);CH + I, — (CH5);CI + HL

For each compound in Problem 15, determine how many constitutional isomers can form upon
monohalogenation. (Hint: Identify all groups of hydrogens that reside in distinct structural envi-
ronments in each molecule.)
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21. (a) Using the information given in Sections 3-6 and 3-7, write the products of the radical
monochlorination of (i) pentane and (ii) 3-methylpentane. (b) For each, estimate the ratio of
the isomeric monochlorination products that would form at 25°C. (¢) Using the bond strength
data from Table 3-1, determine the AH® values of the propagation steps for the chlorination
of 3-methylpentane at C3. What is the overall AH® value for this reaction?

22. Write in full the mechanism for monobromination of methane. Be sure to include initiation,
propagation, and termination steps.

23. Sketch potential-energy/reaction-coordinate diagrams for the two propagation steps of the mono-
bromination of methane (Problem 22).

24. Write a mechanism for the radical bromination of the hydrocarbon benzene, CsHyg (for structure, see
Section 2-3). Use propagation steps similar to those in the halogenation of alkanes, as presented in
Sections 3-4 through 3-6. Calculate AH® values for each step and for the reaction as a whole. How
does this reaction compare thermodynamically with the bromination of other hydrocarbons?
Data: DH® (C¢Hs—H) = 112 kcal mol™'; DH® (C¢Hs—Br) = 81 kcal mol~'. Note the Caution in
Exercise 3-5.

25. Sketch potential-energy/reaction-coordinate diagrams for the two propagation steps of the mono-
bromination of benzene (Problem 24).

26. Identify each of the diagrams you drew in Problem 25 as showing an early or a late transition
state.

27. Write the major organic product(s), if any, of each of the following reactions.

CH;
A A
(a) CH;CH; + I, —> (b) CH;CH,CH; + F, —> (c) +Br, —>
$H3 C‘H3 C‘H3 ?H3
v hv
(d) CH3CH—CH2—C‘CH3 +Cl, LN (e) CHg,CH—CH2—$CH3 + Br, —>
CH; CH;

28. Calculate product ratios in each of the reactions in Problem 27. Use relative reactivity data for
F, and Cl, at 25°C and for Br, at 150°C (Table 3-6).

29. Which, if any, of the reactions in Problem 27 give the major product with reasonable selectivity
(i.e., are useful “synthetic methods™)?

30. (a) What would be the major organic product of monobromination of pentane at 125°C?
(b) Draw Newman projections of all possible staggered conformations arising from rotation about
the C2—C3 bond for this product molecule. (¢) Draw a qualitative graph of potential energy
versus torsional angle for C2—C3 rotation in this molecule. (Note: A bromine atom is consider-
ably smaller, sterically, than is a methyl group.)

31. (a) Sketch a potential energy/reaction coordinate graph showing the two propagation steps for
the monobromination of pentane to give the major product (Problem 30). Use DH® information
from this chapter (Tables 3-1, 3-2, and 3-4, as appropriate). (b) Indicate the locations of the
transition states and whether each is early or late. (¢) Sketch a similar graph for reaction of pentane
with I,. How does it differ from the graph for bromination?

32. At room temperature, 1,2-dibromoethane exists as an equilibrium mixture in which 89% of the
molecules are in an anti conformation and 11% are gauche. The comparable ratio for butane
under the same circumstances is 72% anti and 28% gauche. Suggest an explanation for the dif-
ference, bearing in mind that Br is sterically smaller than CH; (see Problem 30). (Hint: Consider
the polarity of a C—Br bond and consequent electrostatic effects.)

33. Write balanced equations for the combustion of each of the following substances (molecular
formulas may be obtained from Table 3-7): (a) methane; (b) propane; (c¢) cyclohexane; (d) ethanol;
(e) sucrose.

(0] (0]

l l
34. Propanal (CH;CH,CH) and acetone (CH;CCHj3) are isomers with the formula C3HgO. The heat of

combustion of propanal is —434.1 kcal mol !, that of acetone —427.9 kcal mol ' (a) Write a



35.

36.

37.

38.

39.

40.

41.

42.

43.

Problems

balanced equation for the combustion of either compound. (b) What is the energy difference between
propanal and acetone? Which has the lower energy content? (¢) Which substance is more thermo-
dynamically stable, propanal or acetone? (Hint: Draw a diagram similar to that in Figure 3-13.)

Sulfuryl chloride (SO,Cl,, see margin for structure) is a liquid reagent that may be used for
chlorinations of alkanes as a substitute for gaseous elemental chlorine. Propose a mechanism for
chlorination of CH, using sulfuryl chloride. (Hint: Follow the usual model for a radical chain
process, substituting SO,Cl, for Cl, where appropriate.)

Use the Arrhenius equation (Section 2-1) to estimate the ratio of the rate constants k for the
reactions of a C—H bond in methane with a chlorine atom and with a bromine atom at 25°C.
Assume that the A values for the two processes are equal, and use E, = 19 kcal mol~' for the
reaction between Br- and CH,.

When an alkane with different types of C—H bonds, such as propane, reacts with

an equimolar mixture of Br, and Cl,, the selectivity in the formation of the brominated products
is much worse than that observed when reaction is carried out with Br, alone. (In fact, it is very
similar to the selectivity for chlorination.) Explain.

Bromination of 1-bromopropane gives the following results:

CH,CH,CH,Br 222, CH,CH,CHBr, + CH,CHBrCH,Br + BrCH,CH,CH,Br

90% 8.5% 1.5%

Calculate the relative reactivities of the hydrogens on each of the three carbons toward bromine
atoms. Compare these results with those from a simple alkane such as propane, and suggest
explanations for any differences.

A hypothetical alternative mechanism for the halogenation of methane has the following propaga-
tion steps.

(i) X+ + CH, —> CH;X + H-
() H + X, —> HX + X

(a) Using DH® values from appropriate tables, calculate AH® for these steps for any one of the
halogens. (b) Compare your AH® values with those for the accepted mechanism (Table 3-5). Do
you expect this alternative mechanism to compete successfully with the accepted one? (Hint: Con-
sider activation energies.)

The addition of certain materials called radical inhibitors to halogenation reactions

causes the reactions to come to a virtually complete stop. An example is the inhibition by I, of the
chlorination of methane. Explain how this inhibition might come about. (Hint: Calculate AH® values
for possible reactions of the various species present in the system with I,, and evaluate the possible
further reactivity of the products of these I, reactions.)

Typical hydrocarbon fuels (e.g., 2,2,4-trimethylpentane, a common component of gasoline) have
very similar heats of combustion when calculated in kilocalories per gram. (a) Calculate heats of
combustion per gram for several representative hydrocarbons in Table 3-7. (b) Make the same
calculation for ethanol (Table 3-7). (¢) In evaluating the feasibility of “gasohol” (90% gasoline
and 10% ethanol) as a motor fuel, it has been estimated that an automobile running on pure etha-
nol would get approximately 40% fewer miles per gallon than would an identical automobile
running on standard gasoline. Is this estimate consistent with the results in (a) and (b)? What
can you say in general about the fuel capabilities of oxygen-containing molecules relative to
hydrocarbons?

Two simple organic molecules that have been used as fuel additives are methanol (CH;0H) and
2-methoxy-2-methylpropane [fert-butyl methyl ether, (CH3);COCHj;]. The AHg,,,, values for these
compounds in the gas phase are —182.6 kcal mol~' for methanol and —809.7 kcal mol~! for
2-methoxy-2-methylpropane. (a) Write balanced equations for the complete combustion of each
of these molecules to CO, and H,0. (b) Using Table 3-7, compare the AHZ,,,;, values for these
compounds with those for alkanes with similar molecular weights.

Figure 3-9 compares the reactions of Cl- with the primary and secondary hydrogens
of propane. (a) Draw a similar diagram comparing the reactions of Br: with the primary and

secondary hydrogens of propane. (Hint: First obtain the necessary DH® values from Table 3-1
and calculate AH® for both the primary and the secondary hydrogen abstraction reactions. Other
data: E, = 15 kcal mol™' for Br- reacting with a primary C—H bond and E, = 13 kcal mol ™
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for Br- reacting with a secondary C—H bond.) (b) Which among the transition states of these
reactions would you call “early,” and which “late”? (c¢) Judging from the locations of the transi-
tion states of these reactions along the reaction coordinate, should they show greater or lesser
radical character than do the corresponding transition states for chlorination (Figure 3-9)? (d) Is
your answer to (c) consistent with the selectivity differences between Cl- reacting with propane
and Br- reacting with propane? Explain.

. Two of the propagation steps in the Cl-/O; system consume ozone and oxygen atoms (which are

necessary for the production of ozone), respectively (Section 3-9).

Cl + O3 —— CIO + O,
CIO+0 — Cl + 0,

Calculate AH® for each of these propagation steps. Use the following data: DH® for CIO =
64 kcal mol™'; DH® for O, = 120 kcal mol™'; DH® for an O—0, bond in O; = 26 kcal mol .
Write the overall equation described by the combination of these steps and calculate its AH®.
Comment on the thermodynamic favorability of the process.

Team Problem

45.

(a) Provide an IUPAC name for each of the isomers that you drew in Exercise 2-16 (a). (b) For
each isomer that you drew and named here, give all the free radical monochlorination and
monobromination products that are structurally isomeric. (¢) Referring to Table 3-6, discuss
which starting alkane and which halogen will yield the least number of isomeric products.

Preprofessional Problems

46.

47.

48.

49.

The reaction CH, + Cl, —— CH;Cl + HCl is an example of

(a) neutralization (b) an acidic reaction
(¢) an isomerization (d) an ionic reaction
(e) a radical chain reaction
CH,Cl1
CH,—CHCH;

CH;CH,CH,CHCH,CH,CH,CHj;

The sum of all the digits that appear in the (IUPAC) name for this compound is which of the
following?

(a) Five (b) Six (¢) Seven (d) Eight (e) Nine

In a competition reaction, equimolar amounts of the four alkanes shown were allowed to react
with a limited amount of Cl, at 300°C. Which one of these alkanes would be depleted most from
the mixture?

(a) Pentane (b) 2-Methylpropane (c) Butane (d) Propane

The reaction of CH, with Cl, to yield CH;Cl and HCI is well known. On the basis of the values
in the short table below, the enthalpy AH® (kcal mol ') of this reaction is

(a) +135 (b) —135 (c) +25 @ —25

Bond-Dissociation Energies DH® (kcal mol ™)

H-CI 103 cl-cl 58
H,C-Cl 85 H,C-H 105



CHAPTER

Cycloalkanes

hen you hear or read the word steroids,

two things probably come to mind imme-

diately: athletes who “take steroids” ille-
gally to develop their muscles, and “the pill” used
for birth control. But what do you know about
steroids aside from this general association? What
is their structure and function? How does one ste-
roid differ from another? Where are they found in
nature?

An example of a naturally occurring steroid is
diosgenin, obtained from root extracts of the Mexican
yam and used as a starting material for the synthesis
of several commercial steroids. Most striking is the
number of rings in the compound.

Steroids have had a major
beneficial effect on human
well-being, as medicines and
in the control of fertility.
However, abuse of steroids as
performance-enhancing drugs
in competitive athletics has
surfaced occasionally. Thus,
the sports world was shaken
when illicit use of the designer
steroid tetrahydrogestrinone
(THG) was discovered in

2003 —“designed” to avoid
detection in doping tests.

Diosgenin
Hydrocarbons containing single-bonded carbon atoms
arranged in rings are known as cyclic alkanes, carbocycles
(in contrast to heterocycles, Chapter 25), or cycloalkanes.
The majority of organic compounds occurring in nature
contain rings. Indeed, so many fundamental biological The root of the Mexican yam.
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A carbocycle

H,

C
/ N\
mc—cu, /N

Cyclopropane

H,C—CH,
O
HzC_CHz

Cyclobutane

H,
C
H2C‘ - \C‘Hz
H,C CH,
~ C -
H,

Cyclohexane

CH;

v

Methylcyclopropane

(No numbering)

1-Ethyl-1-methylcyclobutane

Cycloalkanes

functions depend on the chemistry of ring-containing compounds that life as we know it
could not exist in their absence.

This chapter deals with the names, physical properties, structural features, and confor-
mational characteristics of the cycloalkanes. Because of their cyclic nature, members of this
class of compounds can exhibit new types of strain, such as ring strain and transannular
interactions. We end with the biochemical significance of selected carbocycles and their
derivatives, including steroids.

4-1 Names and Physical Properties of Cycloalkanes

Cycloalkanes have their own names under IUPAC rules, and their properties are gener-
ally different from those of their noncyclic (also called acyclic) analogs with the same
number of carbons. We will see that they also exhibit a kind of isomerism unique to cyclic
molecules.

The names of the cycloalkanes follow IUPAC rules

We can construct a molecular model of a cycloalkane by removing a hydrogen atom from
each terminal carbon of a model of a straight-chain alkane and allowing these carbons to
form a bond. The empirical formula of a cycloalkane is C,H,, or (CH,),. The system for
naming members of this class of compounds is straightforward: Alkane names are preceded
by the prefix cyclo-. Three members in the homologous series—starting with the smallest,
cyclopropane—are shown in the margin, written both in condensed form and in bond-line
notation.

Make molecular models of cyclopropane through cyclododecane. Compare the relative conforma-
tional flexibility of each ring with that of others within the series and with that of the corresponding
straight-chain alkanes.

Naming a substituted cyclic alkane requires numbering the individual ring carbons
only if more than one substituent is attached to the ring. In monosubstituted systems,
the carbon of attachment is defined as carbon 1 of the ring. For polysubstituted com-
pounds, take care to provide the lowest possible numbering sequence. When two such
sequences are possible, the alphabetical order of the substituent names takes precedence.
Radicals derived from cycloalkanes by abstraction of a hydrogen atom are cycloalkyl
radicals. Substituted cycloalkanes are therefore sometimes named as cycloalkyl deriva-
tives. In general, the smaller unit is treated as a substituent to the larger one—for
example, methylcyclopropane (not cyclopropylmethane) and cyclobutylcyclohexane (not
cyclohexylcyclobutane).

Cl

H,C

CH;

CH,CH; CH,CH,CH,
1-Chloro-2-methyl-4-propylcyclopentane Cyclobutylcyclohexane

(Alphabetical) (Alphabetical; not 2-chloro-1-methyl-4-propylcyclopentane)  (Smaller ring is substituent)
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Disubstituted cycloalkanes can he stereocisomers

Inspection of molecular models of disubstituted cycloalkanes in which the two substituents
are located on different carbons shows that two isomers are possible in each case. In one
isomer, the two substituents are positioned on the same face, or side, of the ring; in the
other isomer, they are on opposite faces. Substituents on the same face are called cis (cis,
Latin, on the same side); those on opposite faces, trans (trans, Latin, across).

We can use hashed-wedged line structures to depict the three-dimensional arrangement
of substituted cycloalkanes. The positions of any remaining hydrogens are not always
shown.

Stereoisomers

Same side Opposite sides

CH; CHj; H CH;
H e il H H;C e il H

Constitutional
isomers

cis-1,2-Dimethylcyclopropane trans-1,2-Dimethylcyclopropane

Cl Cl
.,’,/,
Br Br

cis-1-Bromo-2-chlorocyclobutane trans-1-Bromo-2-chlorocyclobutane

Cis and trans isomers are stereoisomers—compounds that have identical connectivities
(i.e., their atoms are attached in the same sequence) but differ in the arrangement of their
atoms in space. They are distinct from constitutional or structural isomers (Sections 1-9
and 2-4), which are compounds with differing connectivities among atoms. Conformations
(Sections 2-7 and 2-8) also are stereoisomers by this definition. However, unlike cis and
trans isomers, which can be interconverted only by breaking bonds (try it on your models),
conformers are readily equilibrated by rotation about bonds. Stereoisomerism will be dis-
cussed in more detail in Chapter 5.

Because of the possibility of structural and cis-trans isomerism, a variety of structural
possibilities exist in substituted cycloalkanes. For example, there are eight isomeric bromo-
methylcyclohexanes (three of which are shown below), all with different and distinct phys-
ical and chemical properties.

One His
BrCH understood to
My be present
Two hydrogens

are understood to S
be present

cis-1-Bromo-2-
methylcyclohexane

(Bromomethyl)-
cyclohexane

1-Bromo-1-methyl-
cyclohexane

Constitutional
isomers

Chapter 4

MODEL BUILDING
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,CHj;

Methylcyclobutane

1-Bromo-1-chlorocyclobutane

Conformational Isomers

H;C H
H W7 <
H CH;

anti-Butane

lRotation

HC H
H H

gauche-Butane
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Exercise 4-2

Working with the Concepts: Naming Cycloalkanes

Name the cycloalkane shown according to the IUPAC rules.

CH,
CH,

Strategy

We first need to establish whether to name this molecule as a straight-chain alkane or a cyclo-
alkane. We then use the IUPAC rules in Section 2-5 in conjunction with the new rules for naming
cycloalkanes to arrive at the correct name.

Solution

* The longest straight-chain piece in the structure is ethyl, with a two-carbon stem, whereas the
rings contain three and seven carbons, respectively. Therefore, ethyl should be named as a
substituent.

* Cycloheptane is larger than cyclopropane: The molecule should be named as a substituted
cycloheptane.

e In numbering the seven-membered ring, we use the lowest possible sequence: 1,1,4-rather than,
for example, 1,1,5-.

 The substituent names are ethyl, specifically diethyl, and cyclopropyl, specifically dimethylcyclo-
propyl.

* We need to specify the positions and stereochemistry of the methyl group on cyclopropyl.
For the first, the point of attachment is defined as “l1,” therefore we are dealing with a
2,3-dimethylcyclopropyl substituent. For the second, the two methyl groups are cis.

* We can now name the alkane, placing the substituents in alphabetical order (IUPAC rule 4). In this
respect, recall that the prefix “di” in “diethyl” is not counted, because it is merely multiplying the
substituent whose name is “ethyl.” In contrast, the “di” in “dimethylcyclopropyl” is part of that
complex substituent’s name, and therefore is counted in the alphabetization. Thus, dimethylcyclopropyl
comes before diethyl (alphabetized as “ethyl”). The result is 4-(cis-2,3-dimethylcyclopropyl)-1,1-
diethylcycloheptane.

Exercise 4-3

Try It Yourself

Preceding Exercise 4-2, we showed the structures and names of three isomeric bromomethylcyclo-
hexanes. Do the same for the other five isomers.

The properties of the cycloalkanes differ from those of their
straight-chain analogs

The physical properties of a few cycloalkanes are recorded in Table 4-1. Note that, compared
with the corresponding straight-chain alkanes (Table 2-5), the cycloalkanes have higher boil-
ing and melting points as well as higher densities. These differences are due in large part to
increased London interactions of the relatively more rigid and more symmetric cyclic sys-
tems. In comparing lower cycloalkanes possessing an odd number of carbons with those
having an even number, we find a pronounced alternation in their melting points. This phe-
nomenon has been ascribed to differences in crystal packing forces between the two series.



4-2 Ring Strain and the Structure of Cycloalkanes

Chapter 4

IELICRESE Physical Properties of Various Cycloalkanes

Melting point Boiling point Density at 20°C
Cycloalkane °C) °C) (g mL™")
Cyclopropane (C3Hg) -127.6 —32.7 0.617°
Cyclobutane (C4Hg) —=50.0 —12.5 0.720
Cyclopentane (CsHg) —-939 49.3 0.7457
Cyclohexane (C¢H») 6.6 80.7 0.7785
Cycloheptane (C;Hy4) —12.0 118.5 0.8098
Cyclooctane (CgH¢) 14.3 148.5 0.8349
Cyclododecane (C,H,y) 64 160 (100 torr) 0.861
Cyclopentadecane (C;5H3,) 66 110 (0.1 torr”) 0.860
“Sublimation point.
At 25°C.

In Summary Names of the cycloalkanes are derived in a straightforward manner from
those of the straight-chain alkanes. In addition, the position of a single substituent is defined
to be Cl1. Disubstituted cycloalkanes can give rise to cis and trans isomers, depending on
the relative spatial orientation of the substituents. Physical properties parallel those of the
straight-chain alkanes, but individual values for boiling and melting points and for densities
are higher for the cyclic compounds of equal carbon number.

4-2 Ring Strain and the Structure of Cycloalkanes

The molecular models made for Exercise 4-1 reveal obvious differences between cyclopro-
pane, cyclobutane, cyclopentane, and so forth, and the corresponding straight-chain alkanes.
One notable feature of the first two members in the series is how difficult it is to close the
ring without breaking the plastic tubes used to represent bonds. This problem is called ring
strain. The reason for it lies in the tetrahedral carbon model. The C—C-C bond angles in,
for example, cyclopropane (60°) and cyclobutane (90°) differ considerably from the tetra-
hedral value of 109.5°. As the ring size increases, strain diminishes. Thus, cyclohexane can
be assembled without distortion or strain.

Does this observation tell us anything about the relative stability of the cycloalkanes—for
example, as measured by their heats of combustion, AH¢,,,? How does strain affect struc-
ture and function? This section and Section 4-3 address these questions.

The heats of combustion of the cycloalkanes reveal
the presence of ring strain

Section 3-10 introduced one measure of the stability of a molecule: its heat content. We
also learned that the heat content of an alkane can be estimated by measuring its heat of
combustion, AH¢,.,, (Table 3-7). To find out whether there is something special about the
stability of cycloalkanes, we could compare their heats of combustion with those of the anal-
ogous straight-chain alkanes. Such a direct comparison is flawed, however, because the
empirical formula of cycloalkanes, C,H,,, differs from that of normal alkanes, C,H,, +,, by
two hydrogens. To solve this problem, we take a roundabout approach, based on the rec-
ognition that we can rewrite the formula for cycloalkanes as (CH,),. Thus, if we had an
experimental number for the contribution of a “strain-free” CH, fragment to the AHZ ., of
straight-chain alkanes, then the corresponding AH¢,.,, of a cycloalkane should simply be
multiples of this number. If it is not, it might signal the presence of strain.

The AH?,,,;, of a Strain-Free Cycloalkane Should Be Multiples of AH?,,,,(CH,)
A[-Icc)omb(CnHZn) =nX AHgomb(CHZ)

How do we obtain a AH?,,,;, value of CH,? Let us turn to Table 3-7 and the combustion

e

data for the straight-chain alkanes. We note that AH?,,, increases by about the same amount

MODEL BUILDING
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with each successive member of the homologous series: about 157 kcal mol ' for each
additional CH, moiety.

AHZ?,.., Values for the Series of Straight-Chain Alkanes

CH;CH,CHj (gas) —530.6 Increment = —156.8
CH3CH2CH2CH3 (gas) _6874 — _ 157 8 keal l—l
CHy(CH,),CH, (gas) ~ —845.2 | Inerement ' canmo

CH3(CH2)4CH3 (gas) —1002.5 Increment = —157.3

When averaged over a large number of alkanes, this value approaches 157.4 kcal mol '
(658.6 kJ mol "), our requisite value for AHS,,,(CH,)!

Armed with this number, we can calculate the expected AH?%,, of the cycloalkanes,
(CH,),, namely, —(n X 157.4) kcal mol ™!, For example, for cyclopropane, n = 3, hence its
AH®,, should be —472.2 kcal mol ™~ '; for cyclobutane, it should be —629.6 kcal mol ™ '; and
so on (Table 4-2, column 2). However, when we measure the actual heats of combustion of
these molecules, they turn out to be generally larger in magnitude (Table 4-2, column 3).
Thus, for cyclopropane, the experimental value is —499.8 kcal mol ', a discrepancy between
the expected and observed values of 27.6 kcal mol . Therefore, cyclopropane is more ener-
getic than expected for a strainless molecule. The extra energy is attributed to a property of
cyclopropane of which we are already aware because of the model we built: ring strain. The
strain per CH, group in this molecule is 9.2 kcal mol .

Ring Strain in Cyclopropane
Calculated for strainless molecule:

H, AH, = —(3 X 157.4) = —472.2 keal mol ™'
C

/ \ Measured: AHS,,, = —499.8 kcal mol
H,C—CH,

Strain: 499.8 — 472.2 = 27.6 kcal mol !

A similar calculation for cyclobutane (Table 4-2) reveals a ring strain of 26.3 kcal mol !,
or about 6.6 kcal mol™" per CH, group. In cyclopentane, this effect is much smaller, the
total strain amounting to only 6.5 kcal mol ', and cyclohexane is virtually strain free.
However, succeeding members of the series again show considerable strain until we reach
very large rings (see Section 4-5). Because of these trends, organic chemists have loosely
defined four groups of cycloalkanes:

1. Small rings (cyclopropane, cyclobutane)

2. Common rings (cyclopentane, cyclohexane, cycloheptane)

eI S8 Calculated and Experimental Heats of Combustion in kcal mol™" (k) mol™") of Various Cycloalkanes

Ring size Somb Somb Total Strain per
(C,) (calculated) (experimental) strain CH, group
3 —472.2 (1976) —499.8 (2091) 27.6 (115 9.2 (38)
4 —629.6 (2634) —655.9 (2744) 26.3 (110) 6.6 (28)
5 —787.0 (3293) —793.5 (3320) 6.5 (27) 1.3 (54
6 —944.4  (3951) —944.5 (3952) 0.1 (04) 0.0 (0.0)
7 —1101.8 (4610) —1108.2 (4637) 6.4 (27) 0.9 (3.8)
8 —1259.2  (5268) —1269.2 (5310) 10.0 (42) 1.3 (54
9 —1416.6 (5927) —1429.5 (5981) 129 (54) 1.4 (5.9
10 —1574.0 (6586) —1586.0 (6636) 14.0 (59) 1.4 (5.9
11 —1731.4 (7244) —1742.4  (7290) 11.0 (46) 1.1 (4.6)
12 —1888.8 (7903) —1891.2 (7913) 24 (10) 0.2 (0.8)
14 —2203.6 (9220) —2203.6 (9220) 0.0 (0.0) 0.0 (0.0)
Note: The calculated numbers are based on the value of —157.4 kcal mol ™" (658.6 kJ mol™") for a CH, group.
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3. Medium rings (from 8- to 12-membered)
4. Large rings (13-membered and larger)

What kinds of effects contribute to the ring strain in cycloalkanes? We answer this
question by exploring the detailed structures of several of these compounds.

Strain affects the structures and conformational function of the
smaller cycloalkanes

As we have just seen, the smallest cycloalkane, cyclopropane, is much less stable than
expected for three methylene groups. Why should this be? The reason is twofold: torsional
strain and bond-angle strain.

The structure of the cyclopropane molecule is represented in Figure 4-1. We notice first that
all methylene hydrogens are eclipsed, much like the hydrogens in the eclipsed conformation of
ethane (Section 2-7). We know that the energy of the eclipsed form of ethane is higher than that
of the more stable staggered conformation because of eclipsing (torsional) strain. This effect
is also present in cyclopropane. Moreover, the carbon skeleton in cyclopropane is by necessity
flat and quite rigid, and bond rotation that might relieve eclipsing strain is very difficult.

Second, we notice that cyclopropane has C—C—C bond angles of 60°, a significant devia-
tion from the “natural” tetrahedral bond angle of 109.5°. How is it possible for three suppos-
edly tetrahedral carbon atoms to maintain a bonding relation at such highly distorted angles?
The problem is perhaps best illustrated in Figure 4-2, in which the bonding in the strain-free
“open cyclopropane,” the trimethylene diradical -CH,CH,CH,-, is compared with that in the
closed form. We can see that the two ends of the trimethylene diradical cannot “reach” far
enough to close the ring without “bending” the two C—C bonds already present. However, if
all three C—C bonds in cyclopropane adopt a bent configuration (interorbital angle 104°, see
Figure 4-2B), overlap is sufficient for bond formation. The energy needed to distort the tet-
rahedral carbons enough to close the ring is called bond-angle strain. The ring strain in
cyclopropane is derived from a combination of eclipsing and bond-angle contributions.

As a consequence of its structure, cyclopropane has relatively weak C—C bonds [DH® =
65 keal mol ™' (272 kJ mol™")]. This value is low [recall that the C—C strength in ethane is
90 kcal mol™' (377 kJ mol")] because breaking the bond opens the ring and relieves ring
strain. For example, reaction with hydrogen in the presence of a palladium catalyst opens the
ring to give propane.

/\ + H

d catalys
Plentayst AH°® = —37.6 keal mol ™' (=157 kJ mol ')

CH;CH,CH;

Propane

Interorbital
angle

Chapter 4

Eclipsing _ —
strain //
/
|

/ 'Y
s 3
, /Eclipsing \)

strain

A

115°

& >

H

Angle

H
%
% ?
P strain

1510 A
60°

C-.,
N
/\/ H
1.089 A
B

H

Figure 4-1 Cyclopropane:
(A) molecular model; (B) bond
lengths and angles.

MODEL BUILDING

/N
N

DH° = 65 kcal mol™!

H3C/:\/ CH3

DH® = 90 kcal mol™!

Figure 4-2 Orbital picture of

(A) the trimethylene diradical and
(B) the bent bonds in cyclopro-
pane. Only the hybrid orbitals
forming C-C bonds are shown.
Note the interorbital angle of 104°
in cyclopropane.
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Near-eclipsing

L]

A
DH® = 63 keal mol™*
e

F/

DH® = 88 kcal mol™!

Cycloalkanes

H
H
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88.5°: Angle strai
ngle strain H

H 26° angle Rapid flip

+—1~"of bend )

107° ‘ 4 —
H H
Near-eclipsing strain H

B

Figure 4-3 Cyclobutane: (A) molecular model; (B) bond lengths and angles. The nonplanar
molecule “flips” rapidly from one conformation to another.

Exercise 4-4

trans-1,2-Dimethylcyclopropane is more stable than cis-1,2-dimethylcyclopropane. Why? Draw a
picture to illustrate your answer. Which isomer liberates more heat on combustion?

What about higher cycloalkanes? The structure of cyclobutane (Figure 4-3) reveals that
this molecule is not planar but puckered, with an approximate bending angle of 26°. The
nonplanar structure of the ring, however, is not very rigid. The molecule “flips” rapidly
from one puckered conformation to the other. Construction of a molecular model shows
why distorting the four-membered ring from planarity is favorable: It partly relieves the
strain introduced by the eight eclipsing hydrogens. Moreover, bond-angle strain is consider-
ably reduced relative to that in cyclopropane, although maximum overlap is, again, only
possible with the use of bent bonds. The C—C bond strength in cyclobutane also is low
[about 63 kcal mol ' (264 kJ mol~')] because of the release of ring strain on ring opening
and the consequences of relatively poor overlap in bent bonds. Cyclobutane is less reactive
than cyclopropane but undergoes similar ring-opening processes.

Pd catalyst
|:| + H, —,  CH,CH,CH,CH,

Butane

Cyclopentane might be expected to be planar because the angles in a regular pentagon
are 108°, close to tetrahedral. However, such a planar arrangement would have fen H-H
eclipsing interactions. The puckering of the ring reduces this effect, as indicated in the
structure of the molecule (Figure 4-4). Although puckering relieves eclipsing, it also
increases bond-angle strain. The conformation of lowest energy is a compromise in which
the energy of the system is minimized.

There are two puckered conformations possible for cyclopentane: the envelope and the
half chair. There is little difference in energy between them, and the activation barriers for
rapid interconversion are extremely low, averaging the positions of all carbons and hydrogens
(as in cyclobutane). Overall, cyclopentane has relatively little ring strain, and its C—C bond

Minimal eclipsing strain
, - \\

\ Minimal Angle strain
| eclipsing
/ strain

Figure 4-4 Cyclopentane:

(A) molecular model of the half-
chair conformation; (B) bond
lengths and angles. The molecule
is flexible, with little strain. A
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As a consequence, it does not show the unusual reactivity of three- or four-membered rings.

—_— —_— —_—
~ ~ ~ DH"° = 81 kcal mol™!

Envelope Half chair

strength [DH® = 81 kcal mol ! (338 kJ mol_l)] approaches that in acyclic alkanes (Table 3-2). @

Exercise 4-5
Working with the Concepts: Estimating Strain

The heat of reaction of hydrogen with the exotic-looking hydrocarbon bicyclo[2.1.0]pentane (A),
a strained bicyclic alkane (see Section 4-6), to give cyclopentane has been measured to be
—56 keal mol ', This reaction is considerably more exothermic than that for cyclopropane on p. 137
(—37.6 kcal mol "), indicating relatively more strain. How would you estimate the strain energy
in A? (Hint: To tackle this problem, it is useful to review Section 2-1 and consult Tables 3-1,

3-2, and 4-2.)
Catalyst ® -1
+ H—H —— AH® = —56 kcal mol

A

Strategy 1

A possibly quickest way to estimate the strain in A is to check Table 4-2 and simply add the
strains of the component rings cyclopropane (27.6 kcal mol ') and cyclobutane (26.3 kcal mol™"):
53.9 kcal mol™'. (Caution: This approach ignores the likely effect that the two rings will have on
their respective strains when sharing a bond. You can verify this effect by building a model of
cyclobutane and then converting it to a model of A. The four-membered ring flattens completely,
and the bond angles of the cyclopropane CH, bridge are considerably more distorted than those
to the corresponding two hydrogens in cyclobutane.)

Strategy 2

Another way to approach this problem is to estimate the strain in the shared bond in A and equate this
value to the overall strain in the molecule. To do so, we need to determine the corresponding bond
strength and compare it to that of a presumed unstrained model, for example, the central bond in
2,3-dimethylbutane, DH® = 85.5 kcal mol ™! (Table 3-2). How do we do this? We can use the heat of
the reaction given in the problem and apply the equation given in Section 2-1, in which the enthalpy
change of a reaction was related to the changes in bond strengths.

Solution

* Rewrite the reaction of A with hydrogen and label the relevant bonds with the available data (in
kcal mol™") from Tables 3-1 and 3-2.

Catalyst H H ° -1
+ HEH —> %‘ % AH® = —56 kcal mol

X 104 98.5 98.5
» Apply the equation from Section 2-1:

AH° = 3 (strengths of bonds broken) — X (strengths of bonds made)
—56 = (104 + x) — 197

x = 37 keal mol ™!

This is a very weak bond indeed! Compared to the central C—C bond in 2,3-dimethylbutane
(85.5 keal mol™Y), its strain is 48.5 kcal mol™'.

* Does this number reflect the strain in A completely? (Caution: Not quite, because the product
cyclopentane has some residual strain of 6.5 kcal mol ™" that is not released in the reaction of A.) Hence,
a reasonable estimate of the ring strain in A is 48.5 + 6.5 = 55 kcal mol ™', which is pretty close
to our “quick solution,” the sum of the ring strains of the component rings (53.9 kcal mol ). Gratify-
ingly, it is also close to the experimental value, based on the heat of combustion: 57.3 kcal mol .
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L[]

A

MODEL BUILDING

DH® = 88 kcal mol™!

Chair

Boat

A chair and a boat. Do you see
them in cyclohexane?

Planar cyclohexane
(120° bond angles;
12 eclipsing hydrogens)

Cycloalkanes

Exercise 4-6

Try It Yourself

The strain energy in the hydrocarbon A shown in the margin is 50.7 kcal mol '. Estimate its heat
of reaction with hydrogen to give cyclohexane.

4-3 Cyclohexane: A Strain-Free Cycloalkane

The cyclohexane ring is one of the most common and important structural units in organic
chemistry. Its substituted derivatives exist in many natural products (see Section 4-7), and
an understanding of its conformational mobility is an important aspect of organic chemistry.
Table 4-2 reveals that, within experimental error, cyclohexane is unusual in that it is free
of bond-angle or eclipsing strain. Why?

The chair conformation of cyclohexane is strain free

A hypothetical planar cyclohexane would suffer from 12 H-H eclipsing interactions and
sixfold bond-angle strain (a regular hexagon requires 120° bond angles). However, one
conformation of cyclohexane, obtained by moving carbons 1 and 4 out of planarity in
opposite directions, is in fact strain free (Figure 4-5). This structure is called the chair
conformation of cyclohexane (because it resembles a chair), in which eclipsing is com-
pletely absent, and the bond angles are very nearly tetrahedral. As seen in Table 4-2, the
calculated AHZ,;, of cyclohexane (—944.4 kcal mol ') based on a strain-free (CH,), model is
very close to the experimentally determined value (—944.5 kcal mol ™). Indeed, the C—C bond
strength, DH® = 88 kcal mol ! (368 kJ mol "), is normal (Table 3-2).

Looking at the molecular model of cyclohexane enables us to recognize the conforma-
tional stability of the molecule. If we view it along (any) one C—C bond, we can see the
staggered arrangement of all substituent groups along it. We can visualize this arrangement
by drawing a Newman projection of that view (Figure 4-6). Because of its lack of strain,
cyclohexane is as inert as a straight-chain alkane.

Draw Newman projections of the carbon—carbon bonds in cyclopropane, cyclobutane, and cyclo-
pentane in their most stable conformations. Use the models that you prepared for Exercise 4-1
to assist you and refer to Figure 4-6. What are the approximate torsional angles between the
C—H bonds in each?

111.4°:
H Noangle
strain

Chair cyclohexane
(Nearly tetrahedral bond angles;
no eclipsing hydrogens)

Figure 4-5 Conversion of the (A) hypothetical planar cyclohexane into the (B) chair conformation,
showing bond lengths and angles; (C) molecular model. The chair conformation is strain free.
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H Figure 4-6 View along one of the
H H C-C bonds in the chair conforma-

tion of cyclohexane. Note the

H H CH, H staggered arrangement of all

N substituents.
H
H CH, H
H H H

Cyclohexane also has several less stable conformations

Cyclohexane also adopts other, less stable conformations. One is the boat form, in which car-
bons 1 and 4 are out of the plane in the same direction (Figure 4-7). The boat is less stable than
the chair form by 6.9 kcal mol~'. One reason for this difference is the eclipsing of eight hydro-
gen atoms at the base of the boat. Another is steric hindrance (Section 2-8) due to the close
proximity of the two inside hydrogens in the boat framework. The distance between these two
hydrogens is only 1.83 A, small enough to create an energy of repulsion of about 3 kcal mol '
(13 kJ mol_l). This effect is an example of transannular strain, that is, strain resulting from
steric crowding of two groups across a ring (frans, Latin, across; anulus, Latin, ring).

Steric repulsion: transannular strain

D
H H Eclipsing
Planar cyclohexane Boat cyclohexane
Figure 4-7 Conversion of the hypothetical planar cyclohexane into the boat form. In the boat H H H H

form, the hydrogens on carbons 2, 3, 5, and 6 are eclipsed, thereby giving rise to torsional strain.

The “inside” hydrogens on carbons 1 and 4 interfere with each other sterically in a transannular

interaction. The space-filling size of these two hydrogens, reflecting the actual size of their respec-

tive electron clouds, is depicted in the ball-and-stick model on the right. “

Boat cyclohexane is fairly flexible. If one of the C—C bonds is twisted relative to another, H H H H
this form can be somewhat stabilized by partial removal of the transannular interaction. The
new conformation obtained is called the twist-boat (or skew-boat) conformation of cyclo-
hexane (Figure 4-8). The stabilization relative to the boat form amounts to about 1.4 kcal mol '
As shown in Figure 4-8, two twist-boat forms are possible. They interconvert rapidly, with the
boat conformer acting as a transition state (verify this with your model). Thus, the boat Boat
cyclohexane is not a normally isolable species, the twist-boat form is present in very small
amounts, and the chair form is the major conformer (Figure 4-9). The activation barrier ”
separating the most stable chair from the boat forms is 10.8 kcal mol '. We shall see that
the equilibration depicted in Figure 4-9 has important structural consequences with respect H H H H
to the positions of substituents on the cyclohexane ring.

Cyclohexane has axial and equatorial hydrogen atoms Twist (skew) boat

. . Figure 4-8 Twist-boat to twist-boat
The chair-conformation model of cyclohexane reveals that the molecule has two types of fliy:?ping of cyclohexane proceeds

hydrogens. Six carbon—hydrogen bonds are nearly parallel to the principal molecular axis  through the boat conformation.
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ANIMATION: Fig. 4-,
cyclohexane potential
energy diagram

Reaction coordinate to conformational interconversion of cyclohexane ————

Figure 4-9 Potential-energy diagram for the chair—chair interconversion of cyclohexane through
the twist-boat and boat forms. In the progression from left to right, the chair is converted into a
twist boat (by the twisting of one of the C-C bonds) with an activation barrier of 10.8 kcal mol™".
The transition state structure is called a half chair. The twist-boat form flips (as shown in Fig-
ure 4-8) through the boat conformer as a transition state (1.4 kcal mol™" higher in energy) into
another twist-boat structure, which relaxes back into the (ring-flipped) chair cyclohexane. Use
your molecular models to visualize these changes.

(Figure 4-10) and hence are referred to as axial; the other six are nearly perpendicular to
the axis and close to the equatorial plane and are therefore called equatorial.*

Being able to draw cyclohexane chair conformations will help you learn the chemistry
of six-membered rings. Several rules are useful.

How to Draw Chair Cyclohexanes

1. Draw the chair so as to place the C2 and C3 atoms below and slightly to the right of C5
and C6, with apex 1 pointing downward on the left and apex 4 pointing upward on the

*An equatorial plane is defined as being perpendicular to the axis of rotation of a rotating body and
equidistant from its poles, such as the equator of the planet Earth.
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/\/ Molecular axis

| o— &
|
|

a a

Axial Equatorial Axial (a) and equatorial (e)
positions positions positions

Figure 4-10 The axial and equatorial positions of hydrogens in the chair form of cyclohexane.

The blue shading represents the equatorial plane encompassing the (blue) equatorial hydrogens.
The yellow and green shaded areas are located above and below that plane, respectively.

right. Ideally, bonds straight across the ring (namely, bonds 1-6 and 3—4; 2-3 and 5-6;
1-2 and 4-5) should appear parallel to one another.

Parallel /6\\ 4
2 Parallel
1 \—y

2. Add all the axial bonds as vertical lines, pointing downward at C1, C3, and C5 and upward
at C2, C4, and C6. In other words, the axial bonds alternate up-down around the ring.

3. Draw the two equatorial bonds at C1 and C4 at a slight angle from horizontal, pointing
upward at C1 and downward at C4, parallel to the bond between C2 and C3 (or between
C5 and Co6).

Parallel

4. This rule is the most difficult to follow: Add the remaining equatorial bonds at C2, C3, CS5,
and C6 by aligning them parallel to the C—C bond “once removed,” as shown below.

5 5

Parallel

2 2
Parallel 1_/ 5 Parallu 3 \J
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Conformational flipping interconverts axial and
equatorial hydrogens

What happens to the identity of the equatorial and axial hydrogens when we let chair
cyclohexane equilibrate with its boat forms? You can follow the progress of conformational
interconversion in Figure 4-9 with the help of molecular models. Starting with the chair
structure on the left, you simply “flip” the CH, group farthest to the left (C1 in the preced-
ing section) upward through the equatorial plane to generate the boat conformers. If you
now return the molecule to the chair form not by a reversal of the movement but by the
equally probable alternative—namely, the flipping downward of the opposite CH, group
(C4)—the original sets of axial and equatorial positions have traded places. In other words,
cyclohexane undergoes chair—chair interconversions (“flipping”) in which all axial hydro-
gens in one chair become equatorial in the other and vice versa (Figure 4-11). The activa-
tion energy for this process is 10.8 kcal mol™' (Figure 4-9). As suggested in Sections 2-7

s\«\”‘?j\' ANIMATION: Fig. 4-11, and 2-8, this value is so low that, at room temperature, the two chair forms interconvert
(S cyclohexane ring flip rapidly (approximately 200,000 times per second).

?

@

Ring flip

E, = 10.8 keal mol ™! ()

Figure 4-11 Chair—chair interconversion (“ring flipping”) in cyclohexane. In the process, which is
rapid at room temperature, a (green) carbon at one end of the molecule moves up while its counter-
part (also green) at the other end moves down. All groups originally in axial positions (red in the struc-
ture at the left) become equatorial, and those that start in equatorial positions (blue) become axial.

The two chair forms shown in Figure 4-11 are, except for the color coding, identical. We
can lift this degeneracy by introducing substituents: Now the chair with a substituent in the
equatorial position is different from its conformer, in which the substituent is axial. The pref-
erence for one orientation over the other strongly affects the stereochemistry and reactivity of
cyclohexanes. We will describe the consequences of such substitution in the next section.

In Summary The discrepancy between calculated and measured heats of combustion in
the cycloalkanes can be largely attributed to three forms of strain: bond angle (deformation
of tetrahedral carbon), eclipsing (torsional), and transannular (across the ring). Because of
strain, the small cycloalkanes are chemically reactive, undergoing ring-opening reactions.
Cyclohexane is strain free. It has a lowest-energy chair as well as additional higher-energy
conformations, particularly the boat and twist-boat structures. Chair—chair interconversion
is rapid at room temperature; it is a process in which equatorial and axial hydrogen atoms
interchange their positions.

4-4 Substituted Cyclohexanes

We can now apply our knowledge of conformational analysis to substituted cyclohexanes.
Let us look at the simplest alkylcyclohexane, methylcyclohexane.

Axial and equatorial methylcyclohexanes are not equivalent
in energy

In methylcyclohexane, the methyl group occupies either an equatorial or an axial position.
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— Axial
Hf o m
H Equatorial
methyl Z7 T/,
No 1,3-Diaxial interactions 1,3-Diaxial interactions
More stable Less stable
Ratio = 95:5

Are the two forms equivalent? Clearly not. In the equatorial conformer, the methyl group
extends into space away from the remainder of the molecule. In contrast, in the axial con-
former, the methyl substituent is close to the other two axial hydrogens on the same side of
the molecule. The distance to these hydrogens is small enough (about 2.7 A) to result in
steric repulsion, another example of transannular strain. Because this effect is due to axial
substituents on carbon atoms that have a 1,3-relation (in the drawing, 1,3 and 1,3"), it is called
a 1,3-diaxial interaction. This interaction is the same as that resulting in the gauche confor-
mation of butane (Section 2-8). Thus, the axial methyl group is gauche to two of the ring
carbons (C3 and C3'); when it is in the equatorial position, it is anti to the same nuclei.

The two forms of chair methylcyclohexane are in equilibrium. The equatorial conformer
is more stable by 1.7 kcal mol™' (7.1 kJ mol ') and is favored by a ratio of 95:5 at 25°C
(Section 2-1). The activation energy for chair—chair interconversion is similar to that in
cyclohexane itself [about 11 kcal mol ™! (46 kJ molfl)], and equilibrium between the two
conformers is established rapidly at room temperature.

The unfavorable 1,3-diaxial interactions to which an axial substituent is exposed are
readily seen in Newman projections of the ring C—C bond bearing that substituent. In contrast
with that in the axial form (gauche to two ring bonds), the substituent in the equatorial
conformer (anti to the two ring bonds) is away from the axial hydrogens (Figure 4-12).

Equatorial Y Axial Y
1,3-Diaxial interactions
H H H 3/\/ eV
H &
H H H
—
H Y H
H
H H H

1,3-Diaxial interactions

Figure 4-12 A Newman projec-
H H H 3 é Y tion of a substituted cyclohexane.
The conformation with an axial Y
substituent is less stable because
of 1,3-diaxial interactions, only one
of which is shown (see the “eye”
H CH, H H \WCHZ for the choice of the Newman
projection). Axial Y is gauche to
H H the ring bonds shown in green;
AntitoY Gauche to Y equatorial Y is anti.

H CH, Y H CH,

T

T
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Table 4-3

Change in Free Energy on Flipping from the Cyclohexane Conformer with the Indicated Substituent
Equatorial to the Conformer with the Substituent Axial

Substituent AG° [keal mol™! (kJ mol™Y)] Substituent AG° [keal mol ™! (kJ mol ™))
H ) 0 () ) F 025 (1.05)
CH, F 8 170 (71D Be cl 052 (2.18)
CH,CH, g 175 (132 |[§9 Br 055  (2.30)
(CH,),CH .‘ 220  (9.20) .‘ I 0.46 (1.92)
(CH3);C ~35 21
(”) HO 0.94 (3.93)
HO—C 141 (5.90) CH;0 075 G.14)
0 H,N 14 (5.9)
I
CH;0—C 129  (5.40)

Note: In all examples, the more stable conformer is the one in which the substituent is equatorial.

H;C

H;C

Exercise 4-8

Calculate K for equatorial versus axial methylcyclohexane from the AG® value of 1.7 kcal mol ™', Use
the expression AG® (in kcal mol™") = —1.36 log K. (Hint: If log K = x, then K = 10".) How well
does your result agree with the 95:5 conformer ratio stated in the text?

The energy differences between the axial and the equatorial forms of many monosubsti-
tuted cyclohexanes have been measured; several are given in Table 4-3. In many cases (but
not all), particularly for alkyl substituents, the energy difference between the two forms
increases with the size of the substituent, a direct consequence of increasing unfavorable 1,3-
diaxial interactions. This effect is particularly pronounced in (1,1-dimethylethyl)cyclohexane
(tert-butylcyclohexane). The energy difference here is so large (about 5 kcal mol ') that very
little (about 0.01%) of the axial conformer is present at equilibrium.

Exercise 4-9

Working with the Concepts: Building Models to Visualize Sterics

The AG® value for the equatorial to axial flip of cyclohexylcyclohexane is the same as that for
(1-methylethyl)cyclohexane, 2.20 kcal mol . Is this reasonable? Explain.

Strategy

When trying to deal with conformational problems, a good strategy is to build molecular models.
Solution

* Molecular models reveal that cyclohexylcyclohexane may be viewed as a cyclic analog of
(1-methylethyl)cyclohexane, in which the two methyl groups have been connected by a (CH,);
chain (Section 4-1).

* Both structures are floppy and have several conformers, but you will find that the seemingly more
bulky (chair) cyclohexyl substituent in (cyclohexyl)cyclohexane can rotate away from the cyclo-
hexane core in such a way as to avoid 1,3-diaxial contact beyond that encountered by its (1-methylethyl)
counterpart. Thus, the equivalence of the free energy changes is reasonable.

Exercise 4-10

Try It Yourself

The isomeric hydrocarbons A and B (see margin) both exhibit preferred conformations in which
the methyl groups are equatorial, yet B is more stable than A by 2.3 kcal mol '. What is the
origin of this difference? (Caution: Are A and B ring flip isomers? Hint: Build models and look
at the nature of the conformations of the methyl substituted cyclohexane ring.)
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Substituents compete for equatorial positions

To predict the more stable conformer of a more highly substituted cyclohexane, the cumu- ~ MODEL BUILDING
lative effect of placing substituents either axially or equatorially must be considered, in
addition to their potential mutual 1,3-diaxial or 1,2-gauche (Section 2-8) interactions. For
many cases, we can ignore the last two and simply apply the values of Table 4-3 for a
prediction.
Let us look at some isomers of dimethylcyclohexane to illustrate this point. In
1,1-dimethylcyclohexane, one methyl group is always equatorial and the other axial. The
two chair forms are identical, and hence their energies are equal.

Axial
>>»CH 3
Equatorial
CH;
—_
]
CH,
Equatorial .
Axial
CH 3Q/
One CH; axial One CH; axial
One CH; equatorial One CH; equatorial

1,1-Dimethylcyclohexane

(Conformations equal in energy, equally stable)

Similarly, in cis-1,4-dimethylcyclohexane, both chairs have one axial and one equatorial
substituent and are of equal energy.

The bonds to both methyl
groups point downward; they
Equamrlal Equatoflal are cis (i.e., on the same face

Axial WAxlal
~>>CH, of the ring) regardless of

One axial, one equatorial One axial, one equatorlal .
conformation.

cis-1,4-Dimethylcyclohexane

On the other hand, the trans isomer can exist in two different chair conformations: one having
two axial methyl groups (diaxial) and the other having two equatorial groups (diequatorial).

é&Axml +1.7 kecal mol ™!

Equatorial
9 T The bond to one methyl group
: Equatorial f Axial: +1.7 keal mol~! points downward, the other

upward. They are trans (i.e.,

Diequatorial methyls Diaxial methyls on opposite faces of the ring)
. -1 -1 .
More stable Less stable: +3.4 kcal mol™" (14.2 kJ mol™) regardless of conformation.

trans-1,4-Dimethylcyclohexane

Experimentally, the diequatorial form is preferred over the diaxial form by 3.4 kcal mol ',
exactly twice the AG® value for monomethylcyclohexane. Indeed, this additive behavior
of the data given in Table 4-3 applies to many other substituted cyclohexanes. For
example, the AG° (diaxial = diequatorial) for rrans-1-fluoro-4-methylcyclohexane is
—1.95 keal mol ' [—(1.70 kcal mol ™! for CH; plus 0.25 kcal mol~! for F)]. Conversely,
in cis-1-fluoro-4-methylcyclohexane, the two groups compete for the equatorial positions
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and the corresponding AG® = —1.45 kcal mol ™' [—(1.70 kcal mol ™' minus 0.25 kcal mol )],
with the larger methyl winning out over the smaller fluorine.

ial- . -1
Axial: +1.7 keal mol ™! _,{)CH3 F;Axml. +0.25 kcal mol
H
— AG®° = —1.45 kcal mol ! (—6.07 kJ mol 1)
F CH,
Equatorial H Equatorial
Large group axial Small group axial
Small group equatorial Large group equatorial
Less stable More stable

cis-1-Fluoro-4-methylcyclohexane

Exercise 4-11

Calculate AG® for the equilibrium between the two chair conformers of (a) I-ethyl-1-
methylcyclohexane; (b) cis-1-ethyl-4-methylcyclohexane; (¢) trans-1-ethyl-4-methylcyclohexane.

Exercise 4-12

Draw both chair conformations for each of the following isomers: (a) cis-1,2-dimethylcyclohexane;
(b) trans-1,2-dimethylcyclohexane; (¢) cis-1,3-dimethylcyclohexane; (d) trans-1,3-
dimethylcyclohexane. Which of these isomers always have equal numbers of axial and equatorial
substituents? Which exist as equilibrium mixtures of diaxial and diequatorial forms?

Exercise 4-13

Working with the Concepts: Perturbations to Additivity in the Cyclohexane
Conformational Flip

Although the substituent values in Table 4-3 are additive and may be used to indicate the position
of the equilibrium between two substituted cyclohexane conformers, the observed AG® values can be
perturbed by additional 1,3-diaxial or 1,2-gauche interactions between groups. For example, like frans-
1,4-dimethylcyclohexane, its isomer cis-1,3-dimethylcyclohexane exists in a diequatorial—diaxial
equilibrium and hence should exhibit the same AG® value of 3.4 kcal mol . However, the
measured value is larger (5.4 kcal mol™'). Explain. (Hint: For cis-1,3-dimethylcyclohexane,
look closely at all 1,3-diaxial interactions and compare them with those of diaxial trans-1,4-
dimethylcyclohexane.)

Strategy

Again, a good strategy for addressing conformational issues is to build models. First construct a
model for cis-1,3-dimethylcyclohexane and perform the ring flip from diequatorial to diaxial. What
is different in this system compared with methylcyclohexane “taken twice”?

Solution

* In the diequatorial conformer, the two methyl groups are each located in an area of space that
is the same as that in methylcyclohexane.

* Is this true also for the diaxial conformer? The answer is no. The AG® = 1.7 kcal mol ™" for
ring flip in axial methylcyclohexane arises from two CH3/H-1,3-diaxial interactions [one CH;3 with
two hydrogens, as in the picture for (1,1-dimethylethyl)cyclohexane shown on p. 145; see also
Figure 4-12], 0.85 kcal mol ' each. In cis-1,3-dimethylcyclohexane, the diaxial conformation
suffers also from two CH;/H interactions (two CHj; groups with a single H) for the same total of
1.7 keal mol ™', The extra strain originates from the proximity of the two axial methyls, amounting
to 3.7 kcal mol ",
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3.7 keal mol ™!

Ay
CH, CH,

* Therefore, the diaxial conformation of cis-1,3-dimethylcyclohexane is less stable than the diequa-
torial form by more than 3.4 kcal mol ..

Exercise 4-14

Try It Yourself

Like cis-1,3-dimethylcyclohexane in Exercise 4-13, its isomer frans-1,2-dimethylcyclohexane
exists in a diequatorial—diaxial equilibrium and hence would be expected to exhibit the same AG®
value as trans-1,4-dimethylcyclohexane, namely, 3.4 kcal mol . However, the measured value
is smaller (2.5 kcal mol '). Explain. (Hint: Take into consideration the proximity of the two
methyl groups; see gauche—anti butane, Section 2-8.)

In Summary The conformational analysis of cyclohexane enables us to predict the relative
stability of its various conformers and even to approximate the energy differences between
two chair conformations. Bulky substituents, particularly a 1,1-dimethylethyl group, tend to
shift the chair—chair equilibrium toward the side in which the large substituent is equatorial.

4-5 Larger Cycloalkanes

Do similar relations hold for the larger cycloalkanes? Table 4-2 shows that cyclolkanes with
rings larger than that of cyclohexane also have more strain. This strain is due to a combination
of bond-angle distortion, partial eclipsing of hydrogens, and transannular steric repulsions. It
is not possible for medium-sized rings to relieve all of these strain-producing interactions in a
single conformation. Instead, a compromise solution is found in which the molecule equilibrates
among several geometries that are very close in energy. One such conformation of cyclodecane,
which has a strain energy of 14 kcal mol ' (59 kJ mol '), is shown in the margin.
Essentially strain-free conformations are attainable only for large-sized cycloalkanes, such
as cyclotetradecane (Table 4-2). In such rings, the carbon chain adopts a structure very similar
to that of the straight-chain alkanes (Section 2-6), having staggered hydrogens and an all-anti
configuration. However, even in these systems, the attachment of substituents usually introduces
various amounts of strain. Most cyclic molecules described in this book are not strain free.

4-6 Polycyclic Alkanes

The cycloalkanes discussed so far contain only one ring and therefore may be referred to
as monocyclic alkanes. In more complex structures—the bi-, tri-, tetra-, and higher poly-
cyclic hydrocarbons—two or more rings share carbon atoms. Many of these compounds
exist in nature with various alkyl or functional groups attached. Let us look at some of the
wide variety of possible structures.

Polycyclic alkanes may contain fused or bridged rings

Molecular models of polycyclic alkanes can be readily constructed by linking the carbon
atoms of two alkyl substituents in a monocyclic alkane. For example, if you remove two
hydrogen atoms from the methyl groups in 1,2-diethylcyclohexane and link the resulting
two CH, groups, the result is a new molecule with the common name decalin. In decalin,
two cyclohexanes share two adjacent carbon atoms, and the two rings are said to be fused.
Compounds constructed in this way are called fused bicyclic ring systems and the shared
carbon atoms are called the ring-fusion carbons. Groups attached to ring-fusion carbons
are called ring-fusion substituents.

Chapter 4

MODEL BUILDING
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CHj;

O w

H;

Figure 4-13 Conventional
drawings and chair conformations
of trans- and cis-decalin. The
trans isomer contains only equato-
rial carbon-carbon bonds at the
ring fusion, whereas the cis isomer
possesses two equatorial C-C
bonds (green) and two axial C-C
linkages (red), one with respect to
each ring.

N | /\/
E— or same as or

Cycloalkanes

If we treat a molecular model of cis-1,3-dimethylcyclopentane in the same way, we
obtain another carbon skeleton, that of norbornane. Norbornane is an example of a bridged
bicyclic ring system. In bridged bicyclic systems, two nonadjacent carbon atoms, the
bridgehead carbons, belong to both rings.

Bridgehead
carbon

o 4

Q carbon < Q

Norbornane Norbornane

If we think of one of the rings as a substituent on the other, we can identify stereo-
chemical relations at ring fusions. In particular, bicyclic ring systems can be cis or trans
fused. The stereochemistry of the ring fusion is most easily determined by inspecting the
ring-fusion substituents. For example, the ring-fusion hydrogens of trans-decalin are trans
with respect to each other, whereas those of cis-decalin have a cis relation (Figure 4-13).

H
H
H
H
H j
Equatorial C-C bonds Axial C-C bonds Equatorial C-C bonds
trans-Decalin cis-Decalin

Exercise 4-15

Construct molecular models of both cis- and trans-decalin. What can you say about their confor-
mational mobility?

Do hydrocarbons have strain limits?

Seeking the limits of strain in hydrocarbon bonds is a fascinating area of research that has
resulted in the synthesis of many exotic molecules. What is surprising is how much bond-
angle distortion a carbon atom is able to tolerate. A case in point in the bicyclic series is
bicyclobutane, whose strain energy is 66.5 kcal mol ™' (278 kJ mol "), making it remarkable
that the molecule exists at all. Yet it can be isolated and stored.

A series of strained compounds attracting the attention of synthetic chemists possess a
carbon framework geometrically equivalent to the Platonic solids: the tetrahedron (tetrahe-
drane), the hexahedron (cubane), and the pentagonal dodecahedron (dodecahedrane; see mar-
gin, page 152). In these polyhedra, all faces are composed of equally sized rings—namely,
cyclopropane, cyclobutane, and cyclopentane, respectively. The hexahedron was synthesized
first in 1964, a CgHg hydrocarbon shaped like a cube and accordingly named cubane. The
experimental strain energy [166 kcal mol ™' (695 kJ mol')] is more than the total strain of six
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Cyclohexane, Adamantane, and Diamandoids: Diamond “Molecules”

The brief glimpse into the world of polycyclic hydrocarbons in
Section 4-6 provides further examples of the diversity of the
carbon frame in organic chemistry (see Table 2-4 for the num-
ber of possible isomeric acyclic alkanes). Whenever possible,
such molecules adopt structures in which cyclohexane rings
exist in the chair configuration, for example, trans-decalin. We
constructed this molecule by fusing one cyclohexane ring to

CH, CH,

another at the equatorial positions. Another way of building
all-chair cyclohexane polycycles is via the axial positions.

Thus, if we add three axial CH, groups to cyclohexane and
connect them by a single CH unit, we arrive at an all-chair
tetracyclic cage, CoHs, called adamantane (adamantinos,

Greek, diamond, read on why). Build a model and you will
recognize its simple symmetry: All four faces are identical.

H

C
HQC// \CH2
CHZ CHZ
% — — _

Cyclohexane

Adamantane is the most stable of the family of C;yH4
isomers. Its tight shape allows it to pack unusually well in
the solid, as reflected in the high melting point of 270°C
(see Section 2-6). For comparison, its acyclic counterpart
nonane melts at —53.5°C (Table 2-5). Adamantane was
discovered in crude oil in 1933, can be readily synthesized,
and is now commercially available in kilogram quantities.

Adamantane

If we apply the capping process described above to three
axial positions of any of the rings in adamantane, we get
diamantane, a polycycle composed of seven chair cyclohex-
anes and endowed with six equivalent faces. Continued
capping gives triamantane, the first in this series to contain
a quaternary carbon. From triamantane, we can construct
three tetramantanes in this way, only one of which is shown,

f g i f g %Quatemary @ @
Diamantane Triamantane anti-Tetramantane Decamantane
(Superadamantane)

bearing two quaternary carbons. The number of possible
isomers increases rapidly for the higher “oligomantanes”;
there are 7 pentamantanes, 24 hexamantanes, and 88 hepta-
mantanes. Decamantane, Cs;sHsq, is a unique isomer dubbed
“superadamantane” because of its compact symmetry. It
exhibits a quaternary carbon surrounded by four other quater-
nary carbons. Its structure illustrates how one can envisage
building a three-dimensional array of layers of linked chair
cyclohexanes (highlighted in color) made up of pure carbon.
Such a polymer is known: It is the crystalline form of carbon
named diamond (see also Chemical Highlight 15-1)!

Inside the carbon lattice of diamond.

Because the oligomantanes represent “microdiamonds”
in which all peripheral carbons are saturated by hydrogen
(so-called hydrogen-terminated diamond), they have been
given the name diamandoids. The higher diamandoids have
only been known since
2003 (see Chapter 1
Opening), when a group
at Chevron in California
identified members of
the series up to undeca-
mantane in high-boiling
petroleum distillates.
Interest in these mol-
ecules stems from not
only their relationship
to diamond and their
potential to act as seed
crystals in industrial
diamond production, but
also from their stability
and inertness. Thus, they
provide biologically
compatible scaffolds for
new drugs, cosmetics,
and polymeric materials.

The Golden Jubilee, the world’s
biggest diamond.
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H
N
H

Strain = 66.5 kcal mol ™
Bicyclobutane

C(CHa)s

(CH3);C C(CH3)3

C(CHy);
Strain = 129 kcal mol ™

Tetrakis(1,1-dimethylethyl)-
tetrahedrane

&H

Tetrahedrane (C4H,)

Strain = 166 kcal mol ™
Cubane (CgHg)

Strain = 61 keal mol ™!
Dodecahedrane (C,,H,,)

The success of these medicine

men depends on the discovery
and application of physiologically
active natural products.

Cycloalkanes

cyclobutanes. Although tetrahedrane itself is unknown, a tetra(l,1-dimethylethyl) derivative
was synthesized in 1978. Despite the measured strain (from AHS,,;) of 129 kcal mol '
(540 kJ mol "), the compound is stable and has a melting point of 135°C. The synthesis of
dodecahedrane was achieved in 1982. It required 23 synthetic operations, starting from a sim-
ple cyclopentane derivative. The last step gave 1.5 mg of pure compound. Although small, this
amount was sufficient to permit complete characterization of the molecule. Its melting point
at 430°C is extraordinarily high for a C,, hydrocarbon and is indicative of the symmetry of
the compound. For comparison, icosane, also with 20 carbons, melts at 36.8°C (Table 2-5). As
you might expect on the basis of its component five-membered rings, the strain in dodecahedrane
is “only” 61 kcal mol ™! (255 kJ mol_l), much less than that of its lower homologs.

In Summary Carbon atoms in bicyclic compounds are shared by rings in either fused or
bridged arrangements. A great deal of strain may be tolerated by carbon in its bonds, par-
ticularly to other carbon atoms. This capability has allowed the preparation of molecules in
which carbon is severely deformed from its tetrahedral shape.

4-7 Carbocyclic Products in Nature

Let us now take a brief look at the variety of cyclic molecules created in nature. Natural
products are organic compounds produced by living organisms. Some of these compounds,
such as methane, are extremely simple; others have great structural complexity. Scientists
have attempted to classify the multitude of natural products in various ways. Generally,
four schemes are followed, in which these products are classified according to (1) chemi-
cal structure, (2) physiological activity, (3) organism or plant specificity (taxonomy), and
(4) biochemical origin.

Organic chemists are interested in natural products for many reasons. Many of these
compounds are powerful drugs, others function as coloring or flavoring agents, and yet others
are important raw materials. A study of animal secretions furnishes information concerning
the ways in which animals use chemicals to mark trails, defend themselves from predators,
and attract the opposite sex. Investigations of the biochemical pathways by which an organism
metabolizes and otherwise transforms a compound are sources of insight into the detailed
workings of the organism’s bodily functions. Two classes of natural products, terpenes and
steroids, have received particularly close attention from organic chemists.

Terpenes are constructed in plants from isoprene units

Most of you have smelled the strong odor emanating from freshly crushed plant leaves or
orange peels. This odor is due to the liberation of a mixture of volatile compounds called
terpenes, usually containing 10, 15, or 20 carbon atoms. Terpenes are used as food flavor-
ings (the extracts from cloves and mint), as perfumes (roses, lavender, sandalwood), and as
solvents (turpentine).

Terpenes are synthesized in the plant by the linkage of at least two molecular units,
each containing five carbon atoms. The structure of these units is like that of 2-methyl-1,3-
butadiene (isoprene), and so they are referred to as isoprene units. Depending on how many
isoprene units are incorporated into the structure, terpenes are classified as mono- (C),
sesqui- (C;s), or diterpenes (C,g). (The isoprene building units are shown in color in the

examples given here.)
CH; :

2-Methyl-1,3-butadiene  Isoprene unit in terpenes

(Isoprene) (Some contain double bonds)

Chrysanthemic acid is a monocyclic terpene containing a three-membered ring. Its esters
are found in the flower heads of pyrethrum (Chrysanthemum cinerariaefolium) and are
naturally occurring insecticides. A cyclobutane is present in grandisol, the sex-attracting
chemical used by the male boll weevil (Anthonomus grandis).
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|
COR

H;Cm,
H3CJ\CH3

trans-Chrysanthemic acid (R = H)

. Grandisol
trans-Chrysanthemic esters (R # H) ranciso

Menthol (peppermint oil) is an example of a substituted cyclohexane natural product,
whereas camphor (from the camphor tree) and B-cadinene (from juniper and cedar) are
simple bicyclic terpenes, the first a norbornane system, the second a decalin derivative.

CH;
CH;
-~ YOH
A H
H;C CH; CH(CHs),
Menthol Camphor p-Cadinene

Taxol (paclitaxel) is a complex, functionalized diterpene isolated from the bark of the
Pacific yew tree, Taxus brevifolia, in 1962 as part of a National Cancer Institute program
in search of natural products exhibiting anticancer activity.

O 5,

VO 0
H()\\\ Qe
Taxol

Taxol proved to be perhaps the most interesting of more than 100,000 compounds
extracted from more than 35,000 plant species and is one of the most effective antitumor
drugs on the market. Because roughly six trees must be sacrificed to treat one patient, there
has been much effort to improve efficacy and availability and to increase yields. Most of
this work has been carried out by synthetic organic chemists, leading to the first two total
syntheses of taxol in 1994. (A “total” synthesis is one that makes the target starting from
simple, preferably commercial, compounds containing five carbons or less). In addition,
chemists found ways to convert more abundant natural products of related structure to taxol
itself, a procedure described as “semisynthesis.” As a result, the taxol used in the treatment
of cancer is derived from a compound found in the needles of the common English yew,
a much more readily available and nonsacrificial source.

Exercise 4-16

Draw the more stable chair conformation of menthol.

Chapter 4

Many ceremonial objects are
made of pleasant smelling sandal-
wood. The black bull shown is the
focal point of a Balinese funeral.

The Pacific yew tree: the source
of taxol.
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% Exercise 4-17
e

‘ The structures of two terpenes utilized by insects in defense (see Section 12-17) are shown in the

CH, CH, margin. Classify them as mono-, sesqui-, or diterpenes. Identify the isoprene units in each.
CH .
’ /? Exercise 4-18
C
\H After reviewing Section 2-3, specify the functional groups present in the terpenes shown in

Section 4-7.

Steroids are tetracyclic natural products with powerful
physiological activities

Steroids are abundant in nature, and many derivatives have physiological activity. They
function frequently as hormones, which are regulators of biochemical processes. In the
human body, they control sexual development and fertility, in addition to other functions.
Because of this feature, many steroids, often the products of laboratory synthesis, are used
in the treatment of cancer, arthritis, allergies, and in birth control.

In the steroids, three cyclohexane rings are fused in such a way as to form an angle,
also called angular. The ring junctions are usually trans, as in trans-decalin. The fourth
ring is a cyclopentane; its addition gives the typical tetracyclic structure. The four rings are
labeled A, B, C, D, and the carbons are numbered according to a scheme specific to steroids.
Many steroids have methyl groups attached to C10 and C13 and oxygen at C3 and C17. In
addition, longer side chains may be found at C17. The trans fusion of the rings allows
for a least-strained all-chair configuration in which the methyl groups and hydrogen atoms
at the ring junctions occupy axial positions. These features are illustrated below with
epiandrosterone, a steroid found in normal human urine.

3 H Trans
N 5

7 Trans fusion
H 4 0 H Trans fusion
fusion o o
Steroid nucleus \/\
o o

(R = H, Epiandrosterone)

Epiandrosterone
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CHEMICAL HIGHLIGHT 4-2

Cholesterol: How Is It Bad and How Bad Is It?

“Too much cholesterol!” How often have you heard this
admonition as you were about to dig into your favorite three-
egg breakfast or chocolate-fudge dessert? The reason for the
warning is that high levels of cholesterol have been impli-
cated in atherosclerosis and heart disease. Atherosclerosis is
the buildup of plaques that can narrow or even block your
blood vessels. In the heart, such an event can cause a heart

cholesterol levels, watching their diet may make all the
difference. This is where fats come in (see also Section 20-5).
To digest fats, we need bile acids. Excessive fat intake
stimulates bile acid production, in turn increasing cholesterol
synthesis and therefore cholesterol blood levels. Therefore,

a balanced low-fat, cholesterol-free diet helps in maintaining
the recommended level of cholesterol: 200 mg per 100 mL

of blood.

When such a diet is not enough, drugs come to the
rescue. One type of drug, such as hydroxypropyl methyl-
cellulose (HPMC; for the structure of cellulose, see Sec-
tion 24-12), binds cholesterol in the stomach and thus
prevents it from being absorbed by the body. Ironically,
HPMC is used as a thickener in foods, including cheese-
cake and desserts! Another type of drug turns off produc-
tion of cholesterol directly in the liver and has been used
with spectacular success in the last decade. Examples
are Simvastatin (Zocor) and Atorvastatin (Lipitor), both
“top-10” prescription drugs with combined sales of over
$10 billion (see Table 25-1).

attack. Plaques can break and travel through your blood-
stream, causing havoc elsewhere. For example, a blocked
blood vessel in the brain can lead to a stroke.

About 20% of the population of the United States has
cholesterol levels that exceed the recommended total. Typi-
cal adults have about 150 g in their body and for a good
reason—cholesterol is vital for the running of the body. It is
an essential building block of cell membranes, especially of
the nervous system, the brain, and the spinal cord. It is also
a key chemical intermediate in the biological production of
other steroids, especially the sex and the corticoid hormones,
including cortisone. We need cholesterol to produce bile
acids, which in turn are key chemicals that help digest the
fats we consume, and we need it to form vitamin D, which
enables us to utilize calcium in bone construction.

You have probably heard much talk about “good” and
“bad” cholesterol. These adjectives refer to the proteins that
attach themselves to the molecule to make so-called lipopro-
teins, which are water soluble and hence allow cholesterol
to be transported in the blood (for the general structure of
proteins, see Section 26-4). There are two types of these
aggregates, low-density lipoprotein (LDL) and high-density
lipoprotein (HDL). LDL carries cholesterol from the liver to
other parts of the body, wherever it is needed. HDL acts as
a cholesterol sweep and delivers it to the liver for conver-
sion into bile acids. If this careful equilibrium is disturbed
such that too much LDL is present, that is “bad,” because
the excess is deposited in the form of the dangerous plaques
mentioned earlier. Conversely, if sufficient HDL is around,
this is “good.”

The opening warning notwithstanding, very little choles-
terol comes from our food. Rather, our body, especially our
liver, makes about a gram a day, which is four times as
much as even a high-cholesterol diet would supply. Why is
there so much fuss, then? It has to do with that 15 to 20%
from our food intake. In people with moderately elevated

e P AN LT s = 2 Tk
Cross section of a human coronary artery of the heart
blocked by cholesterol plagues (yellow).

Groups attached above the plane of the steroid molecule as written are 8 substituents,
whereas those below are referred to as a. Thus, the structure of epiandrosterone has a
3B-OH, 5a-H, 108-CHj;, and so forth.

Among the most abundant steroids, cholesterol is present in almost all human and ani-
mal tissue (Chemical Highlight 4-2). Bile acids are produced in the liver as part of a fluid
delivered to the duodenum to aid in the emulsification, digestion, and absorption of fats.
An example is cholic acid. Cortisone, used extensively in the treatment of rheumatoid
inflammations, is one of the adrenocortical hormones produced by the outer part (cortex)
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CHEMICAL HIGHLIGHT 4-3

Controlling Fertility: From “the Pill” to RU-486

The menstrual cycle is controlled by three protein hormones
from the pituitary gland. The follicle-stimulating hormone
(FSH) induces the growth of the egg, and the luteinizing
hormone (LH) induces its release from the ovaries and the
formation of an ovarian tissue called the corpus luteum. The
third pituitary hormone (luteotropic hormone, also called
luteotropin or prolactin), stimulates the corpus luteum and
maintains its function.

As the cycle begins and egg growth is initiated, the tissue
around the egg secretes increasing quantities of estrogens.

A fertilized human egg before cleavage (zygote),
approximately 100 um in size.

When a certain concentration of estrogen in the bloodstream
has been reached, the production of FSH is turned off. The
egg is released at this stage in response to LH. At the time
of ovulation, LH also triggers the formation of the corpus
luteum, which in turn begins to secrete increasing amounts
of progesterone. This last hormone suppresses any further
ovulation by turning off the production of LH. If the egg is
not fertilized, the corpus luteum regresses and the ovum
and the endometrium (uterine lining) are expelled (men-
struation). Pregnancy, on the other hand, leads to increased
production of estrogens and progesterone to prevent pitu-
itary hormone secretion and thus renewed ovulation.

The birth control pill consists of a mixture of synthetic
potent estrogen and progesterone derivatives (more potent than
the natural hormones), which, when taken throughout most of
the menstrual cycle, prevent both development of the ovum
and ovulation by turning off production of both FSH and LH.
The female body is essentially being tricked into believing that
it is pregnant. Some of the commercial pills contain a combi-
nation of norethindrone and ethynylestradiol. Other prepara-
tions consist of similar analogs with minor structural variations.

R OH\CECH

o

Norethindrone, R = CH,
Levonorgestrel, R = CH;CH,

of the adrenal glands. These hormones participate in regulating the electrolyte and water
balance in the body, as well as in protein and carbohydrate metabolism.

W

HO

Cholesterol

Cortisone

Cholic acid

The sex hormones are divided into three groups: (1) the male sex hormones, or androgens;
(2) the female sex hormones, or estrogens; and (3) the pregnancy hormones, or progestins.
Testosterone is the principal male sex hormone. Produced by the testes, it is responsible for
male (masculine) characteristics (deep voice, facial hair, general physical constitution).
Synthetic testosterone analogs are used in medicine to promote muscle and tissue growth
(anabolic steroids; ana-, Greek, up—i.e., “anabolic,” the opposite of “metabolic’), for exam-
ple, in patients with muscular atrophy. Unfortunately, such steroids are also abused and
consumed illegally, most commonly by “body builders” and athletes, even though the health
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Postcoital contraceptives, such as Preven or Plan B,
contain levonorgestrel and/or ethynylestradiol. RU-486
(mifepristone) is a synthetic steroid that binds to the pro-
gesterone receptors in the woman’s uterus, thus blocking
the action of progesterone. Used in combination with a
prostaglandin (Chemical Highlight 11-1) that induces uter-
ine contractions, RU-486 effects abortion when adminis-
tered in early pregnancy. The drug has been available in
Europe since 1988, and, after much discussion and testing,
the Food and Drug Administration approved it for the U.S.
market in 2000.

You will have noticed the presence of the C=C triple
bond attached to C17 in these synthetic compounds, an
alteration that makes the drugs particularly potent. Such
triple bonds can be hydrogenated (“saturated’’) with hydro-
gen in the presence of a catalyst (Section 13-6). It is sus-
pected that it was this simple alteration of the commercial
drug gestrinone that led to the dopant tetrahydrogestrinone
RU-486 (mifepristone) (THG; see Chapter Opening).

Gestrinone Tetrahydrogestrinone (THG)

risks are numerous, including liver cancer, coronary heart disease, and sterility. Estradiol is
the principal female sex hormone. It was first isolated by extraction of 4 tons of sow ovaries,
yielding only a few milligrams of pure steroid. Estradiol is responsible for the development
of the secondary female characteristics and participates in the control of the menstrual cycle.
An example of a progestin is progesterone, responsible for preparing the uterus for implan-
tation of the fertilized egg.

(0]

cH, CCHs

ch, OH ch, OH

Testosterone Estradiol Progesterone

The structural similarity of the steroid hormones is remarkable, considering their widely
divergent activity. Steroids are the active ingredients of “the pill,” functioning as an anti-
fertility agent for the control of the female menstrual cycle and ovulation. It is estimated
that over 70 million women throughout the world take “the pill” as the primary form of
contraception (Chemical Highlight 4-3).
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In Summary There is great variety in the structure and function of naturally occurring
organic products, as manifested in the terpenes and the steroids. Natural products will
be frequently introduced in subsequent chapters to illustrate the presence and chemistry
of a functional group, to demonstrate synthetic strategy or the use of reagents, to picture
three-dimensional relations, and to exemplify medicinal applications. Several classes of
natural products will be discussed more extensively: fats (Sections 19-13 and 20-5),
carbohydrates (Chapter 24), alkaloids (Section 25-8), and amino and nucleic acids
(Chapter 26).

THE BIG PICTURE

In this chapter, we have expanded our knowledge of organic structure and function to
include cyclic and polycyclic frameworks. In particular, we have seen again how much
three-dimensionality matters in explaining and predicting the behavior of organic mol-
ecules. Their structures are ultimately based on the spatial distribution of bonding elec-
trons surrounding the nuclear components (Sections 1-3 and 1-6 to 1-9) and, from a more
mechanical perspective, on the conformational flexibility inherent in C—C bonds (Sec-
tions 2-7 and 2-8).

One consequence of three-dimensionality is the existence of stereoisomers, namely
cis and trans isomers of substituted cycloalkanes (Section 4-1). We will see in Chapter 5
that the phenomenon of stereoisomerism is more general and occurs in acyclic mole-
cules as well. These concepts influence such diverse areas as relative reactivities and bio-
logical effectiveness. Because of its fundamental importance and its powerful utility in
biological applications, stereochemistry constitutes a recurring theme through the remainder
of this book.

CHAPTER INTEGRATION PROBLEMS

4-19. a. 1, 2, 3, 4, 5, 6-Hexachlorocyclohexane exists as a number of cis-trans isomers. Using the
flat cyclohexane stencil and hashed-wedged lines, draw all of them.

SOLUTION

Before starting to solve this part by random trial and error, consider a more systematic approach. We
start with the simplest case of all chlorines positioned cis to one another (using all wedged lines) and
then look at the various permutations obtained by placing a progressively increasing number of the
substituents trans (hashed lines). We can stop at the stage of three chlorines “up” and three chlorines
“down” because “two up and four down” is the same as “four up and two down,” and so on. The
first two cases, “six up” (A) and “five up and one down” (B), are unique because only one structural
possibility exists for each:

cl Cl
cl Cl cl
cl Cl Cl

Cl Cl Cl

A B C D E

Now we look at the “four up and two down” isomers. There are three differing ways of placing
two chlorines “down”: Their positioning along the six-membered ring can be only 1, 2 (C), 1, 3 (D),
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or 1, 4 (E), because the options 1, 5 and 1, 6 are the same as 1, 3 and 1, 2, respectively. Finally,
a similar line of thought leads to the realization that placing three chlorines “down” can be done
only in three unique ways: 1, 2, 3 (F), 1, 2, 4 (G), and 1, 3, 5 (H):

Cl

cl Cl o al LWCl o Cls

a” >y""a av

2"cl

5] Q s

b. The so-called y-isomer is an insecticide (lindane, gammexane, kwell) with the following
structure:

v-Hexachlorocyclohexane

Draw the two chair conformations of this compound. Which one is more stable?

SOLUTION

Note that the y-isomer corresponds to our structure E in (a). To help in converting the flat cyclohexane
stencil structures into their chair renditions, look at Figure 4-11 and note the alternating relation of
the members of the two sets of hydrogens. As we proceed around the ring, we can see that neigh-
boring members (i.e., those in a “1,2”-relation) of either set (i.e., axial or equatorial neighbors) always
have a trans disposition. On the other hand, the 1,3-relation is always cis, whereas that describable
as 1,4 is again trans. Conversely, in a hashed-wedged line structure, when two neighboring substitu-
ents (i.e., 1,2-relation) are cis, one of the substituents will be axial and the other equatorial in either
of the two chair conformations of the molecule. When they are trans, one chair picture will show
them diequatorial, the other diaxial. This assignment alternates in 1,3-related substituents: cis results
in a diaxial-diequatorial pair of chair conformers, trans in an axial-equatorial or equatorial-axial pair,
and so on. These relations are summarized in Table 4-4.

Relation of Cis-Trans Stereochemistry in Substituted Cyclohexanes

UEDR A to Equatorial-Axial Positions in the Two Chair Forms

cis-1,2 Axial-equatorial Equatorial-axial
trans-1,2 Axial-axial Equatorial-equatorial
cis-1,3 Axial-axial Equatorial-equatorial
trans-1,3 Axial-equatorial Equatorial-axial
cis-1,4 Axial-equatorial Equatorial-axial

trans-1,4 Axial-axial Equatorial-equatorial

Chapter 4
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The two chair forms of y-hexachlorocyclohexane thus look as shown here:

Cl Cl
Cl Cl
Cl Cl
— AG®° = 0 kcal mol™!
Cl Cl
Cl Cl

Either structure has three equatorial and three axial chlorine substituents; hence they are equal in
energy.

¢. For which isomer do you expect the energy difference between the two cyclohexane chair forms
to be largest? Estimate the AG® value.

SOLUTION

The biggest AG® for chair—chair flip is that between an all-equatorial and all-axial hexachlorocyclo-
hexane. Application of Table 4-4 and inspection of Figure 4-11 reveal that this relation holds only
for the all-trans isomer. Table 4-3 gives the AG® (equatorial-axial) for Cl as 0.52 kcal mol ';
hence, for our example, AG® = 6 X 0.52 = 3.12 kcal mol .

Cl Cl
Cl
Cl Cl
w = AG° = +3.12 kcal mol ™!
Cl C1
Cl
Cl Cl

all-frans-Hexachlorocyclohexane

Note that this value is only an estimate. For example, it ignores the six C1-Cl gauche interactions in
the all-equatorial form, which would reduce the energy difference between the two conformers. How-
ever, it also disregards the six 1,3-diaxial interactions in the all-axial chair, which would counteract
this effect. For additional examples try Problems 30-33.

4-20. a. The strained tetracyclic alkane A is thought to isomerize thermally to the cyclic alkene B.
Suggest a possible mechanism.

A N
H W e
/
A B

SOLUTION

When dealing with mechanistic problems, it is advantageous to carefully assimilate all of the given
information, not unlike the situation encountered by an experimentalist who may have observed
such a reaction and is faced with the same challenge. First, compound A is said to be strained.
How so? Answer (Sections 4-2 and 4-6): It is a polycyclic alkane containing three linked four-
membered rings. Second, the A-to-B conversion is an isomerization. We can ascertain quickly the
truth of this statement by establishing that both compounds have the same molecular formula,
C,Hg. Third, the process is “purely” thermal: There are no other reagents that could attack A,
add to it, or subtract from it. Fourth, what topological (connectivity) changes have occurred?
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Answer: A tetracycle is unraveled to a monocycle; in other words, the three cyclobutane rings are
opened, leaving a cyclododecatriene. Fifth, what are the qualitative bond changes? Answer: Three
single bonds are lost, three double bonds are gained.

Armed with the results of this analysis, we can now write a mechanism: We need to break the
three C—C bonds by pyrolysis (Section 3-3). The result is seemingly a very exotic hexaradical; however,
closer inspection shows that the six radical centers divide into three respective pairs of electrons on
adjacent carbons: the three double bonds. Thus, a possible mechanism of this process requires only

B
|- —
5

A

b. Regardless of the mechanism, is the isomerization thermodynamically feasible? Estimate the
approximate AH®, using 65 kcal mol ™! for the strength of the 7 bond (Section 11-2).

SOLUTION

First, let us be clear about the question. It does not ask us whether it is kinetically feasible to
break the three cyclobutane bonds, either as shown in part (a) or by some other sequence. Instead,
the issue is where the equilibrium A — B lies: Is it in the forward direction (Section 2-1)? We
have learned how to get an estimate of the answer: by calculating AH®° = (sum of strengths of
bonds broken) — (sum of strengths of bonds made) (Sections 2-1 and 3-4). The second term in
this equation is easy: We are making three 77 bonds, worth 195 kcal mol~'. How do we deal with
the three o bonds that are broken? Table 3-2 provides an estimate for the strength of a Cy..—Cie.
bond: 85.5 kcal mol . In our case, this bond is weakened by ring strain (Section 4-2, Table 4-2):
85.5 — 26.3 = 59.2 kcal mol . Multiplied by 3, this provides the first term of our AH® equation,
177.6 kcal mol™'. Thus, the AH® (A = B) = —17.4 kcal mol~". Conclusion: Indeed, this reaction
should go! Note how the strain inherent in structure A affects its function in the thermolysis.
Without strain, the reaction would be endothermic.

Important Concepts

1. Cycloalkane nomenclature is derived from that of the straight-chain alkanes.

2. All but the 1,1-disubstituted cycloalkanes exist as two isomers: If both substituents are on the
same face of the molecule, they are cis; if they are on opposite faces, they are trans. Cis and
trans isomers are stereoisomers—compounds that have identical connectivities but differ in the
arrangement of their atoms in space.

3. Some cycloalkanes are strained. Distortion of the bonds about tetrahedral carbon introduces
bond-angle strain. Eclipsing (torsional) strain results from the inability of a structure to adopt
staggered conformations about C—C bonds. Steric repulsion between atoms across a ring leads
to transannular strain.

4. Bond-angle strain in the small cycloalkanes is largely accommodated by the formation of bent
bonds.

5. Bond-angle, eclipsing, and other strain in the cycloalkanes larger than cyclopropane (which is by
necessity flat) can be accommodated by deviations from planarity.

6. Ring strain in the small cycloalkanes gives rise to reactions that result in opening of the ring.

7. Deviations from planarity lead to conformationally mobile structures, such as chair, boat, and
twist-boat cyclohexane. Chair cyclohexane is almost strain free.

8. Chair cyclohexane contains two types of hydrogens: axial and equatorial. These interconvert
rapidly at room temperature by a conformational chair—chair (“flip”) interconversion, with an
activation energy of 10.8 kcal mol ' (45.2 kJ mol ™ ").

Chapter 4
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Reactivity per Hydrogen
Toward Cl-

Cycloalkane Reactivity
Cyclopentane 0.9
Cyclobutane 0.7
Cyclopropane 0.1

Note: Relative to cyclohexane =1.0;
at 68°C, hv, CCly solvent.

Cycloalkanes

9.

10.

11.

12.
13.

14.
15.

16.

In monosubstituted cyclohexanes, the AG® of equilibration between the two chair conformations
is substituent dependent. Axial substituents are exposed to 1,3-diaxial interactions.

In more highly substituted cyclohexanes, substituent effects are often additive, the bulkiest sub-
stituents being the most likely to be equatorial.

Completely strain-free cycloalkanes are those that can readily adopt an all-anti conformation and
lack transannular interactions.

Bicyclic ring systems may be fused or bridged. Fusion can be cis or trans.

Natural products are generally classified according to structure, physiological activity, taxonomy,
and biochemical origin. Examples of the last class are the terpenes, of the first the steroids.

Terpenes are made up of isoprene units of five carbons.

Steroids contain three angularly fused cyclohexanes (A, B, C rings) attached to the cyclopentane
D ring. Beta substituents are above the molecular plane, alpha substituents below.

An important class of steroids are the sex hormones, which have a number of physiological
functions, including the control of fertility.

Problems

21.

22.

23.

24,

25.

26.

27.

28.

Write as many structures as you can that have the formula CsH;, and contain one ring. Name
them.

Write as many structures as you can that have the formula C¢H;, and contain one ring. Name
them.

Name the following molecules according to the [IUPAC nomenclature system.
Cl
(b) Hsz@.--“«CHmH})z © [[

I
(a)
Cl

Br Br
) cu,  © N ®) - )
Br Br

Draw structural representations of each of the following molecules. Give a systematic name for
any compound whose name is not in accord with [IUPAC nomenclature: (a) isobutylcyclopentane;
(b) cyclopropylcyclobutane; (¢) cyclohexylethane; (d) (1-ethylethyl)cyclohexane; (e) (2-chloropropyl)-
cyclopentane; (f) fert-butylcycloheptane.

Draw structural representations of each of the following molecules: (a) trans-1-chloro-2-
ethylcyclopropane; (b) cis-1-bromo-2-chlorocyclopentane; (¢) 2-chloro-1,1-diethylcyclopropane;
(d) trans-2-bromo-3-chloro-1,1-diethylcyclopropane; (e) cis-1,3-dichloro-2,2-dimethylcyclobutane;
(f) cis-2-chloro-1,1-difluoro-3-methylcyclopentane.

The kinetic data for the radical chain chlorination of several cycloalkanes (see the adjoining table)
illustrate that the C—H bonds of cyclopropane and, to a lesser extent, cyclobutane are somewhat
abnormal. (a) What do these data tell you about the strength of the cyclopropane C—H bond and
the stability of the cyclopropyl radical? (b) Suggest a reason for the stability characteristics of
the cyclopropyl radical. (Hint: Consider bond-angle strain in the radical relative to cyclopropane
itself.)

Write out a mechanism for the radical monobromination of cyclohexane, showing initiation,
propagation, and termination steps. Draw the product in its most stable conformation.

Use the data in Tables 3-2 and 4-2 to estimate the DH° value for a C—C bond in (a) cyclopropane;
(b) cyclobutane; (c¢) cyclopentane; and (d) cyclohexane.



Problems Chapter 4

29. Draw each of the following substituted cyclobutanes in its two interconverting “puckered” conforma-
tions (Figure 4-3). When the two conformations differ in energy, identify the more stable shape and
indicate the form(s) of strain that raise the relative energy of the less stable one. (Hint: Puckered
cyclobutane has axial and equatorial positions similar to those in chair cyclohexane.)

(a) Methylcyclobutane (b) cis-1,2-Dimethylcyclobutane
(¢) trans-1,2-Dimethylcyclobutane (d) cis-1,3-Dimethylcyclobutane
(e) trans-1,3-Dimethylcyclobutane

Which is more stable: cis- or trans-1,2-dimethylcyclobutane; cis- or trans-1,3-
dimethylcyclobutane?

30. For each of the following cyclohexane derivatives, indicate (i) whether the molecule is a cis or
trans isomer and (ii) whether it is in its most stable conformation. If your answer to (ii) is no,
flip the ring and draw its most stable conformation.

CH;
@ (b) % OCH, © 4 ; @
N 1o CH(CHj)
CH; 3)2 C
07 SOCH;,
e f
© ® Br ® Hﬁ&ocm
NH,
F O\C _OH
) ) 5) ¢
m CH(CH),
Br
31. Using the data in Table 4-3, calculate the AG® for ring flip to the other conformation of the
molecules depicted in Problem 30. Make sure that the sign (i.e., positive or negative) of your OH
values is correct.
32. Draw the most stable conformation for each of the following substituted cyclohexanes; then, in
each case, flip the ring and redraw the molecule in the higher energy chair conformation:
(a) cyclohexanol; (b) trans-3-methylcyclohexanol (see structures in the margin); (c) cis-1-methyl-3-
Cyclohexanol

(1-methylethyl)cyclohexane; (d) trans-1-ethyl-3-methoxycyclohexane (see structure in the margin);
(e) trans-1-chloro-4-(1,1-dimethylethyl) cyclohexane.

OH
33. For each molecule in Problem 32, estimate the energy difference between the most stable and

next best conformation. Calculate the approximate ratio of the two at 300 K.
"CH,

34. Sketch a potential-energy diagram (similar to that in Figure 4-9) for methylcyclohexane showing the
two possible chair conformations at the left and right ends of the reaction coordinate for con- trans-3-Methylcyclohexanol
formational interconversion.

. . CH,CH
35. Draw all the possible all-chair conformers of cyclohexylcyclohexane. e
36. What is the most stable of the four boat conformations of methylcyclohexane, and why? ©
37. The most stable conformation of trans-1,3-bis(1,1-dimethylethyl)cyclohexane is not a chair. What %"OCH3
conformation would you predict for this molecule? Explain. trans-1-Ethyl-3-methoxycyclohexane

38. The bicyclic hydrocarbon formed by the fusion of a cyclohexane ring with a cyclopentane ring
is known as hexahydroindane (in margin). Using the drawings of trans- and cis-decalin for refer-
ence (Figure 4-13), draw the structures of trans- and cis-hexahydroindane, showing each ring in
its most stable conformation.

- . . R . L. Hexahydroind.
39. On viewing the drawings of cis- and frans-decalin in Figure 4-13, which do you think is the more exaliycromdane

stable isomer? Estimate the energy difference between the two isomers.

40. Several tricyclic compounds exist in nature with a cyclopropane ring fused to a cis-decalin
structure, as shown in the molecule tricyclo[5.4.01'3.01’7]undecane (margin). In various coun-
tries, some of these substances have a history of use as folk medicines for purposes such as
H

contraception. Make a model of this compound. How does the cyclopropane ring affect the
conformations of the two cyclohexane rings? The cyclohexane rings in cis-decalin itself are Tricyclo[5.4.0"*.0"" Jundecane
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41.

42.

HsC
(a) H,C
CH; CH,OH
Geraniol
CH; O CH;
S CH;
(d) / \
O
Ipomeamarone
O
O
H;C o)
Cantharidin

Cycloalkanes

capable of (simultaneous) chair—chair interconversion (recall Exercise 4-13). Is the same true in
tricyclo[S.4.01’3.01’7]undecane?

The naturally occurring sugar glucose (Chapter 24) exists in the two isomeric cyclic forms shown
below. These are called a and B, respectively, and they are in equilibrium by means of chemical
processes that are introduced in Chapter 17.

CH,OH

CH,OH
o 2

HO 0

HO

HO

H HO OH

HO
H

B form of glucose

HO
OH

« form of glucose

(a) Which of the two forms is more stable?

(b) At equilibrium the two forms are present in a ratio of approximately 64:36. Calculate the
free energy difference that corresponds to this equilibrium ratio. How closely does the value you
obtained correlate with the data in Table 4-3?

Identify each of the following molecules as a monoterpene, a sesquiterpene, or a diterpene (all
names are common).

CH;
CH;
(b) () CH;
CH: 6 CH, CH, HC OH
o Eudesmol
Eremanthin
CH;
CO,CH;
N N
(e) o) ® noch,
HOCH, OH 7 /
Genipin (0]
Castoramine
H,C CH, CH; CH;
H,OH
A g V2 CH0
(h)
CH;
Vitamin A

43. Circle and identify by name each functional group in the structures pictured in Problem 42.

44. Find the 2-methyl-1,3-butadiene (isoprene) units in each of the naturally occurring organic mole-

cules pictured in Problem 42.

45. Circle and identify by name all the functional groups in any three of the steroids illustrated

in Section 4-7. Label any polarized bonds with partial positive and negative charges
(6" and 87).



46.

Problems

Several additional examples of naturally occurring molecules with strained ring structures are

Chapter 4

O
shown here. CH;H;C
HN NH
H;C /g
S, (0] N N (6]
HN, COOH H.C._ _CH; wH HOCH, ’ H H ! o. CH,OH
1-Aminocyclopropane- Vi CH; CH & ",
carboxylic acid CH, o CH 3 HO OH
(Present in plants, this molecule . . 3 Thymidine dimer
plays a role in the ripening of fruits @-Pinene Africanone (A component of DNA that has been
and the dropping of autumn leaves) (Present in cedar-wood oil) (Also a plant-leaf oil) exposed to ultraviolet light)

47.

48.

49.

50.

Identify the terpenes (if any) in the preceding group of structures. Find the 2-methyl-
1,3-butadiene units in each structure and classify the latter as a mono-, sesqui-, or diterpene.

If cyclobutane were flat, it would have exactly 90° C—C-C bond angles and could

conceivably use pure p orbitals in its C—C bonds. What would be a possible hybridization for
the carbon atoms of the molecule that would allow all the C—H bonds to be equivalent? Exactly
where would the hydrogens on each carbon be located? What are the real structural features of
the cyclobutane molecule that contradict this hypothesis?

Compare the structure of cyclodecane in an all-chair conformation with that of frans-decalin.
Explain why all-chair cyclodecane is highly strained, and yet frans-decalin is nearly strain free.

Make models.

All-chair cyclodecane trans-Decalin

Fusidic acid is a steroidlike microbial product that is an extremely potent antibiotic with a broad
spectrum of biological activity. Its molecular shape is most unusual and has supplied important
clues to researchers investigating the methods by which steroids are synthesized in nature.

Fusidic acid

(a) Locate all the rings in fusidic acid and describe their conformations.

(b) Identify all ring fusions in the molecule as having either cis or trans geometry.

(c) Identify all groups attached to the rings as being either a- or B-substituents.

(d) Describe in detail how this molecule differs from the typical steroid in structure and stereo-
chemistry. (As an aid to answering these questions, the carbon atoms of the framework of the
molecule have been numbered.)

The enzymatic oxidation of alkanes to produce alcohols is a simplified version of the reactions
that produce the adrenocortical steroid hormones. In the biosynthesis of corticosterone from
progesterone (Section 4-7), two such oxidations take place successively (a, b). It is thought
that the monooxygenase enzymes act as complex oxygen-atom donors in these reactions.
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v
/Cl
¢ —I
\Cl

Todobenzene dichloride

Cycloalkanes

51.

A suggested mechanism, as applied to cyclohexane, consists of the two steps shown below
the biosynthesis.

‘T2 HC HOCH,
ca, £=° cH, £
b 1) 3 HO 3

CH3 Steroid CH3
monooxygenases,
————————— >

(¢} (0]
Progesterone Corticosterone
OH

Enzyme
+ O (atom) —— > + -OH —>

Calculate AH® for each step and for the overall oxidation reaction of cyclohexane. Use the follow-
ing DH® values: cyclohexane C—H bond, 98.5 kcal mol '; bond in O—H radical, 102.5 kcal mol ;
cyclohexanol C—0O bond, 96 kcal mol .

Iodobenzene dichloride, formed by the reaction of iodobenzene and chlorine, is a

reagent for the chlorination of alkane C—H bonds. Chlorinations in which iodobenzene dichloride
is used are initiated by light.

(a) Propose a radical chain mechanism for the chlorination of a typical alkane RH by iodobenzene
dichloride. To get you started, the overall equation for the reaction is given below, as is the

initiation step.
RH + @—IClz — RCl + HCI + @1
Cl
e . / hv .
Initiation: 1 —> I—Cl + CI-
\Cl

(b) Radical chlorination of typical steroids by iodobenzene dichloride gives, predominantly,
three isomeric monochlorination products. On the basis of both reactivity (tertiary, secondary,
primary) considerations and steric effects (which might hinder the approach of a reagent toward
a C—H bond that might otherwise be reactive), predict the three major sites of chlorination in
the steroid molecule. Either make a model or carefully analyze the drawings of the steroid
nucleus in Section 4-7.

+ @IClz LN 3 major monochlorosteroids

52. As Problem 50 indicates, the enzymatic reactions that introduce functional groups

into the steroid nucleus in nature are highly selective, unlike the laboratory chlorination
described in Problem 51. However, by means of a clever adaptation of this reaction, it is
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possible to partly mimic nature’s selectivity in the laboratory. Two such examples are illus-
trated below.

Propose reasonable explanations for the results of these two reactions. Make a model of the
product of the addition of Cl, to each iodocompound (compare Problem 51) to help in analyzing
each system.

Team Problem

53. Consider the following compounds:

(0] (0]

H,, catalyst
_

- o

A B

Conformational analysis reveals that, though compound A exists in a chair conformation, com-
pound B does not.

(a) Make a model of A. Draw chair conformations and label the substituents as equatorial or
axial. Circle the most stable conformation. (Note that the carbonyl carbon is sp? hybridized and
therefore the attached oxygen is neither equatorial nor axial. Do not let that lead you astray.)
(b) Make a model of B. Consider both transannular and gauche interactions in your analysis of
its two chair forms. Discuss the steric problems of these conformations in comparison with those
of A. Illustrate the key points of your discussion with Newman projections. Suggest a less steri-
cally encumbered conformation for B.

Preprofessional Problems
54. Which of the following cycloalkanes has the greatest ring strain?
(a) Cyclopropane (b) Cyclobutane (¢) Cyclohexane (d) Cycloheptane

55. The following molecule

Cl
HzC:CH

H

has (a) one axial chlorine and one sp2 carbon, (b) one axial chlorine and two sp2 carbons, (c) one
equatorial chlorine and one sp* carbon, or (d) one equatorial chlorine and two sp* carbons.
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56. In this compound,

H D
Cl Br
H3C CH:CHZ
H CH;
(a) the D is equatorial (b) the methyls are both equatorial
(¢) the Cl is axial (d) the deuterium is axial

57. Which of the following structures has the smallest heat of combustion?
H CH;

CH, H

(a CH; (b H

CH; H
H CH;

() CHs (d) H



Stereoisomers

ing and exclaimed: “That can’t be me!” Well, you were

right. What you see, your mirror image, is not identical
with you: You and your mirror image are nonsuperimposable.
You can demonstrate this fact by trying to shake hands with your
mirror counterpart: As you reach out with your right hand, your
mirror image will offer you its left hand! We shall see that many
molecules have this property —namely, that image and mirror
image are nonsuperimposable and therefore not identical. How
do we classify such structures? Do their functions differ, and if
so, how?

Because they have the same molecular formula, these mole-
cules are isomers, but of a different kind from those encoun-
tered so far. The preceding chapters dealt with two kinds of
isomerism: constitutional (also called structural) and sterco

H ave you ever looked at yourself in the mirror in the morn-

(Figure 5-1). Constitutional isomerism describes compounds that have identical mole-

CHAPTER

cular formulas but differ in the order in which the individual atoms are connected

(Sections 1-9 and 2-4).

Constitutional Isomers

T
C4Ho CH;CH,CH,CH; H;C— (‘ZH
CH;
Butane 2-Methylpropane
C,HcO CH;CH,OH CH;0OCH;
Ethanol Methoxymethane

(Dimethyl ether)

Winnon

The physiological effects of the
image and mirror image of the
leading bronchodilator albuterol
are dramatically different. The
R-image increases the bronchial
airway diameter, whereas the
S-mirror image cancels this
effect and is a suspected
inflammatory agent.
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Figure 5-1 Relations among
isomers of various types.

Isomers

Have the same molecular formula,
but different structures

Constitutional Isomers Stereoisomers
Differ in the order of Atoms are connected
attachment of atoms in the same order, but
(connectivity); Section 1-9 differ in spatial orientation
i
CH;CH,CH,CH3; CH3C|H
CH;
Enantiomers Diastereomers
Image and mirror Not related as image
image are not super- and mirror image;
imposable; Section 5-1 Section 5-5
. H;C CH; H CH;
Pl AKX, X
c., | ¢ H H  HC H
B \"F | E“I “Br
Cl : Cl

Stereoisomerism describes isomers whose atoms are connected in the same order but
differ in their spatial arrangement. Examples of stereoisomers include the relatively stable
and isolable cis-trans isomers and the rapidly equilibrating (and usually not isolable) con-
formational ones (Sections 2-5 through 2-7 and 4-1).

Stereoisomers
H H H;C H
Julien and Paloma Sat-Vollhardt cis-1,3-Dimethylcyclopentane trans-1,3-Dimethylcyclopentane

and their mirror image.

CH, CH, H
H H CH;, : J
3
MODEL BUILDING H H H H i
CH; H

o

Anti conformer Gauche conformer Equatorial Axial
of butane of butane methylcyclohexane methylcyclohexane

Are cyclopropylcyclopentane and cyclobutylcyclobutane isomers?

Draw additional (conformational) stereoisomers of methylcyclohexane. (Hint: Use molecular
models in conjunction with Figure 4-8.)
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Left hand
Image

Right hand
Mirror image

ik

Nonsuperimposable
left and right hands

A B

Superimposable image and
mirror image of hammer

This chapter introduces another type of stereoisomerism, mirror-image stereoisomerism.
Molecules in this class are said to possess “handedness,” referring to the fact that your left
hand is not superimposable on your right hand, yet one hand can be viewed as the mirror
image of the other (Figure 5-2A). In this way, hands are different from objects that are
superimposable with their mirror images, such as a hammer (Figure 5-2B). The property of
handedness in molecules is very important in nature, because most biologically relevant
compounds are either “left-” or “right-handed.” As such, they react differently with each
other, much as shaking your friend’s right hand is very different from shaking his or her
left hand. A summary of isomeric relations is depicted in Figure 5-1.

5-1 Chiral Molecules

How can a molecule exist as two nonsuperimposable mirror images? Consider the radical
bromination of butane. This reaction proceeds mainly at one of the secondary carbons to
furnish 2-bromobutane. A molecular model of the starting material seems to show that either
of the two hydrogens on that carbon may be replaced to give only one form of 2-bromobutane
(Figure 5-3). Is this really true, however?

H<«— H Br
HC L He LC 2 B 2H
C C C
| Br,, hv | n |
C —HBr C
RYVIRN RY2RN NN
HH/ CH; HH/ CH, HH/ CH;

Chiral molecules cannot be superimposed on their mirror images

Look more closely at the 2-bromobutanes obtained by replacing either of the methylene
hydrogens with bromine. In fact, the two structures are nonsuperimposable and therefore
not identical (see the following page). The two molecules are related as object and mirror
image, and to convert one into the other would require the breaking of bonds. A molecule
that is not superimposable on its mirror image is said to be chiral. Each isomer of the
image—mirror image pair is called an enantiomer (enantios, Greek, opposite). In our example
of the bromination of butane, a 1:1 mixture of enantiomers is formed.

Chapter 5

Figure 5-2 (A) Left and right
hands as models for mirror-image
stereoisomerism. (B) Image and
mirror image of a hammer are
superimposable.

REACTION
.- 8

Figure 5-3 Replacement of one
of the secondary hydrogens in
butane results in two stereoiso-
meric forms of 2-bromobutane.

MODEL BUILDING
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Image Mirror image

Not superimposable
with image

Mirror image from
above rotated to
match up the
ethyl (blue) and
methyl (green) parts

Image from
above in same
position

The two enantiomers of 2-bromobutane
are nonsuperimposable

Enantiomers

| | i i T
/NF 1 EY/ON N\ / \"H /\Cl / \"H
Br Ccl  Br Cl B H H H cH, CHiCH, OCH,

Image Mirror image Chiral Achiral Achiral Chiral
chiral chiral ¥

i

Mirror Not superimposable Superimposable Not superimposable
plane with mirror image with mirror image with mirror image

Stereocenter In contrast with chiral molecules, such as 2-bromobutane, compounds having structures that

A | are superimposable on their mirror images are achiral. Examples of chiral and achiral mole-

| : | cules are shown above. The first two chiral structures depicted are enantiomers of each other.

ol : C* All the chiral examples contain an atom that is connected to four different substitu-

7/ \'D : DY/ "\ ent groups. Such a nucleus is called an asymmetric atom (e.g., asymmetric carbon) or a

C I stereocenter. Centers of this type are sometimes denoted by an asterisk. Molecules with

one stereocenter are always chiral. (We shall see in Section 5-6 that structures incorporating
more than one such center need not be chiral.)

B

Image Mirror image
Mirror plane

(C* = a stereocenter based on
asymmetric carbon)

Among the natural products shown in Section 4-7, which are chiral and which are achiral? Give
the number of stereocenters in each case.
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Chapter 5

The symmetry in molecules helps to distinguish chiral structures
from achiral ones

The word chiral is derived from the Greek cheir, meaning “hand” or “handedness.” Human
hands have the mirror-image relation that is typical of enantiomers (see Figure 5-2A).
Among the many other objects that are chiral are shoes, ears, screws, and spiral staircases.
On the other hand, there are many achiral objects, such as balls, ordinary water glasses,
hammers (Figure 5-2B), and nails.

Many chiral objects, such as spiral staircases, do not have stereocenters. The same is true
for many chiral molecules. Remember that the only criterion for chirality is the nonsuper-
imposable nature of object and mirror image. In this chapter, we shall confine our discussion
to molecules that are chiral as a result of the presence of stereocenters. But how do we deter-
mine whether a molecule is chiral or not? As you have undoubtedly already noticed, it is not

CHEMICAL HIGHLIGHT 5-1

Chiral Substances in Nature

As we saw in the introduction to this chapter, the human
body is chiral. Indeed, handedness pervades our macroscopic
natural world. Moreover, there is usually a prevalence of a
chiral image compared to its mirror image. For example,
most of us are right handed, the heart is left and the liver

is right, the bindweed plant winds around a support in a

sites in the body (see Chemical Highlight 5-5). For example,
natural alanine is an abundant amino acid that is found in
only one form. Lactic acid, however, is present in blood and
muscle fluid as one enantiomer but in sour milk and some
fruits and plants as a mixture of the two.

left-handed helix, the honeysuckle prefers the opposite, H
right-handed shells dominate (on both sides of the Equator), C‘* | *
and so on. H,N~ \"“COOH HO~ \"“COOH
CH; CH;
2-Aminopropanoic acid 2-Hydroxypropanoic acid

(Alanine) (Lactic acid)

Another example is carvone [2-methyl-5-(1-methylethenyl)-
2-cyclohexenone], which contains a stereocenter in a Six-
membered ring. This carbon atom may be thought of as
bearing four different groups, if we consider the ring itself
to be two separate and different substituents. They are dif-
ferent because, starting from the stereocenter, the clockwise
sequence of atoms differs from the counterclockwise
sequence. Carvone is found in nature in either enantiomeric
form, each having a very characteristic odor: One enantio-

Houses of edible snails: the ratio of right-handed (on the left) to
left-handed is 20,000:1.

This preferential handedness is also present in the nano-
scopic world of molecules; in fact, it is the presence of
chiral molecular building blocks that often imparts macro-

scopic chirality. Thus, many chiral organic compounds exist
in nature as only one enantiomer, although some are present
as both. Specific handedness is associated with a specific

biological function, dictated by the presence of chiral receptor

CH,

Caraway seeds

mer gives caraway its characteristic smell, whereas the other
is responsible for the flavor of spearmint.

In this book, you will encounter numerous examples of
chiral molecules from nature that exist as only one enantiomer.

H,C

Spearmint

Carvone enantiomers
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Stereoisomers

%/@c o

A

Figure 5-4 Examples of planes
of symmetry: (A) methane has six
planes of symmetry (incorporating
the six edges of the tetrahedral
frame), only one of which is shown;
(B) chloromethane has three such
planes, only one of which is shown;
(C) dichloromethane has only two;
(D) bromochloromethane only one;
and (E) bromochlorofluoromethane
has none. Chiral molecules cannot
have a plane of symmetry.

MODEL BUILDING

Enantiomers of 2-Bromobutane

Identical physical properties, except:

H
Bra: _CH
\C/ 3

C.,
H,C~ \"H
H

!

Rotates plane
of light
clockwise:
dextrorotatory

H

H3C\ ’S/Br

~

.C
HY[ >CH,
H

l

Rotates plane
of light
counterclockwise:
levorotatory

B C D E

always easy to tell. A foolproof way is to construct molecular models of the molecule and its
mirror image and look for superimposability. However, this procedure is very time consuming.
A simpler method is to look for symmetry in the molecule under investigation.

For most organic molecules, we have to consider only one test for chirality: the presence
or absence of a plane of symmetry. A plane of symmetry (mirror plane) is one that bisects the
molecule so that the part of the structure lying on one side of the plane mirrors the part on the
other side. For example, methane has six planes of symmetry, chloromethane has three, dichloro-
methane two, bromochloromethane one, and bromochlorofluoromethane none (Figure 5-4).

How do we use this idea to distinguish a chiral molecule from an achiral one? Chiral
molecules cannot have a plane of symmetry. For example, the first four methanes in Figure 5-4
are clearly achiral because of the presence of a mirror plane. You will be able to classify
most molecules in this book as chiral or achiral simply by identifying the presence or
absence of a plane of symmetry.

Draw pictures of the following common achiral objects, indicating the plane of symmetry in each:
a ball, an ordinary water glass, a hammer, a chair, a suitcase, a toothbrush.

Write the structures of all dimethylcyclobutanes. Specity those that are chiral. Show the mirror planes
in those that are not.

In Summary A chiral molecule exists in either of two stereoisomeric forms called enan-
tiomers, which are related as object and nonsuperimposable mirror image. Most chiral
organic molecules contain stereocenters, although chiral structures that lack such centers do
exist. A molecule that contains a plane of symmetry is achiral.

5-2 Optical Activity

Our first examples of chiral molecules were the two enantiomers of 2-bromobutane. If we
were to isolate each enantiomer in pure form, we would find that we could not distinguish
between them on the basis of their physical properties, such as boiling points, melting
points, and densities. This result should not surprise us: Their bonds are identical and so
are their energy contents. However, when a special kind of light, called plane-polarized
light, is passed through a sample of one of the enantiomers, the plane of polarization of the
incoming light is rotated in one direction (either clockwise or counterclockwise). When the
same experiment is repeated with the other enantiomer, the plane of the polarized light is
rotated by exactly the same amount but in the opposite direction.

An enantiomer that rotates the plane of light in a clockwise sense as the viewer faces
the light source is dextrorotatory (dexter, Latin, right), and the compound is (arbitrarily)
referred to as the (+) enantiomer. Consequently, the other enantiomer, which will effect
counterclockwise rotation, is levorotatory (laevus, Latin, left) and called the (—) enantiomer.



5-2 Optical Activity

This special interaction with light is called optical activity, and enantiomers are frequently
called optical isomers.

Optical rotation is measured with a polarimeter

What is plane-polarized light, and how is its rotation measured? Ordinary light can be
thought of as bundles of electromagnetic waves that oscillate simultaneously in all planes
perpendicular to the direction of the light beam. When such light is passed through a mate-
rial called a polarizer, all but one of these light waves are “filtered” away, and the resulting
beam oscillates in only one plane: plane-polarized light (Figure 5-5).

Beam of light

Light i | m

source 1K 4
1 IRl
[h-:i CH,

Normal light  Polarizer ~ Plane-polarized | Plane is
wave (filter) light oscillating CH; rotated
oscillating in one plane

Sample cell containing

in all planes
(—)-2-bromobutane

When light travels through a molecule, the electrons around the nuclei and in the various
bonds interact with the electric field of the light beam. If a beam of plane-polarized light is
passed through a chiral substance, the electric field interacts differently with, say, the “left”
and “right” halves of the molecule. This interaction results in a rotation of the plane of polar-
ization, called optical rotation; the sample giving rise to it is referred to as optically active.

Optical rotations are measured by using a polarimeter (Figure 5-5). In this instrument,
light is first plane polarized and subsequently traverses a cell containing the sample. The
angle of rotation of the plane of polarization is measured by aligning another polarizer —called
the analyzer—so as to maximize the transmittance of the light beam to the eye of the
observer. The measured rotation (in degrees) is the observed optical rotation, «, of the
sample. Its value depends on the concentration and structure of the optically active molecule,
the length of the sample cell, the wavelength of the light, the solvent, and the temperature.
To avoid ambiguities, chemists have agreed on a standard value of the specific rotation, [«],
for each compound. This quantity (which is solvent dependent) is defined as

Specific Rotation*

o o
[aly = e

where [a] = specific rotation
t = temperature in degrees Celsius
A = wavelength of incident light; for a sodium vapor lamp, which is commonly
used for this purpose, the yellow D emission line (usually indicated simply
by D) has A = 589 nm.
a = observed optical rotation in degrees
length of sample container in decimeters; its value is frequently 1 (i.e., 10 cm).
¢ = concentration (grams per milliliter of solution)

N
Il

*The dimensions of [a] are deg cm® g~ ', the units (for / = 1) 10" deg cm” g~ '. (Remember: 1 mL =

1 cm®.) Because of their awkward appearance, it is common practice to give [«] without units, in contrast
with the observed rotation « (degrees). Moreover, for practical reasons of solubility, some reference
works list ¢ in grams per 100 mL, in which case the observed rotation has to be multiplied by 100.

Chapter 5

Figure 5-5 Measuring the optical
rotation of the (=) enantiomer of
2-bromobutane with a polarimeter.

Rotation

g

Analyzer
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el 1CX-B M Specific Rotations of Various Chiral Compounds [«]2™
C‘HZCH3 C‘H2CH3
C C
N e
H"/ ~CH; H;C™ \"H
Br -23.1 T Br +23.1
(—)-2-Bromobutane (+)-2-Bromobutane
i 1
- C c oy
H,N"/ “COOH HOOC™ \"OH
CH; CH;
(+)-2-Aminopropanoic acid +8.5 (—)-2-Hydroxypropanoic acid —3.38
[(+)-Alanine] [(—)-Lactic acid]
Note: Pure liquid for the haloalkane; in aqueous solution for the acids.

A solution of 0.1 g mL ™" of common table sugar (the naturally occurring form of sucrose) in water
in a 10-cm cell exhibits a clockwise optical rotation of 6.65°. Calculate [«]. Does this information
tell you [«] for the enantiomer of natural sucrose?

The specific rotation of an optically active molecule is a physical constant characteristic
of that molecule, just like its melting point, boiling point, and density. Four specific rotations
are recorded in Table 5-1.

Optical rotation indicates enantiomeric composition

As mentioned, enantiomers rotate plane-polarized light by equal amounts but in opposite
directions. Thus, in 2-bromobutane the (—) enantiomer rotates this plane counterclockwise
by 23.1°, its mirror image (+)-2-bromobutane clockwise by 23.1°. It follows that a 1:1
mixture of (+) and (—) enantiomers shows no rotation and is therefore optically inactive.
Such a mixture is called a racemic mixture. If one enantiomer equilibrates with its mirror
image, it is said to undergo racemization. For example, amino acids such as (+)-alanine
(Table 5-1) have been found to undergo very slow racemization in fossil deposits, resulting
in reduced optical activity.

The optical activity of a sample of a chiral molecule is directly proportional to the ratio
of the two enantiomers. It is at a maximum when only one enantiomer is present, and the
sample is optically pure. It is zero when the two enantiomers are present in equal amounts,
and the sample is racemic and optically inactive. In practice, one often encounters mixtures
in which one enantiomer is in excess of the other. The enantiomer excess (ee) tells us by
how much:

Enantiomer excess (ee) = % of major enantiomer — % of minor enantiomer

Since a racemate constitutes a 1:1 mixture of the two (ee = 0), the ee is a measure of
how much one enantiomer is present in excess of racemate. The ee can be obtained from
the % optical rotation of such a mixture relative to that of the pure enantiomer, also called
optical purity:

Optical Purity and Enantiomer Excess

9 _ . . _ [a]Mixture
Enantiomer excess (ee) = optical purity = ———— X 100%

[a] Pure enantiomer
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Exercise 5-7
Working with the Concepts: Ee and Optical Purity

A solution of (+)-alanine from a fossil exhibits a value of [a] = +4.25. What is its ee and opti-
cal purity? What is the actual enantiomer composition of the sample, and how is the measured
optical rotation derived from it?

Strategy

We need to look up what the specific rotation of pure (+)-alanine is and then use the preceding
equation to get the answers.

Solution

 Table 5-1 gives us the specific rotation of pure (+)-alanine: +8.5.

* Our equation tells us: Enantiomer excess (ee) = optical purity = (4.25/8.5) X 100% = 50%.

* This means that 50% of the sample is pure (+) isomer and the other 50% is racemic. Because the
racemic portion consists of equal amounts of (+)- and (—)-enantiomers, the actual composition
of the sample is 75% (+)- and 25% (—)-alanine.

e The 25% (—)-enantiomer cancels the rotation of a corresponding amount of (+)-enantiomer.
This mixture is therefore 75% — 25% = 50% optically pure, and the observed optical rotation is
one-half that of the pure dextrorotatory enantiomer.

Exercise 5-8

Try It Yourself

What is the optical rotation of a sample of (+)-2-bromobutane that is 75% optically pure? What
percentages of (+)- and (—)-enantiomers are present in this sample? Answer the same questions
for samples of 50% and 25% optical purity.

In Summary Two enantiomers can be distinguished by their optical activity, that is, their
interaction with plane-polarized light as measured in a polarimeter. One enantiomer always
rotates such light clockwise (dextrorotatory), the other counterclockwise (levorotatory) by
the same amount. The specific rotation, [«a], is a physical constant possible only for chiral
molecules. The interconversion of enantiomers leads to racemization and the disappearance
of optical activity.

5-3 Absolute Configuration: R—S Sequence Rules

How do we establish the structure of one pure enantiomer of a chiral compound? And, once
we know the answer, is there a way to name it unambiguously and distinguish it from its
mirror image?

X-ray diffraction can establish the absolute configuration

Virtually all the physical characteristics of one enantiomer are identical with those of its
mirror image, except for the sign of optical rotation. Is there a correlation between the sign
of optical rotation and the actual spatial arrangement of the substituent groups, the absolute
configuration? Is it possible to determine the structure of an enantiomer by measuring its
[a] value? The answer to both questions is, unfortunately, no. There is no straightforward
correlation between the sign of rotation and the structure of the particular enantiomer. For
example, conversion of lactic acid (Table 5-1) into its sodium salt changes the sign (and
degree) of rotation, even though the absolute configuration at the stereocenter is unchanged
(see margin).
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i
/C(""OH
HOOC CH,
[a]5C = -38

(—)-Lactic acid
(Levorotatory)

NaOH,
H,0
H

C """ 'y
Na*00¢” Yonp
a CH,

[a]5C = +13.5

(+)-Sodium lactate
(Dextrorotatory)
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Structure of (+)-lactic acid as
deduced from X-ray diffraction
analysis.

Priority Color Scheme

a>b>c>d

Figure 5-6 Assignmentof Ror S
configuration at a tetrahedral
stereocenter. The group of lowest
priority is placed as far away from
the observer as possible. In many
of the structural drawings in this
chapter, the color scheme shown
here is used to indicate the priority
of substituents—in decreasing
order, red > blue > green > black.

Stereoisomers

If the sign of rotation does not tell us anything about structure, how do we know
which enantiomer of a chiral molecule is which? Or, to put it differently, how do we
know that the levorotatory enantiomer of 2-bromobutane has the structure indicated in
Table 5-1 (and therefore the dextrorotatory enantiomer the mirror-image configuration)?
The answer is that such information can be obtained only through single-crystal X-ray
diffraction analysis (Section 1-9 and the picture in the margin). This does not mean that
every chiral compound must be submitted to X-ray analysis to ascertain its structure.
Absolute configuration can also be established by chemical correlation with a molecule
whose own structure has been proved by this method. For example, knowing the stereo-
center in (—)-lactic acid by X-ray analysis also provides the absolute configuration of the
(+)-sodium salt (i.e., the same).

Stereocenters are laheled Ror S

To name enantiomers unambiguously, we need a system that allows us to indicate the
handedness in the molecule, a sort of “left-hand” versus “right-hand” nomenclature. Such
a system was developed by three chemists, R. S. Cahn, C. Ingold, and V. Prelog.*

Let us see how the handedness around an asymmetric carbon atom is labeled. The first
step is to rank all four substituents in the order of decreasing priority, the rules of which
will be described shortly. Substituent a has the highest priority, b the second highest,
c the third, and d the lowest. Next, we position the molecule (mentally, on paper, or by using
a molecular model set) so that the lowest-priority substituent is placed as far away from
us as possible (Figure 5-6). This process results in two (and only two) possible arrange-
ments of the remaining substituents. If the progression from a to b to ¢ is counterclockwise,
the configuration at the stereocenter is named S (sinister, Latin, left). Conversely, if the
progression is clockwise, the center is R (rectus, Latin, right). The symbol R or S is added
as a prefix in parentheses to the name of the chiral compound, as in (R)-2-bromobutane
and (S)-2-bromobutane. A racemic mixture can be designated R,S, if necessary, as in (R,S)-
bromochlorofluoromethane. The sign of the rotation of plane-polarized light may be added
if it is known, as in (S)-(+)-2-bromobutane and (R)-(—)-2-bromobutane. It is important to
remember, however, that the symbols R and S are not necessarily correlated with the
sign of a.

Counterclockwise: S Clockwise: R

Sequence rules assign priorities to substituents

Before applying the R,S nomenclature to a stereocenter, we must first assign priorities by
using sequence rules.

*Dr. Robert S. Cahn (1899-1981), Fellow of the Royal Institute of Chemistry, London; Professor
Christopher Ingold (1893-1970), University College, London; Professor Vladimir Prelog (1906—1998),
Swiss Federal Institute of Technology (ETH), Ziirich, Nobel Prize 1975 (chemistry).
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Rule 1. We look first at the atoms attached directly to the stereocenter. A substituent
atom of higher atomic number takes precedence over one of lower atomic number. Con-
sequently, the substituent of lowest priority is hydrogen. In regard to isotopes, the atom
of higher atomic mass receives higher priority.

ANI1
NN
ANS3 Td ANG /CH3 ¢ .
C\ ? is the same as dH—C <—G—$\
a I\\\‘ CHj c \"// la
b Bl\[\ AN35 Brb

AN = atomic number (R)-1-Bromo-1-iodoethane

Rule 2. What if two substituents have the same rank when we consider the atoms directly
attached to the stereocenter? In such a case, we proceed along the two respective sub-
stituent chains until we reach a point of difference.

For example, an ethyl substituent takes priority over methyl. Why? At the point of
attachment to the stereocenter, each substituent has a carbon nucleus, equal in priority.
Farther from that center, however, methyl has only hydrogen atoms, but ethyl has a carbon
atom (higher in priority).

H H H

|
—C|—H ranks lower in priority than —C—C—H

|
H Lower H H’\\Higher

Methyl Ethyl

However, 1-methylethyl takes precedence over ethyl because, at the first carbon, ethyl
bears only one other carbon substituent, but 1-methylethyl bears two. Similarly, 2-methyl-
propyl takes priority over butyl but ranks lower than 1,1-dimethylethyl.

Lower e Higher
H J CH;
—C|—CH3 ranks lower in priority than —C—CHj,
é i
Equal

1-Methylethyl

Ethyl (Isopropyl)

We must remember that the decision on priority is made at the first point of difference
along otherwise similar substituent chains. When that point has been reached, the constitu-
tion of the remainder of the chain is irrelevant.

Chapter 5

Note: The substituents are
attached through the dangling
bond to the stereocenter in
the molecule under
discussion.

Ranking in —C Hy

— CH,CH,CH,CH;
Butyl
ranks lower in priority than

T
—CHZ?CH3
H

2-Methylpropyl
ranks lower in priority than

CH,

|
— CCH,

|
CH,

1,1-Dimethylethyl
(tert-butyl)
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The red atoms shown in the
groups on the right side of the
display are not really there.
They are added only for the
purpose of assigning a relative
priority to each of the corres-
ponding groups to their left.

CH=CH, b

C\"’" CH
I 3 C
OH a

a HO

/
dH—C_ |
\“CH b

CH,OH ¢

Stereoisomers

III ﬁFirst point of difference j CH3
— C| —CH,0OH ranks lower in priority than — C| —CH;
H H
First point of difference
I|{<—/< > CH;
— C| —CH,CH,CCl; ranks lower in priority than — C| —CH;
H H

When we reach a point along a substituent chain at which it branches, we choose the
branch that is higher in priority. When two substituents have similar branches, we rank the
elements in those branches until we reach a point of difference.

CH,CH,CH; CH,CH,CH;
— C|J —CH,—SH ranks lower in priority than — C| —CH,—S—CH;

H H

First point of difference

Two examples are shown below.

la C(CHy)s a

dH—C, dH—C
\"’CHzCHg b \”’CH2CH3 c
CH, c CH(CH,), b

(R)-2-Iodobutane (S)-3-Ethyl-2,2,4-trimethylpentane

Rule 3. Double and triple bonds are treated as if they were single, and the atoms in them
are duplicated or triplicated at each end by the respective atoms at the other end of the
multiple bond.

H |
N . I
/C—C\ is treated as ? ? R
C
1
—C=C—R is treated as 7$7$7R
C
I T
—C—H is treated as 7$70
H
I T
—C—OH is treated as 7$70
OH

Examples are shown in the margin and in the structures of S- and R-albuterol that appear
in the Chapter Opening.
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Draw the structures of the following substituents and within each group rank them in order of
decreasing priority. (a) Methyl, bromomethyl, trichloromethyl, ethyl; (b) 2-methyl-propyl (isobutyl),
1-methylethyl (isopropyl), cyclohexyl; (¢) butyl, 1-methylpropyl (sec-butyl), 2-methylpropyl
(isobutyl), 1,1-dimethylethyl (zert-butyl); (d) ethyl, 1-chloroethyl, 1-bromoethyl, 2-bromoethyl.

Exercise 5-10

Working with the Concepts: Assigning Rand S

Assign the absolute configuration of (—)-2-bromobutane, depicted in Table 5-1.

Strategy

To establish a molecule’s absolute configuration, we cannot rely on whether it is levorotatory or dextrorotatory. Instead, we focus on
the stereocenter and arrange the molecule in space in such a way that the substituent with lowest priority is facing away from us.
Therefore, the first task is to assign priorities and the second step is to arrange the molecule in space as required.

Solution

Let us look at (—)-2-bromobutane, reproduced below (labeled A) as it appears in Table 5-1.

CH,CHj b 5
="
————— > C -——--> -————> d—C <—G——; X
4 \ '/ \ \"*,
N = d \\\I ¢ \I/'C It's R!
Br a a
A B D

* According to the Cahn—Ingold—Prelog rules, Br is a, CH,CHj; is b, CH; is ¢, and H is d, as depicted in structure B.

* Arranging the molecule in space can be difficult at first, but becomes easier with practice. A safe approach is described in Figure 5-6,
in which you move the tetrahedral frame so as to place the C-d bond in the plane of the page pointing to the left and imagine looking
down this axis from the right. For structure B, this procedure means rotating the carbon atom to reach structure C (with the C-d bond
in the plane of the page) and then rotating the molecule clockwise to reach D. Looking at D from the right as shown reveals the abso-
lute configuration: R.

* As you do more of these assignments, you will become increasingly adept at seeing the molecule in three dimensions and viewing it so
that the trio a, b, ¢ is pointing toward you and group d is pointing away from you.

Exercise 5-11
Try It Yourself

Assign the absolute configuration of the remaining three molecules depicted in Table 5-1.

Draw one enantiomer of your choice (specify which, R or S) of 2-chlorobutane, 2-chloro-
2-fluorobutane, and (HC=C)(CH,—CH)C(Br)(CHj).

MODEL BUILDING

To assign correctly the stereostructure of stereoisomers, we must develop a fair
amount of three-dimensional “vision,” or “stereoperception.” In most of the struc-
tures that we have used to illustrate the priority rules, the lowest-priority substituent
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The Fischer Stencil

is shown as

JT

Stereoisomers

is located at the left of the carbon center and in the plane of the page, and the remain-
der of the substituents at the right, the upper-right group also being positioned in this
plane. However, we already know that this is not the only way of drawing hashed-
wedged line structures; others are equally correct. Consider some of the structural draw-
ings of (S)-2-bromobutane (below). These are simply different views of the same
molecule.

Six Ways of Depicting (S)-2-Bromobutane

Ivl Br BEr

HyC thwe- C -t Br \C —H CH;CH, »C —= CH;4
CH;CH,", i
CH,CH; =

In Summary The sign of optical rotation cannot be used to establish the absolute con-
figuration of a stereoisomer. Instead, X-ray diffraction (or chemical correlations) must be
used. We can express the absolute configuration of the chiral molecule as R or S by
applying the sequence rules, which allow us to rank all substituents in order of decreas-
ing priority. Turning the structures so as to place the lowest-priority group at the back
causes the remaining substituents to be arranged in clockwise (R) or counterclockwise ()
fashion.

5-4 Fischer Projections

A Fischer (Chemical Highlight 5-2) projection is a simplified way of depicting tetrahedral
carbon atoms and their substituents in two dimensions. With this method, the molecule is
drawn in the form of a cross, the central carbon being at the point of intersection. The
horizontal lines signify bonds directed foward the viewer; the vertical lines are pointing
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CHEMICAL HIGHLIGHT 5-2

Absolute Configuration: A Historical Note

Before the X-ray diffraction technique was developed, the
absolute configurations of chiral molecules were unknown.
Amusingly, the first assignment of a three-dimensional struc-
ture to a chiral molecule was a guess made more than a
century ago by the sugar chemist Emil Fischer.* He did so
in a paper in 1891 to simplify the depiction of the compli-
cated stereochemical relationships of grape sugar (glucose)
to other sugars, a topic that we will visit in Chapter 24.
His choice (by chemical correlation) assigned the naturally
occurring dextrorotatory enantiomer of 2,3-dihydroxypropanal
(glyceraldehyde) the three-dimensional structure labeled
D-glyceraldehyde. The label “D” does not refer to the sign of
rotation of plane-polarized light but to the spatial arrange-
ment of the substituent groups.

Professor Emil Fischer in his
laboratory.

*Professor Emil Fischer (1852-1919), University of Berlin,
Germany, Nobel Prize 1902 (chemistry).

Professor Johannes M. Bijvoet (1892—1980), University of Utrecht,
The Netherlands.

H
(H) |
_©
HC"{ “OH
CH,OH

p-(+)-2,3-Dihydroxypropanal
[D-(+)-Glyceraldehyde]

[a]y € = +8.7

H
L 9
C.
Pt
HO CH g
Y on [l = -87

L-(—)-2,3-Dihydroxypropanal
[L-(—)-Glyceraldehyde]

The other isomer was called L-glyceraldehyde. All chiral
compounds that could be converted into D-(+)-glyceraldehyde
by reactions that did not affect the configuration at the stereo-
center were assigned the D configuration, and their mirror
images the L.

p-Configurations

H H
ﬁ | o |
-C .C
HCY/ “OH CH,C*/ “OH
CH,OCH,4 CH,
L-Configurations
H H
/éw? /éwu
CH;0 \’CH HO \’COCH3

CH,OH CH,SH

In 1951, the Dutch crystallographer Johannes Bijvoet’
established the absolute configurations of these compounds
by the X-ray diffraction analysis of a salt of tartaric acid,
which had been correlated by chemical means with Fischer’s
sugars and, in turn, glyceraldehyde. As Bijvoet states in his
paper (abbreviated), “The result is that Emil Fischer’s con-
vention . . . appears to answer the reality.” Lucky guess!

D,L nomenclature is still used for sugars (Chapter 24)
and amino acids (Chapter 26).

away. Hashed-wedged line structures have to be arranged in this way to facilitate their
conversion into Fischer projections.

Conversion of the Hashed-Wedged Line Structures
of 2-Bromobutane into Fischer Projections (of the Stereocenter)

H H H H
Br-—-C-—-CHZCH3 Br +CH2CH3 CH3CH2"‘C"'BT CH3CH2+ Br
2 : MODEL BUILDING
CH, CH; CH; CH;
Hashed-wedged line Fischer Hashed-wedged line Fischer
structure projection structure projection

(R)-2-Bromobutane

(S)-2-Bromobutane
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Stereoisomers

Notice that just as there are several ways of depicting a molecule in the hashed-wedged
line notation, there are several correct Fischer projections of the same stereocenter.

Two Additional Projections of (R)-2-Bromobutane

H H CH, CH,
CHi—C—Br ——> CH3+Br He—C—CH,CH; —5—> H{»CHZCH;
CH,CH, CH,CH, Br Br

A simple mental procedure that will allow you to safely convert any hashed-wedged line
structure into a Fischer projection is to picture yourself at the molecular level and grasp
any two substituents of the hashed-wedged line rendition with your hands while facing the
central carbon, as shown below. In this cartoon, these substituents are labeled arbitrarily
a and c. If you then imagine descending on the page while holding the molecule, the two
remaining substituents (positioned behind the carbon center) will submerge below it, and
your left and right hands will position the two horizontal, wedged-line groups in the proper
orientation. This procedure places the two remaining hashed-line groups vertically (juxta-
posing your head and feet, respectively).

A Simple Mental Exercise:
Conversion of Hashed-Wedged Line Structures into Fischer Projections

d

b

Having achieved this conversion, you can change one Fischer projection into another
of the same molecule by using certain manipulations: rotations and substituent switches.
However, we shall see next that care has to be taken so you don’t inadvertently convert
R into S configurations.

Rotating a Fischer projection may or may not change the
absolute configuration

What happens when we rotate a Fischer projection in the plane of the page by 90°?
Does the result depict the spatial arrangement of the original molecule? The defini-
tion of a Fischer projection—horizontal bonds are pointed above, vertical ones below
the plane of the page—tells us that the answer is clearly no, because this rotation
has switched the relative spatial disposition of the two sets: The result is a picture of
the enantiomer. On the other hand, rotation by 180° is fine, because horizontal and
vertical lines have not been interchanged: The resulting drawing represents the same
enantiomer.
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Br
90° turn
—> H;3C H
CH,CH;
changes into S

180° turn

remains

Draw Fischer projections for all the molecules in Exercises 5-10 through 5-12.

Exchanging substituents in a Fischer projection also changes the
absolute configuration

As is the case for hashed-wedged line structures, there are several Fischer projections
of the same enantiomer, a situation that may lead to confusion. How can we quickly
ascertain whether two Fischer projections are depicting the same enantiomer or two mir-
ror images? We have to find a sure way to convert one Fischer projection into another
in a manner that either leaves the absolute configuration unchanged or converts it into
its opposite. It turns out that this task can be achieved by simply making substituent
groups trade places. As we can readily verify by using molecular models, any single
such exchange turns one enantiomer into its mirror image. Two such exchanges (we may
select different substituents every time) produce the original absolute configuration. As
shown below, this operation merely results in a different view of the same molecule.

Br
CH; <5~ Br | CH,CH, <% Br
Cl | CH; Cl
CH,CH;
changes into R changes back into

(The double arrow denotes two groups trading places)

We now have a simple way of establishing whether two different Fischer projections
depict the same or opposite configurations. If the conversion of one structure into another
takes an even number of exchanges, the structures are identical. If it requires an odd num-
ber of such moves, the structures are mirror images of each other.
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Stereoisomers

Consider, for example, the two Fischer projections A and B. Do they represent mole-
cules having the same configuration? The answer is found quickly. We convert A into B
by two exchanges; so A equals B.

Cl H H

H cH, 7% cHy, 7N e cl
CH,CH, CH,CH, CH,CH,
A B

Exercise 5-14

Draw the hashed-wedged line structures corresponding to Fischer projections A and B, above. Is
it possible to transform A into B by means of a rotation about a single bond? If so, identify the
bond and the degree of rotation required. Use models if necessary.

Fischer projections tell us the absolute configuration

Fischer projections allow us to assign absolute configurations without having to visualize
the three-dimensional arrangement of the atoms. For this purpose, we

First draw the molecule as any Fischer projection.
Next, we rank all the substituents in accord with the sequence rules.

Finally, if necessary, we place group d on top by a double exchange.

With d at the top, the three groups of priority a, b, and ¢ can adopt only two arrange-
ments: either clockwise or counterclockwise. The first corresponds unambiguously to the R,
the second to the S configuration.

d d d d d d
a{}}»b c%a /7«@»0 b $ a a $ c c@b
c b a c b a
R R R S S S

What is the absolute configuration of

CH3
Strategy
This molecule, 1-bromo-1-deuterioethane, is chiral because of the presence of a carbon atom bear-
ing four different substituents, one of which happens to be deuterium, an isotope of hydrogen. The
first task is to assign priorities, and the second step is to arrange the Fischer projection such as to
place the lowest-priority substituent on top.
Solution
* According to the Cahn—Ingold—Prelog rules, Br is a, CH; is b, D is ¢, and H is d.
* To simplify matters, we replace the substituents with their stereochemical priority designators:

Br a

H—D i

CH; b
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* We next apply the (any) “double-exchange” protocol (which leaves the absolute configuration
intact) so as to place d on top. In the approach chosen below, d trades places with a, and b with c.
This arranges the remainder in a clockwise fashion: R.

a d

* We could have done other double exchanges, as long as d winds up on top. Try, for example,
switching d/a and subsequently a/c, or the sequence d/c, a/d, and confirm that you always get the
same answer!

Exercise 5-16

Try It Yourself

Assign the absolute configuration of the two molecules depicted below.

Cl CH;
17 + Br H2N+COH
I H O

Convert the Fischer projections in Exercises 5-15 and 5-16 into hashed-wedged line formulas and
determine their absolute configurations by using the procedure described in Section 5-3. When the
lowest-priority group is at the top in a Fischer projection, is it in front of the plane of the page or
behind it? Does this explain why the procedure outlined on p. 186 for determination of configura-
tion from Fischer projections succeeds?

In Summary A Fischer projection is a convenient way of drawing chiral molecules. We
can rotate such projections in the plane by 180° (retains absolute configuration) but not by
90° (changes absolute configuration). Switching substituents reverses absolute configuration,
if done an odd number of times, but leaves it intact when the number of such exchanges
is even. By placing the substituent of lowest priority on top, we can readily assign the
absolute configuration.

5-5 Molecules Incorporating Several Stereocenters: Diastereomers

Many molecules contain several stereocenters. Because the configuration about each center
can be R or S, several possible structures emerge, all of which are isomeric.

Two stereocenters can give four stereoisomers: chlorination of
2-bromobutane at C3

In Section 5-1 we described how a carbon-based stereocenter can be created by the radical
halogenation of butane. Let us now consider the chlorination of racemic 2-bromobutane to
give (among other products) 2-bromo-3-chlorobutane. The introduction of a chlorine atom
at C3 produces a new stereocenter in the molecule. This center may have either the R or

Chapter 5

MODEL BUILDING
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Stereoisom

ers

Mirror plane

CH, CH; : CH; CH,
Ha&s S/C ! H == Br H——Br <<~ Enantiomers — Br—R—H Br=—H H3C\R Rng
C— = = = = C—C’

/3 2\~ S _R : : BrY/2 3\
H,C \HBr Cl——H Cl H H cl H=—=Cl rH/ CH,
CH, CH \ / CH CH,

3 3
(25,35)-2-Bromo-3-chlorobutane Diast (2R,3R)-2-Bromo-3-chlorobutane
1astereomers
CH, CH; / \ CH; CH,

H H H H H H
ClL&r A H:l:Br H—3—Br << Enantiomers =, Br—X—H  Br——H ks SCl
C—C. = = _ _ C
/3 2\"B | H—2—c1 c—3—u I Bred2 3\
H,C 0 r H T Cl Cl i H o CH,
CH, CH, CH, CH;

(25,3R)-2-Bromo-3-chlorobutane

H

N
CH3—*(‘I—CH2—CH3

Br

One stereocenter

Cl,, hy l —HCI

H C

)
CH3—(‘Iﬁ‘(‘Z—CH3

Br H

Two stereocenters

2-Bromo-3-chlorobutane

(2R,35)-2-Bromo-3-chlorobutane

Figure 5-7 The four stereoisomers of 2-bromo-3-chlorobutane. Each molecule is the enantiomer
of one of the other three (its mirror image) and is at the same time a diastereomer of each of the

remaining two. For example, the 2R,3R isomer is the enantiomer of the 2S,3S compound and is a
diastereomer of both the 2S,3R and the 2R,3S structures. Notice that two structures are enantiomers
only when they possess the opposite configuration at every stereocenter.

the S configuration. This reaction can be conveniently shown using Fischer projections. For
this purpose, we draw the stem as a vertical line and the stereocenters as horizontal lines.
How many stereoisomers are possible for 2-bromo-3-chlorobutane? There are four, as can
be seen by completing a simple exercise in permutation. Each stereocenter can be either
R or S, and, hence, the possible combinations are RR, RS, SR, and SS. You can readily
establish the existence of four stereoisomers by recognizing that each halogen substituent

can be placed either to the right or to the left of the stem, respectively, for a total of four
combinations (see below and Figure 5-7).

CH, CH, CH,

H—+—Br Br—+—H ¢, H—+—Br

H——H " H——H " c-2—H
CH, CH,4 CH;

Racemic 3-bromobutane

CH,
Br——H
" H—8—al
CH,

+

CH,

H——Br

H—S—al
CH,

+

CH,
Br—2—H
cl——H

CH,

Four stereoisomers of 2-bromo-3-chlorobutane

Because all horizontal lines in Fischer projections signify bonds directed toward the viewer,
the Fischer stencil represents an eclipsed conformation and therefore does not depict the
molecule in its most stable form, which is anti. This is illustrated below for (25,35)-
2-bromo-3-chlorobutane (see also Figure 5-7).

(25,35)-2-Bromo-3-chlorobutane: from Eclipsed Fischer Projection
to Anti Conformation

CH,

CH, CH,
H—>—Br  He——=Br
A=l H el

CH, CH,

Fischer projection

anti-Hashed-wedged
line structure

CH;
H
H
CH;
Newman

projection

Cl

B

T
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Treated as substituent

CH; —
~ Write as a tetrasubstituted CHBrCH; b d
H——Br methane al H=a | d Double exchange . fl) b
Cl——H | | |
™~ PROBLEM: R or §? CH; ¢ a
CH, 5

SOLUTION: The center under scrutiny is S.

Figure 5-8 Assigning the absolute configuration at C3 in 2-bromo-3-chlorobutane. We consider
the group containing the stereocenter C2 merely as one of the four substituents. Priorities (also
noted in color) are assigned in the usual way (Cl > CHBrCH; > CH3 > H), giving rise to the repre-
sentation shown in the center. Two exchanges place the substituent of lowest priority (hydrogen)
at the top of the Fischer projection to facilitate assignment.

To make stereochemical assignments, one treats each stereocenter separately, and the group
containing the other stereocenter is regarded as a simple substituent (Figure 5-8).

By looking closely at the structures of the four stereoisomers (Figure 5-7), we see that
there are two related pairs of compounds: an R,R/S,S pair and an R,S/S,R pair. The members
of each individual pair are mirror images of each other and therefore enantiomers. Con-
versely, each member of one pair is not a mirror image of either member of the other pair;
hence, they are not enantiomeric with respect to each other. Stereoisomers that are not
related as object and mirror image, and therefore are not enantiomers, are called diastereomers
(dia, Greek, across).

Exercise 5-18

The two amino acids isoleucine and alloisoleucine are depicted below in staggered conformations.
Convert both into Fischer projections. (Keep in mind that Fischer projections are views of mol-
ecules in eclipsed conformations.) Are these two compounds enantiomers or diastereomers?

NH, NH,

CH,CH,H HiCl,

\"CO,H \'CO,H
HsC H 2 CH,CH, H °
Isoleucine Alloisoleucine

In contrast with enantiomers, diastereomers, because they are not mirror images of each
other, are molecules with different physical and chemical properties (see, e.g., Chemical

Highlight 5-3). Their steric interactions and energies differ. They can be separated by frac- CHs CHs
tional distillation, crystallization, or chromatography. They have different melting and boil- Br—8—§ H—S—Br
ing points and different densities, just as constitutional isomers do. In addition, they have s + R
different specific rotations. C—r—H H——d
CH, CH,

E ise 5-19 2-Bromo-3-chlorobutane
LU 2R R,S/S,R-Racemate:

b.p. 31-33°C (at 16 torr)

What are the stereochemical relations (identical, enantiomers, diastereomers) of the following four

molecules? Assign absolute configurations at each stereocenter. CH; CH,
CH, Br—X—H H——Br
+
H——F H—EL—q1 a—3—H
H———CH,CH; CH, CH,
CH; 2-Bromo-3-chlorobutane

R,R/S,S-Racemate:
b.p. 38-38.5°C (at 16 torr)
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CHEMICAL HIGHLIGHT 5-3

Stereoisomers of Tartaric Acid

Tartaric acid (systematic name 2,3-dihydroxy-
butanedioic acid) is a naturally occurring
dicarboxylic acid containing two stereocenters
with identical substitution patterns. Therefore it
exists as a pair of enantiomers (which have
identical physical properties but which rotate
plane-polarized light in opposite directions)
and an achiral meso compound (with different
physical and chemical properties from those of
the chiral diastereomers).

The dextrorotatory enantiomer of tartaric
acid is widely distributed in nature. It is present
in many fruits, and its monopotassium salt is

HO, COOH H COOH HO, COOH
H\’"-.Cic/ HOQC*C/ Ha
/R R\"OH /s s\"H /R s\"H
HOOC H HOOC OH HOOC OH
(+)-Tartaric acid (—)-Tartaric acid meso-Tartaric acid
[} = +12.0 [aly"¢ = —12.0 [alyC =0
m.p. 168-170°C m.p. 168-170°C m.p. 146-148°C
Density (g mL™Y) d = 1.7598 d = 1.7598 d = 1.666

Pasteur* obtained a sample of the sodium
ammonium salt of this acid and noticed that
there were two types of crystals: One set was
the mirror image of the second. In other
words, the crystals were chiral.

By manually separating the two sets,
dissolving them in water, and measuring
their optical rotation, Pasteur found one of
the crystalline forms to be the pure salt of
(+)-tartaric acid and the other to be the levo-
rotatory form. Remarkably, the chirality of
the individual molecules in this rare case had
given rise to the macroscopic property of

found as a deposit during the fermentation of
grape juice. Pure levorotatory tartaric acid is

Pasteur’s polarimeter and
crystals of (+)- and
(—)-tartaric acid.

chirality in the crystal. He concluded from his
observation that the molecules themselves

rare, as is the meso isomer.

Tartaric acid is of historical significance
because it was the first chiral molecule whose racemate
was separated into the two enantiomers. This happened in
1848, long before it was recognized that carbon could be
tetrahedral in organic molecules. By 1848, natural tartaric
acid had been shown to be dextrorotatory and the racemate
had been isolated from grapes. [In fact, the words “race-

must be chiral. These findings and others led

in 1874 to the first proposal, by van’t Hoff
and Le Bel® independently, that saturated carbon has a tetra-
hedral bonding arrangement and is not, for example, square
planar. (Why is the idea of a planar carbon incompatible
with that of a stereocenter?)

*Professor Louis Pasteur (1822—-1895), Sorbonne, Paris.

mate” and “racemic” are derived from an old common
name for this form of tartaric acid, racemic acid (racemus,
Latin, cluster of grapes)]. The French chemist Louis

"Professor Jacobus H. van’t Hoff (1852—1911), University of
Amsterdam, Nobel Prize 1901 (chemistry); Dr. J. A. Le Bel
(1847-1930), Ph.D., Sorbonne, Paris.

Cis and trans isomers are cyclic diastereomers

MODEL BUILDING It is instructive to compare the stereoisomers of 2-bromo-3-chlorobutane with those of a cyclic
analog, 1-bromo-2-chlorocyclobutane (Figure 5-9). In both cases, there are four stereoisomers:
R.R, S.S, R,S, and S,R. In the cyclic compound, however, the stereoisomeric relation of the
first pair to the second is easily recognized: One pair has cis stereochemistry, the other trans.

Cis and trans isomers (Section 4-1) in cycloalkanes are in fact diastereomers.

More than two stereocenters means still more stereoisomers

What structural variety do we expect for a compound having three stereocenters? We may
again approach this problem by permuting the various possibilities. If we label the three
centers consecutively as either R or S, the following sequence emerges:

RRR RRS RSR SRR RSS SRS SSR SSS



5-6 Meso Compounds

Mirror plane
§ H=; i~Cl
H H Br H
K s Cl: Flipso H i
i c : inlgg;/ &Rom
Br Br 2"\ 1\
c /e AN CIHC_ CH, BrHC_  CH,
% %
s H H R Br H cl H
H H ClisR C2isR
A B

a total of eight stereoisomers. They can be arranged to reveal a division into four enantio-
mer pairs of diastereomers.

Image RRR RRS RSS SRS
Mirror image SSS SSR SRR RSR

Generally, a compound with n stereocenters can have a maximum of 2" stereoisomers.
Therefore, a compound having three such centers gives rise to a maximum of eight stereo-
isomers; one having four produces sixteen; one having five, thirty-two; and so forth. The
structural possibilities are quite staggering for larger systems.

Exercise 5-20

Draw all the stereoisomers of 2-bromo-3-chloro-4-fluoropentane.

In Summary The presence of more than one stereocenter in a molecule gives rise to dia-
stereomers. These are stereoisomers that are not related to each other as object and mirror
image. Whereas enantiomers have opposite configurations at every respective stereocenter,
two diastereomers do not. A molecule with n stereocenters may exist in as many as 2" stereo-
isomers. In cyclic compounds, cis and trans isomers are diastereomers.

5-6 Meso Compounds

We saw that the molecule 2-bromo-3-chlorobutane contains two distinct stereocenters, each
with a different halogen substituent. How many stereoisomers are to be expected if both
centers are identically substituted?

Two identically substituted stereocenters give rise
to only three stereoisomers
Consider, for example, 2,3-dibromobutane, which can be obtained by the radical bromination

of 2-bromobutane. As we did for 2-bromo-3-chlorobutane, we have to consider four struc-
tures, resulting from the various permutations in R and S configurations (Figure 5-10).

H H Br
w* ‘ Br,, hv e ‘ ‘ *
—HBr
Br Br H
One stereocenter Two stereocenters

2,3-Dibromobutane

Chapter 5

Figure 5-9 (A) The diastereomeric
relation of cis- and trans-1-bromo-
2-chlorocyclobutane. (B) Stereo-
chemical assignment of the R,R
stereoisomer. Recall that the color
scheme indicates the priority order
of the groups around each stereo-
center: red > blue > green > black.

MODEL BUILDING
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Figure 5-10 The stereochemical
relations of the stereocisomers of
2,3-dibromobutane. The lower pair
consists of identical structures.
(Make a model.)

i, RN '.i'

This cat’s face appears perfectly
meso.

MODEL BUILDING

Stereoisomers

Mirror plane
CH; CH;

B H s X Ho Br
Ha& SsBr H Br ; Br—r—H Bra& ssH
7—< <<~ Enantiomers — 7—<
S = = R R

S N R
H;C CH; Br H H——F—Br HiC CH;
CH; \ / CH;
Diastereomers
CH; / \ CH;
Br  Br s R HoH
H7’_‘<H Br Br——H Brag, s Br
S R = i =
R (_f“Enantl?mers?—l) s R S
HgC CH; H Br ! Br———H H;C CH;
No! Identical!
CH; (Meso) CH;

The first pair of stereoisomers, with R,R and S,S configurations, is clearly recognizable as
a pair of enantiomers. However, a close look at the second pair reveals that (S,R) and mirror
image (R,S) are superimposable and therefore identical. Thus, the S,R diastereomer of
2,3-dibromobutane is achiral and not optically active, even though it contains two stereocenters.
The identity of the two structures can be readily confirmed by using molecular models.

A compound that contains two (or, as we shall see, even more than two) stereocenters
but is superimposable with its mirror image is a meso compound (mesos, Greek, middle).
A characteristic feature of a meso compound is the presence of an internal mirror plane,
which divides the molecule such that one half is the mirror image of the other half. For
example, in 2,3-dibromobutane, the 2R center is the reflection of the 3S center. This arrange-
ment is best seen in an eclipsed hashed-wedged line structure (Figure 5-11). The presence
of a mirror plane in any energetically accessible conformation of a molecule (Sections 2-7
and 2-8) is sufficient to make it achiral (Section 5-1). As a consequence, 2,3-dibromobutane
exists in the form of three stereoisomers only: a pair of (necessarily chiral) enantiomers and
an achiral meso diastereomer.

Identically substituted stereocenters

H3C\ ‘HB H3C\ /CH3
S#B1  Rotation
ot 2 RC——1-C'S
BrY/R 7 S\ B/ \“Br
H CH; H H
A7
Staggered
Eclipsed

Figure 5-11 meso-2,3-Dibromobutane contains an internal mirror plane when rotated into the
eclipsed conformation shown. A molecule with more than one stereocenter is meso and achiral
as long as it contains a mirror plane in any readily accessible conformation. Meso compounds
possess identically substituted stereocenters.

Meso diastereomers can exist in molecules with more than two stereocenters. Examples
are 2,3,4-tribromopentane and 2,3,4,5-tetrabromohexane.

Meso Compounds with Multiple Stereocenters

CH; |
CH3 |
-1 |
Br——H Br H U BriBr ]
A H——Br <
= ———Br—+—H-- Mirrorplane — — — — —|— ———— = |
— Br
Br——H Br——H Bryj i Br
H |
CHs CH; !

Mirror plane

Mirror plane
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Draw all the stereoisomers of 2,4-dibromo-3-chloropentane.

Cyclic compounds may also be meso

It is again instructive to compare the stereochemical situation in 2,3-dibromobutane with
that in an analogous cyclic molecule: 1,2-dibromocyclobutane. We can see that trans-1,2-
dibromocyclobutane exists as two enantiomers (R,R and S,S) and may therefore be optically
active. The cis isomer, however, has an internal mirror plane and is meso, achiral, and
optically inactive (Figure 5-12).

Br | Br Br
H | H Br
R ! S /JR
1 Internal mirror plane
i H [~ H
R ! S N
Br ! Br H
Mirror plane 1R,2S same as 1S,2R
Enantiomers of Meso diastereomer
chiral diastereomer
trans-1,2-Dibromocyclobutane cis-1,2-Dibromocyclobutane

Notice that we have drawn the ring in a planar shape in order to illustrate the mirror
symmetry, although we know from Chapter 4 that cycloalkanes with four or more carbons
in the ring are not flat. Is this justifiable? Generally yes, because such compounds, like their
acyclic analogs, possess a variety of conformations that are readily accessible at room
temperature (Sections 4-2 through 4-4 and Section 5-1). At least one of these conformations
will contain the necessary mirror plane to render achiral any cis-disubstituted cycloalkane
with identically constituted stereocenters. For simplicity, cyclic compounds may usually be
treated as if they were planar for the purpose of identifying a mirror plane.

Draw each of the following compounds, representing the ring as planar. Which ones are chiral?
Which are meso? Indicate the location of the mirror plane in each meso compound. (a) cis-1,2-
Dichlorocyclopentane; (b) its trans isomer; (¢) cis-1,3-dichlorocyclopentane; (d) its trans isomer;
(e) cis-1,2-dichlorocyclohexane; (f) its trans isomer; (g) cis-1,3-dichlorocyclohexane; (h) its trans
isomer.

For each meso compound in Exercise 5-22, draw the conformation that contains the mirror plane.
Refer to Sections 4-2 through 4-4 to identify energetically accessible conformations of these ring
systems.

In Summary Meso compounds are diastereomers containing a molecular plane of symmetry.
They are therefore superimposable on their mirror images and achiral. Molecules with two
or more identically substituted stereocenters may exist as meso stereoisomers.

5-7 Stereochemistry in Chemical Reactions

We have seen that a chemical reaction, such as the halogenation of an alkane, can introduce
chirality into a molecule. How exactly does this occur? To find the answer, we need to look
more closely at the conversion of achiral butane into chiral 2-bromobutane, which gives

Chapter 5

Chiral or meso?

Figure 5-12 The trans isomer
of 1,2-dibromocyclobutane is
chiral; the cis isomer is a meso
compound and optically inactive.
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racemic material. Once we have done so, we shall be able to understand the halogenation
of 2-bromobutane and the effect of the chiral environment of a stereocenter already present
in a molecule on the stereochemistry of the reaction.

MECHANISM The radical mechanism explains why the bromination of butane

DE:O}‘J results in a racemate

The radical bromination of butane at C2 creates a chiral molecule (Figure 5-3). This hap-
pens because one of the methylene hydrogens is replaced by a new group, furnishing a
stereocenter—a carbon atom with four different substituents.

In the first step of the mechanism for radical halogenation (Sections 3-4 and 3-6), one
of these two hydrogens is abstracted by the attacking bromine atom. It does not matter
which of the two is removed: This step does not generate a stereocenter. It furnishes a
planar, sp>-hybridized, and therefore achiral radical. The radical center has two equivalent
reaction sites—the two lobes of the p orbital (Figure 5-13)—that are equally susceptible
to attack by bromine in the second step. We can see that the two transition states resulting
in the respective enantiomers of 2-bromobutane are mirror images of each other. They
are enantiomeric and therefore energetically equivalent. The rates of formation of R and
S products are hence equal, and a racemate is formed. In general, the formation of chiral

B BE
Bromine attacks 9
from the to i
P Br-
+
C|H3 Br
L Bt C.
Y CH,CH; 1 \CH;
H CHchg
w (S)-2-Bromobutane
Br- | -HBr C..,
- Q\," CH;
CH,CH;
‘\\\\CH3 Br,
2 ‘ .
o\ CH,CH;
o Mirror
Achiral radical 0 \\\CH3 ¥
(Two lobes of p orbital \\C)»yCHZCH3
are equivalent)
Ho o S8
\ "CHQCH3
Br C
—
Figure 5-13 The creation of Br
racemic 2-bromobutane from e +
XLkJ)ta}Ene k:;y radl]f:alltgromln?;c]lor at C2. Bromine attacks Br-
straction ot either metnylene from the bottom Br (R)-2-Bromobutane
hydrogen by bromine gives an
achiral radical. Reaction of Br,
with this radical is equally likely at

either the top or the bottom face, . . .
a condition leading to a racemic Enantiomeric transition states

mixture of products. (Equal in energy)
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compounds (e.g., 2-bromobutane) from achiral reactants (e.g., butane and bromine) yields
racemates. Or, optically inactive starting materials furnish optically inactive products.*

The presence of a stereocenter affects the outcome of the reaction:
chlorination of (S)-2-bromobutane

Now we understand why the halogenation of an achiral molecule gives a racemic halide.
What products can we expect from the halogenation of a chiral, enantiomerically pure
molecule? Or, to put it differently, how does the presence of a stereocenter in the structure
affect its function in a reaction?

For example, consider the radical chlorination of the S enantiomer of 2-bromobutane.
In this case, the chlorine atom has several options for attack: the two terminal methyl
groups, the single hydrogen at C2, and the two hydrogens on C3. Let us examine each of
these reaction paths.

Chlorination of (S)-2-Bromobutane at Either C1 or C4

H Cly, hv H Cl,, hv H
| 2 at Cl I 2 at C4 | 3
1LCE —— 1LCl — 4 C3
CIH,CY¢ ~Br ~HA  H,CY/ ~Br ~HA H;CY¢ “Br
CH;CH, CH;CH, CICH,CH,
4 3 4 3 1 2
Optically active Optically active Optically active
2R 25 3S

Chlorination of either terminal methyl group is straightforward, proceeding at C1 to give
2-bromo-1-chlorobutane or at C4 to give 3-bromo-1-chlorobutane. In the latter, the original
C4 has now become Cl1, to maintain the lowest possible substituent numbering. Both of
these chlorination products are optically active because the original stereocenter is left
intact. Note, however, that conversion of the C1 methyl into a chloromethyl unit changes
the sequence of priorities around C2. Thus, although the stereocenter itself does not par-
ticipate in the reaction, its designated configuration changes from S to R.

What about halogenation at C2, the stereocenter? The product from chlorination at
C2 of (S)-2-bromobutane is 2-bromo-2-chlorobutane. Even though the substitution pattern
at the stereocenter has changed, the molecule remains chiral. However, an attempt to mea-
sure the [«] value for the product would reveal the absence of optical activity: Halogenation
at the stereocenter leads to a racemic mixture. How can this be explained? For the answer,
we must look again at the structure of the radical formed in the course of the reaction
mechanism.

A racemate forms in this case because hydrogen abstraction from C2 furnishes a planar,
sp’-hybridized, achiral radical.

Chlorination of (S)-2-Bromobutane at C2

H Cl
H;C B
| a- H3C/,,° cl, | Fa !
—_—

~C—Br —>

H3Cvy ™\ -HC CH;CHy —an HiCrgmN ’ |
CHgCHz Br CH}CHQ Br Cl
Optically active Optically inactive
(A racemate)
28 Achiral 50% 28 50% 2R

*We shall see later that it is possible to generate optically active products from optically inactive starting
materials if we use an optically active reagent or catalyst (see, for example, Chemical Highlight 5-4).

Chapter 5

Remember the use of color
to denote group priorities:
a Highest—red

b Second highest—blue

¢ Third highest—green

d Lowest—black
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CHEMICAL HIGHLIGHT 5-4

Chiral Drugs: Racemic or Enantiomerically Pure?

Until recently, most synthetic chiral medicines were prepared
as racemic mixtures and sold as such. The reasons were
mainly of a practical nature. Reactions that convert an achiral
into a chiral molecule ordinarily produce racemates (Sec-
tion 5-7). In addition, often both enantiomers have comparable
physiological activity or one of them (the “wrong” one) is
inactive; therefore resolution was deemed unnecessary. Finally,
resolution of racemates on a large scale is expensive and adds
substantially to the cost of drug development.

H,N NH
: > >on  HO™ % ’
O H,N H H NH, O
Bitter Sweet
Asparagine
(Amino acid; see Chapter 26)
H §H3

Cl Cl
H;C H
HO
S™o 6}
¢} Cl Cl

A o
(0]

However, in a number of cases, one of the enantiomers
of a drug has been found to act as a blocker of the biologi-
cal receptor site, thus diminishing the activity of the other
enantiomer. Worse, one of the enantiomers may have a
completely different, and sometimes toxic, spectrum of
activity. This phenomenon is quite general, since nature’s
receptor sites are handed (Chemical Highlight 5-5). Several
examples of different bioactive behavior between enantiomers
are shown below.

In 1806, asparagine was the first amino
acid to be isolated from nature, from the
juice of asparagus.

Active Inactive
Dichlorprop
(Herbicide)
CH,OH HOH,C
OH HO
Antagonist Bronchodilator
Albuterol . A
(see also Chapter Opening) Weed control with dichlorprop.
Chlorination can occur from either side through enantiomeric transition states of
equal energy, as in the bromination of butane (Figure 5-13), producing (S)- and (R)-
2-bromo-2-chlorobutane at equal rates and in equal amounts. The reaction is an example
of a transformation in which an optically active compound leads to an optically inactive
product (a racemate).
Exercise 5-24
What halogenations of (§)-2-bromobutane, other than the ones described above, would furnish
. Lo 5
MODEL BUILDING optically inactive products?

The chlorination of (S)-2-bromobutane at C3 does not affect the existing chiral center.
However, the formation of a second stereocenter gives rise to diastereomers. Specifically,
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Because of these findings, the U.S. Food and Drug
Administration (FDA) revised its guidelines for the commer-
cialization of chiral drugs, making it more advantageous for
companies to produce single enantiomers of medicinal prod-
ucts. The logistics of testing pure enantiomers are simpler,
the biological efficiencies of the drugs are higher, and, poten-
tially, the lifetime of a patent on a successful drug can be
further extended by switching sales from a racemate to the
active enantiomer (“chiral switch”). The result has been a
flurry of research activities designed to improve resolution
of racemates or, even better, to develop methods of enantio-
selective synthesis. The essence of this approach is that used
by nature in enzyme-catalyzed reactions (see the oxidation
of dopamine in Section 5-7): An achiral starting material is
converted into the chiral product in the presence of an enan-
tiopure environment, often a chiral catalyst. Because enantio-
meric transition states (Figure 5-13) become diastereomeric
in such an environment (Figure 5-14; note that, in this case,
the chiral “environment” of the reacting carbon is provided
by the neighboring stereocenter), high stereoselectivity can be

Ho, H
chiral catalyst \

in Chemical

Reactions

Chapter 5

achieved. Such selectivity is a nice example of adherence to
some of the principles of green chemistry: avoiding genera-
tion of 50% “waste” in the form of the wrong enantiomer,
the associated cumbersome separation (Section 5-8), atom
economy, and catalysis. As shown below, such methods
have been applied to the syntheses of drugs such as the
antiarthritic and analgesic naproxen and the antihypertensive
propranolol in high enantiomeric purity.

To give you an idea of the importance of this emerging
technology, the worldwide market for chiral drugs is approach-
ing $200 billion per year; 80% of small-molecule drugs
approved currently by the FDA are chiral (see also Table 25-1
for top-selling chiral drugs); and the Nobel prize in chemistry
2001 was given to three researchers who made ground-breaking
discoveries in the field of enantioselective catalysis.*

*Dr. William S. Knowles (b. 1917), Monsanto Company, St. Louis,
Missouri; Professor Ryoji Noyori (b. 1938), Nagoya University,
Japan; Professor K. Barry Sharpless (b. 1941), The Scripps
Research Institute, La Jolla, California.

H H

s’

#C—C., H3c—*ci
H'/ V'R \
H R’ HO,C

(R)-Naproxen

OCH;

R'OOH, 0 OH
chiral catalyst /\ -
—R’OH

H |
LC—C 3C,
H N / \"'// R N ~ C\‘"o,, v O
H R’ H

(C* = a new
stereocenter)

(S)-Propranolol

attachment of chlorine to the left side of C3 in the drawing gives (25,35)-2-bromo-
3-chlorobutane, whereas attachment to the right side gives its 25,3R diastereomer.

Chlorination of (S)-2-Bromobutane at C3

'CH, 'CH, 'CH,
2 2 2
H—2+—Br ¢, 4, H——Br H—+—Br
3 — 3 + 3
H——H H9 g3—c c—2—H
*CH, *CH, *CH,
28 2S8,3R 25,35

Optically active Optically active Optically active

(Unequal amounts)
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Figure 5-14 The chlorination of
(S)-2-bromobutane at C3 produces
the two diastereomers of 2-bromo-
3-chlorobutane in unequal amounts
as a result of the chirality at C2.

MECHANISM
A AN

D078

Stereoisomers

B ‘ ’ B
B H
r\ / Chlorine o
o attacks )
“-'Cz 3C‘~., from the ¢l
A\ \'//
H;C H top +
H CH; Br Cl
(S)-2-Bromobutane \ , 3 /
— Cl —> C— C\
Y “tyy
e HyC H
Cl l HCl 3 H CH;
O (25,3S)-2-Bromo-
Asymmetric Br 3-chlorobutane
C2 carbon ~ c SV” q 25%
s ‘ CHj
Br | HsC f
AN ~H Cl -
—_ C -4
Y \ Br
\ H — —
H';C\\ / ° C 3 | \H i
o @SaCH;
Chiral radical H;C “‘/ ~c s
(Two lobes of p orbital H
are not equivalent)
H
Br
§,CH;
\ 2 3 A
— ]C — C\
N
H;C
ST Cl
o +
Chlorine attacks Cl-
from the bottom Cl (2S,3R)-2-Bromo-
3-chlorobutane
75%

Diastereomeric transition states
(Different in energy)

The chlorination at C2 results in a 1:1 mixture of enantiomers. Does the reaction at C3
also give an equimolar mixture of diastereomers? The answer is no. This finding is readily
explained on inspection of the two transition states leading to the product (Figure 5-14).
Abstraction of either one of the hydrogens results in a radical center at C3. In contrast with
the radical formed in the chlorination at C2, however, the two faces of this radical are not
mirror images of each other, because the radical retains the asymmetry of the original
molecule as a result of the presence of the stereocenter at C2. Thus, the two sides of the
p orbital are not equivalent.

What are the consequences of this nonequivalency? If the rate of attack at the two faces
of the radical differ, as one would predict on steric grounds, then the rates of formation of the
two diastereomers should be different, as is indeed found: (2S,3R)-2-Bromo-3-chlorobutane is
preferred over the 25,35 isomer by a factor of 3 (see Figure 5-14). The two transition states
leading to products are not mirror images of each other and are not superimposable: They are
diastereomeric. They therefore have different energies and represent different pathways.

The chlorination of racemic 2-bromobutane gives racemates

In the preceding discussion, we have used the enantiomerically pure starting material
(§)-2-bromobutane to illustrate the stereochemical consequences of further halogenation.
This choice was arbitrary with respect to absolute configuration; we might have equally well
picked the R enantiomer. The result will be the same, except that all optically active products,
namely, those of chlorination at C1, C3, and C4, will exhibit the opposite configurations to
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CHEMICAL HIGHLIGHT 5-5

Why Is Nature “Handed”?

In this chapter, we have seen that many of the organic mol-
ecules in nature are chiral. More important, most natural
compounds in living organisms not only are chiral, but also
are present in only one enantiomeric form. An example of

Chapter 5

an entire class of such compounds consists of the amino
acids, which are the component units of polypeptides. The
large polypeptides in nature are called proteins or, when
they catalyze biotransformations, enzymes.

Absolute Configuration of Natural Amino Acids and Polypeptides

HzN\ I O RH g 0
. C—COH H,N N
RY{ 3 N
s . RH H 0 RH
Amino acid Y A A
(R variable) Amino Amino Amino
acid 1 acid 2 acid 3
Polypeptide

Schematized Enantiomer Recognition in the Receptor Site of an Enzyme

One enantiomer docks
in an enzyme receptor

“pocket.”

Being made up of smaller chiral pieces, enzymes arrange
themselves into bigger conglomerates that also are chiral and
show handedness. Thus, much as a right hand will readily
distinguish another right hand from a left hand, enzymes
(and other biomolecules) have “pockets” that, by virtue of
their stereochemically defined features, are capable of recog-
nizing and processing only one of the enantiomers in a
racemate. The differences in physiological activity of the

In the quest to explore space and find signs for extraterrestial life,
the Cassini mission was launched in 1997 to reach Saturn in
2004. The spacecraft has been orbiting this planet ever since,
exploring its surroundings, including its moons. In the photo
shown, Earth is an invisible spec in the top left quadrant.

The other enantiomer
does not fit (as well)
‘ into the receptor site.

C Poor fit

w

two enantiomers of a chiral drug are based on this recogni-
tion (Chemical Highlight 5-4). A good analogy is that of a
chiral key fitting only its image (not mirror image) lock. The
chiral environment provided by these structures is also able
to effect highly enantioselective conversions of achiral start-
ing materials into enantiopure, chiral products. In this way,
how nature preserves and proliferates its own built-in chiral-
ity can be readily understood (at least in principle).

What is more difficult to understand is how the enantio-
meric homogeneity of nature arose in the first place; in other
words, why was only one stereochemical configuration of
the amino acids chosen but not the other? Trying to under-
stand this mystery has fascinated many scientists, because it
is very likely linked to the evolution of life as we know it.
Speculation ranges from the invocation of a chance separa-
tion of enantiomers (“spontaneous resolution”) to the postu-
late of the operation of a chiral physical force, such as
handed radiation (as observed during the decay of radio-
active elements or in so-called circularly polarized light).
Another hypothesis suggests that enantiomeric excess (and
perhaps life itself) was simply imported from another planet,
with meteorites as carriers (thus really begging the question).
A lot of effort has been expended in trying to detect non-
racemic amino acids in meteor (and other planetary) samples,
so far without success.
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Exercise 5-25

Working with the Concepts: Writing All the Products of the
Halogenation of a Chiral Compound

Formulate all the products of the monobromination of (R)-1-bromo-1-deuterioethane A (see also
Exercise 5-15), and specify whether they are chiral and optically active or not optically active.
Remember that D is an isotope of H and will react qualitatively in the same way.

I’L D Br,, hv
_— ?

Hy;C R “Br
A

Strategy

Let’s first list the possible sites for attack on A by Br-. They are the H on C1, the D on C1, and
the three methyl hydrogens of C2. Now we can inspect the outcome of each abstraction and see
how the ensuing radical forms product.

Solution

e Attack at H of C1

ADp B D . D Br
Bp o I
H,C” R>Br MBT g, Br BT H, ¢ Br
Achiral Achiral

This process generates an achiral radical; that fact alone ensures that the product would be at
least racemic, hence not optically active. However, in the case of bromination, this point is
irrelevant because the product has lost its stereocenter anyway, since C1 now has two bromine
atoms.

e Attack at D of C1

H
}/g D. Br' Br, H Br
R L e
H,C ®Br PP me” Br B BT OBr
Achiral Achiral

The situation here is similar: An achiral radical is produced, but its lack of stereochemistry is
irrelevant because the product 1,1-dibromoethane is achiral.
e Attack at H of C2

H D H D

Lo B g HE g B B mye BB
H/ \H Chiral and Chiral and
optically active optically active

Attack at C2 leaves the stereocenter untouched. Thus, the intermediate radical is chiral and so is
the product 1,2-dibromo-1-deuterioethane (R), which is therefore optically active.

Exercise 5-26

Try It Yourself

Write the structures of the products of monobromination of (§)-2-bromopentane at each carbon
atom. Name the products and specify whether they are chiral or achiral, whether they will be
formed in equal or unequal amounts, and which will be in optically active form.
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those shown: (25)-2-bromo-1-chlorobutane, (2R,3R)- and (2R,3S5)-2-bromo-3-chlorobutane
(in a 1:3 ratio), and (3R)-3-bromo-1-chlorobutane, respectively. Attack at C2 will again
provide a racemate, because the stereochemistry is lost at the stereocenter during the process.
What about carrying out this reaction with racemic 2-bromobutane?

Recalling the rule that states that “optically inactive starting materials furnish optically
inactive products,” we expect racemates for all products. Thus, attack at C1, C2, or C4
will result in racemic 2-bromo-1-chlorobutane, 2-bromo-2-chlorobutane, and 3-bromo-
1-chlorobutane, respectively. Importantly, attack at C3 will still give two compounds, even
though racemic, namely, the 25,35/2R,3R (25%) and 2S,3R/2R,3S diastereomers (75%) of
2-bromo-3-chlorobutane.

What are the conventions of writing chemical equations when racemates are involved?
Unless specifically indicated by the R/S notation, the sign of optical rotation, or some sur-
rounding text, it is assumed that all ingredients in a reaction are racemic. To avoid the
clutter of writing both enantiomers in such cases, only one is shown, the equimolar presence
of the other being tacitly assumed. The chlorination of racemic 2-bromobutane at C3 is then
written as follows:

Write the products of the monochlorination of bromocyclohexane at C2. (Caution: Is the starting
material chiral?)

Stereoselectivity is the preference for one stereoisomer

A reaction that leads to the predominant (or exclusive) formation of one of several possible
stereoisomeric products is stereoselective. For example, the chlorination of (S)-2-bromobutane
at C3 is stereoselective, as a result of the chirality of the radical intermediate. The corre-
sponding chlorination at C2, however, is not stereoselective: The intermediate is achiral and
a racemate is formed.

How much stereoselectivity is possible? The answer depends very much on substrate,
reagents, the particular reaction in question, and conditions. In the laboratory, chemists use
enantiomerically pure reagents or catalysts to convert achiral compounds into one enantio-
mer of product (enantioselectivity; see Chemical Highlight 5-4). In nature, enzymes perform
this job (see Chemical Highlight 5-5). In all cases, it is the handedness of that reagent,
catalyst, or enzyme that is responsible for introducing the stereocenter compatible with their
own chirality. An example from nature is the enzyme-catalyzed oxidation of dopamine to
(—)-norepinephrine, discussed in detail in Problem 65 at the end of the chapter. The chiral
reaction environment created by the enzyme gives rise to 100% stereoselectivity in favor
of the enantiomer shown. The situation is very similar to shaping flexible achiral objects
with your hands. For example, clasping a piece of modeling clay with your left hand fur-
nishes a shape that is the mirror image of that made with your right hand.

HO, B
HO CH,CHoNH,  popamine HO C_
B-monooxygenase, O, CH2NH2
HO HO
Dopamine (—)-Norepinephrine

In Summary Chemical reactions, as exemplified by radical halogenation, can be stereose-
lective or not. Starting from achiral materials, such as butane, a racemic (nonstereoselective)
product is formed by halogenation at C2. The two hydrogens at the methylene carbons of

Chapter 5
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Figure 5-15 Flowchart for the
separation (resolution) of two
enantiomers. The procedure is
based on conversion into separable
diastereomers by means of reaction
with an optically pure reagent.

Stereoisomers

butane are equally susceptible to substitution, the halogenation step in the mechanism of
radical bromination proceeding through an achiral intermediate and two enantiomeric
transition states of equal energy. Similarly, starting from chiral and enantiomerically pure
2-bromobutane, chlorination of the stereocenter also gives a racemic product. However,
stereoselectivity is possible in the formation of a new stereocenter, because the chiral envi-
ronment retained by the molecule results in two unequal modes of attack on the intermedi-
ate radical. The two transition states have a diastereomeric relation, a condition that leads
to the formation of products at unequal rates.

5-8 Resolution: Separation of Enantiomers

As we know, the generation of a chiral structure from an achiral starting material furnishes
a racemic mixture. How, then, can pure enantiomers of a chiral compound be obtained?

One possible approach is to start with the racemate and separate one enantiomer from the
other. This process is called the resolution of enantiomers. Some enantiomers, such as those
of tartaric acid, crystallize into mirror-image shapes, which can be manually separated (as
done by Pasteur; see Chemical Highlight 5-3). However, this process is time consuming, not
economical for anything but minute-scale separations, and applicable only in rare cases.

A better strategy for resolution is based on the different physical properties of diastereo-
mers. Suppose we can find a reaction that converts a racemate into a mixture of diastereo-
mers. All the R forms of the original enantiomer mixture should then be separable from the
corresponding S forms by fractional crystallization, distillation, or chromatography of the
diastereomers. How can such a process be developed? The trick is to add an enantiomerically
pure reagent that will attach itself to the components of the racemic mixture. For example,
we can imagine reaction of a racemate, Xy ¢ (in which Xy and Xy are the two enantiomers),
with an optically pure compound Y (the choice of the S configuration is arbitrary; the pure
R mirror image would work just as well). The reaction produces two optically active diaste-
reomers, XzYys and XY, separable by standard techniques (Figure 5-15). Now the bond

Racemic mixture (enantiomers): Components

X+ Xy have the same physical properties

lOptically pure reagent Yg

Diastereomers: Components have
XeYs+ XsYs the different physical properties
Separate
diastereomers

XrYs XsYs
l Cleave l Cleave
Xp+ Yy X+ Yy
l Separate l Separate
and recover Y and recover Y
Xr Pure X Pure
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NH,
| + .
CH;CHC=CH HOOC H
Racemic (R,S)-3-butyn-2-amine (+)-Tartaric acid
lHZO, several days
(0}
\ BN \ BN
OH C—O™ H;N. H 0 C—O™ H;N, H
- G, R —,
"OH H;C N "OH H,C NN
HOOC H N HOOC H O N
Dextrorotatory (+)-tartrate salt of R-amine Levorotatory (+)-tartrate salt of S-amine
[a]pC= +24.4 [a]p™C=—24.1
Crystallizes from solution Stays in solution
lK2C03, H,0 lK2C03, H,0
H,N, H H\ NH,
% 3
Hzc)\ HC® N\
47% 51%
(R)-(+)-3-Butyn-2-amine (S)-(—)-3-Butyn-2-amine
[@]2C = +53.2(x1) [a]fC = —52.7(1)
b.p. 82°-84°C b.p. 82°-84°C

Figure 5-16 Resolution of 3-butyn-2-amine with (+)-2,3-dihydroxybutanedioic [(+)-tartaric]
acid. It is purely accidental that the [a] values for the two diastereomeric tartrate salts are similar
in magnitude and of opposite sign.

between X and Y in each of the separated and purified diastereomers is broken, liberating
Xz and X in their enantiomerically pure states. In addition, the optically active agent Yy may
be recovered and reused in further resolutions.

What we need, then, is a readily available, enantiomerically pure compound, Y, that
can be attached to the molecule to be resolved in an easily reversible chemical reaction. In
fact, nature has provided us with a large number of pure optically active molecules that can
be used. An example is (+)-2,3-dihydroxybutanedioic acid [(+)-(R,R)-tartaric acid]. A
popular reaction employed in the resolution of enantiomers is salt formation between acids
and bases. For example, (+)-tartaric acid functions as an effective resolving agent of race-
mic amines. Figure 5-16 shows how this works for 3-butyn-2-amine. The racemate is first
treated with (+)-tartaric acid to form two diastereomeric tartrate salts. The salt incorporat-
ing the R-amine crystallizes on standing and can be filtered away from the solution, which
contains the more soluble salt of the S-amine. Treatment of the (+)-salt with aqueous base
liberates the free amine, (+)-(R)-3-butyn-2-amine. Similar treatment of the solution gives
the (—)-S enantiomer (evidently slightly less pure: Note the slightly lower optical rotation).
This process is just one of many ways in which the formation of diastereomers can be used
in the resolution of racemates.

A very convenient way of separating enantiomers without the necessity of isolating
diastereomers is by so-called chiral chromatography (Figure 5-17). The principle is the
same as that illustrated in Figure 5-16, except that the optically active auxiliary [such as
(+)-tartaric acid or any other suitable cheap optically active compound] is immobilized on
a solid support (such as silica gel, SiO,, or aluminum oxide, Al,O;). This material is then
used to fill a column, and a solution of the racemate is allowed to pass through it. The
individual enantiomers will reversibly bind to the chiral support to different extents (because
this interaction is diastereomeric) and therefore be held on the column for different lengths
of time (retention time). Therefore, one enantiomer will elute from the column before the
other, enabling separation.

Chapter 5
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Figure 5-17 Resolution of a
racemate on a chiral column. The
sample is applied to the top of a
column filled with an enantiopure
chiral support. One enantiomer
(green) interacts more strongly
with the support than the other
(red) and is relatively slow to pass
through the column. Therefore, the
red enantiomer is eluted before its
green mirror image. Commercial
columns often use the glucose
polymer cellulose (Section 24-12)
as the chiral stationary phase.

Stereoisomers

Eluting
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Two enantiomers
begining to separate
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Red enantiomer eluted
before green one.

Time

THE BIG PICTURE

The end of this chapter marks a milestone in your learning of organic chemistry. From here
on, we will add very few fundamentally new ideas to our understanding of molecular struc-
ture. Rather, we will build on the basic principles outlined so far. You may find it useful
to refer back to Chapters 1-5 as often as needed as a reminder of the several complementary
viewpoints from which we have examined molecular structure:

1.

Molecules consist of nuclei surrounded by electrons. The rules that govern their interactions
are Coulomb’s law, Lewis structures, and orbitals (Chapter 1).

The hydrocarbon skeletons of organic molecules, as exemplified by the alkanes, can be
modeled as chains of linked carbon atoms that rotate, flip, have spatial requirements,
and can be distorted away from ideal bond angles (Chapters 2 and 4).

The diversity of structures in organic chemistry is due to the ability of carbon atoms to
assemble chains in linear, branched, cyclic, or polycyclic forms, all of which can bear
multiple substituents and functional groups. Because of carbon’s tetrahedral bonding,
organic molecules assume a variety of three-dimensional shapes, with variations that
have important consequences in their physical properties and reactivity.

When tetrahedral carbon bears four different substituents, it constitutes a stereocenter,
giving rise to enantiomers—image and nonsuperimposable mirror image. Two or more
such stereocenters generate new stereoisomers, differing only in the spatial arrangement
of their component groups.

Organic molecules can be attacked by external reagents. Attack often occurs at nuclei
attached to the remainder of the molecule by relatively weak bonds, or at polar func-
tions, and is subject to steric and electronic constraints.



Chapter Integration Problems

Most of the rest of this book examines in turn the classes of organic compounds char-
acterized by their functional group. We focus primarily on the reactions these compounds
undergo, emphasizing how the mechanism of each reaction is affected by the details of
molecular structure. There are only a limited number of different reaction mechanisms;
understanding them and the conditions that favor one over the other is the key to under-
standing organic chemistry.

CHAPTER INTEGRATION PROBLEMS

5-28. Selectivity in chemical reactions is a primary goal of the synthetic chemist. We have learned how
such selectivity may be achieved, at least to some extent, in radical halogenations: in Sections 3-6
and 3-7, with respect to the type of hydrogen to be replaced (e.g., primary versus secondary versus
tertiary) and, in Section 5-7, with respect to stereochemistry. You will have recognized that, because
of the reactivity of radicals and the planarity of the carbon-centered radical intermediates, radical
halogenations often lack selectivity. Thus, any synthetic plan considering them must take into account
all possible outcomes of a proposed conversion. For example, looking again at our picture of the
generalized steroid nucleus (Section 4-7), you can see that there are many types of hydrogens, all of
which are, in principle, susceptible to abstraction by a halogen atom.

1CH,

Because the steroids are important biological molecules, their selective functionalization has been the
focus of attention for many researchers. By developing carefully controlled conditions with special
halogenating agents, chemists have been able to restrict attack not only to the tertiary centers, but
also selectively to C5, C9, or C14 (see also Problems 48—50 in Chapter 4). The following problem
illustrates the kind of analyses that they undertook with a less complex cyclohexane fragment of the
steroid nucleus.

How many products are there of the radical monobromination of (S)-1-bromo-2,2-dimethylcyclo-
hexane at C1 and C3? Draw the structure of the starting material, name the resulting dibromodimeth-
ylcyclohexanes, label them as chiral or achiral, specify whether they are formed in equal or unequal
amounts, and state whether they are optically active or not.

SOLUTION
We begin by drawing the structure of our starting material, first ignoring stereochemistry (A).

H;C CH; H;C CHsb H;C CH; H;C CH;

Br. Br. ‘?J Br,

H

A B C D

We then designate the priority sequence (B) according to the rules in Section 5-3. We now have a
choice of two enantiomeric arrangements (C and D), and the task is to orient the molecule in our
minds in such a way as to place the substituent of lowest priority (H atom) as far away as possible.
To assist in this mental exercise, picture yourself at the molecular scale (shrunk by a factor of 10'%)
and stand on the stereocenter in question with the C—H bond pointing away from you. The three
remaining substituents will now surround you either in clockwise (R) or counterclockwise ($) fashion:
D is the correct structure of the S enantiomer.

Chapter 5
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plication of carbon atoms
changing their numbers during
the reactions of molecule A,
we have used names that do
not conform to [TUPAC num-
bering rules for several of the
structures in this problem.
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CH,

(R)-Limonene

Stereoisomers

Now we are ready to introduce bromine at either C1 or C3. It is important here to remember
the mechanism of free-radical halogenation: The crucial intermediate is a radical center—in our
case, at either C1 (E) or C3 (F)—that can be attacked by halogen from either side of the p orbital
(Section 3-4).

H;C CHj; H;C CHj;
Br.

sp?

. i
Mirror | plane

E F G H I

In E, the molecule is symmetrical, and the rate of attack from the top is equal to that from the bot-
tom. If the halogenation were to be executed by using F, or Cl,, C; would remain a stereocenter, the
R and S enantiomers having been formed in equal amounts (racemate; Section 5-7, Figure 5-13).
However, in our case, bromination at C1 removes the asymmetry of this carbon: Compound G,
1,1-dibromo-2-2-dimethylcyclohexane, is achiral and hence not optically active.

Turning to F, the situation is different. Here, the presence of the unchanged original stereo-
center (C1 in D) makes the two faces of the intermediate radical center unequal. Two diastereomers
(H and I) are formed at unequal rates and therefore in unequal amounts (Section 5-7, Figure 5-14).
In H, cis-1,3-dibromo-2,2-dimethylcyclohexane, the second bromine is attached in such a way as
to introduce a mirror plane into the molecule: H is a meso compound, achiral, and hence not
optically active (Section 5-6). Another way of describing what has happened is that the chirality of
C1 in D—namely, S—is canceled out by the introduction of its “mirror image” at C3—namely, R.
The two stereoisomers are indistinguishable because (1S,3R)-H is the same as (1R,35)-H. (You
can verify that statement by simply rotating compound H about the dashed line representing the
mirror plane.)

On the other hand, compound I, (15,35)-1,3-dibromo-2,2-dimethylcyclohexane, contains no mir-
ror plane: The molecule is chiral, enantiomerically pure, and, hence, optically active. In other words,
the reaction leaves the stereochemical integrity and identity of C1 intact, generating only one enan-
tiomer of the product, which is nonsuperimposable with its mirror image, the (1R,3R) diastereomer
(Section 5-5).

5-29. We shall learn in Section 11-5 and 12-2 that double bonds in alkenes can be hydrogenated by
using hydrogen gas and specific metal catalysts (Section 3-3), leading to the corresponding alkanes:

H—H H H

M, T e e Catalyst N/ N, A

_C=C_ and /c: ~ C—C\ and /c—c\
H—H H H

The two enantiomers of limonene (shown in the margin) smell quite differently. The S-isomer
is present in the cones of spruce trees and has a turpentine-like odor; the R-isomer gives oranges
their characteristic fragrance. R-Limonene is a by-product of the juice industry and is the major
constituent of citrus peel oil. Every year, more than 110 million pounds of the oil are made in the
United States alone. Draw the respective products of the hydrogenation of both double bonds in
(R)- and (S)-limonene. Are these products isomers, identical, chiral, achiral, or optically active/
inactive?

SOLUTION

First draw the respective products of double hydrogenation of (R)- and (S)-limonene. As indicated
above, the two hydrogens can be added from either the top or the bottom of the 7 bond (see Fig-
ure 1-21). This is of no consequence for hydrogenation of the substituent but is important for the
outcome of the ring hydrogenation: One mode leads to a trans, the other to a cis disubstituted cyclo-
hexane. Thus, we obtain two stereoisomers from each enantiomer. How do the respective pairs of
products from the (R) and (S) starting materials relate to each other? It is apparent that the two trans
and the two cis isomers are superimposable: They are identical. In other words, the two enantiomers
of limonene give an identical mixture of stereoisomers. Are they chiral? The answer is no: The resulting



Important Concepts

1,4-disubstituted cyclohexanes contain a mirror plane. Consequently, hydrogenation of limonene
causes symmetrization of the molecule, rendering it achiral. Therefore, the products are optically
inactive.

%

CH; HC H H CH,

H,, catalyst
—_—

(S)-Limonene

@ H,, catalyst
i s SN

CH,
H3C/K H,C” | CH, H3C)\CH

3

(R)-Limonene Mirror Mirror
plane plane

Important Concepts

1

10.

. Isomers have the same molecular formula but are different compounds. Constitutional (structural)

isomers differ in the order in which the individual atoms are connected. Stereoisomers have the
same connectivity but differ in the three-dimensional arrangement of the atoms. Mirror-image
stereoisomers are related to each other as object and mirror image.

. An object that is not superimposable on its mirror image is chiral.

. A carbon atom bearing four different substituents (asymmetric carbon) is an example of a

stereocenter.

. Two stereoisomers that are related to each other as image—nonsuperimposable mirror image are

called enantiomers.

. A compound containing one stereocenter is chiral and exists as a pair of enantiomers. A 1:1

mixture of enantiomers is a racemate (racemic mixture).

. Chiral molecules cannot have a plane of symmetry (mirror plane). If a molecule has a mirror

plane, then it is achiral.

. Diastereomers are stereoisomers that are not related to each other as object to mirror image. Cis

and trans isomers of cyclic compounds are examples of diastereomers.

. Two stereocenters in a molecule result in as many as four stereoisomers—two diastereomerically

related pairs of enantiomers. The maximum number of stereoisomers that a compound with n
stereocenters can have is 2". This number is reduced when equivalently substituted stereocenters
give rise to a plane of symmetry. A molecule containing stereocenters and a mirror plane is iden-
tical with its mirror image (achiral) and is called a meso compound. The presence of a mirror
plane in any energetically accessible conformation of a molecule is sufficient to make it achiral.

. Most of the physical properties of enantiomers are the same. A major exception is their interac-

tion with plane-polarized light: One enantiomer will rotate the polarization plane clockwise
(dextrorotatory), the other counterclockwise (levorotatory). This phenomenon is called optical
activity. The extent of the rotation is measured in degrees and is expressed by the specific
rotation, [«]. Racemates and meso compounds show zero rotation. The enantiomer excess or
optical purity of an unequal mixture of enantiomers is given by

[a]observed
[a]

The “handedness” of a stereocenter (its absolute configuration) is revealed by X-ray diffraction and
can be assigned as R or S by using the sequence rules of Cahn, Ingold, and Prelog.

enantiomer excess (ee) = optical purity = ( ) X 100%

Chapter 5
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11. Fischer projections provide stencils for the quick drawing of molecules with stereocenters.

12. Chirality can be introduced into an achiral compound by radical halogenation. When the transition
states are enantiomeric (related as object and mirror image), the result is a racemate because the
faces of the planar radical react at equal rates.

13. Radical halogenation of a chiral molecule containing one stereocenter will give a racemate if the
reaction takes place at the stereocenter. When reaction elsewhere leads to two diastereomers, they
will be formed in unequal amounts.

14. The preference for the formation of one stereoisomer, when several are possible, is called
stereoselectivity.

15. The separation of enantiomers is called resolution. It is achieved by the reaction of the racemate
with the pure enantiomer of a chiral compound to yield separable diastereomers. Chemical removal
of the chiral reagent frees both enantiomers of the original racemate. Another way of separating
enantiomers is by chiral chromatography on an optically active support.

Problems

30. Classify each of the following common objects as being either chiral or achiral. Assume in each
case that the object is in its simplest form, without decoration or printed labels. (a) A ladder;
(b) a door; (¢) an electric fan; (d) a refrigerator; (e) Earth; (f) a baseball; (g) a baseball bat; (h) a
baseball glove; (i) a flat sheet of paper; (j) a fork; (k) a spoon; (I) a knife.

31. Each part of this problem lists two objects or sets of objects. As precisely as you can, describe
the relation between the two sets, using the terminology of this chapter; that is, specify whether
they are identical, enantiomeric, or diastereomeric. (a) An American toy car compared with a
British toy car (same color and design but steering wheels on opposite sides); (b) two left shoes
compared with two right shoes (same color, size, and style); (¢) a pair of skates compared with
two left skates (same color, size, and style); (d) a right glove on top of a left glove (palm to palm)
compared with a left glove on top of a right glove (palm to palm; same color, size, and style).

32. For each pair of the following molecules, indicate whether its members are identical, structural
isomers, conformers, or stereoisomers. How would you describe the relation between conforma-
tions when they are maintained at a temperature too low to permit them to interconvert?

H
/CH3 (‘jH3 H5C i<
(a) CH;CH,CH,CH  and CH;CH,CHCH,CH, (b) >i and CH,
\CH3 H
Cl
\ CH, CH,
CICH,CH, OH CH,CH OH Br H H Br
(c) and (d) and
H H H H H H H H
H H
cl B Cl
| ‘r | H_ .ocH LC ocH
é IhC/ cl e
T Z

H
CH;
’ Cl H H CH
® H DOl T d
CH,; H CH, Cl H
H

33. Which of the following compounds are chiral? (Hint: Look for stereocenters.)
(a) 2-Methylheptane (b) 3-Methylheptane (c) 4-Methylheptane
(d) 1,1-Dibromopropane (e) 1,2-Dibromopropane (f) 1,3-Dibromopropane
(g) Ethene, H,C=CH, (h) Ethyne, HC=CH



34.

35.

36.

37.
38.

(i) Benzene, @

(j) Epinephrine, HO

carbons and is therefore planar.)

OH

\
CHCH,NHCH,

HO

o
(D) Citric acid, HOCCH,CCH,COH

C
VRN
O/

i

OH

HO_ CHj;

(n) p-Menthane-1,8-diol (terpin hydrate),

H3C—C‘—OH
CH3

(Note: Like ethene, benzene contains all spz—hybridized

Problems Chapter 5
i
(k) Vanillin, HO CH
CH;0
HOC‘HZ
HOCH o
(m) Ascorbic acid, O
H
HO OH
T
N
(0) Meperidine (demerol),
c—OCH,CH;
/
(0]

Each of the following molecules has the molecular formula CsH;,O (check for yourself). Which

ones are chiral?

OH
(a) )ﬁ/ (b) )\/\OH (
OH

©) /ﬁ/\OH
f)
/Ej\

Draw either one of the enantiomers for each chiral molecule in Problem 34 and label its stereo-

center as R or S.

Which of the following cyclohexane derivatives are chiral? For the purpose of determining the
chirality of a cyclic compound, the ring may generally be treated as if it were planar.

CH; CH;

CH, JCH,

(a) (b) (0

CH, CH,

(d)

Qm
&

Label every stereocenter in the molecules in Problem 36 as R or S.

Circle each chiral molecule. Put a star (*) next to each chiral carbon and label it as R or S.

H H
(‘3C13 (‘3C13
Br——H Br——H
_C. _C. ' ’
H3C \ 'CHzcl H;C \ 'CHzBr
CHCl, CHCl,




Chapter 5 Stereoisomers

39. For each pair of structures shown, indicate whether the two species are constitutional isomers,
enantiomers, diastereomers of one another, or identical molecules.

CH, CH, CH, CH,
(a) Cl\w‘J\ and /k"”Cl (b) \\\“J\ and /k‘ll/
F Cl
Cl H H Cl Cl H H F
CH, CH,F CH, CH,
(c) \)\ and /k,, d) “\J\ and -
F® H Iy c
af H™ b cl F
CH, F CH, F
(e) \)\ and /kn, ® \)\ and /k"”
E' CH,4 F' Cl
Cl H H Cl Cl H CH; H
Cl Ll &\\Cl Cl
@[ w[] o[ wo [
Cl "l Cl “cl
Cl
Cl [« Cl
(i) D: and and
Cl Cl
al cl
(k) D and /D/ and
cr Cl
H /Br
and ; and
and and

H Br Br H H Br

40. For each of the following formulas, identify every structural isomer containing one or more
stereocenters, give the number of stereoisomers for each, and draw and fully name at least one
of the stereoisomers in each case.

(a) C;Hyg (b) CsHyg (¢) CsH,y, with one ring
4

—_

. Assign the appropriate designation of configuration (R or S) to the stereocenter in each of the
following enantiomers. (Hint: Regarding cyclic structures containing stereocenters, treat the ring
as if it were two separate substituents that happen to be attached to each other at the far end of
the molecule—look for the first point of difference, just as you would for acyclic structures.)

H;C H H,Z OH ClL H

@ %/ )v )\A @(\
Jw

OH
© )\/\OH

H3C H

"NH,




42.

43.

45.

46.
47.

48.

49.

50.

51.

52.

53.

Problems

Mark the stereocenters in each of the chiral molecules in Problem 33. Draw any single stereoisomer
of each of these molecules, and assign the appropriate designation (R or §) to each stereocenter.

The two enantiomers of carvone [systematic name: 2-methyl-5-(1-methylethenyl)-2-cyclohexenone;
Chemical Highlight 5-1] are drawn in the margin. Which is R and which is §?

. Draw structural representations of each of the following molecules. Be sure that your structure

clearly shows the configuration at the stereocenter. (Hint: You may find it useful to first draw
the enantiomer whose configuration is easiest for you to determine and then, if necessary, modify
your structure to fit the one requested in the problem.) (a) (R)-2-chloropentane; (b) (S)-2-methyl-
3-bromohexane; (¢) (S)-1,3-dichlorobutane; (d) (R)-2-chloro-1,1,1-trifluoro-3-methylbutane.

Draw structural representations of each of the following molecules. Be sure that your structure
clearly shows the configuration at each stereocenter. (a) (R)-3-bromo-3-methylhexane; (b) (3R,55)-
3,5-dimethylheptane; (¢) (2R,3S)-2-bromo-3-methylpentane; (d) (S)-1,1,2-trimethylcyclopropane;
(e) (18,25)-1-chloro-1-trifluoromethyl-2-methylcyclobutane; (f) (1R,2R,35)-1,2-dichloro-
3-ethylcyclohexane.

Draw and name all possible stereoisomers of (CH;),CHCHBrCHCICH;.

For each of the following questions, assume that all measurements are made in 10-cm
polarimeter sample containers. (a) A 10-mL solution of 0.4 g of optically active 2-butanol in water
displays an optical rotation of —0.56°. What is its specific rotation? (b) The specific rotation of
sucrose (common sugar) is +66.4. What would be the observed optical rotation of such a solution
containing 3 g of sucrose? (c¢) A solution of pure (§)-2-bromobutane in ethanol is found to have an
observed a = 57.3°. If [«] for (S)-2-bromobutane is 23.1, what is the concentration of the solution?

Natural epinephrine, [@]3C = —50, is used medicinally. Its enantiomer is medically worthless and

is, in fact, toxic. You, a pharmacist, are given a solution said to contain 1 g of epinephrine in 20 mL
of liquid, but the optical purity is not specified. You place it in a polarimeter (10-cm tube) and get
a reading of —2.5°. What is the optical purity of the sample? Is it safe to use medicinally?

Sodium hydrogen (S)-glutamate [(S)-monosodium glutamate], [04]2]350C = +24, is the active flavor

enhancer known as MSG. The condensed formula of MSG is shown in the margin. (a) Draw the
structure of the S enantiomer of MSG. (b) If a commercial sample of MSG were found to have
a [a]y© = +8, what would be its optical purity? What would be the percentages of the S and R

enantiomers in the mixture? (¢) Answer the same questions for a sample with [a]2D5°c = +16.

The molecule in the margin is menthol, with the stereochemistry omitted. (a) Identify all stereo-
centers in menthol. (b) How many stereoisomers exist for the menthol structure? (¢) Draw all the
stereoisomers of menthol, and identify all pairs of enantiomers.

Natural (—)-menthol, the essential oil primarily responsible for the flavor and aroma
of peppermint, is the 1R,2S,5R-stereoisomer. (a) Identify (—)-menthol from the structures you
drew for Problem 50, part (b). (b) Another of the naturally occurring diastereomers of menthol is
(+)-isomenthol, the 15,2R,5R-stereoisomer. Identify (+)-isomenthol among your structures. (¢) A
third is (+)-neomenthol, the 15,25,5R-compound. Find (+)-neomenthol among your structures.
(d) Based on your understanding of the conformations of substituted cyclohexanes (Section 4-4),
what is the stability order (from most stable to least) for the three diastereomers, menthol, isomenthol,
and neomenthol?

Of the stereoisomers described in the two problems above, (—)-menthol ([a]p = —51) and
(+)-neomenthol ([a]p = +21) are the major constituents in mentha oil, their main natural source.
The menthol—neomenthol mixture in a natural sample of mentha oil exhibits [a], = —33. What

are the percentages of menthol and neomenthol in this oil?

For each of the following pairs of structures, indicate whether the two compounds are identical
or enantiomers of each other.

CH, CH,

H.c=C H H,c=C H
’ N\ ’ N\
(+)-Carvone (—)-Carvone
(In caraway seeds) (In spearmint)
NH,

N
HOﬁCHCHZCHZCO*Na*
0

Menthol

C‘HZCH3 $H2CH3 CH, C‘IH3
(a) .C and C., (b) H+ Cl and .C
B/ “CH,CH, CH;CH,” \"“Br 1/ DBr
Cl Cl Br H
CH;, OCH, H NH,
(© Cl CF; and F3C+CH3 (d) H.N—C—CO,H and H CH(CHa),

OCH, cl CH(CHs), CO,H
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H\C _0
HO——H
H——OH
H——OH
CH,OH

(—)-Arabinose

1-Phenylethanamine

Stereoisomers

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

Determine the R or S designation for each stereocenter in the structures in Problem 53.

The compound pictured in the margin is a sugar called (—)-arabinose. Its specific rotation is —105.
(a) Draw the enantiomer of (—)-arabinose. (b) Does (—)-arabinose have any other enantiomers?
(c) Draw a diastereomer of (—)-arabinose. (d) Does (—)-arabinose have any other diastereomers?
(e) If possible, predict the specific rotation of the structure that you drew for (a). (f) If possible,
predict the specific rotation of the structure that you drew for (c). (g) Does (—)-arabinose have any
optically inactive diastereomers? If it does, draw one.

Write the complete IUPAC name of the following enantiomer (do not forget stereochemical
designations).

(‘?H2CH3

~C
H‘C{ CH,CH,Cl  CsH,;oCl,

Reaction of this compound with 1 mol of Cl, in the presence of light produces several isomers
of the formula CsHyCl;. For each part of this problem, give the following information: How many
stereoisomers are formed? If more than one is formed, are they generated in equal or unequal
amounts? Designate every stereocenter in each stereoisomer as R or S.

(a) Chlorination at C3 (b) Chlorination at C4 (¢) Chlorination at C5

Monochlorination of methylcyclopentane can result in several products. Give the same informa-
tion as that requested in Problem 56 for the monochlorination of methylcyclopentane at C1, C2,
and C3.

Draw all possible products of the chlorination of (S)-2-bromo-1,1-dimethylcyclobutane. Specify
whether they are chiral or achiral, whether they are formed in equal or unequal amounts, and
which are optically active when formed.

ustrate how to resolve racemic 1-phenylethanamine (shown in the margin), using the method
of reversible conversion into diastereomers.

Draw a flowchart that diagrams a method for the resolution of racemic 2-hydroxypropanoic acid
(lactic acid, Table 5-1), using (S)-1-phenylethanamine.

How many different stereoisomeric products are formed in the monobromination of (a) racemic
trans-1,2-dimethylcyclohexane and (b) pure (R,R)-1,2-dimethylcyclohexane? (¢) For your answers
to (a) and (b), indicate whether you expect equal or unequal amounts of the various products to
be formed. Indicate to what extent products can be separated on the basis of having different
physical properties (e.g., solubility, boiling point).

Make a model of cis-1,2-dimethylcyclohexane in its most stable conformation. If

the molecule were rigidly locked into this conformation, would it be chiral? (Test your answer
by making a model of the mirror image and checking for superimposability.)

Flip the ring of the model. What is the stereoisomeric relation between the original conforma-
tion and the conformation after flipping the ring? How do the results that you have obtained in
this problem relate to your answer to Problem 36(a).

Morphinane is the parent substance of the broad class of chiral molecules known as the morphine
alkaloids. Interestingly, the (+) and (—) enantiomers of the compounds in this family have rather
different physiological properties. The (—) compounds, such as morphine, are “narcotic analgesics”
(painkillers), whereas the (+) compounds are “antitussives” (ingredients in cough syrup). Dextro-
methorphan is one of the simplest and most common of the latter.

CH,0

Morphinane Dextromethorphan



64.

65.

Problems

(a) Locate and identify all the stereocenters in dextromethorphan. (b) Draw the enantiomer of
dextromethorphan. (¢) As best you can (it is not easy), assign R and S configurations to all the
stereocenters in dextromethorphan.

We will learn in Chapter 18 that hydrogens on the carbon atom adjacent to the carbonyl functional
group (C=0) are acidic. The compound (§)-3-methyl-2-pentanone, loses its optical activity when it
is dissolved in a solution containing a catalytic amount of base. Explain.

O

H CH;
(S)-3-Methyl-2-pentanone

The enzymatic introduction of a functional group into a biologically important molecule is not only
specific with regard to the location at which the reaction occurs in the molecule (see Chapter 4,
Problem 50), but also usually specific in the stereochemistry obtained. The biosynthesis of epineph-
rine first requires that a hydroxy group be introduced specifically to produce (—)-norepinephrine from
the achiral substrate dopamine. (The completion of the synthesis of epinephrine will be presented in
Problem 71 of Chapter 9.) Only the (—) enantiomer is functional in the appropriate physiological
manner, so the synthesis must be highly stereoselective.

HO\ H
HO CH,CH,NH, HO "
Dopamine S-monooxygenase, O, CH,NH,
HO HO
Dopamine (—)-Norepinephrine

(a) Is the configuration of (—)-norepinephrine R or S? (b) In the absence of an enzyme, would
the transition states of a radical oxidation leading to (—)- and (+)-norepinephrine be of equal
or unequal energy? What term describes the relation between these transition states? (¢) In
your own words, describe how the enzyme must affect the energy of these transition states
to favor production of the (—) enantiomer. Does the enzyme have to be chiral or can it be
achiral?

Team Problem

66.

Studies have shown that one stereoisomeric form of compound A is an effective agent against
certain types of neurodegenerative disorders. Recognize that structure A contains a decalin-type
system, as illustrated in structure B, and that the nitrogen can be treated just like a carbon.

8a
NH NH

HO;P 3.,
4 "CO,H

A B

(a) Use your model kits to analyze the ring juncture. Make models of the cis as well as the trans
ring juncture of structure B. You should have four different models. Identify the stereochemical
relation between them as diastereomeric or enantiomeric. Draw the isomers and assign the R or
S configuration to the stereocenters at the ring fusion.

(b) Although the trans ring juncture is the energetically more favorable one, the compound with
cis ring juncture is the stereoisomer of structure A that shows biological activity. Make models
of structure A that have the cis ring juncture exclusively. Set the stereochemistry of C3 as shown
in structure A and vary the center at C6 in relation to that at C3. Again, there are four differ-
ent models. Draw them and convince yourselves that none of them are enantiomers by assigning
the R or S configuration to all four of the stereocenters in each of the compounds.

(c) The stereoisomer of compound A that shows the greatest biological activity has a cis ring
fusion with substituents at C3 and C6 that are both equatorial. Which of the stereoisomers that
you drew encompasses these constraints? Identify it by recording the absolute configuration at C3,
C4a, C6, and CB8a.

Chapter 5
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Stereoisomers

Preprofessional Problems

67. Which compound will nor exhibit optical activity? (Note that these are all Fischer projections.)

COOCH; COOCH; COOH COOH
H—/——H H——F—OH H———O0H H———OH
H——Cl HO———H HO——H Cl——H

(a) H——H (b) HO——H (¢) HO——H (d) Cl—r—H
H—/—H HO———H HO——H H———OH
H—/—H COOH COOH COOH

COCH,CH;

68. The enantiomer of
Cl
H—(|IS— CH,CH;
o,
Cl
(b) can exist only at low temperatures

|
(a) is CH3CH2—C|R—H
CH;

(¢) is nonisomeric (d) is incapable of existence

69. The molecule that is of the R configuration according to the Cahn-Ingold—Prelog convention is
(remember these are Fischer projections):

H H CH,Br
(a) H;C——CH,Cl (b) H3C+CH2C1 (c) H3C+CH2C1
CH; CH,Br H
H CH,Br
(d) HyC——CH,F (e) HyC CH,Br
CH,Br CH,(Cl1

70. Which compound is not a meso compound?

H H H
(b)
Cl CH; Cl
Cl Cl
C‘l H Cl H
(© H @ Qg CH; (e) Cl Br
Cl CH
Br
H

(a)

3
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Properties and Reactions
of Haloalkanes

Bimolecular Nucleophilic
Substitution
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Organic chemistry provides us with innumerable ways to convert one

substance into another. The products of these transformations are
literally all around us. Recall from Chapter 2, however, that functional
groups are the centers of reactivity in organic molecules; before we can
make practical use of organic chemistry, we must develop our ability to
work with these functional groups. In Chapter 3 we examined halogenation
of alkanes, a process by which the carbon—halogen group is introduced
into an initially unfunctionalized structure. Where do we go from here?
In this chapter we turn to the chemistry of the products of halogenation,
the haloalkanes. We shall see how the polarized carbon—halogen bond gov-
erns the reactivity of these substances and how it can be converted into
other functional groups. On the basis of the kinetics observed for a common
reaction of haloalkanes, we introduce a new mechanism and learn the
effects of different solvents on its progress. We shall review principles that
govern the general mechanistic behavior of molecules with polar functional
groups. Finally, we shall begin to apply these principles and see the role
they play in many conversions of halogenated organic compounds into
other substances, such as amino acids—the building blocks of proteins.

\ .
=Xt
i
A haloalkane

6-1 Physical Properties of Haloalkanes

The physical properties of the haloalkanes are quite distinct from those of :
the corresponding alkanes. To understand these differen must consider the size of the [k ivor ARIRNAC AL
ponding alkanes. To understa ese differences, we must consider the size o amino group in noradrenaline
halogen substituent and the polarity of the carbon—halogen bond. Let us see how these factors attacks the methyl group in
affect bond strength, bond length, molecular polarity, and boiling point. S-adenosylmethionine by
nucleophilic substitution to give

: P adrenaline. Adrenaline is a
The bond strength of C-X decreases as the size of X increases “fight-orflight” hormone,

: ‘o e . released into the bloodstream
The C-X bond—dlssomatllon energies in the halomethanes, CH;X, decrease along the series BTG SERE A S s TS,
F, Cl, Br, I. At the same time, the C—X bond lengths increase (Table 6-1). The bond between and is responsible for the “rush”

carbon and halogen is made up mainly by the overlapping of an sp> hybrid orbital on carbon felt during thrilling experiences.
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C-X Bond
Lengths and Bond
Strengths in CH;X

Table 6-1

Bond
strength
Bond [keal
Halo- length mol ™!

methane (A)  (kJ mol™})]
CH;F 1385 & 110
o
g (460) 5

CH;ClI 1.784 85
(356)

CH;Br 1.929 70
(293)

CH;l 2.139 57
(238)

S IDD
R

3
sp p

Figure 6-1 Bond between an alkyl

carbon and a halogen. The size of
the p orbital is substantially larger
than that shown for X = CI, Br, or |.

Chloromethane

Dipole—Dipole

Attraction
AN ) A 2
. C J— X ......... J— X
W / W /
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Properties and Reactions of Haloalkanes

with a p orbital on the halogen (Figure 6-1). In the progression from fluorine to iodine in
the periodic table, the size of the halogen increases, and the electron cloud around the
halogen atom becomes more diffuse. As a consequence of this growing mismatch in size
between the halogen p orbital and the relatively compact orbital on carbon, bonding overlap
diminishes along the series, leading to both longer and weaker C—X bonds. This pheno-
menon is general: Short bonds are stronger than longer bonds.

The C-X bond is polarized

The leading characteristic of the haloalkanes is their polar C—X bond. Recall from Sec-
tion 1-3 that halogens are more electronegative than carbon. Thus, the electron density along
the C—X bond is displaced in the direction of X, giving the halogen a partial negative charge
(867) and the carbon a partial positive charge (8"). This polarization can be seen in the
electrostatic potential map of chloromethane shown in the margin. The chlorine atom is
electron rich (red), whereas the region around the carbon atom is electron poor (blue). How
does this bond polarization govern the chemical behavior of the haloalkanes? As we saw
in Chapter 2, the electrophilic 8" carbon atom is subject to attack by anions and other
electron-rich, nucleophilic species. Cations and other electron-deficient species, however,
attack the 6~ halogen.

The Polar Character of the C-X Bond

o S5
:C—X :
s/ .o

+—>

Haloalkanes have higher boiling points than the
corresponding alkanes

The polarity of the C—X bond affects the physical properties of the haloalkanes in predict-
able ways. Their boiling points are generally higher than those of the corresponding alkanes
(Table 6-2). The most important contributor to this effect is coulombic attraction between
the 8" and 6~ ends of C—X bond dipoles in the liquid state (dipole—dipole interaction;
Figure 2-6).

Boiling points also rise with increasing size of X, the result of greater London inter-
actions (Section 2-6). Recall that London forces arise from mutual correlation of electrons
among molecules (Figure 2-6). This effect is strongest when the outer electrons are not
held very tightly around the nucleus, as in the larger atoms. To measure it, we define the
polarizability of an atom or group as the degree to which its electron cloud is deformed
under the influence of an external electric field. The more polarizable an atom or group,
the more effectively will it enter into London interactions, and the higher will be the boil-
ing point.

1E1ICNE78 Boiling Points of Haloalkanes (R—X)
Boiling Point (°C)

R X = H F Cl Br I
CH; —161.7 —78.4 —24.2 3.6 42.4
CH;CH, —88.6 —37.7 12.3 38.4 723
CH;(CH,), —42.1 -2.5 46.6 71.0 102.5
CH;(CH,); -0.5 325 78.4 101.6 130.5
CH;(CH,), 36.1 62.8 107.8 129.6 157.0
CH;(CH,), 125.7 142.0 182.0 200.3 225.5
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6-1 Physical Properties of Haloalkanes

CHEMICAL HIGHLIGHT 6-1

Halogenated Steroids as Anti-Inflammatory and Anti-Asthmatic Agents

Chapter 6

SCHLF

[0~ CCHiCH,

I

Cortisol Fluticasone propionate

Cortisol (also known as hydrocortisone) is a member of the
class of naturally occurring compounds called corticosteroids,
so-named because they are secreted by the cortex of the
adrenal gland. The corticosteroids are anti-inflammatory
agents with numerous medicinal applications. In recent years
it has become clear that inflammation of the breathing pas-
sages is a contributing factor to the bronchoconstriction asso-
ciated with attacks of asthma. Thus, oral administration of
corticosteroids together with inhalation of bronchodilators has
been an effective course of treatment. However, ingestion of
steroids exposes patients to potential side effects. Unlike the
steroids used for illicitly enhancing athletic performance
(Chapter 4 Opening), corticosteroids administered at high
doses can inhibit growth, a side effect that is of particular
concern with children. As a result, synthetic corticosteroids
have been developed that are suitable for use via inhalation
and are not absorbed systemically to a significant extent.
One such synthetic steroid is pictured above: fluticasone

periodic table, fluorine is closest in size to hydrogen. There-
fore, fluorine-containing molecules are sterically similar to
their natural unsubstituted counterparts and can often interact
with the same biomolecules in living systems. In addition,
the highly polarized C—F bonds can induce dipole attractions
that strengthen these interactions. In the case of fluticasone,
the steroid binds to a protein residing in cell nuclei called
the glucocorticoid receptor, thereby interrupting the body’s
inflammatory response.

An international study published in early 2004 found
that fluticasone was effective in reducing asthma-inducing
inflammation in babies from one to three years of age, while
having no significant effect on their growth. Nevertheless,
the biochemistry of the glucocorticoid receptor is complex —
it does much more than just mediate inflammation—and the
search continues for new synthetics whose interaction with
the receptor will be more specific and will not interfere with
the receptor’s other, essential biological functions. Further-

more, synthetic corticosteroids are medically useful for a
number of other conditions, including inflammatory bowel
disease and transplant rejection, for which oral administra-
tion is preferable. Thus, the design of variants that will
prove to be safe for use in this way is an active area of
current research as well.

propionate. The presence of haloalkane functionality has a
marked effect on anti-inflammatory potency. Fluticasone is
one of a growing number of synthetic pharmaceuticals in
which replacement of hydrogen by fluorine either generates
novel therapeutic behavior or enhances properties already
present. As the smallest element in the second row of the

Applications and Hazards of Haloalkanes: “Greener” Alternatives

The properties of haloalkanes have made this class of compounds a rich source of com-
mercially useful substances. For example, fully halogenated liquid bromomethanes, such as
CBrF; and CBrCIF, (“Halons”), are extremely effective fire retardants. Heat-induced cleav-
age of the weak C—Br bond releases bromine atoms, which suppress combustion by inhibit-
ing the free-radical chain reactions occurring in flames (see Chapter 3, Problem 40). Like
Freon refrigerants, however, bromoalkanes are ozone depleting (Section 3-9) and have been
banned for all uses except fire-suppression systems in aircraft engines. Phosphorus tribro-
mide, PBr3, a non-ozone-depleting liquid with a high weight percent of bromine, is a promis-
ing replacement. In 2006, a PBrs-based fire-suppression cartridge system (under the trade
name PhostrEx™) was approved by both the U.S. Environmental Protection Agency (EPA)
and the U.S. Federal Aviation Administration (FAA). It is now in commercial use in the
Eclipse 500 jet aircraft.

The polarity of the carbon—halogen bond makes haloalkanes useful for applications such as
dry cleaning of clothing and degreasing of mechanical and electronic components. Alternatives

The Eclipse 500 jet over San
Francisco.
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Chapter 6

Inhalation anesthetics such as
halothane, CF;CHBrCI, derive their
biological activity from the polar
nature of their C-X bonds.

REACTION

Color code
Nucleophiles: red
Electrophiles: blue
Leaving groups: green

Properties and Reactions of Haloalkanes

for these purposes include fluorinated solvents such as 1,1,1,2,2,3,4,5,5,5-decafluoropentane
(CF;CF,CHFCHFCFj3), a DuPont™ product that does not decompose to release ozone-
destroying halogen atoms because the C—F bond is strong. This solvent is safe, stable, usable
for a wide variety of industrial functions, and may be readily recovered and recycled. Prob-
lem 50 introduces yet another class of “green” solvents—ionic liquids—that are revolutionizing
industrial chemistry.

In Summary The halogen orbitals become increasingly diffuse along the series F, CI, Br, L
Hence, (1) the C—X bond strength decreases; (2) the C—X bond becomes longer; (3) for
the same R, the boiling points increase; (4) the polarizability of X becomes greater; and
(5) London interactions increase. We shall see next that these interrelated effects also play
an important role in the reactions of haloalkanes.

6-2 Nucleophilic Substitution

Haloalkanes contain an electrophilic carbon atom, which may react with nucleophiles—
substances that contain an unshared electron pair. The nucleophile can be an anion, such
as hydroxide (" :OH), or a neutral species, such as ammonia (:NHj). In this process, which
we call nucleophilic substitution, the reagent attacks the haloalkane and replaces the
halide. A great many species are transformed in this way, particularly in solution. The reac-
tion occurs widely in nature and can be controlled effectively even on an industrial scale.
Let us see how it works in detail.

Nucleophiles attack electrophilic centers

The nucleophilic substitution of a haloalkane is described by either of two general equations.
Recall (Section 2-2) that the curved arrows denote electron-pair movement.

Nucleophilic Substitutions

5" o

Negative nucleophile Nu:™ + RgX:i—> R—Nu + :X:i°
gives neutral product Nycleophile Leaving group
Electrophile
Neutral nucleophile A oo
gives positively Nu: + RG?? :— [R—Nu]* + : X :
charged product Nucleophile Leaving group
(as a salt)

Electrophile

In the first example, a negatively charged nucleophile reacts with a haloalkane to yield
a neutral substitution product. In the second example, an uncharged Nu produces a posi-
tively charged product, which, together with the counterion, constitutes a salt. In both cases,
the group displaced is the halide ion, :X:", which is called the leaving group. We shall
see later that there are leaving groups other than :X:". Specific examples of these two types
of nucleophilic substitution are shown in Table 6-3. As will be the case in many equations
and mechanisms that follow, nucleophiles, electrophiles, and leaving groups are shown here
in red, blue, and green, respectively. The general term substrate (substratus, Latin, to have
been subjected) is applied to the organic starting material —in this case, the haloalkane —that
is the target of attack by a nucleophile.

Nucleophilic substitution exhibits considerable diversity

Nucleophilic substitution changes the functional group in a molecule. A great many nucleo-
philes are available to participate in this process; therefore, a wide variety of new molecules
are accessible through substitution. Note that Table 6-3 depicts only primary and secondary
halides. In Chapter 7 we shall see that tertiary substrates behave differently toward these
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6-2 Nucleophilic Substitution Chapter 6

IELICICERE The Diversity of Nucleophilic Substitution
Reaction Leaving
number Substrate Nucleophile Product group
1. CH,Cl: + HO: " — CH;0H - :Cl:™
Chloromethane Methanol
2. CH,CH, I: + CH;0:~ — CH;CH,OCH,; + (10
Todoethane Methoxyethane
If H
. | .
3. CH3C|CH2CH3 + (I - —_— CH;CCH,CH;4 —+ ‘Br: -
|
‘Br: HH
2-Bromobutane 2-Iodobutane
i i
4. CH3C|CH2:I:: + IN=C:~ — CH3C|CH2C =N: + i1
CH; CH;
1-Iodo-2-methylpropane 3-Methylbutanenitrile
Br: y ScH; .
5. + CH3S:™ — + ‘Bri”
Bromocyclohexane Methylthiocyclohexane
I
.o + .o
6. CH3CH2 .l.: + : NH; —_—> CH3CH2NH + :.I.: -
Indoethane I|-I
Ethylammonium
iodide
L
.o + .o
7. CH;Br: + :P(CHj3); — CH;PCH; + ‘Br:
Bromomethane CH;
Tetramethylphosphonium
bromide
Note: Remember that nucleophiles are red, electrophiles are blue, and leaving groups are green.
Anionic nucleophiles give neutral products (Reactions 1-5). Neutral nucleophiles give salts as products
(Reactions 6 and 7).

nucleophiles and that secondary halides may sometimes give other products as well. Methyl
and primary haloalkanes give the “cleanest” substitutions, relatively free of side products.

Let us inspect these transformations in greater detail. In reaction 1, a hydroxide ion,
typically derived from sodium or potassium hydroxide, displaces chloride from chloromethane
to give methanol. This substitution is a general synthetic method for converting a methyl or
primary haloalkane into an alcohol.

A variation of this transformation is reaction 2. Methoxide ion reacts with iodoethane
to give methoxyethane, an example of the synthesis of an ether (Section 9-6).

In reactions 1 and 2, the species attacking the haloalkane is an anionic oxygen nucleo-
phile. Reaction 3 shows that a halide ion may function not only as a leaving group, but
also as a nucleophile.

Reaction 4 depicts a carbon nucleophile, cyanide (often supplied as sodium cyanide,
Na+7CN), and leads to the formation of a new carbon—carbon bond, an important means
of modifying molecular structure.
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Reaction 5 shows the sulfur analog of reaction 2, demonstrating that nucleophiles in the
same column of the periodic table react similarly to give analogous products. This conclu-
sion is also borne out by reactions 6 and 7. However, the nucleophiles in these two reactions
are neutral, and the expulsion of the negatively charged leaving group results in a cationic
species, an ammonium or phosphonium salt, respectively.

All of the nucleophiles shown in Table 6-3 are quite reactive, but not all for the same
reasons. Some are reactive because they are strongly basic (HO ™, CH;0 ). Others are weak
bases (I') whose nucleophilicity derives from other characteristics. Notice that, in each
example, the leaving group is a halide ion. Halides are unusual in that they may serve as
leaving groups as well as nucleophiles (therefore making reaction 3 reversible). However,
the same is not true of some of the other nucleophiles in Table 6-3 (in particular, the strong
bases); the equilibria of their reactions lie strongly in the direction shown. These topics are
addressed in Sections 6-7 and 6-8, as are factors that affect the reversibility of displacement
reactions. First, however, we shall examine the mechanism of nucleophilic substitution.

What are the substitution products of the reaction of 1-bromobutane with (a) ::I::_; (b) CH3CH2:O'_ HEH
(¢) N37; (d) *As(CHs)s; (e) (CH3), Se?

Exercise 6-2

Working with the Concepts: Planning a Synthesis

Suggest starting materials for the preparation (synthesis) of CH;CH,SCHj.

Strategy

The question does not specify a method for preparing this molecule, but it makes sense to use our
newest reaction, nucleophilic substitution. A powerful method for designing synthetic preparations
involves working backward from the structure of the target molecule and is called retrosynthetic
analysis. We demonstrate the idea here and will return to it in Section 8-9. Begin by rephrasing the
question as “What substances must react by nucleophilic substitution to give the desired product?”
Write the structure in full, so as to see clearly all the bonds it contains, and identify one that might
be formed in the course of nucleophilic substitution.

Solution

* Example 5 from Table 6-3 gives us a model for a reaction that forms a sulfur compound with
two C—S bonds. Proceed in the same way, even though the problem does not tell us which halide
leaving group to displace by the sulfur nucleophile. We may choose any one that will work,
namely, chloride, bromide, or iodide:

Delete C—S bond
/:s:\CH _CHy; = HyC—S:~ Br—CH,—CHjs
2

T

Attach any suitable
halide leaving group

H;C

* We finish by writing the preparation in the forward direction, the way we would actually carry
it out:

CH3:S::_ + CH3CH2$:I': s CH3:S:CH2CH3 + :‘E:I':_

* Notice that we could have just as easily conducted our reverse analysis by deleting the bond
between the sulfur and the methyl carbon, rather than the ethyl. That would give us a second,
equally correct method of preparation:

CHil: + “:SCH,CH; —> CH,SCH,CH; + :I:~

As before, the choice of halide leaving group is immaterial.
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Exercise 6-3

Try It Yourself

Suggest starting materials for the preparation of (CH;),N"T". (Hint: Look for a reaction in Table 6-3
that gives a similar product.)

In Summary Nucleophilic substitution is a fairly general reaction for primary and second-
ary haloalkanes. The halide functions as the leaving group, and several types of nucleophilic
atoms enter into the process.

6-3 Reaction Mechanisms Involving Polar Functional Groups:
Using “Electron-Pushing” Arrows

In our consideration in Chapter 3 of radical halogenation, we found that a knowledge of its
mechanism was helpful in explaining the experimental characteristics of the process. The
same is true for nucleophilic substitution and, indeed, virtually every chemical process that
we encounter. Nucleophilic substitution is an example of a polar reaction: It includes
charged species and polarized bonds. Recall (Chapter 2) that an understanding of electro-
statics is essential if we are to comprehend how such processes take place. Opposite charges
attract—nucleophiles are attracted to electrophiles—and this principle provides us with a
basis for understanding the mechanisms of polar organic reactions. In this section, we
expand the concept of electron flow and review the conventional methods for illustrating
polar reaction mechanisms by moving electrons from electron-rich to electron-poor sites.

Curved arrows depict the movement of electrons

As we learned in Section 2-2, acid-base processes require electron movement. Let us briefly
reexamine the Brgnsted-Lowry process in which the acid HCI donates a proton to a mole-
cule of water in aqueous solution:

Depiction of a Brgnsted-Lowry Acid-Base Reaction by Using Curved Arrows

This electron pair

becomes shared H +
z . | .
H—O—H+ HGQ_I: — | 0L +:Cl:

j H H
This electron pair is

completely displaced

Notice that the arrow starting at the lone pair on oxygen and ending at the hydrogen of
HCI does not imply that the lone electron pair departs from oxygen completely; it just
becomes a shared pair between that oxygen atom and the atom to which the arrow points.
In contrast, however, the arrow beginning at the H—CIl bond and pointing toward the
chlorine atom does signify heterolytic cleavage of the bond; that electron pair becomes
separated from hydrogen and ends up entirely on the chloride ion.

Exercise 6-4

Use curved arrows to depict the flow of electrons in each of the following acid-base reactions.
(a) Hydrogen ion + hydroxide ion; (b) fluoride ion + boron trifluoride, BF;; (¢) ammonia +
hydrogen chloride; (d) hydrogen sulfide, H,S, + sodium methoxide, NaOCH3;; (e) dimethyloxonium
ion, (CH;),OH", + water; (f) the self-ionization of water to give hydronium ion and hydroxide ion.
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Curved “electron-pushing” arrows are the means by which we describe mechanisms in
organic chemistry. We have already noted the close parallels between acid-base reactions
and reactions between organic electrophiles and nucleophiles (Section 2-2). Curved arrows
show how nucleophilic substitution occurs when a lone pair of electrons on a nucleophile
is transformed into a new bond with an electrophilic carbon, “pushing” a bonding pair of
electrons away from that carbon onto a leaving group. However, nucleophilic substitution
is just one of many kinds of processes for which electron-pushing arrows are used to depict
the mechanisms of electrophile—nucleophile interactions. Several additional examples based
on the reaction types introduced in Chapter 2 are shown here.

Curved-Arrow Representations of Several Common Types of Mechanisms

N

| .. :
H—O0: +— C|— ok Compare with Brgnsted

acid-base reaction

Nucleophilic substitution

.. .
—C|—_QH+:91:—

| .. Dissociation AT, Reverse of Lewis acid—
. _~t . —
_(|:_L71C1 C\ +:Cl: Lewis base reaction
HC|)

Ny, e Nucleophilic addition e Only one of the two bonds
H—0: + /CGQ _(|:_Q : between C and O is cleaved
N C —C//>H+ Electrophilic addition \&_é_ Carbon-carbon double bond
VaiaN / | acting as a Lewis base

In every case the curved arrows start from either a lone electron pair on an atom or the
center of a bond. Curved arrows never start at electron-deficient atoms, such as H" (last
equation): The movement of a proton is depicted by an arrow pointing from an electron
source (lone pair or bond) foward the proton. Although this may seem counterintuitive at
first, it is a very important aspect of the curved-arrow formalism. Curved arrows represent
movement of electrons, not atoms.

The first and third examples illustrate a characteristic property of electron movement:
If an electron pair moves toward an atom, that atom must have a “place to put that electron
pair,” so to speak. In nucleophilic substitution, the carbon atom in a haloalkane has a filled
outer shell; another electron pair cannot be added without displacement of the electron
pair bonding carbon to halogen. The two electron pairs can be viewed as “flowing” in a
synchronous manner: As one pair arrives at the closed-shell atom, the other departs, thereby
preventing violation of the octet rule at carbon. When you depict electron movement with
curved arrows, it is absolutely essential to keep in mind the rules for drawing Lewis struc-
tures. Correct use of electron-pushing arrows helps in drawing such structures, because all
electrons are moved to their proper destinations.

There are other types of processes, but, surprisingly, not that many. One of the most
powerful consequences of studying organic chemistry from a mechanistic point of view is
the way in which this approach highlights similarities between types of polar reactions even
if the specific atoms and bonds are not the same.

Identify the electrophilic and nucleophilic sites in the four mechanisms shown earlier as curved-
arrow representations.

Write out in detail the equations for the reactions in Exercise 6-2, using curved arrows to denote
the movement of electron pairs.




3157T_ch06_215-250.indd Page 223 4/18/09 7:52:12 AM user—sl7’24€E—/‘U'sers/user—sl72/Desktop/Tempwork/Don'tDelete_Job/FREE036:V
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Rewrite each reaction of Table 6-3, adding curved arrows to indicate the flow of electrons.

Propose a curved-arrow depiction of the flow of electrons in the following processes, which will
be considered in detail in this chapter and in Chapter 7.

4 3 | 3 AV N
(a) —C\ = CF =— —(|:—C1 (b) HO™ + /C—(|:— —> H,0 + /C:C

/
AN

In Summary Curved arrows depict movement of electron pairs in reaction mechanisms.
Electrons move from nucleophilic, or Lewis basic, atoms toward electrophilic, or Lewis
acidic, sites. If a pair of electrons approaches an atom already containing a closed shell, a
pair of electrons must depart from that atom so as not to exceed the maximum capacity of
its valence orbitals.

6-4 A Closer Look at the Nucleophilic Substitution
Mechanism: Kinetics

Many questions can be raised at this stage. What are the kinetics of nucleophilic substitu- MECHANISM
tion, and how does this information help us determine the underlying mechanism? What m}ﬂ
happens with optically active haloalkanes? Can we predict relative rates of substitution? -
These questions will be addressed in the remainder of this chapter.

When a mixture of chloromethane and sodium hydroxide in water is heated (denoted

by the uppercase Greek letter delta, A, at the right of the arrow in the equation in the CH;Cl + NaOH
margin), a high yield of two compounds—methanol and sodium chloride—is the result. HO A
. . . . 2V,
This outcome, however, does not tell us anything about how starting materials are converted
into products. What experimental methods are available for answering this question? CH,OH + NaCl
One of the most powerful techniques employed by chemists is the measurement of the “A»
. . . . . . L. means that
kinetics of the reaction (Section 2-1). By comparing the rate of product formation beginning the reaction mixture
with several different concentrations of the starting materials, we can establish the rate is heated.

equation, or rate law, for a chemical process. Let us see what this experiment tells us about
the reaction of chloromethane with sodium hydroxide.

The reaction of chloromethane with sodium hydroxide
is bimolecular

We can monitor rates by measuring either the disappearance of one of the reactants or the
appearance of one of the products. When we apply this method to the reaction of chloro-
methane with sodium hydroxide, we find that the rate depends on the initial concentrations
of both of the reagents. For example, doubling the concentration of hydroxide doubles the
rate at which the reaction proceeds. Likewise, at a fixed hydroxide concentration, doubling
the concentration of chloromethane has the same effect. Doubling the concentrations of both
increases the rate by a factor of 4. These results are consistent with a second-order process
(Section 2-1), which is governed by the following rate equation:

Rate = k[CH;CI][HO [ mol L' s™!

All the examples given in Table 6-3 exhibit such second-order kinetics: Their rates are
directlv nronortional to the concentratione of both <ribetrate and niicleonhile
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Exercise 6-9

Working with the Concepts: Concentrations and Rates

When a solution containing 0.01 M sodium azide (Na*N; ") and 0.01 M iodomethane in methanol
at 0°C is monitored kinetically, the results reveal that iodide ion is produced at a rate of 3.0 X
107 mol L' s™". Write the formula of the organic product of this reaction and calculate its rate
constant k. What would be the rate of appearance of I for an initial concentration of reactants of
[NaN;] = 0.02 M and [CH3I] = 0.01 M?

Strategy

Write the formula describing the reaction by finding a closely analogous example in Table 6-3.
Then determine k by solving the rate equation using the given information.

Solution

* Example 1 from Table 6-3 is the model. The nucleophile is azide rather than hydroxide, and the
substrate is iodomethane rather than chloromethane. Thus,

CH;I + Na"N;~ — CH;N; + Na'l®

* The rate of appearance of I is the same as the rate of appearance of the organic product and
the rate of disappearance of both starting materials. Solve the equation for k:

30X 100" mol L' s7! = k(1072 mol L™Y)(1072 mol L)
k=30X10°L mol 's’!

* Now use k to solve for the new rate given the changed set of initial concentrations.

New rate = (3.0 X 107 L mol ! s™)(2 X 1072 mol L™")(1072 mol L™}
6.0 X 10 mol L' 57!

(Hint: As a shortcut in problems like this, simply multiply the original rate by the factor by which
any concentration has changed. Caution: Consider only changes in concentration of substances that
appear in the rate equation.)

Exercise 6-10

Try It Yourself

What is the rate of appearance of I in the reaction in Exercise 6-9 for the following initial con-
centrations of reactants? (a) [NaN;] = 0.03 M and [CHsI] = 0.01 M; (b) [NaN;] = 0.02 M and
[CH;I] = 0.02 M; (¢) [NaN3] = 0.03 M and [CH;3I] = 0.03 M.

What kind of mechanism is consistent with a second-order rate law? The simplest is one
in which the two reactants interact in a single step. We call such a process bimolecular,
and the general term applied to substitution reactions of this type is bimolecular nucleophilic
substitution, abbreviated as Sy2 (S stands for substitution, N for nucleophilic, and 2 for
bimolecular).

Bimolecular nucleophilic substitution is a concerted,
one-step process

Bimolecular nucleophilic substitution is a one-step transformation: The nucleophile attacks
the haloalkane, with simultaneous expulsion of the leaving group. Bond making takes
place at the same time as bond breaking. Because the two events occur “in concert,” we
call this process a concerted reaction.

We can envisage two stereochemically distinct alternatives for such concerted displace-
ments. The nucleophile could approach the substrate from the same side as the leaving
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H ~:OH H _OH H\
S b N L g e
HYYy \j HYy HWY

H H “Cl: T H

The symbol i denotes a
transition state, which is very
short-lived and cannot be
isolated (recall Sections 2-1
and 3-4).

Means “does not occur”

/Q-O ”Q @ | //
— -0 H J
& B "
i Q |
8”!9,” ANIMATED MECHANISM:

Figure 6-2 Hypothetical frontside nucleophilic substitution (does not occur). The (hypothetical) C Nucleophilic substitution ($,2)
transition state is enclosed in brackets and labeled with the  symbol.

group, one group exchanging for the other. This pathway is called frontside displacement
(Figure 6-2). As we shall see in the next section, it does not occur. The second possibility
is a backside displacement, in which the nucleophile approaches carbon from the side
opposite the leaving group (Figure 6-3). In both equations, an electron pair from the nega-
tively charged hydroxide oxygen moves toward carbon, creating the C-O bond, while that
of the C-Cl linkage shifts onto chlorine, thereby expelling the latter as :Cl:". In either of
the two respective transition states, the negative charge is distributed over both the oxygen
and the chlorine atoms.

Note that the formation of the transition state is not a separate step; the transition state
only describes the geometric arrangement of the reacting species as they pass through the
maximum energy point of a single-step process (Section 2-1).

i
H - H B H
) \ 5 | s /
HO >Cc—0l HO-++++++Cee=e-Cl HO—C ., +:Cl
H\“‘/ KJ § \ \”’/ H
H H H H

L .

Figure 6-3 Backside nucleophilic substitution. Attack is from the side opposite the leaving
group. The concerted nature of bond making (to OH) and bond breaking (from Cl) is indicated by
the dotted lines, which signify the partial bonding of both to carbon in the transition state.
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Exercise 6-11

Draw representations of the hypothetical frontside and backside displacement mechanisms for the
Sx2 reaction of sodium iodide with 2-bromobutane (Table 6-3). Use arrows like those shown in
Figures 6-2 and 6-3 to represent electron-pair movement.

In Summary The reaction of chloromethane with hydroxide to give methanol and chloride,
as well as the related transformations of a variety of nucleophiles with haloalkanes, are exam-
ples of the bimolecular process known as the Sy2 reaction. Two single-step mechanisms—
frontside attack and backside attack—may be envisioned for the reaction. Both are concerted
processes, consistent with the second-order kinetics obtained experimentally. Can we distin-
guish between the two? To answer this question, we return to a topic that we have considered
in detail: stereochemistry.

6-5 Frontside or Backside Attack? Stereochemistry of the
Sx2 Reaction

MECHANISM When we compare the structural drawings in Figures 6-2 and 6-3 with respect to the
m}ﬂ arrangement of their component atoms in space, we note immediately that in the first con-
- version the three hydrogens stay put and to the left of the carbon, whereas in the second
they have “moved” to the right. In fact, the two methanol pictures are related as object and

mirror image. In this example, the two are superimposable and therefore indistinguishable —

properties of an achiral molecule. The situation is entirely different for a chiral haloalkane
in which the electrophilic carbon is a stereocenter.

The S\2 reaction is stereospecific

MODEL BUILDING Consider the reaction of (S)-2-bromobutane with iodide ion. Frontside displacement should
give rise to 2-iodobutane with the same (S) configuration as that of the substrate; backside
displacement should furnish a product with the opposite configuration.

What is actually observed? It is found that (S)-2-bromobutane gives (R)-2-iodobutane
on treatment with iodide: This and all other Sy2 reactions proceed with inversion of
configuration. A process whose mechanism requires that each stereoisomer of the starting

&N\‘\T'Q"“ ANIMATED MECHANISM: material transform into a specific stereoisomer of product is described as stereospecific.
€ Nucleophilic substifution (§2) ~ The Sy2 reaction is therefore stereospecific, proceeding by a backside displacement mech-
anism to give inversion of configuration at the site of the reaction.

In the three equations that follow, the progress of the reaction of (S)-2-bromobutane with
iodide ion is shown using conventional drawings, molecular models, and electrostatic potential
maps. You can see that in the transition state, the negative charge on the nucleophile has spread
partly onto the leaving group. As the reaction comes to completion, the leaving group evolves
to a fully charged anion. In the electrostatic potential map of the transition state, this process
is reflected in the attenuated red color around the two halogen nuclei, compared with the full
red visible in the starting and ending halide ions. Note that in the reaction schemes preceding
the electrostatic potential renditions, we use the mechanistic color scheme of green for the
leaving group, and not red. In other respects, the colors match, as you would expect.

Stereochemistry of the Backside Displacement Mechanism for Sy2 Reactions

I
ki

H I|{ H
-7 >C——Br: 87 TewwsseeCoveen Brid ™ T—C, +:Bri-
H3C \“‘/ u i § i “y CH3
CH3CH2 CH3 CH2CH3 CHZCH3
S R
(Chiral and Backside displacement (Chiral and optically
optically active) active; configuration

inverted)
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J

The stereochemistry of displacement at a primary carbon is more difficult to observe
directly, because a primary carbon atom is attached to two hydrogens in addition to the
leaving group: It is not a stereocenter. This obstacle may be overcome by replacing one of
the two hydrogen atoms by deuterium, the hydrogen isotope with mass = 2. The result is
a stereocenter at the primary carbon and a chiral molecule. This strategy has been employed
to confirm that SN2 displacement at a primary carbon atom does indeed occur with inversion
of configuration, as the example below illustrates.

Stereochemistry of Sx2 Displacement at a Primary Carbon Atom

A “primary stereocenter”
CH,CH,CH, _~ L CHLOM O CH,CH,CH;§
C—Cl ————— N;—C

Hvy SN2 displacement \H
D with 100% inversion D
70%
S-1-Chloro-1-deuteriobutane R-1-Azido-1-deuteriobutane
(Chiral and optically active) (Chiral and optically active;

configuration inverted)

The nucleophile, azide ion (N5 ), gives rise to stereospecific backside displacement of chloride,
giving the azidoalkane product with the inverted configuration at the chiral carbon.

Exercise 6-12

Write the products of the following Sy2 reactions: (a) (R)-3-chloroheptane + Na*~SH; (b) ()-2-
bromooctane + N(CH3)5; (¢) (3R,4R)-4-iodo-3-methyloctane + K*~SeCHs.

Exercise 6-13

Write the structures of the products of the Sy2 reactions of cyanide ion with (a) meso-2,4-
dibromopentane (double Sy2 reaction); (b) trans-1-iodo-4-methylcyclohexane.
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The transition state of the Sy2 reaction can be described in an
orbital picture

The transition state for the Sy2 reaction can be described in orbital terms, as shown in
Figure 6-4. As the nucleophile approaches the back lobe of the sp® hybrid orbital used by
carbon to bind the halogen atom, the rest of the molecule becomes planar at the transition
state by changing the hybridization at carbon to sp*. As the reaction proceeds to products,
the inversion motion is completed and the carbon returns to the tetrahedral sp* configuration.
A depiction of the course of the reaction using a potential energy—reaction coordinate
diagram is shown in Figure 6-5.

A former president experiences
inversion of configuration.

Figure 6-4 Orbital description of

backside attack in the S\2 reac-

tion. The process is reminiscent of —
the inversion of an umbrella ex- Nu L Nu

posed to gusty winds. sp2 hybridization at carbon

&N““"?I" ANIMATED MECHANISM:
S Nucleophilic substitution (5,2)

Nu—2C,

Y"’l

Figure 6-5 Potential energy + X
diagram for an Sy2 reaction. The
process takes place in a single

step, with a single transition state. Reaction coordinate ———>

6-6 Consequences of Inversion in Sy2 Reactions

What are the consequences of the inversion of stereochemistry in the Sy2 reaction? Because
the reaction is stereospecific, we can design ways to use displacement reactions to synthesize
a desired stereoisomer.
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We can synthesize a specific enantiomer by using Sy2 reactions

Consider the conversion of 2-bromooctane into 2-octanethiol in its reaction with hydrogen
sulfide ion, HS . If we were to start with optically pure R bromide, we would obtain only
S thiol and none of its R enantiomer.

Inversion of Configuration of an Optically Pure
Compound by Sx2 Reaction

Color code for priorities
(see Section 5-3)

/\H\A /H Highest: red
HS: + C—Br: — HS—C + :Br: Second highest: blue

CHy(CH,),CH: 7 \“CH,(CH,),CHs Third highest: green
CH;, CH; Lowest: black
(R)-2-Bromooctane (S)-2-Octanethiol
([a] = —34.6) (la] = +36.4)

But what if we wanted to convert (R)-2-bromooctane into the R thiol? One tech- MODEL BUILDING
nique uses a sequence of two Sy2 reactions, each resulting in inversion of configuration
at the stereocenter. For example, an Sy2 reaction with iodide would first generate (S)-2-
iodooctane. We would then use this haloalkane with an inverted configuration as the
substrate in a second displacement, now with HS™ ion, to furnish the R thiol. This double
inversion sequence of two Sy2 processes gives us the result we desire, a net retention
of configuration.

Using Double Inversion to Give Net Retention of Configuration

H ) H ) H
Jo—fr o iC] e Je—3
CH;(CH,),CH, { ' \ “CH,(CH,),CH, CH,(CH,),CH> {
CH3 invel?ql;i)tn of CH% inveri(i)(r)lr(liof CH?
(R)-2-Bromooctane configuration (S)-2-Iodooctane configuration (R)-2-Octanethiol

([a] = —34.6) ([a] = +46.3) ([a]l = —36.4)

Exercise 6-14

As we saw for carvone (Chapter 5, Problem 43), enantiomers can sometimes be distinguished by
odor and flavor. 3-Octanol and some of its derivatives are examples: The dextrorotatory compounds
are found in natural peppermint oil, whereas their (—) counterparts contribute to the essence of
lavender. Show how you would synthesize optically pure samples of each enantiomer of 3-octyl
acetate, starting with (§)-3-iodooctane. (The conversion of acetates into alcohols will be shown in
Section 8-5.)

0
OCCH;

CH;CH,CHCH,CH,CH,CH,CH;
3-Octyl acetate

Exercise 6-15

Working with the Concepts: Stereochemical Consequences of Sy2 Displacement

Treatment of (§)-2-iodooctane with Nal in solution causes the optical activity of the starting
organic compound to disappear. Explain.

Strategy

It you write out the equation for this reaction, you will notice something unusual about it: This
Sn2 reaction uses iodide as the nucleophile as well as the leaving group. Therefore, iodide displaces
iodide. This is the key insight to approaching the problem.
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Solution

* The optical activity of (S)-2-iodooctane originates from the fact that it is chiral and a single
enantiomer. Its structure appears in the text on the previous page. The stereocenter is C2, the
carbon bearing the iodine atom. (§)-2-Iodooctane is a secondary haloalkane and, as we have seen
in several examples in this chapter, it may undergo Sy2 reaction, which proceeds by backside
displacement and inversion at the site of reactivity.

* As noted earlier, I is both a good nucleophile and a good leaving group. Because it functions
in both roles in this reaction, the transformation occurs rapidly. Each time displacement occurs,
the stereocenter undergoes stereochemical inversion. Because the process is fast, it takes place
multiple times for every substrate molecule, inverting the stereochemistry each time. Ultimately,
this leads to an equilibrium (i.e., racemic) mixture of (R) and (S) stereoisomers of the starting (and
ending) compound.

Exercise 6-16

Try It Yourself

Amino acids are the building blocks of peptides and proteins in nature. They may be prepared in
the laboratory by S\2 displacement of the halogen in 2-halocarboxylic acids using ammonia as
the nucleophile, as illustrated by the conversion of 2-bromopropanoic acid into alanine.

I?r NH,, H,0, "NH;
25°C, 4 d
CH,CHCOOH ~—— == CH;CHCOO~
2-Bromopropanoic Alanine
acid

The stereocenter in alanine, like that in most naturally occuring amino acids, has the S configu-
ration. Draw both a clear stereochemical structure for S-alanine and one for the enantiomer of
2-bromopropanoic acid that would be required to produce S-alanine according to the equation
above.

In substrates bearing more than one stereocenter, inversion takes place only at the car-
bons that undergo reaction with the incoming nucleophile. Note that the reaction of (25,4R)-
2-bromo-4-chloropentane with excess cyanide ion results in a meso product. This outcome
is particularly readily recognized using Fischer projections.

MODEL BUILDING Sn2 Reactions of Molecules with Two Stereocenters
CH, CH;
H—t—Br NC——+—H
Ethanol
Reactive stereocenters H—+—H + CN (Solvent H H + Br + Cl
(both possess good Excess
leaving groups) H——(C] NC—F+—H
CH, CH;
2S4R 2R,4S: Meso
ICH,4 1ICH,4
H7278r Acetone 727H
_ (Solvent) _
Reactive stereocenter 3 + 1 > 3 + Br
H—3—CH; H——CH,
Inert stereocenter

(no leaving group) CH,CH;3 CH,CH;
28,3R 2R,3R
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In these equations, ethanol and acetone, respectively, are the solvents for the indicated
transformations. These solvents are polar (Section 1-3) and particularly good at dissolving
salts. We shall come back to the influence of the nature of the solvent on the Sy2 reaction
in Section 6-8. In the second example, notice that the reaction taking place at C2 has no
effect on the stereocenter at C3.

Exercise 6-17

As an aid in the prediction of stereochemistry, organic chemists often use the guideline that
“diastereomers produce diastereomers.” Replace the starting compound in each of the two preced-
ing examples with one of its diastereomers, and write the product of Sy2 displacement with the
nucleophile shown. Are the resulting structures in accord with this “rule”?

Similarly, nucleophilic substitution of a substituted halocycloalkane may change the MODEL BUILDING
stereochemical relation between the substituents. For example, in the disubstituted cyclo-
hexane below, the stereochemistry changes from cis to trans.

Nal, acetone

cis-1-Bromo- trans-1-Iodo-
3-methylcyclohexane 3-methylcyclohexane

In Summary Inversion of configuration in the Sy2 reaction has distinct stereochemical
consequences. Optically active substrates give optically active products, unless the nucleo-
phile and the leaving group are the same or meso compounds are formed. In cyclic systems,
cis and trans stereochemical relations may be interconverted.

6-7 Structure and Sy2 Reactivity: The Leaving Group

The relative facility of Sy2 displacements depends on several factors, including the nature Some Variables Affecting
of the leaving group, the reactivity of the nucleophile (which is affected by the choice of the Sy2 Reaction
reaction solvent), and the structure of the alkyl portion of the substrate. We employ kinetics
as our tool to evaluate the degree to which changes in each of these structural features Nu: RBX
affect their function in the S\2 reaction. We begin by examining the leaving group. Subse- T’] ; %
quent sections will address the nucleophile and the substrate. Reactfivity SmJCfture Natlflre
@) (&) (&)
Nu: R X

Leaving-group ability is a measure of the ease
of its displacement

As a general rule, nucleophilic substitution occurs only when the group being displaced, X,
is readily able to depart, taking with it the electron pair of the C—X bond. Are there struc-
tural features that might allow us to predict, at least qualitatively, whether a leaving group
is “good” or “bad”? Not surprisingly, the relative rate at which it can be displaced, its
leaving-group ability, can be correlated with its capacity to accommodate a negative Leaving-Group Ability
charge. Remember that a certain amount of negative charge is transferred to the leaving
group in the transition state of the reaction (Figure 6-4).

For the halogens, leaving-group ability increases along the series from fluorine to iodine.
Thus, iodide is regarded as a “good” leaving group; fluoride, however, is so “poor” that ‘
Sn2 reactions of fluoroalkanes are rarely observed.

I >Br >Cl >F
Best Worst

Increasing
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Exercise 6-18

Predict the product of the reaction of 1-chloro-6-iodohexane with one equivalent of sodium methyl-
selenide (Na*~SeCHj;).

Halides are not the only groups that can be displaced by nucleophiles in Sy2 reactions.
Other examples of good leaving groups are sulfur derivatives of the type ROSO;  and
RSO;", such as methyl sulfate ion, CH;0SO; ", and various sulfonate ions. Alkyl sulfate
and sulfonate leaving groups are used so often that trivial names, such as mesylate, triflate,
and tosylate, have found their way into the chemical literature.

Sulfate and Sulfonate Leaving Groups

(|) :(”): (ﬁ :(”):
CH3O—|S—O:7 CH3—ﬁ—O B CF3—ﬁ—O - CH3Oﬁ—O:
(0] HON o :0:
Methyl sulfate ion Methanesulfonate ion  Trifluoromethanesulfonate ion ~ 4-Methylbenzenesulfonate ion
(Mesylate ion) (Triflate ion) (p-Toluenesulfonate ion,

tosylate ion)

Weak bhases are good leaving groups

Basicity Is there some characteristic property that distinguishes good leaving groups from poor ones?
Yes: Leaving-group ability is inversely related to base strength. Weak bases are best able
to accommodate negative charge and are the best leaving groups. Among the halides, iodide
is the weakest base and therefore the best leaving group in the series. Sulfates and sulfonates
‘ Decreasing are weak bases as well.

Is there a way to recognize weak bases readily? The weaker X is as a base, the
stronger is its conjugate acid HX. Therefore, good leaving groups are the conjugate
bases of strong acids. This rule applies to the four halides: HF is the weakest of the
conjugate acids, HCI is stronger, and HBr and HI are stronger still. Table 6-4 lists a
number of acids, in order of descending strength, and their pK, values. Their conjugate
bases are listed alongside in order of increasing strength and, therefore, decreasing leav-
ing group ability.

I <Br <Cl <F
Least Most

IELICICESS Base Strengths and Leaving Groups
Conjugate Leaving Conjugate Leaving
acid group acid group
Strong O Pk, Good Weak O pK, Poor A
HI (strongest) —10.0 I (best) o HF 3.2 F o
HBr -9.0 Br~ 3 CH;COH 4.7 CH;CO,~ 3
e _ = ° _ =
HCl © —80 Cl @ HCN © 92 NC (e
© o © o
H,SO, 5 30 HSO,~ E CH;SH 5 100 CH;S™ g
H,0" g’ -17  HO0 8 cHoH §’ 155  CH,0~ 3
CH,SO;H 3,‘=, -1.2 CHsSO;” § H,0 5, 15.7 HO™ 8
8 NH; 35 H,N™ 8
H, (weakest) 38 H™ (worst)
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Exercise 6-19

Predict the relative acidities within each of the following groups. Review Section 2-2 if necessary.
(a) H,S, H,Se; (b) PH;, H,S; (¢) HC1O5, HCIO,; (d) HBr, H,Se; (e) NH, ", H;O". Within each of
the groups, identify the conjugate bases and predict their relative leaving-group abilities.

Exercise 6-20

Predict the relative basicities within each of the following groups. (a) OH, “SH; (b) PH,, SH;
(¢) I, SeH; (d) HOSO, , HOSO; . Predict the relative acidities of the conjugate acids within
each group.

In Summary The leaving-group ability of a substituent correlates with the strength of its
conjugate acid. Both depend on the ability of the leaving group to accommodate negative
charge. In addition to the halides C1, Br , and I, sulfates and sulfonates (such as methane-
and 4-methylbenzenesulfonates) are good leaving groups. Good leaving groups are weak
bases, the conjugate bases of strong acids. We shall return in Section 9-4 to uses of sulfates
and sulfonates as leaving groups in synthesis.

6-8 Structure and Sy2 Reactivity: The Nucleophile

Now that we have looked at the effect of the leaving group, let us turn to a consideration
of nucleophiles. How can we predict their relative nucleophilic strength, their nucleophilicity?
We shall see that nucleophilicity depends on a variety of factors: charge, basicity, solvent,
polarizability, and the nature of substituents. To grasp the relative importance of these
effects, let us analyze the outcome of a series of comparative experiments.

Increasing negative charge increases nucleophilicity

If the same nucleophilic atom is used, does charge play a role in the reactivity of a given
nucleophile as determined by the rate of its Sy2 reaction? The following experiments answer
this question.

Experiment 1

CHiCl: + HO:™ —— CH;OH +:Cl:~  Fast

CH,Cl: + H,O — CH,OH," + :Cl:~  Very slow

Experiment 2

CHiCl: + H,N:© —— CH;NH, + :Cl:™  Very fast
CH,Cl: + H;N: —— CH;NH;" + :Cl:~  Slower

Conclusion. Of a pair of nucleophiles containing the same reactive atom, the species with
a negative charge is the more powerful nucleophile. Or, of a base and its conjugate acid,
the base is always more nucleophilic. This finding is intuitively very reasonable. Because
nucleophilic attack is characterized by the formation of a bond with an electrophilic carbon
center, the more negative the attacking species, the faster the reaction should be.

Exercise 6-21

Predict which member in each of the following pairs is a better nucleophile. (a) HS™ or H,S;
(b) CH5SH or CH;S; (¢) CH;NH ™ or CH;3;NH,; (d) HSe™ or H,Se.
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Nucleophilicity decreases to the right in the periodic table

Experiments 1 and 2 compared pairs of nucleophiles containing the same nucleophilic ele-
ment (e.g., oxygen in H,O versus HO ™ and nitrogen in H;N versus H,N ). What about
nucleophiles of similar structure but with different nucleophilic atoms? Let us examine the
elements along one row of the periodic table.

Experiment 3

CH;CH,Br: + H;N:  —> CH;CH,NH;" + :Br:~  Fast
CH3CH2$:I': + Hzé): e CH3CH26H2+ + :]:3:1':_ Vel‘y SlOW

Experiment 4

CH3CH2]-§_'r: + Hzl.\ftf — CH3CH2NH2 + :1:3:r=7 Very fast
CH;CH,Br: + HO:~ — CH;CH,OH + :Br:”~  Slower

Conclusion. Nucleophilicity again appears to correlate with basicity: The more basic species
is the more reactive nucleophile. Therefore, in the progression from the left to the right of the
periodic table, nucleophilicity decreases. The approximate order of reactivity for nucleophiles
in the first row is

‘ Increasing basicity
H,N~ > HO > NH; > F > H,0

‘ Increasing nucleophilicity

Observations using other nucleophiles demonstrate that the trends revealed in Experi-
ments 1-4 are generally applicable to all of the nonmetallic elements (groups 15—17) of the
periodic table. Increasing negative charge (Experiments 1 and 2) usually has a greater effect
than moving one group to the left (Experiments 3 and 4). Thus, in the order of reactivity
shown above, both HO™ and NH; are more nucleophilic than water, but HO ™ is more
nucleophilic than NHj;.

Exercise 6-22

In each of the following pairs of molecules, predict which is the more nucleophilic. (a) CI™ or
CH;S ; (b) P(CH3); or S(CHs3),; (¢) CH3CH,Se ™ or Br; (d) H,O or HF.

Should basicity and nucleophilicity be correlated?

The parallels between nucleophilicity and basicity first described in Section 2-2 make sense:

Recall from Section 2-2 that Strong bases typically make good nucleophiles. However, a fundamental difference between
the species we refer to as the two properties is based on how they are measured. Basicity is a thermodynamic property,
bases or nucleophiles are the measured by an equilibrium constant:
same: The distinction is in
their mode of action. When - LN - — i

' i A"+ H,0 — AH+HO K = equilibrium constant
attacking a proton, they are
called a base (often shown as In contrast, nucleophilicity is a kinetic phenomenon, quantified by comparing rates of
A or B:), when attacking reactions:

any other nucleus, for
example, carbon, they are
called a nucleophile (often
shown as Nu ™~ or Nu:).

Nu +R—X SLEN Nu—R + X~ k = rate constant

Despite these inherent differences, we have observed good correlation between basicity and
nucleophilicity in the cases of charged versus neutral nucleophiles along a row of the periodic
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table. What happens if we look at nucleophiles in a column of the periodic table? We shall
find that the situation changes, because now solvent plays a role.

Solvation impedes nucleophilicity

If it is a general rule that nucleophilicity correlates with basicity, then the elements considered
from top to bottom of a column of the periodic table should show decreasing nucleophilic
power. Recall (Section 2-2) that basicity decreases in an analogous fashion. To test this pre-
diction, let us consider another series of experiments. In the equations below, we have explic-
itly added the solvent methanol to the reaction scheme, because, as we shall see, consideration
of the solvent will be important in understanding the outcome of these experiments.

Experiment 5

:ﬁ: CH,0H

. o Solven .

CHICHCHASCH, + :l B CHiCH,CH,(l:  + “O,SCH;  Slow
:0:
101 CH,OH
..” oo (Solvent) o _

CH3CH2CHQQﬁCH3 + B.I' : CH3CH2CHQB.I' : + O3SCH3 Faster
:0:
:ﬁ: CH,OH
. .. Solven .
CH,CHCHOSCH, + <7 B CHiCH,CH,1:  + “O,SCH;  Fastest

:0:

Experiment 6

CH,;OH
. «+ _ (Solvent) P .-
CH3CH2CH21.3.1‘2 + CH3Q: CH3CH2CH29CH3 + 21.3.1‘2 Not very
fast
CH,OH
.o *+  (Solvent) o LA
CH3CH2CH2$.I': + CH3.S.: CH3CH2CH2.S.CH3 + :BI: Vel‘y fast

Conclusion. Surprisingly, nucleophilicity increases in the progression down the periodic
table, a trend directly opposing that expected from the basicity of the nucleophiles tested.
For example, in the series of halides, iodide is the fastest, although it is the weakest base.

‘ Increasing basicity
F <ClI <Br <I
Increasing nucleophilicity in CHsol-*

Moving one column to the left in the periodic table, sulfide nucleophiles are more reactive
than the analogous oxide systems, and, as other experiments have shown, their selenium
counterparts are even more reactive. Thus, this column exhibits the same trend as that observed
for the halides. The phenomenon is general for other columns in the periodic table.

How can these trends be explained? An important consideration is the interaction of the
solvent methanol with the anionic nucleophile. We have largely ignored the solvent in our
discussion of organic reactions so far, in particular, radical halogenations (Chapter 3), in
which they play an insignificant role. Nucleophilic substitution features polar starting mate-
rials and a polar mechanism, and the nature of the solvent becomes more important. Let us
see how the solvent can become involved.
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Polar Aprotic

Table 6-5 Solvents

:(”):
CH;CCH;

Acetone

CH;C=N:
Ethanenitrile
(Acetonitrile)

:(ﬁ:
HCN(CH3),

N,N-Dimethylformamide
(DMF)

. ﬁ .
CH,SCH;
Dimethyl sulfoxide
(DMSO)

HON
Il
o/ | .-
(CH3),N . N(CHs),

(CHa),

Hexamethylphosphoric
triamide
(HMPA)

O:
v/
CH:N

0

Nitromethane

Q
o \)g,.) Jw

Q

Figure 6-6 (A) Solvation of Na™ by ion-dipole interactions with methanol. (B) Approximate repre-
sentation of the relatively dense solvation of the small F~ ion by hydrogen bonds to methanol.

(C) Approximate representation of the comparatively diminished solvation of the large I~ ion by
hydrogen bonds to methanol. The tighter solvent shell around F~ reduces its ability to participate
in nucleophilic substitution reactions.

Jgﬁ
)

When a solid dissolves, the intermolecular forces that held it together (Section 2-6; Fig-
ure 2-6) are replaced by intermolecular forces between molecules and solvent. Such molecules,
especially the ions derived from the starting salts of many Sy2 reactions, are said to be solvated.
Salts dissolve well in alcohols and water, because these solvents contain highly polarized
**H-0° bonds that act by ion—dipole interactions. Thus, cations are solvated by the negatively
polarized oxygens (Figure 6-6A), anions by the positively polarized hydrogens (Figure 6-6B
and C). This solvation of anions is particularly strong, because the small size of the hydrogen
nucleus makes the 8" charge relatively dense. We shall study these interactions, called hydrogen
bonds, more closely in Chapter 8. Solvents capable of hydrogen bonding are also called protic,
in contrast to aprotic solvents, such as acetone, which will be discussed later.

Returning to the problem of our experimental results: What accounts for the increasing
nucleophilicity of negatively charged nucleophiles from the top to the bottom of a column
of the periodic table? The answer is that solvation weakens the nucleophile by forming a
shell of solvent molecules around the nucleophile and thus impeding its ability to attack an
electrophile. As we move down the periodic table, such as from F~ to I, the solvated ion
becomes larger and its charge more diffuse. As a result, solvation is diminished along the
series and nucleophilicity increases. Figures 6-6B and C depict this effect for F~ and 1.
The smaller fluoride ion is much more heavily solvated than the larger iodide. Is this true
in other solvents as well?

Decreasing solvation by protic s‘
F <CI <Br <I

Increasing nucleophilicity

Aprotic solvents: the effect of solvation is diminished

Other solvents that are useful in Sy2 reactions are highly polar but aprotic. Several common
examples are shown in Table 6-5; all lack protons capable of hydrogen bonding but do
exhibit polarized bonds. Nitromethane even exists as a charge-separated species.

Polar, aprotic solvents also dissolve salts by ion—dipole interactions, albeit not as well as
protic solvents. Because they cannot form hydrogen bonds, they solvate anionic nucleophiles
relatively weakly. The consequences are twofold. First, compared to protic solvents, the reactiv-
i1v of the nucleonhile ic raiced <cometimes dramatically For examnle bromomethane reacte with
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Relative Rates of Sy2 Reactions of lodomethane with Chloride
Table 6-6 lon in Varmuss;I f::lvents

CHyl + €I~ ==5 CHLCl + I

rel
Solvent
Relative rate

Formula Name Classification (kyer)
CH;0H Methanol Protic 1
HCONH, Formamide Protic 12.5
HCONHCH; N-Methylformamide Protic 453
HCON(CH3), N,N-Dimethylformamide Aprotic 1,200,000

potassium iodide 500 times faster in acetone than in methanol. Table 6-6 compares the rates of
Sn2 reactions of iodomethane with chloride in three protic solvents—methanol, formamide, and
N-methylformamide—and one aprotic solvent, N,N-dimethylformamide (DMF). (Formamide
and N-methylformamide can form hydrogen bonds by virtue of their polarized N-H linkages.)
The rate of reaction in DMF is more than a million times greater than it is in methanol.

The second consequence of comparatively weaker solvation of anions by aprotic sol-
vents is that the nucleophilicity trend observed in protic solvents inverts. Thus, while the
reactivity of all anions increases, that of the smaller ones increases more than that of the
others. For many nucleophiles, including the halide series, base strength overrides solvation:
Back to our original expectation!

Increasing basicity
F <CI <Br <I

-ng nucleophilicity in aprotic solvents

Increasing polarizability improves nucleophilic power

The solvation effects just described should be very pronounced only for charged nucleophiles.
Nevertheless, the degree of nucleophilicity increases down the periodic table, even for uncharged
nucleophiles, for which solvent effects should be much less strong, for example, H,Se > H,S >
H,O, and PH; > NHj. Therefore, there must be an additional factor that comes into play.

This factor is the polarizability of the nucleophile (Section 6-1). Larger elements have
larger, more diffuse, and more polarizable electron clouds. These electron clouds allow for
more effective orbital overlap in the Sy2 transition state (Figure 6-7). The result is a lower
transition-state energy and faster nucleophilic substitution.

Large 5p orbital, polarized toward
electrophilic carbon center

:

Small 2p orbital,
relatively nonpolarized

C

4$#Users/user-s1 72/Desktop/Tempwork/Don'tDelete_Job/FREE036:Vollhardt/FRE

Chapter 6

&N"“"_’;" ANIMATED MECHANISM:
S Nucleophilic substitution (5,2)

o@) PO 09 PO
N $~‘

§ N
sp° hybrid back lobe
A B

Figure 6-7 Comparison of I~ and F~ in the Sy2 reaction. (A) In protic solvents the larger iodide is a
better nucleophile, in part because its polarizable 5p orbital is distorted toward the electrophilic carbon

atom. (B) The tight, less polarizable 2p orbital on fluoride does not interact as effectively with the
alactranhilic carbon at a noint alona the reaction conrdinate comnparabhle ta the one far (A
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Exercise 6-23

Which species is more nucleophilic: (a) CH3SH or CH;SeH; (b) (CH;),NH or (CH;),PH?

Sterically hindered nucleophiles are poorer reagents

We have seen that the bulk of the surrounding solvent may adversely affect the power of
a nucleophile, another example of steric hindrance (Section 2-8). Such hindrance may also
be built into the nucleophile itself in the form of bulky substituents. The effect on the rate
of reaction can be seen in Experiment 7.

Experiment 7

CHy: + CH;0: —> CH,OCH; + :I:  Fast
MODEL BUILDING CH; CH;

.. l.. .| ..
CHil: + CH3C|sz —> CH3QC|CH3 + I Slower

CH, CH;

Conclusion. Sterically bulky nucleophiles react more slowly.

Exercise 6-24

Which of the two nucleophiles in the following pairs will react more rapidly with bromomethane?

CH, C|H3
(a) CH;S~™ or CH;CHS™ (b) (CH;),NH or (CH;CH),NH

Exercise 6-25

Working with the Concepts: Suggesting a Reaction Product by
Mechanistic Reasoning

Treatment of 4-chloro-1-butanol, !QICHZCHQCHZCHZQH, with NaOH in DMF solvent leads to
rapid formation of a compound with the molecular formula C4;HgO. Propose a structure for this
product and suggest a mechanism for its formation.

Strategy

Rather than immediately trying to figure out the structure of the product of the reaction, it is often
more productive to “think mechanistically” and consider the reaction pathways available. If the
first pathway doesn’t work, try to refine the problem—what is the change that takes place in the
molecule, and how could this change come about?

Solution

* The most obvious mechanism to try is an Sy2 trajectory for the substrate and hydroxide:

. /_\ . . . .
HQ H HQCHQCHZCHZ—CHZEQI: — HQCHZCHZCHQCHz.QH + :C-l:_

Unfortunately, the product in this equation cannot be correct, because its molecular formula is
C,H,,0,, not C,HgO.

 Let’s consider another approach. The substrate has the molecular formula C;HyOCI. Therefore,
the change in its conversion to C4HgO is loss of one hydrogen and the chlorine—that is, a mole-
cule of the strong acid HCl. How could we effect this change?

» Hydroxide is a base as well as a nucleophile; therefore, a reasonable alternative to the (incorrect)
Sn2 reaction above is an acid-base reaction with the most acidic hydrogen in the substrate:

ce TN (Nee 00 e oo 0o
HO: + H—OCH,CH,CH,CH,Cl: —> ":OCH,CH,CH,CH,Cl: + H,0:
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The formula of the organic product of this transformation is C4HgOCl ', only a chloride ion away
from the correct product. How can we induce chloride ion to leave without adding any external
species? By displacement using the nucleophilic negatively charged oxygen at the opposite end
of the molecule, forming a ring:

0L
“0—CH,CH,CH, ~CH, (1 — HGT CHa e
HQC*CHQ

Indeed, such intramolecular Sy2 reactions are widely used for the synthesis of cyclic compounds.

You may ask why this reaction proceeds as it does. There are two main reasons. First, Brgnsted-
Lowry acid-base reactions— proton transfers from one basic atom to another—are generally faster
than other processes. So removal of a proton from the hydroxy group of the substrate by hydrox-
ide ion (second equation) is faster than that same hydroxide displacing chloride in an Sy2 process
(first equation). Second, reactions that form five- and six-membered rings are generally favored,
both kinetically and thermodynamically, over mechanistically analogous processes between two
separate molecules. Thus, the internal displacement of chloride by alkoxide in the last equation is
preferred over the previously mentioned Sy2 option. In this example, the internal displacement
produces two species (the cyclic product and chloride ion) from one, giving rise to an increase in
energy dispersal and therefore a favorable entropy change.

Exercise 6-26

Try It Yourself

Gentle warming of a solution of 5-chloro-1-pentanamine, CI(CH,)sNH,, in ethoxyethane (diethyl-
ether, CH;CH,OCH,CH3;) solvent causes precipitation of a white solid. This solid is found to be
a salt. Suggest a structure for this compound and explain its formation.

Nucleophilic substitutions may be reversible

The halide ions Cl°, Br, and I" are both good nucleophiles and good leaving groups.
Therefore, their Sy2 reactions are reversible. For example, in acetone, the reactions between
lithium chloride and primary bromo- and iodoalkanes form an equilibrium that lies on the
side of the chloroalkane products:

Acetone

CH;CH,CH,CH,I + LiCl — CH;CH,CH,CH,CI + Lil

This result correlates with the relative stabilities of the product and starting material, which
favor the chloroalkane. However, this equilibrium may be driven in the reverse direction
by a simple “trick”: Whereas all of the lithium halides are soluble in acetone, solubility of
the sodium halides decreases dramatically in the order Nal > NaBr > NaCl, the last being
virtually insoluble in this solvent. Indeed, the reaction between Nal and a primary or sec-
ondary chloroalkane in acetone is completely driven to the side of the iodoalkane (the
reverse of the reaction just shown) by the precipitation of NaCl:

A il
CH;CH,CH,CH,CI + Nal ——%= CH,CH,CH,CH,I + NaCll
Insoluble
in acetone

The direction of the equilibrium in reaction 3 of Table 6-3 may be manipulated in
exactly the same way. However, when the nucleophile in an Sy2 reaction is a strong base
(e.g., HO™ or CH;0 ; see Table 6-4), it will be incapable of acting as a leaving group. In
such cases, K., will be very large and displacement will essentially be an irreversible process
(Table 6-3, reactions 1 and 2).

In Summary Nucleophilicity is controlled by a number of factors. Increased negative
charge and progression from right to left and down (protic solvent) or up (aprotic solvent)
the periodic table generally increase nucleophilic power. Table 6-7 compares the reactivity

3157T_ch06_215-250.indd Page 239 4/18/09 7:53:35 AM user—sl7’2—$—ﬂl’sers/user—sl72/Desktop/Tempwork/Don'tDelete_Job/FREE036:V

Chapter 6

Table 6-7

Relative Rates of Reaction of
Various Nucleophiles with
lodomethane in Methanol
(Protic Solvent)

Relative
Nucleophile rate
CH,OH 1
NO;~ ~32
F~ 500

i

CH;CO™ = 20,000
cl” 2 23,500
(CH;CH,),S 219,000
NH; 316,000
CH;SCH; 347,000
N5~ 603,000
Br- 617,000
CH;0™ 1,950,000
CH;SeCHj; 2,090,000
CN™ 5,010,000
(CH;CH,);As 7,940,000
I 26,300,000
HS™ 100,000,000
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of a range of nucleophiles relative to that of the very weakly nucleophilic methanol (arbi-
trarily set at 1). We can confirm the validity of the conclusions of this section by inspecting
Relative Rates of Sy2 the various entries. The use of aprotic solvents improves nucleophilicity, especially of
Reaction of Branched smaller anions, by eliminating hydrogen bonding.
Bromoalkanes with lodide
6-9 Structure and Sy2 Reactivity: The Substrate
Bromoalkane Rate
Finally, does the structure of the alkyl portion of the substrate, particularly in the vicinity
e CH:Br 2 145 of the atom bearing the leaving group, affect the rate of nucleophilic attack? Once again,
E CH;CH,Br % 5 1 we can get a sense of comparative reactivities by looking at relative rates of reaction. Let
i C|H3 3 '§ us examine the kinetic data that have been obtained.
2 CH,CHBr ([2£ 0.0078
% 3CH3 3 o Branching at the reacting carbon decreases the rate
| - of the S\2 reaction
CH;CBr Negligible
C|H What happens if we successively replace each of the hydrogens in a halomethane with a methyl
: group? Will this affect the rate of its Sy2 reactions? In other words, what are the relative

bimolecular nucleophilic reactivities of methyl, primary, secondary, and tertiary halides? Kinetic
experiments show that reactivities decrease rapidly in the order shown in Table 6-8.

MODEL BUILDING We can find an explanation by comparing the transition states for these four substitu-
tions. Figure 6-8A shows this structure for the reaction of chloromethane with hydroxide
ion. The carbon is surrounded by the incoming nucleophile, the outgoing leaving group,
and three substituents (all hydrogen in this case). Although the presence of these five groups
increases the crowding about the carbon relative to that in the starting halomethane, the
hydrogens do not give rise to serious steric interactions with the nucleophile because of
their small size. However, replacement of one hydrogen by a methyl group, as in a halo-
ethane, creates substantial steric repulsion with the incoming nucleophile, thereby raising
the transition-state energy (Figure 6-8B). This effect significantly retards nucleophilic attack.

i » If we continue to replace hydrogen atoms with methyl groups, we find that steric hindrance
rlgure 6-8 Transition states to nucleophilic attack increases dramatically. The two methyl groups in the secondary sub-
or S\2 reactions of hydroxide . . .
ion with strate severely shield the backside of the carbon attached to the leaving group; the rate of
(A) chloromethane, reaction diminishes considerably (Figure 6-8C and Table 6-8). Finally, in the tertiary sub-
chiloroethane, strate, in which a third methyl group is present, access to the backside of the halide-bearing

(B)
g g:gﬂ:g:gfg?gi?ﬁ)’”;?gp ane carbon is entirely blocked (Figure 6-8D); the transition state for Sy2 substitution is energetically

- T a T g T a1
i A N Ha st

H H H H s;C H 3C ¥ CHj3
Methyl Primary Secondary Tertiary
(Slow reaction: hydrogens on (No S\2 reaction; too much
two methyl groups interfere) steric hindrance)

@0 60 &P ¢

A B C
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CHEMICAL HIGHLIGHT 6-2

The Dilemma of Bromomethane: Highly Useful but Also Highly Toxic

Bromomethane, CH;Br, is a substance with numerous uses.
Easy and inexpensive to prepare, it is employed as an insect
fumigant for large storage spaces such as warehouses and
railroad boxcars. It is also effective in eradicating insect
infestations in soil and around several major crops, including
potatoes and tomatoes. Not surprisingly, it owes part of its
value to its high toxicity, which can be attributed largely to
its SN2 reactivity. The chemistry of life is highly dependent
on several classes of molecules containing nucleophilic
groups such as amines (—NH, and related functions) and
thiols (—SH). The biochemical roles of these substituents
are many and varied, as well as being critical to the survival
of living organisms. Highly reactive electrophiles such as
bromomethane wreak havoc on this biochemistry by indis-
criminately alkylating such nucleophilic atoms, that is, reacting
through the Sy2 mechanism to attach alkyl groups (in this
case, a methyl group) to them (see, for example, the reaction
below). Some of these processes can generate HBr as a by-
product, which amplifies the danger posed by this material
to living systems.

The toxicity of bromomethane is not limited to insects.
Human exposure is known to cause numerous health prob-
lems: Direct contact causes burns to the skin; chronic
exposure leads to kidney, liver, and central nervous system
damage; and inhalation of high concentrations can lead to
the destruction of lung tissue, to pulmonary edema, and
to death. The limit set for bromomethane exposure in the
workplace is a concentration of 20 parts per million of

L

R—'S.fH\+‘CH3D].3.r: —> R—.Sig—)H + Brim ——> R—§—CH3 + HBr:
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bromomethane vapor in ambient air. As is the case for so
many substances that have been found to be useful in large-
scale applications in our society, bromomethane’s toxicity
poses a dilemma that requires the most responsible control of
its use. The resolution between the issues of utility and safety
does not always come easily, and the costs—human, envi-
ronmental, and economic—must be assessed most carefully.

Plant pathologist Frank Westerlund demonstrates the “bromo-
methane difference” between strawberries grown in a fumigated
plot (right) and those not (/eft). The latter are withered by
verticillium wilt, a fungus.

inaccessible, and displacement of a tertiary haloalkane by this mechanism is not observed. To
summarize, as we successively replace the hydrogens of a halomethane by methyl groups (or
alkyl groups in general), Sy2 reactivity decreases in the following order:

Relative Sy2 Displacement Reactivity of Haloalkanes

Methyl

Fast Slower Very slow

CGsasing 8,2 reactivty

> primary > secondary >

Exercise 6-27

tertiary
Not at all

Br Br CH;

o
(b) CH;CH2C|Br
CH;

() and

Predict the relative rates of the Sy2 reaction of cyanide with these pairs of substrates.

and CH;CHchzBr
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MODEL BUILDING

(Minimum steric hindrance)
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Now that we have seen the effect of major structural changes on substrate reactivity in
the SN2 process, we are in a position to evaluate the effects of more subtle structural
modifications. In all cases, we shall find that steric hindrance to attack at the backside of
the reacting carbon is the most important consideration.

Lengthening the chain by one or two carbons reduces
S\2 reactivity

As we have seen, the replacement of one hydrogen atom in a halomethane by a methyl group
(Figure 6-8B) causes significant steric hindrance and reduction of the rate of Sy2 reaction.
Chloroethane is about two orders of magnitude less reactive than chloromethane in Sy2
displacements. Will elongation of the chain of the primary alkyl substrate by the addition
of methylene (CH,) groups further reduce Sy2 reactivity? Kinetic experiments reveal that
1-chloropropane reacts about half as fast as chloroethane with nucleophiles such as I".

Does this trend continue as the chain gets longer? The answer is no: Higher halo-
alkanes, such as 1-chlorobutane and 1-chloropentane, react at about the same rate as does
1-chloropropane.

Again, an examination of the transition states to backside displacement provides an
explanation for these observations. In Figures 6-9A and 6-9B, one of the hydrogens on the
methyl carbon of chloroethane is partially obstructing the path of attack of the incoming
nucleophile. The 1-halopropanes have an additional methyl group near the reacting carbon
center. If reaction occurs from the most stable anti conformer of the substrate, the incoming
nucleophile faces severe steric hindrance (Figure 6-9C). However, rotation to a gauche
conformation before attack gives an Sy2 transition state similar to that derived from a
haloethane (Figure 6-9D). The propyl substrate exhibits only a small decrease in reactivity
relative to the ethyl, the decrease resulting from the energy input needed to attain a gauche
conformation. Further chain elongation has no effect, because the added carbon atoms do
not increase steric hindrance around the reacting carbon in the transition state.

o 0 B 0 N 0 BER
H\%cs/H H,C \c';/H H\%Cf\/CHs
o 18 - o 18 Lo o 18 I e
§\ $\ $\
H H H H H H
- Ethyl - - 1-Propyl - - 1-Propyl -

(anti CH3 and Cl)

(Severe steric hindrance between
methyl and incoming nucleophile)

(gauche CH3 and Cl)

(One hydrogen lies in the (Similar to ethyl case)

path of the nucleophile)

@0 ¢ &0 ¢

Figure 6-9 Hashed-wedged line and space-filling drawings of the transition states for Sy2 reac-
tions of hydroxide ion with (A) chloromethane; (B) chloroethane; and (C and D) two conformers of
1-chloropropane: (C) anti and (D) gauche. Steric interference is illustrated strikingly in the space-
fillina drawinae Partial charaee have baan omitted for claritvy (See FiAarnire A-R )
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Branching next to the reacting carbon also retards substitution

What about multiple substitution at the position next fo the electrophilic carbon? Let us
compare the reactivities of bromoethane and its derivatives (Table 6-9). A dramatic decrease
in rate is seen on further substitution: 1-Bromo-2-methylpropane is ~25 times less reactive
toward iodide than is 1-bromopropane, and 1-bromo-2,2-dimethylpropane is virtually inert.
Branching at positions farther from the site of reaction has a much smaller effect.

We know that rotation into a gauche conformation is necessary to permit nucleophilic
attack on a 1-halopropane (Figure 6-10A). We can use the same picture to understand the
data in Table 6-9. For a 1-halo-2-methylpropane, the only conformation that permits the
nucleophile to approach the backside of the reacting carbon experiences two gauche
methyl—halide interactions, a considerably worse situation (Figure 6-10B). With the addi-
tion of a third methyl group, as in a 1-halo-2,2-dimethylpropane, commonly known as a
neopentyl halide, backside attack is blocked almost completely (Figure 6-10C).

Exercise 6-28

Predict the order of reactivity in the Sy2 reaction of

CH;
Br
versus
Br

In Summary The structure of the alkyl part of a haloalkane can have a pronounced effect
on the rate of nucleophilic attack. Simple chain elongation beyond three carbons has little
effect on the rate of the Sy2 reaction. However, increased branching leads to strong steric
hindrance and rate retardation.

B B B Bt

H H H H H H

1-Propyl
(gauche CH3 and Cl)

2-Methyl-1-propyl
(two gauche CH3 and Cl)

(High energy transition state:
reaction is slower)

2,2-Dimethyl-1-propyl

(All conformations experience
severe steric hindrance)

A

B

C

Figure 6-10 Hashed-wedged line and space-filling renditions of the transition states for

S\2 reactions of hydroxide ion with (A) 1-chloropropane, (B) 1-chloro-2-methylpropane, and
(C) 1-chloro-2,2-dimethylpropane. Increasing steric hindrance from a second gauche interaction
reduces the rate of reaction in (B). S\2 reactivity in (C) is eliminated almost entirely because a

methyl group prevents backside attack by the nucleophile in all accessible conformations of the
clihetrate (fRee alen FiAalirae R-2 and AR-0 )
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Table 6-9

Relative Reactivities of
Branched Bromoalkanes
with lodide
Relative
Bromoalkane rate
i
H—C|CH2Br 1
H
2 i o«
s | -
% CH;CCH.Br © 08
8 | R
b N
5
CH3C|CH3Br 0.03
H
CH;4
| 1.3 X
CH3C|CH3Br 1073
CH,4
MODEL BUILDING
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Stefanie Schore, providing a visual
demonstration of relative Sy2 reac-
tivity. The three test tubes contain,
from left to right, solutions of
1-bromobutane, 2-bromopropane,
and 2-bromo-2-methylpropane in
acetone, respectively. Addition of
a few drops of Nal solution to each
causes immediate formation of
NaBr (white precipitate) from the
primary bromoalkane (left), slow
NaBr precipitation only after warm-
ing from the secondary substrate
(center), and no NaBr formation

at all from the tertiary halide even
after extended heating (right).
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THE BIG PICTURE

In the first five chapters, we examined the most basic ideas of organic chemistry. We applied
principles of general chemistry, such as orbital theory, thermodynamics, and kinetics, to
organic molecules. We also introduced topics of particular relevance to organic chemistry,
such as isomerism and stereochemistry. The properties and reactions of alkanes gave us an
opportunity to observe many of these basic principles in action.

The products of halogenation of alkanes, the haloalkanes, are functionalized molecules.
Their carbon—halogen bond is a typical polar functional group and reacts by bimolecular
nucleophilic substitution, or the Sy2 mechanism. This process, involving backside displace-
ment, is one of the fundamental mechanisms of organic chemistry. Its characteristics include
sensitivity to the identity of the nucleophile, substrate structure, leaving group, and solvent.
Close attention to these details enables us to understand why the reaction occurs and what
makes it easier or more difficult—in short, how changes in structure affect function. With
this understanding comes the ability to predict: to extrapolate by analogy from examples
of reactions we have seen to reactions we have not seen. Rational prediction is an essential
component of scientific reasoning, which we illustrate often throughout this book, beginning
in the very next chapter. There, we shall expand our study of haloalkanes and examine
additional processes they can undergo. Our continued focus will be the effect that structural
changes have on chemical behavior.

CHAPTER INTEGRATION PROBLEMS

6-29. a. Write a mechanism and final product for the reaction between sodium ethoxide,
NaOCH,CHj3;, and bromoethane, CH;CH,Br, in ethanol solvent, CH;CH,OH.

SOLUTION

The mechanism is backside attack in which the nucleophilic atom of the reagent attacks the atom of
the substrate that contains the leaving group (Section 6-5). We begin by identifying each of these
components. The nucleophilic atom is the negatively charged oxygen atom in ethoxide ion, CH;CH,—-O".
Attack occurs at the carbon attached to bromine in the substrate molecule, CH;—CH,Br:

H;C
CH}CHzQ H ‘CGB-I': — CH3CH29_CH2CH3 + :Bf:i

N
H

The products are bromide ion and ethoxyethane, CH3CH2§CH2CH3, an ether.

b. How would the preceding reaction be affected by each of the following changes?
1. Replace bromoethane with fluoroethane.
2. Replace bromoethane with bromomethane.
3. Replace sodium ethoxide with sodium ethanethiolate, NaSCH,CHj.
4. Replace ethanol with dimethylformamide (DMF).

SOLUTION

1. Table 6-4 tells us that fluoride is a stronger base than bromide and, therefore, a poorer leaving
group. The reaction would still take place but would be very much slower. (The actual rate decrease
is of the order of 10%)

2. The carbon containing the leaving group in bromomethane is less sterically hindered than that in
bromoethane, so the rate of reaction would increase (Section 6-9). The product of the reaction
would be CH;0CH,CH3;, methoxyethane.

3. Both ethoxide and ethanethiolate are negatively charged. Oxygen in ethoxide is more basic than
sulfur in ethanethiolate (Table 6-4), but the sulfur atom in ethanethiolate is larger, more polariz-
able, and less tightly solvated in the hydrogen-bonding ethanol solvent (compare Figure 6-6). We
know that strong bases are good nucleophiles, but base strength is outweighed by the increased
polarizability and reduced solvation of the larger atoms within the same column of the periodic
table (Section 6-9). Ethanethiolate reacts hundreds of times as fast, giving as a product
CH;CH,SCH,CH3;, an example of a sulfide (Section 9-10).

4. Conversion from a protic, hydrogen-bonding solvent to a polar, aprotic one accelerates the reaction
enormously by reducing solvation of the negatively charged oxygen atom (compare Table 6-6).
See Problem 57 for a similar exercise.
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6-30. a. Which of the following compounds would be expected to react in an Sy2 manner at a rea-
sonable rate with sodium azide, NaNj3, in ethanol? Which will not? Why not?

)\ c:
W >N G ><I= (i) )\Ai{ﬂ v~ TOH W @N wi) ~ eN:

SOLUTION

As we did in Chapter Integration Problem 3-14, let us apply the WHIP approach to break down the
process of solving this problem. Again, this strategy will be described in detail in the Interlude that
follows Chapter 11.

What is the problem asking? This may be obvious—in part ‘a’ one merely has to identify which of
the compounds shown reacts with azide in ethanol via an Sy2 process. However, there is a bit more
to it, and the clue is the presence of the word “why” in the question. “How” and “why” questions
invariably require a closer look at the situation, usually from a mechanistic perspective. It will be
necessary to consider finer details of the Sy2 mechanism in light of the structures of each of the
substrate molecules.

How to begin? Characterize each substrate in the context of the Sy2 process. Does it contain a viable
leaving group? To what kind of carbon atom is the potential leaving group attached? Are other rel-
evant structural features present?

Information needed? Does each of these six molecules contain a good leaving group? If necessary,
look in Section 6-7 for guidance: To be a good leaving group, a species must be a weak base. Next,
can you tell if the leaving group is attached to a primary, secondary, or tertiary carbon atom? See
their definitions in Section 2-5. Anything else? Section 6-9 tells you what to look for: steric hindrance
in the substrate that may obstruct the approach of the nucleophile.

Proceed. We identify first the molecules with good leaving groups. Referring to Table 6-4, we see that,
as a general rule, only species that are the conjugate bases of strong acids (i.e., with pK, values < 0)
qualify. So, (i), (iv), and (vi) will not undergo S\2 displacement. They lack good leaving groups: "NH,,
“OH, and CN are too strongly basic for this purpose (thus answering the “why not” for these three).
Substrate (ii) contains a good leaving group, but the reaction site is a tertiary carbon and sterically
incapable of following the Sy2 mechanism. That leaves substrates (iii) and (v), both of which are
primary haloalkanes with minimal steric hindrance around the site of displacement. Both will trans-
form readily by the Sy2 mechanism.

b. Compare the rates at which the Sy2 reactions of substrates (iii) and (v) with azide will proceed.

SOLUTION

Following the WHIP protocol, we look for any differences between the two substrates that might be
significant in the context of the Sy2 mechanism. Both are comparable in steric bulk with respect to
backside displacement: Both possess branching only at the remote y-carbon, sterically without adverse
consequences. That leaves as the only reasonable deciding factor the identity of the leaving group
itself. Bromide is better than chloride in this respect (HBr is a stronger acid than HC1—Table 6-4)
and is more readily displaced. Therefore we expect the rate of reaction of (iii) to be greater. Problem
56 requires similar reasoning.

c. Name substrates (iii) and (v) according to the IUPAC system.
SOLUTION
Review Sections 2-5 and 4-1 if necessary.

(iii) 1-Bromo-3-methylbutane (v) (2-Chloroethyl)cyclopentane

Important Concepts

1. A haloalkane, commonly termed an alkyl halide, consists of an alkyl group and a halogen.

2. The physical properties of the haloalkanes are strongly affected by the polarization of the C—X
bond and the polarizability of X.

3. Reagents bearing lone electron pairs are called nucleophilic when they attack positively polarized
centers (other than protons). The latter are called electrophilic. When such a reaction leads to
displacement of a substituent, it is a nucleophilic substitution. The group being displaced by the
nucleophile is the leaving group.
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4. The kinetics of the reaction of nucleophiles with primary (and most secondary) haloalkanes are
second order, indicative of a bimolecular mechanism. This process is called bimolecular
nucleophilic substitution (Sy2 reaction). It is a concerted reaction, one in which bonds are
simultaneously broken and formed. Curved arrows are typically used to depict the flow of elec-
trons as the reaction proceeds.

5. The Sx2 reaction is stereospecific and proceeds by backside displacement, thereby producing
inversion of configuration at the reacting center.

6. An orbital description of the Sy2 transition state includes an sp>hybridized carbon center, partial
bond making between the nucleophile and the electrophilic carbon, and simultaneous partial bond
breaking between that carbon and the leaving group. Both the nucleophile and the leaving group
bear partial charges.

7. Leaving-group ability, a measure of the ease of displacement, is roughly proportional to the
strength of the conjugate acid. Especially good leaving groups are weak bases such as chloride,
bromide, iodide, and the sulfonates.

8. Nucleophilicity increases (a) with negative charge, (b) for elements farther to the left and down
the periodic table, and (c) in polar aprotic solvents.

9. Polar aprotic solvents accelerate Sy2 reactions because the nucleophiles are well separated from
their counterions but are not tightly solvated.

10. Branching at the reacting carbon or at the carbon next to it in the substrate leads to steric hin-
drance in the S\2 transition state and decreases the rate of bimolecular substitution.

Problems
31. Name the following molecules according to the ITUPAC system.

(a) CH;CH,CI (b) BrCH,CH,Br (¢) CH;CH,CHCH,F (d) (CH;);CCH,I (e) QCCI3 (f) CHBr3
CH,CH;

32. Draw structures for each of the following molecules: (a) 3-ethyl-2-iodopentane;
(b) 3-bromo-1,1-dichlorobutane; (c) cis-1-(bromomethyl)-2-(2-chloroethyl)cyclobutane;
(d) (trichloromethyl)cyclopropane; (e) 1,2,3-trichloro-2-methylpropane.

33. Draw and name all possible structural isomers having the formula C;H¢BrCl.
34. Draw and name all structurally isomeric compounds having the formula CsH,;,Br.

35. For each structural isomer in Problems 33 and 34, identify all stereocenters and give the total
number of stereoisomers that can exist for the structure.

36. For each reaction in Table 6-3, identify the nucleophile, its nucleophilic atom (draw its Lewis
structure first), the electrophilic atom in the substrate, and the leaving group.

37. A second Lewis structure can be drawn for one of the nucleophiles in Problem 36. (a) Identify it
and draw its alternate structure (which is simply a second resonance form). (b) Is there a second
nucleophilic atom in the nucleophile? If so, rewrite the reaction of Problem 36, using the new
nucleophilic atom, and write a correct Lewis structure for the product.

38. For each reaction shown here, identify the nucleophile, its nucleophilic atom, the electrophilic atom
in the substrate molecule, and the leaving group. Write the organic product of the reaction.

(a) CH;I + NaNH, — (b) E}Br + NaSH —

(© ~ > Ong T Nal >

(d) ) + NaN; —>
o o /Y

H Cl
I

(e) CHsCl + "> >\ — (9] + KSeCN —

CH;



3157T_ch06_215-250.indd Page 247 4/18/09 7:54:36 AM user—sl7’2—$—ﬂl’sers/user—sl72/Desktop/Tempwork/Don'tDelete_Job/FREE036:V

Problems Chapter 6

39. For each reaction presented in Problem 38, write out the mechanism using the curved-arrow notation.

40. A solution containing 0.1 M CH;ClI and 0.1 M KSCN in DMF reacts to give CH;SCN and KCI with
an initial rate of 2 X 10 ¥ mol L™ s7 %, (a) What is the rate constant for this reaction? (b) Calculate
the initial reaction rate for each of the following sets of reactant concentrations: (i) [CH;Cl] =
0.2 M, [KSCN] = 0.1 M; (ii) [CH5CI] = 0.2 M, [KSCN] = 0.3 M; (iii) [CH;Cl] = 0.4 M,
[KSCN] = 0.4 M.

41, Write the product of each of the following bimolecular substitutions. The solvent is indicated
above the reaction arrow.
Acetone DMSO

(a) CH}CHQCHzBr + Na*lf (b) (CHg)chCHzl + Na+7CN —_—

() CHl+Na' OCH(CH;), =2 (d) CH,CH,Br + Na*~SCH,CH; %,

(e E}CHZO+CH3CH25eCHZCH3 Acetone (f) (CH;),CHOSO,CH; + N(CHz); ~ 20,
42. Determine the R/S designations for both starting materials and products in the following Sy2

reactions. Which of the products are optically active?

H Cl H
(@ CH3+CI + Br- (b) H2C> <’""’CH3+21’
H Br
CH,CH;,
Cl 0 e 0
| |
() + “OCCH; (d) + "OCCH;
HO HO

43. For each reaction presented in Problems 41 and 42, write out the mechanism using curved-arrow

notation.
44, List the product(s) of the reaction of 1-bromopropane with each of the following reagents. Write “no

reaction” where appropriate. (Hint: Carefully evaluate the nucleophilic potential of each reagent.)

(a) H,O (b) H,SO, (c) KOH (d) CsI (e) NaCN

(f) HCI (8) (CH;),S (h) NH; i) Cl (J) KF
45. Formulate the potential product of each of the following reactions. As you did in Problem 44,

write “no reaction” where appropriate. (Hint: Identify the expected leaving group in each of the

substrates and evaluate its ability to undergo displacement.)

(a) CH,CH,CH,CH,Br +K* OH -0, (b) CH:CH,I +K*Cl™ >

© @CHZG +Li*"OCH,CH;, %% (d) (CHy),CHCH,Br + Cs'1~ -,

(€) CHyCH,CH,CI + K*~SCN ——RCHOH (f) CH,CH.F + Li*Cl~ <291,

(g) CH;CH,CH,OH + K*T~ 29, (h) CHil + Na*~SCH; —2,

. |

(i) CH,CH,OCH,CH; + Na*~OH —2> () CH,CH,I + K*~OCCH, 2229,

46. Show how each of the following transformations might be achieved.
(|)SOZCH3 ITI3 CH; CH;
(a) (R)-CH;CHCH,CH; — (S)-CH;CHCH,CH; (b) H——Br H——CN
CH;0——H CH;O0—+—H
CH3 CH3
y Y (=)
—
(©) By ——> SCH, @ >N N
| VRN
H;C CH;
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Chapter 6 Properties and Reactions of Haloalkanes

47. Rank the members of each of the following groups of species in the order of basicity, nucleophi-
licity, and leaving-group ability. Briefly explain your answers. (a) H,O, HO ", CH;CO, ; (b) Br,
Cl, F, I; (¢c) "NH,, NH;, PHy; (d) "OCN, "SCN; (e) F~, HO™, “SCH;; (f) H,O, H,S, NH;.

48. Write the product(s) of each of the following reactions. Write “no reaction” as your answer, if

appropriate.
(a) CH;CH,CH,CH; + Na*Cl~ 20 (b) CHyCH,Cl + Na*~OCH, -1,
Br C|1
H:C H _
. C +— H Acetone
b+ Nat Aone @ HC  + Na'SCH,
© HC . et CH;CH, CHj;
3
H
(|)H 0S0,CH;
(e) CH;CHCH; +Na™"CN —> (f) CH;CHCH, + HCN ~“2CHOH,
(|)SOZCH3 ﬁ CH,
B Yo
(8) CH,CHCH; + Na™CN oM, (h) Hﬁ@socmcmcg +K* SCN
g CH;,
(i) CHyCH,NH, + Na'Br~ 22> (j) CHyI+ Na™ NH, s

49. For each reaction presented in Problem 48 that actually proceeds to a product, write out the
mechanism using the curved-arrow notation.

[\ 50. The substance 1-butyl-3-methylimidazolium (BMIM) hexafluorophosphate (margin) is a liquid at

CH,CH,CH,CH 2/N+\/N \CHg PFq~ room Fem.pertcltur.e, even though it is a salt composed of positive .and negative ions. BMIM and
: other ionic liquids constitute a new class of solvents for organic reactions, because they are

1-Butyl-3-methylimidazolium capable of dissolving both organic and inorganic substances. More important, they are relatively
(BMIM) hexafluorophosphate benign environmentally, or “green,” because they can be easily separated from reaction products

and reused virtually indefinitely. Therefore they do not constitute a waste-disposal problem, unlike
conventional solvents. (a) How would you characterize BMIM as a solvent? Polar or nonpolar?
Protic or aprotic? (b) How would changing the solvent from ethanol to BMIM affect the rate of
the nucleophilic substitution reaction between sodium cyanide and 1-chloropentane?

51. (25,35)-3-Hydroxyleucine is an amino acid (Chapter 26) that is a key component in the structures
of many “depsipeptide” antibiotics, such as sanjoinine (margin). (a) Find the part of the sanjoinine
molecule that is derived structurally from (2S,35)-3-hydroxyleucine. (b) Although many depsi-
peptide antibiotics occur in nature, the quantities available are too small to be useful pharmaceu-
tically; thus these molecules must be synthesized. (2S,35)-3-Hydroxyleucine, which is also not
available in quantity from nature, must be synthesized as well. Possible starting materials are the
four diastereomers of 2-bromo-3-hydroxy-4-methylpentanoic acid (margin). Draw structural for-
mulas for each of these diastereomers and identify which of the four should be the best starting
material for a preparation of (25,3S)-3-hydroxyleucine.

52. Todoalkanes are readily prepared from the corresponding chloro compounds by Sx2
reaction with sodium iodide in acetone. This particular procedure is especially useful because the

inorganic by-product, sodium chloride, is insoluble in acetone; its precipitation drives the equi-
librium in the desired direction. Thus, it is not necessary to use excess Nal, and the process goes
to completion in a very short time. Because of its great convenience, this method is named after
its developer (the Finkelstein reaction). In an attempt to synthesize optically pure (R)-2-iodoheptane,
a student prepared a solution of (§)-2-chloroheptane in acetone. In order to ensure success,
he added excess sodium iodide and allowed the mixture to stir over the weekend. His yield of

Sanjoinine 2-iodoheptane was high, but, to his dismay, he found that his product was racemic. Explain.
OH O 53. Using the information in Chapters 3 and 6, propose the best possible synthesis of
each of the following compounds with propane as your organic starting material and any other
OH reagents needed. [Hint: On the basis of the information in Section 3-7, you should not expect to
Br find very good answers for (a), (c), and (e). One general approach is best, however.]

2-Bromo-3-hydroxy-4-methyl- (a) 1-Chloropropane (b) 2-Chloropropane (c) 1-Bromopropane
pentanoic acid (d) 2-Bromopropane (e) 1-Iodopropane (f) 2-lIodopropane
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Problems Chapter 6

54. Propose two syntheses of trans-1-methyl-2-(methylthio)cyclohexane (shown in the margin), «SCH;
beginning with the starting compound (a) cis-1-chloro-2-methylcyclohexane; (b) trans-1-chloro-2-
methylcyclohexane.

CH,
55. In each pair of molecules that follows, indicate the member of the pair that would be better suited
in its indicated function for an SN2 reaction.

(a) Nucleophile: NH;, PH; (b) Substrate: Br, Q/\/\Br

i i
C C

(¢) Solvent: H~ “N(CH3),, H~ >

NH, (d) Leaving group: CH;0H, CH;SH

56. Rank each of the following sets of molecules in order of increasing Sy2 reactivity.

(a) CH3CH2BI', CH3Br, (CHg)chBr
(b) (CH3),CHCH,CH,CI, (CH3),CHCH,CI, (CHj;),CHCI

(¢) CH;CH,Cl, CH,CH,], Qm

(d) (CH;CH,),CHCH,Br, CH3CH2CH2C|HBr, (CH5),CHCH,Br
CH;

57. Predict the effect of the changes given below on the rate of the reaction
CH,OH

CH;Cl + "OCH; — CH;0CH; + Cl .
(a) Change substrate from CH;Cl to CH;l; (b) change nucleophile from CH;0™ to CH3S ;
(¢) change substrate from CH;3Cl to (CH3),CHCI; (d) change solvent from CH;0H to (CHj3),SO.

58. The following table presents rate data for the reactions of CH;I with three different nucleophiles
in two different solvents. What is the significance of these results regarding relative reactivity of
nucleophiles under different conditions?

Nucleophile k., CH;0H k. DMF

Ccl- 1 1.2 X 10°
Br- 20 6 X 10°
NCSe™ 4000 6 X 10°

59. Explain the outcome of the following transformations mechanistically.

(a) HSCH,CH,Br + NaOH _CHCH.OH |

(b) BrCH,CH,CH,CH,CH,Br + NaOH —2 > O
0

Excess

(¢) BrCH,CH,CH,CH,CH,Br + NH; — "> O

Excess N
H

60. Sx2 reactions of halocyclopropane and halocyclobutane substrates are very much
slower than those of analogous acyclic secondary haloalkanes. Suggest an explanation for this

finding. (Hint: Consider the effect of bond-angle strain on the energy of the transition state; see
Figure 6-4.)

61. Nucleophilic attack on halocyclohexanes is also somewhat retarded compared with that on acyclic
secondary haloalkanes, even though in this case bond-angle strain is not an important factor.
Explain. (Hint: Make a model, and refer to Chapter 4 and Section 6-9.)
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Chapter 6 Properties and Reactions of Haloalkanes

Team Problem

62. Compounds A through H are isomeric bromoalkanes with the molecular formula CsH,;Br. With
your team, draw all eight constitutional isomers. Indicate any stereocenter(s), but do not label
it (them) as R or S until you have completed your analysis. Using the data below, assign structures
to A through H. Divide the problem into equal parts to share the effort of finding a solution.
Reconvene and discuss your analysis. At this point, you should indicate the stereochemistry with
wedged and hashed lines as appropriate.

* Treatment of compounds A through G with NaCN in DMF followed second-order kinetics and
showed the following relative rates:

A=B>C>D=E>F>>G

e Compound H does not undergo the Sy2 reaction under the preceding conditions.

e Compounds C, D, and F were found to be optically active, each having S absolute configuration
at the stereocenter. Substitution reactions of D and F with NaCN in DMF proceeded with inver-
sion of configuration, while treatment of C in the same way proceeded with retention of con-
figuration.

Preprofessional Problems

63. The S\2 reaction mechanism best applies to

(a) cyclopropane and H, (b) 1-chlorobutane and aqueous NaOH
(¢) KOH and NaOH (d) ethane and H,O

64. The reaction CH;Cl + OH™ ——> CH;0H + CI is first order in both chloromethane and hydroxide.
Given the rate constant k = 3.5 X 10> mol L™ s~', what is the observed rate at the following

concentrations?

[CH;CI] = 0.50 mol L™! [OH ] = 0.015 mol L™
(@ 2.6 X 10 mol L' 7! (b) 2.6 X 107 mol L™ ! s7! (€) 2.6 X 10> mol L™! ¢7!
(d 175X 10 mol L7's™!  (e) 1.75 X 10> mol L' 7!

65. Which ion is the strongest nucleophile in aqueous solution?
(a) F (b) CI” (¢) Br @ I (e) all of these are equally strong
66. Only one of the following processes will occur measurably at room temperature. Which one?
(@ :F-C: (b) :N=C:~ 3CH;"T:

(© :N=N:"CH,2: d) J0=0. *CH,ZCH,



CHAPTER

Further Reactions
of Haloalkanes

Unimolecular Substitution and
Pathways of Elimination

e have learned that the Sy2 displacement

process is an important reaction pathway for

haloalkanes. But is it the only mechanism for
displacement available? Or are there other, fundamen-
tally different types of transformations that haloal-
kanes undergo? In this chapter, we shall see that
haloalkanes can indeed follow reaction pathways other
than SN2 displacement, especially if the haloalkanes
are tertiary or secondary. In fact, bimolecular substitu-
tion is only one of four possible modes of reaction.
The other three modes are unimolecular substitution
and two types of elimination processes. The elimina-
tion processes give rise to double bonds through loss
of HX and serve as our introduction into the prepara-
tion of multiply bonded organic compounds.

7-1 Solvolysis of Tertiary and Secondary Haloalkanes

We have learned that the rate of the Sy2 reaction diminishes drastically when the reacting
center changes from primary to secondary to tertiary. These observations, however, pertain
only to bimolecular substitution. Secondary and tertiary halides do undergo substitution,
but by another mechanism. In fact, these substrates transform readily, even in the presence
of weak nucleophiles, to give substitution products.

For example, when 2-bromo-2-methylpropane (ferz-butyl bromide) is mixed with water, it
is rapidly converted into 2-methyl-2-propanol (tert-butyl alcohol) and hydrogen bromide. Water
is the nucleophile here, even though it is poor in this capacity. Such a transformation, in which
a substrate undergoes substitution by solvent molecules, is called solvolysis, such as methano-
lysis, ethanolysis, and so on. When the solvent is water, the term hydrolysis is applied.

An Example of Solvolysis: Hydrolysis

Poor nucleophile
t fast tion!
yet fast reaction!  py,

| . Relatively fast
—_— N

CH3C|]:3:r: + H—OH
CH;,

2-Bromo-2-methylpropane
(tert-Butyl bromide)

T
CH3C|§H + HBr:
CH;,

2-Methyl-2-propanol
(tert-Butyl alcohol)

Medicinal chemists use many
reactions to explore structure-
activity relationships in
physiologically active compounds.
Above, the bromocyclohexyl
substituent to a B-lactam is
converted to a cyclohexenyl
group by elimination of HBr.
B-Lactams are four-membered
ring amides featured in the
structure of many antibiotics, such
as penicillin and cephalosporin,
and their modification is essential
in combating drug resistance.
The photo shows Petri dish
cultures of two strains of
Staphylococcus aureus bacteria
(opaque and grey), an organism
that causes boils, abscesses,
and urinary tract infections. At
left, one bacterial strain shows
sensitivity to penicillin (white
pellet) as indicated by the clear
zone of inhibited growth around
it. At right, a second strain of
bacteria shows resistance to

the drug and its growth is not
inhibited.



Chapter 7

REACTION

Reminder
Nucleophile: red
Electrophile: blue
Leaving group: green

Methyl and Primary
Haloalkanes:
Unreactive in Solvolysis

CH.Br
CH';CHQBI‘
CH';CHzCHzB T

Essentially no reaction with H,O
at room temperature

Table 7-1

Relative Reactivities of
Various Bromoalkanes

with Water z
S
Relative 5 o
Bromoalkane  rate @ § £
0
CH.Br 1 2%
@ 0
CH3CH2Br 1 8 =
S
(CH,),CHBr 12 '
(CH3);CBr 1.2 X 10°
H;C CH,Br H;C Br
A B

Further Reactions of Haloalkanes

2-Bromopropane is hydrolyzed similarly, albeit much more slowly, whereas 1-bromopropane,
bromoethane, and bromomethane are unchanged under these conditions.

Hydrolysis of a Secondary Haloalkane
CH;, CH;

Relatively slow | .o .o
—_— CH3C|QH + HBr:

.. ..
CH3C|1§_r:+ H—OH

H H
2-Bromopropane 2-Propanol
(Isopropyl bromide) (Isopropyl alcohol)

Solvolysis also takes place in alcohol solvents.

Solvolysis of 2-Chloro-2-methylpropane in Methanol

Solvolysis—the

solvent is also CH, CH;
the nucleophile |

CH;CCl: + CH,0H — CH3C|QCH3 + HCI:

| Solvent

2-Chloro- 2-Methoxy-
2-methylpropane 2-methylpropane

The relative rates of reaction of 2-bromopropane and 2-bromo-2-methylpropane with
water to give the corresponding alcohols are shown in Table 7-1 and are compared with
the corresponding rates of hydrolysis of their unbranched counterparts. Although the process
gives the products expected from an Sy\2 reaction, the order of reactivity is reversed from
that found under typical Sy2 conditions. Thus, primary halides are very slow in their reac-
tions with water, secondary halides are more reactive, and tertiary halides are about / mil-
lion times as fast as primary ones.

These observations suggest that the mechanism of solvolysis of secondary and, espe-
cially, tertiary haloalkanes must be different from that of bimolecular substitution. To under-
stand the details of this transformation, we shall use the same methods that we used to study
the Sy2 process: kinetics, stereochemistry, and the effect of substrate structure and solvent
on reaction rates.

Whereas compound A (shown in the margin) is completely stable in ethanol, B is rapidly converted
into another compound. Explain.

7-2 Unimolecular Nucleophilic Substitution

In this section, we shall learn about a new pathway for nucleophilic substitution. Recall that
the Sy2 reaction

* Has second-order kinetics

* Generates products stereospecifically with inversion of configuration

* Is fastest with halomethanes and successively slower with primary and secondary
halides

* Does not take place with tertiary substrates at all



7-2 Unimolecular Nucleophilic Substitution

In contrast, solvolyses

e Follow a first-order rate law
* Are not stereospecific

e Are characterized by the opposite order of reactivity

Let us see how these findings can be accommodated mechanistically.

Solvolysis follows first-order kinetics

In Chapter 6, the kinetics of reaction between halomethanes and nucleophiles revealed a
bimolecular transition state: The rate of the Sy2 reaction is proportional to the concentration
of both ingredients. Similar studies have been carried out by varying the concentrations of
2-bromo-2-methylpropane and water in formic acid (a polar solvent of very low nucleophi-
licity) and measuring the rates of solvolysis. The results of these experiments show that the
rate of hydrolysis of the bromide is proportional to the concentration of only the starting
halide, not the water.

Rate = k[(CH3);CBr] mol L' 57!

What does this observation mean? First, it is clear that the haloalkane has to undergo
some transformation on its own before anything else takes place. Second, because the final
product contains a hydroxy group, water (or, in general, any nucleophile) must enter the
reaction, but at a later stage and not in a way that will affect the rate law. The only way
to explain this behavior is to postulate that any steps that follow the initial reaction of the
halide are relatively fast. In other words, the observed rate is that of the slowest step in
the sequence: the rate-determining step. It follows that only those species taking part in
the transition state of this step enter into the rate expression: in this case, only the starting
haloalkane.

In analogy, think of the rate-determining step as a bottleneck. Imagine a water hose
with several attached clamps restricting the flow (Figure 7-1). We can see that the rate at
which the water will spew out of the end is controlled by the narrowest constriction. If we
were to reverse the direction of flow (to model the reversibility of a reaction), again the
rate of flow would be controlled by this point. Such is the case in transformations consist-
ing of more than one step—for example, solvolysis. What, then, are the steps in our
example?

Constriction

Water
flow

== Water

flow

Rate determining

The mechanism of solvolysis includes carbocation formation

The hydrolysis of 2-bromo-2-methylpropane is said to proceed by unimolecular nucleophilic
substitution, abbreviated Sy1. The number 1 indicates that only one molecule, the halo-
alkane, participates in the rate-determining step: The rate of the reaction does not depend
on the concentration of the nucleophile. The mechanism consists of three steps.

Chapter 7

Figure 7-1 The rate k at which
water flows through this hose is
controlled by the narrowest
constriction.

MECHANISM

D08



Chapter 7 Further Reactions of Haloalkanes

Step 1. The rate-determining step is the dissociation of the haloalkane to an alkyl cation
and bromide.

\ATON  ANIMATED MECHANISH: Dissociation of Halide to Form a Carbocation
% Q ' Nucleophilic substitution CH; CH;
(SNI) Of ((H;);(BT with HOH | [y Rate determining | oo
CH;C" + :Br:”

CH3(|: _]:3:1‘ . = |
CH3 CH3

Heterolytic cleavage of the
carbon—halogen bond
separates opposite charges,
making this step slow and
rate determining.

1,1-Dimethylethyl
cation
(tert-Butyl cation)

This conversion is an example of heterolytic cleavage. The hydrocarbon product contains
a positively charged central carbon atom attached to three other groups and bearing only

an electron sextet. Such a structure is called a carbocation.
The terms “trap” or “capture”

describe the fast attack on a
reactive intermediate by
another chemical species.

Step 2. The 1,1-dimethylethyl (fert-butyl) cation formed in step 1 is a powerful electrophile
that is immediately trapped by the surrounding water. This process can be viewed as a
nucleophilic attack by the solvent on the electron-deficient carbon.

Nucleophilic Attack by Water
CH; H CH; g
| ./ Fast
CH3(|J+ + .Q\ —= CH
CH; H

R—O—H+H'
1 L ér a
H
o/
R—O"
AN
H
Alkyloxonium ion An alkyloxonium ion

The resulting species is an example of an alkyloxonium ion, the conjugate acid of an
alcohol—in this case 2-methyl-2-propanol, the eventual product of the sequence.

Step 3. Like the hydronium ion, H;0", the first member of the series of oxonium ions,*
all alkyloxonium ions are strong acids. They are therefore readily deprotonated by the water
in the reaction medium to furnish the final alcohol.

*Indeed, [IUPAC recommends the use of the name oxonium ion instead hydronium ion for H;O".
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Deprotonation
CH;
oo Fast .o +
+ OH, — CH;C|OH + HOH,

CH;

Alkyloxonium ion 2-Methyl-2-propanol
(Strongly acidic)

Figure 7-2 compares the potential-energy diagrams for the Sy2 reaction of chloromethane
with hydroxide ion and the Sy1 reaction of 2-bromo-2-methylpropane with water. The Sy1
diagram exhibits three transition states, one for each step in the mechanism. The first has
the highest energy—and thus is rate determining—because it requires the separation of
opposite charges.

Using the bond-strength data in Table 3-1, calculate the AH® for the hydrolysis of 2-bromo-
2-methylpropane to 2-methyl-2-propanol and hydrogen bromide. [Caution: Don’t get confused by
the ionic mechanism of these reactions. The AH® is a measure of the thermicity of the overall
transformation, regardless of mechanism (Section 2-1).]

Sn2: One Step Sn1: Two Steps
H ¥ HyC ¥
S5 | 5 /2/ )
HO-------- Crvvnnnns Cl St X‘S
$ \ HyC™,
H H 2lo H;C
R
> HEIC S
< o | =
Z 3|z
= ] s
E 2 E 2| °
5
cHCl (C}}II(%)SICBY
+OH +
(CH3);CO
H (CH5);COH
CH;0H + HBr
+ CI™
Reaction coordinate ———> Reaction coordinate ———>
A B

Figure 7-2 Potential-energy diagrams for (A) Sy2 reaction of chloromethane with hydroxide and
(B) Sn1 hydrolysis of 2-bromo-2-methylpropane. Whereas the Sy2 process takes place in a single
step, the Sy1 mechanism consists of three distinct events: rate-determining dissociation of the ATION .
haloalkane into a halide ion and a carbocation, nucleophilic attack by water on the carbocation to &N‘ 4 ANIMATED. ME(HAN.ISM.‘
give an alkyloxonium ion, and proton loss to furnish the final product. Note: For clarity, inorganic Nucleophilic Smeth“
species have been omitted from the intermediate stages of (B). (S,1) of ((Hl);(BI with HOH
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MODEL BUILDING

&N"“"?," ANIMATED MECHANISM:
Nucleophilic substitution
(5y1) of (CH),CBr with HOH

Further Reactions of Haloalkanes

All three steps of the mechanism of solvolysis are reversible. The overall equilibrium
can be driven in either direction by the suitable choice of reaction conditions. Thus, a large
excess of nucleophilic solvent ensures complete solvolysis. In Chapter 9, we shall see how
this reaction can be reversed to permit the synthesis of tertiary haloalkanes from alcohols.

In Summary The kinetics of haloalkane solvolysis lead us to a three-step mechanism. The
crucial, rate-determining step is the initial dissociation of a leaving group from the starting
material to form a carbocation. Because only the substrate molecule participates in the rate-
limiting step, this process is called unimolecular nucleophilic substitution, Sy1. Let us now
see what other experimental observations can tell us about the Sy1 mechanism.

7-3 Stereochemical Consequences of Sy1 Reactions

The proposed mechanism of unimolecular nucleophilic substitution has predictable stereo-
chemical consequences because of the structure of the intermediate carbocation. To mini-
mize electron repulsion, the positively charged carbon assumes trigonal planar geometry,
the result of sp* hybridization (Sections 1-3 and 1-8). Such an intermediate is therefore
achiral (make a model). Hence, starting with an optically active secondary or tertiary halo-
alkane in which the stereocenter bears the departing halogen, under conditions favorable
for Syl reaction we should obtain racemic products (Figure 7-3). This result is, in fact,
observed in many solvolyses. In general, the formation of racemic products from optically
active substrates is strong evidence for the intermediate being a symmetrical, achiral species,
such as a carbocation.

:OH

e C\""/

H;C
/—\ H

+ (S)-1-Phenylethanol

3 T° no:
:Br:
ST

C . —_ }'B.I‘ . + H3C +
e’ \”
H : H
- - 2 H;C ,
(S)-(1-Bromoethyl) NS
benzene ) C
Planar, achiral ‘
:OH

(R)-1-Phenylethanol

Racemic mixture

Figure 7-3 The mechanism of hydrolysis of (S)-(1-bromoethyl)benzene explains the stereo-
chemistry of the reaction. Initial ionization furnishes a planar, achiral carbocation. This ion,
when trapped with water, yields racemic alcohol.

(R)-3-Bromo-3-methylhexane loses its optical activity when dissolved in nitromethane, a highly
polar but nonnucleophilic solvent. Explain by a detailed mechanism. (Caution: When writing
mechanisms, use “arrow pushing” to depict electron flow; write out every step separately; formu-
late complete structures, including charges and relevant electron pairs; and draw explicit reaction
arrows to connect starting materials or intermediates with their respective products. Don’t use
shortcuts, and don’t be sloppy!)




7-3 Stereochemical Consequences of Syl Reactions

Exercise 7-4

Working with the Concepts: Stereochemical Consequences of Sy1 Displacement

Gentle warming of (2R,4R)-2-iodo-4-methylhexane in methanol gives two stereoisomeric methyl
ethers. How are they related to each other? Explain mechanistically.

Strategy

The substrate is secondary; therefore, substitution can proceed by either the Sy1 or the Sy2 mech-
anism. Let’s consider the reaction conditions to see which is more likely and what its consequences
will be.

Solution

* The reaction takes place in methanol, CH;OH, a poor nucleophile (disfavoring Sy2) but a very
polar, protic solvent, well suited for dissociation of secondary and tertiary haloalkanes into ions
(favoring Sy1).

* Dissociation of the excellent leaving group I" from C2 gives a trigonal planar carbocation.
Methanol may attack from either face (compare mechanism steps 1 and 2 in Section 7-2), giving
two stereoisomeric oxonium ions. The positively charged oxygen makes the attached hydrogen
very acidic; after proton loss, two stereoisomeric ethers result (mechanism step 3 in Section 7-2;
see also Figure 7-3). We have here another example of solvolysis (specifically, methanolysis),
because the nucleophile is the solvent (methanol).

(Caution! When describing the Syl mechanism, avoid the following two very common

errors: (1) Do not dissociate CH;0H to give methoxide (CH;0 ) and a proton before bonding
with the cationic carbon. Methanol is a weak acid whose dissociation is thermodynamically not
favored. (2) Do not dissociate CH;OH to give a methyl cation and hydroxide ion. Although the
presence of the OH functional group in alcohols may remind you of the formulas of inorganic
hydroxides, alcohols are not sources of hydroxide ion.)
* The two stereoisomeric ether products are diastereomers; 2S5,3R and 2R,3R. At the reaction
site, C2, both R and S configurations result from the two possible pathways of methanol attack,
a and b. At C3 a stereocenter where no reaction occurs, the original R configuration remains
unchanged.

Exercise 7-5

Try It Yourself

Hydrolysis of molecule A (shown in the margin) gives two alcohols. Explain.

Chapter 7
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Figure 7-4 The respective tran-
sition states for the Sy1 and Sy2
reactions explain why the Sy1 pro-
cess is strongly accelerated by
polar solvents. Heterolytic cleav-
age entails charge separation, a
process aided by polar solvation.

Further Reactions of Haloalkanes

7-4 Effects of Solvent, Leaving Group, and Nucleophile on
Unimolecular Substitution

As in SN2 reactions, varying the solvent, the leaving group, and the nucleophile greatly
affects unimolecular substitution.

Polar solvents accelerate the Sy1 reaction

Heterolytic cleavage of the C—X bond in the rate-determining step of the Syl reaction
entails a transition-state structure that is highly polarized (Figure 7-4), leading eventually
to two fully charged ions. In contrast, in a typical Sy2 transition state, charges are not cre-
ated; rather, they are dispersed (see Figure 6-4).

Because of this polar transition state, the rate of an Syl reaction increases as solvent
polarity is increased. The effect is particularly striking when the solvent is changed from
aprotic to protic. For example, hydrolysis of 2-bromo-2-methylpropane is much faster in
pure water than in a 9:1 mixture of acetone and water. The protic solvent accelerates the
Sn1 reaction because it stabilizes the transition state shown in Figure 7-4 by hydrogen
bonding with the leaving group. Remember that, in contrast, the Sy2 reaction is acceler-
ated in polar aprotic solvents, mainly because of a solvent effect on the reactivity of the
nucleophile.

Effect of Solvent on the Rate of an Sy1 Reaction

Relative rate

100% H,O
(CH,);COH + HBr 400,000

(CH3)3CBI'

More polar solvent

90% acetone, 10% H,O

(CH3)3CBr (CH3)3COH + HBr 1

Less polar solvent

The solvent nitromethane, CH;NO, (see Table 6-5), is both highly polar and virtually
nonnucleophilic. Therefore, it is useful in studies of Syl reactions with nucleophiles other
than solvent molecules.

A f A ¥
\ L (o & | o
\\“‘..C ...... X Nud ------ C ...... X
B/ {
C B C
Sl Sx2
Opposite charges Negative charge
are separated is dispersed

The Sy1 reaction speeds up with better leaving groups

Because the leaving group departs in the rate-determining step of the Syl reaction, it is not
surprising that the rate of the reaction increases as the leaving-group ability of the departing
group improves. Thus, tertiary iodoalkanes more readily undergo solvolysis than do the
corresponding bromides, and bromides are, in turn, more reactive than chlorides. Sulfonates
are particularly prone to departure.

Relative Rate of Solvolysis of RX (R = Tertiary Alkyl)
X = —0SO,R" > —I > —Br > —(Cl



7-4 Effects on Unimolecular Substitution

The strength of the nucleophile affects the product distribution
but not the reaction rate

Does changing the nucleophile affect the rate of Syl reaction? The answer is no. Recall
that, in the SN2 process, the rate of reaction increases significantly as the nucleophilicity of
the attacking species improves. However, because the rate-determining step of unimolecu-
lar substitution does not include the nucleophile, changing its structure (or concentration)
does not alter the rate of disappearance of the haloalkane. Nevertheless, when two or more
nucleophiles compete for capture of the intermediate carbocation, their relative strengths
and concentrations may greatly affect the product distribution.

For example, hydrolysis of a solution of 2-chloro-2-methylpropane gives the expected
2-methyl-2-propanol (tert-butyl alcohol), with a rate constant k;. Quite a different result is
obtained when the same experiment is carried out in the presence of the soluble salt cal-
cium formate: 1,1-Dimethylethyl formate (fert-butyl formate) replaces the alcohol as the
product, but the reaction still proceeds at exactly the same rate k;. In this case, formate
ion, a better nucleophile than water, wins out in competition for bonding to the interme-
diate carbocation. The rate of disappearance of the starting material is determined by k;
(regardless of the product eventually formed), but the relative yields of the products depend
on the relative reactivities and concentrations of the competing nucleophiles.

Competing Nucleophiles in the Sy1 Reaction

(CH;);COH + HCI
2-Methyl-2-propanol

yy

HOH k—) (CH3)3C+ +ClI- o Water and formate ion compete for cation

Rate determining

(CH,);CCl
_|_

0 Y
+ &
I o I
15 Ca(OCCH), (CH,);COCH + % CaCl,
Calcium 1,1-Dimethylethyl
formate formate

(tert-Butyl formate)

Exercise 7-6

Working with the Concepts: Nucleophile Competition

A solution of 1,1-dimethylethyl (fert-butyl) methanesulfonate in polar aprotic solvent containing
equal amounts of sodium fluoride and sodium bromide produces 75% 2-fluoro-2-methylpropane
and only 25% 2-bromo-2-methylpropane. Explain. (Hint: Refer to Section 6-8 and Problem 58 in
Chapter 6 for information regarding relative nucleophilic strengths of the halide ions in aprotic
solvents.)

Strategy

The substrate is tertiary; therefore, substitution can proceed only via the Syl mechanism. Equal
amounts of the two nucleophiles are present, but the two substitution products do not form in
equivalent yields. The explanation must lie in a difference in nucleophile strength and rate of
carbocation trapping under the reaction conditions.

Solution

* Hydrogen bonding is absent in polar aprotic solvents, so nucleophilicity is determined by polar-
izability and basicity.

* Bromide, the larger ion, is more polarizable, but fluoride is the stronger base (see either Table
2-2 or 6-4). Which effect wins? They are closely balanced, but the table in Problem 6-58 provides
the answer: In DMF (Table 6-5), Cl , the stronger base, is about twice as nucleophilic as Br .
Fluoride is even more basic; consequently, it wins out over other halide ions in attacking the
carbocation intermediate.

Chapter 7
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Further Reactions of Haloalkanes

Exercise 7-7

Try It Yourself

Predict the major substitution product that would result from mixing 2-bromo-2-methylpropane
with concentrated aqueous ammonia. (Caution: Although ammonia in water forms ammonium
hydroxide according to the equation NH; + H,0 = NH," ~OH, the K for this process is very
small. Thus the concentration of hydroxide is quite low.)

In Summary We have seen further evidence supporting the Sy1 mechanism for the reaction
of tertiary (and secondary) haloalkanes with certain nucleophiles. The stereochemistry of
the process, the effects of the solvent and the leaving-group ability on the rate, and the
absence of such effects when the strength of the nucleophile is varied, are consistent with
the unimolecular route.

7-5 Effect of the Alkyl Group on the Sy1 Reaction:
Carbocation Stabhility

What is so special about tertiary haloalkanes that they undergo conversion by the Syl
pathway, whereas primary systems follow Sy2? How do secondary haloalkanes fit into this
scheme? Somehow, the degree of substitution at the reacting carbon must control the path-
way followed in the reaction of haloalkanes (and related derivatives) with nucleophiles. We
shall see that only secondary and tertiary systems can form carbocations. For this reason,
tertiary halides, whose steric bulk prevents them from undergoing Sy2 reactions, transform
solely by the Sy1 mechanism, primary haloalkanes only by Sy2, and secondary haloalkanes
by either route, depending on conditions.

Carbocation stability increases from primary to secondary
to tertiary

We have learned that primary haloalkanes undergo only bimolecular nucleophilic substitu-
tion. In contrast, secondary systems often transform through carbocation intermediates and
tertiary systems always do. The reasons for this difference are twofold. First, steric hin-
drance increases along the series, thereby slowing down Sy2. Second, increasing alkyl
substitution stabilizes carbocation centers. Only secondary and tertiary cations are ener-
getically feasible under the conditions of the Syl reaction.

Relative Stability of Carbocations
|

+ +
CH;CH,CH,CH, < CH;CH,CHCH; < (CHj);C
Primary < Secondary < Tertiary

Now we can see why tertiary haloalkanes undergo solvolysis so readily. Because tertiary
carbocations are more stable than their less substituted relatives, they form more easily. But
what is the reason for this order of stability?

Hyperconjugation stabilizes positive charge

Note that the order of carbocation stability parallels that of the corresponding radicals. Both
trends have their roots in the same phenomenon: hyperconjugation. Recall from Section 3-2
that hyperconjugation is the result of overlap of a p orbital with a neighboring bonding
molecular orbital, such as that of a C—H or a C—C bond. In a radical, the p orbital is singly
filled; in a carbocation, it is empty. In both cases, the alkyl group donates electron density
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B I+ B o I+
Hyperconjugation
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H /l"'. ’.
“C—H
2
Ry d’ C——C
4 V'l,
HzC/ d \”IH
Q H
Methyl cation 1, 1-Dimethylethyl cation

A B (tert-Butyl cation)

C D

to the electron-deficient center and thus stabilizes it. Figure 7-5 compares the orbital pictures
of the methyl and 1,1-dimethylethyl (tert-butyl) cations and depicts the electrostatic poten-
tial maps of the methyl, ethyl, 1-methylethyl (isopropyl), and 1,1-dimethylethyl cations.
Figure 7-6 shows the structure of the tertiary butyl system, which is stabilized enough to
be isolated and characterized by X-ray diffraction measurements.

Secondary systems undergo hoth Sy1 and Sy2 reactions

As you will have gathered from the preceding discussion, secondary haloalkanes exhibit
the most varied substitution behavior. Both Sy2 and Syl reactions are possible: Steric hin-
drance slows but does not preclude bimolecular nucleophilic attack. At the same time,
unimolecular dissociation becomes competitive because of the relative stability of secondary
carbocations. The pathway chosen depends on the reaction conditions: the solvent, the leav-
ing group, and the nucleophile.

If we use a substrate carrying a very good leaving group, a poor nucleophile, and a
polar protic solvent (Sy1 conditions), then wunimolecular substitution is favored. If we
employ a high concentration of a good nucleophile, a polar aprotic solvent, and a haloalkane
bearing a reasonable leaving group (Sn2 conditions), then bimolecular substitution pre-
dominates. Table 7-2 summarizes our observations regarding the reactivity of haloalkanes
toward nucleophiles.

Chapter 7

Figure 7-5 (A) The partial orbital
picture of the methyl cation re-
veals why it cannot be stabilized
by hyperconjugation. (B) In con-
trast, the 1,1-dimethylethyl (tert-
butyl) cation benefits from three
hyperconjugative interactions.
The electrostatic potential maps
of the (C) methyl, (D) ethyl, (E) 1-
methylethyl (isopropyl), and

(F) 1,1-dimethylethyl (tert-butyl)
cations show how the initially
strongly electron-deficient (blue)
central carbon increasingly loses
its blue color along the series
because of increasing
hyperconjugation.

Figure 7-6 X-ray crystal struc-
ture determination for the 1,1-
dimethylethyl (tert-butyl) cation.
The four carbons lie in a plane
with 120° C-C-C bond angles,
consistent with sp? hybridization
at the central carbon. The C-C
bond length is 1.44 A, shorter than
normal single bonds (1.54 A), a
consequence of hyperconjugative
overlap.

1L EWEYN Reactivity of R—X in Nucleophilic Substitutions: R—X + Nu™ —— R—Nu + X~

R Sal

CH; Not observed in solution (methyl cation
too high in energy)

Primary @ Not observed in solution (primary o
= . L. P £
@ carbocations too high in energy) o
] ]
Secondary - Relatively slow; best with good leaving o
groups in polar protic solvents (77}
Tertiary ‘ Frequent; particularly fast in polar, protic Extremely slow
solvents and with good leaving groups

“Exceptions are resonance-stabilized carbocations; see Chapter 14.

Frequent; fast with good nucleophiles and good leaving
groups

Frequent; fast with good nucleophiles and good leaving
groups, slow when branching at C2 is present in R

Relatively slow; best with high concentrations of good
nucleophiles in polar aprotic solvents
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A visual demonstration of relative
Sn1 reactivity. The three test
tubes contain, from left to right,
solutions of 1-bromobutane,
2-bromopropane, and 2-bromo-
2-methylpropane in ethanol,
respectively. Addition of a few
drops of AgNO; solution to each
causes immediate formation of a
heavy AgBr precipitate from the
tert-bromoalkane (right), less AgBr
precipitation from the secondary
substrate (center), and no AgBr
formation from the primary halide
(left).

Further Reactions of Haloalkanes

Substitution of a Secondary Substrate Under Sy1 Conditions

HsC :0: H;C
N H,0 AN
\“‘.C—OSCF3 —> \‘“_.C—OH + CF3;SOzH
H3C“/ ..H H3C\\/ .o
H :0: H

Substitution of a Secondary Haloalkane Under Sy2 Conditions

H;C CH,
\ . ee _ Acetone o / L
C—Br: + CH;S:” — CH;s—C_, + :Br:

H3C;—I/ ) .o .o \I;CH:; .o

Exercise 7-8

Working with the Concepts: Secondary Haloalkanes

Explain the following results.

(a) /Y + ON- Acetone

cl H H CN
R s
®) /Y + CH.0H — /ﬁ/
I H OCH;
R R+S
Strategy

Both reactions have secondary substrates with good leaving groups, giving the options of substitu-
tion by either an Sy1 or an Sy2 pathway. As we did in Exercise 7-4, let’s look at the nucleophiles
and solvents in each case.

Solution

* In reaction (a), cyanide ion, CN, is a good nucleophile (Table 6-7), and acetone is a polar
aprotic solvent, a combination that favors the Sy2 mechanism. Backside attack occurs, leading to
inversion at the site of displacement (see Figure 6-4).

¢ In reaction (b), methanol, CH;OH, is both the solvent and the nucleophile. As in Exercise 7-4,
we have the conditions for solvolysis via the Syl mechanism, leading to both enantiomeric ether
products.

Exercise 7-9

Try It Yourself

Would treatment of R-2-chlorobutane with aqueous ammonia be a good synthetic method for the
preparation of R-2-butanamine, R-CH;CH,CH(NH,)CH;? Why or why not? Can you think of a
better route?

The first five sections of this chapter have given us the background for understanding
how the Sy1 mechanism takes place and what factors favor its occurrence. It is useful
to keep in mind that two conditions must be satisfied before dissociation of a carbon—
halogen bond into ions can occur: The carbon atom must be secondary or tertiary so that
the carbocation has sufficient thermodynamic stability to form, and the reaction must
take place in a polar solvent capable of interacting with and stabilizing both positive and
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CHEMICAL HIGHLIGHT 7-1

Unusually Stereoselective Sy1 Displacement in Anticancer Drug Synthesis

Sn1 displacements normally give mixtures of stereoisomeric exception: A secondary haloalkane, a good leaving group
products. The high-energy carbocation intermediate reacts (bromide), a highly polar, protic solvent but a poor nucleo-
with the first nucleophilic species it encounters, regardless of phile (water)—ideal circumstances for an Syl reaction—and
which lobe of the carbocation p orbital the nucleophile displacement of bromide by water occurs with over 90%
approaches. The example shown below is a very unusual retention of configuration!

The structure of the relevant carbocation is shown at their toxicity; aclacinomycin is less cardiotoxic than other
the right. Approach of a nucleophile toward the top lobe of anthracyclines and thus has been under careful study by
its p orbital is partly blocked by the ethyl group two car- medical researchers for over two decades.

bon atoms over and to a lesser extent by the ester function
one carbon farther away (green). In addition, the hydroxy
group on the bottom face of the ring “directs” nucleophilic
addition of a water molecule from below by hydrogen
bonding, as shown.

This stereochemical result is of critical importance
because the product, named aklavinone, is a component in a
powerful anticancer drug called aclacinomycin A. This com-
pound belongs to a class of chemotherapeutic agents called
anthracyclines, whose clinical utility is compromised by

negative ions. Nevertheless, carbocations are common intermediates that will appear
in the reactions of many of the compound classes that we will study in the chapters
to come.

Which is “greener”: Sy1 or Sy2?

The contrast between the stereochemical outcomes of the Syl and Sy2 mechanisms directly
affects the comparative utility of the two processes in synthesis. The S\2 process is stereo-
specific: Reaction of a single stereoisomeric substrate gives a single stereoisomeric product
(Section 6-6). In contrast, virtually all reactions that proceed via the Syl mechanism at a
stereocenter give mixtures of stereoisomers. And it gets worse: The chemistry of carboca-
tions, the intermediates in all Sy1 reactions, is complex. As we shall see in Chapter 9, these
species are prone to rearrangements, frequently resulting in complicated collections of prod-
ucts. In addition, carbocations undergo another important transformation to be described
next: loss of a proton to furnish a double bond.

In the final analysis, Syl reactions, unlike SN2 processes, are of limited use in synthe-
sis because they fail the first two criteria of “green” reactions (see Chemical Highlight 3-1):
They are poor in atom efficiency and wasteful overall, because they tend to lead to mixtures
of stereoisomeric substitution products as well as other organic compounds. SN2 is
“greener.”
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Further Reactions of Haloalkanes

In Summary Tertiary haloalkanes are reactive in the presence of nucleophiles even though
they are too sterically hindered to undergo Sy2 reactions: The tertiary carbocation is read-
ily formed because it is stabilized by hyperconjugation. Subsequent trapping by a nucleo-
phile, such as a solvent (solvolysis), results in the product of nucleophilic substitution.
Primary haloalkanes do not react in this manner: The primary cation is too highly energetic
(unstable) to be formed in solution. The primary substrate follows the Sy2 route. Secondary
systems are converted into substitution products through either pathway, depending on the
nature of the leaving group, the solvent, and the nucleophile.

7-6 Unimolecular Elimination: E1

We know that carbocations are readily attacked by nucleophiles at the positively charged
carbon. However, this is not their only mode of reaction. A competing alternative is depro-
tonation by the nucleophile acting as a base, furnishing a new class of compounds, the
alkenes. This process is possible because the proton neighboring the positive charge is
unusually acidic.

Competition Between Nucleophilic and Basic Attack on a Carbocation

R /H R\ /H«\ R /R
R % u: + H

Se—d,  Swmsedd B, o
+/ \R / \’R ~HB / \
Nu R R R R R
Nucleophilic Carbocation Alkene

substitution product

Starting from a haloalkane, the overall transformation constitutes the removal of HX
with the simultaneous generation of a double bond. The general term for such a process is
elimination, abbreviated E.

Elimination
H\ Q -\ /
.‘..C—C"/ e P, c=c” + H—B + X~
\\\\“‘/ \X / \

Eliminations can take place by several mechanisms. Let us first establish the mechanism
that is followed in solvolysis.

When 2-bromo-2-methylpropane is dissolved in methanol, it disappears rapidly. As
expected, the major product, 2-methoxy-2-methylpropane, arises by solvolysis. However,
there is also a significant amount of another compound, 2-methylpropene, the product of
elimination of HBr from the original substrate. Thus, in competition with the Sy1 process,
which leads to displacement of the leaving group, another mechanism transforms the ter-
tiary halide, giving rise to the alkene. What is this mechanism? Is it related to the Syl
reaction?

Once again we turn to a kinetic analysis and find that the rate of alkene formation
depends on the concentration of only the starting halide; the reaction is first order.
Because they are unimolecular, eliminations of this type are labeled E1. The rate-determining
step in the El process is the same as that in Syl reactions: dissociation to a carbocation.
This intermediate then has a second pathway at its disposal along with nucleophilic
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trapping: loss of a proton from a carbon adjacent to the one bearing the positive
charge.

Competition Between E1 and Sy1 in the Methanolysis of 2-Bromo-2-methylpropane

CH;
(CH.);CBr: ch—é\ + :Bre
2-Bromo- CH,

2-methylpropane

El
S . . .
HZCZC\ + H" + :Bri” (CH3);COCH; + H" + :Br:
CH;
20% 80%
2-Methylpropene 2-Methoxy-

2-methylpropane

How exactly is the proton lost? Figure 7-7 depicts this process with orbitals. Although MODEL BUILDING
we often show protons that evolve in chemical processes by using the notation H', “free”
protons do not participate under the conditions of ordinary organic reactions. A Lewis base
typically removes the proton (Section 2-2). In aqueous solution, water plays this role, giv-
ing H;0™; here, the proton is carried off by CH;OH as CH;0H,", an alkyloxonium ion.
The carbon left behind rehybridizes from sp® to sp”. As the C—H bond breaks, its electrons
shift to overlap in a 7 fashion with the vacant p orbital at the neighboring cationic center.
The result is a hydrocarbon containing a double bond: an alkene. The complete mechanism
is shown on the following page.

Protonated
Methanol methanol
as base [~ i
H ”lh.+ /
=e)
| H,C™
H Illn. N
H,c 9 |
Proton
transfer\
SPZK‘ ; sp?
HsC 1, Y. HiC /) 5: -~ H3C//,,9 'C i
; —C""l “C2—C= .
Iy AN/ S v N 4
H;C / J \ HsC / _ H3C H
H H _\
Rehybridizing (\f
carbon
L - p orbitals
Carbocation Transition state Alkene

Figure 7-7 The alkene-forming step in unimolecular elimination (E1): deprotonation of a 1,1-
dimethylethyl (tert-butyl) cation by the solvent methanol. In an orbital description of proton
abstraction, an electron pair on the oxygen atom in the solvent attacks a hydrogen on a carbon
adjacent to that bearing the positive charge. The proton is transferred, leaving an electron pair
behind. As the carbon rehybridizes from sp® to sp?, these electrons redistribute over the two p
orbitals of the new double bond.
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Further Reactions of Haloalkanes

The E1 Reaction Mechanism

HOCH,
CH; e /Hd . "
.. CHOH . 3C,, + i, - H_ +
CH,C B <ML g g 0 ,"C—fc% — TMme=cZ 4+ >0ocH,
| .o .o H3C \I—;H H3C .o

Table 7-3

CH,

Ratio of Sy1 to E1 Products
in the Hydrolyses of 2-Halo-
2-methylpropanes at 25°C

X in Ratio
(CH3);CX Sx1:E1
Cl 95:5
Br 95:5

1 96:4

Any hydrogen positioned on any carbon next to the center bearing the leaving group
can participate in the El reaction. The 1,1-dimethylethyl (ferz-butyl) cation has nine such
hydrogens, each of which is equally reactive. In this case, the product is the same regardless
of the identity of the proton lost. In other cases, more than one product may be obtained.
These pathways will be discussed in more detail in Chapter 11.

The E1 Reaction Can Give Product Mixtures
CH; CH;

| CH,0H, A |
(CH3CH2)2CH—C|—CH(CH3)2 T) (CH3CH2)2CH—C|—CH(CH3)2

Cl OCH,
Sx1 product
CH, CH, CH; CHsCH, CH,
(”: + S 4 So—c”
/N /7N /7N
(CH;CH,),CH  CH(CH3), (CH;CH,),CH CH, CH,CH, CH(CHs),

E1 products

The nature of the leaving group should have no effect on the ratio of substitution to
elimination, because the carbocation formed is the same in either case. This is indeed
observed (Table 7-3). The product ratio may be affected by the addition of base, but at
low base concentration this effect is usually small. Recall that strong bases are usually
strong nucleophiles as well (Section 6-8), so addition of a base will generally not greatly
favor deprotonation of the carbocation at the expense of nucleophilic attack, and the ratio
of El to Syl products remains approximately constant. Indeed, elimination by the El
mechanism is usually no more than a minor side reaction accompanying Sy1 substitution.
Is there a way to make elimination the major outcome, to give alkenes as major products?
Yes: By using high concentrations of strong base, the proportion of elimination rises
dramatically. This effect does not arise from a change in the E1:Sy1 ratio, however.
Instead, a new mechanistic pathway for elimination is responsible. The next section
describes this process.

Exercise 7-10

When 2-bromo-2-methylpropane is dissolved in aqueous ethanol at 25°C, a mixture of
(CH3);COCH,CHj; (30%), (CH3);COH (60%), and (CH3),C=CH, (10%) is obtained. Explain.

In Summary Carbocations formed in solvolysis reactions are not only trapped by nucleo-
philes to give Syl products but also deprotonated in an elimination (E1) reaction. In this
process, the nucleophile (usually the solvent) acts as a base.

*This notation indicates that the elements of the acid have been removed from the starting material. In
reality, the proton ends up protonating a Lewis base. This symbolism will be used occasionally in other
elimination reactions in this book.



7-7 Bimolecular Elimination: E2

7-7 Bimolecular Elimination: E2

In addition to SN2, Sy1, and El reactions, there is a fourth pathway by which haloalkanes
may react with nucleophiles that are also strong bases: elimination by a bimolecular mech-
anism. This method is the one employed when alkene formation is the desired outcome.

Strong bases effect himolecular elimination

The preceding section taught us that unimolecular elimination may compete with substitu-
tion. However, a dramatic change of the kinetics is observed at higher concentrations of
strong base. The rate of alkene formation becomes proportional to the concentrations of
both the starting halide and the base: The kinetics of elimination are now second order and
the process is called bimolecular elimination, abbreviated E2.

Kinetics of the E2 Reaction of 2-Chloro-2-methylpropane
(CH;);CCl + Na* “OH - CH,=—C(CH,), + NaCl + H,0
Rate = k[(CH;);CCl][ OH] mol L 's!

What causes this change in mechanism? Strong bases (such as hydroxide, HO ', and
alkoxides, RO ") can attack haloalkanes before carbocation formation. The target is a hydro-
gen on a carbon atom next fo the one carrying the leaving group. This reaction pathway is
not restricted to tertiary halides, although in secondary and primary systems it must compete
with the SN2 process. Section 7-8 will describe the conditions under which Sy2 or E2 reac-
tion predominates with these substrates.

What products do you expect from the reaction of bromocyclohexane with hydroxide ion?

Give the products (if any) of the E2 reaction of the following substrates: CH;CH,I; CH;I;
(CH3);CCl; (CHj;);CCH,I.

E2 reactions proceed in one step

The bimolecular elimination mechanism consists of a single step. The bonding changes that
occur in its transition state are shown here with electron-pushing arrows; in Figure 7-8, they
are shown with orbitals. Three changes take place:

1. Deprotonation by the base
2. Departure of the leaving group
3. Rehybridization of the reacting carbon centers from sp° to sp” to furnish the two p orbit-

als of the emerging double bond

The E2 Reaction Mechanism

.. = . T I
Hoo o CGa: 1l
CCoven Qo] e =CHy
H CH, — H CH, [ H™ ~~CH;
H
T Y \ ..
:OH :OH .O—H

All three changes take place simultaneously: The E2 is a one-step, concerted process.
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\WATION ANIMATED MECHANISM:
ft;’ Elimination (E2) reaction of

2-chloro-2-methylpropane

Newman Projection of
E2 Transition State

-
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) "

H

Relative Reactivity in
the E2 Reaction
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Figure 7-8 Orbital description of the E2 reaction of 2-chloro-2-methylpropane with hydroxide ion.

Notice that the E1 (Figure 7-7) and E2 mechanisms are very similar, differing only in
the sequence of events. In the bimolecular reaction, proton abstraction and leaving-group
departure are simultaneous, as depicted in the transition state above (for a Newman projec-
tion, see margin). In the E1 process, the halide leaves first, followed by an attack by the
base. A good way of thinking about the difference is to imagine that the strong base par-
ticipating in the E2 reaction is more aggressive. It does not wait for the tertiary or second-
ary halide to dissociate but attacks the substrate directly.

Experiments elucidate the detailed structure of the E2
transition state

What is the experimental evidence in support of a one-step process with a transition state
like that depicted in Figure 7-8? There are three pieces of relevant information. First, the
second-order rate law requires that both the haloalkane and the base take part in the rate-
determining step. Second, better leaving groups result in faster eliminations. This observa-
tion implies that the bond to the leaving group is partially broken in the transition state.

Explain the result in the reaction shown below.

The third observation not only strongly suggests that both the C—H and the C—X bonds
are broken in the transition state, it also describes their relative orientation in space when
this event takes place. Figure 7-8 illustrates a characteristic feature of the E2 reaction: its
stereochemistry. The substrate is pictured as reacting in a conformation that places the break-
ing C-H and C-X bonds in an anti relation. How can we establish the structure of the
transition state with such precision? For this purpose, we can use the principles of conforma-
tion and stereochemistry. Treatment of cis-1-bromo-4-(1,1-dimethylethyl)cyclohexane with
strong base leads to rapid bimolecular elimination to the corresponding alkene. In contrast,
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under the same conditions, the trans isomer reacts only very slowly. Why? When we exam-

ine the most stable chair conformation of the cis compound, we find that two hydrogens are

located anti to the axial bromine substituent. This geometry is very similar to that required

by the E2 transition state, and consequently elimination is easy. Conversely, the trans system

has no C—H bonds aligned anti to the equatorial leaving group (make a model). E2 elimina- MODEL BUILDING
tion in this case would require either ring-flip to a diaxial conformer (see Section 4-4) or

removal of a hydrogen gauche to the bromine, both of which are energetically costly. The

latter would be an example of an elimination proceeding through an unfavorable syn transi-

tion state (syn, Greek, together). We shall return to E2 elimination in Chapter 11.

Anti Elimination Occurs Readily for cis- but Not for
trans-1-Bromo-4-(1,1-dimethylethyl)cyclohexane

Br
H

H
“"OCH;, “"OCH;, Br
CHxOH CH;OH
(CHy),C H— s (CH3)3CQ o (CHg)zcm
H H

cis-1-Bromo-4- trans-1-Bromo-4-
(1,1-dimethylethyl)cyclohexane (1,1-dimethylethyl)cyclohexane
(Two anti hydrogens) (No anti hydrogens; only

anti ring carbons)

Exercise 7-14

Working with the Concepts: Elimination Rates and Mechanisms

The rate of elimination of cis-1-bromo-4-(1,1-dimethylethyl)cyclohexane is proportional to the
concentration of both substrate and base, but that of the trans isomer is proportional only to the
concentration of the substrate. Explain.

Strategy

In this problem we are given rate information that we need to explain. Throughout Chapters 6 and
7 we have seen how reaction kinetics can help define mechanism. Apply the lessons: Consider the
kinetic order of each reaction and the consequences of the corresponding mechanism.

Solution

* Because the base-promoted elimination of cis-1-bromo-4-(1,1-dimethylethyl)cyclohexane occurs
with a rate proportional to both substrate and base, it must be following the E2 pathway.

e The E2 reaction strongly favors an anti orientation of the leaving group with respect to the
proton being removed. The graphic (above, left) shows that this orientation is already present in
the most stable chair conformation of the substrate molecule. Thus the E2 mechanism readily
occurs, with the base removing an H (blue) and initiating simultaneous expulsion of Br (green).
* In contrast, in the trans isomer (graphic, above right) the best conformation places the Br equatorial;
the C—Br bond is anti to two C—C bonds of the cyclohexane ring (blue). No hydrogen on either
adjacent carbon is anti with respect to the Br. E2 cannot readily occur from this conformation.

* For the trans isomer to undergo easy E2 reaction, it would first have to undergo ring-flip in order
for the Br to become axial. The energy of this ring-flip is prohibitively unfavorable, however,
because the result would be a very high-energy conformation with the bulky tertiary butyl group
also in an axial position (see Table 4-3).
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* Indeed, the rate of elimination from the trans isomer is proportional only to the substrate con-
centration and not that of the base, indicating that the mechanism is E1, not E2.

* Considering the possible options (below), the kinetic experiments tell us that the preferred path-
way is initial dissociation of the leaving group, leading to unimolecular elimination. Flipping the
chair to give the proper conformation for E2 does not compete.

+

(CH3):C — (CH3;C )

@ CH3{)::L]H
!

(CH;3);C H

‘Br (CH3);C M

Conformation required Product forms via
for anti elimination: too E1 pathway instead
high in energy

(Caution: In the E2 mechanism the hydrogen removed by base is one attached to a carbon atom
adjacent to the carbon atom bearing the leaving group. Do not remove an H from the same carbon
that contains the leaving group!)

Exercise 7-15

Try It Yourself

The isomer of 1,2,3,4,5,6-hexachlorocyclohexane shown in the margin undergoes E2 elimination
7000 times more slowly than any of its stereoisomers. Explain.

In Summary Strong bases react with haloalkanes not only by substitution, but also by
elimination. The kinetics of these reactions are second order, an observation that points to
a bimolecular mechanism. An anti transition state is preferred, in which the base abstracts
a proton at the same time as the leaving group departs.

7-8 Competition Between Substitution and Elimination:
Structure Determines Function

The multiple reaction pathways—Sy2, Sy, E2, and E1—that haloalkanes may follow in
the presence of nucleophiles may seem confusing. Given the many parameters that affect the
relative importance of these transformations, are there some simple guidelines that might allow
us to predict, at least roughly, what the outcome of any particular reaction will be? The answer
is a cautious yes. This section will explain how consideration of base strength and steric bulk
of the reacting species can help us decide whether substitution or elimination will predominate.
We shall see that variation of these parameters may even permit control of the reaction
pathway.

Weakly basic nucleophiles give substitution

Good nucleophiles that are weaker bases than hydroxide give good yields of Sy2 products
with primary and secondary halides and of Syl products with tertiary substrates. Examples
include I, Br , RS™, N3, RCOO ", and PR;. Thus, 2-bromopropane reacts with both iodide
and acetate ions cleanly through the S\2 pathway, with virtually no competing elimination.
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CH3 CH3

| b o Acetone | + —
CH3(|3Br + Na"' [T —— CH3C|I + Na™ Br
H H

‘ Acetone

| |
CH;CBr + CH,CO Na* ———> CH;COCCH; + Na* Br

| |l
H H O

100%

Weak nucleophiles such as water and alcohols react at appreciable rates only with sec-
ondary and tertiary halides, substrates capable of following the Sy1 pathway. Unimolecular
elimination is usually only a minor side reaction.

Br OH

H,0, CH,OH, 80°C |
CH;CH,CHCH,CH; —— X > CH;3;CH,CHCH,CH; + CH;CH=CHCH,CH;

85% 15%

Strongly basic nucleophiles give more elimination as steric
bulk increases

We have seen (Section 7-7) that strong bases may give rise to elimination through the E2
pathway. Is there some straightforward way to predict how much elimination will occur in
competition with substitution in any particular situation? Yes, but other factors need to be
considered. Let us examine the reactions of sodium ethoxide, a strong base, with several
halides, measuring the relative amounts of ether and alkene produced in each case.

Ether Alkene
Strong base Solvent (Substitution product) (Elimination product)
H;C H
CH;CH,0 Na*, CH,CH,0H AN /
CH3CH2CH2Br 1B CH}CHzCHzOCHch:; + C=C
B / N B
H H 2
Primary 91% 9% 2
X S
E (3]
© CH, GHa H,C H
@ | CH,CH.O Na*, CH:CH,0H | N /
® CHgCCHzBr “IB CH}CCHzOCHch:g + C=C
g | ' | ch/ “H
(Y Branched 40% 60%
§ primary
CH; CH; H,C H
CHpy BN ancon o o No=d
r f—
3 | " HBr 3 | 23 Y N
H H H H
Secondary 13% 87%

Reactions of simple primary halides with strongly basic nucleophiles give mostly Sy2
products. As steric bulk is increased around the carbon bearing the leaving group, substitution
is retarded relative to elimination because an attack at carbon is subject to more steric hindrance
than is an attack on hydrogen. Thus, branched primary substrates give about equal amounts of
Sn2 and E2 reaction, whereas E2 is the major outcome with secondary substrates.
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The Sy2 mechanism is not an option for tertiary halides. Sy1 and E1 pathways compete
under neutral or weakly basic conditions. However, high concentrations of strong base give
exclusively E2 reaction.

Sterically hindered basic nucleophiles favor elimination

We have seen that primary haloalkanes react by substitution with good nucleophiles, includ-
ing strong bases. The situation changes when the steric bulk of the nucleophile hinders
attack at the electrophilic carbon. In this case, elimination may predominate, even with
primary systems, through deprotonation at the less hindered periphery of the molecule.

Strong, sterically hindered base Solvent

(CH,);CO K", (CH;);COH
—HBr

CH;CH,CH,CH,Br CH;CH,CH=CH, + CH;CH,CH,CH,OC(CH,);

85% 15%

Two examples of sterically hindered bases that are frequently employed in eliminations are
potassium fert-butoxide and lithium diisopropylamide (LDA). The first contains a tertiary alkyl
group on oxygen; the second has two secondary alkyl groups on nitrogen. For use in such
reactions, these bases are frequently dissolved in their conjugate acids, 2-methyl-2-propanol
(tert-butyl alcohol) and 1-methyl-N-(1-methylethyl)ethanamine (diisopropylamine), respectively.

Sterically Hindered Bases

C|H3 HiC fHB (:\I{;CHg
HsC—C—CH, C. = C

- WooNT Ny

'Q; Lit

K

Potassium zert-butoxide Lithium diisopropylamide
(LDA)

In Summary We have identified three principal factors that affect the competition between
substitution and elimination: basicity of the nucleophile, steric hindrance in the haloalkane,
and steric bulk around the nucleophilic (basic) atom.

Factor 1. Base strength of the nucleophile

Weak Bases Strong Bases
H,0,* ROH,* PRs, halides, RS™, N;7, NC*, RCOO~  HO ™, RO, H,N, R,N~
Substitution more likely Likelihood of elimination increased

*Reacts only with Sy1 substrates; no reaction with simple primary or methyl halides.
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Factor 2. Steric hindrance around the reacting carbon

Sterically Unhindered Sterically Hindered

Branched primary, secondary, tertiary haloalkanes

Likelihood of elimination increased

Primary haloalkanes

Substitution more likely

Factor 3. Steric hindrance in the nucleophile (strong base)

Sterically Unhindered
HO ', CH;0 , CH;CH,O , H,N

Substitution may occur

Sterically Hindered
(CH;3);CO , [(CH;),CH,N

Elimination strongly favored

For simple predictive purposes, we assume that each of these factors is of equal importance
in determining the ratio of elimination to substitution. Thus, “the majority rules.” This
method of analysis is quite reliable. Verify that it applies to the examples of this section
and the summary section that follows.

Exercise 7-16

Which nucleophile in each of the following pairs will give a higher elimination:substitution prod-
uct ratio in reaction with 1-bromo-2-methylpropane?

g
(b) H,N™, (CH,CH),N~  (¢) I, CI”

(a) N(CH3);, P(CH3)s

In all cases where substitution and elimination compete, higher reaction temperatures lead to
greater proportions of elimination products. Thus, the amount of elimination accompanying hydro-
lysis of 2-bromo-2-methylpropane doubles as the temperature is raised from 25 to 65°C, and that
from reaction of 2-bromopropane with ethoxide rises from 80% at 25°C to nearly 100% at 55°C.
Explain.

7-9 Summary of Reactivity of Haloalkanes

Table 7-4 summarizes the substitution and elimination chemistry of primary, secondary, and
tertiary haloalkanes. Each entry presents the major mechanism(s) observed for a given
combination of substrate and nucleophile type.

Primary Haloalkanes. Unhindered primary alkyl substrates always react in a bimolecular
way and almost always give predominantly substitution products, except when sterically

IELICWEZS Likely Mechanisms by Which Haloalkanes React with Nucleophiles (Bases)

Type of nucleophile (base)
Weakly basic, Strongly basic, Strongly basic,
Poor good unhindered hindered

Type of nucleophile nucleophile nucleophile nucleophile
haloalkane (e.g., H,O) (e.g., IN) (e.g., CH;0") (e.g., (CH3);CO")
Methyl No reaction Sn2 Sn2 S\2
Primary

Unhindered No reaction S\2 S\2 E2

Branched No reaction Sn2 E2 E2
Secondary Slow Sy1, El Sn2 E2 E2
Tertiary Sx1, El Sx1, El E2 E2

Chapter 7
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hindered strong bases, such as potassium fert-butoxide, are employed. In these cases, the
Sn2 pathway is slowed down sufficiently for steric reasons to allow the E2 mechanism to
take over. Another way of reducing substitution is to introduce branching. However, even
in these cases, good nucleophiles still furnish predominantly substitution products. Only
strong bases, such as alkoxides, RO, or amides, R,N ", tend to react by elimination.

Exercise 7-18

Write the structure of the major organic product of the reaction of 1-bromopropane with (a) NaCN
in acetone; (b) NaOCHj; in CH;0H; (¢) (CH;3);COK in (CH3);COH.

Exercise 7-19

Write the structure of the major organic product of the reaction of 1-bromo-2-methylpropane with
(a) Nal in acetone; (b) NaOCH,CH; in CH;CH,OH.

Primary (and methyl) haloalkanes react so exceedingly slowly with poor nucleophiles
that for practical purposes we consider the combination to give “no reaction.”

Secondary Haloalkanes. Secondary alkyl systems undergo, depending on conditions, both
eliminations and substitutions by either possible pathway: uni- or bimolecular. Good nucleo-
philes favor Sy2, strong bases result in E2, and weakly nucleophilic polar media give mainly
Sx1 and El.

Exercise 7-20

Write the structure of the major organic product of the reaction of 2-bromopropane with
(a) CH;CH,OH; (b) NaSCH; in CH;CH,OH; (¢) NaOCH,CH; in CH;CH,OH.

Tertiary Haloalkanes. Tertiary systems eliminate (E2) with concentrated strong base and
are substituted in nonbasic media (Sy1). Bimolecular substitution is not observed, but elim-
ination by E1 accompanies Syl.

Write the structure of the major organic product of the reaction of (a) 2-bromo-2-methylbutane
with water in acetone; (b) 3-chloro-3-ethylpentane with NaOCH; in CH;OH.

Exercise 7-22

Predict which reaction in each of the following pairs will have a higher E2:E1 product ratio and
explain why.

o i
(a) CH;CH,CHBr —>> ?  CH,;CH,CHBr — %05 9
I I
CH; CH;

[ \ )
(b) (CH;CH),N Li", (CH;CH),NH 9 Nitromethane 9




Chapter Integration Problems

THE BIG PICTURE

We have completed our study of haloalkanes by describing three new reaction pathways—Sy1,
El, and E2—that are available to this class of compounds, in addition to the Sy2 process.
We see now that details can make a big difference! Small changes in substrate structure
can completely alter the course followed by the reaction of a haloalkane with a nucleophile.
Similarly, correctly identifying a reaction product may require that we be able to assign
both nucleophile and base strength to a reagent.

The final two sections in this chapter showed how the interplay of these factors affects
the outcome of a reaction. However, learning to solve problems of this type correctly
requires the use of accurate information. Therefore, we make the following study
suggestion: Practice solving problems first with your textbook and your class notes open,
so that you can find the correct, applicable information as you are trying to devise a
solution. Remember, much of the problem solving you will be doing throughout this
course will require extrapolation from examples presented to you in various contexts. If
you are comfortable studying in small groups, propose reaction problems to one another,
and analyze their components in order to determine what process or processes are likely
to occur.

Where do we go from here? We next examine compounds containing polar carbon—oxygen
single bonds, comparing them with polar carbon—halogen bonds. The alcohols will be first;
they add the feature of a polar O—H bond as well. Over the next two chapters we shall see
that some of the conversions of these and related compounds follow very similar mecha-
nistic pathways, as do the reactions of haloalkanes. Such parallels between the structures
of functional groups and the mechanisms of their reactions provide a useful framework for
comprehending the extensive body of information in organic chemistry.

CHAPTER INTEGRATION PROBLEMS

7-23. Consider the reaction shown below. Will it proceed by substitution or by elimination? What factors
determine the most likely mechanism? Write the expected product and the mechanism by which it forms.
CH;

el
- NaOCH,CH, CH,CH,OH

e,
CH,CHCH;

SOLUTION

The fact that the compound is cyclic does not change how we approach the problem. The substrate
is secondary because the leaving group is attached to a secondary carbon. The nucleophile (ethoxide
ion, derived from NaOCH,CHj;) is a good one, but, like hydroxide and methoxide (see Table 6-4), it
is also a strong base. Based on the evaluation criteria in Sections 7-8 and 7-9, the combination of a
secondary substrate and a strongly basic nucleophile will favor elimination by the E2 pathway (Table 7-4).
This mechanism has specific requirements with regard to the relative geometric arrangement of the
leaving group and the hydrogen being removed by the base: They must possess an anti conformation
with respect to the carbon—carbon bond between them (Section 7-7). In order to prepare a reasonable
structural representation of the molecule, we must make use of what we learned in Chapter 4 (Section 4-4)
about conformations of substituted cyclohexanes. The best available shape is the chair shown below,
in which two of the substituents, including the bulky 1-methylethyl (isopropyl) group, are equatorial.
Note that the leaving group is axial, and one of the neighboring carbons possesses an axial hydrogen,
positioned in the required orientation anti to the chlorine:

CH3CH20

(CH,) CH\M — (CHy),CH CH; + CHyCH,OH + :Cl:~
3)2

CH;

Chapter 7
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We draw curved arrows appropriate to the one-step E2 mechanism, arriving at the product structure
shown, a cyclic alkene, with the double bond located in the indicated position. The methyl group on
the alkene carbon moves into the plane of the double bond (recall from Section 1-8 that alkene carbons
exhibit trigonal planar geometry—sp® hybridization). Notice that the remaining two alkyl groups,
which started cis, remain cis with respect to each other, because no chemical change occurred to the
ring carbons on which they were located.

Avoid the very common error of removing a hydrogen from the wrong carbon atom in an E2
process. In the correct mechanism the hydrogen comes off a carbon atom adjacent to that bearing the
leaving group; never from the same carbon.

7-24. a. 2-Bromo-2-methylpropane (terz-butyl bromide) reacts readily in nitromethane with chloride
and iodide ions.

1. Write the structures of the substitution products, and write the complete mechanism by which
one of them is formed.

2. Assume equal concentrations of all reactants, and predict the relative rates of these two reactions.

3. Which reaction will give more elimination? Write its mechanism.

SOLUTION

1. We begin by analyzing the participating species and then recognizing just what kind of reaction
is likely to take place. The substrate is a haloalkane with a good leaving group attached to a
tertiary carbon. According to Table 7-4, displacement by the Sy2 mechanism is not an option,
but Sy1, El, and E2 processes are possibilities. Chloride and iodide are good nucleophiles and
weak bases, suggesting that substitution should predominate to give (CH;);CCl and (CHj3);CI as
the products, respectively (Section 7-8). The mechanism (Sy1) is as shown in Section 7-2 except
that, subsequent to initial ionization of the C—Br bond to give the carbocation, halide ion attacks
at carbon to give the final product directly. The very polar nitromethane is a good solvent for Sy1
reactions (Section 7-4).

2. We learned in Section 7-4 that different nucleophilic power has no effect on the rates of unimo-
lecular processes. The rates should be (and, experimentally, are) identical.

3. This part requires a bit more thought. According to Table 7-4 and Section 7-8, elimination by
the E1 pathway always accompanies Syl displacement. However, increasing the base strength
of the nucleophile may “turn on” the E2 mechanism, increasing the proportion of elimination
product. Referring to Tables 6-4 and 6-7, we see that chloride is more basic (and less nucleo-
philic) than iodide. More elimination is indeed observed with chloride than with iodide. The
mechanism is as shown in Figure 7-7, with chloride acting as the base to remove a proton from
the carbocation.

b. The table in the margin presents data for the reactions that take place when the chloro compound

H,0 N1 RN, kra shown here is dissolved in acetone containing varying quantities of water and sodium azide, NaNj:

% %

10 oM 0 1

10 005M 60 1.5 (|?1 .0, Nab,
15 0.05M 60 7 HﬁOCHOCHs —_—
20 005M 60 22

50 0.05 M 60 *

OH N;
50 0.10M 75 * | |
50 020M 85 * H;C CH CH; + H;C CH CH,
50 050M 95 *

*Too fast to measure.

In the table, H,O% is the percentage of water by volume in the solvent, [N; ] is the initial concentra-
tion of sodium azide, RN3% is the percentage of organic azide in the product mixture (the remainder
is the alcohol), and k. is the relative rate constant for the reaction, derived from the rate at which
the starting material is consumed. The initial concentration of substrate is 0.04 M in all experiments.
Answer the following questions.

1. Describe and explain the effects of changing the percentage of H,O on the rate of the reaction
and on the product distribution.

2. Do the same for the effects of changing [N; ]. Additional information: The reaction rates shown
are the same when other ions—for example, Br or I —are used instead of azide.
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SOLUTION

1. We begin by examining the data in the table, specifically rows 2—5, which compare reactions in
the presence of different amounts of water at constant azide concentration. The rate of substitution
increases rapidly as the proportion of water goes up, but the ratio of the two products stays the
same: 60% azide and 40% alcohol. These two results suggest that the only effect of increasing
the amount of water is to make the solvent environment more polar, thereby speeding up the
initial ionization of the substrate. Even when the proportion of water is only 10%, it is present
in great excess and is trapping carbocations as fast as it can, relative to the rate at which azide
ion reacts with the same intermediates (Section 7-2).

2. We note from rows 1 and 2 in the table that the reaction rate rises by about 50% when NaNj is
added. Without further information, we might assume that this effect is a consequence of the
occurrence of the Sy2 mechanism. Were that to be the case, however, other anions should affect
the rate differently. However, we were told that bromide and iodide, far more powerful nucleo-
philes, affect the measured rate in exactly the same way as does azide. We can explain this obser-
vation only by assuming that displacement is entirely by the Sy1 mechanism, and added ions affect
the rate only by increasing the polarity of the solution and speeding up ionization (Section 7-4).

In rows 5-8 of the table, we note that increasing the amount of azide ion increases the amount
of azide-containing product that is formed. At the higher concentrations, azide, a better nucleo-
phile than water, is better able to compete for reaction with the carbocation intermediate.

New Reactions
1. Bimolecular Substitution—Sy2 (Sections 6-2 through 6-9, 7-5)

Primary and secondary substrates only

H3C - CH3
N
e 2 Nu—cé, + 1
CH2CH3 CHZCH3

Direct backside displacement with 1