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Preface to the Third Edition

In my first edition of Organic Chemistry. An Acid-Base
Approach, 1 introduced the idea of using an acid—base
approach to teach organic chemistry. This concept con-
tinued in the second edition, and I used these books to
teach several classes of the typical sophomore organic
chemistry class. My class sizes each semester ranged from
250 to 400 students. These students were primarily STEM
majors, including pre-pharmacy, pre-med, several of the
biological sciences, and some chemistry majors.

The rationale for an acid—base approach rests on the
fact that most reactions in organic chemistry involve an
acid or a base. Laying a good foundation in acid—base
chemistry greatly improves a student’s understanding
of nucleophiles and nucleophilic reactions. Amines, for
example, are important bases and generate weakly acidic
ammonium salts by reaction with an acid. Both ethers and
alcohols react with a suitable acid to generate an oxonium
ion as a reactive intermediate. Aldehydes and ketones
react with an acid to give a resonance-stabilized oxocar-
benium ion, which enhances the reactivity of acyl addition
reactions with water, alcohols, or amines. Acid derivatives
react with an acid catalyst to generate an oxocarbenium
ion intermediate that facilitates formation of a tetrahe-
dral intermediate for acyl substitution reactions. Alkenes
react as Brgnsted-Lowry bases with Brgnsted-Lowry acids
to give a carbocation intermediate for addition reactions.
Similarly, alkynes react as bases to give a vinyl carbocation
for addition reactions. When an alkene or an alkyne reacts
with mercury derivatives, the product is a mercury-sta-
bilized carbocation, facilitating oxymercuration-demer-
curation reactions. When an alkyne or an alkyne reacts
with borane in hydroboration reactions, the product is
an alkylborane via a four-center transition state. Both

reactions are Lewis-base-like. Neither reaction forms an
“ate”-complex, but the alkene or alkyne donates two elec-
trons to mercury or boron to form a C—Hg or C—B bond.
When a benzene ring reacts with an electrophilic species
such as Brt, Cl*, or NO,*, the benzene ring donates two
electrons in a Lewis-base-like reaction to give an arenium
ion, which leads to S¢Ar reactions. Alcohols react with a
base to generate an alkoxide, which is both a base and a
nucleophile. Alkyl halides or a pertinent substrate have a
weakly acidic f-hydrogen that reacts with a suitable base
to give an alkene in E2 and E1 reactions. The proton of a
terminal alkyne reacts with a suitable base to generate the
nucleophilic alkyne anion. Enolate anions are generated
by reaction of the a-hydrogen of an aldehyde, ketone, or an
acid derivative with a strong base. Enolate anion chemis-
try, which includes the aldol condensation and the Claisen
condensation, is rooted in acid—base chemistry. Most of
the steps in the chemistry of carboxylic acid derivatives
involve acid—base chemistry. The hydrolytic workup for
many reactions is an acid—base reaction.

Nucleophiles and their reactions are the basis of most
organic chemistry books. Nucleophiles are electron
donors to carbon, which is nothing more than a variation
of the Lewis-base definition. A nucleophile donates elec-
trons to an electrophilic carbon in a Sy2 or Sy 1 reaction or
to an acyl carbon of an aldehyde, ketone, or acid derivative.
Understanding the two-electron donor properties of Lewis
bases is an obvious and important lead-in to understand-
ing how and why nucleophiles react in substitution reac-
tions, in acyl addition, or in acyl substitution reactions.

Over the years, students who shared their views com-
mented that this approach made the concepts of organic
reactions easier to understand. This approach provides a
“safety-net” of fundamental principles that allowed them
to understand principles rather than simply memorizing
information. This third edition was rewritten largely with
the comments of those students in mind. It is also based
on my classroom experiences of using the first and second
editions and my observations of how organic chemistry
has changed over the years. Therefore, several important
changes are incorporated in the third edition.

Many classical chemical reactions are presented in
this revision, but there are also reactions used in modern
organic chemistry. These new reactions are presented to
show how organic chemistry has matured and changed as
a science over the last 50 years or so. Apart from Grignard
reagents, organolithium reagent, and organocuprates,
many organometallic reactions using Pd, Rh, Fe, and Cr
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catalysts are included in this edition. These reactions
include metathesis reactions, ylid reactions other than the
Wittig reaction, the Mizoroki-Heck reaction, the Suzuki-
Miyaura reaction and other aryl coupling reactions, C—H
coupling reactions, the Nazarov cyclization, the Grob
fragmentation, Negishi coupling, Fukuyama coupling, the
Nozaki-Hiyama-Kishi reaction, the Tsuji-Trost reaction,
the Mukaiyama aldol reaction, the Mitsunobu reaction,
and Sonogashira coupling. Models for predicting stereose-
lectivity are discussed, including the Cram model and the
Zimmerman-Traxler model. The Sharpless asymmetric
epoxidation, the Jacobson-Katsuki reaction, the Shi epoxi-
dation, and Noyori annulation are discussed. Many reac-
tions that are important in biochemistry but have their
roots in organic chemistry are presented at the end of
many chapters and in Chapters 24 and 25. Research done
by 35 current organic chemists is also included in this
revision. Their cutting edge work illustrates the breadth
and variety of modern organic chemistry.

Before retirement I put together online courses for both
semesters of organic chemistry. I recorded more than 200
short videos for use as the lecture part of those courses.
I made these videos available to my regular lectures and
found they were extremely valuable as a course auxiliary.
For this new edition I recorded 329 new video clips in a
.mov format. These clips are distributed throughout the
book and each is available in the e-book as a hyperlink.
These videos are a “built-in” teaching ancillary, and they
are accessible via any browser by clicking on the URL
hyperlink from the e-book. I do not appear on these vid-
eos but give a voice presentation of pertinent concepts.
There are a total of just over 36 hours of video, and the
average video is 6.4 minutes in length. The longest video
is 17.2 minutes and the shortest is 0.32 minutes. For those
who have purchased this book but do not have the e-book,
the URL for the video clips of each chapter can be found at
the top of the respective chapter opener. The URL can be
entered into any browser to access the video clips.

The first and second editions of this book, as well as
most other organic chemistry textbooks, lack the diver-
sity that is so important to organic chemistry. I attempt
to correct this oversight in the third edition by introducing
the work of 69 scientists who have not appeared in organic
textbooks. Of these scientists, the contributions of 35
chemists who worked in the latter part of the 19th century
or during the 20th century but have not been recognized in
textbooks are distributed throughout the book. The work
of 34 current organic chemists is also included throughout
the chapters to show the research done in modern organic
chemistry. The photos of all 69 of these scientists are also
shown to highlight the diversity in organic chemistry.

Every chapter in this third edition has been extensively
revised. Chapter 1 presents a brief history of organic
chemistry. Chapter 1 also introduces 19 scientists who
made significant contributions to organic chemistry but
whose work has not been reported in a textbook prior to

this work. Chapters 2 and 6 introduce acid—base reactions
based on general chemistry principles and the organic
chemistry of organic chemicals. Chapter 6 elaborates the
acid—base properties of organic functional groups. The
structure of alkanes and the fundamentals of nomencla-
ture are presented in Chapter 4. Chapter 5 introduces
important functional groups, along with their nomen-
clature. The energy considerations that are important to
reactions in organic chemistry are discussed in Chapter 7.
Bond rotation and conformations are discussed in Chapter
8, as well as a discussion of large ring compounds. The
concepts and applications of chirality and stereochemis-
try are discussed in Chapter 9.

The reactions in Chapter 10 introduce reactions of car-
bocations, including the acid—base reactions of n-bonds
reacting as bases with Brgnsted-Lowry acids or with
Lewis acids. Such reactions are traditionally labeled as
addition reactions. Metathesis reactions are discussed
as well as radical reactions and polymerization. Chapter
11 discusses Sy2, Syl, and Syi reactions of alkyl halides.
Substitution reactions of alcohols and ethers are also dis-
cussed. Chapter 12 discusses E2, E1, and Ei reactions. The
Grob fragmentation is also introduced. Chapter 12 also
summarizes the competition between substitution and
elimination reactions of alkyl halides, showing how sim-
ple assumptions allow one to predict the product of these
reactions. Chapter 13 discusses various spectroscopic
methods and more or less stands apart from the remain-
der of the book. This chapter discusses mass spectrom-
etry, infrared spectroscopy, 'H NMR, and *C NMR and
2D NMR. Beginning with Chapter 8, clearly marked spec-
troscopic homework problems are presented at the end of
each chapter. Therefore, spectroscopy can be introduced
any time the instructor chooses to discuss it.

The preparation and reactions of Grignard reagents,
organolithium reagents, and organocuprates are discussed
in Chapter 14. Other organometallic compounds are also
introduced. Chapter 15 discusses the oxidation reaction of
alcohols and alkenes and also oxidative cleavage reactions.
Chapter 16 introduces acyl addition reactions of aldehydes
and ketones with strong and weak nucleophiles. The reac-
tion of aldehydes and ketones to give an oxocarbenium
intermediate to facilitate reactions with weak nucleo-
philes is also discussed. Chapter 17 introduces reduction
reactions of carbonyl compounds, alkenes, and alkynes.
Hydride reductions, catalytic hydrogenation, and dissolv-
ing metal reductions are discussed.

Chapter 18 discusses the acid—base reactions and
the acyl substitution reactions of carboxylic acid and
sulfonic acid derivatives. Dicarboxylic acid derivatives
are discussed as well as derivatives of nitric acid, sulfu-
ric acid, and phosphoric acid. Fatty acids and lipids are
introduced. Chapter 19 discusses aromatic derivatives,
their nomenclature, and aromatic substitution reactions.
Both S;Ar and SAr reactions are discussed, as well as
benzyne reactions and reactions of diazonium salts. A



variety of aromatic compounds are introduced includ-
ing polynuclear aromatic systems. Chapter 20 discusses
enolate anion reactions including the aldol condensation
and the Claisen condensation. The Cram model and the
Zimmerman-Traxler model are introduced to predict the
diastereoselectivity of these reactions. Decarboxylation
is introduced and ylid reactions are discussed. Chapter
21 introduces the properties and reactions of conjugated
systems including the Michael reaction, Robinson annu-
lation, and the Nazarov cyclization. The fundamentals of
photochemistry are presented, and there is a brief intro-
duction to ultraviolet spectroscopy. Chapter 22 discusses
pericyclic reactions, including the Diels-Alder reaction
[4+2]-cycloaddition, [2+2]-cycloaddition, and [3+2]-cyclo-
addition reactions. Sigmatropic rearrangements are
discussed, including the Cope rearrangement and the
Claisen rearrangement. Chapter 23 discusses heteroaro-
matic compounds and also reduced forms of heteroaro-
matic compounds. This chapter focuses on heterocycles
that contain nitrogen, oxygen, and sulfur. Monocyclic,
bicyclic, and polycyclic heterocyclic compounds are pre-
sented. Simple chemical transformations of monocyclic
and bicyclic heterocycles are included. Chapters 24 and
25 offer brief discussions of biochemistry, with a focus
on amino acids and proteins, carbohydrates, and nucleic
acids. Chapter 24 focuses on amino acids, peptides, pro-
teins enzymes, and hormones. There is a section of combi-
natorial chemistry. Chapter 25 focuses on carbohydrates,
primarily monosaccharides, although disaccharides and
polysaccharides are discussed. Reactions of carbohydrates
are included. There is a discussion of glycosides, nucleo-
sides, nucleotides, and polynucleotides such as DNA and
RNA.

The homework in the third edition is largely the same
as that in the second edition, but there are changes.
This decision was taken with the recognition that sub-
stantive changes have been made in the discussions of
every chapter, as well as the examples that are used. The
solutions manual is a free download, as a pdf file, that is
available from the CRC website to those who purchase
the book.

I thank the many students I taught in my undergraduate
organic chemistry classes over many years. Their interest,
enthusiasm, and input not only inspired this book but have
made it significantly better and hopefully more useable. If

Preface to the Third Edition

not for them, this book and this organization would not
exist. I thank Courtney Stanford (Rochester), Dee Casteel
(Bucknell), Fred Luzzio (Louisville), Amber Onorato
(Northern Kentucky), John D’Angelo (Alfred University),
and Spencer Knapp (Rutgers). They reviewed portions
of the manuscript, provided many suggestions and com-
ments that improved the textbook, and I thank them very
much. I thank the many other friends and acquaintances
who made suggestions that influenced this book.

I give my sincere thanks to the organic chemists who
agreed to participate in this book, for their help and for
their many contributions to organic chemistry. They not
only provided photos and descriptions of their research
but provided inspiration for the chemistry and examples
used. This endeavor has cemented my belief that diversity
of the people and of ideas in organic chemistry lies at the
heart of our science and keeps it growing. Incorporation
in an undergraduate textbook is long overdue.

I thank Hilary Rowe, the editor for the third edition,
and Dr. Fiona MacDonald, the publisher. Their help, dedi-
cation to the project, and their willingness and ability to
solve problems were essential to completion of this revi-
sion. I thank Ms. Danielle Zarfati and Cynthia Klivecka
for their expertise in bringing the manuscript to fruition
as a typeset book. I thank Ms. Christine Elder for her
graphic arts expertise to render several images in a form
that is clearer and more attractive. Ms. Elder’s graphics
appear in several places throughout the book: Figures 3.9,
311, 3.12, 5.1, 5.2, 5.3, 54, 5.12, 5.15, 8.2, 8.11, 9.1, and
94I. T thank Dr. Warren Hehre and Dr. Sean Ohlinger
of Wavefunction Inc. for their gift of Spartan 18 v. 1.4.8
(200921), which was used to generate the molecular mod-
els used throughout the book. I thank PerkinElmer Inc.
for their gift of ChemDraw Professional v. 18.0.0.231
(4318), which was used to draw all reaction figures and
schemes in this book and also used to render 'H and '*C
NMR spectra throughout the book.

Finally, I thank my wife Sarah for her love and contin-
ued support throughout the months required to revise
this book.

Michael B. Smith
Professor Emeritus
November, 2021
Willington, Connecticut
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Common Abbreviations

Other, less common, abbreviations are given in the text

when the term is used.

Ac

AIBN

aq
AIBN
AX

)

9-BBN

Bn
Boc

Bu
BUN
Bz
°C

1*CNMR

cat
Cbz

(@]
CoA
mCPBA

DCC
DDT

DEA
DMAP
DME

DMF

DMSO
DNA
EA
EDTA

Acetyl

Azobisisobutyronitrile
Aqueous
Azobisisobutyronitrile
Axial
9-Borabicyclo[3.3.1]
nonylboryl
9-Borabicyclo[3.3.1]
nonane
Benzyl
tert-Butoxycarbonyl

n-Butyl

Blood urea nitrogen

Benzoyl

Temperature in Degrees
Celcius

Carbon Nuclear Magnetic
Resonance

Catalytic

Carbobenzyloxy

Cahn-Ingold-Prelog
Coenzyme A
3-Chloroperoxybenzoic
acid
1,3-Dicyclohexylcarbodi-
imide
Dichlorodiphenyltrichlo-
roethane
Diethylamine
4-Dimethylaminopyridine
Dimethoxyethane

N,N"-Dimethylformamide

Dimethyl sulfoxide

Deoxyribonuleic acid

Electron affinity

Ethylenediaminetetraace-
ticacid

X

~CH,Ph

Me

&E\x B

-CH,CH,CH,CH;

H_Ll‘ll:l'h

c-CeHy-N=C=N-c-C¢H,;

HN(CH,CH,),

MeOCH,CH,OMe

H

L

NMe,

ee or % ee
Equiv

Er

Et

Ether

Eq
FC
FDNB

FMO

FvP
GC

"HNMR

HDL
HDPE

HIV

HMPA

HOMO

HPLC

IUPAC

LCAO

LDA
LDL
LTA
LUMO

mcpba

% Enantiomeric excess

Equivalent(s)

Enantiomeric ratio

Ethyl

Diethyl ether

Equatorial

Formal charge

Sanger’s reagent,
1-fluoro-2,4-dinitroben-
zene

Frontier molecular
orbitals

Flash Vacuum Pyrolysis

Gas chromatography

Hour (hours)

Proton Nuclear Magnetic
Resonance

High-density lipoprotein

High-density
poly(ethylene)

Human immunodefi-
ciency virus

Hexameth-
ylphosphoramide

Highest occupied
molecular orbital

High performance liquid
chromatography

Irradiation with light

lonization potential

Isopropyl

Infrared

International Union of
Pure and Applied
Chemistry

Temperature in Kelvin

Linear combination of
atomic orbitals

Lithium diisopropylamide

Low-density lipoprotein

Lead tetraacetate

Lowest unoccupied
molecular orbital

meta-Chloroperoxyben-
zoic acid

-CH,CH,
CH,CH,OCH,C,

-CH(Me),

LING-Pr),




xx  Common Abbreviations

MDPE

min
MO
MRI

mRNA

MS
NMR

N.R.
NAD*

NADH

NADP*

NADPH

NBS
NCS
Ni(R)
NMO

Nu (Nuc)
Oxone®
PCB

PCC

PDC
PEG
PES

Ph

PhMe
PPA
Ppm
Pr
PTFE

Medium-density
poly(ethylene)

Methyl -CH, or Me

Minutes

Molecular orbital

Magnetic resonance
imaging

Messenger ribonucleic
acid

Mass spectrometry

Nuclear magnetic
resonance

No reaction

Nicotinamide adenine
dinucleotide

Reduced nicotinamide
adenine dinucleotide

Nicotinamide adenine
dinucleotide phosphate

Reduced nicotinamide
adenine dinucleotide
phosphate

N-Bromosuccinimide

N-Chlorosuccinimide

Raney nickel

N-Methylmorpholine
N-oxide

Nucleophile

2 KHSO;eKHSO,eK,SO,

Polychlorobiphenyl

Pyridinium chlorochro-
mate

Pyridinium dichromate

Poly(ethylene glycol)

Photoelectron spectros-
copy

Phenyl Z-O

Toluene

Polyphosphoric acid

Parts per million

n-Propyl -CH,CH,CH,
Poly(tetrafluoroethylene)

PVC
Py

rf
RNA
ROS
rt

SCF
(Sia),BH

sBulLi
SeAr

SET
SWAT

SOMO

T
t-Bu

TBHP (t-BuOOH)
TFA

ThexBH,

THF
THP
TMEDA

Tol

TS
Ts(Tos)
TTP
TTP
uTpP
uv

VIS
VDW

Poly(vinyl chloride)
Pyridine

Radio frequency

Ribonucleic acid

Reactive oxygen species

Room temperature

Seconds

self-consistent field

Disiamylborane (Siamyl! is
sec-lsoamyl)

sec-Butyllithium

Electrophilic aromatic
substitution

Single electron transfer

Nucleophilic aromatic
substitution

singly occupied
molecular orbital

Temperature

tert-Butyl

tert-Butylhydroperoxide

Trifluoroacetic acid

Thexylborane (tert-hexyl-
borane)

Tetrahydrofuran

Tetrahydropyran

Tetramethylethylenedi-
amine

Tolyl

Transition state

Tosyl=p-Toluenesulfonyl

Thiamine pyrophosphate

Thiamine pyrophosphate

Uridine 5-triphosphate

Ultraviolet spectroscopy

Visible

van der Walls

CH,CH,CH(L)CH,

-CMe,
Me;COOH
CF,COOH

Me,NCH,CH,NMe,

4-(Me)CeH,

4-(Me)C,H,S0,




Videos to Accompany the Third Edition

AB3 Videos
Chapter 2: Why Is
an Acid-Base
Theme
Important?
001-c02.mov
002-c02.mov
003-c02.mov
004-c02.mov

005-c02.mov
006-c02.mov
007-c02.mov
008-c02.mov
009-c02.mov
Chapter 3:
Bonding
010-c03.mov
011-c03.mov
012-c03.mov
013-c03.mov
014-c03.mov
015-c03.mov
016-c03.mov
017-c03.mov
018-c03-mov
Chapter 4:
Alkanes, Isomers,
and an
Introduction to
Nomenclature
019-c04.mov
020-c04.mov
021-c04.mov
022-c04.mov
023-c04.mov
024-c04.mov
025-c04.mov
026-c04.mov
Chapter 5:
Heteroatoms and
Functional
Groups
027-c05.mov
028-c05.mov

Title

Traditional Acid and Base Theory

Acid and Base Strength

Bases are Electron Donors

How are the Two Acid-Base
Definitions Related?

Electronegativity and Atom Size

Acid-Base Strength

Resonance and Acid Strength

Lewis Acids and Lewis Bases

Nucleophiles

Atomic Orbitals

Chemical Bonding

o-Covalent Bonds

Bond Length

LCAO Model and Hybrid orbitals
Methane and Hybridization
VSEPR Model

Bond Dissociation Energy
Dipole Moments

Alkanes

Isomers

IUPAC Nomenclature Rules
Multiple Substituents
Complex Substituents
Common Names

Cyclic Alkanes
Combustion Analysis

n-Bonds and Alkenes
Alkene Nomenclature

Time (min)

8.55
11.23
9.19
533

12.51
6.54
5.38
6.07
6.17

16.27
8.12
10.04
2.14
840
11.18
433
8.12
10.50

7.06
13.58
10.00
6.08
32
242
6.18
6.32

8.24
524
(Continued)

AB3 Videos

029-c05.mov
030-c05.mov
031-c05.mov
034-c05.mov
035-c05.mov
036-c05.mov
037-c05.mov

038-c05.mov
039-c05.mov
040-c05.mov
041-c05.mov
042-c05.mov
285-c05.mov
Chapter 6: Acids,
Bases, and
Nucleophiles
043-c06.mov
044-c06.mov
045-c06.mov

046-c06.mov

047-c06.mov
048-c06.mov
049-c06.mov
050-c06.mov
051-c06.mov

Chapter 7.
Chemical
Reactions, Bond
Energy, and
Kinetics

032-c05.mov

033-c05.mov
052-c07.mov
053-c07.mov

054-c07.mov
055-c07.mov
056-c07.mov
057-c07.mov
058-c07.mov

Title

Alkynes

Alkyne Nomenclature

Dienes, Diynes and Allenes

Alkyl Halides

Amines

Alcohols and Ethers

Acid-Base Properties of
Functional Groups

Aldehydes and Ketones

Carboxylic Acids

Imines (C=N) and Nitriles (C=N)

Physical Properties

Benzene

Terpenes

Acid-Base Equilibria

Alcohols are Acids

Carboxylic Acids and Sulfonic
Acids

Structural Variations in Carboxylic
Acids

C—H Acids

Lewis Acids and Lewis Bases

Organic Bases

Amines and pKg,

Nucleophiles and Organic
Molecules

Reactive Intermediates-A

Formal Charge

The Free Energy Equation

Bond Dissociation Energy and
Bond Strength

Reactive Intermediates-B

Transition States

Reversible Reactions

Mechanisms

Kinetics and Half-Life

Time (min)
532
4.52
6.23
248
7.3
9.23
4.10

9.26
9.29
3.55
1643
530
6.50

8.02
4.23
840

7.05

5.2
3.10
14.18
3.56
3.55

6.36
3.57
6.34
6.37

418

321

1247

11.13

1343
(Continued)
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Videos to Accompany the Third Edition

AB3 Videos
Chapter 8:
Rotamers and
Conformation
059-c08.mov
060-c08.mov
061-c08.mov
062-c08.mov
063-c08.mov

064-c08.mov
065-c08.mov
066-c08.mov
067-c08.mov
286-c08.mov
Chapter 9:
Stereoisomers:
Chirality,
Enantiomers, and
Diastereomers
068-c09.mov
069-c09.mov

070-c09.mov
071-c09.mov

072-c09.mov

073-c09.mov
074-c09.mov
075-c09.mov
076-c09.mov
077-c09.mov
078-c09.mov
079-c09.mov
295-c09.mov
Chapter 10:
Acid-Base
Reactions of
n-Bonds:
Addition
Reactions
080-c10.mov
081-c10.mov
082-c10.mov
083-c10.mov
084-c10.mov
085-c10.mov
086-c10.mov
087-c10.mov

088-c10.mov
089-c10.mov
090-c10.mov

Title

Rotamers

Ethane

Propane and Butane

n-Bonds and Rotamers

Pseudorotation, C3-C5 Cyclic
Alkanes

Conformations of Cyclohexane

A2 Strain

Larger Ring Cyclic Compounds

Cyclohexene

Macrocycles

Defining a Stereogenic Center

Enantiomers and
Non-Superimposability

Fischer Projections

Cahn-Ingold-Prelog Selection
Rules

Chiral Molecules with
Substitution

Specific Rotation

Diastereomers and the 2" Rule

Meso Compounds

Stereoisomers in Cyclic Molecules

cis-trans and E-Z Nomenclature

Bicyclic Compounds

Optical Resolution

Circular Dichroism

Carbocation Stability

Alkenes are Brgnsted-Lowry Bases

Regioselectivity

Other Acids React with Alkenes

Carbocation Rearrangements

Hydration Reactions

Dihalogenation

Diastereoselective
Dihalogenation

Alkenes with Hypohalous Acids

Hydroboration

Oxidation of Boranes to Alcohols

Time (min)

10.11
536
10.21
2.15
10.23

13.33
7.25
4.05
1.34
745

341
6.38

353
1045

6.52

1518
9.40
4.00
6.33
10.12
4.26
3.1
3.54

4.03
6.39
6.24
327
12.07
6.01
734
8.55

332
9.29
6.05
(Continued)

AB3 Videos

091-c10.mov
092-c10.mov
093-c10.mov

094-c10.mov
095-c10.mov

096-c10.mov
287-c10.mov
288-c10.mov
289-c10.mov
Chapter 11:
Nucleophiles:
Lewis Base-Like
Reactions At sp?
Carbon
097-c11.mov
098-c11.mov
099-c11.mov
100-c11.mov
101-c11.mov
102-c11.mov
103-c11.mov

104-c11.mov

105-c11.mov
106-c11.mov
107-c11.mov

108-c11.mov

109-c11.mov
110-c11.mov
111-c11.mov
112-c11.mov

113-c11.mov
114-c11.mov

115-c11.mov
116-c11.mov
290-c11.mov
291-c11.mov
Chapter 12:
Base-Induced
Elimination
Reactions
117-c12.mov
118-c12.mov
119-c12.mov

Title

Oxymercuration-Demercuration

Alkynes With HX

Hydration and Hydroboration of
Alkynes

Dihalogenation of Alkynes

Alkenes React with HBr and
Radicals

Alkene Polymerization

Alkene Metathesis

Pinacol Rearrangement

Polymerization

Nucleophiles

Defining S,2 Reactions

Pentacoordinate Transition State

Substitution and Structure

Solvent Effects in S,2 Reactions

Alkyl Halides & Sulfonate Esters

Functional Group
Transformations. Halide and O
Nucleophiles

Functional Group
Transformations. N and C
Nucleophiles

lonization of Tertiary Halides

The Sy 1 Reaction

Stereochemistry and Sy1
Reactions

Rearrangement and Sy1
Reactions

Alcohols React H—X Acids

Sui Reactions

Ethers React with Strong Acids

Epoxides React By S\2 and S1
Reactions

Radical Halogenation

Rate of Substitution of Different H
Atoms

Radical Bromination of Alkanes

Allylic Halogenation

Mitsunobu Reaction

Alkyne Coupling

Alkenes From Alkyl Halides
The E2 Reaction
E/Z-Selectivity of the E2 Reaction

Time (min)
9.30
5.26
8.15

142
745

543
8.00
312
9.01

5.25
7.30
9.54
6.10
14.14
412
419

6.59

451
5.07
2.25

5.11
9.18
4.07
557

537
8.34

6.04
6.53
7.25
2.54

7.53

10.46

712
(Continued)




Videos to Accompany the Third Edition

AB3 Videos
120-c12.mov

121-c12.mov
122-c12.mov
123-c12.mov
124-c12.mov

125-c12.mov
126-c12.mov

292-c12.mov

293-c12.mov
13: Spectroscopic
Methods of
Identification
127-c13.mov
128-c13.mov
129-c13.mov
130-c13.mov
131-c13.mov
132-c13.mov
133-c13.mov
134-c13.mov

135-c13.mov
136-c13.mov

137-c13.mov
138-c13.mov
139-c13.mov
140-c13.mov
141-c13.mov

142-c13.mov
143-c13.mov

144-c13.mov
145-c13.mov
146-c13.mov
147-c13.mov
148-c13.mov

149-c13.mov

150-c13.mov
294-c13.mov
296-c13.mov
Chapter 14:
Organometallics
151-c14.mov
152-c14.mov

Title

The E2 Reaction with Cyclic
Molecules

The E1 Reaction

Hoffman Elimination

Formation of Alkynes

Substitution Competes with
Elimination

Four Assumptions

Examples of the Four Working
Assumptions

Other Intramolecular Elimination
Reactions

Grob Fragmentation

Light and Energy
Mass Spectrometry
Radical Cations
The Mass Spectrum
Isotopic Peaks

Determining a Molecular Formula

Absorption of Infrared Light

Stretching and Bending
Vibrations

An Infrared Spectrophotometer

Characteristics of an Infrared
Spectrum

IR of Common Functional Groups

Rings or m-Bonds

His a Magnet

Spin Quantum Number

NMR Spectrometer and the NMR
Spectrum

Chemical Shift

Influence of Functional Groups
on Chemical Shift

Magnetic Anisotropy

n+1 Rule

Non-First Order Coupling

Integration

Determine a Structure. Examples
1-3

Determine a Structure. Examples
4-7

Carbon-13 NMR

Two-Dimensional (2D)-NMR

Proteomics

Grignard Reagents
Structure of Grignard Reagents

Time (min)

12.03

7.59
7.00
1.55
3.01

4.30
10.55

358

414

549
6.00
3.59
7.26
7.02
14.38
529
5.52

3.09
745

10.58
8.12
547
4.35
10.02

9.00
13.19

7.00
10.00
822
4.00
13.03

15.30

8.02
4.17
4.00

531
534
(Continued)

AB3 Videos
153-c14.mov

154-c14.mov
155-c14.mov
297-c14.mov

Chapter 15:
Oxidation
156-c15.mov
157-c15.mov

158-c15.mov
159-c15.mov
160-c15.mov

1

1

1

161-c15.mov

162-c15.mov

163-c15.mov

298-c15.mov

Chapter 16:
Reactions of
Aldehydes and
Ketones

164-c16.mov

165-c16.mov
166-c16.mov
167-c16.mov
168-c16.mov

169-c16.mov
170-c16.mov
171-c16.mov
172-c16.mov
173-c16.mov
174-c16.mov
175-c16.mov
176-c16.mov
177-c16.mov
178-c16.mov
179-c16.mov
299-c16.mov
Chapter 17:

Reduction
180-c17.mov
181-c17.mov
182-c17.mov

183-c17.mov

184-c17.mov
185-c17.mov

186-c17.mov

Title
Grignard Reagents are Strong
Bases
Organolithium Reagents
Organocuprate Reagents

Other Organometallic
Compounds

Defining an Oxidation

Chromium(VI) Oxidation of
Alcohols

PCC, PDC and Swern Oxidation

Dihydroxylation with KMnO,

Dihydroxylation with OsO,

Epoxidation

Ozonolysis

Oxidative Cleavage of Diols

Asymmetric Epoxidation

Aldehydes and Ketones and
Nomenclature

Carbonyls React as Bases

Nucleophilic Acyl Addition

Cyanide

Grignard Reagents and
Organolithium Reagents

Alkyne Anions

Acyl Addition.“C"Nucleophiles

Water and Hydrates

Alcohols and Acetals

The Acetal-Alcohol Equilibrium

Reactions with Alcohols

Dithioacetals

Reactions of Thiols

Primary Amines

Secondary Amines

Functionalized Primary Amines

Cram'’s Rule

Defining a Reduction
Hydride Reducing Agents
Reduction of Heteroatom
Functional Groups
Catalytic Hydrogenation of
Alkenes
Hydrogenation of Alkynes
Hydrogenation of Other
Functional Groups
Dissolving Metal Reductions

Time (min)

6.06

6.36
5.06
517

411
12.11

10.28
8.20
9.00
10.34
1040
4.16
12.25

3.04
741
6.58
8.37

422
253
8.22
14.40
6.27
437
530
356
547
8.07
534
5.12

2.23
10.14
5.54

9.44
8.19

9.30
(Continued)
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Videos to Accompany the Third Edition

AB3 Videos
187-c17.mov

188-c17.mov
300-c17.mov
301-c17.mov
302-c17.mov
Chapter 18:
Carboxylic Acid
Derivatives and
Acyl Substitution
189-c18.mov
190-c18.mov
191-c18.mov

192-c18.mov
193-c18.mov
194-c18.mov

195-c18.mov
196-c18.mov
197-c18.mov

198-c18.mov
199-c18.mov
200-c18.mov
201-c18.mov
202-c18.mov

203-c18.mov
204-c18.mov
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Introduction

Since you are taking organic chemistry, it is likely that you are a STEM major, in a class
of students with a wide range of interests and career choices. Why is organic chemistry
important? The answer lies in the fact that virtually every aspect of life, mammalian and
non-mammalian as well as plant and microscopic life, involves organic chemistry. In addi-
tion, many of the products used every day (pharmaceuticals, plastics, clothing, etc.) involve
organic molecules. Organic chemistry holds a central place in chemical studies because its
applications touch virtually all other disciplines.

Most organic chemistry textbooks have a brief section to introduce organic chemistry.
I was a graduate student when I first read an organic chemistry textbook that presented
some historical facts as part of the normal presentation. The book was Advanced Organic
Chemistry' by Louis F. Fieser (USA; 1899-1977). This book gave a perspective to my studies
that helped me to better understand many of the concepts. I believe that putting a subject
into its proper context makes it easier to understand. I am therefore introducing an abbre-
viated history of organic chemistry as an introduction to this book. I will include material
from Fieser’s book, and also from a book on the history of chemistry by Henry M. Leicester.?
The early work described in these books laid the foundations of modern organic chemis-
try and many classical chemical reactions that are important in modern organic chemistry.
This book will also introduce the work of many chemists whose contributions have not been
heretofore recognized in a textbook. The contributions of women scientists and scientists of
diverse ethnicity will be discussed. Further, the research of current chemists will be intro-
duced to show the scope of modern organic chemistry and the diversity of the scientists.

1.1 A BRIEF HISTORY OF ORGANIC CHEMISTRY

In the 19th century, organic chemistry was defined as the chemistry of carbon compounds.
For most of human history, however, both simple chemicals and complex mixtures of chemi-
cals have been used without an understanding of the science behind them. Indeed, plants
have been “milked,” cut, boiled, and eaten for thousands of years as folk medicine remedies.
Modern science has determined that many of these plants contain organic chemicals with
effective medical uses, and many modern medicines are derived from them.

H H

H—C—C—O is equivalent to OH
[ h _/
Hon M

Ethyl alcohol (ethanol)

A simple but common organic chemical is ethyl alcohol (ethanol), produced by fermenta-
tion of grains and fruits. Ethanol has been known and consumed for thousands of years in
various forms, including in a beer consumed by ancient Egyptians beginning around 5000
BCE. The structure shown requires some explanation. Each hydrogen atom bonded to a

! Fieser, L.F,; Fieser, M. Advanced Organic Chemistry, Reinhold, NY, 1961, pp. 1-31.
2 Leicester, H.M. The Historical Background of Chemistry, Wiley, NY, 1956, pp. 172-188.
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1.1 A Brief History of Organic Chemistry

carbon atom is represented as H—C, where the “line” (—) represents a chemical bond and
C—C is a carbon—carbon bond. Likewise there is a C—O bond and an O—H bond. In the
second structure, the carbon atoms (C) are omitted, but a line — is used as a shorthand nota-
tion to represent a bond between two atoms. In this simplified drawing, the “intersection of
two bonds” is shown by a “bend” or an “angle” (/" = >¢”), and each point of the bend or
angle represents a carbon atom in what is called line notation. Although the hydrogen atoms
connected to each point (each carbon) are not shown in line notation, they are understood
to be there. The C—O bond (carbon—oxygen) is shown by —O. The O—H unit is shown as
just OH. Line notation uses one line for each bond, so C=C can be shown as =to indicate two
bonds between the carbon atoms (a carbon-carbon double bond). A C=0 bond (=O) has two
bonds between carbon and oxygen (a carbon-oxygen double bond). Similarly, C=C is shown
as = to represent three bonds between the two carbon atoms, a carbon—carbon triple bond.

CHs CHs CH; OH
H M
CH;
CHs

OCHg —_—

Quinine Vitamin A

Many naturally occurring materials contain important organic compounds that are well
known in human history. The bark of the Cinchona tree, for example, has been used by the
indigenous peoples of modern-day Peru, Bolivia, and Ecuador to treat symptoms of malaria.
In the 19th century, it was discovered that this bark contains quinine, which is an antipyretic
(fever reducing), an analgesic (pain reducing), an anti-inflammatory, and an anti-malarial.
Ancient Egyptians ate roasted ox liver in the belief that it improved night vision. Ox liver is
rich in Vitamin A. The structure of Vitamin A was determined in the 20th century, and it is
a chemical important for maintaining healthy eyesight.

Quinine is an example of an alkaloid. Alkaloids (Section 23.6) are structurally diverse
nitrogenous compounds, usually of plant origin, that are physiologically active and exhibit
reactivity as a chemical base. There are thousands of known alkaloids but three illustrative
examples of alkaloids with physiological properties are harmine, matrine, and berberine.
Harmine, a beta-carboline alkaloid, is isolated from natural sources so it is a natural prod-
uct. It has therapeutic potential as an antitumor compound, and it shows anti-HIV activ-
ity. Matrine is the most abundant alkaloid found in many Sophora plants, small trees, and
shrubs in the pea family Fabaceae. It exhibits antibacterial, antiviral, anti-inflammatory, anti-
asthmatic, anti-arrhythmic, anti-obesity, anti-cancer, diuretic, choleretic, hepatoprotective,
nephroprotective, and cardioprotective effects. Berberine is isolated from Chinese herbs such
as Coptidis Rhizome. It has been used for the treatment of diarrhea as an antibacterial drug,
and it has beneficial effects on the metabolism disorders associated with diabetes.

HsC
3 N

-

N

HCO

Harmine Matrine H3CO OCHs Berberine

People in ancient Assyria, Sumer, and Egypt chewed willow bark as an antipyretic treat-
ment. In the 19th century it was discovered that willow bark contained salicin, a derivative



of salicylic acid. Nowadays it is recognized that salicin is a glycoside, which is a compound
formed from a simple sugar and another compound (Section 25.4). Synthesis is the conversion
of one compound into another, often in several chemical steps, and an important application
is the preparation of organic molecules with a more complex structure from compounds that
are structurally simple.

%\ é HO% H H3Cio% H

Salicin Salicylic acid Acetylsalicylic acid
(Aspirin)

In the mid-19th century a new compound was synthesized (chemically prepared from
other chemicals) called acetylsalicylic acid, better known as aspirin. Aspirin is an effec-
tive analgesic, and it is an example of a so-called non-steroidal anti-inflammatory drug (an
NSAID).

In ancient India, Java, and Guatemala certain plants provided a deep blue substance
used to color clothing. In recent times, the main constituent was identified as indigo.
The ancient Phoenicians discovered an extract from a sea snail (Bolinus brandaris, orig-
inally called Murex brandaris) found in the Mediterranean, traditionally off the coast of
Tyre (now called Lebanon). This snail was the source of a beautiful and very expensive
dye called Tyrian purple. This dye was so prized that Roman emperors used it to color
their clothing, and for many years no one else was permitted to wear this color, which
gave rise to the term “born to the purple.” When the actual structure of the organic
chemical Tyrian purple is compared with indigo, the only difference is the presence of
two bromine atoms in the latter.

Tyrian purple

For most of history the actual chemical structure of the material isolated and used from
natural sources was unknown. However, the importance of these materials led people to
isolate pure compounds and then attempt to identify them. Isolation and purification was
followed by characterization of the physical properties (melting point, boiling point, solubil-
ity in water, etc.) of these compounds. It was not until the mid- to late-19th century and even
into the early-20th century that the structures of most of these compounds were known
absolutely. Many of the pertinent identification procedures for the analysis of organic com-
pounds were instituted and perfected by Justus von Liebig (Germany; 1803-1873), who built
on the early work of Antoine Lavoisier (France; 1743—1794).

In the 18th century, Lavoisier made an important contribution to understanding the struc-
ture of organic molecules by burning natural materials in air. Lavoisier knew that air was
composed mainly of oxygen (O,) and nitrogen (N,). He discovered that carbon in the burned
material was converted to carbon dioxide (CO,) and that hydrogen in the material was con-
verted to water (H,0O). By trapping and weighing the carbon dioxide and the water, he was able
to calculate the percentage of carbon and hydrogen in molecules. This knowledge allowed a
determination of the empirical formula (Section 4.6). Organic molecules are composed of
substantial amounts of carbon and hydrogen, and this elemental analysis procedure known
as combustion analysis was, and is, an invaluable tool for determining structure (Section 4.6).

Chapter 1 - Introduction

3



4

1.1 A Brief History of Organic Chemistry
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COOH HO  cooH /I\ N
N
o} \
H

OH |

H
Tartaric acid Citric acid Uric acid

One of the first people to identify specific chemicals from natural sources was Carl
Wilhelm Scheele (Sweden; 1742—1786). He isolated acidic components from grapes and lem-
ons by forming precipitates with calcium or lead salts, and then added mineral acids to obtain
the actual compounds. The acidic compound isolated from grapes is now known to be tar-
taric acid, and the one from lemon is now known to be citric acid. Scheele also isolated uric
acid (Section 23.3) from urine. Friedrich W. Serturner (Germany; 1783-1841) isolated a com-
pound from opium extracts in 1805 that is now known to be the alkaloid morphine. In 1815,
Michel E. Chevreul (France; 1786—-1889) isolated a material from skeletal muscle now known
to be creatine, which has been used as a dietary supplement despite the observation that it can
cause kidney damage and muscle cramping. He isolated butyric acid from rancid butter. He
also elucidated the structure of simple soaps, which are salts of fatty acids. A fatty acid has the
structure RCOOH, where “R” is a long chain of carbon atoms with hydrogen atoms on each
carbon (Section 18.12). Between 1818 and 1820, Pierre J. Pelletier (France; 1788—1842) and
Joseph Caventou (France; 1795-1877) isolated a poisonous alkaloid from Saint-Ignatius-beans
(S. ignatii) now known to be strychnine [found in the seeds of the nux vomica tree (S. nux-
vomica) and also from related plants of the genus Strychnos]. The practice of isolating specific
compounds (now known to be organic compounds) from natural sources continues today.

In the structures of matrine, morphine, and strychnine, some of the lines used for chemical
bonds have been replaced with solid wedges or dashed lines. These are used to indicate the three-
dimensional spatial relationship of atoms and groups within a molecule. The solid wedge indi-
cates that the group is projected in front of the plane of the page, and the dashed line indicates
that the group is projected behind the plane of the page. This three-dimensional representation
correlates with the spatial relationship of the atoms or groups and will be used throughout this
book. This structural feature is known as the stereochemistry of an atom or group (Chapter 9).

O

\[/ H3C(HZC)16)I\O‘Na+

H C/N Sodium salt of
3 a fatty acid
OH O

e}
Morphine Creatine Butyric acid Strychnine

HO™

In 1807, a Swedish chemist named Jons J. von Berzelius (Sweden; 1779-1848) described the
substances obtained from living organisms as organic compounds. He proposed that they were
composed of only a few selected elements, including carbon and hydrogen. All organic com-
pounds known at that time had been isolated from living organisms, and Berzelius and Charles
E. Gerhardt (France; 1816—1856) described what was known as the vital force theory. This theory
subscribed to the notion that “all organic compounds arise with the operation of a vital force
inherent to living cells.” The vital force theory was widely believed at the time. In 1828 Friedrich
Wohler (Germany; 1800-1882) synthesized the organic molecule urea from chemicals that had
not been obtained from living organisms. Wohler heated ammonium cyanate, and urea was iso-
lated as the product. Urea is an organic compound that is a component of urine and also a com-
ponent of bird droppings (commonly used for centuries as fertilizer). This work, along with that of
others, demonstrated the fallacy of the vital force theory because it showed that an organic com-
pound could be obtained from a source that was not associated with a living organism. However,
it was not until Pierre Eugene-Marcellin Berthelot (France; 1827-1907) showed that all classes of
organic compounds could be synthesized that the vital force theory finally disappeared.
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By the middle of the 19th century, chemists were beginning to understand that organic
molecules were discreet entities that could be prepared in the laboratory. The structures of
these compounds (how the atoms are connected together) had to be determined before they
could prepared, however, and structure determination posed many problems. Aleksandr M.
Butlerov (Russia; 1828-1886) introduced the term chemical structure in 1861. In 1859, August
Kekulé (Germany; 1829-1896) suggested the idea of discrete valence bonds. Until that time,
there was no accepted method to determine how atoms in a molecule were arranged in a
molecular structure. The idea of valence, which is how many bonds a given atom can form
to remain neutral, was introduced by C.W. Wichelhaus (1842-1927) in 1868. It was actually
Jacobus H. van’t Hoff (Netherlands; 1852-1911) and Joseph A. Le Bel (France; 1847-1930)
who deduced that when carbon appeared in organic compounds, it was connected to four
other atoms, and the atoms around carbon assumed a tetrahedral shape. In other words,
carbon is joined to other elements by four chemical bonds.

In the 19th century, the concept of a bond was vague and largely undefined. It was not
until 1916 that Gilbert N. Lewis (USA; 1875-1946) introduced the modern concept of a bond,
formed by sharing two electrons. He called a bond connecting two atoms by two shared elec-
trons a covalent bond (Section 3.3). Understanding covalent bonds is essential for an under-
standing of the structure of an organic molecule. An example is methane, with four covalent
bonds to carbon represented as a line (C—H).

T H
H—C—H HIC:H
|
H
H Methane

Each line in the structure connecting the atoms represents a chemical bond as mentioned
above for ethanol. If the structure is drawn again using “” to represent the two shared elec-
trons, this structure is commonly known as a Lewis electron dot structure, after G.N. Lewis.
In 1923, Lewis suggested that a molecule that accepts an electron pair should be called an
acid and a molecule that donates an electron pair should be called a base. Such compounds
are called Lewis acids and Lewis bases to this day (Sections 2.7 and 6.8). Understanding the
position of electrons in an organic molecule and how they are transferred is important for an
understanding of both the structure and chemical reactions of molecules.

Maria Goeppert-Mayer
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Nobel laureate Maria Goeppert-Mayer (Germany; 1906—1972) formulated the nuclear
shell model that protons and neutrons within the nucleus are distributed in shells, according
to their energy level (Section 3.1.2). Quantum mechanics was developed by several physi-
cists, including Niels Bohr, Louis de Broglie, Max Born, Werner Heisenberg, Pascual Jordan,
Wolfgang Pauli, Erwin Schrodinger, and Paul Adrien Maurice Dirac. Erwin Rudolf Josef
Alexander Schrédinger (Austria-Ireland; 1887-1961) was a Nobel Prize-winning physicist
who developed the Schrodinger equation, which describes the wave function of a system
(Section 3.1.1). Quantum chemistry is considered to be the application of quantum mechan-
ics to chemical systems. An early application of quantum mechanics examined the structure
of diatomic hydrogen molecules and contributed to a understanding of the chemical bond.
In 1925 two physicists, W. Karl Heisenberg (Germany; 1901-1976) and Erwin Schrodinger,
described the orbital concept of molecular structure. In other words, they introduced the
idea of orbitals in chemistry and bonding (Section 3.1). Erich Hiickel (Germany; 1896—1980)
developed theories of bonding and orbitals. Today, these ideas are combined by saying that
electrons reside in orbitals, and orbital interactions control chemical reactions and explain
chemical bonding. Joyce Jacobson Kaufman (USA; 1929-2016) advanced quantum chemis-
try and introduced the concept of conformational topology (see Chapter 8) and applied it to
biomedical molecules. She also described a new theoretical method for coding and retrieving
certain carcinogenic hydrocarbons.

Joyce Jacobson Kaufman

As part of his work on bonding, Hiickel speculated on the nature of the C=C unit, although
it was Alexander Crum Brown (England; 1838—1922) who first used C=C to represent a “dou-
ble bond” for ethylene (H,C=CH,) in 1864. The research of Julia Lermontova (Russia; 1846—
1919) focused on oil research, and she contributed to the development of a new method for
the preparation of hydrocarbons that we now know as alkenes (Section 5.1). In 1862, Emil
Erlenmeyer (Germany; 1825-1909) first represented the structure of acetylene with a triple
bond, HC=CH.
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Julia Lermontova

The synthesis of organic molecules began in the mid-19th century, beginning with mol-
ecules that have a relatively simple structure. Hermann Kolbe (Germany; 1818-1884) pre-
pared ethane (CH,CHS,) by electrolysis of potassium acetate (CH,CO,K*), and Sir Edward
Frankland (England; 1825-1899) prepared butane (CH,CH,CH,CH,) from iodoethane
(CH,CH,]) and zinc (Zn). Charles A. Wurtz (France; 1817-1884) discovered amines in 1849,
and August W. von Hofmann (Germany-England; 1818-1892) prepared many amines and
also their ammonium salts by an acid-base reaction (Chapters 2 and 6) of the amine with a
mineral acid. Amines are organic compounds that contain nitrogen and will be described in
Section 5.5.3. Alexander W. Williamson (England; 1824-1904) showed that ethers contain
the C—O—C linkage (Section 5.5.2). He showed that ethers can be prepared from the potas-
sium salt of an alcohol. An alcohol contains a C—O—H unit, and the potassium salt is ROK
(Section 5.7.1). An alkyl halide is represented as RX, where “R” is an alkyl or carbon group
and X is a halogen, Cl, Br, I (Section 4.3.3). The nomenclature for all of these compounds will
be described in Chapters 4 and 5.

\

HZN (m
Mauveine

Allzarln Anthracene

As the structure of more complex molecules and their chemistry is better understood,
the synthesis of such molecules has become an important part of organic chemistry. In addi-
tion to molecules derived from nature, molecules that were unknown in nature could be
envisioned and prepared. In 1863, William H. Perkin (England; 1838-1907) prepared the
first commercially useful dye, mauveine, which was made from simpler molecules and pos-
sessed a purple color that had not been previously known. In 1869, the synthesis of a dye was
reported by Carle Graebe (Germany; 1841-1927) and Carl Liebermann (Germany; 1882—
1914). They prepared the natural dye alizarin from anthracene (Section 19.9.1), which was
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obtained from petroleum distillates. Adolf von Baeyer (Germany; 1835-1917) was the first to
synthesize the previously mentioned dye indigo. Aspirin, also mentioned previously, was first
prepared by Felix Hoffmann (Germany; 1868—1946) and later commercialized. The synthesis
of the various dyes and of aspirin were important to the economies of both England and
Germany in the late-19th and early-20th centuries.

In several structures cited in this chapter, including matrine, quinine, morphine, and
strychnine, some of the lines used for chemical bonds were replaced with solid wedges or
dashed lines. As previously noted, this three-dimensional drawing represents the stereo-
chemistry of atoms or groups (Chapter 9). It was not until the mid- and late-20th century
that the stereochemistry of organic compounds could be accurately determined, although its
discovery dates to the mid-19th century. In 1848, Louis Pasteur (France; 1822—1895) found
that there were two different crystalline forms of the sodium ammonium salt of tartaric acid.
These crystals had a different morphology, defined here as their external structure. He was
able to differentiate these two crystalline forms through a microscope and used a pair of twee-
zers to physically separate them (Section 9.10). They are examples of stereoisomers (Sections
9.1-9.3). This experiment showed that tartaric acid exists as two different compounds, now
called enantiomers (Section 9.1). Enantiomers are stereoisomers that differ only in their abil-
ity to rotate plane-polarized light in different directions. Note that most enantiomers cannot
be separated in this manner (Section 9.10). Van't Hoff, mentioned above, found that alkenes
existed as a different type of stereoisomer now identified as an (E)- or a (Z)-isomer, a con-
cept that is discussed in Section 9.8. Many scientists have helped develop the concept of
stereochemistry, including John Cornforth (Australia-England 1917-2013), Vladimir Prelog
(Yugoslavia-Switzerland; 1906—1998), and Donald J. Cram (USA; 1919-2001).

The isolation of organic compounds from natural resources continues to be impor-
tant. New organic molecules are isolated from terrestrial and marine plants, fungi, bacte-
ria, as well as some animals. G. Robert Pettit (USA, 1929-2021) and S. Morris Kupchan
(USA, 1922-1976) are two of many organic chemists who discovered new and interesting
organic compounds with potent biological activity against cancer and other human diseases.
Inspired in large part by the isolation of new compounds with interesting structures, the syn-
thesis of organic compounds has continued unabated since the 19th century. Over the years,
increasingly more complex molecules have been synthesized, as illustrated by pancratistatin,
wortmannin, and pleuromutilin. A discussion of the theory and practice of modern organic
synthesis and many examples can be found in the book® by Nobel laureate Elias J. Corey
(USA; 1928-). Many syntheses reported in the last 50 years have contributed enormously to
organic chemistry, and ever more complex organic molecules continue to be synthesized. In
addition, new chemical reactions as well as new chemical reagents (molecules that induce a
chemical transformation in another molecule) have been developed.

Pancratistatin Wortmannin Plueromutilin

Prior to the late 1940s and 1950s, chemists did not really understand #ow chemical reac-
tions occurred. In other words, what happened during the bond-making and bond-breaking
processes remained a mystery. Understanding these processes, now called reaction mecha-
nisms, required an enormous amount of work in the period of the late 1940s throughout the
1960s, and it continues today. Pioneers in this area include Franz Sondheimer (Germany-
England; 1926-1981), Saul Winstein (Canada-USA; 1912-1969), Sir Christopher. K. Ingold

3 Corey, E.J; Cheng, X.-M. The Logic of Chemical Synthesis, John Wiley & Sons, N'Y, 1989.



(England; 1893-1970), John D. Roberts (USA; 1918-2016), and three Nobel laureates Donald
J. Cram (USA; 1919-2001), Herbert C. Brown (England-USA; 1912-2004), and George A.
Olah (Hungary-USA; 1927-2017), as well as many others. Nobel laureates Roald Hoffman
(Poland-USA; 1937-) and Robert Woodward (USA; 1919-1979), and Kenichi Fukui (Japan;
1918-1998) pioneered the use of orbital symmetry considerations and then frontier molecu-
lar orbital theory (Section 22.1) to explain many concerted or synchronous reactions. The
concept of reaction mechanism allows a fundamental understanding of how organic reac-
tions work. It is perhaps the most important aspect, however, because understanding the
mechanism of chemical reactions allows chemists to predict products and reaction condi-
tions without having to memorize everything.

An important part of a mechanism is the identification of transient products in many
reactions called intermediates. Indeed, an intermediate is a transient and high-energy prod-
uct that is formed initially but not isolated. An intermediate reacts further to give either
other intermediates or a more stable and isolable product (Section 7.2). Reactions have been
studied that have reactive ionic intermediates such as a carbocation, which is a carbon hav-
ing three covalent bonds and a positive charge on carbon. Another ionic intermediate is a
carbanion, which is a carbon having three covalent bonds and a negatively charged carbon
atom. A non-ionic intermediate is a carbon radical, which is a carbon having three covalent
bonds and one extra electron. Methods were developed to ascertain the presence of these
intermediates.

Henry Eyring

The concept of reaction kinetics was developed for organic chemistry. Reaction kinetics
examines how fast products are formed (the reaction rate) and how fast reactants disappear.
Henry Eyring (Mexico/USA; 1901-1981) was a theoretical chemist who studied chemical
reaction rates and intermediates. He developed the absolute rate theory or transition state
theory for chemical reactions. This information gives clues as to how the reaction proceeds
and what, if any, intermediates may be involved.

How are organic compounds isolated and identified? In early work, inorganic materials
(e.g., metal salts and acids or bases) were added to force precipitation of organic compounds.
In other cases, liquids were distilled from a mixture or solids were crystallized. In the 1950s,
Nobel laureates Archer J.P. Martin (USA; 1910-2002) and Richard Synge (England; 1914—
1994) developed the concept of chromatography. This technique allowed chemists to conve-
niently separate mixtures of organic compounds into individual components.

The origins for determining the mass of compounds dates to the 1890s. Instruments were
developed that could exploit this concept. Bombarding an organic molecule with a high
energy electron beam induces fragmentation of that molecule. Identifying these fragments
gives important structural formation. This technique is known as mass spectrometry (MS),
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built on the accomplishments of Arthur J. Dempster (Canada-USA, 1886—1990). This meth-
odology has been greatly expanded and modified in recent years to become a very power-
ful tool for structural identification of organic molecules, including the field of proteomics,
which is used for structural evaluation of proteins.

Mary Elliott Hill

Light has always been an important tool in chemistry, as will be described in Chapter 13.
Both ultraviolet spectroscopy and infrared spectroscopy are major tools for the identification of
organic compounds. In the early mid-20th century, ultraviolet (UV) light was shown to interact
with organic molecules at certain wavelengths. Mary Elliott Hill (USA; 1907-1969) worked on the
properties of ultraviolet light and developed analytic methodology to track the progress of chemi-
cal reactions that utilized ultraviolet spectrophotometry. In the 1940s and 1950s, molecules were
exposed to infrared (IR) light, and individual molecules were found to absorb only certain wave-
lengths. Alma Levant Hayden (USA; 1927-1967) was an American chemist who used infrared
and other techniques for analyzing chemicals. Identification of the wavelengths of light absorbed
can be correlated with structure, a major step in the structure elucidation of organic molecules.

Alma Levant Hayden

It was discovered in the late 1940s that some atoms in organic molecules interact with
electromagnetic radiation at wavelengths in the radio signal range if the molecules are sus-
pended in a strong magnetic field. Initially, it was shown that hydrogen atoms in an organic
molecule interacted with the radio signal and the magnetic field. The connectivity of differ-
ent hydrogen atoms in an organic molecule can be identified, allowing the chemical struc-
ture to be puzzled together. This technique is now known as nuclear magnetic resonance
(NMR) spectroscopy and it is one of the most essential tools for an organic chemist. With the
power of modern computers, NMR analysis is used to determine the number and type of car-
bon, nitrogen, fluorine, and lithium atoms, as well as any other atoms in an organic molecule.
Stable but not always the most abundant natural isotopes of atoms are used in NMR: 13C,
15N, PF, and °Li for example. Structural information on large enzyme/inhibitor complexes
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can be obtained using NMR techniques. Mildred Cohn (USA; 1913-2009) studied chemical
reactions within animal cells, pioneering the use of nuclear magnetic resonance spectros-
copy (NMR) to study enzyme reactions and enzymatic catalysis. It is noteworthy that the
important medical tool MRI (magnetic resonance imaging) is in reality an NMR technique
that was developed in the 1970s. Note that MRI was developed at the height of the Cold War.
It was decided that the word “nuclear” would be kept out of the technique name. The focus
was kept on magnets to keep from alarming the public.

Mildred Cohn

Other tools include X-ray crystallography, known for many years and used to determine
the crystal structure of molecules. When X-rays interact with a molecule with a distinct
crystal structure, the resulting X-ray scattering patterns provide clues to its chemical struc-
ture. With modern computer technology, a picture of the structural features of a molecule
can be produced, and the methodology has been expanded to include structures of proteins,
biologically active small molecules docked to a protein and other biological molecules (see
Section 25.6). Dorothy June Sutor (New Zealand; 1929-1990) studied attractive hydrogen
bonding interactions involving hydrogen atoms attached to carbon atoms. She used crystal-
lography to study the crystal structure of 1,3,7,9-tetramethyluric acid (theacrine); and she
measured the distance between the methyl hydrogen and the oxygen. With modern electron
tunneling microscopes, pictures of atoms have been made. Scanning Transmission Electron
Microscopes can image objects a million times smaller than a human hair; and they have
been used to visualize atoms in molecules.

Dorothy June Sutor
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1.2 THE VARIETY AND BEAUTY OF ORGANIC MOLECULES

Weisun Tao

Marie Maynard Daly

Section 1.1 described the development of organic chemistry as a unique science. Chemical
reactions involving organic molecules are a part of the life process. In one sense, much of
molecular biology and biochemistry can be categorized as organic chemistry at the cellular
level. Proteins (Section 24.5) are large structures composed of many small organic chemi-
cal units known as amino acids (e.g., serine; Section 24.3). Weisun Tao (China; 1895-1982)
was one of the founders of protein chemistry research in China. Enzymes (Section 24.6) are
proteins that function as biological catalysts so almost all cellular metabolic processes occur
at rates fast enough to sustain life. Marie Maynard Daly (USA; 1921-2003) made important
contributions in four areas of research: the chemistry of histones, protein synthesis, the rela-
tionship between cholesterol and hypertension, and the update of creatine by muscle cells.
The genetic instructions for the development, functioning, growth, and reproduction of all
known organisms and many viruses are carried by DNA (deoxyribonucleic acid; Sections
25.5,6) and the RNA (ribonucleic acid; Sections 25.5,6), which is essential for many biologi-
cal roles in coding, decoding, regulation, and expression of genes. DNA is made up of many
nucleobase units such as cytosine.

If you are blinking an eye while reading, or moving your arm to turn the page, that nerve
impulse from your brain was induced, in part, by one of several important organic molecules
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called neurotransmitters. An important neurotransmitter is acetylcholine. If you see this
page, the light is interacting with a photopigment in your eye called rhodopsin, which releases
retinal upon exposure to the light. Retinal reacts with a lysine fragment (another amino acid;
Section 24.3) of a protein as part of the process known as vision.
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Note the similarity of retinal to Vitamin A (Section 1.1), which is simply the reduced form of
retinal. Oxidation and reduction are discussed in Chapters 15 and 17. What you see, at least the
color associated with what you see, is due to one or more organic molecules in each object. If the
leaves on trees and the grass in your yard appear green, one of the chemicals responsible is called
chlorophyll A. The ------ in the structure of chlorophyll A means there is an interaction between
N and Mg (a coordinate bond) rather than a formal covalent N—Mg bond (see Chapter 14).

[-Estradiol Testosterone

HOW/W

phytl-O
Phytl is an abbreviation for phytol as a substituent

OCH,4
Chlorophyll A

Percy Lavon Julian
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There are many other things about human physiology that involve organic chemistry,
including the physiological influences of organic chemicals. One of the principal female sex
hormones is the steroid B-estradiol, and the principle male sex hormone is the steroid tes-
tosterone. Note that each gender has both hormones (and others), but in quite different pro-
portions. Note also how the chemical structures of estradiol and testosterone have some
structural similarities. A steroid (Section 5.4) is a biologically active organic compound com-
posed of four fused rings in a 6:6:6:5 membered ring arrangement. Steroids are important
components of cell membranes and are found in plants, animals, and fungi (Section 5.4).
Some steroids are hormones, produced by your body to help your organs, tissues, and cells
do their jobs. Steroids produced in animals and synthetic steroid drugs include sex hor-
mones, corticosteroids, and anabolic steroids. Many steroids have been produced chemi-
cally by synthesis. Percy Lavon Julian (USA; 1899-1975) played a major role in the chemical
synthesis of medicinal drugs from plants. He was the first to synthesize physostigmine, and
he was a leader in developing industrial syntheses of the steroids progesterone, testosterone,
cortisone, and other corticosteroids as well as birth control pills. Luis Ernesto Miramontes
Céardenas (Mexico; 1925-2004) was an organic chemist known as the co-inventor of the
progestin norethisterone used in one of the first three oral female contraceptives. He was the
first to synthesize norethisterone.

Luis Ernesto Miramontes Cardenas

Smells are a very important part of life. What are smells anyway? They are the interac-
tion of organic chemicals with olfactory receptors in your nose. If you walk into a garden
and smell a rose, one of the chemicals in that aroma is geraniol, which interacts with those
olfactory receptors. If a skunk has ever sprayed your dog or cat, many organic chemicals are
part of the spray, including the mercaptan (also called a thiol; Section 5.5.1) 3-methylbutane-
1-thiol. Clearly, this odor is an unpleasant smelling organic chemical.

OH SH o o CH,
CHs 7
H3;C
CH3 H3C CH3 CH3 CH3

Geraniol 3-Methylbutane-1-thiol Muscone Jasmone

If you are wearing musk cologne, it probably contains muscone if it is natural musk
(scraped from the hind-quarters of a male musk deer). If you are wearing a jasmine perfume
it probably contains jasmone, which is part of the essential oil of jasmine flowers. If your
feet have not been washed recently, you probably detect a pungent odor which is due to a
chemical called butyric acid, among other things. Butyric acid (CH,CH,CH,COOH) is a
simple member of a carboxylic acid (Sections 5.6.3 and 18.1), an organic acid that contains a
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carboxyl group (COOH) attached to an alkyl, alkenyl, aryl, or other group, generically rep-
resented as an R group. The general formula of a carboxylic acid is therefore R—-COOH. In
early work that focused on carboxylic acid derivatives, Alice Augusta Ball (USA; 1892-1916)
developed the most effective treatment for leprosy known at that time.

Alice Augusta Ball

(CH3)10COOH (CH3)1,CO0OH (CH3),,COOH

Hydnocarpic acid Chaulmoogric acid Gorlic acid

The best available treatment was chaulmoogra oil from the seeds of the Hydnocarpus
wightianus from India. Ball isolated the ester components from the oil (esters have the for-
mula RCOOR’, where R’ is derived from an alcohol; Sections 18.2,8). She chemically modi-
fied them and developed a technique to make the oil injectable and absorbable by the body.
Derivatives of three carboxylic acids are found in chaulmoogra oil: hydnocarpic acid, chaul-
moogric acid, and gorlic acid.

If you see a housefly, know that they use a chemical called a pheromone (in this case mus-
calure) in order to attract a mate and reproduce. The American cockroach (hopefully there
are none in your dorm) similarly attracts a mate by exuding periplanone.

Cl
\ cl
Cl
O
l Cl
Cl
Cl
DT PCB

Muscalure Periplanone D
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To control insect pests, we sometimes use the pheromone of that pest to attract
it to a trap. A pheromone is a secreted or excreted chemical factor that triggers a social
response in members of the same species. Alternatively, insecticides such as DDT can
be used, sometimes with devastating environmental consequences. The chemical name
is 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane, but DDT comes from the trade name,
p.p’-DichloroDiphenylTrichloroethane.

o} NH,
HO O oM
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H OH OH H—N O
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OH H OCHs :
Fructose = Glucose 1-phosphate
| (Cori ester)
AN
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PolyChlorinated Biphenyls (PCBs) are in the news as environmental pollutants. These
PCBs are also used in transformers and as stabilizers in poly(vinyl chloride) coatings (PVC
coatings). PCBs can leach into soil and water, with serious environmental consequences.
Understanding of organic chemistry is important for the development of new and environ-
mentally safer compounds.

Gerty Theresa Cori

Eating is obviously an important part of life, and the taste of the food is important.
What are tastes? They are the interaction of organic chemicals (and other chemicals as
well) with receptors on your tongue, although smell is also associated with taste. Are you
drinking a soda? Does it taste sweet? If it is not a diet soda, it probably contains a sugar
called fructose, but if it is a diet drink it may contain one of the “sugar substitutes” (e.g.,
aspartame). Fructose is an example of a carbohydrate (Sections 25.1,2,3). Carbohydrates
literally mean hydrates of carbon, and they contain carbon, hydrogen, and oxygen in a
1:2:1 ratio. A carbohydrate is an organic compound found in foods and living tissues that
includes sugars, starch, and cellulose. Many carbohydrates are broken down to release
energy in the animal body. Gerty Theresa Cori (Austro-Hungary/USA; 1896-1957) was
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a biochemist who won the Nobel Prize in medicine for her work leading to the discovery
of the course of the catalytic conversion of glycogen. She helped discover the so-called
Cori ester, glucose-1-phosphate, an intermediate compound in frog muscles that enabled
the breakdown of glycogen. She helped establish the compound’s structure, identified the
enzyme phosphorylase that catalyzed its chemical formation, and showed that the Cori ester
is the beginning step in the conversion of the carbohydrate glycogen into glucose.
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Different chemicals in different foods have their own unique tastes. Do you like the
taste of ginger? The active ingredient that gives ginger (from ginger root, Zingiber officinale
Roscoe) its “spicy” taste is an organic compound called zingiberene. Do you like the taste of
red chili peppers? If so, the “hot” taste is due to an organic chemical called capsaicin. These
chemicals interact with your taste buds to produce each characteristic taste. Capsaicin is

also found in some topical ointments and creams used to alleviate symptoms of arthritis
and muscular aches.
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Most medicines used today are organic chemicals. Do you have a headache after reading all of
this stuff? If so, you are probably looking for a bottle of aspirin. An alternative is acetaminophen,
better known as Tylenol. Have you been to the dentist recently? If so, you might have had a shot
of Novocaine (procaine hydrochloride) so you would not feel the pain (it is a local anesthetic). If
you have recently been ill, you may have been given a prescription for an antibiotic from your
physician. Commonly prescribed antibiotics include the penicillin amowicillin or a tetracycline
antibiotic (e.g., aureomycin). Nitrate compounds are used for treating or preventing heart pain
(angina, chest pain) caused by heart disease, usually of the arteries in the heart. Common nitrate
medicines include isosorbide dinitrate and isosorbide mononitrate. Sir Prafulla Chandra Ray
(India; 1861-1944) contributed to understanding nitrite chemistry. His work focused on nitrites
and hyponitrites of different metals, and on nitrites of ammonia and organic amines.

Samuel Proctor Massie, Jr.

There are many devastating diseases that afflict humans and myriad drugs have been devel-
oped to treat many of them. Has a friend or relative been treated for cancer? Gefitinib was
approved by the FDA in 2003 for the treatment of locally advanced or metastatic non-small-cell
lung cancer in patients, but who did not respond to platinum-based and/or docetaxel chemo-
therapy. Do you smoke? If so, you are breathing in nicotine as well as many other organic com-
pounds into your lungs, which then make their way into your bloodstream. Azidothymidine
(AZT)is used to treat HIV, the virus that causes AIDS (acquired immunodeficiency syndrome).
Samuel Proctor Massie, Jr. (USA; 1919-2005) was a chemist who made major contributions to
the development of therapeutic drugs, including phenothiazine. Phenothiazine is one member
of a class of agents exhibiting antiemetic, antipsychotic, antihistaminic, and anticholinergic
activities. During the recent pandemic one of the anti-viral medications used to treat some
patients affected by COVID-19 is remdesivir, whose structure is shown.

Asima Chatterjee
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Many drugs have been developed based on the structures of natural alkaloids. Asima
Chatterjee (India; 1917-2006) was noted for her work in the fields of organic chemistry and
phytomedicine and she worked with vinca alkaloids, developed anti-epileptic, and anti-
malarial drugs. Her work focused primarily on alkaloids.

Finally, there are organic molecules that touch vast areas of your life, often in subtle ways.
When I say they touch you, I mean that quite literally. Are you wearing clothes? If so, you
might be wearing a synthetic blend of cloth made from a polymer, rayon (cellulose acetate).
A polymer is a large molecule made by bonding many individual units together.
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The “n” beside the bracket represents the number of repeating units, which is common
nomenclature for all polymers. You might be wearing Nylon, specifically something made
from Nylon 6-6. There are several types of Nylon, a family of synthetic polymers composed
of polyamides. Many things are made of Nylon, including gears for fine machines and guitar
strings for classical guitars.
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Stephanie Louise Kwolek

Walter Lincoln Hawkins

Have you ever heard of Teflon? This polymer finds uses in many machines and devices
that you use every day. Natural rubber is a polymer obtained from the sap of certain trees,
and it is used for automobile tires and other things. Nowadays, tires have a more complex
composition, but natural rubber is poly(isoprene), obtained from latex by tapping certain
trees. You might be using a piece of paper to describe your thoughts about organic chemistry
at this moment. If so, you are probably writing on something with cellulose in it. Cellulose
is the main constituent of wood fiber, and it is found in many plants, including trees. When
you crumple up the paper and throw it into a “plastic” waste container (Section 10.11), that
container might be made of poly(ethylene). Many pipes and “plastic” wrap are made from
poly(ethylene). Stephanie Louise Kwolek (USA; 1923-2014) discovered the first of a fam-
ily of synthetic fibers of exceptional strength, Kevlar, which is poly(paraphenylene tere-
phthalamide). Walter Lincoln Hawkins (USA; 1911-1992) made significant contributions
to polymer chemistry. He worked at Bell Laboratories and was a key player in the design of a
long-lasting plastic and a polymer-based cable sheath for telephone cables. Later in his career
he shifted his research focus towards minimizing plastic waste.

A lot of structures have been thrown at you. Why? Organic chemistry is all around you
and it is an integral part of your life. Understanding these things will help as you move
into the program of your dreams. Such an understanding can also help you make informed
choices in problems and issues that will confront you throughout your life. The journey
begins here. Good luck!



https://s3-eu-west-1.amazonaws.com/s3-euw1-ap-pe-ws4-cws-documents.ri-prod/9780367768706/_images/0091-c01-s-kwolek.pdf
https://s3-eu-west-1.amazonaws.com/s3-euw1-ap-pe-ws4-cws-documents.ri-prod/9780367768706/_images/0015-c01-w-hawkins.pdf

The video clips for this chapter are available at:
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Why Is an Acid-Base
Theme Important?

A study of acid and base chemistry is fundamental to organic chemistry. The understanding
of many reactions can be predicted by the application of acid-base principles. To begin, this
chapter will review the principles of acid-base reactions found in general chemistry.

You should know the following points from standard general chemistry courses:

 Define and recognize the structures of simple Brgnsted-Lowry acids and bases.
- Define and recognize the structures of simple Lewis acids and bases.

- Understand the definitions of a conjugate acid and a conjugate base.

« Understand the fundamentals of acid-base strength in aqueous media.

« Understand K, and pK..

« Recognize classical mineral acids and mineral bases.

Traditional Acid and Base
Theory

2.1 TRADITIONAL ACID AND BASE THEORY

In 1884, Svante Arrhenius (Sweden; 1859-1927) defined an acid as a material that can release
a proton, which is a hydrogen ion (H*) via ionization. A “free” proton does not exist. In water
Hr is actually a hydronium ion, H;O*. Using Arrhenius’ original definition, a base (then called
an alkali) is a material that can release a hydroxide ion (OH) in water. Sodium hydroxide
in water solution ionizes to hydrated sodium ions and hydrated hydroxide ions. A related
definition of acids and bases was reported by Thomas M. Lowry (England; 1874—1936) and
Johannes Nicolas Brgnsted (Denmark; 1879-1947), independently in 1923. According to this
Bronsted-Lowry definition, an acid is a material that donates a hydrogen ion, and a base is a
material that can accept a hydrogen ion.! An acid has an ionizable hydrogen atom, a proton.
In water, an aqueous solution of hydronium ions is produced. An acid-base reaction is an
equilibrium reaction that generates a conjugate acid and a conjugate base. The reaction of
hydrated HCI with water, for example, leads to a proton transfer from HCI to water to gener-
ate the conjugate acid, the hydronium ion H,0O", as well as the conjugate base, the chloride
ion. The term hydrated means that each ion is surrounded by water molecules, which is
indicated by the subscript (aq).

__________________________________________________________________

Water at pH 7 is neutral and the hydrogen ion concentration is 1.0x107 M. An acid is
ionized in water and the concentration of H,O*ions is>1.0x107 M. The mineral acids HC],
HBr, HI, H,SO,, HNO,, H,PO,, and HCIO, are all strong acids that give a high concentra-
tion of H;O*ions. Bases are ionized in water, and there is a decrease in the concentration of

! Lowry, T.M. Chemistry and Industry 1923, 42, 43—47; Brgnsted, ].N. Recueil des Travaux Chimiques 1923, 42,
718-728.
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How are the Two Acid-

Base Definitions Related?

hydrogen ions, < 1.0x107 M. Common strong bases include NaOH (soda lye), KOH (potash
lye), LiOH, CsOH, Mg(OH),, Ca(OH),, and Ba(OH),. Weak acids and weak bases will only
partially ionize in water relative to the strong acids or bases.

2.1 Write out the structures of hydrochloric acid, hydrobromic acid, sulfuric acid, and
nitric acid. Show the lone electron pairs.
2.2 What is the conjugate base formed when HNO, reacts with NaOH?

Weak acids are defined as solutes that partially ionize in a reaction with water
molecules. Simple examples of weak acids include hydrofluoric acid (HF), nitrous
acid (HNO,), sulfurous acid (H,SO,), and phosphoric acid (H,PO,). Many common
organic acids are weak acids. Examples include acetic acid (CH,;COOH), butanoic acid
(CH,CH,CH,COOH), and formic acid (HCOOH). The structure and properties of these
carboxylic acids will be discussed in Sections 5.6.3 and 18.1,2. Weak bases are defined
as solutes that partially ionize in a reaction with water molecules. An example is ammo-
nia, which reacts with an acid to give the ammonium cation. The most common type
of organic base is probably an amine, discussed in Section 5.5.3. An amine has the
structural fragments CNH,, C,NH, or C,N, where each “C” represents a carbon group.
Amines are weak bases when compared to mineral bases. Amines such as methana-
mine (CH,;NH,) and trimethylamine [N,N-dimethylmethanamine, (CH,);N]) react with
an acid, HX, to form ammonium salt conjugate acids: [CH,NH,]*X" and [(CH,),NH]*X,
respectively, where X is usually a halide counterion.

2.3 In the reaction of nitric acid and KOH, which atom in nitric acid (HNO;) accepts
the electron pair from the base, and which atom in KOH donates the electrons to
that proton?

2.4 If carbonic acid (H,CO,) reacts with a suitable base, what is the conjugate base of
this reaction?

2.2 THERE ARE TWO ACID-BASE DEFINITIONS:
HOW ARE THEY RELATED?

As noted in Section 2.1, a Bronsted-Lowry acid is defined as a proton donor, and a Bronsted-
Lowry base is a proton acceptor. In 1923, Gilbert N. Lewis (USA; 1875-1946) proposed an
alternative definition of acids and bases, with a focus on transfer of electrons from one spe-
cies to another. A Lewis acid is defined as a species that accepts an electron pair from a Lewis
base, which is defined as an electron-pair donor. There may be confusion about how these
two different definitions are related, not just how they differ. When HCl reacts with water,
for example, the Brgnsted-Lowry definition states that the proton (H) is “donated” to water,
forming the hydronium ion. In this reaction, the oxygen atom of the water “accepts” the pro-
ton. How does an oxygen accept a proton?

2.5 If HCI were to react with ammonia rather than water, which atom accepts the
proton?

In the acid-base reaction of water with a proton (H*), the oxygen atom in water “accepts” the
proton to form the hydronium ion. To form the H—O bond in a hydronium ion the oxygen
atom donates two electrons to H*. The H—O bond is known as a c-covalent bond, which
requires two shared electrons (Section 3.3). In the reaction of water with H*, the oxygen atom
reacts as a base and “accepts” a proton by donating two electrons to H* to form the new
bond. Therefore, a Brgnsted-Lowry base accepts a proton, by donating two electrons to that
proton. A Lewis base is defined by donating two electrons to an atom other than a proton.
In an acid-base reaction, both a Bronsted-Lowry and a Lewis base donate electrons from an
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electron rich species to an electron poor species. This statement is important because it places
the focus on electron transfer rather than transfer of a proton.

H H
. R ol
H:O :/_\‘H+ H>O
. .
Hydronium ion
( 2.6 Draw the Lewis electron dot formula for ammonia and for HCI. )

A base is electron rich, and the term excess electron density usually indicates the pres-
ence of unshared electrons or a formal negative charge. All bases donate two electrons in an
acid-base reaction and the electron flow is always from the base to the acid, not from the acid
to the base. In other words, an acid does not donate a proton, but that proton is “pulled off”
by the base to form a new bond. This electron transfer is shown by the curved arrow in the
reaction of water and H* to give the hydronium ion. The use of a curved arrow in this manner
is called the curved arrow formalism where the curved arrow indicates the transfer of two
electrons from one atom to the other. To repeat, the electron flow is always from a source of
high electron density to a point of low electron density.

2.7 Can the phosphorus atom in a molecule function as a base? The sulfur atom? The
sodium atom in Na*? Can the N in the ammonium ion, NH,*be a base? In each case
explain your answer.

2.8 Why is it incorrect to draw the arrow from H*to oxygen in the reaction of water
and H*?

The oxygen of water is shown to donate electrons to H*, which represents a “free” proton.
However, as noted previously there is no such thing as a free proton. The proton in common
acids is a hydrogen atom attached to another atom by a covalent bond (Section 3.3), as in
H—CI. The hydrogen atom in HCl is susceptible to attack due to bond polarization because
chlorine is more electronegative than hydrogen (Section 2.4.1). Since it is more electronega-
tive, the chlorine withdraws electron density toward itself. This electronegativity difference
leads to distortion of the electron density in the covalent bond away from the hydrogen and
toward the more electronegative chlorine atom (Section 2.4.1).

In HCJ, the chlorine is electron rich and the hydrogen is electron deficient and susceptible
to attack by an electron rich atom such as oxygen. The electron-rich oxygen atom donates
electrons to the acidic H of HC], as indicated by the curved arrow, forming a new bond to
the hydrogen atom. The use of the arrow is called the curved arrow formalism. The oxygen
atom literally pulls the proton away as the new O—H bond is formed. Removal of the proton
leads to cleavage of the bond between H and Cl, as shown by the second curved arrow. The
two electrons in this bond will migrate toward the electronegative chlorine atom forming the
chloride ion, the conjugate base.

oT N B
HIO:  Hic:

H H

2.9 In a reaction of HCl and ammonia, identify the electron-donating atom of the
base, and draw the reaction using the curved arrow formalism, yielding the prod-
ucts of the reaction.

2.10 For a reaction of H,SO, and NaOH, write out the acid-conjugate base pair and
also the base-conjugate acid pair.
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Bases Are Electron Donors

The curved arrow formalism and the concept of electron donation from an electron rich
atom to an electron poor atom can be applied to many reactions other than acid-base reac-
tions. The identification of electron-rich and electron-poor components of molecules and an
understanding of the electron flow can be used to predict products in a variety of reactions.
It is important to make the transition to thinking about reactions in terms of electron dona-
tors/electron acceptors analogous to the Lewis definition rather than the Brgnsted-Lowry
definition. Knowledge of this principle leads to an understanding of reactions rather than
memorization of those reactions.

2.3 ACID-BASE EQUILIBRIA AND EQUILIBRIUM CONSTANTS

Strong acids ionize in water to a greater extent when compared to a weak acid. An example
in Figure 2.1 compares the reaction of the strong acid HCI and the weak organic acid for-
mic acid (HCOOH) with water. In these acid-base reactions, water is both the base and the
solvent, and there are two competing chemical reactions. The “forward” acid-base reaction
with HCI and water gives the hydronium ion and the chloride ion. The “forward” acid-base
reaction of formic acid and water gives the formate anion (HCOO") and the hydronium ion
H,O. In both cases, the “reverse” acid-base reaction of the conjugate base with the conjugate
acid produces the original acid and base.

HClay +  HoO HiO'g) +  CI ag)
-
a 0
I H;0*
— ~C. _ + 3%~ (aq)
H— C\ P H + Hzo H \o @
Formic acid (@) Formate anion

FIGURE 2.1 Hydrochloric acid, formic acid, as acids in water.

In these reverse reactions, chloride ion and the hydronium ion react to give HCI and
water whereas the formate anion and the hydronium ion react to give formic acid and
water. The “forward” (—) and the “reverse” («—) reactions are indicated in the equilib-
rium by two arrows pointed in opposite directions, (2). The strength of the acid depends
on the position of the equilibrium, which is determined by the facility of each compet-
ing acid-base reaction: the reaction of the acid with a base and the reverse reaction of
the conjugate acid with the conjugate base. Ionization of the strong acid HCI in water is
greater than ionization of the weaker acid formic acid in water so the HCl/water equi-
librium is pushed toward the conjugate acid and the conjugate base. The HCOOH/water
equilibrium is pushed toward HCOOH and water. The formate anion is a stronger base
than the chloride ion, so the equilibrium is pushed to the left by the reaction of the
conjugate base and the conjugate acid. The chloride ion is a weaker base, and the equi-
librium for the strong acid HCI with water is pushed further to the right. In other words,
there is a higher concentration of the conjugate acid and the conjugate base with HCI.
Conversely, the equilibrium for the weak acid formic acid with water shows a much lower
concentration of the conjugate acid and the conjugate base. Note the (aq) term for the
species in both reactions, which indicates solvation by the solvent water. The solvation
terms shown in Figure 2.1 are usually omitted from reactions in organic chemistry.

_ [conjugate acifi conjugate bade
a [acid][basq

The position of the acid-base equilibrium is defined by the acidity constant, K,.
Determining the concentrations of the acid, the base, the conjugate acid, and the con-
jugate base allows the position of this equilibrium to be calculated. Values for K, can be
very large or very small, so the term pK, is used for convenience. The term pK, is the
negative log of Ka: pK, =-log K, and K, =10-P%3, This term is analogous to pH, which is

K
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the negative log of the hydrogen ion concentration: pH = -log [H]. A strong acid has large
K, (>> 1), and the equilibrium favors a higher concentration of conjugate acid and con-
jugate base with a lower concentration of acid and base. Since K, and pK, are inversely
proportional, a strong acid with a large K, has a small pK,. A small K| has a large pK,
indicating a weak acid with a higher concentration of acid and base and a lower concen-
tration of conjugate acid and base.

Virtually all of the acids and bases mentioned in Section 2.1 are soluble in water, and
the relative acidity or basicity of those compounds is measured with water as the base.
Indeed, Brgnsted-Lowry acid-bases are defined in terms of their ionization in water, but
ionization can occur in other solvents. Since nonaqueous solvents are commonly used in
organic chemistry it is useful to compare the ionization of compounds in water with the
ionization in other solvents. Other solvents may be weaker bases or stronger bases than
water and the relative acidity of the acid changes with the strength of the base. In Figure
2.2 the relative strength of formic acid and HCI can be measured by their reaction in
methylamine (CH,;NH,) or in diethyl ether (CH,CH,OCH,CH,), which is a weaker base
than the amine (Sections 5.5.2,3 and 6.7.1,3). Since HCl is a stronger acid than formic
acid, ionization of HCl is greater than ionization of formic acid in either methylamine or
diethyl ether as indicated by the longer and shorter reaction arrows. When HCI reacts
with the amine, the products are the chloride ion as the conjugate base and the methyl-
ammonium ion as the conjugate acid. When formic acid reacts with the amine, formate
anion is the conjugate base and the methylammonium ion is the conjugate acid. Diethyl
ether and HCl react to give the chloride ion and the protonated form of the ether known
as an oxonium ion is the conjugate acid. Formic acid reacts with diethyl ether to give
the formate anion and the oxonium ion. The amine is the stronger base, so HCl is ion-
ized to a greater extent in methylamine when compared to the reaction in diethyl ether.
Similarly, formic acid is ionized to a greater extent in the stronger base methylamine
when compared to the reaction in diethyl ether. Although HCI is a stronger acid than
formic acid, both acids are stronger acids in methylamine than in diethyl ether.

— _ +
HCOOH + H,oNCH;3 HCOO * HaNCH,
Formic acid Methylamine Formate anion Methylammonium ion
HCI + HoNCH5 - cr + H3KICH3
Hydrochloric acid Methylamine Chloride anion Methylammonium ion
HCI + /\O/\ I cr + /\6/\
I S
Diethyl ether H Oxonium ion
+
HCOOH  + ~SNg ™\ — hcoo- + 07

}l| Oxonium ion
Diethyl ether

FIGURE 2.2 The acid-base reactions of formic acid and HCl in methylamine. The acid-base
reaction of formic acid and HCl in ethyl ether.

The relative strength of two bases can be measured by changing the focus to their reaction
with a common acid. In Figure 2.3 formic acid is shown to react with methylamine to give
the formate anion and the methylammonium ion. Formic acid also reacts with diethyl ether
(CH,CH,0OCH,CH,), which reacts as a base (Sections 5.5.1 and 6.7.3) to give the formate
anion and an oxonium ion. The fact that formic acid ionizes to a greater extent in methyl-
amine than in diethyl ether shows that formic acid is a stronger acid when it reacts with
methylamine than when it reacts with diethyl ether. This observation indicates that methyl-
amine is a stronger base relative to diethyl ether.
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Acid-Base Strength

Electronegativity and
Atom Size

.
HCOOH +  HyNCH3 HCOO- + H3NCH,
Formic acid Methylamine Formate anion Methylammonium ion
PSRN
HCOOH + NN L ™ HCOO~ + ?
H
Formic acid Diethyl ether Formate anion Oxonium ion

FIGURE 2.3 The reactions of formic acid with diethylamine and with ethyl ether.

211 In the reaction of CH,CH,OH (ethanol) with water, indicate which H in ethanol
is most likely to be the acidic proton and which atom in water is most likely to be
the base.

2.12 Which is the stronger base, water or hydroxide ion? Justify your answer.

In general chemistry, the equilibrium constant, K| is defined for a generic acid-base reac-
tion but the concentration of water is omitted when the reaction is done in water:

_ 1 feoniuate b :
_ lconjugate acid] [conugate base] 4 tor helin 0 | Kg =
a [acid] [base] .

In this reaction, water is the solvent but it is also the base. Why can the molar concentra-
tion term for water as a base be removed from the equation? Water is present in large excess
and the concentration of water remains essentially constant relative to the insignificant
amount of water that reacts as a base. If the concentration term for water in the K, equa-
tion is essentially constant, removal of the water term from the K, equation will not cause a
significant error.

If water is not the solvent and the solvent does not participate in the reaction, then the
base must be included in the equation to properly evaluate the acid-base reaction. If the
solvent in the reaction of HCl and water is dimethoxyethane (DME, CH,;OCH,CH,OCH,),
an organic solvent that is completely miscible with water, water is not in excess. Therefore,
changes in the concentration of water during the reaction are significant and the water must
be part of the K, equation. Note that miscible means the two liquids are mutually soluble in
all proportions (Section 5.8.2).

HCO  OCH;

HCl +  HO = HO' o+ O K= O

[HCI]  [H,0]

To review, when water is the solvent and it is present in large excess, the water can be
removed from the equation. However, when water is not the solvent, but it is the base in the
reaction, it cannot be removed from the K, equation. All of the starting materials and all of
the products must be included in the K, term. Most of the reactions presented in this book
do not use water as a solvent, but rather an organic solvent that does not participate in the
reaction.

2.13 What is the base in the reaction of HCl that generates the hydronium ion and the
chloride ion? Justify your answer.
2.14 In the reaction of ethanol with HCl, which is the Brgnsted-Lowry acid?

2.4 ELECTRONEGATIVITY AND ATOM SIZE

To properly understand differences in acid strength, the structure and reactivity of the acid
and the conjugate acid as well as the structure and reactivity of the base and conjugate base
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must be known. Two major parameters used to explore differences in reactivity are electro-
negativity and the relative size of the atoms involved.

241 ELECTRONEGATIVITY

The property of an atom to attract electrons to itself is called electronegativity. Different
atoms have a different electronegativity and thus a different ability to attract electrons. The
electronegativity of an element increases across the periodic table going to the right (left-
to-right) toward fluorine and up (bottom-to-top) the table toward fluorine. Oxygen is more
electronegative than carbon, and chlorine is more electronegative than bromine. Figure 2.4?
shows the electronegativity of common elements that appear in organic molecules, arranged
according to their position in the periodic table. For different atoms in a bond connecting
two atoms, electronegativity has a profound effect on the shared electron density. When
one atom is more electronegative than the other, the shared electrons in the bond will be
distorted toward the more electronegative atom. Interestingly, carbon is more electronega-
tive than hydrogen by a small amount. For bonding in most organic molecules, however, this
difference in the electronegativities of carbon and hydrogen is assumed to be insignificant.

H

2.2

Li | Be B C N 0 F

10| 15 2.0 2.6 3.0| 34| 40
Na | Mg Al Si P S Cl
09| 1.3 16| 19| 22| 26 | 3.2
K Ca | Sc | Ti-v [Cr-Mn|Fe-Ni| Cu Zn | Ga | Ge | As | Se Br
o8| 10| 13 |1516|16-1.7(18-19( 1.9 | 1.7 | 1.8 | 20| 22 | 26 | 3.0

2.7

FIGURE 2.4 Electronegativities of atoms in the periodic table.

Going across the periodic table, fluorine is more electronegative than carbon. Going up
and down chlorine is more electronegative than iodine. Inspection across the diagonally
related elements C—P—Se—1, however, shows that electronegativity changes from
2.6—2.2—2.6—2.7. Clearly, there is no trend when one compares elements that have
a diagonal relationship. Therefore, no comparisons can be made without specific numbers.

C 2.15 Use Figure 2.4 to rank the following atoms by their electronegativity: N, S, and Ga.)

A covalent bond between two atoms is composed of two electrons, and if both atoms
have the same electronegativity, there should be an equal distribution of electron density
between the two nuclei. If one atom is more electronegative than the other, however, there
is an unequal distribution of electron density between the nuclei. The electron density of
the bond is distorted toward the more electronegative atom. A bond between two atoms
where one is more electronegative than the other is known as a polarized covalent bond
(Section 3.8).

7N [N

B: 10— S -O—H
7N M)

B: 5+H_|__>F6— _— B—H “F

2 Haynes, W.M. CRC Handbook of Chemistry and Physics, 94th ed., CRC Press, Boca Raton, FL, 2013-2014, pp.
9-97.

27



28

2.4 Electronegativity and Atom Size

Electronegativity plays an important role in acid-base reactions. The relative acidity of
HF and H,O can be compared by examining their acid-base reactions with a common base.
Since fluorine is more electronegative than hydrogen, H is electron deficient, and F is elec-
tron rich in the H—F bond. Likewise, O is more electronegative that H in the O—H bond
of water so O is electron rich and H is electron deficient. The more electronegative fluorine
atom or oxygen atom will have the greater electron density, so each is given the symbol &-.
Similarly, the H in each bond will have less electron density, and each is labeled &*. Fluorine is
more electronegative than oxygen, so the electron density is distorted toward F in the H—F
bond to a greater extent than toward O in a H—O bond of water. In other words, the HF
bond is more polarized, and the & H in HF is more positive than the 8*H in water.

The polarization of H*>*in O—H and in H—F suggests that the hydrogen atom is “acid-
like” since it is related to a proton, H*. Indeed, the hydrogen atom in both HF and H,O is
acidic. Deprotonation of HF with a base is accompanied by cleavage of the H—F bond. The
electrons in that bond are transferred to the electronegative fluorine atom to generate the flu-
oride ion. Likewise, deprotonation of water leads to cleavage of the H—O bond and transfer
of electrons to the electronegative oxygen atom to form the hydroxide ion. Fluorine is more
electronegative than oxygen and the hydrogen atom in H—F has a greater 8*. Therefore, HF
is more acidic and more reactive.

Since the reaction is an equilibrium, the acid strength of HF and of water also depends on
the facility of the acid-base reaction of the conjugate acid and the conjugate base. In general,
the stronger acid will generate the weaker conjugate base. Fluorine is more electronegative
than oxygen, so it retains electrons to a greater extent and is less likely to donate them.
Therefore, the fluoride ion is a weaker base and less likely than the hydroxide ion to react with
the conjugate acid, consistent with HF being the stronger acid.

2.4.2 ATOM SIZE

The size of an atom plays a significant role in acid strength. For a given bond H—X, the larger
the size of X the longer the H—X bond distance. In general, a longer bond is easier to break
in an acid-base reaction, consistent with a larger K, and a stronger acid. The influence of atom
size can be examined by comparing the acidity of HF and HI. A bond between relatively
small atoms that are close to the same size (e.g. H and F) has a shorter bond length (the dis-
tance between the two nuclei) when compared to the bond length between atoms when one
is small and one is large (e.g., H and I). Figure 2.5 illustrates such a case, and the larger size
of the iodine atom in B (HI) dictates a longer bond length when compared to the smaller size
of the fluorine atom in A (HF). The bond length for H—F is 92 pm and that for H—I is 161
pm. The longer bond length for H—I suggests there is less electron density in the bond when
compared with H—F with the smaller fluorine atom. It is therefore reasonable to assume that
reaction with a base will remove the hydrogen atom of H—I easier than the hydrogen atom of
H—F. Indeed, HI is the stronger acid with a larger K.

. 92pm . 161 pm |

FIGURE 2.5 Comparison of atom size and bond distance for HF (A) and HI (B).

Fluorine in the fluoride anion is more electronegative than iodine in the iodide anion and
therefore should retain electrons more than the iodide ion. This observation predicts that
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the fluoride ion is the weaker base. If electronegativity arguments were the most important
factor, HF is predicted to be the stronger acid, but HI is the stronger acid. Clearly, another
phenomenon is at work. The iodide ion is much larger than the fluoride ion. The covalent
radius of the iodide ion is 135 pm (1.35 A) and that of the fluoride ion is 71 pm (0.71 10\).3
Since the iodide ion is larger, the charge is dispersed over a larger area. The more the charge
is dispersed, the less likely that species is to donate electrons. Therefore, the iodide anion is
a weaker base relative to the fluoride anion and the equilibrium will be shifted to the right,
consistent with HI as the stronger acid (a larger K).

2.16 Is it possible for diatomic hydrogen to be the BASE in the reactions of HF and HI?
Justify your answer.

2.5 ATOM SIZE AND ELECTRONEGATIVITY ARGUMENTS
APPLIED TO ACIDS AND BASES

The reported pK, of water* is 15.74 and that of ammonia® is 38. Why is water so much more
acidic than ammonia? The &* (electrophilic) atom is a hydrogen atom attached to O in water
or N in ammonia. In an acid-base reaction, the reaction of water and ammonia with an
unspecified but generic BASE yields the same conjugate acid (H—BASE*). The conjugate base
formed from water is the hydroxide ion and the conjugate base from ammonia is the amide
anion. Oxygen and nitrogen are in the same row of the periodic table so there is only a minor
change in the size of the atoms.

.

H—OH BASE —  H-BASE HO"
+

H—NH, BASE ~——5 H-BASE H,N-

Therefore the bond lengths are close, 96 pm versus 101 pm, and this parameter is not
expected to play a major role. Indeed, going across the periodic table, differences in electro-
negativity are assumed to be more important than differences in size. Since O is more elec-
tronegative than N, the O—H bond should be more polarized than the N—H bond. Indeed,
the O—H hydrogen in water is more acidic than the N—H hydrogen in ammonia. If the O is
more electronegative, oxygen in the conjugate base HO- should retain electrons (not donate
them) more than the nitrogen in H,N. Therefore, hydroxide is less reactive and more stable
and so a weaker base when compared to the amide anion. In other words, the hydroxide ion is
less able to donate electrons. The K, for the reaction with water is therefore larger and water
is the stronger acid.

2.17 Can ammonia be considered as a Brgnsted-Lowry acid? Justify your answer.
2.18 How many unshared electrons are on the nitrogen of ammonia? On the oxygen
of water?

Why is ammonia a stronger base than water? This question really asks why the nitrogen
atom of ammonia is a better electron donor than the oxygen atom of water. Once again, the
acid-base equilibrium will be examined, but HCI will be used as the acid for both reactions so
the acid and the conjugate base will be the same in both reactions. With this simplification,
the base strength of water and ammonia can be compared directly. The reaction of ammonia
and HCl gives the ammonium ion as the conjugate acid and the chloride ion as the conjugate

3 Huheey, J.E. Inorganic Chemistry, Principles of Structure and Reactivity, Harper & Row, New York, 1972, pp.
9-67 to 9-68.

4 Harned, H.S.; Robinson, R.A. Transactions of the Faraday Society 1940, 36, 973-978.

5> Buncel, E.; Menon, B.C. Journal of Organometallic Chemistry 1977, 141, 1-7.

Acid-Base Strength
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30 2.6 Resonance, Electron Dispersion, and Base Strength

Resonance and Acid

Strength

base. For the reaction with water, the conjugate acid is the hydronium ion, and the conjugate
base is also the chloride ion.

HaN: H—Cl —— HNH cr
H,O: H—Cl H,0": H cr

Both nitrogen and oxygen are in the second row of the periodic table, so electronegativity
is assumed to be more important than the size of the atoms. Oxygen is more electronegative
than nitrogen, so oxygen will retain electron density more efficiently than nitrogen and oxy-
gen is a weaker base relative to nitrogen. The nitrogen atom of ammonia is a better electron
donor and is therefore more basic. Comparing the H—O bond and the H—N bond, O is more
electronegative so the O—H bond is weaker due to bond polarization. Therefore, the hydro-
nium ion is expected to be a stronger acid than ammonia. The pK, of the hydronium ion is
estimated to be -2, and the pK, of 'NH, is 9.24.° Since the conjugate acid for the water reac-
tion is more reactive, the equilibrium will be pushed to the left (smaller K,). Conversely, the
equilibrium for the ammonium ion conjugate acid will be more to the right (larger K,) since
the H—N bond is stronger. The reaction of NH, and HCI forms the less basic ammonium
chloride has a larger K,. Ammonia is the stronger base.

Why is NH, More Basic Than NH,? In this case, two nitrogen atoms are compared, so
electronegativity and/or size arguments are not an issue. In ammonia, there are three cova-
lent bonds, and there is one unshared pair of electrons, so the molecule is neutral (no charge).
In the amide anion, there are two pairs of unshared electrons and a charge of -1 (see formal
charge, Section 7.3). Therefore, there is an excess of electron density on the nitrogen of the
amide anion when compared to ammonia. The amide anion is more basic simply because
there is a higher concentration of electron density than can be donated to an acid.

2.6 RESONANCE, ELECTRON DISPERSION, AND BASE STRENGTH

The measured pK, of perchloric acid is -10 and that of sulfuric acid is about -1.9,° so perchlo-
ric acid is the stronger acid. Why is sulfuric acid less acidic than perchloric acid? A com-
parison of the acid strength of these two mineral acids begins with an examination of the
acid-base equilibrium for both reactions, again using a generic base so that the conjugate acid
is the same in both equations. Both perchloric acid and sulfuric acid have an O—H group
that contains the acidic proton. There are slight differences in the size and electronegativity
of S and Cl that will have some influence on differences in the strength of the O—H bond in
these two acids, but these differences are not sufficient to account for such a large difference
in acid strength.

H. D H H 0
O_ﬁ_o BASE —— H-—-BASE o—ﬁ—o-
(@) @)
Sulfuric acid Hydrogen sulfate anion
@) H (I?
Il Yz -
o:cﬁ|—o BASE — H—BASE O:?_O.
@) )
Perchloric acid Perchlorate anion

Looking at the conjugate bases for these two reactions, there is one difference in both
the hydrogen sulfate (HSO,) anion and the perchlorate (ClO,) anion relative to the fluoride
ion, iodide ion, hydroxide ion, or amide anion discussed previously. There are n-bonds. The
structure and nature of carbon-carbon n-bonds will formally be discussed in Section 5.1, so

¢ Smith, M.B. March’s Advanced Organic Chemistry, 8th ed., Wiley-Interscience, Hoboken, NJ, 2020, Table 8.1,
pp. 341-345.
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this concept is somewhat premature for a proper understanding. However, n-bonds should
have been discussed in general chemistry. The hydrogen sulfate anion contains two S=O
units. The S=O unit in Figure 2.6 shows two bonds between S and O. One is a so-called
o-bond (Section 3.3) and the other is a n-bond (Section 5.1). A 6-bond is stronger than the
n-bond, because the 6-bond is formed by sharing electron density on a line between the two
nuclei. The n-bond shares electron density between parallel adjacent p-orbitals on S and O
(Figure 2.5) by sideways overlap. There is less electron density shared between the atoms and
the n-bond is weaker. The perchlorate anion contains three Cl=O units, each with a 6-bond
and a weaker n-bond.

S=0

one
n-bond o-bond

Hydrogen sulfate anion Perchlorate anion
FIGURE 2.6 =-Bonds and resonance in the hydrogen sulfate anion and the perchlorate anion.

Both the hydrogen sulfate anion (HSO,") and the perchlorate anion (ClO,") are shown
in Figure 2.6. These diagrams show that the m-orbitals can overlap such that the elec-
tron density of the negative charge is dispersed over all three oxygen atoms and S in
the hydrogen sulfate anion. Dispersal is over all four oxygen atoms and Cl in the per-
chlorate anion. In other words, the charge is dispersed over more atoms and therefore a
larger area in the perchlorate anion relative to the hydrogen sulfate anion. This type of
charge dispersal (charge delocalization) over several atoms with participation of n-bonds
is given the name resonance. A resonance stabilized anion is more stable, less reactive
as an electron donor and therefore a weaker base. If the perchlorate anion is more stable
and less reactive with the conjugate acid due to resonance, it is a weaker base. Therefore,
the equilibrium is pushed to the right (larger K,), consistent with perchloric acid as the
stronger acid.

( 2.19 Discuss whether nitric acid is more or less acidic than perchloric acid. )

2.7 LEWIS ACIDS AND BASES

As defined in Section 2.1, a Lewis base is an electron pair donor, and a Lewis acid is an elec-
tron pair acceptor. A Lewis base must be electron rich in order to donate electrons, and a
Lewis acid must be electron deficient in order to accept electrons. Group 13 elements such as
boron and aluminum can only form three covalent bonds and remain neutral, so they do not
satisfy the octet rule and are inherently electron deficient. They are Lewis acids. A Lewis acid
MX,, reacts with the electron pair from a Lewis base to form a fourth bond, which provides
the two electrons needed to satisfy the octet rule. A compound with four bonds to the Lewis
acid is a charged complex known as a Lewis acid-base complex, or an “ate” complex. In a
typical example, ammonia reacts as a Lewis base to donate two electrons to the electron-
deficient boron of BF, (the Lewis acid) to form the “ate” complex. Nitrogen donates two
electrons to boron and becomes electron deficient in the “ate” complex, whereas the boron
accepts electrons to become electron rich. Therefore, the nitrogen takes on a positive charge
in the complex and the boron takes on a negative charge. An arrow can replace a bond in
the second “ate” complex in what is called a dative bond in a Lewis acid-base “ate” complex.
Either structure is an acceptable representation of an “ate” complex.

Lewis Acids and Lewis

Bases
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Nucleophiles

A fundamental difference between Brgnsted-Lowry acid-base reactions and Lewis acid-
base reactions involves the products. The reaction of a Brgnsted-Lowry base with a Brgnsted-
Lowry acid leads to two products, a conjugate acid, and a conjugate base. The reaction of a
Lewis base with a Lewis acid leads to one product, the “ate” complex.

MX, + B — . MX,B*
Lewis Acid  Lewis Base Adduct (‘ate' complex)
I H L_H, FooH
F H F H F H
Boron Trifluoride  Ammonia Adduct (‘ate’ comp.léx)

2.20 Draw the reaction with curved arrow and the ate complex formed (using Lewis
electron-dot structures) for the reaction of aluminum bromide (AlBr;) and diethyl
ether (CH;CH,OCH,CH,).

The relative order of Lewis acidity is not always straightforward. Lewis acids usually take
the form MX,, where X may be a halogen atom or X may be a molecule that contains oxygen,
nitrogen, or phosphorus (other X units will be introduced later in this book). The metal is M
and # in X, is the number of units attached to M. Reaction with a Lewis base leads to forma-
tion of MX BY, the “ate” complex. Transition metal salts have a metal atom that can assume
multiple valences due to the presence of d-orbitals and/or f-orbitals. The salt may form com-
pounds with 2, 3, 4, 5, or 6 bonds to other groups or atoms attached to the metal (known as
ligands). Such compounds can function as a Lewis acid. There are several rules that can be
used to estimate the relative Lewis acidity of metal salts. The reactivity of Lewis acids and
bases are discussed again in Section 6.8.

( 1. In MX,, (n<4) acidity arises from the central atom’s requirement for completion\
of an outer electron octet by accepting one or more pairs of electrons from the
base. Acidity is diminished when two electron pairs are required. Group 13 acids
are more acidic than transition metal acids: BF; > AlCl; > FeCl,.

2. The acidity of M will decrease within any group with increasing atomic volume
(effectively, with increasing atomic number) owing to the weaker attraction
between nuclear charge and incoming electron pairs. The result of these effects
leads to the order: BX; > AlX; > GaX; > InX,.

3. In general, the availability of d-orbitals for donation will be easier (especially with
d-outer orbitals) and more effective, the heavier the element. This property leads
to a decrease in acidity, as in the series (B—>Al—Ga—1In) above. It is therefore
possible to order the more common Lewis acids by decreasing acid strength: BX,

_ > AIX; > FeX; > GaX; > SbX; > InX; > SnX, > AsXs > SbX; > ZrX,.

2.8 WHY IS ACID-BASE CHEMISTRY A THEME
FOR ORGANIC CHEMISTRY?

If a species donates two electrons to hydrogen, it is called a Brgnsted-Lowry base. If a species
donates two electrons to an atom other than carbon or hydrogen (e.g., B or Al), it is called a
Lewis base as described in Section 2.7. The concept of an electron rich species donating two
electrons to an electron poor species can be extended to reactions that are not acid-base
reactions. In organic chemistry many reactions involve a molecule or an ion that donates two
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electrons to a carbon atom, forming a new bond to that carbon. Since organic chemistry is
fundamentally the study of carbon compounds, reactions of carbon take on special signifi-
cance. For this reason, the term nucleophile is given to a species that donates two electrons
to an electron deficient carbon atom. An electrophile is a chemical species that forms bonds
with nucleophiles by accepting an electron pair. In most organic chemistry textbooks, a fun-
damental theme is the myriad reactions of electron rich species that donates electrons to an
electron poor carbon to form a new covalent bond.

In organic chemistry there are compounds that react as weak bases with strong acids.
Ethene is one example of a class of compounds known as alkenes (Section 5.1). Examination
of ethene shows there are two bonds between adjacent carbon atoms, a double bond (C=C).
The C=C unit in ethene is analogous to the S=O bond and the Cl=0 bond seen in sulfuric
acid and perchloric acid in Section 2.6. When ethene is mixed with the strong acid HCI, the
weaker n-bond reacts with the HCI by donating two electrons to form a new C—H bond.
This acid-base reaction generates a cation with a positive charge on carbon, with a chloride
counterion (Section 10.2). As shown in Figure 2.7, the reaction between HCl and the alkene
ethene involves donating two electrons from the alkene to the acidic proton of HCl. The
product, which is called a carbocation, is a reactive intermediate that will be discussed in
Section 7.2.1. This positively charged species is formally the conjugate acid and the chloride
ion is formally the conjugate base.

H
I ether / CI-
HiC=CH; + H-Cl — > H,C—CH,
Ethylene Carbocation
M H H
- ther
H,C=0 + pHg —oWer + | - | -
z H,C—O H,c=0, | ©

Formaldehdye Oxocarbenium ion

FIGURE 2.7 Acid-base reactions of ethylene and formaldehyde.

In the second reaction in Figure 2.7 an organic molecule called formaldehyde, which is
an aldehyde (Section 5.6.2), has a carbon-oxygen double bond (C=0) known as a carbonyl
group. The carbonyl has a strong ¢ bond and a weak n bond. Formaldehyde reacts as a base
with HCI to yield a cation species known as an oxocarbenium ion, which is resonance stabi-
lized with two resonance contributors (Section 16.2). The oxocarbenium ion is the conjugate
acid and the chloride ion is the conjugate base. It is clear that ethene and formaldehyde react
as weak Brgnsted-Lowry bases with the strong acid HCI to yield the indicated products. The
details of these two reactions will be discussed in Sections 10.2-10.7 and 16.2, respectively.

2.9 BIOLOGICAL RELEVANCE

Acid-base chemistry is quite important in biological systems, and it drives many common
biological processes. A glycosidic bond is a covalent bond that joins a carbohydrate molecule
to another group (Section 25.4). Enzymes called hydrolases mediate the cleavage of glyco-
sidic bonds (Sections 24.6 and 25.4). In one reaction of pyranoside hydrolysis, the reaction of
a basic carboxylate anion in a glutamic acid residue (Section 24.3) with water in an acid-base
reaction is mediated by an enzyme from S. lividans Xyl10A, glycoside hydrolase.” The product
is the hydroxide ion. As the proton of water is removed, the oxygen from the water reacts as a
nucleophile with the carbon bearing a carboxyl unit in the glycosyl enzyme acyl intermediate
shown in Figure 2.87 (Sections 18.4,6). Hydroxide displaces the acyl group and incorporation

7 McCarter, ].D.; Withers, S.G. Current Opinion in Structural Biology 1994, 4, 885—892.
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of the hydroxyl group leads to the carbohydrate derivative shown. Carbohydrate derivatives
are discussed in Sections 25.1-3.

G|u236

Glut?? Glul2?
0
( o OH ° o
HoH $ HoH
o ~0 © 0
J — &% o

-~ O\ o)

y O

Glu?%

G|u236

FIGURE 2.8 A step in the mechanism for hydrolysis of a pyranoside hydrolysis in S. lividans
Xyl10A. Reprinted from McCarter, J.D,; Withers, S.G. Current Opinion in Structural Biology, 1994, 4,
885-892. Mechanisms of enzymatic glycoside hydrolysis. Copyright (1994), with permission from
Elsevier.

Acid-base reactions are important in many areas of medicine. Local anesthetics are com-
monly used to block pain in medical procedures such a filling a tooth. Many local anesthetics
block nerve conduction by reducing membrane permeability of sodium ions.® Lignocaine
(also called lidocaine) is a common local anesthetic. The nitrogen atom marked in blue in
lidocaine is an amine (Section 5.5.3) and it is a weak base.?

CH; O CHs O
N)j /CH20H3 N)j /CH2CH3
+N =
\ | \ | "H Cl
H CH,CH, H CH,CH,
CH, CHs
Lidocaine Lidocaine*HCI

Lidocaine is usually distributed as an aqueous solution of the HCI salt (lidocaineeHCI),
which is the conjugate acid of the reaction of lidocaine with HCL.8 At physiological pH, which is
usually between 7.36 and 7.44, most of the drug will exist in its ionized form (lidocaineeHCl),
which is believed to combine with the excitable membrane to inhibit sodium permeability.®
Some of the drug will exist in the unionized form since in the acid-base equilibrium both
the base (lidocaine) and its conjugate acid (lidocaineeHCI) will be present. It is believed that
lidocaine more easily penetrates the lipid barrier around and within the nerve tissues.®

[ 2.21 Write out the acid-base reaction between lidocaine and HCI. \

CORRELATION OF HOMEWORK WITH CONCEPTS

« An acid and a base react to yield a conjugate acid and a conjugate base: 2, 4, 7, 8,
9, 14, 21, 25, 34.

« A Brgnsted-Lowry acid has a proton that accepts electrons, and a Lewis acid is
any other atom other than H or C that accepts electrons. A Brgnsted-Lowry base

8 Grahame-Smith, D.G.; Aronson J.K. The Oxford Textbook of Clinical Pharmacology and Drug Therapy, Oxford
University Press, Oxford, UK, 1984, pp. 551-552.



N\

Chapter 2 - Why Is an Acid-Base Theme Important?

donates electrons to a proton and a Lewis base donates electrons to an atom
otherthanHorC: 1, 3, 5, 10, 20, 36.

There is an inverse relationship between K, and pK,, and a large K, or a small pK, is
associated with a stronger acid: 22, 24, 31, 32.

Curved arrows are used to indicate electron flow from an source of high-electron
density to a point of low electron density: 12, 13, 22.

Electronegativity for an atom increases to the right and up the periodic
table: 15, 35.

Acid strength in an acid X—H is determined by the stability and reactivity of the
acid and the base but also the conjugate acid and the conjugate base: 17, 18, 23,
27,28, 33.

Base strength is largely determined by the stability and reactivity of the con-
jugate acid and base, and the electron donating ability of the basic atom: 6,
11 16, 26, 29, 30.

A resonance stabilized conjugate base is less reactive and a weaker base: 19, 29,
30, 33, 34.

ANSWERS TO IN-CHAPTER QUESTIONS

2.1

2.2
2.3

24

2.5
2.6

2.7

2.8

2.9

Each line — represents two electrons (:).

Hooo 0
N V4
H—Cl H—Br ~0—S—0 /O—N\
.o \

..g. H M O.

The conjugate base is the nitrate anion, NO,".

The hydrogen on the OH unit of nitric acid (HO—NO,) accepts the electron pair
from the base, and the oxygen atom in KOH donates the electrons to that proton.
The conjugate base is the bicarbonate anion.

o] e]
A7 N - I
H-O—C—O0-H :Base H-O—C—0~ H:Base
Carbonic acid Bicarbonate anion

The nitrogen atom of ammonia accepts the proton, to form ammonium chloride.
H

H: .N. . H: Cl:
H

Both P and S have unshared electrons that can be donated. In compounds that con-
tain trivalent P (three, two-electron bonds) or divalent S (two, two-electron bonds),
both compounds are considered to be a base. The sodium atom in Na* has no elec-
trons to donate and cannot function as a base. The nitrogen atom in the ammonium
ion has no unshared electrons since there are four bonds to N rather than three
and N has a positive charge. This positively charged ion has no excess electrons, so
nitrogen atom cannot react as a base.

Hydrogen is the electron-deficient atom and oxygen is the electron-rich atom. There
are no electrons on hydrogen to donate, so it cannot donate electrons. The arrow is
always from the electron rich atom to the electron-poor atom, therefore, it must be
oxygen to hydrogen.

Cl-H ‘NHy ——————  H:NH; c

N is electron rich = donor atom
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2.10

211

212

2.13
2.14
2.15
2.16

217

2.18

2.19

2.20

Acid Conjugate Base
[ o
v HO-5-0" N’
H-O-S-0-H NaOH T a H-OH
1] - O
o] I |
Base Conjugate acid

The O-H hydrogen atom in ethanol is the acidic proton and the oxygen of water is
the basic atom.

Acid Base

\ K

H3C,CH2\ _H + HO.
(6]
(aq)

- _CHy -_ +  H3O'ag)
Hs;C 2‘0-

Ethoxide (@)

Ethanol

The oxygen atom in hydroxide has a charge of -1 and will be electron rich relative to
the oxygen atom in neutral water. In other words, there is a higher concentration of
electron density on the charged oxygen atom when compared to the neutral oxygen
atom. In addition, hydroxide is the conjugate base of water. Hydroxide is more basic.
Water is the base.

The Bronsted-Lowry acid is HCI.

Using Figure 2.4, N (3.0)>S (1.9) > Ga (1.8).

No! Diatomic hydrogen has no electrons that can be donated. The electrons are tied
up in a covalent bond between the two hydrogen atoms and there are no unshared
electrons. See Section 3.3 for a discussion of covalent bonds.

Yes, but it is a weak acid requiring reaction with a very strong base! Since ammonia
has a hydrogen atom attached to the nitrogen, that hydrogen is slightly electron
deficient and with a strong enough base, ammonia is a Brgnsted-Lowry acid in the
presence of a strong enough base.

There is one unshared pair of electrons on the nitrogen of ammonia. There are two
unshared pairs of electrons on the oxygen of water.

Nitric acid forms the nitrate anion, and the charge is dispersed over four atoms via
two m-bonds. The charge in the perchlorate anion is dispersed over five atoms via
three n-bonds. Nitrogen is also much smaller than chlorine, so the nitrate anion is
expected to be smaller than the perchlorate anion. Both observations suggest that
nitric acid is less acidic than perchloric acid, which is correct.

Each Br has three unshared electron pairs and the oxygen as two unshared electron
pairs. These have been omitted for clarity.

Br
Br H3;CH,C
H3CH,C /Y sCHLy !
‘0: A-Br ——mM8M— :0—=Al-Br
HyCH,C Br HyCH,C Br
‘Ate’ complex
2.21 CH, o]
3 S\ CH2CH3 CH
Q/N Ny~ “HC ?;\‘)j,*\'IICHZCH3
. | | ) -H -
H  CH,CHj H  CH,CH, ©
CHa CHs
Lidocaine Lidocaine*HCI
HOMEWORK

22. For each of the following, write the complete acid-base equilibrium, and then write

out the equation for K. For each reaction, draw a curved arrow for the acid-base pair
to indicate the flow of electrons during the reaction.
(@ HNO,;+H,0 (b) H,O+NH,; (¢) HBr+NH, (d) HCl+H,O

(e) CI,CH+NaNH,



23.
24.

25.

26.
27.

28.

29.

30.
31.

32.

33.

34.

35.
36.

Chapter 2 - Why Is an Acid—Base Theme Important?

Briefly explain why HBr (pK, -9) is more acidic than HCI (pK, -7).
When HCI is dissolved in water, an acid-base reaction occurs. Write out the K,
expression excluding the concentration term for water. Now write out the expres-
sion but include the concentration term for water. Why is the water term omitted in
the first K, term?
Draw the structure of the conjugate base formed if each of the following reacts as an
acid.
(@ NH,* () CH,CH,CH,OH (¢) H,SO, (d HI(e) NH,

(f) H,CH
Which is the stronger Lewis base, ammonia or arsine (AsH,)? Explain your answer.
Briefly explain why hydrogen sulfide (HSH) with a pK of 6.89 is a stronger acid than
phosphine (PH,) with a pK; 27.
For each series indicate which is likely to be the strongest acid. Justify your choice.

(@) CH, CHNH, CH;0H NaF
®) HE HCl HBr HI

Explain why the nitrate anion (NOy") is a weaker base than hydroxide ion. Draw out
the actual structure of the nitrate anion in answer this question.
Which of the following is the more basic? HCO, or F? Justify your answer.
Determine the pK, for each of the following.
@ K,=145x10° (b) K,=3.6x101 (¢) K,=6.7x1031

d K,=18 (&) K,=3.8x101
Which of the following is likely to have the smallest pK, ? HCI, HF, H,O, NH,.
Justify your answer.
Consider the two compounds A and B. A has a pK, of ~4.8, and B has a pK, of ~ 20.

Why is A more acidic?
& n
.C. .H N O
HsC C._o . HsC CH H
A B

When comparing the reaction of HCOOH and NaOH with CH;OH with NaOH,

the equilibrium concentration of the conjugate base of HCOOH is greater than the

equilibrium concentration of the conjugate base of CH,;OH.

(@) Explain why the concentration of the conjugate base from CH,OH is lower than
HCOOH.

(b) When comparing the two reactions, how does the greater concentration of con-
jugate base from HCOOH influence K, ?

Which is the more polarized bond, C—B or C—F? Justify your answer.

Which is the stronger Lewis acid, BCl; or AICL,;? Justify your answer.
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Bonding

The nature of the bond between two carbon atoms or between carbon and another atom is
a fundamental concept in organic chemistry. An understanding of bonding between atoms
is essential to organic chemistry. For the most part, the bonds between carbon and another
atom are covalent, but ionic bonds will occasionally be seen.

To begin this chapter, you should know the following points:

4 )

« The electronic configuration of elements in the first two rows of the periodic table.

« The shape of s- and p- atomic orbitals and how they relate to electronic
configuration.

« The differences of s- and p- and d- orbitals.

« The difference between an ionic and a covalent bond.

« A sense of difference in the size of the elements and their respective ions.

« Covalent bonds are made of shared electrons.

«  The concept of electronegativity.

-

3.1 ATOMIC ORBITALS AND ELECTRONS Atomic Orbitals

Most organic compounds have C—C bonds, C—H bonds, or bonds between carbon and
elements found in the second row of the periodic table (Li— F). However, many ele-
ments in the periodic table form bonds to carbon. In a chemical bond, electrons are shared
between atoms, so an understanding of atoms and the electrons associated with those atoms
is required. Because electrons have properties of a wave, the motion of electrons may be
described by a wavefunction, and wavefunctions are used to describe atomic or molecular
orbitals. Electrons in an atom and those found in chemical bonds are associated with orbitals.

3.1.1 ATOMIC ORBITALS

Atoms are discreet entities that differ from one another by the number of protons, neutrons,
and electrons that make up each atom. Protons and neutrons are found in the nucleus, of
course, and electrons are found outside of the nucleus in discreet energy levels (electron
shells). An electron is neither a traditional wave nor a traditional particle, but rather a quan-
tized fluctuating probability wavefunction. A wavefunction describes the position and state
of the electron and its square gives the probability density of electron. A wavefunction has
both a radial and an angular contribution. Radial wavefunctions depend only upon the dis-
tance from the nucleus whereas angular wavefunctions depend only upon direction. The
Schrodinger wave equationt gives the quantized energies of a system and gives the form of the
wavefunction: Hy = Ey, where H is a mathematical operator called the Hamiltonian opera-
tor, the general form of the kinetic and potential energies of the system. The £ term is the
numerical value for the energy, and y is a particular wavefunction. Allowed wavefunctions

! Puddephatt, R.J. The Periodic Table of the Elements, Clarendon Press, Oxford, UK, 1972, p. 6.
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are found by using the Schrodinger equation but a solution is only possible for certain ener-
gies. Each wavefunction () describes an electron as a point w(x,y,z) using Cartesian coordi-
nates? whose magnitude varies from point to point in space.?

The precise position of an electron cannot be exactly determined. Indeed, the Heisenberg
uncertainty principle states that the position and momentum of an electron cannot be
simultaneously specified. The probability of finding an electron in a unit volume of three-
dimensional space is given by | w(x;,2)|.> The y? value is always positive although the
wavefunction (y) can have positive or negative values. The amplitude of each wavefunction
(w) has a maximum (represented by +) and a minimum (represented by -). The wavefunction
indicates the allowed energies of an electron in an atom. A charge cloud that contains an
electron is known as an orbital, and represents the probability of finding the electron in that
region of space at a particular place in terms of the (x,y,2) at a particular time. Atomic orbitals
result from a combination of both the radial and angular contributions of the wavefunction.

The wavefunction solutions for s, p and d orbitals are shown in Figure 3.1.* In addition, the
shapes of 1s, 2s, and the three 2p orbitals are shown. The electron cloud for a wavefunction
(y) that is always positive is represented as a spherically symmetrical orbital, the s-orbital.
There are wavefunctions for electrons of different energies and they can be described in
terms of the number of nodes. The point at which the wave changes its phase for+to - is
a node. The s-orbital has zero nodes since there is no change in sign and the wavefunction
remains positive. When there is one node, electron density is found in two regions rela-
tive to the node, as represented by a p-orbital with a “dumbbell” shape. Remember that
the p-orbital represents the probability of finding an electron in both lobes and does not
represent an electron travelling back and forth from lobe to lobe. A wavefunction that gen-
erates two nodes constitutes a d-orbital. There are five ways to generate wavefunctions that
have two nodes in the (x,5,2z) coordinate system, leading to d,, d,,, d,,, d,, ,, and d,, orbitals.
Molecules with f-orbitals will not be discussed in this book. The shapes of s, p, and two of the
d-orbitals are shown in Figure 3.1.

node
¥, vAv B ANy
d orbital (2 nod )
orhital (2 nodes) —'- q._,F\\__//:\ wﬁ
(a)
p orbital (1 node) —> w,l/-:‘\\\:/,' P S e SN
s orbital (0 nodes) ——= “'m m{l*f
O 6 £
® ) @) e 4] Kﬁ
e |
18 24 2p, '-’P\ 2p,

node

FIGURE 3.1 Wavefunction solutions and orbital pictures for those wavefunctions. [Tedder,
J.M,; Nechvatal, A. Pictorial Orbital Theory, Pitman Publishing Inc., 1985, p. 2 (Figures 1.1 and 1.2)]
Reprinted with permission of John Wiley & Sons.

2 Coulson, C.A ; revised by McWeeny, R. The Shape and Structure of Molecules, 2nd ed., Clarendon Press, Oxford,
UK, 1982, p. 5 (Figure 3).

3 Coulson, C.A ; revised by McWeeny, R. The Shape and Structure of Molecules, 2nd ed., Clarendon Press, Oxford,
UK, 1982, p. 3.

4 Tedder, ].M.; Nechvatal, A. Pictorial Orbital Theory, Pitman Publishing Inc., London, 1985, p. 2 (Figures 1.1
and 1.2).
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C 3.1 Based on Figure 3.1, describe the shape of the p-orbital shown. )

3.1.2 ELECTRONIC CONFIGURATION

The periodic table of the elements, which currently lists 118 elements, is organized by
increasing atomic number and correlates with the number of protons in the nucleus. As the
number of protons and neutrons in the nucleus increase, so do the number of electrons. The
organization of elements in this manner is based on the work of Dmitri Ivanovich Mendeleev
(1834-1907; Russia), in the 19th century. Electrons are found in orbitals. Those orbitals with
lower principal quantum numbers are lower in energy. In all cases, an individual orbital
can hold no more than two electrons. The first-row elements (H, He) use only the spherical
1s-orbital. In the second-row (Li, Be, B, C, N, O, F, He) the electrons are found in the spherical
1s-orbital along with the spherical 2s-orbitals and dumbbell shaped 2p-orbitals. The orbitals
in this second row hold a total of eight electrons. The third-row elements introduces 3s-, and
3p-orbitals, and 4s, 4p, and 3d-orbitals appear in the fourth-row.

Elements in the second row have only one valence for each atom in a neutral molecule.
Valence is the number of bonds an atom can form with other atoms when molecules are
formed and remain neutral. A valence electron is found in an outer shell associated with an
atom, and it can participate in the formation of a chemical bond if the outer shell is not closed.
Note that valence electrons are most easily removed via chemical reactions from orbitals in
rows that are further from the nucleus. These are the most available for donating or sharing
with other atoms. There are other quantum levels for high atomic mass elements, so there are
different higher energy orbitals associated with each type of electron energy (shell).

The electronic configuration of each element is essentially the order in which the various
orbitals fill. The electrons are distributed among the orbital shells and subshells. Electrons
have the property of spin due to self-rotation of the electron, which gives rise to an angular
momentum vector associated with a magnetic dipole. The spin quantum number, introduced
in general chemistry, is one of four quantum numbers. When one orbital contains two elec-
trons, those two electrons have opposite spin quantum numbers. They are spin paired. An
orbital with spin paired electrons is lower in energy than an orbital with two electrons that
have the same spin. The 1s orbital fills with two electrons before any electron can fill the
2s orbital. When the 2s orbital is filled, the next electrons will go into the three 2p orbit-
als, which are of identical energy. Multiple orbitals with identical energies are said to be
degenerate. Electrons have like charges so two electrons repel each other if they are in the
same orbital. The 2p,, 2p,, and 2p, orbitals therefore fill one at a time so the electrons are
as far apart as possible. In other words, it is lower in energy to have one electron in each of
the three 2p-orbitals before a second electron is added to another 2p-orbital. Therefore, the
three degenerate 2p-orbitals are arranged in the x-, y-, and z- directions of a three-coordinate
system to minimize the system energy. This observation is the basis for the Pauli exclusion
principle, which states that if there are several orbitals of equal energy, each orbital will fill
with one electron before any orbitals contain two. This principle is named after Wolfgang
Pauli (1900-1958; Austria-Switzerland), a theoretical physicist. Orbitals fill with electrons in
ascending order of orbital energy until all available electrons have been used. This concept
is known as the Aufbau procedure. This concept is illustrated with an incorrect filling in (a)
with two electrons of the same spin in one orbital. In (b), electrons are placed in the higher

Chapter 3 - Bonding
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energy 2p orbital before two spin paired electrons are placed in the 2s orbital. Both represen-
tations are incorrect. The correct filling of the orbitals is shown in (c). Note that Aufbau is a
German word that translates to “building or construction.” The electronic configuration of
elements through at least the first three rows should be known for this course, because they
are pertinent to the electron distribution found in organic molecules. Figure 3.2 shows the
electronic configuration for the atoms in the first three rows of the periodic table.

WOING N

1s Zs(a) 2p 1s 2s ®) 2p
ot
1s 3 (g 2p

3.2 What is the total number of electrons for an atom in a fully filled second row?
What is that atom?

Orbitals generally fill s— p, but in the fourth row the 4s-orbital fills before the 3d-orbit-
als. There are five 3d-orbitals. Likewise, the 5s-orbital fills before the 4d-orbitals. The process
of adding electrons to available atomic orbitals follows an order that is generalized by the
mnemonic:

1s — 2s — 2p — 3s — 3p — 4s — 3d — 4p — 55 — 4d —
p—> 6s— 4f — 5d — 6p

3.3 Write the electronic configurations of N, B, P, and S.

3.2 IONIC VERSUS COVALENT CHEMICAL BONDS

Two major types of bonds will be considered in this section. A covalent bond is formed by the
mutual sharing of two valence electrons between two atoms. An ionic bond is formed when
one atom in a bond has two electrons and the other has none, resulting in charged ions (+ and
—) held together by electrostatic attraction. Lithium fluoride (LiF) has an ionic bond where a
positively charged Li* is electrostatically bound to a negatively charged F-. In the second row,
a maximum of eight electrons can occupy the valence shell (the Ne configuration). The “octet
rule” is based on the theory that main-group elements will form bonds to an atom so there
are eight electrons in its valence shell, giving it the same electronic configuration as a noble
gas. A Noble gas configuration has a filled outer-electronic shell and is particularly stable.

H He
1st 182
Li Be B C N (6] F Ne
1s22sl | 1s22s2 1s22522pt | 15225%2p? |1s22522p? | 1s22522p*| 15225%2p5 | 1s22522p®
Na Mg Al Si P S cl Ar
15225226 | 1522522p8 1522522p®| 1522522p° | 1522522p% | 1522522p8| 1522522p8| 1s22522p°
3s! 3s2 3s23p! | 3s23p? 3s23p® | 3s%3p* | 3s%3p° 3523pb

FIGURE 3.2 Filled orbitals (electronic configuration) for elements in the first three rows.
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Group 1 elements such as lithium in the second row have only one electron in the outer
shell. Losing one electron to generate the He configuration is more favorable than adding
seven electrons to achieve the Ne configuration. If one 2s valence electron is lost from lith-
ium during an electron transfer reaction, for example, the result is Li* with a 1s? configura-
tion (the He configuration). Indeed, single electron transfer reactions are typical of Group I
metals such as Li, Na, or K. Note that Li*with a 1s? configuration is not He, although it has
the same electronic configuration. The energy required for the loss of one electron from an
atom in an electron transfer reaction is a measurable quantity called its ionization potential.

A similar electron-transfer argument can be made for a reaction of the Group 17 fluorine
atom, which has seven electrons in the outer shell. If fluorine adds one electron the result is F-
which has the 1s?2s22p°® configuration (the Ne configuration). If an electron transfer reaction
removes an electron from F to give F, the electronic configuration is 1s?2s?2p*. Energetically,
itis easier to form F- rather than F*. Indeed, reactions that transfer an electron to F, Cl, Br, and
I to form the halide anion are common. The fluoride anion, F;, is not Ne. The energy required
for the gain of one electron into an atom in an electron transfer reaction is called its electron
affinity. Based on ease of formation of Li*and F- it is not surprising that LiF is an ionic com-
pound. Similarly, NaCl, Lil, and other metal halides are ionic.

3.4 1s the bonding in NaCl ionic or a covalent? Justify your answer
3.5 Draw the electronic configuration of Na+.

3.6 Is it easier for rubidium to lose one electron or gain one electron? Explain.

3.3 COVALENT BONDS

In molecules that contain carbon the orbitals associated with carbon are different from the
orbitals associated with atomic carbon. Atomic carbon has an electronic configuration of
1s22522p? with four valence electrons found in the 2s- and 2p-orbitals. Carbon cannot gain
four electrons or lose four electrons to attain a Noble gas configuration because the energy
cost is simply too high. However, carbon can attain a Noble gas electron configuration by
sharing electrons with another atom in a covalent bond.

When electrons are concentrated in orbitals on a single atom of a pure element, the elec-
trons are said to be “localized” on that atom with the electrons in atomic orbitals. For a
covalent bond in a molecule, the electrons of one atom must distort toward the other atom
since the electrons are shared between the atoms. In Figure 3.3 two imaginary atoms overlap
to form a bond. The atomic orbitals change their shape as they become molecular orbitals
(MO) as the electron density in the orbital is shifted toward the other atom of the bond. Such
a bond is commonly called a covalent sigma bond (o bond), and the maximum electron den-
sity lies on a line between the two nuclei.

Maximum orbital overlap
_-* (maximum electron density)

[
Nucleus~

Covalent bond Nucleus

FIGURE 3.3 Overlapping molecular orbitals form a covalent bond.

Diatomic hydrogen (H, or H—H) has a covalent bond. The “line” in the H—H line draw-
ing represents the covalent bond, and also represents two electrons shared by the two hydro-
gen atoms. It is possible to “visualize” this molecule and the covalent bond using molecular
modeling. The electron potential map of H, is shown in Figure 3.4. The red areas in the
electron potential map indicate a high concentration of electron density and blue areas a low
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LCAO Model and Hybrid
orbitals

concentration of electron density. It is clear that the highest concentration of electron density
is between the two hydrogen atoms in diatomic hydrogen, consistent with those atoms shar-
ing electrons to form a bond.

An important parameter in a covalent bond is the bond length, which is the measured
distance between the nuclei of each atom participating in the bond (the internuclear dis-

H—H is equivalent to

Diatomic Hydrogen

FIGURE 3.4 The electron potential map of diatomic hydrogen showing electron density con-
centrated between the two hydrogen atoms.

tance). Bond length has been measured in angstroms (A, where 1 A = 1 x 10"° meters, m) but
nowadays it is measured in picometers (1 pm is 1x102 m, or 0.01 A), so 1 A=100 pm. A lon-
ger bond has less electron density per unit length than if the bond is short and it is a weaker
bond. Conversely, a shorter bond will have more electron density per unit length, and it is
assumed to be stronger. In principle, a longer bond is weaker and easier to break, but chemi-
cal reactivity depends on many factors and bond length is simply one of them.

3.4 LINEAR COMBINATION OF ATOMIC ORBITAL (LCAO) MODEL

The molecular orbitals of two atoms used to form a covalent bond are different from the atomic
orbitals of the individual atoms. Models have been developed to predict the electron distribu-
tion in molecular orbitals based on the atomic orbitals of each atom. One model mathematically
mixes the atomic orbitals of two hydrogen atoms and combines them to form the diatomic mole-
cule H,. This model is called the Linear Combination of Atomic Orbital (LCAO) model. It is used
to predict the electron distribution in molecular orbitals and the bonding of simple molecules.

Using this model for H, begins with two individual hydrogen atoms, each with one elec-
tronin a 1s atomic orbital. The energy of those orbitals is represented as a “line” in Figure 3.5.
The lower the position of the line, the lower the energy of the orbital. The higher the position
of the line, the higher the energy of the orbital. If the 1s-orbitals from each hydrogen atom
are mathematically “mixed” to form a new covalent H—H bond, two molecular orbitals are
formed: a linear combination of atomic orbitals. The molecular orbitals must be of a different
energy relative to the atomic orbitals, and each molecule orbital will be of a different energy.
One is of higher energy, and one is of lower energy. There can be no gain or loss of orbitals or
electrons, so two electrons are found in the new molecular orbitals.

ENERGY required to "hold" electrons

Antibonding

(e

o o ot e

Bonding H Atomic T l H Atomic
. . orbital = — orbital
H Atomic OQ)O H Atomic
orbital orbital H, Molecular orbitals

H, Molecular orbitals

FIGURE 3.5 Molecular orbital diagram for diatomic hydrogen using the LCAO model.
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Each of the two hydrogen atoms has one electron as represented by a vertical arrow on
the orbital energy line. Since there is no gain or loss of electrons when the molecular orbitals
are formed, the two electrons reside in the lowest energy molecular orbital, and they will be
spin paired. As shown in Figure 3.5, this lower energy orbital is said to be a bonding molecu-
lar orbital. The higher energy orbital is an empty molecular orbital (no electrons), and it is
usually referred to as an anti-bonding orbital. An anti-bonding orbital is an energy level that
normally has no electrons in it. It is populated only when sufficient energy is provided to
move an electron into that orbital or if an electron is added from an external source.

3.5 TETRAHEDRAL CARBONS AND SP3 HYBRIDIZATION

Mixing the atomic s-orbitals of two hydrogen atoms to form molecular orbitals predicts the
bonding in diatomic hydrogen (see Figure 3.5) with reasonable accuracy. There are limitations
to the LCAO method, however, and if the atoms to be mixed have both s- and p-orbitals, there
are problems. When the atomic orbitals of two carbon or two oxygen atoms are mixed using the
LCAO method, the LCAO model does not correctly describe the molecular orbitals. The LACO
model requires that the 1s orbital are mixed to give two molecular orbitals and that the 2s orbit-
als are mixed to give two molecular orbitals. The three 2p orbitals are mixed to give six molecu-
lar orbitals. When the electrons are added, those molecular orbitals from mixing the 1s and
the 2s orbitals are filled but the four electrons from the 2p orbitals give one of the 2p molecular
orbitals with two spin-paired electrons but the other two have a single electron. This molecular
orbital picture suggests two different kinds of bonding molecular orbitals, which is incorrect.

3.5.1 THE EXPERIMENTALLY DETERMINED STRUCTURE OF METHANE

The LCAO model only uses valence electrons to form molecular orbitals and therefore
“mixes” the 2s- and 2p-atomic orbitals, which are at different energy levels. This model gen-
erates two “2s-type” molecular orbital and six “2p-type” molecular orbitals. When eight elec-
trons are added to the molecular orbital diagram from the two carbon atoms, two types
of bonds for carbon are predicted including unshared electrons, which is not correct. The
simple LACAO model gives an incorrect answer for carbon and for any atom that has both 2
and p orbitals. The LCAO model is a mathematical model for simple diatomic molecules, and
it does not apply to all molecules. A different model must be used.

[ 3.7 Use the LCAO model to predict the molecular orbital diagram for covalent bond—]

ing for C—C.
H
H B H
H .C. H C ‘ —
W C,
.. e H s
H H H H
' Lewis dot formula ; ;
Lewis dotformula  yith tetrahedron Line drawing Line drawing

with tetrahedron

This bond is represented
- by the dashed line

L This bond is represented

Ball-and-Stick model by the solid wedge N
Space filling model

FIGURE 3.6 Structure of methane.
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3.5 Tetrahedral Carbons and sp* Hybridization

Before examining models that predict the bonding in carbon compounds, it is useful to
examine real molecules with covalent carbon bonds that exist in nature. Methane will serve
as a simple example. Methane is a gas that is found in small quantities in Earth’s atmosphere
and is the main constituent of natural gas. Methane is the simplest hydrocarbon, as will be
described in Chapter 4, consisting of one carbon atom and four hydrogen atoms, and there
are four identical C—H bonds. It has been determined that methane (CH,) has four hydrogen
atoms distributed around carbon in the shape of a regular tetrahedron (Figure 3.6). All of
the H—C—H bond angles have been measured to be 109°20’. The four C—H bond lengths
are the same (1.094 A; 109.4 pm).’ The tetrahedral array of four atoms attached to a central
carbon is explained in large part by repulsion of electrons in the bonds, which pushes the
atoms apart. This repulsive energy is at a minimum when the atoms are at the corners of a
regular tetrahedron.

The structure of methane is shown as a Lewis dot formula where each covalent bond is
represented by two “dots” for the two electrons. A second structure in a tetrahedral replaces
“”with a line (—) to represent the bond. Only the atoms and bonds are shown in this so-called
line drawing. The line drawing superimposed on the tetrahedron has the closest hydrogen
atom projected out of the page, represented by a solid wedge. The hydrogen atom that is the
most distant in the tetrahedron appears to be projected behind the page, represented by a
dashed line. The other two hydrogen atoms are connected by solid lines, indicating they
are in the plane of the page. A three-dimensional ball-and-stick model of methane is also
shown in Figure 3.6, where “cylinders” represent the bonds and spheres represent the atoms.
A “space-filling model” is shown to illustrate the relative size of the atoms.

IONIZATION POTENTIAL, eV

FIGURE 3.7 Photoelectron spectroscopy scan of methane. [Reprinted with permission from
Brundle, C.R; Robin, M.B. Journal of Chemical Physics, 1970, 53, 2196. Copyright 1970, American
Institute of Physics]

What atomic orbitals of carbon are used to form the four bonds in methane? There is an
experimental technique called photoelectron spectroscopy (PES) that can answer this ques-
tion. The PES experiment directs an electron beam at the surface of a molecule to “dislodge”
electrons in the valence shell. The PES spectrum of methane in Figure 3.7° shows two peaks
for lower energy electrons. One peak arises from electrons ejected at 13.6 eV and the other
arises from electrons ejected at 23.1 eV. An electron volt (eV) =1.602x107 ] eV = 3.883x10-2°
kcal mol! eV1, where 1 kcal =4.187 k. The band at 13.6 eV is due to the electrons in the three
degenerate 2p-orbitals.® The band at 23.1 eV is due to the 2s electrons. This PES experiment
shows that both the 2s and the 2p electrons are used for bonding of carbon to the hydrogen

5> Dean, J.A. Handbook of Organic Chemistry, McGraw-Hill, NY, 1987, Table 3—4A, pp. 3-13.

¢ (a) Brundle, C.R; Robin, M.B. Journal of Chemical Physics 1970, 53, 2196-2213; (b) Baker, A.D.; Betteridge, D.;
Kemp, N.R; Kirby, R.E. Journal of Molecular Structure 1971, 8, 75—81; (c) Also see, Robinson, ].W., Practical
Handbook of Spectroscopy, CRC Press, Boca Raton, FL, 1991, p. 178.



atoms. If higher energy is applied to displace electrons, a third band is found at 290 eV, but
this band is not shown in Figure 3.6. This third band correlates with the 1s electrons.

3.5.2 ELECTRON PROMOTION AND SP3 HYBRIDIZATION

An atom of elemental carbon cannot be directly converted into a molecule with C—H or
C—C bonds by any known chemical reaction. In fact, molecules with covalent carbon-carbon
bonds are usually prepared from other molecules with covalent bonds. Mathematical models
such as the LCAO model can only approximate bonding in real molecules. It therefore helps
to generate a model with prior knowledge of the correct answer. As described in Section 3.5.1,
it is known that methane has four identical bonds directed to the corners of a regular tetrahe-
dron, and there are no unshared electrons in the molecule. As noted, the LCAO model does
not work for carbon since there are 2p electrons. Another model “promotes” an electron from
the 2s orbital of carbon to the empty 2p orbital before they are mixed to generate molecular
orbitals. When the electron is “promoted”, the result is four sp® hybrid molecular orbitals.
Obviously, it is not possible to actually “promote” an electron in a real atom of atomic carbon
to yield a real organic molecule. It is possible, however, to use a model that visualizes moving
electrons from the 2s orbital into the empty 2p orbital to generate four identical atomic orbit-
als. Using this model, the graphical pictures shown in Figure 3.8 illustrate mixing a 2s-orbital
and the three degenerate 2p-orbitals of carbon to transform them into four identical sp® hybrid
molecular orbitals. These four hybrid orbitals are mixed with the four s-orbitals of hydrogen
atoms to generate the molecule orbitals for the four identical C—H bonds in methane. This
hybridization model predicts the correct bonding picture of methane. It must, the model was
developed based on an understanding of the real bonding in methane.

Hybridize one 2s- and

C><) three 2p-atomic orbitals
_ >4

sp? Hybrid orbital

T l T T ‘Promote’ a 2s-electron T T T_ T_

2s 2p sp? Hybrid orbitals

Carbon with 4 sp® hybrid bonds
Methane (CHy)

FIGURE 3.8 The predicted bonding in methane by promoting an electron from a 2s orbital to
a 2p orbital to generate four sp® hybrid orbitals.

3.8 Draw the LCAO model for a C—C bond using four sp*-hybrid orbitals for each
carbon.
3.9 Predict the hybridization of carbon in the molecule CCl, (carbon tetrachloride).

3.5.3 THE HYBRID CARBON MODEL OF SP3-HYBRID ORBITALS

The electron promotion hybridization model is widely used in textbooks, but atomic car-
bon does not really hybridize and change into something else. In reality, methane and other
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VSEPR Model

organic molecules form the best bonds possible with the atoms, given the three-dimensional
requirements of the molecule and the orbitals that are available. This fact is apparent when
one examines the PES spectra of methane given in Figure 3.7. In other words, bonds are
not formed using four identical hybrid orbitals but they are formed by the best overlap of
the s-orbitals of the four hydrogen atoms with the valence orbitals of carbon, 2s, and 2p. A
carbon atom with the 2s (gray) and 2p orbitals (blue, green, yellow), is used for the /ybrid-
carbon model shown in Figure 3.9. Based on the known geometry of methane and electronic
repulsion of the bonds to be formed, four hydrogen atoms (in red) are positioned at the cor-
ners of a regular tetrahedron.

FIGURE 3.9 The hybrid-carbon model for bonding in methane.

The carbon atom uses the 2s orbital and the three degenerate 2p-orbitals to form bonds to
each hydrogen. Each hydrogen atom in the model is a red spherically symmetrical s-orbital
and will overlap the 2s orbital and all three 2p-orbitals of carbon to form a covalent bond.
There is no overlap with the core 1s orbital of carbon. Each carbon and hydrogen covalent
bond is therefore formed from three 2p-orbitals and one 2s-orbital, so sp? hybridization is a
reasonable description of the bonding. The model in Figure 3.9 is not real, of course, since
four hydrogen atoms do not “fly” into a carbon atom to form methane. This model does,
however, give a visual representation of the actual bonding in methane. This model is an
alternative way to visualize how the sp?® hybrid bonds are formed.

3.6 THE VALENCE SHELL ELECTRON PAIR REPULSION (VSEPR) MODEL

As illustrated by methane, a three-dimensional view of molecules is necessary to truly
understand them. Although versions of the sophisticated computer programs used to gener-
ate the ball-and-stick and the space-filling models shown in Figure 3.6 are available, a practi-
cal alternative is the model kit usually suggested for an organic chemistry course. Using such
kits will give useful information not only for the shape of molecules but for many concepts.
This option is strongly recommended. In lieu of computer software or a model kit, a method
is used for drawing structures that assumes a tetrahedral shape around a central atom to
predict the three-dimensional shape of molecules.

The discussion in Section 3.5.1 showed that carbon has a valence of four and forms cova-
lent bonds to four atoms or groups of atoms. Nitrogen is in group 15 has a valence of three


https://routledgetextbooks.com/textbooks/9780367768706/chapter-3.php#016-c03


and forms molecules with three covalent bonds. Oxygen is in group 16, has a valence of two
and forms molecules with two covalent bonds. Based on this knowledge of real molecules,
the Valence Shell Electron Pair Repulsion or VSEPR model predicts the shape of molecules.
The shape of a given molecule is determined by assuming a tetrahedral array of the atoms
attached to a central C, N, or O, including unshared electron pairs. Since electrons exert an
influence on the shape of a molecule, they must be included in the tetrahedral array. In all
cases, the molecules formed will be neutral: they have no charges. The VSEPR model is most
useful for molecules made from second row elements, but it is sometimes used for some mol-
ecules that have atoms in other rows of the periodic table.

The molecules chosen to illustrate the VSEPR model are methane, ammonia, and water, as
shown in Figure 3.10. These three molecules are drawn first in the Lewis electron dot repre-
sentations and then again using the wedge-dashed line notation based on the VSEPR model
using a tetrahedral array of the attached atoms. The tetrahedral structure of methane is
repeated from Section 3.5.1. Ammonia (H;N) has a tetrahedral array around nitrogen if the
electron pair is taken into account. Since the electron pair cannot be seen, the focus is only
on the atoms and ammonia has the pyramidal shape shown. Water (HOH) has two electron
pairs that occupy the corners of a tetrahedral shape, as shown, but if the focus is only the
atoms, water is a bent (angular) molecule. Ball-and-stick molecular models of each molecule
are shown, which confirm the shape predicted by the VSEPR model. This model does a poor
job of accurately predicting bond lengths and angles since it underestimates the importance
of electron pairs. It also does not take the size of the atoms or groups attached to the central
atom into account.

H:C :H wC H:N:H N H:O:H e}
e H l N H H ¢ N s 4 N
H H H H H H H
Methane Ammonia Water

$ m™

FIGURE 3.10 Three-dimensional shapes of methane, ammonia, and water based on the
VSEPR model.

( 3.10 Estimate the shape of a molecule if it has the structure OF,. )

3.7 BREAKING COVALENT BONDS

Bond breaking is an endothermic process because it requires energy. Bond forming is an
exothermic process, because it releases energy. Endothermic and exothermic processes will
be discussed in Sections 7.4 and 7.5. When energy is applied, there are two ways to break a
covalent bond X—Y. In one, both electrons in the bond are transferred to one atom leaving
none on the other atom. As the X—Y bond breaks, for example, two electrons are transferred
to Y generating a cation (X*) and an anion (X"). Breaking a bond in this manner is called /ez-
erolytic bond cleavage. Note the use of the curved double-headed arrow to indicate transfer
of two electrons as the bond breaks. Another bond cleavage reaction is also shown where the
covalent bond is broken with transfer of one electron to each of the atom, generating two
radicals. This process is known as homolytic bond cleavage. A radical is a species with one
extra electron (Section 7.2.3). The homolytic cleavage of X—Y leads to two radical products,
Xe and Ye. Note the use of the curved single-headed arrows to indicate transfer of one elec-
tron to each atom as the bond breaks.
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3.7 Breaking Covalent Bonds

The strength of a covalent bond is directly related to the electron density between the
atoms. Energy is absorbed to break a bond. When a bond is broken or formed, the energy
stored in the bond is the bond dissociation enthalpy or sometimes just enthalpy (D° or H®)
(Section 7.5). It is also called bond dissociation energy.

X" (cation) Y~ (anion)

) Y
Heterolytic bond cleavage X—Y

) . .
Homolytic bond cleavage )SY X' (radicals) Y

The X—Y bond in the two reactions shown is a covalent bond. Ionic bonds will be ignored
for discussions of the bond dissociation energy of bonds. For organic compounds that have
C—C bonds, the bond dissociation energy of the C—C bond is reported to be 145 kcal (606.7
kJ) mol!.” Bond dissociation energy is measured by eftectively ripping the atoms apart, but
this process does not occur in chemical reactions where bonds are made and broken by elec-
tron transfer from one atom to another. Indeed, the C—C bonds in organic molecules are
formed as another bond is broken in chemical processes in which electrons are transferred
from one atom to another. These chemical reactions usually require a much lower energy
that the bond dissociation energy for a given bond. Bond dissociation is a useful parameter,
however, and it is used to estimate if a reaction is spontaneous or not (Sections 7.4 and 7.5).

C 3.11 Is LiCl likely to completely dissociate at a temperature of 600°C? Explain. )
Bond broken ?‘ é/\ ) / Bond formed
B + cC A + B-C

Reactants Products

As just described, the formation of organic molecules requires bond-making and bond-
breaking processes called chemical reactions. The molecules in which the bonds are broken
are called reactants, whereas the molecules in which bonds are made are called products. In
the generalized example shown, a certain amount of energy is absorbed to break the A—B
bond (called H°,,.nis) @and a certain amount of energy is required to form the B—C bond
(called H®,, q4,cts)- Therefore, there is a change in bond dissociation energy, represented by
AH® where the symbol A represents change in. This value is determined by subtracting the
bond dissociation energy for the products (H°.) from the bond dissociation energy for the
reactants (H®,,). The H° values that are listed in Table 3.1 for various molecules and bonds
are reported in kcal and also in k] mol* at 298 °C.8 For this generalized reaction, AH® = H° 4,
broken ~ 71" bond made-

For the reaction of A—B+C — A +B—C, AH°=H°,;; - H°y

An example is a reaction between I~ and H;C—Br to give Br~ and H;C—1I.

7N

Na*I~ H;C—Br

H;C—I + Na*Br-

In this reaction, the iodide ion of the ionic Nal donates two electrons to the carbon that
bears the Br, making a C—I bond in the product (H° =50 kcal or 209.2 k] mol?) in a process
that breaks the H,C—Br bond (H° =67 kcal or 280.3 k] mol?), which is the reactant. The AH°
calculation is:

AH=H_, -H_, = 67 56- 1Rcal( 71M4J) mot*

C-Br

7 CRC Handbook of Chemistry and Physics, 94th ed., CRC Press, Inc., Boca Raton, FL, 2013-2014, D°,y, pp. 9-66.
8 CRC Handbook of Chemistry and Physics, 94th ed., CRC Press, Inc., Boca Raton, FL, 2013-2014, pp. 9-65 to
9-69.



The negative sign of AH® indicates that this reaction will absorb 17 kcal mol?! of energy and
is endothermic (Sections 7.4 and 7.5). Based solely on bond dissociation energies, this result
means that this reaction is expected require more energy than it consumes so it must be
continually heated. As noted, the ionic bonds have been ignored in this calculation. There are
many different types of organic molecules, with different types of bonds including different
C—Cbonds. The C—C bond in each type of compound will have a slightly different environ-
ment so each will have a different value of H®. In addition to C—C bonds, C—H, C—halogen,
C—0O, C—N, and C—S bonds are listed in Table 3.1, along with others that are common in
organic chemistry.

TABLE 3.1 Bond Dissociation Energies of Common Bonds

Bond HCqg. kcal (kJ) mol? Bond HCqg. kcal (kJ) mol?
I—I 36.5 (152.7) Br—H 87.4 (365.7)
F—F 37.5 (156.9) C—ClI 95 (397.5)
Br—Br 46.3 (193.7) Cl—H 103.2 £431.8)
C—I 50 (209.2 H—O 104.2 (436)
Cl—Cl 58 §242.7g 0-0 119.1 (498.3)
C—Br 67 (280.3) c—-C 145 (606.7)
H—I 71.4 (298.7) c-S§ 167 (698.7)
N—H 75 (313.8) C—N 184 (769.9)
C—H 80.6 (337.2) N—N 225.9 (945.2)
S—H 82.3 (344.3) c-0 257.3 (1076.5)

3.12 Using data in Table 3.1, calculate AH° for a process with I- and H;C—Br that
breaks a C—Br bond and makes a C—I bond in H;C—I, generating Br-. Ignore the
bromide ion and the iodide ion.

3.8 CARBON BONDED TO HETEROATOMS

This section will describe several bond types that contain single covalent bonds of carbon to
atoms other than C or H. Such atoms, including the halogens, O, N, B, P, S, etc., are called
heteroatoms. The presence of a heteroatom will greatly influence the properties and reactiv-
ity of a molecule.

3.8.1 ACOVALENTBOND BETWEEN CARBON AND A HETEROATOM: BOND POLARIZATION
Electronegativity was introduced in Section 2.4.1 and defined as the property of an atom
to attract electrons. When two identical atoms such as two carbon atoms are connected
by a covalent bond, the carbon atoms have equal electronegativities. The electron density
is equally and symmetrically distributed between both nuclei. This type of covalent bond

is represented in Figure 3.11a, where the black dots represent the atoms connected by a
symmetrical covalent bond. A covalent bond for two atoms of different electronegativity is

different.
/ o5+
§-
(@) (b)

FIGURE 3.11 A nonpolar covalent bond (a) and polar covalent bond (b).
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Dipole Moments

Electronegativity differences of the atoms will distort the electrons in that bond toward
the more electronegative atom. Therefore, electron density is not equally distributed between
the nuclei. Such a bond is said to be polarized; a polarized covalent bond. Structure (b) in
Figure 3.11b illustrates a polar covalent bond formed between two atoms that have different
electronegativity values. The polarization can be represented as (+)------- (-), by a specialized
arrow (+---->), where the + part of the arrow is on the more positive atom and the arrow (—)
points to the more negative atom. A more simple representation uses 8~ and &*. The more
electronegative atom is electron rich and marked by & and the less electronegative atom
is electron deficient and marked by &*. These symbols indicate that the atoms are partially
negative (&) or partially positive (&*). It is important to emphasize that these are covalent
species and not ionic species and the (&*) and (") do not indicate charges, but rather bond
polarization. A “cross-section” of a polarized covalent bond will show that there is less elec-
tron density between the nuclei, which is usually indicative of a more reactive bond.

3.8.2 BOND POLARITY, BOND MOMENTS, AND BOND STRENGTH

A polarized covalent bond has interesting characteristics that affect both the physical and
chemical properties of a molecule. A polarized covalent bond has the property of bond polar-
ity due to the distortion of electron density, and this distortion is measured by the parameter
called dipole moment for that bond.

Dipole moment has a magnitude and a direction. The magnitude of bond polarization
is measurable and is called the bond moment. The bond moment (p) is measured by the

&+ o- o+ 5-

FIGURE 3.12 Polarized C—F versus polarized C—N bond.

charge times the bond distance: yu = 8d, measured in Debye (D), where 1 Debye =3.33564 x
10-%° coulomb-meters. Examples of polarized bonds include C—F and C—N, as illustrated in
Figure 3.12. Both F and N are more electronegative than C. Fluorine is more electronegative
than nitrogen, so the C—F bond is more polarized than the C—N bond. Therefore, there is
a greater amount of electron density on fluorine in C—F relative to the amount of electron
density on nitrogen in C—N. The magnitude of the dipole moment for a typical C—F bond
is 1.79 D and 0.45 D for a typical C—N bond.’ The dipole moments, in Debye, for a number
of bonds commonly found in organic molecules include C—C (0.0), C—H (0.3), H—N (1.31),
H—O (1.51), C—N (0.45), C=N (1.4), C—O (0.74), C=0 (2.4), C—F (1.79), C—Cl1 (1.87), C—Br
(1.82), and C—I (1.65).

The dipole for individual bonds is measured as the dipole moment, but a dipole moment
for the entire molecule can be determined. The dipole moment for the molecule is measured
by taking the vector sum of each individual bond. A vector is an object that has both a mag-
nitude and a direction, so it is a directed line segment, whose length is the magnitude of the
vector, and an arrow indicates the direction. A vector sum is the result of adding two or more
vectors together via vector addition.

In a molecule such as fluoroform (trifluoromethane, HCF,), the dipole moment is the vec-
tor sum of all the individual bond moments. Each bond moment has magnitude and direc-
tion. The three dimensional representation of fluoroform is shown in Figure 3.13. The bond
moments of the polarized bonds are shown as arrows, and the bond moment is added using
the direction of each C—F bond. Vector addition adds all the bond moments to give the
magnitude of the molecule’s dipole moment and the last arrow gives the direction, shown as
a yellow arrow. Only the polarized C—F bonds are used since the C—H bond is not polarized

° Dean, J.A. Handbook of Organic Chemistry, McGraw-Hill, NY, 1987, Tables 3—6 and 3-7, pp. 3-8 to 3-29.
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FIGURE 3.13 Vector addition of bond moments to determine the dipole moment for
fluoroform.

C

and therefore does not contribute a bond moment. The molecular model is also shown with
the direction of the dipole moment for the molecule, shown as a yellow arrow.

The dipole moments for simple but representative molecules are shown in Figure 3.14.
For HF there is only one polarized bond and the direction of the dipole for the molecule is
the same as the direction for that polarized bond. For trifluoromethane (F;CH), the dipole
moment for the molecule is the vector sum of the three C—F bond moments, as indicated
in Figures 3.13 and 3.14. Similarly in ammonia there are three polarized N—H bonds, and
each has a dipole moment directed toward the N. For the molecule, the dipole is the sum of
all three N—H bond moments and since ammonia has a pyramidal shape using the VSEPR
model, the direction of the dipole for each N—H bond is toward nitrogen. The dipole for
ammonia does not lie along an individual bond, but rather bisects the base of the pyrami-
dal shaped molecule. A final example in Figure 3.14 is the molecule H;C—NH, (methana-
mine; Section 5.8.2), which has both polarized C—N and H—N bonds. Note that the dipole
moment does not lie along one bond, but is tilted toward the NH, unit suggesting that the
C—N bond is more polarized than the N—H bonds.

oo ofe 3 c;%

Hydrofluoric acid Fluoroform Ammonia Methanamine

FIGURE 3.14 Dipole moments for hydrofluoric acid, fluoroform, ammonia, and methanamine.

( CORRELATION OF HOMEWORK WITH CONCEPTS )

« s-Orbitals are spherically symmetrical, p-orbitals are “dumbbell” shaped, and
hybrid orbitals are directional: 1, 29.

+ Electronic configuration of an atom describes the configuration associated with
electrons in atomic orbitals: 2, 3, 5, 8, 9, 14, 15, 28.

+ Electrons in the bond of a molecule are located between two nuclei and are at
different energy levels than in an unbonded atom: 6.

« lonic bonds are formed by electrostatic attraction of two atoms that have oppo-
site charges: 4, 17, 18.

- Covalent bonds are made of two electrons that are mutually shared between two
atoms: 6, 17, 21.

+ Mixing atomic orbitals forms hybrid molecular orbitals (LCAO method); s- and
p-orbitals can be mixed to form the hybrid, which determines the hybridization
(e.g., sp3): 14, 15, 25, 27, 45, 46.

« Hybridization models are used to predict the bonding in organic molecules: 10.

+ Organic molecules generally have a backbone of carbon-carbon covalent bonds:
8, 29.

« The VSEPR model is used to predict the three-dimensional shape for molecules:

11,16, 19, 24.
N J
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3.8 Carbon Bonded to Heteroatoms

Polarized bonds are formed when two atoms are bonded together, but one is
more electronegative: 22, 23, 24, 27.

Polarized bonds have a dipole moment and polarized molecules have a dipole
moment that is the vector sum of all the individual bond moments: 24, 25, 26
Reactions are driven by making and breaking bonds, which releases or requires
energy: 12, 13, 20, 24.

ANSWERS TO IN-CHAPTER QUESTIONS

3.1 The p-orbital shown in Figure 3.1 has the generic shape of a “dumbbell.”

3.2 Inthe fully filled second row there are 8 electrons (2 for the 2s and 6 for the 2p) + the
2 electrons from the filled first row. Therefore, there are a total of 10 electrons. This
atom is neon.

3.3 The electronic configuration of nitrogen is 1s?2s?2p. The electronic configuration of
boron is 1s?2s22p!. The electronic configuration of phosphorous is 1s?2s?2p®3s23p®.
The electronic configuration of sulfur is 1s?2s?2p®3s?3p*.

3.4 Sodium chloride (NaCl) is held together by an ionic bond. Since Na is in group 1 of
the periodic table and Cl is in group 17, forming an ionic bond is lower in energy.

3.5 The electronic configuration of Na*is 1s?2s22p®.

3.6 Rubidium loses one electron since it is in the first row of the periodic table, like Na
or Li.

3.7 Using the LCAO model, a carbon—carbon bond is represented by the following dia-
gram: Note that one of the p-molecular orbitals is different from the other two,
leading to a prediction of different bonds for the carbon atoms, which is incorrect.

iL Increasing

Energy

3.8 Using the modified LCAO with four sp® hybrid orbitals for each carbon, a carbon-
carbon bond is represented by the following diagram.

LTI

sp ————‘ — —

VALENCE Increasing
Energy
CORE
1s




3.9 Chlorine is monovalent (like a hydrogen atom) so carbon should form four covalent
bonds to four chlorine atoms and remain electrically neutral. It is sp hybridized
analogous to methane.

3.10 Since F has a valence of 1, like H, it is reasonable to assume that the molecule OF,
will assume a bent shape analogous to that of water (HOH).

3.11 Lithium chloride is an ionic compound, and the melting point is measured to be 605
°C. The boiling point is measured to be 1325-1360 °C. The dissociation temperature
will be much higher and certainly, heating to 600 °C is not quite even up to the melt-
ing point much less the required dissociation temperature.

3.12 Ignore the ionic bonds.

A H° for I+ H,C—Br— H,C—I+Br

A H° = H° (bonds broken) - H° (bonds made)

A H°=H° (C—Br) - H® (C—1I)

A H° =95 kcal mol! - 67 kcal mol™! =28 kcal mol?, which is an endothermic process

HOMEWORK

13. Give the electronic configuration for the following atoms: Al, He, Be, Mg, Cl, Br,
Ti, Cu

14. Based on electron availability in the valence orbital, suggest a simple reason why
potassium metal tends to be more reactive than sodium metal.

15. Briefly explain why methane has a tetrahedral shape and ammonia has a pyramidal
shape.

16. Indicate whether the highlighted bond (in red) is expected to be covalent or ionic.

H Br
\
@ CHo Na* () ¢’ () HCC=CH  (d) H,cC=CNa® () NaF

N\
CH,

H
H
0 [
0 Hcows @ | ()~ O O O

17. The first ionization potential of Li is 5.392 eV (124.3 kcal mol*), Na is 5.139 eV (118.5
kcal mol?), and K is 4.341 eV (100.1 kcal mol), all in the gas phase. What do these
numbers indicate about the relative reactivity of each element?

18. Use the VSEPR model to predict the shape for each of the following. Draw each one
using line notation.

(a) CCl; (b)) CH30H (¢) CH;0CH; (d)(CH;,N' (€) CH(CH;); () CICH,CI

19. Calculate AH® for each of the following hypothetical reactions. Determine if they
are exothermic or endothermic. Use data from Table 3.1.
(@@ H—Br+C—O—-C—Br+H—O (b) C—C+[,-»2C—I
(¢ O—H+C—C—-C—0+C—H () C—N+H—I->C—I+N-H

20. Draw structures for propane (CH,CH,CH,) and butane (CH,CH,CH,CH.).

21. Indicate the more electronegative atom in each of the following.

(@@ C—N (b) N—O (0 C—H (d) Cl—Br (e) B—C
(f) Li—C (gy C—F (h)y N—H (i) H—Cl
22. Indicate if each bond is polarized covalent or non-polarized covalent.
(@@ C—N (b) N—O (0 C—H (d C—F (e) C—C
(f) Li—C

23. Draw the structure of each molecule using the VSEPR model and then indicate the
general direction of the dipole moment. Indicate if the dipole moment is zero.
(@ CH,Cl (b) CH,OH (¢) CCl, (d) C(CH,;), (e) CICH,Br
(f) CLCH
24. Estimate the direction of the dipole moment for the molecule CH,Cl,.
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The video clips for this chapter are available at:
https://routledgetextbooks.com/textbooks/9780367768706/chapter-4.php

Alkanes, Isomers,
and an Introduction
to Nomenclature

Carbon is only one atom in the periodic table, so why is it so special? Carbon forms covalent
single, double, and triple bonds to a variety of atoms. Carbon can bond with itself, which
leads to an almost limitless number of organic molecules. No other atom does this to the
same degree. This chapter will discuss the structural features and nomenclature of a class of
organic molecules with only carbon and hydrogen (/zydrocarbons).

To begin this chapter, you should know the following points:

4 )

- The fundamental nature of atoms (Section 3.1).

« Covalent bonding between carbon and carbon or carbon and hydrogen (Sections
3.3,3.6,and 3.8).

+ sp3 Hybridization (Section 3.5).

. Carbon forms four covalent bonds in neutral molecules (Section 3.5).

- The VSEPR model for carbon (Section 3.6).

+ How to draw simple structures and the connectivity of atoms (Section 3.6).

\- J

4.1 ALKANES Alkanes

If a molecule contains only carbon and hydrogen it is known as a /zydrocarbon. Hydrocarbons
may contain any number of carbon-carbon bonds in linear chains, chains with branches, or
rings of carbon atoms. A hydrocarbon with only sp? carbons and bonds between sp® carbon
and hydrogen is known as an alkane. Each sp® hybridized carbon in a hydrocarbon has a
valence of four. In an alkane, there are a total of four covalent bonds to each C must be
attached to another carbon. In an alkane, there is a tetrahedral array of hydrogen atoms
around each carbon. This leads to a general formula for acyclic alkanes (no rings): C,H,,,,
where 7 is an integer in the series: 1,2,3,4,... When n=1, for example, the alkane is called
methane, CH,, and when n =2, the molecule is called ethane CH,—CH,, C,H. The quantity
of each different atom in the formula is indicated by a subscript, so C,H,, means that there
are six carbon atoms and fourteen hydrogen atoms. While # may be very large, this book will
mostly discuss molecules that have linear carbon chains of 2-20 carbon atoms. The alkane
general formula defines the maximum number of hydrogen atoms that are possible in any
organic molecule. There may be fewer hydrogen atoms, but never more.

( 4.1 Is a molecule with the formula C,,H,, an acyclic alkane. How about C;,H,4? )

4.2 STRUCTURAL VARIATIONS OF ALKANE HYDROCARBONS
4.2.1 STRAIGHT-CHAIN AND BRANCHED ALKANES
Initially, the focus will be on alkanes with linear chains, which are acyclic alkanes where all of the

carbon atoms are connected in a chain with no branching carbon atoms. The example shown
is the alkane with a linear chain of four carbon atoms and it is named butane (Section 4.3).

DOI: 10.1201/9781003174929-4
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Isomers

Butane is used as a fuel in “butane lighters” The structure is represented in three different
ways. In the Lewis electron dot formula, the two electrons in each covalent bond are shown
by “” Another way to represent the structure uses a line (—) for each covalent bond (two
electrons per “line”). A third method is the /ine drawing, introduced in Section 1.1. Each two-
electron covalent carbon-carbon 6-bond becomes a “line” When there are more than two
carbon atoms, each point where the lines intersect [N/] is a carbon atom. All valences of
carbon that are not bonded to another carbon are assumed to be hydrogen atoms. In the line
notation drawing of butane, both C1 and C4 are —CH, units. The “middle” carbon atoms C2
and C3 are —CH,— units.

SR T

L N 3
H:C:C:C:C:H H_T_T_T_T_H N
.. . . 2 4
H H H H H H H H Butane

A fourth way to show a linear chain of carbon atoms in an alkane is as a so-called con-
densed structural formula CH;(CH,),CH, where “n” is an integer of the series 7 =0 to . In
a condensed formula the atoms to the right of each carbon atom are assumed to be bonded
to that carbon. For example, the carbon of the CH; group on the far left has three hydrogen
atoms and also an attached carbon. The terminal carbon on the far right is attached to a
carbon of the carbon chain and three hydrogen atoms drawn on the right. The (CH,), unit
indicates there are n CH, fragments in the chain that are taken as a unit, where # is an integer
(1,2, 3, 4...). Based on the alkane general formula, C,H,,,,, the one-carbon alkane shown is
methane. Nomenclature will not be introduced until Section 4.3. The two-carbon alkane is
ethane, the three-carbon alkane is propane, and the four-carbon alkane is butane. The line
drawings are also shown for propane and butane.

1 H H
H H H H H 2 Hop L
T | ||4 | /"C'H | 2C»H H HH/C//,,_CI 05
o -
/C;u/ H H\\“' (i\c H\\“'Ci\ C/ ~ H H\\ ‘\ C/ \C aH \ / C\
H™ %, Hiyg ™ Hy > Hgd, o ¢ C—H
H H H W CHEH !
H
Methane Ethane Propane Butane 2,3-Dimetxxhylpentane
~. PN
Propane Butane 2,3-Dimethylpentane

The linear chain of an alkane can have other attached carbon atoms. Such molecules
are called “branched alkanes.” Carbon branches are known as alkyl groups. An example is
2,3-dimethylpentane. It has a five-carbon linear chain with two one-carbon groups attached to
a linear chain of five, so there are two branches and a total of seven carbon atoms. This mole-
cule is drawn with all the hydrogen atoms attached to the carbon and also using a line drawing.

4.2 Draw a linear six-carbon alkane and add a one carbon branch at the second car-
bon from the end, using line notation.

4.2.2 ISOMERS

Generating carbon chains of different lengths will lead to many different compounds.
Forming alkanes with different numbers of attached carbon branches will generate an even
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Same as C
Same as B Same as A \)F\(
G Same as D

FIGURE 4.1  Structural differences of alkanes with the empirical formula G Hie.

greater number of molecules. Indeed, many different structures called isomers are possible
for a given formula. An isomer is a molecule with the same empirical formula as another, but
with a different structure due to a different connectivity of the atoms. Figure 4.1 shows nine
structures labeled A-I that have the empirical formula C,H,, but all have a different connec-
tivity. They are isomers of one another, and each is a unique molecule with unique physical
properties. It is important to draw the structures of all different isomers with confidence and
to recognize them as different molecules. One protocol is to start with the longest possible
chain for a given formula and then shorten the chain by removing first one carbon atom and
then two, etc. in a stepwise manner. Each time the chain is shortened, the removed carbon
atoms are reattached to the shortened chain in as many different positions as possible. This
protocol can be itemized as follows:

( 1. Draw the structure with the longest possible linear chain for a given formula. \
2. Remove one carbon from the chain and draw the structure with the longest pos-
sible linear chain.
3. Attach the removed single carbon to the new chain at as many different positions
as possible.
4. Remove two carbons and draw the structure with the longest possible linear chain
5. Attach both removed individual carbons to the new chain in as many different
combinations as possible.
6. Attach a two-carbon unit to the new chain in as many different ways as possible.
7. Repeat this protocol one carbon at a time, attaching all remaining carbon atoms
in as many different combinations as possible.
N 8. Check for redundant structures. )

For a formula with >4 carbon atoms, many structures will be generated that are
identical to some previous structures. Figure 4.1 shows 13 possible structures for the
empirical formula C,H,,. Although 13 structures are shown, there are only nine dif-
ferent ways to connect the atoms. Therefore, there are nine different isomers with dif-
ferent constitutions known as constitutional isomers (also called structural isomers).
Since there are only nine different structural isomers, some of the 13 structures in
Figure 4.1 are redundant. The first structure is A, with a linear chain of seven carbon
atoms. If one carbon atom is removed, a chain of six linear carbons is generated plus
one extra carbon atom. That one carbon is moved “down the chain” and reattached
at as many different positions as possible to generate different structures. Putting the
one-carbon unit at the first carbon regenerates A. Attaching one carbon to the second
carbon and the fifth carbon yields an identical structure (B). Similarly, putting a one-
carbon unit at the third carbon or the fourth carbon of the six-carbon chain yields
identical structures (C). Continuing this protocol, removing two carbon atoms from
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IUPAC Nomenclature

Rules

A yields a linear chain of five carbon atoms. Reattaching those two individual atoms
at C2 or C5 on the chain leads to D. Structures E, F, and G are generated by attaching
the two carbons at different positions. Attaching the two carbons at C2 and C3 or at
C3 and C4 gives F. Attaching the two carbons as a unit at C3 gives H. Attaching the
two-carbon unit at C2 or C4 gives C. Another isomer with four linear carbon atoms
and three carbons to attach is shown as I. The redundant structures are discovered
by carefully matching the points of attachment (the connectivity) for each structure.
Once the nomenclature system in Section 4.3 is known, redundant structures may be
discerned from different structures by simply naming each one.

C 4.3 Using the given protocol, draw all different isomers for the empirical formula C8H18.)

The ability of carbon to form linear and branched chains is a property that leads to hun-
dreds of millions of alkane isomers. The number of possible isomers is directly related to the
total number of carbon atoms in the molecule. An alkane with four carbons (C,H,,) will have
only three structural isomers. Alkanes with the formula C,,H, will have 355 isomers; C,;H,,
alkanes will have 4347 isomers; C,;H;, alkanes will have about 3.68 x 107 structural isomers,
and C,,Hg, alkanes can have 6.25 x 103 different structural isomers. Estimating the total
number of constitutional isomers for a given formula is not trivial, but an algorithm has been
developed to assist in this calculation.!

C 4.4 Draw eight different isomers of an alkane with the formula C,oH,,. )

4.3 THE IUPAC RULES OF NOMENCLATURE

There are a vast number of alkanes, and each unique structure requires a unique name. The
nomenclature system used is based on the number of carbon atoms in the longest continuous
chain. Branches are identified by the number of carbon atoms and their position on the longest
chain. To accommodate the myriad variations in structure, a set of “rules” have been devised
that are universally used to name organic molecules. The organization that supervises these
rules is the International Union of Pure and Applied Chemistry, LU.P.A.C. or just IUPAC.

4.3.1 PREFIXES AND SIMPLE ALKANES

The IUPAC nomenclature rules? allow any organic molecule to be named. Once the longest
continuous chain is identified, a prefix indicates the number of carbon atoms, and a suffix
describes the class of molecules. The unique suffix used for alkanes is -ane. The prefix for the
number of carbons is based on the first 20 straight-chain alkanes, C, to C,, listed in Table
4.1.2 A one-carbon unit has the prefix meth-; two carbons are eth-; three carbons are prop-;
four carbons are but-; five, six seven, eight, nine, and ten are derived from the Latin terms:
pent-, hex-; hept-, oct-, non-, dec-. To identify C11-C20 linear alkanes the prefixes use the
equivalent of 1+10, 2+10, 3+10, and so on. The prefixes are undec- (11), dodec- (12), tridec-
(13), tetradec- (14), pentadec- (15), hexadec- (16), heptadec- (17), octadec- (18), nonadec-
(19), and icos- (20). The structures and names of the first twenty alkanes are shown in Table
4.1. The structures are drawn as a condensed formula CH,(CH,),CH,.

! Paton, R.S;; Goodman, J.M. Journal of Chemical Information and Modeling 2007, 47, 2124—2132; de Silva,
K.M.N,; Goodman, J.M. Journal of Chemical Information and Modeling 2005, 45, 81-87; Goodman, ].M.
Journal of Chemical Information and Computer Sciences 1997, 37, 876—878.

2 Flectcher, J.H,; Dermer, O.C; Fox, R.B. Nomenclature of Organic Compounds. Principles and Practice, 1974,
American Chemical Society, Washington, D.C., pp. 6-11.
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TABLE 4.1 Nomenclature For Alkanes With Linear Chains Of Carbon Atoms

Number of Carbons Structure IUPAC Name
! CH, Methane
2 CH3CH34 Ethane
3 CH4CH,CH; Propane
4 CH3(CH2}2CH3 Butane
5 CHy(CHa)sCHy Pentane
6 CH3(CH,),CH3 Hexane
7 CH3(CH,)sCH3 Heptane
8 CHS(CHQJSCHS Octane
9 CH3(CH,);CHz Nonane
10 CHg(CH,)gCH4 Decane
1 CHg(CH,)gCH3 Undecane
12 CHS(CH2)1QCH3 Dodecane
13 CH3(CH2)11CHz Tridecane
14 CH3(CHy)12CH3 Tetradecane
15 CHz(CHy)13CH3 Pentadecane
16 CH3(CH;)14CH4 Hexadecane
17 CHg(CH,)15CHg Heptadecane
18 CH3(CHz)16CHg Octadecane
19 CH3(CHy)¢17CHg Nonadecane
20 CH3(CH,)1gCH3 Icosane (Eicosane)

When the longest linear (unbranched) chain has an atom or group of atoms attached, that
atom or group is called a substituent. If the substituent has only sp® hybridized carbon atoms,
each with attached hydrogen atoms, it is called an alkyl group, or an alkyl substituent. For a
hydrocarbon substituent, the same prefix used in Table 4.1 indicates the number of carbon
atoms, meth—icos but the suffix for the alkyl substituent is -yl. A one-carbon substituent is
methyl, a two—carbon substituent is ethyl, a three—carbon substituent is propyl, and a four-
carbon substituent is butyl, etc.

( 4.5 What is the name of the 12-carbon linear alkane? )

An alkyl substituent can be attached to any of the different carbon atoms of the longest linear
chain except the terminal carbons because that would simply give a longer continuous chain. If
a methyl alkyl group is attached to C2-C5 of a six-carbon chain the name of that compound is
methylhexane, but one must ask which methylhexane. A number based on the lowest locant is
used to identify the position of the methyl group on the longest chain. A locant is the location of a
structural feature along the chain and in this case the methyl substituent is the locant. The longest
carbon chain is numbered so that the locant is assigned the lowest possible number. Attachment
at C2 or C3 of the six-carbon chain will give different isomers, each requiring a unique name.
Placing the methyl on C2 or C5 gives the same structure and placing the methyl group of C3
or C4 gives the same structure. 3-Methylhexane is the proper name of that isomer rather than
“4-methylhexane.” Similarly, 2-methylhexane is the proper name rather than “5-methylhexane.”

Figure 4.2 shows five additional examples. In the first structure, the longest chain is seven.
Although the structure is drawn such that six carbons are in a line and the seventh carbon
“looks” like a substituent, the longest chain is seven, so the name is heptane, not 1-meth-
ylhexane. There is no locant in the continuous chain. The next example is a methylhexane
and the longest continuous six-carbon chain is numbered to give the met/yl group (the one-
carbon alkyl substituent) the lower number. Of the two possible numbering sequences, one
numbers from right to left to place the methyl group at C3. The other sequence numbers from
left to right to place the methyl group at C4. Since the methyl group at C3 is the nearest locant,
3-methylhexane is the proper. In 3-methyldecane, there is a 10-carbon chain (decane) with a one-
carbon substituent (methyl). The lowest locant gives the methyl group the lower number of 3. In
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Common Names

incorrect numbering
Longest chain is 7, not 6

6 4 2 Longest chain NOT 1 10
° 2 ! 6 4 2 10 8 6 4 2
1 5 3 34 5 1 3 1
2 6
-~ 9 7 5
heptane Substituent
NOT 3-Methylhexane 3-Methylhexane 3-Methyldecane
2 4
7 5 3 1 *
s 6 4 2
2 4 6 8
1 3 5 7
4-Methyloctane 10 5 7 5-Propyldecane

FIGURE 4.2 Assigning position numbers to alkyl substituents.

4-methyloctane, there is an 8-carbon chain (octane) with a one-carbon substituent (methyl). The
lowest locant gives the methyl group the lower number of 4. 5-Propyldecane is drawn in such a
way that the eye is drawn to an 8-carbon linear chain, but the Jongest linear chain is 10, so it is a
decane. The 3-carbon substituent at C5 (the lowest locant) is a propyl group.

4.6 Briefly explain why 3-methylhexane is not named 2-ethylpentane.
4.7 Draw the structure of 4-ethyleicosane.

As shown in the first example in Figure 4.2, putting the alkyl group at C1 of the chain simply
extends the chain and does not lead to a new isomer. It is important to reiterate this point. Do not
be fooled! The angle at which a substituent is attached is not important in these line drawings.
Look at the points of attachment to determine the structure of the molecule. If the atoms are the
same and the points of attachment are the same, the structures must be identical.

A summary of the first four IUPAC rules is shown for naming any alkane.

4 )

1. Determine the longest, continuous chain of carbon atoms and assign the proper
prefix from Table 4.1 to indicate the number of carbon atoms.

2. Determine the class of compounds to which the molecule belongs and assign the
proper suffix. For hydrocarbons with only sp® hybridized carbons, the class name
is alkane and the suffix is -ane.

3. Alkanes that have carbon groups attached to the longest unbranched chain
(called substituents) are known as branched chain alkanes. When that branch is
an alkane fragment, it is known as an alkyl group or an alkyl substituent where the
prefix indicates the number of carbons and the suffix is -yl.

-

4.3.2 COMMON NAMES

Before the IUPAC system of nomenclature was devised, alkyl substituents were given com-
mon names. Common names are used today in some situations. The IUPAC names for
methyl—butyl substituents are listed in Table 4.2 along with the common names. Note that
the IUPAC rules indicate that common names should only be used for the parent alkane,
and not for substituents. The three-carbon fragment 1-methylethyl group is called isopropyl;
the term iso- refers to a carbon at the end of the branch chain that has one hydrogen, and
two methyl groups. The four-carbon 2-methylpropyl is called isobutyl and the 3-methylbutyl
fragment is called isopentyl (sometimes isoamyl). When a methyl group is attached to the C1
carbon of the branch chain, and there are four or more carbons in the substituent, the com-
mon term used is secondary- or sec-. The 1-methylpropyl fragment is therefore sec-butyl and
the 1-methylbutyl fragment is sec-pentyl or sec-amyl. The four-carbon substituent named
1,1-dimethylethyl is known as a tertiary-butyl group (or tert-butyl). The term tertiary (tert-)
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TABLE4.2 Common Alkyl Substituents®

Substituent IUPAC Name Common Name (Abbreviation)
CH3— Methyl Methyl (Me)
CH4CH»— Ethyl Ethyl (Et)
CH;CH,CH— 1-Propyl n-Propyl (n-Pr)
CHyCH,CH,CH,— 1-Butyl n-Butyl (n-Bu)
(CHg).CH- 2-Methylethyl Isopropyl (iPr)
(CHg),CHCH,— 2-Methylpropy! Isobutyl
CH3CH; ~C|H— 1-Methylpropyl secondary-Butyl; sec-butyl (s-Bu)
CHs
CHscHgCHg—ClH— 1-Methylbutyl sec-Pentyl
CH,
(CHg);C— 1,1-Dimethylethyl tertiary-Butyl; tert-butyl (t-Bu)
(CH3);CCH,— 2,2-Dimethylpropyl Isoamyl (isopentyl)
#In each structure, the highlighted carbon (C) is the point of attachment to the longest continuous chain

refers to the fact that the carbon attached to the main chain is tertiary (i.e., it bears three
carbon entities). The 1,1-dimethylpropyl substituent is called tertiary-amyl where amyl is an
old term for pentyl. There is a special fragment, the 2,2-dimethylpropyl fragment, which is
known as neopentyl. These terms become unwieldy if there are more than five carbons, so
they are used only for relatively small fragments. It is important to note that common names
are not mixed with IUPAC names.

4.8 Draw isobutane and tert-butylhexane using line notation.
4.9 Give the IUPAC prefix for the longest chain in the isopropyl group, the sec-butyl
group, and the tert-butyl group.

4.3.3 HALOGENS ARE SUBSTITUENTS

The presence of halogens in organic molecules is common. Halogens are substituents so
there is no suffix to indicate the presence of a halogen. Since halogens have a valence of 1 they
will replace a hydrogen atom one-for-one. When a fluorine, chlorine, bromine, or iodine is
attached to a carbon chain, each is assigned the lowest number on the carbon chain, as with
any substituent. The identifying name for a halogen substituent drops the -ine ending of each
halogen and replaces it with o- (i.e., fluoro, chloro, bromo, iodo). The nearest locant for the
halogen substituents in the examples are C1 in 1-iodoheptane and C5 in 5-bromohexadecane.

Br
/\/\/\/' \/\/K/\/\/\/\/\

1-lodoheptane
5-Bromohexadecane

4.34 MULTIPLE SUBSTITUENTS

If there are two or more substituents, the lowest sequence of numbers is assigned based on
the locant closest to the end of a chain. The substituents can be identical, or they can be dif-
ferent. If the substituents are identical, another prefix is required for the substituent: di- for
two, tri- for three, tetra- for four, penta- for five, and hexa- for six identical substituents.
Therefore, two methyl groups are dimethyl, three ethyl groups are triethyl, and five methyl
groups will be pentamethyl. First, determine the name and number of the substituents and

Multiple Substituents
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Complex Substituents

then insert the multiplying prefix if needed. Both structures shown have identical methyl
substituents, so they are dimethylhexanes. The left structure has two methyl groups on the
same carbon (C3), whereas in the right structure the two methyl groups are on different car-
bons (C3 and C4). The name of the first alkane is not 3-dimethylhexane since all substituents
must have a number, even if they appear on the same carbon atom. There are two methyl
groups on C3, so the proper name is 3,3-dimethylhexane. The name for 3,4-dimethylhexane
is straightforward. Commas separate the numbers, and a hyphen separates the number from
the rest of the name.

When there are different substituents, they are arranged alphabetically based on the
group with their appropriate number based on the closest locant. In the third example there
is an ethyl, an iodo, and two methyl substituents. The closest locant is 2. Giving each substit-
uent the lowest number and arranging the substituents alphabetically gives 3-ethyl-2-iodo-
5,5-dimethylheptane. The last example has multiple substituents and using the rules just
discussed the name is 5-bromo-2-chloro-11-iodo-10-methyl-7-propylhexadecane.

A~

3,3-Dimethylhexane 3,4-Dimethylhexane

3-Ethyl-2-iodo-5,5-dimethylheptane  5-Bromo-2-chloro-11-iodo-10-methyl-7-propylhexadecane

( 4.10. Give the structure for the following: 3-chloro-5-(2-methylpropyl)-2,4-dimethyl \
octane, 3,3,8-triethyldecane, and 2,3,4,5,6,7,8-heptabromodecane.

4.11. Draw the structure for 6-ethyl-5-fluoro-12-iodo-2-methyltetradecane using line
notation.

\ 4.12. Draw 6,6-dichloro-9-ethyl-2,4,4-trimethyltetradecane. /

4.3.5 COMPLEX SUBSTITUENTS

There are structures in which the longest unbranched chain has a substituent, but the sub-
stituent also has one or more substituents. In other words, the branch has branches. Another
rule is required:

If a complex substituent is present on the longest continuous chain, count the number of
carbon atoms in the longest continuous part of that “side chain” and use the proper pre-
fix. The name of a complex substituent begins with the first letter of its complete name
(take the longest chain of the substituent from the point of attachment to the longest
unbranched chain, and ignore di-, tri-, etc.).

Naming molecules with this type of complex substituent is a bit more complicated.
An example is 10-(1,1,3-trimethylbutyl)-5-ethyl-12-methylheptadecane, in which the
longest unbranched chain is 17, with a methyl substituent and an ethyl substituent. Using
the rule that substituents are arranged alphabetically, the molecule is a 5-ethyl-12-meth-
ylheptadecane. However, the group at C10, in the box, is a complex substituent and this
four-carbon linear chain is a butyl substituent. The butyl substituent has three attached
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methyl substituents, however. Note that the butyl substituent is attached to C10 on the
heptadecane chain based on the closest locant of the longest chain, which is C5. This
assessment leads to 10-butyl-5-ethyl-12-methylheptadecane. The point of attachment of
the butyl substituent to the longest chain is the C1 carbon so the three methyl groups
on the side chain are attached at C1 and C3. Therefore, the complex side chain is named
1,1,3-trimethylbutyl, and the entire unit is attached to C10 of the heptadecane. The final
name is 10-(1,1,3-trimethylbutyl)-5-ethyl-12-methylheptadecane. In order to set the
complex substituent apart from the other substituents, parentheses are used. Note that
the 1,1,3-trimethylbutyl group is alphabetized by the “b” since it is a butyl group, ignor-
ing the tri and the methyl groups.

10-(1,1,3-Trimethylbutyl)-5-ethyl-12-methylheptadecane

If chains of equal length are competing for selection as the main chain in a saturated
branched acyclic hydrocarbon, the main chain required for naming must be chosen. The
main chain can be determined in one of several ways, all of which lead to the same conclu-
sion. Rules 3 and 4 that follow are the most salient.

1. The main chain is that with the greatest number of side chains.

2. The main chain is the one whose side chains have the lowest numbered locants.

3. The main chain will have the greatest number of carbon atoms that have smaller
side chains (methyl or ethyl rather than a complex substituent).

4. The main chain will have the least branched side chains.

There are cases where the molecule contains two or more complex substituents that have
the same number of carbon atoms in the longest chain, but those complex substituents are
different. An example is 7-(1-methylpentyl)-9-(3-methylpentyl)-8-(4-methylpentyl)icosane,
which has three pentyl groups. This compound is a tripentylicosane, but each of the three
pentyl substituents are different. At C7 there is a 1-methylpentyl, there is a 4-methylpentyl at
C8 and a 3-methylpentyl group is at C9. In such cases, the rule states that priority for citation
is given to that substituent containing the lowest locant at the first cited point of difference.
In this case, the 1-methylpentyl, followed by 3-methylpentyl, followed by 4-methylpentyl.
The name is 7-(1-methylpentyl)-9-(3-methylpentyl)-8-(4-methylpentyl)icosane.

If there is more than one complex substituent, but they are identical, the number of iden-
tical substituents may be indicated by the appropriate multiplying prefix bis-, tris-, tetra-
kis-, pentakis-, and so on. This protocol is related to the situation where there are two or
three methyl groups (dimethyl, trimethyl, etc.). The complete expression denoting such a side
chain may be enclosed in parentheses. For 5,6-bis-(1,1-dimethylpropyl)decane, there are two
1,1-dimethylpropyl groups at C5 and C6 so the term bis- is used.

7-(1-Methylpentyl)-9-(3-methylpentyl)-8-(4- 5,6-bis-(1,1-Dimethylpropyl)decane
methylpentyl)icosane
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Cyclic Alkanes

(a) (b) W

4.4 RINGS MADE OF CARBON: CYCLIC COMPOUNDS

4.13 Give the proper IUPAC name:

All examples discussed so far have linear chains of carbon atoms with or without substituent
branches attached to the linear chain, so they are acyclic alkanes. Alkanes that have rings of
sp® hybridized carbon atoms are cyclic alkanes. In a cyclic alkane, two carbon atoms must
be joined to form a ring so there are two fewer hydrogen atoms when compared to an acyclic
alkane. Because of this, the general formula for cyclic alkanes is C H,, where n is an integer:
3,4,5.... The smallest possible ring has three carbons (n=3) so the integer “n” in the general
formula must be > 3. In the absence of substituents, each carbon in a cyclic alkane will have
two hydrogen atoms attached, a CH, unit known as a methylene unit. That carbon will be
connected to two other carbons in the ring. Figure 4.3 shows the basic structure and the
name of 10 cyclic alkanes that have 3—12 carbon atoms.

How are cyclic alkanes named? The suffix for the name must be -ane because they are
alkanes. Prefixes for the number of carbons in the acyclic alkanes cannot be used without
modification. To distinguish between the acyclic alkenes and the cyclic alkanes, the term
cyclo- precedes the carbon number prefix. The three-membered ring alkane becomes cyclo-
propane, and the 12-membered ring alkane becomes cyclododecane, and so on.

4.14 Draw and name the structure of the cyclic alkane that has 15 carbon atoms in
thering.

Cyclic alkanes can have substituents attached, and the position of a substituent attached
to a cyclic alkane is assigned the lowest possible number. In methylcyclohexane, this six-
membered cyclic alkane is a cyclohexane with one methyl substituent. Since there is only
one group attached to the ring the 1- is obvious and it is omitted so the name is just methyl-
cyclohexane. With 1,3-dimethylcyclohexane, however, several isomers are possible so both
numbers must be included to specify the position of the methyl groups. The ring is numbered
from one methyl group to give the lowest possible combination of numbers. It is 1,3-dimeth-
ylcyclohexane. If two different substituents are attached to the ring, the names are listed in
alphabetical order and the first cited substituent is assigned to C1. An example is 1-ethyl-
3-methylcycloheptane. If there are three or more substituents, the rules are slightly different.
List the substituents in alphabetical order, but C1 is chosen so the lowest combination of
numbers is obtained. An example is 4-chloro-2-ethyl-1-methylcyclohexane.

ADOOOO

Cyclopropane Cyclobutane Cyclopentane Cyclohexane Cycoheptane Cyclooctane

s>NeeRNPIN

Cyclononane Cyclodecane Cycloundecane Cyclododecane

FIGURE 4.3 Cyclic hydrocarbons of 312 carbon atoms.
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cl
CH, CHg
©\CH3 E

Methyl- 1,3-Dimethyl- 1-Ethyl-3-methyl- 4-Chloro-2-ethyl-
cyclohexane cyclohexane cycloheptane 1-methylcyclohexane

4.15 Write a structural isomer of methylcyclooctane that has a nine-membered ring; a
six-membered ring; a seven-membered ring, and then name all three compounds.
4.16 Draw the structure of 1-chloro-3-ethyl-4,5,6-trimethylcyclononane.

A subtle naming problem arises when an acyclic carbon chain is attached to a cyclic
alkane. Is the molecule named as a cyclic alkane with a substituent or as an acyclic chain
with a cyclic substituent? The IUPAC rules state that a hydrocarbon with a small ring
attached to a long chain is named as a derivative of the acyclic hydrocarbon. A hydrocar-
bon with a small alkyl chain attached to a large ring is generally named as a derivative of
the cyclic hydrocarbon. A small ring is usually defined as three to six carbon atoms and
a large ring is usually defined as >seven carbon atoms. Therefore, make an assumption.
If the number of carbon atoms in the longest acyclic carbon chain is six carbon atoms or
less, the compound is named as a cyclic alkane, and the chain is treated as a substituent. If
the longest acyclic chain is seven carbons or greater, the molecule is named as an acyclic
alkane, with a cyclic substituent. Note that if a ring is named as a substituent, the -ane is
dropped and replaced with -yl. Therefore, a cyclopropane unit treated as a substituent is
cyclopropyl, a cyclobutane substituent is cyclobutyl, a cyclopentane substituent is cyclo-
pentyl, and so on. Using this rule, the two compounds shown are 1-cyclopentyloctane and
pentylcyclooctane.

E>/\/\/V\

1-Cyclopentyloctane Pentylcyclooctane

4.17 Give the IUPAC name for the following compound./X\

4.5 THE ACID OR BASE PROPERTIES OF ALKANES

Acid-base theory is used to examine the chemistry of organic molecules throughout this
book, so it is reasonable to ask if an alkane is an acid or a base. All electrons in an alkane are
“tied up” in covalent bonds, so there are no electrons to donate. In other words, an alkane
does not react as a base! If the C—H unit in methane loses a proton as an acid, the conjugate
base would be the methide anion, CH;’, as shown in Figure 4.4. The K, for removing the
hydrogen atom in an alkane is estimated to be < 10-4° so the pK, is >40. An alkane is therefore
a very weak acid and no base has been discussed thus far that is strong enough to remove a
proton from an alkane. If methide were to form, it would be a remarkably strong base, very
reactive and an unstable entity. Alkanes are not used as acids in this book. However, identify-
ing the pK, of methane is a useful starting point for a discussion of very weak acids in later
chapters.
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Combustion Analysis

i T
H—cl:—H + :BASE — H_(l;;_ + H—EASE
H “ H
Methane Ka=<10 S0 pKy>40 Methide anion

FIGURE 4.4 The acid-base reaction of methane.

4.6 COMBUSTION ANALYSIS AND EMPIRICAL FORMULAS

An alkane is identified by its hydrocarbon formula. How is the formula for an unknown
determined? There is an experimental procedure that will verify a hydrocarbon has the for-
mula, C,H,,,,. An unknown compound is burned in the presence of oxygen (Section 1.2),
making use of a discovery by Antoine Lavoisier (France; 1743—-1794). Burning (combusting)
an organic molecule in oxygen converts the carbon in that molecule to carbon dioxide (CO,).
This gas can be trapped and weighed. Similarly, the hydrogen atoms in the molecule react
with oxygen to form water vapor, which can also be trapped and weighed. Experimentally,
the unknown organic compound is accurately weighed before combustion, and the trapped
water and CO, are accurately weighed after combustion. It is then possible to calculate the
percentage of carbon and hydrogen in the original molecule that was burned. This data is
used to calculate the number of carbon and hydrogen atoms. For a hydrocarbon, knowing
the number of carbon and hydrogen atoms by this procedure allows one to calculate the
empirical formula.

An example of this process takes 0.36 g of an unknown organic compound. When burned,
trapping and weighing of the products gives 0.594 g of H,O and 1.078 g of CO,. In the CO,
product, with knowledge that the molecular weight of CO, is 44 and the atomic weight of

carbon is 12, the ratio of carbon/carbon dioxide (C%z) is 4+ =0.2727. This number means

that 27.27% of the weight of CO, is due to carbon. If the weight of CO, trapped in this experi-
ment is 1.078 g, then the weight of carbon in the CO, is 1.078 x 0.2727 =0.294 g. Similarly, the
molecular weight of water is 18, and the atomic weight of hydrogen is 1. Since there are two

hydrogen atoms in water, the ratio of hydrogen to water (HLZO) is % =0.1111. In other words,

11.11% of the weight of water is due to hydrogen. Since the weight of water trapped in this
experiment is 0.594 g, the weight of hydrogen in the water is 0.594 x 0.1111=0.066 g. Based
on the amount of CO, and H,O trapped, the 0.36 g sample contained 0.294 g of carbon. The
original weight of the unknown was 0.36 g, so the percentage of each element in the unknown
can be calculated.

Ghe % carbon is 9294/ ;. =0.817=81.7% and the % hydrogen is 0966/ .. =0.183 =18.3%. )

How can this percentage be translated to a formula? Make the arbitrary assumption that
there are 100 g of the unknown just to make it easy. If the sample contained 81.7% of car-
bon and 18.3% of hydrogen, a 100 g sample has 81.7 g of carbon and 18.3 g of hydrogen. The
atomic mass of carbon is 12 and the atomic mass of hydrogen is 1. With the weight of each
element and the atomic mass, the number of moles of carbon and hydrogen in the sample can
be calculated. The moles of carbon in 100 g of unknown is 817, =6.81. The moles of hydro-
gen in 100 g of unknown is 3] =18.3. Dividing the smaller number into both numbers will
give the molar ratio of each element. This calculation yields 68!/, =1 and 183/ =2.69 or
2.69H/1C. This ratio can also be expressed as 2.69 H:1 C or C,H, (,. Clearly, there are no frac-
tional atoms, so simply multiply this ratio by a whole number to obtain a whole number value
for all elements. In this case, a multiplication factor of 2 yields fractional hydrogen atoms, but
the multiplication factor of 3 leads to 2.69 H x 3 and 1 C x 3 or C;H, ;. Given experimental
error, a reasonable empirical formula is C,;Hg. If the molecule is an alkane, propane is the only
possibility. If the formula shows a large number of carbon atoms, then isomers are possible,
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and more information must be obtained to identify the specific sample. This overall process
of burning a sample to trap the CO, and water, determining empirical formula, and thereby
molecular formula, is known as combustion analysis.

4.18 Calculate the %C and %H for the formula C;¢H,,.
4.19 Determine the grams of CO, and H,0O from combustion of 0.348 g of a sample
that has 94.34% C and 5.66% H.

4.7 COMMERCIAL AND BIOLOGICAL RELEVANCE

Alkanes are generally unreactive. However, they are burned every day in the form of gasoline,
which is mainly a complex mixture of hydrocarbons. Long straight-chain and branched-
chain alkanes are major components of crude oil, accounting for their presence in gasoline
and fuel oil. The process of “cracking” petroleum heats the crude oil to break down long com-
plex hydrocarbons into a mixture of hydrocarbons that have simpler structures, with lower
boiling points and vapor pressures. Subsequent fractional distillation separates the mixture
into its component parts, or fractions. On an industrial scale, various fractions are obtained
based on boiling point ranges, including gasoline (20-200 °C), kerosene (175-275 °C) and
heating oil, otherwise known as diesel fuel (250-400 °C). Distillation of the residue obtained
after distillation of these fractions, under reduced pressure, gives lubricating oils and waxes.
The tarry residue is asphalt.

The low-melting solid (about 37 °C) known as Vaseline is a mixture of alkanes, generally
greater than C,;. Mineral oil is a liquid derived from petroleum that is primarily a mixture
of alkanes with a boiling point range of 260-330 °C. This mixture includes alkanes ranging
from tetradecane (bp, 253-357 °C) to nonadecane (bp 330 °C). Both Vaseline and mineral oil
probably contain branched chain alkanes as well as linear alkanes.

Due to their remarkably poor chemical reactivity, it may be surprising that alkanes have
a place in biological systems. It is known that the waxy coating on cabbage leaves contains
nonacosane (CyHg,) and the wood oil of the Jeffrey Pine (Sierra Nevada) contains heptane.
The needle wax of the Pinaceae Picea omorika contains 11-19% C,,, C,,, and C,; straight
chain alkanes.? It has been reported that alkanes are formed by peroxidation (see Chapter 16
for oxidation reactions) of unsaturated fats (Section 18.14). Peroxidation leads to fatty acid
hydroperoxides (alkyl-O-OH) that decompose.* In one study, the levels of ethane and pen-
tane in human breath are measured as markers of lipid peroxidation in patients who smoked,
suffered from human immunodeficiency virus (HIV) infection, or suffered from inflamma-
tory bowel disease.”

Methane has an interesting relationship with biology. It is a greenhouse gas known to be
10 times more effective than CO, in contributing to global warming. Methane is produced by
decaying vegetation and is referred to as swamp gas in some regions. Methane is a byproduct
of the digestion of mammals, such as cows. Methane is also known to be trapped in marine
sediments (e.g., methane hydrate), which is a crystalline solid consisting of methane mol-
ecules surrounded by a cage of water molecules. Methane hydrate is stable in ocean floor
sediments at depths of > 1000 feet, where the methane hydrate is kept very cold and under
high pressure.

3 Nikolic, B.; Tesevic, V.; Djordjevic, I; Jadranin, M.; Bojovic, S.; Marin, P.D. Chemisty of Natural Compounds,
2009, 45, 697—-699.

4 (a) Mounts, T. L.; McWeeny, D. J.; Evans, C. D.; Dutton, H. ]. Chemistry and Physics of Lipids, 1970, 4, 197-202;
(b) Dumelin, E. E.; Tappel, A. L. Lipids, 1977, 12, 894—900.

5 Aghdassia, E.; Johane P. Allard, J.P. Free Radical Biology and Medicine, 2000, 28, 880—886.
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4.7 Commercial and Biological Relevance

-

N\

CORRELATION OF HOMEWORK WITH CONCEPTS

Hydrocarbons are molecules that contain only carbon and hydrogen, and alkanes
are hydrocarbons that have only carbon-carbon single bonds and carbon-hydro-
gen bonds with the generic formula C H,,.,: 1,2, 3,4, 5, 6, 7,24, 27, 32.

Each carbon atom in an alkane has a tetrahedral array of attached atoms: 2, 3, 4,
5,6,32.

Molecules with different connectivity are different molecules. Isomers are mol-
ecules with the same empirical formula and the same number of atoms, but the
atoms are attached in different ways: 3, 4, 5, 6, 7, 8, 27, 30, 31, 39, 40.

The IUPAC rules of nomenclature identify the longest continuous carbon chain
and assign a prefix that correlates with the number of carbon atoms. The class
name for a molecule is designated by a suffix, which is -ane for alkanes. Rules are
established based on number of carbons, assignment of the lowest number(s), and
position on the longest carbon chain for naming substituents. Groups attached to
the longest continuous chain are known as substituents and given the suffix -yl
for alkane base substituents. Complex substituents are treated as a substituent-
on-a-substituent: 8,9, 10, 12, 13, 14, 15, 16, 17, 25, 26, 28, 29, 32, 34, 35, 37, 38, 40, 41.
There are common names for some alkyl substituents: 11, 12, 13, 29.

Cyclic alkanes, use the prefix cyclo-: 18, 19, 20, 21, 22, 29, 35, 37, 38.

Combustion analysis is used for determining the %C and %H in an alkane, which is
then used to calculate the empirical formula: 5, 6, 23, 24, 33, 36.

~

J

ANSWERS TO IN-CHAPTER QUESTIONS

4.1 A molecule with the formula C,,H,, is an alkane since it fits the general alkane for-

4.2

mula, C,H,,.,. A molecule with the formula C,;H;4 does not fit the alkane general
formula so it is not an alkane.

* M

4.3 Use the eight-carbon chain parent alkane. Shorten the carbon chain one carbon at

a time and then attach those carbons to the new chain in as many different ways as
possible: 8C, 7C+1, 6C +2, 5C+3.

Mwm

oo LT

%WW%% -

There are many
. other possibilities.
\

4.5 Dodecane

2 This alkane is not 2-ethylpentane because the longest continuous

4.6 6 4 > alkang f - )
Longest chain 3 1 chain in this molecule is a 6-carbon chain (numbered 1-6) and that is

4.7

5 ) used as the base name (hexane).
Substituent It is 3-methylhexane.

W
Longest chain

4-ethylicosane
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)\ Isobutane (2-methylpropane) >l\/ tert-Butylhexane (2,2-dimethylbutane)
||{ 2 carbons (ethyl) ||4<j carbons (propyl) ”+ 2 carbons (ethyl)

Isopropy! sec-Butyl tert-Butyl

Br Br Br
Cl
e
Br Br Br Br

3-Chloro-5-(2-methylpropyl)-2,4-dimethyloctane  3,3,8-Triethyldecane 2,3,4,5,6,7,8-Heptabromodecane
|

F
6-Ethyl-5-fluoro-12-iodo-2-methyltetradecane

K/\j\/m 6,6-Dichloro-9-ethyl-2,4,4-trimethyltetradecane
Cl ClI

(2) The name is 5-butyl 2,4,6,7-tetamethylnonane. (b) The name is
3,4,79-tetramethyl-6-pentylundecane.

Cyclopentadecane

g = G O

Methylcyclooctane Cyclononane 1,2,4-Trimethylcyclohexane Ethylcycloheptane
Me
Me
cl 1-Chloro-3-ethyl-4,5,6-trimethylcyclononane.

Me

There are three carbons in the ring, which is more than either of the two-carbon
substituents. The name is 1,1-diethylcyclopropane. This alkane cannot be cyclopro-
pylpentane. One carbon of the ring is part of the “chain” whereas cyclopropyl is a
three-carbon substituent.

For the formula CH,, the formula weight is 222.41, rounded to 222. The
%C =L = B2 -(.865=86.5%; Similarly, the %H= 32 = 2% =0.135=13.5%. These

222 222 222 222

percentages have a slight rounding error.

For a 0.348 g sample, there are 0.9434 (0.348)=0.3299 g of C and 0.0566
(0.348) =0.0197 g of H in that sample. Since the mass of CO, is 44 and that of Cis 12,
0.3299 g of C will correspond to 4 0.3299 =1.2096 g of CO,. Similarly, since water

has a mass of 18 and there are 2 H, 0.0197 g of H for the sample, which will corre-
spond to <& 0.0.0197=0.1773 g of H,O.

HOMEWORK

20. Draw the structure of butane, decane, and tridecane using line notation for making

chemical structures.

21. (a) Indicate by letter, which of the following molecules are isomers with the empiri-

cal formula CgH,q:
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@ s b © Ao A

MS\M%

(b) Identify which molecules are isomers of the formula C,H,,.

SR A

22. Give the correct IUPAC name (no common names) for each of the following.

CH,CH; CH,CH;
@ ch/cHz\CHZ/CHZ\CHZ/CHZ\CH2 CHy CH,_CH_ CH,_CH_
(b) HsC CH, CH,  CH; CH,CH;
_CH, _
(€) HsC CH, CH,CH,CH,CHj, Crz CHs
N I CH
H3C\ /C\ /CHZ\ /CH\ (d) Z\CH
CH;,  CH,  CH; CH, | 2

CH CH CH CH CH CH
Pk NP NP N N N
HaC CH, CH, CH, CH, CH, CHs

23. For each of the following, give the correct [IUPAC name (no common names):

0 N0 by 2 5y

24. (a) Draw six different isomers of 1-bromooctane using line notation. Give the IUPAC
name for each isomer you draw. (b) Draw the structure for five different isomers of
the formula C,H,, using line notation. Name each structure, and do not use com-
mon names.

25. (a) Identify all isomers of 3,5-dimethylheptane.

) UGN S N

2. (b) Identify all isomers of cycloheptane.

~ o

26. Draw the structure for each of the following using line notation:
(@) 1,2,3-Triethylcycloheptane (b) 3,4-Dichloro-5-(3-methylbutyl)
hexadecane
(c) 1-Chloro-2,2,4,4-tetramethylhexane (d) 2,2-Dibromo-3-methyloctane
(e) 1,1-Diethylcyclohexane (f) 5-(1-Methylpropyl)decane
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27. Calculate the empirical formula for a molecule having only C and H with the fol-
lowing combustion analysis. A sample weighing 0.6000 g was burned in the pres-
ence of oxygen to give 0.7692 g of water and 1.8827 g of CO,.

28. Calculate the % C and % H as well as an empirical formula using the combustion
analysis provided: Combustion of 0.81 g of an unknown organic compound yields
0.8578 g of H,O and 2.6208 g of CO,,.

29. Give the proper IUPAC name for each of the following. Do not use common names.

F
~ |

F C
F . Cl
H H

30. Give the proper IUPAC name for each of the following:

Cl Cl |
Br

31. Determine which of the following structures are isomers and which are identical.

PO S

F

32. Draw the correct structure for each of the following alkyl halides:
(@) 3,3,5-trichlorodecane (b) 2,6-dimethyl-3-fluoroheptane
(¢ 2,2-dichloro-4,4-dibromooctane
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The video clips for this chapter are available at:
https://routledgetextbooks.com/textbooks/9780367768706/chapter-5.ph

The scientist photographs are also available at:
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Functional Groups

Discreet units of atoms with special physical and/or chemical properties are known as func-
tional groups. They are remarkably important in organic chemistry. Although the C—C unit
of an alkane is not considered to be a functional group, the C=C unit of alkenes and the C=C
unit of alkynes are examples of hydrocarbon functional groups. Several functional groups
include atoms other than carbon or hydrogen, heteroatoms.

To begin this chapter, you should know the following points:

4 )

« Covalent bonding between carbon-carbon and carbon-hydrogen (Sections 3.3
and 3.5).

- The definition of a heteroatom (Section 3.8).

- Polarized covalent bonds between carbon and heteroatoms (Section 3.8.1).

« The characteristics of 6-orbitals, p-orbitals,c-bonds and n-bonds (Sections 3.1, 3.3,
3.4,3.5,and 2.6).

« The valence of atoms in the first and second row of the periodic table to form
covalent bonds in neutral molecules (Sections 3.1.2, 3.2, 3.3, and 3.5).

« The VSEPR model (Section 3.6).

« The nomenclature of any alkane with alkyl or halogen substituents (Section 4.3).

\- J

5.1 TI-BONDS. THE C=C UNIT AND ALKENES

n-Bonds were introduced in Section 2.6 for the S=O unit of sulfuric acid and the Cl=O unit
of perchloric acid. Both the S=O and the Cl=0 double bonds have a strong single 6-bond and
aweak n-bond formed by the overlap of adjacent p-orbitals. One n-bond between two carbon
atoms gives the C=C functional group. Two n-bonds between two carbon atoms gives the
C=C functional group.

Chapters 3 and 4 examined the structure of molecules that contain only covalent 6-bonds
between two sp3-hybridized carbon atoms. It is also possible to have two bonds between
adjacent sp? carbon atoms, forming a so-called carbon-carbon double bond, C=C. One is
a strong o-bond and the other is a weaker n-bond. Each sp?>-hybridized carbon forms three
o-bonds to other atoms, as illustrated for CH,=CH, (ethene) in Figure 5.1. After formation of
the C—C o-bond and two C—H o-bonds on each carbon using the sp? hybrid orbitals, there
is an unhybridized p-orbital on each carbon that is perpendicular to the plane of the atoms.
Each p-orbital contains an electron. When two sp? hybridized carbon atoms are connected,
the p-orbitals are adjacent and parallel. The two electrons are shared (dispersed) over both
p-orbitals to generate a new type of covalent bond, a n-bond. The n-bond is orthogonal to
the o-bonds with all four hydrogen atoms and the two carbon atoms in the same plane. The
two adjacent orbitals share electron density by “sideways” overlap so there is less electron
density between the carbon atoms, and it is weaker than a 6-bond. The probability of finding
electron density is equal for both lobes of the n-bond, so the electrons do not “travel” from
top and part on the bottom. Hydrocarbons that contain at least one n-bond and a C=C unit
are called alkenes.

DOI: 10.1201/9781003174929-5
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m-Bonds and Alkenes

+-Bond .
Tear .. "Sideways" overlap of p-orbitals

o-Bond a-Bond

FIGURE 5.1 Interaction of two sp? hybridized carbon atoms to form three 6-bonds to each
carbon and a n-bond in an alkene.

Since both carbon atoms in a C=C bond have only three 6-covalent bonds, there is trigo-
nal planar geometry for the H—C—C unit with bond angles about 120°. The hybrid carbon
model (Section 3.5.3) can be used to visualize a sp? hybridized carbon, as shown in Figure 5.2.
To form three 6-bonds, three atoms (two H and a C) are arranged around a central carbon
atom in a trigonal planar geometry. This arrangement will minimize repulsive forces. Each of
the three atoms overlap only with the 2s, and the 2p, and 2p,-orbitals on carbon, generating
three coplanar sp*-hybrid molecular orbitals used to form 6-bonds. There is no overlap with
the 2p,-orbital The sp>-hydrid orbitals are used to form three covalent 6-bonds to carbon and
the two hydrogen atoms. The 2p-orbital not used for the 6-bonds (the p,-orbital in Figure 5.2)
has one electron and is perpendicular to the plane formed by the three atoms connected to
carbon. If a carbon-carbon 6-bond is formed to another sp*-hybridized carbon, each has one
unused sp-hybrid orbitals and overlap will generate a x-bond.

The p.-orbital is not used to
form one of the o-bonds

-

\\~ Trigonal plane

¥y

,
P

FIGURE 5.2 Covalent 6-bonding for a sp’-carbon atom.

5.1 Describe the hybridization of O in the C=0 unit.
5.2 If an alkene n-bond were to undergo a chemical reaction, which bond would
donate electrons, the - or the nt-bond? Briefly explain your choice.

An alkene is a molecule that has at least one carbon-carbon double bond (C=C) and there
are two fewer hydrogen atoms relative to an alkane. The general formula for an alkene is
C,H,, where n is an integer: 2,3,4. The integer “n” cannot be 1. When n=2, the formula
becomes C,H,; when n=3 it is C;H,; and when n=100 it is C,,,H,,, and so on. Note that
the general formula for an alkene with one C=C unit is the same as the general formula for
a cyclic alkane with one ring (Section 4.4). As noted, the molecule H,C=CH, in Figure 5.1
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is an alkene named ethene (the common name is ethylene). Since both carbon atoms are
sp*>-hybridized, they have a trigonal planar geometry, with the n-bond perpendicular to that
plane. The H—C—H and the H—C=C bond angles are close to 120°. The bond lengths for
a typical C=C bond distance is 133.7 pm (1.337 A) whereas that for a typical singly bonded
C—C bond distance is 154.1 pm (1.541 A).l

5.3 Draw eight different isomers with the formula C,H,,, where one-half of the struc-
tures are alkenes and the remainder are cyclic alkanes.

The C=C unit in an alkene is the functional group. Nomenclature for alkenes uses the
appropriate prefix to indicate the number of carbon atoms (Section 4.3.1). The suffix for the
C=C functional group is taken from the class name for an alkene (-ene). The longest linear
chain must contain the C=C unit, which is the locant. The first carbon of the C=C unit
is given the lowest number. All substituents are assigned a number after the C=C unit is
assigned the smallest number.

Rt G I

8 o1
Oct-2-ene Oct-1-ene Cyclohexene 6-Ethyl-3,6-dimethylcyclohept-1-ene

The first example shown has a C=C unit that is part of an eight-carbon chain (oct-). Since
the C=C unit can be at different positions along the eight-carbon chain, there are several pos-
sible isomers. Each requires a different name. The name must designate the position of the
n-bond, and the first carbon of the m-bond receives the lowest possible number. The example
shown is named oct-2-ene. Note that the number is placed immediately in front of the -ene
term. Oct-1-ene, oct-3-ene and oct-4-ene are the unbranched isomers of oct-2-ene, where the
position of the C=C unit is different.

5.4 Draw the structures of both oct-3-ene and oct-4-ene.
5.5 Name an acyclic alkene and a cyclic alkane that are isomers with the formula
C5H10'

Cyclic alkenes are known. The general formula for a cyclic alkene is C,H,, ,. As with cyclic
alkanes, the parent name for cyclic alkenes is based on the number of carbon atoms in the
ring but the prefix cyclo- is added to the name. The six-carbon cyclic molecule that contains a
C=C unit is called cyclohexene. There is only one possibility, so the number is omitted. Cyclic
alkenes may have substituents attached to the ring. The C=C unit is the locant in the ring,
so the carbon atoms of the double bond are numbered “1” and “2” in the direction that gives
the substituent first encountered the smaller number. 6-Ethyl-3,6-dimethylcyclohept-1-ene
is a seven-membered ring alkene with a methyl and ethyl substituent. The ring is numbered
to give the lowest combination of numbers. Since the first encountered C=C carbon could be
numbered either 1 or 2, the number must be included in the name.

( 5.6 Draw the structures of cyclobutene, cycloheptene, and cyclopentadecene. )

5.2 [I-BONDS. THE C=C UNIT AND ALKYNES

A C=Cunit constitutes a new functional group. A carbon-carbon triple bond has two 6-bonds
and two n-bonds that are mutually perpendicular. Hydrocarbons that have a carbon-carbon

! Haynes, W.M. CRC Handbook of Chemistry and Physics, 94th ed., CRC Press, Inc., Boca Raton, FL, 2013-2014,
pp. 9-38.

Alkene Nomenclature

Alkynes
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triple bond are known as alkynes. An alkyne has four fewer hydrogen atoms than an alkane
and two fewer than in an alkene so the general formula is C H,, ,, where # is an integer:
2,3,4,... The integer n cannot be 1, but when n =2, the formula is C,H,; when 7 =3, the formula
is C;H,; and when n =100, the formula is C,,yH,4s, and so on. Cyclic alkynes are known, and
they have the empirical formula C . H,,

As with sp? hybridization and sp? hybridization, sp hybridization can be examined using
the hybrid carbon model (Section 3.5.3). To form two o-bonds, two hydrogen atoms are
arranged around a central carbon on either side, in a straight line, as seen in Figure 5.3. This
linear geometry is the lowest energy arrangement of all atoms. Each hydrogen atom overlaps
with the 2s-orbital and the 2p-orbital (2p,) of carbon to form a sp-hybrid orbital. The sp-
hybrid orbitals are used to form C—H o-bonds. Two of the 2p-orbitals on carbon are not
used. If a carbon-carbon 6-bond is formed to another sp-hybridized carbon, each has two
unused sp-hybrid orbitals and overlap will generate two n-bonds.

FIGURE 5.3 Covalent 6-bonding for a sp hybridized carbon.

The simplest alkyne is ethyne (the common name is acetylene) with the formula C,H,.
As shown in Figure 5.4, the unused p-orbitals overlap in a sideways manner to form two n-
bonds that are mutually perpendicular. The carbon atoms and all the 6-bonds form a linear
array, which is clearly shown in the ball-and-stick model of ethyne. An electron density map
of acetylene is also shown, where the higher concentration of red corresponds to higher
electron density. It is apparent that the region between the carbon atoms and surrounding
the molecule has the most red, consistent with two mutually perpendicular n-bonds.

H H o — " —

H-C=C-H H

0
5

Ethyne

(a) (b)

FIGURE 5.4 Two n-bonds in a sp hybridized carbon-carbon bond.
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As with alkanes and alkenes, alkynes have linear and branched carbon chains, and a molecule =~ Alkyne Nomenclature

can have more than one triple bond. The nomenclature requires that the prefix indicate the num-
ber of carbon atoms and the suffix is taken from the class name for an alkyne, -yze. The C=C unit
receives the lowest possible number since the C=C unit is the closest locant. An example is oct-2-
yne, which has a linear eight- carbon chain containing the triple bond. Since the triple bond can
be at several different positions, there are several possible isomers. The first carbon of the triple
bond receives the lowest possible number. Oct-1-yne is an isomer of oct-2-yne. Carbon chains that
contain the alkyne unit can have substituents, of course, and in 7,7-dibromo-3-methylhept-1-yne
there is a methyl substituent and two bromine substituents. The first carbon of the triple bond
receives the lowest number, which dictates the numbering of the substituents.

¢ B
r
8 1
\/\/\3 2 1 5 1 7 3 EZC/H
C=C—CH
s C=cCc-H Br

Oct-2-yne Oct-1-yne 7,7-Dibromo-3-methylhept-1-yne

There is an important structural difference between oct-2-yne and oct-1-yne that is appar-
ent by examining the first three carbons of the chain containing the triple bond. In oct-1-
yne, a hydrogen atom is attached to the first carbon of the triple bond. In oct-2-yne, an alkyl
group (methyl) is attached to the first carbon of the triple bond. Oct-1-yne is an example of
a terminal alkyne where the triple bond is at the end of the chain and a H atom is attached
(C—C=C—H). Oct-2-yne is an internal alkyne where both carbon atoms of the triple bond
are attached to another carbon (C—C=C—C).

5.7 Draw the structure of dec-3-yne; draw an isomer that has a linear chain of only
eight carbons and name it.

58Draw the structure of 5-chloro-3,3,6-trimethyl-oct-1-ene  and  of
6,6-diethyl-9-iododec-3-yne.

Cyclic alkynes are known, but the linear nature of the C—C=C—C unit will severely distort
any attached carbon atoms in the ring. The distortion is severe in C3-C6 ring compounds so the
formation of cyclobutyne, cyclopentyne, or cyclohexyne is virtually impossible. When a ring has
eight or more carbon atoms, however, it is usually possible to isolate cyclic alkynes.

( 5.9 Draw the structure of 4-ethylcyclopentadecyne. )

5.3 HYDROCARBONS WITH SEVERAL I1-BONDS

More than one double bond or triple bond can be incorporated into organic molecules. The
terms di-, tri-, tetra-, penta-, and so on are used when multiple unsaturated units are present.
The prefix di- should be used when there are two alkene units or two alkyne units in one mol-
ecule. A molecule with two C=C units is called a diene and a molecule with two C=C units
is called a diyne. Molecules with both an alkene and an alkyne unit are known. A molecule
with one C=C unit and one C=C is called an en-yne.

\
4-Methylocta-1,4-diene 3,3-Diethylhepta-1,6-diyne Cyclohepta-1,3-diene

ZRS
\ /

Nona-2,4,6-triene Tetradeca-2,5,7,10-tetrayne

Dienes, Diynes, and
Allenes
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5.3 Hydrocarbons With Several m-Bonds

For a diene, the nomenclature rules require that both C=C units be included in the longest
chain. The eight-carbon diene shown is an octadiene. When there is more than one C=C
unit or more than one C=C unit the longest chain is numbered so that each n-bond unit
receives the lowest combination. In this example, the lowest combination is C1 and C4 so
the name is 4-methylocta-1,4-diene. In diynes, both C=C units are part of the longest chain.
The C=C units have the lowest combination of numbers as in 3,3-diethylhepta-1,6-diyne.
Substituents are numbered based on the numbering of the C=C or C=C units. Cyclic mol-
ecules are named using standard protocols, where both C=C units are within the ring as in
cyclohepta-1,3-diene. Polyenes and polyynes are known. Examples are nona-2,4,6-triene and
tetradeca-2,5,7,10-tetrayne.

When an alkene and an alkyne are in the same molecule, the nomenclature is a little dif-
ferent. An alkene-alkyne is usually referred to as an en-yne. The numbering is chosen to give
the triple bond(s) the lowest number(s) in preference to the double bond(s). Therefore, “yne”
is used for the suffix. When the position number of the ene or yne unit closer to the end of
the chain, the “ene” takes the lower number. A comparison of 3-ethyldec-2-en-6-yne with
6-ethyldec-6-en-2-yne illustrates this point. In the former example, the C=C unit is closest
to the end of the chain, whereas in 6-ethyldec-6-en-2-yne the C=C unit is closer to the end
of the chain. For 3-ethylhex-1-en-5-yne, the “ene” and “yne” have the same position number
so the C=C unit receives the lower number.

S S N

3-Ethyldec-2-en-6-yne 6-Ethyldec-6-en-2-yne 3-Ethylhex-1-en-5-yne

5.10 A molecule has a formula C,,H,,, but it is not an alkyne. Offer an explanation.

511 Draw the structure of cyclopenta-1,3-diene? of 3-ethylhexa-1,5-diene? of
6-bromohexa-1,3-diyne.

5.12 Draw the structures of octa-1,3,6-triene, octa-1,4,7-triyne, and hex-4-en-1-yne.

There is another class of dienes known as the allenes. The parent compound is named
allene, but it is a diene and the [UPAC name is propan-1,2-diene, as shown in Figure 5.5.
Allene is an example of a cumulene, which is a molecule that has cumulative n-bonds.
Cumulenes have three or more adjacent sp? or sp hybridized carbon atoms. The central car-
bon of an allene, for example, has two n-bonds and is sp hybridized whereas the two flanking
carbons are sp? hybridized. This arrangement requires that the two n-bonds are perpen-
dicular one to the other, which positions the methylene units (the —~CH,— units) in different
planes. The ball-and-stick model of propa-1,2-diene confirms the fact that the two hydrogen
atoms on one terminal carbon (the CH, unit) are perpendicular to the two hydrogen atoms
on the other terminal carbon (the other CH, unit). Substituted allenes are named as dienes.

H
Hi /
H,C=C=CH, = H"JC:C:C\

Allene (propa-1,2-diene) H

2-Methylhepta-2,3-diene

FIGURE 5.5 Allenes.
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2-Methylhepta-2,3-diene, for example, has the C=C=C unit as part of a seven-carbon chain,
so it is a heptadiene and the C=C=C unit receives the lower numbers.

5.4 TERPENES

Many naturally occurring compounds in nature have double or triple bonds. Terpenes are
cyclic and acyclic compounds with the formula (C;Hj), that are usually found in plants. There
are several classes of terpenes organized by the number of carbon atoms. The classes include
hemiterpenes, (Cs) monoterpenes, (C,,) sesquiterpenes (C;;), diterpenes (C,,), sesterterpenes
(Cys), and triterpenes (C,,). Terpenes are further classified by the number of isoprene units in
the molecule; a prefix in the name indicates the number of isoprene pairs needed to assemble
the molecule. For the most part, terpenes contain 2, 3, 4, or 6 isoprene units. Terpenoids are
heteroatom containing terpenes.

Isoprene 3-Methylbut-2-en-1-ol Limonene Pinene
(Prenol)

Hemiterpenes consist of one isoprene unit. Isoprene itself is the only hemiterpene, but
oxygen-containing derivatives are hemiterpenoids. Prenol is an example. Monoterpenes
have two isoprene units and have the formula C,,H,,. Limonene is an example that is found
in lemon rind. Pinene is a constituent of pine resins and is a major component of the oil
obtained from giant Sequoia trees (Sequoiadendron giganteum). Myrcene is one of the essen-
tial oils found in parsley and in hops (used to make beer), the female flowers of the hop plant,
Humulus lupulus. Geraniol is part of the essential oil of roses and is found in citronella oil.
Carvone is found in the seeds of caraway and in dill.

O JI\
Myrcene Geraniol Carvone

Sesquiterpenes consist of three isoprene units and have the molecular formula C,;H,,.
Examples are farnesol and geosmin. Farnesol is produced from isoprene compounds in both
plants and animals. It is present in many essential oils and is used in the perfume industry to
emphasize the odor of sweet, floral perfumes. Farnesol is a natural pesticide for mites but acts as
a pheromone for some insects. Geosmin has a distinct earthy or musty odor, and it is responsible
for the earthy taste of beetroots. It contributes to the scent that is detected when soil is disturbed.
Geosmin is responsible for the muddy smell in many freshwater fish such as carp and catfish.

OH

-

(o]l
o

Farnesol Geosmin  Cembrene Ophiobolin skeleton Gibberellic acid

Terpenes
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5.4 Terpenes

Diterpenes consists of four isoprene units and have the molecular formula C,)Hs,. An
example is cembrene, which has a faint wax-like odor and is a trail pheromone for termites.
Sesterterpenes have five isoprene units and 25 carbons. Examples are the ophiobolins, a
group of tricarbocyclic sesterterpenoids. At least 49 natural ophiobolins have been reported
and assigned into A-W subgroups in order of discovery. Some investigations demonstrated
that these compounds display a broad spectrum of biological and pharmacological char-
acteristics such as phytotoxic, antimicrobial, nematocidal, cytotoxic, anti-influenza, and
inflammation-promoting activities. They are promising drug candidates with anti-prolifer-
ative activity against many cancer cell lines. Usha Ranjan Ghatak (India; 1931-2005) was a
synthetic organic chemist known for his work in developing novel protocols of stereoselec-
tive synthesis of diterpenoids. Dr. Ghatak’s contributions were primarily on stereochemically
controlled organic synthesis, and he was known for developing synthetic methodologies for
diterpenoids and bridged-ring compounds. He demonstrated total synthesis of compounds
related to gibberellins, a group of growth-regulating plant hormones. The gibberellins regu-
late stem elongation, germination, dormancy, flowering and other processes in plants. All
known gibberellins are diterpenoid acids. Gibberellic acid was the first gibberellin to be
structurally characterized.

Triterpenes consist of six isoprene units and a molecular formula C,)H,s. Examples are
the steroids lanosterol and cholesterol. The fundamental steroid structure is typically com-
posed of four “fused” rings: three six-membered cyclohexane rings and one five-membered
cyclopentane ring. Steroids have two principal biological functions. Steroids are biologically
active triterpenes. They are important components of cell membranes that alter membrane
fluidity, and they act as signaling molecules. Lanosterol is the compound from which all
animal steroids are derived. Sterols are forms of steroids with a hydroxy group and a skeleton
derived from cholestane. Cholesterol is the principal sterol produced by all animals and is
found in all animal cell membranes. Cholesterol is the biosynthetic precursor of steroid hor-
mones, bile acids and vitamin D. Note that triterpenes that possess heteroatoms are known
as triterpenoids. Cortisol is a steroid hormone and classified as a glucocorticoid hormone. It
is released in response to stress and low blood-glucose and functions to increase sugar, sup-
press the immune system and assist in metabolism. Many synthetic steroids are designed to
act like hormones to reduce inflammation. They're known as corticosteroids. They are dif-
ferent from anabolic steroids, which increase protein within the cells of skeletal muscles and
have some virilizing effects. Virilization or masculinization is the biological development
of adult male characteristics in young males or females. Norethisterone was one of the first
progestin medications to be developed. It is used in birth control pills, menopausal hormone
therapy, and for the treatment of gynecological disorders. Norethisterone is used as a hor-
monal contraceptive in combination with an estrogen.

HO & HO

” Lanosterol Cholesterol Cortisol Norethisterone
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Gunda I. Georg

Professor Gunda I. Georg (USA) at the University of Minnesota does research into the
total synthesis and semisynthesis of biologically active agents. She is a leading researcher
in male contraception and conducts research on Alzheimer’s disease, epilepsy and cancer
experimental therapeutics. Cardenolides are a group of cardiac-active steroids that have a
five- or six-membered lactone ring and often a sugar moiety. Professor Georg has synthesized
new cardenolides with improved selectivity for inhibition of the Na,K-ATPase a4 isoform,
which interfere with sperm motility and sperm hyperactivation. They are an attractive target
for further development of a male contraceptive.? The N-benzyltriazole derivative shown
was synthesized and shown to be a picomolar inhibitor of Na,K-ATPase a4 and sperm func-
tion. The activity included a decrease in sperm motility in vitro and in vivo, affected sperm
membrane potential, intramolecular Ca%, pH and hypermotility.? Triazoles are discussed in
Section 23.1.

Ouabagenin Triazole analog of Ouabagenin

C 5.13 Draw the structures of cholestane and of cortisone. )

2 Syeda, S.S.; Sanchez, G.; Hong, K.H.; Hawkinson. ].E.; Georg, G.I; Blanco, G. Journal of Medicinal Chemistry
2018, 61, 1800-1820.
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Alkyl Halides

5.5 HETEROATOM FUNCTIONAL GROUPS

Functional groups are collections of atoms that impart unique physical and chemical charac-
teristics to a molecule. Apart from alkenes and alkynes, there are several functional groups
that include oxygen, sulfur, or nitrogen atoms. As noted in Section 4.3.3, many molecules
have carbon-halogen bonds, but halogen units are treated as substituents and are not consid-
ered to be functional groups.

5.5.1 ALCOHOLS AND THIOLS

Oxygen is in group 16 of the periodic table and has six electrons in its valence shell, so it
requires only two shared electrons to complete the octet. Oxygen has a valence of two and
it forms two covalent bonds, with two unshared electron pairs on oxygen. There are several
functional groups that contain oxygen. When a molecule has a carbon atom attached to an
OH it is called an alcohol. The OH functional group is called a iydroxyl group. The O—H
bond in an alcohol is polarized such that oxygen is 8~ and the hydrogen is 6*. Alcohols react
as a weak Brgnsted-Lowry acid (pK, about 15-18). This important chemical reaction of alco-
hols will be discussed in Section 6.4. Water is H—O—H and the VSEPR model predicts an
angular shape (Section 3.6). Imagine that one hydrogen atom of water is replaced with an
alkyl group. The result is an alcohol. If the alkyl group is methyl the molecule is CH,OH,
methanol. The H—O—C atoms in methanol assume an angular shape analogous to water.
There are three structural variations for alcohols. A primary alcohol is characterized by a
RCH,-OH unit, a secondary alcohol has the OH unit attached to a carbon atom that has one
H and two carbon groups (R,CH-OH), and a tertiary alcohol has the OH unit attached to a
carbon atom with three carbon groups (R,C—OH). Note that “R” is any carbon group.

In the IUPAC nomenclature system for alcohols, the carbon bearing OH is the locant
and that carbon is part of the longest linear carbon chain. The carbon bearing the oxygen
of the OH unit has the lowest possible number. Alcohols use the familiar carbon prefix, and
the suffix is -o/, taken from the generic name alcohol. The hydrocarbon chain is identified,
the final -e of the hydrocarbon name is dropped and replaced with -ol.

Primary Secondary Tertiary
\ I///H \ /II/C:H3 OH OH
H H
Water Methanol Butan-1-ol Hexan-3-ol 3-Ethylhexan-3-ol

Butan-1-ol is an example of a primary alcohol in which the OH unit is attached to C1.
Hexan-3-ol is an example of a secondary alcohol and 3-ethylhexan-3-ol is a tertiary alcohol.
Alcohols that have relatively simple structures are found in daily life. Methanol (CH,OH)
is also called wood alcohol since it was once obtained by the distillation of wood. Ethanol
(CH,CH,OH) is obtained by fermentation of grain and found in liquors, wines, and so on;
and propan-2-ol, (CH,),CHOH, is rubbing alcohol.

S L WAL o0

5-Bromo-3-methyl- 3-(1-Methylethyl)-2,2-di- 4-Butyl-3-ethyl- 2,4-Dimethyl-
hexan-2-ol methylhexan-1-ol undecan-3-ol cyclohexanol

Substituents are common in alcohols and the nomenclature follows the now familiar
procedure. Substituents are assigned numbers based on the position of the oxygen of the
OH group on the longest chain. The first example is a secondary alcohol with the OH unit
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connected at C2 of a six-carbon chain, a hexan-2-ol. The methyl group and the bromine
are then assigned a number and the name is 5-bromo-3-methylhexan-2-ol. In 3-(1-methy
lethyl)-2,2-dimethylhexan-1-ol, there are two methyl substituents at C2 and a 1-methylethyl
at C3. The 1-methylethyl unit is also called an isopropyl group. In 4-butyl-3-ethylundecan-
3-ol, there is a 12-carbon hydrocarbon chain that does not contain the OH unit. The longest
unbranched carbon chain bearing the OH group at C3, however, is eleven. Cyclic alcohols
are also possible, and the example shown has the OH group attached to a cyclohexene ring,
so it is a cyclohexanol. The carbon of the ring that bears the OH is always C1, and the ring is
then numbered to give the substituents the lowest numbers, as in 2,4-dimethylcyclohexanol.
Since the oxygen-bearing carbon is always C1, the 1- is omitted.

When two hydroxyl units are incorporated into the same molecule it is called a diol.
When there are three hydroxyl units, it is a triol, and tetraols, pentaols, and so on are known.
The nomenclature for a diol identifies the longest chain that bears both OH units and gives
both C—OH units their lowest possible number. For example, CH,CH(OH)CH,CH(CH,)
CH,CH,CH,OH is 4-methylheptane-1,6-diol and HOCH,CH,CH,CHOH is butane-1,4-diol.

C 5.14 Draw the structure of 3,3,5-trichlorodecane-1,7-diol. )

Sulfur is in group 16 of the periodic table, immediately under oxygen. Analogous to
oxygen, molecules that have a sulfur atom can form with two o-bonds to sulfur and two
unshared electron pairs on sulfur. Sulfur has d-orbitals, and it can expand its valence to
form molecules with multiple bonds to sulfur. Such structures are not possible with oxygen.
The discussion in this section is limited to divalent sulfur molecules that are oxygen analogs.
Forming two hydrogen ¢-bonds to sulfur generates H—S—H, hydrogen sulfide. Hydrogen
sulfide is formed by the decomposition of organic matter by bacteria in the absence of oxygen
(anaerobic digestion). This type of decomposition typically occurs in swamps and in sewers.
Hydrogen sulfide is also found in volcanic gases, and it is a poison comparable to hydrogen
cyanide or carbon monoxide.

Hexane-1-thiol 4-Ethylhexane-2-thiol 4-Propylheptane-4-thiol

Imagine that the oxygen atom of an alcohol is replaced with sulfur. The result is a t/4iol,
R—S—H. Thiols are named using the hydrocarbon portion of the alkyl unit with the suf-
fix -thiol. Examples are methanethiol, CH,SH, and butanethiol, CH,CH,CH,CH,SH. The
C—SH unit is the locant so that carbon receives the lowest number. Mercaptan is the com-
mon name for a thiol so methanethiol is also known as methyl mercaptan. Low molecular
weight thiols are foul smelling compounds. The smell of “natural gas” is usually about 1
part per million (ppm) of methanethiol in the gaseous hydrocarbon propane. Methanethiol
occurs naturally in humans, in some plant tissues, and in some foods (e.g., some nuts and
cheese). It has a putrid smell associated with the odor of bad breath, the smell of flatus, and
the smell of decaying organic matter in swampy wetlands. Thiols are common in organic
chemistry and there are primary, secondary and tertiary thiols. Hexane-1-thiol is a pri-
mary thiol, 4-ethylhexane-2-thiol is a secondary thiol and 4-propylheptane-4-thiol is a
tertiary thiol.

Many of the chemical reactions of thiols are similar to those of alcohols. There are differ-
ences since sulfur is a larger atom when compared to oxygen and it has d-orbitals whereas
oxygen does not. The hydrogen on sulfur in a thiol is acidic. Thiols are generally more
acidic than an alcohol. The pK; of a typical thiol is ~ 10, whereas the pK, of a typical alco-
hol is~15-18. An example is the acid-base reaction of methanethiol with sodium amide,
which gives the conjugate base, sodium methanethiolate (sodium mercaptide, CH;S-Na*)
and ammonia as the conjugate acid. Just as there are diols, there are dithiols. Ethanedithiol
is HSCH,CH,SH and butane-1,4-dithiol is HS(CH,),SH. Dithiols are used in reactions with
aldehydes and ketones (Section 16.5.4).

85
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Alcohols and Ethers

5.5.2 ETHERS AND DITHIOETHERS (SULFIDES)

Organic molecules that contain a C—O—C unit are called et/ers, characterized by an oxy-
gen atom with two attached alkyl groups. Using the VSEPR model, ethers are predicted to be
angular, as illustrated with 1-methoxymethane (also called dimethyl ether). Ethers are char-
acterized by their poor reactivity in a variety of reactions and are commonly used as solvents
in which organic chemical reactions take place. Ethers are not Brgnsted-Lowry acids, but
they are weak Brgnsted-Lowry bases. Ethers are good Lewis bases (Sections 5.5.2. and 6.7.3).

/-- OCH,CHj
—, o
o
\ “CH, o o
CHj
1-Propoxypropane
1-Methoxymethane 4-Ethoxydecane (Dipropyl ether)
(Dimethyl ether)
1-Butoxy-3-methylpentane Cyclopentoxycyclopentane

(Dicyclopentyl ether)

The TUPAC nomenclature rules for naming ethers identifies the longer chain and a
shorter linear chain attached to the oxygen, which is the locant. The longer chain is the
parent. The oxygen bearing the shorter chain is therefore a substituent named as an alkoxy
group: OCH, is methoxy, OCH,CH, is ethoxy, and so on. 1-Ethoxyethane (diethyl ether,
CH,CH,OCH,CH,) is often used as a solvent, but some care must be exercised since it has
a high vapor pressure and air/diethyl ether mixtures are extremely flammable. Diethyl ether
was used as a general anesthetic many years ago, but the patients often suffered from con-
vulsions. These side effects are due in part to the fact that diethyl ether is metabolized to
acetaldehyde (Section 5.6.2) and ethanol. Diethyl ether was abandoned when better and safer
anesthetics were discovered.

Using the IUPAC nomenclature, typical ethers are 1-methoxymethane and 4-ethoxydec-
ane. In 1-butoxy-3-methylpentane, the longest chain is five, with a branching methyl group.
The four-carbon chain bearing the oxygen is at C1 is butoxy. Note that 1-propoxypro-
pane has one propyl group bearing the oxygen attached to C1 of the other propyl chain.
1-Propoxypropane is classified as a symmetrical ether because there are two propyl groups
flanking the oxygen. For symmetrical ethers, each alkyl group can be identified, followed by
the word ether so 1-propoxypropane is dipropyl ether. The IUPAC name of the next example
is 1-cyclopentoxycyclopentane, but it is a symmetrical ether and can be called dicyclopentyl
ether. Since they are symmetrical ethers, dimethyl ether is another name for 1-methoxy-
methane and diethyl ether is another name for 1-ethoxyethane.

C 5.15 Draw the structures of dibutyl ether and 3-(methylthio)hexane. )
SN AN \j\/s
\/
1-(Ethylthio)ethane 1-(Methylthio)propane 1-(Ethylthio)-2-ethylbutane

Imagine replacing the oxygen of an ether with sulfur. The product is a thioether (R—S—
R), also known as a sulfide. In the IUPAC system the suffix used for thioethers is sulfane.
Thioethers are named by identifying the two groups flanking the sulfur. The IUPAC names
for the examples shown are diethylsulfane, methyl(propyl)sulfane and ethyl(2-ethylbutyl)
sulfane. Another nomenclature system is similar to that of ethers in that the shorter chain
is considered an SR group named as an alkylthio unit and the C—SR unit is the locant. The
longer chain is the base name. Examples are 1-(ethylthio)ethane, 1-(methylthio)propane, and
1-(ethylthio)-2-ethylbutane. An older method for naming sulfides identifies the two groups
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flanking the sulfur followed by sulfide. The examples named diethyl sulfide, methyl propyl
sulfide and ethyl 2-ethylbutyl sulfide.

5.5.3 AMINES Amines

Nitrogen is in group 15 of the periodic table, has five electrons in its valence shell and requires
only three shared electrons to complete the octet. It has a valence of three. In neutral organic
compounds, nitrogen forms three covalent bonds to other atoms and one unshared electron
pair remains on nitrogen.

R—N. R—N. R—N.

\ K H \ “y R \ “, R
H H R
Primary amine Secondary amine Tertiary amine

The structure of ammonia (NH,) is characterized by three N—H 6-bonds. Imagine replac-
ing the hydrogen atoms of ammonia with carbon groups. The result is an organic molecule
called an amine, which has N—H o-bonds and/or N—C ¢-bonds. Using the VSEPR model
(Section 3.6), amines are predicted to have a pyramidal shape with respect to nitrogen, similar
to that of ammonia. The unshared electron pair projects from the apex of the pyramid (see
Figure 5.6). The C—N—C or C—N—H bond angles will vary with the size of the alkyl groups.
The number of N—H and N—C bonds leads to a structural classification of amines as pri-
mary, secondary, and tertiary. A primary amine has one carbon and two hydrogen atoms on
nitrogen (RNH,) and a secondary amine has two carbons and one hydrogen atom on nitrogen
(R,NH). A tertiary amine has three carbon and no hydrogen atoms on nitrogen (R;N).

R,
S‘ R N------ —> ee_..... N ‘s R
R / - \
R R

FIGURE 5.6 Pyramidal shape of amines and fluxional inversion.

An amine, such as the generic structure shown in Figure 5.6, flips like “an umbrella in
the wind.” The nitrogen is at the center of a “flipped” umbrella and the electron pair is at the
“handle.” This phenomenon is known as fluxional inversion, which leads to the two struc-
tures shown. Fluxional inversion is remarkably rapid, about 2x10! inversions per second for
ammonia,® although it is slower in amines. Tertiary amines undergo 102-10° inversions per
second.

5.16 Draw a four-carbon primary amine, a five-carbon secondary amine, and a six-
carbon tertiary amine using line notation.

The amine-bearing carbon is the locant and must be part of the longest hydrocarbon
chain. The name is generated by dropping the -e ending of the hydrocarbon chain and replac-
ing it with the suffix -amine. The one-carbon primary amine is methanamine, the two-car-
bon primary amine is ethanamine, the five-carbon primary amine is pentanamine, and so
on. A substituent on the longest carbon chain is assigned a position number relative to the
position of the nitrogen locant. A substituent on the nitrogen atom, however, is assigned an
N- to indicate its position.

3 Smith, M.B. March’s Advanced Organic Chemistry, 8th ed., 2019, John Wiley & Sons, Hoboken, NJ, p. 138.


https://routledgetextbooks.com/textbooks/9780367768706/chapter-5.php#035-c05


88 5.6 Functional Groups with Polarized m-Bonds

Aldehydes and Ketones

K

H
|

Butan-1-amine N-Ethyl-2-methylpropan-1-amine N,N-Diethylpentan-1-amine
A ~
N N
H \
N-(1-Methylpropyl)-3-methylhexan-2-amine N-Ethyl-N-methylheptan-3-amine

Any group attached to nitrogen other than the longest hydrocarbon chain, is indicated
by the terms N-alkyl, N,N-dialkyl, or N-alkyl,-N-alkyl,. In other words, groups could be
N-methyl, N,N-diethyl, or N-ethyl-N-methyl. Using this system, CH,NHCH, is called
N-methylmethanamine. Butan-1-amine has the NH, unit on C1 so it is a primary amine.
N-Ethyl-2-methylpropan-1-amine has an ethyl group attached to the nitrogen and it is a sec-
ondary amine. N,N-Diethylpentan-1-amine is a tertiary amine. The longest carbon chain is
pentane and the two ethyl substituents on nitrogen are indicated by N,N- as shown. In the sec-
ondary amine N-(1-methylpropyl)-3-methylhexan-2-amine, the nitrogen is attached to C2 of a
six-carbon chain. A 1-methylpropyl unit is attached to the nitrogen atom as a substituent. The
tertiary amine N-ethyl-N-methylheptan-3-amine has a seven-carbon chain, with the nitrogen
attached to C3. In this amine, both ethyl and methyl are attached to nitrogen as substituents.

Amines can also be named using common names. Some appear so often that the sys-
tem must be mentioned; however, common names are usually reserved for relatively simple
amines. In this system, the alkyl groups are identified followed by the word amine. Therefore,
methanamine is methylamine, butan-1-amine is butylamine; N,N-diethylpentan-1-amine is
diethylpentylamine; N-ethyl-2-methylpropan-1-amine is ethylisobutylamine.

C 5.17 Draw the structure of 3,4-diethyl-N-methyldecan-2-amine. )

5.6 FUNCTIONAL GROUPS WITH POLARIZED II-BONDS

A m-bond can form between carbon and oxygen (C=0) or carbon and nitrogen (C=N). As
with all double bonds, there is with one strong 6-bond and one weaker n-bond. In addition,
molecules that contain N=N bonds, N=O bonds, and O=0 bonds will be encountered from
time to time. It is also possible to form triple bonds between carbon and nitrogen (C=N) with
one strong o- and two weaker n-bonds.

5.6.1 THE CARBONYL FUNCTIONAL GROUP, C=0

The structural unit with one n- and one 6-bond between a carbon and oxygen, C=0, is called
a carbonyl. Both the carbon and the oxygen are sp? hybridized. Formaldehyde, H,C=0, is the
simplest example with two hydrogen atoms attached to the carbonyl carbon. As seen in Figure
5.7, the unshared electrons are orthogonal to the n-bond and coplanar with the atoms. The
H—C=0 bond angle is ~ 120°, consistent with sp? hybridization, making the carbon, oxygen,
and the hydrogen atoms all coplanar. Since the oxygen of the C=0 unit is more electronegative
than carbon the carbonyl is polarized such that the carbon is §* and the oxygen is & as shown,

5.6.2 ALDEHYDES AND KETONES

Aldehydes or ketones have a C=0 unit with an attached hydrogen atom or carbon groups. If
at least one of the groups is a hydrogen atom the functional group is called an aldehyde with


https://routledgetextbooks.com/textbooks/9780367768706/chapter-5.php#038-c05


Chapter 5 - Functional Groups

Hon,  OF > ..
u:u,,,,C o) W Hom,
H@ ~.. _ ”“"/ c q <>
H )

Bond angle is ~120°

FIGURE 5.7 The carbonyl group in formaldehyde.

a H-C=0 unit (see the red box). This group is abbreviated as CHO. All aldehydes except
formaldehyde have one hydrogen and one carbon group attached to the carbonyl carbon. If
two carbon groups (two alkyl groups) are attached to the carbonyl carbon, the generic for-
mula is R,C=0 and the functional group is called a kezone.

)I\ ~ )L /
HC/\ A G~
\ A
Aldehyde Ketone

The nomenclature systems for an aldehyde and a ketone are slightly different. Aldehydes
use a suffix derived from the first two letters of aldehyde, -al. The carbonyl carbon is the
locant and takes priority so in all cases the lowest number is 1 because all aldehydes have
a hydrogen attached to the carbonyl unit. Therefore, the number is omitted. Substituents
attached to the aldehyde chain are named in the usual manner relative to the carbonyl carbon.
The nomenclature rules concerning substituents are the same as for other functional groups.
The two most simple aldehydes are formal (the common name is formaldehyde, HCHO) and
ethanal (the common name is acetaldehyde, CH;CHO). Formaldehyde has been detected in
interstellar space and many products are manufactured using formaldehyde, including many
useful polymers and resins. Formaldehyde is a bactericide and a fungicide and it is used for
tissue preservation, for embalming and as a disinfectant. Acetaldehyde is produced by the
partial oxidation of ethanol (Section 15.2) and may contribute to hangovers.

An example that illustrates the nomenclature of more structurally complicated aldehydes
is 2,4-diethyl-5-methylheptanal, where the longest chain that contains the aldehyde C=0O
with two ethyl groups and a methyl group. Note the shorthand notation of CHO for the alde-
hyde. 5-Chloro-3-ethyldecanal is another example. Note that five of the carbon atoms in the
longest chain are shown in condensed notation, C;H,;. When a carbonyl unit is in a chain of
carbon atoms that contains a C=C or a C=C unit, the carbonyl has a higher priority, and the
carbonyl carbon is the locant and receives the lowest number.

C 5.18 Draw the structure of 2,2,4,4-tetramethyl-5-(2-chloro-1-propyl)-decanal. )

CHO - o Br\i:[CiO
C!?;Hll H

2,4-Diethyl-5-methylheptanal 5-Chloro-3-ethyldecanal 5-Bromo-2-ethylcyclohexane-1-
carbaldehyde

When the aldehyde unit (-CHO) is attached to a ring, a major modification in the name
is required. Rather than name such compounds as the incorrect “cycloalkylmethanal,” the
IUPAC rules first name the ring and then add the word carbaldehyde. Substituents are num-
bered relative to the CHO unit at C1, and different substituents are arranged alphabetically.
An example is 5-bromo-2-ethylcyclhexane-1-carbaldehyde. This nomenclature rule should
be used for all aldehydes where the CHO unit is attached to a ring.

89



90 5.6 Functional Groups with Polarized m-Bonds

Carboxylic Acids

5.19 Draw the structure for hex-4-ynal.
5.20 Draw the structure of 3-chlorocyclopentanecarbaldehyde.
A ketone contains a carbonyl group attached to two alkyl groups and the suffix for ketones
derives from the last three letters of ketone, -one. When numbering the longest chain, the

carbonyl is the locant, so the carbonyl carbon receives the lowest possible number. The six-
carbon straight-chain ketone with the carbonyl carbon at C3 is hexan-3-one.

o Y
o Br
Hexan-3-one 7-Chloro-5-ethyl-8-methyldecan-4-one  5-Bromo-3,3-dimethylcycloheptanone

Cl

Substituents are handled in the usual manner and they are given the lowest number rel-
ative to the position of the carbonyl carbon, as in 7-chloro-5-ethyl-8-methyldecan-4-one.
Cyclic ketones are possible, but contrary to aldehydes, the carbonyl carbon is part of the ring
and is always numbered 1. Substituents are numbered accordingly. In 5-bromo-3,3-dimeth-
ylcycloheptanone, the carbonyl unit is part of a seven-membered ring. The ring is numbered
toward the bromine atom, which is listed before the methyl groups (b before m).

( 5.21 Draw 3,6-dibromo-5-ethyldecan-4-one. )

5.6.3 CARBOXYLIC ACIDS, CARBOXYLIC ANIONS, AND RESONANCE

An important functional group has a carbon atom (alkyl group) attached to a carbonyl (C=0)
but an hydroxyl (OH) group is attached to the carbonyl carbon. This unit is known as a
carboxyl group, which is the functional group for the class of organic molecules known as

S-
10
; Po= H c_ .. _H =
HyCc T C~oH | e e
: o o

Ethanoic acid
(Acetic acid)

FIGURE 5.8 Structure of ethanoic acid.

carboxylic acids. The carboxyl unit for ethanoic acid (the common name is acetic acid) is
shown in a box in Figure 5.8. The carboxyl functional group can also be written as —-COOH
or —CO,H. The carboxyl group has an O—H unit attached to a carbonyl, and the two oxygen
atoms and two carbon atoms are coplanar due to the presence of sp? hybridized carbonyl
carbon. Ethanoic acid has the highly polarized carbonyl with an induced dipole of the *O—
H?® unit. Because of this polarization the proton is acidic (Section 6.2.1). Ethanoic acid is also
drawn as a ball-and-stick model.

Nomenclature for carboxylic acids identifies the longest continuous chain for the acid,
which must contain the CO,H unit. The carboxyl carbon is always C1 so it is omitted from
the name. The suffix for carboxylic acids is -oic acid, and the word “acid” is separated from the
first part of the name. Carboxylic acid nomenclature is first illustrated by the 8-carbon acid,
octanoic acid. All substituents are assigned numbers based on C1 for the carboxyl group, as
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in 2,3,3,4,5-pentamethylheptanoic acid. Complex substituents are accommodated as with all
other compounds, illustrated by 3-(1,1-dimethylbutyl)-4-ethyl-heptadecanoic acid. Note that
the substituted butyl group (b) group precedes the ethyl group (e) in the 17-carbon chain.

- v o % ~__COOH
7 N"co,H \ { M P
/ OH (
\J/ --"""i\ :\\. \\//
Octanoic acid 2,3,3,4,5-Pentamethylheptanoic acid Cyclohexanecarboxylic acid

e o

/
/

y ’-’\ CO.H

SO S X

SN ety e . COOH
3-(1,1-Dimethylbutyl)-4-ethyl-heptadecanocic acid 1-Ethyl-3-methylcyclopentanecarboxylic acid

Naming a cyclic carboxylic acid in which a COOH unit is attached to a ring uses the
same the protocol as aldehydes. The ring is named, followed by the term -carboxylic acid.
One example is cyclohexanecarboxylic acid, where the carboxylic group is attached to the
six-membered ring. Substituents are numbered relative to the point of attachment of the
carbonyl carbon of the COOH unit, which is always 1, as in 1-ethyl-3-methylcyclopentane-
carboxylic acid. A carboxylic acid with two COOH units is known as a dicarboxylic acid, or
a dioic acid. The molecule HO,C(CH,);CO,H, for example, could be named 1,5-pentanedioic
acid but the two carbonyl units must be at the ends of the molecule to be carboxyl units, so
the 1- and 5- are redundant. The name is just pentanedioc acid. A discussion of these com-
pounds, and more about the nomenclature of carboxylic acids is presented in Section 18.1.

5.22 Draw the structure of 1-methylcyclohexanecarboxylic acid.
5.23 Draw the structure of 3-chloro-4-methylheptanoic acid.

5.24 Draw the structure of 3,4-diethylhexanedioic acid.

A carboxylic acid is much stronger Brgnsted-Lowry acid (pK, 1-5) than an alcohol (pK,
16-18). The greater acidity of the carboxylic acid is largely due to the stability of the reso-
nance-stabilized conjugate base that is formed (Sections 6.2,3). The reaction of formic acid
and a base, for example, gives a carboxylate anion (the formate anion) as the conjugate base
(see Figure 5.9). Note that the formate anion has one atom (O) with a negative charge adja-
cent to the p-orbitals of a =-bond (C=0). In the formate anion, the p-orbital of the negatively
charged oxygen atom and the p-orbitals of a n-bond are adjacent and parallel. Those three
orbitals overlap, and the electron density is delocalized to generate a resonance stabilized
anion. In other words, when three orbitals are on adjacent atoms and are parallel, electron
density is shared and dispersed (delocalized) over all three atoms. Due to resonance, there
are four electrons (two from the n-bond and two from the negative charge) dispersed over
the larger surface area of three atoms (delocalized) as represented in Figure 5.9 rather than
localized on a single negatively charged oxygen. In the methoxide anion, which is the conju-
gate base of methanol, the charge is localized on the oxygen atom as shown. The delocalized
structure of the formate anion is lower in energy than a structure that has the charge local-
ized on a single oxygen atom. Dispersal of a charge over a larger area makes the anion (the
conjugate base) less reactive (more stable) so it is a weaker base, and the K| is larger, so the
species is more acidic, as noted in Sections 2.6 and 6.3.

5.25 Draw all reactants and final products formed when 4-methylhexanoic acid
reacts with NaNH,.
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Imines (C=N) and Nitriles

(C=N)

H.
.. e e S
i Q C 0 "\
. Ce . 4 H—C—0O
HT 0 H™ NG 0 0
Methanoate (Formate) anion Methoxide anion

FIGURE 5.9 The methoxide anion and resonance delocalization in the methanoate (formate)
anion.

The formate anion has two resonance contributors. A double-headed arrow is used to
indicate resonance. The two resonance contributors represent one resonance-stabilized
anion, not two different molecules. In the two resonance contributors for the formate anion,
the oxygen atoms are more electronegative than the carbon atom. In other words, there is
more electron density on the oxygen atoms rather than on the carbon. This fact is repre-
sented by the 6" and & in the structures in Figure 5.9. The localized charge is shown in the
electron density map of the methoxide anion, and when compared to the electron density
map of the formate anion, charge dispersal is clear in the latter as shown by the higher elec-
tron density (red) on the two oxygen atoms.

5.26 The species H,C=CH-CH,* is resonance stabilized. Using Figure 5.9 as an exam-
ple, draw a similar picture to show the resonance contributors and indicate on
which atoms the positive charge is higher.

5.27 Is the neutral acid HCOOH resonance stabilized? Briefly explain.

5.6.4 DOUBLE AND TRIPLE BONDS TO NITROGEN

Just as there are functional groups with a C=C or a C=0O unit, there is a class of compounds
with a C=N unit. These compounds are known as imines, and an example is pentan-1-imine.
Both the carbon and the nitrogen atoms of imines are sp? hybridized. The nomenclature uses
-imine as the suffix and the C=N unit is part of the longest continuous chain. In pentan-
1-imine, the carbon of the C=N unit is part of a five-carbon chain, and it is the locant, so it
is given the lowest number. Substituents attached to carbon are assigned a number in the
usual manner, but substituents attached to nitrogen are given the designation N-, as with
amines (Section 5.6.3). Another example is N,3-dimethylpentan-1-imine. The carbon of the
C=N unit can be attached to a carbon further down the longest chain, as in N-ethylhexan-2-
imine, where the carbon of the C=N unit is attached to C2 of a six-carbon chain, and there is
an ethyl substituent on nitrogen. Since N-ethylhexan-2-imine is derived from a ketone, it is
generically called a ketimine, whereas pentan-1-imine and N,3-dimethylpentan-1-imine are
derived from aldehydes, and each is an aldimine. Chemical reactions that produce imines
will be discussed in Section 16.4.3.


https://routledgetextbooks.com/textbooks/9780367768706/chapter-5.php#040-c05

https://routledgetextbooks.com/textbooks/9780367768706/chapter-5.php#040-c05


Chapter 5 - Functional Groups

\/\/CH:NH \)\/\ /\/\(
X
N N—CH,CH,

Pentan-1-imine N,3-Dimethylpentan-1-imine N-Ethylhexan-2-imine

Triple bond units are found in molecules other than alkynes. A carbon-oxygen triple bond
is possible (C=0*), but the oxygen must take on a charge of+1 (Section 7.3). This cation is
considered to be a reactive intermediate (Section 7.2). Compounds that have a carbon-nitro-
gen triple bond (C=N; known as a cyano group) are common and they are known as nitriles.
Both the carbon and the nitrogen atoms are sp hybridized. Heptanenitrile has the C=N unit
attached to a six-carbon chain, so it is a seven-carbon molecule and the prefix hepta- is used.
In other words, the C=N carbon is part of the longest chain but cyano is the locant and the
carbon of the CN is always 1. Substituents are numbered relative to the CN carbon, as in
3-chloro-2-methylhexanenitrile. As with aldehydes and carboxylic acids, the CN unit can be
attached to a ring, and the proper nomenclature term is carbonitrile. The example shown is
1-methylcycloheptanecarbonitrile. Reactions that give nitriles will be discussed in Section
11.3. All examples shown use the shorthand CN for C=N. This abbreviation is used through-
out the book, and the triple bond is understood to be between carbon and nitrogen.

Cl CN
\/\/\/CN
CN

Heptanenitrile 3-Chloro-2-methylhexanenitrile  1-Methylcycloheptane-1-carbonitrile

5.7 ACID-BASE PROPERTIES OF FUNCTIONAL GROUPS

The functional groups alkenes, alkynes, alkyl halides, amines, alcohols, thiols, and ethers
were introduced in the previous sections. Consistent with the acid-base theme of this
book, the acid-base properties of these functional groups will be introduced in this section.
Carboxylic acids are clearly Brgnsted-Lowry acids, as introduced in Section 5.6.3. Terminal
alkynes, alcohols, and thiols are weak Brgnsted-Lowry acids.

The pK, of a terminal alkyne such as prop-1-yne is about 25, the pK, of methanol is 15.5
and methanethiol has a pK, of about 10.4. As shown in Figure 5.10, prop-1-yne reacts with

N

™
HC—C=C—H NaNH, H,C—C=C Na* H-NH,
Prop-1-yne Prop-1-ynyl sodium  Ammonia
m
CH30-H Na* ~NH, CH;0™ Na* H-NH,
Methanol Sodium amide Sodium methoxide Ammonia
m
CH3S-H Na* "NH, CH3S™ Na* H-NH,
Methanethiol Sodium amide Sodium methanethiolate  Ammonia

FIGURE 5.10 Acid-base reactions of prop-1-yne methanol and methanethiol with sodium
amide.

sodium amide to generate the conjugate base prop-1-ynyl sodium and ammonia is the con-
jugate acid. The reaction with methanol generates sodium methoxide as the conjugate base
and ammonia as the conjugate acid. Likewise, methanethiol reacts to give sodium methane-
thiolate, the conjugate base and ammonia as the conjugate base. The hydrogen atoms on the
carbon atom adjacent to the carbonyl in ketones, aldehydes and carboxylic acids are weak
acids, as will be discussed in Section 20.1.

Acid-Base Properties of
Functional Groups

93


https://routledgetextbooks.com/textbooks/9780367768706/chapter-5.php#037-c05

https://routledgetextbooks.com/textbooks/9780367768706/chapter-5.php#037-c05


94 5.8 Physical Properties and Intermolecular Forces

Physical Properties

All the functional groups shown in Figure 5.11 can react as Brgnsted-Lowry bases. If
an amine reacts as a base with a Brgnsted-Lowry acid (H*), the N donates two electrons
to form a new covalent bond in the conjugate acid, an ammonium salt. Ammonium

O/\ e +O/H O/H
R\ /\‘H" R\ . o . )|\ )\
R—/NZ —_— R—/N—H R R R R R- T R
H H Ammonium salt 7N\ y Oxocarbenium ion
+ + _ .
NN R, o) H o o—H
o: JotH cr )J\ - )|\ )\
R R R OR’ R OR’ R om
Oxonium salt
H H /—\ H* [ Oxocarbeniuum ion
e T VU [ o
o: H O—H CI H .
/ R/. . Carbocation
R Oxonium salt /\‘ H* +
|- — Ly @

Vinyl Carbocation
FIGURE 5.11 Reactions of functional groups as Brgnsted-Lowry bases.

salts are rather stable, and they are weak acids. Ethers and alcohols are weaker electron
donors than the amine and in a reaction with H*, and the conjugate acid is an oxonium
salt. Oxonium salts usually react as intermediates (Section 7.2). With two carbon groups
on oxygen the oxygen of an ether is expected to be more electron-rich oxygen rela-
tive to the oxygen of the alcohol, which has only one electron-releasing carbon group.
Therefore, ethers are stronger bases than alcohols also generate an oxonium ion as a
reactive intermediate. The carbonyl of both an aldehyde and a ketone will react with a
strong acid to generate a reactive resonance stabilized oxocarbenium ion. Carboxylic
acid derivatives (Sections 18.2,4) react with a strong acid to give a reactive resonance sta-
bilized oxocarbenium ion. Alkenes are rather weak bases, but they react with acids (H")
to yield a carbocation, a reactive intermediate that will be introduced in Section 7.2. An
alkyne reacts similarly with H*, to yield a so-called vinyl carbocation, to be discussed in
Section 10.8.1. The reaction of alkenes and alkynes as bases is the basis for the chemical
reactions presented in Chapter 10. In terms of base strength, amines > ethers > aldehyd
e,ketones ~ carboxylic acid derivatives > alkenes > alkynes.

The functional groups just described also react as Lewis bases with Lewis acids such as
boron trifluoride (BF;). An amine is a good electron donor and reacts readily with BF, to
form the corresponding ammonium salt “ate” complex (Sections 2.7 and 6.8). Both ethers
and alcohols react readily with BF, to form oxonium salt ate complexes, but both are weaker
Lewis bases when compared to amines. Aldehydes, ketones and carboxylic acids are reason-
ably good Lewis bases with BF,.

C 5.28 Draw the product for when diethyl ether reacts with boron trifluoride. )

5.8 PHYSICAL PROPERTIES AND INTERMOLECULAR FORCES

A physical property of an organic compound is characteristic of that molecule and can be
measured experimentally. The temperature at which a compound boils or melts, for example,
is a physical property of the molecule. Physical properties can be used to characterize and
identify a compound since the complete set of physical properties of an individual mole-
cule are usually unique. Bond polarization has a profound influence on physical properties
and chemical properties. Functional groups therefore exert a great influence on the physical
properties of a molecule. An alcohol has different physical properties than an amine, for
example, and both are different than a carboxylic acid.
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5.8.1 BOILING POINT

Boiling point is defined as the temperature at which a liquid and the vapor (gas) above it are
in equilibrium. Most boiling points are recorded at normal atmospheric pressure, which
is 101,325 Pa (1,013.25 mbar), equivalent to 760 mm Hg (29.9212 inches Hg,) or 14.696 psi.
Several structural factors are important in determining the boiling point of a liquid includ-
ing the non-bonded interactions of the atoms in the molecule. Heating is required to disrupt
these intermolecular interactions. In addition, the boiling point generally increases with an
increase in the number of atoms, which increases the mass. The number and type of hetero-
atom functional groups play an important role. Liquids boil at a lower temperature under
vacuum.

5.29 Which has the higher boiling point, an eight-carbon alcohol or an eight-carbon
ether? Briefly explain.

The boiling point of molecules is influenced by forces that lead to attraction between
molecules, even when there are no polarized bonds. When two ethane molecules come close
together, the molecules are attracted to one another as illustrated by Figure 5.12. There is no
dipole in ethane. However, electrons are constantly moving, and an atom or molecule can
develop a temporary dipole when its electrons are unsymmetrically distributed about the

(@ (®) H
H
T S I I C I 1
— H C‘ H s,
HS>(CSH" H

FIGURE 5.12 Attractive London Forces in ethane.

nucleus. In other words, the electron cloud around a nonpolar atom will fluctuate to gener-
ate a transient shift in electron density that leads to a dipole. This dipole will induce a dipole
in an oppositely polarized nearby atom (Figure 5.12a). This is an extremely weak attrac-
tion between molecules known as a London force after Fritz Wolfgang London (Germany-
USA; 1900-1954). This attractive force is also known as van der Waal’s force after Johannes
Diderik van der Waals (Netherlands; 1837-1923). The induced dipole results from close con-
tact, so the larger the surface area of the molecule the greater the van der Waal’s interaction.
Branched alkanes have a smaller surface area and a lower boiling point than their straight-
chain isomers. In general, this weak force is easily disrupted by application of small amounts
of energy, so the boiling point of alkanes is low.

A molecule with polarized bonds (Section 3.8.2) has a dipole moment and it is consid-
ered to be polar. For molecules with similar molecular weights, those with polarized bonds
have a higher boiling point when compared to a nonpolar molecule. When the polarized
atoms in an alkyl halide (e.g., fluoromethane) come into close proximity with another
molecule of fluoromethane, illustrated in Figure 5.13, the 8" carbon of one molecule is
attracted to the & fluorine of the second molecule. This electrostatic attraction is called a
dipole-dipole interaction. It is much stronger than London forces, which are also present.
Indeed, more energy (heat) is required to overcome dipole-dipole interactions and the boil-
ing point is higher. The change in boiling point is large when comparing molecules with
similar mass. The boiling point of fluoromethane (34 g mol") is -37.1 °C and that of ethane
(30 g mol) is -89 °C. Dipole-dipole interactions occur between any two molecules that
have a polarizing atom or group.
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&+

Dipole-dipole interactions

FIGURE 5.13 Attractive dipole-dipole interactions in fluoromethane.

A special type of dipole-dipole interaction occurs between molecules when one atom of
the dipole is a hydrogen, as in the O—H bond of an alcohol. When the O—H of one methanol
molecule comes into close proximity with the O—H unit of a second molecule of methanol
there is a strong dipole-dipole attraction. The positively polarized hydrogen is attracted to
the negatively polarized oxygen. This O ------ H?* interaction leads to a large dipole. This
attractive force is much stronger than a common dipole-dipole interaction and is called a
hydrogen bond. Figure 5.14 shows an array of several methanol molecules attracted to each
other by hydrogen bonds. A hydrogen bond is strong, much more energy is required to dis-
rupt it, and the boiling point is expected to be high. The boiling point of methanol (32 g
mol?; 64.7 °C), for example, is much higher than that of fluoromethane (34 g mol; -37.1 °C),
which is higher than that of ethane (30 g mol?; -89 °C). The hydrogen bonding of a more
acidic hydrogen atom in an OH unit is greater and makes the boiling point higher. Formic
acid (46.03 g mol; 100.8 °C) has a higher boiling point than ethanol (46.07 g mol; 78.4 °C).

LU T

| Hydrogen
bonding

FIGURE 5.14 Hydrogen bonding in methanol.

Water is a common solvent and frequently used in reactions with organic molecules. It is
therefore important to mention that water can form strong hydrogen bonds to itself as well
as to molecules that contain a polarized X—H bond (X is usually, O, S, N, etc.). Examples are
water with alcohols, water with amines, and water with carboxylic acids. Hydrogen bonding
is not possible with alkane or alkenes since there are no polarized bond in those molecules.
Indeed, water and hydrocarbons are usually insoluble (Section 5.8.2)

5.30 Which molecule will form the stronger hydrogen bond to the water hydrogen
bond, methanamine (CH;NH,) or methanol (CH;OH)?

5.8.2 SOLUBILITY

“Like-dissolves-like” is an old axiom in chemistry. The term dissolve is formally defined as
“to cause to pass into solution” or “to break up.” The term “solubility” refers to one molecule
dissolving in another, so the molecules mix together such to give one phase (one layer). If



Chapter 5 - Functional Groups

two things are not mutually soluble (like oil and water), two phases (two layers) are formed.
Solubility differs with different compounds and with the amount of material. The formal def-
inition of solubility is the “mass of a substance contained in a solution that is in equilibrium
with an excess of the substance.” The accepted definition defines the number of grams of one
molecule (the solute) that can be dissolved in 100 g of the second compound (identified as
the solvent). This definition is dependent upon the temperature since more solute can usually
be dissolved in a hot solvent than in a cold solvent. One molecule can be partially soluble in
another so that some of it dissolves in 100 g, but two phases are formed. The word miscible is
often used interchangeably with complete solubility.

In the context of the solubility definition, a polar compound will dissolve in another polar
compound, but not very well in nonpolar compounds and vice-versa. An alkane should
therefore dissolve in another alkane, or in most hydrocarbons, but not in the polar mol-
ecule water. Solubility is influenced by the polarity of the functional group. A heteroatom
functional group in a molecule of less than five carbons is considered polar and soluble. A
molecule with more than eight carbons and one polar functional group may be considered
nonpolar. Compounds of 5-7 carbon atoms are difficult to categorize using this simplistic
criterion.

5.8.3 MELTING POINT

The melting point is defined as the temperature at which the solid phase of a molecule and
the liquid phase of that molecule are in equilibrium. In general, the melting point of a com-
pound increases as the molecular weight of that compound increases. A molecule in the solid
phase can exist as a regular array of atoms called a crystal lattice. Such molecules will have
a higher melting point since it takes more energy to disrupt these intermolecular forces. The
shape, geometry, and “packing” of molecules within this lattice has a great effect on melting
point. Sodium chloride, an inorganic compound, packs into a regular and rigid crystal array
to form rectangular crystals. An organic molecule such as the alkane tetradecane is rather
flexible and packing tetradecane molecules into a regular array is much like trying to pack
worms into a can. The flexibility is due to rotation about each of the C—C covalent bonds,
as will be discussed in Section 8.1. Since tetradecane does not pack into a regular crystal
array, it is expected to have a lower melting point. This effect is perhaps best illustrated by
comparing two organic molecules of similar mass. An “irregular” compound (e.g., undecane)
is compared with a “compact” molecule (e.g., carbon tetrachloride). Compact molecules may
pack into a regular array to form a rigid and strong structure, but an irregular compound
cannot. For molecules that have relatively close masses, more energy is required to disrupt
a rigid structure, so it is expected to have a higher melting point. Indeed, undecane (156.3
g mol?) has a melting point of -26.5 to -25°C but carbon tetrachloride (153.8 g mol™) has a
melting point of -9.3°C.

5.31 Which compound should have the higher melting point, CCl, or CH,CI? Briefly
explain.

5.9 BENZENE: A SPECIAL CYCLIC HYDROCARBON

Sections 5.1 and 5.3 discuss the structure of alkenes and alkynes, which are hydrocarbons
that have localized n-bonds. In those sections, cyclic alkenes and cyclic dienes are discussed.
The molecule known as benzene is a hydrocarbon derived from petroleum distillates and has
the formula C¢H,. Although the structure shown for benzene looks like a cyclic triene, it is
very different from alkenes or alkynes in its chemical properties (see Chapter 19). Benzene is
the parent compound for a class of compounds known as aromatic hydrocarbons, where the
term aromatic refers to the special stability imparted by the six n-electrons in benzene when
they are confined to a ring (Sections 19.1 and 19.7).

Benzene

97


https://routledgetextbooks.com/textbooks/9780367768706/chapter-5.php#042-c05


98

5.9 Benzene: A Special Cyclic Hydrocarbon

N AN
/ /
Benzene Cyclohexene Cyclohexadiene "Cyclohexatriene"

In cyclohexene and cyclohexadiene the structures have one or two n-bonds where the
electrons are localized between the sp?-hybridized carbons. The bond length of a standard
C=C unit is ~133 pm (1.33 A) and that of a standard C—C unit is ~ 148 pm (1.48 A). If “cyclo-
hexatriene” exists, it should have a “long-short” bonding pattern illustrated by a structure
with exaggerated bond lengths for the C=C and C—C units. It is not cyclohexatriene since
the measurements for benzene show that all C—C bond lengths are identical, ~139 pm (1.39
10\). The bonds are not localized as shown in the structure but rather delocalized. The struc-
ture of benzene is different than cyclic alkenes, with different chemical proprieties.

Examination of benzene shows that all six carbons of benzene are sp? hybridized. Each
carbon has a trigonal planar geometry with a p-orbital that is perpendicular to the plane of
the carbon atoms as shown in Figure 5.15. A n-bond is defined as the “sideways” overlap of
two adjacent p-orbitals (Section 5.1), so it is reasonable to expect that the six parallel and
contiguous sp? hybridized carbons with p-orbitals in the ring will share the electron density

L *

Benzene n-Electrons in benzene Electron potential
map of benzene

«

FIGURE 5.15 Electron delocalization in benzene.

of six m-electrons. In other words, the electron density is delocalized. Delocalization in this
type of cyclic n-system is resonance, and when confined to a ring it is known as aromaticity.
An electron potential map is shown that clearly shows electron density (intense red) above
and below the plane of the atoms, consistent with the aromatic n-cloud.

( 5.32Is cyclohexadiene resonance stabilized? Briefly explain. )

Two structures called resonance contributors are drawn for benzene to represent a reso-
nance stabilized compound and delocalization of electrons. If drawn as benzene-A, all the
n-bonds are localized. This single structure does not adequately represent the structure of
benzene. If the double bonds are “moved” from their position in benzene-A to generate ben-
zene-B, benzene-B is a different structure.

Benzene-A Benzene-B

However, it is also inadequate since all the bonds are again localized. The actual structure
of benzene is represented by both structures. They are resonance contributors that show the
six n-electrons are delocalized over all six carbon atoms of the ring. A double-headed arrow
is used to show the two resonance contributors. Note that the term resonance stabilized
indicates that benzene is expected to be more stable. Benzene is sometimes represented as
a six-membered ring with a circle in the middle to indicate the resonance. This circle repre-
sents the movement of electrons in aromatic ring. However, it is easier to show the movement
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of electrons in chemical reactions (Sections 19.3,4,10-12) using benzene-A or benzene B
structures. Therefore, the use of this “circle” representation is discouraged.

5.33 Which is likely to be more stable, benzene or cyclohexane? Briefly explain your
answer.

Benzene is the parent of an entire class of molecules called aromatic hydrocarbons that
will be discussed in detail in Chapter 19. Naming benzene derivatives is different from nam-
ing other types of molecules and will be discussed in Section 19.2. However, the benzene unit
can be attached by one of the ring carbons to an alkyl chain. The benzene is then a substituent
and the C;H; unit is called p/henyl. An example is 5-phenyloctan-2-one. A final note about
nomenclature is required when a benzene ring is a substituent (a phenyl group). Drawing a
benzene ring occupies more space that many other groups so the shorthand representation
“Ph” is used to represent a phenyl substituent, as in 5-chloro-2,6-diphenyloct-2-ene.

o
/K/ 5
Ph W
Cl
5-Phenyloctan-2-one 5-Chloro-2,6-diphenyloct-2-ene

5.34 Draw the structure of 3,5-diphenyloctan-2-one; tetraphenylmethane.
5.35 Draw the structure of 3-phenylpentan-1-ol using the symbol Ph for the phenyl
substituent.

5.10 BIOLOGICAL RELEVANCE

The structure and the biological importance of some terpenes was discussed in Section 5.4.
Terpenes are major biosynthetic building blocks. They are the primary constituents of the
essential oils of many types of plants and flowers. Many terpenes have direct physiological
effects on the body, including linalool and limonene. Plants that contain linalool may have
a calming effect and provide pain relief. Plants that contain limonene may be mood-elevat-
ing. Terpenes play a role in plant defense, disease resistance, the attraction of insects that
are important for pollination, and many are antifeedants. Terpenoids are important in cell
growth modulation and plant elongation, light harvesting and photoprotection, and mem-
brane permeability and fluidity control. Some insects use some terpenes as a form of defense.
In addition to terpenes, other n-bond-containing molecules are found in nature. The allene
group, for example, is found in some insects. 9,10-Tricosadiene, for example, was isolated
from a class of Australian insects (melolonthine scarab beetles).*

CgH17 C/ CioHos

9,10-Tricosadiene Linalool Limonene

4 See McGrath, M.J; Fletcher, M.T.; Kénig, W.A.; Moore, C.J.; Cribb, B.W.; Allsopp, P.G.; Kitching, W. Journal of
Organic Chemistry 2003, 68, 3739—3748.
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5.10 Biological Relevance

Ethene (common name ethylene) is introduced in Section 5.1. It has been used as an inha-
lation anesthetic to induce general anesthesia and it is a widely known alkene. What remains
of the Oracle of Delphi is found in the ruins of the temple of Apollo on Mount Parnassus,
near the ancient city of Delphi in Greece. Many in the ancient world consulted the oracle
about important matters, from farmers planting their crops to Alexander the Great. The
oracle was a priestess, known as a Pythia, who was believed to communicate with the gods
while in a trance-like state. The Pythia sat in a small room as vapors, which reportedly had
a sweet smell, issued from cracks in the floor and washed over her, causing her to fall into
a trance. A priest would take money from a visitor, who would ask a question of the Pythia.
The answer was usually very obscure, but the priest would translate the Pythia’s words.> In
recent times, geologists discovered that water in a spring near the ancient site of the oracle
contains the hydrocarbons methane, ethane, and ethylene (ethene).” These gases were found
in pieces of travertine, a limestone stalactite deposited by an ancient spring.” In the days of
the Pythia, colliding tectonic plates near the Temple of Apollo are believed to have generated
sufficient heat to vaporize the hydrocarbons, which were extruded as vapors in the chamber
of the Oracle. The Pythia may have been in a state of ethylene narcosis,® known to produce
states of euphoria and memory disturbances. Overexposure can lead to loss of consciousness
and even death due to hypoxia.’

Ethene (ethylene) acts physiologically as a hormone in plants and plays a major role in the
ripening process of climacteric fruit such as apples, tomatoes, etc.® Ethene exists as a gas and
acts at trace levels throughout the life of the plant by stimulating or regulating the ripening
of fruit, the opening of flowers, and the abscission (or shedding) of leaves.® Ethene biosynthe-
sis begins from methionine and 1-aminocyclopropane-1-carboxylic acid (Sections 24.3,4) is
formed as a key intermediate.” 1

Polarity and solubility are critical to the design and delivery of the drugs used as medi-
cines, an area of chemistry known as medicinal chemistry. The so-called partition coefficient
(distribution coefficient) is used as a measure of the ability of the drug to pass through rela-
tively nonpolar lipid membranes from the highly polar environment of blood serum. This
correlation has been used to predict the activity of potential drugs but is valid only when
solubility and transport by diffusion though a membrane are important. The partition coef-
ficient P is defined as!!

p_ Drug in the Organic Phase
Drug in an Aqueous Phase

[This equation is taken from Thomas, G. Medicinal Chemistry, An Introduction, John Wiley & Sons, Ltd.,
Chichester, NY, 2000, p. 123. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.]

The values of the partition coefficient are usually measured using water or a phosphate
buffer at pH 7.4 (the pH of blood) against octan-1-ol.!* A large value of P is taken as an indi-
cation that the compound will diffuse into lipid membranes and fatty tissue, whereas a low
value of P indicates that it will not easily diffuse. A large value of P is associated with more
water insoluble compounds, usually caused by a higher percentage of nonpolar organic
fragments. Pharmacokinetics is the science that concerns itself with what the body does
to a drug. The distribution coeflicient is an important factor since a drug must first pass
through lipid bilayers in the intestinal epithelium in order to be absorbed after oral inges-
tion. Pharmacodynamics is the science of what a drug does to the body. It is known that

5> de Boer, ].Z.; Hale, ].R.; J. Chanton, ]. Geology 2001, 29, 707-710.

¢ John Roach National Geographic, August 14, 2001.

7 Clayton, G.D.; Clayton, EE. (Eds.) Patty’s Industrial Hygiene and Toxicology: Volumes 2A, 2B, 2C: Toxicology,
3rd ed. John Wiley & Sons, NY, 1981-1982, p. 3199.

8 Pech, J.C.; Sharkawi, L; Chaves, A.; Li, Z.; Leliévre, ].M.; Bouzayen, M.; Frasse, P.; Zegzouti, H.; Latché, A. Acta
Horticulturae 2002, 587, 489—-495.

® Chow, B.; McCourt, P. Gene Development 2006, 20, 1998-2008. (b) De Paepe, A.; Van der Straeten, D. Vitamins
and Hormones 2005, 72, 399—-430.

¥Van Doom, W.G. Annals of Botany 2002, 89, 689—693.

"Thomas, G. Medicinal Chemistry, An Introduction, John Wiley & Sons, Ltd., Chichester, NY, 2000, p. 123.
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hydrophobic drugs tend to be more toxic because they tend to be retained longer, have a
wider distribution within the body, are somewhat less selective in their binding to proteins.
In addition, they are often extensively metabolized.

(" CORRELATION OF HOMEWORK WITH CONCEPTS )

- Arn-bondis formed by “sideways” overlap of p-orbitals on adjacent sp? hybridized
atoms, is composed of a strong 6-bond and a weaker n-bond: 1, 2.

+ Alkenes are hydrocarbons with a C=C unit. The generic formula is C,H,,: 3,4, 8, 36,
45,46, 49.

+ Cyclic alkenes have the generic formula C H,,,: 5, 6, 47, 48.

+ Alkynes are hydrocarbons with a C=C unit, and the generic formulais C,H,,,. 7, 8,
9,45, 46, 49.

« Hydrocarbons with multiple bonds include dienes, diynes and allenes: 10, 11, 12,
45, 49.

- The structures of the functional groups for alcohols, amines, ethers, ketones,
aldehydes, and carboxylic acids: 14, 15, 16, 17, 18, 19, 20. 21, 22, 23. 24, 44, 50, 51,
52,53, 54.

« Amines contain a covalent bond to nitrogen and undergo fluxional inversion: 38.

- Each functional group has a unique suffix. 14, 15, 16, 17, 18, 19, 20. 21, 22, 23. 24, 44,
50, 51,52, 53,54

« Terpenes are cyclic and acyclic compounds with the formula (C;Hg),. 13, 42.

« Several functional groups are Brgnsted-Lowry acids: 24, 55.

« Several functional groups are Lewis bases or Brgnsted-Lowry bases: 28, 56.

« Many physical properties result from the presence of polarized bonds: 29, 30, 31,
39,40, 57.

- Dispersal of charge over several atoms via aligned p-orbitals is called resonance,
and leads to greater stability: 26, 278, 32 37, 41, 43, 55, 56.

« Benzene is a unique cyclic hydrocarbon that is more stable than expected due to
resonance delocalization. When benzene is a substituent in a molecule, it is called

\_ phenyl: 33, 34, 35, 47, 49, 50, 51, 53, 54. )

ANSWERS TO IN-CHAPTER QUESTIONS

5.1 The hybridization of O in the C=0O unit is sp? since it is one atom of a n-bond.

5.2 Inanalkene, the electrons in the n-bond react since they are weaker (held less tightly)
than the electrons in the 6-bond. The electrons in the 6-bond are localized along a
line between the C nuclei, whereas the electrons in the n-bond are shared between
the two carbon atoms above and below the plane of the C—C o-bond. There is only
partial overlap of the orbitals and less shared electron density, so a n-bond is weaker.

5.3 AN NN W >I\/\
T b

54 AN GO YN

Oct-3-ene Oct-4-ene
5.5 Two isomers with the formula C;H,, are cyclopentane and pent-1-ene.

5.6 I;l O/ \

Cyclobutene Cycloheptene Cyclopentadecene
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5.7 /\/\/%/ \/%)4

Dec-3-yne 2,2-Dimethyloct-4-yne
5.8 Me |
A
cl Me Me
5-Chloro-3,3,6-trimethyloct-1-ene 6,6-Diethyl-9-iododec-3-yne

59

4-Ethylcyclopentadecyne

Cyclododecene Bicyclo[6.4.0]dodecane

One molecule with the formula C,,H,, is cyclododecene, a cyclic alkene with a
ring and a n-bond. A second possilbity has two saturated rings fused together, as in

bicyclo[6.4.0]dodecane.
511
! 1 N
/ /
Cyclopenta-1,3-diene 3-Ethylhexa-1,5-diene 6-Bromohexa-1,3-diyne
512 N\ NN x = X \M
Octa-1,3,6-triene Octa-1,4,7-triyne Hex-4-en-1-yne
513
Cholestane O Cortisone
5.14 OH Cl ¢ cI OH
3,3,5-Trichlorodecane-1,7-diol
5.15 SCH,3
NN TN
Dibutyl ether 3-(Methylthio)hexane
S~ NH2 | |
H CHa
C, Primary amine Cs Secondary amine Cg Tertiary amine
5.17 H  Me
N

3,4-Diethyl-N-methyldecan-2-amine
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5.18 o

2,2,4,4-Tetramethyl-5-(2-chloro-1-propyl)-decanal
CHO
5.19 HyC-C= C/\/
Hex-4-ynal

5.20 cl
H

3-Chlorocyclopentanecarbaldehyde
521 Br O

Br

3,6-Dibromo-5-ethyldecan-4-one

Me
5.22 OH
i: (@)

1-Methylcyclohexane-1-carboxylic acid

5.23 ¢ o
\WOH
Me

3-Chloro-4-methylheptanoic acid

5.24 o
HO |
OH
O

3,4-Diethylhexanedioic acid

5.25
NaNH,
CO,H co, Nat + H—=NH;

Sodium 4-methylhexanoate

5.26 The positive charge is greatest on the two terminal carbon atoms of this cation due
to resonance. This is called an allyl cation.

H H - oF
H
+ \\\C————CHZ = o ?ff%b————cii
CH‘//// = T :
2 H/ 2 /
7H

5.27 No! There is no opportunity for resonance since there is no vacant p-orbital as in the
carboxylate anion.
5.28

+O—‘éF3

5.29 The eight-carbon alcohol with a H—bonding O—H unit will have a higher boiling
point than an eight-carbon ether which has only dipole-dipole interactions. Octan-
1-ol has a boiling point of 194.45 °C and dibutyl ether has a boiling point of 52 °C.
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5.30 Since O is more electronegative than N, the O—H bond is more polarized than the
N—H bond. The &* dipole on H in an O—H unit is greater than that in a N—H unit
and the H of OH is more acidic. There will be greater hydrogen bonding with the
OH unit, which means that methanol will form stronger hydrogen bonds.

5.31 Carbon tetrachloride, CCl, is more symmetrical when compared to CH,Cl, and
those molecules should pack into a crystal lattice more efficiently. Therefore, CCl,
has the higher melting point. It also has a higher formula weight. At -23 °C, CCl,
melts at a much higher temperature than chloromethane at -97 °C.

5.32 Cyclohexadiene is not resonance stabilized. There are m-electrons but there is not
a continuous array and it is not possible for one “end” of the n-system to interact
(delocalize electrons) to the other “end.”

5.33 Benzene is more stable than cyclohexane. Benzene is stabilized by electron delocal-
ization of the m-electrons. Cyclohexane has no m-electrons, so electron delocaliza-
tion is impossible.

5.34 Q Ph
Ph—'—Ph
Ph  Ph Ph
3,5-Diphenyloctan-2-one Tetraphenylmethane
5.35 Ph

NN

3-Phenylpentan-1-ol
HOMEWORK

36. Categorize each of the following formulas as consistent with an alkane, alkene or
alkyne:

(1) CCl, (b) CH;OH (¢) CH;OCH; (d)(CHy)N' (¢) CH(CHy);  (f) CICH,CI

37. Examine each of the following cations and draw a resonance contributor with an
X=X bond where it is appropriate. If no X=X structure is possible, briefly explain

why not.
H
H
H3C\,'\I'/H H.\S/H H\O d Cl H3C\|/H ch\,llj_H
@ | ) I © 0 @7 © ¢ o L
& P A I C PSS
H,C “CH, Ho ) H™+ H Ho*TH HsC” ¥ “CHs HoC™ | "CHs

38. Draw both fluxional isomers for the amine shown. Are they the same? Explain your
answer.
~NoeH,CH
Hoe” b CHaCHs
CH(CHj3),

39. Rank order each of the following lists according to their boiling point, lowest to
highest.
(@) 2,4,5,5,6,6-Hexamethylheptan-2-ol, pentan-3-ol 2,3,4-trimethylpentan-3-ol
(b) Butan-2-amine, 2-methylbutaonic acid, butan-2-ol
(¢) Chloromethane, methanamine, ethanoic acid

40. Indicate whether the boiling point of the following molecules is most influenced by
London forces, dipole—dipole interactions, or by hydrogen bonding.

(@ \><NH/2 (®) \]/A/ © \)OKA@ WOH © W
(0]
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41. Indicate which of the following anions might be stabilized by resonance. Explain.

(0] .
@ cHor o © _I_ @ >y
O

o CHy

42. Classify the following as terpenes and/or terpenoids:

43. The following molecule is called tropolone and it reacts very similarly to a carbox-
ylic acid to form a conjugate base when exposed to base. Offer an explanation.
O
OH

44. Determine which of the following structures are isomers:

45. Draw the correct structure for each of the following:
(@) 5-(2,2-Dimethylbutyl)hexadec-2-ene (b) 4,5,6,7-Tetraethyldodec-2-yne
() 7,8-Di(1,1-dimethylethyl)pentadeca-1,3-diene
(d) 1,3,3,5,5,6-Hexamethylcyclohexene
(e) 1-Cyclopropyl-2-ethylcycloheptene (f) 5,5-Diethylnon-3-yne
46. Give the IUPAC name for each of the following:

(CH2)4CH3

JO gj e
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47. Give the correct IUPAC name for each of the following cyclic alkenes:

|
Br
@ 55 (b) © (@ © D
= _— AN Br

[ Ph F
N Ph
® ()] (h) (i)
Ph

48. Draw the structure and provide the IUPAC name for 12 different molecules that
have the empirical formula C,,H,,. Only five of these structures can contain a C=C
unit.

49. Give the correct IUPAC name for the following amines:

H
|

h N
@ N (b) (c) CHj
\/\/

50. The methanesulfonate anion (CH;SOy") is less basic than the methoxide anion
(H,CO-).
Draw all resonance structures for all molecules that exhibit resonance. Use the
structures you have drawn to explain why the methanesulfonate anion is less basic.
51. Which of the following alkanes is likely to have the highest boiling point? Justify
your answer.
CH,CH, CH,CH,CH,;  CH,CH,CH,CH,CH,
CH,CH,CH,CH,CH,CH,
52. Provide the unique IUPAC name for each of the following molecules:

DSV
\Qb ey

F I

V Ph (CH2)4CH3
@ cl %(\
N

\\

(CH2)4CH3

53. Give the name for each of the following molecules:

@ ?% m%\ .

OH

(d)

Wb
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Draw the structure for each of the following:

(@) 2-Methylcycloheptan-1-ol (b) 5,6-Diphenylheptan-2-ol
() Hex-2-en-1-ol
(d) 5-(3-Ethylhexyl)-8-chloropentadecan-1-ol (e) 3,4,5-Heptanetriol

(f) 1,2,3,4,5,6-Hexamethylcyclohexanol (g) 4-Phenyloctane-1,8-diol
(h) 3-Chloronon-8-en-1-ol
Name the following ketones and aldehydes:

0}
O
agE N I WS O@
Ph CHO \)J\

Draw the structure of the following molecules:

(@) 8-Phenyloctanoic acid (b) 3,3,6,6-Tetrabromohexadecanoic acid

() 2,5-Dimethylhexanedioic acid (d) 3-Chlorocyclohexane-1-carboxylic acid
Methanesulfonic acid has a much lower pK, when compared to acetic acid.

H 0 H H Q H
\ Il V4 \ /
H—C—S—O H—C—C—O
/ I /
H le} H
Methanesulfonic acid Acetic acid

(@) Draw the products expected of the acid—base reaction between methanesul-

fonic acid and NaOH, and also for the reaction of acetic acid and NaOH.

(b) Discuss why methanesulfonic acid has a lower pK relative to acetic acid. There

is no need to do a calculation here. The answer should be a discussion-type
answer.
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Acids, Bases, and
Nucleophiles

The acid-base reaction is one of the most common reaction types in all of organic chemistry.
Acid-base chemistry was reviewed in Chapter 2 in an effort to bridge the concepts learned
in general chemistry with those in organic chemistry. Most of the reactions encountered
in organic chemistry involve acid-base chemistry in one form or another. This chapter will
discuss acid-base reactions and reactivity of organic molecules.

To begin this chapter, you should know the following points:

4 . Covalent o-bonds (Section 3.3). A
« Polarized covalent bonding (Section 3.8).
. 7w-Bonds (Sections 5.1, 5.3, and 5.6).
«+ Factors that influence bond strength. (Sections 3.7 and 7.5).
« K, and pK, (Sections 2.2, 2.4, 2.5, and 2.6).
- Lewis acids and Lewis bases (Sections 2.7).
« Structures and names of functional groups. (Sections 5.1, 5.3, 5.5, and 5.6).
« Acid-base properties of functional groups. (Section 5.7).
\ Resonance (Sections 2.6 and 5.6.3). )
6.1 ACID-BASE EQUILIBRIA Acid-Base Equilibria

As discussed in Section 2.3, a generic Brgnsted-Lowry acid-base reaction involves the reac-
tion of an acid (A—H) with a base (B:) to yield a conjugate acid (B—H) and a conjugate base
(A:) as the products. This is an equilibrium reaction, and the acidity constant K} is a measure
of the position of the equilibrium and the strength of an acid. The equilibrium constant K,
is also represented by pK, =-log K,. The pK, and K, are inversely proportional, so K, =10P%,
A Brgnsted-Lowry acid-base reaction is simply a chemical reaction in which a base, which
is electron-rich, donates two electrons to a proton, which is electron-deficient. This reaction
forms a new covalent bond. Brgnsted-Lowry acids have an electron deficient proton and take
the form A—H. Such acids include molecules with a O—H, S—H, or N—H unit, where each
bond is polarized with a 8" hydrogen atom.

The curved, double-headed arrow in the generic reaction shows electron donation from
the electron rich base to the electron deficient hydrogen atom. When the A—H bond is bro-
ken, the two electrons in that bond are transferred to the more electronegative atom A, as
indicated by the second curved arrow. By definition, the acid-base pair (the reactants) is writ-
ten on the left and the conjugate acid-conjugate base pair (the products) is written on the

=[ prOdUCtS] - [BH] m, where the products
reactant: [AH][B]

are the conjugate acid (BH) and conjugate base (A) and the reactants are the initial acid (AH)
and base (B). If A—H reacts with the base to a greater extent than B—H reacts with the con-
jugate base, the equilibrium lies to the right. If there is more product, K, is large (small pK)),
which indicates a stronger acid. If K is large A—H reacts with the base, B, to a greater extent
than the conjugate acid reacts with the conjugate base. If there is less product, K, is small

right. By definition, the acidity constant K]

DOI: 10.1201/9781003174929-6
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(large pK,), which indicates a weaker acid. If K| is small the conjugate acid reacts with the
conjugate base to a greater extent than A—H reacts with the base, B.

N, Ka

. . §-
A—H" + B — = "B—HY + A

Acid Base Conjugate Conjugate
acid base

There is an old axiom in acid-base chemistry: a strong acid gives a weak conjugate base
and a weak acid gives a strong conjugate base. It is therefore important to examine the stabil-
ity and reactivity of the conjugate base derived from HA, as well as the relative bond strength
and reactivity of A—H. A strong acid will give a weak conjugate base, which is more stable
and less reactive. If the conjugate base (A") is more stable, it is less reactive and a weaker base.
If A-is a weaker base, it does not react with the conjugate acid HB and there will be a higher
concentration of A-and HB (products) and a lower concentration of AH and B- (reactants). In
other words, K; is larger, and HA is a stronger acid. A weak acid will give a strong conjugate
base, which is less stable and more reactive. If the conjugate base (A’) is more reactive, it is a
stronger base and the K is smaller. If A~ is a stronger base, it reacts well with the conjugate
acid HB and there will be a lower concentration of A- and HB (products) and a higher con-
centration of AH and B~ (reactants). In other words, K, is smaller, and HA is a weaker acid. A
moderately strong acid may have close to the same concentrations of acid:base and conjugate
acid:conjugate base. For example, if the pK, of A:H is 4.6 and the pK, of B:H is 4.7. In such a
case, K, is close to unity which means there will be close to a 1:1 mixture of both reactants
and both products.

C 6.1 If K,=6.34x108, determine the pK,; if the pK,=11.78, determine K. )

6.2 CARBOXYLIC ACIDS AND SULFONIC ACIDS
6.2.1 CARBOXYLIC ACIDS

Carboxylic acids have a polarized carbonyl group (C=0) as part of the carboxyl group, and
inductive effects lead to &* polarization for the proton (Section 5.6.3). An inductive effect is
the transmission of unequal sharing of bonding electrons by adjacent atoms through a chain
of atoms, bond polarization, that leads to a permanent dipole in a bond. Due to this polariza-
tion of the OH bond, carboxylic acids react as Brgnsted-Lowry acids. The pK; of carboxylic
acids is usually in the 2—5 range. The pK, of formic acid is 3.75 and that of acetic acid is 4.75.

o) Q o
NN M B G
H/CM [ JTF ~ |y~ \07 H/C%O

Formic acid Sodium formate Ammonia

Na® + He=NH,

Bond polarization of the hydroxyl group does not completely explain the acidity of a car-
boxylic acid such as formic acid, however. The stability of the conjugate base in the reaction
of formic acid and indeed all carboxylic acids is a major contributing factor to K,. When for-
mic acid reacts with sodium amide (the base), removal of the proton gives the resonance-sta-
bilized formate anion as the conjugate base, with two resonance contributors. The electrons
are not localized on one oxygen atom, but rather delocalized over three atoms by resonance
as shown (also see Figure 5.9). There is a higher concentration of electron density on both
oxygen atoms, however. The resonance-delocalized formate anion is lower in energy and
more stable, so it is a poor electron donor and less reactive as a base with the conjugate acid,
ammonia. This poor reactivity means that the equilibrium for the reaction with formic acid


https://routledgetextbooks.com/textbooks/9780367768706/chapter-6.php#045-c06

https://routledgetextbooks.com/textbooks/9780367768706/chapter-6.php#045-c06


Chapter 6 — Acids, Bases, and Nucleophiles

shifts to favor products (larger K,). The resonance stability of the carboxylate anion is a major
contributor to the acidity of carboxylic acids.

( 6.2 Draw the two resonance forms for the anion derived from propanoic acid. )

6.2.2 SULFONIC ACIDS

Sulfonic acids have the general structure RSO,H, where R is a carbon group. Sulfonic acids
are named by identifying the name of the “R” group followed by -sulfonic acid. Examples are
CH,CH,CH,SO,H (propanesulfonic acid) and CH,CH,CH(CH,CH,)CH,SO,H (2-ethylbu-
tanesulfonic acid). It is known that sulfonic acids are more acidic than the corresponding
carboxylic acid. The greater acid strength of a sulfonic acid is clearly seen by the comparison
of acetic acid (ethanoic acid, MeCOOH, pK, =4.76) with methanesulfonic acid (MeSO,OH)
(pK,=-1.9).! Just as the C=0O group of a carboxylic acid polarizes the adjacent O—H bond,
the S=O bond of a sulfonic acid will polarize the adjacent OH group via an inductive effect
that enhances the acidity.

o & /_\ ~

Y_o Na* NH o)
- 2 O (6]
HCTSy “oH, — & N\ o \._o =
0 T HCTR T TR T HCTR | HEN,
le} o Na*
Methanesulfonic acid Sodium methanesulfonate Ammonia

Perhaps more importantly is the structure of the alkyl sulfonate anion, the conjugate base
formed from a sulfonic acid. The alkyl sulfonate anion is resonance stabilized so it is very
stable, a poor electron donor, less reactive and it is a weak base. Methanesulfonic acid with
sodium amide, for example, to give the resonance stabilized sodium methanesulfonate as the
conjugate base and ammonia as the conjugate acid. The methanesulfonate anion has three
resonance contributors whereas a carboxylate anion has only two resonance contributors so
the methanesulfonate anion is more stable, less reactive and a weaker base than the acetate
anion. The K, is larger and methanesulfonic acid is a stronger acid.

6.3 Draw out the reaction of pentanesulfonic acid with sodium amide, including
reactants and products.
6.4 Draw all resonance contributors to the butanesulfonate anion.

6.3 FACTORS THAT INFLUENCE THE STRENGTH OF A CARBOXYLIC ACID

Since carboxylic acids are the most common organic acids, they will be used to examine
structural variations that contribute to variations in acid strength. Both the strength of the
O—H bond and the stability (reactivity) of the conjugate base have been identified as impor-
tant factors that influence the relative strength of an acid. These factors will be discussed in
more detail.

6.3.1 STABILITY OF THE CONJUGATE BASE

As seen in the previous section and in Sections 2.4 and 2.6, electronegativity of the basic
atom, the size of the conjugate base and whether or not it is stabilized by dispersal of charge
are important factors that influence basicity. If the charge on a conjugate base is dispersed

! Stewart, R. The Proton: Applications to Organic Chemistry Academic Press, Orlando, FL, 1985, p. 17.

m
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over a greater area it is less able to donate electrons, so it is more stable and less reactive. It is a
weaker base. The size of an anion is one contributing factor, as when two different size conju-
gate bases are compared. In Section 2.5 it was shown that HI is more acidic than HF, in large
part because the much larger iodide anion disperses the charge over a larger area relative to
fluoride ion. Since the iodide ion is more stable and therefore less reactive it is a weaker base.

Resonance stabilization of the conjugate base leads to dispersal of charge and it is another
important factor that lowers the basicity. Both carboxylate anions and sulfonate anions are
resonance stabilized. The dispersal of charge over several atoms due to resonance diminishes
the ability to donate electrons and so the basicity. Therefore, the K, is larger consistent with
a stronger acid.

6.5 Compare the conjugate bases of methanesulfonic acid (CH,SO;H) and metha-
nol (CH;OH). Which is the stronger base and why? Compare the relative acidity of
nitromethane and methanol.

6.3.2 INDUCTIVE EFFECTS

The influence of different groups attached to the carbonyl carbon of carboxylic acids
can be examined by comparing carboxylic acids with different groups attached to the
carbonyl carbon. Formic acid (pK, of 3.75) can be compared with acetic acid (pK, of 4.76).
Acetic acid has a sp?® hybridized carbon attached to the carbonyl carbon, the a-carbon,
whereas formic acid has a hydrogen atom attached. The electronegative oxygen atom of
the carbonyl induces a &* dipole at the carbonyl carbon. This in turn induces a & dipole
on the a-carbon of acetic acid. Due to a so-called through-bond inductive effect, that
methyl carbon “releases” electrons toward the 8* carbonyl carbon, which extends to the
O—H unit. The through-bond inductive effect for acetic acid is illustrated in Figure 6.1.
Formic acid has a hydrogen atom attached to the carbonyl carbon rather than an electron
releasing carbon group, so there is no possibility of an inductive effect to decrease the

i H lThroulgh bond
H o~ inductive effects
Formic acid oY
O .
SR N
HsC (0] T—=c7 o JOX

I /
Acetic acid HT |

H Acetic acid Formic acid Acetic acid

FIGURE 6.1 Inductive effects in acetic acid relative to formic acid.

acidity. If the carbonyl carbon is less polarized the acidic hydrogen is less polarized, so
acetic acid is less acidic than formic acid. Figure 6.1 also shows electron potential maps
for formic and acetic acid to illustrate the effects on the acidic proton. The blue area over
the acidic hydrogen atom of formic acid is slightly larger when compared to the hydro-
gen atom in acetic acid. This difference is an indication that formic acid is more acidic,
consistent with the presence of the methyl group in acetic acid. In addition, the carbonyl
oxygen in the electron potential map of acetic acid has a greater area of red, indicative of
more electron density pushed toward the carbonyl.

When electron releasing alkyl groups are attached to the a-carbon the inductive effect
will diminish the acidity. Acetic acid, for example has a pK; of 4.76 but the pK; of propanoic
acid is 4.87 and butanoic acid has a pK, of 4.82. Clearly, the presence of an alkyl group on
the a-carbon makes the acid slightly weaker. The presence of a second methyl group on the
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a-carbon (dimethylacetic acid) has minimal effect (pK, 4.85). The presence of three methyl
groups on the a-carbon (trimethylacetic acid; the common name is pivalic acid), however,
leads to diminished acidity, pK, 5.03.

An electron-releasing group attached the a-carbon to a polarized carbonyl carbon leads
to a stronger O—H bond via an inductive effect and a larger pK,. Conversely, an electron-
withdrawing group on the a-carbon has the opposite effect and leads to a weaker O—H bond,
a smaller pK, and greater acidity. This difference can be probed by examining structural
differences between acetic acid (pK; 4.76) and chloroacetic acid (pK; 2.87). Chloroacetic acid
has a more electronegative chlorine on the a-carbon. Due to through-bond inductive effects,
the C—Cl bond is polarized with a 8~ Cl and a & C. Both the carbon of the C—Cl unit and
the carbonyl carbon are polarized &*. The net inductive effect of two electron-withdrawing
entities favors distortion of the electron density toward the chlorine rather than toward oxy-
gen. To compensate for the effect of the electron-withdrawing chlorine, the carbonyl carbon
draws more electron density from oxygen of the OH unit. The hydrogen atom of the O—H
bond is therefore more & and chloroacetic acid more acidic.

Another inductive effect is seen if chloroacetic acid is drawn differently. There is rotation about
all of the covalent single bonds in the molecule. Such rotation is explained in Section 8.1. Due to
this rotation, one arrangement of atoms brings the chlorine and the acidic proton close together
in space. In this arrangement of the atoms, called a conformation, the & chlorine is attracted to
the 6 hydrogen in what constitutes an intramolecular hydrogen bond (Section 5.8.1). The Hand
Cl are not connected, simply close together, but the attraction between the two atoms will “pull”
the proton closer to chlorine. This attraction elongates the O—H bond so it is weaker. The O—H
bond is more polar and H is more &, so chloroacetic is more acidic than acetic acid. This effect
is described as a through-space inductive effect, and it is possible only if the two polarized atoms
(with opposite charges) can be brought into close proximity. A through-space effect generally has
a greater influence on acidity than the through-bond effect. Bromoacetic acid is slightly less acidic
than chloroacetic acid, as seen in Table 6.1. The is a slight increase in acidity when two halogens
are attached, as seen in dichloroacetic acid and dibromoacetic acid.

5 o

o) )L
o+ .
1 1 Q@ H H—"" 0,
o+ (@]

<

H
)J\ H )J\ H —>cC # - ’
H " cIcH N L o> HT |
3C (@] CIC 2 (e} \CIQ( | N H e
H
Ethanoic acid Chloroethanoic acid Chloroacetic acid Chloroacetic acid
(acetic acid) (chloroacetic acid) (through bond) (through space)

6.6 Predict if 2-nitroethanoic acid (HOOCCHNO,) is stronger or weaker than ethanoic
acid (acetic acid). Briefly explain.

The closer an attached electron withdrawing halogen atom is to the carbonyl, the more
polarized the O—H unit. Conversely, if the attached electron-withdrawing atom is fur-
ther away the effect is weaker. The pK, of 2-chlorobutanoic acid is 2.86. The acidic proton
and the & chlorine atom can be relatively close in space, approximating a five-membered
ring. The intramolecular through-space interaction coupled with the through-bond effect
enhances the acidity. In 3-chlorobutanoic acid the chlorine atom is on C3 and a through-
space hydrogen-bonding effect requires a conformation that mimics a six-membered ring. In
other words, the chorine atom is further away from the OH proton. The diminished induc-
tive effects relative to 2-chlorobutanoic acid lead to a pK; is 3.99, so it is a weaker acid. In
4-chlorobutanoic acid, the chlorine atom is still further away.

o (@]
0 ? 0

| !
Cl H cl

W

Cl
2-Chlorobutanoic acid 3-Chlorobutanoic acid 4-Chlorobutanoic acid
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A through-space interaction demands an arrangement that approximates a seven-mem-
bered ring. The diminished inductive effects lead to a pK, of 4.50, which is only slightly more
acidic than butanoic acid (4.82). Table 6.1? correlates several carboxylic acids with pK, to
show how structural changes and the presence of carbon groups or heteroatom groups influ-

TABLE 6.1 The pK, Values of Common Carboxylic Acids

Acid pK, Acid PK,
Formic acid 3.75 Chloroacetic acid 2.87
Acetic acid 4.76 Bromoacetic acid 2.90
Propanoic acid 4.87 lodoacetic acid 3.18
Butanoic acid 4.82 Dichloroacetic acid 1.26
2,2-Dimethylpropanoic acid 5.03 Dibromoacetic acid 1.39
(Pivalic acid)
4-Methylpentanoic acid 4.79 2-Methylpropanoic acid 4.85
Phenylacetic acid 4.31 2-Methytlbutanoic acid 476
Benzoic acid? 4.20 2-Chloropropanoic acid 2.84
4-Methylbenzoic acid? 4.36 3-Chloropropanoic acid 3.99
3-Chlorobenzoic acid? 3.99 2-Chlorobutanoic acid 2.88
4-Methoxybenzoic acid® 4.49 3-Chlorobutanoic acid 3.83
4-Nitrobenzoic acid? 3.44 4-Chlorobutanoic acid 4.50
@ See section 19.2

ence acidity. The chlorinated butanoic acid derivatives suggest that the practical “limit” of
inductive effects is reached when the electron-withdrawing group is on the third or fourth
carbon atom away from the carbonyl carbon. Note also that chloroacetic acid is stronger
than bromoacetic acid. The electron-withdrawing ability of the halogens is C1>Br>1.

[ 6.7 Discuss the relative acidity of 2-methoxybutanoic acid and 4—methoxybutanoic)
acid.

6.3.3 SOLVENT EFFECTS

With the exception of a brief introduction in Section 2.3, the role of the solvent has been
largely if not completely ignored. In fact, the solvent plays a major role in the ionization,
the solubility of all species, and in acid strength. The ability to separate ions and “drive” the
reaction to the right is important in acid-base reactions. The pK, values given for all organic
molecules in this chapter are based on their reaction in water, which means that water is the
base in those reactions (Section 2.3). If a different solvent is used, the pK, is different. If a
different base is added, the acid strength depends on the strength of the base and the pK; is
different. In the reaction of acetic acid (ethanoic acid) and water, the conjugate acid is H,O*
and the conjugate base is the acetate anion. As the proton of the O—H bond of acetic acid is
pulled away by the water (H,0%------ H?¥+----8-0,CH,), the new H—O bond to water begins to
form, generating the hydronium ion (H,O--H?"). Since water has a &* proton and a § oxygen
atom, it is very effective at stabilizing both ions once they form. Such stabilization is called
solvation. The solvent surrounds each ion, separating and stabilizing the ions as they form.
Water is a very polar molecule, and it is capable of solvating and separating ions (Sections
12.7,8). Separation of the ions in this manner leads to a higher concentration of products and
a larger K,. The net result is that acetic acid is a stronger acid in water than in a solvent that
cannot generate a polarized transition state to assist the ionization.

2 CRC Handbook of Chemistry, 94th ed., CRC Press, Boca Raton, FL, 2013-2014, pp. 5-94 to 5-103.
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If diethyl ether is used as a solvent in a reaction of one molar equivalent of water with acetic
acid, the acid is a weaker relative to the reaction in water as a solvent. Diethyl ether is much less
effective with respect to solvation so there is less ionization. The ether can coordinate with an
electron poor species via the electron rich oxygen. While diethyl ether has C%*—O?" units, the
carbon atoms have hydrogen or alkyl units attached. Therefore, coordination of C® with an elec-
tron rich species is difficult due to steric repulsion. As a practical matter, ether cannot separate
ions the way water does, so ionization of acetic acid to form acetate and the hydronium ion is less
favorable than in water. This is reflected by a smaller K. Based on this discussion, it is clear that
solvents may participate in a reaction although they do not appear in the final product.

6.8 Both water and methanol are solvents that contain an acidic OH unit. With this in
mind, briefly explain why acetic acid is a stronger acid in water than in methanol.

6.4 ALCOHOLS ARE AMPHOTERIC

An O%—H?* unit is found in alcohols as well as in carboxylic acids but alcohols are much weaker
acids. Methanol, for example, has a pK; of 15.2 so it is a slightly stronger acid than water (pK,
of 15.7). Alcohols are relatively weak Brgnsted-Lowry acids and the conjugate base of an acid-
base reaction is an alkoxide, RO". The conjugate base of methanol is the methoxide anion. The
charge is localized on the oxygen atom rather than dispersed by resonance as in the conjugate
base derived from a carboxylic acid. Therefore, the methoxide ion is a better electron donor and
more basic than a carboxylate anion. The somewhat greater acidity of methanol relative to water
probably results from greater stabilization of the methoxide ion in water relative to the hydroxide
ion. Ethanol has a pK, of 15.9 but most alcohols have pK values of 16—18. The base chosen to react
with the alcohol should be a stronger base than the alkoxide product. The conjugate acid should
be a weaker acid than the alcohol. In other words, the base that reacts with the alcohol should
generate a conjugate acid with a pK, that is>16-18.

_o Noo—— o
H3(%+ K.,‘H 5+ + Nat NH2 - H3C + H_NH2
Methanol Sodium methoxide Ammonia

In this reaction, methanol reacts with sodium amide (NaNH,) to the & hydrogen of the
O—H unit. The conjugate acid is H—NH, (ammonia) and the conjugate base is sodium
methoxide. Note that the sodium counterion is transferred from NH, to the negatively
charged alkoxide anion. The conjugate acid in this reaction is ammonia, with a pK, of ~ 38, so
the equilibrium should shift to the right (larger K,), favoring a large equilibrium concentra-
tion of methoxide.

C 6.9 Which is more acidic, water or ammonia. Discuss and justify your choice. )
Base /\ Acid Y
\/O\ + H:EI —— l ci
Ethanol Oxonium ion

Some molecules are classified as both an acid and a base. They react as an acid in the pres-
ence of a suitable base or as a base in the presence of a suitable acid. The property of a com-
pound to react as either an acid or a base is called amphoterism. Alcohols, water, and other
compounds that react in this manner are referred to as amphoteric compounds. An alcohol
will react as a base in the presence of an acid with a pK, significantly lower than itself. An

Alcohols Are Acids
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alcohol will react as an acid reacts with a base that is a stronger base than its own conjugate
base ethoxide, as shown by the reaction with sodium amide. The reaction of the oxygen of
ethanol as a base with HCI (pK; -6.1) forms an oxonium salt (pK, of ~—2.3) as the conjugate
acid and the chloride ion as the conjugate base.

( 6.10 Draw the products of a reaction between butan-1-ol and HCI. )

6.5 AMINES

The N—H bond of an amine is polarized because nitrogen is more electronegative than
carbon. Since the hydrogen is polarized &*, amines are very weak acids (pK,, 36—40)
and they react as acids only with very strong bases. An example is the deprotonation of
diethylamine (N-ethylethan-1-amine) to give an amide base (the conjugate base). Most
of the strong bases used in this reaction will not be introduced and used until Sections
14.2,3 and 20.2.

/\N/\ :BASE /\N/\ + H:BASE
c :
|1| \/

Diethyl amide
N-Ethylethan-1-amine (an amide base)

6.11 Draw the product when N-(1-methylethyl)propan-2-amine reacts as an acid with
a suitable base.

6.6 CARBON ACIDS
6.6.1 TERMINAL ALKYNES ARE WEAK ACIDS

Alkynes (Section 5.2) can be categorized as internal alkynes (RC=CR) or terminal
alkynes (RC=CH). The hydrogen atom of a terminal alkyne is a weak acid (pK, ~25)
and undergoes an acid-base reaction with a strong base such as sodium amide, NaNH,.
The conjugate base is an alkyne anion (RC=Cr), although they are commonly known as
acetylides. When prop-1-yne reacts with sodium amide, for example, the products are
the alkyne anion sodium propynediide (the conjugate base) and ammonia (the conjugate
acid). An alkyne anion is a carbanion (Section 7.2.2), and a useful nucleophile in many
reactions (Section 11.3).

’/_I\E’:NHZ

) -
HC—C=C—H HiC—C=C: Na' + H-NH,

Prop-1-yne Sodium propynediide

6.12 Draw the product formed when pent-1-yne reacts with NaNH,, and draw the
corresponding conjugate acid and base.

6.6.2 a-HYDROGEN ATOMS AND CARBONYLS

In aldehydes, ketones or carboxylic acid derivatives, a C—H unit of an a-carbon atom
is polarized with a &* dipole on the hydrogen due to the presence of a carbonyl (C=0).
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This bond polarization is induced by the carbonyl oxygen. The & polarized hydrogen
atom attached to the a-carbon is the so-called a-hydrogen. The a-hydrogen atom in
3,3-dimethylpentan-2-one, for example, is weakly acidic and the pK, is ~19-20 (Section
20.1). Ketones are weaker acids than alcohols, and the base required for an acid-base
reaction must be strong (Section 20.2).

ov /a-Hydrogen a-Hydrogen

5 H Carb I—{
- a-Carbon o+
o+ C\‘/ \ /H
[ o+ C o+
H o
5. O T Os.

a-Carbon

If two electron-withdrawing groups are present in a molecule, such as the two carbonyl
groups in 3,3,7,7-tetramethylnonane-4,6-dione, the indicated hydrogen is more polar-
ized than in a mono-ketone. The a-proton is more acidic and the pK, is~8.5-9.5. When
3,3-dimethylpentan-2-one reacts with a strong base the conjugate base is a carbanion known
as an enolate anion. Enolate anions are resonance stabilized, as shown and the charge is
delocalized on carbon and on oxygen (Sections 20.1,2). Enolate anions are important nucleo-
philic species that are used for the formation of carbon-carbon bonds using chemical reac-
tions presented in Sections 20.3,4,9. In the context of this chapter, the key point is that bond
polarization, induced by the carbonyl, leads to an acidic proton that reacts as an acid with a
suitable base.

oM |+ HeBASE

H
3,3-Dimethylpentan-2-one Enolate anion

6.13 Draw the enolate anion formed when cyclopentanone reacts with a suitable
base. Draw both resonance contributors for the enolate anion

6.7 ORGANIC BASES

Just as there are “organic acids,” there are also “organic bases.” Perhaps the most common
organic base is an amine, R;N. Both alcohols and primary or secondary amines react with a
suitable base to give a basic anion as the conjugate base. Deprotonation of an alcohol gives
an alkoxide RO- and deprotonation of an amine gives an amide anion, R,N". Anions have a
negative charge localized on an oxygen or nitrogen and are stronger bases than the neutral
precursor.

6.7.1 AMINES

Amines are commonly used as bases in organic chemical reactions. The lone electron pair Amines and pKgy,

on the nitrogen atom of an amine is easily donated to a Bronsted-Lowry acid to generate
an ammonium ion as the conjugate acid. Common amine bases are diethylamine, pyrro-
lidine (Section 23.5) and pyridine (Section 23.1). The reaction of propanoic acid and diethyl-
amine to give the propanoate salt and diethylammonium is an example, shown in Figure 6.2.
Ammonium salts are weak acids and the pK, of an ammonium salt is ~ 10-11.

Organic Bases

17
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6.7 Organic Bases

o O O

Diethylamine Pyrrolidine Pyridine
o
) —| o_ H
/\H/ e /\ /\H/ \N +/\
- /
0 \/ o H \/
Propanoic acid Diethylamine Propanoate  Diethylammonium

FIGURE 6.2 Common amine bases and the reaction of propanoic acid and diethylamine.

As described in Section 5.5.3, there are three structural types of amines, primary amines
RNH,, secondary amines R,NH, and tertiary amines R,;N. Differences in basicity between
primary, secondary and tertiary amines can be attributed to inductive effects. In the discus-
sion of inductive effects for differences in acid strength for carboxylic acids, alkyl groups are
classified as electron-releasing groups. A similar inductive effect is observed for amines. The
electron-releasing inductive effect of an alkyl substituent attached to nitrogen should increase
the electron density on nitrogen, thereby increasing the basicity of the amine. Ammonia has
no substituent to give an inductive effect. Therefore, the inductive effects induced by carbon
substituents on nitrogen in an amine can be compared to ammonia. In methylamine, the
methyl electron releasing carbon distorts electron density toward nitrogen. Since the elec-
tron density on nitrogen is greater in methanamine than in ammonia (Figure 6.3) methana-
mine is a stronger base.

If the presence of one electron-releasing alkyl group makes a primary amine a stronger
base than ammonia, then two alkyl groups should make a secondary amine an even stronger
base. A secondary amine is indeed more basic than a primary amine. However, the pres-
ence of three alkyl groups does not enhance basicity. Trimethylamine is a weaker base than
dimethylamine or methylamine. The three methyl groups on nitrogen take up quite a bit
of space and effectively block nitrogen from approaching another atom. The space-filling
molecular models in Figure 6.3 illustrate the “steric blocking effect” of the methyl groups.

.o H
.o /CllnuN
.o Hun N Hwo N H
wN et CV(E(—H 7 C/H
Hie Ny AN HTON ™ / ~H
g H HHHy H Th
Ammonia Methylamine Dimethylamine Trimethylamine
(methanamine)

FIGURE 6.3 Inductive effects in amines.

Nitrogen is the blue atom. It is clear that less of the nitrogen atom is exposed in trimeth-
ylamine due to the presence of the three methyl groups. For an acid-base reaction, any-
thing that makes it more difficult for nitrogen to approach another atom diminishes the
base strength of the amine and based on accessibility to the nitrogen. Therefore, the tertiary
amine is less basic. This observation contrasts with the greater amount of nitrogen that is
exposed in the secondary amine or the primary amine, consistent with greater basicity. It is
important to note that this effect is described for amines that are in solution, not in the gas
phase. However, all the reactions of amines in this book will be done in a solvent. Based on
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inductive and substitution effects at nitrogen in amines, it is possible to categorize the base
strength of amines and the trend in solution is NH, < R,N < RNH, < R,NH, where secondary
amines are the strongest bases and ammonia is the weakest base.

The basicity of an amine can be compared to that of ammonia. A putative acid-base reac-
tion of ammonia with water gives the ammonium ion and the hydroxide ion. Similarly, the
reaction of methanamine with water gives methylammonium hydroxide and the hydrox-
ide ion. The ammonium salt products are weak acid. The pK, of the ammonium ion (from
ammonia) is 9.2 whereas the pK, for the methylammonium ion (from methylamine) is 10.64.3
With this knowledge, the equilibrium reaction that converts the ammonium salts to ammo-
nia or amine can be used to measure the basicity of ammonia or the amine. The ammonium
ion has a lower pK, so it is a stronger acid than the methylammonium ion. It is known that a
stronger acid will generate a weaker conjugate base and a weaker acid will generate a stronger
conjugate base. Methanamine generates the weaker conjugate acid so it must be more basic
than ammonia. Comparing the acidity of the conjugate bases can therefore be used to deter-
mine the relative basicity of a variety of amines.

The position of the equilibrium for the acid-base reaction with the ammonium salt as the
acid and the amine as the conjugate base is measured by Kj: K = [conjugate base][conjugate
acid]/[acid][base]

pKg=—logK, and [K; isdetermined bytheformidg =%

The value of Kj; is used as a measure of the reactivity of the amine as a base. If Kj, is large
(small pKjp) the concentration of the conjugate base and conjugate acid is large. The equilib-
rium favors a higher concentration of the ammonium salt relative to the amine, so the amine
is a strong base. Alternatively, if Kj is small (large pKj) there is a lower concentration of the
ammonium salt, consistent with a weak base. The pK} of methanamine is 3.36* whereas that
of ammonia is 4.75 so the amine is the stronger base.

_ [RNH'] [OH]
[R3N]

RsN + HOH — R3NH* "OH Ke

C 6.14 Calculate the pK; for an amine with a K;=3.92x10°. )

As noted previously, the solvent has an important effect on the strength of a base. In the
reaction of methylamine and HCl, shown in Figure 6.4, the product is methylammonium
chloride. As the reaction between the amine and HCl progresses, the hydrogen atom is trans-
ferred to nitrogen and the neutral amine begins to develop charge (see transition states in
Section 7.6). As the H—CI bond begins to break, more electron density is transferred to the
chlorine, which begins to develop a negative charge. When water is the solvent, it plays an
important role. Water separates ions of opposite charge by solvating each ion, pulling those
ions apart as the charges develop. This effect is known as solvation. As water separates the

H a
Ho ~ H
Me /_\‘ Q@ Hech Me Mo
\N/H N N Me .“(3,-!;,» o 5- \H/O\ \N\HCI
\ O NS, Wl f
H H—O |~ H o_ H
‘o H
H' O—H
/
H
Methanamine Water separates the charges Methylammonium chloride

FIGURE 6.4 The reaction of methanamine with HCl in water.

3 Stewart, R. The Proton: Applications to Organic Chemistry, Academic Press, Orlando, FL, 1985, p. 102.
4 Van, L.H.; Bruggeman, J.J. PerkinElmer Life and Analytica, Patent WO 2006121331 A1, 2006.
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developing charges, the reaction is driven to the right, increasing K, for the reaction relative
to a solvent that does not separate charge (e.g., diethyl ether). Therefore, the relative basicity
of an amine is if greater in a solvent that solvates and separates ions.

6.15 Using only simple arguments, predict whether the conjugate acid of ethyl-
amine (EtNH,) is more or less stable than that of triethylamine (Et;N). Draw both
products.

Remember that the nitrogen must collide with the proton to react as a base, so the avail-
ability of the amine nitrogen for reaction with an acid is critical, as illustrated in Figure
6.3. Another important property of amines is fluxional inversion (Section 5.5.3), where an
amine exists as an equilibrating mixture of two pyramidal structures. Trimethylamine, for
example, flips back and forth, much like an umbrella inverting in a windstorm so the methyl
groups are “moving” around the nitrogen and interfere with any reaction of the lone electron
pair at any positive center. Fluxional inversion diminishes the basicity of an amine.

Me Me
N . L
Me“;N . - .N‘;//Me
Me e

If an electron-withdrawing group is attached to nitrogen, the electron-withdrawing
inductive effects make the molecule a weaker base because electron density is removed from
the nitrogen. Chloramine (NH,Cl), for example, has an electron withdrawing chlorine atom
attached to nitrogen, and it is expected to be less basic.

6.7.2 ALCOHOLS ARE BASES

In Section 6.4 alcohols were shown to react as acids, but it was noted that they are amphoteric.
The reaction of an alcohol as a base with a strong acid generates an oxonium ion. Oxonium ions
contain a proton on the oxygen, and they are rather strong acids (pK, is about -2) and the K, for
this reaction generally lies to the left. However, the oxonium ion is present in the acid-base equi-
librium, and it is important in several reactions to be discussed in Chapter 10. Therefore, oxonium
ions are transient products and highly reactive species known as intermediates (Section 7.2).

C 6.16 Draw the product formed when cyclopentanol reacts with HBr. )

6.7.3 ETHERS ARE BASES

As introduced in Section 5.5.2, ethers are molecules that have two alkyl groups flanking a
central oxygen. The hydrogen atom on the carbon attached to oxygen is a very weak acid
(pK, > 30), but the electron-rich oxygen atom of ethers will react as a base. Diethyl ether is a
typical acyclic ether and the reaction with a strong acid (e.g., HCI) gives an oxonium ion as
the conjugate acid product. Note the similarity of this reaction with that of water and HCl
or alcohols with HCI. The conjugate base is formally the chloride ion. Oxonium salts derived
from ethers are very strong acids (pK, ~-3.5) so the K, for the reaction is small. When com-
pared to amines, diethyl ether is a weaker base.

/_\ . )

~_° - +
- \/O\/
Diethyl ether Oxonium ion

/_\ Iii

o)

o _
¢ 7 + H—=c — :Of c

Tetrahydrofuran Oxonium ion
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A cyclic ether (e.g., tetrahydrofuran; THEF; Section 23.5) will react in a similar manner with
HCl to yield an oxonium salt. The cyclic ether tetrahydrofuran (THF) is a stronger base than
diethyl ether. The carbon groups attached to oxygen in THF are “tied back,” whereas the carbon
groups in diethyl ether have more freedom to move around. It is more conformationally mobile
(Sections 8.1, 8.2, and 8.5). As a result, the electrons on oxygen in THF are “more available” for
donation due to less steric hindrance, and THF is a stronger base than diethyl ether.

7 —
J <
Tetrahydrofuran Diethyl ether

6.7.4 CARBONYL COMPOUNDS ARE BASES

The oxygen of carbonyl compounds (e.g., ketones and aldehydes, Section 5.6.2) has unshared
electrons that react as a weak Brgnsted-Lowry base. When an aldehyde or ketone reacts with
a relatively strong Brgnsted-Lowry acid such as HCI the conjugate acid that is formed is a “pro-
tonated carbonyl,” an oxocarbenium ion (Sections 16.4 and 18.4). The oxygen atom in butanal
reacts with HCI, for example, to form an oxocarbenium ion that is resonance stabilized with
two resonance contributors as shown. The resonance contributor with a positive charge on
carbon is considered to be an oxygen-stabilized carbocation (hence the term oxocarbenium
ion) and it can react with nucleophiles. Ketones react similarly. Oxocarbenium ions will be
generated in several chemical reactions with suitable nucleophiles in Chapters 16 and 18.

/\)O]\ H-Cl O i o>
- Cl
H 3H7)I\H CsH;” H
Butanal Oxocarbenium ion
C 6.17 Draw the product of a reaction between cyclopentanone and HCI. )

6.7.5 ALKENES AND ALKYNES ARE BASES

:”/‘HQI :| j\
j cl

But-2-ene Cl
2-Chlorobutane

- J]—
j

Cr Cl

But-2-yne 2-Chlorobut-2-ene

Alkenes react as a Brgnsted-Lowry base in the presence of a strong mineral acid such as
HCl to yield a transient product known as a carbocation intermediate (Section 7.2). This car-
bocation intermediate is highly reactive with the nucleophilic chloride counterion and gen-
erates an alkyl halide that is the isolated product of this reaction. An example is the reaction
of but-2-ene with HCl to give a carbocation intermediate. Subsequent in situ reaction with
the nucleophilic chloride counterion yields 2-chlorobutane as the isolated product, as will be
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Lewis Acids and Lewis

Bases

described in Section 10.2. Alkynes also have a t-bond and reaction with a strong mineral acid
will give an intermediate known as a vinyl carbocation (C=C*), as described in Section 10.8.
An example is the reaction of but-2-yne and HCI to give a vinyl carbocation intermediate,
and subsequent reaction with the chloride ion gives 2-chlorobut-2-ene.

6.8 LEWIS ACIDS AND LEWIS BASES

As introduced in Section 2.7, the formal definition of a Lewis base is an electron-pair donor,
and a Lewis acid is an electron-pair acceptor. The reactions of Lewis acids and bases are
common in organic chemistry and there are distinguishing characteristics of these reac-
tions. A Bronsted-Lowry acid-base donates two electrons to a proton to give two products, a
conjugate acid and a conjugate base. A Lewis base donates electrons to an electron deficient
atom other than hydrogen or carbon. In Lewis acid-base reactions a dative bond is formed to
give the Lewis acid-Lewis base complexes (an “ate” complex) so there is one product not two.
The “ate” complex product can be described as a zwitterion (a dipolar ion), a molecule that
contains both a positive and a negative charge

6.18 Draw the product expected to form when BH; reacts with ammonia; with diethyl
ether.

In general, the inductive effects that played a role in Brgnsted-Lowry acids and bases will
also influence the relative acidity or basicity of a Lewis acid or a Lewis base. The pertinent
inductive effects are clear when comparing BF; and B(CH,),, where fluorine in BF; is electron
withdrawing but methyl in B(CHS,), is electron releasing. This difference leads to the 6* boron
atom being more electron deficient when a fluorine is attached than when carbon groups are
attached, making BF, a stronger acid.

Formally, a Lewis base is any compound that has an atom capable of donating electrons
to an electron-deficient center, other than a proton or carbon. In general, basicity increases
going up the periodic table and to the left. If the trend increases basicity to the left, then an
amine (R;N) is a stronger Lewis base than an ether (ROR) or an alcohol (ROH). If the trend
for basicity increases going up the periodic table, then an amine (R;N) is a stronger Lewis
base than a phosphine (R;P) and an ether (ROR) is a stronger Lewis base than the sulfur
analog of an ether (a sulfide, RSR). Based on these trends, the most common Lewis bases in
organic chemistry are probably amines. N-Ethylethanamine readily reacts with the strong
Lewis acid aluminum chloride (AICl,), for example, to form an “ate” complex as shown. Note
the dative bond between nitrogen and aluminum, and the direction of the arrow from the
electron-rich nitrogen atom to the electron-deficient aluminum atom. Similarly, the tertiary
amine N-ethyl-N-methylethan-1-amine reacts with borane (BH,) to form an “ate” complex.
Borane will be discussed in Section 10.6. The usual inductive and steric effects noted in
previous sections determine the relative strength of a base when comparing several amines.

6.19 Predict whether diethyl ether (EtOEt) or dimethyl sulfide (MeSMe) is the stronger
Lewis base. Explain.

6.20 Draw the product when diethylamine reacts with triethylborane (BEts), using
the dative bond formalism.

Cl
H CI\ /
| /_\ -Al—¢|
SN+ Ao, ——— \H/\N/\/
N-Ethylethan-1-amine or H
ate' Complex H
CH3 N/
: He, 2
SN~ \
+ BHS \/m\/

- -N- han-1-ami
N-Ethyl-N-methylethan-1-amine ‘ate’ Complex
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Ethers are weaker Lewis bases than amines. Ethers are somewhat stronger Lewis bases
than alcohols because there are two electron releasing carbon groups attached to oxygen,
making oxygen more electron rich and a better electron donor. The reaction of THF with
trimethylborane [B(CH,),; Section 10.5] gives the corresponding “ate” complex. Propan-2-ol
reacts with aluminum chloride (AICl,) gives the expected “ate” complex. When an aldehyde
or ketone reacts with a Lewis acid (e.g., boron trifluoride, BF,). The reaction of cyclopenta-
none and BF,, for example, leads to the “ate” complex shown.

Cl

3
HsC | _CHs Al _q
o\ e R A
+ B(CHy)y — S+ Y g+ AlCl, —= by
~
— J T
Tetrahydrofuran ‘ate’ Complex Propan-2-ol ‘ate’ Complex
S YeE -
O:o 3 E>:o++ BF,
Cyclopentanone Oxocarbenium ion

6.9 NUCLEOPHILES

If a base donates electrons to an electron deficient hydrogen atom it is called a Brgnsted-
Lowry base. If a base donates electrons to an electron deficient atom other than hydrogen it
is called a Lewis base. A species that donates electrons to an electron deficient carbon is a
nucleophile (Section 2.8). In principle, any electron rich species can react as a nucleophile,
and indeed a wide range of atoms and groups function as nucleophiles. Charged species
(anions) can be nucleophiles, including halide ions (CI;, Br,, I), alkoxides (RO"), amide anions
(R,Nx). There are “carbon nucleophiles,” including alkyne anions (RC=C:; the conjugate base
of the acid-base reaction of an alkyne). In all cases, the nucleophile donates two electrons to
a 8" carbon to form a new bond: C—X, C—OR, C—NR,, C—C=CR. Nucleophiles can also
be neutral species (e.g., amines). Such nucleophiles will be discussed in Section 11.3 in their
reactions with an electrophilic carbon.

Nucleophiles that have a localized negative charge on an atom (e.g., oxygen and nitro-
gen) are stronger than uncharged (neutral) nucleophiles having the same atom. The greater
reactivity for a charged nucleophile is explained by the greater electron density on a charged
anion than on an & polarized atom. Specifically, an alkoxide (RO") is a stronger nucleophile
than an alcohol (ROH) and an amide anion (R,N) is a stronger nucleophile than an amine
(R,NH). The general trend is for nucleophilic strength to increase going down the periodic
table and to the left. Inductive effects play a role and carbon groups are generally electron
releasing when attached to nitrogen or oxygen. Therefore, (CH,),N" is expected to be a stron-
ger nucleophile when compared with NH,. Electron withdrawing groups connected to a
nucleophilic atom make that species less nucleophilic.

6.21 Briefly discuss whether CH,0- or HO" is the stronger nucleophile; acetate vs
ethoxide.

6.10 BIOLOGICAL RELEVANCE

Acid-base reactions are ubiquitous in biological transformations. One example is the hydro-
lysis of a cholesterol ester with an enzyme known as cholesterol esterase in Figure 6.5.% Esters

5 Sutton, L.D;; Froelich, S.; Hendrickson, H.S.; Quinn, D.M. Biochemistry 1991, 30, 5888—-5893.

Nucleophiles and Organic

Molecules
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6.10 Biological Relevance

are described in Section 18.5. At the active site, the enzyme contains a carboxylate anion
residue, an imidazole residue from the amino acid histidine (Sections 23.1 and 24.3) and

[ Chloseterol esterase | [ Chloseterol esterase ]

Tetrahedral
intermediate

— RCO,~

Chloseterol esterase

P SN
3 HO ~ 2 R
R” o o

FIGURE 6.5 Hydrolysis of a cholesterol ester. (Reprinted with Permission from Sutton, L.D;
Froelich, S.; Henrickson, S.; Quinn, D.M. Biochemistry, 1991, 30, 5888. Copyright 1991 American
Chemistry Society).

an alcohol unit. The reaction with 1, an ester derived from cholesterol (Section 5.4), is a so-
called acyl substitution reaction (Section 18.3) of an alcohol unit associated with the enzyme,
as shown in Figure 6.5. The histidine residue (Section 24.3) is deprotonated by an internal
acid-base reaction. This allows a second acid-base reaction to generate the alkoxide unit that
reacts as a nucleophile with the carbonyl unit of the cholesteroyl ester to give the key tetra-
hedral intermediate (Section 18.3). This transformation converts the RO ester unit (RO,CR’)
to the alcohol ROH and the alcohol unit of the enzyme is converted to an ester (R’O,R’), a
transesterification (Section 18.6). A subsequent acid-base reaction of 2 with water, which is
in the cellular medium, generates 3, which regenerates cholesterol esterase by loss of a car-
boxylate unit, RCO,". While the focus of the reaction is conversion of a cholesterol ester to
cholesterol (a hydrolysis reaction), the reaction is driven by acid-base reactions that occur on
the amino acid residues of enzyme, cholesterol esterase.

( CORRELATION OF HOMEWORK WITH CONCEPTS )

« Acids react with bases to generate conjugate acids and conjugate bases: 3, 24, 25,
36.

« The equilibrium constant for an acid-base reaction that involves organic acids is

[products]
[reactants]

the same as any other acid-base reaction, K,, where K,=
K,:1,22,23.

- Acid strength is influenced by greater stability of the conjugate base, either by
resonance stability or by charge dispersal due to size, which leads to a larger K, :
2,4,5,6,915,27.

\ « Sulfonic acids are more acidic than carboxylic acids: 5 )

and pK,=-log
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N\

The solvent plays a significant role in determining K, for an acid. Polar ionizing soI—\

vents are more effective for promotion of ionization than nonpolar solvents: 8, 31.
Inductive effects, charge density and steric hindrance influence the strength of
bases: 6, 7,9, 26, 30, 36, 37.

Alcohols, amines ethers, aldehydes and ketones, and alkynes are Brgnsted-Lowry
acids: 10, 11, 12, 13, 16, 17, 33, 40.

Compounds that behave as an acid in the presence of a strong base and a base in
the presence of a strong acid are called amphoteric compounds: 28.

Alcohols, amines, ethers, aldehydes and ketones are Brgnsted-Lowry and Lewis
bases: 15, 32, 37, 38.

The basicity of an amine is measured using pKg,: 14, 37, 38.

Lewis acids are electron-pair acceptors and Lewis bases are electron-pair donors:
18, 19, 20, 32, 34, 39.

Nucleophiles are molecules that donate electrons to carbon: 21, 35.

Spectroscopy can be used to identify acid and base molecules: 41, 42, 43, 44. j

ANSWERS TO IN-CHAPTER QUESTIONS

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

Since pK,=-log K, then pK, =-log 6.34x10%=-(-7.2) =7.2.
Since K,=10"PK,, then K,=10"178=1.66x10"2.

(”3 )
c > |
/C\ — PION
H3CH2C (@] H3CH2C (@]
i i
H '/_\+ S + NH
AENA Na“"NH, AENA 3
H3CH,CH,CH,CH,C g (08 H;CH,CH,CH,CH,C g O
1 T i
BuO—ﬁ—O‘ -~ Buo—ﬁzo - BuO—?=O
o] o] o-
//o 4 4 /O C [e) -
_ &, g e CH.—a Hs— CH;—O
CH;—S=q CHy—S=q ~—= CH;—S~g CHs—8=g . 3
OH O [e]

The pK, of methanesulfonic acid is known to be ~ -2, whereas that of methanol is
just over 15. The carbanion formed from methanesulfonic acid is a resonance-sta-
bilized anion, where the charge is delocalized over four atoms with three resonance
contributors. When the proton is removed from oxygen in methanol, the charge is
localized on oxygen. Since the methanesulfonate anion is more stable it is a weaker
base in a reaction with the conjugate acid, which is consistent with a larger K. The
charge is localized on oxygen in methoxide, it is more reactive and therefore a stron-
ger base with the conjugate acid and the K| is smaller.
2-Nitroethanoic acid is stronger than ethanoic acid. The presence of the electron
withdrawing nitro group close to the carbonyl unit makes that molecule more
acidic. Since the nitro group is close to the carboxyl unit, there is maximum induc-
tive effect induced by the electron withdrawing group.
2-Methoxybutanoic acid is a stronger acid because the electron-withdrawing OMe
unit is closer to the carboxyl unit. The through-space effect can occur via a five-
membered cycle. In 4-methoxylbutanoic acid, the electron-withdrawing unit is too
far away to provide a significant effect.

Water has both a polarized hydrogen and oxygen. The polarized hydrogen atom
can hydrogen bond with oxygen atoms in the developing acetate anion. The oxy-
gen of water can hydrogen bond with the proton of the acid that is being removed.
Therefore, water helps to pull the atoms apart and stabilize the ions by solvation.
Methanol has the carbon atom attached to the O, and while hydrogen bonding via
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6.9

the hydrogen atom is possible, the carbon atom inhibits coordination of the oxygen,
making it less efficient in terms of assisting ionization.

The OH bond in water is more polarized than the NH bond of ammonia since oxy-
gen is more electronegative than nitrogen. This means that the H in water will have
a greater &* dipole than H in ammonia and is more reactive with a base. Reaction
with water generates hydroxide (HO") and reaction with ammonia generates (H,N").
Hydroxide is less reactive (more stable) because oxygen is more electronegative,
consistent with a larger K for water.

6.10 N "
O T o
o CoHg” O H
6.11 )\ J\ base /L /K
N
H
Acid Base Conjugate base Conjugate acid
= oo
6.14 Since pK;=-log K, then pK; =-log 3.92x10°= 6 59 -6.59.
6.15 Et,
Et—N—H from Et,NH Et—l?I—Et from EtgN
|
H H
Using very simple inductive arguments, the conjugate acid from triethylamine has
three electron-releasing ethyl groups that will diminish the net charge on nitrogen
and stabilize it. Since the conjugate acid derived from diethylamine has only two
electron-releasing ethyl groups, it is expected to be stabilized to a lesser degree.
6.16 O/—\ H
\ H—Br —— O+ Br
H
6.17
O D"
(e} + H—CI =0 Cl
6.18 HoH H_
H—B=<N—H H—B~O+
IR /
H H H
6.19 Diethyl ether is the stronger base. The sulfur atom is larger, making the net charge
per unit centimeter for S less than for O. This finding means that less electron den-
sity is available for donation; a weaker base.
6.20 BB
Et/[T]—>/B—-Et
H Et
6.21 The answer really depends on what each nucleophile reacts with. However, since the
electron releasing methyl group “pushes” electron density toward oxygen, more electron
density on MeO- will make it more reactive (it is more nucleophilic) than hydroxide
(HO"). Acetate is a resonance stabilized anion, so there is less electron density available
for donation (it is a weaker nucleophile). In ethoxide, the electron density is effectively
concentrated on oxygen and more available for donation so it is a stronger nucleophile.
HOMEWORK
22. Calculate the pK, given the following values for K :
@ 6.35x10° (b) 12.1x107 (¢) 185x10"2 (d) 9.2x103
(€ 10.33x10° (f) 0.08x10°
23. Calculate the K, given the following values for pK :
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(@ 678 (b) -3.2 (© 235 (d) 103 (e) 35.8
(fjv-11.1

Draw complete reactions of each acid listed with (i) NaOH, and then (ii) NaNH,,

showing all starting materials and all products.

(@) Propanoic acid (b) 2-Methylpropan-2-ol (0 HC(CN),
(d) Methanesulfonic acid

Draw the structure of the following acids:

(@) 3,3-Diphenylbutanoic acid (b) 4-Chloro-2-methylpentanoic acid

(c) 5,5-Diethyloctanesulfonic acid (d) Hex-(4Z)-enoic acid

Carboxylic acid A has a smaller pK; than carboxylic acid B. Suggest a reason for this

observation.
Me Cl Me Cl
§ CO,H § :H
’ COLH
A B

Draw all resonance structures for those anions that are resonance stabilized and
indicate which are not resonance stabilized.

O

(e} - _ O
O
@ 1 ® o-s—cHcH © }o* @ H\) (@) |U“"e ® o-Ci=o
HaCH,C NG~ 1 i

28.

Alcohols are known to be amphoteric. Predict whether propan-1-ol will be an acid
or a base or will be neutral in the presence of each of the following:
(@ NaOH (b) HCI (© Water (d) Ethanol

(e) NaNH, (f) Butan-2-one (g Methane (h) H,SO,
Maleic acid (A) is known to have a pK, of ~ 1.8 whereas fumaric acid (B) has a pK,
of ~ 3. Explain.

CO,H CO.H COH
2 2
\=/
A g COH

Explain why 5-bromopentanoic acid has a pK, close to that of pentanoic acid,
whereas 2-bromopentanoic acid is significantly more acidic.
Discuss whether propanoic acid is more acidic in diethyl ether or in diethylamine.
Draw the product formed when triethylamine (Et;N) reacts with:
(@@ HCl (b) BF, (c) Propanoic acid (d) AlCl,
(e) Methanesulfonic acid (f) FeCly
Draw the conjugate acid formed when each of the following reacts with HCI:
(@) Pentan-3-one (b) Dimethyl ether (c) Diethylamine
(d) Water (e) Cyclopentanecarbaldehyde
(f) CH,;-S-CH, (g) Propan-2-ol (h) Acetic acid.
Draw the product for each of the following reactions:
(@) Butan-2-one and AICIl; (b) Diethyl ether and BF,
(c) Triethylamine and Et,B
(d) Prop-2-enal (called acrolein) and BF, (e) Chloroethane and  FeBr,
(f) THF and Znl,
It is known that ammonia (N'Hj;) is a much weaker nucleophile in its reaction with
acetone than is the amide anion (NH,). Suggest reasons why this is so.
Draw the structure of hexanesulfonic acid, 3-methylbutanesulfonic acid, and 2-chlo-
robutanesulfonic acid. Of these three, indicate which may be the stronger acid.
Give the products formed in each of the following reactions:
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(a)

()

38.
39.

40.

41.

42.

43.

44.

HBr H,S0, |
SO (t) &0 B @© \/L\/ = B
OH
B CHyONa* x | CH,OH,COMH OH 1. NaNH,
\/l\ Resge g \/l\ 2. GHyCH,l
1. NaNH
BN D3 () /\/ e

2. HCI

Briefly explain why H,NCH, is more basic than H,NBr.

Which amine is likely to react faster with formic acid, (CH,CH,),;N or (Me,C),N?

Draw both reactions with the conjugate acid—base that is formed and explain your

answer.

Which of the following should react faster with AICl,, diethyl ether or fluorometh-

ane? Draw the products expected from both reactions and explain your answer.
Spectroscopic Problems (to be done only after Chapter 13 is read and

understood)

Briefly describe how one can use infrared (IR) and 'H NMR (proton nuclear mag-

netic resonance) to distinguish between propanoic acid and propan-1-ol.

The proton of the OH unit in propan-2-ol can resonate between 1-5 ppm in the 'H

NMR, in deuterochloroform, as the concentration changes. Why?

Briefly describe the differences in the IR and 'H NMR that will allow one to distin-

guish between trimethylamine, N-methylaminoethane, and propan-1-amine.

Predict the 'H NMR for formic acid versus formal (formaldehyde).
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Chemical Reactions, Bond
Energy, and Kinetics

A chemical reaction transforms one molecule into another molecule. Understanding key
characteristics of chemical reactions helps to understand how reactions work, why they
work, what energy characteristics drive a reaction, and if there is an intermediate. It must
also be known if the reaction proceeds in one step or several steps to the final isolated
product.

To begin this chapter, you should know the following points:

4 « The structure and nomenclature of functional groups (Sections 5.1, 5.3, 5.5,\
and 5.6).
« The chemical bond in general, and the polarized covalent bond in particular
(Sections 3.3, 3.5, and 3.8).
« An understanding of the factors that influence making and breaking bonds
(Section 3.7).
\ « The fundamentals of acid-base equilibria and pK, (Sections 2.1-2.3 and 6.1-6.3). )

7.1 A CHEMICAL REACTION

Formally, a chemical reaction is a process that converts the molecular or ionic structure of one
substance to another substance. When chemical reactions occur, the atoms are rearranged. A
reaction is accompanied by an energy change as new products are generated. The substance
(or substances) initially involved in a chemical reaction is (are) called reactants and reagents.
Chemical reactions usually yield one or more products, with a structure and properties different
from the reactants. Reactions may go to completion or proceed in the forward or reverse direc-
tion until they reach equilibrium. Many reactions proceed in the forward direction to give an
isolated product once the reaction begins and require no further input of energy to go forward.
These reactions are said to be spontaneous. Some reactions require an input of energy to go for-
ward even after the reaction has begun. These reactions are said to be non-spontaneous.

There are thought to be four fundamental types of reactions. (1) Synthesis. In a synthe-
sis reaction, two or more simple substances combine to form a more complex substance.
Chemical synthesis uses several different chemical reactions in a sequence. The product of
one reaction is the starting material for the next reaction. This protocol continues until a
desired product called a target is obtained. (2) Decomposition. A decomposition reaction
is the breakdown of a more complex into its simpler parts. (3) Single Replacement. In a sin-
gle replacement reaction, a single uncombined element replaces another in a compound;
one structural unit trades places with another structural unit in a compound. (4) Double
Replacement. In a double replacement reaction, the anions and cations of two compounds

switch places and form two entirely different compounds. . .
Reactive Intermediates-A

7.2 REACTIVE INTERMEDIATES Reactive Intermediates-B

Many reactions do not give an isolated product directly but generate an intermediate product
that is highly reactive. The intermediate product reacts further to give the isolated prod-
uct. Such transient products are known as intermediates. A generic reaction is shown that

DOI: 10.1201/9781003174929-7
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7.2 Reactive Intermediates

illustrates formation of an intermediate. Starting material A reacts with B to yield a product
C but C is not isolated in this reaction.

A + B — | C

D
(Starting materials) Intermediate (Final product)

Once formed, C quickly reacts with additional B in a second chemical reaction to yield an
isolated product, D. A transient and relatively high-energy product such as [C] is a reactive
intermediate. The brackets set it apart to indicate a transient species that is not isolated. A reac-
tive intermediate reacts before it can be isolated so it is high in energy (unstable). In reality there
are two reactions, not one, but if the focus is on starting materials and isolated product, then
A +B — D. Formation of a reactive intermediate in a reaction must be determined experimen-
tally since it is usually not intuitively obvious. In other words, the book and/or your instructor
must provide the information that a reaction has a reactive intermediate. Three types of reac-
tive intermediates will be discussed in this book: a carbocation, a radical, or a carbanion.

An important reactive intermediate in many organic reactions is a positively charged car-
bon atom, a carbocation. A carbocation, also called a carbenium ion, is an electron-deficient
species that has a charge of +1 (Section 7.3). This charged intermediate has three covalent
bonds, is high in energy, unstable and highly reactive. Formation of a carbocation usually
accompanies a reaction in which a covalent bond to carbon is broken via heterolytic cleavage
(Section 3.7). The structure of a generic carbocation is shown using structures A and B. The
carbon of a carbocation has a positive charge, is sp? hybridized, and so it must have trigonal
planar geometry (see A). The positive charge is localized on the sp?-carbon, and that charge
is associated with an empty p-orbital on carbon as shown in B. This empty orbital can accept
electron density from a nucleophile to form a new bond, so it is an electrophile.

| +
R,/
B

C 7.1 Draw the structure of a carbocation where all the “R” groups in A are ethyl groups.)

Cu,,
“A"R
R
Carbanion

R

An anion is a species that has an excess of electrons and bears a charge of -1. When the nega-
tive charge resides on carbon, it is called a carbanion. In general, carbanions are formed by break-
ing a covalent bond in such a way that two electrons are transferred to the carbon involved in
that bond during a heterolytic cleavage. A generic carbanion is shown with three covalent bonds
between C and R, and a pair of electrons in a p-orbital. Indeed, a negative charge can be viewed
as a filled p-orbital. Since electrons in covalent bonds are repelled by the lone electron pair, the
three-dimensional structure shown for a carbanion resembles a “squashed tetrahedron.”

A carbanion is a high energy intermediate, unstable, and very reactive. Since a carbanion
has an excess of electrons, it will readily react with an electron-deficient carbon atom, so it is
classified as a nucleophile. If a carbanion reacts with the acidic proton of a Brgnsted-Lowry
acid, however, it is classified as a base. Carbanions are not as prevalent as carbocations unless
they are stabilized by an electron withdrawing unit such as a carbonyl.
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7.2 Draw the structure of a carbanion where two of the “R” groups in R;C are methyl
groups and the third is a phenyl, assuming a pyramidal structure.

When a p-orbital on any given atom has only has one unshared electron, it is called a radi-
cal. A carbon radical is represented as R;Ce (see D and C). With three covalent bonds and
one extra electron, R,Ce is a high-energy species and a very reactive intermediate. Although
one might expect a “squashed” tetrahedron (pyramidal) shape (D) for a carbon radical there
is evidence that a planar structure (C) is probably the low-energy structure, at least for the
methyl radical (H;Ce). One way to form a carbon radical is by a chemical reaction between a
neutral species (e.g., methane) and an existing radical (e.g., Bre; Sections 10.10 and 11.7). The
bromine radical donates a single electron to one hydrogen atom of methane to form HBr and
one electron is transferred to carbon from the C—H bond to form the methyl radical, e CH,.
Note the single headed arrows, much like a fishhook.

™ //\
H3C—|\'|/' *Br H3C- + H-Br
Methane Bromine radical Methyl radical

7.3 Draw the structure of a planar radical where two of the “R” groups in C are hydro-
gen atoms and the third group is an ethyl.

7.3 FORMAL CHARGE

The preceding discussion of reactive intermediates raises the issue of identifying a structure
that has a charge. A chemical structure can be analyzed for a parameter called formal charge.
Formal charge is calculated by examining the difference between the last number of the
group number, which is the number of valence electrons, and eight, which is the maximum
number of valence electrons for the second row (Section 3.1.2). The number of bonds that
each atom can form to other atoms and remain neutral is called the valence for that atom. For
example, carbon has a valence of four and nitrogen has a valence of three. If an atom forms
more bonds or fewer than is required by the valence, it must take on a charge. To determine
if the number of covalent bonds to a given atom will generate a charge, formal charge (FC)
must be calculated using a specific formula.

GC =Ending Number of the Group Number - 0.5 (shared electrons) - (unshared eIectrons))

Note that counting one-half of the shared electrons is the same as counting the number of
bonds. Examples are shown in Figure 7.1. Begin with C2 in ethoxide, the conjugate base of the
alcohol, ethanol. Carbon is in group 14 and forms four covalent bonds with zero unshared
electrons. The formal charge for C2 is calculated by FC®?=4 — 14(8)- 0=4 - 4=0. Subsequent
calculations show that none of the carbons in ethoxide have a charge.

O .. . 01 =6-(054)-4=0

O =6-(052)-6=-1 . e ;Ol§Cl’" 02 =6-(05)(2)-6 =-1
Cl=4-(05(@®)-0= 0, _~_y | Cl =4-(05)8)-0=0

C2 = 4-(05)8)-0 =0 | H—C2-H C2 =4-(05)8)-0=0
AlH=1-(0.5)(2)-0= 0 H—C2-H [ N =5-(05)8)-0 = +1

[ H—ITI—H AlH=1-(0.5)2)-0= 0

H
H

Formal charge for the molecule =Ethoxide Glycine Formal charge for the molecule

-1+0+0+0+5(0)=-1 =
0-1+0+0+1+5(0)=0

FIGURE 7.1  Calculation of formal charge for ethoxide and glycine.

Formal Charge
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The Free Energy Equation

The charge for the entire molecule is calculated by summing the charges for all the atoms.
Adding the formal charge of -1 on oxygen with zero formal charge for all other atoms gives
the formal charge for the ethoxide -1. Note that in ethoxide, the negative charge resides on
the oxygen. Glycine (Section 24.3) in Figure 7.1 shows that O2 has a formal charge of -1, the
nitrogen has a formal charge of +1 and all other atoms have a formal charge of zero. When
these are added together, the formal charge for the molecule glycine is zero. Formal charge
allows inspection of any structure to determine if it is a neutral or a charged molecule, and if
there is charge on any atom in that molecule.

7.4 Determine the formal charge of bromine and carbon in CH;Br (bromomethane,
also called bromoform).

7.4 FREE ENERGY: ENTHALPY AND ENTROPY

Heating imparts the energy to molecules needed for chemical reactions. Energy can be trans-
ferred by collision with another atom or molecule. The energy released by such collisions
is utilized in bond breaking and bond-making. Changes in energy are used to follow the
progress of a chemical reaction to determine whether or not that reaction is spontaneous.
The spontaneity of a chemical reaction is determined by the change in standard free energy
(AG®). The change in free energy is calculated from the change in enthalpy (H°) and the
change in entropy (S°) using the Gibbs Free Energy equation: AG° = AH® - TAS®. This calcu-
lation assumes that the reaction is done under standard conditions, in solution at a concen-
tration of 1 M and at 298.15 K. Note that the term “7” is temperature, measured in Kelvin.
The change in entropy term (AS°) measures the “disorder” of a given system. If the number of
particles for a reaction remains the same or decreases, the magnitude of the entropy term is
quite small. If the number of particles increases during the course of a reaction, then entropy
usually increases. For most reactions presented in this book the change in entropy is small.

The term H° is measured in kcal (or kJ) mol?, so AH° will also have units of kcal (or kJ)
mol™. The entropy term is measured in calories (cal) or joules (J) not in kcal or kJ. When the
change in entropy is only a few calories or a few joules, the TAS® term is much smaller than
the AH® term (often < 1%, but it is not zero). Therefore, ignoring it will introduce only a tiny
error. For example, if AH® for a reaction is about 19.1 kcal, the AS® for that reaction is 0.01
kcal. Therefore, ignoring AS® will introduce a tiny error (0.05% in this case). Dropping the
TAS° term out of the equation gives AG° ~ AH®, which is a good first approximation. Note,
however, that ignoring entropy is an assumption. If the AH® term is>2-4 kcal (8.4-16.7 kJ)
mol, the entropy term (TAS®) should be included. There are reactions, especially cyclization
reactions, where the change in entropy is large enough to influence the reaction.

7.5 If AH°=21.5 kcal (89.9 kJ) mol", AG°=22.4 kcal (93.7 kJ) mol”, T=298 K, what is
the value of AS° in kcal (kJ) mol'? How serious is the error introduced into a AG®°
calculation if the AS° term is ignored?

When AG° for a reaction is calculated, it can have a positive or a negative value. If AG® has
a negative value, energy is released as the reaction proceeds and the process is exothermic
(exergonic). Such a reaction is said to be spontaneous because it produces enough energy
during the course of the reaction to be self-sustaining, once it has started. If AG® has a posi-
tive value, the process is endothermic (endergonic) and energy must be continually added to
the system for it to continue. An endothermic process is therefore non-spontaneous because
less energy is produced during the reaction than is required to keep it going. The energy for
a given reaction, say A+B — C+D, can be displayed as a reaction curve. Figure 7.2a shows
the reaction curve for an exothermic reaction whereas 7.2.b shows the reaction curve for an
endothermic reaction. It is noted that no reaction can begin until energy equal to the energy
of activation is attained.
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— Transition slate /“\ Transition state
Ene_rgy_ol
% activation > | Energy of
i = g’ activation
=
w | (forward)
[ C+D
¢ﬁG° Eactfclward AG®
C+D A+B
Reaction coordinate Reaction coordinate
(a) (b)

FIGURE 7.2 Exothermic and endothermic reaction curves, with the energy of activation, the
transition state and the change in free energy for each reaction.

7.6 Determine if a reaction is spontaneous or not when AH° is known to be -30 kcal
(125.5 kJ) mol-.

For any reaction to begin, energy must be applied to initiate the reaction. In most cases,
heating increases the kinetic energy of both the starting materials and solvent molecules.
Molecular collisions transfer energy from one molecule to another. The starting materials
must absorb sufficient energy, called the activation energy, E,.,, to initiate the bond-breaking-
bond-making process. The E,, is attained at the maximum point on the reaction energy
curve and correlates with the transition state. Once the transition state has been reached,
the reaction proceeds to the final products. It is important to reiterate that until energy equal
to E,, is applied, no chemical reaction takes place. A reaction will spontaneously proceed to
products if AG® is negative (Figure 7.2a) but if AG® is positive (Figure 7.2b) energy must be
continuously added to the reaction for it to continue.

7.5 BOND DISSOCIATION ENTHALPY AND REACTIONS

As introduced in Section 3.7, the energy stored in a 6-covalent bond is called the bond dis-
sociation enthalpy, H® although it is usually called bond dissociation energy. To break bonds,
energy is absorbed so bond-breaking is an endothermic process. When bonds form, energy
is released so bond-making is an exothermic process. Bond dissociation energy should be
correlated with a specific molecule rather than a generic value for a given bond. However,
generic bond dissociation energy values may be used for a discussion of the principles. An
example is the so-called substitution reaction (Sections 11.1-11.3). The iodide ion (from the
ionic compound Nal) reacts with chloromethane to give the chloride ion and iodomethane
as products. The solvent is the ether THF (tetrahydrofuran, Sections 5.5.2 and 6.7.3), shown
under the reaction arrow.

H H
\

e\’ s
Nat I H—C—CcCl _— |—C—H + Na* CI
; THF A
H H
Chloromethane lodomethane

It does not participate in the bond-making and bond-breaking process. The iodide ion
reacts as a nucleophile with carbon of the C—Cl unit, which is broken. Chloromethane, the
starting material, is always drawn on the left side of the equation. A new C—I bond is formed
in iodomethane, the product, which is always drawn on the right side of the equation. The
bond strength for the C—Cl bond in chloromethane is 84 kcal (351.5 kJ) mol* and the bond

Energy Curves and
Reactions

Bond Dissociation Energy
and Bond Strength
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Transition States

strength of C—I in iodomethane is 56 kcal (234.3 kJ) mol?, as shown in Table 7.1.! The change
in energy from reactant to product is the difference in the two values of H° or AH® (change in
energy), and AH® is H® 445 broken) - H° For the reaction shown, AH® is

bonds made)*

AH=H

-H andAH =H
(bonds broken) (bonds made)

(cl-c) H

(€D

AH =84kcal(351.5k] )mol ! — 56 kcal(234.3k] )mol ! = 28kcal (117.2)mol !

The free energy (AG®) is the important parameter. If the AS® is very small and assumed to be
zero, it is clear the calculated value of AH? is close to the value of AG® measured in kilocalo-
ries. The difference is usually only a few calories. The positive sign for AG® (from AH°®) for
this substitution reaction means that this is an endothermic reaction (endergonic).

TABLE 7.1 Selected Bond Dissociation Energy Values for Bonds In Specific
Molecules

Bond Bond Strength (H%gg) in kcal (kJ) mol”¥  Bond  Bond Strength (H°gg) in kecal (kJ) mol ™’

I—CH,3 56 (234.3) H—C(CHg)s 92 (384.9)
Br—CH, 70 (292.9) H—CH(CH), 95 (397.5)
Cl—CHg 84 (351.5) H—CH,CHy 98 (410.0)
HoN—CHj 87 (364.0) H—CHjz 104 (435.1)
H3C—CHg 88 (368.2) F—CHg 109 (456.1)
HO—CH, 1(380.7)

[ 7.7 Calculate AH® for a reaction if the energy required to make bonds is 100 kcaI\
(418.4 kJ) mol" and that required to break bonds in the starting materials is 68

kcal mol.
N J

7.6 TRANSITION STATES

Imagine the reaction of starting materials A and B give the final product A—B. This is a
one-step reaction, meaning that A and B react to give A—B directly, with no reactive inter-
mediate. The normal representation of this reaction is A+B — A—B. After the activation
energy is applied there is enough energy to begin making and breaking bonds. The point at
which the bond begins to form, represented by [A-----B], is the transition state, the logical
mid-point of a reaction. In virtually all reactions, a transition state cannot be isolated or
even detected. However, the transition-state region of a prototypical photodissociation reac-
tion has been directly observed using femtosecond extreme ultraviolet transient absorption
spectroscopy.?

A+B—>[A--B]>A—B

Returning to the conversion of chloromethane to iodomethane in Section 7.5, no intermedi-
ate has been discovered in all of the experiments done for this type of reaction over many
years. Therefore, when this reaction is said to have no intermediate, this statement is the
result of experimental findings, and it is not intuitively obvious. If there is no intermediate,
the course of that reaction can be understood only by describing the transition state. The
transition state for the reaction of chloromethane and iodide is shown in Figure 7.3. The

! Haynes, W.M. CRC Handbook of Chemistry, 94th ed., CRC Press, Inc., Boca Raton, FL, 2013-2014, pp. 9-71 to
9-79.
2 Attar, A.R; Bhattacherjee, A.; Leon, S.R. Journal of Physical Chemistry Letters, 2015, 6, 5072-5077.
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transition state must describe the Cl—C bond as it begins to break and the C—I bond as it
begins to form. Dashed lines are used in the transition state, 1, to represent bond breaking-
bond formation. The transition state is shown in a bracket, to set it apart from the reaction.

" i M
N\ 7\ _ _
Na* |_H—/C—C| |----C---c] | — | C\ H + Na*Cl
H ! H
Chloromethane 1 lodomethane

FIGURE 7.3 Pentacoordinate transition state for the reaction of sodium iodide and
chloromethane.

Note that there are five atoms surrounding carbon in 1 so it is called a pentacoordinate
transition state, but this does not mean there are five bonds. Transition state 1 is not a real
molecule but represents bond breaking-bond making so there are never five formal bonds
about that central carbon. Carbon can never have more than four covalent bonds. The reac-
tion proceeds from the transition state to give iodomethane. Note that the transition state
can be estimated by looking at the curved electron transfer arrows, which show that iodide
donates an electron to carbon (I----- C) and the electron in the C—CIl bond are transferred
to chlorine (C----- Cl). Replacing the curved arrows in the reaction shown with the dashed
lines (-----) effectively generates the transition state, 1. The molecular model of 1 in Figure 7.3
shows the I—C bond beginning to form and the C—Cl bond beginning to form. It also shows
that the three hydrogen atoms attached to the central carbon are coplanar in the transition
state.

7.8 If AH° for one reaction is -21 kcal (87.9 kJ) mol" and that for a second is -10 kcal
(41.8 kJ) mol-!, determine which reaction is likely to occur at a lower temperature
if £, for the first reaction is 35 kcal (146.4 kJ) mol " and E,, for the second reaction

is 44 kcal (184.1 kJ) mol.

7.7 COMPETING REACTIONS

Imagine there are two competing reactions. A reactant A can go either to product B or to
product C under the same conditions: C «— A — B. Assume the E,_ for the reaction that
converts A to C is shown to be 5 kcal (20.9 kJ) mol™ and the E,_, for the conversion of A to B
is 10 kcal (41.8 kJ) mol™. Note that E,, values are not intuitively obvious but are determined
in the laboratory by experiments. If the actual applied energy is only 6 kcal (25.1 kJ) mol’, the
product will be C and there will be no B because there is not enough energy for that reaction
to begin. In other words, by controlling the amount of energy applied to the reaction it is pos-
sible to produce C as the exclusive product. If 15 kcal (62.8 kJ) mol™ is applied there is enough
energy for both reactions to occur, and both products B and C are produced. For compet-
ing reactions and indeed for any reaction, the importance of the energy of the system can
be stated another way. The Curtin-Hammett principle® states that, for a reaction that has a
pair of reactive intermediates each going irreversibly to a different product, the product ratio

3 (a) Seeman, ].I. Journal of Chemical Education 1986, 63, 42—48; (b) Curtin, D.Y. Record of Chemical Progress
1954, 15, 111-128.
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7.8 Reversible Chemical Reactions

will depend the free energy of the transition state going to each product. This principle was
proposed by David Y. Curtin (USA; 1920--2011) and Louis P. Hammett (USA; 1894-1987).

7.8 REVERSIBLE CHEMICAL REACTIONS

A reversible chemical reaction, otherwise known as an equilibrium reaction, is one where
the compounds defined as products react to regenerate the compounds normally defined as
starting materials. These two reactions compete with each other. All of the Brgnsted-Lowry
acid-base reactions discussed in previous chapters are equilibrium reactions, defined by K.
Other types of reversible reactions are common.

A + B C + D

A generic example of a reversible reaction is A + B reacting to give C+D. The chemical
reaction of A and B gives products C and D. The second chemical reaction is the “reverse” of
the first one, where C and D react to give A and B. During this reaction, all four species A, B,
C and D will be present, but the concentrations of each depends to the value of the equilib-
rium constant, (K). The products are defined as being on the right side of the reaction and

reactants are defined as being on the left side of the equation. Indeed, the value of K is deter-

mined by the concentrations of reactants and products, K= Produtsl Eor the generic reaction
[reactants]

shown, K= %i]][[];% . If the value of K is small, the bottom term (reactants) is larger than the top

term (products), which indicates that A does not react very well with B to give products.
Therefore, the reverse reaction is more favorable, and the equilibrium is pushed to the left. If
the value of K is large, the top term (products) has a greater concentration than the bottom
term (reactants). Therefore, A reacted with B to give C+D as the products. If the value of K
is about 1, the reaction has close to an equal mixture of products and reactants at
equilibrium.

If a reaction is identified as reversible, the equilibrium constant (K) is related to the free
energy (AG°®). This relationship is shown in eq. 7.1, where R=1.986 cal deg! mol?, T'=tem-
perature in Kelvin, and e=2.718 (base of natural logarithms). Conversion of the In(K) to
base 10 leads to 2.303 log(K). When the temperature of an experiment is reported in degrees
Celsius, the temperature is converted to Kelvin by adding 273.15. With this equation, the
values of K for two reactions can be compared and the values of AG° used to predict which
one might be more favorable.

_AG°
K =e RT orAG°=-RT,

Kelvin

(InK)=-2.303R (T, )(l05 K ) 1)

7.9 Calculate the equilibrium constant, K, for a reaction where AH° is 68.2 kcal (285.3
kJ) mol” and the reaction temperature is 91°C.

Several points can be made that concern equilibrium reactions.

( 1. If the equilibrium constant for a reaction (K) is extremely large, the reaction is\
essentially irreversible.
2. One product may escape from the reaction medium (e.g., a low molecular weight
gas) and the equilibrium will be shifted toward products.
3. If the two reactants are less stable (more reactive) than the products, the equilib-
rium constant is large (>>1).
4. If the bonds being formed in the product are much stronger than those being
broken in the reactant, the equilibrium usually shifts toward the products.
5. If the E,, for the reaction going to the right (forward) is much smaller than that
\ going to the left (reverse), the reaction is effectively irreversible. /
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7.9 REACTION CURVES AND INTERMEDIATES

Three main categories of intermediates were introduced in Section 7.2, carbocations, carb-
anions, and radicals. When a reaction has an intermediate, formation of that intermediate
constitutes one chemical step. Subsequent conversion of the intermediate to the isolated
products will require additional chemical steps. When there are two or more chemical steps,
each reaction generates a product and has an E,.,. The E, ., for each of these steps is reflected
in a reaction curve, as shown in Figure 7.4.

For a generic reaction A+B — [C] — D, where [C] is a reactive intermediate, the
energy curve in Figure 7.4 is a combination of two chemical reactions. The first is A+B —
C and the second is C — D. The activation energy for the first reaction (marked E, ') must

[Intermediate]
2

'
v
'

Energy

o
AG overall

Reaction coordinate

FIGURE 7.4 Energy curve for a reaction that has one intermediate.

be applied for conversion of the starting materials A and B to the point marked TS, (first
transition state). Once TS, is attained the reaction proceeds to product C, which is an energy
minimum. Reaction product C is an intermediate, not a transition state, so it can be detected.
Intermediate C is highly reactive, and a new reaction requires a different energy, E, 2, to
reach a second transition state (marked TS,). In this case E, > is<E,!, and once C begins
to react, the energy curve shows that the reaction proceeds to product D in an exothermic
reaction. Figure 7.4 therefore represents two reactions, each with an energy of activation and
each with a separate transition state. If an external observer were to see this reaction, A and
B would disappear to form an isolated product D. An intermediate such as C can usually be
detected using experimental techniques and it is rarely if ever isolated.

7.10 MECHANISMS

Figure 7.4 shows the energy curve for a reaction that proceeds by initial formation of a reac-
tive intermediate, followed by a second reaction that leads to the final, isolated product.
Once an intermediate has been identified, it is possible to write a reaction sequence: starting
material(s) to intermediate to product(s). This step-by-step description of a reaction is called
the mechanism. Each step in a mechanism must be cited, including the structure of all reac-

tive intermediates.
)
/—\ . _
e o

Cyclopentene 2 Chlorocyclopentane

What is a Mechanism?
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7.10 Mechanisms

An example of a reaction that has an intermediate is the reaction of an alkene with a
mineral acid to give a carbocation product. This reaction will be discussed in Section
10.2.1. Cyclopentene reacts with HCI to give chlorocyclopentane as the isolated product.
Experimental evidence for this reaction shows that cyclopentene forms a product that can
be detected but disappears over time to give the observed and isolated product, chlorocyclo-
pentane. This unstable and transient product was identified as carbocation intermediate, 2.

An example of an experiment used to detect the presence of an intermediate first deter-
mines the number of molar equivalents of the starting material, here cyclopentene. When
mixed with HCI the reaction begins, and the disappearance of cyclopentene is monitored
by examining the change in the molar equivalents of the starting material as a function of
time. At some point in the reaction, chlorocyclopentane (the product) begins to form and the

Moles/Liter

Reaction time (minutes)

FIGURE 7.5 Disappearance of starting material cyclopentene and formation of
chlorocyclopentane.

molar equivalents of product are monitored as a function of time. During the course of this
reaction, a transient product may be detected that forms before and during the appearance
of the chlorocyclopentane product, as illustrated by the formation of 2 in Figure 7.5, the tran-
sient “product,” which appears during the course of the reaction and then disappears. Using
other experimental techniques, not described here, this transient product was determined
to be carbocation intermediate 2. Identification of all intermediates in a reaction allows one
to define the step-by-step process by which starting materials are converted to products. The
step-by-step listing of intermediates is called the mechanism of that reaction. For all reac-
tions in this book, the following protocol will be used to discuss a mechanism.

( 1. Examine the products and compare them with the starting material. )
2. If no intermediates can be found experimentally, you will be told that there are
none when that reaction is first introduced.
3. When experiments show that there is an intermediate, you will be told when that reac-
tion is first introduced. Draw the intermediate, the starting materials and all products.
4. Make an educated guess on where the product came from based on structural
changes, one chemical step at a time. Essentially, construct a step-by-step walk-
N through for that reaction. )

Assuggested in step 4, it is possible to ascertain a reasonable mechanism for most reactions
by working “backwards.” The process begins with a comparison of the product structure(s)
with the structures of the starting material(s). In the reaction of cyclopentene and HCI, chlo-
rocyclopentane is the product, and the Cl must come from HCL. This requires cleavage of the
H—Cl bond. However, one must answer the question of which adds first to C=C, the H or the
Cl. Since HCl is a Brgnsted-Lowry acid, it is reasonable to assume that cyclopentene reacts
as a Brgnsted-Lowry base with H—CI. In other words, the C=C unit reacts first with the H
of HCl in an acid-base reaction. Indeed, all reactions of an alkene and a mineral acid will give
a carbocation intermediate such as 2. Once the reactive intermediate is formed, the chloride
ion reacts as a nucleophile is a second chemical step to give the product, chlorocyclopentane.
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The mechanism is therefore reaction of the alkene with HCl to give a carbocation followed by
a second reaction with the chloride ion to give the product. This approach generates the step-
by-step sequence shown above with the structures of the starting materials, the intermediate
and the final product, which is the mechanism.

The mechanism of the reaction of cyclopentene and HCl involves two chemical reactions.
These reactions are represented by the energy diagram in Figure 7.6, where the intermediate

__H-Cl [O' Intermediate
T 1s,
“Cl

TS,

2
EaCl’

Energy

AG® overall <:|: :

Cl
Chlorocyclopentane

SL

Cyclopentene

Reaction coordinate

FIGURE 7.6 Energy diagram for the reaction of cyclopentene and HCl.

carbocation 2 is shown as a high-energy transient product of the first reaction. This interme-
diate is higher in energy than chlorocyclopentane, but lower in energy than either transition
state. In transition state [TS,], the t-bond is breaking and the new C—H bond is beginning to
form. For transition state [TS,], the chloride ion is beginning to attack the positive carbon, so
the C—Cl bond is beginning to form. As drawn in Figure 7.6, this overall reaction is exother-
mic. The real point of this figure is to associate actual structures with key energy points or
energy terms on the reaction curve. Note that E, 2 is shown to be lower than E, /!, indicating
that intermediate 2 should easily proceed to product.

C 7.10 Write out the mechanism for the reaction of 2,3-dimethylbut-2-ene with HBr. )

711 KINETICS

Once a chemical reaction has been identified, it is reasonable to question how fast it will go.
How long does it take until the reaction is complete? Apart from the obvious concern about
how long one will have to monitor the reaction, other information can be obtained from
knowledge of how fast a reaction goes and how long it takes. In many cases, such knowledge
can give insight into the mechanism of a reaction.

711.1 REACTION RATE AND FIRST-ORDER REACTIONS

The rate of reaction is a parameter that measures how quickly a reaction proceeds. In other
words, how long does it take to consume a starting material and convert it to product. To
answer this question for a chemical reaction, the change in molar concentration of either the
starting materials (reactants) or the products can be monitored. A simple reaction in which A
is transformed into B (A — B), with no intermediate, will be used to illustrate the concept.
The starting material is consumed as a function of time to form product B so the number of

Kinetics and Half-Life
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7.11 Kinetics

molar equivalents must decrease. In other words, A is consumed to form the product B. The
rate is determined by first measuring the initial concentration (in mol L) of a reactant (A),
which is 1.0 M (time =0 s). The concentration of A is measured at certain time intervals as it
is consumed. Brackets are used to indicate molar concentration, so [A] is the molar concentra-
tion of reactant A for each time point in the reaction. The measurements are continued until
A has disappeared. Since the concentration changes as a function of time, which also
—d[A]

changes, and the data can be interpreted using a differential equation, rate= -

The rate is proportional to the concentration of A and also to time. The differential equation
is shown in eq. 2, where [A], is the concentration of A at time =0, and [A], is the concentration
of A at any specified time.

[Ale t
_ [ dlA] _
Rate = j - kjdt @
[Alo 0

When this differential equation is integrated such that [A] is [A], at t=0 and it is [A], at ="end
time,” the expression obtained is shown in eq. 3.

[A], _
[A]

A
endtime —£,)andif £, =0,then In [Al,
t t

In k(t =kt (3)
Since concentration is proportional to time (conc « t), the rate of change in concentration is
set equal to the rate of change of time using a proportionality constant, k. The proportional-
ity constant (k) is defined as the rate constant and in this reaction, conc = k t. This expression
is called the rate equation for the reaction. The small k represents the rate constant, whereas
a capital K is used to indicate an equilibrium constant. The value of k is determined by first

plotting the concentration of A against time, which results in a curve as [A] diminishes dur-
[[ﬁ: is plotted versus time and the slope
of this line gives k, the rate constant. A typical value for the slope of such a plot is 2.8 x 10-3
mol L min™. Note the units of the rate constant, which show a change in concentration per
unit of time. The reaction and the rate constant just described is for a first-order reaction.
How fast a first order reaction proceeds depends only on the concentration of reactant A in
the rate determining (the slowest) step, and not on the interaction with another molecule.
The definition of a first order reaction is: a reaction in which the concentration of A is the
only concentration term in the equation. Based on eq. 2 and 3 above, the rate equation of the
first order reaction is rate =k [A].

ing the reaction. To obtain a straight-line plot and In

7.11 Examine the first order rate constant and determine whether the rate would be
increased, decreased, or remain unchanged if [A] was increased by a factor of 100.

7.11.2 SECOND-ORDER REACTIONS

Another type of reaction is quite different from the one discussed above, and it is illustrated
by the reaction A+B — A—B, where starting material A reacts with B to form a new
product, A—B.* The rate constant is determined by monitoring the change in the concen-
tration of the stating materials as a function of time. When [A] is plotted against time, the
resulting curve does not give the rate constant since the rate of the reaction depends on the
concentration of both A and B. Reactant A must react with B for the reaction to occur and
the concentrations of both A and B must be plotted against time to obtain the correct result

4 For a discussion of second-order kinetics, see Daniels, F.; Alberty, R.A. Physical Chemistry, 2nd ed., John Wiley
and Sons, New York, 1961, p. 331.
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for formation of the product. The differential equation derived from the resulting curve is
shown in eq. 4.

L AL

[A],-[B], [A],-[Bl,
where the [], terms denote the initial concentrations of A or B (at time=0) and the [], terms
indicate the concentrations of A and B at a specified time. To obtain a straight-line plot, time
[A][B],
[A][B]
M-sec. This is the second-order rate constant, rate =k [A] [B]. This rate equation is shown
in eq. 5.

)

is plotted against the integrated rate expression In and a typical the slope is 5.93 x 10-*

- [ATB or rate = K[A][B] ©)

7.12. Examine the second order rate constant and determine whether the rate
would be increased, decreased, or remain unchanged if [A] was increased by a
factor of 100.

711.3 HALF-LIFE

The half-life of a reaction is the amount of time required for one-half of the starting material
to react. This parameter is useful for determining how long it takes for a reaction to proceed
to completion. Assume that it takes 100 min for 50% of a starting material to be converted to
product, which is the half-life. If the initial concentration of a reactant X is 1.0 M, then the
concentration of X after 100 min (one half-life) will be 0.5 M. After the second half-life (100
min), 50% of the remaining X will react, and the concentration of X is 0.25 M. Another 100
min is required to bring the concentration to 0.125 M, and after a total reaction time of 600
min (six half-lives) the concentration of X is 0.016 M. In other words, 0.984 mol of X have
reacted so the reaction is 98.4% complete. A reaction is usually considered to be “complete” if
at least 98—99% of the starting material has reacted, so a reaction must be allowed to proceed
for six or more half-lives. This “rule of thumb” gives one an estimate of how long to allow
a reaction must proceed before it can be stopped. A reaction with a half-life of 6 minutes
should be complete in 36—48 minutes (6—8 half-lives) whereas a reaction with a half-life of 2
hours would take 12—16 hours (6—8 half-lives) for completion. This data would allow a scien-
tist to plan the required work and the time frame required for their reaction.

713 Determine how many moles of A have reacted after five half-lives, if the initial
concentration of A is 1.8 Molar.

The half-life is given the symbol ¢, ,. Half-life=¢,,= 1"72 = @ for a first-order reaction
(Section 7.11.1). If the rate constant (k) for a first-order reaction is 12 M min’ (moles per liter

0.693

per minute), then the t,, is T =0.06 minutes. For this reaction, five half-lives will be 5 x

0.06 min =0.3 min, so the reaction will be complete in <1 min. This is a fast reaction. If the

0693 _ 49.5x10° s five half-lives will
0.000014

be 5 x 49.5x10% s = 247,500 s. The reaction will be a little under 98% complete in ~68.8 h. or
2.86 days. Imagine another reaction that takes~93 days for one half-life, then after four

rate constant is very slow, say 1.4x10° M s, then ¢,,, =
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half-lives, or 374.1 days (> 1 year), only 93% of the starting materials will have reacted, a slow
reaction indeed.

For a second-order reaction, the half-life formula is different because the rate equation is
different. For a second-order reaction (A + B) where the initial concentration of A is the same
as B (ie. [A],=[B],). The half-life for a second-order reaction is: half-life (second-

order)=t,,,= ﬁ. The second-order half-life is used the same way as the first-order half-life.

The units for a second-order half-life (M sec) are different, but six half-lives or more are
required for a reaction to be “complete.” If k=2 M s and [A] =1, the ¢,,,=0.5 s. For this
reaction, five half-lives is 3.0 s. Similarly, if k=3x10* M s and [A] =1, then ,,,=333.3 s and
if k=3x10° M's'and [A] =1, then £,,,=3.3x10°s.

711.4 NO REACTION

How long does it take for a reaction to be complete? This question is important since it defines
the term no reaction. Imagine that mixing two reactants does not give a product. There is no
reaction. A+B — No Reaction, or N.R. However, imagine that this reaction actually does
give a product, but the rate of this reaction has a half-life of 285.39 years. Six half-lives are
required to obtain a>98% yield, which is 1712.3 years. Obviously, this is an absurd scenario.
However, this example does pose interesting, albeit silly questions. Are you willing to wait
10 years for a reaction to be complete? How about 1 year? Clearly, the answer is no! Allowing
minutes, hours, or even several days for a reaction to be complete is probably reasonable, but
waiting longer than a few weeks except under special circumstances is not. The point is, for
all practical purposes reactions are defined as working or not working (reaction or no reac-
tion) by the time required for their completion, which is measured by the half-life. Another
point to consider is that a reaction may be very slow, but a catalyst may be found that will
increase the rate of the reaction to the point that it is practical and useful. Half-life calcula-
tions are very useful for determining that a reaction is slow and requires a suitable catalyst.

There is a tendency to think when there are two competing reactions, one process will
occur and the other is impossible. That is usually incorrect. More commonly, one process
is simply slower than another and given enough time, a product may be observed from the
slower reaction. It is very important to differentiate reaction rates that are so slow they are
unlikely to compete with another reaction in a given time from those that will give product.
When there are two competing reactions, the term no reaction should question if the reac-
tion is actually impossible, or just too slow to be observed.

714 Is a reaction that produced a molecule with a half-life of 6.2x10' s considered to
be commercially viable? Why or why not?

7.12 BIOLOGICAL RELEVANCE

In biological chemical processes enzymes mediate reactions that are inherently slow and
often act as a catalyst to provide an alternative mechanistic pathway. A catalyst participates
in a reaction to either initiate the reaction or influence the rate of the reaction, but it is
regenerated during the course of the reaction. Enzyme-catalyzed reactions are ubiquitous in
biological systems. Figure 7.7 shows an energy profile of a catalyzed and an uncatalyzed reac-
tion.> Complexation with the enzyme catalysts leads to a lower activation energy. Catalysis
by an enzyme will mediate biological reactions that are similar to those discussed in this
book. It is just organic chemistry!® Many of the reaction are more complex, to be sure, but it
is organic chemistry.

> Warshel, A.; Sharma, P.K,; Kato, M.; Xiang, Y.; Liu, H.; Olsson, M.H.M. Chemical Reviews 2006, 106, 3210.
¢ Smith, M.B. Biochemistry. An Organic Chemistry Approach, CRC Press, Boca Raton, FL, 2020.
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FIGURE 7.7 Energy curves for an enzymatically catalyzed reaction compared with an uncata-
lyzed reaction. (a) Free energy profile for an enzymatic reaction and that for the correspond-
ing solution reaction. The figure describes the free energies associated with k_./KM and k.. (b)
describes the energetics of a reference solution reaction that is not catalyzed. Reprinted with
permission from Warshel, A; Sharma, PK; Kato, M, Xiang, Y, Liu, H,; Olsson, M.H.M. Chemical
Reviews, 2006, 106, 3210. Copyright 2006 American Chemical Society.

For enzymatic reactions, the rate of a reaction has been called the velocity of the reac-
tion, and rate constants can be determined for each process. It has been observed that at low
substrate concentration, the reaction velocity is proportional to the substrate concentration
and the reaction is first order with respect to substrate.” Increasing the concentration of the
substrate causes the reaction rate to diminish, and there is a point where it is no longer pro-
portional to the substrate concentration. Indeed, the rate of the enzyme-catalyzed reaction
becomes constant and independent of substrate concentration. The reaction is zero-order
with respect to the substrate and the enzyme is said to be saturated with substrate (satura-
tion). A zero-order reaction is independent of the concentration of the reactants, so a higher
concentration of reactants will not increase the rate of reaction.

kg ks
E + S ——= ES —— E + P
ko K4

This enzymatic reaction is described by a process in which the enzyme (E) reacts with
substrate (S) to form a complex ES, which then breaks down to regenerate the enzyme and
products (P).° Both reactions are reversible, with the rate constants that are indicated k;-k;.
This reaction has been analyzed to give where the second equation has a constant K.

[S] ([E]-[ES]) ko + kg (E] [S]

= = K d, ES = —
[ES] K . o TS

This term replaces the rate constant term and is called the Michaelis-Menten constant.
Further manipulation of the equation leads to the Michaelis-Menten equation, which defines
the quantitative relationship between the enzyme reaction rate and the substrate concentra-

tion [S]. Noe that V,,, =k [E] and V,,,, is the maximum velocity for formation of the complex
ES.
Vimax [S]
Velocity = v = ———
Ku + [S]

7 Lehninger, A.L. Biochemistry, Worth Publishing Inc., New York, 1970, pp. 153-154.
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N\

CORRELATION OF HOMEWORK WITH CONCEPTS

Intermediates are transient products such as carbocations, carbanions or radicals:
1,2, 3.

Formal charge can be calculated for a molecule or anion: 4, 23

Enthalpy is the term used to measure bond dissociation energy, and AH® for a
reaction is the difference in bond dissociation energy for bonds made - that for
bonds broken: products - reactants. The free energy (AG°) is calculated. The free
energy of a reaction determines if the reaction is spontaneous (exothermic) or
nonspontaneous (endothermic): AG°=AH° - TAS®:5,6,7,8,9, 15, 17, 20, 22.

The energy of activation (E,,) is the energy required to initiate the bond making/
bond breaking process of a chemical reaction. The transition state for a reaction
is the highest energy portion of a reaction curve and corresponds to the point in
a reaction where bonds in the starting materials are “partly broken” and bonds in
the products are “partly made™: 8, 16, 19.

A mechanism is a step-by-step roadmap that shows the presence or absence of
intermediates and the total number of steps required to convert the string materi-
als to the products: 10.

Reversible chemical reactions have an E,, (reverse) equal to or less than E,, (for-
ward), for the reactions. The position of the equilibrium is measured by the equi-

librium constant K, defined as [ froducts . 50,

Rate of reaction describes how fast reactants are consumed and products are
formed. The rate equation for a first-order reaction is rate =k [A], where k is the
rate constant. The rate equation for a second-order reaction is rate=k [A] [B],
where k is the rate constant: 11, 12.

The half-life of a reaction is the time required for half of the starting materials to
react: 1, 14, 18, 21.

~

J

ANSWERS TO IN-CHAPTER QUESTIONS

7.1

7.2

7.3

74

7.5

7.6

7.7

CH3CHy., +
CH3CH2’C_CH2CH3

H3CH2C_A%"”|!|—|
[\
W,
For bromomethane, CH,Br, the formal charge for C is C=4 - %(8) - 0=0; for Br,
Br=7- %(2) - 6=0. Therefore, the formal charge for this molecule is 0.

AG°=AH°-TAS®. Therefore, 22.4=21.5-298 (AS°) =22.4 - 21.5=-298 AS° Therefore,

AS°= 025 =-0.0030 keal (0.013 kJ) mol?=-3 cal. Since the AG® term is 22.4 kcal

(93.7 kJ) mol* and the AS° term is ~ 3 cal (13]), leaving out the TA H° term will intro-
duce only a small error into the calculation. Specially, 0.9 kcal (3.77 kJ) mol?!
out of 22.4 kcal (93.7 kJ) mol! =4% error.

Assume that AH® = AG®, and since the AH° term is negative, this indicates an exo-

thermic (spontaneous) reaction.
AH®=H°, s broken = H bonds made = 08 - 100 =-32 kcal (-133.9 kJ) mol.
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The reaction with the lower E,_, [35 kcal (136.4 k]) mol?] will occur at a lower tem-
perature. The value of AH® does not play a role in initiating the reaction, but initia-
tion is determined by the E,,.

AG°=-RT (In K) =-2.303 RT (log K); convert centigrade to kelvin: K=°C +273.15.

Assume that AS° is zero, so AG®° = AH°. Therefore, 68.2 =-2.303(1.986)(364.15) log K
and log K= —682 _4nd log K=-0.041. Then K= 107% =10-0004) = 1,099, K =1.099.

10 ~1665.3
. H H
o Hfgr [ 7 _
Br

711 Increasing or decreasing the concentration of A in a first-order reaction has no
effect on the rate constant, therefore, it will remain unchanged.

7.12 For a second-order reaction, the rate is dependent on both reaction partners, A and
B. Increasing the concentration of one increases the overall rate, so increasing the
concentration of A by 100 should increase the rate by a factor of 100.

713 Foraninitialconcentrationof 1.8 M, one-halfwillbe consumed after one half-life: = 0.9
M. Therefore, we expect 0.9 mol have reacted after one half-life, 0.9+0.45=1.35 after
two, 0.9+0.45+0.225=1.575 after three, 0.9+0.45+0.225+0.113=1.688 after four, and
0.9+0.45+0.225+0.113+0.0561.744 after five. After five half-lives, 1.744 mol of the
initial 1.8 have reacted: this means that 96.9% of A has reacted.

714 No! If we convert this half-life to years, we find that it is 1.97x108 years. Clearly, 0.2
billion years is a long time to wait for a commercial product.

HOMEWORK

15. Use the energy values in Table 7.1 to determine the value of AH® for the follow-

ing hypothetical reactions (virtually none of these transformations actually occur).
Determine if each is endothermic or exothermic.

H

/
(a) CH3l + CH30H H3C—OQ’ + 01—
CHj
| _H
(b) CH3CH; + CHaNH, — - _ i + CHy
H;C™ + "CHj3

(c) CH3-CH3 + (CH3)3C—Cl CH3Cl + (CH3)3C—CHs

(d)  (CHg)3CCHz + 17— (CH3)3C~ + CHz—I

16. For a given reaction, explain the relationship between the energy of activation and

the transition state.

17. When a reaction has a negative value for AH® it is said to be spontaneous. Does

this mean that simply mixing the reactants together will automatically produce the
product in a reaction that generates heat? Why or why not?

18. Calculate the half-lives given the following data.

(@) A first order reaction where k=1.2x10° (b) A second order reaction where
k=4.5

(© A first order reaction where k=5.8x10°> (d) A second order reaction where
k=9.25x10*

19. Calculate AG® given the following equilibrium constants for reactions at 25 °C.
@ 25 (b) 155x10¢ () 8.77x10° (d) 4.4x10°
20. Calculate the equilibrium constants given A H® for reactions at 25 °C, assuming that
AS°is<1 calin all cases.
(@) -1.5kcal (-6.3 k]) mol' (b) 100.3 kcal (419.6 kJ) mol!
(¢ -4.5x10*cal mol' (d) 18.5 kcal (77.4 kJ) mol?!
() -33keal (-137.1 kJ) mol?! (f) -12.5x10° kcal (-5.2x107 kJ) mol™.
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21. The half-life for a certain reaction is 8 h. Estimate how many half-lives, and how
many hours would be required for the reaction to go to at least 98% completion.

22. For reaction A, AG®° is -200 kcal (837.4 k]) mol? and for reaction B, AG® is -20 kcal
(83.7 kJ) mol™. For reaction A, AG*=+100 kcal (418.7 kJ) mol* and for reaction B,
AG*=+10 kcal (41.9 kJ) mol ™. Both reactions are run at room temperature with-
out any other source of heat or energy, except the energy at room temperature (25
kcal or 104.7 kJ) mol. Briefly discuss which, if either, of these reactions will go to
products.

23. Calculate the formal charge for all atoms marked in red and then calculate the for-
mal charge for each molecule. Do not assume unshared electrons are present unless
they are shown or indicated.

. H H
(¢] H
O AN h /T H/C\ \l/
~ O /7N © | e) /\ 2
c H y—5 cl N \\ . ~
W] 2 I s, A~ c|/| c
H H C H/

All Cl have three electron pairs
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Conformations

As molecules absorb energy from their surroundings, their incipient kinetic energy
increases. One of the ways that molecules dissipate energy is by molecular vibrations that
include the stretching and the bending of covalent bonds. In addition, there is internal
rotation around single covalent 6-bonds. This rotation leads to different arrangements of
atoms and groups in space.

To begin this chapter, you should know the following:

4 - o-Bonds. (Sections 3.3 and 3.5). A
. gw-Bonds. (Sections 5.1-5.3).
+ Cyclic compound and acyclic compounds. (Sections 4.3 and 4.4).
« The nature and nomenclature of functional groups. (Sections 5.1, 5.2, 5.3, 5.5, and
5.6).
« The VSEPR model for predicting the shape of simple molecules. (Section 3.6).
\ + The concept of equilibrium constants K, other than K. (Section 7.8). )
8.1 ROTATION AROUND C—C BONDS Rotamers

8.1.1 STAGGERED AND ECLIPSED ROTAMERS

The C—C single bonds found in an organic molecule can rotate. Rotation about the C—C
bond in ethane, for example, leads to different relative spatial arrangements of atoms
attached to each carbon. If each arrangement could be “frozen” at a particular rotation
angle, a “snapshot” of each arrangement is obtained called a rotamer. It is important to
point out that rotamers are never “frozen” and rotation occurs continuously at temperatures
above absolute zero.

In principle, 360° rotation about a C—C bond will produce an infinite number of rotamers.
However, only a few rotamers describe the energy required for rotation about a given bond.
For ethane the two energetically important rotamers are shown in Figure 8.1. Figure 8.1a,
shows that the H atoms on C1 marked are “in between” the H atoms on C2 so the bonds are
staggered. This arrangement is identified as a staggered rotamer. In Figure 8.1b, the hydrogen
atom on C1 overlaps (eclipses) the hydrogen atom on C2. The bonds also eclipse and this
arrangement is identified as an eclipsed rotamer. The figures in Figure 8.1a are sawhorse
diagrams, where C1 is to the front and C2 is to the rear. A ball-and-stick molecular model of
sawhorse ethane is drawn using the same perspective to show the relationship of the atoms
and bonds. The two rotamers in Figure 8.1b have been turned so the view is “head on,” with
C1 in the front and C2 in the rear. The “front” carbon (C2) is shown as a “dot” in the center
of the circle and the carbon atom in the rear (C2) is represented as a “circle.” Each carbon
is tetrahedral, so another carbon and three hydrogen atoms are attached to it. This second
representation is known as a Newman projection named after Melvin Spencer Newman
(USA; 1908-1993). A ball-and-stick molecular model is drawn from the same perspective,
again to show the relationship of the bonds and atoms. In the eclipsed rotamer (Figure 8.1a)
the overlap of the atoms and the bonds that connect the hydrogen atoms to carbon leads
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FIGURE 8.1 Sawhorse diagrams and Newman projections for rotamers of ethane.

to repulson of the electrons in the covalent bonds and also repulsion of atoms. This type of
repulsion is called steric hindrance. Due to this hindrance the eclipsed rotamer is higher in
energy than the staggered rotamer. The measured energy difference of 2.9 kcal mol* (13.95
kJ mol)! imposes an energy barrier to rotation about the C—C bond of ethane as discussed
in Section 8.1.2.

8.1 Draw the staggered rotamer of 1-deuterioethane (one hydrogen atom of ethane
is replaced with a deuterium) using D for the deuterium atom.

8.1.2 TORSIONAL STRAIN: STERIC HINDRANCE AND ENERGY BARRIERS

Rotation about the C—C bond of ethane by 360° will generate all possible rotamers. It is
known that ethane spends most of the time as a staggered rotamer and only a small per-
centage of the time as an eclipsed rotamer. Indeed, the eclipsed rotamers define the highest
energy barrier to rotation and the staggered rotamers define the lowest energy barrier. As
shown in Figure 8.2 an eclipsed rotamer is generated by rotation of 60° 180° and 300° and
a staggered rotamer is generated by rotation of 120° 240° and 360°. In the eclipsed rotamer,
there is steric hindrance due to the proximity of the atoms. The eclipsing bonds repel one
another, and this interaction generates what is called torsional energy. However, the term
torsional strain is often used to indicate both eclipsing bond repulsion energy and steric
hindrance due to eclipsing atoms. In the staggered rotamer of ethane, the hydrogen atoms
and the bonds are as far apart as possible, so torsional strain is greatly diminished. Rotation
is facile in this low energy rotamer. The steric interaction for rotation in the eclipsed rota-
mer imposes an energy barrier to rotation of 2.9 kecal (13.95 kJ) mol!.! This energy barrier
impedes rotation but does not stop it. There is continuous but Zindered rotation about the
C—Cbond. As a consequence of this energy barrier, the staggered rotamers account for the
highest percentage of all rotamers that are possible during the 360°rotation.

8.2 Draw all rotamers for 1,2-dichloroethane generated by rotation of 60° and focus-
ing attention on the chlorine atoms.

It is possible to plot angular rotation of the C—C bond of ethane versus the relative energy
of each rotamer generated by that rotation. The resulting energy curve is essentially a “map”

! (a) Aston, ].G.; Isserow, S.; Szasz, G.J.; Kennedy, R.M. Journal of Chemical Physics 1944, 12, 336—344; (b) Mason,
E.A,; Kreevoy, M.M. Journal of the American Chemical Society 1955, 77, 5808-5814; (c) Mason, E.A.; Kreevoy,
M.M. Journal of the American Chemical Society 1957, 79, 4851-4854; (d) see Weinhold, F. Nature 2001, 411,
539—541. Figure 1 therein.
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FIGURE 8.2 Rotation about the carbon—carbon bond in a “labeled” ethane using Newman
projections.
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FIGURE 8.3 Rotation about the GC—C bond of ethane and the energy barriers to rotation in
ethane (plot of energy vs angular rotation).

that shows the magnitude of the energy barriers to rotation (see Figure 8.3).4 Complete rota-
tion around the carbon-carbon bond in ethane generates three eclipsed-rotamers, as shown
in Figure 8.3, each with an energy barrier of 2.9 kcal (13.95 kJ) mol! so rotation “slows down”

when these eclipsed-rotamers are encountered but at normal temperatures there is plenty of
energy for 360° rotation about carbon-carbon bonds.

( 8.3 Briefly discuss why eclipsed ethane is higher in energy than staggered ethane. )

8.2 LONGER CHAIN ALKANES

Chapter 8 - Conformations

Propane and Butane

Rotation about a C—C bond occurs in all organic molecules with sp3-hybridized carbon
atoms that are connected by a covalent 6-bond and rotation occurs about all single covalent
bonds in that molecule. The collection of all rotamers for all bonds generates shapes for the
molecule called conformations. For a molecule with several bonds, many conformations are
possible, but some conformations are lower in energy than others and are therefore more
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8.2 Longer Chain Alkanes

abundant. The presence of substituents on one or more of the carbons of a C—C bond will
influence the conformational preference.

To examine rotation about C—C bonds, molecules with an alkane backbone can be cat-
egorized into three fundamental units that are “ethane” derivatives. As shown in Figure 8.4,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

H H H H H H H H
X—C—C—H X—C—C—X Y—C—C—X i HC—C—C—H
H H H H H H H
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Propane
H H H H
H\ / H\ / H\ / H\ /
H;C—C—C—CHj Cl—C—C—H Cl—C—C—ClI Cl—C—C—CH;
7 \ 4 \ 4 \ 4 \
H H H H H H H H
Butane Chloroethane 1,2-Dichloroethane 1-Chloropropane

FIGURE 8.4 “Ethane” model for longer chain and substituted alkanes.

these units serve as models to help understand the rotamer population. One model is the
unit X—C—C—H, where X represents one substituent. A second model is X—C—C—X
for a bond with two identical substituents, and the third is X—C—C—Y for a bond with
two different substituents. Propane is the three-carbon alkane, and it is represented as an
X—C—C—H system, where X is methyl (CH,, abbreviated Me). In an eclipsed rotamer there
are H,C-H interactions and H-H interactions for rotation about the Me—C—C—H bond.
1,2-Dichloroethane is a X—C—C—X system where X =ClI, so there are Cl-Cl and CI-H
interactions in the eclipsed rotamers. 1-Chloropropane is a X—C—C—Y system where
X =Cl and Y =methyl, so there are Cl- CH,, CI—H and H;C —H interactions. The steric
interactions of the larger groups are more important since they present higher energy barri-
ers to rotation.

8.4. For X—CH,CH,—X where X=Me and X =CMe,, briefly discuss which will have the
higher energy barrier to rotation around the C—C bond.

C¢

Staggered propane Eclipsed propane

Propane is symmetrical with a central CH, unit with a methyl group on either end.
Rotation about either the C!—C? or the C2—C3 bond will therefore generate identical rotam-
ers. It isa X—C—C—H system. A staggered rotamer of propane has the methyl group on the
C! opposite a hydrogen on C2. The higher energy eclipsed rotamer has a methyl that eclipses a
hydrogen atom. This methyl-hydrogen interaction is measured to be ~ 3.5 kcal (14.6 kJ) mol.
This interaction is higher than the hydrogen-hydrogen interaction in ethane of~2.9 kcal
(12.1 kJ) mol!. Therefore, the staggered rotamer is the most abundant.

Butane is the linear four-carbon alkane, and several rotamers as well as the space-filling
model of each is shown in Figure 8.5. There are three C—C bonds in butane: C!—C?, C?—
C3, and C*—C*. Examination of the identical C'—C? and C2—C* bonds shows that both
are X—C—C—H systems (Me—C—C—H) whereas the C>—C?® bond is a X—C—C—X
system (Me—C—C—Me). If rotation about C'—C? or C*—C? is examined, C! and C* have



Chapter 8 - Conformations

three attached hydrogen atoms but C? or C? in these bonds have an attached ethyl group and
two hydrogen atoms. For the C? and C? bond, each carbon has an attached methyl group.
Although an ethyl group is larger than a methyl group, the steric demands of an ethyl group
are not significantly greater than those of a methyl group. Rotation about the C!—C? bond or
the C2—C3 bonds can bring the methyl group very close to the eclipsing hydrogen atom (1).
However, rotation about the C'—C? bond or the C>—C3 bonds swings the methyl group away
from the eclipsing hydrogen atom and diminishes the steric effect (2) to give a much lower
energy rotamer. There is a significant steric effect when the two methyl group eclipse during
rotation about the C2—C3 bond.

The Me—Me interaction in the syn rotamer is about 5.9 kcal (24.7 kJ) mol,? and it is the
maximum interaction for rotation of all the bonds in butane. In other words, the higher
energy rotamers in butane are associated with rotation about C>—C3.

Meﬂ H\ Ml H |
H\ /H H@) ~ \@
/( )\ H Me
H H Méi M ‘\_/ Me

Anti Eclipsed Gauche

&90&

FIGURE 8.5 Important rotamers for the C>—C3 bond in butane.

Imagine that rotation about C>—C? begins with the staggered rotamer or anti-rotamer
of butane where the two methyl groups are ~ 180° apart. This anti rotamer is the lowest in
energy for the C2—C? bond. Rotation through 360° at 60° intervals gives several rotamers
that are taken to be important, and they relate to the energetics of bond rotation. Rotation
through 60° leads to an eclipsed rotamer where the two methyl groups do not eclipse each
other, but one methyl eclipses a hydrogen and the other methyl eclipses a different hydrogen.
Rotation by another 60° leads to a staggered rotamer, but the spatial proximity of the methyl
groups leads to a steric interaction, despite the fact there are no eclipsing bonds or atoms.
This rotamer is labeled as a gauche-rotamer. The next 60° rotation generates an eclipsed
rotamer that is different from the first eclipsed rotamer since the two methyl groups com-
pletely eclipse each other, which is clearly the highest energy rotamer, the syn-rotamer. As
rotation is continued, a second gauche rotamer is generated, and then a second eclipsed
rotamer. The plot of rotamer energy vs. rotation angle for butane is shown in Figure 8.6.3 The
Me—Me interaction in the syn-rotamer gives the highest barrier to rotation, 5.86 kcal (24.5

2 Kagan, H. Organic Stereochemistry, Halsted Press, New York, 1979, p. 50.
3 Jorgensen, W.L. Journal of the American Chemical Society 1981, 103, 677—679, Figure 1a therein.
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8.3 Influence of Heteroatoms on the Rotamer Population

kJ) mol”, and the anti-rotamer is the lowest energy rotamer. There are smaller energy barri-
ers for eclipsed-rotamers, and “valleys” for gauche-rotamers that are higher in energy than
the anti-rotamer.

syn Rotamer

gauche Rotamer:

4

Engrgy (keal/maole)
[
1

I I I Ll T
] 60 120 180 240 300 360
Angular Rotation

FIGURE 8.6 Angular rotation-energy map for butane. Reprinted with permission Jorgensen,
W.L. Journal of the American Chemical Society, 1981, 103, 677-679, Figure 1a therein. Copyright 1981
American Chemical Society.

The “ethane model” used for propane and butane can be extended to other alkanes. In
virtually all alkanes, the anti-rotamer for a given C—C unit is assumed to be the lowest
energy rotamer for every bond in the alkane. Taking decane as an example, every C—C bond
is assumed to exist as the anti-rotamer in the most abundant conformation. This assumption
leads to a so-called “zigzag” structure, which is taken to be the low energy conformation of
long chain alkanes.

( 8.5 Draw both gauche rotamers for 1,2-dichloroethane in Newman projection. )

8.3 INFLUENCE OF HETEROATOMS ON THE ROTAMER POPULATION

If heteroatoms or functional groups containing heteroatoms are introduced into a carbon
chain, the size of the atoms or groups and the influence of the lone electron pairs associated
with any heteroatoms will influence the rotamer populations of individual bonds and there-
fore the overall conformation of molecule.

8.3.1 HALOGEN SUBSTITUENTS

Halogens (F, Cl, Br, I) have the same valence as hydrogen. The tetrahedral geometry around
each sp® carbon is retained when a halogen atom replaces a hydrogen atom in a carbon.
Halogens are larger than hydrogen atoms, however, so the bond angles around the tetrahe-
dral carbon bearing the halogen will be different. Haloethanes are X—C—C—H systems,
where X =halogen. Space-filling models of the eclipsed rotamers of the four haloethanes are
shown.

Fluoroethane Chloroethane Bromoethane lodoethane
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The increase in steric hindrance is apparent and it influences the rotamer populations
in organic compounds bearing halogen atoms. The covalent radius of fluorine is 0.64 A (64
pm), that of chlorine is 0.99 A (99 pm), that of bromine is 1.14 A (114 pm), and that of iodine
is 1.33 A (133 pm) and the difference in size is reflected in the models.* Interestingly, the
fluorine atom shows a steric interaction similar to that of hydrogen, although the covalent
radius of hydrogen is only 0.37 A (37 pm)* As the size of the halogen increases there is greater
destabilization of the eclipsed rotamer and a lower percentage of that rotamer. Halogens
also have three lone pairs of electrons that contribute to the steric effects of the substituent.
Halopropanes such as 1-chloropropane are X—C—C—Y systems, where X =halogen and
Y = methyl. 1,2-Dihaloethanes are an example of a X—C—C—X system if both halogens are
the same and a X—C—C—Y system if the halogens are different.

8.6 Briefly discuss the energy diagram for rotation about the C—Cbond of 1,1,1,2-tetra-
chloroethane. Should it look more like that of ethane or more like that of propane?

8.3.2 OH OR NH GROUPS IN ALCOHOLS OR AMINES

A B c D

The rotamer population for a molecule that has one hydroxyl group (OH), as in butan-
2-ol, is more complex. There is a rotamer with eclipsing methyl-methyl groups (A) and
another rotamer with eclipsing methyl