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Preface

What enters your mind when you hear the words "organic chemistry?" Some of you may think,
“the chemistry of life," or "the chemistry of carbon.” Other responses might include "pre-med,
"pressure,” "difficult,” or "memorization.” Although formally the study of the compounds of
carbon, organic chemistry encompasses many skills that are common to other areas of study.
Organic chemistry is as much a liberal art as a science, and mastery of the concepts and techniques
of organic chemistry can lead to an enhanced competence in other fields.

As you proceed to solve the problems that accompany the text, you will bring to the task
many problem-solving techniques. For example, planning an organic synthesis requires the skills
of a chess player; you must plan your moves while looking several steps ahead, and you must keep
your plan flexible. Structure-determination problems are like detective problems, in which many
clues must be assembled to yield the most likely solution. Naming organic compounds is similar to
the systematic naming of biological specimens; in both cases, a set of rules must be learned and
then applied to the specimen or compound under study.

The problems in the text fall into two categories: drill and complex. Drill problems, which
appear throughout the text and at the end of each chapter, test your knowledge of one fact or
technique at a time. You may need to rely on memorization to solve these problems, which you
should work on first. More complicated problems require you to recall facts from several parts of
the text and then use one or more of the problem-solving techniques mentioned above. As each
major type of problem—synthesis, nomenclature, or structure determination—is introduced in the
text, a solution is extensively worked out in this Solutions Manual.

Here are several suggestions that may help you with problem solving:

1. The text is organized into chapters that describe individual functional groups. As you
study each functional group, make sure that you understand the structure and reactivity of
that group. In case your memory of a specific reaction fails you, you can rely on your
general knowledge of functional groups for help.

2. Use molecular models. 1t is difficult to visualize the three-dimensional structure of an
organic molecule when looking at a two-dimensional drawing. Models will help you to
appreciate the structural aspects of organic chemistry and are indispensable tools for
understanding stereochemistry.

3. Every effort has been made to make this Solutions Manual as clear, attractive, and
error-free as possible. Nevertheless, you should wse the Solutions Manual in moderation.
The principal use of this book should be to check answers to problems you have already
worked out. The Solutions Manual should not be used as a substitute for effort; at times,
struggling with a problem is the only way to teach yourself.

4. Look through the appendices at the end of the Solutions Manual. Some of these
appendices contain tables that may help you in working problems; others present
information related to the history of organic chemistry.

This edition of the Solutions Manual is almost completely new. All but a few of the
structures and drawings have been revised, and much new material has been added. Each chapter
of the Solutions Manual begins with an outline of the text that can be used for a concise review of
the text material and can also serve as a reference. After every few chapters a Review Unit has been
inserted. In most cases, the chapters covered in the Review Units are related to each other, and the
units are planned to appear at approximately the place in the textbook where a test might be given.
Each unit lists the vocabulary for the chapters covered, the skills needed to solve problems, and
several important points that might need reinforcing or that restate material in the text from a
slightly different point of view. Finally, the small self-test that has been included allows you to test
yourself on the material from more than one chapter.

I have tried to include many types of study aids in this Solutions Manual. Nevertheless,
this book can only serve as an adjunct to the larger and more complete textbook. If Organic



Chemistry is the guidebook to your study of organic chemistry, then the Solutions Manual is the
roadmap that shows you how to find what you need.

Acknowledgments [ would like (o thank my husband, John McMurry, for offering me the
opportunity to write this book many years ago and for supporting my efforts while this edition was
being prepared. [ am indebted to C. Peter Lillya, University of Massachusetts, Amherst, and Eric
Simanek, Texas A & M University, for combing this manuscript for errors and for improving the
clarity of my writing. Many people at Brooks/Cole Publishing company have given me
encouragement during this project; special thanks are due to Jennifer Huber, Melissa Henderson,
and Beth Wilbur. Finally, I would like to thank our eleven-year-old son Paul McMurry, who
helped in many small ways and who patiently watched me work on this book, hoping that his turn
to use the computer would come soon.
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Chapter 1 - Structure and Bonding

Chapter Outline

Atomic Structure (Sections 1.1 —1.3).
A. Introduction to atomic structure (Section 1.1).

1.

ESNSVE 9]

Atoms consist of a dense, positively charged nucleus surrounded by negatively
charged electrons.

a. The nucleus is made up of positively charged protons and uncharged neutrons.
b. The nucleus contains most of the mass of the atom.

c. Electrons move about the nucleus at a distance of about 1071 m.

The atomic number (Z) gives the number of protons in the nucleus.

The mass number (A) gives the total number of protons and neutrons.

All atoms of a given element have the same value of Z.

a. Atoms of a given element can have different values of A.

b. Atoms of the same clement with different values of A are called isotopes.

B. Orbitals (Section 1.2).
1

o

(5]

The distribution of electrons in an atom can be described by a wave equation.
a. The solution to a wave equation is an orbital, represented by .
b. W predicts the volume of space in which an electron is likely to be found.
There are four different kinds of orbitals (s, p, d, /).
a. The s orbitals are spherical.
b. The p orbitals are dumbbell-shaped.
c. Four of the five d orbitals are cloverleaf-shaped.
An atom’s electrons are organized into shells.
a. The shells differ in the numbers and kinds of orbitals they have.
b. Electrons in different orbitals have different energies.
c. Each orbital can hold two electrons.
The two lowest-energy electrons are in the Is orbital.
a. The 2s orbital is the next in energy.
Each p orbital has a region of zero density, called a node.
b. The next three orbitals are 2py, 2py and 2p,.

C. Electron Configuration (Section 1.3).

1.

2.

The ground-state electron configuration of an atom is a listing of the orbitals
occupied by the atom.
Rules for predicting the ground-state electron configuration of an atom:
a. Orbitals with the lowest energy levels are filled first.
The order of filling 1s 1s, 25, 2p, 3s, 3p. 4s, 3d.
Only two electrons can occupy each orbital, and they must be of opposite spin.
If two or more orbitals have the same energy, one electron occupies each until
all are half-full (Hund's rule). Only then does a second electron occupy one of
the orbitals.

All of the electrons in a half-filled shell have the same spin.

o

(e}

II. Chemical Bonding Theory (Sections 1.4 — 1.6).
A. Development of chemical binding theory (Section |.4).

1.

2

Kekulé and Couper proposed that carbon has four "affinity units" — carbon is
tetravalent.

Other scientists suggested that carbon can form double bonds, triple bonds and
rings.
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3. Van't Holf proposed that the 4 atoms to which carbon forms bonds sit at the
corners of a regular tetrahedron.
4. Inadrawing of a tetrahedral carbon, a wedged line represents a bond pointing
toward the viewer, and a dashed line points behind the plane of the page.
B. Covalent bonds (Section 1.5).
1. Atoms bond together because the resulting compound is more stable than the
individual atoms.
a. Atoms (end to achieve the electron configuration of the nearest noble gas.
b. Atoms in groups 1A, 2A and 7A either lose electrons or gain electrons to form
ionic compounds.
c. Atoms in the middle of the periodic table share clectrons by forming covalent
bonds.
The number of covalent bonds formed by an atom depends on the number of
electrons it has and on the number it needs to achieve an octet.
3. Covalent bonds can be represented two ways.
a. In Lewis structures, bonds are represented as pairs of dots.
b. In line-bond structures, bonds are represented as lines drawn between two
atoms.
4. Valence clectrons not used for bonding are called lone-pair electrons.
Lone-pair electrons are represented as dots.
C. Theories of covalent bond formation (Section 1.6).
1. Valence bond theory.
a. Covalent bonds are formed by the overlap of two atomic orbitals, each of which
contains one electron. The two electrons have opposite spins.
b. Each of the bonded atoms retains its atomic orbitals, but the electron pair of the
overlapping orbitals is shared by both atoms.
The greater the orbital overlap, the stronger the bond.
Bonds formed by the head-on overlap of two atomic orbitals are cylindrically
symmetrical and are called o bonds.
Bond strength is the measure of the amount of energy needed to break a bond.
Bond length is the optimum distance between nuclei.
Every bond has a characteristic bond length and bond strength.
oleculdr orbital theory.
Molecular orbitals arise from a mathematical combination of atomic orbitals and
belong to the entire molecule.
b. Two Ls orbitals can combine in two different ways.
i. The additive combination is a bonding MO and is lower in energy than the
two hydrogen s atomic orbitals.
ii. The subtractive combination is an antibonding MO and is higher in energy
than the two hydrogen Ls atomic orbitals.
c. A node is a region between nuclei where electrons aren't found.
If a node occurs between two nuclei, the nuclei repel each other.
d. The number of MOs in a molecule is the same as the number of atomic orbitals
combined.
I Hybrldlzauon (Sections 1.7 — 1.11).
A. vp Orbitals (Sections 1.7, 1.8).
1. Structure of methane (Section 1.7).
a. When carbon forms 4 bonds with hydrogen, one 2s orbital and three 2p orbitals
combine to form four equivalent atomic orbitals (sp3 hybrid orbitals).
b. These orbitals are tetrahedrally oriented.
c. Because these orbitals are unsymmetrical, they can form stronger bonds than
unhybridized orbitals can.
d. These bonds have a specific geometry and a bond angle of 109.5°.

(S8

ao

© 2@ o
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Structure of ethane (Section 1.8).

a. Ethane has the same type of hybridization as oceurs in methane.

b. The C-C bond is formed by overlap of two sp” orbitals.

,¢. Bond lengths, strengths and angles are very close to those of methane.

. sp” Orbitals (Section 1.9).

I.

2.

3.

5.

If one carbon 2s orbital combines with two carbon 2p orbitals, three hybrid \p

orbitals are formed, and one p orbital remains unchanged.

The three sp~ orbitals lie in a plane at angles of 120°, and the p orbital is

perpendicular to them.

Two different types of bond form between two carbons.

a. A o bond forms from the overlap of two sp orbitals.

b. A rnbond forms by sideways overlap of two p orbitals.

¢. This combination is known as a carbon-carbon double bond.

Ethylene is composed of a carhon-carbon double bond and four o bonds formed

between the remaining four sp~ orbitals of carbon and the 1s orbitals of hydrogen.
The double bond of ethylene is both shorter and stronger than the C-C bond of
ethane.

In the molecular orbital description of ethane, both bonding and antibonding MOs

can form from the combination of two p orbitals.

C. sp Orbitals (Section 1.10).

1.

5

3.

If one carbon 2s orbital combines with one carbon 2p orbital, two hybrid sp orbitals

are formed, and two p orbitals are unchanged.

The two sp orbitals are 180° apart, and the two p orbitals are perpendicular to them

and to each other.

Two different types of bonds form.

a. A o bond forms from the overlap of two sp orbitals.

b. Two n bonds form by sideways overlap of four p orbitals.

c. This combination is known as a carbon-carbon triple bond.

Acetylene is composed of a carbon-carbon triple bond and two ¢ bonds formed

between the remaining two sp orbitals of carbon and the 1s orbitals of hydrogen.
The triple bond of acetylene is the strongest carbon-carbon bond.

D. Hybridization of nitrogen and oxygen (Section 1.11).

2.

Covalent bonds between other elements can be described by using hybrid orbitals.
Both the nitrogen atom in ammonia and the oxygen atom in water form sp” hybrid
orbitals.

The lone-pair electrons in these compounds occupy sp3 orbitals.
The bond angles between hydrogen and the central atom is often less than 109°
because the lone-pair electrons take up more room than the o bond.
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Solutions to Problems

(a) To find the ground-state electron configuration of an element, first locate its atomic
number. For boron, the atomic number is 5; boron thus has 5 protons and 5 clectrons.
Next, assign the electrons to the proper energy levels, starting with the Jowest level. Fitl
cach level completely before assigning clectrons to a higher energy level.

2p -T— —_—
Boron 2s -H—

Remember that only two electrons can occupy the same orbital, and that they must be of
opposite spin.

A different way to represent the ground-state electron configuration is to simply write
down the occupied orbitals and to indicate the number of electrons in each orbital. For
example, the electron configuration for boron is 1s° 2s* 2p!.

Often, we are interested only in the electrons in the outermost shell. We can then
represent all filled Jevels by the symbol for the nable gas having the same levels filled. In
the case of boron, the filled 1s energy level is rcprescntcd by [He], and the valence shell
configuration is symbolized by [He] 257 2p.

(b) Let's consider an element with many electrons. Phosphorus, with an atomic number of
15, has 15 electrons. Assigning these to energy levels:

e

3 4
Phosphorus  2p 4 H 4

25 A

_

Notice that the 3p electrons are all in different orbitals. According to Hund's rule, we must
place one electron into each orbital of the same energy level until all orbitals are half-filled.

The more concise way to represent ground-state electron configuration for phosphorus:
1s% 25* 2p° 35 3p° or [Ne] 3s° 3p°
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Structure and Bonding

(c) Oxygen (atomic number 8) (d) Chlorine {atomic number 17)

» 4 T
2 4 -
- 4 v e W
2 4
o 4

2,2, 4 22N G2
1s7 25" 2p 1s"2s" 2p 35" 3p

[He] 25° 2p* [Ne] 352 3p°

The elements of the periodic table are organized into groups that are based on the number
of outer-shell electrons each element has. For example, an element in group 1A has one
outer-shell electron, and an element in group SA has five outer-shell electrons. To find the
number of outer-shell electrons for a given element, use the periodic table to locate its

group.

(a) Potassium (group 1A) has one electron in its outermost shell.
(b) Aluminum (group 3A) has three outer-shell electrons.
(c) Krypton is a noble gas and has eight electrons in its outermost shell.

A solid line represents a bond lying in the plane of the page, a wedged bond represents a
bond pointing out of the plane of the page toward the viewer, and a dashed bond
represents a bond pointing behind the plane of the page.

|
Chloroform G-
c—\"c

Cl

H
\ IL"H
H‘}C_ \
H H

(a) Germanium (Group 4A) has four electrons in its valence shell and forms four bonds to
achieve the noble-gas configuration of neon. A likely formula is GeCly.

Element  Group  Likely Formula

(b)Al  3A AlHs
©C  4A CH,Cl»
@Si  4A SiFy

N  5A CH+NH»
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1.6  Follow these three steps lor drawing the Lewis structure of a molecule.

(1) Determine the number of valence, or outer-shell electrons for each atom in the
molecule. For chloroform, we know that carbon has lour valence electrons, hydrogen
has one valence clectron, and each chlorine has seven valence electrons.

C 4 x 1 =4
H 10 1 =l
:Cl- 7x3 =21

26 total valence electrons

(2) Next, use two electrons for cach single bond.
H
ci:c:ci
Cl

(3) Finally, use the remaining electrons to achieve an noble gas configuration for all atoms.

Molecule Lewis structure Line-bond structure
iy i
(a) CHCl5 :.C.I :.C:: p.l 3 CI—C‘)—-CI
g fJ'I: cl
(b)  HyS H:S: H=S
8§ valence electrons H H
H H H H
(¢)  CH3NH, HCNH H—(IJ—I\'J—H
14 valence electrons s IL

(d) NaH Na: H Na —H
2 valence electrons
H i
(€)  CHaLi H:C:Li H—(|3—Li
8 valence electrons H H

1.7  Each of the two carbons has 4 valence electrons. Two electrons are used to form the
carbon-carbon bond, and the 6 clectrons that remain can form bonds with a maximum of 6
hydrogens. Thus, the formula CoHy is not possible.
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Structure and Bonding 7

H H
\ 3/ H ] The geometry around all carbon atoms
H '}? 3 G Propane is tetrahedral, and all bond angles are
7\ approximately 109°,
.C—H
H ‘ .\'[)3
H
"
AR
Neo—g e Propene
32\
1C=—H
/5p2

The C3-H bonds are o bonds formed by overlap of an sp° orbital of carbon 3 with an s
orbital of hydrogen.

The C2-H and C1-H bonds arc o bonds formed by overlap of an sp orbital of carbon
with an s orbital of hydrogen.

,The C2-C3 bond is a ¢ bond formed by overlap of an sp orbital of carbon 3 with an
sp orbital of carbon 2.

There are two Cl1 ZC2 bonds. One is a & bond formed by overlap of an sp” orbital of
carbon 1 with an sp orbital of carbon 2. The other is a = bond formed by overlap of a p
orbital of carbon 1 with a p orbital of carbon 2. All four atoms connected to the carbon-
carbon double bond lie in the same plane, and all bond angles between these atoms are
120°.

H H
H\»\‘P;C 1)' C g All atoms lie in the same plane, and all bond
4 sp2 2 i s,,- H angles are approximately 120°.
H H

[,3-Butadiene
The atoms of acetaldehyde contribute 18 valence electrons. Ten electrons take part in the 5

single bonds, 4 electrons are involved in the carbon-oxygen double bond, and 4 electrons
form the 2 lone pairs of electrons on oxygen.

H I
:C::0: H —C|3 —C=0 Acetaldehyde
H

I
ag O:I
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| 1l Aspirin.

All carbons are .x'pz hybridized, with the exception of the
indicated carbon. All oxygen atoms have two lone pairs

H C of electrons.
| (I: H
H -// -~ I‘H
Q sp3
H
H
Ha sp3 sp sp
C—C=C—H Propyne
/3 2 1
H

The C3-H bonds are o bonds formed by overlap of an sp® orbital of carbon 3 with an s
orbital of hydrogen.

The C1-H bond is a o bond formed by overlap of an sp orbital of carbon 1 with an s
orbital of hydrogen.

The C2-C3 bond is a ¢ bond formed by overlap of an sp orbital of carbon 2 with an sp3
orbital of carbon 3.

There are three C1-C2 bonds. One is a ¢ bond formed by overlap of an sp orbital of
carbon 1 with an sp orbital of carbon 2. The other two bonds are n bonds formed by
overlap of two p orbitals of carbon 1 with two p orbitals of carbon 2.

The three carbon atoms of propyne lie on a straight line; the bond angle is 180°. The
H-C,=C, bond angle is also 180°.

H I
H:E::N: H Formaldimine H—C=N—H

Four electrons are shared in the carbon-nitrogen double bond. The nitrogen atom is sp?
hybridized.

(a) H H
H \b _ / The sp3-hybridized oxygen atom
/ é@ has tetrahedral geometry.
H
(b) @
N Tetrahedral geometry at nitrogen and carbon.
HaC~ % ~CHg

HaC
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1.17
" p
\ g L .
C=6 H All carbons are sp= hybridized, except for the carbon
o \ / D dicated as sn3. The oy N L o
0—C I —N: H H indicated as sp. The two oxygen atoms and the nitro-
/ N\ U '/ gen atom have lone pair electrons, as shown.
H Cc—C C C vp1
\ I
H H :0: H
1.18
?Hs H
|
0y O _C___H
C H \C NA”
H 4 H I I Il
HO, V-7 N 6. _Ccy _C.
c— < Al IS H
S O AN
0O /1 N\ H
Additional Problems
1.19 Atomic Number of
Element Number valence electrons
(a) Magnesium 12 2
(b) Sulfur 16 6
(¢) Bromine 35 7
1.20 Atomic Ground-state
Element Nwmber Electron configuration
(a) Sodium 11 157257 2p¢ 035!
(b) Aluminum 13 ls ”s 7p 3? p'
(c) Silicon 14 l\ "s "p 3s? 3p
(d) Calcium 20 15%25° 2p 37 3p 45°
1.21 (a) AlCl; (b) CF,Cl> (c) N1
1.22
H
H:C:C:::N: Acetonitrile
H

Nitrogen has five electrons in its outer electron shell. Three are used in the carbon-nitrogen
triple bond, and two are a nonbonding electron pair.

1.23 The H3C- carbon is sp3 hybridized, and the —CN carbon is sp hybridized.
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H - H cl
H:Cc::C:Cl: c=cC
.o . / \

H H H

Vinyl chloride has 18 valence electrons. Eight electrons are used for 4 single bonds, 4
clectrons are used in the carbon-carbon double bond, and 6 electrons are in the 3 lone pairs
that surround chlorine.

Note that electron pairs in Lewis structures are generally shown as either vertical or
horizontal.

@ ® o © o
CHy—S—CHj CHy—C—NH, CHy—C—Cl:

In molecular formulas of organic molecules, carbon is listed first, followed by hydrogen.
All other elements are listed in alphabetical order.

Compound Molecular Formula

(21) Aspirin CoHgOy4
(b) Vitamin C CegHgOg
(¢) Nicotine CioH 14N>
(d) Glucose CgH 1206

To work a problem of this sort, you must examine all possible structures consistent with
the rules of valence. You must systematically consider all possible attachments, including
those that have branches, rings and multiple bonds.

@ppy o @yn o Own S
H=G—C—C—H H—C—N—H H=G—C—0—H H—G—0—C—H
H H H H H H H H

) T
o A
H H H H H H
(©) H O H
Il | He A _H
H—C—C—H H—C=C—0—H c=C
| [ e
H H H
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W T Tyl T
A e el
H H N H N_H H H H H H C_H

H/ \H H/ \H H/|\H
H
1.28
(@) (b) 3 (©) (d)
sp? A\p3 A\’p3 P .3[72 .\p: spsp ﬂ
CH3CH,CH3 HaC 2 52 HyC=CH—C=CH W _Ccw?
C=CH, CH3 “OH
H3C
.1113
1.29
H H
\ /
C=C
/ \
H—C C—H  Benzene
A U
C—C
/ \
H H

All carbon atoms of benzene are sp> hybridized. and all bond angles of benzene are 120°,
Benzene is a planar molecule.

1.30 (a) The C-O-C bond angle is approximately 109°, and oxygen is sp’ —hybn’di7ed
(b} The C-N-C bond angle is approximately 109°, and nitrogen is spx—hybndued
(c) The C-N-H bond angle is approximately 109°, and nitrogen is sp° *_hybridized.
(d) The O—C-0 bond angle is approximately 120°, and oarbon is sp~—hybridized.

(a) CHyCHoCH=CH, (b) HyC=CH—CH=CH, (c) H,C=CH—C=CH

1.32 (a) The 4 valence electrons of carbon can form bonds with a maximum of 4 hydrogens.
Thus, it is not possible for the compound CHjs to exist.
(b) If you try to draw a molecule with the formula CoHgN, you will see that it is
impossible for both carbons and nitrogen to have a complete octet of electrons. Therefore,
CaoHgN is unlikely to exist.
(c) A compound with the formula C3HsBr> doesn't have filled outer shells for all atoms
and is thus unlikely to exist.

CHj
H /Ck.. H Ethanol
OH
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o 7 bonds \

sp
1 bonds

The central carbon of allene forms two o bonds and two n bonds. The central carbon is
sp-hybridized, and the two terminal carbons are sp™hybridized. The bond angle formed
by the three carbons is 180°, indicating linear geometry for the carbons of allene.

1.42
1.43
:0:
l fHs
HaC\'}'/C\ﬁ?/N .
G C~7
0 I]l bt

All the indicated atoms are s1)2 hybridized.

1.44 (a) The positively charged carbon atom has six valence shell electrons.
(b) A carbocation is sp—hybridized.
(c) A carbocation is planar.
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—
b
n

O 0

H

(a) A carbanion is isoelectronic with (has the same number of electrons as) a trivalent
nitrogen compound.

(b) The negatively charged carbanion carbon has eight valence electrons.

(c) The carbon atom 1s sp”~hybridized.

(d) A carbanion is tetrahedral.

1.46 According to the Pauli Exclusion Principle, two electrons in the same orbital must have
opposite spins. Thus, the two electrons of triplet (spin-unpaired) methylene must occupy
different orbitals. In triplet methylene, sp-hybridized carbon forms one bond to each of
two hydrogens. Each of the two unpaired electrons occupies a p orbital. In singlet (spin-
paired) methylene the two electrons can occupy the same orbital because they have

opposite spins, Including the two C~H bonds, there are a total of three occupied orbitals.

We predict sp~ hybridization and planar geometry for singlet methylene.

/\ vacant p orbital

O@ H Y
H—C=H ma( sl
N - "0
Triplet methylene Singlet methylene
(linear) (planar)

A Look Ahead

1.47
s
CH3CH,CHoCH3 CH3CHCH3
The two compounds differ in the way that the carbon atoms are connected.
1.48
H H
N 7
. He/ M A
H,C=CH —CHg ~C—C_
H H
One compound has a double bond, and one has a ring.
1.49

CH3CH,OH CH3OCH3

The two compounds differ in the location of the oxygen atom.

18
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CHa
CH3CH,CH=CH, CHaCH=CHCHs HoC=C
CHg

The compounds differ in the way that the carbon atoms are connected and in the
location of the double bond.

Molecular Modeling

1.51 The electron density is highest near the atomic nuclei. The "low" electron density surface
most closely resembles the space-filling model.

1.52 Higher electron density is always found between O and H, rather than between O and Na.
Higher electron density between O and H indicates that O-H bonds are covalent, whereas
lower electron density between O and Na indicates that bonds between these two atoms are
ionic.

1.53 The two highest energy molecular orbitals of acetylene have the same energy and are
oriented at 90° to each other.
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Chapter 2 — Polar Bonds and Their Consequences

Chapter Outline

1. Polar covalent bonds (Sections 2.1 — 2.3).
A. Electronegativity (Section 2.1).

1.

(B

4.

Although some bonds are totally ionic and some are totally covalent, most chemical
bonds are polar covalent bonds.
In these bonds, electrons are attracted to one atom more than to the other atom.
Bond polarity 1s due to differences in electronegativity (EN).
a. Elements on the right side of the periodic table are more electronegative than
clements on the left side.
b. Carbon has an EN of 2.5.
c. Elements with EN > 2.5 are more electronegative than carbon.
d. Elements with EN < 2.5 are less electronegative than carbon.
The difference in EN between two elements can be used to predict the polarity of a
bond.
a. If AEN < 0.4, a bond is nonpolar covalent.
b. If AEN is between 0.4 and 2.0, a bond is polar covalent.
¢. If AEN > 2.0, a bond is ionic.
d. The symbols 8+ and & are used to indicate partial charges.
e. A crossed arrow 1s used to indicate bond polarity.
An inductive effect is an atom's ability to polarize a bond.

B. Dipole moment (Section 2.2).

1.
2.

PRI

5.

Dipole moment is the measure of a molecule's overall polarity.

Dipole moment (u) = Q x r, where Q = charge and r = distance between charges.
Dipole moment is measured in debyes (D).

Dipole moment can be used to measure charge separation.

An electrostatic potential map can be used to show the charge distribution in a

molecule.

Water and ammonia have large values of D; methane and ethane have D = 0.

C. Formal charge (Section 2.3).

I

3.

Formal chance (FC) indicates electron "ownership" in a molecule.

FC) = [ # of valencc:] l: # of bonding electrons ] [# nonbonding]
(FC) ={ eclectrons |~ ® - clectrons

Molecules that are neutral overall but that have + and — charges on individual atoms
are dipolar.

1. Resonance (Sections 2.4 — 2.6).
A. Chemical structures and resonance (Section 2.4).

I

9

Some molecules (CH3NO3) can be drawn as two (or more) different Lewis

structures.

a. These structures are called resonance structures.

b. The true structure of the molecule is intermediate between the structures.

¢. The true structure is called a resonance hybrid.

Resonance structures differ only in the placement of = and nonbonding electrons.
All atoms occupy the same positions.

Resonance is an important concept in organic chemistry.
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B. Rules for resonance forms (Section 2.5).

1.

S

[V}

0
g

2

Individual resonance forms are imaginary, not real.

Resonance forms differ only in the placement of their = or nonbonding electrons.
A curved arrow is used to indicate the movement of electrons, not atoms.

Different resonance forms of a molecule don't have to be equivalent.
If resonance forms are nonequivalent, the structure of the actual molecule
resembles the more stable resonance form(s).

Resonance forms must be valid Lewis structures and obey normal rules of valency.

The resonance hybrid is more stable than any individual resonance form.

useful technique for drawing resonance forms (Section 2.6).

Any three-atom grouping with a multiple bond adjacent to a nonbonding p orbital

has two resonance forms.

By recognizing these three-atom pieces, resonance forms can be generated.

I11. Acids and bases (Sections 2.7 — 2.11).
A. Bronsted-Lowry definition (Section 2.7).

1.

2

A Brgnsted-Lowry acid donates an H* ion; a Bronsted-Lowry base accepts H'.
The product that results when a base gains H is the conjugate acid of the base; the
product that results when an acid loses H™ is the conjugate base of the acid.

B. Acid and base strength (Section 2.8 — 2.10).

W B —

S

n

A strong acid reacts almost completely with water (Section 2.8).
The strength of an acid in water is indicated by K, the acidity constant.
Strong acids have large acidity constants, and weaker acids have smaller acidity
constants.
The pK, is normally used to express acid strength.
a. pK,=-log K,
b. A strong acid has a small pK,, and a weak acid has a large pK.
¢. The conjugate base of a strong acid is a weak base, and the conjugate base
of a weak acid is a strong base.
Predicting acid-base reactions from pK, (Section 2.9).
a. An acid with a low pK, reacts with the conjugate base of an acid with a high
PK,
b. Inother words, the products of an acid—base reaction are more stable than
the reactants.
Organic acids and organic bases (Section 2.10).
a. There are two main types of organic acids:
i. Acids that contain hydrogen bonded to oxygen.
ii. Acids that have hydrogen bonded to the carbon next to a C=0 group.
b. The main type of organic base contains a nitrogen atom with a lone electron
pair.

C. Lewis acids and bases (Section 2.11).

1.

88}

A Lewis acid accepts an electron pair.

a. A Lewis acid may have either a vacant low-energy orbital or a polar bond to
hydrogen.

b. Examples include metal cations, halogen acids, Group 3 compounds and
transition-metal compounds.

A Lewis base has a pair of nonbonding electrons.

a. Most oxygen- and nitrogen-containing organic compounds are Lewis bases.

b. Many organic Lewis bases have more than one basic site.

A curved arrow shows the movement of electrons from a Lewis base to a Lewis

acid.
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IV. Chemical structures (Sections 2.12 — 2.13).
A. Drawing chemical structures (Section 2.12).
1. Condensed structures don't show C—H bonds and don't show the bonds between
CHjs, CH»> and CH units.
2. Skeletal structures are simpler still.
a. Carbon atoms aren't usually shown.
b. Hydrogen atoms bonded to carbon aren't usually shown.
c. Other atoms are shown.
B. Molecular models (Section 2.13).
1. Space-filling models show the crowding within a molecule.
2. Ball-and-stick models show bonds.

Answers to Problems

2.1  After solving this problem, use Figure 2.2 to check your answers. The larger the number.
the more electronegative the element.

More electronegative Less electronegative
(a)H (2.1) Li (1.0)
(b)Br (2.8) B (2.0)
(c)ClI (3.0) [N (275)
(d)C (2.5 H (2.1)

Carbon is slightly more electronegative than hydrogen.

2.2 Asin Problem 2.1, use Figure 2.2.

@ 5 5 ®) 5 5 (ORI wrs wy. @ 5 s
H3C-—Br H3C_NH2 H3C—'L| H2N_H
© 5 5 O 5 s ® 5 s
H3C—OH H3C_MQBI' H3C—"F
2.3 Carbon: EN =25 Carbon: EN = 2.5 Fluorine: =40
Lithium: EN=1.0 Potassium: EN =0.8 Carbon: EN 2.5
AEN = L.5 AEN = 1.7 AEN = 1.5
Carbon: EN =25 Oxygen EN =3.5
Magnesium: EN = 1.2 Carbon: EN =25
AEN = 1.3 AEN = 1.0

The most polar bond has the largest AEN. Thus, in order of increasing bond polarity:

H3;C—OH < H3C—MgBr < H3;C—Li, H3C—F < H3;C—K
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We must look at the polarization of the individual bonds of a molecule to account for an
observed dipole moment. In the case of methanol, CH3OH, the individual bond polarities
can be estimated tfrom Figure 2.2. A polarity arrow is drawn so that the arrow points
toward the more clectronegative element (the larger numbers in Figure 2.2).

In addition, we must take into account the contribution of the two lone pairs of
oxygen. Indicating the individual bond polarities by arrows, we can predict the direction of
the dipole moment.

‘\/ /ch dipole moment

It is difficult to calculate the dipole moment from the individual bond moments. It is
often possible, however, to estimate qualitatively the direction and relative magnitude of
the dipole moment by estimating the net direction of the bond polarities.

5 S+ o
:0=C=0.:
-~ -

The dipole moment of CO» is zero because the bond polarities of the two carbon-oxygen
bonds cancel.

(a) . . (b) y
7\\\0 %l 0 dipole | I I net dipole
|| moment C‘/'\:C R moment
“
C /7 ~C
g <\|4‘ cl ,7
() (d)
Cli Cl Cl
SN~
| 7 net dipole \ﬁ 7 i net dipole

H’/ >\\a moment moment

To find the formal charge of an atom in 2 molecule, follow these two steps:
(1) Draw a Lewis structure of the molecule.

.?2 H O H
Sy = H:C:S:CiH
FTRS

HaC” ™"~ CHs h R
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(c) i
H3C_N =C:

I

I
IO

=z

(@15

For hydrogen: FC = 1-

1
PN
|
i
<
1
=)

For carbon 1: FC
For carbon 2: FC = 4 -

For nitrogen: FC = 5-

2.9
(a) Nitrate anion has 3 three-atom groupings and thus has 3 resonance forms:

g/ \\ :(P: ?+
-0 ﬁé/N o: :04N\5

+
N _
H_J
(b)
+ +
H,C=CH—CH, =—= H,C—CH=CH,
() + o +
N=N—N—H = N=N=N—H
(d) li' ,l_,
H\ /CQ /Br H\C¢C\C/Br
Il | - | [l
H” >c? er H/C C/C\Br
| I
H H

2.10 When an acid loses a proton, the product is the conjugate base of the acid. When a base
gains a proton, the product is the conjugate acid of the base.

H—NO3 + :NHz === NO3 + NH4"

Acid Base Conjugate Conjugate
base acid

2.11 Recall from Section 2.8 that a strong acid has a small pK, and a weak acid has a large pK,.
Accordingly, picric acid (pK, = 0.38) is a stronger acid than formic acid (pK, = 3.75).
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HO-H is a stronger acid than H,N-H. Since H,N™ is a stronger base than HO™, the
conjugate acid of H,N™ (HoN-H) is a weaker acid than the conjugate acid of HO™
(HO-H).

(a) %
H—CN + CH3COO Na® — Na® "CN + CH;COOH
pK, =93 pKa=4.7
Weaker acid Stronger acid

Remember that the lower the pK,, the stronger the acid. Thus CH3COOH, not HCN, is
the stronger acid, and the above reaction will not take place in the direction written.

(b) .- ? - -
CHaCH,O—H + Na* "CN —— CHsCH,0 Na* + HCN
pK, =16 pK,=93
Weaker acid Stronger acid

Using the same reasoning as in part (a), we can see that the above reaction will not occur.

O O
Il I
C oc ? C
HyC” TCHy + Na* "iNH, — HyC” “CHyi~Na® + :NHg
pKa =19 pK, =36
Stronger acid Weaker acid

The above reaction will take place as written.
Enter =9.31 into the calculator and use the INV LOG function to arrive at the answer
K,=49x 1079

The arrows show the movement of an electron pair from a Lewis base to a Lewis acid.
(@) H
5 A 4| B
CHaCHoOH + H—=Cl === CHsCH,OH + CI

H
. [x |+
HN(CH3), + H-—CI <= HN(CHgz)p + CI

. /\ + _
P(CH3)3 + H—CI ~—= H—P(CHgz)3 * CI
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(b)
HQ: + *CHj === HO—CHj
VA \ .
HQ: + B(CH3)3 =—= HO—B(CHy)3

HOT + MgBr, === HO—MgBr,

2.17
(a) H
F H:.CSIH Boron: FC=3 - % -0=-1
FiB : O:
F H:C:H Oxygen: FC=6 —% -2=+1
¥ 2

The formal charge of —1 for boron indicates that boron has a net negative charge; oxygen
has a net positive charge.

(b) H
Ci H:‘(SZH H Aluminum: FC=3 - % -0=-1
Cl:Al @ N @ CiH R
S aEn Nitrogen: FC=5 - % -0=+1
H

The formal charge of ~1 for aluminum indicates that it has a net negative charge; the formal
charge +1 for nitrogen indicates that it has a net positive charge.
For clarity, electron dots have been left off F and Cl in the above structures.

2.18 Remember that the end of a line represents a carbon atom with 3 hydrogens, a two-way
intersection represents a carbon atom with 2 hydrogens, a three-way intersection represents
a carbon with 1 hydrogen and a four-way intersection represents a carbon with no

hydrogens.

a b
(a) - OH 1n (b)
HoN A &7 wwow,
0H >y

OH
HO =

IH

Adrenaline — CgH3NO3

Estrone — C18H2202
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2.28-2.29
More polar Less polar
(a) HyC—Cl cl—cl
3+ &
(b) H—=CI HyC—H
5+ & 5- 8+
(c) HO—TCHg (CHg)3SI ™ CHgy
5 O+ 5+ s
(d L™—OH HyC=—TLi
5+ - 5 O+
2.30
@ ¢ Cl by ¢ H )
N N no dipole
/C— C\ /C—C\ moment
H H H Cl
(c) cl

(d) Cl
I~
Cl

2.31 Inphosgene, the individual bond polarities tend to cancel, but in formaldehyde, the bond
polarities add to each other. Thus, phosgene has a smaller dipole moment.

it it

Phosgene Formaldehyde
2.32 u=Q xr. Foraproton and an electron separated by 100 pm, p = 4.8 D. If the two charges

are separated by 136 pm, n = 6.53 D. Since the observed dipole moment is 1.08 D, the
H—Cl bond has (1.08 D/ 6.53 D) x 100 % = 16.5 % ionic character.

2.33 The magnitude of a dipole moment depends on both charge and distance between atoms.
Fluorine is more electronegative than chlorine, but a C=F bond is shorter than a C-Cl
bond. Thus, the dipole moment of CH3F is smaller than that of CH3Cl.

2.34  To save space, molecules are shown as line-bond structures with lone pairs, rather than as
Lewis structures.

1
(=)}
|

(a) (CH3)268F3 Oxygen: FC -2 = +1

Boron: FC = 3 - -0 = -1
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e 12

(b) HC—N=N: Carbon: FC = 4 - (% -2 =-1
Nitrogen 1: FC = 5 5 _0 = 41
Nitrogen 2: FC = 5- % 2 =0

12 0
(¢) H,C=N=N: Carbon: FC = 4 - -%— -0=0
Nitrogen 1: FC = 5- 2 -0 = +1
Nitrogen 2: FC = 5 - % -4 = -1

(@ L 23 4
:0=0—0¢ Oxygen I: FC = 6 - ER -4 =0
Oxygen2: FC = 6- %-—2=+1

2
Oxygen3: FC = 6- T—6=—]
(e) (%Ha Carbon: FC = 4 - % -2 =-]
HZC_fT_CHs Phosphorus: FC = 5 - % -0 =+l

CHg -
(®) 2R .. Nitrogen: FC = 5- % -0 = +1

M=o >
— Oxygen: FC = 6 - ? -6 = -1

2.35 Resonance forms do not differ in the position of nuclei. The two structures in (a) are not
resonance forms because the carbon and hydrogen atoms outside the ring occupy different
positions in the two forms.

=
4*) not resonance structures
A

The pairs of structures in parts (b), (c), and (d) represent resonance forms.
2.36

(@)

PN -

HaC” “CHy HaC

Yy

CHy,
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2.41

2.42

2.43

Chapter 2

(a)

(d)

(a)

(b)

(c)

b)) H R (c)
:BriAl:Br: H:C:C:iN:H H:
‘Br: H H H
(e) H H ()
HiF HiC:S:C:H e
H H
CH30H + H2804 . CH30H2+ + HSO4_
stronger  stronger weaker weaker
base acid acid base
CHgOH + NaNH, =—= CHz0 Na® + NHj
stronger  stronger weaker weaker
acid base base acid
CHgNH3* CI™ + NaOH =—= CHgNH, + H,O + NaCl
stronger stronger weaker weaker
acid base base acid

Qe
ITiicl
:Cl:

As in Problem 2.34, molecules are shown as line-bond structures with lone-pair electrons
indicated. Only calculations for atoms with non-zero formal charge are shown.

(a)

(b)

(c)

HoC—N =N =

.
C|)H3“ Oxygen: FC = 6 - —5—-
HyC—N—0:

2 |- Nitrogen: FC = 5- %
CHs -
I Ni . _ 4
I 92 3 Nitrogen 1: FC = 5~ —=-
HzC—N—N=N: 3
Nitrogen 2: FC = 5- —
Nitrogen 3: FC = 5- —,6)—

1, 3

Nitrogen 1: FC = 5-
Nitrogen 2: FC = 5-

Nitrogen 3: FC = 5 -

wlbw|oou[cz\

-6
-0

-1

+1
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The substances with the largest values of pK, are the least acidic.

Least acidic Most acidic
i To0 I
CH3CCH3 < Q—OH < CHsCCH,CCH3 <  CHyCOH
pKy = 19 pRy = 9.9 pKy =9 pKy = 4.7

To react completely (> 99.9%) with NaOH, an acid must have a pK; at least 3 units
smaller than the pK, of H>O. Thus, all substances in the previous problem except acetone
react completely with NaOH.

The stronger the acid (smaller pKy). the weaker its conjugate base. Since NHy" is a

stronger acid than CH3NH;*, NHs is a weaker base than CH3NH».
CHg CHs
H30—(|:—O' K* + HO — Hac—(IJ—OH + K' TOH
CHg CHj
pKy = 157 pKy = 18
stronger acid weaker acid

The reaction will take place as written because water is a stronger acid than rerr-butyl
alcohol. Thus, a solution of potassium fert-butoxide in water can't be prepared.

= (0] — 0
Il Y Il
\ N:/J,\*H\,,/C\ = \ N—H * .. C._
Y (/_Q CH3 Y :0 CHj
(a) Acctone: K, =5 x ieree (b) Formic acid: K, = 1.8 x 107
(a) Nitromethane: pK, = 10.30 (b) Acrylic acid: pK, =4.25

K,
Formic acid + H,O =2 Formate~ + H;0t
[ 0.050 M] (x] [x]

- 1 _)3 .
Ko = 18 x107 = 5450 %

If you let 0.050 — x = 0.050, then x = 3.0 x 107 and pH = 2.52. If you calculate x
exactly, then x =2.9 x 107" and pH = 2.54.

Only acetic acid will react with sodium bicarbonate. Acetic acid is the only substance in
Problem 2.44 that is a stronger acid than carbonic acid.
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2.53 Sodium bicarbonate reacts with acetic acid to produce carbonic acid, which breaks down to
form CO». Bubbles of CO; indicate the presence of an acid stronger than carbonic acid, in
this case acetic acid. Phenol does not react with sodium bicarbonate.

2.54 Reactions (a), (b) and (d) are reactions between Brgnsted-Lowry acids and bases; the
stronger acid and stronger base are identified. Reactions (¢) and (e) occur between Lewis
acids and bases.

(a) N
CH3OH + HY ———— CH30H,
base acid

(b) s o Tl

1l Il
CH300H3 + TIC|4 —— CH300H3
base acid

c

(c) o
H H
H H+ NaH —> H

acid base

@ )

| H\+/BH3
N N

¢} 0]
base acid

2.55 Pairs (a) and (d) represent resonance structures; pairs (b) and (c) do not. In order for two
structures to be resonance forms, all atoms must be in the same position in all resonance

forms.
2.56
(a) .- (b
NoN 3©)8
+ 7/ + / + - = +
HSC_N\ e H3C_N\\ O:O—-—O: e ,O_,qu
83~ 5©kB

(c)

+ e e+ e e+
HyC=N=N: =— H,C—N=N: <—= Hy,C—N=N:
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Each oxygen: FC = 6
CH
3 Sulfur: FC = 6

2+

7
H3C—Sl

0:-
The presence of formal charges indicates that electrons are not shared equally between S
and O - they are strongly attracted to oxygen. The S-O bonds, therefore, are strongly
polar. If the geometry of the molecule were planar (as drawn above), the dipole moments
of the individual S—O bonds would cancel, resulting in a net dipole moment of zero. If

dimethyl sulfone had tetrahedral geometry, however, a large dipole moment would be
expected.

:O|:
2+
-"S o —
HaC™/ N
H3C "
- :0: o
ﬂ H2504 .ﬁ. ﬂ
—
C+e H —-——— C. .t _H or C L
H3C/ \9/ H30/ \?/ H3C/ \O/
H
Acetic acid protonation of protonation of

single-bond oxygen double-bond oxygen
Protonation of the single bond oxygen produces the structure illustrated above. The
product formed by protonation of the double bond oxygen can be represented by the
structure pictured above and by two other resonance forms.

+ _H .« _H o H
50/ :0/ :O/
] B | e |+
C.--_H Cs+ _H 00
Hsc/ \Q/ H3C/ \\p/ Hac/ \Q/

The product formed by protonation of the double-bond oxygen is more stable because it is
stabilized by resonance: the more resonance forms that can be drawn for a molecule, the
more stable it is.

A Look Ahead

2.59

@ 5 (b) © 4 0 (@
s 0 s /& 5 0 >
5:0_ 2L +C 18- —C=N

O - < NHy 5+ 8-
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10t 101 :0: o o
H\C/Q: . i
/ N\ - -
H H

When phenol loses a proton, the resulting anion is stabilized by resonance.

2.60

Molecular Modeling

2.61 The anti conformation has zero dipole moment because the bond dipoles exactly cancel in
the anti conformation.

2.62 The nitrogen atom in CH3NH3" and the oxygen atom in CH30H,* each carry a formal
charge of +1. The -NH and —OH hydrogen atoms are seen to be the most positive atoms in
the electrostatic potential maps of the two ions. Formal charges don't always give the
correct charges.

2.63
NH, NH, NH, NHg* NH,*
AN ~ Ht A~ HY A =z
+ £ N+ N ~ NS
7= O
H H
Cation A 4-Amino- Cation B
pyridine

Cation A has greater resonance stabilization because its charge is delocalized over both the
-NH; and -NH nitrogens, whereas the charge of cation B is localized on the -NH3
nitrogen.

2.64 The —~OH hydrogen is more positively charged than the other hydrogens.



Review Unit 1: Bonds and Bond Polarity

Major Topics Covered (with vocabulary:)

Atomic Structure:
atomic number mass number wave equation orbital shell node electron configuration

Chemical Bonding Theory:

covalent bond Lewis structure lone-pair electrons line-bond structure valence-bond theory
sigma (o) bond bond strength bond length molecular orbital theory bonding MO
antibonding MO

Hybridization:
sp? hybrid orbital bond angle sp? hybrid orbital pi (n) bond sp hybrid orbital

Polar covalent bonds:
polar covalent bond electronegativity (EN) inductive effect dipole moment formal charge

Resonance:
resonance form resonance hybrid

Actds and Bases:
Brgnsted-Lowry acid Brgnsted-Lowry base conjugate acid conjugate base acidity constant
Lewis acid Lewis base

Chemical Structures:
condensed structure  skeletal structure space-filling models ball-and-stick models

Types of Problems:
After studying these chapters you should be able to:

—  Predict the ground state electronic configuration of atoms.

— Draw Lewis electron-dot structures of simple compounds.

— Predict and describe the hybridization of bonds in simple compounds.
— Predict bond angles and shapes of molecules.

—  Predict the direction of polarity of a chemical bond, and predict the dipole moment of a simple
compound.
— Calculate formal charge for atoms in a molecule.
— Draw resonance forms of molecules.
— Predict the relative acid/base strengths of Brgnsted acids and bases.
—  Predict the direction of Brgnsted acid/base reactions.
— Calculate: pK, from K, and vice versa.
pH of a solution of a weak acid.
— Identify Lewis acids and bases.
-~ Draw chemical structures from molecular formulas, and vice versa.
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Points to Remember:

* In order for carbon, with valence shell electron configuration of 2s22p2, to form four sp3
hybrid orbitals, it is necessary that one electron be promoted from the 2s subshell to the 2p
subshell. Although this promotion requires energy, the resulting hybrid orbitals are able to
form stronger bonds, and compounds containing these bonds are more stable.

*  Assigning formal charge to atoms in a molecule is helpful in showing where the electrons in a
bond are located. Even if a bond is polar covalent, in some molecules the electrons "belong"
more to one of the atoms than the other. This "ownership" is useful for predicting the
outcomes of chemical reactions, as we will see in later chapters.

*  Resonance structures are representations of the distribution of = and nonbonding electrons in a
molecule. Electrons don't move around in the molecule, and the molecule doesn't change back
and forth, from structure to structure. Rather, resonance structures are an attempt to show, by
conventional line-bond drawings, the electron distribution of a molecule that can't be
represented by any one structure.

* Asin general chemistry, acid-base reactions are of fundamental importance in organic
chemistry. Organic acids and bases, as well as inorganic acids and bases, occur frequently in
reactions, and large numbers of reactions are catalyzed by Brgnsted acids and bases and Lewis
acids and bases.

Self-Test:

H3

o) 0 ° &

VAN
F F
Cs N 0
O ~ /C\
CHy HaC” | “CHs N—N
H
A B (o}
Ricinine Oxaflozane 1,3,4-Oxadiazole
(a toxic component (an antidepressant)

of castor beans)

For A (ricinine) and B (oxaflozane): Add all missing electron lone pairs. Identify the
hybridization of all carbons. Indicate the direction of bond polarity for all bonds with A EN 2 0.5.
Which bond is the most polar? Convert A and B to molecular formulas.

Draw a resonance structure for B. Which atom (or atoms) of B can act as a Lewis base?

Add missing electron lone pairs to C. Is it possible to draw resonance forms for C? If so,
draw at least one resonance form, and describe it.
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Multiple Choice:

1.

[8%]

10.

Which element has 4s24p? as its valence shell electronic configuration?
(a)Ca (b)C (c) Al (d)Ge

Which compound (or group of atoms) has an oxygen with a +1 formal charge?
(a) NO3~ (b) O3 (c) acetone anion (d) acetate anion

The following questions involve these acids: (i) HW (pK, = 2); (ii) HX (pK, = 6);
(iii) HY (pK, = 10); (iv) HZ (pK, = 20).

Which of the above acids react almost completely with water to form hydroxide ion?
(a) none of them (b) all of them (¢) HY and HZ (d) HZ
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The conjugate bases of which of the above acids react almost completely with water to form

hydroxide ion?
(a) none of them (b) all of them (c) HZ (d) HY and HZ

1f you want to convert HX to X-, which bases can you use?
(@QW- (b)Y (¢)Z- (d)Y-orZ-

If you add equimolar amounts of HW, X~ and HY to a solution, what are the principal
species in the resulting solution?
(a) HW, HX, HY (b) W—, HX, HY (c) HW, X-, HY (d) HW, HX, Y-

What is the approximate pH difference between a solution of 1 M HX and a solution of 1 M

HY?
(@2 )3 ©4 D6

If you wanted to write the structure of a molecule that shows carbon and hydrogen atoms as

groups, without indicating many of the carbon-hydrogen bonds, you would draw a:

(a) molecular formula (b) Kekulé structure (c) skeletal structure (d) condensed structure

Which of the following molecules has zero net dipole moment?

a b c d
@ H\ Cl ® H\ Cl © H\ Cl @ Cl Cl
c=¢C 6= c=C c=¢C
/ \ / \ / \ / \
(@] H H (0] H H H H

In which of the following bonds is carbon the more electronegative element?
(a) C—Br (b)C—I (¢)C—P (d)C—S



Chapter 3 - Organic Compounds:
Alkanes and Cycloalkanes

Chapter Outline

[. Functional Groups (Section 3.1).
A. Functional groups are groups of atoms within a molecule that have a characteristic
chemical behavior.
B. The chemustry of every organic molecule is determined by its functional groups.
C. Functional groups described in this text can be grouped into three categories:

1.

2

3.

Functional groups with carbon-carbon multiple bonds.
Groups in which carbon forms a single bond to an electronegative atom.
Groups with a carbon-oxygen double bond.

1I. Alkanes (Sections 3.2 — 3. S)
A. Alkanes and alkane isomers (Section 3.2).

1.
2.

Se

Alkanes are formed by overlap of carbon sp orbitals.

Alkanes are described as saturated hydrocarbons.

a. They are hydrocarbons because they contain only carbon and hydrogen.

b. They are saturated because all bonds are single bonds.

c. The general formula for alkanes is C,Ha42.

For alkanes with four or more carbons, the carbons can be connected in more than
one way.

a. If the carbons are in a row, the alkane is a straight-chain alkane.

b. 1f the carbon chain has a branch, the alkane is a branched-chain alkane.

. Alkanes with the same molecular formula are isomers.

a. Isomers whose atoms are connected differently are constitutional isomers.
Constitutional isomers are always different compounds with different
properties but with the same molecular formula.

b. A given alkane can be drawn in many ways.

Straight-chain alkanes are named according to the number of carbons in their chain.

B. Alkyl groups (Section 3.3).
I.

[§8]

An alkyl group is the partial structure that results from the removal of a hydrogen
atom from an alkane.
a. Alkyl groups are named by replacing the -ane of an alkane by -yl.
b. n-Alkyl groups are formed by removal of an end carbon of a straight-chain
alkane.
¢. Branched-chain alkyl groups are formed by removal of a hydrogen atom from
an internal carbon.
The prefixes sec- and rert- refer to the degree of substitution at the branching
carbon atom.

. There are four possible degrees of alkyl substitution for carbon.

a. A primary carbon is bonded to one other carbon.

b. A secondary carbon is bonded to two other carbons.
c. A tertiary carbon is bonded to three other carbons.

d. A quaternary carbon is bonded to four other carbons.
e. The symbol R refers to the rest of the molecule.

. Hydrogens are also described as primary, secondary and tertiary.

a. Primary hydrogens are bonded to primary caibons (RCH3).
b. Secondary hydrogens are bonded to secondary carbons (R,CHb).
c. Tertiary hydrogens are bonded to tertiary carbons (R3CH).
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C. Naming alkanes (Section 3.4).
1. The system of nomenclature used in this book is the [IUPAC system.
In this system, a chemical name has a prefix, a parent and a suffix.
i. The parent shows the number of carbons in the principal chain.
it. The suffix identifies the functional group family.
1. The prefix shows the location of functional groups.
2. Naming an alkane:
a. Find the parent hydrocarbon.
1. Find the longest continuous chain of carbons, and use its name as the parent
name.
ii. If two chains have the same number of carbons, choose the one with more
branch points.
b. Number the atoms in the parent chain.
1. Start numbering at the end nearer the first branch point.
ii. If branching occurs an equal distance from both ends, begin numbering at
the end nearer the second branch point.
¢. Identify and number the substituents.
1. Give each substituent a number that corresponds to its position on the parent
chain.
1. Two substituents on the saume carbon receive the same number.
d. Write the name as a single word.
i. Use hyphens to separate prefixes and commas to separate numbers.
1. Use the prefixes. di-, 1ri-, tetra- if necessary, but don't use them for
alphabetizing.
€. Name a complex substituent as if it were a compound, and set it off in
parentheses.
i. Some simple branched-chain alkyl groups have common names.
ii. The prefix iso is used for alphabetizing, but sec- and tert- are not.
C. Properties of alkanes (Section 3.5).
Alkanes are chemically inert to most laboratory reagents.
Alkanes react with O> and Cl».
The boiling points and melting points of alkanes increase with increasing molecular
weight.
a. This effect is due to van der Waals forces.
b. The strength of van der Waals forces increases with increasing molecular
weight.
4. Increased branching lowers an alkane's boiling point.
II1. Cycloalkanes (Sections 3.6 — 3.8).
A. Properties of cycloalkanes (Section 3.6).
1. Cycloalkanes have the general formula C,Hs,, if they have one ring.
2. Compounds with cycloalkane rings are common in nature.
3. The effect of ring size on the melting points of cycloalkanes is irregular, but boiling
points increase with increasing molecular weight.
B. Naming cycloalkanes (Section 3.7).
1. Find the parent.
a. If the number of carbon atoms in the ring is larger than the number in the largest
substituent, the compound is named as an alkyl-substituted cycloalkane.
b. 1f the number of carbon atoms in the ring is smaller than the number in the
largest substituent, the compound is named as an cycloalkyl-substituted alkane.
2. Number the substituents.
a. Start at a point of attachment and number the substituents so that the second
substituent has the lowest possible number.
b. If necessary. procecd to the next substituent until a point of difference is found.

WD —



40 Chapter 3

c. If two or more substituents might potentially receive the same number, number
them by alphabetical priority.
d. Halogens are treated in the same way as alkyl groups.
C. Cis—trans isomerism in cycloalkanes (Section 3.8).
1. Unlike open-chain alkanes, cycloalkanes have much less rotational freedom.
a. Very small rings are rigid.
b. Large rings have more rotational freedom.
Cycloalkanes have a "top” side and a "bottom" side.
a. If two substituents are on the same side of a ring, the ring is cis-disubstituted.
b. If two substituents are on opposite sides of a ring.the ring is trans-disubstituted.
3. Substituents in the two types of disubstituted cycloalkanes are connected in the
same order but differ in spatial orientation.
a. These cycloalkenes are stereoisomers that are known as cis—trans isomers.
b. Cis—trans isomers are stable compounds that can't be interconverted.

(3]

Solutions to Problems

3.1  Notice that certain functional groups have different designations if other functional groups
are present in a molecule. For example, a molecule containing a carbon—carbon double
bond, and no other functional group, is an alkene; if other groups are present, the group is
referred 10 as a carbon—carbon double bond. Similarly, a compound containing a benzene
ring, and only carbon- and hydrogen-containing substituents, is an arene; if other groups
are present, the ring is labeled an "aromatic ring".

] ﬂ d (b) amine
amide
g H O .
RN | / carboxylic
Nz N I(Ij \’/ acid
=~ C-C double g OH
bond
©  ketone (d) —_
o} 0
\ e TN\ C-C double
~"~och, — bond
C-C double bond aromatic AN
nng alcohol
3.2

a b . d
() (b) e (©) ﬁ @

CH5OH CH3COH CHgNH,

Methanol Acetic acid Methylamine

Toluene

© 0 5

CHaCCHoNH; NP

Aminoacetone 1,3-Butadiene
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3.3
. CH
amine 4 07 <
NG | < ester
HgC :‘N O g Arccoline

H—c_ ¢ ‘H\ CLE dolblelbon pmihat =2

YN AN
H /A
H H

3.4 We know that carbon forms four bonds and hydrogen forms one bond. Thus, if you draw
all possible six carbon skeletons and add hydrogens so that all carbons have four bonds,
you will arrive at the following structures:

CHs CHg
CHaCH,CH,CHoCHoCH CH3CHoCH,CHCHg CHyCH,CHCH,CH3
i s
CHCH,CCHg CHGHCHCH,

CHg CHj

3.4 This problem becomes casier when you realize that the isomers can be alcohols and ethers.
A systematic approach to this type of problem is helpful. Let's start with the alcohol
1SOmers.

1) Draw the simplest long-chain parent alkane. In this problem, the alkane is butane,
CH3;CH,CH,CHs.
2) Find the number of different sites to which a functional group may be attached. For
butane, two different sites are possible (-CH3z and ~CH»-).
3) Ateach different site, replace an —H by an —~OH and draw the isomer.
OH

[
CH3CH2CHQCH2 -OH and CHSCHchCHs
4) Draw the simplest branched C3H g alkane.
o
CH4CHCHg

5) Find the number of different sites. (There are two for the above alkane.)
6) For each site, replace an —H with an —OH and draw the isomer.
s iy
CHGCHCHp~OH and CHaCCHg
OH
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7) Proceed with the next simplest branched C4H ) alkane. In this problem, we have
already drawn all alcohol isomers.

For the ethers, start with the -OCH3 isomers. There are two possible sites for attachment
of an —~OCHj group to propane (CH3CH>CHj3) and thus there are two —OCHj isomers.

OCH;

CHaCHQCHz'OCHs and CHSCHCHS

Finally, there is one ~-OCH,CHj ether, diethyl ether, CH;CH,OCH,CHj.

3.6  (a) Nine isomeric esters of formula CsH;9O> can be drawn.

CHgCH,CH,COCHS

CH3COCH,CH,CH

T
HCOCHCH,CHj

(b)

CHgCHCOCH,
CHg
Q CHy

|
CH3COCHCH,

P
HCOCH,CHCHg

CHa

CHaCH,CH,C=N and CHsCHC=N

3.7 (a) Two alcohols have the formula C3HgO.

OH

CHSCHchon and CHSCHCHa

CH3CH,COCH,CHg

HCOCH,CH,CH,CHg

T
HCOGCH

CHg

(b) Four bromoalkanes have the formula C4HoBr. Refer to the solution to Problem 3.5 if

you need help.

I
CH3CH,CHCH3

Br

CH3CHCH,Br

?r
CH3CI:CH3

CHgy
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(b) (|:H3
6 5 4l 3 )
CH3CH,CHCH 1~ CHy 3.4-Dimethylhexane
2 1
CH,CHg

Step I: Find the longest continuous carbon chain and use it as the parent name. In (b), the
longest chain is a hexane (boxed).

Step 2: 1dentify the substituents. In (b). both substituents are methyl groups.

Step 3: Number the substituents. In (b), numbering can start from either end of the carbon
chain, and the methyl groups are in the 3- and 4- positions.

Step 4. Name the compound. Remember that the prefix di- must be used when two
substituents are the same. The IUPAC name is 3.4-dimethylhexane

- d
(c) ?H3 (d) (IDHS
(CH3),CHCH,CHCH;4 (CHy)3CCHCHCH
CH,CHg
2.4-Dimethylpentane 2,2,5-Trimethylheptane

3.13 When you are asked to draw the structure corresponding to a given name, draw the parent
carbon chain, attach the specified groups to the proper carbons, and fill in the necessary

hydrogens.
(a) (b)
CHg CHy
CHaCHaCHZCH,CHaCHCHCHZCHy CHCHZCHZC— CHOH,CHg
CHg CHy CHoCHj
3,4-Dimethylnonane 3-Ethyl-4,4-dimethylheptanc
(c) (d)
CHACHCH ?Ha CHg
CH3CHoCHoCHoCHCH,C(CH3)5 CH3CHCH2?CH3
CHjy
2,2-Dimethyl-4-propyloctane 2,2,4-Trimethylpentane

3.14

CH3CH,CHoCHLCH CH3CHoCHoCH CH3CHoCH CH3CH,CHCH
AN AN RNALZAARP) [ 312 [ 312 | 2

CHg CH,CHg CHj
Pentyl 1-Methylbutyl 1-Ethylpropyl 2-Methylbutyl
Ohg Chg CHg
CH3CHCH,CH CH3CH,C CH3CHCH CH3CCH
3 2 2“§' 32y é 35T —é— 3] 2‘2—
CHg CHs CHj CHs

3-Methylbutyl 1,1-Dimethylpropyl 1,2-Dimethylpropyl 2,2-Dimethylpropyl
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3.15

3.3.4,5-Tetramethylheptane

3.16 The steps for naming a cycloalkane are very similar to the steps used for naming an open-
chain hydrocarbon.
Step I: Name the parent cycloalkane. In (a), the parent is cyclohexane. If the compound
has an alkyl substituent with more carbons than the ring size, the compound is named as a
cycloalkane-substituted alkane.
Step 2: ldentify the substituents. In (a), both substituents are methyl groups.
Step 3: Number the substituents so that the second substituent receives the lowest possible
number. In (a), the substituents are in the 1- and 4- positions.
Step 4: Name the compound. If two different alkyl groups are present, cite them
alphabetically. Halogen substituents follow the same rules as alkyl substituents.

() (2 Djv
CHg CH,CHoCHg

CHg
[,4-Dimethylcyclohexane 1-Methyl-3-propylcyclopentane  3-Cyclobutylpentane

CH,CHg ®
:: :CH3
CH(CHg),
C(CH3)3
1-Bromo-4-ethylcyclodecane  1-Isopropyl-2-methyl- 4-Bromo-1-tert-butyl-
cyclohexane 2-methylcycloheptane

3.17 To draw a substituted cycloalkane, simply draw the ring and attach substituents in the
specified positions.

(b)

) ()
CHg |

1,1-Dimethylcyclooctane 3-Cyclobutylhexane 1,2-Dimethylcyclopentane



46 Chapter 3

@ CH3

Br Br

1,3-Dibromo-5-methylcyclohexane

3.18 Two substituents are cis if they both have either dashed or wedged bonds. The substituents
are trans if one has a wedged bond and the other has a dashed bond.
(a) (b)
H HaC CH,CHg
~=CHs H-- ““H
Clm—
o
trans-1-Chloro-4-methylcyclohexane cis-1-Ethyl-3-methylcycloheptane
3.19
() (b) (c)
H CH,CH
HSC\ H : CH3 : %_i 3
CHs
Br U I NC(CHy)s
N H
H

trans-1-Bromo-3-methyl- cis-1,2-Dimethylcyclopentane

cyclohexane

Visualizing Chemistry

P
OCHZCH —C_=— carboxylic
[ X acid
OH

3.20
(a)

— NH,
aromatic %
rn g amine

Phenylalanine  CgH{{NO,

trans-1-tert-Butyl-
2-ethylcyclohexane

b
®) Hz *i' amide

N\’; _ CHaN(CHoCHa)p
Il
o) amine
7, CHg
aromatic
ring

Lidocaine C14H22N20
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3.24

3.26

Chapter 3

CH3CH,CH,CHoCH,CHLCHoCHg

(a) Eighteen isomers have the formula CgHyg. Three are pictured.

(|3H20H3 (T‘H3 ?H3
CH3CH2CH2CHCH20H3 CHS(-I-: _?CH3
CHy CHg

other complicated molecules. Three possibilities:

CH3CH,CH,COH

CH3CHoCHoCH,CH,oCH,CHg

Heptane

CHg
CH30H20H2(|DCH3

CHgy
2.2-Dimethylpentane

CHg
CHCHaCCH,CHg

CHy
3,3-Dimethylpentane

(a)
CH
e

CH3CH(Br)CHCH,
same

(®) OH

OH
same

CH4CH,COCH;

"

CH4CH,CH,CH,CHCHj

2-Methylhexane
i
CH3CH2?HCHCH3

CHj
2,3-Dimethylpentane

CHyCHoCHCH;CHg
CH,CH3
3-Ethylpentane

(CHg),CHCH(Br)CH,
same
HO
HO
same

(b) Structures with the formula CyHgO> may represent esters, carboxylic acids or many

HOCH,CH=CHCH,OH

s
CH3CH,CH,oCHCH,CHg
3-Methylhexane
s
CH3?HCH2CHCH3

CHg
2,4-Dimethylpentane

s g
CHCH —CCHg
CHj

2,2,3-Trimethylbutane

Blr
CH43CHCHCHS
CHa same

HO OH

different
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(b) There are 17 isomers of CsHj3N. Nitrogen can be bonded to one, two or three alkyl
groups.
NH, NH,
CH3CH,yCHoCHoCHoNHS CH3CH,CH,CHCH3 CH3CH>CHCH,CH4

e
CHyCHCHCHoNHp  CHgOHCCHg  CHaCHEHCHg  HaNCHACHCHCH,
CHj CHg CHj CHs
g i
CHyCCHNH, CH3CH,CH,CHoNHCH, CHaCH,CHNHCH;
CHgy
g g i
CHCHCHoNHCH3  CHaCNHCHg  CHaCHCHoNHCH,CHg  CHACHNHCH,CHg
CHg
I, s
CHCHACHaNCH;  CH3GHNCH CHaCHoNCH,CHg
CHy

(c) There are 3 ketone isomers with the formula CsH;(O.

Il
CH3CH,CH,CCHg CHiCHRCCH,CHg  CHAGHCCHZCHg
CHj,

(d) There are 4 isomeric aldehydes with the formula CsH;9O. Remember that the aldehyde
functional group can occur only at the end of a chain.

M 7§
CH3CHoCH,CH4CH CHGHCHCH  CHyCHoCHCH CHoG—CH
CHs CHy CH3
(e) There are 4 esters with the formula C4HgO,.
O CHg

Il i1
CHaCHCOCH3  CHaCOCH,CHz  HCOCH,CH,CHy  HCOCHCH4

(f) There are 3 ethers with the formula C4H;(O.
s
CH3CHyOCH,CHz  CH3OCH,CHoCHg CH30CHCHg
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3.30
(@) ® o © g @ oy
CH3CH,OH CHaGC=N CH4CHCHg CH3(|3HCH20H
CHgy
(© CHs (0 ot
CH3CHOCHg CH3C|ICH3
CHg
JoIl
Br Br
CH3CH,CHoCHoCH,Br CH3CH20H2C|)HCH3 CHgCHZC[)HCHZCHa
1-Bromopentane 2-Bromopentane 3-Bromopentane
BES2
c|:H3 (I:H3 CHy |CH3 CHs (I:H3
CH3CHCH,CH,CHCH,CI CHyCHCH,CHo0CH; CHaCHCHCHCHCH,
Cl Cl

1-Chloro-2,5-dimethylhexane

SR33
(a) 0 (by sp
] 5 '
CP
PN —C=N
3.34
(a) ?Hs
CH3CH,CHoCHoCH,CHCH,
2-Methylheptane
(© <|3H3 ?Ha
CH3CHZCH2CH2?_CHCHZCH3
CHoCHg
4-Ethyl-3,4-dimethyloctanc
(e)
(|3H3 ?HQCH3 ICH3
CHaCHaCHaCHaCHCH,C CHCHg
CHoCH3

3,3-Diethyl-2,5-dimethylnonane

I
C= Sp<
<" “oH
(b) ?Ha
CHSCHz?H —CH2C|)CH3

4-Ethyl-2,2-dimethylhexane
d
(d) oy G
CH3CH20H2<I:CHQCHCH3
CHj
2,4,4-Trimethylheptane
r
® CHGCIDHCH3
CHaCH,CHCHGHCH,CH

CHj
4-Isopropyl-3-methylheptane

51

2-Chloro-2,5-dimethylhexane 3-Chloro-2,5-dimethylhexane
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a b
(a) Cl:Hs (b)
CH3CHCH3
2-Methylpropane Cyclohexane
3.36
(a) (b) <|3H3 (|3H3
D CHzCH— CHCHg
Cyclobutane 2,3-Dimethylbutane
3.37
: b
= & CH,OCH;
CHaCHoCH,CH,CH,Br E(
(d) CH,OH (€) There are no aldehyde
Q/ isomers. However, the
isomer. o
(l
CH3CCH3
3.38
a
X B ®)
Br /O\H CHCH
trans-1,3-Dibromocyclopentane
(¢)  HgC, H (d)
Huwld ‘s CH(CH3),
trans-1-Isopropyl-3-methylcycloheptane
3.39
@ (b)
s
CH3CHCH,CHg (CH3)oCHCH(CH,CHa),
10 30 20 10 10 3(3 30 20 10

(©)
CH3CH,CH,CHoCHoCH

Hexane

(c) C|>H3

CHACHC=N

® COOH
structure below is a ketone ©:
CHj

. H
CH,CHg

cis-1,4-Dicthylcyclohexane

OO

Dicyclohexylmethane

() o1
3 ?HS
(CH3)3CCHZCH2?H
1 42 2 CH
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Chapter 3

b
(b) CHa ‘ o
| The longest chain is a hexane.
CH3CHCHCH,CHoCH3 Numbering should start from the
1 I 6 opposite end of the carbon chain,
CHaCHg nearer the first branch.
Correct name: 3-Ethyl-2-methylhexane
c
© -
Numbering should start from the
?H3CH2C|;_C|:HCH2%H3 opposite end of the carbon chain.
CHg CHoCHg See step 2(b) in Section 3.4.
Correct name: 4-Ethyl-3,3-dimethylhexane
d
(d) o g
CH3CH,CH— CCH,CH,CH,CHg Numbering should start from the
1 | 8 opposite end of the carbon chain.
CHg
Correct name: 3,4,4-Trimethyloctane
(e)
CHg
CH3CH2CH2CHCH2|CHCH3 The longest chain is an octane.
8
CH3CHCH3
1
Correct name: 2,3,5-Trimethyloctane
(
f) H, H
HaC CHg The substituents should have the

lowest possible numbers.

Correct name: cis-1,3-Dimethylcyclohexane

(a) (b) (c)
CHg C|)H3 CIZHZCH3 CHg
CHg CH3C|)CH2C|)CH20H3 CHg
CHz CH,CHg

CHg
1,1-Dimethylcyclooctane  4,4-Diethyl-2,2-dimethylhexane 1,1,2-Trimethylcyclohexane

(@ CHa

CH,CH,CHCH3 Remember that you must choose an
I alkane whose principal chain is long
CH3CHCHoCHRCHyCHCHCHYCHOCHCH3 - enough so that the substituent does

6-(3-Methylbutyl)-undecane not become part of the principal chain.






56 Chapter 3

3.47
H. H Br, H
Br "O" Br H Br
cis-1,3-Dibromocyclopentane trans-1,3-Dibromocyclopentane
3.48
CHy j
|t H {8 CHg
H-~ H-~
HaC HaC
trans-1,3-Dimethylcyclobutane cis-1,3-Dimethylcyclobutane

3.49 (a) Because malic acid has two ~COOH groups, the formula for the rest of the molecule is
C,H,40. Possible structures for malic acid are:

P i i o
HOC—ClH —COH HOC—(IZHCH2 -COH HOC—(iJ— COH
CHoOH OH CHg
primary alcohol secondary alcohol tertiary alcohol
o]
I Il | I | I
HOC—CH,OCH, ~COH HOC — OCH,CH,- COH HOC —OGH— COH
CHj

(b) Because only one of these compounds (the second one) is also a secondary alcohol, it
must be malic acid.

3.50
/CH2Br - /CH2
If H,C ——— HC + 2 NaBr
\CH2Br \CH2
BrH,C CHoBr H,C CHy
Then \C/ LNa_» \C/ + 4 NaBr
BrH,C CHoBr Hzc/ \CH2

The two rings are perpendicular in order to keep the geometry of the central carbon as close
to tetrahedral as possible.
Hp

N ____cH
c:” 2]

/N,

HoC
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3.51 To solve this type of problem, read the problem carefully, word for word. Then try to
iterpret parts of the problem. For example:

0
I

1) Formaldehyde is an aldehyde, H=C—H

2) It trimerizes — that is, 3 formaldehydes come together to form a compound C3HO3.
Because no atoms are eliminated, all of the original atoms are still present.

3) There are no carbonyl groups. This means that trioxane cannot contain any ~C=0
functional groups. If you look back to Table 3.1, you can see that the only oxygen-
containing functional groups that can be present are either ethers or alcohols.

4) A monobromo derivative is a compound in which one of the —H's has been replaced by
a —Br. Because only one monobromo derivative is possible, we know that there can
only be one type of hydrogen in trioxane. The only possibility for trioxane is:

? o}
| Trioxane
O
3.52
H  CH(CHg)y H  CH(CHa), H  CH(CHg), H  CH(CHy),
Menthol Isomers of menthol
The substituents on the ring have the following relationships:
Menthol Isomer A Isomer B Isomer C
—CH(CH3)5,—CHgy trans trans cis cis
—CH(CHg), —OH trans C1s trans cis
—CHg,—OH cis trans trans cis
3.53
HaC CHy HsC HaC CHg

N o 1’7 O

The first two structures aie cis-trans isomers.
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A Look Ahead
3.54
HaG A~ H o~ M3
H CHj HaC
The two trans—1.2—dimethylcyclopentanes are mirror images.
3.55 A puckered ring allows all the bonds in the ring to have a nearly tetrahedral bond angle.
H
Molecular Modeling
3.56 Only cyclooctadecane contains a cavity.
3.57 (no answer)
3.58

add another D rotate one ring

7

lobut: lative to the oth =
[] el D Jeclativeiioihe other ]

cyclobutane

i use Bond to
' make 3 more
¥ C-C bonds
Minimize @
cubane =---------
use Bond to
ke 2 more
add 4 sp3 ma
m fragments C-C bonds
--------- - e
1
cyclohexane é I
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Chapter 4 — Stereochemistry of Alkanes and Cycloalkanes

Chapter QOutline

1. Conformations of straight-chain alkanes (Scctions 4.1 — 4.3).
A. Conformations of ethane (Section 4.1).

1.

(3]

Rotation about a single bond produces isomers that differ in conformation.
These isomers (conformers) have the same connections of atoms and can't be
isolated.

These isomers can be represented in two ways:

a. Sawhorse representations view the C-C bond from an oblique angle.

b. Newman projections represent the two carbons as a circle.

There is a barrier to rotation that makes some conformers of lower energy than

others.

a. The lowest energy conformer (staggered conformation) occurs when all C-H
bonds are as far from each other as possible.

b. The highest energy conformer (eclipsed conformation) occurs when all C-H
bonds are as close to cach other as possible.

¢. Between these two conformations he an infinite number of other conformations.

The staggered conformation 1s 12 kJ/mol lower in energy than the eclipsed

conformation.

a. This energy difference is due to torsional strain from the repulsion of electron
clouds in the C-H bond.

b. The torsional strain resulting from a single C—H interaction 1s 4.0 kJ/mol.

¢. The barrier to rotation can be represented on a graph of potential energy vs.
angle of rotation.

B. Conformations of propane (Section +4.2).

1.

Y

Propane also shows a barrier to rotation that is 14 kJ/mol.
The echipsing interaction between a C—C bond and a C-H bond is 6.0 kJ/mol.

C. Conformations of butane (Section 4.3).

I.

39}

Not all staggered conformations of butane have the same energy; not all eclipsed
conformations have the same energy.
a. Inthe lowest energy conformation (anti) the two large methyl groups are as far
from cach other as possible).
b. The eclipsed conformation that has two methyl-hydrogen intcractions and a
H-H interaction is 16 kJ/mol higher in energy than the anti conformation.
¢. The conformation with two methyl groups 60° apart (gauche conformation) is
3.8 kJ/mol higher in energy than the anti conformation.
This cnergy difference is due to steric strain — the repulsive interaction that
results from forcing atoms to be closer together than their atomic radii
allow.
d. The highest energy conformations occurs when the two methyl groups are
eclipsed.
i.  This conformation is 19 kJ/mol less stable than the anti conformation.
ii, The value of a methyl-methyl eclipsing interaction is 11 kJ/mol.
The most favored conformation for any straight-chain alkane has carbon-carbon
bonds in staggered arrangements and large substituents anti to each other.
At room temperature, bond rotation occurs rapidly, but a majority of motecules
adopt the most stable conformation.
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I1. Conformations of cycloalkanes (Sections 4.4 — 4.15).
A. General principles (Scctions 4.4 — 4.6).
Baeyer strain theory (Section 4.4).

1.

2

3.

d.

b.

A. von Baeyer suggested that rings other than those of 5 or 6 carbons were 100
strained to exist.

This concept of angle strain is true for smaller rings, but larger rings can be
casily prepared.

Heats of combustion of cycloalkanes (Section 4.5).

d.

b.

CH

To measure strain, it is necessary to measure the total energy of a compound
and compare it 10 a strain-free reference compound.

Heat of combustion measures the amount of heat released when a compound is
burned in oxygen.

i.  The more strained the compound, the higher the heat of combustion.

it. Strain per CH» unit can be calculated and plotted as a function of ring size.
Graphs show that only small rings have serious strain.

The nature of ring strain (Section 4.6).

d.

b.

Rings tend to adopt puckered conformations.

Several factors account for ring strain.

i. Angle strain occurs when bond angles are distorted from their normal
values.

ii. Torsional strain is due to eclipsing of bonds.

1i1. Steric strain results when atoms approach too closely.

B. Conformations of small rings (Sections 4.7 — 4.8).
Cyclopropane (Section 4.7).

1.

2

L.

a.

b.

Cyclopropane has bent bonds.
Because of bent bonds, cyclopropane is more reactive than other cycloalkanes.

Cyclobutane (Section 4.8).

a.

b.

C.

Cyclobutane has less angle strain than cyclopropane but has more torsional
strain.

Cyclobutane has almost the same total strain as cyclopropanc.

Cyclobutane is slightly bent to relieve torsional strain, but this increases angle
strain.

3. Cyclopentane

a.

b.

Cyclopentane has little angle strain but considerable torsional strain.

To relieve torsional strain, cyclopentane adopts a puckered conformation.
In this conformation, one carbon is bent out of plane; hydrogens are nearly
staggered.

C. Conformations of cyclohexane (Sections 4.9 — 4.14).
Chair cyclohexane (Section 4.9).

1.

a.

b.

The chair conformation of cyclohexane is strain-free.
In a standard drawing of cyclohexane the lower bond is in front.

2. Axial and equatorial bonds in cyclohexane (Section 4.10).

3.

a.

coraacy

There are two kinds of positions on a cyclohexane ring.

1. Six axial hydrogens are perpendicular to the plane of the ring.
ii. Six equatorial hydrogens are roughly in the plane of the ring.
Each carbon has one axial hydrogen and one equatorial hydrogen.
Each side of the ring has alternating axial and equatorial hydrogens.
All hydrogens on the same side of the ring are cis.

onformational mobility of cyclohexanes (Section 4.11).

Different chair conformations of cyclohexanes interconvert by a ring-flip.
After a ring-flip, an axial bond becomes an equatorial bond, and vice versa.
The energy barrier to interconversion is 45 kJ/mol, making interconversion
rapid at room temperature.
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Conformations of monosubstituted cyclohexanes (Section 4.12).

a.

C.

d.

Both conformations aren't equally stable at room temperature.
In methylcyclohexane, 95% of molecules have the methyl group in the
equatorial position.
The energy difference is due to 1,3-diaxial interactions.
1. These interactions are due to steric strain.
1. They are the same interactions as occur in gauche butane.
Axial methylcyclohexane has two gauche interactions that cause it to be 7.6
kJ/mol less stable than equatorial methylcyclohexane.
All substituents are more stable in the equatorial position.
The size of the strain depends on the size of the group.

Conformations of disubstituted cyclohexanes (Section 4.13).

a.

b.

G

In cis-dimethylcyclohexane, one methyl group is axial and one is equatorial in

both chair conformations, which are of equal energy.

In trans-dimethylcyclohexane, both methyl groups are either both axial or both

equatorial.

i. The conformation with both methyl groups axial is 15.2 kJ/mol less stable
than the conformation with both groups equatorial.

1. The trans isomer exists almost exclusively in the diequatorial conformation.

This type of conformational analysis can be carried out for most substituted

cyclohexanes.

Boat cyclohexane (Section 4.14).

a.
b.
c.

Boat cyclohexane has two types of hydrogen.

Boat cyclohexane shows both steric strain and torsional strain.

Boat cyclohexane is 29 kJ/mol less stable than chair cyclohexane.

1. Twisting can reduce some of this strain.

1. Twist-boat cyclohexane is still much more strained than chair cyclohexane.

D. Conformations of polycyclic molecules (Section 4.15).
Decalin has two rings that can be either cis-fused or trans-fused.

1.

(SN i8]

The two decalins are nonconvertible.

Steroids have four fused rings.
Bicyclic ring systems have rings that are connected by bridges.

In norbornane, the six-membered ring is locked into a boat conformation.

Solutions to Problems

Make models of staggered and eclipsed ethane and measure the distance between a
hydrogen atom on carbon | and a hydrogen atom on carbon 2. You will find that the
distance between hydrogens (A) in the staggered conformation is 10% — 15% greater than
the distance between hydrogens in the eclipsed conformation (B). (The calculated percent
difference of the distance between hydrogens in the two conformations is 11.1%).

A B
/H Ve
H
H H
H H HT FiH
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4.2
e
14 kJ/mol
Energy 'y
t t t — t t
0° 60° 120° 180° 240° 300° 360°
Angle of Rotation
Hﬁgac Q Jééa & Jéz &
HH H HHH HHH HHH
4.3
(@) CHjy The most stable conformation is staggered
H H and occurs at 60°, 180°, and 300°.
H CH
H 3
(b) ..,
CHz __ 6.0 ki/mol The least stable conformation is eclipsed and
H accurs at 0°, 120°, 240°, and 360°.
/I—(iH HCH3
4.0 kJ/mol 6.0 kJ/mol
(©)(d)
R
16 kJ/mol
Energy N

0° 00° 120° 180° 240° aboe 360°
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CHj This conformation of 2,3-dimethylbutane
HaC g is the most stable because it is staggered and
g has the fewest CH3—CHj3 gauche interactions.
H CH
CH3 3

The conformation shown in the stereo view is a staggered conformation in which the
hydrogens on carbons 2 and 3 are 60° apart. Draw the Newman projection.

CH3 3.8 kJ/mol

H CHa
} 3.8 k¥/mol
H™ T S cg
3
S 3.8 kJ/mol

The Newman projection shows three gauche interactions, each of which has an energy cost
of 3.8 kJ/mol. The total strain energy is 11.4 kJ/mol.

Cyclopropane has a higher heat of combustion than cyclohexane. Combustion of
cyclopropane releases more heat per gram than combustion of cyclohexane because of the
high strain energy of the cyclopropane ring.

All hydrogen atoms on the same side of the cyclopropane ring are eclipsed by each other.
If we draw each hydrogen-hydrogen interaction, we count six eclipsing interactions. Since
each of these interactions "costs” 4.0 kJ/mol, all six cost 24.0 kJ/mol. 24 kJ/mol +115
kJ/mol = 0.21: thus, 21% of the total strain energy of cyclopropane is due to eclipsing
strain.
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4.8

4.9

Chapter 4

cis isomer trans isomer

Energy Total Total
Eclipsing cost # of energy cost # of energy cost
interaction (kJ/mol) | [interactions (kJ/mol) interactions (kJ/mol)
H-H 4.0 3 12.0 2 8.0
H-CH; 6.0 2 12.0 4 24.0
CH;-CH; 11 1 11 0 0
35 32

The added energy cost of eclipsing interactions causes cis-1,2-dimethylcyclopropane to be
of higher energy, and to be less stable than the trans isomer. Since the cis isomer is of
higher energy, its heat of combustion 1s also greater.

If cyclopentane were planar, it would have ten hydrogen—hydrogen interactions with a total
energy cost of 40 kJ/mol. The measured total strain energy of 26 kJ/mol indicates that 14
kJ/mol of eclipsing strain in cyclopentane (35%) has been relieved by puckering.

[ I > CHg
more stable less stable

The methyl groups are farther apart in the more stable conformation of cis-1,3-
dimethylcyclobutane.
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4.11

The conformation with —-OH in the equatorial position is more stable.

4.12 Make a model of cis-1,2-dichlorocyclohexane. Notice that all cis substituents are on the
same side of the ring and that two adjacent cis substituents have an axial-equatorial
relationship. Now, perform a ring-flip on the cyclohexane.

After the ring-flip, the relationship of the two substituents is still axial-equatorial. No two
adjacent cis substituents can be converted to being both axial or both equatorial without
breaking bonds.

4.13 For a trans-1.2-disubstituted cyclohexane, two adjacent substituents must be cither both
axial or both equatorial.

A ring flip converts two adjacent axial substituents to equatorial substituents, and vice
versa. As in Problem 4.12, no two adjacent trans substituents can be converted to an axial-
equatonial relationship without bond breaking.
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4.14

4.15

4.16

4.17

Chapter 4

In trans- 1 4-disubstituted cyclohexanes, the methyl substituents are either both axial or
both equatorial.

trans-1,4-Dimethylcyclohexane

H
Ry CcHs CHg
H C—~c=CHs H— =CHs
H
H H

The most stable conformation of axial tert-butylcyclohexane is pictured. One methyl group
is positioned above the ring and competes for space with two axial ring protons. In the
other axial alkylcyclohexanes, this methyl group is replaced by hydrogen, which has a
much smaller space requirement. The steric strain caused by an axial rert-butyl group is
therefore higher than the strain caused by axial methyl, ethyl or isopropyl groups.

The energy difference between an axial and an equatorial cyano group is very small
because there are no [-3 diaxial interactions for a cyano group.

m /H
> ’

Cyclohexanecarbonitrile Methylcyclohexane

Table 4.2 shows that an axial bromine causes 2 x 1.0 kJ/mol of steric strain. Thus, the
energy difference between axial and equatorial bromocyclohexane is 2.0 kJ/mol.
According to Figure 4.19, this energy difference corresponds approximately to a 70:30
ratio of more stable : less stable conformer. Thus, 70% of bromocyclohexane molecules
are in the equatorial conformation, and 30% are in the axial conformation at any given
moment.
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@ H === CHy

ﬂlp
- - H

trans-1 —Ch]om-3-nwlhy]cyc]ohcxam

2 (H-CHj3) = 7.6 kJ/mol 2 (H-CI) = 2.0 kJ/mol

The second conformation is more stable than the first.

b
(b) H === CH,CH, ~- H
ﬂl)
I H,CH3

C m-l-l:th)‘ l-.”_-muh) lcyclohexane
one CH3—-CH,CHj gauche one CH3~CH,CH3 gauche
interaction = 3.8 kJ/mol interaction = 3.8 kJ/mol
2 (H-CH,CHj3) = 8.0 kJ/mol 2 (H-CH3) = 8.0 kJ/mol

Total = 11.8 klJ/mol Total = 11.4 kJ/mol

The second conformation is more stable than the first.

) H =---> CH,CHj, Br--->=H
\M =2 %/
ﬂl)
! CH,CHgy

cis-1-Bromo-4-ethylcyclohexane

2 (H-CH,CHj3) = 8.0 kJ/mol 2 (H-Br) = 2.0 kJ/mol

The second conformation is more stable than the first.

H =----= C(CHj)3 CH3CHz “"’H
_ring
ﬂxp
CH4CH, C(CHg)3

cis-1-terr-Butyl-4-cthylcyclohexane

2 [H=C(CH3)3] = 22.8 kJ/mol 2 (H-CH>CH3) = 8.0 kJ/mol

The second conformation is more stable than the first.

67
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4.19  The compound pictured is cis-1-chloro-2-methyl-trans-4-methylcyclohexane, and the three
substituents have the orientations shown in the first structure. To decide if the
conformation shown is the more stable conformation or the less stable conformation,
perform a ring-flip on the illustrated conformation and do a calculation like those in the
previous problem. Notice that cach conformation has a CI-CHz gauche interaction, but we
don't need to know its cnergy cost because it is present in both conformations.

.CHj H CHy= "~ ZH
da -
H = ring HaC,
CHy CHy /—=

flip

H H, He i
H el H <---> Cl H —oo> CHg

2 [H-CH3] = 7.6 kJ/mol 2 [H-CH3] = 7.6 kJ/mol
2[H-Cl] =2.0klJ/mol
=9.6 kJ/mol
The illustrated conformation is the less stable chair form.

4.20
H C(CHa)

In the chair conformation of trans-1,3-di-tert-butylcyclohexane, one tert—butyl group must
be axial and the other equatorial. The 1,3—diaxial interactions of the axial terz-butyl group
make the chair form of trans-1,3-di-rert-butylcyclohexane 22.8 kJ/mol less stable than a
cyclohexane with no axial substituents. Since a twist boat conformation is 23 kJ/mol less
stable than a chair, it is almost as likely that the compound will assume a twist-boat
conformation as a chair conformation. The twist-boat removes the 1,3—diaxial interaction
present in the chair form of trans-1,3-di-tert-butylcyclohexane.

4.21

Trans-decalin is more stable than cis-decalin. Three 1,3-diaxial interactions cause
cis—decalin to be of higher energy than rrans-decalin. You may be able to visualize these
interactions by thinking of the circled parts of cis-decalin as similar to axial methyl groups.
The gauche interactions that occur with axial methyl groups also occur in cis-decalin.



Stereochemistry of Alkanes and Cycloalkanes

Visualizing Chemistry

4.22
aCHy=--->H
H="" H3Ce
<Cl ring
—————
flip H
Hw .
S
H =-->Ci
trans-1-Chloro-3-methylcyclohexane

2 (H-CHj3) = 7.6 kJ/mol 2 (H-Cl) = 2.0 kJ/mol

The conformation shown (the left structure) is the less stable conformation.
4.23
axial (¥) (R) axial equatorial
ring
_—
flip (R) equatorial
equatorial
4.24
HOCH, HOGCH,

HO 0, HO 0

HO L_H HO | OH

OH OH

aOH

a-Glucose B-Glucose

The only difference between a-glucose and B-glucose is in the orientation of the -OH

group at carbon 1; the -OH group is axial in a-glucose, and it is equatorial in B-glucose.

You would expect $-glucose to be more stable because it has all substituents in the
equatorial position.

Additional Problems

4.25

(), (b) <
- 3.8 kJ/mol Cg” CHy . EH3 < 6.0 k3/mol
| Hy
CH3CH,~ CHCHg

H CHg

HH  HC CH
C2-C3 bond H 8
4.0 kJ/mol 11 kJ/mol
2-Methylbutane Most stable conformation Least stable comformation

The energy difference between the two conformations is (11 + 6.0 + 4.0) 3.8 =17
kJ/mol.
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(c) Consider the least stable conformation to be at zero degrees. Keeping the "front" of the
projection unchanged, rotate the "back" by 60° to obtain each conformation.

CH 3.8 kJ/mol
CHg h % 6.0 kJ/mol /7 CHs
H H HsC H
H’ Wi’ ;CH NCH H CH
oy 3 3 I 3

6.0 Id/mo] 6 0 kJ/mol

3.8 kJ/mol
at 120°: energy = 18.0 kJ/mol at 180°: energy = 3.8 kJ/mol

at 60°: energy = 3.8 kJ/mol

~— |1 kJ/mol CH3 3.8 ki/mol

C
cH3
} 3.8 ki/mol
HCH3 CH3

4, 0 kJ/mol 6.0 kJ/mol

at 240°: energy = 21 kJ/mol at 300°: energy = 7.6 kJ/mol

Use the lowest energy conformation as the energy minimum. The highest energy
conformation is 17 kJ/mol higher in energy than the lowest energy conformation.

Energy
(kJ/mol)

300° 360°

180° 240°

60° 120°
Angle of Rotation
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4.26
//‘ CHg /v-/‘ CH3’\S CHS’\\
HaC H HiC CHs H CHg
H CHg H CHs H CHj
CHQ\// H CHs\.,-H

2 CH3-CHj gauche 3 CH3-CHj gauche 3 CH3-CHj gauche

= 2(3.8 kJ/mol) = 3(3.8 kJ/mol) = 3(3.8 kJ/mol)

= 7.6 kJ/mol = 11.4 kJ/mol = 11.4 kJ/mol

4.27 Since we are not told the values of the interactions for 1,2—-dibromocthane, the diagram can
only be qualitative.

least stable

BrBr, HH Br H BrH Br H HH BrBr, HH

Energy

most stable

0° 60° 120° 180° 240° 300° 360°

The anti conformation is at 180°.
The gauche conformations are at 60°, 300°.

4.28 The anti conformation has no net dipole moment because the polarities of the individual
bonds cancel. The gauche conformation, however, has a dipole moment. Because the
observed dipole moment is 1.0 D at room temperature, a mixture of conformations must be
present.
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4.29  The highest energy conformation of bromoethane is 15 kJ/mol. Because this includes two

H-H eclipsing interactions of 4.0 kJ/mol each, the value of an H-Br eclipsing interaction
is 15-2(4.0) = 7 kJ/mol.

—

15 kJ/mol

Energy

Ly -

0° 00° 120° 180° 240° 300° 360°
HHH@HH HHH/@ /&HH/QJSLHHA

4.30

The best way to draw pentane is to make a model and to copy it onto the page. A model
shows the relationship among atoms, and its drawing shows how these relationships

appear in two dimensions. From your model, you should be able to see that all atoms are
staggered in the drawing.

4.31

4.32
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less stuble more stable
cis trans

Two types of interaction are present in cis-1,2-dimethylcyclobutane. One interaction occurs
between the two methyl groups, which are almost eclipsed. The other is an across-the-ring
interaction between methyl group at position | of the ring and a hydrogen at position 3.
Because neither of these interactions are present in trans isomer, it is more stable than the
cis isomer.

more stable less stable
als rans

In trans-1,3-dimethylcyclobutane an across-the-ring interaction occurs between the methyl

group at position 3 of the ring and a hydrogen at position 1. Because no interactions are

present in the cis isomer, it is more stable than the trans isomer.

Since the methyl group of N-methylpiperidine prefers an equatorial conformation, the
steric requirements of a methyl group must be greater than those of an electron lone pair.

H <—;_—; Cl . H ~ / H
H rnng H3C
CHg flip Cl

cis-1-Chloro-2-methylcyclohexane

Use Table 4.2 1o find the values of 1,3—diaxial interactions. For the first conformation, the
steric strain is 2 x 1.0 kJ/mol = 2.0 kJ/mol. The steric strain in the second conformation is
2 x 3.8 kJ/mol, or 7.6 kJ/mol. The first conformation is more stable than the second
conformation by 5.6 kJ/mol.
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4.39

.
~.
H~=- o

H <----» Cl

no I, 3-diaxial 2 x 3.8 kJ/mol = 7.6 kJ/mol
interactions 2 x 1.0 kJ/mol = 2.0 kJ/mol

=9.6 kJ/mol

trans-1-Chloro-2-methylcyclohexane

The first conformation is more stable than the second conformation by a maximum of 9.6
kJ/mol. (A gauche interaction between the two substituents in the diequatorial
conformation reduces the valuc of the energy difference.)

4.40
H

o)
HOCH,
0
HO OH
OH
H

B-Galactose
In this conformation, all substituents, except for one hydroxyl group. are cquatorial.
4.41 From the flat-ring drawing you can see that the methyl group and the ~OH group have a cis

relationship. and the isopropyl group has a trans relationship to both of these groups.
Draw a chair cyclohexane ring and attach the groups with the correct relationship.

CHs
H
q ; = H
(CHg),CH H H
H

(CHg)oCH

In this conformation, all substituents are axial. Now, perform a ring flip.

CH3 H
OH
H_ng_  (CHy)oH
H fli 7" Ho CHa
p
H
H H

(CH3)oCH

The second conformation is more stable because all substituents are equatorial.
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4.42  To solve this problem: (1) Find the energy cost of a 1-3 diaxial interaction by using Table
4.2. (2) Convert this energy difference into a percent by using Figure 4.19.

(a)

H ==---= CH(CHg), 2 (H - CH(CH3), = 9.2 kJ/mol
H=“" % equatorial = 97.5
M o axial = 2.5
(b) :
H == F 2 (H-F) = 1.0 kJ/mol
= % equatorial = 63
%o axial = 37
(©)
AR CN 2 (H-CN) = 0.8 kJ/mol
H = 90 equatorial = 60
%0 axial = 40
(d)
H ~---—= OH 2 (H-OH)=4.2 kJ/mol
H=" % equatorial = 85

% axial = 15

4.43 Make sure you know the difference between axial-equatorial and cis—trans. Axial
substituents are parallel to the axis of the ring; equatorial substituents lie around the
"equator” of the ring. Cis substituents are on the same side of the ring; trans substituents
are on opposite side of the ring.

(a) 1,3-trans

x

axial, equatorial

b) 1,4—ci
(b) is % v
y 6 1 ring
-
Y B flip
4 2

axial, equatorial equatorial, axial
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(¢) 1,3—cis

X
5 . &
Y 6 1 ring 4 5 3
flip m/
ip Y X
4 2 2 3 . 1
axial, axial equatorial, equatorial

(d) 1,5—trans is the same as 1,3—trans
(e) 1,5—cis is the same as 1,3—cis

(f) 1,6-trans

X
5 i . 6
[ nng 4 5 v
-
flip X
4 3 4% P ]
YIS 3
axial, axial equatorial, equatorial
4.44
CHj, _rng
-
flip
HaC H <. S
. H30/<——-->CH3
diequatorial diaxial

The large energy difference between conformations is due to the severe 1,3—diaxiat
interaction between the two methyl groups.

4.45 Diaxial cis-1,3-dimethylcyclohexane contains three 1.3-diaxial interactions -- two H-CHj3
interactions of 3.8 kJ/mol each, and one CH3~CHj interaction. If the diaxial conformation
is 23 kJ/mol less stable than the diequatonial, 23 — 2(3.8) = 15 kJ/mol of this strain energy
must be due to the CH3~CHj interaction.

4.46
H ""“; CHj
H=" .
CH3 o
R S—
flip . CH3
H,C ~~._
3 A B H30/<____:CH3
2 H — CHj interactions = 7.6 kJ/mol 2 H - CHj interactions = 7.6 kJ/mo!

S KkJ/mol

1 CH; — CH; interaction = 1
= 23 kJ/mol

Conformation A is favored because it is 15 kJ/mol lower in energy than conformation B.
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4.47

4.48

4.49
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CHy CHg

CHy

There are two cis-trans stereoisomers of 1,3,5-trimethylcyclohexane. In one isomer, all

methyl groups are cis to each other: in the other isomer, one methyl group is trans to the
other two. The isomer with all substituents cis to each other is more stable because it has
no 1,3- diaxial interactions in its chair conformation.

Note: In working with decalins, it is essential to use models. Many structural features of
decalins that are obvious with models are not easily visualized with drawings.

H

trans-Decalin cis-Decalin
No 1,3—diaxial interactions are present in trans—decalin.

At the ring junction of cis-decalin, one ring acts as an axial substituent of the other (see
circled bonds). The circled part of ring B has two 1,3—diaxial interactions with ring A
(indicated by arrows). Similarly, the circled part of ring A has two 1,3—diaxial interactions
with ring B; one of these interactions is the same as an interaction of part of the B ring
with ring A. These three 1,3—diaxial interactions have a total energy cost of 3 x 3.8 kJ/mol
= 11.4 kJ/mol. Cis-decalin is therefore less stable than trans-decalin by 11.4 kJ/mol.

A ring-flip converts an axial substituent into an equatorial substituent and vice versa. At the
ring junction of trans-decalin, each ring is a trans—trans diequatorial substituent of the
other. If a ring-flip were to occur, the two rings would become axial substituents of each
other. You can see with models that a diaxial ring junction is impossibly strained.
Consequently, rrans-decalin does not ring-flip.
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The rings of c¢is-decalin are joined by an axial bond and an equatorial bond. After a
ring-flip, the rings are still linked by an equatorial and an axial bond. No additional strain
or interaction is introduced by a ring-flip of cis-decalin.

H
H
H H
H
H =3
ring
-
flip
4.50
Cl Cl Cl
Cl Cl Cl Cl G
Cl al Cl Cl Cl
Cl cl Ci Clt Cl Cl Cl
Cl Cl Cl
Cl
Cl Cl Cl Cl Cl
Cl Cl c Cl Cl c
Cl Cl Cl
Cl Cl Cl Cl
Cl Cl
Cl Cl Cl Cl
The first isomer is the most stable because all chlorine atoms can assume an equatorial
conformation.
4.51
Most stable Strain energy Least stable Strain energy
@ op ' CHy
*3.8 kJ/mol CHz 21 kJ/mol
H H
H CH HH HCH
CHs € 3
el CHj CH
7.6 kJ/mol Cl 23 kJ/mol
H H
HaC CHg HaCH HCH3
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© CHg

CH
S 7.6 kJ/mol CHiy 26 kJ/mol
HgCﬁH
H CH HH CH3cH
CHy  ° &
(d)
M 15.2 ki/mol 3, 28 Kl/mol
HLC CH HsCH C
3 Oy 3] 3 3CH3

*most stable overall (least strain)
#*]east stable overall (most strain)

4.52
[~ "
HiC A ’H(‘"‘~L B
HSC 4---> CI
Conformation A of cis-1-chloro-3-methylcyclohexane has no I,3—diaxial interactions and
is the more stable conformation. Steric strain in B is due to one CH3-H interaction (3.8
kJ/mol), one CI-H interaction (1.0 kJ/mol) and one CH3~Cl interaction. Since the total-
strain energy of B is 15.5 kJ/mol, 15.5 - 3.8 - 1.0 = 10.7 kJ/mol of strain is caused by a
CH;—Cl interaction.
4.53

P
If you build a model of I-ngrbornene, you will find that it is almost impossible to form the
bridgehead double bond. sp~-Hybridization at the double bond requires all carbons bonded
to the starred carbons to lie in a common plane, yet the angle strain caused by sp
hybridization is too severe to allow a bridgehead double bond to exist.
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Draw the four possible isomers of 4-rert-butylcyclohexane-1,3-diol. Make models of these
isomers also. The bulky rert-butyl group determines the stuble conformation because of its
strong preterence for the equatorial position.

OH

OH
OH
(CH3)3C (CHg)3C
1 HO 2
OH
LI
HO

OH

(CH3)3C (CH3)5C

Only when the two hydroxyl groups are cis-diaxial (structure 1) can the acetal ring form.
In any other conformation, the oxygen atoms are too far apart to be incorporated into a six-
membered ring.

i

H3C -}C\ (@]

0]
(CH3)3C

Molecular Modeling

4.58

4.59

4.60

The energy difference between staggered and eclipsed conformations is larger for 2,2-
dimethylpropane (18 kJ/mol) than for ethane (12 kJ/mol). For ethane, bond rotation creates
three hydrogen-hydrogen eclipsing interactions. For 2,2-dimethylpropane, bond rotation
creates three methyl-hydrogen eclipsing interactions.

The gauche conformer is shown in frames 3 and 11, and the anti conformer is shown in
frame 7. The central C—C bond distance ranges from 153.3 pm (eclipsed methyls) to 153.0
pm (anti conformer). The C—C-C bond angle ranges from 114.6° (eclipsed methyls) to
113.1° (anti conformer). Both changes reduce steric interactions by moving the methyl
groups farther apart in the eclipsed methyl conformer.

Only bond rotation about the C3—C4 bond gives staggered conformers with different
geometries. A is lower in energy than B by 12 kJ/mol because B contains two 1,3 methyl-
methyl interactions and A contains only one. (Note that the right side of the molecule twists
somewhat to reduce 1.3 interactions, and the structures aren't perfectly staggered.)






Chapter 5 — An Overview of Organic Reactions

Chapter Outline

I. Organic Reactions (Sections 5.1 - 5.6).
A. Kinds of organic reactions (Section 5.1).

1.

Wt

=
) e

[§8]

Addition reactions occur when two reactants add to form one product, with no
atoms left over.

Elimination reactions occur when a single reactant splits into two products.
Substitution reactions occur when two reactants exchange parts to yield two new
products.

Rearrangement reactions occur when a single product undergoes a rearrangement of
bonds to yield an 1someric product.

caction mechanisms -general information (Section 5.2).

A reaction mechanism describes the bonds broken and formed in a chemical

reaction and its rate, and accounts for all reactants and products.

Bond breaking and formation in chemical reactions.

a. Bond breaking is heterolytic if one electron remains with each fragment.

b. Bond breaking is homolytic if both electrons remain with one fragment and the
other fragment has a vacant orbital.

¢. Bond formation is homogenic if one electron in a covalent bond comes from
each reactant.

d. Bond formation is heterogenic ii both electrons in a covalent bond come from
one reactant.

Types of reactions.

a. Radical reactions involve symmetrical bond breaking and bond formation.

b. Polar reactions involve unsymmetrical bond breaking and bond formation.

c. Pericyclic reactions will be studied later.

C. Radical reactions (Section 5.3).

5.

Radicals are highly reactive because they contain an atom with an unpaired electron.
A substitution reaction occurs when a radical abstracts an electron from another
molecule.
An addition reaction occurs when a radical adds to a double bond.
Steps in a radical reaction.

a. The initiation step produces radicals by the homolytic cleavage of a bond.

b. The propagation steps occur when a radical abstracts an atom to produce a

new radical and a stable molecule.
This sequence of steps is a chain reaction.

c. A termination step occurs when two radicals combine.
In radical reactions, all bonds are broken and formed by reactions of species with
odd numbers of electrons.

D. Polar reactions (Sections 5.4 — 5.6).

1.

Characteristics of polar reactions (Section 5.4).
a. Polar reactions occur as a result of positive and negative charges within
molecules.
b. These charge differences are usually due to electronegativity differences
between atoms.
i. Differences may also be due to interactions of functional groups with
solvents, as well as with Lewis acids or bases.
ii. Some bonds in which one atom is polarizable may also behave as polar
bonds.
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c. In polar reactions, electron-rich sites in one molecule react with electron-poor
sites in another molecule.
d. The movement of an electron pair in a polar reaction is shown by a curved
arrow.
e. The reacting species:
i. A nucleophile is a compound with an electron-rich atom.
ii. Anelectrophile is a compound with an electron-poor atom.
iii. Some compounds can behave as both nucleophiles and as electrophiles
f. Many polar reactions can be explained in terms of acid-base reactions.
An example of a polar reaction: addition of HBr to ethylene (Section 5.5).
a. This reaction 1s known as an electrophilic addition.
b. The n electrons in ethylene behave as a nucleophile.
c¢. The reaction begins by the addition of the electrophile H* to the double bond.
d. The resulting intermediate carbocation reacts with Br™ to form bromoethane.
3. Rules for using curved arrows in polar reaction mechanisms (Section 5.6).
a. Electrons must move from a nucleophilic source to an electrophilic sink.
b. The nucleophile can be either negatively charged or neutral.
c. The electrophile can be either positively charged or neutral.
d. The octet rule must be followed.
II. Describing a reaction (Sections 5.7 — 5.10).
A. Equilibria, rates, and energy changes (Section 5.7).
I All chemical reactions are equilibria that can be expressed by an equilibrium
constant Kq that shows the ratio of products to reactants.
a. 1f Keg > 1, [products] > [reactants].
b. If Keq < 1, [reactants] > [products].
For a reaction to proceed as written, the energy of the products must be lower than
the energy of the reactants.
a. The energy change that occurs during a reaction is described by AG?, the Gibbs
free-energy ch‘méc

9

o

b. Favorable reactions have negative AG® and are exergonic.
¢. Unfavorable reactions have positive AG® and are endergonic.
d. AG°=-RTIn K4

3. AG® is composed of mo terms — AH°, and AS°, which is temperature-dependent.
a. AH°is a measure of the change in total bonding energy during a reaction.
i. 1f AH® is negative, a reaction is exothermic.
ii. 1f AH? is positive, a reaction is endothermic.
b. AS° (entropy) is a measure of the {reedom of motion of a reaction.
1. A reaction that produces two product molecules from one reactant molecule
has positive entropy.
il. A reaction that produces one product molecule from two reactant molecules
has negative entropy.
C. AG°=AH°-TAS®
4. None of these expressions predict the rate of a reaction
B. Bond dissociation energies (Section 5.8).
The bond dissociation energy (1) measures the heat needed to break a bond.
Each bond has a characteristic strength.
It is possible to calculate Af1° for a reaction by using values of D.
Values of D are of limited uscfulness.
a. Calculations of AH® can't provide values of AS® or AG°.
b. Calculations of AH® can't give information about reaction rates.
¢. Values of D are for gas-phase reactions and don't account for the effects of
solvent.

W9 —
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C. Energy diagrams and transition states (Section 5.9).
1. Reaction energy diagrams show the energy changes that occur during a reaction.
The vertical axis represents energy changes, and the horizontal axis represents
the progress of a reaction.
The transition state is the highest-energy species in this reaction.
1t is possible for a reaction to have more than one transition state.
3. The difference in energy between the reactants and the transition state is the energy
of activation AG*
Values of AG* range from 40 — 150 kJ/mol.
4. After reaching the transition state, a molecule can go on to form products or can
revert to starting material.
5. Every reaction has its own energy profile.
D. Intermediates (Section 5.10).
1. In areaction of at least two steps, an intermediate is the species that lies at the
energy minimum between two transition states.
2. Even though an intermediate lies at an energy minimum between two transition
states, it is a high-energy species and usually can't be isolated.
3. Each step of a reaction has its own AG* and AG®, but the total reaction has an
overall AG°.

39]

Solutions to Problems

5.1
@ Chgar + KOH ———= CHgOH + KBr  substitution
) o
CH3CH,OH ——— Hy,C=CH, + H,O  climination
(c) .
H20=CH2 + H2 —_— CH3CH3 addition
5.2
CHy CHa
CH3CH2CH2CHCH20| + CH3CH20H2(|:CH3 +
Cl
1-Chloro-2-methylpentane  2-Chloro-2-methylpentane
CHs CHa CHg
Cl
CH3CH,CH,CHCH, h—z» CHaCHZCHCHCH; i CHaCHCH,CHCH  +
v
Ci Ci
2-Methylpentane 3-Chloro-2-methylpentane  2-Chloro-4-methylpentane
s
CICH,CHoCH,CHCHg

1-Chloro-4-methylpentane
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a b ¢ b a
Pentane has three types of hydrogen atoms, CH3;CH,CH>CH>CHj3. Although
monochlorination produces CH3CH,>CH>CH>CH,Cl, it is not possible to avoid producing
CH;CH>CH,CHCICH; and CH3CH>CHCICH,CHj as well. Since ncopentane has only
one type of hydrogen, monochlorination yields a single product.

Keep in mind:

(1) An electrophile is clectron-poor, either because it is positively charged or because it has
a functional group that is positively polarized.

(2) A nucleophile is electron-rich, either because it has a negative charge, because it has a
functional group containing a lone electron pair, or because it has a functional group that is
negatively polarized.

(3) Some molecules can act as both nucleophiles and electrophiles, depending on the
reaction conditions.

(a) HCI can act as both a nuclcophile and as an eleclrophi]c

(b) CH3NHj; is a nucleophile because of the lone-pair electrons of nitrogen.

{¢) CH3SH is both a nucleophile and an electrophile —a nucleophile because of the sulfur
lone-pair electrons, and an electrophile because of the polarized S-H bond.

(d) CH3CHO is both a nucleophile and an electrophile because of its polar C=0O bond.

(a) (b)

5+ .6 .. «— nucleophilic
P H=E ~_ CHz~NH,
clectrophilic nucleophilic
(as H" (as CI)
c < s d
© oo = T nucleophilic
CHz-S—H s
el ™~ 3+ C =— electrophilic
nucleophilic electrophilic HSC ~H

Reaction of cyclohexene with HCI or HBr is an electrophilic addition reaction in which a
halogen acid adds to a double bond to produce a haloalkane.

Br
H

Bromocyclohexane

Cl
A
H

Chlorocyclohexane
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For curved arrow problems, follow these steps:

(1) Locate the bonding changes. In (a), a bond from nitrogen to chlorine has formed, and a
CI-CI bond has broken.

(2) Identify the nucleophile and electrophile (in (a), the nucleophile is ammonia and the
electrophile is one Cl in the Cly molecule), and draw a curved arrow whose tail is near the
nucleophile and whose head is near the clectrophile.

(3) Check to see that all bonding changes are accounted for. In (2), we must draw a second
arrow to show the heterolytic bond-breaking of Cl, to form CI".

@

H—-.li]—H +:0—Cl: ———=  H—

HeH
o 00 —

H + :C:

28— —Q) 3

(b)
T
HyC—0: + H—C—Br: ——= HC—Q—CHy + :Br:

I .
RN
A bond has formed between oxygen and the carbon of bromomethane. The bond between

carbon and bromine has broken. CH3O™ is the nucleophile and bromomethane is the
electrophile.

(C) 00 =

:0: HOH

G [

~C~ o] e
HC T JOCH; ——> pc” och, Ho R

:_C_I:b

A double bond has formed between oxygen and carbon, and a carbon — chlorine bond has
broken. Electrons move from oxygen to the double bond and from carbon to chlorine.

(1) The nucleophile HO™ forms a bond with a hydrogen atom of bromoethane. (2) The
electrons from the former C—H bond are used to form a C—C double bond, and (3)
bromide ion is eliminated

TN
Fa

H 2 H H H
\’} / 4H \ / 00—
.C—C — H,O + C=C + :Br:
H 4 \ / \ -
H :Br: H H
3

According to Table 5.3, a negative value of AG® indicates that a reaction is favorable.
Thus, a reaction with AG® = —44 kJ/mol (-11 kcal/mol) is more favorable than a reaction
with AG® = +44 kJ/mol (+11 kcal/mol).

From the expression AG® = —RTInK¢q, we can see that a large Keq is related to a large
negative AG°. Consequently, a reaction with K4 = 1000 is more exergonic than a reaction
with Keq = 0.001.
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5.10 AG°=-RTNnK.y: R =0.008315 kJ/(K:mol); T=298 K
=—[0.008315 kJ/(K:mol)] (298 K) (InK¢q) = (=2.478 kJ/mol) (InKeq)
If Keq = 1000, then InKeq = 6.91 and AG® = (-2.478 kJ/mol) ( 6.91) = —17.1 kJ/mol
If Koq=1, then InK.q =0 and AG° =0
If Keq = 0.001, then AG® = +17.1 kl/mol
AG® = -RTInK,q: InKoq = -AG°/RT. T =298 K
InKeq = (-AG®) /(2.478 KJ/mol)

If AG® = 40 kJ/mol, then InK,q = (<0 kJ/mol ) / (2.478 kl/mol) = 16.14;
Keq=1.0x 10

IfAG® =0, then Keq = 1

If AG® = +40 kJ/mal. then InKq = (~40 kl/mol) / (2.478 ki/mol) = ~16.14;
Keg=10x1077

5.11
CHy + Brp —— CHgBr + HBr
Reactant bonds broken D Product bonds formed D
CH3;—H 438 kJ/mol CHg —Br 293 kJ/mol
Br—Br 193 kJ/mol H—Br 366 kJ/mol
631 kJ/mol 659 kJ/mol
Al = Dionds broken  — DPhonds formed
= 631kJ/mol - 659kJmol = -28klJ/mol
The reaction of bromine with methane 1s less exothermic than the reaction of chlorine with
methane because the value of AH® is a smaller negative number.
5.12

(a) CH3CH20CH3 + H — CH3CH20H + CH3|

Reactant bonds broken D Product bonds formed D
H—I 298 kJ/mol CHz—I 234 kJ/mol
637 kJ/mol 670 kJ/mol

Al = Dyonds broken = Phonds formed
637 kJ/mol — 670 kJ/mol = =33 kl/mol
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(h)
Reactant bonds broken D Product bonds formed D
CHz—Cl 351 ki/mol CH3— NH, 335 ki/mol
NH,—H 449 kJ/mol H—ClI 432 kJ/mol
767 kl/mol

800 kJ/mol

Al = Dyonds broken  — Dbonds formed

800 kJ/mol - 767 kJ/mol = +33 kJ/mol

I

S.13 Avreacton with AG* = 45 kJ/mol is faster than a reaction with AG* = 70 kJ/mol. It is not
possible to measure the size of K. from AG* because AG* measures the energy difference
between reactant and transition state rather than between reactant and product. The energy

difference between reactant and product is described by AG®, and thus also by K.

5.14
Intermediate
=
2 | Reactant ¢
w G
Q/ Product
SEMeS

Energy —— ——

Reaction progress ——— >
Stepb:  CHz—H + ClI* —> CH3* + H—CI

Sf(’p [ CH3' ar C|2 = CHS_Cl + ClI*

Since AHgyera 18 negative, AG® is also negative.
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(a) :EB:r:— is a nucleophile. (b) H' is an electrophile.
(©) (d)
CHy—Br + HQi ———= CHyOH + :Brt

The above reuaction is both a substitution reaction (because two reactants change parts) and
a polar reaction (because the carbon-bromine bond is broken heterolytically).

) . a0
HO—=H —— HO! + H*

Both electrons stay with the hydroxide anion.

(H
Gle — 2 ig

Each chlorine radical receives an electron from the former CI-Cl bond.

(a) CI"1s a nucleophile because it is electron-rich.
(b) BF; is an electrophile because it is an electron-poor Lewis acid.
(c) The illustrated amine is a nucleophile because of its lone clectron pair.

A transition state represents a structure occurring at an energy maximum. An intermediate
occurs at an energy minimum between two transition states. Even though an intermediate
may be of such high energy that it cannot be isolated, it is still of lower energy than all
transition states in the reaction under consideration.

Transition state ¥

products

Energy — ——

reactants

Reaction progress ———————>

AG® is positive.
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5.29
(a)
CH3—OH + H—Br — > CHz3—Br + H—OH
380 kJ/mol 366 kJ/mol 293 kJ/mol 498 kJ/mol
All' = Dhunds broken — Dbnnds formed
=746 kJ/mol — 791 kJ/mol = —45 kJ/mol
(b)
CH3CH,O—H + CHz—Cl — CH3CH,0—CHy + H—CI
436 kJ/mol 351 kJ/mol 339 kJ/mol 432 kJ/mol
Al = Dponds broken  — Dbonds formed
=787 kJ/mol — 771 kJ/mol = +16 kJ/mol
5.30
(a)
CHgCH,—H + Cl—Cl ——= CH3CH,—Cl + H—Cl
420 kJ/mol 243 kJ/mol 338 kJ/mol 432 kJ/mol
Al = Dponds broken = Pbonds formed
= 663 kJ/mol — 770 kJ/mol = -107 kJ/mol
(b)
CHaCH,—H + Br—Br —— CHsCH,—Br + H—Br
420 kJ/mol 193 kJ/mol 285 kJ/mol 366 kJ/mol
AH° = Dbonds broken — Dbunds formed
= 613 kJ/mol — 651 kJ/mol = -38 klJ/mol
(c)
420 kJ/mol 151 kJ/mol 222 klJ/mol 298 kJ/mol
AH® = Dponds broken = DPbonds formed
= 571 kJ/mol - 520 kJ/mol = +51 kJ/mol
Of the three halogenation reactions, chlorination is energetically the most favorable.
5.31
H3C—CH3 + Br-Br ——— CHS_BI' + CH3—BI'
376 kJ/mol 193 kJ/mol 293 kJ/mol 293 kJ/mol
AH® = Dponds broken = DPbonds formed

569 kJ/mol — 586 kJ/mol = —17 kJ/mol

AH? for bromoethane formation is =38 kJ/mol, and AH° for bromomethane formation is
—17 kJ/mol. Although both of these reactions have negative AH°, the reaction that forms
bromoethane is more favorable.
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Irradiation initiates the chlonnation reaction by producing chlorine radicals. Although these
radicals are consumed in the propagation steps, new Cl- radicals are formed to carry on the
reaction. After irradiation stops, chlorine radicals are still present to carry on the
propagation steps, but, as time goes on, radicals combine with other radicals in termination
reactions that remove radicals from the reaction mixture. Because the number of radicals
decreases, fewer propagation cycles occur, and the reaction gradually slows down and

Product AH°
i
CH3CHoCHCH,CI  +  HCI ~107 kJ/mol
1-Chloro-2-methylbutane
"
CICH,CH,CHCHy +  HCI ~107 kJ/mol
1-Chloro-3-methylbutane
A CHj
CH3CHCICHCH;  +  HCI —127 kJ/mol
2-Chloro-3-methylbutane
i
CHaCHoCCICHy  +  HCI ~129 kJ/mol
2-Chloro-2-methylbutane

.

Formation of the tertiary chloroalkane is favored, but a mixture of products is expected.

Sod)2

stops.
5.33, 5.34

i

CHaCHoCHCHg + Cly —m

2-Methylbutane
5638

one kind of hydrogen atom.

(a) (©)

5.36 For the first series of steps:

(a) Af° = +243 kJ/mol |
(b) AH® = + 6 kJ/mol
(c) AH° =-108 kJ/mol |

For the alternate series:

(a) AH° = +243 k)/mol |
(b) AFH° = +87 kJ/mol
(c) AH® =189 k¥/mol )

The following compounds yield single monohalogenation products because each has only

()

CHaC=CCHg

| AHC oo = ~102 KI/mol

| AH® o = ~102 kJ/mol
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For both series of reactions, the radical-producing iitiation step has Af{° = +243 kJ/mol
and the propagation steps b + ¢ have A/{° = -102 kJ/mol. In series 2, however, one step
has AH° = +87 kJ/mol: this step 1s energetically much less favorable than any step in series
I and disfavors the second series as a whole. The first route for chlorination of methane is
thus more likely to occur.

(a) el
H s H/_\:_c_lz D

D—b'l! e S + H—Cl
H H H
(b) H
|+
m ) OH
105 HTCh == CZOS = Cl\)\
CHg CC CHg

@ g

_c = C. + H,0 + :0CH
ch ) \%CHG H3C/ \CH3 2 ~3
H3C .
(b) X L
HO: e I(I; — b
H H © + Hy0
\/C\/ \CH3 —— \(I:é \CH3 2
H H H
a
(@) _ [Products] ~ 0.70 - 23
€4 7 [Reactants] 030 = 7

(b) Section 5.9 states that reactions that occur spontaneously have AG? of less than 80
kJ/mol at room temperature. Since this reaction proceeds slowly at room temperature, AG*
is probably close to 80 kJ/mol.
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(c)

Energy

reactant AG® 2 KkJ/mol

An Overview of Organic Reactions

intermediate

It is not possible to
determine the energy
of the intermediate.

* product

Reaction progress ———

The value of AG® can be calculated from the expression AG® = —RT In K.

Intermediate | Intermediate 2

(2) AG" for the first step is approximately 80 kJ/mol because the reaction takes place
slowly at room temperature. AG* values for the second and third steps are smaller -
perhaps 60 kJ/mol for Step 2, and 40 kJ/mol for Step 3. AG? is approximately zero.

(b)

Energy

reactants products

Reaction progress ———

97

.40
H,~H" H H
CHs CHg CHs
== H|=—= H + HY
CH CH CH
H 3 H 3 H 3
H H H
A1
H Hy + H30"
(Hs GHa H,0 PHs H | hy0 (Hs 30
HaC—C—Cl === |HC—C+ =—= H3C—C—O\+ == H;C—C—O—H
CHy TS.1 CHy TS.2 CHg HJ TS.3 CHsy + CI
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[l 0o ol

i i s A s
HeC—C =0l == | HiC—C" T2 Hg0—0—0%| === HyC—C—O0—H

CHg3 _ CHg HsC (H CHgz
+:Q1 \. + Hz0"
/.C.)\

H

5.43 AG°=AH°-TAS°

75 kJ/mol — (298 K) [0.054 kJ/(K-mol)]
=75 kJ/mol - 16 kJ/mol

-91 kJ/mol

The reaction is exothermic because AH" is negative, and it is endergonic because AG® is
negative..

5.44 AG® =-RTnK,q
= [-0.008315 kJ/(K-mol)] (298 K) (InKq) = 91 kJ/mol
InKeq = (=91 kJ/mol) / (=2.48 kJ/mol) = 36.7

Keq=8.7x 107

A Look Ahead

5.45
CHs CHa GHa
CHgC=CH, + HBr —— CH3(|JCHgBr + CHg(i‘,CH3
H Br
2-Methylpropene 1-Bromo-2-methyl- 2-Bromo-2-methyl-
propanc propane
5.46
CH H H
s (Hs (s
CH3C:CH2 + HBr —> CH3(‘:_9H2 + CH3C—'CH3
+

H

The second carbocation is more stable because more alky! substituents are bonded to the
positively charged carbon.






Review Unit 2: Alkenes and Their Stereochemistry:
Organic Reactions

Major Topics Covered (with Vocabulary):
Functional Groups.

Alkanes:

saturated aliphatic  straight-chain alkane branched-chain alkane isomer constitutional isomer
alkyl group primary, secondary, tertiary, quaternary carbon paraffin cycloalkane

primary, secondary, tertiary hydrogen cis-trans isomer stereoisomer

Alkane Stereochemistry:

conformer sawhorse representation  Newman projection  staggered conformation

eclipsed conformation torsional strain anti conformation gauche conformation steric strain
angle strain heat of combustion chair conformation axial group equatorial group ring-flip
1,3-diaxial interaction conformational analysis boat conformation twist-boat conformation
bicycloalkane

Organic Reactions:

addition reaction elimination reaction substitution reaction rearrangement reaction
reaction mechanism homolytic heterolytic homogenic heterogenic radical reaction
polar reaction initiation propagation termination electronegativity polarizability
curved arrow electrophile nucleophile carbocation

Describing a Reaction:

Keq AG® exergonic endergonic enthalpy entropy heat of reaction exothermic endothermic
bond dissociation energy reaction energy diagram transition state activation energy

reaction intermediate

Types of Problems:
After studying these chapters, you should be able to:

— Identify functional groups, and draw molecules containing a given functional group.
— Draw all isomers of a given molecular formula.

— Name and draw alkanes, alkyl groups, and cycloalkanes, including cis-trans isomers.
— Identify carbons and hydrogens as being primary, secondary or tertiary.

— Draw energy vs. angle of rotation graphs for single bond conformations.

— Draw Newman projections of bond conformations and predict their relative stability.

— Understand the geometry of, and predict the stability of, cycloalkanes having fewer than 6
carbons.

— Draw and name substituted cyclohexanes.

- Predict the stability of substituted cyclohexanes by estimating steric interactions.

— Identify reactions as polar, radical, substitution, elimination, addition, or rearrangement
reactions.
— Understand the mechanism of radical reactions.
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Identify reagents as electrophiles or nucleophiles.

Understand the concepts of equilibrium and rate.

Calculate K.q and AG® of reactions, and use bond dissociation energies to calculate AH° of
reactions.

Draw reaction energy diagrams and label them properly.

Points to Remember:

*

In identifying the functional groups in a compound, some groups have different designations
that depend on the number and importance of other groups in the molecule. For example, a
compound containing an —OH group and few other groups is probably named as an alcohol,
but when several other groups are present , the ~OH group is referred to as a hydroxyl group.
There is a priority list of functional groups in the Appendix of this book, and this priority order
will become more apparent as you progress through the text.

It is surprising how many errors can be made in naming compounds as simple as alkanes.
Why is this? Often the problem is a result of just not paying attention. It is very easy to
undercount or overcount the -CH,— groups in a chain and to misnumber substituents. Let's
work through a problem, using the rules in Section 3.4.

CHGCH,CHCH,CHg
CHs

Find the longest chain. In the above compound, the longest chain is a hexane (Try all
possibilities: there are two different six-carbon chains in the compound.) Identify the
substituents. The compound has two methyl groups and an ethyl group. It's a good idea to list
these groups to keep track of them. Number the chain and the groups. Try both possible sets
of numbers, and see which results in the lower combination of numbers. The compound might
be named either as a 2,2, 4-trisubstituted hexane or a 3,5,5-trisubstituted hexane, but the first
name has a lower combination of numbers. Name the compound, remembering the prefix di-
and remembering to list substituents in alphabetical order. The correct name for the above
compound is 4-cthyl-2,2-dimethylhexane.

The acronym FINN (from the first letters of each step listed above) may be helpful.

When performing a ring-flip on a cyclohexane ring, keep track of the positions on the ring.

X .
ring-
X NOT ﬂ]p
> = »

In virtually all cases, a compound is of lower energy than the frec elements of which itis
composed. Thus, energy is released when a compound is formed from its component
clements, and energy is required when bonds are broken. Entropy decreases when a
compound is formed from its component elements (because disorder decreases). For two
compounds of similar structure, less energy is required to break all bonds of the higher energy
compound than is required to break all bonds of the lower energy compound.
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Self-test

CHs CH(CHg)o O CHs
CHaCHCH,CHECHRCHCH,CHy CH3CHCH,CHoCH,CHNHCH(CHg),
A CHz CH,CHgy B

Metron S (an antihistamine)

Name A, and identify carbons as primary, secondary, tertiary or quaternary.
B is an amine with two alkyl groups. Name these groups and identify alkyl hydrogens as primary,
secondary or tertiary.

CH3 CH50
v
/CHCOCHg CHg
N\
CCH0CH; HsC TBr
C CHz 0 Metalaxyl (a fungicide) D

Identify all functional groups of C (metalaxyl).

Name D and indicate the cis/trans relationship of the substituents. Draw both possible chair
conformations, and calculate the energy difference between them.

Q HO OH
Il \ /

C< * H0 - PN

HaC” CHg HaC
E

CHg

What type of reaction is occurring in E? Would you expect that the reaction occurs by a polar
or a radical mechanism? If K for the reaction at 298 K is 10-3, what sign do you expect for AG®?
Would you expect AS? to be negative or positive? What about AH®?

Multiple Choice

1. Which of the following functional groups doesn't contain a carbonyl group?
(a) aldehyde (b)ester (c)ether (d) ketone

(8]

Which of the following compounds contains primary, secondary, tertiary and quaternary
carbons?

(a) 2,2,4-Trimethylhexane (b) Ethylcyclohexane (c) 2-Methyl-4-ethylcyclohexane

(d) 2,2-Dimethylcyclohexane

3. How many isomers of the formula C4HgBr> are there?
@4 ®6 (©8 (d)9
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The lowest energy conformation of 2-methylbutane occurs:
(a) when all methyl groups are anti (b) when all methyl groups are gauche
(c) when two methyl groups are anti ~ (d) when two methyl groups are eclipsed

The strain in a cyclopentane ring is due to:
(a) angle strain  (b) torsional strain  (c) steric stain  (d) angle strain and torsional strain

In which molecule do the substituents in the more stable conformation have a diequatorial
relationship?

(a) cis-1,2 disubstituted (b) cis-1,3 disubstituted (c) trans-1,3-disubstituted

(d) cis-1,4 disubstituted

Which of the following molecules is not a nucleophile?
(a) BH; (b) NH3 (c) HO- (d) H,C=CH;

Which of the following reactions probably has the greatest entropy increase?
(a) addition reaction (b) elimination reaction (c) substitution reaction (d) rearrangement

At a specific temperature 7' a reaction has negative AS® and K¢y > 1. What can you say about
AG® and AH®?

(a) AG® is negative and AH® is positive (b) AG® and AH° are both positive (c) AG® and AH°
are both negative (d) AG® is negative but you can't predict the sign of AH°.

In which of the following situations is AG* likely to be smallest?
(a) a slow exergonic reaction (b) a fast exergonic reaction (c) a fast endergonic reaction
(d) a slow endergonic reaction



Chapter 6 — Alkenes: Structure and Reactivity

Chapter Outline

1. Introduction to alkene chemistry (Sections 6.1 — 6.7).
A. Industrial preparation and use of alkenes (Section 6.1).
1. Ethylene and propylene are the two most important organic chemicals produced
industrially.
2. Ethylene, propylene and butene are synthesized by thermal cracking.
a. Thermal cracking involves homolytic breaking of C—H and C—C bonds.
b. Thermal cracking reactions are dominated by entropy.
B. Calculating a molecule's degree of unsaturation (Section 6.2).
1. The degree of unsaturation of a molecule describes the number of multiple bonds
and/or rings a molecule has.
2. To calculate degree of unsaturation of a compound, first determine the equivalent
hydrocarbon formula of the compound.
a. Add the number of halogens to the number of hydrogens.
b. Subtract one hydrogen for every nitrogen.
c. lIgnore the number of oxygens.
3. Calculate the number of pairs of hydrogens that would be present in an alkane
C,Ha,, 4 2 that has the same number of carbons as the equivalent hydrocarbon of the
compound of interest. This is the degree of unsaturation.
C. Naming alkenes (Section 6.3).
Find the longest chain containing the double bond, and name it.
Number the carbon atoms in the chain.
Number the substituents and write the name.
a. Name the substituents alphabetically.
b. Indicate the position of the double bond.
c. Use the suffixes -diene, -triene, etc. if more than one double bond is present.
D. Electronic structure of alkenes (Section 6.4).
1. Carbon atoms in a double bond are sp2-hybridized.
2. The two carbons in a double bond form one ¢ bond and one = bond.
3. Free rotation doesn't occur around double bonds.
4. 268 kJ/mol of energy is required to break a = bond.
E. Double bond geometry (Sections 6.5 — 6.6).
1. Cis—trans isomerism (Section 6.5).
a. A disubstituted alkene can have substituents either on the same side of the
double bond (cis) or on opposite sides (trans).
b. These isomers don't interconvert because free rotation about a double bond isn't
possible.
c. Cis—trans isomerism doesn't occur if one carbon in the double bond is bonded
to identical substituents.
2. E,Zisomerism (Section 6.6).
a. The E,Z system is used to describe the arrangement of substituents around a
double bond that can't be described by the cis—trans system.
b. Sequence rules for E,Z isomers:
i.  For each double bond carbon, rank the substituents by atomic number.
An atom with a high atomic number receives a higher priority than an
atom with a Jower atomic number.
ii. If a decision can't be reached, look at the second or third atom until a
difference is found.

WD —
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iii. Multiple-bonded atoms are equivalent to the same number of single-bonded
atoms.
F. Alkene stability (Section 6.7).
1. Cis alkenes are less stable than trans alkenes because of steric strain between double
bond substituents.
2. Stabilities of alkenes can be determined experimentally by measuring:
a. Heats of combustion.
b. Cis—trans equilibrium constants.
c. Heats of hydrogenation — the most useful method.
3. The heat of hydrogenation of a cis isomer is a larger negative number than the heat
of hydrogenation of a trans isomer.
This indicates that a cis isomer is of higher energy and is less stable than a trans
isomer.
4. Alkene double bonds become more stable with increasing substitution for two
reasons:
a. Hyperconjugation — a stubilizing interaction between the antibonding n orbital
and a filled C-H o orbital on an adjacent substituent.
b. More substituted double bonds have more of the stronger sp2-sp3 bonds.
11. Electrophilic addition reactions (Sections 6.8 — 6.12).
A. Addition of H-X to alkenes (Sections 6.8 — 6.9).
1. Mechanism of addition (Section 6.8).
a. The electrons of the nucleophilic = bond attack the electrophile H-X (X = Cl,
Br, I).
b. Two electrons from the n bond form a new o bond between —H and an alkene
carbon.
c. The carbocation intermediate reacts with —X to form a C-X bond.
2. Anenergy diagram has two peaks separated by a valley (carbocation intermediate).
a. The reaction is exergonic.
b. The first step is slower than the second step.
(3. Organic reactions are often written different ways to emphasize different points.)
4. Onentation of addition: Markovnikov's Rule (Section 6.9).
a. In the addition of HX to a double bond, H attaches to the carbon with fewer
substituents, and X attaches to the carbon with more substituents.
b. 1f the carbons have the same number of substituents, a mixture of products
results.
B. Carbocation structure and stability (Section 6.10).
1. Carbocations are planar; the unoccupied p orbital extends above and below the
plane.
2. The stability of carbocations increases with increasing substitution.
a. Carbocation stability can be measured by studying gas-phase dissociation
enthalpies.
b. Carbocations can be stabilized by inductive effects of neighboring alkyl groups.
¢. Carbocation can be stabilized by hyperconjugation: The more alkyl groups on
the carbocation, the more opportunities there are for hyperconjugation.
C. The Hammond Postulate (Section 6.11).
1. The transition state for an endergonic reaction step resembles the product of that
step.
The transition state for an exergonic reaction step resembles the reactant for that
step.
3. Inan electrophilic addition reaction, the transition state for alkene protonation
resembles the carbocation intermediate.
4. More stable carbocations form faster because their transition states are also
stabilized.

[39]
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D. Carbocation rearrangements (Section 6.12).
1. In some clectrophilic addition reactions, products from carbocation rearrangements
are formed.

[§8]

The appearance of these products suppoits the two-step electrophilic addition

mechanism, in which an intermediate carbocation is formed.

(%]

Intermediate carbocations can rearrange to more stable carbocations by cither a

hydride shift or by an alkyl shift.
4. In both cases a group moves to an adjacent positively charged carbon, taking its
bonding electron pair with it.

Solutions to Problems

The expression "degree of unsaturation” refers to the number of rings, double bonds or
triple bonds that a compound contains. For example, consider the compound in (a),
CgHyy. A saturated alkane with eight carbons has the formula CgH,g. CgH 4, which has
four fewer (or two pairs fewer) hydrogens, may have two double bonds, or two rings, or
one of each, or a triple bond. CgH 4 thus has a degree of unsaturation of 2.

Compound

(a) CgHyy
(c) Ci2Hao
(e) CyoHse

Compound

(a) C4Hg

(b) C4Hg

() CaHy

Degree of unsaturation Compound — Degree of unsaturation
2 (b) CsHg 3
3 (d) CyoHs2 5
13
Degree of
Unsaturation Structures
I CH3CHy=CH,CH3 CH3CHoCHy=CH, (CHg),C=CHy

D [>—CH3

2 CHy=CHCH=CHy CHaCH=C=GCH, CH,C=CCHj
CHaCHpC=CH E D
Do, o [>—on

2 H,C=C=CH, CH,C=CH []>

Unlike the hydrocarbons in the previous problems, the compounds in this problem contain

additional elements. Review the rules for these elements.

(a) Subtract one hydrogen for each nitrogen present to find the formula of the equivalent
hydrocarbon — C¢Hy. Compared to the alkane CgH 4, the compound of formula C¢Hy
has 10 fewer hydrogens, or 5 fewer hydrogen pairs, and has a degree of unsaturation

of 5.

(b) CeHsNO; also has 5 degrees of unsaturation because oxygen doesn't affect the
equivalent hydrocarbon formula of a compound.

(c) A halogen atom is equivalent to a hydrogen atom in calculating the equivalent
hydrocarbon formula. In this problem, the equivalent hydrocarbon formula is CgH)»,
and the degree of unsaturation is 3.



6.4

6.5

Alkenes: Stroctnre and Reactivity 107

(d) CgHBr> — one degree of unsaturation.
(¢) C1pH12N>03 - 6 degrees of unsaturation.
(f) CooH3>CIN -5 degrees of unsaturation.

(1) Find the longest chain containing the double bond and name it. In (a), the longest chain
is a pentene.

(2) Identify the substituents. There are three methyl groups in (a).

(3) Number the substituents, remembering that the double bond receives the lowest
possible number. The methyl groups are attached to C3 and C4 (two methyl groups).

(4) Name the compound. remembering to use the prefix "tri-" before "methyl" and
remembering to use a number to signify the location of the double bond. The name of
the compound in (a) is 3.4,4-trimethyl-1-hexene.

(a) ?Hs (|:H3 (b) CHy (c) (|3H3 (|:H3
T CHy
3.4.4-Trimethyl-1-pentene  3-Methyl-3-hexene 4.7-Dimethyl-2,5-octadiene

I('s much casier to draw a structure from a given name than it is to name a structure. First,
draw the carbon chain, placing the double bond or bonds in the designated locations. Then
attach the cited groups in the proper positions.

@ CHa ) CHoCHy
HC=CHCH,CHoC=CH, CHCHoCHoCH=CC(CHy)
2-Mecthyl-1,5-hexadiene 3-Ethyl-2,2-dimethyl-3-heptene
(c) '
CHj Criy (d) CHy  Chg
CH4CH=CHCH=CHG—C=CHy CHCH  CHCHg
CHj /C =C\
2.3.3-Trimethyl-14.6-octatriene CHsCH  §HCHg
CHy  CHy
(e) ‘
?(CHS)S 3 4-Diisopropyl-2,5-dimethyl-3-hexene
CHACHZCHZCHCH,CHCH

CHs
4-terr-Butyl-2-methylheptane
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6.6
(a) \ (b) 5 CHg (c) 5
X pem
TN 1 CHg R
1,2-Dimethylcyclohexene 4,4-Dimethylcycloheptene 3-lsopropylcyclopentene

6.7  Compounds in (c), (e), and (f) can exist as cis-trans isomers.

C18 trans
H\ H H\ /CH3
(¢) CH3CH,CH=CHCH4 /C= C\ /c= c\
CH3CH,  CHg3 CHsCH, H
H\ /H H\ /Cl
(e) CICH=CICH C=E c=c¢C
/ \ / \
Cl cl cl H
H H H cl
X \ / \ /
(f) BrCH=CHCI B=E C=C
/ \ / \
Br Cl Br H

6.8 A model of cyclohexene shows that a six-membered ring is too small to contain a trans
double bond without causing severe strain to the ring. A ten-membered ring is flexible
enough to accommodate either a cis or a trans double bond, although the cis isomer has less
strain than the trans isomer.

6.9  Review the sequence rules presented in Section 6.6. A summary:

Rule 1: An atom with a high atomic number has priority over an atom with a low atomic
number.

Rule 2:If a decision can't be reached by using Rule 1, look at the second, third, or fourth
atom away from the double-bond carbon until a decision can be made.

Rude 3: Multiple-bonded atoms are equivalent to the same number of single-bonded atoms.

High Low Rule High Low Rule
(a) -Br -H 1 (b) -Br —Cl 1
(c) -CH,CH3; —CHj3 2 (d) -OH -NH, 1
(e) -CH,OH —CH; 2 (f) -CH=0 -CH,OH 3
6.10 Highest priority —————————> Lowest Priority

(1) —Cl, -OH, —CH;, -H

(b) ~CH,0OH, ~CH=CH,, -CH,CH3, ~CHj
(¢) ~COOH, ~CH,0H, -C=N, ~CH,NH,
(d) ~CH,0CH3, ~C=N, -C=CH, —-CH,CH;
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(b)
CHaCHCHp M CHyCHoCHp  CHg
/C=C\ E /C—C\ V4
H CHg H H
no steric strain steric strain of groups on the
same side of the double bond
© CHy CH,
trisubstituted double bond ~  disubstituted double bond

6.14  All these reactions are electrophilic additions of HX to an alkene. Use Markovnikov's rule
to predict orientation.

(a) H
Cl
+ HCI ——— H Chlorocyclohexane
H

Br
|

(b)

(CH3)20=CHCH2CH3 + HBr —— (CH3)2CCH20H20H3
2-Bromo-2-methylpentane

In accordance with Markovnikov's Rule, H forms a bond to the carbon with fewer
substituents, and Br forms a bond to the carbon with more substituents.

(c) !

Ki !

P
34 2-lodopentane

(d)
CH, Br
CHg
+ HBr ——

I-Bromo-I-methylcyclohexane
6.15 Think backward in choosing the alkene starting material for synthesis of the desired

haloalkanes. Remember that halogen is bonded to one end of the double bond and that
more than one starting material can give rise to the desired product.

(2)
Br
@ + HBr —— Q/

Cyclopentene
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(b)
©/ I
KI CH,CH
R L3
or HaPOy4
gCHCf‘b
© Br
|
CHaCHaCH=CHCH,CH; + HBr ——=  CH3CH,CHoCHCH,CHy
3-Hexene
d
) Cl

+ HCl & ———

=

The more stable carbocation 1s formed
(a)
(':H3 c|:H3 <|3H3 ([2H3 ('|3H3 ('|3H3
CH30H20=CHCHCH3 + HBr — CH30H290H2CHCH3 — CHSCHz?CHchCHs

carbocation intermediate Br
(b)

|
CHCHy — > " CHyCHy | ——=
H3PO, CH,CHj

carbocation intermediate

Two representations of the secondary carbocation are shown on the left below. This
secondary carbocation can experience hyperconjugative overlap with two hydrogens under
normal circumstances. However, in the alignment shown in the stereodrawing, only one
hydrogen (circled) is in the correct position for hyperconjugative overlap with the
carbocation carbon.

Because there is rotation about the carbon-carbon bonds, all of the hydrogens starred in the
representation on the far right can be involved in hyperconjugation at some time.

HaC H HC

HsC H
N+ o \ o+ Y= \ o+ /
CHCHCHg3 .-C-CH-C_ ".-C-CH-C_ .
/ N \H i \H

HaC HaC H HaC H
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22
_—~-\H\
l*,dsC\ N
\ c=C 3
N / N

All of the atoms attached to a double bond (circled) must lie in the same plane. If you look
at this drawing with a stereoviewer, you can see that the groups on one of the double bond
carbons are at a 90° angle to the groups on the other carbon. Thus, the structure doesn't

represent a stable molecule.

E>:CHCH3
Cl
or —-——>HCI I:>LCH20H3 > ,:><CH cH
A

E>>CH2CH3

Either of the two compounds shown can form the illustrated tertiary carbocation when they
react with HCL. If you make a model of this intermediate, you can see that the three circled
hydrogens are aligned for maximum overlap with the vacant p orbital. Because of
conformational mobility, the three starred hydrogens are also able to be involved in

hyperconjugation.

Additional Problems

6.24 The purpose of this problem is to give you experience in calculating the number of double
bonds and/or rings in a formula. Additionally, you will learn to draw structures containing
various functional groups. Remember that any formula that satisfies the rules of valency is
acceptable. Try to identify functional groups in the structures that you draw.

(a) CjoHj6 — 3 degrees of unsaturation. Examples:

CH3CH,CH = CHCH = CHCH = CHCH,CHs
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(b) CgHgO. The equivalent hydrocarbon is CgHg, which has 5 degrees of unsaturation.

ﬁ/ ketone (|)|/ aldehyde ﬁ/aldchydc
CCHj CHoCH CH
aromatic aromatic aromatic
nng ketone ? rng ]\Ll(mt\ nng

CCH= CH2
< U

double double

bonds \-/‘ bond%

(¢) C7H¢Cly has C5H > as its equivalent hydrocarbon formula. C7HgCl> has two
degrees of unsaturation.

L’})I:]lg double bonds
halide — I H CH3 H
! ¥ \ I /
CHyCH,CHCHCH,C = CH C=CHECH=C,
Cl =— halide Cl CH3 C
halides =~
double bond double bond
Cl
hali 1/ / { e
nalde CH2
halide Cl
— ~ halides
H3C Cl 4 halide ¢ € halide
(d) C1oH605 — 3 degrees of unsaturation.
double bonds ester ketones
[\ N =
HoC=CHCH = CHCH,CH,CH,CH,COCH, W
alcohol  ketone aldehyde alcohols

\n
O “=—— cther
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(e) CsHoNO> - 2 degrees of unsaturation.

ketone amide  double bond nitro
o O group
\II Il / i ? s &
CH3CH,CCH,CNH, H,C= CHCHZCHZCHzN —0"
double bond carboxylic O amide ketone
10) /ucid 0 / NH,
[ A U
H,C=CHCH,NHCH,COH HO N—H amine
alcohol O =— ether

(f) CgHoCINO — 4 degrees of unsaturation.
double bonds amide  double bonds
0 = cther

N i \l S halide
i

= CHCH = CHCH =CHCH,CNH,

Cl <— halide amine —= N Cl
H
H
arom:llc halide = ClI double Ni=— Smine
““ # bond 0
dmme douhk ketone -
bond 7
CH?—NHZ “m”‘c -— ketone
alr.ohol Cl -=— halide halide — ClI

6.25 When you have to solve a word problem such as this one. train yourself to read every word
and interpret the problem phrase by phrase. For example, "A compound of formula
CoHy4" describes a compound with four degrees of unsaturation. The phrase, "
undergoes catalytic hydrogenation”, means that H» is added to the double bonds. The
phrase, " absorbs only 2 molar equivalents of hydrogen", means that only two of the
degrees of unsaturation arc double bonds (or a triple bond). The other two must be rings.

6.26 A compound of formula Cj>H 3N has as its equivalent hydrocarbon formula Cj>H;>»,
which has 7 degrees of unsaturation. Since two of the degrees of unsaturation are due to
rings, the other five are duc to double or triple bonds. Thus, C|>H 3N absorbs 5
equivalents of hydrogen.

6.27
@ CHa ) M GH2CHs © CHoCH3
H /éHCHch3 CHyCHCH,CHoCH  CHg HoC= |CCH2(;H3
/C = C\ /C = C\
HaC H H H

E-4-Methyl-2-hexene Z-4-Ethyl-7-methyl-2-octene  2-Ethyl-1-butene



116 Chapter 6
d) E f
(d) o oM (e) o " M
Cle c=C¢C HsC =6
/ \ \ /
H,C =CHCH('T‘H H /C=C\ CHj
CH:3 CHaCHchz CH3

H,C=C=CHCHj

(2Z,4E)-4,5-Dimethyl- 1,2-Butadiene

2.4-octadiene

(5E)-3,4-Dimethyl-
1,5-heptadiene

6.28 Because the longest carbon chain contains 8 carbons and 3 double bonds, ocimene is an
octatriene. Start numbering at the end that will give the lower number to the first double
bond (1,3, 6 is lower than 2,5,7). Number the methyl substituents and, finally, name the

compound.
= X X . .
(3E)-3,7-Dimethyl-1,3,6-octatriene
6.29
= = X X
(3E,6E)-3.7,11-Trimethyt-1,3,6,10-dodecatetracne
6.30
() CHs (b) ’ ’
] \ /
H [CHaC=CHy £=C
/C:C\ CH3CH2 (I;HC(CHS)ch =CH2
H3C CHg CH,CH,CH4

(4E)-2,4-Dimethyl-1,4-hexadiene
(c)
g
CH3CHCH=C=CH,

4-Methyl-1,2-pentadiene
(e)
CchHchzc{'iz H
/
C=¢C
/ \
CH3CH,CHoCH,  CHg
3-Butyl-2-heptene

cis-3,3-Dimethyl-4-propyl-1,5-octadiene

“ oo
H3C\?,/C\(':4C\(|;//C\H
H\?éc\H H CH3
H

(3E,57)-2,6-Dimethyl-1,3,5,7-octatetracne
()
(CHaG H
c=cC
/ \
H C(CH3)3

trans-2,2,5,5-Tetramethyl-3-hexene
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6.34

6.35

6.36

6.37

6.38
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(I)Ha C|)H3 (|:H3
CHiCH  H CHyCH  H CH3CCHy  H
F=4 F=4 F=4
H CH3 HiC H H H
(E)-4-Methyl-2-pentene 2.3-Dimethyl-1-butene 3.3-Dimethyl-1-butene
CH3C\HZ H HSC\ /CH3
L=C /C—C\
CHaCHy  H HaC CHg
2-Ethyl-1-butene 2,3-Dimethyl-2-butene

As expected, the two trans compounds are more stable than their cis counterparts. The
cis—trans difference is much more pronounced for the tetramethyl compound, however.
Build a model of ¢is-2,2,5,5-tetramethyl-3-hexene and notice the extreme crowding of the
methyl groups. Steric strain makes the cis isomer much less stable than the trans isomer
and causes cis AHpydrop 10 have a much larger negative value than trans AH yqro fOr the
hexene isomers.

Build models of the two cyclooctenes and notice the large amount of strain in trans-
cyclooctene relative to cis-cyclooctene. This strain causes the trans isomer to be of higher
energy and to have a AH ygrog larger than the Al grog Of the cis isomer.

Models show that the difference in strain between the two cyclononene isomers is smaller
than the difference between the two cyclooctene isomers. This reduced strain is reflected in
the fact that the values of AH%hydrog fOT the two cyclononene isomers are relatively close.
Nevertheless, the trans isomer is still more strained than the cis isomer.

The central carbon of allene forms two o bonds and two = bonds. The central carbon is sp-
hybridized, and the carbon-carbon bond angle is 180°. indicating linear geometry for the
carbons of allene. The terminal =CH; units are twisted 90° with respect to each other.

o 1 bonds \

sp

1 bonds

The heat of hydrogenation for a typical diene is 2 X (A/1%ygrog Of an alkene) = 252
kJ/mol. Thus, allene, with AHhyqroe = —295 kJ/mol is 43 kJ/mol higher in energy than a
typical diene. Allene is less stable than a typical diene because more heat is released on
hydrogenation of allene, whose initial energy level is higher than that of a typical diene.












to

Chapter 6

6.46
") H c
H—Cl — -
i H
b hydnde 3
carbocatron shift carbocation
6.47
CH CH
N .. . 3 3
H—-Cl: @, CHg CHa
% _—
b — = oL e
CH
CHg 3 bond ( CHg ’
shift G o
(alkyl shift) -
6.48
A0 | =T [
e e +
Attack of the m electrons on H* yields the carbocation pictured on the far right. A bond shift
(alkyl shift) produces the bracketed intermediate, which reacts with Br-to yield 1-bromo-2-
methylcyclobutane.
6.49 (a) C7H4c0O S degrees of unsaturation
(b) C4HoCl5 8 degrees of unsaturation
(c) CyoH3405 4 degrees of unsaturation
(d) CgH | oN4O> 6 degrees of unsaturation
(e) C51Hag05 8 degrees of unsaturation
(f)y C17H23NO3 7 degrees of unsaturation
6.50 The reaction is exergonic because it is spontancous. According to the Hammond Postulate,

the transition state should resemble the isobutyl cation.

H

HgC 2"
HaC

| §D
+ M N/ .
T CHy =— [H3C~ ‘: -

H3C
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A Look Ahead
6.53 Reaction of 1-chloropropane with the Lewis acid AICI3 forms a carbocation. The less stable

propylcarbocation undergoes a hydride shift to produce the more stable isopropyl
carbocation, which reacts with benzene to give isopropylbenzene.

CHgCHZCHZQ)I + AlCly == [CH30H2CH2+ AICI[}
\_”
T
+ +
CHSCFT—‘CHE == CH4CHCH,

CHj
CHCHg
o
CHaCHCHy  + -
6.54
(a
) CHy CHa
CHiCHoC=CHCHz + H,0 —99 o CH,CH,CCHoCHa
catalyst |
OH
(b)
CH, oH
acid CHg
+ HZO ———
catalyst
(c)
" s ¢
CHaCHCH,CH=CHy + Hy0 —299 o CHyCHCH,CHCH,
catalyst
6.55
HaC CH H H H H
o1 HBr e g KOH ¢
CHyCH—C=CH, ——— CHaCH—C—CH; ——= CHC=C—CHj
i CH4OH
Br
2,3-Dimethyl-1-butene 2-Bromo-2,3- 2,3-Dimethyl-2-butene
dimethylbutane

The product, 2,3-dimethyl-2-butene, is formed by elimination of HBr from 2-bromo-2,3-
dimethylbutane. The product has the more substituted double bond.



(]
wn

Alkenes: Structure and Reactivity 1

Molecular Modeling

6.56

6.57

6.58

6.59

H CHj (CHg)aC, CHj
C=C C=C
/ \ / \
(CH3)5C H H H

(E)-4,4-Dimethyl-2-pentene  (Z)-4,4-Dimethyl-2-pentene

E,Z energy differences depend on the conformations you select for your molecules. A
"reasonable” choice of conformation should show that (£)-4,4-dimethyl-2-pentene is the
lower energy conformation. Steric repulsion between the methyl and rerr-butyl groups in
the Z isomer leads to large values of C—C=C angles (129° and 133°), compared to values of
124° and 128° in the E isomer.

The positive carbon becomes less positively charged as the number of alkyl groups bonded
to it1s increased. This implies transfer of electron density from alkyl groups to the positive
carbon or, equivalently, delocalization of positive charge from carbon to the alkyl groups.

Carbon-carbon distances in the cation are shorter (147.3 pm vs. 153.1 pmin 2-
methylpropane), consistent with some double-bond character in these bonds. Out-of-plane
C-H distances in the cation are longer (109.0 pm vs. an average distance of 108.7 pm in 2-
methylpropane), consistent with bond weakening due to hyperconjugation. In-plane C-H
distances in the cation are shorter (107.9 pm), indicating that these bonds do not participate
in hyperconjugation.

hydride shift
_tr_a_nsitio_n_state

e

Cation A Cation B

Energy o

Reaction Progress ————

The transition state's geometry is more like that of the reactant carbocation, exactly the
result that the Hammond Postulate predicts for an exothermic reaction.
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Chapter Outline

I. Preparation of alkenes (Section 7.1).
A. Dehydrohalogenation.
Reuction of an alkyl halide with a strong base forms an alkene, with loss of HX.
B. Dehydration.
Treatment of an alcohol with a strong acid forms an alkene, with loss of H>O.
II. Addition reactions of alkenes (Sections 7.2 - 7.6).
A. Addition of halogens (Section 7.2).
L. Brpand Cl; react with alkenes to yield 1,2-dihaloalkanes.
2. Reaction occurs with anti stereochemistry — both bromines come from opposite
sides of the molecule.
3. The reaction intermediate is a cyclic bromonium intermediate that is formed in a
single step by interaction of an alkene with Br*.
B. Halohydrin formation (Section 7.3).
1. Alkenes add HO-X (X = Br or Cl) when they react with halogens in the presence
of H,O.
The added nucleophile (H>O) intercepts the bromonium ion to yield a bromohydrin.
Bromohydrin formation is usually achieved by NBS in aqueous DMSO.
Aromatic rings are inert to halohydrin reagents.
C. Addition of water to alkenes (Sections 7.4).
1. Hydration.
a. Water adds to alkenes to yield alcohols in the presence of a strong acid catalyst.
b. Although this reaction is important industrially, reaction conditions are too
severe for most molecules.
2. Oxymercuration.
a. Addition of Hg(OAc),, followed by NaBHy, converts an alkene to an alcohol.
b. The mechanism of addition proceeds through a mercurinium ion.
¢. The reaction follows Markovnikov regiochemistry.
D. Hydroboration/oxidation (Section 7.5).
1. BHj adds to an alkene to produce an organoborane.
Three molecules of alkene add to BH3 to produce a trialkylborane.

ESSRVSH §S]

2. Treatment of the trialkylborane with H>O5 forms 3 molecules of an alcohol.
3. Addition occurs with syn stereochemistry.
4. Addition occurs with non-Markovnikov regiochemistry.
Hydroboration is complementary to oxymercuration/reduction.
5. The mechanism of hydroboration involves a four-center, cyclic transition state.

a. This transition state explains syn addition.
b. Stabilization of the transition state by a substituted double-bond carbon also
explains non-Markovnikov regiochemistry.
E. Addition of carbenes (Section 7.6).
1. A carbene (R>C:) adds to an alkene to give a cyclopropane.
2. The reaction occurs in a single step, without intermediates.
3. Treatment of HCCl; with KOH forms dichlorocarbene.
Addition of dichlorocarbene to a double bond is stereospecific, and only cis-
dichlorocyclopropanes are formed.
4. The Simmons-Smith reaction (CHals, Zn-Cu) produces an unsubstituted
cyclopropane via a carbenoid reagent.
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1I. Reduction and oxidation of alkenes (Sections 7.7 — 7.8).
A. Reduction of alkenes (Section 7.7).
1. Catalytic hydrogenation reduces alkenes to saturated hydrocarbons.
2. The catalysts used are Pt and Pd.
Catalytic hydrogenation is a heterogeneous process that takes place on the
surface of the catalyst.
3. Hydrogenation occurs with syn stereochemistry.
The reaction is sensitive to the steric environment around the double bond.
4. Alkenes are much more reactive than other functional groups.
B. Oxidation of alkenes (Section 7.8).
1. Hydroxylation.
a. OsOy causes the addition of two —OH groups to an alkene to form a diol.
b. Hydroxylation occurs through a cyclic osmate.
¢. The reaction occurs with syn stereochemistry.
2. Cleavage.
a. Oj causes cleavage of an alkene to produce aldehyde and/or ketone fragments.
The reaction proceeds through a cyclic molozonide, which rearranges to an
ozonide that is reduced by Zn.
b. KMnOjgcleaves alkenes to yield ketones, carboxylic acids or CO».
c¢. Diols can be cleaved with HIOy to produce carbonyl compounds.
IV. Biological alkene addition reactions (Section 7.9).
A. Many biochemical reactions are additions to alkenes.
B. These reactions are enzyme-catalyzed.
V. Alkene polymers (Section 7.10).
A. Many types of polymers can be formed by radical polymerization of alkene monomers.
L. There are 3 steps in a polymerization reaction.
a. Initiation involves homolytic cleavage of a weak bond to form a radical
The radical adds to an alkene to generate an alkyl radical.
b. The alkyl radical adds to another alkene molecule to yield a second radical.
This step is repeated many,many times.
¢. Termination occurs when two radical fragments combine.
Mechanisms of radical reactions are shown by using fishhook arrows.
As in electrophilic addition reactions, the more stable radical (more substituted) is
formed in preference to the less stable radical.
4. Chain branches can form when the radical end of a growing chain abstracts a
hydrogen atom from the middle of a chain.
a. Short-chain branching occurs when a hydrogen is abstracted from a position 4
carbons from the end of the chain.
b. Long-chain branching occurs when a radical at the end of a chain abstracts a
hydrogen from the middle of a second chain.
¢. Short-chain branching is much more common than long-chain branching.
B. Some alkene monomers can form polymers by cationic polymerization.
1. A strong protic or Lewis catalyst is needed.
2. Cationic polymerization is more effective when a tertiary carbocation is involved.

[OST § ]
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Solutions to Problems

7.1
GHa CHg CHg
CH3;CH,CCH KO—H> CH CH—(IJCH + CH3CH (|3—CH
32 1 3 CH4CH,OH 3~ = 3 3y — w2
Br
Dehydrobromination can occur in two directions to yield a mixture of products.
7.2
C=c¢C + C=¢C +
/ \ / \
H CHy H CH,CHg
(7)-3-Methyl-3-hexene  (E)-3-Methyl-3-hexene
OH CHaCH,CH H H3CHoCH H
, H,S0, 3CHCHy  CHy CH3CHCH, |
CH3CH,CHCCHoCHy ——» c=¢C + c=C +
I H2O / \ / \
CH:3 H3C H H3C CH3
(Z)-3-Methyl-2-hexene  (E)-3-Methyl-2-hexene
CHaCH,CH,  H
£
CH3CH, H
2-Ethyl-1-pentene
Five alkene products, including E, Z isomers, might be obtained by dehydration of
3-methyl-3-hexanol.
Yol

REC CHa HaC ( CHa HaC cl

ok trans-1,2-Dichloro-1,2-
dimethylcyclohexene

1,2-Dimethylcyclohexene

The chlorines are trans to one another in the product, as are the methyl groups.
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N

7.6

7.7
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H_Cl- — > H3C o, Cl

+

H3C CH3 H CHj
1,2-Dimethylcyclohexene 3C 90 =
‘Cl:

) HaC CHz
Addition of hydrogen halides involves formation of an open carbocation, not a cyclic
halonium ion intermediate. The carbocation, which is sp~-hybridized and planar, can be
attacked by chloride from either top or bottom, yielding products in which the two methyl
groups can be either cis or trans to each other.

NBS H_—~_Br
s ——_
_J onwo ¥
HO H
Br and OH are trans in the product.
NBS is the source of the electrophilic Br* ion in bromohydrin formation. Attack of the
alkene = electrons on Br* forms a cyclic bromonium ion. When this bromonium ion is

opened by water, a partial positive charge develops at the carbon whose bond to bromine is
being cleaved.

CB Brt
i | e,
HaC™ 7\ " HC™ N ss
( CHy < NeH,
o H,0:

less favorable
Since a secondary carbon can stabilize this charge better than a primary carbon, opening of
the bromonium ion occurs at the secondary carbon to yield Markovnikov product.

Keep in mind that oxymercuration is equivalent to Markovnikov addition of H>O to an
alkene.

(a) OH
|
CHaCH CHaCH=CH, —-1190OAC) Ho0 _ ) (1 CH,CHCH;
2. NaBH,
(b)
?Ha GHa
1. Hg(OAC),, Hy0
CH4CH,CH=CCHj 900R92 120 HCH,CHACCHg
2. NaBHy4 |

OH
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Remember to think backwards to determine the possible alkene starting materials {or the
alcohols pictured.
(a)

CH3C')=CHCHQCH20H3 OH
|
CHs 4 1. HgOA) B0 o, CCHCH,CHaCHa

2. NaBH, [

H2C=(|ICH2CH2CH20H3 CHs

CHg
(b) OH
A

1. Hg(OAC)z, H2O
2. NaBH,

Oxymercuration occurs with Markovnikov orientation.

Recall the mechanism of hydroboration and note that the hydrogen added to the double
bond comes from borane. The product of hydroboration with BD3 has deuterium bonded
to the more substituted carbon; —D and —OH are cis to one another.

@ 1. BDg, THF &5
2. H,0,, "OH
Y 202

CHa H CHg

As described in Practice Problem 7.2, the strategy in this sort of problem begins with a
look backward. In more complicated syntheses this approach is essential, but even in
problems in which the functional group(s) in the starting material and the reagents are
known, this approach is productive.

All the products in this problem result from hydroboration of a double bond. The -OH
group is bonded to the less substituted carbon of the double bond in the starting material.

(a)
1. BHg, THF
(CHIZCHCH=CHy - o= (CHa)pCHCH,CH,OH
® CHa)oC=CHCHy e THF CHa),CHCHCH
= —_—
(CHg)o Sy HaO, “OH (CH3)p I 3
OH

This product can also result from oxymercuration of the starting material in (a).

1. BHg, THF
—_—
CH2 3,00 ~OH CHoOH
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7.11 The drawings below show the transition states resulting from addition of BHj to the
double bond of the cycloalkene. Addition can occur on either side of the double bond.

HaC sti
H H—g-7H
o8
H

Reaction of the two neutral alkylborane adducts with hydrogen peroxide gives two alcohol
isomers. In one isomer, the two methyl groups have a cis relationship, and in the other
isomer they have a trans relationship.

H
H bH

BR2 H H202

Reaction of a double bond with chloroform under basic conditions gives a product with a
cyclopropane ring in which one of the carbons has two chlorine atoms bonded to it.
Reaction of a double bond with CH;I; yields a product with a cyclopropane ring that has a

—CH»- group.

KOH CCl,
CH2 + CHC|3 E— |
CH,

(b)
CHy
Zn(Cu) 7/ \
(CHg)oCHCHoCH=CHCHg + CHoly ————— (CHg),CHCH,CH —CHCHj

7.12

(a)

Depending on the stereochemistry of the double bond of the alkene in (b), two different
isomers can be formed.
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Catalytic hydrogenation produces alkanes from alkenes.

(a)
. H2

= —_
(CH3)2C=CHCHCHy et (CHg)pCHCH,CH,CHg

2-Methyl-2-pentene 2-Methylpentane
yl-2-p yip

(b)
HaC H3C
3 Hy 3
HaC Pd/C in ethanol HaC
3,3-Dimethylcyclopentene 1,1-Dimethylcyclopentane
Reaction of an alkene with OsQOy, followed by treatment with NaHSO3, yields a diol

product. To choose a starting material for these products, pick an alkene that has a double
bond between the diol carbons.

(a)
CHs oy
€5 ‘a0 0O /4 OH
0sQOy4 N\ _/ | NaHSO4
ridine /OS\\ H,O
2 \ (6] (0] 2 \ OH
H H
1-Methylcyclohexene
(b)

OH OH
_ 1. 0sOy, pyridine | |
CHACHoCH=C(CHg)y 5 res 5 CHaCHaCH—CCHg

2-Methyl-2-pentene CHg
HO OH
1. 0sQy, pyridine I
HOCH,CHCHCH,0H

CHp=CHCH=CH, 3—re s

1.3-Butadiene

Both sets of reactants cleave double bonds. Aqueous KMnO, produces a carboxylic acid
from a double bond carbon that is monosubstituted and a ketone from a double bond
carbon that is disubstituted. Ozone produces an aldehyde from a double bond carbon that is
monosubstituted and a ketone from a double bond carbon that is disubstituted. If the
double bond is part of a ring, both carbonyl groups occur in the same product molecule.

(a)

CH3 /CH3
KMnO, G
e
Hy0 0
C—OH
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Vo]l
(a)
(|3H3 CH4 OH
1. Hg(OAc),, HpO Lo
CH3CHCCH20H3 CH3C_ CCH2CH3
I 2. NaBH, o
CH, H CHg
2-Ethyl-3-methyl-1-butene or
C')H3 Chs IOH
1. Hg(OAc),, H,O
CHyCHC =CHCHj 9(0R)2 20 ohyC— CCHyCHy
CHg H CHg
3.4-Dimethyl-2-pentene
Only oxymercuration/reduction can be used to produce an alcohol that has -OH bonded to
the more substituted carbon. A third alkene, 2,3-dimethyl-2-pentene, gives a mixture of
tertiary alcohols when treated with either BH3 or Hg(OAc)..
(b) 1. BH3, THF
CHa 2. H,0,, “OH 7
O T X
CHy 1. Hg(OAc), Hy0 o CHq
4 4-Dimethylcyclopentene 2. NaBH,
Both hydroboration/oxidation and oxymercuration yield the same alcohol product from the
symmetrical alkene starting material.
2y

HaC CHg
1.BHy THE
2. H202
H
H not formed

On paper, it is possible to draw two possible alcohols that might be formed by
hydroboration/oxidation of the alkene shown. One product results from addition to the top
face of the double bond (not formed), and the other product results from addition to the
bottom face of the double bond (formed). The second product shown above is not
produced because a methyl group on the bridge of the bicyclic ring system blocks
formation of the bulky alkylborane intermediate.
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Additional Problems

7.23
(@)
CH =CH2 CH20H3
—_—
(b) —
CH= CH2 CHBI’CHzBf
@/ Bro @/
—— e
(c) _
CH=CH, CHBICHg
©/ HBr ©/
(d) C|>H
CH=CH», CHCH,0H
1. OsQy, pyridine
———
2. NaHSO3, H0
(e) _
CH=CH, CHDCH,D
©/ Do/Pd ©/
—
7.24
(@ T ?Hs 1
CH3CH,CH,oCHoC=CHyp 2-Methyl-1-hexene
CHaCHoCHoCH=C(CHg)s,  2-Methyl-2-hexene
Ho/Pd
CH3CH20H=CHCH(CH3)2 2-Methyl-3—hexene ——2_> CH3CH2CH2CH20H(CH3)2
o .
CHyCH=CHCHoCH(CHg)p  S-Methyl-2-hexene NI e
L HoC=CHCHyCH,CH(CHg)o  5-Methyl-1-hexene
(b) CHy |
CHs
3,3-Dimethylcyclohexene CHg
Ho/Pd CHg
CHy |— ~
. CHj
4,4-Dimethylcyclohexene 1,1-Dimethylcyclohexane
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(b) OH
1. Hg(OAc),, Ho,O
2. NaBHy

Hydroboration/oxidation is another route to this product.

(c) H
@ CHCly, KOH C[)(CI
\. Cl
H
(d)
CH
3 CHy
on  H2SO4 HyO
heat
(e)
CHg 0 HaC O
c ¢ 1 9 CHyC chohe
HyCH=CHCHCH; ———=>——> CHaCH + CHyCHCH
3 3 2.2Zn,HzO" 3 3
(f)
CHg CHg
CH é CH 1. Bt THF CH CIIHCH OH
= ———— e
3 2 2. HyO,, OH S

Because ozonolysis gives only one product, we can assume that the alkene is symmetrical.

H3C CH H3C CH
3 _ S 4o, 3 \ LHs
= —_— = =
7 \ 2. Zn,Hz0" L0 0=Q
HaC CHy HaC CHy

2,3-Dimethyl-2-butene

If the hydrocarbon reacts with only one equivalent of hydrogen, it has only one double
bond.

If only one type of aldehyde is produced on ozonolysis, the alkene must be symmetrical.
These two facts allow us to conclude that the unknown hydrocarbon is
CH3CH,CH,CH,CH=CHCH,CH>CH,CHj.

1.0
CHzCH,CHoCHoCH = CHCH,CHoCH,CHg _TZSW’
. , A3

5-Decene

2 CH3CH,CHoCHLCH
Pentanal

l Hy/Pd

CH3CH,CHoCHoCHoCHoCHoCHoCHOCHS

Decane
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7.29 Remember that alkenes can give ketones, carboxylic acids, and CO5 on oxidative cleavage

7.30

oSl

with KMnOy in acidic solution.

(a)
KMHO4
CHSCH2CH:CH2 H—0+> CH3CH2COOH + C02
3
(b)
CH3CH,CH,CH=C(CH3); H30*4 CH3CH,CH,COOH  +  (CHg),C=0

M

Compound A has three degrees of unsaturation. Because compound A contains only one
double bond, the other two degrees of unsaturation must be rings.

103 _HplPd
2. Zn H30

Other structures having two fused rings are possible.

Don't get discouraged by the amount of information in this problem. Read slowly and
interpret the information phrase by phrase. We know the following:

1) Hydrocarbon A (CgH}2) has one double bond or ring.
2) Because A reacts with one equivalent of Ha. it has one double bond and no ring.
3) Compound A forms a diol (B) when reacted with OsOy.
4) When alkenes are oxidized with KMnOy they give either carboxylic acids or ketones.
depending on the substitution pattern of the double bond.
a) A ketone is produced from what was originally a disubstituted carbon in the double
bond.
b) A carboxylic acid is produced from what was originally a monosubstituted carbon
in the double bond.
5) One fragment from KMnOy oxidation is a carboxylic acid, CH;CH,COOH.
a) This fragment was CH;CH,CH= (a monosubstituted double bond) in compound
A.
b) It contains three of the six carbons of compound A.
6) a) The other fragment contains three carbons.
b) It forms ketone C on oxidation.
¢) The only three carbon ketone is acetone, O=C(CHj3).
d) This fragment was =C(CH3); in compound A.
7) If we join the fragment in 5a with the one in 6d, we get:

CH;CH,CH=C(CHy), CoHia
A
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The complete scheme:

CHg CHg
o E ey, BT o oo b
32T TS ) NaHS0g, HyO s s
A B on OH
l Ho/Pd KMnO4
CHs H40* l
CH4CHoCHoCHCHg CH4aCHoCOOH + O=C(CHg)o

C

7.32 The oxidative cleavage reaction of alkenes with O3, followed by Zn in acid, produces
aldehyde and ketone functional groups at sites where double bonds used to be. On
ozonolysis, these two dienes yield only aldehydes because all double bonds are
monosubstituted.

(0]

H

1. 04 (\ﬁ/ o g

—_— + \ P \H
. Zn, Hz0* S

2 n 30 /C\\ 0 |C

Because the other diene is symmetrical, only one dialdehyde, OCHCH,CHO, is produced.

7.33 Try to solve this problem phrase by phrase.

1) CpH 30 has two double bonds and/or rings.

2) CioH180 must be an alcohol because it undergoes reaction with H,SOj to yield
alkenes.

3) When CgH,gO is treated with dilute H,SOy, a mixture of alkenes of the formula
CjoH )6 is produced.

4) Since the major alkene product B yields only cyclopentanone, CsHgO, on ozonolysis,
B and A contain two rings. A therefore has no double bonds.

OH
HSO
A 2°%4
1. 03
—_—
on Lo ZQZO

B
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(b)

FC) = [ #of vu.lcncc] [ # of bonding electrons ] [# nonbonding]

(FO) = "electrons 1~ 2 - electrons

A B Formal Charge

J—N=N=N: == :I—N—N=N: I N1 N2 N3
1 8 & 12 3 A 0O 0 41 -
+1 -1 -1 +1

I—N=N=N —N—N=N 0o - +1 0

Formal charge calculations show a partial negative charge on N1.

(c) Addition of INj to the alkene yields a product in which I is bonded to the primary
carbon and N3 is bonded to the secondary carbon. If addition occurs with Markovnikov
orientation, I'* must be the electrophile, and the reaction must proceed through an iodonium
ion intermediate. Opening of the iodonium ion gives Markovnikov product for the reasons
discussed in Problem 7.6. The bond polarity of iodine azide is:

—

|'—'N3

- C/ \ 2
CH30H20H= CH2 _— CHacHch —CH2 —_— CH3CH20HCH2|

*Na
o} O
2HaPd 105 llC - lC!H
2. Zn H0" 2 HCCH,CHy
Cyclooctane 1,5-Cyclooctadiene

7.38
HsC

5 H H._ _CHg
/—": CHCHg"
Q T '
H H
A B

Focus on the stereochemistry of the three-membered ring. Simmons-Smith reaction of

I, 1-diiodoethane with the double bond occurs with syn stereochemistry and can produce
two isomers. In one of these isomers (A), the methy! group is on the same side of the
three-membered ring as the cyclohexane ring carbons. In B, the methyl group is on the
side of the three-membered ring opposite to the cyclohexane ring carbons.
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(a) Addition of HI occurs with Markovnikov regiochemistry — iodine adds to the more
substituted carbon.

(b) Hydroxylation of double bonds produces cis, not trans, diols.

(¢) Ozone reacts with both double bonds of 1,4—cyclohexadiene.

(d) Because hydroboration is a syn addition, the —H and the -OH added to the double bond
must be cis to each other.

(a) This alcohol can't be synthesized selectively by hydroboration/oxidation. Consider the
two possible starting materials.

Uo

1. BHg, THF
CHaCH,CH,CH=CH,

——2 > CHaCH,CH,yCH,CH,0H
2. HpO,, "OH -T2l

1-Pentene yields only the primary alcohol.

2. OH OH
1. BHg, THF | |
CH3CH,CH=CHCH; ———————> CH3CH,CHCH,CH3 + CH3CH,CH,CHCH,
2. Hy0,, "OH

2-Pentene yields a mixture of alcohols.
(b) OH
(CHasC=C(CHyy ——e T _ oy CHCI:(CH )
3)2C= Bl ST AT 2 2
2. HyOp, OH 3 3
2,3-Dimethyl-2-butene yields the desired alcohol exclusively.

(¢) This alcohol can't be formed cleanly by a hydroboration reaction. The -H and -OH
added to a double bond must be cis to each other.

(d) The product shown is not a hydroboration product; hydroboration yields an alcohol in
which —~OH is bonded to the less substituted carbon.

@) CHo
CHaly
HoC=CHCH(CH3), o HoC—CHCH(CHg),
3-Methyl-1-butene ey

(b)

+ CHCly ——

Cycloheptene
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7.42
Hg Hy
H3G Hg
/C HBr
A
HO ! HO : 8
Br Br
Br
A
Br2
1. 0504 H3
H3
Cc
HO Cholesterol HO !
OH'!
H
Zn/Cu
Hy 1. BHg, THF Hy
2. Hy0p, OH
HaG Ha
/C E D
HO > HO '
g H .
OH
7.43

KMnO4
3O+ CH3(CH2)12COOH + CH3(CH2)7COOH

CH3(CH2)12CH - CH(CH2)7CH3

7.44 CgHg has five double bonds and/or rings. One of these double bonds reacts with Ha/Pd.

Stronger conditions cause the uptake of four equivalents of H,. CgHg thus contains four

double bonds, three of which are in an aromatic ring, and one C=C double bond. A good
guess for CgHg at this point is:

CH=CH,
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7.48
~Br—Br [ v B ] Ha0"
Y Gy +
HC——-CH2 HC —CH2 HC—CH2BI' HC —CH2B|'
/ ™. . / \.. I’ /' \
HoGC — | HC AOH —= HC +0—H” N | —HC O
I | [ A :0H, I
HoC — CH,OH HoC —CH, H,C—CH, HoC —CH,
formation of cyclic  nucleophilic attack loss of H*
bromonium ion of —OH on bromo-
nium ion
The above mechanism is the same as that for halohydrin formation, shown in Section 7.3.
In this case. the nucleophile is the hydroxyl group of 4-penten—I1—ol.

7.49 (a) Bromine dissolved in CH>Cl5 has a reddish-brown color. When an alkene is dissolved
in Bry/CH>Cl», the double bond reacts with bromine, and the color disappears. This test
distinguishes cyclopentene from cyclopentane, which does not react with Br;.
Alternatively, each compound can be treated with Ho/Pd. The alkene takes up H», and the
alkane 1s unreactive.

(b) An aromatic compound such as benzene is unreactive to the Bro/CH,Cl; reagent and
can be distinguished from 2-hexene. which decolorizes Bro/CHCls. Also, an aromatic
compound doesn't take up H» under reaction conditions used for hydrogenation of
alkenes.

7.50

Cl Cl

r P - 2 O\ 3

Cl—C~C Cl—¢C: — C: + (I
TA) Ay | /
c Qs cl Cl
+ 002

In step 1, carbon dioxide is lost from the trichloroacetate anion. In step 2, elimination of
chloride anion produces dichlorocarbene. Step 2 is the same for both the above reaction
and the base-induced elimination of HCI from chloroform.

7.51 (a)o-Terpinene, CjgHie, has three degrees of unsaturation.

(b) Hydrogenation removes only two degrees of saturation, producing a hydrocarbon
CoHao. that has one ring. a-Terpinene thus has two double bonds and one ring.

(c)

H,/Pd
—

H (0]
1. 03 \(f
=G
2. Zn,Hz0 H/C\\O
a-Terpinene Glyoxal

|
oécj

6-Methylheptane-
2,5-dione
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7.52 Make models of the cis and trans diols. Notice that it is much easier to form a five-
membered cyclic periodate from the cis diol A than from the trans diol B. We therefore
predict that the cis periodate intermediate is of lower energy than the trans periodate
intermediate because of the Jack of strain in the cis periodate ring.

Because any factor that lowers the energy of a transition state or intermediate also
lowers AG* and increases the rate of reaction. we predict that diol cleavage should proceed
more rapidly for cis diols than for trans diols.

: .

CHj CHj CHj
CHj L.é'r._ Br
. trans-1-Bromo-3-  cis-1-Bromo-3-
™ methylcyclohexane methyleyclohexane
—Br
CHy

CHg CHs

‘-l
Br

R | trans-1-Bromo-2-  cis-1-Bromo-2-

methylcyclohexane methylcyclohexane

In the reaction of 3-methylcyclohexene with HBr, there are two intermediate carbocations
of approximately equal stability that are attacked by bromide ion on either side of each
carbocation to give four different products.

Br ‘Br: +Br Br
A~
(\ +

H—Br —-) B
‘Br:

The most stable cation intermediate from protonation of 3-bromocyclohexene is a cyclic
bromonium ion, which is attacked by Br™ from the opposite side to yield anti product.

r
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7.54
COOCHj3 COOCH4 COOCH3
X N HOX
| o I e
X +
H
"0 E'J
COAC | - OAcC
[ OAc + "OAc
g—OAc ~— l -
COOCHg COOCH3 :
Ha~
“OAc
-
Hg H
|
OAc + HOAc OAc
7.55 Hydroboration of 2-methyl-2-pentene at 160°C is reversible. The initial organoborane

intermediate can eliminate BHj3 in either of two ways, yielding either 2-methyl-2-pentene
or 4-methyl-2-pentene, which in turn can undergo reversible hydroboration to yield either
4-methyl-2-pentene or 4-methyl-1-pentene. The effect of these reversible reactions is to
migrate the double bond along the carbon chain. A final hydroboration then yields the most
stable (primary) organoborane, which is oxidized to form 4-methyl-1-pentanol.

BH BHg
-BH BH -BH3
Ho

2-Methyl-2-pentene 4-Methyl-2-pentene

/l\/\ )\/\/ H202 /k/\/
BHS 'BH3 NaOH H20

4-Methyl-1-pentene 4-Methyi-1-pentanol
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A Look Ahead

7.56

7.57

CHj
(a) 1 equiv Brp
Cc=cC
/ \
Br H
CHj CHg
I (b) 2 equiv H, |
CH3CHCH,CH,C=CH CH3CHCH,CHoCHoCHg
Pd/C
i CH3 Br
(c) 1equiv HBr | |
e

CH3CHCH,CH,C =CH,

Addition of one equivalent of HX or X5 to a triple bond occurs with Markovnikov
regiochemistry to yield a product in which the two added atoms usually have a trans-
relationship across the double bond.

o) 0
N
\Os/
0" "o HO OH
0s0O \ / NaHSO \ /
Heg—g-  8Ha_ e ct R o
HaC” NCHg pyridne  H 40 W"H 400 HTYT O ONCTH
HaC CHy HaC CHg
cis-2-Butene
0
N\
\Os/
/ N
g ? NaHso, HO ~ PH
Heec=c--CHs OSOa4_ .C—C- C—C-
HaC” “H  pyridne  H 4 NTCHz H0 - HZT \“CHg
HsC H HaC H

trans-2-Butene

Formation of the cyclic osmate, which occurs with syn stereochemistry, retains the cis-
trans stereochemistry of the double bond because osmate formation is a single-step
reaction. Treatment of the osmate ester with NaHSO3 does not affect the stereochemistry
of the carbon-oxygen bond. The diol produced from cis-2-butene is a stereoisomer of the
diol produced from trans-2-butene.
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7.58

Chapter 7

C?Ac . HgOAc
Hg—OAc HgOAc
_— 43 — (*:<I>CH3
Y K
HOCH3 l “OAc
gOAc
NaBH4
OCHg =—— OCHg
Cyclohexyl + HOAc

methy] ether

The above mechanism is the same as the mechanism shown in Section 7.4 with one
exception: In this problem, methanol, rather than water, is the nucleophile, and an ether,
rather than an alcohol, is the observed product.

Molecular Modeling

7.59

7.60

7.61

The C-Br bond distances in the bromonium ions show that one C—Br is shorter and
stronger than the other (203.1 pm vs. 217.0 pm in propene, and 196.4 vs. 269.4 pm in
styrene). The shorter bond becomes the C-Br bond in the major product, and the longer
bond is broken when a water molecule attacks the bromonium ion.

There are two electrophilic sites above and below the carbon plane. These coincide with the
lobes of the empty carbon p orbital. The carbene initially acts as an electrophile. Its initial
approach brings one of its electrophilic sites together with a nucleophilic site (the =
electrons) of the alkene.

Transition state B is 14 kJ/mol lower in energy than transition state A, and transition state
B leads to the observed product. The B-H bond length of the bond that breaks is 126.5 pm
and is only slightly longer than the other B-H bonds (= 119 pm). The C-H bond length of
the bond that forms is 168.6 pm and is much longer than the other C—H bonds (= 110
pm). Thus, the transition state is reactant-like, consistent with the Hammond Postulate.
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Chapter Outline

I. Introduction to alkynes (Section 8.1 — 8.3).
A. Electronic structure of alkynes (Section 8.1).

1.

2

3.

Alkyne triple bonds result from the overlap of two sp hybridized carbon atoms.
One o bond and two = bonds are formed.

The length (120 pm) and strength (835 kJ/mol) of a -C=C- bond make it the

strongest carbon—carbon bond.

Alkynes are somewhat less reactive than alkenes in electrophilic addition reactions

B. Naming alkynes (Section 8.2).

The rules for naming alkynes are like the rules for alkenes (Sec. 6.3), with a few

exceptions.

a. The suffix -yne is used for an alkyne.

b. Compounds with both double bonds and triple bonds are enynes.

c. When there is a choice in numbering, double bonds receive lower numbers than
triple bonds.

d. Compounds can also contain alkynyl groups.

C. Preparation of alkynes (Section 8.3).

1.

5

3.

Alkynes can be prepared by elimination reactions of 1,2-dihalides, using a strong
base.

The dihalides are formed by addition of X, to alkenes.

Vinylic halides give alkynes when treated with a strong base.

I1. Rcactions of alkynes (Sections 8.4 — 8.7).
. Addition of X5 and HX (Section 8.4).

1.

D
3.

q.

HX adds to alkynes by an electrophilic addition mechanism.

a. Addition of two equivalents of HX occurs if the acid is in excess.

b. Addition occurs with Markovnikov regiochemistry and with trans
stereochemistry.

X also adds in the same manner, and trans stereochemistry is observed.

The intermediate in addition reactions is a vinylic carbocation, which forms less

readily than an alkyl carbocation.

Mechanisms of some alkyne addition reactions are complex.

B. Hydration reactions of alkynes (Section 8.5)

1.

2

Hg(ID)-catalyzed additions.

a. The —OH group adds to the more substituted carbon to give Markovnikov
product.

b. The intermediate enol product tautomerizes to a ketone.

¢. The mechanism is similar to that of addition to alkenes, but no NaBHj is
necessary for removal of Hg.

d. A mixture of products is formed from an internal alkyne, but a terminal alkyne
yields a methyl ketone.

Hydroboration/oxidation of alkynes.

a. Hydroboration/ oxidation of alkynes gives an intermediate enol product that
tautomerizes to a carbonyl product.
i.  Hydroboration of a terminal alkyne gives an aldchyde.
il. Hydroboration of an internal alkyne gives a ketone.

b. Hvdmborauon/ oxidation is complummdr\ to Hg(IT)-catalyzed hydration.

C. Reduction of alkynes (Section 8.6).

1.

~

Complete reduction to an alkane occurs when H,/Pd 1s used.
Partial reduction to a cis alkene occurs with Ha and a Lindlar catalyst.
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3. Partial reduction with Li in NH3 produces a trans alkene.

a. The reaction proceeds through an anion radical —> vinylic radical —> vinylic
anion.
b. The more stable trans vinylic anion is formed.
D. Oxidative cleavage of alkynes (Section 8.7).

I. O3 or KMnOjy cleave alkyne bonds to produce carboxylic acids or CO; (terminal
alkyne).

2. Oxidative cleavage reactions were formerly used for structure determinations.

III. Alkyne acidity (Sections 8.8 — 8.9).

A. Formation of acetylide anions (Section 8.8).
1. Terminal alkynes are weakly acidic (pK, = 25).
2. Very strong bases ("NH>) can deprotonate terminal alkynes.
3. Acetylide anions are stabilized by the large amount of "s character” of the orbital
that holds the electron.
B. Alkylation of acetylide anions (Section 8.9).
1. Acetylide anions can react with haloalkanes to form substitution products.
a. The nucleophilic acetylide anion attacks the electrophilic carbon of a haloalkane
to produce a new alkyne.
b. This reaction is called an alkylation reaction.
c. Any terminal alkyne can form an alkylation product.
2. Acetylide alkylations are limited to primary alkyl bromides and iodides.
Acetylide ions cause dehydrohalogenation reactions with secondary and tertiary
halides.

IV. Organic synthesis (Section 8.10).

8.1

A. Reasons for the study of organic synthesis.

I. Inthe pharmaceutical and chemical industries, synthesis produces new molecules,

or better routes to important molecules.

2. Inacademic laboratories, synthesis is done for creative reasons.

3. In the classroom, synthesis is a tool for teaching the logic of organic chemistry.
B. Strategies for organic synthesis.

1. Work backward, but -

2. Keep the starting material in mind.

Solutions to Problems
The rules for naming alkynes are almost the same as the rules for naming alkenes. The

suffix -yne is used, and compounds containing both double bonds and triple bonds are -
enynes.

a
@ CHy  OHg ®) CHg
CH3CHC=CCHCH3 HCEC(IDCH3
CHj3
2,5-Dimethyl-3-hexyne 3,3-Dimethyl-1-butyne
c d
© @ CHs
CH3CH=CHCH=CHC=CCHj4 CH3CHRCC == CCHACHACHy
CHa
2,4-Octadien-6-yne 3,3-Dimethyl-4-octyne

(not 4,6-Octadien-2-yne)
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g
CH3 CH30H2CH2CH2CCH2CHCH3
I Hz0*
CHSCH20H20 = CCHchCH3 M CH3

Il
CHgCH,CH,CCH,CH,CHCHg

Two ketone products result from hydration of 2-methyl-4-octyne.

8.5
@) OH 0
HaO* | Il
CHSCHchzcECH —I-ES_O’ CH3CH2CH2C:CH2 — CH3CH2CH2CCH3
4
(b)
O+
CHSCH2CE CCH3 Ha?’ CHSCH2CCH2CH3 + CHSCH2CH2CCH3
goUy

The desired ketone can be prepared only as part of a product mixture.

8.6  Remember that hydroboration yields aldehydes from terminal alkynes and ketones from
internal alkynes.

0
1. BHg, THF [
C=CH —— CH,CH
2. Hy0,, OH

1. BHg, THF
—_—
2. Hy0p, "OH

(a)

(b)

(CH3),CHC = CCH(CHj), (CH3),CHCH,CCH(CHg),

8.7  Choice of the correct reducing reagent gives a double bond with the desired geometry.

(a)
CH3CH,CH,CHoCH H
LiiNH, GRS 2R ok I
CH3CH2CH2CH2CH2CECCH3 S —— /CZC\

2-Octyne H CHs

trans-2-Oclene

(b)
" CHacHZC{iz /CH2CH3
- 2 =
CH3CHoCHo,C=CCH,CHgy W /C— C\
3-Heptyne H H

cis-3-Heptyne
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8.9

8.10

Alkynes 1

wn
n

(©) LiNHg
s s
CH3CH,CHC=CH or CHaCH,CHCH =CH,
Ho
3-Methyl-1-pentyne Lindlar 3-Methyl-1-pentene

Oxidative cleavage reactions of alkynes yield carboxylic acids or CO; (with terminal
alkynes).

(@)
C=CH COOH
KMnO4
3
Hy0" €02
®) 2 CH3(CHp)7COOH
KMnO,4 3(CHa)7
CHg(CH,)7C=C(CH,)7C=C(CHp)7CHy ———= +
3

HOOC(CH,);COOH

A base that is strong enough to deprotonate acetone must be the conjugate base of an acid
weaker than acetone. In this problem, only Na* “C=CH is a base strong enough to
deprotonate acetone.

Remember that the desired alkyne must be a terminal alkyne and the desired halide must be
primary. More than one combination of terminal alkyne and halide may be possible.

Alkyne R'X (X=Brorl) Product
(a)
CHaCHQCH2C—=—CH CH3X
or CH3CH2CHQC = CCH3
HC=CCHj CH3CHoCHoX 2-Hexyne
(b)
(CH3)oCHC=CH CHaCHoX (CHg),CHC = CCH,CHj
2-Methyl-3-hexyne
(c)
C=CH CHgX C=CCHj
(d)
(CH3),CHCH,C=CH CHgX (CH3),CHCH,C=CCHg

or

5-Methyl-2-hexyne
HC=CCH,4 (CH3),CHCH,X ’
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(e)
HC =CC(CHg)3 CHaCHoX CH4CH,C=CC(CHg)s
2,2-Dimethyl-3-hexyne

Products (b), (¢), and (e) can be synthesized by only one route because only primary
halides can be used for acetylide alkylations.

8.11 The cis double bond can be formed by hydrogenation of an alkyne, which can be
synthesized by an alkylation reaction of a terminal alkyne.

H H
1. NaNH,, NH3 B \ /
CHC=CH ———— > CH3C=CCHy ——— Cc=¢
2. CHgaBr, THF Lindlar / \
catalyst  HsC CHq

cis-2-Butene

8.12 The starting material is CH;CH,CH,C=CCH,CH,CH,.Look at the functional groups in
the target molecule and work backward to 4-octyne.

(a) KMnOQj cleaves 4-octyne into two four-carbon fragments.

KMF\O4
CHgCHCHC=CCHoCHyCHy ~ ————= 2 CHaCHoCH,COOH
hSe Butanoic acid

(b) To reduce a triple bond to a double bond with c¢is stereochemistry use Ha with Lindlar

catalyst.
CH3CHaCH,  CHaCHaCHg
Hp
CHLCH>CH,C=CCH,CH,CH —_— C=C
sreme 2 Lindlar A
catalyst H H

cis-4-Octene

(c) Addition of HBr to cis-4-octene (part b) yields 4-bromooctane.

CHaCHoCH CH2CHoCHg . l?r
£=C ———  CH3CHyCHoCHCH,CH,CHoCH
H H 4-Bromooctane
from (b)

Alternatively, lithium/ammonia reduction of 4-octyne, followed by addition of HBr,
gives 4-bromooctane.
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(d) Hydration or hydroboration/oxidation of cis-4-octene (part b) yields 4-hydroxyoctane

(4-octanol).
1. Hg(OAC)z, H20
CHaCHaCHp  CHaCHCH3 2. NaBH, ?H
C=¢, or CH3CH,CHoCHCHLCHoCHoCHS
S 1. BHg, THF
H H o3 4-Hydroxyoctane
2. HpyOp, "OH
from (b)

(e) Addition of Cl; to 4-octene (part b) yields 4,5-dichlorooctane.

H-CH-CH Cl Cl Cl
(0 30 20\2 /CHQCH2CH3 2 P

£=C, CH3CH,CH,CHCHCH,CHoCH3
H H
from (b)

4,5-Dichlorooctane

8.13 The following syntheses are explained in detail in order to illustrate retrosynthetic logic --
the system of planning syntheses by working backwards.

(a) 1.

3.

An immediate precursor to CH3CH,CH,CH>CH,CH,CH>CH>CH>CH3 might be
an alkene or alkyne. Try CgH7C=CH, which can be reduced to decane by H»/Pd.

The alkyne CgH;7C=CH can be formed by alkylation of HC=C: Na" by CgH,4Br,
1-bromooctane.

HC=C:" Na" can be formed by treatment of HC=CH with NaNH,, NH;.

The complete sequence:

aNH2 CBH17BF H /Pd
HC=CH T HC=C:~Na* T’ CgHy7C=CH —*Dec‘me
3

CgH47Br = 1-Bromooctane

) 1.

An immediate precursor to CH;CH>CH>CH>C(CH3); might be
HC=CCH,CH,C(CHs),, which, when hydrogenated, yields 2,2—-dimethylhexane.

. HC=CCH,CH,C(CHj;); can be formed by alkylation of HC=C: “Na' with

BrCH,CH,C(CH3)a.

The complete sequence:

NaNH
HC=CH —N—H—-2> HC=C:~ Na*
S

HC=C:~ Na*

BFCH20H20(0H3)3 —_— HC= CCH2CH2C(CH3)3 —2’ CH3CH2CH2CH2C(CH3)

THF
2-Dimethylhexane
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(c) 1. CH;CH,CH,CH,CH,CHO can be made by treating CH;CH,CH,CH,C=CH with
borane, followed by H2O».

2. CH;CH,CH,CH,C=CH can be synthesized from CH;CH,CH,CH,Br and
HC=C:"Na".

The complete sequence:

NaNH
HC=CH ﬁ» HC=C:— Na*
3

0
CHsc’iZCHZCHZB—»r CH3CH,CHoCH,C=CH - Bt THF CHsCH,CH,CH,CH (I3|H
3CHaCHaCHC= = 3CHaCHRCHLCHY
HC=C: —Na* THE 2. Hy,Op, OH Hexanal

(d) I. The desired ketone can be formed by mercuric ion-catalyzed hydration of 1-
heptyne.

2. [-Heptyne can be synthesized by an alkylation of sodium acetylide by 1-

bromopentane.

The complete sequence:

NaNH2
HC=CH ——> HC=C:~Na’
NH3
HC=C:— Na+ + CHscHonQCHchzef —TH_F, CH3CH2CH20H20HzoECH
o]

HoS0y4, HyO I
—2 =4 275 CHaCH,CH,CH,CHoCCH;

CH3CHaCHaCHaCHpC=CH ——2
I 2-Heptanone
Visualizing Chemistry
8.14
(@) CHs
(i) Hy

HyC=CHCH,CCH,CH
CHg Lindlar 2 2| 2%
| catalyst CHj
HC=CCH,CCH,CH,
l O CHy
CH3 (i) Hz0" I
CHaCCHa0CH,CHy

4,4-Dimethyl-1-hexyne HgSO,
CHj
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L CHa CHa
. CH3CHCH CH,CHCH
() Hy 2 s
CH CH Lindlar /C:C\
e e catalyst H H
CHZCHCH,C = CCH,CHCH,
CHa O CHy
2,7-Dimethyl-4-octyne (i) HgO* | T
CHaCHCH,CHaCCHoCHCH
HgSO4
@ cp, CHy .

1. BHg, THF

—_—
2 05 “On~ CHaCHCHZCHACH

|
CH3CHCH,C=CH
4-Methyl-1-pentyne

An aldehyde is formed by reacting a terminal alkyne with borane, followed by oxidation.

(b)
CHgy cHy ¢

|
c=cH _2HC CHCHj
ether (|:[

HC!| must be used if both chlorines are to be on the same carbon.

First, draw the structure of cach target compound. Then, analyze the structures for a
synthetic route.
(a) b)
OH CH, {

|
CHaCHCH,CH —CH, HpC=CHCH,CH,CCHj

(a) The left side and the right side might have double bonds as immediate precursors; the
right side may result from a Simmons-Smith carbenoid addition to an alkene, and the left
side may result from hydration of an alkene. Let's start with 3-bromo-1-propene.

CH CH
CHal /% o=cionat /N2
BrCH,CH=CH, ———/—> BrCH,CH—CHy, ——— > HC=CCH,CH—CH,
Zn(Cu)
Ha
l Lindlar
OH CH CH
2 catalyst e 2

1. Hg(OAC)z. H2O
2. NaBH,

\
CH3CHCH,CH —CHj HoC = CHCH,CH— CH,
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(b) The right side can result from Hg-catalyzed addition of H,O (o a terminal alkyne.

HC=C:~Na' .
H,C = CHCH,CHpBr ——————— H,C = CHCHo,CH,C=CH
H30"

HgSO, o
Il

H,C =CHCH,CH,CCHg

8.17 It's not possible to form a small ring containing a triple bond because the angle strain that
would result from bending the bonds of an sp-hybridized carbon to form a small ring is too

great.

Additional Problems

8.18
(a) GHy
CH3CH2C = C?CHg
CHj
2,2-Dimethyl-3-hexyne

© CHs  CHy

|
CHaCH=CC=CCHCHj

3,6-Dimethyl-2-hepten-4-yne
()

HoC=CHCH=CHC=CH
1.3-Hexadien-5-yne

8.19
(a) (’3“3
CH3CH,CH,C= C(|3CHZCH3

CHj
3,3-Dimethyl-4-octyne

(c)

(CH3)3CC=CC(CHg)3

2,2,5,5-Tetramethyl-3-hexyne

(b)

CH3C=CCH,C=CCH,yCHj

2,5-Octadiyne
(d) ?Hs
HC= C(|JCH2CE CH
CHj
3.3-Dimethyl-1,5-hexadiyne
® CH,CHs
CHyCHACHC ECéH?HCH:;
CH,CH;  CHg
3,6-Diethyl-2-methyl-4-octyne
(b) o
CHaC=CC ECCHCH2C|3HCECH

CH,CHg
3-Ethyl-5-methyl-1,6,8-decatriyne

d
(@ o

CHaC=CCH
HaG [CHOH
CH,CH,CH,CH,

3,4-Dimethylcyclodecyne
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¢) f
(e (t) ?HS (|:|
CHgCH=CHCH=CHC=CH CHCHoC =CCH,(G— CHCH=CH,
3,5-Heptadien-1-yne CHj
3-Chloro-4,4-dimethyl-1-nonen-6-yne
(2) (h)
CH3?HCH2CH3 (I:(0H3)3 C|)H3
CH3CHoCHoCH,CHC=CH CH3CHoCH,CHC = CCHCH3
3-sec-Butyl-1-heptyne 5-tert-Butyl-2-methyl-3-octyne

(a) CH;CH=CHC=CC=CCH=CHCH=CHCH=CH,.
1,3,5,11-Tridecatetraen-7,9-diyne

Using E-Z notation: (3E,5E,11E)-1,3,5,11-Tridecatetraen—7,9-diyne
The parent alkane of this hydrocarbon is tridecane.

(b) CH;C=CC=CC=CC=CC=CCH=CH,. 1-Tridecen-3,5,7,9.11-pentayne
This hydrocarbon is also of the tridecane family.

| cH
=
CQ?/C’
H
Hp Ha
Pd/C Lindlar
I
CH,CH,oCHoCHg C\\C'CH =CH»
|
H
A B

(a) An acyclic alkane with eight carbons has the formula CgHjg. CgHjg has eight fewer
hydrogens, or four fewer pairs of hydrogens, than CgH;g. Thus, CgHjg contains four
degrees of unsaturation (rings/double bonds/ triple bonds).

(b) Because only one equivalent of H» is absorbed over the Lindlar catalyst, one triple
bond is present.

(c) Three equivalents of H, are absorbed when reduction is done over a palladium catalyst;
two of them hydrogenate the triple bond already found to be present. Therefore, one
double bond must also be present.

(d) CgHp must contain one ring.

(e) Many structures are possible.

C=CH
O( somai— S
H,C =CHCHC =CH
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(a)
CHaCH,CH,CH,C=CH
(b)

CHaCHoCH,CH,C=CH

(¢)
CH3CH,CHoCH,C=CH

(d)
CH3CH,CH,CH,C = CH

1

(e)
CH3CH,CHoCHoC=CH

(H
CH3CHoCH,oCHoC=CH

(a)

CH3(CH,)3C=C(CHy)3CH3

(b)

CHg(CHy)3C=C(CHy)3CH3

(c)

CHg(CH,)3C=C(CHp)3CH3
(d)
CHg(CHy)3C= C(CHp)3CHg

(e)

CH3(CHp)3C=C(CHy)3CH3

1 equiv
HBr

Br
|

CH3CH,CHoCHoC =CHj

CHgCHoCHaCHy O

1 equiv
——

Cly

Ho
Lindlar
catalyst

o NaNHQ, NH3
—_—
2. CHgBr

Ho0, HySO4
_—

HgSO4

2 equiv

C=C,
/ \
Cl H

CHacHchQCHch - CH2

CHaCHoCH,CH,C=CCHgy

I
CHaCH,CH,CHoCCHg

— CH3CH2CH20HQCC|20H3

HCI

Hy
—
Lindlar

catalyst

Liin NHg
——

1 equiv
e
Bry

1. BHg, THF
—_—

2. HyOp, TOH

Hp0, HpSO4
_——

HgSO4

CHaCHaCHoCHy  CHaCHZCHoCHa

C=¢C,
/ \
H H

CHaCHaCHaCHp M

/C= C\
H CHoCHoCH,CHg

CHaCHQCHzc{‘b /BI’

/C =C\
Br CHonchQCHs

0
I
CH3CH,CHyCHoCHoCCHaCHaCHACHy

fl
CH3CHpCHoCH,CHoCCHoCHoCHoCHg
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d)

( C|)H3 o

CHaCH=CCH,CHyC=CH ——>————= CH3CHO + CHyCCH,CH,COOH + CO,
2. Zn, Hz0

Notice that the products of this ozonolysis contain aldehyde and ketone functional groups,

as well as a carboxylic acid and COs. The parent hydrocarbon must thus contain a double

and a triple bond.

€
(© C=CH
1. 03 I
W OHCCH,CH,CH,CH,CCOOH  + CO,p
=) H 1.0
CH4CHoCHoC=CH —2 CH3CH,CHoCH=CHy ——2——— CH3CHoCH,CHO
3LH2LH? A 3L 25 Zn, HzO' g2 2
catalyst CH,0O
(b)
(CH3)»,CHCH,C=CH 1. NalHp NHy (CH43)oCHCH,C=CCH,CH
= =
3)2 2 o CH3CH28r 3/2 2 A
Liin NH3
H H
g CHzCHa

/C= C\
(CHg),CHCH,  H

Synthetic analysis: The product contains a cis-disubstituted cyclopropane ring, which can
be formed from a Simmons-Smith reaction of CH>I» with a cis alkene. The alkene with a
cis bond can be produced from an alkyne by hydrogenation using a Lindlar catalyst. The
needed alkyne can be formed from the starting material shown by an alkylation using
bromomethane.

1. NaNH2, NH3
—_—

CHaCHoCHoCH,C=CH CHaCHpCH,CHoC=CCHg

2. CH3BI’
Ho
H H Lindlar catalyst
\C/
H H
C/ \C \C C/
H-2” “X°H CHylp o

/ \
CH3CH20H20H2 CH3 ‘W CH30H2CH2CH2 CH3
n u






168 Chapter 8
8.36 Inall of these problems, an acetylide ion (or an anion of a terminal alkyne) is alkylated by a
haloalkane.

@
v Ho=cH L aNHp By CHACH,CH,C=CH
= —_—— =
2. CHzCHoCHo,Br Cathonh=

(b)

1. NaNH,, NHg 1. NaNHy, NHg
HC=CH ————2 35 CHaCHyC=CH —————=—3» CH3CH,C=CCH,CHj
2. CHgCH,Br 2. CH3CH,Br
C
) 1. NaNH,, NHy

=CH ——— e =
HC=C 2. (Cty),CHCHgBY (CH3),CHCH,C=CH
Ho, Lindlar catalyst
or Liin NHg

(CHg)oCHCHoCH=CHj
(d) 1. NaNH2, NH3
CHGCHICH,C=CH 52 sl CHyCHoCHAC=CCHoCHZCHg
from (a) l Hp0, HpSO4
HgSO4
CHyCHoCHoCCH3CHaCHoCHy

(e)

. 1. NaNH,, NHg
HC = CH CHSCchHchzcECH
2. CH3CHoCH,CHoBr
1.BHg, THF
2. HyOy, "OH
CH3CH,CHoCH,oCHRCHO
8.37
(a) D D
D2 \ /
CH3CH,C=CCH,CHg ———— > C=C
Lindlar catalyst / \
CH4CHyp CHoCH4
(b) D CH,CHgy
o Liin ND3 \ /
CH3CHyC=CCHyCH3 /C=C\
CH3CH, D
© NaNH, DLO7

CHSCH2CHQCECH T [CH30H20H2CEC:- Na*] _3> CHSCH20H2CECD
3






170

8.41

Chapter 8

Ha
/ Pd/C

A .0y 2 HOOCCH,CH,COOH
+
2. Zn, HyO" 2 HOOC —COOH
. OH CHy
=C:— Na* H,O
CHeCCHy —HC=CiNa_ - oy co=cH —22 ~  p,c=Ce=CH
2.H30 | H,S04
CHg Hyp
Lindlar catalyst
CH,
H,C=CCH=CH,
2-Methyl-

1.3-butadiene

(1) Erythrogenic acid contains six degrees of unsaturation (see Sec. 6.2 for the method of
calculating unsaturation equivalents for compounds containing elements other than C
and H).

(2) One of these double bonds is contained in the carboxylic acid functional group —COOH;
thus, five other degrees of unsaturation are present.

(3) Because five equivalents of H; are absorbed on catalytic hydrogenation, erythrogenic
acid contains no rings.

(4) The presence of both aldehyde and carboxylic acid products of ozonolysis indicates that
both double and triple bonds are present in erythrogenic acid.

(5) Only two ozonolysis products contain aldehyde functional groups; these fragments
must have been double-bonded to each other in erythrogenic acid.

H,C=CH(CH,),C=

(6) The other ozonolysis products result from cleavage of triple bonds. However, not
enough information is available to tell in which order the fragments were attached. The
two possible structures:

A H,C=CH(CH,),C=C-C=C(CH,);COOH

B H,C=CH(CH,),C=C(CH,),C=CCOOH
One method of distinguishing between the two possible structures is to treat
erythrogenic acid with two equivalents of H, using Lindlar catalyst. The resulting
trialkene can then be ozonized. The fragment that originally contained the carboxylic
acid can then be identified.
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8.44 This reaction mechanism is similar to the mechanism of halohydrin formation.

Br—Br [ +Br- ]
v e Br _H
CBr' e
. CH 7\ t H
z _ © + ,
C c=C >0
N\
_ H —> i
H *j
attack of n electrons :,O_H opening of ‘O—H
on Br, H cyclic cation removal H/
L by H,0 of proton J
o Br _H
1 I
C C—
 CH,Br Ol
- + HzO*
tautomerization -

(Section 8.5)

8.45

n bonds

n bonds

This simplest cumulene is pictured above. The carbons at the end of the cumulated double
bonds are sp--hybridized and form one = bond to the "interior” carbons. The interior
carbons are sp-hybridized; each carbon forms two = bonds — one to an "exterior" carbon
and one to the other interior carbon. If you build a model of this cumulene, you can see that
the substituents all lie in the same plane. This cumulene can thus exhibit cis-trans
isomerism, just as simple alkencs can.

In general, the substituents of any compound with an odd number of adjacent double
bonds lie in a plane; these compounds can exhibit cis—trans isomerism. The relationship of
substituents at the ends of any compound with an even number of adjacent double bonds
will be explained in the next chapter.
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8.46

enol

D
|

o: oo B
~
o 5
\v}C
H,C~  “CHg

i
r_ \.
.QD '.Q\D
.| +
D\ C
H,C

~N

CHj

.

Repeating this process several times replaces all hydrogen atoms with deuterium atoms.

Molecular Modeling

8.47 Cycloheptyne is highly reactive because it is highly strained; the C~C=C bond angle is
144°  instead of the usual value of 180° for a triple bond. Additions to the triple bond
relieve strain by generating a relatively unstrained cycloheptene derivative, and these
additions are faster than additions to noncyclic alkynes and alkenes.

8.48 The alkyne hydrogen is most positive.

o

=

TCH,C=CH 1. NaNH,
—————
2. BFCHQCHQCHg

0

o
Q/ ™ CH,C=CCH,CH,CHj

8.49 The reaction gives the lower energy product. 2-Butyn-1-ol is more stable than 2,3-

butadien-1-ol by 15 kJ/mol.

8.50 The two radical conformations have nearly the same energy (AE = 3.3 kJ/mol). The anion
shows a significant preference for the trans conformation (AE = 15 kJ/mol).



Review Unit 3: Alkenes and Alkynes

Major Topics Covered (with vocabulary):

Introduction to alkenes:
degree of unsaturation methylene group vinyl group allyl group cis—trans isomerism
E.Zisomerism sequence rules heat of hydrogenation hyperconjugation

Electrophilic addition reactions:
electrophilic addition reaction regiospecific Markovnikov's rule  Hammond Postulate
hydride shift

Other reactions of alkenes:

dehydrohalogenation dehydration anti stercochemistry  bromonium ion halohydrin
hydration oxymercuration hydroboration syn stereochemistry carbene stereospecific
Simmons-Smith reaction hydrogenation diol osmate molozonide ozonide

Polymerization reactions:
polymer monomer chain branching radical polymerization cationic polymerization

Alkynes:
alkyne enyne vicinal tautomer Lindlar catalyst acetylide anion alkylation

Organic Synthesis.

Types of Problems:
After studying these chapters you should be able to:

—  Calculate the degree of unsaturation of any compound, including those containing N, O, and
halogen.

- Name acyclic and cyclic alkenes and alkynes, and draw structures corresponding to names.

- Assign E,Z priorities 10 groups.

- Assign cis-trans and £,Z designations to double bonds.

—  Predict the relative stability of alkene double bonds.

— Formulate mechanisms of electrophilic addition reactions.

— Predict the products of reactions involving alkenes and alkynes.

—  Choose the correct alkene or alkyne starting material to yield a given product.

~  Deduce the structure of an alkenc or alkyne from its molecular formula and products of
cleavage.

—  Carry out syntheses involving alkenes and alkynes.

Points to Remember:

*  Calculating the degree of unsaturation is an absolutely essential technique in the structure
determination of all organic compounds. It is the starting point for deciding which functional
groups are or aren't present in a given compound, and eliminates many possibilities. When a
structure determination problem is given, always calculate the degree of unsaturation first.
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* All cis—trans isomers can also be described by the £,Z designation, but not all £, 7 isomers can
be described by the cis-trans designation.

* Bond dissociation energies, described in Chapter 5, measure the energy required to
homolytically break a bond. They are not the same as dissociation enthalpies, which measure
the ability of a compound to dissociate heterolytically. Bond dissociation energies can be used
to caleulate dissociation enthalpies in the gas phase if other quantities are also known.

*  Not all hydrogens bonded to carbons adjacent to a carbocation can take part in
hyperconjugation at the same time. At any given instant, some of the hydrogens have C-H
bonds that lie in the plane of the carbocation and are not suitably oriented for hyperconjugative
overlap

Although it is very important to work backwards when planning an organic synthesis, don't
forget to pay attention to the starting material, also. Planning a synthesis is like solving a maze
from the middle outward: keeping your eye on the starting material can keep you from running
mnto a dead end.

Self-Test:

(CHyC M ?Hcha
/C=C\ CH3CH2CI:CH2(;ECH
H CH(CH3)2 CH3
A B

Provide names for A and B (include bond stereochemistry). Predict the products of reaction
of A and B with (a) I equiv HBr (b) H», Pd/C (c¢) BH3, THF, then H O, HO~ (d) O3, then
Zn, H30*. Give a reagent that reacts with A but not B. Give a reagent that reacts with B, but not
A.

CH
e e CC(CHg)3 HaG  CHs
AN X
OH COOH
CHg
C  Terbinafine D Abscisic acid
(an antifungal) (a plant hormone)

What is the configuration of the double bond in C? What products result from treatment of C
with KMnOy, H30% (neither the aromatic ring nor the amine are affected)? How might the triple
bond be introduced?

Give E,Z configurations for the double bonds in D.
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Multiple Choice:

1.

(89}

10.

What is the degree of unsaturation of a compound whose molecular formula is Cy H 3N?
(a)4 (b)5 (©)6 (d)y7

Two equivalents of Hj are needed to hydrogenate a hydrocarbon. It is also known that the
compound contains two rings and has 15 carbons. What is its molecular formula?
(a) CysHyy (b)) CysHay (¢) CisHog  (d) CysHa

Which group is of lower priority than ~-CH=CH,?
(1) -CH(CH3), (b) -CH=C(CHj3), (¢)-C=CH (d)-C(CH3)3

What is the usual relationship between the heats of hydrogenation of a pair of cis/trans alkene
isomers?

(a) Both have positive heats of hydrogenation (b) Both have negative heats of
hydrogenation. and AFl 00 fOr the cis isomer has a greater negative value (c) Both have
negative heats of hydrogenation, and Ay grog for the trans isomer has a greater negative
value (d) Both have negative heats of hydrogenation, but the relationship between the two
values of AHpygrog can't be predicted.

[n a two-step exergonic reaction, what is the relationship of the two transition states?

(a) both resemble the intermediate  (b) the first resembles the starting material, and the
second resembles the product (c) the first resembles the intermediate and the second
resembles the product (d) there is no predictable relationship between the two transition
states

For synthesis of an alcohol, acid-catalyzed hydration of an alkene is useful in all of the
following instances except:

(a) when an alkene has no acid-sensitive groups (b) when an alkene is symmetrical
(c) when a large amount of the alcohol is needed

(d) when two possible carbocation intermediates are of similar stability.

A reaction that produces a diol from an alcohol is a:
(a) hydration (b) hydrogenation (c) hydroboration (d) hydroxylation

Which of these cyclic intermediates is not part of an oxidative cleavage reaction?
(a) ozonide (b) molozonide (c) osmate (d) periodate

An enol is a tautomer of an:
(a) alcohol (b) alkyne (c)alkene (d) ketone

Which reaction proceeds through a vinylic radical?
(a) Hg-catalyzed hydration of an alkyne (b) Li/NHz reduction of an alkyne
(c) catalytic hydrogenation of an alkyne (d) treatment of an alkyne with a strong base



Chapter 9 - Stereochemistry

Chapter Outline

. Handedness (Sections 9.1 — 9.5).
A. Enantiomers and tetrahedral carbon (Section 9.1).
When four different groups are bonded to a carbon atom, two different
arrangements are possible.
a. These arrangements are mirror images.
b. The two mirror-image molecules are enantiomers.
B. The reason for handedness in molecules: Chirality (Section 9.2).
1. Molecules that arc not superimposable on their mirror-images are chiral.
a. A molecule is not chiral if it contains a plane of symmetry.
b. A molecule with no plane of symmetry is chiral.
2. A carbon bonded to four different groups is a chirality center.
3. Any —CHj- or -CHj carbon is achiral.
C. Optical activity (Section 9.3).
1. Solutions of certain substances rotate the plane of plane-polarized light.
hese substances are said to be optically active.

2. The amount of rotation can be measured with a polarimeter.
3. The degree of rotation can also be measured.
a. A compound whose solution rotates planc-polarized light to the right is
dextrorotatory.
b. A compound whose solution rotates plane-polarized light to the left is
levorotatory.

D. Specific rotation (Section 9.4).
1. The amount of rotation depends on concentration, path length and wavelength.
2. Specific rotation is the observed rotation of a sample with concentration = 1 g/mL,
sample pathlength of 1 dm, and light of wavelength = 589 nm.
3. Specific rotation is a physical constant characteristic of a given optically active
compound.
E. Pasteur's discovery of enantiomerism (Section 9.5).
1. Pasteur discovered two different types of crystals in a solution that he was
evaporating.
2. The crystals were mirror images.
3. Solutions of each of the two types of crystals were optically active, and their
specific rotations were equal in magnitude but opposite in sign.
4. Pasteur postulated that some molecules are handed and thus discovered the
phenomenon of enantiomerism.
I1. Stereoisomers and configurations (Sections 9.6 —9.11).
A. Specification of configurations of stercoisomers (Section 9.6).
1. Rules for assigning configurations at a chirality center:
a. Assign priorities to each group bonded to the carbon by using Cahn-Ingold-
Prelog rules (Section 6.6).
b. Orient the molecule so that the group of lowest priority is pointing to the rear.
¢. Draw a curved arrow from group 1 to group 2 to group 3.
d. If the arrow is clockwise, the chirality center is R, and if the arrow is
counterclockwise, the chirality center is S.
2. The sign of rotation is not related to R,S designation.
3. X-ray experiments have proven R,S conventions to be correct.
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B. Diasterecomers (Scction 9.7).
1. A molecule with two chirality centers can have four possible stereoisomers.
a. The stereoisomers group into two pairs of enantiomers.
b. A stereoisomer from one pair is the diastereomer of a stereoisomer from the
other pair.
2. Diastereomers are stereoisomers that are not mirror images.
C. Meso compounds (Section 9.8).
1. A meso compound occurs when a compound with two chirality centers possesses a
plane of symmeltry.
2. A meso compound is achiral despite having two chirality centers.
D. Molecules with more than two chirality centers (Section 9.9).
A molecule with n chirality centers can have a maximum of 2" stereoisomers.
E. Racemic mixtures and their resolution (Section 9.10).
1. A racemic mixture is a 50:50 mixture of two enantiomers.
Racemic mixtures show zero optical rotation.
2. Some racemic mixtures can be resolved into their component enantiomers.
a. If aracemic mixture of a carboxylic acid reacts with a chiral amine, the product
ammonium salts are diastercomers.
b. The diastereomeric salts differ in chemical and physical properties and can be
separated.
¢. The original enantiomers can be recovered by acidification.
F. Physical propemes of stereoisomers (Section 9.11).
1. Enantiomers have identical physical propertics, except for the sign of their specific
rotations.
2. The physical properties of meso compounds, diastereomers and racemic mixtures
differ from each other and from the properties of enantiomers.
II1. A review of isomerism (Section 9.12).
A. Constitutional isomers differ in connections between atoms.
1. Skeletal isomers have different carbon skelctons.
2. Functional isomers contain different functional groups.
3. Positional isomers have functional groups in different positions.
B. Stereoisomers have the same connections between atoms, but different geometry.
1. Enantiomers have a mirror-image relationship.
2. Diastereomers are non-mirror-image stereoisomers.
a. Configurational diastereomers.
b. Cis—trans isomers differ in the arrangement of substituents in a double bond or
nng.
IV. Fischer projections (Sections 9.13 - 9.14).
A. Working with Fischer projections (Section 9.13).
1. A Fischer projection represents a tetrahedral carbon as a pair of perpendicular lines.
a. The horizontal line represents bonds coming out of the page.
b. The vertical line represents bonds going into the page.
An atom can be represented by many Fischer projections.
To manipulate, and thus to compare, Fischer projections, there are two allowable
motions.
a. A Fischer projection can be rotated on the page by 180°, but not by 90° or 270°.
b. Holding one group steady, the other three groups can be rotated clockwise or
counterclockwise.
4. To see if two Fischer projections represent the same enantiomer, perform allowed
motions on it until two groups of one projection are superimposed with two groups
on the other projection.

[SV 39
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a. I the other two groups also coincide. the two Fischer projections represent the
same enantiomer.

b. 1f the other two groups don't coincide, the two Fischer projections represent
dilferent enantiomers.

B. Assigning R,S configurations to Fischer projections (Section 9.14).

1.

”

Rules for assigning R,S configurations.

a. Assign priorities to the substituents in the usual way.

b. Perform one of the two allowed motions to place the lowest priority group at the
top of the Fischer projection.

¢. Determine the direction of rotation of the arrow that travels from group I to
group 2 to group 3, and assign R or S configuration.

Fischer projections can be used to specify more than one chirality center.

V. \ILIL‘OLI]LH]ISKI\ of reactions (Sections 9.15 - 9.17).
A. Addition of HBr to alkenes (Section 9.15).

L.

5

3.

When HBr adds (0 an achiral alkene, a racemic mixture of products is formed.
The achiral cationic intermediate can be attacked by Br™ from either side to produce
aracemic mixture.

Alternatively, the transition states for topside attack and bottomside attack are
enantiomers and have the same energy.

B. Addition of Br; to alkenes (Section 9.16).

Brs can add to either face of a double bond to form a bromonium ion.

In the case of cis-2-butene, addition of Br™ to the bromonium ions forms the
(28.3S) and (2R,3R) enantiomers in equal yield — a racemic mix.

For trans-2-butene. addition of Br~ to the bromonium jon yields meso-2,3-
dibromobutane.

Reaction between two achiral partners always leads to an optically inactive product,
either racemic or meso.

C. Addition of HBr to a chiral alkene (Section 9.17)..

Wt —

4.

When H* adds to a chiral alkene, the intermediate carbocation is chiral.

The original chirality center is unaffected by the reaction.

Attack of Br~ on the carbocation doesn't occur with equal probability from either
side, and the resulting product is an optically active mixture of diastereomeric
bromoalkanes.

Reaction of a chiral reactant with an achiral reactant leads to unequal amounts of
diastereomeric products.

VI. Chirality at atoms other than carbon (Section 9.18).
A. Other elements with tetrahedral atoms can be chirality centers.
B. Trivalent nitrogen can, theoretically, be chiral, but rapid inversion of the nitrogen lone
pair interconverts the enantiomers.
VII. Chirality in nature (Section 9.19).
A. Different enantiomers of a chiral molecule have different properties in nature.

~

(+)-Limonene has the odor of oranges, and (-)-limonene has the odor of lemons.
Racemic fluoxetine is an antidepressant, but the S enantiomer is effective against
migraine.

B. In nature, a molecule must fit into a chiral receptor, and only one enantiomer usually
fits.
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Do

o
[ x C
[alp = specific rotation

Use the formula [a]p . where

a = observed rotation

[ = path length of cell (in dm)

C = concentration (in g/mL)
In this problem:  « = 1.21°

[ = 500cm = 0.500 dm

1.50 g/10.0 mL = 0.150 g/mL
1.21°

lodp = ki = +16.1°
0.500 dm x 0.150 g/mL

9}
1]

9.6  Use the sequence rules in Section 9.6.
q

(a) By Rule 1, —H is of lowest priority, and —Br is of highest priority. By Rule 2,
—CH>CH,0H is of higher priority than —-CH,CHj.

Highest Lowest
-Br, -CH,CH,OH, -CH,CHj3, -H
—0 O0—

\ /
(b) By Rule 3, -COOH is considered as — C~—OH. Because 3 oxygens are attached

to a -COOH carbon and only one oxygen is attached to -CH,OH, -COOH is of higher
priority than -CH>OH. —~CO>CH3 is of higher priority than -COOH by Rule 2, and -OH
is of highest priority by Rule 1.

Highest ——» Lowest

—OH, —CO,CH3;. —COOH, —CH,OH
(C) —NH:, —CN, —CHzNHCHg, —CHzNHQ
(d) —Br, —CI, —CH,Br, —CH,Cl

9.7  All stereochemistry problems are easier if you use models. Part (a) will be solved by two
methods — with models and without models.
(a) With models: Build a model of (a). Orient the model so that group 4 is pointing to the
rear. Note the direction of rotation of arrows that go from group 1 to group 2 to group 3.
The arrows point counterclockwise, and the configuration is S.
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Without models: Imagine yourself looking at the molecule, with the group of Jowest
priority pointing to the back. Your viewpoint would be at the upper right of the molecule,

and you would see group 1 on the left, group 3 on the right and group 2 at the bottom. The
arrow of rotation travels counterclockwise, and the configuration is S.

(a)
7 dew
oy~ (L)
(b) /\‘ (©)
=L

o S5 ofolTY

The following scheme may be used to assign RS configurauons to chirality centers:

Step 1. For each chirality center, rank substituents by the Cahn-Ingold—Prelog system:
give the number 4 to the lowest priority substituent. For part (a):

Substituent Priority

-Br 1
-COOH 2
—CHj 3
-H 4

Step 2. As in the previous problem, orient yourself so that you arc 180° from the lowest
priority group (indicated by the arrow in the drawing). From that viewpoint, draw the
molecule as it looks when you face it. Draw the arrow that travels from group [ to group 2
to group 3, and note its direction of rotation. The molecule in (a) has S configuration.

3

. 0L,

4 cl2 k j
H COOH |
4 ©

(b) 1 (c) . ,F‘le P
GO, i, 0@,

HSCEC\~ -CooH \ é)j ‘\C ;{ i\ /

In (b), the observer is behind the page, looking out and down toward the right. In (¢), the
observer is behind the page looking out and up to the left
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As in the previous problem, assign priorities to the substituents, giving the number 4 to the
lowest priority substituent. Orient the lowest priority group toward the back, and arrange
the three other groups, as we have done previously, as spokes on a steering wheel, with a
counterclockwise rotation (because we need to draw an S enantiomer). Then, tilt the
drawing until it is a tetrahedral representation.

H
CHscHZCHZ(IZCH:, ($)-2-Pentanol
H
Substituent Priority — "
—OH 1 HOW_ H_s CHa | o
Gl & ¢ HO"~ 7% ™ CH,CH,CH,
:SH3 i CHaCH,CHs ({43

Fortunately, methionine is represented in the correct configuration.
g o e o
CH3SCHoCHa _H_s COOH (8)-Methionine
c

I

NH
12

(R,S ) assignments for more complicated molecules can be made using the same method as
in Problem 9.8, taking one carbon atom at a time. [t's especially important to use molecular
models when a compound has more than one chirality center. For part (a):

Step 1. Assign priorities to groups of the top chirality center.

Substituent Priority
—Br 1
—CH(OH)CH3 2
—-CHj; 3
-H 4

Step 2. Orient the model so that the lowest priority group of the first chirality center points
to the rear. If you aren't using a model, orient yourself so that you are 180° from the
lowest priority group. You would be looking out of the page, upward to the left.

Step 3. Note the direction of rotation of the arrow that travels from to group 1 to group 2 to
group 3. The rotation is clockwise, and the configuration is R.

Br 37 M

: Hac\H/BT

AN = i
H’?‘OH Q(IDHCHs

CH3 OH
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(d)

H H
Br\ i /CH3 Br\ ‘CHa
? C plane of
c = c symmetry
HyC” | “H Br” | Y CHg meso
Br H

9.15 For a molecule to exist as a meso form, it must possess a plane of symmetry. 2,3-
Dibromobutane can exist as a pair of enantiomers or as a meso compound, depending on
the configurations at carbons 2 and 3.

(a)
H H H
Bf\ ] CH3 HGC\ [ /Bl’ BI'\ [ CH3
€ G © | n
IS [A Cl's__/' plane o
S¢c R ¢ C symmetry
HaC” ! Br Br” | “CH, Br” | Y CHy
H H H meso

not meso
(b) 2,3-Dibromopentane has no symmetry plane and thus can't exist in a meso form.

(c) 2,4-Dibromopentane can exist in a meso form.

H
Bra ' 4CH
LN C; 3
chn plane of
2 symmetry
e
Br” I YCHy
H

2,4-Dibromopentane can also exist as a pair of enantiomers (2R, 4R) and (25.4S) that
are not meso compounds.

9.16 The molecule represents a meso compound. The symmetry plane passes through the
carbon bearing the —OH group and between thr (wo ring carbons that are bonded to methyl

groups.

~--__ plane of
symmetry
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9% 1w
Morphine
Morphine has five chirality centers and, in principle, can have 23 = 32 stereoisomers.
Many of these stereoisomers are too strained to exist.
9.18
7 C
<|DOOH GO0~ CHj
Ac e Ac S¢
H- i \CHa HS_C H'—‘ \CH3 HHI\;;
>, M
HO HoN HO 3
A v J
o An R, S salt
+
" ) &
H-.g—CHs H-.c—CHz  Sg¢
Sl sl HoN &
COOH | Coo™ 3
\ ~ J
An §,S salt
The two product salts have the configurations (R,S) and (S.5) and are diastereomers.
9.19 (a)

?H3 cl

.-C
HCIJ ™ CH,CH= CHCHj

(S)-5-Chloro-2-hexene Chlorocyclohexane

These two compounds are constitutional isomers.
(b) The two dibromopentane stereoisomers are diastereomers.

9.20 Two manipulations of Fischer projections are allowable.
1. A Fischer projection may be rotated on the page by 180°, but not by 90° or 270°.
2. Holding one group of a Fischer projection steady, we may rotate the other three groups
either clockwise or counterclockwise.
If we hold the -COOH group of projection A steady and rotate the other three groups by
120°, we arrive at a projection identical with projection B. Thus A and B are identical.
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COOH COOH

H £3OH = HSC H
AN CH3/ OH
A B

If projection C is rotated 1807, the resulting projection has two groups superimposable
with projection B. However, no manipulation can make all four groups superimposable; C
is thus an cnantiomer of A and B.

H 180° COOH COOH
HO CHg HiC | OH 3= HiC H

COOH H OH

© G B

Likewise, projection D is not superimposable on projection B but is identical to projection
C. Thus, A and B are identical and enantiomeric with C and D, which are also identical.

9.21 (a) By an allowable rotation, manipulate two groups in the first structure to the positions
they occupy in the second structure.

For example:
CHg 1807 CHO H

Cl H = H Cl vs. OHC Cl

CHO CHy CHg

Although this projection resembles the second one in placement of -CH3z and —C1, -H and
—CHO are interchanged. The two projections thus represent enantiomers.

(b) As above, rotate the first projection by 180°.
180° CH,OH CHO CHO
H OH = HO H vs. HO CH,0OH
CHO CH,0H H
If we now compare this structure to the second structure of the pair, two of the groups

occupy the same relative position.There is, however, no rotation that can make these two
structures superimposable; they are enantiomers.
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As in Practice Problem 9.4, rotate the molecule so that the two horizontal groups are
pointing toward you, and the two vertical bonds are receding from you. Then flatten the
molecule and draw the groups at the ends of the crossed bonds.

! ! i
S _  Cls~A=CH _
CI=7C~CH,CHs c|> 3 = @ CHa
CHj CHoCHj CHoCHg

One of the hardest spatial problems in organic chemistry is to visualize two-dimensional
drawings as three-dimensional chemical structures. This difficulty becomes particularly
troublesome when it is necessary to assign (R,S) configurations to structures, especially if
they are drawn as Fischer projections. Working out these assignments is easicr when
models are used, but it is still possible to determine a configuration from a two-
dimensional drawing.

The following system may be used for assigning (R,S) configurations. Part (a) is used
as an example.

Step 1. Rank substituents in priority order.

Substituents  Priority

-Br I high
-COOH 2
—-CHj; 3
-H 4 low

Step 2. Use either of the allowable manipulations of Fischer projections to bring the group
of lowest priority to the top of the projection. In this case, hold —Br steady and rotate the
other three groups clockwise.

2 4
CQOH H
4 3 3 2
H :; CHj = H3C COOH
Br Br
1 steady 1

Step 3. tndicate on the rotated projection the direction of the arrows that proceed from
group | to group 2 to group 3. If the direction of the arrows is clockwise, the
configuration is R; if the direction is counterclockwise, the configuration is S. Here the
configuration is S.

I

3 2
HsC COOH s

N

1
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9.24

9.25

Chapter 9

(b) 5
CHy 180°

4
H
1 2 2 1
! A
4
4
H
1 2
HO /CHO R

CHgy
3

(c)

The easiest way to solve this problem is to build a model, assign R or § configuration to
the chirality center, manipulate the model so that two horizontal groups are pointing out
and two vertical groups are pointing back, and draw the Fischer projection of the model.
Without a model: Bring the methyl group slightly forward, so that you have the following
structure:

Cl H

/ \ HOCHa \
H cl

Perform the indicated rotation to arrive at the second structure shown above. This structure
is close in structure to the steering wheel structures that we used to assign configurations in
Problems 9.6 and 9.7. Redraw the second structure above as a steering wheel structure,
assign priorities to the four substituents, and determine the configuration (R).

2~ 3 H H
HOCHa\_ 1 s CH3 i
N a g == HOCHym c:: ~CHy = Hoch, CHa
1 l !
cl cl cl

A small tilt of the first structure above produces the second structure, which can easily be
drawn as a Fischer projection.

Possible bromonium ion intermediates are shown below. In this problem, assume that
attack of Br~ is somewhat more likely at carbon 2.

H Br
" i CHaCHoCHy / 28,38
Br / £7%u minor
3/ \2 Br CHs
H 4 W Br H
CHacHchzﬁ( CH N\ _ JaCHg 2R3R
b. a a H'?C C\ major
:Br:

CHgCH,CHp



9.26

= b Br\ H
B - Sci: & 2R.IR
b \ minor

H a H CHSCHchz Br

CHaCHoCHa O /4CH
N /%
H Br
Br a CH3CH2C-H2 \'\ / 25,3S
c— CC “H major
Br CHa

Stereochemistry
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The products of attack of bromide ion on each bromonium ion are shown above. Notice
that the major products are enantiomers of each other, as are the minor products. Because
the bromonium ions are formed in a 50:50 mixture, and because the percent attack at
carbon 2 is the same for each bromonium ion, the amount of (2R,3R) and (2S,35)-
dibromohexanes is equal, and the product is a racemic mixture.

As in Problem 9.25, let’s assume that attack at carbon 2 is be more likely.

H Br
CHaCHzCHz \\ /

r . 1 /—* . 2R3S
Br \CH minor
/ 3
30/ \é Br H
CH CH ch \CHa [
) o, 28.3R
—C major
CH3CHZCH2 5
B R ] CHg
-C—'C‘H 28,3R
CHCHACH, | mingr
CHSCHZCHz )k CH KRRy Br
¢ \ / 2 H B
\L» CH3CH20H2 \\C / ' 2R.3S

/ C{ ~CH, major
Br

The product of bromination of trans-2-hexene is a racemic mixture of (25,3R)-2,3-
dibromohexane and (2R,35)-2,3-dibromohexane. The reasoning is explained in Problem
9.25. The racemic mixture formed in this problem is diastereomeric to the mixture formed
from cis-2-hexene (Problem 9.25).
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9.27 Look back to Figure 9.19, which shows the reaction of (R)-4-methyl-1-hexene with HBr.
In a similar way, we can write a reaction mechanism for the reaction of HBr with (S)-4-
methyl-1-hexene.

H
N T

G
..

CHg
M.

+ C_CHS :B
6\_/"

r ]
top \l bottom

y CHaH Br H CHaH CHj

\)\/40;43 \)\/{

(25.45)-2-Bromo-4-methylhexane (2R,45)—2~B101110-4—mcthy]hcxunc

The (25,45) stereoisomer is the enantiomer of the (2R.4R) isomer, and the transition states
leading to the formation of these two isomers are enantiomeric and of equal energy. Thus,
the (25,4S) and (2R, 4R) enantiomers are formed in equal amounts. A similar argument
can be used to show that the (2R .45 )and 2(S,4R) isomers arc formed in equal amounts.
The product of the reaction of HBr with racemic starting material is thus a racemic mixture
of the four possible stereoisomers and is optically inactive.

Note that the ratio of (2R 4R + 25.45):(2R.4AS + 25 4R) is not 50:50. Nevertheless,
the product mixture is optically inactive because the enantiomers are formed in equal
amounts.
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b
(b) H_OH Y
HO NH_ " HOW H_»CHoNHCH,
(‘3 A
R
HO .
(R)-Adrenaline 3 ring
9.31
v | ®) ©
H
H H HaN pHN, Cl. H
H H )'\Q’\ R ’
J
H “
"o i i é o | meso o
H meso H
9,32
HO H
Nr
S .C_ _NHCHz
.'C\R
Pseudoephedrine

Additional Problems

9.33 Refer to Problem 9.5 for the formula for calculating [a]p. In this problem, C =3.00 g +
5.00 mL = 0.600 g/mL, and / = 1.00 cm = 0.100 dm.
2.220 2.22°
.22 - X 00
0.100 dm x 0.600 g/mL 0.0600

For cholic acid: [alp

9.34
0.087°
J = +62°

Forecdysone: —alp = 0 dm x 0.00700 mL

9.35
*
(a) CH3CH,CH,CH(CH3)CHoCH(CHg),  2,4-Dimethylheptane has one chirality center.
(b) CH3CH,C(CH3),CHoCH(CHoCHg),  3-Ethyl-5,5-dimethylheptane is achiral.

©
cl a cis-1,4-Dichlorocyclohexane is achiral. Notice the plane of
symmetry that passes through the —Cl groups.
* *
(d) CH3C=CCH(CH3)CH(CH3)C=CCH5 4,5-Dimethyi-2,6-octadiyne has two chirality

centers.

The chirality of (d) depends on the configuration at each of the chirality centers. The (R,R)
and (§,S) isomers are chiral enantiomers; the (R,S) isomer is an achiral meso compound.
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9.36
(@) a ) on O CHg
CH3CH,CH,CHCH3 CH3CHoCH,CH,CHCHg CH3CHoCHCH =CH,
* * *
2-Chloropentane 2-Hexanol 3-Methyl-1-pentene
d
(@ o
CHaCHZCHaCHaCHCH,CHa
3-Methylheptane
9.37
OH (l)H |CH3
CH3CHaCHoCH,CHoOH  CHCHoCHLCHCHg — CHaCHoCHCH,CHS CHGCHROH
*
achiral chiral achiral CHg
(I:HB OH Cl)H (I;Hauchu'ul
x
CHaCHCHCHZOH  CH3CHCCH CHaGHCHCHy  HOCH,CH,CHCH
chiral CHj CHj, achiral
achiral chiral

9.38 Draw the five C¢H 4 hexanes.

CH3CHCHoCHoCH,CHg CH3CHoCH,CH(CH3)p CH3CHoCH(CH3)CHoCH3
3 kinds of —-H 5 kinds of -H 4 kinds of -H
(CH3),CHCH(CH3), CH3CH,C(CH3)5
2 kinds of -H 3 kinds of —-H

17 monobromohexanes can be formed from the hexanc isomers. You may need to draw all
the bromohexanes to find the nine that are chiral:

| | I
CH3CHoCHCHg CH3CH,CHCOOH ~ CH4CHCHCH; CH4CHCHO
* * * ok *

Br Br
CH3CH,CH,CHo,CHCH, CH3CH2CH29HCH20H3 CH3CHZCH29H(CH3)CH28r
Br ) I?r
CH3CH,CHCH(CH3)» CH3CHCH,CH(CHg)» CH3CHQC*H(CH3)CHZCH28r
) E?r Elir
CH3CH,CH(CH4)CHCH4 (CH3),CHCH(CH3)CH,Br CHZCHC(CH3)3
* * * *
9.39
a b (c) d
@ OH ®) CHy KIBr CI)H @ Br
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(c) CHy
Ha & OH
symmetry
lane ™™
B H= G ~oH
R
CHg

This compound is
also a meso compound.

9.40 Chiral: (d) golf club, (¢) monkey wrench (because of the threads).
Achiral: (a) basketball, (b) fork, (¢) wine glass, () snowtlake.
9.41
H
I H H
Nyt
O/\Icl:/ > - S CHy
O 'l
. HOOC H
Penicillin V
3 chirality centers
9.42
(a) (b)
CH,CHg CHoCHg
1 '
H&CJ CH3 symmelry ch‘ CH3
Pramm— S— ¢
c = plane
Hr : ‘CHS
CH,CHg H,(::, CHs
CH,CHgy
9.43

The specific rotation of (2R,3R)-dichloropentane is equal in magnitude and opposite in

sign (o the specific rotation of (25,3S)-dichloropentane because the compounds are
enantiomers. There is no predictable relationship between the specific rotations of the
(2R.38) and (2R.3R) isomers because they are diastercomers.

9.44-9.45
H H i H
Br \é _‘CHS ch;é‘Br Br\(':ACH3 H3Cgé‘Br
|S R IS IR
CH, CHp CHo, CH,
2! o o 2
Br™ 7 ~(C4Hg) (CaHg)™ 7 Br (C4Hg)™ 7 ~Br Br ™ 7 ~(C4Ho)
H H H H
2S5 4R 2R 4S8 25,48 2R 4R
AN ~— J N ~ J
enantiomers enantiomers

The (2R.45) stereoisomer is the enantiomer of the (25,4R) stercoisomer.
The (25.4S) and (2R, 4R) stereoisomers are diastercomers of the (25,4R) stereoisomer.
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The osmates and the diol products of hydroxylation of trans-2-butene are shown below.
The product is a racemic mixture of the (R,R) and (§,5) enantiomers.

N\ //O
Os
O/ \o H
OSO4 \ /7 N3H803 O\R R/OH
_C—C_ —_— .C—C.
H 4 L "CHj3 H 4 A 'CH3
H--c=c:-CH3 HaC . HyC H
HaC” “H + (2R3R)-2,3-Butanediol

trans-2-Butene

H  CHs H  CHs
\ 0sOy ch\b_é‘H NaHSO4 HBC‘E: ot

oL .0 HO OH
PN (25.35)-2.3-Butanediol
o” o
1
1
”c/(?-l-\c s CH3CH2CHQE\ i ,ECH20H20H3
-2 1

H < v H SA\i\/R
CHaCHoCHp | TCHoCHoCHy b

Peroxycarboxylic acids can attack either the "top” side or the "bottom" side of a double
bond. The epoxide resulting from "top-side" attack on cis-4-octene has two chirality
centers, but because it has a plane of symmetry, it is a meso compound. The two epoxides
are identical.

o H CH,CH,CH
I=) C/_\CR CHSCHZCH2\.\C— C/“H2 2=
2755 chyCHuCH &%=
CHaCHoCllp  TH 27213 Y

The epoxide formed by "top-side" attack of a peroxyacid on trans-4-octene has two
chirality centers of R configuration. The epoxide formed by "bottom-side" attack has (S,S)
configuration. The two epoxide enantiomers are formed in equal amounts and constitute a
racemic mixture.

(@) Brp, Ho0
2, Br H H OH
DMSO S S
H OH Br H

racemic mixture

B H
ro BI'/\H . /\BI’

CH,Cly S S R R

H Br Br H
racemic mixture

(b)
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9.66

9.67

9.68

9.69
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N
HasC
R
H
(R)-2-Methylcyclohexanone

A tetrahedrane can be chiral. Notice that the orientations of the four tetrahedrane
substituents in space are the same as the orientations of the four substituents of a
tetrasubstituted carbon atom. If you were able to make a model of a tetrasubstituted
tetrahedrane (without having your models fall apart), you would also be able to make a
model of its mirror image.

Mycomycin contains no chiral carbon atoms, yet is chiral. To see why, make a model of
mycomycin. For simplicity, call -CH=CHCH=CHCH,COOH "A" and -C=CC=CH "B".
Remember from Chapter 6 that the carbon atoms of an allene are lincar and that the = bonds
formed are perpendicular to each other. Attach substituents at the sp~ carbons.

\ 0@@@ ,Ha
FD O

Notice that the substituents A, H,, and all carbon atoms lie in a plane that is perpendicular
to the plane that contains B, Hy, and all carbon atoms.

A\ 0@9@ @ @Q ’/O
/ O@ @\ Ha @O@O .

Now, make another model identical to the first, except for an exchange of A and H,. This
new allene is not superimposable on the original allene. The two allenes are enantiomers
and are chiral because they possess no plane of symmetry.

4-Methylcyclohexylideneacetic acid is chiral for the same reason that mycomycin (Problem
9.68) is chiral: It possesses no plane of symmetry and is not superimposable on its mirror
image. As in the case of allenes, the two functional groups at one end of the molecule lie in
a plane perpendicular to the plane that contains the two functional groups at the other end.

COOH COOH

/ /
H3C- -« o= H--< =6
H \ HzC D

H H
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9.70
CHj, CHg
| S H+ | S
H--C< + CHgOH == --C2 + Hy0
4 "“COOH 4 “COOCH3
HO HO
OH OH
lp H* lp
H"C\ + CH40H = -C + HyO
4 >COOH H” 4> Co0CH;
HsC HaC
The product is a racemic mixture of (R)- and (S)- methyl luactates.
9.71
CHj3 CHoCH4 CHg CH,CHg
A3 .l M Ls 1A o
H'2">CcooH HO™ Vi S vH o E
HO CHa WG G007 ey,
The product is (R)-sec—butyl (S)-lactate. As in the previous problem, the stereochemistry
at the chirality centers of the product is the same as the stereochemistry of the reactants
because no bonds were formed or broken at the chirality center.
D7
OH CHg OH CHg
¥ Is H* IR Is
H2"ScooH  HO™ wH - H7Z p ~coo- vt © O
HsC CH,CHg HaC CH,CH4
CHj CHj . CHs CHg
H-C2 Cn == G2 G+ HO
HO COOH HO CHoCHg HO COO CH,CHg
The product esters are diastereomers and differ in physical properties and chemical
behavior. It should be possible to separate them by a technique such as distillation,
fractional crystallization or chromatography. After separation, the esters can be converted
back into (R)- or (S)-lactic acid and (S)-2-butanol.
9.73
(a)
CHg o CHg CHj, CHs
I 2, | N I . other
2 hv S . ch e products
' H ¢ Clrg~'~ 2\ "Cl
CH o CHaCHg CH o CHaCHCI ofi,0 CH2CHs  chaciy i
(S)-1-Chloro- (S)-1,4-Dichloro-  (R)-1,2-Dichloro-  (S)-1,2-Dichloro-
2-methylbutanc 2-methylbutane \Z-Inethylhulzmc 2-methylbutane ,
Y
1:1 mixture

(b) Chlorination at carbon 4 yields optically active product. Chlorination at carbon 2 yields
optically inactive product.



202 Chapter 9

(¢) Radical chlorination reactions taking place at a chirality center occur with racemization;
radical chlorination reactions at a site other than the chirality center do not affect the
stereochemistry of the chirality center.

9.74  Both of the diastercomers shown below are meso compounds with three chirality centers.
Each is a meso compound because it has a symmetry plane, and in each structure the
central carbon is bonded to four different groups (a group with R configuration, a group
with S configuration, - OH, and —H).

CHj CHg
'S :S
H >(|3 ~OH H»C = OH
----- HC=OH - - TTHOmCtt---o-
R R
H™=C =OH He=C=OH
CHa CHy
9.75

CHs CHg CHg CHg

1S :S ;S :H
H>(|)<Br H>(.|7<Br H—Cl)<Br Br>(|3-<H
HeC =l ClwC =H CleC =aH He=C =(Cl

R R IS R

H>(I3<Br H—CI<Br Br»C‘)-H H>C|<Br

CHy CHg CHy CHy

A B C D
There are four stereoisomers of 2.4-dibromo-3-chloropentane. C and D are enantiomers
and are optically active. A and B are optically inactive meso compounds and are
diastereomers.

9.76
CHg H
H CHg
HaC HaC
H H

cis-1.4-Dimethylcyclohexane trans-1,4-Dimethylcyclohexane

(2) There is only one stereoisomer of each of the 1.4-dimethylcyclohexanes.
(b) Neither 1,4-dimethylcyclohexane is chiral; both are meso compounds.
(c) The two 1.4-dimethylcyclohexanes are diastercomers.
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9.77
H H CHg
H CH3 H
CHg CHg H
HaC H H,C
cis-1.3-Dimethyleyclohexane trans-1,3-Dimethylcyclohexane
(a) There is one stereoisomer of cis-1.3-dimethylcyclohexane, and there are two
stercoisomers of rrans-1.3-dimethylcyclohexane.
(b) trans-1,3-Dimethylcyclohexane exists as a pair of chiral enantiomers. ¢is-1.3-
Dimethylcyclohexane is a achiral meso compound.
(¢) The two trans stereoisomers are enantiomers, and arc diastereomers of the cis
stereoisomer.
9.78

H nna
CHy ﬂ]p

cis-1,2-Dimethy lc)Llohcwnc
The two cis-1,2-dimethylcyclohexane enantiomers can interconvert by a ring flip and thus
exist 4s a racemic mixture.

A Look Ahead

ORI,
C\H20H3 CH,CHg
R -
HS: /’_\‘c——sr —— Hs—cC._ * ‘Br
gl U A H
Hsc CH3
The product is (R)-2-butancthiol.
9.80
? CHg CHgy
1. CHzMgBr R/ N s/
CH3CH2'C—H —’2_H30+ CH30-H2.—C\~_H CHSC_H2_C\‘~OH
50% OH 50% H

(a) Reaction of a Grignard reagent with an achiral starting material, such as propanal,
yields racemic product.

(b) The product consists of a 50:50 mixture of (R)-2-butanol and its enantiomer, (S)-2-
butanol.
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9.81

Hz; O CH; OH CHz OH

H Y 1. CHaMgBr NV HY®

c—C — cC—CS + c—ch

R\ 2.Hg0 R \'H = R L\ 'CHy
H CHj | H
N
(28,3R)-3-Phenyl- (2R,3R)-3-Phenyl-
2-butanol 2-butanol

(a) Reaction of a Grignard reagent with a chiral starting material yields chiral products; the
product mixture is optically active.

(b) The two products are a mixture of the (25,3R) and (2R,3R) diastereomers of 3-phenyl-
2-butanol. The product ratio can't be predicted, but it is not 50:50.

Molecular Modeling

H H,C H HaC
HaC L Cl e f Cl HaC L Cl 13 { Cl
; {“H ; <“H ; {“CH3 ; {‘“CH3
Br CHj Br CHg Br H Br H
28,38 2R 3S 28.3R 2R 3R
The conformation with anti halogens has the lowest strain energy for each stereoisomer.
Strain energies for these conformations are 40.8 kJ/mol for the (2R,3R) and (25,35)

enantiomers and 43.0 kJ/mol for the (2R,3S) and (25,3R) enantiomers. Notice that
enantiomers have identical energies, and diastereomers have different energies.

9.82

9.83 The pyramidal form has the lowest energy for all three molecules. AE = 45 kJ/mol for N-
ethyl-N-methylpropylamine, AE = 199 kJ/mol for P-ethyl-P-methylpropylphosphine, and
AE =225 kJ/mol for ethyl methyl sulfoxide. The amine racemizes much more rapidly than
the other two molecules; the phosphine and sulfoxide maintain their configurations
indefinitely at room temperature.



Chapter 10 - Alkyl Halides

Chapter Outline

I. Introduction to alkyl halides (Sections 10.1 — 10.2).
A. Naming alkyl halides (Section 10.1).
Rules for naming alkyl halides:

I

2

lle

”

o]

a.
b.

CH

d.

Find the longest chain and name it as the parent.

If a double or triple bond is present, the parent chain must contain it.
Number the carbon atoms of the parent chain, beginning at the end nearer the
first substituent, whether alky! or halo.

Number each substituent.

1. If more than one of the same kind of substituent is present, number each,
and use the prefixes di-, tri-, retra- and so on.

1. If different halogens are present, number all and list them in alphabetical
order.

If the parent chain can be numbered from either end, start at the end nearer the

substituent that has alphabetical priority.

Some alkyl halides are named by first citing the name of the alkyl group and then
citing the halogen.
B. Structure of alkyl halides (Section 10.2).
Alkyl halides have approximately tetrahedral geometry.
Bond lengths increase with increasing size of the halogen bonded to carbon.
3. Bond strengths decrease with increasing size of the halogen bonded to carbon.
4. Carbon-halogen bonds are polar, and halomethanes have dipole moments.
5. Alkyl halides behave as electrophiles in polar reactions.
I1. Preparation of alkyl halides (Sections 10.3 — 10.7).
A. Alkyl halides can be prepared by reacting alkenes with HX or X (Section 10.3).
B. Alkyl halides can also be formed by radical reaction of alkanes with Cl; or Br,.
The sequence of steps: initiation, propagation, termination.
Complications of radical halogenation (Section 10.4).

a.
b.

C.

The reaction continues on to produce di- and polysubstituted products.

If more than one type of hydrogen is present, more than one type of

monosubstituted product is formed.

The reactivity order of different types of hydrogen towards chlorination is:

primary < secondary < tertiary.

1. This reactivity order is due to the bond dissociation energies for formation
of the alkyl radicals.

ii. The stability order of alkyl radicals: primary < secondary < tertiary.

. According to the Hammond Postulate, the product with the more stable

transition state (here, the more stable radical intermediate) forms faster.
Bromination is more selective than chlorination.
The stability of the radical intermediate is even more important for
bromination because radical formation is less endergonic.

C. Allylic bromination of alkenes (Sections 10.5 — 10.6).
Reaction of an alkene with NBS causes bromination at the position allylic to the
double bond (Section 10.5).

Il

2

. This reaction occurs by a radical chain mechanism.
a.
b.
. Reaction occurs at the allylic position because an allylic C-H bond is weaker than

Br- abstracts an allylic hydrogen.
The allylic radical reacts with Br; to form an allylic bromide, plus Br.

most other C-H bonds, and an allylic radical is more stable.
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4. Reasons for stability of an allylic radical (Section 10.6).
a. The carbon with the unpaired electron is sp “hybridized, and its p orbital can
overlap with the p orbitals of the double-bond ‘carbons.
b. The radical intermediate is thus stabilized by resonance.
This stability is due to delocalization of the unpaired clectron over an
extended m network.
Reaction of the allylic radical with Bry can occur at either end of the  orbital
system
i, A mixture of pmduu\ may be formed if the alkene is unsymmetrical.
ii. These products aren't usually formed in equal quantities: reaction to form
the more substituted double bond is favored.
d. Products of allylic bromination can be dehydrohalogenated to form dienes.
D. Alkyl halides from alcohols (Section 10.7).
1. Tertiary alkyl chlorides, bromides or iodides can be prepared by the reaction of a
tertiary ulcohol with HCI, HBr or HIL.
Reaction of secondary or primary alcohols occurs under more drastic
conditions, which may destroy other acid-sensitive functional groups.
2. Primary and secondary alkyl halides can be formed by treatment of the
corresponding alcohols with SOCI; or PBr3.
Reaction conditions are mild, and the reagents don't interfere with other
functional groups.
II1. Reactions of alky] halides (Sections 10.8 —10.9).
A. Grignard reagents (Section 10.8).
1. Organohalides react with Mg to produce organomagnesium halides, RMgX.
These compounds are known as Grignard reagents.

(e}

2. Grignard reagents can be formed from atkyl, alkenyl and aryl halides.
Steric hindrance is no barrier to formation of Grignard reagents.
3. The carbon bonded to Mg is negatively polarized and is nucleophilic.
4. Grignard reagents react with weak acids to form hydrocarbons.
B. Organometallic coupling reagents (Section 10.9).
1. Alky! halides can react with Li to form atkyllithiums.
2

These alkyllithiums can combine with Cul to form lithium diorganocopper
compounds (R>CulLi), which are known as Gilman reagents.
R,CuLi compounds can react with alkyl halides (except for fluorides) to form
hydlocarbon products.
Organometallic coupling reactions are useful for forming large molecules from
small pieces.
a. The reaction can be carried out on alkyl, vinyl and aryl halides.
b. A radical mechanism is probably involved.
1V. Oxidation and reduction in organic chemistry (Section 10.10).
A. In organic chemistry, an oxidation is a reaction that results in a loss in electron density
by carbon.
I. This loss may be due to two kinds of reactions:
a. Bond formation between carbon and a more electronegative atom (usually O, N
or halogen).
b. Bond breaking between carbon and a less electronegative atom (usually H).
2. Examples include chlorination of alkanes and reaction of alkenes with Bry,
B. A reduction is a reaction that results in a gain of electron density by carbon.
I. This gain may be due to two kinds of reactions:
a. Bond formation between carbon and a less electronegative atom.
b. Bond breaking between carbon and a more electronegative atom.
2. Examples include conversion of a Grignard reagent to an alkane, and reduction of
an alkene with Hs.
C. Alkanes are at the lowest oxidation level, and CO; is at the highest level.

= W
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D. A reaction that converts a compound from a lower oxidation level to a higher oxidation

level is an oxidation.

E. A reaction that converts a compound from a higher oxidation level to a lower oxidation

level is an reduction.

Solutions to Problems

The rules that were given for naming alkanes in Section 3.6 are used for alkyl halides. A

halogen is treated as an alkyl substituent.

(@) CHaCH,CHaCHol

1-lodobutane

)
( ‘?Hs
BFCH20H2CH2?CH28F
CHy

1,5-Dibromo-2.2-dimethylpentane

) |I CHaCHoCl
CH3CHCHCH,CHg
[-Chloro-3-¢cthyl-4-iodopentane

(a) H3(|3 ?,
CH3CHQCH2(I3 —CHCH3
CHg

2-Chloro-3,3-dimethylhexane

© CHoCH

CHCHZCCHZCHg
Br
3-Bromo-3-ethylpentane

(e) ?'

CHCHZCHaCHCHoCCHZCHCHg

CHyCH,CHCHg

4-sec-Butyl-2-chlorononane

(b) ?Ha

CH3CHCH,CH,CI
[-Chloro-3-methylbutane

(d) oHy
CH3ECH,CHC

Cl
1,3-Dichloro-3-methylbutanc

() Br Cl
CH3CHCH,CHoCHCHg
2-Bromo-5-chlorohexane

(b) o1 oy
CH3CH20H2(]> — CHCH3
Cl

3,3-Dichloro-2-methythexane

(d) HaC
\ Br

HC
/ Br

H3C

1,1-Dibromo-4-isopropylcyclohexane

Br
(CH3)3C

1,1-Dibromo-4-terz-butylcyclohexane

(f)
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10.3
Site of
Product chlorination
s
CHaCHoCH,CHCH,CI
1-Chloro-2-methylpentane
CI)I
CHaCH,CH,C(CH3),
2-Chloro-2-methylpentane
Cl
e d ¢ b a C|2 |
CHscHchZCH(CH3)2 h_> CH3CH2CHCH(CH3)2
Vv
2-Methylpentane 3-Chloro-2-methylpentane
(i)l
CH3CHCHoCH(CH3)p
2-Chloro-4-methylpentane
CICH,CH,CH,CH(CHg),
[-Chloro-4-methylpentane
Chlorination at sites b and ¢ yields achiral products. The products of chlorination at sites a,
¢ and d are chiral; each product is formed as a racemic mixture of enantiomers.
10.4
a Type of -H a b G d
H
T Number of ~H 6 1 2 3
SHa-CHZ—(IZ—CH;; of each type
C a
Relative reactivity 1.0 5.0 3.5 1.0
2_Mclhylzuwne Number times reactivity 6.0 50 70 3.0
Percent chlorination 29% 24%  33% 14%
s iy
CHaCHoCHCH,CI  +  CHZCH,CCH3
M 29% 24%
C|2 - - Cl
CH3CH20HCH3 e
hv CHa CH3
* CHgCHCHCH, +  CICH,CH,CHCHg
Cl 33% 14%



10.5

10.6

10.7

Alkyl Halides 209

Review Sections 5.7 — 5.9 if you need help.
(CH3),CH-H + CI»+ — (CH;),CH: + H-CI

D =401 kJ/mol D =432 kJ/mol
AH® = Duonds broken — DPbonds formed = 401 kJ/mol - 432 kJ/mol = =31 kJ/mol.

(CHy),CH-H + Bre — (CH3),CH- + H-Br
D =401 kJ/mol D =366 kJ/mol

AH® = Diyongs broken — Dhonds formed = 401 kJ/mol — 366 kJ/mol = +35 kJ/mol.

The reaction of Bre with a secondary hydrogen atom is more selective. In the endergonic
reaction of (CH3),CH; with Bre, the transition state resembles the isopropyl radical.
Because the secondary isopropyl radical is much more stable than the primary radical, the
reaction is much more likely to proceed by secondary hydrogen abstraction and thus to be
more selective.

The cyclohexadienyl radical has three resonance forms.
CHy

Abstraction of hydrogen by l Br-

a bromine radical yields an
z CH2 CH2
g ©/ ) -

allylic radical.
The allylic radical reacts with l Bro
Br; to produce A and B.

Br

CH2 CHzBF
) @ ' -
A B

Product B, which has a trisubstituted double bond, forms in preference to product A,
which has a disubstituted double bond. In addition, product B is favored because reaction
at the primary end of the allylic radical is favored.
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(a) CHy

NBS
———
heat

Br
5-Methylcycloheptene 3-Bromo-5-methyl-

cycloheptene

(b) ( y

s
CHSQ —CH= CHCH2CH3

?Ha 1
CH3C: CH _QHCH2CH3

CHgy
NBS
CH3CHCH = CHCH,CHg —> and
CHCl|  §Hs
heat

CHCHCH=CH—CHCHj

C|5H3 ¢

CH3CHCH—CH=CHCHj4

CHg

3-Bromo-6-methyl-
cycloheptene

—

i
CH30| —CH =CHCH2CH3
Br
i
CHAC = CH —CHCH,CH;
Br
CH3

CHaCHCH =CH —GHCH,

Br
ik
CHSCHCliH —CH=CHCHg
Br

Two different allylic radicals can form, and four different bromohexenes can be produced.

Remember that halogen acids are used for converting tertiary alcohols to alkyl halides.
PBr; and SOCl, are used for converting secondary and primary alcohols to alkyl halides.

@ o, CHy
CH C|)CH _HO_ en c|>CH
3| 3 ether 3| 3
OH o]
() Gy OH CHy
Br
CHaCHCHoCHCHg  —-—2 CHaCHCH,CHCH,
© CHs CHa
PBr
HOCH20H20H20H20HOH3 _i) BFCH20H20H20H2CHCH3

ether
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(d CH;  OH CH G
CH30H20HCH2?CH3 e—l‘:r?;—r> CH3CH2CHCH2(I:CH3
CHg CHgy

Table 8.1 shows that the pK, of CH3-H 1s 60. Since CHy is a very weak acid, :CHz is a
very strong base. Alkyl Grignard reagents are similar in base strength to :CHj, but
alkynyl Grignard reagents are somewhat weaker bases. Both reactions (a) and (b) occur as
written.

(a)
CHsMgBr + H—C=C—H ——> CH; + H—C=C—MgBr
stronger stronger weaker weaker
base acid acid base
(b)
CHgMgBr + NH3 ———>= CH; + HoN—MgBr
stronger stronger weaker weaker
base acid acid base

Just as Grignard reagents react with proton donors to convert R-MgX into R-H. they also
react with deureriim donors to convert R-MgX into R-D. In this case:

Br l\IllgBr D

Mg Dzo !
CHaCHCHoCHy  —om  CHGCHCHaCHg —=—=  CH3CHCH,CHg

(a) Synthetic analysis: The methyl group has an allylic relationship to the double bond.
Thus, an organometallic coupling reaction between 3-bromocyclohexane and lithium
dimethylcopper gives the desired product. 3-Bromohexane can be formed by allylic
bromination of cyclohexene with NBS.

————— B ——————» CH3
CH,Cly

3-Methylcyclohexene

(b) Synthetic analysis: We are asked to synthesize an eight-carbon product from a four-
carbon starting material. Thus. an organometallic coupling reaction between 1-
bromobutane and hithium dibutylcopper gives octane as the product. The Gilman reagent is
formed from I-bromobutane.

4Li Cul
HoCHoCH,B 2 CH3CH,CH,CHoLi H Lt
2 CH3CH,CH,CH, rp—e—-m—a;: 3CH, 2C.2 i W (CH3CH,CH,C 2)20U i
+ 2LiBr + Lil
CHBCH2CH2CH2BT g (CH3CHQCHzC|"12)2CU.|_i+ m CH3(CH2)GCH3 + LiBr
Octane
ar CH30H2CH2CH2CU
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(c) Synthetic analysis: The synthesis in (b) suggests a way to proceed in this problem.
Decane can be synthesized from [-bromopentane and lithium dipentylcopper. 1-
Bromopentane is formed by hydroboration of [-pentene, followed by treatment of the
resulting alcohol with PBr3.

1. BHg, THF

CH3CH,CHyCH=CH, W

CH3CH,CH,CH,CHLO0H
¢ PBrg3. ether

CH3CH20H20H20HZBF
n
2 CHyCHpCH,CHoCHoBr = = 2 CHyCHaCH,CHoCH,Li + 2 LiBr
pentane
l Cul» ether

{CH3CHCHLCHoCHo),CuTLi* + Lil

CHSCHQCHQCHQCHzBF h (CH:}CHzCHzCHzCH2)2CU_L]+ — CH3(CH2)BCH3
G Decane

+ LiBr + CHaCH,CH,CH,CH,Cu

(a) As described in Practice Problem 10.2, the oxidation level of a compound can be found
by adding the number of C-O, C-N, and C-X bonds and subtracting the number of C-H
bonds. Cyclohexane, the first compound shown, has 12 C—H bonds, and has an oxidation
level of —12. Cyclohexanone has 2 C-O bonds (from the double bond) and 10 C-H
bonds, for an oxidation level of —8. 1-Chlorocyclohexene has one C~Cl bond and 9 C-H
bonds, and also has an oxidation level of ~8. Benzene has 6 C-H bonds, for an oxidation
level of —6. Thus, in order of increasing oxidation level:

O-0O-T-0

b
®) CH3CH,NH, < HoNCHoCHoNH, < CH4CN
oxidation level = <4 oxidation level = -2 oxidation level =0

(a) The aldehyde carbon of the reactant has an oxidation level of 1 (2 C—O bonds minus 1
C-H bond). The alcohol carbon of the product has an oxidation level of —1 (1 C-O bond
minus 2 C-H bonds). The reaction is a reduction because the oxidation level of the product
is lower than the oxidation level of the reactant.

(b) The oxidation level of the upper carbon of the double bond in the reactant changes from
0 to +1 in the product; the oxidation level of the lower carbon of the double bond changes
from O to —1. The total oxidation level, however, is the same for both product and reactant,
and the reaction is neither an oxidation nor a reduction.
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10.15
(@)

cis-1-Chloro-3-methylcyclohexane

10.16
(a)

il
CHsC - CHCHchchs ES»
2-Methyl-2-hexene

(b)

® ey
I 3
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CHaC=CHCHCH,CH,CHg

CH3C= CHCHCH,CHg
o |
CH3CCH = CHCH,CHyg
. |CH2
CH3C = CHCH,CH,CHs

o |
S

T ]

=0

-0 = |

O~

4-Chloro-2-methyl-2-heptene

CH3 BII'
CHSC =CHCHCH2CH3

o

CHg
CH3(I.)CH =CHCH,CH3
Br
+
(|3H28r
CH3C=CHCH,CH,CH3
+
H2C ?r

I
CH30— CHCHQCHZCHa

Br

p—— +

DO

Br

10.17 Recall the method of assigning configuration from Chapter 9. First, assign priorities to the

groups around the chiral carbon. If you aren't using a model, imagine yourself looking at
the chirality center, with the lowest priority group (4) pointing 180° away from you. (You
would be looking out from behind the plane of the page.) Note the direction of rotation of
the arrows that travel from group 1 to group 2 to group 3. The rotation is clockwise, and
the configuration is R. The name of the compound is (R)-2-bromopentane.

Reaction of (S)-2-pentanol with PBr3 to form (R)-2-bromopentane occurs with a
change in stereochemistry because the configuration at the chirality center changes from S
to R.
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Additional Problems

10.18
(a)

HoC iy Gl
CHyCHCHCHCH,CHCH,
3.4-Dibromo-2,6-dimethyltheptane

© B Ol GHy
CHaCCH,CHCHCH,
CHj

2-Bromo-4-chloro-2,5-dimethylhexane

CICH,CH,CHoC=CCH,Br

1-Bromo-6-chloro-2-hexyne
10.19
(a) ?Ha (|3|
CHSCHZCH(IJHCHCH3

Cl
2,3-Dichloro-4-methylhexane

S HaCl CHj

CHgOCHCCHs
HsC CHy

3-lodo-2,2 4 4-tetramethylipentane

(

10.20

I Cb_ |
CHGCHaCHaCHCH; ——=>
V)

2-Methylpentane

\

|
CH3CHoCHoCHCH,Cl - +
ES
I-Chloro-2-methylpentane

*®
CHSCHzcleCHCH3 +

3-Chloro-2-methylpentane

(b) I

I
CH3CH =CHCH,CHCHj

5-lodo-2-hexene

(d)
(l;HzBI'

CH3CH,CHCH,CH,CHg

3-(Bromomethylhexane

b
(b) I|3r <|3H3
ChHCHACCHZCHCH;
CH,CHj
4-Bromo-4-cthyl-2-methylhexane

(d)
H/'\H

Br CH,CHg

cis-1-Bromo-2-ethylcyclopentane

CHg CHs
CH3CH20H2CIICH3 +
Cl
2-Chloro-2-methylpentane
CHy CHj

CHg(}t,HCHZCHCHa +

Cl
2-Chloro-4-methylpentane
CHg
CICH2CH20H2<I3HCH3

I-Chloro-4-methylpentane

Three of the above products are chiral (chirality centers are starred). None of the products
arc optically active; each chiral product is a racemic mixture.
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10.21 Abstraction of hydrogen by Bre can produce either of two allylic radicals. The first radical,

resulting from abstraction of a secondary hydrogen, is more likely to be formed.

CH3L::HCH=CHCH3 -— CH30H=CH6HCH3 (identical resonance forms)
and

CHaCHzCH:CHCHZ - CH3CH2CHCH:CH2

Reaction of the radical intermediates with a bromine source leads to a mixture of products:

I?r
CH3CHCH =CHCHg3 cis- and trans-4-Bromo-2-pentenc
and
CH3CH,CH=CHCH,Br cis- and trans-1-Bromo-2-pentene
Br and
CH3CH,CHCH =CH, 3-Bromo-1-pentene

The major product is 4-bromo-2-pentene, instead of the desired product,
I-bromo-2-pentene.

10.22 Three different allylic radical intermediates can be formed. Bromination of these

intermediates can yield as many as five bromoalkenes. This is definitely not a good
reaction to use 1n a synthesis.

Br
- . o
CH3 CHgy CHj
©/ O/ 5
- | ——
L J

(allylic — secondary hydrogen abstracted) 3-Bromo-2-methylcyclohexene
r CH
CHg . _CHg CHs 2
O/ NBS 2t
et — — +
(allylic — secondary hydrogen abstracted) Br
3-Bromo-1-methyl- 3-Bromo-3-mcthyl-
cyclohexene cyclohexene
. 3|
CH2 CH2 cHzBf CH2
O/ O/ NBS @/
- —— +
J Br
(allylic — primary hydrogen abstracted) 1-(Bromomethyl)- 2-Bromomethylene-

cyclohexene cyclohexane
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Br o)
e N N .
CH,Cl,
Br

The major product contains a tetrasubstituted double bond, and the minor product contains
a trisubstituted double bond.

Br
PBfa
+ P(OH
O/ Elher O/ (O3

(c)

Br MgBr
Mg HQO
CHaCHaCHCHg — == CHaCHZCHCHy —= CHyCHaCHaCH; + MgBr(OH)
ther A B
(D Cul
2 CH3CH2CH2CH28I’ 2 CH3CH20H20H2U — (CH3CH2CH2CH2)ZCUU
Pentane A B
(g)
CHscHchchzBf + (CH3)2CULI W CH3CH2CH20HQCH3 + CH30u + LiBr
10.25
S Brp R S
H"]C\CH3 T Br"]C\CHa ’ H3C/C§‘-Br
CH,oCHg CHoCHgy CHyCHg

Abstraction of a hydrogen atom from the chirality center of (§)-3-methyl-hexane produces
an achiral radical intermediate. which reacts with bromine to form a 1:1 mixture of R and §
cnantiomeric, chiral bromoalkanes. The product mixture is optically inactive.

10.26
HH CHy Gl CHg CLH CHy
g _ef, o ae. cf sd &
HaC” \‘q/ T HaC” \‘q YAt He” \‘c‘/ >l
HH HH HH

+ other products

Abstraction of a hydrogen atom from carbon 4 yields a chiral radical intermediate. Reaction
of this intermediate with chlorine does not occur with equal probability from each side, and
the two diastereomeric products are not formed in 1:1 ratio. The first product is optically
active, and the second product is 4 meso compound.
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10.27
for Cl-: Cl. + CHg3—H —— CHz + H—C
438 kJ/mol 432 kJ/mol
CHy- + Cl—=Cl — CHz3—Cl + CI
243 kJ/mol 351 kJ/mol

AH® = Dyondsbroken = Poonds formed
= 438 kJ/mol + 243 kJ/mol — 432 kJ/mol - 351 kJ/mol = —102 kJ/mol

forBr: Br- + CH3—H ——> CH3- + H—Br
438 kJ/mol 366 kJ/mol
CHg- + Br—Br —— CH3—Br + Br
293 kJ/mol

193 kJ/mol

A’ = Dyongsbroken = DPhonds formed
= 438 kJ/mol + 193 kJ/mol — 366 kJ/mol — 293 kJ/mol = -28 kJ/mol

1= AH ¢,
2= AH';,
3= AGH
4= AGH,

Energy

Reaction progress ———

Reaction between Cl- and CHy is likely to be faster. AH® for formation of the CHje
intermediate is lower for chlorination than for bromination, and thus AG~ is likely to be

lower also, according to the Hammond Postulate.
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10.28
NBS
4 r . i
CHyCH=CHCH,CH=CH, CH3CH=CHCHCH=CHj,
H,C=CHCHCH,CH=CH, CHaCH=CHCH=CHCH,
l Bf2 o
| CHaCHCH=CHCH=CH, |
BTCH20H=CHCHQCH=CH2 Br2

6-Bromo-1.4-hexadiene
CHaCH=CHCH=CHCHyBr

N I?r 1-Bromo-2.4-hexadiene
H2C :CHCHCHch =CH2 & Br
|
3-Bromo-1,5-hexadiene CH3CH=CHCHCH =CH,
3-Bromo-1.4-hexadiene

i
CHaCHCH=CHCH =CH,
5-Bromo-1,3-hexadiene
The intermediate on the right 1s the more stable, because the unpaired electron 1s
delocalized over more atoms.

10.29 Table 5.3 shows that the bond dissociation energy for CoHsCH>—H is 368 kJ/mol. This
value is comparable in size to the bond dissociation energy for allylic hydrogens, and thus
it is relatively casy to form the CoHsCHae radical. The high bond dissociation energy for
formation of Cgllse, 464 kJ/mol, indicates the bromination on the benzene ring wili not
occur. The only product of reaction with NBS 1s C¢HsCH,Br.

H H H H
J ] . (|: |
C- C- C
@ Sy ©/ ~H g ~H g S -,
-~ -~ i~ i~

10.31 Two allylic radicals can form:

10.30

O—I

H H H H H H
\ 7 I \ /7 |
C\C¢C\é/H C\b/CQC/H
| | - | |

H H H H
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and

The second radical is much more likely to form because it is both allylic and benzylic, and
it yields the following products:

H H H B
H\ /Br | é \C/ '
C\ //C\ AP
CH C cH
| 3  and | 3
H

(a) .
CHyCH=CHCH T CHCH=CHCH, Q ! Q Q

+
CH3CH=CHCH=CHCHCH=CH,

N
CHyCH=CHCHCH=CHCH=CH, - \Q O

+
CH3CHCH=CHCH=CHCH=CH,

(© . =
e o + .e + e oe
CHC=N—Q: =—— CH;C=N=Q =——= CHC=N—0:

10.33 Remember that the oxidation level is found by subtracting the number of C-H bonds from

10.34

the number of C-0O, C-N, and C-X bonds. The oxidation levels are shown beneath the
structures. In order of increasing oxidation level:
(a) 0
Il
CHaCH=CHCHj3, CH3CH,CH=CH,< CH3CH,CH,CH < CH3CH,CH,COH
-8 -8 -6 -4
(b)

CH3CHCHoNH,, CHZCHoCHoBr < BICHoCHoCHoCl < CHaCCH,CI
-6 -6 B -2

(@]
(e}
\/<| \/\/OH \)J\ CO XX
6 6 -6

All of the compounds, except for butenone, have the same oxidation level.
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10.35 (a) This reaction 1s an oxidation.
(b) The reaction is neither an oxidation nor a reduction because the oxidation level of the
reactant is the same as the oxidation level of the product.
(¢) This reaction is a reduction.

10.36 All these reactions involve addition of a dialkylcopper reagent ((CH;CH,CH,CH;),CulLi)

to an alkyl halide. The dialkylcopper is prepared by treating 1-bromobutane with lithium,
followed by addition of Cul:

2 Li Cul
2 CHscHchchzBr —_— 2 CH3CH2CH2CH2U —>El: (CHSCH2CH20H2)2CUU
er

Pentane
(a) 3
HBr
(b) OH Br CHaCH,CH,CHs
—

Ether

Butylcyclohexane

(©)
Bry
hv

10.37 (a) Fluoroalkanes don't usually form Grignard reagents.

(b) Two allylic radicals can be produced.

“___CHy CH,
L — X
CHy CHy
CH, CH,
-~
(:/[CH3 qcr@

Instead of a single product, as many as four bromoalkene products may result.
(c) Dialkylcopper reagents don't react with fluoroalkanes.

10.38 A Grignard reagent can't be prepared from a compound containing a functional group that
is a good proton donor because the Grignard reagent is immediately quenched by the
proton source. For example, the -COOH, ~OH, -NH,, and RC=CH functional groups are
too acidic to be used for preparation of a Grignard reagent. BrCH,CH>CH>NH3 is another
compound that doesn't form a Grignard reagent.
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10.39
. +
q .' Br_ Br
A - —_—
/.. H H
QCH3
H+ or

H
\ OCHg
B

+

Reaction of the ether with HBr can occur by either path A or path B. Path A 1s favored
because its cation intermediate can be stabilized by resonance.

10.40
101 101 10! :0: :10:
© @ é.' @ -.@
10.41

hv
(C4H9)33FIH —— (C4H9)3Sn o & [Ap

(C4Hg)3Sn' + RX —_— (C4H9)38nX + R*

(C4Hg)3SnH + R- —_— (C4H9)3Sn- + RH

A Look Ahead

10.42 As we saw in Chapter 6, tertiary carbocations (R3C") are more stable than either secondary
or primary carbocations, due to the ability of the three alkyl groups to stabilize positive
charge. If the substrate is also allylic, as in the case of HyC=CHC(CH3),Br, positive
charge can be further delocalized. Thus, HyC=CHC(CHj3),Br should form a carbocation
faster than (CH3)3CBr because the resulting carbocation is more stable.

10.43
108 ;0
o _ / 4
R—O: R—C <=— R—C
o A\ \
3@% 10:7
alkoxide ion carboxylate ion

Carboxylic acids are more acidic than alcohols because the negative charge of carboxylate
ions is stabilized by resonance. This resonance stabilization favors formation of
carboxylate anions over alkoxide anions, and increases K, for carboxylic acids.
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Molecular Modeling

10.44 The unpaired electron in the methyl radical is localized on carbon in a p orbital. The
unpaired electron in the trichloromethyl radical is delocalized over all p orbitals.

e -4 e .o
:cl;]: 8Chs HeR :(l:l:
../C'\.. ../C;.. 0 /C;.. ../C:. +
oM E M L M E MO E

10.45 The complex shows that oxygen atoms in the solvent approach the magnesium atom in the
Grignard reagent, changing bond distances and bond angles around magnesium. The
oxygen-magnesium interaction is mainly electrostatic. Oxygen has a very negative potential
in diethyl ether, and magnesium has a very positive potential in the Grignard reagent.
Solvation enhances the ionic nature of the carbon-magnesium bond; The methyl group is
more negative (red) in the complex and 1s presumably more reactive.

10.46 The breaking C—H bond distances decrease in the following order: 150.3 pm (CHy), 148.3
pm [HC(CH3)3], and 134.7 pm (H,C=CHCHas). C-H bond strengths ulso decrease in this
order, and the reactions progressively change from endothermic to exothermic.According
to the Hammond Postulate, the transition states for & family of reactions are more reactant-
like for more exothermic reactions, as can be observed in this series of reactions.

10.47

H\é/H H\é/H H\C/H H\C/H H\C/H

The unpaired electron in the transition state is delocalized in the same way as it is
delocalized in the product radical, and the transition state has some of the characteristics of
the product radical.

10.48 Radical B, which leads to the observed product, is formed more rapidly because it is lower
in energy, and the transition state leading to B is also lower in energy. Radical B can react
with Br; to yield 4-bromo-2-heptene. the observed product, or 2-bromo-3-heptene, which
is not formed.



Chapter 11 - Reactions of Alkyl Halides:
Nucleophilic Substitutions and Eliminations

Chapter Outline

1. Substitution Reactions (Sections 11.1 - 11.9)

A. SN2 reactions (Sections L1.1 - 11.5)

l.

[S9]

5.

Background of SN2 reactions (Sections 11.1 — 11.4).
a. Walden discovered that (+) malic acid and (=) malic acid could be interconverted
(Section 11.1).
b. This discovery meant that one or more reactions must have occurred with
inversion of configuration at the chirality center.
Stereochemistry of SN2 reactions (Section 11.2).
a. Kenyon and Phillips discovered that the nucleophilic substitution of tosylate ion
by acetate ion occurred with inversion of configuration.
b. They concluded that the nucleophilic substitution reactions of primary and
secondary alkyl halides always proceed with inversion of configuration.
Kinetics of Sy2 reactions (Section 11.3).
a. Reaction rate is the rate at which reactants are converted to products.
b. The kinetics of a reaction measure the relationship between reactant
concentrations and product concentrations.
In an SN2 reaction, reaction rate depends on the concentration of both alkyl
halide and nucleophile.
This type of reaction is a second-order reaction.
d. In asecond-order reaction, rate = &k x [RX] x [Nu]
The constant £ is the rate constant; its units are (L/mol-s).
Mechanism of the SN2 reaction (Section 11.4).
a. The mechanism of an Sy2 reaction must account for both the observed
stereochemistry and the observed kinetics.
b. The reaction takes place in a single step, without intermediates.
i. The nucleophile attacks the substrate from a direction directly opposite to the
leaving group.
ii. This type of attack accounts for inversion of configuration.
iii. In the transition state, the new bond forms at the same time as the old bond
breaks.
iv. Negative charge is shared between the attacking nucleophile and the leaving
group.
v. The three remaining bonds to carbon are in a planar arrangement.
vi. Both substrate and nucleophile are involved in the step whose rate is
measured.
Characteristics of the SN2 reaction (Section 11.5).
a. Changes in the energy levels of reactants or of the transition state affect the
reaction rate.
b. Changes in the substrate.
i. Reaction rate is decreased if the substrate is bulky.
ii. Substrates, in order of increasing reactivity: tertiary, neopentyl, secondary,
primary, methyl.
ii1. SN2 reactions can occur only at relatively unhindered sites.
iv. Vinyl and aryl halides are unreactive to SN2 substitutions.

(e}
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¢. Changes in the nucleophile.
i.  Any species can act as a nucleophile if it has an unshared electron pair.
If the nucleophile has a negative charge, the product is neutral.
If the nucleophile is neutral, the product is positively charged.
il. The reactivity of a nucleophile is dependent on reaction conditions.
iii. In general, nucleophilicity parallels basicity.
iv. Nucleophilicity increases going down a column of the periodic table.
v. Negatively charged nucleophiles are usually more reactive than neutral
nucleophiles.
d. Changes in the leaving group.
i. In general, the best leaving groups are best able to stabilize negative charge.
1. Usually, the best leaving groups are the weakest bases.
ii. Good leaving groups lower the energy of the transition state.
iv. Poor leaving groups include F, HO™. RO™, and HoN™.
e. Changes in the solvent.
i. Polar, protic solvents slow Sx2 reactions by lowering the reactivity of the
nucleophile .
1. Polar, aprotic solvents raise the ground-state energy of the nucleophile and
make it more reactive.
f. A summary:
1. Steric hindrancie in the substrate raises the energy of the transition state,
increasing AG", and deceasing the reaction rate.
il. Moze reactive nucleophiles have a higher ground-state energy, decreasing
AG", and increasing the reaction rate.
1ii. Good leaving groups decrease the encrgy of the transition state, decreasing

AG", and increasing the reaction rate.

iv. Polar protic solvents solvate the nucleophile, lowering the ground-state
energy, increasing AG”, and decreasing the reaction rate. Polar aprotic
solvents don't solvate the nucleophile, raising the ground-state energy,
decreasing AG™, and deceasing the reaction rate.

B. Sx1 Reactions (Sections 11.6 — 11.9).
1. Background of Sx1 reactions (Scction 11.6).

a. Under certain reaction conditions, tertiary halides are much more reactive than
primary and methyl halides.

b. These reactions must be occurring by a different mechanism.

Kinetics of the Sy reaction (Section 11.7).

a. The rate of reaction of a tertiary alkyl halide with water depends only on the
concentration of the alkyl halide.

b. The reaction is a first order process, with reaction rate = £ x [RX].

c. The rate expression shows that only RX is involved in the slowest, or rate-
limiting, step, and the nucleophile is involved in a different, faster step.

d. The rate expression also shows that there must be at least two steps in the
reaction.

¢. Inan Syl reaction, slow dissociation of the substrate is followed by rapid
reaction with the nucleophile.

3. Stercochemistry of Sy1 reactions (Section 11.8).
a.  An Sy reaction of an enantiomer produces racemic product because an Sy1

reaction proceeds through a planar, achiral intermediate.

t9
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b. Few Sy! reactions proceed with complete racemization.
The ion pair formed by the leaving group and the carbocation sometimes
shields one side of the carbocation from attack before the leaving group can
dilfuse away.

4. Characteristics of the Syl reaction (Section 11.9).

a. Asin Sy2 reactions, factors that lower AG" favor faster reactions.
b. Changes in the substrate.
i. The more stable the carbocation intermediate, the faster the Sy 1 reaction.
ii. Substrates, in order of increasing reactivity: methyl, primary, sccondary and
allyl and benzyl, tertiary.
iii. Allylic and benzylic substrates are also reactive in SN2 reactions.
¢. Changes in the leaving group.
i. The best leaving groups are the conjugate bases of strong acids.
ii. In SyI reactions, water can act as a leaving group.
d. Changes in the nucleophile have no effect on Sr\l reactions.
e. Chanoes in the solvent.
i Po]dr solvents (high dielectric constant) increase the rates of Sx1 reactions.
ii. Polar solvents stabilize the carbocation intermediate more than the reactants

and lower AGt.

iii. Polar solvents stabilize by orienting themselves around the carbocation,
with electron-rich ends facing the positive charge.

f. A summary;

i. The best substrates are those that form stable carbocations.

ii. Good leaving groups lower the energy of the transition state leading to
carbocation formation and increase the reaction rate.

iti. The nucleophile doesn't affect the reaction rate, but it must be nonbasic.

iv. Polar solvents stabilize the carbocation intermediate and increase the reaction
rate.

1I. Elimination reactions (Sections 11.10 — 11.14).
A. Introduction (Section 11.10).

1.

2

3.

In addition to bringing about substitution, a basis nucleophile can also cause
elimination of HX from an alkyl halide to form a carbon—carbon double bond.
A mixture of double-bond products is usually formed. but the product with the
more substituted double bond is the major product.

This observation is the basis of Zaitsev's rule.
Double-bond formation can occur by several mechanistic routes, but at this point,
we will study only two mechanisms.

B. The E2 reaction (Sections 11.11 — 11.13)

1.

General features (Section 11.11).

An E2 reaction occurs when an alkyl halide is treated with strong base.

The reaction occurs in one step, without intermediates.

E2 reactions follow second-order kinetics.

E2 reactions always occur with periplanar geometry.

i. Periplanar geometry is required because of the need for overlap of the \p
orbitals of the reactant as they become n orbitals in the product.

ii. Anti periplanar geometry is preferred because it allows the substituents of
the two reacting carbons to assume a staggered relationship.

iil. Syn periplanar geometry occurs only when anti periplanar geometry isn't
possible.

e. The preference for anti periplanar geometry results in the formation of double
bonds with specific E,Z conformations.

oo oW
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Elimination reactions and cyclohexane conformations (Scction 11.12).

a. The chemistry of substituted cyclohexanes is controlled by their conformations.

b. The preference of antiperiplanar geometry for E2 reactions can be met only if
the atoms to be eliminated have a trans-diaxial relationship.

¢. Neomenthyl chloride reacts 200x faster than menthyl chloride because the
groups to be eliminated are trans diaxial in the most favorable conformation,
and the Zaitsev product is formed.

d. For menthyl chloride, reaction must proceed through a higher energy
conformation, and non-Zaitsev product is formed.

The deuterium isotope effect (Section 11.13).

a. Inareaction in which a C—H bond is cleaved in the rate-limiting step,
substitution of D for —H results in a decrease in rate.

b. Because this effect is observed in E2 reactions, these reactions must involve
C-H bond breaking in the rate-limiting step.

C. The EIl reaction (Section 11.14).

1.

W

W

An El reaction occurs when the intermediate carbocation of an Sy loses H* to
form a C=C bond.

El reactions usually occur in competition with Syl reactions.

El reactions show first-order kinetics.

There is no geometric requirement for the groups to be eliminated, and the most
stable (Zaitsev) product is formed.

No deuterium isotope effect is observed: C—H bond-breaking occurs after the rate-
limiting step.

HI. Summary of reactivity (Section 11.15).
A. Primary halides.

l.

"

Sn2 reaction is usually observed.
E1 reaction occurs if a strong, bulky base is used.

B. Secondary halides.

L.

)

3.

Sn2 and E2 reaction occur in competition.

Strong bases promote E2 elimination.

Secondary halides (especially allylic and benzylic halides) can react by Sy1 and El
routes if weakly basic nucleophiles and protic solvents are used.

C. Tertiary halides.

l.

o]

Under basic conditions, E2 elimination is favored.
Sn1 and EI products are formed under nonbasic conditions.

IV. Substitution reactions in synthesis (Section 11.16).
A. Alkylation of acetylide anions is an Sx2 reaction.

E2 products are formed if the substrate is a secondary or tertiary halide.

B. Preparation of alky! halides from alcohols and HX.

1.

"

Reaction of tertiary alcohols occurs by an Sy1 mechanism.
Reaction of secondary and primary alcohols occurs by an SN2 mechanism.

C. Preparation of alkyl bromides from alcohols and PBrs.

PBr3 converts a poor (-OH) leaving group into a good leaving group, which can be
displaced by Br.
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Solutions to Problems

As described in Practice Problem 11.1, identify the leaving group and the chirality center.
Draw the product carbon skeleton, inverting the configuration at the chirality center, and
replace the leaving group with the nucleophilic reactant.

o]

0 I
Br. H I H  OCCHj

—_—
S] R

Use the suggestions in the previous problem to draw the correct product.

HaC CHj
o \ / _
Ho | Xc Qar — = HO—C>. 4+ B
50 WAR <"H 56
CH,CHg CH,CHg
H CHy Br H H CHg H SH
\/ \l N, \C;
HS™ + (¢} —_— C + Br
HH HH

If back-side attack were necessary for SN2 reaction, a molecule with a hindered back-side
would not be able to react by an SN2 mechanism. In this problem, approach by the
hydroxide ion from the back side of the bromoalkane is blocked by the rigid ring system,
and displacement can't occur.

All of the nucleophiles in this problem are relatively reactive.
a)
CH3CH20H2CH28( + Nal — CHSCH20H2CHzl + NaBr

(b)
CHaCHpCHoCHoBr + KOH ——— CH3CH,CH,CH,OH + KBr

(c)

CHgCHoCHoCHoBr + HC=CT Li* — = CH3CH,CHyCH,C=CH + LiBr

(d)
CHyCHoCHoCHoBr + NHy ———  CHaCHoCHoCHoNH5* BF

(a) (CH3),N™ is more nucleophilic because it is more basic than (CH3);NH and because a
negatively charged nucleophile is more nucleophilic than a neutral nucleophile.

(b) (CH3)3N is more nucleophilic than (CH3)3B. (CH3)3B is non-nucleophilic because it
has no lone electron pair.

(¢) HaS is more nucleophilic than H,O because nucleophilicity increases in going down a
column of the periodic table.
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In this problem, we are comparing two effects — the effect of the substrate and the effect of
the leaving group. Tertiary substrates are less reactive than secondary substrates, which are
less reactive than primary substrates.

Least reactive Most reactive

(CH3)3CCI < (CHS)QCHC| < CH38F < CH3OTOS

tertiary secondary good excellent
carbon carbon leaving  leaving
group group

Energy —— >

Reaction progress —————————>

Polar protic solvents (curve 1) stabilize the charged transition state by solvation and
also stabilize the nucleophile by hydrogen bonding.

Polar aprotic solvents (curve 2) stabilize the charged transition state by solvation, but
do not hydrogen-bond to the nucleophile. Since the energy level of the nucleophile is
higher, AG" is smaller and the reaction is faster in polar aprotic solvents than in polar
protic solvents.

Nonpolar solvents (curve 3) stabilize neither the nucleophile nor the transition state.
AG?™ is therefore higher in nonpolar solvents than in polar solvents, and the reaction rate is
slower.

CH (0]
CH3[CH2)30H{\\ 3 I

S/C—OCCH3
CH3(CH»)3CH
O 3(CH2)3CH, I
CH3(CHa)3CH \"CHs | cugco St
s C—Cl — C + —_— +
/ |
H,CH -
CHoCHg4 + Cl CH,CHg (])| H3(,:/CH2(CH2)SCH3
[
CH3CO—C
A\
CHoCHg

Attack by acetate can occur on either side of the planar, achiral carbocation intermediate,
resulting in a mixture of both the R and S enantiomeric acetates. The ratio of enantiomers is
probably close to 50:50.
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11.10 The S substrate reacts with water to form a mixture of R and § alcohols. The ratio of
enantiomers is close to 50:50.
Br. CH HO CH H,C OH
AW N8 N/
C © + C
S " CH,CHj HoO S " CH,CHgy R CH,CHg

—_—

11,11 If reaction had proceeded with complete inversion, the product would have had a specific
rotation of +53.6°. If complete racemization had occurred, [a];, would have been zcro.
5.3° . -
22 = 099, 9.9% of the original tosylate
+53.0" o
was inverted. The rematning 90.1% of the product must have been racemized.

The observed rotation was +5.3°. Since

11.12 Sn1 reactivity is related to carbocation stability. Thus, substrates that form the most stable
carbocations are the most reactive in Sy1 reactions.

Least reactive Most reactive
Br Br
HoC=CHBr << CHzCHoBr < CH3CI)HCH3 < H2C=CH(|:HCH3
vinylic primary secondary allylic
11.13
Br

| -Br~ + + Br
CH3CHCH=CH, === |:CH3CHCH =CH, = CH;CH =CHCHZEI <= CH3CH=CHCH,Br

The two bromobutenes form the same allylic carbocation.

11.14
Cl

|
CHoCH
©/ \@ 1-Chloro-1,2-diphenylethanc

Nucleophilic substitution of [-chloro-1,2-diphenylethane proceeds via an Sy 1 mechanism
because of stabilization of the carbocation intermediate by the phenyl group at Cl1. In an
Sn1 reaction, the rate-limiting step is carbocation formation; all subsequent steps occur at a
faster rate and do not affect the rate of reaction. After carbocation formation, the rate does
not depend on the identity of the nucleophile that combines with the carbocation. In this
example, F~ and (CH3CH,)3N: react at the same rate.
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11.15 Both substrates have allylic groups and cun react either by a Sy1 or a SN2 route. The
reaction mechanism is determined by the leaving group, the solvent, or the nucleophile.
(a) This reaction probably occurs by a Sy 1 mechanism. HCI converts the poor ~-OH
leaving group into an excellent ~-OHa* leaving group, and the polar solvent stabilizes the
carbocation intermediate, which 1s o resonance-stabilized allylic carbocation.
(b) This reaction takes place in a polar, aprotic solvent. and the nucleophile and leaving
group are both reactive. [tis very likely that the reaction occurs by a Sx2 mechanism.

11.16 The major elimination product in each case has the most substituted double bond.

(a)
Br CHg CHg CHs
CHyCH,CHCHCH; —2252 o CHyCH,CH=CCHy + CHgCH=CHCHCHy
major minor
(trisubstituted double bond)  (disubstituted double bond)
(b)
CHy I CHy CHg cle3 ('3H3 CHs
CHACHCH,G— CHCHg iEc=- N CH3CHCH,G=CCHg + CHyCHCH=CCHCH
CHg CHs CHg
major minor
(tetrasubstituted double bond) (trisubstituted double bond)
?H3 Chg
+ CH3CHCH2|C|:CHCH3
CH,
minor
(disubstituted double bond)
c
(©) ?r
Q—CHCH3 PEEL C>n:CHCH3 + QCH=CH2
major minor
(trisubstituted double bond)  (monosubstituted double bond)
11.17
o H
h\ 1 Br
o4
Rlg (1R.2R)-1.2-Dibromo-1,2-diphenylethanc
Br” | “Ph
H

Convert this drawing into a Newmun projection, and draw the conformation having anti
periplanar geometry for —H and - Br.
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Br
BrRh Ph Ph Br

H H
H

The alkene resulting from dehydrohalogenation is (Z)-1-bromo-1,2-diphenylethylene.

H
|

Ph — Br — C\\
H Ph f|3

Br

11.18 Asin the previous problem, draw the structure, convert it to a Newman projection, and
rotate the groups so that the —H and —Br to be eliminated have an anti periplanar

relationship.
Br Br
HBr HH
\ N 1/ H CHoCHg CHzCHp CHj
C
HaC” ~C”7 TCH,
4\ HsC H HsC H
HaCH CHa H

The major product is (Z)-3-methyl-2-pentene. A small amount of 3-methyl-1-pentene is
also formed.

HiC CH,CH
3™ adieaak

CHaCHp CHs — c=c (£)-3-Methyl-2-pentene
HaC H SN

H CHg

11.19

Br
(CH3)3C (CHg)3C

trans cis

The more stable conformations of each of the two isomers are pictured above; the larger
tert=butyl group is always equatorial in the more stable conformation. The cis isomer reacts
faster under E2 conditions because —Br and —H are in the anti-periplanar arrangement that
favors E2 elimination.
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(b)
() o HyC, CHyCHy
CH3CIJCHQCH3 + Na* SCHy —— o CHCHg + H,C= c
CHg HSC major minor CH3
- + HSCH; + NaCl
?I H3C, CHaCHg
CH3(IJCH2CH3 + Na" "OH —— C=CHCHz + HC=C_
CHg HsC  major minor  CH3

+ H,O + NaCl
The substrate is tertiary, and the nucleophiles are basic. Two elimination products are
expected; the major product has the more substituted double bond, in accordance with
Zaitsev's rule.
(c)
(i)
Cl

. SCH3
+ Na" SCHy — + NaCl

(i)

Cl
[T e — N LT

+ H,0 + NaCl

In (i), the secondary substrate reacts with the good, but weakly basic, nucleophile to yield
substitution product. In (ii), NaOH is a poorer nucleophile but a stronger base, and both
substitution and elimination product are formed.

11.22

H CHa H CHg

st Co H CHSCO ) o\ O /CH3
1 Ff
nt
- CH3 HCHy O

Reaction of the secondary bromide with the weakly basic acetate nucleophile occurs by an
S~2 route, with inversion of configuration, to produce the R acetate.

11.23
CH, HH CHy, HH
I 2y, I 2N
H3C/ S\‘C/ \CHZOH + NaCN ——— H3C/ H\‘Q/ \CHZOH + NaCl
HCl NC H

The S substrate has a secondary allylic chloride group and a primary hydroxyl group. Sx2
reaction occurs at the secondary carbon to give the R cyano product because hydroxide is a
poor leaving group.
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11.24
HCl HCl H
\h \D | E
HC. _CS CHaCHp CHaCH, . C
R G _ C\ NaOH ¢
\ — ‘ . —_— |
CH3CHy H H CHj CHj
+ HO + NaCl

Rotate the left side of the molecule so that the groups to be eliminated have an anti
periplanar relationship. The double bond in the product has an £ configuration.

Additional Problems

11.25 (a) The rates of both Sy 1 and SN2 reactions are affected by the use of polar solvents. Sx1
reactions are accelerated because polar solvents stabilize developing charges in the
transition state. Most Sx2 reactions, however, are slowed down by polar protic
solvents because these solvents hydrogen-bond to the nucleophile and decrease its
reactivity. Polar aprotic solvents solvate nucleophiles without hydrogen bonding and
increase nucleophile reactivity in Sy2 reactions.

(b) Good leaving groups (weak bases whose negative charge can be delocalized) increase
the rates of Sy1 and SN2 reactions.

(¢) A good attacking nucleophile accelerates the rate of an SN2 reaction. Since the
nucleophile is involved in the rate-limiting step of an SN2 reaction. a good attacking
nucleophile lowers the energy of the transition state and increases the rate of reaction.
Choice of nucleophile has no effect on the rate of a Sy1 reaction because attack of the
nucleophile occurs after the rate-limiting step.

(d) Because the rate-limiting step in an Sy2 reaction involves attack of the nucleophile on
the substrate. any factor that makes approach of the nucleophile more difficult slows
down the rate of reaction. Especially important 1s the degree of crowding at the reacting
carbon atom. Tertiary carbon atoms are too crowded to allow Sy2 substitution to occur.
Even steric hindrance one carbon atom away from the reacting site causes a drastic
slowdown in rate of reaction.

The rate-limiting step in an Sy reaction involves formation of a carbocation. Any
structural factor in the substrate that stabilizes a carbocation increases the rate of
reaction. Substrates that are tertiary, allylic. or benzylic react the fastest.

11.26 (a) CH;l reacts faster than CH3Br because I is a better leaving group than Br.

(b) CH3CHol reacts faster with OH™ in dimethylsulfoxide (DMSO) than in cthanol.
Ethanol, a protic solvent, hydrogen-bonds with hydroxide ion and decreases its
reactivity.

(¢) Under the Sy2 conditions of this reaction, CH3Cl reacts faster than (CH3)3CCL
Approach of the nucleophile to the bulky (CH3)3CCl molecule is hindered.

(d) H,C=CHCH,Br reacts faster because vinylic halides such as HyC=CHBr are
unreactive to substitution reactions.
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g g

primary halide

This 1s a SN2 reaction, whose rate depends on the concentration of both alkyl halide and
nucleophile. Rate = k x [RX] x [Nu:7}]

(a) Halving the concentration of cyanide ion and doubling the concentration of alkyl halide
doesn't change the reaction rute.

(b) Tripling the concentrations of both cyanide ion and alkyl halide causes a ninefold
increase in reaction rate.

11.28
s G
CHgCHCOHg  + CHaCHZOH ———= CHyCHCCHg + H
| OCH,CHg

tertiary halide

This is an Sy1 reaction, whose rate depends only on the concentration of 2-iodo-2-
methylbutane. Rate = k x [RX].

(a) Tripling the concentration of alkyl halide triples the rate of reaction.

(b) Halving the concentration of ethanol by dilution with diethyl ether reduces the dielectric
polarization of the solvent and decreases the rate.

11.29
(a)
CHgBr + Na* "C=CH(CHz), ——> CH3C=CH(CH3), + NaBr
Not CHRC=C"Na" + BrCH(CHs),. The strong base CH3zC=C~ brings about
elimination, producing CH3C=CH and H,C=CHCHj.
(b)
CH3CH20H20H28I' + NaCN ——— CH30H2CH2CH20N + NaBr
(c)
H3C—Br + "OC(CHg)3 —— H3C—OC(CHg)3 + NaBr
or
(CHZ)CCl + CHa0H ——> (CHyC—OCH; + HCl + (CHg),C=CH,
(major) (minor)
(d)

CH3CH,CHoBr + excess NHg ———= CH3CH,CHoNHy + NH4 Br™
major
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(e)
+
P: + CHzBr ——— PCH5 Br-

3 3

® OH B

r
CH3 + HBr ———->©<CH3 + H2O

11.30 (a) The difference in this pair of reactions is in the leaving group. Since "OTos is a better
leaving group than ~Cl (see Section 11.5), SN2 displacement by iodide on CH3-OTos
proceeds faster.

(b) The substrates in these two reactions are different. Bromoethane is a primary
bromoalkane, and bromocyclohexane is a secondary bromoalkane. Since SN2 reactions
proceed faster at primary than secondary carbon atoms, Sy2 displacement on
bromoethane is a faster reaction.

(c) Ethoxide ion and cyanide ion are different nucleophiles. Since CN™ is more reactive
than CH3CH,O™ in SN2 reactions, Sy2 displacement on 2-bromopropane by CN™
proceeds at a faster rate.

(d) The solvent in each reaction is different. SN2 reactions in hexamethylphosphoramide
(HMPA) proceed faster than those in other solvents. Thus, Sx2 displacement by
acetylide ion on bromomethane proceeds faster in HMPA than in benzene.

11.31 Because 1-bromopropane is a primary haloalkane, the reaction proceeds by either a SN2 or
E2 mechanism, depending on the basicity and the amount of steric hindrance in the
nucleophile.

(a)
CHacHchzBf + NaNH2 E—— CH30HQCH2NH2 + NaBr

(b)
CH3CH2CHQBT + K* _OC(CH3)3 i CH3CH=CH2 + HOC(CH3)3 + KBr

K* TOC(CHag)s is a strong, bulky base that brings about elimination, not substitution.

(©)
CH3CHQCH2BF + Nal —_— CHSCH20H2| + NaBr
(d)
CH3CHZCH25r + NaCN —_— CH30H2CH2CN + NaBr
(e)
CHCHyCHoBr + Nat "C=CH ——> CH3CH,CH,C=CH + NaBr
()

M H,0
CH3CHoCHoBr ——3—= CHyCHCHoMgBr — 2= CHaCH,CHg
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11.32 To predict nucleophilicity, remember these rules:
1) In comparing nucleophiles that have the same attacking atom, nucleophilicity parallels
basicity. In other words, a more basic nucleophile 1s a more effective nucleophile.
2) Nucleophilicity increases in going down a column of the periodic table.
3) A ncgatively charged nucleophile is usually more reactive than a neutral nucleophile.

More Nucleophilic Less Nucteophilic Reason

(a) “NH» NH4 Rule 1 or 3
(b)  CHzCO0™ H50 Rule T or 3

S F BF BFzis nota
© 3 nuéicophilc
(d) (CH3)3P (CH3)3N Rule 2
() I cr Rule 2
(f) "C=N “OCHjg Reactivity chart,

Section 11.5

11.33 An alcohol is converted to an ether by two different routes in this series of reactions. The
two resulting ethers have identical structural formulas but differ in sign of specific rotation.
Therefore, at some step or steps in these reaction sequences, inversion of configuration at
the chiral carbon must have occurred. Let's study each step of the Phillips and Kenyon
series to find where inversion is occurring.

OH ® OTos
] TosCl |
CHZCHCH, ——>  CH3CHCH,
[alp = +33.0° [elp = +3L.1°
@ l K @ l CH4CH,OH, heat
o K* OCH,CHg

I I
CHacHCHQO CH30H0H2

lalp = -19.9°
@ lCHscstr

OCH,CH
CH3CHCH,
lalp = +23.5°
In step 1, the alcohol reacts with potassium metal to produce a potassium alkoxide. Since

the bond between carbon and oxygen has not been broken, no inversion occurs in this
step.
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The potassium alkoxide acts as a nucleophile in the Sx2 displacement on CH3CH;Br in
step 2. It is the C-Br bond of bromoethane, however. not the C-O bond of the alkoxide.
that is broken. No inversion at the carbon chirality center occurs in step 2.

The starting alcohol reacts with tosyl chloride in step 3. Again, because the O-H bond.
rather than the C-O bond, of the alcohol is broken, no inversion occurs at this step.

Inversion does occur at step 4 when the “"OTos group is displaced by CH3CH,OH. The
C-0 bond of the tosylate (<OTos) is broken, and a new C-O bond is formed.

Notice the specific rotations of the two enantiomeric products. The product of steps 1
and 2 should be enantiomerically pure because neither reaction has affected the C-O bond.
Reaction 4 proceeds with some racemization at the chirality center to give a smaller
absolute value of [«]p.

11.34 () Substitution does not take place with secondary alkyl halides when a strong, bulky base
is used. Elimination occurs instead, and produces H,C=CHCH,>CHj3 and
CH3;CH=CHCH;.

(b) Fluoroalkanes don't undergo Sx2 reactions, and no reaction occurs.

(c) SOC)5 in pyridine converts primary and secondary alcohols to chlorides by an Sx2
mechanism. 1-Methyl-1—cyclohexanol is a tertiary alcohol, and does not undergo Sx2
substitution. Instead, E2 climination occurs to give |-methylcyclohexene.

11.35 Syl reactivity:

Least reactive Most reactive
(@) NH, C|3H3 HaC, CHg
CHgCH,CHCHg < HeC—C—0l < Cg
CHj
(b) most stable carboction
(CH3)3COH < (CH3)3CF < (CHz)3CBr
best leaving group
) Br
CH,Br C|)HCH3 CBr
< <

3
most stable carboction
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11.38 After 50% of the starting material has reacted, the reaction mixture consists of 50% (R)-2-
bromooctane and 50% (S)-2-bromooctane. At this point, the R starting material is
completely racemized.

H H
HaCy\\ S / ,CH

B o+ N o Br—C: 5. &
CgHia CeHiz

11.39

Q: OCH3
+ CH3I —_— O/ +

This is an excellent method of ether preparation because iodomethane is very reactive in
Sx2 displacements.

[ OCHg
+ CHao _— O/ @ + CHSOH

Reaction of a secondary haloalkane with a basic nucleophile yields both subsmution and
climination products. This is a less satisfactory method of ether preparation.

11.40

CHy
H,C”  “CHp

HoC_ .. 0O PR
2 \?!: .+ H :0CHg
Methoxide removes a proton from the
hydroxyl group of 4-bromo-1-butanol. M
/CH2\
HoC CHy
| | |+ HOCHg
HC2 o 0
(B
Sy2 displacement of Br~ by O~ L

yields the cyclic ether tetrdh)droturan.
CHp_
HC” TCHp om
/ + Br:
HC—0: h
CH30CH,CHoCHoCHLO0H s also formed. Tetrahydrofuran
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11.41
BrCH,CHoBr + 2 NaOH —— HOCH,CH,OH + 2 NaBr

OH Br (0]
- ~N YN
H2C CH2 2 Nat -OCH3 HzT CH2 + 2 NaBr
s
H2C CH2 H20\ /CH2 + 2 HOCH3
SoH B o)
1,4-Dioxane

11.42 The first step in an Sy1 displacement is dissociation of the substrate to form a planar,
sp —hybndlzed carbocation and a leaving group. The carbocation that would form from
dissociation of this haloalkane can't become planar because of the rigid structure of the rest
of the molecule. Because it's not possible to form the necessary carbocation, an Sy1
reaction can't occur.

11.43
] Cl

H Ph H Ph
H H
A B

Both Newman projections place -H and ~Cl in the correct anti periplanar geometry for E2
climination.

Either transition state A* or B¥ can form when I-chloro-1,2-diphenylethane undergoes E2
elimination. Crowding of the two phenyl groups in T.S. A* make this transition state (and
the product resulting from it) of higher energy than transition state B*. Formation of the

product from B¥ is therefore favored and trans-1,2-diphenylethylene is the major product.
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HaC CHg HaC, CH
[ HOAc  °A /73
CH4CHCBr r— C=C
| heat / \
CH,CHg HsC CHaCHg

The alkene shown above has the most highly substituted double bond, and, according to
Zaitsev's rule, is the major product. The following minor products may also form. Smaller
amounts of these products form, either because they have less substituted double bonds or
because of steric strain.

CHz ChHg CHg
H
CHC M CHiCH s CHiCH M
C=C¢C c=cC, =q
/ \ / \ / \
HaC CHj HaC H CHiCH, H
} HiC—_OTo Phe 2 °° cH
HaCm A «OT
3Cmc «OTos Ph CHy 3
s |R — =
C %
Ph™ ¥ ~CHj4 HaC it
o H
H H

Draw a Newman projection of the tosylate of (2R,3S)-3-phenyl-2-butanol, and rotate the
projection until the -OTos and the —H on the adjoining carbon atom are anti periplanar.
Even though this conformation has several gauche interactions, it is the only conformation
in which —OTos and —H are 180° apart.

_ o ~
ot QTos
0s
Ph ! HC H
s og  |Pn CH, S
HaC H — I
HaC H g . G
H H (Z)-2-Phenyl-2-butene
OFEt
L 5— 4

Elimination yields the Z isomer of 2-phenyl-2-butene. Refer to Chapter 6 for the method of
assigning £, Z designation.



244 Chapter 11

11.46 By the same argument used in the previous problem, you can show that elimination from
the tosylate of (2R,3R)-3-phenyl-2-butanol gives the E-alkene.

H
: oT C OTos HaC SUes Ph
H3C;CI;R4 o0s Hsd"s Sh 3
R = =
Hae™ §~pPh HaC H
}:i H
H H
. 5 -
or OTos
0s
H,C Ph : HiC H
Y “OEt  |HsC Ph e
HaC H - I
p y c
HsC ! HaC” Ph
H H (E)-2-Phenyl-2-butene

OEt

L 5

The (25,3S) isomer also forms the E-alkene; the (25,3R) isomer yields Z—alkene.
11.47
cis
trans diaxial

H 4\)
2 r
CHs ring KOH H
Br fli H
H 1 2 H CHs
H H CHj

E2 reactions require that the two atoms to be eliminated have a trans diaxial relationship.
Since it's impossible for bromine and the hydrogen at C2 to be trans diaxial, elimination
occurs in the opposite direction to yield 3-methylcyclohexene, the non-Zaitsev product.
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HOOC H HOOC H
Il I
€ ©

¢~ ~CcooH Hooc” ~ai

(7)-2-Chloro-2-butene-1 4-dioic acid (£)-2-Chloro-2-butene-1 4-dioic acid

Hydrogen and chlorine are anti to each other in the Z isomer and are syn in the /2 isomer.
Since the Z isomer reacts fifty times faster than the I isomer, elimination must proceed
more favorably when the substituents to be chminated are anti to one another. This is the
same stereochemical result as occurs in E2 eliminations of alkyl halides.

Since 2-butanol is a secondary alcohol, substitution can occur by either an SN or SN2
route, depending on reaction conditions. Two factors favor an Syt mechanism in this case.
(1) The reaction is run under solvolysis (solvent as nucleophile) conditions in a polar,
protic solvent. (2) Dilute acid converts a poor leaving group (TOH) into a good leaving
group (OHa»), which dissociates easily.

(i)HzCH3
M ~oH
. 4 HaC
Prou')nuuon of the Hz0"
hydroxyl oxygen..
i (|:H20H3 ]
,—C\ + HoO
OHo 2
is followed by loss of "{3C U
water to form a planar N
carbocation. —Hy0
SHaCHg
Attack of water from
either side of the planar H20 /NCK\ OH2
carbocation yields A//f H CH3 \\\\
racemic product.
(IJH20H3 (|3H20H3
+
HQO/C‘ H"7 L~ T OH,
CHg H3C
Nt B
C|H20H3 C|)H20H3
R S
HO/C“ “H H‘}C\OH
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11.53 The chiral tertiary alcohol (R)-3-methyl-3-hexanol reacts with HBr by an Sy1 pathway.
HBr protonates the hydroxyl group, which dissociates to yield a planar, achiral
carbocation. Attack by the nucleophilic bromide anion can occur from either side of the
carbocation to produce (+)3-bromo-3-methylhexane.

11.54 Since carbon-deuterium bonds are slightly stronger than carbon-hydrogen bonds, more
energy 1s required to break a C—D bond than to break a C—H bond. In a reaction where
cither a carbon-deuterium or a carbon-hydrogen bond can be broken in the rate-limiting
step, a higher percentage of C—H bond-breaking occurs because the energy of activation
for C-H breakage is lower.

53— 5~
Br Br
[} [}
1 1
] ]

H— Ph Ph— D
H H H H
] 1
1 1]

D H
; :
OC(CHa3)3 OC(CH3)3

5 5-
Al B#

Transition state A¥ is of higher energy than transition state B because more energy is
required to break the C-D bond. The product that results from transition state B* is thus
formed in greater abundance.

L
—
wn
]

One of the steric requirements of E2 elimination is the need for periplanar geometry, which
optimizes orbital overlap in the transition state leading 1o alkene product. Two types of
periplanar arrangements of substituents are possible — syn and anti.

A model of the deuterated bromo compound shows that the deuterium, bromine. and
the two carbon atoms that will constitute the double bond all lie in a plane. This
arrangement of atoms leads to syn elimination. Even though anti elimination is usually
preferred, it doesn't occur for this compound because the bromine, hydrogen, and two
carbons can’t achicve the necessary geometry.

11.56

A B
Cl Cl

We concluded in Problem 11.55 that E2 elimination in compounds of this bicyclic structure
occurs with syn-periplanar geometry. In compound A, -H and —Cl can be eliminated via
the syn-periplanar route. Since neither syn nor anti-periplanar elimination is possible for

B, climination occurs by a slower, El route.
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11.57

11.58
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(a) Br HsCH, H
| . CHaCH, HoG  H HsC CHa
CH3CH,CHCHy ———= c=¢q + C=C + C=0
H H H CH; H H
(b)
HoC=CHB, like other vinylic organohalides, does not undergo nucleophilic
substitutions.
© H
Cl
H

This alkyl halide gives the less substituted cycloalkene (non-Zaitsev product). Elimination
to form Zaitsev product is not likely to occur because the —=Cl and —H involved cannot
assume the anti-periplanar geometry preferred for E2 elimination.

(d)

o
(CH3)SC_OH + HCI —O——> (CH3)3C—C| + H20
Cl Cl H Cl H Cl
Cl el Cl &l Cl <!
H i cl H ol H
Cl Cl Cl Cl H Cl
H H H H H H
H 1 H H 2 H Cl 3 H
H Cl H Cl
H Cl H Cl
Cl H cl H
Cl Cl H Cl
¢ H o
H 4 H Cl 6 H
H Cl H H
c Cl H Cl
cl H cl c
H H Cl Cl
H H g W
Cl 7 Cl H 8 H

Diastereomer 8 reacts much more slowly than other isomers in an E2 reaction. No pair of

hydrogen and chlorine atoms can assume the anti-periplanar orientation preferred for E2
elimination.
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11.59 Build molecular models of triethylamine and quinuclidine. A model of the most stable
conformation of triethylamine shows that the ethyl groups interfere with approach of the
nitrogen lone pair electrons to iodomethane. In quinuclidine, however, the hydrocarbon
framework is rigidly held back from the nitrogen lone pair. It is sterically easier for
quinuclidine to approach methyl iodide, and reaction therefore occurs at a faster rate.

11.60 The two pieces of evidence indicate that the reaction proceeds by an SN2 mechanism: SN2
reactions proceed much faster in polar aprotic solvents such as DMF, and methyl esters
react faster than ethyl esters. This reaction is an SN2 displacement on a methyl ester by
todide ion.

N i i
= . )
c 5= 5—C ©
r\CHa—O/ —=| I-=-CHz--0" — 07
.
ICH,

Other experiments can provide additional evidence for an SN2 mechanism. We can
determine if the reaction is second-order by varying the concentration of Lil. We can also
vary the type of nucleophile to distinguish an SN2 mechanism from an Sy1 mechanism,
which does not depend on the identity of the nucleophile.

11.61 Because Cl7 is a relatively poor leaving group and acetate is a relatively poor nucleophile, a
substitution reaction involving these two groups proceeds at a very slow rate. I, however,
is both a good nucleophile and a good leaving group. 1-Chlorooctane thus reacts
preferentially with iodide to form l-iodooctane. Only a small amount of 1-iodooctane is
formed (because of the low concentration of iodide ion), but 1-iodooctane is more reactive
than I-chlorooctane toward substitution by acetate. Reaction with acetate produces 1-octyl
acetate and regenerates iodide ion. The whole process can now be repeated with another
molecule of 1-chlorooctane. The net result is production of 1-octyl acetate, and no iodide is
consumed.
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11.62 Two optically inactive compounds are possible for compound X. The racemates of these
compounds are also correct answers.
H H Br

N CCHuCHC

H H 1ar
@ @ " @'CHZ
m('m me. s() :

strong base

HC=CHCH =CH CH,CH,CH,CH,
- ¥3
lz. Zn, H30* 0
I
C
xR “H
cC—C + 2
/ \
H H z
11.63
- 5 -
GHa ¥ c.
H Ph
Brgé;Ph - CHaCH, CHa -
s) — HAC Ph _ Il
S C ~,, Elimination 3 N
CHaCHp™ T “CHj | CH3CH;  CHs
H H
(2R.35)-2-Bromo-3-methyl- é (E)-3-Methyl-2-
2-phenylpentane I_ ;SG phenyl-2-pentene

The (2S,3R) isomer also yields £ product.
11.64

KTOSDCI v/\ :'C'l'_

CHO—H CHy @Tos CH,CI
pyridine. O “OTos
yridi
+ Pyr:H*

At lower temperatures, a tosylate is formed from the reaction of p-toluenesulfonyl chloride
and an alcohol. The new bond is formed between the toluenesulfonyl group and the
oxygen of the alcohol. At higher temperatures, the chloride anion can displace the -OTos
group, which is an excellent leaving group, to form an organochloride.
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11.65
Br. H . H H HO H
#§ (@ ,'/\‘ _ .o LA
_OH NaOH _o: Ll )\ _O:
C —_—> c G —_— c”
I Il [l l
o) o) \._o© )
HO:
o |
HO H
__OH
C re
I
o}
Two inversions of configuration equal a net retention of configuration.
11.66
HsC  CH
HSC\C/CH3 Icl: CFCOH | eryc00 ’ \C’F\ig R
e — 00 +
HaC/ \O/ \I?I/ P E— 3 H3C/ \O \’T/
H protonation H
departure of
leaving group
CF3COOH + M Base
/\L |OH
H3C | +
\ .C R
C=CH, removal of H3C\<:CH2 o I?I 4
4 roton b C+
HsC Ease Y HaC™ H

This reaction proceeds by an E1 mechanism.

A Look Ahead

11.67
HO H
HC{ Pr rotate \ /»CH3 Rotate around the C-C
-C—C- --C—C bond so that -OH and
- - 0 H
:aol \H G H3Cl \Br —Brare 180° apart.

H—O: H Hel
U1 /,CH3 2 ;H»CHa A
-C—C — .-C—C — .-C—C-.
H 4 \ 4 \ H e » H
H3C Br H¢ Cogr st 9
removal * HO  S\2displacement  + B~
of proton of -Br~ by -O~

This reaction is an intramolecular Sx2 displacement.
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11.68
Hecn _~.-CH Br
c=cC 3 2
HaC” “H H,0
11.69
CH3CH,CHoCHoCHoNH,

.
CHgCHoCH,CHoCHoN(CHg)g

HQ  CHy
_}: _C'A H
H 4 \
H3C Br

excess CHal
_

AgZO, H2O
e

/o\
NaOH
— -C—C.
H ¢ ~ CH
Ethanol HaC q o
+ Br-

.
CHaCHyCHoCHoCHoN(CHg)3 1~

CHaCH,CH,CH=CH, + :N(CHg)3

The intermediate is a charged quaternary ammonium compound that results from Sy2
substitutions on three CH3l molecules by the amine nitrogen. E2 elimination occurs
because the neutral N(CHj3)3 molecule is a good leaving group.

Molecular Modeling

11.70 The transition state in the SN2 reaction of CI™ and CH3Br has a CI-C-Br bond angle of
180° and is closest to ideal. In the other reactions with CI7, the bond angle changes from
164° (CH3CH;Br) to 158° ((CH3),CHBr) to 147° ((CH3)3;CCH,Br). These distortions of
bond angle are due to steric repulsions between methyl hydrogens and Cl and Br. The
reacting atoms in the transition state of the reaction of CI™ with (CH3)3Br have a linear
relationship, but the C—CI and C-Br distances are much longer than in the transition state

of the reaction of CI~ with CH3Br.

11.71 Water is the only one of these solvents that has a positive atom (H) that can cluster around
the negatively charged nucleophile and solvate it, lowering its energy and slowing the rate
of reaction. All three solvents have negative atoms that can solvate K*. Both DMSO and
acetonitrile should promote rapid reaction because they solvate only cations, leaving the
nucleophilic anion unsolvated and reactive.






Review Unit 4: Stereochemistry; Alkyl Halides;

Substitutions and Eliminations

Major Topics Covered (with vocabulary):

Handedness:
stereoisomer enantiomer chiral plane of symmetry achiral chirality center
plane-polarized light optically active levorotatory specific rotation

Stereoisomers and configuration:
configuration absolute configuration diastercomer meso compound racemate resolution
Fischer projection

Stereochemistry of reactions.

Alky! halides:
allylic position delocalization Grignard reagent  Gilman reagent

Oxidation and reduction in organic chemistry:
oxidation reduction

Substitution reactions:

nucleophilic substitution reaction  Walden inversion reaction rate kinetics second-order
reaction rate constant Sn2 reaction nucleophilicity leaving group solvation Syl reaction
first-order reaction rate-limiting step ion pair dielectric polarization

Elimination reactions:
Zaitsev's rule  E2 reaction syn periplanar geometry anti periplanar geometry
deuterium isotope effect El reaction

Types of Problems:
After studying these chapters, you should be able to:

— Calculate the specific rotation of an optically active compound.

— Locate chirality centers, assign priorities to substituents, and assign R,S designations to
chirality centers.

— Given a stereoisomer, draw its enantiomer and/or diastereomers.

— Locate the symmetry plane of a meso compound.

— Manipulate Fischer projections to see if they are identical.

— Assign RS designations to Fischer projections.

—  Predict the stereochemistry of reaction products.

— Draw, name, and synthesize alkyl halides.

—  Understand the mechanism of radical halogenation and the stability order of radicals.
—  Prepare Grignard reagents and dialkylcopper reagents and use them in synthesis.

— Predict the oxidation level of a compound.
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Formulate the mechanisms of Sx2. Sx1 and elimination reactions.

Predict the effect of substrate, nucleophile, leaving group and solvent on substitution and
elimination reactions.

Predict the products of substitution and elimination reactions.

Classify substitution and elimination reactions by type.

Points to Remember:

A helpful strategy for assigning R,S designations: Using models, build two enantiomers by
adding four groups to each of two tetrahedral carbons. Number the groups 14, to represent
priorities of groups at a tetrahedral carbon, and assign a configuration to each carbon. Attach a
label that indicates configuration to each enantiomer. Keep these two enantiomers, and use
them 10 check your answer every time that you need to assign R.S configurations to a chiral
atom.

In naming alkyl halides by the IUPAC system, remember that a halogen is named as a
substituent on an alkane. When numbering the alkyl halide, the halogens are numbered in the
same way as alkyl groups and are cited alphabetically.

The definition of oxidation and reduction given in Chapter 10 expands the concept to reactions
that you might not have considered to be oxidations or reductions. As you learn new reactions,
try to classify them as oxidations, reductions or neither.

Predicting the outcome of substitutions and eliminations is only straightforward in certain
cases. For primary halides, Sx2 and E2 reactions are predicted. For tertiary halides, Sx1, E2
and E1(10 a certain extent) are the choices. The possibilities for secondary halides are more
complicated. In addition, many reactions yield both substitution and elimination products, and
both inversion and retention of configuration may occur in the same reaction.

Self-Test:

m

H3

N CHoCH(CHg)p
H HO :
H B
Ubenimex Epiandosterone
(an antitumor drug) (an androgen)

Assign R,S designations to the chiral carbons in A. Indicate the chirality centers in B. How
any possible sterecisomers of B are there?
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C|H3 ?HZCH3
CH3CH2CH(i7HCH3 HCEC?CH=CHC|
Br OH
c D

Ethchlorvynol
(a sedative)

Name C. Draw all stereoisomers of C, label them, and describe their relationship. Predict the
products of reaction of C with:(a) NaOH; (b) Mg, then H>O; (c) product of (b) + Bry, iv (show
the major product); (d) (CH3CH,),CulL.i.

Draw the R enantiomer of D). Predict the products of reaction of D with: (a) HBr; (b) product
of (a) + aqueous ethanol. Describe the reactivity of the —~Cl atom in substitution and elimination
reactions.

Multiple Choice:
1. A meso compound and a racemate are identical in all respects except:

(a) molecular formula  (b) degree of rotation of plane-polarized light

(c) connectivity of atoms  (d) physical properties

2. Which of the following Fischer projections represents an R enantiomer?

(®  CooH (b) g © cooH (d) CHy
H30+Br H3C+COOH H+CH3 H+Br
H H Br COOH

3. Inthe reaction of (2R,35)-3-methyl-2-pentanol with tosyl chloride, what is the configuration
of the product?
(a) a mixture of all four possible stereoisomers (b) (2R,35) and (25,3S5) (c) (2R,3S)
(d) (25.35)

4. Monochlorination of 2,3-dimethylbutane yields what percent of 2-chloro-2,3-
dimethylbutane?
(a) 16% (b)35% (c)45% (d) 55%

5. How many monobromination products can be formed by NBS bromination of 2-ethyl-1-
pentene? Include double-bond isomers.
(@3 ()4 (©)5 o

6.  Which of the following reactions is an oxidation?
(a) hydroxylation (b) hydration (c) hydrogenation (d) addition of HBr

7. All of the following are true of SN2 reactions except:
(a) The rate varies with the concentration of nucleophile (b) The rate varies with the type of
nucleophile (c) The nucleophile is involved in the rate-determining step (d) The rate of the
SN2 reaction of a substrate and a nucleophile is the same as the rate of the E2 reaction of the
same two compounds.






Chapter 12 - Structure Determination.
Mass Spectrometry and Infrared Spectroscopy

Chapter Outline

I. Mass Spectrometry (Sections 12.1 — 12.4),
A. General features of mass spectrometry (Section 12.1).
1. Purpose of mass spectrometry.

d.

b.

o

b.
cH

d.

€.

Mass spectrometry is used to measure the molecular weight of a compound.
Mass spectrometry can also provide information on the structure of an unknown
compound.

Technique of mass spectrometry.
a.

A small amount of vaporized sample is bombarded by a stream of high-energy
clectrons.

An electron is dislodged, producing a cation radical.

Most of the cation radicals fragment; the fragments may be positively charged or
neutral.

A strong magnetic field deflects the positively charged fragments, which are
separated by m/z ratio.

A detector records the fragments as peaks.

3. Important terms.

a.

b.
c

The mass spectrum is presented as a bar graph, with masses (m/z) on the x axis
and intensity on the y axis.
The base peak is the tallest peak and is assigned an intensity of 100%.
The parent peak, or molecular ion (M), corresponds to the unfragmented cation
radical.

In large molecules, the base peak is often not the molecular ion.

B. Interpreting mass spectra (Sections 12.2 — 12.4).
1. Molecular weight (Section 12.2).

a.

b.

C.

Mass spectra can frequently provide the molecular weight of a sample.

i. Double-focusing mass spectrometers can provide mass measurements
accurate (0 0.0001 amu.

ii. Some samples fragment so easily that M* is not seen.

If you know the molecular weight of the sample, you can often deduce its

molecular formula.

There is often a peak at M+1 that is due to contributions from '*C and *H.

2. Fragmentation patterns of hydrocarbons (Section 12.3).

a.

b.

Fragmentation patterns can be used to identify a known compound, because a

given compound has a unique fragmentation "fingerprint".

Fragmentation patterns can also provide structural information.

i.  Most hydrocarbons fragment into carbocations and radicals.

il. The positive charge remains with the fragment most able to stabilize it.

ii. Itis often difficult to assign structures to fragments.

iv. For hexane, major fragments correspond to the loss of methyl, ethyl,
propyl, and butyl radicals.

3. Fragmentation patterns of common functional groups (Section 12.4).

a.

Alcohols.
i.  Alcohols can fragment by alpha cleavage, in which a C—C bond next to the
—OH group is broken.
The products are a cation and a radical.
ii. Alcohols can also dchydrate leaving an alkene cation radical with a mass 18
units less than M*.
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b. Amines also undergo alpha cleavage, forming a cation and a radical.
c. Carbonyl compounds.
i. Aldehydes and ketones with a hydrogen 3 carbons from the carbonyl group
can undergo the McLafferty rearrangement.
The products are a cation radical and a neutral alkene.
ii. Aldehydes and ketones also undergo alpha cleavage, which breaks a bond
between the carbonyl group and a neighboring carbon.
The products are a cation and a radical.

II. Spectroscopy and the electromagnetic spectrum (Section 12.5).
A. The nature of radiant energy.

l.

The different types of electromagnetic radiation make up the electromagnetic
spectrum.

2. Electromagnetic radiation behaves both as a particle and as a wave,
3.

Electromagnetic radiation can be characterized by three variables.

a. The wavelength (1) measures the distance from one maximum to the next.

b. The frequency (v) measures the number of wave maxima that pass a fixed point
per unit time.

c. The amplitude is the height measured from the midpoint to the maximum.

. Wavelength times frequency equals the speed of light.
. Electromagnetic energy is transmitted in discrete energy bundles called quanta.

a. e=hxv
b. Energy varies directly with frequency but mversely with wavelength.
¢. E=1.20x 10%kJ/mol + A (cm) for a "mole" of photons.

B. Electromagnetic radiation and organic molecules.

1.

3.
4.

When an organic compound is struck by a beam of electromagnetic radiation, it
absorbs radiation of certain wavelengths, and transmits radiation of other
wavelengths.

. If we determine which wavelengths are absorbed and which are transmitted, we can

obtain an absorption spectrum of the compound.

For an infrared spectrum:

i. The horizontal axis records wavelength.

ii. The vertical axis records percent transmittance.

iii. The baseline runs across the top of the spectrum.

iv. Energy absorption is a downward spike.
The energy a molecule absorbs is distributed over the molecule.
There are many types of spectroscopies that differ in the region of the
electromagnetic spectrum that is being used.

II1. Infrared Spectroscopy (Sections 12.6 — 12.9).
A. Infrared radiation (Section 12.6).

il

The m_tfrared (IR) region of the electromagnetic spectrum extends from 7.8 x 10~ m

to 107 m.

a. Organic chemists use the region from 2.5 x 10°°m t0 2.5 x 10° m

b. Wavelength is usually given in um, and frequency is expressed in wavenumber,
which is the reciprocal of wavelength.

c. The useful range of IR radiation is 4000 cm™' — 400 cm™; this corresponds to
energies of 48.0 kJ/mol — 4.80 kJ/mol.

. IR radiation causes bonds to stretch and bend and causes other molecular

vibrations.

. Energy is absorbed at a specific frequency that corresponds to the frequency of the

vibrational motion of a bond.
If we measure the frequencies at which IR energy is absorbed, we can find out the
kinds of bonds a compound contains and identity functional groups.
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B. Interpreting IR spectra (Sections 12.7 — 12.9).
1. General principles (Section 12.7).

a.

Most molecules have very complex IR spectra.

i. This complexity means that cach molecule has a unique fingerprint that
allows it to be identified by IR spectroscopy.

ii. Complexity also means that not all absorptions can be identified.

. Most functional groups have characteristic IR absorption bands that don't

change from one compound to another.

. The s1gmt1cdnt regions of IR absorptions :

1. 4000 em™1-2500 cm™! corresponds to absorptions by C-H, O-H, and
N-H bonds.
ii. 2500 cm™'-2000 cm™ corresponds to triple-bond stretches.
iii. 2000 cm™-1500 cm™ corresponds to double bond stretches.
iv. The region below 1500 cm™!is the fingerprint region, where many complex
bond vibrations occur.

. The frequency of absorption of different bonds depends on two factors:

1. The strength of the bond.
ii. The difference in mass between the two atoms in the bond.

2. Interpreting IR spectra of hydrocarbons (Section 12.8).

a.

Alkanes.

i. C—C absorbs at 800-1300 cm™".

ii C—H absorbs at 2850-2960 cm™".
Alkenes.

i. =C-H absorbs at 3020-3100 cm™!
ii. C=C absorbs at 1650-1670 cm™".
iti. RCH=CH> absorbs at 910 and 990 cm™’
iv. RyC=CH, absorbs at 890 cm™
Alkynes.

i, ~C=C- absorbs at 2100-2260 cm™
ii. =C-H absorbs at 3300 cm™.

3. Interpreting IR spectra of some other functional groups.

a.
b.
c.

The alcohol O~H bond absorbs at 34003650 cm™!

The N-H bond of amines absorbs at 3300-3500 cm™.

Aromatic compounds.

i. =C-H absorbs at 3030 cm™".

ii. Ring absorptions occur at 1660—2000 cm™ and at 1450-1600 cm™

Carbonyl compounds.

i.  Sawrated aldehydes absorb at 1730 cm™'; unsaturated aldehydes absorb at
1705 cm™!

1. Saturated ketones absorb at 1715 cm‘l; unsaturated ketones absorb at 1690
cm™.

iii. Saturated esters absorb at 1735 cm'l; unsaturated esters absorb at 1715
cm
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Solutions to Problems

The following systematic approach may be helpful.

(a) M* =86
1. Find the compound of molecular weight 86 that contains only C and H. In Practice

Problem 12.1, a useful technique is described. First, divide the molecular weight of
the compound by 12 (the molecular weight of carbon). 86 <+ 12 = 7 (remainder 2).
The simplest hydrocarbon formula is C7Ho.

. Replace one carbon with 12 hydrogens to generate the next formula, C¢H 4.
Remember that a hydrocarbon with n carbon atoms can have no more than 2n + 2
hydrogen atoms. We have thus listed all hydrocarbon formulas.

3. Find the formula corresponding to M* = 86 that contains carbon, hydrogen, and
one oxygen atom. If one oxygen atom (atomic weight = 16) is added to the base
formula from step 1, one carbon atom (atomic weight 12) and four hydrogen atoms
(atomic weight 4) must be removed.Since the formula in Step 1, however, has only
2 hydrogens, we must apply this technique to the formula in Step 2.The resulting
formula is CsH(O.

4. Proceed to find the remaining molecular formulas. Each time one oxygen is added,
one carbon and four hydrogens must be removed. The remaining formulas for M*
= 86 are C4HyO5 and C3H,05.

(897

(b) M* = 128. The procedure is the same as in part (a). Two hydrocarbons having M* =
128 are CoHyg and CgHg. The formulas containing one oxygen are CgH;,0 and
CoH40. The remaining formulas are C7H120,, C¢HgO3, CsH4O4.

(¢c) M* = 156. Possible formulas are CyjHay, C2H|2, C11HgO, C1gH200, CoH;05,
CoH 03, CgH 203, C7HgO4, CgH40s5.

Use the method described in Problem 12.1(a). The hydrocarbons having M* = 218 are
Ci6Hag and C7H 4 (CigHa is also possible, but unlikely). Since nootkatone also contains
oxygen, we must consider only those formulas that include oxygen. Using the previous
procedure, we can determine that C15H230, C]4H|802, Ci13H 1403, C12H 1904,

Cy1HgOs, C16H o0 and CsHeO; are possible formulas for nootkatone. The actual
formula of nootkatone is C;5H»,0.

CHg
/

CHgCH,CH=C_ CH3CHoCHoCH=CHCHg
CHg

2-Methyl-2-pentene 2-Hexene

Fragmentation occurs to a greater extent at the weakest carbon-carbon bonds, and the
positive charge remains with the fragment that is more able to stabilize it. A table of bond-
dissociation energies (Table 5.4) shows that allylic bonds have lower bond-dissociation
energies than the other bonds in these two compounds. Thus, the principal fragmentations
of these compounds yield allylic cations.

CHj
+ / +
CH,CH "—"C\ CH,CH=CHCH3

m/z =069 CHs m/7 =55
Spectrum (b), which has m/z = 55 as its base peak, corresponds to 2-hexene. Spectrum
(a), which has an abundant peak at m/z = 69, corresponds to 2-methyl-2-pentene.
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In a mass spectrum, the molecular ion is both a cation and a radical. When it fragments,
two kinds of cleavage can occur. (1) Cleavage can form a radical and a cation (the species
obscrved in the mass spectrum). Alpha cleavage shows this type of pattern. (2) Cleavage
can form a neutral molecule and a different radical cation (the species observed in the mass
spectrum). Alcohol dehydration and the McLatferty rearrangement show this cleavage
pattern.

(@)
+ +
i Alpha
HsC_C—f’CHchzCHS m HaC'—C + . CHchcha
M+ = 86 o m/z =43
+o <
| Alpha Il
HSCTC_CHZCHZCH:i —_— HaC' + C_CHchcha
cleavage
M+ =86 m/z =71

In theory, alpha cleavage can take place on cither side of the carbonyl group, to produce
the cations with m/z =43 and m/z = 71. In practice, cleavage occurs on the more
substituted side of the carbonyl group, and the first cation, with m/z = 43 is observed.

b . o0
(b) ol -

Dehydration + H0
—_——

M+ =100 m/z =82

Dehydration of cyclohexanol produces a cation radical with m/z = 82.

(c) He "
H s
.. H\ _HY P 2
&5 0 MecLafferty O 9 Ho,CZ ™ Y CHy
—_— =
CH3CHCH,CCHg| rearrangement Ha TCLC e m/z =58
C CH +
M+ = 100 LA
H H ﬁHz
c

The cation radical fragment resulting from McLafferty rearrangement has m/z = 58.
(d)

H,CHy T+ CH,CHg
H3C ; CH, —N—CH,CH ___»Alpha HsC* + | CH —I‘I\I—CH CH
- .

w2 =4 cleavage S 2 “m

M+ =101 m/z =86

Alpha cleavage of the above amine yields a cation with n/z = 86.
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At first glance, we know that: (1) energy increases as wavelength decreases, and (2) the
wav ulcnolh of X-radiation is smaller than the wavelength of mlrarcd radiation. Thus, we
estimate that an X ray is of higher energy than an infrared ray.
An exact solution: X
E=hv=helhi h=662x 107 s ¢=3.00x 10° s

fori = 10 > m (infrared radiation):
(6.62 x 1074 1) (3.00 x 10° ms)

1.0x 10°m

= =20x10719]

forA=3.0x 107 m (X radiation):

(6.62 x 103 15)(3.00 x 10% s
3.0x 10 m

E = = 6.6x 107171

Confirming our estimate, the calculation shows that an X ray is of higher energy than
infrared radiation.

First, convert radiation in m to radiation in Hz by the equation:

zﬂ(.),",,l‘q [n/,S = 33x 1013 Hz

¢

vV = —

A 9.0x 10°m

The equation E = hv 5hows lhdl the greater the value of v, the greater the energy. Thus,

l'ddhltl()n \th v=33x 10" Hz (A=9.0x 10° m) is higher in energy than radiation with
=4.0x 10’ Hz

@) E = 1.20 x 107 kJ/mol ~ _ 1.20 x 10~*kJ/mol
A (in m) 5.0x 1071
= 2.4 x 10° kJ/mol for a gamma ray.
(b)y E = 4.0x 10* kJ/mo! for an X ray.
(&) W= s e OO R e
A v 6.0x 1055Hz
2 —
E = CObiiReT v 2.4 x 103 kJ/mol for ultraviolet light
50x 10

(d) E =28 x 10%kJ/mol for visible light.
(¢) E=06.0kJ/mol for infrared radiation

(Hh  E=4.0x 1072 kJ/mol for microwave radiation.
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The wavenumber is the reciprocal of the wavelength, which is expressed in centimeters.
The conversion 1 pm = 107" cm is useful.
o - 1 - -1
(@)  3.10um=3.10x 10~ cm; — - = 3225cm
3.10 x 10~ cm
(b) 5.85um:1710cm”

(c) A = 444 x 10% cm = 4.44pm

2250 ¢cm™!

@ 970cm ;103 pm

(a) A compound with a strong absorption at 1710 cm™! contains a carbonyl group and is

either a ketone or aldehyde.
(b) A compound with a nitro group has a strong absorption at 1540 em™l

(c) A compound showing both carbonyl (1720 cm™") and ~OH (2500-3000 cm™! broad)
absorptions is a carboxylic acid.

To use IR spectroscopy to distinguish between isomers, find a strong IR absorption that is
present in one isomer but absent in the other.

(a)
CH3CH,0H CH40CHsq
Strong hydroxy! band No band in the region
at 3400 - 3640 cm™! 3400 - 3640 cm~!
(b)

CH30H20H2CH20H = CH2
Alkene bands at
3020-3100 cm~! and

at 1650-1670-1, No bands in alkene region.
(©

CH4CH,COOH HOCH,CH,CHO

Strong, broad band Strong band at

at 2500-3100 cm™! 3400-3640 cm™!

Based on what we know at this point, we can identify four absorptions in this spectrum.

(a) Absorptions in the region 1450 em™ = 1600 cm™ are due to aromatic ring -C=C-
motions.

(b) The absorption at 2100 cm™ is due to a —C=C- stretch.

(c) Absorptions in the range 3000 em ™ ~3100 cm™ are due to aromatic ring =C-H
stretches.

(d) The absorption at 3300 cm™! is due to a =C—H stretch.



Structure Determination. Mass Spectrometry and Infrared Spectroscopy 265

12.12 (a) Anester nextto a doub]c bond absorbs at 1715 cm™". The alkene double bond absorbs
at 1640-1680 cm™" and at 3020-3100 cm™

(b) The aldehyde carbonyl group absorbs at 1730 cm™. The alkyne C=C bond absorbs at
2100-2260 cm™, and the alkyne H-C bond absorbs at 3300 ¢cm™!

(c) The most important absorptions for lhxs compound are due to the alcohol group (a
broad, intense band at 3400-3650 cm™") and to the carboxylic acid group, which has a
C=0 absorption in the frange 1710 =1760 ¢cm™ and a broad O-H dbsorpuon in the
range 2500-3100 cm™ Absorptlons due to the aromatic ring [3030 cm™ '(w) and
1450 1600 cm™! (m)] may also be seen.

12.13
i
HaC
’ C\CH
H 3
N=C
H

The compound contains nitrile and ketone groups, as well as a carbon-carbon double
bond. The mmle absorption occurs at 2210-2260 cm” !. The ketone shows an absorption
at 1690 cm™"; this value is lower than the usual value because the l\ctone is next to the
douhle bond. The double bond absorptions occur at 3020-3100 cm™" and at 1640-1680
cm”.

Visualizing Chemistry

12.14
Compound Significant Due to:
@ IR Absorption
a
nl gl ® 1540 cm-! nitro group (1)
0y2.C 1730 cm™! aldehyde (2)
(|3 3030 cm!, aromatic ring C-H(3)
H &/O' 1450-1600 cm~! aromatic ring C=C(3)
It
(0]
(b) 0
i 1735 cm™! ester (1)
HyC 1C 3020-3100 cm™! vinylic stretch
" O \/c:sHs C-H(2)
2
g O 910 cm-%, 990 cm~!  C=CH, bend(3)
3 CH, B
2
(c) - .
H3C OH 1715 cm ketone (1)
e 3400-3650 cm=! alcohol (2)
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12.15 (a) The mass spectrum of this ketone shows fragments resulting from both McLafferty
rearrangement and alpha cleavage.
MecLatferty rearrangement:

H
: HOL_HY
MecLatfe
CHaCHaCHCCHaCHy|  —ackallenty _ |
| rearrangement SCLACL
CH3 H /C\ CHcha
M* =114 H CHy
Ha i
H,C=CH, + HaC C
2 2 S \C|>// \CHQCH3
H m/z =86
Alpha cleavage:
r 0 7+ o1"
[l Alpha I
CHaCHoCH—C—CHoCHy| —— |CHaCHyCH—C | + *CH,CHs
| 0 cleavage |
L CHj _ CHg
Mt+t=114 m/z =85
r S 0 +
cl Alpha Il
CHaCHoCHA-C—CHoCHg| ————  CHaCHoCH® + | C—CHoCHgy
[0 cleavage ]
L CHg i CHg
WIS mlz =51

(b) Two different fragments can arise from alpha cleavage of this amine:

H * H +
Wl | Appha /
N—C ™ ——»  CHy + N—C
\ cleavage \

CHs CHg
M+=113 m/z =98
H *' CHoCHoCHy, H *
\ O3 Alpha FER2 | cHy
, N—C —_— N—C
\ cleavage / \
7 CHs HoC CHy
M+ =113 m/z =113

The second product results from cleavage of a bond in the five-membered ring.
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Additional Problems

12.16
M Molecular Formula Degree of Unsaturation

(a) 86 CgH 4 0

(by 110 CgH 4 2

(C) 146 C 1 ]H 14 5

(d) 190 Cy4H,s 4

CisHig 1
12.17

M* Molecular | Degree of Possible Structure
Formula Unsaturation
(a) 132 CioHj» 5 @O
C»H5s 2 H3C. : : .CHj

12.18 Remember that compounds in this problem may contain carbon, hydrogen, oxygen, and
nitrogen. In addition, the molecular ions of many compounds may have the same value of
M". Some of the less likely molecular formulas -- those with few carbon or hydrogen
atoms -- have been omitted.

a) M* =74. Any nitrogen-containing compound that has a molecular ion at M* = 74 must
have an even number of nitrogen atoms.
Compounds containing:
C, H; C(,H)_
C, H, O; C.ng()O, C_‘:.H(,Oj, CZ}{ZO:{
C, H, N; C3H | oN2, CHgNy
C, H, N, 0; C'_VH(,Nzo. CH:N:O:
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b) M* = 131 has an odd number of nitrogen atoms: no hydrocarbons correspond to this
molecular ion.
C.H, N: CoHgN, C7HsN3, CH 7Nz, C4H(3N5
C,H, N, O; C7H|7NO, CgHsNO, CgH 3NO,, CsHgNO3, C4H;5;NOy, CsH|3N30,
C4HgN30,, C3H35N303. C3HgNsO

12.19 Reasonable molecular formulas for camphor are CoH 60, CoH 20,5, CgHgO3. The actual
formula, CjoH 60, corresponds to three degrees of unsaturation. The ketone functional
group accounts for one of these. Since camphor is a saturated compound, the other two
degrees of unsaturation are due to two rings.

HaC._ _ CH3

CHy
o

Camphor

12.20 Carbon is tetravalent, and nitrogen is trivalent. If a C—H unit (formula weight 13) is
replaced by an N atom (formula weight 14), the molecular weight of the resulting
compound increases by one. Since all neutral hydrocarbons have even-numbered
molecular weights (C,Hz,+2, C,Ha,, and so forth) the resulting nitrogen-containing
compounds have odd-numbered molecular weights. If two C—H units are replaced by two
N atoms, the molecular weight of the resulting compound increases by two and remains an
even number.

12.21 Because M" is an odd number, pyridine contains an odd number of nitrogen atoms. If
pyridine contained one nitrogen atom (atomic weight 14) the remaining atoms would have
a formula weight of 65, corresponding to ~CsHs. CsHsN is, in fact, the molecular
formula of pyridine.

12.22 The molecular formula of nicotine is CyoH4N>. To find the equivalent hydrocarbon
formula, subtract the number of nitrogens from the number of hydrogens. The equivalent
hydrocarbon formula of nicotine, CjoHa, indicates five degrees of unsaturation — two of
them due to the two rings and the other three due to three double bonds.

= N
| | Nicotine
X CHa

N

12.23 In order to simplify this problem, neglect the 13¢ and *H isotopes in determining the
molecular ions of these compounds.

(a) The formula weight of <CHj is 15, and the atomic masses of the two bromine isotopes
are 79 and 81. The two molecular ions of bromoethane occur at M* = 96 (49.3%) and
M* =94 (50.7%).

(b) The formula weight of ~CgHj3 is 83, and the atomic masses of the two chlorine
isotopes are 35 and 37. The two molecular ions of 1-chlorohexane occur at M* =122
(24.2%) and M" = 120 (75.8%).
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12.24 Again, neglect 13C and ?H in these calculations.
(a) Finding the molecular ions of chloroform is a statistical exercise.
1. The probability that all three chlorine atoms are YClis (0.242)° = 0.014.
2. The probability that two chlorine atoms are °'C and one is 3Clis
3(0.242)(0.242)(0.758) = 3(0.04442 = 0.133. The factor 3 enters the calculations
because three permutations of two - ’C1's and one 2CI arcgossiblc.
3. The probability that one chlorine atom is 71 and two are >Cl is
3(0.242)(0.758)(0.758) = 3(0.139) = 0.417.
. The probability that all chlorine atoms are *Cl is (0.758)° = 0.436.
The mass of: CH?’CIP’CIP7Cl = 124
cHYcr’ci¥3ci = 122
CHY’CIPCIPCl =120
CH¥CPC1¥Cl = 118.
6. Thus, molecular ions for chloroform occur at:
M* 124 122 120 118
Abundance  1.4% 133% 41.7% 43.6%
(b) The molecular ions for Freon 12:
Mm* 124 122 120
Abundance  5.9% 36.7% 57.4%

o

12.25 Each carbon atom has a 1.10% probability of being BCanda 98.90% probability of being
I2C. The ratio of the height of the e peak to the height of the 12C peak for a one-carbon
compound is (1.10/98.9) x 100% = 1.11%. For a six-carbon compound, the contribution
to (M+1)* from 3C s 6 x (1.10/98.9) x 100% = 6.66%. For benzene, the relative height
of (M+1)*is 6.66% of the height of M*. N

A simular line of reasorljing can be used to calculate [heqcon(ribution to (M+1)" from “H.
The natural abundance of “H is 0.015%, so the ratio of a “H peak to a 'H peak for a one-
hydrogen compound is 0.015%. For a six-hydrogen compound, the contribution to
(M+1)* from “H is 6 x 0.015% = 0.09%.

For benzene, (M+1)* is 6.75% of M*. Notice that ’H contributes very little to the size
of (M+1)*.

12.26 (a) The molecular formula of the ketone is CsH O, and the fragments correspond to the
products of alpha cleavage (McLafferty rearrangement fragments have even-numbered
values of nv/z). Draw all possible ketone structures, show the charged products of alpha
cleavage, and note which fragments correspond to those listed.

= 4o + +
I A f i
\_HaCTCTCHQCHQCHa —_ H3C_C + C—CHQCHQCHa

cleavage
M+ =86 m/z =43 m/z =71
cHy | + [o cH :
0,7 Alpha f i
HaC—+C—CHCHz| ———> | H3C—C | + | C—CHCHy
L o cleavage
M+ = 86 m/z =43 m/iz =71

i 0 0
CHSCH2+C+CH2CH3 m CHaCHQ —@© + C—CHchs
- ' * cav

M+ = 86 = m/z =57 mlz =57

Either of the first two compounds shows the observed fragments in its mass spectrum.
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(b) CsH >0 is the formula of an alcohol with M* = 88. The fragment at m/z = 70 is due to
the product of dehydration of M. The other two fragments are a result of alpha cleavage.
Draw the possible Cs alcohol 1somers, and draw their products of alpha cleavage. The
tertiary alcohol shown fits the data.

r = 270 + r -+
OH OH OH
CH4CH —LC|)—'LCH i\lp—h«f> é + é
TR VTR cleavage | GHaCHs “CHy HaC” "~ CHg
L CHy L
M+ =88 m/z =73 m/z =359
[ OH 17 Mo CH |
I Dehydration SN S
CHscHQ—(I:—CHa =S /C:C\
L CHy | H CHz |
M+ =88 m/z =70
12.27
s
CH4CHoCHoCHCH;
2-Methylpentane
CHs ’ +e
CH4CHoCHyCHCH
g g
+ +
CHgCHoCH,CHCHj CHoCHCHj *CHCHg CH3CH,
m/z =71 mfz =57 m/z =43 m/z =29

The molecular ion, at m/z = 86, is present in very low abundance. The base peak, at m/z =
43, represents a stable secondary carbocation.

12.28 Before doing the hydrogenation, familiarize yourself with the mass spectra of cyclohexene
and cyclohexane. Note that M is different for each compound. After the reaction is
underway, inject a sample from the reaction mixture into the mass spectrometer. If the
reaction is finished, the mass spectrum of the reaction mixture should be superimposable
with the mass spectrum of cyclohexane.

12.29 See Problem 12.8 for the method of solution.
(@) 3360 cm™ (b)) 1720cm™ (¢) 2030 cm™!

12.30 (2) 5.70 pm (b) 3.08 pm (c) 5.80 um (d) 5.62 um
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2.31 CH3CH-C=CH shows absorptions at 2100-2260 cm™ (C=C) and at 3300 cm™! (C=C-H)

that are due 1o the terminal alkyne bond.

H>C=CHCH=CHl> has absorptions in the regions 1650-1670 em™ and 3020-3100 that are
due 10 the double bonds. It also shows absorptions at 910 em™ and 990 cm™! that are due
to monosubstituted alkene bonds. No absorptions occur in the alkyne region.

CH3C=CCH3. For reasons we won't discuss, symmetrically substituted alkynes such as
2-butyne do not show a C=C bond absorption in the IR. This alkyne is distinguished from
the other isomers in that it shows no absorptions in cither the alkyne or alkene regions.

2 Two enantiomers have identical physical properties (other than the sign of specific
rotation). Thus, their IR spectra are also identical.

3 Diastereomers have difterent physical properties and chemical behavior and their IR spectra
are also difterent.

34 (a) Absorptions at 3300 cm~'and 2150 cm™! are due to a terminal triple bond. Possible

structures:
CH4CH,CH,C=CH (CH),CHC=CH

(b) An IR absorption at 3400 cm™is due to a hydroxyl group. Since no double bond
absorption is present, the compound must be a cyclic alcohol.

CHg
O Dee X e
H
OH © HO
(c) An absorption at 1715 em™! is due to a ketone. The only possible structure 1s
CH:CH->COCH;.
(d) Absorptions at 1600 em™ and 1500 em™ are due to an aromatic ring. Possible
structures:
CHoCH3g CHg CHs
i : : : / H3 : :
CHj
CHs
35 (a) HC=CCH,NH> CH3CH>C=N
Alkyne .1bsorpuon> at Nitrile absorption at
3300 cm™ , 2100-2260 cem’! 2210-2260 cm™!

Amine absorption at
3300-3500 cm™!

(b) CH3;COCHj3 CH;CH,>CHO
Strong ketone absorption Strong aldehyde absorption
at 1715 cm™ at 1730 cm™
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12.36 Spectrum (b) differs from spectrum (a) in several respects. Note i in particular the

12

~o

absorptions at 715 ¢cm L (strong), 1140 cm B (strong), 1650 Lm (mcdlum) and 3000
cm”! (lmdlum) in spectrum (b). The absorptions at 1650 em™ (C=C stretch) and 3000
em™! (=C-H stretch) can be found in Table 12.1. They allow us to assign spectrum (b) to
cyclohexene und spectrum (a) to cyclohexane.

37 (a) CH;C=CCHj; exhibits no terminal =C—H stretching vibration at 3300 cm'l, as

CH;CH>C=CH does.

(b) CH;COCH=CHCH3s, a COﬂ_]UleCd unsaturated ketone. shows a strong ketone
absorption at 1690 cm™'; CH3;COCH,CH=CHa, a nonconjugated ketone, shows a
ketone absorption at 1715 cm-! and monosubstituted alkene absorptions at 910 cm™
and 990 cm™

(c) CH3CH,CHO exhibits un aldehyde band at 1730 em™!; H,C=CHOCHj3 shows
characteristic monosubstituted alkene absorptions at 910 em™ and 990 cm™

12.38 1f the isotopic masses of the atoms C, H, and O had integral values of 12 amu, I amu and

12.39

16 amu, many molecular formulas would correspond to a molecular weight of 360 amu.
Because isotopic masses are not integral, however, only one molecular formula is
associated with a molecular ion at 360.1937 amu.

To reduce the number of possible formulas, assume that the difference in molecular
weight between 360 and 360.1937 is due muin]y to hydrogen. Divide 0.1937 by 0.00783,
the amount by which the atomic weight of one "H atom differs from 1. The answer, 24.8,
gives a "ballpark" estimate of the number of hydrogens in cortisone. Then make a list of
molecular formulas containing C, H and O whose mass is 300 and which contain 20-30
hydrogens. Tabulate these, and calculate their exact masses using the values in the text.

Isotopic mass

Molecular Mass Mass Mass Mass of

formula of carbons  of hydrogens of oxygens  molecular ion
C,7H,50 324.0000 amu  20.1566 amu 159949 amu  360.1515 amu
C,5H,50, 300.0000 28.2192 31.9898 360.2090
C,4H5,05 288.0000 24,1879 47.9847 360.1726
C,1H5505 252.0000 28.2192 79.9745 360.1937

The molecular weight of C21H,505 corresponds to the observed molecular weight of
cortisone. (Note that only the last formula has the correct degree of unsaturation, 8).

CHg
CHj
OH H50*
———
1-Methylcyclohexanol 1-Methylcyclohexene

The infrared spectrum of the starting alcohol shows a broad absorption at 3400-3640 eml,
due to an O H stretch. The all\ene product exhibits medium intensity absorbances at 1645-
1670 cm™" and at 3000-3100 cm™". Monitoring the disappearance of the alcohol
absorptions makes it possible to decide when reaction is complete. It is also possible to
monitor the appearance of the alkene absorbances.
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CHq CHs
CH3CH,CCH,CH -———»KOH CH4CH (|3—CHCH
— or
3 2| 25483 CH3CH20H Q=nA 3
Br

3-Bromo-3-methylpentane

3-Methyl-2-pentene

273

i
CH3CH,CCH,CHg 2

2-Ethyl-1-butene

The IR spectra of both products show the characteristic absorptions of alkenes in the

regions 3020-3100 cm™

Vand 1650 cm™
2-ethyl-1-butene shows a strong absorpnon at 890 cm

! However, in the region 700-1000 cm L
! that is typical of

2,2—disubstituted R,C=CHj; alkenes. The presence or absence of this peak should help to
identify the product. (3-Methyl-2—pentene is the major product of the dehydrobromination

reaction.)
Compound

(a) ﬁ
CH3CH,CCHg

(b)
(CHg)oCHCH,C=CH

(c)
(CH3),CHCH,CH=CH,

@ o

1l
CH4CH,CH,COCH

i

(e)

Distinguishing
Absorption

1715 cm™!

2100-2260 cm~!
3300 cm™!

910 cm~! 990 cm™!

1650-1670 cm!
3020-3100 cm™!

1735 cm™!

1690 cm™!

1450-1600 cm™!

Due to:

Cc =0 (ketone)

C=0 (ester)

ketone next to
aromatic ring
aromatic ring

12.42 (a) This ketone shows mass spectrum fragments that are due to alpha cleavage and to the

McLafferty rearrangement. The molccular ion occurs at M*

= 148, and major fragments

have m/z = 120, 105, and 71. (Note that only charged specics arc shown.)

0
Il
\\ CV\

’

CigH120 M+ =148

(o]
I
Alpha c
——
cleavage
m/z =105

<y

0
C\/\
m/z =71
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0
1\/2 McLalferty
—— R
rearrangement

H,C7

m/z =120
(b) The fragments in the mass spectrum of this alcohol (CgH60) result from dehydration
and alpha cleavage. Major fragments have n/z values of 128 (the same value as the
molecular ion), 110. and 99.
[ oH % -

Dehydration
R —

m/z =110
+- + OH 50
OH
Alpha
e +
cleavage
M+ =128 m/z =99 m/z =128

(c) Amines fragment by alpha cleavage. In this problem, cleavage occurs in the ring,
producing a fragment with the same value of m/z as the molecular ion (99).

}I_{ 0 'i‘ o
N | Alpha N
cleavage
M+ =99 m/z =99

12.43 The following expressions are needed:

E'=hv=hc/r.=hcV whereVis the wavenumber. The last expression shows that, asV
increases, the energy needed to cause IR absorption increases, indicating greater bond

strength. Thus, an ester C=0 bond (V= 1735 cm_l) is stronger than a ketone C=0 bond
(V=1715 cm_l).
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12.44 Possible molecular formulas containing carbon, hydrogen, and oxygen and having M* =

12.45

150 are CjpH 40, CoH (O3, and CghlgOs. The first formula has four degrees of
unsaturation, the second has five degrees of unsaturation, and the third has six degrees of
unsaturation. Since carvone has three double bonds (including the ketone) and one ring,
C10H 40 is the correct molecular formula for carvone.

Carvone
HaC

CH,

The intense absorption at 1690 cm™ is due to a ketone next to a double bond.

12.46 The peak of maximum intensity (base peak) in the mass spectrum occurs at m/z = 67. This

12.47

12.48

peak does not represent the molecular ion, however, because M* of a hydrocarbon must be
an even number. Careful inspection reveals the molecular ion peak at m/z = 68. M* =68
corresponds to a hydrocarbon of molecular formula CsHg with a degree of unsaturation of
two.

Fairly intense peaks in the mass spectrum occur at m/z = 67, 53, 40, 39, and 27. The
peak at m/z = 67 corresponds to loss of one hydrogen atom, and the peak at m/z = 53
represents loss of a methyl group. The unknown hydrocarbon thus contains a methyl
group.

Significant IR absorptions occur at 2130 em™! (—C=C- stretch) and at 3320 cm™!
(=C-H stretch). These bands indicate that the unknown hydrocarbon is a terminal alkyne.
Possible structures for CsHg are CH3CH>CH,C=CH and (CHz)>CHC=CH. [[-Pentyne
is correct.]

The molecular ion, M™ = 70, corresponds to the molecular formula CsHyg. This
compound has one double bond or ring.

The base peak in the mass spectrum occurs at n/z = S5. This peak represents loss of a
methyl group from the molecular ion and indicates the presence of a methyl group in the
unknown hydrocarbon. All other peaks occur with low intensity.

In the IR spectrum, it is possible to distinguish absorptions at 1660 em™" and at 3000
em™! due to a double bond. (The 2960 ¢cm™ absorption is rather hard to detect because 1t
occurs as a shoulder on the alkane C-H stretch at 2850-2960 cm' )

Since no absorptions occur in the region 890 cm™ — 990 em™, we can exclude
terminal alkenes as possible structures. The remaining possibihties for CsHyg are
CH3;CH>CH=CHCHj and (CH3)>C=CHCH3;. [2-Methyl-2-butene is correct.]

(@) 0 (®) Hy CHs

Il
CH3CH20|HCH CH3CH20H20HQCE N CHS?CE N CH3CHCH2CEN
CHg CHg
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12.49 The simplest way to distinguish between the two isomers is by taking their IR spectra. The
aldehyde carbonyl group absorbs at 1730 cm™, and the ketone carbonyl group absorbs at
1715cm™".

The mass spectra of the two isomers also differ. Like ketones, aldehydes also undergo
alpha cleavage and McLafferty rearrangements.

McLafferty rearrangement:

HY) T+ H i H*D o Hw o
(0] O
D Q D , ?
//C x @) //C ~
HoC? CHy H H,CZ “H
m/z =58 m/z =44

The fragments from the McLafferty rearrangements differ in values of m/z.
Alpha cleavage:
o + + o +
N R B /‘\j + ”\

m/z =85 m/z =43

+ +
(0] (0]
NOH H
m/z =29

The fragments resulting from alpha cleavage also differ in values of m/z.

A Look Ahead
12.50

CHg
1. CHgMgBr OH
—_—
2. H30*

O

The absorption at 3400 cm’! is due to a hydroxyl group.

12.51
o} OH
I 1. NaBH, I
CH3CHoCCHj e CHgCHyCHCH3
. M*=74
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128512

Hz0" I
CH3CH2CEN ﬁ» CHSCH2COH
ea

M+ =174

The absorption at 1710 em™!is due to the carbonyl group of a carboxylic acid, and the
absorption at 2500-3100 em™!is due to the —-OH group of the carboxylic acid.

Molecular Modeling

12.53 Cdluulated frequencies increase with hond strength: 1580 cm™' (ethane, C—C bond), 1856
(elhylene C=C bond), 2234 cm™! (auctylcnc C=C bond).

12.54 The C=0 stretching frequencies are 1940 cm™! (acetone), 1920 cm™ (methyl benzoate),
and 1876 cm™ (N,N-dimethylformamide). This vibration is a useful diagnostic tool for
two reasons: (1) The vibration involves the carbon-oxygen bond (other bonds are not
involved); (2) The frequency is unique and is well-separated from the vibrational
frequencies of other functional groups.

12.55 Both bonds are equally involved in the C=0 stretching vibrations of carbon dioxide: 2463
cm (asymmetric stretch) and 1428 cm™! (symmetric stretch).

12.56 The O-H stretching frequencies: 3870 cm™! (acetic acid), 3366 cem™! (acetic acid + water),
3347 cm™! (acetic acid dimer). Hydrogen bonding substantially lowers O—H stretching
frequencices.



Chapter 13 - Structure Determination
Nuclear Magnetic Resonance Spectroscopy

Chapter Outline

I. Principles of Nuclear Magnetic Resonance Spectroscopy (Sections 13.1 —13.3)
A. Thcon of NMR Spcclmswpy (Section 13.1)

[§9]

4.

Many nuclei behave as if they were spinning about an axis.
a. The positively charged nuclei produce a magnetic field that can interact with an
utcmdll) applied magnetic field.
b. The *C nucleus and the 'H nucleus behave in this manner.
¢. Inthe absence of an external magnetic field the spins of magnetic nuclei are
randomly oriented.
When a sample containing these nuclei is placed between the poles of a strong
magnet, the nuclei align themselves either with the applied field or against the
appllcd field.
The parallel orientation is slightly lower in energy and is slightly favored.
If the sample is irradiated with radmhequemy energy of the correct frequency. the
nuclei of lower energy absorb energy and "spin-flip" to the higher energy state.
a. The magnetic nuclei are in resonance with the applied radiation.
b. The hcqucncy of the rf radiation needed for resonance depends on the magnetic
field strength and on the identity of the magnetic nuclei.
i. Inastrong magnetic field, higher frequency rf energy is needed.
ii. Ata magnetic field strength of 1.41 T, 1f energy of 60 MHz is needed to
m'ing a 'H nucleus into resonance, and energy of 15 MHz is nceded for
°C

Nuclei with an odd number of protons and nuclei with an odd number of neutrons
show magnetic properties.

B. The nature of NMR absorptions (Section 13.2).

I

2

3.

Not all '3C nuclei and not all "H nuclei absorb at the same frequency.

a. Each magnetic nucleus is surrounded by electrons that set up their own
magnetic Tields.

b. These little ficlds oppose the applied field and shield the magnetic nuclei.
i Bclluhu - deplud = Biocal
ii. This expression shows that the magnetic field felt by a nucleus is less than

the applied field.

¢. These shielded nuclei absorb at slightly different values of magnetic field

strength.
. A sensitive NMR spectrometer can detect these small differences.

e. Thus, NMR spectra can be used to map the carbon-hydrogen framework of a
molecule.

NMR spectra.

a. The horizontal axis shows effective field strength, and the vertical axis shows
intensity of absorption.

b. Each peak corresponds to a chemically distinct nucleus.

¢. Zero absorption is at the bottom.

d. Absorptions due to both 13C and 'H can't both be observed at the same time.

Operation of an NMR spectrometer

a. A solution of a sample is placed in a thin glass tube between the poles of a
magnet.

b. The strong magnetic field causes the nuclei to align in either of the two possible

orientations.
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c. The sirength of the applied magnetic field is varied, holding rf frequency
constant.

d. Chemically distinct nuclei come into resonance at slightly different values of B.

e. A detector monitors the absorption of tf energy

f. The signal is amplified and recorded.

Time scale of NMR absorptions.

a. The time scale (107 s) of NMR spectra is much slower than that of most other
spectra.

b. If a process occurs faster than the time scale of NMR, absorptions are observed
as "time-averaged processcs.

NMR records only a single spectrum.

¢. NMR can be used to measure rates and activation energies of fast processes.

1. Because cyclohexane ring-flips are very fust at room temperature, only a
single peak 1s observed for equatorial and uxial hydrogens at room
temperature.

i At-90° both axial and equatorial hydrogens can be identified.

C. Chemical Shifts (Section 13.3).

[.

(3]

N

Field strength increases from left (downfield) to night (upfield).

a. Nucler that absorb downfield require a lower field strength for resonance and
are deshielded.

b. Nuclei that absorb upfield require a hnﬁher field stren«’lh and are shielded.

TMS is used as a reference point in both "“C NMR and TH NMR.
The TMS absorption occurs upfield of other absorptions, and is set as the zero
point.

The chemical shift is the position on the chart where a nucleus absorbs.

NMR charts are calibrated by using an arbitrary scale — the delta scale.

a. One dequals | ppm of the spectrometer operating frequency.

b. By using this system, all chemical shifts occur at the same value of §, regardless
of the spectrometer operating frequency.

NMR absorptions occur over a narrow range.

a. 'Habsorptions occur 0-10 § downfield from TMS.

b. !C absorptions occur 1-220 8 downfield from TMS.

¢. Accidental overlap can be avoided by using an instrument with a higher field

strength.

I C NMR spectroscopy (Sections 13.4 - 13.7)
A. Signal averaging und FT-NMR (bccuon 13. -1)

1.

Y

The low natural abundance of *C (1.1%) makes it difficult to observe '*C peaks
because of background noise.
If hundreds of individual runs are averaged, the background noise cancels.
This technique takes a long time.
In FT-NMR, all signals are recorded simultaneously.
a. The sample is irradiated with a pulse of 1f energy that covers all useful

frequencies.
b. The resulting complex signal must be mathematically manipulated before
display.

8 1P I-\\IR takes only a few seconds per spectrum.

FT-NMR and signal averaging provide murum.d speed and sensitivity.
a. Only afew mg of wmplu are needed fm B3C NMR spectra.

b. Onlyafew g Cof sample are needed for 'H NMR spectra.

B. Characteristics of *C NMR spectroscopy (Section 13.5).

1.

2.

Each distinct carbon shows a single line.

The chemical shift depends on the electronic environment within a molecule.
a. Carbons bonded to electronegative atoms absorb downfield.

b. Carbons with sp° hybridization absorb in the range 0-90 §.
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3.

4

c. Carbons with sp? hybridization absorb in the range 110-220 3.
Carbonyl carbons absorb in the range 160-220 3.

Symmetry reduces the number of absorptions.

Peal\s aren't uniform in size.

C. DEPT 1°C NMR spectra (Section 13.6).

1.

2.

With DEPT experiments, the number of hydrogens bonded to each carbon can be

determined.

DEPT experiments are run in three stages.

a. A broadband decoupled spectrum gives the chemical shifts of all carbons.

b. A DEPT-90 spectrum shows signals due only to CH carbons.

c. A DEPT-135 spectrum shows CHj3 and CH resonances as positive signals, and
CH> resonances as negative signals.

Interpretation of DEPT spectra.

a. Subtract all peaks in the DEPT-135 spectrum from the broadband-decoupled
spectrum to find C.

b. Use DEPT-90 spectrum to identify CH.

¢. Use negative DEPT-135 peaks to identify CH,.

d. Subtract DEPT-90 peaks from positive DEPT=135 peaks to identify CHj.

D. Uses of 13C NMR spectroscopy (Section 13.7).

BC NMR spectroscopy can show the number of nonequivalent carbons in a
molecule and can identify symmetry in a molecule.

1I. "H NMR Spectroscopy (Sections 13.8 — 13.13).
A. Proton equivalence (Section 13.8).

1.

2

'H NMR can be used to determine the number of nonequivalent protons in a
molecule.

. If it is not possible to quickly decide if two protons are equivalent, try the following

test:
a. Replace one of the protons by the group X.
b. If the protons are equivalent, the same product will form, regardless of
which proton is rcplaccd
c. Ifthe plotons aren't equivalent, different products will form.

B. Chemical shifts in 'H NMR spectroscopy (Section 13.9).

1.

(38}

Chemical shifts are determined by the local magnetic fields surrounding magnetic
nuclei.

a. More strongly shielded nuclei absorb upfield.

b. Lcss shielded nuclei absorb downfield.

. Most 'H NMR chemical shifts are in the range 0-10 3.

a. Protons that are qu -hybridized absorb at higher field strength.

b. Protons that are sp~-hybridized absorb at ]owcr ficld strength.

c. Protons on carbons that are bonded to electronegative atoms absorb at lower
flCld strength.

. The '"H NMR spectrum can be divided into 5 regions:

Saturated (0-1.5 5).

Allylic (1.5-2.55).

H bonded to C next to an electronegative atom (2,5-4.5 §).

Vinylic (4.5-6.5 ).

Aromatic (6.5-8.0).

Aldehyde and carboxylic acid protons absorb even farther downfield.

-0 a0 o

C. ]nlegrauon of '"H NMR signals: proton counting (Section 13.10).

1.

2

3.

The area of a peak is proportional to the number of protons causing the peak.
Integrated peak areas are superimposed over a spectrum as a stair-step line.
To compare two peaks, measure their relative heights.
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D. Spm -spin splitting (Section 13.11).
The tiny magnetic field produced by one nucleus can affect the magnetic field felt by
other nuclei.
Protons that have n equivalent neighboring protons show a peak in their 'H NMR
spectrum that is splitinto n + 1 smaller peaks (a multiplet).
3. This splitung is caused by the coupling of spins of neighboring nuclei.
4. The distance between peaks in a multiplet is called the coupling constant (/).
a. The value of J is usually 0-18 §.
b. The value of J is determined by the geometry of the molecule and is independent
of the spectrometer operating frequency.
¢. The value of J is shared between both groups of hydrogens whose spins are

(89

coupled.
d. By comparing values of J, it is possible to know the atoms whose spins are
coupled.

5. Three rules for spin-spin splitting in 'H NMR:
a. Chemically identical protons don't show spin-spin splitting.
b. The signal of a proton with n equivalent neighboring protons is split into a
multiplet of 7 + 1 peaks with coupling constant J.
¢. Two groups of coupled protons have the same value of J.
6. Spin-spin splitting isn't scen in 13C NMR.
a. Although spin-spin splitting can occur between carbon and other magnetic
nuclei, the spectrometer operating conditions suppress it.
b. Coupling between lhc spins of two *C nuclei isn't seen because of the low
probability that two B¢ nuclei would be adjacent.
E. Complex spin-spin splitting (Section 13.12).
1. Attimes the signals in a '"H NMR absorption overlap accidentally.
2. Also, signals may be split by two or more nonequivalent kinds of protons.
a. To understand the effect of multiple coupling, it helps to draw a tree diagram.,
b. In this type of multiplet, the peaks on one side of the multiplet may be larger
than those on the other side.
i. The larger peaks are on the side nearer to the coupled partner.
u This ht.lps identify the nuclei whose spins are coupled.
F. Uses of '"H NMR spectroscopy (Section 13.13).
"H NMR can be used to identify the products of reactions.

Solutions to Problems

13.1
g = 1:20x 107 k/mol
A (in m)
R . 3 X 8 .
ho= S = 20X S My = Sex 107
Vv \Y
R 3 B 8 3
n= 3.0x 1()-'1]]/5 - S4m
5.6 x 107 Hz
) —
E = 120X 107 Kmol 5 105 kijmol

5.4

Compare lh]s value with £ = 2.4 x 107 kJ/mol for "H. It takes slightly less energy to
spin-flip a 'F nucleus than 10 spin-flip a 'H nucleus.
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18.2
. 8 /e
po= C = 3OS 00 MHZ = 1.0 x 108 He
\Y \Y
8 /e
A = 3.0x 10° m/s - 30m
1.0 x 108 Hz
0) —4 1 ~
g o= L2OX 1KMol ¢ 1075 ki/mol
3.0
Increasing the spectrometer frequency increases the amount of energy needed for
resonance.
13.3
b H
\ /CH3 a
Cc=C
/ \
cH Cl
2-Chloropropene has three kinds of protons. Protons b and ¢ differ because one is cis to
the chlorine and the other is trans.
13.4
(@) § = Observed chemical shift (# Hz away from TMS)
Spectrometer frequency in MHz
Units of & are parts per million. In this problem, § = 2.1 ppm
51 ppm = Observed chemical shift
—o 60 (MHz)
126 Hz = Observed chemical shift
(b)If the '"H NMR spectrum of acetone were recorded at 100 MHz, the position of
absorption would still be 2.1 § because measurements given in ppm or § units are
independent of the operating frequency of the NMR spectrometer.
Observed chemical shift . .
g 219 = P ; Observ al's = 2
(c) ) 100 (MHz) ; Observed chemical shift 10 Hz
13.5
§ = Observed chemical shift (in Hz)
B 60 MHz
- 436 Hz 2 183 Hz
‘ d = = 72798 =_—— =3058 H;Cl
(a) 50 Mz 7.27 8 for CHCl; (b) & 60 Milz 3 for CH3C
o2 Z
© o= IS 3478 forCH;OH (d) & = S 5.30 8 for CH,Cl,

60 MHz 60 MHz



Structure Determination.

Nuclear Magnetic Resonance Speetroscopy 283

13.6 Methyl propanoate has 4 distinct carbons, and each one absorbs in a specific region of the
e 5pecuum The absorption (4) has the lowest value of 8 and occurs in the —CIlz region

of the !

¢ spectrum. Absorption (3) occurs in the ~CH»>- region. The methyl group (N is

next to an electronegative atom and absorbs downfield from lhc other two absorptions. The
carbonyl carbon (2) absorbs far downfield.

O(ppm)  Assignment
i 9.3 4
CH3CH,COCHg4 27.6 3
¢oe 2 51.4 I
174.0 2
13.7
(11) 3 (b) 2 CH3
4 1 TR G 4 1
- 2 GHB__"mec of
. symmetry 2 .
3 6
Methyleyclopentane I-Methylcyclohexene
Four resonance lines are observed Seven lines are seen because
because of symmetry. no two carbons are equivalent
() (d) 5 1
2 CHg HaC CHg
. ' plane of \é_g/
R symmetry 77T A2
2 (];H3 H CHj
1.2-Dimethylbenzene 2-Methyl-2-butene
Four resonance lines are seen. Five resonance lines are observed.
Carbons I and 2 are nonequivalent
because of the double bond stereo-
chemustry.
13.8
() . (b)
4 H,C 5
a 2 1CH3 2 RN
. CHg 4 CHCH,CH,CHg
5 ; 6 e /3 %2
H3C 7 H3C 5)
6 Two of the 6 carbons are equivalent.
(©)
2 CHCH,CI
/1
HaC3

Two of the 4 carbons are equivalent.
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The top spectrum shows all eight 3C NMR peaks. The middle spectrum (DEPT-90)
shows only peaks due to CH carbons. From the DEPT-90 spectrum, the absorption at 124
& can be assigned to the vinyl carbon (5), and the absorption at 68 & can be assigned to the
—OH carbon (2).

The DEPT-135 spectrum shows all but the quaternary carbou (6), which appears in the
top spectrum at 132 &. The top half of the DEPT-135 spectrum shows absorptions due to
CHj3; carbons and CH carbons (which we have already identified). The 3 remaining peaks
on the top of the DEPT-135 spectrum are due to methyl groups. The peak at 18 & is due to
carbon (1). The other two peaks arise from carbons (7) and (8); their environments are too
similar to allow distinguishing between them (23 § and 26 §).

The bottom half of the DEPT-135 shows the two CH» carbons. Carbon (3) absorbs at
24 & (negative), and carbon (4) absorbs at 39 & negative).

In summary:

Carbon Chemical Shift (5)

18

j\/\/ﬁi : §
A Y9 - 3 24 (negative)
7 5 3 U 4 39 (negative)

6-Methyl-5-hepten-2-ol 5 124

6 132

7.8 23,26

Identify the carbons as primary, secondary, tertiary or quaternary, and use Figure 13.7 to
find approximate values for chemical shifts. (When an actual spectrum is given, it is easier
to assign the carbons to the chemical shifts.) Remember: DEPT-90 spectra identify tertiary
carbons, and DEPT-135 spectra identify primary carbons (positive peaks) and secondary
carbons (negative peaks). Quaternary carbons are identified in the broadband-decoupled
spectrum, in which all peaks appear.

Carbon  Chemical Shift (§) DEPT-90? DEPT-135?

1 10-30 no yes (positive)

H3$\o o 2 30-50 no yes (negative)
)\/J]\/ 3 160-220 no no

5X"3 1 4 110-150 yes yes (positive)
R = 5 110-150 no no

6 10-30 no yes (positive)

7 50-90 no yes (positive)

Always start this type of problem by calculating the degree of unsaturation of the unknown
compound. Cj;Hj¢ has 4 degrees of unsaturation. Since the unknown hydrocarbon is
aromatic, a benzene ring accounts for all four degrees of unsaturation.

Next, look for elements of symmetry. Although the molecular formula indicates 11
carbons, only 7 peaks appear in the 13C NMR spectrum, indicating a plane of symmetry.
Four of the 7 peaks are due to aromatic carbons, indicating a benzene ring that is probably
monosubstituted. (Prove to yourself that a monosubstituted benzene ring has 4 different
kinds of carbons).
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The DEPT-90 spectrum shows that 3 of the kinds of carbons in the aromatic ring are
CH carbons. The positive peaks in the DEPT-135 spectrum include these three peaks,
along with the peak at 29.5 §, which is due to a CH3 carbon. The negative peak in the
DEPT-135 spectrum is due to a CH, carbon.

Two peaks remain unidentified and are thus quaternary carbons; one of them is
aromatic.

At this point, the unknown structure is a monosubstituted benzene ring with a
substituent that contains CH,, C, and CHs carbons. A structure for the unknown
compound that satisfies all data:

CHy

|

CHj

Blr
CH3CH2CH20H20 =CH2

2-Bromo-1-hexene
CH3CH2CH2CH2CECH + HBr —
or

CH3CH20H20H2CH =CHBr ?
1-Bromo-1-hexene

The two possible products are easy to distinguish by usm<y 13C NMR. 2-Bromo-1-hexene,
the actual product formed, shows no peaks in its DEPT- 90 '3C NMR spectrum because it
has no CH carbons. The other possible product, 1-bromo-1-hexene, shows 2 peaks in its
DEPT-90 spectrum.

Kinds of non- Kinds of non-
Compound equivalent protons Compound equivalent protons
(@ 1 2 (b) 4
CH30H2BI’ 2 CH3 4
1 21374
CH30CH,CHCH3
© , ., 4 (d) 3 2
CH3CH,CH,oNO, 3 H H 4
4 1
H CHg
3 2
H H
) 3 4 . M 1+ 2. 21
H H : HaCHy | 3
= —
1 /3 A5 3T
CHsCH,  H H | H
The two vinylic protons plane of

are nonequivalent. symmetry
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13.14
5
4
" H
o}
ﬁ S signals
3 1
H 3 2 H
H CHs
13.15
Compound N Kind of proton
(a) Cyclohexane 1.43 secondary alkyl
(b) CHaCOCH4 2.17 methyl ketone
(¢) CgHg 7.37 aromatic
(d) Glyoxal 9.70 aldehyde
(e) CHyCly 5.30 protons adjacent to two halogens
(f) (CHg)3N 2.12 methyl protons adjacent to nitrogen
13.10
Proton ) Kind of proton
5 4 1 1.0 primary alkyl
H H .
6 | 2 1 2 1.8 allylic
H Coo-Cs 3 61 vinylic
; 5 3}|_‘ 4 6.3 vinylic (different from proton 3)
CH30 . H 5 Vo aromatic
H 6 6.8 aromatic
7 3.8 ether

This compound has seven different kinds of protons. Notice that the two "5" protons are
equivalent to each other, as are the two "6" protons, because of rapid rotation around the
bond joining the aromatic ring and the alkeny! side chain.

HaC@‘CHs p-Xylene

There are two absorptions in the 'H NMR spectrum of p—xylene. The four ring protons
absorb at 7.0 3, and the six methyl-group protons absorb at 2.3 §. The peak ratio of methyl
protons:ring protons is 3:2.

13.17
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13.19 (a) This compound has no degrees of saturation and only one kind of hydrogen. The only
possible structure is CH3;0OCH3.
(b) Again, this compound has no degrees of unsaturation and has two kinds of hydrogens.
The compound is 2-chloropropane.
(¢) This compound, with no degrees of unsaturation, has two different kinds of hydrogen,
each of which has two neighboring hydrogens.
(d) C4HgO7; one degree of unsaturation and 3 different kinds of hydrogen.

(@ ™ g © (d)
|
CHzOCHg CH4CHCHg CICH,CH,OCH,CH,Cl CH4CH,COCH,4
(@) or
Il
CH3COCH,CH;

13.20 The molecular formula reveals a compound with a degree of unsaturation of zero (no
multiple bonds or rings). The TH NMR spectrum shows two signals, corresponding to
two types of hydrogens in the ratio 33:50, or 2:3. Since the unknown contains 10
hydrogens, four protons are of one type and six are of the other type.
The upfield signal at 1.2 § is due to saturated primary protons. The downfield signal at
3.5 & is due to protons on carbon adjacent to an electronegative atom — in this case,
oxygen.
The signal at 1.2 § is a triplet, indicating two neighboring protons. The signal at 3.5 8 is
a quartet, indicating three neighboring protons. The compound is diethyl ether,
CH3CH,>OCH,CH3.
13.21

1

H
I 3

Cc CHoBr

\\(lj/ 2% (E)-3-Bromo-1-phenyl-1-propene
2

H
Coupling of the C2 proton to the Cl vinylic proton occurs with J = 16 Hz and causes the
signal of the C2 proton to be split into a doublet. The C2 proton is also coupled to the two
C3 protons with J = 8 Hz. This splitting causes each leg of the C2 proton doublet to be

split into a triplet, producing six lines in all. Because of the size of the coupling constants,
two of the lines coincide, and a quintet is observed.

J1_2 16 Hz
J2_3 =8Hz

JUVV VN
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Focus on the '"H NMR methyl group absorption. In the first product, the methyl group
signal 1s unsplit; in the other product, it appears as a doublet. In addition, the second

Nuclear Magnetic Resonance Spectroscopy

CHg CHj
cl H
or
c
H

product shows a downficld absorption in the 2.5 8 — 4.0 & region due to the proton bonded
10 a carbon that is also bonded to an electronegative atom. If you were to take the 'H NMR
spectrum of the reaction product, you would find an unsplit methyl group, and you could

conclude that the product was 1-chloro-I-methylcyclohexane.

Visualizing Chemistry

13.23
(a)
O
! H3C I('l) ;
——
N7 S crge
/N
HsC H e
1. doublet
2. septet
3. singlet

13.24 Surprisingly, this compound has only two different kinds of carbons. In the 3¢ NMR

(b) 4
—= H H H -—
\ /
H c_ O
Il 5
1 -
2
H ~-—
I. singlet
2. doublet
3. doublet
4. doublet
5. tiplet

spectrum, the -CH,— carbons absorb at 30-50 8, and the =C— carbons absorb at 110-150

5.

13.25 The compound has 5 different types of carbons and 4 different types of hydrogens.

13C
Q H H
C1: I \ /
H 2 _C C.5
3 \C/3\O/4\CH3
/\
H ClI

IH
8 B
O H H
i \ 7/
H C C (o} 4
& \C/ \O/ \CH3
2/\
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13C
)
4 2
3
| ! | ! | ! [ ! !
200 150 100 50 0
Chemical Shift (5)
IH
1
4
3 TMS
il |
i | 1 i | ! ! |
6 4 2 0

Chemical Shift (5)

13.26 cis-1,2-Dimethylcyclohexane has two chirality centers, and, because of them, all ring
protons and all ring carbons are different, as are the methyl groups. However, the
cyclohexane ring can ring-flip. interconverting the isomer shown with its enantiomer
(Problem 9.78). Since the rate of interconversion is faster than the time scale of NMR
spectra, the spectra of cis-1,2-dimethylcyclohexane show "time-averaged"” peaks for nuclei

in molecules that undergo ring-flips. Spectroscopically, cis- 1

dlme(hylcydohexane

behaves as a Lompound with a plane of symmetry. Both the *C NMR spectrum and the
'H NMR specirum show 4 peaks.
14 13C
3 1
CH
4 1
5 2 "CHg
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Additional Problems

1330237/

3

(a) 2.18 8 (by4.78 8

_ Observed chemical shift (in Hz)

(c)7.5235

13.28 & x 300 MHz = Observed chemical shift (in Hz)

(1) 630 Hz  (b) 1035 Hz

(c) 1890 Hz

(d) 2310 Hz

Nuclear Magnetic Resonance Spectroscopy 291

13.29 (a) Since the symbol "§" indicates ppm downfield from TMS, chloroform absorbs at 7.3

ppm.
(b)

7.3 ppm =

2600 Hz

chemical shift

chemical shift

5 = Observed chemical shift (in Hz)
Spectrometer frequency in MHz

7.3 ppm x 360 MHz = chemical shift

(c) The value of 8 is still 7.3 because the chemical shift measured in § is independent of the
operating {requency of the spectrometer.

13C: 2 absorptions
IH: 1 absorption

13C: 2 absorptions
'H: 1 absorption

13.30
()
HSC\ /CH3
CcC=C
/ \
(©) (I)l
CH3CCHg
(e)

(b) 11
HiC CHa
2
3 3
4 4

5
13C: 5 absorptions
(at room temperature)

(d) 0
I
(CH3)3CCCH3
1 234
13C: 4 absorptions
(f)

HsC_ CHg
HsC CHj 5

13C: 3 absorptions
'H: 2 absorptions

13C: 3 absorptions
'H: 2 absorptions

1 1
HaC, CHg

oy 2
“CH,
13

HoC 4. Chp
2

IH: 4 absorptions
(at room temperature)

1 I 2
(CH3)3CCCHg

'H: 2 absorptions
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13.31-13.32
Nimber § o ) . . :
of 13C Carbons Showing Peaks in DEPT-135 13C NMR Spectrum
Compound AI).\'m‘pli(m.\' Positive Peaks ~ Negative Peaks ~— No Peaks
(a) 1
HaC CH3 carbon | carbons 3.4.5 carbon 2
(b)
1 2 &
CH3CH,0CH4 3 carbons 1,3 carbon 2
(c) 1
CH3 6 carbons 1,3 carbons 4,5,6 carbon 2
C C CH
(d)
?H 6 carbons 1,3,4,6 carbon 5 carbon 2
5 41 2
CH30H20HC CH
© 1 1
HsC b s CHgq carbons 1,2 carbons 3,4
4 4
Czjl/o carbons 2,34 carbon 1
8

13.33 B¢ N\/IR absorptions occur over a range of 250 ppm, while 'H NMR absorptions
generally occur over a range of only 10 ppm. The spread of peaks in C NMR is therefore
much greater, so accidental overlap is less likely. In addition, normal *C NMR spectra are
uncomplicated by spin-splitting, and the total number of lines is smaller.

13.34 A nucleus that absorbs at 6.50 § is less shielded than a nucleus that absorbs at 3.20 § and
thus requires a weaker applied field to come into resonance. A shielded nucleus feels a
smaller effective field, and a stronger applied field is needed to bring it into resonance.
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13.38
Peak Splitting
0 Assignment Partern
121 3 4 .
CH3CH,COCH(CH3)o 1 triplet (31
2 quartet (2H)
3 septet (1H)
4 doublet (6H)

13.39 Usc of *C NMR to distinguish between the two isomers has been described in the text in
Scction 13.9. "TH NMR can also be useful.

CH, CHg

A B
Isomer A has only four kinds of protons because of symmetry. Its vinylic proton
absorption (4.5-6.5 §) represents two hydrogens. Isomer B contains six different kinds of
protons. Its 'H NMR shows an unsplit methyl group signal and one vinylic proton signal
of relative area 1. These differences make it possible to distinguish between A and B.

13.40 firsl, examine each isomer for structural differences that are obviously recognizable in the
H NMR spectrum. If it is not possible to pick out distinguishing features immediately, it
may be necessary to sketch an approximate spectrum of each isomer for comparison.

(a) CH3;CH=CHCH,CHj3 has two vinylic protons with chemical shifts at 5.4 — 5.5 8.
Because ethylcyclopropane shows no signal in this region, it should be easy to
distinguish one isomer from the other.

(b) CH3CH,>OCH,CHj has two kinds of protons, and its 'H NMR spectrum consists of
two peaks — a triplet and a quartet. CH3;0CH>CH>CH3 has four different types of
protons, and its spectrum is more complex. In particular, the methyl group bonded to
oxygen shows an unsplit singlet absorption.

(c) Each compound shows three peaks in its 'H NMR spectrum. The ester, however,
shows a downfield absorption due to the -CH>— hydrogens next to oxygen. No
comparable peak shows in the spectrum of the ketone.

CH ﬁOCH C (l)l
3 LH, CH3CH2CCH3
1 1 1 1 1 1 1 I 1 1
8 6 4 2 0 8 6 4 2 0
Chemical Shift (3) Chemical Shift (5)

d) Each isomer contains four different kinds of protons — two kinds of methyl protons
and two kinds of vinylic protons. For the first isomer, the methyl peaks are both
singlets, whereas for the second isomer, one peak is a singlet and one is a doublet.
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13.41
() (b) (c) 0
Rt O (Y
o}
13.42
H H CHj
H CHg H
H3C H HiC
cis-1,3-Dimethylcyclohexane trans-1,3-Dimethylcyclohexane

cis-1,3-Dimethylcyclohexane is a meso compound. Because of symmetry, it shows 5
absorptions in its "C NMR spectrum. rrans-1,3-Dimethylcyclohexane exists as a pair of
enantiomers. Both enantiomers undergo ring-flips at a rate that is faster than the time frame
of an NMR spectrum and that averages absorptions due to nonequivalent carbons, Like the
cis isomer, the racemic mixture of trans enantiomers shows 5 absorptions in its ~C
spectrum.

13.43 (a),(b) C3HgO contains one double bond or ring. Possible structures for C3HgO include:

Hz(l: _(l:Hz o)
/' \
H2C_O H2C—CHCH3 H2C:CHOCH3
Cyclic ether Cyclic ether Ether, double bond
0]
H,C__OH Il Il
H,C= CHCH,OH L>e<y CH4CCH4 CHyCH,CH
Hy
Alcohol. double bond Cyclic alcohol Ketone (acctone) Aldehyde

(c) Carbonyl functional groups (usually ketones) absorb at 1715 em ! in the infrared. Only
the last two compounds above show an infrared absorption in this region.

(d) Because the aldehyde from part (b) has three different kinds of protons, its 'H NMR
spectrum shows three peaks. The ketone, however, shows only one peak. Since the
unknown compound of this problem shows only one "H NMR absorption (in the
methyl ketone region), it must be acetone.
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13.44 Either 'H NMR or *C NMR can be used to distinguish among these isomers. In cither
case, it is first necessary to find the number of different kinds of protons or carbon atoms.
Kinds of  Kinds of Carbon  Number of 111~ Number of 13C

Compound Protons atoms NMR peaks NMR peaks
ref | 1 ! !
HaC—CHy

HoC=CHCH,CH; 5 4 5 4
CHaCH=CHCH; 2 2 2 2
(CH3),C=CH, 2 3 2 3

13C NMR is the simplest method for identifying these compounds because each isomer
differs in the number of absorptions in its 3C NMR spectrum. '"H NMR can also be used
to distinguish among the isomers because the two isomers that show two 'H NMR peaks
differ in their splitting patterns.

13.45
Number of Distinguishing
Peaks Absorptions
o}
13C 7 Two vinylic peaks

H 5 Unsplit vinylic peak, relative area 1
CHy
O
If 13C 4 One vinylic peak

o

C
©/ \CH3 H Split vinylic peak, relative area 2

The two isomers have different numbers of peaks in both 'H NMR and '*C NMR. In
addition, the distinguishing absorptions in the vinylic region of both the 'H and *C
spectra make it possible to identify each isomer by its NMR spectrum.

The ketone IR absorption of 3-methyl-2-cyclohexenone occurs near 1690 cm™ because
the double bond is next to the ketone group. The ketone IR absorption of 3-cyclopentenyl
methyl ketone occurs near 1715 cm™, the usual position for ketone absorption.

13.46 The unknown compound has no degrees of unsaturation and has two different kinds of
hydrogens. The unknown compound is BrCH,CH,CH,Br.

13.47
(a) (b)
O

1 all 2 H3C\ /H

(CH3),CHCCH,4 c=c L23
/ \

1 =0.95 5 (isopropyl group) Br H
2 =2.10 & (methy! ketone) I =2.32 § (methyl group attached
3 =2.43 5 (isopropyl group) to double bond)

2,3 =5.355,5.54 8 (vinylic H)
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3.48 Possible structures for C4H,ClO, are CH3;CH,CO>CH»Cl and CICH,CO,CH,CHs.
Chemical-shift data can distinguish between them.

Il Il
CH3CH,COCH,CI CICH,COCH,CHg
A B

In A, the protons attached to the carbon bonded to both oxygen and chlorine (-OCH,Cl)
absorb far downfield (5.0 — 6.0 §). Because no signal is present in this region of the 'H
NMR spectrum given, the unknown must be B.

13.49

(a) (b) © (d)
1 3 1 2 1 3
H3C H C(CH3)3 (0] CHchchzBr
3 21 1
c=C BTCHQCH2CCH3 }
4

CI/ \C Cl
H,Cl
22 2

1 =2.1835 (allylic) 1=1.303 (saturated) 1 =2.11 5 (nexttoC=0) 1 =2.1538

=4.168 (HCl 2=7.3038 (aromatic) 2= 3.528 (next to 2 =2.75 & (benzylic)
bonded to same C) C=0, Br) 3 3.38 § (H,Br
3=5.71 & (vinylic) 3=44038 (HBr ded to same C)
The E isomer is bonded to same C) 4 =7.22 & (aromatic)

also a correct answer

13.50
(a) (b)
(CHz3)2CHCH,Br CH3<|:HCHZCH2C|
Cl
13.51
CH3O\
//C i
H,—C=C —C\
Hp
Proton a Proton b Proton ¢
3.08 8 4.523§ 6.53 38
Ju-[) = ‘Ib—c = 7Hz
‘lu~L = - Ja—(‘ = 1 H]

%
|

The absorptions in the 'H NMR spectrum can be identified by comparison with the tree
diagrams. H, absorbs at 3.08 §, Hy, absorbs at 4.52 §, and H, absorbs at 6.35 §.
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Carbon S (ppm)
. 0 I 14
3C - 2 9 2 6l
6 % OCH,CHj i 166
/ ° . 127-133 (4 peaks)
6 Ethyl benzoate 7’

13.53 Compound A (4 multiple bonds and/or rings) must be symmetrical because it exhibits only

six peaks in its '*C NMR spectrum. Saturated carbons account for two of these peaks (8 =
15, 28 ppm), and unsaturated carbons account for the other four (6 = 119, 129, 131, 143

pm).
"H NMR shows a triplet (3 H at 1.1 8), and a quartet (2 H at 2.5 8), indicating the
presence of an ethyl group. The other signals (4 H at 6.9 — 7.3 § are due to aromatic
protons.

CH,CHy

Br

(a) (b) (©)
CH3 CH2CH2BF

Il
CH3CH,CH,CCH4
Br

13.55 The peak in the mass spectrum at m/z = 84 is probably the molecular ion of the unknown

compound and corresponds to a molccular weight of 84 (CgH |2 — one double bond or

rin

%)‘C NMR shows three different kinds of carbons and indicates a symmetrical
hydrocarbon. The absorption at 132 § is due to a vinylic carbon atom. A reasonable
structure for the unknown is 3-hexene. Data do not distinguish between cis and trans
isomers.

CH3CH,CH=CHCH,CH;  3-Hexene

13.56 Compound A, a hydrocarbon having M* = 96, has the formula C7H 2, indicating two

degrees of unsaturation. Because it reacts with BH3, Compound A contains a double
bond From the broadband decoup]ed 3C NMR spectrum, we can see that C;Hjs is
symmetrical, since it shows only five peaks.

The DEPT-135 spectrum of Compound A indicates three different CHy carbons, one
=CH, carbon and one —C= carbon; the last two carbons are shown to be sp~ hybridized by
their chemical shifts. In the DEPT-135 spectrum of Compound B, the absorptions due to
double bond carbons have been replaced by a CH carbon and a CH; carbon bonded to an
electronegative group.
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1 1
3 CH,0H
< 1. BHg, THF 4 H
—_—
5 3 2. H202, “OH 5 3
4 4
Compound A Compound B
1 106.9 § 1 68.2 3
2 149.7 § 2 40.5 8
3 3578 3 2998
4,5 26.85,28.78 4,5 26.158,2695

13.57 The IR absorption indicates that C is an alcohol. From M, we can arrive at a molecular
formula of CsH;¢O, which indicates one degree of unsaturation. The broadband-
decoupled spectrum shows five peaks: two are due to a double bond. and one is due to a
carbon bonded to an electronegative atom (O).

The DEPT spectra show that C contains 4 CH; carbons and one CH carbon, and that C
has a monosubstituted double bond. HOCH>CH,CH>CH=CH> is a likely structure for C.

13.58 Compound D is very similar to Compound C. The DEPT spectra make it possible to
distinguish between the isomers. I) has 2 CH carbons. one CHj carbon, and 2 CH,
carbons, and, like C, has a monosubstituted double bond. The peak at 74.4 § is due to a
secondary alcohol. The second structure shown is also a satisfactory answer.

CI)H OH

[
CH3CH2CHCH :CH2 Compound D CH3CHCH2CH =CH2

13.59 Compound E has two degrees of unsaturation and has two equivalent carbons (because its
broadband-decoupled spectrum shows only 6 peaks). Two carbons absorb in the vinylic
region of the spectrum; because one is @ CH carbon and the other is a CH, carbon. E
contains a monosubstituted double bond. The peak at 165.8 § (not seen in the DEPT
spectra) is due to a carbonyl group.

Carbon S (ppm)
! 1 19.1
Gt 2 28,0
HoC=CHCOCH,CHCH3 3 70.5
6 54 3 21 4 165.8
5} 129.8
Compound E 6 129.0
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13.60
3 2 3 2
1 Her ¢ H
4 —_——
" 4 Br
3 5 g &
Compound F Compound G
Carbon & (ppin) Carbon & (ppm)
1 132.4 1 56.0
2 320 2 39.9
3 293 3 27.7
4 27.6 4 25.1

13.61 Make a model of one enantiomer of 3-methyl-2-butanol and orient it as a staggered
Newman projection along the C2-C3 bond. The S enantiomer is pictured.

H
HsC CHg

HaC OH

H

Because of the chirality center at C2, the two methy! groups at the front of the
projection aren't equivalent. Since the methyl groups aren't equivalent, their carbons show
slightly different signals in the '*C NMR.

13.62 Commercial 2,4-pentanediol is a mixture of threc stereoisomers - (R,R), (5,S). and (R,S).
I'he meso 1somer shows three signals in its B3C NMR spectrum. Its diastereomers, the
R,Rand S,S enantiomeric pair, also show three signals, but two of these signals occur at
different § values from the meso isomer. This is expected, because diastereomers differ in
physical and chemical properties.

A Look Ahead

13.63 The product (M*= 8§8) has the formula C4HgOs. the IR absorption indicates that the
pmdmt is an ester. The "H NMR shows an ethyl group and an ~OCHj3 group.

o]
CHaCHyCoH  — POt CHaCH,COCH
e H* catalyst S S
3.64 The product is a methyl ketone.
CHacro=n - CHMEBT_ - ordc
= HaCHCCH
3 2. HO" & 3

CH3 CH3
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Molecular Modeling

13.65

13.66

13.67

CHg CHg
CHj CHs
COT 1,2-DimethylCOT 2,3-DimethylCOT

COT has a non-planar tub shape, in which short and long C—C bonds alternate around the
ring. Because the tub shape prevents orbital overlap between adjacent = orbitals, COT is
not a resonance hybrid. However, all of the carbons in COT are chemically identical and
have identical chemical shifts. The dimethylCOT denvatives have the same tub-shaped
skeleton, but the methyl groups of each isomer have different chemical environments
relative lo eauh other and to the tub. Thus, each dimethyl derivative is expected to have a
different °C NMR spectrum, although both spectra should show 5 peaks.

4.273§

o O

A\/ 6.97 3§

2-Chloronorcamphor shows "W" coupling between H, and Hy. None of the protons in
2-chlorocamphor have a "W" relationship with H,.

Hp H HisC CHg

Ha Ha

2-Chloronorcamphor 2-Chlorocamphor



Review Unit 5: Spectroscopy

Major Topics Covered (with vocabulary):

Mass Spectrometry:
cation radical mass spectrum  base peak  molecular ion afpha cleavage McLafferty
rearrangement dechydration

The Electromagnetic Spectrum:
clectromagnetic radiation  wavelength  frequency hertz  amplitude quanta  absorption spectrum

Infrared Spectroscopy:
wavenumber fingerprint region

Nuclear Magnetic Resonance Spectroscopy:

nuclear magnetic resonance 1f energy effective magnetic ficld shielding downfield upficld
chemical shift delta scale FT-NMR DEPT 3C NMR integration multiplet spin-spin splitting
coupling n+ L rule coupling constant tree diagram

Types of Problems:
After studying these chapters, you should be able to:

-~ Write molecular formulas corresponding to a given molecular ion.

—  Use mass spectra to determine molecular weights and base peaks, to distinguish between
hydrocarbons, and to identify selected functional groups by their fragmentation patterns.

—  Calculate the energy of electromagnetic radiation, and convert from wavelength to wavenumber
and vice versa.

— Identify functional groups by their infrared absorptions.

— Use IR and MS to monitor reaction progress.

—  Calculate the relationship between delta value, chemical shift, and spectrometer operating
frequency.

— Identify nonequivalent carbons and hydrogens, and predict the number of signals appearing in
the 'TH NMR and 13C NMR spectra of compounds.

— Assign resonances to specific carbons or hydrogens of a given structure.

— Propose structures for compounds, given their NMR spectra.

— Predict splitting patterns, using tree diagrams if necessary.

— Use NMR to distinguish between isomers and to identify reaction products.

Points to Remember:
# In mass spectrometry, the molecular ion is a cation radical. Further fragmentations of the
molecular ion can be of two types — those that produce a cation plus a radical, and those that
produce a different cation radical plus a neutral atom. In all cases, the fragment bearing the
charge — whether cation or cation radical — is the one that is detected.

#  Although mass spectrometry has many uses in research, we are interested in it for only a
limited amount of data. The most important piece of information it provides for us is the
molecular weight of an unknown. A mass spectrum can also show if an unknown is branched
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or straight-chain (branched hydrocarbons have more complex spectra than their straight-chain
isomers). Finally, if we know if certain groups arc present, we can obtain structural
information about an unknown compound. For example if we know that a ketone is present,
we can look for peaks that correspond to alpha cleavage and/or McLafferty rearrangement
fragments.

*  The position of an IR absorption is related to both the strength of the bond and to the nature of
the two atoms that form the bond. For example, a carbon-carbon triple bond absorbs a higher
frequency than a carbon-carbon double bond, which absorbs at a higher frequency than a
carbon-carbon single bond. Bonds between two atoms of significantly different mass absorb at
higher frequencies than bonds between two atoms of similar mass.

*  Notall IR absorptions are due to bond stretches. Many of the absorptions in the fingerprint
region of an IR spectrum are due to bending and out-of-plane motions.

* tis confusing, but true, that larger § values in an NMR spectrum are associated with nuclei
that are less shielded. and that these nuclei require a lower field strength for resonance. Nuclei
with small values of § are more shielded and require a higher ficld strength for resonance.

*  Both 13C NMR and '™H NMR are indispensable for establishing the structure of an organic
compound. 3C NMR indicates if a molecule is symmetrical and shows the types of carbons in
amolecule (by DEPT NMR). 'H NMR shows how the carbons are connected (by spin-spin
splitting) and how many protons are in the molecule (by integration). Both types of spectra
show (by chemical shift) the electronic environment of the magnetic nuclei.

Self-Test:

Compound A is a hydrocarbon with M* = 78. What is its molecular formula? What is its
degree of unsaturation? Draw three possible formulas for A. The 3C NMR spectrum of A shows
3 peaks — at 18.5 3, 69.4 § and 82.4 §, and the 'H NMR spectrum shows two peaks. What is the
structure of A? What significant absorptions would you see in the IR spectrum of A?

Compound B has the molecular formula CgHy4, and shows 3 peaks in its 'TH NMR
spectrum — at 1.7 § (6H), 2.1 § (4H) and 4.7 § (4H). All 3 peaks are singlets. B also shows an IR
absorption at 890 cm-!. What is a possible structure for B? If you're still not sure, the following
peaks were observed in the 13C NMR spectrum of B: 22 8,36 8, 110 8, 146 5. The peaks at 36 8
and 110 & were negative signals in the DEPT-135 spectrum, and the peak at 22 § was a positive
signal.

Compound C is a hydrocarbon with M* = 112. What are possible molecular formulas for C?
The five peaks in the 'H NMR spectrum of € are all singlets and occur at the following § values:
0959 H), 1.85(3H). 1.95(2H), 465 (I H)and 4.85 (1 H). An IR absorption at 890 cm~! is
also present What is the structure of C?

Il
CH3CH,CCH,OH
D

Describe the '3C NMR and 'H NMR spectra of D. For the 'H NMR spectrum, include the
spin-spin splitting patterns, peak arcas, and positions of the chemical shifts. Give two significant
absorptions that you might see in the IR spectrum. Would you expect to see products of
McLafferty rearrangement in the mass spectrum of D? Of alpha cleavage?
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Multiple choice:

1. Which of the following formulas could not anse from a compound with M+ = 142 that
contains C, H, and possibly O?
(1) CiHyo (b) C1gHgO  (c) CoHysO  (d) CgH60a

12

Which of the following mass spectrum [ragments is a cation, rather than a cation radical?
(1) base peak  (b) molecularion (¢) product of McLafferty rearrangement  (d) product of
dehydration of an alcohol

3. Which element contributes significantly to (M+1)*?
()N (b)H (¢)C (d)O

4. In which type of spectroscopy is the wavelength of absorption the longest?
(2) NMR spectroscopy  (b) infrared spectroscopy () ultraviolet spectroscopy
(d) X-ray spectroscopy

5. Which functional group is hard to detect in an IR spectrum?
(a) aldehyde (b) -C=C- (c) alcohol (d) ether

6. IR spectroscapy is especially good for:
(a) determining if an alkyne triple bond is at the end of a carbon chain or is in the middle
(b) predicting the type of carbonyl group that is present in a compound
(¢) deciding if a double bond is cis-disubstituted or trans-disubstituted
(d) all of these situations

7.  Hanucleus is strongly shielded:
(a) The effective field is smaller than the applied field, and the absorption is shifted
downfield. (b) The effective field is larger than the applied field, and the absorption is
shifted upfield. (c) The effective field is smaller than the applied field, and the absorption is
shifted upfield. (d) The effective field is larger than the applied field, and the absorption is
shifted downfield.

8. When the operating frequency of an 'H NMR spectrometer is changed:
(a) The value of chemical shift in § and of the coupling constant remain the same. (b) The
values of chemical shift in Hz and of the coupling constant change. (c) The value of chemical
shift in Hz remains the same, but the coupling constant changes. (d) The values of chemical
shift in 8 and of the coupling constant change.

9.  13C NMR can provide all of the following data except:
() the presence or absence of symmetry in a molecule (b) the connectivity of the carbons in
amolecule (c) the chemical environment of a carbon (d) the number of hydrogens bonded
to a carbon

10.  Which kind of carbon is detected in DEPT-90 13C NMR spectroscopy?
(a) primary carbon (b) secondary carbon (c) tertiary carbon (d) quaternary carbon



Chapter 14 — Conjugated Dienes and
Ultraviolet Spectroscopy

Chapter Outline

L. Conjugated Dienes (Sections 14.1 - 14.9).
A. Preparation of conjugated dienes (Section 14.1).
I. Base-induced elimination of allylic halides is the most common method.
2. Inindustry, thermal cracking is sometimes used.
B. Properties of conjugated dienes (Section 14.2 — 14.4).
L. Stability of conjugated dienes (Section 14.2).

a.

b.

Heats of hydrogenation show that conjugated dienes are somewhat more stable
than nonconjugated dienes.
Because conjugated dienes are more stable and contain less energy, they releasc
less heat on hydrogenation.

2. Molecular orbital description of 1,3-butadiene (Section 14.3).

a.

b.

C.

The stability of 1,3-butadiene may be due to the greater amount of s character of

the C-C single bond between the double bonds.

Molecular orbital theory offers another explanation.

i. 1f we combine 4 adjacent p orbitals, we generate a set of 4 molecular
orbitals.

1. Bonding electrons go into the lower two MOs.

i1 The lowest MO has a bonding interaction between C2 and C3 that gives that
bond partial double-bond character.

The = electrons of butadiene are delocalized over the entire n framework.

3. Bond lengths in [,3-butadiene (Section 14.4).

a.
b.

The C2-C3 bond length is 6 pm shorter than a C-C single bond.
Both explanations (above) can account for this bond shortening.

C Reactions of conjugated dienes (Sections 14.5 - 14.9).
1. Electrophilic addition to conjugated dienes (Sections 14.5 — 14.6).

a.

b.

Conjugated dienes react in electrophilic addition reactions to give products of

both 1,2 addition and 1,4 addition (Section 14.5).

1. Addition of an electrophile gives an allylic carbocation intermediate that is
resonance-stabilized.

1. Addition can occur at either end of the allylic carbocation to yield two
products.

The ratio of products can vary if the reaction is carried out under conditions of

kinetic control or of thermodynamic control (Section 14.6).

1. Under conditions of thcrmodyndmlc control (high tcmpcmtmc) the product
whose formation has a larger negative value of AG® forms in greater
amounts.

it.  Under conditions of kinetic control (lower temperature), the product whose
formation has the lower energy of activation forms in greater amounts.

iii. In electrophilic addition reactions of conjugated dienes, the 1,2 adduct
forms preferentially at low T, and the 1.4 adduct forms preferentially at high
T.

2, Dxenc polymers (Section 14.7).

Like simple alkenes, conjugated dienes can polymerize.

1. Because double bonds remain in the polymer, cis-trans isomerism is
possible.

1i. Polymerization can be initiated by either a radical or by acid.

1. Polymerization occurs by 1.4 addition.
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b. Naturat rubber 1s a polymer of isoprene with Z double-bond stercochemistry,
and gutta-perchais a polymer of isoprene with 2 double-bond stercochemistry.

¢. Synthetic rubber and isoprene (a polymer of chloroprene) are also dienc
polymers.

d. Rubber needs o be hardened by vulcanization.

Heating rubber with sulfur forms cross-links that lock the chains together.

3. The Diels-Alder reaction (Sections 14.8 — 14.9).
a. How the reaction occurs (Scction 14.8).

I
1.

1.

v.

Vo

A diene can react with certain alkenes to form a cyclic product.

This reaction, the Diels-Alder reaction, forms two C—C bonds in a single
step.

The reaction occurs by a pericyclic mechanism, which takes place in a single
step by a cyclic redistribution of clectrons.

In the reaction, o overlap occurs between the two alkene p orbitals with the
two p orbitals on carbons 1 and 4 of the diene.

Flu two alkene carbons and C1 and C2 of the diene rehybridize from \p to
sp”, and C2 and C3 of the diene remain sp hybridized.

b. The dienophile (Section 14.9).

1.

The dienophile must have an electron-withdrawing group and may contain a
triple bond.

ii. The stereochemistry of the dienophile is maintained during the reaction.
iti. Only endo product is formed because orbital overlap is greater in the
transition state than for exo product.
A substituent in a bicyclic ring system is endo if it is cis to the larger of
the other two bridges.
c. The diene.
1. A diene must adopt an s-cis conformation in order to undergo the Diels-
Alder reaction.
1. Some dienes can rotate to achieve an s-cis conformation; those that are rigid
can't react.
1. Dienes that have fixed s-cis geometry are very reactive.

{I. Ultraviolet spectroscopy (Sections 14.10 — 14.13).
A. Principles of ultraviolet spectroscopy (Section 14.10).

1. The ultraviolet region of interest is between the wavelengths 200 nm and 400 nm.

2. The cnergy absorbed is used to promote a = electron in a conjugated system from
one orbital to another.

B. Ultraviolet spectrum of 1,3-butadiene (Section 14.11).

I. When 1.3-butadiene is irradiated with ultraviolet light, a n electron is promoted
from the highest occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital.

2. UV radiation of 217 nm is necessary 10 promote this transition.

3. This transition is known as an - m transition.

C. The ultraviolet spectrum.

I. AUV spectrum is a plot of absorbance vs. wavelength.

a. The absorbance is A = log [1/1].
Ip = intensity of incident light.

b

c. I=

d. The baseline is zero absorbance.
F

a.

o)

intensity of transmitted light.

or a specific substance, A is related to the molar absorptivity (g).

Molar absorptivity is the absorbance of a sample whose concentration is [
mol/L with a pathlength of I cm..
b. A=excx!
¢. The range of € is 10,000 — 25,000.
3. UV spectra usually consist of a single broad peak, whose maximum is Apax.
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D. Interpreting UV spectra (Section 14.12).
1. The wavelength necessary foran — n transition depends on the energy difference
between HOMO and LUMO.
2. By measuring this difference, it is possible to learn about the extent of conjugation
in a molecule.
3. As the extent of conjugation Increases, imygy INCreases.
4. Different types of conjugated systems have characteristic values of Zpgy.
F. Colored organic compounds (Section 14.13).
Compounds with extensive systems of conjugated bonds absorb in the visible range
of the electromagnetic spectrum (400 — 800 nm).

Solutions to Problems

14.1 To find conjugation, look for alternating double bonds (or double and triple bonds).

(a) (b) (c)

% H.ZC .
not conjugated Lonju0dled conjugated
d o € (fy .--7""°* >~
(d) . ﬁ\‘ (e) ?Hs )/ H
[ el c 4 ¢ k
~ J A A !
OCHg CHy ' CHy !
l \ /
3 ’ SN L
conjugated not conjugated con}ﬁgmed

14.2  We would expect AHpygrog = =126 + (=126) =-252 ki/mol for allene if the heat of
hydrogenation for each double bond were the same as that for an isolated double bond.
The measured AHyydrog « —298 kl/mol, is 46 kJ/mol more negative than the C\pLCILd value.
Thus, allene is higher in energy (less stable) than a nonwmug.nul diene, which m turn is
less stable than a LOI’I_]U"J[Cd diene.

14.3
CH3CH=CHCH=CH, 1.3-Pentadiene
Product Name Results from:
(|3I
CH3CH=CHCHCH3 4-Chloro-2-pentene 1.2 addition
cl 1.4 addition
I
CH3CH,CHCH=CH, 3-Chloro-1-pentene ,2 addition

CH3CH,CH=CHCH,CI 1-Chloro-2-pentene 1.4 addition
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14.4
&+ 3+ 5t 5+
CH3CH,CH==CH==CH, CH4CH== CH =CHCH,
D  protonation \ protonation
on carbon 4 on carbon 1
CHaCH=CHCH=CH,
protonation protonation

on carbon 3 ,on carbon 2
CHSCHCHZCH CH, -«———/ \H CHiCH= CHCHZCHz

C

A and D, which are resonance-stabilized, are formed over B and C, which are not.

The positive charge of allylic carbocation A 1s delocalized over two secondary carbons,
while the positive charge of carbocation D is delocalized over one secondary and one
primary carbon. We therefore predict that carbocation A is the major intermediate formed,
and that 4-chloro-2-pentene predominates. Note that this product results from both 1,2—
and 1,4-addition.

14.5
Br
| + +
CH3CHCH=CH, Z[CH:;CHCH =CHp=—= CHyCH= CHCHZ] == CHzCH=CHCH,Br
3-Bromo-1-butene + Br 1-Bromo-2-butene

Allyhic halides can undergo slow dissociation to form stabilized carbocations. Both 3-
bromo-1-butene and 1-bromo-2-butene form the same allylic carbocation, pictured above,
on dissociation. Addition of bromide ion to the allylic carbocation then occurs to form a
mixture of bromobutenes. Since the reaction is run under equilibrium conditions, the
thermodynamically more stable 1-bromo-2-butene predominates.

14.6
X
1.2 |

/;> H2C(|3HCH =CH, monosubstituted double bond
X

H,C=CHCH =CH, + X,
X
14 | R
H>CCH =CH(|3H2 disubstituted double bond
X

| ,4—adducts are more stable than 1,2—-adducts because disubstituted double bonds are more
stable than monosubstituted double bonds (see Chapter 6).
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14.7 The initiator may be either a radical or a cation. Diene polymerization is a 1,4 addition
process that forms a polymer whose monomer units have 4 carbons and that contains a
double bond every 4 bonds.

22 -k

/\/L>/\/<—->/\/

catalyst

/\/W —>/\/\/\/+e‘°-

14.9 Draw the reactants in an orientation that shows where the new bonds will form. Form the
new bonds by connecting the two reactants, removing two double bonds, and relocating
the remaining double bond so that it lies between carbon 2 and carbon 3 of the diene. The
substituents on the dienophile retain their trans relationship in the product.

O 0
. o
TN \OCHS o° \OCHa
| ——

,—’/’C\ =
.—’HaC H H

CHg

trans product
14.10
Good dienophiles: (a) (d)
0O O

H,C=CHCCI

Poor dienophiles: (b) @ (c) © o
Il

Compound (a) and (d) are good dienophiles because they have clectron-withdrawing
groups conjugated with a carbon-carbon double bond. Alkene (c) is a poor dmnophlle
because it has no electron-withdrawing functional group. Compounds (b) and (e) are poor
dienophiles because their electron-withdrawing groups are not conjugated with the double
bond.
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14.11 (a) This diene has an s-cis conformation and should undergo Diels-Alder cycloaddition.

(b) This diene has an s-trans conformation. Because the double bonds are in a fused ring
system, it is not possible for them to rotate to an s-cis conformation.

(¢) Rotation can occur about the single bond of this s-trans diene. The resulting s-cis
conformation, however, has an unfavorable steric interaction of the interior methyl
group with a hydrogen at carbon 1. Rotation to the s-cis conformation is therefore not
favored energetically.

Ho _H
o 5
© C © C
HaC” \\?@ ScH, HaC” \\?/ “H
H H
s-lrans $-CIS
(more stable) (less stable)

14.12 Rotation of the diene to the s-cis conformation must occur in order for reaction to take

place.
r 7 0
y Il H
~k .C
‘\ﬁ/ “OCH, “ T 0CHg
S 7O OCHs | — . o~ OCHs
Il H I
(0] (0]
s-trans  s-cis )
14.13
200nm = 200x 10%m = 2x 107 m

400 nm = 400 x 109m = 4x 107 m

fori = 2x 107" m:

o) -4 1 ” — 1
g = 120X 107 klmol - 120 x 0T Kmol 6 102 g/mol
A (in m) 2.0 x 1077
fora = 4x 107 m:
o) ¢ —1 1 ”, — 1
£ = 120 x 107" kJ/mol -~ 1.20 x 10~ kJ/mol _ 3.0 x 102 kJ/mol
A(nm) 4.0 x 1077

The energy of electromagnetic energy in the region of the spectrum from 200 nm to 400
nm is 300 — 600 kJ/mol.
14.14

uv IR IH NMR (at 60 MHz)
Energy (in kJ/mol) 300 - 600 4.7-47 24 x 105

The energy required for UV transitions is greater than the energy required for IR or 'H
NMR transitions.
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14.18

D0 —

s-trans

14.19 In the most stable conformation of conjugated dienes, the four carbons that form the
conjugated system of n bonds must lie in a plane in order to have the overlap needed for
stabilization. In the conformation pictured, the two double bonds don't lie in a plane. The
stability from conjugation, which leads to lower energy, is lost, and the molecule behaves
as if its double bonds were isolated — a higher energy conformation.

Additional Problems

14.20
a b
@) CHy (b)
CH3CH=CCH=CHCHj HyC=CHCH =CHCH =CHCH,
3-Methyl-2,4-hexadiene 1,3,5-Heptatriene
© d
CH3CH=C=CHCH=CHCHj CHgCH=CCH=CH,
2,3,5-Heptatriene 3-Propyl-1,3-pentadiene
14.21
a
@ Br Br
1 mol Brp
—_— +
Br Br
2 H (0]
1.04 (\ ﬁ/ I
(0] C
2. Zn, H3O% * XN
. Hg W C\\O 0 I H
H
()
1 mol HCI
——tite e .
Ether
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14.23

14.24

14.25

Chapter 14

CHaCHQC = CCH20H3

3-Hexyne

CH3CH=CHCH=CHCHg
2.4-Hexadiene

CH3CH,CH=C=CHCH3
2,3-Hexadicene

'H 2 peaks 3 peaks, 5 peaks,
NMR:  (triplet, quartet) (wo in region two in region
below 2.0 § 4.5-6.5 8 4.5-6.5 %
13C 3 peaks, 3 peaks, 6 peaks,
NMR:  8-555(2) 8-305(1) §-555(3)
65-855 (1) 100-150 5 (2) 1001505 (2)
~200 8 (1)(sp carbon)
uv
absorp- no yes no
tion?

24-Hexadienc can casily be distinguished from the other two isomers because it is the
only isomer that dh\OI’hS in [hc U\’ region. The other two isomers show significant
differences in their 'H and °C NMR spectra and can be identified by either technique.

CH3 CHs
+| & | Brf ! B g ] 25
BrCH2 C=CH=CH,| =— Hy,C=C—CH=CH, —» |CH,=C= CH CH,Br
A addition addition
tertiary/primary to carbon 1 to carbon 4 sccondury/pnmury

allylic carbocation allylic carbocation

Tertiary/primary allylic carbocation A is more stable than secondary/primary allylic
carbocation B. Since the products formed from the more stable intermediate predominate,
3 4-dibromo-3-methyl- 1-butene is the major product of 1,2 addition of bromine to
isoprene.

Among the possible products:

HBr
@ _ter @B,
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14.27 A vinyl branch in a diene polymer is the result of an occasional 1,2—double bond addition
to the polymer chain. Branching can also occur in cationic polymerization for the same
redason.

—%CHZCH—CH(.:HZ + GH=CHy —= —g—CH2CH=CHCHQCH2C;)H 2o,
CH=CH, CH=CH,

14.28
A HaC

H
/ 03 \ /
C=0 + o=
Ha

C=C e C
C/ \ C/ \
—g— Hy,  CH, é— —%— CHy %—
Ozone causes oxidative cleavage of the double bonds in rubber and breaks the polymer

chain.

14.29 To absorb in the 200400 nm range, an alkene must be conjugated. Since the double
bonds of allene aren't conjugated, allene doesn't absorb light in the UV region.

14.30 Only compounds having alternating multiple bonds show n — n* ultraviolet absorptions in
the 200400 nm range. Of the compounds shown, only pyridine (b) absorbs in this range.
14.31

(a) ﬂ .
5 — A

H
(0]
b
(b) G
H
. =0
O - Cp N
0 i
(0]

(©) 0

H

(6]
+ ~—uw / /

(o]
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14.34
i i
H C ©
~ TG7 T OCH,CHg ~OCH,CH3
+ Il —_—
C
N HooN
Y H\C/H
L S \O
C OCH,CH OCH,CH
N H/ \C/ 2828 C/ 23
Il Il
(0] (0]

Two different orientations of the dienophile ester group are possible in the cyclic transition
state, and two different products can form.

14.35 The most reactive dienophiles contain electron-withdrawing groups.

Most reactive Least reactive
(NC)o,C=C(CN), > H,C=CHCHO > HyC=CHCHj > (CHg)oC=C(CH3)s
Four clectron- One electron- Four clectron-
withdrawing groups  withdrawing group donating groups

The methyl groups of 2.3-dimethyl-2-butene also decrease reactivity for steric reasons.

14.36 The difference in reactivity of the three cyclic dienes is due to steric factors. As the "non-
diene" part of the molecule becomes larger, the carbon atoms at the end of the diene portion
of the ring are forced farther apart. Overlap with the n system of the dienophile in the
pericyclic transition state 1s poorer, and reaction is slower.

14.37 First, find the cyclohexene ring formed by the Diels-Alder reaction. After you locate the
new bonds, you should then be able to identify the diene and the dienophile.

(a) 0 0
' 7
O _-— + (6]
NN
'
\ © o)
bonds formed diene diecnophile
(b)
I‘ H CN

Lo — O - F

Faie dienophile
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14.41 A Diels-Alder reaction between c—pyrone (diene) and the alkyne dienophile yields the
following product.

C0,CHs o
/
N C heat O=g¢
+ Iil —_— CO,CHj
C
X 0 [ /
COLCH3 ST

The double bonds in this product are not conjugated, and a more stable product can be
formed by loss of CO,.

CO,CHg

CO,CHy

This process can occur in a manner similar to the reverse Diels-Alder reaction of the
previous problem.

14.42 The first equivalent of maleic anhydride adds to the s-cis bond of the diene.
O

+ (0] ——

0

+ C02

The new double bond has an s-cis relationship to the remaining double bond of the diene

starting material. A second equivalent of maleic anhydride adds to the diene to form the
product shown.

0]






14.44
T H o GHg
C. 2C< 2CH C. .C. _CH
H,C? \(|:// ‘(l:// 2 HyC? \(l:// \?// o
Al H  CHy
1,3,5-Hexatriene 2 3-Dimethyl-1,3,5-hexatricne
Amay = 258 nm Ty = 2065 nm

In Problem [4.43, we concluded that one alkyl group increases A,y of a conjugated diene
by 5 nm. Since 2,3-dimethyl-1,3,5-hexatriene has two methyl substituents, its UV Ay
should be about 10 nm longer than the 2, of 1,3.5-hexatriene.

14.45 (a) B-Ocimene, CjoH 4, has three degrees of unsaturation. Catalytic hydrogenation yields
a hydrocarbon of formula CgH»>. 3-Ocimene thus contains three double bonds and no
rings.

(b) The ultraviolet absorption at 232 nm indicates that B-ocimene is conjugated.
(c) The carbon skeleton, as determined from hydrogenation, is:

-
CH3CH,CHCH,CHoCH,CHCHg
2,6-Dimethyloctane
Ozonolysis data are used to determine the location of the double bonds. The acetone
fragment, which comes from carbon atoms | and 2 of 2,6-dimethyloctane, fixes the
position of one double bond. Formaldehyde results from ozonolysis of a double bond

at the other end of B-ocimene. Placement of the other fragments to conform to the
carbon skeleton yields the following structural formula for -ocimene.

CHs Chs
H,C = CHC=CHCH,CH=CCHgy
B-Ocimene
(d)
Chs O3 CHs CH3
HoC=CHC=CHCHpCH=CCH; 2> CHyCHaCHCH,CHaCHaCHCH,
B-Ocimene e
1. 04
l 2. Zn, H3C)+ (I:H3 (|3H3

H,C=0 + O=CHC=0 + O=CHCH,CH=O0 + O=CCHjy
Formaldehyde Pyruvaldehyde Malonaldehyde Acetone
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14.46 Much of what was proven for B-ocimene is also true for myrcene, since both
hydrocarbons have the same carbon skeleton und contain conjugated double bonds. The
difference between the two isomers is in the placement of double bonds.

The ozonolysis fragments from myrcene are 2-oxopentancdial (five carbon atoms),
acetone (three carbon atoms), and two equivalents of formaldehyde (one carbon atom
each). Putting these fragments together in a manner consistent with the data gives the
following structural formula for myrcene:

FH2 ?H3 C|3H3 (|3H3
H
HoC= CHCCH,CHoCH=CCH, —F?'j_> CH3CH,CHCH,CHyCHCHCH,
Myrcene
l 1. O3
+
2. Zn,Hy0 0 CHg
H,C=0 + H,C=0 + O=CHCCH,CH,CH=0 + O=CCH,
Formaldehyde  Formaldehyde 2-Oxopentanedial Acetone
14.47
- ; - - " -
5 H
OcHg OCH,
H* cr e
—_— —_—
i H I H 4 OCHg3
+ +
OCHj OCHj
Conjugation with Reaction with HCI Addition of
the oxygen non- yields a cation CI- leads to
bonding electrons intermediate that the observed
makes the double can be stabilized by product.
bond more the oxygen electrons.

nucleophilic.

There are two reasons why the other regioisomer is not formed: (1) Carbon t is less
nucleophilic than carbon 2: (2) The cation intermediate that would result from protonation
at carbon | can't be stabilized by the oxygen clectrons.

14.48 (a) Hydrocarbon A must have two double bonds and two rings, since no carbons are lost
on ozonolysis and a diketone-dialdehyde is formed.

I 11
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(b) Rotation about the central single bond of 11 allows the double bond to assume the s-cis
conformation necessary for a Diels-Alder reaction. Rotation is not possible lor 1.

(©)
0O
I
InEde
H ~
o} O
. 5 0 0
0]
—— _
Totation
Pd/C

14.49

Br2 2 NaCN

Ho,C=CHCH =CH, ——2» BrCH,CH=CHCH,Br —— NCCH,CH=CHCH,CN
1,4-Addition SN2 Substitution ¢H2, Pd
NCCH,CHoCH,CH,CN
Adiponitrile
14.50
-2
C = A _ 0.065 _ 05x 107 _ 5.5 % 10-M
exl 11,900 x 1.00 cm 1.19 x 104

14.51

o)

repeat many times

Polycyclopentadiene

Polycyclopentadiene is the product of successive Diels-Alder additions of cyclopentadiene
to a growing polymer chain. Strong heat causes depolymerization of the chain and
reversion to cyclopentadiene monomer units.
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14.52
Ha OQ?/OCHZB HsC H
N S
> I _—
x M C|>
c
CHa 07 "> 0CH,
14.53
Ha OQ?/OCHa
ZNT c
+ [ R
NN CH3 ?
c
H 07 SocH,

The stereochemistry of the product resulting from Diels-Alder reaction of the (2E.4Z) diene
differs at the starred carbon from that of the (2FE,4FE) diene. Not only is the stereochemistry
of the dienophile maintained during the Diels-Alder reaction, the stereochemistry of the
diene is also maintained.

14.54 Although it is usually best to work backwards in a synthesis problem, it sometimes helps
to work both forwards and backwards. In this problem, we know that the starting
materials are a diene and a dienophile. This suggests that the synthesis involves a Diels-
Alder reaction. The product is a dialdehyde in which the two aldehyde groups have a cis
relationship, indicating that they are the products of ozonolysis of a bridgehead double
bond. These two pieces of information allow us to propose the following synthesis:

(lsoch3
CH H 1. 04

+ Il — = =
CHyp CO,CHg 2. Zn, H30

The —~CHO groups are cis to the ester in the product.

A Look Ahead

14.55 The lone pair electrons from nitrogen can overlap with the double bond = electrons in a
manner similar to the overlap of the n electrons of two conjugated double bonds. This
electron contribution from nitrogen makes an enamine double bond electron-rich.

oo | VU0

PR A —C—C—N=J

- C SN

T ] DO

The orbital picture of an cnamine shows a 4 p-electron system that resembles the system of
a conjugated diene.
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14.56 Double bonds can be conjugated not only with other multiple bonds but also with the lone-

pair clectrons of atoms such as oxygen and nitrogen. p-Tolutdine has the same number of
double bonds as benzene, yet its Ap,y is 31 nm greater. The electron pair of the nitrogen
atom can conjugate with the n electrons of the three double bonds of the ring, extending the
7 system and increasing Apax-

14.57 Dilute NaOH removes the proton from the —~OH group, leaving the phenoxide anion.

The increased electron density at oxygen increases conjugation of the oxygen lone pair
electrons with the = electrons of the ring double bonds. The extended conjugation increases
Amax 1N @ manner similar to p—toluidine (Problem 14.56).

Molecular Modeling

14.58 UV excitation shortens and strengthens the C2—-C3 bond. This is consistent with

promotion of an electron from the HOMO (which is n antibonding between C2-C3) to the
LUMO (which is = bonding between C2-C3). Excitation also lengthens and weakens the

C1-C2 and C3-C4 bonds. The HOMO is = bonding for these two bonds, and the LUMO
is © antibonding.

14.59 The lowest and highest energy conformations for [-butene have C—C-C~C dihedral angles

of 120° and 45°, respectively. The barrier to rotation equals the energy difference between
these conformations and is 9.4 kJ/mol. For 1,3-butadiene, the lowest and highest energy
conformations have dihedral angles of 180° and 105°, respectively. The barrier to rotation
is substantially higher (23.6 kJ/mol). 1,3-Butadiene has two minimum-energy
conformations — planar s-trans and non-planar s-cis, which has a C~C-C-C dihedral angle
of 30°—45% and is 11.8 kJ/mol higher in energy. Only s-cis geometry permits cycloaddition,
but it is not the preferred geometry.

14.60 Electrostatic potential maps show that the alkene carbons in benzoguinone and 3,3,3-

trifluoropropene are much more positive than those in ethylene. Benzoquinone and 3,3,3-
trifluoropropene should be reactive dienophiles, and ethylene should be relatively
unreactive.

14.61 Transition state B is lower in energy by 5.3 kJ/mol and leads to the kinetic (endo) product.

Product A is lower in energy by 5.8 kJ/mol and is the thermodynamic (exo) product. The
kinetic and thermodynamic products are different for this reaction.
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Chapter Outline

I. Introduction to aromatic compounds (Sections 15.1 - 15.4).
A. Sources of aromatic hydrocarbons (Section 15.1).

1.
”

Some aromatic hydrocarbons are obtained from distillation of coal tar.
Other aromatic hydrocarbons are formed when petroleum is passed over a catalyst
during refining.

B. Naming aromatic compounds (Section 15.2).

1.
2.

5.
C. Sta
1.

b

Many aromatic compounds have nonsystematic names.
Monosubstituted benzenes are named in the same way as other hydrocarbons, with
-benzene as the parent name.
a. Alkyl-substituted benzenes are named in two ways:
i. If the alky] substituent has six or fewer carbons, the hydrocarbon is named
as an alkyl-substituted benzene.
ii. If the alkyl substituent has more than six carbons, the compound is named
as a phenyl-substituted alkane.
b. The C¢HsCH,— group is a benzyl group.
Disubstituted benzenes are named by the ortho(o), meta(n),para(p) system.
a. A benzene ring with two substituents in a 1,2 relationship is o-disubstituted.
b. A benzene ring with two substituents in a 1,3 relationship is m-disubstituted.
c. A benzene ring with two substituents in a 1.4 relationship is p-disubstituted.
d. The o, m, p—system of nomenclature is also used in describing reactions.
Benzenes with more than two substituents are named by numbering the position of
each substituent.
a. Number so that the lowest possible combination of numbers is used.
b. Substituents are listed alphabetically.
Any of the nonsystematic names can be used as a parent name.
bility and structure of benzene (Section 15.3).
Stability of benzene.
a. Benzene doesn't undergo typical alkene reactions.
Benzene reacts slowly with Br; to give substitution, not addition, product.
b. AH’4ygrog Of benzene is 150 kJ/mol less than that predicted for 3 x AH pydrog Of
cyclohexene, indicating that benzene has extra stability.
c. All six bonds of benzene are of equal length.
Structure of benzene.
a. Resonance theory explains that benzene is a resonance hybrid of two forms.
b. Benzene is represented in this book as one line-bond structure, rather than as a
hexagon with a circle to represent the double bonds.

D. Molecular orbital picture of benzene (Section 15.4).

1.

)

3
4.

Benzene is a planar molecule with 120° bond angles.

All carbons are sp=-hybridized and identical, and each carbon has an electron in a p

orbital perpendicular to the plane of the ring.

It is impossible to define 3 localized x bonds; the electrons are delocalized over the

ring.

Six molecular orbitals (MOs) can be constructed for benzene.

a. The 3 lower-energy MOs are bonding MOs.

b. The 3 higher encrgy MOs are antibonding.

c. One pair of bonding orbitals is degenerate, as is one pair of antibonding
orbitals.
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d. The 6 bonding electrons of benzene occupy the 3 bonding orbitals and are
delocalized over the ring.

1I. Aromaticity (Sections 15.5 — 15.8).
A. The Hiickel 41 + 2 rule (Section 15. 5).

For a compound to be aromatic, it must possess the qualities we have already
mentioned.
In addition, it must fulfill Hickel's Rule.
Hiickel's Rule: A molecule is aromatic only if it has a planar, monocyclic system of
conjugation with a total of 41 + 2 n electrons (where # is an integer).
Molecules with 4, 8, 12 ... n electrons are antiaromatic.
Examples:
a. Cyclobutadiene (1 = 4) is antiaromatic.
b. Benzene (n = 6) is aromatic.
c. Cyclooctatetraene (n = §) is antiaromatic.
i. Cyclooctatetraenc is stable, but its chemical behavior is like an alkene, rather
than an aromatic compound.
ii.  Cyclooctatetraene is tub-shaped, and its bonds have two different lengths.

B. Aromatic ions (Section 15.6).

L.

2.

w

Any cyclic conjugated molecule with 41 +2 electrons can be aromatic, even if it is

an ion.

The cyclopentadienyl anion.

a. Although cyclopentadiene isn't aromatic, removal of H* produces a six-n-
electron cyclic anion that is aromatic.

b. This anion has a pK, = 106, indicating that a stable anion is formed on
dissociation of H',

¢. Both the cyclopentadienyl cation (4 & electrons) and the cyclopentadienyl radical
(5 n electrons) are unstable.

. The cycloheptatrienyl cation.

a. Removal of H™ from cycloheptatriene produces the cycloheptatrienyl cation,
which has 6 n electrons and is stable.
b. The cycloheptatrienyl radical and anion are unstable.

C. Two aromatic heterocycles (Section 15.7).

1.

2.

A heterocycle (a cyclic compound containing one or more elements in addition to

carbon) can also be aromatic.

Pyridine.

a. The nitrogen atom of pyridine contributes one n electron to the n system of the
ring, making pyridine aromatic.

b. The nitrogen lone pair is not involved with the ring & system.

Pyrrole.

a. The nitrogen of pyrrole contributes both lone-pair electrons to the ring n system
making pyrrole aromatic.

b. The nitrogen atom makes a different contribution to the = ring system in pyrrole
and in pyridine.

D. Why 4n + 27 (Section 15.8).

1.

2.
3.

For aromatic compounds, there is a single lowest-energy MO that can accept two nt
electrons.

The next highest levels occur in degenerate pairs that can accept 4 = electrons.

For all aromatic compounds and ions, a stable species occurs only when 4n + 2 n
electrons are available to completely fill the bonding MOs.

HI. Polycyclic aromatic compounds (Section 15.9).
A. Although Hiickel's Rule strictly applies only to monocyclic compounds, some
polycyclic compounds show aromatic behavior.
B. Naphthalene and anthracene are two common aromatic polycyclic compounds.

I.

Both can be represented by several resonance forms.
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2. Both show chemical and physical properties common to aromatic compounds.
3. Both have a Hiickel number of n electrons.
IV. Spectroscopy of aromatic compounds (Section 15.10).
A. IR spectroscopy.
1. A C-H stretch occurs at 3030 cm™
2. As many as 4 absorptions occur in the region 1450-1600 cm™!
3. Weak absorptions are visible in the range 1660-2000 em™
4. Strong absorptions in the region 690-900 em™ can be used to determine the
substitution pattern of an aromatic ring.
B. UV spectroscopy.
The conjugated = system of an aromatic ring gives rise to an intense absorption at
205 nm and weaker absorptions in the range 755—275 nm.
C, NMR Spectroscopy.
1. '"HNMR.
a. Hydrogens directly bonded to an aromatic ring absorb in the region 6.5-8.0 3.

i.” Spin-spin coupling can give information about the substitution pattern.

il. Aromatic protons are deshiclded because the applied magnetic field sets up a
ring-current, which produces a small magnetic field that opposes the applied
field and deshields the aromatic protons.

iii. If protons reside on the inside of an aromatic ring system, they are strongly
shielded and absorb far upfield.

iv. The presence of a ring-current is a test of aromaticity.

b. Benzylic protons absorb at 2.3-3.0 5.
2. ’C NMR.
4. Aromatic carbons absorb in the range 110-140 o
b. Since alkene protons also absorb in this region, 13C NMR is not uniquely
useful in identifying an aromatic ring.

Solutions to Problems

15.1 Anortho disubstituted benzene has two substituents in a 1,2 relationship. A meta
disubstituted benzene has two substituents in a 1,3 relationship. A para disubstituted
benzene has two substituents in a 1.4 relationship.

b
) Cl\()/CHa ®) /O/NOZ © @iso:;H
Br OH

meta disubstituted para disubstituted ortho disubstituted
15.2 Remember to give the lowest possible numbers to substituents on trisubstituted rings.

(a) (b) (c)

m-Bromochlorobenzene (3-Methylbutyl)benzene p-Bromoanilinc
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(d)

a CH,

Cl

2.5-Dichlorotoluene

CH,CHg

O,N NO,

I-Ethyl-2 4-dinitro-
benzene

15.3
(a) cl (b) CHg
Br Br
p-Bromochlorobenzene p-Bromotoluene
(d)
H3C cl
CHgy
1-Chloro-3,5-dimethylbenzene
15.4

9,
@@@ ¢
D Pyridine

The electronic descriptions of pyridine and benzeng are very similar. The pyridine ring is
I

(I Hsy
CHj

HaC CHj

1,2,3.5-Tetra-
methylbenzene

© g NHyp

m-Chloroaniline

formed by the o overlap of carbon and nitrogen sp~ orbitals. In addition, six p orbitals,
perpendicular (o the plane of the ring. hold six electrons. These six p orbitals form six n

molecular orbitals that allow electrons to be delocalized over the n system of the pyridine
ring. The lone pair of nitrogen electrons occupies an sp~ orbital that lies in the plane of the

ring.

Cyclodecapentaene has 4n + 2 m electrons (n = 2), but it is not flat. If cyclodecapentaene

were flat, the hydrogen atoms starred would crowd cach other across the ring. To avoid

this interaction, this cyclodecaene has two trans double bonds that keep the molecule from

being flat and aromatic.
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A compound that can be described by several resonance forms has a structure that can he
represented by no one form. The structure of the cyclopentadienyl anion is a combination
of all of the above structures and contains only one kind of carbon atom and one kind of
hydrogen atom. All car bon carbon bond lengths are equivalent, as are all carbon-hydrogen
bonds lengths. Both the 'H NMR and °C NMR spectra show only one absorption.

When cyclooctatetraene aceepts two electrons, it becomes a (41 + 2) n electron aromatic

ion. Cyclooctatetraenyl dianion is planar with a carbon-carbon bond angle of 135° (a
regular octagon).

Pyridine-like @ Pyrrole-like

N O @1 H o Imidazole
90/8(%6 |

The aromatic heterocycle imidazole contains six m electrons. Each carbon contributes one
electron, the nitrogen bonded to hy<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>