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Polystyrene, an inexpensive polymer synthesized from the monomer styrene, C6H5CH –– CH2, is
one of the six compounds—called the “Big Six”—that account for three-quarters of the synthetic polymers produced in the United States. The polystyrene foam used in packaging materials and drinking cups for hot beverages is called Styrofoam, a trademark of the Dow Chemical
Company. Polystyrene is also used to form the housings of small kitchen appliances, televisions, computers, and CD cases. Although recycled polystyrene can be molded into trays and
trash cans, the polystyrene used in food packaging and beverage cups is contaminated with
food, making it difﬁcult to clean and recycle. In Chapter 15, we learn about the synthesis of
polymers like polystyrene.
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A small but signiﬁcant group of reactions involves the homolysis of nonpolar bonds
to form highly reactive radical intermediates. Although they are unlike other organic reactions,
radical transformations are important in many biological and industrial processes. The gases
O2 and NO (nitric oxide) are both radicals. This means that many oxidation reactions with O2
involve radical intermediates, and biological processes mediated by NO such as blood clotting
and neurotransmission may involve radicals. Many useful industrial products such as Styrofoam
and polyethylene are prepared by radical processes.
In Chapter 15 we examine the cleavage of nonpolar bonds by radical reactions.

15.1 Introduction
Radicals were first discussed in
Section 6.3.

• A radical is a reactive intermediate with a single unpaired electron, formed by
homolysis of a covalent bond.

A B

+

A

B

radicals

A radical contains an atom that does not have an octet of electrons, making it reactive and
unstable. Radical processes involve single electrons, so half-headed arrows are used to show the
movement of electrons. One half-headed arrow is used for each electron.
Carbon radicals are classified as primary (1°), secondary (2°), or tertiary (3°) by the number
of R groups bonded to the carbon with the unpaired electron. A carbon radical is sp2 hybridized
and trigonal planar, like sp2 hybridized carbocations. The unhybridized p orbital contains the
unpaired electron and extends above and below the trigonal planar carbon.
Classification of carbon radicals

RCH2
1°

R2CH
2°

R3C
3°

The trigonal planar geometry of a carbon radical

120°

The p orbital contains
a single electron.

sp 2 hybridized

Bond dissociation energies for the cleavage of C – H bonds are used as a measure of radical stability. For example, two different radicals can be formed by cleavage of the C – H bonds in
CH3CH2CH3.
CH3CH2CH2 H

1° H

2° H

CH3CH2CH2

+

H

∆H° = 410 kJ/mol

+

H

∆H° = 397 kJ/mol

1° radical

H
CH3 C CH3

CH3 C CH3

H

H
2° radical

Cleavage of the stronger 1° C – H bond to form the 1° radical (CH3CH2CH2•) requires more
energy than cleavage of the weaker 2° C – H bond to form the 2° radical [(CH3)2CH•]—410 versus 397 kJ/mol. This makes the 2° radical more stable, because less energy is required for its formation, as illustrated in Figure 15.1. Thus, cleavage of the weaker bond forms the more stable
radical. This is a specific example of a general trend.
• The stability of a radical increases as the number of alkyl groups bonded to the radical

carbon increases.
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Figure 15.1

CH3CH2CH2
1° radical

less stable radical
CH3 CH CH3
2° radical

Energy

The relative stability of 1°
and 2° carbon radicals

more stable radical

More energy is added.

Less energy is added.

∆H° = +410 kJ/mol

∆H° = +397 kJ/mol

CH3CH2CH3

CH3CH2CH3

least stable

CH3

RCH2

R2CH

1°

R3C

2°

most stable

3°

Increasing alkyl substitution
Increasing radical stability

The lower the bond dissociation
energy for a C – H bond, the
more stable the resulting
carbon radical.

Thus, a 3° radical is more stable than a 2° radical, and a 2° radical is more stable than a 1° radical. Increasing alkyl substitution increases radical stability in the same way it increases carbocation stability. Alkyl groups are more polarizable than hydrogen atoms, so they can more easily
donate electron density to the electron-deficient carbon radical, thus increasing stability.
Unlike carbocations, however, less stable radicals generally do not rearrange to more stable radicals. This difference can be used to distinguish between reactions involving radical intermediates
and those involving carbocations.

Problem 15.1

Classify each radical as 1°, 2°, or 3°.
a. CH3CH2 CHCH2CH3

Problem 15.2

b.

c.

d.

Draw the most stable radical that can result from cleavage of a C – H bond in each molecule.
a. (CH3)2CHCH2CH3

b. (CH3)3CCH2CH3

c. (CH3)4C

d.

15.2 General Features of Radical Reactions
Radicals are formed from covalent bonds by adding energy in the form of heat (D) or light (hm).
Some radical reactions are carried out in the presence of a radical initiator, a compound that
contains an especially weak bond that serves as a source of radicals. Peroxides, compounds with
the general structure RO – OR, are the most commonly used radical initiators. Heating a peroxide readily causes homolysis of the weak O – O bond, forming two RO • radicals.

15.2A Two Common Reactions of Radicals
Radicals undergo two main types of reactions: they react with r bonds, and they add to
o bonds, in both cases achieving an octet of electrons.

[1] Reaction of a Radical X• with a C – H Bond
A radical X• abstracts a hydrogen atom from a C – H r bond to form H – X and a carbon
radical. One electron from the C – H bond is used to form the new H – X bond, and the other
electron in the C – H bond remains on carbon. The result is that the original radical X• is now surrounded by an octet of electrons, and a new radical is formed.
• One electron comes from the radical.
• One electron comes from the C – H bond.
C H

+

X

C

+

new radical

H X
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This radical reaction is typically seen with the nonpolar C – H bonds of alkanes, which cannot
react with polar or ionic electrophiles and nucleophiles.

[2] Reaction of a Radical X• with a C –– C
A radical X• also adds to the o bond of a carbon–carbon double bond. One electron from the
double bond is used to form a new C – X bond, and the other electron remains on the other carbon
originally part of the double bond.
• One electron comes from the radical.
• One electron comes from the π bond.
X

Whenever a radical reacts with
a stable single or double bond,
a new radical is formed in the
products.

X

C C

C C
new radical

Although the electron-rich double bond of an alkene reacts with electrophiles by ionic addition mechanisms, it also reacts with radicals because these reactive intermediates are also electron deficient.

15.2B Two Radicals Reacting with Each Other
A radical, once formed, rapidly reacts with whatever is available. Usually that means a stable σ
or π bond. Occasionally, however, two radicals come into contact with each other, and they react
to form a σ bond.
X

+

X

X X

One electron comes from each radical.

The reaction of a radical with oxygen, a diradical in its ground state electronic configuration, is
another example of two radicals reacting with each other. In this case, the reaction of O2 with X•
forms a new radical, thus preventing X• from reacting with an organic substrate.
O2 is a radical inhibitor.

O O

+

X

O O X

a diradical

Compounds that prevent radical reactions from occurring are called radical inhibitors or
radical scavengers. Besides O2, vitamin E and related compounds, discussed in Section 15.12,
are radical scavengers, too. The fact that these compounds inhibit a reaction often suggests that
the reaction occurs via radical intermediates.

Problem 15.3

Draw the products formed when a chlorine atom (Cl•) reacts with each species.
a. CH3 CH3

d. O2

c. Cl

b. CH2 CH2

15.3 Halogenation of Alkanes
In the presence of light or heat, alkanes react with halogens to form alkyl halides. Halogenation is a radical substitution reaction, because a halogen atom X replaces a hydrogen via a
mechanism that involves radical intermediates.
X substitutes for H.

General reaction—
Halogenation of alkanes

C H

+

X2

h ν or ∆

C X

+

H X

X = Cl or Br

alkyl halide

Halogenation of alkanes is useful only with Cl2 and Br2. Reaction with F2 is too violent and
reaction with I2 is too slow to be useful. With an alkane that has more than one type of hydrogen
atom, a mixture of alkyl halides may result (Reaction [3]).
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Figure 15.2

1 H replaced

Complete halogenation of
CH4 using excess Cl2

Cl2

CH4

hν

2 H’s replaced
Cl2

CH3Cl

CCl4

hν

+

HCl

4 H’s replaced

Cl2

CHCl3

hν

+

HCl

When asked to draw the
products of halogenation of
an alkane, draw the products
of monohalogenation only,
unless specifically directed to do
otherwise.

Cl2

CH2Cl2

hν

+

3 H’s replaced

+
HCl

HCl

Examples
H
[1]

H C H

H

+

Cl2

H

+

H C Cl

h ν or ∆

H Cl

H
Br

+

[2]
[3]

2 CH3CH2CH3

Br2

+

h ν or ∆

+

2 Cl2

h ν or ∆

H Br

CH3CH2CH2Cl

+

CH3 CH CH3

1

:

Cl
1

+

2 H Cl

In these examples of halogenation, a halogen has replaced a single hydrogen atom on the alkane.
Can the other hydrogen atoms be replaced, too? Figure 15.2 shows that when CH4 is treated with
excess Cl2, all four hydrogen atoms can be successively replaced by Cl to form CCl4. Monohalogenation—the substitution of a single H by X—can be achieved experimentally by adding
halogen X2 to an excess of alkane.

Sample Problem 15.1

Draw all the constitutional isomers formed by monohalogenation of (CH3)2CHCH2CH3 with Cl2 and hν.

Solution
Substitute Cl for H on every carbon, and then check to see if any products are identical. The
starting material has five C’s, but replacement of one H atom on two C’s gives the same product.
Thus, (CH3)2CHCH2CH3 affords four monochloro substitution products.
CH3
CH3CH2 CH CH3

Cl2
hν

CH3
ClCH2CH2 CH CH3

CH3

+

1-chloro-3-methylbutane
CH2

+

CH3 CH CH CH3
Cl
2-chloro-3-methylbutane
Cl

CH3CH2 CH CH3

+

1-chloro-2-methylbutane

CH3

+ CH3CH2 C CH3
Cl
2-chloro-2-methylbutane
CH3

CH3CH2 CH CH2 Cl

1-chloro-2-methylbutane

Same name
Identical compounds

Problem 15.4

Draw all constitutional isomers formed by monochlorination of each alkane.
a.

Problem 15.5

b. CH3CH2CH2CH2CH2CH3

c. (CH3)3CH

Compounds A and B are isomers having molecular formula C5H12. Heating A with Cl2 gives a
single product of monohalogenation, whereas heating B under the same conditions forms three
constitutional isomers. What are the structures of A and B?

15.4 The Mechanism of Halogenation
Unlike nucleophilic substitution, which proceeds by two different mechanisms depending on the
starting material and reagent, all halogenation reactions of alkanes—regardless of the halogen
and alkane used—proceed by the same mechanism. Three facts about halogenation suggest that
the mechanism involves radical, not ionic, intermediates.

15.4

The Mechanism of Halogenation

Fact

543

Explanation

[1] Light, heat, or added peroxide is necessary
for the reaction.

• Light or heat provides the energy needed
for homolytic bond cleavage to form
radicals. Breaking the weak O – O bond
of peroxides initiates radical reactions
as well.

[2] O2 inhibits the reaction.

• The diradical O2 removes radicals from
a reaction mixture, thus preventing
reaction.

[3] No rearrangements are observed.

• Radicals do not rearrange.

15.4A The Steps of Radical Halogenation
The chlorination of ethane illustrates the three distinct parts of radical halogenation (Mechanism 15.1):
Overall
reaction

CH3CH3

+

Cl2

h ν or ∆

CH3CH2Cl

+

HCl

• Initiation: Two radicals are formed by homolysis of a r bond and this begins the reaction.
• Propagation: A radical reacts with another reactant to form a new r bond and another

radical.
• Termination: Two radicals combine to form a stable bond. Removing radicals from the

reaction mixture without generating any new radicals stops the reaction.

Mechanism 15.1 Radical Halogenation of Alkanes
Initiation
Step [1] Bond cleavage forms two radicals.
Cl Cl

hν or ∆

Cl

+

• Homolysis of the weakest bond in the starting materials requires

Cl

energy from light or heat.
• Thus, the Cl – Cl bond (∆H° = 242 kJ/mol), which is weaker than
either the C – C or C – H bond in ethane (∆H° = 368 and 410 kJ/mol,
respectively), is broken to form two chlorine radicals.

Propagation
Steps [2] and [3] One radical reacts and a new radical is formed.
CH3CH2 H

+ Cl

[2]

CH3CH2

+

• The Cl• radicals abstract a hydrogen atom from ethane (Step [2]).
H Cl
product

+ Cl Cl

CH3CH2

[3]

This forms H – Cl and leaves one unpaired electron on carbon,
generating the ethyl radical (CH3CH2•).
• CH3CH2• abstracts a chlorine atom from Cl2 (Step [3]), forming

CH3CH2 Cl

+ Cl

product
Repeat Steps [2], [3], [2], [3], again and again.

CH3CH2Cl and a new chlorine radical (Cl•).
• The Cl• radical formed in Step [3] is a reactant in Step [2], so Steps

[2] and [3] can occur repeatedly without an additional initiation
reaction (Step [1]).
• In each propagation step, one radical is consumed and one radical

is formed. The two products—CH3CH2Cl and HCl—are formed
during propagation.
Termination
Step [4] Two radicals react to form a σ bond.
Cl
CH3CH2

+ Cl

+ CH2CH3

CH3CH2

+ Cl

[4a]
[4b]
[4c]

Cl Cl
CH3CH2 CH2CH3
CH3CH2 Cl

• To terminate the chain, two radicals react with each other in one of

three ways (Steps [4a, b, and c]) to form stable bonds.
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Although initiation generates the Cl• radicals needed to begin the reaction, the propagation steps
([2] and [3]) form the two reaction products—CH3CH2Cl and HCl. Once the process has begun,
propagation occurs over and over without the need for Step [1] to occur. A mechanism such as
radical halogenation that involves two or more repeating steps is called a chain mechanism.
Each propagation step involves a reactive radical abstracting an atom from a stable bond to form
a new bond and another radical that continues the chain.
Usually a radical reacts with a stable bond to propagate the chain, but occasionally two radicals
combine, and this reaction terminates the chain. Depending on the reaction and the reaction
conditions, some radical chain mechanisms can repeat thousands of times before termination
occurs.
Termination Step [4a] forms Cl2, a reactant, whereas Step [4c] forms CH3CH2Cl, one of the reaction products. Termination Step [4b] forms CH3CH2 – CH2CH3, which is neither a reactant nor a
desired product. The formation of a small quantity of CH3CH2 – CH2CH3, however, is evidence
that ethyl radicals are formed in the reaction.
The most important steps of radical halogenation are those that lead to product formation—
the propagation steps—so subsequent discussion of this reaction concentrates on these steps
only.

Problem 15.6

Using Mechanism 15.1 as a guide, write the mechanism for the reaction of CH4 with Br2 to form
CH3Br and HBr. Classify each step as initiation, propagation, or termination.

15.4B Energy Changes During the Chlorination of Ethane
Figure 15.3 shows how bond dissociation energies (Section 6.4) can be used to calculate
∆H° for the two propagation steps in the chlorination of ethane. Because the overall ∆H°
is negative, the reaction is exothermic. Moreover, because the transition state for the first
propagation step is higher in energy than the transition state for the second propagation step,
the first step is rate-determining. Both of these facts are illustrated in the energy diagram
in Figure 15.4.

Problem 15.7

Calculate ∆H° for the two propagation steps in the reaction of CH4 with Br2 to form CH3Br and HBr
(Problem 15.6).

Problem 15.8

Calculate ∆H° for the rate-determining step of the reaction of CH4 with I2. Explain why this result
illustrates that this reaction is extremely slow.

Figure 15.3

[1]

Energy changes in the
propagation steps during the
chlorination of ethane

[2]

+

CH3CH2 H

Cl

CH3CH2

+

H Cl

bond broken

bond formed

+410 kJ/mol

–431 kJ/mol

CH3CH2

+

Cl Cl

CH3CH2 Cl

+

bond broken

bond formed

+242 kJ/mol

–339 kJ/mol

∆H°[1] = –21 kJ/mol

Cl

∆H°[2] = –97 kJ/mol
∆H°overall

an exothermic reaction

= ∆H°[1] + ∆H°[2]
= –118 kJ/mol

15.5
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Figure 15.4
Energy diagram for the
propagation steps in the
chlorination of ethane

transition state [1]

CH3CH3

+ CI2

CH3CH2CI + HCI

h ν or ∆

Ea[1]

transition state [2]
CH3CH3

+

Cl

Energy

∆H °[1]

Ea[2]

CH3CH2 + HCI + CI2
∆H °overall
∆H °[2]

CH3CH2CI

+

Cl

Reaction coordinate

• Because radical halogenation consists of two propagation steps, the energy diagram has two
energy barriers.
• The first step is rate-determining because its transition state is at higher energy.
• The reaction is exothermic because ∆H°overall is negative.

15.5 Chlorination of Other Alkanes
Recall from Section 15.3 that the chlorination of CH3CH2CH3 affords a 1:1 mixture of
CH3CH2CH2Cl (formed by removal of a 1° hydrogen) and (CH3)2CHCl (formed by removal of
a 2° hydrogen).
removal of a 2° H

2° H’s
CH3CH2CH3

+

1° H’s

Cl2

CH3CH2CH2Cl

h ν or ∆

+

CH3 CH CH3
Cl

removal of a 1° H
expected ratio

six 1° H’s
3

:

two 2° H’s
1

observed ratio

1

:

1

less of this product

more of this product

CH3CH2CH3 has six 1° hydrogen atoms and only two 2° hydrogens, so the expected product
ratio of CH3CH2CH2Cl to (CH3)2CHCl (assuming all hydrogens are equally reactive) is 3:1.
Because the observed ratio is 1:1, however, the 2° C – H bonds must be more reactive; that is, it
must be easier to homolytically cleave a 2° C – H bond than a 1° C – H bond. Recall from
Section 15.2 that 2° C – H bonds are weaker than 1° C – H bonds. Thus,
• The weaker the C – H bond, the more readily the hydrogen atom is removed in radical

halogenation.
Increasing C H bond strength
strongest C H bond

CH3 H

H

R

R

R C H

R C H

R C H

H
1° C H

H
2° C H

R
3° C H

Increasing ease of H abstraction

weakest C H bond
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When alkanes react with Cl2, a mixture of products results, with more product formed by cleavage of the weaker C – H bond than you would expect on statistical grounds.

Problem 15.9

Which C – H bond in each compound is most readily broken during radical halogenation?
b.

a.

c. CH3CH2CH2CH3

15.6 Chlorination versus Bromination
Although alkanes undergo radical substitution reactions with both Cl2 and Br2, chlorination and
bromination exhibit two important differences:
• Chlorination is faster than bromination.
• Although chlorination is unselective, yielding a mixture of products, bromination is

often selective, yielding one major product.

For example, propane reacts rapidly with Cl2 to form a 1:1 mixture of 1° and 2° alkyl chlorides.
On the other hand, propane reacts with Br2 much more slowly and forms 99% (CH3)2CHBr.
2° alkyl halide

1° alkyl halide
CH3CH2CH3

+

Cl2

h ν or ∆

CH3CH2CH2Cl

+

Cl

propane

CH3CH2CH3

+

Br2

h ν or ∆

CH3 CH CH3

1

:

CH3CH2CH2Br

+

1
CH3 CH CH3
Br

propane
1%

Chlorination is fast
and unselective.

Bromination is slow
and selective.

99%

This is a specific example of the reactivity–selectivity principle: less reactive reagents are
more selective. In bromination, the major (and sometimes exclusive) product results from
cleavage of the weakest C – H bond.

Sample Problem 15.2

Draw the major product formed when 3-ethylpentane is heated with Br2.

Solution
Keep in mind: the more substituted the carbon atom, the weaker the C – H bond. The major
bromination product in 3-ethylpentane is formed by cleavage of the sole 3° C – H bond, its
weakest C – H bond.
CH2CH3
CH3CH2 C CH2CH3

3° C–H

H
3-ethylpentane

Br2

hν

CH2CH3
CH3CH2 C CH2CH3
Br
major product

weakest C–H bond

Problem 15.10

Draw the major product formed when each cycloalkane is heated with Br2.

a.

b.

c.

d.

To explain the difference between chlorination and bromination, we return to the Hammond postulate (Section 7.15) to estimate the relative energy of the transition states of the rate-determining
steps of these reactions. The rate-determining step is the abstraction of a hydrogen atom by the
halogen radical, so we must compare these steps for bromination and chlorination. Keep in mind:

15.6
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• Transition states in endothermic reactions resemble the products. The more stable

product is formed faster.
• Transition states in exothermic reactions resemble the starting materials. The relative

stability of the products does not greatly affect the relative energy of the transition
states, so a mixture of products often results.

Bromination: CH3CH2CH3 + Br2
A bromine radical can abstract either a 1° or a 2° hydrogen from propane, generating either a 1°
radical or a 2° radical. Calculating ∆H° using bond dissociation energies reveals that both reactions are endothermic, but it takes less energy to form the more stable 2° radical.
CH3CH2CH2

H

+

Br

+

CH3CH2CH2
1° radical

1° C – H bond broken

H Br

∆H° = +42 kJ/mol

bond formed

+410 kJ/mol

–368 kJ/mol

endothermic reaction

H Br

∆H° = + 29 kJ/mol

H
CH3

C CH3

+

Br

CH3

C CH3

H

H

2° C – H bond broken

2° radical
more stable

+397 kJ/mol

+

bond formed
–368 kJ/mol

According to the Hammond postulate, the transition state of an endothermic reaction resembles
the products, so the energy of activation to form the more stable 2° radical is lower and it is
formed faster, as shown in the energy diagram in Figure 15.5. Because the 2° radical [(CH3)2CH•]
is converted to 2-bromopropane [(CH3)2CHBr] in the second propagation step, this 2° alkyl
halide is the major product of bromination.
• Conclusion: Because the rate-determining step in bromination is endothermic, the

more stable radical is formed faster, and often a single radical halogenation product
predominates.

Chlorination: CH3CH2CH3 + Cl2
A chlorine radical can also abstract either a 1° or a 2° hydrogen from propane, generating either
a 1° radical or a 2° radical. Calculating ∆H° using bond dissociation energies reveals that both
reactions are exothermic.

Figure 15.5

more stable
transition state

Energy diagram for a
selective endothermic
reaction: CH3CH2CH3 + Br • →
CH3CH2CH2• or (CH3)2CH• + HBr

less stable
transition state

Energy

CH3CH2CH2
CH3

C CH3

+ HBr

less stable 1° radical

+ HBr

more stable 2° radical

H
slower reaction

CH3CH2CH3
+ Br

faster reaction
Reaction coordinate

• The transition state to form the less stable 1° radical (CH3CH2CH2•) is higher in energy than the
transition state to form the more stable 2° radical [(CH3)2CH•]. Thus, the 2° radical is formed
faster.
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Figure 15.6
Energy diagram for a
nonselective exothermic
reaction: CH3CH2CH3 + Cl• →
CH3CH2CH2• or (CH3)2CH• + HCl
Energy

The transition states for both reactions are
similar in energy, so both radicals are formed.

CH3CH2CH3 + CI
CH3CH2CH2 + HCI

less stable 1° radical

CH3 C CH3 + HCI

more stable 2° radical

H
Reaction coordinate

+

CH3CH2CH2 H

CI

CH3CH2CH2
1° radical

1° C – H bond broken
+410 kJ/mol

+

H CI

∆H ° = – 21 kJ/mol

bond formed
–431 kJ/mol

exothermic reaction

H
CH3 C CH3

+

CI

CH3 C CH3

H

H

2° C – H bond broken

2° radical

+397 kJ/mol

+

H CI

∆H ° = – 34 kJ/mol

bond formed
–431 kJ/mol

Because chlorination has an exothermic rate-determining step, the transition state to form both
radicals resembles the same starting material, CH3CH2CH3. As a result, the relative stability
of the two radicals is much less important and both radicals are formed. An energy diagram
for these processes is drawn in Figure 15.6. Because the 1° and 2° radicals are converted to
1-chloropropane (CH3CH2CH2Cl) and 2-chloropropane [(CH3)2CHCl], respectively, in the second propagation step, both alkyl halides are formed in chlorination.
• Conclusion: Because the rate-determining step in chlorination is exothermic, the

transition state resembles the starting material, both radicals are formed, and a mixture
of products results.

Problem 15.11

Why is the reaction of methylcyclohexane with Cl2 not a useful method to prepare 1-chloro-1methylcyclohexane? What other constitutional isomers are formed in the reaction mixture?

Problem 15.12

Reaction of (CH3)3CH with Cl2 forms two products: (CH3)2CHCH2Cl (63%) and (CH3)3CCl (37%).
Why is the major product formed by cleavage of the stronger 1° C – H bond?

15.7 Halogenation as a Tool in Organic Synthesis
Halogenation is a useful tool because it adds a functional group to a previously unfunctionalized
molecule, making an alkyl halide. These alkyl halides can then be converted to alkenes by elimination, and to alcohols and ethers by nucleophilic substitution.
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Sample Problem 15.3

Show how cyclohexane can be converted to cyclohexene by a stepwise sequence.

cyclohexane

cyclohexene

Solution
There is no one-step method to convert an alkane to an alkene. A two-step method is needed:
[1]

Radical halogenation produces an
alkyl halide.

[2]

Elimination of HCl with a strong base
produces cyclohexene.
Cl

Cl

Cl2

K+ – OC(CH3)3

hν

Problem 15.13

Synthesize each compound from (CH3)3CH.
a. (CH3)3CBr

Problem 15.14

b. (CH3)2C –
– CH2

c. (CH3)3COH

d. (CH3)2C(Cl)CH2Cl

Show all steps and reagents needed to convert cyclohexane into each compound: (a) the two
enantiomers of trans-1,2-dibromocyclohexane; and (b) 1,2-epoxycyclohexane.

15.8 The Stereochemistry of Halogenation Reactions
The stereochemistry of a reaction product depends on whether the reaction occurs at a stereogenic center or at another atom, and whether a new stereogenic center is formed. The rules predicting the stereochemistry of reaction products are summarized in Table 15.1.

Table 15.1 Rules for Predicting the Stereochemistry of Reaction Products
Starting material

Result

Achiral

• An achiral starting material always gives either an achiral or a racemic product.

Chiral

• If a reaction does not occur at a stereogenic center, the configuration
at a stereogenic center is retained in the product.
• If a reaction occurs at a stereogenic center, we must know the
mechanism to predict the stereochemistry of the product.

15.8A Halogenation of an Achiral Starting Material
Halogenation of the achiral starting material CH3CH2CH2CH3 forms two constitutional isomers by replacement of either a 1° or 2° hydrogen.
new stereogenic center

CH3CH2CH2CH3
butane

+

Cl2

hν

H
CH3CH2CH2CH2 Cl
1-chlorobutane

+

CH3 C CH2CH3
Cl
2-chlorobutane

achiral product
H Cl
CH3

C

Cl H

+
CH2CH3

CH3

C

CH2CH3

two enantiomers

• 1-Chlorobutane (CH3CH2CH2CH2Cl) has no stereogenic center and thus it is an achiral

compound.
• 2-Chlorobutane [CH3CH(Cl)CH2CH3] has a new stereogenic center, and so an equal
amount of two enantiomers must form—a racemic mixture.
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A racemic mixture results when a new stereogenic center is formed because the first propagation
step generates a planar, sp2 hybridized radical. Cl2 then reacts with the planar radical from
either the front or back side to form an equal amount of two enantiomers.
H Cl

Cl2
(from the back)
planar radical
H

H H
Cl
CH3

C

CH3

C

CH2CH3

(2S)-2-chlorobutane

C

CH2CH3

butane

CH3

enantiomers

CH2CH3

Cl2 reacts from either side.

Cl H

Cl2

+ HCl

(from the front)

CH3

C

CH2CH3

(2R)-2-chlorobutane

Thus, the achiral starting material butane forms an achiral product (1-chlorobutane) and a racemic mixture of two enantiomers [(2R)- and (2S)-2-chlorobutane].

15.8B Halogenation of a Chiral Starting Material
Let’s now examine chlorination of the chiral starting material (2R)-2-bromobutane at C2 and C3.
Br H

C2

C3

C

CH3

CH2CH3

(2R)-2-bromobutane

Chlorination at C2 occurs at the stereogenic center. Abstraction of a hydrogen atom at C2
forms a trigonal planar sp2 hybridized radical that is now achiral. This achiral radical then reacts
with Cl2 from either side to form a new stereogenic center, resulting in an equal amount of two
enantiomers—a racemic mixture.
Cl Br

Attack at C2—
the stereogenic center

Cl2
(from the front) CH
3

Br H

CH2CH3

CH3

C

enantiomers
CH2CH3

Br Cl

planar achiral radical

C2

CH2CH3

Br

Cl
C

CH3

C

+ HCl

Cl2
(from the back) CH
3

C
CH2CH3

• Radical halogenation reactions occur with racemization at a stereogenic center.

Chlorination at C3 does not occur at the stereogenic center, but it forms a new stereogenic center.
Because no bond is broken to the stereogenic center at C2, its configuration is retained during
the reaction. Abstraction of a hydrogen atom at C3 forms a trigonal planar sp2 hybridized radical
that still contains this stereogenic center. Reaction of the radical with Cl2 from either side forms a
new stereogenic center, so the products have two stereogenic centers: the configuration at C2 is the
same in both compounds, but the configuration at C3 is different, making them diastereomers.
Br H

Cl2

C * CH3
(from the front) CH3 * C

Attack at C3
Br H

CH3
CH3 C C
H H

Cl

Cl H

Br H

CH3
CH3 C C

diastereomers

H

The configuration at C2 is retained.

Br H

+ HCl

Cl2

C * CH3
(from the back) CH3 * C
H Cl
[* denotes a stereogenic center]
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Thus, four isomers are formed by chlorination of (2R)-2-bromobutane at C2 and C3. Attack
at the stereogenic center (C2) gives a product with one stereogenic center, resulting in a
mixture of enantiomers. Attack at C3 forms a new stereogenic center, giving a mixture of
diastereomers.

Problem 15.15

What products are formed from monochlorination of (2R)-2-bromobutane at C1 and C4? Assign R
and S designations to each stereogenic center.

Problem 15.16

Draw the monochlorination products formed when each compound is heated with Cl2. Include the
stereochemistry at any stereogenic center.
H

a. CH3CH2CH2CH2CH3

b.

c. (CH3CH2)3CH

CH3

Cl

d.
(Consider attack at
C2 and C3 only.)

15.9 Application: The Ozone Layer and CFCs
The 1995 Nobel Prize in
Chemistry was awarded to
Mario Molina, Paul Crutzen,
and F. Sherwood Rowland for
their work in elucidating the
interaction of ozone with CFCs.
What began as a fundamental
research project turned out to
have important implications in
the practical world.

Ozone is formed in the upper atmosphere by reaction of oxygen molecules with oxygen atoms.
Ozone is also decomposed with sunlight back to these same two species. The overall result of
these reactions is to convert high-energy ultraviolet light into heat.
The synthesis and decomposition of O3 in the upper atmosphere
O2

+

O
O3
ozone

hν

O3
ozone

+

heat

O2

+

O

Ozone is vital to life; it acts like a shield, protecting the earth’s surface from destructive ultraviolet radiation. A decrease in ozone concentration in this protective layer would have some
immediate consequences, including an increase in the incidence of skin cancer and eye cataracts. Other long-term effects include a reduced immune response, interference with photosynthesis in plants, and harmful effects on the growth of plankton, the mainstay of the ocean
food chain.
Current research suggests that chlorofluorocarbons (CFCs) are responsible for destroying
ozone in the upper atmosphere. CFCs are simple halogen-containing organic compounds manufactured under the trade name Freons.
Propane and butane are now
used as propellants in spray
cans in place of CFCs.

Ozone (Dobson Units)
100

200

300

400

500

O3 destruction is most severe
in the region of the South Pole,
where a large ozone hole is
visible with satellite imaging.

CFCl3

CF2Cl2

trichlorofluoromethane
CFC 11
Freon 11

dichlorodifluoromethane
CFC 12
Freon 12

CFCs are inert, odorless, and nontoxic, and they have been used as refrigerants, solvents, and
aerosol propellants. Because CFCs are volatile and water insoluble, they readily escape into the
upper atmosphere, where they are decomposed by high-energy sunlight to form radicals that
destroy ozone by the radical chain mechanism shown in Figure 15.7.
The overall result is that O3 is consumed as a reactant and O2 molecules are formed. In this way,
a small amount of CFC can destroy a large amount of O3. These findings led to a ban on the use
of CFCs in aerosol propellants in the United States in 1978 and to the phasing out of their use in
refrigeration systems.
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Figure 15.7
CFCs and the
destruction
of the ozone layer
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Propagation: Ozone is destroyed by a
chain reaction with radical intermediates.
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• The chain reaction is initiated by homolysis of a C – Cl bond in CFCl3.
• Propagation consists of two steps. Reaction of Cl• with O3 forms chlorine monoxide (ClO • ), which
reacts with oxygen atoms to form O2 and Cl •.

Newer alternatives to CFCs are hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons
(HFCs) such as CH2FCF3. These compounds have many properties in common with CFCs, but
they are largely decomposed by HO• before they reach the stratosphere and therefore they have
little impact on stratospheric O3.

H O

CH2FCF3

+ H CHFCF3

H O H +

CHFCF3

This HFC is decomposed before
it reaches the stratosphere.

HFC-134a

Problem 15.17

Nitric oxide, NO•, is another radical also thought to cause ozone destruction by a similar mechanism.
One source of NO • in the stratosphere is supersonic aircraft whose jet engines convert small amounts
of N2 and O2 to NO•. Write the propagation steps for the reaction of O3 with NO•.

15.10 Radical Halogenation at an Allylic Carbon
Now let’s examine radical halogenation at an allylic carbon—the carbon adjacent to a double
bond. Homolysis of the allylic C – H bond of propene generates the allyl radical, which has an
unpaired electron on the carbon adjacent to the double bond.
CH2 CH CH2 H

CH2 CH CH2
allyl radical

allylic C H bond

+

H

∆H° =

+364 kJ/mol
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The bond dissociation energy for this process (364 kJ/mol) is even less than that for a 3° C – H bond
(381 kJ/mol). Because the weaker the C – H bond, the more stable the resulting radical, an allyl
radical is more stable than a 3° radical, and the following order of radical stability results:
least stable

CH3

RCH2

R2CH

R3C

CH2 CH CH2

1°

2°

3°

allyl radical

most stable

Increasing radical stability

The position of the atoms and
the σ bonds stays the same in
drawing resonance structures.
Resonance structures differ in
the location of only π bonds
and nonbonded electrons.

The allyl radical is more stable than other radicals because two resonance structures can be
drawn for it.
CH2 CH CH2

δ
δ
CH2 CH CH2
hybrid

CH2 CH CH2

two resonance structures for the allyl radical

• The “true” structure of the allyl radical is a hybrid of the two resonance structures. In

the hybrid, the o bond and the unpaired electron are delocalized.
• Delocalizing electron density lowers the energy of the hybrid, thus stabilizing the allyl

radical.

Problem 15.18

Draw a second resonance structure for each radical. Then draw the hybrid.
a. CH3CH CH CH2

b.

c.

d.

15.10A Selective Bromination at Allylic C – H Bonds
Because allylic C – H bonds are weaker than other sp3 hybridized C – H bonds, the allylic carbon
can be selectively halogenated by using N-bromosuccinimide (NBS, Section 10.15) in the presence of light or peroxides. Under these conditions only the allylic C – H bond in cyclohexene
reacts to form an allylic halide.
O
NBS
hν or ROOR

allylic C

N Br
Br

O

allylic halide

N-bromosuccinimide
NBS

Substitution occurs
only at the allylic C.

NBS contains a weak N – Br bond that is homolytically cleaved with light to generate a bromine
radical, initiating an allylic halogenation reaction. Propagation then consists of the usual two
steps of radical halogenation as shown in Mechanism 15.2.
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Mechanism 15.2 Allylic Bromination with NBS
Initiation
Step [1] Cleavage of the N – Br bond forms two radicals.
O

O

N

Br

N

hν

O
NBS

+

• The reaction begins with homolysis of the weak N – Br bond

Br

in NBS using light energy. This generates a Br • radical that
begins the radical halogenation process.

O

Propagation
Steps [2] and [3] One radical reacts and a new radical is formed in each step.
H

+

Br

[2]

+ H Br

• The Br • radical abstracts an allylic hydrogen atom to afford an

allylic radical in Step [2]. (Only one Lewis structure of the allylic
radical is drawn.)

allylic radical

• The allylic radical reacts with Br2 in the second propagation

+ Br Br

[3]

Br

step to form the product of allylic halogenation. Because the Br •
radical formed in Step [3] is also a reactant in Step [2], Steps [2]
and [3] repeatedly occur without the need for Step [1].

+ Br

(from NBS)

Besides acting as a source of Br • to initiate the reaction, NBS generates a low concentration of
Br2 needed in the second chain propagation step (Step [3] of the mechanism). The HBr formed
in Step [2] reacts with NBS to form Br2, which is then used for halogenation in Step [3] of the
mechanism.
O

O
N

Br

+

HBr

N

H

+

Br2

O
succinimide

O
NBS

used in Step [3] of
allylic bromination

A low concentration of Br2
(from NBS) favors allylic
substitution (over addition)
in part because bromine is
needed for only one step of the
mechanism. When Br2 adds
to a double bond, a low Br2
concentration would first form
a low concentration of bridged
bromonium ion (Section 10.13),
which must then react with
more bromine (in the form of
Br–) in a second step to form a
dibromide. If concentrations
of both intermediates—
bromonium ion and Br–—are
low, the overall rate of
addition is very slow.

Problem 15.19

Thus, an alkene with allylic C – H bonds undergoes two different reactions depending on the
reaction conditions.
Br

Br2

Addition
via ionic intermediates
Br
vicinal dibromide

NBS
h ν or ROOR

Substitution
via radical intermediates

Br
allylic bromide

• Treatment of cyclohexene with Br2 (in an organic solvent like CCl4) leads to addition via

ionic intermediates (Section 10.13).
• Treatment of cyclohexene with NBS (+ hν or ROOR) leads to allylic substitution, via

radical intermediates.
Draw the products of each reaction.
a.

NBS
hν

b. CH2 CH CH3

NBS
hν

c. CH2 CH CH3

Br2

15.10
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15.10B Product Mixtures in Allylic Halogenation
Halogenation at an allylic carbon often results in a mixture of products. For example, bromination of
1-butene under radical conditions forms a mixture of 3-bromo-1-butene and 1-bromo-2-butene.
NBS
h ν or ROOR

CH2 CHCH2CH3

CH2 CHCHCH3

+

BrCH2CH CHCH3

Br
3-bromo-1-butene

1-butene

1-bromo-2-butene

A mixture is obtained because the reaction proceeds by way of a resonance-stabilized radical.
Abstraction of an allylic hydrogen from 1-butene with a Br • radical (from NBS) forms an allylic
radical for which two different Lewis structures can be drawn.
two nonidentical resonance structures
CH2 CHCHCH3
H

CH2 CHCHCH3
Br

CH2 CH CHCH3

Br2
CH2 CHCHCH3

+

H Br

+

Br

Br2

+

Br
3-bromo-1-butene

BrCH2CH CHCH3

δ
δ
CH2 CH CHCH3
hybrid

1-bromo-2-butene

As a result, two different C atoms have partial radical character, so that Br2 reacts at two different
sites and two allylic halides are formed.
• Whenever two different resonance structures can be drawn for an allylic radical, two

different allylic halides are formed by radical substitution.

Sample Problem 15.4

Draw the products formed when A is treated with NBS + hν.
NBS
hν

CH2
A

Solution
Hydrogen abstraction at the allylic C forms a resonance-stabilized radical (with two different
resonance structures) that reacts with Br2 to form two constitutional isomers as products.
two resonance structures

Br2

CH2

CH2
H
A

two constitutional isomers

Br

+

Br

HBr
Br2

CH2

Problem 15.20

CH2

CH2Br

Draw all constitutional isomers formed when each alkene is treated with NBS + hν.
a. CH3CH CHCH3

b.

CH3
CH3

c. CH2 C(CH2CH3)2

Problem 15.21

Draw the structure of the four allylic halides formed when 3-methylcyclohexene undergoes allylic
halogenation with NBS + hν.

Problem 15.22

Which compounds can be prepared in good yield by allylic halogenation of an alkene?
Br

a.

Br

b. CH3CH2CH CHCH2Br

c.
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Figure 15.8
The oxidation of unsaturated
lipids with O2

O
O

R=

R

allylic C – H bond

O
O

H

R'
O

[1]

O

O

R''
R=

O

+

O

O

H

triacylglycerol

= an allylic carbon

[2]

O

allylic radical

O

R=
O
another molecule
of lipid

O
peroxy radical

H
[3]

R=

+
HO

O
hydroperoxide

allylic radical

other oxidation products
This allylic radical continues the
chain. Steps [2] and [3] can
be repeated again and again.

• Oxidation is shown at one allylic carbon only. Reaction at the other labeled allylic carbon is also possible.

15.11 Application: Oxidation of Unsaturated Lipids
Oils—triacylglycerols having one or more sites of unsaturation in their long carbon chains—are
susceptible to oxidation at their allylic carbon atoms. Oxidation occurs by way of a radical chain
mechanism, as shown in Figure 15.8.
• Step [1] Oxygen in the air abstracts an allylic hydrogen atom to form an allylic radical

because the allylic C – H bond is weaker than the other C – H bonds.
• Step [2] The allylic radical reacts with another molecule of O2 to form a peroxy radical.
• Step [3] The peroxy radical abstracts an allylic hydrogen from another lipid molecule to
form a hydroperoxide and another allylic radical that continues the chain. Steps [2] and [3]
can repeat again and again until some other radical terminates the chain.
The hydroperoxides formed by this process are unstable and decompose to other oxidation products, many of which have a disagreeable odor and taste. This process turns an oil rancid.
Unsaturated lipids are more easily oxidized than saturated ones because they contain weak
allylic C – H bonds that are readily cleaved in Step [1] of this reaction, forming resonancestabilized allylic radicals. Because saturated fats have no double bonds and thus no weak allylic
C – H bonds, they are much less susceptible to air oxidation, resulting in increased shelf life of
products containing them.

Problem 15.23

Draw a second resonance structure for the allylic radical formed as a product of Step [1] in Figure
15.8. What hydroperoxide is formed using this Lewis structure?

15.12

Problem 15.24
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Which C – H bond is most readily cleaved in linoleic acid? Draw all possible resonance structures
for the resulting radical. Draw all the hydroperoxides formed by reaction of this resonancestabilized radical with O2.
O
C

OH

linoleic acid

15.12 Application: Antioxidants
An antioxidant is a compound that stops an oxidation reaction from occurring.
• Naturally occurring antioxidants such as vitamin E prevent radical reactions that can cause

cell damage.
• Synthetic antioxidants such as BHT—butylated hydroxy toluene—are added to packaged

and prepared foods to prevent oxidation and spoilage.
OH

CH3
(CH3)3C

HO
O

CH3

CH3

CH3

CH3 H

C(CH3)3

H

CH3 H

H
CH3

vitamin E

BHT
(butylated hydroxy toluene)

Vitamin E and BHT are radical inhibitors, so they terminate radical chain mechanisms by reacting with radicals. How do they trap radicals? Both vitamin E and BHT use a hydroxy group
bonded to a benzene ring—a general structure called a phenol.
The purported health benefits
of antioxidants have made
them a popular component in
anti-aging formulations.

Radicals (R•) abstract a hydrogen atom from the OH group of an antioxidant, forming a new
resonance-stabilized radical. This new radical does not participate in chain propagation, but
rather terminates the chain and halts the oxidation process. All phenols (including vitamin E and
BHT) inhibit oxidation by this radical process.
General structural feature of
many antioxidants

hydroxy
group

O

H

+

R

R abstracts the H atom from the OH group.

O

O

O

O

O

benzene ring
phenol
R

Hazelnuts, almonds, and many
other types of nuts are an
excellent source of the natural
antioxidant vitamin E.

Problem 15.25

= a general organic radical

five resonance structures

+

R

H

The many nonpolar C – C and C – H bonds of vitamin E make it fat soluble, and thus it dissolves
in the nonpolar interior of the cell membrane, where it is thought to inhibit the oxidation of the
unsaturated fatty acid residues in the phospholipids. Oxidative damage to lipids in cells via radical mechanisms is thought to play an important role in the aging process. For this reason, many
anti-aging formulas with antioxidants like vitamin E are now popular consumer products.
Draw all resonance structures for the radical that results from hydrogen atom abstraction from BHT.
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15.13 Radical Addition Reactions to Double Bonds
We now turn our attention to the second common reaction of radicals, addition to double bonds.
Because an alkene contains an electron-rich, easily broken π bond, it reacts with an electrondeficient radical.
X

X
C C

C C

The π bond is broken.

new radical

Radicals react with alkenes via a radical chain mechanism that consists of initiation, propagation, and termination steps analogous to those discussed previously for radical substitution.

15.13A Addition of HBr
HBr adds to alkenes to form alkyl bromides in the presence of light, heat, or peroxides.
General reaction—
Radical addition of HBr

C C

+

H Br

This π bond is broken.

hν, ∆, or
ROOR

C C
H Br

HBr is added.

alkyl bromide

The regioselectivity of addition to an unsymmetrical alkene is different from the addition of HBr
without added light, heat, or peroxides.
H H

HBr
only
CH3

CH3 C C H
Br H

H

C C
H

H bonds to the less substituted C.

2-bromopropane
H

H H

HBr
hν, ∆, or
ROOR

CH3 C C H
H Br

Br bonds to the less substituted C.

1-bromopropane

• HBr addition to propene without added light, heat, or peroxides gives 2-bromopropane: the

H atom is added to the less substituted carbon. This reaction occurs via carbocation
intermediates (Section 10.10).
• HBr addition to propene with added light, heat, or peroxides gives 1-bromopropane:
the Br atom is added to the less substituted carbon. This reaction occurs via radical
intermediates.

Problem 15.26

Draw the product(s) formed when each alkene is treated with either [1] HBr alone; or [2] HBr in the
presence of peroxides.
a. CH2 –
– CHCH2CH2CH2CH3

b.

c. CH3CH –
– CHCH2CH2CH3

15.13B The Mechanism of the Radical Addition of HBr to an Alkene
In the presence of added light, heat, or peroxides, HBr addition to an alkene forms radical intermediates, and like other radical reactions, proceeds by a mechanism with three distinct parts:
initiation, propagation, and termination. Mechanism 15.3 is written for the reaction of
CH3CH –– CH2 with HBr and ROOR to form CH3CH2CH2Br.
The first propagation step (Step [3] of the mechanism, the addition of Br • to the double bond)
is worthy of note. With propene there are two possible paths for this step, depending on which

15.13
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Mechanism 15.3 Radical Addition of HBr to an Alkene
Initiation
Steps [1] and [2] Abstraction of H from HBr occurs by a two-step process.
• With ROOR to initiate the reaction, two steps are needed to form

H Br
RO OR

2 RO

[1]

[2]

+

RO H

Br •. Homolysis of the weak O – O bond of the peroxide forms
RO•, which abstracts a hydrogen atom from HBr to form Br •.

Br

Propagation
Steps [3] and [4] The π bond is broken and the C – H and C – Br σ bonds are formed.
CH3

H

H H

C C
H

[3]

CH3 C C H
Br
2° radical

H
Br

H H

• The first step of propagation forms the C – Br bond when the Br •

new bond

radical adds to the terminal carbon, leading to a 2° carbon
radical.
• The 2° radical abstracts a H atom from HBr, forming the new

H H

CH3 C C H

[4]

CH3 C C H

Br

+

C – H bond and completing the addition reaction. Because a new
Br • radical is also formed in this step, Steps [3] and [4] occur
repeatedly.

Br

H Br
new bond

H Br

Repeat Steps [3], [4], [3], [4], and so forth.

Termination
Step [5] Two radicals react to form a bond.
Br

+

Br

[5]

• To terminate the chain, two radicals (for example two Br •

radicals) react with each other to form a stable bond, preventing
further propagation via Steps [3] and [4].

Br Br

carbon atom of the double bond forms the new bond to bromine. Path [A] forms a less stable
1° radical whereas Path [B] forms a more stable 2° radical. The more stable 2° radical forms
faster, so Path [B] is preferred.
Path [A]:
Does NOT occur
CH3

Path [B]:
Preferred path

H

H

H

C C

Br

less stable
1° radical

H H
CH3 C C H

H

H

Br

Br

H

CH3

H H
CH3 C C H

C C

Br
more stable
2° radical

The mechanism also illustrates why the regioselectivity of HBr addition is different depending
on the reaction conditions. In both reactions, H and Br add to the double bond, but the order of
addition depends on the mechanism.
H

CH3
Radical addition

C C
H

H
Br

CH3
Ionic addition

H Br
H

C C
H

H H
CH3 C C H
Br
2° radical

H H
CH3 C C H
+

H

H
2° carbocation

new bond

Br bonds to the
less substituted C.

new bond

+

Br –

H bonds to the
less substituted C.
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• In radical addition (HBr with added light, heat, or ROOR), Br • adds ﬁrst to generate the

more stable radical.
• In ionic addition (HBr alone), H+ adds ﬁrst to generate the more stable carbocation.

Problem 15.27

When HBr adds to (CH3)2C –
– CH2 under radical conditions, two radicals are possible products in the
first step of chain propagation. Draw the structure of both radicals and indicate which one is
formed. Then draw the preferred product from HBr addition under radical conditions.

Problem 15.28

What reagents are needed to convert 1-ethylcyclohexene into (a) 1-bromo-2-ethylcyclohexane;
(b) 1-bromo-1-ethylcyclohexane; (c) 1,2-dibromo-1-ethylcyclohexane?

15.13C Energy Changes in the Radical Addition of HBr
The energy changes during propagation in the radical addition of HBr to CH2 –– CH2 can be calculated from bond dissociation energies, as shown in Figure 15.9.
Both propagation steps for the addition of HBr are exothermic, so propagation is exothermic
(energetically favorable) overall. For the addition of HCl or HI, however, one of the chainpropagating steps is quite endothermic, and thus too difficult to be part of a repeating chain
mechanism. Thus, HBr adds to alkenes under radical conditions, but HCl and HI do not.

Problem 15.29

Draw an energy diagram for the two propagation steps in the radical addition of HBr to propene.
Draw the transition state for each step.

15.14 Polymers and Polymerization
Polymers—large molecules made up of repeating units of smaller molecules called
monomers—include such biologically important compounds as proteins and carbohydrates.
They also include such industrially important plastics as polyethylene, poly(vinyl chloride)
(PVC), and polystyrene.

15.14A Synthetic Polymers
Many synthetic polymers—that is, those synthesized in the lab—are among the most widely
used organic compounds in modern society. Although some synthetic polymers resemble natural
substances, many have different and unusual properties that make them more useful than naturally occurring materials. Soft drink bottles, plastic bags, food wrap, compact discs, Teflon, and
Styrofoam are all made of synthetic polymers. In this section we examine polymers derived from
alkene monomers. Chapter 30 is devoted to a detailed discussion of the synthesis and properties
of several different types of synthetic polymers.

HDPE (high-density polyethylene) and LDPE
(low-density polyethylene) are two common types
of polyethylene prepared under different reaction
conditions and having different physical properties.
HDPE is opaque and rigid, and is used in milk
containers and water jugs. LDPE is less opaque
and more flexible, and is used in plastic bags and
electrical insulation. Products containing HDPE
and LDPE (and other plastics) are often labeled
with a symbol indicating recycling ease: the lower
the number, the easier to recycle.

HDPE

LDPE

15.14

Figure 15.9

+

CH2 CH2

[1]

Energy changes during
the propagation steps:
CH2 –
– CH2 + HBr → CH3CH2Br

Br

Polymers and Polymerization

CH2CH2 Br

π bond broken

bond formed

+267 kJ/mol

–285 kJ/mol

[2] CH2CH2 Br

+
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H Br

+

H CH2CH2Br

bond broken

bond formed

+368 kJ/mol

–410 kJ/mol

∆H°[1] = –18 kJ/mol
Br

∆H°[2] = –42 kJ/mol
∆H°overall = ∆H°[1] + ∆H°[2]

= –60 kJ/mol

an exothermic reaction

• Polymerization is the joining together of monomers to make polymers.

For example, joining ethylene monomers together forms the polymer polyethylene, a plastic
used in milk containers and sandwich bags.
Ethylene
monomers

CH2 CH2

+

+

CH2 CH2

CH2 CH2

polymerization

Polyethylene
polymer

=

CH2CH2 CH2CH2 CH2CH2

three monomer units joined together

Many ethylene derivatives having the general structure CH2 –– CHZ are also used as monomers
for polymerization. The identity of Z affects the physical properties of the resulting polymer,
making some polymers more suitable for one consumer product (e.g., plastic bags or food wrap)
than another (e.g., soft drink bottles or compact discs). Polymerization of CH2 –– CHZ usually
affords polymers with the Z groups on every other carbon atom in the chain. Table 15.2 lists
some common monomers and polymers used in medicine or dentistry.
CH2 CHZ

+

CH2 CHZ

+

CH2 CHZ

polymerization

=

CH2CH CH2CH CH2CH
Z

Z

Z

Z

Z

Z

three monomer units joined together

What polymer is formed when CH2 –
– CHCO2H (acrylic acid) is polymerized? The resulting polymer,
poly(acrylic acid), is used in disposable diapers because it absorbs 30 times its weight in water.

Sample Problem 15.5

Solution
Draw three or more alkene monomers, break one bond of each double bond, and join the alkenes
together with single bonds. With unsymmetrical alkenes, substituents are bonded to every other carbon.
Join these 2 C's
H

H
CH2 C

Join these 2 C's

CH2 C
CO2H

H
CH2 C

CO2H

CO2H

H

H

H

CH2 C

CH2 C

CH2 C

CO2H

CO2H

CO2H

New bonds are drawn in red.

=
CO2H CO2H CO2H
poly(acrylic acid)
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Table 15.2 Common Monomers and Polymers Used in Medicine and Dentistry
Monomer

Polymer

CH2 CHCl
vinyl chloride

Consumer product

Cl
Cl
Cl
poly(vinyl chloride)
PVC
PVC blood bags and tubing

CH2 CHCH3
propene

CH3 CH3 CH3
polypropylene

polypropylene syringes
F F
CF2 CF2
tetrafluoroethylene

F F

F F

F F

F F F F

polytetrafluoroethylene
Teflon
dental floss

Problem 15.30

(a) Draw the structure of polystyrene, the chapter-opening molecule, which is formed by
– CH2. (b) What monomer is used to form
polymerizing the monomer styrene, C6H5CH –
poly(vinyl acetate), a polymer used in paints and adhesives?

O

O

O

poly(vinyl acetate)

COCH3 COCH3 COCH3

15.14B Radical Polymerization
The alkene monomers used in
polymerization are prepared
from petroleum.

The polymers described in Section 15.14A are prepared by polymerization of alkene monomers
by adding a radical to a o bond. The mechanism resembles the radical addition of HBr to an
alkene, except that a carbon radical rather than a bromine atom is added to the double
bond. Mechanism 15.4 is written with the general monomer CH2 –– CHZ, and again has three
parts: initiation, propagation, and termination.
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Mechanism 15.4 Radical Polymerization of CH2 –– CHZ
Initiation
Steps [1] and [2] A carbon radical is formed by a two-step process.
[1]

RO OR

Z
2 RO

+ CH2 C

Z

[2]

ROCH2 C

H

H
carbon radical

• Chain initiation begins with homolysis of the weak O – O

bond of the peroxide to form RO•, which then adds to a
molecule of monomer to form a carbon radical.

Propagation
Step [3] The polymer chain grows.
Z

Z

+ CH2 C

ROCH2 C
H

[3]

Z

Z

• Chain propagation consists of a single step that joins

H

• In Step [3], the carbon radical formed during initiation

ROCH2 C CH2 C

H

H

Repeat Step [3] over and over.

monomer units together.
adds to another alkene molecule to form a new C – C
bond and another carbon radical. Addition always forms
the more substituted carbon radical—that is, the
unpaired electron is always located on the carbon
atom having the Z substituent.

new C C bond

• This carbon radical reacts with more monomer, so that

Step [3] occurs repeatedly, and the polymer chain grows.
Termination
Step [4] Two radicals combine to form a bond.
Z

Z

[4]

C CH2

CH2 C

H

Z Z

• To terminate the chain, two radicals combine to form a

CH2 C C CH2

stable bond, thus ending the polymerization process.

H

H H

In radical polymerization, the more substituted radical always adds to the less substituted end of
the monomer, a process called head-to-tail polymerization.
The more substituted radical adds to the
less substituted end of the double bond.
Z

ROCH2 C
H

Problem 15.31

Z

+

Z

Z

ROCH2 C CH2 C

CH2 C
H

H

H

The new radical is always located
on the C bonded to Z.

– CHCl) into poly(vinyl chloride).
Draw the steps of the mechanism that converts vinyl chloride (CH2 –

KEY CONCEPTS
Radical Reactions
General Features of Radicals
•
•
•
•

A radical is a reactive intermediate with a single unpaired electron (15.1).
A carbon radical is sp2 hybridized and trigonal planar (15.1).
The stability of a radical increases as the number of C atoms bonded to the radical carbon increases (15.1).
Allylic radicals are stabilized by resonance, making them more stable than 3° radicals (15.10).
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Radical Reactions
[1] Halogenation of alkanes (15.4)
X2

R H

•
•
•
•

R X

hν or ∆
X = Cl or Br

alkyl halide

The reaction follows a radical chain mechanism.
The weaker the C – H bond, the more readily the hydrogen is replaced by X.
Chlorination is faster and less selective than bromination (15.6).
Radical substitution at a stereogenic center results in racemization (15.8).

[2] Allylic halogenation (15.10)
CH2 CH CH3

NBS
hν or ROOR

CH2 CHCH2Br

• The reaction follows a radical chain mechanism.

allylic halide

[3] Radical addition of HBr to an alkene (15.13)
H H
RCH CH2

HBr
hν, ∆, or
ROOR

• A radical addition mechanism is followed.
• Br bonds to the less substituted carbon atom to form the more substituted,
more stable radical.

R C C H
H Br
alkyl bromide

[4] Radical polymerization of alkenes (15.14)
CH2 CHZ

ROOR

• A radical addition mechanism is followed.
Z

Z
polymer

Z

PROBLEMS
Radicals and Bond Strength
15.32 With reference to the indicated C – H bonds in 2-methylbutane:
[1]

CH3

H CH2 C CH CH3
[2]

H H

[3]

a.
b.
c.
d.

Rank the C – H bonds in order of increasing bond strength.
Draw the radical resulting from cleavage of each C – H bond, and classify it as 1°, 2°, or 3°.
Rank the radicals in order of increasing stability.
Rank the C – H bonds in order of increasing ease of H abstraction in a radical halogenation
reaction.

2-methylbutane

15.33 Rank each group of radicals in order of increasing stability.
a. (CH3)2CCH2CH(CH3)2

(CH3)2CHCHCH(CH3)2

(CH3)2CHCH2CH(CH3)CH2

b.
15.34 Why is a benzylic C – H bond unusually weak?
CH2 H
benzylic C H bond

Halogenation of Alkanes
15.35 Rank the indicated hydrogen atoms in order of increasing ease of abstraction in a radical halogenation reaction.
Hb

H H

Hd

CH2 CHCHCHC(CH3)CH2 H
Ha

H

Hc

Problems
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15.36 Draw all constitutional isomers formed by monochlorination of each alkane with Cl2 and hν.
b. (CH3)3CCH2CH2CH2CH3

a.

c.

d.

CH3

15.37 What is the major monobromination product formed by heating each alkane with Br2?
b. (CH3)3CCH2CH(CH3)2

a.

d. (CH3)3CCH2CH3

CH3

c.

15.38 Five isomeric alkanes (A–E) having the molecular formula C6H14 are each treated with Cl2 + hν to give alkyl halides having
molecular formula C6H13Cl. A yields five constitutional isomers. B yields four constitutional isomers. C yields two constitutional
isomers. D yields three constitutional isomers, two of which possess stereogenic centers. E yields three constitutional isomers,
only one of which possesses a stereogenic center. Identify the structures of A–E.
15.39 What alkane is needed to make each alkyl halide by radical halogenation?
Br

a.

Br

b.

Cl

d. (CH3)3CCH2Cl

c.

15.40 Which alkyl halides can be prepared in good yield by radical halogenation of an alkane?

a.

b.

Cl

c.

d.

Br

Cl

Br

15.41 Explain why chlorination of cyclohexane with two equivalents of Cl2 in the presence of light is a poor method to prepare
1,2-dichlorocyclohexane.
15.42 Explain why radical bromination of p-xylene forms C rather than D.
CH3

CH3

Br2

CH3

∆

p-xylene

CH2Br

CH3

CH3

C

Br
D
NOT formed

15.43 a. What product(s) (excluding stereoisomers) are formed when Y is heated with Cl2?
b. What product(s) (excluding stereoisomers) are formed when Y is heated with Br2?
c. What steps are needed to convert Y to the alkene Z?

Y

Z

Resonance
15.44 Draw resonance structures for each radical.
CH2

a.

b.

c.

Allylic Halogenation
15.45 Draw the products formed when each alkene is treated with NBS + hν.
a.

b. CH3CH2CH CHCH2CH3

c. (CH3)2C CHCH3

d.

15.46 Is it possible to prepare 5-bromo-1-methylcyclopentene in good yield by allylic bromination of 1-methylcyclopentene? Explain.
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15.47 Draw all constitutional isomers formed when X is treated with NBS + hν.

X

Reactions
15.48 Draw the organic products formed in each reaction.
Cl2

a.

d.

hν
CH3

Br2

b.

∆

CH3
CH3

Br2

c.

hν

CH2

NBS
hν

g.

e.

HBr

f.

HBr
ROOR

CH2

HBr
ROOR

Br2

h.

NBS
hν

i.

15.49 What reagents are needed to convert cyclopentene into (a) bromocyclopentane; (b) trans-1,2-dibromocyclopentane;
(c) 3-bromocyclopentene?
15.50 Treatment of a hydrocarbon A (molecular formula C9H18) with Br2 in the presence of light forms alkyl halides B and C, both
having molecular formula C9H17Br. Reaction of either B or C with KOC(CH3)3 forms compound D (C9H16) as the major product.
Ozonolysis of D forms cyclohexanone and acetone. Identify the structures of A–D.
O

O

cyclohexanone

acetone

Stereochemistry and Reactions
15.51 Draw the products formed in each reaction and include the stereochemistry around any stereogenic centers.
CH3

a.

Br2
hν

Cl2

c.

Br2

e.

hν

∆
H

CH3

b.

Cl2
hν

CH3

d.

CCl3

Br2

f.

hν

CH3CH2

C

F
H

Cl2
∆

CH3 CH3

15.52 (a) Draw all stereoisomers of molecular formula C5H10Cl2 formed when (2R)-2-chloropentane is heated with Cl2. (b) Assuming
that products having different physical properties can be separated into fractions by some physical method (such as fractional
distillation), how many different fractions would be obtained? (c) Which of these fractions would be optically active?
15.53 (a) Draw all stereoisomers of molecular formula C7H15Cl formed when (3S)-3-methylhexane is heated with Cl2. (b) Assuming that
products having different physical properties can be separated by fractional distillation, how many different fractions would be
obtained? (c) How many fractions would be optically active?
15.54 Draw the six products (including stereoisomers) formed when A is treated with NBS + hν.

CH2
A

Problems

Mechanisms
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∆

15.55 Consider the following bromination: (CH3)3CH + Br2
(CH3)3CBr + HBr.
a. Calculate ∆H° for this reaction by using the bond dissociation energies in Table 6.2.
b. Draw out a stepwise mechanism for the reaction, including the initiation, propagation, and termination steps.
c. Calculate ∆H° for each propagation step.
d. Draw an energy diagram for the propagation steps.
e. Draw the structure of the transition state of each propagation step.
15.56 Draw a stepwise mechanism for the following reaction.
NBS
hν

Br

+

+

HBr

Br

15.57 Although CH4 reacts with Cl2 to form CH3Cl and HCl, the corresponding reaction of CH4 with I2 does not occur at an
appreciable rate, even though the I – I bond is much weaker than the Cl – Cl bond. Explain why this is so.
15.58 An alternative mechanism for the propagation steps in the radical chlorination of CH4 is drawn below. Calculate ∆H° for these
steps and explain why this pathway is unlikely.
CH4

+

Cl

CH3Cl

H

+

Cl2

HCl

+
+

H
Cl

15.59 When 3,3-dimethyl-1-butene is treated with HBr alone, the major product is 2-bromo-2,3-dimethylbutane. When the same
alkene is treated with HBr and peroxide, the sole product is 1-bromo-3,3-dimethylbutane. Explain these results by referring
to the mechanisms.
15.60 Write a stepwise mechanism that shows how a very small amount of CH3CH2Cl could form during the chlorination of CH4.
15.61 Write out the two propagation steps for the addition of HCl to propene and calculate ∆H° for each step. Which step prohibits
chain propagation from repeatedly occurring?

Synthesis
15.62 Devise a synthesis of each compound from cyclopentane and any other required organic or inorganic reagents.
a.

c.

Cl

Cl

e.

Br

Br

g.
Br

Cl

OH

i.

Br

O
OH

b.

OH

d.

f.

h.

O

j.

OH

CN

15.63 Devise a synthesis of each target compound from methylcyclohexane. You may use any other required organic or inorganic
reagents.
a.

OH

b.

Cl

c.

O

+ enantiomer

Cl

15.64 Devise a synthesis of each target compound from the indicated starting material. You may use any other required organic
or inorganic reagents.
Br

a. CH3C CH

CH3CH2CH3

b.

Br

c.

Br

HC CH

15.65 Devise a synthesis of each compound using CH3CH3 as the only source of carbon atoms. You may use any other required
organic or inorganic reagents.
a. HC –
– CH

b. HC –
– CCH2CH3

c. HC –
– CCH2CH2OH

d.

e.
O

15.66 Devise a synthesis of OHC(CH2)4CHO from cyclohexane using any required organic or inorganic reagents.
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Radical Oxidation Reactions
15.67 As described in Section 9.16, the leukotrienes, important components in the asthmatic response, are synthesized from
arachidonic acid via the hydroperoxide 5-HPETE. Write a stepwise mechanism for the conversion of arachidonic acid to
5-HPETE with O2.
OH

OOH

COOH

COOH

COOH

O2

C5H11
arachidonic acid

C5H11

RSH
several
steps

C5H11

5-HPETE

S
R

leukotriene C4

15.68 Ethers are oxidized with O2 to form hydroperoxides that decompose violently when heated. Draw a stepwise mechanism for this
reaction.

+ O2
O

O

OOH

unstable hydroperoxide

15.69 (a) Ignoring stereoisomers, what two allylic hydroperoxides are formed by the oxidation of 1-hexene with O2? (b) Draw a
stepwise mechanism that shows how these hydroperoxides are formed.

Antioxidants
15.70 Draw all resonance structures of the radical resulting from abstraction of a hydrogen atom from the antioxidant BHA
(butylated hydroxy anisole).
(CH3)3C
HO

OCH3
BHA

15.71 In cells, vitamin C exists largely as its conjugate base X. X is an antioxidant because radicals formed in oxidation
processes abstract the indicated H atom, forming a new radical that halts oxidation. Draw the structure of the radical
formed by H abstraction, and explain why this H atom is most easily removed.
OH

OH
O

HO

O

HO
OH
vitamin C

O

HO
–O

O
OH

X

Polymers and Polymerization
15.72 What monomer is needed to form each polymer?
a.

b.
polyisobutylene
(used to make basketballs)

COOEt COOEt COOEt
poly(ethyl acrylate)
(used in latex paints)

Et = CH2CH3

15.73 (a) Hard contact lenses, which first became popular in the 1960s, were made by polymerizing methyl methacrylate
– C(CH3)CO2CH3] to form poly(methyl methacrylate) (PMMA). Draw the structure of PMMA. (b) More comfortable softer
[CH2 –
– C(CH3)CO2CH2CH2OH] to
contact lenses introduced in the 1970s were made by polymerizing hydroxyethyl methacrylate [CH2 –
form poly(hydroxyethyl methacrylate) (poly-HEMA). Draw the structure of poly-HEMA. Since neither polymer allows oxygen from
the air to pass through to the retina, newer contact lenses that are both comfortable and oxygen-permeable have now been
developed.

Problems
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15.74 Draw a stepwise mechanism for the following polymerization reaction.
CH2 CHCN

ROOR
CN

CN

CN

15.75 As we will learn in Section 30.2C, styrene derivatives such as A can be polymerized by way of cationic rather than radical
intermediates. Cationic polymerization is an example of electrophilic addition to an alkene involving carbocations.
CH3O

CH CH2

a. Draw a short segment of the polymer formed by the polymerization of A.
– CH2) in a cationic polymerization?
b. Why does A react faster than styrene (C6H5CH –

A

Spectroscopy
15.76 A and B, isomers of molecular formula C3H5Cl3, are formed by the radical chlorination of a dihalide C of molecular
formula C3H6Cl2.
a. Identify the structures of A and B from the following 1H NMR data:
Compound A: singlet at 2.23 and singlet at 4.04 ppm
Compound B: doublet at 1.69, multiplet at 4.34, and doublet at 5.85 ppm
b. What is the structure of C?
15.77 Identify the structure of a minor product formed from the radical chlorination of propane, which has molecular formula C3H6Cl2
and exhibits the given 1H NMR spectrum.

57
29

8

7

6

5

4
ppm

3

2

1

0

15.78 Radical chlorination of CH3CH3 forms two minor products X and Y of molecular formula C2H4Cl2.
a. Identify the structures of X and Y from the following 1H NMR data:
Compound X: singlet at 3.7 ppm
Compound Y: doublet at 2.1 and quartet at 5.9 ppm
b. Draw a stepwise mechanism that shows how each product is formed from CH3CH3.

Challenge Problems
15.79 Draw a stepwise mechanism for the following addition reaction to an alkene.
O

O
CH3

C

H

+

ROOR
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15.80 In the presence of a radical initiator (Z•), tributyltin hydride (R3SnH, R = CH3CH2CH2CH2) reduces alkyl halides to alkanes:
R'X + R3SnH → R'H + R3SnX. The mechanism consists of a radical chain process with an intermediate tin radical:
Initiation:

R3SnH

R' Br

+

Z

+

+

R3Sn

HZ

R'

+

R3SnBr

R' H

+

R3Sn

R3Sn

Propagation:
R'

+

R3SnH

This reaction has been employed in many radical cyclization reactions. Draw a stepwise mechanism for the following reaction.

R3SnH
Br

Z

+

+

+

R3SnBr

15.81 PGF2α (Sections 4.15 and 29.6) is synthesized in cells from arachidonic acid (C20H32O2) using a cyclooxygenase enzyme
that catalyzes a multistep radical pathway. Part of this process involves the conversion of radical A to PGG2, an unstable
intermediate, which is then transformed to PGF2α and other prostaglandins. Draw a stepwise mechanism for the conversion of
A to PGG2. (Hint: The mechanism begins with radical addition to a carbon–carbon double bond to form a resonance-stabilized
radical.)
HO
CO2H

O
O

O2

O

COOH

COOH

O
OOH
A

PGG2
unstable intermediate

HO

OH
PGF2α

