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Addition Reactions of Carbon-Carbon Pi Bonds 
 
Reading from Brown and Foote (5th edition) 
• Chapter 6: Sections 6.1–6.4, 6.5B, and 6.6 
• Chapter 7: Sections 7.1, 7.6, and 7.7A 
 
Lecture Supplement   Distributed in lecture; available at the course web site 
• Miscellaneous Addition Reactions of Carbon-Carbon Pi Bonds 
 
Optional Reading 
• Klein, Chapter 11: Sections 11.1–11.4, 11.6, 11.7, 11.9, and 11.12 
 
Suggested Text Exercises from Brown and Foote (5th edition) 
• Chapter 6: 1–9, 11, 12, 14–23, 25, 26, 28–37, 38b, 39–41, 48, and 50 
• Chapter 7: 4, 5, 11adgij, 16, and 20abcdegj 
 

 

Mechanism Responsibilities 
 
In general, you are responsible for the mechanism for every reaction for every topic 
discussed in lecture and the Thinkbook, unless the reaction is explicitly excluded. (All 
of the excluded reactions will be mentioned in lecture and some are also mentioned in 
the Thinkbook.) When in doubt about a particular reaction, learn (or better yet, 
understand) its mechanism. 
 

Reaction Flash Cards 
 
At this point in the course, some students begin to get overwhelmed by the number of 
reactions, reactants and products. Making a set of reaction flash cards can be a useful 
way to focus on this information for reactions that trouble you. 
 
Standard 3 x 5 file card make a nice size for flash cards. On one side of the card write 
the starting material and reactants, and a question mark for the missing information, as 
shown below. On the other write the starting materials and products, but not the 
reactants necessary to achieve the reaction.  
 

HBr
?

 

?

Br

 
 
Don’t include any clues such as the mechanism name on the card. (In this way the back 
of the card gives the answer to the question on the front of the card, and vice versa.) 
Make cards with different versions of the same reaction, such as a few different SN2 
reactions or a few different alkene catalytic hydrogenation reactions. (You might also 
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include cards in which the starting material is absent, but these are less useful.) Get 
reaction examples from your lecture notes, the Thinkbook, and the chapter summaries 
in the textbook.  
 
Flash card use: At the beginning of your study week, shuffle the entire flash card stack, 
both in order of reactions as well as front or back face. Take the top card from the stack 
and write the complete reaction. (Writing is better than just looking, even if you already 
know the reaction.) Check your answer by comparing with the backside of the card. If 
your answer is correct place the card on the “I Know This” stack. If your answer is 
incorrect, or if you had to struggle to remember it, put the card on the “Needs More 
Work” stack. 
 
Create more flash cards as you encounter new reactions, and add these to the Needs 
More Work pile. 
 
At the beginning of your next study day, go through the Needs More Work stack, again 
placing cards on the I Know This and Needs More Work stacks. At the beginning of the 
next study week, combine the two stacks, shuffle, and work through the cards. As week 
and quarter progress, you’ll see that faithful use of your cards will result in greater 
speed, more retention, and a greater percentage of the stack on the I Know This pile on 
the first study day. 
 
Create cards for other tasks such as definitions, mechanisms, etc., as necessary for your 
specific study style. 

 

 
Concept Focus Questions 
1. Provide a clear but concise definition for each term. 

(a) Addition reaction  (e) Markovnikov addition (i) Syn addition 
(b) Anti addition   (f) Oxidation (j) Tautomer 
(c) Anti-Markovnikov addition   (g) Reduction (k) Tautomerization 
(d) Cycloaddition   (h) Regioselective reaction 
 

2. In addition reactions of carbon-carbon pi bonds, what is the nucleophile and why? 
Show a generic mechanism for this type of reaction. Describe the mechanism in your 
own words. 

 
3. In your own words, describe the kinetics for each step in the mechanism of the 

previous problem. How is the kinetics similar to the kinetics of the SN1 reaction? 
How are they different? What is the rate-limiting step? 

 
4. Consider the reaction of isobutylene with HBr: 
 

BrHBr
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(a) Write the mechanism. 
(b) Why do the pi bond electrons attack the hydrogen end of HBr? 
(c) Briefly explain why the addition of HBr gives the product shown instead of the 

primary alkyl halide. 
 
5. Does an alkyne react with HBr in the same manner as an alkene? Briefly explain why 

or why not. 
 
6. Draw the organic product(s) formed by the reaction of methylcyclopentene with each 

set of reactants given below. Pay careful attention to stereochemistry. Specify the 
overall reaction stereochemistry as syn, anti, or neither. Specify the regioselectivity as 
Markovnikov, anti-Markovnikov, or neither. Categorize each of the starting 
molecules as nucleophile or electrophile. (a) Br2, (b) H2 and Pt, (c) BH3 followed by 
NaOH and H2O2, (d) O3 followed by (CH3)2S, (e) aqueous H2SO4 and (f) aqueous 
Hg(OAc)2 followed by NaBH4. 

 
You are not responsible for the mechanisms for catalytic hydrogenation (reaction b), 
the oxidation step of hydroboration-oxidation (reaction c), ozonolysis (reaction d), 
and the demercuration step of oxymercuration-demercuration (reaction f). However, 
many students have found that understanding the mec-hanism makes it easier to 
remember the reaction and predict the products. The mechanisms for these reactions 
are discussed in the textbook. 

 
7. Briefly discuss how the reaction with ozone interferes with the functioning of 

pulmonary surfactant. 
 
8. The mechanism for cyclization of squalene oxide into lanosterol includes several 

steps involving carbocations. Provide an example and brief discussion of each of the 
carbocation fates from this cyclization mechanism. 

 
Concept Focus Questions Solutions 
1.  Illustrated definitions can be found at the Illustrated Glossary of Organic Chemistry 

available at the course web site. 
 

(a) Addition reaction: A reaction in which two or more reactants combine to make a 
single product that includes most or all of the atoms of the reactants. 
 

(b) Anti addition: An addition reaction in which fragments of one reactant are added 
to the opposite faces of the other reactant. 

 
(c) Anti-Markovnikov addition: An addition reaction of an alkene or alkyne with a 

generic electrophile H–X in which the hydrogen atom of H–X becomes bonded to 
the end of the pi bond that bears the least number of hydrogen atoms to begin 
with. The addition of water to an alkene by the hydroboration-oxidation reaction 
is an example of anti-Markovnikov addition. 
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C

H3C

H3C

CH2

1. BH3

2. NaOH, H2O2

C

H3C

CH2
H3C

H

OH

Hydrogen of added water
bonded to alkene carbon with
least number of hydrogens.  

 
(d) Cycloaddition: An addition reaction resulting in a new ring. 
 

(e) Markovnikov addition: An addition reaction of an alkene or alkyne with a generic 
electrophile H–X in which the hydrogen atom of H–X becomes bonded to the end 
of the pi bond that bears the most number of hydrogen atoms to begin with. The 
addition of HBr to an alkene is an example of Markovnikov addition. 

 

C

H3C

H3C

CH2
HBr

C

H3C

CH2
H3C

Br

H Hydrogen of HBr bonded
to the alkene carbon with

the most number of hydrogens.

 
 
(f) Oxidation: Any process in which there is an increase in the number of bonds 

between an atom and atom(s) that are more electronegative. Addition of water to 
an alkene is an oxidation because the number of bonds between one of the alkene 
carbons (EN = 2.5) and oxygen (EN = 3.5) is increased from zero to one. 

 
(g) Reduction: Any process in which there is a decrease in the number of bonds 

between an atom and atom(s) that are more electronegative. Hydrogenation of 
ethylene (H2C=CH2 + H2) to give ethane (H3C–CH3) is a reduction because the 
number of bonds between the alkene carbons (EN = 2.5) and hydrogen (EN = 2.1) 
is increased from two to three. 

 
(h) Regioselective reaction: a reaction leads to the preferential formation of one of 

several possible constitutional isomers of the reaction product. 
 

(i) Syn addition: an addition reaction in which fragments of one reactant are added to 
the same face of the other reactant. 

 
(j) Tautomer: One of a set of constitutional isomers that are conceptually related by 

the shift of a hydrogen atom and one or more pi bonds. 
 
(k) Tautomerization: The process of isomerization of one tautomer into another. 
 

2. The nucleophile is the molecule that contains the pi bond in the first step because it is 
the source of electrons and the species that attacks the carbocation in the second step. 

 

NucEE
slow

E Nuc

fast
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Mechanism description: The pi bond of an alkene or alkyne is a source of readily 
available electrons, and thus makes these functional groups nucleophilic. Reaction of 
an electrophile (E) with the pi bond forms a new sigma bond between the 
electrophile and one end of what was the pi bond. The other carbon of the pi bond, 
having lost a pair of electrons, now bears a positive charge (a carbocation). The 
carbocation reacts so as to fill its open octet by capturing a nucleophile (Nuc). The 
net effect is replace-ment of the pi portion of the double or triple bond with two new 
sigma bonds. This process is generally assumed to be exothermic, as most pi bonds 
are weaker than the corresponding sigma bonds. 
 
The formal charges for the electrophile and nucleophile are not given in this generic 
mechanism, as we cannot say for sure what they are. Electrophiles that add to pi 
bonds may carry a positive formal charge (such as H3O+) or may be neutral (such as 
BH3). The nucleophile captured by the carbocation may carry a negative formal 
charge (such as Br-) or may be neutral (such as H2O). 

 
3. Addition to a carbon-carbon pi bond of an alkene or alkyne is a two-step process. The 

first step breaks the pi bond and creates a carbocation. In the second step the carbo-
cation accepts a nucleophile and a new sigma bond results. This is energetically 
favorable and is the fast step. The reaction kinetics are similar to those of an SN1 
reaction in that the formation of an unfavorable, energetically expensive carbocation 
is the first and the rate-determining step. It differs from an SN1 reaction, however, in 
that the rate is not solely dependent on the concentration of one species, but instead is 
bimolecular. 

 

4. (a) C

H3C

H3C

CH2

H Br
δ+ δ−

C

H3C

H3C

CH2

H
Br

C

H3C

CH3

Br
H3C

 
 
(b) The hydrogen was attacked because it is less electronegative than bromine and 

bears the δ+ in the H–Br bond. 
 
(c) In looking at the mechanism in part (a), we can see that the formation of the 

carbocation is the first step. The formation of a more stable carbocation has lower 
activation energy. A tertiary carbocation is much more stable than an isomeric 
primary carbocation, so the activation energy for the formation of the tertiary 
carbocation is lower than the activation energy for the formation of the primary 
carbocation. 

 
5. We predict that an alkyne reacts in the same manner as an alkene in the presence of 

HBr because the only difference is that an alkyne has two carbon-carbon pi bonds 
instead of just the one. This is another example of the concept that similar functional 
groups have similar reactions and reactivity. 
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6. (a) Br2 Br

CH3

Br  
 

Overall reaction stereochemistry: anti 
Overall reaction regioselectivity: not Markovnikov or anti-Markovnikov 
Nucleophile: alkene 
Electrophile: Br2 (The Br–Br bond is polarized as it approaches the alkene pi 
electron cloud.) 
 

(b) 
H2 CH3

H

H
Pt

 
 
Overall reaction stereochemistry: syn 
Overall reaction regioselectivity: not Markovnikov or anti-Markovnikov 
Nucleophile and electrophile: none (This is not an electrophilic addition or ionic 
reaction.) 

 

(c) CH3

H

OH

1. BH3

2. H2O2, NaOH
 

 
Overall reaction stereochemistry: syn 
Overall reaction regioselectivity: anti-Markovnikov 
Nucleophile: alkene 
Electrophile: BH3 

 

(d) 
1. O3

2. (CH3)2S O

O

H  
 

Addition stereochemistry: alkene + O3 is syn; overall reaction is none 
Overall reaction regioselectivity: not Markovnikov or anti-Markovnikov 
Nucleophile and electrophile: none (This is not an electrophilic addition or ionic 
reaction.) 

 

(e) H2SO4

H2O

OH

 
 
Overall reaction stereochemistry: mixture of syn and anti 
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Overall reaction regioselectivity: Markovnikov 
Nucleophile: alkene 
Electrophile: H3O+ 

 

(f) 
1. Hg(OAc)2, H2O

2. NaBH4

OH

 
 

Overall addition stereochemistry: Mixture. (Syn addition of Hg, but the 
demercuration step produces a mixture of syn and anti products.) 
Overall reaction regioselectivity: Markovnikov 
Nucleophile: Alkene (attacks +HgOAc) then water (attacks the mercurinium ion) 
Electrophile: +HgOAc (attacks alkene) then mercurinium ion (attacks water) 
 

7. Pulmonary surfactant is a collection of phospholipids that assist diffusion of atmos-
pheric oxygen across membranes in the lung aveoli and into the bloodstream. Key to 
the surfactant action of this molecule is the presence of three fatty acid esters. Loss of 
the fatty acid hydrocarbon tails reduces the ease with which oxygen can diffuse into 
the blood. Ozone may enter the lung from a variety of sources, such as normal atmos-
pheric pollution or in tobacco smoke. Fatty acids containing alkene functional groups 
suffer oxidative cleavage upon reaction with ozone, cleaving off a portion of the fatty 
acid hydrocarbon tail. Reduction in the tail length reduces the surfactant action of 
pulmonary surfactant, thus hindering oxygen absorption. 

 
8. Capture a nucleophile: The cyclization of squalene oxide to form lanosterol includes 

several examples of addition of a carbocation capture of an alkene (a nucleophile). In 
each case but one the addition occurs to give the more stable 3o carbocation. Shown 
below is the formation of the lanosterol A ring. 

 

HO HO

 
versus HO

                                                      

                                                   3o carbocation                 2o carbocation 
                                              Actual intermediate                Not formed 

 
Rearrange: Lanosterol biosynthesis also includes a number of carbocation rearrange-
ments that occur via 1,2-hydride or 1,2-methyl shifts. In each case a 3o carbocation 
rearranges to a new 3o carbocation. The rearrangements may be driven by small 
increases in carbocation stability due to subtle features of carbocation structure and 
the position of electron donating groups within the enzyme cavity. The first carbo-
cation rearrangement that occurs in the mechanism is shown. 
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HO

H
R

HO

R
H

 
 
Deprotonate to form pi bond: The final step in lanosterol biosynthesis is the depro-
tonation of a carbocation to form a new pi bond. Recall that carbocations are very 
strongly driven to fill the open octet and therefore any base (even a very weak base) is 
sufficient to carry out the deprotonation. In this case, the base is probably some 
mildly basic site in the enzyme active site (abbreviated here as Enz), perhaps a 
carboxylate anion, an amine, or an imidazole nitrogen atom. (The resultant conjugate 
acid may very well be the proton source that protonates the squalene oxide in the first 
step of the mechanism.) 
 

HO

R

Enz            H

HO

R

+   Enz-H

 
                                                                                                Lanosterol 
 

You are not expected to memorize all the steps and structures in the biosynthesis of 
cholesterol. Instead, understand why each step occurs they way it does, based on 
what we have learned about carbocation stability and fates, addition to pi bonds, etc. 
 

OWLS Problems 
1. State Markovnikov’s Rule. Clearly illustrate it, including reaction mechanism and 

product(s), using styrene (PhCH=CH2) and HBr. 
 
2. For each pair of reactions: (i) select the faster reaction; (ii) provide the major product 

and mechanism for the faster reaction; and (iii) changing only one aspect such as 
electrophile or alkene, write a very similar reaction that is even faster than the 
reaction selected in part (i). 

 

(a) 
HBr

 
or 

HBr
OCH3

 
    
 

(b) C CH CH3

HCl (excess)
 

 

or C CH CF3

HCl (excess)
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3. Provide a mechanism for this electrophilic addition reaction. Does it obey 
Markovnikov’s Rule? 

 
OCH3

I Cl

 
 
4. Consider this statement: “Electrophilic addition to an alkene is the mechanistic 

reverse of the E1 reaction, but not of the E2 reaction.”  Briefly explore the truth of 
this statement by comparing various features of these reactions such as mechanism, 
rate determining step, energy profiles, and effects of carbocation stabilities. 

 
5. Complete the following reactions by writing the missing starting materials, reactants 

or products in each box. 
 

(a) 
 

HBr
  

    

(b) 
 

 
Cl 

    

(c)  excess HBr
 

BrBr

 

(d) 
 

H2O

H2SO4

 
 

    

(e) 
 

 

OH

 
    

(f)  
1. O3

2. (CH3)2S  
O

H

+   O CH2
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(g) 
 

Br2   

  
Note: When a molecule has one or more stereocenters but their absolute 
configuration is not specified, this means the molecule is a racemic mixture. 
 

(h) 

 
 

 
 
6. Write products for the following reactions. 
 

(a) 
Cl2

 
(d) 

1. Hg(OAc)2, H2O

2. NaBH4

 
    

(b) 
Br2

H2O
 

(e) H3C C C
aq. H2SO4

 
    

(c) C CH
Br2 (excess)

 
(f) CH3CH2 C C CH2CH3

1. BH3

2. HOOH, NaOH  
 
7. One of the most important efforts of organic chemists is synthesis: the act of conver-

ting one substance into another. The new substance might be a drug or a myriad of 
other things. The synthesis process might require a single reaction step or dozens of 
steps. As practice for this important skill, suggest a two-reaction sequence for the 
synthesis of cyclohexylmethanol from 1-bromo-1-methylcyclohexane. Your reaction 
flash cards may be useful to help you choose appropriate reactions. Focus on what 
reagents are necessary to carry out the desired functional group changes. Thinking 
backwards (start with cyclohexylmethanol) can be useful. (Thinking backwards in 
synthesis problems is called retrosynthetic analysis. The development of this 
approach is part of the reason E. J. Corey of Harvard was awarded the 1990 Nobel 
Prize in Chemistry.) 

 

Br reaction 1 reaction 2 OH

 
 

              1-Bromo-1-methylcyclohexane                        Cyclohexylmethanol 
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8. Propose a mechanism for the following reaction. Hint: trifluoromethanesulfonic acid 
(CF3SO3H) is a very strong acid (pKa ~ -16), whose molecular structure is similar to 
H2SO4. “Cat. CF3SO3H” means only a small amount of CF3SO3H is used. 

 

C C PhHOCH2CH2CH2
cat. CF3SO3H O

Ph 
 
Practice Problems 
1. Briefly explain why alkenes react with electrophiles but not nucleophiles. Give an 

example that clearly illustrates your answer. 
 
2. In practice problem 26 of the Elimination Reactions CFQ & PP we constructed a 

mechanism decision flowchart. Modify your flowchart to include addition reactions 
to carbon-carbon pi bonds. 

 
3. For the reaction shown below, 

(a) Write the mechanism. 
(b) Draw the transition state for the rate-determining step. 
(c) Briefly explain your choice for the rate-determining step. 
(d) Write a reaction that is clearly faster. 
(e) Briefly explain why this reaction is faster. 

 

HCl

Cl

 
 
4. For the reaction shown below, 

(a) Write mechanism that shows how the major product is formed. 
(b) Explain your choice of major product, including its stereochemistry. 

 

HBr

 
 
5. According to Markovnikov's Rule, isobutylene reacts with HCl to form tert-butyl 

chloride. Little if any isobutyl chloride is formed in this reaction. Explain. 
 

HCl

 

H

Cl

 
+ 

Cl

H

 
    

Isobutylene Tert-butyl chloride 
Observed product 

 Isobutyl chloride 
Little (if any) formed 
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6. For the reaction shown below, 
(a) Provide a mechanism that shows how the major product is formed. 
(b) Explain your choice of major product. 
 

OCH3

HBr

OCH3

Br

+

Br

OCH3

 
 
7. For the reaction shown below, 

(a) Select the major product. 
(b) Write a detailed mechanism that shows how the major product is formed. 
(c) Clearly explain your choice of major product. 
(d) Write a reaction that is similar to the one shown, but obviously faster. Explain 

your reasoning. 
 

OCH3

HCl (gas)

OCH3Cl

+

Cl
OCH3

+

OCH3HO

+

OH
OCH3

 
 

                                              A                        B                       C                     D 
 

8. Consider reactions E–G: 
 

E: 
Cl

Cl
HCl

+

 
  

F: Cl

OCH3 OCH3Cl OCH3
+

HCl

 
  

G: 

Cl
Cl

+
HCl

 
 

(a) Which reaction is the fastest? Briefly explain. 
(b) What is the major product of the fastest reaction? Briefly explain. 
(c) Write a mechanism that shows how the major product is formed. Write "rds" 

above the arrow in the rate-determining step. 
(d) Offer an explanation for your choice of rate-determining step. 
 

9. Write all major product(s) (including stereochemistry) produced when each of the 
following is reacted with HBr. 
 

(a)  (b)  (c) 
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(d) 
 

(e) 

Ph
CH3

H  

  

 
10. Give the structures of products A and B. Write the mechanism for the formation of 

each. 
 

C CH
HI

 
A 

HI
 

 
B 

 
11. For the reaction shown below, (a) provide a detailed mechanism for the major 

product, and (b) briefly explain why you chose this isomer to be the major product. 
 

H2SO4

H2O

 
 
12. For the reaction shown below, 

(a) Provide a mechanism that accounts for the formation of the major product. 
(b) Explain why this product is major. Include a relevant energy profile to illustrate 

your explanation. 
 

H2SO4

H2O

OH

+

OH

 
 
13. Why are the reactions of alkenes and alkynes so very similar? Write a pair of 

reactions that clearly illustrates this concept. 
 
14. List two significant similarities between alkenes and alkynes. Clearly illustrate each 

similarity with a drawing or reaction. 
 
15. List two significant differences between alkenes and alkynes. Clearly illustrate each 

difference with a drawing or reaction. 
 
16. For the reaction shown below, 

(a) Provide a mechanism both steps. 
(b) Select the faster mechanism step and explain. 
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C C
H3O , H2O

Step A
OH O

H3O , H2O

Step B
 

 
17. Draw a mechanism that shows how the major product is formed. Ph = C6H5 = 

monosubstituted benzene ring. 
 

H3O+

H2O
PhC CH Ph

OH

Ph

OH
Ph

O

H

+ +

Ph

O

+

 
 
18. Provide the organic product(s) of the following reactions. Pay careful attention to the 

stereochemistry of the reactants and products. 
 

(a) 
H2SO4

H2O  
(b) 

CH3O

HCl

 
Two products 

     

(c) 
H2

Pt
 

(d) 
HCl

 

(e) 
2. NaOH, H2O2

1. BH3

 
(f) 

Br2

 
    

(g) 
1. O3

2. (CH3)2S  
  

 
19. Write a detailed mechanism for the following reactions. Be sure that your 

mechanisms account for all of the given products. 
 

(a) 
OH

H2SO4

H2O
+

 
  

(b) OH
O

H2SO4

 
  

(c) 

OCH3

H2SO4

CH3OH
+
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20. The rules of thermodynamics and kinetics cause a reaction of achiral reactants to give 
a product (or product mixture) that is optically inactive. Thus when the combination 
of achiral reactants gives a single product, that product must be achiral. When the 
reaction can give a mixture of products (i.e., stereoisomers) the product mixture must 
be racemic. Which of the following reactions obeys this rule by giving a racemic 
mixture of enantiomers, and which reactions give a single, achiral product? 

 

(a) 
H2

Pt
 

(c) 
H2SO4

H2O  
    

(b) 
Br2

 
(d) 

1. BH3

2. NaOH, HOOH
 

 
21. Of the alkenes shown below, select the one that react fastest and slowest in a typical 

electrophilic addition reaction. Briefly explain your answer. 
 

F OCH3 CH3  
 

22. Draw the product and mechanism for the fastest of the following reactions. 
 

CH3C CCH3
H2SO4

H2O  
or CF3C CCF3

H2SO4

H2O  
or HC CH

H2SO4

H2O  
 
23. An early step in the biosynthesis of steroids from squalene involves the reaction of a 

carbocation with an alkene to form the steroid A ring. This A ring is a cyclohexane, 
not a cyclopentane. Provide a rationale for this selectivity. Hint: curved arrows will 
help clarify your answer. 

 

A B

C D

 

Steroid ring labeling 
 

 
Formation of the steroid A ring: 

 

HO
HO

several steps

 

versus 
HO
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24. The body disposes of foreign compounds by metabolism to form compounds that are 
more polar and more water soluble, thus more easily excreted. For example, styrene 
(vinyl benzene) might be converted to an alcohol: 

 

enyzmes

OH

+

OH

 
 

                      Styrene 
 

As a model for such a process, write major product of the reaction of styrene, a 
carcinogenic hydrocarbon, with H3O+ and H2O. Include a mechanism to show how 
this major product is formed. Briefly explain your choice of major product for this 
reaction. 

 
25. Provide a mechanism. Hint: build a model of the product. 
 

CH3

H3C

H2O

H2SO4

O

CH3

CH3

 
 
26. The orange color of carrots is due (in part) to a highly conjugated hydrocarbon called 

β-carotene. (Conjugation is extra stability that results from the presence of three or 
more parallel p orbitals on adjacent atoms. When enough orbitals are conjugated a 
molecule can absorb visible light, making it appear colored.) A solution of Br2 in 
CCl4 is red. When a carrot is immersed in the Br2 solution, the carrot turns from 
orange to colorless to red. Using what you know about the reactions of alkenes, 
explain the color changes observed when a carrot is immersed in a Br2/CCl4 solution. 

 

 
β-carotene 

 
27. A polymer is a molecule formed by the combination of many smaller molecules. (The 

word is derived from the Greek, polu, "many" and meros, "part".) Plastics, proteins, 
and DNA are polymers that should be familiar to the life science student. 
Polymerization of 2-methyl-1,3-butadiene (also called isoprene) gives a synthetic 
rubber called polyisoprene, which is used in numerous products such as car tires. 
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Isoprene 
 

(a) Write a mechanism that shows how four isoprene units are combined to form a 
short segment of polyisoprene. For this example the process is started with 
H2SO4. Assume the chain-lengthening mechanism steps occur at the least 
sterically hindered carbon of the carbocation intermediate (consider resonance!). 
Once the fourth isoprene is added, don’t worry if the mechanism does not stop at 
this point. 

(b) Polyisoprene is degraded by long-term exposure to ozone, a common air pollutant, 
especially in Los Angeles. Write a reaction that shows the degradation caused by 
the reaction of polyisoprene with one molecule of ozone. 

(c) Some polyisoprene products are coated in wax such as myricyl cerotate (a major 
component of beeswax and carnauba wax) to prevent attack by ozone. How can a 
wax protect against ozone?  

 

CH3(CH2)23CH2 O
CH2(CH2)28CH3

O

 
 

Myricyl cerotate 
 
Practice Problems Solutions 
1. Alkenes have clouds of pi electron density above and below the plane of the double 

bond. Because unlike charges attract, this area of electron density attracts things with 
a partial or full positive charge (electrophiles such as hydrogen bromide). Like 
charges repel, so the pi electron cloud repels things with a partial or full negative 
charge (nucleophiles such as water). 

 
δ+ δ−

X
R R

R R

H Br

OH2  

 

Electrophiles attracted 
 
 
 
 
Nucleophiles repelled 
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2. The flowchart format shown here is just one of many possible formats. 
 

X Y X Z

Yes

No

Substitution?

W X Y Z

Yes

No

X Y

Elimination?

Nucleophile is poor
or X is 3o carbon?

Yes

No

SN1

SN2

Base is poor or
β-hydrogen not periplanar?

Yes

No

E1

E2

Addition?

W X Y ZX Y

No

Reactant is HCl, HBr,
HI, or H3O+?

Yes Nonconcerted addition via
carbocation; Markovnikov product

No

Reactant is H2?

No

Yes
Syn addition of H2

Reactant is Br2 or Cl2?

No

Yes
Anti addition of Br2 or Cl2

Reactant is BH3?

No

Yes
Syn, anti-Markovnikov addition of H2O

Reactant is O3?
Yes

C=C cleaved into two C=O

Yes

Other mechanisms

No
 

 
 
 
3. (a) 
 

H Cl Cl
Cl

 
  

      (b) 
H

Cl    δ−

δ+

 
        
(c) The rate-determining step (rds) is the mechanism step with the largest (most 

positive) energy of activation (ΔG‡). In this HCl addition reaction, the first step is 
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the rds because a carbocation is being formed; this is an energetically expensive 
process. The second step is much faster because it involves only bond making. 

 

      (d) 
O

HCl
O

Cl

 
 
(e) The rate of the reaction is controlled by the transition state for the rds. Stabilizing 

this transition state reduces the energy of activation and thus accelerates the react-
ion. In this example, replacing the methylene group (CH2) with an oxygen atom 
adds resonance stabilization to the carbocation intermediate. 

 

O H Cl O O
Cl

Cl

 
 

This stabilization results in a faster reaction. 
 

4. (a) 
 

Ph H Br Ph Br

Ph

Br

 
 
(b) Addition of the HBr to the alkene pi bond proceeds through the more stable 

carbocation. In this case, the carbocation is tertiary and benzylic (which results in 
significant resonance stabilization). The other alkene-derived carbocation is also 
tertiary, but does not enjoy resonance stabilization. Electrophilic attack on the 
benzene ring leads to a tertiary carbocation with resonance. This disrupts 
aromaticity, and is therefore energetically expensive. (Benzene aromaticity is 36 
kcal mol-1 of stabilization.) 

 
The reaction gives a mixture of syn and anti addition products, because bromide 
ion attacks both faces of the carbocation intermediate. 

 

Ph

Br

Ph

Br

CH3

CH3

Br

Ph

CH3

H

H

H  

 
Anti addition: C–H and C–Br bonds 
formed on opposite faces. 
 
 
 
Syn addition: C–H and C–Br bonds 
formed on same face. 
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5. Electrophilic attack of HCl on the pi bond results in carbocation formation: 
 

H2C

H
H2C

H2C
H

δ+ δ−

CH3
Cl

primary carbocation
less stable

tertiary carbocation
more stable

Cl

H

H Cl

Cl

Cl

 

 
Tert-butyl chloride 

Major product 
 
 
 

Isobutyl chloride 
Minor product 

 
The more stable carbocation (tertiary in this case) forms more readily. This fact is 
the fundamental idea behind Markovnikov's rule. The less stable primary carbo-
cation does not form to any significant extent. The tertiary carbocation captures 
chloride ion to form tert-butyl chloride, while the primary carbocation forms 
isobutyl chloride. Because very little (if any) primary carbocation forms, isobutyl 
chloride is the minor product. 
 

 
 
 
 
6. (a) 

Br

OCH3

H Br
H

OCH3

OCH3

H

OCH3

H

Br

OCH3

2o with resonance
More stable

2o

Less stable

 
 
(b) In any mechanism step that produces a reactive intermediate such as a carbocat-

ion, carbanion, or radical, the more stable reactive intermediate is formed more 
readily (lower energy of activation). In this case, both carbocations are secondary, 
but because the one with resonance is more stable it is formed more readily. 
Reaction of this carbocation with bromide ion affords the α-bromoether product. 

 
7. (a) The major product of this reaction is B. 
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      (b) 

Cl

OCH3 OCH3 Cl
OCH3

H Cl  
 
(c) Attack of the pi bond on HCl proceeds to give the more stable carbocation. A 

secondary carbocation with resonance is more stable than a secondary carbocation 
without resonance. This fact controls the position of the chloride in the final 
product (regioselectivity). Products C and D cannot form because no water is 
present to be captured by the carbocation intermediate. (Note HCl gas, not 
aqueous HCl.) 

 
(d) The rate-determining step of this reaction is the formation of the carbocation. The 

more stable the carbocation, the faster the reaction. Thus, addition to afford a 
secondary carbocation with more resonance (provided by the benzene ring) occurs 
more quickly. We can supply the extra resonance by adding Ph as shown is the 
following reaction. 

 

OCH3

HCl (gas)

Cl
OCH3

 
 
8. (a) The relative rates of these reactions are controlled by their rate-determining steps    

(carbocation formation). The more stable carbocation is formed more quickly 
because its formation has a lower activation energy. 
 
 
E: 

H Cl

 
 

                            Carbocation is 2o 
  
 
F: H Cl

OCH3 OCH3 OCH3

 
 

                           Carbocation is 2o with resonance 
  
 
 
G: 

H Cl

 
 

                                   Carbocation is 2o 
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All the carbocations are secondary, but only the carbocation formed in reaction F 
has the extra stability afforded by resonance. Therefore the fastest reaction is F. 
 

(b) 
OCH3Cl

 
This product results from the capture of chloride ion by the 
carbocation intermediate, the formation of which is shown below. 

   

(c) Cl

ClCH3O
H Cl

OCH3 OCH3rds

 
 

(d) When a reaction proceeds via a mechanism that has more than one step, the 
overall reaction rate is dominated by the rate-determining (slowest) step. In this 
reaction the slowest step is the first step in which the energetically expensive 
process of carbocation formation occurs. The more stable the carbocation that is 
formed, the faster the rate of this step. Of all the carbocations that are formed to 
produce the products shown above, the more stable one (shown below) is 
secondary with resonance. 

 
OCH3 OCH3

 
 

Because this carbocation is the more stable, it is formed more quickly, and thus in 
the greatest amount. Because this is the more prevalent carbocation, it forms more 
of the product. 
 

9. Addition of HBr to alkene proceeds via the more stable carbocation. The carbocation 
can be attacked from either face, so syn and anti addition both can occur. However, 
steric hindrance may favor attack on one face of the carbocation. Carbocation 
rearrangement can occur as well. 

 

(a) 
HBr

Br  
  

(b) 
HBr

+

Br

Br

 
 
Two secondary carbocations of approximately equal stability are involved so two 
major products are produced. 
 

(c) 
HBr Br
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(d) 
HBr

Br

 
  

(e) 

Ph
CH3

H

HBr

CH3

H

Ph

Br

 
 

The axial methyl group hinders approach of bromide ion to the top face of the 
carbocation intermediate, so the product in which the new C–Br bond is trans to 
the axial methyl group is the major product. Verify this with a model. 

 

CH3

H

Ph

Br

Br

Attack more hindered

Attack less hindered

 
 

 
 
10.  

I

A

B

(CH3)3CC CH

H I

(CH3)3CC CH2
(CH3)3C

I H I

(CH3)3C CH3

I

I

(CH3)3C CH3

II

 
 

Recall that vinyl carbocation rearrangements are uncommon. Review the carbocation 
tutorial (web.chem.ucla.edu/~harding/tutorials/tutorials.html) if needed. 

 
 
11. (a) 

Ph

H OH2

Ph Ph

OH

H        OH2

Ph

OHOH2

 
 
(b) Initial reaction of the alkene with H3O+ can form two carbocations. The more 

stable benzylic tertiary carbocation (shown in the mechanism above) is formed in 
preference to the less stable primary carbocation. This is the rate-determining 
step, and thus controls the product distribution. Formation of the more stable 
carbocation is the mechanistic basis for Markovnikov's Rule. 
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12. (a) 

H OH2
HO OH

OH2

H        OH2  
 

(b) Electrophilic addition to a pi bond proceeds to give the more stable carbocation 
intermediate. Attack of the alkene on hydronium ion can yield two secondary 
carbocations, of which only carbocation I  has resonance stabilization. 
Carbocation I  leads to secondary alcohol J. Formation of alcohol M  requires 
protonation of H to give the less stable secondary carbocation K , and is thus 
disfavored. 

 

OHCarbocation I
2o with resonance

more stable

Carbocation K
2o without resonance

less stable

Alcohol J
Major product

OH

Alcohol M
Little (if any) formed

Alkene H

H3O+

Carbocation L
3o with resonance

more stable but inaccessible

Lo
w

er
 E

ac
t

H
ig

he
r E

ac
t

 
 
An energy profile for these mechanisms may help you see this more clearly: 
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Alcohol M

Alcohol J

H

K

L

I

Lo
w

er
 E

ac
t f

or
 I

H
ig

he
r E

ac
t f

or
 K

rds

En
er

gy

Reaction coordinate  
 
This energy profile does not cover the entire mechanism. 
 
Many students have trouble with this problem because they memorize that the more 
stable carbocation (tertiary with resonance) is favored, and proceed to write a 
thermodynamically disfavored pathway to get there. When writing a mechanism, 
consider the thermodynamics of each step individually. The alkene does not “know” 
what the reaction products are. Instead it only “knows” that accepting a proton 
leads to two carbocations, and the more favorable pathway (formation of secondary 
carbocation with resonance) is thermodynamically easier than formation of the 
secondary carbocation without resonance. It does not “know” that the less stable 
carbocation can rearrange. 
 

13. The reactions of alkenes and alkynes are similar because they contain similar 
functional groups. Alkenes have a single carbon-carbon pi bond, whereas alkynes 
have two carbon-carbon pi bonds. These pi bonds are sources of available electron 
density, so both alkenes and alkynes behave as nucleophiles. Both alkenes and 
alkynes can undergo addition reactions, in which two new sigma bonds replace the 
carbon-carbon pi bond. Such addition reactions are not all electrophilic. Illustrative 
example: alkenes and alkynes both undergo electrophilic addition with HBr. 

 
HBr

BrH

 
 

CH3C CCH3
HBr

BrH

+

Br

H
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14. There are many possible acceptable answers to this question, as long as the answer 
gives a significant similarity. Some possibilities: 

 
• The alkene and alkyne functional groups are both nucleophilic because they both 

have pi electrons to share with an electrophile. 
 

• Alkenes and alkynes both undergo addition reactions. 
 

The answer "alkenes and alkynes are similar because both begin with the letter "a" is 
not significant. Both similarities can be illustrated by the same reactions. 

 
 
 
 
Pi electrons 

(electrophile)
! + H Br ! "

BrH

CH3C CCH3 (electrophile)
! + H Br ! "

BrH

 

 
 
 
Addition products 

 
15. There are many possible acceptable answers to this question, as long as the answer 

gives a significant difference. 
 

• One alkene molecule can react with one molecule of HBr whereas an alkyne can 
react with two molecules. 

 
BrH

HBr

 
 

CH3C CCH3
2 HBr

CH3

CH3

HH

Br Br  
 

• Hydroboration-oxidation of a terminal alkene gives a primary alcohol whereas 
hydroboration-oxidation of a terminal alkyne gives an aldehyde. 

 
1. BH3

2. H2O2, NaOH OH  
 

1. BH3

2. H2O2, NaOH
CH3CH2C CH

O

H

 
 
The answer "alkenes and alkynes are different because there is a "y" in alkynes but 
not in alkenes" is not significant. 
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16. (a) Step A (Et = ethyl group = CH3CH2): 
 

Et C C Et

H OH2

C

H

Et

C Et

OH2

C

Et OH

C

EtH

H        OH2

C

Et OH

C

EtH

 
Step B: 
 

C

Et OH

C

EtH
H OH2

CH3CH2CH2

OH

C

Et

CH3CH2CH2

O

C

Et

H        OH2

CH3CH2CH2

O

C

Et

 
 

(b) The rate of these steps is related to the stability of the carbocations products. Step 
A involves a secondary vinylic carbocation (carbocation on an sp carbon of an 
alkene), whereas step B involves a secondary carbocation that has resonance 
stabilization. The step B carbocation is more stable, so step B is faster. 

 
 
17.  
 
 
 
 

PhC CH

H OH2

PhC CH2

OH2

C
Ph CH2

HO
H        OH2

C
Ph CH2

HO H OH2

C
Ph CH3

HO

C
Ph CH3

O
H        OH2

C
Ph CH3

O

 
 

18. (a) 

OH

H2SO4

H2O
 

  

(b) 
CH3O

CH3O

Cl
HCl

+ CH3O

Cl  
  

      (c) 
CH3

CH3

H

H

H2

Pt
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(d) 

Cl

HCl

 
  

(e) 

OH

H
H3C

2. NaOH, H2O2

1. BH3

 
  

(f) 

Br

Br

Br2

 
  

(g) O

O

1. O3

2. (CH3)2S
+

H  
 
 
 
19. (a) 
 
 
 
 

Ph H OH2 Ph

Ph

OH2 Ph

H        OH2
HO

Ph

HO

Ph
Ph

H        OH2

 
 

 
      (b) 

OH

H OSO3H

OH
O

H        HOR

O

 
 

(c) Protonation of an alkene forms a carbocation with an open octet, whereas protona-
tion of methanol does not form an open octet. Thus we predict methanol to be a 
stronger base than the alkene. The mechanism starts with the stronger base reac-
tion with sulfuric acid. 

 

CH3OH   +   H OSO3H CH3OH2   +   OSO3H  
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HOCH3OCH3

H

H

CH3O
H        HOCH3

CH3O

 
 

H

H        HOCH3  
 

20. (a) 
H2

Pt
 

One achiral product. 

   

     (b) 
Br2

Br

Br

+

Br

Br

 

Product is 1:1 mixture of 
enantiomers (racemic mixture). 

   

      (c) H2SO4

H2O

OH

 

One achiral product. 

   

     (d) 1. BH3

2. NaOH, HOOH
OH

CH3

H

+

OH

CH3

H

 

Product is 1:1 mixture of 
enantiomers (racemic 
mixture). 

 
21. The rate-determining step for the electrophilic addition to an alkene is formation of 

the carbocation. Carbocations that are more stable are formed more quickly. For this 
answer, we assume the electrophile is HBr, but as long as the alkenes are reacted with 
the same electrophile the structure of the electrophile is irrelevant. The carbocations 
formed from electrophilic addition to vinyl fluoride (H2C=CHF) and methyl vinyl 
ether (H2C=CHOCH3) both are primary with resonance. (Recall that fluorine has 
three lone pairs, and that we generally consider resonance to be more important than 
electronegativity or inductive effects.)  Fluorine is more electronegative than oxygen, 
so fluorine is less inclined to share electrons through resonance. Thus we predict the 
cation from vinyl fluoride to be less stable than the cation from methyl vinyl ether. 
The carbocation formed from electrophilic addition to propene (H2C=CHCH3) is 
secondary, and so less stable than either of the carbocations that are primary with 
resonance. The order of carbocation stability is: 
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OCH3 OCH3  > F F  >  
     

1o with resonance 
O less EN than F 

Most stable 

 1o with resonance 
O less EN than F 
Middle stability 

 2o 
No resonance 
Least stable 

 
Therefore the order of electrophilic addition rate is H2C=CHOCH3 (fastest) > 
H2C=CHF > H2C=CHCH3 (slowest). 

 
Vinyl carbocations formed from terminal alkynes are highly unstable, so terminal 
alkynes are often inert to H3O+ alone. In these cases, hydration can be effected in the 
presence of a Hg2+ catalyst (Brown and Foote section 7.7B). 

 
aq. H2SO4

HgSO4
CH3(CH2)7C CH

CH3(CH2)7 CH3

O

 
 
22. The rate-determining step in the alkyne hydration reaction is attack of hydronium ion 

to form the vinyl carbocation. Carbocation stability determines which reaction is 
faster. The carbocation formed in the first two reactions are secondary whereas the 
carbocation from the third reaction is primary and thus has a higher activation energy. 
A methyl group is electron-donating (stabilizes a carbocation) whereas a trifluoro-
methyl group is a much weaker electron-donating group due to the inductive effect of 
the three fluorine atoms. (In fact, the combined inductive effect of the three fluorine 
atoms overrides the weak inductive donating effect, rendering CF3 an electron-
withdrawing group.)  Thus, the first reaction is fastest. 

 

CH3C CCH3

H OH2
HO

H        OH2
HO

HO O
H        OH2

O

CH3C

OH2
H OH2

 
 
23. Reaction of an alkene with a carbocation affords a new carbocation product. The 

cyclization mode that forms the more stable carbocation is favored. (Compare this 
with the mechanistic reason for Markovnikov's rule.)  Cyclization to form a cyclo-
hexane A ring gives a tertiary carbocation, whereas cyclization to afford a cyclo-
pentane A ring proceeds through a secondary carbocation. Because a tertiary carbo-
cation is easier to form than a secondary carbocation, the cyclohexane cyclization 
pathway is favored over the cyclopentane cyclization pathway. 

 
The mechanism for this process is covered in the solution to Concept Focus Question 
8 and the Addition Reactions of Carbon-Carbon Pi Bonds Lecture Supplement. 
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24.  
Ph

H OH2

Ph

OH2

Ph

H        OH2
HO

Ph

HO

 
 

The position of the HO group in the final product is determined by which carbo-
cation is formed in the first mechanism step. In any reaction where a carbocation is 
formed, the more stable carbocation is favored. Protonation of the CH2 end of the 
alkene affords a carbocation that is secondary and has resonance. Protonation of the 
benzylic carbon (the carbon directly bonded to the benzene ring) affords a carbo-
cation that is primary and has no resonance. 
 

Ph CH2

H OH2

Ph CH3

H H

 

 
versus 

X

Ph CH2

HH

 
 

                                          Three additional          No resonance stabilization 
                                     resonance contributors             of carbocation 
 
A carbocation that is secondary with resonance is more stable than a carbocation that 
is primary, so the reaction product is the secondary (not primary) alcohol. This is an 
example of Markovnikov addition. 
 

 
25.  

CH3

H3C H OH2

CH3

H3C OH2

CH3

H3C
OH

H2O        H

CH3

H3C
OH

H2O H

CH3

H3C
OH

CH3

H3C

O
H        OH2

CH3

H3C

O Same as

O

CH3

CH3

 
 
26. β-Carotene is colored because of its extensive conjugation. (Conjugation is extra 

stability provided by three or more parallel p orbitals on adjacent atoms.) Reaction of 
one or more alkene with Br2 reduces the amount of conjugation, and eventually 
rendering it colorless. 
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Br2 (excess)

Br
Br

Br

Br

Br

Br

Br

Br

Br

Br

Br

Br

Br

Br

Br

Br

Br

Br

Br

Br
Br

Br

 
 

Complex mixture of stereoisomers 
 

Once all the β-carotene alkenes have reacted, the carrot is saturated with excess 
Br2/CCl4 solution, making it red. 
 

27. (a) The reaction starts with protonation of isoprene by H2SO4 to give the most stable  
carbocation. It is the terminal carbon (i.e., least sterically hindered carbon) of this 
allylic carbocation that adds to another isoprene unit to extend the length of the 
polymer. 
 

H OSO3H
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etc.  
 

(b) 
n

O3

O

O+

 
  

          Polyisoprene 
 

(c) Waxes are esters formed from a long-chain alcohol and a long chain carboxylic 
acid. Myricyl cerotate, found in beeswax and used in many wax products, is a 
typical example. If the long carbon chains are completely saturated (have no 
double or triple bonds), then the wax coating is inert to ozone, and can protect 
whatever lies beneath it. 


