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Cis–trans isomerism in alkenes

Since rotation around carbon–carbon double can’t occur, a disubstituted alkene
(disubstituted means that two substituents other than hydrogen) such as 2-butene with two
possible isomers can’t spontaneously interconvert; they are different, isolable compounds.

The compound with substituents on the same side of the double bond is called cis-2-butene,
and the isomer with substituents on opposite sides is trans-2-butene.

 7-4 cis–trans isomerism in alkenes 193
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FIGURE 7-2 The ! bond must break for rotation to take place around a carbon–carbon double 
bond.

The lack of rotation around carbon–carbon double bonds is of more than 
just theoretical interest; it also has chemical consequences. Imagine the situa-
tion for a disubstituted alkene such as 2-butene. (Disubstituted means that 
two substituents other than hydrogen are bonded to the double-bond carbons.) 
The two methyl groups in 2-butene can either be on the same side of the 
double bond or on opposite sides, a situation similar to that in disubstituted 
cycloalkanes (Section 4-2).

Since bond rotation can’t occur, the two 2-butenes can’t spontaneously 
interconvert; they are different, isolable compounds. As with disubstituted 
cycloalkanes, we call such compounds cis–trans stereoisomers. The com-
pound with substituents on the same side of the double bond is called cis-
2-butene, and the isomer with substituents on opposite sides is trans-2-butene 
(FIGURE 7-3).

cis-2-Butene trans-2-Butene

H H

H3C CH3

CC

H3C H

H CH3

CC

FIGURE 7-3 Cis and trans isomers of 2-butene. The cis isomer has the two methyl groups on 
the same side of the double bond, and the trans isomer has methyl groups on opposite sides.

Cis–trans isomerism is not limited to disubstituted alkenes. It can occur 
whenever both double-bond carbons are attached to two different groups. If 
one of the double-bond carbons is attached to two identical groups, however, 
cis–trans isomerism is not possible (FIGURE 7-4).
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If one of the double-bond carbons is attached to two identical groups, cis–trans isomerism is
not possible.

194 chapter 7 alkenes: structure and reactivity

These two compounds are identical;
they are not cis–trans isomers.

These two compounds are not identical;
they are cis–trans isomers.
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P R O B L E M  7 - 8

The sex attractant of the common housefly is an alkene named cis-9-tricosene. 
Draw its structure. (Tricosane is the straight-chain alkane C23H48.)

P R O B L E M  7 - 9

Which of the following compounds can exist as pairs of cis–trans isomers? 
Draw each cis–trans pair, and indicate the geometry of each isomer.
(a) CH3CH P CH2 (b) (CH3)2C P CHCH3
(c) CH3CH2CH P CHCH3 (d) (CH3)2C P C(CH3)CH2CH3
(e) ClCH P CHCl (f) BrCH P CHCl

P R O B L E M  7 - 1 0

Name the following alkenes, including a cis or trans designation:

(a) (b)

 7-5  Alkene Stereochemistry and the E,Z Designation
The cis–trans naming system used in the previous section works only with 
disubstituted alkenes—compounds that have two substituents other than 
hydrogen on the double bond. With trisubstituted and tetrasubstituted double 
bonds, a more general method is needed for describing double-bond geometry. 
(Trisubstituted means three substituents other than hydrogen on the double 
bond; tetrasubstituted means four substituents other than hydrogen.)

The method used for describing alkene stereochemistry is called the  
E,Z system and employs the same Cahn–Ingold–Prelog sequence rules given 
in Section 5-5 for specifying the configuration of a chirality center. Let’s briefly 
review the sequence rules and then see how they’re used to specify double-
bond geometry. For a more thorough review, reread Section 5-5.

FIGURE 7-4 The requirement for 
cis–trans isomerism in alkenes. 
Compounds that have one of their 
carbons bonded to two identical 
groups can’t exist as cis–trans 
isomers. Only when both carbons 
are bonded to two different 
groups is cis–trans isomerism 
possible.
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Alkene Stereochemistry and the E,Z Designation

The cis–trans naming system is used only for disubstituted alkenes.

For trisubstituted and tetrasubstituted double bonds, the E,Z naming system are used
according to the Cahn–Ingold–Prelog sequence rules:

Rule 1
Considering each of the double-bond carbons separately, look at the two substituents
attached and rank them according to the atomic number of the first atom in each. An atom
with higher atomic number ranks higher than an atom with lower atomic number.

Rule 2
If a decision can’t be reached by ranking the first atoms in the two substituents, look at the
second, third, or fourth atoms away from the double-bond until the first difference is found.

Rule 3
Multiple-bonded atoms are equivalent to the same number of single-bonded atoms.
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Once the two groups attached to each double-bonded carbon have been ranked as either
higher or lower, look at the entire molecule.

If the higher-ranked groups on each carbon are on the same side of the double bond, the
alkene is said to have Z geometry, for the German zusammen, meaning “together.”

If the higher-ranked groups are on opposite sides, the alkene has E geometry, for the
German entgegen, meaning “opposite.”

 7-5 alkene stereochemistry and the e,z designation 195

RULE 1
Considering each of the double-bond carbons separately, look at the two 
substituents attached and rank them according to the atomic number of 
the !rst atom in each. An atom with higher atomic number ranks higher 
than an atom with lower atomic number.

RULE 2
If a decision can’t be reached by ranking the !rst atoms in the two 
substituents, look at the second, third, or fourth atoms away from the 
double-bond until the !rst difference is found.

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

Once the two groups attached to each double-bonded carbon have been 
ranked as either higher or lower, look at the entire molecule. If the higher-
ranked groups on each carbon are on the same side of the double bond, the 
alkene is said to have Z geometry, for the German zusammen, meaning 
“together.” If the higher-ranked groups are on opposite sides, the alkene has 
E geometry, for the German entgegen, meaning “opposite.” (For a simple way 
to remember which is which, note that the groups are on “ze zame zide” in 
the Z isomer.)

E double bond
(Higher-ranked groups
are on opposite sides.)

Z double bond
(Higher-ranked groups
are on the same side.)

Higher Lower

Lower Higher

CC

Lower Lower

Higher Higher

CC

As an example, look at the following two isomers of 2-chloro-2-butene. 
Because chlorine has a higher atomic number than carbon, a  ! Cl substituent 
is ranked higher than a  ! CH3 group. Methyl is ranked higher than hydrogen, 
however, so isomer (a) is designated E because the higher-ranked groups are 
on opposite sides of the double bond. Isomer (b) has Z geometry because its 
higher-ranked groups are on ze zame zide of the double bond.

High
rank

(a)  (E)-2-Chloro-2-butene

Low
rank

High
rank

Low
rank

(b)  (Z)-2-Chloro-2-butene

CC

ClH

CH3CH3

CC

CH3H

ClCH3High
rank

Low
rank

Low
rank

High
rank
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For example 2-chloro-2-butene: chlorine has a higher atomic number than carbon, a –Cl
substituent is ranked higher than a –CH3 group.

Methyl is ranked higher than hydrogen, so isomer (a) is designated E because the higher-
ranked groups are on opposite sides of the double bond. Isomer (b) has Z geometry because
its higher-ranked groups are on opposite side of the double bond.

 7-5 alkene stereochemistry and the e,z designation 195

RULE 1
Considering each of the double-bond carbons separately, look at the two 
substituents attached and rank them according to the atomic number of 
the !rst atom in each. An atom with higher atomic number ranks higher 
than an atom with lower atomic number.

RULE 2
If a decision can’t be reached by ranking the !rst atoms in the two 
substituents, look at the second, third, or fourth atoms away from the 
double-bond until the !rst difference is found.

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

Once the two groups attached to each double-bonded carbon have been 
ranked as either higher or lower, look at the entire molecule. If the higher-
ranked groups on each carbon are on the same side of the double bond, the 
alkene is said to have Z geometry, for the German zusammen, meaning 
“together.” If the higher-ranked groups are on opposite sides, the alkene has 
E geometry, for the German entgegen, meaning “opposite.” (For a simple way 
to remember which is which, note that the groups are on “ze zame zide” in 
the Z isomer.)

E double bond
(Higher-ranked groups
are on opposite sides.)

Z double bond
(Higher-ranked groups
are on the same side.)

Higher Lower

Lower Higher

CC

Lower Lower

Higher Higher

CC

As an example, look at the following two isomers of 2-chloro-2-butene. 
Because chlorine has a higher atomic number than carbon, a  ! Cl substituent 
is ranked higher than a  ! CH3 group. Methyl is ranked higher than hydrogen, 
however, so isomer (a) is designated E because the higher-ranked groups are 
on opposite sides of the double bond. Isomer (b) has Z geometry because its 
higher-ranked groups are on ze zame zide of the double bond.

High
rank

(a)  (E)-2-Chloro-2-butene

Low
rank

High
rank

Low
rank

(b)  (Z)-2-Chloro-2-butene

CC

ClH

CH3CH3

CC

CH3H

ClCH3High
rank

Low
rank

Low
rank

High
rank
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196 chapter 7 alkenes: structure and reactivity

For further practice, work through each of the following examples to con-
vince yourself that the assignments are correct:

(E)-3-Methyl-1,3-pentadiene (Z)-2-Hydroxymethyl-
2-butenoic acid

(E)-1-Bromo-2-isopropyl-
1,3-butadiene

C

O

OH

H CH2OH

H3C

CC

CHH3C

CH3

CH2C H

H

Br

CCC CH2

H3C CH3

H

C

H

C

Assigning E and Z Configurations to Substituted Alkenes

Assign E or Z configuration to the double bond in the following compound:

CC

H CH(CH3)2

CH2OHH3C

S t r a t e g y

Look at the two substituents connected to each double-bonded carbon, and 
determine their ranking using the Cahn–Ingold–Prelog rules. Then, check 
whether the two higher-ranked groups are on the same or opposite sides of the 
double bond.

S o l u t i o n

The left-hand carbon has  ! H and  ! CH3 substituents, of which  ! CH3 ranks 
higher by sequence rule 1. The right-hand carbon has  ! CH(CH3)2 and  ! CH2OH 
substituents, which are equivalent by rule 1. By rule 2, however,  ! CH2OH 
ranks higher than  ! CH(CH3)2 because the substituent  ! CH2OH has an oxygen 
as its highest second atom, but  ! CH(CH3)2 has a carbon as its highest second 
atom. The two higher-ranked groups are on the same side of the double bond, 
so we assign a Z configuration.

Z configuration

C, C, H bonded
to this carbon

O, H, H bonded
to this carbon

High

CH(CH3)2

H3C CH2OH

H

CC

Low

High

Low

W o r k e d  E x a m p l e  7 - 1
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Other examples:
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Stability of alkenes

Although the cis–trans interconversion of alkene isomers does not occur spontaneously, it
can often be brought about by treating the alkene with a strong acid catalyst.

If we interconvert cis-2-butene with trans-2-butene and allow them to reach equilibrium, we
find that they aren’t of equal stability. The trans isomer is more stable than the cis isomer by
2.8 kJ/mol (0.66 kcal/mol) at room temperature, corresponding to a 76:24 ratio.

Cis alkenes are less stable than their trans isomers because of steric strain between the two
larger substituents on the same side of the double bond.

198 chapter 7 alkenes: structure and reactivity

 7-6 Stability of Alkenes
Although the cis–trans interconversion of alkene isomers does not occur spon-
taneously, it can often be brought about by treating the alkene with a strong 
acid catalyst. If we interconvert cis-2-butene with trans-2-butene and allow 
them to reach equilibrium, we find that they aren’t of equal stability. The trans 
isomer is more stable than the cis isomer by 2.8 kJ/mol (0.66 kcal/mol) at room 
temperature, corresponding to a 76!24 ratio.

Trans (76%)

Acid

catalyst

Cis (24%)

H H

H3C CH3

CC

H3C H

H CH3

CC

Cis alkenes are less stable than their trans isomers because of steric strain 
between the two larger substituents on the same side of the double bond. This 
is the same kind of steric interference that we saw previously in the axial con-
formation of methylcyclohexane (Section 4-7).

Steric strain

cis-2-Butene trans-2-Butene

Although it’s sometimes possible to find relative stabilities of alkene iso-
mers by establishing a cis–trans equilibrium through treatment with strong 
acid, a more general method is to take advantage of the fact that alkenes undergo 
a hydrogenation reaction to give the corresponding alkane when treated with 
H2 gas in the presence of a catalyst such as palladium or platinum.

C CH3C

trans-2-Butene Butane

C

CH3 CH3C
H

HH3C

H

HH

H

C

cis-2-Butene

C

CH3H3C

HH
Pd

H2
Pd

H2
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To find relative stabilities of alkene isomers, a hydrogenation reaction give the corresponding
alkane when treated with H2 gas in the presence of a catalyst such as palladium or platinum.

198 chapter 7 alkenes: structure and reactivity

 7-6 Stability of Alkenes
Although the cis–trans interconversion of alkene isomers does not occur spon-
taneously, it can often be brought about by treating the alkene with a strong 
acid catalyst. If we interconvert cis-2-butene with trans-2-butene and allow 
them to reach equilibrium, we find that they aren’t of equal stability. The trans 
isomer is more stable than the cis isomer by 2.8 kJ/mol (0.66 kcal/mol) at room 
temperature, corresponding to a 76!24 ratio.

Trans (76%)

Acid

catalyst

Cis (24%)

H H

H3C CH3

CC

H3C H

H CH3

CC

Cis alkenes are less stable than their trans isomers because of steric strain 
between the two larger substituents on the same side of the double bond. This 
is the same kind of steric interference that we saw previously in the axial con-
formation of methylcyclohexane (Section 4-7).

Steric strain

cis-2-Butene trans-2-Butene

Although it’s sometimes possible to find relative stabilities of alkene iso-
mers by establishing a cis–trans equilibrium through treatment with strong 
acid, a more general method is to take advantage of the fact that alkenes undergo 
a hydrogenation reaction to give the corresponding alkane when treated with 
H2 gas in the presence of a catalyst such as palladium or platinum.

C CH3C

trans-2-Butene Butane

C

CH3 CH3C
H

HH3C

H

HH

H

C

cis-2-Butene

C

CH3H3C

HH
Pd

H2
Pd

H2

80485_ch07_0185-0219l.indd   198 2/2/15   1:48 PM

Copyright 2016 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

Because cis-2-butene is less stable than trans-2-
butene by 2.8 kJ/mol, the energy diagram shows the
cis alkene at a higher energy level.

After reaction, both curves are at the same energy
level (butane).

More energy is released in the hydrogenation of the cis
isomer than the trans isomer because the cis isomer
has more energy to begin with.

 7-6 stability of alkenes 199

Energy diagrams for the hydrogenation reactions of cis- and trans-2-butene 
are shown in FIGURE 7-5. Because cis-2-butene is less stable than trans-2-butene 
by 2.8 kJ/mol, the energy diagram shows the cis alkene at a higher energy level. 
After reaction, however, both curves are at the same energy level (butane). It 
therefore follows that !G° for reaction of the cis isomer must be larger than 
!G° for reaction of the trans isomer by 2.8 kJ/mol. In other words, more energy 
is released in the hydrogenation of the cis isomer than the trans isomer because 
the cis isomer has more energy to begin with.

∆G°trans
∆G°cis

Cis

Trans

Butane

E
n

er
g

y

Reaction progress

If we were to measure the so-called heats of hydrogenation (!H°hydrog) for 
two double-bond isomers and find their difference, we could determine the 
relative stabilities of cis and trans isomers without having to measure an equi-
librium position. cis-2-Butene, for instance, has !H°hydrog " #119 kJ/mol 
(#28.3 kcal/mol), while trans-2-butene has !H °hydrog " #115 kJ/mol  
(#27.4 kcal/mol)—a difference of 4 kJ/mol.

Trans isomer
∆H°hydrog = –116 kJ/mol

Cis isomer
∆H°hydrog = –120 kJ/mol

H H

H3C CH3

CC

H3C H

H CH3

CC

The 4 kJ/mol energy difference between the 2-butene isomers calculated 
from heats of hydrogenation agrees reasonably well with the 2.8 kJ/mol energy 
difference calculated from equilibrium data, but the values aren’t exactly the 
same for two reasons. First, there is probably some experimental error, since 
heats of hydrogenation are difficult to measure accurately. Second, heats of 
reaction and equilibrium constants don’t measure exactly the same thing. 
Heats of reaction measure enthalpy changes, !H°, whereas equilibrium con-
stants measure free-energy changes, !G°, so we might expect a slight differ-
ence between the two.

FIGURE 7-5 Energy diagrams 
for hydrogenation of cis- and 
trans-2-butene. The cis isomer is 
higher in energy than the trans 
isomer by about 2.8 kJ/mol and 
therefore releases more energy in 
the reaction.
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The heats of hydrogenation (𝜟H°hydrog) is used to determine the relative stabilities of cis and
trans isomers. cis-2-Butene has 𝜟H° = -119 kJ/mol (-28.3 kcal/mol), while trans-2-butene has
𝜟H° = -115 kJ/mol (-27.4 kcal/mol)—a difference of 4 kJ/mol.

Alkenes become more stable with increasing substitution:

 7-6 stability of alkenes 199

Energy diagrams for the hydrogenation reactions of cis- and trans-2-butene 
are shown in FIGURE 7-5. Because cis-2-butene is less stable than trans-2-butene 
by 2.8 kJ/mol, the energy diagram shows the cis alkene at a higher energy level. 
After reaction, however, both curves are at the same energy level (butane). It 
therefore follows that !G° for reaction of the cis isomer must be larger than 
!G° for reaction of the trans isomer by 2.8 kJ/mol. In other words, more energy 
is released in the hydrogenation of the cis isomer than the trans isomer because 
the cis isomer has more energy to begin with.

∆G°trans
∆G°cis

Cis

Trans

Butane

E
n

er
g

y

Reaction progress

If we were to measure the so-called heats of hydrogenation (!H°hydrog) for 
two double-bond isomers and find their difference, we could determine the 
relative stabilities of cis and trans isomers without having to measure an equi-
librium position. cis-2-Butene, for instance, has !H°hydrog " #119 kJ/mol 
(#28.3 kcal/mol), while trans-2-butene has !H °hydrog " #115 kJ/mol  
(#27.4 kcal/mol)—a difference of 4 kJ/mol.

Trans isomer
∆H°hydrog = –116 kJ/mol

Cis isomer
∆H°hydrog = –120 kJ/mol

H H

H3C CH3

CC

H3C H

H CH3

CC

The 4 kJ/mol energy difference between the 2-butene isomers calculated 
from heats of hydrogenation agrees reasonably well with the 2.8 kJ/mol energy 
difference calculated from equilibrium data, but the values aren’t exactly the 
same for two reasons. First, there is probably some experimental error, since 
heats of hydrogenation are difficult to measure accurately. Second, heats of 
reaction and equilibrium constants don’t measure exactly the same thing. 
Heats of reaction measure enthalpy changes, !H°, whereas equilibrium con-
stants measure free-energy changes, !G°, so we might expect a slight differ-
ence between the two.

FIGURE 7-5 Energy diagrams 
for hydrogenation of cis- and 
trans-2-butene. The cis isomer is 
higher in energy than the trans 
isomer by about 2.8 kJ/mol and 
therefore releases more energy in 
the reaction.
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200 chapter 7 alkenes: structure and reactivity

TABLE 7-2 lists some representative data for the hydrogenation of different 
alkenes and shows that alkenes become more stable with increasing substitu-
tion. That is, alkenes follow the stability order:

> > >≈
R R

R R

CC

R R

R H

CC

H R

R H

CC

R H

R H

CC

H H

R H

CC

Tetrasubstituted Disubstituted MonosubstitutedTrisubstituted> > >

The stability order of substituted alkenes is due to a combination of two 
factors. One is a stabilizing interaction between the C!C ! bond and adjacent 
C " H " bonds on substituents. In valence-bond language, the interaction is 
called hyperconjugation. In a molecular orbital description, there is a bond-
ing MO that extends over the four-atom C!C " C " H grouping, as shown in 
FIGURE 7-6. The more substituents present on the double bond, the more hyper-
conjugation occurs and the more stable the alkene.

C C
CH

H H H

H H

FIGURE 7-6 Hyperconjugation is 
a stabilizing interaction between 
the C  C ! bond and adjacent 
C " H " bonds on substituents. 
The more substituents there are, 
the greater the stabilization of the 
alkene.

!H°hydrog

Substitution Alkene (kJ/mol) (kcal/mol)

Ethylene H2C  CH2 #136 #32.6

Monosubstituted CH3CH  CH2 #125 #29.9

Disubstituted CH3CH  CHCH3 (cis)

CH3CH  CHCH3 (trans)

(CH3)2C  CH2

#119

#115

#118

#28.3

#27.4

#28.2

Trisubstituted (CH3)2C  CHCH3 #112 #26.7

Tetrasubstituted (CH3)2C  C(CH3)2 #110 #26.4

TABLE 7-2 Heats of Hydrogenation of Some Alkenes
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The stability order of substituted alkenes is due to a combination of two factors. One is a
stabilizing interaction between the C=C 𝜋 bond and adjacent C–H 𝜎 bonds on substituents
(hyperconjugation).

A second factor that contributes to alkene stability involves bond strengths. A bond between
an sp2 carbon and an sp3 carbon is somewhat stronger than a bond between two sp3
carbons.

In comparing 1-butene and 2-butene, the monosubstituted isomer has one sp3–sp3 bond
and one sp3–sp2 bond, while the disubstituted isomer has two sp3–sp2 bonds.

200 chapter 7 alkenes: structure and reactivity

TABLE 7-2 lists some representative data for the hydrogenation of different 
alkenes and shows that alkenes become more stable with increasing substitu-
tion. That is, alkenes follow the stability order:

> > >≈
R R

R R

CC

R R

R H

CC

H R

R H

CC

R H

R H

CC

H H

R H

CC

Tetrasubstituted Disubstituted MonosubstitutedTrisubstituted> > >

The stability order of substituted alkenes is due to a combination of two 
factors. One is a stabilizing interaction between the C!C ! bond and adjacent 
C " H " bonds on substituents. In valence-bond language, the interaction is 
called hyperconjugation. In a molecular orbital description, there is a bond-
ing MO that extends over the four-atom C!C " C " H grouping, as shown in 
FIGURE 7-6. The more substituents present on the double bond, the more hyper-
conjugation occurs and the more stable the alkene.

C C
CH

H H H

H H

FIGURE 7-6 Hyperconjugation is 
a stabilizing interaction between 
the C  C ! bond and adjacent 
C " H " bonds on substituents. 
The more substituents there are, 
the greater the stabilization of the 
alkene.

!H°hydrog

Substitution Alkene (kJ/mol) (kcal/mol)

Ethylene H2C  CH2 #136 #32.6

Monosubstituted CH3CH  CH2 #125 #29.9

Disubstituted CH3CH  CHCH3 (cis)

CH3CH  CHCH3 (trans)

(CH3)2C  CH2

#119

#115

#118

#28.3

#27.4

#28.2

Trisubstituted (CH3)2C  CHCH3 #112 #26.7

Tetrasubstituted (CH3)2C  C(CH3)2 #110 #26.4

TABLE 7-2 Heats of Hydrogenation of Some Alkenes
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 7-7 electrophilic addition reactions of alkenes 201

A second factor that contributes to alkene stability involves bond 
strengths. A bond between an sp2 carbon and an sp3 carbon is somewhat 
stronger than a bond between two sp3 carbons. Thus, in comparing 1-butene 
and 2-butene, the monosubstituted isomer has one sp3–sp3 bond and one 
sp3–sp2 bond, while the disubstituted isomer has two sp3–sp2 bonds. More 
highly substituted alkenes always have a higher ratio of sp3–sp2 bonds  
to sp3–sp3 bonds than less highly substituted alkenes and are therefore 
more stable.

CH3 CH3 CH3

2-Butene
(more stable)

CH CH

1-Butene
(less stable)

CH2 CH2CH

sp3–sp2 sp2–sp3 sp3–sp2sp3–sp3

P R O B L E M  7 - 1 5

Name the following alkenes, and tell which compound in each pair is more 
stable:

(a) or

or

(b)

(c)

CHCH2CH3 CH3H2C

CCH3H2C

H3C H

H CH2CH2CH3

CC

H3C CH2CH2CH3

H H

C orC

CH3CH3

 7-7 Electrophilic Addition Reactions of Alkenes
Before beginning a detailed discussion of alkene reactions, let’s review briefly 
some conclusions from the previous chapter. We said in Section 6-5 that 
alkenes behave as nucleophiles (Lewis bases) in polar reactions, donating a 
pair of electrons from their electron-rich C!C bond to an electrophile (Lewis 
acid). For example, reaction of 2-methylpropene with HBr yields 2-bromo-
2-methylpropane. A careful study of this and similar reactions by Christopher 
Ingold and others in the 1930s led to the generally accepted mechanism shown 
in FIGURE 7-7 for electrophilic addition reactions.
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The more substituents present on the double bond, the more
hyperconjugation occurs and the more stable the alkene.

More highly substituted alkenes always have
a higher ratio of sp3–sp2 bonds to sp3–sp3
bonds than less highly substituted alkenes
and are therefore more stable.
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202 chapter 7 alkenes: structure and reactivity

A hydrogen atom on the electrophile HBr is
attacked by ! electrons from the nucleophilic
double bond, forming a new C–H bond. This
leaves the other carbon atom with a + charge
and a vacant p orbital. Simultaneously, two
electrons from the H–Br bond move onto
bromine, giving bromide anion.

The bromide ion donates an electron pair to the
positively charged carbon atom, forming a C–Br
bond and yielding the neutral addition product.

2-Methylpropene

H

Carbocation
intermediate

2-Bromo-2-methylpropane

+

–
Br

H3C
H3C C

C
H
H

H3C
H3C C

H3C
H3C H

H

Br H

C C

H
H

H

C

Br

1

2

1

2

Mechanism of the electrophilic addition of HBr to 2-methylpropene. The reaction occurs 
in two steps, protonation and bromide addition, and involves a carbocation intermediate.

MECHANISMFIGURE 7-7

The reaction begins with an attack on the hydrogen of the electrophile 
HBr by the electrons of the nucleophilic ! bond. Two electrons from the  
! bond form a new " bond between the entering hydrogen and an alkene 
carbon, as shown by the curved arrow at the top of Figure 7-7. The resulting 
carbocation inter mediate is itself an electrophile, which can accept an elec-
tron pair from nucleophilic Br! ion to form a C ! Br bond and yield a neutral 
addition product.

An energy diagram for the overall electrophilic addition reaction 
(FIGURE 7-8) has two peaks (transition states) separated by a valley (carbocation 
intermediate). The energy level of the intermediate is higher than that of the 
starting alkene, but the reaction as a whole is exergonic (negative "G°). The 
first step, protonation of the alkene to yield the intermediate cation, is rela-
tively slow. But once the cation intermediate is formed, it rapidly reacts to 
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Electrophilic addition reactions of alkenes

Alkenes behave as nucleophiles
(Lewis bases) in polar reactions,
donating a pair of electrons from
their electron-rich C=C bond to an
electrophile (Lewis acid).

Reaction of 2-methylpropene with HBr
yields 2-bromo-2-methylpropane.
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An energy diagram for the overall electrophilic addition reaction has two peaks (transition
states) separated by a valley (carbocation intermediate).

The energy level of the intermediate is higher than that of the starting alkene, but the reaction
as a whole is exergonic (negative 𝜟G°).

 7-7 electrophilic addition reactions of alkenes 203

yield the final alkyl bromide product. The relative rates of the two steps are 
indicated in Figure 7-8 by the fact that !G1

‡ is larger than !G2
‡.

First transition state
Second transition state

Carbocation intermediate

∆G°

∆G1
‡

∆G2
‡

E
n

er
g

y

Reaction progress

CH3

CH3C CH2 + HBr

CH3

CH3CCH3  Br–

CH3

CH3

CH3C Br

+

Electrophilic addition to alkenes is successful not only with HBr but with 
HCl, HI, and H2O as well. Note that HI is usually generated in the reaction 
mixture by treating potassium iodide with phosphoric acid and that a strong 
acid catalyst is needed for the addition of water.

2-Methylpropene 2-Chloro-2-methylpropane
(94%)

HCl+ CH3

Cl

OH

CH3

C CH3C CH2

CH3

CH3
Ether

1-Pentene (HI) 2-Iodopentane

CH3CH2CH2CH CH2 CH3CH2CH2CHCH3

I

H3PO4

1-Methylcyclohexene 1-Methylcyclohexanol

KI

H2SO4 catalyst

H2O

CH3CH3

FIGURE 7-8 Energy diagram for 
the two-step electrophilic addition 
of HBr to 2-methylpropene. 
The first step is slower than the 
second step.
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The first step, protonation of the alkene to yield
the intermediate cation, is relatively slow.

But once the cation intermediate is formed, it
rapidly reacts to yield the final alkyl bromide
product.
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Electrophilic addition to alkenes is successful not only with HBr but with HCl, HI, and H2O as
well.

 7-7 electrophilic addition reactions of alkenes 203

yield the final alkyl bromide product. The relative rates of the two steps are 
indicated in Figure 7-8 by the fact that !G1

‡ is larger than !G2
‡.

First transition state
Second transition state

Carbocation intermediate

∆G°

∆G1
‡

∆G2
‡

E
n

er
g

y

Reaction progress

CH3

CH3C CH2 + HBr

CH3

CH3CCH3  Br–

CH3

CH3

CH3C Br

+

Electrophilic addition to alkenes is successful not only with HBr but with 
HCl, HI, and H2O as well. Note that HI is usually generated in the reaction 
mixture by treating potassium iodide with phosphoric acid and that a strong 
acid catalyst is needed for the addition of water.

2-Methylpropene 2-Chloro-2-methylpropane
(94%)

HCl+ CH3

Cl

OH

CH3

C CH3C CH2

CH3

CH3
Ether

1-Pentene (HI) 2-Iodopentane

CH3CH2CH2CH CH2 CH3CH2CH2CHCH3

I

H3PO4

1-Methylcyclohexene 1-Methylcyclohexanol

KI

H2SO4 catalyst

H2O

CH3CH3

FIGURE 7-8 Energy diagram for 
the two-step electrophilic addition 
of HBr to 2-methylpropene. 
The first step is slower than the 
second step.
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Note that HI is usually generated in the
reaction mixture by treating potassium iodide
with phosphoric acid, and a strong acid
catalyst is needed for the addition of water.



13

Orientation of electrophilic additions: Markovnikov’s rule

An unsymmetrically substituted alkene gives a single addition product rather than a mixture.

For example, 2-methylpropene might react with HCl to give both 2-chloro-2-methylpropane
and 1-chloro-2-methylpropane, but it doesn’t. It gives only 2-chloro-2-methyl- propane as the
sole product.

We say that such reactions are regiospecific when only one of two possible orientations of an
addition occurs.

 7-8 orientation of electrophilic additions: markovnikov’s rule 205

 7-8 Orientation of Electrophilic 
Additions: Markovnikov’s Rule

Look carefully at the electrophilic addition reactions shown in the previous 
section. In each case, an unsymmetrically substituted alkene gives a single 
addition product rather than the mixture that might be expected. For example, 
2-methylpropene might react with HCl to give both 2-chloro-2-methylpropane 
and 1-chloro-2-methylpropane, but it doesn’t. It gives only 2-chloro-2-methyl-
propane as the sole product. Similarly, it’s invariably the case in biological 
alkene addition reactions that only a single product is formed. We say that 
such reactions are regiospecific (ree-jee-oh-specific) when only one of two 
possible orientations of an addition occurs.

2-Methylpropene 2-Chloro-2-methyl-
propane

(Sole product)

C CH2 HCl+

1-Chloro-2-methyl-
propane

(Not formed)

CH3CHCH2Cl

CH3

CH3CCH3

Cl

CH3H3C

H3C

After looking at the results of many such reactions, the Russian chemist 
Vladimir Markovnikov proposed in 1869 what has become known as Mar-
kovnikov’s rule.

Markovnikov’s rule
In the addition of HX to an alkene, the H attaches to the carbon with 
fewer alkyl substituents and the X attaches to the carbon with more alkyl 
substituents.

2 alkyl groups
on this carbon

No alkyl groups
on this carbon

HBr

1-Methylcyclohexene 1-Bromo-1-methylcyclohexane

2 alkyl groups
on this carbon

+ Ether

1 alkyl group
on this carbon

2-Methylpropene 2-Chloro-2-methylpropane

HCl+ CH3

Cl

CH3

CH3

C CH3C CH2

CH3

CH3
Ether

CH3

H

Br

H
H
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Markovnikov’s rule

In the addition of HX to an alkene, the H attaches to the carbon with fewer alkyl substituents
and the X attaches to the carbon with more alkyl substituents.

 7-8 orientation of electrophilic additions: markovnikov’s rule 205

 7-8 Orientation of Electrophilic 
Additions: Markovnikov’s Rule

Look carefully at the electrophilic addition reactions shown in the previous 
section. In each case, an unsymmetrically substituted alkene gives a single 
addition product rather than the mixture that might be expected. For example, 
2-methylpropene might react with HCl to give both 2-chloro-2-methylpropane 
and 1-chloro-2-methylpropane, but it doesn’t. It gives only 2-chloro-2-methyl-
propane as the sole product. Similarly, it’s invariably the case in biological 
alkene addition reactions that only a single product is formed. We say that 
such reactions are regiospecific (ree-jee-oh-specific) when only one of two 
possible orientations of an addition occurs.

2-Methylpropene 2-Chloro-2-methyl-
propane

(Sole product)

C CH2 HCl+

1-Chloro-2-methyl-
propane

(Not formed)

CH3CHCH2Cl

CH3

CH3CCH3

Cl

CH3H3C

H3C

After looking at the results of many such reactions, the Russian chemist 
Vladimir Markovnikov proposed in 1869 what has become known as Mar-
kovnikov’s rule.

Markovnikov’s rule
In the addition of HX to an alkene, the H attaches to the carbon with 
fewer alkyl substituents and the X attaches to the carbon with more alkyl 
substituents.

2 alkyl groups
on this carbon

No alkyl groups
on this carbon

HBr

1-Methylcyclohexene 1-Bromo-1-methylcyclohexane

2 alkyl groups
on this carbon

+ Ether

1 alkyl group
on this carbon

2-Methylpropene 2-Chloro-2-methylpropane

HCl+ CH3

Cl

CH3

CH3

C CH3C CH2

CH3

CH3
Ether

CH3

H

Br

H
H
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When both double-bonded carbon atoms have the same degree of substitution, a mixture
of addition products results.

Because carbocations are involved as intermediates in these electrophilic addition
reactions, Markovnikov’s rule can be restated in the following way:

Markovnikov’s rule (restated)

In the addition of HX to an alkene, the more highly substituted carbocation is formed as the
intermediate rather than the less highly substituted one.

206 chapter 7 alkenes: structure and reactivity

When both double-bonded carbon atoms have the same degree of substi-
tution, a mixture of addition products results.

CHCH3CH3CH2CH CH3CH2CH2CHCH3

2-Pentene

+ +HBr
Ether

Br

2-Bromopentane

CH3CH2CHCH2CH3

Br

3-Bromopentane

1 alkyl group
on this carbon

1 alkyl group
on this carbon

Because carbocations are involved as intermediates in these electrophilic 
addition reactions, Markovnikov’s rule can be restated in the following way:

Markovnikov’s rule (restated)
In the addition of HX to an alkene, the more highly substituted carbocation 
is formed as the intermediate rather than the less highly substituted one.

For example, addition of H! to 2-methylpropene yields the intermediate ter-
tiary carbocation rather than the alternative primary carbocation, and addi-
tion to 1-methylcyclohexene yields a tertiary cation rather than a secondary 
one. Why should this be?

C

CH3

CH3 CH2

H

tert-Butyl carbocation
(tertiary; 3°)

C

CH3

CH3 CH3

Cl

2-Chloro-2-methylpropane

2-Methylpropene

+ Cl–

C

CH3

CH3 CH2

H

Isobutyl carbocation
(primary; 1°)

C

CH3

CH3 CH2Cl

H

1-Chloro-2-methylpropane
(Not formed)

+

(A tertiary carbocation) 1-Bromo-1-methylcyclohexane

1-Methylcyclo-
hexene

Br–

(A secondary carbocation) 1-Bromo-2-methylcyclohexane
(Not formed)

HCl+C CH2

CH3

CH3

HBr+
CH3

H H
CH3

H
Br

Br
CH3

H
H

+ CH3

H
H

+

H
CH3

H

Cl–

Br–
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206 chapter 7 alkenes: structure and reactivity

When both double-bonded carbon atoms have the same degree of substi-
tution, a mixture of addition products results.

CHCH3CH3CH2CH CH3CH2CH2CHCH3

2-Pentene

+ +HBr
Ether

Br

2-Bromopentane

CH3CH2CHCH2CH3

Br

3-Bromopentane

1 alkyl group
on this carbon

1 alkyl group
on this carbon

Because carbocations are involved as intermediates in these electrophilic 
addition reactions, Markovnikov’s rule can be restated in the following way:

Markovnikov’s rule (restated)
In the addition of HX to an alkene, the more highly substituted carbocation 
is formed as the intermediate rather than the less highly substituted one.

For example, addition of H! to 2-methylpropene yields the intermediate ter-
tiary carbocation rather than the alternative primary carbocation, and addi-
tion to 1-methylcyclohexene yields a tertiary cation rather than a secondary 
one. Why should this be?

C

CH3

CH3 CH2

H

tert-Butyl carbocation
(tertiary; 3°)

C

CH3

CH3 CH3

Cl

2-Chloro-2-methylpropane

2-Methylpropene

+ Cl–

C

CH3

CH3 CH2

H

Isobutyl carbocation
(primary; 1°)

C

CH3

CH3 CH2Cl

H

1-Chloro-2-methylpropane
(Not formed)

+

(A tertiary carbocation) 1-Bromo-1-methylcyclohexane

1-Methylcyclo-
hexene

Br–

(A secondary carbocation) 1-Bromo-2-methylcyclohexane
(Not formed)

HCl+C CH2

CH3

CH3

HBr+
CH3

H H
CH3

H
Br

Br
CH3

H
H

+ CH3

H
H

+

H
CH3

H

Cl–

Br–
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Carbocation Structure and Stability

Carbocations are planar. The trivalent carbon is sp2-hybridized, and the three substituents are
oriented toward the corners of an equilateral triangle.

 7-9 carbocation structure and stability 209

R

R′
R″

120°

sp2

Vacant p orbital

C+

FIGURE 7-9 The structure of a carbocation. The trivalent carbon is sp2-hybridized and has a 
vacant p orbital perpendicular to the plane of the carbon and three attached groups.

The second point to explore involves carbocation stability. 2-Methyl-
propene might react with H! to form a carbocation having three alkyl sub-
stituents (a tertiary ion, 3°), or it might react to form a carbocation having one 
alkyl substituent (a primary ion, 1°). Since the tertiary alkyl chloride, 2-chloro-
2-methylpropane, is the only product observed, formation of the tertiary 
cation is evidently favored over formation of the primary cation. Thermo-
dynamic measurements show that, indeed, the stability of carbocations 
increases with increasing substitution so that the stability order is tertiary ! 
secondary ! primary ! methyl.

Methyl

Stability

C+

H

H

H

Primary (1°)

C+

H

H

R

Secondary (2°)

C+

H

R

R

Tertiary (3°)

C+

R

R

R

One way of determining carbocation stabilities is to measure the amount 
of energy required to form a carbocation by dissociation of the corresponding 
alkyl halide, R " X n R! # :X". As shown in FIGURE 7-10, tertiary alkyl halides 
dissociate to give carbocations more easily than secondary or primary ones. 
Thus, trisubstituted carbocations are more stable than disubstituted ones, 
which are more stable than monosubstituted ones. The data in Figure 7-10 are 
taken from measurements made in the gas phase, but a similar stability order 
is found for carbocations in solution. The dissociation enthalpies are much 
lower in solution because polar solvents can stabilize the ions, but the order 
of carbocation stability remains the same.
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Thermodynamic measurements show that the stability of carbocations increases with
increasing substitution: tertiary > secondary > primary > methyl

 7-9 carbocation structure and stability 209

R

R′
R″

120°

sp2

Vacant p orbital

C+

FIGURE 7-9 The structure of a carbocation. The trivalent carbon is sp2-hybridized and has a 
vacant p orbital perpendicular to the plane of the carbon and three attached groups.

The second point to explore involves carbocation stability. 2-Methyl-
propene might react with H! to form a carbocation having three alkyl sub-
stituents (a tertiary ion, 3°), or it might react to form a carbocation having one 
alkyl substituent (a primary ion, 1°). Since the tertiary alkyl chloride, 2-chloro-
2-methylpropane, is the only product observed, formation of the tertiary 
cation is evidently favored over formation of the primary cation. Thermo-
dynamic measurements show that, indeed, the stability of carbocations 
increases with increasing substitution so that the stability order is tertiary ! 
secondary ! primary ! methyl.

Methyl

Stability

C+

H

H

H

Primary (1°)

C+

H

H

R

Secondary (2°)

C+

H

R

R

Tertiary (3°)

C+

R

R

R

One way of determining carbocation stabilities is to measure the amount 
of energy required to form a carbocation by dissociation of the corresponding 
alkyl halide, R " X n R! # :X". As shown in FIGURE 7-10, tertiary alkyl halides 
dissociate to give carbocations more easily than secondary or primary ones. 
Thus, trisubstituted carbocations are more stable than disubstituted ones, 
which are more stable than monosubstituted ones. The data in Figure 7-10 are 
taken from measurements made in the gas phase, but a similar stability order 
is found for carbocations in solution. The dissociation enthalpies are much 
lower in solution because polar solvents can stabilize the ions, but the order 
of carbocation stability remains the same.
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Because there are only six valence electrons on carbon and
all six are used in the three 𝜎 bonds, the p orbital extending
above and below the plane is unoccupied.
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Carbocations Stability: Reason?

1. Inductive effects: electrons from a relatively larger and more polarizable alkyl group (sp3)
can shift toward a neighboring positive charge (sp2) more easily than the electron from a
hydrogen (sp2 hybrid is more electronegative than sp3 hybrid).

more alkyl groups → more electron density shifts → more inductive stabilization

210 chapter 7 alkenes: structure and reactivity

0
Methyl 1° 2° 3°
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Why are more highly substituted carbocations more stable than less highly 
substituted ones? There are at least two reasons. Part of the answer has to do 
with inductive effects, and part has to do with hyperconjugation. Inductive 
effects, discussed in Section 2-1 in connection with polar covalent bonds, 
result from the shifting of electrons in a ! bond in response to the electronega-
tivity of nearby atoms. In the present instance, electrons from a relatively 
larger and more polarizable alkyl group can shift toward a neighboring posi-
tive charge more easily than the electron from a hydrogen. Thus, the more 
alkyl groups attached to the positively charged carbon, the more electron den-
sity shifts toward the charge and the more inductive stabilization of the cation 
occurs (FIGURE 7-11).

Methyl:
No alkyl groups

donating electrons

C+

H

H

H

Primary:
One alkyl group

donating electrons

C+

H

H

H3C

Secondary:
Two alkyl groups

donating electrons

C+

H

CH3

H3C

Tertiary:
Three alkyl groups
donating electrons

C+

CH3

CH3

H3C

FIGURE 7-11 A comparison of inductive stabilization for methyl, primary, secondary, and 
tertiary carbo cations. The more alkyl groups that are bonded to the positively charged carbon, 
the more electron density shifts toward the charge, making the charged carbon less electron-
poor (blue in electrostatic potential maps).

Hyperconjugation, discussed in Section 7-6 in connection with the sta-
bilities of substituted alkenes, is the stabilizing interaction between a p orbital 

FIGURE 7-10 A plot of 
dissociation enthalpy versus 
substitution pattern for the 
gas-phase dissociation of alkyl 
chlorides to yield carbocations. 
More highly substituted alkyl 
halides dissociate more easily 
than less highly substituted ones.
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2. Hyperconjugation: the stabilizing interaction between a p orbital and properly oriented
C–H 𝜎 bonds on neighboring carbons that are roughly parallel to the p orbital.

more alkyl groups → more possibilities of hyperconjugation → more carbocation stability

 7-10 the hammond postulate 211

and properly oriented C ! H ! bonds on neighboring carbons that are roughly 
parallel to the p orbital. The more alkyl groups there are on the carbocation, 
the more possibilities there are for hyperconjugation and the more stable the 
carbocation. FIGURE 7-12 shows the molecular orbital for the ethyl carbocation, 
CH3CH2

!, and indicates the difference between the C ! H bond perpendicular 
to the cation p orbital and the two C ! H bonds more parallel to the cation  
p orbital. Only these roughly parallel C ! H bonds are oriented properly to take 
part in hyperconjugation.

CC
H +

H

HH

H

P R O B L E M  7 - 1 8

Show the structures of the carbocation intermediates you would expect in the 
following reactions:

CHCHCH3CH3CH2C

CHCH3(b)
?HICH3(a) CH3

?HBr

P R O B L E M  7 - 1 9

Draw a skeletal structure of the following carbocation. Identify it as primary, 
secondary, or tertiary, and identify the hydrogen atoms that have the proper 
orientation for hyper conjugation in the conformation shown.

 7-10 The Hammond Postulate
Let’s summarize what we’ve learned of electrophilic addition reactions to this 
point:

t Electrophilic addition to an unsymmetrically substituted alkene gives 
the more highly substituted carbocation intermediate. A more highly 
substituted carbocation forms faster than a less highly substituted one 
and, once formed, rapidly goes on to give the final product.

t A more highly substituted carbocation is more stable than a less highly 
substituted one. That is, the stability order of carbocations is tertiary " 
secondary " primary " methyl.

FIGURE 7-12 Stabilization of 
the ethyl carbocation, CH3CH2

!, 
through hyperconjugation. 
Interaction of neighboring C ! H 
! bonds with the vacant p orbital 
stabilizes the cation and lowers 
its energy. The molecular orbital 
shows that only the two C ! H 
bonds more parallel to the cation 
p orbital are oriented properly. The 
C ! H bond perpendicular to the 
cation p orbital cannot take part.
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