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Capsaicin is responsible for the characteristic spicy ﬂavor of jalapeño and habañero peppers.
Although it ﬁrst produces a burning sensation on contact with the mouth or skin, repeated
application desensitizes the area to pain. This property has made it the active ingredient in several topical creams for the treatment of chronic pain. Capsaicin has also been used as an animal
deterrent in pepper sprays, and as an additive to make birdseed squirrel-proof. Capsaicin is
an aromatic compound because it contains a benzene ring. In this chapter, we learn about the
characteristics of aromatic compounds like capsaicin.
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The hydrocarbons we have examined thus far—including the alkanes, alkenes, and alkynes,
as well as the conjugated dienes and polyenes of Chapter 16—have been aliphatic hydrocarbons.
In Chapter 17, we continue our study of conjugated systems with aromatic hydrocarbons.
We begin with benzene and then examine other cyclic, planar, and conjugated ring systems
to learn the modern definition of what it means to be aromatic. Then, in Chapter 18, we will
learn about the reactions of aromatic compounds, highly unsaturated hydrocarbons that do not
undergo addition reactions like other unsaturated compounds. An explanation of this behavior
relies on an understanding of the structure of aromatic compounds presented in Chapter 17.

17.1 Background
For 6 C’s, the maximum
number of H’s = 2n + 2 =
2(6) + 2 = 14. Because benzene
contains only 6 H’s, it has
14 – 6 = 8 H’s fewer than
the maximum number. This
corresponds to 8 H’s/2 H’s for
each degree of unsaturation =
four degrees of unsaturation
in benzene.

Benzene (C6H6) is the simplest aromatic hydrocarbon (or arene). Since its isolation by
Michael Faraday from the oily residue remaining in the illuminating gas lines in London in
1825, it has been recognized as an unusual compound. Based on the calculation introduced in
Section 10.2, benzene has four degrees of unsaturation, making it a highly unsaturated
hydrocarbon. But, whereas unsaturated hydrocarbons such as alkenes, alkynes, and dienes readily undergo addition reactions, benzene does not. For example, bromine adds to ethylene to form
a dibromide, but benzene is inert under similar conditions.
Ethylene
(an alkene)

C C
H

Benzene
(an arene)

H

H

Br2

H

C6H6

H H
H C C H

addition product

Br Br

Br2

No reaction

Benzene does react with bromine, but only in the presence of FeBr3 (a Lewis acid), and the reaction is a substitution, not an addition.
C6H6

Br2
FeBr3

C6H5Br

substitution
Br replaces H

Thus, any structure proposed for benzene must account for its high degree of unsaturation and its
lack of reactivity towards electrophilic addition.
In the last half of the nineteenth century August Kekulé proposed structures that were close to the
modern description of benzene. In the Kekulé model, benzene was thought to be a rapidly equilibrating mixture of two compounds, each containing a six-membered ring with three alternating
π bonds. These structures are now called Kekulé structures. In the Kekulé description, the bond
between any two carbon atoms is sometimes a single bond and sometimes a double bond.
Kekulé description:
An equilibrium

Although benzene is still drawn as a six-membered ring with three alternating π bonds, in reality
there is no equilibrium between two different kinds of benzene molecules. Instead, current
descriptions of benzene are based on resonance and electron delocalization due to orbital overlap, as detailed in Section 17.2.
In the nineteenth century, many other compounds having properties similar to those of benzene
were isolated from natural sources. Because these compounds possessed strong and characteristic odors, they were called aromatic compounds. It is their chemical properties, though, not
their odor that make these compounds special.
• Aromatic compounds resemble benzene—they are unsaturated compounds that do not

undergo the addition reactions characteristic of alkenes.

17.2
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17.2 The Structure of Benzene
Any structure for benzene must account for the following:
• It contains a six-membered ring and three additional degrees of unsaturation.
• It is planar.
• All C – C bond lengths are equal.

Although the Kekulé structures satisfy the first two criteria, they break down with the third,
because having three alternating π bonds means that benzene should have three short double
bonds alternating with three longer single bonds.

long bond
(exaggerated)

short bond
(exaggerated)
This structure implies that the C C bonds
should have two different lengths.

• three short bonds
• three long bonds

Resonance
Benzene is conjugated, so we must use resonance and orbitals to describe its structure. The resonance description of benzene consists of two equivalent Lewis structures, each with three double
bonds that alternate with three single bonds.

hybrid
The electrons in the π bonds
are delocalized around the ring.

The resonance description of benzene matches the Kekulé description with one important exception. The two Kekulé representations are not in equilibrium with each other. Instead, the true
structure of benzene is a resonance hybrid of the two Lewis structures, with the dashed lines of
the hybrid indicating the position of the π bonds.
Some texts draw benzene as a
hexagon with an inner circle:

We will use one of the two Lewis structures and not the hybrid in drawing benzene, because
it is easier to keep track of the electron pairs in the π bonds (the π electrons).
• Because each o bond has two electrons, benzene has six o electrons.

The circle represents the
six o electrons, distributed over
the six atoms of the ring.

The resonance hybrid of benzene explains why all C – C bond lengths are the same. Each
C – C bond is single in one resonance structure and double in the other, so the actual bond
length (139 pm) is intermediate between a carbon–carbon single bond (153 pm) and a carbon–
carbon double bond (134 pm).
CH3 CH3

CH2 CH2

153 pm

134 pm

The C – C bonds in benzene are
equal and intermediate in length.
139 pm

Hybridization and Orbitals
Each carbon atom in a benzene ring is surrounded by three atoms and no lone pairs of electrons,
making it sp2 hybridized and trigonal planar with all bond angles 120°. Each carbon also has
a p orbital with one electron that extends above and below the plane of the molecule.
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Benzene—A planar molecule

H

=

H

H
H

120°

H

H
sp 2 hybridized

p orbitals

The six adjacent p orbitals overlap, delocalizing the six electrons over the six atoms of the ring
and making benzene a conjugated molecule. Because each p orbital has two lobes, one above and
one below the plane of the benzene ring, the overlap of the p orbitals creates two “doughnuts” of
electron density, as shown in Figure 17.1a. The electrostatic potential plot in Figure 17.1b also
shows that the electron-rich region is concentrated above and below the plane of the molecule,
where the six π electrons are located.
• Benzene’s six o electrons make it electron rich and so it readily reacts with

electrophiles.

Problem 17.1

Draw all possible resonance structures for the antihistamine diphenhydramine, the active ingredient
in Benadryl.
N(CH3)2

O

diphenhydramine

Problem 17.2

What orbitals are used to form the bonds indicated in each molecule? Of the indicated C – C
bonds, which is the shortest?

a.

b.
H

17.3 Nomenclature of Benzene Derivatives
Many organic molecules contain a benzene ring with one or more substituents, so we must learn
how to name them. Many common names are recognized by the IUPAC system, however, so this
complicates the nomenclature of benzene derivatives somewhat.

Figure 17.1

a. View of the p orbital overlap

b. Electrostatic potential plot

Two views of the electron
density in a benzene ring

• Overlap of six adjacent p orbitals creates
two rings of electron density, one above and
one below the plane of the benzene ring.

• The electron-rich region (in red) is
concentrated above and below the ring
carbons, where the six π electrons are
located. (The electron-rich region below the
plane is hidden from view.)

17.3
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17.3A Monosubstituted Benzenes
To name a benzene ring with one substituent, name the substituent and add the word benzene.
Carbon substituents are named as alkyl groups.
CH3

Cl

C CH3

CH2CH3

CH3

ethyl group

chloro group

tert-butyl group
tert-butylbenzene

ethylbenzene

chlorobenzene

Many monosubstituted benzenes, such as those with methyl (CH3 – ), hydroxy ( – OH), and
amino ( – NH2) groups, have common names that you must learn, too.
OH

CH3
toluene
(methylbenzene)

phenol
(hydroxybenzene)

NH2
aniline
(aminobenzene)

17.3B Disubstituted Benzenes
There are three different ways that two groups can be attached to a benzene ring, so a prefix—
ortho, meta, or para—can be used to designate the relative position of the two substituents.
Ortho, meta, and para are also abbreviated as o, m, and p, respectively.
1,2-Disubstituted benzene
ortho isomer

1,3-Disubstituted benzene
meta isomer

1,4-Disubstituted benzene
para isomer

Br

Br

Br

Br
Br
ortho-dibromobenzene
or
o-dibromobenzene
or
1,2-dibromobenzene

Br
para-dibromobenzene
or
p-dibromobenzene
or
1,4-dibromobenzene

meta-dibromobenzene
or
m-dibromobenzene
or
1,3-dibromobenzene

If the two groups on the benzene ring are different, alphabetize the names of the substituents
preceding the word benzene. If one of the substituents is part of a common root, name the molecule as a derivative of that monosubstituted benzene.
Alphabetize two different substituent names:

Use a common root name:
toluene

phenol
NO2

nitro group

NO2

Br
Cl

Br

CH3

OH

F
o-bromochlorobenzene

m-fluoronitrobenzene

p-bromotoluene

17.3C Polysubstituted Benzenes
For three or more substituents on a benzene ring:
[1] Number to give the lowest possible numbers around the ring.
[2] Alphabetize the substituent names.

o-nitrophenol

612

Chapter 17

Benzene and Aromatic Compounds

[3] When substituents are part of common roots, name the molecule as a derivative of that
monosubstituted benzene. The substituent that comprises the common root is located
at C1.
Examples of naming polysubstituted benzenes
NH2

1
CH2CH3
Cl

4

Cl

CH2CH2CH3

2

1

2

• Assign the lowest set of numbers.
• Alphabetize the names of all the
substituents.

Cl
5
• Name the molecule as a derivative of the
common root aniline.
• Designate the position of the NH2 group as “1,”
and then assign the lowest possible set of
numbers to the other substituents.

4-chloro-1-ethyl-2-propylbenzene

2,5-dichloroaniline

17.3D Naming Aromatic Rings as Substituents
A benzene substituent (C6H5 – ) is called a phenyl group, and it can be abbreviated in a structure
as Ph – .

abbreviated as

Ph

phenyl group
C6H5

• A phenyl group (C6H5 – ) is formed by removing one hydrogen from benzene (C6H6).

Benzene, therefore, can be represented as PhH, and phenol would be PhOH.
H

OH

=

C6H5 H
PhH

=

C6H5 OH
PhOH

phenol

benzene

The benzyl group, another common substituent that contains a benzene ring, differs from a phenyl group.
CH2
an extra CH2 group
benzyl group
C6H5CH2

phenyl group
C 6H5

Finally, substituents derived from other substituted aromatic rings are collectively called aryl
groups.
Examples of
aryl groups
CH3

CH3
Br

17.4

Problem 17.3

Give the IUPAC name for each compound.
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CH3

OH

Br

CH2CH3

a. PhCH(CH3)2

b.

c.

d.

I

Problem 17.4

Cl

Draw the structure corresponding to each name:
a. isobutylbenzene
b. o-dichlorobenzene
c. cis-1,2-diphenylcyclohexane

Problem 17.5

d. m-bromoaniline
e. 4-chloro-1,2-diethylbenzene
f. 3-tert-butyl-2-ethyltoluene

Draw and name all the isomeric trichlorobenzenes (molecular formula C6H3Cl3).

17.4 Spectroscopic Properties
The important IR and NMR absorptions of aromatic compounds are summarized in Table 17.1.
The absorption at 6.5–8.0 ppm in the 1H NMR spectrum is particularly characteristic of compounds containing benzene rings. All aromatic compounds have highly deshielded protons
due to the ring current effect of the circulating o electrons, as discussed in Section 14.4.
Observing whether a new compound absorbs in this region of a 1H NMR spectrum is one piece
of data used to determine if it is aromatic.
13

C NMR spectroscopy is used to determine the substitution patterns in disubstituted benzenes,
because each line in a spectrum corresponds to a different kind of carbon atom. For example,
o-, m-, and p-dibromobenzene each exhibit a different number of lines in its 13C NMR spectrum,
as shown in Figure 17.2.

Table 17.1 Characteristic Spectroscopic Absorptions of Benzene Derivatives
Type of spectroscopy

Type of C, H

Absorption

IR absorptions

Csp2 H
C C (arene)

3150–3000 cm–1
1600, 1500 cm–1

1

H NMR absorptions

H

6.5–8 ppm (highly deshielded protons)

CH2

1.5–2.5 ppm (somewhat deshielded Csp3 – H)

(aryl H)

(benzylic H)
13

Figure 17.2
13

Csp2 of arenes

C NMR absorption

120–150 ppm

o-Dibromobenzene

m-Dibromobenzene

p-Dibromobenzene

Cb

Cd

Ca

C NMR absorptions
of the three isomeric
dibromobenzenes

Br
Cc

Ca
Br

Cc

Cc

Br

Br

Br

Br
Cb

Cb

Cb

Cb Ca Cb

Ca

three types of C’s
three 13C NMR signals

four types of C’s
four 13C NMR signals

two types of C’s
two 13C NMR signals

• The number of signals (lines) in the 13C NMR spectrum of a disubstituted benzene with two
identical groups indicates whether they are ortho, meta, or para to each other.
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Problem 17.6

What is the structure of a compound of molecular formula C10H14O2 that shows a strong IR
absorption at 3150–2850 cm–1 and gives the following 1H NMR absorptions: 1.4 (triplet, 6 H),
4.0 (quartet, 4 H), and 6.8 (singlet, 4 H) ppm?

Problem 17.7

How many 13C NMR signals does each compound exhibit?
CH3

CH2CH3

a.

b.

c.
Cl

Problem 17.8

How do the isomeric trichlorobenzenes (C6H3Cl3) drawn in Problem 17.5 differ in their 13C NMR
spectra?

17.5 Interesting Aromatic Compounds
BTX contains benzene,
toluene, and xylene
(the common name for
dimethylbenzene).

Benzene and toluene, the simplest aromatic hydrocarbons obtained from petroleum refining, are
useful starting materials for synthetic polymers. They are two components of the BTX mixture
added to gasoline to boost octane ratings.
The components of the gasoline additive BTX

CH3
benzene

toluene

CH3

CH3
p-xylene

naphthalene
(used in mothballs)

Compounds containing two or more benzene rings that share carbon–carbon bonds are called
polycyclic aromatic hydrocarbons (PAHs). Naphthalene, the simplest PAH, is the active ingredient in mothballs.
Benzo[a]pyrene, a more complicated PAH shown in Figure 17.3, is formed by the incomplete
combustion of organic materials. It is found in cigarette smoke, automobile exhaust, and the
fumes from charcoal grills. When ingested or inhaled, benzo[a]pyrene and other similar PAHs
are oxidized to carcinogenic products, as discussed in Section 9.17.
Helicene and twistoflex are two synthetic PAHs whose unusual shapes are shown in Figure
17.4. Helicene consists of six benzene rings. Because the rings at both ends are not bonded to
each other, all of the rings twist slightly, creating a rigid helical shape that prevents the hydrogen
atoms on both ends from crashing into each other. Similarly, to reduce steric hindrance between
the hydrogen atoms on nearby benzene rings, twistoflex is also nonplanar.

Figure 17.3
Benzo[a]pyrene, a
common PAH

benzo[a]pyrene
(a polycyclic aromatic hydrocarbon)

tobacco plant

• Benzo[a]pyrene, produced by the incomplete oxidation of organic compounds in tobacco, is
found in cigarette smoke.

17.6

Figure 17.4

615

Benzene’s Unusual Stability

Helicene and twistoflex—Two synthetic polycyclic aromatic hydrocarbons

These two rings are not
joined to each other.

=

=

helicene

twistoflex

3-D structure

3-D structure

Both helicene and twistoflex are chiral molecules—that is, they are not superimposable on their
mirror images, even though neither of them contains a stereogenic center. It’s their shape that makes
them chiral, not the presence of carbon atoms bonded to four different groups. Each ring system is
twisted into a shape that lacks a mirror plane, and each structure is rigid, thus creating the chirality.
Many widely used drugs contain a benzene ring. Six examples are shown in Figure 17.5.

17.6 Benzene’s Unusual Stability
Considering benzene as the hybrid of two resonance structures adequately explains its equal
C – C bond lengths, but does not account for its unusual stability and lack of reactivity towards
addition.

Figure 17.5

NHCH3

Selected drugs that contain
a benzene ring

CH3

O

N

O
Cl

NH2

N
O

Cl
N(CH2CH3)2

Cl
• Trade name: Zoloft
• Generic name: sertraline
• Use: a psychotherapeutic
drug for depression and
panic disorders

• Trade name: Valium
• Generic name: diazepam
• Use: a sedative

O
CH3CH2
S

O

O

N
CO2CH2CH3

N

N

N

O
HO

CH3

HN

NH

• Trade name: Novocain
• Generic name: procaine
• Use: a local anesthetic

CH2CH2CH3
N

N
H
OH

O2S

N

N
N

Cl
CH3

• Trade name: Viracept
• Generic name: nelfinavir
• Use: an antiviral drug used
to treat HIV

• Trade name: Viagra
• Generic name: sildenafil
• Use: a drug used to treat
erectile dysfunction

• Trade name: Claritin
• Generic name: loratadine
• Use: an antihistamine
for seasonal allergies
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Heats of hydrogenation, which were used in Section 16.9 to show that conjugated dienes are
more stable than isolated dienes, can also be used to estimate the stability of benzene. Equations
[1]–[3] compare the heats of hydrogenation of cyclohexene, 1,3-cyclohexadiene, and benzene,
all of which give cyclohexane when treated with excess hydrogen in the presence of a metal
catalyst.
∆H° observed
(kJ/mol)

H2

[1]

Pd-C

∆H° “predicted”
(kJ/mol)

–120

cyclohexene
2 H2

[2]

Pd-C

–232

2 × (–120) =
–240
(small difference)

slightly more stable than
two isolated double bonds

–208

3 × (–120) =
–360
(large difference)

much more stable than
three isolated double bonds

1,3-cyclohexadiene
3 H2

[3]

Pd-C
benzene

The relative stability of
conjugated dienes versus
isolated dienes was first
discussed in Section 16.9.

The addition of one mole of H2 to cyclohexene releases –120 kJ/mol of energy (Equation [1]).
If each double bond is worth –120 kJ/mol of energy, then the addition of two moles of H2 to
1,3-cyclohexadiene (Equation [2]) should release 2 × –120 kJ/mol = –240 kJ/mol of energy. The
observed value, however, is –232 kJ/mol. This is slightly smaller than expected because 1,3cyclohexadiene is a conjugated diene, and conjugated dienes are more stable than two isolated
carbon–carbon double bonds.
The hydrogenations of cyclohexene and 1,3-cyclohexadiene occur readily at room temperature,
but benzene can be hydrogenated only under forcing conditions, and even then the reaction is
extremely slow. If each double bond is worth –120 kJ/mol of energy, then the addition of three
moles of H2 to benzene should release 3 × –120 kJ/mol = –360 kJ/mol of energy. In fact, the
observed heat of hydrogenation is only –208 kJ/mol, which is 152 kJ/mol less than predicted and
even lower than the observed value for 1,3-cyclohexadiene. Figure 17.6 compares the hypothetical
and observed heats of hydrogenation for benzene.
The huge difference between the hypothetical and observed heats of hydrogenation for benzene
cannot be explained solely on the basis of resonance and conjugation.
• The low heat of hydrogenation of benzene means that benzene is especially stable,

even more so than the conjugated compounds introduced in Chapter 16. This unusual
stability is characteristic of aromatic compounds.

Figure 17.6

Benzene with three “regular” C C bonds

A comparison between the
observed and hypothetical
heats of hydrogenation
for benzene
Energy

Benzene is 152 kJ/mol
lower in energy.

∆H° = –360 kJ/mol
(hypothetical)

∆H° = –208 kJ/mol
(observed)

17.7 The Criteria for Aromaticity—Hückel’s Rule
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Benzene’s unusual behavior in chemical reactions is not limited to hydrogenation. As mentioned
in Section 17.1, benzene does not undergo addition reactions typical of other highly unsaturated compounds, including conjugated dienes. Benzene does not react with Br2 to yield an
addition product. Instead, in the presence of a Lewis acid, bromine substitutes for a hydrogen
atom, thus yielding a product that retains the benzene ring.
H

H
Br2

Br
An addition product would no longer
contain a benzene ring.

Addition does not occur.

H

H
Substitution occurs.

H

Br2

Br

Br
A substitution product still contains
a benzene ring.

FeBr3

This behavior is characteristic of aromatic compounds. The structural features that distinguish
aromatic compounds from the rest are discussed in Section 17.7.

Problem 17.9

Compounds A and B are both hydrogenated to methylcyclohexane. Which compound has the
larger heat of hydrogenation? Which compound is more stable?
CH3

A

CH2

B

17.7 The Criteria for Aromaticity—Hückel’s Rule
Four structural criteria must be satisfied for a compound to be aromatic:
• A molecule must be cyclic, planar, completely conjugated, and contain a particular

number of o electrons.

[1]

A molecule must be cyclic.
• To be aromatic, each p orbital must overlap with p orbitals on two adjacent atoms.

The p orbitals on all six carbons of benzene continuously overlap, so benzene is aromatic.
1,3,5-Hexatriene has six p orbitals, too, but the two on the terminal carbons cannot overlap with
each other, so 1,3,5-hexatriene is not aromatic.
Cyclic compound

Acyclic compound

benzene

1,3,5-hexatriene

Every p orbital overlaps with
two neighboring p orbitals.

There can be no overlap between the
p orbitals on the two terminal C’s.

aromatic

not aromatic

no overlap
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[2]

A molecule must be planar.
• All adjacent p orbitals must be aligned so that the o electron density can be delocalized.

cyclooctatetraene
not aromatic

Adjacent p orbitals cannot overlap.
Electrons cannot delocalize.

a tub-shaped,
eight-membered ring

For example, cyclooctatetraene resembles benzene in that it is a cyclic molecule with alternating double and single bonds. Cyclooctatetraene is tub shaped, however, not planar, so overlap
between adjacent π bonds is impossible. Cyclooctatetraene, therefore, is not aromatic, so it
undergoes addition reactions like those of other alkenes.
H

H

Br2

H

Br
H
addition product

cyclooctatetraene

[3]

Br

A molecule must be completely conjugated.
• Aromatic compounds must have a p orbital on every atom.
A completely conjugated ring

These rings are not completely conjugated.

no p orbital

no p orbitals
benzene
a p orbital on every C
aromatic

1,3-cyclohexadiene
not aromatic

1,3,5-cycloheptatriene
not aromatic

Both 1,3-cyclohexadiene and 1,3,5-cycloheptatriene contain at least one carbon atom that does
not have a p orbital, and so they are not completely conjugated and therefore not aromatic.
[4]

A molecule must satisfy Hückel’s rule, and contain a particular number of o electrons.

Some compounds satisfy the first three criteria for aromaticity, but still they show none of the
stability typical of aromatic compounds. For example, cyclobutadiene is so highly reactive that
it can only be prepared at extremely low temperatures.
a planar, cyclic, completely conjugated molecule
that is not aromatic
cyclobutadiene

It turns out that in addition to being cyclic, planar, and completely conjugated, a compound needs a
particular number of π electrons to be aromatic. Erich Hückel first recognized in 1931 that the following criterion, expressed in two parts and now known as Hückel’s rule, had to be satisfied, as well:
• An aromatic compound must contain 4n + 2 o electrons (n = 0, 1, 2, and so forth).
• Cyclic, planar, and completely conjugated compounds that contain 4n o electrons are
Hückel’s rule refers to the
number of o electrons, not
the number of atoms in a
particular ring.

especially unstable, and are said to be antiaromatic.

Thus, compounds that contain 2, 6, 10, 14, 18, and so forth π electrons are aromatic, as shown
in Table 17.2. Benzene is aromatic and especially stable because it contains 6 o electrons.
Cyclobutadiene is antiaromatic and especially unstable because it contains 4 o electrons.
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Benzene
An aromatic compound

Cyclobutadiene
An antiaromatic compound

4n + 2 = 4(1) + 2 =
6 o electrons
aromatic

4n = 4(1) =
4 o electrons
antiaromatic

Table 17.2 The Number of o Electrons That
Satisfy Hückel’s Rule
n

4n + 2

0

2

1

6

2

10

3

14

4, etc.

18

Considering aromaticity, all compounds can be classified in one of three ways:
[1] Aromatic

• A cyclic, planar, completely conjugated compound with 4n + 2 o
electrons.
[2] Antiaromatic
• A cyclic, planar, completely conjugated compound with 4n o
electrons.
[3] Not aromatic
• A compound that lacks one (or more) of the four requirements
(or nonaromatic)
to be aromatic or antiaromatic.
Note, too, the relationship between each compound type and a similar open-chained molecule
having the same number of π electrons.
• An aromatic compound is more stable than a similar acyclic compound having the

same number of o electrons. Benzene is more stable than 1,3,5-hexatriene.
• An antiaromatic compound is less stable than an acyclic compound having the same

number of o electrons. Cyclobutadiene is less stable than 1,3-butadiene.
• A compound that is not aromatic is similar in stability to an acyclic compound having

the same number of o electrons. 1,3-Cyclohexadiene is similar in stability to cis,cis-2,4hexadiene, so it is not aromatic.
nonaromatic
and
benzene
more stable
aromatic
1

and
1,3,5-hexatriene

cyclobutadiene
less stable
antiaromatic

and
1,3-butadiene

1,3-cyclohexadiene

cis,cis-2,4hexadiene

similar stability

H NMR spectroscopy readily indicates whether a compound is aromatic. The protons on
sp2 hybridized carbons in aromatic hydrocarbons are highly deshielded and absorb at 6.5–8 ppm,
whereas hydrocarbons that are not aromatic absorb at 4.5–6 ppm, typical of protons bonded to
the C –– C of an alkene. Thus, benzene absorbs at 7.3 ppm, whereas cyclooctatetraene, which is
not aromatic, absorbs farther upfield, at 5.8 ppm for the protons on its sp2 hybridized carbons.

620

Chapter 17

Benzene and Aromatic Compounds

7.3 ppm

H

Ph H region

benzene

aromatic

H
cyclooctatetraene

5.8 ppm
Csp2 H region

not aromatic

Many compounds in addition to benzene are aromatic. Several examples are presented in Section 17.8.

Problem 17.10

Estimate where the protons bonded to the sp2 hybridized carbons will absorb in the 1H NMR
spectrum of each compound.
a.

b.

c.

17.8 Examples of Aromatic Compounds
In Section 17.8 we look at many different types of aromatic compounds.

17.8A Aromatic Compounds with a Single Ring
Benzene is the most common aromatic compound having a single ring. Completely conjugated
rings larger than benzene are also aromatic if they are planar and have 4n + 2 o electrons.
• Hydrocarbons containing a single ring with alternating double and single bonds are

called annulenes.

To name an annulene, indicate the number of atoms in the ring in brackets and add the word
annulene. Thus, benzene is [6]-annulene. Both [14]-annulene and [18]-annulene are cyclic,
planar, completely conjugated molecules that follow Hückel’s rule, and so they are aromatic.

[14]-annulene
4n + 2 = 4(3) + 2 =
14 π electrons
aromatic

[18]-annulene
4n + 2 = 4(4) + 2 =
18 π electrons
aromatic

[10]-Annulene has 10 π electrons, which satisfies Hückel’s rule, but a planar molecule would
place the two H atoms inside the ring too close to each other, so the ring puckers to relieve this
strain. Because [10]-annulene is not planar, the 10 π electrons can’t delocalize over the entire
ring and it is not aromatic.
[10]-Annulene fits Hückel’s rule,
but it’s not planar.

The molecule puckers to keep
these H’s farther away from each other.

=
[10]-annulene
10 π electrons
not aromatic

3-D representation
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Problem 17.11

Would [16]-, [20]- or [22]-annulene be aromatic if each ring is planar?

Problem 17.12

Explain why an annulene cannot have an odd number of carbon atoms in the ring.
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17.8B Aromatic Compounds with More Than One Ring
Hückel’s rule for determining aromaticity can be applied only to monocyclic systems, but many
aromatic compounds containing several benzene rings joined together are also known. Two or
more six-membered rings with alternating double and single bonds can be fused together to
form polycyclic aromatic hydrocarbons (PAHs). Joining two benzene rings together forms
naphthalene. There are two different ways to join three rings together, forming anthracene and
phenanthrene, and many more complex hydrocarbons are known.

anthracene
14 π electrons

naphthalene
10 π electrons

phenanthrene
14 π electrons

As the number of fused benzene rings increases, the number of resonance structures increases
as well. Although two resonance structures can be drawn for benzene, naphthalene is a hybrid of
three resonance structures.
Three resonance structures
for naphthalene

Problem 17.13

Draw the four resonance structures for anthracene.

17.8C Aromatic Heterocycles
Recall from Section 9.3
that a heterocycle is a ring
that contains at least one
heteroatom.

Heterocycles containing oxygen, nitrogen, or sulfur—atoms that also have at least one lone pair
of electrons—can also be aromatic. With heteroatoms, we must always determine whether the
lone pair is localized on the heteroatom or part of the delocalized π system. Two examples, pyridine and pyrrole, illustrate these different possibilities.

Pyridine
Pyridine is a heterocycle containing a six-membered ring with three o bonds and one nitrogen atom. Like benzene, two resonance structures (with all neutral atoms) can be drawn.

N

N

two resonance structures for pyridine
6 o electrons

Pyridine is cyclic, planar, and completely conjugated, because the three single and double bonds
alternate around the ring. Pyridine has six o electrons, two from each o bond, thus satisfying Hückel’s rule and making pyridine aromatic. The nitrogen atom of pyridine also has a
nonbonded electron pair, which is localized on the N atom, so it is not part of the delocalized π
electron system of the aromatic ring.
How is the nitrogen atom of the pyridine ring hybridized? The N atom is surrounded by three
groups (two atoms and a lone electron pair), making it sp2 hybridized, and leaving one unhybridized p orbital with one electron that overlaps with adjacent p orbitals. The lone pair on N
resides in an sp2 hybrid orbital that is perpendicular to the delocalized π electrons.
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Six o electrons are delocalized in the ring.

H

H

H

N

N
H

sp 2 hybridized

N

The lone pair occupies an sp 2 hybrid orbital,
perpendicular to the direction of the six p orbitals.

H

A p orbital on N overlaps with adjacent p orbitals,
making the ring completely conjugated.

Pyrrole
Pyrrole contains a five-membered ring with two o bonds and one nitrogen atom. The N atom
also has a lone pair of electrons.

N
H
pyrrole

Pyrrole is cyclic and planar, with a total of four π electrons from the two π bonds. Is the nonbonded electron pair localized on N or part of a delocalized π electron system? The lone pair on
N is adjacent to a double bond. Recall the following general rule from Section 16.5:
• In any system X –– Y – Z:, Z is sp2 hybridized and the lone pair occupies a p orbital to
make the system conjugated.

If the lone pair on the N atom occupies a p orbital:
• Pyrrole has a p orbital on every adjacent atom, so it is completely conjugated.
• Pyrrole has six o electrons—four from the o bonds and two from the lone pair.
The ring is completely conjugated
with 6 o electrons.

H

H
N
H
sp 2 hybridized N

The lone pair resides in a p orbital.

N H

H
H

sp 2 hybridized N

Because pyrrole is cyclic, planar, completely conjugated, and has 4n + 2 π electrons, pyrrole is
aromatic. The number of electrons—not the size of the ring—determines whether a compound is aromatic.
Electrostatic potential maps, shown in Figure 17.7 for pyridine and pyrrole, confirm that the lone
pair in pyridine is localized on N, whereas the lone pair in pyrrole is part of the delocalized
o system. Thus, a fundamental difference exists between the N atoms in pyridine and pyrrole.
Scombroid fish poisoning,
associated with facial flushing,
hives, and general itching, is
caused by the ingestion of
inadequately refrigerated fish,
typically mahimahi (pictured)
and tuna. Bacteria convert the
amino acid histidine (Chapter
28) to histamine, which, when
consumed in large amounts,
results in this clinical syndrome.

• When a heteroatom is already part of a double bond (as in the N of pyridine), its lone

pair cannot occupy a p orbital and so it cannot be delocalized over the ring.
• When a heteroatom is not part of a double bond (as in the N of pyrrole), its lone pair

can be located in a p orbital and delocalized over a ring to make it aromatic.

Histamine
Histamine, a biologically active amine formed in many tissues, has an aromatic heterocycle with
two N atoms, one of which is similar to the N atom of pyridine and one of which is similar to the
N atom of pyrrole.

17.8 Examples of Aromatic Compounds

Figure 17.7
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pyrrole

pyridine

Electrostatic potential maps of
pyridine and pyrrole

• In pyridine, the nonbonded electron pair is localized
on the N atom in an sp2 hybridized orbital, as shown
by the region of high electron density (in red) on N.

• In pyrrole, the nonbonded electron pair is in a p
orbital and is delocalized over the ring, so the entire
ring is electron rich (red).

H 2N

N

N

H

=

histamine

Histamine has a five-membered ring with two π bonds and two nitrogen atoms, each of which
contains a lone pair of electrons. The heterocycle has four π electrons from the two double
bonds. The lone pair on N1 also occupies a p orbital, making the heterocycle completely conjugated, and giving it a total of six π electrons. The lone pair on N1 is thus delocalized over the
five-membered ring and the heterocycle is aromatic. The lone pair on N2 occupies an sp2 hybrid
orbital perpendicular to the delocalized π electrons.
The ring is completely conjugated,
with 6 π electrons.

H2N

H2N

N2

N

N

H

=

H

N

N H
N1: The lone pair resides in a p orbital.

H

N1
N2: The lone pair resides in an sp 2 hybrid orbital.

• N1 resembles the N atom of pyrrole.
• N2 resembles the N atom of pyridine.

Histamine produces a wide range of physiological effects in the body. Excess histamine is
responsible for the runny nose and watery eyes symptomatic of hay fever. It also stimulates
the overproduction of stomach acid, and contributes to the formation of hives. These effects
result from the interaction of histamine with two different cellular receptors. We will learn
more about antihistamines and antiulcer drugs, compounds that block the effects of histamine,
in Section 25.6.

Problem 17.14

Which heterocycles are aromatic?
O

b.

a.
O

+

O

c.

d.
O

N

N
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Problem 17.15

(a) How is each N atom in quinine, an effective antimalarial drug that reduces fever, hybridized?
(b) In what type of orbital does the lone pair on each N reside?

HO

H

N

H

quinine

CH3O

Quinine is isolated from the
bark of the cinchona tree native
to the Andes Mountains.

Problem 17.16

N

Januvia is the trade name for sitagliptin, a drug that increases the body’s ability to lower blood
sugar levels, and thus it was introduced in 2006 for the treatment of type 2 diabetes. (a) Explain
why the five-membered ring in sitagliptin is aromatic. (b) Determine the hybridization of each N
atom. (c) In what type of orbital does the lone pair on each N atom reside?
CF3
N

F
N
NH2

F
F

N
N

O

sitagliptin

17.8D Charged Aromatic Compounds
Both negatively and positively charged ions can also be aromatic if they possess all the necessary
elements.

Cyclopentadienyl Anion
The cyclopentadienyl anion is a cyclic and planar anion with two double bonds and a nonbonded electron pair. In this way it resembles pyrrole. The two π bonds contribute four electrons
and the lone pair contributes two more, for a total of six. By Hückel’s rule, having six o electrons
confers aromaticity. Like the N atom in pyrrole, the negatively charged carbon atom must be
sp2 hybridized, and the nonbonded electron pair must occupy a p orbital for the ring to be
completely conjugated.
The cyclopentadienyl anion

The ring is completely conjugated
with 6 o electrons.

H

H

H

H

–

H
sp 2 hybridized C

–

H
The lone pair resides in a p orbital.

• The cyclopentadienyl anion is aromatic because it is cyclic, planar, completely

conjugated, and has six o electrons.

We can draw five equivalent resonance structures for the cyclopentadienyl anion, delocalizing the negative charge over every carbon atom of the ring.
–

–

–

–

–

17.8
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Although five resonance structures can also be drawn for both the cyclopentadienyl cation and
radical, only the cyclopentadienyl anion has six π electrons, a number that satisfies Hückel’s
rule. The cyclopentadienyl cation has four π electrons, making it antiaromatic and especially
unstable. The cyclopentadienyl radical has five π electrons, so it is neither aromatic nor antiaromatic. Having the “right” number of electrons is necessary for a species to be unusually stable
by virtue of aromaticity.
+
–

cyclopentadienyl anion
• 6 π electrons
• contains 4n + 2 π electrons

cyclopentadienyl cation
• 4 π electrons
• contains 4n π electrons

cyclopentadienyl radical
• 5 π electrons
• does not contain either 4n
or 4n + 2 π electrons

aromatic

antiaromatic

nonaromatic

The cyclopentadienyl anion is readily formed from cyclopentadiene by a Brønsted–Lowry acid–
base reaction.

+

+

no p orbital

+

H B

–

B

H H

H

cyclopentadiene
not aromatic
pKa = 15

cyclopentadienyl anion
aromatic
a stabilized conjugate base

Cyclopentadiene itself is not aromatic because it is not fully conjugated. The cyclopentadienyl
anion, however, is aromatic, so it is a very stable base. As such, it makes cyclopentadiene more
acidic than other hydrocarbons. In fact, the pKa of cyclopentadiene is 15, much lower (more
acidic) than the pKa of any C – H bond discussed thus far.
• Cyclopentadiene is more acidic than many hydrocarbons because its conjugate base is

aromatic.

Problem 17.17

Draw five resonance structures for the cyclopentadienyl cation.

Problem 17.18

Draw the product formed when 1,3,5-cycloheptatriene (pKa = 39) is treated with a strong base. Why
is its pKa so much higher than the pKa of cyclopentadiene?
H

B

H
1,3,5-cycloheptatriene
pKa = 39

Problem 17.19
The cyclopentadienyl anion
and the tropylium cation both
illustrate an important principle:
The number of o electrons
determines aromaticity, not
the number of atoms in a ring
or the number of p orbitals that
overlap. The cyclopentadienyl
anion and tropylium cation are
aromatic because they each
have six π electrons.

Rank the following compounds in order of increasing acidity.

Tropylium Cation
The tropylium cation is a planar carbocation with three double bonds and a positive charge
contained in a seven-membered ring. This carbocation is completely conjugated, because the
positively charged carbon is sp2 hybridized and has a vacant p orbital that overlaps with the six p
orbitals from the carbons of the three double bonds. Because the tropylium cation has three o
bonds and no other nonbonded electron pairs, it contains six o electrons, thereby satisfying
Hückel’s rule.
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The tropylium cation

The ring is completely conjugated
with 6 o electrons.
H

H

H

+

H
H

H

H
H

sp 2 hybridized C

One p orbital is vacant.

• The tropylium cation is aromatic because it is cyclic, planar, completely conjugated,

and has six o electrons delocalized over the seven atoms of the ring.

Problem 17.20

Draw the seven resonance structures for the tropylium cation.

Problem 17.21

Assuming the rings are planar, which ions are aromatic?

a.

+

b.

c.

–

d.
+

–

Problem 17.22

Compound A exhibits a peak in its 1H NMR spectrum at 7.6 ppm, indicating that it is aromatic. How are
the carbon atoms of the triple bonds hybridized? In what type of orbitals are the π electrons of the triple
bonds contained? How many π electrons are delocalized around the ring in A?

H

A

absorbs at 7.6 ppm

=

17.9 What Is the Basis of Hückel’s Rule?
Why does the number of o electrons determine whether a compound is aromatic? Cyclobutadiene is cyclic, planar, and completely conjugated, just like benzene, but why is benzene aromatic and cyclobutadiene antiaromatic?

cyclobutadiene
4 π electrons

Both molecules are:
• cyclic
• planar
• completely conjugated

antiaromatic

benzene
6 π electrons
aromatic

How can we account for this difference?

A complete explanation is beyond the scope of an introductory organic chemistry text, but nevertheless, you can better understand the basis of aromaticity by learning more about orbitals and
bonding.

17.9
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17.9A Bonding and Antibonding Orbitals
So far we have used the following basic concepts to describe how bonds are formed:
• Hydrogen uses its 1s orbital to form r bonds with other elements.
• Second-row elements use hybrid orbitals (sp, sp2, or sp3) to form r bonds.
• Second-row elements use p orbitals to form o bonds.

This description of bonding is called valence bond theory. In valence bond theory, a covalent
bond is formed by the overlap of two atomic orbitals, and the electron pair in the resulting bond
is shared by both atoms. Thus, a carbon–carbon double bond consists of a σ bond, formed by
overlap of two sp2 hybrid orbitals, each containing one electron, and a π bond, formed by overlap
of two p orbitals, each containing one electron.
This description of bonding works well for most of the organic molecules we have encountered
thus far. Unfortunately, it is inadequate for describing systems with many adjacent p orbitals that
overlap, as there are in aromatic compounds. To more fully explain the bonding in these systems,
we must utilize molecular orbital (MO) theory.
MO theory describes bonds as the mathematical combination of atomic orbitals that form a new
set of orbitals called molecular orbitals (MOs). A molecular orbital occupies a region of space
in a molecule where electrons are likely to be found. When forming molecular orbitals from
atomic orbitals, keep in mind:
• A set of n atomic orbitals forms n molecular orbitals.

If two atomic orbitals combine, two molecular orbitals are formed. This is fundamentally different than valence bond theory. Because aromaticity is based on p orbital overlap, what does MO
theory predict will happen when two p (atomic) orbitals combine?
The two lobes of each p orbital are opposite in phase, with a node of electron density at the
nucleus. When two p orbitals combine, two molecular orbitals should form. The two p orbitals
can add together constructively—that is, with like phases interacting—or destructively—that is,
with opposite phases interacting.
Like phases interact.

Opposite phases interact.

+

+

increased electron density
between the nuclei

no electron density
between the nuclei

o bonding molecular orbital

o* antibonding molecular orbital

• When two p orbitals of similar phase overlap side-by-side, a o bonding molecular

orbital results.
• When two p orbitals of opposite phase overlap side-by-side, a o* antibonding molecular
orbital results.

A π bonding MO is lower in energy than the two atomic p orbitals from which it is formed
because a stable bonding interaction results when orbitals of similar phase combine. A bonding
interaction holds nuclei together. Similarly, a π* antibonding MO is higher in energy because a
destabilizing node results when orbitals of opposite phase combine. A destabilizing interaction
pushes nuclei apart.
If two atomic p orbitals each have one electron and then combine to form MOs, the two electrons
will occupy the lower energy π bonding MO, as shown in Figure 17.8.
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Figure 17.8

The antibonding MO is vacant.

Combination of two p orbitals
to form π and π* molecular
orbitals

Energy

π*

p orbital

p orbital

π

Two electrons occupy the bonding MO.

• Two atomic p orbitals combine to form two molecular orbitals. The bonding π MO is lower in
energy than the two p orbitals from which it was formed, and the antibonding π* MO is higher in
energy than the two p orbitals from which it was formed.
• Two electrons fill the lower energy bonding MO first.

17.9B Molecular Orbitals Formed When More Than Two p
Orbitals Combine
The molecular orbital description of benzene is much more complex than the two MOs formed
in Figure 17.8. Because each of the six carbon atoms of benzene has a p orbital, six atomic p
orbitals combine to form six π molecular orbitals, as shown in Figure 17.9. A description of the
exact appearance and energies of these six MOs requires more sophisticated mathematics and

Figure 17.9

no bonding interactions

How the six p orbitals of
benzene overlap to form six
molecular orbitals

highest energy MO
ψ6*

Energy

ψ4*

Antibonding MOs result.

ψ5*

LUMO

LUMO

6 p orbitals
ψ2

ψ3

HOMO

HOMO
ψ1

Bonding MOs result.

lowest energy MO

all bonding interactions

• Depicted in this diagram are the interactions of the six atomic p orbitals of benzene, which form
six molecular orbitals. When orbitals of like phase combine, a bonding interaction results. When
orbitals of opposite phase combine, a destabilizing node results.

17.10 The Inscribed Polygon Method for Predicting Aromaticity
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understanding of MO theory than is presented in this text. Nevertheless, note that the six MOs
are labeled ψ1–ψ6, with ψ1 being the lowest in energy and ψ6 the highest.
The most important features of the six benzene MOs are as follows:
• The larger the number of bonding interactions, the lower in energy the MO. The low•
•

•
•
•

est energy molecular orbital (ψ1) has all bonding interactions between the p orbitals.
The larger the number of nodes, the higher in energy the MO. The highest energy MO
(ψ6*) has all nodes between the p orbitals.
Three MOs are lower in energy than the starting p orbitals, making them bonding MOs (ψ1,
ψ2, ψ3), whereas three MOs are higher in energy than the starting p orbitals, making them
antibonding MOs (ψ4*, ψ5*, ψ6*).
The two pairs of MOs (ψ2 and ψ3; ψ4* and ψ5*) with the same energy are called degenerate orbitals.
The highest energy orbital that contains electrons is called the highest occupied molecular orbital (HOMO). For benzene, the degenerate orbitals ψ2 and ψ3 are the HOMOs.
The lowest energy orbital that does not contain electrons is called the lowest unoccupied molecular orbital (LUMO). For benzene, the degenerate orbitals ψ4* and ψ5* are the
LUMOs.

To fill the MOs, the six electrons are added, two to an orbital, beginning with the lowest energy
orbital. As a result, the six electrons completely fill the bonding MOs, leaving the antibonding
MOs empty. This is what gives benzene and other aromatic compounds their special stability and
this is why six π electrons satisfies Hückel’s 4n + 2 rule.
• All bonding MOs (and HOMOs) are completely ﬁlled in aromatic compounds. No o

electrons occupy antibonding MOs.

17.10
An inscribed polygon is also
called a Frost circle.

The Inscribed Polygon Method for Predicting Aromaticity
To predict whether a compound has π electrons completely filling bonding MOs, we must know
how many bonding molecular orbitals and how many π electrons it has. It is possible to predict
the relative energies of cyclic, completely conjugated compounds, without sophisticated math
(or knowing what the resulting MOs look like) by using the inscribed polygon method.

HOW TO Use the Inscribed Polygon Method to Determine the Relative Energies of MOs for Cyclic,
Completely Conjugated Compounds
Example Plot the relative energies of the MOs of benzene
Step [1] Draw the polygon in question inside a circle with its vertices touching the circle and one of the vertices pointing
down. Mark the points at which the polygon intersects the circle.
• Inscribe a hexagon inside a circle for benzene. The six vertices of the hexagon form six points of intersection,
corresponding to the six MOs of benzene. The pattern—a single MO having the lowest energy, two degenerate pairs of
MOs, and a single highest energy MO—matches that found in Figure 17.9.
1 MO highest in energy
2 MOs of equal energy
(degenerate MOs)

1 MO lowest in energy

2 MOs of equal energy
(degenerate MOs)

Step [2] Draw a line horizontally through the center of the circle and label MOs as bonding, nonbonding, or antibonding.
• MOs below this line are bonding, and lower in energy than the p orbitals from which they were formed. Benzene has
three bonding MOs.
—Continued
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HOW TO, continued . . .
• MOs at this line are nonbonding, and equal in energy to the p orbitals from which they were formed. Benzene has no
nonbonding MOs.
• MOs above this line are antibonding, and higher in energy than the p orbitals from which they were formed. Benzene
has three antibonding MOs.

Step [3] Add the electrons, beginning with the lowest energy MO.
• All the bonding MOs (and the HOMOs) are completely ﬁlled in aromatic compounds. No o electrons occupy
antibonding MOs.
• Benzene is aromatic because it has six π electrons that completely fill the bonding MOs.
ψ6*
antibonding MOs
ψ4*

ψ5*

ψ2

ψ3

No electrons occupy
antibonding orbitals.
All bonding MOs are filled.

bonding MOs

ψ1

Benzene is aromatic.

This method works for all monocyclic, completely conjugated hydrocarbons regardless of ring
size. Figure 17.10 illustrates MOs for completely conjugated five- and seven-membered rings
using this method. The total number of MOs always equals the number of vertices of the polygon. Because both systems have three bonding MOs, each needs six π electrons to fully occupy
them, making the cyclopentadienyl anion and the tropylium cation aromatic, as we learned in
Section 17.8D.
The inscribed polygon method is consistent with Hückel’s 4n + 2 rule; that is, there is always
one lowest energy bonding MO that can hold two π electrons and the other bonding MOs come
in degenerate pairs that can hold a total of four π electrons. For the compound to be aromatic,
these MOs must be completely filled with electrons, so the “magic numbers” for aromaticity fit
Hückel’s 4n + 2 rule (Figure 17.11).

Figure 17.10

Five-membered ring

Using the inscribed polygon
method for five- and sevenmembered rings

Seven-membered ring

Always draw the polygon with a vertex pointing down:

three bonding MOs

three bonding MOs

• Both systems have three bonding MOs.
• Both systems need six o electrons to be aromatic.

–

+

6 o electrons
cyclopentadienyl anion

6 o electrons
tropylium cation

17.10 The Inscribed Polygon Method for Predicting Aromaticity

Figure 17.11
MO patterns for cyclic,
completely conjugated
systems

Possible patterns for
bonding molecular orbitals

Hückel’s rule

Sample Problem 17.1
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2 electrons

2+4=
6 electrons

2+4+4=
10 electrons

2+4+4+4=
14 electrons

4(0) + 2

4(1) + 2

4(2) + 2

4(3) + 2

Use the inscribed polygon method to show why cyclobutadiene is not aromatic.

cyclobutadiene
4 π electrons

Solution
Cyclobutadiene has four MOs (formed from its four p orbitals), to which its four π electrons must be
added.
Step [1]

Inscribe a square with a vertex down and mark its four points of intersection with the
circle.

• The four points of intersection correspond to the four MOs of cyclobutadiene.
Steps [2] and [3]

Draw a line through the center of the circle, label the MOs, and add the electrons.
antibonding MO
two electrons in
nonbonding MOs

nonbonding MOs
bonding MO

• Cyclobutadiene has four MOs—one bonding, two nonbonding, and one antibonding.
• Adding cyclobutadiene’s four π electrons to these orbitals places two in the lowest energy
bonding MO and one each in the two nonbonding MOs.
• Separating electrons in two degenerate MOs keeps like charges farther away from each other.
Conclusion: Cyclobutadiene is not aromatic because its HOMOs, two degenerate nonbonding MOs,
are not completely filled.

The procedure followed in Sample Problem 17.1 also illustrates why cyclobutadiene is antiaromatic. Having the two unpaired electrons in nonbonding MOs suggests that cyclobutadiene
should be a highly unstable diradical. In fact, antiaromatic compounds resemble cyclobutadiene
because their HOMOs contain two unpaired electrons, making them especially unstable.

Problem 17.23

Use the inscribed polygon method to show why the following cation is aromatic:
+

Problem 17.24

Use the inscribed polygon method to show why the cyclopentadienyl cation and radical are not
aromatic.

632

Chapter 17

Benzene and Aromatic Compounds

17.11 Buckminsterfullerene—Is It Aromatic?
The two most common elemental forms of carbon are diamond and graphite. Diamond, one of
the hardest substances known, is used for industrial cutting tools, whereas graphite, a slippery
black substance, is used as a lubricant. Their physical characteristics are so different because
their molecular structures are very different.
The structure of diamond consists of a continuous tetrahedral network of sp3 hybridized carbon
atoms, thus creating an infinite array of chair cyclohexane rings (without the hydrogen atoms).
The structure of graphite, on the other hand, consists of parallel sheets of sp2 hybridized carbon
atoms, thus creating an infinite array of benzene rings. The parallel sheets are then held together
by weak intermolecular interactions.
Three sheets of graphite,
viewed edge-on

diamond
an “infinite” array of six-membered rings,
covalently bonded in three dimensions

graphite
an “infinite” array of benzene rings,
covalently bonded in two dimensions

Graphite exists in planar sheets
of benzene rings, held together
by weak intermolecular forces.

Buckminsterfullerene (C60) is a third elemental form of carbon. Its structure consists of 20 hexagons and 12 pentagons of sp2 hybridized carbon atoms joined in a spherical arrangement. It is
completely conjugated because each carbon atom has a p orbital with an electron in it.

Buckminsterfullerene (or
buckyball) was discovered by
Smalley, Curl, and Kroto, who
shared the 1996 Nobel Prize
in Chemistry for their work. Its
unusual name stems from its
shape, which resembles the
geodesic dome invented by R.
Buckminster Fuller. The pattern
of five- and six-membered rings
also resembles the pattern of
rings on a soccer ball.

Problem 17.25

Diamond and graphite are two
elemental forms of carbon.

buckminsterfullerene, C60
20 hexagons + 12 pentagons
of carbon atoms joined together
The 60 C’s of buckminsterfullerene are drawn. Each C also
contains a p orbital with one electron, which is not drawn.

Is C60 aromatic? Although it is completely conjugated, it is not planar. Because of its curvature,
it is not as stable as benzene. In fact, it undergoes addition reactions with electrophiles in much
the same way as ordinary alkenes. Benzene, on the other hand, undergoes substitution reactions
with electrophiles, which preserves the unusually stable benzene ring intact. These reactions are
the subject of Chapter 18.
How many 13C NMR signals does C60 exhibit?

Problems
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Comparing Aromatic, Antiaromatic, and Nonaromatic Compounds (17.7)
• Aromatic compound

•
•

• Antiaromatic compound

•
•

• Nonaromatic compound

•

A cyclic, planar, completely conjugated compound that contains 4n + 2 π electrons
(n = 0, 1, 2, 3, and so forth).
An aromatic compound is more stable than a similar acyclic compound having the
same number of π electrons.
A cyclic, planar, completely conjugated compound that contains 4n π electrons
(n = 0, 1, 2, 3, and so forth).
An antiaromatic compound is less stable than a similar acyclic compound having the
same number of π electrons.
A compound that lacks one (or more) of the four requirements to be aromatic or
antiaromatic.

Properties of Aromatic Compounds
•
•
•
•
•

Every atom in the ring has a p orbital to delocalize electron density (17.2).
They are unusually stable. ∆H° for hydrogenation is much less than expected, given the number of degrees of unsaturation (17.6).
They do not undergo the usual addition reactions of alkenes (17.6).
1
H NMR spectra show highly deshielded protons because of ring currents that reinforce the applied magnetic field (17.4).
All bonding MOs and HOMOs are completely filled and no electrons occupy antibonding orbitals (17.9).

Examples of Aromatic Compounds with Six o Electrons (17.8)

benzene

N

N
H

pyridine

pyrrole

+

cyclopentadienyl
anion

tropylium
cation

Examples of Compounds That Are Not Aromatic (17.8)

not cyclic

not planar

not completely
conjugated

PROBLEMS
Benzene Structure and Nomenclature
17.26 Early structural studies on benzene had to explain the following experimental evidence. When benzene was treated with Br2
(plus a Lewis acid), a single substitution product of molecular formula C6H5Br was formed. When this product was treated with
another equivalent of Br2, three different compounds of molecular formula C6H4Br2 were formed.
a. Explain why a single Kekulé structure is consistent with the first result, but does not explain the second result.
b. Then explain why a resonance description of benzene is consistent with the results of both reactions.
17.27 Draw all aromatic hydrocarbons that have molecular formula C9H12. Give the IUPAC name for each compound.
17.28 Draw all aromatic hydrocarbons that have molecular formula C8H10. For each compound, determine how many isomers of
molecular formula C8H9Br would be formed if one H atom on the benzene ring were replaced by a Br atom.
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17.29 Give the IUPAC name for each compound.
Br

c. CH3

a.

e.

Cl

CH2CH2CH3

CH3CH2

g.
Br
CH(CH3)2

NH2
OH
NH2

Cl

b.

NO2

d.

f.

Br

h.
Ph

O2N

Cl
CH2CH3

17.30 Draw a structure corresponding to each name.
a. p-dichlorobenzene
b. m-chlorophenol
c. p-iodoaniline
d. o-bromonitrobenzene

e.
f.
g.
h.

2,6-dimethoxytoluene
2-phenyl-1-butene
2-phenyl-2-propen-1-ol
trans-1-benzyl-3-phenylcyclopentane

17.31 a. Draw the 14 constitutional isomers of molecular formula C8H9Cl that contain a benzene ring.
b. Name all compounds that contain a trisubstituted benzene ring.
c. For which compound(s) are stereoisomers possible? Draw all possible stereoisomers.

Aromaticity
17.32 How many π electrons are contained in each molecule?
+

a.

b.

c.

d.

e.
+

17.33 Which compounds are aromatic? For any compound that is not aromatic, state why this is so.

a.

c.

b.

d.

e.

+

f.

17.34 Which of the following heterocycles are aromatic?
O

S

a.

c.

e.

g.

N

O

b.

d.

f.

O

H
N

O

N

N

N

N

h.

+

N

17.35 Label each compound as aromatic, antiaromatic, or not aromatic. Assume all completely conjugated rings are planar.
O

a.

b.

+

c.

–

d.
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17.36 Hydrocarbon A possesses a significant dipole, even though it is composed of only C – C and C – H bonds. Explain why the
dipole arises and use resonance structures to illustrate the direction of the dipole. Which ring is more electron rich?

A

17.37 Pentalene, azulene, and heptalene are conjugated hydrocarbons that do not contain a benzene ring. Which hydrocarbons are
especially stable or unstable based on the number of π electrons they contain? Explain your choices.

pentalene

azulene

heptalene

17.38 Rank the indicated C – C bonds in order of increasing bond length, and explain why you chose this order.
a

c
d

b

17.39 The purine heterocycle occurs commonly in the structure of DNA.
a. How is each N atom hybridized?
N
N
b. In what type of orbital does each lone pair on a N atom reside?
c. How many π electrons does purine contain?
N
N
d. Why is purine aromatic?
H
purine

a. How many π electrons does C contain?
b. How many π electrons are delocalized in the ring?
c. Explain why C is aromatic.

17.40

C

17.41 Explain the observed rate of reactivity of the following 2° alkyl halides in an SN1 reaction.
Cl

Cl

Cl

Increasing reactivity

17.42 Draw a stepwise mechanism for the following reaction.
D
D

[1] NaH

D

[2] H2O

D
D

+

+

+

H D

+

NaOH

17.43 Explain why α-pyrone reacts with Br2 to yield a substitution product (like benzene does), rather than an addition product to one
– C bonds.
of its C –

O

O
α-pyrone
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Resonance
17.44 Draw additional resonance structures for each species.

a.

b.
cyclopropenyl radical

c.

N
H
pyrrole

phenanthrene

17.45 The carbon–carbon bond lengths in naphthalene are not equal. Use a resonance argument to explain why bond (a) is shorter
than bond (b).
bond (a) 136 pm
bond (b) 142 pm

17.46
N
H

O

pyrrole

furan

a. Draw all reasonable resonance structures for pyrrole and explain why pyrrole is less resonance
stabilized than benzene.
b. Draw all reasonable resonance structures for furan and explain why furan is less resonance
stabilized than pyrrole.

Acidity
17.47 Which compound in each pair is the stronger acid?
a.

b.

or

or

17.48 Treatment of indene with NaNH2 forms its conjugate base in a Brønsted–Lowry acid–base reaction. Draw all reasonable
resonance structures for indene’s conjugate base, and explain why the pKa of indene is lower than the pKa of most
hydrocarbons.

+

+ NH3

NaNH2
–

Na+

indene
pKa = 20

17.49 Considering both 5-methyl-1,3-cyclopentadiene (A) and 7-methyl-1,3,5-cycloheptatriene (B), which labeled H atom is most
acidic? Which labeled H atom is least acidic? Explain your choices.
Ha
Hc
Hb
CH3

CH3
Hd

A

B

17.50 Draw the conjugate bases of pyrrole and cyclopentadiene. Explain why the sp3 hybridized C – H bond of cyclopentadiene is
more acidic than the N – H bond of pyrrole.
17.51 a. Explain why protonation of pyrrole occurs at C2 to form A, rather than on the N atom to form B.
b. Explain why A is more acidic than C, the conjugate acid of pyridine.
HH
N

C2
+

H

N

H

H

+N

+N

H
pyrrole

pKa = 0.4
A

pKa = 5.2
B

C

H
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Inscribed Polygon Method
17.52 Use the inscribed polygon method to show the pattern of molecular orbitals in cyclooctatetraene.
–

2K

(one resonance structure) + 2 K+
–

cyclooctatetraene

dianion of
cyclooctatetraene

a. Label the MOs as bonding, antibonding, or nonbonding.
b. Indicate the arrangement of electrons in these orbitals for cyclooctatetraene, and explain why cyclooctatetraene is not
aromatic.
c. Treatment of cyclooctatetraene with potassium forms a dianion. How many π electrons does this dianion contain?
d. How are the π electrons in this dianion arranged in the molecular orbitals?
e. Classify the dianion of cyclooctatetraene as aromatic, antiaromatic, or not aromatic, and explain why this is so.
17.53 Use the inscribed polygon method to show the pattern of molecular orbitals in 1,3,5,7-cyclononatetraene and use it to label its
cation, radical, and anion as aromatic, antiaromatic, or not aromatic.
–

+

cyclononatetraenyl
cation

cyclononatetraenyl
radical

cyclononatetraenyl
anion

Spectroscopy
17.54 How many 13C NMR signals does each compound exhibit?
CH3

CH3

a.

b.

c.

d.

CH2CH3

17.55 Which of the diethylbenzene isomers (ortho, meta, or para) corresponds to each set of 13C NMR spectral data?
[A] 13C NMR signals: 16, 29, 125, 127.5, 128.4, and 144 ppm
[B] 13C NMR signals: 15, 26, 126, 128, and 142 ppm
[C] 13C NMR signals: 16, 29, 128, and 141 ppm
17.56 Propose a structure consistent with each set of data.
a. C10H14:

IR absorptions at 3150–2850, 1600, and 1500 cm–1
1H

6H

NMR spectrum
3H

1H

4H

8

7

6

5

4
ppm

3

2

1

0
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C NMR signals at 21, 127, and 138 ppm
1H

NMR spectrum

9H

3H

8

7

6

5

4

3

2

1

0

1

0

ppm

c. C8H10:

IR absorptions at 3108–2875, 1606, and 1496 cm–1
1

3H

H NMR spectrum

5H

8

2H

7

6

5

4

3

2

ppm

17.57 Propose a structure consistent with each set of data.
a. Compound A:
Molecular formula: C8H10O
IR absorption at 3150–2850 cm–1
1
H NMR data: 1.4 (triplet, 3 H), 3.95 (quartet, 2 H), and 6.8–7.3 (multiplet, 5 H) ppm
b. Compound B:
Molecular formula: C9H10O2
IR absorption at 1669 cm–1
1
H NMR data: 2.5 (singlet, 3 H), 3.8 (singlet, 3 H), 6.9 (doublet, 2 H), and 7.9 (doublet, 2 H) ppm
17.58 Thymol (molecular formula C10H14O) is the major component of the oil of thyme. Thymol shows IR absorptions at 3500–3200,
3150–2850, 1621, and 1585 cm–1. The 1H NMR spectrum of thymol is given below. Propose a possible structure for thymol.
6H

1

H NMR spectrum
3H
1H
3H

1H

9

8

7

6

5

4
ppm

3

2

1

0
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17.59 [7]-Paracyclophane is an unusual aromatic compound with a bridge connecting two para carbons. Explain why the labeled
protons absorb in different regions of the 1H NMR spectrum, even though both are bonded to sp3 hybridized C atoms.
HH
2.84 ppm

H

–0.6 ppm
(upfield from TMS)
H
[7]-paracyclophane

17.60 You have a sample of a compound of molecular formula C11H15NO2, which has a benzene ring substituted by two groups,
(CH3)2N – and – CO2CH2CH3, and exhibits the given 13C NMR. What disubstituted benzene isomer corresponds to these
13
C data?

200

180

160

140

120

100
ppm

80

60

40

20

0

General Problems
17.61 Answer the following questions about curcumin, a yellow pigment isolated from turmeric, a tropical perennial in the ginger
family and a principal ingredient in curry powder.
O

HO
OCH3

H

O

curcumin

OH
OCH3

– C, are unstable and
a. In Chapter 11 we learned that most enols, compounds that contain a hydroxy group bonded to a C –
tautomerize to carbonyl groups. Draw the keto form of the enol of curcumin, and explain why the enol is more stable than
many other enols.
b. Explain why the enol O – H proton is more acidic than an alcohol O – H proton.
c. Why is curcumin colored?
d. Explain why curcumin is an antioxidant.
17.62 Stanozolol is an anabolic steroid that promotes muscle growth. Although stanozolol has been used by athletes and body
builders, many physical and psychological problems result from prolonged use and it is banned in competitive sports.
OH
H
N

H
N
H

H
stanozolol

H

a.
b.
c.
d.

Explain why the nitrogen heterocycle—a pyrazole ring—is aromatic.
In what type of orbital is the lone pair on each N atom contained?
Draw all reasonable resonance structures for stanozolol.
Explain why the pKa of the N – H bond in the pyrazole ring is comparable to the pKa of the
O – H bond, making it considerably more acidic than amines such as CH3NH2 (pKa = 40).
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Challenge Problems
17.63 Explain why compound A is much more stable than compound B.
O
O

A

B

17.64 (R)-Carvone, the major component of the oil of spearmint, undergoes acid-catalyzed isomerization to carvacrol, a major
component of the oil of thyme. Draw a stepwise mechanism and explain why this isomerization occurs.
O

OH
H2SO4

(R)-carvone

carvacrol

17.65 Explain why triphenylene resembles benzene in that it does not undergo addition reactions with Br2, but phenanthrene reacts
with Br2 to yield the addition product drawn. (Hint: Draw resonance structures for both triphenylene and phenanthrene, and use
them to determine how delocalized each π bond is.)

Br2
Br
Br
triphenylene

phenanthrene

17.66 Although benzene itself absorbs at 128 ppm in its 13C NMR spectrum, the carbons of substituted benzenes absorb either
upfield or downfield from this value depending on the substituent. Explain the observed values for the carbon ortho to the given
substituent in the monosubstituted benzene derivatives X and Y.
N(CH3)2

X

113 ppm

CHO

Y

130 ppm

