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Chemistry 204: Benzene and Aromaticity

Structure of and Bonding in Benzene

• benzene, C6H6, was first isolated in 1825 (Michael Faraday), but it was not until more than 100 years
later that an adequate structure was formulated.

Benzene has a number of unusual properties.

a) the C-C bonds are all equal in length

b) benzene undergoes substitution instead of addition

c) the heat of hydrogenation of benzene is much lower than expected

Benzene is ~36 kcal/mol (~150 kJ/mol) more stable than expected!

All of these characteristics can be rationalized on the basis of resonance stabilization of benzene. The
36 kcal/mol “extra stability” of benzene is called the resonance energy of benzene.
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A More Complex Picture: Molecular Orbital Theory

Aromaticity. The Hückel 4n+2 Rule

Compounds such as benzene that are stabilized by resonance are said to have aromatic character or
to exhibit aromaticity. Such compounds obey the Hückel rule.

Hückel rule: continuous, closed, planar rings of conjugated atoms display unusual stability if the
number of π electrons in the conjugated loops is 4n+2, where n=0,1,2…etc.
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Nomenclature

X

a) monosubstituted
-name the substituent and add "benzene"

X=Br, bromobenzene
X=NO2, nitrobenzene
X=CH2CH3, ethylbenzene

X

Some special names:

X=CHO, benzaldehyde
X=CH3, toluene
X=OH, phenol
X=NH2, aniline
X=OCH3, anisole
X=CH=CH2, styrene

X=                     , acetophenone

X=CO2H, benzoic acid
X=CN, benzonitrile
X=SO3H, benzenesulfonic acid

C
O

CH3

b) disubstituted

-use the prefixes:

o = ortho  (1,2 substituted)
m = meta (1,3 substituted)
p = para  (1,4 substituted)

Br OH

CH2CH3

Br
F

NO2

Cl

CO2H
o-dibromobenzene m-ethylphenol

p-fluoronitrobenzene
m-chlorobenzoic acid

c) more than two substituents

-number the ring, using lowest possible numbers

NO2

BrCl
3-bromo-5-chloronitrobenzene

I

Br
4-bromo-2-ethyliodobenzene

OH
Cl

NO2

CH3
NO2O2N

NO2

2-chloro-4-nitrophenol 2,4,6-trinitrotoluene (TNT)

1
2

3
4

5
6

Phenols: Acidity



Chem 204-benzene chemistry-Dake

Formation of Aryl-Alkyl Ethers

Reactions at the Benzylic Position

Oxidation of Alkyl-Substituted Benzenes

The aromatic benzene ring is usually stable to the strong oxidizing agents KMnO4 and H2CrO4.
However, these reagents will oxidize alkyl groups attached to the benzene ring to the –CO2H group
• a useful method to prepare benzoic acid derivatives

Bromination of Alkylbenzene Side Chains

free radical mechanism:
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Reactions of Benzene and Its Derivatives

Electrophilic Aromatic Substitution

The typical reaction of benzene is electrophilic aromatic substitution. The benzene ring serves as a
source of electrons, and in the rate determining (slowest) step of the reaction, attacks an electrophile.

Some common electrophilic aromatic substitutions:

a) nitration

b) halogenation

c) sulfonation

d) Friedel-Crafts alkylation

e) Friedel-Crafts acylation
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Mechanism of Electrophilic Aromatic Substitution

• consists of two steps
a) slow, rate determining attack of the electrons of the benzene ring on an electrophile (Y+) to form a
resonance-stabilized carbocation
b) abstraction, in a faster step, of a proton (H+) from this carbocation by a base to reform the aromatic
system

What are the specific electrophiles for the substitution reactions?

a) nitration:

b) halogenation:

c) sulfonation:

d) Friedel-Crafts alkylation

e) Friedel-Crafts acylation:

On the basis of this mechanism, it is also possible to rationalize the rearrangement that often
accompanies the Friedel-Crafts alkylation.
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mechanism:

Similarly,

In Friedel-Crafts acylations, rearrangement does not occur.

Effect of Substituents on Further Substitution

If one carries out electrophilic substitution on a monosubstituted benzene, it is found that the functional
group affects further substitution in two ways.

G affects further substitution in terms of:

a) reactivity of the aromatic ring

• G that increase rate of further substitution are called activating groups

• G that decrease rate of further substitution are called deactivating groups

b) orientation of substitution

• G that cause predominant attack at o,p positions called o,p-directors

• G that cause predominant attack at m-positions called m-directors (m-allowers)

Classification of Substituent Groups

1) Activating, ortho, para Directors

a) strongly activating:       -NH2, -NHR, -NR2, -OH

b) moderately activating      -OR (e.g. OCH3), -NHCOCH3 (acetamido)

c) weakly activating         -CH3( -R), C6H5-
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2) Deactivating, ortho, para Directors

-F, -Cl, -Br, -I

3) Deactivating meta Directors (Allowers)

-NO2, -CN, -CO2H (-CO2R), -COCH3 (-COR), -SO3H, -NR3+

examples:
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How can substituent effects be rationalized in terms of the reaction mechanism?

Reactivity

If G is an electron-donating group, it stabilizes the developing positive charge on the ring. This
stabilizes the transition state and consequently increases the rate of reaction.

G=

-these groups are all electron-donating and stabilize the transition state and thus activate the ring
towards substitution

If G is electron-withdrawing, it destabilizes the transition state, and thus decreases the rate of
substitution.

G=

-these groups are electron-withdrawing, deactivating groups
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Orientation

The effect of any group, whether activating or deactivating, is strongest at the ortho, para positions.

toluene (-CH3, activating o,p director)
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nitrobenzene (deactivating meta allower)

Same as other electron-withdrawing groups:

Electron release via resonance

Why do groups such as –NH2, -NH-CO-CH3, OH etc. act as powerful activators and ortho, para
directors even though they contain electronegative atoms and have electron-withdrawing inductive
effects?

These groups can donate electrons via resonance.

anisole:

Similar with –OH, NH2 (NHR, NR2), -NH-COCH3
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Aryl halides are both inductively electron-withdrawing (the halogens are electronegative elements), but
they also possess lone pairs that can contribute through resonance to stabilize the transition state of
the reaction.

Electrophilic Aromatic Substitution of Aniline and Acetanilide

Aniline is a Lewis base and therefore certain substitutions fail (or give unpredictable results).

Both of these problems can be overcome by transforming aniline into acetanilide.
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Issues with Friedel-Crafts reactions:

a) the monosubstitution problem with alkylation

b) the reactivity problem

A solution to the overalkylation problem uses Friedel-Crafts acylation:

We have already seen that carbocation rearrangement can be a problem in Friedel Crafts alkylation
reactions.
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Orientation of Disubstituted Benzenes

The presence of two substituents on the benzene ring makes the problem of orientation of further
substitution somewhat more complicated.

a) two groups whose directing effects reinforce one another

b) when two groups oppose one another, strongly activating groups “win out” over weakly activating or
deactivating groups

examples:



Chem 204-benzene chemistry-Dake

Problems in Aromatic Molecule Synthesis


