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Introduction to Aromaticity

Reading from Vollhardt and Schore
¥ Sections 15-1, 15-2, and 15-6

Suggested Text Exercises from Vollhardt and Schore
¥ Chapter 15: 12, 15, 18, 19, 39, 64

Lecture Supplement
¥ Introduction to Aromaticity (Lecture Supplement pages 44Ð55)

Concept Focus Questions

1. In 1825, Michael Faraday isolated a pleasantly aromatic liquid from illuminating gas.
Analysis suggested a molecular formula of C6H6. Draw and name five isomeric
structures for this compound, including the correct structure.

2. Treatment of Dewar benzene with sulfuric acid affords KekulŽ benzene. What are
two important driving forces for this reaction?

3. Explain how each of the following empirical observations suggest that benzene is not
an alkene.
(a) Benzene does not react with Br2.
(b) The x-ray crystal structure of benzene shows all the CÐC bonds to be equal in

length.
(c) The heat of hydrogenation of benzene is 36 kcal mol-1 less than three times the

heat of hydrogenation of cyclohexene.

4. Discuss the resonance model predictions for the structure of benzene.

5. 1,3-Cyclobutadiene has the same 1:1 carbon to hydrogen ratio as benzene, yet unlike
benzene it is very reactive. Explain.

6. 1,3,5,7-Cyclooctatetraene has the same 1:1 carbon to hydrogen ratio as benzene, yet
unlike benzene it reacts like a normal alkene. Explain.

7. Define aromaticity.

8. List four structural features necessary for a molecule to be considered aromatic.

9. Classify each structure shown below as aromatic or not aromatic. Explain.

O

Benzene 1,3,5-Hexatriene Furan Cyclopentadienyl cation
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Concept Focus Questions Solutions

1. H3C C C C C CH3

Dewar benzene Prismane Fulvene 2,4-Hexadiyne KekulŽ benzene

2. The reaction is driven by the release of a significant level of ring strain (two
cyclobutene rings in Dewar benzene) and the formation of an aromatic product.

3. (a) A normal alkene such as ethylene (H2C=CH2) reacts readily with Br2 to form the
addition product 1,2-dibromoethane (BrCH2CH2Br). Because benzene is inert to
Br2, benzene cannot be a normal alkene.

(b) If the actual structure of benzene contained alternating single and double bonds
these bonds would also alternate in length. The x-ray crystal structure does not
agree with this prediction, so the CÐC bonds in benzene cannot be simple alkenes.

(c) If benzene were a normal alkene, with three normal C=C bonds, then the heat of
hydrogenation for benzene would be three times the heat of hydrogenation for
cyclohexene. The fact that the heat of hydrogenation for benzene is 36 kcal mol-1

lower than three times the heat of hydrogenation for cyclohexene indicates
benzene is more stable than expected for three cyclohexene-type double bonds.
So, benzene cannot be a normal alkene.

4. The resonance hybrid that best describes the actual structure of benzene is:

C
C

C
C

C

C

H

HH

H

H
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Evaluation of this resonance hybrid suggests the following structural features for
benzene:
¥ All CÐC bonds are equal, and halfway between a CÐC and C=C in length.
¥ All CÐCÐC bond angles are equal, and all HÐCÐC bond angles are equal at 120o.
¥ All CÐH bond lengths are equal.
¥ Each carbon is sp2 hybridized, forming a continuous loop of pi electron density.

5. 1,3-Cyclobutadiene is so much more reactive than benzene because it does not have
the aromatic stability of benzene. Examination of the pi molecular orbital description
of this molecule suggests it is a diradical (a species with two unpaired electrons) and
therefore very reactive.
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The moleculeÕs high ring strain also contributes to its reactivity.

6. 1,3,5,7-Cyclooctatetraene is not planar. (When planar it has special instability called
antiaromaticity.) There is no overlap between pz orbitals on terminal carbons of
adjacent carbon-carbon double bonds. Because these pi bonds cannot share electrons
via resonance, these C=C groups behave as normal, isolated alkenes.

7. Aromaticity: The extra stability possessed by a molecule that meets the criteria given
in the next question.

8. The four predictors for aromaticity are:
¥ The pi bonds of the aromatic system must all lie within a cyclic structure.
¥ Each atom in the cycle must have a p orbital, forming a loop of pz orbitals. (Atoms

in the loop are most always sp2.)
¥ All pz orbitals in the loop must overlap. This means atoms forming the pz loop

must be planar (or very close to it).
¥ This orbital arrangement must result in a lowering of energy. This occurs when

there are 4n + 2 pi electrons (n is an integer: 0, 1, 2....) in the loop. This
requirement is called HŸckel's Rule.

9. Benzene: All three pi bonds lie within a six-membered ring. Each atom of this ring is
sp2, forming a continuous overlapping loop of pz orbitals. Torsional strain does not
prevent this molecule from being planar. It has six pi electrons (4n + 2 = 6; n = 1; the
most common case). Therefore benzene is predicted to be aromatic.

1,3,5-Hexatriene: This molecule does not have a closed loop of pz orbitals, so it
cannot be aromatic.

Furan: The oxygen must be sp2 hybridized to contribute a pz orbital, and so that the
ring may be flat. Then we see that furan meets all the requirements for aromaticity,
including six pi electrons. The second lone pair on oxygen is in an sp2 orbital,
perpendicular to the !  electron cloud. This lone pair cannot be involved in the pi
electron cloud.

Cyclopentadienyl cation: This carbocation has only four pi electrons, so it cannot be
aromatic.

OWLS Problems

1. List at least two significant similarities and at least two significant differences
between conjugated and aromatic molecules.

2. Label each molecule as aromatic or not aromatic. If not aromatic, briefly explain.
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(a) (c)
N

H

(e)

NH

NH3

H
O2C

Phenanthrene Pyrrole Tryptophan

(b)

H

H

(d)
O

N (f)

Dewar benzene Oxazole [10]-Annulene
Hint: build a model

3. Draw at least two example molecules in each case. Do not use molecules found
elsewhere on this page.
(a) An aromatic molecule with exactly two C=C bonds and no formal charge;
(b) An aromatic molecule with exactly one C=C bond.

4. The electronic structure of benzene is sometimes called Òan electron bagel.Ó  Make a
sketch that illustrates this, and briefly discuss the origin of the Òelectron bagel.Ó

5. 5-Fluorouracil is a potent anticancer drug that interferes with an enzyme needed for
DNA synthesis.
(a) Draw the resonance contributor for 5-fluorouracil that most strongly resembles

KekulŽ benzene.
(b) Is this benzene-like resonance contributor aromatic?
(c) What is the single most important resonance contributor for 5-fluorouracil?

N

N

O

F

O

H

H

5-Fluorouracil

Practice Problems

1. There are 328 possible structures for the formula C6H6. Draw at least three that are
not shown in the Introduction to Aromaticity Lecture Supplement.
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2. We might view aromaticity as a form of Òsuper conjugation.Ó With this in mind,
answer these questions.
(a) Are all conjugated molecules aromatic?
(b) Are all aromatic molecules conjugated?

3. (a) Does ring strain prevent aromaticity?
(b) Draw an aromatic molecule that has exactly three carbon atoms and any number

of hydrogen atoms. No other elements may be included.

4. Classify the following as aromatic or not aromatic. Briefly explain your reasoning.

N

OH

N

N

H

CH3

CH3

(a) Pyridine (d) Phenol (g) Dimethylbenzimidazole

NHN

O

HO O

HO

(b) Cyclopentadienyl anion (e) Imidazole (h) Squaric acid

(c) Naphthalene (f) Tropylium cation

5. By adding, subtracting or transmuting (changing into another element) up to three
atoms, redraw the tropylium ion so that it is not aromatic.

6. Is the molecule shown below aromatic or not aromatic? Hint: build a model.

O
N

2+

7. Are the following statements true or false? If false, explain why.
(a) Every aromatic molecule is conjugated, and every conjugated molecule is

aromatic.
(b) Every aromatic molecule has resonance, and every molecule that has resonance is

aromatic.
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8. Cyclohexene and benzene are both six-membered rings containing pi bonds. Catalytic
hydrogenation of cyclohexene occurs readily at room temperature with a low pressure
of hydrogen. Similar reduction of benzene requires heat, high pressure, and a more
reactive catalyst:

H2

Pt/C

H2 (200 atm)
Ni, heat

(a) Offer an explanation for this difference in reactivity.
(b) In one experiment, the hydrogenation of benzene was interrupted before the all the

benzene had reacted. Analysis of the reaction mixture gave the following
composition: benzene 47%, 1,3-cyclohexadiene 2%, cyclohexene 1%, and
cyclohexane 50%. Account for the relative ratios of the three reduction products.

9. (a) Recall from our previous studies of resonance that the resonance contributor
preference rules are based on the hypothetical stability of resonance contributors:
the less stable a resonance contributor is, the less contribution it makes to the
resonance hybrid. Use this concept to write a resonance contributor preference
rule concerning loss of aromaticity.

(b) Draw three more resonance contributors for the benzyl carbocation.

CH2

Benzyl carbocation

(c) Use your new resonance contributor preference rule to rank the relative
importance of the benzyl carbocation resonance contributors.

Practice Problems Solutions

1. As stated in the problem, there are hundreds of possible structures. Any legitimate
Lewis structure of the formula C6H6 is acceptable. Some examples are shown here.

CH

HC C CH2

CH2C

2. (a) All conjugated molecules are not aromatic. It is possible for a molecule to have
three, parallel, contiguous p orbitals but not have a closed loop of p orbitals or the
right number of pi electrons.

(b) The requirement that all aromatic molecules have a closed loop of p orbitals is
sufficient for conjugation, so we conclude that all aromatic molecules are
conjugated.
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3. (a) Aromaticity may be prevented by torsional strain or steric strain, because these
can interfere with p orbital overlap. Ring strain usually does not interfere with p
orbital overlap, and so it usually does not prevent aromaticity.

      (b)

4. Pyridine: Pyridine has 4n + 2 (n = 1) pi electrons, from three double bonds. Like
furan, the nitrogen hybridization is such that the nitrogen lone pair is not in a position
to contribute to the pi electron cloud. This molecule is planar, and has a closed loop
of pz orbitals, so we expect pyridine to be aromatic.

Cyclopentadienyl anion: The cyclopentadienyl anion has 4n + 2 (n = 1) pi electrons:
four from the two C=C and an addition lone pair from the negative charge in a pz

orbital. This ion has a closed loop of pz orbitals and is planar, so we expect this ion to
be aromatic.

Naphthalene: Naphthalene is aromatic because it meets all the requirements: 4n + 2 pi
electrons (n = 2) and a continuous planar loop of pz orbitals.

Phenol: The OH group of phenol is acyclic, so the lone pairs of the oxygen atom
cannot participate in aromaticity. This leaves only a "normal" aromatic benzene
ring, so phenol is therefore aromatic.

Imidazole:  Imidazole has a continuous loop of pz orbitals because both nitrogen
atoms are sp2 hybridized. It has six pi electrons (a HŸckel 4n + 2 number). Four of
these electrons come from the C=C and C=N bonds, and the other two from the lone
pair on the nitrogen bearing the hydrogen. Therefore this molecule is aromatic.

Tropylium cation: Every atom in the ring is sp2 hybridized, so the structure has a
closed loop of p orbitals. The ion has six pi electrons (n = 1). Torsional strain does
not prevent this molecule from being planar. This molecule appears to be aromatic.

Dimethylbenzimidazole: The nitrogen bearing the hydrogen has four attachments
(one hydrogen, two carbons, one lone pair) and thus would normally be sp3 so as to
have the least electron repulsion (the optimal geometry). An sp3 nitrogen cannot
participate in aromaticity because it has no p orbital. If this nitrogen was sp2 there
would be more electron repulsion but the molecule could be aromatic. Aromaticity
usually wins out (unless the torsional strain is severe as in the case of [10]annulene),
so this nitrogen is sp2 and the closed loop of p orbitals requirement is met. The closed
loop contains four double bonds (3 x C=C, 1 x C=N), each of which contributes two
pi electrons, for a total of eight pi electrons. This is not a 4n + 2 number. If the sp2

nitrogen lone pair is in a p orbital it can participate in the pi electron cloud as well.
Three C=C and one C=N (eight pi electrons) plus one lone pair in a p orbital = ten pi
electrons (n = 2). The 4n + 2 requirement is met. This molecule appears to be
aromatic.
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Squaric acid: Each carbon of the four-membered ring is sp2 so the molecule has a
closed pz orbital loop. Torsional strain and steric strain do not appear to be sufficient
to force the molecule out of planarity. The molecule has two pi electrons (from the
C=C) so it meets the 4n+2 pi electron requirement. (Both atoms of each carbonyl
group are not part of the pz orbital loop so the carbonyl pi electrons are not counted
towards the 4n+2 pi electron count.) Therefore we predict that squaric acid is
aromatic.

5. The structure can be varied in many ways so that one or more of the criteria for
aromaticity (previous question) is no longer met. Two examples are shown below.

This molecule (cyclohepatrienyl anion) has eight pi electrons, so it cannot be
aromatic.

The arrow points to a carbon that is sp3. The molecule (1,3,5-cyclohepatriene) does
not have a closed loop of p orbitals and thus cannot be aromatic.

6. When an atom is part of two double bonds such as the oxygen of C=O=N, the double
bonds must be perpendicular. This is because of the limitations on orbital geometry
imposed by hybridization. (Build a model of allene, H2C=C=CH2, to see this.)
Therefore two of these pi electrons can be in the p orbital closed loop, and the other
two lie in the plane of the ring and cannot be in the closed loop. The molecule is
question has only four pi electrons in the closed loop and so it is not aromatic.

7. (a) The statement Òevery aromatic molecule is conjugatedÓ is true because an
aromatic molecule must have at least three adjacent, parallel pz orbitals. However,
the statement Òevery conjugated molecule is aromaticÓ is a false generalization.
For example, the molecule with resonance might be acyclic, a condition which
precludes aromaticity.

(b) The statement Òevery aromatic molecule has resonanceÓ is true because an
aromatic molecule must have at least three adjacent, parallel pz orbitals occupied
by at least two pi electrons. This allow for resonance. However, the statement
Òevery molecule that has resonance is aromaticÓ is a false generalization. For
example, the molecule with resonance might be acyclic, a condition which
precludes aromaticity.
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8. (a) Addition of hydrogen to benzene is energetically expensive, because it disrupts
aromaticity. Thus, hydrogenation of benzene is slower than hydrogenation of
cyclohexene.

(b) The product ratios can be taken as an indication of how quickly steps within the
overall process occur. The low concentrations of cyclohexadiene and cyclohexene
mean that these are reduced quickly. The higher concentration of cyclohexadiene
is expected, as reduction of cyclohexadiene means a loss of conjugation. There is
no such loss for reduction of cyclohexene, so it reacts more rapidly than
cyclohexadiene. Reduction of benzene to cyclohexadiene is the slowest step in the
process, so the greatest amount of benzene remains.

9. (a) Aromaticity is a stabilizing feature, so resonance contributors that are avoidably
nonaromatic are less important than resonance contributors that retain aromaticity.

      (b) CH2 CH2 CH2 CH2

         A                                 B                                  C                                 D

(c) Only contributor A is aromatic, so contributor A makes a greater contribution to
the resonance hybrid than contributors BÐD.


