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Benzene Toluene Xylene Indene —
(bp 80 °C) (bp 111 °C) (bp: ortho, 144 °C; (bp 182°c) E[
meta, 139 °C; para, 138 °C)

= HRZN =] 13 O

Naphthalene Biphenyl Anthracene Phenanthrene
(mp 80 °C) (mp 71 °C) (mp 216 °C) (mp 101 °C)

Figure 15.1 Some aromatic hydrocarbons found in coal tar.
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Table 15.1 Common Names of Some Aromatic Compounds

CHs3

Structure Name Structure Name

CHj3 Toluene CHO Benzaldehyde
U (bp 111 °C) O/ (bp 178 °C)

OH Phenol CO5H Benzoic acid
O/ (mp 43 °C) O/ (mp 122 °C)

NH» Aniline CH3 ortho-Xylene
O/ (bp 184 °C) @ (bp 144 °C)

CHs3
0] Acetophenone H Styrene
g (mp 21 °C) | (bp 145 °C)
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Br

Bromobenzene

A phenyl group

Cl

Cl

ortho-Dichlorobenzene
1,2 disubstituted

NO,

Nitrobenzene

1C|:H3
CHCH»CH,CH,CH,CH3
2 3 4 5 6 7

2-Phenylheptane

2
HgC 3 1 CHg

meta-Dimethylbenzene
(meta-xylene)
1,3 disubstituted

CH,CH,CH3

Propylbenzene

CHp—%-

A benzyl group

Cl

para-Chlorobenzaldehyde
1,4 disubstituted

X CHs
Ortho — «—— Ortho
Meta — «—— Meta
Para
Toluene
OH
3 1
2 2
! 3
CH3 HaC” 3

4-Bromo-1,2-dimethylbenzene

2,5-Dimethylphenol

CH3
Br2
B —
FeBrs
Br

p-Bromotoluene

2,4,6-Trinitrotoluene (TNT)
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150 kJ/mol

(difference)

1,3-Cyclohexadiene e
—356 kJ/mol |
(expected)
Cyclohexene -——- =230 kJ/mol 566 kil
(actual)
—118 kJ/mol

Cyclohexane | = | —————————- v Y ___ o
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(a)

(b)

Figure 15.3 (a) An electrostatic potential map of benzene and (b) an orbital picture. Each of the six carbon
atoms has a p orbital that can overlap equally well with neighboring p orbitals on both sides. As a result, all
C—C bonds are equivalent and benzene must be represented as a hybrid of two resonance forms.

O-C

Alternative representations of benzene.
The “circle” representation must be
used carefully since it doesn’t indicate
the number of 7 electrons in the ring.
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* BAFRKGFERATR=MRAHEANE , b2 ER EMBRERNRK , RERERRRN (OXRBER
IMNENLEN ) , FRZREMARN (AR ER )

H

: Br % /Br
+ Br2 ﬁ) + HBr
y NN

Br

H

Benzene Bromobenzene (Addition product)
(substitution product) not formed
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e Benzene is cyclic and conjugated.

e Benzene is unusually stable, having a heat of hydrogenation 150 kJ/mol
less negative than we might expect for a conjugated cyclic triene.

e Benzene is planar and has the shape of a regular hexagon. All bond
angles are 120°, all carbon atoms are sp2-hybridized, and all
carbon-carbon bond lengths are 139 pm.

e Benzene undergoes substitution reactions that retain the cyclic conjuga-
tion rather than electrophilic addition reactions that would destroy the
conjugation.

e Benzene can be described as a resonance hybrid whose structure is inter-
mediate between two line-bond structures.
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e Cyclobutadiene has four 7 electrons and is antiaromatic. The 7 electrons
are localized in two double bonds rather than delocalized around the
ring, as indicated by an electrostatic potential map.

£
#
» F o

f
I
i

¢

0
= o

Cyclobutadiene

Y
¢
Ly
o

Two double bonds;
four 7 electrons

Cyclobutadiene is highly reactive and shows none of the properties
associated with aromaticity. In fact, it was not even prepared until 1965,
when Rowland Pettit of the University of Texas was able to make it at low
temperature. Even at —78 °C, however, cyclobutadiene is so reactive that
it dimerizes by a Diels—Alder reaction. One molecule behaves as a diene
and the other as a dienophile.
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e Cyclooctatetraene has eight 7 electrons and is not aromatic. The 7 elec-
trons are localized into four double bonds rather than delocalized around
the ring, and the molecule is tub-shaped rather than planar.

Cyclooctatetraene

Four double bonds;
eight 7 electrons
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Problem 15.5

To be aromatic, a molecule must have 4n + 2 7 electrons and must have cyclic conjugation.
1,3,5,7,9-Cyclodecapentaene fulfills one of these criteria but not the other and has resisted
all attempts at synthesis. Explain.
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According to the Hiickel criteria for aromaticity, a molecule must be cyclic,
conjugated (nearly planar with a p orbital on each atom), and have 4n + 2 7
electrons. Nothing in this definition says that the number of 7 electrons must
be the same as the number of atoms in the ring or that the substance must be
neutral. In fact, the numbers can be different and the substance can be an ion.
Thus, both the cyclopentadienyl anion and the cycloheptatrienyl cation are
aromatic even though both are ions and neither contains a six-membered ring.

H
T H | H
— C+
Ho S H See”
\C\ /C/ (/:/ \é:
¢ HT_. , H
/7 N\ /c:c\
H H
H H
Cyclopentadienyl anion Cycloheptatrienyl cation

Six 7 electrons; aromatic ions
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- H
- . _H H __H
o H or or
or Ht
H H H H

1,3-Cyclopentadiene Cyclopentadienyl Cyclopentadienyl Cyclopentadienyl
cation radical anion
(four 7 electrons) (five 7 electrons) (six 7 electrons)

or H
or HT
1,3,5-Cycloheptatriene Cycloheptatrienyl Cycloheptatrienyl Cycloheptatrienyl
cation radical anion
(six 7 electrons) (seven 7 electrons) (eight 7 electrons)

Figure 15.6 The aromatic six-m-electron cyclopentadienyl anion can be formed by removing a
hydrogen ion (H*) from the CH, group of 1,3-cyclopentadiene. Similarly, the aromatic six-m-electron
cycloheptatrienyl cation can be generated by removing a hydride ion (H:™) from the CH, group of
1,3,5-cycloheptatriene.
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(a)
H H H
_ Nat |
NaOH H—4
=@ -
1,3-Cyclo- Cyclopentadienyl
i anion
pentadiene : Aromatic cyclopentadienyl anion
with six 7 electrons
(b)

H H H
+ Br
BI"Z
— + HBr

1,3,5-Cyclo- Cycloheptatrienyl
heptatriene cation

Cycloheptatrienyl cation
six 7 electrons
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Problem 15.6

Draw the five resonance structures of the cyclopentadienyl anion. Are all carbon-carbon
bonds equivalent? How many absorption lines would you expect to see in the 'TH NMR and
13C NMR spectra of the anion?

Problem 15.7

Cyclooctatetraene readily reacts with potassium metal to form the stable cyclooctatetra-
ene dianion, CgHg?~. Why do you suppose this reaction occurs so easily? What geometry
do you expect for the cyclooctatetraene dianion?

2R okt
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4
= 3
H
e 2
N
! Lone pairin
Pyridine (Six 7 electrons)  SP° orbital
4 Lone pairin
3 o
5.~ >N’ sp< orbital
| H
S 2
N
1 Lone pair in
2 E
Pyrimidine (Six 7 electrons) ~ SP* orbital <—Lone pair

(sp?)

Figure 15.8 Pyridine and pyrimidine are nitrogen-containing aromatic heterocycles with r electron arrange-

ments like that of benzene. Both have a lone pair of electrons on nitrogen in an sp? orbital in the plane of the ring.
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Lone pair
in p orbital

I3,

N 1
|
" Delocalized
| :
Pyrrole (Six 7 electrons) ((;;19 pair
Lone pair
3 in p orbital ] '
¥ one pair
4/ RI Lone pair in /(sz)
B ,,)2 sp2 orbital
'|\|1
H
Imidazole (Six 7 electrons)

Delocalized
lone pair
(p)
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Pyrimidine and imidazole rings are particularly important in biological
chemistry. Pyrimidine, for instance, is the parent ring system in cytosine, thy-
mine, and uracil, three of the five heterocyclic amine bases found in nucleic
acids. An aromatic imidazole ring is present in histidine, one of the twenty
amino acids found in proteins.

NH» @) O
H3C _H _H +
| \/L | /L | /L 2 \ T
ITI @) ITI @) ITI @) ITI COy™
H H H H
Cytosine Thymine Uracil Histidine
(in DNA and RNA) (in DNA) (in RNA) (an amino acid)

fErEnE HaBERIZNE BRIEE HRRER
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Worked Example
15.1

Accounting for the Aromaticity of a Heterocycle

Thiophene, a sulfur-containing heterocycle, undergoes typical aromatic substitution
reactions rather than addition reactions. Why is thiophene aromatic?

>

i\ /7 Thiophene
Strategy

Recall the requirements for aromaticity—a planar, cyclic, conjugated molecule with
4n + 2 m electrons—and see how these requirements apply to thiophene.

Solution

Thiophene is the sulfur analog of pyrrole. The sulfur atom is sp2-hybridized and has
a lone pair of electrons in a p orbital perpendicular to the plane of the ring. Sulfur also has
a second lone pair of electrons in the ring plane.

v v | §2bridized
4

Thiophene
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Problem 15.9
Draw an orbital picture of furan to show how the molecule is aromatic.

5

Y\ h /7 Furan
Problem 15.10

Thiamin, or vitamin B;, contains a positively charged five-membered nitrogen-sulfur
heterocycle called a thiazolium ring. Explain why the thiazolium ring is aromatic.

HsC N NH,
Y S
N \J/\/*N/
NS Thiamin
j/)\/\OH
CHs3

~
Thiazolium ring
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P = ]
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Naphthalene Anthracene Benzo[a]pyrene Coronene 7=

M
H
At

i

hY
7

All polycyclic aromatic hydrocarbons can be represented by a number of dif-
ferent resonance forms. Naphthalene, for instance, has three.
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Naphthalene

Br

Bl’z, Fe
—=— + HBr
Heat

Naphthalene 1-Bromonaphthalene (75%)
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Just as there are heterocyclic analogs of benzene, there are also many hetero-
cyclic analogs of naphthalene. Among the most common are quinoline, iso-
quinoline, indole, and purine. Quinoline, isoquinoline, and purine all contain
pyridine-like nitrogens that are part of a double bond and contribute one elec-
tron to the aromatic 7 system. Indole and purine both contain pyrrole-like
nitrogens that contribute two 7 electrons.

5 4 5 4 4 3 6
6 X3 6 X 3 5
A\ 8</ )
7 N2 T =Nz 6 N’
8 1 8 1 7 \
= Tl H H =3
PEE A SN 5] 0% ﬂﬁﬂ@

Quinoline Isoquinoline Indole Purine
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COy™
(e + NH-
VR N
~
N\ a J
~
N N N
\ /
H H
=ity ARIENS
Tryptophan Adenine
(an amino acid) (in DNA and RNA)
H CH=CH,

CH30

0
4 ﬁ
|
/N |\|)\|\1H2
H
5

Guanine
(in DNA and RNA)

=7

Quinine
(an antimalarial agent)
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Problem 15.11
Azulene, a beautiful blue hydrocarbon, is an isomer of naphthalene. Is azulene aromatic?
Draw a second resonance form of azulene in addition to that shown.

Azulene

The blue color of the mushroom &
Lactarius indjgois due to the

Problem 15.12 azulene derivative (7-isopropenyl-4-
How many electrons does each of the four nitrogen atoms in purine contribute to the mectiyazn ey mELLY)

tearate.[3]
aromatic 7 system? stearate
N X
4 I\N
) Purine
NT >N
/

H
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Monosubstituted: 690-710 cm~!  m-Disubstituted: 690-710 cm™!
730-770 cm™! 810-850 cm !
o-Disubstituted: 735-770 cm~1  p-Disubstituted: = 810-840 cm™!

The IR spectrum of toluene in Figure 15.11 shows these characteristic
absorptions.

100

80 —

60 - n

Ao CH3 ' / |
/ Ring Monosubstituted '
20 - ol bonds —— ring C—H

0

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm‘1 )

Figure 15.11 The infrared spectrum of toluene.
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Ultraviolet Spectroscopy

Aromatic rings are detectable by ultraviolet spectroscopy because they con-
tain a conjugated = electron system. In general, aromatic compounds show
a series of bands, with a fairly intense absorption near 205 nm and a less
intense absorption in the 255 to 275 nm range. The presence of these bands
in the ultraviolet spectrum of a molecule is a sure indication of an aromatic
ring.
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Circulating 7
electrons (ring current)

¥y

\ Proton deshielded by
/'n/induced field
! |

[
/ ;\Induced magnetic
/ field because of
’ff ring current

Applied magnetic field
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[18]Annulene

Inside H: —=3.0 &
Qutside H: 9.3 6
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Intensity —»

FENE Y EE D T

Chem. Rel.
shift area
2.26 1.50
7.04 1.00
7.37 1.00
CHj
TMS
Br l
8
| | | | | | | | |
10 9 7 6 5 4 3 2 1 0 ppm
Chemical shift (6)
i
133.8 133.7
137.7 213
\ l 128.1
CHs Cl
128.4 126.0
125.6 129.3 125.4 127.6
128.5 128.4
Toluene Chlorobenzene Naphthalene

Benzene
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