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9.1 What Is the Structure of Benzene?

9.2 What Is Aromaticity?

9.3 How Are Benzene Compounds Named, and What Are Their Physical
Properties?

9.4 What Is the Benzylic Position, and How Does It Contribute to Benzene
Reactivity?

9.5 What Is Electrophilic Aromatic Substitution?

9.6 What Is the Mechanism of Electrophilic Aromatic Substitution?

9.7 How Do Existing Substituents on Benzene Affect Electrophilic Aromatic
Substitution?

9.8 What Are Phenols?
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9.1 What Is the Structure of Benzene?

A. Kekulé’s Model of Benzene

Kekulé incorrectly believed that the double
bonds of benzene rapidly shift back and forth

H L|r3 H
H
A Kekulé structure, Kekulé structures

showing all atoms as line-angle formulas
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B. The orbital overlap Model of Benzene

H 120° /H 9
1 20) C C /j'p -Sﬁh
. 120° X _
H C\ /C (H
1.09 A—— /CTC sp?-1s
39 A

(a) (b)



x 7 Ja PATYE T =
(@) 75X &ALV PPIR

XI'’AN JIAOTONG UNIVERSITY SCHOOL OF CHEMISTRY

C. The Resonance Model of Benzene

Benzene as a hybrid of two equivalent
contributing structures

D. The Resonance Energy of Benzene

. AH" = —120 k]J/mol
+ Hy 75— (—28.6 kcal/mol)
w o AH" = —209 kJ/mol
+ 3 HE 200-300 atm (_498 l(CEll,/le)
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Benzene with isolated
double bonds
(hypothetical)
Resonance
energy of
benzene +3 Ho
Benzene __x\_ ______ )
150 1(] /mol compounds lower
. +3 Hgo on the energy scale
% || Cyclohexene (35.8 kcal/mol) &Y
E .l are more stable
Sl TN
+ Ho T
—359 k]/mol  Cyclohexane
_T —209 k] /mol (—85.8 kcal/mol)
~1920 KJ/mol (—49.8 kcal/mol) calculated
(—28.6 kl:al/mc:-l) l l
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Resonance energy Benzene Naphthalene Anthracene Phenanthrene
[k]/mol (kcal/mol) ] 150 (35.8) 255 (60.9) 347 (82.9) 381 (91.0)
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9.2 What Is Aromaticity?

Huckel’s criteria are summarized as follows. To be aromatic, a ring must

1. Have one 2p orbital on each of its atoms.
2. Be planar or nearly planar, so that there is continuous overlap or nearly continuous

overlap of all 2p orbitals of the ring.
3. Have 2, 6, 10, 14, 18, and so forth pi electrons in the cyclic arrangement of 2p orbitals.

(4n+2)

this orbital is perpendicular to
the six 2p orbitals of the pi system

this electron pair is not a part
of the aromatic sextet

Pyridine
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The lone pair on nitrogen gives the
pi system six electrons. Therefore, the
nitrogen should be sp? hybridized.

The lone pair gives the pi system eight
electrons. Therefore, the nitrogen

should not be sp? hybridized.
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this electron pair is in this electron pair is in
a p orbital and is a part a p orbital and is a part

- 9 9
>0
7 N: ' "
) )

Furan this elé(:tron pair
is in an sp” orbital
and is not a part of
the aromatic sextet
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9.3 How Are Benzene Compounds Named, and What Are
Their Physical Properties?

A. Monosubstituted Benzenes (—EUft%)

CHECI‘L} CHZCHQ
Benzene Ethylbenzene Toluene Styrene
mp (°C) 5.5 —05 —03 —31

bp (°C) 80 156 110 145
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XEp xR *HE A HER 7 A ik
O H O OH
OH NHo OCHsg
Phenol Aniline Benzaldehyde Benzoic acid Anisole
mp (°C) 41 —b —26 123 —37

bp (°C) 182 184 178 249 154
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O O O O

Benzene Phenyl group (Ph) Toluene Benzyl group (Bn)
FHE/TE
CH H
N,/
C=C PhCH-CH,OH PhCH QG]
7 N
Ph CH,
(Z)-2-Phenyl-2-butene 2-Phenylethanol Benzyl chloride

TES/ERL
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B. Disubstituted Benzenes

CHj CHoCHj
4-Bromotoluene 3-Chloroaniline 1,3-Dimethylbenzene  1-Chloro-4-ethylbenzene
(p-Bromotoluene)  (m-Chloroaniline) (m-Xylene) (p-Chloroethylbenzene)

ortho (0): Refers to groups occupying positions 1 and 2 on a benzene ring.
Meta (m): Refers to groups occupying positions 1 and 3 on a benzene ring.
Para (p): Refers to groups occupying positions 1 and 4 on a benzene ring.
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C. Polysubstituted Benzenes

CHoCHs

4-Chloro-2-nitrotoluene 2,4,6-Tribromophenol 2-Bromo-1-ethyl-4-
nitrobenzene

A-S-2-THEBRXE 2,4,6- =R EE 2-R-1-ZHE-4-THEXK
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9.4 What Is the Benzylic Position, and How Does It Contribute
to Benzene Reactivity?

CH, COOH
IR S AL - /(I
OsN Cl OsN Cl

2-Chloro-4-nitrotoluene 2-Chloro-4-nitrobenzoic acid
CHsg COOH
HoCrO,
—_—
CHs COOH
m-Xylene 1,3-Benzenedicarboxylic acid

(Isophthalic acid)
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FIMENEL: Foa-HNRER

benzylic carbons + HoCrOy
bonded to at least

one h}rdrogen are

oxidized Ethylbenzene
+ HQCF04
Isopropvlbenzene
benzylic carbons not PTopy
bonded to hvdrogen
are not oxidized
+ HQCF04

tert-Butylbenzene

L

W

COOH

Benzoic acid

No
reaction

+

Cr3+



9.5 What Is Electrophilic Aromatic Substitution? (3Efy3E8 E4t)

Halogenation:

FeCl,
H+Cly, — Cl + HCI

Chlorobenzene

HyS0,
H + HNOq _— NOE + HEO

Nitrobenzene

Nitration:
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Sulfonation:
H + HQSO4 _— @7505}1 + Hgo
Benzenesulfonic acid
Alkylation:
AlCI,
H+ RX —— R + HX
An alkylbenzene
Acylation:
O O
| AlCI,, I
H+ R—C—X — CR + HX
An acyl An acylbenzene

halide
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9.6 What Is the Mechanism of Electrophili
Substitution?

Step 1: Generation of the electrophile.

Reagent(s) — E*

Step 2: Reaction of a nucleophile and an electrophile to form a new covalent bond.

- H H + H
4 E+ slow E E E
+ +

(the nucleophile) Resonance-stabilized cation intermediate
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Step 3: Take a proton away. Proton transfer to a base to regenerate the aromatic ring:

H
(—\ 5
E fast

+ :Base —— + Base-H
+

A. Chlorination and Bromination

Step 1: the electrophile
Cl Cl

. | etk oo |
:(l—Ci: /\Fe—u = dpd-r—a = :Q]+=Q]—]|5‘ﬁ_—Cl

GI Cl Cl

A molecular complex with
a positive charge on chlorine
and a negative charge on iron

Chlorine Ferric chloride
(a Lewis base) (a Lewis acid)

An ion pair containing
a chloronium ion



.f% ﬁx‘ﬁid.“.ﬂ“ﬁ

XIAN JIAOTONG UNIVERSITY SCHOOL OF CHEMISTRY

Step 2:
slow, rate
Q_-‘\(?‘-]*-I_ df‘tfrlnlnlng @ +Q Q
(‘1* Cl. Cl.
(the nucleophile) Resonance-stabilized cation intermediate
Step 3:
r\ B
Cl>~Fe—Cl —> Cl: + H—Cl: + Fe—Cl
Cl: | |
" Cl Cl
Cation Chlorobenzene

Intermediate
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B. Nitration and Sulfonation

/—\ H
- -e -|- |

H—O—NOy + H—O—S03H = H— O —NO, + HSO;

U.

Nitric acid Conjugate acid
of nitric acid
l|—l Iil the electrophile
)

The nitronium ion

H NOs H NOo H NOo
\ + +
+ NOQ+ — —> —
+
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Nitrobenzene

TN T

HO—S—OH + H—0—S—OH — HO—S§—0:

I| ’ | [
O O H
Sulfuric acid Sulfuric acid
the electmphile
O
P p
HO—S —'0: — HO— S + :0:
Y N,
O O

The sulfonium ion
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C. Friedel-Crafts Alkylation

AICl,
+ — + HCI
Benzene  2-Chloropropane Isopropylbenzene
(Isopropyl chloride) (Cumene)
the electrophile
Cl Cl Cl

Lo
R—(:J]:/J;\AI—CI — R—Cl—AI—Cl = R :C(1—Al—Cl

L}.. |

Cl Cl Cl
A molecular complex An ion pair
with a positive charge on containing
chlorine and a negative a carbocation

charge on aluminum
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O = O/ = O = COX

_|,_
k_‘\ H LX) | —_—
+ :Cl~-Al
R |
Ql
Y
AlCI

+ RX —— No reaction

The positive charge is delocalized onto
three atoms of the ring

—q — @—R + AICl; + H—CI:

When Y Equals Any of These Groups, the Benzene Ring
Does Not Undergo Friedel-Crafts Alkylation

—SO3H —C=N —NO, —NR; ©
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D. Friedel-Crafts Acylation

O
|
CCHj;
I sy
+ CHsCCl —— + HCI
Benzene Acetyl chloride Acetophenone
(an acyl halide) (a ketone)
the electrophile
N T os 7 R
e SN o - .. _
R—C—Cl? + fﬂlu—m —R C\;t_:l JT] €l = R—C :Cl fTI—Cl
Cl Cl Cl
An acyl Aluminum A molecular complex . :
chloride chloride with a positive char%e on An ion pair
(a Lewis acid) (a Lewis acid)  chlorine and a negative containing

: an acylium ion
charge on aluminum
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F. Comparison of Alkene Addition and Electrophilic Aromatic Substitution

(EAS) (IGIEFEHBRMMSFFENRAIELE)

Addition to an Alkene

H
H &+ 6
-k /
}{ —_—
qtep 1 . step 2 f‘;{:

H

—
——

Electrophilic Aromatic Substitution

‘\ E
@i +>:Base —
step ] step 2
H
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9.7 How Do Existing Substituents on Benzene Affect
Electrophilic Aromatic Substitution?

1. Substituents affect the orientation of new groups. Certain substituents direct a second sub
stituent preferentially to the ortho and para positions; other substituents direct it preferentially
to a meta position. In other words, we can classify substituents on a benzene ring as ortho-
para directing or meta directing.

2. Substituents affect the rate of further substitution. Certain substituents cause the rate of a
second substitution to be greater than that of benzene itself, whereas other substituents cause
the rate of a second substitution to be lower than that of benzene. In other words,we can

classify groups on a benzene ring as activating or deactivating toward further substitution.
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the bromination of anisole proceeds many times faster
than the bromination of benzene. In fact, -OCHjy is so
activating that no catalyst is necessary in this reaction

OCH3 OCHj3; OCH;,
Br

+ BI’Q CHgCDGH} + + HBr

Br

Anisole o-Bromoanisole (4%) p-Bromoanisole (96%)
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the nitration of nitrobenzene proceeds many
times slower than the nitration of benzene

NOy
HgS04
+ HNO3 —2 + HoO

Nitrobenzene m-Dinitrobenzene  o-Dinitrobenzene p—Dinitmbenzene
(9%%) \ y J
Less than 7% combined




Effects of Substituents on Further Electrophilic Aromatic Substitution

strongly . . . . .
activating —NH, —NHR —NR; —OH —OR
o)
&
£ | moderately 0 0 0 o) N
E activating . [ o | . a
5 — NHCR — NHCAr — OCR — OCAr o
D a5
& | weakly Pl ®
4 activating —R S|
L —
=
@]
weakly . . . .
deactivating —F: —Cl: —Br: —1I:

moderately O 0 O O O O

rate i I |
deactivating —CH — (R —COH —COR — CNH, - ﬁOH

relative to benzene

strongly
deactivating —NO, —NH,; " —CF, —CCl

Relative importan

Meta Directing
Q
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—NO9 1s a meta director

NO, NO,
Br

Nitrobenzene m-Bromonitrobenzene

BN MH: FHFEM

—PBris an Drthn—para director

Br
FeCly HNO,

Bromobenzene o-Bromonitrobenzene f)-Bmmnmtmbenmne
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CH; COOH
—CHyj is an ortho-para
director M504 BolrgOs
HNOj, H?SG4
CHjy
NOs
4-Nitrotoluene 4-Nim::-benmic acid
COOH COOH

Toluene
L -
HySO, HNU%

—COOH is 2 meta director Benzoic acid 3N1tmbenzmc acu:l
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9.8 What Are Phenols?

A. Structure and Nomenclature
OH OH

OH OH OH
CH; OH
OH

Phenol 3-Methylphenol 1.2-Benzenediol 1.3-Benzenediol 1, 4-Benzenediol
(m-Cresol) (Catechol) (Resorcinol) (Hydroquinone)
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OH CHO
OCHj4
OH
2-Isopropyl-5-methylphenol 4-Hydroxy-3-methoxy-
(Thymol) benzaldehyde
(Vanillin)

EEX BEEE
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B. Acidity of Phenols

OH + H,0 — O: + Hs0' K, =11x107" pK, = 9.95
Phenol Phenoxide 1on

CH;CH,OH + Hy == CH3CH,O: + H;0"
Ethanol Ethoxide ion

1.3 X 1071 pK, = 15.9

e
I

Relative Acidities of 0.1-M Solutions of Ethanol, Phenol, and HCI

Acid lonization Equation [H*] pH
CH;CH,OH + H,O == CH;CH,O  + H;0" 1% 107 7.0
C¢H;OH + H,0O = C;H:O0 + H;0" 3.3 x10°° 5.4
HCI + H,O == (1" + H;0" 0.1 1.0
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HOH :O:) O: O:
— > —
A / \ L
These two Kekulé structures These three cnntributing structures delocalize
are equivalent the negative charge onto carbon atoms of the ring

ARG LR ABOBRNARA
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m—@— OH 0@4—@— OH

Phenol 4-Chlorophenol 4-Nitrophenol
pK, 9.95 pK, 9.18 pK, 7.15

I I

/N O:  OyN /N

electron-withdrawing groups withdraw electron density
from the negatively charged oxygen of the conjugate base,
delocalizing the charge, and thus stabilizing the ion

1k




B KB 6B iR 55 OH

9 O Ch

OCH;
Ka 10.21 : 7.15 0.25

R L6 BR AT B E M R B ¥ a
VTR RETRAAERMIEER, L8 FAHERM RS ARSLEAR
8% vh KT A4L).

O O~
@ G(R T ) @ G TH)

A, B FREN HART, AR TEREN
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C. Acid—-Base Reactions of Phenols

QOH + NaOH — Qom* + Hy0

Phenol Sodium Sodium Water
pK, 9.95 hydroxide phenoxide pK, 15.7
(stronger acid)  (stronger base) (weaker base) (weaker acid)
OH + NaHCO; = @—omﬁ + HyCOj
Phenol Sodium Sodium Carbonic acid
pK, 9.95 bicarbonate phenoxide pK, 6.36

(weaker acid)  (weaker base) (stronger base) (stronger acid)
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