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Definition:
Arenes are hydrocarbons based on the

benzene ring as a structural unit.

~ Monocyclic aromatics ©CH3 H;C CH;
CH;
Ph Ph
Arenes < Polycyclic aromatics \C= C/
Ph/ \Ph

- Condensed aromatics OOO



7.1 KEKULE AND THE STRUCTURE OF BENZENE

In 1825, Michael Faraday isolated a new
hydrocarbon from illuminating gas, which he called
“bicarburet of hydrogen.” Nine years later Eilhardt
Mitscherlich of the University of Berlin prepared the
same substance by heating benzoic acid with lime and
found it to be a hydrocarbon having the empirical
formula CrnHn.

hk'l.“

CHsCO.H + CaO  —> CeH, + CaCO,

Benzoic acid Calcium oxide Benzene Calcium carbonate



In 1866, only a few years after publishing his
ideas concerning what we now recognize as the
structural theory of organic chemistry, August
Kekulé applied it to the structure of benzene.

He based his reasoning on three premises: _¢. ¢
Benzene is C.H,. H
All the hydrogens of benzene are equivalent.
The structural theory requires that there be

four bonds to each carbon.



A flaw in Kekulé’s

structure for benzene was = "
soon discovered. Kekulé’s @JK X@
structure requires that 1,2-
and 1,6-disubstitution 1.2-Di;ubst.itut.ed l.@-Disublt.itut.ed

derivative of benzene derivative of benzene

patterns create different
compounds (isomers).

Kekule’s ideas about the structure of benzene
left an important question unanswered. What is
it about benzene that makes it behave so
much differently from other unsaturated
compounds?



Benzene is planar and its carbon

skeleton has the shape of a regular (-
hexagon. There is no evidence that it 120° \120" |
has alternating single and double C . \,/ . C
bonds. As shown in Figure 7.1, all the =
carbon—carbon bonds are the same . .
length (140 pm) and the 120° bond (- s .

angles correspond to perfect sp’ 140 pm N

108 pm

hybridization. Interestingly, the 140-
pm bond distances in benzene are FIGURE 7.1 Bond distances
exactly midway between the typical  and bond angles of benzene.
sp*—sp?* single-bond distance of 146

pm and the sp?>-sp? double-bond

distance of 134 pm.



In addition to its three sp? hybrid orbitals,
each carbon has a half-filled 2p orbital that can
participate in bonding.

Figure 7.2b shows the continuous system that
encompasses all of the carbons that result from
overlap of these 2p orbitals. The six electrons of
benzene are delocalized over all six carbons.

Figure 7.2 | -Q :-:ﬁ

(ct) (b



A more rigorous molecular orbital analysis
recognizes that overlap of the six 2p atomic orbitals
of the ring carbons generates six molecular orbitals.
These six molecular orbitals include three which are
bonding and three which are antibonding.
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T . orbitals

Ty % _‘H_ m;  Bonding

orbitals



@ < > @ is equivalent to @

I

the circle-in-a-hexagon symbol

THE STABILITY OF BENZENE

Pt
+  3H, > ) 7
< acetic acid
0°C

Benzene Hydrogen Cyclohexane (100%)
(2—3 atm
pressure)




An imaginary molecule,
cyclohexatriene

152
///’“QQ 2 X 120
A = 360
EH: + _ s
:/7 s \,\
I \__/...} + o3,
! .
20 23] A real
E PN ] 208 molecule,
H: + ( j - benzene
~

FIGURE 7.3 Heats of hydrogenation of cyclohexene, 1,3-cyclohexadiene,
a hypothetical 1,3,5-cyclohexatriene, and benzene. All heats of
hydrogenation are in Kilojoules per mole.
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7.2 SUBSTITUTED DERIVATIONS OF
BENZENE AND THEIR NOMENCLATURE

— B F R MR,

CH2CH3 CH:CHZ OH

silieioli<Nen

1-Ethylbenzene 1-Cyclohexylbenzene Styrene 1-Phenylethanol

— AR, BARAE R
A Tatadtit, FAERNRE,
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CH;4 CH;4 CH;
CH'}. @\
CH;
CH;
0-Xylene m-Xylene p-Xylene
(1,2-dimethylbenzene) (1.3-dimethylbenzene) (1.4-dimethylbenzene)
CH
CH; 3 CH CH;
@icr& ©/ | )i:k
CH
3 CH3 H3C CH3

1,2,3-Trimethylbenzene 1,2,4-Trimethylbenzene 1,3,5-Trimethylbenzene



2 UIBARIL G T IRAT AW
FEBARES - NO,, -NO, -XFi#i7mAE
BRI fn A ERAR

NO,

55 &

1-Nitrobenzene 1-Chlorobenzene 1-Bromo-3-nitrobenzene
4K L% -NH,, -OH, -CHO, -COOH,
- SO,H%¥ &}, WFwe&F4E —‘%'ﬂ’/\%

585 85 ¢

COOH
Aniline Benzaldehyde Benzenesulfonic acid 4-Methylbenzoic acid




Y IR L S AR, REFIRGIAF P
P.152, HeAS &6 AHEAK,

SO,H OH OH

PN

O,N )\I NO, | Cl
S) %)
NH, NO, NH,

4-Aminobenzenesulfonic acid Picric acid  4-Amino-2,6-dichlorophenol

When the benzene ring is named as a substituent, the
word “phenyl” stands for C.H; — . Similarly, an arene
named as a substituent is called an aryl group. A benzyl

group is C.H.CH, —.
@CHECHEUH @CIHEBr

2-Phenylethanol Benzyl bromide



7.3 THE PROPERTIES OF MONOCYCLIC
AROMATIC HYDROCARBONS

7.3.1 Physical Properties of Arenes
In general, arenes resemble other hydrocarbons

in their physical properties.
Nonpolar;
Insoluble in water;
Less dense than water.

Toluene has replaced benzene as an inexpensive
organic solvent, which has not been determined to be
carcinogenic in the cell systems at the dose levels that
benzene is.



7.3.2 Chemical Properties of Arenes

The classification of hydrocarbons as aliphatic or
aromatic took place in the 1860s when it was already apparent
that there was something special about benzene, toluene, and
their derivatives. Their molecular formulas (benzene is C.H,,
toluene is C;Hy) indicate that, like alkenes and alkynes, they
are unsaturated and should undergo addition reactions.

Under conditions in which bromine, for example, reacts
rapidly with alkenes and alkynes, however, benzene proved to
be inert. Benzene does react with Br, in the presence of
iron(III) bromide as a catalyst, but even then addition isn’t
observed. Substitution occurs instead!



7.3.2.1 Halogenation of Benzene

According to the usual procedure for preparing
bromobenzene, bromine is added to benzene in the
presence of metallic iron (customarily a few carpet
tacks) and the reaction mixture is heated.

H Br
O/ + Br %O +  HBr

Benzene Bromine Bromobenzene Hydrogen
(65-75%) bromide



Bromine, although it adds rapidly to alkenes, is
too weak an electrophile to react at an appreciable
rate with benzene. A catalyst that increases the
electrophilic properties of bromine must be present.

Somehow carpet tacks can do this.
How?

Mechanism:

The active catalyst is not iron itself but iron(I1I)

bromide, formed by reaction of iron and bromine.
2Fe + 3Br, —— 2FeBr;

Iron Bromine [ron(1I1) bromide



Iron(IIl) bromide is a weak Lewis acid. It combines
with bromine to form a Lewis acid-Lewis base complex.

0 T ' o + _
‘Br—Br: + FeBr; <= :‘Br—Br—FeBnr

[ewis base Lewis acid Lewis acid-Lewis base
complex

Complexation of bromine with iron(I1I) bromide
makes bromine more electrophilic.



T Complex
|
H
Step 1:
H (% - Br: <& -
:Br%r—FeBr-; o
e +‘ ) slow oG —
H + :Br—FeBr;
Benzene and bromine—iron(I1I) Cyclohexadienyl Tetrabromoferrate
bromide complex cation intermediate lon
Step 2:
Br: .
e _ Bl:
¢ HK/(—‘-\:B.I'—FQBF_; fast . S
U —s + H—Br: +  FeBry
Cyclohexadienyl Tetrabromoferrate Bromobenzene Hydrogen [ron(III)
cation intermediate ion bromide bromide
c Complex

FIGURE 7.4 The mechanism of bromination of benzene.



Addition and substitution products arise by
alternative reaction paths of a cyclohexadienyl
cation. Substitution occurs preferentially because
there is a substantial driving force favoring

rearomatization.

E
g/_\—
H +:'Y

H

Cyclohexadienyl
cation

E
s }[:]: ey
H

Observed product of electrophilic
aromatic substitution

H
N/ S E
/" \ g Y
H

Not observed—not aromatic



Energy ——=

FiETI. HanlkihW
4 oL

In order for
electrophilic aromatic
substitution reactions
to overcome the high
activation energy that
characterizes the first
step, the electrophile
must be a fairly reactive
one. Many electrophilic
reagents that react
rapidly with alkenes do
not react at all with

Reaction coordinate ——=

benzene.



Chlorination is carried out in a manner similar
to bromination and provides a ready route to
chlorobenzene and related aryl chlorides.

Fluorination and iodination of benzene and
other arenes are rarely performed. Fluorine is so
reactive that its reaction with benzene is difficult to
control. Iodination is very slow and has an
unfavorable equilibrium constant.

Syntheses of aryl fluorides and aryl iodides are
normally carried out by way of functional group
transformations of arylamines.



Halogenation of Alkyl benzenes:

CH; Anhydrous FeBr; | Nr—CH; N
i R TN Br
Br

Conclusion 1: BEXRIERE S X 4 Fh Uk,

X
|/ CH, e, —h Q—CHZG + HCI

Problem:

2
C1

CH,
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Conclusion 2:
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7.3.2.2 Nitration of Benzene

AN H,50 AN
{ | + HONO, T”t? { | + H,0
7 S

Benzene Nitric acid Nitrobenzene (95%) Water

The electrophile (E *) that reacts with benzene is
nitronium ion (* NO,).

O:

- 7 +
HQ—JFN\ + 2HOSO,0OH =—— :O=N=0" + l—l-_w,OJr + 2HOSO,O ™
Nitric acid Sulfuric acid Nitronium ion Hydronium Hydrogen

ion sulfate ion



Step 1: Attack of nitronium cation on the © system of the aromatic ring

|| L °
H N* N7 NO,
"_\. slow H o
04
Benzene and nitronium ion Cyclohexadienyl

cation intermediate

Step 2: Loss of a proton from the cyclohexadienyl cation

1 s
NI +
~i— H NS .- H
Sues ol s, S0 L g of
H(:"-———-' '\ +_\
H H
Cyclohexadienyl Water Nitrobenzene Hydronium
cation intermediate on

FIGURE 7.5 The mechanism of nitration of benzene.
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7.3.2.3 Sulfonation of Benzene

H SO,0H
O + HOSO,OH — s O + H,0

Benzene Sulfuric acid Benzenesulfonic acid Water

The reaction of benzene with sulfuric acid to
produce benzenesulfonic acid, is reversible but can be
driven to completion by several techniques.



When a solution of sulfur trioxide in sulfuric
acid is used as the sulfonating agent, the rate of
sulfonation is much faster and the equilibrium is
displaced entirely to the side of products, according
to the equation as follows.

: SO,0OH
H-50

Benzene Sulfur Benzenesulfonic acid
trioxide

Tk F A #9104.5% & & IR AER (fuming
sulfuric acid) ¥ SO,#2=220%.



Among the variety of electrophilic species
present in concentrated sulfuric acid, sulfur trioxide
is probably the actual electrophile in aromatic
sulfonation.

Mechanism:

Step 1: Sulfur trioxide attacks benzene in the rate-determining step

:0

| 0 /('f):‘
L +/
\\\:Lgf . slow S

/ 0

Benzene and sulfur trioxide Cyclohexadienyl cation intermediate




Step 2: A proton is lost from the sp” hybridized carbon of the intermediate to restore
the aromaticity of the ring. The species shown that abstracts the proton 1s a
hydrogen sulfate ion formed by ionization of sulfuric acid.

:0; O :0;  O¢
N j);/ - \\\é/ -
A\ fast . - = =
\‘(_)' — \}0‘ + HOSO,OH
2H_"- _~~0S0,0H -
Cyclohexadienyl Hydrogen Benzenesulfonate ion Sulfuric acid
cation intermediate sulfate ion

Step 3: A rapid proton transfer from the oxygen of sulfuric acid to the oxygen of
benzenesulfonate completes the process.

= Y .
‘0:\\+ /(.-?:/ “H0s0,0H 0 O—H
$ —_ \g/ + ~0OSO,0OH
N\ "\
"0 20
Benzenesulfonate Sulfuric acid Benzenesulfonic acid Hydrogen
ion sulfate ion

FIGURE 7.5 The mechanism of sulfonation of benzene.
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CHj; CHj; CH,
© + H,80, @SO3H+ © —— SR EIEY
SO;H

FARBERAAGRE, 72180 °C #KEAMER T
7] JKAEBL T A5 BR 3K (desulfonation). -

SO;H
180°C
+ HzO S—— + HzSO4



A Sy

S Ex: Show how you might synthesize o-chlorotoluene
starting with toluene.

Sample Solution-

HH,S0, _H,0" C‘
Clz 180 c

SOH SO;H

Tip: We may introduce a sulfonic acid group into a
benzene ring to influence the course of some further

reaction. Later, we may remove the sulfonic acid
group by desulfonation.

RNy Sy SRy SNy Sy SRy Sy SRy Ay SRy Sy Ny
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7.3.2.4 Friedel-Crafts Alkylation of Benzene

H C(CH3);
O +  (CH;);CCl %O +  HCI

Benzene fert-Butyl chloride tert-Butylbenzene Hydrogen
(60%) chloride

Alkyl halides by themselves are insufficiently
electrophilic to react with benzene. Aluminum

chloride serves as a Lewis acid catalyst to enhance
the electrophilicity of the alkylating agent.

The commonly used Lewis acid catalysts:
AICl;v ZnCl,. FeCl;. BF;...



With tertiary and secondary alkyl halides, the
addition of aluminum chloride leads to the
formation of carbocations, which then attack the
aromatic ring.

T 2

(CH3);,C—Cl: + AICl; —> (CH;);C—CIl—AICl;

fert-Butyl chloride Aluminum Lewis acid-Lewis base
chloride complex

_|_
3 .. _ _
(CH3);C—CI—AICl; —— (CHy),C* + AICI,

fert-Butyl chloride— tert-Butyl Tetrachloroaluminate
aluminum chloride complex cation anion

Methyl and ethyl halides do not form carbocations
when treated with aluminum chloride, but do alkylate
benzene under Friedel-Crafts conditions.



M EACR A = F24F 8

a. BLEAR B ARIEAT B 2 — LI B, 387 A A
ST,

b. 3% EAC R AT 1%

c. H4&F =/~ A EE R T 6 BAE AR R AL
RFE, 2R A BEFHILIE.



One drawback to Friedel-Crafts alkylation is
that rearrangements can occur, especially when
primary alkyl halides are used.

H C(CH,)s
O + (CH3),CHCH,Cl ——> +  HCl

Benzene [sobutyl chloride fert-Butylbenzene Hydrogen
(66%) chloride

Here, the electrophile is zert-butyl cation
formed by a hydride migration that accompanies
ionization of the carbon—chlorine bond.

H H
| - .| _
CH_;—f—CHE—Q]—A]Clg — = CH_;—(|T—CH3 + AlCIy
CH_?, CH?.
[sobutyl chloride— fert-Butyl cation Tetrachloroaluminate

aluminum chloride complex 1on



Since electrophilic attack on benzene is simply
another reaction available to a carbocation, other
carbocation precursors can be used in place of alkyl
halides.

For example, alkenes, which are converted to
carbocations by protonation, can be used to alkylate

benzelle. @ O H ) ®—<:>

Benzene Cyclohexene Cyclohexylbenzene (65—-68%

A mixture of an alcohol and an acid may also be used.

X
+ HO BF3 - |
60 °C Z

Cyclohexanol Cyclohexylbenzene (56%)




. OH
EX: | Hl CH(CH;),
+ CH,CHCH; -

AlCl CH(CH

+ CH;CH=CH, I > O (CHy),
trace HCI1

C(CH

O + CHyC=CH, i L. © (CH3)s

CH;

Notice:

& R L AAF AL TERARENAMREL L.

¢ Alkenyl halides such as vinyl chloride (CH,=CHCI)
do not form carbocations on treatment with AlICl,
and so cannot be used in Friedel-Crafts reactions.



7.3.2.4 Friedel-Crafts Acylation of Benzene

Another version of the Friedel-Crafts reaction
uses acyl halides instead of alkyl halides and yields
acylbenzenes.

|
H (ﬁ CCH,CH;
AICI,
+ CH;CH,CCl —— —> O +  HCI
: = carbon disulfide
40°C
Benzene Propanoyl chloride [ -Phenyl-1-propanone (88%) Hydrogen

chloride
The electrophile in a Friedel-Crafts acylation
reaction is an acyl cation.

10 C)O -
— | ax .

CH;CH,C—Cl: + AICl; —— CH3CH,C—CI—AICl; — CH;CH,C=0"* + AICl,
Propanoyl Aluminum Lewis acid-Lewis base Propanoyl Tetrachloro-
chloride chloride complex cation aluminate ion



The electrophilic site of an acyl cation is its acyl
carbon. An electrostatic potential map of the acyl
cation from propanoyl chloride illustrates nicely the
concentration of positive charge at the acyl carbon.

. @
w

FIGURE 7.6 Electrostatic potential map of propanoyl cation

[(CH,;CH,C = O)]. The region of greatest positive charge
(blue) is associated with the carbon of the C=0 group.



m%m%qMﬂ'-éﬂzﬁ?#boxylic acid anhydrides can also serve as

$

sources of acyl cations and, in the presence of
aluminum chloride, acylate benzene.

One acyl unit of an acid anhydride becomes
attached to the benzene ring, while the other becomes

part of a carboxylic acid.
0 I 1

H
O/ + CH;COCCH; —-o> CCHy; + CH;COH

Benzene Acetic anhydride Acetophenone (76—83%) Acetic acid

) g

An important difference between Friedel-Crafts

alkylations and acylations is that acyl cations do not
rearrange.

RNy Sy SRy SNy Sy SRy Sy SRy Ay ARy SRy Sy

+MMMMMN



7.3.2.5 Synthesis of Alkylbenzene by Acylation-Reduction

Because acylation of an aromatic ring can be
accomplished without rearrangement, it is
frequently used as the first step in a procedure for
the alkylation of aromatic compounds by acylation-

reduction.

0
|

]
@ r_;:l{][ QCR reduction QCHQR

Benzene Acylbenzene Alkylbenzene



The most commonly used method for reducing an
acylbenzene to an alkylbenzene employs a zinc—
mercury amalgam in concentrated hydrochloric acid
and is called the Clemmensen reduction.

Ex: Starting with benzene, outline a synthesis of
n-butylbenzene.

O O
H —\l(] H . . ; Zn(Hg) . ) )
+ CHyCH,CH,CCl ——> CCH,CH,CH; > CH,CH,CH,CH,

Benzene Butanoyl chloride 1-Phenyl-1-butanone (86%) Butylbenzene (73%)

Notice: SRizZibAaMh, RIF LA AL, REEBL
. BTVA, AHEIRTT VAYE AAT- 50 R éﬁ»e\?‘lo



7.3.2.6 Oxidation of Alkylbenzenes

Chromic acid is a strong oxidizing agent but
does not react either with benzene or with alkanes.

Na,Cr, O

RCH>CH,R' > no reaction

H_() H_K’()—L heat

Na,Cr,0; .
H,0, H,SO,. heat no reaction

However, an alkyl side chain on a benzene ring
is oxidized on being heated with chromic acid. The
product is benzoic acid or a substituted derivative
of benzoic acid.

O
Na,Cr,05 - || i
CHER or CHRE H,O. H,SO,, heat - COH

Alkylbenzene Benzoic acid




]

Na,Cr,05 . _
OzNQCHi 0. 1,50, OzN@COH

p-Nitrotoluene p-Nitrobenzoic acid (82—-86%)

When two alkyl groups are present on the ring,
both are oxidized. Note that alkyl groups,
regardless of their chain length, are converted to
carboxyl groups ( — CO,H) attached directly to the
ring.

| 1
CH; OCH(CH‘)E H,( 'Nlllij":']“ g HOC OCOH

p-Isopropyltoluene p-Benzenedicarboxylic acid (45%)




An exception is a fert-alkyl substituent. Because
it lacks benzylic hydrogens, a tert-alkyl group is not
susceptible to oxidation under these conditions.

C(CH3); C(CH3);

KMnO, /H"

'

CH; COOH

Side-chain oxidation of alkylbenzenes is
important in certain metabolic processes. One way
in which the body rids itself of foreign substances is
by oxidation in the liver to compounds more easily
excreted in the urine.



Toluene, for example, is oxidized to benzoic acid
by this process and is eliminated rather readily.

O
|
cytochrome P-450
QCEH} ’ o } Qi(fOH
. (an enzyme in
the liver)

Toluene Benzoic acid

Benzene, with no alkyl side chain, undergoes a
different reaction in the presence of these enzymes,

which convert it to a substance capable of inducing
mutations (X %) in DNA.

This difference in chemical behavior seems to be

responsible for the fact that benzene is carcinogenic
(/% #9) but toluene is not.



—

BALA) 2 £ MO, Bt %) +H,80,, M:

CH; CHO

MnO, (F7%])
v
H,S0,

FAFAEEHA, IR

O

V,05
YO Tyn 0

0 0

oS _CH3 V205
| + 02 v O
~# CHj H.T.

0




7.3.2.7 Reduction of Benzene

Pt
+ 3H, ——
< acetic acid

30°C

Benzene Hydrogen Cyclohexane (100%)
(2—3 atm
pressure)

Homogeneous catalyst: (Ph,P);RhCl
(Willkinson catalyst)



We saw that the combination of a Group I metal
and liquid ammonia is a powerful reducing system
capable of reducing alkynes to frans alkenes.

In the presence of an alcohol, this same
combination reduces arenes to nonconjugated dienes.

NLNH
{H{}H

Benzene 1,4-Cyclohexadiene (80%

Metal-ammonia-alcohol reductions of aromatic
rings are known as Birch reductions.



AlKkyl-substituted arenes give 1,4-cyclohexadienes
in which the alkyl group is a substituent on the

double bond.

Na, NH; g -ather
Q(‘(C‘Hi‘)F CH,CH,OH QC(CHR}R l;;]::il QC(CH;};

fert-Butylbenzene 1-tert-Butyl-1,4- 3-tert-Butyl-1.4-
cyclohexadiene (86%) cyclohexadiene




7.3.2.8 Chloromethylation Reaction

FHE. FEBEARMEALKZnCLRAICL
FAETHATRE, TALBEFHEEFIAR
FE, ZASBRR AT AR

CH,Cl1 CH,Cl
ZnC12
+ HCHO + HCI > + + H,0
heat
CH,Cl

OCH; 7nCl H;CO CH,Cl
+ HCHO + HCI —-
heat
OCH, H;CO



7.4 REGIOSELECTIVITY IN ELECTROPHILIC
AROMATIC SUBSTITUTION

(ORIENTATION EFFECT)
53 5 &2 é
NO, CF; SO,H COOH

0 O C

ik 0-40%; m- 40%:; p- 20%



Three products are possible from nitration of
toluene: o-nitrotoluene, m-nitrotoluene, and p-
nitrotoluene. All are formed, but not in equal
amounts.

Together, the ortho and para-substituted isomers
make up 97% of the product mixture; the meta only

3%. o

Toluene o-Nitrotoluene m-Nitrotoluene j)—NlthtC-ll.]elle

(63%) (3%) (34%)



Nitration of (trifluoromethyl)benzene, on the
other hand, yields almost exclusively m-nitro-
(trifluoromethyl)benzene (91%). The ortho- and
para-substituted isomers are minor components of
the reaction mixture.

CF; CF, CF,
HN{ )y
H SO, +
NO,

(Trifluoromethyl)benzene o-Nitro(trifluoro- m-Nitro(trifluoro- p-Nitro(trifluoro-
methyl)benzene methyl)benzene methyl)benzene
(6%) (91%) (3%)



What is the effect of a substituent on the

regioselectivity of electrophilic aromatic
substitution?

Why substitution in toluene occurs
primarily at positions ortho and para to
methyl, however, substitution in
(trifluoromethyl)-benzene occurs primarily
at positions meta to the substituent?



7.4.1 Classification of Substituents in Electrophilic
Aromatic Substitution Reactions

1. RIREFHFFANBNRENELE 225 FA B
HEMER*. BHYBRREMSRY 5 E.

2. AR AL IS RN F WAL 6y &om,  BPAT
AFNLE Ao BB G XE 5y AR R ALK



F—Rkriak: T 2R G TR, FHEAFALR L,

Classification of Substituents in Electrophilic Aromatic
TABLE Lo ;
Substitution Reactions

Effect on rate Substituent Effect on orientation

Very strongly activating —NH, (amino) Ortho, para-directing
—NHR (alkylamino)
—NRz (dialkylamino)
—(:I:)H (hydroxyl)

O
Strongly activating —NH!R (acylamino) Ortho, para-directing
—OR (alkoxy)
O
—(:j(”IR (acyloxy)
Activating —R (alkyl) Ortho, para-directing
—Ar (aryl)

—CH=CR; (alkenyl)
Standard of comparison —H (hydrogen)




Ir3k: E24F R XETF3HAT, FHFEAFAALR. L,

Classification of Substituents in Electrophilic Aromatic
TABLE Lo .
Substitution Reactions

Effect on rate Substituent Effect on orientation
Standard of comparison —H (hydrogen) Ortho, para-directing
Deactivating —X (halogen)

(X=F, dl, Br, 1)
—CH,X (halomethyl)




FoREfa Rk TBEREAETHT, HEFANL,

Classification of Substituents in Electrophilic Aromatic
TABLE L ;
Substitution Reactions

Effect on rate Substituent Effect on orientation
O
Strongly deactivating —(”IH (formyl) Meta-directing
O
—(”ZR (acyl)
O
—(”ZOH (carboxylic acid)
O
—(”ZOR (ester)
O
—(”ICI (acyl chloride)

—C=N (cyano)
—SO3H (sulfonic acid)

Very strongly deactivating —CF, (trifluoromethyl) Meta-directing
—NO, (nitro)




7.4.2 Multiple Substituent Effects

When a benzene ring bears two or more
substituents, both its reactivity and the site of further
substitution can usually be predicted from the
cumulative effects of its substituents.

In the simplest cases all the available sites are
equivalent, and substitution at any one of them
gives the same product.

CH, o CH, (ﬁ)
T (|_|) AICL, —
CH, CH,

|.4-Dimethylbenzene 2,5-Dimethylacetophenone
(p-xylene) (99%)



Often the directing effects of substituents reinforce

each other.
CH; CH;
Br
Fx'
NO, NO,

p-Nitrotoluene 2-Bromo-4-nitrotoluene (86-90%)

In almost all cases, including most of those in
which the directing effects of individual substituents
oppose each other, it is the more activating substituent
that controls the regioselectivity of electrophilic
aromatic substitution.



NHCH; NHCH;,
Br

acetic acid

Cl Cl
4-Chloro-N-methylaniline 2-Bromo-4-chloro-N-methylaniline (87%)
When two positions are comparably activated by
alkyl groups, substitution usually occurs at the less
hindered site. Here is an example of a steric effect.

CH; CH;
H;,H{T“HHH H,N{)z
HNO;
||_,'\| by S
.
C(CHz)3 C(CH3)3

p-tert-Butyltoluene 4-tert-Butyl-2-nitrotoluene (88%)



CH, CH,
#‘HH ||\_ H_;-"J\H.\
N, N ( |
|K~ /I\ 2304 X
= "CH; Y~ CH;
NO,
m-Xvlene 2.4-Dimethyl- 1-nitrobenzene (98%)

The ortho position between the two methyl groups
is less reactive because it is more sterically hindered.

Conclusion: ¥ X3X_ERH $ NEBARER, #2HE
FAEZE G R AR, AL AT AR AG SEAL R ) K
TRz, AR —ER X2 AT RE;
TALEE A1 AR S B B4 e SEARA P,

Problem: Ex. 10 on page 186 in textbook



7.4.3 Explanation of Orientation Effect

Why is there such a marked difference between
methyl and trifluoromethyl substituents in their
influence on electrophilic aromatic substitution?

gy P A ARAE MR

A more stable carbocation is formed faster
than a less stable one.



7.4.3.1 Explanation for Nitration of Toluene

CH, LEE -
NO,
are formed
) . are
and faster than H
NO,
H NO,

One way to assess the relative stabilities of these
various intermediates is to examine electron
delocalization in them using a resonance description.

Meta attack
CH; CH; CH;
> >
H H H
N02 N02 NOZ

="
<>



The cyclohexadienyl cations leading to o- and

p-nitrotoluene have tertiary carbocation character.
Ortho attack

CH;
NO, NO, NO,
H

This resonance form
is a tertiary carbocation

JRNCERe

H NO,

This resonance form
Is a tertiary carbocation

Para attack



(b) E -t (meta)

(a) E, . (ortho)

(c) E, . (para)

CH.

*NO,
H

Figure 7.9 Comparative energy diagrams for nitronium ion
attack at the (a) ortho, (b) meta, and (c) para positions of
toluene.

H NO,



A methyl group is an electron-

releasing substituent and activates all e
of the ring carbons of toluene toward 42 42
electrophilic attack. The ortho and 2.5 2.5
para positions are activated more than 58

the meta positions.

The major influence of the methyl group is
electronic. The most important factor is relative
carbocation stability. To a small extent, the methyl
group sterically hinders the ortho positions, making
attack slightly more likely at the para carbon than
at a single ortho carbon.



7.4.3.2 Explanation for Nitration of
Trifluromethylbenzene

Because of their high
.« s . —+ J
electronegativity the three fluorine F_;C—C:
atoms polarize the electron

Trifluoromethyl

distribution in their o bonds to group withdraws
lectrons, destabilizes
carbon, so that carbon bears a o o

partial positive charge.

A trifluoromethyl group is a powerftul electron-
withdrawing substituent. Consequently, a CF; group
destabilizes a carbocation site to which it is attached.



The cyclohexadienyl cation intermediates
leading to ortho and para substitution are strongly
destabilized.

Ortho attack

Positive charge on carbon
bearing trifluoromethyl group:
very unstable
Para attack

CFq CF,
, A
-E
N
‘M ,-"
N()z ’ NO, N(Jz

Positive charge on
carbon bearing trifluoromethyl
group; very unstable



None of the three major resonance forms of the
intermediate formed by attack at the meta position
has a positive charge on the carbon bearing the
trifluoromethyl substituent.

Meta attack

CF CF, CF
ZOn 7 g
— | < —>
a, = |
::‘:u’__,f l"'x H ;::ém o A H B u:_t-"'f ", H



Attack at the meta position
leads to a more stable intermediate

than attack at either the ortho or CF,

the para position, and so meta 45 % 107 45 % 107

substitution predominates. 67 X 10°° 67 X 107°
4.5 X 10

Even the intermediate
corresponding to meta attack,
however, is very unstable and is
formed with difficulty.



(a) E . (ortho)

3 NO, () E i (meta)
Cr

(c) E o (para)

FIGURE 7.10 Comparative energy diagrams for nitronium
ion attack at the (a) ortho, (b) meta, and (c) para positions
of (trifluoromethyl)-benzene.



7.4.3.3 Explanation for Hydroxyl and Alkoxy Group

° ° b.H
p- T conjugation effect C l Inductive effect

Strong

The inductive effect of hydroxyl and alkoxy
groups is to withdraw electrons and would seem to
require that such substituents be deactivating.

The electron-withdrawing inductive effect,
however, is overcomed by a much larger electron-
releasing effect involving the unshared electron
pairs of oxygen.



OH OH OH
NO,
n HNO-} acetic acid 4

Phenol o-Nitrophenol p-Nitrophenol
(44%) (56%)
OCH;4 OCH;
acetic acid @
Br
Anisole p-Bromoanisole (90%)

Q: A A AR TG A KT FA?

O—T



7.4.3.4 Explanation for Halogens

Halogen substituents direct an incoming
electrophile to the ortho and para positions but
deactivate the ring toward substitution.

Cl
p- T conjugation effect 1 Inductive effect

Strong

Cl

@ 3 W BAX RAL 7 P PU RN 334



7.4.4 Application of the Orientation Effect
1. R £ =4 (major product)

2. B RIS
NO,

Ex 1: @ . @
SOH

COCH,

Ex 2: @ @
NO,

CH,CH,CH,
Ex 3:
AR
Br






7.5 SOME IMPORTANT MONOCYCLIC
AROMATIC HYDROCARBONS

REELF ZWARELF4FHR (FF) 94k, 5
B, BHBETHAIER, KFELZRIFHERN. A .

., TR, —_FRAE AR EEZNEHLIR
¥, RSz, AR, TSRS, .
R, SRBRAF; FTRARBZAATR, TNT,
FPBARXTRF;, —FXR., CHRRILEFRS
Y— BT R U R T2 LK,

@CH=CH2 Eiﬁ’l’ H2 - | N C2H5
KR, BIF) N F

[ —
S —

WlR bR Gk, FHiER




7.6 POLYCYCLIC AROMATICS
7.6.1 Biphenyl

O OO
IR R S 5y KA R RERARR L.

Problem:
—> NO,

4

O



7.6.2 Condensed Aromatics

=z ' _, Most stable resonance form.
~~ Both rings correspond to Kekulé
: T~ benzene.
Naphthalene
ba position

Naphthalene is the most component in coal tar.
White crystal
Volatility

A (C,Hy) , ANTHELT—AFE, Antk
%, REBHE., R4, fAxtERHL, ofatieF=
RS TPRL, odrd) & A4 FaEBXRA,



Nitration

NO,
50-70 C
10:1

Bromination

Sulfonation SO,H
X

AN
60-90°C | A
+ H,S04 160°C
Y
160°C SO3H




AT AFRAC B L BAKE B % A odL =M, ik
B 4540 ) BAL = 0 2

Bk, BILREZEFERERARAE, RHELALE
WFE=FERGHIEE. Tk, RE—F¥ (F
60C) , KEHEVUTEZFERSGNuALLE, £
4 oL AR, X, PAnARibiR BxE, SLEA
A AL & EAL B B BAAk.  ofnmkibik B b,
B A iR A5 )

IV




U RAEEKT160 CH, ofifeplimibagiz
B, (2Z 3 ERRIKR 0. ERPILAHIRE
R B MR K, BEbX ik T plafiikeg A
AR

FEACBRRL B 7T 1% R, AR AT ER N ik E IR,
PR (BPBLARERE ) EAZ. P AES,
FTAMRR VAL MR A £, AR, E. #R
R JE AR A, T oA ST RS, BT
VALE BORLR BB, oA AHMAREEALT . mpAL A
MR -TF BB ( RALFE) , PLERBR AR, AT
VA B PAZ ARG RO R A R AL . 3o P 7%
.




Friedel-Crafts Reaction

COCH,

(CH;C0),0 COCH, .
-
F7KAICI,

Oxidation Reaction

(L Vo 2 0
2 450-500°C

Reduction Reaction

Ni/H, —> w&aik

Pd—C/H, —> + 5%



— AR A AR B AL

s 7 Az A KA FRBRRGLE
Zz rE Ly 2, 4z

s 4 45 AT A 5, 84z
A | RERRA | RORREEE
iiI;L 4R, s s A 1, 34

e 745 R 4 2k 5, 6, 84
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l K,Cr,0-/H*

NO,

i :COOH \/: iCOOH
COOH COOH

Tip: €T =X ERGUIKRAZERH R ERMR .

RNy Sy SRy SNy Sy SRy Sy SRy Ay SRy Sy Ny

+--HH-



7.6.3 Synthesis of Condensed Aromatics

O =)
> (e T

Ex 3. B854



7.7 NON-BENZENOID AROMATICS
7.7.1 Huckel’s Rule

One of the early successes of molecular orbital
theory occurred in 1931 when Erich Hiickel
discovered an interesting pattern in the 7 orbital
energy levels of benzene, cyclobutadiene, and
cyclooctatetraene. By limiting his analysis to
monocyclic conjugated polyenes and restricting the
structures to planar geometries, Hiickel found that
whether a hydrocarbon of this type was aromatic
depended on its number of 7t electrons. He set forth
what we now call Hiickel’s rule.



Huckel’s rule:

Among planar, monocyclic, fully conjugated
polyenes, only those possessing (4n+2) m electrons,
where n is a whole number, will have special stability;
that is, be aromatic.

Thus for this group of hydrocarbons, those with
(4n+2) =6, 10, 14, ... w electrons will be aromatic.
These values correspond to (4n+2) when n =1, 2, 3,



Antibonding — —_— — Antibonding

A A

Nonbonding | | Nonbonding

H H 4
Bonding - + e Bonding

Cyclobutadiene Benzene Planar
(four m electrons) (six T electrons) cyclooctatetraene
(eight 7 electrons)

FIGURE 7.11 Distribution of molecular orbitals
and electrons in cyclobutadiene, benzene, and
planar cyclooctatetraene.



Cyclopropenyl cation

g RARIEE ERApIE, 5T F 24
J\ mEFREBE, FAES TR
itk A .

3R A RA SRR EE T
J=, 3445&}?:&7"‘/]\ pér}ld\,, X \7/ \?/

Hj.é]\% t'? éﬁﬂ%%,@b’]‘ y/‘ % iék 7!‘73 Cfrtl:lﬁ]l[jr:]:l enyl

NERTHpHEF A, B3tz
WK A, I — AR & AR 0.14BF4_
G#E, AHEHME TFHRSES

HiickeZLR), = F&HMa. o =



Cyclopentadienide anion

(} HRE I RAaneFREZ, TETHED-A
BRL B, —ZRAR .

. H H
;fl? H _H { I}f\’il = I (-} b H ,IJK_‘KL\- H — \/
H
Cyclopentadiene Cyclopentadienide
anion Cyclopentadienide anion

LA BRIRRIERE TG, RRaEagkIA
0.14nm, ZEAFE. S4EZ 5, SHMATL—HE.



ARR=HER BT, 2HEEgre T
AN, SLEK LA Aiktpiit, €5 A ML
WphiEMEm €&, ZARE, BRSTS6ETH
FERE, PToARRtee, KTk,

Antibonding
orbitals

| I | I Bonding
*I orbitals

; A (Lowest energy
orbital; all
” | bonding)

Energy —m— 02—



Cyclopentadiene is only a slightly weaker acid
than water. The equilibrium for its deprotonation
is more favorable than for other hydrocarbons
because cyclopentadienide anion is aromatic.

19545F, AT =®&4%% (ferrocene) .

@ " Sulfonation

Fe > 3

@ L Acylation




Cycloheptatrienyl cation

Cycloheptatrienyl cation has a set of seven 7«
molecular orbitals. Three of these are bonding and
contain the six 7 electrons of the cation.

These six 7 electrons are delocalized over seven
carbon atoms, each of which contributes one 2p orbital
to a planar, monocyclic, completely conjugated
system. — —

Cycloheptatriene Cycloheptatrienyl cation
(commonly referred to as
tropylium cation)



Cycloheptatriene has six electrons in a
conjugated system, but its system does not close

upon itself. /N

'.\ JKJI/ / Br
~
Tropylium bromide

Tropylium bromide was first prepared, but not
recognized as such, in 1891. The work was repeated
in 1954, and the ionic properties of tropylium
bromide were demonstrated. The ionic properties
of tropylium bromide are apparent in its unusually
high melting point (203°C), its solubility in water,
and its complete lack of solubility in diethyl ether.



Azulene

O’ AB &R KEIR, BE90°C. 410/«
wF, A FAEM, AUHISARE,

COCH, COCH,

COCH;




Annulenes

(1) [10]/[14] Annulenes

e FEHERA10
Antibonding orbitals %14 ’ 'La.j'C %%",’i

— —T
-
—_—
—— ——

Bonding orbitals
[10]-Annulene

%

Planar geometry required for aromaticity
destabilized by van der Waals repulsions
between indicated hydrogens

cis, trans,cis,cis, trans-
[10]-Annulene

[14]-Annulene



AR 2 LT EFH AL, A F
» NESRTF A=A T KX,
REPE, BTAiESFH T45H.
(2) [18]Annulene

When the ring contains 18 carbon atoms, it is
large enough to be planar while still allowing its
interior hydrogens to be far enough apart that they
do not interfere with one another. The [18]-
annulene shown is planar or nearly so and has all
its carbon—carbon bond distances in the range 137-
143 pm—very much like those of benzene.



No serious repulsions among six
interior hydrogens: molecule is
planar and aromatic.

[18]-Annulene

ERFR L A RIRLEH, 2fnwF
BAAA4n2H0N), o-FEF@m, RHhek, HI
REEE,



Problem 1: PIB TR EMETER F5H.

O ©® ® A Con
X A A A A

Problem 2: Calicene is an unusually polar
hydrocarbon. Which of the dipolar resonance forms,
A or B, better corresponds to the electron
distribution in the molecule? Why is this resonance
form more important than the other?

SRR

Calicene A B



7.8 CARBON CLUSTERS, FULLERENES, AND
NANOTUBES
The 1996 Nobel Prize in chemistry was awarded
to Professors Harold W. Kroto (University of
Sussex), Robert F. Curl, and Richard E. Smalley
(both of Rice University) for groundbreaking work
involving elemental carbon that opened up a whole

new area of chemistry.
The work began when Kroto wondered whether

polyacetylenes of the type HC=C-(C=C)n-C=CH
might be present in interstellar space ( ZFr% 18] )
and discussed experiments to test this idea while

visiting Curl and Smalley at Rice in the spring of
1984.



When the experiment was carried out in the
fall of 1985, Kroto, Curl, and Smalley found that
under certain conditions a species with a molecular
formula of C,, was present in amounts much
greater than any other.

On speculating about what C,, might be, they
concluded that its most likely structure is the
spherical cluster of carbon atoms shown in Figure
7.8 and suggested it be called buckminsterfullerene
because of its similarity to the geodesic domes
popularized by the American architect and inventor
R. Buckminster Fuller.



— @
<23
<=3

FIGURE 7.7 Graphite is a form FIGURE 7.8

of elemental carbon composed of Buckminsterfullerene (C).

parallel sheets of fused benzene- Note that all carbons are

like rings. equivalent and that no five-
membered rings are adjacent
to one another.



All of the carbon atoms in buckminsterfullerene
are equivalent and are sp?-hybridized; each one
simultaneously belongs to one five-membered ring
and two benzene-like six-membered rings. The strain
caused by distortion of the rings from coplanarity is
equally distributed among all of the carbons.

A quantum leap in fullerene research came in
1990 when a team led by Wolfgang Krdtschmer of
the Max Planck Institute for Nuclear Physics in
Heidelberg and Donald Huffman of the University of
Arizona successfully prepared buckminsterfullerene
in amounts sufficient for its isolation, purification and
detailed study.



It is now clear that C, is a relatively reactive
substance, reacting with many substances toward
which benzene itself is inert. Many of these
reactions are characterized by the addition of
nucleophilic substances to buckminsterfullerene,
converting sp?-hybridized carbons to sp3-hybridized
ones and reducing the overall strain.



The field of fullerene chemistry expanded in an
unexpected direction in 1991 when Sumio lijima of
the NEC Fundamental Research Laboratories in
Japan discovered fibrous carbon clusters in one of
his fullerene preparations. This led, within a short
time, to substances of the type portrayed in Figure
7.9 called single-walled nanotubes.

| - ' ey y . by FrwIwIp !
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(018181810181

FIGURE 7.9 A portion of a nanotube. The closed end is
approximately one half of a buckyball. The main length
cannot close as long as all of the rings are hexagons.



Thus far, the importance of carbon cluster
chemistry has been in the discovery of new
knowledge. Many scientists feel that the earliest
industrial applications of the fullerenes will be based
on their novel electrical properties. Buckminster-
fullerene is an insulator ( 844K ) , but has a high
electron affinity ( 9,544 ) andisa
superconductor in its reduced form.

Nanotubes have aroused a great deal of interest for
their electrical properties and as potential sources of
carbon fibers of great strength.





