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Background

« Benzene (CgHp) is the simplest aromatic hydrocarbon (orarene).
* Four degrees of unsaturation.

* It is planar.

* All C—C bond lengths are equal.

* Whereas unsaturated hydrocarbons such as alkenes, alkynes and dienes
readily undergo addition reactions, benzene does not. ( substitution)

Benzene Br, _ :
Ce:H No
(an arene) 6''6 Nore

N Aot

- Benzene reacts with bromine only in the presence of ‘ eBrja Lewis acid),
and the reaction is a substitution, not an addition.

substitution
CeHeg FeBrg LC6 55" i Br replaces H

lewi's
a6|d o)




Background
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FAugust Kekulé\(1865) proposed that benzene was a rapidly equilibrating
mixture of two compounds, each containing a six-membered ring with

three alternating © bonds.

Kekulé description:
An equilibrium |

© —_—

This structure implies that the C—C bonds
should have two different lengths.

* All C—C bond lengths are equal!

T —

| R

=

shortbond —— <— long bond
(exaggerated (exaggerated)

* three short bonds
* three long bonds

4 )
James Dewar (1967) : the Dewar
| | benzene was prepared in 1962 but it

is not stable and it converts to
benzene 3
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Which of the following statements about benzene is true?

Benzene is a saturated hydrocarbon.
Benzene undergoes addition reactions.
Benzene has five degrees of unsaturation.
Benzene undergoes substitution reactions.



Which of the following statements about the structure of benzene is not true?

Benzene is planar.

. Benzene has three short double bonds alternating with three longer single bonds.
. The electrons in the pi bonds are delocalized around the ring.
. Benzene has six pi electrons.



The Structure of Benzene: Resonance

* The true structure of benzene is a resonance hybrid of the two Lewis
structures.

Some texts draw benzene
as a hexagon with an inner

circle:
The hybrid | ——
@ :
The electrons in the & bonds 6T The circle represents the
are delocalized around the ring. six m electrons, distributed over
the six atoms of the ring.
§C
= - The C-C bonds in benzene are
G i CH, CH2$CH2 @ equal and intermediate in length.
1.53 A 1.34 A T — T




4.18. Which statement about benzene is TRUE?

a.
b.
c.
*d.
e.

All six hydrogens in benzene are chemically equivalent.

Benzene decolorizes bromine solutions.

The molecule is planar, and each carbon is at the corner of a regular hexagon.
Both a and c are true.

Both b and c are true.



The Structure of Benzene: MO

Benzene—A planar molecule |

z
& 8/’ 8-—*:’ _ 7/ i 3\H'
- g ‘B’ '( sp2 hybridized

P orbltals
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What is the hybridization of carbon atom in
?benzene structure



Aromaticity - Resonance Energy

AH® observed
(kcal/mol)

AH" “predicted”
(kcal/mol) ‘

1

[1] @ @» O -28.6
Pd-C

cyclohexene

= @ (DX Q
Pd-C

1,3-cyclohexadiene

0 8O

benzene

Benzene with three “regular” C=C bonds

AH® = -85.8 kcal/mol
(hypothetical)

l

° £_52;8é6)«=— slightly more stable than
(small difference) | Mo isolated double bonds |
o staéﬁ)f much more stable than
(large difference) three isolated double bonds

. Benzene is 36 keal/mol |
@ lower in energy.
AH° =-49.8 kcal/mol

(observed)
()4




Stability of Benzene - Aromaticity

* Benzene does not undergo addition reactions typical of other highly
unsaturated compounds, including )conjugated dienesi

H
H Br2 Br
Addition does Aot oceur. | An addition product would'no longer
. _ )( contain a benzene ring.
H \ Br

H Br
Br Yaias : :
Slibstitulion ocours. | 2 A substitution groduct_ still contains
FeBr, a benzene ring.
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The Criteria for Aromaticity% plocee’
conyunoyare

N> C'?p"
Four structural criteria must be satisfied for a compound to be aromatic.

[1] A molecule must be cyclic.

Cyclic compound ] éz:yclic compound |
r v ‘
;i 4 Z
@ 33
v 3 \ no overlap
benzene 1,3,5-hexatriene
Every p orbital overlaps with There can be no overlap between the
two neighboring p orbitals. p orbitals on the two terminal C’s.
aromatic / not aromatic




The Criteria for Aromaticity
[2] A molecule must be completely conjugated (all atoms

A completely conjugated ring | These rings are not completely conjugated. I
o 4
no p orbitals <— no p orbital
- o
benzene 1,3-cyclohexadiene 1,3,5-cycloheptatriene
a p orbital on every C not aromatic not aromatic
aromatic

[3] A molecule must be planar.

-
N
v 8, /

cyclooctatetraene/ a tub-shaped, Adjacent p orbital overlap.
not aromatic eight-membered ring

9




The Criteria for Aromaticity—Huckel’s Rule

[4] A molecule must satisfy Huckel’s rule.
_ oots Arumbed
e Ar{gromatic compound \must contain 4n + 2 w electrons (n =0, 1, 2, a;d so forth).

» Cyclic, planar, and completely conjugated compounds that containf@rnyx electrons
are especially unstalle, and are said to be antiaromatic.

Copynght © The MeGrae-Hl Companes, 1nc. Peesistion mguited (0r ssproducson or deptay,

Table 17.2 The Number of it Electrons
That Satisfy Hiickel’s Rule

Benzene —
An aromatic compound An antiaromatic compound ’

'b« oAA 2‘( n 4n + 2 ,
O nuon loe/ I: : I"/\-\-(Z’,I’l 0 < s B v Yn +2=%¢ n-0
of T cloud \

[ b n.;\z 1 «——> 6 v Un+2=6 *
dn+2=4(1)+2= glactlons _4n=4(1)= e et
6  electrons [4 nlelectrons 2 «— 10  Hns

3 < > 14 /L\n +'2,‘Ll f\:%

d,etc. .5 18/ 4p, 9213 oA

10



The Criteria for Aromaticity—Huckel’s Rule

1. ‘Aromatic—A cyclic, planar, completely conjugated compound with 4n + 2

© electrons.

2. ‘Antiaromatic—A cyclic, planar, completely conjugated compound with 4n
n electrons.

3. N )—A compound that lacks one (or more) of the

following requirements for aromaticity: being cyclic, planar\,/ and

completely conjugated. v
nonaromatic
- < -
X = b/ \4 =
and | | l and and
P = a8
benzene 1,3,5-hexatriene cyclobutadiene 1,3-butadiene | 1,3-cyclohexadiene cis,cis-2,4-
. : hexadiene
more stable less stable
aromatic antiaromatic similar stability

11



Examples of Aromatic Rings

g
Cyclooctatetraene © Q_ﬁ
I )

8 i electrons

=

planar puckered
antiaromatic 1n  nonaromatic

An +2 - 15

n= 1 @
, 2

anthracene phenanthrene

14 n electrons 14 & electrons
® @
[10]-Annulene fits Hiickel's rule, The molecule puckers to keep
~ butits not planar. these H's further away from each other.

[14]-annulene [18]-annulene
4n+2=4(3)+2= 4n+2=4(4)+2= [10]-annulene
14 1 electrons 18 rt electrons 1&;‘ ﬁgﬁ;‘i?:
ﬂromaac aromatic —_— @representaﬁon 12




Polycyclic Aromatic Hydrocarbons

=E o0 000 O

biphenyl terphenyl naphthalene anthracene phenanthrene

No interactions 61 kcal/mol 84 kcal/mol 92 kcal/mol
between rings

Three resonance @ﬁ'uemm P

1.36 A

@ 1.40 A
13




Other Aromatic Compounds

+ > + H—B
no p orbital — %% o 4
H H B H _d
/‘)
cyclopentadiene cyclopentadienyl anion
not aromatic aromatic
pK; =15 a stabilized conjugate base

—

The cyclopentadienyl anion The ring is completely conjugated
with 6 & electrons.

ammm‘rc # 1
T H
L) @L‘* '
= H - ‘
/ H H
sp? hybridized C 4

The lone pair resides in a p orbital.

q—

X
e The cyclopentadienyl anion is aromatic because it is cyclic, planar, completely
conjugated, and has six & electrons.

=Y Y 73
y— (y— L — Q—)
O O N 14



Other Aromatic Compounds

() S

S
cyclopentadienyl anion cyclopentadienyl cation cyclopentadienyl radical
v * 6w electrons * 4 & electrons *(5)n electrons
/* contains 4n + 2 & electrons * contains 4nnx electrons) * does not contain either 4n
o or 4n + 2 nt electrons

) i —

aromatic antiaromatic | @

The tropylium cation The ring is completely conjugated
: with 6 R electrons

oA
/ 'y

sp® hybridized C

One p orbltal is vacant. f J

* The tropylium cation is aromatic because it is cyclic, planar, completely conjugated,
and has six  electrons delocalized over the seven atoms of the ring.

6_\'\' cldcl—(ons

15
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Aromatic Heterocycles

O e
vl W

structures for pzridine
6 &t electrons

Six & electrons are delocalized in the ring.

o H vy ! H
| H | The lone pair occupies an sp® hybrid orbital,
\N ‘ perpendicular to the direction of the six p orbitals.
.T. H b HI

sp? hybridized N |

A p orbital on N overlaps with adjacent p orbitals,
making the ring completely conjugated.

@
2H-pyran O ¥ 2H-pyrilium ion O..
4 1t electrons @ C 6 © electrons |

! P .

nonaromatic aromatic 16




Aromatic Heterocycles

The ring is completely conjugated

with 6 & electrons.

Lo

/\—/\ y H ———— .
/ \ T—i— The lone pair resides in a p orbital. |
H > —

sp2 hybndnzed N sp? hybridized N v/
(/ \5"—'/) *—FZ 5"'—"( S%HZ 5 6( 56
N 8§+
H H*

/ \ [\
&

furan thiophen -




* ?Which of the following ions is aromatic

(125 1)
v O 0O O
e X @ @
1 2 3 4

1

3 .



yalk -
WNomenclature: 1 Substituent
Systematic:

| , ?Ha —
{3_%2(»13 | @——g—cm @—cu |
| L i)

ethyl group ‘chloro group

ethylbenzene tert-butylbenzene chlorobenzene

toluene phenol
(methylbenzene) (hydroxybenzene)
I

19



4.2.

Which of the following structures accurately represents toluene?

CH, OH

CO,H OCHj

NH,



4.1.

The structure of chlorobenzene is correctly represented by:

Cl Cl
CH,CI CH,CI
d. @/ e. U



Nomenclature: 2 Substituents

|dentical:
1,2-disubstituted benzene 1,3-disubstituted benzene 1,4-disubstituted benzene
ortho isomer ‘ meta isomer ‘ para isomer
Br Br
. 3 Br
Br
Br

1,2-dibromobenzene
o-dibromobenzene

Different:

Alphabetize two different substituent names:

Br NO, <—nitro group
Cl
- hic
bt
o-bromochloro- m-fluoronitro-  p\3&!

~benzene benzene

1,3-dibromobenzene
m-dibromobenzene

1,4-dibromobenzene
p-dibromobenzene

Use a common root name:

toluene phenol

NO,

p-bromotoluene o-nitrophenol




4.6.  Which of the following molecules is m-nitrophenol?

CH
3 CH;

a. b.

NO,
NO,

OH

*d. e.

OH
NO,
NO,

NH,

4

NO,



4.4.  What dibromobenzene can form only one tribromobenzene?

a. o-dibromobenzene b. m-dibromobenzene *c. p-dibromobenzene
d. cumene e. styrene



Nomenclature: 3 or More Substituents

Examples of naming polysubstituted benzenes

1
[1] { CH,CH,

Cl $™CH,CH,CHj
4 2

\ * Assign the lowest set of numbers.
* Alphabetize the names of all the
substituents.

4-chloro-1-ethyl-2-propylbenzene
\

l
L
QU

NH,
2] Cl «—1
2—>
T Cl
5

* Name the molecule as a derivative of the
common root aniline.

* Designate the position of the NH, group as “1,
and then assign the lowest possible set of
numbers to the other substituents.

”n

2,5-dichloroaniline

21



Nomenclature

* A benzene substituent is called a phenyl group, and it can be abbreviated

in a structure as “Ph-".
2

o
©/ abbreviated as Ph—

phenyl group
CeHs—

* The benzyl group:

CH2—§
@ \an extra CH, group

benzyl group

H
_ | CgHs—H
PhH I

benzene

 Aryl groups:

jog

3

OH
4 | _ | CgHs—OH
N PhOH
phenol
CH4
Br

22



o
Interesting Aromatic Compounds

- Benzene and toluene, are obtained from/petroleum refining_land are
useful starting materials for, synthetic polymers.

« Compounds containing two or more benzene rings that share carbon—
carbon bonds are called ‘polycyclic aromatic hydrocarbons (PAHS).
Naphthalene) the simplest PAH, is the active ingredient in mothballs.

Czall =2\

The components of the gasoline additive BTX |

benzene toluene p-xylene naphthalene
/ (used in mothballs)

?a(o\

23
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NHCH,

(L
(L

Cl

* Trade name: Zoloft

* Generic name: sertraline

* Use: a psychotherapeutic
drug for depression and
panic disorders

¢

» Trade name: Viracept
* Generic name: nelfinavir

* Use: an antiviral drug used
to treat HIV %o
——————————— . 9

H
C\so

QO

* Trade name: Valium
* Generic name: diazepam
* Use: a sedative

s(}r‘”
O FHS
CH.CH
a 2\0 HN | N\N
N V/,
N

CH,CH,CHs

OZS\N/\
I\/N‘CH:,

* Trade name: Viagra

* Generic name: sildenafil

* Use: a drug used to treat
erectile dysfunction

c_/\.g;;.(u (ee»

¢ » Interesting Aromatic Compounds

0
o)

N(CH,CHa),

* Trade name: Novocain
* Generic name: procaine
* Use: a local anesthetic

)=

CO,CH,CH,8
N

N

Cl \ 7

* Trade name: Claritin
* Generic name: loratadine
* Use: an antihistamine

for seasonal allergies

Pas g Tl

24



Interesting Aromatic Compounds

e Benzo|a]pyrene, produced
by the incomplete oxidation
of organic compounds
in tobacco, is found in
cigarette smoke.

benzo[a]lpyrene
(a polycyclic aromatic hydrocarbon)

tobacco plant

© David Young-Wolff/PhotoEdit @© Corbis
 When ingested or inhaled, benzo[a]pyrene and other similar PAHs are
oxidized to carcinogenic products. 25

%W 9'3—,
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(f[KCL(O - AeC»‘cn‘enL
Electrophilic Aromatic
Substitution

Chapter 16
Organic Chemistry, 8t Edition
John McMurry

605‘5 woC
e)\e\”"‘“\
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https://youtu.be/ubtvxTvdWjA?si=e3l5WUtSr2C5QXN9

Introduction

H X, X
Addition J ©: —x—>

‘ H X

H ) E
Substitution | ©/ E"

29



catalyst Jl .
Introduction

Reaction Electrophile

(1) Halogenation—Replacement of H by X (I or Br)

H X
O/ X5 O E* =CI* or Br*
FeXs

X=Cl anthailda
X=Br

[2]-Replacement of H by NO,

H NO, .
O " ==
H,S0,

nitrobenzene
s AT

[3--Replacomont of H by SO,H

H SO.H —
O i R O E* = SO.H
H,SO, ‘

benzenesulfonic acid

[ eplacement of Hby R
H

R
O g Y =
AICl;

alkyl benzene
(arene)

(51 FRdOFS eyllon—lacomant of H by RGO
o)

. Cup -
S
AICI,

ketone

———
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— Mechanism

‘ -OIL | Mechanism 18.1 General Mechanism—Electrophilic Aromatic Substitution

+

Step [1] Addition of the electrophile (E*) to form a carbocation

resonance-stabilized carbocation

H H

H H

=z - N
~e - ) =P —(J°

\ \’\ /

Addition of the electrophile (E) forms a new C—E bond
using two n electrons from the benzene ring, and
generating a carbocation. This carbocation intermediate
is not aromatic, but it is resonance stabilized—three
resonance structures can be drawn.

Step [1] is rate-determining because the aromaticity

of the benzene ring is lost.

H =+
In Step (2], a base (B:) removes the proton from the
carbon bearing the electrophile, thus re-forming the
aromatic ring. This step is fast because the

aromaticity of the benzene ring is restored.

Any of the three resonance structures of the carbocation
intermediate can be used to draw the product. The
choice of resonance structure affects how curved
arrows are drawn, but not the identity of the product.

: +
Step (2] Loss of a proton to re-form the aromatic nng
N7 8 £ *
X N
skabo\e ‘
compoun
transition state
Step [1]
transition state
Step [2]
>
=]
@
c
(i}

—

g
’f Reaction coordi

nate )
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Halogenation

catalyst o> 4 pea

QD | Mechanism 18.2  Bromination of Benzene

Step (1] Gonemionow\eelectmphile
Br—ér e “FeBr, — :Br—Br—FeBr,

Lewis base Lews acid electrophile
(serves as a source of Br)

¢ Lewis acid-base reaction of Br, with FeBrs

forms a species with a weakened and
polarized Br—Br bond. This adduct serves
as a source of Br” in the next step.

Step [2] Addition of the electrophile to form a carbocation

H H H
H
a3 “‘ . ‘[\.. _ £ Br Br | = Br

resonance-stabilized carbocation

Addition of the electrophile forms a new
C-Br bond and generates a carbocation.
This carbocation intermediate is resonance
stabilized—three resonance structures
can be drawn.

+FeBr The FeBr, also formed in this reaction is
N the base used in Step [3].
Step (3] Loss of a proton to re-form the aromatic ring
H" N = V 'L FeBr,” removes the proton from the carbon

f““ FeBra
(;? + HBr/+ FeTBr3

bearing the Br, thus re-forming the
aromatic ring.

FeBr,, a catalyst, is also regenerated for
another reaction cycle.

*low 32


https://youtu.be/nP4-tAAGDVc?si=hTknRL9OzJ7MRa1i

EXAMPLE: Which of the following is a correct product of benzene substitution reaction with Br2?

Br
B|'2
H




Nitration

H No.
HNO;
H,S0,

nitrobenzene

* Ok X | Mechanism 18.3 F°|’maﬁonofth

R H

l, .
H-0-NO, + H-0SO;H — H-Q5NO, —> H,0:
V)
+ HSO,

Nitronium lon (*NO,)

NO,

electrophile

Final FloAud’s

+

B=N=0

Lewis structure

34



Nitro Group Reduction
S0yt

Aromatic nitro groups (NO,) can readily be reduced to amino groups (NH,)
under a variety of conditions.

N02 NH2
| B Hy, Pd-C ©/
= or

Fe, HCI aniline
or
Sn, HCI

0 W

P‘V,.

nitrobenzene

35



Sulfonation

H SO4H
Sulfonation l ©/ _&, ©/
' H,S0,

banzenesulfonic acid

Q) | Mechanism 18.4 Formation of thel

1O 3

I~ i
1428, F HgOSOH ——»: _ .8 .
Lol o " =<5’S*‘Q-H

28 for Sulfonation

alectrophile

36



What is the name of the mechanism resulted
?from the following reaction

0; 299
| I &

H,SO,
Select one

(O a. Electrophilic aromatic substitution reaction
O b. Nucleophilic aromatic addition reaction
(O c. Nucleophilic aromatic substitution reaction

(O  d. Electrophilic aromatic addition reaction



4.42. Which is the best reaction sequence to synthesize m-bromobenzenesulfonic acid from
benzene?

SO,H

D

2)
Br

a. 1) Br,, AlBr;, 2) H,SO,, SO,
*b. 1) H,SO,, SO, 2) Br,, AlBr;
¢. 1) ethene, HF, 2) Br,, AlBr;
1) CH,Cl, AICl;, 2) Br,, AlBr,
1) Br,, AlBr;, 2) CH;COCI, AICI,

o o



Friedel-Crafts Alkylation

H = \ (
O = OY o
AICl, new C—-Cbond +

alkyl benzene

+ -

VN ~ -
lCHﬁ;C-Cl + AICIl, ——~ (CHg))C-Cl“'N(;': — (CHg,hC‘ + AICL

C(CH}I;}
A A - r\ . C<CH3)3
||+ 'CiCHsly ——pm M cmcy, —» s HCl + AICI

N
/ 1ch1[ -lowlfa' beazece
poesil

https://youtu.be/6ydPCBEVjXY ?si=UzXsQdvQMUG0862L 5"0@

---------------------------------------- hete { l,',y.;ln-lions)

Best with 2ry and 3ry halides

37


https://youtu.be/6ydPCBEVjXY?si=UzXsQdvQMUG0862L

Friedel-Crafts Alkylation

Other functional groups that form carbocations can also be used as
starting materials.

‘ |'_‘ H
An alkene + H-O0SO;H —— <— 2° carbocation
H
H

+ HSO,"
e CHa CHs
- ve - ( S 4+
An alcohol CHy—C—OH + H-0SO;H —> CHy—CLQH, —— _ C., * | 3 carbocation
: H
CH, CHj, ° ’
+ HSO,~ + H,0:

I (CH3)3C—OH + HQSOA I

H l C(CHs)s
©/ + (CH3)aC~ ——— ©/\

new C—AC bond

38



unteactive e .
halides Limitations

]

[1] Vinyl halides and aryl halides do not react in FriedeI-Crafts/;IkyIation.&
|

Unreactive halides in the e
Friedel-Crafts alkylation ‘ NS

vinyl halide aryl halide

chlopmelhene chleto benzene

[2] @lsubstltuted products(are obtained |n F.-C. [alkylatlons] but not In

afylatlons tedh-bukg) goup

_imikations - /Lg Final
Pol'ﬂ a ll(lola:r 'oNS © AICl, AICI3 ewduc
can 0CCUt -

More reactive
than benzene

(4ect - bubyl benzene)

39



Limitations

(
/) )o AMK
e
[3] Rearrangements can occur.
\
RC + AIC, |i)/\/\
* MC' ] *
4+
aYs 35% &%
N
T iy oy S€Condaty
less stable more stable

o .

1ry 3ry 40
less stable more stable



Summary of Benzene Reactions

] . Halogen : : FeXs;
Halogenation . « 5 FeXs : + X — >
: 2 : ;
E E CHy
Friedel Crafts | Alkylhalide 5 AlX3
Alkylation ! : AlX3 : + CHX — — 5
7 CH3X : .




Friedel-Crafts Acylation

RCO
' | I «—|acyl group
Friedel-Crafts acylation—
General reaction ‘Cl AICH, ¥ HO!
benzene acid chloride -
o - - -
)L + ACl; = )L - ——p= H,C—C=0 =3 H;C~C=0 + AICI’

e A G

41



4.36. The expected product from the following reaction is:

CH;
AlCl4 "
+ CH;CH,Cl ' :
H,C
CHj;4 CH; CH,
CH,CHj;
a b. *C.
CH,CH;4
CH,CHj; CH,4
CH,CH,4 CH,CH;
CH;
d. e

CH,
CH, CH,4



intramolecular Friedel-Crafts reactions.

O
Cl (@) _CHg
new C—C bond N N
Reaction occurs / O IR ) X
atthese 2 C's. \
AICl, N\
e S
N several N
\ N\ steps }4
CHZPh CH,Ph
_ LSD
intramolecular lysergic acid diethyl amide
Friedel-Crafts acylation

42



Nitration of Substituted Benzenes

O g Qo O

erw)omzmc chloro benzene. F eno
l bentent l
Q pe MQ @r
NO,
i MO /NOp CI/NO WO, oH / W0,
ra?easlve 6 x 108 0.033 1 1000

Substituents modify the electron density in the benzene ring, and this affects

the course of, eIectrthiIic aromatic substitutionJI

43



Substituted Benzenes

Inductive effects (through c bonds):

51‘43/&

» Atoms more electronegative than carbon—including N, O, and X—pull electron
density away from carbon and thus exhibit an electron-withdrawing inductive effect.

* Polarizable alkyl groups donate electron density, and thus exhibit an electron-
donating inductive effect.

Electron-withdrawing inductive effect | onating inductive effect |

O @ e @

* N is more electronegative than C. * Alkyl groups are polarizable, making
* N inductively withdraws electron density. them electron-donating groups.
-NHs*  -NH., -OH -F -CHO -CN SO:H -NO:
-(f_3_ -NHR -OR -Cl -COR SO:2R
v NR: ... -Br  -COOH
pimaly -| -COOR
1 -y
-CHs ’ A A 9) -3
Nau ve
-Alkyl ' | (6 < + T
-SiRs3 _re 44
ence (T )
(eson x 2




Substituted Benzenes

Aouble
[ Resonance effects( (through = bonds) are only observed with substituents
~ containing lone pairs or © bonds.

« Substituents containing lone pairs are €lectron donating - ottho Jpaca
ditectot

‘ " - -~ [ g: l _ ackivale the (ing

C_(-cHo .- COOH, -NO2 . - SO,R)
« Substituents -Y=Z (CgzHs-Y=Z), where Z is more electronegative than Y are
electron accepting (- R)

(6'&6"’ (oN OJHHﬂAla u/;ng 3

- meta  Adiecting

- | - deactivate
yd -9:::‘ _H O__\ H 0\_ be O.___ H .H,‘c (|'/16
rl” o I )] | o
U =y =0
‘32:::___---’ (_::I::-_ -) [| - -;;] 45
®
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Ll

IR Substituted Benzenes: Activation

NH.,  -OH -F -CHO CN  SO:H -NO2
-NHR -OR [-CI -COR SO:R
NR: -Br -COOH

:z/w -l -COOR

ackivate Aeaclfiva‘}e ‘

+/

Olﬂqo/Falm diteckol

* Substituents that increase the electron density on the ring activate the ring
towards electrophiles. Substituents that decrease the electron density on
the ring deactivate the ring towards electrophiles.

« To predict whether a substituted benzene is more or less electron rich than
benzene itself, we must consider the net balance of both the inductive and
resonance effects. ~

—
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Substituted Benzenes: Activation

| | Alkyl qcoup
~ Vieda! cafls alKglation o(l—lao / poio An(ecfo/

/l\ /’\Cl
h:wf) = AICI, mcu,
| —
2 \)‘ a) \/
%41-[9«‘9\ g(w‘o
More reactive

than benzene

ted-bubyl benzene

O
M 0
Cl
Q=
]
Less reactive

than benzene
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Substituted Benzenes: Orientation

Az / o
+R > -| (-OR, -NR2 ) activating, o- p- dlrectlng
HNO; -
H; 504 OtNWOH
o/p — | .
diceckor N O:N
stong ackivalol 30% traces 70% 60(0
-1 > +R (-F, -Cl, -Br, -1 ): deactivating o- p-directing
HNOB Ci
o N ON
b7y 35% traces 65%
o/p diecol
-, -R‘(-NOZ, -SO3H, -CN, -COR):|deactivating, m- directing.
0
NO :NS(.';4 @ O:N NO, WNO?
+ |
©/ O;NW
"l““"‘“” 5% 90% 5%
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Substituted Benzenes: Orientation

HNO4
HZSO4

a¢

58%

o(,\’\/lo

|: Jactivating| -0 -p directing (same as + R)

©/CH
NO,

5%

- I eactlvatlngl-m dlrectlng same as - R)

“ H?SO-i

d((c’d’o(

6%

¢

91%

OzN

37%

/©/CF3
02N

3%
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Substituted Benzenes: Orientation

The new group is located either ortho, meta, or para to the existing
substituent. The resonance effect of the first substituent determines the
position of the second incoming substituent

CO.H O OH* OH"* ( OH +R )
N | Lo« L
> & - ) O
S 2/ orto
)
\_ > ara
O\\N O O\N‘.O 0'\N._O O\N O




Substituted Benzenes: Orientation

X X X X
H H H
E* E E E
X X X X
EQ-
—- - e
E E E
H H H
X X X X
E+
H E ~ H E H E



Substituted Benzenes: Orientation

+ R -R
-0, -p mtermedlates are resonance stabilised -0, -p mtermedlates are resonance destablllsed

N N
Q-8 0=

+ | - |
-0, -p intermediates are inductively stabilised -0, -p intermediates are inductively destabilised

X X
E E
- -
X X
H E H E
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g-igajuge+’ee>

Substituent Effects. Summary

Note the unique position
of the halogens.

Increasing activation

—NH, [NHR, NR,]

-OH

|

activating
groups

Increasing deactivation

-SO4H
_N02

' —i:le

deactivating
groups

ortho, para
directors

meta
directors
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4.23. Which of the following groups is a meta director?
a. —Cl *b. —-CHO c. —OCH; d. -OH e. —Ar

4.24. In electrophilic aromatic substitution reactions, which of the following molecules are
considered to be less reactive than benzene?

CO,H

4.25. Which of the following groups are ortho, para-directing?
a. —C02CH3 b. —CONH2 C. —S()gH

+
d. —NH(CHs), *e. —SCH,

OCHj



4.26.

4.27.

4.28.

Among the following groups, which ones are meta-directing?

1. —ClI 2. -NO, 3. -SO;H 4. -CH, 5. -COCH;
a. land4 b. 1,2and 3 *c. 2,3and 5
d. 2and>5 e. land?2

Which of the following molecules is the most reactive toward electrophilic aromatic
substitution?

NO, NO,
a. b. @ c.
CH; CO,H OH
*d. e. ©
NH, + NH;4

Which group is both ortho, para-directing and ring-deactivating?
*a. —Br b. -Ar ¢. -NO; d. —-CHO e. —OCH;



o/P
§ — 5/&2
S F Br;
o/P sterically
hindered
CH,
7
222 2 e
QB
L ED
Tt

Disubstituted Benzenes

weak
ackivako! o/f
CH;, / CHy om0ty
5\"‘" o
\ / o Aa(cé
.
/ '\ ’ =%
NHCOCH; NHCOCH,
skon
o] ¢ >
ag\—ivai—ol
CHs
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Further Examples

vwwonsacﬂvaﬂnsm %
A(cc\o‘ g_\ OH
Br, r\©/8r Br | X -Br
FeBrS >
aniline 5 phenol .

T-: Every ortho and para H is replaced. F

~ strong deactivator
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Synthesis of Polysubstituted Benzenes

ortho, para director —>Br

meta director —>NO,
p-bromq(witrobenzene
- 7/
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* Synthesis of Polysubstituted Benzenes

Pathway [1]: Bromination before nitration |

lone paites ot eleckions

( 7a/Hq_o / iy ditecto

Br Br
NO,
+
NO The ortho isomer can be
meva diecdo(<— —° |  separated from the mixture.

t chage on N para product

' Pathway [2]: Nitration before bromination '
_HNO;
=) O m—

meta isomer
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Reaction of Amines with Nitrous Acid

NaNO, + Hel — HNO, — U0 « Not , ¢\ HNO,Z very (eackive

nittosonium 0N

NOY fan ceact with 1°/2° amines / Not 3’

+ NaNO
R—-N=N: CI- I <j>7r\m2 — @—&N: cr

alkyl diazonium salt aryl diazonium salt

A N line
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Reaction of Amines with Nitrous Acid

HNO,
1. generation of the electrophile
H* H\ +
HCl + O-N=0 =—= ClI + HO—N=0 =—= O0—N=0 —>» :N—0O
/\J ‘Hzo ce
H
nitrosonium
2. nitrosation ion
T
R—NH, + N=0 =—> R—N'—N\\ == R H N,
hoo o H ‘0
N-nitrosamine
3. acid-catalysed elimination
H H* )
W\ \ \ - H:0 o
0 OH (L. OH,
/ ilazonium
2 da_o u

ool Stes ion
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Substitution Reactions of Aryl Diazonium
Salts

 Aryl diazonium salts react with a variety of reagents to form productsin
which a nucleophile Z replaces N,, a very good leaving group.
« The mechanism of these reactions varies with the identity of Z.

: N = N :
vel)
General . N,* CI7 Z
substitution reaction ©/ s O/ [N+ or
good
Z replaces N, leaving group
62


https://youtu.be/kFNMB3rY9Ls?si=7ce0zqe0CZPdB20E

/

Substitution Reactions off Aryl|Diazontam.

Substitution by H—Synthesis of benzene
OooA ,ea\/(f\j Qe

i

- p(OAM C(’

A"Ol a’n’azonium sall benzene

A diazonium salt reacts with hypophosphorus acid/to form benzene.
This reaction is useful in synthesizing compounds that have substitution
patterns that are not available by other means.

Substitution by OH—Synthesis of phenols

N2+ Cr =. ©/OH

phenol
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Substitution Reactions offAryl|Diazonium

Substitution by Cl or B—Synthesis of aryl chlorides and bromides

N,* CI- cl N,* CI Br
CuCl CuBr
o cin 4

aryl chloride aryl bromide

This is called the Sandmeyer reaction. It provides an alternative to
direct chlorination and bromination of the aromatic ring using CI, or Br,
and a Lewis acid catalyst.

Substitution by CN—Synthesis of benzonitriles

N+ CI~ CN
—

benzonitrile
cN

Since the jcyano grouplcan be converted into a variety of other
functional groups, this reaction provides easy access to a wide
variety of benzene derivatives.
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Substitution Reactions off Aryl|Diazonitnm

C~ltec
Substitution by F—Synthesis of aryl fluorides

N+ CI~ 5
-
—_—

aryl fluoride

This is a useful reaction because aryl fluorides cannot be produced by
direct fluorination with

Substitution by I—Synthesis of aryl iodides

N,* CI” I
Nal or KI

aryl iodide

This is a useful reaction because aryl iodides cannot be produced by

direct iodination with |, and a Lewis acid catalyst.
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Substitution Reactions off Ayl IDiazomnitmn
Salts

Diazonium salts provide easy access to many different benzene
derivatives. Keep in mind the following four-step sequence, because
it will be used to synthesize many substituted benzenes.

nitakion (eduction diazotizalion suloski bubion

banCnC HNOs )nnlrobmzcnc ) An.'ne MaN %25 a’:azomumsa” RN oosuc"s

nZSO nucleOP ile
N,* CI”

HNO,y NaNO,
Hgso4 Pd Bac HCI

mtrat:on reductlon duazohzanon subst:tutuon
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4.35. What is the name of the major product from the following sequence of reactions?

1) SO3, H,S0,

- ?

2) NaOH, 200°C

a. aniline b. anisole ¢. benzoic acid
*d. phenol e. toluene



Substitution Reactions offArylIDiazoniumn
Salts

)( The Br atoms are ortho, para directors
located meta to each other.

Am‘»‘/\e

Br
HN03 sz NﬂNOz H3P02
HzSO4 Pd C Fera HC'
(1] (2] (3] (4]
Br

Nitration followed by reduction forms aniline (C4HsNH,) from benzene (Steps [1] and [2]).
Bromination of aniline yields the tribromo derivative in Step [3].

» The NH, group is removed by a two-step process: diazotization with NaNO, and HCI (Step [4]).
followed by substitution of the diazonium ion by H with HyPO.,.
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v’\ll«'lonl oNn N
@)
2 (ea\ucl on NH3
NHs

HNOZ @
Pd - C © )
\':c 6(

NH
(¢ 3 0
( @«
@ _I_\]iN_o-ﬁ—) ¢ 6(
) HC| pO 6(
( ’ h
9Pof 0s l’l ( | .
; s ch, l,%,‘S-h.lo(omo'ocnsz

2 ( Fn'na‘ p(oAucL)

tiazotizakion
SUlosL'.\'ul—io/\ bg H
~d2ll -

niat(ation S A ’ - -
s (@ ucl—aon >
b(amma(—;on > diazot +
1zatvon = suloskitution
\ | O



Coupling Reactions of Aryl Diazonium Salts

 When a diazonium salt is treated with an aromatic compound activated by
a strong electron-donor group, a substitution reaction takes place giving
an azo compound.

nuclesphilic
Orwer v O — Ol
Azo coupling N,*Clm  + Y > N=N Y + HCl
weak Y = NH,, NHR, NR,, OH azo compound
dleckophile (a strong electron-
donor group)
Mechanism:
AN (BH
NZ, N N"/_-> N H‘l ] e [ II
A/ A NTOTNT TV nTOSNT TR
kans isome/

The para position is preferred for steric reasons
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Azo Dyes

‘ 2
« Azo compounds are highly conjugated, rendering them colored. Many of
these compounds are synthetic dyes. Butter yellow was once used to
color margarine.

Example QN2+ Ccr- + N(CHg)s — QN:NQ—N(CHS)z

a yellow azo dye

o\mzon um solk 5emru|a(g aming “butter yellow”
Three azo dyes ' O
i
COOH
alizarine yellow R OH -

Na* 0358—NH2 ~‘7so3 Na*
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&iﬁ\ﬂ? ;>)~°:Lo

in Polyciclic Aromatic Compounds

Sclcc"‘OPhi\l'C AGCL(OPL“'\\'C a(omo'."{c Compoun AS (SUESL\’M"\OI\) S C’qu (esonan <€ s\'(uc\—u(cs
6(3@,3; A 2 "g' Veep beoth (ings

- ‘ | s c_,\dla atomatic

no.le«alene
aromatlc
E H aromatlc E H
@ \
-— efc.
aromatic aromatlc

@

\H —CR G

70



Nucleophilic Aromatic Substitutions, S\Ar

Z = Electron Accepting Substituent (sigma or 7: NO,, CN, N,*, SO,R)
X = Leaving Group

—— | cee—

Example

Et E10, OMe o@ EtO, OMe OMe
O,N NO» O,N % N O,N NO, O,N NO
MeONa - EtONa
NO» NO»2

@O/@ O @

~



+H,
©
> 1O .
H
_*Q
O o (77a)
= :
) ! 77)
Z | 0 (
& EU
\Q"NHZ
I o
N
(76)

2)




)Zx\ Examples of S\Ar

S OH  festes C:j@[()j@[c'
Cl Cl NaOH, A C O Cl
OCH,COOH CI OCH,COOH

Herbicides were used
extensively during the

Vietnam War to defoliate 2,4-D 2,4,5-T

dense jungle areas. The 2,4-dichlorophenoxy- 2,4,5-trichlorophenoxy-
. " acetic acid acetic acid

concentration of certain herbicide herbicide

herbicide by-products in the
soil remains high today.

the active components in Agent Orange,
a defoliant used in the Viethnam War

Cl OH  cICH,COOH
-~  245T



Benzyne
©>=0 hv, 8 K, ©|
Ar, - CO
=0

- Orbitals
overlap 1.42 A ©| 1.24 A 1.39 A

1.43A 140A

| NH NH,
KNH, KNH,
S p—— —— &
®="C

OMe Me OMe Me
©/Cl KNH, KNH, @ H®
NH»> NH,



Side Chain Reactivity: Radical Halogenation

Benzylic C—H bonds are weaker than most other sp3 hybridized C—H
bonds, because homolysis forms a resonance-stabilized benzylic radical.
~ il s

benzylic C—H bond

R ) ) ) ) )
C C C C C : C
“CHq oy & | £ CH, N, o= P 2 6H
— P ~ e ey - R
Pz ) &
+H-

five resonance structures for the benzylic radical

H H H Br
\C/ Br, \C/
I S \CHS hv or A < ©/ \CH3 + HBr
or
Z NBS
ethylbenzene hv or ROOR a benzylic bromide

B(

N
© 75

radical conditions



Side Chain Reactivity

4

Brs
» + lonic conditions
FeBrj
Br Br
@/-\ ortho isomer para isomer
Br

ethylbenzene Br,
hv or A

> Radical conditions
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Side Chain Reactivity: Oxidation

: CH,
Examples ' ©/

toluene

benzoic acid

©/CH<CH3)2

isopropylbenzene

NO '-‘ col
Substitution

@COOH
COOH

phthalic acid

'KMnO, :
Ty No reaction ]
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Side Chain Reactivity: Reduction

\;(iea(ej - C(am acglmtion
a.C@l Otom‘o

Z q | HalPd "
|| .-
Xy (Zn, HCI)

a\/\ N\ . .
—_—— + | (+ disubstituted products)
AICH X

AICI
the Fiedel-cafls 3 | ] |
alKylaktion MNo! p(oolqu mcyol &(0 uc
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