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Aromaticity — Resonance Energy

AH° observed | AH° “predicted”
(kcal/mol) ‘ (kcal/mol)
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Benzene with three “regular” C=C bonds
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Stability of Benzene - Aromaticity

Benzene does not undergo addition reactions typical of other
highly unsaturated compounds, including conjugated dienes.

H

oty Hip P e -

Addition does not oceur a e - An addition product would no longer
| R S contain a benzene ring.
H Br

H

ZN B o - :

& bt on OECi | | w 1A substltuh?jn ﬁ;ﬂﬂucrt_ fﬂ" contains
S FeBr% a benzene ring.

8t &” H
meccanismo (I/\Br——Br :::33::r+ :é:r:_

trans-1,2-Dibromocyclohexane



Introduction

H X H X
2
Addition @[ X - @\[: <—— The product is not aromatic.
H X
H
H £ E
Substitution | U it U <— The product is aromatic.

Addizione
(NON avviene)

Br
©/ + HBr

Sostituzione

Energia

Avanzamento della reazione



Introduction

Reaction Electrophile

[1] Halogenation—Replacement of H by X (Cl or Br)

H X
U X G/ E* = CI* or Br*
Fﬁxa

X=0Cl aryl halide
X=RBr

[2] Nitration—Replacement of H by NO.,

H NO,
J e O "
H,50,

nitrobenzens

[3] Sulfonation—Replacement of H by S0,H

H SOH .
T e g =
H2S0;

benzenasulionic acid

[4] Friedel-Crafts alkylation—Replacement of H by R

H R
AICI;

alkyl banzens
[arene)

[5] Friedel-Crafts acylation—Replacement of H by RCO

2
H c
“R . ok
©/ RCOCI E* = RGO
AICI,

katanea



Mechanism

‘ Oit | Mechanism 18.1 General Mechanism—Electrophilic Aromatic Substitution

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

@,/.*.‘__E. . @4"5 .. @Z‘E .. (;/—”E

re@sonanca-siabilized carbocation

intermedio di Wheland

Step [2] Loss of a proton to re-form the aromatic fing

—
- B
E E

transition state
Step [1]

+ Addition of the electrophile (E°) forms a new C—E bond

using two x electrons from the benzene ring, and
generating a carbocation. This carbocation intermediate
is not aromatic, but it is resonance stabilized—threa
resonance structures can be drawn.

= Step [1] is rate-determining because the aromaticity

of the benzene ring is lost.

In Step [2], @ base (B:) removes the proton from the
carbon bearing the electraphile, thus re-farming the
aromatic ring. This step is fast because the
aromaticity of the benzene ring is restored.

+* Ary of the three resonance structures of the carbocation

intermediate can be used to draw the product. The
choice of resonance structura affects how curved
amows are drawn, but not the identity of the product,

transition state
Step [2]

Reaction coordinate



Halogenation

": Oit' ' Mechanism 18.2 Bromination of Benzene

Step [1] Generation of the electrophile
ér—ér M FeBr, — Br—8r—FeBr,

Lewis base Lewis acid electrophile
(serves as a sourca of Br')

+ Lewis acid-base reaction of Br; with FeBr;

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 electrephile to form a carbocation

H H
OFsliia— ("
\_Br—Br—FeBr, — — —

resonance-stabilized carbocation
+ FeBr,;~

» Addition of the electrophile forms a new

C—Br bond and generates a carbocation.
This carbocation intermediate is rescnance
stabilized—three resonance structures
can be drawn.

The FeBr; also formed in this reaction is
the base used in Step [3].

Step (3] Loss m‘ a proton to re-form the aromatic ring

F&Br3 Br
U + HBr + FaTBrg

The catalyst is
regenerated.

FeBry” removes the proton from the carbon
bearing the Br, thus re-forming the
aromatic ring.

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



Halogenation

0

M
"C(CHy)s
CHj,

Cl

Generic name: bupropion
Trade names: Wellbutrin, Zyban
antidepressant,

also used to reduce nicotine cravings

Herbicides were used
extensively during the
Vietnam War to defoliate
dense jungle areas. The
concentration of certain
herbicide by-products in the
soil remains high today.

CH,CHsN{CH3)o

N
=

Z Cl

chlorpheniramine
antihistamine

: :DGHECDDH Cl:@DCHECDDH
Cl Cl Cl Cl

2,4-D 2,4,5-T
2 4-dichlorophenoxy- 2,4,5-trichlorophenoxy-
acetic acid acetic acid
herbicide herbicide

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



Nitration

H NO.
HNO;
H,S0,

nitrobanzene

* @ ' Mechanism 18.3 Formation of the Nitronium lon (*NO,) for Nitration

H
] I & *
H-8-NO, + H_OSOH — H—p{*;woz —— HO:+ NO, | = §=N=0

+ HSO, electrophile Lewis structure




Nitro Group Reduction

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

NO, NH,
g/ H21 P[f_[: ©/
~ or

nitrobenzene Fe, HCI aniline
or

sn, HCI

10



Sulfonation

" .-"-.'-
Sulfonation | r
l:‘}ﬁx’

H,S0, -

banzanasulfonic acid

£ Ol | Mechanism 18.4 Formation of the Electrophile *SO;H for Sulfonation

Hox
| ———s I o :
‘::"%: + H E,.GSGSH e :Ej‘:':"%“‘-ﬁ_ H - +SO«3H + H 50‘1

electrophile

SO,, anidride solforica, € un potente elettrofilo, presente in acido solforico fumante

La solfonazione, diversamente dalle altre reazioni, & reversibile alle alte
temperature.




Friedel-Crafts Alkylation

H R
= | RCI @[/K\
F— i
e AICI oy new C—C bond | + HCI

alkyl benzene

R ~ -
(CH3),C-Cl + AICI; —— (CH3);C—CI*+AICl; ——  (CH3)sC* + AICl’

C(CHs)3

C(CHs)s
™~ TN -
O + *C(CHz)s  —— 7H Cl—AICly =3 + HCI + AClg

Best with 2ry and 3ry halides

12



Limitations

[1] Vinyl halides and aryl halides do not react in Friedel-Crafts alkylation.

Cl
Unreactive halides in the o
Friedel—Crafts alkylation P =CHC ©/

vinyl halide aryl halide

[2] Disubstituted products are obtained in F.-C. alkylations, but not in

acylations.
)\cs )‘01
R eee——

More reactive
than benzene

13



Limitations

[3] Rearrangements can occur.

S

AICIs

SAaINY 0

B5%

/K)f B /\://

1ry
less stable

o0

100

O

&

1ry
less stable

2ry
more stable

P

A

3ry
more stable
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Friedel-Crafts Alkylation

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

- .'.,.H o~ H H
An alkene ( | H-OSOH —» [ IH 2° carbocation
7 H NN
+ HSO,~
An alcohol CHE—?—QH + H—0SOH — CHa_'fijHz — GH;Q“CH;_ 3° carbocation
CH,4 CH,
+ HSO,~ + H,0:

| {CHSIHC_‘OH + H2804 |

H l C(CHs)4
©/ = (CH4)sC* — Q/’\

new C—C bond

15



Friedel-Crafts Acylation

O
P H Q .E;J - acyl group
Friedel-Crafts acylation— | I.’ISI: ™R
General reaction ‘ S + Bl AICH, g/ + HCl
acid chloride T
CO 0 e .
+ ACl; i )j\ N H30m0=0‘4—)~ H:C—C=0Q + AICly

HaC cn\/ HaC C};,mcsa

HsC 0O

\
C=0
M H + HCI + AICI;
+ HC—C=0 —» - ‘\- B
N T CI=AICl3

16



Intramolecular Friedel-Crafts reactions.

CI
new C—C bond
Reaction occurs )
atthese 2 C's.
_ACl;

N several

\ f*{ steps

CHPh CH,Ph

mtramolecular lysergic acid diethyl amide
Friedel-Crafts acylation

17



Nitration of Substituted Benzenes
UNOQ @/Cl @ @/OH
l | l J,
NO, Cl OH
O/ OQNU OQNQ OQN/U

NO,

Relative

-8
rates 6 x 10 0.033 1 1000

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

the course of electrophilic aromatic substitution.
18



Substituted Benzenes

Inductive effects (through o bonds):

e 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 |

+—
NH, - |

* N is more electronegative than C.

+ N inductively withdraws electron density.

Electron-donating inductive effect |

-
CHy 4|

* Alkyl groups are polarizable, making
them electron-donating groups.

-NH3+ -NH2, -OH
-CFs -NHR -OR
-NR:>

-CHO  -CN SOsH -NO:
-COR SO:R
-COOH

-COOR

-CHs
-Alkyl
-SiRs

SiRs

19



Substituted Benzenes

Resonance effects (through n bonds) are only observed with substituents
containing lone pairs or © bonds.

« Substituents containing lone pairs are electron donating (+ R)

* # 8+

Hy* NH,*
Sediebed 6

~ D

e Substituents -Y = Z (C4Hs-Y = Z), where Z is more electronegative than Y are
electron accepting (- R)

AP O _H 0L _H o H Eo

20



Substituted Benzenes: Activation

-CHO CN SOsH -NO:
-COR SO:2R

-COOH

-COOR

-CHs
+ | ALY
-SiR3

» 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.

21



Substituted Benzenes: Orientation

X X X X
H H H
ortho @ B G‘g - @f_g - @LE
X X X X
meta @ E, @_ - @ - (i_
E E E
H H H
X X X X
g%
H E H E H E

If the reaction takes place in the ortho or para positions a positive
charge develops on the carbon atom adjacent to the substituent. 22



Substituted Benzenes: Orientation

+ R
-0, -p intermediates are resonance stabilised

X X
H H
E E
- i o
X

(X

+ |
-0, -p intermediates are inductively stabilised

X
H
E
B
X
H E

- R
-0, -p intermediates are resonance destabilised
Y :
H H
E E
e e R A
NG X
H E H E

- |
-0, -p intermediates are inductively destabilised

X
@f
E
-
X
e
23
H E



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

OH OH* OH* OH*

( OH +R )
5 5
orto
\_ - para J
( NO, )




Substituted Benzenes: Orientation

+R > -I (-OR, -NR2): activating, o- p- directing
HNO;

OH  H.SO, OH O.N OH OH
g" =g gt LT
NOg 02&

30% traces 70%

-I > +R (-F, -Cl, -Br, -1): deactivating, o- p- directing
HNO,

cl H,S0, Ci O,N Ci Cl
0y — - Tr -

35% traces 65%

-1, -R (-NO,,, -SO3H, -CN, -COR): deactivating, m- directing.
HNO3

NO, H,SOy NO: O;N NO, NO,
I = O T
NQZ OQN

5% 90% 5%



Substituted Benzenes: Orientation

+ |: activating, -o -p directing (same as + R)

CHS RNQ CH:;
?‘igsc}‘; +
02N

58% 5% 37%

- |: deactivating, -m directing (same as - R)
Fa' O, CF3 CF; CF4
o" 'Ol O O
ON
NO,
6% 91% 3%

26



Substituted Benzenes: Activation

)\03 )\cn
@ AICI, AICI,
emm——— - mmm———

More reactive
than benzene

L s
0=

Less reactive
than benzene

27



Substituent Effects. Summary

Increasing activation

"'E':IHE [HH H. HHE]

-OH

activating
groups

Note the unique position

of the halogens.

Increasing deactivation

deactivating
-SOzH
-NO,

_IT'IHB

ortho, para
directors

meta
directors

28



Substituent Effects. Alternative Explanation

more stable preferred
All atoms have an octet. product

NH, NH, NH, NH, NH,
attack H H H
H E E E E
NH, NH, (NH, NH, NH, NH,
para
attack
E( ! H™ E H™E H™ E H” E £

more stable

All atoms have an octet. preferred
product

29



Substituent Effects. Alternative Explanation

ortho
attack

meta
attack

para
attack

0. 0t
NO, NO, NO, *NT NO,
H H H H E

destabilized
two adjacent (+) charges

NO, NO, NO, NO, NO,
&\E @(” H @H @
H E E E E

preferred
product
NO, NO, 0, 0 NO, NO,
+N
O—8)—| gy~ —C
( H  E H 'E
g+ H H” “E E
destabilized
two adjacent (+) charges

30
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\

Disubstituted Benzenes

CHg CHS
%Bfg \ / Bra
FeBrg / \ FeBrs
NO, NHCOCH;
sterically
CHs / hindered
/" HNO;
H,S04

Ci

Il

31



Further Examples

ver-,r strong actiuartiing group —1

N HE
BrE ErE
F&Er3 FE‘BF:.I_
aniline phenol

T— Every ortho and para H is ruplacad

NO,
H—GI“ MNo reaction
} AICI,

strong deactivator

32



Synthesis of Polysubstituted Benzenes

ortho, para director —>Br

meta director —=NO,

p-bromonitrobenzene

33



Synthesis of Polysubstituted Benzenes

Pathway [1]: Bromination before nitration |

ortho, para director
Br

Br
_HNO; e
FeErB “H,S0, 250, i
NO,

The ortho isomer can be
separated from the mixture.

para product

This pathway gives the desired product.

Pathway [2]: Nitration before bromination l

HNO3 This pathway does NOT form
2804 FeE!r3 the desired product.

meta director meta isomer

34



SgAr In Polyciclic Aromatic Compounds

NO2
NO,"
— I

aromatic aromatic

E H E H E H
N\ . N\ ©
S - Q) Ol e
®
not
aromatic aromatic
N\ ®

b N\ £ £
= | H H e -—————~————~- etc.
N P ® ®

35



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.

benzylic C—H bond

\ i / ; ) )
C C C C C T
H-.CHB = RCHH I'_,/ :\_: MCHH = xCHa f?,{’ = ECH:} = ECHS
S -— = - — —
;\:::'\\ '\l_.lT = -"f'-'
+ H-

five resonance structures for the benzylic radical

H H H Br
\ /

C Br, \C/
“CH, hvord | “CHg + HBr
or
NBS
ethylbenzene hv or ROOR a benzylic bromide

radical conditions

36



Side Chain Reactivity

Y

Brs
+
FeBrj
Br Br

ortho isomer para isomer

Br

Brs

Y

Radical conditions

hv or A

lonic conditions

37



Side Chain Reactivity: Oxidation

CH5
Examplesl ©/
_ — O
I
toluene o
KMnO, OH
e, (N
@,CH{CHaJE benzoic acid
isopropylbenzene

KMnQO,

—_—

CH,CH,
@,C{CHa}a

@[CDOH
COOH
phthalic acid

KMnQO,

MNo reaction J

~—— carboxy group

38



Side Chain Reactivity: Reduction

on
H,, Pd/C
-Hx0
55{5 NH, Hp Pd/C
..............................................*.
-NHg
/ pac
O/‘é"

39



Side Chain Reactivity: Reduction

g Ha/Pd R
B
(Zn, HCI)

40



Side Chain Reactivity: Reduction

O

g HelPd R
s -
(Zn, HCI)
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