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Background
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* Benzene (C¢Hy) is the simplest aromatic hydrocarbon (or arene).

* Four degrees of unsaturation.

* Itis planar.
* All C—C bond lengths are equal. st=ccbis Jisbleas

* Whereas unsaturated hydrocarbons such as alkenes, alkynes and dienes
readily undergo addition reactions, benzene does not. ... o w e
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No reaction

Benzene CeHs
(an arene)

* Benzene reacts with bromine only in the presence of FeBr, (a Lewis acid),
and the reaction is a substitution, not an addition. FeBrssms b buié poyl 3o oassll Jelis,

Blo] uds Jlacal 9o Jeladly (jug) 2a>)

Bro substitution
CeHs FeBr, CeHsBr Br replaces H
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* August Kekulé (1865) proposed that benzene was a rapidly equilibrating

mixture of two compounds, each containing a six-membered ring with
three alternating m bonds.

—p Kekulé description: 4
An equilibrium ‘ ™

S
——— shortbond —— ‘ «— long bond
: ‘ (exaggerated) (exaggerated)
lalzse dob L) oSy ol oy C-C bulgy o sy IS0l 15 =
This structure implies that the C—C bonds s Wies shortBords
should have two different lengths. « three long bonds
/
* All C—C bond lengths are equal! 4 R
9 9 James Dewar (1967) : the Dewar
benzene was prepared in 1962 but it
is not stable and it converts to
G oloes a3k b 5:(1967) sloas puasy benzene 3
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The Structure of Benzene: Resonance
comtd) e 0 ey e o i) Al Al
* 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: Sle p3adl josadl jass gy
The hybrid | 4313 Byilay jusass [0
The electrons in the = bonds _ Thecircle represents the
are delocalized around the ring. six &t electrons, distributed over
the six atoms of the ring.

Jo=> 8355820 348 Lulo )l b SUosshl | T gy Byilal Jaas
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- - The C—C bonds in benzene are
Gy TCHS CH?CHE @ equal and intermediate in length.
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The Structure of Benzene: MO

Benzene—A planar molecule |
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Aromaticity — Resonance Energy

AH® observed AH" “predicted”
(keal/mol) | (kecal/mol) ‘

1 l

Hgo
I — —28.6
Pd-C

cyclohexene

2H cedloine yuimgsia iy o Juldy 13yl S
TRy
[ -55.4 2 x (~28.6) = _
JEgmite slightly more stable than

(small difference) two isolated double bonds

1,3-cyclohexadiene

3 Hg
O ﬂ et i_azﬁﬂéﬁj - much more stable than

. (large difference) three isolated double bonds

dgine dxgaye bulgy O oo 38y l3lyinul 451

Benzene with three “regular” C=C bonds

@ I (R e e e e e e . Benzene is 36 kcal/mol
lower in energy.
3 .
E AH® = -85.8 kcal/mol
L

(hypothetical) AH°® = —49.8 keal/mol

(observed)
() @ 6
— P, .




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

H
H Br Br
i 3 An addition product would no longer
piddltm SRES ISR | @[ )( q contain a benzene ring.
H V Br
Br 3 : i
SiihetiiGRAn OotivE. | s - B substltuh%n rﬁn;uﬂucrti:t|ll contains
FeBrS a benzene ring.
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The Criteria for Aromaticity
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Four structural criteria must be satisfied for a compound to be e Sl 65 k5
aromatic.

Blao Ll e g3l sy ol e (1
[1] A molecule must be cvclic.

Cyclic compound | Acyclic compound ‘
L4
;s Z
_ 93
\ 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 :.....<.-c

(sp2 Sl gex) Lalas

[2] A molecule must be completely conjugated (all atoms sp2).

single-double-single-double-single-double

A completely conjugated ring | These rings are not completely conjugated. |

l l

@ @{_ no p orbitals @*— no p orbital

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. ..o

»y
7
d
cyclooctatetraene a tub-shaped, Adjacent p orbitals cannot overlap.

not aromatic eight-membered ring Electrons cannot delocalize.

9



The Criteria for Aromaticity—Huckel’s; Rule:
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[4] A molecule must satisfy Huckel’s rule. et 595551 1 5 e g0l Loles 2l

el 3slan @l JEsg (ol Sy 88w

e An aromatic compound must contain 4n + 2 & electrons (n =0, 1, 2, and so forth).

» Cyclic, planar, and completely conjugated compounds that contain 4n &t electrons
are especially unstable, and are said to be antiaromatic.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Benzene Cyclobutadiene Table 17.2 The Number of &t Electrons
An aromatic compound An antiaromatic compound That Satisfy Hiickel’s Rule

n an + 2
@ N :

0
1 6
4n+2=4(1)+2= dn=4(1)= 5 15
6 m electrons 4 i electrons
aromatic antiaromatic 3 14
4, etc. 18

4An+2=Lulgyll SUgysllsae

N = Xowo 33
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The Criteria for Aromaticity—Huckel’s Rule:

T OLoySI 4N + 2 20 Lalad 381320 gaus l> (Syo-gslac ]

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

7t electrons. 1 a5l An g ilas §5lyo st LAl Spo-gslac sl 2

Antiaromatic—A cyclic, planar, completely conjugated compound with i
© electrons.

Not aromatic (nonaromatic)—A compound that lacks one (or more) of the
following requirements for aromaticity: being cyclic, planar, and
completely conjugated. T

oo (5581 ol) anlg I sizay (Sya(grbae yu8) gshe yue 3
Lales (B8y209 Ugrung Ll ooy ol 1y shasll 4Ll Ollaall

nonaromatic
and | | | and and
S . R
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

Cyclooctatetraene © Qﬂ

8 r electrons

planar puckered
antiaromatic nonaromatic
naphthalene anthracene phenanthrene
10 n electrons 147 electrons 147 electrons

[10]-Annulene fits Hickel’s rule, The molecule puckers to keep
but it's not planar. | these H's further away from each other.

[14]-annulene [18]-annulene

dn+2=4(3)+2= dn+2=4{(4)+2= [10]-annulene
14 n electrons 18 n electrons L%:‘;r'sﬁ:fa(;?:
aromatic aromatic 3-D representation

12



Polycyclic Aromatic Hydrocarbons

biphenyl terphenyl naphthalene anthracene phenanthrene
No interactions 61 kcal/mol 84 92 kcal/mol
between rings kcal/mol
Three resonance structures
for naphthalene
LA

1.36 A

1 40 A
13



Other Aromatic Compounds

+ e + H-B
no p orbital ——— > — =
B H

H H
cyclopentadiene cyclopentadienyl anion
not aromatic aromatic

pK; =15 a stabilized conjugate base

The cyclopentadienyl anion The ring is completely conjugated | dalsJl 6yazue 48]0 bacl?
with 6 Tt electrons. M OLigySI] 6 po Lalay d88ly20
v v
% 4 TH
. HMH
/ H H
sp? hybridized C d

The lone pair resides in a p orbital.

e The cyclopentadienyl anion is aromatic because it is cyclic, planar, completely

conjugated, and has six ©t electrons. 1 5] s el Lalas 88120 s > i gne JpzpslinolSa s

=3 Y o
O AT h :”/ 14



Other Aromatic Compounds

() (L L

cyclopentadienyl anion cyclopentadienyl cation cyclopentadienyl radical
* 6 melectrons * 4 ¢ electrons * 5 1 electrons
* contains 4n + 2 © electrons * contains 4n n electrons * does not contain either 4n

or 4n + 2 « electrons

aromatic | antiaromatic | nonaromatic |

The tropylium cation The ring is completely conjugated
with 6 & electrons.

sp? hybridized C

One p orbital is vacant.

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

) : 15
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Aromatic Heterocycles

w o
Y e W
[\:I N

-

two resonance structures for pyridine
6 m electrons

Six &t electrons are delocalized in the ring.

- Thelone pair occupies an sp? hybrid orbital,
perpendicular to the direction of the six p orbitals.
B HI

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

N

!

sp? hybridized N

I:.'_E.
2H-pyran 0 2H-pyrilium ion 0.
4 7 electrons U 6 r electrons |
nonaromatic = aromatic — 16
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Aromatic Heterocycles

The ring is completely conjugated
with 6 m electrons.

Voo

i y H e .

/ The lone pair resides in a p orbital. |
N H§ e

/H H \

sp? hybridized N sp? hybridized N
E 3"'—"'{1": 5"'—"'{ 3"'—"'{ 3‘?—‘?‘_"{' '5 5,{ 55

I""-|-:"E|+

0o 0

Aok S

furan thiophen

17



Nomenclature: 1 Substituent

Systematic:

</;\>—»:+-|2-:+-|3

ethyl group

ethylbenzene

Common:

toluene
(methylbenzene)

o
_C|-_CH3
CHjy

tert-butyl group
tert-butylbenzene

{ o

phenol
(hydroxybenzene)

{ Mo

chloro group

chlorobenzene

aniline
(aminobenzene)

19



Nomenclature: 2 Substituents

ldentical: 1 o ol e

1,2-disubstituted benzene
— ortho isomer ‘

Br
Br

1,2-dibromobenzene
o_-dibromobenzene

Different:

Alphabetize two different substituent names:

Br NO, <—nitro group
Cl

F

m-fluoronitro-
benzene

o-bromochloro-
benzene

1,3-disubstituted benzene 1.4-disubstituted benzene
— meta isomer ‘ para isomer
Br
Br
Br
1,3-dibromobenzene 1,4-dibromobenzene
m-dibromobenzene p-dibromobenzene

Use a common root name:

toluene phenol

NO,

Er—QGHB OH

p-bromotoluene o-nitrophenol



Nomenclature: 3 or More Substituents

3350 ol Bl 3 dcawdl

Examples of naming polysubstituted benzenes

1
[1] /@CHQCH3
cr 't }™~CH,CH,CHg
4 2

» Assign the lowest set of numbers.

» Alphabetize the names of all the
substituents.

Lzl Bladl guas clawl Ly o pBY1 0 degama J81 ac

4-chloro-1-ethyl-2-propylbenzene

NH,

2] Cl «1
2—>
T Cl

O oW Syl yindl e Gz s il fu o
* 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.
3 NH deganall 2090 30>

s de > JQ;‘ . (QJ 4”1”

2,5-dichloroaniline ‘ L
BPSC S| I VTIP3 IS

21



Nomenclature

"Ph" Uk 8 oslass] (Sag

* A benzene substituent is called a phenyl group, and it can be abbreviated
in a structure as “Ph-".

% H _~_-OH
abbreviated as = Ph— = | CgHs—H | — | CgHs—0OH
PhH S PhOH

phenyl group benzene phenol
85
* The henzyl group: * Aryl groups:
CHE_E é
O/ \an extra CH, group /©/ ‘
CH; CH;
benzyl group — Br
CEH5CH2—

22
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Interesting Aromatic Compounds

Aelbodl Oliadod) bashe &dsl slgn laag Joszdl 50355 (o csledls ciadl le Joanl @z »

* Benzene and toluene, are obtained from petroleum refining and 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.

4y shasll OUgsySosaell Gans 9 oonsS Luloy 8 Syaad il psadl Olal> o 48T ol il e ggun il LS 3l +
el SlS S huadl oSall ga (Slalsdl Bsanza dyyhasll SligsyS 951yl Yyl (el (PAHS) Olilsdl 3aaeia

The components of the gasoline additive BTX |

O O O

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

23



Interesting Aromatic Compounds

cedlrn 9o 3yg 83l eJB Joia
NHCH, Cssoil) eglaio

CH,
\
O‘ ‘ N\iﬂ
‘ Cl =N
: O

Cl N(CH,CHj3),

+ Trade name: Novocain
+ Generic name: procaine
= Use: a local anesthetic

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

* Trade name: Zoloft

* Generic name; sertraline

= Use: a psychotherapeutic
drug for depression and
panic disorders

O o e
S O NH
O
HO Nj\/\l\l
H
OH

+ Trade name: Viracept

N

CH,CH,CH

0,5, N
N —
L A2

CH,

* Trade name: Viagra * Trade name: Claritin

» Generic name: nelfinavir
+ Use: an antiviral drug used
to treat HIV

* Generic name: sildenafil
» Use: a drug used to treat
erectile dysfunction

« Generic name: loratadine
* Use: an antihistamine
for seasonal allergies

24



Interesting Aromatic Compounds

e Benzola]pyrene, produced
by the incomplete oxidation s @ oaal ols el a1 sausl b e
of organic compounds Aol gl (B 4z gn 2]
in tobacco, is found in
cigarette smoke.

benzo[a]pyrene
(a polycyclic aromatic hydrocarbon)

tobacco plant
© David Young-Wolli/PhotoEdit @ Corbis

* When ingested or inhaled, benzo[a]pyrene and other similar PAHs are

oxidized to carcinogenic products. cusussdlos s coslsin susls tlozel o Wots e 25
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Electrophilic Aromatic
Substitution

Chapter 16
Organic Chemistry, 8t Edition
John McMurry
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Introduction

H

Addition | @f

H

H

== (Y

E-I-

29
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Introduction

Reaction Electrophile

[1] Halogenation—Replacament of H by X {Cl or Br)

H X
@/ X @/ e = or orer
FeXs

¥K=0l ﬂ.l"'j'lhﬂ]idﬂ

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

H NO,
Q= O =
H;30,

nitrobenzene

[3] Sulfenation—Replacement of H by SO,H

H 504H s
SEN
H250,

benzenesulfonic acid

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

H R
O 5 O =
AICI;

alkyl banzens
(arene)

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

0
[

H Loy -
Q/ RCOCI E* = RGO
AICI,

katone

30
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Mechanism e 35250 o ol

‘ O: | Mechanism 18.1 General Mechanism—Electrophilic Aromatic Substitution

C-E dbasly (E) oyosSIW ool d8L5] S5«
il ddl> an e yS)l plasinly Bagas
Step [1] Addition of the electrophile (E*) to form a carbocation sl 1 y555 115 A Las

H * Addition of the electrophile (E”) forms anew C—E bond e s dlishe [l (Fs S50l

H
H H . .
—g . E,. . €., E  using two = electrons from the benzene ring, and il S50 A oy Sz 0 e
generating a carbocation. This carbocation intermediate
s o (1( Bkl

is not aromatic, but it is resonance stabilized—three

resonanca-stabilized carbocation resonance structures can be drawn. a3y );,& yj? Jasall
» Step [1] is rate-determining because the aromaticity ' "““’* '
of the benzene ring is lost. elall 1155 (1) sl o -

03051833 e 1939l (:0)
Los (253 SIN Caedl) dlalsdl

Step [2] Loss of a praten to re-form the aromatic ring e
B « (A9 A2

H" g * In Step [2], a base (B:) removes the proton from the 135 s 55t o0
@LE A E carbon bearing the electrophile, thus re-farming the oyl 2l dugac Bslaed
— u + H-B° aromatic ring. This step is fast because the
= aromaticity of the benzene ring is restored. 5 5 IS o gl ol oS
+ Any of the three resonance structures of the carbocation  2be==155 W ey (Fo2,501 sl
intermediate can be used to draw the product. The Baacil ) &S lo o)l S

d sl & 583 Y aslg (dsall
choice of resonance structure affects how curved el dase Sle 180 ¥ g s

arrows are drawn, but not the identity of the product.

transition state
Step [1]

transition state

Energy

31
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Halogenation

‘ .-Du---, ' Mechanism [8.2 Bromination of Benzene

31003 2o poyll gaeldl aasdl o) Jeldy gy «

Step [1] Generation of the electrophile

e i se  ae = -
B8 + e, ——»  B—fi—FeBr,
Lewis base Lewis acid electrophile

(serves as a source of Br*)

poxdlg poydl fp ddadiua g damuo ATy 15 1 gy Al
Il Bohasdl B posl) juasS Loyl il i Jasy

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 electrophile to form a carbocation

H H o
CRslhom- G -
w&r-—&rquEra — - -

ot B dlayly Slig eIVl ol @sls| Sl - resonance-stabilized carbocation
SlisasIl 13e 59l SUsysS Wgls pasdly oS! + FeBr,~

L
gy JSha M @y (Say - Ly w018

Jeladl a8 Loyl (858l agasdl agagy »

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].

(3B)-bokasll 3 dansiuall saclill g
Step [3] Loss of a proton to re-form the aromatic ring

Z By :é,:?‘—f:eﬁrg Br
‘ o O/ + HBr + F}B@

The catalyst is

Séoall sasen wmmm

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

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

dlalol (yausSIN 833y yaiosdl Juds wgasdl sagys
Ay ylaell dalsdl £y 0SE suw) lan pg sl

&3l Jeles 8y0.) Loyl oudss slag jlas Jale 90 aussdl agag o 32



Nitration

H NO,
HNO,
H,S0,

nitrobenzene

'1 Ot . ' Mechanism 18.3 Formation of th_en Nitronium lon (*NO,) for Nitration

""f__‘&h“‘- 1il+ 5 + k=
H-0-NO, + H-0SO,H —— H-Q-NO, — H0: + NO, = J=N=0
v
+ HSO, electrophile Lewis structure

34



Nitro Group Reduction

Aromatic nitro groups (NO,) can readily be reduced to amino groups (NH,)

under a variety of conditions.
I dogun ((NO) dpsbasall gyzall Olegana Jliusl (Say

Doyl o degiin degans Wb 5 ((NH) degel Olegana

NO, NH,
O/ HE‘ Pd_c ©/
or

nitrobenzene Fe, HCI aniline
or

sn, HCI

i bo Olig sl

35



Sulfonation

H SO4H
Sulfonation l U ﬂ. ©/
H,S0,

benzenasulfonic acid

(%, | Mechanism 18.4 Formation of the Electrophile “SO;H for Sulfonation
o

0: :
1] — Il o,
& ¢5% + HzOSOH — :Ej‘-”%“i:’}-H = *SO,H + HsO,

electrophile

36



Friedel-Crafts Alkylation

H R
RCI K\
= new C—C bond | + HCI
AICI,

alkyl benzene

M ™ -
[GHy GG+ AICH — (GHal G- CI-AIC), ——— [CHal G+ AICL

|:I:|:H]_|:|

C{GHzky
P -
@ £ 'CICHz )y —— < H Cl—MAC), —= + HGI +  AICI,

Best with 2ry and 3ry halides

3rys 2ry Oladla ga Jasl

37



Friedel-Crafts Alkylation

Other functional groups that form carbocations can also be used

as starting materials. 5339 b gl Ole gamall plasinal Ul Sy
gl 31gaS &0, Lg S (S Al

-~ “x
/" _H
An alkene @: + 1l SOSH 5 Ct*— 2° carbocation
H
+ HSO,"
CHy s {i':Hs (|3H3
An alcohol = CH;— (l: OH + H- DSOEH — CH;— fl; SOH; —» il c“‘CH*_ 3° carbocation
CH, CH, ? ’
+ HSO," + H,0:

| {CHS}BC_‘OH + HgSO‘ﬁ |

1

H C(CHa)s
©/ - (CH3)sC~ S CI/\

new C—C bond

38
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Limitations

Slidlag Jell Oladla Jelazs o (1(
udlsS-Jayd asil 8 Lyl

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

Unreactive halides in the s
Friedel-Crafts alkylation CHp=CHCl ©/

vinyl halide aryl halide

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

N
Il L5 O el

o oSlg F-C oMl 3
M N
@ AIEIE .'E'I.H:lg

More reactive
than benzene

39
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Limitations

[3] Rearrangements can occur.

O -~

MG

Al

f-*l ~
W
A Eo

f‘xﬂ;ﬂ_‘}'

1ry
less stable

@)f\/
100

o

1ry
less stable

P W

2ry
more stable

A

3ry
more stable

40



Friedel-Crafts Acylation

O
H O - -—— acyl group
Friedel-Crafts acylation— '|._|; E'-.H \
+ e T
General reaction a Cl —bhiﬂla + e
acid chloride

ketone

'I:.'I I:I- +F|- *
v omol, —= — HC—C=0 -3 H,C—C=0 + AICl

,,J-L AIC
HyC M HyC {-_El’

HaG (]

c=0
C—g=0 —m D - @J\ +HCI + A5
- H —_— = -
A CI—AICI

41



intramolecular Friedel-Crafts reactions.

egiadl U5l eslS- Ja s oolelas

O
Cl 0] _CHgq
new C—C bond N N
Reaction occurs / O ) =
at these 2 C's.
AICI, AN
several
h{ F'*{ steps h{
CH,Ph CH,Ph H
LSD_
intramolecular lysergic acid diethyl amide

Friedel-Crafts acylation

42



Nitration of Substituted Benzenes
gmc}z @,m @ gﬂH
| l | l
NO; Cl OH
T ol o o LT

NO2

Relative

rates 6 x 108 0.033 1 1000

Substituents modify the electron density in the benzene ring, and this affects
the course of electrophilic aromatic substitution.

43
09 SIW ol gylasll Jlacedll jlue e 3355 liag (opiaudl ddl> 5 gySIEl d8LS O¥dacruall Jass



Substituted Benzenes

: o Ly yaS dedls 4S9 13l
(ladges Saglg )| IV cy0) Alyiizasd] Ol 5Ll oo e &l il ol

-X9 0 N b3 (8 lay - ¢ygus]l

Inductive effects (through o bonds): o 134 oSl BUS o
1550 g8 Il ;a0
et .y 9y SIW L L 53yl

e Atoms more electronegative than carbon—including N, O, and X—pull electron ablall LS ole gaseo
density away from carbon and thus exhibit an electron-withdrawing inductive effect. ..o <l a8l Cladan)
¢ Polarizable alkyl groups donate electron density, and thus exhibit an electron- ! 1350 selas JLdbg
donating inductive effect. -9 L L
Electron-withdrawing inductive effect | Electron-donating inductive effect |

+— g
‘ Nz -1 —y +1 alls LS Sle gasea -
N 30 dedusygS 3581 CL e ooy

laley las (osladcwM
N > oyl LS, doile Uleganas

» N is more electronegative than C. * Alkyl groups are polarizable, making ., .
« N inductively withdraws electron density. them electron-donating groups.
-NHs*  -NHz2,  -OH  -F -CHO -CN SOsH -NO:
-CFs -NHR -OR  -C -COR SO:zR
-NR: -Br -COOH
-| -COOR
-CHs
-Alkyl

-SiR3 44




Substituted Benzenes oo

A O¥aczuwall g0 3 (1 daulgy
T kulgy ol Bagg zlodl Lle gouns

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

° . . . . C|9)i JLL 69“"") Q_J| O ozl o
Substituents containing lone pairs are electron donating (+ R) "7 "= = 7

S-S B8 &

* Substituents -Y=Z (C,H.-Y=Z), where Z is more electronegative than Y are
electron accepting (- R)

I:'_'II':.."h H
'8

rr |

R

(R) oy dlizua oY ;o duduyeS 81 7 co> Y=Z (C, H5-Y=2)- Bladl -

“l&“@“&“ [
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Substituted Benzenes: Activation

-NRs+ -NH:, -OH -CHO SOsH -NO2
CFs -NHR -OR -CI -COR
-NR: -Br -COOH SO2R
-1 -COOR
-CHs
b I -A|ky| S szall oLyl Sl ola ksl by Gl e 05031 86US 135 2l slaall
_SiR5 L3Sl Ol ola daladl Jas dalsdl e oy0y:SIl 28LS e Y 2l

« UL ents uidt 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.

(s oyl oo DU yuSINL 2lys 181 o 4uST Juctaall il IS 15 Lay gl «
g ly &8lazadl Ol sl e JSI Blall oiledl slaedl 8 35 b ol o 46



Substituted Benzenes: Activation

T

More reactive
than
benzene

@m o Y

Less reactive
than benzene
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Substituted Benzenes: Orientation
Orientation

+R > -| (-OR, -NR2 ): activating, o- p- directing
HHO

OH H;Ei}. CE OsM. o~ OH /@/3“
| +
Q/ SR OM

30% traces 70%

p is more stable

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

HMC 5

Hp—SE‘q Q l.'.!';r'-l \C/f_“ ":'I
| -+
i 2 O

35% traces 65%

-, -R (-NO,, -SO3H, -CN, -COR): deactivating, m- directing.
—_— A,

MOy HeS0, MO, 0N M) MO
@ — * U * |
o
MO, ON”




Substituted Benzenes: Orientation
Orientation

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

3 HNDEI EHE
HEEOq +
0N

2

58% 5% 37%

ol deactlvatlng, mdlrectlng same as - R)

2

3 HN‘D:] EFS
H?S‘Gd- 4
OaM

6% 91% 3%



Substituted Benzenes: Orientation

. . 39300l Jasaall Lyl of Ligo of g3yal Lo) dludl oSy olowdl @ aciwall il ial
The ne\Qrd@ﬂstaJJMither ortho, meta, or para to the existing
substituent. The resonance effect of the first substituent determines
the position of the second incoming substituent i puies s g g o st

0OH OH* H ( N
|"_"':-l~= A i 5 iH B *R
[j [l - ':.-F | - :||]' - w ’”o‘“
o L"-i -._.J o gt ﬂ
; \_ o (o) .
E"
a
ﬂﬁ 0 I:}-EI'-.I 0 I:-:I."“r'.l © {J"-N = ( ] )




Substituted Benzenes: Orientation

Or;entatloq - -
Q = o -~ O

@L
O QL - O
O Q- Qg



Substituted Benzenes: Orientation
Orientation R

-0, p intermediates are resonance -0, -p intermediates are resonance destabilised
stabilised xﬁ_;

H@t} - F
R

+ | -1
-0, -p intermediates are inductively stabilised -0, -p intermediates are inductively destabilised

x X
- H
E E
- -
X f
H E H E



Substituent Effects. Summary

sl 50

Increasing activation

—NH, [NHR, NR,]

activating
groups

Note the unique position

of the halogens.

Increasing deactivation

deactivating
groups

ortho, para
directors

meta
directors
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Disubstituted Benzenes

CH; CH; CH, CHy
§ ‘/El'.: = B \ / Bra
FesBr t | / \F-:E‘:]
’ o
MO}, MO MHCOCH, NHCOCH,
s’ferically
\ - T;dered CH, CHs
Py
N A 7 e
| hE0 *
Sy e 1 el
I MO
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Further Examples

vy strong at:tiuﬂﬁng group _I-
MNH.

BI'E Elan
FﬂEr:._ F&Bra
aniline phenol

T Every ortho and para H is rnplar.er.:l

NO,
H—Gl- No reaction
W AICI, |

strong deactivator
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Synthesis of Polysubstituted Benzenes

ortho, para director —>Br \/

meta director —>NO,

p-bromonitrobenzene

58



Synthesis of Polysubstituted Benzenes .
Benzenes

Pathway [1]: Bromination before nitration l

ortho, para director
Br

Br
_HNO, NO,
FeBr3 “H,S0, L)
NO,

The ortho isomer can be
separated from the mixture.

para product A5l e giyol yogial Lad oSay

polball muall sluall 3a ey | This pathway gives the desired product.

Pathway [2]: Nitration before bromination |

coalbaall zzall yluall e Sy ¥

HNDS This pathway does NOT form
2804 Fv:—:tE.r;31 the desired product.

meta director meta isomer
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Reaction of Amines with Nitrous Acid

Joyedl Jaas> ga Oliall lelas

NaNO, . NaNO, £
R—NH, B ToRe R—N=N: CI” NH, T N=N: Cl

alkyl diazonium salt aryl diazonium salt

60



Reaction of Amines with Nitrous Acid

1. generation of the electrophile

H* H
S+ o,
HCl + O-N=0 =/ CI + HO—N=0 =/—= 0—N=0 —= N=D
H_I,..U,.' ‘HEJ:I s
nitrosonium
2. nitrosation ion
T
R—MNH: + N=0 m—= H_hIJf_h!x‘ = B H N«,u
H 0 -H* O
N-nitrosamine
3. acid-catal | eliminati
H H* . .
H—M—h{h — H—NZN\H =" R—N=N —-HD R—N=MN
% -
OH {,,:3142 g
diazonium
ion

61
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Substitution Reactions of Aryl Diazonium

S a Its & 23195 oS aalgsll e degiie degana po podoilis Sl Mol Jelaws
* Aryl diazonium salts react with a variety of reagents to form products

In

which a nucleophile Z replaces N,, a very good leaving group.
* The mechanism of these reactions varies with the identity of Z.

Z dasn S3kis b O6lelad] oda &1 Galisd o i Bas 5yslie degare oo N oo Z JdoulSeadl Jous e

fz])
N)
‘ L ‘ * + N, + CI

good
Z replaces N, leaving group

General
substitution reaction
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Substitution Reactions off Aryl| Diazonium

Substitution by H—Synthesis of benzene

o3l BalsiH Basb e Jlagzadl
N,* CI- H
—————

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.

(o3| Blussy 838520 34t Jlaszasl blasl I 4l OUSall glbaol 8 asdn Jeladl lin . opiadl oS elyyohusall jaa> 2o o33l LS alo Jelay

Substitution by OH—Synthesis of phenols
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Substitution Reactions off Aryl| Diazonium

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

N2+ ClI- Cl N2+ CI” Br
—_— e

aryl chloride aryl bromide

This is called the Sandmeyer reaction. It provides an alternative to
direct chlorination and bromination of the aromatic ring using Cl, or Br,

and a Lewis acid catalyst. 5y sall 85050 Sy s s alasile Jelis aue Lo ling

.oy e Jaag Brgi Cl pluscunly dyylanll dalol) dagydlg

Substitution by CN—Synthesis of benzonitriles

N" CI” CN |
CuCN Juoxd o Say ¥ 13055

S Ll degarna

oo degiie degaxa

benzonitrile 4o s gll Ole gaeall

Jeladl laa 418 g y5Y]
. I : l |4 5
Since the cyano group can be converted into a variety of other  ~ .77
functional groups, this reaction provides easy access to a '~

wide variety of benzene derivatives. o4
vide




Substitution Reactions off Aryl| Diazonium

e -~lte

Substitution by F—Synthesis of aryl fluorides

—_—

aryl fluoride

This is a useful reaction because aryl fluorides cannot be produced by
direct fluorination with F,and a Lewis acid catalyst. Olsassld bl e ¥ i sho Jolis i

_ plasezaly 8yalall 8yslall oyl e S ¥l
o) pe> 3axag oF

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 I, and a Lewis acid catalyst.

65
o) e 3asag wodl ga yalall sgdl Guyb e Ll Olgsgs zlol (Sag ¥ oY uba Jelay lia



Substitution Reactions off Aryl|Diazoniumn
Salts el o s it 23 5

Judawcdl] ylzel B @b dalusall (iad] Ol
dalasizal azes ¥ Olghas gyl e oSl JUI
Azl Ol e agaell galsed

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.

NO, N,* CI-

H NDa HE NaM DE
H,SO, Pd-C HCI

nitration reduction diazcmzatlnn substltutlon
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Substitution Reactions off ArylIDiazoniunn
Salts

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

Ll o9yl Olezga o posdl Oy
w2l lgand dewdly Lo o3

1,3,5-tribromobenzene

MO,
Br
HNDS Brg NEN'D‘E HSPGE
H,S0, Pd- FEEr THGE T
[1] [2] [3] [4]
Br

* Nitration followed by reduction forms aniline (CgHsNH,) 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 NaNQ. and HCI (Step [4]),
followed by substitution of the diazonium ion by H with H.PO..

(CHNH) ol IS 3] Lgls 1 &5yl (CH,NH) coela¥l IS5 Jlias gels a1 &5l
il gy (2) 5 (1( obskasdl) sl oo il gyr e (2) 5 (1( oliskasdl) sl oo 67
(3(ogh>J|_,999)Jl&vahsu (3( ogbaMuQ‘:g}J‘QJMJWGbSJ



Coupling Reactions of Aryl Diazonium Salts

.93l Sye die oy Jlaczal Jelad Sasy (SUgyxSIW & g8 dosila de ganay boiuia gxhae CSyas po0oiball mle dadlea e

* 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.

Azo coupling QN2+CI‘ + QY — QNZN@Y + HCI

Y = NH,, NHR, NR,, OH azo compound
(a strong electron-
donor group)

Mechanism:
o
:_ﬂi' e
-.%El ﬁ-"" -, .‘:_‘EH' _ﬂﬂ-\-\"\-\_ i_'::IH
-.FI.‘ ﬁr"ll"jll - N H"‘-\- ;-]’/ -H‘ | ﬂ
Ar__r“.‘-} - .I:u___l'-.l _— A .::\.'1_.-' .\__1:_-:.-' o l|lu.'-. "-.-H"'. .\_\_.;‘.—__

The para position is preferred for steric
reasons

68




Azo Dyes

Agaell digla lglany las (dle dnyy ddlyzs oAl LS yo
se0dl o olll 8 Ao Olawo o2 GlSsall 030 0
Sl el polsd Baludl LS pssiad gasyll

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

Examplel ngcr + Q_NfCHs)z — @—N:N—@—N{CHS}E

a yellow azo dye

“butter yellow”
Three azo dyes |
DENQNZNQC‘”
COOH
alizarine yellow R OH parared

—N N
Na* ~0,S NH, HoN SO; Na*
Cangm red 69



ScAr in Polyciclic Aromatic Compounds

SAr Slalsl 53300 & ylaall SLSyall
. MO 2

NO.,
QG

aromatic aromatic

\ E H \ E H ﬁE H
I:E::I L
—P—CU—=
)
not
aromatic aromatic

\ @ E . E £
H...._;.. gg H « o -—- etc.
® @
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Nucleophilic Aromatic Substitutions, S, Anr

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

Example

Et OMe EtO, OMe Me
02N NOE 02N o N OEN NOE Noz
MeONa g 3 EtONa
=
NO»

@O (‘D\O@ =

~
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Examples of S, Ar




Examples of S Ar

3) C OH festes C K 5

-

i Cl NaOH, A C Cl

Pb;gé NETCSIVES &.‘4‘9 Slai e Olael Olagn cwoasiial

2ilss oo 3555 Il dg &)l SL gblia 3yl @15 OCH,COOH €l OCH,COOH
podl > Baiye Gyl 8 dygilall il Olse /@i :@
- L - cl cl cl ci

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-richlorophenoxy-
: e 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 Vietnam War

Cl OH  CICH,COOH ale sng  Jydl Jalsll 3 sl il
> 2!495'T eLuuQ SR L,e Cen a3l 3|)9S)U 41_))@
cl cl NaOH




Benzyne
@Dzo hv, 8K, OI
Ar, - CO
50

- Orbitals
overlap 1.42 A ©| 1.24 A 1.39 A

143A 140A

| NH, NH;
é KNH E @ ] KNH @ f
—_— e )
e="C

1

OMe Me OMe Me
@Cl KNH; KNH, i - u®
NH, NH



ol ez gl eslodl Al e las

Side Chain Reactivity: Radical Halogenation

Benzylic C—H bonds are weaker than most_other sp® hybridized C—
H bonds, because homolysis forms a resonance-stabilized benzylic radical.

sp &ixgall CH ulg) alinn (o cansl a3l CH baulgy oo
ol Bdzae Ll s ISy wiloaall Hsdl oY, oy Y

benzylic C—H bond

'? 7

%\r' ] } ;
o & & C C .
“GHq "SCHy N SCH 7 “>CH, N CH, Z>CH,
e S B - | -
“‘-\_\\_ 2 'k,_,.T oy '_,_./'
+H-

five resonance structures for the benzylic radical
i el yiad) sy S uas

N/ B R/
r
C ¢ C
\CHS hvor A . \CHg + HBr
or
NBS
ethylbenzene hv or ROOR a benzylic bromide

radical conditions
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Side Chain Reactivity

oSy @S Jeladl Jalgeg Boyls S5 o sy
desldl dadudl of cpidl e clgw a8LoYI

Y

% " - -
+ lonic conditions
FeBrj
Br Br

ortho isomer para isomer

Br

Brs

Radical conditions

Y

hv or A
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Side Chain Reactivity: Oxidation

CHs;
Examples O/
(@]
Ml
C
Ehdabine, 298
O/CH{CH3]E‘ benzoic acid

isopropylbenzene

<——— carboxy group

phthalic acid

KMnD
Bt No reaction ‘ K

C(CHg3)3

CH,CH, COOH
O == X
L—
CH,CH, COOH
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Side Chain Reactivity: Reduction

Iyl s alad] dludodl dlelas

Q

'.__./_:'.-"\T,-J'I'\.H H./'Fd g
W (Zr, HCI)

@ I~ @N r(-‘\”l\ . .
* | i+ disubstituted products)
AT, ey
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