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Aromatic Compounds

Introduction to Aromatic Compounds, Basic Reactions of Benzene,

Spectroscopy of Aromatic Compounds



Aromatic Compounds in Life ‘
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Lipitor
(atorvastatin)
Lowers cholesterol levels and
reduces risk of heart attack and stroke
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Prilosec
(omeprazole)
A proton-pump inhibitor used in the
treatment of ulcers and acid reflux
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Zyprexa Norvasc

(olanzapine)
An antipsychotic used in the treatment of
schizophrenia and bipolar disorder

(amlodipine)
Used in the treatment of angina and
high blood pressure
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Prevacid Plavix
(lansoprazole) (clopidogrel)
A proton-pump inhibitor used in the An antiplatelet agent (prevents
treatment of ulcers and acid reflux formation of blood clots) used in the
treatment of coronary artery disease



Aromatic Compounds in Lifé

e The model of coal

Many other
Coal _reat, + + + aromatic
compounds

Benzene Toluene Naphthalene
(b.p. = 80°C) (b.p. = 110°C) (b.p. = 218°C)



Nomenclature of Benzene Derivi

* Nomenclature of benzene derivatives
* Using benzene as the parent

* Listing the substituent as a prefix

ot o

Chlorobenzene Nitrobenzene Ethylbenzene



Nomenclature of Benzene Deriv

* Common names accepted by IUPAC

CH,

Toluene

O OH

Benzoic
acid

OH

Phenol

o) H

Benzaldehyde

Anisole

O~_ _CHs

Acetophenone

NH,

Aniline

g

Styrene



Nomenclature of Benzene Deriv

* Benzene as a substituent — phenyl group

e

1-Phenylheptane

if the carbon chain is quite large (> 6 carbons)

phenyl can be treated as a substituent



Nomenclature of Benzene Derive

* The abbreviation of phenyl: Ph

Tetraphenylcyclopentadienone

Ph

Ph

Ph

Ph



Nomenclature of Benzene Deriv

* Disubstituted derivatives of benzene
» Using descriptors: ortho (o-), meta (m-), para (p-)

e Using locants: 1,2 (the same as ortho); 1,3 (meta); 1,4 (para)

H;C CH,
H;C CH,
ortho-Xylene meta-Xylene para-Xylene
(1,2-dimethylbenzene) (1,3-dimethylbenzene) (1,4-dimethylbenzene)
H3C - O N02
H3C Br @)
H
ortho-Nitroanisole meta-Bromotoluene para-Chlorobenzaldehyde

(2-Nitroanisole) (3-Bromotoluene) (4-Chlorobenzaldehyde)

10



Nomenclature of Benzene Derivi

* Polysubstituted derivatives of benzene
* |ldentify and name the parent
* |ldentify and name the substituents
* Assign a locant to each substituent

* Arrange the substituents alphabetically

11



Nomenclature of Benzene Derive

* Using common name as the parent

OH
1

5 3
Br Br

3,5-Dibromophenol

Correct Incorrect

hint: carefully assign the locant!

12



Nomenclature of Benzene Derivi

* Practice: provide a systematic name for TNT, a well-known explosive

with the following molecular structure:

O,N

CH,

NO,

NO,

CHs

NO,

2,4,6-Trinitrotoluene

CH;3
O,N I _NO,
Nitro 6 2 Nitro
5 3
4
NO,

Nitro
13



Aromatic Stabilization @

) not recommended!
e Structure of benzene: from the Kekulé formula

w |
H\ﬁ/c\([:/H H\(E/C\ﬁ/H
C C C C
H/ \clz/ \H H/ \?/ \H
H H

14



Aromatic Stabilization

e Stability of benzene

Br

Br, .
+ Enantiomer

. ,,///

Br

Br, .
————> No reaction



Aromatic Stabilization

* Evidence for unusual stability

-+

H,

3 H,

Pt
s

Ni

100 atm

150°C

(100%)

(100%)

AH° = -120 kJ/mol

Expected:
AH° = -360 kJ/mol

Actual:
AH° = -208 kJ/mol

16



Aromatic Stabilization

* Energy diagram of hydrogenation

© + 3H----------- Expected

152 kd/mol

aF 3H2 W

Actual

+
@ Hz 235 kJ/mol Expected Observed
-360 kJ/mol —208 kJ/mol

—120 kJd/mol

Y

[~/

17



Aromatic Stabilization ‘

* Molecular orbital theory

Node

" 7 Antibonding MO

——2p

8 7 Bonding MO

18



Aromatic Stabilization

* Source of stability: MO description

continuously overlapped

p orbitals
Antibonding
2 MOs
A IR
Six isolated p orbitals
(with six electrons)
ﬂ v Bonding

3 MOs

19



Aromatic Stabilization

* Conclusion from the MO description

There are six molecular orbitals, each of which is associated with the entire molecule (rather
than being associated with any specific bond)

Three of the six MOs (those below the dashed line) are bonding MOs, while the other three
MOs (those above the dashed line) are antibonding MOs

Since each MO can contain two electrons, the three bonding MOs can collectively
accommodate up to six 1t electrons

By occupying the bonding MOs, all six electrons achieve a lower energy state and are
delocalized

Since the bonding MOs are filled with paired electrons while the antibonding MOs are empty,
benzene is said to have a closed-shell electron configuration — the source of stability

20



Aromatic Stabilization

* Are they also exhibit aromatic stabilization?

Cyclobutadiene
(C4H,)

Cyclooctatetraene
(CgHs)

21



Aromatic Stabilization

e Actually not...

2

Br,

Br

"By

_|_

Enantiomer

22



Aromatic Stabilization

* Huckel’s rule: t electrons should be 4n + 2 for aromaticity

2 pairs of 3 pairs of 4 pairs of
7 electrons 7 electrons 7 electrons



Aromatic Stabilization

* Practice: predict whether each of the following compounds should be

aromatic:

(a) (b) (c)

not aromatic aromatic not aromatic

24



Aromatic Stabilization

* MO description of Hlckel’s rule: cyclobutadiene

== 1/,  Antibonding MO

Y3 Nonbonding MOs

:&:;x I O,
i

\ === /; Bonding MO

unpaired electrons (a diradical)

open-shell configuration — antiaromaticity

25



Aromatic Stabilization

* Avoiding antiaromaticity by changing the shape

two isolated t bonds

26



Aromatic Stabilization

* MO description of Hlickel’s rule: cyclooctatetraene

— WB
— o — Antibonding MOs
© — Energy | —L-% ————————————— L.y/s ————— Nonbonding MOs
J_r /A L Vs Bonding MOs

27



Aromatic Stabilization

* Changing to a tub shape to avoid unnecessary instability

N

four isolated m bonds

28



Aromatic Stabilization ‘

* Frost circle: a method for determining relative MO energy levels

STEP 1
Draw a circle.

STEP 2 Inscribe a
polygon, making sure
that one of the connecting
points is at the bottom

of the circle.

STEP 3 Draw a
horizontal line
at each point of
intersection.

STEP 4 Draw a dotted
horizontal line through
the center of the circle,
and then erase the circle
and polygon.

STEP 5 Identify all bonding MOs
(below the line), nonbonding
MOs (on the line), and
antibonding MOs (above the line).

= == Antibonding
E — - MOs

29




Aromatic Stabilization

* Frost circles for different-size ring systems

Four-membered
ring

Five-membered
ring

Six-membered
ring

Seven-membered
ring

Eight-membered
ring

Nine-membered
ring

Ten-membered
ring

Bonding MO

Bonding MOs

Bonding MOs

Bonding MOs

Bonding MOs

Bonding MOs

5
Bonding MOs

30



Aromatic Stabilization

* Practice: the cyclopropenyl cation has a three-membered ring that contains a
continuous system of overlapping p orbitals. This system contains a total of two it
electrons. Using a Frost circle, draw an energy diagram showing the relative
energy levels of all three MOs and then predict whether this cation is expected to

>e

exhibit aromatic stabilization.

31



Aromatic Stabilization

— = Antibonding

— Bonding

it is expected to exhibit aromatic stabilization

32



Aromatic Stabilization

* The criteria for aromaticity

* The compound must contain a ring comprised of continuously overlapping p
orbitals — if not, it is said to be nonaromatic

* The number of it electrons in the ring must be a Huckel number (4n + 2) — if
there are 4n electrons, the compound is said to be antiaromatic

e O
Not a ring Not a continuous system Molecule is not planar, so the
of p orbitals p orbitals are not overlapping

examples of nonaromatic

33



Aromatic Stabilization

* Annulenes

[6]JAnnulene
(benzene)

[10]JAnnulene

[14]Annulene

34



Aromatic Stabilization

e [10]annulene — steric interaction forces out of planarity

larger annulene has less pronounced effect

35



Aromatic Stabilization

* Aromatic ions: five-membered ring

S

|
\ / i Three bonding MOs

can accommodate
six 7 electrons

Q- Q-T—-0 -0

36



Aromatic Stabilization

* Unusually low pK, for cyclopentadiene

H H/_\
@.. A .. ..
+ = + O

pK,=16 pK,=15.7

37



Aromatic Stabilization

* Aromatic ions: seven-membered ring

\Three bonding MOs
can accommodate
six 7 electrons

B-C -0~~~

38




Aromatic Stabilization

* Practice: determine whether the following anion is aromatic,

nonaromatic, or antiaromatic:

39



Aromatic Stabilization

To determine if this anion is aromatic, we must ask two questions:

1. Does the compound contain a ring comprised of continuously overlapping p orbitals?
2. Is there a Hickel number of 7 electrons in the ring?

The answer to the first question appears to be yes; that is, the lone pair can occupy a
p orbital, providing for continuous overlap of p orbitals around the ring. However, when we
try to answer the second question, we discover that this anion has eight 7 electrons, which
renders the anion antiaromatic. As such, we expect the geometry of this anion to change and
become nonplanar, in order to avoid some of the instability associated with antiaromaticity.

40



Reactions at the Benzylic Pos

* Benzylic position

Benzylic positions

41



Reactions at the Benzylic P¢

* Recall: chromic acid does not readily react with benzene or alkanes

H,50,, H,0 > No reaction

Na,Cr,0,
H,SO,, H,O

4

/\/\/\

No reaction

\ 4

42



Reactions at the Benzylic Po

* Benzylic oxidation

Na,Cr,0, OH
H,SO,, H,O ~

no matter the alkyl group is, the product must be benzoic acid

Na,Cr,0, . ]
H,50,, H,0 > o reaction

the benzylic position must have at least one H

43



Reactions at the Benzylic Po

* Using other oxidizing agents like KMnQO,

o) O
> _— >
H,O, heat

protonation is needed

for acquiring benzoic acid

44



Reactions at the Benzylic Po

* Practice: draw the expected product when each of the following

o

L U
ot Ao ek

compounds is oxidized with chromic acid:



Reactions at the Benzylic Po

* Free-radical bromination

NBS
—

heat

NFCgr
@)
N-Bromosuccinimide
(NBS)

Br

highly regioselective for benzylic position

O

Stabilized
by resonance

46



Reactions at the Benzylic Po

e Substitution reactions of benzylic halides

Br H,O OH
—_— +  HBr
) @
Z e
> > >
@

N H
(oBr  Na :QH 07
" > B + NaBr
N

47



Reactions at the Benzylic Po

* Elimination reactions of benzylic halides

OH  conc. H,SO, N
- > H,O
Br

48



Reactions at the Benzylic Pe

 Summary of reactions at the benzylic position
Radical
©/ Bromination \ EjA Br Sy1 or S\2 ©/\
\ 5
. @*
o /
Br
@J\ Radical ©>Q @k
Bromination E1 or E2

/I\ /J\ /)

Reactions
of Alcohols
(Chapter 12)

Reactions
of Alcohols
(Chapter 12)

Reactions
of Alkenes
(Chapter 8)

49



Reduction of Benzene and Its Dé

* Benzene hydrogenation

H, T0aT 00 atm O = —208 kJ/mol
150°C

fully reduction

=%
25°C

(100%)

controlled selective reduction of vinyl group

50



Reduction of Benzene and Its Deé

e Birch reduction

Na, CH;OH

NHj

ol



Reduction of Benzene and Its De

e Mechanism: the Birch Reduction

Nucleophilic attack Proton transfer
H H H H
H % H. © H /O\ H
’ CH
_Na__ H\J "CHy
A single Methanol
H H electron H H donates H
is transferred a proton to the
H from the H radical anion, H
sodium atom generating a )
to the A radical radical intermediate A radical
aromatic ring anion

Nucleophilic attack

‘Na
—_—
A single
H electron is
transferred from
the sodium atom
to the radical
intermediate,
generating an anion

©
H

An anion

Proton transfer

.'O'.
AN
H\J "CHy
Methanol donates
a proton to the

anion, generating
an isolated diene

52



Reduction of Benzene and Its D

* Only two carbons are reduced in Birch reduction

sp’

Na, CH30H
NH;, =

sp3

53



Reduction of Benzene and Its Dé

* Regioselectivity of Birch reduction

Not

R R / reduced
Na, CH;OH
NH;

when an EDG substituent is present, carbon linked to the EDG is not reduced

@) @) @)
Reduced
/
Na, CH;OH -
NH;,

Acetophenone Not observed

Not observed

when an EWG substituent is present, carbon linked to the EWG is reduced

o4



Reduction of Benzene and Its De

* Practice: predict the major product obtained when the following

compound is treated with Birch conditions:

O

SH)



Reduction of Benzene and Its De

Carbonyl group is

0

electron
withdrawing

Alkyl group is
electron donating

Will

be reduced \

O

Will not /

be reduced
@
Na
CH3;0OH
_

NH3

56



Spectroscopy of Aromatic Compe

* |R spectroscopy

100
80 |
Q | Combination bands n
€ 60- % and overtones
= |
=
(2]
C
E T L
= 40 / /
® 1N\ 1 C—H
1 /C =0 bending
20 \ Stretching and ring
] vibrations
Ot+————T——T T 7 : ' 1 ' ' : ' | ' T
4000 3500 3000 2500 2000 1500 1000 400

Wavenumber (cm™)



Spectroscopy of Aromatic Co

e Characteristic signals in the IR spectra of aromatic compounds

ABSORPTION

3000-3100 cm ™!

1700-2000 cm ™'

1450-1650 cm ™'

1000-1275 cm ™'

690-900 cm ™!

FEATURE

Cspz—H stretching

Combination bands
and overtones

Stretching of carbon-
carbon bonds as well
as ring vibrations

C—H bending
(in plane)
C—H bending

(out of plane)

COMMENTS

One or more signals just
above 3000 cm™ . Intensity
is generally weak or medium

A group of very weak signals

Generally three signals
(medium intensity) at around
1450, 1500, and 1600 cm ™

Several signals of strong
intensity

One or two strong signals

58



Spectroscopy of Aromatic Comp

* 'H NMR spectroscopy

Proton NMR H H H H
|
%;%ﬁ’—?‘”

1 1 I T T 1 1 | T 1 T 1 | 1 T 1 I | 1 1 T 1 I 1 1 1 T | 1 1 1 1 [ 1 1 1 T ] I 1 1 1 l 1 1 1 1 | T 1 1 1 l 1 T 1 1

7 6 5 4 3 2
Chemical Shift (ppm)

multiplet between 6.5 to 8 ppm is an evidence of aromatic ring

59



Spectroscopy of Aromatic Com

* Complex splitting patterns... except two para-disubstituted cases

H ' H
H H

One singlet

4H

B

H H
H H

Two doublets
2H 2H

60



Spectroscopy of Aromatic Comp

* 13C NMR Spectroscopy

2 signals 3 signals 4 signals
5 : X i X 2 3
1 1 4
1 _ L o
|
|

6 sianal X X 1
3 3 3
= | |

signals typically fall in the region of 100-150 ppm



Aromatic Substitution Reactions

Introduction to Electrophilic Aromatic Substitution,
Halogenation, Sulfonation, Nitration, Friedel-Crafts Reactions,
Activating and Deactivating Groups, Directing Effect and Substituent Positions,

Nucleophilic Aromatic Substitution, Elimination-Addition



Intro to EArS

* Introduction to Electrophilic Aromatic Substitution (EArS)

Br
@ + Brp, — O/ +  Enantiomer
B @ + Brp
Br
@ + Br, % +  Enantiomer
By

Fe

_

(75%)

Br

63



Intro to EArS

* Electrophilic aromatic substitution reactions

¢
T\

@‘“ @m ©303H @“

@iR

64



Halogenation

* Benzene bromination

|

Nucleophile

o+ o—
Bray—Br
Electrophile

65



Halogenation

* Lewis acid-halogen complex — the halogenation reagent

2FC + 3 BI'Z = 2FCBI3

:I%.r - ® :Izl%'r : :I°|3°r :
:é.r—lé.r:/\ Fe =—= &Br (NI.B.r Fg Br: —_— :é}@ :|.3.r—Fé9 — Br:
o0 o0 :é.r/ \é’r: o0 o0 | o0 o0 o0 I o0

:I.B.r: :Qor:



e Mechanism: Bromination of Benzene
../\FeBr ® ©

:I:B:r—I.B.r: —3 :B_r—l;’::r—FeBr3

B
+ FeBry + HBr

Nucleophilic attack Proton transfer

L N 9
‘Br —(NI.B.r—FeBr3

In the first step, the B In the second step,
aromatic ring functions ® H H H the sigma complex
as a nucleophile, e .. o is deprotonated,
forming an intermediate Br: Br: Br: restoring aromaticity
sigma complex L — e °*
@ )

Sigma complex

67



* Lewis acid is a catalyst

Br

AlBry
+ Br2 _—

AlBr; is also applicable for catalyzing

+  HBr

68



e Addition is an endergonic process — will not happen

Sigma
complex

: :Br
Br
Addition product

o

Substitution product

Free
energy |

Reaction coordinate

69



Halogenation

* Benzene chlorination

:élilz
:él—c:):lz/.—.>Al\._ -
:Cl Cl:

Cl
AICI,
— + HCI

(85%)

o Cl:
oo (N5 © . ™
:.C.I—{NC.).I—,TI—QI: =3
:Cl:

:5I:
. lo ..
:QI—AI—QI:

|
:QI:

70



* Mechanism: Chlorination of Benzene

> ® o

- . AICI . .
:Cl—Cl: > :Cl—Cl—AICl;
H % Cl:
Nucleophilic attack Proton transfer ve
+ AICI; + HCI
g9

:Gl——Cl— AICl,

In the first step,
the aromatic ring
functions as a nucleophile, ) H H
forming an intermediate L e e
sigma complex CI g * CI

@ @

In the second step,
the sigma complex
is deprotonated,
restoring aromaticity

Sigma complex

71



* A General Mechanism for Electrophilic Aromatic Substitution (EArS)

@\
Nucleophilic attack

@

E
In the first step\k
the aromatic ring

functions as a nucleophile
and attacks E™, forming an
intermediate sigma complex

H E H E H E
: ® :

Proton transfer

/\:877
In the second step,

Sigma complex

the sigma complex
is deprotonated,
restoring aromaticity

72



* Practice: when benzene is treated with |, in the presence of CuCl,, iodination of the ring
is achieved with modest yields. It is believed that CuCl, interacts with |, to generate I,
which is an excellent electrophile. The aromatic ring then reacts with I* in an electrophilic
aromatic substitution reaction. Draw a mechanism for the reaction between benzene
and I*. Make sure to draw all of the resonance structures of the intermediate sigma

complex.

—
CuCl,

73



Halogenation

I, CUC|2

lI@) -Base

H I H I H I
©) @
e e
_ @ i

74



* Benzene sulfonation

SO;H
Fuming H,SO,

(95%)

fuming H,SO,: a mixture of H,SO, and SO,

(supersaturated solution of SO;)

75



* SO; is a very powerful electrophile

Inefficient overlap

inefficient orbital overlap (between 3p and 2p)

creates charge separations (S* and O")

76



e Mechanism: Sulfonation of Benzene

® H 9
$-0
0.

Nucleophilic attack

In the first step,
the aromatic ring
functions as a nucleophile,
forming an intermediate
sigma complex

I
S—

® 0.

Sigma complex

H

S
O
@

4

(o}
I

S—

.0.

Proton transfer

.. H ..

b S : -
Q07 hils: Q. OH
S oo @ \ S )

W H \
O: ©/ O:
The resulting
anion is
protonated

Proton transfer

In the second step,
the sigma complex
is deprotonated,
restoring aromaticity

O

7



 Sulfonation is a reversible process

Concentrated

/ fuming H,SO, \
\ Dilute H,SO, /

o

: 'SO3H

78



* Practice: draw a mechanism for the following reaction. Hint: This reaction is the
reverse of sulfonation, so you should read the sulfonation mechanism backward.
Your mechanism should involve a sigma complex (positively charged).

SO;H H
©/ Dilute H,SO,, @/

79



_—

Dilute H,SO, ©/H

2 505

80



e Benzene nitration

NO,
HNO,

H,SO, ~

(95%)

nitric acid functions as a base to accept a proton from sulfuric acid

followed by loss of water to produce a nitronium ion (NO,")

81



e Mechanism: Nitration of Benzene

.'O‘.
|

N
S

g

@../®\6H

v,
| :g”
In the first step, "
the aromatic ring

functions as a nucleophile,
forming an intermediate
sigma complex

N

Nucleophilic attack

A5
®

NO,

Sigma complex

‘o
Hﬁﬁ—%—é—H ‘0"
2 = @--m/“\/*
07 ¢ 05
i
H
NO,
e s
@

H

@

H

NO,

Proton transfer

NO,

o
e In the second step,
the sigma complex

r -

is deprotonated,
restoring aromaticity

82



e Reduction gives an amino group

NO,
1) Fe or Zn, HCI

2) NaOH

NH,

83



* The general process for installing an amino group on a benzene

NH,
1) HNOg/HoSO,

o) FeorZn, HCl
3) NaOH

84



* Practice: draw a mechanism for the following reaction and make sure

to draw all three resonance structures of the sigma complex:
NO,

HNO,
S —
H,SO,

85



0
H,SO, - “ o
h I
0

\ nitronium ion

\\ \
@\\4
H NO, H NO, H No2

H«I&@é{

86



Friedel—Crafts Alkylation

* Friedel-Crafts alkylation

)CI\/

AICI,

(66%)

:E|f|: 5 3é|5|3
oo = @ ~
gl:/sAl\ — Cl—AlI=Cl:
:Cl Cl: |
> - :Cl:

—_—
<

Carbocation

87



Friedel—Crafts Alkylation

* Mechanism: Friedel—Crafts Alkylation

S

Nucleophilic attack
@
In the first step,
the aromatic ring

functions as a nucleophile,
forming an intermediate
sigma complex ® H

>

L Cl—ACl; —— o ACl
Proton transfer + HCI + AICI;
o S)
:Cl —AICV
In the second step,
the sigma complex
- is deprotonated,
restoring aromaticity
H H
—>
©) ®

Sigma complex

88



Friedel—Crafts Alkylation

e Ethyl chloride in Friedel-Crafts alkylation

o N
ACl,

i T e T
- o e
H—C—C—Cl:~ A — B CcGHl-Cl—Al
L ] = W N B
H H :Cl Cl: H H &

Electrophilic agent

89



Friedel—Crafts Alkylation

* Primary alkyl halides usually undergo rearrangement

L A N o Hydride shift e
/\/\QI: 3 /\{f\g— ACl, , /\@/ AlCl,

H A secondary
carbocation

o= JenaNene

a mixture of products is obtained — a limitation!

90



Friedel—Crafts Alkylation

* Limitation: a carbon must be sp3 hybridized

vinyl halide
No reaction
/ AICI,

NG

AICl,

\ 4

\ 4

No reaction

91



Friedel—Crafts Alkylation

* Limitation: polyalkylations often occur

o

A
7

AICl,

alkyl groups are activating groups

92



Friedel—Crafts Alkylation

 Limitation: certain groups are incompatible with F—C reaction

NO,

A

AICI,

> No reaction

93



Friedel—Crafts Acylation

* Friedel-Crafts Acylation

94



Friedel—Crafts Acylation

* Acylium ion formation

ololo :.?.I:
C e
R CET A
Ll oo/ \.-
617 G

@
R—C

- :(.lflz
N e e ..
CcLCl—A=—Cl: ——
R/ o0 | eoe
:QI:

48 p—o=®

Resonance stabilized

:5I:
@ 0. L4 |@ oo
R—C=0. :CI—AI—ClI:

Acylium ion :Cl:

95



Friedel—Crafts Acylation

* Mechanism: Friedel—Crafts Acylation

O\\ 7 AICI, O\\ nE o ® /\ .
/C—QI: /C—C)_I—AICIS R—C=0, «<— R—C=0 AICl,
R R
H C\R
Nucleophilic attack Proton transfer
[\® . ©
_ R—C=0: :Cl 7 AICI,
In the first step, . In the second step,
the aromatic ring the sigma complex
functions as a nucleophile, is deprotonated,
forming an intermediate B . . L] restoring aromaticity
sigma complex ® H 0O H o H 0o
// // //
C C C
\ —> \ «—> \
R @ R @ R

Sigma complex
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Friedel—Crafts Acylation

e Using Clemmensen reduction to achieve alkyl group installation

(@)
R Zn(Hg) R
HCI, heat
O
0
C|M\ ZnHg)
ACl, HCI, heat

(73%)
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Friedel—Crafts Acylation

* Acyl group deactivates benzene ring — prevent further acylation

O

O O
R)J\CI \ R R)J\CI .
@ AICH, > ALCI, >€> No reaction
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Friedel—Crafts Acylation

* Practice: a Friedel-Crafts acylation is an electrophilic aromatic substitution in which the
electrophile (E*) is an acylium ion. There are other methods of forming acylium ions, such as
treatment of an anhydride (shown below) with a Lewis acid. The resulting acylium ion can also be
attacked by a benzene ring, resulting in acylation of the aromatic ring. With this in mind, draw a
mechanism for the following transformation:
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Friedel—Crafts Acylation

© ©
. . . @® _ACI ICI
o ‘o7 T\, (o oy 3 o~ Nt
AICI -0
)k )J\ ) )J\/\ —_— c~ * )‘\
7~
R™ Yo7 "R R Y0~ "R 0% >R

O8N R O R O8N R ~ AICl3
®
H H H
<> <>
® ®
} 5 |
oI -
‘0
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Activating Groups & Deactivati

* Activating groups: nitration of toluene

CHa

HNO, ?
—=5

H2804 []

* the effect of the methyl group on the rate of reaction — 25 times faster than benzene

* the effect of the methyl group on the regiochemical outcome of the reaction...?
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Activating Groups & Deacﬁvat'in

* The product distribution for nitration of toluene

CH, CH, CHg
NO,
e
NO,

O

HNO,
"H,S0,

ortho-
Nitrotoluene
(63%)

meta-
Nitrotoluene
(3%)

para-
Nitrotoluene
(34%)

100
80
60
40
20

Product distribution

q

ortho meta para
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Activating Groups & Deactiva

:\>
\
\
\
o-®
Do
=& 3
[]
23
@@70
I
w
ZI
O
N
®
Z :
7
w
ZI
e
N
(@)
T
w
@ 2
ZI
e
N

CHs CHj CHs CHs

(
/
i
Z
N
(»
53
59
xN
i
O
[\*)
@
IS;
s
O
N
; ®
z
O
N

// ® © H H
Q
CH, CHs CHs CHa
para 2
attack
@ ®
H N02 H NOZ H N02
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Activating Groups & Deactivatin

* Energy diagrams for different attacking — toluene

ortho attack meta attack para attack
CHsz
@
NO,
. H
. H
Potential 8 ’
H NO,
>
Reaction coordinate Reaction coordinate Reaction coordinate

methyl group is said to be an ortho-para director
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Activating Groups & Deactivati

 Activating groups: nitration of anisole

O/CHs
é} inductive effect: electron withdrawing

.. CH ® CH @® CH @ CH « CH
C:_)o/ 3 30/ 3 :O/ 3 :Og 3 :O/ 3
3 y (2
J >

resonance effect: electron donating (dominant) — the ring is activated
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Activating Groups & Deactivati

* The ring is so activated — xs. Br, gives a trisubstituted product

OCHj OCHj

Br Br
xs Br,

Br
(100%)
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Activating Groups & Deactivatin

* The product distribution for nitration of anisole

o/C

_HNOg
“H,S50,

<t

ortho-
Nitroanisole
(31%)

metla-
Nitroanisole
(2%)

NO,

para-
Nitroanisole
(67%)

100
80
60
40
20

-

Product distribution

ortho

meta

para
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Activating Groups & Deactivat

ocH; Y 57 57" Cb/CH3 &M
N® )
g \\O' ortho ® H | H H H
< attack NO2 NO, NO2 NO.
@ ®
.. CH .. CH .. CH
OCH, 07 ° 070 07
meta
attack ® @
. _ «—> —
o=
S T N// N - NO, NO, NO,
No H H H
.. CH " H -
OCHg o :O/C 3 CLO/CH:; :%/CHS
para ®
attack
) @ @
|
.f\ : . H NOZ H N02 H N02 H N02
.O=N=0.
. @ O.
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Activating Groups & Deactivatin

* Energy diagrams for different attacking — anisole

ortho attack meta attack para attack

Potential H

7~
energy e NO, 0]

H NO,
- > 2 = 3
Reaction coordinate Reaction coordinate Reaction coordinate

CH,
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Activating Groups & Deactivatin

* Practice: draw the two major products obtained when toluene

undergoes monobromination.

Br

Br
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Activating Groups & Deactivati

e Deactivating groups: substitution on nitrobenzene

.

\N/
I inductive effect: electron withdrawing
[ o.. .. e o o i
0. @ _0:
5 \Né\T \ /\/
67

B S S A

resonance effect: electron withdrawing
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Activating Groups & Deactivatin

* The product distribution for nitration of nitrobenzene

g

100
N02 N02 NOZ 80
NO
_HNO; | 2 60
100°C NO,
NO, 20
0
ortho meta para

(6%) (93%) (1%)

Product distribution

ortho

meta

para
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Activating Groups & Deactivati

NO :6.\67 ‘
° N® NO NO NO
2= 2 2 2
G g || el n . .
D NO, NO> NO,
> >
@ @
NO- NO, NO, NO,
meta
attack @ @
TNV NO, NO, NO,
/D ® H H H
9) ;
NO, NO, NO> NO,
para o
attack
® @
|
| H NO, H NO; H NO,
O=N=0
@
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Activating Groups & Deactivatin

* Energy diagrams for different attacking — nitrobenzene

ortho attack meta attack para attack
NO, NO,
H
NO,
Potential H NO,
energy
NO,
H
s > >
Reaction coordinate Reaction coordinate Reaction coordinate
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Activating Groups & Deactivatin

* Practice: when 1,3-dinitrobenzene is treated with nitric acid and sulfuric acid at
elevated temperature, the product is 1,3,5-trinitrobenzene. Explain the
regiochemical outcome of this reaction. In other words, explain why nitration
takes place at the C5 position. Make sure to draw the sigma complex for each
possible pathway and to compare the relative stability of each sigma complex.
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Activating Groups & Deactivat

NO,
O,N
O=N=0
®
NO,
O2N L |
NO,

ATTACK
AT C4

ATTACK
AT C5

. ATTACK

O AT C6

NO,
O,N ®
H NO,
NO,
ON" "
NO,

NO,

-

O,N

NO,

NO,

NO,

NO,
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Activating Groups & Deactivati

* General trend of activating and deactivating groups

Activator Deactivator

i s
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Activating Groups & Deactivati

* Halogens: the exception

ICI
@ inductive effect: electron withdrawing (dominant) — the ring is deactivated

S 2
"C

Cjil: Lol

I - CID :Cl:
<« . .
 S— D A < A — . S S— ©

N O

resonance effect: electron donating
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Activating Groups & Deactivati

S

:Cl

e

s

NG

ortho
attack

meta
attack

//\'S

para

attack
_—

o] :6: (G e
® H H H H
NO, NO, NO, NO,
«—> «—>
® ®
Cl :Cl: :6I
® ®
> >
NO, NO, NO,
® H H H
. . = .gJI.
sCle Gl :Cl: <Gl
@ C)
«—> > >
® ®
H NO, H NO, H NO, H NO,
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Activating Groups & Deacﬁvat'in

* Practice: predict and explain the regiochemical outcome for chlorination of

bromobenzene.
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Activating Groups & Deactivati

ORTHO B ]
ATTACK -
Br Br Br :B'r: Br
/TN @ 9 ® H H G om H
CI==Cl—AlCl3 Cl o Cl Cl
L - - -
® ®
META - -
ATTACK - -
Br Br Br Br
® O
clﬁ‘cn—mcn3 ® ®
- - -
Cl Cl Cl
® H H H
PARA
ATTACK — - _

Br Br Br :Br:
N® © € C’
Cl—CI—AICl;
o - x> -
@ @
H

Cl H CI H CI H CI
- 121




Directing Effect and Substituent

e Activators

e Strong activators: a lone pair immediately adjacent to the aromatic ring

R R
o) o N N
©/ Sy . ©/ ©/..\H ©/..\R
._H :g/H CEF))/H g/H zh

<_>';>%,<<_><_>

~ &
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Directing Effect and Substituent

e Activators

* Moderate activators: a lone pair that is already delocalized outside of the ring

H R ,¢’—-_“~\
| | y - <. N stronger than other

.b‘- R N R N R I[ O\ \ -
T T T I R} moderate activators;
0. .0. .0. ‘\ ,’ less than
. s P \\ /

~o PR strong deactivators
~ o =

©/o/2 R ©j9bj;ﬂ
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Directing Effect and Substituent

e Activators

* Weak activators: alkyl groups — relatively weak effect of hyperconjugation

sgealonive
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Directing Effect and Substituent

 Deactivators

* Weak deactivators: halogens — competing inductive & resonance effects

& G- i
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Directing Effect and Substituent

 Deactivators

* Moderate deactivators: a ring-conjugated m bond to an electronegative atom

o] 0 0 o] o
\ _OH
S
R H OR OH NH, ©/ \\O

=)

I \(f) @ Oe O:

@

o3 ot
@
«—> «—>
@
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J |
Directing Effect and Substituent ‘

 Deactivators

e Strong deactivators: nitro group and trihalides

R R X X
% a2 LW 4
©/N02 @5\9 (:/C\x
(X=Halogen)

Weak deactivator Strong deactivator

do not confuse a CX; group with a halogen (X)!
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Directing Effect and Substituen

* A list of activators and
deactivators by category

e All activators are ortho-
para directors

e Most of deactivators are
meta directors

* Halogens are ortho-para
directors, but they are
deactivators

Activators

Strong

Moderate

Weak

Deactivators

Weak

Moderate

Strong

o’
O

(X =cl,

Br,or I)

ortho-para
directors

meta
directors
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Directing Effect and Substituent

* Practice: consider the following monosubstituted aromatic ring. Predict whether
this aromatic ring is activated or deactivated, and predict the strength of
activation/deactivation (i.e., is it strong, moderate, or weak). Finally, predict the

|®

directing effects of the group.
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Directing Effect and Substituent

N N
adjacent lone pair — activator

N_ N ON. N
T)—0J 1)

lone pair delocalized outside of the ring — moderate activator

moderate activator — ortho-para director
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Directing Effect and Substituent

* Multiple substituents: directing effects

OH
NO
HNO3
FeBr3 2SO4
CHj

the more powerful activating group dominates the directing effects
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Directing Effect and Substituent

* Practice: in the following compound, identify the position that is most

likely to undergo an electrophilic aromatic substitution reaction.

CH,
HO

NO,
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|
Directing Effect and Substituent i

Weak
3 activator CHj
Strong HO HO
activator
NO> Strong NO,
deactivator
CH,
HO
Most
reactive il NO,

position
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Directing Effect and Substituent

* Multiple substituents: steric effects

* For most monosubstituted aromatic rings, the para product generally
dominates over the ortho product as a result of steric considerations

NO,
HNO,
—_— +
H,SO,
NO,
Major Minor

toluene is an exception — the ratio of ortho and para products is sensitive to the conditions employed
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Directing Effect and Substituent

* Multiple substituents: steric effects

* For 1,4-disubstituted aromatic rings, steric effects again play a significant role
— substitution is more likely to occur at the site that is less sterically hindered

NO,

NO,
HNO,

—_—
H,SO,

Major Minor
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Directing Effect and Substituent

* Multiple substituents: steric effects

* For 1,3-disubstituted aromatic rings, it is extremely unlikely that substitution
will occur at the position between the two substituents

NO,
_HNO; N
"H,S0,
NO, O,N

Major Minor Not observed
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Directing Effect and Substituent

* Practice: in the following compound, determine the position that is
most likely to be the site of an electrophilic aromatic substitution
reaction.

NO,
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|
Directing Effect and Substituent i

Weak
activator

Strong
NO, deactivator NO,

Sterically
hindered

Reaction

will / NO,

occur
here
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Directing Effect and Substituent

* Blocking groups

Remove Br
Brominate blocking group

7

Install
blocking group

? Br  ortho substitution
% . . .
is sterically hindered
f Br

Blocking group Blocking group
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Directing Effect and Substituent

 Sulfonation is used in blocking strategy

o

Concentrated

/ fuming H,SO, \
\ Dilute H,SO,

: SO3H

Fuming Br Dilute Br
H,SO, Br, H,SO,
FeBr;

SO3H SO,H
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Directing Effect and Substituent

* Practice: identify whether a blocking group is necessary to accomplish

the following transformation:

| Br
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Directing Effect and Substituent

Moderate

activator

Moderate

deactivator

Fuming

H,SO,

O_

)

SO;H

ortho to
methoxy group

|
0

e ™ para to
0 methoxy group
| Br | Br
o) Dilute O
Br, H,SO,
_ _—
FeBrj
SO3H

142



Nucleophilic Aromatic Subs

* Nucleophilic aromatic substitution (SyAr)

* The ring must contain a powerful electron-withdrawing group (typically a

nitro group)
* The ring must contain a leaving group (usually a halide)

* The leaving group must be either ortho or para to the electron-withdrawing
group; if the leaving group is meta to the nitro group, the reaction is not

observed
Br OH

1) NaOH, 70°C _
2) H;O* .

N02 NO2
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Nucleophilic Aromatic Subst

* Leaving group is meta to the nitro group — no reaction!

Br

1) NaOH, 70°C

N

2) H,O" > No reaction

NO,
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Nucleophilic Aromatic Subs

* Mechanism: Nucleophilic Aromatic Substitution (SyAr)

:ffI: :6H

Loss of a

Nucleophilic attack leaving group

N s
.07 ® 07 (076 ~GF
e oo oo
@:§H - __ -.C.Io
In the first step, e .o .o .o . - In the second step,
the aromatic ring :Cl_ :OH :Cl_ :OH :Cl :OH :6Ik7 :OH a leaving group
is attacked * " s < is expelled to

by a nucleophile

] @. L] @
forming the intermediate C) o ()
Meisenheimer complex < ? I —>

restore aromaticity

5 O
/N e /N @ »ﬁ\ N f\ N
07 € G; 1076 G: JogChels Egichy ey

Meisenheimer complex
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Nucleophilic Aromatic Subst

* Acid is required when the nucleophile is a hydroxide

Br :b: :6H

Excess NaOH H;O*
70°C g

NO, NO, NO,
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Nucleophilic Aromatic Subs

* Practice: predict the product of the following reaction:

Br
NaOCHg, heat
Cl N02 >
Cl OCHj
Br Br
NaOCH3,
=
heat

NO, NO,
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Elimination-Addition

* No EWG group, but high temperature... also S,Ar?

Cl Cl OH

NaOH i .
" Heat > No reaction 1) NaOH, 350°C
oat 2) H;0"
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Elimination-Addition

* Low temperature & H,N™ as a nucleophile

Cl NH,

1) NaNH,, NH; (/)
2) H;,0*

7
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Elimination-Addition

* Moreover... different regiochemical outcome

Cl NH,

NH,
1) NaNH,, NH; (/)
2) H;,0"
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Elimination-Addition

* |sotopic labeling experiment

Gl NH, NH,

1) NaNH,, NH; (/) *
> +
2) HO*

50% 50%
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Elimination-Addition

* The benzyne intermediate

Cl aél:
¥ \L\ H/@. X A@ \
:NH, .

Benzyne
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Elimination-Addition

* Elimination & substitution can take place at both positions

. NH,
. %
N

aen
Nog" (9

*

®/NH2

Z—I
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Elimination-Addition

e Mechanism: Elimination-Addition

Proton transfer .. Loss of a leaving group Nucleophilic attack Proton transfer §
X Z X: :OH :OH
o HT e { o . </2\ 3 . o
@QH ‘ - :).(.:E—) E—:)(.).H '@/\H Pk H
Hydroxide functions as a A leaving group is Hydroxide functions The resulting anion

removes a proton from

base and deprotonates ejected, generating a as a nucleophile and :
: J g J i water to yield the product

the aromatic ring benzyne intermediate Benzyne attacks benzyne
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Elimination-Addition

* Evidence: Diels-Alder cycloadduct is obtained

L—,J O@ Diels—Alder S /

Benzyne Furan Cycloadduct
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Elimination-Addition

* The explanation of benzyne “triple bond” — a diradical

the “triple bond” is resulting from overlapping sp? orbitals

rather than overlapping p orbitals
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Synthetic Strategies

ldentifying the Mechanism, Substituted Benzene Synthesizing



Identifying the Mechanism

* Three different mechanisms for aromatic substitution reactions
e Electrophilic aromatic substitution (EArS)
* Nucleophilic aromatic substitution (SyAr)

* Elimination-addition
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Identifying the Mechanism

Electrophilic aromatic substitution

H
E
«—
®

e H
@E
«—>

Sigma complex

Nucleophilic aromatic substitution

H™% H
_—

:X‘/—\ X OH 7
..
:OH
—_ —_—
i)
G50 95 8g g0
Meisenheimer complex
Elimination-addition
X X /\ :OH :OH
H o.. \, ol
& V\:QH (o Y% TR
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Identifying the Mechanism

 Key differences

* The intermediate
e EArS: sigma complex
e S\ Ar: Meisenheimer complex

* Elimination-addition: benzyne intermediate

* The leaving group
* EArS: the incoming substituent replaces a proton

e S\ Ar & elimination-addition: a negatively charged leaving group (such as a halide ion) is
expelled

* Substituent effects
* EArS: EWGs deactivate the ring
e S Ar: EWGs activate the ring
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Identifying the Mechanism

* A decision tree for mechanism determination

Electrophilic

Electrophilic
aromatic

Are the reagents
electrophilic or nucleophilic?

Nucleophilic

Yes

substitution

SNAr

Are all three criteria satisfied

L for a nucleophilic aromatic substitution?

|

Elimination-

No

addition
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Identifying the Mechanism

* Practice: draw the most likely mechanism for the following transformation:

O,N Cl O,N OH

1) NaOH, heat

2) Hy0"

Meisenheimer complex
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Substituted Benzene Synthes

e Review: electrophilic aromatic
substitution (EArS)

J_
el HNO, Dilute Fuming CH,CI CIAICI
AlC, H,SO, H,SO, H,SO, AC, 2
(o)
Br Cl N02 SO3H CH3
©/1 ©/ 2 ©/ 3 ©/ 4 ©/5 6

Excess 1) KMnO,,
1) Fe or Zn, HCI NBS H,0, heat Zn(Hg), HCI
2) NaOH (Section 17.6) 2) H0* heat

(Section 17.6)

(o)
i _NH; i _CBr3 @)kol-l ©/\/
v/ 8 9 10

1. Bromination 4. Sulfonation/desulfonation 7. Reduction 10. Clemmensen reduction
2. Chlorination 5. Friedel-Crafts alkylation 8. Benzylic bromination
3. Nitration 6. Friedel-Crafts acylation 9. Oxidation
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Substituted Benzene Synthe

* Review: nucleophilic aromatic substitution (SyAr)

Br OH
1) NaOH, 70°C _
2) H,0* '

N02 NOZ
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Substituted Benzene Synthe

* Review: elimination-addition

Cl

Cl

OH

1) NaOH, 350°C_

2) HzO™

NH,

1) NaNH,, NH; (/)

2) H;O* .

NH,
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Substituted Benzene Synthe

 Disubstituted benzene rings: the directing effect

Br

NO,

bromination, followed by nitration... or vice versa?

166



Substituted Benzene Synthe

* Functional group conversions that change directing effects

meta
director

NO,

meta
director

Oé R
meta
director

ortho-para
director

1) Zn, HCI
2) NaOH

ortho-para
director

Zn(Hg),
HCI,
heat

ortho-para
director

ortho-para ; meta

director director
(0] OH
Hs;
1) KMnO,,
H,0,
heat
_—
2) H;O*
ortho-para meta
director director
C H 3 C B r3
Excess
NBS
—_—
ortho-para meta
director director
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Substituted Benzene Synthes

* Example: 3-chloroaniline

NH,
Cl
N02 NH2
\ /
HNO4 1) Zn, HCI -
H,SO, 2) NaOH ~
meta ortho-para

director director
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Substituted Benzene Synthe

* The reasonable sequence of reaction

NH,

1) HNO3/H,SO, -
2)Cl,, AICl;

3) Zn, HCI C|
4) NaOH
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Substituted Benzene Synthe

* Nitration cannot be performed on a ring that contains —NH,

NH. NH,

NO,

the reagents for nitration (a mixture of HNO; and H,SO,) can oxidize the amino group

often lead to a mixture of undesirable products

170



Substituted Benzene Synthe

* Friedel-Crafts reaction cannot be accomplished on moderate / strong

deactivate rings

CH,CI _
Moderate ———> No reaction

deactivator AlCly

NO,
CH,CI _
Strong e No reaction
deactivator 3
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Substituted Benzene Synthes

* Practice: starting with benzene and using any other necessary reagents of

your choice, design a synthesis of the following compound:

HoN
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Substituted Benzene Synthes

NH,
1) HNO4/H,SO,

2) Zn, HCI
3) NaOH

/
\ 1) AICI,, CI)J\/

v

\ 4

2) Zn(Hg), HCI, heat

N02 NH2
HNOg o 1) Zn, HCI
/ HSO, directing 2) NaOH

(o)

v

0]
\ Cl )J\/ . n Zn(Hg)
ACI, metd HCI, heat
directing
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Substituted Benzene Synthe:

Route 1
NO, NO,
Nitration Acylation Reduction
> of both groups
/ \
The nitro group is
meta directing O

Route 2

Acylation Nitration

/ i

The acyl group is

Reduction
of both groups
NO,
meta directing
O o)
O
© )J\/ HNO, 1) Zn(Hg), HCI, heat
NO,

R ;
AICI, H,SO, 2) NaOH
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Substituted Benzene Synthes

* Polysubstituted benzene rings
* Retrosynthetic analysis is applied
* Consider directing effects and steric effects

* Take care of the sequence of reactions
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Substituted Benzene Synthes

* Practice: starting with benzene and using any other necessary reagents of your
choice, design a synthesis for the following compound:

O,N

Br
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Substituted Benzene Synthes

B —

O,N O,N

Bromination

>  Br

O
O
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Substituted Benzene Synthes

O,N

Acylation

>  Br

O,N
(@)
O,N
5 > Br < > g Nitration > Br <\i > g
(@) (@)

O

\ 4
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Substituted Benzene Synthes

Br
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