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Efeitos de substituintes na
reatividade de sistemas aromdticos
Reacoes de compostos aromaticos

e seus mecanismos
Haletos de arila: substitvicao
nucleofilica aromatica
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L Bond energy,

Hybridization of kJ/mol (kcal/mol)

carbon to which
Compound X is attached X=H X=da
CH5CH,X sp 410 (98) 339 (81)
CH,—CHX sp? 452 (108) 368 (88)

Qx sp’ 469 (112) 406 (97)
+— +—
Cl Cl

Chlorocyclohexane Chlorobenzene
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Taylor et al. J. Med. Chem. 2014
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Oleos essenciais de plantas

~ oy O
= 3
© oH
% 5. Styrene Cinnamyl alcohol Charvicol Eugenol
= é_ benzene alcohol phenol phenol
< 3 oH o
OMe
OCH3 x
4 =
CHO
Anethol Safrol Vaniline Cinnamaldehyde
Methoxy derivative Methylene dioxy Phenol phenol
- compound
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i L Os halogénios s@o
- usados nas indUstrias
quimica, de agua €
saneamento, de
plasticos,
farmacéutica, de
papel e celulose,
téxtil, militar e de
pefroleo.

e Herbicidas

for better; (controle de plantas daninhas)
health!  Nete
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CF, O If\\‘,
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Clopidogrel
Anti-platelet
E

F, H
g e
o]
Efavirenze
o] Anti-retroviral //
N~
H

Fluoxetine
Anti-depressant
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N
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Imidacloprid
Insecticide
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Nitrofurantoina
Utilizada para o
tratamento de cistite e
uretrite bacteriana

& Cl
7 W—F
FF

Farmacos contendo halogénios

N

B

Ledipasiver

L Hepatitis C
N™ o H
!>{; . H S

. N \l\\‘ N d
bf/»m &) ')\:

o "o Diazepam

Anxiety
OH

Rebeccamycin
Anti-tumour properties

N-_-

— |
I
HsCO {_:%’N

Omeprazol
Usado para tratar Ulceras gastricas
(estbmago) e duodenais (intestino) e
refluxo gastresofagico
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General equation and specific example

Fe
ArH + X, —— AX +  HX
Arene Halogen % Aryl Hydrogen
halide halide
Br
Fe
OzN@ + Brz —_— OzN
Nitrobenzene Bromine m-Bromonitrobenzene
(85%)
..doing =
science A reogao de
for better)
health! it Sgndmeyer
1. NaNO,, H;0"

ArNH, N ArX

Primary arylamine Aryl halide
Cl NH, Cl Br
1. NaNO,, HBr
2. CuBr

1-Amino-8-chloronaphthalene 1-Bromo-8-chloronaphthalene

(62%)
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w’ﬂ :
N:z\\ ﬁ‘ I"W..\N';,,/b: ) N.\_Nib:/_‘\lH;\f_J)Hz
IN=10. | ” {0H, .
Prin l
Co /\b v
- . UHz + - +
N%N/QH {0 H, N%N/Q'H E :lf 'H\NJ’O_H
1-Ar { ne
f N .4"‘2
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S
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Examples of Sandmeyer Reaction

®_0
NHZ HX, NaNO, NZX
— —
0°C
Aniline Diazonium
salt

X

©/ + N,
(X =Cl, Br)

Halobenzene Nitrogen

|
L>©/+N2

lodobenzene

CN
CuCN
—>©/ + N,

Benzonitrile

CuX
60 -100°C

aq. H,50,
A

N

OH
G

+
Phenol
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w1 REACAO de Schiemann

1. NaNO,, H3;0" + = heat
ArNH, - H;F: > ArN=N: BF, —> ArF

Primary

Aryl diazonium Aryl
arylamine

fluoroborate fluoride
1. NaNQO,, H,0, HCl
CgHsNH- -~

2. HBF, CeHsF
Aniline 3. heat Fluorobenzene
(51-57%)

..doing
science

e 1 REACAO de Schiemann

Formation of the aryldiazonium salt:

N

o . Hoo N4y __lossof N=O: ArNH,
HO™ So- 80 ©° ) p Lo ”
\/—‘ﬁ EF '_\| : H"O"H Nitrosonium ion
4
R4 @ H H - H@ +H . - H0 c 2
Ar—N{I_N»ZNEO —= Ar—N) Ar—N, —_ n"\r*NF\\1 H = Ar—N=N: BF,
“H A CY] P.T N—OH Nﬁ]@ Aryldiazonium salt
il H
0.2
Decomposition of the aryldiazonium salt:
@ =) @ fe
ArUEN BF, S —— =

[ Ar l + F-B—F ——M» Ar—F + BF
N=NC 1 | ¢
lossof :N=N u F Aryl fluoride
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..doing - o A 0
sience Reacdo de sal de diazonio
or better { s .
health!  Hers com o ion iodeto
1. NaNO,, H;0*
ArNH, > Kl > Arl
Primary arylamine Aryl iodide
1. NaNO,, HCl, H;0
CgHsNH, 2.2K| - CeHsl
Aniline lodobenzene
(74-76%)
rdoing : Haletos de arila: muito menos
foc betar reafivos em reacoes de Sy
ealth! Neaubieo
Qa o 10T QOH
Chlorobenzene Phenol (97%)
(h) Hydroxide ion + chlorobenzene

(a) Hydroxide ion + chloromethane

o o@s
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o , . S Ar
hoalth ! A Eletrofilica Aromdtica El

aaa

aay |

AR

N Ve slow ~ —
C=C  ——E—C—Cr +:Y
5— &+ S N | ™
Alkene and electrophile Carbocation
‘ /F\ — fast | ‘
E—C—C* + Y — E—C—C—Y
N .
Carbocation Nucleophile Product of electrophilic
addition
..doing ' - . . -
Reacodes de Substituicdo
for better SEIAr

health! Eletrofilica Aromatica

5+ 3
H

EY H
slow E +:Y

Benzene and electrophile Carbocation

OO

Resonance forms of a cyclohexadienyl cation
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SgAr
)

Bromobenzene

Reagentes de
Grignard
aromaticos
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Nucleophilic aromatic substitution: the addition-elimination mechanism

Step 1: Addition

N% o NO
Nu Q £
e~
NO, slow NO, fast NO,
LG Nu'fy LG Nu o
e LG

NuG'> Nucleophile
LGe Leaving group

Reacdes previamente estudadas

OO0

BAIC‘ - . 3
3

p-Bromoacetophenone

(69-79%)
diethyl
h
AX  + Mg @ —5 ArMgX
Aryl halide Magnesium Arylmagnesium halide

diethyl
h
QBr + Mg e QMgBr

Phenylmagnesium
bromide (95%)

Bromobenzene Magnesium

Substituicdo Nucleofilica

Aromdatica, SyAr

Step 2: Elimination
2 NO,

_— B

electron-rich

intermediate Nucleophile

adds to carbon
isenheim bearing the
leaving group

23/08/2023
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Cl OCH;
+ NaOCH; —=» +  NaCl
p-Chloronitrobenzene Sodium methoxide p-Nitroanisole (92%) Sodium chloride
Increasing rate of reaction with
sodium methoxide in methanol (50°C)
Cl Cl Cl Cl
NO, O>N P~ NO,
X
NO, NO, NO,
Chlorobenzene 1-Chloro- 1-Chloro- 2-Chloro-
4-nitrobenzene 2 4-dinitrobenzene 1.3,5-trinitrobenzene
Relative rate: 1.0 X 10 24 %10 (too fast to measure)
..doing ..
Reatividade de haletos de
for better,

health! Mrc arila em reacoes de S Ar

OCH,

- KOCH,  —— © - KF
NO, NO,
p-Fluoronitrobenzene Potassium methoxide p-Nitroanisole (93%) Potassium fluoride

Relative reactivity

X toward sodium
methoxide
in methanol (50°C):
X=F 312
X=Cl 1.0

NO, X =Br 0.8
X =1 0.4 V = k[Haleto de arila][Nu]

11
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NO,

p-Fluoronitrobenzene

Passo 1:
Adicao

..doing

science

for better
health! Neaubieo

Mecanismo de adicdo-
eliminacdo na S Ar

OCH;
+ NaOCH; — <j + NaF
NO,
Sodium methoxide p-Nitroanisole Sodium fluoride
F :F: :OCH;

H K//ﬁ\\\\\\ H _H
+ TE)CH3 slow

H H H H

N02 N02

p-Fluoronitrobenzene Methoxide ion Cyclohexadienyl

anion intermediate

Passo 2: Eliminacéao

{ :OCH :OCH;
H A _H H H
RN +
H H H H
NO, NO,
Cyclohexadienyl p-Nitroanisole Fluoride ion

anion intermediate

23/08/2023
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Qual é a estrutura de
for better ~ . . ’
health!  Sir ressonancia mais estavel?¢

F OCH, F OCH, F OCH,
H l __H H H H H
H H H 3 H H H
S SR e} 5
Most stable resonance
structure; negative
charge is on oxygen
doing A reacdo de
for better] m-fluoronitrobenzeno com o ion
health! [ T s 5 .
metoxido € 10° vezes mais lenta
gue aquela observada para os
o,p-isdbmeros! Por qué?
F OCH, F OCH, F OCH,
H __H H H H__ H
Oiﬁ — 07 «— (57
H l NT T H Ny H NT
o H H
:0 10 ‘0

(Negative charge is restricted to carbon in all resonance forms)

23/08/2023
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for better Efeito do grupo abandonador

health! Necuk s

CH;O F CH,0 ClI 7/
H __H H ~_H
is more stable than
H H H H
NOZ NOZ
Fluorine stabilizes Chlorine is less electronegative

cyclohexadienyl anion than fluorine and does not
by withdrawing electrons. stabilize cyclohexadienyl
anion to as great an extent.

..doing
science

for betterl, O grupo nitro € um substituinte
fortemente desativante nas
reacoes de SgAr

NO, oy NO; NO,
slow —H"”
EﬂL E fast
H H E

Nitrobenzene and an Cyclohexadienyl cation Product of
electrophile intermediate; nitro group electrophilic
is destabilizing aromatic substitution

14
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NO,  NO, NO,
< S '

o-Halonitrobenzene
(X =F.CL Br,orI)
and a nucleophile

..doing
science

for better)
health! Neoubie

s

6 = 2

N”

2-Chloropyridine

23/08/2023

O grupo nitro € um substituinte
fortemente ativante nas
reacoes de S Ar

Cyclohexadieny! anion
intermediate; nitro group
is stabilizing

Product of
nucleophilic
aromatic substitution

A 2-cloropiridina reage 230 mi
vezes mais rapidamente com
metoxido de sddio
(a 50 °C) que o benzeno

\ \
Q QCI
= .

N” TOCH; "N~ TOCH;

NaOCH,
CH5OH

2-Methoxypyridine Anionic intermediate

15
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science Mecanismo de adicdo-

or better . . ~ .
heatth! wac  €liminACA0 Na S Ar : o benzino

g

Aniline (52%)

Chlorobenzene
? NH;
2 Structure
\J a —
J’“Ld QJ ’ [H:NH]
Ka =36 Ka=16 .
B d 1020 mais
basico
que HO'!
..doing
science
for better
health! Neook o

Nucleophilic Aromatic Substitution At An Unusually Low Temperature
(1945)
KNH,
NH3
-30°C NH,

+ KCI

Does this also go through the addition-elimination mechanism?

16
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heatht e UM mecanismo de adicdo-
eliminacdo ndo parece apropriado!

Observation #1: no reaction occurs without ortho- hydrogens!

Br
H,C CH,3 KNH, ]
. - —_— no reaction!
NH;
-30°C
CH,

ortho po:

blocked

..doing

science

for better
health! Neaubieo

Observation #2 : in this example, the ortho- and meta- products are formed, but
none of the para- is observed

CH, CH, CH,
€ KNH, " .
_—
(j NH, Eb EELNH

-30°C

CH,
A

| N

\\7//"
NH,

2

ortho- meta- para-

never formed!

17
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CH;
©/ EH—(\H> © +
NH,
o-Bromotoluene o-Methylaniline m-Methylaniline
CH; CH;
NaNH,, NH;
e @\ "
NH,
NH,
p-Bromotoluene m-Methylaniline p-Methylaniline
..doing . .
As 0-, m- e p-metilanilinas
for better - .
health! s sdo formados a partir do

m-bromotoluenol

CH, CH, CH, CH,
NH,
NaNH,, NH5
— + +
Br NH,
NH

m-Bromotoluene o-Methylaniline m-Methylaniline p-Methylaniline

23/08/2023
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for better

health!  Terw Roberts em 1953

KNH,, NH,
—_—

—33°C
NH,
Chlorobenzene-1-'*C Aniline-1-"*C Aniline-2-'*C
¢+ ="0) (48%) (52%)
..doing '
science
for better
health! Neoubbeo e p

Roberts' Classic Experiment (1953) Using '“C-Labelled Chlorobenzene

+ Chlorobenzene was synthesized that contained '“C at the carbon attached to the
leaving group (Cl)

* Hypothesis: If the reaction goes through addition-elimination, the product will NH,
bonded exclusively to the '*C labelled carbon

* In fact, the reaction produced a mixture of two products in about a 1:1 ratio !

Isso néo é KNH, ©\
consistente com NHy NH;
NH,
s B

um mecanismo de cl
.~ .. ~ product
adicao-eliminagao! ratio
labelled with
e NH, not on
carbon with
leaving group!
< So how can this result be explained?
= Not consistent with addition-elimination
mechanism involving this intermediate!
cl” NH,
. 7

19
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Mecanismo de adicdo-

for better

neath! wre €liminagcdo na SGAr : o benzino

H H
H cl H H
+ KNH, — + KCI
H H H NH,
H H

Chlorobenzene Aniline

Passo 1. EIimina(;éo

H
(3‘ H
+ :NH; + :Cl:
H NH, H
H

Chlorobenzene Benzyne
..doing .
Mapas de potencial
for better)

neaitnt - eletrostatico: Amonia e amideto

20
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"Benzyne"

Not a "typical” triple bond
The triple bond is formed from the overlap of two sp? orbitals

H  _ p orbital
H

sp? orbital ~ sp? orbital

Note that sp? orbitals involved in poor overlap leads to a

the "triple bond" are at 90° to the =~ —> ;:glwg?gkt;i:“: bao::gé:leo bile
p orbitals of the aromatic pi system v y P

(estimated strain energy = 50 kcal/mol)

..doing

science
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Sometimes helpful to think of the triple-bonded form as being in resonance
with two "charged" forms:

L ~— Q —C

\O < O D

0 B )

AL

L poor overlap between o
two adjacent sp? orbitals

"Benzyne"

23/08/2023
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Bond lengths in benzyne

slightly shorter than C-C bond in benzene (1.39 A)

Slightly longer than the triple bond in
At 26 A ethyne (1.20 A)

o Benzeno

for better) .
heatht! W & Benzino

1.37A

23/08/2023
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Mecanismo de adicdo-

for better

heaitht wr €lIMINACAO NA SJAT : 0 benzino...

Passo 2: Inicio da fase de adicéo

H H
H H _
D
:NH, N
H N H NH,
H H
Benzyne Aryl anion
..doing . . -
Mecanismo de adicdo-
for better

heatht wr €liminacAo na SGAr : o benzino...

H H
Ve
H ~ H—NH, H H
w _
—_— + = ]:\.]H2

H NH, H NH,

H H

Aryl anion Aniline

23
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Substituted benzynes ("arynes") can produce multiple products

CH,3 CH, CH, CH,
Cl NH
L O
H o NHs 8 NH,
unsymmetrical From attack From attack
aryne - can be atA atB

attacked at Aor B

23/08/2023
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When an electron-withdrawing group (EWG) is present, the intermediate where
the negative charge is closest to the EWG will be favored

Case #1 - triple bond between meta and para carbons:

EWG EWG EWG
Nu
—>
/ meta e NHZ
para NHz @

Aryne from para attack from meta attack
negative charge negative charge
closer to EWG farther from EWG

Favored Disfavored
..doing
science
for better
health! Neaubieo

Case #2 - triple bond between ortho and meta carbons:

EWG EWG EWG
o NH.
0 =) 2
e\
10]] —
NH, e
para _
from meta attack from ortho attack
Aryne negative charge negative charge
closer to EWG farther from EWG
Favored Disfavored

25
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Br
THI
]k 1t
F
o-Bromofluorobenzene
()MgBr
(-F
o-Fluorophenylmagnesium bromide
..doing
science
for better
health! Neub o
Br
Mg THF
h at
F
o-Bromo- 1.3-Cyclohexadiene

fluorobenzene

23/08/2023

A reacdo de Diels-
Alder do benzeno

e (]

Benzyne

—FMgBr
_—

Benzyne

Ot -« Oty

5.6-Benzobicyclo[2.2.2]-
octa-2,5-diene (46%)
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