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Reacoes Radicalares

Radicais

Radicais tem elétrons desemparelhados.

X H® ci®
HCI + ,
no electron 8 electrons in outer shell

gas phase

>200 °C H + cr
I .
HCI one electron 7 electrons in outer shell

Na presenca de perdxido, a adigdo de HBr a dupla é anti-Markovnikov.

@/\e E
H \7t< B )\ Br —_— Br
gr/— tertiary cation
(o)
Br
:< )J\ /0 Ph —éBr
(PhCO,), Ph™ "0 \[(

dibenzoyl  major product with (0] major product without
peroxide  dibenzoyl peroxide dibenzoyl peroxide dibenzoy! peroxide

‘0 Ph

o
dibenzoyl )J\ OO Ph 00780°¢ > )OJ\ \ﬂ/

peroxide Ph 06 \n/ ke 5E ot Ph 0O- o)

(o)

Ph)l\0+ H—Br —»Ph)I\OH + Br’

o f:< - B’L< AQB,

radical prefers to attack - 91%yield 6% yield
this end of double bond iso-butyl bromide tertbutyl bromide




Reacoes Radicalares

Radicais

* AH de ligacdo menores indicam a possibilidade de clivagem homolitica.

Bond X-Y  AG for X-Y Bond X-Y  AG for X-Y

(%)

é S X+ Y, SXT Y,
© kJmol™ kJ mol™
© H-OH 498 CH3-Br 203

o

g H3C-H 435 CHz-I 234

S H4C-OH 383 Cl-Cl 243

(@)

é HsC-CH3 368 Br-Br 192

§ H-Cl 431 [ 151

e

2 H-Br 366 HO-OH 213

(©

& H-I 208 MeO-OMe 151

|

N CH3-Cl 349

o

=

L

o}

* ReacgOes radicalares podem ser iniciadas por clivagem homolitica de iniciadores, como
o peroxido de dibenzoila e AIBN, dentre outros.

66-72 °C . CN
AIBN e N N m CN > Y N=N )\
AG¥ =131 kJ mol-! CN .




Reacoes Radicalares

Radicais

* Aseta de radical é diferente da de fluxo do par de elétrons.

66-72 °C . CN
AIBN e X N m CN > Y N=N )\
AGF =131 kd mol™! CN )
N N 66-72 °C Y T CN
AIBN > = )\
NG o AGF =131 kd mol™! CN .

66-72 °C . CN
AIBN e . N CN > Y N=N )\
(./ 6\)7< AG* =131 kJ mol™ CN .

R—O‘%—Br — > ROH + Br'<—R—0f\‘/H\—Br

R—O'f\‘ H—gr ——— > ROH + Brf =— R—O/\‘/}—gr
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Reacoes Radicalares

Tipos de reacao com radicais

* Radicais podem abstrair hidrogénio.

R—O’/\‘ H—/Br — > ROH + Br hydrogen abstraction
R—Cp/\H—fBr — > ROH + Br° proton removal
—06/\ Hs;C —fér — > ROCH; + Bre SN2 reaction

* Radicais sdo eletrofilos e podem adicionar a dupla.

Br
radical addition Br'/\ Q< > X <

* Radicais podem ser formados através de reacOes de transferéncia de elétron, por
clivagem térmica ou fotoquimica.

o o°

©
® © € . .
Na ——> Na~” , e R1J\R2 —_— R1J\R2 ketyl radical
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dibenzoyl lo)
radical

perOX|de )J\ homonS|s elimination .
\n/ 9ot — > + COy



Reacoes Radicalares

Tipos de reacao com radicais

* Em resumo.

Radicals form from spin-paired molecules by:
* homolysis of weak ¢ bonds, e.g.
RO=—OR —— > RO’ (x2)

* electron transfer, that is, reduction (addition of an electron), e.g.

o°

Radicals form from other radicals by:

¢ substitution (abstraction)

X'/\‘ vy o xv.z

¢ addition
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" Nyl o xy—z

« elimination (homolysis)

/)A-Y—/} — X=Y 4+ Z
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Reacoes Radicalares

Estabilidade de radicais

* A maioria dos radicais € instavel, mas nem todos.

R, C
g — > . + AgCl

relatively stable triphenylmethyl radical

i I correct
structure
O X of dimer
(1970)
original suggested structure of O O

triphenylmethyl dimer (1900)

(o} Ph_ _Ph
N
tBu
I

(0} 0}

TEMPO | o tBu t-Bu
tetramethylpiperidine N-oxide dark blue solid “ galvinoxyl

m.p. 36-38 °C m.p. 97 °C violet crystals m.p. 158-189 °C



Reacoes Radicalares

Estabilidade de radicais

« A vitamina E € uma substancia antioxidante, pois reage com espécies radicalares,
formando um radical estavel.

R-0 — > R-OH +
dangerous reactive radical =
and reactive ‘tamed' as ROH Me I\=/I o S
radical Me Me

vitamin E more stable delocalized radical
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Reacoes Radicalares

Estabilidade de radicais

* A estabilidade de radicais é similar a de carbocations - hiperconjugacao.

w3 )st is more CHs is more H is more

o stable )\ stable )\ stable ‘CH PN
= H;C” “~CH, than H,C H than H,C H than 5 /all I oozl
b tertiary secondary primary methyl y Y )
6 more stable than alkyl radicals
(%]
2

<) . . 0 . . o}
g — = . )J\ /\\\N /\OEt ) .
S .

v vinyl alkynyl phenyl radicals stabilized by functional groups
_8 less stable than alkyl radicals
i

m 7/ o] /
== Porém, podem ser estabilizados por grupos sacadores ou doadores de elétrons.
)5
o

| A stabilization of a radical by an —, ) stabilization of a radical by an S new, higher-energy SOMO
~ electron-withdrawing group K N electron-donating group \
I . N , |
g ,'I ‘\\ > | energy of unpaired electron raised - ‘\\
L J N n* orbital of electron- > ) K K
g ,’, ,’I’ withdrawing group 2 SO'E/:)OO?&{:S'CN %\\ ‘\\\

S \ .

energy

SOMO of radical _F( N \
(p orbital) AN 4 \ * n orbital (lone pair) of electron-
* L, # donating group
\ g energy of radical drops because \ e

e P
electron is Igr;tflwef'energy Y Lt energy of lone pair drops
\

. :
. ,
5 ,
. ' X .
N ’ 4
\ / new, lower-energy \ .
new SOMO is of lower energy - - - > filled orbital ’
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Reacoes Radicalares

Estabilidade de radicais

* Grupos volumosos deixam os radicais mais estaveis.

these radicals are persistent... ! ...while these radicals are reactive
0 ©\N /© ( X /ﬁ E o
SN XN | ‘ | :
‘ N . \/ . \/ E
N p 0,N NO, 5 h
L. N = ! 0"
0 | | :
= X :
conjugating groups in orange NO, '

electron-donating groups in green electron-withdrawing groups in black
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Reacoes Radicalares

Como radicais reagem?

¢ radical +radical — spin-paired molecule

8 Br‘/\"/\‘Br —> Br—Br
=
c
© ¢ radical + spin-paired molecule — new radical + new spin-paired molecule
—
2 N
(%]
2 0" VHLR? _ o R'OH + 'R?
g
g ¢ radical — new radical + spin-paired molecule
o
é 0
> (\)I\”? — > R’ +CO,
5 R (e}
©
2
2
7 ° Exemplo.
[
|
Ny overall:
u o 1.Na, OH
o )J\ EtOH o o 0® o
d —» e he
R R R R )J\ electron froma )\ ) ’ )Q
2. H* H R R dissolving metal, R R R R
such as Na, Mg, Zn, or Al ketyl radical anion

reaction of the ketyl radical anion in protic solvents
) :
2 = EoH  § e
P - S G |
R R R R R H R R R

H

. 0®

12

H® /j’\“

—
RTOR
H



Reacoes Radicalares

Como radicais reagem?

 Exemplos.

pinacol dimerization of acetone (ketyl radical reactlon in hydrocarbon solvent) diol product 'pinacol'
Oe Mg2+ H®
PRSI VG v
benzene
80°C 43-50% yield

* Benzofenona é usada como indicador de umidade para garantir que éteres estdo

anidros.
0@
Na THE . highly delocalized,
hindered,
benzophenone purple ketyl
if dry radical anion
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Reacoes Radicalares

Como radicais reagem?

* ReacOes em cadeia acontecem através das etapas de iniciacdo, propagacao e término.

HBr Br
—_—
< ROOR <
hv

RO R — > RO®° (x2)

R—O'f\‘H—[gr —> ROH + Br' T B i reoydled T g

% Br i
ROOR — > 2xR0'/\1HT3r . Br-/\ﬁ e Y HBr

s Q< T Bru< - N

starting material product

Br jH—\?r Br
_>
R : possible radical-radical chain termination steps
B Br

+ r Br Br
Br'/\‘ BrYf ——> Brn \—<-me > \—6
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Reacoes Radicalares

Como radicais reagem?

* ReacOes em cadeia acontecem através das etapas de iniciacdo, propagacao e término.

C|2 hv o
s + HCI

hv . R
CI—[zI —> C| Cl

initiation

propagation

termination

Nor > ci—ci OK\CI 7 O/

Cl
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Reacoes Radicalares

Como radicais reagem?

* A halogenacdo radicalar de alcanos pode levar a diversos compostos.

Cl
Cly, hv Cl Clp, hv
N —— /\/C| + )\ —_— c* 4\
45% 55% 63% 37%

A bromacao radicalar de alcanos é mais seletiva do que a cloracao.

BI‘2 hv Br
)\ ~ 4\ ' )\/BIr
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>99% <1%

TS5 A € ---------m—— - (+) TSy

I I cl.. )\

i . = H abstraction of TNy abstraction of

H et il M S () A~ primary hydrogen P cr ){secondary hydrogenH /\
(') . H R H—CI + . — —Cl +
cl /k cl o
cl
\ AH, k) mol-! AH, k) mol-
.

Hel one H—Cl bond formed -431 one H—Cl bond formed -431

energy

one primary C—H bond broken +423 one secondary C—H bond broken +410
total -8 total -21

HCI )\ A reacdo de abstracdo de hidrogénio é exotérmica:
~ ET é parecido com reagente, logo, a estabilizagdo do
produto, ndo influencia muito no ET.

reaction coordinate

16
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Reacoes Radicalares

Como radicais reagem?

* A halogenacdo radicalar de alcanos pode levar a diversos compostos.

Cl

cl

C|2, hv
— c 4\
63% 37%

A bromacao radicalar de alcanos é mais seletiva do que a cloracao.

energy

A

BI‘2 hv

HBr_)\

\

reaction coordinate

Br
] 4\+)\/Br

>99% <1%

abstraction of abstraction of
primary hydrogen )\ Br'/\‘H tertiary hydrogen /l\
B M —— > H—Br+. 4:\} ——>  H—Br +

AH, k) mol-! AH, k) mol=!

one H—Br bond formed — 366 one H—Br bond formed — 366
one primary C—H bond broken +423 one tertiary C—H bond broken +397
total +57 total +31

A reacdo de abstracdo de hidrogénio é endotérmica:
ET é parecido com produto, logo, a estabilizacdo do
produto, diminui a energia do ET.
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Reacoes Radicalares

Como radicais reagem?

* A halogenacdo radicalar de alcanos pode levar a diversos compostos.

Cl
h |
CH3CH2CH2CH3 + Clz < > CH3CH2CH2CH2C] -+ CH3CH2CHCH3 + HCI
butane 1-chlorobutane 2-chlorobutane
expected = 60% expected =40%
experimental = 29% experimental = 71%

relative rates of alkyl radical formation by a chlorine radical at room temperature

tertiary > secondary > primary
5.0 3.8 1.0

«reasing rate of formation ‘

* Na determinacdo da distribuicdo de produtos devem ser considerados fatores de
probabilidade e de reatividade. Probabilidade: o nimero de hidrogénios que podem
ser abstraidos, levando a formacdo de um determinado produto. Reatividade: a
velocidade relativa com que um hidrogénio em particular é abstraido.

relative amount of 1-chlorobutane relative amount of 2-chlorobutane
number of hydrogens X reactivity number of hydrogens X reactivity
6x1T0=60 4%38=15
percent yield = % =29% percent yield = % =71%
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Reacoes Radicalares

Como radicais reagem?

* A halogenacdo radicalar de alcanos pode levar a diversos compostos.
relative rates of radical formation by a bromine radical at 125 °C

tertiary > secondary > primary
1600 82 1

«easing rate of formation

relative rates of alkyl radical formation by a chlorine radical at room temperature

tertiary > secondary > primary
5.0 3.8 1.0




Reacoes Radicalares

Bromacao radicalar

* O Br,pode ser usado diretamente para bromacdes na posicao benzilica e alilica.

é benzylic substituted

® product

1

% CH,CH; CHCH;4

£

S A

@ + X, — + HX (X =ClorBr)
X

~ A

S CH;CH=CH, + X, — CH,CH=CH, + HX
5

allylic substituted
product

20



Reacoes Radicalares

Bromacao radicalar com NBS

* O NBS é um excelente reagente para bromacao radicalar. Nao ha formacdao de muito
HBr, nem Br,, que poderiam atacar a dupla, caso se utilizasse Br,.

(o]
Br
NBS, CCl, Y N-bromosuccinimide
; > 85% yield N—Br (NBS)
A%
(6]

allylic C—H

bonds weaker HBr BrBr
(\H ( D Br

competing r Br Br Br
addition —_—— —_—
reaction . Br—@r
\) Br
cationic

intermediate
Br® destabilized

by non-polar

solvent
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Reacoes Radicalares

Bromacao radicalar com NBS

O NBS é um excelente reagente para bromacao radicalar. Nao ha formagao de muito
HBr, nem Br,, que poderiam atacar a dupla, caso se utilizasse Br,.

Br + 2~

H-Br + Q“Br—- Q\IH + Brs

sz £ o




Reacao de Diels-Alder

Reac¢ao Diels-Alder — Adicao [4+2]

* A reacdao de Diels-Alder é uma reacdo periciclica, na qual ligacdes quimicas sao
quebradas e formadas de uma vez s6, sem envolvimento de cargas e intermediarios.
Estas reacdes sao inteiramente explicadas por orbitais moleculares.

o) o) o) o
ﬁ heat él
+ o —> 0 | o —— o
X X
o) o) o) o)
0o
(0]
new m bond
| new o bond
|‘ 0 "
(0]
new o bond

A\

/
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Reacao de Diels-Alder

Reacao Diels-Alder

* O estado de transicao é aromatico.

H

o) (o o)
{' o — | [ [ o| — o
AY

o o) H o

transition state has
six delocalized & electrons

* Esta reacdo acontece entre um dieno e um diendfilo. Bons diendfilos possuem grupos
sacadores de elétrons ligados.

some dienophiles for the
Diels—Alder reaction rCHO CHO CHO

Cl 0]
)\ )]\ diene dienophile product
o
O o
D L R
\/\CN \ NO, NO,
N

diene dienophile product
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dienophile—a quinone product
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Reacao de Diels-Alder

Reacao Diels-Alder

* Dienos s-cis sdo necessarios para a reacao.

dienes permanently in the
s-cis conformation
(excellent Diels—Alder
reactions)

O O

cyclopentadiene furan

(L QO

an ‘exo- cyclohexa-

methylene’ diene 1,3-diene

dienes permanently in the
s-trans conformation
(cannot do
Diels—Alder reactions)

L)
o4

s-trans s-cis
conformation conformation

x - CO,Me CO,Me
= ¥ — O
X

favoured, but can’t disfavoured; can
do Diels—Alder do DieIs—Alder
high b.p. b.p. 42 °C

Cl o Cl Cl
Cl
Cl Cl
‘o S Cl—
Cl o)
cl Cl~ Cl
Cl O 0
(o)

flame
retardant



Reacao de Diels-Alder

Reacao Diels-Alder

* Como pensar na sintese?
recognizing a
Diels—Alder product:

six-membered
ring

double bond
in the ring

y

conjugating group
e outside the ring
 opposite the double bond

the disconnection is the imaginary reverse Diels—Alder reaction

: Diels—Alder
start first arrow
in the middle of | ----- > S B |
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the double bond

100 °C

sealed tube
no solvent
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Reacao de Diels-Alder

Reacao Diels-Alder

* Mais exemplos

H,N

H
potential drug to treat stroke

— — /2
@ @ AA?R ci
_ cl -
norbornadiene cl
Cl
Cl

Aldrin

COgMe

CO,Me

cl
cl
cl
z cl
Cl
Cl

H
7z CO-Me
H

CO,Me
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Reacao de Diels-Alder

Reacao Diels-Alder | Estereoquimica

A reacdo de Diels-Alder é esteroespecifica, ou seja, partindo de um reagente com
estereoquimica definida, somente um dos possiveis esteroisomeros é produzido.

COsMe COsMe
( [ 2 @[ 2 COZMe
—
N N
COgMe Cone COZMe
dimethyl maleate
CO-Me CO-Me
= COsMe
| — l | .
X Me0,C
MeO,C COsMe

dimethyl fumarate

@4 CO,Me
o CO,Me
Megzcﬁ alvle |V|602C ’IICO Me
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Reacao de Diels-Alder

Reacao Diels-Alder | Regra endo

* A reacdo de Diels-Alder forma o produto endo (menos estavel e produto cinético) e
ndo o exo (mais estavel e produto termodinamico).

the endo adduct (formed) the exo adduct (not formed)

(0]
o H reversible fhran: 1 reversible
H Diels—Alder | Diels—Alder
o) (o]
: )=o @/ 2
= O H O
(0}

more steric
hmdrance
gﬁgggduct the endo adduct the exo adduct
o (less stable) (more stable)
endo
bonding interaction N y adduct
betv&g;;agitologrztjgi \)\_ new double bond and C=0 0
and back of diene O groups end up on same
side of molecule: endo (o)



Reacao de Diels-Alder

Reacao Diels-Alder | Orbitais de Fronteira

 Por que a reacgao de Diels-Alder funciona tao bem? Por que deve haver um grupo
conjugado ao diendfilo? Como a estereoquimica é tao previsivel? Por que o produto

(%] . o /7 .
S cinetico é preferencial? DL il T Lemmm——
c Y e ' P ~»
a HOMO Ky HOMO of % Rs LUMO of sy
(@) of alkene diene dleng \
@ o (r orbital) | ,' (y2 orbital) \‘ I, (ysorbital) §
*8’ antibonding s Rending { bonding i i bonding \I
o LUMO of bonding y .
€ H/4 | o anhydride © A LUMOof 0 I |‘ ﬁg&iggf o I
8 (m= orbital) %\ anhydride i \ anh drié)e J
m o \ (n* orbital) o // \ (7 o);bital) Vi
'8 o > o & N (o) &
> P
S - L Y o Ss =y -
= heat UV light A - -
©
el no l g90d Vs —
=l reaction reaction
(]
°|‘ o
N V3 . o)
g — 0
. _
g, o > » v o
LUMO of diene N )
c \ _-"smaller energy gap LUMO of anhydride
@ better overlap

N ,
N .
N
~

7% N

. \

%]
Adigao [2+2] 4 " larger energy gap
‘. worse overlap
HOMO of diene B

‘\ T WO
\/ $ (o)
1 %8—8 $ (o)

HOMO of anhydride
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Reacao de Diels-Alder

Reacao Diels-Alder | Orbitais de Fronteira

e Explicacao sobre a funcao: cicloadicao térmica [4+2].

3 HOMO
S of diene ding
= & r\ heat @A bonding
<% 4— .
o0 [4+2] bonding v
o c cloaddltlon )
n d LUMO
= of diene
(%)
S
£ heat NI(O)
(@)
(@)
S g E [4+ 4] E j
© cycloaddition
()
§e)
© . ~ .
= ¢ Explicacdo da regra endo:
2
+—
@©
Q
oc
I —_— = endo 7
N relationship
g between
= two alkenes
|
L
g
orbital interactions leading to new bonds orbital interactions favouring endo product
HOMO
of diene
t bonding )
bonding Ponding interactions ¢ bonding
leading to v ITter(?Ctlotns
ando product eading to
Ia%.l(lj\i/ge endo produc Moot
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