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Substituicao Nucleofilica Alifatica

Substituicao acilica e alifatica

e Reac¢les substituicao ocorrem em derivados de acido carboxilico e em compostos
alifaticos com grupos abandonares.

Chapter 10...
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Substituicao Nucleofilica Alifatica

Substituicao Nucleofilica

* Ha dois tipos de substituicao nucleofilica ao carbono saturado, a de primeira ordem
(Sy1) e a de segunda ordem (Sy2).

* Na reacao Sy2 a velocidade da reacdo depende da concentracao do substrato e do
nucledfilo.

Mes® \ Me-ﬁ ﬂ» MeS—Me + 1° v=k[NaSMe][Me|]
A

rate
v = k’'[Mel]
[NaSMe]>>[Mel]

rate

v = k”’ [NaSMe]
[Mel]>>[NaSMe]




Fundamentos

Substituicao Nucleofilica Alifatica

S\2 | Evidéncias experimentais

* A velocidade da reacao depende da natureza do grupo abandonador.

S\2
6T Vel — = borR « 1

Halide X in MeX
F

Cl

Br

I

pK, of conjugate acid HX
+3

rate = ko [NaOH] [Mel]

Rate of reaction with NaOH
very slow indeed

moderate

fast

very fast

* A velocidade da reacao depende da natureza do nucledfilo.

Oxygen nucleophile
HO™

RCO3

H»0

RS0,0™

pK, of conjugate acid?®
15.7 (H50)

about 5 (RCO5H)

~1.7 (H30")

0 (RSO50H)

Rate in Sy2 reaction
fast

reasonable

slow

slow
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Substituicao Nucleofilica Alifatica

S\2 | Evidéncias experimentais

* A velocidade da reacao depende da natureza do substrato.

R X R X R X
Wl el
Structure Me—X H H R R
type methyl primary secondary tertiary
Syl reaction? no no moderate excellent
Sy2 reaction? good good moderate no
attack (™
unhindered H X R X
I forms attack hindered p
3 bocation ¥
NUO car AN R
reluctantly Nu® readily forms

carbocation




Substituicao Nucleofilica Alifatica

Sy1 | Evidéncias experimentais
* A velocidade da reacao depende da natureza do substrato, mas nao do nucledfilo.

©
D v = k[t-BuBr]
Br OH

rate A

slope
[t BUB ] > the Sy1 mechanism: reaction of +-BuBr with hydroxide ion
-Dubr
) W a
£ ate § slope = 0 >L — ){ ){/\%H L >L
[ =
OH
(]
e A~ A (U0 - stage 1: formatlon of the carbocation stage 2: reaction of the carbocation
@© VY, .
©
ug_ same rate at any [NaOH]
[NaOH]
R X R X
R X
K Wl T
Structure Me—X H H R R
type methyl primary secondary tertiary
Sy1 reaction? no no moderate excellent
Sy2 reaction? good good moderate no
attack (™
unhindered H . i A
/H formsv attack hindered R
Nu® H carbocation N R

reluctantl S/ .
y Nu readily forms

carbocation
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Sy1 | Mecanismo

* Quanto mais estavel o carbocation formado, mais rapida a reacao Sy1.
* Quanto mais substituido o carbocation, mais estavel: hiperconjugacao.

transition state
@ transition state

U

intermediate

BrG>
® H,0

®
‘“\\\ CH3
H3C %CH3

stable enough
to observe

energy

®
H reactants
1\
H ~ H ﬂ\ H,0
Br

very unstable

Fundamentos

products

Y

reaction coordinate

H

ety @ H 2 H¢ 2

p orbita =

o ne W CH, v A e MH
? £ ~~CH, 2 ~~CH, H

. . extra stabilization "} extra stabilization ~
g”g;jbi%iH from C—H ¢ donation H from C—C o donation CHs C-H s bonds and empty
into empty p orbital into empty p orbital p orbital are perpendicular:

of planar carbocation of planar carbocation no donation possible
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Sy1 | Mecanismo

* Alguns exemplos de reacdes Sy1.

cl H,O OH
%\OH HePO, %\ o — Z
3TVa Zn0O

89% 77%

©/SH %\ HCIO4 ©/ \’< )Pi e /Pt )Pi
+ —_—
OH Ac20 Ph” “OH Ph” S0~ “Ph

AcOH 93% 90%

e Carbocations podem ser estabilizados por ressonancia.

Fundamentos

the allyl cation

delocalization in the benzyl cation
H H H
® curly arrows
\ H H H
- -

H Nu ® ®
H nucleophile attacks only at CHs group

delocalized allylic cation
(-\@Br Br

®
OH OH,
HBr . .
- allylic bromide
bromide can formed
attack either end
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Sy1 | Mecanismo

* Mais alguns exemplos de reacdes Sy1.

HBr /N ®
P /\/\OH2 — /\/\/
but-2-en-1-ol ® )
delocalized
OH ® H, allylic cation
)\/ e R
-z 7z | A
“%@ but-3-en-2-ol
8 l
c
£
Br @/\V
© ® f\ A
20% 80%
J =g o
L

OH ®0H,
HBr 5 % YN /&/\
/fv/ = @Br Br

‘prenyl bromide'
2-methylbut-3-en-2-ol 1-bromo-3-methylbut-2-ene
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Sy1 | Mecanismo

* Mais alguns exemplos de reacdes Sy1.

Ph
RCH,OH + C|+ph

primary Ph
alcohol

pyridine i

Ph Ph
I

trityl chloride

trityl cation Ph

. Ph Ph
Ph rate-determining Ph >|\®
ph->L¢ P . e ogTR
Ph (0) R

step
Ph Ph =
cl® HO” R ‘ H trityl ether
XN :\)

delocalized cation H-OD_R

H@
H T, MeO\/OR

Fundamentos

< ®
MeO%I _— Me(z}/H - MeOﬁ)/

chloromethyl methoxymethyl ether
methyl ether H H / /

‘MOM-CI' oxonium ion structure carbocation structure

{ Cx {{\GNU {><Nu X = OR, SR, NR,
G > ¥ X Y= Cl,Br, OHp, OHR
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Substituicao Nucleofilica Alifatica

Sy1 | Mecanismo

* |nfluéncia do substrato.
Compound

~N"a 0.07

)\ 0.12

cl

ﬂ\ 2100
Cl

Relative rate Comments

primary chloride: probably all 5,2

secondary chloride: can do Sy1 but not very well

tertiary chloride: very good at Sy,1

\/\q 1.0 primary but allylic: Sy1 all right
(%)
(@]
)
5 /\/\CI 91 allylic cation is secondary at one end
S
o 130000 allylic cation Is tertiary at one end: compare with 2100 for
§ cl simple tertiary
L
Ph” "¢ 7700 primary but allylic and benzylic

12

Type of cations Example 1 Example 2
simple alkyl tertiary (good) secondary (not so good)
t-butyl cation Me i-propyl cation Me
MesC® = M94<C+> Mezcl-fa = H—<®
Me Me
conjugated allylic benzylic
AN - o H
@ H

heteroatom-stabilized

oxygen-stabilized (oxonium ions)

® H H
Me0=< - Meo—<®
H H

nitrogen-stabilized (iminium fons)

® H H
Me2N=< - MegN—<®
H H
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Sy1 | Rearranjo

* Ndo se esqueca de que carbocations podem sofrer rearranjo.

a rearrangement reaction

® © rearrangement Me o Nu Me
H Mg " ® Me  Nu Me
I 9 ——> Me
Me ® Me
OH (OHz H Me Me
® secondary cation tertiary cation

Fundamentos
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Substituicao Nucleofilica Alifatica

S\y2 | Mecanismo
* Em uma reacao SN2 o nucledfilo ataca o orbital LUMO da ligacao C-X pelo lado

oposto.
R X
Q__ As empty ¢* orbital
Nu AT o H o C-Xbond [ H & ¥ new ¢ bond H
Nuc D) Nu---dp-m e N,
uncluttergd gpproach of. filled orbital F 4 * HAH A H H

. nucleophile in Sy2 reactions of nucleophile : ! :
s of methyl compounds (R=H) new g bond porbital  old g bond
c and primary alkyl compounds being formed on C atom being broken
= (R=alkyl)
2
< A
L

energy

transition state:
highest energy state
on reaction pathway

starting materials

products

A () o Mol H
Nue/\:\\} - [Nu--ak;--x] — N + x°
$ u I/I/
H H H (HH

transition state . )
reaction coordinate

-
’
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Substituicao Nucleofilica Alifatica

S\x2 | Exemplos

NaH
R oH — > R 0 Vel — > " ome
alcohol alkoxide ion  methyl iodide methyl ether
e/'\ ©/ methyl ether
NaOH ©/O
(Me0)2302 dimethyl sulfate o) Oyﬂ/lw
phenol
3 stable sulfate anion
)
[
(]
(S
3 cor |’ orR |*
5 RO°) oR Q ¢
&= AN \\\H ‘ U ". wH
X r —> _— \) ‘ 6 H
allyl bromide (—)Br (-)Br
transition state stabilization of the transition state by

conjugation with the allylic & bond
RO j 0
OR Br fast
_|.|+
( amino-ketone
HN
benzyl bromide

15



Substituicao Nucleofilica Alifatica

S\y2 | Mecanismo

e |Influéncia do substrato.

two low-energy new molecular LUMO

) (-)OR ' g COR + orbitals of: empty orbitals
RO w : OR q Br n* of the o of the o
\ H \\\H ‘ . \\\H C=0 bond - :
X r — TWH —_— \) ) ()'H o 8 C-Brbond  combine 0
: A Jor Y M \LA e
allyl bromide (-)Br (-)Br 0 8
transition state stabilization of the transition state by

\ nucleophilic attack

conjugation with the allylic © bond occurs easily here

Alkyl chloride Relative rate Comments
o Me=ClI 200 least hindered alkyl chloride
5
_§ )\ 0.02 secondary alkyl chloride; slow because of steric hindrance
Cl
c
>
= A cl 79 allyl chloride accelerated by m conjugation in transition
state
Cl 200 benzyl chloride a bit more reactive than allyl: benzene ring
slightly better at 7 conjugation than isolated double bond
Me  _~_ 920 conjugation with oxygen lone pair accelerates reaction (this
0 Cl is an Sy1 reaction)
o)

conjugation with carbonyl group much more effective than
100,000 with simple alkene or benzene ring; these o-halo carbonyl
compounds are the most reactive of all

Cl

16
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Substituicao Nucleofilica Alifatica

Syl vs. Sy2 | Substrato

* Impedimento estérico aumenta a energia de ativacao da reacao.
* Este fator explica a variacao de mecanismo com a mudanca do substrato.

transition state of rate-

steric hindrance in the Sy2 reaction determining stepgO
R 109 e R N\ R 4 i R
S L A R S
R tetrahedral— NuG> R . . _ RAR R
all angles 109 trigonal bipyramid— tetrahedral—
three angles of 120° 150 e rfclé/‘ 109
six angles of 90 20 ANGIES
steric acceleration in the Sy1 reaction increasing planar trigonal—
angle three mg\@s 120
R R ¥
109° [\ N\ (4) 0
R tetrahedral— R ‘
all angles 109 R
transition state of rate- parbocat[on
determining step intermediate
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Syl vs. Sy2 | Estereoquimica

* Syl ocorre com racemizagao.

\E&H SOCIF \K
s|oF5 \)\

(S)-(+)-sec-butanol secondary racemic

butyl cation (z)-sec-butanol
(%)
o]
)
3
= 5 HO H HO H
© H.O: N S S (S)-(+)-sec-butanol
5 2U: _ - = 50%
= ® S
- \\\H
HO H
— ’ = Z R)-(-)-sec-butanol
HZO!J o £ \/‘Q (R )50%
50% HO H R

18



Substituicao Nucleofilica Alifatica

Syl vs. Sy2 | Estereoquimica

e Sy2 ocorre com inversao de configuracao.

R C atom turns
‘inside out'

sulfonate ester

" :
3 o leaving group fo) OO0
:‘E"' /\\\ U | - \\S// X 5, )k S} \\S//
7
2 - & LG S R @L_
= .
pyridine DMF
- (S5)-(+)-sec-butanol  toluenesulfonyl o) sec-butyl acetate stable, delocalized
chloride )j\ acetate (ACO_) sulfonate
09 as nucleophile (inversion of stereochemistry) leaving group

19



Substituicao Nucleofilica Alifatica

Syl vs. S\2 | Efeito eletronico
e Grupos doadores de elétrons favorecem Sy1, grupos sacadores, Sy2.

electron donation favours the Sy1 mechanism
N 4
Cl Nu u
—_— —_—
MeO MeO MeO
= 0D

electron withdrawal disfavours the Sy1 mechanism

(%)
= o
; o Q
e O ( <> 00_ = no Sy1
g | 'Il@ electron-withdrawing nitro group
(e o) e) would destabilize cationic

(0] (0] h 5

intermediate

the same benzylic chloride instead reacts by the Sy2 mechanism

Nu)

® I,U lﬂblt\Oh state

stabilized by adjacent

o |
o electron-deficient system

20
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Syl vs. Sy2 | Resumo da influéncia do substrato

R X R X R X
Electrophile Me - X 7( H X RX
R R

H H
methyl primary secondary tertiary
Sn1 mechanism? bad bad poor excellent
3
LE, Sn2 mechanism? excellent good poor bad
(S
©
o
c
i 0
Electrophile \/\X Ar\/X RO\/X R)J\/X
allylic benzylic o.-alkoxy o.-carbonyl

(adj. lone pair)
Sn1 mechanism? good good good bad

Sn2 mechanism? good good okay but Sy1 better excellent

21



Substituicao Nucleofilica Alifatica

Syl vs. Sy2 | Grupo abandonador

* Para ambas as reacdes, a saida do grupo abandonador € a etapa lenta.
* Quanto mais fraca a base, melhor o grupo abandonador.

The leaving group in the Sy1 reaction The leaving group in the SN2 reaction
rate-determining rate-determining
e step Me Nue e O/\ A step
M R X T» )\ E— M \‘%NU Nu Me—X T Nu—Me
e - e e —
Me Me” ® Me fast Me
@ Halide (X) Strength of C-X bond,* pK, of HX
€ kJ mol™
(]
S :
e fluorine 118 +3
c
S .
= chlorine 81 -7
bromine 67 -9
iodine 54 -10
S\2 displacement of hydroxide never happens... If the nucleophile reacts, it attacks the proton instead
m HmNu
e %’ ) e ——> R70° + HNu
t-butyl chloride from t-butanol the mechanism
rate-determining
Me conc. HCI e Me H® Me ® step /‘\e fast L
\\\}—OH - o Cl o OH =—~ OH, —> )\ R Cl
MeMe shake 20 minutes MeM Me" } Me" } - Me‘
at room temperature Me Me €
d butyl cation
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Haletos de alquila

substituting a secondary alcohol in acid substituting a primary alcohol in acid
conc (48%) conc. (48%)
HBr HBr e N
HO” "SOH —> Br Br
74% yield 91% yield
BrG?
H,SO, SN2 repeat

®
HO” >"SoH — = HO” "(OH, — > HO” "Br —> > B~ " g

OH
PBI’3
w) reflux w)

91% vyield

Br

Fundamentos

Br

Br@>
NN _PBr, o PBr
\(\QH\//P—Br — \(CO —»Y\Br + 0
Br

23
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Substituicao Nucleofilica Alifatica

Outros grupos abandonadores

e O grupo tosila (Ts) e mesila (Ms) sdo grupos abandonadores excelentes.

R

N

OH

NV
S}S‘S
=Ts

Me the tosyl group

OO
7/ =Ms

S.

Me” 55‘5 the mesyl group

o O
\¥

S
Me = TsClI

= p-toluenesulfonyl chloride

L
’

RS
| pyridine
=

N

O O
\¥4

S
R/\o/ \@\
=RCH,0Ts Me

= alkyl p-toluenesulfonate
= alkyl tosylate

S\O@ O\\S//O
©
= TsO~ =MsO~

tosylate and mesylate:
excellent leaving groups

O\\ //O

S
Me”  “cl
= MsCI OO0
= methanesulfonyl \\S//
R/\OH chloride = R/\O/ “Me

Et3N

2 = RCH,OMs

triethylamine
= alkyl methanesulfonate

= alkyl mesylate
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Outros grupos abandonadores

* Epodxidos.

H epoxides are strained Sn2 attack on epoxides relieves ring strain

Haz three-membered rings
A S
Nu 5
? 53 Nu/\/o
60° bond angle

H |.'T insiderihe Hing 3x60° bond angles all bond angles normal
3 reaction of epoxide with eaction of epoxide with
= basic methoxide acidic methanc
(]
£ H':'\ f”e Me0®Na® 0 MeOH, HCI MeQ  OH
© = B ———
5 7\

attack at less substituted end attack at more substituted end

g slab H
MeOH, MeCH @M, t
) 'i+:1' ) { me0, ! ] G8e OMe
0 ye Cow ; "0 W) ’ oH : OH
A H . H
tipo-Sy1

nucleophile approaches less hindered end

{ Come [ i;—?lp me
%y

Sy2 transition state
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Substituicao Nucleofilica Alifatica

Sn2 | Nucleofilo

* Geralmente, quanto mais basico o nucledfilo, mais nucleofilico. Isso € verdade quando
se comparam nucledfilos do mesmo periodo da tabela periddica.
* Na familia, quanto mais mole e polarizavel o nucledfilo, mais nucleofilico.

pK, of HNu is a good guide to
the rate of this sort of reaction

Nu@\x
PN
nucleophilic attack on C=0

but the story with this sort of
reaction is more complicated

Nu® )\Q

nucleophilic substitution
at saturated C

Nucleophile X pK, of HX Relative rate

HO~ 15.7 1.2 x 104
PhO~ 10.0 2.0 x 103
AcO~ 4.8 9 x 102
H,0 -1.7 1.0

Cloz -10 0

Electronegativities:

C:2551:2.66Br: 2.96 O: 3.44
S+ considerable
§— Ppolarization in
(0 the C=0 group

much less
R/\Br polarization in
the C—-Br bond

Nucleophile X pK, of HX Relative rate

PhS™ 6.4 5.0 x 10
PhO™ 10.0 2.0x103
Im>Br >ClI">F
RSe™>RS™ >RO™
R3P: > R3N:
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Sn2 | Nucleofilo

* Nucledfilos maiores tem energia do HOMO mais proximo do orbital LUMO o* do

substrato.
orbitals of
A alkyl halide
. R—X
— closer in
2 _ _ ¢ — energy;
£ antibonding Y better
% energy | . overlap
3 3sp*® lone pair
5 ) ‘ on sulfur
filled

non-bonding? 2sp? lone pair
% on oxygen
L \ %

filled
bonding

27
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Syl vs. Sy2 | Efeito do solvente

* O solvente afeta as reacdes de substituicao de duas formas:
a) devido a polaridade e b) devido a solvatacao.
« Como o estado de transicdo de uma Sy2 tem carga pouco pronunciada, solventes
menos polares tornam a reagao mais rapida, pois estabilizam o ET.
* Solventes mais polares estabilizam o ET de reagdes Syl, pois a carga é mais
pronunciada, aumentando a velocidade destas reagdes.

. 7/ ~ / .
2+ 0O segundo efeito é sobre a solvatacao. Solventes polares aproéticos (DMSO, acetona
) ’ ’
C ~ 7/ . . . . .
2 DMF, etc.) ndo solvatam bem nucledfilos, aumentando, assim a nucleofilicidade.
©
g a'e 10'7 . c°"5'a"'” S'"e Sy e"s TR Table 10.8 The Effect of the Polarity of the Solvent on the Rate
ven iy reviation i ric constan ilin, int - o 5 :

o o . a0 0 of Reaction of tert-Butyl Bromide in an Sy1 Reaction

(0 ST Solvent Relative rate

Water H,0 = 79 100

Formic acid HCOOH — 59 100.6

Methanol CH;OH MeOH 33 64.7 100% water 1200

Ethanol CH3CH,0H E(OH 25 783

tert-Butyl alcohol (CH;);COH tert-BuOH 11 823 80% water / 20% ethanOI 400

Acetic acid CH;COOH HOAc 6 79 50% water / 50% ethanol 60

Aprotic solvents

Dimethyl sulfoxide (CH3),SO DMSO 47 189 20% water / 80% ethanol 10

Acetonitrile CH;CN MeCN 38 81.6

Dimethylformamide (CH3),NCHO DMF 37 153 100% ethanOl 1

Hexamethylphosphoric acid triamide  [(CH3),N];PO HMPA 30 233

Acetone (CH;3),CO Me,CO 21 56.3

Dichloromethane CH,Cl, — 9.1 40 H /

Tetrahydrofuran Q THF 7.6 66 H N H |0\_| — S\\ \

o~ ; o

Ethyl acctate CH:COOCH,CH;  EtOAc 6 77.1 H ‘o H H\ io e S~

Diethyl ether CH;CH,0CH,CH;  EL,0 43 34.6 ,O ----- Na----- O\ o’H--wB_r-"--H—O\ //O ----- §=mss (o) @0

Benzene O — 2.3 80.1 H /O\ |'\| H S\ 0\\

H H -0 s—
Hexane CH3(CH,)4CH; — 1.9 68.7 H ]

28 Water solvates cations and anions DMSO (a polar aprotic solvent) solvates only cations
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Syl vs. Sy2 | Cicloexano

Lembrando...

HO HO
two substituents Br/m
. equatorial
Br™ none axial
favoured
HO )
y, one substituent Brm
equatorial :
o one axial OH
Br (smaller OH) favoured
W0 Me
» two substituents
equatorial
one axial OH
|somenthol favoured

Me
"'/, two substituents
equatorial  Ph Me
"//, two axial
Me

favoured

cis-4-t-butylcyclohexanol

in the cis diastereoisomer,
the hydroxyl group is forced

OH
into an axial position
OH

in both compounds, the t-butyl
group is equatorial

~———

HO one substituent
equatorial
one axial

(large Br)

one substituent

equatorial

Me two axial

Me .

two substituents

Iw\ome equatorial

Me two axial (including
Ph

no substituents
equatorial
two axial

large phenyl)

trans-4-t-butylcyclohexanol

H

mQ

in the trans diastereoisomer,
the hydroxyl group is forced
into an equatorial position

WOH

in both compounds, the t-butyl
group is equatorial
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Syl vs. Sy2 | Cicloexano

e (Carbono secundario nao reage geralmente bem via Sy1 ou Sy2.

H
t—BuﬁH - t-Bu\M\NU
4 ‘2 ¥
! Nu X._ H
substituent is axial b substituent is equatorial
tBu NNJ_)

t-butyl locks
conformation of ring: -
can only be transition state
equatorial
N NU(K‘H Nu
\ >
+-Bu m , tBu \M\ H

=)
©

substituent is equatorial substituent is axial

+-Bu \%XH

transition state

* Uma Sy2 é favorecida quando se tem um bom grupo abandonador e na posicao axial.

T f oTs
t-Bu VQ)H - t-Bu\%‘\SPh

Fundamentos

axial leaving group is
SPh substituted 31 times
faster than equatorial

leaving group

Phéa\‘H i
Te — tBu \N\H 20Ts equatorial leaving group axial leaving group
t-Bu s g

Nu

approach hindered H H
by green axial Hs less
_ H hindered
t-Bu XS tBu D approach
kaNu
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Problemas

PROBLEM 3 PROBLEM 11
Draw mechanisms for these reactions, explaining why these particular products The pharmaceutical company Pfizer made the antidepressant reboxetine by the
are formed.

following sequence of reactions. Suggest a reagent for each step, commenting on
aspects of stereochemistry or reactivity.

(I MeOH EI /O HCI ol EtO

—
PROBLEM 4 Ph/Y\OH Ph/Y\OMs

" Suggest how to carry out the following transformations. OH OH

o]

‘q&)’ EtO EtO EtO

£ >L —> >t Ph” "SoH — ph” " e

© OH Br
© o 0 o

g E — z — z

L

l

mQ

reboxetine
Predict the stereochemistry of these products. Are they diastereoisomers,

3 (Prolift®, Vestra®)
enantiomers, racemic or what? Ph H /Y\NH
O\/g 0\)
OH 0

OO0 — 00

.y
KOH
31 S

Et0:© ij@ cl
PROBLEM 7 0
N
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Problemas

PROBLEM 2
Draw clear conformational drawings of these molecules, labelling each
substituent as axial or equatorial.

O/Br O:MO \‘\\MO Me
OH ﬁon YO:OH

4. Why is it difficult for cyclohexyl bromide to undergo an E2
reaction? When it is treated with base, it does undergo an E2
reaction to give cyclohexene. What conformational changes must
occur during this reaction?

Br

Fundamentos

base
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