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MOR (a metal alkoxide, a source of the nucleophilic anion RO )

MOCR (a metal carboxylate, a source of the nucleophilic anion RC*Q )

MSH (a metal hydrogen sulfide, a source of the nucleophilic anion HS )
MCN (a metal cyanide, a source of the nucleophilic anion : C=N:)
-+ -
MN; (a metal azide, a source of the nucleophilic anion : N=N=N:)
. /N Yt -
M® "Y{ + R—X:—> R—Y + M" :X:
Nucleophilic Alkyl Product of Metal halide
reagent halide nucleophilic
substitution
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Increasing rate of substitution
by nucleophiles

RF &= RCI < RBr & RI

Least reactive Most reactive
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CH;Br + HO —> CH;0H + Br
Methyl bromide  Hydroxide ion Methyl alcohol Bromide ion

Rate = k[CH;Br][HO ]
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HQ=_ + CH3]§r= E— HQ-"CH3---B_r= — HQCH3 + =B.r=_
Hydroxide Methyl Transition Methyl Bromide
ion bromide state alcohol ion
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H H
CH;(CHy)s N o /(CHz)SCH3
C—Br 1—> HO—C
/ ethanol-water \
H;C CH;
(S)-(+)-2-Bromooctane

(R)-(—)-2-Octanol
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(a) Nucleophilic substitution with retention of configuration

@ O

¢

_ C = . < _
.+" ® - @O 3 e - © Q‘+.

(b) Nucleophilic substitution with inversion of configuration
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CH5(CHy)s H
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CH; (CHys 1
Pentacoordinate Bonding is weak
carbon is sp>- between carbon and
hybridized bromine and carbon
and oxygen in the
transition state
-
ol
o
5
E
=
E
CH;(CH»)s H
AV! C(sp*)—O & bond
H()@ /é@ ) & bond H ooy 0n,
cHl i/ —~
HO (4 )C (t+ Br
~ N
C(sp”) — Bro bond CH;
Reaction coordinate —
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H H HH H H
O 5= \:i 8- iy
HO:™ + /C—Brl —> HO---C---Br: —> HO—C\ + Br:i
H H H
Hydroxide Methyl Transition state Methyl Bromide
ion bromide alcohol ion
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Increasing rate of substitution
by the Sn2 mechanism
R;CX < R,CHX < RCH,X < CH;X
Tertiary Secondary Primary Methyl
Least reactive, Most reactive,
most crowded least crowded
Reactivity of Some Alkyl Bromides Toward Substitution by
the Sy2 Mechanism*
Alkyl bromide Structure Class Relative rate’
Methyl bromide CH3Br Unsubstituted 221,000
Ethyl bromide CH;CH,Br Primary 1,350
Isopropy! bromide (CH3),CHBr Secondary 1
tert-Butyl bromide (CH3)sCBr Tertiary Too small to measure

*Substitution of bromide by lithium iodide in acetone.
"Ratio of second-order rate constant k for indicated alkyl bromide to k for isopropyl bromide at 25°C.
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Least crowded— Most crowded—
most reactive least reactive
¢ _©O
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WHAT IS THE IDEAL NUCLEOPHILE ?
S\2 REACTIONS
LARGE
STERIC PROBLEMS
no way ! bad
SMALL
Smaller
i !
is hektar! For an Sy 2 reaction the nucleophile must find
the back lobe of the sp? hybrid orbital that the
leaving group is bonded to.
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Effect of Chain Branching on Reactivity of Primary Alkyl
Bromides Toward Substitution Under Sy2 Conditions*
Alkyl bromide Structure Relative rate’
Ethyl bromide CH3CH3Br 1.0
Propyl bromide CH;CH,CH,Br 0.8
Isobutyl bromide (CH3),CHCH,Br 0.036
Neopentyl bromide (CH3)5CCH5Br 0.00002

*Substitution of bromide by lithium iodide in acetone.
TRatio of second-order rate constant k for indicated alkyl bromide to k for ethyl bromide at 25°C.
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H H

\ o slow N+ as .
0/ + ROX 2 J0—R + X 25 ROH + HX
/ /\} e
H H
Water Alkyl Alkyloxonium Alcohol Hydrogen
halide halide halide

Solvolysis in methyl alcohol converts an alkyl halide to an alkyl methyl ether.

H,C H.C
\ o = slow \+ _ fast iy
0 + R—X —— ‘0O—R + X ——> ROCH; + HX
/ O ..
H H
Methyl alcohol Alkyl Dialkyloxonium Alkyl Hydrogen
halide halide methyl ether halide

Nucleophilicity of Some Common Nucleophiles

Reactivity class Nucleophile Relative reactivity*
Very good nucleophiles I",HS ", RS~ >10°

Good nucleophiles Br,HO ,RO,CN, N3~ 10°

Fair nucleophiles NHs, CI7, F~, RCO,~ 103

Weak nucleophiles H,0, ROH 1

Very weak nucleophiles RCO,H 1072

*Relative reactivity is k(nucleophile)/k(methanol) for typical Sy2 reactions and is approximate. Data
pertain to methanol as the solvent.

RO~ is more nucleophilic than ROH
Alkoxide ion Alcohol
0] 0]
RCO™ is more nucleophilic than RCOH
Carboxylate ion Carboxylic acid
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Nu:
Nu
Nu
Nu

RO™

Stronger base

Conjugate acid is ROH:

K, = 107" (pK, = 16)

17/06/2023

Mais basico, mais Nul!

+ R—L —>R—Nu'+ :L"~

=™ 4+ R—L—>R—Nu + L~
: + R—L* —> R—Nu"* + :L

:+ R—L* —>R—Nu + :L

0
RCO™

Weaker base
Conjugate acid is RCO,H:
K,=107" (pK, = 5)

is more nucleophilic than

Solvatacao

HALIDE IONS
MINIC
FADILUE 158 A 1814 1,958 EALYA
st i
e @ o ( D
Br~ \ =
l\-u._p‘/l I‘"‘-._\_ __.z'j
Heats of
aohealicn
i H O = 1?ﬂ =50 75 =65
BHoal ! mole .
K{H?G:I" | ingreasing solvation
g a5

| SMALL IOHE SOLVATE MORE THAN LARGE 10M5
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= SMALL IONS SOLVATE MORE HEAVILY THAN LARGE ONES

strong interaction
- with the solvent ‘z‘

. BETTER
HIO\H i NUCLEOPHILE
H—O\’ H, . H"O\: ...smaller
X ,'. H P ,-| H solvent shell
L@ SO
H H / ...escapes
| N ] H H ¢
‘0 H—Q: S H_o/_ easily
“““H ~0: solvent ="

H shell ...more
potential
energy

“Effective size” is larger.
Heavy solvation lowers the weak interaction
potential energy of the nucleophile. with the solvent
It is difficult for the solvated nucleophile
to escape the solvent shell.
This ion is less reactive.
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health! Nk
(CH})gCBl’ + Hzo — (CH3)3COH + HB[
tert-Butyl bromide Water tert-Butyl alcohol Hydrogen bromide
Rate = k[(CH5):CBr]
formic
acid
RX + H,0 —— ROH + HX
Alkyl halide Water Alcohol Hydrogen halide
Sx1 reactivity: methyl < primary < secondary < tertiary
Sx2 reactivity: tertiary < secondary << primary << methyl
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(CH;);CBr + 2H,0 — (CH;);COH + H;0" + Br~

Step 1: The alkyl halide dissociates to a carbocation and a halide ion.

[ slow ..
(CHy),C--Br:  —>  (CH),C*  + :Br
tert-Butyl bromide tert-Butyl cation Bromide ion

Step 2: The carbocation formed in step 1 reacts rapidly with a water molecule. Water
is a nucleophile. This step completes the nucleophilic substitution stage of the
mechanism and yields an alkyloxonium ion.

H H
§ e 7
(CH3)3C+/+\:O§ (CH})}C*O\:\
H H

tert-Butyl cation Water tert-Butyloxonium ion

Step 3: This step is a fast acid-base reaction that follows the nucleophilic substitution.
Water acts as a base to remove a proton from the alkyloxonium ion to give the
observed product of the reaction, fert-butyl alcohol.

H H H
(CHy) o, ?o( B, (CHy)C—0: b e
PR \ el \

H H H H

tert-Butyloxonium ion Water tert-Butyl alcohol Hydronium ion

once Diagrama de Energia da

for better

health!  Wokie l SNl

3+ &
(CHy),C---Br
2H,0

s
~--OH,,
JH,0

(CH;);C
Br . 2H,O _ .
5 5
(CH;);CO ---H --- OHa,, Br

H

Potential energy ——

(CH3);CB1, 2H,0

(CH,);COH,,
Br-. H,0 (CH3);COH,
Br, H;0

Reaction coordinate —»

12
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Reactivity of Some Alkyl Bromides Toward Substitution by
the Sy1 Mechanism*
Alkyl bromide Structure Class Relative rate”
Methyl bromide CH3Br Unsubstituted 1
Ethyl bromide CH3CH.Br Primary 2
Isopropyl bromide (CHs)>CHBr Secondary 43
tert-Butyl bromide (CH3)sCBr Tertiary 100,000,000

*Solvolysis in aqueous formic acid.
*Ratio of rate constant k for indicated alkyl bromide to k for methyl bromide at 25°C.

~doing a2 v s | CH, CH, \H

sclence —C_Br ,,!]1:()“ HO_C I C—OH

for better e \

health! e, CH,(CHo)s (CH>)sCH;  CHy(CH.)s
(R)-(—)-2-Bromooctane (8)-(+)-2-Octanol (R)-(—)-2-Octanol

66% net inversion corresponds
t083% S, 17% R

¢
3 — a0 @
®
L
l |
® o086
o8¢ o
da reacao Syl

Estereoquimica

13
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(SR) (SR) 3(SR) + (1-B)(RS)
SH T (Sx2) SH T B SH T
RX === R*X~ === R*| X w3 OR + T (RS)
\\\\ o
8| ] R
XR == XR* == X |IR*
SH l (Sx2)  SH l SH l
(RS) (RS) 3(RS) + (1-D)(SR)
The ion-pair concept thus predicts that SN1 reactions can display
either complete racemization or partial inversion.
https://slideplayer.com/slide/12559785/
) CH; CH;
..doing H.0 |
) CH;CHCHCH; ——  CH;CCH,CH;
science | [
for better ! Br OH
health! Neoubbeo 2-Bromo-3-methylbutane 2-Methyl-2-butanol (93%)
— 0"
carbocation K3

| |
® o8
o8¢ o

More than 50% Less than 50%

14
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CH3C|—C|HCH3 — CH;C[—CHCH3 — CH;C_(ISHCH3
H Br H H
2-Bromo-3-methylbutane 1,2-Dimethylpropyl cation 1,1-Dimethylpropyl cation

(a secondary carbocation) (a tertiary carbocation)

The tertiary carbocation then reacts with water to yield the observed product.

CH; ?H3 ?H;
CH,CCH,CH,4 — CH3C|CH2CH3 RN CH3(|ICHZCH3
e
+0, OH
7N
H H
1,1-Dimethylpropyl cation 2-Methyl-2-butanol
..doing
science .
for better Efeito do Solvente
health! (e
Relative Rate of Sy1 Solvolysis of tert-Butyl Chloride as a
Function of Solvent Polarity*
Solvent Dielectric constant € Relative rate
Acetic acid 6 1
Methanol 33 4
Formic acid 58 5,000
Water 78 150,000

*Ratio of first-order rate constant for solvolysis in indicated solvent to that for solvolysis in acetic acid at
25°C.

17/06/2023
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I+
I+

8+ &
R-—X

I+
I+

I+
I+

O solvente
polar estabiliza
oETdaSyle Ea

aumenta a sua

velocidade 1

1+
1+

I+
=
e
I+

I+
I+

Nonpolar solvent

Transition state is

more polar than starting
state; polar solvent can
cluster about transition
state so as to reduce
electrostatic energy
associated with separation
of opposite charges.

Energy of alkyl halide
is approximately the
same in either a
nonpolar or a polar
solvent.

s
8+ &
R--—--X

-
Eut

+
R—X +

+

Polar solvent

reacao Sy 2

Efeito do solvente na

CH;CH,CH,CH,Br + N~ —> CH;CH,CH,CH,N; +  Br~
I-Bromobutane Azide ion 1-Azidobutane Bromide ion
Relative Rate of Sy2 Displacement of 1-Bromobutane by
Azide in Various Solvents*
Structural Dielectric  Type of Relative

Solvent formula constante  solvent rate
Methanol CH30H 326 Polar protic 1
Water H.O 78.5 Polar protic 7
Dimethyl sulfoxide (CH;3),5=0 48.9 Polar aprotic 1300
N,N-Dimethylformamide  (CH3),NCH=0 36.7 Polar aprotic 2800
Acetonitrile CH3;C=N 37.5 Polar aprotic 5000

*Ratio of second-order rate constant for substitution in indicated solvent to that for substitution in

methanol at 25°C.

17/06/2023
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Eliminacao?

B elimination \ / _
——* C=C_ + H—Y +X
H 7/ N
[
—C—C— + Y —
[ H
!
nucleophilic © —C—+X
substitution I |
Y
NaOCH.CH
CHg(fHCH] oo CH;CH=CH, + CH;CHCH;
Br OCH,CH;
Isopropyl bromide

Propene (87%) Ethyl isopropyl ether (13%)
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CH3CH0

NaOCH.CH

—_—
CH5CH,CH,Br CHLCH,OH. 55°C

CH;CH=CH, + CH;CH,CH,OCH,CH;
Propyl bromide Propene (9%) Ethyl propyl ether (91%)
KOC(CH,),
CH;3(CHz),5CH.CH,Br

“CHO.COR. 40°C" ) COH. 40°C CHs(CH,);sCH=CH; + CH3(CHz),sCH,CH,OC(CH3)3
1-Bromooctadecane 1-Octadecene (87%)

tert-Butyl octadecyl ether (13%)

17
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CH_1(|3H(CH3)5CH; = CH;CIH(CHz)s(‘Hg
Cl CN
2-Chlorooctane 2-Cyanooctane (70%)
NaN g -
O =i
Cyclohexyl iodide Cyclohexyl azide (75%)
Hydrogen sulfide (pK, 7.0) is
a stronger acid than water
(pK, 15.7). Therefore HS™ is a
much weaker base than
HO™.
..doing
science
for better,
health!  Wokie
" ™
ethanol
CH3(|ICH2CH3 s CH3(‘ICH2CH3
Br OCH,CH;
2-Bromo-2-methyl- 2-Ethoxy-2- 2-Methyl-2-butene
butane methylbutane

Cyanide is a weaker base
than hydroxide because its
conjugate acid HCN (pK, 9.1)
is a stronger acid than water
(pK,15.7).

The conjugate acid of azide
ion is called hydrazoic acid
{HN3). It has a pK; of 4.6, and
so is similar to acetic acid in
its acidity.

CH,

+ (CH,),C—=CHCH, + CH,—CCH,CH,

17/06/2023

2-Methyl-1-butene

(Major product in
absence of sodium
ethoxide)

(Alkene mixture is major product
in presence of sodium ethoxide)
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CH;—S—OH CH;@?—OH
O O
Methanesulfonic acid p-Toluenesulfonic acid
O

1

sl A

Rt|5: + R'S\—Cl — RQ—ﬁR' + HCl
H (0] (0]
Alcohol Sulfonyl chloride Sulfonate ester Hydrogen chloride
..doing
science
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| |
— A —
Y: + RLﬂO.“S| CH; — R—Y + Oﬁ CH;
O
Nucleophile p-Toluenesulfonate Product of p-Toluenesulfonate
ester nucleophilic anion
substitution
DMSO
CH3(‘3HCH2CH3 + NaBr —— CH;C‘HCHQCH3 + NaOTs
OTs Br
sec-Butyl Sodium sec-Butyl Sodium
p-toluenesulfonate bromide bromide (82%) p-toluenesulfonate

17/06/2023
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Approximate Relative Leaving-Group Abilities*

Conjugate acid of

K, of conjugate

Leaving group  Relative rate leaving group acid pK,
F- 107° HF 3.5x 107* 3.5
cl- 10° HCl 107 -7
Br- 10’ HBr 10° -9
I~ 10? HI 10" -10
H,O 10’ H;0" 55 -1.7
TsO~ 10° TsOH 6 x 10° -2.8
CF350,0° 10® CF350,0H 10° -6
*Values are approximate and vary according to substrate.
..doing
science
for better
health! Neub o
CH’J,(CHQ}j\I_I p-Toluenesulfonyl CH;(CHQ)S\H (‘:|)
2 chloride Y
C—OH — C—O08 CH,
pyridine / H
H;C HC 0
(S)-( +3:2-Octarlo] (8)-(+)-1 —Methylheptyl p-toluenesulfonate
[a]d +9.9° [a]y +7.9°

(optically pure)

(optically pure)

17/06/2023
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ROH +
Alcohol

/
H

Alcohol Hydrogen halide

(base) (acid)

Br” + RCH, ZOH, —>

Bromide Primary alkyl-
ion oxonium ion

..doing
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Hydrogen halide

R
(0 + H—X:

Haletos de Hidrogénio

— RX + H,0
Alkyl halide Water

N+ .

e :0O—H —+ :X:

Halide ion
(conjugate base)

Alkyloxonium ion
(conjugate acid)

R
3— - | 3+ o5 oo
3B_r-"(:;"-QH2 — :Br—CH,R + H,0:
/%
H H
SN2 transition state Primary Water

alkyl bromide

S+

/—g+ -+ s
RQCH_OHZ E— chH'"OH') I RQCH + HQO:

Secondary
alkyloxonium ion

Sy transition state

Secondary Water
carbocation

+ N = s -
R,CH + ‘Br:i —> R,CH—Br:
Secondary Bromide Secondary
carbocation ion alkyl bromide

21
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CH,\H H/CHg
C—OH —5 Br—C
CH,CH, CH,CH,

(R)-(—)-2-Butanol (S)-(+)-2-Bromobutane (87%)

17/06/2023

H

C—Br

CH,

CH;CH,

(R)-(—)-2-Bromobutane (13%)

CH; (|3HCH>(CH 2)4CH; SN CH;CHCHw(CH>)4CH; — CH;CH, CH(CH 2)4CH;
OH
2-Octanol |-Methylheptyl cation 1-Ethylhexyl cation
Br ‘IIHF
CH‘gClHCHg(CHZhCH‘; CH;CH2C|‘,H(CH2)4CH3
Br Br
2-Bromooctane (93%) 3-Bromooctane (7%)
..doing
science L, L,
for better) Exemplo: sintese de éteres

health! Neub o

OH

\_/>

P

0]
~ \CHa + \\//

A

OH NaOH(aq)
2 moles

+ (CH3)2804 ——» 2 moles

Sintese de Williamson

O\\ 4,0

+ NaOH (aq) —>» Hsc\ /S\O/CHs

dimetilsulfato

eo S\O/CHS estabilizado por ressonancia

o
“CH;,

+50,29

22
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Exemplos: I

/\/\OH + NaBr +>" /\/\Br + OHe

mas...

H,SO
ZN""on + NaBr 2 AN + HO

catalitico
Nqisq1 NaB/(

/\\/\\OHP
..doing . .
Importancia do grupo
el abandonador

Exemplos PBr; ou PCl,
oH BrpoBr m@
|

e \f‘P’

|
- . Br —>
acido de Lewis

mentol

~Br HO_ _Br

23
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Exemplos: epoxidos, classe especial de
éteres, muito reativos, tanto com acidos
como com bases

H acido de Lewis

ﬂ'm

HO -

| |
0® 0P\ R
z \ ou / 5 > } < 2
® R4\\“' ""!R1 R4\\“‘ "'IR1 R4\\\“ o
By R R R R Rs “
o]

acido de Lewis

\\“1 "”’R
E ! Nue eO .51

R, H R
B W i -y ‘H i
R4 R Nu H,0 R*l\R3 Nu

3

oy,

..doing
science Reacdes em carbonos saturados sp?
for better Substituicdo Nucleofilica Sy2

health! Mok Reversibilidade
Algumas reacfes Sy2 sao irreversiveis, mas outras sao
reversiveis

CH3CH,Br + 'C=CR — CH;3;CH,C=CR + Br"
an alkyne

CH3CHyl + "C=N —— CH;3;CH,C=N + I
a nitrile

CH3CH2CH28I' e o NH3 — CH3CH2CH21¢JH3 Br CH3CH2CH2NH2 + HBr

a primary amine
CHj3l + CH3CH21\IIH — CH3CH2§JHCH3 [ &=— CH3CHZIIICH3 + HI

CH; CH3 CH;
a tertiary amine

Depende do nucledfilo, do grupo abandonador e do substrato

17/06/2023

24



e Reacio de Sy ou Acido-

for better

healtht!t (e Base?

O Reagente de Grignard

R-X Mg - R-MgX
Et,0
Mg H _ tonated by th

HO _~_ Br ?20> , X g;crg’%;?e y the
OY\/B' Mg X (reacts with the aldehyde)
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