Intermediate

Formation of Carbocations:

There are different ways of forming carbocations using different
substrates.

1- From alkyl halides (Solvolysis of alkyl halides): The solvent used for
the solvolysis must be polar solvents such as water or alcohol. The
solvent plays a dual role in the solvolysis reaction: (a. Acts as the
solvent, consequently breaking of C-X bond due to polarization, b.
Acts as a nucleophile to attack the carbocation formed).

Example:

Solvent .
nX olvent Rt o+ X% Solvent e ES

a- From alkyl halides with Lewis acid catalysts:

Example:
CH

II/JFP"'-‘..\ | 3
B i
I:Hi_,..- _\"‘r-'|.|:_‘.ﬂ!||||||||||‘ﬂ_||_]_l:_-:l3
H

| \
CH3—IH—C.H3 + AlCl;

b-From alkyl halides with silver ion:

Example:
.I‘E'L'g-‘- +

_>_\{:| ‘>\CH2 + AgCl
Mechanism:

~ "’t’] H 0

0 .0 ‘OH,

C Ag {‘m—ng b O.6—H 0-H
XA XH s Hoon = 3 —

H,0
better leaving group

2-From an amine (Using Diazonium salts): Alkyl Diazonium ions are
unstable and decomposed readily to give carbocations.

Example:
ks 1INO,
7T P p
H_: _H /'/ |:~ N _ ME CHE
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Intermediate

Mechanism:
i H — T F tantormerism
HMC 2, 07 @, = [ 5 - . B ge
D_IIK:IE_I_ _h—__ln- ;'—!'!_——!‘..I—.l':n o ;I- !(;'&;—M:l_l -'—[F—”—H_ UH]

= i s M
15

He
Alcohels Ha = Mo @ ”.;;;. Hs0 e A
and - {I-"i-_h‘ = |-!—I\.E;HI| LT S——— [H—E\;:H—qu
f;li':er'E‘S a I:IIEIZ(II'IIIJI'I'- catiaon

3-From alcohol (Protonation of alcohols): Alcohols are easily
protonated using dilute acids and carbocations are formed after
losing water molecules.

Examples:

H
CH,CH,CH,0H =~ CH,CH,CH," + H0

™ +H* ;
b : e + -

4- From Carbonyl compound:(Friedal Crafts acylation)

Example:
C{CHz)3
AlCY
O + (CHiCCl — =
OH
[
0 - _
H/LLR BF; /cl}l:E‘Fa o-BF;
1 g T+ ——
R,” R /JT\
' 2 ATHIL

Mechanism: From acyl chloride when the presence of Lewis acid

catalysts
(o
£ . el _k”’o '3 .
HyC—C, 3 HeC—C . —_— C—C @ | AICI
Cl l":C-li—AI(],_;

5- Addition of an electrophile to a © bond:
a- Protonation of an alkene:
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Example:

+H

—
N

b-Protonation of a carbonyl group:

Example:
H™ .Y + +
e = mad —
A C=0H  ~— _C-OH
H
0 L Y H
R’J‘ Ra : )l\ - i
2 R "R, R/ TR,

Reaction of Carbocation:

Many organic reactions proceed via carbocation intermediates. Therefore,
carbocations are very important intermediates in organic synthesis.

Carbocations are stabilized by neighboring carbon atoms:

The stability of carbocations increases as we go from primary to
secondary to tertiary carbons. carbocations become more stable as you
increase the number of electrons donating groups attached to them. Alkyl
groups are a perfect example:

H H H “CH,
a 3 K 1.H 3 J2 .
Hﬁc’&]@H HC B, HEC%\F:
H H H
Primary carbocation Secondary carbocation Tertiary carbocation
(least stable) {most stable)

One rearrangement pathway where an unstable carbocation can be
transformed into a more stable carbocation is called a hydride shift.

One pathway rearrangements can occur through is a hydride shift.

FOLLOW THIS
ARROW
:v/’. Transition state Form Break
H =
HsC /} HC. ',H,‘ i CHq C,-H C3-H
NEH — 7—1( —_— A2 H
HaC™ Y . d® 2CH, HiC®
|CH3 3 4 . - 1C|‘E
Secondary carbocation Tertiary carbocation
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Example:

Some examples of "allowed” hydrogen rearrangements

H
O]
Primary —3= Secondary /IG@' —_—

Primary —= Tertiary >||-1<J,® /(!)\

Secondary —m= Tertiary H P‘
,)ré)\ — @ﬁ/\

Note: Carbocations with the same substitution pattern can rearrange if it resultsin a
resonance-stabilized carbocation

Secondary Secondary (resonance stabilized)
Now can show how the rearrangement reaction occurs with the Sy1.

1- Reaction with a Nucleophile: (e.g. Sy1 reaction) the first step in the
Sy1 is that the leaving group leaves to give a carbocation. In the case
below, the carbocation that is formed is secondary, and there’s a
tertiary carbon next door. Therefore, a rearrangement can occur to
give the more stable tertiary carbocation, which is then attacked by
the nucleophile (water in this case). Finally, the water is
deprotonated to give the alcohol.

gt o |
TR o gt o+ K
|
LTS |
’1|3 * Nu ——= —C-Nu
|
Example:
CHg CH,
CHs CH;
Mechanism:
CHy CHy i
HEC—Q:E_L Hac_f,:*‘ + Br
CH; CH,
[+, PR— CHy CH3 .
= E i
-G+ + 1 ==+ 40-C-OH, =—— HC—C-OH + H
CH; CH; CHj
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Example: the Sx1 reaction with rearrangement.

Rearrangements can accompany reactions where carbocations are formed, such as in the S, 1 reaction:

€ ) % H
L B HZO:\BHr ; “20"\}‘(\})@ H 6o Ho:H,
H Br, = T )
H \.! ﬂ @ S 3 1
m — 3 érl —_— 1 4 1 — ol =
™ lertiary 3

secondary carbocation . ) Final product

Carbocghion (more stable) AR TN Sy,1 with rearrangement
Step 1: Loss of Step 2: Rearrangement Step 3: Addition

leaving group of nucleophile to carbocation

Examples:
Br

/H/ CH0H _ /xocua

OH
HB
— X
OH
H,O
—_—
oY - O
©
R—l + OH R-OH + IE:I
Mal
CH;CHCH-CN
3% 2 ACEIONE CH;(IZHGHECN
Br I
LiBr
CH,0OTs CH,Br
acetone

CHyCH(CH,)sCHy + Phs SN0l CHyCH(CH,)sCH,
OTs SPh

©

+
R—l + NMe, — R—NMe; |

+
CHyCHyl  +  (CH3CH,CH,CH,).P (CH5CH,CH,CH,);P CH,CH, |

+
PhC(CH3);Cl + CH,CH,0H —  PhC(CH53),0CH,CH;, T~ PhC(CH3),0CH,CH,
i E
Note: The most common situation where alkyl shifts can occur is when a
quaternary carbon (that’s a carbon attached to 4 carbons) is adjacent
to a secondary carbocation.
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Secondary
i carbocation
HiC 4
HC,  Jo M Alkyl shift HsC H
HC H = ® H
fcﬂa H f CH3 H
Quaternary Tertiary carbocation
carbon {more stable)

In the transition state, there are partial bonds between the carbon being
transferred and each of the two adjacent carbon atoms. Then, as one bond
shortens and the other lengthens, we end up with a (more stable)
tertiary carbocation.

HH |
C
H,C H 2 H3
. % H,C/ @' _H HsC P

HaC CH, - % > H
(g § \ H,C CHy HSCT CH,

secondary .

carbocation Transition state tertiary

carbocation

Example: CH3 groups here are just shown as lines.

Sy1 With Alkyl Shift:

FOLLOW THIS ARROW o
W28 y :C1:
" o H0:7) 0 ® : :
8 :Cb H,0 8 ﬁ@ Form Break 2 L ‘\tli@ 8 ‘ I(;I) 85
3% _2... j%\{/’(\ —_— @3‘ ‘ c-0 CC S HTO‘ ! —— A4 HsO Cl
i L s , tetiary 2708 C3Ce 0 |j -
ar or carbocation H-CI H-0 4 4

Step 1:Loss of  Step 2: Alkyl shift Step 3: Nucleophilic Step 4: Deprotonation
leaving group Green bond shows attack on carbocation

pair of electrons

that move

Example: Alkyl shift leads to ring expansion.

L0 MO
i icl: ; F.‘.)m.l. .B.rea\k ) ®gﬂ . M "

& '\ @ e Oh 9.0
il d : Y — ﬂ —_— 7 1 Cz-C4 C;—C. —_— 6 2 1 —_— 8 2! HaC Cl
§ B 5 4 H-CI 0-H 5 4 B

Step 1: Loss of Step 2: Alkyl shift Now a (more stable) tertiary Step 4: Deprotonation

leaving group The green bold bond carboeation and a (more stable)
shows the pair of five membered ring

electrons that move
Step 3: Nucleophilic attack

2- Addition reaction of Alkenes: The alkene is gone, and two new
bonds have formed after rearrangement.

Example:
Form Break
p* He H C,-H c,C
Ho A LH _H-Cl Cl s X 1LH ! Cz (%)
H,C » H,C H Cz-H Cy-H
H, H H, H
Ca-C H-Cl
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Mechanism:

Step 1 - attack of alkene on H-Cl (arrows A and B)

Form Break
- e A Cy-H A C~Ca(
A i ci~ 1 1=C2 ()
i g = H C,-H Cy-H
o o,
#—
H,C H,C H C,-Cl 8 H-CI

CH, H CH, H

Observation: secondary carbocation
Step 2 - rearrangement (arrow C)
Recall the order of carbocation stability: terfiary > secondary > primary
Migration of the C-H bond from C4 to C, results in a more stable carbocation!

This arrow says, "break the C;—H bond and form a new Cs-H bona”

}

= Form Break
¢c_ KB CF © H H
H N " ci . 2 A Cy-H A C,—C, (n)
—_— 4Xﬁ € Cy-H € CyH
H,C CH 1 H H,C CHy 1 H
C,—Cl B H-CI
Secondary carbocation Tertiary carbocation
a more stable carbocation
Step 3 - Attack of nucleophile (arrow D)
D Form Break
G/ yHH H_H AC,-H A C4—C, ()
9 " > - " c;(:1 H c G1 H2
H,C H H H £ L
3¥ CH; H € CHy H
D C3-Cl B H-Cl
Tertiary carbocation

Example: Hydration of alkenes (with acid catalyst).
H H Form Break
H,0 H C-H  C~C(x)
! H,S0, HO 14 C-OH H-0

(often written H,0®)

Example: Addition of alcohols to alkenes (with acid catalyst).

H H Form Break
H
P S N T
H H,S0, R-0" H C-OR H-0

("!-'I.B" is often written as the acid here)
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Example: Addition of water to alkenes (with acid catalyst).

B
& A.‘"_

H—0t

e _ .
Ar (—'Dﬁz
H @“ H H.H H. H
/\%\H e el /‘ﬁ/KH —i-/>e<H — />8<H
H H :

Carbocation e H-6Z
intermediate %/ OH, 0

Deprotonation
by solvent

Example: Ring expansion.

H [ CH
H H,C )2 (-\@ ? i Eth
= 3 CH, CH, CHy
H — _) e " - M

rearrangemenr
(ring expansion)}

3- Addition of acid to Alkynes:

(\‘ H‘g Q% i
H

Example:
H-CI (two equiv)
note: "Markovnikov® addition
4 (CI adds to most substituled carbon)
Ci
- H-CI a,_ M H-CI cIA
e " 676 - ~C-CH, (same for HBr and Hi)
jone equiv) R H  jone equiv) R
“alkery! - r
. = geming
chionde"® jor :
“vinyl chioride”) Achionide
Mechanism:
Addition of first equivalent:
L,
ﬁ :Cl:
/"‘ H-CI o
@ H c'\ d
R-CEC-H ——— R-C=C[ —— /c=c\
H R H
most substituted "
; alken
(i.e. stable) ch-'oridﬁ”
carbocation
Addition of second equivalent: P
H_@I r:g'l:
e, [ m cl@ M a1\
c=C, ——» C-C-H ————— C—-CH,
Vi b S Vi b RI
R H R H
“alkeny/ stabilized through "geminal”
ci,o,fé’;» resonance with G/ dichloride
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The Carbocation Pathway - Comparing Alkenes and Alkynes
Srmilarities
« Hydrogen halides add to most substitued carbon of x bond ("Markovnikov”)

= Proceeds through carbocation intermediate

Differences

= Hydrogen halides can add twice (giving "geminal” dihalides)
= Hydration [HoO, H>50,] gives ketones (via the enol)

4- Elimination of a proton:(by E1 to form alkene)

Example: Elimination with rearranging of hydrogen.

Form Break
CqC4q(x) CzOH
H,S0, 0O-H Cy—H

[BQ—H cg-ﬂ)

natice the exira set

Mechanism: we start by protonating the alcohol. This allows for water to
leave in the next step, which is going to form a secondary carbocation
adjacent to a tertiary carbon. then the hydrogen (and its pair of electrons)
were to migrate from C3 to C-2 to form tertiary carbocation, which is
more stable. Then, a base (water) could remove C-H, forming the more
substituted alkene (the Zaitsev product).

Secondary carbocation

H,0:

H
COHz Loss of H{\ H ”‘ Hy _ H &
®@ O
H-OSO; leaving group @ Rearrangement Deprotonation H,O HSO;
— —— _—
£
Prolonarron
This is a secondary / Tertiary carbocation
carbocation; it can rearrange here fo (more stable)

give a more stable (tertiary) carbocation

Example: Elimination with rearranging of alkyl group.

Step 1: Activation of Step 2: Loss of leaving group  Step 3: 1,2-alkyl shift
leaving group . to give carbocation

© 0S0-H

H, PH—OSO3H H.g,H D
ALY Hacr\ :
O/l\ N — O@l
© 0S0-H

Examples:

R
Tertiary R;(Q iy ,@TOH //&

Transition state
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X

H
Allylic %R — %,)S/H —_— SR
H

Ar

X H
__ R
Benzylic N/L.\/R — ){%/R =
H

a-hetero A

H
substituted e @ 1 n
— " RO

_'__.-J-—_._\_
RO BE=

RO

Wagner—Meerwein rearrangement: is a class of carbocation 1,2-
rearrangement reactions in which a hydrogen, alkyl, or aryl group
migrates from one carbon to a neighboring carbon. The rearrangement
was first discovered in bicyclic terpenes for example the conversion of
isoborneol to camphene.

HiC_-CHs H3C._ CH3 HaC. -CHa
H H®
R ———
“H0
Ha HaC Ha

isoborneol

CHz CHas
._;..h
Hy - HQ Ha
Hs CHa

camphene

Like Meerweins rearrangement of norbomyl system:

me mwﬁlb@ — E.@Lb

Example: Rearrangement of alcohols by acid.

R

d
~ot

oH OH;

5- Rearrangement  of  carbocations _ (Pinacol /  Pinacolon
rearrangement): Sometimes, unexpected products are formed. This is
due to the rearrangement of the first formed carbocation into the

most stable carbocation and undergoes the second reaction to form the
product.
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Intermediate

Example: 1,2-dihydroxy compounds.

CH, CH, H+ CIH3 CIHE HO ClHa C|H3 —cn, ClHa 5?H c|H3 t|i|H+ -H+ CIH3 fli
CH;C—C—CH, —» CHB—C—?—CHB—D CHE—E—CI—CHB — c+|3—-i—c+—cH3 +— CHyC—C—CH; — CH;C—C—CH,
OH OH 4OH, :0H OH CH, cH, CcH,
Pinacol Pinacolone

A carbocation is already tertiary, why should it rearrange?

Because the lone pair of electrons on the oxygen is another source to
stabilize the carbocation. The carbocation formed as a result of the
loss of H,O pulls the migrating group, Lone pair of oxygen pushes
the migrating group.

Mechanism:
H+
HY oM o o 2
3 |
H H : H —_ H30>[/kl\ —_— HSCH/LCH
CH 3
"i%e cﬁH3 H?fc chi® b HsC™ o, ’ M
pinacol pinacolone
Example: conversion of bromohydrin to pinacolone.
CH, CH, H,C HC CH, HC CH,
H C—"GHS =" H c—‘—< b r{“‘ J‘ 3 - ‘ CH3 # J/\__4 CHJ
i H=0 CH: Hr.gql CH, § 3 (}Ia
Bromohydrin pinambne
Example: Preparation of Spiro System:
HO ® Hzo@
g R TR — = N
OO == OO0 = O ,i_
o = OH —H3 OD 8
8 OH o

&

> Migrating group preference:

It doesn't matter when we have symmetrical diols & epoxides
It doesn't matter when we have unsymmetrical epoxides & diols

(o]
HO OHZ —_— BPh
Ph — 3= Cb{ —F Ph

I

HO OH
Ph

Ph
H,0 p OH 0
— == — Ph
Ph
IT
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Only I is formed in quantitative amount because the
carbocation is stabilized by two phenyi groups

Examples:

T
e CH,—ﬁ~c1:—CH,
i . o {p:
CH,— (I: C—CH, ~— 3,3-Diphenylbutanone
OH OH fl’h
2,3-Diphenybutane-2,3-diol Ph— ﬁ“ (I:_ CH,
O CH,
Me Ph Me ph o Me
[ | HA50, o N R
HO 1 Ol -~ ”"'[:_)—I'—<& — T Ph
Me I'h V' Me Ph Me  pp
A B c
Me Ph
G ﬂ: OH
Me Ph

Example: Rearrangement by Diazonium salt.

TR S0

6- Non-Classical Carbocation: There are special types of carbocations
called non-classical carbocations which show special delocalization
through the sigma bonds in 3-center-two electronic bonds in a
bridging system.

Example:

non-clazzical carbocation
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Examples:

Ay —A=4

Dt e D= ‘

-
= AN
b L’b Hﬂ&) E;:L?’

The acylation reaction shown above is 350 times faster than that of ter-
butyl bromide. It is due to the reaction proceed through the non-classical
carbocation.

I
g
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