
Section 8--Carbocation Stability and the Occurence
                 of Molecular Rearrangements



Carbon skeletal rearrangements are commonly observed with
carbocation intermediates. The guiding principle is that a less stable 
carbocation transforms into a more stable carbocation.

Carbocation Stability and Molecular Rearrangements

Example: The Dehydration of 3,3-Dimethyl-2-butanol

85% H3PO4

heat
OH

+

2,3-dimethyl-2-butene 2,3-dimethyl-1-butene
(major) (minor)

products of skeletal rearrangement



A Proposed Mechanism

: :

+
+ fast

CH3-C
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slow step

Bond Heterolysis

CH3-C
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CHCH3 +

+   H2O

secondary carbocation

CH3-C
CH3

CH3
CHCH3

Rearrangement Step

+
secondary carbocation

less stable

A methyl group moves
to the carbocation carbon
with its pair of electrons
a 1,2-shift of H3C:

CH3-C
CH3

CH3
CHCH3

δ+ δ+

transition state for
rearrangement step

CH-C-C-CH3
CH3

CH3

+

tertiary carbocation
more stable

CH3-C-CH-CH3
CH3

CH3

The observed alkene products are produced
from deprotonations of the tertiary carbocation.



1,2-Methanide Shifts: A Closer Look

.
A 1,2 shift of an alkyl group with its pair of bonding electrons is called an
alkanide shift.  The 1,2 shift of a methyl group is called a methanide shift

+

secondary carbocation
less stable

The bond orbital of the 
shifting methyl group must 
be aligned so as to overlap 
with the p-orbital of the 
carbocation.

Stereoelectronic Features

1,2-shiftCCH3

CH3

C
CH3

HCH3

:

δ+δ+

TS for 1,2-shift
The shifting methyl group
never detaches.  In the TS 
it simultaneously bonds to
both carbons.

C C
CH3

CH3 CH3
H

C
H HH

+

tertiary carbocation
more stable

C
CH3

CH3
C

CH3

CH3
H

Note: This 1,2-methanide
shift rapidly occurs because 
it is energetically favorable.



1,2-Hydride Shifts

.
The shift of a hydride (H:-) to an adjacent carbocation center to form a 
new, more stable, carbocation is common in carbocation intermediates

+

secondary carbocation
less stable

1,2-hydride shift

Hydrogen shifts with
its pair of bonding electrons.

CH-C-CH2CH3
CH3

H δ+ δ+

transition state

:

C
CH3

CH3 C CH3
H

H
+

tertiary carbocation
more stable

C C
CH3

CH3
H

CH3H

.The shifting hydride never becomes detached

The alkene products are formed  by deprotonation of the 3o carbocation.
+

CH3C=CHCH3 + CH2=CCH2CH3CH3-C-CH2CH3
CH3

-H+

CH3
CH3

2-methyl-2-butene
major product

2-methyl-1-butene
minor product



Ring Expansion by 1,2-Alkanide Shift

.

1,2-Alkanide shifts also occur in cyclic carbocations leading to a
change in size of the ring.   Such shifts take place when ring strain 
is not introduced

heat

CH3

CHCH3
OH

H+

(-H2O)
+

secondary carbocation

CH3

CHCH3

1,2-alkanide shift

+

tertiary carbocation

CH3

CHCH3

.

The driving force for this rearrangement
is the formation of the more stable tertiary
carbocation. The ring expansion from 5 to 6
does not introduce any ring strain

+
CH3

CH3
H1,2-dimethylcyclohexene

Major Product

-H+CH3

CH3



Explain the formation of 2,3-dimethyl-2-butene as the major product 
in the acid-catalyzed dehydration reaction of 3,3-dimethyl-2-butanol

Quiz Chapter 7 Section 8

solution

CH3C=CCH3CH3C-CH(OH)CH3
CH3

CH3 H+

(-H2O) CH3

CH3

+

1,2-methanide shift

fast CH3C-CHCH3

CH3

CH3 +

products

CH3C-CHCH3
CH3

CH3

-H+

via

+

2o carbocation

CH3C-CHCH3

CH3

CH3



Section 9--Synthesis of Alkynes by Elimination Reactions



Alkynes by Elimination Reactions

Alkynes may be prepared from alkenes in a two-step synthetic
sequence of bromination-debromination.

General Scheme

Bromination

vicinal dibromidealkene

Br2C
H

C
H

R R
H
C

H
CR R

Br Br

Debromination

2 B
- 2 HBr

alkyne

C CR R

The base must be sufficiently
strong to affect two successive
dehydrobromination reactions.

The details of the bromination reaction
of alkenes will be discussed later.



Alkynes from Vicinal Dibromides

vicinal dibromide

H
C

H
CR R

Br Br

Debromination

2 B
- 2 HBr

alkyne

C CR R

A base sufficiently strong for the two successive dehydrobromination
reactions is sodium amide (Na+NH2

- ) in liquid ammonia (-33o C) or in a 
hydrocarbon solvent at elevated temperature.

Two Successive Dehydrobrominations

  bromoalkene
(vinyl bromide)

R

Br

H

R
+   NH3   +   Br-

+  NH3 +  Br-RRR

Br

H

R

N H
H+

: -

amide anion
a strong base

+H-N:
H C C

H

Br
R

Br

R
H



Section 10--The Acidity of the Terminal Alkynes

Section 11--Replacement of the Acetylenic Hydrogen Atom
                   of Terminal Alkynes



The Acidity of Terminal Alkynes

The order of base strength of the conjugate bases is:

- >
strongest base
CH3CH2: H2C=CH

: - :-
OR > -

weakest base
HC C:

Among a broader range of compounds, the relative acidity of
terminal alkynes is:

> >
pKa 15.7 16-17

H-O-H RO-H RC >
25

C-H
38

>H2-N-H >
44

RCH=CH-H
50>~

RCH2-H

and the relative base strengths of the conjugate bases are:

RCH=CH: RC >>>>

:
:

:
:

- -- - - ->RCH2: H2N: C: RO: H-O:

pKa       25              43                      44                  > 50

Acidities of Hydrocarbons

HC CH

H H

H H

H
CH

H

H

C

H

H

H

least  acidicmost  acidic



Three equivalents of base must be used in the synthesis of terminal
alkynes because of the acidity of the alkynyl-H (pKa ~ 25).
Example

Synthesis of Terminal Alkynes

1-butene CCl4 (solvent)
CH3CH2CH=CH2

Br2 CH3CH2CHBrCH2Br

hydrocarbon solvent
       >100o C

1
CH3CH2CHBrCH2Br

NaNH2

+

mixture

CH3CH2CH=CHBr

CH3CH2CBr=CH2

2

pKa ~ 25

NaNH2

CH3CH2C C-H
3

very fast
+  NH3

pKa ~ 38

NaNH2CH3CH2C C:-

NH4Cl/H2O (workup)
1-butyne

CH3CH2C C-H



Replacement of the Alkynyl Hydrogen: Alkylation

.
The acidity of the alkynyl hydrogen is the basis of an alkylation
reaction wherein an alkyl group is introduced

RC

terminal alkyne
pKa ~ 25

+    NaNH2

sodium amide
C-H RC + NH3

pKa = 38sodium alkynide
C:-Na+

Alkylation

SN2RC
a good nucleophile

+           R'X
alkyl halide

C:-Na+ RC C-R' + NaX

A Two-Step Synthesis



Examples of Alkylation Reactions

+    CH3CH2Br liquid NH3
 -33o C

CH3CH2C C:- Na+

3-hexyne
CH3CH2C CCH2CH3

+    C6H5CH2Br
benzyl bromide

liquid NH3
 -33o C

HC C:- Na+

3-phenyl-1-propyne
HC CCH2C6H5

A Limitation: With 2o and 3o alkyl halides, the E2 dominates.

RC +
R'

C:- Na+ C C
R

H
Br

H
H

RC

R'CH=CHR

CH4 +



Quiz Chapter 7 Section 11

Provide a synthesis of pentane from propene using any needed reagents 
and alkyl halides.

solution
CH3CH=CH2 CH3CH2CH2CH2CH3

Retrosynthetic analysis suggests the following steps to couple the two
hydrocarbon units:

CH3C     C-CH2CH3

CH3C    C:-    +    XCH2CH3

CH3CH2CH2CH2CH3

CH3CH=CH2

proposed synthesis

CH3CH=CH2

Br2 CH3CHBrCH2Br
(i) 3 eq NaNH2

(ii) workup NH4Cl
CH3C CH

(i) NaNH2

(ii) CH3CH2Br

CH3C CCH2CH3
excess H2

Pt
CH3CH2CH2CH2CH3



Section 13--Hydrogenation of Alkenes

Section 14--Hydrogenation:  The Function of the Catalyst



Hydrogenation of Alkenes: An Addition Reaction

.The addition of H2 to an alkene to produce an alkane is exothermic
(ΔHo ~ -126 kJ/mol), but very slow in the absence of a metal catalyst 
(Pt, Pd, Ni).

CH2=CH2(g)  +   H2(g) CH3CH3(g)

f (52.3) (0) (-84.5) kJ/molΔHo

ΔHo
     =  Σ ΔHo

prod −   Σ ΔHo
react =   -136.8 kJ/mol

In the presence of a metal catalyst, these hydrogenations proceed
rapidly at room temperature in common solvents.

+  H2

+  H2

+  H2

Pt

Pt

Pt



Catalytic Hydrogenation

.

In the absence of a metal catalyst, hydrogenation is slow because of a
large energy of activation (energy barrier).  The metal catalyst provides 
a low energy reaction pathway between the reactant and product states

Proposed Mechanism for Catalytic Hydrogenation

Hydrogen molecules reversibly adsorb on the surface of the metal.

The alkene also adsorbs to
the metal surface.

H H H H

CH2 CH2- CH2 CH2+

CH2 CH2

hydrogen atom adds to one carbon

H H HH2C C
H

HH

hydrogen atom adds to second carbon

H HH3C C
H

HH and alkane desorbs
H H

H3C C
H

HH

metal
+  H2

-  H2
metal

hydrogen
adsorbed and
activated

H H H H



Energetics of Catalytic Hydrogenation

.
Catalysts change the rates of chemical reactions but do not change the
overall thermodynamics

E
nt

ha
lp

y

Reaction Coordinate

CH2=CH2 + H2

CH3CH3

ΔHo = -136.8 kJ/mol

large energy
barrier without
catalyst

low energy
barrier with
catalyst



Stereochemistry of Additions to Alkenes

There are two modes of addition to an alkene:

syn addition addition of X-Y 
to the same face 
of alkene

anti addition addition of X-Y to 
the opposite faces 
of alkene

X-Y

X-Y

C C

C C

C C

X Y

X

Y

.Catalytic hydrogenation is a syn addition

However, this outcome is only noticed in hydrogenation
reactions that yield two stereocenters.



Section 15--Hydrogenation of Alkynes



Hydrogenation of Alkynes

Catalytic hydrogenation of the triple bond occurs step-
wise and may be controlled to yield alkenes:

2-butyne 2-butene butane
CH3C CCH3

H2

Pt
CH3CH=CHCH3 CH3CH2CH2CH3

H2

Pt

.

If the catalyst is "poisoned" with a compound that selectively interferes
with the hydrogenation of the alkene, the alkene product may be 
isolated.  "Catalyst poisons" are salts of Pb2+ and some nitrogen 
compounds such as pyridine and other amines
Example:  Hydrogenation of Diphenylethyne

diphenylethyne
+   2H2

Pd/C
(no poison)

Pd/C is palladium metal finely dispersed on powdered charcoal.

1,2-diphenylethane (95%)
C6H5C CC6H5 C6H5CH2CH2C6H5

cis-1,2-diphenylethene
       "cis-stilbene"
             (87%)

C C
H

C6H5

H

C6H5diphenylethyne
+   H2

Pd/C
(poisoned with
     pyridine)

C6H5C CC6H5

N



Syn-Hydrogenation of Alkynes: cis-Alkenes

.

The selective catalytic hydrogenation of alkynes with a "poisoned"
catalyst is a syn-addition that yields cis-alkenes. A second way to carry 
out this transformation is with a nickel boride catalyst (Ni2B) sold 
commercially as P-2

3-hexyne
+ H2CH3CH2C CCH2CH3 Ni2B

(Z)-3-hexene (97%)

C C
H

H3CH2C

H

CH2CH3



.

Alkynes are reduced to trans-alkenes by alkali metals (Li or Na) in
liquid ammonia (-33o C) or ethylamine (BP 16.6o C) at low 
temperatures.  Because these metals dissolve as they react, these and 
other similar reductions are called dissolving metal reductions

3-hexyne

(i)  Li, C2H5NH2, -78o C

(ii)  NH4Cl (workup)

(E)-3-hexene

CH3CH2C CCH2CH3 C C
H3CH2C

H

H

CH2CH3

Anti-Hydrogenation of Alkynes: trans-Alkenes



A Mechanism for the Dissolving Metal Reduction of Alkynes

The reduction of an alkyne by an alkali metal in liquid ammonia or
an amine solvent begins with an electron transfer (redox step):

. +    R-C C-R

a one electron transfer produces

Li C=C.

: -

radical anion

R

R

The electron is transferred
into the lowest unfilled MO 
of the alkyne forming a 
radical anion.

The radical anion is a strong base and is protonated by the solvent:

C=C.

: -
+

:R

R
N

H

H
R

C=C.
+    RNH

:
:

-

a vinyl radical

R

R

H

:

The vinyl radical can exist in two
stereoisomeric forms that rapidly 
interchange:

C=C.

trans vinyl radical

fast C=C
.

cis vinyl radical

R

R

H

R R

H

:

The trans-radical dominates in the equilibrium. Electron transfer
produces a vinyl carbanion (a strong base) that is protonated to give the 
alkene:

C=C.

.
C=C:-electron

transfer
proton
transfer

C=C
R

R

H Li R

R

H H2NR R

R

H

H


