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temperature and 1 atm pressure. 

2) Ethyl bromide (bp 38 °C) and ethyl iodide (bp 72 °C) are both liquids, but ethyl 

chloride (bp 13 °C) is a gas. 

3) The propyl chlorides, propyl bromides, and propyl iodides are all liquids. 

4) In general, higher alkyl chlorides, bromides, and iodides are all liquids and tend 

to have boiling points near those of alkanes of similar molecular weights. 

5) Polyfluoroalkanes tend to have unusually low boiling points. 

i) Hexafluoroethane boils at –79 °C, even though its molecular weight (MW = 

138) is near that of decane (MW = 144; bp 174 °C). 

 

 

6.3 NUCLEOPHILIC SUBSTITUTION REACTIONS 

1. Nucleophilic Substitution Reactions: 

 

NuNu − + R X X −R +

Nucleophile Alkyl halide
(substrate)

Product Halide ion
 

 
 Examples: 

 

HO − OHCH3 Cl CH3+ + Cl −
 

CH3O − CH3CH2 Br CH3CH2 OCH3+ + Br −
 

I  − ICH3CH2CH2 Cl CH3CH2CH2+ + Cl −
 

 
2. A nucleophile, a species with an unshared electron pair (lone-pair electrons), 

reacts with an alkyl halide (substrate) by replacing the halogen substituent 

(leaving group). 

 
3. In nucleophilic substitution reactions, the C–X bond of the substrate undergoes 

heterolysis, and the lone-pair electrons of the nucleophile is used to form a new 
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bond to the carbon atom: 
 

Nu+ R R +

Leaving group

Heterolysis occurs here

X −XNu −

Nucleophile  
 

4. When does the C–X bond break? 

1) Does it break at the same time that the new bond between the nucleophile and 

the carbon forms? 
 

NuNu+ R R +R X
δ−

X −XNu −
δ−

 
 

2) Does the C–X bond break first? 
 

R+ + X −R X
 

 

 And then 

+ R+ NuNu − R  
 
 

6.4 NUCLEOPHILES 

1. A nucleophile is a reagent that seeks positive center. 

1) The word nucleophile comes from nucleus, the positive part of an atom, plus 

-phile from Greek word philos meaning to love. 

 

C X
δ+ δ−

>
The electronegative halogen
polarizes the C−X bond.

This is the postive center 
that the nuceophile seeks.

 
 

2. A nucleophile is any negative ion or any neutral molecule that has at least one 

unshared electron pair. 

1) General Reaction for Nucleophilic Substitution of an Alkyl Halide by 

Hydroxide Ion 
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H O H O R− + +

Nucleophile Alkyl halide Alcohol Leaving group

X −R X

 
 

2) General Reaction for Nucleophilic Substitution of an Alkyl Halide by Water 
 

H O H O R

H H

H O R

H2O

H3O+

++ +

Nucleophile Alkyl halide Alkyloxonium ion

+ +

X −

X −

R X

 
 

i) The first product is an alkyloxonium ion (protonated alcohol) which then loses 

a proton to a water molecule to form an alcohol. 

 

 

6.5 LEAVING GROUPS 

1. To be a good leaving group the substituent must be able to leave as a relatively 

stable, weakly basic molecule or ion. 

1) In alkyl halides the leaving group is the halogen substituent –– it leaves as a 

halide ion. 

i) Because halide ions are relatively stable and very weak bases, they are good 

leaving groups. 
 

2. General equations for nucleophilic substitution reactions: 
 

NuNu − + R L L−R +  
 

or 
 

Nu++ R L L−R +Nu  
 

 Specific Examples: 
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HO  − OHCH3 Cl CH3+ + Cl −
 

 

H3N NH
+

CH3 Br CH3 3+ + Br −
 

 
3. Nucleophilic substitution reactions where the substarte bears a formal positive 

charge: 

Nu+Nu + R L+ LR +  
 

 Specific Example: 
 

H3C O

H

H3C O

H

CH++ H3C O

H

H+ HO

H
3 +

 
 

 

6.6 KINETICS OF A NUCLEOPHILIC SUBSTITUTION REACTION:  
 AN SN2 REACTION 

1. Kinetics:  the relationship between reaction rate and reagent concentration 

2. The reaction between methyl chloride and hydroxide ion in aqueous solution: 
 

60oC
H2O

HO − OHCH3 Cl CH3+ + Cl −

 
 

Table 6.3  Rate Study of Reaction of CHCl3 with OH– at 60 °C 

Experimental 
Number 

Initial 
[CH3Cl] 

Initial 
[OH–] 

Initial 
(mol L–1 s–1) 

1 0.0010 1.0 4.9 × 10–7

2 0.0020 1.0 9.8 × 10–7

3 0.0010 2.0 9.8 × 10–7

4 0.0020 2.0 19.6 × 10–7

 

1) The rate of the reaction can be determined experimentally by measuring the rate 

at which methyl chloride or hydroxide ion disappears from the solution, or the 
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rate at which methanol or chloride ion appears in the solution. 

2) The initial rate of the reaction is measured. 
 

2. The rate of the reaction depends on the concentration of methyl chloride and the 

concentration of hydroxide ion. 

1) Rate equation:  Rate ∝ [CH3Cl] [OH–] ⇒ Rate = k [CH3Cl] [OH–] 

i) k is the rate constant. 
 

2) Rate = k [A]a [B]b

i) The overall order of a reaction is equal to the sum of the exponents a and b. 

ii) For example: Rate = k [A]2 [B] 

 The reaction is second order with respect to [A], first order wirth respect to [B], 

and third order overall. 
 

3. Reaction order: 

1) The reaction is second order overall. 

2) The reaction is first order with respect to methyl chloride and first order with 

respect to hydroxide ion. 
 

4. For the reaction to take place a hydroxide ion and methyl chloride molecule 

must collide. 

1) The reaction is bimolecular –– two species are involved in the 

rate-determining step. 

3) The SN2 reaction: Substitution, Nucleophilic, bimolecular. 

 
 
6.7 A MECHANISM FOR THE SN2 REACTION 

1. The mechanism for SN2 reaction: 

1) Proposed by Edward D. Hughes and Sir Christopher Ingold (the University 

College, London) in 1937. 
 



 

CNu
−

Nu

Antibondin

L C + L−

g orbital

Bonding orbital  
 

2) The nucleophile attacks the carbon bearing the leaving group from the back 

side. 

i) The orbital that contains the electron pair of the nucleophile begins to 

overlap with an empty (antibonding) orbital of the carbon bearing the 

leaving group. 

ii) The bond between the nucleophile and the carbon atom is forming, and the 

bond between the carbon atom and the leaving group is breaking. 

iii) The formation of the bond between the nucleophile and the carbon atom 

provides most of the energy necessary to break the bond between the carbon 

atom and the leaving group. 

 
2. Walden inversion: 

1) The configuration of the carbon atom becomes inverted during SN2 reaction. 

2) The first observation of such an inversion was made by the Latvian chemist Paul 

Walden in 1896. 

 
3. Transition state: 

1) The transition state is a fleeting arrangement of the atoms in which the 

nucleophile and the leaving group are both bonded to the carbon atom 

undergoing attack. 

2) Because the transition state involves both the nucleophile and the substrate, it 

accounts for the observed second-order reaction rate. 

3) Because bond formation and bond breaking occur simultaneously in a single 

transition state, the SN2 reaction is a concerted reaction. 

4) Transition state lasts only as long as the time required for one molecular 

vibration, about 10–12 s. 
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A Mechanism for the SN2 Reaction 

 

Reaction: 

HO− CH3Cl CH3OH Cl−+ +  
 

Mechanism: 
 

H O − OHOH
δ−

C Cl
HH

H

δ+ δ−
C

H
H

H

+

Transtion state

Cl −C Cl

HH

H
δ−

The negative hydroxide ion 
pushes a pair of electrons 
into the partially positive 

carbon from the back side.  
The chlorine begins to 

move away with the pair of 
electrons that have bonded 

it to the carbon.

In the transition state, a 
bond between oxygen and 
carbon is partially formed 

and the bond between 
carbon and chlorine is 
partially broken.  The 
configuration of the 

carbon begins to invert.

Now the bond 
between the oxygen 

and carbon has 
formed and the 

chloride has 
departed.  The 

configuration of the 
carbon has inverted.  

 

 

 

6.8 TRANSIITION STATE THEORY:  FREE-ENERGY DIAGRAMS 

1. Exergonic and endergonic: 

1) A reaction that proceeds with a negative free-energy change is exergonic. 

2) A reaction that proceeds with a positive free-energy change is endergonic. 
 

2. The reaction between CH3Cl and HO– in aqueous solution is highly exergonic. 

1) At 60 °C (333 K), ∆G° = –100 kJ mol–1 (–23.9 Kcal mol–1). 

2) The reaction is also exothermic, ∆H° = –75 kJ mol–1. 

 
HO−
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CH3Cl CH3OH Cl−+ +   ∆G° = –100 kJ mol–1

 



 

3. The equilibrium constant for the reaction is extremely large: 

∆G° = –2.303 RT log Keq ⇒ log Keq = 
RT

G
2.303

o∆−  

 

log Keq = 
RT

G
 2.303

o∆−  = 
 K 333x molkJ K0.00831x 2.303

)molkJ  100(
1-1-

-1−−  = 15.7 

 
Keq = 5.0 × 1015

 
R = 0.08206 L atm mol–1 K–1 = 8.3143 j mol–1 K–1

 
1) A reaction goes to completion with such a large equilibrium constant. 

2) The energy of the reaction goes downhill. 
 

4. If covalent bonds are broken in a reaction, the reactants must go up an energy 

hill first, before they can go downhill. 

1) A free-energy diagram: a plotting of the free energy of the reacting particles 

against the reaction coordinate. 

 

 
Figure 6.1 A free-energy diagram for a hypothetical SN2 reaction that takes place 

with a negative ∆G°. 
 

2) The reaction coordinate measures the progress of the reaction.  It represents the 
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changes in bond orders and bond distances that must take place as the reactants 

are converted to products. 
 

5. Free energy of activation, ∆G‡: 

1) The height of the energy barrier between the reactants and products is called 

the free energy of activation. 
 

6. Transition state: 

1) The top of the energy hill corresponds to the transition state. 

2) The difference in free energy between the reactants and the transition state is the 

free energy of activation, ∆G‡. 

3) The difference in free energy between the reactants and the products is the free 

energy change for the reaction, ∆G°. 
 

7. A free-energy diagram for an endergonic reaction:  

 

 
Figure 6.2 A free-energy diagram for a hypothetical reaction with a positive 

free-energy change. 
 

1) The energy of the reaction goes uphill. 

2) ∆G‡ will be larger than ∆G°. 
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8. Enthalpy of activation (∆H‡) and entropy of activation (∆S‡): 

∆G° = ∆H° – ∆S°  ⇒  ∆G‡ = ∆H‡ – ∆S‡

 
1) ∆H‡ is the difference in bond energies between the reactants and the transition 

state. 

i) It is the energy necessary to bring the reactants close together and to bring 

about the partial breaking of bonds that must happen in the transition state. 

ii) Some of this energy may be furnished by the bonds that are partially formed. 
 

2) ∆S‡ is the difference in entropy between the reactants and the transition state. 

i) Most reactions require the reactants to come together with a particular 

orientation. 

ii) This requirement for a particular orientation means that the transition state 

must be more ordered than the reactants and that ∆S‡ will be negative. 

iii) The more highly ordered the transition state,the more negative ∆S‡ will be. 

iv) A three-dimensional plot of free energy versus the reaction coordinate: 
 

 
Figure 6.3 Mountain pass or col analogy for the transition state. 
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v) The transition state resembles a mountain pass rather than the top of an energy 

hill. 

vi) The reactants and products appear to be separated by an energy barrier 

resembling a mountain range. 

vii) Transition state lies at the top of the route that requires the lowest energy 

climb.  Whether the pass is a wide or narrow one depends on ∆S‡. 

viii) A wide pass means that there is a relatively large number of orientations of 

reactants that allow a reaction to take place. 
 

9. Reaction rate versus temperature: 

1) Most chemical reactions occur much more rapidly at higher temperatures ⇒ For 

many reactions taking place near room temperature, a 10 °C increase in 

temperature will cause the reaction rate to double. 

i) This dramatic increase in reaction rate results from a large increase in the 

number of collisions between reactants that together have sufficient energy to 

surmont the barrier (∆G‡) at higher temperature. 
 

2) Maxwell-Boltzmann speed distribution: 

i) The average kinetic energy of gas particles depends on the absolute 

temperature. 

KEav = 3/2 kT 

k: Boltzmann’s constant = R/N0 = 1.38 × 10–23 J K–1

R = universal gas constant 

N0 = Avogadro’s number 
 

ii) In a sample of gas, there is a distribution of velocities, and hence there is a 

distribution of kinetic energies. 

iii) As the temperature is increased, the average velocity (and kinetic energy) of 

the collection of particles increases. 

iv) The kinetic energies of molecules at a given temperature are not all the same 

⇒ Maxwell-Boltzmann speed distribution: 



 

F(v) = 4π 2/3

B
)

π 2
(

Tk
m  v2  = 4π (m/2πkTkmve B

2  2/−
BT)3/2 v2 exp(–mv2/2kBT) 

k: Boltzmann’s constant = R/N0 = 1.38 × 10–23 J K–1

e is 2.718, the base of natural logarithms 

 

 
Figure 6.4 The distribution of energies at two temperatures, T1 and T2 (T1 > T2).  

The number of collisions with energies greater than the free energy of 
activation is indicated by the appropriately shaded area under each 
curve. 

 
3) Because of the way energies are distributed at different temperature, increasing 

the temperature by only a small amount causes a large increase in the number of 

collisions with larger energies. 
 

10. The relationship between the rate constant (k) and ∆G‡: 

k = k0  RTGe /‡∆−

1) k0 is the absolute rate constant, which equals the rate at which all transition states 

proceed to products.  At 25 °C, k0 = 6.2 × 1012 s–1. 

2) A reaction with a lower free energy of activation will occur very much faster 

than a reaction with a higher one. 
 

11. If a reaction has a ∆G‡ less than 84 kJ mol–1 (20 kcal mol–1), it will take place 

readily at room temperature or below.  If ∆G‡ is greater than 84 kJ mol–1, heating 
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will be required to cause the reaction to occur at a reasonable rate. 
 

12. A free-energy diagram for the reaction of methyl chloride with hydroxide ion: 

 

 
Figure 6.5 A free-energy diagram for the reaction of methyl chloride with 

hydroxide ion at 60 °C. 
 

1) At 60 °C, ∆G‡ = 103 kJ mol–1 (24.6 kcal mol–1) ⇒ the reaction reaches 

completion in a matter of a few hours at this temperature. 

 

 

6.9 THE STEREOCHEMISTRY OF SN2 REACTIONS 

1. In an SN2 reaction, the nucleophile attacks from the back side, that is, from the 

side directly opposite the leaving group. 

1) This attack causes a change in the configuration (inversion of configuration) 

of the carbon atom that is the target of nucleophilic attack. 

 

~ 18 ~ 



 

H O −

An inversion of configuration

OHOH
δ−

C Cl
HH

H

δ+ δ−
C

H
H

H
+ Cl −C Cl

HH

H

δ−

 
 

2. Inversion of configuration can be observed when hydroxide ion reacts with 

cis-1-chloro-3-methylcyclopentane in an SN2 reaction: 

 

OH−

An inversion of configuration

OH

Cl −+
SN2

+
HH3C

H

Cl

H

H3C

H

cis-1-Chloro-3-methylcyclopentane trans-3-methylcyclopentanol  
 

1) The transition state is likely to be: 

 
δ−

δ−

Leaving group departs 
from the top side.

Nucleophile attacks 
from the bottom side.

H
H3C

H

Cl

OH
 

 
3. Inversion of configuration can be also observed when the SN2 reaction takes 

place at a stereocenter (with complete inversion of stereochemistry at the chiral 

carbon center): 
 

 

C
BrH

C6H13

CH3  

C
HBr

C6H13

CH3  
 (R)-(–)-2-Bromooctane (S)-(+)-2-Bromooctane 
  = –34.25° [ ]25

Dα [ ]25
Dα  = +34.25° 
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C
OHH

C6H13

CH3  

C
H

C6H13

CH3

HO

 
 (R)-(–)-2-Octanol (S)-(+)-2-Octanol 
  = –9.90° [ ]25

Dα [ ]25
Dα  = +9.90° 

 
1) The (R)-(–)-2-bromooctane reacts with sodium hydroxide to afford only 

(S)-(+)-2-octanol. 
 

2) SN2 reactions always lead to inversion of configuration. 

 
The Stereochemistry of an SN2 Reaction 

 

SN2 Reaction takes place with complete inversion of configuration: 

HO − HO HO
δ−

An inversion of configuration

C Br

HC6H13

CH3
δ+ δ− δ−

C H
C6H13

CH3
Br−+C Br

H3C

C6H13
H

 
 

 (R)-(–)-2-Bromooctane (S)-(+)-2-Octanol 
  = –34.25° [ ]25

Dα [ ]25
Dα  = +9.90° 

 Enantiomeric purity = 100% Enantiomeric purity = 100% 
 

 

 

6.10 THE REACTION OF TERT-BUTYL CHLORIDE WITH  
 HYDROXIDE ION:  AN SN1 REACTION 

1. When tert-butyl chloride with sodium hydroxide in a mixture of water and acetone, 

the rate of formation of tert-butyl alcohol is dependent on the concentration of 

tert-butyl chloride, but is independent of the concentration of hydroxide ion. 



 

1) tert-Butyl chloride reacts by substitution at virtually the same rate in pure 

water (where the hydroxide ion is 10–7 M) as it does in 0.05 M aqueous sodium 

hydroxide (where the hydroxide ion concentration is 500,000 times larger). 

2) The rate equation for this substitution reaction is first order respect to 

tert-butyl chloride and first order overall. 

 

(CH3)3C + OH−
H2O + Cl−

acetone
Cl (CH3)3C OH

 
Rate ∝ [(CH3)3CCl]  ⇒  Rate = k [(CH3)3CCl] 

 
2. Hydroxide ions do not participate in the transition state of the step that controls 

the rate of the reaction. 

1) The reaction is unimolecular ⇒ SN1 reaction (Substitution, Nucleophilic, 

Unimolecular). 

 

6.10A MULTISTEP REACTIONS AND THE RATE-DETERMINING STEP 
1. The rate-determining step or the rate-limiting step of a multistep reaction: 

Step 1 Reactant 
slow

 Intermediate 1 ⇒  Rate = k1 [reactant] 

Step 2 Intermediate 1 
fast

 Intermediate 2 ⇒  Rate = k2 [intermediate 1] 

Step 3 Intermediate 2 
fast

 Product ⇒  Rate = k3 [intermediate 2] 

k1 << k2 or k3

1) The concentration of the intermediates are always very small because of the 

slowness of step 1, and steps 2 and 3 actuallu occur at the same rate as step 1. 

2) Step 1 is the rate-determining step. 
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6.11 A MECHANISM FOR THE SN1 REACTION 

 

A Mechanism for the SN1 Reaction 

 

Reaction: 
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(CH3)3CCl + 2 H2O OH(CH3)3C + Cl−acetone
+ H3O+

 
 

Mechanism: 

 Step 1 

C

CH3

CH3

CH3

slow
H2O C

CH3

H3C Cl  −

CH3

++

Aided by the polar solvent 
a chlorine departs with
the electron pair that
bonded it to the carbon.

Cl

This slow step produces the relatively stable
3  carbocation and a chloride ion.  Although
not shown here, the ions are slovated (and
stabilized) by water molecules.

o

 
 

 Step 2 

+ O H

H

O H
H

+fast
C

CH3

H3C

CH3

C
CH3

H3C
CH3

+

A water molecule acting as a Lewis
base donates an electron pair to the
carbocation (a Lewis acid).  This gives 
the cationic carbon eight electrons.

The product is a
tert-butyloxonium 
ion (or protonated
tert-butyl alcohol).  

 
 Step 3 

A water molecule acting as a
Bronsted base accepts a proton
from the tert-butyloxonium ion.

The products are tert-butyl
alcohol and a hydronium ion.

+ O H

H

O H +O H
H

+ O H

H

+ H
fast

C

CH3

H3C

CH3

C

CH3

H3C

CH3

/
 

 



 

 
1. The first step is highly endothermic and has high free energy of activation. 

1) It involves heterolytic cleavage of the C–Cl bond and there is no other bonds are 

formed in this step. 

2) The free energy of activation is about 630 kJ mol–1 (150.6 kcal mol–1) in the gas 

phase; the free energy of activation is much lower in aqueous solution –– about 

84 kJ mol–1 (20 kcal mol–1). 
 

2. A free-energy diagram for the SN1 reaction of tert-butyl chloride with water: 

 

 
Figure 6.7 A free-energy diagram for the SN1 reaction of tert-butyl chloride with 

water.  The free energy of activation for the first step, ∆G‡(1), is much 
larger than ∆G‡(2) or ∆G‡(3).  TS(1) represents transition state (1), 
and so on. 

 

3. The C–Cl bond of tert-butyl chloride is largely broken and ions are beginning to 

develop in the transition state of the rate-determining step: 

 

Cδ+
CH3

CH3

CH3 Clδ−
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6.12 CARBOCATIONS 

1. In 1962, George A. Olah (Nobel Laureate in chemistry in 1994; now at the 

University of Southern California) and co-workers published the first of a series 

of papers describing experiments in which alkyl cations were prepared in an 

environment in which they were reasonably stable and in which they could be 

observed by a number of spectroscopic techniques. 

 
6.12A THE STRUCTURE OF CARBOCATIONS 
1. The structure of carbocations is trigonal planar. 

 

 
Figure 6.8 (a) A stylized orbital structure of the methyl cation.  The bonds are 

sigma (σ) bonds formed by overlap of the carbon atom’s three sp2 
orbitals with 1s orbitals of the hydrogen atoms.  The p orbital is 
vacant.  (b) A dashed line-wedge representation of the tert-butyl 
cation.  The bonds between carbon atoms are formed by overlap of sp3 
orbitals of the methyl group with sp2 orbitals of the central carbon 
atom. 

 
 

6.12B THE RELATIVE STABILITIES OF CARBOCATIONS 
1. The order of stabilities of carbocations: 
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CR
R

R
+ CR

R

H
CR

H

H
CH

H

H
> > >

3o 2o 1o     Methyl

+ +

> > >
(least stable)(most stable)

+

 
 

1) A charged system is stabilized when the charge is dispersed or delocalized. 

2) Alkyl groups, when compared to hydrogen atoms, are electron releasing. 

 

 
Figure 6.9 How a methyl group helps stabilize the positive charge of a carbocation.  

Electron density from one of the carbon-hydrogen sigma bonds of the 
methyl group flows into the vacant p orbital of the carbocation because 
the orbitals can partly overlap.  Shifting electron density in this way 
makes the sp2-hybridized carbon of the carbocation somewhat less 
positive, and the hydrogens of the methyl group assume some of the 
positive charge.  Delocalization (dispersal) of the charge in this way 
leads to greater stability.  This interaction of a bond orbital with a p 
orbital is called hyperconjugation. 

 

2. The delocalization of charge and the order of stability of carbocations 

parallel the number of attached methyl groups. 

 

CH3C

CH3

CH3

is 
more 
stable
 than

CH3C

CH3

H

CH3C

H

H

CH

H

H

δ+ δ+ δ+ δ+
δ+

δ+δ+

δ+ δ+

δ+

is 
more 
stable 
than

is 
more 
stable 
than  

 tert-Butyl cation Isopropyl cation Ethyl cation Methyl cation 
 (3°) (most stable) (2°) (1°) (least stable) 
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3. The relative stabilities of carbocations is 3° > 2° > 1° > methyl. 



 

 
4. The electrostatic potential maps for carbocations: 

 

 
Figure 6.10 Electrostatic potential maps for (a) tert-butyl (3°), (b) isopropyl (2°), (c) 

ethyl (1°), and (d) methyl carbocations show the trend from greater to 
lesser delocalization (stabilization) of the positive charge.  (The 
structures are mapped on the same scale of electrostatic potential to 
allow direct comparison.) 

 

6.13 THE STEREOCHEMISTRY OF SN1 REACTIONS 
1. The carbocation has a trigonal planar structure ⇒ It may react with a 

nucleophile from either the front side or the back side: 
 

CH2OH2O
+

OH2
+

OH2

Same product

H3C CH3

CH3

C
CH3

CH3
CH3

C
H3C

H3C
H3C

back side
attack

front side
attack

+

 
 

1) With the tert-butyl cation it makes no difference. 

2) With some cations, different products arise from the two reaction possibilities. 

 
6.13A REACTIONS THAT INVOLVE RACEMIZATION 
1. Racemization: a reaction that transforms an optically active compound into a 

racemic form. 

~ 26 ~ 



 

1) Complete racemization and partial racemization: 

2) Racemization takes place whenever the reaction causes chiral molecules to 

be converted to an achiral intermediate. 
 

2. Heating optically active (S)-3-bromo-3-methylhexane with aqueous acetone 

results in the formation of racemic 3-methyl-3-hexanol. 
 

C O
H

O
H

H
H2O H3CH2CH2C

H3C
H3CH2C

C
CH2CH2CH3

CH3
CH2CH3

+C Br
H3CH2CH2C

H3C
H3CH2C

+ Bracetone
 

(S)-3-bromo-3-methylhexane (S)-3-methyl-3-hexanol (R)-3-methyl-3-hexanol 
 (optically active) (optically inactive, a racemic form) 

 

i) The SN1 reaction proceeds through the formation of an achiral trigonal planar 
carbocation intemediate. 

 
The stereochemistry of an SN1 Reaction 

 

C

H3C CH2CH3

CH2CH2CH3

C Br
H3CH2CH2C

H3C
H3CH2C

+
− Br−

slow
The carbocation has a trigonal 
planar structure and is achiral.

 
 

C

H3C CH2CH3

Pr-n
+

Front side and back aside 
attack take place at equal 
rates, and the product is 
formed as a racemic mixture.

H3O+O
H

H

O
H

O
H

O
H

H

+

+
H3O+

H
O

H
OH2

OH2

+C
H3CH2CH2C

H3C
H3CH2C

C
CH2CH2CH3

CH3
CH2CH3

C
H3CH2CH2C

H3C
H3CH2C

C
CH2CH2CH3

CH3
CH2CH3

fast fast

+

Enantiomers A racemic mixture

Front side 
attack

Back side 
attack

 
 

The SN1 reaction of (S)-3-bromo-3-methylhexane proceeds with racemization because the 
intermediate carbocation is achiral and attacked by the nucleophile can occur from either side. 

 

 
3. Few SN1 displacements occur with complete racemization.  Most give a minor 
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(0 ~ 20 %) amount of inversion. 

 

Cl
(CH2)3CH(CH3)2

C2H5H3C
HCl

H2O
+

C2H5OH

60% S
(inversion)

40% R
(retention)

(R)-6-Chloro-
2,6-dimethyloctane

+HO
(CH2)3CH(CH3)2

C2H5
CH3OH

(CH2)3CH(CH3)2

C2H5H3C

 
 

C Br
A

D
B

H2O
H2O

This side shielded
from attack

This side open to 
attack

Ion pair Free carbocation

+

RacemizationInversion

Br  −

Br  −C

BD

A

+ C

BD

A

+

C OH
A

D
B

CHO
A

D
B

CHO
A

D
B

H2O H2O

 
 

6.13B SOLVOLYSIS 
1. Solvolysis is a nucleophilic substitution in which the nucleophile is a molecule 

of the solvent (solvent + lysis: cleavage by the solvent). 

1) Hydrolysis:  when the solvent is water. 

2) Alcoholysis:  when the solvent is an alcohol (e.g. methanolysis). 

Examples of Solvolysis 

 
(H3C)3C Br + H2O OH H(H3C)3C + Br  

 
(H3C)3C Cl + CH3OH OCH3 H(H3C)3C + Cl  

 

(H3C)3C Cl + (H3C)3C OCH H

O

HCOH

O

+ Cl  
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2. Solvolysis involves the initial formation of a carbocation and the subsequent 

reaction of that cation with a molecule of the solvent: 
 

Step 1 

(H3C)3C Cl (CH3)3C+ Cl −+
slow

 
 

Step 2 

(CH3)3C+ + H O CH

O

O CH

O
+

fa +
H O CH

O

Hst
C(CH3)3 C(CH3)3

 
 

Step 3 

O CH

O

H
+
O CH

O

H OHC

OC(CH3)3

+ Cl

C(CH3)3

Cl − fast C(CH3)3  
 

 

6.14 FACTORS AFFECTING THE RATES OF SN1 AND SN2  
 REACTIONS 

1. Factors Influencing the rates of SN1 and SN2 reactions: 

1) The structure of the substrate. 

2) The concentration and reactivity of the nucleophile (for bimolecular 

reactions). 

3) The effect of the solvent. 

4) The nature of the leaving group. 

 
6.14A THE EFFECT OF THE STRUCTURE OF THE SUBSTRATE 
1. SN2 Reactions: 

1) Simple alkyl halides show the following general order of reactivity in SN2 

reactions: 

methyl  >  1°  >  2°  >>  3° (unreactive) 
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Table 6.4  Relative Rates of Reactions of Alkyl Halides in SN2 Reactions 

Substituent Compound Relative Rate 

Methyl CH3X 30 
1° CH3CH2X 1 
2° (CH3)2CHX 0.02 

Neopentyl (CH3)3CCH2X 0.00001 
3° (CH3)3CX ~0 

 
i) Neopentyl halids are primary halides but are very unreactive. 

 

CH3C CH2

CH3

CH3

X A neopentyl halide

 
 

2) Steric effect: 

i) A steric effect is an effect on relative rates caused by the space-filling 

properties of those parts of a molecule attached at or near the reacting site. 

ii) Steric hindrance: the spatial arrangement of the atoms or groups at or near the 

reacting site of a molecule hinders or retards a reaction. 

iii) Although most molecules are reasonably flexible, very large and bulky groups 

can often hinder the formation of the required transition state. 
 

3) An SN2 reaction requires an approach by the nucleophile to a distance within 

bonding range of the carbon atom bearing the leaving group. 

i) Substituents on or near the reacting carbon have a dramatic inhibiting effect. 

ii) Substituents cause the free energy of the required transition state to be 
increased and, consequently, they increase the free energy of activation for the 
reaction. 
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Figure 6.11 Steric effects in the SN2 reaction. 

 

      

 CH3–Br CH3CH2–Br (CH3)2CH–Br (CH3)3CCH2–Br (CH3)3C–Br 
 

2. SN1 Reactions: 

1) The primary factor that determines the reactivity of organic substrates in 

an SN1 reaction is the relative stability of the carbocation that is formed. 

 

Table 6A  Relative rates of reaction of some alkyl halides with water: 

Alkyl halide Type Product Relative rate of reaction 

CH3Br Methyl CH3OH 1.0 
CH3CH2Br 1° CH3CH2OH 1.0 
(CH3)2CHBr 2° (CH3)2CHOH 12 
(CH3)3CBr 3° (CH3)3COH 1,200,000 

 

2) Organic compounds that are capable of forming relatively stable carbocation 

can undergo SN1 reaction at a reasonable rate. 

i) Only tertiary halides react by an SN1 mechanism for simple alkyl halides. 
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ii) Allylic halides and benzylic halides: A primary allylic or benzylic carbocation 

is approximately as stable as a secondary alkyl carbocation (2° allylic or 

benzylic carbocation is about as stable as a 3° alkyl carbocation). 

iii) The stability of allylic and benzylic carbocations: delocalization. 
 

H2C CH CH2
+

Allyl carbocation

H
C

C
C

H

H

H H

H
C

C
C

H

H

H H

+ +

C C C
C+ +C

C

 
 

CH2
+

Benzyl
carbocation

C C C C
+

+

+

+

+

+

HH HH HH HH

H
H

H
H

 
 

Table 10B  Relative rates of reaction of some alkyl tosylates with ethanol at 25 °C 

Alkyl tosylate Product Relative rate 

CH3CH2OTos CH3CH2OCH2CH3 1 
(CH3)2CHOTos (CH3)2CHOCH2CH3 3 

H2C=CHCH2OTos H2C=CHCH2OCH2CH3 35 
C6H5CH2OTos C6H5CH2OCH2CH3 400 

(C6H5)2CHOTos (C6H5)2CHOCH2CH3 105

(C6H5)3COTos (C6H5)3COCH2CH3 1010
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4) The stability order of carbocations is exactly the order of SN1 reactivity for alkyl 

halides and tosylates. 
 

5) The order of stability of carbocations: 

 3° > 2° ≈ Allyl ≈ Benzyl >> 1° > Methyl 

 R3C+ > R2CH+ ≈ H2C=CH–CH2
+ ≈ C6H5–CH2 >> RCH2

+ > CH3
+

 
6) Formation of a relatively stable carbocation is important in an SN1 reaction  

⇒  low free energy of activation (∆G‡) for the slow step of the reaction. 

i) The ∆G° for the first step is positive (uphill in terms of free energy) ⇒ the 

first step is endothermic (∆H° is positive; uphill in terms of enthalpy). 
 

7) The Hammond-Leffler postulate: 

i) The structure of a transition state resembles the stable species that is nearest 

it in free energy ⇒ Any factor that stabilize a high-energy intermediate should 

also stabilize the transition state leading to that intermediate. 

ii) The transition state of a highly endergonic step lies close to the products in 

free energy ⇒ it resembles the products of that step in structure. 

iii) The transition state of a highly exergonic step lies close to the reactants in free 

energy ⇒ it resembles the reactants of that step in structure. 

 



 

 
Figure 6.12 Energy diagrams for highly exergonic and highly endergonic steps of 

reactions. 
 

7) The transition state of the first step in an SN1 reaction resembles to the product 

of that step: 

Step 1

 

CH3C

CH3

Cl

CH3

H2O CH3C

CH3

Cl

CH3

δ+ δ−

H2O CH3C

CH3

CH3

+ Cl−+

 
 Reactant Transition state Product of step 
  Resembles product of step stabilized by three electron- 
  Because ∆G° is positive releasing groups 

 
i) Any factor that stabilizes the carbocation ––– such as delocalization of the 

positive charge by electron-releasing groups ––– should also stabilize the 

transition state in which the positive charge is developing. 
 

8) The activation energy for an SN1 reaction of a simple methyl, primary, or 

secondary halide is so large that, for all practical purposes, an SN1 reaction does 

not compete with the corresponding SN2 reaction. 
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6.14B THE EFFECT OF THE CONCENTRATION AND STRENGTH OF THE  
 NUCLEOPHILE 
1. Neither the concentration nor the structure of the nucleophile affects the rates of 

SN1 reactions since the nucleophile does not participate in the rate-determining 

step. 
 

2. The rates of SN2 reactions depend on both the concentration and the structure of 

the nucleophile. 
 

3. Nucleophilicity:  the ability for a species for a C atom in the SN2 reaction. 

1) It depends on the nature of the substrate and the identity of the solvent. 

2) Relative nucleophilicity (on a single substrate in a single solvent system): 

3) Methoxide ion is a good nucleophile (reacts rapidly with a given substrate): 
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CH3O− CH3OCHCH3I 3 I−+ +rapid
 

 
4) Methanol is a poor nucleophile (reacts slowly with the same substrate under the 

same reaction conditions): 

 

CH3OH CH3OCHCH3I 3 I−+ +very slow

H

+

 
 

5) The SN2 reactions of bromomethane with nucleophiles in aqueous ethanol: 

 
Nu− CH3Br 3 Br−+ +NuCH  

 
Nu = HS– CN– I– CH3O– HO– Cl– NH3 H2O 

Relative 
reactivity 125,000 125,000 100,000 25,000 16,000 1,000 700 1 

 

4. Trends in nucleophilicity: 

1) Nucleophiles that have the same attacking atom: nucleophilicity roughly 

parallels basicity. 
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i) A negatively charged nucleophile is always a more reactive nucleophile than its 

conjugate acid ⇒ HO– is a better nucleophile than H2O; RO– is a better 

nucleophile than ROH. 

ii) In a group of nucleophiles in which the nucleophilic atom is the same, 

nucleophilicities parallel basicities: 
 

RO–  >  HO–  >>  RCO2
–  >  ROH  >  H2O 

 
2) Correlation between electrophilicity-nucleophilicity and Lewis acidity-basicity: 

i) “Nucleophilicity” measures the affinity (or how rapidly) of a Lewis base for a 

carbon atom in the SN2 reaction (relative rates of the reaction). 

ii) “Basicity”, as expressed by pKa, measures the affinity of a base for a proton (or 

the position of an acid-base equilibrium). 
 

Correlation between Basicity and Nucleophilicity 

Nucleophile CH3O– HO– CH3CO2
– H2O 

Rates of SN2 reaction with CH3Br 25 16 0.3 0.001 

pKa of conjugate acid 15.5 15.7 4.7 –1.7 
 

iii) A HO– (pKa of H2O is 15.7) is a stronger base than a CN– (pKa of HCN is ~10) 

but CN– is a stronger nucleophile than HO–. 

 
3) Nucleophilicity usually increases in going down a column of the periodic table. 

i) HS– is more nucleophilic than HO–. 

ii) The halide reactivity order is:  I– > Br– > Cl–

iii) Larger atoms are more polarizable (their electrons are more easily distorted) 

⇒ a larger nucleophilic atom can donate a greater degree of electron density to 

the substrate than a smaller nucleophile whose electrons are more tightly held. 

 
6.14C SOLVENT EFFECTS ON SN2 REACTIONS:  
 PROTIC AND APROTIC SOLVENTS 

1. Protic Solvents:  hydroxylic solvents such as alcohols and water 



 

1) The solvent molecule has a hydrogen atom attached to an atom of a strongly 

electronegative element. 

2) In protic solvents, the nucleophile with larger nucleophilic atom is better. 

i) Thiols (R–SH) are stronger nucleophiles than alcohols (R–OH); RS– ions are 

more nucleophilic than RO– ions. 

ii) The order of reactivity of halide ions:  I– > Br– > Cl– > F–

 

3) Molecules of protic solvents form hydrogen bonds nucleophiles: 

 

Molecules of the protic
solvent, water, solvate
a halide ion by forming
hydrogen bonds to it.

H

X HH

H

O

O
O

O
H

H
H

H

−

 
 

i) A small nucleophile, such fluoride ion, because its charge is more concentrated, 

is strongly solvated than a larger one. 
 

4) Relative Nucleophilicity in Protic Solvents: 
 

SH– > CN– > I– > HO– > N3
– > Br– CH3CO2

– > Cl–> F– > H2O 

 

2. Polar Aprotic Solvent: 

1) Aprotic solvents are those solvents whose molecules do not have a hydrogen 

atom attached to an atom of a strongly electronegative element. 

i) Most aprotic solvents (benzene, the alkanes, etc.) are relatively nonpolar, and 

they do not dissolve most ionic compounds. 

ii) Polar aprotic solvents are especially useful in SN2 reactions: 

 

 

C

O

H N
CH3

CH3 
S

O

H3C C 3H
 

CH3C

O

N
CH3

CH3 

P

O

(H3C)2N N(CH3)2

N(CH3)2  
N,N-Dimethylformamide Dimethyl sulfoxide Dimethylacetamide Hexamethylphosphoramide 
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 (DMF) (DMSO) (DMA) (HMPA) 

 
1) Polar aprotic solvents dissolve ionic compounds, and they solvate cations very 

well. 

 

Na

OH2
OH2H2O

H2O
OH2

OH2

+

 

Na

O
OO

O
O

O

+
S(CH3)2

S(CH3)2(H3C)2S

(H3C)2S

S

S

H3C CH3

H3C CH3

 
 A sodium ion solvated by molecules A sodium ion solvated by molecules 
 of the protic solvent water of the aprotic solvent dimethyl sulfoxide 

 
2) Polar aprotic solvents do not solvate anions to any appreciable extent 

because they cannot form hydrogen bonds and because their positive centers 

are well shielded from any interaction with anions. 

i) “Naked” anions are highly reactive both as bases and nucleophiles. 

ii) The relative order of reactivity of halide ions is the same as their relative 

basicity in DMSO: 

F–> Cl– > Br– > I–  

iii) The relative order of reactivity of halide ions in alcohols or water: 

I– > Br– > Cl– > F–

 

3) The rates of SN2 reactions generally are vastly increased when they are 

carried out in polar aprotic solvents. 

 
4) Solvent effects on the SN2 reaction of azide ion with 1-bromobutane: 
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N3
− N3CH3CH2CH2CH2Br CH3CH2CH2CH2 Br−+ +Solvent

 
 

Solvent HMPA CH3CN DMF DMSO H2O CH3OH 



 

Relative reactivity 200,000 5,000 2,800 1,300 6.6 1 
 

 

6.14D SOLVENT EFFECTS ON SN1 REACTIONS:  
 THE IONIZING ABILITY OF THE SOLVENTS 

1. Polar protic solvent will greatly increase the rate of ionization of an alkyl halide 

in any SN1 reaction. 

1) Polar protic solvents solvate cations and anions effecttively. 

2) Solvation stabilizes the transition state leading to the intermediate carbocation 

and halide ion more it does the reactants ⇒ the free energy of activation is 

lower. 

3) The transition state for the ionization of organohalide resembles the product 

carbocation. 

(H3C)3C Cl (H3C)3C Cl
δ+ δ−

Cl−(CH3)3C+ +
 

 Reactant Transition state Products 
  Separated charges are developing 

 
2. Dielectric constant: a measure of a solvent’s ability to insulate opposite charges 

from each other. 
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Table 6.5  Dielectric Constants of Some Common Solvents 

Name Structure Dielectric constant, ε 

APROTIC (NONHYDROXYLIC) SOLVENTS 
Hexane CH3CH2CH2CH2CH2CH3 1.9 
Benzene C6H6 2.3 

Diethyl ether CH3CH2–O–CH2CH3 4.3 
Chloroform CHCl3 4.8 
Ethyl acetate CH3C(O)OC2H5 6.0 

Acetone (CH3)2CO 20.7 
Hexamethylphosphoramide 

(HMPA) [(CH3)2N]3PO 30 

Acetonitrile CH3CN 36 
Dimethylformamide (DMF) (CH3)2NCHO 38 
Dimethyl sulfoxide (DMSO) (CH3)2SO 48 

PROTIC (HYDROXYLIC) SOLVENTS 
Acetic acid CH3C(O)OH 6.2 

tert-Butyl alcohol (CH3)3COH 10.9 
Ethanol CH3CH2OH 24.3 

Methanol CH3OH 33.6 
Formic acid HC(O)OH 58.0 

Water H2O 80.4 
 

1) Water is the most effective solvent for promoting ionization, but most organic 

compounds do not dissolve appreciably in water. 

2) Methanol-water and ethanol-water are commonmixed solvents for nucleophilic 

substitution reactions. 

 



 

Table 6C  Relative rates for the reaction of 2-chloro-2-methylpropane with 
different solvents 

 

Solvent Relative rate 

Ethanol 1 
Acetic acid 2 
Aqueous ethanol (40%) 100 
Aqueous ethanol (80%) 14,000 
Water 105 

 
 

6.14E THE NATURE OF THE LEAVING GROUP 
1. Good Leaving Group: 

1) The best leaving groups are those that become the most stable ions after they 

depart. 

2) Most leaving groups leave as a negative ion ⇒ the best leaving groups are those 

ions that stabilize a negative charge most effectively ⇒ the best leaving groups 

are weak bases. 

 
2. The leaving group begins to acquire a negative charge as the transition state is 

reached in either an SN1 or SN2 reaction. 
 

SN1 Reaction (rate-limiting step) 
 

C X C X
δ+ δ−

C+ X−+
 

 Transition state 
 

SN2 Reaction 
 

C X C X
δ−

Nu − Nu
δ−

Nu C X−+

 
 Transition state 
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1) Stabilization of the developing negative charge at the leaving group stabilizes 



 

the transition state (lowers its free energy) ⇒ lowers the free energy of 

activation ⇒ increases the rate of the reaction. 
 

3. Relative reactivity of some leaving groups: 

 
Leaving group TosO– I– Br– Cl– F– HO–, H2N–, RO–

Relative reactivity 60,000 30,000 10,000 200 1 ~0 
 

4. Other good leaving groups: 
 

 

S−O

O

O

R

 

S−O

O

O

O R

 

S−O

O

O

CH3

 
 An alkanesulfonate ion An alkyl sulfate ion p-Toluenesulfonate ion 

 
1) These anions are all the conjugate bases of very strong acids. 

2) The trifluoromethanesulfonate ion (CF3SO3
–, triflate ion) is one of the best 

leaving group known to chemists. 

i) It is the anion of CF3SO3H, an exceedingly strong acid –– one that is much 

stronger than sulfuric acid. 

 
CF3SO3

–, triflate ion 
(a “super” leaving group) 

 

5. Strongly basic ions rarely act as leaving groups. 

 

X− XR OH R OH−+  
This reaction doesn't take place because the 

leaving group is a strongly basic hydroxide ion. 
 

1) Very powerful bases such as hydride ions (H:–) and alkanide ions (R:–) virtually 

never act as leaving groups. 
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Nu − Nu

Nu − Nu

CH3CH2 H+ CH3CH2 H −+

H3C CH3+ H3C CH3 −+

These are not 
leaving groups

 
 

6. Protonation of an alcohol with a strong acid turns its poor OH– leaving group 

(strongly basic) into a good leaving group (neutral water molecule). 
 

X− XR OH

H

+
R H2O+

This reaction take place cause 
the leaving group is a weak base. 

 

6.14F SUMMARY: SN1 VERSUS SN2 
 

1. Reactions of alkyl halides by an SN1 mechanism are favored by the use of: 

1) substrates that can form relatively stable carbocations. 

2) weak nucleophiles. 

3) highly ionizing solvent. 

 
2. Reactions of alkyl halides by an SN2 mechanism are favored by the use of: 

1) relatively unhindered alkyl halides. 

2) strong nucleophiles. 

3) polar aprotic solvents. 

4) high concentration of nucleophiles. 

 
3. The effect of the leaving group is the same in both SN1 and SN2: 

 
R–I  >  R–Br  >  R–Cl    SN1 or SN2 
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Table 6.6  Factors Favoring SN1 versus SN2 Reactions 

Factor SN1 SN2 

Substrate 3° (requires formation of a relatively 
stable carbocation) 

Methyl > 1° > 2° (requires unhindered 
substrate) 

Nucleophile 
Weak Lewis base, neutral molecule, 
nucleophile may be the solvent 
(solvolysis) 

Strong Lewis base, rate favored by 
high concentration of nucleophile 

Solvent Polar protic (e.g. alcohols, water) Polar aprotic (e.g. DMF, DMSO) 

Leaving group I > Br > Cl > F for both SN1 and SN2 
(the weaker the base after departs, the better the leaving group) 

 

 

6.15 ORGANIC SYNTHESIS:  FUNCTIONAL GROUP  
 TRANSFORMATIONS USING SN2 REACTIONS 

1. Functional group transformation (interconversion): (Figure 6.13) 

 
2. Alkyl chlorides and bromides are easily converted to alkyl iodide by SN2 reaction 

 

R X

R OH

OR'

SH

SR'

C

C

OCR'

NR'3X−

N3

N

C R'
O

OH−

SH−

CN−

R' C C−

R'CO−
O

NR'3

N3
−

Al

R'O−

R'S−

R

R

R

R

R

R

R

R

− X−

(R=Me, 1o, or 2o)
(X=Cl, Br, or I)

Alcohol

Ether

Thiol

Thioether

Nitrile

kyne

Ester

Quaternary ammonium halide

Alkyl azide  
Figure 6.13 Functional group interconversions of methyl, primary, and secondary 

alkyl halides using SN2 reactions. 
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R Br

R Cl
R II (+ Cl− or Br−)

−

 
 

3. Inversion of configuration in SN2 reactions: 
 

N C − N C C+ BrC
CH3

H
CH2CH3

(R)-2-Bromobutane

SN2

(inversion)

CH3

H
CH2CH3

+ Br−

(S)-2-Methylbutanenitrile  
 

6.15A THE UNREACTIVITY OF VINYLIC AND PHENYL HALIDES 
1. Vinylic halides and phenyl halides are generally unreactive in SN1 or SN1 

reactions. 

1) Vinylic and phenyl cations are highly unstable and do not form readily. 

2) The C–X bond of a vinylic or phenyl halide is stronger than that of an alkyl 

halide and the electrons of the double bond or benzene ring repel the approach of 

a nucleophile from the back side. 
 

 

C C
X  

X
 

 A vinylic halide Phenyl halide 

 
The Chemistry of.… 
 

Biological Methylation:  A Biological Nucleophilic Substitution Reaction 
 

−O2CCHCH2CH2SCH3

NH3
+

Methionine

Nicotine

N+
CH3

H3C CH2CH2OH
CH3

Adrenaline Choline

HO

HO

CHCH2NHCH3

OH

N

CH3N
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H
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+
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+
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+

+
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6.16 ELIMINATION REACTIONS OF ALKYL HALIDES 

C C

ZY

elimination
(−YZ) C C

 
 

 
6.16A DEHYDROHALOGENATION 
1. Heating an alkyl halide with a strong base causes elimination to happen: 

 

CH3CHCH3

Br

+ NaBr
C2H5ONa

C2H5OH, 55oC
H2C CH CH3

(79%)
C2H5OH+

 
 

C

CH3

H3C Br

CH3

C CH2

CH3

H3C + NaBr C2H5OH+
(91%)

C2H5ONa
C2H5OH, 55oC

 
 

2. Dehydrohalogenation: 

 

β α
+ B− X−BH+ +

Base

Dehydrohalogenation
C

H

C

X

C C
(−HX)

 
X = Cl, Br, I 

1) alpha (α) carbon atom: 

2) beta (β) hydrogen atom: 

3) β-elimination (1,2-elimination): 

 

6.16B BASES USED IN DEHYDROHALOGENATION 
1. Potassium hydroxide dissolved in ethanol and the sodium salts of alcohols (such 

as sodium ethoxide) are often used as the base for dehydrohalogenation. 

1) The sodium salt of an alcohol (a sodium alkoxide) can be prepared by treating an 

alcohol with sodium metal: 
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R O + R O− NaH 2 Na2 2 + + H2

Alcohol sodium alkoxide  
 

i) This is an oxidation-reduction reaction. 

ii) Na is a very powerful reducing agent. 

iii) Na reacts vigorously (at times explosively) with water: 

 
H O + H O− NaH 2 Na2 2 + + H2

 sodium hydroxide  
 

2) Sodium alkoxides can also be prepared by reacting an alcohol with sodium 

hydride (H:–): 

 
R O R O− Na H:H−+ + + HNa+H

 
 

2. Sodium (and potassium) alkoxides are usually prepared by using excess of alcohol, 

and the excess alcohol becomes the solvent for the reaction. 

 
1) Sodium ethoxide: 

CH3CH2 O CH3CH2 O−H 2 Na+2 2 Na+ + H2

Ethanol  sodium ethoxide
(excess)  

 

2) Potassium tert-butoxide: 
 

H3CC O

CH3

CH3

H3CC O −

CH3

CH3

H 2 K+ K+ + H2

Potassium tert-butoxidetert-Butyl alcohol
(excess)  

 

6.16C MECHANISMS OF DEHYDROHALOGENATIONS 
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1. E2 reaction 

2. E1 reaction 

 
 

6.17 THE E2 REACTION 

1. Rate equation 

Rate = k [CH3CHBrCH3] [C2H5O–] 
 

A Mechanism for the E2 Reaction 
 

Reaction: 
 

C2H5O–  +  CH3CHBrCH3    CH2=CHCH3  +  C2H5OH  +  Br–

 
Mechanism: 

 

CH3CH2 O−
CH3CH2 O

δ−

CH3CH2 O

C C
H

Br

CH3
H

HH αβ
C C

H

Br

CH3
H

HH αβ δ−

Transition state

++

The basic ethoxide ion begins to remove 
a proton from the β-carbon using its 

electron pair to form a bond to it.  At the 
same tim, the electron pair of the β 

C−H bond begins to move in to become 
the π bond of a double bond, and the 

bromide begins to depart with the 
electrons that bonded it to the α carbon.

Partial bonds now exist between the 
oxygen and the β hydrogen and 

between the α carbonand the 
bromine.  The carbon-carbon bond is

developing double bond character.

C C
H

CH3

H

H
+ H + Br −

Now the double bond of the alkene is fully formed 
and the alkene has a trigonal plannar geometry at 

each carbon atom.  The other products are a 
molecule of ethanol and a bromide ion.  
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6.18 THE E1 REACTION 

1. Treating tert-butyl chloride with 80% aqueous ethanol at 25°C gives substitution 

products in 83% yield and an elimination product in 17% yield. 

 

H3CC Cl

CH3

CH3

80% C2H5OH
20% H2O

25 oC

H3CC OH OCH2CH3

CH3

CH3

+ H3CC

CH3

CH3
tert-Butyl alcohol tert-Butyl ethyl ether

C
CH3

CH3

H2C

(83%)

2-Methylpropene (17%)

 
 

1) The initial step for reactions is the formation of a tert-butyl cation. 

 

+ Cl −H3CC Cl −
CH3

CH3

H3CC
CH3

CH3
(solvated) (solvated)

+slow

 
 

2) Whether substitution or elimination takes place depends on the next step (the fast 

step). 

i) The SN1 reaction: 

 

H3CC
CH3

CH3

SolHO O
Sol

H
O Sol

H O Sol

H O Sol

H
+

(Sol = H− or CH3CH2−)

+fast H3CC

CH3

CH3

H3CC

CH3

CH3

++ SN1
reaction

 
 

ii) The E1 reaction: 
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Sol O

H

Sol O

H

+H CH2 C+

CH3

CH3

fast H + C
CH3

CH3

H2C

2-Methylpropene

E1 reaction

 
 

iii) The E1 reaction almost always accompany SN1 reactions. 

 

A Mechanism for the E1 Reaction 

 

Reaction: 
 

(CH3)3CBr  +  H2O    CH2=C(CH3)3  +  H2O+  +  Cl–

 
 

Mechanism: 

 Step 1 

CH3C

CH3

CH3

Cl C+H3C
CH3

CH3

Cl −+
slow
H2O

This slow step produces the relatively 
stable 3o carbocatoin and a chloride ion.
The ions are solvated(and stabilized) by

surrounding water molecules.

Aided by the polar solvent 
a chlorine departs with 
the electron pair that 

bonded it to the carbon.
 

 
 Step 2 

H O

H

H O

H

++ CH

H

H

C
CH3

CH3

β α
+ H + C C

CH3

CH3

H

H

This step produces the
alkene and a hydronium ion

A molecule of water removes one 
of the hydrogens from the β carbon 

of the carbocation.  An electron 
pair moves in to form a double bond 
between the α and β carbon atoms.  
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6.19 SUBSTITUTION VERSUS ELIMINATION 

1. Because the reactive part of a nucleophile or a base is an unshared electron pair, 

all nucleophiles are potential bases and all bases are potential nucleophiles. 

2. Nucleophileic substitution reactions and elimination reactions often compete with 

each other. 

 

6.19A SN2 VERSUS E2 
1. Since eliminations occur best by an E2 path when carried out with a high 

concentration of a strong base (and thus a high concentration of a strong 

nucleophile), substitution reactions by an SN2 path often compete with the 

elimination reaction. 

1) When the nucleophile (base) attacks a β carbon atom, elimination occurs. 

2) When the nucleophile (base) attacks the carbon atom bearing the leaving group, 

substitution results. 

H C

C X
Nu −

(b) (b)
substitution

SN2
Nu

(a)

(a)
elimination

E2

C

C

CH

C
X −+

 
 

 
2. Primary halides and ethoxide:  substitution is favored 

 
CH3CH2O−Na CH3CH2OCH+ + CH3CH2Br C2H5OH

55oC
(−NaBr)

2CH3 + H2C CH2

 
 

3. Secondary halides:  elimination is favored 
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CH3CHCH3

Br

C2H5Ο−Na

O C2H5

+ + C2H5OH
55oC

(−NaBr)

CH3CHCH3 H2C CHCH3+

SN2 (21%) E2 (79%)  
 

4. Tertiary halides:  no SN2 reaction, elimination reaction is highly favored 

 

CH3CCH3

Br

C2H5Ο−Na

O C2H5

+ +
C2H5OH

25oC
(−NaBr)

H2C CHCH3+
CH3

SN2 (9%) E2 (91%)

CH3CCH3

CH3

 
 

H2C CCH3

CH3

+ C2H5OHC2H5Ο−Na

E2 + E1
(100%)

C2H5OH
55oC

(−NaBr)
CH3CCH3

Br

+ +

CH3

 
 

1) Elimination is favored when the reaction is carried out at higher temperature. 

i) Eliminations have higher free energies of activation than substitutions because 

eliminations have a greater change in bonding (more bonds are broken and 

formed). 

ii) Eliminations have higher entropies than substitutions because eliminations 

have a greater number of products formed than that of starting compounds). 
 

2) Any substitution that occurs must take place through an SN1 mechanism. 

 

6.19B TERTIARY HALIDES: SN1 VERSUS E1 
1. E1 reactions are favored: 

1) with substrates that can form stable carbocations. 

2) by the use of poor nucleophiles (weak bases). 

3) by the use of polar solvents (high dielectric constant). 
 

2. It is usually difficult to influence the relative position between SN1 and E1 

products. 
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3. SN1 reaction is favored over E1 reaction in most unimolecular reactions. 

1) In general, substitution reactions of tertiary halides do not find wide use as 

synthetic methods. 

2) Increasing the temperature of the reaction favors reaction by the E1 mechanism 

at the expense of the SN1 mechanism. 

3) If elimination product is desired, it is more convenient to add a strong base 

and force an E2 reaction to take place. 

 

 

6.20 OVERALL SUMMARY 

Table 6.7  Overall Summary of SN1, SN2, E1 and E2 Reactions 

CH3X 

Methyl 

RCH2X 

1° 

RR’CHX 

2° 
RR’R”CX 

3° 

 Bimolecular reactions only SN1/E1 or E2 

Gives SN2 
reactions 

Gives mainly SN2 
except with a 
hindered strong 
base [e.g., 
(CH3)3CO–] and 
then gives mainly 
E2 

Gives mainly SN2 
with weak bases 
(e.g., I–, CN–, 
RCO2

–) and mainly 
E2 with strong 
bases (e.g., RO–) 

No SN2 reaction.  
In solvolysis gives 
SN1/E1, and at 
lower temperatures 
SN1 is favored.  
When a strong base 
(e.g., RO–) is used 
E2 predominates 
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Table 6D  Reactivity of alkyl halides toward substitution and elimination 

Halide type SN1 SN2 E1 E2 

Primary halide Does not occur Highly favored Does not occur 
Occurs when 
strong, hindered 
bases are used 

Secondary halide 

Can occur under 
solvolysis 
conditions in polar 
solvents 

Favored by good 
nucleophiles in 
polar aprotic 
solvents 

Can occur under 
solvolysis 
conditions in polar 
solvents 

Favored when 
strong bases 
are used 

Tertiary halide 

Favored by 
nonbasic 
nucleophiles in 
polar solvents 

Does not occur 
Occurs under 
solvolysis 
conditions 

Highly favored 
when bases are 
used 

 

Table 6E  Effects of reaction variables on substitution and elimination reactions 

Reaction Solvent Nucleophile/base Leaving group Substrate 
structure 

SN1 

Very strong 
effect; reaction 
favored by polar 
solvents 

Weak effect; reaction 
favored by good 
nucleophile/weak 
base 

Strong effect; 
reaction favored by 
good leaving group 

Strong effect; 
reaction favored by 
3°, allylic, and 
benzylic substrates 

SN2 

Strong effect; 
reaction favored 
by polar aprotic 
solvents 

Strong effect; 
reaction favored by 
good nucleophile/ 
weak base 

Strong effect; 
reaction favored by 
good leaving group 

Strong effect; 
reaction favored by 
1°, allylic, and 
benzylic substrates 

E1 

Very strong 
effect; reaction 
favored by polar 
solvents 

Weak effect; reaction 
favored by weak base 

Strong effect; 
reaction favored by 
good leaving group 

Strong effect; 
reaction favored by 
3°, allylic, and 
benzylic substrates 

E2 

Strong effect; 
reaction favored 
by polar aprotic 
solvents 

Strong effect; 
reaction favored by 
poor nucleophile/ 
strong base 

Strong effect; 
reaction favored by 
good leaving group 

Strong effect; 
reaction favored by 3° 
substrates 
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