
Section L – Alkyl halides

L2 NUCLEOPHILIC SUBSTITUTION

Definition The presence of a strongly electrophilic carbon center makes alkyl halides
susceptible to nucleophilic attack whereby a nucleophile displaces the halogen as
a nucleophilic halide ion (Fig. 1). The reaction is known as nucleophilic
substitution and there are two types of mechanism – the SN1 and SN2 mechanisms.
Carboxylic acids and carboxylic acid derivatives also undergo nucleophilic
substitutions (Topic K2), but the mechanisms are entirely different.

Key Notes

Nucleophilic substitution of an alkyl halide involves the substitution of the
halogen atom with a different nucleophile. The halogen is lost as a halide
ion. There are two types of mechanism for alkyl halides – SN1 and SN2.

The SN2 mechanism is a concerted process where the incoming nucleophile
forms a bond to the reaction center at the same time as the C–X bond is
broken. The transition state involves the incoming nucleophile approaching
from one side of the molecule and the outgoing halide departing from the
other side. As a result, the reaction center is inverted during the process.
The reaction is second order since the rate is dependent both on the alkyl
halide and the incoming nucleophile. Primary and secondary alkyl halides
can undergo the SN2 mechanism, but tertiary alkyl halides react only very
slowly.

The SN1 mechanism is a two-stage mechanism where the first stage is the
rate determining step. In the first stage, the C–X bond is broken and the
halogen is lost as a halide ion. The remaining alkyl portion becomes a pla-
nar carbocation. Since the first stage is the rate-determining step, the rate is
dependent on the concentration of the alkyl halide alone. In the second
stage of the mechanism, the incoming nucleophile can bond to either side of
the carbocation to regenerate an sp3 hybridized, tetrahedral center. The reac-
tion is not stereospecific. Asymmetric alkyl halides will be fully or partially
racemized during the reaction.

Related topics sp2 Hybridization (A4)
Configurational isomers – optical

isomers (D3)
Charged species (E2)

Organic structures (E4)
Nucleophilic substitution (K2)
Elimination versus substitution (L5)
Reactions of alcohols (M4)

SN2 Mechanism

Definition

SN1 Mechanism
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Fig. 1. Nucleophilic substitution.
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SN2 Mechanism The reaction between methyl iodide and a hydroxide ion is an example of the SN2
mechanism (Fig. 2). The hydroxide ion is a nucleophile and uses one of its lone
pair of electrons to form a new bond to the electrophilic carbon of the alkyl halide.
At the same time, the C–I bond breaks. Both electrons in that bond move onto the
iodine to give it a fourth lone pair of electrons and a negative charge. Since iodine
is electronegative, it can stabilize this charge, so the overall process is favored.

In the transition state for this process (Fig. 3), the new bond from the incoming
nucleophile is partially formed and the C–X bond is partially broken. The reaction
center itself (CH3) is planar. This transition state helps to explain several other fea-
tures of the SN2 mechanism. First of all, both the alkyl halide and the nucleophile
are required to form the transition state which means that the reaction rate is
dependent on both components. Secondly, it can be seen that the hydroxide ion
approaches iodomethane from one side while the iodide leaves from the opposite
side. The hydroxide and the iodide ions are negatively charged and will repel each
other, so it makes sense that they are as far apart as possible in the transition state.
In addition, the hydroxide ion has to gain access to the reaction center – the elec-
trophilic carbon. There is more room to attack from the ‘rear’ since the large iodine
atom blocks approach from the other side. Lastly from an orbital point of view, it
is proposed that the orbital from the incoming nucleophile starts to overlap with
the empty antibonding orbital of the C–X bond (Fig. 4). As this interaction
increases, the bonding interaction between the carbon and the halogen decreases
until a transition state is reached where the incoming and outgoing nucleophiles

I C

H

H

H

O H

H

C O

H

H
H

I +

Fig. 2. SN2 Mechanism for nucleophilic substitution.

I C

H

H

H

O H

Fig. 3. Transition state for SN2 nucleophilic substitution.

H

H

H

H

H

H

H

H

H

I II OH

Bonding
orbital Antibonding

orbital

OH OH

Bonding
orbital

Antibonding
orbital

Fig. 4. Orbital interactions in the SN2 mechanism.



are both partially bonded. The orbital geometry requires the nucleophiles to be on
opposite sides of the molecule.

A third interesting feature about this mechanism concerns the three substituents
on the carbon. Both the iodide and the alcohol product are tetrahedral compounds
with the three hydrogens forming an ‘umbrella’ shape with the carbon (Fig. 5).
However, the ‘umbrella’ is pointing in a different direction in the alcohol product
compared to the alkyl halide. This means that the ‘umbrella’ has been turned
inside out during the mechanism. In other words, the carbon center has been
‘inverted’. The transition state is the halfway house in this inversion.

There is no way of telling whether inversion has taken place in a molecule such
as iodomethane, but proof of this inversion can be obtained by looking at the nucle-
ophilic substitution of asymmetric alkyl halides with the hydroxide ion (Fig. 6).
Measuring the optical activity of both the alkyl halide and the alcohol allows the
configuration of each enantiomer to be identified. This in turn demonstrates that
inversion of the asymmetric center takes place. This inversion is known as the
‘Walden Inversion’ and the mechanism is known as the SN2 mechanism. The SN

stands for ‘substitution nucleophilic’. The 2 signifies that the rate of reaction is
second order or bimolecular and depends on both the concentration of the
nucleophile and the concentration of the alkyl halide. The SN2 mechanism is possi-
ble for the nucleophilic substitutions of primary and secondary alkyl halides, but is
difficult for tertiary alkyl halides. We can draw a general mechanism (Fig. 7) to
account for a range of alkyl halides and charged nucleophiles. The mechanism is
much the same with nucleophiles such as ammonia or amines – the only difference
being that a salt is formed and an extra step is required in order to gain the free

244 Section L – Alkyl halides

I C

H

H

H

H

C O

H

H
H

O H I+ +

Umbrella shape
(open end to right)

Umbrella shape
(open end to left)

Fig. 5. Walden inversion.

I C

H

CH3

CH2CH3
O H

H

C O

H3C

CH3CH2
H

I

Asymmetric center
Asymmetric center

++

Fig. 6. Walden inversion of an asymmetric center.

X C

H

R

R

Nu

H

C Nu

R

R
X +

Fig. 7. General mechanism for the SN2 nucleophilic substitution of alkyl halides.



L2 – Nucleophilic substitution 245

amine. As an example, we shall consider the reaction between ammonia and
1-iodopropane (Fig. 8). Ammonia’s nitrogen atom is the nucleophilic center for
this reaction and uses its lone pair of electrons to form a bond to the alkyl halide.
As a result, the nitrogen will effectively lose an electron and will gain a positive
charge. The C–I bond is broken as previously described and an iodide ion is
formed as a leaving group, which then acts as a counterion to the alkylammonium
salt. The free amine can be obtained by reaction with sodium hydroxide. This
neutralizes the amine to the free base which becomes insoluble in water and
precipitates as a solid or as an oil.

The reaction of ammonia with an alkyl halide is a nucleophilic substitution as
far as the alkyl halide is concerned. However, the same reaction can be viewed as
an alkylation from the ammonia’s point of view. This is because the ammonia has
gained an alkyl group from the reaction.

Primary alkyl halides undergo the SN2 reaction faster than secondary alkyl
halides. Tertiary alkyl halides react extremely slowly if at all. 

SN1 Mechanism When an alkyl halide is dissolved in a protic solvent such as ethanol or water, it
is exposed to a nonbasic nucleophile (i.e. the solvent molecule). Under these
conditions, the order of reactivity to nucleophilic substitution changes
dramatically from that observed in the SN2 reaction, such that tertiary alkyl
halides are more reactive then secondary alkyl halides, with primary alkyl halides
not reacting at all. Clearly a different mechanism must be involved. As an
example, we shall consider the reaction of 2-iodo-2-methylpropane with water
(Fig. 9). Here, the rate of reaction depends on the concentration of the alkyl halide
alone and the concentration of the attacking nucleophile has no effect. Clearly,
the nucleophile has to be present if the reaction is to take place, but it does not
matter whether there is one equivalent of the nucleophile or an excess. Since
the reaction rate only depends on the alkyl halide, the mechanism is known as
the SNl reaction, where SN stands for substitution nucleophilic and the 1 shows
that the reaction is first order or unimolecular, that is, only one of the reactants
affects the reaction rate. 
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There are two steps in the SN1 mechanism (Fig. 10). The first step is the rate-
determining step and involves loss of the halide ion. The C–I bond breaks with
both electrons in the bond moving onto the iodine atom to give it a fourth lone
pair of electrons and a negative charge. The alkyl portion becomes a planar car-
bocation where all three alkyl groups are as far apart from each other as possible.
The central carbon atom is now sp2 hybridized with an empty 2py orbital. In the
second step, water acts as a nucleophile and reacts with the carbocation to form
an alcohol.

In the mechanism shown, we have shown the water molecule coming in from
the left hand side, but since the carbocation is planar, the water can attack equally
well from the right hand side. Since the incoming nucleophile can attack from
either side of the carbocation, there is no overall inversion of the carbon center.
This is significant when the reaction is carried out on chiral molecules. For
example, if a chiral alkyl halide reacts with water by the SN1 mechanism, both
enantiomeric alcohols would be formed resulting in a racemate (Topic D3; Fig. 11).
However, it has to be stated that total racemization does not usually occur in SN1
reactions. This is because the halide ion (departing from one side of the molecule)
is still in the vicinity when the attacking nucleophile makes its approach. As a
result the departing halide ion can hinder the approach of the attacking nucleo-
phile from that particular side. The term stereospecific indicates that the mecha-
nism results in one specific stereochemical outcome (e.g. the SN2 mechanism). This
is distinct from a reaction which is stereoselective where the mechanism can lead
to more than one stereochemical outcome, but where there is a preference for one
outcome over another. Many SN1 reactions will show a slight stereoselectivity.
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L3 FACTORS AFFECTING SN2 VERSUS SN1
REACTIONS

Key Notes

The nature of the nucleophile, the solvent, and the alkyl halide determine
whether nucleophilic substitution takes place by the SN1 or the SN2 mecha-
nism. With polar aprotic solvents, primary alkyl halides react faster than sec-
ondary halides by the SN2 mechanism, whereas tertiary alkyl halides hardly
react at all. With polar protic solvents and nonbasic nucleophiles, tertiary
alkyl halides react faster than secondary alkyl halides by the SN1 mechanism,
and primary halides do not react. The reactivity of primary, secondary, and
tertiary alkyl halides is controlled by electronic and steric factors.

Polar, aprotic solvents are used for SN2 reactions since they solvate cations
but not anions. As a result, nucleophiles are ‘naked’ and more reactive.
Protic solvent such as water or alcohol are used in SN1 reactions since
they solvate and stabilize the intermediate carbocation. The nucleophile is
also solvated, but this has no effect on the reaction rate since the rate
is dependent on the concentration of the alkyl halide.

The rate of the SN2 reaction increases with the nucleophilic strength of the
incoming nucleophile. The rate of the SN1 reaction is unaffected by the
nature of the nucleophile.

The reaction rates of both the SN1 and the SN2 reaction is increased if the
leaving group is a stable ion and a weak base. Iodide is a better leaving
group than bromide and bromide is a better leaving group than chloride.
Alkyl fluorides do not undergo nucleophilic substitution.

Tertiary alkyl groups are less likely to react by the SN2 mechanism than pri-
mary or secondary alkyl halides since the presence of three alkyl groups
linked to the reaction center lowers the electrophilicity of the alkyl halide by
inductive effects. Tertiary alkyl halides have three bulky alkyl groups
attached to the reaction center which act as steric shields and hinder the
approach of nucleophiles. Primary alkyl halides only have one alkyl group
attached to this center and so access is easier.

Formation of a planar carbocation in the first stage of the SN1 mechanism is
favored for tertiary alkyl halides since it relieves the steric strain in the
crowded tetrahedral alkyl halide. The carbocation is also more accessible to
an incoming nucleophile. The formation of the carbocation is helped by
electronic factors involving the inductive and hyperconjugation effects of
the three neighboring alkyl groups. Such inductive and hyperconjugation
effects are greater in carbocations formed from tertiary alkyl halides than
from those formed from primary or secondary alkyl halides.

Solvent

SN1 versus SN2

Nucleophilicity

Leaving group

Alkyl halides – SN2

Alkyl halides – SN1
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SN1 versus SN2 There are two different mechanisms involved in the nucleophilic substitution of
alkyl halides. When polar aprotic solvents are used, the SN2 mechanism is
preferred. Primary alkyl halides react more quickly than secondary alkyl halides,
with tertiary alkyl halides hardly reacting at all. Under protic solvent conditions
with nonbasic nucleophiles (e.g. dissolving the alkyl halide in water or alcohol),
the SN1 mechanism is preferred and the order of reactivity is reversed. Tertiary
alkyl halides are more reactive than secondary alkyl halides, and primary alkyl
halides do not react at all. 

There are several factors which determine whether substitution will be SN1 or
SN2 and which also control the rate at which these reactions take place. These
include the nature of the nucleophile and the type of solvent used. The reactivity
of primary, secondary, and tertiary alkyl halides is controlled by electronic and
steric factors.

Solvent The SN2 reaction works best in polar aprotic solvents (i.e. solvents with a high
dipole moment, but with no O–H or N–H groups). These include solvents such as
acetonitrile (CH3CN) or dimethylformamide (DMF). These solvents are polar
enough to dissolve the ionic reagents required for nucleophilic substitution, but
they do so by solvating the metal cation rather than the anion. Anions are solvated
by hydrogen bonding and since the solvent is incapable of hydrogen bonding, the
anions remain unsolvated. Such ‘naked’ anions retain their nucleophilicity and
react more strongly with electrophiles. 

Polar, protic solvents such as water or alcohols can also dissolve ionic reagents
but they solvate both the metal cation and the anion. As a result, the anion is
‘caged’ in by solvent molecules. This stabilizes the anion, makes it less nucleo-
philic and makes it less likely to react by the SN2 mechanism. As a result, the SN1
mechanism becomes more important.

The SN1 mechanism is particularly favored when the polar protic solvent is also
a nonbasic nucleophile. Therefore, it is most likely to occur when an alkyl halide
is dissolved in water or alcohol. Protic solvents are bad for the SN2 mechanism
since they solvate the nucleophile, but they are good for the SN1 mechanism. This
is because polar protic solvents can solvate and stabilize the carbocation interme-
diate. If the carbocation is stabilized, the transition state leading to it will also be
stabilized and this determines whether the SN1 reaction is favored or not. Protic
solvents will also solvate the nucleophile by hydrogen bonding, but unlike the
SN2 reaction, this does not affect the reaction rate since the rate of reaction is
independent of the nucleophile.

Measuring how the reaction rate is affected by the concentration of the alkyl
halide and the nucleophile determines whether a nucleophilic substitution
is SN2 or SN1. Measuring the optical activity of products from the nucleo-
philic substitution of asymmetric alkyl halides indicates the type of mecha-
nism involved. A pure enantiomeric product indicates an SN2 reaction. A
partially or fully racemized product indicates an SN1 reaction.

Related topics Base strength (G3)
Carbocation stabilization (H5)

Nucleophilic substitution (L2)

Determining the
mechanism
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Nonpolar solvents are of no use in either the SN1 or the SN2 reaction since they
cannot dissolve the ionic reagents required for nucleophilic substitution.

Nucleophilicity The relative nucleophilic strengths of incoming nucleophiles will affect the rate of
the SN2 reaction with stronger nucleophiles reacting faster. A charged nucleophile
is stronger than the corresponding uncharged nucleophile (e.g. alkoxide ions are
stronger nucleophiles than alcohols). Nucleophilicity is also related to base
strength when the nucleophilic atom is the same (e.g. RO�

� HO�
� RCO2

�
�

ROH � H2O) (Topic G3). In polar aprotic solvents, the order of nucleophilic
strength for the halides is F� > Cl� > Br� > I�. 

Since the rate of the SN1 reaction is independent of the incoming nucleophile,
the nucleophilicity of the incoming nucleophile is unimportant.

Leaving group The nature of the leaving group is important to both the SN1 and SN2 reactions –
the better the leaving group, the faster the reaction. In the transition states of both
reactions, the leaving group has gained a partial negative charge and the better
that can be stabilized, the more stable the transition state and the faster the
reaction. Therefore, the best leaving groups are the ones which form the most
stable anions. This is also related to basicity in the sense that the more stable the
anion, the weaker the base. Iodide and bromide ions are stable ions and weak
bases, and prove to be good leaving groups. The chloride ion is less stable, more
basic and a poorer leaving group. The fluoride ion is a very poor leaving group
and as a result alkyl fluorides do not undergo nucleophilic substitution. The need
for a stable leaving group explains why alcohols, ethers, and amines do not
undergo nucleophilic substitutions since they would involve the loss of a strong
base (e.g. RO� or R2N

�).

Alkyl halides – There are two factors which affect the rate at which alkyl halides undergo the SN2 
SN2 reaction – electronic and steric. In order to illustrate why different alkyl halides

react at different rates in the SN2 reaction, we shall compare a primary, secondary,
and tertiary alkyl halide (Fig. 1). 

Alkyl groups have an inductive, electron-donating effect which tends to lower
the electrophilicity of the neighboring carbon center. Lowering the electrophilic
strength means that the reaction center will be less reactive to nucleophiles. There-
fore, tertiary alkyl halides will be less likely to react with nucleophiles than
primary alkyl halides, since the inductive effect of three alkyl groups is greater
than one alkyl group. 

Steric factors also play a role in making the SN2 mechanism difficult for tertiary
halides. An alkyl group is a bulky group compared to a hydrogen atom, and can
therefore act like a shield against any incoming nucleophile (Fig. 2). A tertiary
alkyl halide has three alkyl shields compared to the one alkyl shield of a primary
alkyl halide. Therefore, a nucleophile is more likely to be deflected when it
approaches a tertiary alkyl halide and fails to reach the electrophilic center.
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Fig. 1. (a) Iodoethane; (b) 2-iodopropane; (c) 2-iodo-2-methylpropane.



Alkyl halides – Steric and electronic factors also play a role in the rate of the SN1 reaction. Since 
SN1 the steric bulk of three alkyl substituents makes it very difficult for a nucleophile

to reach the electrophilic carbon center of tertiary alkyl halides, these structures
undergo nucleophilic substitution by the SN1 mechanism instead. In this mecha-
nism, the steric problem is relieved because loss of the halide ion creates a planar
carbocation where the alkyl groups are much further apart and where the carbon
center is more accessible. Formation of the carbocation also relieves steric strain
between the substituents.

Electronic factors also help in the formation of the carbocation since the positive
charge can be stabilized by the inductive and hyperconjugative effects of the three
alkyl groups (cf. Topic H5; Fig. 3).

Both the inductive and hyperconjugation effects are greater when there are
three alkyl groups connected to the carbocation center than when there are only
one or two. Therefore, tertiary alkyl halides are far more likely to produce a stable
carbocation intermediate than primary or secondary alkyl halides. It is important
to realize that the reaction rate is determined by how well the transition state of
the rate determining step is stabilized. In a situation like this where a high energy
intermediate is formed (i.e. the carbocation), the transition state leading to it will
be closer in character to the intermediate than the starting material. Therefore, any
factor which stabilizes the intermediate carbocation also stabilizes the transition
state and consequently increases the reaction rate.

Determining the It is generally fair to say that the nucleophilic substitution of primary alkyl halides 
mechanism will take place via the SN2 mechanism, whereas nucleophilic substitution of ter-

tiary alkyl halides will take place by the SNl mechanism. In general, secondary
alkyl halides are more likely to react by the SN2 mechanism, but it is not possible
to predict this with certainty. The only way to find out for certain is to try out
the reaction and see whether the reaction rate depends on the concentration of
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both reactants (SN2) or whether it depends on the concentration of the alkyl halide
alone (SNl).

If the alkyl halide is chiral the optical rotation of the product could be measured
to see whether it is a pure enantiomer or not. If it is, the mechanism is SN2. If not,
it is SN1. 



Section L – Alkyl halides

L4 ELIMINATION

Definition Alkyl halides which have a proton attached to a neighboring β-carbon atom
can undergo an elimination reaction to produce an alkene plus a hydrogen
halide (Fig. 1). In essence, this reaction is the reverse of the electrophilic
addition of a hydrogen halide to an alkene (Topic H3). There are two
mechanisms by which this elimination can take place – the E2 mechanism and
the E1 mechanism. 

The E2 reaction is the most effective for the synthesis of alkenes from alkyl
halides and can be used on primary, secondary, and tertiary alkyl halides. The E1
reaction is not particularly useful from a synthetic point of view and occurs in

Key Notes

Alkyl halides undergo elimination reactions with nucleophiles or bases,
where hydrogen halide is lost from the molecule to produce an alkene.
There are two commonly occurring mechanisms. The E2 mechanism is the
most effective for the synthesis of alkenes from alkyl halides and can be
used on primary, secondary, and tertiary alkyl halides. The E1 reaction is
not particularly useful from a synthetic point of view and occurs in compe-
tition with the SN1 reaction. Tertiary alkyl halides and some secondary alkyl
halides can react by this mechanism, but not primary alkyl halides.

Elimination is possible if the alkyl halide contains a susceptible β-proton
which can be lost during the elimination reaction. β-Protons are situated on
the carbon linked to the carbon of the C–X group.

The E2 mechanism is a concerted, one-stage process involving both alkyl
halide and nucleophile. The reaction is second order and depends on the
concentration of both reactants. 

The E1 mechanism is a two-stage process involving loss of the halide ion to
form a carbocation, followed by loss of the susceptible proton to form the
alkene. The rate determining step is the first stage involving loss of the
halide ion. As a result, the reaction is first order, depending on the concen-
tration of the alkyl halide alone. The carbocation intermediate is stabilized
by substituent alkyl groups.

The E2 reaction is more useful than the E1 reaction in synthesizing alkenes.
The use of a strong base in a protic solvent favors the E2 elimination over
the E1 elimination. The E1 reaction occurs when tertiary alkyl halides are
dissolved in protic solvents.

Related topics Electrophilic addition to
symmetrical alkenes (H3)

Reactions of alcohols (M4)

Susceptible β-protons

Definition

E2 Mechanism

E1 Mechanism

E2 versus E1
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competition with the SN1 reaction of tertiary alkyl halides. Primary and secondary
alkyl halides do not usually react by this mechanism.

Susceptible An alkyl halide can undergo an elimination reaction if it has a susceptible proton 
β-protons situated on a β-carbon, that is, the carbon next to the C–X group. This proton is

lost during the elimination reaction along with the halide ion. In some respects,
there is a similarity here between alkyl halides and carbonyl compounds (Fig. 2).
Alkyl halides can have susceptible protons at the β-position whilst carbonyl com-
pounds can have acidic protons at their α-position. If we compare both structures,
we can see that the acidic/susceptible proton is attached to a carbon neighboring
an electrophilic carbon. 

E2 Mechanism The E2 mechanism is a concerted mechanism involving both the alkyl halide and
the nucleophile. As a result, the reaction rate depends on the concentration of both
reagents and is defined as second order (E2 � Elimination second order). To
illustrate the mechanism, we shall look at the reaction of 2-bromopropane with a
hydroxide ion (Fig. 3).

The mechanism (Fig. 4) involves the hydroxide ion forming a bond to the
susceptible proton. As the hydroxide ion forms its bond, the C–H bond breaks.
Both electrons in that bond could move onto the carbon, but there is a neighbor-
ing electrophilic carbon which attracts the electrons and so the electrons move in
to form a π bond between the two carbons. At the same time as this π bond is
formed, the C–Br bond breaks and both electrons end up on the bromine atom
which is lost as a bromide ion.

The E2 elimination is stereospecific, with elimination occurring in an anti-
periplanar geometry. The diagrams (Fig. 5) show that the four atoms involved in
the reaction are in a plane with the H and Br on opposite sides of the molecule.
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The reason for this stereospecificity can be explained using orbital diagrams
(Fig. 6). In the transition state of this reaction, the C–H and C–Br σ bonds are in
the process of breaking. As they do so, the sp3 hybridized orbitals which were used
for these σ bonds are changing into p orbitals which start to interact with each
other to form the eventual π bond. For all this to happen in the one transition state,
an antiperiplanar arrangement is essential.

E1 Mechanism The E1 mechanism usually occurs when an alkyl halide is dissolved in a protic
solvent where the solvent can act as a nonbasic nucleophile. These are the same
conditions for the SN1 reaction and so both these reactions usually occur at the
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same time resulting in a mixture of products. As an example of the E1 mechanism,
we shall look at the reaction of 2-iodo-2-methylbutane with methanol (Fig. 7).

There are two stages to this mechanism (Fig. 8). The first stage is exactly the
same process described for the SN1 mechanism and that is cleavage of the C–X
bond to form a planar carbocation intermediate where the positive charge is sta-
bilized by the three alkyl groups surrounding it. In the second stage, the methanol
forms a bond to the susceptible proton on the β-carbon. The C–H bond breaks and
both electrons are used to form a π bond to the neighboring carbocation. The first
step of the reaction mechanism is the rate-determining step and since this is only
dependent on the concentration of the alkyl halide, the reaction is first order (El �
elimination first order). There is no stereospecificity involved in this reaction and
a mixture of isomers may be obtained with the more stable (more substituted)
alkene being favored.

E2 versus E1 The E2 elimination occurs with a strong base (such as a hydroxide or ethoxide ion)
in a protic solvent (such as ethanol or water). The E2 reaction is more common
than the E1 elimination and more useful. All types of alkyl halide can undergo the
E2 elimination and the method is useful for preparing alkenes.

The conditions which suit E1 are the same which suit the SN1 reaction (i.e. a pro-
tic solvent and a nonbasic nucleophile). Therefore, the E1 reaction normally only
occurs with tertiary alkyl halides and will be in competition with the SN1 reaction.
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Fig. 7. Elimination reaction of 2-iodo-2-methyl-butane.
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Fig. 8. The E1 mechanism.



Section L – Alkyl halides

L5 ELIMINATION VERSUS SUBSTITUTION

Introduction Alkyl halides can undergo both elimination and substitution reactions and it is
not unusual to find both substitution and elimination products present. The ratio
of the products will depend on the reaction conditions, the nature of the
nucleophile and the nature of the alkyl halide.

Primary alkyl Primary alkyl halides undergo the SN2 reaction with a large range of nucleophiles 
halides (e.g. RS�, I�, CN�, NH3, or Br�) in polar aprotic solvents such as hexamethyl-

phosphoramide (HMPA; [(CH3)2N]3PO). However, there is always the possibility
of some E2 elimination occurring as well. Nevertheless, substitution is usually
favored over elimination, even when using strong bases such as HO� or EtO�. If
E2 elimination of a primary halide is desired, it is best to use a strong bulky base
such as tert-butoxide [(CH3)3C–O�]. With a bulky base, the elimination product is
favored over the substitution product since the bulky base experiences more steric
hindrance in its approach to the electrophilic carbon than it does to the acidic
β-proton.

Thus, treatment of a primary halide (Fig. 1) with an ethoxide ion is likely to give
a mixture of an ether arising from SN2 substitution along with an alkene arising

Key Notes

The ratio of substitution and elimination products formed from alkyl
halides depends on the reaction conditions as well as the nature of the
nucleophile and the alkyl halide.

Primary alkyl halides will usually undergo SN2 substitution reactions in
preference to E2 elimination reactions. However, the E2 elimination reaction
is favored if a strong bulky base is used with heating.

Substitution by the SN2 mechanism is favored over the E2 elimination if the
nucleophile is a weak base and the solvent is polar and aprotic. E2 elimina-
tion is favored over the SN2 reaction if a strong base is used in a protic
solvent. Elimination is further favored by heating. SN1 and E1 reactions may
be possible when dissolving secondary alkyl halides in protic solvents.

E2 elimination occurs virtually exclusively if a tertiary alkyl halide is
treated with a strong base in a protic solvent. Heating a tertiary alkyl halide
in a protic solvent is likely to produce a mixture of SN1 substitution and E1
elimination products, with the former being favored.

Related topics Base strength (G3)
Nucleophilic substitution (L2)

Factors affecting SN2 and SN1
reactions (L3)

Elimination (L4)

Primary alkyl halides

Introduction

Tertiary alkyl halides

Secondary alkyl
halides
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from E2 elimination, with the ether being favored. By using sodium tert-butoxide
instead, the preferences would be reversed.

Increasing the temperature of the reaction shifts the balance from the SN2
reaction to the elimination reaction. This is because the elimination reaction has a
higher activation energy due to more bonds being broken. The SN1 and E1
reactions do not occur for primary alkyl halides.

Secondary alkyl Secondary alkyl halides can undergo both SN2 and E2 reactions to give a mixture 
halides of products. However, the substitution product predominates if a polar aprotic

solvent is used and the nucleophile is a weak base. Elimination will predominate
if a strong base is used as the nucleophile in a polar, protic solvent. In this case,
bulky bases are not so crucial and the use of ethoxide in ethanol will give more
elimination product than substitution product. Increasing the temperature of the
reaction favors E2 elimination over SN2 substitution as explained above.

If weakly basic or nonbasic nucleophiles are used in protic solvents, elimination
and substitution may occur by the SN1 and E1 mechanisms to give mixtures.

Tertiary alkyl Tertiary alkyl halides are essentially unreactive to strong nucleophiles in polar,
halides aprotic solvents – the conditions for the SN2 reaction. Tertiary alkyl halides can

undergo E2 reactions when treated with a strong base in a protic solvent and will
do so in good yield since the SN2 reaction is so highly disfavored. Under nonbasic
conditions in a protic solvent, E1 elimination and SN1 substitution both take place. 

A tertiary alkyl halide treated with sodium methoxide could give an ether or an
alkene (Fig. 2). A protic solvent is used here and this favors both the SN1 and E1
mechanisms. However, a strong base is also being used and this favors the E2
mechanism. Therefore, the alkene would be expected to be the major product with
only a very small amount of substitution product arising from the SN2 reaction.
Heating the same alkyl halide in methanol alone means that the reaction is being
carried out in a protic solvent with a nonbasic nucleophile (MeOH). These condi-
tions would result in a mixture of substitution and elimination products arising
from the SN1 and E1 mechanisms. The substitution product would be favored over
the elimination product.
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Fig. 1. Reaction of 1-iodo-2-methylpropane with sodium ethoxide.
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Fig. 2. Reaction of 1-iodo-2-methylbutane with methoxide ion.
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L6 REACTIONS OF ALKYL HALIDES

Nucleophilic The nucleophilic substitution of alkyl halides is one of the most powerful methods 
substitution of obtaining a wide variety of different functional groups. Therefore, it is possible

to convert a variety of primary and secondary alkyl halides to alcohols, ethers,
thiols, thioethers, esters, amines, and azides (Fig. 1). Alkyl iodides and alkyl
chlorides can also be synthesized from other alkyl halides. 

It is also possible to construct larger carbon skeletons using alkyl halides. A sim-
ple example is the reaction of an alkyl halide with a cyanide ion (Fig. 2). This is an

Key Notes

Primary and secondary alkyl halides can be converted to a large variety of
different functional groups such as alcohols, ethers, thiols, thioethers, esters,
amines, azides, alkyl iodides, and alkyl chlorides. Larger carbon skeletons
can be created by the reaction of alkyl halides with nitrile, acetylide, and
enolate ions. Substitution reactions of tertiary alkyl halides are more diffi-
cult and less likely to give good yields.

Elimination reactions of alkyl halides allow the synthesis of alkenes and are
best carried out using a strong base in a protic solvent with heating. Pri-
mary, secondary, and tertiary alkyl halides can all be used. However, the use
of a bulky base is advisable for primary alkyl halides. The most substituted
alkene is favored if there are several possible alkene products.

Related topics Nucleophilic substitution (L2) Elimination (L4)
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Fig. 1. Nucleophilic substitutions of alkyl halides.
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important reaction since the nitrile product can be hydrolyzed to give a carboxylic
acid (Topic O3). 

The reaction of an acetylide ion with a primary alkyl halide allows the synthe-
sis of disubstituted alkynes (Fig. 3a). The enolate ions of esters or ketones can also
be alkylated with alkyl halides to create larger carbon skeletons (Fig. 3b; Topics K7
and J9). The most successful nucleophilic substitutions are with primary alkyl
halides. With secondary and tertiary alkyl halides, the elimination reaction may
compete, especially when the nucleophile is a strong base. The substitution of ter-
tiary alkyl halides is best done in a protic solvent with weakly basic nucleophiles.
However, yields may be poor.

Eliminations Elimination reactions of alkyl halides (dehydrohalogenations) are a useful
method of synthesizing alkenes. For best results, a strong base (e.g. NaOEt)
should be used in a protic solvent (EtOH) with a secondary or tertiary alkyl
halide. The reaction proceeds by an E2 mechanism. Heating increases the chances
of elimination over substitution.

For primary alkyl halides, a strong, bulky base (e.g. NaOBut) should be used.
The bulk hinders the possibility of the SN2 substitution and encourages elimina-
tion by the E2 mechanism. The advantage of the E2 mechanism is that it is higher
yielding than the E1 mechanism and is also stereospecific. The geometry of the
product obtained is determined by the antiperiplanar geometry of the transition
state. For example, the elimination in Fig. 4 gives the E-isomer and none of the
Z-isomer.
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Fig. 3. (a) Synthesis of a disubstituted alkyne; (b) alkylation of an enolate ion.
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Fig. 4. Stereochemistry of the E2 elimination reaction.



If the elimination occurs by the E1 mechanism, the reaction is more likely to
compete with the SN1 reaction and a mixture of substitution and elimination
products is likely. 

The E2 elimination requires the presence of a β-proton. If there are several
options available, a mixture of alkenes will be obtained, but the favored alkene
will be the most substituted (and most stable) one (Zaitsev’s rule; Fig. 5).

The transition state for the reaction resembles the product more than the reac-
tant and so the factors which stabilize the product also stabilize the transition state
and make that particular route more likely (see Topic L4). However, the opposite
preference is found when potassium tert-butoxide is used as base, and the less
substituted alkene is favored.

260 Section L – Alkyl halides

C CH3

NaOEt

Br

CH3

CH3CH2
EtOH

CC

CH3

CH3H

H3C

+ CC

H

HCH3CH2

H3C

69% 31%

Fig. 5. Example of Zaitsev’s rule.


	Book Cover
	Title
	Contents
	Preface
	- Structure and bonding
	Covalent bonding and hybridization
	sp3 Hybridization
	sp2 Hybridization
	sp Hybridization
	Bonds and hybridized centers
	- Alkanes and cycloalkanes
	Drawing structures
	Nomenclature
	- Functional groups
	Aliphatic and aromatic functional groups
	Intermolecular bonding
	Properties and reactions
	Nomenclature of compounds with functional groups
	Primary, secondary, tertiary and quaternary nomenclature
	- Stereochemistry
	Configurational isomers - alkenes and cycloalkanes
	Configurational isomers - optical isomers
	Conformational isomers
	- Nucleophiles and electrophiles
	Charged species
	Neutral inorganic species
	Organic structures
	- Reactions and mechanisms
	Mechanisms
	- Acid-base reactions
	Acid strength
	Base strength
	Lewis acids and bases
	Enolates
	- Alkenes and alkynes
	Properties of alkenes and alkynes
	Electrophilic addition to symmetrical alkenes
	Electrophilic addition to unsymmetrical alkenes
	Carbocation stabilization
	Reduction and oxidation of alkenes
	Hydroboration of alkenes
	Electrophilic additions to alkynes
	Reduction of alkynes
	Alkylation of terminal alkynes
	Conjugated dienes
	- Aromatic chemistry
	Preparation and properties
	Electrophilic substitutions of benzene
	Synthesis of mono-substituted benzenes
	Electrophilic substitutions of mono-substituted aromatic rings
	Synthesis of di- and tri-substituted benzenes
	Oxidation and reduction
	- Aldehydes and ketones
	Properties
	Nucleophilic addition
	Nucleophilic addition - charged nucleophiles
	Electronic and steric effects
	Nucleophilic addition - nitrogen nucleophiles
	Nucleophilic addition - oxygen and sulfur nucleophiles
	Reactions of enolate ions
	-Halogenation
	Reduction and oxidation
	,-Unsaturated aldehydes and ketones
	- Carboxylic acids and carboxylic acid derivatives
	Nucleophilic substitution
	Reactivity
	Preparations of carboxylic acids
	Preparations of carboxylic acid derivatives
	Reactions
	Enolate reactions
	- Alkyl halides
	Nucleophilic substitution
	Factors affecting SN2 versus SN1 reactions
	Elimination
	Elimination versus substitution
	Reactions of alkyl halides
	Organometallic reactions
	- Alcohols, phenols, and thiols
	Preparation of phenols
	Properties of alcohols and phenols
	Reactions of alcohols
	Reactions of phenols
	Chemistry of thiols
	- Ethers, epoxides, and thioethers
	Properties of ethers, epoxides, and thioethers
	Reactions of ethers, epoxides, and thioethers
	- Amines and nitriles
	Properties of amines
	Reactions of amines
	Chemistry of nitriles
	- Organic spectroscopy and analysis
	Visible and ultra violet spectroscopy
	Infra-red spectroscopy
	Proton nuclear magnetic resonance spectroscopy
	13C nuclear magnetic resonance spectroscopy
	Mass spectroscopy
	Further reading



