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PHYSICAL PROPERTIES OF HALOALKANES

The physical properties of the haloalkanes are quite distinct from those of
the corresponding alkanes. The size of the halogen substituent and the polarity of the
carbon–halogen bond affect bond strength, bond length, molecular polarity, and boiling
point.

The bond strength of C–X decreases as the size of X increases

CHAPTER 6 Properties and Reactions 
of Haloalkanes

  Bimolecular Nucleophilic 
Substitution

In the body, the nitrogen of the 
amino group in noradrenaline 
attacks the methyl group in 
S-adenosylmethionine by 
nucleophilic substitution to give 
adrenaline. Adrenaline is a 
“" ght-or-# ight” hormone, 
released into the bloodstream 
during stress and emergencies, 
and is responsible for the “rush” 
felt during thrilling experiences.

Organic chemistry provides us with innumerable ways to convert one 
substance into another. The products of these transformations are 
literally all around us. Recall from Chapter 2, however, that functional 

groups are the centers of reactivity in organic molecules; before we can 
make practical use of organic chemistry, we must develop our ability to 
work with these functional groups. In Chapter 3 we examined halogenation 
of alkanes, a process by which the carbon–halogen group is introduced 
into an initially unfunctionalized structure. Where do we go from here?

In this chapter we turn to the chemistry of the products of halogenation, 
the haloalkanes. We shall see how the polarized carbon–halogen bond gov-
erns the reactivity of these substances and how it can be converted into 
other functional groups. On the basis of the kinetics observed for a common 
reaction of haloalkanes, we introduce a new mechanism and learn the 
effects of different solvents on its progress. We shall review principles that 
govern the general mechanistic behavior of molecules with polar functional 
groups. Finally, we shall begin to apply these principles and see the role 
they play in many conversions of halogenated organic compounds into 
other substances, such as amino acids—the building blocks of proteins.
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The physical properties of the haloalkanes are quite distinct from those of 
the corresponding alkanes. To understand these differences, we must consider the size of the 
halogen substituent and the polarity of the carbon–halogen bond. Let us see how these factors 
affect bond strength, bond length, molecular polarity, and boiling point.

The bond strength of C–X decreases as the size of X increases
The C–X bond-dissociation energies in the halomethanes, CH3X, decrease along the series 
F, Cl, Br, I. At the same time, the C–X bond lengths increase (Table 6-1). The bond between 
carbon and halogen is made up mainly by the overlapping of an sp3 hybrid orbital on carbon 
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with a p orbital on the halogen (Figure 6-1). In the progression from ! uorine to iodine in 
the periodic table, the size of the halogen increases, and the electron cloud around the 
halogen atom becomes more diffuse. As a consequence of this growing mismatch in size 
between the halogen p orbital and the relatively compact orbital on carbon, bonding overlap 
diminishes along the series, leading to both longer and weaker C–X bonds. This pheno-
menon is general: Short bonds are stronger than longer bonds.

The C–X bond is polarized
The leading characteristic of the haloalkanes is their polar C–X bond. Recall from Sec-
tion 1-3 that halogens are more electronegative than carbon. Thus, the electron density along 
the C–X bond is displaced in the direction of X, giving the halogen a partial negative charge 
(d2) and the carbon a partial positive charge (d1). This polarization can be seen in the 
electrostatic potential map of chloromethane shown in the margin. The chlorine atom is 
electron rich (red), whereas the region around the carbon atom is electron poor (blue). How 
does this bond polarization govern the chemical behavior of the haloalkanes? As we saw 
in Chapter 2, the electrophilic d1 carbon atom is subject to attack by anions and other 
electron-rich, nucleophilic species. Cations and other electron-de" cient species, however, 
attack the d2 halogen.
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Haloalkanes have higher boiling points than the 
corresponding alkanes
The polarity of the C–X bond affects the physical properties of the haloalkanes in predict-
able ways. Their boiling points are generally higher than those of the corresponding alkanes 
(Table 6-2), largely because of coulombic attraction between the d1 and d2 ends of C–X 
bond dipoles in the liquid state (dipole–dipole interaction; Figure 2-6).

Boiling points also rise with increasing size of X, the result of greater London inter-
actions (Section 2-7). Recall that London forces arise from mutual correlation of electrons 
among molecules (Figure 2-6). This effect is strongest when the outer electrons are not 
held very tightly around the nucleus, as in the larger atoms. To measure it, we de" ne the 
polarizability of an atom or group as the degree to which its electron cloud is deformed 
under the in! uence of an external electric " eld. The more polarizable an atom or group, 
the stronger its London interactions, and the higher will be the boiling point.Chloromethane
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Figure 6-1 Bond between an alkyl 
carbon and a halogen. The size of 
the p orbital is substantially larger 
than that shown for X 5 Cl, Br, or  I.
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Table 6-1
C–X Bond 
Lengths and Bond 
Strengths in CH3X

  Bond
  strength
 Bond [kcal
Halo- length mol21 
methane (Å) (kJ mol21)]

CH3F 1.385 110
  (460)
CH3Cl 1.784 85
  (356)
CH3Br 1.929 70
  (293)
CH3I 2.139 57
  (238)In
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Table 6-2 Boiling Points of Haloalkanes (R–X)

 Boiling Point (8C)

R X 5 H F Cl Br I

CH3  2161.7 278.4 224.2 3.6 42.4
CH3CH2  288.6 237.7 12.3 38.4 72.3
CH3(CH2)2  242.1 22.5 46.6 71.0 102.5
CH3(CH2)3  20.5 32.5 78.4 101.6 130.5
CH3(CH2)4  36.1 62.8 107.8 129.6 157.0
CH3(CH2)7  125.7 142.0 182.0 200.3 225.5

The C–X bond-dissociation energies in the halomethanes,
CH3X, decrease along the series F, Cl, Br, I. At the same time,
the C–X bond lengths increase.
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The bond between carbon and halogen is made up mainly by the overlapping of an sp3
hybrid orbital on carbon with a p orbital on the halogen.

In the progression from fluorine to iodine in the periodic table, the size of the halogen
increases, and the electron cloud around the halogen atom becomes more diffuse.

As a consequence of this growing mismatch in size between the halogen p orbital and the
relatively compact orbital on carbon, bonding overlap diminishes along the series, leading to
both longer and weaker C–X bonds.

This phenomenon is general: Short bonds are stronger than longer bonds.
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with a p orbital on the halogen (Figure 6-1). In the progression from ! uorine to iodine in 
the periodic table, the size of the halogen increases, and the electron cloud around the 
halogen atom becomes more diffuse. As a consequence of this growing mismatch in size 
between the halogen p orbital and the relatively compact orbital on carbon, bonding overlap 
diminishes along the series, leading to both longer and weaker C–X bonds. This pheno-
menon is general: Short bonds are stronger than longer bonds.

The C–X bond is polarized
The leading characteristic of the haloalkanes is their polar C–X bond. Recall from Sec-
tion 1-3 that halogens are more electronegative than carbon. Thus, the electron density along 
the C–X bond is displaced in the direction of X, giving the halogen a partial negative charge 
(d2) and the carbon a partial positive charge (d1). This polarization can be seen in the 
electrostatic potential map of chloromethane shown in the margin. The chlorine atom is 
electron rich (red), whereas the region around the carbon atom is electron poor (blue). How 
does this bond polarization govern the chemical behavior of the haloalkanes? As we saw 
in Chapter 2, the electrophilic d1 carbon atom is subject to attack by anions and other 
electron-rich, nucleophilic species. Cations and other electron-de" cient species, however, 
attack the d2 halogen.
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Haloalkanes have higher boiling points than the 
corresponding alkanes
The polarity of the C–X bond affects the physical properties of the haloalkanes in predict-
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polarizability of an atom or group as the degree to which its electron cloud is deformed 
under the in! uence of an external electric " eld. The more polarizable an atom or group, 
the stronger its London interactions, and the higher will be the boiling point.Chloromethane
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carbon and a halogen. The size of 
the p orbital is substantially larger 
than that shown for X 5 Cl, Br, or  I.
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Table 6-2 Boiling Points of Haloalkanes (R–X)

 Boiling Point (8C)

R X 5 H F Cl Br I

CH3  2161.7 278.4 224.2 3.6 42.4
CH3CH2  288.6 237.7 12.3 38.4 72.3
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The C–X bond is polarized

The electron density along the C–X bond is displaced in the direction of X, giving the
halogen a partial negative charge (𝛿–) and the carbon a partial positive charge (𝛿+).

How does this bond polarization govern the chemical behavior of the haloalkanes?

The electrophilic 𝛿+ carbon atom is subject to attack by anions and other electron-rich,
nucleophilic species. Cations and other electron-deficient species, however, attack the 𝛿–
halogen.
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corresponding alkanes
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Table 6-2 Boiling Points of Haloalkanes (R–X)

 Boiling Point (8C)

R X 5 H F Cl Br I

CH3  2161.7 278.4 224.2 3.6 42.4
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Haloalkanes have higher boiling points than the corresponding alkanes

The polarity of the C–X bond affects the physical properties of the haloalkanes. Their boiling
points are generally higher than those of the corresponding alkanes, largely because of
coulombic attraction between the 𝛿+ and 𝛿– ends of C–X bond dipoles in the liquid state
(dipole–dipole interaction).

Boiling points also rise with increasing size of X, the result of greater London interactions.
London forces arise from mutual correlation of electrons among molecules.

This effect is strongest when the outer electrons are not held very tightly around the nucleus,
as in the larger atoms.
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Table 6-2 Boiling Points of Haloalkanes (R–X)

 Boiling Point (8C)

R X 5 H F Cl Br I

CH3  2161.7 278.4 224.2 3.6 42.4
CH3CH2  288.6 237.7 12.3 38.4 72.3
CH3(CH2)2  242.1 22.5 46.6 71.0 102.5
CH3(CH2)3  20.5 32.5 78.4 101.6 130.5
CH3(CH2)4  36.1 62.8 107.8 129.6 157.0
CH3(CH2)7  125.7 142.0 182.0 200.3 225.5

To measure it, we define the polarizability of an atom or group as the degree to which its
electron cloud is deformed under the influence of an external electric field.

The more polarizable an atom or group, the stronger its London interactions, and the
higher will be the boiling point.
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Applications and Hazards of Haloalkanes: “Greener” Alternatives

Fully halogenated liquid bromomethanes: CBrF3 and CBrClF2 are extremely effective fire
retardants. Heat-induced cleavage of the weak C–Br bond releases bromine atoms, which
suppress combustion by inhibiting the free-radical chain reactions occurring in flames.

Like Freon refrigerants, bromoalkanes are ozone depleting and have been banned for all
uses except fire-suppression systems in aircraft engines.

Phosphorus tribromide, PBr3, a non-ozone-depleting liquid with a high weight percent of
bromine, is a promising replacement.

The polarity of the carbon–halogen bond makes haloalkanes useful for applications such as
dry cleaning of clothing and degreasing of mechanical and electronic components.

This solvent is safe, stable, usable for a wide variety of industrial functions, and may be
readily recovered and recycled.
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for these purposes include ! uorinated solvents such as 1,1,1,2,2,3,4,5,5,5-deca! uoropentane 
(CF3CF2CHFCHFCF3), a DuPont product that does not decompose to release ozone-
destroying halogen atoms because the C–F bond is strong. This solvent is safe, stable, usable 
for a wide variety of industrial functions, and may be readily recovered and recycled. Prob-
lem 50 on p. 245 introduces yet another class of “green” solvents—ionic liquids—that are 
revolutionizing industrial chemistry.

In Summary The halogen orbitals become increasingly diffuse along the series F, Cl, Br, I. 
Hence, (1) the C–X bond strength decreases; (2) the C–X bond becomes longer; (3) for 
the same R, the boiling points increase; (4) the polarizability of X becomes greater; and 
(5) London interactions increase. We shall see next that these interrelated effects also play 
an important role in the reactions of haloalkanes.

Haloalkanes contain an electrophilic carbon atom, which may react with nucleophiles—
substances that contain an unshared electron pair. The nucleophile can be an anion, such 
as hydroxide (2:O

..
. . H), or a neutral species, such as ammonia (:NH3). In this process, which 

we call nucleophilic substitution, the reagent attacks the haloalkane and replaces the 
halide. A great many species are transformed in this way, particularly in solution. The reac-
tion occurs widely in nature and can be controlled effectively even on an industrial scale. 
Let us see how it works in detail.

Nucleophiles attack electrophilic centers
The nucleophilic substitution of a haloalkane is described by either of two general equations. 
Recall (Section 2-2) that the curved arrows denote electron-pair movement.

6-2 NUCLEOPHILIC SUBSTITUTION

Nucleophilic Substitutions

!"#"

š"ðð! !# #R X š"ððXNu
Nucleophile

Electrophile

O R NuO

R NuO

Leaving group

š"ðð !# #R X š"ððXNu
Nucleophile

Electrophile

O [       ]#

Leaving group

!"#"

Negative nucleophile
gives neutral product

Neutral nucleophile
gives positively
charged product
(as a salt)

In the " rst example, a negatively charged nucleophile reacts with a haloalkane to yield 
a neutral substitution product. In the second example, an uncharged Nu produces a posi-
tively charged product, which, together with the counterion, constitutes a salt. In both cases, 
the group displaced is the halide ion, :X

..
. . :

2, which is called the leaving group. We shall 
see later that there are leaving groups other than :X

..
. . :

2. Speci" c examples of these two types 
of nucleophilic substitution are shown in Table 6-3. As will be the case in many equations 
and mechanisms that follow, nucleophiles, electrophiles, and leaving groups are shown here 
in red, blue, and green, respectively. The general term substrate (substratus, Latin, to have 
been subjected) is applied to the organic starting material—in this case, the haloalkane—that 
is the target of attack by a nucleophile.

Nucleophilic substitution exhibits considerable diversity
Nucleophilic substitution changes the functional group in a molecule. A great many nucleo-
philes are available to participate in this process; therefore, a wide variety of new molecules 
is accessible through substitution. Note that Table 6-3 depicts only methyl, primary, and sec-
ondary halides. In Chapter 7 we shall see that tertiary substrates behave differently toward these 

ReactionRReaction

Color code
Nucleophiles: red
Electrophiles: blue
Leaving groups: green

NUCLEOPHILIC SUBSTITUTION

Haloalkanes contain an electrophilic carbon atom, which may react with nucleophiles—
substances that contain an unshared electron pair.

The nucleophile can be an anion, such as hydroxide (–:OH), or a neutral species, such as
ammonia (:NH3).

A great many species are transformed in this way, particularly in solution.

Nucleophiles attack electrophilic centers
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In the first example, a negatively charged nucleophile reacts with a haloalkane to yield a
neutral substitution product.

In the second example, an uncharged Nu produces a positively charged product, which,
together with the counterion, constitutes a salt.

In both cases, the group displaced is the halide ion, X–, which is called the leaving group.

The general term substrate (substratus, Latin, to have been subjected) is applied to the
organic starting material—e.g., the haloalkane—that is the target of attack by a nucleophile.

Nucleophilic substitution changes the functional group in a molecule.

Methyl and primary haloalkanes give the “cleanest” substitutions, relatively free of side
products.
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nucleophiles and that secondary halides may sometimes give other products as well. Methyl 
and primary haloalkanes give the “cleanest” substitutions, relatively free of side products.

Let us inspect these transformations in greater detail. In reaction 1, a hydroxide ion, 
typically derived from sodium or potassium hydroxide, displaces chloride from chloromethane 
to give methanol. This substitution is a general synthetic method for converting a methyl or 
primary haloalkane into an alcohol.

A variation of this transformation is reaction 2. Methoxide ion reacts with iodoethane 
to give methoxyethane, an example of the synthesis of an ether (Section 9-6).

In reactions 1 and 2, the species attacking the haloalkane is an anionic oxygen nucleo-
phile. Reaction 3 shows that a halide ion may function not only as a leaving group, but 
also as a nucleophile.

Reaction 4 depicts a carbon nucleophile, cyanide (often supplied as sodium cyanide, 
Na12CN), and leads to the formation of a new carbon–carbon bond, an important means 
of modifying molecular structure.

Table 6-3 The Diversity of Nucleophilic Substitution

Reaction          Leaving
number Substrate  Nucleophile  Product  group

1. CH3Cl
..

. . : 1 HO
..

. . :
! uy CH3OH

..
. .  1 :Cl

..
. . :!

 Chloromethane    Methanol

2. CH3CH2 I
..

. .: 1 CH3O
..

. . :
! uy CH3CH2OCH

..
. . 3 1 : I

..
. .:

!

 Iodoethane    Methoxyethane

3. 

H

Br

CH3CCH2CH3

A

A

2-Bromobutane

!ðð

 1 : I
..

. .:
! uy 

H

2-Iodobutane

I

CH3CCH2CH3

A

A
ðð!

 1 :Br
..

. . :!

4. 

H

CH3CCH2I

CH3

A

A

1-Iodo-2-methylpropane

ðš!  1 :N‚C:! uy 

H

CH3CCH2C N

CH3

A

A

3-Methylbutanenitrile

q ð  1 : I
..

. .:
!

5. 
Br

Bromocyclohexane

Br!
!

ð
 1 CH3S

..
. .:

! uy 
SCH3

Methylthiocyclohexane

!
!

 1 :Br
..

. . :!

6. CH3CH2 I
..

. .: 1 :NH3 uy 

!

Ethylammonium
iodide

CH3CH2NH3
 1 : I

..
. .:

!

 Indoethane

7. CH3Br
..

. . : 1 :P(CH3)3 uy 
!

Tetramethylphosphonium
bromide

CH3PCH3

CH3

CH3

A

A
 1 :Br

..
. . :!

 Bromomethane

Note: Remember that nucleophiles are red, electrophiles are blue, and leaving groups are green.
Anionic nucleophiles give neutral products (Reactions 1 – 5). Neutral nucleophiles give salts as products
(Reactions 6 and 7).
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REACTION MECHANISMS INVOLVING POLAR FUNCTIONAL GROUPS: USING
“ELECTRON-PUSHING” ARROWS

Nucleophilic substitution is an example of a polar reaction: It includes charged species and
polarized bonds.

Opposite charges attract—nucleophiles are attracted to electrophiles—by moving electrons
from electron-rich to electron-poor sites.

Acid-base processes require electron movement. The Brønsted-Lowry process in which the
acid HCl donates a proton to a molecule of water in aqueous solution:

217C H A P T E R  66 - 3  R e a c t i o n  M e c h a n i s m s  U s i n g  “ E l e c t r o n - P u s h i n g ”  A r r o w s

In Summary Nucleophilic substitution is a fairly general reaction for primary and second-
ary haloalkanes. The halide functions as the leaving group, and several types of nucleophilic 
atoms enter into the process.

Exercise 6-3 Try It Yourself

Suggest starting materials for the preparation of (CH3)4N
1I2. (Hint: Look for a reaction in 

Table 6-3 that gives a similar product.)

In our consideration in Chapter 3 of radical halogenation, we found that a knowledge of its 
mechanism was helpful in explaining the experimental characteristics of the process. The 
same is true for nucleophilic substitution and, indeed, virtually every chemical process that 
we encounter. Nucleophilic substitution is an example of a polar reaction: It includes 
charged species and polarized bonds. Recall (Chapter 2) that an understanding of electro-
statics is essential if we are to comprehend how such processes take place. Opposite charges 
attract—nucleophiles are attracted to electrophiles—and this principle provides us with a 
basis for understanding the mechanisms of polar organic reactions. In this section, we 
expand the concept of electron ! ow and review the conventional methods for illustrating 
polar reaction mechanisms by moving electrons from electron-rich to electron-poor sites.

Curved arrows depict the movement of electrons
As we learned in Section 2-3, acid-base processes require electron movement. Let us brie! y 
reexamine the Brønsted-Lowry process in which the acid HCl donates a proton to a mol-
ecule of water in aqueous solution:

Depiction of a Brønsted-Lowry Acid-Base Reaction by Using Curved Arrows

A
O O

H

This electron pair
becomes shared

This electron pair is
completely displaced

H H Cl! !

!

š" š"
"

Cl "š"

""

O ED HH H

H

"O

Notice that the arrow starting at the lone pair on oxygen and ending at the hydrogen of 
HCl does not imply that the lone electron pair departs from oxygen completely; it just 
becomes a shared pair between that oxygen atom and the atom to which the arrow points. 
In contrast, however, the arrow beginning at the H–Cl bond and pointing toward the chlorine 
atom does signify heterolytic cleavage of the bond; that electron pair becomes separated 
from hydrogen and ends up entirely on the chloride ion.

6-3  REACTION MECHANISMS INVOLVING POLAR FUNCTIONAL 
GROUPS: USING “ELECTRON-PUSHING” ARROWS

Exercise 6-4

Use curved arrows to depict the ! ow of electrons in each of the following acid-base reactions. 
(a) Hydrogen ion 1 hydroxide ion; (b) ! uoride ion 1 boron tri! uoride, BF3; (c) ammonia 1 
hydrogen chloride; (d) hydrogen sul" de, H2S, 1 sodium methoxide, NaOCH3; (e) dimethyloxonium 
ion, (CH3)2OH1, 1 water; (f) the self-ionization of water to give hydronium ion and hydroxide ion.
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Curved “electron-pushing” arrows are the means by which we describe mechanisms in 
organic chemistry. We have already noted the close parallels between acid-base reactions 
and reactions between organic electrophiles and nucleophiles (Section 2-3). Curved arrows 
show how nucleophilic substitution occurs when a lone pair of electrons on a nucleophile 
is transformed into a new bond with an electrophilic carbon, “pushing” a bonding pair of 
electrons away from that carbon onto a leaving group. However, nucleophilic substitution 
is just one of many kinds of processes for which electron-pushing arrows are used to depict 
the mechanisms of electrophile–nucleophile interactions. The following examples reprise 
several of the reaction types introduced in Chapter 2.

In every case the curved arrows start from either a lone electron pair on an atom or the 
center of a bond. Curved arrows never start at electron-de! cient atoms, such as H1 (last 
equation): The movement of a proton is depicted by an arrow pointing from an electron 
source (lone pair or bond) toward the proton. Although this may seem counterintuitive at 
! rst, it is a very important aspect of the curved-arrow formalism. Curved arrows represent 
movement of electrons, not atoms.

The ! rst and third examples illustrate a characteristic property of electron movement: 
If an electron pair moves toward an atom, that atom must have a “place to put that electron 
pair,” so to speak. In nucleophilic substitution, the carbon atom in a haloalkane has a ! lled 
outer shell; another electron pair cannot be added without displacement of the electron 
pair bonding carbon to halogen. The two electron pairs can be viewed as “" owing” in a 
synchronous manner: As one pair arrives at the closed-shell atom, the other departs, thereby 
preventing violation of the octet rule at carbon. When you depict electron movement with 
curved arrows, it is absolutely essential to keep in mind the rules for drawing Lewis struc-
tures. Correct use of electron-pushing arrows helps in drawing such structures, because all 
electrons are moved to their proper destinations.

There are other types of processes, but, surprisingly, not that many. One of the most 
powerful consequences of studying organic chemistry from a mechanistic point of view is 
the way in which this approach highlights similarities between types of polar reactions even 
if the speci! c atoms and bonds are not the same.

A

A
O OC

A

A
C

OH O ! !"
A

A
O OC OH

Nucleophilic substitution Compare with Brønsted
acid-base reaction

Curved-Arrow Representations of Several Common Types of Mechanisms

Reverse of Lewis acid–
Lewis base reaction

Only one of the two bonds
between C and O is cleaved

Carbon–carbon double bond
acting as a Lewis base

ðš#

O "ðš#

š#Clðš# Cl "ððš#

Cl "ððš#Clðš#

C

H!

OH O !" O O

HO
Nucleophilic addition

ðš# Oš#

A

A
OC !

f

i
OC!Dissociation

P

C C !
A

A
O O

!
C C

H
Electrophilic addition

P
i
C

f
i
f

i
f

i
f

O

š

Exercise 6-5

Identify the electrophilic and nucleophilic sites in the four mechanisms shown earlier as curved-
arrow representations.

Exercise 6-6

Write out in detail the equations for the reactions in Exercise 6-2, using curved arrows to denote 
the movement of electron pairs.
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The reaction of chloromethane with sodium hydroxide is bimolecular

Measuring either the disappearance of one of the reactants or the appearance of one of the
products.

In the reaction of chloromethane with sodium hydroxide, the rate depends on the initial
concentrations of both of the reagents, a second-order process:

219C H A P T E R  66 - 4  N u c l e o p h i l i c  S u b s t i t u t i o n :  K i n e t i c s

Exercise 6-7

Rewrite each reaction of Table 6-3, adding curved arrows to indicate the ! ow of electrons.

Exercise 6-8

Propose a curved-arrow depiction of the ! ow of electrons in the following processes, which will 
be considered in detail in this chapter and in Chapter 7.

(a) OC!
A

A
O OC ClCl"!

i

i
 (b) 

! A

A
OC OC H2O

H

HO" ! !
f

i

f

i

f

i
C CP

In Summary Curved arrows depict movement of electron pairs in reaction mechanisms. 
Electrons move from nucleophilic, or Lewis basic, atoms toward electrophilic, or Lewis 
acidic, sites. If a pair of electrons approaches an atom already containing a closed shell, a 
pair of electrons must depart from that atom so as not to exceed the maximum capacity of 
its valence orbitals.

Many questions can be raised at this stage. What are the kinetics of nucleophilic substitu-
tion, and how does this information help us determine the underlying mechanism? What 
happens with optically active haloalkanes? Can we predict relative rates of substitution? 
These questions will be addressed in the remainder of this chapter.

When a mixture of chloromethane and sodium hydroxide in water is heated (denoted 
by the uppercase Greek letter delta, D, at the right of the arrow in the equation in the 
margin), a high yield of two compounds—methanol and sodium chloride—is the result. 
This outcome, however, does not tell us anything about how starting materials are converted 
into products. What experimental methods are available for answering this question?

One of the most powerful techniques employed by chemists is the measurement of the 
kinetics of the reaction (Section 2-1). By comparing the rate of product formation beginning 
with several different concentrations of the starting materials, we can establish the rate 
equation, or rate law, for a chemical process. Let us see what this experiment tells us about 
the reaction of chloromethane with sodium hydroxide.

The reaction of chloromethane with sodium hydroxide 
is bimolecular
We can monitor rates by measuring either the disappearance of one of the reactants or the 
appearance of one of the products. When we apply this method to the reaction of chloro-
methane with sodium hydroxide, we " nd that the rate depends on the initial concentrations 
of both of the reagents. For example, doubling the concentration of hydroxide doubles the 
rate at which the reaction proceeds. Likewise, at a " xed hydroxide concentration, doubling 
the concentration of chloromethane has the same effect. Doubling the concentrations of both 
increases the rate by a factor of 4. These results are consistent with a second-order process 
(Section 2-1), which is governed by the following rate equation:

Rate ! k[CH3Cl][HO"] mol L"1 s"1

All the examples given in Table 6-3 exhibit such second-order kinetics: Their rates are 
directly proportional to the concentrations of both substrate and nucleophile.

6-4  A CLOSER LOOK AT THE NUCLEOPHILIC SUBSTITUTION 
MECHANISM: KINETICS

Mechanism

“!” means that
the reaction mixture

is heated.

CH3Cl

H2O, ∆

NaOH!

CH3OH NaCl!
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Exercise 6-7

Rewrite each reaction of Table 6-3, adding curved arrows to indicate the ! ow of electrons.

Exercise 6-8

Propose a curved-arrow depiction of the ! ow of electrons in the following processes, which will 
be considered in detail in this chapter and in Chapter 7.
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A

A
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i
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! A

A
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H
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In Summary Curved arrows depict movement of electron pairs in reaction mechanisms. 
Electrons move from nucleophilic, or Lewis basic, atoms toward electrophilic, or Lewis 
acidic, sites. If a pair of electrons approaches an atom already containing a closed shell, a 
pair of electrons must depart from that atom so as not to exceed the maximum capacity of 
its valence orbitals.

Many questions can be raised at this stage. What are the kinetics of nucleophilic substitu-
tion, and how does this information help us determine the underlying mechanism? What 
happens with optically active haloalkanes? Can we predict relative rates of substitution? 
These questions will be addressed in the remainder of this chapter.

When a mixture of chloromethane and sodium hydroxide in water is heated (denoted 
by the uppercase Greek letter delta, D, at the right of the arrow in the equation in the 
margin), a high yield of two compounds—methanol and sodium chloride—is the result. 
This outcome, however, does not tell us anything about how starting materials are converted 
into products. What experimental methods are available for answering this question?

One of the most powerful techniques employed by chemists is the measurement of the 
kinetics of the reaction (Section 2-1). By comparing the rate of product formation beginning 
with several different concentrations of the starting materials, we can establish the rate 
equation, or rate law, for a chemical process. Let us see what this experiment tells us about 
the reaction of chloromethane with sodium hydroxide.

The reaction of chloromethane with sodium hydroxide 
is bimolecular
We can monitor rates by measuring either the disappearance of one of the reactants or the 
appearance of one of the products. When we apply this method to the reaction of chloro-
methane with sodium hydroxide, we " nd that the rate depends on the initial concentrations 
of both of the reagents. For example, doubling the concentration of hydroxide doubles the 
rate at which the reaction proceeds. Likewise, at a " xed hydroxide concentration, doubling 
the concentration of chloromethane has the same effect. Doubling the concentrations of both 
increases the rate by a factor of 4. These results are consistent with a second-order process 
(Section 2-1), which is governed by the following rate equation:

Rate ! k[CH3Cl][HO"] mol L"1 s"1

All the examples given in Table 6-3 exhibit such second-order kinetics: Their rates are 
directly proportional to the concentrations of both substrate and nucleophile.

6-4  A CLOSER LOOK AT THE NUCLEOPHILIC SUBSTITUTION 
MECHANISM: KINETICS

Mechanism

“!” means that
the reaction mixture

is heated.

CH3Cl

H2O, ∆

NaOH!

CH3OH NaCl!

THE NUCLEOPHILIC SUBSTITUTION MECHANISM: KINETICS

When a mixture of chloromethane and sodium hydroxide in water is heated, a high yield of
two compounds—methanol and sodium chloride—is the result.

Rate equation or rate law: rate of product formation with several different concentrations of
the starting materials.
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group, one group exchanging for the other. This pathway is called frontside displacement
(Figure 6-2). As we shall see in the next section, it does not occur. The second possibility 
is a backside displacement, in which the nucleophile approaches carbon from the side 
opposite the leaving group (Figure 6-3). In both equations, an electron pair from the nega-
tively charged hydroxide oxygen moves toward carbon, creating the C–O bond, while that 
of the C–Cl linkage shifts onto chlorine, thereby expelling the latter as :Cl

..
. . :!. In either of 

the two respective transition states, the negative charge is distributed over both the oxygen 
and the chlorine atoms.

Note that the formation of the transition state is not a separate step; the transition state 
only describes the geometric arrangement of the reacting species as they pass through the 
maximum energy point of a single-step process (Section 2-1).

C

HO   −H

H

H

C

H

H

H

+

‡

‡

δ −

δ −Cl

O
O

OCl

Cl

Cl

C

H

H

H

Means “does not occur”

Cl   −HO

Cl   −

HO

Figure 6-2 Hypothetical frontside nucleophilic substitution (does not occur). The (hypothetical) 
transition state is enclosed in brackets and labeled with the ‡ symbol.

Figure 6-3 Backside nucleophilic substitution. Attack is from the side opposite the leaving 
group. The concerted nature of bond making (to OH) and bond breaking (from Cl) is indicated by 
the dotted lines, which signify the partial bonding of both to carbon in the transition state.

CHO   −

O OCl Cl ClO

Cl   −HO

H

H

H
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H

H
H

C
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‡

δ − δ −

ClCl HO} }
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This classic billiards shot is a 
model for backside displacement 
in the SN2 reaction. When the 
white ball hits the orange one, 
the orange ball does not move, 
but the red ball is driven away.

ANIMATED MECHANISM: 
Nucleophilic substitution (SN2)

Animation

Note: The symbol ‡ denotes a 
transition state, which is very 
short-lived and cannot be 
isolated (recall Sections 2-1 
and 3-4).

Bimolecular nucleophilic substitution, abbreviated as SN2 (S stands for substitution, N
for nucleophilic, and 2 for bimolecular) is a concerted, one-step process

The nucleophile attacks the haloalkane, with simultaneous expulsion of the leaving group.
Bond making takes place at the same time as bond breaking (a concerted reaction).

Stereochemistry:

1. Frontside displacement:

The nucleophile could
approach the substrate
from the same side as the
leaving group, one group
exchanging for the other.



15

Note that the formation of the transition state is not a separate step; the transition state only
describes the geometric arrangement of the reacting species as they pass through the
maximum energy point of a single-step process.
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opposite the leaving group (Figure 6-3). In both equations, an electron pair from the nega-
tively charged hydroxide oxygen moves toward carbon, creating the C–O bond, while that 
of the C–Cl linkage shifts onto chlorine, thereby expelling the latter as :Cl
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the two respective transition states, the negative charge is distributed over both the oxygen 
and the chlorine atoms.

Note that the formation of the transition state is not a separate step; the transition state 
only describes the geometric arrangement of the reacting species as they pass through the 
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Figure 6-2 Hypothetical frontside nucleophilic substitution (does not occur). The (hypothetical) 
transition state is enclosed in brackets and labeled with the ‡ symbol.

Figure 6-3 Backside nucleophilic substitution. Attack is from the side opposite the leaving 
group. The concerted nature of bond making (to OH) and bond breaking (from Cl) is indicated by 
the dotted lines, which signify the partial bonding of both to carbon in the transition state.
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This classic billiards shot is a 
model for backside displacement 
in the SN2 reaction. When the 
white ball hits the orange one, 
the orange ball does not move, 
but the red ball is driven away.

ANIMATED MECHANISM: 
Nucleophilic substitution (SN2)

Animation

Note: The symbol ‡ denotes a 
transition state, which is very 
short-lived and cannot be 
isolated (recall Sections 2-1 
and 3-4).

2. Backside displacement, The nucleophile approaches carbon from the side opposite the
leaving group.


