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The stereochemistry of displacement at a primary carbon is more dif! cult to observe 
directly, because a primary carbon atom is attached to two hydrogens in addition to the 
leaving group: It is not a stereocenter. This obstacle may be overcome by replacing one of 
the two hydrogen atoms by deuterium, the hydrogen isotope with mass 5 2. The result is 
a stereocenter at the primary carbon and a chiral molecule. This strategy has been employed 
to con! rm that SN2 displacement at a primary carbon atom does indeed occur with inversion 
of con! guration, as the example below illustrates.

S-1-Chloro-1-deuteriobutane
(Chiral and optically active)

Stereochemistry of SN2 Displacement at a Primary Carbon Atom

R-1-Azido-1-deuteriobutane
(Chiral and optically active;

configuration inverted)
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The nucleophile, azide ion (N3
2), gives rise to stereospeci! c backside displacement of chloride, 

giving the azidoalkane product with the inverted con! guration at the chiral carbon.
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Exercise 6-12

Write the products of the following SN2 reactions: (a) (R)-3-chloroheptane 1 Na12SH; (b) (S)-2-
bromooctane 1 N(CH3)3; (c) (3R,4R)-4-iodo-3-methyloctane 1 K12SeCH3.

Exercise 6-13

Write the structures of the products of the SN2 reactions of cyanide ion with (a) meso-2,4-
dibromopentane (double SN2 reaction); (b) trans-1-iodo-4-methylcyclohexane.
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In Summary The reaction of chloromethane with hydroxide to give methanol and chloride, 
as well as the related transformations of a variety of nucleophiles with haloalkanes, are exam-
ples of the bimolecular process known as the SN2 reaction. Two single-step mechanisms—
frontside attack and backside attack—may be envisioned for the reaction. Both are concerted 
processes, consistent with the second-order kinetics obtained experimentally. Can we distin-
guish between the two? To answer this question, we return to a topic that we have considered 
in detail: stereochemistry.

Exercise 6-11

Draw representations of the hypothetical frontside and backside displacement mechanisms for the 
SN2 reaction of sodium iodide with 2-bromobutane (Table 6-3). Use arrows like those shown in 
Figures 6-2 and 6-3 to represent electron-pair movement.

When we compare the structural drawings in Figures 6-2 and 6-3 with respect to the 
arrangement of their component atoms in space, we note immediately that in the ! rst con-
version the three hydrogens stay put and to the left of the carbon, whereas in the second 
they have “moved” to the right. In fact, the two methanol pictures are related as object and 
mirror image. In this example, the two are superimposable and therefore indistinguishable—
properties of an achiral molecule. The situation is entirely different for a chiral haloalkane 
in which the electrophilic carbon is a stereocenter.

The SN2 reaction is stereospecifi c
Consider the reaction of (S)-2-bromobutane with iodide ion. Frontside displacement should 
give rise to 2-iodobutane with the same (S) con! guration as that of the substrate; backside 
displacement should furnish a product with the opposite con! guration.

What is actually observed? It is found that (S)-2-bromobutane gives (R)-2-iodobutane 
on treatment with iodide: This and all other SN2 reactions proceed with inversion of 
con! guration. A process whose mechanism requires that each stereoisomer of the starting 
material transform into a speci! c stereoisomer of product is described as stereospeci! c.
The SN2 reaction is therefore stereospeci! c, proceeding by a backside displacement mech-
anism to give inversion of con! guration at the site of the reaction.

In the three equations that follow, the progress of the reaction of (S)-2-bromobutane with 
iodide ion is shown using conventional drawings, molecular models, and electrostatic potential 
maps. You can see that in the transition state, the negative charge on the nucleophile has spread 
partly onto the leaving group. As the reaction comes to completion, the leaving group evolves 
to a fully charged anion. In the electrostatic potential map of the transition state, this process 
is re" ected in the attenuated red color around the two halogen nuclei, compared with the full 
red visible in the starting and ending halide ions. Note that in the reaction schemes preceding 
the electrostatic potential renditions, we use the mechanistic color scheme of green for the 
leaving group, and not red. In other respects, the colors match, as you would expect.

6-5  FRONTSIDE OR BACKSIDE ATTACK? STEREOCHEMISTRY 
OF THE SN2 REACTION

Mechanism

Model Building

ANIMATED MECHANISM: 
Nucleophilic substitution (SN2)

Animation
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Stereochemistry of the Backside Displacement Mechanism for SN2 Reactions

Backside displacement(Chiral and
optically active)

(Chiral and optically
active; configuration

inverted)

Br   −

The SN2 reaction is stereospecific

The reaction of (S)-2-bromobutane with iodide ion. gives (R)-2-iodobutane. This and all
other SN2 reactions proceed with inversion of configuration.
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The transition state of the SN2 reaction can be described in an orbital picture

As the nucleophile approaches the back lobe of the sp3 hybrid orbital used by carbon to
bind the halogen atom, the rest of the molecule becomes planar at the transition state by
changing the hybridization at carbon to sp2.
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The transition state of the SN2 reaction can be described in an 
orbital picture
The transition state for the SN2 reaction can be described in orbital terms, as shown in 
Figure 6-4. As the nucleophile approaches the back lobe of the sp3 hybrid orbital used by 
carbon to bind the halogen atom, the rest of the molecule becomes planar at the transition 

Former President George W. 
Bush experiences inversion of 
con! guration.

Figure 6-4 Orbital description of 
backside attack in the SN2 reac-
tion. The process is reminiscent of 
the inversion of an umbrella 
exposed to gusty winds.
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Figure 6-5 Potential energy 
diagram for an SN2 reaction. The 
process takes place in a single 
step, with a single transition state.
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ANIMATED MECHANISM: 
Nucleophilic substitution (SN2)

Animation

state by changing the hybridization at carbon to sp2. As the reaction proceeds to products, 
the inversion motion is completed and the carbon returns to the tetrahedral sp3 con! guration. 
A depiction of the course of the reaction using a potential energy–reaction coordinate 
diagram is shown in Figure 6-5.

What are the consequences of the inversion of stereochemistry in the SN2 reaction? Because 
the reaction is stereospeci! c, we can design ways to use displacement reactions to synthesize 
a desired stereoisomer.

6-6 CONSEQUENCES OF INVERSION IN SN2 REACTIONS
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As the reaction proceeds to products, the
inversion motion is completed and the carbon
returns to the tetrahedral sp3 configuration.
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state by changing the hybridization at carbon to sp2. As the reaction proceeds to products, 
the inversion motion is completed and the carbon returns to the tetrahedral sp3 con! guration. 
A depiction of the course of the reaction using a potential energy–reaction coordinate 
diagram is shown in Figure 6-5.
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Synthesize a specific enantiomer by using SN2 reactions

With optically pure R bromide, only S thiol is obtained, and none of its R enantiomer.

225C H A P T E R  66 - 6  C o n s e q u e n c e s  o f  I n v e r s i o n  i n  S N 2  R e a c t i o n s

We can synthesize a specifi c enantiomer by using SN2 reactions
Consider the conversion of 2-bromooctane into 2-octanethiol in its reaction with hydrogen 
sul! de ion, HS2. If we were to start with optically pure R bromide, we would obtain only 
S thiol and none of its R enantiomer.
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D
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CH3(CH2)4CH2 CH3 CH3
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CH2(CH2)4CH3

H
Br HS

Inversion of Configuration of an Optically Pure
Compound by SN2 Reaction

(R)-2-Bromooctane
([   ] " !34.6)

(S)-2-Octanethiol
([   ] " #36.4)

G
C ##

$ $

Br !

But what if we wanted to convert (R)-2-bromooctane into the R thiol? One tech-
nique uses a sequence of two SN2 reactions, each resulting in inversion of con! guration 
at the stereocenter. For example, an SN2 reaction with iodide would ! rst generate (S)-2-
iodooctane. We would then use this haloalkane with an inverted con! guration as the 
substrate in a second displacement, now with HS2 ion, to furnish the R thiol. This double 
inversion sequence of two SN2 processes gives us the result we desire, a net retention 
of con! guration.

} ~O O
0 0

D
C

CH3(CH2)4CH2 CH3 CH3

H

CH2(CH2)4CH3

H
I

I!

!Br!

First
inversion of

configuration

Second
inversion of

configuration

HS!

!I!

Using Double Inversion to Give Net Retention of Configuration

(R)-2-Bromooctane
([   ] " !34.6)

(S)-2-Iodooctane
([   ] " #46.3)

(R)-2-Octanethiol
([   ] " !36.4)

G
} O

0
C

CH3(CH2)4CH2 CH3

H
SH

G
C

$ $$

Br

Model Building

Exercise 6-14

As we saw for carvone (Problem 43 of Chapter 5), enantiomers can sometimes be distinguished by 
odor and " avor. 3-Octanol and some of its derivatives are examples: The dextrorotatory compounds 
are found in natural peppermint oil, whereas their (2) counterparts contribute to the essence of 
lavender. Show how you would synthesize optically pure samples of each enantiomer of 3-octyl 
acetate, starting with (S)-3-iodooctane. (The conversion of acetates into alcohols will be shown in 
Section 8-5.)

O

3-Octyl acetate

OCCH3

CH3CH2CHCH2CH2CH2CH2CH3

A

B

Solved Exercise 6-15 Working with the Concepts: Stereochemical 
Consequences of SN2 Displacement

Treatment of (S)-2-iodooctane with NaI in solution causes the optical activity of the starting 
organic compound to disappear. Explain.

Strategy
What: If you write out the equation for this reaction, you will notice something unusual about 

it: This SN2 reaction uses iodide as the nucleophile as well as the leaving group. Therefore, 
iodide displaces iodide. This is the key insight to approaching the problem.

Color code for priorities 
(see Section 5-3)
Highest: red
Second highest: blue
Third highest: green
Lowest: black

A double inversion sequence of two SN2 processes gives a net retention of
configuration.
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In substrates bearing more than one stereocenter, inversion takes place only at the
carbons that undergo reaction with the incoming nucleophile.

The reaction of (2S,4R)-2-bromo-4-chloropentane with excess cyanide ion results in a
meso product.
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In substrates bearing more than one stereocenter, inversion takes place only at the car-
bons that undergo reaction with the incoming nucleophile. Note that the reaction of (2S,4R)-
2-bromo-4-chloropentane with excess cyanide ion results in a meso product. This outcome 
is particularly readily recognized using Fischer projections.

SN2 Reactions of Molecules with Two Stereocenters

H

H

H

2S,4R 2R,4S: Meso

Br

H !CN

Ethanol
(Solvent)

Excess

Cl

CH3

CH3

CH3

CH3

NC

H

NC

H

H

H

"

2S,3R

Reactive stereocenters
(both possess good

leaving groups)

I!

Acetone
(Solvent)

CH3

H

CH2CH3

CH3

"

Br! Cl!" "

1

2

3

I

2R,3R

H

CH2CH3

CH3

H
Br!"

CH31

2

3

H Br
Reactive stereocenter

Inert stereocenter
(no leaving group)

Solution
How: The optical activity of (S)-2-iodooctane originates from the fact that it is chiral and a 

single enantiomer. Its structure appears in the text on the previous page. The stereocenter is 
C2, the carbon bearing the iodine atom. (S)-2-Iodooctane is a secondary haloalkane and, as 
we have seen in several examples in this chapter, it may undergo SN2 reaction, which pro-
ceeds by backside displacement and inversion at the site of reactivity.

Information: As noted earlier, I2 is both a good nucleophile and a good leaving group.
Proceed: Because it functions in both roles in this reaction, the transformation occurs 

rapidly. Each time displacement occurs, the stereocenter undergoes stereochemical 
inversion. Because the process is fast, it takes place multiple times for every substrate 
molecule, inverting the stereochemistry each time. Ultimately, this leads to an equilib-
rium (i.e., racemic) mixture of (R) and (S) stereoisomers of the starting (and ending) 
compound.

Exercise 6-16 Try It Yourself

Amino acids are the building blocks of peptides and proteins in nature. They may be prepared in 
the laboratory by SN2 displacement of the halogen in 2-halocarboxylic acids using ammonia as 
the nucleophile, as illustrated by the conversion of 2-bromopropanoic acid into alanine.

2-Bromopropanoic
acid

Alanine

Br

CH3CHCOOH
A

"NH3

CH3CHCOO!
ANH3, H2O,

25#C, 4 days

!HBr

The stereocenter in alanine, like that in most naturally occuring amino acids, has the S con! gu-
ration. Draw both a clear stereochemical structure for (S)-alanine and one for the enantiomer of 
2-bromopropanoic acid that would be required to produce (S)-alanine according to the equation 
above.

Among the amino acids 
that are made by the body 
(“nonessential” amino 
acids), (S)-alanine is the 
most abundant, contributing 
about 8% to the amino acid 
sequence of proteins.

Model Building
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In these equations, ethanol and acetone are the solvents for the indicated transformations.
These solvents are polar and particularly good at dissolving salts (the influence of the
nature of the solvent on the SN2 reaction).

Similarly, nucleophilic substitution of a substituted halocycloalkane may change the
stereochemical relation between the substituents.

For example, in the disubstituted cyclohexane below, the stereochemistry changes from cis
to trans.

227C H A P T E R  66 - 7  S t r u c t u r e  a n d  S N 2  R e a c t i v i t y :  T h e  L e a v i n g  G r o u p

In these equations, ethanol and acetone, respectively, are the solvents for the indicated 
transformations. These solvents are polar (Section 1-3) and particularly good at dissolving 
salts. We shall come back to the in! uence of the nature of the solvent on the SN2 reaction 
in Section 6-8. In the second example, notice that the reaction taking place at C2 has no 
effect on the stereocenter at C3.

Exercise 6-17

As an aid in the prediction of stereochemistry, organic chemists often use the guideline that 
“diastereomers produce diastereomers.” Replace the starting compound in each of the two preced-
ing examples with one of its diastereomers, and write the product of SN2 displacement with the 
nucleophile shown. Are the resulting structures in accord with this “rule”?

Similarly, nucleophilic substitution of a substituted halocycloalkane may change the 
stereochemical relation between the substituents. For example, in the disubstituted cyclo-
hexane below, the stereochemistry changes from cis to trans.

¥*

Br NaI, acetone

H

H
cis-1-Bromo-

3-methylcyclohexane

CH3

H
NaBr!

I

H
trans-1-Iodo-

3-methylcyclohexane

CH3

¥*
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In Summary Inversion of con" guration in the SN2 reaction has distinct stereochemical 
consequences. Optically active substrates give optically active products, unless the nucleo-
phile and the leaving group are the same or meso compounds are formed. In cyclic systems, 
cis and trans stereochemical relations may be interconverted.

Model Building

The relative facility of SN2 displacements depends on several factors, including the nature 
of the leaving group, the reactivity of the nucleophile (which is affected by the choice of 
reaction solvent), and the structure of the alkyl portion of the substrate. We employ kinetics 
as our tool to evaluate the degree to which changes in each of these structural features 
affect their function in the SN2 reaction. We begin by examining the leaving group. Subse-
quent sections will address the nucleophile and the substrate.

Leaving-group ability is a measure of the ease 
of its displacement
As a general rule, nucleophilic substitution occurs only when the group being displaced, X, 
is readily able to depart, taking with it the electron pair of the C–X bond. Are there struc-
tural features that might allow us to predict, at least qualitatively, whether a leaving group 
is “good” or “bad”? Not surprisingly, the relative rate at which it can be displaced, its 
leaving-group ability, can be correlated with its capacity to accommodate a negative 
charge. Remember that a certain amount of negative charge is transferred to the leaving 
group in the transition state of the reaction (Figure 6-4).

For the halogens, leaving-group ability increases along the series from ! uorine to iodine. 
Thus, iodide is regarded as a “good” leaving group; ! uoride, however, is so “poor” that 
SN2 reactions of ! uoroalkanes are rarely observed.

6-7 STRUCTURE AND SN2 REACTIVITY: THE LEAVING GROUP
Some Variables Affecting

the SN2 Reaction

ð

ð

R XNu O

Reactivity
of
Nu

Structure
of
R

Nature
of
X

Leaving-Group Ability

I2 . Br2 . Cl2 . F2

 Best Worst

Increasing
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STRUCTURE AND SN2 REACTIVITY: THE LEAVING GROUP

The relative facility of SN2 displacements depends on several factors: the nature of the
leaving group, the reactivity of the nucleophile (which is affected by the choice of reaction
solvent), and the structure of the alkyl portion of the substrate.

Leaving-group ability is a measure of the ease of its
displacement
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Nucleophilic substitution occurs only when the group being displaced, X, is readily able to
depart, taking with it the electron pair of the C–X bond.

The relative rate at which it can be displaced, its leaving-group ability, can be correlated
with its capacity to accommodate a negative charge.
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For the halogens, leaving-group ability increases along the series from fluorine to iodine.
Thus, iodide is regarded as a “good” leaving group; fluoride is so “poor” that SN2 reactions
of fluoroalkanes are rarely observed.
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In these equations, ethanol and acetone, respectively, are the solvents for the indicated 
transformations. These solvents are polar (Section 1-3) and particularly good at dissolving 
salts. We shall come back to the in! uence of the nature of the solvent on the SN2 reaction 
in Section 6-8. In the second example, notice that the reaction taking place at C2 has no 
effect on the stereocenter at C3.

Exercise 6-17

As an aid in the prediction of stereochemistry, organic chemists often use the guideline that 
“diastereomers produce diastereomers.” Replace the starting compound in each of the two preced-
ing examples with one of its diastereomers, and write the product of SN2 displacement with the 
nucleophile shown. Are the resulting structures in accord with this “rule”?

Similarly, nucleophilic substitution of a substituted halocycloalkane may change the 
stereochemical relation between the substituents. For example, in the disubstituted cyclo-
hexane below, the stereochemistry changes from cis to trans.

¥*

Br NaI, acetone

H

H
cis-1-Bromo-

3-methylcyclohexane

CH3

H
NaBr!

I

H
trans-1-Iodo-

3-methylcyclohexane

CH3

¥*

/∑ /∑

In Summary Inversion of con" guration in the SN2 reaction has distinct stereochemical 
consequences. Optically active substrates give optically active products, unless the nucleo-
phile and the leaving group are the same or meso compounds are formed. In cyclic systems, 
cis and trans stereochemical relations may be interconverted.

Model Building

The relative facility of SN2 displacements depends on several factors, including the nature 
of the leaving group, the reactivity of the nucleophile (which is affected by the choice of 
reaction solvent), and the structure of the alkyl portion of the substrate. We employ kinetics 
as our tool to evaluate the degree to which changes in each of these structural features 
affect their function in the SN2 reaction. We begin by examining the leaving group. Subse-
quent sections will address the nucleophile and the substrate.

Leaving-group ability is a measure of the ease 
of its displacement
As a general rule, nucleophilic substitution occurs only when the group being displaced, X, 
is readily able to depart, taking with it the electron pair of the C–X bond. Are there struc-
tural features that might allow us to predict, at least qualitatively, whether a leaving group 
is “good” or “bad”? Not surprisingly, the relative rate at which it can be displaced, its 
leaving-group ability, can be correlated with its capacity to accommodate a negative 
charge. Remember that a certain amount of negative charge is transferred to the leaving 
group in the transition state of the reaction (Figure 6-4).

For the halogens, leaving-group ability increases along the series from ! uorine to iodine. 
Thus, iodide is regarded as a “good” leaving group; ! uoride, however, is so “poor” that 
SN2 reactions of ! uoroalkanes are rarely observed.

6-7 STRUCTURE AND SN2 REACTIVITY: THE LEAVING GROUP
Some Variables Affecting

the SN2 Reaction

ð
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R XNu O

Reactivity
of
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Structure
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Nature
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X

Leaving-Group Ability

I2 . Br2 . Cl2 . F2

 Best Worst

Increasing
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Halides are not the only groups that can be displaced by nucleophiles in SN2 reactions. 
Other examples of good leaving groups are sulfur derivatives of the type ROSO3

2 and 
RSO3

2, such as methyl sulfate ion, CH3OSO3
2, and various sulfonate ions. Alkyl sulfate 

and sulfonate leaving groups are used so often that trivial names, such as mesylate, tri! ate, 
and tosylate, have found their way into the chemical literature.

Exercise 6-18

Predict the product of the reaction of 1-chloro-6-iodohexane with one equivalent of sodium methyl-
selenide (Na12SeCH3).
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Basicity

I2 , Br2 , Cl2 , F2

 Least Most

Table 6-4 Base Strengths and Leaving Groups

Conjugate  Leaving Conjugate  Leaving
acid  group acid  group

Strong pKa Good Weak pKa Poor
HI (strongest) 210.0 I2 (best) HF 3.2 F2

HBr 29.0 Br2 CH3CO2H 4.7 CH3CO2
2

HCl 28.0 Cl2 HCN 9.2 NC2

H2SO4 23.0 HSO4
2 CH3SH 10.0 CH3S
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H3O
1 21.7 H2O CH3OH 15.5 CH3O

2

CH3SO3H 21.2 CH3SO3
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Weak bases are good leaving groups
Is there some characteristic property that distinguishes good leaving groups from poor ones? 
Yes: Leaving-group ability is inversely related to base strength. Weak bases are best able 
to accommodate negative charge and are the best leaving groups. Among the halides, iodide 
is the weakest base and therefore the best leaving group in the series. Sulfates and sulfonates 
are weak bases as well.

Is there a way to recognize weak bases readily? The weaker X2 is as a base, the 
stronger is its conjugate acid HX. Therefore, good leaving groups are the conjugate 
bases of strong acids. This rule applies to the four halides: HF is the weakest of the 
conjugate acids, HCl is stronger, and HBr and HI are stronger still. Table 6-4 lists a 
number of acids, in order of descending strength, and their pKa values. Their conjugate 
bases are listed alongside in order of increasing strength and, therefore, decreasing leaving-
group ability.

Other examples of good leaving groups are sulfur derivatives of the type ROSO3– and
RSO3–, such as methyl sulfate ion, CH3OSO3–, and various sulfonate ions.

Alkyl sulfate and sulfonate leaving groups are used so often that trivial names, such as
mesylate, triflate, and tosylate:
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Weak bases are good leaving groups

Leaving-group ability is inversely related to base strength. Weak bases are best able to
accommodate negative charge and are the best leaving groups.

Among the halides, iodide is the weakest base and therefore the best leaving group in the
series. Sulfates and sulfonates are weak bases as well.

The weaker X– is as a base, the stronger is its conjugate acid HX. Therefore, good leaving
groups are the conjugate bases of strong acids.

This rule applies to the four halides: HF is the weakest of the conjugate acids, HCl is
stronger, and HBr and HI are stronger still.
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Weak bases are good leaving groups
Is there some characteristic property that distinguishes good leaving groups from poor ones? 
Yes: Leaving-group ability is inversely related to base strength. Weak bases are best able 
to accommodate negative charge and are the best leaving groups. Among the halides, iodide 
is the weakest base and therefore the best leaving group in the series. Sulfates and sulfonates 
are weak bases as well.

Is there a way to recognize weak bases readily? The weaker X2 is as a base, the 
stronger is its conjugate acid HX. Therefore, good leaving groups are the conjugate 
bases of strong acids. This rule applies to the four halides: HF is the weakest of the 
conjugate acids, HCl is stronger, and HBr and HI are stronger still. Table 6-4 lists a 
number of acids, in order of descending strength, and their pKa values. Their conjugate 
bases are listed alongside in order of increasing strength and, therefore, decreasing leaving-
group ability.
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Weak bases are good leaving groups
Is there some characteristic property that distinguishes good leaving groups from poor ones? 
Yes: Leaving-group ability is inversely related to base strength. Weak bases are best able 
to accommodate negative charge and are the best leaving groups. Among the halides, iodide 
is the weakest base and therefore the best leaving group in the series. Sulfates and sulfonates 
are weak bases as well.

Is there a way to recognize weak bases readily? The weaker X2 is as a base, the 
stronger is its conjugate acid HX. Therefore, good leaving groups are the conjugate 
bases of strong acids. This rule applies to the four halides: HF is the weakest of the 
conjugate acids, HCl is stronger, and HBr and HI are stronger still. Table 6-4 lists a 
number of acids, in order of descending strength, and their pKa values. Their conjugate 
bases are listed alongside in order of increasing strength and, therefore, decreasing leaving-
group ability.
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STRUCTURE AND SN2 REACTIVITY: THE NUCLEOPHILE

The nucleophilicity depends on a variety of factors: charge, basicity, solvent, polarizability,
and the nature of substituents.

Increasing negative charge increases nucleophilicity

If the same nucleophilic atom is used, the charge play a role in the reactivity. The species
with a negative charge is the more powerful nucleophile.

Of a base and its conjugate acid, the base is always more nucleophilic.

229C H A P T E R  66 - 8  S t r u c t u r e  a n d  S N 2  R e a c t i v i t y :  T h e  N u c l e o p h i l e

In Summary The leaving-group ability of a substituent correlates with the strength of its 
conjugate acid. Both depend on the ability of the leaving group to accommodate negative 
charge. In addition to the halides Cl2, Br2, and I2, sulfates and sulfonates (such as methane-
and 4-methylbenzenesulfonates) are good leaving groups. Good leaving groups are weak 
bases, the conjugate bases of strong acids. We shall return in Section 9-4 to uses of sulfates 
and sulfonates as leaving groups in synthesis.

Exercise 6-21

Predict which member in each of the following pairs is a better nucleophile. (a) HS2 or H2S; 
(b) CH3SH or CH3S

2; (c) CH3NH2 or CH3NH2; (d) HSe2 or H2Se.

Exercise 6-19

Predict the relative acidities within each of the following groups. Review Section 2-3 if necessary. 
(a) H2S, H2Se; (b) PH3, H2S; (c) HClO3, HClO2; (d) HBr, H2Se; (e) NH4

1, H3O
1. Within each of 

the groups, identify the conjugate bases and predict their relative leaving-group abilities.

Exercise 6-20

Predict the relative basicities within each of the following groups. (a) 2OH, 2SH; (b) 2PH2, 
2SH; 

(c) I2, 2SeH; (d) HOSO2
2, HOSO3

2. Predict the relative acidities of the conjugate acids within 
each group.

Now that we have looked at the effect of the leaving group, let us turn to a consideration 
of nucleophiles. How can we predict their relative nucleophilic strength, their nucleophilicity? 
We shall see that nucleophilicity depends on a variety of factors: charge, basicity, solvent, 
polarizability, and the nature of substituents. To grasp the relative importance of these 
effects, let us analyze the outcome of a series of comparative experiments.

Increasing negative charge increases nucleophilicity
If the same nucleophilic atom is used, does charge play a role in the reactivity of a given 
nucleophile as determined by the rate of its SN2 reaction? The following experiments answer 
this question.

Experiment 1

CH3Cl
..

. . : 1 HO
..

. . :
!  uy CH3OH

..
. .     1 :Cl

..
. . :2  Fast

CH3Cl
..

. . : 1 H2O
..

. .   uy CH3OH
..

2
" 1 :Cl

..
. . :2  Very slow

Experiment 2

CH3Cl
..

. . : 1 H2N
..
:! uy CH3NH

..
2   1 :Cl

..
. . :2  Very fast

CH3Cl
..

. . : 1 H3N:  uy CH3NH3
" 1 :Cl

..
. . :2  Slower

Conclusion. Of a pair of nucleophiles containing the same reactive atom, the species with 
a negative charge is the more powerful nucleophile. Or, of a base and its conjugate acid, 
the base is always more nucleophilic. This ! nding is intuitively very reasonable. Because 
nucleophilic attack is characterized by the formation of a bond with an electrophilic carbon 
center, the more negative the attacking species, the faster the reaction should be.

6-8 STRUCTURE AND SN2 REACTIVITY: THE NUCLEOPHILE
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Nucleophilicity decreases to the right in the periodic table

The more basic species is the more reactive nucleophile. Therefore, in the progression from
the left to the right of the periodic table, nucleophilicity decreases.

230 P r o p e r t i e s  a n d  R e a c t i o n s  o f  H a l o a l k a n e sC H A P T E R  6

Nucleophilicity decreases to the right in the periodic table
Experiments 1 and 2 compared pairs of nucleophiles containing the same nucleophilic ele-
ment (e.g., oxygen in H2O versus HO2 and nitrogen in H3N versus H2N

2). What about 
nucleophiles of similar structure but with different nucleophilic atoms? Let us examine the 
elements along one row of the periodic table.

Experiment 3

 CH3CH2Br
..

. . : ! H3N:    ¡ CH3CH2NH3
! ! :Br

..
. . :"  Fast

 CH3CH2Br
..

. . : ! H2O
..

. .    ¡ CH3CH2O
..
H2

! ! :Br
..

. . :"  Very slow

Experiment 4

 CH3CH2Br
..

. . : ! H2N
..
:" ¡ CH3CH2N

..
H2  ! :Br

..
. . :"  Very fast

 CH3CH2Br
..

. . : ! HO
..

. . :
" ¡ CH3CH2O

..
. . H  ! :Br

..
. . :"  Slower

Conclusion. Nucleophilicity again appears to correlate with basicity: The more basic species 
is the more reactive nucleophile. Therefore, in the progression from the left to the right of the 
periodic table, nucleophilicity decreases. The approximate order of reactivity for nucleophiles 
in the " rst row is

Increasing basicity

H2N
2 . HO2 . NH3 . F2 . H2O

Increasing nucleophilicity

Observations using other nucleophiles demonstrate that the trends revealed in Experi-
ments 1–4 are generally applicable to all of the nonmetallic elements (groups 15–17) of the 
periodic table. Increasing negative charge (Experiments 1 and 2) usually has a greater effect 
than moving one group to the left (Experiments 3 and 4). Thus, in the order of reactivity 
shown above, both HO2 and NH3 are more nucleophilic than water, but HO2 is more 
nucleophilic than NH3.

Exercise 6-22

In each of the following pairs of molecules, predict which is the more nucleophilic. (a) Cl2 or 
CH3S

2; (b) P(CH3)3 or S(CH3)2; (c) CH3CH2Se2 or Br2; (d) H2O or HF.

Should basicity and nucleophilicity be correlated?
The parallels between nucleophilicity and basicity " rst described in Section 2-3 make sense: 
Strong bases typically make good nucleophiles. However, a fundamental difference between 
the two properties is based on how they are measured. Basicity is a thermodynamic property, 
measured by an equilibrium constant:

A! AHH2O" HO! K # equilibrium constant 
K

"

In contrast, nucleophilicity is a kinetic phenomenon, quanti" ed by comparing rates of 
reactions:

Nu! Nu RR X" X!" k # rate constant 
kO O

Despite these inherent differences, we have observed good correlation between basicity and 
nucleophilicity in the cases of charged versus neutral nucleophiles along a row of the periodic 

Recall from Section 2-3 that 
the species we refer to as 
bases or nucleophiles are the 
same: The distinction is in 
their mode of action. When 
attacking a proton, they are 
called a base (often shown as 
A2 or B:); when attacking 
any other nucleus, for 
example, carbon, they are 
called a nucleophile (often 
shown as Nu2 or Nu:).
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the species we refer to as 
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same: The distinction is in 
their mode of action. When 
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Should basicity and nucleophilicity be correlated?

Strong bases typically make good nucleophiles. However, a fundamental difference
between the two properties is based on how they are measured.

Basicity is a thermodynamic property, measured by an equilibrium constant:

Nucleophilicity is a kinetic phenomenon, quantified by comparing rates of reactions:

Despite these inherent differences, we have observed good correlation between basicity
and nucleophilicity in the cases of charged versus neutral nucleophiles along a row of the
periodic table.
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called a base (often shown as 
A2 or B:); when attacking 
any other nucleus, for 
example, carbon, they are 
called a nucleophile (often 
shown as Nu2 or Nu:).
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Nucleophilicity decreases to the right in the periodic table
Experiments 1 and 2 compared pairs of nucleophiles containing the same nucleophilic ele-
ment (e.g., oxygen in H2O versus HO2 and nitrogen in H3N versus H2N

2). What about 
nucleophiles of similar structure but with different nucleophilic atoms? Let us examine the 
elements along one row of the periodic table.

Experiment 3

 CH3CH2Br
..

. . : ! H3N:    ¡ CH3CH2NH3
! ! :Br

..
. . :"  Fast

 CH3CH2Br
..

. . : ! H2O
..

. .    ¡ CH3CH2O
..
H2

! ! :Br
..

. . :"  Very slow

Experiment 4

 CH3CH2Br
..

. . : ! H2N
..
:" ¡ CH3CH2N

..
H2  ! :Br

..
. . :"  Very fast

 CH3CH2Br
..

. . : ! HO
..

. . :
" ¡ CH3CH2O

..
. . H  ! :Br

..
. . :"  Slower

Conclusion. Nucleophilicity again appears to correlate with basicity: The more basic species 
is the more reactive nucleophile. Therefore, in the progression from the left to the right of the 
periodic table, nucleophilicity decreases. The approximate order of reactivity for nucleophiles 
in the " rst row is

Increasing basicity

H2N
2 . HO2 . NH3 . F2 . H2O

Increasing nucleophilicity

Observations using other nucleophiles demonstrate that the trends revealed in Experi-
ments 1–4 are generally applicable to all of the nonmetallic elements (groups 15–17) of the 
periodic table. Increasing negative charge (Experiments 1 and 2) usually has a greater effect 
than moving one group to the left (Experiments 3 and 4). Thus, in the order of reactivity 
shown above, both HO2 and NH3 are more nucleophilic than water, but HO2 is more 
nucleophilic than NH3.

Exercise 6-22

In each of the following pairs of molecules, predict which is the more nucleophilic. (a) Cl2 or 
CH3S

2; (b) P(CH3)3 or S(CH3)2; (c) CH3CH2Se2 or Br2; (d) H2O or HF.

Should basicity and nucleophilicity be correlated?
The parallels between nucleophilicity and basicity " rst described in Section 2-3 make sense: 
Strong bases typically make good nucleophiles. However, a fundamental difference between 
the two properties is based on how they are measured. Basicity is a thermodynamic property, 
measured by an equilibrium constant:

A! AHH2O" HO! K # equilibrium constant 
K

"

In contrast, nucleophilicity is a kinetic phenomenon, quanti" ed by comparing rates of 
reactions:

Nu! Nu RR X" X!" k # rate constant 
kO O

Despite these inherent differences, we have observed good correlation between basicity and 
nucleophilicity in the cases of charged versus neutral nucleophiles along a row of the periodic 
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