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Solvation impedes nucleophilicity

Nucleophilicity increases in the progression down the periodic table, a trend directly
opposing that expected from the basicity of the nucleophiles tested. For example, in the
series of halides, iodide is the fastest, although it is the weakest base.
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table. What happens if we look at nucleophiles in a column of the periodic table? We shall 
! nd that the situation changes, because now solvent plays a role.

Solvation impedes nucleophilicity
If it is a general rule that nucleophilicity correlates with basicity, then the elements considered 
from top to bottom of a column of the periodic table should show decreasing nucleophilic 
power. Recall (Section 2-3) that basicity decreases in an analogous fashion. To test this pre-
diction, let us consider another series of experiments. In the equations below, we have explic-
itly added the solvent methanol to the reaction scheme, because, as we shall see, consideration 
of the solvent will be important in understanding the outcome of these experiments.
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Conclusion. Surprisingly, nucleophilicity increases in the progression down the periodic 
table, a trend directly opposing that expected from the basicity of the nucleophiles tested. 
For example, in the series of halides, iodide is the fastest, although it is the weakest base.

Increasing basicity

F2 , Cl2 , Br2 , I2

Increasing nucleophilicity in CH3OH

Moving one column to the left in the periodic table, sul! de nucleophiles are more reactive 
than the analogous oxide systems, and, as other experiments have shown, their selenium 
counterparts are even more reactive. Thus, this column exhibits the same trend as that observed 
for the halides. The phenomenon is general for other columns in the periodic table.

How can these trends be explained? An important consideration is the interaction of the 
solvent methanol with the anionic nucleophile. We have largely ignored the solvent in our 
discussion of organic reactions so far, in particular, radical halogenations (Chapter 3), in 
which they play an insigni! cant role. Nucleophilic substitution features polar starting mate-
rials and a polar mechanism, and the nature of the solvent becomes more important. Let us 
see how the solvent can become involved.

Solvation and Drug 
Activity
In the design of a drug, 
medicinal chemists try to 
optimize the three-dimensional 
! t to the drug target’s receptor 
site (see, e.g., Real Life 5-5). 
However, equally important 
to ef! cacy are the aqueous 
solvation energies of both 
partners in this interaction. 
Optimal binding is offset by 
unfavorable desolvation of 
water molecules. Desolvation 
also occurs during the 
crossing of membranes 
during the journey of the drug 
from (usually) the stomach 
to its desired destination, 
and therefore affects the 
bioavailability of a compound.
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Interaction of the solvent (methanol) with the anionic nucleophile:

Nucleophilic substitution features polar starting materials and a polar mechanism, and the
nature of the solvent becomes more important.

When a solid dissolves, the intermolecular forces that held it together are replaced by
intermolecular forces between molecules and solvent.

231C 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

table. What happens if we look at nucleophiles in a column of the periodic table? We shall 
! nd that the situation changes, because now solvent plays a role.

Solvation impedes nucleophilicity
If it is a general rule that nucleophilicity correlates with basicity, then the elements considered 
from top to bottom of a column of the periodic table should show decreasing nucleophilic 
power. Recall (Section 2-3) that basicity decreases in an analogous fashion. To test this pre-
diction, let us consider another series of experiments. In the equations below, we have explic-
itly added the solvent methanol to the reaction scheme, because, as we shall see, consideration 
of the solvent will be important in understanding the outcome of these experiments.

Experiment 5

B

B
CH3CH2CH2OSCH3

!O3SCH3CH3CH2CH2Cl

CH3OH
(Solvent)

O

Cl !" "

O

Slow

B

B
CH3CH2CH2OSCH3

!O3SCH3CH3CH2CH2Br

O

O

Br  !" " Faster

CH3OH
(Solvent)

B

B
CH3CH2CH2OSCH3

!O3SCH3CH3CH2CH2 I

O

O

" "I ! Fastest

CH3OH
(Solvent)

Experiment 6

CH3CH2CH2Br CH3O ! Br  !CH3CH2CH2OCH3" " Not very
fast

CH3OH
(Solvent)

CH3S ! Br  !CH3CH2CH2SCH3 "CH3CH2CH2Br " Very fast

CH3OH
(Solvent)

Conclusion. Surprisingly, nucleophilicity increases in the progression down the periodic 
table, a trend directly opposing that expected from the basicity of the nucleophiles tested. 
For example, in the series of halides, iodide is the fastest, although it is the weakest base.

Increasing basicity

F2 , Cl2 , Br2 , I2

Increasing nucleophilicity in CH3OH

Moving one column to the left in the periodic table, sul! de nucleophiles are more reactive 
than the analogous oxide systems, and, as other experiments have shown, their selenium 
counterparts are even more reactive. Thus, this column exhibits the same trend as that observed 
for the halides. The phenomenon is general for other columns in the periodic table.

How can these trends be explained? An important consideration is the interaction of the 
solvent methanol with the anionic nucleophile. We have largely ignored the solvent in our 
discussion of organic reactions so far, in particular, radical halogenations (Chapter 3), in 
which they play an insigni! cant role. Nucleophilic substitution features polar starting mate-
rials and a polar mechanism, and the nature of the solvent becomes more important. Let us 
see how the solvent can become involved.

Solvation and Drug 
Activity
In the design of a drug, 
medicinal chemists try to 
optimize the three-dimensional 
! t to the drug target’s receptor 
site (see, e.g., Real Life 5-5). 
However, equally important 
to ef! cacy are the aqueous 
solvation energies of both 
partners in this interaction. 
Optimal binding is offset by 
unfavorable desolvation of 
water molecules. Desolvation 
also occurs during the 
crossing of membranes 
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Sulfide nucleophiles are more reactive than the analogous oxide systems, and their
selenium counterparts are even more reactive.
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Such molecules, especially the ions derived from the starting salts of many SN2 reactions,
are said to be solvated.

Salts dissolve well in alcohols and water, because these solvents contain highly polarized
𝛿+H–O𝛿– bonds that act by ion–dipole interactions. Thus, cations are solvated by the
negatively polarized oxygens, anions by the positively polarized hydrogens.

This solvation of anions is particularly strong, because the small size of the hydrogen
nucleus makes the 𝛿+ charge relatively dense.

Solvents capable of hydrogen bonding are also called protic, in contrast to aprotic
solvents, such as acetone.

The solvation weakens the nucleophile by forming a shell of solvent molecules around the
nucleophile and thus impeding its ability to attack an electrophile.
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When a solid dissolves, the intermolecular forces that held it together (Section 2-7; Fig-
ure 2-6) are replaced by intermolecular forces between molecules and solvent. Such molecules, 
especially the ions derived from the starting salts of many SN2 reactions, are said to be solvated.
Salts dissolve well in alcohols and water, because these solvents contain highly polarized 
d1H–Od2 bonds that act by ion–dipole interactions. Thus, cations are solvated by the negatively 
polarized oxygens (Figure 6-6A), anions by the positively polarized hydrogens (Figure 6-6B 
and C). This solvation of anions is particularly strong, because the small size of the hydrogen 
nucleus makes the d1 charge relatively dense. We shall study these interactions, called hydrogen 
bonds, more closely in Chapter 8. Solvents capable of hydrogen bonding are also called protic,
in contrast to aprotic solvents, such as acetone, which will be discussed later.

Returning to the problem of our experimental results: What accounts for the increasing 
nucleophilicity of negatively charged nucleophiles from the top to the bottom of a column 
of the periodic table? The answer is that solvation weakens the nucleophile by forming a 
shell of solvent molecules around the nucleophile and thus impeding its ability to attack an 
electrophile. As we move down the periodic table, such as from F2 to I2, the solvated ion 
becomes larger and its charge more diffuse. As a result, solvation is diminished along the 
series and nucleophilicity increases. Figures 6-6B and C depict this effect for F2 and I2. 
The smaller ! uoride ion is much more heavily solvated than the larger iodide. Is this true 
in other solvents as well?

Decreasing solvation by protic solvent

F2 , Cl2 , Br2 , I2

Increasing nucleophilicity

Aprotic solvents: the effect of solvation is diminished
Other solvents that are useful in SN2 reactions are highly polar but aprotic. Several common 
examples are shown in Table 6-5; all lack protons capable of hydrogen bonding but do 
exhibit polarized bonds. Nitromethane even exists as a charge-separated species.

Polar, aprotic solvents also dissolve salts by ion–dipole interactions, albeit not as well as 
protic solvents. Because they cannot form hydrogen bonds, they solvate anionic nucleophiles 
relatively weakly. The consequences are twofold. First, compared to protic solvents, the reactiv-
ity of the nucleophile is raised, sometimes dramatically. For example, bromomethane reacts with 

Figure 6-6 (A) Solvation of Na1 by ion–dipole interactions with methanol. (B) Approximate repre-
sentation of the relatively dense solvation of the small F2 ion by hydrogen bonds to methanol. 
(C) Approximate representation of the comparatively diminished solvation of the large I2 ion by 
hydrogen bonds to methanol. The tighter solvent shell around F2 reduces its ability to participate 
in nucleophilic substitution reactions.
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As we move down the periodic table, such as from F– to I–, the solvated ion becomes larger
and its charge more diffuse. As a result, solvation is diminished along the series and
nucleophilicity increases.

The smaller fluoride ion is much more heavily solvated than the larger iodide.
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Aprotic solvents: the effect of solvation is diminished

Other solvents that are useful in SN2 reactions are highly polar but aprotic.
All lack protons capable of hydrogen bonding but do exhibit polarized bonds.
Nitromethane even exists as a charge-separated species.

Polar, aprotic solvents also dissolve salts by ion–dipole interactions, albeit
not as well as protic solvents. Since they cannot form hydrogen bonds, they
solvate anionic nucleophiles relatively weakly.

The consequences are twofold.

First, compared to protic solvents, the reactivity of the nucleophile is raised,
sometimes dramatically. For example, bromomethane reacts with potassium
iodide 500 times faster in acetone than in methanol.
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potassium iodide 500 times faster in acetone than in methanol. Table 6-6 compares the rates of 
SN2 reactions of iodomethane with chloride in three protic solvents—methanol, formamide, and 
N-methylformamide—and one aprotic solvent, N,N-dimethylformamide (DMF). (Formamide 
and N-methylformamide can form hydrogen bonds by virtue of their polarized N–H linkages.) 
The rate of reaction in DMF is more than a million times greater than it is in methanol.

The second consequence of comparatively weaker solvation of anions by aprotic sol-
vents is that the nucleophilicity trend observed in protic solvents inverts. Thus, while the 
reactivity of all anions increases, that of the smaller ones increases more than that of the 
others. For many nucleophiles, including the halide series, base strength overrides solvation: 
Back to our original expectation!

Increasing basicity

F2 , Cl2 , Br2 , I2

Increasing nucleophilicity in aprotic solvents

Increasing polarizability improves nucleophilic power
The solvation effects just described should be very pronounced only for charged nucleophiles. 
Nevertheless, the degree of nucleophilicity increases down the periodic table, even for uncharged 
nucleophiles, for which solvent effects should be much less strong, for example, H2Se . H2S .
H2O, and PH3 . NH3. Therefore, there must be an additional factor that comes into play.

This factor is the polarizability of the nucleophile (Section 6-1). Larger elements have 
larger, more diffuse, and more polarizable electron clouds. These electron clouds allow for 
more effective orbital overlap in the SN2 transition state (Figure 6-7). The result is a lower 
transition-state energy and faster nucleophilic substitution.

Table 6-6

Relative Rates of SN2 Reactions of lodomethane with 
Chloride Ion in Various Solvents

SolventCH3I 1 Cl2 uvy CH3Cl 1 I2

krel

 Solvent

   Relative rate
Formula Name Classifi cation (krel)

CH3OH Methanol Protic 1
HCONH2 Formamide Protic 12.5
HCONHCH3 N-Methylformamide Protic 45.3
HCON(CH3)2 N,N-Dimethylformamide Aprotic 1,200,000

ANIMATED MECHANISM: 
Nucleophilic substitution (SN2)

Animation

Figure 6-7 Comparison of I2 and F2 in the SN2 reaction. (A) In protic solvents the larger iodide is a 
better nucleophile, in part because its polarizable 5p orbital is distorted toward the electrophilic carbon 
atom. (B) The tight, less polarizable 2p orbital on " uoride does not interact as effectively with the 
electrophilic carbon at a point along the reaction coordinate comparable to the one for (A).

Large 5p orbital, polarized toward
electrophilic carbon center

sp3 hybrid back lobe

Small 2p orbital,
relatively nonpolarized

X F

A B

−
I

δ+ δ−δ−δ+−
C XC

Table 6-6 compares the rates of SN2 reactions of iodomethane with chloride in three protic
solvents (methanol, formamide, and N-methylformamide), and one aprotic solvent (N,N-
dimethylformamide, DMF).

Formamide and N-methylformamide can form hydrogen bonds by virtue of their polarized
N–H linkages.

The rate of reaction in DMF is more than a million times greater than it is in methanol.
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The second consequence of comparatively weaker solvation of anions by aprotic solvents
is that the nucleophilicity trend observed in protic solvents inverts.

Thus, while the reactivity of all anions increases, that of the smaller ones increases more
than that of the others.

For many nucleophiles, including the halide series, base strength overrides solvation.
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Nevertheless, the degree of nucleophilicity increases down the periodic table, even for uncharged 
nucleophiles, for which solvent effects should be much less strong, for example, H2Se . H2S .
H2O, and PH3 . NH3. Therefore, there must be an additional factor that comes into play.

This factor is the polarizability of the nucleophile (Section 6-1). Larger elements have 
larger, more diffuse, and more polarizable electron clouds. These electron clouds allow for 
more effective orbital overlap in the SN2 transition state (Figure 6-7). The result is a lower 
transition-state energy and faster nucleophilic substitution.

Table 6-6

Relative Rates of SN2 Reactions of lodomethane with 
Chloride Ion in Various Solvents

SolventCH3I 1 Cl2 uvy CH3Cl 1 I2

krel

 Solvent

   Relative rate
Formula Name Classifi cation (krel)

CH3OH Methanol Protic 1
HCONH2 Formamide Protic 12.5
HCONHCH3 N-Methylformamide Protic 45.3
HCON(CH3)2 N,N-Dimethylformamide Aprotic 1,200,000

ANIMATED MECHANISM: 
Nucleophilic substitution (SN2)

Animation

Figure 6-7 Comparison of I2 and F2 in the SN2 reaction. (A) In protic solvents the larger iodide is a 
better nucleophile, in part because its polarizable 5p orbital is distorted toward the electrophilic carbon 
atom. (B) The tight, less polarizable 2p orbital on " uoride does not interact as effectively with the 
electrophilic carbon at a point along the reaction coordinate comparable to the one for (A).

Large 5p orbital, polarized toward
electrophilic carbon center

sp3 hybrid back lobe

Small 2p orbital,
relatively nonpolarized

X F

A B

−
I

δ+ δ−δ−δ+−
C XC



9

Increasing polarizability improves nucleophilic power

The solvation effects are pronounced only for charged nucleophiles, while for uncharged
nucleophiles solvent effects are much less strong. The degree of nucleophilicity increases
down the periodic table, for example, H2Se > H2S > H2O, and PH3 > NH3.

This factor is the polarizability of the nucleophile. Larger elements have larger, more diffuse,
and more polarizable electron clouds. These electron clouds allow for more effective orbital
overlap in the SN2 transition state.

The result is a lower transition-state energy and faster nucleophilic substitution.
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Sterically hindered nucleophiles are poorer reagents

The bulk of the surrounding solvent may adversely affect the power of a nucleophile,
another example of steric hindrance.

Such hindrance may also be built into the nucleophile itself in the form of bulky
substituents.

The effect on the rate of reaction can be seen in Experiment 7. Sterically bulky
nucleophiles react more slowly.
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Sterically hindered nucleophiles are poorer reagents
We have seen that the bulk of the surrounding solvent may adversely affect the power of 
a nucleophile, another example of steric hindrance (Section 2-9). Such hindrance may also 
be built into the nucleophile itself in the form of bulky substituents. The effect on the rate 
of reaction can be seen in Experiment 7.
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Conclusion. Sterically bulky nucleophiles react more slowly.

Exercise 6-23

Which species is more nucleophilic: (a) CH3SH or CH3SeH; (b) (CH3)2NH or (CH3)2PH?

Exercise 6-24

Which of the two nucleophiles in the following pairs will react more rapidly with bromomethane?

(a) 
A

CH3S"

CH3

CH3CHS"or       (b) 
A

(CH3)2NH (CH3CH)2NH

CH3

or

Model Building

Nucleophilic substitutions may be reversible
The halide ions Cl2, Br2, and I2 are both good nucleophiles and good leaving groups. 
Therefore, their SN2 reactions are reversible. For example, in acetone, the reactions between 
lithium chloride and primary bromo- and iodoalkanes form an equilibrium that lies on the 
side of the chloroalkane products:

CH3CH2CH2CH2I LiCl! CH3CH2CH2CH2Cl LiI!
Acetone

This result correlates with the relative stabilities of the product and starting material, which 
favor the chloroalkane. However, this equilibrium may be driven in the reverse direction 
by a simple “trick”: Whereas all of the lithium halides are soluble in acetone, solubility of 
the sodium halides decreases dramatically in the order NaI . NaBr . NaCl, the last being 
virtually insoluble in this solvent. Indeed, the reaction between NaI and a primary or sec-
ondary chloroalkane in acetone is completely driven to the side of the iodoalkane (the 
reverse of the reaction just shown) by the precipitation of NaCl:

CH3CH2CH2CH2Cl NaI! CH3CH2CH2CH2I NaClg
Insoluble
in acetone

!
Acetone

The direction of the equilibrium in reaction 3 of Table 6-3 may be manipulated in 
exactly the same way. However, when the nucleophile in an SN2 reaction is a strong base 
(e.g., HO2 or CH3O

2; see Table 6-4), it will be incapable of acting as a leaving group. In 
such cases, Keq will be very large and displacement will essentially be an irreversible process 
(Table 6-3, reactions 1 and 2).

In Summary Nucleophilicity is controlled by a number of factors. Increased negative 
charge and progression from right to left and down (protic solvent) or up (aprotic solvent) 
the periodic table generally increase nucleophilic power. Table 6-7 compares the reactivity 

Table 6-7

Relative Rates of 
Reaction of Vari-
ous Nucleophiles 
with Iodometh-
ane in Methanol 
(Protic Solvent)

 Relative
Nucleophile rate

CH3OH 1
NO3

2 ,32
F2 500
  O
  B
CH3CO2 20,000
Cl2 23,500
(CH3CH2)2S 219,000
NH3 316,000
CH3SCH3 347,000
N3

2 603,000
Br2 617,000
CH3O

2 1,950,000
CH3SeCH3 2,090,000
CN2 5,010,000
(CH3CH2)3As 7,940,000
I2 26,300,000
HS2 100,000,000
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Nucleophilic substitutions may be reversible

The halide ions Cl–, Br–, and I– are both good nucleophiles and good leaving groups.
Therefore, their SN2 reactions are reversible. For example, in acetone, the reactions
between lithium chloride and primary bromo- and iodoalkanes form an equilibrium that lies
on the side of the chloroalkane products:

This result correlates with the relative stabilities of the product and starting material, which
favor the chloroalkane. However, this equilibrium may be driven in the reverse direction by a
simple “trick”:

Whereas all of the lithium halides are soluble in acetone, solubility of the sodium halides
decreases dramatically in the order NaI > NaBr > NaCl, the last being virtually insoluble in
this solvent.

The reaction between NaI and a primary or secondary chloroalkane in acetone is
completely driven to the side of the iodoalkane by the precipitation of NaCl:
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The direction of the equilibrium in reaction 3 of Table 6-3 may be manipulated in 
exactly the same way. However, when the nucleophile in an SN2 reaction is a strong base 
(e.g., HO2 or CH3O

2; see Table 6-4), it will be incapable of acting as a leaving group. In 
such cases, Keq will be very large and displacement will essentially be an irreversible process 
(Table 6-3, reactions 1 and 2).

In Summary Nucleophilicity is controlled by a number of factors. Increased negative 
charge and progression from right to left and down (protic solvent) or up (aprotic solvent) 
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Sterically hindered nucleophiles are poorer reagents
We have seen that the bulk of the surrounding solvent may adversely affect the power of 
a nucleophile, another example of steric hindrance (Section 2-9). Such hindrance may also 
be built into the nucleophile itself in the form of bulky substituents. The effect on the rate 
of reaction can be seen in Experiment 7.
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Conclusion. Sterically bulky nucleophiles react more slowly.
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Which species is more nucleophilic: (a) CH3SH or CH3SeH; (b) (CH3)2NH or (CH3)2PH?
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Nucleophilic substitutions may be reversible
The halide ions Cl2, Br2, and I2 are both good nucleophiles and good leaving groups. 
Therefore, their SN2 reactions are reversible. For example, in acetone, the reactions between 
lithium chloride and primary bromo- and iodoalkanes form an equilibrium that lies on the 
side of the chloroalkane products:

CH3CH2CH2CH2I LiCl! CH3CH2CH2CH2Cl LiI!
Acetone

This result correlates with the relative stabilities of the product and starting material, which 
favor the chloroalkane. However, this equilibrium may be driven in the reverse direction 
by a simple “trick”: Whereas all of the lithium halides are soluble in acetone, solubility of 
the sodium halides decreases dramatically in the order NaI . NaBr . NaCl, the last being 
virtually insoluble in this solvent. Indeed, the reaction between NaI and a primary or sec-
ondary chloroalkane in acetone is completely driven to the side of the iodoalkane (the 
reverse of the reaction just shown) by the precipitation of NaCl:

CH3CH2CH2CH2Cl NaI! CH3CH2CH2CH2I NaClg
Insoluble
in acetone

!
Acetone

The direction of the equilibrium in reaction 3 of Table 6-3 may be manipulated in 
exactly the same way. However, when the nucleophile in an SN2 reaction is a strong base 
(e.g., HO2 or CH3O

2; see Table 6-4), it will be incapable of acting as a leaving group. In 
such cases, Keq will be very large and displacement will essentially be an irreversible process 
(Table 6-3, reactions 1 and 2).

In Summary Nucleophilicity is controlled by a number of factors. Increased negative 
charge and progression from right to left and down (protic solvent) or up (aprotic solvent) 
the periodic table generally increase nucleophilic power. Table 6-7 compares the reactivity 
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When the nucleophile in an SN2 reaction is a strong base (e.g., HO–
or CH3O–), it will be incapable of acting as a leaving group. In such
cases, Keq will be very large and displacement will essentially be an
irreversible process.

Nucleophilicity is controlled by a number of factors. Increased
negative charge and progression from right to left and down (protic
solvent) or up (aprotic solvent) the periodic table generally increase
nucleophilic power.

Table 6-7 compares the reactivity of a range of nucleophiles relative
to that of the very weakly nucleophilic methanol (arbitrarily set at 1).

The use of aprotic solvents improves nucleophilicity, especially of
smaller anions, by eliminating hydrogen bonding.
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Sterically hindered nucleophiles are poorer reagents
We have seen that the bulk of the surrounding solvent may adversely affect the power of 
a nucleophile, another example of steric hindrance (Section 2-9). Such hindrance may also 
be built into the nucleophile itself in the form of bulky substituents. The effect on the rate 
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The halide ions Cl2, Br2, and I2 are both good nucleophiles and good leaving groups. 
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exactly the same way. However, when the nucleophile in an SN2 reaction is a strong base 
(e.g., HO2 or CH3O

2; see Table 6-4), it will be incapable of acting as a leaving group. In 
such cases, Keq will be very large and displacement will essentially be an irreversible process 
(Table 6-3, reactions 1 and 2).

In Summary Nucleophilicity is controlled by a number of factors. Increased negative 
charge and progression from right to left and down (protic solvent) or up (aprotic solvent) 
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STRUCTURE AND SN2 REACTIVITY: THE SUBSTRATE

Does the structure affect the rate of nucleophilic attack?

Branching at the reacting carbon decreases the rate of the SN2 reaction

237C H A P T E R  66 - 1 0  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  S u b s t r a t e

In Summary Determining whether and how a reaction may occur requires reasoning that 
takes into account the possible mechanism(s). The structural requirements of a reaction 
mechanism must be met by the substrates and reagents; otherwise, they will not transform. 
Furthermore, when multiple pathways are possible, you should try to ! nd information that 
allows discrimination among them (such as their relative rates or energetic favorability).

Finally, does the structure of the alkyl portion of the substrate, particularly in the vicinity 
of the atom bearing the leaving group, affect the rate of nucleophilic attack? Once again, 
we can get a sense of comparative reactivities by looking at relative rates of reaction. Let 
us examine the kinetic data that have been obtained.

Branching at the reacting carbon decreases the rate 
of the SN2 reaction
What happens if we successively replace each of the hydrogens in a halomethane with a methyl 
group? Will this affect the rate of its SN2 reactions? In other words, what are the relative 
bimolecular nucleophilic reactivities of methyl, primary, secondary, and tertiary halides? Kinetic 
experiments show that reactivities decrease rapidly in the order shown in Table 6-8.

We can ! nd an explanation by comparing the transition states for these four substitu-
tions. Figure 6-8A shows this structure for the reaction of chloromethane with hydroxide 
ion. The carbon is surrounded by the incoming nucleophile, the outgoing leaving group, 
and three substituents (all hydrogen in this case). Although the presence of these ! ve groups 
increases the crowding about the carbon relative to that in the starting halomethane, the 
hydrogens do not give rise to serious steric interactions with the nucleophile because of 
their small size. However, replacement of one hydrogen by a methyl group, as in a halo-
ethane, creates substantial steric repulsion with the incoming nucleophile, thereby raising 
the transition-state energy (Figure 6-8B). This effect signi! cantly retards nucleophilic attack. 
If we continue to replace hydrogen atoms with methyl groups, we ! nd that steric hindrance 
to nucleophilic attack increases dramatically. The two methyl groups in the secondary sub-
strate severely shield the backside of the carbon attached to the leaving group; the rate of 
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Model Building
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Figure 6-8 Transition states 
for SN2 reactions of hydroxide 
ion with
(A) chloromethane,
(B) chloroethane,
(C) 2-chloropropane, and
(D) 2-chloro-2-methylpropane.
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The carbon is surrounded by the incoming nucleophile, the
outgoing leaving group, and three substituents.

Although the presence of these five groups increases the
crowding about the carbon relative to that in the starting
halomethane, the hydrogens do not give rise to serious steric
interactions with the nucleophile because of their small size.

However, replacement of one hydrogen by a methyl group, as in a
haloethane, creates substantial steric repulsion with the incoming
nucleophile, thereby raising the transition-state energy.

This effect significantly retards nucleophilic attack.
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strate severely shield the backside of the carbon attached to the leaving group; the rate of 
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Table 6-8

Relative Rates 
of SN2 Reaction 
of Branched 
Bromoalkanes 
with Iodide
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Figure 6-8 Transition states 
for SN2 reactions of hydroxide 
ion with
(A) chloromethane,
(B) chloroethane,
(C) 2-chloropropane, and
(D) 2-chloro-2-methylpropane.
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If we continue to replace hydrogen atoms with methyl groups, we find that steric hindrance
to nucleophilic attack increases dramatically. The two methyl groups in the secondary
substrate severely shield the backside of the carbon attached to the leaving group; the rate
of reaction diminishes considerably.
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Finally, in the tertiary substrate, in which a third methyl group is present, access to the
backside of the halide-bearing carbon is nearly blocked; the transition state for SN2
substitution is high in energy, and displacement of a tertiary haloalkane by this
mechanism is rarely observed.

To summarize, SN2 reactivity decreases in the following order:
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reaction diminishes considerably (Figure 6-8C and Table 6-8). Finally, in the tertiary sub-
strate, in which a third methyl group is present, access to the backside of the halide-bearing 
carbon is nearly blocked (Figure 6-8D); the transition state for SN2 substitution is high in 
energy, and displacement of a tertiary haloalkane by this mechanism is rarely observed. To 
summarize, as we successively replace the hydrogens of a halomethane by methyl groups (or 
alkyl groups in general), SN2 reactivity decreases in the following order:

Relative SN2 Displacement Reactivity of Haloalkanes

Methyl . primary . secondary .. tertiary
 Fast Slower Very slow Negligible

Increasing SN2 reactivity

Exercise 6-27

Predict the relative rates of the SN2 reaction of cyanide with these pairs of substrates.

(a) 

Br Br CH3

and
 (b) CH3CH2CBr

CH3

CH3

CH3CH2CH2Brand
A

A

Do cyclic molecules pose 
problems for you? Focus on 
the site of reaction: In the 
structures for Exercise 27(a), 
the bromine-bearing carbons 
are secondary and tertiary, 
respectively.

Now that we have seen the effect of major structural changes on substrate reactivity in 
the SN2 process, we are in a position to evaluate the effects of more subtle structural 
modi! cations. In all cases, we shall ! nd that steric hindrance to attack at the backside of 
the reacting carbon is the most important consideration.

Lengthening the chain by one or two carbons reduces 
SN2 reactivity
As we have seen, the replacement of one hydrogen atom in a halomethane by a methyl group 
(Figure 6-8B) causes signi! cant steric hindrance and reduction of the rate of SN2 reaction. 
Chloroethane is about two orders of magnitude less reactive than chloromethane in SN2 
displacements. Will elongation of the chain of the primary alkyl substrate by the addition 
of methylene (CH2) groups further reduce SN2 reactivity? Kinetic experiments reveal that 
1-chloropropane reacts about half as fast as chloroethane with nucleophiles such as I2.

Does this trend continue as the chain gets longer? The answer is no: Higher halo-
alkanes, such as 1-chlorobutane and 1-chloropentane, react at about the same rate as does 
1-chloropropane.

Again, an examination of the transition states to backside displacement provides an 
explanation for these observations. In Figures 6-9A and 6-9B, one of the hydrogens on the 
methyl carbon of chloroethane is partially obstructing the path of attack of the incoming 
nucleophile. The 1-halopropanes have an additional methyl group near the reacting carbon 
center. If reaction occurs from the most stable anti conformer of the substrate, the incoming 
nucleophile faces severe steric hindrance (Figure 6-9C). However, rotation to a gauche
conformation before attack gives an SN2 transition state similar to that derived from a 
haloethane (Figure 6-9D). The propyl substrate exhibits only a small decrease in reactivity 
relative to the ethyl, the decrease resulting from the energy input needed to attain a gauche
conformation. Further chain elongation has no effect, because the added carbon atoms do 
not increase steric hindrance around the reacting carbon in the transition state.

Model Building
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Branching next to the reacting carbon also retards substitution
What about multiple substitution at the position next to the electrophilic carbon? Let us 
compare the reactivities of bromoethane and its derivatives (Table 6-9). A dramatic decrease 
in rate is seen on further substitution: 1-Bromo-2-methylpropane is ,25 times less reactive 
toward iodide than is 1-bromopropane, and 1-bromo-2,2-dimethylpropane is virtually inert. 
Branching at positions farther from the site of reaction has a much smaller effect.

We know that rotation into a gauche conformation is necessary to permit nucleophilic 
attack on a 1-halopropane (Figure 6-10A). We can use the same picture to understand the 
data in Table 6-9. For a 1-halo-2-methylpropane, the only conformation that permits the 
nucleophile to approach the backside of the reacting carbon experiences two gauche 
methyl–halide interactions, a considerably worse situation (Figure 6-10B). With the addi-
tion of a third methyl group, as in a 1-halo-2,2-dimethylpropane, commonly known as a 
neopentyl halide, backside attack is blocked almost completely (Figure 6-10C).

Exercise 6-28

Predict the order of reactivity in the SN2 reaction of

Br

Br
versus

CH3

DCBA

O Cl O Cl O Cl O Cl

H H
H

C

H

H H

1-Propyl
(anti CH3 and Cl)

1-Propyl
(gauche CH3 and Cl)

EthylMethyl

(Similar to ethyl case)(Severe steric hindrance between
methyl and incoming nucleophile)

(One hydrogen lies in the
path of the nucleophile)

(Minimum steric hindrance)

‡− ‡−

Cl C

C

H HH

‡−

Cl

H
H

‡−

C

C

H H H

‡−

ClHO HO HO HO

H
H

‡−

C

C

‡−

Cl

H3C CH3

Figure 6-9 Hashed-wedged line and space-! lling drawings of the transition states for SN2 reac-
tions of hydroxide ion with (A) chloromethane; (B) chloroethane; and (C and D) two conformers of 
1-chloropropane: (C) anti and (D) gauche. Steric interference is illustrated strikingly in the space-
! lling drawings. Partial charges have been omitted for clarity. (See Figure 6-3.)

In Summary The structure of the alkyl part of a haloalkane can have a pronounced effect 
on the rate of nucleophilic attack. Simple chain elongation beyond three carbons has little 
effect on the rate of the SN2 reaction. However, increased branching leads to strong steric 
hindrance and rate retardation.

Table 6-9

Relative 
Reactivities of 
Branched 
Bromoalkanes 
with Iodide

 Relative
Bromoalkane rate
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As in Exercise 6-27, don’t 
be bewildered by the cyclic 
nature of these substrates. 
Focus on the reaction 
site (primary) and its 
neighborhood (branched). 
Which of the compounds in 
Table 6-9 are the respective 
closest relatives?

If reaction occurs from the most stable anti conformer of the substrate, the incoming
nucleophile faces severe steric hindrance. However, rotation to a gauche conformation
before attack gives an SN2 transition state.
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Branching next to the reacting carbon also retards substitution
What about multiple substitution at the position next to the electrophilic carbon? Let us 
compare the reactivities of bromoethane and its derivatives (Table 6-9). A dramatic decrease 
in rate is seen on further substitution: 1-Bromo-2-methylpropane is ,25 times less reactive 
toward iodide than is 1-bromopropane, and 1-bromo-2,2-dimethylpropane is virtually inert. 
Branching at positions farther from the site of reaction has a much smaller effect.

We know that rotation into a gauche conformation is necessary to permit nucleophilic 
attack on a 1-halopropane (Figure 6-10A). We can use the same picture to understand the 
data in Table 6-9. For a 1-halo-2-methylpropane, the only conformation that permits the 
nucleophile to approach the backside of the reacting carbon experiences two gauche 
methyl–halide interactions, a considerably worse situation (Figure 6-10B). With the addi-
tion of a third methyl group, as in a 1-halo-2,2-dimethylpropane, commonly known as a 
neopentyl halide, backside attack is blocked almost completely (Figure 6-10C).

Exercise 6-28

Predict the order of reactivity in the SN2 reaction of
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Figure 6-9 Hashed-wedged line and space-! lling drawings of the transition states for SN2 reac-
tions of hydroxide ion with (A) chloromethane; (B) chloroethane; and (C and D) two conformers of 
1-chloropropane: (C) anti and (D) gauche. Steric interference is illustrated strikingly in the space-
! lling drawings. Partial charges have been omitted for clarity. (See Figure 6-3.)

In Summary The structure of the alkyl part of a haloalkane can have a pronounced effect 
on the rate of nucleophilic attack. Simple chain elongation beyond three carbons has little 
effect on the rate of the SN2 reaction. However, increased branching leads to strong steric 
hindrance and rate retardation.
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As in Exercise 6-27, don’t 
be bewildered by the cyclic 
nature of these substrates. 
Focus on the reaction 
site (primary) and its 
neighborhood (branched). 
Which of the compounds in 
Table 6-9 are the respective 
closest relatives?
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Figure 6-10 Hashed-wedged line and space-! lling renditions of the transition states for 
SN2 reactions of hydroxide ion with (A) 1-chloropropane, (B) 1-chloro-2-methylpropane, and 
(C) 1-chloro-2,2-dimethylpropane. Increasing steric hindrance from a second gauche interaction 
reduces the rate of reaction in (B). SN2 reactivity in (C) is eliminated almost entirely because a 
methyl group prevents backside attack by the nucleophile in all accessible conformations of the 
substrate. (See also Figures 6-8 and 6-9.)

2-Methyl-1-propyl
(two gauche CH3 and Cl)
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Figure 6-11 summarizes the factors that affect the energy of the transition state and therefore 
the rate of the SN2 reaction:

Nucleophilicity Increases to the left (more basic Nu) and down (more 
polarizable Nu) the periodic table.

Solvation Impedes nucleophilicity by forming a solvent shell around Nu, 
particularly with protic solvents and for charged, small Nu2. 
Solvation is much attenuated with aprotic solvents.

Steric hindrance Slows the reaction through substituents at and adjacent to the 
reacting center.

Leaving-group ability Increases with decreasing basicity of L.

6-11 THE SN2 REACTION AT A GLANCE

Figure 6-11 Factors that 
in" uence the transition state of 
the SN2 reaction: nucleophilicity, 
solvation, steric hindrance, and 
leaving-group ability.

Steric hindrance

Leaving-group
ability

Nucleophilicity

Solvation

Nu L

Branching next to the reacting carbon also retards substitution
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THE SN2 REACTION AT A GLANCE

The factors that affect the energy of the transition state and therefore the rate of the SN2
reaction:

Nucleophilicity Increases to the left (more basic Nu) and down (more polarizable Nu) the
periodic table.

Solvation Impedes nucleophilicity by forming a solvent shell around Nu, particularly with
protic solvents and for charged, small Nu–. Solvation is much attenuated with aprotic
solvents.
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Figure 6-10 Hashed-wedged line and space-! lling renditions of the transition states for 
SN2 reactions of hydroxide ion with (A) 1-chloropropane, (B) 1-chloro-2-methylpropane, and 
(C) 1-chloro-2,2-dimethylpropane. Increasing steric hindrance from a second gauche interaction 
reduces the rate of reaction in (B). SN2 reactivity in (C) is eliminated almost entirely because a 
methyl group prevents backside attack by the nucleophile in all accessible conformations of the 
substrate. (See also Figures 6-8 and 6-9.)
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Figure 6-11 summarizes the factors that affect the energy of the transition state and therefore 
the rate of the SN2 reaction:

Nucleophilicity Increases to the left (more basic Nu) and down (more 
polarizable Nu) the periodic table.

Solvation Impedes nucleophilicity by forming a solvent shell around Nu, 
particularly with protic solvents and for charged, small Nu2. 
Solvation is much attenuated with aprotic solvents.

Steric hindrance Slows the reaction through substituents at and adjacent to the 
reacting center.

Leaving-group ability Increases with decreasing basicity of L.
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Figure 6-11 Factors that 
in" uence the transition state of 
the SN2 reaction: nucleophilicity, 
solvation, steric hindrance, and 
leaving-group ability.
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