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2 Nucleophilic Substitution Reactions
at the Saturated C Atom

2.1 Nucleophiles and Electrophiles;
Leaving Groups

Stated with some exaggeration, organic chemistry is comparatively simple to learn be-
cause most organic chemical reactions follow a single pattern. This pattern is

A nucleophile is a species that attacks the reaction partner by making a pair of elec-
trons available to it; it is thus an electron pair donor. An electrophile is a species that
reacts by accepting a pair of electrons from the reaction partner so that it can be shared
between them. An electrophile is thus an electron pair acceptor.

For most organic chemical reactions, the pattern just specified can thus be written
more briefly as follows:

In this chapter we deal with nucleophilic substitution reactions at the saturated, that
is, the sp3-hybridized C atom (abbreviated “SN reactions”). In these reactions, alkyl
groups are transferred to the nucleophiles. Organic electrophiles of this type are re-
ferred to as alkylating agents. They have the structure The group X
is displaced by the nucleophile according to the equation

1R3!n Hn2 Csp3¬X.

NN uu E (+ by-products)E+

As electron pair donors, nucleophiles must either contain an electron pair that is
easily available because it is nonbonding or they must contain a bonding electron
pair that can be donated from the bond involved and thus be made available to the
reaction partner. From this it follows that nucleophiles are usually anions or neu-
tral species but not cations. In this book nucleophile is abbreviated as “Nu!,” re-
gardless of charge.

According to the definition, electrophiles are electron pair acceptors. They there-
fore contain either a deficiency in the valence electron shell of one of the atoms
they consist of or they are indeed valence-saturated but contain an atom from which
a bonding electron pair can be removed as part of a leaving group. Concomitantly
this atom accepts the electron pair of the nucleophile. Electrophiles are therefore,
as a rule, cations or neutral compounds but not anions. In this book electrophile is
abbreviated as “E",” regardless of charge.

nucleophile + electrophile
valence electron

pair shift(s)
product(s)

Electrophiles and
Nucleophiles
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2 Nucleophilic Substitution Reactions at the Saturated C Atom44

as X!. Consequently, both the bound group X and the departing entity X! are called
leaving groups. Some uncharged and a few positively charged three-membered 
heterocycles also react as alkylating agents. Instead of simple alkyl groups, they 
transfer alkyl groups with a heteroatom in the b position. The most important hete-
rocyclic alkylating agents of this type are the epoxides. When there are no Brønsted
or Lewis acids present, epoxides act as b-hydroxy alkylating agents with respect to 
nucleophiles:

According to this equation, the product is indeed produced by an SN reaction be-
cause the nucleophile displaces an oxyanion as a leaving group from the attacked C
atom. Nonetheless this oxyanion is still a part of the reaction product. In this respect
this reaction can also be considered to be an addition reaction. An intermolecular ad-
dition reaction is one that involves the combination of two molecules to form one new
molecule. An intramolecular addition reaction is one that involves the combination of
two moieties within a molecule to form one new molecule.

2.2 Good and Poor Nucleophiles

Which nucleophiles can be alkylated rapidly and are thus called “good nucleophiles”?
Or, in other words, which nucleophiles have “high nucleophilicity”? And which nucle-
ophiles can be alkylated only slowly and are thus called “poor nucleophiles”? Or, in
other words, which nucleophiles have “low nucleophilicity”? Or let us ask from the
point of view of the alkylating agent: Which alkylating agents react rapidly in SN re-
actions and thus are “good alkylating agents” (good electrophiles)? Which alkylating
agents react slowly in SN reactions and thus are “poor alkylating agents” (poor elec-
trophiles)? As emerges from these definitions, good and poor nucleophiles, high and
low nucleophilicity, good and poor alkylating agents, good and poor electrophiles, and
high and low electrophilicity are kinetically determined concepts.

Answers to all these questions are obtained via pairs of SN reactions, which are car-
ried out as competition experiments. In a competition experiment two reagents react
simultaneously with one substrate (or two substrates react simultaneously with one
reagent). Two reaction products can then be produced. The main product is the com-
pound that results from the more reactive (synonymous with “faster reacting”) reac-
tion partner.

Nu O

Rx

Nu
O

Rx

Nu
OH

Rx

+ k aqueous

workup

Nu C X XNu Csp3 sp3+ +
k

B
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2.2 Good and Poor Nucleophiles 45

Accordingly, it is possible to distinguish between good and poor nucleophiles
when SN reactions are carried out as competition experiments. There the nucleophiles
are made available as mixtures to a standard alkylating agent. The nucleophile that
reacts to form the main product is then the “better” nucleophile. As has been 
observed in the investigation of a large number of competition experiments of this
type, gradations of the nucleophilicity exist that are essentially independent of the
substrate.

What are the causes behind the recurring gradation of this nucleophilicity series?
Nucleophilicity obviously measures the ability of the nucleophile to make an electron
pair available to the electrophile (i.e., the alkylating agent or the epoxide). With this
as the basic idea, the experimentally observable nucleophilicity gradations can be in-
terpreted as follows.

• Within a group of nucleophiles that attack at the electrophile with the same atom,
the nucleophilicity decreases with decreasing basicity of the nucleophile (Figure
2.1). Decreasing basicity is equivalent to decreasing affinity of an electron pair
for a proton, which to a certain extent, is a model electrophile for the electrophiles
of SN reactions.

• This parallel between nucleophilicity and basicity can be reversed by steric ef-
fects. Less basic but sterically unhindered nucleophiles therefore have a higher
nucleophilicity than strongly basic but sterically hindered nucleophiles (Figure
2.2). This is most noticeable in reactions with sterically demanding alkylating
agents or sterically demanding epoxides.

Nucleophilicity
Gradations
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RO > HO > > >> ROH, H O >>>2

Fig. 2.1. Nucleophilicity of
O nucleophiles with
different basicities.
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2 Nucleophilic Substitution Reactions at the Saturated C Atom46

2.3 Leaving Groups and the Quality 
of Leaving Groups

In Figure 2.3 substructures have been listed in the order of their suitability as leaving
groups in SN reactions. Substrates with good leaving groups are listed on top and sub-
strates with increasingly poor leaving groups follow. At the bottom of Figure 2.3 are

RS > RO I > Br > Cl >> F

RSH > ROH

HO O H O>

H2N NH2 H NH2>

B

• Nucleophilicity decreases with increasing electronegativity of the attacking atom.
This is true both in comparisons of atomic centers that belong to the same pe-
riod of the periodic table of the elements

• and in comparisons of atomic centers from the same group of the periodic table:

• The nucleophilicity of a given nucleophilic center is increased by attached het-
eroatoms that possess free electron pairs (!-effect):

The reason for this is the unavoidable overlap of the orbitals that accommodate
the free electron pairs at the nucleophilic center and its neighboring atom.

R N >> RO >> F2

Et N >> Et O3 2

RS >> Cl

N

Et

N

Et

NN
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Li
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R Osec

R OHsec

R Otert

R OHtert

NaNa Na

Fig. 2.2. Nucleophilicity of
N and O nucleophiles that
are sterically hindered to
different degrees.
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O postulado de Hammond implica que o grupo 
de partida é uma espécie estabilizada, não uma 
espécie de alta energia. Explique.	



Depois, baseado no texto acima explique:	



I- > Br- > Cl- > F-	



F3C-SO3- > Me-C6H4-SO3-
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2.4 SN2 Reactions: Kinetic and Stereochemical Analysis—Substituent Effects on Reactivity 49

The lower the bond enthalpy of the bond between the C atom and the leaving group,
the better the leaving group. This again follows from the Hammond postulate. For this
reason as well, the suitability of the halide ions as leaving groups is predicted as I! "

Br! " Cl! " F!.
Phosphoric acid derivatives (different from biochemistry!) and sulfuric acid deriv-

atives are not useful alkylating agents in organic chemistry. Exceptions are dimethyl
sulfate and diethyl sulfate, which can be obtained commercially, as well as five-mem-
bered cyclic sulfates. These compounds contain two transferable alkyl groups. But be-
cause of the mechanism, the second alkyl group is transferred more slowly than the
first one, if it is transferred at all. For these reasons, sulfates are not popular alkylat-
ing agents in organic synthesis. Furthermore, they do not even transfer the first alkyl
moiety more rapidly than the alkyl sulfonates and alkyl halides ranked at the top in
Figure 2.3.

2.4 SN2 Reactions: Kinetic and Stereochemical
Analysis—Substituent Effects on Reactivity

2.4.1 Energy Profile and Rate Law for SN2 Reactions:
Reaction Order

An SN2 reaction refers to an SN reaction

in which the nucleophile and the alkylating agent are converted into the substitution
product in one step, that is, via one transition state (Figure 2.4).

Do you remember the definition of an elementary reaction (Section 1.7.1)? The SN2
reaction is an elementary reaction. Recognizing this is a prerequisite for deriving the

Nu XNu RXR+ +
k

Fig. 2.4. Energy profile
and rate law for SN2
reactions.
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where = exp( / )A RTk E– a

dt

d
k= (2.1)

(2.2)
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product in one step, that is, via one transition state (Figure 2.4).

Do you remember the definition of an elementary reaction (Section 1.7.1)? The SN2
reaction is an elementary reaction. Recognizing this is a prerequisite for deriving the

Nu XNu RXR+ +
k

Fig. 2.4. Energy profile
and rate law for SN2
reactions.
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2.4 SN2 Reactions: Kinetic and Stereochemical Analysis—Substituent Effects on Reactivity 51

Because the reactions we consider in this section are single-step and therefore ele-
mentary reactions, the rate law specified in Section 2.3 as Equation 2.1 is obtained for
the rate of formation of the substitution product Nu¬R. It says that these reactions
are bimolecular substitutions. They are consequently referred to as SN2 reactions. The
bimolecularity makes it possible to distinguish between this type of substitution and
SN1 reactions, which we will examine in Section 2.5: for a given concentration of the
substrate, an increased concentration of the nucleophile increases the rate of forma-
tion of the SN2 product according to Equation 2.1 but not the rate of formation of the
SN1 product(cf. Equation 2.9 in Section 2.5.1).

The rate constant of each elementary reaction is related to its activation energy Ea

by the Arrhenius equation. This of course also holds for the rate constant of SN2 re-
actions (see Equation 2.2 in Figure 2.4).

2.4.2 Stereochemistry of SN2 Substitutions

In sophomore organic chemistry you most likely heard that SN2 reactions take place
stereoselectively. Let us consider Figure 2.5 as an example: the attack by potassium ac-
etate on the trans-tosylate A gives exclusively the cyclohexyl acetate cis-B. No trans-iso-
mer is formed. In the starting material, the leaving group is equatorial and the C¬H
bond at the attacked C atom is axial. In the substitution product cis-B the acetate is
axial and the adjacent H atom is equatorial. Thus a 100% inversion of the configura-
tion has taken place in this SN2 reaction. This is also true for all other SN2 reactions
investigated stereochemically.

Fig. 2.5. Proof of the
inversion of configuration
at the attacked C atom in
an SN2 reaction.
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The reason for the inversion of configuration is that SN2 reactions take place with
a backside attack by the nucleophile on the bond between the C atom and the leav-
ing group. In the transition state of the SN2 reaction, the attacked C atom has five
bonds. The three substituents at the attacked C atom not participating in the SN reac-
tion and this C atom itself are for a short time located in one plane:
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because a CH3 group was transferred from the sulfonyl anion [H6]-A to the deuterium-
containing sulfonyl anion [D6]-A.

The intramolecular methylation of the substrate of Figure 2.6, which was not ob-
served, would have had to take place through a six-membered cyclic transition state.
In other cases cyclic six-membered transition states of intramolecular reactions are so
favored that intermolecular reactions usually do not occur. It simply takes too long for
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Fig. 2.8. Bond enthalpy
(BE) of linear (left) and
bent (middle and right; cf.
explanatory text) C¬C
bonds.
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When an SN2 alkylating agent is attacked by a nucleophile, the steric interactions
become larger in the vicinity of the attacked C atom (Figure 2.9). On the one hand,
the inert substituents come closer to the leaving group X. The bond angle between
these substituents and the leaving group decreases from approximately the tetrahedral
angle 109! 28" to approximately 90!. On the other hand, the attacking nucleophile ap-
proaches the inert substituents until the bond angle that separates it from them is also
approximately 90!. The resulting increased steric interactions destabilize the transition
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state. Consequently, the activation energy Ea increases and the rate constant de-
creases. It should be noted that this destabilization is not compensated for by the si-
multaneous increase in the bond angle between the inert substituents from approxi-
mately the tetrahedral angle to approximately 120!.

This has two consequences:

kSN2

2 Nucleophilic Substitution Reactions at the Saturated C Atom56

Besides these rate-reducing steric substituent effects, in SN2 reactions there is a rate-
increasing electronic substituent effect. It is due to facilitation of the rehybridization

• The SN2 reactivity of an alkylating agent decreases with an increasing number of
the alkyl substituents at the attacked C atom. In other words, ! branching at the
C atom of the alkylating agent reduces its SN2 reactivity. This reduces the reac-
tivity so much that tertiary C atoms can no longer be attacked according to an
SN2 mechanism at all:

Nu +  Me EtX X X XiPr tert-Bu
kSN2, rel = 30 1 0.025 tiny

Fig. 2.9. Steric effects on
SN2 reactivity: substituent
compression in the
transition state.
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Tendencies and Rules

Generally stated, for SN2 reactivity we have k(Me¬X) " k(Rprim¬X) ""

k(Rsec¬X); k(Rtert¬X) ≈ 0 (unit: 1 mol#1 s#1).
• The SN2 reactivity of an alkylating agent decreases with an increase in size of the

alkyl substituents at the attacked C atom. In other words, " branching in the alkyl-
ating agent reduces its SN2 reactivity. This reduces the reactivity so much that a
C atom with a tertiary C atom in the " position can no longer be attacked at all
according to an SN2 mechanism:

Generally stated, for SN2 reactivity we have k(MeCH2¬X) " k(RprimCH2¬
X) "" k(RsecCH2¬X); k(RtertCH2¬X) ≈ 0 (unit: 1 mol#1 s#1).

Nu +  MeCH2 EtCH2X X X XiPrCH2 tert-BuCH2

1 0.4 0.03 tinykSN2, rel =
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2.5 SN1 Reactions: Kinetic and Stereochemical Analysis; Substituent Effects on Reactivity 57
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Fig. 2.10. Electronic
effects on SN2 reactivity:
conjugative stabilization of
the transition state by
suitably aligned
unsaturated substituents.

Nu +  MeCH2 vinylCH2X X XPhCH2

kSN2, rel = 1 40 120

B

of the attacked C atom from sp3 to sp2 (Figure 2.10). This effect is exerted by unsatu-
rated substituents bound to the attacked C atom. These include substituents, such as
alkenyl, aryl, or the C“O double bond of ketones or esters. When it is not prevented
by the occurrence of strain, the p-electron system of these substituents can line up in
the transition state parallel to the 2pz AO at the attacked C atom. This orbital thereby
becomes part of a delocalized p-electron system. Consequently, there is a reduction in
energy and a corresponding increase in the SN2 reaction rate. Allyl and benzyl halides
are therefore just as good alkylating agents as methyl iodide:

Because of the substituent effect just described, allyl and benzyl halides generally
react with nucleophiles according to an SN2 mechanism. This occurs even though the
SN1 reactivity of allyl and benzyl halides is higher than that of nonconjugated alkylat-
ing agents (see Section 2.5.4).
a-Halogenated ketones and a-halogenated acetic acid esters also react with nucleo-

philes according to the SN2 mechanism. However, for them the alternative of an SN1
mechanism is completely out of the question. This is because it would have to take
place via a carbenium ion, which would be extremely destabilized by the strongly elec-
tron-withdrawing acyl or alkoxyacyl substituent.

2.5 SN1 Reactions: Kinetic and Stereochemical
Analysis; Substituent Effects on Reactivity

2.5.1 Energy Profile and Rate Law of SN1 Reactions; Steady
State Approximation

Substitution reactions according to the SN1 mechanism take place in two steps (Fig-
ure 2.11). In the first and slower step, heterolysis of the bond between the C atom and
the leaving group takes place. A carbenium ion is produced as a high-energy, and con-
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2 Nucleophilic Substitution Reactions at the Saturated C Atom58

sequently short-lived, intermediate. In a considerably faster second step, it combines
with the nucleophile to form the substitution product Nu¬R.

In a substitution according to the SN1 mechanism, the nucleophile does not actively
attack the alkylating agent. The reaction mechanism consists of the alkylating agent
dissociating by itself into a carbenium ion and the leaving group. Only then does the
nucleophile change from a “spectator” into an active participant. Specifically, it inter-
cepts the carbenium ion to form the substitution product.

What does the rate law for the substitution mechanism of Figure 2.11 look like? The
rate of formation of the substitution product Nu¬R in the second step can immedi-
ately be written as Equation 2.5 because this step represents an elementary reaction.
Here, as in Figure 2.11, khet and kattack designate the rate constants for the heterolysis
and the nucleophilic attack, respectively.

However, Equation 2.5 cannot be correlated with experimentally determined data.
The reason for this is that the concentration of the carbenium ion intermediate ap-
pears in it. This concentration is extremely small during the entire reaction and con-
sequently cannot be measured. However, one cannot set it equal to zero, either. In that
case, Equation 2.5 would mean that the rate of product formation is also equal to zero
and thus that the reaction does not take place at all. Accordingly, we must have a bet-
ter approximation, one that is based on the following consideration:

d [Nu R]
dt

=  kattack [R ] [Nu ]

kattack [R ] [Nu ]

d [R 
dt

=  0 within the limits of the Bodenstein approximation
]

= khet [R X]

(2.6)

(2.5)

(2.7)

Fig. 2.11. Mechanism and
energy profile of SN1
reactions: Ea,het designates
the activation energy of
the heterolysis, khet and
kattack designate the rate
constants for the
heterolysis and the
nucleophilic attack on the
carbenium ion,
respectively.
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R + X
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ters into an SN1 reaction with a given alkylating agent, the substitution product is pro-
duced with the same rate constant. Figure 2.12 illustrates this using as an example SN1
reactions of two different nucleophiles with Ph2CH¬Cl. Both take place via the benz-
hydryl cation Ph2CH!. In the first experiment, this cation is intercepted by pyridine
as the nucleophile to form a pyridinium salt. In the second experiment, it is intercepted
by triethylamine to form a tetraalkylammonium salt. Both reactions take place with
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Fig. 2.12. Rate and
selectivity of SN1 reactions.
Both reactions 1 and 2
take place via the
benzhydryl cation. Both
reactions (with pyridine
and triethylamine) take
place with the same rate
constant. The higher
nucleophilicity of pyridine
does not become
noticeable until
experiment 3, the
“competition experiment”:
The pyridinium salt is by
far the major product.
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the same rate constant, namely the heterolysis constant khet of benzhydryl chloride.
The fact that pyridine is a better nucleophile than triethylamine therefore does not be-
come noticeable at all under these conditions.

The situation is different in experiment 3 of Figure 2.12. There, both SN1 reactions
are carried out as competitive reactions: benzhydryl chloride heterolyzes (just as fast
as before) in the presence of equal amounts of both amines. The benzhydryl cation is
now intercepted faster by the more nucleophilic pyridine than by the less nucleophilic
triethylamine. By far the major product is the pyridinium salt.

2.5.2 Stereochemistry of SN1 Reactions; Ion Pairs

What can be said about the stereochemistry of SN1 reactions? In the carbenium ion
intermediates R1R2R3C!, the valence-unsaturated C atom has a trigonal planar geom-
etry (cf. Figure 1.2). These intermediates are therefore achiral (if the substituents Ri

themselves do not contain chiral centers).
When in carbenium ions of this type R1 " R2 " R3, these carbenium ions react with

achiral nucleophiles to form chiral substitution products R1R2R3C¬Nu. These must
be produced as a 1:1 mixture of both enantiomers (i.e., as a racemic mixture). Achiral
reaction partners alone can never deliver an optically active product. But in apparent
contradiction to what has just been explained, not all SN1 reactions that start from
enantiomerically pure alkylating agents and take place via achiral carbenium ions pro-
duce a racemic substitution product. Let us consider, for example, Figure 2.13.

Fig. 2.13. Stereochemistry
of an SN1 reaction that
takes place via a contact
ion pair. The reaction 
proceeds with 66%
inversion of configuration
and 34% racemization.
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late (here in the form: “The transition state of an endothermic reaction is similar to the
product”), a suitable model for the transition state of the rate-determining step of an
SN1 reaction is the corresponding carbenium ion. The rate constant khet of SN1 reac-
tions should therefore be greater the more stable the carbenium ion produced in the
heterolysis is:

As a measure of the rate of formation of this carbenium ion, one can take the free en-
ergy of heterolysis of the alkylating agent from which it arises. Low free energies of
heterolysis are related to the formation of a stable carbenium ion and thus a high SN1
reactivity. Because SN1 reactions are carried out in solution, the free energies of het-
erolysis in solution are the suitable stability measure. These values are not immedi-
ately available, but they can be calculated from other experimentally available data
(Table 2.1) by means of the thermodynamic cycle in Figure 2.15.

Heterolyses of alkyl bromides in the gas phase always require more energy than the
corresponding homolyses (cf. Table 2.1). In fact, the !G values of these heterolyses are
considerably more positive than the !H values of the homolyses (even when it is taken
into consideration that !G and !H values cannot be compared directly with each other).
The reason for this is that extra energy is required for separating the charges. As Table
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Fig. 2.14. Stereochemistry
of an SN1 reaction that
takes place via a solvent-
separated ion pair. The
reaction proceeds with 0%
inversion and 100%
racemization.
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2.1 shows, this situation is reversed in polar solvents such as water. There the heteroly-
ses require less energy than the homolyses.

You see the reason for this solvent effect when you look at lines 2 and 3 in Table
2.1. Ions are stabilized quite considerably by solvation. Heterolyses of alkylating agents,
and consequently SN1 reactions, therefore, succeed only in highly solvating media.
These include the polar protic solvents such as methanol, ethanol, acetic acid, and aque-
ous acetone as well as the polar aprotic solvents acetone, acetonitrile, DMF, NMP,
DMSO, and DMPU (Figure 2.16). Unfortunately, DMPU does not solvate as well as
HMPA, which is a carcinogen.
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Table 2.1. Free Energy Values from Gas Phase Studies (Lines 1–3). Free Energies of Heteroly-
sis in Water (Line 4) Calculated Therefrom According to Figure 2.15*

*From these energies and using the Eyring equation (Equation 1.1), one can calculate minimum
half-lives for the pertinent heterolyses in water (line 6). These are minimum values because the

values were used for !G‡ in the Eyring equation, whereas actually !G‡

! * !Ghet, H2O. !Ghyd " free energy of hydration, !Ghet " free energy of heterolysis, and !Hhom "
enthalpy of homolysis.
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Fig. 2.15. Thermodynamic
cycle for calculating the
free energy of heterolysis
of alkyl bromides in
solution (!Ghet,s) from
free energies in the gas
phase: !Gs refers to the
free energy of solvation,
!Ghet,g refers to the free
energy of heterolysis in the
gas phase.
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2.1 shows, this situation is reversed in polar solvents such as water. There the heteroly-
ses require less energy than the homolyses.

You see the reason for this solvent effect when you look at lines 2 and 3 in Table
2.1. Ions are stabilized quite considerably by solvation. Heterolyses of alkylating agents,
and consequently SN1 reactions, therefore, succeed only in highly solvating media.
These include the polar protic solvents such as methanol, ethanol, acetic acid, and aque-
ous acetone as well as the polar aprotic solvents acetone, acetonitrile, DMF, NMP,
DMSO, and DMPU (Figure 2.16). Unfortunately, DMPU does not solvate as well as
HMPA, which is a carcinogen.
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It is important to note that the use of polar solvents is only a necessary but not a
sufficient condition for the feasibility of SN1 substitutions or for the preference of the
SN1 over the SN2 mechanism.

2.5.4 Substituent Effects on SN1 Reactivity

The stabilities of five carbenium ions formed in the heterolyses of alkyl bromides in
water (as an example of a polar solvent) can be compared by means of the associated
free energy values (Table 2.1, line 4). From these free energy values we 
get the following order of stability in polar solvents: CH3

! " MeCH2
! " Me2CH!

" Me3C! " Ph¬CH2
!. One can thus draw two conclusions: (1) a phenyl substituent

stabilizes a carbenium ion center, and (2) alkyl substituents also stabilize a carbenium
ion center, and they do so better the more alkyl groups are bound to the center. The
stability order just cited is similar to the stability order for the same carbenium ions
in the gas phase (Table 2.1, row 1). However, in the gas phase considerably larger en-
ergy differences occur. They correspond to the inherent stability differences (i.e., with-
out solvation effects).

We observed quite similar substituent effects in Section 1.2.1 in connection with the
stability of radicals of type R1R2R3C·. These effects were interpreted both in VB and
in MO terms. For the carbenium ions, completely analogous explanations apply, which
are shown in Tables 2.2 (effect of conjugating groups) and 2.3 (effect of alkyl groups).
These tables use resonance theory for the explanation. Figures 2.17 and 2.18 explain
the same effects by means of MO theory. Both approaches explain how substituents
can stabilize adjacent carbenium ion centers. Conjugating substituents, which are elec-
tron rich, stabilize a neighboring carbenium ion center via a resonance effect, and alkyl
substituents do the same via an inductive effect.

¢Ghet, H2O

B

Fig. 2.16. Polar aprotic
solvents and the
abbreviations that can be
used for them.
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NMe
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HMPA = exa ethyl phosphoric acid triamide:H m
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The very large inherent differences in the stability of carbenium ions are reduced in
solution—because of a solvent effect—but they are not eliminated. This solvent effect
arises because of the dependence of the free energy of hydration !Ghyd(R+) on the

2 Nucleophilic Substitution Reactions at the Saturated C Atom66
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i.e., 1 no-bond
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Table 2.3. Stabilization of Trivalent Carbenium Ion Centers by Methyl Substituents: Experimental
Findings and Their Explanation by Means of Resonance Theory
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zation
of

increases

Table 2.2. Stabilization of a Trivalent Carbenium Ion Center by Conjugating Substituents: Ex-
perimental Findings and Their Explanation by Means of Resonance Theory
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Fig. 2.17. MO interactions
responsible for the
stabilization of trivalent
carbenium ion centers by
suitably oriented
unsaturated substituents
(“conjugation”).

n2pz
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πC=C

πC=C 2pz
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conjugation energy

localized
MO

localized
MO
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Fig. 2.18. MO interactions
responsible for the
stabilization of trivalent
carbenium ion centers by
suitably oriented C¬H
bonds in the b position
(“hyperconjugation”).
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H

structure of the carbenium ions (Table 2.1, row 2). This energy becomes less negative
going from Me! to Ph¬CH2

!, as well as in the series Me! → Et! → iPr! → tert-Bu!.
The reason for this is hindrance of solvation. It increases with increasing size or num-
ber of the substituents at the carbenium ion center.

Allyl halides heterolyze just as easily as benzyl halides because they produce a 
resonance-stabilized carbenium ion just as the benzyl halides do. Even faster hetero-
lyses are possible when the charge of the resulting carbenium ion can be delocalized
by more than one unsaturated substituent and can thereby be stabilized especially
well. This explains the remarkably high SN1 reactivities of the benzhydryl halides
(via the benzhydryl cation) and especially of the triphenylmethyl halides (via the
trityl cation):

PhCH2"X Ph2CH"X Ph3C"X
kSN1, rel 1 1000 108
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B

2.6 When Do SN Reactions at Saturated 
C Atoms Take Place According to the SN1
Mechanism and When Do They Take Place
According to the SN2 Mechanism?

From Sections 2.4.4 and 2.5.4, the following rules of thumb can be derived:

2.7 Unimolecular SN Reactions That Do Not
Take Place via Simple Carbenium Ion
Intermediates: Neighboring 
Group Participation

2.7.1 Conditions for and Features of SN Reactions with
Neighboring Group Participation

A leaving group in an alkylating agent can be displaced not only by a nucleophile
added to the reaction mixture but also by one in the alkylating agent itself. This holds
for alkylating agents that contain a nucleophilic electron pair at a suitable distance
from the leaving group. The structural element on which this electron pair is localized
is called a neighboring group. It displaces the leaving group stereoselectively through

SN1 reactions are observed

• always in substitutions on Rtert¬X, Ar2HC¬X, and Ar3C¬X;
• always in substitutions on substituted and unsubstituted benzyl and allyl triflates;
• in substitutions on Rsec¬X when poor nucleophiles are used (e.g., in solvolyses);
• in substitutions on Rsec¬X that are carried out in the presence of strong Lewis

acids such as in the substitution by aromatics (“Friedel–Crafts alkylation;” Figure
5.21);

• almost never in substitutions on Rprim¬X (exception: Rprim¬N!‚N).

SN2 reactions take place

• almost always in substitutions in sterically unhindered benzyl and allyl positions
(exception: benzyl and allyl triflates react according to SN1);

• always in substitutions in MeX and Rprim¬X;
• in substitutions in Rsec¬X, provided a reasonably good nucleophile is used;
• never in substitutions in substrates of the type Rtert¬X or Rtert¬C¬X.

Rules of Thumb
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a backside attack. This attack thus corresponds to that of an SN2 reaction. But because
the substitution through the neighboring group takes place intramolecularly, it repre-
sents a unimolecular process. In spite of this, organic chemists, who want to emphasize
the mechanistic relationship and not the rate law, classify substitution reactions with
neighboring group participation as SN2 reactions.

Because of this neighboring group participation, a cyclic and possibly strained (de-
pending on the ring size) intermediate A is formed from the alkylating agent:

This intermediate generally contains a positively charged center, which represents a
new leaving group. This group is displaced in a second step by the external nucleophile
through another backside attack. This step is now clearly an SN2 reaction. In the reac-
tion product B the external nucleophile occupies the same position the leaving group
X originally had. Reactions of this type thus take place with complete retention of con-
figuration at the attacked C atom. This distinguishes them both from substitutions ac-
cording to the SN2 mechanism and from substitutions according to the SN1 mechanism.

For an SN reaction to take place with neighboring group participation, a neighbor-
ing group not only must be present, but it must be sufficiently reactive. The attack of
the “neighboring group” must take place faster than the attack by the external nucleo-
phile. Otherwise, the latter would initiate a normal SN2 reaction. In addition, the neigh-
boring group must actively displace the leaving group before this group leaves the alky-
lating agent on its own. Otherwise, the external nucleophile would enter via an SN1
mechanism. Therefore, reactions with neighboring group participation take place more
rapidly than comparable reactions without such participation. This fact can be used to
distinguish between SN reactions with neighboring group participation and normal SN1
and SN2 reactions.

The nucleophilic electron pairs of the neighboring group can be nonbonding, or they
can be in a p bond or, in special cases, in a ! bond (Figure 2.20). Generally they can
displace the leaving group only when this produces a three- or five-membered cyclic
intermediate. The formation of rings of a different size is almost always too slow for
neighboring group participations to compete with reactions that proceed by simple SN1
or SN2 mechanisms.

C X C Nu–  X
rate-determining

C  Nu

BA (three- or five-membered)

Fig. 2.20. Alkylating
agents with structural
elements that can act as
neighboring groups in SN

reactions. (In the example
listed in parentheses, the
neighboring group
participation initiates an
alkylation of the aromatic
compound, in which an
external nucleophile is not
participating at all.)

C X
C XC XHet

C XHet C X

O

O

R

O C X

OH

C X
1 or
2

nsp3 nsp2 p s
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a backside attack. This attack thus corresponds to that of an SN2 reaction. But because
the substitution through the neighboring group takes place intramolecularly, it repre-
sents a unimolecular process. In spite of this, organic chemists, who want to emphasize
the mechanistic relationship and not the rate law, classify substitution reactions with
neighboring group participation as SN2 reactions.

Because of this neighboring group participation, a cyclic and possibly strained (de-
pending on the ring size) intermediate A is formed from the alkylating agent:

This intermediate generally contains a positively charged center, which represents a
new leaving group. This group is displaced in a second step by the external nucleophile
through another backside attack. This step is now clearly an SN2 reaction. In the reac-
tion product B the external nucleophile occupies the same position the leaving group
X originally had. Reactions of this type thus take place with complete retention of con-
figuration at the attacked C atom. This distinguishes them both from substitutions ac-
cording to the SN2 mechanism and from substitutions according to the SN1 mechanism.

For an SN reaction to take place with neighboring group participation, a neighbor-
ing group not only must be present, but it must be sufficiently reactive. The attack of
the “neighboring group” must take place faster than the attack by the external nucleo-
phile. Otherwise, the latter would initiate a normal SN2 reaction. In addition, the neigh-
boring group must actively displace the leaving group before this group leaves the alky-
lating agent on its own. Otherwise, the external nucleophile would enter via an SN1
mechanism. Therefore, reactions with neighboring group participation take place more
rapidly than comparable reactions without such participation. This fact can be used to
distinguish between SN reactions with neighboring group participation and normal SN1
and SN2 reactions.

The nucleophilic electron pairs of the neighboring group can be nonbonding, or they
can be in a p bond or, in special cases, in a ! bond (Figure 2.20). Generally they can
displace the leaving group only when this produces a three- or five-membered cyclic
intermediate. The formation of rings of a different size is almost always too slow for
neighboring group participations to compete with reactions that proceed by simple SN1
or SN2 mechanisms.
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Fig. 2.20. Alkylating
agents with structural
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The “range” of possible neighboring group participations mentioned above thus
reflects the almost universal ring closure rates of five-membered ! three-membered
" six-membered "" other ring sizes.

In general, one speaks of a neighboring group effect only when the cyclic and usu-
ally positively charged intermediate cannot be isolated but is subject to an SN2-like
ring opening by the external nucleophile. This ring opening always happens for three-
membered ring intermediates. There it profits kinetically (Hammond postulate!) from
the considerable reduction in ring strain. In the case of five-membered intermediates,
the situation is different. They not only are subject to attack by the external nucle-
ophile, but they can also react to form stable five-membered rings by elimination of a
cation—usually a proton.

2.7.2 Increased Rate through Neighboring 
Group Participation

The sulfur-containing dichloride “mustard gas,” a high-boiling liquid used in World War
I as a combat gas in the form of an aerosol, hydrolyzes much more rapidly to give HCl
and a diol (Figure 2.21) than its sulfur-free analog 1,5-dichloropentane.Therefore, mus-
tard gas released HCl especially efficiently into the lungs of soldiers who had inhaled
it  (and thus killed them very painfully). The reason for the higher rate of hydrolysis
of mustard gas is a neighboring group effect. It is due to the availability of a free elec-
tron pair in a nonbonding orbital on the sulfur atom.

B

Fig. 2.21. Acceleration of
the hydrolysis of mustard
gas by neighboring group
participation.

HO
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OH
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OH

Cl
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Cl Cl
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Cl
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fast
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OH2

H O2
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Mustard gas

Phenethyl tosylate solvolyzes in CF3CO2H orders of magnitude faster than ethyl
tosylate (Figure 2.22). Because the neighboring phenyl ring can make a p electron
pair available, a phenonium ion intermediate is formed. Phenonium ions are deriv-
atives of the spirooctadienyl cation shown. They are therefore related to the Whe-
land complexes of electrophilic aromatic substitution (see Chapter 5). The interme-
diacy of a phenonium ion in the solvolysis of phenethyl tosylate was proven by isotope
labeling. A deuterium label located exclusively a to the leaving group in the tosylate
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was scrambled in the reaction product—it emerged half in the a position and half in
the b position.

2.7.3 Stereoselectivity through Neighboring Group Participation

A carboxylic ester can participate in an SN reaction as a neighboring group. In this
case, a nonbonding electron pair on the double-bonded oxygen displaces the leaving
group in the first reaction step. Let us consider, for example, the glycosyl bromide B
in Figure 2.23. There a bromide ion is displaced by an acetate group in the b position.
The departure of the bromide ion is facilitated because it is immediately intercepted
by Ag(I) ions and converted into insoluble AgBr. The five-membered ring of the 
resonance-stabilized carboxonium ion E is formed. At this stage, an axially oriented
C¬O bond has emerged from the equatorial C¬Br bond of substrate B via an in-
version of the configuration. In the second reaction step this C¬O bond is broken by
the solvent methanol via another inversion of the configuration at the attacked C atom.
In the resulting substitution product C, the methoxy group is equatorial just like the
bromine in the starting material B. The saponification of the acetate groups of this
compound leads to isomerically pure b-D-methylglucopyranoside (Figure 2.23, top
right). This is of preparative interest because the direct acetalization of glucose leads
to the diastereomeric a-methylglucoside (Figure 2.23).

Bromide A, which is likewise derived from glucose, is a stereoisomer of bromide
B. It is interesting that in silver(I)-containing methanol, A stereoselectively produces
the same substitution product C as produced by B. In glycosyl bromide A, however,
the C¬Br bond cannot be broken with the help of the acetate group in the b posi-
tion. In that case, a trans-annulated and consequently overly strained carboxonium
intermediate would have been produced. Glycosyl bromide A therefore reacts with-

A

Fig. 2.22. Acceleration of
the trifluoroacetolysis of
phenethyl tosylate by
neighboring group
participation.
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out neighboring group participation and consequently more slowly than its diastere-
omer B. The first step is a normal SN1 reaction with heterolysis of the C¬Br bond
to form the carboxonium ion D. However, as soon as this is present, the acetate group
in the b position still exerts a neighboring group effect. With its nucleophilic electron
pair, it closes the ring to the same cyclic carboxonium ion E that was produced in a
single step from the diastereomeric glycosyl bromide B. The subsequent ring open-
ing of E by methanol gives the methyl glucoside C, regardless of whether it was de-
rived from A or B.

SN reactions of enantiomerically pure diazotized a amino acids are also prepara-
tively important (Figure 2.24). There the carboxyl group acts as a neighboring group.
It has a double effect. For one thing, it slows down the SN1-like decomposition of the
diazonium salt, which for normal aliphatic diazonium salts takes place extremely fast
(leading to carbenium ions with their abundant nonselective secondary chemistry: see
Section 11.3.1). The analogous heterolysis of a diazotized a amino acid is slowed down
in agreement with the Hammond postulate. This is because a carbenium ion would
have to be produced, which would be strongly destabilized by the carboxyl group act-
ing as an electron acceptor. In addition, the carboxylic acid group enters actively into
the reaction as a neighboring group and displaces the leaving group (N2) with the nu-

Fig. 2.23. Stereoselectivity
due to neighboring group
participation in glycoside
syntheses.
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cleophilic, free electron pair of its double-bonded O atom. A highly strained proto-
nated three-membered ring lactone is produced, in which the C¬O2C bond is attacked
from the back side by the external nucleophile. The nucleophile therefore assumes the
position of the original amino group, i.e., appears with retention of the configuration.
According to Figure 2.24, H2O is the entering nucleophile when the diazotization is
carried out with aqueous H2SO4 and NaNO2. But if the diazotization is carried out
with aqueous HBr and NaNO2, then a bromide ion acts as the external nucleophile.
These chemoselectivities are explained by the nucleophilicity order HSO4

! " H2O "
Br! (cf. Section 2.2).

A bonding electron pair that is contained in a C¬C single bond is normally not a
neighboring group. However, one famous exception is a particular bonding electron
pair in the norbornane ring system (Figure 2.25). It is fixed in precisely such a way that
it can interact with a reaction center on C2.

This electron pair speeds up the departure of a suitably oriented leaving group. It
also determines the orientation of the nucleophile in the reaction product. The for-
mulas in Figure 2.25 describe both of these aspects better than many words.

Nontheless, Figure 2.25 requires two comments. (1) The six-membered ring sub-
structure of all other molecules including the cations possesses a boat conformation and
not a twist–boat conformation, as the two-dimensional structures of the figure imply. If
they had been drawn with the correct boat conformation, the crucial orbital interaction
could not have been drawn with so few C¬C bonds crossing each other. The ball-and-
stick stereoformulas at the bottom of Figure 2.25 show the actual geometry of both
cations. (2) The carbenium ion shown in Figure 2.25 is an isomer of, and less stable than,
the carbonium ion shown there. It has slightly longer C1–C6 and C1–C2 bonds, and no
C2–C6 bond (the C2/C6 separation is 2.5 Å in the carbenium ion and 1.8 Å in the car-
bonium ion). Whether the acetolysis of the endo-bornyl brosylate takes place via the

Fig. 2.24. Stereoselectivity
due to neighboring group
participation in the
synthesis of a-
functionalized carboxylic
acids.
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ion. Also the existence of a rapidly equilibrating mixture of two carbenium ions 
was considered. It is now known with certainty that this intermediate is a carbo-
nium ion; it is known as a nonclassical carbocation. In the carbonium ion, between
the centers C1, C2, and C6, there is a bond that is built up from two sp2 AOs and 
one sp3 AO (see MO diagram, lower right, Figure 2.25). It accommodates two 
electrons.

2.8 Preparatively Useful SN2 
Reactions: Alkylations

The three-part Figure 2.26, with a list of synthetically important reactions, shows the
various nucleophiles that can be alkylated according to the SN2 mechanism.
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ion. Also the existence of a rapidly equilibrating mixture of two carbenium ions 
was considered. It is now known with certainty that this intermediate is a carbo-
nium ion; it is known as a nonclassical carbocation. In the carbonium ion, between
the centers C1, C2, and C6, there is a bond that is built up from two sp2 AOs and 
one sp3 AO (see MO diagram, lower right, Figure 2.25). It accommodates two 
electrons.

2.8 Preparatively Useful SN2 
Reactions: Alkylations

The three-part Figure 2.26, with a list of synthetically important reactions, shows the
various nucleophiles that can be alkylated according to the SN2 mechanism.
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ion. Also the existence of a rapidly equilibrating mixture of two carbenium ions 
was considered. It is now known with certainty that this intermediate is a carbo-
nium ion; it is known as a nonclassical carbocation. In the carbonium ion, between
the centers C1, C2, and C6, there is a bond that is built up from two sp2 AOs and 
one sp3 AO (see MO diagram, lower right, Figure 2.25). It accommodates two 
electrons.

2.8 Preparatively Useful SN2 
Reactions: Alkylations

The three-part Figure 2.26, with a list of synthetically important reactions, shows the
various nucleophiles that can be alkylated according to the SN2 mechanism.
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Whereas all the alkylations in Figure 2.26 take place in basic or neutral solutions,
carboxylic acids can be methylated as such with diazomethane (Figure 2.27). The ac-
tual nucleophile (the carboxylate ion) and the actual methylating agent (H3C¬N!‚N)
are then produced from the reaction partners by proton transfer.

Fig. 2.26. (Continued)
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Whereas all the alkylations in Figure 2.26 take place in basic or neutral solutions,
carboxylic acids can be methylated as such with diazomethane (Figure 2.27). The ac-
tual nucleophile (the carboxylate ion) and the actual methylating agent (H3C¬N!‚N)
are then produced from the reaction partners by proton transfer.
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Whereas all the alkylations in Figure 2.26 take place in basic or neutral solutions,
carboxylic acids can be methylated as such with diazomethane (Figure 2.27). The ac-
tual nucleophile (the carboxylate ion) and the actual methylating agent (H3C¬N!‚N)
are then produced from the reaction partners by proton transfer.

Fig. 2.26. (Continued)

Rprim

Rprim

Rprim

Rprim sec( ) Rprim sec( )

Rprim sec( )

Rprim

Rprim Rprim

X or Pri

X

X

X OAr

OAc

OR or

P-nucleophiles ( precursors for the Wittig or Korner−Wadsworth−Emmons reaction)

O-nucleophiles

I + PPh3 PPh X3R

+ P(OEt)3 – EtX
P(OEt) X2 P(OEt)2

O OEt

Arbuzov Reaction

Williamson ether synthesis

+ Na OR

+ Na OAr

+ Cs OAc

Rprim sec( )Rprim sec( )

R SH

Na I

S C

NH2

NH2

R S C

NH2

NH2

R S R´

O

O

IX

+

+

Hal-nucleophiles

OH

+ Na O2SR´

X

acetone or

methyl ethyl ketone

Finkelstein reaction

Fig. 2.27. Preparation of
methyl esters from
carboxylic acids and
diazomethane.

R
O

H
O

OH
N N

R
O

CH2

O

OH

CH3 N NCH2 N N
R

O

O

OH
–

+ +

S-Enantiomer S-Enantiomer

3003T Bruckner Ch02 [43-84]  5/25/01  16:06  Page 78


