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“Mache die Dinge so einfach wie m�glich—aber nicht
einfacher.”
Albert Einstein

1. Introduction

Understanding and controlling ambident[+] reactivity is of
eminent importance for a rational design of organic synthe-
ses.[1] Kornblum et al. summarized their systematic investiga-
tions on the alkylations of ambident anions[2] by the statement
“The greater the SN1 character of the transition state the greater
is the preference for covalency formation with the atom of
higher electronegativity and, conversely, the greater the SN2
contribution to the transition state the greater the preference for
bond formation to the atom of lower electronegativity”.[2e]

These ideas were generalized within Pearson’s concept of
hard and soft acids and bases (HSAB),[3] which still represents
the most popular rationalization of ambident reactivity, as
illustrated by a quotation from the latest edition of March�s
Advanced Organic Chemistry (Scheme 1):[4a]

“The principle of hard and soft acids and bases states that
hard acids prefer hard bases and soft acids prefer soft bases
(…). In an SN1 mechanism, the nucleophile attacks a carbo-
cation, which is a hard acid. In an SN2 mechanism, the
nucleophile attacks the carbon atom of a molecule, which is a
softer acid. The more electronegative atom of an ambident
nucleophile is a harder base than the less electronegative atom.
We may thus make the statement: As the character of a given
reaction changes from SN1- to SN2-like, an ambident nucleo-
phile becomes more likely to attack with its less electronegative
atom. Therefore, changing from SN1 to SN2 conditions should
favor C attack by CN� , N attack by NO2

� , C attack by enolate
or phenoxide ions, etc.”

The Klopman–Salem concept of charge and orbital
control of organic reactions uses similar ideas: Hard–hard
interactions are charge-controlled and soft–soft interactions

are orbital-controlled.[5] Although these concepts have widely
been accepted, they have also been criticized. Gompper and
Wagner[6] pointed out that the HSAB concept does not
differentiate between kinetic and thermodynamic control,
although in many cases different conditions give rise to
different products.[7] Numerous reactions of ambident elec-
trophiles, which yield different products under conditions of
kinetic and thermodynamic control, have been reviewed by
H�nig.[8] Gompper and Wagner furthermore noted that the

The concept of hard and soft acids and bases (HSAB) proved to be
useful for rationalizing stability constants of metal complexes. Its ap-
plication to organic reactions, particularly ambident reactivity, has led
to exotic blossoms. By attempting to rationalize all the observed
regioselectivities by favorable soft–soft and hard–hard as well as
unfavorable hard–soft interactions, older treatments of ambident
reactivity, which correctly differentiated between thermodynamic and
kinetic control as well as between different coordination states of ionic
substrates, have been replaced. By ignoring conflicting experimental
results and even referring to untraceable experimental data, the HSAB
treatment of ambident reactivity has gained undeserved popularity. In
this Review we demonstrate that the HSAB as well as the related
Klopman–Salem model do not even correctly predict the behavior of
the prototypes of ambident nucleophiles and, therefore, are rather
misleading instead of useful guides. An alternative treatment of
ambident reactivity based on Marcus theory will be presented.
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Scheme 1. Preferred reaction pathways of ambident nucleophiles
according to March’s Advanced Organic Chemistry textbook.[4b]
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[+] According to IUPAC[1] an ambident system possesses two alternative
and strongly interacting distinguishable reactive centers, both of
which can undergo a certain reaction, but the reaction at either site
stops or greatly retards subsequent attack at the second site.
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decision as to whether a certain reaction is dominated by
charge or orbital control is often made a posteriori, that is,
after knowing the experimental facts, with the consequence
that it has little predictive value. Drago summarized his
criticism of the HSAB principle as follows: “This can’t miss
approach sweeps a lot of interesting chemistry under the rug
and leads one to believe he has understanding when in reality
he may not”.[9a] Attemps to predict the reactivity of ambident
nucleophiles and electrophiles using a single, general-purpose
reactivity indicator[9b] were later shown not to be appropria-
te.[9c]

During recent years, we have extensively studied the
kinetics of the reactions of benzhydrylium ions and structur-
ally related quinone methides with a large variety of
nucleophiles,[10] including hard and soft ones. While the
hardness of the electrophiles shown in Figure 1 increases
significantly from left to right,[11] one does not find that the
correlation lines for hard nucleophiles are generally steeper
than those for soft nucleophiles, which should be the case if
hard nucleophiles had a particular preference to react with
hard electrophiles.

Furthermore, it has been shown that the reactivity order
of nucleophiles towards tritylium ions (Ritchie N+) and
benzhydrylium ions (Patz–Mayr N) is roughly the same as
towards CH3I or CH3Br (Swain–Scott n),[12] which indicates
that the order of nucleophilicities does not depend on the

hardness of the electrophilic reaction partner when the
electrophilic reaction center is carbon.

These observations prompted us to reexamine the applic-
ability of the HSAB principle on the alkylations of ambident
nucleophiles.[13] During this study we have found that the
HSAB principle does not even correctly predict the site of
alkylation of NCS� ,[13a] NC� ,[13b] NO2

� ,[13c] NCO� ,[13d]

RCHNO2
� ,[13e] benzene sulfinate,[13f] and amide anions,[13g,h]

that is, of the prototypical ambident nucleophiles, which have
been used to demonstrate the applicability of the principle.
Misinterpretations of experimental results, references to
untraceable experiments, and neglecting the role of the
diffusion limit (k ca. 109–1010

m
�1 s�1) were identified as origins

of the confusion.[13]

Sensitized by these observations, we have analyzed
literature reports on the regioselectivities of these and other
ambident nucleophiles and electrophiles, and we have real-
ized that the number of cases where the HSAB principle and
the concept of charge- and orbital-controlled reactions give
correct predictions approximate the number of cases where
they fail. For that reason, we suggest abandoning these
concepts as guides for predicting ambident reactivity. In the
following we present an alternative approach to rationalize
the behavior of ambident nucleophiles.

2. Systematic Analysis of Ambident Reactivity

2.1. General Procedure

As illustrated in
Scheme 2, the first step of a
systematic analysis is to clar-
ify whether the isolated prod-
ucts are the results of thermo-
dynamic or kinetic control.
Methods to differentiate
between kinetic and thermo-
dynamic control are well-
known and need not be dis-
cussed in this context.[4c,7] An
overview of relative product
stabilities obtained from
important ambident nucleo-
philes is given in Table 1.

If the product ratio is
kinetically controlled, one
should analyze whether the
product-determining step is
diffusion-controlled (k2 =

109–1010
m
�1 s�1) or activa-

tion-controlled (k2<

109
m
�1 s�1). This differentia-

tion can be based on the
correlation Equation (1)
introduced in Section 2.3.

If the product-determin-
ing step is activation-con-
trolled, Marcus theory can
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be employed to predict relative activation energies, as
described in Sections 2.4–2.6.

2.2. Product Stabilities

Relative thermodynamic stabilities are usually deter-
mined by calorimetric measurements, equilibrium studies, or
by quantum chemical calculations. To use the same basis for
comparing the thermodynamic stabilities of products which
may be generated by alkylation of ambident nucleophiles, we
have calculated the Gibbs energy of methyl shifts at the MP2/
6-311 + G(2d,p) level of theory (Table 1). A detailed discus-

sion of the thermodynamic stabilities will be presented in
Section 3 for the individual substrates.

2.3. Differentiation between Activation- and Diffusion-Controlled
Reactions

The rates of bimolecular reactions in solution are limited
by diffusion, in other words, the time needed for two
molecules to meet in an encounter complex. Sophisticated
theories have been developed to calculate diffusion rate
constants, which consider the size of the molecules, the
viscosity of the reaction medium, and the temperature.[14]

Since knowledge of the precise values of diffusion-controlled
rate constants is not needed for our analysis, we derive the
approximate magnitude of diffusion-controlled rate constants
empirically from the upper limits of directly measured rate
constants in various reaction series. Thus, the second-order
rate constants for the reactions of benzhydrylium and
tritylium ions generated by laser-flash photolysis with neutral
nucleophiles in common organic solvents (CH2Cl2, CH3CN)
or water never exceeded 4 � 109

m
�1 s�1.[15a] The upper limit for

cation–anion combinations was 2 � 1010
m
�1 s�1 in acetonitrile

and about 5 � 109
m
�1 s�1 in water.[15b] Intermolecular selectiv-

ities, which were derived from competition experiments, are
consistent with these numbers.[16]

As reactions which proceed with such high rates do not
have activation energies, the corresponding regioselectivities

Figure 1. Comparison of the reactivities of different classes of nucleophiles (in CH2Cl2, 20 8C). Plots of lg k versus the empirical electrophilicity
parameter E.[10]

Scheme 2. A systematic approach to ambident reactivity.

Ambident Nucleophiles
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(as well as stereoselectivities) cannot be derived from
transition-state models.

In numerous publications we have shown that the second-
order rate constants for the reactions of carbocations and
Michael acceptors with n nucleophiles (alcohols, amines,
etc.), p nucleophiles (alkenes, arenes, etc.), and s nucleo-
philes (hydrides) can be calculated by Equation (1), where
nucleophiles are characterized by two parameters (nucleo-
philicity N, slope sN, previously termed s), while electrophiles
are characterized by one parameter (electrophilicity E).[10]

For the inclusion of SN2-type reactions, an additional electro-
phile-specific parameter sE is needed.[12c]

lg kð20 �CÞ ¼ sNðN þ EÞ ð1Þ

As discussed elsewhere,[10a,g] Equation (1) is mathemati-
cally equivalent to a conventional linear free-energy relation-
ship. However, unlike in ordinary linear free-energy relation-
ships, where the intercepts with the ordinate are considered,

Equation (1) defines the nucleophilicity parameter N as the
intercept with the abscissa (N =�E for lgk = 0; see Figure 1);
in this way it is possible to arrange nucleophiles of widely
varying reactivity in a single scale without the need for long-
ranging extrapolations. As Equation (1) holds only for rate
constants up to 108

m
�1 s�1, calculated rate constants lg k> 9

are not real, but indicate diffusion control.
With reactivity parameters published for 620 nucleophiles

and 182 electrophiles,[17] one can already predict the boundary
between activation and diffusion control for a considerable
number of reactions. Reactions which proceed without a
barrier at both sites of an ambident system are generally
unselective, although exceptions have been observed.[18] The
selectivity of activation-controlled reactions can be rational-
ized by Marcus theory.

2.4. Marcus Theory

Marcus theory[20] considers reactants and products nest-
ling in a parabolic bowl, and the transition state is approxi-
mated as the point of intersection of the two bowls. For
electron-transfer reactions between metal ions, that is, the
types of reactions first analyzed by the Marcus Equation, the
parabolic curves refer to the movement of solvent molecules
around the reactants and products. In the case of group-
transfer reactions [Eq. (2)], which are depicted in Figure 2, a
major contribution to the parabolic term comes from the A�
X and B�X vibrations.[20e]

A�Xþ B! AþX�B ð2Þ

The point of intersection of the two parabolas in Figure 2a
can be expressed by the Marcus Equation [Eq. (3)].

DG� ¼ DG0
� þ 0:5DG0 þ ðDG0Þ2=ð16DG0

�Þ ð3Þ

Table 1: Relative stabilities of the products obtained by methylation of
ambident nucleophiles [MP2/6-311+ G(2d,p)].

Entry Isomerization DG0 [kJmol�1]

1 �115[a]

2 �19.7[b]

3 �60.7[b]

4 �17.1[a]

5 �117[a]

6 �28.3[a]

7 �80.1[b]

8 �20.1[b]

9 �32.9[c]

10 �13.7[c]

11 �120[b]

12 �93.9[a]

13 �28.9[b]

14 �50.4[b]

[a] From Ref. [19]. [b] See the Supporting Information. [c] From
Ref. [13h].

Figure 2. Intersecting parabolas in a) non-identity reactions and
b) identity reactions. q refers to the nuclear configuration.
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Equation (3) ignores the work term w, which includes the
Gibbs energy for bringing the separate reactants together and
separating the products. This neglect is fully justified when
considering intramolecular selectivity, because w refers to the
formation of the common encounter complex.

In Equation (3), the Gibbs energy of activation DG� is
expressed by a combination of the Gibbs energy of reaction
DG0 and the intrinsic barrier DG0

�, which corresponds to
DG� of an identity reaction, where DG0 = 0 (Figure 2b). The
intrinsic barrier DG0

� can thus be considered as the fraction
of DG� which is left after eliminating the thermodynamic
component.

Marcus suggested calculating the intrinsic barrier of a
non-identity reaction as the average of the two corresponding
identity reactions.[20c,d, 21] Application of this so-called addi-
tivity principle to methyl transfer reactions yields Equa-
tion (7), wherein the intrinsic barrier DG0

� for the SN2
reaction in Equation (4) is calculated as the average of the
activation energies of the identity reactions in Equations (5)
and (6).

X� þH3C�Y! X�CH3 þY� ð4Þ

X� þH3C�X! X�CH3 þX� ð5Þ

Y� þH3C�Y! Y�CH3 þY� ð6Þ

DG0
�½Eq: ð4Þ� ¼ 0:5 ðDG�½Eq: ð5Þ� þ DG�½Eq: ð6Þ�Þ ð7Þ

The validity of this approach has been confirmed compu-
tationally and experimentally by several research groups.[22,23]

The excellent agreement of directly calculated activation
energies with those obtained by the Marcus approach (Fig-
ure 3)[22h] already implies that there are no variable hard–hard
or soft–soft interactions between the different groups X and Y
in Equations (4)–(6). Thus, the intrinsic barrier for the
reaction of HS�+ H3CF equals the average of the barriers
for F�+ CH3F and HS�+ H3CSH.

Application of the Marcus equation [Eq. (3)] to ambident
reactivity thus requires knowledge of relative product stabil-
ities (DDG0) and relative magnitudes of the intrinsic barriers
(DDG0

�). As relative product stabilities (DDG0) are usually
known or can be derived experimentally or computationally
by standard methods (Section 2.2), we will now focus on
intrinsic barriers.

2.5. How Can Relative Magnitudes of Intrinsic Barriers Be
Predicted?

2.5.1. Hoz Approach

By using the G2(+) method, Hoz and co-workers were the
first to recognize a continuous decrease in the intrinsic
barriers, namely, the Gibbs energies of activation for the
identity reactions [Eq. (5)], as X changes from MeCH2 to
MeNH, MeO, and F (Table 2).[23] Uggerud correlated this

trend with the ionization energy of the nucleophile X� , and
rationalized that those nucleophiles that form bonds to
carbon atoms with stronger electrostatic character give rise
to lower barriers because of decreased electron repulsion in
the transition state.[24] Furthermore, Hoz et al. noticed that
the intrinsic barriers DG0

� change only slightly as one moves
from top to bottom within one group in the periodic table.[23]

The almost constant values of the intrinsic barriers within a
group have been rationalized by Arnaut and Formosinho by
two opposing effects:[25] When moving from the top to the
bottom within the periodic table, the C�X bond length
increases, thereby leading to increasing separation of the
parabolas and a rise in the energy of the transition state. At
the same time, the force constants decrease and cause a
flattening of the parabola and a lowering of the transition-
state energy. Both effects clearly compensate each other and
result in almost constant values of DG0

� within one group.
While we usually employ SI units, the energies in Table 2 are
given in kcalmol�1, because the series 10!20!30!40 kcal
mol�1 when moving from Group 17 to Group 14 can more
easily be memorized.

Organic chemists may associate the results of Table 2 with
the well-known fact that halide exchange reactions in SN2

Figure 3. Correlation of the directly calculated activation energies with
those derived from the Marcus Equation; (F,X) values refer to the
forward reactions while (X,F) refer to the reverse reaction [from
Ref. [22h], CCSD(T)/TZ2PF+ dif data].

Table 2: G2(+) Intrinsic barriers for the identity reactions (all in
kcalmol�1, data from Ref. [23]).

X� + H3C�X ! X�CH3 + X�

MeCH2
�

44.7
MeNH�

29.3
MeO�

19.5
F�

11.6

MeSiH2
�

45.8
MePH�

29.8
MeS�

21.9
Cl�

13.2

MeGeH2
�

38.1
MeAsH�

24.5
MeSe�

17.8
Br�

10.8

MeSnH2
�

30.6
MeSbH�

19.7
MeTe�

15.3
I�

9.6

Ambident Nucleophiles
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processes proceed smoothly (Finkelstein reaction), whereas
transetherifications (alkoxide exchange reactions) or trans-
aminations cannot be performed under basic conditions.

2.5.2. Principle of Least Nuclear Motion (PLNM)

An alternative access to relative intrinsic barriers employs
the reorganization energy l that is required for the deforma-
tion of the reactants to the geometry of the products.
According to Figure 2 b, the intrinsic barrier DG0

� equals 1=4
of the reorganization energy l. Thus, relative intrinsic barriers
can be derived from the principle of least nuclear motion,[26]

which claims that “those elementary reactions will be favored
that involve the least change in atomic position and electronic
configuration”.[26d] Despite an excellent review by Hine[26d] in
1977, the PLNM has become unfashionable in recent years.
We think that this disrespect is unjustified because the
principle of least nuclear motion, as described by Hine,
provides useful estimates of the relative magnitudes of
intrinsic barriers. Let us consider the enolate anion, for
example. From the bond lengths listed in Scheme 3, one can
derive that the geometry of the enolate anion resembles that
of the enol ether more closely than that of the aldehyde. In
addition, O-alkylation avoids rehybridization of the H2Csp2

group and thus requires less reorganization energy l (=
4DG0

�) than C-alkylation. As a consequence, the PLNM
predicts that the intrinsically favored site of attack is at the
oxygen atom, where the negative charge is located in the most
important resonance structure of the enolate ion (Scheme 3,
top left).

The situation discussed for the enolate anions is typical for
p-delocalized systems: The intrinsically preferred site can
usually be derived from the electron distribution in the most
important resonance structure.

2.5.3. Calculated Barriers for Identity Reactions of Ambident
Nucleophiles

As formulated in Equations (8C/8N) and (9O/9C), we
have calculated the barriers for the identity methyl transfer
reactions of ambident systems at the MP2/6-311 + G(2d,p)
level of theory; details of these calculations have previously
been reported.[19]

In analogy to the observations by Hoz, the intrinsic barrier
is lower for N attack at CN� ions [Eqs. (8C/8N)] and for
O attack at enolate ions [Eqs. (9O/9C)]. The same trend—
smaller intrinsic barriers for attack at the atom which is
further right in the periodic table—has been observed for
many other ambident nucleophiles, as summarized in
Scheme 4.

It should be noted that the same ordering of intrinsic
barriers can also be derived for p-delocalized systems from
the PLNM: less reorganization is needed for O attack at

Scheme 3. Ambident reactivity of an enolate anion (bond lengths in
pm).[27]

Scheme 4. Energy barriers [DG�, kJ mol�1, MP2/6-311+ G(2d,p)] for
identity methyl transfer reactions as exemplified in Equations (8C/8N)
and (9O/9C) ([a] from Ref. [19], [b] from Ref. [13h], [c] see the Support-
ing Information of this Review).
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enolates and phenolates and for N attack at enamines and
anilines.

2.6. A Qualitative Marcus Approach to Ambident Reactivity

As recently reported, one can substitute the calculated
values of the intrinsic barriers DG0

� and Gibbs energies DG0

into the Marcus equation [Eq. (3)] to calculate DG� and thus
arrive at complete Gibbs energy diagrams for the reactions of
cyanide, cyanate, thiocyanate, nitrite, and enolate anions with
alkyl halides in the gas phase.[19] Solvation models would be
needed for a quantitative analysis in solution, particularly
when reactions are considered, where ionic products are
generated from neutral reactants.[28] Although this approach
appears feasible, a qualitative analysis of the thermodynamic
data in Table 1 and of the intrinsic reactivities in Scheme 4
may be more practical.

Figure 4 represents a qualitative description of the
reactions of an ambident nucleophile A�B� with alkyl halides
RX of different reactivity. For the sake of simplicity, all

parabolas for RX1 to RX5 are assumed to have the same
opening and just differ in their relative positions. The two
parabolas for the products on the right differ in their position
and opening. The product obtained by alkylation at atom B is
thermodynamically favored (more negative DG0) and intrinsi-
cally disfavored (steeper parabola) than the product obtained
by alkylation at atom A.

Figure 4 shows that the highly exergonic reactions with
RX1 and RX2 follow the intrinsically favored pathway leading
to alkylation at A(!BA�R). The reaction with RX3 yields
both products with equal rates, and the transition state for the
reaction with RX4 is already dominated by the DDG0 term,
which favors attack at B (!AB�R). A frequently encoun-
tered situation is shown for the reaction of RX5: As attack at

site A yields a product which is thermodynamically less stable
than the reactants, only the products AB�R can be generated.

As the Marcus-inverse region, that is, a decrease in the
rate constant with increasing exergonicity, has only been
observed for highly exergonic intramolecular electron-trans-
fer reactions,[29] the relative magnitudes of the Gibbs energy
of activation (DDG�) of the group-transfer reactions under
consideration can be derived from the first two terms of
Equation (3). The following discussion of the individual
ambident systems, which is based on the thermodynamic
data in Table 1 and the intrinsic barriers in Scheme 4,
furthermore assumes that the relative product stabilities are
not significantly altered when the methyl group is replaced by
another alkyl or aryl group; exceptions can be expected when
two isomers differ only slightly in energy. According to the
second term of Equation (3) the DG0 values given in Table 1
have to be divided by 2 to estimate their contribution to the
Gibbs energies of activation. On the other hand, application
of the additivity postulate [Eq. (7)] to calculate the contribu-
tion of the intrinsic barriers also implies division of DG� for
the identity reactions given in Scheme 4 by a factor of 2. As a
result, one can directly compare the absolute values given in
Table 1 and Scheme 4.

The algebraic form of Equation (3) implies that the
quadratic term only becomes significant for highly exergonic
reactions with small intrinsic barriers, which are not encoun-
tered in group-transfer processes. We can, therefore, conclude
that whenever a thermodynamically less stable product is
formed preferentially under conditions of kinetic control, it
must be generated via the lower intrinsic barrier. On the other
hand, kinetically controlled reaction products are not neces-
sarily formed via the lower intrinsic barrier.

3. Ambident Nucleophiles

3.1. Carbon versus Nitrogen Attack
3.1.1. Cyanide Anion

The cyanide ion CN� used to be one of the classical
examples for illustrating the application of the Klopman–
Salem Equation and the HSAB principle. As described in
Scheme 5, the formation of nitriles by the reaction of alkali

cyanides with alkyl halides was explained by the preferred
attack of the “soft” carbon terminus of the cyanide ion at the
“soft” alkyl halides. A change from an SN2 to SN1 mechanism
was postulated to rationalize the formation of isonitriles in the
reactions of alkyl halides with silver cyanide; in this case, the
favorable hard–hard interaction between the carbocation and
the nitrogen atom of the cyanide was considered to be
responsible for the change in regioselectivity.

Figure 4. Influence of the Gibbs energy of reaction on the Gibbs
energy of activation and thus on the regioselectivity of the attack at an
ambident nucleophile with reactive sites A and B.

Scheme 5. Common description of the ambident reactivity of cyanide,
which should be revised.

Ambident Nucleophiles

6477Angew. Chem. Int. Ed. 2011, 50, 6470 – 6505 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


This rationalization is contradicted by several experimen-
tal findings. More than two decades ago, Carretero and
Garcia Ruano reported that erythro- and threo-2-bromo-3-
(methylthio)butane (1 and 2) react with sodium cyanide and
silver cyanide with retention of configuration and with> 96%
regioselectivity to give cyanides and isocyanides, respectively
(Scheme 6).[30]

Their conclusion that the reactions with NaCN and AgCN
follow the same mechanism and that “the observed regiose-
lectivity with both metal cyanides (…) cannot be explained as
variations in the hardness of the electrophilic carbon induced
by the interactions between the metal cation and the halogen”
found little attention.[31] In agreement with “older hypoth-
eses”, the formation of isonitriles with AgCN (Scheme 6) was
explained by the “participation of a species (non-free CN�) in
which the Ag+ ion is bonded to the carbon atom.” [30]

The formation of 1-isocyanoadamantane from 1-chloro-
adamantane and trimethylsilyl cyanide in the presence of
TiCl4 (Scheme 7) demonstrates that blocking of the carbon
atom of cyanide is not restricted to Ag+.[32]

Exclusive formation of nitriles, which is well known for
reactions of primary alkyl bromides and alkyl iodides with
NaCN and KCN, has also been observed for the methylation
of [Bu4N]+[CN]� with methyl triflate and trimethyloxonium
tetrafluoroborate, two of the hardest methylating agents
available (Scheme 8). Attack at the hard nitrogen atom, as
predicted by the HSAB principle, has not been observed.[13b]

Only benzoyl cyanide and follow-up products were
formed when benzoyl chloride was combined with
[(Ph3P)2N]CN,[33] guanidinium cyanide,[34] or NaCN under
conditions of phase-transfer catalysis[35] (Scheme 9). This
observation also contrasts the expectations based on the
HSAB principle, which predicts the formation of isonitriles by
attack of the “hard” nitrogen end of the cyanide at the “hard”
acyl center of acyl chlorides.

As rearrangements of isocyanides into cyanides are well-
known,[36] one cannot a priori exclude that the acyl cyanides
described in Scheme 9 are formed from intermediate acyl
isocyanides, which may isomerize via acylium ions or the
mechanism shown in Scheme 10.

On the other hand, acyl isocyanides, which were gener-
ated by treatment of acyl iodides with silver cyanide, were
shown to be stable in dilute solution after removal of Ag+ salts
(Scheme 11).[37]

From the cited experiments one can derive that free
cyanide ions generally react at the carbon atom with “hard”
and “soft” electrophiles and that nitrogen attack only occurs
when the attack at carbon is blocked by another group (e.g. by
Ag+ or Me3Si+).[38]

For a systematic analysis of the behavior of the cyanide
ion we have studied the rates of its reactions with benzhy-
drylium ions (Figure 5), which have been used as reference
electrophiles for the determination of nucleophilicity para-
meters. Exclusive formation of benzhydryl cyanides was
observed in all reactions with stabilized benzhydrylium ions,
and from the plot of lg k versus the electrophilicity parameter
E of the benzhydrylium ions one can extrapolate that the
diffusion limit is reached when the electrophilicity E of the

Scheme 6. Reactions of erythro- and threo-2-bromo-3-(methylthio)-
butanes 1 and 2 with metal cyanides.[30]

Scheme 7. Formation of 1-isocyanoadamantane.[32a]

Scheme 8. Exclusive formation of acetonitrile in the reactions of
Bu4N

+CN� with the hard methylation agents methyl triflate and
trimethyloxonium tetrafluoroborate.[13b]

Scheme 9. Synthesis of benzoyl cyanide from NaCN and benzoyl
chloride by phase-transfer catalysis.[35]

Scheme 10. Rearrangement of acyl isocyanides to acyl cyanides.

Scheme 11. Formation of benzoyl isonitrile through reaction of benzoyl
iodide with silver cyanide.[37]
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carbocations exceeds values of approximately �2 to 0 (Fig-
ure 5).[13b]

As illustrated in Figure 5, the observation by Songstad
et al.[39] of 10 % trityl isocyanide (5a) along with 88% trityl
cyanide (4a) from the reactions of trityl halides with free CN�

can be explained by barrierless attack at the carbon atom (kC

� 2 � 1010
m
�1 s�1) and a ninefold lower rate of attack at the

N atom. When the more electrophilic m-chloro-substituted
tritylium ions 3b and 3c were employed, the nitrile/isonitrile
ratio decreased because the rate of attack at the carbon atom
remained constant while the rate of attack at the nitrogen
atom increased (Scheme 12).

All the trityl halides (3a–c)-X gave trityl isocyanides
exclusively when treated with tetraalkylammonium dicya-
noargentates (Scheme 13).[13b]

From Figure 5 one can extrapolate that the unsubstituted
benzhydrylium ion (E = 5.9), a-alkyl benzyl cations (E ca. 3 to
9),[40] and tertiary alkyl cations (E ca. 8)[41] will undergo
barrierless reactions with both termini of the free CN� ion in
acetonitrile. Therefore, attempts to explain C/N ratios by
classical transition-state models are obsolete.

Furthermore, it has to be considered that SN1 reactions
with cyanide ions rarely occur in protic solvents. Since the
nucleophilicity of CN� decreases significantly from N = 16.27
(sN = 0.70) in CH3CN[13b] to N = 9.19 (sN = 0.60) in water,[42]

most carbocations generated as SN1 intermediates in alcoholic
or aqueous solution react faster with the solvent (which is
present in large excess) than with CN� .[43] Thus, the reaction
of 1-chloro-1-(4-methoxyphenyl)ethane with KCN in an
ethanolic solution yields the corresponding ethyl ether in
almost quantitative yield.[44] Reactions of tert-haloalkanes
with alkali-metal cyanides in alcohols give particularly low
yields of substitution products because of the high Brønsted
basicity of CN� . Depending on the reaction conditions, only
small amounts of tert-alkyl cyanides are formed along with
tertiary ethers and elimination products.[45]

In summary, all the experimental investigations indicate
that free cyanide ions are attacked at the carbon atom by
C electrophiles. Attack at the C atom accompanied by attack
at the N atom is observed in diffusion-controlled reactions,
and predominant attack at the nitrogen atom was only found
when the carbon terminus was blocked by coordination with
silver ions or other Lewis acids. The large thermodynamic
preference for C-alkylation (Table 1, entry 1), which is also
reflected by R�chardt’s work on the isocyanide–cyanide
rearrangement,[36b] overrules the intrinsically favored attack
at the nitrogen atom, which is quantified in Scheme 4.

3.1.2. Anilines

Following the HSAB principle, one would expect hard
electrophiles to attack at the nitrogen atom of aniline and soft
electrophiles to attack at the carbon atom. However, as shown
in Scheme 14, soft alkyl halides as well as hard dialkyl sulfates
react selectively at the nitrogen atom of aniline.[46] From the
known Gibbs energies of formation, we can derive that 4-
methylaniline (9) is thermodynamically favored over N-
methylaniline (7) by 30 kJ mol�1.[47] On the other hand, the
anilinium ion 6, the precursor of 7, was calculated to be
19.7 kJ mol�1 more stable than the benzenium ion 8 (entry 2 in
Table 1).

In line with the facts that nitrogen is located further right
in the periodic table than carbon and less reorganization is

Figure 5. Plot of lgk for the reactions of benzhydrylium ions Ar2CH+

and tritylium ions Ar3C
+ with the cyanide ion versus the electrophilicity

parameters E (in MeCN at 20 8C). The structures of the tritylium ions
3a–c are shown in Scheme 12.[13b]

Scheme 12. Product distribution in the reactions of the trityl halides
(3a–c)-X with cyanide ions.[13b, 39]

Scheme 13. Selective formation of isonitriles 5a–c in reactions of trityl
derivatives (3a–c)-Cl/Br with tetraalkylammonium dicyanoargen-
tate.[13b]
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needed for attack at the nitrogen atom than at the carbon
atom, a lower intrinsic barrier was calculated for N attack
(Scheme 4). As both terms (DDG0 and DDG0

�) in Equa-
tion (3) indicate a preference for N attack, one can rationalize
that aniline is alkylated at nitrogen by hard and soft
methylating agents.

The kinetically preferred attack of carbon electrophiles at
the nitrogen atom can also be calculated by using the
correlation Equation (1). While N = 12.64 (sN = 0.68)[48] has
been derived from the reactions of the amino group of aniline
(in acetonitrile) with electrophiles, N� 4 has been extrapo-
lated for the para position of aniline from the correlation of
the N values of monosubstituted benzenes with s+ of the
corresponding substituents.[49]

Nitrogen is also the preferred site of attack of trinitro-
benzene at aniline.[50] From E =�13.2[51] for trinitrobenzene
(10) and N� 4, sN = 0.8–1.0 for the para position of aniline,
one can estimate rate constants in the range of 4 � 10�8 to 7 �
10�10

m
�1 s�1 for the attack of trinitrobenzene at the aromatic

ring of aniline. From these rate constants one can derive that
the attack of trinitrobenzene at the para position of aniline
(electrophilic aromatic substitution) would have half-reaction
times of 1 to 50 years in 1m solutions of the reactants at 20 8C.
As a consequence, rearrangement of the s adduct 12 to the
biphenyl derivative 11 was not observed (Scheme 15).

When 4,6-dinitrobenzofuroxan (13) was treated with one
equivalent of aniline, C attack with rapid formation of 17 was
observed (Scheme 16).[52] A 1:1 mixture of 15 and 18 was
found, however, when 13 was treated with two equivalents of
aniline. These results are consistent with the assumption that,
for the same reasons as discussed above, N attack at aniline is
kinetically preferred. When aniline is not used in excess, 14
cannot be deprotonated to give 15 and, therefore, undergoes
dissociation with formation of the reactants, which eventually
yield the thermodynamically preferred product 17. In contrast
to the situation described for trinitrobenzene (Scheme 15),
the higher electrophilicity of 13 now enables the attack at the

para position of aniline (!16), for which a rate constant of
0.1m�1 s�1 (at 20 8C) can be calculated by Equation (1) from
E(13) =�5.1[53] and N(p position of aniline)� 4.

Similar regioselectivities are found in azo coupling
reactions. It has long been known that anilines as well as N-
alkyl anilines initially form triazenes in coupling reactions
with benzenediazonium salts (N coupling), whereas C cou-
pling takes place with tertiary aromatic amines.[54] Different
behavior was only observed when the nucleophilicity of the
aromatic ring of the aniline was raised by additional
substituents; however, an initial attack at nitrogen has to be

Scheme 14. Methylation of aniline (attack at the ortho position is not
shown; DfG

0 from Ref. [47]).

Scheme 15. Reaction of aniline with trinitrobenzene (10) to yield only
the product of N attack 12 (in DMSO at 25 8C).[50] DABCO= 1,4-
diazabicyclo[2.2.2]octane.

Scheme 16. Ambident reactivity of aniline towards 4,6-dinitrobenzofur-
oxan (13 ; in DMSO at 20 8C).[52b]
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considered even in such cases.[55] It was reported that the
reversible attack at the nitrogen atom is generally 20–25 times
faster than the attack at the carbon atom. The mechanism
depicted in Scheme 17 is consistent with the experimental
findings[55] and shows that even diazonium ions prefer
N attack under conditions of kinetic control. In the absence
of base, the formation of the triazene 20 is reversible and one
observes the azo compound 19 as the only reaction product.

3.1.3. Enamines

Enamines can be attacked by electrophiles either at the
nitrogen atom to yield enammonium ions 21 or at the carbon
atom to yield iminium ions 22 (Scheme 18).[56]

A large variety of enamines derived from aldehydes and
ketones was protonated exclusively at the nitrogen atom by
gaseous HCl in hexane at �70 8C.[57] The resulting enammo-
nium ions 23 rearranged to the thermodynamically more
stable iminium ions 24 upon warming to room temperature.
Spectroscopic methods as well as reactions of the protonated
enamines have been employed to elucidate the site of
protonation (Scheme 19).

Freshly prepared hydrochlorides of 1-morpholino-2-eth-
ylhexa-1,3-diene at�70 8C consist mainly of the N-protonated
species; after several hours C2- and C4-protonated species
were identified exclusively.[57d,e]

The reactions with weaker acids such as acetic or benzoic
acid in diethyl ether yielded only iminium ions, while products
of N protonation were not detectable.[57e] These and related[58]

observations led to the conclusion that protonation at the
nitrogen atom is fast and reversible, while protonation at the
carbon atom is slow but yields the thermodynamically favored

iminium ions (Figure 6). Enammonium ions are more readily
deprotonated by the more basic counterion acetate than by
the less basic chloride ion. Hence, only protonation of the
carbon atom can be observed in protonation experiments with
carboxylic acids.

Although this behavior has been explained by hard–hard
interactions between H+ and the enamine, the following
examples show that soft alkylating reagents show a similar
pattern.

While Stork et al. reported that enamines of ketones
generally give C-alkylated products when treated with
alkylating agents under reflux,[59a–c] Elkik observed N alkyla-
tion with methyl iodide and ethyl bromide of some enamines
derived from aliphatic aldehydes.[60] The selective C allylation
of these enamines by allyl bromide prompted Elkik to suggest
that enamines are also initially attacked by alkyl halides at the
nitrogen atom followed by a subsequent rearrangement to
yield the product of C attack. Further support for this
hypothesis comes from results of Brannock and Burpitt[61]

who observed a fast exothermic reaction when benzyl
bromide was added to the enamine 27 in acetonitrile
(Scheme 20). The variable yield of aldehyde 30 after hydro-
lysis of the reaction mixture at different time intervals also
suggests that enamines are initially attacked at the nitrogen
atom (yielding the enammonium ion 28). The thermodynami-

Scheme 17. Ambident reactivity of aniline in reactions with arene
diazonium ions.[55]

Scheme 18. Ambident reactivity of enamines.

Scheme 19. Protonation of enamines and subsequent reaction with
LiAlH4.

[57f ]

Figure 6. Energy profile for the protonation of enamines.
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cally more stable product of C-alkylation 29 is then formed in
a subsequent slow rearrangement reaction.

Consistent with these findings, Opitz isolated the N-
allylated enammonium bromide 32 and showed that it
isomerized through an aza-Claisen rearrangement to the
corresponding iminium salt 33 (Scheme 21).[62]

A systematic study by Kuehne and Grabacik revealed that
a significant percentage of N-alkylated products is detectable
when ketone-derived enamines are treated with benzyl
bromide or methyl iodide at room temperature
(Scheme 22).[63] The percentage of C-alkylated products
increased in all cases when the reactions were performed at
100 8C, thus indicating that, also in these cases, thermody-
namic product control with formation of iminium ions is
feasible. From the observation of C- and N-alkylated products
at room temperature, one can derive that also in alkylations
N attack is also intrinsically favored over C attack.

In line with these observations, B�hme isolated exclu-
sively the product of N-methylation 39 when 38 was treated
with methyl bromide at room temperature (kinetic control).
In contrast, treatment with methyl iodide at 90 8C resulted in
C-methylation (!40), probably because of thermodynamic
control (Scheme 23).[64]

Probably because of the high reversibility of the formation
of N-acylated enamines, enamines generally react with acyl
chlorides with formation of C-acylated enamines, which yield
1,3-dicarbonyl compounds by hydrolysis.[65] The isolation of
cyclohexane-1,3-diones (e.g. 43) in reactions of enamines with
a,b-unsaturated acyl chlorides has been explained by N-
acylation followed by a fast [3,3] sigmatropic rearrangement
(Scheme 24).[66] Although the formation of 43 can also be
rationalized by C-alkylation and intramolecular Michael
addition of an intermediate enamine, further observations
have been reported which support the mechanism depicted in
scheme 24.

Monoexponential decays of the absorbances of stabilized
benzhydrylium ions were observed when they were treated
with an excess of various enamines. While this observation
does not rigorously exclude that products 45 are formed after
initial N attack, the concentration of N-alkylated enamines 44
must remain so low that their intermediacy is irrelevant for
the observed kinetics (Scheme 25).[67]

The exclusive carbon–carbon bond formation in reactions
of enamines with Michael acceptors had been rationalized by
the more favorable frontier orbital interactions. In our view, it

Scheme 20. Alkylation of enamine 27 with benzyl bromide.[61]

Scheme 21. Reaction of enamine 31 with crotyl bromide.[62]

Scheme 22. Benzylation of enamine 35 at different temperatures.[63]

Scheme 23. Methylation of enamine 38 by methyl halides.[64]

Scheme 24. N-Acylation of enamines (in benzene under reflux).[66]
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is better explained by thermodynamic product control,
because N attack of Michael acceptors can be assumed to
be reversible, as previously suggested by Stork et al.
(Scheme 26).[59c] Later investigations by Fleming et al. pro-
vided evidence for the initial formation of the [2 + 2] cyclo-
adduct 46, which can be isolated.[59d, e] Heating the cyclo-
butane 46 gave rise to the formation of the enamine 47.

The calculated bond lengths of vinylamine and its N- and
C-methylated derivatives show that less deformation is
required for N attack than for C attack (Scheme 27). In
combination with the “Hoz effect”, which predicts lower
intrinsic barriers for attack at the atom further right in the

periodic table, one can qualitatively derive that N at-
tack is intrinsically preferred. A quantitative confirma-
tion of this analysis has been obtained by MP2/6-311 +

G(2d,p) calculations of the identity reactions [Eq. (5)],
which showed that the barriers are 50 kJ mol�1 lower
when methyl is transferred from N to N instead of from
C to C (Scheme 4).

3.2. Nitrogen versus Sulfur Attack: Thiocyanate Anion
3.2.1. Alkylation Reactions

More than 100 years ago, Kaufler and Pomeranz[68]

as well as Walden[69] synthesized alkyl thiocyanates by treat-
ment of potassium thiocyanate with dimethyl sulfate. Later,
systematic studies on alkylations of thiocyanate ions
(Scheme 28) had shown that attack at the sulfur atom is
approximately 102 to 103 times faster than at the nitrogen
atom in SN2-type reactions, while the S/N ratio decreased to
2:1–9:1 in SN1-type reactions (Table 3).[70]

Although preferential attack at the nitrogen atom of
SCN� has never been observed with carbocations (hard
electrophiles), the small S/N ratio in SN1 reactions had been
rationalized on the basis of the HSAB concept: “As the
electrophilic character of the reaction center increases, the
reactivity of the more basic nitrogen atom, which forms the
stronger bond to carbon, increases with respect to that of the
more polarizable sulfur atom”.[70e]

This interpretation has recently been revised (Fig-
ure 7).[13a] Benzhydrylium ions with electrophilicity parame-
ters �6<E<�4 generated by laser-flash photolysis showed
bisexponential decays in solutions of [Bu4N]+ [SCN]� in
acetonitrile. Depending on the concentration of SCN� , up to
40% of the benzhydrylium ions were consumed by a fast

Scheme 25. Reactions of enamines with benzhydrylium ions to yield iminium
ions 45 (in dichloromethane at 20 8C).[67]

Scheme 26. Reaction of an enamine with a Michael acceptor.[59c–e]

Scheme 27. Calculated bond lengths (in pm) for vinylamine (48) and
the products 49/50 obtained by N- and C-methylation [MP2/6-311 + G-
(2d,p), see the Supporting Information].

Scheme 28. Ambident reactivity of the thiocyanate anion.

Table 3: Ambident reactivity of the thiocyanate anion towards different
electrophiles.

SN2-type reactions SN1-type reactions
electrophile kS/kN Ref. electrophile kS/kN Ref.

(CH3)2CHI 85 [70h] (4-CH3-C6H4)2CH+ 5 [70e]
C6H5CH2Cl 430 [70h] (4-CH3-C6H4)2CH+ 8.3 [70i]
C6H5CH2Br 850 [70h] (C6H5)2CH+ 9.0 [70a]
C6H5CH2I 1300 [70h] (4-Cl-C6H4)PhCH+ 3.8 [70g]
C6H5CH2SCN 725 [70f ] C6H5CH2

+ 4.4 [70j]
4-MeO-C6H4CH2Br 220 [70h] (CH3)3C

+ ca. 2 [70a]
4-O2N-C6H4CH2Br 730 [70h] CH3CH2CH+CH3 5 [70a]
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reversible reaction (107<kS< 3 � 108
m
�1 s�1), and the remain-

ing benzhydrylium ions reacted by a “slow” process (5 � 103<

kN< 105
m
�1 s�1). While benzhydrylium ions with E<�6 did

not react at all with SCN� in acetonitrile, more electrophilic
benzhydrylium ions (E>�3.5) were consumed almost quan-
titatively by a fast process (kS� 109–1010

m
�1 s�1), and the rates

of their reactions with the N terminus of SCN� could not be
measured directly.

Figure 7 shows that S attack is diffusion-controlled for all
carbocations with E> 0. If one assumes that the lg kN versus E
correlation has a similar slope as the corresponding plots for
other anionic n nucleophiles (sN� 0.6), one can draw the
dashed correlation line shown in Figure 7. Thus, the kS/kN

ratio, which is approximately 2000:1 for carbocations of �6<
E<�4, can be expected to decrease as the electrophilicity E
of the carbocations increases. Accordingly, small kS/kN ratios
have been reported for (4-CH3-C6H4)2CH+ (E = 3.63),
Ph2CH+ (E = 5.90), and (4-Cl-C6H4)2CH+ (E = 6.02), as
quoted in Table 3. For the benzyl and alkyl cations listed in
Table 3, barrierless N attack is expected, and the slightly
higher kS/kN ratios for PhCH2

+ and sec-butyl cations may
indicate nucleophilic assistance of ionization by the sulfur
atom (change to SN2). Product ratios obtained from SCN� and
stabilized carbocations (E< 3) have not been reported
because it was realized that thiocyanates R-SCN obtained
from such carbocations would reionize and eventually give
isothiocyanates R-NCS, the thermodynamically favored
products.

In agreement with this interpretation, photochemically
generated vinyl cations 52 (E ca. 3.3–5.4)[71] underwent
diffusion-controlled reactions with thiocyanate anions at
both termini of SCN� (see Figure 7), with the S attack slightly
dominating (Scheme 29).[72] Since the ionization of vinyl
derivatives is generally very slow, isomerizations of the

initially formed vinyl thiocyanates to vinyl isothiocyanates
through ionization and subsequent ion recombination was not
observed.

For some reactions of benzhydrylium ions with SCN� ,
rate and equilibrium constants could be measured in aceto-
nitrile at 20 8C.[13a] Substitution of these data into the Marcus
equation yielded intrinsic barriers of approximately
61 kJ mol�1 for the attack of benzhydrylium ions at the
nitrogen atom, and of 35–38 kJmol�1 for attack at the sulfur
atom.

In line with these findings, lower intrinsic barriers for
S attack have been derived computationally [MP2/6-311 +

G(2d,p)] by comparing the Gibbs energies of activation of
the identity reactions in the gas phase [Eq. (5), Scheme 4].
Qualitatively, the ordering of the intrinsic barriers thus
follows the Hoz rule, since sulfur is further right in the
periodic table than nitrogen. The smaller intrinsic barrier for
sulfur attack can also be explained in terms of Hine’s PLNM
model: Less reorganization energy is required for the
formation of thiocyanates than of isothiocyanates because
of the closer structural resemblance of thiocyanate anions
with alkyl thiocyanates than with alkyl isothiocyanates
(Scheme 30).

As the thermodynamic preference of alkyl isothiocya-
nates over alkyl thiocyanates is relatively small (DDG0 =

17.1 kJ mol�1 for H3CNCS and H3CSCN), kinetically con-
trolled alkylations of SCN� occur generally at the intrinsically
preferred site (sulfur) to give alkyl thiocyanates that may
rearrange to isothiocyanates under thermodynamically con-
trolled conditions.

3.2.2. Acylation Reactions

The reaction of acyl chlorides with thiocyanate ions
(Scheme 31), first published by Miquel in 1877,[73] is still the
most common method for preparing acyl isothiocyanates.[74]

This regioselectivity was one of the experimental facts,
Klopman set out to rationalize by the concept of charge-
and frontier-orbital-controlled reactions.[5a]

When trying to answer the question why acyl chlorides
attack at the nitrogen terminus of SCN� while methyl iodide

Figure 7. Rate constants (lgk) for the reactions of benzhydrylium ions
at the S and N terminus of the thiocyanate ion (in MeCN at 20 8C).[13a]

Scheme 29. Reaction of photochemically generated vinyl cations 52
with thiocyanate (at 10 to 15 8C).[72]

Scheme 30. Average bond lengths (in pm) of organic thiocyanates,
“free” thiocyanate anions, and organic isothiocyanates derived from
crystal structures (see Ref. [13a], and references therein).
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attacks at the sulfur atom, Klopman overlooked that in 1961
Ruske and Keilert had already provided evidence for kineti-
cally controlled S attack of benzoyl chloride at SCN� .
Thiobenzoic acid (58), benzonitrile (59), and N,N-dimethyl-
N’-benzoylformamidine (60) were isolated when benzoyl
chloride (55) was combined with KSCN or Pb(SCN)2 in
DMF. As shown in Scheme 32, the formation of these
products was interpreted by the initial formation of benzoyl
thiocyanate (56), which is partially hydrolyzed before it
rearranges to the thermodynamically more stable benzoyl
isothiocyanate (57).[75]

Analogously, SCN� was exclusively attacked at the sulfur
atom when diphenylcarbamoyl chloride (61) was heated with
KSCN in ethanol; the resulting carbamoyl thiocyanate 62
rearranged to the corresponding isothiocyanate 63 at 140 8C
(Scheme 33).[76]

Takamizawa, Hirai, and Matsui obtained a 1:1 mixture of
thiocyanate 65 and isothiocyanate 66 in the reaction of ethyl
chloroformiate (64) with potassium thiocyanate in acetone.[77]

The isolated ethoxycarbonyl thiocyanate 65 is thermally
stable when refluxed in ethanol; however, an isomerization
of the thiocyanate 65 to the isothiocyanate 66 occurs in the
presence of catalytic amounts of KSCN in acetone at 20 8C
(Scheme 34).

Goerdeler and Wobig studied the reactions of differently
substituted carbamoyl chlorides with NaSCN[78] and found a

“dualism” in selectivity (Scheme 35). In another publication,
Goerdeler stated that “earlier investigators had sometimes
failed to observe that these reactions are not unambiguous”.[74]

According to Goerdeler and Wobig, aliphatic carbamoyl
chlorides, such as N,N-dimethylcarbamoyl chloride (67)
reacted with NaSCN in refluxing acetonitrile to give the

isothiocyanate 68 without the intermediate formation of
thiocyanates. However, in liquid SO2, mixtures of thiocya-
nates and isothiocyanates were formed, as shown by IR
spectroscopy. The analogous reaction of N-methyl-N-phenyl-
carbamoyl chloride (69) with NaSCN in acetonitrile gave the
thiocyanate 70 selectively which rearranged to the corre-
sponding isothiocyanate 71 upon warming.

3.2.3. Nucleophilic Vinylic and Aromatic Substitution

Preferred S attack was also reported in nucleophilic
vinylic substitutions. Treatment of the chlorinated cyclohex-
ene carbaldehyde 72 with NH4SCN gave the vinyl thiocyanate
73, which was combined with aniline to yield the isothiazo-
lium ion 74 (Scheme 36).[79]

Giles and Parker studied the nucleophilic aromatic
substitutions of dinitro- and trinitrohalobenzenes with potas-
sium thiocyanate and isolated different products depending
on the nature of the leaving group. Under comparable
conditions, fluoroarene 75 gave the isothiocyanate 76, while

Scheme 31. Synthesis of acyl isothiocyanates from acyl chlorides and
thiocyanate.

Scheme 32. Reaction of benzoyl chloride (55) with thiocyanate in
DMF.[75]

Scheme 33. Synthesis of diphenylcarbamoyl thiocyanate (62) and its
rearrangement to the isothiocyanate 63.[76]

Scheme 34. Reaction of ethyl chloroformiate (64) with potassium
thiocyanate in acetone.[77]

Scheme 35. Reactions of thiocyanate anions with different carbamoyl
chlorides.[78]
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the iodo derivative 77 furnished the thiocyanate 78
(Scheme 37).[80a] These regioselectivities seemed to agree
with the expectations based on the HSAB model: The harder
fluoro compound reacts preferentially with the harder nitro-
gen atom of SCN� , whereas the softer iodo arene is attacked
by the softer sulfur terminus.

As already noted by Parker and co-workers, the individual
rate constants for the reactions of 2,4-dinitrohalobenzenes 79
with SCN� indicate, however, that S attack with formation of
the s adduct 80 is also always faster than the formation of 81
in these reactions, irrespective of the nature of X
(Scheme 38).[80a,b] Since Cl� , Br� , and I� are good leaving
groups, the corresponding s adducts 80 (X = Cl, Br, I) yield
the aryl thiocyanates 82, which are thus formed by fast
reactions. As F� is a poor leaving group, the s adduct 80 (X =

F) expels F� only slowly and either decomposes to 83, which
can undergo subsequent reactions, or reverts to the starting
materials 79 and SCN� . In this way, the slow formation of
s adduct 81, which is thermodynamically more favorable than
80, becomes possible. Elimination of F� can now occur, which
affords the isothiocyanate 84. Although the attack of nucle-
ophiles at 2,4-dinitrohalobenzenes initially occurs at C3 or
C5,[80c–e] the resulting intermediates are neglected in
Scheme 38 because they are not relevant for the final
products.

One can summarize that thermodynamically controlled
reactions of SCN� generally yield isothiocyanates, while
kinetically controlled reactions yield thiocyanates. It is the
lower intrinsic barrier for S attack which controls the
regioselectivity of kinetically controlled reactions because
the thermodynamic preference for N attack is too small to
overrule the intrinsic preference for S attack.

3.3. Nitrogen versus Oxygen Attack
3.3.1. Cyanate Anion

The most common method to synthesize alkyl isocyanates
is the reaction of alkyl or dialkyl sulfates with alkali metal
cyanates [Eq. (10)], as reported by Wurtz[81] and later
modified by Slotta and Lorenz.[82]

KOCNþ ðROÞ2SO2 ! R�NCOþROSO3K ð10Þ

It cannot be excluded that the selective formation of alkyl
isocyanates in these reactions is due to a catalyzed isomer-
ization of an initially formed alkyl cyanate to the thermody-
namically more stable isocyanate [Eq. (11)], since ethyl
cyanate has been reported to rearrange to ethyl isocyanate
in polar and nonpolar solvents.[83]

R�OCNþNCO� ! R�NCOþNCO� ð11Þ

According to semiempirical calculations, the charge
density in cyanate ions is highest at the oxygen atom, while
the largest HOMO coefficient is at the nitrogen atom.[84] By
employing the concept of charge and orbital control, Sch�dler
and K�hler rationalized the preferred formation of isocya-
nates by the dominance of orbital control (Scheme 39).

Product studies showed the exclusive formation of
benzhydryl isocyanates in the reactions of OCN� with
benzhydrylium ions (Figure 8).[13d] However, because of the
low thermodynamic stability of benzhydryl cyanates, we
cannot exclude that low concentrations of benzhydryl cyan-

Scheme 36. Reaction of ammonium thiocyanate with the vinyl chloride
72.[79b]

Scheme 37. Reactivity of thiocyanate anions towards 1-halo-2,4,6-trini-
trobenzenes.[80a]

Scheme 38. Nucleophilic aromatic substitution of 2,4-dinitrohaloben-
zenes 79 with thiocyanate (in DMF at 75 8C).[80a,b]
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ates are formed in a fast preequilibrium which is irrelevant for
the observed kinetics.

Figure 8 shows that all carbocations with E>�1 (carbo-
cations that are less stabilized than the dianisylcarbenium or
the tritylium ion, that is, typical SN1 substrates) will undergo
diffusion-controlled reactions with cyanate. These reactions
proceed without passing through a transition state and,
therefore, cannot be rationalized by transition-state models.

According to Table 1, alkyl isocyanates are considerably
more stable than alkyl cyanates. On the other hand, O at-
tack—attack at the atom further right in the periodic table—is
preferred intrinsically, as derived from the identity reactions
summarized in Scheme 4. As the DDG0 term (Table 1) is
much larger than the DDG0

� term (Scheme 4), the exper-
imentally observed N-alkylations are in line with the pre-
dictions of Marcus theory.

With the nucleophilicity parameters N = 13.60 and sN =

0.84,[13d] which can be derived from the left linear part of
Figure 8, one can now rationalize the change of regioselec-
tivity in the reactions of alkyl halides with AgOCN described
by Holm and Wentrup (Scheme 40).[83c] As primary alkyl
cations do not exist in the condensed phase, the exclusive
formation of propyl isocyanate (86) from propyl iodide (85)
can be explained by an SN2 reaction, where the product
stability term outweighs the intrinsic term in the transition
state. The mixture of isopropyl cyanate (88) and isopropyl
isocyanate (89) described in the second reaction in Scheme 40
reflects the result of diffusion-controlled reactions of the
cyanate anion with the isopropyl cation, which can be derived
from Equation (1) by using N and sN for NCO� and an
estimated electrophilicity parameter of E @ 8 for iPr+.[40]

From the low thermodynamic stability of alkyl cyanates
(Table 1) and the low intrinsic barriers for O attack at NCO� ,
one can derive that a potentially generated trityl cyanate (last
reaction in Scheme 40) would rapidly re-ionize and generate
the more stable trityl isocyanate 91 (thermodynamic product
control).

3.3.2. Nitrite Anion

Extensive investigations[2] on the reactions of the nitrite
ion with alkylating agents led Kornblum to the conclusion
“The greater the carbonium contribution to the transition state
the greater is the yield of nitrite ester and the smaller is the yield
of nitroparaffin”.[2e] However, Pearson’s specification of this
rule, “t-C4H9Cl reacts with the hard oxygen atom of NO2

� ,
while the softer CH3I reacts with the softer nitrogen atom,”[3c]

which was expressed in later theoretical treatments of
ambident reactivity by Scheme 41,[5a, 85] is not consistent with
experimental findings; methyl iodide and other primary
haloalkanes actually yield mixtures of alkyl nitrites and
nitroalkanes with either NaNO2 or AgNO2.

[2b–g,86]

Previous statements such as “Although silver nitrite does
react with alkyl halides to give nitrites, sodium nitrite gives
more nitroalkane than alkyl nitrite”[5d] were contradicted by
Streitwieser, Heathcock, and Kosower, who refer to Korn-
blum�s studies on the reactions of iodo- and bromoalkanes
with NaNO2 and AgNO2 and concluded “Yields of nitro-
alkane are higher when silver nitrite is used, but this added
economy is tempered by the cost of silver salt” (Scheme 42).[87]

The HSAB model and the concept of charge and orbital
control thus correctly predict that the reaction of tert-butyl
chloride with silver nitrite yields tert-butyl nitrite preferen-
tially (64 % tBu�ONO and 4–6% tBu�NO2),[2c] but mislead
the chemist intending to synthesize primary nitroalkanes.
These concepts would advise not to combine alkyl halides

Scheme 39. Common rationalization of the ambident reactivity of the
cyanate anion.

Figure 8. Plot of lgk2 for the reactions of the cyanate ion with
benzhydrylium ions versus their electrophilicity parameters E (in
MeCN at 20 8C).[13d]

Scheme 40. Experimentally observed regioselectivities for the reactions
of silver cyanate with different alkyl halides.[83c]

Scheme 41. Partially incorrect specification of the ambident reactivity
of the nitrite anion.[5a]

Ambident Nucleophiles
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with silver nitrite, the method which provides the
highest yields of nitroalkanes (Scheme 42).

Our investigations on the rates of the reac-
tions of benzhydrylium ions with nitrite ions in
acetonitrile[13c] showed (Figure 9) that carboca-
tions with electrophilicity parameters E> 0, that
is, the bis(4-methoxyphenyl)carbenium ion (E =

0) and all less-stabilized carbocations, undergo
diffusion-controlled reactions with the nitrite ion.
For that reason, the reactions of tert-alkyl cations
(E� 7–8) with nitrite ions do not proceed through
classical transition states, and attempts to employ
frontier orbital models for deriving relative
activation energies for O and N attack are
inappropriate.

Carbocations with electrophilicities E<�3 have been
found to react reversibly with NO2

� in acetonitrile, and the
exclusive formation of nitro compounds from amino-substi-
tuted benzhydrylium ions was explained by thermodynamic
control, since nitro compounds are thermodynamically more
stable than the isomeric alkyl nitrites.[88]

The bis(p-methoxy)- and the less stabilized bis(p-methyl)-
substituted benzhydrylium ions 92 undergo diffusion-con-
trolled, irreversible reactions with nitrite anions to give
approximately 70% of the benzhydryl nitrites 93 and 20% of
the benzophenones 95 (Scheme 43), which are formed from
the corresponding diaryl nitromethanes as described by
Wagner, Mioskowski, and co-workers.[89]

The exclusive formation of nitroalkanes under conditions
of thermodynamic product control is in accord with our

calculations [MP2/6-311 + G(2d,p)], which showed that nitro-
methane is 28.3 kJ mol�1 more stable than methyl nitrite
(Table 1).

Calculated activation energies for the identity reactions
[Eq. (5)] show similar intrinsic barriers for O and N attack
(Scheme 4). In this case, the Hoz effect, which favors attack at
the oxygen atom because of its position in the periodic table,
is compensated by the higher reorganization energy for
O attack, which can be derived from the greater change of

bond lengths when generating methyl nitrite from nitrite
anions (Scheme 44).[90]

From the almost identical intrinsic barriers for O and
N attack reported in Scheme 4 and a thermodynamic term
which favors N attack, one would derive that nitroalkane
formation is also generally preferred over alkyl nitrite
formation in kinetically controlled reactions. As mixtures of
methyl nitrite and nitromethane are obtained when nitrite
anions are treated with different methylating agents (Table 4)
we have to conclude, that in contrast to the data shown in
Scheme 4, there must be a weak intrinsic preference for O-
alkylation, which compensates the DDG0 term in the Marcus

Scheme 42. Reactions of silver nitrite with alkyl
halides.[2a]

Figure 9. Plot of lgk2 for the reactions of the nitrite ion with
benzhydrylium ions (for structures, see Scheme 43) versus their
electrophilicity parameters E (in MeCN at 20 8C).[13c]

Scheme 43. Reactions of less stabilized benzhydrylium ions with nitrite anions.[13c]

Scheme 44. Bond lengths (in pm) in the nitrite anion, nitromethane,
and methyl nitrite.[90]

Table 4: N/O Selectivities for methylation reactions of nitrite ions (at
room temperature).

Nitrite Electrophile Solvent MeNO2/MeONO Ref.

NaNO2 MeI DMSO 54:46 [86]
AgNO2 MeI DMSO 46:54 [86]
NaNO2 MeI DMF 54:46 [86]
AgNO2 MeI DMF 54:46 [86]
(nBu4N)NO2 MeI CDCl3 70:30 [13c]
(nBu4N)NO2 MeOSO2Me CDCl3 67:32 [13c]
(nBu4N)NO2 Me3OBF4 CDCl3 50:50 [13c]
(nBu4N)NO2 MeOSO2CF3 CDCl3 41:59 [13c]
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Equation. It should be noted, however, that the selectivities
shown in Table 4 are also not related to the hardness of the
electrophiles.

3.3.3. Amides and Amide Anions

The observation that the potassium salt of 2-pyridone
reacted with ethyl iodide at nitrogen[91] while the correspond-
ing silver salt was alkylated at the oxygen atom[92]

(Scheme 45) was one of the examples which prompted
Kornblum to formulate his rule, which later became inte-
grated into the HSAB principle of ambident reactivity and
the Klopman–Salem concept of charge- and orbital-con-
trolled reactions.[2e]

Systematic investigations of the alkylation of 2-pyridone
salts led Tieckelmann and co-workers[93] to conclude that
“these results are completely consistent with Kornblum’s
proposal that the silver ion enhances unimolecular character
in the silver salt reactions, thereby favoring alkylation at the
more electronegative oxygen atom”.[93a] However, at the end of
their thorough investigation, Tieckelmann and co-workers
stated: “The mechanism which leads to oxygen alkylation of
the silver salts of 2-pyridones also needs further examination
and may be more related to heterogeneous reaction than to the
ability of the silver ion to promote unimolecular reaction as
previously suggested”.[93a]

Selective N attack has also been observed with alkali salts
of other amide and imide anions.[94] This selectivity is
synthetically used in Gabriel syntheses and related reactions
(Scheme 46).[95, 96]

Alkylation of the oxygen atoms of imide anions has only
been observed when silver salts were employed.[97] However,
this selectivity cannot be explained by a change from an SN2
to SN1 mechanism because systematic investigations of the
reactions of amide and imide anions with benzhydrylium ions
showed that nitrogen attack is also preferred with carbocat-

ions (Scheme 47).[13g,h] X-ray investigations have shown that
Ag+ is coordinated to the nitrogen atom of imide anions[98]

and thus blocks the attack of electrophiles at this position.
According to entry 7 of Table 1, amides are 80 kJmol�1

more stable than the isomeric imidates. The resulting large
DDG0 term in the Marcus equation favors N attack and
cannot be compensated by the small intrinsic preference for
O attack, which is shown in Scheme 4. The selective N-
alkylation of amide anions under conditions of kinetic and
thermodynamic control can thus be explained.

The large thermodynamic preference of the amide over
the imidate structure (80 kJmol�1) is greatly reduced when
the C=N bond becomes part of an aromatic ring during O-
methylation. As shown in Table 1 (entries 9 and 10) and
Figure 10, N-methyl-2-pyridone and N-methyl-4-pyridone are

only 33 and 14 kJmol�1 more stable, respectively, than the
isomeric methoxypyridines. Since in both cases O attack is
intrinsically only slightly favored over N attack (Scheme 4),
N attack remains preferred, but O attack can compete
(Table 5). Attack at the oxygen atom of the 2-pyridone
anion becomes dominant with iPr�I, which may be explained
by a steric effect.

In kinetically controlled reactions of pyridone anions,
N attack is mostly preferred, as the thermodynamic contri-

Scheme 45. Regioselective alkylation of potassium and silver salts of
2-pyridone.[91, 92]

Scheme 46. Gabriel synthesis and related methods for the preparation
of primary amines and amino acids.[95a,96]

Scheme 47. Reactions of amide anions with benzhydrylium ions in
DMSO.[13g]

Figure 10. Comparison of the thermodynamic stabilities of N- and O-
methylated acetamide, 2-pyridone, and 4-pyridone (see also Table 1).
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bution to the Gibbs energy of activation
(favoring N attack) outnumbers the con-
tribution of the intrinsic barrier (favoring
O attack). Only for bulky alkylating
agents is the DDG0 term, which favors
N attack, so strongly diminished that O at-
tack becomes more favorable. While dif-
fusion-controlled reactions of the 2-pyri-
done anion give mixtures of O- and N-
alkylated products,[93] exclusive O attack
was observed in diffusion-controlled reac-
tions with the 4-pyridone anion.[13h]

As expected from the relative stabili-
ties depicted in Figure 10, the thermody-
namically controlled reactions of the 2-
and 4-pyridone anions with amino-substi-
tuted benzhydrylium ions gave N-benzhy-
drylpyridones exclusively. Attack at the
oxygen atom was only found in the dif-
fusion-controlled reactions of the pyri-
done anions with highly reactive carbocat-
ions, as shown in Scheme 48.

The situation changes dramatically
when neutral amides are alkylated instead
of their anions. Whereas N-methylation of
the acetamide anion is 80 kJ mol�1 more
favorable than O-methylation, N-methyl-
ation of the neutral amide is 20 kJmol�1

less favorable than O-methylation
(Table 1). Since O attack is also intrinsi-
cally highly favored over N attack
(Scheme 4), kinetically controlled alkyl-
ations of neutral amides should generally
yield O-alkylation products. However, as
the relative thermodynamic stabilities of
O- and N-alkylation products are reversed
when the deprotonated products are considered (Scheme 49),
N-alkylation takes place under conditions of thermodynamic
control, as in alkylations of amide anions.[99]

As shown in Table 6, the alkylation of formamide with n-
octyl bromide, a classical SN2 substrate, yields the O-alkylated
formamide selectively, whereas the tritylium cation leads to
selective N-alkylation.[100] Gompper and Christmann con-
cluded that SN2 reactions as well as SN1 reactions with
“instable carbenium ions” occur preferentially at the oxygen
atom, while SN1 reactions with “stable carbenium ions” take

place at the nitrogen terminus.[101] In the reactions with stable
carbenium ions, the initial O attack at the neutral amide is
reversible and subsequent rearrangement to the thermody-
namically more stable amides takes place. As a consequence,
they concluded that Kornblum’s view “The greater the SN1
character of the transition state the greater is the preference for
covalency formation with the atom of higher electronegativi-
ty”[2e] requires extension for reactions of neutral carboxa-
mides.[101] The model presented herein also allows a consistent
explanation of these observations.

Table 5: Effect of alkylating agent and counterion on the N-/O-alkylation
ratio for the alkylation of 2-pyridone anions in DMF at RT.[93]

Electrophile Counterion N/O ratio

MeI Na+ 95:5
MeI K+ 92:8
PhCH2Cl Na+ 94:6
PhCH2Br Na+ 97:3
PhCH2I Na+ 98:2
EtI Na+ 69:31
iPrI Na+ 30:61[a]

[a] 2-Pyridone was partially recovered.

Scheme 48. Reactions of pyridone anions with benzhydrylium ions.[13h]

Table 6: Alkylations of formamide with different alkyl halides.[100]

R�X N-Alkylformamide Alkyl formimidate

n-C8H17Br – 92%
PhCH2Cl 5% 74%
Ph2CHCl 95 % –
Ph3CCl 94 % –
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3.4. Oxygen versus Carbon Attack
3.4.1. Nitronate Anions

Deprotonated nitroalkanes are an important class of
ambident anions which are widely used in organic syn-
thesis.[102] According to the HSAB principle, nitronate anions
are expected to react with soft electrophiles at the carbon
atom to yield nitroalkanes and with hard electrophiles at the
oxygen atom to yield nitronic esters.

In 1984 Katritzky and Musumarra[103a] contradicted this
interpretation. Referring to a 1945 paper by Weisler and
Helmkamp,[103b] they stated: “It is well known that the
alkylation of nitronate anions by halides or tosylates, which
are ionic reactions, give exclusively O-alkylations”.

Preferred attack at the oxygen atoms of nitronate anions
by soft alkyl halides such as methyl iodide [Eq. (12)] as well as
with the hard methylating agent Me3O

+BF4
� [Eq. (13)] has

been confirmed by Severin et al.[104] as well as by Kornblum
and Brown, respectively.[105] Whether the nitronic esters can
be isolated depends on the reaction conditions.[103b]

According to Table 1 (entry 11), nitroethane, the C-
methylated product of the nitromethyl anion, is much more
stable (120 kJ mol�1) than methyl nitronate obtained by O-
methylation of the nitromethyl anion. On the other hand, the
intrinsic barrier for O attack is much smaller than the barrier
for C attack (Scheme 4), in line with the Hoz rule, because
oxygen is further right in the periodic table than carbon, and
the PLNM, as C-alkylation requires a rehybridization from
Csp2 to Csp3.

We, therefore, explain the selective C attack by Michael
acceptors (acrylonitrile, alkyl acrylates, vinyl sulfones, etc.,
[Eqs. (14) and (15)], and carbonyl groups [Eq. (16)] not by

favorable soft–soft interactions but by the fact that a potential
O attack would be reversible because of the low thermody-
namic stability of the resulting products.[102]

An analogous behavior was observed in the reactions with
stabilized benzhydrylium ions. Although carbocations are
generally regarded as hard electrophiles, the reactions of
amino-substituted benzhydrylium ions with a large variety of
nitronate ions gave the products of C attack exclusively
(Scheme 50).[13e]

Possibly, these carbocations also react faster at the oxygen
atom than at the carbon atom. However, oxygen-bound
nitronate anions are good leaving groups, and the initially
generated nitronic esters may undergo retroaddition and
finally yield the thermodynamically more stable nitro com-
pounds.[13e, 106] From the monoexponential decay of the con-
centrations of the benzhydrylium ions in the presence of a
large excess of nitronate anions, it has been derived that the
concentration of nitronic esters—if they are formed at all—
will always be very small when stabilized benzhydrylium ions
are employed.

The intrinsic preference for O attack at nitronate anions is
so large that irreversible SN2 reactions with a variety of
alkylating agents generally proceed at the oxygen atom. Thus,
the sodium salt of 2-nitropropane (97) reacts with benzyl
chlorides 96 at the oxygen atom to give nitronic esters 98,
which undergo subsequent cleavage with formation of the
corresponding benzaldehydes 100 and the oxime of acetone
(101). Only p-nitrobenzyl chloride reacts differently and
yields the C-alkylation product 102 through a radical mech-
anism (Scheme 51).[107] An earlier proposal[108] that 102 is
generated by rearrangement of an initially formed nitronic
ester has been rejected by Boyd and Kelly.[109]

Scheme 49. Ambident reactivity of neutral amides. The bottom line of
this scheme corresponds to the left column in Figure 10.

Scheme 50. Reactions of nitronate anions with benzhydrylium ions to
yield nitro compounds exclusively.[13e]
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The intramolecular cyclization [Eq. (17)] of 103 to give
the bicyclic nitro compound 104[110] is another of the rare cases
where SN2-type reactions of nitronate anions proceed through
C-alkylation.[111]

As a consequence of the failure to achieve C-alkylation of
nitronate anions by simple substitution reactions, Seebach
et al. developed a method for the a-alkylation of nitroalkanes,
which proceeds via doubly deprotonated nitroalkanes
(Scheme 52).[112]

3.4.2. Enolate Anions

Enolate anions are probably the most widely used
ambident anions in organic synthesis. Their C-alkylation is
an important method for the construction of carbon–carbon
bonds, whereas O-alkylation with formation of enol ethers is
often used for the protection of carbonyl groups.[113] The site
of attack in enolate anions depends on the structure of the
enolate as well as the nature of the electrophile, the solvent,
and the counterion.[114] The regioselectivities of the alkylation

reactions were again mostly interpreted on the basis of the
HSAB principle that predicts O-alkylation with hard and C-
alkylation with soft electrophiles.

In line with this interpretation, Zimmerman[115] showed
that protonation at the hard oxygen atom to yield the enols
occurs in a fast and reversible reaction, whereas the proto-
nation at the soft carbon atom leads in a slow reaction to the
thermodynamically more stable ketones (Scheme 53).

However, in 1986 there were already numerous examples,
particularly gas-phase studies which indicated that enolate
anions may also react with the “soft” alkyl halides at their
oxygen atom. For that reason, Houk and Paddon-Row[116]

investigated the ambident reactivity of the acetaldehyde-
derived enolate ion computationally (HF/3-21G and HF/6-
31G(d) level of theory) and came to the conclusion that under
kinetic control “[…] O-alkylation of enolates is favored with
all electrophiles. Changes in C/O alkylation ratios with the
nature of the alkyl halide are probably not related to the
’hardness’ or ’softness’ of the alkyl halide but to the ability of
the halide to influence the structures of metal enolate aggre-
gates.” These conclusions were later confirmed by calculations
using basis sets including diffuse functions.[117]

Computations at the MP2/6-31 + G(d)//MP2/6-31 + G(d)
and QCISD/6-31 + G(d)//MP2/6-31 + G(d) level of theory by
Lee et al.[118] showed that the transition state for the gas-phase
O-methylation of the enolate H2CCHO� by methyl fluoride is
favored by 15 kJ mol�1 over C-alkylation, which is thermody-
namically preferred over O-methylation by 98 kJmol�1. A
similar difference of product stabilities is given in Table 1.

The thermodynamic preference for C-alkylation is coun-
teracted by the relative magnitudes of the intrinsic barriers.
Scheme 4 shows that the intrinsic barrier for C-alkylation is
significantly higher than that for O-alkylation, which was
already rationalized by Lee et al. with the imbalanced
transition structures of C-alkylation, where rehybridization
of the enolate carbon atom is required.[118] The Hoz rule leads
to the same ordering of intrinsic barriers, as oxygen is further
right in the periodic table than carbon. As product stabilities
and intrinsic barriers favor different sites of attack, it depends
on the position of the transition state as to whether C- or O-
alkylation takes place (Figure 4).

The synthetically important Michael additions of enolate
anions to electron-deficient p systems generally proceed
through C attack (Scheme 54). However, we do not interpret
this regioselectivity by the favorable soft–soft interaction
between the enolate carbon atom and the 4-position of the
Michael acceptor in these reactions, but by the fact that the
competing O attack is thermodynamically unfavorable and
usually reversible.

Scheme 51. Reactions of substituted benzyl chlorides 96 with the
sodium salt of 2-nitropropane (97).[107]

Scheme 52. C-alkylation of nitroalkanes via a dilithio derivative accord-
ing to Seebach et al.[112] HMPT= hexamethylphosphoric triamide.

Scheme 53. Protonation of enolates.
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In line with this rationalization, products from O attack
can be isolated when the initial adduct formed from an
enolate and a Michael system can be stabilized. Thus, Tae and
Kim observed the exclusive formation of divinyl ethers (such
as 111) by N-methylmorpholine-catalyzed reactions of b-
ketoesters or 1,3-diketones with ethyl propiolate (105).[120] As
illustrated in Scheme 55, this reaction was explained by initial
attack of N-methylmorpholine (106) at the alkyne, followed

by proton transfer, addition of the enolate anion to the
Michael system, and elimination of the tertiary
amine.[120] The last step of this reaction sequence
appears to be irreversible and locks the O re-
gioselectivity of the enolate anion. Exclusive
C attack was observed when N-methylmorpho-
line was replaced by ethyldiisopropylamine.[121]

Attack at the oxygen atom of an enolate
anion by an electron-deficient p system has also
been observed in the reaction of trinitrobenzene
with the potassium salt of acetophenone (112).
Although 1,3,5-trinitrobenzene (10) is consid-
ered as a very soft electrophile, Buncel et al.
reported that it attacks exclusively the hard site
of the enolate of acetophenone at �40 8C.[122a]

When the resulting solution of the Meisen-
heimer complex 113 in acetonitrile/dimethoxy-
ethane was warmed up to 20 8C, rearrangement

to the product of C attack 114 was detected by 1H NMR
spectroscopy (Scheme 56). Clearly, in both cases the intrinsic
preference for O attack determines the regioselectivity of the
kinetically controlled reactions.

On the other hand, stabilized benzhydrylium ions, com-
monly regarded as hard electrophiles, attack exclusively at the
carbon center of various free enolates (Scheme 57), which we
rationalize by thermodynamic product control, that is, re-

ionization of any potentially
generated benzhydryl vinyl
ethers.[10c,122b] One can con-
clude from the monoexpo-
nential decays of the benz-
hydrylium absorbances
under conditions of
pseudo-first-order kinetics
(high excess of the enolate
anions) that the concentra-
tions of potentially formed
benzhydryl enol ethers
remain so small that they
are kinetically irrelevant.

Scheme 54. Michael addition of the sodium salt of diethyl malonate to
acrylonitrile (in ethanol at 35 8C).[119]

Scheme 56. Kinetically controlled O attack and thermodynamically con-
trolled C attack of 1,3,5-trinitrobenzene (10) on the potassium enolate
of acetophenone (112 ; in CD3CN/[D10]-dimethoxyethane 1:1 (v/v)).[122a]

Scheme 57. Selective C-alkylation of different potassium enolates by the benzhydryl-
ium ion 115 (in DMSO at RT for 10 min)[10c, 122b]

Scheme 55. Attack of ethyl acetoacetate (108) at the O atom of ethyl propiolate (105) according to Tae and
Kim.[120]
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Let us now analyze changes of the C/O ratios in gas-phase
reactions, where counterion and solvent effects are elimi-
nated. Exclusive attack at the oxygen atom was found in the
reaction of the enolate derived from cyclohexanone (123)
with methyl bromide in the gas phase (Scheme 58).[123] As
methyl bromide is commonly considered a soft electrophile,
this observation again contradicts the expectations derived
from the HSAB principle.

Brickhouse and Squires reported that the O/C selectivities
of the reactions of enolate ions with hexafluoropropene in the
gas phase were correlated with the keto–enol energy differ-
ence DHke of the parent carbonyl compounds [Eq. (18)],[124a]

but some enolate ions deviated from this correlation.

Oxygen attack with formation of 126 dominated in the
acylations of the enolate ions 125 with CF3COCl in the gas
phase (Scheme 59), which were studied by FT-ICR spectros-
copy.[125] As shown in Figure 11, the O/C ratio decreased as
the energy difference DHke increased.

In contrast, the O/C ratio observed in reactions of enolate
ions with hexafluorobenzene is only weakly correlated with
DHke; these reactions appear to be predominantly controlled
by HOMO–LUMO interactions.[124b]

Reactivities of enolates in solution are well-known to
depend on the nature of the counterion and the solvent.[114]

Le Noble et al. studied the reaction of ethyl acetoacetate salts
110 with different alkylation agents in HMPT (Scheme 60)

and found that the O/C ratio did not change for Na+, K+, and
NBu4

+, thus indicating the reactivity of free carbanions.[126a,b]

Only for lithium salts was a smaller O/C ratio observed.
In line with these findings, Reutov and co-workers

reported that the C/O ratios in the reactions of different
alkali salts of ethyl acetoacetate with ethyl tosylate in HMPT
are independent of the counterions, and also concluded that
under these conditions only the free enolate ions were
alkylated.[127]

A much larger effect of the counterions was found in the
reaction of the anion of isobutyrophenone with methyl iodide
in dimethoxyethane. While almost exclusive C attack (C/O
ratio> 200:1) was observed for the lithium salt, the free anion
obtained from the lithium salt and a [2.1.1]cryptand resulted
in a C/O ratio of 8:1.[128]

Le Noble et al. showed that in the reactions of the anion
of ethyl acetate with alkyl halides the O/C ratio increases as
the solvent basicity increases in the series from acetone,
acetonitrile, DMSO, DMF, to HMPT.[126a,b] The counterion
will be less solvated in less basic solvents and will coordinate
with the oxygen terminus of the enolate. The authors
summarized their observations for ethyl acetoacetate con-
cisely: “The freer the anion, the larger the O/C ratio.” They
concluded that dissociated ions yield high O/C ratios, ion pairs
yield intermediate O/C ratios, and higher aggregates lead to
low O/C ratios.[126a,b]

Scheme 58. Exclusive O-alkylation of the enolate anion 123 with methyl
bromide in the gas phase.[123]

Scheme 59. Acylation of enolate anions 125 by trifluoroacetyl
chloride.[125a]

Figure 11. Correlation of the O/C ratio [lg(O/C)] with the keto–enol
energy difference DHke of enolate anions.[125]

Scheme 60. Dependence of the O/C ratios on counterions in allyl-
ations of ethyl acetoacetate salts (110) by allyl chloride (128).[126b]

H. Mayr et al.Reviews

6494 www.angewandte.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2011, 50, 6470 – 6505

http://www.angewandte.org


The same rule applies for reactions of enolates with
“hard” electrophiles. While the selective formation of O-
acylated enols was observed by the reaction of “naked”
enolates (obtained from silyl enol ethers and nBu4NF) with
acyl chlorides,[121b] Seebach et al. achieved selective C-alkyla-
tions when lithium enolates were treated with acyl chlorides
in THF at �100 to �80 8C.[126c,d]

The change in the O/C ratio for the ethylation of the ethyl
acetoacetate anion (110) with different ethylating agents
(Scheme 61) has been rationalized by the decreasing hardness
of the electrophile from top to bottom.[127] This trend cannot
be explained by the qualitative Marcus analysis depicted in
Figure 4, which neglects the different force constants in the
reagents R�X and only considers the different exergonicities
of the reactions.

Heiszwolf and Kloosterziel[129] employed the PLNM to
rationalize the increasing O/C ratio in alkylations of enolate
ions with increasing reactivity of the alkylating agent. This
suggestion, which is in agreement with the qualitative Marcus
analysis in Figure 4, has been rejected by Gompper and
Wagner,[6b] because they found 1-fluorobutane, the least
reactive 1-halobutane to give the highest percentage of O-
alkylation (Scheme 62). While the increase in the O/C ratio in
Scheme 62, as the solvent polarity increases, can again be
rationalized by the solvation of the ions, we cannot currently
rationalize the dependence of the O/C ratio on the nature of
the electrophile. Knowledge of the experimental details of
Scheme 62 would be needed for a detailed discussion, but
they are not accessible to us.

As a consequence of the high O�H bond energy, the
energy differences between carbonyl groups and their enol

tautomers[130] are smaller than those between carbonyl groups
and the isomeric enol ethers (Table 1, entry 12). As a
consequence, the DDG0 term favors C-protonation over O-
protonation to a smaller extent than C-alkylation over O-
alkylation. For that reason, kinetically controlled protona-
tions of enolates occur generally at the oxygen atom, the
intrinsically favored site of attack as mentioned at the
beginning of this Section.[115]

3.4.3. Phenoxides and Phenols

Phenolates contain the enolate substructure, and one can
expect analogous control mechanisms for their ambident
reactivity. The synthesis of phenol ethers by treatment of
phenolates with soft haloalkanes as well as with hard dialkyl
sulfates is a well-known procedure.[131] To explain within the
HSAB approach why soft electrophiles also prefer to attack at
the oxygen atom, a correction for the unfavorable loss of
aromaticity in the case of C attack (137) had to be made
(Scheme 63).

Marcus analysis of the alkylations of phenolate anions
reveals that the attack at the oxygen atom is preferred
thermodynamically (DDG0 = 28.9 kJmol�1; Table 1, entry 13)
and intrinsically (DDG0

� = 51.6 kJmol�1, Scheme 4), again in
line with the Hoz rule. Therefore, kinetically controlled
alkylations generally occur at the oxygen atom. However, in
nonpolar solvents, oxygen attack may be blocked by the
counterion, and C-alkylation may occur.[132–134] Thus, Claisen
and co-workers reported that treatment of sodium phenoxide
with benzyl chloride in methanol yields benzyl phenyl ether
(138), while the corresponding reaction in toluene solution
leads to 139 as the main product (Scheme 64).[133]

Scheme 61. Ethylation of the potassium salt of ethyl acetoacetate by
different ethylating agents.[127c]

Scheme 62. Proportion of O-butylation in the reaction of an enolate
with different n-butyl derivatives in different solvents.[6b] Ts = toluene-4-
sulfonyl.

Scheme 63. Methylation of the ambident phenolate anion.

Scheme 64. Benzylation of the ambident phenolate anion.[133]
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Analogously, in the benzylation and alkylation reactions
of sodium 2,6-dimethylphenolate (140) the highest percent-
age of C attack was obtained in toluene, whereas O attack was
almost exclusive in THF (Scheme 65).[134a]

As a consequence of the smaller loss of aromaticity in the
initial step of C-alkylation of the naphthoxide 143, C attack
becomes more likely than in phenoxides. Thus, Scheme 66
shows that the ether 144 is formed exclusively in the dipolar
aprotic solvents DMF and DMSO. Attack at the carbon atom

competes with attack at the oxygen atom in nonpolar solvents
(dimethoxyethane, THF) where oxygen is coordinated to
Na+, and may even become dominant in protic solvents
(ROH, H2O), which block O attack by hydrogen bond-
ing.[134e–h] Kornblum and Berrigan summarized that in solvents
such as water, phenol, and fluorinated alcohols “the oxygen of
the phenoxide ion is so intensely solvated that the availability of
the oxygen for nucleophilic displacement is greatly decreased;
as a consequence, displacements employing the otherwise
unfavored ortho and para carbon atoms can compete success-
fully.”[134g] Accordingly, the site of benzylation can be
completely inverted by variation of the solvent (Scheme 66).

Even the “very soft” electrophiles trinitrobenzene (10)
and trinitroanisole attack the hard phenolate oxygen atom
under kinetically controlled conditions to give 146 at

�40 8C.[135] Rearrangement to 147 and 148, the products of
electrophilic aromatic substitution, takes place at
ambient temperature, accompanied by decomposition
(Scheme 67).[135b, 136] Analogous behavior, namely, kinetically
controlled attack at the phenolate oxygen atom and subse-
quent rearrangement to the product of electrophilic aromatic
substitution has been reported for the reactions of phenolates
with the highly electrophilic nitrobenzofuroxans and nitro-
benzotriazole-1-oxides.[52b, 137]

Richard and co-workers studied the reactions of phenol
and phenolate ions with the 1-(4-methoxyphenyl)ethylium
ion (149) in trifluoroethanol/water mixtures.[138] The low
selectivity for the reaction of 149 with the phenolate anion
(Scheme 68) was explained by diffusion control. A much
higher selectivity was found for the reaction of 149 with
phenol, showing that O attack is also kinetically preferred in
the reaction with the neutral phenol.[138]

Scheme 65. Reaction of sodium 2,6-dimethylphenolate (140) with
benzyl chloride in different solvents.[134a]

Scheme 66. Dependence on the solvent of the site of benzylation in
sodium 2-naphthoxide.[134h]

Scheme 67. Ambident reactivity of the potassium phenolate anion
towards 1,3,5-trinitrobenzene (in CD3CN/[D10]-dimethoxyethane 1:1
(v/v)).[135]

Scheme 68. Relative product ratios for alkylations of phenolate and
phenol in TFE/H2O (1:1) by the 1-(4-methoxyphenyl)ethylium ion.[138]

TFE = 2,2,2-trifluoroethanol.
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Olah and Mo[139] showed that the protonation of phenol in
HF containing traces of SbF5 at�105 8C initially also occurs at
the oxygen atom. However, O-protonation is reversible, and a
rearrangement to the thermodynamically more stable
hydroxybenzenium ion takes place upon warming to
�40 8C; hydroxybenzenium ions were also observed in 70%
perchloric acid and fluorosulfuric acid (Scheme 69).[140]

In the gas phase, where solvent effects are absent, phenol
is also preferentially attacked by the tert-butyl cation (153) at
the oxygen atom to form tert-butyl phenyl ether (155) under
conditions of kinetic control (i.e., at high pressure and in the
presence of NH3 for an effective collisional deactivation). At
lower pressure, 2- and 4-tert-butylphenols (157) dominated
among the reaction products, thereby indicating reversible
formation of 154 and the higher thermodynamic stability of
156 compared to 154 (Scheme 70).[141]

Beak et al.[142] reported labeling experiments which
showed that the methylation of anisole in chlorobenzene
also proceeds via the initial formation of the dimethylpheny-
loxonium ion (158). Subsequent intermolecular reactions with
anisole give a mixture of unlabeled, [D3]-, and [D6]-labeled
methylanisoles (Scheme 71).

In summary, the ambident reactivity of phenolates is
analogous to that of enolates: O-alkylation of phenolates is
intrinsically favored over C-alkylation unless the oxygen atom
is blocked by coordination to metal ions or by hydrogen
bonding in protic solvents. Reactions with strong electro-
philes, which proceed under diffusion control, are unselective
and occur at the oxygen atom as well as at the ortho- and para-

carbon atom. Thus, we can conclude that O attack is also
intrinsically favored over C attack in alkylations of phenols
and phenol ethers, but C-alkylation leads to the thermody-
namically preferred products.

3.5. Oxygen versus Sulfur Attack
3.5.1. Sulfinate Anions

Although sulfinate anions are ambident anions with
nucleophilic sites at the oxygen and sulfur atoms, these
anions were believed for a long time to react exclusively at the
sulfur atom with formation of sulfones.[143] Already in 1880,
Otto reported the formation of sulfones by the reaction of
alkali salts of aromatic and aliphatic sulfinic acids with a
variety of alkyl halides in ethanol at 80 8C.[144] Tertiary alkyl
halides did not alkylate sulfinate anions and underwent
elimination reactions with formation of olefins.[145] In an
extensive study, Schank showed that primary and secondary
alkyl halides, a-halocarbonyl compounds, as well as a-
haloethers exclusively attack at the sulfur atom of p-
toluenesulfinate anions (Scheme 72).[146]

Lindberg derived exclusive S attack from the kinetics of
the reactions of m- and p-substituted sodium arenesulfinates
with bromoacetate and bromoacetamide in water.[147]

Other displacement reactions at saturated carbon atoms,
for example, epoxides[148] or b-propiolactones,[149] and nucleo-
philic aromatic substitutions of p-nitrochlorobenzene also
proceed at sulfur to give sulfones exclusively.[150] Sulfones are
also the only reaction products in Michael-type additions of
sulfinate anions to acceptor-substituted alkenes such as
chalcones,[151] haloacrylonitriles,[152] or nitroolefins,[153] which
are often reversible.[143]

On the other hand, Meek and Fowler observed concom-
itant S and O attack in reactions of p-toluenesulfinate anions
with various methylating agents (Table 7).[154] As an inter-
conversion between the resulting methyl sulfinic esters and
the isomeric methyl sulfones was shown not to occur under
the reaction conditions, the product ratios given in Table 7 are
the result of kinetic control.

Scheme 69. Protonation of phenol according to Olah and Mo.[139]

Scheme 70. Gas-phase reaction of phenol with the tert-butyl cation.[141c]

Scheme 71. Methylation of anisole by [D3]-methyl chloroformiate (in
chlorobenzene at 30 8C).[142]

Scheme 72. Reaction of sulfinic acid salts with chloromethyl methyl
ether (159).[146]
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Although the preferred or exclusive O attack by
the in situ generated methyldiazonium ion (Table 7,
entry 1), dimethyl sulfate (entries 3 and 5), and
methyl tosylate (entries 4 and 6) on the one hand
and the preferred S attack by methyl iodide
(entries 7 and 8) on the other might be explained
by the HSAB principle, it should be noted that the
silver salt of p-toluenesulfinic acid also reacts with
methyl iodide at the sulfur atom with high selectivity
(Table 7, entry 9). Attack at the oxygen atom of the
sulfinate anions has also been observed in their
reactions with triethyloxonium tetrafluoroborate,[155]

acetyl chloride,[146] or ethyl chloroformiate.[144c]

Can these findings also be rationalized on the
basis of Scheme 2? According to MP2/6-311 + G-
(2d,p) calculations (Table 1), dimethyl sulfone is
50.4 kJ mol�1 (DDG0) more stable than the isomeric
methyl methanesulfinate. In line with this calculated
energy difference, alkyl,[156] alkenyl,[157] and
alkynyl[158] sulfinic esters rearrange to the thermo-
dynamically more stable sulfones. For allylic sulfinic
esters this rearrangement is believed to proceed by a
[2,3] sigmatropic shift,[157,159] whereas the rearrange-
ment proceeds through ionization and ion pair
recombination if R+ is a stabilized carbocation
(Scheme 73).[13f,156] Independent of the mechanism
of the rearrangement, these observations demonstrate the
higher thermodynamic stabilities of the sulfones.

On the other hand, higher intrinsic barriers for sulfur
attack are indicated by the identity reactions summarized in
Scheme 4 (DDG0

� = 34.7 kJmol�1). As sulfur and oxygen are
in the same group of the periodic table, and crystal structures
indicate that O-alkylation requires larger geometric changes
than S-alkylation, we assume that steric interactions are

responsible for the higher intrinsic barriers of the S-alkyla-
tions.[160]

The exclusive S attack observed in the reaction of sodium
benzenesulfinate with ordinary Michael acceptors and highly
stabilized benzhydrylium ions (Figure 12) can, therefore, be
explained by thermodynamic product control. From the plot
of lg k versus the electrophilicity parameters E of the
benzhydrylium ions one can extrapolate that the diffusion
limit is reached when the electrophilicity E of the carboca-
tions exceeds values of approximately �2.[13f] The observed
mixtures resulting from O and S attack of more reactive
benzhydrylium ions (E>�2, Figure 12) can, therefore, not be
explained by classical transition-state models, and a similar
situation should hold for reactions with other carbocations.

From the experimental rate constants of the reaction of
(p-MeOC6H4)2CH+ with the oxygen atom of the benzenesul-
finate anion and of the reverse reaction, an intrinsic barrier of
DG0

� = 48 kJ mol�1 was derived from Equation (3). Analo-
gously, intrinsic barriers of DG0

� = 60–64 kJ mol�1 have been
calculated from the rate and equilibrium constants for the
reactions of amino-substituted benzhydrylium ions with the
sulfur atom of PhSO2

� . Although a small fraction of this
difference can be assigned to the different nature of the
carbocations, it is remarkable that the difference between
these two intrinsic barriers is close to 50% of the difference of
the calculated barriers of the corresponding identity reactions
(Scheme 4),[13f] as expected from the combination of Equa-
tions (3) and (7).

In summary, sulfinate anions are attacked at the sulfur
atom under conditions of thermodynamic control. Mixtures

Table 7: Methylation of p-toluenesulfinates (TolSO2
�) with different

methylating agents.[154]

Entry Substrate Methylating
agent

Solvent % O % S

1 TolSO2H CH2N2 Et2O/MeOH
(9:1)

100 0

2 TolSO2
� TsCHCHP(OMe)3

+ none 95 5
3 TolSO2Na (MeO)2SO2 DMF 84[a] 16[a]

DMF 88[b] 12[b]

4 TolSO2Na MeOTs DMF 77 23
5 TolSO2Na (MeO)2SO2 MeOH 69 31
6 TolSO2Na MeOTs MeOH 54 46
7 TolSO2Na MeI MeOH 2 98
8 TolSO2Na MeI DMF 7 93
9 TolSO2Ag MeI DMF 9 91

[a] After 30 min. [b] After 17 h.

Scheme 73. Rearrangement of sulfinates to the corresponding
sulfones.

Figure 12. Plot of lgk for the reactions of the benzhydrylium ions with the
benzensulfinate ion versus the electrophilicity parameters E (in MeCN at
20 8C).[13f ]
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of sulfones and sulfinates are typically obtained in
diffusion-limited reactions, while in activation-con-
trolled reactions it depends on the reaction partner
and the reaction conditions, whether S or O attack
dominates (Figure 4).

3.5.2. Sulfoxides

A similar situation as described for sulfinates is
also found for sulfoxides. When DMSO was treated
with methyl brosylate, methyl tosylate, or methyl
nitrate, O-methylation (161) was observed exclu-
sively.[161] On the other hand, only products of
S attack (162) were isolated when methyl iodide
was used as the methylating agent.[161,162] From the
observation that the O-alkyl derivatives 161 tend to
isomerize in solution to the S-alkyl derivatives 162
and that the tendency of such isomerization
decreases in the order X = I�>NO3

�>OTs� ,
Smith and Winstein concluded that the formation
of either 161 or 162 is associated with kinetic and
thermodynamic control of the products
(Scheme 74). As the formation of 161 is highly
reversible in the presence of I� , the rearrangement 161-I to
162-I is so fast that only 7% of the O-alkylated product 161-I
could be observed when methyl iodide was heated in DMSO
at 50 8C. In contrast, 94 % of the O-alkylation product 161-

OBs was obtained from methyl p-bromobenze-
nesulfonate (OBs, brosylate) in DMSO at 50 8C
because of the slower rearrangement resulting
from the lower nucleophilicity of the p-bromo-
benzenesulfonate anion BsO� .

4. Ambident Electrophiles

Ambident electrophiles shall not be treated
explicitly here because of space limitations. We
just want to emphasize that the same procedure
which has been applied for rationalizing the
regioselectivities of ambident nucleophiles
should also be applicable to ambident electrophiles.

In an excellent review published in 1964, H�nig carefully
analyzed the modes of reactions of ambident cations derived
from amides or esters (Scheme 75). The results of numerous
reactions, which gave different products under different
reaction conditions, were summarized as follows: “The
structures of the products isolated are determined by competi-

tion between a kinetically controlled but reversible reaction
and a thermodynamically controlled reaction”.[8]

As outlined in Section 2.6, the formation of different
products under conditions of kinetic and thermodynamic
control implies that the “kinetic” products are intrinsically
preferred. In numerous experimental studies, it has been
shown that additions of nucleophiles to Csp2 centers (carbo-
cations or Michael acceptors) generally have low intrinsic
barriers.[163] In contrast, SN2 reactions, where a s bond must be
broken in the rate-determining step, require more reorgan-
ization and are characterized by higher intrinsic barriers. This
relationship is quantitatively illustrated in Scheme 76, which
compares the rate and equilibrium constants of the reactions

of pyridine with different electrophiles. Although the equi-
librium constant for the reaction with methyl iodide is four
orders of magnitude larger than that of the reaction with the
benzhydrylium ion, methyl iodide reacts 109 times more
slowly.[163a, 164] This comparison clearly illustrates that the
intrinsic barrier for the SN2 reaction is much larger than the
intrinsic barrier for reactions with carbocations.

Scheme 74. Methylation of DMSO under conditions of kinetic and
thermodynamic control.

Scheme 75. Kinetic and thermodynamic product control in the reactions of
ambident electrophiles.[8]

Scheme 76. Reactions of pyridine with a benzhydrylium ion and methyl iodide.[163a, 164]
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If 1,4-additions of organocuprates, which follow a special
mechanism,[165] are disregarded, most 1,4-/1,2-selectivities in
a,b-unsaturated carbonyl compounds can also be rationalized
by the competition of kinetic versus thermodynamic product
control, as illustrated for cyanide additions to methyl vinyl
ketone in Scheme 77.[113b, 166] Additions to a C�C double bond

are generally more exergonic than additions to a C�O double
bond. For that reason, Michael additions are thermodynami-
cally favored over additions to the carbonyl group. On the
other hand, 1,4-additions require much more structural
reorganization, and are therefore intrinsically disfavored.

As a consequence, nucleophiles with high Lewis basicity,
which react irreversibly, usually give the intrinsically favored
1,2-adducts, whereas nucleophiles with low Lewis basicity
eventually yield the thermodynamically more stable Michael
adducts because their reactions are reversible with the
carbonyl group.[167]

5. Conclusions

The HSAB treatment of ambident reactivity may be
considered as a generalization of Kornblum’s rule, which
states that the site of attack at ambident nucleophiles is
related to the SN1/SN2 character of the reaction. The main
support for Kornblum’s rule was the observation that silver
cyanide as well as the silver salts of 2-pyridone and of other
carboxamides give different products than the corresponding
alkali salts. There is convincing evidence, however, that the
change of selectivity triggered by the silver salts is not due to a
switch from an SN2 to an SN1 mechanism but due to blocking
of the carbon atom in CN� and of the nitrogen atoms in the
amide and 2-pyridone anions by Ag+. Furthermore, we have
presented examples that show that silver ions do not have any
or only marginal effects on the regioselectivities of the
reactions with nitrite, sulfinate, and 4-pyridone anions.

Ironically, the two examples which prompted Klopman to
develop the concept of charge- and frontier-orbital-controlled
reactions[5a] do not proceed as formulated in Scheme 78.
Methyl iodide reacts with sodium nitrite to give a mixture of
nitromethane and methyl nitrite,[86] and seven years before
Klopman’s work, Ruske provided evidence that SCN� is
attacked at the sulfur atom by acyl chlorides to give acyl
thiocyanates, which may rearrange to the corresponding
isothiocyanates under certain conditions.[75] As not even the
behavior of the prototypes of ambident nucleophiles can
properly be described in this way, the rationalization of

ambident reactivity by the HSAB or the Klopman–Salem
concept has to be abandoned.

A consistent approach to ambident reactivity is suggested
in Scheme 2. In the first step, it should always be examined
whether the isolated products are the result of kinetic or
thermodynamic control. In the case of kinetic product
control, one has to find out whether the reactions proceed
with or without activation energy. This differentiation can be
made on the basis of the reactivity parameters N, sN, and E
[Eq. (1)]. As most ambident anions analyzed in this Review
undergo diffusion-controlled reactions with carbocations that
are less stabilized than the tritylium ion, transition-state
models are inappropriate to rationalize the resulting regiose-
lectivities.

Marcus theory, which derives the Gibbs energy of
activation DG� from the Gibbs energy of reaction DG0 and
the intrinsic barrier DG0

�, has been shown to be suitable for
predicting the regioselectivities of kinetically controlled
reactions, which proceed over an energy barrier. A rule of
thumb for deriving the intrinsically preferred site of electro-
philic attack at ambident nucleophiles is provided by the Hoz
rule: The further right the nucleophilic reaction center in the
periodic table, the lower the intrinsic barrier. Application of
the PLNM, which compares geometrical parameters in
reactants and products, leads to the same ordering of intrinsic
barriers. Our attempts to rationalize ambident reactivity on
the basis of Guthrie’s “No-Barrier-Theory”[168] have so far not
been successful, but efforts are ongoing.

The success of Marcus theory to rationalize ambident
reactivity (DG�) by a combination of intrinsic (DG0

�) and
product stability effects (DG0) suggests that Marcus theory
should be employed more generally for analyzing structure–
reactivity relationships. Whereas the influence of DG0 on
DG� is well known and is quantitatively described by
Brønsted correlations,[169] the Bell–Evans–Polanyi princi-
ple,[170] or the Leffler–Hammond relationship,[171] much less
is currently known about intrinsic barriers (DG0

�)—the
second term which controls the rates of chemical reactions
[Eq. (3)]. Promising approaches to elucidate the magnitude
and origin of intrinsic barriers as described by Bernasconi,[172]

Bordwell,[173] Hoz,[23] Kreevoy,[20d] Lewis,[174] Murdoch,[175]

Richard,[16a] and Terrier[176] should, therefore, be further
developed.
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Scheme 77. Ambident reactivity of the cyanide anion toward methyl
vinyl ketone.[113b]

Scheme 78. The questionable experimental basis which triggered the
development of the concept of charge- and frontier-orbital-controlled
reactions.[5a]

H. Mayr et al.Reviews

6500 www.angewandte.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2011, 50, 6470 – 6505

http://www.angewandte.org


and Hendrik Zipse as well as Dr. Alexander Tishkov and Dr.
Heike Schaller for comments and helpful discussions.

Received: November 11, 2010

[1] P. Muller, Pure Appl. Chem. 1994, 66, 1077 – 1184.
[2] a) N. Kornblum, B. Taub, H. E. Ungnade, J. Am. Chem. Soc.

1954, 76, 3209 – 3211; b) N. Kornblum, H. O. Larsen, D. D.
Mooberry, R. K. Blackwood, E. P. Oliveto, G. E. Graham,
Chem. Ind. 1955, 443; c) N. Kornblum, R. A. Smiley, H. E.
Ungnade, A. M. White, B. Taub, S. A. Herbert, Jr., J. Am.
Chem. Soc. 1955, 77, 5528 – 5533; d) N. Kornblum, L. Fishbein,
R. A. Smiley, J. Am. Chem. Soc. 1955, 77, 6261 – 6266; e) N.
Kornblum, R. A. Smiley, R. K. Blackwood, D. C. Iffland, J. Am.
Chem. Soc. 1955, 77, 6269 – 6280; f) N. Kornblum, H. O. Larson,
R. K. Blackwood, D. D. Mooberry, E. P. Oliveto, G. E. Graham,
J. Am. Chem. Soc. 1956, 78, 1497 – 1501; g) N. Kornblum, Org.
React. 1962, 12, 101 – 156.

[3] a) R. G. Pearson, J. Am. Chem. Soc. 1963, 85, 3533 – 3539;
b) R. G. Pearson, Science 1966, 151, 172 – 177; c) R. G. Pearson,
J. Songstad, J. Am. Chem. Soc. 1967, 89, 1827 – 1836; d) R. G.
Pearson, J. Chem. Educ. 1968, 45, 581 – 587; e) R. G. Pearson, J.
Chem. Educ. 1968, 45, 643 – 648; f) R. G. Pearson, Chemical
Hardness, Wiley-VCH, Weinheim, 1997.

[4] a) M. B. Smith, J. March, March’s Advanced Organic Chemistry
Reactions, Mechanisms, and Structure, 6th ed. , Wiley, Hoboken,
2007, p. 516; b) pp. 513–519 in Ref. [4a]; c) pp. 307–308 in
Ref. [4a].

[5] a) G. Klopman, J. Am. Chem. Soc. 1968, 90, 223 – 234; b) L.
Salem, J. Am. Chem. Soc. 1968, 90, 543 – 552; c) G. Klopman,
Chemical Reactivity and Reaction Paths, Wiley, 1974 ; d) I.
Fleming, Frontier Orbitals and Organic Chemical Reactions,
Wiley, Chichester, 1976 ; e) I. Fleming, Molecular Orbitals and
Organic Chemical Reactions, Student Edition, John Wiley &
Sons, Chichester, 2009 ; f) T.-L. Ho, Chem. Rev. 1975, 75, 1 – 20.

[6] a) R. Gompper, Angew. Chem. 1964, 76, 412 – 423; Angew.
Chem. Int. Ed. Engl. 1964, 3, 560 – 570; b) R. Gompper, H.-U.
Wagner, Angew. Chem. 1976, 88, 389 – 401; Angew. Chem. Int.
Ed. Engl. 1976, 15, 321 – 333.

[7] J. A. Berson, Angew. Chem. 2006, 118, 4842 – 4847; Angew.
Chem. Int. Ed. 2006, 45, 4724 – 4729.

[8] S. H�nig, Angew. Chem. 1964, 76, 400 – 412; Angew. Chem. Int.
Ed. Engl. 1964, 3, 548 – 560.

[9] a) R. S. Drago, J. Chem. Educ. 1974, 51, 300 – 307; b) J. S. M.
Anderson, P. W. Ayers, Phys. Chem. Chem. Phys. 2007, 9, 2371 –
2378; c) M. Torrent-Sucarrat, F. De Proft, P. Geerlings, P. W.
Ayers, Chem. Eur. J. 2008, 14, 8652 – 8660.

[10] a) H. Mayr, M. Patz, Angew. Chem. 1994, 106, 990 – 1010;
Angew. Chem. Int. Ed. Engl. 1994, 33, 938 – 957; b) H. Mayr, T.
Bug, M. F. Gotta, N. Hering, B. Irrgang, B. Janker, B. Kempf, R.
Loos, A. R. Ofial, G. Remennikov, H. Schimmel, J. Am. Chem.
Soc. 2001, 123, 9500 – 9512; c) R. Lucius, R. Loos, H. Mayr,
Angew. Chem. 2002, 114, 97 – 102; Angew. Chem. Int. Ed. 2002,
41, 91 – 95; d) H. Mayr, B. Kempf, A. R. Ofial, Acc. Chem. Res.
2003, 36, 66 – 77; e) H. Mayr, A. R. Ofial, Pure Appl. Chem.
2005, 77, 1807 – 1821; f) H. Mayr, A. R. Ofial, J. Phys. Org.
Chem. 2008, 21, 584 – 595; g) H. Mayr, Angew. Chem. 2011, 123,
3692 – 3698; Angew. Chem. Int. Ed. 2011, 50, 3612 – 3618.

[11] P. P�rez, A. Toro-Labb�, A. Aizman, R. Contreras, J. Org.
Chem. 2002, 67, 4747 – 4752.

[12] a) J. W. Bunting, J. M. Mason, C. K. M. Heo, J. Chem. Soc.
Perkin Trans. 2 1994, 2291 – 2300; b) J. P. Richard, M. M.
Toteva, J. Crugeiras, J. Am. Chem. Soc. 2000, 122, 1664 –
1674; c) T. B. Phan, M. Breugst, H. Mayr, Angew. Chem.
2006, 118, 3954 – 3959; Angew. Chem. Int. Ed. 2006, 45, 3869 –
3874.

[13] a) R. Loos, S. Kobayashi, H. Mayr, J. Am. Chem. Soc. 2003, 125,
14126 – 14132; b) A. A. Tishkov, H. Mayr, Angew. Chem. 2005,
117, 145 – 148; Angew. Chem. Int. Ed. 2005, 44, 142 – 145;
c) A. A. Tishkov, U. Schmidhammer, S. Roth, E. Riedle, H.
Mayr, Angew. Chem. 2005, 117, 4699 – 4703; Angew. Chem. Int.
Ed. 2005, 44, 4623 – 4626; d) H. F. Schaller, U. Schmidhammer,
E. Riedle, H. Mayr, Chem. Eur. J. 2008, 14, 3866 – 3868; e) T.
Bug, T. Lemek, H. Mayr, J. Org. Chem. 2004, 69, 7565 – 7576;
f) M. Baidya, S. Kobayashi, H. Mayr, J. Am. Chem. Soc. 2010,
132, 4796 – 4805; g) M. Breugst, T. Tokuyasu, H. Mayr, J. Org.
Chem. 2010, 75, 5250 – 5258; h) M. Breugst, H. Mayr, J. Am.
Chem. Soc. 2010, 132, 15380 – 15389.

[14] P. W. Atkins, J. de Paula, Physical Chemistry, 9th ed., Oxford
University Press, Oxford, 2009.

[15] a) R. A. McClelland, V. M. Kanagasabapathy, N. S. Banait, S.
Steenken, J. Am. Chem. Soc. 1991, 113, 1009 – 1014; b) J. Bartl,
S. Steenken, H. Mayr, J. Am. Chem. Soc. 1991, 113, 7710 – 7716;
c) for numerous further examples, see Ref. [13].

[16] a) J. P. Richard, T. L. Amyes, M. M. Toteva, Acc. Chem. Res.
2001, 34, 981 – 988; b) J. P. Richard, T. L. Amyes, M. M. Toteva,
Y. Tsuji, Adv. Phys. Org. Chem. 2004, 39, 1 – 26; c) H. Mayr,
A. R. Ofial, Angew. Chem. 2006, 118, 1876 – 1886; Angew.
Chem. Int. Ed. 2006, 45, 1844 – 1854.

[17] For a comprehensive database of nucleophilicity parameters N
and electrophilicity parameters E, see http://www.cup.lmu.de/
oc/mayr/DBintro.html.

[18] For selective, diffusion-controlled reactions discussed in this
manuscript: see Refs. [2c,13h,39].

[19] M. Breugst, H. Zipse, J. P. Guthrie, H. Mayr, Angew. Chem.
2010, 122, 5291 – 5295; Angew. Chem. Int. Ed. 2010, 49, 5165 –
5169.

[20] a) R. A. Marcus, Annu. Rev. Phys. Chem. 1964, 15, 155 – 196;
b) R. A. Marcus, J. Phys. Chem. 1968, 72, 891 – 899; c) R. A.
Marcus, J. Am. Chem. Soc. 1969, 91, 7224 – 7225; d) W. J.
Albery, M. M. Kreevoy, Adv. Phys. Org. Chem. 1978, 16, 87 –
157; e) W. J. Albery, Annu. Rev. Phys. Chem. 1980, 31, 227 –
263; f) R. A. Marcus, Angew. Chem. 1993, 105, 1161 – 1172;
Angew. Chem. Int. Ed. Engl. 1993, 32, 1111 – 1121; g) R. A.
Marcus, Pure Appl. Chem. 1997, 69, 13 – 29.

[21] S. S. Shaik, H. B. Schlegel, P. Wolfe, Theoretical Aspects of
Physical Organic Chemistry: The SN2 Mechanism, Wiley, New
York, 1992.

[22] a) S. Wolfe, D. J. Mitchell, H. B. Schlegel, J. Am. Chem. Soc.
1981, 103, 7692 – 7694; b) S. Wolfe, D. J. Mitchell, H. B.
Schlegel, J. Am. Chem. Soc. 1981, 103, 7694 – 7696; c) M. J.
Pellerite, J. I. Brauman, J. Am. Chem. Soc. 1983, 105, 2672 –
2680; d) J. A. Dodd, J. I. Brauman, J. Phys. Chem. 1986, 90,
3559 – 3562; e) B. D. Wladkowski, J. I. Brauman, J. Phys. Chem.
1993, 97, 13158 – 13164; f) J. M. Gonzales, R. S. Cox III, S. T.
Brown, W. D. Allen, H. F. Schaefer III, J. Phys. Chem. A 2001,
105, 11327 – 11346; g) J. M. Gonzales, C. Pak, R. S. Cox, W. D.
Allen, H. F. Schaefer III, A. G. Csaszar, G. Tarczay, Chem. Eur.
J. 2003, 9, 2173 – 2192; h) J. M. Gonzales, W. D. Allen, H. F.
Schaefer III, J. Phys. Chem. A 2005, 109, 10 613 – 10628.

[23] S. Hoz, H. Basch, J. L. Wolk, T. Hoz, E. Rozental, J. Am. Chem.
Soc. 1999, 121, 7724 – 7725.

[24] E. Uggerud, J. Phys. Org. Chem. 2006, 19, 461 – 466.
[25] a) L. G. Arnaut, A. A. C. C. Pais, S. J. Formosinho, J. Mol.

Struct. 2001, 563–564, 1 – 17; b) L. G. Arnaut, S. J. Formosinho,
Chem. Eur. J. 2007, 13, 8018 – 8028.

[26] a) F. O. Rice, E. Teller, J. Chem. Phys. 1938, 6, 489 – 496; b) J.
Hine, J. Org. Chem. 1966, 31, 1236 – 1244; c) J. Hine, J. Am.
Chem. Soc. 1966, 88, 5525 – 5528; d) J. Hine, Adv. Phys. Org.
Chem. 1977, 15, 1 – 61.

[27] a) Electron diffraction of gaseous methyl vinyl ether: S.
Samdal, H. M. Seip, J. Mol. Struct. 1975, 28, 193 – 203;
b) calculated geometry (HF/6-31 + G(d) level of theory) of

Ambident Nucleophiles

6501Angew. Chem. Int. Ed. 2011, 50, 6470 – 6505 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1351/pac199466051077
http://dx.doi.org/10.1021/ja01641a029
http://dx.doi.org/10.1021/ja01641a029
http://dx.doi.org/10.1021/ja01626a028
http://dx.doi.org/10.1021/ja01626a028
http://dx.doi.org/10.1021/ja01628a062
http://dx.doi.org/10.1021/ja01628a064
http://dx.doi.org/10.1021/ja01628a064
http://dx.doi.org/10.1021/ja01588a059
http://dx.doi.org/10.1021/ja00905a001
http://dx.doi.org/10.1126/science.151.3707.172
http://dx.doi.org/10.1021/ja00984a014
http://dx.doi.org/10.1021/ed045p581
http://dx.doi.org/10.1021/ed045p643
http://dx.doi.org/10.1021/ed045p643
http://dx.doi.org/10.1021/ja01004a002
http://dx.doi.org/10.1021/ja01005a001
http://dx.doi.org/10.1021/cr60293a001
http://dx.doi.org/10.1002/ange.19640761004
http://dx.doi.org/10.1002/anie.196405601
http://dx.doi.org/10.1002/anie.196405601
http://dx.doi.org/10.1002/ange.19760881203
http://dx.doi.org/10.1002/anie.197603211
http://dx.doi.org/10.1002/anie.197603211
http://dx.doi.org/10.1002/ange.200600229
http://dx.doi.org/10.1002/anie.200600229
http://dx.doi.org/10.1002/anie.200600229
http://dx.doi.org/10.1002/ange.19640761003
http://dx.doi.org/10.1002/anie.196405481
http://dx.doi.org/10.1002/anie.196405481
http://dx.doi.org/10.1021/ed051p300
http://dx.doi.org/10.1039/b700960g
http://dx.doi.org/10.1039/b700960g
http://dx.doi.org/10.1002/chem.200800570
http://dx.doi.org/10.1002/ange.19941060905
http://dx.doi.org/10.1002/anie.199409381
http://dx.doi.org/10.1021/ja010890y
http://dx.doi.org/10.1021/ja010890y
http://dx.doi.org/10.1002/1521-3757(20020104)114:1%3C97::AID-ANGE97%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20020104)41:1%3C91::AID-ANIE91%3E3.0.CO;2-P
http://dx.doi.org/10.1002/1521-3773(20020104)41:1%3C91::AID-ANIE91%3E3.0.CO;2-P
http://dx.doi.org/10.1021/ar020094c
http://dx.doi.org/10.1021/ar020094c
http://dx.doi.org/10.1351/pac200577111807
http://dx.doi.org/10.1351/pac200577111807
http://dx.doi.org/10.1002/poc.1325
http://dx.doi.org/10.1002/poc.1325
http://dx.doi.org/10.1002/anie.201007923
http://dx.doi.org/10.1039/p29940002291
http://dx.doi.org/10.1039/p29940002291
http://dx.doi.org/10.1021/ja9937526
http://dx.doi.org/10.1021/ja9937526
http://dx.doi.org/10.1002/ange.200600542
http://dx.doi.org/10.1002/ange.200600542
http://dx.doi.org/10.1002/anie.200600542
http://dx.doi.org/10.1002/anie.200600542
http://dx.doi.org/10.1021/ja037317u
http://dx.doi.org/10.1021/ja037317u
http://dx.doi.org/10.1002/ange.200461640
http://dx.doi.org/10.1002/ange.200461640
http://dx.doi.org/10.1002/anie.200461640
http://dx.doi.org/10.1002/ange.200501274
http://dx.doi.org/10.1002/anie.200501274
http://dx.doi.org/10.1002/anie.200501274
http://dx.doi.org/10.1002/chem.200800314
http://dx.doi.org/10.1021/jo048773j
http://dx.doi.org/10.1021/ja9102056
http://dx.doi.org/10.1021/ja9102056
http://dx.doi.org/10.1021/jo1009883
http://dx.doi.org/10.1021/jo1009883
http://dx.doi.org/10.1021/ja106962u
http://dx.doi.org/10.1021/ja106962u
http://dx.doi.org/10.1021/ja00003a040
http://dx.doi.org/10.1021/ja00020a038
http://dx.doi.org/10.1021/ar0000556
http://dx.doi.org/10.1021/ar0000556
http://dx.doi.org/10.1016/S0065-3160(04)39001-5
http://dx.doi.org/10.1002/ange.200503273
http://dx.doi.org/10.1002/anie.200503273
http://dx.doi.org/10.1002/anie.200503273
http://dx.doi.org/10.1146/annurev.pc.15.100164.001103
http://dx.doi.org/10.1021/j100849a019
http://dx.doi.org/10.1021/ja01054a003
http://dx.doi.org/10.1002/ange.19931050804
http://dx.doi.org/10.1002/anie.199311113
http://dx.doi.org/10.1351/pac199769010013
http://dx.doi.org/10.1021/ja00415a068
http://dx.doi.org/10.1021/ja00415a068
http://dx.doi.org/10.1021/ja00415a069
http://dx.doi.org/10.1021/j100152a021
http://dx.doi.org/10.1021/j100152a021
http://dx.doi.org/10.1021/jp012892a
http://dx.doi.org/10.1021/jp012892a
http://dx.doi.org/10.1002/chem.200204408
http://dx.doi.org/10.1002/chem.200204408
http://dx.doi.org/10.1002/poc.1061
http://dx.doi.org/10.1016/S0022-2860(00)00785-7
http://dx.doi.org/10.1016/S0022-2860(00)00785-7
http://dx.doi.org/10.1002/chem.200700276
http://dx.doi.org/10.1063/1.1750298
http://dx.doi.org/10.1021/jo01342a061
http://dx.doi.org/10.1021/ja00975a031
http://dx.doi.org/10.1021/ja00975a031
http://dx.doi.org/10.1016/0022-2860(75)80056-1
http://www.angewandte.org


the enolate ion: C. Lambert, Y. D. Wu, P. von R. Schleyer, J.
Chem. Soc. Chem. Commun. 1993, 255 – 256; c) calculated
geometry (QCISD/6-311G(d,p) level of theory) of propanal: G.
Da Silva, J. W. Bozzelli, J. Phys. Chem. A 2006, 110, 13058 –
13067.

[28] When ions are formed from neutral reactants, DG0 (gas phase)
becomes highly positive with the consequence that DDG� is
now dominated by the cross-term of the Marcus Equation.
Consideration of the highly exergonic reverse reaction reveals
that experimentally unobservable highly endergonic reactions
are also in the Marcus-inverse region.

[29] a) G. L. Closs, L. T. Calcaterra, N. J. Green, K. W. Penfield,
J. R. Miller, J. Phys. Chem. 1986, 90, 3673 – 3683; b) G. Grampp,
Angew. Chem. 1993, 105, 724 – 726; Angew. Chem. Int. Ed.
Engl. 1993, 32, 691 – 693.

[30] J. C. Carretero, J. L. Garcia Ruano, Tetrahedron Lett. 1985, 26,
3381 – 3384.

[31] Prior to our publication in 2005 (Ref. [13]), these results were
only quoted twice: a) E. D. Soli, A. S. Manoso, M. C. Patterson,
P. DeShong, D. A. Favor, R. Hirschmann, A. B. Smith III, J.
Org. Chem. 1999, 64, 3171 – 3177; b) L. R. Subramanian, Sci.
Synth. 2004, 19, 173 – 195.

[32] a) T. Sasaki, A. Nakanishi, M. Ohno, J. Org. Chem. 1981, 46,
5445 – 5447; b) M. T. Reetz, I. Chatziiosifidis, H. K�nzer, H.
M�ller-Starke, Tetrahedron 1983, 39, 961 – 965.

[33] K. B. Dillon, M. Hodgson, D. Parker, Synth. Commun. 1985, 15,
849 – 854.

[34] W. Kantlehner, J. J. Kapassakalidis, P. Speh, H.-J. Br�uner,
Liebigs Ann. Chem. 1980, 389 – 393.

[35] K. E. Koenig, W. P. Weber, Tetrahedron Lett. 1974, 15, 2275 –
2278.

[36] a) M. Meier, C. R�chardt, Chem. Ber. 1987, 120, 1 – 4; b) C.
R�chardt, M. Meier, K. Haaf, J. Pakusch, E. K. A. Wolber, B.
M�ller, Angew. Chem. 1991, 103, 907 – 915; Angew. Chem. Int.
Ed. Engl. 1991, 30, 893 – 901; c) E. K. A. Wolber, M. Schmittel,
C. R�chardt, Chem. Ber. 1992, 125, 525 – 531.

[37] G. H�fle, B. Lange, Angew. Chem. 1977, 89, 272 – 273; Angew.
Chem. Int. Ed. Engl. 1977, 16, 262 – 263.

[38] a) L. B. Engemyr, A. Martinsen, J. Songstad, Acta Chem.
Scand. Ser. A 1974, 28, 255 – 266; b) P. G. Gassman, R. S.
Gremban, Tetrahedron Lett. 1984, 25, 3259 – 3262.

[39] T. Austad, J. Songstad, L. J. Stangeland, Acta Chem. Scand.
1971, 25, 2327 – 2336.

[40] a) H. Mayr in Ionic Polymerizations and Related Processes
(Eds.: J. E. Puskas, A. Michel, S. Barghi, C. Paulo), NATO
Science Series: E Applied Sciences Vol. 359, Kluwer Academic
Publishers, Dordrecht, 1999, pp. 99 – 115; b) J. Ammer, H.
Mayr, Macromolecules 2010, 43, 1719 – 1723.

[41] M. Roth, H. Mayr, Angew. Chem. 1995, 107, 2428 – 2430;
Angew. Chem. Int. Ed. Engl. 1995, 34, 2250 – 2252.

[42] S. Minegishi, H. Mayr, J. Am. Chem. Soc. 2003, 125, 286 – 295.
[43] S. Minegishi, S. Kobayashi, H. Mayr, J. Am. Chem. Soc. 2004,

126, 5174 – 5181.
[44] R. Quelet, Bull. Soc. Chim. Fr. 1940, 205 – 215.
[45] R. N. Lewis, P. V. Susi, J. Am. Chem. Soc. 1952, 74, 840 – 841.
[46] J. Goerdeler in Houben-Weyl Methoden der Organischen

Chemie, 4th ed., Vol. E 16a, 1990, pp. 977 – 1002.
[47] a) M. Censky, J. Sedlbauer, V. Majer, V. Ruzicka, Geochim.

Cosmochim. Acta 2007, 71, 580 – 603; b) J. P. Guthrie, J. Barker,
P. A. Cullimore, J. Lu, D. C. Pike, Can. J. Chem. 1993, 71, 2109 –
2122.

[48] F. Brotzel, Y. C. Chu, H. Mayr, J. Org. Chem. 2007, 72, 3679 –
3688.

[49] M. F. Gotta, H. Mayr, J. Org. Chem. 1998, 63, 9769 – 9775.
[50] a) E. Buncel, H. W. Leung, J. Chem. Soc. Chem. Commun.

1975, 19 – 20; b) E. Buncel, W. Eggimann, H. W. Leung, J.
Chem. Soc. Chem. Commun. 1977, 55 – 56; c) E. Buncel, W.

Eggimann, J. Am. Chem. Soc. 1977, 99, 5958 – 5964; d) E.
Buncel, W. Eggimann, J. Chem. Soc. Perkin Trans. 2 1978, 673 –
677; e) E. Buncel, C. Innis, I. Onyido, J. Org. Chem. 1986, 51,
3680 – 3686.

[51] F. Terrier, S. Lakhdar, T. Boubaker, R. Goumont, J. Org. Chem.
2005, 70, 6242 – 6253.

[52] a) M. J. Strauss, R. A. Renfrow, E. Buncel, J. Am. Chem. Soc.
1983, 105, 2473 – 2474; b) E. Buncel, R. A. Renfrow, M. J.
Strauss, J. Org. Chem. 1987, 52, 488 – 495; c) M. R. Crampton,
L. C. Rabbitt, J. Chem. Soc. Perkin Trans. 2 1999, 1669 – 1674;
d) M. R. Crampton, L. C. Rabbitt, F. Terrier, Can. J. Chem.
1999, 77, 639 – 646.

[53] S. Lakhdar, M. Westermaier, F. Terrier, R. Goumont, T.
Boubaker, A. R. Ofial, H. Mayr, J. Org. Chem. 2006, 71,
9088 – 9095.

[54] H. Zollinger, Diazo Chemistry I: Aromatic and Heteroaromatic
Compounds, VCH, Weinheim, 1994.
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