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became out of print and much progress since was made in the field, which is gaining
increasing interest and significance. Hence, it seems warranted to provide the
interested reader with a comprehensively updated review and discussion of the field
with literature coverage until early 2008. The title has been changed to ‘‘Superacid
Chemistry” to reflect enormous progress in the field. Some aspects of superelec-
trophilic activation are also discussed (for more elaborate coverage, readers are
referred to G. A. Olah and D. A. Klump, ‘‘Superelectrophiles and Their Chemistry”
Wiley-Interscience, 2008). Our friend and colleague, �Arp�ad Moln�ar joined us as a
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PREFACE TO THE FIRST EDITION

The chemistry of superacids, that is, of acid systems stronger than conventional
strong mineral Brønsted acids such as sulfuric acid or Lewis acids like aluminum
trichloride, has developed in the last two decades into a field of growing interest and
importance. It was J. B. Conant who in 1927 gave the name “superacids” to acids that
were capable of protonating certain weak bases such as carbonyl compounds and
called attention to acid systems stronger than conventional mineral acids. The
realization that Friedel–Crafts reactions are, in general, acid catalyzedwith conjugate
Lewis–Brønsted acid systems frequently acting as the de facto catalysts extended the
scope of acid catalyzed reactions. Friedel–Crafts acid systems, however, are usually
only 103 to 106 times stronger than 100% sulfuric acid. The development in the early
1960s of Magic Acid, fluoroantimonic acid, and related conjugate superacids, 107 to
1010 times stronger than sulfuric acid, added a new dimension to and revival of
interest in superacids and their chemistry. The initial impetus was given by the
discovery that stable, long-lived, electron-deficient cations, such as carbocations,
acidic oxonium ions, halonium ions, and halogen cations, can be obtained in these
highly acidic systems. Subsequent work opened up new vistas of chemistry and a
fascinating, broad field of chemistry is developing at superacidities. Because acidity
is a term related to a reference base, superacidity allows extension of acid-catalyzed
reactions to veryweak bases and thus extends, for example, hydrocarbon chemistry to
saturated systems including methane.

Some years ago in two review articles (Science 206, 13, 1979; La Recherche 10,
624, 1979), we briefly reviewed some of the emerging novel aspects of superacids.
However,we soon realized that the fieldwas growing so fast that to be able to provide a
more detailed survey for the interested chemist a more comprehensive review was
required. Hence, we welcomed the suggestion of our publisher and Dr. Theodore P.
Hoffman, chemistry editor of Wiley-Interscience, that we write a monograph on
superacids.

We are unable to thank all of our friends and colleagues who directly or indirectly
contributed to the development of the chemistry of superacids. Themain credit goes to
all researchers in the field whosework created and continues to enrich this fascinating
area of chemistry. Professor R. J. Gillespie’s pioneering work on the inorganic
chemistry of superacids was of immense value and inspiration to the development
of the whole field. Our specific thanks are due to Drs. David Meidar and Khosrow
Laali, who helped with the review of solid superacid systems and their reactions.
Professor E. M. Arnett is thanked for reading part of our manuscript and for his
thoughtful comments.
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Finally we would like to thank Mrs. R. Choy, who tirelessly and always cheerfully
typed the manuscript.

GEORGE A. OLAH

Los Angeles, California

G. K. SURYA PRAKASH
Los Angeles, California

JEAN SOMMER

Strasbourg, France
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CHAPTER 1

General Aspects

1.1. DEFINING ACIDITY

1.1.1. Acids and Bases

The concept of aciditywasborn in ancient times to describe the physiological property
such as taste of food or beverage (inLatin: acidus, sour; acetum, vinegar). Later during
the development of experimental chemistry, it was soon realized that mineral acids
such as sulfuric, nitric, and hydrochloric acids played a key role in chemical
transformations. Our present understanding of acid-induced or -catalyzed reactions
covers an extremely broad field ranging from large-scale industrial processes in
hydrocarbon chemistry to enzyme-controlled reactions in the living cell.

The chemical species that plays a unique and privileged role in acidity is the
hydrogen nucleus, that is, the proton:Hþ. Since its 1s orbital is empty, the proton is not
prone to electronic repulsion and by itself has a powerful polarizing effect. Due to its
very strong electron affinity, it cannot be found as a free “naked” species in the
condensed state but is always associated with one or more molecules of the acid itself
or of the solvent. Free protons exist only in thegas phase (such as inmass spectrometric
studies). Regardless, as a shorthand notation, one generally depicts the proton in
solution chemistry as “Hþ.”Due to its very small size (105 times smaller than anyother
cation) and the fact that only the 1s orbital is used in bonding by hydrogen, proton
transfer is a very facile chemical reaction and does not necessitate important
reorganization of the electronic valence shells. Understanding the nature of the proton
is important while generalizing quantitative relationships in acidity measurements.1,2

The first clear definition of acidity can be attributed to Arrhenius, who between
1880 and 1890 elaborated the theory of ionic dissociation in water to explain the
variation in strength of different acids.3 Based on electrolytic experiments such as
conductancemeasurements, he defined acids as substances that dissociate inwater and
yield the hydrogen ionwhereas bases dissociate to yield hydroxide ions. In 1923, J. N.
Brønsted generalized this concept to other solvents.4 He defined an acid as a species
that can donate a proton and defined a base as a species that can accept it. This

SuperacidChemistry, SecondEdition, GeorgeA.Olah,G.K. Surya Prakash, �Arp�adMoln�ar, and Jean Sommer
Copyright � 2009 John Wiley & Sons, Inc.
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definition is generally known as the Brønsted–Lowry concept. The dissociation of an
acid HA in a solvent S can be written as an acid–base equilibrium [Eq. (1.1)].

HA   +   S                              A−   +   SH+ ð1:1Þ
The ionization of the acid HA in solvent S leads to a new acid HSþ and a base A�.

Equation (1.1) has a very wide scope and can be very well applied to neutral and
positively and negatively charged acid systems. The acid–base pair that differs only by
a proton is referred to as the conjugate acid–base pair. Thus, H2O is the conjugate base
of the acidH3O

þ. An obvious consequence of the concept is that the extent towhich an
acid ionizes depends on the basicity of the solvent in which the ionization takes place.
This shows the difficulty in establishing an absolute acidity scale. Acidity scales are
energy scales, and thus they are arbitrary with respect to both the reference point and
the magnitude of units chosen.

Fortunately, many of the common solvents by themselves are capable of acting
as acids and bases. These amphoteric or amphiprotic solvents undergo self-ionization
[e.g., Eqs. (1.2) and (1.3)], which can be formulated in a general way as in Eq. (1.4).

2 H2O                              H3O+   +   OH− ð1:2Þ
2 HF                              H2F+   +   F− ð1:3Þ
2 HA                              H2A+   +   A− ð1:4Þ

This equilibrium is characterized by the autoprotolysis constant Kap, which under
the usual high dilution conditions can be written as in Eq. (1.5).

Kap ¼ ½H2A
þ �½A�� ð1:5Þ

Indeed the extent of dissociation of the solvent is very small (in HF, Kap� 10 –11;
in H2O, Kap¼ 10 –14). The pKap value that gives the acidity range will be discussed
later.

G.N. Lewis extended and generalized the acid–base concept to nonprotonic
systems.5,6 He defined an acid as a substance that can accept electrons and defined a
base as a substance that can donate electrons. Lewis acids are electron-deficient
molecules or ions such as BF3 or carbocations, whereas Lewis bases are molecules
that contain readily available nonbonded electron pairs (as in ethers, amines, etc.)
[Eq. (1.6)].

BF3   +   :O(CH3)2                             BF3:O(CH3)2 ð1:6Þ

Of course, in a generalizedway, the protonHþ is also aLewis acid and theBrønsted
acids and bases also fall into the Lewis categories.

Considering the general equation (1.4) for the auto-ionization of solvent HA, one
can define an acid as any substance that will increase [H2A

þ] and define a base as any
substance that will increase [A�] and thus decrease [H2A

þ]. This definition, which
includes both Lewis’ and Brønsted’s concepts, is used in practicewhilemeasuring the
acidity of a solution by pH.
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A number of strategies have been developed for acidity measurements of both
aqueous andnonaqueous solutions.Wewill briefly review themost important ones and
discuss their use in establishing acidity scales.

1.1.2. The pH Scale

The concentration of the acid itself is of little significance other than analytical, with
the exception of strong acids in dilute aqueous solutions. The concentration of Hþ

itself is not satisfactory either, because it is solvated diversely and the ability of
transferring a proton to another base depends on the nature of the medium. The real
physical quantity describing the acidity of a medium is the activity of the proton aHþ .
The experimental determination of the activity of the proton requires themeasurement
of the potential of a hydrogen electrode or a glass electrode in equilibrium with the
solution to be tested. The equation is of the following type [Eq. (1.7)], wherein C is a
constant.

E ¼ C�RT

F
log10ðaHþ Þ ð1:7Þ

It was Sørensen’s idea7 to use this relationship, which can be considered as a basis
to the modern definition of the pH scale of acidity for aqueous solutions. The pH of
a dilute solution of acid is related to the concentration of the solvated proton from
Eq. (1.8). Depending on the dilution, the proton can be further solvated by two or
more solvent molecules.

pH ¼ �log½HSþ � ð1:8Þ

When the acid solution is highly diluted in water, the pH measurement is
convenient, but it becomes critical when the acid concentration increases and, even
more so, if nonaqueousmedia are employed.Since a reference cell is usedwith a liquid
junction, the potential at the liquid junction also has to be known. The hydrogen ion
activity cannot bemeasured independently, and for this reason the equality of Eq. (1.9)
cannot be definitely established for any solution.

pH ¼ �log10ðaHþ Þ ð1:9Þ

Under the best experimental conditions, theNational Bureau of Standard has set up
a series of standard solutions of pH from which the pH of any other aqueous solution
canbe extrapolated as long as the ionic strength of the solution is not higher than 0.1M.
For more concentrated solutions, the pH scale will no longer have any real signifi-
cance. In extending the limit to 1M solutions, it is apparent that the available range
of acidity is directly related to the autoprotolysis constant [Eq. (1.5)], because the
minimum value of pH in a solution is zero and the maximum value is pKap¼
p(H2A

þ)þ p(A�). Thus, the range of pH (DpH) is pKap (for water, 14 pH units). These
limiting conditions are rather unfortunate because many chemical transformations are
achieved beyond this range and under much less ideal conditions.
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1.1.3. Acidity Functions

Considering the limited applicability of the pH scale, a quantitative scale is needed to
express the acidity of more concentrated or nonaqueous solutions.

A knowledge of the acidity parameter should permit one to estimate the degree of
transformation of a given base (to its protonated form) in its conjugate acid. This
should allow one to relate these data to the rate of acid-catalyzed reactions. Hammett
and Deyrup8 in 1932 were the first to suggest a method for measuring the degree of
protonation of weakly basic indicators in acid solution. The proton transfer equilibri-
um in the acid solution between an electro-neutralweakbaseBand the solvated proton
can be written as in Eq. (1.10).

B   +   H2A+                              BH+   +   AH ð1:10Þ

Bearing in mind that the proton is solvated (AH2
þ) and that AH is the solvent, the

equilibrium can be written as in Eq. (1.11).

B   +   H+                              BH+ ð1:11Þ

The corresponding thermodynamic equilibrium constant is KBHþ, which is
expressed as in Eq. (1.12), in which a is the activity, C the concentration, and f the
activity coefficient.

KBHþ ¼ aHþ �aB
aBHþ

¼ aHþ �CB

CBHþ
� fH
fBHþ

ð1:12Þ

From this equation, Eq. (1.13) follows.

CBHþ

CB
¼ 1

KBHþ
�aHþ � fB

fBHþ
ð1:13Þ

Because the first ratio represents the degree of protonation,Hammett andDeyrup8,9

defined the acidity function H0 by Eq. (1.14).

H0 ¼ �logaHþ � fB
fBHþ

¼ �logKBHþ þ log
CB

CBHþ
ð1:14Þ

Equation (1.14) can be written for further discussion in the more usual form of
Eq. (1.15).

H0 ¼ pKBHþ �log
½BHþ �
½B� ð1:15Þ

FromEq. (1.14) it is clear that in dilute aqueous solution, as the activity coefficients
tend to unity, the Hammett acidity function becomes identical with pH. On the other
hand, by making the fundamental assumption that the ratio fB=fBHþ is the same for
different bases in agivensolution,Hammett postulated that theH0 functionwasunique
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for a particular series of solutions of changing acidity. The first application was made
for theH2SO4–H2O systemusing a series of primary anilines as indicators. By starting
with the strongest base B1, the pKB1H

þ was measured in dilute aqueous solution. The
pKof thenextweakerbaseB2was thendeterminedbymeasuring the ionization ratio of
the two indicators in the same acid solution using the relation of Eq. (1.16).

pKB1H
þ �pKB2H

þ ¼ log
½B1H

þ �
½B1� �log

½B2H
þ �

½B2� ð1:16Þ

The ionization ratio was measured by UV–visible spectroscopy. With the help of
successively weaker primary aromatic amine indicators, the strongest base being
para-nitroaniline (pK¼ 1.40) and the weakest trinitroaniline (pK¼�9), Hammett
explored the whole H2O–H2SO4 range up to 100% sulfuric acid and the perchloric
acid–water solution up to 60% of acid. Similar acidity functions such as H�, Hþ, H2þ
were proposed related to acid–base equilibria in which the indicator is negatively,
positively, or even dipositively charged. The validity of all of these functions is based
on the simple assumption that the activity coefficient ratio is independent of the nature
of the indicator at any given solvent composition. In this case the log [BHþ]/[B] plots
against H0 should be linear with a slope of�1.00 for all neutral bases. This is not the
case forgroups of indicatorswith different structures, and especially for different basic
sites, which often show significant deviations. For this reason, it is well recognized
now that the above assumption does not have a general validity. Themeasurement of a
Hammett acidity function should be limited to those indicators for which log [BHþ]/
[B] plotted againstH0 gives a straight linewith a negative unit slope. These indicators
are called Hammett bases.

Equilibria other than proton transfer have also been used to determine acidity
functions. One of these is based on the ionization of alcohols (mainly arylmethyl
alcohols) in acid solution following the equilibrium in Eq. (1.17).

ROH   +   H+                              R+   +   H2O ð1:17Þ

The corresponding acidity function described as HR is then written in Eq. (1.18).

HR ¼ pKRþ �log
½Rþ �
½ROH� ð1:18Þ

ThisHR function, also called J0 function, has also been used tomeasure the acidity
of the sulfuric acid–water and perchloric acid–water systems. It shows a large
deviation from theH0 scale in thehighlyconcentrated solutions as shown inFigure 1.1.

However, all these and other acidity functions are based on Hammett’s principle
and can be expressed by Eq. (1.19), in which B and A are the basic and the conjugate
acidic form of the indicator, respectively. They become identical with the pH scale in
highly dilute acid solutions. The relative and absolute validity of the different acidity
functions have been the subject of much controversy and the subject has been
extensively reviewed.1,10–14
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Hx ¼ pKA� log
A

B
ð1:19Þ

Whatever may be the limitations of the concept first proposed by Hammett and
Deyrup in 1932 8 until now, no other widely used alternative has appeared to better
assess quantitatively the acidity of concentrated and nonaqueous strongly acidic
solutions.9 The experimental methods that have been used to determine acidity
functions are discussed in Section 1.4.

1.2. DEFINITION OF SUPERACIDS

It was in a paper (including its title) published in 1927 by Hall and Conant15 in the
Journal of the American Chemical Society that the name “superacid” appeared for the
first time in the chemical literature. In a study of the hydrogen ion activity in a
nonaqueous acid solution, these authors noticed that sulfuric acid and perchloric acid
in glacial acetic acid were able to form salts with a variety of weak bases such as
ketones and other carbonyl compounds. These weak bases did not form salts with the
aqueous solutions of the same acids. The authors ascribed this high acidity to the
ionization of these acids in glacial acetic acid, increasing the concentration of
CH3COOH2

þ, a species less solvated than H3O
þ in the aqueous acids. They proposed

0

5

10

100500

mole % acid

-H
0 ,

 -
J

0

J0

H0

Figure 1.1. H0 and J0 functions for H2SO4–H2O andHClO4–H2O systems. HClO4:*, ref. 11;
*, ref. 13; H2SO4: &, ref. 12; &, ref. 14.
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to call these solutions “superacid solutions.” Their proposal was, however, not further
followed up or used until the 1960s, when Olah’s studies of obtaining stable solutions
of highly electron-deficient ions, particularly carbocations, focused interest on very
high-acidity nonaqueous systems.16,17 Subsequently, Gillespie proposed an arbitrary
but since widely accepted definition of superacids,18,19 defining them as any acid
system that is stronger than 100% sulfuric acid, that is,H0��12. Fluorosulfuric acid
and trifluoromethanesulfonic acid are examples of Brønsted acids that exceed the
acidity of sulfuric acid with H0 values of about �15.1 and �14.1, respectively.

To reach acidities beyond this limit, one has to start with an already strong acid
(H0��10) and add to it a stronger acid that increases the ionization. This can be
achieved either by adding a strong Brønsted acid (HB) capable of ionizing in the
medium [Eq. (1.20)] or by adding a strong Lewis acid (L) that, by forming a conjugate
acid, will shift the autoprotonation equilibrium by forming a more delocalized
counterion of the strong acid [Eq. (1.21)].

HA   +   HB                              H2A+   +   B− ð1:20Þ

2 HA   +   L                              H2A+   +   LA− ð1:21Þ

In both cases, a remarkable acidity increase is observed from the H0 value of the
neat HA as shown in Figure 1.2 for HSO3F.

It is this large acidity jump, generally more than 5H0 units, that raises a strong acid
solution into the superacid region. Therefore, it is clear that the proposed reference of
H0¼�12 for the lower limit of superacidity is only arbitrary. It could as well be
H0¼�15.1 with HF or HSO3F as solvent.

Gillespie’s definition of superacids relates to Brønsted acid systems. Because
Lewis acids also cover a wide range of acidities extending beyond the strength of
conventionally used systems,Olah suggested the use of anhydrous aluminumchloride
as the arbitrary reference and we categorize Lewis superacids as those stronger than
aluminum chloride17 (see, however, subsequent discussion on the difficulties of
measuring the strength of a Lewis acid).

It should be also noted that in biological chemistry, following a suggestion by
Westheimer,20 it is customary to call catalysis bymetal ions bound to enzyme systems
as “superacid catalysis.” Because the role of a metal ion is analogous to a proton, this
arbitrary suggestion reflects enhanced activity and is in linewith previously discussed
Brønsted and Lewis superacids.

1.2.1. Range of Acidities

Despite the fact that superacids are stronger than 100% sulfuric acid, there may be as
much or more difference in acidity between various superacid systems than between
neat sulfuric acid and its 0.1M solution in water.

Acidity levels as high as H0¼�27 have been estimated on the basis of exchange
ratemeasurements byNMR for anHSO3F–SbF5mixture containing 90mol%SbF5.

21

In fact, the HF–SbF5 is considered one of the strongest superacid system based on
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various measurements. Meanwhile, however, Sommer and coworkers found that the
weakest basic indicator of the para-methoxybenzhydryl cation family (4,4’-
dimethoxy; pKBHþ � �23) could not be diprotonated even in the strongest HF–SbF5
acid.22 For this reason it appears that one should not expect acidity levels higher than
approximately H0¼�24 in the usual superacid systems (Figure 1.3). Predictions of
stronger acidities are all based on indirect estimations rather than direct acid–base
equilibriameasurements. It is important to recognize that the nakedproton “Hþ” is not
present in the condensed phase because even compounds as weakly basic as methane
or even rare gases bind the proton.23,24

A quantitative determination of the strength of Lewis acids to establish similar
scales (H0) as discussed in the case of protic (Brønsted-type) superacidswouldbemost
useful. However, to establish such a scale is extremely difficult.Whereas the Brønsted
acid–base interaction invariably involves a proton transfer reaction that allows
meaningful comparison, in the Lewis acid–base interaction, involving for example
Lewis acids with widely different electronic and steric donating substituents, there is
no such commondenominator.25,26Hence despitevarious attempts, the term “strength
of Lewis acid” has no well-defined meaning.

13.2

14.2

15.2

16.2

-H
0

SO3

AsF5

H2SO4

SbF5

KSO3F

H0 calc.

mole % base              mole % acid 

2          100%         2            4             6            8           10

Figure 1.2. Acidity increase near the H0 value of neat HSO3F.
19
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Regardless, it is important to keep in mind that superacidity encompasses both
Brønsted and Lewis acid systems and their conjugate acids. The qualitative picture of
Lewis acid strengths will be discussed in Section 1.4.7.

The acidity strength of solid acids is still not well known and is difficult to
measure. Claims of superacidity in solids are numerous and will be discussed later in
Chapter 2. Among the reviews related to acidity characterization of solids, those of
Corma,27 Farneth and Gorte,28 and Fripiat and Dumesic29 are quite significantly
representative.30

1.3. TYPES OF SUPERACIDS

As discussed, superacids, similar to conventional acid systems, include both Brønsted
and Lewis acids and their conjugate systems. Protic (Brønsted-type) superacids
include strong parent acids and the mixtures thereof, whose acidity can be further
enhanced by various combinations with Lewis acids (conjugate acids). The following
are the most frequently used superacids.

3025201510

-H 0

HBr−AlBr3

(7)

(0.6)

(10)
(50)

(10)

(22)

(45)

(6)

(50) (90)

(50)

(30)

HF

HF

HF

Magic Acid

BF3

TaF5

SbF5

SbF5

B(SO3CF3)3

SbF5

SbF5

CF3SO3H

CF3SO3H

C4F9SO3H

HSO3F

HSO3F
H2SO4

H2SO4
SO3

AsF5

HB(SO4H)4

Figure 1.3. Acidity ranges for the most common superacids. The solid and open bars are
measured using indicators; the broken bar is estimated by kinetic measurements; numbers in
parentheses indicate mol% Lewis acid.
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1.3.1. Primary Superacids

1. Brønsted superacids such as perchloric acid (HClO4), halosulfuric acids
(HSO3Cl, HSO3F), perfluoroalkanesulfonic acids (CF3SO3H, RFSO3H),
hydrogen fluoride, and carborane superacids [H(CB11HR5X6)].

2. Lewis superacids, such as SbF5, AsF5, PF5, TaF5, NbF5, BF3, tris(pentafluoro-
phenyl) borane, boron tris(trifluoromethanesulfonate), and aprotic organic
superacids developed by Vol’pin and co-workers.

1.3.2. Binary Superacids

1. Binary Brønsted superacids such as HF–HSO3F, HF–CF3SO3F, and
HB(HSO4)4.

2. Conjugate Brønsted–Lewis superacids:

a. Combination of oxygenated Brønsted acids (H2SO4, HSO3F, CF3SO3H,
RFSO3H) with Lewis acids (SO3, SbF5, AsF5, TaF5, and NbF5);

b. Hydrogen fluoride in combination with fluorinated Lewis acids such as
SbF5, PF5, TaF5, NbF5, and BF3;

c. Conjugate Friedel–Crafts acids such as HBr–AlBr3 and HCl–AlCl3.

1.3.3. Ternary Superacids

Examples are HSO3F–HF–SbF5, HSO3F–HF–CF3SO3H, and HSO3F–SbF5–SO3.

1.3.4. Solid Superacids

The acid–base character of solids was studied very early by Tanabe’s group31,32 and
was first described in a landmark volume.33

Solid superacids can be further divided into various groups depending on the nature
of the acid sites. The acidity may be a property of the solid as part of its chemical
structure (possessing Lewis or Brønsted sites; the acidity of the latter can be further
enhanced by complexing with Lewis acids). Solid superacids can also be obtained by
deposition on or intercalation of strong acids into an otherwise inert or low-acidity
support.

1. Zeolitic acids.

2. Polymeric resin sulfonic acids including sulfonic acid resins complexed with
Lewis acids and perfluorinated polymer resin acids (Nafion–H and Nafion–
silica nanocomposites).

3. Enhanced acidity solids including Brønsted and Lewis acid-modified metal
oxides and mixed oxides, as well as metal salts complexed with Lewis acids.

4. Immobilized superacids and graphite-intercalated superacids.

As with previous classifications, these are also arbitrary and are suggested for
practical discussion of an otherwise rather complex field. The superacid character of
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solids is discussed later in subsequent subchapters, and individual superacid systems
are discussed in Chapter 2.

1.4. EXPERIMENTAL TECHNIQUES FOR ACIDITY MEASUREMENTS
(PROTIC ACIDS)

From Eq. (1.14) it is apparent that the main experimental difficulty in determining
acidities is the estimation of the ratio between the free base and its protonated ionic
form of a series of indicators, their so-called ionization ratios.

1.4.1. Spectrophotometric Method

In the earlyworkofHammett andDeyrup8 themeasurement of the ionization ratiowas
based on the color change of the indicator. The solutions containing the indicatorwere
compared at 25�C in a colorimeterwith a standard reference.This referencewaswater,
when the indicator was colorless in its acid form, and 96% sulfuric acid (or 70%
perchloric acid), when the indicator was colorless in the basic form.

For example, when the indicator was colored in water the authors define a
stoichiometric color intensity relative to water Iw¼Cw/Ca, where Ca and Cw are the
stoichiometric concentrations of indicator in solution A and in water. On the other
hand, the specific color intensity of the colored form relative to water is defined as
Sw¼ [B]w/[B]a,where [B]w is the concentration of the coloredbase inwater and [B]a is
concentration in solution A. Because the indicator exists only in its basic form in
water, [B]w¼Cw; and in solutionA,Ca¼ [B]aþ [BHþ]a. The ionization ratio is given
by Eq. (1.22).

½BHþ �
½B� ¼ Sw�Iw

Iw
ð1:22Þ

Despite seven decades of technical and scientific progress, the original Hammett
method has not become obsolete. The colorimeter has been replaced by modern
spectrophotometers that can beoperated at selectedwavelengths extending the spectra
beyond visible into the ultraviolet region of the electromagnetic spectrum. The
experimental variable, which is wavelength-dependent, is the optical density D.
D is related to the concentration by the Beer–Lambert law [Eq. (1.23)].

Di;l ¼ «i; lCi�l ð1:23Þ
Ci is the concentration of the absorbing species, l is the lengthof the cell, and«i is the

molar absorptivity (or extinction coefficient). If at a givenwavelengthl, «BHþ, «B, and
«l are the extinction coefficients, respectively, of acid form of the indicator, its basic
form, and of the unknown solution, the ionization ratio is given by Eq. (1.24).

½BHþ �
½B� ¼ «B�«l

«l�«BHþ
ð1:24Þ
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For a greater precision in this determination, l should be chosen so as to have the
maximum difference between «BHþ and «B. For this reason, the areas between the
absorption line and the baseline of both acidic and basic forms of the indicator should
be measured and compared.

Whereas the precision of themethod is generally excellent, a number of drawbacks
may appearwith some indicators. First, Eq. (1.24) is true onlywith the assumption that
«BHþ is solvent-independent (it is clear that «B and «BHþ cannot be measured
separately in the same solution). The medium effect on the absorption spectrum
(mainly the wavelength shift of lmax) can be easily taken into account in the
measurements.However, large changes in the absorption spectrumduring the increase
in ionization are difficult to correct. Another difficulty that might appear is the
structural change of the indicator, during or after protonation. The change in
temperature, however, has been shown in the H2SO4–H2O system to have little effect
on the H0 value,

34 but the pKBHþ and the ionization ratios are more sensitive.
The pKBHþ value is easy to determine,when the ionization ratio can bemeasured in

dilute aqueous solution [Eq. (1.25)].

pKBHþ ¼ limitðHA!0Þlog
½BHþ �
½B� �log H3O

þ½ � ð1:25Þ

It is to be noted that when the acid solution is very dilute, the presence of the
indicatormodifies the acidity: [H3O

þ]¼ [HA]� [B], and thus the concentration of the
indicator has to be taken into account.

As is apparent from Eq. (1.14), an indicator is only useful over an acidity range
where its ionization ratio can be measured experimentally with sufficient precision.
For spectrophotometric method, this means approximately 2 log units per indicator.
Accordingly, the direct determination of the pKBHþ value of an indicator in concen-
trated solution is not possible. It is actually achieved by the method developed by
Hammett in his early work using a series of indicators of overlapping range.8 Taking
into account the overlapping of each indicator with the preceding and the following
one, each of which is useful for 2 log units, it appears that several indicators are
necessary (approximately asmany indicators as the number of desired log units). This
is illustrated in Figure 1.4.

Paul and Long35 have tabulated pKBHþ values for indicators, which were used to
establish Hammett acidity functions for aqueous acids between the years 1932 and
1957. The data were summarized as a set of “best values” of pKBHþ for the bases.
Since then, subsequent work seems to suggest that some of these values are
incorrect. This is particularly the case for some of the weaker bases whose quoted
pKBHþ were based on a stepwise extrapolation of results of some indicators
that have since been proven to be unsatisfactory based on the strict definition of
H0. These data, as well as those for weaker bases that have been studied since,
covering the whole acidity range from dilute acid to the superacid media are
collected in Table 1.1.
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Figure 1.4. The ionization ratio as measured for a series of indicators in the 0–100% H2SO4–
H2O system.8

Up to aH0 value of�10, all indicators are primary amines and are therefore suitable
for the measurement of the Hammett H0 function. For stronger acids, new indicators
such as nitro compounds have to be used. Although the acidity function scale based
upon nitro compounds as indicators may not be a satisfactory extension of the aniline
indicator scale, Gillespie and Peel18 have shown that the most basic nitro compound
indicator, para-nitrotoluene overlaps in a satisfactory manner with the weakest indi-
cator in the aniline series, 2,4,6-trinitroaniline. Thus, the acidity measurements using
the nitro compoundsmay be considered to give the best semiquantitative picture of the
acidity of the various superacid systems.

UV spectroscopy of adsorbed Hammett bases has also been used to estimate the
acidity of solids such as zeolites.38

1.4.2. Nuclear Magnetic Resonance Methods

NMR spectroscopy, which was developed in the late 1950s as amost powerful tool for
structural analysis of organic compounds, has also proven to be useful for acidity
determinations. The measurement of the ionization ratio has been achieved by a
variety of methods demonstrating the versatility of this technique. If we consider the
general acid–base equilibrium Eq. (1.26) obtained when the indicator B is dissolved
in the strong acid HA, then kp, and kd, respectively, are the rates of protonation and
deprotonation.

HA   +   B                              BH+   +   A−
kp

kd

ð1:26Þ

The thermodynamic equilibrium constant K is related to these rates according to
Eq. (1.27).

K ¼ ½BHþ �½A��
½HA�½B� ¼ kp

kd
ð1:27Þ
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InNMR spectroscopy, when a species (for example, here [BHþ]) is participating in
anequilibrium, its spectrumisverydependent on itsmean lifetime (t).39,40The inverse
of themean lifetime is a first-order rate constant, called the rate of exchange (k¼ 1/t),
which can be obtained from the line-shape analysis of the NMR bands if 1 s�1� k
103 s�1. Three cases can thus be envisaged:

1. “Slow Exchange” Conditions: k� 10�2 s�1. The species can be observed as if
no exchange were taking place.

2. Measurable Exchange Conditions: 1 s�1< k< 103 s�1. The rate of exchange
can be calculated from the line-shape analysis of the NMR bands of the
exchanging species.

Table 1.1. Selected pKBHþ Values for Extended Hammett Bases

Base pKBHþ References

3-Nitroaniline 2.50 35
2,4-Dichloroaniline 2.00 35
4-Nitroaniline 0.99 35
2-Nitroaniline �0.29 35
4-Chloro-2-nitroaniline �1.03 35
5-Chloro-2-nitroaniline �1.54 14
2,5-Dichloro-4-nitroaniline �1.82 36
2-Chloro-6-nitroaniline �2.46 36
2,6-Dichloro-4-nitroaniline �3.24 36
2,4-Dichloro-6-nitroaniline �3.29 35
2,6-Dinitro-4-methylaniline �4.28 35
2,4-Dinitroaniline �4.48 35
2,6-Dinitroaniline �5.48 36
4-Chloro-2,6-dinitroaniline �6.17 36
6-Bromo-2,4-dinitroaniline �6.71 35
3-Methyl-2,4,6-trinitroaniline �8.37 36
3-Bromo-2,4,6-trinitroaniline �9.62 36
3-Chloro-2,4,6-trinitroaniline �9.71 36
2,4,6-Trinitroaniline �10.10 18,19
para-Nitrotoluene �11.35 18,19
meta-Nitrotoluene �11.99 18,19
Nitrobenzene �12.14 18,19
para-Nitrofluorobenzene �12.44 18,19
para-Nitrochlorobenzene �12.70 18,19
meta-Nitrochlorobenzene �13.16 18,19
2,4-Dinitrotoluene �13.76 18,19
2,4-Dinitrofluorobenzene �14.52 18,19
2,4,6-Trinitrotoluene �15.60 18,19
1,3,5-Trinitrobenzene �16.04 18,19
(2,4-Dinitrofluorobenzene)Hþ �17.57 18,19
(2,4,6-Trinitrotoluene)Hþ �18.36 37
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3. “Fast Exchange” Conditions: k> 104 s�1. The observed NMR bands appear as
the weighted average of the species participating in the equilibrium.

Depending on these conditions, various NMR methods have been proposed and
used to calculate the ionization ratio of weak bases in a superacid medium.

1.4.2.1. Chemical Shift Measurements. Under “slow-exchange” conditions,
the ionization ratio cannot be measured. In fact, one of the major advantages of the
superacidic media is the ease with which weak bases can be fully protonated and
directly observed by NMR. Because it is known that the protonation rates are
practically diffusion-controlled (�109 litermol�1 s�1), under these conditions
(� 10�2 s�1) the indicator is “totally” in the acidic form described by the NMR
spectrum and no variable is available to measure the ionization ratio.

Under “fast-exchange” conditions, however, the NMR spectrum presents a
weighed average of the bands of the exchanging species, and with the sensitivity
limits (�5–95%) the ionization ratio can be measured taking the chemical shift as a
variable. The calculation is simply based on the observed chemical shift of the average
line (dobs), provided that the chemical shift of the base indicator (dB) and of its acid
form (dBHþ) are known [Eq. (1.28)]. This is generally obtained by increasing or
decreasing the acidity of the medium.

dobs ¼ dBHþ ½BHþ �þ dB½B�
½BHþ �þ ½B� ð1:28Þ

By plotting the chemical shift variation against the acidity, one observes a typical
acid–base titration curve (Figure 1.5) and the pKBHþ of the indicator can be deter-
mined thisway. ThisNMRmethod,whichwas first proposed byGrunwald et al.,41 has
been applied by Levy et al.42 using various ketones and a-haloketones for the
determination of ketone basicity and evaluation of medium acidity.

Compared with spectrophotometry, the NMRmethod has a number of advantages:
(i) The procedure is very rapid, and it can be used by observing the variation of
chemical shifts of diverse nuclei such as 1H, 13C, 19F, and 17O. (ii) It is insensitive to
colored impurities and slight decomposition of the indicator. (iii) In principle, it can be
used over the whole range of known acidity. The medium effect, which may be
important in 1H NMR, becomes negligible in the case of 13C NMR spectroscopy. The
method can be used with a wide variety of weak bases having a lone-pair containing
heteroatoms as well as simple aromatic hydrocarbons.

However, because the measurement of the ionization ratio requires the presence
of a minimum of 5% of one of the forms of the indicator, it necessitates the
availability of a family of structurally similar compounds of varying basicity to
cover a large domain of acidity. This condition has been met by Sommer and co-
workers22,43 using the para-methoxybenzhydryl cations as useful indicators for the
strongest superacids.

EXPERIMENTAL TECHNIQUES FOR ACIDITY MEASUREMENTS (PROTIC ACIDS) 15



2.4

2.5

2.6

2.7

2.8

2.9

3

3.1

1413121110987

-H 0

C
H

3 pK= −10.2(± 0.2)

Figure 1.5. Acidity-dependent 1H NMR chemical shift variations: protonation curve for
acetaldehyde.42 * CF3COOH–H2SO4, ~ CF3COOH–CF3SO3H.

The basicity of these indicators can be controlled by suitable substitution of the
phenyl rings effecting ionization of the corresponding benzydrols [Eq. (1.29)].
The protonation equilibria [Eq. (1.30)] is measurable by 1H or 13C NMR
spectroscopy.

C

OHH

MeO R

HA−SbF5
C

H

MeO R

−H2O

+

ð1:29Þ

C

H

MeO R

C

H

O R

H

Me

+

+

+

R = 1: 4'-MeO, 2: 4'-Me, 3: 4'-H, 4: 4'-Br,

      5: 4'-CF3, 6: 4'-MeOH+ ð1:30Þ
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The protonation curves of indicators 1–4 in the HSO3F�SbF5 system (Figure 1.6)
showhow the decreasing basicity of the indicator necessitates an increasing amount of
SbF5 for half-protonation. The decreasing slope of the inflection point shows also that
the increase in acidity by SbF5 addition becomes smaller as more SbF5 is added to the
Brønsted acid (as a consequence of oligomeric anion formation).

The same indicators havebeen used to compare the relativeacidity of the threemost
used superacids. As shown on Figure 1.7, the half-protonation of indicator 3
necessitates 40, 25, and 8mol% SbF5, respectively, in triflic acid, fluorosulfuric
acid, and hydrogen fluoride systems. These results show the supremacy of the
HF–SbF5 system in which small concentrations of SbF5 induce a dramatic increase
in acidity (see also Section 2.2.2.7).

1

5.0

4.5

4.0
-5 0 10

SbF5, mol %
20 30 40

2 3 4

δo
cH

3,  p
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Figure 1.6. Protonation curves of indicators 1–4 in the HSO3F–SbF5 system.22
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Figure 1.7. Protonation curves of indicator 3 in the superacid systems (from left to right)
HF–SbF5, HSO3F–SbF5, and CF3SO3H–SbF5.
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1.4.2.2. Exchange Rate Measurements Based on Line-Shape Analysis
(DNMR: Dynamic Nuclear Magnetic Resonance). Under the measurable
exchange rate conditions, two possibilities have been considered:

1. The change in line shape can be directly related to the proton exchange.

2. The change in line shape is due to a separate exchange process related to the
proton exchange.

Both methods have been exploited to determine ionization ratios.

Direct Exchange Rates. With the assumption that kp is a constant over the range of
measured acidity and kBHþ of a series of overlapping bases remains measurable
[Eq. (1.31)] (eachbasecoveringapproximately3logunits foragivenconcentration),Gold
et al.21 explored the acidity of the HSO3F–SbF5 system containing up to 90 mol% SbF5.
The highest acidity was estimated at H0¼�23 approximately.43

H0 ¼ pKBHþ �log
kp�½HA�
kBHþ

ð1:31Þ

Indirect ExchangeRates. In this case, the line shape is indirectly related to the acid-
base equilibrium. Besides measuring intermolecular processes like the proton
exchange rates, DNMR often has been used to measure intramolecular processes
like conformational changes that occur on the same time scale. When the activation
energy of such a process is very different in the acidic and basic forms for an indicator,
DNMR can be used to measure the ionization ratio.

Due to a partial p-character, aromatic carbonyl compounds have an activation
energy barrier for rotation around the phenyl–carbonyl bond, the value of which is
substantially increased upon protonation.44 In para-anisaldehyde a second proton-
ation of the methoxy group will drastically decrease their barrier. The temperature-
dependent NMR spectrum will reflect both exchange processes, intra- and intermo-
lecular, as shown in Scheme 1.1.

A careful analysis of the NMR line shape provides the BH2þ
2 =BHþ ratio. Because

of a large difference in activation energies between the rotation barriers in the mono-
anddiprotonated aldehyde, the observed rates arevery sensitive to the concentrationof
BHþ. Thus ionization ratios of the order of 10�4 could bemeasured and approximately
4 log units of H0 could be covered with the same indicator.45

By combining this method with the previously discussed chemical shift method,
which is sensitive in the 0.05–20 range for the ionization ratio, the acidity could be
measured over more than 5 H0 units with the same indicator. Figure 1.8 shows the
complementarity of both methods.

These are only approximate estimations, but are in reasonable agreementwithmore
recent H0 determination by other methods.43

Despite the evident advantages of the NMR methods, two points must be consid-
ered concerning the results of the aciditymeasurements. First, the concentration of the
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indicator cannot beneglected as in theUVmethod, especiallywhen theBH2þ
2 is in low

concentration. Second, aldehydes and ketones that have been generally used in the
NMR methods are not true Hammett bases and the acidity that is derived should be
considered only in a relative sense.

1.4.3. Electrochemical Methods

Electrochemistry provides a number of techniques for acidity measurements. The
hydrogen electrode is the most reliable method in nonreducible solvents. It has been
shown, however, that its reliability is limited to relativelyweak acid solutions. Amore
general method was proposed by Strehlow and Wendt47 in the early 1960s. They
suggested a method to measure the potential variation of a pH-dependent system
with respect to a reference system whose potential was solvent-independent. The
measurement was made with a cell using Pt/H2/H2O–H2SO4, ferrocene–ferricinium
(1:1)/Pt, containing sulfuric acid solution up to 100%. Strehlow defined an acidity
functionR0(H) [Eq. (1.32)], in whichEx andE1 are the electromotive forces of the cell
at proton activities x and unity, respectively.

R0ðHÞ ¼ F

2:303RT
Ex�E1 ð1:32Þ

Like all the other acidity functions, R0(H) equals pH in dilute aqueous solution. In
strong acids, this function should be a logarithmic measure of the proton activity as
long as the normal potential of the redox system, ferrocene–ferricinium, is constant.
This was, however, not the case in very strong acid solutions because ferrocene
underwent protonation. Other electrochemical pH indicators have been proposed,
such as quinine–hydroquinone or semiquinone–hydroquinone, the basicity of which
can bemodified by substitution on the aromatic ring.These electrochemical indicators
have been usedwith success by Tr�emillon and co-workers48 for aciditymeasurements
in anhydrous HF and HF containing superacids.

In principle, the R0(H) function is of limited interest for kinetic applications
because the indicators are chemically very different from the organic substrates
generally used. On the other hand, as the measurements are based on pH determina-
tion, the length of the acidity scale is limited by the pK value of the solvents. However,
very interesting electrochemical acidity studies have been performed in HF by
Tr�emillon and co-workers, such as the acidity measurement in anhydrous HF solvent
and the determination of the relative strength of various Lewis acids in the same
solvent.By studying thevariation of the potential of alkane redox couples as a function
of acidity, the authors provide a rational explanation of hydrocarbon behavior in the
superacid media.48

1.4.4. Chemical Kinetics

The idea that the acidity function may be useful in determining the rates of acid-
catalyzed reactions was themain reason for development of themethod first proposed
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by Hammett and Deyrup.8 The parallelism between reaction rate and H0 was noticed
byHammett in the early phase of his studies.49 Especially when the protonation of the
substrate parallels the protonation of the Hammett bases, the observed rate constant
can be plotted versus �H0 with unit slope. The validity of this principle for a large
number of acid-catalyzed reactions and its limitation due to deviations in the
protonation behavior has been reviewed extensively.50 This method has also been
applied to obtain a qualitative classification of the relative acidity of various superacid
solutions.

Brouwer and van Doorn51 used this approach in the early 1970s. In the NMR study
of the interconversion rates of alkyl tetrahydrofuryl ions 7 and 8 (Scheme 1.2),
proceeding via dicarbenium ion intermediates, they measured the overall rate of
rearrangement in various superacid combinations of HF, HSO3F, and SbF5.

Bymaking the assumption that the rateswereonlyproportional to theconcentration
of the dication and taking into account the temperature dependence of the rate, they
could estimate the relative acidity of these systems. By repeating these experiments
with closely related reactions and varying the acid composition, they were able to
estimate the relative acidity of 1:1 HF: SbF5, 9:1 HF–SbF5, 1:1 HSO3F–SbF5, and 5:1
HSO3F–SbF5 as500:1:10

�1:10�5.These estimations havesincebeen shown tobevery
approximate in comparison with the results obtained by other techniques. Moreover,
rates can be affected by other factors than acidity such as solvation effects and
temperature. Until now, however, noH0 value has beenmeasured for the 1:1HF–SbF5
medium.

The Friedel–Crafts acid systems HCl–AlCl3 and HBr–AlBr3 are widely used
superacids of great practical significance, and various techniques have been used to
rank Lewis acids such as AlCl3 and AlBr3 in strong Brønsted acids such as HSO3F,
CF3SO3H, HF, HBr, and HCl.

52,53 However, despite opposite claims, their acidity is
lower than those of the fluoroacids discussed.
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Scheme 1.2.
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1.4.5. Heats of Protonation of Weak Bases

Arnett54 had shown that several problems still exist in the currently availablemethods
dealingwith the behavior ofweak bases in solution. For example, pKAvalues of awide
variety of carbonyl compounds given in the literature vary over an unacceptably wide
range. The variations are due not only to the activity coefficient problems, but also to
practical difficulties such as the effect of media on position of the UV absorption
peaks.55ThepreviouslydiscussedNMRmethod seems to alleviate theseproblems.An
alternative method was proposed by Arnett and co-workers measuring the heats of
protonation of number of weak bases in HSO3F medium for which pKA values are
known from other methods. They found a good correlation of these heats of proton-
ationwith recordedpKAvalues.Theheat of protonationmethodhas the advantageover
the acidity function procedure that all measurements are made in the same solvent.
These studies were applied to systems such as Magic Acid� (HSO3F–SbF5) but not
extended to HF-based superacids.

1.4.6. Theoretical Calculations and Superacidity in the Gas Phase

The knowledge of acidities or basicities independent from solvation effects is of
general interest to chemists because it gives important information on the solvent
effects. It also allows the study of the intrinsic ability of the chemical structure of the
acid or base to stabilize the anion/cations involved in the acid–base reaction and a
quantitative structure–property relationship. In the last two decades, with the devel-
opment of techniques of high-pressure mass spectrometry,56 flowing afterglow,57 and
ion cyclotron resonance,58 the study of ion–molecule reactions became possible in the
gas phase. These techniques operating under very different conditions of pressure and
time domain gave good agreement for the relative basicity measurements via proton
transfer equilibria determination.

Extension of these studies in the superacid field has been reported,59 which
proposes a quantitative intrinsic superacidity scale for sulfonic acids based on
measurement of the proton transfer equilibrium between the superacid and its
conjugate base. The free energies (and enthalpies) of deprotonation (kcalmol�1)
havebeen estimated (within– 2.5 kcalmol�1) as follows:HPO3303 (311);H2SO4302
(309); HSO3F 300 (307); CF3SO3H 299 (306). These results show that the acidity
order of the Brønsted superacids measured in the gas phase mirrors the acidity order
found in solution. However, the method will be difficult to apply for measuring the
large acidity domain of these acids when combined as usual with strong Lewis acids
such as SbF5.

Koppel et al.60 have established a series of overlapping values of relative gas-
phase acidities of a large number of very strong CH, OH, and SH Brønsted
acids by using the pulsed FT ion cyclotron resonance (ICR) equilibrium constant
method. The new intrinsic acidity scale covers awide range from (CF3)2NH (DGacid¼
324.3 kcal mol�1) to (C4F9SO2)2NH (DGacid¼ 284.1 kcalmol�1) and is anchored to
the thermodynamic DGacid value (318.1 kcalmol�1) of HBr. In several cases, the gas-
phase acidity of compounds which make up the scale exceeds the acidity of such
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traditionally strong mineral acids as HCl, HBr, HI, or H2SO4 by more than 30 powers
of 10. Based on these results, the acid (C4F9SO2)2NH may be the strongest measured
gas-phase superacid.

Subsequently, the development of both theoretical DFT methods and more
sophisticated ab initio high-level MP2-type calculations has also spurred investiga-
tions in the superacid field.

Later, in another series of papers,Koppel et al.61 used a theoretical approach at theG2
orG2(MP2)level/andalsowith theDFTmethod(B3LYP//6-311þG** level) tocalculate
the intrinsic acidities and gas-phase deprotonation enthalpies for 39 neutral strong or
superstrong Brønsted acids, Brønsted–Lewis conjugate superacids, and even acidic
cluster of zeolites. Comparison of the calculated gas-phase acidity with theH0 values of
the neat acid showed a fairly linear correlation. Similar DFT studies were carried out in
calculating the Bronsted acidity of polycyanated hydrocarbons in the gas phase.62

DG values of deprotonation are as low as 249–250 kcalmol�1 for HSO3F or
HF associated with SbF5 or SO3. The strongest superacid was found to be dodeca-
fluorocarborane acid CB11F12H with a DG of 209 kcalmol�1 even suggesting that
the dodeca(trifluoromethyl)carborane acid CB11(CF3)12H would be below the
200 kcal mol�1 level!

Mota and co-workers have investigated the nature of superacid electrophilic
species in HF–SbF5 by density functional theory63 and measured the ability of the
system to protonate light alkanes (methane, ethane, propane, and isobutane).64

More recently, Gutowski and Dixon65 have recalculated [G3(MP2) theory] the
intrinsic gas-phase acidities of a series of 21 Brønsted acids. The computed results are
in excellent agreement with experimental gas-phase acidities in the range 342–
302 kcal mol�1 to within < 1 kcal/mol for 14 out of 15 acids. However, acids with
experimental acidities lower than 302 kcalmol�1 were found to have large deviations
compared to the G3(MP2) results.

1.4.7. Estimating the Strength of Lewis Acids

Aquantitativemethod to determine the strength of Lewis acids and to establish similar
scales as discussed in the case of Brønsted acids would be very useful. However,
establishing such a scale is extremely difficult and challenging.Whereas the Brønsted
acid–base interaction always involves proton transfer, which allows a meaningful
quantitative comparison, no such common relationship exists in the Lewis acid–base
interaction. The result is that the definition of strength has no real meaningwith Lewis
acids.

The “strength” or “coordinating power” of different Lewis acids can vary widely
against different Lewis bases. Thus, for example, in the case of boron trihalides, boron
trifluoride coordinates best with fluorides, but not with chlorides, bromides, or
iodides. In coordination with Lewis bases such as amines and phosphines, BF3 shows
preference to the former (as determined by equilibrium constant measurements).66

The same set of bases behaves differently with the Agþ ion. The Agþ ion complexes
phosphines much more strongly than amines. In the case of halides (F�, Cl�, Br�,
and I�), fluoride is the most effective base in protic acid solution. However, the order
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is reversed in the case of Agþ; iodide forms themost stable complex, whereas fluoride
forms the least stable one.

The Lewis acidity with respect to strong bases such as NH3 is greater for BCl3 than
for BF3. In contrast, towardweak bases such as CO,BF3 is a stronger acid thanBCl3.

67

Despite the apparent difficulties, a number of qualitative relationships were
developed to categorize Lewis acids.

Pearson proposed a qualitative scheme in which a Lewis acid and base is
characterized by two parameters, one of which is referred to as strength and the other
is called softness. Thus, the equilibrium constant for a simple acid–base reaction
would be a function of four parameters, two for each partner. Subsequently, Pearson
introduced the hard and soft acids and bases (HSAB) principle68,69 to rationalize
behavior and reactivity in a qualitative way. Hard acids correspond roughly in their
behavior to class a acids as defined by Schwarzenbach70 and Chatt.66 They are
characterized by small acceptor atoms that have outer electrons not easily excited and
that bear considerable positive charge. Soft acids, which correspond to class b acids,
have acceptor atoms with lower positive charge, large size, and easily excited outer
electrons. Hard and soft bases are defined accordingly. Pearson’s HSAB principle
states that hard acids prefer to bind to hard bases while soft acids prefer to bind to soft
bases. The principle has proven useful in rationalizing and classifying a large number
of chemical reactions involving acid–base interactions in a qualitativemanner,71 but it
gives no basis for a quantitative treatment.

There aremany attempts made in the literature72,73 to rate qualitatively the activity
of Lewis acid catalysts in Friedel–Crafts-type reactions.However, such ratings largely
depend on the nature of the reaction for which the Lewis acid catalyst is employed.

The classification of Lewis superacids as those stronger than anhydrous aluminum
trichloride is only arbitrary. Just as in the case of Gillespie’s classification of Brønsted
superacids,18,19 it is important to recognize that acids stronger than conventional
Lewis acid halides exist with increasingly unique properties. Again the obvious
difficulty is that reported sequences of Lewis acid strengths were established against
widely varying bases. Still in applications such as ionizing alkyl halides to their
corresponding carbocations, in heterocations systems, catalytic activity, and so on,
Lewis acid halides such as SbF5, AsF5, TaF5, and NbF5, clearly show exceptional
ability far exceeding those of AlCl3, BF3, and other conventional Lewis acid halides.
Moreover, these superLewis acid halides also show remarkable coordinating ability to
Brønsted acids such asHF,HSO3F, andCF3SO3H, resulting invastly enhanced acidity
of the resulting conjugate acids.

The determination of the strength of the Lewis acids MFn, has been carried out in
various solvents using the conventional methods. Numerous techniques have been
applied: conductivity measurements,74–79 cryoscopy,80–83 aromatic hydrocarbon ex-
traction,53,84 solubility measurements,85–87 kinetic parameters determinations,52,88,89

electroanalytical techniques (hydrogen electrode),90–93 quinones systems as pH in-
dicators,94–97 or other electrochemical systems,98,99 IR,100,101 and acidity function (H0)
determinations with UV–visible spectroscopy,8,9,14,19,102–105 or with NMR spectros-
copy.20–22,44–46,106–108Gas-phasemeasurements are also available.109–111 Comparison
of the results obtained by different methods shows large discrepancies (Table 1.2).
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The acidity scale in anhydrous hydrogen fluoride has been the subject of
electrochemical investigations by Tr�emillon and coworkers48 and is presented in
Figure 1.9. The figure also indicates the acidity constants of various Lewis acids
allowed to buffer the medium to a pH value as calculated by Eq. (1.33), or in dilute
solution by Eq. (1.34).

pH ¼ pKA�log
aMFn

aMFnþ 1
ðpKA ¼ �logKAÞ ð1:33Þ

pH ¼ pKA�log
½MFn�

½MFnþ 1� ð1:34Þ

In hydrogen fluoride, the Lewis acid strength is in the following decreasing order:
SbF5>AsF5>TaF5>BF3>NbF5.

As in all areas, the theoretical tools developed in the last decade was also used to
address this question. A theoretical approach with the semiempirical MNDOmethod
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Figure 1.9. Relative strength of some strong Lewis acids as measured in HF on the pH scale by
electrochemical titration.48
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combined with 1H NMR chemical shift measurements has also been used to compare
the relative acidity of 18 Lewis acids complexing crotonaldehyde.73 However, this
scale does not completely agree with the pF scale determined in HF solution by
electrochemical titration (Figure 1.9).

More recently, a quantitative scale for Lewis acidity based on fluoride ion affinities
was calculated using ab initio calculations at the MP2/B2 level of theory.26 Due to its
high basicity and small size, the fluoride ion reacts essentially with all Lewis acids;
thus the fluoride affinity (or reaction enthalpy) may be considered as a good measure
for the strength of a Lewis acid. An abbreviated pF� scale is given in Table 1.3. This
scalewas used recently by Christe and Dixon112 for estimating the stability of salts of
complex fluoro anions and cations. The pF value represents the fluoride affinity in
kcalmol�1 divided by 10.

1.4.8. Experimental Techniques Applied to Solid Acids

Since solid acid catalysts are used extensively in chemical industry, particularly in the
petroleum field, a reliable method for measuring the acidity of solids would be
extremely useful. The main difficulty to start with is that the activity coefficients for
solid species are unknown and thus no thermodynamic acidity function can be
properly defined. On the other hand, because the solid by definition is heterogeneous,
acidic and basic sites can coexist with variable strength. The surface area available for
colorimetric determinationsmay havewidely different acidic properties from the bulk
material; this is especially true for well-structured solids like zeolites. It is also not
possible to establish a true acid–base equilibrium.

Table 1.3. Abbreviated pF� Scale26

Compound pF� Compound pF�

SbF5 12.03 ClF5 7.47
AlF3 11.50 BrF3 7.35
AlFCl2 11.50 SiF4 7.35
AlF2Cl 11.47 SeF4 7.12
AlCl3 11.46 SOF4 6.60
TeOF4 10.79 XeOF4 6.37
InF3 10.75 TeF6 6.15
GaF3 10.70 POF3 5.86
AsF5 10.59 XeF4 5.71
SnF4 9.82 SF4 5.67
cis-IO2F3 9.66 COF2 4.99
PF5 9.49 PF3 4.49
SeOF4 8.69 HF 3.68
TeF4 8.34 NO2F 1.92
BF3 8.31 NOF 1.74
GeF4 8.30
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Moreover, the accessibility of sites causes discrepancies in the different
methods and to measure the acidity of solids. Because several reviews on this
subject have been published in recent years,27–29 we will just illustrate this
problem with sulfated zirconia (SZ), probably the most studied single catalyst in
the last 20 years.

SZ was claimed to be a solid superacid by Hino and Arata113 in 1980 on the
basis of its ability to isomerize n-butane at low temperature. Since then, various
authors using all experimental techniques available tried to verify the superacidity
character. Whereas the color change of Hammett indicators suggested a value of
�14 to �16 on the H0 scale,

114 the use of these indicators is considered invalid for
surface acidity measurements. The color change of the indicators used (in the pKa

range of �10 to �16) is always from colorless to yellow; this makes the visual
appreciation very subjective especially on catalysts, which are generally not
colorless. Moreover, the change in color may be due to sites able to transfer
electrons to the aromatic ring of the indicators, and also Brønsted and Lewis sites
may both contribute.

On the basis of less subjective UV spectroscopy using the same indicators, Hall
and co-workers38 concluded that neither SZ nor zeolites (such as HY, HZSM-5, and
H-MOR)were superacids.However, on thebasis of 1HNMRspectroscopyandRaman
spectroscopy, Kn€ozinger and co-workers115suggested that superacidic protons were
present on SZ; but here again, chemical shifts that depend on various factors should
not be directly related to acidity. Early EPR studies by Vedrine and co-workers116

have shown the formation of charge transfer complexes with benzene followed
by the formation of radical cations. Since benzene has a high ionization potential,
their observation was interpreted as being very probably due to strong Lewis
acidity.

On the basis of its catalytic activity in isobutane conversion, this catalyst was
described as zirconia-supported oleum,117 but this hypothesis implies that the reaction
mechanism is known, which is not the case. On the same basis, Fraenkel118 suggested
also that SZ was a very strong solid superacid.

In contrast, another 1H NMR study suggested that the acidity was lower than that
of zeolite HZSM-5.119 Using a combination of solid-state NMR and theoretical
methods, the same authors concluded on the nonsuperacidic character for SZ.120

Similarly, CO adsorption experiments monitored by microcalorimetry and
FT–IR concluded to a lower Brønsted acidity in comparison with H-zeolites121

and showed that acidity is comparable to that of sulfuric acid.122 On the basis of
FT–IR analysis of adsorbed CO and acetonitrile, Sachtler and co-workers123 arrived
at the same conclusion and suggested that the exceptional activity of SZ can be
attributed to its ability to stabilize transition states on the surface. According to a
recent diffuse reflectance IR study, SZ does not exhibit higher acid strength than
zeolites.124

Results of temperature-programmed desorption (TPD) of ammonia125 or argon126

were attributed to superacid sites. TPD of very weak bases such as substituted
benzenes has been used successfully to compare the superacid character of a series
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of sulfate-treated mixed oxides.127 However, the validity of TPD measurements and
the results of IR study of adsorbed pyridine for acidity determinations have been
questioned by various authors128 as nonspecific to the acid site, considering that
different probes may probe different sites providing only qualitative information and
measure only anoverall acidity. In fact the questionwhether the alleged superacidity is
related to Brønsted or Lewis acid sites is still debated.

More recently, the reactivity of SZ has been assigned to its oxidizing
ability,129–131 which should not be surprising because it has often been considered
as SO3 adsorbed on zirconium oxide. However, that sulfated zirconia is not only
an oxidant but also a strong protic acid has been demonstrated by Sommer,
Walspurger, and co-workers132 on the basis H/D exchange experiments with
neopentane.

Concerning the acidity of zeolites, Koltunov et al.133 have shown in a series of
papers that reactions involving superelectrophiles could be achieved with excellent
yields.

It appears that despite the lack of reliability of acidity determination of solid acids
by spectroscopic means and in the absence of knowledge of the nature of the initial
step in alkane activation by solid acids the qualification of superacid solids has
been and continues to be used, despite the absence of a clear definition of solid
superacidity.

Considering the impressive amount of literature on sulfated zirconia and solid
superacids,125,134–139 itwill be difficult to impose adefinition aposteriori.On the other
hand, due to the large difference in acidity and in structure between various liquid
superacids, there is no unique chemistry of hydrocarbons in liquid superacids. For this
reason it is not possible to suggest a unequivocal definition of solid superacidity at the
present stage. Nevertheless, it seems clear from all the data presently available that at
high temperatures the chemical reactivity of the proton bound to the surface shows a
close resemblance to the one observed at low temperature in liquid superacidic media
as will be seen in Chapter 5.
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53. D. Fa�rcaşiu, S. L. Fisk, M. T. Melchior, and K. D. Rose, J. Org. Chem. 47, 453
(1982).

54. E. M. Arnett, Prog. Phys. Org. Chem. 1, 223 (1963).

55. J. T. Edwards and S. C. Wong, J. Am. Chem. Soc. 99, 4229 (1977).

56. P. Kebarl�e, Ann. Rev. Phys. Chem. 28, 445 (1977).

57. H. I. Schiff and D. K. Bohme, Int. J. Mass Spectrom. Ion Phys. 16, 167 (1975).

58. J. L. Beauchamp, Ann. Rev. Phys. Chem. 22, 517 (1971).

59. A. A. Viggiano,M. J. Henchman, F. Dale, C. A. Deakyne, and J. F. Paulson, J. Am. Chem.
Soc. 114, 4299 (1992).

60. I. A. Koppel, R. W. Taft, F. Anvia, S.-Z. Zhu, L.-Q. Hu, K.-S. Sung, D. D. DesMarteau,
L.M. Yagupolskii, Y. L. Yagupolskii, N. V. Ignat’ev, N. V. Kondratenko, A. Yu.
Volkonskii, V. M. Vlasov, R. Notario, and P.-C. Maria, J. Am. Chem. Soc. 116, 3047
(1994).

61. I. A. Koppel, P. Burk, I. Koppel, I. Leito, T. Sonoda, and M. Mishima, J. Am. Chem. Soc.
122, 5114 (2000); I. A. Koppel, P. Burk, I. Koppel, and I. Leito, J. Am. Chem. Soc. 124,
5594 (2002).

62. R. Vianello and Z. B. Maksi�c, New J. Chem. 32, 413 (2008) and references cited therein.

63. P. M. Esteves, A. Ram�ırez-Sol�ıs, and C. J. A. Mota, J. Am. Chem. Soc. 124, 2672
(2002).

64. P. M. Esteves, A. Ram�ırez-Sol�ıs and C. J. A. Mota, J. Phys. Chem. B 105, 4331
(2001).

65. K. E. Gutowski and D. A. Dixon, J. Phys. Chem. A 110, 12044 (2006).

66. S. Ahrland, J. Chatt, and N. R. Davies, Quart. Rev. 12, 265 (1958).

67. B. D. Rowsell, R. J. Gillespie, and G. L. Heard, Inorg. Chem. 38, 4659 (1999).

REFERENCES 31



68. R. G. Pearson, J. Am. Chem. Soc. 85, 3533 (1963); Science 151, 172 (1966).

69. T.-L. Ho, Hard and Soft Acids and Bases Principle in Organic Chemistry, Academic
Press, New York, 1977.

70. G. Schwarzenbach and M. Schellenberg, Helv. Chim. Acta 48, 28 (1965).

71. T.-L. Ho, Chem. Rev. 75, 1 (1975).

72. G. A. Olah, Friedel–Crafts Chemistry, Wiley, New York, 1973, Chapter 5.

73. P. Laszlo and M. Teston, J. Am. Chem. Soc. 112, 8750 (1990).

74. M. Kilpatrick and F. E. Luborsky, J. Am. Chem. Soc. 76, 5865 (1954).

75. H. H. Hyman, L. A. Quarterman, M. Kilpatrick, and J. J. Katz, J. Phys. Chem. 65, 123
(1961).

76. R. J. Gillespie, K. Ouchi, and G. P. Pez, Inorg. Chem. 8, 63 (1969).

77. R. J. Gillespie and K. C. Moss, J. Chem. Soc. A, 1170 (1966).

78. M. Azeem, M. Brownstein, and R. J. Gillespie, Can. J. Chem. 47, 4159 (1969).

79. M. Kilpatrick and T. J. Lewis, J. Am. Chem. Soc. 78, 5186 (1956).

80. P. A. W. Dean, R. J. Gillespie, R. Hulme, and D. A. Humphreys, J. Chem. Soc. A 341
(1971).

81. R. J. Gillespie and A. Whitla, Can. J. Chem. 48, 657 (1970).

82. R. T. Paine and L. A. Quarterman, J. Inorg. Nucl. Chem., H. H. Hyman Mem. Suppl. 85
(1976).

83. A. A. Woolf, J. Chem. Soc., 279 (1955).

84. D. A. McCaulay, W. S. Higley, and A. P. Lien, J. Am. Chem. Soc. 78, 3009 (1956).

85. S. Kongpricha and A. F. Clifford, J. Inorg. Nucl. Chem. 20, 147 (1961).

86. A. F. Clifford, H. C. Beachell, and W. M. Jack, J. Inorg. Nucl. Chem. 5, 57 (1957).

87. A. F. Clifford and E. Zamora, Trans. Faraday Soc. 57, 1963 (1961).

88. G. A. Olah, J. Shen, and R. H. Schlosberg, J. Am. Chem. Soc. 92, 3831 (1970); 95, 4957,
(1973).

89. D. M. Brouwer and J. A. van Doorn, Recl. Trav. Chim. Pays-Bas 89, 553 (1970).

90. R. Gut and K. Gautschi, J. Inorg. Nucl. Chem., H. H. Hyman Mem. Suppl., 95
(1976).

91. J. Devynck, A. Ben Hadid, and P.-L. Fabre, J. Inorg. Nucl. Chem. 41, 1159 (1979).

92. J. Herlem and A. Thiebault, J. Electroanal. Chem. 84, 99 (1977).

93. G. I. Kaurova, L. M. Grubina, and Ts. A. Adzhemyan, Elektrokhimiya 3, 1222
(1967).

94. A. Ben Hadid, Doctoral thesis, University of Paris V1, 1980.

95. J. Devynck, A. Ben Hadid, P. L. Fabre, and B. Tr�emillon, Anal. Chim. Acta 100, 343
(1978).

96. J. P. Masson, J. Devynck, and B. Tr�emillon, J. Electroanal. Chem. 64, 175 193
(1975).

97. A. Ben Hadid, P. Rimmelin, J. Sommer, and J. Devynck, J. Chem. Soc., Perkin Trans. 2,
269 (1982).

98. J. Devynck, P. L. Fabre, B. Tr�emillon, and A. Ben Hadid, J. Electroanal. Chem. 91, 93
(1978).

99. R. Gut and J. Rueede, J. Coord. Chem. 8, 47 (1978).

32 GENERAL ASPECTS



100. M. Couzi, J. C. Cornut, and P. V. Huong, J. Chem. Phys. 56, 426 (1972).

101. F. O. Sladsky, P. A. Bulliner, and N. Bartlett, J. Chem. Soc. A. 2179 (1969).

102. L. P. Hammett and A. J. Deyrup, J. Am. Chem. Soc. 55, 1900 (1933).

103. M. I. Vinnik, Russ. Chem. Rev. 35, 1922 (1966).

104. H. H. Hyman, M. Kilpatrick, and J. J. Katz, J. Am. Chem. Soc. 79, 3668 (1957).

105. H. H. Hyman and R. A. Garber, J. Am. Chem. Soc. 81, 1847 (1959).

106. S. Brownstein, Can. J. Chem. 47, 605 (1969).

107. S. Brownstein, J. Inorg. Nucl. Chem. 35, 3567 (1973).

108. J. Sommer, S. Schwartz, P. Rimmelin, and P. Canivet, J. Am. Chem. Soc. 100, 2576
(1978).

109. W. B. Fox, C. A. Wamser, R. Eibeck, D. K. Huggins, J. S. MacKenzie, and R. Juurik,
Inorg. Chem. 8, 1247 (1969).

110. J. C. Haartz and D. H. McDaniel, J. Am. Chem. Soc. 95, 8562 (1973).

111. T. C. Rhyne and J. G. Dillard, Inorg. Chem. 10, 730 (1971).

112. K. O. Christe and D. A. Dixon, unpublished results.

113. M. Hino and K. Arata, J. Chem. Soc., Chem. Commun., 851 (1980).

114. K. Arata, Adv. Catal. 97, 165 (1990).

115. T. Riemer, D. Spielbauer, M. Hunger, G. A. H. Mekhemer, and H. Kn€ozinger, J. Chem.
Soc., Chem. Commun., 1181 (1994).

116. F. R. Chen, G. Coudurier, J.-F. Joly, and J. Vedrine, J. Catal. 143, 616 (1993).

117. F. Babou, G. Coudurier, and J. C. Vedrine, J. Chim. Phys. Phys. Chim. Biol. 921, 1457
(1995).

118. D. Fraenkel, Chem. Lett. 917 (1999).

119. J. Zhang, J. B. Nicholas, and J. F. Haw, Angew. Chem. Int. Ed. 39, 3302 (2000).

120. J. F. Haw, J. Zhang, K. Shimizu, T. N. Venkatraman, D.-P. Luigi, W. Song, D. H. Barich,
and J. B. Nicholas, J. Am. Chem. Soc. 122, 12561 (2000).

121. C. Morterra, G. Cerrato, V. Bolis, S. Di Ciero, and M. Signoretto, J. Chem. Soc., Faraday
Trans. 93, 1179 (1997).

122. F. Babou, G. Coudurier, and J. C. Vedrine, J. Catal. 152, 341 (1995).

123. V. Adeeva, J. W. de Haan, J. J€anchen, G. D. Lei, V. Sch€unemann, L. J. M. van de Ven,
W. M. H. Sachtler, and R. A. van Santen, J. Catal. 151, 364 (1995).

124. B. S. Klose, F. C. Jentoft, R. Schl€ogl, I. R. Subbotina, and V. B. Kazansky, Langmuir 21,
10564 (2005).

125. G. D. Yadav and J. J. Nair, Microporous Mesoporous Mater 33, 1 (1999).

126. H. Matsuhashi and K. Arata, J. Chem. Soc., Chem. Commun., 387 (2000).

127. C.-H. Lin and C.-Y. Hsu, J. Chem. Soc., Chem. Commun., 1479 (1992).

128. W.-H. Chen, H.-H. Ko, A. Sakthivel, S.-J. Huang, S.-H. Liu, A.-Y. Lo, T.-C. Tsai, and
S.-B. Liu, Catal. Today 116, 111 (2006).
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CHAPTER 2

Superacid Systems

As discussed in Chapter 1, superacids encompass both Brønsted and Lewis types and
their conjugate combinations. In this chapter,wewill review thephysical and chemical
properties of the most significant superacids. The development of high-field multi-
nuclear NMR instrumentation as well as new tools facilitating theoretical approaches
notably increased the level of our knowledge concerning the structure of superacids,
particularly those associated with HF or HSO3F.

2.1. PRIMARY SUPERACIDS

2.1.1. Brønsted Superacids

Using Gillespie’s arbitrary definition, Brønsted superacids are those whose acidity
exceeds that of 100% sulfuric acid (H0¼�12). The physical properties of the most
commonly used Brønsted superacids are summarized in Table 2.1.

2.1.1.1. Perchloric Acid. Historically, it was Conant’s study1 of the protonating
ability of weak bases (such as aldehydes and ketones) by perchloric acid that first
called attention to the “superacid” behavior of certain acid systems.

Commercially, perchloric acid is manufactured either by reaction of alkali per-
chlorates with hydrochloric acid2 or by direct electrolytic oxidation of 0.5N hydro-
chloric acid.3 Another commercially attractive method is by the direct electrolysis
of chlorine gas (Cl2) dissolved in cold dilute perchloric acid.4 Perchloric acid is
commercially available in a concentration of 70% (byweight) in water, although 90%
perchloric acid also had limited availability (due to its explosive hazard, it is no longer
provided in this strength); 70–72%HClO4, an azeotropeof 28.4%H2O, 71.6%HClO4,
boiling at 203�C is safe for usual applications; however, because it is a strongoxidizing
agent, it must be handled with care. Anhydrous acid (100% HClO4) is prepared by
vacuum distillation of the concentrated acid solution with a dehydrating agent such as
Mg(ClO4)2. It is stable only at low temperatures for a few days, decomposing to give
HClO4�H2O (84.6% acid) and ClO2.

SuperacidChemistry, SecondEdition, GeorgeA.Olah,G.K. Surya Prakash, �Arp�adMoln�ar, and Jean Sommer
Copyright � 2009 John Wiley & Sons, Inc.
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Perchloric acid is extremelyhygroscopic and is averypowerful oxidizer.Contact of
organic materials with anhydrous or concentrated perchloric acid can lead to violent
explosions. For this reason, the application of perchloric acid has serious limitations.
The acid strength, although not reported, can be estimated to be aroundH0¼�13 for
the anhydrous acid.

Formation of various perchlorate salts such as NO2
þClO4

�, CH3CO
þClO4

�, and
RþClO4

�, via ionization of their appropriate neutral precursors in perchloric acid can
also lead to serious explosions. The probable reason is not necessarily the thermal
instabilityof the ionicperchlorates but instead their equilibriawithhighlyunstable and
explosive covalent perchlorates [Eqs. (2.1)–(2.3)].

NO2
+ ClO4

−                         NO2OClO3 ð2:1Þ

CH3CO+ ClO4
−                         CH3COOClO3 ð2:2Þ

R+ ClO4
−                         ROClO3 ð2:3Þ

Actually, no specific advantage exists in using perchlorate salts, when comparable
safe conjugate fluoride salts such as BF4

�, SbF6
�, and Sb2F11

� are available. The use
of perchlorate salts always necessitates extreme care and precautions.

The chemistry of perchloric acid along with its applications has been well
reviewed.5 The main use of perchloric acid has been the use of its salts (such as
NH4

þClO4
�) as powerful oxidants in pyrotechniques and rocket fuels.

2.1.1.2. ChlorosulfuricAcid. Chlorosulfuric acid, themonochloride of sulfuric
acid, is a strong acid containing a relatively weak sulfur–chlorine bond. It can be
prepared by the direct combination of sulfur trioxide and dry hydrogen chloride gas.6

The reaction is very exothermic and reversible, making it difficult to obtain chloro-
sulfuric acid free of SO3 and HCl. Upon distillation, even in good vacuum, some

Table 2.1. Physical Properties of Brønsted Superacids

HClO4 HSO3Cl HSO3F CF3SO3H HF

Melting point, �C �112 �81 �89 �34 �83
Boiling point, �C 110

(explosive)
151–152
(decomposes)

162.7 162 20

Density (25�C), g cm�3 1.767a 1.753 1.726 1.698 0.698
Viscosity (25�C), cp — 3.0b 1.56 2.87 0.256
Dielectric constant — 60– 10 120 84
Specific conductance
(25�C), ohm�1 cm�1

— 0.2–0.3� 10�3 1.1� 10�4 2.0� 10�4 1� 10�6

–H0 (neat) �13.0 13.8 15.1 14.1 15.1

aAt 20�C.
bAt 15�C.

36 SUPERACID SYSTEMS



dissociation is unavoidable. The acid is a powerful sulfating and sulfonating agent as
well as a strong dehydrating agent and a specialized chlorinating agent. Because of the
above properties, chlorosulfuric acid is rarely used for its protonating superacid
properties.

Gillespie and co-workers7,8 have measured systematically the acid strength of the
H2SO4–ClSO3H system using aromatic nitro compounds as indicators. They found an
H0 value of �13.8 for 100% ClSO3H.

An extensive review about the physical and chemical properties of chlorosulfuric
acid and its use as a reagent is available.9

2.1.1.3. Fluorosulfuric Acid. Fluorosulfuric acid, HSO3F, is a mobile colorless
liquid that fumes in moist air and has a sharp odor. It may be regarded as a mixed
anhydride of sulfuric acid andhydrogen fluoride. It has been known since 189210 and is
prepared commercially fromSO3 andHF in a streamofHSO3F. It is readily purified by
distillation, although the last traces of SO3 are difficult to remove. When water is
excluded, it may be handled and stored in glass containers, but for safety reasons the
container should always be cooled before opening because the gas pressure may have
developed from hydrolysis [Eq. (2.4)]. Fluorosulfuric acid generally also contains
hydrogen fluoride as an impurity, but according to Gillespie the hydrogen fluoride can
be removed by repeated distillation under anhydrous conditions. The equilibrium in
Eq. (2.5) always produces traces of SO3 and HF in stored HSO3F samples. When kept
in glass for a long time, SiF4 and H2SiF6 are also formed (secondary reactions due
to HF).

HSO3F   +   H2O                         H2SO4   +   HF ð2:4Þ

HSO3F                         SO3   +   HF ð2:5Þ

Fluorosulfuric acid is employed as a catalyst and chemical reagent in various
chemical processes including alkylation, acylation, polymerization, sulfonation,
isomerization, and production of organic fluorosulfates.11 It is insoluble in carbon
disulfide, carbon tetrachloride, chloroform, and tetrachloroethane, but is soluble in
nitrobenzene, diethyl ether, acetic acid, and ethyl acetate and it dissolvesmost organic
compounds that are potential proton acceptors. The IR, Raman, and NMR spectra of
fluorosulfuric acid have been reported.12,13 The 19F chemical shift is 44.9 ppm
downfield from CCl3F.

14 The acid can be dehydrated to give S2O5F2.
15 Electrolysis

of fluorosulfuric acid gives S2O6F2 or SO2F2þ F2O, depending on conditions
employed.

HSO3F has a wide liquid range (mp¼�89.0�C, bp¼þ162.7�C), making it
advantageous as a superacid solvent for the protonation of a wide variety of weak
bases.

Fluorosulfuric acid ionizes inH2SO4according toEq. (2.6).TheH0 acidity function
has beenmeasured byGillespie and Peel 8 for theH2SO4–HSO3F systemusing fluoro-
andnitroaromatic bases.They found a strong increase in acidity in thevicinityof 100%
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HSO3F which can be attributed to the self-ionization of the acid [Eq. (2.7)].

HSO3F   +   H2SO4                         H3SO4
+   +   SO3F− ð2:6Þ

2 HSO3F                         H2SO3F+   +   SO3F− ð2:7Þ
The neat acid is ascribed anH0 value of�15.1. This ranks it as the strongest known

simple Brønsted acid. Trifluoromethanesulfonic acid (HSO3CF3), inwhich fluorine is
replaced by a CF3 group, has a slightly lower acid strength (�14.1). HSO3F, the most
widely used superacidic solvent system, has a lowviscosity and good thermal stability
andwide liquid range (�250�Cfrommp tobp). The acidity ofHSO3Fcan be increased
further by the addition of Lewis acid fluorides (vide infra).

2.1.1.4. Perfluoroalkanesulfonic Acids. Perfluoroalkanesulfonic acids were
first reported in 195616 and subsequently have been prepared by electrochemical
fluorination (ECF) of the corresponding alkanesulfonyl halides and subsequent
hydrolysis17–19 [Eq. (2.8)]. The boiling points, density, and H0 values of these acids
are compared in Table 2.2.

HF

ECF aq. KOH
RSO2F                    RFSO2F                         RFSO3K                         RFSO3H

H2SO4 ð2:8Þ

Trifluoromethanesulfonic Acid. Trifluoromethanesulfonic acid (CF3SO3H, triflic
acid), the first member in the perfluoroalkanesulfonic acid series, has been
studied extensively, and excellent reviews describing its physical and chemical
properties have been published.18,19 Besides its preparation by electrochemical
fluorination of methanesulfonyl halides,20 triflic acid may also be prepared from

Table 2.2. Characteristics of Perfluoroalkanesulfonic Acids

Compound bp, �C (760mmHg) Density (25�C) H0 (22
�C)

CF3SO3H 161 1.70 �14.1a

C2F5SO3H 170 1.75 �14.0a

C4F9SO3H 198 1.82 �13.2a

C5F11SO3H 212 b

C6F13SO3H 222 b �12.3a,c

C8F17SO3H 249

F3C F

SO3H
241

257F

SO3H

F5C2

aValues from ref. 17.
bSolid at 25�C.
cRecalculated from the value measured at 35�C.
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trifluoromethanesulfenyl chloride21 [Eq. (2.9)]. A simplified preparation starts with
readily available CS2 according to Eq. (2.10).22

aq. KOH
CF3SSCF3                   CF3SCl                         CF3SO2Cl                         CF3SO3H

Cl2 Cl2

H2O
ð2:9Þ

CS2                       CCl3SCl                   CF3SCl                       CF3SO3H
Cl2 ð2:10Þ

In 2000, Rhodia began the production of triflic acid by a new process, which
includes sulfinationofpotassium trifluoroacetate, oxidationof the resultingpotassium
triflinate, followed by acidification and purification23 [Eq. (2.11)].

CF3COOK                       CF3SO2K                           CF3SO3K                    CF3SO3H
SO2 oxidation H+ ð2:11Þ

CF3SO3H is a stable, hygroscopic liquid that fumes in moist air and readily forms
the stable monohydrate (hydronium triflate), which is a solid at room temperature
(mp 34�C, bp 96�C/1mmHg). The 19F NMR chemical shift for the neat acid is
78.5 ppm upfield from CCl3F.

24 Conductivity measurements25 in glacial acetic acid
have shown triflic acid to be one of the strongest simple protic acids known, similar to
HSO3F andHClO4. The acidity of the neat acid asmeasured byUV spectroscopywith
aHammett indicator shows indeed anH0 value of�14.1.17 It is misciblewith water in
all proportions and soluble in many polar organic compounds such as dimethyl
formamide, dimethyl sulfoxide, and acetonitrile. It is generally avery good solvent for
organic compounds that are capable of acting as proton acceptors in the medium. The
exceptional leaving group properties of the triflate anion (CF3SO3

�) makes triflate
esters excellent alkylating agents. The acid and its conjugate base do not provide a
source of fluoride ion, even in the presence of strong nucleophiles. Furthermore,
because it lacks the sulfonating properties of oleums and HSO3F, it has gained a wide
range of application as a catalyst in organic synthesis— for example, in Friedel–Crafts
chemistry, protection group chemistry, the synthesis of heterocycles, carbohydrate
chemistry, polymerization, and organometallic chemistry (see Chapter 5).

Higher Perfluoroalkanesulfonic Acids. Higher homologous perfluoroalkane-
sulfonic acids are hygroscopic, oily liquids or waxy solids. They are prepared by
the distillation of their salts from H2SO4, giving stable hydrates that are difficult to
dehydrate. The acids show the same polar solvent solubilities of trifluoromethane-
sulfonic acid but are quite insoluble in benzene, heptane, carbon tetrachloride, and
perfluorinated liquids. Many of the perfluoroalkanesulfonic acids have been prepared
by the electrochemical fluorination reaction 20 (or conversion of the corresponding
perfluoroalkane iodides to their sulfonyl halides). a,o-Perfluoroalkanedisulfonic acids
have been prepared by aqueous alkali permanganate oxidation of the compounds
RSO2(CF2CF2)nSO2R.

26 C8F17SO3H and higher perfluoroalkanesulfonic acids are
surface-active agents and form the basis for a number of commercial fluorochemical
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surfactants.27Because of toxicity problems perfluorooctanesulfonic acid is phased out,
however, from Teflon manufacturing process.

Extreme care should be taken while handling the perfluoroalkanesulfonic acids.
Studies suggest that extreme irritation and permanent eye damage could occur
following eye contact, even if the eyes are flushed immediately with water. Acute
inhalation toxicity studies (in albino rats) indicate that high vapor or mist concentra-
tions can cause significant respiratory irritation. All contacts of the acids and their
esters with the skin should be avoided. Usual procedures for treatment of strong acid
burns should be applied.

Contact of the perfluoroalkanesulfonic acids with cork, rubber, cellulose, and
plasticized materials will cause discoloration and deterioration of these materials.
Samples are best stored in glass ampoules or glass bottles with Kel-For Teflon plastic
screw-cap linings.

Acidity measurements on perfluoroalkanesulfonic acids have been reported by
Commeyras and co-workers17 (Table 2.2). All the acids showa strongUVabsorption
band around 283 nm. Up to C4 chain length, the acids are liquids at room
temperature, and the H0 measurements using Hammett bases were carried out at
22�C. Perfluorohexanesulfonic acid C6F13SO3Hmelts at 33�C and theH0 value has
been corrected for the temperature difference. Perfluorooctanesulfonic acid is a
waxy solid melting at 90�C, and its acidity has not been measured. Surprisingly,
there is relatively little decrease in acidity with increase in the perfluoroalkyl chain
length, and the first CF2 group adjacent to the sulfonic acid moiety is most
responsible for the acid strength. Thus, even higher solid homologous members
are capable of acting as superacidic catalysts. As will be seen in Section 2.2.2.6, the
acidity of these acids can be further enhanced by complexation with Lewis acids
such as SbF5 and TaF5.

Harmer et al.28,29 have reported the synthesis of 1,1,2,2-tetrafluoroethanesulfonic
acid, CF2HCF2SO3H, and 1,1,2,3,3,3-hexafluoropropanesulfonic acid, CF3CFHCF2-
SO3H, by the addition of sulfite to fluorinated double bonds [Eq. (2.12)]. The product
acids have lower volatility,whichmakes their handling easier, and are expected tohave
similar acidity values to those of their fully fluorinated counterparts. In fact, catalytic
conversions of a range of transformations were found to be comparable to triflic acid
(see Chapter 5).

F

RF F

F

SO3H
RF

FF

F H

+    M2SO3

RF = F, CF3

M = Na, K

1. buffer, H2O, −120°C

2. oleum ð2:12Þ

2.1.1.5. Hydrogen Fluoride. Anhydrous hydrogen fluoride is generally
prepared by action of concentrated sulfuric acid on calcium fluoride “Fluorspar”
(>98% CaF2). The estimated world production is about 1 million tons mostly to
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prepare chlorofluorocarbons and synthetic cyalite necessary for aluminum produc-
tion. It is also used as catalyst for alkylation in the petrochemistry and for uranium
processing UF4/UF6.

Extreme caution should be used in handling anhydrous HF. It can cause severe
burns that may not be noticed immediately but will be very painful later; HF
dehydrates the skin, and F�removesCa2þ from tissues and delays healing. Immediate
thorough water washing of any exposed skin should be followed by application of
calcium gluconate gel or benzalkonium chloride (trade name: Zephiran Chloride),
and medical attention is essential.

Due to its highly corrosive nature, HF should be handled in plastic, Teflon, PTFE,
or Monel apparatus. Due to strong hydrogen bonding, it forms a two-dimensional
polymer in the liquid phase. It is also a useful solvent both for organic and inorganic
compounds.Until themore recentwork byGillespie andLiang30 theH0 value for the
neat anhydrous acid (�15.1) was generally underestimated (�11) due to the
very high sensitivity of the autoprotonation equilibrium to trace impurities of water
[Eq. (2.13)]. Its association with SbF5 generates the strongest superacid system
(vide infra).

2 HF                                      H2F+    +    F− K = 10−10 ð2:13Þ

An easier-to-handle, convenient liquid alternative of anhydrous hydrogen fluoride
is pyridinium poly(hydrogen fluoride) (PPHF), also known as Olah’s reagent.31 The
PPHF reagent (30wt% pyridine–70wt% HF), which is stable up to 50�C, is in
equilibrium with a small amount of free hydrogen fluoride and, consequently, is the
liquid equivalent of HF and serves as a general-purpose fluorinating agent. A similar
solid polymeric reagent, poly-4-vinylpyridinium poly(hydrogen fluoride) (PVPHF),
has also been developed.32

Stable dialkyl ether poly(hydrogen fluoride) complexes (R2O–[HF]n, R¼Me,
Et, n-Pr) have recently been developed by Prakash, Olah, and colleagues.33 DFT
calculations suggest a cyclic poly(hydrogen fluoride) bridged structure. Dimethyl
ether–5HF (DMEPHF)was shown to be a convenient and effective fluorinating agent
(see Section 5.10.1).

2.1.1.6. CarboraneSuperacidsH(CB11HR5X6). Recently, new carbon super-
acids, icosahedral carboranes H(CB11HR5X6) (where X¼ chlorine, bromine or
iodine; R¼H, Me, Cl), have been described by Reed et al.34, whose conjugate base,
the carborane anion (CB11HR5X6)

�, is quite inert due to low nucleophilicity.
As a nonoxidizing, low-nucleophilicity system, reaction of carborane acid

H(CB11H6X6) (Figure 2.1) with C60 gives HC60
þ as a stable ion in solution.35

Arenium ions are also remarkably stable in this medium.36 Previously investigated
only at subambient temperatures in highly superacidic media, protonated benzene is
readily isolated as a crystalline salt, thermally stable to>150�C. Solid-state 13C NMR
spectra are similar to those observed earlier in solution, indicating that lattice
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interactions are comparable to solution solvation effects.35,36 A new and cheap
synthesis of the [closo-CB11H12]

� anion, which serves as a starting material for the
preparation of many extremely weakly nucleophilic anions, has been reported by
Michl and co-workers.37

2.1.2. Lewis Superacids

In Chapter 1, we arbitrarily defined Lewis superacids as those that are stronger than
anhydrous aluminum chloride in their reactivity, the most commonly used Friedel–
Crafts catalyst. Of course, Lewis acidity is only a relative term concerning specific
bases and involved counterions (association, steric hindrance, etc.). The physical
properties of some of the Lewis superacids are given in Table 2.3.

2.1.2.1. Antimony Pentafluoride. Antimony pentafluoride (SbF5) is a highly
associated, colorless, very viscous liquid at room temperature. It is hygroscopic and
fumes inmoist air. Its viscosity at 20�C is 460 cP,which is close to that of glycerol. The
pure liquid can be handled and distilled in glass if moisture is excluded. Commercial
antimony pentafluoride is shipped in steel cylinders or in perfluoroethylene bottles for
laboratory quantities.

Cl or Br

B

C

H

Figure 2.1. The structure of carborane superacid H(CB11H6X6).

Table 2.3. Physical Properties of Some Lewis Superacids

SbF5 AsF5 TaF5 NbF5

Melting point, �C 7.0 �79.8 97 72–73
Boiling point, �C 142.7a �52.8 229 236
Specific gravity (15�C), g cm�3 3.145 2.33b 3.9 2.7

aAnomalous high value because of association of molecules.
bAt the bp.
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The polymeric structure of the liquid SbF5 has been established by 19F NMR
spectroscopy38 and is shown to have the frameworks depicted in Figure 2.2. A cis-
fluorine bridged structure is found in which each antimony atom is surrounded by six
fluorine atoms in an octahedral arrangement.

Ab initiomolecular dynamics were used to investigate the structure of liquid SbF5.
The results confirm the high tendency of SbF5 to oligomerize and impart a highly ionic
character to the Sb–F bond. It confirms also the cis-bridged chain polymer as themost
stable structure.39

Antimony pentafluoride is also a powerful oxidizing and an effective fluorinating
agent. It is even able to oxidize small alkanes below room temperature. It readily forms
stable intercalation compounds with graphite (vide infra), and it spontaneously
inflames phosphorus and sodium. It coordinates or associates with water to form
SbF5�2 H2O, an unusually stable solid hydrate (probably a hydronium salt,
H3O

þSbF5OH
�) that reacts violently with excess water to form a clear solution.

Slowhydrolysis can be achieved in the presence of dilute NaOHand forms Sb(OH)6
�.

Sulfur dioxide and nitrogen dioxide form 1:1 adducts, SbF5–SO2 and SbF5–NO2,
respectively,40,41 as do practically all nonbonded electron pair donor compounds. The
exceptional ability of SbF5 to complex and subsequently ionize nonbonded electron
pair donors (such as halides, alcohols, ethers, sulfides, amines, etc.) to carbocations,
recognized first by Olah (Chapter 3), has made it one of the most widely used Lewis
halides in the study of cationic intermediates and catalytic reactions.

Vapor density measurements suggest a molecular association corresponding to
(SbF5)3 at 150�C and (SbF5)2 at 250�C. On cooling, SbF5 gives a nonionic solid
composed of trigonal bipyramidal molecules. Antimony pentafluoride is prepared by
the direct fluorination of antimonymetal or antimony trifluoride (SbF3). It can also be
prepared by the reaction of SbCl5 with anhydrous HF, but the exchange of the fifth
chloride is difficult and the product is generally SbF4Cl.

42 As shown by conducto-
metric, cryoscopic, and related acidity measurements, it appears that antimony
pentafluoride is by far the strongest Lewis acid known in the condensed phase. Thus,
it is preferentially used in preparing stable ions and conjugate superacids (vide
infra). Antimony pentafluoride is also a strong oxidizing agent, allowing, for
example, preparation of arene dications. At the same time, its easy reducibility to
antimony trifluoride represents a limitation in many applications, although it can be
refluorinated.

F

Sb

Figure 2.2. The polymeric structure of liquid SbF5.

PRIMARY SUPERACIDS 43



2.1.2.2. ArsenicPentafluoride. Arsenic pentafluoride (AsF5) is a colorless gas
at room temperature, condensing to a yellow liquid at �53�C. Vapor density
measurements indicate some degree of association, but it is a monomeric covalent
compoundwith ahighdegree of coordinatingability. It is preparedby reacting fluorine
with arsenic metal or arsenic trifluoride. As a strong Lewis acid fluoride, it is used in
the preparation of ionic complexes and in conjunction with Brønsted acids forms
conjugate superacids. It also forms with graphite stable intercalation compounds that
show electrical conductivity comparable to that of copper.43 Great care should be
exercised in handling any arsenic compound because of potential high toxicity.

2.1.2.3. PhosphorusPentafluoride. Phosphorus pentafluoride, whichmay be
prepared by fluorinating phosphorus pentachloride with AsF3 or CaF2, is a colorless
gas (bp �93�C) that reacts with Lewis bases to form a six-coordinated anion
[Eq. (2.14)]. However in HF, PF5 is a non-electrolyte44 and hexafluorophosphoric
acid HPF6 is available as a 60% solution in water (which cannot be considered a
superacid). In the pF� scale established by Christe45 to measure the strength of Lewis
acids on the basis of fluoride affinity (see Section 1.4.7) it is rated 9.49, lower than
AsF5(10.59) but higher than BF3(8.31).

PF5     +     F−                         PF6
− ð2:14Þ

2.1.2.4. Tantalum and Niobium Pentafluoride. The close similarity of the
atomic and ionic radii of niobium and tantalum are reflected by similar properties of
tantalum and niobium pentafluorides. They are thermally stablewhite solids that may
be prepared either by the direct fluorination of the correspondingmetals or by reacting
themetal pentachlorideswithHF. Surprisingly, even reactingmetalswithHFgives the
corresponding pentafluorides. They both are strong Lewis acids complexing a wide
variety of donors such as ethers, sulfides, amines, halides, and so on. They both
coordinate with fluoride ion to form anions of the type (MF6)

�. TaF5 is a somewhat
stronger acid than NbF5 as shown by acidity measurements in HF. The solubility of
TaF5 andNbF5 inHFandHSO3F ismuchmore limited than that of SbF5 or otherLewis
acid fluorides, restricting their use to some extent. At the same time, their high redox
potentials and more limited volatility make them catalysts of choice in certain
hydrocarbon conversions, particularly in combination with solid catalysts. Their
chemistry has been extensively reviewed.46,47

2.1.2.5. BoronTrifluoride. BF3 is a pungent colorless gas (bp�99.9�C) that can
be prepared by reacting B2O3 or borates with CaF2 and concentrated H2SO4.

48 A
modern two-stage process gives a much better yield [Eq. (2.15)]. It is a strong Lewis
acid that forms adducts with most compounds having an available electron lone pair.
Unlike other boron halides, BF3 does not undergo hydrolysis with water under usual
conditions to boric acid and HF. Moreover, because it is a volatile gas, it can be easily
recovered for reuse.
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Na2B4O7   +   12 HF                       [Na2O(BF3)4]                                        4 BF3−6 H2O

2 H2SO4

−2 NaHSO4, −H2O
ð2:15Þ

It is commonly available as diethyl etherate (C2H5)2O�BF3 and is widely used as
catalyst in Friedel–Crafts and other acid-catalyzed reactions in organic chemistry.49

Prakash, Olah, and co-workers have explored the use of boron trifluoride mono-
hydrate (BF3–H2O) and the complex BF3–2CF3CH2OH in acid-catalyzed transfor-
mations. Both BF3–H2O and BF3–2CF3CH2OH are strong acids and very efficient
superacidic catalysts comparable in acid strength to at least that of 100% sulfuric
acid.50–52 The structure of the BF3–2CF3CH2OH adduct has been studied using
multinuclear NMR spectroscopy and DFT calculations (Figure 2.3). The activity of
both complexes was successfully tested on various acid-catalyzed organic reactions
(see Chapter 5).

2.1.2.6. Tris(pentafluorophenyl) Borane. B(C6F5)3 was first prepared by
Stone, Massey, and Park in 1963 by treatment of pentafluorophenyllithium with
BCl3 at low temperature53,54 [Eq. (2.16)]. Since the lithium reagentmay eliminate LiF
explosively, the use of the Grignard reagent, pentafluorophenylmagnesium bromide,
is a safer alternative. It is thermally robust, resistant toward oxidation by molecular
oxygen, and water-tolerant. It is best known for its role as activator in Ziegler–Natta
chemistry. However, its special properties as a strong Lewis acid are increasingly
used in organic and organometallic chemistry.55,56 Its Lewis acidity, determined by
the NMR method developed by Childs,57 is described as between that of BF3 and
BCl3.

58

C6F5Br   +   n-BuLi                         C6F5Li                                 B(C6F5)3
pentane

−butane

−78°C to RT

−LiCl

BCl3

ð2:16Þ

Another related boronLewis superacid,B(CF3)3, isworthmentioning, even though
it has not been isolated.59 However, the corresponding anion B(CF3)4

� is known and

B

F

O

C

H

1.382 Å
1.943 Å

1.689 Å

1.349 Å

1.009 Å

1.637 Å
0.979 Å

Figure 2.3. Geometrical parameters by DFT calculations of the BF3–2CF3CH2OH complex.
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found in simple salts (Ag, Li, K, etc.). B(CF3)4
� has been shown to be weakly

coordinating as determined by examining the stability of [Ag(CO)x]
þ[B(CF3)4]

�

(x¼ 1 – 4) complexes generated from Ag[B(CF3)4] and CO.60 Furthermore, the
complex B(CF3)3CO in hydrogen fluoride is considered to be a strong conjugate
Brønsted–Lewis superacid furnishing the weakly coordinating [(CF3)3BF]

� anion in
the generation of homoleptic metal carbonyl complexes59 (see Section 4.5.1).

2.1.2.7. BoronTris(trifluoromethanesulfonate). Boron tris(trifluorometha-
nesulfonate) [boron tris(triflate), B(OSO2CF3)3, B(OTf)3] was first prepared by
Olah and co-workers from boron chloride and bromide61 [Eq. (2.17)]. Boron
tris(triflate) is a volatile, colorless, extremely hygroscopic liquid (mp 43–45�C,
bp 68–73�C/0.5 torr), which distills in vacuum without decomposition. It is readily
soluble in such solvents as CH2Cl2, Freon-113, SO2, and SO2ClF. Data for acidity
measurement are not available; but on the basis of its catalytic activity in Friedel–
Crafts reactions (see Section 5.2.3) and the ability to generate stable, long-lived
carbocations in SO2ClF solution at low temperature, B(OSO2CF3)3 is a super
Lewis acid.

BX3   +   3 CF3SO3H                            B(OSO2CF3)3   +   3 HX

X = Br, Cl
ð2:17Þ

2.1.2.8. Aprotic Organic Superacids (Vol’pin’s Systems). In the late
1980s, Vol’pin and his group62 noticed the high activity of complexes of acyl halides
with aluminum halides toward low-temperature transformation of alkanes and
cycloalkanes.Theyproposed to call thesemediaAproticOrganicSuperacids (AOS).63

The activity necessitated 2 moles of aluminum halide per mole of acyl halide.
Multinuclear NMR studies showed that the 1:1 complexes give exclusively donor–
acceptor complexes in solution,whereas the 2:1 complexes formequilibriummixtures
of acylium salts [Eq. (2.18)]. Later on, they also included systems such as CHBr3–
2AlBr3 and CCl4–2AlBr3, which were very active at room temperature for alkane
isomerization, cracking, and various functionalizations62,64 (see Chapter 5).

RCOX  +  2 AlX3

R = alkyl, aryl
X = Br, Cl

RCOX Al2X6

CH2X2
RCO+ Al2X7

−

ð2:18Þ

The key of alkane transformation was assigned to the formation of CX3
þ-type

cations that are electrophilic enough (probablydue to a secondcomplexationofAlX3),
to abstract a hydride anion from linear and cycloalkanes. When these cations are
generated in superacidic media, a protosolvation induces a superelectrophilic char-
acter, which was supported by Olah on the basis of high-level ab initio calculations.65

The generation of these cationswas also used by various teams66,67 to initiate selective
low temperature alkane activation.
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2.2. BINARY SUPERACIDS

2.2.1. Binary Brønsted Superacids

2.2.1.1. Hydrogen Fluoride–Fluorosulfuric Acid. Fluorosulfuric acid con-
taining up to 5% of HF acting as a protic coacid was found to be very efficient for
isomerization of n-butane to isobutane at room temperature, whereas pure HSO3F did
not show this activity. Moreover, at higher HF concentration the activity diminishes
substantially.68

2.2.1.2. Hydrogen Fluoride–Trifluoromethanesulfonic Acid. The acidity
of this binary Brønsted acid system has not been measured, but the superacidic
properties are mentioned in numerous patents concerning fluorination, olefin alkyl-
ation, and hydrocarbon conversion.

2.2.1.3. Tetra(Hydrogen Sulfato)Boric Acid–Sulfuric Acid. HB(HSO4)4
prepared by treating boric acid, B(OH)3, with sulfuric acid ionizes in sulfuric acid as
shown by acidity measurements7 [Eq. (2.19)].

HB(HSO4)4   +   H2SO4                         H3SO4
+   +   B(HSO4)4

− ð2:19Þ

The increase in acidity is, however, limited to H0¼�13.6 as a result of insoluble
complexes that precipitate when the concentration of the boric acid approaches
30mol%. Figure 2.4 shows the composition-related acidity increase for the system
in comparison with oleum.

2.2.2. Conjugate Brønsted–Lewis Superacids

2.2.2.1. Oleums–Polysulfuric Acids. SO3-containing sulfuric acid (oleum)
has been long considered as very strong mineral acid and one of the earliest superacid
systems tobe recognized. The concentration ofSO3, in sulfuric acid canbe determined
by weight or by electrical conductivity measurement.69 The vapor pressure of oleum
rises rapidlywith the increase in concentration of SO3 and increase in temperature70 as
shown in Figure 2.5.

Lewis and Bigeleisen,71 who first determined the Hammett acidity function
values for oleums, used a method to derive them from the vapor pressure measure-
ments. Brand et al.,72 however, subsequently by the use of nitro compound
indicators showed that the H0 values are not directly related to the vapor pressure.
The most accurate H0 values for oleums so far have been published by Gillespie
et al.7 (Table 2.4).

The increase in acidity on addition of SO3 to sulfuric acid is substantial, and anH0

value of �14.5 is reached with 50mol% SO3. The main component up to this SO3

concentration is pyrosulfuric (or disulfuric) acid H2S2O7. Upon heating or in the
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presence ofwater, it decomposes and behaves like amixture of sulfuric acid and sulfur
trioxide. In sulfuric acid, it ionizes as a stronger acid [Eq. (2.20)].

H2S2O7   +   H2SO4                         H3SO4
+   +   HS2O7

− K = 1.4 10−2 ð2:20Þ

At higher SO3 concentration, a series of higher polysulfuric acids such asH2S3O10,
H2S4O13, and so on, are formed and a corresponding increase in acidity occurs.
However, as can be seen from Table 2.4, the acidity increase is very small after
reaching 50mol% of SO3 and no data are available beyond 75%.

Despite its high acidity, oleum has found little application as a superacid catalyst,
mainly because of its strong oxidizingpower.Also, its highmeltingpoint andviscosity
have considerably hampered its use for spectroscopic study of ionic intermediates and
in synthesis, except as an oxidizing or sulfonating agent.

2.2.2.2. Fluorosulfuric Acid–Antimony Pentafluoride (“Magic Acid ”).
Of all the superacids, a mixture of fluorosulfuric acid and antimony pentafluoride,
named by Olah as “Magic Acid,” is probably the most thoroughly investigated
concerning measurements of acidity and also the most widely used medium for the
spectroscopic observation of stable carbocations (see Chapter 3). The fluorosulfuric
acid–antimony pentafluoride systemwas developed in the early 1960s byOlah for the
study of stable carbocations and was studied by Gillespie for the generation of
electron-deficient inorganic cations. The name Magic Acid originated in Olah’s
laboratory at Case Western Reserve University in the winter of 1966. The HSO3F–
SbF5 mixture was extensively used in his group to generate stable carbocations.
J. Lukas, aGerman postdoctoral fellow, put a small piece ofChristmas candle left over
from a lab party into the acid system and found that it dissolved readily. He then ran an
1H NMR spectrum of the solution. To everybody’s amazement, he obtained a sharp
spectrumof the tert-butyl cation. The long-chain paraffin, ofwhich the candle ismade,
had obviously undergone extensive cleavage and isomerization to the more stable
tertiary ion. It impressedLukas andothers in the laboratory somuch that they started to
nickname the acid systemMagicAcid. The name stuck and soonothers started to use it
too. It is nowa registered trade name and has found itsway into the chemical literature.

The acidity of the Magic Acid system as a function of SbF5 content has been
measured successively by Gillespie,8 Gold,73 Sommer,74 and their co-workers. The
increase in acidity is very sharp at low SbF5 concentration and was estimated to

Table 2.4. H0 Values for the H2SO4–SO3 System

Mol% SO3 H0 Mol% SO3 H0 Mol% SO3 H0

1.00 �12.24 25.00 �13.58 55.00 �14.59
2.00 �12.42 30.00 �13.76 60.00 �14.74
5.00 �12.73 35.00 �13.94 65.00 �14.84
10.00 �13.03 40.00 �14.11 70.00 �14.92
15.00 �13.23 45.00 �14.28 75.00 �14.96
20.00 �13.41 50.00 �14.44

BINARY SUPERACIDS 49



continue up to the value of �27 for the 90mol% SbF5 solution as shown in
Figure 2.6.8,73–75 This estimation was, however, questioned on the basis of the
contrasting results obtained by various authors using different experimental techni-
ques.76 It seems that avalue ofH0�22 to�23 is probably a fair estimation of the upper
acidity limit of this most classic superacid system (Figure 2.7).

The initial ionization of HSO3F–SbF5 is shown in Eq. (2.21). At higher concentra-
tions of SbF5, larger polyantimony fluorosulfate ions are formed [Eq. (2.22)].

2 HSO3F   +   SbF5                         H2SO3F+   +   SbF5(SO3F)− ð2:21Þ

SbF5   +   SbF5(SO3F)−                         Sb2F10(SO3F)− ð2:22Þ

Due to these equilibria, which have been discussed by several authors,77,78 the
composition of the HSO3F–SbF5 system is quite complex and depends on the SbF5
content. The first 19F NMR study by Commeyras and co-workers14 has shown such
dependence and is presented in Figure 2.8 for themajor structural components, which
are depicted in Table 2.5.

Free SbF5 is not observed as it complexes the Brønsted acid and leads to its initial
ionization [Eqs. (2.23) and (2.24)].

HSO3F   +   SbF5                         HFSO3SbF5 ð2:23Þ
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Figure 2.6. Dependence ofH0 acidity function values for the HSO3F–SbF5 system upon SbF5
addition (up to 90 mol%) from ref. 8 (*), ref. 73 (þ), and ref. 74 (*).
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HSO3F   +   HSO3F– SbF5                         H2SO3F+   +   FSO3SbF5
− ð2:24Þ

An interesting point in this system is that HSO3F is completely ionized at 55%
SbF5 indicating that the SbF5 binds preferentially to the acid instead of increasing
the size of the anions.

Aubke and co-workers79–81 reinvestigated the “Magic Acid” system by modern
500MHz 1H and 471MHz 19F NMRmethods varying themolar fractions of SbF5 in
HSO3F from 0.01 to 0.49 in the absence of diluents such as SO2 or SO2ClF. Using
NMR tubes fitted with Teflon lining, the formation of HF and H2O via interaction

Table 2.5. Main Components of the Magic Acid System

FSO2

A:  SO3F−

B1:  FSO3SbF6
−

FSO2

B2:  FSO3Sb2F11
−

B3:  FSO3Sb3F16
−

FSO2

FSO2 SO2F

F:  (FSO3)2SbF4
−

I:  Sb2F11
−

J:  SbF6
−

Sb3F11
−

S

F

O

E:  FSOSb2F12
−

S

F

O

G:  FSOSb2F12
−

FSO2 SO2F

Sb     O     F
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with glass was avoided. In this concentration range, after keeping the samples for
several months, only six anionic species were found besides SO3F

�: B1, F, J, I, E, G
(Table 2.5). As suggested earlier, the main species at the 1:1 concentration is B1.

The major reason for the wide application of this superacid system compared with
others (besides its veryhigh acidity) is probably the large temperature range inwhich it
can be used. In the liquid state, NMR spectra have been recorded from temperatures as
low as�160�C (acid dilutedwith SO2F2 and SO2CIF)

82 and up toþ80�C (neat acid in
sealed NMR glass tube).73 Glass is attacked by the acid very slowly, whenmoisture is
excluded. The Magic Acid system can also be an oxidizing agent that results in
reduction to antimony trifluoride and sulfur dioxide. On occasion, this represents a
limitation.

2.2.2.3. Fluorosulfuric Acid–Sulfur Trioxide. Freezing point and conduc-
tivity measurements12 show that SO3 behaves as a nonelectrolyte in HSO3F. Acidity
measurements show a small increase in acidity that is attributed to the formation of
fluoropolysulfuric acids HS2O6F and HS3O9F up to HS7O21F.

12 Evidence for the
existence of these acids has been obtained by 19F NMR measurements in SO2CIF
solutions at�100�C.77 The acidity of these solutions reaches a maximum of�15.52
on the H0 scale for 4 mol% SO3 and does not increase any further8 (Figure 2.9).

2.2.2.4. HSO3F–MFn(SO3F)5�n; n¼ 3, 4,M¼Nb, Ta. Superacids based on
the conjugation of HSO3F with niobium and tantalum fluorosulfates acting as Lewis
acids were also studied by Aubke and co-workers.80 In contrast with NbF5 and TaF5,
these fluorosulfate Lewis acids are soluble inHSO3Fover a large concentration range.
Results obtained by UV spectroscopy of dissolved Hammett bases seem to indicate
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Figure 2.9. H0 acidity function values of the HSO3F solvent system.8
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that these systems are even more acidic than Magic Acids at low concentration
(Figure 2.10).

2.2.2.5. Fluorosulfuric Acid–Arsenic Pentafluoride. AsF5 ionizes in
HSO3F.

83 The AsF5SO3F
� anion has the octahedral structure as shown for the

antimony analog (B1, Table 2.5). Values for the H0 acidity function up to 4mol%
AsF5 show a larger increase as compared with SO3 (Figure 2.9)

8 but smaller when
compared with SbF5.

80,81

2.2.2.6. Perfluoroalkanesulfonic Acid-Based Systems. CnFnþ1SO3H–
SbF5. CF3SO3H–SbF5 (n¼ 1) was introduced by Olah as an effective superacid
catalyst for isomerizations and alkylations. The composition and acidity of systems
where n¼ 1, 2, 4 have been thoroughly studied by Commeyras and co-workers.14 The
19F NMR spectra are very similar for all of these systems and closely resemble those
obtained with fluorosulfuric acid, as described in Section 2.2.2.6. The change in
composition of the triflic acid–antimony pentafluoride system depending on the SbF5
content has been studied. For the 1:1 composition, the main counteranion is
[CF3SO3SbF5]

� and for the 1:2 composition [CF3SO3(Sb2F11)]
� is predominant,

with the structures proposed for the anions shown in Figure 2.10.With increasingSbF5
concentration, the anionic species grow larger and anions containing up to5SbF5 units
have been found (Figure 2.11). Under no circumstances was free SbF5 detected.

It has not been possible to measure the acidity of the CF3SO3H–SbF5 system by
spectrophotometry because of its very strong absorption in the UV–visible spectrum.
In comparison with the strength of the related perfluoroalkanesulfonic acids, its
acidity should be very close or slightly higher (by 1 H0 unit) than the acidity of
the perfluoroethane- and perfluorobutanesulfonic acid–SbF5 mixtures, which was
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Figure 2.10. Hammett acidity of Ta(SO3F)5 (*), SbF5 (&), and SbF2(SO3F)3 (*) in HSO3F
at ambient temperature.80
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measured byCommeyras and co-workers14 (Figure 2.12). Because these authors were
using the same spectroscopic technique as previously used by Gillespie, the measure-
ments were limited to H0¼�18.5 due to lack of suitable weak indicator bases.
However, on the basis of 19F NMR structural studies, a moderate increase in acidity is
expected beyond the 50mol%SbF5 concentration corresponding to the autoprotolysis

Sb     O     F

CF3SO2

CF3SO2

CF3SO2

Figure 2.11. Components of the CF3SO3H–SbF5 acid system.
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20100
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Figure 2.12. H0 acidity function values for various perfluoroalkanesulfonic acid-based
systems.(*)CF3SO3H–SbF5(ref.14);(þ)C4F9SO3H–SbF5(ref.14);(*)CF3SO3H(CF3SO3)3B
(ref. 84).
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equilibrium [Eq. (2.25)].

2 HRFSO3SbF5                         RFSO3(SbF5)−   +   H2RFSO3SbF5
+ ð2:25Þ

CF3SO3H–B(OSO2CF3)3. The acidity of triflic acid can also be substantially
increased by addition of boron triflate B(OSO2CF3)3 as indicated by Engelbrecht and
Tschager84 (Figure 2.12). The increase in acidity is explained by the ionization
equilibrium [Eq. (2.26)]. Consequently, the triflic acid–boron tris(triflate) (triflatoboric
acid) systemmay also be formulated as CF3SO3H2

þ
–B(OSO2CF3)4

� or (CF3SO3H)2–
B(OSO2CF3)3. The acid may also be prepared from boron trichloride and triflic acid
[Eq. (2.27)].

B(OSO2CF3)3   +   2 CF3SO3H                         CF3SO3H2
+   +   B(OSO2CF3)4

− ð2:26Þ

4 CF3SO3H   +   BCl3                                CF3SO3H−B(OSO2CF3)3−3 HCl ð2:27Þ

Aciditymeasurementswere again limited for the lackof suitable indicator base and
even 1,3,5-trinitrobenzene, theweakest base used, was fully protonated (H0��18.5)
in the 22mol% solution of boron triflate. Extrapolation of this system to 40%
B(CF3SO3)3 in CF3SO3H would lead to an H0 value of �20 in the Hammett scale.
Consequently, the acidity is comparable to that of the ternary system HSO3F–
SbF5–SO3.

2.2.2.7. Hydrogen Fluoride–Antimony Pentafluoride (Fluoroantimonic
Acid). The HF–SbF5 (fluoroantimonic acid) system is considered the strongest
liquid superacid and also the one that has thewidest acidity range. Due to the excellent
solvent properties of hydrogen fluoride, HF–SbF5 is used advantageously for a variety
of catalytic and synthetic applications85 (seeChapter 5).Anhydroushydrogen fluoride
is an excellent solvent for organic compounds with a wide liquid range. Antimony
pentafluoride ionizes anhydrous HF and the proton is solvated by the medium
according to [Eq. (2.28)]

2 SbF5   +   2 HF                         H2F+   +   SbF6
− (Sb2F11

−) ð2:28Þ

Due to the small autoprotolysis constant (Kap� 10–12), the H0 value of neat
anhydrous HF was difficult to measure. Trace amount of impurities increased the H0

value by several orders of magnitude, and for this reason the value of H0¼�11 was
generally found in the literature. In 1987, Gillespie and Liang30 used a set of
nitroaromatic indicators and found that the H0 value of anhydrous HF was �15.1,
in good agreement with the prediction of Devynck86 based on the electrochemical
method (see Section 1.4.3). Figure 2.13 shows the dramatic change in acidity of
anhydrous HF when 1mol base or 1mol acid is added.
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Considering the fact that the H0 values of neat anhydrous HF and pure HSO3F are
the same (��15.1), it is interesting to notice themuch higher sensitivity ofHF to SbF5
addition: A 1M solution of HF–SbF5 is about 104 times stronger acid than a 1M
solution of SbF5 in HSO3F. In order to reach anH0 value of�21, 25 times more SbF5
has to be added to HSO3F than to HF (Figure 2.14).
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Nevertheless, the acidity measurements based on the use of the benzhydryl cation
indicator family87 show that the upper acidity limit of the HF–SbF5 system is reached
with 10mol% of SbF5. Theweakest indicator available is protonated 4,4

0-dimethoxy-
benzhydryl cation (pKBHþ ��23) and could not be further protonated, even in the
most concentrated HF–SbF5 solutions.

Since the first quantitative study by Kilpatrick and Lewis,88–90 the ionic composi-
tion of the strongest superacid system, HF–SbF5, has been investigated by various
analytical techniques. The results obtained from conductometric,83 cryoscopy,91 and
vapor-phasemeasurements,92 aswell as infrared93,94 and 19F NMRspectroscopy,87 all
agree that SbF5 is fully ionized in dilute HF solutions, first yielding the SbF6

� anion.
With increasing concentration of SbF5, increasing amounts of polymeric SbF5 and
increasing amounts of polymeric anions (Sb2F11

�, Sb3F16
�, etc.) are formed.

On the basis of IR studies, Bonnet and Masherpa95 concluded that HF-solvated
H3F2

þwas the predominant species in the range 0–20mol% SbF5 followed by H3F2
þ

in the 20–40mol% range, replaced progressively by H2F
þ above 40mol% SbF5.

19F NMR studies show, however, that the proton exchange between the different
cations Hnþ1Fn

þ is very fast and it appears that the proton is always solvated to a
maximum.

The HF–SbF5 system has also been reinvestigated by high-field NMR spectro-
scopy87 as well as by the theoretical methods such as ab initiomolecular dynamics96

and DFT theory.97

The anionic composition of the HF–SbF5 system is less complex than the Magic
Acid system because it comprises only F�(SbF5)n adducts with 1< n< 4. It is
interesting to note that, in contrast with sulfonic acid based systems, SbF5 prefers
complexing fluoroantimonate ions instead of ionizing HF over the whole concentra-
tion range. In both HSO3F- and CF3SO3H-based superacids, complete ionization of
the acids was observed when the concentration of SbF5 reached 50mol%. In contrast,
in the HF–SbF5 system the 19F NMR signal of the unionizedHF can be observed up to
80mol% SbF5.

On the other hand, above 20mol% SbF5, a small but increasing amount of
unionized SbF5 can be observed, which may rationalize the change in the mechanism
of alkane activation from the protolytic to the oxidative pathway, when the concen-
tration of SbF5 increases over 20mol% (see Section 5.1.1).

The anionic composition of the HF-SbF5 system as a function of SbF5 concentra-
tion is shown in Figure 2.15.

The structure of the anions has already been suggested by Dean and Gillespie98 in
1969 on the basis of 94.1MHz 19F NMRspectral analysis and the structure of Sb2F11

�

has been confirmed by X-ray structural analysis99 (Figure 2.16).
The cationic species—that is, solvation of proton byHF—has also been the subject

of various theoretical approaches in associationwith the development of the superacid
field.

Kim and Klein96,100 have investigated SbF5 in liquid HF by ab initio molecular
dynamics simulation. They observed the formation of SbF6

� ion and a very fast
diffusion of the proton along the hydrogen-bonded HF chains. The cationic species is
the protonated HF chain, in good agreement with experimental results.101
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Esteves et al.97 have carried out a high-level [B3LYP/6-31þþG**þRECP(Sb)]
density functional study of the HF–SbF5 system (Figure 2.17).

2.2.2.8. Hydrogen Fluoride–Phosphorus Pentafluoride. In the early
1960s, Clifford and Kongpricha102 measured the thermodynamic solubility constant
of PF6

� in HF and concluded that in contrast with BF3, PF5 was a strong acid in HF.
H0measurements in sulfolane solution showedHPF6 to be a stronger acid thanHClO4
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and HSO3F.
103 However, the more recent theoretical calculations based on ab initio

methods at the G-31 G** level seem to indicate44 that the adduct HF–PF5 is only
weakly bound (note the long HF—F bond distance, Figure 2.18) and the PF5 moiety
is only weakly distorted and not prone to exchange its fluorine atom with HF.

2.2.2.9. Hydrogen Fluoride–Tantalum Pentafluoride. HF–TaF5 is a cata-
lyst for various hydrocarbon conversions of practical importance. In contrast to
antimony pentafluoride, tantalum pentafluoride is stable in a reducing environment.
The HF–TaF5 superacid system has attracted attention mainly through the studies
concerning alkane–alkene alkylation104 and aromatic protonation.105 Generally,
heterogeneous mixtures such as the 10:1 and 30 : 1 HF–TaF5 have been used because
of the low solubility of TaF5 in HF (0.9% at 19�C and 0.6% at 0�C). For this reason,
acidity measurements have been limited to very dilute solutions, and an H0 value of
�18.85 has been found for the 0.6% solution. Both electrochemical studies106,107 and
aromatic protonation studies108 indicate that the HF–TaF5 system is a weaker super-
acid compared to HF–SbF5.

2.2.2.10. Hydrogen Fluoride–Boron Trifluoride (Tetrafluoroboric Acid).
Boron trifluoride ionizes in anhydrousHF [Eq. (2.29)]. The stoichiometric compound

Sb

F

H

H3F2
+ Sb2F11

−

113.9°

2.047 Å
123.4°

2.053 Å

1.275 Å

0.993 Å

1.415 Å

2.326 Å

114.6°

2.146 Å

2.058 Å

      1.199 Å

1.097 Å

1.988 Å

1.020 Å

      1.333 Å

H2F+Sb2F11
–

Figure 2.17. Geometrical parameters by DFT calculations of the H3F2
þSb2F11

� and
H2F

þSb2F11
� complex.

Fb

P

Fc

Fb

Fc

FaF

H

P−Fc  = 1.532 − 1.541 Å

P−F b  = 1.568 Å

< F a PF b  = 91.0°

< F a PF c  = 116.8 − 117.0°
105.4°=HFP<

                 3.112 Å       1.534 Å
0.912 Å

Figure 2.18. Calculated geometrical parameters of HF–PF5.

60 SUPERACID SYSTEMS



exists only in excess ofHFor in the presence of suitable proton acceptors. TheHF–BF3
(fluoroboric acid)-catalyzed reactions cover many of the Friedel–Crafts-type reac-
tions.109 One of themain advantages of this system is the high stability of HF andBF3.
Both are gases at room temperature and are easily recovered from the reaction
mixtures.

BF3   +   2 HF                         BF4
−   +   H2F+ ð2:29Þ

The large number of patents in this field demonstrates the industrial interest in this
superacid system (such as isomerization of xylenes and carbonylation of toluene). The
HF–BF3 system in the presence of hydrogen has also been found to be an effective
catalyst for ionic hydrodepolymerization of coal to liquid hydrocarbons.110,111 The
basicity of many aromatic hydrocarbons has been measured in the HF–BF3 system by
NMR112 and vapor pressure determinations.113 Acidity measurements of the system
have been limited to electrochemical determinations, and a 7 mol% BF3 solution
was found to have an acidity ofH0¼�16.6. This indicates that BF3 is a much weaker
Lewis acid as comparedwith either SbF5 or TaF5. Nevertheless, the HF–BF3 system is
strong enough to protonate many weak bases and is an efficient and widely used
catalyst.114

An ab initio study of BF3þ (HF)n clusters
115 has shown that up to n¼ 3, only

weakly bonded van de Waals associations are found but with n¼ 4–7, cyclic
clusters were formed in which BF3 is hydrogen bonded to HF with 3 fluorine atoms.
Microwavestudies116 and IR investigations117 show that the intermolecularBFbond is
nevertheless somewhat shorter than expected on the basis of pure van de Waals
interactions.

2.2.2.11. ConjugateFriedel–CraftsAcids (HX–AlX3,etc.). Themostwidely
used Friedel–Crafts catalyst systems are HCl–AlCl3 and HBr–AlBr3. These systems
are indeed superacids by the present definition.However, experiments directed toward
preparation from aluminum halides and hydrogen halides of the composition HAlX4

were unsuccessful in providing evidence that such conjugate acids are not formed in
the absence of proton acceptor bases.

The hydrogen chloride–aluminumchloride systemhas been investigated byBrown
andPearsall118 under avarietyof conditions, including temperatures as lowas�120�C
by vapor pressuremeasurements. No evidencewas found for a combination of the two
components.

The catalytic activity of hydrogen bromide itself has been recognized for
alkylation, acylation, and polymerization reactions. The experimental difficulty
associated with its narrow liquid range is probably the reasonwhy there is no acidity
measurements available for neat HBr. H0 measurements on a 1M solution in
anhydrous sulfolane103 have shown the following sequence of decreasing acidity:
HBF4>HClO4> HSO3F>HBr>H2SO4>HCl. This sequence is in accord with
conductometric measurements performed in glacial acetic acid by Gramstad.25

Gold and co-workers119,120 have shown that HBr in CF2Br2 is capable of protonating
a variety of ketones and alcohols at sufficiently low temperatures (�90�C and
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below) at which the conjugate acids can be observed by NMR under slow-exchange
conditions.

This indicates that the acidity of HBr is between�10 and�13 on theH0 scale. The
acidity can be increased further by addition of a Lewis acid such as TaF5 or
AlBr3.

121,122 The relative acidity of the Lewis acids in HBr has been found to be
in the order AlBr3>GaBr3>TaF5>BBr3>BF3, a sequence deduced from selec-
tivity parameter measurements in 2M solution,121 assuming an ideal behavior of the
individual components. An advantage of HBr as a Brønsted acid is its nonoxidizing
nature, but at the same time the bromide ion is a strong nucleophile and neat HBr is a
very poor solvent for most of the organic substrates.

Aluminum bromide is sparingly soluble in HBr (1.77 gmol�1 at �80�C), but its
solubility increases substantially in the presence of aromatic or aliphatic hydro-
carbons. In this case, two phases separate—the upper layer is pure HBr and the lower
layer consists of a sludge, for which the following composition has been found108:
(RþAl2Br7

�)–AlBr3–HBr in the ratio 1 : 0.8 : 0.7. The commonly encountered
sludges or “red oil” in Friedel–Crafts hydrocarbon conversion processes can thus
be considered as a solution of carbocations in superacidic HBr–AlBr3 and HCl–
AlCl3 systems. These systems are generally very complex, containing organic
oligomers and alkylates. In the ethylation of benzene with the HCl–AlCl3 system,
the sludge was shown by NMR spectroscopy to contain the heptaethylbenzenium
ion. Protonation studies based on 13C NMR chemical-shift measurements have
shown that the HBr–AlBr3 system is capable of protonating benzene at 0�C.
Comparing these results with those obtained using HF–TaF5, Fărcaşiu et al.108

claimed that HBr–AlBr3 was an acid of comparable strength to HF–SbF5, a ranking
also proposed by Kramer based on his selectivity parameter.121 It is, however, highly
unlikely that HBr–AlBr3 has strength comparable to that of HF–SbF5 because it is
incapable of protonating many weak bases or ionizing precursors to long-lived
carbocations (such as alkyl cations). An extensive discussion of Friedel–Crafts
superacids is available and will not be repeated here.109

2.3. TERNARY SUPERACIDS

2.3.1. HSO3F–HF–SbF5

When Magic Acid is prepared from fluorosulfuric acid not carefully distilled (which
always contains about 2–5% of HF), upon addition of SbF5 the ternary superacid
system HSO3F–HF–SbF5 is formed.123,124 Because HF is a weaker Brønsted acid, it
ionizes fluorosulfuric acid, which, upon addition of SbF5, results in a high-acidity
superacid system at low SbF5 concentrations.

19F NMR studies on the system have
indicated thepresenceofSbF6

�andSb2F11
�anions, although these can result from the

disproportionation of SbF5(FSO3)
� and Sb2F11(FSO3)

� anions.
The ternary HSO3F–HF–SbF5 system was recognized as a highly efficient super-

acid catalyst in its own right byMcCaulay in octane upgradingof light naphtha streams
exhibiting improved selectivity and lifetime.125
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2.3.2. HSO3F–HF–CF3SO3H

Asmentioned inSection2.3.1, fluorosulfuric acid used in common laboratory practice
always contains HF. A mixture of HSO3F and CF3SO3H is, in fact, the ternary
superacid HSO3F–HF–CF3SO3H.

2.3.3. CF3SO3H–HF–Lewis Acid

Olah has applied liquid ternary catalysts comprising triflic acid, HF, and a Lewis
acid (BF3, PF5, AsF5, SbF5, TaF5, NbF5) to upgrade natural gas liquids containing
saturated straight-chain hydrocarbons to highly branched hydrocarbons (gasoline
upgrading).126

2.3.4. HSO3F–SbF5–SO3

When sulfur trioxide is added to a solution of SbF5 in HSO3F, there is a marked
increase in conductivity that continues until approximately 3 moles of SO3 have been
added per mole of SbF5.

127 This increase in conductivity has been attributed to an
increase inH2SO3F

þ concentration arising from the formation of amuch stronger acid
than Magic Acid. Acidity measurements have confirmed the increase in acidity with
SO3–SbF5 in the HSO3F system (Figure 2.9). This has been attributed to the presence
of a series of acids of the type H[SbF5(SO3F)] (see Table 2.5, anion F),
H[SbF3(SO3F)3], H[SbF2(SO3F)4] of increasing acidity. Thus, of all the fluorosulfuric
acid-based superacid systems, sulfur trioxide-containing acid mixtures are, however,
difficult to handle and cause extensive oxidative side reactions when contacted with
organic compounds.

2.4. SOLID SUPERACIDS

Considering the exceptional activity of liquid superacids and their wide application in
hydrocarbon chemistry, it is not surprising that work was also extended to solid
superacids. The search for solid superacids has become an active area since the early
1970s, as reflected primarily by the existence of extensive patent literature.

Solid acid catalysts such asmixedoxides (chalcides) havebeenusedextensively for
many years in the petroleum industry and organic synthesis. Their main advantage
comparedwith liquid acid catalysts is the ease of separation from the reactionmixture,
which allows continuous operation, as well as regeneration and reutilization of the
catalyst. Furthermore, the heterogeneous solid catalysts can lead to high selectivity or
specific activity. Due to the heterogeneity of solid superacids, accurate acidity
measurements are difficult to carry out and to interpret. Up until now, the most useful
way to estimate the acidity of a solid catalyst is to test its catalytic activity in well-
known acid-catalyzed reactions.

Solid acidic oxide catalysts generally donot show intrinsic acidity comparablewith
liquid superacids, and therefore generally high temperatures are required to achieve
catalytic activity.
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Various solid acidswere qualified in the literature as superacids on the basis of very
different arguments. Themost studied “solid superacid,” sulfated zirconia, and related
sulfated oxides were considered as superacids because of their ability to convert
n-butane into isobutane at low temperatures.

In the late 1990s, a series of reviews have been devoted to sulfated zirconia and its
potential application in industry.128–134

Zeolites such as HZSM-5 were considered as superacids on the basis of the initial
product distribution in accord with C–H and C–C bond protolysis when isoalkanes
were reacted at 500�C (the Haag and Dessau mechanism).135 The reactivity was
assigned to superacidic sites in the zeolite framework.136 The superacid character of
other solid acids was claimed on the basis of Hammett indicator color change137,138

or on the basis of UV spectrophotometric measurements.139,140 In 2000, a special
issue of Microporous and Mesoporous Materials141 was devoted to the superacid-
type hydrocarbon chemistry taking place on solid acids as suggested by the late
Werner Haag.

As already pointed out earlier (see Section 1.4.8), a clear definition of solid
superacidity is needed. On the other hand, for catalysts to be able to activate alkanes at
low temperatures, such as sulfated zirconias and heteropoly acids, the redox properties
should not be neglected in the activation step.142,143

Nevertheless, a large number of solid acids may be considered as solid superacids
on the basis of their ability to convert saturated hydrocarbons at moderate to low
temperatures.

Moreover, recently the application of zeolites in organic synthesis demonstrated
their ability to achieve reactions necessitating usually superelectrophilic intermedi-
ates as in superacid media.144 These results cannot be rationalized on the basis of the
acidic character alone and needs the understanding of confinement effects145 inwhich
case the zeolite cage behaves like a nanosized reactor favoring the contact between
reactant and specific acidic sites. The electrostatic effects may also be important.

The following subchapters cover various solid superacids, includingperfluorinated
sulfonic acid resins (Nafion resins). Furthermore, in the past, various attempts have
been made to obtain solid superacids by either (a) enhancing the intrinsic acidity of a
solid acid by treatment with a suitable co-acid or (b) physically or chemically binding
a liquid superacid to an otherwise inert surface. We will briefly review some of these
attempts because most of these catalysts rapidly lose activity and need to be
regenerated.

2.4.1. Zeolitic Acids

Zeolites are a well-defined class of crystalline, naturally occurring or synthetic
aluminosilicates. They have a three-dimensional structure arising from a framework
of [SiO4]

4� and [AlO4]
5� tetrahedra linked by their corners of shared oxygens. The

frameworksaregenerallyveryopen andcontain channels and cavities inwhich cations
andwatermolecules are located. The alkali cations have a high degree ofmobility and
can be easily exchanged, and thewater molecule can be lost and regained the origin of
their chemical properties.
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Whereas the synthesis of zeolite occurs in nature and in the laboratory under
strongly basic conditions (pH 9–11), they are widely used as catalysts in hydrocarbon
chemistry under their acidic form. In order to obtain acidic zeolites, the alkali cations
(K, Li, Na, Ca, etc.) are first exchanged by NH4

þCl� followed by heating which,
after release of ammonia, leaves the proton loosely attached to the framework on the
Si–O–Al bridging group (Figure 2.19).

Quantifying precisely the acidity of zeolites or other acidic solids is a goal, which
up to now has not been satisfactorily achieved. The main problem is the lack of an
acceptable scale of solid acidity comparable to pKa scale for aqueous solutions or
proton affinities for gas-phase reactions. For this reason all available physical
and theoretical methods of investigation have been applied over the years on this
subject and a large number of papers have been published. Several reviews are
available.

Whereas the number of Brønsted acid sites can be easily determined,146–149 their
acidity may vary depending on their position in the framework and also by interaction
withLewis acid sites. For these reasons anddespite thevarious techniques tested, there
are no general and reliablemethods tomeasure the acidity of solid acids. The synthesis
of active acidic zeolites used in industry still relies on a very empirical base, the most
important character being their catalytic activity.

2.4.2. Polymeric Resin Sulfonic Acids

2.4.2.1. Lewis Acid-Complexed Sulfonic Acid Resins. In most of the
acidic ion exchangers, the active sites are the sulfonic acid groups that are attached
to a solid backbone such as sulfonated coal, sulfonated phenol–formaldehyde resins,
or sulfonated styrene–divinylbenzene cross-linked polymers. The latter sulfonated
resins are the only type acidic enough to gain importance as a catalyst for acid-
catalyzed electrophilic reactions. The most widely used are the Dowex 50 (Dow
Chemicals) and Amberlite IR-120 (Rohm and Haas)-type resins, which are made by
sulfonation of cross-linked polystyrene–divinylbenzene beads. Dowex 50 is compa-
rable in acid strength to HCl150 and therefore is considered as a solid acid of moderate
strength.

The acidity of these resins, however, increases significantly by treating them with
Lewis acid halides. Gates and co-workers151–153 have prepared a superacid catalyst
from AlCl3 and beads of macroporous, sulfonated polystyrene–divinylbenzene. The

Mx /n[(AlO2)x(SiO2)y]zH2O   +   NH4Cl
−MxCl
−NH3

O
Si
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O
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H

+
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acidic zeolites
zeolites

Figure 2.19. Synthesis and structure of acidic zeolites.
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catalyst was prepared by exposing the macroporous beads of the polymeric Brønsted
acid at 110�Ctoa streamofnitrogencontaining sublimedAlCl3.HClwas liberated and
the resulting polymer had an S:Al:Cl ratio of 2:1:2. Electron microprobe X-ray
analysis has shown that Al and Cl were uniformly dispersed throughout each polymer
bead. By analogy with the known structure of liquid superacids, structure 1 was
suggested [Eq. (2.30)]. This AlCl3-complexed polystyrenesulfonic acid resin catalyst
was found tobe capable of isomerizing and crackingn-hexane at 85�C in a flow reactor
with an overall initial conversion of 80%.
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2.4.2.2. Perfluorinated Polymer Resin Acids. A convenient solid perfluori-
nated sulfonic acid can be readily generated from DuPont’s commercially available
potassium salts of Nafion brand ion membrane resins (a copolymer of perfluorinated
epoxide and vinylsulfonic acid, Figure 2.20). Nafion-H-catalyzed reactions gained
substantial interest and are reviewed in Chapter 5. Similarly, C8 to C18 perfluorinated
sulfonic acids, such as perfluorodecanesulfonic acid [CF3(CF2)9SO3H, PDSA], are
very strong acids and are useful catalysts for many organic syntheses.154

Nafion membrane materials were originally developed for electrochemical appli-
cations.155 The acid strength (�H0) is estimated to be between 11 and 13156; that is, the
acidity of Nafion is comparable to that of concentrated sulfuric acid. In these systems,
the sulfonic acid group is attached to a CF2 or CF group in a perfluorinated backbone.

(CF2 CF2)m CF CF2

O

CF2

CF3 CF OCF2CF2 SO3H

][     n

z

Figure 2.20. The structure of Nafion resin.
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This structure provides high acidity sites, and at the same time the perfluorinated
polymer itself is highly inert and resists acid cleavage. The maximum operating
temperature in continuous operation is 175�C; however, Nafion can be used at even
higher temperature in aqueous systems and proton-donating organic solvents.157

Nafion is a noncorrosive solid marketed as the potassium salt in the form of granules
(beads).

Other perfluorinated ionomer membranes, chemically very similar to Nafion, are
also available commercially.Aciplex,manufacturedby theAsahiChemicalCompany,
is very similar to Nafion, except that it has perfluoropropanesulfonic acid side chains.
Flemion (Asahi Glass Company), in contrast, possesses perfluorobutanoic acid
functions.

Two significant drawbacks of Nafion-H in catalytic applications are its very low
surface area (0.02m2 g�1) and the hindered accessibility of the active sites (sulfonic
acid groups) located inside the pockets of the polymeric backbone. Consequently, the
specific activity of Nafion, namely, the number of reactingmolecules per unit weight,
is extremely low.

To overcome these difficulties, Harmer and co-workers158–160 have used the in-situ
sol–gel technique todevelopNafion–silicananocomposite solid acid catalysts.During
the process, nanometer-size silica particles are formed, which are aggregated to
produce a porous silica network entrapping the Nafion particles. The nanocomposites
have large surface areas (typically 150–500m2 g�1)—that is, approximately four
orders of magnitude larger than that of the starting Nafion polymer resin with Nafion
particles having a typical particle size in the range 2–20 nm.160,161 Synthesis condi-
tions, particularly the choice of the silica source, allow us to tailor the microstructure,
surface area, and acidity of the nanocomposites. Furthermore,Nafion loading can also
be varied easily up to about 40wt%. Another method, repeated impregnation of
spinodal porous silica with aqueous methanol solution of Aciplex resin, has also been
used to prepare Aciplex–SiO2 samples.162 Furthermore, Nafion was also embedded
into ordered mesoporous MCM-41 silica material.163,164

The high acidity of the unique sulfonic acid function of Nafion can also be utilized
by tethering perfluoroalkanesulfonic acid groups to the surface of various silicas. Two
approaches have been described to prepare such hybrid organic–inorganic materials.
The grafted materials 3 have been prepared by reacting preformed silica materials
(MCM-41, SBA-15) with sultone 2 [Eq. (2.31)].165 Co-condensation of tetraethoxy-
silane with 4 in the presence of dodecylamine template, in turn, furnished the HMS-
based material 5 [Eq. (2.32)].166,167
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The newNafion-nanocomposite catalysts are produced byDuPont andmarketed as
Nafion SAC materials with Nafion loading between 10% and 20%. Additional
information for perfluorinated sulfonic acid resin nanocomposites including charac-
terization by a variety of physical and chemical methods can be found in a recent
review paper.168

2.4.3. Enhanced Acidity Solids

The acidic sites of solid acids may be of either the Brønsted (proton donor, often OH
group) orLewis type (electron acceptor). Both types havebeen identified by IR studies
of solid surfaces using the pyridine adsorption method. The absorption band at
1460 cm�1 is assigned to pyridine coordinated with the Lewis acid site, and another
absorption at 1540 cm�1 is attributed to the pyridinium ion resulting from the
protonation of pyridine by the Brønsted acid sites. Various solids displaying acidic
properties, whose acidities can be enhanced to the superacidity range, are listed in
Table 2.6.

The natural clay minerals are hydrous aluminum silicates with iron or magnesium
replacing aluminumwholly or in part, and with alkali or alkaline earth metals present
as essential constituents in some others. Their acidic properties and natural abundance
have favored their use as catalysts for cracking of heavy petroleum fractions.With the
exception of zeolites and some specially treated mixed oxides for which superacid
properties havebeenclaimed, the acidity asmeasuredby thecolor changesofabsorbed
Hammett bases is generally far below the superacidity range. They are inactive for
alkane isomerization and cracking below 100 �C and need co-acids to reach
superacidity.

2.4.3.1. Brønsted Acid-Modified Metal Oxides: TiO2–H2SO4; ZrO2–
H2SO4. By exposing freshly prepared Ti(OH)4 to 1N sulfuric acid followed by
calcination in air at 500�C for 3 h, Hino and Arata137 have obtained a solid catalyst
active for isomerization of butane in lowyields at room temperature. The acid strength
as indicated by the color change of a Hammett indicator (2,4-dinitrobenzene) was
found to be as high as H0¼�14.5.

Subsequently, the same authors138 described the preparation of a solid superacid
catalyst with acid strength of H0¼�16 with a sulfuric acid-treated zirconium oxide.
They exposed Zr(OH)4 to 1N sulfuric acid and calcined it in air at approximately
600�C. The obtained catalyst was able to isomerize (and crack) butane at
room temperature. The acidity was examined by the color change method using
Hammett indicators added to a powdered sample placed in sulfuryl chloride. The

68 SUPERACID SYSTEMS



existence of both Brønsted and Lewis sites was shown by the IR spectra of absorbed
pyridine.

The X-ray photoelectron and IR spectra showed that the catalyst possessed
bidentate sulfate ion coordinated to the metal. The specific surface areas were much
larger than those of the zirconium oxides, which had not undergone the sulfate
treatment. The interesting feature of these catalysts is the high temperature at which
they are prepared,whichmeans that theymaintain their acidity at temperatures as high
as 500�C and should thus be easy to regenerate and reuse.

Considering the high activity obtained after treatment of these oxides with H2SO4,
it is rather surprising that a large variety of oxides and mixed oxides show almost no
increase in activity after treatment withmuch stronger HSO3F.

169 SiO2–Al2O3 treated
withMagic Acid was, however, found to be moderately active at room temperature in
cracking butane, but its activity was much less than the Lewis acid-modified oxides
(vide infra).

2.4.3.2. Lewis Acid-Modified Metal Oxides and Mixed Oxides. In 1976,
Tanabe andHattori170 reported thepreparationof solid superacids suchasSbF5–TiO2–
SiO2, SbF5–TiO2, and SbF5–SiO2–Al2O3, whose acid strengths were in the range of
�13.16 to�14.52 on theH0 scale. In a subsequent work, the same authors reported a
thorough study of the preparation and activity measurement of a large number of
oxides andmixed oxides, treatedwith avariety of superacids. The SbF5-treated oxides

Table 2.6. Solid Acids

1. Natural clay minerals:
kaolinite, bentonite, attapulgite, montmorillonite, clarit, Fuller’s earth, zeolites, and
synthetic clays or zeolites

2. Metal oxides or sulfides:
ZnO, CdO, Al2O3, CeO2, ThO2, ZrO2, SnO2, PbO, Aa2O3, Bi2O3, Sb2O5, V2O5, Cr2O3,
MoO3, WO3, CdS, ZnS

3. Metal salts:
MgSO4, CaSO4, SrSO4, BaSO4, CuSO4, ZnSO4, CdSO4, Al2(SO4)3, FeSO4, Fe2(SO4)3,
CoSO4, NiSO4, Cr2(SO4)3, KHSO4, (NH)2(SO4)3, Zn(NiO3)2, Ca(NiO3)2, K2SO4, Bi
(NiO3)3, Fe(NiO3)3, CaCO3, BPO4, AlPO4, CrPO4, FePO4, Cu3(PO4)2, Zn3(PO4)2,
Mg3(PO4)2, Ti3(PO4)2, Zr3(PO4)2, Ni3(PO4)2, AgCl, CuCl, CaCl2, AlCl3, TiCl3, SnCl2,
CaF2, BaF2, AgClO4, Mg(ClO4)2

4. Mixed oxides:
SiO2–Al2O3, SiO2–TiO2, SiO2–SnO2, SiO2–ZrO2, SiO2–BeO, SiO2–MgO, SiO2–CaO,
SiO2–SrO, SiO2–ZnO, SiO2–Ga2O3, SiO2–Y2O3, SiO2–La2O3, SiO2–MOO3, SiO2–WO3,
SiO2–V2O5, SiO2–ThO2, Al2O3–MgO, Al2O3–ZnO, Al2O3–CdO, Al2O3–B2O3, Al2O3–
ThO2, Al2O3–TiO2, Al2O3–ZrO2, Al2O3–V2O5, Al2O3–MoO3, Al2O3–WO3, Al2O3–Cr2O3,
Al2O3–Mn2O3, Al2O3–Fe2O3, Al2O3–Co3O4, Al2O3–NiO, Al2O3–NiO, TiO2–CuO, TiO2–
MgO, TiO2–ZnO, TiO2–CdO, TiO2–ZrO2, TiO2–SnO2, TiO2–Bi2O3, TiO2–Sb2O3, TiO2–
V2O5, TiO2–Cr2O3, TiO2–MnO3, TiO2–Fe2O3, TiO2–Co3O4, TiO2–NiO2, ZrO2–CdO,ZnO–
MgO, ZnO–FE2O3, MoO3–CoO3–Al2O3, MoO3–NiO–Al2O3, TiO3–SiO2–MgO, MoO3–
Al2O3–MgO

5. Cation exchange resins, polymeric perfluorinated resinsulfonic acids
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such as TiO2 and SiO2, as well as mixed oxides like TiO2–ZrO2, TiO2–SiO2, SiO2–
Al2O3, were found to be most effective in the isomerization and cracking reactions
of butane170 and pentanes.171 The catalysts were prepared by exposing the
powdered metal oxides to SbF5 vapor at room temperature followed by degassing.
The adsorption–desorption cycle was repeated a number of times, and finally the
catalyst was subjected to high vacuum to remove last traces of free SbF5 at a given
temperature. The amount of SbF5 remaining on the catalyst was measured by the
weight increase of the catalyst.

The highest activity for butane cracking at room temperaturewas obtainedwith the
TiO2 - andSiO2-containing systems. For pentane and 2-methylpentane isomerizations
at 0�C, themost active catalyst was SbF5–TiO2–ZrO2 with a selectivity close to 100%
for skeletal isomerization.

The high activity of these mixed oxides was ascribed to oxygen coordination of
SbF5 enhancing the acidity of both Brønsted and Lewis acid sites (Figure 2.21).

The activity and stability of aluminumchloride-treated alumina and silica–alumina
as alkane isomerization catalysts has been investigated by Oelderik and Platteeuw.172

The degree of hydration of the carrier and the effects of hydrogen chloride and
hydrogen pressure on the carrier have been studied. The authors concluded172 that
AlCl3 reacts with the hydrated carrier to give a surface-bound compound that is
converted to an acidic site by HCl absorption. However, prolonged treatment of the
carrier with excess AlCl3 results in HCl gas evolution, until no acidic site is left on the
catalyst. The activity of the catalyst system for hexane isomerization, however,
declines exponentially with time.

Chlorinated alumina is still oneof themost useful industrial catalyst for light alkane
isomerization with generally a small amount of platinum being added in order to
prevent coking.173–177

2.4.3.3. LewisAcid-ComplexedMetal Salts. Mixtures of aluminumchloride
and metal chloride are known to be active for the isomerization of paraffins at room
temperature.178Ono and co-workers179–183 have shown that themixtures of aluminum
halides with metal sulfates are much more selective for similar reactions at room
temperature.

AlCl3–Metal Sulfates. Room temperature isomerizationof pentanehas been carried
outwith a series ofmixtures containingaluminumchloridewith sulfatesofmetals such

Si O Al O Si

O
SbF5H

δ+                  δ−

δ−
Lewis site

Brønsted
site

δ+

SbF5

Figure 2.21. The structure of SbF5-treated SiO2–Al2O3.
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as Ti, Fe(III), Ni, Cu, Mn, Fe(II), Al, Zr, Co, Mg, Ca, Ba, Pd, with conversions in
excess of 10% after 3 h.180 The most effective catalyst was an equimolar mixture of
AlCl3 and Ti2(SO4)3 with a conversion of 46% and a selectivity to isopentane of 84%.
The catalysts were prepared by kneading a mixture of aluminum chloride and a
dehydrated metal salt in a porcelain mortar in a dry nitrogen atmosphere. Even better
catalyst performance was found for AlBr3–Ti2(SO4)3 (87% conversion,> 99%
selectivity).181

The AlCl3–CuSO4 mixture has been more thoroughly investigated in the 5–23�C
temperature range.182 The acidity was estimated to be approximately H0¼�14 and
the activity was found to be proportional to the amount of CuSO4 and also to the
specific surface area of the CuSO4 used. It was claimed that the addition of water had
no effect on the catalytic activity, which seems to indicate that the active species are
essentially different from those in the AlCl3–H2O system.

AlCl3–Metal Chlorides. The catalytic activity ofmetal chloride–aluminumchloride
mixtures for pentane isomerization has been studied by Ono.179 The highest
conversion (31% after 3 h at room temperature) was found when AlCl3 was
combined with TiCl3 (the latter was prepared by reducing TiCl4 with Al and
supposed to have a composition of TiCl3–1/3AlCl3), MnCl2 (12%), and CuCl2
(11%), but no such catalyst reached the activity of metal sulfate–aluminum halide
mixtures.

2.4.4. Immobilized Superacids (Bound to Inert Supports)

Ways have been found to immobilize and/or to bind superacidic catalysts to an
otherwise inert solid support. Several types are described in this section.

2.4.4.1. Superacids Immobilized on Solid Supports. The considerable
success of Magic Acid and related superacids in solution chemistry and interest to
extend the scope and utility of acid-catalyzed reactions, particularly hydrocarbon
transformations, logically led to the attempts to adopt this chemistry to solid systems
allowing heterogeneous catalytic processes.

The acidity of perfluorinated sulfonic acids can be increased further by complexa-
tionwithLewis acid fluorides, such as SbF5, TaF5, andNbF5.

183 Theyhave been found
to be effective catalysts for n-hexane, n-heptane isomerization, alkylation of benzene,
and transalkylation of alkylbenzenes (see Chapter 5).

Attempts have recently been made to prepare solid acids by loading triflic acid
into various inert oxides including silica,184 titania,185,186 and zirconia.187,188 Silica
functionalized with anchored aminopropyl groups was also used to immobilize
triflic acid.189 These new catalysts have been tested in a variety of organic
transformations, such as alkane–alkene alkylation, Friedel–Crafts acylation,
alkene dimerization, and acetalization. Silica nanoboxes prepared by dealumination
of Na–X- and Ca–A-type zeolites were also loaded with triflic acid up to 32wt%.190

The materials were thoroughly characterized but have not been tested as catalysts.
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Harmer et al.29 have applied the sol–gel technique to prepare 1,1,2,2-tetrafluor-
oethanesulfonic acid supported on silica, which proved to be an excellent catalyst for
several processes such as alkylation and acylation of aromatics, isomerization,
oligomerization, and Fries rearrangement. This material has activity similar to that
of triflic acid but is much easier to handle.

Immobilization of fluoroboric acid (HBF4) on silica was also successfully per-
formed,191,192 and the resulting material has shown good characteristics in catalytic
transformations.

2.4.4.2. Graphite-Intercalated Superacids. The 1970s witnessed a renewal
of interest and a virtual explosion in research in the preparation, structure, and
properties of graphite intercalation compounds. A number of reviews193,194 have
been devoted to this subject, showing that intercalation compounds can be useful
materials as catalysts, reagents, electronic conductors, battery components, and
lubricating agents. This research activity has continued ever since.195–198

Graphitepossesses a layered structure that is highly anisotropic. It consists of sheets
of sp2 carbon atoms in hexagonal arrayswith aC–C bond distance of 1.42A

�
consistent

with a one-third double bond and two-thirds single bond character (Figure 2.22). The
distance between the layers is 3.35A

�
and is in accord with the fact that the graphite

sheets are held together only by weak van der Waals forces. The atomic layers are
not directly superimposable but alternate in the pattern A–B–A–B– as shown in
Figure 2.22 for the most stable form, called hexagonal graphite. Two special types of
synthetic graphite are considered of great interest: highly oriented pyrolytic graphite
(HOPG) and graphite fibers. HOPG is a highly crystalline material in which all the
carbon layers are nearly parallel in the whole sample, which may be of sizeable
dimension. The graphite fibers are another form of synthetic graphite that show
unusualmechanical properties in the compositematerial (used extensively in aviation
industry).

The intercalationprocess has been amuchdisputed topic, but there is nowsufficient
experimental proof that the intercalation step isgenerally a redoxprocess inwhich ions

A

B

A

Figure 2.22. Graphite structure.
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and neutral species enter the interlamellar space without disrupting the layered
topology of graphite. X-ray studies show that the compounds at equilibrium favor
theexistenceofa sequenceof filled andempty interlamellar voids.This forms thebasis
for the concept of staging. In the first-stage (stage 1) compound, all the interlamellar
regions are filled by the intercalant molecules (Figure 2.23). In the second- and third-
stage compounds, each second or third interlamellar region, respectively, is filled by
the intercalant and so on (Figure 2.23).

AsF5 and SbF5Graphite Intercalates. Graphite reacts with AsF5 (at 3 atm, 25�C)
and SbF5 to form the first-stage compounds C8–AsF5 and C6.5–SbF5, respectively. At
higher temperatures, higher-stage compounds can be prepared. For the AsF5
compound, a composition shown in Eq. (2.33) has been proposed.199

8 C   +   AsF5                        (C8
0.33+)(AsF6

−)0.33(AsF5)0.5(AsF3)0.17 ð2:33Þ

During the insertion process, themetal is partially reduced fromM(V) to theM(III)
oxidation state and at the same time the neutral species are inserted. The same
assumptions hold good for the SbF5 inserted graphite for which 19F NMR,201,202
121Sb Mossbauer,202,203 and X-ray studies204 have been conducted. Similar to the
reactions of SbF5 in liquid phase, an additional equilibrium is believed to take place
in SbF5–graphite intercalates [Eq. (2.34)], which is of significance in catalytic
applications.

Cn
+ MF6

−   +   MF5                     Cn
+ (M2F11)− ð2:34Þ

The catalytic properties of SbF5–graphite have been investigated.205–208 The
chemistry is basically the same as that of SbF5 itself with two major differences:
(i) As a solid, it can be more easily separated from the reaction mixture, and (ii) the

(c)(b)(a)

Figure 2.23. Staging in graphite intercalates: (a) first stage; (b) second stage; (c) third
stage.
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activity is that expected from a very dilute solution of the superacid. The activity
decreases, however, quite rapidly and the catalyst becomes deactivated after 10–20
turnovers. Three possible reasons for such a deactivation have been given by
Heinerman and Gaaf209: (i) leaching out of SbF5, (ii) reduction of Sb(V) to Sb(III),
and (iii) poisoning of the acidic sites by carbonaceous products.

Consequently, it is considered that the chemistry is not due to the graphite
intercalate itself but to the SbF5 present at the exposed surface areas. The reaction
takes place at these reactive sites in the first step of the formation of the intermediate
carbenium ion and SbF5 is reduced to SbF3. The carbenium ion itself may alkylate or
undergo cleavage; and higher-molecular-weight polymeric material with increasing
C:H ratio builds up on the catalytic site, thereby deactivating the catalyst slowly.209

X-ray diffraction studies and elemental analysis show that large quantities of SbF5
exist in the deactivated catalyst208 and that the catalyst is not easily exfoliated (the
lamellar structure is conserved and large regions of the first-stage compound can still
be detected).

Miscellaneous Superacid Intercalates. The intercalation of AlCl3 and AlBr3 in
graphite in the presence of chlorine or bromine has been long known.210,211 The
intercalates have been found to be milder catalysts than the pure Lewis acids.212

However, itwas shown that theLewis acids are readily leached out from the intercalates
during Friedel–Crafts-type reactions, and it is not clear whether the intercalates
themselves ormore probably the surface-exposedLewis acids are the de facto catalysts.
Other superacids such as NbF5, TaF5, HF–SbF5, andAlBr3–Br2 have also been used as
graphite intercalates for various superacid-catalyzed reactions such as reduction of
alkyl halides,213 alkylation of aromatics,214 and isomerization and cracking of C5, C6

alkanes.215

2.4.4.3. SbF5-Fluorinated Graphite, SbF5-Fluorinated Al2O3. It has been
shown that improved catalytic activity and stability is obtained with SbF5-treated
fluorinated graphites instead of graphite.209 Fluorinated graphites are not uniform in
structure and contain many imperfections and nonfluorinated areas. It has also
been demonstrated that SbF5 is not intercalated into higher fluorinated graphite
with a F:C ratio of 1.1; similar catalytic activity can be obtained by reacting
SbF5 with fluorinated g-alumina.209 In less fluorinated samples it seems that SbF5
is intercalated only in the nonfluorinated regions. The catalytic activity, however,
is due to SbF5 bound to the surface-exposed areas. The isomerization of
pentane and hexane has been studied as a model reaction to assess the potential
of SbF5–graphite and SbF5–fluorographite. A kinetic measurement of the deacti-
vation process showed that nonfluorinated graphite–SbF5 deactivated much more
rapidly than fluorographite–SbF5. It was suggested that in SbF5–fluorographite,
because of strong interaction with the carbon-bound fluorine and SbF5, the catalyst
is strongly immobilized. Better catalytic activity could be obtained by using
fluorographite containing some graphite (with optimum at CF0.8), and it has been
assumed that the initially intercalated SbF5 leaches out of the layer during the
isomerization and binds to the surface of fluorinated graphite, thereby creating a
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new active site. The stability of the catalyst has been found comparable to SbF5
bound to fluorinated g-alumina. The characteristics of the hydroisomerization of
pentane over SbF5 on fluorinated graphite or fluorinated alumina, such as dispro-
portionation reactions, influence of hydrogen pressure, stability, and deactivation
mechanism are similar to those found with the homogeneous HF–SbF5 liquid acid
system.209
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CHAPTER 3

Carbocations in Superacid Systems

This chapter begins with a short historic retrospect about the development of the
carbocation concepts and covers the techniques used for their generation, observation,
and characterization under superacidic long-lived conditions. This is followed by an
extensive coverage of the multitude of trivalent (classical) and equilibrating (degen-
erate) and higher (five or six) coordinate (nonclassical) carbocations.

Since the inception of the superelectrophilic concept in the 1970s1 and 1980s,2 first
formulated as protosolvation of cationic intermediates, superelectrophiles as highly
reactive dicationic and tricationic intermediates have been successfully observed and
characterized.3–5 Consequently, selected examples of superelectrophiles are also
covered in this chapter where appropriate, whereas various organic transformations,
in which the involvement of superelectrophilic intermediates is invoked or super-
electrophiles are observed, are treated in Chapter 5.

3.1. INTRODUCTION

3.1.1. Development of the Carbocation Concept: Early Kinetic
and Stereochemical Studies

In the early 1900s, the pioneering work of Norris, Kehrmann, Baeyer, and others on
triarylcarbenium salts generatedwide interest in such species.6–9 Theywere, however,
long considered only of interest to explain the color of these dyes. One of the most
daring and fruitful ideasborn inorganic chemistrywas the suggestion that in the course
of reactions, carbocations might be intermediates that start from nonionic reactants
and lead to nonionic covalent products. It was H. Meerwein10 who in 1922, while
studying the kinetics of the rearrangement of camphene hydrochloride to isobornyl
chloride, reported the important observation that the reaction rate increased in a
general way with the dielectric constant of the solvent. Furthermore, he found that
metallic chlorides such as SbCl5, SnCl4, FeCl3, AlCl3, and SbCl3 (but not BCl3 or
SiCl4), as well as dry HCl, which promote ionization of triphenylmethyl chloride by
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the formation of ionized complexes, considerably accelerated the rearrangement of
camphene hydrochloride. Meerwein concluded that the conversion of camphene
hydrochloride to isobornyl chloride actually does not proceed by way of migration of
the chlorine atom but by a rearrangement of a cationic intermediate. Thus, themodern
concept of carbocation intermediates was born.

Ingold, Hughes, and their collaborators in England, beginning in the late 1920s,
carried out detailed kinetic investigations onwhat later became known as nucleophilic
substitution at saturated carbon and polar elimination reactions.11 The well-known
work relating toSN1and laterE1 reactions established the carbocation concept in these
reactions. Whitmore,12 in a series of papers that began in 1932, generalized
Meerwein’s rearrangement theory to many organic chemical reactions, although he
cautiously avoided writing positive signs on any of the intermediates.

Kinetic and stereochemical evidence helped to establish carbocation intermediates
in organic reactions. These species, however, were generally too short-lived and could
not be directly observed by physical means.

3.1.2. Observation of Stable, Long-Lived Carbocations

The transient nature of carbocations arises from their extreme reactivity with
nucleophiles. The use of low-nucleophilicity counterions, particularly tetrafluorobo-
rates (BF4

�), enabled Meerwein in the 1940s to prepare a series of oxonium
and carboxonium ion salts, such as R3O

þBF4
� and HC(OR)2

þBF4
�, respectively.13

TheseMeerwein salts are effective alkylating agents, and they transfer alkyl cations in
SN2-type reactions. However, simple alkyl cation salts (RþBF4

�)were not obtained in
Meerwein’s studies. The first acetyl tetrafluoroborate—that is, acetylium tetrafluor-
oborate—was obtained by Seel14 in 1943 by reacting acetyl fluoride with boron
trifluoride at low temperature [Eq. (3.1)].

CH3COF     +     BF3 CH3CO+BF4
− ð3:1Þ

In the early 1950s, Olah and co-workers15 started a study of the intermediates of
Friedel–Crafts reactions and inter alia carried out a systematic investigation of acyl
fluoride–boron trifluoride complexes. They were able to observe a series of donor–
acceptor complexes as well as stable acyl cations. Subsequently, the investigations
were also extended to other Lewis acid halides. In the course of these studies, they
increasingly became interested in alkyl halide–Lewis acid halide complexes. The
study of alkyl fluoride–boron trifluoride complexes by electrical conductivity
measurements indicated the formation of ionic complexes in the case of tert-butyl
and isopropyl fluoride at low temperatures, whereas methyl and ethyl fluoride
formed molecular coordination complexes. Subsequently, Olah and co-workers
initiated a systematic study of more suitable acid and low-nucleophilicity solvent
systems. This resulted in the discovery of (a) antimony pentafluoride as a suitable
very strong Lewis acid, (b) related superacid systems such as Magic Acid16
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(HSO3F–SbF5), and (c) low-nucleophilicity solvent systems such as SO2, SO2ClF,
and SO2F2, which finally allowed obtaining alkyl cations as stable, long-lived
species.17 Subsequently, by the use of a variety of superacids, a wide range of
practically all conceivable carbocations became readily available for structural and
chemical studies.18,19

3.1.3. General Concept of Carbocations

Electrophilic reactions sinceMeerwein’s pioneering studies are generally considered
to proceed through cationic (i.e., carbocationic) intermediates. The general concept20

of carbocations encompasses all cations of carbon-containing compounds, which
sometimes were differentiated into two limiting classes: (i) trivalent (“classical”)
carbenium ions and (ii) five or higher coordinate (“nonclassical”) carbonium ions.
Whereas the differentiation of limiting trivalent carbenium and pentacoordinate
carbonium ions serves a useful purpose to establish the significant differences
between these ions, it is also clear that in most specific systems there exists a
continuum of charge delocalization. In fact, in all carbocations (even in the parent
CH3

þ), there is a continuum of degree of charge delocalization, and thus to think in
limiting terms is rather meaningless. Participation by neighboring groups can be not
only by n- and p-donors, as most generally recognized, but also bys-ligands. There is
in principle no difference between these electron donors. s-Participation in properly
oriented systems is not only possible, but is unavoidable. The only question is its
degree and not whether it exists.21

It iswell known that trivalent carbenium ions play an important role in electrophilic
reactions of p- and n-donors systems. Similarly, pentacoordinate carbonium ions are
the key to electrophilic reactions of s-donor systems (single bonds). The ability of
single bonds to act as s-donors lies in their ability to form carbonium ions via
delocalized two-electron, three-center (2e–3c) bond formation. Consequently, there
seems to be in principle no difference between the electrophilic reactions of p- and
s-bonds except that the former react more easily even with weak electrophiles,
whereas the latter necessitate more severe conditions.

On thebasis of the studyof carbocationsbydirect observationof long-lived species,
it became increasingly apparent that the carbocation concept is much wider than
previously realized and necessitated a general definition.21 Therefore, such a defini-
tion was offered based on the realization that two distinct, limiting classes of
carbocations exist (Figure 3.1).

1. Trivalent (“classical”) carbenium ions contain an sp2-hybridized electron-
deficient carbon center that tends to be planar in the absence of constraining
skeletal rigidity or steric interference. (It should be noted that sp-hybridized,
linear acyl cations and vinyl cations also show substantial electron deficiency
on carbon.) The carbenium carbon contains six valence electrons, and thus it is
highly electron-deficient. The structure of trivalent carbocations can always be
adequately described by using two-electron, two-center bonds (Lewis valence
bond structures).
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2. Penta(or higher)-coordinate (“nonclassical”) carbonium ions, which contain
five (or higher) coordinate carbon atoms, cannot be described by two-electron
single bonds alone, but also necessitates the use of two-electron, three-center
(or multicenter) bond(s). The carbocation center is always surrounded by eight
electrons, although two (or more) of them are involved in multicenter bonds,
and thus such ions are overall electron-deficient (due to electron-sharing of two
binding electrons between three (or more) centers).

Lewis’s concept that a chemical bond consists of a pair of electrons shared between
two atoms became the foundation of structural chemistry, and chemists still tend to
name compounds as anomalous when their structures cannot be depicted in terms of
such bonds alone. Carbocations with too few electrons to allow a pair for each “bond”
came to be referred to as “nonclassical,” a label still used even though it is now
recognized that, like many other substances, they adopt the delocalized structures
appropriate for the number of electrons they contain.

Expansion of the carbon octet via 3d-orbital participation does not seem possible;
there can be only eight valence electrons in the outer shell of carbon.22,23 Thus, the
covalency of carbon cannot exceed four. Penta(or higher)-coordination implies a
species with five (or more) ligands within reasonable bonding distance from the
central atom.24 The transition states long ago suggested for SN2 reactions represent
such cases, but involving 10 electrons around the carbon center. Charge–charge
repulsions in the SN2 transition state forces the entering and leaving substituents as far
apart as possible leading a trigonal bipyramid with a long 4e–3c bond allowing
little possibility of a stable intermediate. In contrast, SE2 substitution reactions involve
2e–3c interactions but have been in the past mainly restricted to organometallic
compounds (e.g., organomercurials).25

The direct observation of stable penta(or higher)-coordinate species with eight
electrons around the carbon center in solutions was not reported until recent studies of
long-lived “nonclassical” ions in superacid solvent systems.

Neighboring group interactions with the vacant p orbital of the carbenium ion
center can contribute to ion stabilization via charge delocalization. Such phenomena
can involve atoms with unshared electron pairs (n-donors), C�H and C�C hyper-
conjugation, bents-bonds (as in cyclopropylcarbenium ions), and p-electron systems
(direct conjugative or allylic stabilization). Thus, trivalent carbenium ions can show

Carbocations

Trivalent                                                                  Penta(or higher)-coordinate

(Carbenium ions)                                                   (Carbonium ions)

"Nonclassical ions""Classical ions" 

Figure 3.1. Classification of carbocations.
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varying degrees of delocalizationwithout becoming pentacoordinate carbonium ions.
The limiting classes defined do not exclude varying degrees of delocalization, but in
fact imply a spectrum of carbocation structures.

In contrast to the rather well-defined trivalent (“classical”) carbenium ions,
“nonclassical ions”26 have been more loosely defined. In recent years, a lively
controversy centered on the classical–nonclassical ion problem.27–37 The extensive
use of “dotted lines” in writing carbonium ion structures has been (rightly) criticized
by Brown, 31 who carried, however, the criticism to question the existence of any
s-delocalized (nonclassical) ion. For these ions, if they exist, he stated “. . .a new
bonding concept not yet established in carbon structures is required.”

Clear, unequivocal experimental evidencehasbynowbeenobtained for nonclassical
ions such as the norbornyl cation.38–40 The bonding concept required to define
“nonclassical ions” is simply to consider them as penta(or higher)-coordinated carbo-
nium ions involving at least one two-electron three-center (or multicenter) bond, of
whichCH5

þ (themethoniumion–carboniumion) is theparent, asCH3
þ (themethenium

ion, methyl cation, carbenium ion) is the parent for trivalent carbenium ions. An
example of a hexacoordinate carbonium ion is the pyramidal dication of Hogeveen.41

Concerning the carbocation concept, it is regrettable that for a long time in the
Anglo-Saxon literature the trivalent planar ions of the CH3

þ type were named as
carbonium ions. If the name considered analogous to the other -onium ions (ammo-
nium, sulfonium, phosphonium ions, etc.), then it should relate to the higher-valency
or coordination-state carbocations. The higher-bonding-state carbocations, however,
clearly are not the trivalent but the penta(or higher)-coordinate cations. The German
and French literatures indeed frequently used the “carbenium ion” naming for the
trivalent cations. If one considers these latter ions as protonated carbenes, the naming
is indeed correct.42 It should be pointed out, however, that the “carbenium ion”naming
depicts only trivalent ions and thus should not be a general name for all carbocations.
IUPAC’s Organic Chemistry Division has reviewed the nomenclature of physical
organic chemistry43 and recommends the use of the “carbocation” for naming all
positive ions of carbon. The namings “carbenium” or “carbonium ion,” similar to the
“carbinol” naming of alcohols, is discouraged.

3.2. METHODS OF GENERATING CARBOCATIONS IN SUPERACIDS
SYSTEMS

Common superacid systems that are generally employed in the preparation of
carbocations are the Brønsted acids such as HSO3F and HF and Lewis acids such
as SbF5. Also, Lewis and Brønsted acid combinations such as HSO3F–SbF5 (Magic
Acid), HSO3F–SbF5 (4:1), and HF–SbF5 (fluoroantimonic acid) have been used.
Other superacid systems such as HF–BF3, AsF5, CF3SO3H, HF–PF5, HCl–AlCl3,
HBr–AlBr3, H2SO4, and HClO4 have been successfully adopted. Sometimes a
metathetic reaction involving a halide precursor and AgBF4 or AgSbF6 has also been
successful. The most convenient non-nucleophilic solvent systems used in the
preparation of carbocations are SO2, SO2ClF, and SO2F2. To be able to study ionic
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solutions at very low temperatures (ca. �160�C) by NMR spectroscopy, Freons like
CHCl2F may be used as a co-solvent to decrease the viscosity of the solution.

The success of a carbocation preparation is superacid generally depends on the
technique employed. For most of the stable systems, Olah’s method44 of mixing the
precooled progenitor dissolved in appropriate solvent system alongwith the superacid
using a simple vortex stirrer tomix the components is generally convenient. However,
care should be taken to avoid moisture and local heating. Low temperatures between
�78�C (using acetone–dry ice) and �120�C (using liquid N2–ethanol slush), which
suppress side reactions like dimerization and oligomerizations, are most commonly
employed.

Methods for thegeneration of very reactive carbocations havebeen developedmost
notably by Ahlberg45 and Saunders et al.46 The former group describes an ion-
generation apparatus that consists of a Schlenk tube-like vessel attached to an NMR
tube in which the carbocation is prepared at low temperatures. This methodology has
been further improved.47,48

Themethod of Saunders,46 however, ismore sophisticated. It uses deposition of the
starting reagents from the gas phase (using high vacuum) on a surface cooled to liquid
nitrogen temperature to produce stable solutions of carbocations. The details of the
method have been published in detail.49 Myhre and Yannoni50 have successfully
utilized the above method to generate carbocations in an SbF5 matrix at very low
temperatures for their solid-state 13C NMR spectroscopic work.

Kelly and Brown51 describe amethod for the preparation of concentrated solutions
of carbocations (�1M) in SbF5–SO2ClF. This method, which employs a syringe
technique, allows quantitative conversion of precursors soluble in SO2ClF at �78�C
into the corresponding carbocations.

3.3. METHODS AND TECHNIQUES IN THE STUDY OF CARBOCATIONS

3.3.1. Nuclear Magnetic Resonance Spectra in Solution

One of the most powerful tools in the study of carbocations is nuclear magnetic
resonance (NMR) spectroscopy. This method yields direct information—through
chemical shifts, coupling constants, and the temperaturedependenceofband shapes—
about the structure and dynamics of carbocations.

Although the initial developments in the observation of stable carbocations in
solution relied heavily upon 1H NMR spectroscopy, 13C NMR spectroscopy has
proven to be the singlemost useful technique. 13C NMRpermits the direct observation
of the cationic center, and the chemical shifts and coupling constants can be correlated
to the cation geometry and hybridization. At the beginning of the 13C NMR studies in
the early 1960s, Olah and co-workers used the INDOR technique to obtain spectra of
carbocations at natural 13C abundance. In the past decades, the development of the
Fourier transformNMRspectrometers hasmade available 1H and 13C NMRspectra of
very dilute solution of cations. The signal-to-noise (S/N) ratio has been further
improved by the introduction of high-field superconducting magnets. With such
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high-sensitivity, high-resolution spectrometers, degenerate rearrangement reaction
rate constants of the order 107 s�1, which corresponds to a free energy of activation of
3.3 kcal mol�1 at �160�C, have been measured.

Degenerate rearrangements of carbocations, if they are fast enough, result in
temperature-dependentNMRspectra.At slowexchange, the signals of the exchanging
nuclei show up as separate absorptions. If the exchange rate is gradually increased by
raising the temperature, the signals first broaden and, upon a further rise in the
temperature, they coalesce. Still further increase of the exchange rate results in
sharpening of the broad coalesced signals (Figure 3.2).

The formula in Figure 3.2c shows that the larger the shift difference (nAB) between
the exchanging signals, the larger the rate constant needed to get coalescence at a
specific temperature. Thus, since chemical shift differences in 13C NMR are usually
much larger (in Hz) than in 1H NMR, 13C NMR spectroscopy permits the quantitative
study of much faster processes than can be investigated by 1H NMR spectroscopy.

Very slow exchange could be detected and the rate measured by the transfer of spin
saturation, a tool that could be useful in the elucidation of reaction mechanisms
causing exchange. One of the signals participating in very slow exchange is saturated
by an extra RF field while the rest of the spectrum is observed. If exchange of the spin-
saturated nuclei takes place at a rate comparable to that of the nuclear-spin relaxation
(T1), then transfer of the spin saturation by the degenerate reaction will partially
saturate the other exchanging nuclei. From the degree of transferred spin saturation
andmeasured T1, the rate of exchange could be evaluated. This techniquewas devised
by Fors�en and Hoffman52,53 using 1H NMR spectroscopy, and it has been utilized in
the study of carbocations. The method has some limitations with 1H NMR due to the
small shift differences and large couplings between the protons. However, themethod
has recently been applied using 13C NMR spectroscopy (proton decoupled) for study
of complex carbocation rearrangements.54

3.3.2. 13C NMR Chemical Shift Additivity

An empirical criterion based on additivity of 13C NMR chemical shifts for distin-
guishing classical trivalent and higher coordinate carbocations has been developed by

Figure 3.2. Results in the NMR spectrum of exchange of two equally populated sites at
different rates. The rate constants (k) for the exchange at the conditions b, c, and d could be
approximately estimated using the attached formulas and corrected values of dn.
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Schleyer,Olah, and co-workers.55 In thismethod, the sumsofall 13C chemical shifts of
carbocations with their respective hydrocarbon precursors are compared. A trivalent
carbocation has a sum of chemical shifts of at least 350 ppm higher than the sum for
the corresponding neutral hydrocarbon. This difference can be rationalized by partly
attributing it to the hybridization change to sp2 and to the deshielding influence of an
unit positive charge in the trivalent carbocation. Since higher coordinate carbocations
(nonclassical ions) have penta- and hexa-coordinate centers, the sumof their chemical
shifts relative to their neutral hydrocarbons is much smaller, often by less than
200 ppm.

3.3.3. Isotopic Perturbation Technique

The deuterium isotopic perturbation technique developed by Saunders and co-
workers56–60 is capable of providing a convenient means to differentiate the rapidly
equilibrating or bridged nature of carbocations.

In 1971, Saunders and Vogel56–58 discovered that by asymmetrically introducing
deuterium into some reversible rearrangement processes of carbocations, large
splittingswere produced in theirNMRspectra.Although the ionswere interconverting
extremely rapidly and thus gave averaged spectra, the isotopemade the energies of the
two interconverting species slightly different and thus the equilibrium constant
between them was no longer 1. Each ion, therefore, spent a little more time on one
side of the equilibrium barrier than on the other side. The weighted-average peaks of
the two carbon atoms that were interchanged by the rearrangement process no longer
coincided. Splitting values in the 13C NMR spectrum of over 100 ppmwere observed
as a result of perturbation by deuterium.61

However, when deuterium was introduced into systems that are recognized as
static, single-minimum, nonequilibrating species,62 such as the cyclohexenyl cation,
no large splittings were observed and, in contrast to the behavior of the equilibrating
systems, therewere no observable changes in the spectrawith temperature. In fact, the
isotope-induced changes in the spectrawere not very different fromchanges that occur
in any simplemolecule on introducingdeuterium, and theywere roughlyonly 50 times
smaller than effects produced in the equilibrating systems.

These observations led to the method of observing changes in NMR spectra
produced by asymmetric introduction of isotopes (isotopic perturbation) as a means
of distinguishing systems involving equilibrating species passing rapidly over a low-
energy barrier from molecules with a single energy minimum, intermediate between
the presumed equilibrating structures. Application of this method for individual
carbocations will be discussed later. This method also allows accurate determination
of equilibrium isotope effects.

3.3.4. Solid-State 13C NMR

The use of magic-angle spinning (MAS) and cross-polarization (CP) techniques has
enabled high-resolution 13C NMR spectra to be obtained in the solid state. Yannoni,
Myhre, and Fyfe have obtained solid-state NMR spectra of frozen carbocation
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solutions (such as alkyl cations, the norbornyl cation, etc.) at very low tempera-
tures50,63,64 (even at 5K). At such low temperatures, rearrangements and most
molecular motions can be frozen out. Olah’s group has studied a series of stable
carbocations, inlcuding the 1-adamantyl cation, acyl cations, and so on, by 13C
CPMAS at ambient temperature. In these studies solid-state effects seem to be
unimportant on chemical shifts (as compared to solution data) but are significant on
rates of exchange processes.63,64

3.3.5. X-ray Diffraction

X-ray diffractometry is the most powerful method to determine atomic coordinates of
molecules in the solid state. X-ray crystal structure analysis was, however, rarely
applied in the early years of development of persistent, long-lived alkyl carbocations
and studies were only performed to investigate structures of carbocations of aryl
derivatives and aromatic systems.65 This is due to the low thermal stability of alkyl
carbocations and to the difficulties in obtaining single crystals of carbocations suitable
for analysis. Since then, however, methods and instrumentation have improved
significantly and X-ray crystal structure analysis has become a powerful tool to solve
structural problems of carbocations.65,66

3.3.6. Tool of Increasing Electron Demand

The nature of electronic effects in cationic reactions has been probed by application of
the Gassman–Fentiman tool of increasing electron demand.67 Aryl-substituted cat-
ionic centers can be made more electron demanding (i.e., electrophilic) by introduc-
tion of electron-withdrawing substituents into the aryl ring.

When a cationic center becomes sufficiently electrophilic, itmay drawon electrons
from neighboring p- and s-bonds and thus delocalize positive charge density. The
onset of participation ofp- ands-bonds can be detected as a departure from linearity in
a Hammett-type plot as the electron-withdrawing ability of the aryl substituent
increases. In stable ion studies, 13C NMR chemical shifts are generally used as a
structural probe reflecting the charge density at the cation center (in closely related
homologous cations, other factors that may affect chemical shift may be assumed
constant).

The tool of increasing electron demand has proved useful in detecting the onset of
p- and s-delocalizations under stable-ion conditions. It is, however, an extremely
coarse technique since the aryl group can still delocalize charge into itsp-system, even
with strongly electron-withdrawing substituents. Only in cases where neighboring
s- and p-bonds can effectively compete with the aryl ring in stabilizing the cationic
center are significant deviations from linearity observed in the Hammett-type plot.

3.3.7. Core Electron Spectroscopy

X-ray photoelectron spectroscopy measures the energy distribution of the core
electrons emitted from a compound on irradiation with X rays.68,69 The electron
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binding energy (Eb) is a function of the chemical environment of the atom. In
particular, the atomic charge on carbon can be directly correlated to the carbon 1s
electron binding energy.70 The cationic center of a classical carbocation (e.g., tert-
butyl cation) has a carbon 1s Eb approximately 4 eV higher than a neutral sp3 carbon
atom.70 Electron deficiencies of different degrees in different carbocations give
different carbon core electron 1s binding energies; the delocalization of charge from
a cationic center lowers the carbon 1s binding energy.

Core electron spectroscopy for chemical analysis (ESCA) is perhaps the most
definitive technique applied to the differentiation between nonclassical carbocations
fromequilibrating classical species. The time scale of themeasured ionization process
is of the order of 10�16 s so that definite species are characterized, regardless of (much
slower) intra- and intermolecular exchange reactions—for example, hydride shifts,
Wagner–Meerwein rearrangements, proton exchange, and so on.

3.3.8. Infrared and Raman Spectroscopy

Infrared and Raman spectra of stable carbocations have been obtained71,72 and are in
complete agreement with their electron-deficient structures. Infrared spectra of alkyl
cations and their deuteriated analogs correspond to the spectra predicted by calcula-
tions based on molecular models and force constants. Thus, these spectra can be used
in the identification of stable carbocations.

Laser Raman spectroscopy, particularly with helium–neon lasers, is another
powerful tool in the study of carbocations. Because Raman spectra give valuable
information on symmetry, these spectra help to establish, in detail, structures of the
ions and their configurations.

3.3.9. Electronic Spectroscopy

The observation of stable alkyl cations in antimony pentafluoride solutions also
opened up the possibility of investigating the electronic spectra of these solutions. It
has been reported73 that solutions of alkyl cations in HSO3F–SbF5 solution at�60�C
showed no absorption maxima above 210 nm. In view of this observation, it was
resolved that previous claims relating to a 290-nm absorption of alcohols and alkenes
in sulfuric acid solutions were due to condensation products or cyclic allylic ions and
not to simple alkyl cations.74

3.3.10. Low-Temperature Solution Calorimetric Studies

Arnett and co-workers,75,76 in a series of investigations, have determined heats of
ionization (DHi) of secondary and tertiary chlorides and alcohols in SbF5–SO2ClF and
HSO3F–SbF5–SO2ClF solutions, respectively, at low temperatures. They have also
measuredheats of isomerizationsof secondary to tertiary carbocations in the superacid
media. These measured thermochemical data have been useful to determine the
intrinsic thermodynamic stability of secondary and tertiary carbocations.
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3.3.11. Quantum Mechanical Calculations

One of the main aims of quantum mechanical methods in chemistry is the
calculation of energies of molecules as a function of their geometries. This requires
the generation of potential energy hypersurfaces. If these surfaces can be calculated
with sufficient accuracy, theymay be employed to predict equilibrium geometries of
molecules, relative energies of isomers, the rates of their interconversions, NMR
chemical shifts, vibrational spectra, and other properties. Carbocations are ideally
suited for calculations because relative energies of well-defined structural isomers
are frequently not easily determined experimentally. It should, however, be kept
in mind that theoretical calculations usually refer to isolated ion structures in the
gas phase.

Over the years, several computational methods have been developed. The varia-
tional theory can be used either without using experimental data other than the funda-
mental constants (i.e., ab initio methods) or by using empirical data to reduce the
needed amount of numerical work (i.e., semiempirical data methods). There are
various levels of sophistication in both ab initio [HF(IGLO),DFTGIAO-MP2,GIAO-
CCSD(T)] and semiempiricalmethods. In theab initiomethods, various kinds of basic
sets can be employed, while in the semiempirical methods, different choices of
empirical parameters and parametric functions exist. The reader is referred to reviews
of the subject.18,77

Recent developments in computational chemistry have established the exact
structure of carbocations by combining computational and experimental results.78,79

Furthermore, accurate 1H and 13C NMR chemical shifts of carbocations and other
organic molecules can be calculated with the application of recent coupled cluster
methods, such as GIAO-CCSD(T).80

3.4. TRIVALENT CARBOCATIONS

3.4.1. Alkyl Cations

3.4.1.1. Early Unsuccessful Attempts. Until the early 1960s, simple alkyl
cations were considered only as transient species.15 Their existence has been inferred
from the kinetic and stereochemical studies of reactions. No reliable physical
measurements, other than electron impact measurements in the gas phase (mass
spectrometry), were known. The formation of gaseous organic cations under electron
bombardment of alkenes, haloalkanes, and other precursors has been widely investi-
gated in mass spectrometric studies.81 No direct observation of carbocations in
solutions was achieved prior to the early 1960s.

The observation of alkyl cations such as the tert-butyl cation [trimethyl-
carbenium ion, (CH3)3C

þ] 1 and the isopropyl cation [dimethylcarbenium ion,
(CH3)2CH

þ] 2 was a long-standing challenge. The existence of alkyl cations in
systems containing alkyl halides and Lewis acids has been inferred from a variety of
observations, such as vapor pressure depressions of CH3Cl and C2H5Cl in the

TRIVALENT CARBOCATIONS 93



presence of GaCl3,
82 conductivity of AlCl3 in alkyl chlorides,

83 and conductivityof
alkyl fluorides in BF3,

84 as well as the effect of ethyl bromide on the dipole moment
of AlBr3.

85 However, in no case had well-defined, stable cation complexes been
established even at very low temperatures.

Electronic spectra of alcohols and alkenes in strong proton acids (H2SO4) were
obtained by Rosenbaum and Symons.86 They observed, for a number of simple
aliphatic alcohols and alkenes, absorption maxima around 290 nm and ascribed this
absorption to the corresponding alkyl cations.

Finch and Symons,87 on reinvestigation of the absorption of aliphatic alcohols and
alkenes in sulfuric acid solution, showed that the condensation products formed with
acetic acid (used as solvent for the precursor alcohols and alkenes) were responsible
for the spectra and not the simple alkyl cations. Moreover, protonated mesityl oxide
was identified as the absorbing species in the system of isobutylene, acetic acid, and
sulfuric acid.

Deno88 has carried out an extensive study of the fate of alkyl cations in undiluted
H2SO4 and oleum. He obtained equal amounts of a saturated hydrocarbon mixture
(C4–C19) insoluble in H2SO4 and a mixture of cyclopentenyl cations (C9–C10) in
the H2SO4 layer. These cations exhibit strong UV absorption around 300 nm.

Therefore, it must be concluded that earlier attempts to prove the existence of
stable,well-defined alkyl cationswere unsuccessful in experiments using sulfuric acid
solutions and inconclusive in the interaction of alkyl halides with Lewis acid halides.
Proton elimination reactions or dialkyl halonium ion formationmay have affected the
early conductivity studies.

3.4.1.2. Preparation from Alkyl Fluorides in Antimony Pentafluoride
SolutionandSpectroscopicStudies. In 1962,Olah et al.71,72,89–91 first directly
observed alkyl cations in solution. They obtained the tert-butyl cation 1 (trimethyl-
carbenium ion) when tert-butyl fluoride was dissolved in excess antimony penta-
fluoride, which serves as both Lewis acid and solvent. Later, the counterion was found
to be, under these conditions, primarily the dimeric Sb2F11

� anion92,93 [Eq. (3.2)]
whereas in SbF5–SO2 or SbF5–SO2ClF solutions, SbF5

– and Sb2F11
� are both formed.

(CH3)3CF     +     (SbF5)2

1

(CH3)3C+ Sb2F11
−

ð3:2Þ

The possibility of obtaining stable alkyl pentafluoroantimonate salts from alkyl
fluorides (and subsequently other alkyl halides) in antimony pentafluoride solution
(neat or diluted with sulfur dioxide, sulfuryl chloride fluoride, or sulfuryl fluoride) or
in other superacids (for a definition, see Chapter 1) such as HSO3F–SbF5 (Magic
Acid), HF–SbF5 (fluoroantimonic acid), HF–TaF5 (fluorotantalic acid), and the like,
was evaluated indetail, extending studies to all isomericC3–C8alkyl halides, aswell to
a number of higher homologs.94

Propyl, butyl, and pentyl fluorideswith antimony pentafluoride gave the isopropyl,
tert-butyl, and tert-pentyl cations (as their fluoroantimonate salts) 2, 1, and 3,
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respectively [Eqs. (3.3)–(3.5)].

C3H7F     +     (SbF5)2 CH3 CH CH3

+

2

Sb2F11
− ð3:3Þ

C4H9F     +     (SbF5)2 CH3 C CH3

+

CH3

1

Sb2F11
−

ð3:4Þ

C5H11F     +     (SbF5)2

3

CH3 C CH2CH3

+

CH3

Sb2F11
−

ð3:5Þ

The secondary butyl and amyl cations can be observed only at very low tempera-
tures, and they rearrange readily to the more stable tertiary ions. Generally, the most
stable tertiary or secondary carbocations are observed from any of the isomeric alkyl
fluorides in superacidic solvent systems.

The main feature of the proton NMR spectra of alkyl fluorides in antimony
pentafluoride is the substantial deshielding of the protons in the carbocations as
compared with the starting alkyl fluorides (Figure 3.3 and Table 3.1).

Figure 3.3. 1H NMR spectra of (a) the tert-butyl cation 1 [trimethylcarbenium ion, (CH3)3C
þ],

(b) the tert-pentyl cation 3 [ethyldimethylcarbenium ion, C2H5(CH3)2C
þ], and (c) the isopropyl

cation 2 [dimethylcarbenium ion, (CH3)2HC
þ] (60MHz, SbF5–SO2ClF solution, �60�C).
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To prove that stable alkyl cations, and not exchanging donor–acceptor complexes,
were obtained,Olah and co-workers also investigated as early as 1962 the 13C NMRof
the potentially electropositive carbenium carbon atom in alkyl cations.94 The 13Cþ

shift in the tert-butyl cation (CH3)3C
þ1 in SbF5–SO2ClF solution at�20�C is at d13C

335.2 (all 13C NMR shifts are from 13C tetramethylsilane) with a long-range coupling
to the methyl protons of 3.6 Hz.

The 13Cþ shift of the isopropyl cation 2 under identical conditions, is d13C 320.6
with a long-range coupling to themethyl protons of 3.3 Hz. The direct 13C--Hcoupling
is 169Hz (indicating sp2 hybridization of the carbenium carbon atom), whereas the
long-range proton–proton coupling constant is 6.0 Hz (see Figure 3.2). Substitution of
the methyl group in the tert-butyl cation by hydrogen causes an upfield shift of
10.4 ppm. Although the 13C NMR shift of the carbocation center of the tert-butyl
cation is more deshielded than that of the isopropyl cation (by about 10 ppm), this can
be explained by the methyl substituent effect, which may sometimes amount up to
22 ppm. The tert-butyl cation thus is more delocalized and stable than the secondary
isopropyl cation.

The 13C NMR shift in the tert-pentyl cation [C2H5(CH3)2C
þ] 3 is at d13C 335.4,

which is similar to the that of the tert-butyl cation. The shift difference ismuch smaller
than the 17 ppm found in the case of the related alkanes, although the shift observed is
in the same direction. The 13C NMRchemical shifts and coupling constants JC–H ofC3

to C8 alkyl cations 1–13 are shown in Tables 3.2 and 3.3.95

It is difficult to interpret these large deshieldings in any way other than as a direct
proof that (i) the hybridization state of the carbon atom at the carbenium ion center is
sp2 and (ii) at the same time, the sp2 center carries a substantial positive charge.

Data in Tables 3.2 and 3.3 are characterized by substantial chemical shift deshield-
ings and coupling constants (JC–H) that indicate sp

2 hybridization. Also subsequently,
Myhre and Yannoni50 have obtained 13C NMR spectrum of tert-butyl cation 1 in the
solid state, which agrees very well with the solution data.95

The temperature-dependent 1H NMR spectrum of isopropyl cation 2 (prepared
from isopropyl chloride in SbF5–SO2ClF solution) demonstrated96 rapid interchange
of two types of protons. Line-shape analysis showed the reaction to be intramolecular,
with an activation energy barrier of 16.4� 0.4 kcal mol�1. Based on these observa-
tions, Saunders and Hagen96 suggested that the rearrangement involves n-propyl

Table 3.1. Characteristic 1H NMR Parameters of Alkyl Cations in SbF5–SO2ClF
Solution at �70�C

Cation

d1H

CHþ JþCH JþCCH a-CH2 a-CH3 b-CH2

(CH3)2HC
þ 2 13 169 3.3 4.5

(CH3)3C
þ 1 3.6 4.15

C2H5(CH3)2C
þ 3 4.5 4.1 1.94

(C2H5)2CH3C
þ 4 4.44 4.16 1.87
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cation 14 as an intermediate [Eq. (3.6)] and that the activation energy provides an
estimate of the energy difference between primary and secondary carbocations.
Another mechanism involving protonated cyclopropane intermediates could not be
excluded with the above results.

CH3 CH CH3

+                                                        +                                       +

2                                              14                                               2

CH3 CH CH3CH3 CH2 CH2

(I)

ð3:6Þ

Strong support for the involvement of protonated cyclopropane intermediates came
from the work of Olah and White.94 The isopropyl cation obtained from [2-13C]2-
chloropropane (50% 13C) was studied by 1H NMR. The 13C label scrambled
uniformly over 1 and 2 positions at �60�C within a few hours (half life �1 h).

The relative rates of hydrogen and carbon interchange have been measured by
Saunders et al.97 using amixture of [1,1,1-2H3]- and [2-

13C]-labeled isopropyl cations
at�88�C. The changes in the relative areas of different peaks as well as 13C satellites
were observed, and the time dependence of the concentrations of different labeled
isomers were simulated using a computer [using mechanisms (I), (II), and (III) in
Eqs. (3.6)–(3.8)] A combination of mechanisms (I) and (II) or of mechanisms (I) and
(III) could match themeasurements. The rate for (I) was found to 1.5� 0.5 times that
of (II) or (III). Thus, proton interchange is only slightly faster than the carbon
interchange. A later study by Saunders et al.98 using the double-labeled 2-propyl-
[2-2H,2-13C] cation confirmed these results. Quenching of the D3-isopropyl ion by
methylcyclopentane and NMR analysis of the D3-propane product mixture gave
preliminary results consistent with mechanisms (I) and (II) alone. Labeling experi-
ments indicating the intermediacy of protonated cyclopropanes have also been
performed by Lee and Woodcock99 and by Karabatsos et al.100

+
++

(II)

+

+
H

H

H ð3:7Þ

+
++

(III)

+
+

H
H

H
+

H
H

H

+
H

ð3:8Þ

Ab initio theoretical calculations by Pople and co-workers101 and at the semiem-
pirical level by Dewar and co-workers102,103 did not give consistent results. Subse-
quent ab initio calculations (SCF level including electron correlation) by Lischka and
K€ohler104 are inconsistent with earlier ab initio work. Their calculations have
confirmed the stability of the isopropyl cation 2 and the instability of face-protonated
cyclopropane15. Edge-protonated cyclopropane16 is found tobe a saddle point on the
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potential energy surface of lower energy (by 5 kcal mol�1) than the corner-protonated
species 17.

+
H

H

H

15                   16               17

H

H

+

+

Subsequent high-level ab initio theoretical studies by Dewar et al.105 (MP4SQ/6-
31G* level) and byKoch, Schleyer, and co-workers106 (MP2/6-311G** level) showed
that both the corner-protonated and edge-protonated cyclopropane cations have
unsymmetrical structure. Furthermore, the isopropyl cation was shown to be chi-
ral106–108 with a twisted structure of C2 symmetry (18) [MP4/6-311G**//MP2/6-
311G**þZPE]. Structure 18 is the global minimum lying 7.2 kcal mol�1 below the
corner-protonated cyclopropane, which is also an energy minimum structure on the
potential energy surface107 and only about 2 kcal mol�1 more stable than the edge-
protonated species.109 Both n-propyl cations are saddle points.

18

C
C

C

H

HH

HH
H H

+

Fornarini, Matîre, and co-workers110 have recently used Fourier transform ion
cyclotron resonance (FT–ICR) mass spectrometry assaying the multiphoton dissocia-
tion behavior (IR–MPD) of theC3H7

þ ion. This study has confirmed the conclusions of
the computational results discussed above. The IR spectra recorded in solution and in a
solid matrix display close resemblance to the spectral characteristics found by the IR–
MPD study. Theoretical studies also indicated that the virtually free methyl rotation
allows the interconversion of the two enantiomers of the isopropyl cation.

Intermolecular secondary–secondary hydride transfer between 2 and propane in
SbF5–SO2ClF solution has been observed by Hogeveen and Gaasbeek.111 The
reaction was rapid on the NMR time scale, and a single peak was obtained from the
two types of methyl groups down to at least �100�C (DGz � 6 kcalmol�1).

Similar scrambling has been documented in the case of secondary butyl 19
cation (see later discussion), and tert-pentyl cation 3 and 1-methylcyclopent-1-yl
cation.97,112 Subsequently, it was reported that even tert-butyl cation 1 undergoes
such scrambling.113 The tert-butyl cation 1 (60% 13C enriched at the cationic center)
prepared from 2-choro-2-methylpropane in HSO3F–SbF5–SO2ClF solution under-
goes complete carbon scrambling in about 20 h at þ70�C (Figure 3.4). The most
likely mechanism one can invoke for the scrambling process is the rearrangement
through primary isobutyl cation 20 via the delocalized protonated methylcyclo-
propane intermediate (or transition state) 21 to the secondary butyl cation 19
(Scheme 3.1). The results seem to indicate a lower limit ofEa�30 kcal mol�1 for the
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scrambling process,97,113 which could correspond to the energy between tert-butyl
(1) and primary isobutyl (20) cations.

Saunders and co-workers have recently reported results strongly supporting the
protonated cyclopropane intermediate in the isotope scrambling process.114 They
found no isomerization of the 2-butyl-1,2-13C2 cation (19a) at �78�C, whereas the
isotopomer 2-butyl-2,3-13C2 cation (19b) showed rapid formation of all other iso-
topomers except 19a (Scheme 3.2). These results are consistent with the involvement
of protonated cyclopropane with the interchange of either C(1) and C(2) or C(3) and
C(4) with the breaking of only the C(2)–C(3) bond.

Figure 3.4. 13C scrambling in tert-butyl cation (A) immediately after preparation, (B) after
2.5 h at þ70�C, (C) after 9.5 h at þ70�C.

CH3

13C

CH3

H3C +

1                                                                                       1

1,2 ~H

H3C

13CH

H3C

CH2

+ C

13CH CH2

HH
H

H3C

+

CH3
13CH CH2

+
CH3

H3C
C

CH3

13CH3

+

20                                      21

19

Scheme 3.1
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Scheme 3.2

Ab initio theoretical calculations for the 4-methylpent-2-yl cation by Fărcaşiu
et al.115 have shown both a distorted 1-protonated 1,1,2-trimethylcyclopropane and the
open cation to be energy minima along the reaction coordinate at the B3LYP/
6-31G** level. In contrast, only the protonated cyclopropane was found to be an
energy minimum in the MP2/6-31G** optimization. Whereas the open cation was a
transition structure at this level, a coupled cluster geometry optimization (CCSG/6-
31G**) showed that the open ion is also a true energy minimum.

Infrared and Raman spectra of alkyl cations give valuable information of their
structures (Table 3.4).71–73 TheRaman spectroscopic data provide strong evidence that
tert-butyl cation in Magic Acid solution prefers a conformation leading to overall C3v

point group symmetry (Table 3.4 andFigure 3.5). Thus the (CH3)3C
þ ion exists in these

solutionswith a planar carbon skeleton andwith one hydrogen atomof eachCH3 group
above the plane. The other two hydrogen atoms are arranged symmetrically below
the þC�C3 plane to the right and left of the C3 axis. Raman spectra observed for the
tert-pentyl cation, the pentamethylethyl cation, and the tetramethylethyl cation also
show similar structures. The Raman spectroscopic studies thus provide, in addition to
13C NMR data, direct evidence for the planar carbenium center of alkyl cations.

The gas-phase infrared spectrum of the tert-butyl cation generated from tert-butyl
chloride by a high voltage discharged in a pulsed supersonic expansion has recently
been reported byDuncan and co-workers.116 The infrared photodissociation spectrum
measured by means of argon tagging matches those predicted for the C1 or Cs

geometries and differs significantly from those calculated for isomeric C4H9
þ cations

(methyl-bridged and proton-bridged 2-butyl cations). Despite the significantly dif-
fering conditions, the band positions of the gas-phase spectrum and those determined
by Olah et al.71 in superacid solution show remarkable similarity (Table 3.5). A
significant difference is the resolution of the band at 1290 cm�1 into a triplet.

Evidence for planarity or near planarity of the sp2 center of trivalent alkyl cations
thus comes from the combined results of NMR (1H and 13C), IR, and Raman
spectroscopy.71–73,97

In the electronic spectra (UV), alkyl cations in HSO3F–SbF5 at �60�C show no
absorption maxima above 210 nm.74

X-ray photoelectron (ESCA) spectra of carbenium ions have also been obtained in
frozen superacid solutions, generally in SbF5–SO2 solution or as isolated salts. Sulfur
dioxide was subsequently removed by the usual freeze–thaw procedure. A thin layer of
theviscousSbF5 solutionwasdepositedon theprecooled sampleholder, in a drynitrogen
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atmosphere.The spectrawere recorded at liquid nitrogen temperature.117Thephotoelec-
tron spectrumof tert-butyl cation 1 is shown in Figure 3.6. The lower traces in Figure 3.6
represent the results given by a curve resolver. The peak area ratio is close to 1 : 3.

The experimental carbon 1s binding energy difference (3.9 eV) between the
carbenium ion center and the remaining three carbon atoms is in the limit of that
predicted by ab initio calculation (4.45 eV). Comparable results were obtained for the
tert-pentyl cation (DEbþC–C¼ 4� 0.2 eV).

Attempts have beenmade to prepare sterically highly crowded tertiary cations (see
later discussion). The possibly most hindered trialkylmethyl cation, the tris(1-ada-
mantyl)methyl ion 22, has been prepared from the corresponding chloride118

[Eq. (3.9)]. Proton loss is not favored in this case because this would lead to the
formation of a bridgehead alkene. Consequently, cation 22 could be observed as a
persistent, long-lived cation.

22

+

C
3

Cl

HSO3F−SbF5−SO2ClF

−78°C ð3:9Þ

Figure 3.5. Schematic representation of Raman spectra of alkyl cations.

Table 3.5. IR Frequencies of the tert-Butyl Cationa

Condition Frequencies (cm�1) Reference

Gas phase 970 1098 1278 1302 1316 1465 2834 116
Theoretical 936 1062 1253 1283 1325 1445 2833 116
In superacid 962 1070 1290 1455 2830 71

aOnly major absorption bands are given.
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Yannoni, Myhre, and co-workers119 applied nutation NMR spectroscopy to
determine the geometry of the tert-butyl cation using double 13C-labeled isotopomers
at 77K.The central carbon–methyl carbon bond distancewas found to be 1.46–1.47Å
—that is, almost 0.1 Å shorter than the usual single-bond value. This bond length is in
close agreement with the 1.457–1.459Å found by Schleyer, Koch, and co-workers at
the MP2(full)/6-31G** level.120 In this study, three forms of the tert-butyl cation 1
(Cs, C3h, and C3v) were calculated and compared. The Cs form was found to be more
stable than C3h by only 0.1 kcal mol�1 [MP4sdtq/6-31G**//MP2(full)/6-31G**],
but after correction for zero-point energy the order reverses. This indicates that
the potential energy surface of 1 is extremely flat. In contrast, structure C3v is
1.1 kcal mol�1 higher in energy than C3h.

According to the X-ray crystal structure analysis of the tert-butyl cation
(Sb2F11

� salt) determined by Hollenstein and Laube,121,122 the average bond distance
is 1.442Å, the C�C�C bond angle is 120�, and the carbon skeleton has approximate
D3h symmetry. Kato and Reed123 have recently used methyl carboranes
[Me(CHB11Me5X6), X¼Cl, Br)] to generate tertiary carbocations, including the
tert-butyl and tert-pentyl cations, and determined their X-ray crystal structure. The
tert-butyl cation is planar within experimental error (sum of bond angles¼ 360�), and
the C�C bond distances are 1.429, 1.438, and 1.459Å.As observed in both studies, the
shorter C�C bond distances reflect partial double-bond character from substantial
C�H hyperconjugation. In the tert-pentyl cation 3, a dihedral angle of 25.8� was

Ekin, eV

Eb, eV

co
un

ts
, s

1190
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0

290 285 280

CH3

1195 1200 1250

C+

Figure 3.6. Carbon 1s photoelectron spectrum of tert-butyl cation 1.
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detected between the carbocation plane and the C(2)–C(3)–C(4) plane. This shows the
near absence of C�C hyperconjugation, which was, however, suggested to exist by
calculation having the C(2)–C(3)–C(4) plane aligned (parallel) with the vacant p
orbital.124

A recent computational study byOlah, Prakash, andRasul (ab initiomethods at the
MP2/cc-pVTZ level) has also shown that the structure of the tert-pentyl cation is
stabilized by both C�C and C�H hyperconjugations.125 Both structures 23 and 24
have been found to be minima on the potential energy surface, and they are very close
energetically (structure 23 is more stable by a mere 0.5 kcal mol�1). Their intercon-
version has a kinetic barrier of only 1.5 kcalmol�1. The calculated average 13C NMR
shift value of the cationic center (d13C 334.6, GIAO-MP2method)matches extremely
well with both the experimental value (d13C 335.4)95 and that calculated by Schleyer
et al. (d13C 335.7, IGLO method).124

Me

CH2C

MeMe Me

CH2C

MeMe

99.0°

119.3°

+ +

23                                     24

3.4.1.3. Preparation fromOther Precursors. Alkyl cations can be formed not
only from halide precursors (the earlier investigation of generation from alkyl
fluorides was later extended to alkyl chlorides, bromides, and even iodides) but also
from alkenes in superacids like HF–SbF5 [Eq. (3.10)].

RCH CH2 RCH CH3

+HSO3F−SbF5

HF−SbF5

ð3:10Þ

Tertiary and reactive secondary alcohols in superacids like HSO3F–SbF5 (Magic
Acid), HSO3F, and SbF5–SO2–SO2ClF also ionize to the corresponding carboca-
tions.126 The generation of alkyl cations from alcohols indicates the great advantages
of increasing acidity and of using acid systemswith low freezing points. Deno showed
that the use of sulfuric acid and oleum results in formation of cyclized allylic ions from
simple aliphatic alcohols.88 With the use of extremely strong acid, HSO3F–SbF5,
tertiary andmanysecondary alcohols canbe ionized to the corresponding alkyl cations
[Eq. (3.11)].

+
HSO3F−SbF5

(CH3)3COH (CH3)3C

1

ð3:11Þ

Primary and less reactive secondary alcohols are protonated in HSO3F–SbF5
solution at low temperature (�60�C) and show very slow reaction rates127 [Eqs. (3.12)
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and (3.13)].

+
CH3CH2CH2OH CH3CH2CH2OH2

HSO3F−SbF5 ð3:12Þ

CH3 CH CH3

OH

CH3 CH CH3

OH2
+

HSO3F−SbF5

ð3:13Þ

Temperature-dependence studies of the NMR spectra of protonated alcohols
from �60 to þ60�C allow the kinetic of dehydration to be followed128 [Eq. (3.14)].

+
CH3CH2CH2CH2OH CH3CH2CH2CH2OH2

HSO3F−SbF5
[CH3CH2CH2CH2

+]
∆, H+

−H3O+

+(CH3)3C
rearrangement

1

SO2

Antimony pentafluoride itself (neat or in SO2 or SO2ClF solution) also ionizes
alcohols to form alkyl carbocations [Eq. (3.15)].

R+ SbF5OH−
SbF5SO2

SO2 or SO2ClF
R OH ð3:15Þ

To overcome difficulties and achieve ionization of primary (and less reactive
secondary) alcohols at low temperatures, it was found, in some cases, that it is
advantageous to convert them to the corresponding haloformates or halosulfites with
carbonyl halides [Eq. (3.16)] or thionyl halides [Eq. (3.17)]. These, in turn, ionize
readily in SbF5–SO2 solution and lose CO2 or SO2.

129

ROH R+ SbF5X−    +    CO2

COX2
ROCOX

SbF5SO2

SO2 or  SO2ClF
X = Cl, F −78°C

ð3:16Þ

ROH R+ SbF5X−    +    SO2

SOX2
ROSOX

X = Cl, F

SbF5SO2

SO2 or  SO2ClF

−78°C

ð3:17Þ

Sterically highly crowded tertiary cations have long eluded characterization. In an
early hydrolysis study of tris-tert-butylmethyl para-nitrobenzoate, Bartlett and
Stiles130 reported the formation of a C13 alkene formed as a result of repeated
successive alkylmigrations.Under superacid conditions, tris(tert-butyl)methanol gave
a mixture of equilibrating cations formed by a cleavage mechanism.131 The secondary
bis(1-adamantyl)methyl cation 25a, in turn, undergoes fast rearrangement to yield a set
of equilibrating 4-(1-adamantyl)-3-homoadamantyl cations.132 However, tertiary ions

ð3:14Þ
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[methyl-, ethyl-, and phenyl-bis(1-adamantyl)methyl cations 25b–25d], with the
exception of the tert-butyl-bis(1-adamantyl)methyl cation (25e), could be prepared
and characterized under superacidic conditions.132

25

+

R

R = H            a
       Me         b
       Et           c
       Ph          d
       tert-Bu    e

Aliphatic ethers are protonated in strong acids, at low temperatures; the exchange
rates of the acidic proton are slow enough to permit direct observation by NMR
spectroscopy.133 Temperature-dependent NMR spectral studies allow us again to
follow the kinetics of ether cleavage to form alkyl cations [Eq. (3.18)].

CH3OCH2CH2CH2CH3

HSO3F−SbF5

−60°C

+
(CH3)3C

rearrangement

CH3OCH2CH2CH2CH3

H

+

CH3OH2 +  [CH3CH2CH2CH2
+] +

1

H+

ð3:18Þ

Superacids such as HSO3F–SbF5 also act as very efficient hydrogen-abstracting
agents, allowing the generation of carbocations from saturated hydrocarbons134

[Eq. (3.19)].

CH3 CH CH3

CH3

HSO3F−SbF5

SO2ClF
(CH3)3C+

1

ð3:19Þ

Alkyl cations can also be generated by decarbonylation of tertiary acylium ions,
like the pivaloyl cation 26 [Eq. (3.20)].91 This reaction corresponds to the reverse of
Koch–Haaf acid synthesis, which is known to involve carbocation intermediates.
Indeed the reaction of the tert-butyl cation with carbon monoxide gives the pivaloyl
cation.91,135

(CH3)3CCOF   +   SbF5 [(CH3)3CCO]+SbF6
− ∆

(CH3)3C+

26                                        1

+   CO ð3:20Þ

Protonation and ionization of mercaptans (thiols) and thioethers (sulfides) have
been similarly studied. Thiols and sulfides can also be used, similar to their oxygen
analogs, as precursors for alkyl cations136 [Eq. (3.21)]. Ionization with SbF5-type
superacids generally necessitates somewhat more forcing conditions (higher tem-
peratures). Alkyl thiohaloformates also form alkyl cations via fragmentative
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ionization137 [Eq. (3.22)].

R+ Y−RSH
or HSO3F−SbF5

SbF5 or HF−SbF5

Y = SbF5SH, SbF6, SbF5FSO3

ð3:21Þ

R+ SbF5X−   +   COSRSCOX
SbF5−SO2ClF

X = F, Cl

ð3:22Þ

Amines also can be used as precursors for the generation of alkyl cations. The
classic method of deaminative formation of carbocations involves some type of
diazotation reaction producing an equimolar amount of water [Eq. (3.23)].

R+   +   N2RNH2 −H2O

HNO2
[RN2

+] ð3:23Þ

Newer methods overcome this difficulty. The corresponding sulfinylamine or
isocyanate is first prepared and then reacted with stable nitrosonium salts to give the
corresponding carbocations138 [Eqs. (3.24) and (3.25)].

RNH2

NO+SbF6
−SOCl2

RNSO R+SbF6
−  +  N2  +  SO2

ð3:24Þ

RNH2

NO+SbF6
−COCl2

RNCO R+SbF6
−  +  N2  +  CO2

ð3:25Þ

Lambert et al.139 generated the b-triethylsilyl-substituted carbocation 27 reacting
solvated triethylsilylium ion with 1,1,-diphenylethylene [Eq. (3.26)]. b-Silyl-substi-
tuted carbocations are of high interest because of the b-effect, that is, the ability of a
silicon atom to stabilize a nonadjacent positive charge of a carbocationic center via
hyperconjugation. Results have been summarized in reviews.140–142

Et3Si+

H
Ph

Ph
Et3Si

H

+

a                                           b

27

H Ph

PhH
[Et3Si+]-C6H6 [B(C6F5)4]−

C6D6

RTPh2C=CH2

+

ð3:26Þ

The resonance of the cationic carbon (d13C 225.4) is definitive for the cation
structure 27a. The single 29Si shift (d 46.2) is of higher frequency than neutral
tetrahedral silicon, indicating that silicon bears some positive charge, that is, a small
contribution from resonance structure 27b. The Bu3GeCH2C

þPh2 analog, in turn,
showed increased hyperconjugation. No evidence was found for an Si-bridging
structure.
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3.4.1.4. Observation in Different Superacids. Whereas antimony penta-
fluoride-containing superacids (such asHF–SbF5,HSO3F–SbF5,CF3SO3H–SbF5, etc.)
are thepreferredsolvents forobtainingalkylcations,othernonoxidizingsuperacidssuch
as HF–BF3 and HF–TaF5 can also, on occasion, be used successfully. The stability of
carbocations in these solvents is generally somewhat lower.

3.4.2. Cycloalkyl Cations

Tertiary cycloalkyl cations, such as the 1-methylcyclopent-1-yl cation 28, show high
stability in strong acid solutions. This ion can be obtained from a variety of precursors
(Figure 3.7).143,144 It is noteworthy to mention that not only cyclopentyl- but also
cyclohexyl-type precursors give1-methylcyclopent-1-yl cation 28. This indicates that
the cyclopentyl cation has higher stability, which causes isomerization of the
secondary cyclohexyl cation to the tertiary methylcyclopentyl ion.

The methylcyclopentyl cation 28 undergoes both carbon and hydrogen scram-
bling.97,112 An activation energy of 15.4� 0.5 kcalmol�1 was measured for a process
that interchanges a and b hydrogens in 28. Above 110�C, coalescence to a single peak
was observed in the 1H NMR spectrum of 28. An activation energy barrier of
18.2� 0.1 kcalmol�1 was found for the methyl and ring hydrogen interchange. The

CH3
+ H3C

CH2

H3C

CH2Cl

Cl

CH3

OH

CH3

X

X = F, Cl, Br

OH

28

a

a

a

a

a

a c

b

b

b

b

Figure 3.7. Preparation of 1-methylcyclopent-1-yl cation 28 from various precursors. Reac-
tion conditions: (a) HSO3F–SbF5, (b) SbF5–SO2, (c) HF–SbF5–SO2.
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protonated cyclopropane intermediate 30 required for the process (Scheme 3.3) might
undergo an additional reversible ring opening to secondary cyclohexyl cation 32. To
investigate this possibility, Saunders and Rosenfeld145 measured deuterium and carbon
scrambling rates simultaneouslyusingamixturecontaining13C-anddeuterium-labeled
methyl groups in methylcyclopentyl cation 28. The two observed rates were related in
exactly the manner predicted if the protonated bicyclohexane 31 opens to 32 more
rapidly than it returns to 30 via a corner-to-corner hydrogen shift.

A recentX-ray characterization of the cyclopentyl cation 33 generatedwithmethyl
carboranes has shown a perfect planar structure around the carbocation center [bond
angles: CH3�Cþ�CH2¼ 124.9 and 125.2�, CH2�Cþ�CH2¼ 109.9�; bond dis-
tances: CH3�Cþ¼ 1.46Å, CH2�Cþ¼ 1.45Å).123

+

33

The cyclopentyl cation 33 shows in its proton NMR spectrum in SbF5–SO2ClF
solution, even at �150�C, only a single absorption line at d1H 4.75.143,146,147 This
observation indicates a completely degenerate ion with a very low barrier to the
secondary–secondary hydrogen shift (see Section 3.5.2.1).Although stable secondary
cyclohexyl cation 32 is unknown under long-lived stable ion conditions, a static
secondary cyclohexyl cation34with ana-spiro-cyclopropylgroup (spiro[2.5]oct-4-yl
cation) has been prepared and studied by various routes148,149 (Scheme3.4). However,
this ion derives its stability by substantially delocalizing its positive charge into the
neighboring cyclopropyl group (i.e., it is also a cyclopropylcarbinyl cation). The
bisected nature of the cyclopropyl group is indicated by a single 13C NMR signal for
the cyclopropyl methylene group. Ion 34 is stable up to�10�C, where it rearranges to
the equilibrating bicyclo[3.3.0]oct-1-yl cation 35.

Sorensen and co-workers150 have prepared tertiary cycloalkyl cations of different
ring sizes, n¼ 4 (small ring), n¼ 5–7 (common rings), n¼ 8–11 (medium rings),

+ +

H

H

H

+

28                          29                            30

29'                     28'

32                             31

+

H

H

+

Scheme 3.3
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34

+OH

CH2OH

OH

H

SbF5−SO2ClF

−78°C −10°C

+
+

35

Scheme 3.4

n¼ 12–20 (large rings). These ionswere in general found to undergo ring expansion or
contraction reactions, often in multiple or repetitive steps as shown in the following
sequence. At very low temperature, some of these cycloalkyl cations (n¼ 8–11) show
m-hydrido bridging (see Section 3.5.2.6).

4+-Pr

5+-Et

7+-Pr

8+-Et

9+-Me

10+-Me

10+-Et

11+-Me

10+-Pr

11+-Et

12+-Pr

13+-Et

14+-Et

12+-R

5+-Et + 6+-Me

6+-Me

6+-Bu

6+-Bu

8+-Et + 7+-Pr + 6+-Bu

6+-Pen

11+-Me

10+-Et

12+-Me + 6+-Hept

12+-Me + 10+-Pr

13+-Et

14+-Me

15+-Me

ring expansion

6+-Hex

Tertiary (2-propyl)cycloalkyl cations were prepared from the corresponding alco-
hols151 using the technique developed by Saunders.46 The ions undergo fast nonde-
generate 1,2-hydride shifts, and the direction of equilibria investigated by 13C NMR
spectroscopy was found to depend on the ring size. For the cyclopentyl derivative, the
cyclopentyl cation 36b is more stable [Eq. (3.27)], whereas for the cyclohexyl
derivative the cyclohexyl cation 37a is the more stable structure [Eq. (3.28)]. Calcula-
tions [MP2/6-31G(d) level] found threeminimum energy structures for the cyclohexyl
derivative, including two conformers of 37b: one with the empty p orbital occupying
an equatorial-like position, the other with an axial-like position. In both structures, one
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of the methyl groups is oriented for C�C hyperconjugation with the empty p-orbital
of Cþ. Similar conformations called hyperconjomers were also calculated for the
1-methylcyclohexyl cation.152

+ +

36a                                                          36b

ð3:27Þ

+ +

37a                                                         37b

ð3:28Þ

A series of aryl-substituted cycloalkyl cations 38 and 39 and other aryl-substituted
cyclic systems (40, 41, 42) have been studied in connectionwith the application of the
tool of increasing electron demand.67,153–156

+

n = 0−2                                                                                            n = 1, 2X = H, 4-Me, 4-MeO, 4-Br, 4-Cl, 4-F

       3-CF3, 4-CF3, 3,5-(CF3)2, etc.
38                                                                       39

( )n

R

+

( )n

R

+

Ar

Ar
+

Ar

40                               41                           42

+

n = 0−2

( )n

TheX-ray crystal structure of the 2-phenyladamant-2-yl cation (43) determined by
Laube andHollenstein157 shows remarkable features.Namely, the displacement of the
C(2) bridgeby7.8�, the additional bendingof thephenyl ringout of planeby5.6�, anda
slight pyramidalization ofD¼ 0.049Å(pyramidalizationD: distance of a tricoordinate
atom from the plane through its neighbors). Furthermore, the Ca–Cb bond distance is
shorter compared with the reference value (1.45Å versus 1.51Å), whereas the Cb–Cg
bond is elongated (1.58Å versus 1.53Å). These features are consistent with the C�C
hyperconjugation between the cation center and the Cb–Cg bond.

+

α

β

γ

...........................

43
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The direct observation of the cyclopropyl cation 44 has evaded all attempts, owing
to its facile ring opening to the energetically more favorable allyl cation 45
[Eq. (3.29)].158

H+

44                                          45

+ ð3:29Þ

Many cyclopropyl cation precursors indeed readily rearrange to allyl cations under
stable ion conditions.159–162 However, a distinct cyclopropyl cation 46 showing
a significant 2p aromatic nature has been prepared by the ionization of 11-methyl-
11-bromotricyclo[4.4.1.01,6]undecane in SbF5–SO2ClF solution at �120�C163

[Eq. (3.30)].

+

46

H3C
Br

H3C

SbF5−SO2ClF

−120°C

11

          6

       1

ð3:30Þ

The direct observation of ion 46 is of particular interest in that it clearly does not
involve a significantly opened cyclopropane ring,which could lead to the formation of
an allylic cation. Thus, it must be considered as a bent cyclopropyl cation.164–170 It is,
however, clear that the C1–C6 s-bond must to some degree interact with the empty p
orbital atC11 and that “homoconjugation”between thembecomes the important factor
in stabilizing such a “bent” cyclopropyl species.

The parent secondary cyclobutyl cation 47 undergoes threefold degenerate rear-
rangementvias-bonddelocalization involvingnonclassical bicyclobutoniumion-like
system171,172 (see Section 3.5.2.5). Similar behavior is also observed for the 1-
methylcyclobutyl cation 48a.173–176 The 1-phenylcyclobutyl cation 48b, on the other
hand, is a trivalent tertiary carbocation.

+

R

+

47                               48

R = Me   a
R = Ph    b

3.4.3. Bridgehead Cations

Bredt’s rule in its original form177,178 excluded the possibility of carbocation forma-
tion at bridgehead positions of cycloalkanes. Indeed, bridgehead halides, such as
apocamphyl chloride, proved extremely unreactive under hydrolysis conditions.179

However, 1-bromoadamantane very readily gives the bridgehead carboxylic acid
under the usual conditions ofKoch–Haaf acid synthesis.180 1-Fluoromoadamantane is
ionized inSbF5 to give the stable bridgehead 1-adamantyl cation 49 [Eq. (3.31)].181,182
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49

SbF5−SO2ClF or

−78°C or −120°C

X

H

HSO3F−SbF5−SO2ClF

+

X

H

SbF5−SO2

X = OH, Cl, Br, F

−78°C or −120°C

α        β

           γ

ð3:31Þ

The proton NMR spectrum of the 1-adamantyl cation 49 in SbF5 solution at 25�C
consists of resonances at d1H 5.40, 4.52, and 2.67 with peak areas of 3:6:6
(Figure 3.8a). The 13C NMR spectrum (Fig. 3.8b) shows the g-carbons more
deshielded than the b-carbon atoms, indicating strong C�C bond hyperconjugation
with the empty p orbital. The bridgehead 1-adamantyl cation 49 can also be prepared

Figure 3.8. (a) 1H NMR spectrum of the 1-adamantyl cation at 60MHz, 100MHz, and
250MHz; (b) Fourier-transform 13C NMR spectrum of the 1-adamantyl cation (in HSO3F–
SbF5).
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from 2-adamantyl as well as trimethylenenorbornyl precursors182 [Eq. (3.31)]. A
subsequent solid-state 13C NMR spectral study of 1-adamantyl hexafluoroantimonate
salt using magic-angle spinning and cross-polarization techniques indicates similari-
ties between solid-state spectra and previously obtained solution spectra.182 The
1-adamantyl cation 49 has been calculated to bemore stable by 11 kcal mol�1 than the
2-adamantyl cation.183The IR spectrumof cation49was reported184 and found tobe in
reasonably good agreement with the theoretical spectrum.183

Several methyl-substituted bridgehead adamantyl cations 50 have been prepared
and characterized. The X-ray structure of the 3,5,7-trimethyladamant-1-yl cation has
been determined by Laube.185,186 The Ca–Cb bond distance (1.439Å) is slightly
shorter than, whereas the Cb–Cg bond length (1.612Å) is somewhat longer than, the
corresponding reference value (1.502Å and 1.538Å, respectively). This supports the
C�C hyperconjugation in the bridgehead adamantyl cation. The sp2 carbocationic
center has a pyramidal structure with a pyramidalization value D¼ 0.212Å. The
unusual geometry of the cation center is also indicated by the Cb–Ca–Cb0 and Ca–Cb–

Cg bond angles (117.9� and 99.7�, respectively). The bridgehead homoadamantyl
cation 51 has been obtained187 from both adamantylcarbinyl and homoadamantyl
precursors [Eq. (3.32)].

R2R

R1

+

50

R = CH3, R1, R2 = H

R, R1 = CH3, R2 = H

R, R1, R2 = CH3

α        β
      γ

51

+

X = OH, Cl, Br

CH2Cl X ð3:32Þ

Bridgehead bicyclo[4.4.0]decyl, bicyclo[4.3.0]nonyl, and bicyclo[3.3.0]octyl
cations are found to be rapid equilibrating ions (see Section 3.5.2.1).188 The isomeric
bridgehead congressane (diamantane) cations 52 and 53 have been prepared and
observed.182 The diamant-4-yl cation 52 rapidly rearranges to the diamant-1-yl
cation 53 at �60�C, possibly through intermolecular hydride shifts. Bridgehead
bicyclo[3.3.3]undec-1-yl cation 54 has also been observed by 1H and 13C NMR
spectroscopy.189

+

+

52                             53                            54

+
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Olah, Prakash, and Stephenson190 prepared isomeric triamantyl cations. Pro-
tolytic ionization of the parent triamantane yielded a mixture of the triamant-2-yl
and triamant-3-yl cations 55 and 56, respectively. The two cations, however, could
be cleanly generated from 2- and 3-triamantanol, respectively, in SbF5–SO2ClF
at �80�C. Ionization of 9-triamantanol, in turn, gave exclusively bridgehead
cation 56.

+

+

55                                    56

    1

2

9

    3

Fokin, Schreiner, and co-workers191 have calculated the stability of tertiary
diamondoidyl cations relative to the 1-adamantyl cation (B3LYP/6-31G* level). The
relative stabilities were found to increase continuously with cage size: The penta- and
hexamantyl cations are about 10 kcal mol�1 more stable than the 1-adamantyl cation.
Furthermore, when isomeric cations are compared, the position of the cationic center
also affects stabilities.Namely, the closer the cationic carbon to the geometrical center
of the molecule, the higher the stability. For example, 4-diadamantyl cation is more
stable than 1-diadamantyl cation (3 kcalmol�1). Also illustrative is the comparison of
the least andmost stable tetramantyl cations: Cation 57 is less stable by 4.5 kcalmol�1

than cation 58, and the distances of the cationic centers to the geometrical center are,
respectively, 3.309 and 1.282Å.

+

+

57                                     58

Bridgehead bicyclo[2.2.1]hept-1-yl cation (1-norbornyl cation) has not yet been
directly observed; 1-chloronorbornane yields the stable 2-norbornyl cation in SbF5–
SO2 solution.

192 Thus, ionization to the bridgehead carbocationmust be followed by
a fast shift of hydrogen from C(1) to C(2) (either intramolecular or intermolecular),
the driving force for which is obviously the tendency to relieve strain in the
carbocation.

Starting with dodecahedrane or substituted derivatives, Olah, Prakash, Paquette,
and coworkers prepared dodecahedryl cation 59 under superacid conditions193,194
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[Eq. (3.33)]. The 13C NMR spectrum showed six absorptions [the most deshielded at
d13C 363.9 (s)] clearly indicating that dodecahedryl cation 59 is a static ion. It showed
no tendency to undergo degenerate hydrogen scrambling (no change in the 1H NMR
line shapes was observed up to 0�C). Upon standing in the superacid medium at
�50�C, cation 59 slowly and irreversibly transformed into dodecahedrane-1,16-diyl
dication (see Section 3.4.12).

59

+
X

X = H, Cl, OH

−78°C

SbF5−SO2ClF ð3:33Þ

3.4.4. Cyclopropylmethyl Cations

Solvolysis studies of Roberts and Mazur195 and Hart and Sandri196 showed both the
unusual stability of cyclopropylmethyl cations and the ease with which such ions
rearrange. Cyclopropyl groups have a strong stabilizing effect on neighboring
carbocation center by delocalizing charge through bent s-bond. The direct observa-
tion197 of a variety of cyclopropylmethyl cations in cyclic, acyclic, and polycyclic
systemsbyNMRspectroscopyprovides one of the clearest examples of delocalization
of positive charge into a saturated system.198,199

The first cyclopropylmethyl cation directly observed was the tricyclopropyl-
methyl cation 60 by Deno et al.197 Its 1H NMR spectrum in H2SO4 consists of a
single sharp line at d1H 2.26.200 In the 300-MHz 1H NMR spectrum in SbF5–
SO2ClF solution, however, the methine and methylene protons are well-resolved201

(Figure 3.9).
Since then, a wide variety of cyclopropylmethyl cations have been prepared and

studied by 13C and 1H NMR spectroscopy.201–203 These studies have led to the
conclusion that cyclopropylmethyl cations adopt bisected geometry and are static in
naturewith varying degrees of charge delocalization into the cyclopropane ring.Most
interesting of these ions is the dimethylcyclopropylmethyl cation 61 (Figure 3.10).
The methyl groups are nonequivalent and show a 1H NMR shift difference of
0.54 ppm.The energy difference between bisected and eclipsed structures is estimated
tobe13.7 kcalmol�1 (by temperature-dependentNMRstudies)204 and is quite close to
the 12.3 kcalmol�1 energy obtained by molecular orbital calculations at the minimal
basis set STO-3G.174

Previously discussed spiro[2.5]oct-4-yl cation 34148 is also a cyclopropylmethyl
cation with substantial positive-charge delocalization into the cyclopropyl group.
Other representative cyclopropylmethyl cations that have been prepared in the
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4.0 3.0 2.0 ppm (TMS)

Figure 3.9. 1H NMRspectrum (300MHz) of the tricyclopropylmethyl cation in SbF5–SO2ClF
at �60�C.

superacid media and characterized are cations 62,20363,173,17464,20565,20566,206

67,207 and 68.208

+

62                                      63                                64                           65

CH3

+

66                              67                                   68                                 69

R

CH3
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+

CH3
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+
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+

R = H, CH3, Ph               R = CH3, Ph             R = H, CH3, Ph

+
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R = H, CH3

+
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+
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Primary and secondary cyclobutylmethyl cations are nonclassical in nature and
rearrange to thermodynamically more stable products (e.g., cyclopentyl cations). In
search for a persistent cyclobutylmethyl cation, Prakash, Olah, and co-workers209,210

were able to prepare the more stabilized tertiary cyclobutyldicyclopropylmethyl
cation 69 by ionizing the corresponding alcohol at �90�C. Variable temperature
13C NMR studies and theoretical calculations showed that the ion is classical and
exists preferentially in a bisected conformation at�80�Cwith significant delocaliza-
tion into the neighboring cyclopropyl rings (B3LYP/6-31G*).

Olah, Prakash, and co-workers211 generated and characterized the 2-substituted
spirocyclopropane-norbornane cations 70 [Eq. (3.34)]. Cation70c proved to be highly
stable species, which is attributed to the superior stabilizing effect of the cyclopropyl
groups. The methyl- and phenyl-substituted cations 70a and 70b rearranged to the
corresponding allylic cations 71 even at slight warming [Eq. (3.34)]. 13C NMR
chemical shift values support the observed order of stability: As the cationic center is
increasingly stabilized by methyl to phenyl to cyclopropyl, the quaternary carbon is
progressively less deshielded (d13C 69.2, 61.2, and 58.8 for 70a, 70b, and 70c,

C

60

eclipsed bisected

CH3

CH3 CH3

CH3

+
+

CH3

61

61

CH3

+

+

4.0 3.0
δ, ppm

Figure 3.10. 100-MHz 1H NMR spectrum of the dimethylcyclopropylmethyl cation.
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respectively). Awide range of studies have indicated198,201,212–214 that a cyclopropyl
group is equal or more effective than a phenyl group in stabilizing an adjacent
carbocation center. Schleyer and co-workers215 found (orbital deletion procedure at
HF/6-311G** level) that thehyperconjugationenergy in the cyclopropylmethyl cation
is as large as the conjugation effect of the allyl cation. Consequently, cyclopropane is
just as effective as an electron donor as a C¼C double bond. The parent secondary
cation (70, R¼H) could not be observed; only the corresponding rearranged allylic
cation was obtained.149

70                                                   71

+

R = Me   a

       Ph        b

       cyclopropyl  c

OH

R
HSO3F−SbF5

SO2ClF

−120°C or −80°C R

+

Me

R
R = Me, Ph

−90°C or −70°C

ð3:34Þ

The cyclopropylmethyl cation has recently been generated in the gas phase from
both homoallyl chloride and cyclopropylmethyl chloride and studied using collisional
activated dissociationmass spectrometry.216 Interestingly, cyclobutyl chloride, which
yields the cyclopropylmethyl cation in the condensed phase, gives a substantial
amount of the bicyclobutonium ion in the gas phase.

Incontrast to“classical” tertiaryandsecondarycyclopropylmethylcations (showing
substantial charge delocalization into the cyclopropane ring but maintaining
its identity), primary cyclopropylmethyl cations show completely s-delocalized
nonclassical carboniumioncharacter (seeSection3.5.2.5).Also, someof thesecondary
cyclopropylmethyl cationsundergorapiddegenerate equilibrium(see laterdiscussion).

3.4.5. Alkenyl Cations

Many alkenyl cations have now been directly observed particularly by Deno, Richey
and co-workers,88,217,218 Sorensen,219 Olah and co-workers,220–227 and Carpenter.228

Deno229 has reviewed the chemistry of these ions. Allylic cations particularly show
great stability with generally insignificant 1,3-overlap, except in the case of cyclo-
butenyl cations230 (vide infra). Representative observed alkenyl cations are 72,229

73,221–22374,221,22275,221,22376,223 and 77.226

CH3 CH3

+
+ + + ++

H3C

72                           73                 74                   75                    76                  77
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The formation of allyl cations from halocyclopropanes via ring opening of the
unstable cyclopropyl cations also has been investigated159,161,162 [Eq. (3.35)].

+

Cl

Cl

CH3

CH3

CH3

CH3

SbF5−SO2 CH3 Cl

CH3

CH3 CH3

ð3:35Þ

In fact, this approach has been used by Schleyer and coworkers to generate the
parent allyl cation in superacid cryogenic matrix.231 Codeposition of cyclopropyl
bromide andSbF5 at 110K resulted in a clean IR spectrumwith the prominent signal at
1578 cm�1. This was assigned to the asymmetric C�C�C allyl stretching vibration
and is in good agreement with calculated values of 1592 cm�1 (MP2/6-31G*) and
1558 cm�1 (CISD/6-31G**). A previous report for the allyl cation formed in zeolites
and detected by 13C CP-MAS NMR was questioned on the basis of the lower than
expected 13C NMR shift of d13C 218.232 A recent study by Duncan and co-workers
(infrared photodissociation spectroscopy by means of rare gas tagging)233 has
confirmed previous findings of the resonance-stabilized, charge-delocalized structure
of C2v symmetry.164 The 2-propenyl cation has also been detected and was shown to
have Cs symmetry and a nearly linear C�C�C backbone with hyperconjugative
stabilization by themethyl group. Schleyer and co-workers234 also detected the trans-
1-methylallyl cation using the matrix isolation technique.

The 2-chloroallyl cation generated by matrix isolation has been studied by FT–IR
spectroscopy and calculations [MP2(fc)/6-311G(d,p) level].235 Structure 78 of Cs

symmetry with bridging chlorine, proposed earlier,162 was found to be less stable by
7.5 kcal mol�1 thancation79ofC2v symmetryandcouldnotbe foundby spectroscopy.
Furthermore, in contrast to 1- or 3-chloroallyl cations, the centrally positioned
chlorine does not contribute to charge delocalization through back-donation as a
consequence of the p-orbital noninteraction between the n electrons of Cl and the
LUMO of the allyl cation.236

+
H

C
C

C
H

Cl

H HH

C

C C

H

H

H

Cl
+

78                                     79

Allyl cations 80 and 81 have been generated and studied by NMR spectroscopy.237

Although sterically crowded, cation 80 proved to be surprisingly stable up to 80�C.
The rotational barrier estimated on the basis of the coalescence temperature of the 13C
NMRsignals is 16.8 kcalmol�1, in goodagreementwith thecalculatedvalue (MNDO,
16.5 kcal mol�1). In contrast, the rotational barrier of cation 81 was found to be less
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than 5 kcal mol�1. This was attributed to the charge stabilizing effect of the adjacent
cyclopropyl groups, resulting in an unsymmetrically charge-delocalized species.

+ +

80                                                            81

Protonation of allenes also leads to allyl cations, allowing one to obtain ions—for
example, the dimethylallyl and tetramethylallyl cations 82 [Eq. (3.36)]—that are
otherwise difficult to generate from allylic precursors.238

+
R R

CH3 CH3
H3C

C

R

C C

CH3

R
HSO3F−SbF5−SO2ClF

−70°C

R = H, CH3                                                                          82

ð3:36Þ

3.4.6. Alkadienyl and Polyenylic Cations

Deno, Richey, and their co-workers88 have observed a substantial number of alka-
dienyl cations. Sorensen239 has observed divinyl and trivinyl cations 83 and 84.

+

83                             84

+

Alkadienyl cations such as the 1,3,5-trimethylheptadienyl cation 85 show great
tendency to cyclize [Eq. (3.37)] and these reactions have been followed by NMR.240

Several novel fulvenes have been protonated to their corresponding dienyl cations241

(e.g., 86 and 87).

85

+ + ++
HSO3F−SbF5

−30°C
ð3:37Þ

++

H HH H

86                                             87
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Sorensen and co-workers242 have studied the stereochemistry of ring closure of
arylallyl cations to bicyclic trienyl cations. Similar studies on 1-phenylallyl cations
have been carried out by Olah et al.225 Persistent polyenylic cations generated upon
incorporation of cinnamyl alcohols in zeoliticmatrix have been identified on the basis
of IR and UV–visible spectroscopy.243

3.4.7. Arenium Ions

Cycloalkadienyl cations, particularly cyclohexadienyl cations (benzenium ions), the
intermediate of electrophilic aromatic substitution, frequently show remarkable
stability. Protonated arenes can be readily obtained from aromatic hydrocar-
bons244–251 in superacids and studied by 1H and 13C NMR spectroscopy.252,253 Olah
et al.252 have even prepared and studied the parent benzenium ion (C6H7

þ) 88.
Representative 1H NMR spectra of benzenium253 and naphthalenium ions25488 and
89 are shown in Figures 3.11 and 3.12, respectively.

Isomeric mono-, di-, tri-, tetra-, penta-, and hexaalkylbenzenium and halobenze-
nium ions have been observed.251,252,255Alkylation, nitration, halogenation, and so on,
of hexamethylbenzene give the related ions. Doering, Saunders, and co-workers256

have studied the dynamic NMR spectra of heptamethylbenzenenium ion 90 (R¼Me),
and Fyfe and co-workers257 have obtained the solid-state 13C NMR spectrum.257

Recent progress in experimental techniques allowed the isolation of various
benzenium ions, including the parent ion 88 as stable salts, which permitted
their characterization by X-ray crystallography. Kochi and co-workers258 generated

H H H H R

908988

+ +

+

R = Me, CI

+

H H

88

11 10 9 8 7 6
δ, ppm

5 4

Figure 3.11. The 270-MHz 1H NMRspectrum of the “static” benzenium ion inHSO3F–SbF5–
SO2ClF–SO2F2 solution at �140�C.
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the chlorohexamethylbenzenium cation (90, R¼Cl) and isolated it as the hexa-
chloroantimonate salt, whereas Reed et al.259,260 transformed benzene, toluene,
meta-xylene, mesitylene, and penta- and hexamethylbenzene to the corresponding
benzenium ions with carborane superacids [H(CB11HR5X6), R¼H, Me; X¼Cl, Br]
and applied NMR spectroscopy, IR spectroscopy, and X-ray crystallography for
characterization. According to Mulliken population analysis, the positive charge is
delocalized onto the H atoms with the greatest partial charges on the hydrogens at the
sp3 carbon. Crystallographic data show that the cyclohexadienyl resonance form is the
best representation from thepoint of viewof bond lengths as shown formeta-xylenium
ion 91. All bond angles arewithin 4� of the idealized value of 120�. The benzenium ion
skeleton is essentially planarwith a slight tilt of the protonated carbon the largest being
4.3� for the mesitylenium ion.

+

H

H

1.43Å1.38 Å

1.40 Å1.43 Å

1.38 Å

1.38 Å

91

The Si-substituted [Et3Si(C6H4Me)]þ cation was originally erroneously identified
as being a silyl cation (silicenium ion, 92b)261 on the basis of a long Si–Ctoluyl bond
distance of 2.18Å. Calculated bond distances and bond angles (HP/6-31G* level)262

are in close agreement with those found experimentally. Similarly, there is a particu-
larly good agreement between the observed (d29Si 81.8) and calculated (d29Si 82.1)
29Si NMR chemical shifts, in contrast with the calculated highly deshielded shift

Figure 3.12. 100-MHz 1H NMR spectrum of the naphthalenium ion 89 at �90�C.
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of 355.7 ppm of the still elusive Me3Si
þ ion. These observations indicate that the

actual species is the para-triethylsilyltoluenium ion 92a with contribution from the
resonance form 92b. In a subsequent study, (IGLOII0/B3LYP/6-31G*)263 che-
mical shift values of d29Si 79.7 and 79.8 for two isomeric forms of 92a were
calculated, whereas the chemical shift for the silicenium ion 92b was computed to
be d29Si 371.3.

a                                   b

92

Et3Si

H

Me

+

H

Me

Et3Si+

Novel bis-silylated arenium ions 93 have been generated and characterized
by M€uller and co-workers.264 A single 29Si NMR signal with shift values (d29Si
19.1–25.6) close to those found for bis-b-silyl-substituted vinyl cations (d29Si 22–24)
indicates in each case the formation of a symmetric species. The strongly deshielded
ortho and para carbons (Dd13Cortho ¼ 28:9�39:6 and Dd13Cpara ¼ 21:6�35:1) rela-
tive to the starting silanes lend further evidence to the cation structure. Furthermore,
the strong high-field shifts of the ipso carbons (Dd13Cipso ¼ 36:5�49:4) relative to the
precursors are indicative of the rehybridization of Cipso from sp2 to sp3. The calculated
structures of cations clearly show that these are arenium ions, and NMR shift
calculations [GIAO/B3LYP/6-311G(d,p)//B3LYP/6-31G(d)þDZPE level] corrobo-
rate the validity of the structures.

+

R = H, Me

Si

Si
R R

R

RRMe2

Me2

93

Lickiss and co-workers265 have synthesized and characterized the bis-silylated
cation 94. Structural analysis of crystals isolated shows an almost symmetrical
bridging of the phenyl ring [Si(1)–Cipso and Si(2)–Cipso distances¼ 2.104 and
2.021Å , respectively). In contrast to 93 and other arenium ions that have alternating
bond lengths attributed to the cyclohexadienyl resonance structure (long Cipso–Cortho

and Cortho–Cmeta, and short Cmeta–Cpara bonds), the bond distances of cation 94 are
rather similar (Cipso–Cortho¼ 1.39 and1.40Å ,Cortho–Cmeta¼ 1.36 and1.37Å ,Cmeta–
Cpara¼ 1.35 and 1.37Å). Furthermore, calculations have shown [B3LYP/6-31G(d)]
that the positive charge is predominantly on the four-membered ring. The authors
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concluded that the 1,3-phenyl-bridging structure 94b is a better description for the
cation than the bis-silylated benzenium ion 94a.

Si
(Me3Si)2C

Si

Me2

Me2

+

Si
(Me3Si)2C

Si

Me2

Me2

+

a                                                          b

94

B(C6F5)4
−

The novel arenium ion 95 was synthesized266 by one-electron oxidation of the
triphenylene-based starting compound to form a radical cation which abstracted a
chlorine atom with a concomitant rearrangement to yield the hexachloroantimonate
salt.Thearenium ioncharacter is apparent from the 13C spectrum(three signals atd13C
212.9, 187.6, and 173.6) and from the bond distances, which are very close to those
shown for ion 91. Cation 95 can be stored at room temperature for months. This
exceptional stability was attributed to the annelation to the two bicyclo[2.2.2]octane
units and the spiroconjugation effect of the fluorenyl moiety.267

95                                                               96

+

Cl

SbCl6
−

Cl

+

SbCl6
−
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2

        13

4
      6
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Kochi and co-workers268 haveobtained the related novel chloro-areniumcation 96.
Single-crystal X-ray crystallography revealed that the Cl–C bond is relatively long
(1.86Å), and theCl atom is bonded to the aromatic carbon from the less hindered face to
minimize steric interactionswith the transannularC(8)–C(9) ethano bridge. The central
ringhas adistorted cyclohexadienyl structurewith two short bonds [C(2)–C(3)¼ 1.380
Å, C(5)–C(6)¼ 1.353Å] and an unusually long C(1)–C(6) bond (1.517Å) when
compared to the C(1)–C(2), C(3)–C(4), and C(4)–C(5) bonds [1.460, 1.409, and
1.413Å, respectively]. Furthermore, the ring has a quasi-envelope conformation with
C(1), C(2), C(3), andC(4) being coplanar andC(5) andC(6) lying below the plane. The
cation 96 may be viewed as a positive chlorine stabilized (solvated) by an aromatic
ligand as in a Wheland intermediate.

Lammertsma and Cerfontain269 performed a detailed study on the ions generated
from isomeric dimethylnaphthalenes.An interesting observation is the transformation
upon increasing the temperature of cation 97 through an intermediate to cations98 and
99. The driving force is the relief of steric strain in theperiposition [Eq. (3.38)]. For the
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same reason, polymethylnaphthalenes are protonated at the a-position, and similar
rearrangements likewise lead to the product of least strain270 [Eq. (3.39)].

∆

97                                                                            98                                    99

+
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Me Me
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MeHMe

+
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ð3:38Þ

∆
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Me H

ð3:39Þ

Anthracenium253,255,271,272 and phenanthrenium ions271–274 have also been well-
studied. A detailed investigation of 9-alkylanthracenes showed that protonation
always occurs at C(10).275 An additional methyl group at C(1) or C(8) results in the
C(9) protonation as well (relief of peri strain).

Of other polycyclic aromatic hydrocarbons, Laali271,272 has performed extensive
studies on pyreniumcations including detailed investigations on the effect of the nature
and position of substituents on the site of protonation. As H€uckel calculation predicts,
a-protonation is most favored (100 and 101) irrespective of the position of substi-
tuents.276 Generation of benz[a]anthracenium,277 cyclopenta[a]phenanthrenium,278

and benzo[a]pyrenium cations279 in HSO3F–SO2ClF at low temperature has also been
explored.

H

H

H

H+

+

100                                   101

In a recent comprehensive study with respect to the substituent effects of benz[a]
anthracene carbocations,280 exclusive protonation at C(7) (102) and C(12) (103, bay
region protonation) in the C ring was shown to occur. The relative stability of
the resulting carbocations, however, strongly depends on the substitution pattern.
Substrates methyl-substituted in the A ring give mixtures of the two cations. Proton-
ation of 5-, 6-, and 7-methyl- and 7-ethyl-substituted compounds, in turn, yields
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exclusively the corresponding 12-protonated 103 derivatives. Interestingly, the
protonation of the 12-methyl derivative favors C(7) (cation ratio¼ 6.7:1), but the
amount of thermodynamicallymore stable ipso-protonated isomer increases over time
and becomes the main product (1:16). 7,12-Disubstituted compounds exhibit similar
behavior. Protonation in the bay region (formation of 103) is also the main reaction
with compounds with a single methyl group in the D ring.

H

H
H H

HH

+

+

102                                                        103

          2

1                  3
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9                                                  5

          8                              6
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7

12
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D          C          B

Protonation of substituted benzo[e]dihydropyrenes with HSO3F or HSO3F–SbF5
(4:1) in SO2ClF at �78C� results in the formation of dication 104a and trication
104b.281,282 However, cations by two-electron oxidation are also formed (see
Section 3.4.14).

n+tertBu

tertBu

R
H

H

H

H

104   a R = H, n = 2

         b R = CO2EtH, n = 3

The persistent 4-methyl[6]helicenium cation 105 has been observed and charac-
terized byLaali andHauser.283 Although the parent ion could be generated undermild
conditions (TfOH–SO2ClF), it decomposed rapidly.

Me

+

H H

105
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Warner and Winstein284 have obtained the stable monocation 106 by protonating
1,6-methano[10]annulene in HSO3F. Cram and Cram285 have been successful in
protonating [2.2]-para-cyclophane. The initial protonated species 107 rearranges to
the meta-protonated species 108 [Eq. (3.40)].

+

H H
106

107                                                       108

+

H

+ H ð3:40Þ

Protonation of bismethano[14]annulene and its bridged analogs allowed to gener-
ate and characterize the corresponding 109 and 110 cations.286 Protonation always
occurs at C(7).

+

H H

109                                                110

+

H H n = 1, 2

( )
n

3.4.8. Ethylenearenium Ions

The classical–nonclassical ion controversy27–37 initially also included the question of
the so-called “ethylenephenonium” ions.

Cram’s original studies287 established, based on kinetic and stereochemical evi-
dence, the bridged ion nature of b-phenylethyl cations in solvolytic systems. Spectro-
scopic studies (particularly 1H and 13C NMR)288–291 ofa series of stable long-lived ions
proved the symmetrically bridged structure and at the same time showed that these ions
do not contain a pentacoordinate carbocation center (thus are not “nonclassical ions”).
They are spiro[2.5]octadienyl cations 111 (spirocyclopropylbenzenium ions)—in
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other words, cyclopropyl-annulated cations in which the cationic center belongs to a
cyclohexadienyl cation (benzenium ion).

+

111

+ +

+

The nature of the spiro carbon atom is of particular importance in defining the
carbocation nature of the ions. 13C NMR spectroscopic studies have clearly estab-
lished the aliphatic tetrahedral nature of this carbon, thus ruling out a “nonclassical”
pentacoordinate carbocation. The positive charge is delocalized into both the dienylic
framework and the spirocyclopropane moiety. As theoretical calculations demon-
strated,292 these charge delocalizations result in almost identical C�Cbond lengths in
the six-membered ring (1.384–1.419Å) and long Cipso–CH2 bond distances in the
cyclopropane ring (1.625Å). Recent calculations (B3LYP/6-31G* method) clearly
showed293 that back-bonding from the phenyl cation moiety to the ethylene fragment
determines the formation of the three-membered cycle, which renders the shielding of
the ipso carbon similar to that for an sp3 carbon.

The formation of the ethylenebenzenium ion 111 from b-phenylethyl precursors
[Eq. (3.41)] can be depicted as cyclialkylation of the aromaticp-systems and not of the
Cipso–Cb bond, which would give the tetracoordinate ethylenephenonium ion.
Recently, protonation of benzocyclobutene under superacidic conditions294 has been
found tobeanewindependent route togenerate111 [Eq. (3.41)].Rearrangement of the
b-phenylethyl to ana-phenylethyl (styryl) ion, on theother hand, takes place through a
regular 1,2-hydrogen shift. Rearrangement and equilibria of ions formed from side-
chain-substituted b-phenylethyl chlorides have also been explored.291

CH2

+

111

CH2

+

β          α
CH CH3

+

1,2~H shift HF−SbF5

SO2ClF

−90°C

ð3:41Þ

The ethylenebenzenium ion 111 was found to undergo isomerization to yield the
a-phenylethyl (styryl) ion with an activation energy of Ea¼ 13 kcal mol�1.295 In a
recent study296 avalue of 26.7 kcal mol�1was computed [B3LYP/6-3111G(d,p) level]
and the styryl ion was found to be more stable by 13.9 kcal mol�1.

Olah and co-workers297,298 haveprepared and characterized a series of 4-substituted
ethylenenaphthalenium ions 112. Eberson andWinstein299 have reported the 1H NMR
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spectrum of ethyleneanthracenium ion 113 (R¼H). A series of 9-substituted anthra-
cenium ions have been studied by 13C NMR spectroscopy.300

+

R

+

R

112                                 113

R = Me, Ph, OH, MeO                                                                R = H, Me, Ph

The benzonorbornenyl cation 114a can be considered as the spiro cation 114b.301

The unsubstituted 9-benzonorbornenyl cation 115 (R¼H) has not been observed
but the NMR characterization of derivatives (R¼Me, para-F-phenyl, OH) has been
reported.302 Recently, Laube has prepared the Sb2F11

� salt of the 9-methyl
derivative and reported X-ray crystal structure analysis.303 A remarkable feature
of cation 115 (R¼Me) is the strong bending of the C(9) bridge toward the aromatic
ring [C(9)–C(4a) and C(9)–C(8a) bond distances¼ 1.897Å, bond angle between
C(9) and the C(4a)–C(8a) bond¼ 95.7�]. Computed values [B3LYP/6-311þG(d,p)]
show an even stronger bending (1.981Å and 98.6�). These values, when compared to
those of the parent benzonorbornene (2.35 Å and 126�), indicate a strong interaction.
Furthermore, the aromatic ring shows bond alternations [C(5)–C(6) and C(7)–
C(8)¼ 1.358Å , C(6)–C(7)¼ 1.423Å , C(4a)–C(5) and C(8)–C(8a)¼ 1.395Å], and
the ring is nonplanar with both C(4a) and C(8a) having a pyramidalization value of
D¼ 0.077Å.

a                                            b
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3.4.9. Propargyl and Allenylmethyl Cations (Mesomeric Vinyl Cations)

No bona fide unsubstituted vinyl cations haveyet been experimentally observed under
long-lived stable ion conditions.304–308However, experimental observations in the gas
phase and calculations are available.309 According to spectroscopic studies,310 of the
two structures of the vinyl cation (protonated acetylene) the planar, bridged nonclas-
sical structure 116b, with the two protons slightly tilted toward the bridging proton, is
preferred over the classical (Y-shaped) ion 116a. The energy difference between the
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two structures is about 5 kcal mol�1.311,312 Subsequent Coulomb-explosion imaging
(CEI)313 and simulated CEI studies314 showed, however, that the structure is not
planar, but the protons trans-bent with respect to the plane of the bridge moiety.

+
C C H

H

H

+
C C HH

H

a                                       b

116

Incontrast tovinyl cations, propargyl cations117aexist inmesomeric allenyl forms
117b, which can serve as models for vinyl cations.

C

R1

R2

C C R3 C

R1

R2

C C

R3

+ +

a                                            b

117

α      β         γ α      β        γ

Extensivework has been carried out on these propargyl cations with a wide variety
of substituents.214,315–317 Olah et al.316 found that in cation 118 the positive charge is
extensively delocalized; that is, the contribution of the 117b resonance form is
significant. Komatsu et al.318 showed that both the a and g carbons become more
shielded in ions bearing two or three phenylethynyl groups (cation 119) due to the
more extended charge dispersion.

Ph

Ph Ph

+

Ph

+

PhPh

118                                119

In the early 1980s, Siehl and co-workers319,320 prepared two allenylmethyl cations
120 and 121 using the codeposition technique developed by Saunders et al.49 The
cations thus prepared also exhibit extensive mesomeric vinyl cation character.
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C C +
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R C C
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H CH3
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In vinyl cations (Figure 3.13), as in trisubstituted carbenium ions, the positive
charge is stabilized by electron donating substituents or by aryl or vinyl groups via
p-conjugation. Further stabilization may be achieved by s participation— that is, by
hyperconjugationofa substituents, bycomplexation toametal, or by theb-silyl effect.

Siehl has made extensive efforts to generate a range of stabilized vinyl cations.321

Protonation of an alkyne bearing an aromatic a substituent and a substituent of
sufficient steric bulk at the b position can yield stable vinyl cations (122).322 Both the
parent mesityl-vinyl cation 123322 and the a-(para-methoxyphenyl)-substituted
cation 124323 were observed when the corresponding b-Si-substituted cations under-
went cleavage at higher temperature (�100�C and �115�C, respectively). The
cyclopropylcyclopropylidenemethyl cation 125 has been prepared324 by the proton-
ation of the corresponding allene [bis(cyclopropylidene)methane], and both NMR
spectroscopic data and calculations (MP2/6-31G*) indicate charge delocalization due
to hyperconjugation with the banana bond of the cyclopropylidene group.

+
R

C

H
+H

+
H

H

+
MeO

H

H

123

124

122                                                                                                            125

R= tert-Bu, adamantyl

Recently, Siehl and co-workers325,326 have made computational studies of the 13C
NMR shift of a series of a-vinyl-substituted vinyl cations (1,3-dienyl-2-cations,
Figure 3.14). They found that inclusion of electron correlation effects are important to
get reliable data. The small differences (D¼ 1–2 ppm) between calculated [CCSD(T)/
tzp/dz] and observed NMR chemical shifts suggest that the geometry of the cations is
not significantly affected by the medium.

Siehl327 and, recently, M€uller et al.328 have generated and observed a variety of
b-silylated vinyl cations. The first successful observation by 13C NMR of a persistent
b-silyl-substituted vinyl cation was reported by Siehl et al.329 [Eq. (3.42)]. The

R

R +

R

Figure 3.13. Orbital representation of vinyl cations.

136 CARBOCATIONS IN SUPERACID SYSTEMS



resonance of the cationic carbon (d13C 208.7) shows strong shielding comparable to
those of vinyl cations stabilized by hyperconjugation with cyclopropyl substituents.
Similar shielding effect of the b-silyl substituent was found by calculations (IGLO).
Due to the hyperconjugation effect, cation 126 prefers the conformation in which the
empty 2p orbital of the cationic carbon is parallel to the C–Si bond allowing maximal
overlapping. The rotation barrier in the parent model compound about the Cþ–
CH2SiH3 bond was calculated to be 14.5 kcal mol�1.

126

HSO3F−SbF5

SO2ClF−SO2F2

CD2Cl2
−125°C

+

Me3Si

C

Me3Si

C C
SiMe3

SiMe3

Me3Si

C

Me3Si

C C

SiMe3

SiMe3

H ð3:42Þ

Subsequently, Siehl and Kaufmann322 reported the synthesis and NMR spectro-
scopic characterizationofa rangeofpersistenta-mesityl- andb-silyl-substitutedvinyl
cations (127) by protonating the corresponding alkynes at �130�C (HSO3F–SbF5 in
SO2ClF–SO2F2). The

13C NMRchemical shifts values of theCþ carbons show that all
silyl-substituted vinyl cations shielded more strongly (�30–33 ppm) than the silicon-
free analogs, which is indicative of the magnitude of the b-silyl effect.

+

127

CMe

Me

Me

C

H

SiR1R2

R1= Me2

R2 = isoPr, tert-Bu, tert-Hex, 

R1+R2 = isoPr3

Unusually stable vinyl cations have been prepared by M€uller, Siehl, and co-
workers330 by the intramolecular addition of transient silylium ions to alkynes at
room temperature. Both the 13C NMR chemical shifts for the vinyl carbons (d13Ca ¼
185:8; d13Cb ¼ 84:1) and thehigh-field shift of the ipso carbon (d 113.7) found for128
(R¼ Ph) are characteristic ofaryl-substitutedvinyl cations.Theortho andparacarbon
atoms are highly deshielded, which indicate that a significant amount of the positive
charge is transferred to the phenyl ring. The phenyl-substituted cation was stable for
weeks at room temperature, whereas the methyl-substituted analog decomposed in

R = H, Me

R

R
+

R

H

R

Figure 3.14. Orbital representation of 1,3-dienyl-2-cations.
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several days. Thedifference is due to the lackof charge delocalization in the case of the
latter. In contrast to the high stability of cations 128, cations 127 with only a single
b-silyl substituent for hyperconjugative stabilization could only be generated in
superacid media at �130�C.322

R = Me, Ph

128                                              129
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β     α
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Me2
CB11H6Br5
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B(C6F5)4
−

Recently, the X-ray structure of vinyl cation 129 (CB11H6Br5
� salt) has been

determined.331 The disilacyclohexane ring adopts a regular chair conformation
with the silicon atoms and the Ca and Cb atoms nearly coplanar (Si–Ca–Cb–Si
angle¼ 173.9�). The molecule is linear around the vinyl bond (Cb–Ca–C¼ 178.8�)
with an unusually short C�C double bond (1.22Å) indicating that the carbocation
carbon is sp hybridized. Furthermore, the Cb–Si bonds (1.98 and 1.95Å) are about
0.1Å longer than a regular Csp2–Si bond, which can be attributed to the b-silyl
hyperconjugation. Molecular structures calculated by density functional theory
[B3LYP/6-31G(d)] and ab initio [MP2/6-31G(d)] method closely match the experi-
mental solid-state geometry.

M€uller et al.332 have characterized a number of a-aryl-, b,b0-disilyl-substituted
vinyl cations (130). Both 13C NMR data and calculations show the effect of both
p-conjugation with the aromatic moiety and s-delocalization of the b-Si–C bonds.
p-Delocalization is manifested by the marked low-field shift of the ortho and para
carbon atoms compared to those of the precursor alkynes, whereass-delocalization is
shown by the deshielding of the 29Si NMR resonance relative to the precursor
silylalkyne (Dd29Si 29.5–41.4). Computed structures [B3LYP/6-31G(d) level] are
all very similar, that is, calculation is not able to show the subtle interplay between
s- and p-delocalization, which is evident from the NMR spectroscopic data.

Si

Si

Ar

+

Me2

Me2

β       α Ar = Ph, mono- and disubstituted phenyl,
        1-naphthyl, ferrocenyl

130

The 1-(para-methoxyphenyl)-2-(triisopropylsilyl)vinyl cation 131 has also been
generated, characterized, and studied323,333 to elucidate the importance of a–p aryl
and b–s hyperconjugative stabilization. A comparison was made with the para-
methoxyphenylvinyl cation124,whichhas ahigher demand fora-arylp-stabilization.
The para carbon of cation 131 is 7 ppmmore shielded compared to that of cation 124,
indicating that the b-silyl stabilization effect is operative. The experimentally deter-
mined rotation barrier of the para-methoxy substituent for 131 (<8 kcal mol�1) and
124 (9.0 kcal mol�1) shows a less significant double-bond character of theMeO–C(4)
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bond in ion 131, that is, the existence of b-silyl effect. These findings demonstrate
that s-bond hyperconjugation contributes to charge distribution even in highly
p-stabilized a-(para-methoxyphenyl)vinyl carbocations.

+
MeO

Si(isoPr)3

H

131

To study the possible stabilizing effect of b-silyl cations, Olah and co-workers334

prepared the2-[(1-trimethylsilyl)vinyl]-2-adamantyl cation132 [Eq. (3.43)] aswell as
the parent silicon-free carbocation. In contrast to the above observations, NMR data
[the (C10), (C2), and (C20) carbons are more deshielded in 132 than in the parent ion]
showed that cation 132 is destabilized compared with the silicon-free analog.
Furthermore, at �100�C the C(1) and C(3) carbons were found to be equivalent,
whereas in the parent ion they were nonequivalent. This indicates a rapid rotation
about the C(1)–C(3) bond in 132, which can be rationalized by assuming the
intermediacy of the b-silyl-stabilized cation 133. The difference between cation
132 and those having b-silyl-stabilization discussed above may be the orthogonal
arrangement of the b-C–Si bond and the p-orbital of the carbocation center.
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3.4.10. The Phenyl Cation

Thephenyl cation (134) first postulated byWaters335 is a highly reactive species of low
stability and plays a fundamental role in organic chemistry—for example, in the
chemistry of diazonium ions. According to gas-phase studies and calculations, its
stability is between that of the ethyl cation and the vinyl cation.336 Since it is an
extremely electrophilic and short-lived species, it could not be isolated or observed
directly in the condensed phase. For example, solvolytic and dediazoniation studies
under superacidic conditions by Laali et al.337,338 failed to find evidence of the
intermediacy of the phenyl cation. Hyperconjugative stabilization via ortho-Me3Si or
ortho-tert-Bu groups, however, allowed Sonoda and co-workers339 generate and trap
the corresponding substituted phenyl cations.

+

134
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Theoretical studies have shown that the singlet minimum of the parent phenyl
cation lies about 20–25 kcalmol�1 lower than the tripletminimum.340Recent ab initio
calculations have shown that electron-donating substituents in the para position
increase the relative stability of the triplet state.340Benzannelation has a similar effect.
Protonation of the substituents, however, dramatically increases the preference for the
singlet state, with �SH2

þ, �SMeHþ, and �NH3
þ exhibiting the largest effect. The

effect of the �N2
þ group is similar to the onium cationic substituents. Dramatic

stabilization of the singlet state was also observed in ortho-Me3Si-phenyl cations
generated by photolysis of Me3Si-substituted chlorobenzenes.341 Lodder and
co-workers342 performed photolysis of various phenyl cation precursors in the
presence of anisole and correlated distinct product patterns with the singlet/triplet
nature of the phenyl cations.

Winkler andSander343 have recently succeded inpreparing the phenyl cationbyco-
deposition of iodobenzene or bromobenzenewith amicrowave-induced argon plasma
in cryogenic matrix. Cation 134 was characterized by IR spectroscopy by an intense
absorption at 3110 cm�1. DFT studies and isotope labeling experiments show that this
characteristic absorption is caused by a C�H stretching vibration involving the ortho
hydrogens. The 4-methoxyphenyl cation has recently been generated in solution by
photolysis of 4-chloroanisole and detected by flash photolysis.344

3.4.11. Arylmethyl and Alkylarylmethyl Cations

The first stable, long-lived carbocation observed was the triphenylmethyl (trityl)
cation 135.6–9

C
+

C

+

etc.

H

135

This ion is still the best-investigated carbocation; and its propeller-shaped structure,
shown, for example, by its X-ray characterization (aromatic ring angles¼ 54�),345 is
well-recognized. Strong contribution from para- (and ortho-) quinonoidal resonance
forms are responsible for much of the reactivity of the ion. Diphenylmethyl cations
(benzhydryl cations) are considerably less stable than their tertiary analogs. Reindl
etal.346usedforce field(MMP2)andabinitio (MP2/6-31G*)methods toshow,however,
that stabilization by the phenyl group is attenuated. Thus, the resonance stabilization
value of cation 135 (average value of�41.6 kcalmol�1 for each phenyl ring) is much
less than that of the benzhydryl ion 136 (�51.4 kcalmol�1) and the benzyl cation
(�76.4 kcalmol�1). Although UV spectra in dilute sulfuric acid solutions have been
obtained early,347 only in the 1960s has the benzhydryl ion 136 been observed in higher
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concentrations in superacid solutions [HSO3Cl,
348 SbF5,

349 and HSO3F–SbF5
350].

Recently, 4,40-disubstituted benzhydryl cations have been generated by the oxidative
C�H bond dissociation of the corresponding diarylmethanes.351 The accumulation of
the cations was confirmed by 13C NMR spectroscopy: A signal for the 4,40-difluor-
obenzhydryl cationwas detected at d13C 192.6, which is close to thevalue (d13C 193.3)
observed in superacid medium (HSO3F–SbF5–SO2ClF).

352

C

H

+

136

Mono- and dialkylarylmethyl cations can be obtained readily from the correspond-
ing alcohols, alkenes, or halides in superacid solutions, such as HSO3F–SbF5,

350

HSO3Cl and SbF5,
348,349 and oleum.88 Structures 137–139 are representative alky-

larylmethyl cations.

137                                      138                                     139
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C

CH2+

Because of the high stability of the tertiary ions, these are preferentially formed in
the superacid systems from both tertiary and secondary, and even primary, precur-
sors.353 If, however, the tertiary carbocation is not benzylic, rearrangement to a

C CH2OH C CH2

OH

139

CH CH

OH

H+

−H2O

H+

−H2O

H+    −H2O

Scheme 3.5
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secondary benzylic ion can be observed350,353 (Scheme 3.5).With suitable substituent
groups (which alsoprevent transalkylations), secondary styryl cations (140–142)were
found as stable, long-lived ions.291,354

H
C

CH3+                                            +                                       +

CH3H3C

CH3

H
C

CH2CH3

CH3H3C

CH3

H
C

CH3

OCH3

140                                        141                                    142

Although the unsubstituted benzyl cation is still elusive, many substituted deri-
vatives have been observed (cations 143–146).355,356

CH2

+                                          +                                         +                                         +

CH3H3C

CH3

CH2

CH3H3C

CH3

CH3H3C

CH2

CH3H3C

OCH3

CH3H3C

CH2

CH3H3C

Br

CH3H3C

143                                144                               145                               146

In a cation such as the (2,4-di-tert-butyl-6-methyl)benzyl cation 147, a high
rotational barrier around the sp2-hybridized atom is observed. Themethylene protons
are found magnetically nonequivalent in the 1H NMR spectrum.356 Recent combined
experimental and theoretical studies for the related cation143 suggest357 that structure
143b is an important resonance contributor.

CH2

+

tertBuH3C

147

CH2

+

CH3H3C

CH3

a                                                 b

143

CH2

+

CH3H3C

CH3tertBu

No rearrangement of benzyl cations in acid solutions to tropylium ions has
been found, although this rearrangement is observed in the gas phase (mass
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spectrometry),358,359 and the tropylium ion was shown by ab initio studies to lie about
7 kcal mol�1 lower in energy than the benzyl cation 148a.

Laube, Olah, and Bau have reported an X-ray crystallographic study of the cumyl
cation (148c) hexafluoroantimonate salt.360 Cation 148c is nearly planar (phenyl ring
twist angle¼ 8�) and has a short Cþ–Cipso bond (1.41Å), and bond distances in the
phenyl ring showstrongbenzylic delocalization. Furthermore, a slight shorteningof the
Cþ

–Me bonds (0.025Å) indicates weak C�H hyperconjugation. The structure and
stability of a range of benzylic cations, including 135, 136, and 148, have also been
calculated.346 It was found that methyl substitution at the cation center of the benzyl
cation 148a increases stabilization of the carbocation carbon by C�H hypercon-
jugation. As a result, the Cþ–Cipso bond elongates (148a¼ 1.37Å, 148b¼ 1.39Å,
148c¼ 1.41Å,MP2 level). These theoretical results, in agreement with the solid-state
structure and other findings discussed above, suggest that the aromaticity of the
benzene ring is substantially reduced. Therefore, the best description of the benzyl
cation 148a is structure 1480.

R
C

R'+

148                                                                         148'

a   R, R' = H

b   R = H, R' = Me

c   R, R' = Me

H
C

H

+

Sterically crowded arylmethyl cations have been prepared by Olah, Prakash, and
co-workers.361,362 1,10-Diadamantylbenzyl cations 149 generated from the corre-
sponding substitutedmethanolswere studied to explore the extent of p–p conjugation,
affected by twisting of the aromatic ring brought about by steric crowding. The
Hammett plot of para-substituted cations 149 showed negligible slope. Furthermore,
the 13C NMR chemical shift of the 1,10-diadamantylbenzyl cation (149, R¼H, d13C
286. 5)was found to bemuch deshielded comparedwith the that of the dimethylbenzyl
cation (d13C 255.0), and the para-carbon chemical shifts were practically unaltered
with respect to those of the parent alcohols. All these data indicate the virtual absence
of p resonance stabilization.

149                                                                      150                          151

+

R

R = H, 2-Me, 3-Me, 3-tert-Bu

       4-Me, 4-MeO, 4-F, 4-CF3

C
+

3

C
+

3
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The highly crowded tris(1-naphthyl)methyl cation 150 and tris(2-naphthyl)methyl
cation 151 were prepared and used to abstract hydride ion from cycloheptatriene to
generate tropylium ion.363 Hydride abstraction, however, could be performed only
with the less crowded cation 150.

Suzuki and co-workers364,365 studied peri-disubstituted triarylmethane–triaryl-
methylium naphthalene derivatives to explore the possibility of the bridging C�H
structure. In cation152 (Ar0 ¼ Ph), theH–CþandH�Cdistanceswere found tobe1.09
and 2.39Å, respectively, by X-ray structure analysis. Such geometric features of the
solid-state structure indicate negligible contribution from the delocalized 3c–2e
bonding arrangement 152a. Consequently, these cations prefer the localized structure
152b. PM3 calculations indicated that the delocalized structure 152a is the transition
state for the degenerate interconversion of 152b.

C C

Ar'
Ar'

H

Ar
Ar

+

a                                             b

152

C C

Ar'
Ar'

H

Ar

Ar
+

Ar = 4-Me2NC6H4

Ar' = Ph, 4-IC6H4, 4-MeOC6H4
BF4

−

Laursen, Krebs, and co-workers synthesized a series of triangulenium cations with
the general formula 153 with varied substitution patterns. These are highly stable
cationswith veryhighpKRþvalues andused as textile and laser dyes andcellular stains
for diagnostic purposes. According to X-ray characterization, the geometry for
trioxatriangulenium cations is planar,366,367 whereas the triazatriangulenium cations
have a disc shape.368

MeO

+

Z Z

Z

R

RR

153                                                                                         154

Z = O, NH, NR'

R = H, alkyl, benzyl, NEt2,

       N-pyrrolidinyl, N-morpholinyl

R' = Me, Pr, octyl,

Y = BF4, PF6

+

N N

OMe

PrPr

BF4
−

Y−

The same group has recently reported369 the synthesis and characterization of the
[4]heterohelicenium cation 154. X-ray analysis confirmed that strong repulsion

144 CARBOCATIONS IN SUPERACID SYSTEMS



between the methoxy substituents prevents the system being planar. Consequently,
cation 154 is chiral and indeed crystallizes as a racemate. The oxygen atoms are
positioned exactly aboveone another, and this determines apitch of 2.7Åof the system
([6]helicene has a pitch of 3.2–3.3Å). Cation 154 is configurationally stable, which
allowed the resolutionof the racemate. Thebarrier for racemizationwas determined to
be DGz ¼ 41.3 kcal mol�1 at 200�C (t1/2¼ 182.7 h), which compares favorably with
that of [6]helicene.

The naphthacenyl cation 155370 and the indanyl cation 156371 have been investi-
gated byX-ray crystallography. The rather longC(3a)–C(7a) bond (1.456Å) and short
C(3a)–C(4) bond (1.346Å) suggest charge delocalization into the aromatic ring.

+

+

155                                                   156

3a

7a

4

AlCl4
−

TaCl6
−

Laali et al.372,373 have characterized carbocations generated from substituted
polycyclic aromatic compounds. The related cation 157 is a true aryl-methyl-type
ion, whereas cations 158 have arenium ion character because the strongly electron-
withdrawinga-CF3 group enhances charge delocalization into the pyrenyl and phenyl
groups.

Me

+

C
CF3

R

+

157                                      158

R = Me, Ph

In a series of papers, Takekuma and co-workers374–377 have reported the synthesis
of a variety of 3-guaiazulenylmethyl cations 159 [Eq. (3.44)] with full spectro-
scopic characterization (UV–visible, IR, multinuclear NMR) and X-ray crystal
structure analysis. The corresponding 2-furyl-, 2-thienyl-, and 2-pyrrolyl-substituted
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hexafluorophosphates have also been obtained.377 The molecular structure of the salts
159 reveals that the plane of the 3-guaiazulenyl group is twisted from the plane of the
phenyl ring (dihedral angles¼ 20.7–40.1�). Further data indicate that although the
positive chargemainly localized on themethyl carbon, the charge is slightly transferred
to the guaiazulenyl group and the phenyl group (resonance structures 160a–160c for
the 4-dimethylamino derivative).

159             Y = BF4, PF6

HBF4 + acetic acid or MeOH

or HPF6 + MeOH
+

R C

R'

O

H

Y−RT
R C

R'

H

R = H, OH, MeOOC, NMe2

R' = H, OH

+

ð3:44Þ

H

N

+ H

N
+

H

N

+

a                                                b                                                 c

160

The SN1-type displacement reactions of chiral benzylic alcohols with aromatics
catalyzed by triflic acid or HBF4�OEt2 have been observed by Prakash, Bach, and
co-workers378 to exhibit high facial diastereoselectivity. This indicates the involve-
ment of a carbocationic intermediatewith a restricted conformation.Although the tert-
butyl-substituted tertiary carbocation underwent b-elimination, they succeded in
observing the ethyl-substituted cation 161 in SbF5–SO2ClF solution at �70�C by
NMR. The 13C NMR spectrum exhibits 12 carbon signals with the most deshielded
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detected at d13C 262.2 relative to acetone-d6. The six carbon atoms of the aromatic
rings are magnetically nonequivalent, which is due to the restricted rotation about the
phenyl–Cþ bond. More importantly, NOE experiments showed spatial proximity of
ortho hydrogens with the methyl group and the hydrogen of the stereogenic center,
respectively. Such conformational restriction accounts for the observed facial
discrimination.

H

CH3

CH2

CH3

CH3

+

161

H

H

3.4.12. Carbodications and Polycations

Interest in carbocations has not been confined to monopositive carbon species
(carbomonocations). The study of carbodications has more recently been of substan-
tial interest and the topic has been recently reviewed.379,380

Early reports381 that a carbodication had been observed from pentamethyltri-
chloromethyl-benzene turned out to be incorrect. The species obtained was the
dichloropentamethylbenzyl cation 162.382–384 Ionization of the 2,6-bis(chloro-
methyl)mesitylene, in turn, did yield the remarkably stable, unique 2,6-dimethylme-
sitylene-2,6-diyl dication 163.357,385Based on theNMRdata, the diallylic cation163b
appears to be the major resonance contributor to the structure, and this highly
stabilized dienyl–allyl dication nature ensures the high stability. The structure is
similar to that of the experimentally still elusive bisallylic benzene dication 164,
although polycyclic analogs were obtained (see Section 3.4.14). Calculations
(MINDO/3) by Dewar and Holloway showed386 that the benzene dication 164 favors
a C2h chair conformation, whereas Schleyer and co-workers387 found (HF/3-21G) an
elongated cyclic double-allyl D2h geometry. The allyl units are uncoupled, thereby
keeping apart the two pairs of p-electrons and minimizing mutual repulsions. The
resulting unequal bond lengths force the ring out of planarity. A subsequent study by
Krogh-Jespersen (HF/6-31G*//6-31G*)388 favored again theC2h chair conformation.
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+

162                                                                                                                                               164
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If twocarbocation centers are separated byaphenyl ring, avariety of carbodications
and carbotrications can be obtained (ions 165–167).389–391

C

C

165                                            166                                                   167

C

C

PhPh +

Ph

Ph

Ph

Ph

+

+
+                       +

+

+

Separationof twocarbocationcentersbyat least twomethylenegroups inopen-chain
carbodications renders them stable and observable.387,392 Indeed, such stable carbo-
dications 168 have been subjected to a comprehensive NMR spectroscopic study.391

C

R

R

(CH2)n C

R

R

n > 2

168

+                    +

Carbodications have also been observed in more rigid systems such as the apical,
apical congressane (dimantane) dication 169182 and the polycyclic bridgehead dica-
tion 170.182 The bicyclo[2.2.2]octane-1,4-diyl dication 171was claimed to have been
prepared in an earlier study.393 In a subsequent reinvestigation,394 however, dication
171 could not be detected. Instead, only the monocation monodonor–acceptor
complex was obtained.

+

+

169                                 170                             171

+

+

+

+

On the other hand, the bicyclo[3.3.3]undecane-1,5-diyl dication 172 (manxyl
dication) was observed first by Olah et al.189 (the 13C NMR spectrum is shown in
Figure 3.15) [Eq. (3.45)]. Until the generation of the 1,16-dodecahedryl dication
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(see Section 3.4.3), dication 172 was the most deshielded species observed (d13C
346.2) (Figure 3.15). Subsequently, it was also investigated by Taeschler and
Sorensen395 and was found to rearrange to dication 173, which was independently
prepared form a mixture of two isomeric dienes.

+

+

Cl

Cl
SbF5

SO2ClF

−78°C

−60°C +                 +

172                                               173

CH3CH3

ð3:45Þ

Sorensen and co-workers396 prepared and characterized dication 174 in an attempt
to transform it into a m-hydrido bridged monocation (see Section 3.5.2.6)
(Scheme 3.6). The two lowest-field 1H NMR signals (d 4.76 and 4.60) were assigned
to the bridgehead protons. 13C NMR characterization showed a Cs symmetry and
fluxional behavior due to a ring flip. The computed distance of the cationic centers
(2.81Å, close to the sumof the van derWaals radii) is practically identical to that found
for the manxyl dication 172 (2.80Å). Hydride transfer to dication 174 did not result in
the formation of the desired bridged species; instead, the H–out monocation 175 was
formed, which rearranged to cation 176.

When the dodecahedryl cation 59 prepared by ionization of dodecahedryl deri-
vatives or the parent hydrocarbon was left standing in the superacid medium for 6–7 h
at �50�C, it slowly and irreversibly transformed into dodecahedrane-1,16-diyl
dication 177 [Eq. (3.46)]. Dication 177 is of D3d symmetry and characterized by
three NMR absorption (d13C 379.2, 78.8, 59.8). The 13C chemical shifts of the
positively charged centers in cation 59 (d13C 363.9) and dication 177 (d13C 379.2)
are the most deshielded ever observed. According to calculations (SCF-MO),194

the dodecahedrane skeleton is incapable of accommodating a planar carbocation

Figure 3.15. The 25-MHz 13C NMRspectrumof the bicyclo[3.3.0]undecane-1,5-diyl dication
172 in SbF5–SO2ClF solution. (a) Proton decoupled, (b) proton coupled.
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174                                               175

SbF5

+                  +Cl Cl

+

+ H

H

+

176

SO2ClF

−116°C

isopentane

− tert-C5H11
+

Scheme 3.6

geometry. Consequently, dodecahedryl cation 59 and dodecahedrane-1,16-diyl
dication 177 can be considered true sp3-hybridized carbocations.

H+

−H2

−50°C

59                                           177

+
X

X = H, Cl, OH

−78°C

+

+

SbF5−SO2ClF
ð3:46Þ

Attempts to observe circumambulatory rearrangement in the 2,6-anti-tricyclo
[5.1.0.03,5]octane-2,6-diyl dication 178 have been unsuccessful.397 The dication 178
would appear to rearrange instantaneously to the homotropylium ion 179 by proton
elimination.However, substituted dications of type 178 (e.g.,180) are quite stable; they
are static, and a substantial part of the charge is delocalized into the cyclopropane rings.

+

+

+

+

+

+

178                                                                              179

+

+

+

180

R

R

R = Me, Ph,
       cyclopropyl

Several 2,6-disubstituted adamantane-2,6-diyl dications 181 have been pre-
pared and characterized.398 They are stable only when they contain charge
delocalizing substituents such as cyclopropyl or phenyl groups. Recently, a DFT
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study (B3LYP/6-31G** level) of the adamantanediyl dications C10H14
2þ has been

reported.399 Interestingly, the adamantane-1,2-diyl dication 182 is not an energy
minimum structure on the potential energy surface, whereas the adamantane-1,3-
diyl dication with two bridgehead tertiary cationic centers (183) was found to be
the most stable, being more stable by 14.6 kcal mol�1 than 182. Furthermore,
despite charge separation in structure 184, this cation is less stable, although only
by 0.4 kcal mol�1, than structure 183.

+

+

181                                                   182                     183                     184

R

R
R = cyclopropyl,
       Ph

+
+

+

+

+

+

Additional di- and tetracations employing the adamantane skeleton were prepared
and characterized by Olah, Prakash, and co-workers. The 1,5-distonic dications 185
are stabilized by both the a,a-disubstitution and bridgehead hyperconjugation.400

Interestingly, however, the dication with cyclopropyl groups was unstable. In the
exceptionally rare, tetrahedrally arrayed tetracation 186401 the bridgehead carbons
and the formal cationic sites are shielded,whereas carbonsof thephenyl rings aremore
deshielded relative to 185. This indicates that in order to offset the additional charge–
charge repulsion in 186 relative to 185, increased delocalization of the positive charge
into the phenyl groups is effected.

185                                                                       186

+

         +

+

             +
R

+

             +

R

RR

R = Me, Ph

Ph

Ph

PhPh

Ph

Ph

Ph

Ph

Ionization of the corresponding diols with HBF4 or oxidation of 9,9,10,10-tetra-
aryldihydrophenanthrenes results in the formation of the 2,20-bis(triarylmethylium)
dications 187.402 These were characterized by UV spectroscopy and found to show
tricolor electrochromic behavior in reversible reduction–oxidation cycles.

C6H4X

C6H4Y

YH4C6

XH4C6

187

X, Y = 4-Me2N, 4-MeO

X−X, Y−Y = 2-O-2'

Z = BF4, SbCl6

+

        + 2 Z−
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By ionizing the respective alkenediol, Olah and co-workers403were able to prepare
the (hexaphenyltrimethylene)methane dication 188 [Eq. (3.47)].403 The dication
possesses C3 symmetry and adopts a propeller-like structure, but no evidence for
“Y-aromatic” stabilization was found. Furthermore, the phenyl groups themselves
are twisted, which prevents the optimumoverlap between the p-system and the vacant
p-orbitals at the three C(2) carbon atoms. Calculated charge density distributions and
the 13C NMR data show that C(1) is not significantly deshielded for an sp2 atom,
indicating that the three C(2) carbon atoms and their phenyl substituents bear the
charge of dication 188 similar to the trityl cation 135.

2+

HSO3F−SO2ClF

−78°C

188

PhPh

Ph

PhPh

Ph

PhPh

OH

PhPh

OH
Ph Ph

ð3:47Þ

Tetracation 189 and hexacation 190 have been obtained by ionizing the corre-
sponding tetrahydroxy and hexahydroxy precursors, respectively, with triflic acid or
tetrafluoroboric acid.404 These robust polytrityl cations are stable at room temperature
for prolonged periods.Owing to their highly symmetric structure, the 1H NMRspectra
of the polycations are simple and similar to the parent trityl cation. Likewise, the 13C
NMR spectra reveal a single resonance for the cationic carbons at d13C 208.15 (189)
and 208.22 (190) (d13C 209.73 for the parent trityl cation).

Ph Ph

Ph

Ph

Ph Ph

PhPh

Ph

Ph

PhPh

+
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+                                                               +

+                                                        +
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+

+                                                                                 +
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Ph
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Ph Ph

189                                                                    190
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On the basis of previous observations on the high stabilizing ability of the
cyclopropyl group, Olah et al.391 made further successful attempts to prepare other
dications with cyclopropyl groups. Dication 191 (R¼ Ph) shows significantly
enhanced delocalization into the aromatic ring compared with the corresponding
analogous monocation (diphenylcyclopropylmethyl cation) with partial stabilization
by the cyclopropane ring. The 13C NMR shifts of the carbocation center of dication
191 (R¼ cyclopropyl)405 and 192227 show enhanced shielding as compared to that of
the tricyclopropylmethyl cation 60 and 1,1-dicyclopropylethyl cation by 16 ppm and
12 ppm, respectively. This, again, indicates that these dications are significantly
stabilized by charge delocalization involving the cyclopropane rings.

R

R

R

R
+

+

191                                            192

+ +

R = cyclopropyl,
       Ph

The effect of the introduction of two electron-deficient centers into the bicyclo
[2.2.1]heptyl skeleton (norbornyl framework) has been explored.406 A 13C NMR
spectroscopic study of several substituted 2,5-diaryl-2,5-norbornadiyl dications 193
reveals the regular dicarbenium ion nature of the system.

+
+

193 R

R

R = H, 4-Me, 4-MeO,

       4-CF3, 3,5-(CF3)2, etc.

The bicyclic bisallylic dication 194 has been obtained from a variety of precursors
under strong acid conditions.407–409

R'R'

R

R

R

R

+             +

194

R'

R'
R= R' = H, Me
R= H, R' = Me

The endo-3,10-dimethyltricyclo[5.2.1.02,6]deca-4,8-dien-3,10-diyl dication 195
has been prepared410 in HSO3F–SbF5–SO2ClF at �120�C. It possesses a novel
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bishomoaromatic/allylic dication structure. At higher temperatures, 195 rearranges
stereospecifically to the symmetrical cis-anti-cis-3,10-dimethyltricyclo[5.3.0.02,6]
deca-4,8-dien-3,10-diyl dication 196 [Eq. (3.48)].

195                                                         196
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           8
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1
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5 ð3:48Þ

Lammertsma and Cerfontain411 have obtained the cyclopropyldicarbinyl dication
197 by diprotonating the 1,6-methano[10]annulene in much stronger Magic Acid
at�60�C [Eq. (3.49)]. If the same protonation was carried out at�120�C, they were
able to obtain the previously discussed monocation 106.284

197

++

−120°C

HSO3F−SbF5−SO2ClF

H H H H

ð3:49Þ

Lammertsma412 has also obtained dication 198 by the protonation of hexahydro-
pyrene in Magic Acid solution. This is the first example of a b,b0-diprotonated
naphthalene derivative. Koptyug and co-workers270,413 have studied a,a0-diproto-
nated hexa- and octamethylnaphthalenes 199 under superacidic conditions.

198                                                       199
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CH3

CH3

CH3

H3C

CH3
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H3C

H R

H

H

H

H

R = H, Me

Many aromatic stabilized dications have been prepared and characterized byNMR
spectroscopy (see subsequent discussion).

Dicationic systems in which two diarylmethyl cations are linked by an 1,2-
diphenylethyl,414 biphenyl,415 binaphthyl,415 or naphthalene-1,8-diyl416,417 backbone
have attracted great interest recently because of their unique electrochromic proper-
ties. The dications 200were prepared from the corresponding diols416,417 [Eq. (3.50)]
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and could be reversibly transformed into the acenaphthylene system. The
tight geometrical constraints induce distortion of the naphthalenediyl skeleton: the
Cþ–C(1)–C(8a) and Cþ–C(8)–C(8a) angles (125.36� and 126.60�, respectively)
are larger than the ideal 120� (data for dication 200, R¼ 4-MeO). Each carbocation
center adopts a trigonal–planar arrangement but the planes of the two centers form
largedihedral angleswith the planeof the naphthalene skeleton (59.7� and59.6�). This
indicates that there exists only amodest conjugationbetween the sp2 cation centers and
the naphthalene backbone. This unique molecular structure results in a rather short
separation of the carbenium carbons (3.076Å), which is the shortest distance reported
for such systems.

200

Ar2C CAr2

OH OH

Ar Ar

Ar ArArAr ArAr

Li[BEt3H]

(CF3CO)2O

HBF4

CF3COOH

+ +

Ar = Ph, 4-MeOC6H4

1          8
 
         8a ð3:50Þ

Oxidation of tetrasubstituted ethylenes, that is the formal removal of two electrons,
yields tetrasubstituted ethylene 1,2-dications. Stable salts can be generated, however,
only from tetraarylethylenes or the corresponding dihalides and diols since the
aromatic rings in the resulting dication allow an efficient delocalization of the positive
charge. The parent dication has been obtained by Olah et al.391 [Eq. (3.51)] and the
crystal structure of the tetraanisyl dichloroiodate salt was reported.418

+           +

2 SbF6
−

SbF5−SO2ClF

−78°C
ð3:51Þ

Kochi and co-workers419 have prepared tetraanisyl dication 201 [R¼MeO;
(SbCl6

�)(Sb2Cl7
�)] by chemical oxidation, whereas electrochemical or chemical

oxidation has been applied by Mori and Inoue420 to obtain chiral dications 201
(R¼ 2-Bu, 2-octyl; SbCl6

�). The X-ray crystal structure of the tetraanisyl cation
(SbCl6

� salt) shows significant increases upon oxidation in both the centralC�Cbond
length and the dihedral angle about this bond from 1.359Å and 3.8� of the neutral
precursor to 1.503Å and 61.6� of the dication. Calculated values for the AM1
optimized structure [B3LYP/6-31G(d) level] of the R,R,R,R-tetra-2-butyl derivative
are 1.503Åand 57.5�.420 Furthermore, the geminal anisyl groups are inequivalentwith
one group being more coplanar than the other (19� versus 28�). Bond distances of the
anisyl group also change with oxidation as a result of contribution from the quinoidal
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structure. Specifically, the C(1)–C(2) and C(3)–C(4) bonds become longer (1.391
versus 1.413Åand1.397Åversus 1.434Å)whereas theCa–C(1) andC(2)–C(3)bonds
become shorter (1.492 versus 1.411Å and 1.387 versus 1.362Å). Interestingly,
however, one pair of the vicinal coplanar anisyl groups is more involved in charge
delocalization than the other pair, allowing maximum delocalization of the positive
charge (structure 202).

RR

R R

+           +

201                                                                                       202

R = MeO, 2-Bu, 2-octyl

2 SbCl6
− or

(SbCl6
−)(Sb2Cl7

−)

3       4

2

    1

α

MeO C

Ar

OMeC

Ar

Ar = anisyl

+                                                             +

In addition to the monocations 159 discussed in Section 3.4.11, Takekuma and
coworkers421–423 have isolated the bis(3-guaiazulenyl)-substituted dications 203 and
reported 1H and 13C NMR spectral data. The molecular structure of the cation 203
(X¼ 1,2-phenylene, Y¼ PF6)

422 shows that both 3-guaiazulenylmethyl substituents
twisted to the same side from the benzene ring, and one of the 3-guaiazulenyl groups is
planar, whereas the other is not. Furthermore, the benzene ring is slightly distorted as
result of the large steric and electrostatic interactions of the substituents. NMR data of
dicationswithheteroaromatic central unit indicate that additional resonance structures
with the positive charge delocalized into the 3-guaiazulenyl and heteroaromatic rings
also contribute to the structure.

+                +

HX = none, 1,2-phenylene,

      1,4-phenylene,

      2,5-furyl, 2,5-thienyl

Y = BF4, PF6

X

H

Y−

203

The low reactivity of 9-fluorenyl derivatives was long considered to be due to the
antiaromatic character of the 4n p-electron 9-fluorenyl cation 204.380,424 Later,
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however, antiaromatic destabilization of the fluorenyl cation 204was calculated to be
small,425 and its stability was shown to be close to that of the diphenylmethyl cation
136 (benzhydryl ion).426 Fluorenyl cations are quite readily formed and studied in
flash photolysis experiments but have not been observed under stable ion conditions.
Mills et al.427 have recently obtained a wide range of fluorenyl dications such as the
tetrabenzo[5.5]fulvalene dication 205. These were generated by oxidizing the corre-
sponding alkenes in SbF5–SO2ClF solution and could be studied by low-temperature
NMRspectroscopy.428 The fluorenyl rings are orthogonal ands–p conjugation occurs
from the C�C bond of one ring to the empty p orbital of the other. Both experimen-
tal results (NMR, magnetic susceptibility exaltation, electrochemical oxidation
potentials)427–429 and calculations430,431 indicate that such dicationic systems are
indeed antiaromatic.432 However, the antiaromaticity of dication 205 is only slightly
enhanced relative to that of two fluorenyl cations.433

+

204                                              205

+

+

H

3.4.13. Aromatic Stabilized Cations and Dications

If a carbocation or a dication at the same time is also a H€uckeloid (4nþ 2)p aromatic
system, resonance can result in substantial stabilization. The simplest 2p aromatic
system is the Breslow’s cyclopropenium ion 206.434–439 Recently, electronic and
infrared spectra of the parent ion cyclo-C3H3

þ (206, R¼H) in neon matrices440 and
the X-ray characterization of the tris(trimethylsilyl) derivative were reported.441 The
destabilizing effect of the silyl groups was found to be significantly smaller than in
vinyl cations. The ionwas computed to bemore stable than the parent cyclopropenium
ion by 31.4 kcal mol�1 [MP3(fc)/6-311G**//6-31G*þZPVE level]. The alkynylcy-
clopropenylium ions 207 have been reported recently.442

R R

R

+

R = H, Me, Pr, tert-Bu,

       Ph, SiMe3, Cl, Br

Ph

Ph

+ R

206                                        207

R = Bu, Ph, SiMe3, Si(isoPr)3
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The benzo analogs of 206, benzocyclopropenium ions 208, are also known.443–446

Although the 2p aromatic parent cyclobutadiene dication is still elusive, substituted
analogs 209 have been prepared and characterized.447–449Ab inito calculations
perdicted that, in contrast to expectations, 2p electron H€uckel aromatic cyclobuta-
diene dications have puckered structure.450,451 Evidence came from a comparison of
experimental chemical shift data of tetramethylcyclobutadiene dication (2090) with
those calculated by IGLO (double x basis set) for the puckered structure.452 The
calculated d13C shift values for ring carbons and methyl carbons (d13C 209 and d13C
18.7, respectively) are nearly identical with those determined experimentally for 2090

(d13C 209.7 and d13C 18.8, respectively).447

+ X

R

R

R

R

2+

208                                      209        209'  R = Me

R = H, F, Me, Ph

R

R'

R'

RR, R' = H, Ph
X = Cl, F, COOMe

Dications with two cyclopropenium ion moieties are known. NMR characteriza-
tion of cation210 showed453 significant upfield shifts of the protons of the phenyl rings
and the carbons of the cyclopropenylium ring, whereas downfield shifts was noted of
most of the naphthalene ring carbons when compared with cation 211. These changes
presumably reflect charge delocalization to the naphthalene p-system from the
cyclopropenylium rings to reduce electrostatic repulsion between the cationic rings.
This information gives strong evidence that the diphenylcyclopropenylium units in
dication 210 have essentially face-to-face conformation. Furthermore, pKRþ data
indicated that cation 210 ismore destabilized than cations 211 and 212,454wherein the
two cationic units are spaced farther away.

Ph
Ph

Ph

Ph

+

Ph

Ph

+

Ph
Ph

+ +

Ph
Ph

+

Ph
Ph

+

210                                            211                                          212

Among 6p aromatic systems, tropylium ion 213455,456 and numerous substituted
derivatives have been prepared and characterized (214,457215,458216,459 and
217459). The aromatic stabilization energy of tropylium ion 213 was found to be
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�15.7 kcal mol�1, only slightly lower than that of benzene (�16.4 kcal mol�1) and
significantly higher, than that of the phenyl ring in benzyl cation 148a
(�11.2 kcal mol�1).346

Crystallographic characterization460 of cation 215 revealed that the seven-mem-
bered ring adopts a shallowboat conformationwhereas thephenyl substituents possess
an average dihedral angle of 80� relative to the plane of the tropylium skeleton. Since
the phenyl rings can adopt either clockwise or anticlockwise orientations, cation 215 is
chiral.

+

+ +

+

+ +

213                                        214

215                                          216                                                   217

+ +

Ph

Ph

Ph Ph

Ph

Ph

Ph

+

Both 1H NMR and 13C spectra of cation 218 show upfield shifts of the tropylium
ring as comparedwith themono-annelated cation, indicating decreased charge density
on the cationic ring.461 Similar cations with other fused rings have been reported
recently.267,462 In dication 219, two 218 ion fragments are connected by a triple
bond.463 A characteristic feature of the 1H NMR spectrum of the dication 219
compared to monocation 218 is that the signal of one of the bridgehead protons
extending over the triple bond is deshielded by 0.37 ppm. The results of X-ray
crystallography indicate that the tropylium rings are slightly bent into a boat
conformation and the two rings are twisted by an angle of 44�.

218                                                                         219

+

+ +

2 SbF6
−SbF6

−

Alkylazuelenes are protonated atC(1) orC(3) position to form the stable azulenium
cations 220,464 which can be viewed as vinyl-substituted tropylium ions [Eq. (3.52)].
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The highly reactive bridged homoazulene could be easily protonated to yield the
homotropylium ion 221 [Eq. (3.53)].465

R

220

R

R

R = H, Me, isoPr, tert-Bu,
       Ph, CHO

R

+

R

R

H
H

R

R

R

R

R

R

HSO3F−SO2ClF

−100°C
ð3:52Þ

221

+
CF3COOH

H

H

H

H

ð3:53Þ

Avariety of 1,1-disubstituted azulenes including 1,1-spiro compounds have been
synthesized and then transformed by hydride abstraction to the corresponding highly
stable tropylium cations 222.466 NMR characterization of the spiro-ethylene deriva-
tives (222, R�R¼CH2CH2)

467 and a comparison with the ethylene benzenium ion
indicate less delocalization of the positive charge into the cyclopropane ring (higher
field shifts of the cyclopropane carbon and methylene proton signals) and the least
bond alternation in the seven-membered ring (equivalent coupling constants of the
vicinal protons). These data show the significant difference of the bonding arrange-
ment of the two systems and the total chemical shift value of 323 ppm for the
unsubstituted spiro-ethylene derivative indicates a classical ion nature. The high
thermodynamic stability of these ions is attributed to stabilization by the inductive and
s–p conjugation of the 1,1-substituents and the p–p conjugative effect of the double
bond of the five-membered ring.

+

R

R = Me, Et, Pr

R−R = CH2CH2

R' = H, isoPr, tert-Bu

Y = BF4, TsO

222

R'

R'

R'

R
Y−

The synthesis and characterization of a series of azulenyl-substituted cations (223)
showed468,469 that these are extremely stable ions, which is attributed to the dipolar
structure of the azulene rings.
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R, R1 = substituted phenyl

               or azulenyl

R2

R3

R R1

R2

R3

R R1

+

+

223

R2, R3 = H, Me, tert-Bu, MeO,

                  NMe2, N-morpholinyl, COOMe

PF6
−

Theb-triethylsilylmethyl tropylium ion 224was prepared as shown inEq. (3.54).470

The 13C and 29Si NMR spectral features demonstrate that the b-Si substituent interacts
strongly with the p-system of the tropylium ion by hyperconjugation. The 29Si NMR
spectrum has a single resonance at d29Si 17.3 significantly deshielded from the
precursor (d29Si 6.6) indicative of some dispersal of the positive charge to the silicon.
The X-ray structure showed that the C(8)–Si bond is orthogonal to the tropylium ring
thereby maximizing hyperconjugation. As a result, the C(8)–Si bond is lengthened
(1.929Å) compared with the average Si–CH2(Et) (1.867Å) and the short C(1)–C(8)
(1.479Å) bonds. Since the C�C bond distances alternate significantly, contribution of
the resonance form was suggested.

224

Ph3C+(C6F5)4B−

+

SiEt3

H

CH2SiEt3

C6D6

+SiEt3

CH2

ð3:54Þ
Cyclooctatetraene dications 225407–409 and benzocyclobutadiene dications

226471,472 are well studied. The parent cyclooctatetraene dication is still elusive,
despite repeated attempts to prepare it under a variety of superacid conditions.

R'

R'

R'

R'

2+

R

R

2+

225                                              226

R = R' = H, Me
R = H, R' = Me
R = H, R' = Ph

R

R

R

R

R = Me, OH

The 10p dibenzocyclobutadiene dication 227was prepared472 by the two-electron
oxidation of biphenylenes in excess of SbF5–SO2ClF solutions at �10�C, and the
octamethyl derivative 228 was also generated under similar conditions.473

2+

227                                                 228

R

R R

R

2+

Me

Me Me

Me

Me

Me Me

Me

R = H, Me
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Since protonation of cyclooctatetraene is known to yield the homotropylium ion
(see Section 3.5.3.1), Schr€oder and co-workers474 reasoned that the homo[15]annu-
lenyl cation 229 can be formed by the protonation of the [16]annulene (Scheme 3.7).

Instead, the [16]annulenediyl dication 230 was obtained along with polymeric
products in HSO3F–SO2Cl–CD2Cl2 media at�80�C. The 1H and 13C NMR data are
consistent with the formation of the 14p dication 230; however, attempts to trap the
dication with NaOAc–CH3OH gave only polymeric products. Two possible me-
chanisms for the formation of dipositive ion 230 have been considered.474 The first
involves initial protonation to the homo[15]annulenyl cation 229 which further
undergoes protolytic cleavage to the dication 230 (by loss of a molecule of
hydrogen). The second route is associated with the stepwise oxidation of annulene
by the proton or the conjugate acid of sulfur dioxide (O¼S¼OHþ), where the radical
cation 231 is involved as an intermediate. Schr€oder and co-workers474 seem to prefer
the second mechanisms since no hydrogen gas has been detected in the reaction.

The aromatic nature of the presently discussed carbocations and dications have
been further established by subjecting their NMR parameters to charge density
chemical shift relationship449,475–477 originally developed by Spiesecke and
Schneider.478,479 Furthermore, NICS (nucleus-independent chemical shift) deve-
loped by Schleyer et al.480 offers a simple and efficient probe for aromaticity.

3.4.14. Polycyclic Arene Dications

The ease of oxidation of polycyclic aromatic hydrocarbons in the gas phase481 as well
as in solution is well-documented.482–495 In strong acid solutions, monopositive
radical ions and/or dipositive ions, also known as oxidation dications, have been
reported.271,494,495 Similar species have been observed in anodic oxidations of

H H

229

231

H+

X+

230

2+

 +

−X

X+

−X

H+

−H2

Scheme 3.7
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aromatic compounds in low nucleophilicity solvents.482 Simple H€uckel molecular
orbital theory predicts that arenes whose highest occupied molecular orbitals
(HOMOs) are at higher energy levels (smaller EHOMO values) should be prone to
two-electron oxidation to dipositive ions. On the other hand, the areneswith low-lying
HOMOs should be more difficult to ionize.495 Certain polycyclic arenes have also
been protonated to the corresponding dipositive ions.

Although benzene does not undergo two-electron oxidation reactions upon treat-
ment with SbF5–SO2ClF, but gives instead the benzenium ion 88 by protonation253

(due to HF impurity in the system), naphthalene has been reported to give the
corresponding radical monocation upon treatment with SbF5–SO2ClF at
�78�C.494,495 However, the presence of methyl substituents on the ring lowers the
ionization potential to a point that stable carbodications can be formed. Thus, the
tetramethyl- and octamethylnaphthalene dications 232 and 233 have been prepared495

from the corresponding arenes.

CH3 CH3

CH3 CH3

2  +

232                                       233

CH3 CH3

CH3 CH3

2  +

H3C

H3C

CH3

CH3

Anthracene and substituted anthracenes are readily oxidized in SbF5–SO2ClF to
the corresponding carbodications 234.487,489,494,496 They have been a subject of a 13C
NMR spectroscopic study.496 Also, a variety of carbodications of higher homologous
polycyclic arenes have been generated in SbF5–SO2ClF and studied by 13C NMR
spectroscopy by Forsyth and Olah.494

R

R1

R2

R2

2+

234

R, R1, R2 = H

R, R2 = H, R1 = CH3

R, R1 = CH3, R2 = H

R, R1 = H, R2 = CH3

R, R2 = H, R1 = Br

R, R2 = H,  R1 = Cl

The preparation of the 8C-6p aromatic dication 236 of the unknown pentalene 235
has proven to be unusually difficult. However, the dibenzoannulated derivatives have
been prepared by Rabinowitz and co-workers.497,498

235                               236

2  +
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Upon treatment of dibenzo[b, f]pentalene or the 1,9-dimethyldibenzo[b,f]penta-
lene with SbF5–SO2ClF at �78�C, the two-electron oxidation product dibenzo[b, f]
pentalene dications 237 were obtained497,498 [Eq. (3.55)]. The observed 1H and 13C
NMR spectral deshieldings of 237 as compared with those of their progenitors clearly
establish their dicationic nature.

237

−78°C

SbF5−SO2ClF

R

R

R

R

R = H, Me

2  + ð3:55Þ

Laali and coworkers have made experimental and computational studies on
oxidation dications of a range of polycyclic aromatic compounds271 including various
benzo[a]pyrenes,279,281,282 isomeric azulenophenalenes,279 and benzo[a]anthra-
cenes.499 As mentioned, substituted benzo[e]dihydropyrenes gave diprotonated and
triprotonated cations (see Section 3.4.7).Dication104awas shown, however to slowly
transform to oxidation dication 238a.281 Ethanophenantrenium–carboxonium trica-
tion 238b, formed by two-electron oxidation and ester protonation, in turn, could only
be generated in the more oxidizing superacid HSO3F–SbF5 (1:1).

282

n+tertBu

tertBu

R

238    a R = H, n = 2

          b R = CO2EtH, n = 3

3.4.15. Fullerene Cations

In contrast to highly stable and prolific fullerene anionic species, fullerene cations are
rare. The first fullerene cation was prepared in 1996 by Reed and co-workers500 by
single-electron oxidation of C76 to form radical cation C76

�þ isolated in solid form as
the CB11H6Br6

– salt [Eq. (3.56)]. The cation was identified in solution by a charac-
teristic visible–near-infrared absorption (lmax¼ 780 nm), FT–IR and EPR spectros-
copy.C60

�þwas generated in an analogousway later.501Reed et al.501 also succeded in
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generating HC60
þ by protonation of C60 with H(CB11H6Cl6) in ortho-dichloroben-

zene [Eq. (3.57)] and isolating the salt in solid form.The 13C NMRspectrumofHC60
þ

(239) shows two singlets assigned to the unique sp3-hybridized carbon (d13C 56) and
the cationic carbon (d13Cþ 182), respectively. Additional features indicate a structure
of Cs symmetry. Mueller et al. have applied the scalar coupling-driven uniform-sign
cross-peak NMR method (UC2Qf COSY) to experimentally characterize HC60

þ.502

Two cross-peaks at d13C 55.4 and d13Cþ 182.0 are indicative of the direct bond
between the protonated sp3-hybridized site and the sp2 cationic site. Additional cross-
peaks (d13C 55.4–148.2 and 140.0–182.0) could be assigned to neighboring 13C
resonances.

C76  +  Ar3N   CB11H6Cl6
−

Ar = 2,4-dibromophenyl

ortho-dichlorobenzene or
1,1,2,2-tetrachloroethane

 C70  + CB11H6Br6
−  +  Ar3N+

ð3:56Þ
C60   +   HCB11H6Cl6)

ortho-dichlorobenzene
 HC60

+ CB11H6Cl6
− ð3:57Þ

H

+

239                                   240

H

:Cl

Cl

+

Subsequently, Kitagawa and Takeuchi503,504 generated and characterized substi-
tuted fullerene cations by treating substituted fullerenols with triflic acid503,505

[Eq. (3.58)]. The resulting cations, which are stable in triflic acid for weeks, give
signals for the cationic centers at d13Cþ 185.6 (R¼Me), 180.3 (R¼CH2Cl), 175.6
(R¼CHCl2), 171.8 (R¼CCl3), and 174.9 (R¼CCl2CH2Cl). These resonances are
at higher fields when compared to those of aryl-substituted carbocations such as
Ph3C

þ (d13Cþ 221.6) and 9-phenylfluorenyl (d13Cþ 224.2), which is an indication
of charge delocalization into the C60 cage. An additional factor is an interaction
between the lone pair of chlorine and the cationic center (240), which is manifested
by the high-field shift of the carbon resonance with increasing number of chlorine
atoms attached to the a carbon.

CF3SO3H

−H2O
RC60

+

R = Me, CH2Cl, CHCl2, CCl2CH2Cl

RC60OH
ð3:58Þ

Birkett and co-workers506 have applied a different approach using chloride
abstraction with AlCl3 from Ar5C60Cl to generate pentaarylated fullerene cations

(3.56)
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[Eq. (3.59)]. 1H and 13C NMR data are consistent with cation 242 with the cationic
center observed at d13Cþ173.74 (Ar¼ Ph) and d13Cþ 171.66 (Ar¼ 4-FC6H4). This is
accounted for by the transformation of the initially formed antiaromatic cyclopenta-
dienyl cation 241 through 1,2-aryl migration.

Ar

Cl ArAr

ArAr

Ar = Ph, 4-FC6H4

AlCl3

CS2−CD2Cl2

Ar

ArAr

ArAr

+
Ar ArAr

ArAr

+

1,2 ~Ar

241                                               242

ð3:59Þ
Another method developed by Kitagawa and co-workers507 uses the more easily

accessible fullerenes RC60–H and dimer RC60–C60R [R¼CH2P(O)(OEt)2] as pre-
cursors. Treatment of RC60–H in H2SO4–CF3SO3H (1:4) results in the formation of a
solution with resonances at d13C 53.66 and d13Cþ 174.67 for the substituted sp3 and
the sp2 cationic sites, respectively. Since the rate of cation formation depends not on
acidity but on the oxidizing ability of the acids used (H2SO4, FSO3H, CF3SO3H),
cation formation was postulated to occur via two one-electron oxidation steps. The
signal of sp2 cationic site appeared as a doublet indicating the coordination of the
substituent to the cationic center. Furthermore, some positive charge on phosphorus
can be deduced from the 31P NMR resonance at d31P 31.08, which is downfield by
7 ppm from that of the parent compound. DFT calculations found dicationic structure
[(EtO)2(OH)P

þ–C60
þ] 243 to be the most stable. Further support comes from GIAO

calculations,which reproduced the experimental chemical shift value quite accurately
(d13Cþ 174.60).

O
+

P OEt

OEt

H

+

243                                       244                                                          245

CHCl2
+

CHCl2

177.49
(192.7)

175.81
(189.6)

198.16
(214.0)

64.82
(71.8)

6

8
7

21

70.32
(93.6)

Kitagawa et al.508 used the corresponding fullerenol to generate cation Cl2CHC70
þ

(244) in CF3SO3H. The characteristic
13C NMR experimental resonances (in ppm)

together with the GIAO calculated values (in parentheses) are shown in formula 245.
Sixty-two peaks in the 13C NMR spectrum assigned to sp2-hybridized carbon atoms
indicateC1 symmetry.This symmetry and energies for five isomeric cations calculated
by the DFT method support the structure to be cation 244.
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3.4.16. Heteroatom-Stabilized Cations

In contrast to hydrocarbon cations, heteroatom-substituted carbocations are strongly
stabilized by electron donation from the unshared electron pairs of the heteroatoms
adjacent to the carbocation center (246).17,509

R2C X
+

R2C X X = F, Cl, Br, I, 

      OR, SR, NR2, etc.

+

246

The stabilizing effect is enhanced when two, or even three, electron-donating
heteroatoms coordinate with the electron-deficient carbon atom (Scheme 3.8).

Carbocations with a-heteroatom substituents such as trimethylsilyl and nitro
groups that lack a stabilizing lone pair of electrons have also been prepared and
studied.375,510

3.4.16.1. Halogen as Heteroatom. In 1966 Olah, Cupas, and Comisarow511

reported the first a-fluoromethyl cation. Since then, a large variety of fluorine-
substituted carbocations have been prepared. a-Fluorine has a particular ability to
stabilize carbocations via back-donation of its unshared electron pairs into the vacant
p orbital of the carbocationic carbon atom. 19F NMR spectroscopy is a particularly
efficient tool for the structural investigations of these ions.512,513 The 2-fluoro-2-
propyl cation 247 (NMR spectra, Figure 3.16) and 1-phenylfluoroethyl cation 248 are
representative examples of the many reported similar ions.514

Christe et al.515 have reported the first crystal structures of fluoro-substituted
carbocations 247 and 249. The C2CF skeleton of cation 247 (AsF6

� salt) is planar and
the Cþ–F bond is significantly shorter than the length of Csp2–F bonds (1.285 versus
1.333Å). The averageC�Cbond distance is also considerably shorter than the average
length of Csp3–Csp2 bonds (1.432 versus 1.510Å). These structural characteristics
indicate substantial electron back-donation from fluorine to the carbenium center and a
significantmethyl hyperconjugation. Bonddistances in cation249, isolated in the form
ofAsF6

� andAs2F11
� salts, showvaried changes.Whereas theCþ–Cipsobond is short,

similar to those found in the trityl cation and the related cation 250,516 the Cþ�F bond
shortens only slightly (1.31 versus 1.333Å). The observed 19F chemical shift (d19F 18)

C X
+

C X
+
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+
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+
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CX

+
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Scheme 3.8
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is in good agreement with that reported for Ph2CF
þ earlier (d19F 11.5).511 A

comparison of Cþ
–F bond length of cation 249 with C�X bond distances of cation

250516 and CH3CX¼CH2 haloalkenes demonstrates that chlorine is a better electron
back-donor than fluorine. In both cation 247 and cation 249, the carbocation carbon
centers form along their 2pz axes two fluorine bridges with two different anions.

+C
F

CF3

249                                               250

+C
Cl

Cl

The X-ray characterization of the SbF6
� salt of cation 250 by Laube et al.516

corroborates the above findings. The shortCþ–Cl distance (1.668Åversus 1.734Å for
Csp2–Cl) indicates significant chlorine back-donation resulting in partial double bond
character in agreement with experimental findings and theoretical calculations.

Trifluoromethyl-substituted517 and perfluorophenyl-substituted carbocations518,519

have also been prepared and studied. Because of the relatively large fluorine chemical
shifts, anisotropy and ring current effects play a relatively much smaller role than they

Figure 3.16. (a) 1H NMR spectrum of the 2-fluoro-2-propyl cation 247 at 60MHz,
JH–F¼ 25.4Hz (b) 19F NMR spectrum of the same ion at 56.5MHz, JH–F¼ 25.4Hz.
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do in the case of proton shifts. Therefore, a better correlation of charge distributionwith
chemical shifts can be obtained. The trifluorocyclopropenium ion 251 has also been
reported.520 The 19F NMR spectrum exhibits a single resonance at d19F �63.1, which
is deshielded by57.8 ppmrelative to the neutral perfluorocyclopropene (d19F�120.9).
A review has summarized the chemistry of fluorinated allyl cations including NMR
characterization521 and the chemistry of other perfluorinated carbocations has also
been reviewed.522

F F

F

+

251

Prakash, Rasul, Olah, and co-workers523 have performed ab initio IGLO/GIAO-
MP2 studies of a series of fluorocarbocations. For the CH3CHF

þ cation, not observed
yet under stable ion conditions, the classical open carbenium ion has been found to be
the global minimum on the potential energy surface (MP2/6-31G* level). The C�C
bond of the methyldifluorocarbenium ion 252, observed by Olah andMo,524 is longer
than that in the CF3CHF

þ cation (1.452 versus 1.433Å). This is due to the back-
donation of two fluorine atoms and the stabilization of the ion by resonance. The C2

symmetry structure is the most stable conformer for the 2-fluoro-2-propyl cation 247.
The long H2C–CH3 bond of 1.578Å of cation 253 was shown to be aligned parallel
with the empty p-orbital of Cþ which allows maximum C�C hyperconjugation. The
global minimum of cation 254 is a twisted structure of C2 symmetry. The mono-
fluorocyclopropenium ion 255 shows a longer C�C bond (1.385Å) opposite to the
fluorine-substituted carbon and a shorter C�C bond (1.367Å) adjacent to the fluorine-
substituted carbon. The short C�F bond (1.274Å), which is shorter than those of ions
247, 253, and 254, is indicative of a substantial interaction between fluorine and the
cyclopropyl ring. The structural features of the difluorocyclopropenium ion and
trifluorocyclopropenium ion 251 are very similar to those of cation 255. The GIAO-
MP2-calculated 19F NMR chemical shifts of the fluorocarbenium ions studied show
an overall good correlation with the experimental values.

F

C F

H3C

H3C
C

CH2

F

CH3
+

+
F+

252                            253                                 254                          255

F

+

A series of chloromethyl cations were observed, including phenylchloromethyl
cations382–384,525,526 and perchlorotriphenylmethyl ion 256.527 West and Kwito-
wski528 have characterized the perchloroallyl cation 257. A series of chloro- aswell as
bromo- and iodomethyl cations have been observed (258–260) and the general
stabilizing effect of halogen attached to carbocation center has been demonstrated.529

TRIVALENT CARBOCATIONS 169



Olah, Halpern, and co-workers530,531 were able to study these effects in detail using
13C NMR spectroscopy.

+
C

Cl5 3

256                            257                        258                      259                  260

+
Cl Cl

Cl Cl

Cl

+ +

X = F, Cl, Br X = F, Cl
n = 1−3

X+

( )n

H3C
C

CH3

X

C6H5
C

CH3

X

Olah et al.532,533 studied trihalomethyl cations (CX3
þ, X¼Cl, Br, I) under stable

ion conditions. 13C NMRchemical shift values correlatewellwith the decreasing order
of back-donation (Cl>Br> I). Similar correlation was also found for dimethylhalo-
carbenium ions 258. The CF3

þ fluoro analog, however, could not be observed under
any conditions. This can be attributed to a combination of unfavorable thermodyna-
mics (generation of CF3

þ from CF4 is endothermic by about 20 kcalmol�1) and the
lack of stable alternate starting materials and a suitably strong Lewis acid.534

Further studies included ab initio calculations of the protonation of trihalomethyl
cations [MP2 and MP4(SDTQ) levels with 6-31G* basis set].535 The protonated
trifluoromethyl dication CF3H

2þ lies 79.1 kcal mol�1 higher on the potential
energy surface than the trifluoromethyl cation CF3

þ and has a kinetic barrier of
17.4 kcal mol�1 for deprotonation. The charge repulsion between Cþ and the
protonated F atom results in the lengthening of the corresponding C�F bond by
0.177Å and the concomitant shortening of the other two C�F bonds by 0.032 and
0.036Å. The protonated trichloromethyl dication CCl3H

2þ is only 4.0 kcal mol�1

less stable than the trichloromethyl cation CCl3
þ, but it has a significantly higher

kinetic barrier for deprotonation (65.5 kcal mol�1). The changes in the C–Cl bond
lengths are similar to those for the CF3H

2þ dication. The structure and energetics of
the protonated tribromomethyl dication CBr3H

2þ and protonated triiodomethyl
dication CI3H

2þ are similar to the other two protonated trihalomethyl dications.
Since fluorine is themost electronegative element, it should inductively destabilize

carbocations. The stability of fluoromethyl cations in the gas phase decreases in the
order CFH2

þ>CF2H
þ>CF3

þ>CH3
þ. The trend in solution, however, could be

different, due to solvent effects, ionpairing, and soon. Indeed, fluorine has been shown
to provide stabilization for carbocations. The existence of CH3CF2

þ, in contrast to the
elusive ethyl cation CH3CH2

þ, is a clear evidence that replacement of H atoms by F
atoms provides stabilization for carbocations.524 Furthermore, it was found that in
perfluorobenzyl cation C6F5CF2

þ fluorine atoms in resonance positions (ortho and
para) are more deshielded than those inmeta positions.536 This indicates carbocation
stabilization by back-donation.

It has been shown in a recent theoretical study537 (ab initio calculations at theMP2/
VTZþDþP level) that p-donor ability in all halogens increases with F<Cl<Br< I,
which is theopposite reportedbyOlahet al.532,533 on thebasis ofNMRchemical shifts.
Recently,515 this discrepancyhas been clarified as being caused by the assumption that
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the s effect from F to the heavier halogens are identical for neutral halocarbons
(CH3CHXCH3, CH3CX¼CH2) and carbenium ions. In fact, the carbenium carbon
is highly electron-deficient and more electronegative than chlorine.534,537 Conse-
quently, in carbenium ions, chlorine becomes both apdonor and asdonor. In contrast,
the more electronegative fluorine is only a p donor and strongly withdraws electrons
through the s effect.

Schrobilgen and co-workers538,539 have recently prepared the trichloromethyl
and tribromomethyl cations by use of the noble-gas oxidant XeOTeF5

þSb(OTeF5)6
�

[Eq. (3.60)]. The 13C NMRchemical shifts of cations 261-Cl (d13C 237.1) and 261-Br
(d13C 209.7) are significantly deshielded relative to CCl4 (d13C 96.4) and CBr4
(d13C�29.7),which is consistentwith the earlier studies ofOlah.532,533 The cations of
D3h symmetry were found to be planar in the solid state (sum of X�C�X bond
angles¼ 360�) with no significant interactions between Cþ and the fluorine atoms of
the anion. Cation 261-Cl is disordered in the crystal and gives a slightlywider range of
bond lengths and angles than that of cation 261-Br. The C�Xbond lengths are shorter
than inCCl4 (1.592–1.672Åversus 1.751Å) andCBr4 (1.783–1.851Åversus 1.91Å).
The geometries, natural charges, and bond orders of all four CX3

þ (X¼ F, Cl, Br, I)
cations have been calculated using HF and MP2 methods.523,533,538

X = Cl 261-Cl

X = Br 261-Br

SO2ClF

−78°C
CX4    +    XeOTeF5

+ Sb(OTeF5)6
− CX3

+ Sb(OTeF5)6
−

X = Cl, Br
ð3:60Þ

Recently, the triiodomethyl cation salt CI3
þAl[OC(CF3)3]4

� has been obtained by
the reaction of CI4with AgAl[OC(CF3)3]4.

540 The 13C NMR spectrumof the cation in
CH2Cl2 solution shows a single resonance at d13C97.TheC�I bond length in the solid
state is significantly shorter than that of CI4 (2.013 versus 2.159Å). The salt contains
isolated ions with trigonal planar geometry (sum of I�C�I angles¼ 360.0�). The IrF
contacts are all longer then the sum of the van der Waals radii, which indicates that the
positive charge is delocalized onto the iodine atoms.

The mixed-ligand cations CBrn(OTeF5)3–n
þ (n¼ 1, 2), which contain the highly

electronegative fluoro analog OTeF5
� (pentafluorooxotellurate, teflate) anion, were

also characterized by 13C and 19F NMR spectroscopy.538,539 Evidence for two
fluorine-containing trihalomethyl cations has also been obtained.539 Oxidation by
XeOTeF5

þSb(OTeF5)6
� of CFCl3 resulted in the formation of CFCl2

þ characterized
by multinuclear NMR spectroscopy. The 13C and 19F are significantly deshielded
(d13C 214.3, d19F 168.6) as compared to those in the parent compound CFCl3 (d13C
117.1, d19F �1.1). Particularly revealing is the large increase in 1J(19F– 13C) coupling
(429 versus 335Hz) indicative of the increased s character of the sp2-hybridized
carbon center. The CFCl2

þSb(OTeF5)6
� salt could be isolated and characterized by

low-temperature Raman spectroscopy. Oxidation of CF2Br2 presumably leads to
CF2Br

þ as the initial product, which, however, undergoes rapid halogen exchange to
yield CFBr2

þ. Characteristic NMR data obtained at�80�C are similar to those of ion
CFCl2

þ.
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3.4.16.2. Oxygen as Heteroatom. Ions 262 discussed in this section are called
unsaturated oxonium ions or carboxonium ions.541 This latter name reflects the hybrid
nature of oxonium ion (262a)–carbenium ion (262b) resonance. Carboxonium ions
are classified according to substituent R. When R is hydrogen, the ions are hydroxyl-
ated ions, or secondary or acidic carboxonium ions. Ions with R¼ alkyl are called
tertiary or alkylcarboxonium (alkoxycarbenium) ions, or nonacidic carboxonium
ions. A third group of carbenium ions with oxygen participation are the acylium ions
(acyl cations).

a                                                   b

262

R2

C

R1

O R

R2

C

R1

O R
+ +

R = H, alkyl

Acidic Carboxonium Ions (Hydroxylated Cations). Acidic carboxonium ions are
generally obtained by protonation of carbonyl compounds.541,542 Aldehydes and
ketones protonate on the carbonyl oxygen atom in superacid media at low tempe-
ratures, and the corresponding carboxonium ions can be directly observed543–551

[Eqs. (3.61) and (3.62)].

RCHO
HSO3F−SbF5−SO2 +

OHRCH
ð3:61Þ

R2CO
HSO3F−SbF5−SO2

R2C OH
+ ð3:62Þ

Even protonated formaldehyde has been observed.548 Protonated acetaldehyde
shows two isomeric forms, with the proton on oxygen being syn or anti to the methine
proton (263).548

HO

C

H

CH3

+
H

O

C

H

CH3

+

263

80% syn                        20% anti

The hydroxymethyl cation forms of protonated ketones (264) and aldehydes (265)
contribute to the resonance hybrid. Based on 13C NMR studies,94,548–551 the degree of
contribution of the hydroxymethyl cation forms can be quite accurately estimated.
Similar studies have been carried out using 17O NMR spectroscopy.552 Recent
theoretical studies (MP2/6-31G* level)553 for protonated acetone have supported the
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conclusion that the hydroxymethyl cation resonance form is only a minor contributor
to the overall structure. Similar conclusion was arrived at by low-temperature IR
spectroscopy in superacid solutions (HF–SbF5, HF–BF3)

554 and IR photodissociation
spectroscopy of protonated acetone in the gas phase.555,556 Olah and co-workers557

also measured one-bond 13C–13C coupling constants in a series of protonated
benzaldehydes and acetophenones.

+

R2C OH
+

RHC OH
+

R2C OH
+

OHRCH

264

265

Diprotonation is of simple carbonyl compounds has been studied theoretically
(MP2/6-31G*//HF/6-31G* level).558,559 Diprotonation is increasingly favored, going
from formaldehyde to acetaldehyde to acetone, which is attributed to methyl hyper-
conjugation. The C�O bond length of the diprotonated species becomes increasingly
longer (1.305, 1.335, and 1.359Å), indicating increasing single-bond character.

The X-ray structure is of carboxonium ions 266560 and 267561 have been deter-
mined. Themain features, a substantial lengtheningof theC�Obonds and a shortening
of the CC¼O�C bonds, were observed upon protonation of the starting ketones.

OH

R

+

OH

+

266                                    267

R = Ph, cyclopropyl
SbF6

−                                        SbCl6
−

The generation of the stable cyclopropenylcarbinyl cation 268 under superacid
conditions is an exceptional example562 [Eq. (3.63)]. It appears that in this case the
bulky tert-butyl group prevents the usually fast rearrangement of cyclopropenylcar-
binyl cations to the corresponding homocyclopropenylium ions.

HSO3F−SbF5−SO2ClF
+

tertBu

tertBu tertBu

O

−90°C

268

tertBu

tertBu tertBu

OH

ð3:63Þ

Protonation of homologous oxocarbon compounds (compounds inwhich all carbon
atoms are bonded to carbonyl or enolic oxygens or their hydrated or deprotonated
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equivalents563) have been studied by Olah and co-workers.564 They have found that
protonated deltic acid (2,3-dihyroxy-2-cyclopropenone, 269) and diprotonated squaric
acid (1,2-dihydroxycyclobutenedione, 270) prefer planar aromatic delocalized struc-
tures. In contrast, triprotonated croconic acid (4,5-dihydroxy-4-cyclopentene-1,2,3-
trione, 271) and tetraprotonated rhodizonic acid (5,6-dihydroxy-5-cyclohexene-
1,2,3,4-tetraone, 272) exhibit only carboxonium type structures.

OH

OH
OH

OH

HO

HO

OH

OH

OH

OH
HO

OHHO

OH

HO

HO OH

OH

269                          270                                 271                                        272

+
2+

+

+                       +

+

+

+

+

Olah, Prakash, and co-workers565 have prepared the elusive mono-O-protonated
deltic acid 269 by protolysis of di-tert-butoxy deltate in fivefold excess ofMagic Acid
[Eq. (3.64)]. The 1H and 13C NMR resonances of the solution at d1H 7.86 and d13C
128.7 were assigned to cation 269. The C3h symmetry structure with C�C and C�O
bond lengths of 1.389 and 1.301Å was calculated to be the global minimum. The
computed 13C NMR chemical shifts (IGLO/II/MP2/6-31G* level) of all four proton-
ated oxocarbon cations 269–272 are in good agreement with the experimental values.

HSO3F−SbF5−SO2ClF

HO
−78°C

−2 tert-Bu+

269

OH

OH

+

tertBuO OtertBu

O

ð3:64Þ

13C NMR spectral investigations have been extended566 to the study of hetero-
aromatic stabilized 6p 3-dioxolium and 10p benzo-3-dioxolium ions 273 and 274.

O

O

OR

O

O

X

273                                274

+ +

R = H, Me                                                                X = H, OH

Carboxylic acids are protonated in superacid media, such as HSO3F–SbF5,
HF–SbF5, or HF–BF3.

541,542,567–570 The NMR spectrum of acetic acid in such media
at low temperature shows two OH resonances, indicating that carbonyl protonation is
favored and that hindered rotation about the resultant C–OH bond occurs547,567 [275,
Eq. (3.65)]. The predominant conformer observed is the syn,anti, although about 5%of
the syn,syn isomer has also been seen. These isomers can be readily identified from the
magnitudes of the proton vicinal coupling constants. No evidence for the anti,anti
isomer has been found in either protonated carboxylic acids, esters, or their analogs.

174 CARBOCATIONS IN SUPERACID SYSTEMS



COOHCH3 H

O

C

O

CH3

H

O

C

O

CH3+

275

95%                       5%

H+

H H

syn,anti                  syn,syn

+ +

ð3:65Þ

Esters behave in an analogous fashion, with carbonyl protonation being predomi-
nant [Eq. (3.66)]. Thus, protonated methyl formate 276 is present in HSO3F–SbF5–
SO2 solution as two isomers in a ratio of 90% to 10%.571,572

COOCH3H CH3

O

C

O

H

CH3

O

C

O

H+

276

90%                       10%

H+

H

H+ +

ð3:66Þ

The X-ray crystal structure of protonated formic acid, acetic acid, and methyl
formate has recently been determinedbyMinkwitz and co-workers. In agreementwith
NMR data discussed above, the nearly equal C�O bond lengths of protonated formic
acid (1.239 and 1.255Å),573 protonated acetic acid 275 (1.251–1.291Å for various
salts),574 and protonated methyl formate 276 (1.260 and 1.264Å)575 show efficient
delocalizationof thepositive charge.Minkwitz et al.576 have also studiedprotonationof
oxalic acid in HF–SbF5 and isolated the hexafluoroantimonate of the mono- and
diprotonatedacid at�75�Cand�40�C, respectively. Structural characteristics are very
similar to those of the other cations discussed.

By raising the temperature of solutions of protonated carboxylic acids and esters,
unimolecular cleavage reactions are observed. These reactions can be considered
within the framework of the two unimolecular reaction pathways for acid-catalyzed
hydrolyses of esters, involving either alkyl–oxygen or acyl–oxygen cleavage. The
advantage of studies of these reactions in superacid media, as compared with the
solvolytic conditions, is that the cleavage step can be isolated and studied in detail
because the cleavage products generally do not undergo any further reaction.

For example, in the case of protonated carboxylic acids in HSO3F–SbF5–SO2

solution, a reaction analogous to the rate-determining step in the unimolecular
cleavage of esters is observed leading to the acyl cation and oxonium (hydronium)
ion [Eq. (3.67)].

RCOOH2

+H+ +

−20°C
RCO    +    H3O

+ ð3:67Þ
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Unimolecular cleavage in this case corresponds to thedehydrationof the acid, but in
the case of protonated esters the cleavage pathway depends on the nature of the alkoxy
group [Eqs. (3.68)–(3.70)].

OH

C

OCH3

R
+

+
H+

+20°C
R C O + CH3OH2

+ ð3:68Þ

−60°C

OH

C

OCH(CH3)2

R +

OH

C

OH

R + +(CH3)2CH+ hexyl cations

2

ð3:69Þ

OH

C

OC(CH3)3

R +
−60°C

+(CH3)3C

1

OH

C

OH

R + + ð3:70Þ

13C NMR spectroscopic and theoretical studies (DFT, ab initio, and IGLO) of a
series of protonated cycloalkylcarboxylic acidswere performed byPrakash,Olah, and
co-workers.577 The study showed that the carboxylic carbons are deshielded to a
limited degree from those of the corresponding carboxylic acids. This indicates that
the cycloalkyl groups, including the cyclopropyl group, have little effect on the 13C
NMR chemical shift of the carbocationic carbons of carboxonium ions. Cycloalkyl-
carboxonium ions, consequently, are primarily stabilized by delocalization involving
neighboring oxygen atoms.

Protonation and diprotonation of formic acid and acetic acid have also been studied
theoretically (HF and MP2/6-312G* levels).553,558 Both cations can be visualized as
the donor–acceptor complex of H2O and diprotonated carbon monoxide (HCOH2þ)
and protonated acetyl cation (CH3COH

2þ), respectively. Both dications 277 and 278
are characterized by a longC–OH2 bond and a shorter C–OHbond, suggesting that the
latter retains substantial double-bond character.

H3C C

O

O

H

+

+

277                           278

H

H

1.248 Å

1.402 Å

H C

O

O

H

+

+

H

H

1.233 Å

1.373 Å

Ab initiomolecular orbital theory [MP4(SDTQ)/6-31G*//MP2/6-31G* level] has
been used to study the mono- and diprotonation of acetic acid and methyl acetate in
superacidic media.578 The large energy difference between the acyl-O-protonated
and alkyl-O-protonated ester rules out any equilibrium between the two species.
Diprotonation of the estergives two types of gitonic dications.Of these,279 is themost
stable acyl-O-diprotonated species and 280 is the most stable alkyl–acyl diprotonated
species, being more stable by 3.5 kcalmol�1 than the corresponding E rotamer.
Acyl-O-diprotonation (dication 279) results in lengthening of the acyl O�C bond
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and shorteningof the alkylO�Cbond,which is opposite towhat is observed in the case
of dication 280.

Me C

O

O

H

+

+

279                             280

H

Me C

O

O H

H

+

+

Me

Me

1.435 Å

1.228 Å

1.260 Å

1.360 Å

Cubylcarboxonium ions have been also studied by Prakash, Olah, and co-
workers.579,580 The parent cation 281 prepared under superacid conditions was stable
at low temperature but decomposed to cubylacylium cation 282 as a result of further
protonation and dehydration [Eq. (3.71)]. In addition to cation 281, di- and tetra-
carboxonium ions and the corresponding protonatedmethyl esters were also observed
as long-lived species stable under superacidic conditions. Experimental evidence and
theoretical data indicated that the strained cubyl system effectively stabilizes the
carbocationic centers through C�C bond hyperconjugation (283). On the basis of 13C
data, three conformers of protonated dimethyl cubane-1,4-dicarboxylate (284–286)
could be identified.

+

281                                      282

+
COOH

−78°C

HSO3F−SO2ClF

C OH

OH

CO

−30°C
ð3:71Þ
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C OH
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O
Me

H +
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Olah, Prakash, and co-workers581 have studied the protonation of trifluoroacetone
and methyl trifluoroacetate under superacidic conditions. Only one of the possible
conformers of protonated trifluoroacetone 287 and protonatedmethyl trifluoroacetate
288 were generated. Protonation of hexafluoroacetone, in turn, was not successful.
The deshielding at the carbonyl carbon (38 ppm) in287 is smaller than that observed in
protonated acetone (44 ppm).According toMOcalculations [MP2(fu)/6-31G* level],
theC�Obond in protonated trifluoroacetone is elongated, but to a smaller degree than
in protonated acetone (3.6% versus 4.1%). The contribution of the carbenium ion
structure 288b is also greatly reduced as manifested by the higher deshielding of
protonated methyl acetate (22 ppm) with respect to the parent methyl acetate as
comparedwith the slight deshielding (14.5 ppm) for the fluorinatedcounterpart. These
features are explained by the stronger contribution of the oxonium ion resonance form
287 and 288a brought about by the strong inductive electron-withdrawing effect of the
trifluoromethyl group.

O

H3C

C

F3C H

+

287

F3C C

O

O

H

+
CH3

F3C C

O

O

H

+

CH3

a                                     b

288

Protonated lactones may be prepared by direct protonation582 or by protonating
hyroxycarboxylic acids583 [Eq. (3.72)]. The resulting protonated lactones exist as
two conformers similar to other protonated carbonyl compounds, and they are
usually stable in excess superacids.582 A notable exception is a-angelicalactone,
which undergoes acyl–oxygen cleavage to form protonated acetyl propionyl dica-
tion 289 (Scheme 3.9).582 Similar conclusions have been arrived at in a recent study
for C5H6O2 isomeric unsaturated lactones using sulfuric acid, with the exception
that the ring-opened product was transformed to diprotonated ketoacid 290
(Scheme 3.9).584 Triflic acid, in turn, brings about polymerization under identical

+

O OH3C

HSO3F−SbF5−SO2

 −80°C C

OH

O
+

96% H2SO4 or TfOH

−30 to −5°C

+

CO2H2

OH

+

96% H2SO4

289

290

O OH3C
+

TfOH
RT

C
O
+ polymerization

− CH3CHO

Scheme 3.9
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conditions. Acyl–oxygen cleavage is also characteristic of protonated b-lactones to
yield the corresponding acyl cations585 [Eq. (3.73)].

−78°C

COOHHO

HSO3F−SO2 O

OH
+

ð3:72Þ

O

HO
+

OH2

CO
+

+HF−BF3 ð3:73Þ

Carboxylic acid anhydrides cleave immediately when protonated even in
HSO3F–SbF5 solution at low temperature (�80�C).541,569Monoprotonated anhydrides
291, however can easily be generated reacting oxocarbenium ions (acyl cations) with
carboxylic acids in SO2 solution. Rapid intramolecular proton transfer between the
carbonyl groups was observed by NMR.

+

H

O

O

O

R

R'
291

Dialkyl carbonates have been studied in HSO3F–SbF5 solution and have been
shown to be protonated on the carbonyl group giving the dialkoxyhydroxymethyl
cation 292.586 Di-tert-butyl carbonate cleaves immediately at �80�C with alkyl–
oxygen fission, giving the tert-butyl cation 1 and the protonated carbonic acid 293
[Eq. (3.74)]. The structure of the latter has been established from the 13C NMR
spectrum of the central carbon atom, which shows a quartet, 4.5-Hz long-range C�H
coupling constant, with the three equivalent hydroxyl protons.586 Diisopropyl and
diethyl carbonate cleave at a higher temperature, also via alkyl–oxygen cleavage,with
initial formation of protonated alkyl hydrogen carbonates [Eq. (3.75)]. The alkyl
hydrogen carbonates are also formed by protonation of their metal salts.

O
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O

R
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+
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R = Me, Et, isoPr, tert-Bu, Ph

R-R = CH2CH2, CH=CH

(CH3)3CO

C

(CH3)3CO
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C
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+

+    2
+(CH3)3C

293                       1

−80°C
ð3:74Þ
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C

HO
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+

−R+ −R+
ð3:75Þ

Carbon dioxide also reacts under superacid conditions587 and protonated carbonic
acid 293 can also be obtained588 by dissolving inorganic carbonates and hydrogen
carbonates in HSO3F–SbF5 at �80�C [Eq. (3.76)]. It is stable in solution to about
�0�C, where it decomposes to the hydronium ion and carbon dioxide.

CO3
2− or

HCO3
−

HSO3F−SbF5

−80°C
H3CO3

+ CO2    +    H3O+∆

293

ð3:76Þ

Minkwitz and co-workers have recently prepared the salts of protonated carbonic
acid 293 (trihydroxycarbenium hexafluorometalates)589 and protonated dimethyl
carbonate 294 (dimethoxyhydroxycarbenium hexafluorometalates)590 [Eq. (3.77)].
The cation 293 ofCs symmetry in the solid state shows C�O bond lengths of 1.231Å
(AsF6

� salt), which are comparable to those found in protonated formic acid (1.255 and
1.239Å).573 This allows the conclusion that the positive charge is delocalized over the
whole cation.Likewise, theC�Obond lengths of theCO3unit (SbF6

� salt) donot show
significant differences (1.26, 1.274, and 1.300Å). Furthermore, the twoMe�O�C�O
torsional angles reveal that the methyl groups do not lie in the CO3 plane. In the 1H
NMR spectra a singlet for the protons of the hydroxyl groups of cation 293 is observed
at d1H 11.55586 and 11.7,589 whereas a singlet for the hydroxyl group of cation 294 is
detected at d1H 11.27–11.8.586,590 It is worthmentioning here that, in addition to these
two examples, the X-ray structure of the trioxygenated carbocation C(OTeF5)3

þ was
also determined.538 In the salt [C(OTeF5)3][Sb(OTeF5)6]�3SO2ClF, the cation has C1

crystallographic symmetry, which is very close to the optimized C3h gas-phase
geometry. Two of the three SO2ClF molecules have short CrO contacts (2.690
and 2.738Å).

293                                                                                            294

HO

C

HO

OH
+

RO

C

RO

O
HF−MF5

−70°C

R = SiMe3           M = As, Sb         R = Me

MF6
−

HF−MF5

−60°C

MeO

C

MeO

OH
+

MF6
− ð3:77Þ

NMRstudies and ab initio and IGLOcalculations of themono- and diprotonation of
carbonic acid have been reported by Olah, Prakash, Rasul, and co-workers.588 The
symmetrical C3h 2930 structure was found to be the global minimum for the mono-
protonated species. On the basis of 1H and 13C NMR data (single sharp peaks at d1H
12.05 and d13C 165.4), this structure was suggested by Olah and White586 for the
observed species in superacidic solution. The same species generated in the gas phase
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by electron ionizationof diethyl carbonate has recently been found by single-photon IR
photodissociation spectroscopy.591 Structure 295ofC2v symmetry is the lowest-energy
structure of diprotonated carbonic acid, which can be considered as a donor–acceptor
complex of H2O and diprotonated CO2. The C–OH bond length of dication 295 is
between the normal C�OandC¼Obond lengths indicative of the delocalization of the
second positive charge into the two oxygen atoms of the C–OH moieties.

O

C

O

H

O

H O

C

OH

H

O

H

H
H +

2+

293'                                      295                                     296

+

NH2

C

H2N

NH2

It is worthwhile to point out the close similarity of protonated carbonic acid
(trihydroxymethyl cation, 293) with the guanidinium ion, its triaza-analog (296). The
latter has been observed in superacidic solution by NMR. Both are highly resonance-
stabilized through their onium forms. The observation of protonated carbonic acid as a
stable chemical entity with substantial resonance stabilization also may have
implications in understanding of some of the more fundamental biological carboxyl-
ation processes. Obviously, the in vitro observation in specific, highly acidic solvent
systems cannot simply be extrapolated to different environments (biological systems).
However, it is possible that on the active receptor sites of enzyme systems (for
example, those of the carbonic anhydrase type), local hydrogen ion concentrationmay
beveryhigh, as comparedwith the overall “biological pH.” In addition, on the receptor
sites a very favorable geometric configurationmay help to stabilize the active species,
a factor that cannot be reproduced in model systems in vitro.

Alkylcarboxonium (Alkoxycarbenium) Cations. The ionic structure of pyrylium
saltswas clearly statedbyHantzsch592 as early as 1922. In pyryliumsalts297, there is a
contribution from carbocation structures, a fact apparent in the behavior toward strong
nucleophiles leading to phenols.

O

CH3

CH3H3C

ClO4
−

+
O

CH3

CH3H3C

ClO4
−

+

297

A recent interesting example is the chiral dication 298 obtained by treatment of the
corresponding diol with HBF4 (only one enantiomer is shown).593 It has a pseudo-C2
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symmetry, and the two halves of the cation are twisted by 73� around the binaphthyl
axis. The two cationic planes overlap in a face-to-face manner (the distance between
the two C(9) carbons is 3.53Å).

298

X

+

X = O, S

X

+

2 BF4
−

Resonance, similar to that in pyrylium salts, was shown594,595 to exist between
oxonium ion (299a) and carbenium ion (299b) forms in alkylated ketones, esters, and
lactones that were obtained via alkylation with trimethyl- or triethyloxonium tetra-
fluoroborates596 [Eq. (3.78)]. Ramsey and Taft597 used 1H NMR spectroscopy to
investigate the natureof a series of secondary and tertiary carboxonium ions (300–302).

a                                                   b

299

C2H5O

C

C2H5O

O +  (C2H5)O+BF4
−

C2H5O

C

C2H5O

O C2H5

C2H5O

C

C2H5O

O C2H5

+ +

ð3:78Þ

OCH3

C

OCH3

OCH3

C

OCH3

CH3O

OCH3

C

OCH3
+ + +

300                      301                     302

H CH3

Asmentioned, the stabilizing effect of heteroatoms of carbenium ions increaseswith
the number of electron-donating heteroatoms. It follows, therefore, that the stability
of carboxonium ions increases in the order monoalkoxy< dialkoxy< trialkoxy.
This has been demonstrated by Taft and co-workers,598 who determined relative
stabilization energies, and by Kresge, Larsen, and co-workers,599 who measured
enthalpies of formation. In a recent paper, however, the validity of this stability order
has been questioned600 on the basis of the rates of hydrolysis of tetraphenyl
orthocarbonate and triphenyl orthoformate. The stabilizing effect of oxygen has
been elucidated by Kiprof et al. through analysis of natural bond order and hydride
exchange reactions.601 Enthalpies of isodesmic hydride exchange reactions
betweenx tert-butyl cation and methoxyalkanes (calculated at the G2 level of theory)
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demonstrated that the addition of methoxy substituents to a carbocation increases
stability through p interaction with the oxygen. However, the incremental stabiliza-
tion decreases dramatically (Scheme 3.10).

Me3C+    +

OMe

−isobutane

OMe

+

Me3C+    +

OMe

OMe

−isobutane OMe

OMe

+

Me3C+    +

MeO OMe

OMe

−isobutane MeO OMe

OMe

+

∆H = −25.73 kcal mol−1

∆H = −44.44 kcal mol−1

∆H = −45.36 kcal mol−1

Scheme 3.10

The dimethylation of methyl acetate (methylation of the 1,1-dimethoxyethyl
cation) was calculated to form two isomeric gitonic dications (303), which are
thermodynamically more stable than the neutral ester.578 They are expected to be
involved in the observed methyl exchange of 1,1-dimethoxyethyl cation. Rotamer
303b is more stable than the isomeric dication 303a, by 10.0 kcal mol�1 (MP2/6-
31G*//MP2/6-31G*þZPE level).

Me C

O

O Me

Me

+

+

Me

Me C

O

O Me

Me

+

+

Me

a                                     b

303

Olah and co-workers602,603 have obtained primary carboxonium ions such as
methoxymethyl and phenoxymethyl cations and their halogenated derivatives
(304–307).

+
CH3O CH2

+
CH3OCH2

+
CH3O CHCl

+
CH3OCHCl

304                                                                       305

306                                                                       307

         308

+
ClCH2O CH2

+
ClCH2OCH2

+
CH3O CHX

+
CH3OCHX

+
C6H5O CH2

+
C6H5OCH2

X = F, Cl
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Olah and Bollinger602 also carried out a 1H and 13C NMR spectroscopic investi-
gation of a series of haloalkyl carboxonium ions 308. Ionization of a,a-difluoro-
methyl and a,a-dichloromethyl methyl ether in SbF5–SO2 solution yields isomeric
methoxyfluoro- andmethoxychloro-carbenium ions 308 [Eq. (3.79)]. Of the rotamers
the trans isomer is obtained in higher amounts (70 : 30 for F and 81 : 19 for Cl). The
calculated structures of the isomeric methoxyfluorocarbenium ions indicate523 that
these ions are predominantly carboxonium ions rather than carbenium ions. Interest-
ingly, at theMP4(SDTQ)//6-31G*//MP26-31G* level of calculation, the cis isomer of
the methoxyfluorocarbenium ion was found to be more stable by 3.2 kcalmol�1.

trans                        cis
308

+                             +
+CH3OCHX2

SbF5−SO2

− 40°C (X = F)
− 60°C (X = Cl)

O

H3C

C

H

X

O

H3C

C

X

H

X = F, Cl

.. ..

ð3:79Þ

Minkwitz et al.604 have prepared the hexafluorometalates of cations 308. The
reaction of a,a-dichloromethyl methyl ether in HF–Lewis acid solution at �78�C
leads to the formation of chloro cation 308-Cl, whereas at �65�C fluoro derivative
308-F is isolated as a result of chlorine–fluorine exchange [Eq. (3.80)]. Interestingly,
the chlorine atom and the methyl group are trans in the hexafluoroantimonate salt of
cation 308-Cl, whereas the fluorine atom and themethyl group are cis in cation 308-F.
The arrangement of the C�O�C�H atoms is nearly planar with F/Cl�C�O�C
torsion angles of 2.84� (308-F) and 179.0� (308-Cl). The C�O bond distances (1.224
and 1.479Å for cation 308-F, and 1.252 and 1.517Å for cation 308-Cl) reveal
dominant oxonium ion character.

M = As, Sb

CH3OCHCl2

HF−MF5

−78°C −65°C
CH3O CHF

+
CH3O CHCl

+

308-Cl                                                                                308-F

HF−MF5

ð3:80Þ

Olah et al.603 have observed the formation of cation 309 (protonated fluorometha-
nol) upon treatment of formaldehyde inHF–SbF5 [Eq. (3.81)].WhenMinkwitz et al.605

attempted to isolate salts of the ion, however, the hydroxymethyl(methylidene)
oxonium ion 310 was obtained [Eq. (3.81)]. Crystal structure analysis of the
hexafluoroarsenate salt shows that cations and anions are connected by short HrF
distances, forming a three-dimensional network. The bond lengths of the C–O¼C
fragment (1.226 and 1.470Å) are longer than those in formaldehyde (1.208Å) and
dimethyl ether (1.410Å). The C�O�C bond angle is 121.2�.

309                                                                                           310

H2C
HF−SbF5

−40°C
H2C OC

H

F

H O

H

H

+
HF−MF5

−40°C
O CH2OH
+

M = As, Sb

ð3:81Þ
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Alkylated carboxonium ions have also been prepared by direct electrophilic
oxygenations of alkanes, alcohols, and so on, by ozone or hydrogen peroxide in
superacidic media606 [Eq. (3.82)].

H2O2 or O3

HSO3F−SbF5

+
OCH3(CH3)2C(CH3)3CH [(CH3)3CO+] ð3:82Þ

Smit et al.607,608 have isolated a series of cyclic carboxonium salts (311, 312) by
acylation of cycloalkenes [Eqs. (3.83) and (3.84)].

+

311

RCO+ BF4
−

O

R

R = tert-Bu, Ph BF4
−

ð3:83Þ

312

+O

R

R = Me, tert-Bu

RCO+ BF4
−

BF4
−

ð3:84Þ

Four- and five-membered cyclic carboxonium ions have been prepared by intra-
molecular alkylations541,596,609 using halogen- or hydroxy-substituted carbonyl
compounds610,611 [Eq. (3.85)], g ,d-unsaturated carbonyl derivatives,612,613 or substi-
tuted cyclopropanes614,615 [Eq. (3.86)].541,596

+

R

O

(  )n
R'

X
X = Br, OH

O

R

R'
(  )n

H+

ð3:85Þ

90% H2SO4

COR

R1

R3

R2

R, R1, R2, R3 = H, Me, Ph,

                           cyclopropyl

O
R

R3

+

R1

R2

RT ð3:86Þ

Cyclic cations such as 4-oxo-1,3-dioxolane-2-ylium ion 313 and 4-oxo-1,3-
dioxane-2-ylium ion 314 can be prepared in intramolecular reaction of
a-acetoxyacyl chlorides616 or b-acetoxyacyl chlorides617 with SbCl5. Meerwein’s
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method,618 that is, the reaction of bromoethyl esters with AgBF4, was applied to
generate cations 315619,620 and dications 316.621,622

313                        314                      315                                 316

+ OO

R O

Me

R

O

O Me

O
Me

+

+                          +

O

O

(CH2)n

O

O

n = 1−5

+ OO

R

Me

R = alkyl, cycloalkyl,
       alkenyl, aryl

R = H, Me

BF4
−                                                      BF4

−
SbCl6

−                       SbCl6
−

Another method, hydride abstraction of the corresponding 1,3-dioxolanes using
trityl tetrafluoroborates, could not be applied to generate dications 317 and trication
318. Instead, they were prepared by the ionization of the corresponding 2-metho-
xyethyl benzoates in HSO3F–triflic acid.

623 Interestingly, all four dications gave very
similar 13C NMR chemical shifts for the carbocationic centers (d13C ¼ 182:2�182:7
for the dications, and 182.9 for trication 318), which is indicative of extensive charge
delocalization into the neighboring oxygens. The calculated stabilities of themeta and
para isomers are very similar (B3LYP6-31G*//B3LYP6-31G*þZPE level), whereas
the ortho isomer is significantly less stable (15.0 kcalmol�1), which is attributed to
charge–charge repulsion and higher steric constraints.

+ OO

+

+ OO

O

O

O

O

+                          +

317                                                             318

O

O

Alkylcarboxonium ions may be synthesized easily by the dehalogenation of
a-haloethers. In Magic Acid, first the oxygen is protonated to oxonium ion 319,
which, upon increasing temperature, decomposes to yield alkylcarboxonium ion 320
[Eq. (3.87)].624 In a similar manner, protonation of a-alkoxyacetic chlorides625 or
acids626 also leads to carboxonium ions. The latter approach was used to generate
cyclic alkylcarboxonium ion 321 [Eq. (3.88)].

319                                     320

−80°C

HSO3F−SbF5
ROCH2Cl

ClH2C
O

H

R

+
H2C

R

O
+

−HCl
−60°C

R = M, Et, Cl(CH2)2,

      Cl(CH2)4, ClCH2O(CH2)2,

ð3:87Þ
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321

+
20°C
−CO

O

R

R COOH

Me

( )n
96% H2SO4

O

R

R
Me

( )n

R = H, Me
n = 1, 2

ð3:88Þ

Acetals and orthoesters can be conveniently transformed to mono- and dialkox-
ycarbenium ions by cleavage of an alkoxy anion596,609 [Eq. (3.89)]. The method can
also be applied to transform tetraalkoxymethanes to trialkoxycarbenium ions. This
methodwas reported early byMeerwein togenerate alkoxycarbenium ions.627Acetals
can also be transformed to dialkoxycarbenium ions using hydride-abstracting agents
such as trityl cations608 [Eq. (3.90)] or trialkyloxonium ions.609

−OR−

R' = alkyl, aryl, OR

R'

R'

C OR

OR

R'
O

OR

R'

+

ð3:89Þ

+ OO

R

OO

R H

Ph3C+ BF4
−

−Ph3CH

BF4
−

315

ð3:90Þ

Results with respect to the synthesis of fluorinated alkylcarboxonium cations have
recently been reported. Olah, Prakash, and co-workers581 have methylated trifluoro-
acetone and methyl trifluoroacetate in CH3F–SbF5–SO2 solution at �60�C and
observed the methylated ions as long-lived species by NMR spectroscopy.581 Con-
formers 322 and 323 were identified by calculation [MP2(fu)/6-31G* and MP2/6-
31G*þZPE levels, respectively]. The magnitude of the deshielding at the carbonyl
carbons, again, indicates a stronger contribution of the corresponding oxonium ion
resonance forms in both cases.

O

H3C

C

F3C CH3

+

322                                                                          323

F3C C

O

O

H3C

+

CH3
F3C C

O

O

H3C

+

CH3

O

H3C

C

F3C CH3

+

Stable fluorinated bis(alkoxy)methyl cations 324 and tris(alkoxy)methyl ion 325
were prepared reacting the corresponding difluoroformals and fluoroorthoester with
excess SbF5.

628,629

F

RFO

C

RFO

+
OCH(CF3)2

(F3C)2HCO

C

(F3C)2HCO

+
RF = CClF2CH2,

        CF3CH2,

        (CF3)2CH

324                                        325
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The X-ray structure of a number of alkoxycarbenium ions has been determined.66

An interesting example is 2-methoxy-1,7,7,-trimethylbicyclo[2.2.1]hept-2-ylium
tetrafluroborate 326.630 It is a substituted 2-norbornyl cation and, indeed, the
C(2)–C(1)–C(6)bondangle (98.8�) and theC(1)–C(6) bonddistance (1.603Å) indicate
s-bond charge delocalization, that is, the contribution of the 326b resonance form.

+
+

MeMe

MeO Me

MeMe

MeO Me

a                                                 b

326

1 6

2

Recently, a variety of O-silylated carboxonium ions have been prepared and
characterized by NMR spectroscopy.541 Kira et al.631 used the Corey hydride transfer
method, whereas Olah, Prakash, and co-workers applied triphenylmethyl tetrakis
(pentafluorophenyl)borate to silylate esters,632 ketones, enones, and carbonates633

[Eq. (3.91)]. The ions thus produced are resonance hybrids of oxocarbenium (327b)
and carboxonium (327a) ions with the latter as the major contributors. Calculated
(DFT/IGLO) 29Si NMR chemical shifts agree well with the experimental data.

R = alkyl, aryl, MeO

Ph3C+ B(C6F5)4
−

a                                                   b

327

R

C

R

O +  Et3SiH

R

C

R

O SiEt3

R

C

R

O SiEt3
+ +

CD2Cl2
−78°C

ð3:91Þ
Acylium Ions (Acyl Cations). In a recent study de Rege, Gladysz, and Horv�ath634

have observed protonated carbonmonoxide by IR and NMR spectroscopy at high CO
pressure. Protonation occurs at the carbon togive formyl cation328 [Eq. (3.92)].A fast
proton exchange observedwith increasing temperaturewas attributed to the formation
of isoformyl cation þCOH and diprotonated CO (protoformyl dication, COH2

þ).

CO
HF−SbF5

328

25°C,

PCO < 100 atm

O C H
+

ð3:92Þ

Protonation of carbon monoxide have been studied theoretically.558,635–638 Both
the formyl cation 328 and the isoformyl cation 329 are protonated in exothermic
processes with cation 328 being more stable by 38 kcalmol�1. The calculated energy
barrier of rearrangement (36 kcalmol�1 at MP3/6-31G** level), however, suggests
that cation 329, once formed, is a relatively long-lived species. Furthermore, depro-
tonation of diprotonatedCOhas significant kinetic barriers (Scheme3.11).Calculated
optimized structures (HF/6-31G* level) and energy values (in hartree)558 of CO,
monoprotonated CO (HCOþ), and diprotonated CO (protoformyl dication, COH2

þ),
all with C¥v symmetry, are given in Figure 3.17. According to calculations, the
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protoformyl (hydroxymethine) dication is kinetically stable and has a very short C�O
bond and a deprotonation barrier of >20 kcal mol�1.

According to a recentab initiomolecular dynamic simulation study639 formationof
formyl cation 328 is optimally favored in the 1:1 HF–SbF5 solution. No evidence,
however, was found for the formation of the isoformyl cation 329 and diprotonated
CO.The fast proton exchange observed earlierwas suggested to occur betweenHCOþ

and HF(HF)n or SbF6
�.

Christe, Prakash, Olah, and co-workers534 have made a comparative experimental
and theoretical study of the halocarbonyl cations (XCOþ). ClCOþ, BrCOþ, and ICOþ

were observed in the condensed state in SO2ClF solution by 13C NMR spectrosco-
py,640 and FCOþwas also reported to be generated in HSO3F–SbF5.

641 The new study
has shown, however, that FCOþ cannot be stabilized in the condensed phase with
presently known Lewis acids. ClCOþ, in turn, could be generated with Sb3F15 having
sufficient acidity to form salt 330 [Eq. (3.93)]. Aubke and co-workers642 have also
reported the generation in SbF5medium and characterization by vibrational spectros-
copy of the salts of ClCOþ with oligomeric fluoroantimonate anions.

SbF5−SO2ClF

330

−78°C
OCCl

+
C

F

Cl

O Sb3F16
− ð3:93Þ

In 1943, Seel observed14 the first stable acyl cation. Acetyl fluoride with boron
trifluoride gave a complex (decomposition point 20�C) that was characterized as the
acetyl tetrafluoroborate salt 331 [Eq. (3.94)].

CH3COF   +   BF3
+

O  BF4
−CH3C

331

ð3:94Þ

The identification was based on analytical data and chemical behavior. Only in
the 1950s were physical methods like infrared and NMR spectroscopy applied,
making further characterizations of the complex possible. Since 1954, a series of
other acyl and substituted acyl cations have been isolated and identified.91,643–647

COH2
2+ 328

329

HCO+   +   H+ ∆H = 22 kcal mol−1

+COH   +   H+ ∆H = 46 kcal mol−1

Scheme 3.11

2+
+

C O C O OCH H H
1.114 Å

1.086 Å

1.087 Å 1.102 Å

1.132 Å            1.048 Å

−113.17749                −113.39965 −113.34039

Figure 3.17. Calculated optimized structures (HF/6-31G* level) and energy values (in hartree)
of CO, along with monoprotonated and diprotonated CO.
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The hexafluoroantimonate and hexafluoroarsenate complexes were found to be
particularly stable.91,645,646 Deno et al.648 investigated solutions of carboxylic acids
in sulfuric acid and oleum. They observed protonation at lower acid concentrations
and dehydration, giving acyl cations, at higher acidities [Eq. (3.95)].

H2SO4
RCOOH RCOOH2

++ oleum
RCO   +   H3O

+ ð3:95Þ

The investigation of acyl cations in subsequent work was substantially helped by
NMR. Not only 1H, but also 2H, 13C, 19F, and 17O resonance studies established the
structureof these ions.91,552,645,646,648–650These investigations basedon 13C andproton
resonance showed that acyl cations, such as theCH3CO

þ, acetyl ion331, are not simple
oxonium ions (acylonium complexes), but are resonance hybrids of the oxonium ion,
acyl cation, and the ketene-like nonbonded mesomeric forms. The X-ray crystallo-
graphic study of the CH3CO

þ SbF6
� salt651 substantiated this suggestion and provided

convincing evidence for the linear structure of the crystalline complex.

+
CH3 C O

+
CH2 C O

+
CH3 C O

H

331

The experimental 13C chemical shift of the carboxonium carbon at d13C 150.3 is
well-reproducedbycalculation (d13C158.5by theGIAO-MP2methodat theqz2p/dzp
level).553 With respect to 17O NMR results, IGLO(II) and GIAO-MP2(qz2p/dzp)
calculations give a shielding of 56 ppm (d17O 340.8) for the acetyl cationwith respect
to carbon monoxide (d17O 397.0), which is an excellent agreement with the experi-
mentally observed shielding of 50 ppm (d17O 299.5) relative to carbon monoxide
(d17O 350.0). This reveals that the C�O bonding character of the acetyl cation is less
than that of a triple bond but significantly more than that of a C�O double bond.

Investigation of acyl cations has been extended to the study of cycloacylium ions
332–336,652 diacylium ions (dications) 337–339,569,653 and unsaturated acylium ions
340–342.654 Computational studies at various levels of theory have also been
performed.553,655–657

+
C O

+
C O +

C O
+
C O

332              333                         334                       335                            336

+
C O

+
C(CH2)3C OO

+ +
C(CH2)4C OO

+

C(CH3)C OCH2
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+
C(CH3)C OCH3CH

+

+
C O

+
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The structure of alkenoyl cations (unsaturated acylium ions) was studied by Olah
et al.658 byNMR spectroscopicmethods. They found only a limited contribution from
structure 343b and a substantial contribution of the delocalized ketene-like structure
343c, which is due to the ability of the p-electrons of the double bond to stabilize the
positive charge. Substitution at the b-carbon increases further the importance of 343c
relative to 343a. Diprotonation of propenoyl and isopentenoyl cations studied
theoretically [ab initio GIAO–CCSD(T) method]659 has been shown to result in the
formation of dication 344 (tertiary carbenium–acylium dication); that is, the positive
charges are localized primarily on CO and the b-carbon.

C

CR
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R R

O

C

CR

C

R R

O
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CR

C

R R

O

R = H, Me, Ph,
       cyclopropyl

+ +

+

a                                     b                                     c

343

HC

CR

C

R' H

O

+

344

R = R' = H, Me

+

β     α

13C NMRspectroscopic and theoretical studies (DFT,ab initio, IGLO)ofa series of
cycloacylium ions were performed by Prakash et al.577 The study showed that the
cycloalkyl groups have little effect on the shift of the carbocationic carbon. Further-
more, charge calculations showed that the delocalization into the cycloalkyl group is
greater than in the protonated carboxylic acid (carboxonium ion), where two oxygen
atoms participate in delocalization.

Cubylacylium cation 282 discussed above and diacylium ion 345 were generated
from the corresponding acid chlorides in SbF5 [Eq. (3.96)].579 Calculated charge
densities showed that the formal cationic carbonof these ions,whencomparedwith the
adamantylacylium ion, bears less positive charge; that is, the cubyl cage participates in
delocalization more efficiently than does the adamantyl skeleton.

+

345

COCl

−45°C

SbF5−SO2

ClOC

CO

OC
+

ð3:96Þ

Prakash, Olah, and co-workers have shown that ketenes can also be transformed to
acylium ions. Both the protonation and silylation of ketenes take place exclusively at
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the b-carbon to yield stable acylium ions 346 [Eq. (3.97)]660 and 347 [Eq. (3.98)].661 A
comparison of 13C NMR chemical shift data show that both Ca and Cb in cation 347
are more deshielded than in cation 346 (R¼ Ph) (Dd13Ca ¼ 32:4 ppm;Dd13Cb ¼
10:4 ppm). These data indicate that cation 346 is primarily stabilized by delocalization
involving oxygen (oxonium ion character), whereasb-silyl hyperconjugation results in
enhanced charge delocalization in cation347. Interestingly,DFTcalculations (B3LYP/
6-311þG* level) predict that O-silylation of diphenylketene is preferred over
C-silylation by 5.4 kcalmol�1, whereas for the parent ketene C-silylation is preferred
by 8.2 kcalmol�1.

346

+

−60°C

HSO3F−SbF5−SO2ClF
CC

R

R

O
β       α

CC

R

R

O  SbF6
−

H

R = tert-Bu, Ph

ð3:97Þ

CC

Ph

Ph

O

347

+
CC

Ph

Ph

O  B(C6F5)4
−

SiEt3

Ph3C+ B(C6F5)4
−

CD2Cl2, −78°C

−Ph3CH

β       α
+   Et3SiH

ð3:98Þ

3.4.16.3. Sulfur as Heteroatom. Thiols and sulfides are protonated on sulfur in
superacid media and give mono- and dialkylsulfonium ions, respectively.136 Thio-
carboxylic acids, S-alkyl esters, thioesters, dithioesters, and thiocarbonates in similar
media also form stable protonated ions541,647 such as cations 348–353.

OH

C

SH

R +

OH

C

SR

R +

SH

C

SH

R +

OR

C

OR

HS +

348                   349                  350                  351

R = Me, Et

SR

C

SR

HS +

SH

C

SH

HS +

352                          353

Minkwitz and co-workers have recently obtained the X-ray crystal structure of
protonated thiocarbonic acid, protonated O,S-dimethyl dithiocarbonate, and proton-
ated dimethyl trithiocarbonate. Protonated thiocarbonic acid 354 has C�S bond
lengths of 1.683–1.708Å.662The small differences imply anonequal distribution of the
positive charge over the S atoms. All hydrogen atoms have trans positions and they are
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not located in theCS3plane, resulting in aC1 symmetry.The cations havecontactswith
the F atoms of the anions throughHbondswith bond distances smaller than the sumof
the van der Waals radii.

S
C

S

S

H

H

H

+

S
C

X

S

Me

Me

H

+

AsF6
−

a   X = O, Y = SbF6

b   X = S, Y = As2F11354                                         355

Y−

The C�S lengths (1.692 and 1.702Å) and the C�O bond length (1.293Å) of the
protonated O,S-dimethyl dithiocarbonate cation 355a are between those of typical
single and double bonds.663 A planar sp2 hybridization is indicated by the sum of
360� of the corresponding angles around the central carbon atom with the methyl
groups having out-of-plane arrangements. Two cations make contact via hydrogen
bonds with two anions in the solid state. Strong anion–cation interactions were also
detected in the protonated dimethyl trithiocarbonate salt 355b.664 The central
carbon is planar and has one shorter C–S(H) bond (1.722Å) and two longer C–S
(Me) bonds (1.681 and 1.682Å). TheH and themethyl substituents are slightly out of
the CS3 plane.

Sulfur-stabilized heteroaromatic species such as 356 and 357 are also known.566

S

S

SR

S

S

H

356                                357

+ +

R = H, Me

A series of thioketones have also been protonated to form carbosulfonium ions
358541,542 and studied by 13C NMR spectroscopy.665 It was found that deshielding of
the thiocarbonyl carbon is much less pronounced than that of ketones. This shows that
there is significant mercaptocarbenium 358b contribution to the overall protonated
thioketone structure. However, this is not the case in the case of protonated ketones.

a                                         b

358

R

C

R

SH
+

R

C

R

SH
+

Olah and coworkers have used ab initio methods (MP2/6-311þG** level) to
calculate the structures of diprotonated superelectrophilic3–5 formaldehyde and
thioformaldehyde dications.666 In both cases, the heteroatom-diprotonated structure

TRIVALENT CARBOCATIONS 193



359 was found to be more stable (by 53.5 kcal mol�1 and 27.6 kcal mol�1, respec-
tively) than the 3c–2e bonded structure 360.

359                              360

X

H

C

H

H
+
X

H

C

H

H

H

+      +

H
+

X = O, S

Tertiary carbosulfonium ions may be generated using the methods applied for the
synthesis of tertiary carboxonium ions. The alkylation of thiocarbonyl compounds,
preferably by trialkyloxonium ions,667 is the most widely used procedure. Dehalo-
genation of a-halothioethers668 [Eq. (3.99)] and hydride abstraction with trityl salts
are also practiced669 [Eq. (3.100)]. Minkwitz and Meckstroth670 have obtained the
Cl2C¼SClþ andCl2C¼SBrþ cations by the oxidativehalogenationof thiophosgene in
AsF5 solution.

+
CH3SCH2Cl

CH3

SC

H

H

SbCl6
−

SbCl5 ð3:99Þ

+
Ph3C+ X−

S S

H

H

S S

X = BF4, ClO4, I

CH3CN, 0°C
+

2 X− ð3:100Þ

The cleavage of the sulfur–carbon bond of thioacetals and thioketals,671 thioortho-
formates672 [Eq. (3.101)], and tetraalkyl thioorthocarbonates673 [Eq. (3.102)] leads to
the correspondingmono-, di-, and trithiocarbenium ions, respectively. Trimethylthio-
carbenium ion 361 was also prepared by methylating dimethyl trithiocarbonate
[Eq. (3.102)].

+

S

S

SCH2CH2S

S

S
HBF4−Et2O

CHCl3, RT
S

S

BF4
−

ð3:101Þ

MeS
C

SMe

SMe

+
Me3O+ BF4

− MeS

C

MeS

S
Ph3C+ BF4

−

CH2Cl2

361

BF4
−

(MeS)4C

ð3:102Þ

Miller et al.674 generated the interesting long-lived dication 362 treating hexathia-
1,3,5,7-tetramethyladamantanewith acids (triflic acid, fuming H2SO4, or 25%Magic
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Acid) at room temperature. The 13C NMR chemical shift of dication 362 (d13C 230)
closely matches that of the related cation 363 (d13C 229).675

S S

S

S

S

+

       +

362                               363

S

S
+

A series of thiobenzoyl cations 364 have been prepared and studied676 using a
metathetic silver salt reaction [Eq. (3.103)].

+
+   AgSbF6C

Cl

S

X

C S

X

SbF6
−   +   AgCl

364

X = H, 2-Me, 4-Me, 4-MeO,

       4-Cl, 4-F, 4-CF3,

SO2

−78°C

ð3:103Þ

Acontroversial issue of heteroatom-stabilized cations is the relative stabilizationof
carbocationic centers adjacent to oxygen and sulfur.541 In solution studies, a-O-
substituted carbocations were found to be stabilized more than a-S-substituted
carbocations.677 Gas-phase studies reached an opposite conclusion,678,679 whereas
subsequent theoretical studies (high-levelab initiomethods) supported the findings of
solution chemistry. Recent results, namely, basicities of various vinylic compounds
(365–370)measured in the gas phase also support this conclusion.680Althoughmono-
heteroatom-substituted compounds 365 and 366 were found to have similar proton
affinities, an additional a-methyl group increased the stability of the carbenium ion
derived from 367more than that of the sulfur counterpart 368. Even larger differences
were found between proton affinities of the bis-heteroatom-substituted compounds
369 and 370.

OMe

SMe

Me

OMe

Me

SMe

OMe

OMe

SMe

SMe

365                             367                             369

366                             368                             370

3.4.16.4. Nitrogen as Heteroatom. Amides are protonated on the carbonyl
oxygen atom (cation 371) in superacid media at low temperatures, as shown first
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byGillespie andBirchall681 [Eq. (3.104)].The sameconclusionhas been arrivedat in a
recent multinuclear NMR characterization of the cation CF3C(OH)NH2

þ.682

R C

NH2

O

371

R C

NH2

OH

+
H+

ð3:104Þ

It was claimed that protonation of ethyl N,N-diisopropyl carbamate, a hindered
amide, takes place on nitrogen and not on oxygen.683 A reinvestigation, however,
established that at low temperature initialO-protonation takes place (kinetic control)
with the O-protonated amide subsequently rearranging to the more stable N-proton-
ated form (thermodynamic control).684 The possibility of observing the protonated
amide linkage in strong acidmediahasparticular relevance in the studyof peptides and
proteins.685,686 There is, however, a notable exception. Since the bridgehead nitrogen
of 2,2,-dimethyl-6-oxoquinuclidine 372 is more basic than nitrogen of usual amides,
and resonance stabilization of the O-protonated form is not possible, exclusive
N-protonation takes place687 (373) [Eq. (3.105)].

372                                                     373

H+

N
+Me

Me O

NMe

Me OH

ð3:105Þ

Protonation of aroyl azides and a-ketonitriles in superacid media (HSO3F–SbF5,
�78�C) occurs exclusively on the oxygen to yield a-azidocarboxonium ions 374688

and a-cyanocarboxonium ions 375,689 respectively.

C
N3HO

+

C
CNHO

+

374                                      375

R

R

R = H, Me, MeO,
       F, Cl, Br

R = H, 2-Me, 3-Me, 4-Me,
       4-MeO, 4-F, 4-Cl, 4-Br

The structures and 13C and 15N NMRchemical shifts of urea and itsmono-, di-, and
triprotonated forms have been calculated using high-level ab initio (MP2/6-311þG*)
and IGLOmethods.690 Protonated urea (uronium ion) is a resonance-stabilized cation.
The O-protonated structure uronium ion 376a of C1 symmetry was found to be more
stable by 5.8 kcal mol�1 than theN-protonated isomer 376b. TheNMR spectra of urea
solutions in H2SO4 and HNO3 (0

�C), as well as NMR spectra of HSO3F–SO2ClF

196 CARBOCATIONS IN SUPERACID SYSTEMS



(�80�C), consist of a single peak (d13C�160, d15N�79). The equivalence of the 15N
NMR peak indicates that O- and N-protonated uronium ion forms undergo rapid
exchange. Compared to chemical shifts of urea, the carbon in uronium ion is 1.5 ppm
shielded and nitrogen is 3.2 ppm deshielded. These changes compare well with the
IGLO calculated chemical shifts. Of the diprotonated ureas, the O,N-diprotonated
form 377 ofCs symmetry ismore stable by 22.3 kcalmol�1 than theO,O-diprotonated
form. The calculated bond distances—that is, a longer C–O, a longer C–NH3 and a
shorter C–NH2 bond compared to urea—clearly indicate that one of the positive
charges is localized on N, and the other charge is delocalized among O�C�N.
ThiswasalreadydescribedbyOlahandWhite691whenobtaining the 1H and 15NNMR
spectra of ion 377. In the case of triprotonated urea, which was not observed experi-
mentally, the preferred structure is the O,N,N-triprotonated form 378 (X¼O).
This, however, is only 1.8 kcalmol�1 more stable than the O,O,N-triprotonated
form.

a                                b

376

NH2

C

H2N

OH

+

NH3

C

H2N

O

+

NH2

C

H2N

OH +

NH2

C

H3N

O
H 2+

377                                        378

NH3

C

H3N

X
H 3+

X = O, S

Similar studies have also been performed with thiourea.692 Thiourea is monopro-
tonated in HSO3F–SO2ClF solution, and diprotonation occurs upon addition of SbF5
[Eq. (3.106)]. Monoprotonation was calculated to be exothermic by 214.2 kcalmol�1.
Further protonation of 379 to form 380, again, is exothermic by 60.1 kcalmol�1.
The changes in bond distances upon diprotonation of thiourea show similar tenden-
cies found for diprotonation of urea, indicating a similar charge localization/
delocalized pattern. Both cations were isolated as the AsF6

� salts and characterized
by low-temperature Raman spectroscopy (�110�C). With respect to the calculated
structures (B3LYP/6-31G* level), the conclusions are very similar to those found for
urea. Structure 379 of Cs symmetry is 20.0 kcal mol�1 more stable than the
N-protonated thiouronium ion. This observation is in agreement with earlier X-ray
structure analysis of thiouronium nitrate.693 The S,N-diprotonated form 380
(Cs symmetry), the only structure observed by NMR spectroscopy, is the lowest in
energy and 8.3 kcal mol�1 more stable than the S,S-diprotonated form. The preferred
structure of triprotonated thiourea, not observed experimentally, is the S,N,
N-triprotonated form 378 (X¼ S) being only 0.9 kcal mol�1 more preferred than
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the S,S,N-triprotonated form. However, including zero-point vibrational energy
makes the latter to be more stable by 1.1 kcal mol�1.

NH2

C

H2N

SH

+

NH2

C

H3N

S
H 2+

379                                    380

NH2

C

H2N

S
SbF5

−80°C

HSO3F−SO2ClF

ð3:106Þ

Mono-O-protonated carbamic acid 381 has been obtained by Olah, Prakash, and
co-workers694 by protolytic ionization of tert-butyl carbamate [Eq. (3.107)]. The
NMR chemical shifts observed in HSO3F–SO2ClF solution are at d1H 6.41
(2H,JN–H¼ 96.5 Hz) and d15N 69.5 (triplet, JC–N¼ 97.1 Hz), representing the NH2

group, and at d13C 162.4 (doublet, JC–N¼ 28.4 Hz), representing the cationic
carbon. This latter peak is 5.3 ppm deshielded relative to the carbonyl carbon of
tert-butyl carbamate. The GIAO-MP2-calculated NMR shift values deviate signifi-
cantly from the experimentally observed values. O-Protonated carbamic acid was
calculated to be more stable than N-protonated carbamic acid (MP2/6-31G* level),
by only 3.3 kcal mol�1.

381

OtertBu

C

H2N

O

−78°C

− tert-Bu+

HSO3F−SO2ClF or

HSO3F−SbF5

+

OH

C

H2N

OH

ð3:107Þ

Further protonation of protonated carbamic acid to form isomeric diprotonated
carbamic acids does not take place. Dication 382awas calculated694 to have a longer
C�N bond compared to protonated carbamic acid (1.478 versus 1.312Å). It is
indicative of one positive charge localized on the NH3 group, and the second charge
is delocalized on the O�C�O unit. In contrast, dication 382b is characterized by a
shorter C�N and a longer C�O bond relative to protonated carbamic acid (1.288
versus1.312Åand1.460versus an average1.303Å, respectively) revealing a localized
positive charge on oxygen and delocalization of the other positive charge on the
O�C�N unit. Of the two isomeric dications, the N-protonated structure 382a was
calculated by 17.5 kcalmol�1 to be more stable than dication 382b.

OH

C

HO

NH3

+

+ NH2

C

HO

OH2

+

+

a                                  b

382

Diprotonated N,N-bis(carboxyl)-1,2-diaminoethane 383 was also generated by
protolytic ionization694 [Eq. (3.108)]. The carbocationic carbon resonance found at
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d13C 161.5 in HSO3F–SO2ClF solution is only 0.9 ppm shielded from that of
protonated carbamic acid.

383

+

+

HSO3F−SO2ClF or

HSO3F−SbF5

NH

NH

C

C

OHHO

HO OH

NH

NH

C

C

OtertBuO

O OtertBu

−78°C

− 2 tert-Bu+

ð3:108Þ

Protonation of ethyl N-methyl carbamate was also performed in HSO3F–SO2ClF
and HSO3F–SbF5 solutions. Due to the hindered rotation about the C�N bond, two
rotamers are formed694 [Eq. (3.109)]. The 13C NMR spectra of the HSO3F–SO2ClF
solutionshowedresonancesatd13C160.4assigned to themajor trans isomer(384a) and
atd13C160.7 assigned to theminorcis isomer (384b). These resonances are shieldedby
2.0 and 1.7 ppm, respectively, from that of protonated carbamic acid. Isomer 384awas
found to be more stable by 5.4 kcalmol�1 (MP2/6-31G* level). Again, the persistent
diprotonated ethyl N-methyl carbamate dication was not detected. Likewise, only the
O-monoprotonated cation was identified in the protonation of methyl carbamate.

a                                 b
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HSO3F−SbF5

ð3:109Þ

Since nitrogen is a better electron donor than oxygen, in cationic derivatives of
imines the contribution of the aminomethyl cation structure 385b, comparedwith that
of the iminium ion resonance form 385a, is small.691,695 The same also applies to
amidines (386) and guanidines (387).

+

a                                         b
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Acidic iminium ions (385, R¼H) are usually prepared by the protonation of
compounds with C�N double bond such as imines542,696 [Eq. (3.110)] and ketox-
imes.542 The nonequivalence of the twoC-methyl groups below�20�C indicated that
in cation 388 the rotation about the C¼N bond is slow on the NMR time scale.696

388

N

Me

C

Me

Me

+N

H

Me

C

Me

Me

−60°C

HSO3F−SbF5−SO2

ð3:110Þ

Olah and co-workers666 also reported the calculated structures of protonated
methyleniminium cations using ab initio methods (MP2/6-311þG** level). Both
the N-protonated (389) and C-protonated (390) dications are minima on the potential
energy surface, but the NH3-substituted methyl cation 389 is more stable than the
3c–2e bonded structure 390, by 27.6 kcalmol�1. Structure 389wasdetected by charge
strippingmass spectrometrybySchwarz andco-workers.697Structures andenergies of
dications derived by protonation of methyl- and dimethyliminium ions have recently
been calculated (MP2/6-311þG** level).698 Both theC-protonated andN-protonated
dications were identified as minimum structure. However, the N-protonated isopro-
pyleniminium ion 391 (carbenium ammonium dication) was found to be more stable
by 20.8 kcalmol�1, even though the formal cationic centers are adjacent.

389                               390                                   391
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+
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+
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H
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+      +

Minkwitz et al.699 haveprepared dichloromethyleneiminumsalts 392 [Eq. (3.111)]
and made vibrational and NMR spectroscopic characterization. They have also
reported the X-ray crystal structure of the Cl2C¼NH2

þ and Cl2C¼NHCCl3
þ hexa-

chloroantimonates. In the solid state theCl2C¼NHCCl3
þ cation and the SbCl6

� anion
have one short HrCl contact (2.313Å).700 The cation framework is planar with C�N
bond lengths of 1.488 and 1.280Å. The latter value compares well with the bond
distance of 1.268Å in cation Cl2C¼NH2

þ.699

+
HF−MF5

−68°C

392

Cl

C

Cl

NCl

Cl

C

Cl

H

N

Cl

MF6
−

M = As, Sb

ð3:111Þ

A number of methods, including alkylation,701,702 acylation,703 and halogena-
tion,704 are available for the synthesis of nonacidic iminium ions.N-Trifluoromethyl-
substituted iminium ions have been obtained by Minkwitz and Lamek704 using a
variety of approaches (Scheme 3.12).
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1H, 13C, 15N NMR and ab initio/IGLO/GIAO-MP2 study of mono-, di-, tri-, and
tetraprotonated guanidine have been performed by Olah, Prakash, and co-workers.705

Guanidinium ion393 prepared according to a literature procedure706 [Eq. (3.112)] and
isolated as the sulfate salt shows a broad peak in its 1H NMR spectrum (d1H 6.6), a
peak in its 13C NMR spectrum (d13C �157), and a peak in its 15N NMR spectrum
(d15N�74). In agreement with previous calculations,707 guanidinium ion has a
propeller-shaped structure of C3 symmetry (MP2/6-31G* level). The equivalence of
the 15N NMRpeaks indicates that no further protonation of ion 393 to form long-lived
diprotonated guanidinium dication occurs at these acidities (H2SO4 and CF3SO3H at
room temperature, and HSO3F–SO2ClF at �40�C). Cation 393 is, however, readily
further protonated to diprotonated guanidinium dication 394 in substantially more
acidic Magic Acid solution [Eq. (3.112)].

+

−78°C

HSO3F−SbF5−SO2

NH2
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H2N

NH3

393                                                            394

NH2
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H2N
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C

H2N

NH2

+

+

ð3:112Þ

In its 1H NMR spectrum, dication 394 exhibits an NH3
þ peak (d1H 6.76) and two

peaks at d1H 6.32 and 6.09 in agreement with data previously reported by Olah and
White.691 The 13C NMR spectrum consists of a peak centered at d13C 148.9, and it is
shielded by 8 ppm from that of the guanidinium cation. The calculated bond
distances—that is, a longer C–NH3 and a shorter C–NH2 bond compared to guani-
dinium ion—indicate that one of the positive charges is localized on NH3 group, and
the second charge is delocalized among H2N�C�NH2. Previous calculations on
diprotonated urea690 and thiourea692 showed a similar pattern of charge distribution.
No further protonation of the dication could be achieved. The calculated structure of
triprotonated guanidine indicates that two of the positive charges are localized on
two NH3 groups and the third charge is delocalized over the amiocarbenium moiety
(395) resembling an ammonium–iminium structure. Formation of trication 395 is
endothermic by 70.1 kcal mol�1. GIAO-MP2 calculations indicate a deshielding
effect of 6.3 in the 13C NMR chemical shift of the trication compared to the dication

+
MF5−SO2
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−
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Scheme 3.12
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(d13C 155.3 versus 149). Deshielding was also found in the 15N NMR chemical
shifts. Structure 396 is the calculated structure of tetraprotonated guanidine. The
four localized positive charges are, obviously, highly unfavorable.

NH3

C

H3N

N
+

HH

+         +

395                                    396

NH3

C

H3N

NH2

+

+         +
+

Even diazomethane has been protonated708 in the superacid media. In Magic Acid
media, both methyldiazonium ion 397 as well as N-protonated diazomethane 398 are
formed [Eq. (3.113)].

397                     398

CH2N2   +   HSO3F−SbF5 CH3N2
+   + N NH

+
CH2−120°C ð3:113Þ

A series of 2-azaallenium ions have been prepared and characterized including
X-ray crystal structures.709,710 Charge delocalization and, consequently, structural
features depend significantly on substituents. In many cases, the contribution of the
allenium ion form 399a is more significant.

C N C

R4

R3

R1

R2

+ C N
C

R4

R3R1

R2 +

a                                                    b

399

Meerwein et al.711 reported N-alkylnitrilium salts and Olah and Kiovsky712 have
studied protonated alkyl nitriles and hydrogen cyanide generated in HSO3F–SbF5
solution at low temperatures. 13C and 15N NMR characterization of the cations 400
showed that the nitrile carbon is sp-hybridized and, therefore, nitrilium ions are linear
species. This conclusion is supported by theoretical studies713 and X-ray crystal
structure714 of nitrilium ion 401, indicating linear arrangement and triple-bond
character of the C�N bond.

C NH
+

R C NH
+

R MeN

Me

Me

CMe
+

400                                                            401

R = H, Me, Et, MeOCH2CH2, NCCH2, MeCO

       CH2=CH, PhCH=CH, NCCH=CH

A variety of dications have recently been prepared and characterized by X-ray
diffraction. The tetrakis(dimethylamino)ethylene dication 402 has been generated by
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two-electron oxidation of tetrakis(dimethylamino)ethylene715 [Eq. (3.114)]. Theo-
retical calculations for the ethylene dication predictD2dgeometry.716,717 In agreement
with this prediction,X-ray characterization of dication 402 showed that the twohalves
of the ion rotate by up to 76�. Furthermore, the planar Me2N groups are twisted out of
the two CCN2 planes. The C�C bond lengthens (1.51Å), whereas the C�N bonds
significantly shorten (1.30–1.33Å).

402

C C

NMe2

NMe2Me2N

Me2N

Cl2 or Br2

CHCl3
−10°C

C C

NMe2

NMe2Me2N

Me2N

+             + ð3:114Þ

Cationic formamidinium derivatives have also been prepared and character-
ized.718,719 The 1,1,3,3-tetrakis(alkylamino)allyl cation 403 formed according to
Eq. (3.115) gives dication 404 after protonation. In cation 403, both C�C and C�N
bonds are significantly reduced comparedwith the corresponding single bonds.Oneof
the C�N bonds is significantly longer than the others (1.41Å versus 1.34Å). This is
presumably due to the unfavorable steric arrangement of one of the attached tert-butyl
groups resulting in less favorable delocalization. The allyl bonds are, consequently,
nonsymmetric (1.38 and 1.42Å). The C�C bonds of dication 404 are considerably
longer (1.50 and 1.52Å), the C�C�C angle is close to tetrahedral (112.5�), and the
CCN2 planes are inclined at an angle of 82� compared with 28� in cation 403. These
changes indicate that delocalization is confined to the outer atoms. The barrier of
rotation about the amidine C�Nbondwas estimated from variable temperature NMR
data to be �18 kcal mol�1.

403                                                      404

RNH

CHCl3
−20°C

+                +

H

NHtertBu

HNR

HCl

Cl

Cl Cl

Cl +
RHN

RNH

H

NHR

HNR
H

HCl

ZnCl2

RNH2 tertBuHN

ð3:115Þ
A series of diprotonated bisguanidinium dications 405 have been synthesized and

characterized.720,721 X-ray crystal structure analysis shows that the C¼N andC–NMe2
bondshavevery similarbond lengths (1.326–1.341Åand1.331–1.343Å, respectively).
This indicates that each guanidinium moiety is highly symmetrical because of efficient
charge delocalization. Crystal packing forces, in turn, result in significant differences in
N�C�C�C torsion angles and angles between the planes of guanidinium units.

N
H

C

N

N

2+MeMe

Me

Me

N
H

C

N

N
Me Me

Me

Me
Y2−

405

Y = 2 Br, PhB4 Cl,

      HgCl4, 2 TfO
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3.4.17. Carbocations Complexed to Metal Atoms

Organometallic cations, in which an organic ligand is coordinated to a metal atom
bearing a unit positive charge, constitute a significant class of compounds.722–726Most
common of these are the p-allylic 406 [Eq. (3.116)] and 407, p-dienyl 408,
p-cycloheptatrienyl 409, and p-cyclooctatetraenyl 410 systems.722 Generally, metal
atomsof lowoxidation states are involved in complexing the electron-deficient ligands.
The usual metals involved are transition metals such as Fe, Cr, Co, Rh, Ir, Pd, and Pt.

406

CH3

(CO)3

Fe
Cl

CH3

Fe(CO)3
Fe(CO)3

H+AgBF4

ð3:116Þ

Fe(CO)3Cr(CO)3Fe(CO)3

+

+

++

Fe(CO)3

+

Fe(CO)3

407                      408                    409                                     410

Since their discovery, cobalt and, in particular, cationic dicobalt propargyl com-
plexes haveplayed an important role in organic synthesis725–727TheX-ray structure of
such a complex has recently been reported.728 Similar heterobimetallic complexes
(411) have also been synthesized. IR and NMR spectroscopic data suggest that in
complex 412 the stabilized HC:CCMe2

þ ions are p-coordinated to Mo or Watoms
and not to nickel.729 A recent example is the a-CF3-substituted 413 cation stabilized
by the bimetallic Co–Co cluster.730 Unlike the uncomplexed 2-alkynylbornyl cations,
bimetallic (Mo,Mo andCo,Mo) 2-propynylbornyl cation complexes related to cations
413 were found not to undergo Wagner–Meerwein rearrangement.731 According to
X-ray data, the 2-bornyl cation leans towardMo in the mixed-metal Mo,Co complex.
The synthesis and X-ray structure of a dicationic dimolybdenum complex was also
reported.732

ML3RC

M
L3

C

C R''

R'

M = Co, Mo, W
L = CO, C5H5

411                                             412                                                   413

MC

Ni

C

C Me

Me

M = Mo, W

H

CO
CO

Me

Co(CO)3C

Co

C

C CF3

Ph

(CO)3

nBu

+
+ +
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Cr(CO)3 is also known to strongly stabilize carbocations. Theoretical studies for
benzyl cations are abundant.733 Hoffmann and co-workers734 proposed that confor-
mation 414awould be more stable by approximately 6.8 kcal mol�1 than its rotamer.
According to recent computations (B3LYP), however, the energy barrier is negligible
(0.2 kcalmol�1).735 An interesting feature of complex 414 is that the benzylic carbon
bends down to coordinate to Co; that is, the contribution of resonance form 414b is
significant.735–737 Consequently, the complex may be better viewed as a pentadienyl
cation with an exocyclic double bond. The bending angle, however, decreases with
increasing substitution at the benzylic carbon.

H

H

Cr

CO
OC

CO

+ H

H

Cr

CO
OC

CO

+

a                                                       b

414

Harman and co-workers738 reported the synthesis of arenium cations stabilized
by Os complexation (for example, 415) via protonation with triflic acid of
[Os(NH3)5(Ar)](OTf)2 complexes (Ar¼ benzene, toluene, xylenes, naphthalene,
anthracene).

H

H
[Os(NH3)5]2+

+

415

There are also several carbocations that have an a-p-complexed organometallic
system. Cation 416 was easily prepared as the hexachloroantimonate salt739

[Eq. (3.117)].

416

Fe(CO)3

SbCl5

CH2Cl

Fe(CO)3

CH2

+

ð3:117Þ

The most notable of these ions are a-ferrocenyl carbenium ions such as 417, 418,
and419. As shown, cation417 has a transoid conformationwith aC–Cþ–Cbond angle
of 127�.740 The ferrocenyl rings are bent at the carbocation center to reduce the
distance between the Fe atoms and the carbocation carbon. 13C NMR data for cation
418 indicate significant charge delocalization attributed to either p–p conjugation
resulting in partial double bond character of the Cþ–ferrocenyl bond or direct Cþ–Fe
interaction.741 Allylic cation 419 was generated by protonation with HBF4 of the
corresponding alcohol and was fully characterized.742 X-ray structure analysis of the
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tetrafluoroborate salt has found that the 1,3-ferrocenyl units are twisted (9.7–21.9�)
and thecyclopentadienyl rings are planar but notparallel. Furthermore, similar toother
a-ferrocenyl carbenium ions, the ferrocenyl units tilt toward the cationic allyl moiety
(2.8–4.9Å), indicating aweak interaction (Fe–a-Cþbonddistances¼ 2.83and3.04Å,
a-Cþ

–ferrocene bond angles¼ 4.8� and 15.7�).

Fe

CH

Fe

417                                            418                                              419

+
+

Fe
H

tertBu

Fe Fe

Fe

+

H

As mentioned, the facile ring opening of the cyclopropyl cation 44 to the
energetically more favorable allyl cation 45 prevented direct observation [see
Eq. (3.29)]. Since the ferrocenyl group is a superstabilizing group fora-carbocationic
centers, Olah, Prakash, and co-workers743 ionized the 420 trimethylsilyl ether to
find that upon heating, the intermediate protonated ether transformed to cation 421
[Eq. (3.118)]. The carbon signals of the methylene carbons of the cyclopropyl group
(d13C 7.6) and the resonance of the carbocationic center at d13C 117.1 indicate
extensive charge delocalization into the ferrocenyl moiety.

Fe

420                                                                                          421

+
OSiMe3 Fe +Fe

HSO3F−SO2ClF

−78 to −40°C

ð3:118Þ

3.5. EQUILIBRATING (DEGENERATE) AND HIGHER (FIVE OR SIX)
COORDINATE (NONCLASSICAL) CARBOCATIONS

3.5.1. Alkonium Ions (Protonated Alkanes CnH2nþ3
þ)

As recognized in the pioneeringworkofMeerwein, Ingold, andWhitmore,10,12,18,19,744

trivalent alkyl cations (CnH2nþ1
þ) play important roles in the acid-catalyzed transfor-

mations of hydrocarbons as well as various electrophilic and Friedel–Crafts-type
reactions. Trivalent alkyl cations can directly be formed by the ionization of lone-pair
(nonbonded electron pair) containing precursors (n-bases) such as alkyl halides,
alcohols, thiols, and so on, or by protonation of singlet carbenes or olefins.
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Protonated alkanes (CnH2nþ3
þ) also play a significant role in alkane reactions.

Saturated hydrocarbons can be protonated to alkonium ions, of which the methonium
ion CH5

þ, 422 [Eq. (3.119)] is the parent, and formation of these pentacoordinate
carbocations involves two-electron three-center (2e–3c) bonds. The dotted lines in the
structure symbolize the bonding orbitals of the three-center bonds [Eq. (3.119)]; their
point of junction does not represent an additional atom.

H

C
H

H

H

H

C

H

H
+   H+

+

CH3

H

H

+

422

H

H

ð3:119Þ

3.5.1.1. The Methonium Ion (CH5
þ). The existence of the methonium ion

(CH5
þ, 422)745 was first indicated by mass spectrometric studies of methane746 at

relatively high source pressures—that is, molecular–ion reaction between a neutral
CH4 and a proton. Isotope exchange and collisional association in the reactions of
CH3

þ and its deuteriated analogs with H2, HD, andD2 have also been studied bymass
spectrometry using a variable-temperature ion-flow method.747 The chemistry of
methane and homologous alkanes (e.g., hydrogen–deuterium exchange and varied
electrophilic substitutions in superacidic media) pointed out the significance of
alkonium ions in condensed state chemistry. The energy of dissociation of CH5

þ to
CH3

þ and H2 is known experimentally748 to be 40 kcalmol�1 and calculated
as 34.7 kcal mol�1 by ab initio MO theory [MP4(SDQ)/6-311G**þZPE].749

Direct spectroscopic observation of CH5
þ in the condensed state is difficult,

because the concentration of the ion even in superacidicmedia at any time is extremely
low. The matrices of superacids, such as HSO3F–SbF5 or HF–SbF5 saturated with
methane, were studied by ESCA750 at �180�C, and the observed carbon 1s binding
energy differing by less than 1 eV from that of methane is attributed to CH5

þ. Neutral
methane has practically no solubility in the superacids at such low temperature of the
experiment, and at the applied high vacuum (10�9 torr) it would be pumped out of the
system. The relatively low 1s carbon binding energy in CH5

þ is in good accord with
theoretical calculations,751 indicating that charge density is heavily on the hydrogen
atoms and the five-coordinate carbon carries relatively little charge.

There are four possible structures of the methonium ion (Cs, C2v, C4v, or D3h

symmetry) (Figure 3.18). Cs has two structures: the eclipsed Cs(e) and the staggered

H

C

H
H

Cs(e)                  Cs(s)                              C2v C4v D3h

H

H

HC
H

H
H

+
H

H

C

H H
H H

+ +
HC

H

H

H

H
+

H

C

H
H

H

H

+

Figure 3.18. Methonium ion structures of various symmetries.
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Cs(s) conformation. The latter is the transition state for rotation of the H2 moiety of
3c–2e bond. These structures resemble a complex between CH3

þ and a hydrogen
molecule, resulting in the formation of a 3c–2e bond. Of the possible structures, Olah,
Klopman, and Schlosberg751 suggested preference for the Cs front-side protonated
form.

Preference for this form was based on consideration of the observed chemistry of
methane in superacids (hydrogen–deuterium exchange and, more significantly,
polycondensation indicating ease of cleavage to CH3

þ and H2) and also on the basis
of self-consistent field (SCF) calculations.751 More extensive calculations including
ab initio methods749,752–754 utilizing “all geometry” parameter search confirmed the
favored structure of Cs symmetry. This structure is about 3.7 kcal mol�1 more stable
than the structure ofC4v symmetry, which in turn is about 11.7 kcalmol�1more stable
than the trigonal bipyramidal D3h symmetry structure.749 Interconversion of stereo-
isomeric formsofCH5

þ is obviouslypossible byapseudorotation process.Muetterties
suggested755 that stereoisomerization processes of this type in pentacoordinated
compounds could be termed “polytopal rearrangements.” However, it is preferable
to call intramolecular carbonium ion rearrangements as “bond-to-bond rear-
rangements” since these are not limited to equivalent bonds in the case of the higher
homologs of CH5

þ (see subsequent discussion).
More sophisticated quantum mechanical calculations have been performed on

CH5
þ during the last 20 years. The Cs symmetrical form is the energy minimum

structure [MP2(FU)/6-31G** level of theory],756 and frequency calculations at the
same level showed that no other forms are minima on the potential energy surface.
Structure C2v was located as a transition structure for intramolecular hydrogen
transfer. The C�H and H�H bond distances in the 3c–2e interactions [calculated
at theMP2(FU)/6-311þþG(2df,2pd) level] are 1.180Å and 0.980Å, respectively.756

Single-point energies, however, showed that Cs is only 0.86 kcalmol�1 more stable
than C2v [QCISD(T)/6-311þþG(3df,3pd)//MP2(FU)/6-311þþG(2df,2pd) level].
After corrections for zero point vibrational energies, however, Cs and C2v have
essentially the same energies at absolute zero temperature. As a consequence,
hydrogen scrambling in Cs, in accordance with experimental observations is a very
facile process.

The Cs and C2v structures have been reinvestigated by Schleyer and co-workers
757

at evenhigher-levelab initio theory.Changes in geometrywere found to bevery small,
implying that the optimizations are essentially converged within theoretical limits.
The differences in energies between the structures increasingly vanish at the most
sophisticated levels and hydrogen scrambling becomes an essentially barrierless
process. CH5

þ was concluded to be a fluxional molecule and thus a rather unique
species. Protonatedmethane is not the nonclassical carbocationprototype, butCH5

þ is
unique.757–759 A more recent study has used quantum diffusion Monte Carlo tech-
niques on an interpolated potential surface constructed fromCCSD(T)/aug’-cc-pVTZ
ab initio data.760 The ground state of CH5

þ was found to be significantly more
symmetric than its global minimum energy structure. The zero-point motion of CH5

þ

renders all five protons equivalent in the ground state; that is, the ground state structure
of CH5

þ is more symmetric than the Cs global minimum energy configuration.
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Marx and Parrinello performed an extensive ab initio electronic structure calcula-
tion (Car–Parrinello simulation761) also including the quantum effects and showed
that a preference for the Cs quantum ground state does exist.762 Furthermore, a small
but definite barrier for hydrogen equilibration was found to exist. The preferred Cs

symmetrical structureofCH5
þwasalso reconfirmedbyKutzelnigg andco-workers763

[high-level CCSD(T)-R12 with large basis sets].
Attempts have beenmade to observe and experimentally determine the structure of

CH5
þ in the gas phase and study it in the condensed state using IR spectroscopy,764,765

pulse electron-beam mass spectrometry,766 and Fourier transform ion cyclotron
resonance mass spectrometry (FT–ICR MS).767 However, an unambiguous structure
determination was unsuccessful. Retardation of the degenerate rearrangement was
achieved by trapping the ion in clusters with H2, CH4, Ar, or N2.

The IR spectrum of the CH5
þ ion solvated by a hydrogen molecule [CH5

þ(H2),
423] has been reported by Bo and Lee.764 The frequency of the stretching band
centered at 2966 cm�1 matches the calculated frequency of 423 containing the Cs(e)
structure by the ab initiomethod.768 IR spectra of solvated ions CH5

þ(H2)n (n¼ 1–6)
were also disclosed.769 Data indicated the scrambling of CH5

þ through large-
amplitude motions such as the CH3 internal rotation and in-plane wagging motion.
Attachment of solvent H2 molecules to the core ion slowed the scrambling, and
binding three H2 molecules to the CH5

þ core ion ultimately resulted in the complete
freezing of scrambling motions.

H
C

H

H

H H

+

H

H

423

Protonated methane has a complex high-resolution IR spectrum,765 which is not
inconsistentwith theoretical predictions.Because the three nonequivalent equilibrium
structures [Cs(e), Cs(s), and C2v] have nearly identical energies and its five protons
scramble freely, the ion shows an unusual vibrational and rotational behavior.
However, no assignment or even qualitative interpretation was offered. Marx and
co-workers770,771 have recently disclosed a comprehensive study of the properties of
protonated methane using laser-induced reaction technique. A comparison of the
experimental infrared spectrum of bare CH5

þ at�110 K to finite-temperature spectra
calculated by ab initiomolecular dynamics supports the fluxionality of the protonated
methane cation. Interestingly, hydrogen scrambling and internal rotation of the H2

moiety could be computationally frozen out, which allowed the interpretation of the
observed IR spectrum. Three distinct, well-separated peaks of C�H stretchingmodes
involving the carbon nucleus and the protons that form the H2 moiety, along with
the hydrogens engaged in the CH3 tripod, lend experimental support to three-center
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two-electron bonding.Hydrogen scramblingwas suggested to result from softening of
a mode that involves bending of the H2 moiety relative to the CH3 tripod.

Pulse electron-beam mass spectrometry was applied by Kebarle, Hiraoka, and
co-workers766,772 to study the existence and structure of CH5

þ(CH4)n cluster ions in
the gas phase. These CH5

þ(CH4)n clusters were previously observed by mass
spectrometry by Field and Beggs.773 The enthalpy and free energy changes measured
are compatible with the Cs symmetrical structure. Electron ionization mass spec-
trometry has been recently used by Jung and co-workers774 to explore ion–molecule
reactions within ionized methane clusters. The most abundant CH5

þ(CH4)n cluster is
supposed to be the product of the intracluster ion–molecule reaction depicted in
Eq. (3.120) involving the methane dimer ion 424.

(CH4)n (CH4−CH4
+) (CH4)n (CH3−CH5

+) (CH4)n CH5
+  +  CH3

424

ð3:120Þ

Isotopic protonated (deuteriated) methanes were generated under various pressure
conditions, and their reactivity toward ammonia was studied by FT–ICR mass
spectrometry.767Competition between proton and deuterium transfer fromprotonated
perdeuteriomethane and deuteriated methanes to ammonia shows chemically distin-
guishable hydrogens. The results allowed to conclude that the chemical behavior of
protonated methane appears to be compatible with the theoretically predicted stable
structure with Cs symmetry, involving a two-electron three-center bond. Interconver-
sion of this structure due to exchangebetweenoneof the twoassociated hydrogens and
one of the three remaining hydrogens appears to be fast, which is induced by
interactions with the chemical ionization gas.

As early as 1972, Libby and co-workers775 studied radiolysis by g-rays of solid
methane in liquid argonat 77Kanddetected the formationof polymers.TheCH5

þ ion,
most probably formed according to Eq. (3.121), may be involved in the process,
whereas subsequent ion–molecule reactions followedbyneutralization lead to heavier
hydrocarbons [Eq. (3.122)].

CH4 +    +    CH4 CH5
+    +    CH3 ð3:121Þ

CH4    +    Cn
+H2n+1 H2    +    Cn+1

+H2n+3 ð3:122Þ

Sommer and co-workers776 have used experimental techniques (determining
secondary kinetic deuterium isotope effects) and computational (DFTand high-level
ab initio) methods to study methane activation in HF–SbF5. The methonium ion
solvated by HF (425) was found to be the potential energy minimum. The unsolvated
superacidH2F

þ is the only species strong enough to protonatemethane in a barrierless
process (B3LYP/BS2 and MP2/BS1 levels). The potential energy of the activated
complex (426) for the exchange process was calculated to be only 1.9 kcal mol�1

higher than that of the strongly HF-bonded product CH5
þ ion (425). The (HF)x-

solvatedH2F
þ superacid (x¼ 1–4) is not able to yield stable solvatedmethonium ions,
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but it participates in the transition states of the exchange in which CH5
þ ions are

solvated by (HF)x.

H

C

H
H

H

H

+
H

C

H
H

H

H

+

F H
F H

425                                             426

‡

On the basis of the information discussed above, the CH5
þ ion appears to be a

fluxional species that undergoes rapid, very low-energy bond-to-bond rearrangements
as postulated byOlah et al.751 as early as 1969. The core protonatedmethane, however,
is still best represented by the Cs symmetry ground-state structure and can be
considered the parent carbonium ion.

Schleyer and co-workers777,779 have calculated by ab initiomethods the geometry
of several lithiated analogs of CH5

þ, including structures 427 and 428. Both CH3Li2
þ

and CLi5
þ have been observed by mass spectrometry.

+

H C
H

H

Li

Li +

Li C
Li

Li

Li

Li

427                         428

Schmidbaur and co-workers780–783 haveprepared themonopositively charged gold
complexes [(LAu)5C]

þ429, which are the substituted analogs of CH5
þ. Considering

the isolobal relationship (i.e., similarity in bonding) between LAuþ and Hþ, com-
plexes 429 represent the isolobal analog of CH5

þ. The structure is of these compounds
were determined by various experimental techniques (analytical and spectroscopic
identifications, single-crystal X-ray crystallography). The X-ray data of the
[(Ph3PAu)5C]

þBF4
� complex show a trigonal bipyramidal structure (C3 symmetry).

Thiswas the first isolation andX-ray determination of an analog ofCH5
þ, followed by

the preparation and characterization of the pyramidal complex 430.784

AuPPh3C
LAu

LAu

AuPPh3

AuPPh3
+

429                                                                               430

L = PPh3, or SiMe3,
       or SiMe2Ph

2+

Ph3PAu

AuPPh3Ph3PAu

AuPPh3

C

S

Me

Me
O

Boron and carbon are consecutive first-row elements. Consequently, pentacoordi-
natemonopositively charged carbonium ions are isoelectronicwith the corresponding
neutral pentacoordinate boron compounds; that is, the BH5 molecule is isoelectronic
with CH5

þ. Within this context, it is interesting to refer to the five-coordinate
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square-pyramidal gold cation complex {[Cy3PB(AuPPh3)4]
þ, Cy¼ cyclohexyl} 431

reported and studied by Schmidbaur and co-workers,781,785 which is the isolobal
analog of BH5. The symmetry of the PB(AuP)4 skeleton of cation 431 is close to C4v,
and the fourgold atoms are arranged in a slightly distorted and folded square cappedby
the boron atom with an apical Cy3P ligand. The short Au–Au distances (2.82Å
average) indicate bonding interactions between neighboring Au atoms.

431

+PCy3

Ph3PAu

AuPh3PAu

AuPPh3

B

PPh3

3.5.1.2. Multiply ProtonatedMethane Ions and Their Analogs. In addition
to the involvement in a single 2e–3c bond formation, carbon is also capable of
simultaneously participating in two 2e–3c bonds in some carbodications. Diproto-
nated methane (protiomethonium dication, CH6

2þ) is the parent of such
carbodications.

The C2v symmetrical structure (432) of diprotonated methane with two stabilizing
orthogonal 2e–3c interactions was shown by quantum mechanical calculations
(ab initio methods)786,787 to be the only minimum on the potential energy surface.
The other structures (433–436), in turn, were calculated to be saddle points on the
potential energy surface. These were found to be 5.7, 12.0, 17.4, 41.5, and 35.2 kcal
mol�1, respectively, higher in energy than structure 432 (HF/6-31G**//HF/6-31G*
level). At theHF/6-31G* level, the C�Hbond length of each of the 2e–3c interactions
is considerably longer than that of 2e–2c bonds (1.208Å and 1.123Å, respectively).
The H�H bond length in 2e–3c interactions is 0.972Å. On the basis of these data,
structure 432 can bevisualized as a complexofH2with thep-orbital of the carbon atom
of the planarC2v symmetricalCH4

2þdication.Olah et al.788 have recently recalculated
CH6

2þ at even higher theoretical levels [MP4(SDTQ)/6-311G**//MP2/6-31G**].
C�HandH�Hbond lengths in2e–3c interactionswere found tobe1.202 and1.018Å,
respectively.

C

HH HH

2+H H

432                           433                       434                      435                         436

H

C

H H

H H

2+
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C2v                               C5v                           D2d                           Oh                            C4v
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H H
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H H
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C
H

H

HH
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2+
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H

H
H

H

H H

2+

The dication (C6Me6)
2þ (437) and theCLi6

2þ dication (438) are two additional six-
coordinate carbon-containing species. Ion 437 was observed by Hogeveen and
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Kant41,789 and has a pyramidal structure (see Section 3.5.4.2). Calculations carried out
for CLi6

2þ (438) show a preference for the octahedral structure.777 Furthermore,
similar to the fivecoordinate CH5

þ analog gold complexes, the dipositively charged
[(LAu)6C]

2þ gold complexes 439, containing a six-coordinate carbon atom have also
beenprepared and characterizedbySchmidbaur and co-workers.781,790–792According
to X-ray data, complex 439 (L¼ PPh3), which is an isolobal mimic of CH6

2þ, has a
distorted octahedral structure with Au–Au edges in the range 2.887–3.226Å. Rela-
tivistic electronic structure calculations (LCGTO-LDF method) for the corresponding
PH3- and PMe3-ligatedmodels showed that the complexes are stablewith respect to the
loss of an AuPR3

þ ligand.793,794

C
Li

Li Li

Li

Li

Li

2+

C
LAu

LAu

AuL

AuL
2+

AuL

AuL

437                         438                                        439

2+

L = PPh3,

PPh2(4-NH2C6H4)

Six-coordinate dipositively charged carbocations are isoelectronic with the corre-
sponding monopositively charged hexavalent boron compounds. The parent six-
coordinate boronium ion BH6

þ, isoelectronic with CH6
2þ, was generated in the gas

phase byDePuy et al.,795,796 andOlah and coworkers797,798 studied simultaneously its
structure and energetics. The C2v symmetric form isostructural with CH6

2þ, contain-
ing two 2e–3c interactions and two 2e–2c bonds (see structure 432), was found to be
the only stable minimum for BH6

þ [MP2/6-31G** level797 and B3LYP/6-31þþG
(3df,2pd) level798].

Olah and Rasul799 have reported ab initio calculations for triprotonated methane
(diprotiomethonium trication, CH7

3þ). For the parent seven-coordinate CH7
3þ

carbocation the C3v symmetrical form (440) was found to be the only stable
minimum (MP2/6-31G** level). It is a propeller-shaped molecule and can be
visualized as a complex between CH3þ and three hydrogen molecules, resulting in
the formation of three 2e–3c interactions with the hydrogen atoms bearing the
positive charges (NBO charge calculation). It appears that strong bonding inter-
actions in the cation can counter the substantial charge–charge repulsion. The C�H
bonds in the 2e–3c interactions are slightly longer (1.282 and 1.277Å) than bond
distances in the CH5

þCs structure (1.181Å) at the same level of theory. Similarly, the
H�H bond distance in the 2e–3c interactions (1.085Å) is longer than that in the free
hydrogen molecule (0.734Å) at the same theoretical level and is also slightly longer
than that found in H2

þ (1.031Å). The transition structure for intramolecular
hydrogen transfer (441) lies only 0.7 kcal mol�1 higher in energy than structure
440, indicating very facile intramolecular proton transfer. In accordance with
expectations, various dissociation reactions of CH7

3þ are highly exothermic
processes (data calculated at G2 theory) (Scheme 3.13).
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A search was also made for the minimum-energy structure for the octacoordinate
carbocation complex tetraprotonatedmethane (CH8

4þ).799 This can be viewed as four
dihydrogen units complexedwith the tetrapositively chargedC4þ cation (442) and can
be compared with the CH3þþ 3H2, CH2

2þþ 2H2, CH3
þþH2 complexes in CH7

3þ,
CH6

2þ, CH5
þ carbocations, respectively. It appears, however, that charge–charge

repulsions have reached a prohibitive limit, since efforts atMP2/6-31G** level proved
to be futile; that is, CH8

4þ remains even computationally elusive.

C

H
H

H
H

H
H

H
H

442

4+

3.5.1.3. VariedMethane Cations. Themethane molecular ion (methane radical
cation,CH4

þ�), theparent ion inmass spectrometry, and themethanedication (CH4
2þ)

are of great significance and have been studied both experimentally and theore-
tically.800–802 Recent advanced studies have shown that the methane radical cation,
CH4

þ� has a fivecoordinate planar structure as suggested in early calculations byOlah
and Klopman.800

The methane dication (CH4
2þ) with a lifetime of only�3ms803 has been detected

experimentally in thegas phase.804–807A square-planarD4h symmetrical structurewas
predicted by early calculations.808,809 However, the planar but not square C2v

symmetrical form (443) was shown to be the preferred structure by Wong and
Radom.810 The cation contains an sp2-hybridized carbon, an empty p-orbital perpen-
dicular to the plane of the molecule, and a 2e–3c interaction. It can be visualized as a
complex of a hydrogen molecule weakly bounded by a 2e–3c bond to the CH2

2þ core
as shown by ab initio calculations [MP2 and B3LYP levels with 6-311þþG(2df,2pd)
basis set].811 The pentacoordinate CH5

2þ� radical dication was studied by Stahl

H

H

C

H

H
H

H

3+

H

440                               441

C

HH HH

3+
H H

H

CH6
2+  +  H+

∆H = −260.3 kcal mol−1

∆H = −241.1 kcal mol−1

CH7
3+

CH4
2+  +  H3

+

Scheme 3.13
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et al.807 by charge stripping mass spectrometry and the Cs symmetric geometry (444)
was rationalized by theoretical calculations.

H

C

H

H

H

2+

443                              444

H

C

H
H

H

H

2+..

The CH5
3þ trication, which is formed by the removal of one electron from the

CH5
2þ� radical dication, has been studied theoretically by Olah and Rasul.812 Only a

singleminimumwas found on the potential energy surface (MP2/6-31G** level). This
is the planar D5h symmetrical structure (445) with the five hydrogens bonded to the
carbon atom sharing only six valence electrons and a vacant p-orbital perpendicular to
theplaneof themolecule.Another possible structure (446)with two2e–3cbonds is not
a minimum and converges to structure 445 upon optimization. The C�H bonds in
trication 446 are electron-deficient and, consequently, weaker. Therefore, the bond
lengths in structure 446 are longer (1.317Å) than those in the 2e–3cC�Hbonds of the
Cs structure of CH5

þ (1.181Å). Bonding interactions between adjacent hydrogens are
negligible, since hydrogens are separated by 1.549Å. The dissociation of CH5

3þ to
CH4

2þ and Hþ is highly exothermic (274.6 kcal mol�1), indicating that the CH5
3þ

trication is highly unstable. The search for the minimum energy structure of the CH6
4þ

tetracation was also unsuccessful.

C

H

H H

H

H

3+

C

HH HH

3+H

445                              446

Calculations on the structure and stabilities of helium-containing polyatomic
ions813 were reported in the 1980s by Wilson and co-workers,814,815 Schleyer,816

and Radom and co-workers817 and more recently by Koch, Frenking, and co-
workers.818,819 The quadruply charged tetraheliomethane tetracation CHe4

4þ shown
by Radom and co-workers817 to be a remarkably stable species was first calculated by
Schleyer.816 More recently, Olah et al.820 studied the CH4He

2þ heliomethonium
dication, which is isoelectronic with CH5

þ. The Cs symmetric form 447 is the only
stableminimum,whereas theC4v symmetrical structure (448) is the transition state for
hydrogen scrambling [MP2/6-31G* and MP2/6-311þG(2d,p) levels]. Structure 447,
which may be considered as a complex between a neutral helium atom and methane
dication CH4

2þ, contains one 2e–3c bond. Structure 447 is only 1.7 kcalmol�1 more
stable than structure 448 (MP2/6-31G**//MP2/6-31G** level). The energy difference
between the two structures, however, disappears at the highest level of theory applied,
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allowing very facile hydrogen scrambling.

2+

447                              448

H

C
He

H

H H

C

H

H H

H

He 2+

The energetics of several dissociation paths of the CH4He
2þ dication was also

calculated by the G2 method (Scheme 3.14). The first two processes are highly
exothermic, but deprotonation has a significant kinetic barrier. The dissociation of
CH4He

2þ into CH4
2þ and a neutral helium atom is endothermic. This provides a

possibility to generate CH4He
2þ by reacting CH4

2þ with He in the gas phase.

3.5.1.4. Ethonium Ion (C2H7
þ) and Analogs. The next higher alkonium ion,

the ethonium ion (protonated ethane, C2H7
þ) 449a and 449b (Scheme 3.15), is

analogous to its parent CH5
þ ion. Protonation of ethane can take place either at a C�H

bond or at the C�C bond, but the interconversion of the resulting ions is a facile low-
energy process. Experimental studies by Hiraoka and Kebarle (pulsed electron beam
MS)748 and later by Lee et al. (IR spectroscopy)821 have shown the existence of
isomeric C2H7

þ cations in the gas phase with an energy difference of 7–8 kcal mol�1.
The 449b C�C protonated form is preferred over the 449a C�H protonated form by

CH3He+  +  H+

∆H = −138.5 kcal mol−1

∆H = −96.6 kcal mol−1

CH4He2+

CH3
+  +  HeH+

∆H =  +7.2 kcal mol−1CH4
2+  +  He

∆H = +119.2 kcal mol−1CH4
+   +  He+

Scheme 3.14

CH3 CH3

H
+

CH3CH2

H

H

H3C CH3 +   H+

+

449a

449b

Scheme 3.15
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about 4.4 kcalmol�1 (ab initio calculations).822 Such a protonation process would be
consistent with the observed H�D exchange in labeled systems as well as with
the formation of methane as a byproduct in the protolytic cleavage of ethane in
superacids.751 FT–ICR MS experiments showed that intramolecular hydrogen ran-
domization is a very fast process in the gas-phase preceding the decomposition or any
other transformations of C2H7

þ.823

Subsequent theoretical investigations, however, indicated that a third isomer also
exists. This may be considered to be an ethyl cation solvated by H2

824 or a complex
between bridged protonated ethylene and a hydrogen molecule (450).822 Recent FT–
ICR experiments825 for the reaction of CH3

þ and CH4 leading to the intermediacy of
the C2H7

þ ion lent support to the existence of structure 450, which is lower in energy
than structure 449. It was also suggested that the isomer of higher energy identified in
previous experiments748,821 as structure 449may, in fact, correspond to structure 450.
Interestingly, Hiraoka and Kebarle also considered but discounted the possibility of
complexes between C2H5

þ and H2.

H

C C
H

H H

H

H H +

450

Various transformations of ethane on zeolites were also interpreted by invoking the
involvement of protonated ethane. The hydrogen exchange has been studied using
local density calculations (DFTwith double-x plus polarization basis set),826 applying
theB3LYPandMP2methods (6-31G** basis set)827 or usingDFTand an analysiswith
the atoms-in-molecules method.828 The T3 zeolite cluster model (a cluster formed by
three tetrahedral units) is generally used in most theoretical works. Structure 451 is
suggested to be the transition state of hydrogen exchange characterized by a slightly
ionic interaction between a distorted C2H7

þ structure and a negatively charged zeolite
cluster.

C

C

H

HH

HH

HH

O
Al

SiOSi

O

OO

O
OO

O O

451

The preferred structure of the diprotonated C2H8
2þ ethane dication (452) consid-

ered theoretically786 incorporates two pentacoordinate carbons and an unprotonated
C�Cbond (HF/6-31G* level).AnewcalculationbyOlah et al.788 (MP2/6-31G**) has
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shown that both theC2 symmetry structure452 and theC2h symmetry structure 453 are
the minima on the potential energy surface, with 453 being more stable by 0.4 kcal
mol�1 than 452.

H

C

H

C

H

H

H

H

H

H

2+

452                                  453

H

C

H

C

H

H

H

H

H

H

2+

Schmidbaur and co-workers829 have prepared and characterized the tetraaurated
ethoniumcations454. TheMeC(AuP)4 unit has a square-pyramidal geometrywith the
methyl group in apical position. The bonding interactions between neighboring Au
atoms indicated by the shortAu–Au distances (2.8Åaverage) along the edges strongly
contribute to stability.

+Me

LAu

AuLLAu

AuL

C

L = PPh3 or
      cyclohexyl

454

3.5.1.5. Proponium Ions and Analogs. The higher alkonium ions, including
protonated propane (C3H9

þ), have been observed in the gas phase by high-pressure
mass spectrometry.746,748,749 In solution, the higher hydrocarbons show an increasing
tendency to form C�H�C three-center, two-electron bonds on protonation as
evidenced by the increasing tendency to form C�C bond cleavage products.

Hiraoka andKebarle748,830 studied the C3H9
þ protonated propane cation in the gas

phase and found two isomers (cations 455 and 456). TheC-protonated cation 455was
shown to be of lower energy and also much more stable toward dissociation to
C2H5

þþCH4 or sec-C3H7
þþH2 than the 2-H-protonated (456) cation. The energy

barrier of the interconversion of the ions was calculated to be 9.1 kcal mol�1.

H

CH3CH2 CH3

+
H

HC H
H3C

CH3

+

455                                   456                                     457

H

CH3CH2CH2 H

+

Two isomeric proponium ions, cation 455 and 457 were computed by Collins and
O’Malley831 (DFTandMP2calculations). The2-H-protonated cation456, in turn,was
suggested to be rather the transition state for the interconversion of the ions. Structure
456 is better described as the van derWaals complex of sec-C3H7

þ andH2, which was
already suggested by Hiraoka and Kebarle.748 Mota and co-workers832 have recently
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calculated the potential energy surface of the C3H9
þ cation [MP4(SDTQ)/6-

311þþG**/MP2(full)/6-31G** level]. In accordance with previous results, the
C-proponium cation (455) was found to be of lowest energy, but the complex sec-
C3H7

þþH2 lies only 0.3 kcalmol�1 above structure 455. The C�H bond lengths
in the 3c–2e interactions are 1.272 and 1.188Å, whereas the C�C bond distance
is 2.099Å. The interconversion between the 1-H-protonated cation (457) and the
C-proponium cation (455) was shown to have no energy barrier. This result
has relevance to zeolite chemistry. On zeolites where steric effects are important,
the primary—that is, more accessible—hydrogens are protonated initially to yield
the 1-H-proponium cation (457) (kinetic control), which then easily rearranges to
give the thermodynamically more stable C-proponium ion.

On the potential energy surfaceofdiprotonated propane (C3H10
2þ), three structures

were located as minima (MP2/6-31G** level).788 The 1-H,2-H-diprotonated and
1-H,3-H-diprotonated forms (458 and 459) are of C1 and C2v symmetry, respectively,
whereas the 1-H,C-diprotonated structure (460) has C1 symmetry. Structure 459, a
distonic dication with the two charge-bearing centers separated by one carbon, is
significantly more stable (by 22.6 kcal mol�1) than structure 458 (a gitonic dication
with adjacent charges) and also more stable than structure 460 (by 6.9 kcal mol�1).

H

H
HH

HH

HH
H

CH3

H

H

458                                          459                                                 460

2+ 2+
2+

3.5.1.6. Higher Alkonium Ions. The acid-induced H�D exchange of isobutane
(461) at conventional acidities (e.g., with deuterosulfuric acid) was studied by Otvos
and co-workers.833 All nine methyl hydrogens are readily exchanged, but not the
methine hydrogen. The mechanistic explanation for this observation must involve
formation of trivalent tert-butyl cation (1), probably in an oxidative ionization
step (Scheme 3.16). The tert-butyl cation then undergoes reversible deuteriation

CH3

D2SO4

(CD3)3CH

C

CH3

CH3

H (CH3)3C+

(CD3)3C+

−H+ H3C
C

CH3

CH2

D+

D+

−H+

(CH3)3CH
H3C

C

H3C

CH2D
+

1   +

                                         1                                            462

461

Scheme 3.16
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involving isobutylene, with the process repeating itself and thus accounting for
exchange of the methyl hydrogens with deuteriated sulfuric acid.

The tert-butyl cation (1) reforms isobutane via hydride abstraction from isobutane
according to Bartlett et al.,834 Nenitzescu et al.,835 and Schmerling836 involving the
tertiary C�H bond only through intermediate structure 463, and thus not exchanging
the methine hydrogen.

H

(CH3)3C C(CH3)3

+

463

In contrast, Olah et al.837 showed that in deuteriated superacidic media (e.g.,
DSO3F–SbF5 orDF–SbF5 at low temperatures), initially only themethine hydrogen is
exchanged (with the acid), indicating no deprotonation–protonation equilibria in-
volving species such as 1 and 462. The latter reaction proceeds through the interme-
diary of the 464 arising by protonation (deuteriation) of the tertiary C�H bond of
isobutane [Eq. (3.123)]. Subsequent reactions exchange themethyl hydrogens through
protonation (deuteriation) of the methyl groups.

(CH3)3CH +   D+

464

(CH3)3C

H

D

+

−H+
(CH3)3CD ð3:123Þ

Similar regioselectivity of exchange was found in triflic acid.838 Moreover, a fast
deuterium exchange at all C�Hbondswas observed in isobutane recovered after short
contact times with DF–SbF5 at 0

�C (in contrast to �78�C).839 Isomeric carbonium
ions 465a, 465b, and 465c are formed in equilibrium. The relative concentration of
these pentacoordinate reaction intermediates, in accord with the Olah s-basicity
concept, depends only on the relative basicity of the proton-accepting bonds. An
extended study with various C3–C5 alkanes resulted in similar observations.840 The
amount of hydrogen formed up to about 20mol% of SbF5 roughly parallels conver-
sion, in agreement with the protolytic ionization.839

HD
+

CH3 C

H2C

CH3

H
C

CH3

CH3

HCH3 C

CH3

CH3
H

D

D

H3C
+ +

a                           b                            c

465

Evidence for a C�C protonated C4H11
þ ion (466) resembling cation 463 was

obtained by Siskin.841 When studying the HF–TaF5-catalyzed ethylation of a large
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excess of ethane with ethylene in a flow system, n-butane (467) was obtained as the
only four-carbon product free from isobutane [Eq. (3.124)]. This remarkable result can
only be explained by C�H bond ethylation of ethane, through the five-coordinate
carbocation intermediate 466 which subsequently yields n-butane (467) by proton
elimination. Use of a flow system that limits the contact of the product n-butane with
the acid catalyst is essential, because on more prolonged contact, isomerization of
n-butane to isobutane occurs.

CH3CH2 CH2CH3

H +

[CH3CH2]
+

−H+
CH3CH2CH2CH3CH3CH3  +

466                                         467

ð3:124Þ

Alternatively, if the reaction involved trivalent n-butyl cation 468 (from ethylation
of ethylene) the ion would inevitably rearrange via 1,2-hydrogen shift to sec-butyl
cation 19, which in turn would isomerize into the tert-butyl cation (1) and thus give
isobutane (461) [Eq. (3.125)].

[CH3CH2CH2CH2]+

468

[CH3CH2]++

(CH3)3CH

CH2H2C
1,2 ~H

CH3CH2CHCH3

+
(CH3)3C+

19                                1                        461

ð3:125Þ

ThepulsedelectronbeamMStechniquewasalsousedbyHiraokaandKebarle842 to
study the C4H11

þ cations. In the ion–molecule reaction of ethane and the ethyl cation,
two species were observed and identified as the 2-H-n-butonium cation 469 and the
2-C-n-butonium cation 470. C�C protonated ion 470 formed first rearranges to C�H
protonated ion 469 (energy barrier¼ 9.6 kcal mol�1) and then dissociation to sec-
C4H9

þþH2 takes place.

H

H
CH3

HH

HH

+

+

++

469                      470                             471                              472

Three cations, anH-protonated (471) and twoC-protonated (470 and 472) isomers
were found byCollins andO’Malley831 byDFTandMP2 calculations. Ion 472 ismore
stable than ion 470 by about 5 kcal mol�1. Eleven stable isomeric protonated butane
cations including rotamers were found by extensive studies by Mota and co-
workers843 [MP4SDTQ(fc)/6-311þþG**//MP2(full)6-31G** level]. The stability
order 2-C-n-butonium (470)> 1-C-n-butonium (472)> 2-H-n-butonium (469)>
1-H-n-butonium (471) was interpreted in terms of charge delocalization in the
involved 3c–2e bonds. Cation 471 prefers to rearrange to cation 472, whereas cation
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469 decomposes to sec-C4H9
þþH2. Both cations 471 and 472 are higher in energy

than the corresponding van der Waals complexes (C2H5
þþC2H6, sec-C4H9

þþH2,
and n-C3H7

þþCH4). Good agreement was found between experimental and com-
puted proton affinity values (153.7 kcal mol�1 versus 156.7 kcal mol�1). An explor-
atory topological study of the Laplacian of the electronic charge density by Jubert and
co-workers844 was performed on the 11 butonium carbocations.

Geometries and energies of the conformers of the symmetrically protonated
C4H11

þ cation 470 have recently been studied by ab initio methods.845 The trans-
C4H11

þ and thegauche rotamerwith a staggered dihedral for the bridgingproton are of
the lowest energy, but all conformers liewithin a 1-kcalmol�1 range. The bestmethod
[CCS(T)/cc-pVTZ] used for optimization of the geometry of the C2-symmetry
minimum for trans-C4H11

þ gave the following bond geometry values: C�H bond
length¼ 1.2424Å, C�C bond distance¼ 2.177Å, C�H�C bond angle¼ 122.4�.

The reaction of the isopropyl cation with methane to give the isobutonium ion was
also studied by Hiraoka and Kebarle.748 The C-protonated cation 473 has a heat of
formation of 170.7 kcal mol�1. Mota et al.846 have characterized by ab initio studies
[MP2(full)/6-31G** level] three structures (473–475) and two van der Waals com-
plexes with increasing energies in the order 473< 474< 475. The C�H bond lengths
in the 3c–2e interactions are 1.470 and 1.137Å, whereas the C�C bond distance is
2.470Å. Decomposition of the cations into the corresponding van der Waals com-
plexes (474 to sec-C3H7

þþCH4 and 475 to tert-C4H9
þþH2) was found to have low

or no activation energy. This is due to the high stability of the carbenium ions they
collapse to. Using DFT calculations, Collins and O’Malley have arrived at the same
conclusion for both structure 473 and C�C protonated neopentane.831

H

CH3

H

H

H

H

473                               474                           475

+ + +

Seitz and East selected five isomeric protonated octane isomers (C8H19
þ), all

featuring C�H�C or C�H�H 3c–2e bonds for their theoretical studies (ab initio
calculations at the MP2/6-31G(d) level of theory).847 In most cases, dissociation into
ion–molecule complexes was found to be again barrierless. Proton affinities of C�C
and C�H bonds are in the range 154–187 kcalmol�1 and 139–150 kcalmol�1,
respectively.

There is a general pattern having emerged from the theoreticalworks performed for
higher protonatedalkanes.847 (i) Protonation of alkanes always produces aC�H�Cor
C�H�H 3c–2e bond through the attack of C�C or C�H bonds, respectively. (ii) The
C-protonated structures are always lower in energy than the H-protonated structures
with an equivalent carbon skeleton. (iii) Of the C-protonated structures, cations with
more substituted carbon atoms participating in the 3c–2e bond have the higher
stability.
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Diprotonated n-butane and isobutane cations (C4H12
2þ) have been computed by

Olah et al.788 Twodistonic dications [the 1-H,4-H-diprotonated (476) and the terminal
C�HandC�Cdiprotonated (477) forms]were found to have energyminima (MP2/6-
31G** level), with structure 476 being more stable by only 1.3 kcal mol�1.

H

H

2+

H

H

H

476                                                           477

2+
H

CH3

H

For diprotonated isobutane (C4H12
2þ) the structures found as stable minima are

analogous to those computed for diprotonatedpropane (C3H10
2þ).Again, structure478

(a distonic dication) is 17.7 kcalmol�1 more stable than structure 479 (a gitonic
dication),whereas structure480 is only slightly less stable than478 (2.6 kcalmol�1).788
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478                                       479                                          480

Olah, Prakash, and Rasul125 have recently reported the structure of the protonated
tert-pentyl cation (C5H12

2þ, diprotonated isopentane dication). Of the five minima
located on the potential energy surface, structure 481 was found to be the global
minimum, being even more stable than the tert-pentyl cation (23 and 24). Structure
481 has a trivalent carbocationic center and a pentacoordinate carbonium ion center
(involving a 3c–2e bond) separated by a carbon atom. The ion can be considered a
carbenium–carbonium dication. One of the hydrogens of each methyl group attached
to the carbocationic center is aligned in planewith the emptyporbital. These bonds are
elongated (1.11Å and 1.12Å) and the correspondingH�C�C angles are significantly
smaller (101� and 102�) than the other bond angles (113�–116�), which indicates
significant hyperconjugation from two C�H s bonds. In other structures with higher
energy, the positive charges are closer to each other, generating larger intramolecular
coulombic repulsion.

Me

CH2C

CHMe

+

481

H
H +

Protonation of spiro[2.2]pentane 482 yields theC5H9
þ ions. Cation 483was shown

to be the initial protonated spiropentane by early experimental (MS) and theoretical
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(semiempirical) studies (Scheme 3.17). Once formed, cation 483 rearranges to
pyramidal intermediate 484, which yields cyclopentyl cation 33 upon ring opening.
A combination of experimental methods (nuclear decay, radiolysis, FT–ICR mass
spectrometry) and ab initio calculations (HF/6-31G* and MP2/6-31G* levels)
performed by Schleyer and co-workers848 showed that the corner-protonated cation
485 is a relatively long-lived intermediate in the gas-phase. Edge-protonated isomeric
cation 486, in turn, is less stable than ion 485 by 35.5 kcalmol�1.

In a subsequent calculational study [HF and MP2 levels of theory with 6-31G(d)
basis set and MP4(SDQ)], Szabó and Cremer849 explored the he C7H11

þ potential
energy surface. Cation 487 (tricyclo[4.1.0.01,3]heptyl cation), the protonated ethano-
bridged derivative of spirocyclopentyl cation, was considered to be the missing link
between the bicyclo[3.2.0]hept-3-yl cation 488 and the 7-norbornyl cation 489. It is a
kinetically stabilized species separated from cations 488 and 489 by 18.9 and
15.9 kcal mol�1, respectively.

H

488                                               487                                                  489

+

HH

H

H

H
H

H
H H

+
+

3.5.1.7. Adamantonium Ions. There exists a single theoretical study for ada-
mantonium ions.850 Mota and co-workers have found three isomeric structures
(490–492) and two van der Waals complexes (1-adamantyl cationþH2 and
2-adamantyl cationþH2) [MP2(full)/6-31G** level]. The C�H bond lengths in the
3c–2e interactions in ion 490 are 1.276 and 1.266Å and in ion 491 are 1.266 and
1.280Å. The C-adamantonium ion (492) has nonequivalent C�H bond distances
(1.191 and 1.294Å) and the C�C bond distance is 2.348Å. Interestingly, the
2-adamantyl cationþH2 complex shows a nonclassical bonding nature similar to the
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2-norbornyl cation. Cation 492 is the most stable, but it is 9.30 kcal mol�1 less stable
than the 1-adamantyl cationþH2 complex.

HH +
H

+

H

H +

490                                         491                                         492

3.5.2. Equilibrating and Bridged Carbocations

Some carbocations, because of their flat potential energy surfaces, show great
tendency to undergo fast degenerate rearrangements, through intermolecular hydro-
gen or alkyl shifts leading to the corresponding identical structures.17–19,851 The
question arises whether these processes are true equilibria between the limiting
trivalent carbocations (“classical ion intermediates”) separated by low-energy level
transition states or whether they are hydrogen- or alkyl-bridged higher-coordinate
(nonclassical) carbocations. Extensive discussion of the kinetic and stereochemical
results in these systemshas beenmade, and it is not considered to bewithin the scope of
this chapter to recapitulate the arguments.The reader is referred to reviews17–19,851 and
the original literature.

3.5.2.1. Degenerate 1,2-Shifts in Carbocations. Many acyclic and monocy-
clic tertiary and secondary cations undergoing degenerate 1,2-hydrogen (and alkyl)
shift give average proton and carbon absorptions in their NMR spectra, even at low
temperatures. If the exchange rate process is rapid on theNMR time scale, single sharp
resonances will appear for the exchanging nuclei at frequencies that are weighted
averages of the frequencies being exchanged. It has been possible to freeze exchange
processes in some equilibrating ions by observing 13C NMR spectra at low tempera-
ture (ca. �160�C) at high magnetic field strength (to enhance signal separation).
Typically, the barriers for such migrations range from 2.4 to 10 kcal mol�1. Another
important technique that has been immensely useful is the low-temperature solid-state
13C NMR spectroscopy.

The sec-butyl cation (19) has been prepared from 2-chlorobutane in SbF5–SO2ClF
at�100�C in a vacuum line by Saunders and Hagen852,853 with very little contamina-
tion from the tert-butyl cation (1) (Scheme3.18).Even at�110�C,only twopeaks from
2,3 and 1,4 protons are observed in the 1H NMR spectrum of 19 (at d1H 6.7 and 3.2).
This is consistent with a sec-butyl cation averaged by very rapid 1,2-hydride shifts
(DGz � 6 kcalmol�1). Warming the sample from �110 to �40�C first causes line
broadening and then coalescence of the two peaks, revealing a rearrangement process
making all protons equal on the 1H NMR time scale (indicating the formation of 1).
Line-shape analysis gave an activation barrier of 7.5� 0.1 kcalmol�1 for the process.
This low barrier is not compatible with a mechanism involving primary cations as
suggested for the corresponding rearrangement of the isopropyl cation. It appears
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Scheme 3.18

necessary to invoke protonatedmethylcyclopropanes 493 as intermediates. The barrier
for the irreversible rearrangement to 1 was measured to be about 18 kcalmol�1,
indicating that this rearrangement probably involves primary cationic structures as
intermediates.

Olah andWhite94 obtained an early 13C NMRINDORspectrumof19 that showed a
single peak from the two central carbon atoms in reasonable agreement with values
calculated from model equilibrating ions. Therefore, it was concluded that 19 is a
classical equilibrating ion rather than being bridged as in 494.

494

H
+

In a comprehensive 13C NMR spectroscopic study of alkyl cations, Olah and
Donovan95 applied the constancy of 13C methyl substituent effects to the study of
equilibrating cations and their rearrangements. They calculated the chemical shifts of
the 2-butyl cation (19) from both the isopropyl cation and tert-pentyl cation using
methyl group substituent effects and reached practically the same result in both cases.
The observed chemical shifts deviate from the calculated ones by 9.2 and 19.8 ppm for
the equilibrating methyl and carbocation carbons, respectively. Therefore, a hydro-
gen-bridged intermediate (494) was suggested to be involved. A static hydrogen-
bridged 2-butyl cationwas excluded by the observation of twoquartets in the fully 1H-
coupled 13C NMR spectrum. Comparison with bridged halonium ions indicates that
equilibrating hydrogen-bridged ions havemore shielded carbons [C(2), C(3)] than are
observed experimentally for the 2-butyl cation. Therefore, it was suggested that the
open-chain 2-butyl cation is of similar thermodynamic stability as the hydrogen-
bridged494 and that these intermediates in equilibriummaycontribute to the observed
average 13C NMR shifts. However, the percentage of different structures could not be
calculated, owing to lack of accurate models to estimate 13C chemical shifts of
hydrogen-bridged structures.

In a study of rates of degenerate 1,2-shifts in tertiary carbocations, Saunders and
Kates854 used higher-field (67.9MHz) 13C NMR line broadening in the fast-exchange
limit. The 2-butyl cation showed no broadening at�140�C.Assuming the hypothetical
“frozen out” chemical shift difference between C(2) and C(3) to be 227 ppm, an upper
limit for DGz was calculated to be 2.4 kcalmol�1.
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Application of the isotopic perturbation technique by Saunders et al.56 to the
2-butyl cation [Eq. (3.126)] showed it to be amixture of equilibrating open-chain ions
since a large splitting of the 13C resonance [C(2), C(3)] was obtained upon deuterium
substitution.855

+D

+

D ð3:126Þ

The cross-polarization, magic-angle spinning method (CPMAS) has been applied
byMyhre and Yannoni50 to cation 19 in the solid state at very low temperatures using
13C NMR spectroscopy. In the initial study, no convincing evidence for a frozen
2-butyl cation was obtained even at�190�C.However, subsequently theymanaged to
freeze out the equilibration of the 2-butyl cation (19) at �223�C.62 It behaves like a
normal secondary trivalent carbocation.

Asmentioned earlier (Section 3.4.2), the cyclopentyl cation 33 shows a single peak
in the 1H NMRspectrumof d1H 4.75 even at�150�C.143 In the 13C NMRspectrum,856

a10-linemultipletcenteredaround95.4 ppmwithJC–H¼ 28.5Hzwasobserved.This is
in excellent agreementwithvalues calculated for simple alkyl cations andcyclopentane
and supports the complete hydrogen equilibration by rapid 1,2-shifts [Eq. (3.127)].

+

+

+

33

etc. ð3:127Þ

Subsequently,Yannoni and co-workers857 succeeded in freezing out the degenerate
hydride shift in 33 in the solid state at �203�C. The observed 13C chemical shifts at
d13C 320.0, 71.0, and 28.0 indicate the regular trivalent nature of the ion and are in
good agreement with the estimated shifts in solution based on the average shift data.

The NMR spectrum of 2,2,3-trimethyl-2-butyl cation (triptyl cation, 495)
[Eq. (3.128)] consists of a single proton signal at d1H 2.90 for all themethyl groups.134

This indicates that all five methyl groups undergo rapid interchange through 1,2-
methyl shifts. The chemical shift of the singlet methyl is similar to that of 2,3-
dimethyl-2-butyl cation 496 [Eq. (3.129)], another equilibrating ion that undergoes
rapid 1,2-hydride shifts.134

+

495

+

ð3:128Þ

H
+

496

H
+

ð3:129Þ

The 13C NMRspectroscopic data of the average cationic center in495 and496were
found to be at d13C 205 and 197 (JC–H� 65Hz), respectively, indicating their regular
trivalent carbenium nature. From studies of methyl substituents effects, Olah and
Donovan95 reached the same conclusions and these are supported by laser Raman and
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ESCA studies.72,858 Saunders and Vogel58 have introduced deuteriums into a methyl
group of 495 (cation 497) and thereby perturbed the statistical distribution of the
otherwise degeneratemethyl groups and split the singlet into adoublet. TheCD3group
prefers to be attached to the tertiary carbon (498) [Eq. (3.130)].

D3C
+

D3C
+

497                                                   498

ð3:130Þ

Saunders and Kates854 have been successful in measuring the rates of degenerate
1,2-hydride and 1,2-methide shifts of simple tertiary alkyl cations employing higher-
field (67.9MHz) 13C NMR spectroscopy. From line broadening in the fast-exchange
limit, the free energies of activation (DGz) were determined to be 3.5� 0.1 kcal mol�1

at�136�C for 495 and 3.1� 0.1 kcalmol�1 at�138�C for 496. The rapid equilibrium
in cations 495 and 496 has been frozen out in the solid state at�165�C and�160�C,
respectively, by Yannoni and co-workers.857

Many more cyclic and polycyclic equilibrating carbocations have been reported.
Some representative examples, namely, the bisadamantyl (499),859 2-norbornyl
(500),40 7-perhydropentalenyl (501),188 9-decalyl (502),188 and pentacylopropylethyl
(503)860 cations, are given in Scheme 3.19. All these systems again involve hyper-
coordinate high-lying intermediates or transition states.
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Scheme 3.19
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3.5.2.2. The 2-Norbornyl Cation. The 2-norbornyl cation (C7H11
þ) holds a

unique position in the history of organic chemistry because of the important role it has
played in the bonding theory of carbon compounds. Since Winstein’s early solvolytic
work in 1949861 the 2-norbornyl cation was at the heart of the so-called nonclassical
ion problem, and no other system has been studied so much by various physical
and chemical methods and by so many investigators. The controversy27–37,40,862–866

about it is well known, and the question has been whether the ion has a symmetri-
cally bridged nonclassical structure 504 with a pentacoordinate carbon atom or is a
rapidly equilibrating pair of classical trivalent ions 505a and 505b.

+ ++

a                               b

505504

7                 3

       5 

4

1          2

6

This controversy has been instrumental in the development of important structural
methods in physical organic chemistry with respect to critical evaluation of results as
well as to concepts behind the methods.

The methods that were developed in the early 1960s to generate and observe stable
carbocations in low-nucleophilicity solutions18 were successfully applied to direct
observation of the norbornyl cation (C7H11

þ). Preparation of the ion by the “s route”
from2-norbornyl halides, by the “p route” from4-(2-haloethyl)-cyclopentenes, and by
the protonation of nortricyclene (“bents route”) all led to the same 2-norbornyl cation.

The method of choice for the preparation of the norbornyl cation (giving the best-
resolved NMR spectra, free of dinorbornylhalonium ion equilibration) is from exo-2-
fluoronorbornane in SbF5–SO2 (or SO2ClF) solution (Scheme 3.20).

In a joint effort, Saunders, Schleyer, and Olah867 first investigated the 60-MHz 1H
NMR spectrum of the 2-norbornyl cation in the early 1960s. Subsequently, Olah and
co-workers38,39 carried out detailed 100-MHz 1H and 25-MHz 13C NMR spectro-
scopic studies in the early 1970s at successively lower temperatures. From the detailed
1H NMR investigations at various temperatures (RT to �154�C), the barrier for the

X

SbF5 SbF5

H+

XC7H11
+

Scheme 3.20
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2,3-hydrogen shift, as well as the 6,1,2-hydrogen shift, was determined by line-shape
analysis and found to be 10.8� 0.6 kcal mol�1 and 5.9 kcal� 0.2mol�1, respectively
(Figure 3.19).38

The 60-MHz 1H NMR spectrum of the 2-norbornyl cation at room temperature
shows a single peak at d1H 3.10 for all protons, indicating fast 2,3-hydrogen, 6,1,2-
hydrogen, and Wagner–Meerwein shifts.867 Cooling the solution of the 2-norbornyl
cation in the SbF5–SO2ClF–SO2F2 solvent system down to �100�C at 395 MHz
(Figure 3.20) results in three peaks at d1H 4.92 (4 protons), 2.82 (1 proton), and 1.93
(6 protons), indicating that the 2,3-hydrogen shift is fully frozen, whereas the 6,1,2-
hydrogen and Wagner–Meerwein shifts are still fast on the NMR time scale.868

Cooling the solution down further to �158�C results in significant changes in the
spectrum.Thepeakatd1H4.92 splits into twopeaks atd1H6.75and3.17with a ratio of
2:2. The high-field peak broadens and splits into two peaks at d1H 2.13 and 1.37 and in
the ratio 4:2. The peak at d1H 2.82 remains unchanged. The line width (�60Hz)
observed at 395MHzwas found to be rather small as compared to the one obtained868

at 100MHz (�30Hz). This has some implications. If the line width were due to any
slow exchange process occurring at this temperature, the line width should have
broadened 15.6 times at 395MHz over the one observed at 100MHz. The observation
of comparably narrow linewidths at 395MHz indicates that either the 6,1,2-hydrogen
shift and the Wagner–Meerwein shift (s-bond shift) are completely frozen and the
2-norbornyl cation has the symmetrically bridged structure 504 or the 6,1,2-hydrogen
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Figure 3.19. Degenerate shifts in the 2-norbornyl cation (one of the carbons is labeled for
clarity).
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Figure 3.20. 395-MHz 1H NMR spectra of 2-norbornyl cation in SbF5–SO2ClF–SO2 solution.

shift is frozen and the so-calledWagner–Meerwein shift (if any) is still fast on theNMR
time scale through a very shallow activation energy barrier (less than 3 kcal mol�1).
The second possibility raises the question as to the nature of the ion still undergoing
equilibration through an extremely low-activation energy barrier. It has been pointed
out33 that if such a process occurs, it must be exclusively between unsymmetrically
bridged ions 506 equilibrating through the intermediacy of the symmetrically bridged
species 504.

+

506

+
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The unsymmetrically bridged ions 506 would be undistinguishable from the
symmetrically bridged system 504 in solution NMR experiments. (However, see
subsequent discussion of solid-state low-temperature 13C NMR as well as ESCA
studies.) It is important to recognize that equilibrating open classical cations 505
cannot explain the NMR data and thus cannot be involved as populated species.

The 50-MHz 13C NMR spectrum of the 2-norbornyl cation (C7H11
þ) has also been

obtained in the mixed SbF5–SO2ClF–SO2F2 solvent system at�159�C.868 To obtain a
well-resolved 13C NMR spectrum, the cation was generated from 15% 13C-enriched
exo-2-chloronorbornane [the label corresponds to one carbon per molecule randomly
distributed over the C(1), C(2), and C(6) centers]. The ionization of the 13C-enriched
exo-2-chloronorbornane in SbF5–SO2ClF–SO2F2 solution at �78�C results in the 2-
norbornyl cationwherein the 13C label isdistributedevenlyover all the sevencarbonsas
a result of slow2,3-hydrogen and fast 6,1,2-hydrogen andWagner–Meerwein shifts.868

At�80�C, the 50-MHz 13C NMRspectrumof the cation (Figure 3.21) showed three
absorptions at d1H 91.7 (quintet, JC–H¼ 55.1Hz), 37.7 (doublet, JC–H¼ 153.1Hz),

Figure 3.21. 50-MHz 13C NMR spectra of the 2-norbornyl cation in SbF5–SO2ClF–SO2F2
solution.
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and 30.8 (triplet, JC–H¼ 139.1Hz), indicating that the 2,3-hydrogen shift is frozen, but
the 6,1,2-hydrogen and theWagner–Meerwein shift is still fast on theNMR time scale.
Cooling the solution down results in broadening and slow merger into the baseline of
the peaks at d13C 91.7 and 30.8, but the peak at d13C 37.7 remains relatively sharp. At
�159�C, the peaks at d13C 91.7 and 30.8 separate into two sets of two peaks at d13C
124.5 (doublet, JC–H¼ 187.7Hz), 21.2 (triplet, JC–H¼ 147.1Hz), and 36.3 (triplet, JC–
H¼ 131.2Hz), 20.4 (triplet, JC–H¼ 153.2Hz), respectively. The observed 13C NMR
spectral data at�159�C complement well the 395MHz 1H NMRdata at�158�C. The
observation of the C(1) and C(2) carbons at d13C 124.5 and the C(6) carbon at d13C
21.2 clearly supports the bridged structure for the ion. Five (or higher) coordinate
carbons generally show shielded (upfield) 13C NMR shifts.55

Applying the additivity of chemical shift analysis55 to the 2-norbornyl cation also
supports the bridged nature of the ion. A chemical shift difference of 168 ppm is
observed between the ion (C7H11

þ) and its parent hydrocarbon [i.e., norbornane
(507)], whereas ordinary trivalent carbocations such as the cyclopentyl cation (33)
reveal a chemical shift difference of �360 ppm.55

33

+

∆Σδ = 168 ∆Σδ = 360
507

C7H11
+

Yannoni, Macho, andMyhre869 obtained magic-angle spinning cross-polarization
13C NMR spectra of the 13C-enriched 2-norbornyl cation in SbF5 solidmatrix down to
�196�C.The solid-state chemical shifts andmeasured barriers for the 6,1,2-hydrogen
shift of 6.1 kcalmol�1 correlate well with the discussed solution data. Subsequently,
they even obtained 13C NMR spectra in the solid state at �268�C (5K),870 a
remarkable achievement indeed.

A fortuitous combination of large isotropic chemical shifts and small chemical
shift anisotropies permitted them to obtain reasonable resolution of the positively
charged carbon resonance without the need for magic-angle spinning. Comparison
with their previous MAS spectra869 down to �196�C shows that the nonspinning
spectra reflect slowing of 6,2,1-hydride shift. Since no changes were observed in
the positively charged carbon resonance (at d13C �125) between �173�C and
�268�C (Figure 3.22), the authors concluded870 that if the hypothetical 1,2-
Wagner–Meerwein shift is still occurring, then it should be rapid, and an upper
limit for the barrier for such a process (involving structures 505) can be estimated
to be no greater than 0.2 kcal mol�1. This can be taken as the most definitive
evidence besides ESCA studies for the symmetrical s-bridged structure of the
2-norbornyl cation. Subsequently, Dewar and Merz871 raised the possibility of low-
energy carbon tunneling between unsymmetrically delocalized nonclassical ions
such as 506 based on MINDO/3 calculations. Such carbon tunneling, however, is
unlikely.
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Figure 3.22. Solid-state 13C NMR spectra of the 2-norbornyl cation according to Yannoni and
Myhre.870

As discussed earlier, the method of observing changes in NMR spectra produced
by asymmetric introduction of isotopes (isotopic perturbation) as a means of
distinguishing systems involving equilibrating species passing rapidly over a low
barrier from molecules with single-energy minima, intermediate between the
presumed equilibrating structures, has been developed by Saunders et al.56

Applying this method to the 2-norbornyl cation further supports its bridged
nature.872 In the 13C NMR spectrum of the 2-norbornyl cation, even at low
temperatures, besides Wagner–Meerwein rearrangement, the 6,1,2-hydrogen shift
has a barrier of only 5.9 kcal mol�1 and results in a certain amount of line
broadening of the lowest field signal observed. Even in the ion with no deuterium,
the downfield signal at d13C �124.5 [C(2) and C(6) cyclopropane-like carbons] is
found to be 2 ppm wide. Nevertheless, no additional isotopic splitting or broaden-
ing was observed with either 2-monodeutero or 3,3-dideutero cations, and therefore
the isotopic splitting can be no more than 2 ppm. This is true even if a slow 6,2-
hydride shift converts part of the latter ions to a symmetrical 5,5-dideutero system
that lacks an equilibrium isotope effect. This result, when compared with the
significantly larger splitting observed for deuteriated dimethylcyclopentyl (508)
and dimethylnorbornyl (509) cations61,872 (known to be equilibrating ions) is in
accordance with the nonclassical nature of the 2-norbornyl cation. A similar
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conclusion was reached873,874 based on high-temperature deuterium isotopic
perturbation effect in 2-norbornyl cation.

+
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Farnum and Olah’s groups, respectively, have extended the so-called Gassman–
Fentiman tool of increasing electron demand coupled with 1H and 13C NMR
spectroscopy as the structural probe under stable ion conditions to show the onset
of p, ps, and s delocalization in a variety of systems.153,154,873–883 The 13C NMR
chemical shifts of the cationic carbon of a series of regular trivalent 1-aryl-1-
cyclopentyl, 1-aryl-1-cyclohexyl, 2-aryl-2-adamantyl, 6-aryl-6-bicyclo[3.2.1]octyl,
and 7-aryl-7-norbornyl cations (so-called classical cations) correlate linearly with the
observed cationic chemical shifts of substituted cumyl cations over a range of
substituents881–883 [generally from the most electron-releasing 4-MeO to the most
electron-withdrawing 3,5-(CF3)2 groups].

However, 2-aryl-2-norbornyl cations 510 show deviations from linearity in such
chemical shift plots with electron-withdrawing substituents indicative of the onset of
nonclassical s-delocalization fully supporting the nonclassical nature of the parent
secondary cation (Figure 3.23). These conclusions were criticized by Brown et al.883

In a subsequent paper, Olah et al.67 have shown major flaws in such criticisms.
Asmentioned earlier, since in electron spectroscopy the time scale of the ionization

processes is on the order of 10�16 s, definite ionic species are characterized, regardless
of their possible intra- and intermolecular rearrangements (e.g., Wagner–Meerwein
rearrangements, hydride shifts, etc.) even at rates equaling or exceeding those of
vibrational transitions. Thus, electron spectroscopy can give an unequivocal answer to
the long-debated question of the “classical” or “nonclassical” nature of the norbornyl
cation, regardless of the rate of any possible equilibration processes.

Olahetal.39succeeded inobserving theESCAspectrumofthenorbornylcation(504)
and compared it with those of the 2-methyl-2-norbornyl cation (511) and other trivalent
carbenium ions such as the tert-butyl (1), cyclopentyl (33), and 1-methylcyclopent-1-yl
(28) cations. The 1s electron spectrum of the norbornyl cation shows no high-binding
energy carbenium center, and a maximum separation of less than 1.5 eV is observed
between the two “cyclopropyl”-type carbons, to which bridging takes place from the
other carbon atoms (including the pentacoordinate bridging carbon). In contrast, the 2-
methyl-2-norbornyl cation (511) shows a high-binding energy carbenium center,
deshielded with the DEb of 3.7 eV from the other carbon atoms. Typical ESCA shift
differences are summarized in Table 3.6.
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Figure 3.23. Plot of the 13C NMR chemical shifts of the cationic center of 2-aryl-2-norbornyl
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Table 3.6. Binding Energy Differences of Carbocation Centers from Neighboring
Carbon Atoms DEbþC–C

Ion DEbþC–C

Approximate Relative
Cþ: C Intensity

Me3C
þ 1 3.9� 0.2 1:3

+

33 4.3� 0.5 1:4

+

Me

28 4.2� 0.2 1:5

+

Me

511 3.7� 0.2 1:7

+ 504 1.5� 0.2 2:5
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Subsequently, Grunthaner reexamined the ESCA spectrum of the 2-norbornyl
cation on a higher-resolution X-ray photoelectron spectrometer using highly efficient
vacuum techniques.884 The spectrum closely matches the previously published
spectra. Furthermore, the reported ESCA spectral results are consistent with the
theoretical studies of Allen and co-workers885 on the classical and nonclassical
norbornyl cation at the STO-3GandSTO-4.31G levels.Using the parameters obtained
byAllen and co-workers, Clark and co-workers886,887 were able to carry out a detailed
interpretation of the experimental ESCA data for the core-hole state spectra at SCF
STO-4.31G level and calculated equivalent cores at STO-3G level. Agreement
between experimentally obtained spectra and those calculated for the nonclassical
cation are good and dramatically different from those for the classical cation.

If the classical structure were correct, the 2-norbornyl cation would be a usual
secondary carbocation with no additional stabilization provided by s-delocalization
(such as the cyclopentyl cation). The facts, however, seem to be to the contrary. Direct
experimental evidence for the unusual stability of the secondary 2-norbornyl cation
comes from the low-temperature solution calorimetric studies ofArnett andPetro.75 In
a series of investigations, Arnett and Hofelich76 determined the heats of ionization
(DHi) of secondary and tertiary chlorides in SbF5–SO2ClF [Eq. (3.131)] and subse-
quently alcohols in HSO3F–SbF5–SO2ClF solutions [Eq. (3.132)].

+    SbF5

∆Hi

SO2ClF
R+ SbF5Cl−R Cl ð3:131Þ

R+ SbF5(FSO3)−    +    H3O++  HSO3F−SbF5

∆Hi

SO2ClF
R OH ð3:132Þ

However, it was found that whereas the difference observed in the heats of
ionization of 2-methyl-2-exo-norbornyl chloride and 2-exo-norbornyl chloride in
SbF5–SO2ClF solution is 7.4 kcal mol�1, the samedifference between the correspond-
ing alcohols in HSO3F–SbF5–SO2ClF solution is only 2.5 kcal mol�1. This indicates
that the heats of ionization values (DHi) seem to largely depend on the nature of the
starting precursors (initial state effects). However, the observed differences are
remarkably small for the corresponding secondary and tertiary cations, which
generally is 10–15 kcalmol�1. In the case of norbornyl, there seems to be at least
7.5 kcal mol�1 extra stabilization. A further compelling evidence for the nonclassical
stabilization of the 2-norbornyl cation also comes from Arnett’s measured heats of
isomerization of secondary cations to tertiary cations.888 The measured heat of
isomerization of 4-methyl-2-norbornyl cation 512 (secondary system) to 2-methyl-
2-norbornyl cation 511 is �6.6 kcal mol�1 [Eq. (3.133)]. In contrast, the related
isomerization of sec-butyl cation 19 and tert-butyl cation 1 involved a difference in
DHi of �14.2 kcalmol�1 [Eq. (3.134)].

+

Me

+

Me

512                                    511

∆Hi = −6.6 kcal mol−1 ð3:133Þ
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+

+

19                                      1

∆Hi = −14.2 kcal mol−1 ð3:134Þ

Taking this latter value as characteristic of isomerization of secondary to tertiary
ions, onemust conclude that the secondary norbornyl ion512 has an extra stabilization
of at least 7.6 k calmol�1. Fărcaşiu889 questioned these conclusions, arguing that they
neglected to account for the extra stabilization by bridgehead methyl substitution as
indicated by his molecular force field calculations. Schleyer and Chandrashekar890

have subsequently pointed out that Fărcaşiu failed to include corrections of b-alkyl
branching. Correcting for this effect, there is still 6� 1 kcal mol�1 extra stabilization in
the 2-norbornyl cation for which no other reasonable explanation other than bridging
was offered.

Gas-phase mass spectrometric studies891–894 also indicate exceptional stability of
the 2-norbornyl cation relative to other potentially related secondary cations. A study
by Kebarle and co-workers895 also suggests that the 2-norbornyl cation is more stable
than the tert-butyl cation in the gas phase (based on hydride transfer equilibria from
their respective hydrocarbons).

Subsequent experimental observations lent further strong support to the nonclas-
sical structure of high stability. In 1987, Laube determined the crystal structure of the
1,2,4,7-anti-tetramethyl-2-norbornyl cation as the Sb2F11

� salt896 and redetermined
the structure in 1994.122,897 The geometry of the skeleton of the cation is significantly
different than that of the norbornane skeleton and more similar to the geometry
calculated for the symmetrical 2-norbornyl cation 504. Forsyth and Panyachotipun898

observed large isotope shifts for the 13C resonance at the cationic center of the
deuteriated 2-methyl-2-norbornyl cation, which was attributed to the bridging struc-
ture. The IR spectra of the matrix-generated 2-norbornyl cation were recorded by
Koch, Sunko and co-workers899 at 150–200K. The experimental and calculated
spectra (MP2/6-31G* level)899,900 computed on the 2-norbornyl cation ofCs symme-
try agree well and again support the bridged nonclassical structure. Finally, the
stability of a range of bridgehead cations including the 2-norbornyl cation has been
determined by the FT–ICRmethod on dissociative proton attachment of bromides and
alcohols.901 Good correlations were found for the stability of the ions with the
solvolytic reactivity of bridgehead derivatives and theoretical calculations (MP2/6-
311G** level) for hydride transfer of bridgehead hydrocarbons. The 2-norbornyl
cation, a secondary carbocation, lies nicely on the correlation line of DG0

(exp) versus
DG0

(theor), although this is defined by tertiary ions. The stability of the 2-norbornyl
cation (504) is close to that of the 1-adamantyl cation, that is, 504 is muchmore stable
than simple classical secondary or strained tertiary cations. The calculated C�C bond
lengths agree within 0.04Åwith that reported for 504 in the gas phase and in solution
by a high-level theoretical study.902

Theoretical quantum mechanical calculations903–908 have also been performed on
the 2-norbornyl cation at various levels. These calculations reveal a significant
preference for the s-delocalized nonclassical structure. An extensive calculation by
Schaefer and co-workers906 using full geometry optimization for symmetrically and
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unsymmetrically bridged systems showed a difference of only 1.0 kcalmol�1 between
these structures. (Some confusion was introduced by Schaefer, who called the
unsymmetrically bridged ion “classical.”) Similar high-level calculations, including
electron correlations (with a double zeta plus polarization basis set), by Schleyer,
Schaefer, and co-workers907 and Liu and co-workers,908 indicate that the only
minimum on the 2-norbornyl cation potential energy surface is the symmetrically
bridged structure. The nonclassical symmetrically bridged 2-norbornyl cation (504)
was calculated to be 24.8 kcal mol�1 more stable than the isopropyl cation (based on
the hydride transfer reaction). The structurewith “classical” 2-norbornyl-like geome-
try (505), however, did not correspond to a fixed point on the potential energy surface.
The extra stabilization of the bridged structure (504) was roughly estimated to be 12–
15 kcal mol�1 at this high level of ab initio theory.907,908

In further theoretical studies, Schleyer and co-workers902,909 found that the
nonclassical 2-norbornyl cation (504) is more stable than the classical structure
505, by 13.6 kcalmol�1. Cation 504 was shown to be the only stable form in the gas
phase and in solution, and the classical form (505) is unlikely to be involved in
solvolysis reactions [MP4(fc)SDQ/6-31G**/MP2(full)/6-31G*þZPVE level]. A
rigorous ab initio calculation led to the suggestion that the classical 505 structure
is an artifact and a transition state in the rearrangement of 504 into the bridged
2-norpinyl cation. The computedMP2-GIAO 13C chemical shifts for 504 are close to
the experimental values, whereas those calculated by Schindler910 (IGLO) for 505
deviate considerably.The comparison of the chemical shifts for the twostructureswith
the experimental data proves once again the symmetrical nonclassical structure.

Werstiuk and coworkers published a series of articles911–914 and showed that
neither the 2-norbornyl cation nor the 1,2,4,7-anti-tetramethyl-2-norbornyl cation is
an energy minimum on the potential energy surface and they are not nonclassical,
s-bridged species [AIM (atoms in molecules) method]. In a recent extensive inter-
pretation,Mamantov915 suggested a structurewith H–C(1)–H s-bond delocalization,
that is,C(1) rather thanC(6) being the hypercoordinated carbonatom.However, such a
structure is highly unlikely based on the experimental results.

Nine nonclassical carbocations derived from cyclic hydrocarbons including the
2-norbornyl cation have recently been studied by means of ab initio calculations
(MP2/6-311G**).916 Electron density, chemical shifts, geometries, energetics and
orbital interactions within the natural bond orbital (NBO) formalism were computed
and analyzed. In sharp contrast to the findings by Werstiuk’s group, two-electron,
three-center bonding structures were found with the charge largely and similarly
distributed over the three carbon centers. Bond lengths for twoC�C bonds are 1.84Å
and the third C�C bond is 1.40Å. The computed chemical shift values agree with the
experimental values within a difference of 3.2 ppm.

3.5.2.3. The 7-Norbornyl Cation. 7-Norbornyl derivatives were found to be
extremely unreactive in solvolysis studies and product formation was shown to occur
with predominant retention of configuration.917–920 These observations led to the
suggestion by Winstein et al.917 that the cationic intermediate is a nonclassical ion.
Attempts to isolate the 7-norbornyl cation under stable ion conditions in superacid
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media, however, failed: both 7-chloronorbornane (513) and the isomeric 3-chlorobi-
cyclo[3.2.0]heptane (514) afforded the 2-norbornyl cation.

Subsequently, Sunko, Schleyer, and co-workers921 succeded in observing the
7-norbornyl cation using the cryogenic matrix isolation technique. When 7-chloro-
norbornane 513 and a large excess of SbF5 were co-deposited at�263�C and slowly
warmed to �173�C, the IR signals indicated the formation of the 7-norbornyl cation
489 (Scheme 3.21). Further warming gave the 2-norbornyl cation 504 at �73�C.
The IR spectrum was in very good agreement with the calculated frequencies for
the 7-norbornyl cation [MP4(sdq,fc)/6-31G*//MP2(full)6-31G*þZPE level]. The
possibility of the formation of a complex of 513 with SbF5 was ruled out when
similar experiments with both 513 and 514 resulted in identical spectra. Recent
ab initio calculations916 support the nonclassical bent structure of the cation.

3.5.2.4. The2-Bicyclo[2.1.1]hexylCation. Thebicyclo[2.1.1]hexyl cation515
was first observed by Wiberg and co-workers922 in superacidic media by 1H NMR
spectroscopy. From the observed chemical shift data, they suggested a symmetrically
bridged structure (516) for the ion, although they could not freeze out the degenerate
equilibria. Similar conclusions were drawn from solvolytic studies.923,924

+ ++

515                                                 516                       517

+

Me
a                                  b

In a subsequent 13C NMR study, Olah, Liang, and Jindal925 concluded that there is
very littles-bridging in the rapidly equilibrating ion. The 1H NMRspectrumof the ion
515 in SbF5–SO2ClF showed three resonances at d1H 8.32 (two protons), 3.70 (six
protons), and 2.95 (one proton) with no significant line broadening down to�140�C.

SbF5

−173 °C

Cl

+ Cl
SbF5

−173 °C

+

504

513                                                489                                           514

−73°C

Scheme 3.21
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The 13C NMR spectrum of the ion 515 also shows three resonances at d13C 157.8
[doublet, JC–H¼ 184.5 Hz; C(1) and C(2)], 49.1 [triplet, JC–H¼ 156.9 Hz; C(3), C(5),
and C(6)], and 43.4 [doublet, JC–H¼ 164.6Hz; C(4)]. Above�90�C the ion irrevers-
ibly rearranges to the cyclohexenyl cation.

A studybySaunders,Wiberg, and co-workers926 involvingdeuterium labeling at the
exchanging sites indicates that there is significants-bridging in the ion515. Schmitz927

andSorensenhave shownthat the free-energydifferencebetweencations515and517 is
7–9.8 kcalmol�1 comparedwith5.5 and11.4 kcalmol�1 for the analogous2-norbornyl
and cyclopentyl cations substantiating the intermittent (partially bridged) nature of the
ion 515.

An unequivocal support for the existence of interconverting bridged ions has come
from labeling experiments by Kirmse et al.928 including the use of the double-labeled
[2-2H;3-13C] derivative. Further support was provided by ab initio calculations929

[MP(full)/6-31G* level] indicating that both 515 and 516 are energy-minimum
structures but 516 is favored over 515 by 4 kcal mol�1. Structure 516 is also supported
by a comparison of experimental and calculated (IGLO) 13C NMR chemical shifts
values.929,930

Attempts to prepare931 the analogous bicyclopentyl cation 518, however, were
unsuccessful and instead gave the rearranged cyclopentenyl cation 73.221

+

518                                      73

+

3.5.2.5. Degenerate Cyclopropylmethyl and Cyclobutyl Cations. In con-
trast to the “classical” tertiary and secondary cyclopropylmethyl cations (showing
substantial charge delocalization into cyclopropane ring but maintaining their
identity), primary cyclopropylmethyl cations rearrange to cyclobutyl and homoallylic
cations under both solvolytic and stable ion conditions.18,195,196,932–934 The nonclas-
sical nature of cyclopropylmethyl and 1-methylcyclopropylmethyl cations 519 and
520 is now firmly established.171–176,935–940 Wide-ranging studies showed201,212–214

that the cyclopropyl group is equal to or better than a phenyl group in stabilizing an
adjacent carbocationic center. The direct observation of cyclopropylmethyl cations
provides a clear example of positive charge delocalization into a saturated ps-
hydrocarbon system. The majority of the secondary cyclopropylmethyl cations,
however, undergo degenerate equilibria.941–943

The cyclopropylmethyl cation 519 can be generated from allylic, cyclobutyl, and
cyclopropylmethyl precursors (Scheme 3.22). The 1H NMR spectrum is shown in
Figure 3.24.

At the lowest temperatures studied (��140�C), 13C NMR spectroscopy indicates
that519 is still an equilibratingmixture of bisecteds-delocalized cyclopropylcarbinyl
cations 521 and bicyclobutonium ion 522.171,172 From the comparison of calculated
NMR shifts, the low-lying species is considered to be the bicyclobutonium ion.171,172
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Figure 3.24. 100-MHz 1HNMR spectrum of the cyclopropylcarbinyl cation in SbF5–SO2ClF
solution at �80�C. (a); 60-MHz spectrum of H2 region; (b); 60-MHz spectrum of H2 region
from the a,a-dideuteriocyclopropylcarbinyl precursor.171

A similar conclusion has been reached by Saunders, Roberts, and co-workers937,938

based on isotopic perturbation studies.

521                                                         522

H

+

H

+

H

+

CH2

HC

CH2

CH2

+
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The same conclusion was reached by calculations using the IGLO method on the
MP2/6-31G* optimized geometries.944 Cations 521 and 522 were found to equally
stable isomers lying 9.0 kcalmol�1 higher than the global minimum (1-methylallyl
cation) reported in computational studies [MP4/6-311G**//MP2/6-31G*þZPVE
level].945 Additional studies using ultralow-temperature CP-MAS NMR946 and
results of the IR spectra of C4H7

þ at 180 K in SbF5 matrices in combination with
MP2/6-31G* calculations also support these conclusions.234 Cacace et al.947 have
recently found that in the gas phase and in a gaseous microsolvated environment the
equilibrium ratio of 521/522aþ522b is very close to unity and equilibration occurs
within a time interval of �10�10 s (FT–ICR mass spectrometry and high-pressure
radiolytic techniques).

522a                              521                           522b

H

+

+ +

C4H7
þ ionswere generated by collisionally activated dissociation (CAD) in the gas

phase fromvarious precursors.216Mass spectrometric analysis showed that homoallyl
chloride and cyclopropylmethyl chloride generated primarily cation 521, whereas
cyclobutyl chloride gave a substantial amount of bicyclobutonium ion 522.

However, in the case of C5H9
þ 520, the low-lying species are the nonclassical

methylbicyclobutonium ions 523 with no contribution from either the bisected
1-methyl-1-cyclopropylmethyl cation 524 or the 1-methylcyclobutonium cation
48a. The highly shielded b-methylene resonance at d13C �2.81 in the 13C NMR
spectrum is particularly convincing evidence for the nonclassical bicyclobutonium
structures.176 Support for the bridged structure 525 comes from deuterium isotope
perturbation studies.939,940 The 1-ethyl and 1-propyl analogs of 520 are similarly
nonclassical but rearrange irreversibly upon warming to cycloalkyl cations.176

523                                                                 48a

CH3

α
α

β
CH3

α

α
β

+

524                                                                  525

CH3

+

CH3

+

CH3

+

CH3

+
+

CH3

H H

+
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The potential energy surface of the analogous C7H11
þ cation with the built-in

C4H7
þ bicyclobutonium subunit has recently been investigated948 by ab initio (MP2/

6-31G*) and DFT (B3LYP/6-31G*) calculations. The pentacoordinated unsymme-
trical bicyclobutonium ion 526 was found to be the global minimum, but the boat
conformer of cyclopropylcarbinyl cation 527 is only less stable by 0.8 kcal mol�1.
With the larger basis set or higher level of the MP method, the gap between the two
cations decreases further.

+ +

526                                       527

Siehl and co-workers949,950 have used the matrix co-condensation technique to
generate the 1-(trimethylsilyl)bicyclobutonium ion 528 (Scheme 3.23). The 1H and
13C NMRspectra of ion 528 showaveragedmethylene signals, which is in accordwith
a fast threefold degenerate rearrangement and a puckered hypercoordinate structure.

The same technique was used950 to generate the 1-(tert-butyldimethylsilyl)bicy-
clobutonium ion 529, which undergoes fast 1,3-hydride shift upon increasing tem-
perature to yield 3-endo-(tert-butyldimethylsilyl)bicyclobutonium ion 530
[Eq. (3.135)]. Ion 530 has a static structure, which is due to the efficient stabilization
by the g-endo-trialkylsilyl substituent.

+

529                                                            530

SbF5

Si(tertBu)Me2

CH2OH

H

H

Si(tertBu)Me2

+H

Me2(tertBu)Si

H

−115°CSO2ClF−SO2F2

−130°C

ð3:135Þ
Schmitz and Sorensen951 have prepared the primary cyclopropylmethyl cation 531

which shows static behavior. The nortricyclylmethyl cation 531 is regarded as a vinyl
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SiMe3

CH2OH −130°C
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Scheme 3.23
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bridged2-norbornyl cation531b. The support for the structure comesnot only from1H
and 13C NMR studies but also from molecular orbital calculations.952

H

H
+

H

H
+

a                                      b

     531

Ionization of alcohol 532 (Scheme 3.24) and diol 536 [Eq. (3.136)] precursors
to generate the corresponding triaxane-2-methyl cation and ditriaxane-2,2-
dimethyl dication, respectively, have been explored by Olah, Prakash, and co-
workers.953,95413C NMR characteristics of the ion generated from alcohol 532
(SbF5–SO2ClF, �78�C) are in accordance with a static classical, bisected cyclopro-
pylmethyl cation (533), a fast equilibrium between nonclassical, unsymmetrically
bridged bicyclobutonium ions (534a and 534b), or a fast equilibrium of classical
protoadamantyl cations (535a and 535b) (Scheme 3.24). A comparison of calculated
and experimental 13C NMR shift values, however, excludes ion 533. This and the
application of the 13C chemical shift additivity concept giving a Dd13C value of 226
indicate that the most likely structure for the cation is a set of rapidly equilibrating
bridged bicyclobutonium ions (534a and 534b).

Because the geometry of 536 is similar to that of 532, similar spectral features can
be expected. The only exception is that the two distonic positive charges result in a
higher atom-to-charge ratio and, consequently, a lower extent of s delocalization into
the strained cyclopropyl moieties. Ionization of 536 was performed under similar
conditions953,954 [Eq. (3.136)]. In accordance with expectations, the 13C NMR
spectroscopic features (deshielding of the methylenes by 71 ppm compared to that
of 534a and 534b) indicate higher positive charge density and lower degree of charge
delocalization. However, this value is still relatively shielded by 72.5 ppm when
compared to the nortricyclylmethyl cation (531); that is, charge delocalization is still

+

533                                   532

CH2OHCH2

+
HH

+
HH

a                                    b

534

+ +

a                                    b

535

Scheme 3.24
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substantial ruling out the static bisected structure 537. The lack of temperature
dependence of chemical shifts and the calculated 13C chemical shift additivity value
(Dd13C ¼ 250 per positive charge) support the bicyclobutonium-type nonclassical
structures 538a–538c.

CH2OH
HH

537                        536

HOH2C

CH2

H2C

+

+

+

H H

HH HH

H H H H

+ +

+ + +

a                                b                                c

538

ð3:136Þ
Prakash, Olah, and co-workers209 succeeded in preparing the stable persistent

tertiarycyclobutyldicyclopropylmethyl cation69by ionizing the correspondingalcohol
(see Section 3.4.4). Primary and secondary cyclobutylmethyl cations, in turn, are
nonclassical in nature and rearrange to thermodynamically more stable cyclopentyl
cations. In a recent ab initio study (MP2/6-31G* and MP2/cc-pVTZ levels)955 the
authors have found that the primary cyclobutylmethyl cation with a s-bridged
nonclassical structure is an energy minimum on the potential energy surface. Charge
delocalization into the cyclobutyl ring is evidencedby the significant elongationof theC
(1)–C(2) bond (1.903Å)which is comparable to that of theC(2)–C(Me) bond (1.738Å).
Two structures of energy minima were also identified for the secondary 1-cyclobuty-
lethyl cation. Conformer 539a with exo methyl group is more stable than conformer
539b (endo methyl) (MP2/cc-pVTZ//MP2/cc-pVTZþZPE level), by 1.2 kcalmol�1.
The elongated, almost equal, bond distances of conformer 539a clearly show its true
nonclassical nature [C(1)–C(2)¼ 1.837Å, C(2)–C(5)¼ 1.822Å]. The shorter C(1)–C
(2) bond distance of conformer 539b (1.819Å) indicates its relatively lower stability [C
(2)–C(5)¼ 1.839Å].Calculated 13CNMRshift data (d13C154.1 and142.2 for539aand
539b, respectively)—that is, the larger deshieldingof conformer539a—again reflect its
relatively higher nonclassical stabilization.

539a                                        539b

Me

H

Me

H

++

2

 

1

5

2

     1

5

3.5.2.6. Shifts to Distant Carbons Although there are many examples of 1,2-
hydrogen and alkyl shifts, the occurrence of 1,3, 1,4, and 1,5 shifts must also be
considered. A sequence of 1,2 shifts, however, can often yield the same results as a 1,3
or 1,4 shift, and the unambiguous demonstration of such can be difficult.

246 CARBOCATIONS IN SUPERACID SYSTEMS



Hydrogen-Bridged Acyclic Ions. The 2,4-dimethylpent-2-yl cation 8 is able to
undergo a degenerate 1,3-hydrogen shift956,957 (Ea¼ 8.5 kcal mol�1). The
alternative mechanism of the successive 1,2-hydrogen shift can be eliminated in
this case, since line broadening ofmethyl peak but notmethylene peak occurs (in the
NMR spectrum) in the temperature range of �70�C to �100�C. A third possible
mechanism involving a corner-protonated cyclopropane 540 is highly unlikely
based on energy estimates.97

+ +
+

8

H

540

+

H

A similar activation energy barrier of 10.5 kcal mol�1 is found for 1,3-hydrogen
shift in 1,3-dimethylcyclohexyl cation541958; incorporationof the six-membered ring
constrains the transition state and raises the activation energy barrier.

541

+                                                  +

An activation energy barrier of 12–13 kcal mol�1 was estimated for the 1,4-
hydrogen shift in 2,5-dimethyl-2-hexyl cation 542 using magnetization transfer
techniques.957 The possibility of protonated cyclobutane intermediate similar to the
previously considered protonated cyclopropane intermediate is highly unlikely. A
similar degenerate 1,4-hydrogen shift is found to occur in the 1,4-dimethyl-1-
cyclohexyl cation 543. The occurrence of successive 1,2- or 1,3-hydrogen shifts was
clearly ruled out from a variable temperature NMR study. The activation energy
barrier for such a process was estimated at 13 kcalmol�1.

+                                                          +

+

+

542                                                                      543

Intrigued by facile transannular hydride transfers in medium-sized rings,959–963

Saunders et al.56 examined the 2,6-dimethylheptyl cation 544. Even at the lowest
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temperature studied (about �100�C), the ion exhibits a single averaged peak for the
four methyl groups, implying that the 1,5-hydrogen shift occurs with an activation
energy barrier of 5 kcalmol�1 or less or the ion could have a symmetrically structure
such as 545.

544                                        545

+

+

H

+

Sun and Sorensen964 have successfully prepared mono- and di-m-hydrido-bridged
carbodications 546a–546c by reacting the corresponding diols with FSO3H–SbF5 in
SO2ClF. NMR characterization data are shown in Table 3.7.

R'R

+                       + a     R = H, R' = isoBu

b     R = Me, R' = isoBu

c     R, R' = isoBu
546

Dication 546a showed an NMR spectrum with a single shielded 1H signal
(Table 3.7), although the signal is not as shielded as reported for the cyclic m-hydrido
structures. Furthermore, the signal is highly temperature-dependent, which is char-
acteristic of rapidly equilibrating systems. It appears that the bulky isobutyl group at
C(4) in the chain affects significantly the chain conformation allowing for an equili-
brium between the m-hydrogen bridged 546a and the unbridged structure 546a0.
Disubstitution at C(4) (structure 546b) results in a similar equilibrating dicationic
mixture.TheNMRcharacteristics of 4,4-diisobutyl-substituteddication546c (highest
upfield shift, triplet for the bridging centers, J1H�13C ¼� 20 Hz) indicate that 546c
exists as a di-m-hydrido-bridged system, the first of its kind. The two hydride

Table 3.7. 1H NMR Shifts of Carbodications 546a–546c964

Dication Structure d1H (ppm) Temperature (K)

546a �0.78 203
�1.34 159

546b �3.36 200
�4.73 153

546c �4.53a 200
�5.10 160

aTwo protons.
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hydrogens undergo very rapid mutual exchange via unbridged species present in low
concentration.

+                       +

H

+

H +

a                                               a'

546

H

H
2+

546c

Hydrogen-Bridged Cycloalkonium Ions. The studies of Prelog and Traynham959

and Cope et al.960 established that medium-sized cycloalkyl rings (C8 to C11) undergo
direct transannular hydride shifts in reactions involving an electrophilic (i.e.,
carbocationic) intermediate.965 Sorensen and co-workers966 have shown that at
very low temperature (�130�C) the cyclodecyl cation exists as a static 1,6- or 1,5-
hydrido structure 547c or 547e, respectively. Similar behavior was also observed for
the 1,6-dimethyl analog 548.967 The bridging hydrogen in ion 547c is observed at an
unusually high field of d1H ¼ �6:85.

Stable hydrogen-bridged cycloalkyl cations 547a, 547b, and 547d (8-, 9-, and
11-membered rings) have subsequently been observed.968 The bridging hydrogenwas
found to be increasingly more shielded in the 1H NMR spectra as the ring size was
increased. This indicates increased negative charge on the bridged hydrogen (con-
versely increased positive charge on the terminal hydrogens) as the distance of
separation between the bridged carbons is increased. The 1H NMR shifts of the
terminal and bridging hydrogens of various hydrogen-bridged carbocations are shown
in Table 3.8.

(H2C) (CH2)mn

H

H

H

+

547                                                                                                   547e

a  m = 0, n = 0
b  m = 1, n = 0
c  m = 1, n = 1
d  m = 2, n = 1 or m = 3, n = 0

H

H

H

+

Table 3.8. d1H in Hydrogen-Bridged Carbocations968

Cation Structure H�CrHrC�H

547a þ7.9 �7.7 þ7.9
547b þ6.8 �6.6 þ6.8
547c þ6.8 �6.85 þ6.8
547d þ6.3 �6.0 þ6.3
548 — �3.9 —
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Sorensen and co-workers969 also obtained evidence for 1,5-m-hydrido bridging
between secondary and tertiary carbon sites in several substituted cyclooctyl cations.
The m-1,5-bridged 1,5-dimethylcyclodecyl cation 549 has also been obtained970 and
studied as a distinct stable species. Application of Saunder’s isotopic perturbation
technique to ion 548 confirmed the bridged structure. With one trideuteromethyl
group, an isotopic splitting of only 0.6 ppm is observed in the 13C resonance of bridged
carbon, and this clearly supports the assigned hydrido-bridged structure.

CH3

CH3

H

+

548                                     549

H

+

CH3

CH3

McMurry and co-workers have successfully prepared the uniquem-hydrido bridged
cation 550 in in,out-bicyclo[4.4.4]tetradecane by protonating the bridgehead alkene in
relativelyweak trifluoroaceticacid971or reacting thecorrespondingsaturatedprecursor
with triflic acid.972 [Eq. (3.137)]. This hydrogen-bridged propellane cation (550) is
remarkably stable in acid solution even at room temperature. The bridgehead carbon
appearing at d13C 139.3 in the 13C NMR spectrum is far shielded for a classical
cation.973The 13C NMRof the2-deuteriatedcationshoweda splittingof0.8 ppmwith a
very small temperature dependence, whereas the 2H NMR of the cation with bridge-
head deuterium gave a chemical shift of d2H �3.36 (0.1 ppm deshielded from the
unlabeled ion). These data are indicative of a nonclassical structurewith a 3c–2e bond.

H
CF3COOH

CDCl3, RT
H

+

550

CF3SO3H

CH2Cl2, 0 °C to RT
H H

TfO−

ð3:137Þ

An extensive computational study [BLYP/6-31G(d,p) level, AIM and NBO theo-
ries] by DuPr�e has shown974 that charge distribution in cation 550 prevents the
development of unstable bridgehead carbocation. They also found that atoms across
the CrHrC bonding are nearly neutral because of electron delocalization and the
bridginghydrogenhas essentially 1s electron configuration and thushighly shielded in
the 1H NMR spectrum.

Subsequently, cations with a range of different ring sizes (551–553) were prepared
and studied both experimentally and computationally.975,976 The expectation that
smaller ring size would result in more bent three-center bond was fulfilled when
calculated data (AM1 level) showed significant bending and changes in C�H bond
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lengths (Table 3.9). Furthermore, the chemical shift of the bridginghydrogen becomes
more shielded with increasing C�H�C bond angle indicative of an overall polariza-
tion of the bond. The deshielding in the 13C NMR shifts indicates decreasing bridging
with decreasing ring size. Ions 551 and 552 have stabilities similar to that of 550.
In contrast, ion 553 is stable only below 10�C and its NMR spectrum is temperature-
dependent with two high-shielded absorptions at �50�C (d1H �6.4 and �6.5).

H
HH

551                             552                             553

+                                  +                                 +

The effect of distance between the carbon centers on the nature of the 3c–2e bonds
has been studied by Sorensen andWhitworth977 in the tricyclic systems 554 prepared
from the corresponding bridgehead alkenes. The NMR spectra of the unconstrained
cation 555 studied for comparison showed the presence of two classical structures in
equilibrium. The chemical shift of the interchanging hydrogen (d1H 0.30) indicates a
shielded hydrogen but not sufficient enough for a m-bridged hydrogen.

H

(CH2)n

a n = 8
b n = 7
c n = 6
d n = 5

H CH3CH3

+

+

554                                                        555

Ions 554a and 554bwere generated by protonation in HSO3F–SbF5, and theywere
stable below �20�C. The NMR spectral data of cation 554a (Table 3.10) are
characteristic of a classical tertiary carbocation. Although the changes in the 1H and

Table 3.9. NMR Shifts and Calculated Data for Hydrogen-Bridged Carbocations976

Cation
d1H

(Inner H)
d13C

(Bridgehead)
C�H�C

Angle (Degrees)
C�H Bond
Length (Å)

550 �3.46 139.3 180 1.31
551 �4.20 152.5 166 1.33
552 �6.42 178.8 135 1.34
553 �6.5 178.0 113 1.37
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13C NMR shifts of cation 554b indicate the onset of bridging, MINDO/3 calculations
for the lowest energy conformers gave classical structures for both cations. Cations
554c and 554d were generated in HSO3F–TFA, and they were stable at room
temperature. The NMR spectra of both cations show the features of nonclassical
bridged structures. The temperature dependence of cation 554c indicates the presence
of two isomers: one symmetrical (minor) and the other (major) with less symmetrical
bridging. Experimental data and calculations for these two ions do not agreewell. The
structure of lowest energy for 554cwas found to be a classical cation and the bridging
structure of lowest energy is 5.1 kcal mol�1 less stable. The lowest energy structure for
554d, in turn, is a m-hydride bridged structure. However, an unsymmetrical m-bridged
ion lies higher in energy only by 0.45 kcal mol�1.

The 5-pentacyclo[6.2.1.13,6.02,7.04,10]dodecyl cation has been suggested to be the
intermediate in the solvolysis and rearrangement of pentacyclododecane deriva-
tives.978 Recent computational studies have shown that the m-hydride bridged cation
556 is the structure of the lowest energy [MP2/6-31g(d,p)].979TheC�Hbond length is
1.261Å, the C�C bond distance is 2.109Å, and the C�H�C bond angle is 113.5�. A
second minimum is the nonclassical cation 557 with the 3c–2e bond lying 3.3 kcal
mol�1 higher than 556 [B3LYP/6-31g(d,p)].

H

556                                 557

+
+

Five-Center Four-ElectronBondingStructures. Thepotential for the existence of
5-center 4-electron (5c–4e) bonding structures 558 have recently been surveyed by
Tantillo and Hoffmann980 [calculations at the B3LYP/6-31G(d) level]. A cation with
three anthracenyl units joined around the CrHrCrHrC core with two
approximately trigonal pyramidal carbon atoms and one five-coordinate trigonal
bipyramidal carbon was found to have 5c–4e bonding. The anticipated existence of

Table 3.10. NMR Shifts for Hydrogen-Bridged Carbocations977

Cation d1H (Inner H) d13C (Bridgehead)

554a 0.07 324.8
554b �1.46 296.5
554c �4.28a (�4.56)b 170.1
554d �5.64 166.8

aAt �10�C.
bAt �105�C.
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such cations has been strongly supported by an independent generalized population
analysis.981 The samemethod has been applied982,983 to explore the nature of bonding
in cation 559 with tetracoordinated proton sandwiched between two C�C double
bonds with the 5c–4e bonding residing in the CrCrHrCrC fragment. The results
further corroborate the possible occurrence of delocalized 5c–4e bonding.

558                                                         559

+

HC

R

R R

C

R

R R

C

R

R R

H H

+

3.5.2.7. 9-Barbaralyl (Tricyclo[3.3.1.02,8]nona-3,6-dien-9-yl) Cations and
Bicyclo[3.2.2]nona-3,6,8-trien-2-yl Cations. The 9-barbaralyl cation 560 is
the cationic counterpart of bullvalene561. Theunique stereoelectronic compositionof
the structural elements of 560 suggests that it is very reactive in both degenerate
(partial and total) and nondegenerate rearrangements. Bullvalene shows total degen-
eracy through a series of Cope rearrangements.984 There are several intriguing
structural and mechanistic questions connected with the barbaralyl cations; for
example, what are their structures and how does the positive charge influence the
degenerate Cope rearrangement in ion 560? Ion 560 is closely related to the bicyclo
[3.2.2.]nona-3,6,8-trien-2-yl cation 562, which has been of interest in connectionwith
the development of the concept of bicycloaromaticity.985

+

560                                                     561                             562

+ +

When bicyclo[3.2.2]nonatrien-2-ol 563was treated with superacid at�135�C and
observedat the same temperature by 1HNMRspectroscopy, a sharp singlet atd1H6.59
was obtained. A rapidly rearranging carbocationwas inferred to be responsible for the
observed singlet since there is no regular polyhedron with nine corners, that is, nine
equivalent positions [Eq. (3.138)].Thechemical shift of the singlet comparedwith that
estimated from appropriate reference compounds indicated that the ion that was
rapidly exchanging all its nine CH groups was the 9-barbaralyl cation 560 rather than
the bicyclo[3.2.2]nona-3,6,8-trien-2-yl cation 562. A combination ofmechanism (IV)
(Scheme 3.25) andmechanism (V) (Scheme 3.26) or structure 565 itself was proposed
for the total degeneracy, and the rearrangement barrier was estimated to be �6 kcal
mol�1. Even at �125�C, the singlet disappeared rapidly, and a novel type of ion, a
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Scheme 3.25
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Scheme 3.26

1,4-bishomotropylium ion, bicyclo[4.3.0]nonatrienyl cation 564 was quantitatively
formed.45,986–988

561H

OH

HSO3F−SO2ClF

1:4 (v/v)

−135°C
+

6                      1

7         9

5                      2

     4            3

8

563                                                                                               564

−125°C

∆F‡ = 10.4 kcal mol−1

ð3:138Þ
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The total degeneracy was found to be slow on the 13C NMR time scale. No signal
was detected above noise level in the spectrum.Thus, the signalsmust bevery broad as
a consequence of slow rearrangements.54 In the hope of being able to solve contro-
versies concerning the structure and mechanisms of rearrangement of the barbaralyl
cation, the 13C-labeled precursor 566was synthesized and the 13C-labeled barbaralyl
cation 567 was prepared989 [Eq. (3.139)].

13C

566

H

OH

HSO3F−SO2ClF−SO2F2−CHCl2F

2:7:7:1 (v/v/v/v)

−135°C
(CH)8

13CH+

567

ð3:139Þ

The 13C NMRspectrum at�135�C showed a broad band at d13C 118.5 conforming
the fast scrambling of all nine carbon atoms. The barrier was found to be 5.5 kcal
mol�1. Upon lowering the temperature to�150�C, the signal broadened and split into
two new signals at 101 ppm and 152 ppm with the area ratio 6:3. Further lowering of
the temperature to�152�C sharpened the signals. These results exclude ion 562 as the
observed ion.However, the data donot allowdiscriminationbetween the twoproposed
ions 560 and 565. If rearrangement (IV) gives the area ratio 6:3, the barrier for such a
rearrangement is estimated to be�4 kcalmol�1. The static ion 565 should also show
the area ratio observed.

Subsequently, the controversywas solvedbyAhlberg and co-workers990,991 using a
combination of 13C labeling and isotopic perturbation. The specifically octadeu-
teriated and 13C-labeled precursor 568 was synthesized, and reaction with superacid
gave the ðCDÞ813CHþ cation 569 [Eq. (3.140)]. The 13C NMR spectrum of 569 is
similar to that of 567 but has some important differences. The broad singlet observed
from 569 at�135�C appeared 4.5 ppm downfield of that of 567 and the two signals at
�151�Chad also been shifted; the low-field one hadbeen shifted to upfield by�1 ppm
and the high-field one downfield by 6 ppm. Furthermore, the area ratio had changed
from 6 : 3 to 5 : 3. These changes caused by the isotopic perturbation are only
consistent with the labeled perturbed ion being a 9-barbaralyl cation 560 and not
the D3h structure 565.

13C

569

D

OH

(CD)8
13CH+

D

D D

D

D

D
D

H

568

ð3:140Þ

If the ion 569 has structure 565, the following spectral changes would have been
expected. Due to equilibrium (VI) (Scheme 3.27), which is likely to have an
equilibrium constant smaller than 1 because of the difference in zero-point energy
between a “cyclopropane” C�H and “olefinic” C–H, a downfield shift of the singlet
might be observed. The two signals at�151�C, on the other hand, are not expected to
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Scheme 3.27

shift relative to those of 567, since the six “cyclopropane” carbon–hydrogen bonds are
equivalent and so also are the three “olefinic” carbon–hydrogen bonds. However, an
area ratio different from 6:3 is expected.

If, on the other hand, 569 has the 9-barbaralyl cation structure 560, the observed
shifts of the two signals at �151�C are as expected: The carbon–hydrogen bonds
involving C(1), C(2), C(4), C(5), C(6), and C(8) are not equivalent and therefore
13C--Hwill preferentially be found in olefinic position since olefinic C�Hbonds have
lower zero point energy than saturated C�H bonds. Therefore, the 13C average
chemical shift will be shifted downfield [by process (VII), Scheme 3.52]. By the same
reasoning, only a minor shift is expected for the C(3), C(7), and C(9) group involving
olefinic carbon–hydrogen bonds. The observed shift at�135�C of the broad singlet is
also as expected. Thus, the barbaralyl cation has 9-barbaralyl cationic structure 560
and undergoes the sixfold degenerate rearrangement (IV) (Scheme 3.25), which has a
barrier of only 4 kcal mol�1. Structure 565 has been excluded as either transition state
or intermediate in this rearrangement.990

Complete degeneracy of ion 560 is probably achieved through mechanism (V)
(Scheme 3.26), where ion 562 is either an intermediate or transition state.992

Similar rearrangements are also observed in 9-substituted and 4,9-dimethyl-
substituted 9-barbaralyl cations. The mechanisms of such rearrangements have been
thoroughly investigated.993–995

Ab initio studies have been performed to explore the potential energy surface of the
C9H9

þ cations.996–998Calculations byAhlberg,Cremer, andco-workers998 have shown
[MP2, MP3, and MP4(SDQ) with 6-31G(d) basis set] that 9-barbaralyl cation 560 is
more stable thannonclassicalbarbaralyl cation565andbicyclo[3.2.2]nona-3,6,8-trien-
2-yl cation 562by6.9 and4.6 kcalmol�1, respectively.Both sit at a transition state or in
a very shallow minimum surrounded by transition states of similar energies. The
energetically most favorable transformations of 560 are sixfold degenerate rearrange-
ments via transition state 570 ofC2 symmetry representing an activation energy barrier
of 3.6 kcalmol�1. A new reaction mechanism has been suggested to interpret the
complete degenerate rearrangement of560 leading to equilibration of all carbon atoms.
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It is characterized by double-bifurcation reactions with three directly connected first-
order transition states. These are two transition states 570 and transition state 562. The
chemical behavior of cation 560 is determined by the stereocomposition of a cyclo-
propylcarbynyl cation moiety in conjugation with two vinyl group. The 9-barbaralyl
cation 560 is characterized by four weak C�C single bonds (bond orders¼ 0.54 and
0.84) and one strong nonbonded interaction that can be easily broken and closed.

570

+

1
                   5

9

8 
     2

7

 

     3

6

4

3.5.2.8. The 1,3,5,7-Tetramethyl- and 1,2,3,5,7-Pentamethyl-2-adamantyl
Cations. The nature of the 2-adamantyl cation 571 has been difficult to study
under stable ion conditions since it undergoes facile rearrangements to the more stable
1-adamantyl cation 49.182 This difficulty was circumvented by Lenoir, Schleyer,
Saunders, and co-workers999 by blocking all four bridgehead positions by methyl
groups in a study of 1,3,5,7-tetramethyl- and 1,2,3,5,7-pentamethyl-2-adamantyl
cations 572 and 573.

+ H

+

+

571                               49                              572                                 573

+

The 1HNMRspectrumof572 in superacidhad the correct number ofpeaks to fit the
symmetry of a static 2-adamantyl cation, but the chemical shift of the CHproton at the
presumed carbocation center C(2) was d1H 5.1. This is 8 ppm to higher field than
expected for a typical static secondary carbenium ion such as the isopropyl cation 2.17

Since the symmetry of the spectrum was incompatible with either a static bridged 2-
adamantyl cation 574 or a static protoadamantyl cation 575, two mechanisms were
postulated involving sets of 574or 575undergoing rapid degenerate rearrangements at
�47�C [Eqs. (3.141) and (3.142)].

+ +

+

+

574

ð3:141Þ

+ +

+ +

575

ð3:142Þ

EQUILIBRATING (DEGENERATE) AND HIGHER (FIVE OR SIX) COORDINATE 257



Apart from one of these degenerate rearrangements, 572 also underwent a non-
degenerate rearrangement to the more stable tertiary 2-adamantyl cation 577 with a
half-life about 1 h at�47�C [Eq. (3.143)]. The kinetics of this rearrangement, which
involves protoadamantyl cations 576 as intermediates, was advantageously studied in
the tertiary 2-adamantyl system 573, where it is degenerate. Line-shape analysis for
the degenerate rearrangement of 573 gave Ea¼ 12.1� 0.4 kcalmol�1 in accord with
molecular mechanics calculations.

+ + +

+

572                                                                    576                                  577

ð3:143Þ

Since it was difficult to make an exclusive choice between mechanisms for the
degenerate rearrangement shown inEqs. (3.141) and (3.142) and the average structure
of 572 on the basis of 1H NMR data only, further arguments were taken from a
solvolytic study, and the mechanism involving 574 [Eq. (3.141)] was preferred as an
explanation for the behavior of 572 in superacid.

Criticism of these conclusions by Fărcaşiu1000 led Schleyer, Olah, and co-workers
to study55572and573 further by 13CNMRspectroscopy.Thespectraof573confirmed
its classical static carbenium ion structure at low temperature. At 30�C an average of
the C(1), C(2), and C(3) signals and those of the CH3 groups attached to these
positions, respectively, were observed due to the degenerate rearrangement via the
mechanism in Eq. (3.142).

An entirely different spectrumwas obtained for 572with the C(2) 13C resonance at
d13C92.3,more than200 ppmremoved from theposition expected for a static classical
cation. Since a static structure like572was incompatiblewith theobserved spectrum, a
chemical shift estimate was made for the protoadamantyl cation 575. However, the
discrepancy between these estimated chemical shifts and those observedwas too large
to explain the behavior of the 1,3,5,7-tetramethyl-2-adamantyl cation within the
properties of an equilibrating set of ions 575 even with the partial contribution of 572.
This left the set of s-bridged ions 574 equilibrating according to the mechanism in
Eq. (3.141) as the only possible structure for this ion.

3.5.3. Homoaromatic Cations

The concept of homoaromaticity29,1001–1006 was advanced by Winstein in 1960. It
represented a challenge to experimental and theoretical chemists alike.1007–1009 The
question of homoaromatic overlap has been mainly studied in six-p-electron
H€uckeloid systems,29,1001–1006 although several two-p-electron homoaromatic sys-
tems have been discovered subsequently.230,1006,1010–1013
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Theoretical studies have recently been performed to find appropriate criteria
for homoaromaticityof carbocations.1014,1015Using four criteria [aromatic ring-current
shielding (ARCS), nucleus-independent chemical shifts (NICS), bond-length altera-
tions, and 1HNMRshielding], cationsC8H9

þ,C9H10
2þ, andC12H13

3þwere found tobe
the most homoaromatic. No other molecules are ranked as homoaromatic by all four
criteria. For homoaromatic molecules of small ring size, the ARCS method is the
method of choice to assess homoaromaticity. Interestingly, a C(1)–C(n�1) distance of
about 2Å seems to be a good indication of homoaromaticity.

3.5.3.1. Monohomoaromatic Cations. The simplest 2p monohomoaromatic
cation, the homocyclopropenyl cation (C4H5

þ, cyclobutenyl cation, 578), along with
its analogs, has been prepared and studied by Olah et al.230,1010 The experimental
evidence for the existence of 1,3-overlap has been derived from 1H and 13C NMR
data.230,1010 At low temperature, the methylene protons of the ion 578 exhibit non-
equivalence, indicating ring puckering. The experimentally determined barrier for
ring flipping of 8.4 kcalmol�1 compares closely with the theoretical estimates.1016

Subsequent computational studies by Schleyer and co-workers1017 have confirmed
the bent structure of 578. Ring inversion energies calculated at various levels of theory
were found to be 9.0–9.3 kcalmol�1, which agree well with experiment. The homo-
aromatic character of ion 578 is shown by the nearly equal charges on C(1), C(2), and
C(3), the considerable bond order, the short C(1)–C(3) bond distance (1.74Å), and the
large stabilization energy relative to themethylallyl cation. Long-lived polysubstituted
cations 579 have recently been generated from the corresponding methylenecyclo-
butenes inHSO3F–SbF5–SO2ClF solution at�130�Candcharacterizedby 1H and 13C
NMR spectroscopy.1018,1019

578

+

HbHa
+

Hb Ha

Hb

Ha

+        1

                  3
2

+Me

Me

Me

Ar

Me

Ar = 1-naphthyl,
        2'-biphenyl

579

Other examples of monohomoaromatic cations are the 6p homotropylium ion 179
ofPettit1020–1022 andWinstein1023–1025 and thepreviouslydiscussed2phomoaromatic
11-methyltricyclo[4.4.1.01,6]undec-11-yl cation 46.163

The structure and properties of the homotropylium ion 179 of Cs symmetry have
been addressed theoretically.346,1026 Both MP2(full)/6-31G* and MMP2 geometries
give almost perfect C�C bond equalization in the seven-membered ring moiety. This
observation, the strong stabilization (�22.8 kcalmol�1) by the p overlap, and the short
C(1)–C(7) bond distance (1.957–2.149Å) indicate efficient electron delocalization
involving through-space1,7 interaction.Therefore, thehomotropylium ion179 is a truly
homoaromatic six-p-electron system. The planar structure 580 (C2v symmetry) par-
ticipating in ring inversion of cation 179, in turn, has a stabilization energy of only
�2.1 kcalmol�1 and, consequently, cannot be regarded as an aromatic system.Alkorta
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et al.1027 have found in a recent study that fluorination has not much effect on the
homoaromaticity, that is, homoaromaticity is apersistentpropertyof theparent ion179.

+

H
H

H

H
+

1

  

         7

179                                    580

3.5.3.2. Bishomoaromatic Cations. The magnitude of homoaromatic stabili-
zation is expected to decreasewith increasing interruption bymethylene groups of the
otherwise conjugatedp-framework in neutralmolecules.However, in an ionic species,
additional driving force is present for charge delocalization. Two of the most widely
studied bishomoaromatic cations are the 7-norbornenyl and 7-norbornadienyl cations
581 and 582.1011,1028–1034

++ +

581                         582                                  583

The 13C NMR spectrum of the cation 581 shows substantial shielding of both the
C(7) cationicandvinylic carbonchemical shifts (d13C34.0and125.9, respectively).1011

A similar shielding phenomenon is observed for ion 582. Interestingly, ion 582
undergoes a bridge-flipping rearrangement1029,1032,1033 as well as ring contraction–
expansion through the intermediacyofbicyclo[3.2.0]heptadienyl cation583. These two
processes can result in scrambling of all seven carbon atoms.

+

+

582                       bridge flipping

+

Several studies, including the application of the tool of increasing electron de-
mand,691,1030–1032 best describe ion 581 as a symmetrical bridged p-bishomocyclopro-
peniumcation and not as a rapidly equilibrating pair of cyclopropylmethyl cations, such
as 584. The observed unusually large 13C--1H coupling constants at the C(7) position of
581 and 582 (218.9 and 126.4Hz, respectively) demonstrate the higher coordination of
the carbocationic carbon. X-ray crystal structure analysis of the 7-phenyl-2,3-dimethyl
derivative of the 7-norbornenyl ion showed short C�C distances of the carbons in the
3c–2e bonding (both are 1.86Å).78 The X-ray crystal structure, the optimized geome-
try1035 (MP2FC/6-31G*), and calculated 13C NMR shift data78 agree well.
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+
+

584

Olah, Prakash, and co-workers1036 have generated and characterized the sand-
wiched bishomoaromatic dication 585 [Eq. (3.144)]. The 1H NMR spectrum of the
solution at�80�C indicated that the species shows the same symmetry as the starting
diol with chemical shifts of some of protons being more shielded. The 13C NMR
spectra with significantly shielded absorptions [d13C 131.7 (doublet, JC–H¼ 199.3
Hz), 52.9 (doublet, JC�H ¼ 219.2 Hz), and 38.1 (doublet, JC�H ¼ 169.6 Hz)] indicate
the highly symmetric dicationic structure 585. Dication 585 can be considered as a
four-p-electron bicyclo(polycyclo)aromatic system. The magnitude of the observed
chemical shifts and the lack of temperature-dependent behavior rule out, respectively,
rearranged structures and equilibrium processes.

+

585

+

OHH

HO H

SbF5

SO2ClF

−78°C

+

ð3:144Þ

Several studies1037–1041 on the hexamethylbicyclo[2.1.1]hexenyl cation have
shown that the ion is best represented as a bishomoaromatic species 586 analogous
to 581 and 582. Laube and Lohse1042 succeeded in acquiring the X-ray crystal
structure of the endo-586 ion and its 6-chloro derivative. An unusually strong 3c–2e
bond [C(2)–C(3)¼ 1.406Å, C(2)–C(5) and C(3)–C(5)¼ 1.741Å] was found in the
latter. The optimized geometry78 of 586 (B3LYP/6-31G*) agrees well with the
experimental values. These observations unequivocally indicate that the hexam-
ethylbicyclo[2.1.1]hexenyl cation is a nonclassical ion and the equilibrating ions
can be excluded.

+

H

586

The extent of bishomoaromatic delocalization, as expected, is critically dependent
upon structural geometry. Attempts to prepare the parent bishomoaromatic
4-cyclopentenyl cation 588 from 4-halocyclopentene 587 were unsuccessful
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[Eq. (3.145)].222,1043 They gave instead the cyclopentenyl cation. The lack of
formation of bishomoaromatic ions from cyclopentenyl derivatives is mainly due to
steric reasons. The planar cyclopentene skeleton has to bend into the “chair”
conformation to achieve any significant overlap between the empty p orbital and
the p–p lobe of the olefinic bond, which is sterically unfavorable. However, such
conformation already exists in ions 581 and 582.

+

H

X

587                                       588

 X = Cl, Br

ð3:145Þ

Bishomotropylium cations are 6p homoaromatic cations. The first bishomotro-
pylium cations, the 1-methyl-1,4-bishomotropylium ion and the parent ion 589, were
generated and observed by Winstein and co-workers under superacid condi-
tions.986,1044,1045 The intermediate identified991 as the barbaralyl cation 560 rear-
ranged exclusively to cation 589 at �116�C. Strong support for the homoaromatic
character of 589 comes from the observed 13C NMR shifts and 13C--13C coupling
constants indicating that all nine carbons are sp2-hybridized. Solvolytic experiments,
in turn, favored the cis-8,9-dihydro-1-indenyl structure 590.1046 Subsequent calcula-
tions1047,1048 [HF/6-31G(d), MP2/6-31G//HF/6-31G, and MP2, MP3, MP4(SQD)/6-
31G(d) levels] showed, however, that 589 has a folded structure. The folding angle and
C(2)–C(9) and C(5)–C(7) interaction distances (93� and 2.1Å, respectively) differ
significantly from those in the classical structure 590 (114� and 2.34Å). Further
observations,—namely, large degrees of bond equalization (1.40� 0.01Å) and charge
delocalization, a similar strong equalization of 13C chemical shifts in the seven-
membered ring [IGLO/6-31G(d)], and a bond order characteristic of an aromatic
system—lend additional strong support to the nonclassical nature of ion 589.

560                                            589                                                        590

+

+
+

+

H

H

Olah, Prakash, and co-workers in collaboration with Prinzbach have studied
bishomoaromatic cage dications derived from pagodane (an undecacyclic hydrocar-
bon) and dodecahedrane cage hydrocarbons.385,1049 Oxidation of 591 and its valence
isomer 592 by two-electron removal from the central cyclobutane ring resulted in
the formation of paramagnetic solutions which, upon standing at room temperature,
gave diamagnetic solutions of a unique, surprisingly stable species1050 [Eq. (3.146)].
The symmetry of the 1H and 13C NMR spectra (four peaks in each spectrum) and the
extent of deshielding indicated that the species is ionic and has the sameD2h symmetry
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of the parent pagodane. A crystalline material was isolated and fully characterized by
X-ray, which showed that the product retained the integrity of the hydrocarbon
skeleton. The NMR spectra, which were found to be temperature-independent down
to�130�C, alongwith additional evidence aswell as computational studies (SCF–MO
calculations), firmly established the nature of dication 593 excluding the possibility of
rapidly equilibrating processes. The bishomologous dication 594, in contrast,
rearranges to the bisallylic dication 595 even at �130�C. Dication 593 is a novel
four-center two-electron delocalized s-bishomoaromatic species, which resembles
two-electron Woodward–Hoffmann transition states and owes its unprecedented
character to its specific rigid framework.

2+SbF5

SO2ClF

−78°C

SbF5

SO2ClF

−78°C

591                                        593                                           592

ð3:146Þ

2+
+

+

594                                         595

To further explore the limiting structural and energetic prerequisites for the unique
s-bishomoconjugation the structurally related seco-1,16-dodecahedradiene 596 and
1,16-dodecahedradiene 597 were also studied. For 596, only the corresponding
bisallylic dication could be observed,1051,1052 whereas for 597 the dication could not
be observed at all.1053 The s-bishomoaromatic species 599, however, could be
generated via electrochemical oxidation of alkene 598.1054

596                             597                             598                                       599

2+

Isopagodanes 600 and 602 were also studied under the usual oxidative conditions
(SbF5–SO2ClF,�130�C, prolonged stirring) and both gave diamagnetic solutions as a
result of two-electron oxidation.1055 The number of absorptions of the 1H and 13C
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NMR spectra (seven peaks in each spectrum) and the observed deshielding of protons
and carbons relative to the neutral 600 established theC2v symmetricals-bishomoaro-
matic structure 601a and excluded a rapid equilibrationwith the degenerate 601b. The
bishomoaromatic structure of 603 was established in an analogous way. Ab initio
calculations (B3LYP/6-31G* level of theory) gave only one minimum on the
corresponding hypersurfaces and also indicated the C2v symmetrical structure with
the rectangular geometries of the central C4 units.

1055 Computations by Schleyer and
co-workers1056 [MINDO/3, MNDO, AM1, and MC-SCF] gave further strong evi-
dence for the nonclassical nature of pagodane dications excluding two rapidly
equilibrating classical C2v structures and a diradical of D2h symmetry.

2+ 2+

600                                                                                        602                             603

2+

a                                    b

601

The novel four-center two-electron delocalized s-bishomoaromatic species 593,
594, 599, 601a, and 603 are representatives of a new class of 2p-aromatic pericyclic
systems. These may be considered as the transition state of the Woodward–
Hoffmann allowed cycloaddition of ethylene to ethylene dication or dimerization
of two ethylene radical cations985 (Figure 3.25, 604). Delocalization takes place
among the orbitals in the plane of the conjugated system, which is in sharp contrast
to cyclobutadiene dication 605 having a conventional p-type delocalized electron
structure (Figure 3.25).

Precedents of this type of bonding pattern are the assumed bicyclo[2.2.2]octane-
1,4-diyl dication 606,393 which was found to be themonocationmonodonor–acceptor

H

HH

HH

H
H

H H

HH

H

2+ 2+

604 605

Figure 3.25. Molecular orbital representations of the bonding structure of the parent bisho-
moaromatic dication C4H8

2þ (604) and cyclobutadiene dication C4H4
2þ (605).
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complex in a subsequent reinvestigation,394 and the octamethylnorbornadienediyl
dication 607 prepared and characterized by Hogeveen and co-workers.1057

2+

2+

606                                   607

The nature of bonding in the parent C4H8
2þ dication [tetramethylene dication

(CH2)4
2þ] was analyzed by various levels of theory.1050,1056 Of the various species

selected, the open form 608withCi symmetry was found to be the global minimum at
all levels of theory.1056 However, optimization with MINDO/3, AM1, and 3-21G for
the classical pagodane dications 609a and 609b led to ring closure to the parent
bishomoaromatic pagodane dication 593 ofD2h symmetry. IGLO 13C NMR chemical
shift calculations lend additional support for the bishomoaromatic stabilization.1056

Apparently, despite the strain imposed by the planar cyclobutane moiety in the
polycyclic cage structure, the strongCoulombic repulsion that could lead to geometric
distortion and, consequently, cancellation of bishomoaromaticity is successfully
counterbalanced by the rigid molecular framework thus contributing to stabilization.

608

HH

H H

H
H

H
H

   +
+

   +
+

      +  

+

a                                   b

609

3.5.3.3. Trishomoaromatic Cations. Following Winstein’s proposal1058–1061

of the formation of a trishomoaromatic cation in the solvolysis of cis-bicyclo[3.1.0]
hexyl tosylate, extensive effort was directed toward its generation under stable ion
conditions.222 Masamune et al.1012 were first able to prepare the ion 610 by the ioni-
zation of cis-3-chlorobicyclo[3.1.0]hexane in the superacidic media. Subsequently, it
has also been generated from the corresponding cis-bicyclo[3.1.0]hexan-3-ol in protic
acid-free SbF5–SO2ClF solution. The observed NMR spectral data agree very well
with the C3v symmetry of the ion 610. The 13C NMR shifts are highly shielded for
the three equivalent five-coordinate carbons (d13C 4.9with a 13C–Hcoupling constant
of 195.4Hz), which is indicative of the nonclassical nature of the ion. Attempts to
prepare methyl- and aryl-substituted trishomocyclopropenyl cations were, however,
unsuccessful,1043 which is consistent with Jorgensen’s calculations.1062

+ +

610                        611                            612

+
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The ethano-bridged analog 611 was also prepared from the 8-chloroticyclo
[3.2.1.02,4]octane precursor.1063 Ion 611 closely resembles the trishomoaromatic ion
610 in its spectral properties.

Another interesting trishomoaromatic system which has C3v symmetry is the
9-pentacyclo[4.3.0.02,402,805,7]nonyl cation 612 prepared by Coates and Fretz.1013

Ion 612 has been thoroughly investigated in solvolysis.1064,1065A rate enhancement of
1010 to 1012 compared with ordinary systems uncovered its highly delocalized nature
(strain relief is not the reason for the degenerate rearrangement). Also, analysis of
remote and proximate substituent effects upon ionization1066 and application of the
tool of increasing electron demand879,1067 fully reinforced its nonclassical nature. A
deuterium labeling study also confirms this conclusion.872,1068

Olah, Rasul, and Prakash1069 have recalculated the trishomocyclopropenium ion
610 and calculated the structure of the hitherto unknown 1,3-dehydro-5-adamantyl
cation 613 [DFT/IGLOmethod]. The B3LYP/6-31G* optimized geometry of cation
610 agrees well with that of the ab initio structure (MP2/6-31G*) reported
previously.1070 Both ions have C3v symmetry, and the relevant C(1)–C(3) bond
distance of ion 613 is only slightly longer than that of ion 610 (1.911Å versus
1.859Å), which indicates similar trishomoaromatic stabilization. The p orbitals of
the three bridgehead sp2 carbon atoms [C(1), C(3), C(5)] of cation 613 overlap,
involving two electrons. The C(1)–C(8) and C(8)–C(7) bond lengths differ only
slightly from those of adamantane. This shows extensive delocalization of the
positive charge among the sp2-type C(1), C(3), and C(5) carbons without additional
C�C hyperconjugation. The isodesmic reaction of the adamantyl cation and 1,3-
dehydro-5-adamantane yields 613 and adamantane in an exothermic reaction
(�20.0 kcal mol�1). This is again indicative of significant stabilization due to
trishomoaromatic interaction.

613

+   7
10                   6

2         1         9

3                    5

8

Recent computational studies gave conflicting results with respect to the nonclas-
sical nature of the trishomocyclopropenium ion. According to the study of Werstiuk
andWang1071 [B3PW91/6-311G(d,p) andMP4(SDQ)/6-311G(d,p) levels of calcula-
tions], the ion does not have pentacoordinate carbons, although it is stabilized by s,
s-bond homoconjugation. Molecular properties calculated by Cremer and co-
workers1072 [HFandMP2/6-31G(d) level], in contrast, indicate a nonclassical structure
with two-electron delocalization in the cycle as first predicted by Winstein.1060

3.5.3.4. Three-Dimensional Homoaromaticity. Schleyer and co-workers1073

generated and observed the intriguing 1,3-dehydro-5,7-adamantanediyl dication 614
of Td symmetry with four-center two-electron bonding corresponding to a three-
dimensional homoaromaticity [Eq. (3.147)]. In this system the p-orbitals of the
four bridgehead carbon atoms overlap inward in the cage in a tetrahedral fashion.
The chemical shifts of the bridgehead and the CH2 carbons (d13C 6.6 and 35.6,
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respectively), the unusual single sharp proton chemical shift (d1H 3.8), and the strong
deformation (C–CH2–C bond angle¼ 87.3�) predicted by calculations (3-21G ab
initio geometry) are indicative of the nonclassical structure of ion 614. Population
analysis at various levels (MNDO, MINDO/3, STO-3G, 3-21G) showed that the
positive charge resides not only on the bridgehead carbons but also on all 12 hydrogens
and the methylene carbons are neutral. The three-dimensional homoaromatic charac-
ter of ion 614 has been further confirmed bymore recent high-level theoretical studies
by Chan and Arnold1074 (ab initio HF/6-31G* level), Prakash et al.1075 (B3LYP/6-
31G*), and Schleyer and co-workers1076 (B3LYP/6-31G*).

614

2+

F

F

<−80°C

SbF5−SO2ClF

ð3:147Þ

3.5.4. Pyramidal Cations

3.5.4.1. (CH)5
þ-Type Cations. The close relationship between carbocations

and boranes led Williams1077 to suggest the square-pyramidal structure 615 for the
(CH)5

þ cation based on the square pyramidal structure of pentaborane. Stohrer and
Hoffmann1078 subsequently came to the same conclusion concerning the preferred
square-pyramidal structure for the (CH)5

þ cation using extendedH€uckelMO calcula-
tions.

C

H

H
H

H
H

+ +

+

615                           616                617                  618              619

singlet                        triplet

+

+

Cation 615withC4v symmetry can be viewed1078 as square cyclobutadiene capped
by CHþ. Since then, several calculations of (CH)5

þ at more sophisticated levels have
appeared.905,1079–1083 The MINDO/3 method1084 indicated that the pyramidal cation
615 is less stable by 14.4 kcalmol�1 compared with the isomeric singlet cyclopenta-
dienyl cations 616 and 617. The triplet ion 618 ofD5h symmetry was found to be only
1.6 kcal mol�1 more stable than the singlet ions. The triplet ion 618 has been
prepared1085 by molecular beam codeposition of 1-bromocyclopentadiene with SbF5
at 78K and was characterized by ESR spectroscopy.

The fifth isomer, the vinylcyclopropenyl cation 619, has been suggested by Zerner
and co-workers1086 to be the most stable of the isomeric (CH)5

þ cations (MP2/6-
31G**//6-31G* level). Subsequent high-level ab initio calculations (G2 level of
theory),1087 however, found almost identical energies for 618 and 619. Indeed, recent
ab initio [MP2(full)/6-31G*] and force-field calculations have shown1088 that 618 is
lower in energy than 619 by 1.2 kcal mol�1. This study also showed1088 that of the
parent singlet cyclopentadienyl cations the allylic structure616 is slightly favoredover
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the localized cyclopentadienyl cation structure 617. The stability of the alkyl-
substituted analogs, however, depends on the substitution patterns.

Lambert et al.1089 have claimed in a recent report the synthesis of the stable
pentamethylcyclopentadienyl cation 621 by hydride transfer from pentamethylcyclo-
pentadiene (620) with the trityl cation [Eq. (3.148)]. The NMR data, however, are
characteristic of allyl cations, and it became obvious that the product is not cation 621
but the known trans-1,2,3,4,5-pentamethyl-1-cyclopentenyl allylic cation 622.1090–1094

Particularly revealing is the C(4)–C(5) bond length (1.51Å) of the reported X-ray
structure, which is too long for a carbon–carbon double bond. The calculated bond
distance for 621 is 1.36Åand 1.351Å (reported byLambert et al.1089 and byM€uller,1091

respectively). The carbon–carbon single bond lengths for cation 622 observed experi-
mentally (1.517Å1093) arepractically identicalwithcomputedbond lengths (1.545Å1091

and 1.535Å1093). In the synthesis performed by Lambert, cation 622wasmost probably
formed by protonation of some acid impurity. In fact, ion 622 could be synthesized by
reacting 620 with triflic acid.1090 Consequently, cation 621 remains elusive.

+

621                                                              620                                         622

+

H

Ph3C+ TPFPB−

TPFPB =
tetrakis(pentafluorophenyl)borate

H

H
H+4            5

ð3:148Þ
Although experimental work on the parent square pyramidal (CH)5

þ ion has not
been reported, a dimethyl-substituted derivative 623 of the pyramidal ion 615,
however, has been prepared by Masamune et al.1095,1096 and studied by 1H and
13C NMR spectroscopy. Ionization of the dimethylhomotetrahedranol under super-
acidic conditions gave the pyramidal ion 623 [Eq. (3.149)]. The alternative singlet
cyclopentadienyl structures (616 and 617) for the species was eliminated based on 1H
and 13C NMR data. The highly shielded C(5) carbon chemical shift (d13C �23.0)
supports the structure 623 over a set of rapidly equilibrating structures such as 624a
and 624b. The quenching of ion 623 at low temperature affords cyclopentenes.

623

+

Me

Me

HHO

Me Me

HSO3F−SO2ClF

−78°C ð3:149Þ

etc.

a                               b

624

+

Me

Me

+

Me

Me

ð3:148Þ
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Attempts have been made to observe1084 the assumed interconversion of 625 to
626 in fluorenyl cations. Such intramolecular interconversion through the capped
pyramidal ion 627 was not observed [Eq. (3.150)]. MINDO/3 calculations1084

on the isomeric structures of cyclopentadienyl, indenyl, and fluorenyl cations
indicated strongly decreasing relative stabilities of pyramidal forms due to
bezannulation.

625                                                       627                                                 626

XX

R

+

R

+

XX

R

+

X X

ð3:150Þ

Insertion of a methylene group into the four-membered ring of the pyramidal
(CH)5

þ cation 615 would give rise to the homo derivative 628. As discussed
earlier,41,1037–1041 hexamethylbicyclo[2.1.1]hexenyl cation is best represented as a
bishomocyclopropenyl cation 586 and not pyramidal-type ion 629.

+ +

H

628                              629

The trishomocyclopropenyl cation 630 has been investigated by both solvo-
lytic1097–1100 and stable ion studies.1096 The obtained 1H and 13C NMR data could
be explainedwith the intermediacyof the bishomo square pyramidal ion631, although
no conclusive distinction could bemade between rapidly equilibrating systems of 630
and 631 structures. However, the ion 631 of C2v symmetry was preferred based on
relatedMINDO/2 calculations.1101 Subsequent high-level computational studies have
confirmed,1102 that cation 630 is not an energy minimum on the potential energy
surface and converges upon optimization into structure 631 (MP2/cc-pVTZ level).
Recent ab initio calculations [GIAO-CCSD(T) method]1103 have arrived at the same
conclusion. The classical structure 632 (Cs symmetry), a dicyclopropylcarbinyl
cation, was also shown to be energy minimum on the potential energy surface being
5.1 kcal mol�1 less stable than cation 631. The calculated 13C NMR chemical shifts
agree very well with the experimental values.

630                           631                         632

+                              + +
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The other two substituted bishomo-(CH)5
þ cations that have been investigated in

superacid media are the octamethylated ion 633 and its methano-bridged analog
634.41 The observed 13C NMR data of both ions1097,1104–1106 are consistent with their
highly symmetrical structures 633 and 634, but the data could also be explained with
degenerate rapidly equilibrating systems of lesser symmetry. Hart and Willer1106

determined the apical 13C--1H coupling constant of ion 633 (JC–H¼ 220Hz), which
is consistent with the single pyramidal structure 633 with nearly sp hybridization
of the apical carbon atom. Surprisingly, the bishomoaromatic 7-norbornenyl
cation 581 has nearly identical 13C--1H coupling constant as the ion 633 at the
C(7) carbon.1011 Recently, rearrangements involving C8H8F

þ cation have been
studied.1107

633

+

Both the bishomo square pyramidal structure 634 of C2v symmetry and the
trishomocyclopropenium-type structure 635a/635b (Cs symmetry) were found to be
minima on the potential energy surface of C8H9

þ, but they are almost isoenergetic:
Cation 635 is higher in energy than ion 634 only by 0.2 kcal mol�1 [MP4(SDQ)/6-
31G*//MP2/6-31G*þZPE level1102] or 0.7 kcalmol�1 (MP2/cc-pVTZ//MP2/cc-
pVTZþZPE level1103). The observed spectrum of C8H9

þ could be reproduced quite
well with a weighted average of the experimental and calculated NMR spectra. These
observations indicate that an equilibrium mixture undergoing rapid exchange on
the NMR time scale involving ion 634 and 635 (in a 1:2 ratio) can best represent the
structure of C8H9

þ.

+

+ +

635a                        634                       635b

3.5.4.2. (CH)6
2þ-Type Dications. The first known representative of the

(CH)6
2þ-type hexacoordinate pyramidal dications is Hogeveen’s hexamethyl cation

437.41,789,1108 This dication 437 can be prepared from a variety of precursors in
superacidic media (HSO3F, HSO3F–SbF5) at low temperature (Scheme 3.28).

The observed fivefold symmetry in the 1H and 13C NMR spectra even at very low
temperature (�150�C) with no line broadening leaves only two alternatives for the
structure of the dication: the nonclassical fivefold symmetrical, static structure 437 or
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a set of rapidly equilibrating degenerate dications 636 (Scheme 3.29) with an
activation energy barrier of less than 5 kcal mol�1.

The 1H and 13C NMR data, the rates of deuterium exchange, the rate of carbonyla-
tion, and the thermal stability of 437 provide strong evidence for the nonclassical

+

OMeOMe

OH

+

Br

+

Cl

OH

2+

OH

HSO3F

O

HCl, CH2Cl2 HSO3F Br2, CH2Cl2

Cl2, CH2Cl2

HSO3F HSO3F−SbF5

HCl, CH2Cl2

HSO3F−SbF5

HSO3F

HSO3F

HSO3F−SbF5

SbF5-SO2

HSO3F−SbF5

HSO3F−SbF5

437

Scheme 3.28

636

+

+

+

+

+

+

+

+

+

+

Scheme 3.29
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nature of this carbodication. However, the structure can be also be considered in terms
of the rapidly equilibrating set of structures 636 that have only one plane of symmetry
during the degenerate process; the apical C-atom describes a circle.

Although the observed 1H and 13C NMRdata strongly support the bridgednature of
the ion 437, further definitive evidence comes form isotope perturbation studies.1109

Very little isotopic perturbation (the degeneracy is not lifted due to CD3 substitution)
on the basal carbon signal is observed in the 13C NMR spectrum of the dication
[C6(CH3)4(CD3)2

2þ], indicating that the ion is symmetrically bridged. Other support-
ing evidence comes from a comparison of the 13C and 11B NMR shifts of the
isoelectronic borane B6H10 637. Williams and Field have shown936 that the 13C
NMRchemical shifts of a series of nonclassical cationsmay be comparedwith the 11B
NMR chemical shifts of the isoelectronic polyhedral polyboranes.

Hogeveen, Heldeweg, and co-workers1110,1111 also prepared the ethyl- and
isopropyl-substituted analogs 638a–638d of the dipositive ion (CH)6

2þ and their
bridged structures have been confirmed by1H and 13C NMR spectroscopic and
quenching studies.

R

2+

a   R = Me, R' = Et

b   R = Me, R' = isoPr

c   R = R' = Et

d   R = R' = isoPr

Me

MeMe

R'Me

637                                           638

B

BB

B

B

HH

H H
H H

HH

B

H

H

Lambert et al.1112 have performed a study to learn if the C5SiMe7
þ cation 639, the

monosila analog of the C6Me7
þ cation, can be accessed [Eq. (3.151)]. Cation 639 is

related to Hogeveen’s hexamethyl cation 437. Either a static structure with fivefold
symmetry or a dynamic structure with the dimethylsilyl group equilibrating rapidly
among positions is in agreementwith the 1H and 13C NMRspectra (a single resonance
for the ring methyl groups and a single resonance for the methyl groups on silicon).
DFT calculations [B3LYP/6-31G(d,p) level] indicated the unsymmetrical silabicyclo
[3.1.0]hexenyl structure 640 to be the global minimum. GIAO calculated and
experimentally observed 1H, 13C, and 29Si chemical shift values are in good
agreement.

639                                                                                                             640

+

SiMe2H

Ph3C+ TPFPB−
+

Me2
Si

Me2
Si

Ph3C+ TPFPB−

ð3:151Þ
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CHAPTER 4

Heterocations in Superacid Systems

4.1. INTRODUCTION

This chapter deals with cations generated in superacid media wherein the positive
charge is locatedonanatomother thancarbon.Theheteroatoms includeoxygen, sulfur,
selenium, tellurium, nitrogen, chlorine, bromine, iodine, hydrogen, xenon,
and krypton. This discussion is divided for convenience into the following sections:
(i) higher valency onium ions such as oxonium, sulfonium, selenonium, telluronium,
halonium, diazonium, and other species; (ii) enium ions of boron (borenium)
and aluminum (alumenium), silicon (silicenium), germanium (germenium), tin
(stannylium), and lead (plumbylium); nitrogen (nitronium), phosphorus (phosphe-
nium), arsenic (arsenium), and antimony (stibenium); (iii) homo- and heteropoly-
atomic cations of halogens (interhalogen cations), polyhomoatomic cations of oxygen,
sulfur, selenium, and tellurium, and other polyatomic and polyheteroatomic cations;
(iv) cations of group 6–12 elements; and (v)miscellaneous cations of hydrogen, xenon,
and krypton.

4.2. ONIUM IONS

4.2.1. Oxonium Ions

The synthesis, structural characteristics, and chemistry of oxonium ions have been
extensively investigated and reviewed.1

4.2.1.1. Hydronium Ion (H3O
þ). The hydronium ion (H3O

þ, 1) is the parent of
saturated oxonium ions. It was first postulated in 19072 and gained wider acceptance
with the acid–base theory of Brønsted3 and Lowry.4 The lifetime of 1 in aqueous
solution has been estimated to be about 10 times longer than the time scale of
molecular vibrations.5,6 The hydronium ion 1 has been studied in the gas phase aswell
as in solution (IR,7–10 Raman,11,12 NMR,13–16 MS,17,18 and neutron diffraction19,20).

SuperacidChemistry, SecondEdition, GeorgeA.Olah,G.K. Surya Prakash, �Arp�adMoln�ar, and Jean Sommer
Copyright � 2009 John Wiley & Sons, Inc.
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In fact, Christe et al.21,22 have isolated hydronium salts with a variety of counterions
such as SbF6

�, AsF6
�, and BF4

�. Complete vibrational7–10 and neutron diffraction
studies19,20 support the pyramidal nature of the hydronium ion 1. Extensive evidence
for the long-lived hydronium ion has been obtained in superacid solution.13,14,16 In the
mass spectrum, evidence has also been obtained for water-solvated hydronium ions
such as H5O2

þ and H7O3
þ. Isolation and X-ray crystal structure characterization of

H3O
þSbF6

�,22,23 H3O
þSb2F11

�,24 H3O
þSbCl6

� stabilized by acetornitrile,25 and
H5O2

þSbX6
� salts (X¼ F, Cl)26,27 have been reported.

The 1H NMR spectrum of H3O
þ (1) in superacids such as HSO3F–SbF5

(Magic Acid) and HF–SbF5 is observed at d 1H 11.0 (from trimethylsilane).13,14,16
17O NMR spectroscopic studies28,29 in HF–SbF5 with

17O-enriched hydronium ion
have indicated strong 17O–1H coupling (Figure4.1). In theproton-coupled spectrum, a
quartet is observed at d17O 9 – 0.2 (with reference to SO2 at 505 ppm) with
J17O�1

H ¼ 106� 1:5 Hz.
Mateescu and Benedikt28 suggested that 1 is planar and not pyramidal, on the basis

of a 33% increase in 17O–1H coupling constant upon going from H2O to H3O
þ. They

assumed a linear relationship between J17O�1
H and the hybridization state of oxygen.

Symons30 subsequently showed that the assumed sp3 hybridization for H2O by
Mateescu and Benedikt was not true (H2O has a bond angle of 104.5�31). Redoing
the calculation, Symons showed that the hydronium ion 1 is pyramidal with an
H�O�Hbond angle of 111.3�. Similar conclusions have been reached on the basis of
quantum mechanical calculations.32

Figure 4.1. 17O NMR spectrum of H3O
þ (1) in HSO3F–SbF5–SO2 at �20�C. (a) Proton

decoupled, (b) proton coupled.
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The hydronium ion forms clusters with electron pair donor molecules such as
water33 and crown ethers.34–36 Since the pioneering work of Kebarle37 on
H3O

þ�(H2O)n clusters by mass spectrometry, their structures and energetics have
been thoroughly studied.33,38,39 Two main structural models have emerged. Eigen
proposed40 the formation of a H9O4

þ complex in which the H3O
þ core is strongly

hydrogen-bonded to three H2O molecules. Zundel,41 in turn, suggested the existence
of a H5O2

þ complex with the proton being shared between two H2O molecules.
H3O

þ�(H2O)20 is considered a magic number cluster due to its enhanced stability
originating from the closed cage structure. This cluster has been shown to form a
pentagonal dodecahedral cage with 11 non-hydrogen-bonded hydrogens extending
out from the ion.42,43 Recent theoretical studies such as Car–Parrinello molecular
dynamics indicate44 that Eigen and Zundel structures may be considered as limiting,
equilibrating cases. By the use of a novel approach (multiconfigurational time-
dependent Hartree), Meyer and co-workers45 were able to simulate the experimental
gas-phase spectrum of H5O2

þ with surprising accuracy.
The oxonium dication H4O

2þ, which may play a role in superacid-catalyzed H–D
exchange reactions via an associativemechanism, has been studied theoretically. The
tetrahedral symmetry structure was found to be a minimum (HF/6-31G* level).46

Treatment with GAUSSIAN-2 method47 gives a dissociation energy of �61.9 kcal
mol�1 and a kinetic barrier of 38.2 kcalmol�1 for deprotonation. Practically the same
values (�61.3 and 38.1 kcal mol�1) have been computed at the QCISD(T)/6-311G
(2df,2p)/MP2(full)/TZPþZPE/MP2(full)/6-31G** level.48

4.2.1.2. Primary Oxonium Ions [ROH2
þ]. It has been shown49 that methyl and

ethyl alcohol in sulfuric acid give stable solutions of the corresponding alkyl hydrogen
sulfates 2 [Eq. (4.1)]. Many other alcohols show similar initial behavior, but the
solutions are not stable at room temperature.

     +     2H2SO4OHR R OSO3H     +    H3O+    +    HSO4
−

2                     1

ð4:1Þ

The first direct NMR spectroscopic evidence for the existence of primary alkylox-
onium ions (protonated alcohols) in superacid solutions was found in 1961 by
MacLean andMackor.50 TheNMR spectrumof ethanol inHF–BF3 solution at�70�C
gave awell-resolved triplet at about d1H 9.90 for the protons on oxygen coupled to the
methylene protons. InHSO3F this fine structure is not observed, even at�95�C, due to
the fast proton exchange.51

The NMR spectra of a series of aliphatic alcohols have been investigated in the
stronger acid system HSO3F–SbF5 using sulfur dioxide as diluent52,53 [Eq. (4.2)].
Methyl, ethyl, n-propyl, isopropyl, n-butyl, isobutyl, sec-butyl, n-amyl, neopentyl,
n-hexyl, and neohexyl alcohol all give well-resolved NMR spectra at �60�C, under
these conditions (Figure 4.2).

R OH R OH2

+

−60°C

HSO3F−SbF5−SO2 ð4:2Þ
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The strength of the HSO3F–SbF5 acid system is reflected by the fact that even at
25�C, solutions of primary alcohols show fine structure for the proton on oxygen
(Figure 4.2). This indicates that at this relatively high temperature the exchange rate is
still slow on the NMR time scale. In 1H NMR, the OH2

þ protons of the primary
alcohols appear at lower field (d1H 9.3–9.5) than the isomeric secondary alcohols
(d1H 9.1). This is due to a different charge distribution, as confirmed by the C(1)
protons of the primary alcohols appearing at higher field (d1H 5.0–4.7) comparedwith
theC(1)methineprotonof the secondary alcohols (d1H 5.4 and5.5). The 17O chemical
shift of protonated methyl alcohol 3 is deshielded by approximately 25 ppm from the
neutral methyl alcohol.29 The 17O–1H coupling constant of 107.6Hz is similar in
magnitude to that of the parent oxonium ion H3O

þ 1.

3                                 4

+CH3 O

H

H

+CH3CH2 O

H

H

Minkwitz and Schneider54 have been able to obtain protonated methanol in the
form of hexafluorometalate salts (MeOH2

þMF6
�, M¼As, Sb), and these were

characterized by X-ray diffraction. Protonated propanol and proton-bound dimers
of methanol, ethanol, and propanol with the proton shared between two alcohol
molecules (5) have also been characterized by infrared multiphoton dissociation

Figure 4.2. 1H NMR spectrum of protonated methyl alcohol in HSO3F–SbF5–SO2 at�60�C.
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spectroscopy.55 The synthesis and X-ray crystal structure of the oxonium salt
[H(OEt2)2]

þ(C6F5)4B
�have recently been reported.56Unfortunately, theproton could

not be located. Thin molecular films of ethanol and tert-butyl alcohol on Ru(001)
surface have been prepared and reacted with HBr.57 Only protonated ethanol EtOH2

þ

was detected on the ethanol surface by Csþ reactive ion scattering and low-energy
sputtering. In contrast, on the tert-butyl alcohol surface, both protonated alcohol
Me3COH2

þ and tert-butyl cation, Me3C
þ were formed.

+

HO

H

R

O

H

R

R = Me, Et, Pr

5

Aliphatic glycols in HSO3F–SbF5–SO2 solution give diprotonated species at low
temperatures.58 In diprotonated diols, the protons on oxygen are found at lower fields
than in protonated alcohols reflecting the presence of two positive charges. This is
especially true for ethylene glycol (d1H 11.2),where the positive charges are adjacent.
As the separation of the positive charges becomes greaterwith increasing chain length,
the chemical shift of the protons on oxygen of protonated diols approaches that of
protonated alcohols.

The reactivity of protonated alcohols53 and protonated diols58 in strong acids has
been studied by NMR spectroscopy. Protonated methyl alcohol shows surprising
stability in HSO3F–SbF5 and can be heated to 50�C without significant decomposi-
tion, although surprising condensation to tert-butyl cationwas occasionally observed.
Protonated ethyl alcohol 4 is somewhat less stable and begins to decompose at 30�C.
The cleavage of protonated n-propyl alcohol 6 has been followed in the temperature
range 5–25�C, giving a mixture of tert-butyl and tert-hexyl cations [Eq. (4.3)].

+

5−25°C

HSO3F−SbF5
CH3CH3CH2OH2 (CH3)3C+   +   (CH3)2CHC(CH3)2   +   H3O+

+

6

ð4:3Þ

Higher protonated alcohols cleave to stable tertiary alkyl cations. For protonated
primary and secondary alcohols, the initially formed primary and secondary carboca-
tions rapidly rearrange to themore stable tertiary carbenium ions under the conditions
of the reaction. For example, protonated n-butyl alcohol 7 cleaves to n-butyl cation
which rapidly rearranges to tert-butyl cation (k2 >> k1) [Eq. (4.4)].

+
CH3CH2CH2CH2OH2 [CH3CH2CH2CH2]+

k1 k2
(CH3)3C+

−H2O
7

ð4:4Þ

The cleavage of carbocations, shown to be first order, is enhanced by branching of
the chain: Protonated 1-pentanol is stable up to 0�C, isopentyl alcohol is stable up to
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CH CH

H2O

OH2

−H+

9

+

+

CH3CH3

C CH

O
+

+
CH3CH3

H

C C

H
O

H

+
CH3CH3

H

HH

C CH2CH3

O
+

CH3

H

−H+

RT
−H2O

Scheme 4.1

�30�C, and neopentyl alcohol cleaves at �50�C. The stability of the protonated
primary alcohols also decreases as the chain length is increased.

When theHSO3F–SbF5–SO2solutions ofdiprotonatedglycols are allowed towarm
up,58 pinacolone rearrangements, formation of allylic carbenium ions, and cyclization
reactions of diprotonated glycols can be directly observed by NMR spectroscopy.
Diprotonated ethylene glycol 8 rearranges to protonated acetaldehyde in about 24 h at
room temperature [Eq. (4.5)]. Protonated 1,2-propanediol undergoes a pinacolone
rearrangement to protonated propionaldehyde, probably through the initial cleavage
of water from the secondary position. Diprotonated 2,3-butanediol 9 rearranges to
protonated ethylmethyl ketone either through direct hydride shift or through a bridged
intermediate (Scheme 4.1).

+CH3CH CH2

H2O OH2
+   +

RT
−H2O

+CH3CHCH2 O

H

H
+

CH3CH2 C

H

OH

−H+

8

HSO3F−SbF5−SO2ClF

ð4:5Þ
Diprotonated 2,4-pentanediol 10 loses water and rearranges to form 1,3-dimethyl

allyl cation [Eq. (4.6)].Diprotonated 2,5-hexanediol 11, above�30�C, rearranges to a
mixture of protonated cis- and trans-2,5-dimethyltetrahydrofurans [Eq. (4.7)]. This
would seem to indicate that there is a significant amount of the monoprotonated form
present or that the carbocation formed can easily lose a proton before ring formation
occurs.

CH3CHCH2CHCH3

+ >−40°C
−2 H2O

−H+

10

OH2H2O + +                 +

+

CH3CH CH

H

CHCH3

CH3CH CH CHCH3

+
CHCH3CHCH3CH

ð4:6Þ
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CH3CHCH2CH2CHCH3

+ −H+

11

OH2H2O +

CH3CHCH2CH2CHCH3

+H2O

+

CH3CHCH2CH2CHCH3

+

HO

+
O

CH3H3C

H

−30°C
−2 H2O

ð4:7Þ

According to protonation thermochemistry of simple a,w-diols (1,2-ethanediol,
1,3-propanediol, 1,4-butanediol), the diols show enhanced proton affinities in the gas
phase compared with primary alcohols attributed to the formation of a strong
intramolecular hydrogen bond.59,60

In the case of phenols, eitherC- orO-protonated ion 12or 13 are formed, depending
upon the acidity of themedium. In relativelyweak acidmedium such asH2SO4

61 only
O-protonation is observed. However, in HSO3F only the C-protonated species is
formed.62 In amuch stronger acid system such asHSO3F–SbF5 (MagicAcid), bothC-
orO-protonated dication 14 can be observed. Both theC- andO-protonated ions were
shown to exist in the gas phase by IR photodissociation spectroscopy.63

+

12                           13                         14

H H

OH

R

+

H H

OH

R

+                                                            +

H H

OH2

R

In addition to the direct protonation of alcohols or phenols, haloalkyloxonium ions
canbegenerated fromcarbonyl compounds.Olah et al.64preparedhalomethyloxonium
ionsXCH2OH2

þ (X¼ F,Cl)by theprotonationofformaldehydewithHF–SbF5orusing
a mixture of HCl and HSO3F–SbF5–SO2. Minkwitz and Reinemann65 reacted hexa-
fluoroacetonewithHF–SbF5 to prepare an analogous primary oxonium ion [Eq. (4.8)].

HF−SbF5

−78°C
+O

H

HCF3

C

CF3

O

CF3

C

CF3

F Sb2F11
− ð4:8Þ

Christe et al.66 have recently reported an easy access to trifluoromethanol (CF3OH)
by reacting carbonyl dilfuoridewith anhydrousHF. In fact, trifluoromethanol exists in
equilibrium with CF2O and HF. It was found during their study that CF3OH is not
protonated by HF; however, it could be converted to trifluoromethyloxonium MF6

�

salts (M¼ Sb, As).
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The synthesis under stable ion conditions and characterization by 1H, 13C, and 29Si
NMR spectroscopy of the [(trimethylsilyl)methyl]oxonium ion 15 have been reported
byOlahet al.67Protonationof thecorrespondingalcoholwithMagicAcidgives ion15,
which is stable and can be isolated at room temperature [Eq. (4.9)].

HSO3F−SbF5−SO2−SO2ClF

−78°C
Me3SiCH2 OH +O

H

H

Me3SiCH2

15

ð4:9Þ

Silyloxonium ions (protonated silanols) 16 have also been prepared,67 and the
crystal structure of the tert-butyl derivative 16c as the Br6CB11H6

� salt has been
reported.68 Themost notable features of ion 16c are the flattening of the silicon center
(average C–Si–C angle¼ 116.0�) and the long Si�O bond (1.779A

�
). The Si�O bond

distance of the corresponding methyl derivative 16a (1.929A
�
) calculated by Olah

et al.69 (B3LYP/6-31G* level) is only 0.1A
�
longer than that found in 16c. The IGLO II0

calculated 29Si NMR chemical shift of 16a is considerably deshielded from that of the
neutral precursor Me3SiOH (d29Si 101.9 versus 15.1). In contrast, the 29Si NMR
chemical resonance of tert-butyl derivative 16c is even shielded comparedwith that of
16a (d29Si 46.7).68

+O

H

H

R3Si

16                                             17

a   R = Me
b   R = Et
c   R = tert-Bu

N

O

CH2

Si +O

H

HMe Me

2                       1

In protonated (amidomethyl)dimethylsilanols, such as 17, the Si�O(1) distance is
even longer (1.9114A

�
) due to the additional Si�O(2) interaction.70According toAIM

calculations71 the O�Si�Omoiety is a 3c–4e bond and the positive charge is largely
localized on silicon. The Si�O(1) bond length (1.9604A

�
) is similar to that of Si�O(2)

and the sum of the three C�Si�C bond angles is 359.9�. These data indicate that the
structure may be described as an intermediate of aqueous hydrolysis of silanes.

Monofluorooxoniumhexafluorometalates have been synthesized byMinkwitz and
co-workers72,73 by fluorinating H2O with XeFþMF6

� [Eq. (4.10)]. The salts can be
stored at room temperature for 2 h without decomposition.

HF
XeF+ MF6

−   +    H2O +O

H

H

F MF6
− HF  +  HOF  +  MF5

∆

M = As, Sb

−60°C
−Xe

ð4:10Þ
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Superelectrophilic fluorooxonium dications FOH3
2þ and F2OH2

2þ derived from
HOFand F2O, respectively, have been studied theoretically [QCISD(T)/6-311G**].

74

Both the O,O-diprotonated structure 18 and the O,F-diprotonated structure 19 were
found to be energy minima with the oxonium dication 18 being 14.9 kcal mol�1 less
stable than the oxonium–fluoronium dication 19. The O,O-diprotonated dication 20,
in turn, is the only minimum on the potential energy surface for the F2OH2

2þ system.
All of these species have substantial kinetic barriers for deprotonation to the
corresponding monocations.

F

O

H
H

H

2+ H

O

F
F

H

2+

FO

H
H

2+
H

C3v                                   Cs                                     C2v
18                                     19                                     20

4.2.1.3. SecondaryOxonium Ions [RR 0OHþ]. 1HNMRand IR investigation75

of protonated ether salts (hexachloroantimonates) in dichloromethane solutions
showed the formation of both (a) dialkyloxonium ions in which the proton is bound
to only one oxygen (21) and (b) bidentate complexes in which the proton is shared
between two ether molecules (22). Structural analysis of such a bidentate complex of
diethyl ether with a complex anion shows a broad Hþ resonance at d1H 16.3 and
unequal O�H bond distances (1.39 and 1.11A

�
).76

21                                           22

+
HO

R

R

SbCl6
− SbCl6

−+
HO

R

R

O

R

R

In the 1H NMR, the proton on oxygen showed up as a singlet around d1H 7–9 with
no coupling with adjacent alkyl protons, indicating rapid proton exchange under the
reaction conditions. Investigations using the superacid system HSO3F–SbF5–SO2 at
low temperatures lead to comparable values for the chemical shift to the proton on
oxygen for a variety of aliphatic ethers at d1H 7.88–9.03. Because of the stronger acid
system and the low temperature, however, the exchange rate is slowed down
sufficiently so that the expected splitting of the proton resonance on oxygen by the
adjacent hydrogens is observed77 (Figure 4.3). Diprotonated dimethyl ether
Me2OH2

2þ has been computed (MP2/6-31G*/MP2/6-31G* level) and found to be
a stable O,O-diprotonated isomer.47

The cleavage of protonated ethers in strong acid systems has not been studied
extensively.Kinetic investigationof the cleavageof ethers in 99.6%sulfuric acid using
cryoscopic methods showed that cleavage takes place by unimolecular fission of the
conjugated acid of the ether to form the most stable carbocation and an alcohol.
The carbocation and alcohol formed rapidly unite with the hydrogen sulfate anion.
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The overall rate in sulfuric acid, however, appears to be dependent upon the concen-
tration of sulfur trioxide. To rationalize these observations, themechanism outlined in
Scheme 4.2 has been proposed.78

Figure 4.3. 1H NMR spectrum of protonated dimethyl ether in HSO3F–SbF5–SO2 solution.

+    HSO4
−O R'R +    H2SO4

+    SO3

rate-determining

step
R+   +    R'OSO2OH

ROSO2OHR+   +   HSO4
−

+
HO

R'

R

+
HO

R'

R
+

SO3HO

R'

R

+
SO3HO

R'

R

Scheme 4.2

In a solutionofHSO3F–SbF5, protonatedn-butylmethyl ether23doesnot showany
significant change, neither cleavage nor rapid exchange, as indicated by the NMR
spectrum up toþ40�C. Aboveþ40�C, however, it cleaves and a sharp singlet appears
at d1H 4.0. This can be attributed to the rearrangement of the n-butyl cation, formed in
the cleavage, to tert-butyl cation [Eq. (4.11)].

CH3OCH2CH2CH2CH3

+

23

+

H

+  [CH3CH2CH2CH2]+CH3OH2 (CH3)3C+H+

ð4:11Þ
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Ethers in which one of the groups is secondary begin to show appreciable cleavage
at �30�C. Protonated sec-butyl methyl ether 24 cleaves cleanly at �30�C to
protonated methanol and tert-butyl cation [Eq. (4.12)]. Ethers in which one of the
alkyl groups is tertiary cleave rapidly even at �70�C.

CH3CH2CHOCH3
+

24

+                          +
+  [CH3CH2CHCH3]CH3OH2 (CH3)3C+

CH3

H

k1

k2H+

ð4:12Þ

It was found possible to measure the kinetics of cleavage of protonated sec-butyl
methyl ether 24 by following the disappearance of the methoxy doublet in the NMR
spectrum with simultaneous formation of protonated methanol and tert-butyl cation.
The cleavage shows pseudo-first-order kinetics. Presumably, the rate-determining
step is the formation of sec-butyl cation followed by rapid rearrangement to the more
stable tert-butyl cation (k2� k1).

Olah and Szilagyi79 have studied the protonation of three-, four-, five-, and six-
membered cyclic ethers in HSO3F–SbF5–SO2 solution at �60 and �78�C. The 1H
NMR spectra of ethylene oxide and propylene oxide showed a broad signal, which
could be due to protonated oxiranemoiety.No evidence of any long-lived intermediate
was found formore highly substituted oxiranes at the temperature range studied. This,
however, is not unexpected, considering the strained structures and that ring opening
leads tomore stable tertiary carbonium ions. In contrast, the homologous cyclic ethers
of larger rings gave well-resolved spectra with negligible exchange rates.

Protonation and cleavage of cyclic ethers, particularly that of oxiranes, have been
extensively studied by calculations.80–84 Protonated ethylene oxide and propylene
oxide were found to be energy minima on the potential energy surface, being more
stable than the corresponding carbenium ions. In contrast, benzene oxide and styrene
oxide give carbenium ions as energy minima upon protonation. Protonation of
propylene oxide can yield both syn and anti oxonium ions with the syn stereoisomer
havingmarginally higher stability at all levels of theory (0.2 kcalmol�1 at theMP2/6-
31G* level). High-level ab initio calculations show that a concerted, asynchronous
pathway exists between protonated propylene oxide and ring-opened product proton-
ated propanal.81The reaction shows a20:1 preference formigration of the proton trans
to themethyl group. AIM theory employed for a series of protonated oxacycloalkanes
(CH2)nOH

þ (n¼ 2–6) indicates that the positive charge is partially concentrated on
hydrogen. This led the authors to suggest that protonated ethers are better described by
an O�Hþ structure.83

Carlier et al.85 have carried out a comparative study of protonated 2,2-dimethyl-
oxirane using a range of density functional methods. It was found that relative to
CCSD, all methods except MP2 overestimated the C(2)–O bond length of protonated
2,2-dimethyloxirane by about 0.2 A

�
. The difficulty lies in the extremely weak C(2)–O

bond, which is shown by the highly asymmetric charge distribution between the two
ring carbons [Mulliken charges ofC(2) andC(3) areþ0.419 and�0.460, respectively].
Data for protonated oxiranes with more symmetrical charge distributions and cyclic
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homologues with less ring strain (protonated 2,2-dimethyloxetane and 2,2-dimethyl-
oxolane) canbe calculated byB3LYPwith greater accuracy (deviations in bond lengths
are þ0.073A

�
and þ0.061A

�
, respectively).

Olah et al.67 also prepared secondary [(trimethylsilyl)methyl]oxonium and tri-
methylsilyloxonium ions (25 and 26). 13C NMR characterization of the ions showed
that the a- or b-trialkylsilyl substituents induce little charge delocalization. The 29Si
NMR chemical shift of the bistrimethylsilyl derivative 26 (R¼Me3Si) calculated by
Olah, Rasul, and Prakash69 (IGLO II0) is considerably deshielded from that of the
neutral precursor Me3SiOH (d29Si 67.6 vs. 15.1). Secondary oxonium ions with
halogen heteroatom ligands (27) were synthesized by Minkwitz and Konikowski.86

Proton resonances were found at d1H 5.3 ppm (X¼ F) and 4.1 ppm (X¼Cl),
respectively.

25 26 27

+O

H

R

Me3SiCH2 +O

H

R

Me3Si

R = Me, Me3SiCH2

+O

H

X

Me

X = F, ClR = Me, Me3Si,
       Me3SiCH2

Alkylaryl ethers and diaryl ethers undergo protonation on either oxygen or carbon,
depending upon the acidity of the medium87 (Scheme 4.3). Both the C-protonated
species 28 and theO-protonated species 29 have been observed. The evidence mainly
comes from NMR and UV data. Sommer et al.88 have used para-anisaldehyde as an
indicator in acidity measurements in the superacidity range. The barrier of rotation
around the Cipso�O bond upon O-protonation has been used as a criterion in such
studies. The torsional barrier around the phenyl–alkoxy bond in the C-protonated
forms of aromatic ethers has also been measured by spin-saturation transfer
measurements.89

4.2.1.4. Tertiary Oxonium Ions. The synthesis, structural characterization, and
chemistry of compounds containing trivalent, positively charged oxygen (R3O

þ) have

+R

OR

+
H

H

OR
+

H

H

OR
R R

R

O
R

H

etc.

28

29

H+

Scheme 4.3
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been extensively investigated and reviewed1,90 since Meerwein pioneering work on
tertiary oxonium ions in 1937.91

Trialkyloxonium salts are generally prepared by the alkylation of dialkyl ethers.1,90

Alkyl halides can be used as alkylating agents in the presence of strong halide
acceptors such as BF3, PF5, SbCl3, and SbF5 [Eq. (4.13)].

91

R2O    +    SbCl5    + R Cl R3O+ SbCl6
− ð4:13Þ

A metathetic silver salt reaction92 has been employed to prepare bicyclo[2.2.2]
octyl-1-oxonium hexafluoroantimonate 30 [Eq. (4.14)].

+    AgSbF6 SbF6
−    +     AgIO

I

..

.. O

..

+

30

ð4:14Þ

The analogous reaction, the alkylation of methyl (trimethylsilyl)methyl ether with
alkyl iodide/AgBF4, and the reaction in Eq. (4.15) have been employed to prepare
tertiary [(trimethylsilyl)methyl]oxonium salts.

AgBF4

CH2Cl2, RT
BF4

−    +     AgBrMe3SiCH2Br   + O OMe3SiCH2 +

ð4:15Þ
Trialkyloxonium salts can also be prepared by the reaction of secondary oxonium

ion salts with diazoalkanes93 [Eq. (4.16)].

+    R'N2

+
H SbCl6

−O

R

R
+

R' SbCl6
−O

R

R

+    N2

R = Me, Et
R' = CH2, MeCH

ClCH2CH2Cl ð4:16Þ

Disproportionation of dialkyl ether–PF5 adducts also give trialkyloxonium ions94

[Eq. (4.17)].

3 R2O PF5 2 R3O+ PF6
− +    F3P=O

RT
ð4:17Þ

Another important synthesismethod is transalkylation reactionswithotheroxonium
ions.95 However, these reactions are reversible to a certain extent. The equilibrium
between two oxonium salts and the corresponding ethers in solution is established by
both differences in solubility and stability of the oxonium salts (Scheme 4.4).
By an exchange reaction of this type, the trimethyloxonium salt 31 can be
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R3O+ BF4
−   +    R'2O R2O   +   R'2RO+ BF4

−

R2R'O+ BF4
−   +    ROR'

R2R'O+ BF4
−   +    R'2O R'3O+ BF4

−   +    ROR'

R2O   +   R'2RO+ BF4
−

Scheme 4.4

prepared in excellent yield (86–94%) from the readily available triethyloxonium
salt95,96 [Eq. (4.18)].

2(CH3CH2)3O+ BF4
−   +   3(CH3)2O 2(CH3)3O+ BF4

−   +   3(CH3CH2)2O

31

ð4:18Þ

In many cases, the main step in the syntheses of trialkyloxonium salts is the
alkylation of a dialkyl ether with a reactive intermediate oxonium ion formed in situ.
Thus, the most widely used method for preparing trialkyloxonium tetrafluoroborates
by the reaction of epichlorohydrin and BF3 is based on the intermediacy of the inner
oxonium salt 3291,95,97 [Eq. (4.19)].

32

O
H2C

HC

CH2Cl

+

+

O

R

R

BF3

H2C

C

ClH2C OBF3
−

O

R

R

H

H2C

C

CH2Cl

OBF3
−

OR
R2O

+  R3O+H

ð4:19Þ

This method has been used by Minkwitz, Christe, and co-workers98 to synthesize
perfluoroalkyl-substituted trialkyloxoniumsalts33.X-raycrystal structure analysis of
33 (RF¼CF3) shows that replacement of a methyl group in trimethyloxonium cation
by the bulkier and more electronegative CF3 group results in increases in both the
Me�Obond lengths and theC�O�Cbond angles (by 0.037A

�
and 4.5�, respectively).

Whereas pronounced deshielding of both thea-methyl protons anda-methyl carbons
are observed in trialkyloxonium ions compared with the parent ethers, the shielding
effect of the perfluoroalkyl substituent is small.

+ O

Me

Me

RF

RF = CF3, (CF3)2CF

33

Sb2F11
−
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The method has been extended by the use of reactive intermediate oxonium ions
suchas sulfonyl cation–ether adducts, dialkyloxycarbeniumsaltswith ether, and soon.
The more reactive dialkyl halonium ions also readily alkylate dialkyl ethers to the
corresponding oxonium ions.99

Olah and co-workers47,100 have recently reported experimental and theoretical
studies of the trimethyloxonium ion Me3O

þ. An early study29 resulting in inconclu-
sive results has been repeated and the 17O NMR spectra of Me3O

þPF6
� salt was

observed.100 A sharp peak at d17O� 32.1 was recorded, which is deshielded by
20.4 ppm compared to the experimental 17O NMR shift of the parent Me2O (d17O
�52.5), which agrees well with the deshielding effect of 21 ppm calculated by the
GIAO-MP2 method. Although not yet observed experimentally, the protonated
trimethyloxonium dication Me3OH

2þ is a stable species both thermodynamically
and kinetically (MP2/6-31G*//HF/6-31G* level).47,100 The tetramethyloxonium
dication Me4O

2þ was found to be a stable minimum (HF/6-31G*).47

In contrast to trialkyloxonium salts, the triphenyloxonium salt 34 can be obtained
by the reaction of benzenediazonium tetrafluoroborate with diphenyl ether in poor
(2%) yield [Eq. (4.20)] and is extremely inert toward nucleophiles. This fact is clearly
demonstrated by the remarkable stability of triphenyloxonium halides (Cl�, Br�,
I�).101–103

34

Ph2O     +     PhN2
+ BF4

− Ph3O+ BF4
−

−N2

ð4:20Þ

The surprising stability of triaryloxonium ions has been demonstrated by the fact
that reduction of the tris(4-nitrophenyl)oxonium tetrafluoroborate 35 can be per-
formed to give the tris(4-aminophenyl)oxonium salt 36 without cleavage of aryl
oxygen bonds [Eq. (4.21)]. Diazotation of this amino derivative and reaction with
iodide leads to the tris(para-iodophenyl)oxonium salt 37 in excellent yields.104

35                                         36                                                            37

Sn

HCl
(4-NO2C6H4)3O+ (4-NH2C6H4)3O+ (4-IC6H4)3O+

1. NaNO2, H2SO4

2. NaI

78%                                                    87%

ð4:21Þ

Dialkylaryl- or alkyldiaryl-oxonium ions are less stable and are prepared by
alkylation of alkylaryl ethers or diaryl ethers with either methyl or ethyl hexafluor-
oantimonate inSO2ClFat low temperatures.105,106Dialkylaryloxonium ions are stable
below �70�C; above this temperature they are transformed into ring-alkylated
alkoxybenzenes. These onium ions are stronger alkylating agents than trialkylox-
onium ions, as shown by the immediate formation of trimethyloxonium ion from
dimethylphenyloxonium ion and dimethyl ether (the reverse alkylation of anisole fails
with trimethyloxonium salt).

The protons of methyl and methylene groups in the a-position of the oxonium
center of trialkyloxonium ions exhibit a deshielding effect of 1 ppm in the 1H
NMR spectra compared with protons of the corresponding dialkyl ethers.107,108
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A deshielding effect of 15–20 ppm is also observed in the 13C NMR spectra.109 The
spectra generally reflect the expected result of replacinganeutral center byapositively
charged one.

The geometry of trialkyloxonium salts has been presumed to be pyramidal rather
than planar. This assumption has been proved by an NMR experiment in which
pyramidal oxygen inversion in the case of the O-alkylethyleneoxonium ion 38 was
unambiguously demonstrated.110

+
O

isoPr

H

H
H

H

..
+O

isoPr

H

H
H

H

..

38

Atþ40�C, the 1H NMR spectrumof 38 contains a very sharp singlet due to the ring
protons. As the temperature is lowered, the ring proton resonance broadens to
coalescence at�50�C.At lower temperatures (–70�C) the signal sharpens to a closely
coupled (nAB� 3Hz) AA0BB0 spectrum. Thus, at the lowest temperature, the slowing
of the rate of oxygen inversion results in the nonequivalence of the ring protons. The
activation energy of the pyramidal inversion has been determined110 to be 10 – 2 kcal
mol�1. The NMR spectra of six-membered cyclic oxonium ions are temperature-
independent; therefore, even at �70�C, rapid oxygen inversion must be assumed.110

Further evidence for the pyramidal nature of trialkyloxonium salts comes from X-ray
crystallographic studies on triethyloxonium ion.111 On the contrary, the triphenyl-
oxonium ion has a planar structure.111

In a recent theoretical study [MP2, B3LYP, CCSD(T)]112 the inversion at the
oxygen of the O-methylated oxirane cation 39 was calculated to be 15.7 kcal mol�1,
which agreeswellwith the experimentally determinedvalue for cation 38. Cation 39 is
kinetically stable because a high-energy barrier (35.3 kcalmol�1) separates it from the
ring-opened, significantly more stable isomeric oxonium ions (Scheme 4.5). In

+O

H

H

H

H

Me

+O

H

H

H

H

Me
Me H

O

H

H

H

+

H

O

H

H

H

+

Me

39

Scheme 4.5
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comparison, there are two major differences in the behavior of the O-methylated
tetramethyloxirane cation. (i) The potential energy surface is much shallower and, in
particular, the barrier to ring opening ismuch smaller. In fact, it is essentially identical
to that of the oxygen inversion [�15 kcal mol�1 (MP2) or�11 kcal mol�1 (B3LYP)].
(ii) The hydride migration associated with ring opening of cation 39 is a concerted
process, as opposed to the stepwise methyl shift for the tetramethyl analog.

The unusual tertiary cage cation 40 (1-oxoniaadamantane) has recently been
synthesized and characterized by Olah, Prakash, and co-workers113a using various
approaches [Eq. (4.22)]. The main characteristics of the 13C NMR spectrum are
triplets of the methylene groups (OCH2 at d13C 94.6 and CH2 at d13C 31.7) and a
doublet of the bridgehead carbon at d13C 28.2. X-ray analysis of single crystals of
the unsubstituted cation with the low nucleophilicity carborane anion CB11H6Cl6

�

reveals no unusual bond features. A highly stable bridgehead oxoniatriquinane
cation has been prepared and characterized.113b

40

O

R R

R

X O

R R

R

R = H, Me

X = F: HF−SbF5

X = Cl: AgBF4, SO3

X = OH: CF3SO3H, Tf2O

+

Y = SbF6

       BF4, TfO

Y− ð4:22Þ

Trialkyloxonium ions have been extensively used to carry out O-alkylation
of lactams, amides, sulfoxides, oxo-sulfonium ylides, N-alkylation of N-heterocycles,
S-alkylation of thioethers, thioacetals, thioamides, and thiolactams.1,90Although trialk-
yloxonium ions do not alkylate benzene or toluene directly, alkylations readily occur in
combination with highly ionizing superacids such as HSO3F–SbF5. This may indicate
protosolvation of a nonbonded electron pair on oxygen in the superacid medium.

Silyloxonium ions, which are key intermediates in cationic polymerization of
cyclosiloxanes, have been prepared by treating diethyl ether according to
Scheme 4.6.114 A similar route has been applied to synthesize cyclic silyloxonium
ions 41. Trisilyloxonium ions 42 and 43 have been generated by reactingMe3SiH with
Ph3C

þ(C6F5)4B
� in the presence of siloxanes.115,116

+                                          +O

SiMe3

SiMe3

Me3Si

O

SiMe3

OSi

O

Si

Me3Si

Me2

Me2

41                                                42                                              43

SiR2

O
+

R = Me, Ph

The intermediacy of trimethyloxonium ion has been proposed in the first step of
the acid–base-catalyzed conversion of methyl alcohol into gasoline range hydro-
carbons over WO3–Al2O3.

117 The crucial step is the base-catalyzed subsequent
deprotonation of the trimethyloxonium ion to the very reactive surface-bound
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methylene-dimethyloxonium ylide. The ylide subsequently undergoes alkylation at
its negative pole, and the resulting ethyldimethyloxonium ion then cleaves to give
ethylene and dimethyl ether. The key to the success of such reactions is the use of
bifunctional catalysts that have both acidic and basic sites.

4.2.1.5. Aurated Oxonium Ions. A variety of oxonium gold complexes with
triaryl-, trialkyl-, alkylaryl-, and trialkoxyphosphine ligands (44) have been syn-
thesized118–122 according to the general synthesis methods in Eq. (4.23). Since
LAuþ is isolobal with Hþ—that is, they have similar bondings—complexes 44
represent the isolobal analog of H3O

þ. Some of the complexes were characterized
byX-ray crystallography and shown to have trigonal pyramidal structure in the solid
state.118,121 The cations are associatedwith edge-to-edge contact (AurAudistances
about 3.10 A

�
) to form a square, but this may be disrupted with a sufficiently large

phosphine ligand such as (ortho-tolyl)3P.
121 The smallest phosphine ligand (Me3P),

however, allows the formation of a new structural unit [(Me3PAu)6O2]
2þ(BF4

�)2,
with aggregation through crossed edges to give a tetrahedron.122 Factors influencing
aggregation behavior were addressed in subsequent theoretical calculations
(LCGTO-DF approach).123

44

3LAuCl   +   Ag2O (LAu)3O+ BF4
−

LAu+ BF4
−KOH

L = Me3P, Et3P, tert-Bu3P, cyclohexyl3P,

      Ph3P, (2-MeC6H4)3P, Mes3P, (4-ClC6H4)3P,

      Ph2MeP, Ph2EtP, Ph2isoPrP, PhMe2P,

      Ph2(OEt)P, (OMe)3P

NaBF4

ð4:23Þ

Schmidbaur et al.124 have succeded in synthesizing cations 45, which are gold
analogs of the elusive double protonated water molecule H4O

2þ [Eq. (4.24)]. The
central oxygen atom in the solid state is tetrahedrally coordinated to four gold atoms
(characteristic data for the salt45b:O�Aubond lengths¼ 2.0571A

�
;Au�O�Aubond

angles¼ 109.5�; AurAu contacts¼ 3.3593A
�
). The three ortho-tolyl groups at phos-

phorus form propellers ofC3 symmetry and are directionally disordered (right- or left-
handed). The products are thermally very stable and show only one resonance in the
31P NMR spectrum at ambient temperature. At very low temperature (�90�C) the 31P
NMR singlet of cation 45b but not 45a is split into a closely separated set of signals.
This change arises from the relative orientation of the four (ortho-tolyl)3P propellers,

Et2O  +  R2MeSiH   +   Ph3C+ TFPB−

Et2O  +  R2MeSiCl   +   Na+ TFPB−
CD2Cl2

−70°C

+O

Et

Et

R2MeSi
TFPB−

R = Me, Ph, thienyl
TFPB = tetrakis[3,5-bis(trifluoromethyl)penyl]borate

−NaCl

−Ph3CH

Scheme 4.6
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which are not able to change the sign of rotation by concerted ortho-tolyl rotation on
theNMR time scale. Since the hindrance of rotation of the phenyl groups in cation 45a
is much less, no splitting is observed.

   a Ar = Ph
       b Ar = o-tolyl

(Ar3PAu)3O+ BH4
−   +   Ar3PAu+ BF4

−
THF, CH2Cl2

−78°C

Au

O

Ar3PAu AuPAr3

Ar3PAu

PAr3
2+

2 BF4
−

45

ð4:24Þ

4.2.1.6. Hydrogen Peroxonium Ion (H3O2
þ) and Derivatives. The use of

hydrogen peroxide as a source of electrophilic oxygen under acidic conditions is
gaining increasing importance.125 The hydrogen peroxonium ion H3O2

þ46 has been
invoked as an intermediate in the electrophilic hydroxylation of aromatics, oxygen-
ation of alkanes, and so on.126 The hydrogen peroxonium ion H3O2

þ46 has been
isolated under superacid conditions.127 H2O2 is also protonated in HF–MF5 (M¼ Sb,
As) solutions [Eq. (4.25)].

46

H2O2     +     HF     +     MF5 H3O2
+ MF6

−

M = Sb, As

ð4:25Þ

The H3O2
þMF6

� 46 salts are white crystalline solids with marginal stability. They
exothermically decompose at room temperature to hydronium ion salt and molecular
oxygen127 [Eq. (4.26)].

46                                        1

H3O2
+ MF6

−

M = Sb, As

H3O+ MF6
−     +     0.5 O2

ð4:26Þ

A detailed infrared analysis127 of H3O2
þSbF6

� 46 shows that the ion possesses
Cs symmetry similar to its isoelectronic analogNH2OH. The

1H NMR spectrum of 46
in HF–AsF5 solution at �80�C shows only one broad signal at d1H 11.06 indicating
rapid proton exchange between 46 and the HF solution. This was subsequently
confirmed by 17O NMR spectroscopy. The H3O2

þ ion 46 has a 17O NMR chemical
shift ofd17O 151 (with respect to SO2at 505 ppm) and shieldedby36 ppmwith respect
to hydrogen peroxide.29

The crystal structure of H3O2
þSbF6

� has been determined byMinkwitz et al.128An
interesting feature of the cation 46 is that the O�O bond distance (1.443A

�
) is slightly

shorter than thebond length in freehydrogenperoxide (1.461A
�
byX-raydiffractionand

1.458A
�
by neutron diffraction129). This indicates that the conversion of the lone pair of

electrons into a bonding electron pair strengthens the weak O�O bond in hydrogen
peroxide.
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The synthetic utility of hydrogen peroxonium ion reagent is discussed inChapter 5.
Similarly, protonation and cleavage reactions of hydroperoxides and peroxides have
been investigated extensively125 and are also discussed in Chapter 5.

Mitchell and co-workers130–132 have studied substituted derivatives of hydrogen
peroxide intermediates in organic transformations. Ions 47 and 48were prepared from
the corresponding bromoperoxides with AgBF4 and trapped in appropriate reactions.
When ionization was performed in SbCl5, the NMR spectra of the reaction mixture
(downfield singlets at d1H 6.29 and 6.14 assigned to the methylene protons) gave
compelling evidence of the existence of cation 48.131 Further support comes from a
similar study of the tetradeutero derivative.

O

OtertBu O

OtertBu

47                                         48

+

+

Minkwitz and Gerhard133 have isolated protonated dimethyl peroxide
MeOO(H)Meþ prepared by protonating dimethyl peroxide in HF–AsF5 and
reported characterization by 1H NMR and vibrational spectroscopy. Their efforts
to obtain the trimethylperoxonium ion, however, were unsuccessful. Subsequently,
however, Olah, Prakash, Christe, and co-workers134 reported the preparation and
NMR spectroscopic characterization of the MeOOMe2

þ ion 49 as a long-lived
species [Eq. (4.27)]. The 1H NMR spectrum showed two singlets [d1H 5.26 (6H)
and 4.95 (3H)]. The 13C NMR chemical shift at d13C 85.6 (s) assigned to the
methyl groups attached to the oxonium center is deshielded by 24.2 ppm compared
to that of the methyl group in MeOOMe. The carbon chemical shift at d13C 70.8 (s)
assigned to the methyl group on the uncharged oxygen, in turn, is only 9.4 ppm
deshielded. This indicates that the positive charge is mostly localized on the
tricoordinate oxygen atom.

49

MeOOMe   +   MeF
SbF5−SO2

−78 to −50°C
O

Me

Me

MeO + SbF6
−

ð4:27Þ

4.2.1.7. Ozonium Ion (HO3
þ). Ozone is a resonance hybrid of canonical struc-

tures 50a–50d.135 Ozone does in fact act as a 1,3-dipole—that is, either as an
electrophile or a nucleophile. The electrophilic nature of ozone has been recognized
for a long time in its reactions with alkenes, alkynes, arenes, amines, phosphines,
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sulfides, and so on.136–142 However, its reactivity as a nucleophile has not been well-
recognized.143

O
O

O

+

O
O

O

+

−
O

O
O

+−
O

O
O

+ −

a                      b                      c                      d

50

Ozone has been shown to be protonated in the superacid media to ozonium ion
HO3

þ 51 [Eq. (4.28)], which reacts with alkanes as a powerful electrophilic oxygen-
ating agent.125 Similarly, ozone reacts with carbocations, giving alkylated ozonium
ion that undergoes further cleavage reactions. These reactions are well-covered in
Chapter 5.

51

+     H+

O
O

O

+

− OOHO
+                                              +

OOHO ð4:28Þ

The long elusive ozonium ion HO3
þ 51 has been experimentally detected in the gas

phase with the use of Fourier transform ion cyclotron resonance (FT–ICR) generated by
reacting ozonewith strongBrønsted acids (H3

þ, KrHþ, XeHþ, CH5
þ).144,145 The proton

affinity of ion 51 determined with the bracketing technique is 148– 3 kcalmol�1 at
298K. This value is in excellent agreement with those calculated at various levels of
theory (CCSDT-1 level146¼�149.5 kcalmol�1; BP, BPRO, PP91, PW98 levels147

¼146.8–149.5 kcalmol�1). Varied values have recently been computed at more ad-
vanced levels including temperatureandentropyeffects.148Theabsoluteminimumonthe
potential energy surface is a structure with terminally attached proton in trans arrange-
ment to the O(2)–O(3) bond.146,147 The cis isomer is 3.6 kcalmol�1 higher in energy.

4.2.2. Sulfonium Ions

4.2.2.1. Hydrosulfonium Ion (H3S
þ). The parent of sulfonium ions is the

protonated H2S, the hydrosulfonium ion H3S
þ 52. Olah et al.149 observed ion 52 for

the first time in HSO3F–SbF5–SO2 media at low temperature by 1H NMR spectros-
copy. H3S

þ appeared as a singlet at d1H 6.6 from tetramethylsilane. Christe150 has
isolated H3S

þSbF6
� salt by treating H2S with HF–SbF5 [Eq. (4.29)].

52

H2S     +     HF     +     SbF5 H3S+ SbF6
−

ð4:29Þ

The hexafluoroantimonate salt of 52 is a stablewhite solid that reacts with water to
produce H2S. This reaction can be conveniently used to generate H2S. The ion 52 has
been thoroughly characterized by vibrational spectroscopy and normal coordinate
analysis.150
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Cation 52 has also been studied in the gas phase by mass spectrometry.151,152 In
addition, SH3

þ and its isotopomers (H3S
þ, HD2S

þ, D3S
þ) were also observed by

various spectroscopic methods.153–155 The structure and energy of ion 52 have been
calculatedbyabinitiomethod[MP2/6-311(2df,2pd) level].156 Ion52 isofC3v symmetry
and has a bond angle of 94.2�, which is slightly larger than that of H2S (92.1�). This is
attributed to the positive charge resulting in the contraction of the lone electron pair of
sulfur, thus leaving more room for the bonding electrons of the S�H bonds.

Olah et al.157 have observed that the sulfonium ion H3S
þ undergoes hydrogen–

deuterium exchange in superacid media, indicating the involvement of diprotonated
hydrogen sulfide (tetrahydridosulfonium ion)H4S

2þ. The structure ofTd symmetrywas
found to be the minimum energy structure at the HF/6-31G* level. Dication H4S

2þ is
thermodynamically unstable (dissociation energy¼�25.2 kcalmol�1), but has a sig-
nificant kinetic barrier (59.2 kcalmol�1) for deprotonation. The values calculated by
BoldyrevandSimons48are�91.4 kcalmol�1and19.7 kcalmol�1, respectively (QCISD
(T)/6-311G(2df,2p)/MP2(full)/TZPþZPE/MP2(full)/6-31G**level).Olah,Rasul,and
Prakash158 have calculated the structure of the trication H5S

3þ (MP2/6-31G** and
QCISD(T)/6-311G** levels).Theminimum-energystructureofCs symmetry resembles
a complexbetweenH3S

3þ andahydrogenmolecule forminga two-electron three-center
bond. The S�H bond lengths in the 2e–3c system (1.622 and 1.624A

�
) are about 0.2A

�

longer than normal S�H bonds. Similarly, the H�H bond distance in the 2e–3c bond
(1.028A

�
) is longer by about 0.29A

�
than that in the H2 molecule.

4.2.2.2. Primary Sulfonium Ions. Aliphatic thiols are completely protonated in
HSO3F–SbF5 diluted with SO2 at �60�C [Eq. (4.30)].149

RSH2
+ SbF5FSO3

−

−60°C

HSO3F−SbF5−SO2
RSH ð4:30Þ

The proton at sulfur is at considerably higher field in the 1H NMR (d1H 5.93–6.45)
than the corresponding proton on oxygen in protonated alcohols (d1H 9.1–9.5),
reflecting the larger size of the sulfur atom compared with oxygen. The protonated
thiols are considerably more stable than protonated alcohols. Protonated tert-butyl
thiol 53 shows no appreciable decomposition at �60�C in HSO3F–SbF5–SO2,
whereas protonated tertiary alcohols could not be observed under similar conditions
and even protonated secondary alcohols cleave at a significant rate. Protonated thiols
cleave at higher temperature to give protonated hydrogen sulfide (singlet, d1H 6.60)
and stable alkyl cations. For example, protonated 2-methylpropane-2-thiol 53 slowly
cleaves to tert-butyl cation and protonated hydrogen sulfide when the temperature is
increased to�30�C(t1/2�15min) [Eq. (4.31)]. Protonated 2-methylbutane-2-thiol54
also cleaves at this temperature to the tert-amyl cation [Eq. (4.32)].

−30°C
(CH3)3CSH2

+ (CH3)3C+   +   H3S+

53

H+

ð4:31Þ
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CH3CH2 C SH2

CH3

CH3

+

−30°C

H+

54

CH3CH2 C

CH3

CH3

+ +   H3S+ ð4:32Þ

Protonated secondary thiols are stable even at higher temperatures. Protonated
isopropyl thiol cleaves slowly at 0�C in HSO3F–SbF5 (1:1 M) solution. No well-
identified carbocations were found in the NMR spectra due to the instability of the
isopropyl cation under these conditions. Protonated sec-butyl thiol 55 cleaves to tert-
butyl cation at this temperature [Eq. (4.33)].

CH3CH2CHSH2
+

55

[CH3CH2CHCH3] (CH3)3C+

CH3

+

0°C
−H3S+

H+ ð4:33Þ

Protonated primary thiols are stable at much higher temperatures. Protonated
n-butyl thiol 56 cleaves to tert-butyl cation only at þ25�C [Eq. (4.34)].

+
CH3CH2CH2CH2SH2 [CH3CH2CH2CH2]+ (CH3)3C+

56

25°C

−H3S+

H+

ð4:34Þ

Minkwitzet al.159 havepreparedmonoalkylsulfoniumsalts57byprotonationof the
corresponding thiols in superacids [Eq. (4.35)]. Monofluorosulfonium hexafluoroan-
timonate 58, in turn, was generated by oxidative fluorination73,160 of H2S with
equimolar amount of XeFþSbF6

� [Eq. (4.36)]. Excess of either reagent results in
decomposition into S8

2þ(SbF6
�)2. Crystal structure analysis of the isoPrSH2

þSbF6
�

salt gave the first experimentally determined S�H bond distance (1.12A
�
).

+S

H

H

R MF6
−

R = Et, isoPr
M = As, Sb

HF−MF5

−78°C
RSH

57

ð4:35Þ

H2S    +    XeF+ SbF6
− +S

H

H

F SbF6
−

58

+    Xe
HF

−78°C

ð4:36Þ

Mercaptosulfonium salts H3S2
þMF6

� (M¼As, Sb), analogs of protonated hydro-
gen peroxide, have been prepared [Eq. (4.37)] and characterized by vibrational
spectroscopy by Minkwitz et al.161 According to calculations (ab initio, general
force field), the cation 59 has a conformationwith the lone pair ofH2S

þ antiperiplanar
to the S�H bond.
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59

SS

H
H

H

..

H2S2    +    HF    +    MF5 −196  to −70°C
MF6

−

M = As, Sb

+ ð4:37Þ

4.2.2.3. Secondary Sulfonium Ions. Protonated aliphatic sulfides have been
studied at low temperatures by NMR spectroscopy in strong acid systems149

[Eq. (4.38)]. They show well-resolved NMR spectra, with the proton on sulfur being
observed at about d1H 6.0.

+
HS

R

R

RSR SbF5FSO3
−

−60°C

HSO3F−SbF5−SO2 ð4:38Þ

The NMR spectrum of protonated thiane-3,3,5,5-d4 has also been studied in
HSO3F–SbF5 to determine the conformational position of the proton on sulfur in
the six-membered ring and to study the ring inversion process.162 The proton on sulfur
resides exclusively in the axial position.

The protonated sulfides are less susceptible to cleavage than the corresponding
protonated ethers and also more stable than the protonated thiols.149 Protonated tert-
butyl methyl ether is completely cleaved to tert-butyl cation and protonated methanol
evenat�70�C.Ontheotherhand,protonated tert-butylmethyl sulfide60 is stable evenat
�60�C. When the temperature is increased to �15�C, protonated tert-butyl methyl
sulfideveryslowlycleaves to tert-butylcationandprotonatedmethyl thiol149 [Eq. (4.39)].

+
HS

CH3

(CH3)3C

−15°C

60

H+

(CH3)3C+     +     CH3SH2
+ ð4:39Þ

Protonateddi-tert-butyl sulfide61 showsvery little cleavage at�60�C.At�35�Cit
cleaves slowly (t1/2� 1 h) to tert-butyl cation and protonated hydrogen sulfide
[Eq. (4.40)], with the latter showing the 1H NMR peak at d1H 6.60.

+
HS

(CH3)3C

(CH3)3C

−35°C

61

H+

(CH3)3C+  +  (CH3)3CSH2
+

(CH3)3C+   +   H3S+
H+

ð4:40Þ
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Protonated secondary sulfides show extraordinary stability toward the strongly
acidic medium. Protonated isopropyl sulfide shows no appreciable cleavage up to
þ70�C in a solution of HSO3F–SbF5 (1:1).

Protonation of dimethyl sulfide and di-tert-butyl sulfide with HF–MF5 (M¼As,
Sb) has been used to prepare the corresponding secondary dialkylsulfonium salts.163

Oxidative fluorination with XeFþSbF6
� has also been used to generate alkyl fluor-

osulfonium hexafluorometalates164 [Eq. (4.41)]. The salts are thermally labile
(decomposition is observed above �40�C) and exhibit 19F NMR chemical shifts at
d19F�177.0 (R¼CH3) and�133.2 (R¼CF3),which are downfield from those of the
corresponding dialkyl-substituted derivatives [(CH3)2SF

þ d19F �190.7165 and
(CF3)2SF

þ d19F �159.4166].

HF
XeF+ MF6

−   +    RSH MF6
−

R = CH3, CF3

M = As, Sb

+S

H

F

R
−60°C

−Xe

ð4:41Þ

Theprotonationofcyclic sulfideshavealsobeenstudiedbyOlahandSzilagyi.79Both
protonated thiirane and methylthiirane could be observed by 1H NMR spectroscopy
(HSO3F–SbF5–SO2 solution,�78�C). Protonated thiiranegives a complex symmetrical
spectrum (A2B2X) centered at d1H 3.63 deshielded by 1.30ppm from the precursor but
the SH proton could not be observed. Protonation of thiirane-1-oxide studied for
comparison, occurred at the sulfur atom and the ion exhibited ring protons at d1H
3.87 deshielded from d1H 2.47 of the precursor. The SH proton was observed at d1H
5.27.Protonationof the largerhomologswerealso successful.TheSHprotonresonances
appear at consistently higher field (average 6.30 ppm) than those of the corresponding
acyclic sulfides (average 7.61 ppm). Furthermore, 1H NMR chemical shifts of thiiranes
are more shielded than those of oxiranes, and both are more shielded when compared
with those found for cyclic iodonium and bromonium ions. The same tendency was
observed for the corresponding five-membered cyclic protonated derivatives.

4.2.2.4. Tertiary Alkyl(Aryl)Sulfonium Ions. In contrast to tertiary oxonium
ions, the tertiary sulfonium ions are stable and are prepared rather readily.167–169 They
are even stable in aqueous solutions. Trialkylsulfonium ions are obtainedby alkylation
of dialkyl sulfides with alkyl halides. Trialkyloxonium and dialkylhalonium ions
readily transalkylate basic dialkylsulfides.

In contrast, alkylation of diaryl sulfides and thiophene requires rather drastic
conditions due to poor nucleophilicity of sulfur. The alkylations have been achieved
using alkyl triflates170 [Eq. (4.42)] or with alkyl halide and silver tetrafluoroborate171

[Eq. (4.43)].

+
C4H9 CF3SO3

−S

Ph

Ph

Ph2S   +   C4H9OSO2CF3

CCl4

−35 to 45°C
ð4:42Þ
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BF4
−

S

+    RI
AgBF4

S

R

+ClCH2CH2Cl
−AgI

R = Me, Et

ð4:43Þ

Anothermethod is the use of esters as alkylating agents in triflic acid172 [Eq. (4.44)].
This method has been used to synthesize S-methylated phenylene sulfide oligomers
(methyl triflate, triflic acid, 25�C, 10 h) and to solubilize poly(phenylenesulfide) by
transforming it to poly(arylenesulfonium) salts 62 (methyl triflate, methyl or ethyl
formate, triflic acid, 110�C, 10 h). In a similar way, alkylation of thianthrene to yield
the corresponding sulfonium salts (63) has been achieved using alkyl formates.173

+
R

R

S +    R1COOR2 CF3SO3H

20°C, 10 h

R

R

S R2

R = Me, Ph

R1 = H, Me

R2 = Me, Et, Bu, Ph

TfO−

−R1COOH

ð4:44Þ

S

S

R

R = Me, Et, isoPr, sec-Bu

       cycloC5H9, cycloC6H11,

       cycloC7H13

+

+

TfO−

S

R TfO−

R = Me, Et
62                                                                  

n

63

Cyclizations shown in Eq. (4.45) have been used to obtain S-perfluoroalkyl-
benzothiophenium ion 64 and ring-substituted derivatives.174,175 Salts 64 and the
S-(difluoromethyl)- and S-(monofluoromethyl)-diarylthiophenium salts 65 reported
recently byPrakash,Olah, andco-workers176,177 are used as fluoromethylating agents.

S

RF

S RF S RF

O

F2

TfOH or

HBF4

Tf2O

+

64RF = CF3, C3F7, C8F17

TfO− or 

BF4
−

ð4:45Þ
S

RF

+

BF4−

65

RF = CF2H, CFH2

The absolute configuration of ethylmethylpropylsulfonium ion, the simplest chiral
sulfonium ion has been determined.178
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Themost important application of trisubstituted sulfonium ions is in the generation
of sulfur ylides.179

Thiiranium ions (episulfonium ions) were first synthesized by Lucchini and co-
workers180 and subsequently characterized by X-ray crystallography by Simonetta and
co-workers.181Anumberof thiiraniumionswithbulkysubstituentscapableofhindering
the attackof nucleophiles have been isolated and characterized.Themolecular structure
of ion 66 shows two longer S�C bonds in the thiiranium ring with some asymmetry182

(1.970 and 1.987A
�
). Ion 67 is dimeric in the solid state with shorter bonds and one ion

exhibiting significant asymmetry183 (1.914 and 1.937A
�
, 1.909 and 1.913A

�
). The

S�Cipso bonds are significantly shorter (66¼ 1.784A
�
, 67¼ 1.789A

�
). One of the

adamantyl rings is twisted away from the plane of the thiiranium ring.

S
+

Ph

S

Me

Me

Ph

AlCl4
−

TfO−

66                                                    67

+

Lucchini, Pasquato, and co-workers have obtained stereoisomeric 2,3-disubstituted
1-methylthiiranium ions, reported characterization (1H and 13C NMR, X-ray crystal-
lography), andstudied their anionotropic rearrangements.Thesynthesiswasperformed
by reacting methylbis(methylthio)sulfonium salts with alkenes184,185 (Scheme 4.7).

Because of the steric interactions of the two tert-butyl groups,186 ion trans, trans-68
features a longerC�Cbond in the ring (1.500versus1.452A

�
) and increasedbondangles

[C(3)–C(2)–C(4)¼ 135.4 versus 127.0�, C(2)–C(3)–C(5)¼ 135.4 versus 125.5�]
as compared to ion cis,trans-68. The interaction of S–Me with the nearest Me group
of the tert-butyl group in ion cis,trans-68 brings about an enlarged S–C(2)–C(4)
angle with respect to S–C(3)–C(5) (125.1 versus 117.1�) and asymmetric S�C bonds
(1.876 and 1.860A

�
).

S

H

Me

(MeS)2SMe+ Y−

tert Bu
tert Bu

+

S

tertB

Me

H
tertBu

+

H

H
tert Bu tertBu

tertBu

X−

Y = BF4: SO2, −78°C

Y = SbCl6: RT

cis,trans-68

trans,trans-68

4

5

2

5               2
3

4

CH2Cl2

X−

3

tertBu

Scheme 4.7
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Ion cis, trans-68 undergoes rearrangement at room temperature in CD2Cl2 to yield
quantitatively the ring-enlarged product thiethanium ion 69. X-ray crystal structure
characterization shows187 that the exocyclic S�C bond (1.797A

�
) is significantly

shorter than the endocyclic S�C bonds (1.864 and 1.896A
�
). The difference (about

0.03A
�
) between the latter two bonds is related to the steric hindrance between the two

cisMegroups. The lengthening of the ring S�Cbonds and the torsion angle [C(1)–S–
C(2)–C(3)¼ 12.2�] allows the separation of the twoMegroups by 3.100A

�
. This value,

however, is still smaller than the sum of the van derWaals radii of the C atoms (3.4A
�
).

The four-membered ring has a puckering angle of 145.1�.

2

1S

H

Me

Me

+

H
tertBu

3

69

Thiirenium ion 70, synthesized as described in Scheme 4.7 in a reaction with the
corresponding acetylene, exhibits an analogous behavior to yield the thiethium ion
71.188 Phenyl-substituted thiiranium ion 72a was shown to undergo rapid isomeriza-
tion presumably through benzyl cations at�50�C to yield the trans compound.189 In
contrast, 72b is configurationally stable at 0�C. Stereoisomeric ions 73a and 73b
prepared by methylation of the corresponding thiiranes (Scheme 4.8) undergo
isomerization at room temperature and above.190

Sulfonium ions are possible important reactive intermediates in stereoselective gly-
cosylations, although their role has recently beendisputed.191Anumber of ions including
74,19275,193 and 76194 have been observed by low-temperature NMR spectroscopy,
whereas the structure of 77 was determined by X-ray crystallography.195

74                                           75 76                        77

S

O

H

R+

O

AcO
AcO

AcO

N3

S

Ph

Et

O

AcO
BnO

AcO

O

S

Ph

Ph
+ +

S
OMe

Me
Me

MeO

Ar

Ar = 4-MeC6H4

SbF6
−

+

R = Et, Ph

The tertiary cage sulfonium cation 78 was generated and characterized by NMR
spectroscopy as early as 1963196 [Eq. (4.46)].

70                                            71                                      72

S

tert Bu

Me

tert Bu

+
X−

X = BF4, SbCl6, PF6

S

tert Bu

+

S

Ar

Me

+

tert Bu

a  Ar = Ph

b  Ar = 3,5-diClC6H3
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a                                                                     b

73

S

Me

S

Me3O+BF4
−    CH2Cl2

Me3O+BF4
−    CH2Cl2

+

S

S

Me

+

BF4
− BF4

−

Scheme 4.8

78

Br CH2SH

Br

S
+

EtOH, Na2CO3,

reflux, 6 h

−NaBr

NaB(C6H5)4

MeOH

−NaBr
B(C6H5)4

−

ð4:46Þ
Sulfonium dication 79 with unusual bonds and charges has been prepared by

Furukawa, Sato, and co-workers197,198 [Eq. (4.47)]. Both salts were characterized by
NMR spectroscopy and X-ray crystallography. The data indicate that the dications
have distorted tetrahedral configuration (bond angles of the tetrafluororborate salt are
94.9�, 115.9�, 117.5�, and 118.3�).197 Bond lengths are within those of normal
tetrahedral sulfur compounds.

BF3  OEt2 or SbF5
S

.. +  XeF2
CH2Cl2, Et2O

−78°C to RT

S
2+

2 Y−

Y = BF4, SbF6

79

ð4:47Þ
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4.2.2.5. Halosulfonium Ions

Trihalosulfonium Ions. Of the parent trihalosulfonium ions, X3S
þ (X¼ F, Cl, Br),

F3S
þandCl3S

þwere reported first. The reaction product ofSF4andBF3wasdescribed
by Bartlett as the SF4�BF3 adduct,199 but it was subsequently proved by structural
studies (NMR, Raman, IR)200,201 to be the F3S

þBF4
� salt. According to crystal

structure analysis,202 the ion F3S
þ is of C3v symmetry and has very short S�F bonds

(1.495 and 1.499A
�
) indicative of a substantial positive charge on sulfur. Other

F3S
þMF6

� (M¼As, P, Sb) salts were studied by Gillespie and co-workers.200

Various Cl3S
þMn

� salts were prepared by Kolditz and Sch€afer203 (Mn¼AsF6,
oxidative chlorination of sulfur with AsCl3–AsF3), Minkwitz and Gerhard204

[Eq. (4.48)], and Passmore et al.205 [Eq. (4.49)]. The cation Cl3S
þ in Cl3S

þAsF6
�

was found to be pyramidal (C3v symmetry) byX-ray structure analysis.206 The cations
in Br3S

þSbF6
� and Cl3S

þSbCl6
�, in turn, were shown to have significantly shortened

sulfur–halogen bonds and distorted octahedral arrangement around sulfur, when
cation–anion secondary bonding interactions are taken into account.207–210

H3S+ SbF6
−    +   2Cl2                      Cl3S+ SbF6

−    +   3HCl
SO2

ð4:48Þ

M = As, Sb

0.25 S8    +   3Br2    +   3MF5                       2Br3S+ MF6
−   +   MF3

SO2

ð4:49Þ

Olah, Rasul, and Prakash have calculated the structure of the trication SF5
3þ (MP2/

6-31G** level).158 In contrast to SH5
3þ, it has a halonium-type structure (F3SFF)

3þ;
that is, the F3S group acts as a pesudohalogen.

Dihalo-monoalkyl(aryl)sulfonium Ions. A general synthetic route to produce
dihalo-monoalkyl(aryl)sulfonium salts 80 is oxidative halogenations of
RSX169,211–213 [Eq. (4.50)]. Other approaches may also be used for the synthesis
of CF3SCl2

þAsF6
� salts [Eq. (4.51)]. Ionization of CF3SF3 with Lewis superacids

yields the corresponding CF3SF2
þ salts.214 The crystal structure of

CF3SF2
þAsF6

�215,216 and CF3SCl2
þSbF6

�217 have been reported.

R = CH3, CF3

M = As, Sb

X = Cl, Br

2RSX    +   X2    +   3MF5                       2RSX2
+ MF6

−   +   MF3
SO2

80

ð4:50Þ

CF3SCl  +  AsF5  +  ClF CF3SCl  +  AsF5  +  Cl2
SO2

CF3SCl2
+ AsF6

−

ð4:51Þ

Pentafluorophenyl derivatives C6F5SX2
þMF6

� (X¼ F, Cl, Br; M¼As, Sb) can
also be prepared by oxidative halogenation218 [Eq. (4.50)] or by the ionization of
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C6F5SF3 with Lewis superacids.169 Significant deshielding of fluorines in ortho and
para positions indicates charge dispersion into the aromatic ring. C6F5 derivatives
were found to be more stable than their CF3 counterparts.

Mixed chlorofluorosulfonium salts are prepared by oxidative halogenation of
acidic secondary sulfoniumsalts164,219 [Eq. (4.52)] or oxidative fluorination73,217with
XeFþ [Eq. (4.53)]. The productswere characterized by spectroscopicmethods (NMR,
IR, Raman). CF3S(Cl)F

þSbF6
� undergoes symmetrization in SO2 solution to yield

CF3SF2
þSbF6

� and CF3SCl2
þSbF6

�.217 The X-ray structure of the latter compound
was also reported.

RS(H)F+ MF6
−    +    X2                    RS(X)F+ MF6

−    +    HX

R = CH3, CF3

M = As, Sb

X = Cl, Br

HF ð4:52Þ

CF3SX    +    XeF+ MF6
−                    CF3S(X)F+ MF6

−
−Xe

M = As, Sb
X = Cl, Br

HF ð4:53Þ

Dialkyl(diaryl)monohalosulfonium Ions. These ions can readily be prepared by
reacting dialkylsulfides with appropriate halogenating agents169 [Eq. (4.54)].
Meerwein used this method to synthesize Me2SCl

þBF4
� by anion exchange and

also reacted Me2S–SbCl5 to obtain the corresponding hexachloroantimonate.220

Chlorination of Et2S and isoPr2S was also accomplished with excess SbCl5.
221

R2S   +

R = CH3, CF3

Cl2, or NClS,

or SO2Cl2
R2ClS+ Cl−                         R2ClS+ BF4

−
HBF4

ð4:54Þ

Dialkylsulfoxides can also be transformed toR2XS
þ (X¼Cl, Br) ions [Eq. (4.55)].

R2SO   +   SOCl2

R = CH3, CF3

R2ClS+ Y−
HBF4 or SbF5

Y = BF4, SbF6

ð4:55Þ

In addition to the procedure developedbyMeerwein [seeEq. (4.54)],Me2XS
þ salts

have also been obtained according to the method shown in Eq. (4.56)222 and by using
XeF2 as a reagent [Eqs. (4.57) and (4.58)].

165 Minkwitz and co-workers reported the
synthesis of (CF3)2FS

þ salts166 [Eq. (4.59)] and the crystal structure of
Me2ClS

þSbF6
� and Et2ClS

þSbCl6
�.221,222

Me2SH+ SbF6
−   +   Cl2                       Me2ClS+ SbF6

−   +   HCl
SO2

ð4:56Þ
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HF
Me2S  +  XeF2 Me2FS+ [F(HF)n]− ð4:57Þ

Me2S  MFn  +  XeF2
HF

Me2FS+ MFn+1
−

MFn = BF3, AsF5

ð4:58Þ

(CF3)2SF2  +  MF5 (CF3)2FS+ MF6
− (CF3)2S  +  XeF+ MF6

−

M = As, Sb

HF−SO2

−40°C

HF

−40°C

ð4:59Þ
A comparison of 19F NMR chemical shifts of (CF3)2FS

þ, CF3F2S
þ, and

F3S
þ shows an increasing shielding with replacement of CF3 by F (d19F

�159.0, �54.7, and 30.5, respectively).223 All three ions react with acetonitrile
to form y-pentacoordinated ions [Eq. (4.60)]. NSF3 forms similar but weaker
donor–acceptor complexes.

[(CF3)nSF3-n]+ AsF6
−   +   CH3CN [(CF3)nSF3-n  NCCH3]+ AsF6

−

n = 0−2

ð4:60Þ

Fluorination of (C6F5)2S with XeFþ has been applied to obtain (C6F5)2FS
þMF6

�

(M¼As, Sb) salts.224AnS�Fbond distance of 1.584A
�
was found by crystal structure

analysis of (C6F5)2FS
þSbF6

�. Minkwitz et al.225,226 have reported the synthesis and
structural characterization of the cyclic monofluorinated cations 81 and 82. The S�F
bond lengths (1.51 and 1.522A

�
) are significantly shorter than that in (C6F5)2FS

þ

(1.584A
�
).

S S

CF3 CF3

CF3CF3

F
+

81                                      82

O2S S

F F

FF

F
+

4.2.2.6. Sulfonium Ions with Other Heteroligands

Hydroxy- and Alkoxysulfonium Ions. In addition to the well-documented
formation of the SO2–SbF5 complex in a mixture of the two components,227

Minkwitz and co-workers228 have recently detected the formation of the
fluorodihydroxysulfonium cation 83 [Eq. (4.61)]. Crystal structure analysis of the
isolated salt showed bond distances typical of S�O single bonds (1.537 and 1.522A

�
)

and S�F single bonds (1.547A
�
). The steric demand of the lone electron pair of sulfur

results in the compression of bond angles from the ideal tetrahedral arrangement
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(F�S�O¼ 99.0 and 100.1�, O�S�O¼ 98.6�). A Raman line at 830 cm�1 may be
assigned to the ion 83.

2HF  +  SbF5                       H2F+ SbF6
− SO2

−25°C
SO2SbF5   +  2HF               (HO)2FS+ SbF6

−

83

SO2

−90°C

ð4:61Þ

The existence of the trihydroxysulfonium ionH3SO4
þ formed by autoprotolysis of

sulfuric acid was confirmed by various experimental techniques. Minkwitz and
colleagues229 have been able to prepare the ion using the technique, which was
successfully applied in the generation of protonated hydrogen peroxide and carbonic
acid [Eq. (4.62)]. The molecular structure of the colorless crystals of D3SO4

þSbF6
shows three S�O bonds with approximately the same bond lengths (1.499–1.512A

�
).

This bond length is intermediate between the S�O single and S¼O double bond of
sulfuric acid indicative of dispersion of the positive charge. The S¼O double bond
length is close to that in sulfuric acid (1.413A

�
versus 1.426A

�
). The cations and anions

are linked by three hydrogen bondings.

(Me3SiO)2SO2   +   XF   +   SbF5 X3SO4
+ SbF6

−    +   2Me3SiF

X = H, D

−196 to −78°C

ð4:62Þ

Olah and co-workers studied protonated dimethyl sulfoxide in SbF5–SO2ClF (or
SO2) solution and identified theO-monoprotonatedMe2SOH

þ species by 1H and 13C
NMRspectroscopy230 also indicatedbyaRamanstudy.231The 13C, 17O, and 33S NMR
chemical shifts calculated in a recent theoretical study232 (DFT/GIAO-MP2 method)
match well with the experimental values. According to DFT calculations (B3LYP/6-
311þG** level), the O-protonated form is 37.0 kcal mol�1 more stable than the
S-protonated form.232 TheO,O-diprotonated dication was calculated to be the global
minimum being more stable than the O,S-diprotonated ion by 20.8 kcal mol�1.
Interestingly, theO,O- and S,O-dimethylated dications were found to be isoenergetic.
Diaryl sulfoxides were also shown to be protonated at the oxygen inMagic Acid with
the exception of the parent diphenyl sulfoxide and bis(2,4,6-trifluorophenyl) sulfox-
ide.233,234O-Protonation was calculated to be favored over S-protonation by about
17 kcal mol�1.235 Low-temperature NMR studies indicated significant p-electron
delocalization and, consequently, increased double-bond character of the C�S bond
and, in some cases, two conformations were observed.234 The conformers of diphenyl
sulfoxidewith synorantiorientation of theOHproton relative to the aromatic rings are
separated by a barrier of 1.3 kcalmol�1.

Dimethoxyfluorosulfonium ion 84 has been generated from methylfluorosulfite
by methylation with CH3F under superacidic conditions236 [Eq. (4.63)]. A similar
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O-methylation of thionyl fluoride yields ion F2(MeO)Sþ.237 Both ions show a single
deshielded methoxy resonance (d1H 4.89 and 5.27, respectively).

84

+   CH3F
+                                            +

S

MeO

F

O S

MeO

F

OMe S

MeO

F

OMe
SbF5−SO2

SbF6
−
ð4:63Þ

Minkwitz andMolsbeck238 have performedO-methylation of various sulfoxides to
obtain the corresponding methoxysulfonium ions [Eq. (4.64)] and also reported their
spectroscopic characterization (Raman and 1H, 13C, and 19F NMR).

+
S

R

R'

O S

R

R'

OMe

R, R' = F, Cl, CH3, CF3

M = As, Sb

MFn = AsF6, SbF6, Sb2F11

+  MeOSO+ MF6
− MFn

−
SO2

ð4:64Þ

Shine and co-workers239,240 have reported the synthesis and full NMR characteri-
zation of a series of alkoxysulfonium ion perchlorates including ions 85 derived from
cis- and trans-substituted cyclohexanols. The X-ray structural study of four salts
showed that the orientation of the S�O bond is always pseudoaxial. The optically
active (�)-86 ion and similar systems have been synthesized.241 1H and 13C NMR
measurements indicate that sulfur has a trigonal bipyramidal geometry due to the SrO
intramolecular interaction in the axial position.

S

S

O

85 −(  )-86
R = 2-, 3-, 4-Me,
      3,5-diMe, 2-OH

+

R

ClO4
−

+

O

S

BF4
−

CO

OMe

Sulfonium Ions with Nitrogen Ligands. Long-lived aminofluorosulfonium ions
have been prepared by ionization under superacidic conditions242,243 [Eq. (4.65)]. The
stereochemistry of ion Me2NSF2

þ was studied by dynamic 1H NMR spectroscopy
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and structure 87 was established with a rotation barrier of 14.7 kcal mol�1 about the
N�S bond.243

SO2

(R2N)mSF4-m   +   MFn                         (R2N)xSF3-m
+ MFn+1

−

R2N = Me2N, Et2N, piperidono, morpholino

m = 1−3

MFn = BF3, PF5, AsF5, SbF5

ð4:65Þ

F F

. .
Me

Me

.

.

87

Nucleophilic substitution of fluorine in perfluorinated sulfonium ions yields the
corresponding aminosulfonium ions when reacted with Me3SiNMe2 [Eq. (4.66)].
Crystal structure analysis of CF3S(NMe2)2

þ, (CF3)2SNMe2
þ, and F2SNMe2

þ hexa-
fluoroarsenates gives similar S�N bond distances (1.605, 1.578, and 1.535A

�
,

respectively).215,244

+
S

F

F

R AsF6
− S

Me2N

Me2N

R AsF6
−

R = CF3, (CF3)2CF

+   2 Me3SiNMe2

+

−90°C to RT

−2 Me3SiF

ð4:66Þ

Studies byOlah et al.245 have shown that due to its ambident character theNO2
þ ion

when reacting with sulfides gives both S-nitro- and S-nitritiosulfonium ions (88 and
89). Ions 88 are irreversibly transformed into 89 upon raising the temperature. The
corresponding dimethyl specieswere detected by 13C NMRspectroscopy (twomethyl
resonances at d13C 25.2 and 34.5). Dialkyl- and diarylsulfoxides also yield two ions
reacting with NO2

þ (90 and 91).246 Again, twomethyl resonances were observed in a
controlled reaction of dimethylsulfoxide. The intensity of the resonance at d13C 35.4
slowly decreased upon raising the temperature from �60 to �20�C and disappeared
after 4–5 h, whereas the resonance at d13C 42.4 remained unchanged.

+                                +
S

R

R'

NO2

R, R' = Me, Et, Ph, 4-ClC6H4

S

R

R'

ONO

88 89 90 91

+ +
S

R

R'

ONO2

R, R' = Me, Et, n-Pr, Ph, 4-MeC6H4

S

R

R'

OONO
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Sulfonium Ions with Sulfur Ligands. Steudel and co-workers247 prepared and
characterized the Me2SSMeþSbCl6

� salt, the sulfur analog of ion 49. The ion has Cs

symmetry and the sole methyl group on S(2) bisects the angle formed by the other two
methyl groups on S(1). They also determined the crystal structure of cation (MeS)3

þ

(92).Thechain-endmethyl groupswere shown tooccupy transpositionwith respect to
the plane defined by the three sulfur atoms. The S�S�S�C torsion angle is 90.5� and
the S�S bond distances (2.041 and 2.056A

�
) are close to the single bond lengths.

S S

S

MeMe

Me

+

 SbCl6
−

92

Trimercaptosulfonium salts were prepared by reacting Cl3S
þ salts with excess

H2S
248 [Eq. (4.67)]. According to calculation, the pyramidal structure of C3v symme-

try is the energyminimum structurewith the S�Hbonds pointing toward the top of the
pyramid. The corresponding dimercapto(methyl)sulfonium salts were also synthe-
sized in an analogous way.249 The products were transformed into chlorothio
derivatives [Eq. (4.68)].

+
S

HS

HS

SH MX6
−

MX = AsF6, SbCl6

−80°C
Cl3S+ MX6

−    +    H2S
ð4:67Þ

+
S

HS

HS

R MX6
−    +    Cl2 −70 or −78°C

R = SH, SMe
MX = AsF, SbCl

+
S

ClS

ClS

R' MX6
−

R' = SCl, SMe

ð4:68Þ

Minkwitz et al.250 have obtained tris(methylthio)sulfonium hexafluoroantimonate
in a solventless reaction at low temperature [Eq. (4.69)] and characterized the salt by
Raman, IR, 1H and 13C NMR to spectroscopy. The salt is stable below 10�C but
decomposes in SO2 solution at�45�Cwith rapid elimination of sulfur. It possessesC3

symmetry with a pyramidal trithiosulfonium unit and the methyl groups point to the
central sulfur atom (ab initio calculations).

+
S

CH3S

CH3S

SCH3 SbF6
−

−60°C
H3S+ SbF6

−    +    3 CH3SCl +   3 HCl ð4:69Þ
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Substitution of chlorine in ion MeSCl2
þ results in the formation of dithio-

substituted methylsulfonium ions251 [Eq. (4.70)]. X-ray structure determination of
the (MeS)2SMeþAsF6

� salt gives S�S bond distances of 2.048 and 2.054A
�
and a

S�S�S bond angle of 107.6�.

+
S

PhS

PhS

Me MX6
−MeSCl2

+ MX6
− 2Ph2SH

−70°C

2Me2S2

−65°C

+
S

MeS

MeS

Me MX6
−

MX = AsF, SbCl

ð4:70Þ
Sulfonium ion 93 has been prepared by treatment of the starting disulfur compound

with NOþPF6
� and the transformation was interpreted with the involvement of a

dicationic species252 [Eq. (4.71)]. Treatment of the corresponding sulfoxidewithTf2O
resulted in the formation of a cyclic product ion253 [Eq. (4.72)].

+
S

S

Me

Et

O

S

S

Me

Et

MeCN
−40 to 20°C

S

S

Me
+

+

PF6
−

93

NO+ PF6
−

ð4:71Þ

S S

Me Me

TfO−

S S

Me Me

+          + S SMe
+

Tf2O
O

CD3CN

−45°C

ð4:72Þ

Thiosulfonium ions derived from methylation of substituted 1,2-dithianes (94a)
were found to exist in undistorted chair conformation with the methyl group in axial
position.254 The phenomenon was interpreted to result from minimizing electron
repulsion in orthogonal position (94b) (ab initio calculation at STO-3G*//STO-3G
level). Unlike 1,2-dithianes, methylation of 1,2-dithiolanes and substituted thianes to
form the corresponding S-methylsulfonium hexafluorophosphate and perchlorate
salts255 is non-stereoselective.

S

Me

+

a                                                  b

94

S
S

R

Me

+

R = H, Me
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Chemical two-electron oxidation of the corresponding 1,2-dithiin resulted in the
formationofa stable solutionofdication95 (nodecompositionwasobservedat�18�C
for months)256 [Eq. (4.73)]. 1H and 13C NMR spectra of the dication exhibited
resonances at considerably lower fields compared with those of the neutral starting
material suggesting aromatic stabilization. Calculated geometries (B3LYP/6-31G*)
indicate a planar ring and calculated chemical shifts are in fair agreement with
observed values. The related 1,4-dithiin dication was also characterized.257

SbF5

CD2Cl2, RT

95

2+

S SS

S

2SbF6
− ð4:73Þ

Silylated Sulfonium Ions. Olah, Prakash, and co-workers258 have prepared silyl-
substituted sulfonium ions [Eq. (4.74)] and characterized the products bymultinuclear
NMR spectroscopy. Calculated (DFT/IGLO) 13C and 29Si chemical shifts agree well
with experimental data. Theminimum energy structures of ions 96a and 96b are ofC1

and C3 symmetry, respectively, with pyramidalization levels of 19� and 16�

(pyramidalization level¼ out-of-plane bending angle of the central sulfur atom
relative to the plane defined by its three bonding groups). A solution of ion 96a is
more stable than that of ion96b. Thepreparationofdimethyl(trimethylsilyl)sulfonium
ion under similar conditions failed and the more stable Me3S

þOTf� was formed
instead.

+
S

Me3Si

Me3Si

R (C6F5)4B−+  Me3SiH  +  Ph3C+ (C6F5)4B−
−78°C

−Ph3CH

Me3Si S R

96   a R = Me

       b R = Me3Si

CD2Cl2

ð4:74Þ

Aurated Sulfonium Ions. Sheldrick and co-workers259 were the first to report the
synthesis and X-ray characterization of the aurated sulfonium salt (Ph3PAu)3S

þPF6
�

and subsequentlySchmidbaur et al.119,260 synthesized similar tetrafluoroborates using
two approaches [Eq. (4.75)]. The aurated sulfonium cations in the solid state are
pyramidal and form dimeric units (97a) or strings of dimers (97b). In contrast, 97c and
97d do not build supracationic aggregates. In cation 97c the Au�S�Au bond angle is
90.8�, the Au�S bond distance is 3.253A

�
, and the intramolecular AurAu contact is

2.285A
�
. The supramolecular structure of ions 97a and 97b results in significant

distortions of the cationic structures: much smaller (as low as 80.8�) bond angles are
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detected and the Au�S bonds are generally longer. The inter- and intramolecular
AurAu contacts are similar but shorter than in complex 97c.

(R3PAu)3O+ BF4
− +  (Me3Si)2S (R3PAu)3S+ BF4

− +  (Me3Si)2S

   a R = Me

       b R3 = MePh2

       c R = isoPr

       d R = Ph

R3PAu+ BF4
−

97

ð4:75Þ

The partially aurated ion 98 has been obtained by Sladek and Schmidbaur,261 who
reacted (Ph3PAu)3O

þBF4
�with 2-methylpropane-2-thiol. Cation 98 is dimeric in the

crystal with very similar Au�Au distances within and between the monomeric units
indicating significant aurophilic interaction between cations.

tertBu BF4
−S

Ph PAu3

Ph PAu3

+

98

A unique mixed-valence aurated sulfonium cation 99 has been synthesized by
Laguna and co-workers262 by reacting the Au(III) precursor [(C6F5)2Au
(OEt2)2]

þTfO� with [S(Au2dppf)] [dppf¼ 1,10-bis(diphenylphosphino)ferrocene].
The P�Au�S arrangements are close to linear (170.70–175.62�) and the S(1)–Au
(III)–S(2) angle is 95.19�. The most significant feature of the cation 99, in addition to
three Au(I)rAu(I) contacts, is the Au(I)rAu(III) interactions of 3.2195 and 3.3661A

�
.

Results of DFT calculations agree only qualitatively with experimental data.

Au
Au

Au

Au

S
S

P

Au
P

P

P

ArF ArF

P
P

= 1,1'-bis(diphenylphosphino)-
ferrocene

ArF = C6F5

99

+

1
     2

Laguna and co-workers263 have reported the synthesis and X-ray characterization
of the aurated sulfoniumdication [(Ph3PAu)4S]

2þ(TfO�)2,which also forms dimers in
the crystal. It possesses a tetragonal pyramidal framework, with the sulfur atom
occupying the apical position. The Au�S�Au bond angles are significantly smaller
than those in the correspondingmonocation [(Ph3PAu)3S]

þ (73.5–75.6� versus80.82–
87.8�119,259), resulting in short Au�Au distances between adjacent and longer ones
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between opposite Au atoms (2.883–2.938 and 3.4A
�
, respectively). There are two

distinctive Au�Au�Au angles: about 75� and about 100�. Subsequently, they
synthesized a variety of highly aurated sulfonium complexes [(Ar3PAu)nS]

(n�2)þ

and reported the X-ray structure of dication [(Ph3PAu)4S]
2þ(ClO4

�)2 with structural
features similar to that of the triflate salt.264

Aurated dications of a different type, bissulfonium salts 100 formed from
dithiols, have been reported265,266 including the systematic study by Sladek and
Schmidbaur.267 Single-crystal X-ray diffraction study indicated that they form
complicated aggregated structures.

(Ph3PAu)2S (CH2)n S(AuPPh3)2 (BF4
−)2

+                   +

100
n = 4, 5

4.2.3. Selenonium and Telluronium Ions

Agreat number of trialkyl(aryl) selenonium and telluronium ions are known, and their
synthesis does not require the use of strong electrophilic alkylating or arylating
agents.268,269 The synthesis and transformations of triorganotellurium ions have been
treated in recent reviews.270,271 However, acidic selenonium and telluronium ions can
be obtained only under superacidic conditions.

4.2.3.1. Hydridoselenonium and Hydridotelluronium Ions. Hydrogen sel-
enide is considerably less basic than hydrogen sulfide and, consequently, more
difficult to protonate and the resulting hydridoselenonium salts are expected to be
more thermolabile. Nevertheless, hydrogen selenide can be protonated by HF–BF3 in
excessHF solution272 [Eq. (4.76)]. The hydridoselenonium ion101 formed in thisway
at�70�C shows a singlet 1H NMR resonance at d1H 5.8, deshielded by 6.1 ppm from
the 1H NMR resonance of parent H2Se. In the

77Se NMR spectrum, 101 is observed at
d77Se �142 (from dimethyl selenide) with no resolvable 77Se–1H coupling even at
�90�C.273 Methyl selenide also undergoes protonation in HF–BF3 media to methyl-
selenonium ion MeSeH2

þ. The methylselenonium ion, however, shows 77Se–1H
coupling in the 77Se NMRspectrum (J77Se–1H¼ 129.5 Hz).A long-range 77Se–methyl
proton coupling of 8.9Hz is also observed.273

101

H2Se     +     HF     +     BF3 H3Se+ BF4
− ð4:76Þ

TheHF–SbF5 superacid has been used to prepare theH3Se
þSbF6

� salt [Eq. (4.77)]
and the perdeuteriated derivative.274 The salt is stable at 195Kbut decomposeswithin
minutes at 213K to reform the starting materials.

H2Se     +     HF     +     SbF6 H3Se+ SbF6
−

195 K
ð4:77Þ
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The parent hydrotelluronium ion H3Te
þ could not be observed in superacid

solutionof hydrogen telluride, under conditionswhere the selenonium ion is observed.

4.2.3.2. Acidic SelenoniumandTelluronium Ions. Alkyl selenides aremuch
more stable to oxidation than hydrogen selenide, and they can be protonated in
HSO3F–SbF5–SO2 solution

272 [Eq. (4.78)]. The dimethylselenonium ion Me2SeH
þ

(protonated dimethyl selenide) shows in its 1H NMR spectrum the methyl double at
d1H 2.96 (J¼ 7.0Hz) and theSeHseptet atd1H 4.50 (J¼ 7.0Hz).Adouble irradiation
experiment showed that the doublet and septet are coupled. The 1H NMR spectrum
also shows an unidentified small doublet at d1H 3.50 and a singlet at d1H 3.80 for the
Me2Se–SbF5 complex. The diethylselenonium ion shows the methyl triplet at d1H
2.00, themethylene quintet at d1H 3.77, and the SeH quintet at d1H 4.40. The 13C and
77Se NMR data of these two ions agree well with 1H NMR results. The acidic,
secondary alkylselenonium ions are remarkably stable. The 1H NMR spectra show no
significant change from �60�C to þ65�C.

RSeR HSe

R

R

−60°C

HSO3F−SbF5−SO2 +

R = Me, Et

ð4:78Þ

Alkyl tellurides in HSO3F–SbF5–SO2 solution at �60�C show deshielded alkyl
proton chemical shifts (with no long-range proton coupling) as compared with the
corresponding dialkyl tellurides themselves in SO2. This indicates that in thismedium
the tellurides are probably oxidized. However, using HF–BF3 in excess HF solution
[Eq. (4.79)], both the TeHþ proton and its coupling to secondary alkyl groups can be
observed.272

R2Te     +     HF     +     BF3 H BF4
−Te

R

R
+

R = Me, Et, n-Bu

−78°C
ð4:79Þ

The dimethyltelluronium ion Me2TeH
þ (protonated dimethyl telluride) shows the

methyl doublet at d1H 2.7 (J¼ 7Hz) and the septet at d1H 1.6. Similarly, the
diethyltelluronium ion Et2TeH

þ (protonated diethyl telluride) shows the methyl
triplet at d1H 1.9, the methylene quintet at d1H 3.4, and the multiplet, partially
overlapping the methyl triplet at d1H 1.6.

The proton on selenium in selenonium ions and on tellurium in telluronium ions
is considerably more shielded than the proton on oxygen in the related oxonium
ions (d 7.88–9.21) and the proton on sulfur in the corresponding sulfonium ions
(d 5.80–6.52). There is a consistent trend of increasing shielding going from related
oxonium to sulfonium to selenonium to telluronium ions (which is particularly
significant when considering the directly observed protons on heteroatoms).
Charge delocalization and shielding by increasingly heavier atoms is thus indicated.
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Laali et al.275 also observed that the 77Se chemical shifts in the long-lived acidic
selenonium ions R2SeH

þ (Me¼ d77Se 343, Et¼ d77Se 399) are more deshielded than
that in the corresponding R2Se! SbF5 donor–acceptor complexes (Me¼ d77Se 258,
Et¼ d77Se 317). The 13C chemical shifts, in turn, show an opposite trend; that is, the
a-methyl carbon is more deshielded in the donor–acceptor complexes than in the ions.

4.2.3.3. Tertiary Selenonium and Telluronium Ions. Trialkylselenonium
fluorosulfates are conveniently prepared by the reaction of dialkyl selenide and alkyl
fluorosulfates, using 1,1,2-trichlorotrifluoroethane as the reaction medium272

[Eq. (4.80)]. Trimethylselenonium fluorosulfate 102a thus prepared is a stable, white
solid (mp¼ 83–85�C), which, when dissolved in liquid sulfur dioxide, exhibits a
singlet protonNMRabsorption at d1H 2.7. Triethylselenonium fluorosulfate 102b has
also been prepared in the same way. It is also a stable, white solid (mp¼ 25–28�C).
When dissolved in liquid sulfur dioxide, 102b shows themethylene protons at d1H 3.2
(quartet) and the methyl protons at d1H 1.4 (triplet).

RSeR   +   ROSO2F R3Se+ FSO3
−

102   a   R = Me
         b   R = Et

Cl2FCCF2Cl
RT

ð4:80Þ

Furtherexamplesofalkylationof selenidesare showninEqs. (4.81)276and(4.82).277

Ph2Se   +   RCH2X

X = Br, I
R = H, Me

20°C
−AgX

CH2R BF4
−Se

Ph

Ph
+AgBF4 ð4:81Þ

Me Y−Se

Ar

R
+

ArSeR    +
CH3CN

−10, 0, or 25°C

R = Me, Ph
Ar = benzyl, 4-Me-benzyl,
       2-Cl-, 3-Cl-, 4-Cl-benzyl

Me3O+ BF4
−

or MeSO3F

Y = BF4, FSO3

ð4:82Þ

Methylation of trifluoromethylphenylselenide under conditions shown in
Eq. (4.81) was successfully employed in the synthesis of Me(CF3)PhSe

þBF4
�.278

The cyclization methods described in Eq. 4.45 have also been used to prepare
analogous Se and Te derivatives175 [Eq. (4.83)].

X

CF3

X CF3 Se CF3

O

F2 or Br2 Tf2O

DMSO+

X = Se, Te

TfOH

TfO−

ð4:83Þ
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Kataoka and co-workers have developed methods to obtain alkynyl- and alkenyl-
selenonium ions279,280 [Eq. (4.84)] and allenylselenonium triflate derivatives.281

Ph SeMe
Me3O+ BF4

−

Ph2Se O, Tf2O
Ph SeR2

+

R = Me, Ph                                       R = Ph

ArSH, Et3N

isoPrOH

Ph

ArS SeR2

H

+
Ph SiMe3

ð4:84Þ

Various organoseleniumcompounds are able to add in stereospecificanti fashion to
alkenes282 [Eq. (4.85)]283 or alkynes282 [Eq. (4.86)] to form stable cyclic selenonium
ions.

Se
Br

Br
+

Br

SeNaBF4

MeCN

−NaBr

+

BF4
−

ð4:85Þ

Me C C Me

+

+   PhSe+ SbF6
−

Se

Me Me

Ph

SbF6
−

CH2Cl2
20°C

ð4:86Þ

In the molecular structure of the selenium analog of cation 66, the phenyl and
acenaphthyl rings havea similarcis arrangement.284TheSe�Cbond lengths (2.16 and
2.17A

�
) are significantly longer than those in Me3Se

þ (1.946 and 1.962A
�
). The X-ray

crystal structure of the cation (MeSe)3
þ the selenium analog of 92 has also been

determined.247 The two cations have very similar structures with a notable difference:
The Se�Se�Se�C torsion angle of the ion (MeSe)3

þ is significantly smaller (only
47.1�), that is, ion (MeS)3

þ has a more open structure. The Se�Se bond distances
(2.354 and 2.372A

�
) are close to the single bond lengths.

Trialkyltelluronium fluorosulfates were prepared similarly to the trialkylseleno-
nium salts from dialkyl tellurides and alkyl fluorosulfates.272 Trimethyltelluronium
fluorosulfate 103 prepared in this way [Eq. (4.87)] is a stable, light-yellow salt (mp
130�C), which, dissolved in liquid sulfur dioxide, exhibits a singlet 1H NMR signal at
d1H 2.3. The corresponding triethyltelluronium salt Et3Te

þ could not be isolated,
although prepared in solution it is also quite stable. No cleavage of the ions in solution
is observed up to 65�C.

(CH3)2Te   +   CH3OSO2F (CH3)3Te+ FSO3
−

103

ð4:87Þ

The synthesis and detailed 1H, 13C, 77Se, and 125Te NMR spectroscopic charac-
terization of the corresponding triflates have been reported by Laali et al.275 The 77Se
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and 125Te chemical shifts were shown to increase with the increasing size of the alkyl
groups. The 13C NMR chemical shifts of carbons directly attached to the heavy atom
are significantly shielded, showing the tendency of increasing shieldingMe3S

þ (d13C
27.20)<Me3Se

þ (d13C 21.78)<Me3Te
þ (d13C 3.76).

A wide variety of synthetic procedures have been developed to synthesize
telluronium ions from disubstituted tellurides.271 Naumann and Tyrra285,286 have
prepared ion 104 using various approaches [Eq. (4.88)] whereas du Mont and co-
workers287 obtained the trimesityltelluronium cation 105 [Eq. (4.89)]. Cation 105
has a propeller-like conformation with C�Te�C angles close to tetrahedral (104.4–
109.3�). The triflate salt of ion 104 has a distortedy-trigonal bipyramidal geometry
and the C�Te�C angles (91.1–106.1�) are somewhat different from those in
ion 105.

C6F5 Y−Te

C6F5

C6F5

+
(C6F5)2Te

104 Y = BF4, TfO
      B(C6F5)3F

 (C6F5Xe)+ B(C6F5)3F−

−Xe
(C6F5)4Te

HBF4 or

Me3SiOTf ð4:88Þ

Mes SbF6
−    +   2AgBrTe

Mes

Mes

+
2Mes2Te   +   Br2    +   2AgSbF6

105

Mes = 2,4,6-triMeC6H2

ð4:89Þ

Diaryltelluriumdifluorides also serve as convenient andversatile startingmaterials
to obtain various telluronium tetrafluoroborates288 (Scheme 4.9). The tellurium atom
in cation106 (Ar¼ Ph,R¼ tert-Bu) has adistorted pyramidal geometry.Theobserved
Te�Cbonddistances (2.108–2.129A

�
) are close to those reported for other telluronium

ions. There is a weak nonbonding interaction between Te and O manifested in the
lower IR absorption of C¼O (1678 cm�1). The 125Te NMR chemical shifts in the
range d125Te 645–755 indicate the onium ion character of the central tellurium atom.
Ph2TeF2 also reacts with aryl- and alkenylboronic acids in the presence of BF3�OEt2 to
yield the corresponding aryl- or vinyl-substituted telluronium tetrafluoroborates.289

1-Alkynylphenyliodonium tetrafluoroborates selectively transfer the unsaturat-
ed group to diphenyl chalcogens to form 1-alkynyldiphenylonium ions290

Ar2TeF+ BF4
−

CH2 C(R)OSiMe3

Ar2TeF2

BF3  OEt2

CH2Cl2 CH2 CHCH2SiMe3

[Ar2TeCH2COR]+ BF4
−

Ar = Ph
[Ph2TeCH2CH CH2]+ BF4

−

BF3  OEt2, nBu3SnR'

CH2Cl2
Ar = Ph, 4-MeC6H4, 4-MeOC6H4,

R = isoPr, tert-Bu, Ph,

R' = Bn, 4-MeOC6H4, Me2C CH, PhC C

[Ar2TeR']+ BF4
−

106

Scheme 4.9
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[Eq. (4.90)]. Analogous reactions can be performed with vinyl derivatives to obtain
1-vinyldiphenylonium ions.291

R X
+

+   Ph2X
+

R I BF4
−Ph BF4

−

R = H, Me, isoPr, tert-Bu, C8H17

       Me3Si, Ph
X = S, Se, Te

CH2Cl2
Ph

Ph

ð4:90Þ

Hypervalent pentaphenyltelluronium salts obtained by Akiba and co-workers292

[Eq. (4.91)] were shown by X-ray crystal structure analysis to have unusual square
pyramidal geometry. The Te�Capical bond lengths (2.101–2.125A

�
) are significantly

shorter than the four basal Te�C bond distances (2.174–2.214A
�
). The 125Te NMR

spectra of the three salts show almost identical chemical shifts (d125Te 659.0–659.9)
which are upfield from that of Ph3Te

þ (d125Te 753.0).

X = ClO4, TFPB, B(C6F5)4

AgClO4 or 1. AgOTf

2. NaTFPB or LiB(C6F5)4

CH2Cl2 or THF

−78°C to RT

Ph5TeCl Ph5Te+ X− ð4:91Þ

The unusual telluronium dication analogous to 79 [see Eq. (4.47)] has also been
prepared by Furukawa and Sato.197,198 The 1H and 13C NMR spectra are consistent
with those of dication 79. The X-ray crystallographic analysis of the triflate salt
indicates, however, a nearly hexagonal structure for the telluronium dication. This
results from the strong interactionof the anionswith theTecenter formingahexavalent
structure.

Gillespie and coworkers obtained the compound Ph2Se6
þAsF6

��SO2.
293 The

cation 107 consists of a six-membered selenium ring in a boat conformation with
the phenyl rings at opposite corners. The average Se�Se bond length of 2.416A

�
is

typical for seleniumdications. The distance across the top of the boat is 3.550A
�
, which

is smaller than the sum of the van der Waals radii (4.00A
�
) indicating a weak

intracationic interaction.

Se

Ph
Se

SeSe

Se

Se

Ph

107

+

duMont and co-workers287 have prepared cations 108 containing Te�Se (108a) or
Te�Te (108b) moiety [Eq. (4.92)]. The X-ray crystal structure of the ions shows that
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the coordination geometry of all chalcogen atoms is pseudo-trigonal-bipyramidal,
when secondary MrF contacts are taken into consideration. The ions are dimeric in
the solid state with a bridging SbF6

� unit. TerF and SerF interactions weaken the
Te�Se and Te�Te bonds (Te�Se bond length¼ 2.5755A

�
, Te�Te bond length¼

2.7645A
�
). The ions, therefore, can be regarded as MesTeþ and C6F5Se

þ cations
stabilized by the coordinating Lewis base Mes2Te.

CH2Cl2
(C6F5)2Se2  +  Mes2Te  +  Br2   +  2AgSbF6 [Mes2TeXAr]+ SbF6

−

108   a  X = Se, Ar = C6F5

         b  X = Te, Ar = Mes

ð4:92Þ

F

Te X

Ar

SbF5

F

SbF5+

−

−

X = Se, Ar = C6F5

X = Te, Ar = Mes

108

4.2.3.4. HaloselenoniumandHalotelluronium Ions. Oxidative chlorination
of Se and Te in the presence of AsF3/AlCl3 was used by Kolditz and Sch€afer to
synthesize SeCl3

þAsF6
� and TeCl3

þAsF6
�.203 F3Se

þ salts with a variety of anions
were prepared by Peacock294 andBartlett andRobinson.199 The ionic nature of these
salts was first demonstrated by Edwards and Jones,295 who performed X-ray crystal
structure analysis of TeF3

þNb2F11
� to show substantial interaction between the ions

through fluorine bridging. Later, Gillespie and Whitla296 arrived at a similar
conclusion on the basis of conductometric, cryoscopic, vibrational, and NMR
spectroscopic measurements with SeF3

þMF6
� (M¼ Sb, As, Nb, Ta) and

SeF3
þBF4

� adducts.
Gillespie and Whitla297 also studied the SF4�SO3 system with a variety of

techniques (IR, Raman, 19F NMR, conductivity and cryoscopic measurements). In
the solid and molten states the polymeric fluorosulfate bridged structure 109 exists,
whereas in dilute solution the cyclic dimer 110 is the predominant species. A
comparison of the 19F NMR chemical shifts of F3S

þ and F3Se
þ shows that fluorines

bonded to Seþ (d19F þ9.6 from CFCl3) are about 21 ppm shielded compared to
fluorines on Sþ (d19F þ30.5) indicating charge delocalization and shielding by the
heavier atom.169 This observation is similar to that found for trialkylonium salts.
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SeSe
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S
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109                                                                  110

Subsequently, all Se and Te trihalide cations were prepared. X-ray single-crystal
characterization of hexafluoroarsenate and hexafluoroantimonate salts shows that these
cations, similar to the corresponding SX3

þ cations, have trigonal pyramidal geometry
and the MX3

þ units are linked to the anions via MrF interactions.207,210,298–300

An interesting feature of the crystal structure of the hemisolvate TeI3
þAsF6

��SO2 is
the pairwise association of theTeI3

þ ions facing eachotherwith the I atoms and forming
largevoids.301This results in significantly lowerdensity incomparison to theunsolvated
salt.Acomputational studyofSeX3

þ ions (X¼Cl,Br, I) and 77Se chemical shifts, along
with the first solid-state FT–Raman spectrum of SeI3

þAsF6
�, has been reported.302

The interesting salt [Cl3Te�F�TeCl3]
þ[Sb(OTeF5)6]

– contains isolated cations and
anions.303 The cation has two pseudo-bipyramidal Cl3TeF(lone pair) units bridged
centrosymmetrically by fluorine. Each tellurium has two shorter and one longer
additional fluorine contacts.

4.2.3.5. Aurated Selenonium and Telluronium Ions. The crystal structures
of [(Ph3PAu)3Se]

þPF6
� prepared by Sheldrick and co-workers304 and [(Ph3PAu)3Te]

þ

BF4
� obtained by Angermaier and Schmidbaur305 according to Eq. (4.93) have been

determined. The Au�Te�Au angles in the Au3Te pyramids are all much smaller
than 90� (72.6–84.7�), resulting in Au�Au distances of 3.074–3.515A

�
, which are

considered to be bonding contacts. The cations are associated to dimers through short
intermolecular AurAu contacts in the same range. When the tellurium reagent was
reacted with four equivalents of Ph3PAu

þBF4
�, the tetranuclear dication

[(Ph3PAu)4Te]
2þ was obtained and assumed to have a pyramidal geometry.

(tert-BuMe2Si)2Te   +   (Ph3PAu)3O+ BF4
− CH2Cl2, THF

−78°C
[(Ph3PAu)3Te]+ BF4

−

−(tert-BuMe2Si)2O

ð4:93Þ

Laguna and co-workers306 have succeeded in preparing the [(Ph3PAu)4Se]
2þ

dication 111, which crystallizes with twomoles of dichloromethane and isostructural
with the corresponding sulfur salts [(Ph3PAu)4S]

2þ(Y�)2 (Y¼ClO4, TfO) discussed
above. In the tetragonal pyramidal framework, Se occupies the apical position. The
base of the pyramid is not exactly coplanar but has a flattened butterfly form with a
hinge angle of 27� about diagonal Au atoms. Au�Au distances between adjacent Au
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atoms (2.8959–2.9605A
�
) and opposite Au atoms (3.6 and 4.5A

�
) are longer than those

in the sulfur analogs.

111

2+

Au Au

Au

Au

Se

2 TfO−

PhPh3

Ph3P

Ph3P

Ph3P

4.2.3.6. Polychalcogen Dications. The first disulfonium dication derived from
1,5-dithiacyclooctane was prepared by Musker et al.307,308 [Eq. (4.94)] and subse-
quently Furukawa and co-workers309,310 reported the synthesis and crystal structure of
dication112.Dication112waspreparedby reacting thecorrespondingmonosulfoxide
with (TfO)2O, which is a general method for the synthesis of analogous dichalcogen
dications.311 In the crystals, there are two independent dicationswith slightly different
characteristics. TheS�Cbonds (1.828–1.842A

�
) are slightly longer,whereas theC�C

bonds are shorter (1.509–1.527A
�
) than the corresponding normal single bonds. The

C�S�C bond angles are 104.1� and 104.6�. The eight-membered ring has a distorted
C2 chair–chair conformation. Four energy-minimum structures were located by
ab initio studies (RFH/3-21G*).312 In three structures, the lone electron pairs of
the sulfur atoms have cis configuration and all three are much more stable (by about
27–28 kcalmol�1) than the structurewith the trans arrangement. The related dications
113 could be characterized by NMR spectroscopy.313,314 An ab initio molecular
orbital study was performed on dimeric dication 114.315 Disulfonium dications are
presumed intermediates in organic transformations.316

S

S
(CH2)n(H2C)n +  2 NO+ BF4

−
MeCN
−2 NO

S

S
(CH2)n(H2C)n

+

+

n = 1, 2
2 BF4

−

ð4:94Þ

S

S S

RR

+             +

2 HSO4
−

R = Me, Ph

112                                                113                                                   114

SS SS

2+

S

S

+

+ 2 TfO−
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Furukawa and coworkers have also studied dications with a Se–Se unit. Dication
115was generated by two-electron oxidation with NOþPF6

� [Eq. (4.95)].317 Compu-
tational studies of the isomeric structures have led to the same conclusions as already
discussed above for disulfonium dication 112. The analogous ditellurium dication
(BF4

� and PF6
� salts) has also been prepared.318

Se

Se

Se

Se

+

+
CH2Cl2, MeCN

−78°C

115

+   2NO+ PF6
−

2PF6
− ð4:95Þ

Minkwitz et al.319 have obtained dications 116 in the reactions of Me2SH
þ and

Me2SSH
þ with SCl2 and S2Cl2, respectively, and reported spectroscopic characteri-

zation (IR, X-ray, and 1H and 13C NMR).

Me2S Sn SMe2

+            +

n = 1−3

116

Disulfonium dicationic species with the participation of hypervalent Se (117) or Te
(118) atom have been described.316,320 The 77Se NMR spectrum of the dihexafluor-
ophosphate salt of dication 117 shows a single peak at d77Se 946.7 characteristic of
selenuranes.321 The 125Te NMR chemical shifts for ions 118 are in the range d125Te
1327.3–1343.322,323X-ray structure determination of the ditriflate salt of118 (R¼ Ph)
showed that the Te atomhas a distorted trigonal bipyramidal geometrywith two apical
Te�Sbonds and twoequatorial Te�Cbonds,with the lone electron pair occupying the
third equatorial position. NMR spectral characteristics indicate that the ions have cis–
trans or trans–cis configuration [the phenyl group attached to S(1) or S(3) is trans to
the other two phenyl groups]; that is, a racemic mixture exists. According to ab initio
calculations (RHF/3-21G* level), the total positive charge, located exclusively on the
chalcogen atoms, is þ2.578 [S(1)¼þ0.483, S(2)¼þ0.495, Te¼þ1.600], that is,
larger than 2, which is attributed to the polarization of the Te�C and S�C bonds.

Se

S

S

Te

S

S

Ph

Ph

R

R = Ph,

       (C6H4S)nC6H4SMe

n = 0, 1

Y = BF4, TfO

+

+

117                                               118

+

+

1

2

3

2 Y−

Other dications with three chalcogen atoms have also been studied.316 When the
tris-selenide precursor was oxidized with NOþPF6

�, the twin-chair conformer
changed to themore rigid twin boat conformer 119 [Eq. (4.96)].321Thiswas evidenced
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by a change in the 1H NMR resonance of the benzylic protons (d1H 3.88 and 5.33
versus d1H 4.07 and 4.59). The crystal structure analysis also supports this conclu-
sion.324 Dication 119 has an almost linear Se�Se�Se bond (Se�Se�Se bond
angle¼ 170.21�) with a C�Se(2)�C bond angle of 95.6�. The Se(2) atom has a
distorted trigonal bipyramidal configuration with two apical Se�Se bonds and two
equatorial Se�C bonds, with the lone pair occupying the third equatorial position.
Se(2) carries a charge of þ1.020, whereas the charges on the other two Se atoms are
þ0.701. The analogous O�Se�Se dication, the only example with participation of
oxygen, has very similar structural characteristics.325

119

+   2 NO+ PF6
−

+

+

Se

Se

Se

Se

Se

Se 2 PF6
−

MeCN

1

2

3

ð4:96Þ

The X-ray structure of dication 120 exhibits features very similar to those of the
analogous dication 118 (R¼ Ph).322 Treatment of bis(4-methylphenyl)telluride with
NOþBF4

� or TfO2 has afforded dication 121with NO or O2 as the oxygen source.
326

The ions are dimeric in the solid state and the anions interactwith theTe atoms through
their O atoms. The TerOcontacts are considerably shorter than the sum of the van der
Waals radii of the two atoms (2.64–2.98A

�
versus 3.60A

�
). The Te atoms have pseudo-

octahedral geometry.

Te

Se

Se

Ph

Ph

Ph

120                                                    121

+

+

O

Te
+

+
Te

2 BF4
−

Y = BF4, TfO

Y−

4.2.4. Halonium Ions

Organic halogen cations—that is, halonium ions of acyclic (open-chain) (122) or
cyclic (123) nature—have gained increasing significance, both as reaction inter-
mediates andaspreparative reagents. Theyare related tooxonium ions in reactivitybut
offer much more selectivity. Halogen atoms that form organic halonium ions are
chlorine, bromine, and iodine. To date, no stable organic fluoronium ion has been
prepared or characterized. A comprehensivemonograph99 pertaining to the chemistry
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of halonium ions that coversmore than 200 research publications and a review327 have
been published.

R
X

R'

+

X
+

122                        123

In 1894, Hartmann andMeyer328a were the first to prepare a diphenyliodonium ion
salt when they reacted iodosobenzene in concentrated H2SO4 and obtained para-
iodophenylphenyliodonium bisulfate. Diphenyliodonium ions have since been stud-
ied by various research groups, most notably by Nesmeyanov103 and Beringer328b

since1950.Diarylbromoniumand -chloronium ions, althoughconsiderably less stable
and much less investigated, were also prepared in the 1950s by Nesmeyanov and
co-workers.103 Iodonium ions, which are useful reagents and synthons in organic
synthesis and frequently characterized as organic polyvalent iodine(III) compounds,
have been extensively studied.329–332

Open-chain (acyclic) dialkylhalonium ions of the type R2X
þ (X¼Cl, Br, I) were

unknown until the 1960s, as were alkylarylhalonium ions (ArRXþ). Realization of
their possible role as intermediates in alkylation reactions of haloalkanes and -arenes
has followed their preparation and study.333

One of the most daring proposals of an organic reaction mechanism of its timewas
made in 1937 by Roberts and Kimball,334 who suggested that the observed trans
stereospecificity of bromine addition to alkenes is a consequence of intermediate
bridged bromonium ion formation. The brief original publication suggested the actual
structure of the ion is undoubtedly intermediate between 124 and 125. Structure 124
was not intended to represent a conventional free carbocation, however. Since the two
carbons in either structure are joined by a single bond and by a halogen bridge, free
rotation is not to be expected.A clear description of the difference in bonding between
carbon and bromine in 124 and 125 was not given.

C C

Br

R2

+ R3

R

R1

C C

Br

R2

+

R3

R

R1

124                              125

The bromonium ion concept was quickly used by other investigators to account for
stereospecific transformation of alkenes,335,336 notably byWinstein and Lucas,337 but
was not unanimously accepted.338 For example, in discussing the mechanistic
concepts of bromonium ion formation, Gould, in his still popular text,339 wrote in
1959, “Although a number of additions are discussed in terms of the halogenonium-
ionmechanism, the reader shouldbear inmind that feworganicmechanismshavebeen
accepted so widely while supported with such limited data.”
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In 1967, Olah and Bollinger340 reported the first preparation and spectroscopic
characterization of stable, long-lived bridged alkylenehalonium ions. This was
followedbyOlah andDeMember’s333 preparation in 1969 of the first dialkylhalonium
ions. Since then the field of organic halonium ions has undergone rapid development
through substantial contributions from an increasing number of investigators, notably
by Peterson.341

The halogen atom inorganic halonium ions is generally bound to twocarbon atoms,
although in the case of acidic halonium ions—that is, protonated alkyl halides—one
ligand is hydrogen.

Of the dihydrohalonium ions—that is, acidic halonium ions—only chloronium ion
is characterized. HCl has been protonated to dihydrochloronium ion in HSO3F–SbF5
media and studied by 1H NMR spectroscopy.342 Christe150 managed to isolate the
H2Cl

þSbF6
� salt at low temperature, and the equilibrium molecular structure of

H2Cl
þ has been determined in the gas phase.343 Under these strongly acidic condi-

tions, HBr and HI are readily oxidized. H2F
þ in the condensed state cannot be

considered as dihydrofluoronium ion,344 because the very electronegative fluorine
atom resists acquiring positive charge. Instead, theHF solvated proton can have linear
or more probably 2e–3c bonding. Mootz and Bartmann,345 however, succeeded in
determining the crystal structure of the H2F

þSbF6
� salt without being able to locate

the hydrogens. Subsequently, they isolated the H7F6
þSbF6

� salt and found that the
cation forms an unbranched chain held together by very strong hydrogen bonds,which
become weaker from center to the ends.346 Both this study and an ab initiomolecular
dynamic calculation347 on the formation of H2F

þ in the HF–SbF5 superacid system
have concluded that the cationic species is a protonated HF chain mediating a fast
proton jump process.

Both ab initio [MP2(FU)/6-31G** level]48 and DFT (B3LYP/6-31-G** level)348

calculations have been reported for the H3X
2þ dications. The H3Cl

2þ, H3Br
2þ, and

H3I
2þ dications have C3v symmetry and considerable kinetic barriers for deprotona-

tion (27.4–37.9 kcal mol�1), although deprotonation is exothermic (66.5–35.0 kcal
mol�1). In contrast, the H3F

2þ dication has a planarD3h structure and the dissociation
energy is only 8.6 kcal mol�1.

4.2.4.1. Acyclic (Open-Chain) Halonium Ions

Alkyl- and Arylhydridohalonium Ions. The self-condensation of alkyl halides in
strongly acidic media represents a convenient preparative route to symmetric
dialkylhalonium ions 127 [Eq. (4.97)]. This reaction involves hydridohalonium
ions 126 as intermediates that subsequently undergo nucleophilic attack by excess
alkyl halide.

126                               127

R X
.. H+

R X H
+

R X
..

R
X

R

+

X = Cl, Br, I

−HX

ð4:97Þ
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Methyl bromide and methyl iodide in HSO3F–SbF5–SO2ClF at �78�C give both
dimethylhalonium ions (127, R¼CH3, X¼Br, I) as well methylhydridohalonium
ions (126, R¼CH3, X¼Br, I).349 These hydridohalonium ions have been character-
ized by 13C NMR spectroscopy.349 Methyl chloride does not give methylhydrido-
chloronium ion under similar conditions.

Protonation of methylhalonium ions to form diprotonated dications CH3XH2
2þ

have been calculated (B3LYP/6-31-G** level)348 to occur primarily on theC�Hbond
to form a pentacoordinated carbon with 2e–3c bond. The halogen atoms in dications,
as expected, carry more charge than in the corresponding monocations and the
dications are less stable than the monocations (49.5–13.0 kcal mol�1).

Halobenzenes do not form diarylhalonium ions under superacidic conditions. The
protonationoccurs either on thehalogenoron thearomatic ring.350 Indeed, chloro- and
bromobenzenes quantitatively yield the corresponding 4-halobenzenium ions349

(Wheland intermediates) on protonation with HSO3F–SbF5–SO2ClF at �78�C.
Iodobenzene under similar conditions gives the hydridoiodonium ion 128
[Eq. (4.98)].349 The ion 128 is rather stable and does not rearrange to ring-protonated
C6H6I

þ even when the temperature is raised to �20�C.

128

+
I

−78°C

HSO3F−SbF5−SO2ClF
I

H

ð4:98Þ

Protonation of fluorobenzene in the gas phase has been studied by infrared
photodissociation (IRPD) spectroscopy by Solc�a and Dopfer.351 F-protonated
fluorobenzene was formed in significant amount when protonation was carried
out with CH5

þ. It was found to be themost stable isomer in the gas phase by quantum
mechanical calculations [B3LYP/6-311G(2df,2pd) level] separated by a large
energy barrier from the four Wheland intermediates. F-protonated fluorobenzene
is best described as a weakly bound ion–dipole complex between the phenyl cation
and HF.

Dialkylhalonium Ions. Dialkylhalonium ions were first observed as stable
fluoroantimonates and characterized by Olah and DeMember333 in 1969. Since
then, a large number of unsymmetrical and symmetrical halonium ions have been
prepared. The alkylating ability as well as intermolecular exchange reactions of
dialkylhalonium ions were also studied.107,352–355

There are two general methods for the preparation of dialkylhalonium ions. (i) The
reaction of excess primary and secondary alkyl halides with SbF5–SO2 [Eq. (4.99)],
anhydrous fluoroantimonic acid (HF–SbF5) [Eq. (4.100)], or anhydrous silver hexa-
fluoroantimonate (or related complex fluoro silver salts) in SO2 solution [Eq. (4.101)].
(ii) The alkylation of alkyl halides with methyl or ethyl fluoroantimonate (or
alkylcarbenium fluoroantimonates) in SO2 solution

107,333,352,353 [Eq. (4.102)]. The
first method is only suitable for the preparation of symmetrical dialkylhalonium ions,
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whereas the second method can be used for both symmetrical and unsymmetrical
dialkylhalonium ions. Additional methods for the preparation of dialkylhalonium
ions are also available, but these methods generally have less practical value.

+

−60°C

SbF5−SO2
2RX RXR SbF5X− ð4:99Þ

+
2RX   +   H+SbF6

− RXR SbF6
−   +   HX ð4:100Þ

+
2RX   +   Ag+SbF6

− RXR SbF6
−   +    AgX

SO2

ð4:101Þ

+
R'X   +   R+SbF6

− R'XR SbF6
−SO2

−60°C
R = Me, Et
R'= Me, Et, P r
X = Cl, Br, I

ð4:102Þ

Ions 129–133 are some of the representative dialkylhalonium ions that have been
prepared and characterized.99 (Trimethylsilyl)methylhalonium ions 134 have also
been obtainedunder stable ion conditions and characterized by 1H, 13C, and 29Si NMR
spectroscopy.67 The Raman and IR spectroscopic studies of dimethylhalonium ions
129 seem to indicate that these species exist in a bent conformation.

+                                 +                                +

129                             130                            131

132                             133                           134

X = Cl, Br, I

CH3 CH3

X
C2H5 C2H5

X
C3H7 isoC3H7

X

C2H3 C2H5

X
isoC3H7 CH3

X
+                                 +                               +

CH3 CH2SiMe3

X

Minkwitz and Gerhard355 have reported the synthesis of the AsF6
� and Sb2F11

�

salts of cation 129 (X¼Br) by reacting bromine with CH3OSO
þMF6

� (M¼As,
Sb). In the analogous reaction with iodine, the salts (CH3I2)n

nþ(MF6
�)n (M¼As,

Sb) of unknown structurewere isolated. They also succeeded inmethylating CF3I to
obtain cation 135 [Eq. (4.103)] but failed to prepare the analogous bromonium
compound.356

+

MF6
−SO2

−40°C, 5 h

M = As, Sb

CF3 I   + CH3 F MF5 CF3 CH3

I

135

ð4:103Þ
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Even dicyclopropylbromonium ion 136 has been prepared357 by the ionization of
cyclopropyl bromide in SbF5–SO2ClF solution at low temperature. Also a series of
alkylcyclopropylhalonium ions 137 and 138 has been studied.357

R = Me, isoPr

136 137 138

X = Br, I
R = Me, Et, isoPr

+ + +
Br

R
Cl

R
X

Alkylvinylhalonium ions 139, which are stable only below�90�C, have also been
investigated.358

X
R+

139

X = Cl, Br
R = Me, Et

Cubylhalonium ions, the first stable acyclic tertiary halonium ions, have been
prepared by Olah, Prakash, and co-workers.359,360 Methylation of 1,4-dihalocubanes
with CH3F–SbF5 at �60�C gave the ions 140a and 140b, which could be identified
unequivocally on the basis of their 13C NMR spectra. Assignments for 140c, however,
were inconclusive due to the formation of unidentified products. Attempts to prepare
the correspondingmonosubstituted analogs (141) in a similar waywere unsuccessful.
This, however, is not surprising considering the fact that halonium ions are known to
localize most of their charge on the halogen atoms.

X

+
X

+

CH3

CH3

X
+

CH3

140   a  X = I
         b  X = Br
         c  X = Cl

141

Stang and co-workers361–363 have reported the synthesis of the triflate salts of
dialkynyliodonium ions (142), the phenyl(cyano)iodonium ion 143 and the dicya-
noiodonium ion 144.

I

RR

+

I

NN

142 143 144

R = tert-Bu,

       Me3Si, isoPr3Si

+
I

N
Ph

+

In search for nonvolatile and, therefore, safer chloromethylating agents,
even chloromethylhalonium ions have been synthesized.364 Bis(chloromethyl)

ONIUM IONS 365



chloronium ion is formed by the ionization of dichloromethane in SbF5–SO2ClF
at�130�C.

Generally, the preparation of symmetrical dialkylhalonium ions is simpler and the
reactions are clean. Unsymmetrical dialkylhalonium ions undergo disproportionation
and alkylation (self-condensation) reactions, evenat low temperatures (about�30�C).

A qualitative measure of the stability and the sequence of reactivity of dialkylha-
lonium ions and their deshielding characteristics are shown in Scheme 4.10.

Dimethylhalonium fluoroantimonates such as dimethylbromoniumand -iodonium
fluoroantimonates can be isolated as crystalline salts. They are stable in a
dry atmosphere at room temperature, and some are now commercially available.
Dimethylhalonium fluoroantimonate salts are very hygroscopic, and exposure to
atmospheric moisture leads to immediate hydrolysis.

The 1H and 13C NMR data107,352,353 on dialkylhalonium ions seem to indicate the
neighboring group deshielding order shown in Scheme 4.10, indicating inductive
effect of the halogen atoms. Chlorine, being the smallest halogen atom in halonium
ions (fluoronium ions are not known in solution), can accommodate the least amount
of positive charge, whereas iodine, the largest of the halogen atoms, can accept
essentially most of the charge. However, b-protons in the 1H NMR spectra of related
homologous dialkylhalonium ions show an opposite deshielding order (Scheme 4.10)
indicating that the inductive effect of the positively charged halogen atoms diminishes
and the anisotropy effect of halogen atoms causes an opposite trend.

Dialkylhalonium ions are reactive alkylating agents. The alkylation of p-donor
(aromatic and olefinic) and n-donor bases with dialkylhalonium ions has been
studied.353 Alkylation of aromatics with dialkylhalonium ions was found to be not
significantly different from conventional Friedel–Crafts alkylations, showing partic-
ular similarities in the case of alkylation with alkyl iodides. Alkylation of n-donor
bases with dialkylhalonium salts provides a simple synthetic route to awide variety of
onium ions.

Alkylation of alkylene dihalides with methyl and ethyl fluoroantimonate (CH3F–
SbF5–SO2 and C2H5F–SbF5–SO2) gives monoalkylated halonium ions and/or dia-
lkylated dihalonium ions, depending on the reaction conditions.365 Iodine shows an
unusual ability to stabilizepositivecharge, as demonstrated by the formationof dialkyl
alkylenediiodonium ions [RIþ(CH2)nI

þR, n¼ 1 to 6, R¼Me, Et]. In the extreme
case (n¼ 1), the two positive iodonium cation sites are separated only by a single
methylene group. However, dialkyl alkylenedibromonium ions were formed only
when the two positive bromineswere separated by threemethylene groups. In the case
with four methylene groups, rearrangement to the more stable five-membered ring

R
I

R'

+                        +                          +
>                         >

R
Br

R' R
Cl

R'

R
Cl

R'

+                        +                          +
>                         >

R
Br

R' R
I

R'

stability
(ease of formation)

deshielding order
of β-protons

neighboring group
deshielding order

reactivity

Scheme 4.10
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tetramethylenebromonium ion takes place. Dialkyl alkylenedichloronium ions have
not yet been directly observed. Consequently, the ease of formation of dialkyl
alkylenedihalonium ions is similar to that of dialkylhalonium ions (Scheme 4.10).

Olah, Rasul, Prakash, and co-workers348 have calculated the structure and stability
of protonated dimethylhalonium dications (CH3)2XH

2þ (B3LYP/6-31-G** level).
Both the halogen-protonated and C�H bond protonated Br and I dications, all of C2

symmetry,were found to be energyminimaon the potential energy surface.BothC�H
bond protonated dications possess a pentacoordinated carbon with 2e–3c bond. The
Br- and I-protonated forms are more stable than the C�H bond protonated species by
21.7 kcal mol�1 and 19.0 kcal mol�1, respectively. Of the corresponding fluorine and
chlorine analogs, only the C�H bond protonated chloronium dication is an energy
minimum structure.

Similar calculations348 of the methylated dimethylhalonium dications (CH3)3X
2þ

have found the trimethylchloronium, trimethylbromonium, and trimethyliodonium
dications ofC3v symmetry to be the stableminima. The fluoro analog is also an energy
minimum structure but has a planarD3h symmetry, a relatively long C�F bond, and a
bond order of 0.53, indicating a very weak C�F bond. The order of increasing atomic
charges of the halogen atoms (F¼ –0.27, Cl¼ 0.54, Br¼ 0.87, and I¼ 1.16) corre-
sponds to the order of electronegativities (F>Cl>Br> I) and the order of sizes
(I>Br>Cl> F) of the halogen atoms.

Alkyl(aryl)halonium Ions. Dence and Roberts366 attempted to prepare the
cyclopropylphenyliodonium ion from phenyliodoso chloride and cyclopropyllithium
[Eq. (4.104)]. However, they were unable to obtain the corresponding iodonium ion or
any cyclopropylbenzene from the reaction mixture. Thus, the iodonium ion was not
formed, even as an unstable reaction intermediate.

+
C6H5ICl2  +  RLi [C6H5IR] Cl− C6H5I  +  RI  +  C6H5Cl  +  RCl

R = cycloC3H5

−LiCl ð4:104Þ

Perfluoroalkyliodoso trifluoroacetates react with aromatic compounds to give
perfluoroalkylaryliodonium ions 145 [Eq. (4.105)].367

RI(OOCCF3)2    +

CF3COO−

R = n-C3F7, n-C6F13, C6F5

Me

145

+
I

R

Me

toluene, 0°C ð4:105Þ

Alkyl(aryl)halonium ions (other than perfluorinated derivatives) were first pre-
pared byOlah andMelby.368When a SO2 solution of iodobenzenewas added to a SO2

solution of the CH3F–SbF5 complex (methyl fluoroantimonate) at �78�C, a clear,
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slightly colored solution resulted. The 1H NMR spectrum of this solution at �80�C
showed in addition to the excessmethyl fluoroantimonate amethyl singlet at d1H 3.80
and amultiplet aromatic region (7.7–8.3)with a peak ratio of 3:5. The aromatic signals
showed the same coupling pattern as that of iodobenzene in SO2 but were deshielded
by approximately 0.5 ppm. The species that accounts for the NMR data is the
methylphenyliodonium ion 146-I. When bromobenzene and other aryl bromides or
iodides were added in the samemanner tomethyl fluoroantimonate in SO2, analogous
spectra were obtained, indicating the formation of the corresponding methylaryl-
bromonium ions [Eq. (4.106)].

+   RF        SbF5

X = Br, I
R = Me, Et

X

SO2

146

       R = Me, X = I   146-I

SbF6
−

+
X

R

ð4:106Þ

Likewise, the reaction of bromo- and iodoarenes with ethyl fluoroantimonate in
SO2 gave the corresponding ethylarylhalonium ions. The structures of all aklylar-
ylhalonium ions prepared have been characterized by 1H and 13C NMR
spectroscopy.

Similarly, a series of dialkylphenylenedihalonium ions such as 147–150 have been
prepared and characterized.365 Even trihalonium ions such as 151 have been prepared.
Many of the mentioned halonium ions are stable only below�20�C and above which
they undergo ring alkylation.

+
X

CH3
I

X = Br, I

I

I

I

+

+

147                                          148                                                  149

X
H3C

+

CH3

CH3

+

+

CH3

H3C

I

I

I

150                                                                          151

+
Br

CH3

I
H3C

+

CH3

H3C

H3C

+                       +

+

Ochiai et al.369 havedevelopedamethod for the synthesis of alkenyl(aryl)iodonium
ions with the use of trimethylvinylsilanes and idosobenzene [Eq. (4.107)]. Product
formation is stereospecific with retention of configuration.
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R, R1, R2 = H, alkyl, Ph,

R = H, R1−R2 = C4H8

Et O3
+ BF4

−, RT

or BF3  EtO2, 0°C

+

+  PhIO
BF4

−

R

R1 R2

SiMe3 R

R1 R2

I Ph

ð4:107Þ

Tributylstannanes have proved to be versatile reagents in the preparation of
various aryliodonium ions with unsaturated organic substituents. Stang and co-
workers370,371 have shown that iodonium ion transfer from phenyl(cyano)iodonium
triflate requiring Pd(II) and Cu(I) catalysis is a stereospecific process [Eq. (4.108)].
Stang and Zhdankin372 also prepared the bisalkenyliodonium salt 153 using the
bisphenyl(alkynyl)iodonium triflate 152 [Eq. (4.109)] and have provided full
spectroscopic characterization (1H, 13C, 19F NMR, and X-ray).

R, R1 = Me, Et, n-Bu

Pd(II)+Cu(I)

+

+  PhI+CN TfO−
TfO−

R

R1 SnBu3

R

R1 I Ph
DMF or CH2Cl2,

RT

−Bu3SnCN

ð4:108Þ

+

2 TfO−
MeCN

−35°C to RT

IPhPhI

152 153

+
+                  +

2 TfO−

IPh

IPh
+

ð4:109Þ

Tributylstannanes have also been used in the synthesis of alkynyl(aryl)iodonium
salts, including 1,3-diynyl derivatives373 and the parent member of the family,
HC�CIPhþTfO�, which was characterized by X-ray structure analysis.374 The
bisphenyliodonium triflate reagent 152 [Eq. (4.110)]372 and analogs375 were synthe-
sized in a similar way. Alkynyltrimethylsilanes may also serve as similar useful
starting materials.376,377 X-ray characterization of a variety of alkynyl(aryl)iodonium
ion has been reported.332

2 TfO−−78 to 0°C
−Bu3SnCN

SnBu3Bu3Sn

152

IPhPhI
+                  +

+  2 PhI+CN TfO−
CH2Cl2

ð4:110Þ

Diarylhalonium Ions. In contrast to dialkylhalonium ions and alkylarylhalonium
ions, diarylhalonium ions are considerablymore stable.This is particularly the case for
diaryliodonium ions, which have been known for 110 years.328a It is interesting,
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however, to compare the discovery and assumed significance of these ions with that of
triarylmethyl cations. The latter were discovered early in the twentieth century, but
were considered only as a specific class of organic cations limited exclusively to the
highly stabilized triarylmethyl systems. The general significance of carbocations as
intermediates in electrophilic reactions was not recognized until many years later,
when it became evident that they are intermediates in all electrophilic organic
reactions. Subsequently, methods were developed to prepare practically any
conceivable type of carbocations under stable ion conditions. Halonium ions
represent a somewhat similar class. Diaryliodonium (or, to a lesser extent,
diarylbromonium and -chloronium) ions were also for long considered a specific
class of highly stabilized halonium ions. No relationship or significance was attached
to these ions until many years later, when it was realized that many other types of
halonium ions (such as dialkyl-, alkylaryl,- and alkylenehalonium ions) can exist, and
the significance of dialkylhalonium ions in electrophilic alkylation with alkyl halides
was pointed out.

Diaryliodonium salts (diaryl-l3-iodanes) arewidely used as arylating agents. There
are a number of methods available for their synthesis typically involving two or three
steps.378,379 A recent one-pot approach, however, offers a simple and high-yielding
access to unsymmetrical diaryliodonium triflates using meta-chloroperbenzoic acid
(mCPBA) as the oxidant380 [Eq. (4.111)].Moreover, symmetrical diaryliodonium salts
can directly be prepared from iodine and arenes without the use of expensive aryl
iodides [Eq. (4.112)].

mCPBA, TfOH

CH2Cl2, 0°C
Ar1 I    + Ar2 H

+

Ar1
I

Ar2

Ar1 = Ph, 4-ClC6H4, 4-BrC6H4, 2-MeC6H4,

         4-MeC6H4, 4-tert-BuC6H4, 4-NO2C6H4,

          3-CF3C6H4, 4-CF3C6H4, 4-CO2HC6H4

Ar2 = Ph, ClC6H4, BrC6H4, IC6H4,

         MeC6H4, MeOC6H4, tert-BuC6H4,

         AcNHC6H4, 1,3-diMeC6H3, 1,4-diMeC6H3,

         1,3,5-triMeC6H2

TfO−

51−94% yield

ð4:111Þ

R

R1

R2

+    I2
mCPBA, TfOH

CH2Cl2, 0°C

+
I

R R
R2

R1

R2

R1

TfO−

R, R1, R2 = H

R = F, Cl, Br, Me, tert-Bu, R1, R2 = H

R = Me, R1 = H, R2 = 4-Me

R = Me, R1 = 3-Me, R2 = 5-Me

R = NO2, R1 = 3-Me, R2 = 5-Me

24−93% yield

ð4:112Þ

370 HETEROCATIONS IN SUPERACID SYSTEMS



Olah et al.381,382 have studied the 13C NMR spectra of a series of diarylhalonium
ions. Some of the representative diarylhalonium ions are ions 154–157.99 The
synthesis of these diarylhalonium ions does not require strongly acidic conditions
and thus will not be discussed here. The use of arylstannane and arylsilane precursors
in the synthesis of diarylhalonium ions has been reviewed332 and the X-ray structure
analysis of a number of these ions has also been reported.332 Frohn and co-workers383

have recently prepared and characterized aryl(pentafluorophenyl)iodonium tetra-
fluoroborates. Significant cation–anion interactions were shown to result in the
formation of two arrangements in the solid state: dimers with an eight-membered
ring or polymers with a zigzag chain.

X

X = Cl, Br, I

BF4
−

+

N N

I

Cl−

+

154                                              155

S I S
+

HSO4
−

S I SS I S

156                                                               157

2 Y−

I

I
S

S
+

+

High-yield preparation and characterization (multinuclear NMR, MS) of
iodonium-containing macrocycles such as rhomboid [Eq. (4.113)], square, and
pentagon have been reported by Stang and co-workers.384,385

2 TfO−
CH2Cl2,

−78°C to RT

+                                                +

I
OTs

OH

I
TsO

OH

RR

SiMe3Me3Si

R = H, Me

+ II

RR

Me3SiOTf

ð4:113Þ
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4.2.4.2. Cyclic Halonium Ions

Ethylenehalonium Ions. The parent ethylenehalonium ions 158 were obtained
when 1-halo-2-fluoroethanes were ionized in SbF5–SO2 solution at �60�C386

[Eq. (4.114)]. The 1H NMR spectra of the ethylenebromonium and -iodonium
ions show a singlet at d1H 5.53 and 5.77, respectively. Under similar experimental
conditions, when 1,2-dichloroethane and 1-chloro-2-fluoroethane were treated with
SbF5–SO2 solution, only donor–acceptor complexes 159 and 160were formed instead
of the ethylenechloronium ion.

XCH2CH2F
−60°C

SbF5−SO2

SbF6
−

H2C CH2

X
+

X = Br   158-Br

X = I      158-I

ð4:114Þ

ClCH2CH2F

159                                          160

SbF5ClCH2CH2Cl SbF5

Subsequently, the ethylenechloronium ion 158-Cl was obtained.387 When, instead
of SO2, SO2ClF was used as the solvent in the reaction of antimony pentafluoride with
1-chloro-2-fluoroethane at�80�C, a solution was obtained whose 1H NMR spectrum
consisted of these absorptions: a doublet (d1H 4.6, 3H, J¼ 6Hz), a quartet (d1H 13.3,
1H, J¼ 6Hz), and a singlet (d1H 5.9), consistent with the formation of ethylenechlor-
onium ion 158-Cl and methylchlorocarbenium ion 161, respectively (Scheme 4.11).

ClCH2CH2F
−80°C

SbF5−SO2ClF

H2C CH2

Cl
+

1,2 ~H H3C
C

H

Cl

+ H3C
C

H

Cl
+

SbF6
−

161

158-Cl

SbF6
−

SbF6
−

Scheme 4.11

The ethyleneiodonium ion 158-I has also been prepared by the direct iodination of
ethylene using ICN–SbF5–SO2ClF solution388 [Eq. (4.115)]. However, similar reac-
tion with either BrCN or ClCN did not give the corresponding halonium ions 158-Br
and 158-Cl.

CH2
SO2ClF

−60°C
SbF6

−

H2C CH2

I
+

CH2

158-I

+   ICN        SbF5
ð4:115Þ
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Propyleneiodonium ion 162-I and propylenebromonium ion 162-Br were also
obtained by the ionization of 2-fluoro-1-iodopropane and 2-fluoro-1-bromopropane
in SbF5–SO2ClF solution at�78�C386 [Eq. (4.116)]. The propylenechloronium ion is
also known.

X = Br  162-Br

X = I     162-I

CH3CHCH2X

SbF6
−

C CH2

X
+

H3C

H

F

SbF5−SO2ClF

−78°C
ð4:116Þ

Similarly, a variety of dimethylethylene, trimethylethylene, and tetramethylethy-
lene halonium ions have been prepared and studied by 1H and 13C NMR spectro-
scopy.99,386,389 Some of the representative examples are ions 163–166.

X = Cl, Br                    X = Br, I                           X = Cl, Br, I                        X = Cl, Br, I

C CH2

X
+

H3C

H3C

163                        164                              165                                   166

C CCH

X
+

H3C

H3C

CH3

C

X
+

H3C

H3C

CH3

CH3

C C

X
+

H3C

CH3

H H

The unsymmetrical halonium ions such as 165-Br are found in equilibrium with
open-chain b-bromocarbenium ion. Many of the above-mentioned halonium ions
have been prepared by the protonation of the appropriate cyclopropyl halides in
superacids.390

Attempts to obtain the tetramethylfluoronium ion 166-F has, however, been
unsuccessful.340 Ionization of 2,3-difluoro-2,3-dimethylbutane in SbF5–SO2 at
�60�C gave an equilibrating b-fluorocarbenium ion 167. The equilibration was
shown to occur through the intermediacy of 1-tert-butyl-1-fluoroethyl cation 168 by
a recent 13C NMR spectroscopic study.391

CH3

C

CH3

C

CH3

CH3

F

+

CH3

C

CH3

C

CH3

F
+

CH3

167                                  168

etc.

CH3

C

CH3

C

CH3

CH3

F

+

Strating,Wieringa, andWynberg392,393 reported that adamantylideneadmantane, a
highly sterically hindered olefin, reactedwith chlorine in hexane and bromine in CCl4
solution to give the corresponding chloronium and bromonium salts 169. They
proposed the structure of these rather insoluble salts (on which no spectroscopic
study was conducted) to be that of three-membered-ring ethylenehalonium ions
(s-complexes). Olah et al.388 subsequently investigated these stable salts by 1H and
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13C NMR spectroscopy, and concluded that they are not three-membered-ring
halonium ions but molecularly bound p-complexes 170.

X
+

δ−

δ+

X = Cl, Br, I

169                                                        170

X2

X2

Nugent394 has isolated the hexafluoroantimonate salt of 169-Cl and subsequently
Brown and co-workers395,396 established the molecular structure of the Br3

� and
triflate salts of 169-Br and the triflate of 169-I byX-ray crystal structure analysis. The
haloniumportion of the triflate salts were found to be essentially symmetric (averaged
structural parameters for 169-Br: Br�C bond length¼ 2.11A

�
, C�C bond length

1.49A
�
, Br�C�C angle¼ 69.4�, C�Br�C angle¼ 41.3�). It was also observed that

addition of the parent olefin results in translocation of Brþ from the top side of the
halonium ion to its bottom side in an equilibrium process. Kochi and co-workers397

obtained the hexachloroantimonate salt of 169-Cl and showed to have an unsymme-
trical cyclopropane ring system.Chlorine is ascribed to bes-bonded to a single carbon
center, and the cationic charge on the adjacent carbon is stabilized by the chlorine lone
pair acting as n-donor. The 1-methyl- and 4-chloro-susbtituted derivatives of 169-Br
have also been characterized by 1H and 13C NMR spectroscopy.398,399

Trimethylenehalonium Ions. Attempts to prepare trimethylenehalonium ions by
ionizing the appropriate 1,3-dihaloalkanes with SbF5–SO2 or with 1:1 HSO3F–SbF5–
SO2 solution at low temperature have been unsuccessful.400 The ions obtained were
either three- or five-membered-ring halonium ions, formed through ring contractionor
ring expansion, respectively. For example, when 1-halo-3-iodopropanes were reacted
with SbF5–SO2ClF solution at �78�C, the propyleneiodonium ion 162-I is formed
(Scheme 4.12). This ion could be formed through the trimethyleneiodonoium ion 171,

ICH2CH2CH2X
−78°C

SbF5−SO2ClF

1,2 ~H +

162-I

X = Cl, I

I
+

C CH2

I
+

H3C

H

[ICH2CH2CH2
+] ICH2CHCH3

171

Scheme 4.12
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which was, however, not observed as an intermediate. Alternatively, the nonassisted
primary ion could undergo rapid 1,2-hydrogen shift to the secondary ion, which then
would form the propyleneiodonium ion via iodine participation. 1-Halo-3-
bromopropanes behave similarly yielding 162-Br.

The ionization of 1,3-dihalo-2-methylpropanes with SbF5–SO2ClF gave both
three-membered and five-membered ring halonium ions and open-chain halocarbe-
nium ions.

The only reported preparation of long-lived four-membered-ring halonium ions is
that reported by Exner et al.401 3,3-Bis(halomethyl)trimethylenebromonium ions 172
were prepared by treating tetrahaloneopentanes with SbF5–SO2ClF solution at low
temperature [Eq. (4.117)]. Seemingly, halogen substitution stabilizes the four-
membered ring. The 1H NMR spectrum of fluorinated ion 172-F shows a broad
singlet at d1H 5.28 and a doublet at d1H 4.68 (JH–F¼ 47Hz). In contrast, the
brominated ion 172-Br displays a temperature-dependent proton absorption at d1H
5.17 (from internal Me4N

þBF4
�), indicating the occurrence of the exchange process

shown.

X'CH2C(CH2X)2CH2Br
−55°C

SbF5−SO2ClF +

X = X' = F
X = X' = Br
X = Br, X' = F

CH2

C

CH2

XCH2

XCH2

Br

172     X = F     172-F

           X = Br    172-Br

ð4:117Þ

+
CH2

C

CH2

BrCH2

BrCH2

Br
+
CH2

C

CH2Br

BrCH2

BrCH2

+
CH2

C

CH2Br

H2C

BrCH2

Br

172-Br

Tetramethylenehalonium Ions. 1,4-Halogen participation was first postulated to
occur in the acetolysis of 4-iodo- and 4-bromo-1-butyl tosylates.402 In subsequent
studies, Peterson and coworkers found anomalous rates in the addition of
trifluoroacetic acid to 5-halo-1-hexenes403,404 and 5-halo-1-pentynes.405,406 Such
observations were recognized as due to 1,4-halogen participation.341 Also, a study
of the solvolysis of d-chloroalkyl tosylates indicated rate-accelerating 1,4-chlorine
participation effects up to 99-fold.407

Direct experimental evidence for 1,4-halogen participation comes from the direct
observation (by NMR spectroscopy) of five-membered-ring tetramethylenehalonium
ions by Olah and Peterson408 and by Olah et al.400

The ionization of 1,4-dihalobutanes in SbF5–SO2 solution gave the parent tetra-
methyenehalonium ions 173 [Eq. (4.118)].408,409 The 1H NMR spectra of
these ions are similar to each other. Subsequently it was found that even 1,2- and
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1,3-dihalobutanes when reacted with SbF5–SO2 solution400 give the same tetra-
methylenehalonium ions365 [Eq. (4.119)].

XCH2CH2CH2CH2X
−60°C

SbF5−SO2

+

X = Cl, Br, I
173

X SbF5X−
ð4:118Þ

XCH2CHXCH2CH3

−40°C

SbF5−SO2

+

X = Cl, Br, I
173

X

X = Cl, Br

XCH2CH2CHXCH3

XCH2CH2CH2CH2X

XCH2CH2CH2CH2I

ð4:119Þ

Similarly, several 2- and 2,5-substituted tetramethylenehalonium ions (174–178)
have been prepared and studied by both 1H and 13C NMR spectroscopy.99,410,411

174                            175                                       176

+
X

CH3
+
X

CH3 CH3
+
X

CH3 CH3

+
XCH3

CH3

+
XCH3

CH3

CH3

CH3

177                                   178

X = Cl, Br, I
X = Br   174-Br

X = Cl   178-Cl

The 2,2,5,5-tetramethyltetramethylenechloronium ion 178-Cl shows only one 1H
and 13C NMR signal for the nonequivalent methyl groups indicating that some kind of
equilibrium exists with the open-chain carbenium ion.411

Even 2-methylenetetramethyleneiodonoium ion 179 has been prepared by the
protonation of 5-iodopentyne405,406 [Eq. (4.120)].

−78°C

HSO3F5−SbF5−SO2

+

179

I

HC CCH2CH2CH2I
H

H

ð4:120Þ

Pentamethylenehalonium Ions Attempts to prepare six-membered-ring halonium
ions by treating 1,5-dihalopentanes with SbF5–SO2 gave exclusive rearrangement to
five-membered-ring halonium ions.99,408 Peterson et al.412, however, were able to
prepare six-membered-ring halonium ions 180 by the methylation of 1,5-
dihalopentanes with methyl fluoroantimonate (CH3F–SbF5) in SO2 solution412
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[Eq. (4.121)]. However, some rearrangement to five-membered-ring halonium ions
174 was also observed.

CH3F−SbF5−SO2

180                              174

X
+

XCH2CH2CH2CH2CH2X

X = Br    55−72%
X = I         95%

+
+
X

CH3

X = Br    45−28%
X = I          5%

ð4:121Þ
Alternatively, six-membered-ring halonium ions were also formed when equimo-

lar amount of 1,5-dihalopentane was added to dihalonium ions [Eq. (4.122)]. The
dihalonium ions were prepared from 1,5-dihalopentane and 2mol of methyl fluor-
oantimonate. Furthermore, the dimethylbromonium ion 129-Br is also a sufficiently
active methylating agent to form cyclic pentamethylenebromonium ion 180-Br from
1,5-dibromopentane [Eq. (4.123)].

2 CH3F−SbF5−SO2

180

X
+

X(CH2)5X

X = Br, I

CH3X(CH2)5XCH3 (SbF6
−)2

X(CH2)5X+             +

X = Br   180-Br

2

ð4:122Þ

+
+
Br

CH3

Br(CH2)5Br
+

CH3BrCH3 SbF6
−

Br
+

+

73%                                 27%

−2 CH3Br

129-Br

180-Br                       174-Br

ð4:123Þ

Bicyclic Halonium Ions. Although halogen addition to cycloalkenes are assumed to
proceed through the corresponding bicyclic halonium ions, these ions are quite
elusive. Olah, Liang, and Staral413 were able to prepare the cyclopentene-
bromonium ion 181 by the ionization of trans-1,2-dibromocyclopentane in SbF5–
SO2ClF solution at�120�C [Eq. (4.124)]. The 1H NMR(60MHz) spectrumof the ion
solution showed a broadened peak at d1H 7.32 (two protons) and two broad peaks
centered at d1H 3.14 (four protons), and d1H 2.50 (two protons). The 1H NMR
spectrum of the solution also showed the presence of the related cyclopentenyl cation.
When the solutionwas slowlywarmed up to�80�C, the cyclopentenebromonium ion
gradually and cleanly transformed into the allylic ion. The cyclopentenyl ion present
initially in solutionmight be formedas a result of local overheatingduringpreparation.

−120°C

SbF5−SO2ClF +

181

Br

Br

Br +
+ ð4:124Þ
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The cyclopentenebromonium ion 181 was also obtained via protonation of 4-
bromocyclopentene in HSO3F–SbF5–SO2ClF solution at �120�C, through the reac-
tion sequence shown in Eq. (4.125).413 The proton noise-decoupled 13C NMR
spectrum of the cyclopentenebromonium ion 181 shows three carbon resonances at
d13C 114.6 (doublet, JC–H¼ 190.6Hz), 31.8 (triplet, JC–H¼ 137.6 Hz), and 18.7
(triplet, JC–H¼ 134.0Hz).

SO2ClF

−120°C

HSO3F−SbF5

+

181

Br Br

+ 1,2-H

shift
Br

+
..

Br

ð4:125Þ

Attempts were also made to prepare the cyclopentenechloronium ion 182
via ionization of trans-1,2-dichlorocyclopentane in SbF5–SO2ClF solution
at �120�C. However, instead of the cyclopentenechloronium ion 182 only the
1-chloro-1-cyclopentyl cation 183 was obtained413 [Eq. (4.126)]. Apparently, the
participation of the smaller chlorine atom could not effectively compete with the fast
1,2-hydride shift forming the tertiary ion. The larger bromine atom, however,
preferentially participates with the neighboring electron-deficient center, forming
the bicyclic bridged ion.

Cl+
+

182                                                                                    183

Cl

Cl

Cl ð4:126Þ

Olah, Prakash, and co-workers414 have isolated an unusual fluorinated product
in the transformation of bromocyclohexane and suggested the involvement of
7-bromoniabicyclo[4.1.0]heptane 184 [Eq. (4.127)].

+

Br

−H+

Br

Br
+

184

F−
Br

F

NO2
+ BF4

−

ð4:127Þ

The attempted generation of ion 184 in a subsequent study415 resulted in the
exclusive formation of 7-bromoniabicyclo[2.2.0]heptane 185 (Scheme 4.13) identified
unequivocally on the basis of its NMR characteristics [d13C 118.7 (JC–H¼ 172.1Hz)
and 37.4 (JC–H¼ 135.5Hz)]. Calculations have shown (MP2/BB2//MP2/SB level)416
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that on the potential energy surface of the C6H10X
þ cations (X¼ F, Cl, Br), the 1,4-

bridged bromonium ion 185 is the most stable species being more stable than the
1-bromocyclohexylium cation and the 1,2-bridged ion by about 5 kcalmol�1 and
10 kcalmol�1, respectively. The corresponding chloro derivatives are of equal energy,
whereas the 1-fluorocyclohexylium cation is considerably more stable than the 1,4-
fluoro-bridged ion.On the basis of these results, the unsuccessful attempt to prepare the
1,2-bridged ion 184 is not surprising. Similar studies of the bromocyclopentyl cations
found the 1,2-bridged ion more stable than its isomers. Electrostatic and size effects
seem to dominate the stability of these cations.

Peterson andBonazza417 have reported that ionizationof cis-1,2-bis(chloromethyl)
cyclohexane in SbF5–SO2 solution at �78�C gives the bicyclic five-member-rig
chloronium ion 186 along with smaller amounts of other species [Eq. (4.128)].
Warming the solution containing the ion to �10�C leads to the formation of the
open-chain tertiary carbenium ion 187.

+

186                                         187

−78°C

SbF5−SO2
+

CH2Cl

CH2Cl

Cl
−10°C

CH2Cl

CH3

ð4:128Þ

Hall, Gabbai, and co-workers418 have obtained the tetrafluoroborate salt of cation
188 from the 1,8-bis(diphenylmethylium)naphthalenediyl dication [Eq. (4.129)]. The
molecular structure shows that the C(1) atom is tetrahedral, C(2) has a trigonal planar
arrangement, and the C�F bond is a regular bond (1.424A

�
). The fluorine forms a long

interactionwith themethylium center (2.444A
�
) and theC(1)–F–C(2) angle is 111.11�

characteristic of a formally sp3-hybridized F atom. DFT calculations, AIM analysis,
and Boys localized orbitals indicate that the long C(2)–F interaction is a dative bond
and the unsymmetrical 188b structure must also contribute. Indeed, variable-
temperature 1H NMRmeasurements show that 188 is a fluxional ion and the fluorine

+
Br

Br

185

SbF5−SO2ClF

−95°C

F

Br

Br

Br

Br

SbF5−SO2ClF

−95°C

Scheme 4.13
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atom oscillates between the two carbon centers involving a symmetrical fluoronium
ion as low-energy transition state.

a                                          b

188

PhPh PhPh

+           + +

Ph
Ph

Ph
PhF

+Ph
Ph

Ph
PhF

  2          1

MeCN, −78°C

Me3SiF2
− (Me2N)3S+

ð4:129Þ

Heteroaromatic Halophenium Ions. Halophenium ions are a class of halonium
ions analogous to thiophene, furan, and pyrrole. To date, no parent halophenium ions
189 are known, but many stabilized tetraphenyl iodophenium, benzoiodophenium,
and dibenzoiodophenium ions have been prepared by Beringer and co-workers.419,420

Some of them have been analyzed by X-ray crystal structure investigations.
Representative examples are ions 190–192.

+
X +

II

Bu

Ph

n

+
I

Ph Ph

PhPh

I− Cl−Cl−
X = Cl, Br, I

189                                      190                                    191                                      192

+

Olah and Yamada421 have shown that thermal decomposition of ortho-(b,b-
dichloroethenyl)phenyl diazoniumfluorophosphate yielding ortho-(b-chloroethynyl)
chlorobenzene involves benzochloronium ion 193 as the intermediate [Eq. (4.130)].

193

+ Cl

Cl
+

N2

Cl

C
C Cl

H

benzene

−N2

∆
C

C
Cl

Cl
PF6

−
PF6

−

−HPF6

ð4:130Þ

Miscellaneous Halonium Ions. The Si-containing ring system 194 analogous to
188 has been reported by M€uller and co-workers.422 The silyl cation is stabilized by
intramolecular interactions with the F atoms increasing the coordination number of Si
and, consequently, Si becomes considerably shielded. In the 29Si NMR spectrum, the
resonance at d29Si 77 indicate that cation 194 has only a small silicenium ion character
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and better be described as a fluoronium ion. Characteristic data for cation 194 are as
follows: Si�F bond lengths¼ 1.755 and 1.763A

�
, Si–F–Si angle¼ 129.9�. This is in

sharp contrast to the structure of ion 188. Cations 195 have similar characteristics
(d29Si 90.2–90.8).423 X-ray crystal analysis shows that the Si–X–Si bridge in these
cations is symmetric.

+

194                                              195

SiMe2Me2Si

X

SiMe2Me2Si

Me3Si SiMe3

SiMe2

F
Me2Si

+

Y = F, Cl, Br

(C6F5)4B−
(C6F5)4B−

4.2.5. Onium Ions of Group 15 Elements

4.2.5.1. 2-Azoniaallene and Derived Cations. Various monocations can be
derived from allenes by replacing the carbons by nitrogen atoms. Whereas only a few
examples of ketiminium salts 196 are known,424 2-azoniaallene salts (197) can be
prepared by a number ofmethods.425–431 They arewell-characterized and usedwidely
in dipolar cycloadditions. Spectroscopic studies of hexachloroantimonate salts of
phenyl-substituted cations 197 first synthesized by W€urthwein432 and X-ray crystal-
lographic analysis of various salts426,431,433 including 198 indicate a C¼N¼C unit,
that is, the allene geometry (197a, D2d symmetry). Experimental and theoretical
studies reveal, however, that depending on the substitution pattern and particularly
with amino and alkoxy substituents, the ionsmay exist as bent 2-azaallyl cations 197b
(C2v symmetry) or adopt structures in between.428,433,434

+
CNC

R2

R1

R4

R3+
NCC

R2

R1

R4

R3

a                                                 b

197

C

R2 R3

C
NR1 R4

+

196

198                                               199                                            200

+
C N C

Ph

Ph

SbCl6
−

+

BF4
−

C

O O

C
NO O
+

H H

H H

EtO

C

OEt

C
NPh Ph
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Cation 199 synthesized according to Eq. (4.131)428 has, for example, a chiral,
bent geometry with the ethoxy substituents in exo position in s-cis conformation
(C–N–C angle¼ 133.0�, torsional angle¼ 70.4�).427 The 2-azaallyl structure 200 of
the parent tetrahydroxy model compound (C2 symmetry) was shown by quantum
mechanical calculations to be 20 kcalmol�1 lower in energy than the corresponding
2-azoniaallene.435

CONC

R2O

R1

R3 +  R3O+ Y−

R = Me, Et

R1, R2, R3 = Me, Et, isoPr, tert-Bu,

                     Ph, 4-MeC6H4

Y = BF4
−, SbCl6

−

+
C N C

R3

OR

R2O

R1

Y−
−R2O

ð4:131Þ

Avariety of 1-aza-2-azoniaallene salts 201 have been developed and are in use as
reactive intermediates in cycloadditions.436 According toX-ray analysis, methylation
of di-tert-butylcarbodiimide yielded cyanamidium salt 202a (N�C bond lengths
1.15 and1.25A

�
, C�N�Cbondangle¼ 177�) insteadof the expected carbodiimidium

salt 202b.437

+
NNC

R2

R1

R

R = tert-Bu, aryl, COOR

R1, R2 = alkyl, aryl, Cl,

Y = AlCl4
−, SbCl6

−

Y−

201

+
NCN

Me

tertBu
tertBu

+
NCN

Me

tertBu
tertBu

a                                                   b

202

Jochims and co-workers438 synthesized 1-oxa-3-azabutatrienium and 1-thia-3-
azabutatrienium chloroantimonates [Eq. (4.132)]. X-ray structure analysis of the
phenyl-4-bromophenyl-substituted derivatives shows bent structures (C¼N¼C an-
gles for X¼O and S, respectively, are 129� and 139�). Bond distances indicate that all
possible mesomeric structures contribute to the structure of the O analog. In contrast,
the mesomeric form with a C�Sþmoiety appears to be less important. 13C NMR data
suggest a certain delocalization of the positive charge into the aromatic rings.

R, R' = tert-Bu, Ph, 4-BrC6H4, 

              1-naphthyl, 2,2'-biphenyl

X = O, S

+
CNC

R'

R

X

CNC

R'

R

X

CNCR'

R

Cl

X

Cl

SbCl5

CH2Cl2 or MeCN,

< −10°C SbCl6
−

ð4:132Þ
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Seppelt and co-workers439 isolated various salts of the cation OCNCOþ

[Eq. 4.133)]. The molecular structure of OCNCOþSb3F16
� comprises a strongly bent

cation (N�C�O angles¼ 173.1 and 173.6�, C�N�C angle¼ 130.7�). This finding is
in good agreement with the structure of the ion calculated by Pyykk€o and Runeberg440

using ab initiomethods (C�N�C angle¼ 138.6 and 139.4�). It is to be noted that the
N5

þ cation (217, vide supra) is also strongly bent at the central nitrogen atom.

F CO NCO   +   MF5
CF3CH2CF3 or CF2Cl2,

−196°C to RT

OCNCO+ X−

X = Sb3F16, AsF6, As2F11M = Sb, As

ð4:133Þ

4.2.5.2. Diazonium Ions

Parent Diazonium Ion. The simplest diazonium ion, protonated dinitrogen 203, is
still elusive. In fact, molecular nitrogen is a very weak base. Ab initio calculations of
protonated dinitrogen have shown441 that the end-protonated linear structure 203 of
C¥v symmetry is energeticallypreferredover the edge-protonated cyclic ion204ofC2v

symmetry. Subsequent high-level calculations [HF/6-31G** and MP2(FU)/6-31G**
levels] by Rasul, Prakash, and Olah442 have found that the cyclic structure is a
transition state for Na–Nb rearrangement with an energy barrier of 47.1 kcalmol�1.
The N�N bond distance in 203 is slightly shorter than that in dinitrogen (1.124A

�

versus 1.130A
�
). Further protonation leads to linear diprotonated dinitrogen

(protodiazonium dication), which is less stable by 60.5 kcal mol�1 than ion 203
but dissociation to 203 and Hþ has a kinetic barrier of 28.7 kcalmol�1.

+
H N N

203                    204

+
N N

H

Using an indirect approach, Olah et al.443 were able to diazotize ammonia
[Eq. (4.134)], bis(trimethylsilyl)amine, and isocyanic acid with 15NOþBF4�, result-
ing in the formation of 14N15N, which requires the intermediacy of the parent
diazonium ion HN2

þ.

14NH3  +  15NO+ BF4
− CH2Cl2, −80°C

[15N 14NH]+ BF4
−

−H2O
15N 14N  +  HBF4

ð4:134Þ

Protonated (deuterated) nitrogen has been studied in the gas phase,444,445 but
attempts to observe it in the condensed phase were unsuccessful.443 An analog of
203, fluorodiazonium ion 205, is, however, known. Ionization of cis-difluorodiazine
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with arsenic pentafluoride below ambient temperature gives fluorodiazonium hexa-
fluoroarsenate 205 as a white solid.446 The same reaction does not occur with trans-
difluorodiazine. The salts of ion 205 have been studied by X-ray diffraction,
vibrational spectroscopy, and NMR spectroscopy.447–449 Both nitrogens are more
shielded compared with benzenediazonium ion, and Nb is deshielded relative to Na
(d14N �166.1 versus�191.2 relative to CD3NO2).

448 The J14N–F value measured for
205 at 339.0 Hz is the largest known 19F–14N coupling constant, indicating the high
s-character of the nitrogen–nitrogen bond.448 In a subsequent study of the hexa-
fluoroarsenate salt of ion 205 the F�N and N�N bond lengths were determined
(1.217 and 1.099A

�
, respectively).449 The F�N bond distance is the shortest F�N

bond length known, whereas the N�N bond length is close to the value measured for
N2 (1.0976A

�
). The shortness of both bonds is interpreted as resulting from the

high s-character of the N molecular orbital and the formal positive charge on the
cation.

+
F N N MF6

−

205

M = As, Sb
α     β

Alkyldiazonium Ions. The intermediacy of alkyldiazonium ions in a variety of
organic reactions is well established.450–452 They are common intermediates in the
acid-catalyzed decomposition of diazo compounds and the nitrous acid-induced
deamination of aliphatic primary amines. The evidence for RN2

þ (R¼ alkyl)
intermediates come from both rate data and product analysis studies. However,
direct investigation of alkyldiazonium ions has been difficult due to their
instability.

The first direct observation453 of an aliphatic diazonium ion was achieved by
protonation of trifluoromethyldiazomethane in HSO3F at �60�C. The 2,2,2-
trifluoroethyldiazonium ion 206 is stable for 1 h at �60�C. Similarly bis(trifluor-
omethyl)methane diazonium ion 207 has been prepared and characterized.454 These
ions were studied by 1H NMR spectroscopy. Similar diazonium structures have been
assigned to protonated 2-diazo-5a-cholestan-3-one.455 None of these studies, how-
ever, showed nitrogen protonation.

CF3

CH

CF3

N2

206                               207

+ +
CF3CH2N2

Subsequently,McGarrity andCox456 have succeeded in protonating diazomethane
in HSO3F–SbF5–SO2ClF at �120�C. In this acid media, exclusive formation of
methyldiazonium ion CH3N2

þ 208, the thermodynamically more stable product,
is observed. With a more acidic HSO3F–SbF5 system, both methyldiazonium ion
208 and methylenediazenium ion 209 are observed in a ratio corresponding to their
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gas-phase stabilities. The two ions 208 and 209 have been characterized by 1H, 13C,
and 15N NMR spectroscopy.

CH2 N NH
+

+
CH3 N N

a                            b

208

+
N N

C

C3v                     C3v

H
H

H

209

Early ab initio calculations predicted457,458 that the open structure 208a is
significantly more stable than the bridged cation 208b. High-level studies442 [MP2
(FU)/6-31G**] have recently found that C-protonated diazomethane (208a) is more
stable than the N-protonated CH2N2H

þ isomer (209) by 39.3 kcal mol�1. Glaser and
co-workers459,460 studied themethyldiazonium cation and ethyldiazonium cation and
found a remarkable difference of 30.7 kcalmol�1 for the dediazoniation enthalpy for
the ions (42.2 versus 11.5 kcal mol�1). A small part (5.6 kcalmol�1) of the difference
may be accounted for by the formation of the nonclassical ethyl cation. It was also
concluded that alkyldiazonium ions are best described as carbocations and Lewis
structures do not adequately describe the structure of these ions. Of the diprotonated
diazomethanes,442 the N,N-diprotonated structure was found to be the global mini-
mum, which is more stable than theC,N-diprotonated andC,C-diprotonated forms by
11.3 kcal mol�1 and 34.3 kcal mol�1, respectively.

The stability of alkyldiazonium ions may be greatly increased by an appropriate
molecular structure. Bott has reported the generation of a variety of stable vinyldia-
zonium ions461 [Eqs. (4.135) and (4.136)]. The results are summarized in
reviews.462,463

C

EtO

EtO

C

N2

H

C

EtO

O
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N2

H

C

EtO

EtO

C

N2

H
+

+

C

EtO

EtO

C

N2

H
+

SbCl6
−

a                                b                                c

210

ClCH2CH2Cl

30°C

Et3O+ SbCl6
−

ð4:135Þ

C

Cl

Cl

C

N2

H

C

Cl

Cl

C

N

H

+
C O

SbCl6
−

211

ClCH2CH2Cl

−CO2

NO+ SbCl6
−

ð4:136Þ

Glaser and co-workers464,465 determined the X-ray crystal structure of b,b-
disubstituted ions 210 and 211. Structural parameters indicate that carbenium ion
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resonance forms stabilized by heteroatoms (O and Cl), particularly the type 210b,
contribute most to the overall stability of the ions.

Levisalles and co-workers466 and Wentrup and Dahn467 studied enoldiazonium
ions generated under superacidic conditions. More recently Laali and coworkers468

have shown that the stability of enoldiazonium ions can be greatly enhanced by an
a-silyl functionality. Equation (4.137) shows the characteristic diazonium ion
products.

C

MeO

HO

C

N2

Si(isoPr)3

C

isoPr3Si

MeOOC

N2

+

+

HSO3F−SbF5
C

HO

MeO

C

N2

Si(isoPr)3

+

CH2 C

OSO2F

OMe

SO2,

−98 to −75°C N2
+

+                                 +

ð4:137Þ

Aromatic Diazonium Ions. In contrast to alkyldiazonium ions, aryldiazonium ions
are well-studied.469–477 They were known as early as 1894. They are isolable as ionic
salts with a variety of counterions such as BF4

�, PF6
�, SbCl6

�, SbF6
�, AsF6

�, and
ClO4

�. They undergo a variety of nucleophilic reactions and an excellent review is
available on the subject.478

The ambident reactivity of aryldiazonium ions has also been established.479 The
diazonium group is an interesting substituent on the aryl ring and by far the most
strongly electron-withdrawing substituent known (sp¼ 1.8).480 A 13C NMR
spectroscopic investigation on a series of aryldiazonium ions481 seems to support
the above fact and also indicates their ambident electrophilic character.478

Aryldiazonium ions undergo interesting reaction of Na–Nb inversion catalyzed by
metals that complex molecular nitrogen (Scheme 4.14), probably through the
intermediacy of a phenyl cation.482–488 Such inversions have been observed by
Zollinger and co-workers489,490 in dediazoniation reaction of b-15N-labeled diazo-
nium ions with nitrogen gas under pressure (300 atmosphere) (Scheme 4.14). Such
exchange reactions have been further studied with sterically hindered 2,6-disubsti-
tuted diazonium ions.491,492

The studyof 2,6-disubstitutedbenzenediazonium ions492 did not show thepresence
of any persistent C-protonated benzenediazonium dication even in Magic Acid
[Eq. (4.138)], reinforcing the notion that charge delocalization into the aromatic ring
plays a significant role.

R R

N N
+

R = Et, isoPr

HSO3F−SbF5−SO2

−75°C

R R

N N
+

+

H

H

ð4:138Þ
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In contrast, Laali and Olah493 were able to O-protonate para-methoxybenzene-
diazonium ion inHSO3F–SbF5–SO2ClF solution [Eq. (4.139)]. TheC(4) carbon in the
dication is slightly shielded relative to the precursor whereas all other carbons are
deshielded. Unlike the para-methoxybenzenediazonium ion, the ortho-methoxyben-
zenediazonium ion is notO-protonated under similar conditions due to the proximity
of the developing positive charge of the oxonium ion with the N2

þ. Attempted
O-methylation with MeF–SbF5–SO2 was unsuccessful.

N N
+

HSO3F−SbF5−SO2ClF

−75°C

+
O

Me

N N
+

O
H Me

ð4:139Þ

Diazonium dications bearing two aryl rings have been observed by treating
azoxybenzenes in HF–SbF5 [Eq. (4.140)]. The ortho and para protons are deshielded
relative to the meta protons, which is indicative of charge delocalization into the
aromatic rings.

HF−SbF5−SO2

−50 or −60°C

+     +
NR N R

O

R = H, Cl

NR N R

−H2O

ð4:140Þ

Other Substituted Diazonium Ions. A series of aminodiazonium ions have been
prepared under superacidic conditions [Eq. (4.141)]. Schmidt495 described the
preparation and IR spectra of protonated hydrazoic acid 212 and methylazide as
their hexachloroantimonate salts. Olah and co-workers496 have carried out a
comprehensive study on aminodiazonium ions (protonated azides) by 1H, 13C, and
15N NMR spectroscopy. Even the electrophilic aminating ability of aromatics of 212
has been explored.496 The tetrachloroaluminate salt of 212 has also been prepared496

+
Ar N 15N

+
Ar 15N N

+*N2Ar +    N2
+N2Ar +    *N2

Scheme 4.14

ONIUM IONS 387



[Eq. (4.142)] and the tetrafluroborate was also generated by reacting Me3SiN3 with
HF–BF3–SO2ClF.

496

212

HN3
or HF−SbF5

or HF−BF3

HSO3F−SbF5 +
H2N N N  Y−

Y = BF4, SbF6

ð4:141Þ

NaN3   +   AlCl3   +   2 HCl

212

+
H2N N N  AlCl4

− +   NaCl ð4:142Þ

The evidence for the aminodiazonium structure 212 for the protonated hydrazoic
acid comes from 15N NMR spectroscopy and molecular structure of the hexafluor-
oantimonate salt.497 These studies showed that both hydrogens are bonded to the same
nitrogen, which has a pyramidal structure (212). The N�N single and triple bond
lengths are quite different (1.295 versus 1.101A

�
) and the N�N�N bond is slightly

distorted (bond angle¼ 175.3�). Gas-phase protonation of hydrazoic acid has been
studied by Cacace et al.498,499 Gas-phase proton affinity was found experimentally to
be 180 – 2 kcal mol�1, whereas the calculated value is 179.4 – 1 kcal mol�1. The
iminodiazenium (1,3-diaza-2-azoniaallene) structure 213 is not observed in the case
of either hydrazoic acid or the alkyl azides. Various salts (AlCl4

�, SbCl6
�, PF6

�) of
substituted 1,3-diaza-2-azoniaallene cations have recently been synthesized.500,501

The strong absorption at 2012 cm�1 was assigned to the symmetric stretching
vibration of the N¼Nþ¼N unit, which was shown by AM1 calculations to have
a bent structure (155�).

N N N
+

212                                          213

R = H, Me, Et

H

R
H N

N N

H

..

+

Alkyl azides are also protonated to alkylaminodiazonium ions 214 (Scheme 4.15).
Multinuclear NMR studies and calculations for the parent aminodiazonium ion

HSO3F−SbF5−SO2ClF

−78°C

N N N
−    +

R

N N N

R

+    −

N N N
+

H

R

N N N
+

R

H

N N N
+

R

H
N N N
+     +    −

R

H

1      2       3

213

a                              b                              c

214

Scheme 4.15
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indicate496 that N(3) has significant positive charge and, therefore, the mesomeric
structure 214b is an important contributor to the overall structure.

Rasul, Prakash, andOlah442 have attempted to generate bisdiazonium dication 215
by the diazotization of aminodiazonium ion 212 with NOþBF4

� (HSO3F–SbF5–
SO2ClF, -78

�C), but no further diazotization was observed. The linear D¥h structure
was found to be a minimum on the potential energy surface at various levels of
theory.442,502 Bond distances represent bisdiazonium character.

+
C N NN

1.197             1.141

1.317

215                                          216

+     +
N N NN

1.111       

            1.285

The cyanodiazonium ion NCN2
þ proposed as a transient intermediate in solu-

tion,503 has been observed in the gas phase by Cacace et al.504 It was generated by
ionization of NF3 and cyanamide and characterized by collisionally activated disso-
ciation. The linear structure ofC¥v symmetry (216) has been found442 to be the global
minimumby high-level ab initio calculations [MP2(FU)/6-31G**]. Of the protonated
structures the dication protonated on the cyano nitrogen is 55.0 kcalmol�1 more
stable.

Christe and co-workers505 have reported the synthesis [Eq. (4.143)] and full
characterization of the homoleptic N5

þ polynitrogen cation. Both salts are surpris-
ingly stable and decompose at �70�C. Crystal structure of the fluoroantimonate salt
217 is in excellent agreementwith calculated values (MP2/6-31G*440 andB3LYP506).
The N5

þ cation has a V-shaped structure ofC2v symmetry and its exceptional stability
is largely due to resonance stabilization.

N2F+ SbF6
−   +   HN3 −78 to 25°C

−HF 217

HF
N5

+ SbF6
−

SbF5

25°C
N5

+ Sb2F11
− ð4:143Þ

N
N

N

N
N

1.295 Å

1.105 Å

111.2°

168.1°
+

217

Olah et al.507 have generated long-lived methoxydiazonium ion 218 byO-methyl-
ation or transmethylation of N2O [Eq. (4.144)]. Multinuclear NMR data indicate that
the nature of the N�N bond is quite different from that in benzenediazonium ion.
Particularly revealing are the upfield shift of Nb and the N�N coupling (d15N 86.8
versus 316.8, JN–N¼ 12Hz versus <0.7). Ab initio calculations (4-31G and 4-31G*
levels) show that ion 218 is planar and slightly distorted (N�N�O bond angle
173.3�) and has a considerably elongated N�O bond (1.425A

�
) compared with that

of N2O (1.176A
�
) and a weak C�O bond (1.489A

�
). According to spectroscopic and
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computational results, both structures218b and218c are significant contributors to the
overall structure of the ion.

CH3F SbF5N2O  +
SO2F2

−78°C
N2O  + CH3O+ SO2ClF SbF6

−SO2ClF

−78°C

218

CH3ON2
+

ð4:144Þ

O N N
+

CH3

CH3O N N
+..

.. CH3ON2

+

a                                        b                                         c

218

Generation of the hydroxydiazonium ion HON2
þ as long-lived species under

superacidic conditions was not successful.507 According to an early theoretical
study, the ion has a structure similar to that of methoxydiazonium ion 218. Recent
high-level calculations442 [MP2(FU)/6-31G** level] have found the O-protonated
structure of Cs symmetry to be the global minimum but it is only 2.5 kcal mol�1

more stable than N-protonated nitrous oxide. Of the dications formed by a second
protonation, the O,N-diprotonated nitrous oxide is more stable than the O,
O-diprotonated nitrous oxide by 7.5 kcal mol�1.

Eberlin, Laali, and co-workers508 have studied the reaction ofN2Owith a variety of
cations in the gas phase using collision-induced dissociation (CID) for detection and
identification of products. Methoxydiazonium ion, MeON2

þ, is formed by the
reaction of Meþwith N2O. This observation contradicts earlier findings

509 reporting
the preferential formation of the isomeric nitroso-onium ionMe–N2O

þ. The reaction
of PhCH2

þ, in turn, does produce the corresponding N-nitroso-onium ion PhCH2–
N2O

þ.

4.2.5.3. Nitronium Ion (NO2
þ). Nitration is one of the most studied and best

understood organic reactions.510–512 The species responsible for electrophilic aro-
matic nitration was shown to be the nitronium ion (NO2

þ) 219. Since the early 1900s,
extensive efforts have been directed toward the identification of this ion, whose
existence was first shown by Hantzsch and later firmly established by Ingold and
Hughes.510

Ramanspectroscopic studies in the1930s onHNO3–H2SO4mixtures byM�edard513

showed thepresenceof nitronium ion219 in themedia.A sharpband at 1400 cm�1was
assigned to the symmetric stretchingmode of the species. Since then the nitronium ion
has been characterized in a variety of Brønsted and Lewis acid mixtures of nitric
acid.514

There are more than 15 crystalline nitronium salts that have been isolated and
characterized with a variety of counterions. The most important salts are of BF4

�,
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PF6
�, SbF6

�, ClO4
�, FSO3

� counterions. TheX-ray crystal structure of nitronium ion
is known with hydrosulfate anion.515 The most widely used tetrafluoroborate
nitronium salt (NO2

þBF4
�) is prepared by treating a mixture of nitric acid and

anhydrous hydrogen fluoride wit boron trifluoride516 [Eq. (4.145)].

HNO3    +   HF   +   2BF3

219

NO2
+ BF4

−   +    BF3−H2O ð4:145Þ

Nitronium salts are also available from the reaction of NO2F with SbCl5 followed
by anion exchange517 [Eq. (4.146)], and methods have also been developed for the
synthesis of the triflate salt.517

NO2F   +   SbCl5 NO2
+ SbCl5F−

Me4N+ X−

NO2
+ X−

X = ClO4, BF4

ð4:146Þ

Ingold518 was the first to propose that nitric acid anhydride N2O5 has an ionic
structureNO2

þNO3
�. Thiswas later confirmedbyWilsonandChriste,519who showed

a linear symmetric NO2
þwith an N�Obond length of about 1.154A

�
. The structure of

reaction products formedbetween nitrogen oxides andBF3, includingNO2
þBF4

�was
established by Olah and co-workers520,521 on the basis of Raman, IR, and X-ray
diffraction data.

In the 15N NMR spectrum,245 the nitronium ion is about 130 ppm deshielded from
NO3

� of aqueous sodium nitrate solution.245,448 It has also been shown by 14N NMR
spectroscopy that amixture of nitric acid in 88% sulfuric acid contains both nitronium
ion and free nitric acid.522 At 95% H2SO4 only the NO2

þ ion was detected (a single
peak at d14N 251 relative to external liquid NH3). Prakash, Heiliger, and Olah

523 have
recently arrived at similar conclusions through 15N NMR studies of the nitric acid–
nitronium ion system. The 14N NMR spectrum of NO2

þBF4
� in SO2 solution shows a

single peak at d14N 248.6,448whereas in 92%H2SO4 it is detected at d15N 251.523 The
IGLO calculated value is d15N 268.3.524

Nitronium ion, which is linear with sp-hybridized nitrogen, is not very reactive in
aprotic media and not capable of nitrating deactivated aromatics. The reactivity,
however, canbe increased in superacid solution (HF,HSO3F).The enhanced reactivity
is attributed to protosolvation,525,526 that is, to the formation of protonitronium
dication NO2H

2þ (220) suggested as early as 1975 by Olah et al.527 The interaction
of the superacid with the nitronium ion weakens the N�O p-bond character resulting
in thebendingof the linear ion and rehybridization of theNfrom sp to sp2 (220b). Early
ab initio calculations did not find a minimum for NO2H

2þ, but subsequent high-level
studies byOlah et al.524 (HF/6-31G*andMP2/6-31G**) showed it to be aminimum. It
is characterized by a shorter N�O(1) (1.055A

�
) and a longer N–O(2) (1.165A

�
)

bond, and an O�N�O bond angle of 172.7�. Studies by Schwarz and co-workers528
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[RHF/6-311G** andMP2(fc)/6-311G**] resulted in similar values (1.125A
�
, 1.175A

�
,

and 169.1�, respectively).

a                                           b

220

O N
O

2+

H
                  2
1

O N O
+     +

H

Attempts to observe ion 220 in the condensed phase under superacidic conditions
were unsuccessful, but it was generated in the gas phase.528 However, Prakash, Olah,
and colleagues529 made an attempt to identify ion 220 by means of 17O NMR
spectroscopy. 17O enriched nitronium tetrafluoroborate, when dissolved in HSO3F,
exhibited a sharp peak at d17O 196.6 assigned for nitronium ion NO2

þ shielded by
217.4 ppm with respect to nitric acid. Inceasing the acidity by adding SbF5 to the
solution (HSO3F–SbF5¼ 1: 3), the NO2

þ signal moved upfield by 5 ppm and the line
broadened significantly (linewidth¼ 930Hz). This line broadening could be brought
about by possible proton exchange between the acid andNO2

þ via the protonitronium
dication 220, which is present in small equilibrium concentration.

The applications of nitronium salts as a synthetic reagent530 are discussed in
Chapter 5. Until recently, the nitronium ion was recognized only as a nitrating agent.
However, it has been found that it possesses significant ambident reactivity. This has
been recently shown in the oxidation of sulfides, selenides, and phosphines. In fact, the
sulfide reaction has been monitored by 15N NMR spectroscopy wherein both
nitrosulfonium and nitritosulfonium ions 88 and 89 were detected as distinct inter-
mediates [Eq. (4.147)].

88                                89

R
S

R

O

R
S

R

NO2

R
S

R
+  NO2

+

+

R
S

R

ONO +

+  NO+

ð4:147Þ

4.2.5.4. Nitrosonium Ion (NOþ). Nitrosonium ion (NOþ) 221 is an important
species that is generally present in nitrous acid media. It acts as a powerful nitrosating
agent of amines (both aromatic and aliphatic) resulting in the diazotization reaction
[Eq. (4.148)].

221

R NH2 +    NO+ R N2
+ +    H2O ð4:148Þ

The first isolation of nitrosonium ion 221 as a distinct species was in the reaction of
dinitrogen trioxide and dinitrogen tetroxide with boron trifluoride531 [Eqs. (4.149)
and (4.150)].
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221

3 N2O3      +     8BF3 6NO+ BF4
−     +     B2O3 ð4:149Þ

221

3 N2O4     +     8BF3 3NO+ BF4
−    +    3NO2

+ BF4
−    +    B2O3 ð4:150Þ

Since then, avariety of nitrosoniumsalts havebeen isolated. The important ones are
with the following counterions: BF4

�, PF6
�, FSO3

�, HSO4
�, BCl4

�, and SbCl6
�. The

ion has been characterized by 15N NMR, IR, and X-ray analysis.245,448,514,531,532 A
detailed NMR study by Mason and Christe have showed448 that conditions (solvent,
counterion, temperature) have minor effects on observed 14N NMR shifts (d14N
372.5–376.8).

Similar to nitronium ion, attemptwas alsomade to identify protonated nitrosonium
ion (protonitrosonium dication, HNO2þ) bymeans of 17O NMR spectroscopy.529 The
sharp peak at d17O 461.5 observed inHSO3Fand identified forNO

þ shifted upfield by
5 ppm upon addition of SbF5. This, again, can be attributed to the presence of
protonitrosonium dication in small equilibrium concentration.

The nitrosonium ion does not react toward aromatics except in activated systems. It
forms a p-complex with aromatics with deep color.533,534 However, it is a powerful
hydride-abstracting agent in the case of activated benzylic or allylic positions. Olah
and Friedman535 have demonstrated that isopropylbenzenes undergo hydride abstrac-
tion to cumyl cations 222 [Eq. (4.151)] which further reacts to give various conden-
sation products. The reaction has been employed to prepare a variety of stable
carbocations.536

NO+PF6
−

CH

CH3

CH3

C

CH3

CH3

+

222

PF6
−

R R
ð4:151Þ

The unique hydride abstraction property has been gainfully employed in develop-
ing novel synthetic reactions.530 Reactive hydrocarbons such as triphenylmethane,
adamantane, anddiamantane are readily fluorinated in thepresence of nitrosonium ion
in HF–pyridinemedia.537 In the presence of a suitable oxygen donor such as dimethyl
sulfoxide, thenitrosonium ioncan act as anitrating agent538 [Eq. (4.152)].The initially
formed nitrito onium ion 223 transfer nitrates aromatics rather readily.245 The NOþ-
induced reactions are further reviewed in Chapter 5.

223

CH3

S
CH3

O

CH3

S
CH3

ArNO2  +  H+  +

CH3

S
CH3

ONO

+
NO+ BF4

− +
ArH

ð4:152Þ
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4.2.5.5. Ammonium, Phosphonium, Arsonium, and Stibonium Ions

Tetrahaloonium Ions. Whereas only tetrafluoro and tetrachloro cations of N and
tetrachloro and tetrabromo cations of Sb are known, all four tetrahalophosphonium
and arsonium cations, along with mixed tetrahaloonium cations, have been prepared
and characterized mostly by vibrational and NMR spectroscopy.539,540 In addition,
X-ray crystal structure analyses havebeen reported forNF4

þBF4
�,541 PCl4

þSbF6
�,542

AsCl4
þAsF6

�,543 and SbCl4
þSb2F11

�.544,545 Schrobilgen and co-workers have
recently reported spectroscopic characterization and X-ray crystal structures of
AsX4

þ[As(OTeF5)6]
� (X¼Cl, Br)539 and SbX4

þ[Sb(OTeF5)6]
� (X¼Cl, Br).540

The method of preparation is the oxidation of AsX3 with XOTeF5 in the presence
of As(OTeF5)n (n¼ 4, 5) at room temperature or oxidation of Sb(OTeF5)3 with X2. In
agreementwithRaman spectroscopydata, all four cations haveundistorted tetrahedral
geometry in the crystal state and the anion–cation interactions are weaker than in
previously known tetrahaloarsonium and tetrahalostibonium salts. By reexamining
theXRD structure of NF4

þBF4
�, Christe et al. have recently shown that, in contrast to

earlier incorrect structural analysis, the NF4
þ cation is really tetrahedral.546 The

hexafluoroarsenate of the mixed cation AsFCl3
þ was also prepared and

characterized.547

Acidic Onium Ions. Relatively little is known about halogenated acidic onium ions.
A few fluoroammonium salts including FNH3

þHF2
��nHF548 and F2NH2

þMF6
�

(M¼As, Sb)549 are known. In addition, Christe and coworkers have been able to
obtain the salts ClNH3

þM� (M¼BF4, AsF6, SbF6) by protonating NH2Cl formed in
situ from (Me3Si)2NCl

550 [Eq. (4.153)]. All salts are stable at room temperature and
contain small amounts of NH4

þ impurities, which prevented crystallization. IR,
Raman, and NMR spectroscopy and theoretical calculations provide evidence for
the existence of ion ClNH3

þ. For example, the 14N NMR shift at d14N –364 is only
slightly deshielded in comparison with that in NH4

þ (d14N –367) but considerably
more shielded than that in FNH3

þ (d14N –252.1).

(Me3Si)2NCl   +   HF   +   M ClNH3
+ MF−

M = BF3, AsF5, SbF5

−196 to 25°C ð4:153Þ

The fluorinated salts F4–nPHn
þY� (n¼ 1–4, Y¼AsF6, SbF6, Sb2F11, Sb3F16) of

phosphorus have been characterized by vibrational and NMR spectroscopy.551–554

The crystal structure of the salt PF3H
þSbF6

��HF and trihalogenphosphonium salts
X3PH

þAs2F11
� (X¼Cl, Br) prepared by protonation with the corresponding conju-

gated superacids HF–MF6 (M¼As, Sb) have recently been reported by Seppelt and
co-workers554 and Minkwitz and Dzyk,555 respectively. The structure of the PF3H

þ

cation is pseudo-tetrahedral and, surprisingly, the cation has no contact with either the
anion orHF. The cations of theX3PH

þAs2F11
� salts have trigonal pyramidal structure

and interionic F–Cl, P–Br, and P–F contacts but F–H interactions were not detected.
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Superacidic protonation of MePF2 was also used to prepare the salts
MePF2H

þMF6
� (M¼As, Sb).556 The cations show distorted tetrahedral structure

and weak PrF interionic contacts.
Protonation of PH3 and AsH3 with HF was studied by conductometric measure-

ments with the conclusion that the less basic AsH3 is not fully protonated.557 After
treatment in HF–TaF5, crystalline PH4

þTaF6
� and a mixture of AsH4

þTaF6
� and

AsH4
þTa2F11

� could be isolated. AsH4
þMF6

� (M¼As, Sb) and SbH4
þSbF6

� were
obtained by protonation of the corresponding hydrides with HF–MF5.

558 Me3AsH
þ

ions were generated in a similar manner559 [Eq. (4.154)]. The cation in the
Me3AsH

þAs2F11
� salt has a trigonal pyramidal shape with weak hydrogen bonding

between the hydrogen atoms of the methyl groups and fluorine atoms.

Me3As   +   HF   +   MF5 Me3As+ M'F−

M = As, Sb                                     M' = As2F10, SbF5

−78°C
ð4:154Þ

Hydroxy(alkoxy)phosphonium Ions. Olah and McFarland560 studied the
protonation in HSO3F or HSO3F–SbF5 solution of varied phosphorus oxyacids and
derivatives. Treatment of tetravalent phosphorus compounds (phosphorus,
phosphonic, and phosphinic acid and their trialkyl and triaryl derivatives) results
in O-protonation and the formation of hydroxyphosphonium ions. Trivalent
phosphites, in turn, are protonated at the phosphorus atom. The 31P shifts
observed for the latter ions are significantly deshielded, which was attributed to
significant oxonium ion character.

Minkwitz and Schneider561 obtained tetrahydroxyphosphonium salts by proton-
ation of phosphorus acid with HF–AsF5 and HF–SbF5 [Eq. (4.155)]. XRD structure
study shows that the cation of the hexafluoroantimonate salt has almost S4 symmetry
and equal P�O bonds (1.529–1.536A

�
). Cations and anions in the crystals are linked

three-dimensionally by hydrogen bonds (each cation is bonded to six anions).

H3PO4  +  (Me3SiO)3PO  +  HF  +  MF5 −196 to −60 °C

−Me3SiF

P(OH)4
+ MF6

−

M = As, Sb

ð4:155Þ

Aurated Onium Ions. A variety of gold ammonium cations [(AuPPh3)3NR]
þ

(R¼Me, Et, n-Pr, isoPr, tert-Bu, cyclohexyl, Ph, Bn, 4-FC6H4, 4-BrC6H4,
4-NO2C6H4) have been obtained as tetrafluoroborate salts by treating
[(AuPPh3)3O]

þBF4
� with excess RNH2 or RNCO.562,563 X-ray crystal structure

analysis show a distorted tetrahedral geometry of the cations with the Au–PPh3
ligands linearly coordinated to nitrogen.562,563 The cations of [(AuPPh3)3NR]

þBF4
�

(R¼ tert-Bu, cyclohexyl) exhibit Au–N–Au angles smaller than the tetrahedral value
(average 102�) and short AurAu distances (�3.1A

�
), indicating attractive forces

between gold atoms. The cation in [(AuPPh3)4N]
þBF4

� shows similar features.564
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The powerful aurating agent [(AuPPh3)3O]
þBF4

� has been used by Schmidbaur et
al.565 to generate triaurated phosphonium ions [Eq. (4.156)]. In contrast to aurated
ammonium ions and as a result of the larger size of phosphorus, the Au–P–Au angle of
cation 224deviates only slightly (average 106�) from the ideal tetrahedral angle and the
AurAu distances (�3.7A

�
) are significantly longer. This latter feature indicates the

lack of AurAu interactions. Cation 225 with the five-coordinate, electron-deficient
central phosphorus atom was characterized by 1H and 31P NMR spectroscopy.
Characteristic features are a doublet (d31P 39.6) and a sextet (d31P 122) in the area
ratio 5:1. Furthermore, the coupling constant is significantly reduced compared to that
in 224 (JP–P¼ 186Hz versus 249Hz), indicative of diminished s character of sp3

d-hybridized P. The trigonal bipyramidal structure is suggested on the basis of C andN
analogs.

[(AuPPh3)3O]+ BF4
−

P(SiMe3)3

THF, −50°C

−(Me3Si)2O

[(AuPPh3)5P]2+ (BF4
−)2

RPH2

THF, RT

−H2O

[(AuPPh3)3PR]+ BF4
−

224                                                                                                   225

R = Ph, o-tolyl

ð4:156Þ

AuPPh3P
Ph3PAu

Ph3PAu

AuPPh3

AuPPh3
2+

R = o-tolyl

AuPPh3

P
Ph3PAu

Ph3PAu

R
+

224                                                   225                                           226

Ph3PAu

AuPPh3Ph3PAu

AuPPh3

As
+

The tetrafluoroborate salt of gold-arsonium cation [(AuPPh3)4As]
þ (226) has also

been obtained by Schmidbaur and co-workers.566 Surprisingly, the cation has an
unusual tetragonal pyramidal structure with the Au atoms forming a slightly distorted
square and the As atom occupying the apex. The Au–PPh3 ligands coordinate nearly
linearly to As and the average apical Au–As–Au angle is 70.7�. The average
intramolecular AurAu contact is 2.90A

�
and intermolecular AurAu and AsrAu

contacts also exist.

Other Onium Ions. Minkwitz and co-workers have obtained a variety of
halophosphonium ions with a sulfur ligand including ClnBr3–nPSMeþMF6

�

(n¼ 0–3, M¼As, Sb),567 X2FPSMeþMF6
� (X¼Cl, Br, M¼As, Sb), and

XF2PSMeþSbF6
� (X¼ F, Cl, Br).568 These were prepared by methylation of the

corresponding thiophosphorylhalides. Oxidative bromination, in turn, furnished Cln–
3BrnPSBr

þAsF6
� (n¼ 0–3) and Cl3PSBr

þSbF6
�.569 Characterization by

spectroscopic methods (vibrational, NMR) have also been reported. In addition,
they have isolated the methylfluoroarsonium salts MeAsF3

þAsF6
�570 and

MeAsF3
þSbF6

�.571

Laali et al. have studied the protonation of tetra-tert-butyltetraphosphacubane
(227a) and tetra-tert-butyltetraarsacubane (227b). In the case of tetra-tert-butyl-
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tetraphosphacubane, monoprotonation was observed in FSO3H or CF3SO3H to
furnish cation 228,572,573 whereas diprotonation occurred in the stronger superacid
HSO3F–SbF5 (1:1) to give dication 229. The formation of a mixture of the corre-
sponding mono- and diprotonated cations was detected when tetra-tert-butyltetraar-
sacubane (227b) was treated in HSO3F–SO2.

574 The unique tetraphosphatricyclo-
diene 230 also underwent similar mono- and diprotonation with FSO3H and HSO3F–
SbF5 (1 : 1), respectively.

575

P

P
P

P

tBu

tBu

tBu

tBu

H

+

P

P
P

P

tBu

tBu

tBu

tBu

H

+

H

+

a   X = P                  228                                229                                    230

b   X = As

X

X
X

X

tBu

tBu

tBu

tBu

P

P

P

P
tBu

tBu

tBu

tBu

227

227

4.3. ENIUM IONS

4.3.1. Enium Ions of Group 13 Elements

4.3.1.1. Borenium Ions. Boron cations with coordination number four such as
[BH2(NH3)2]

þ andmanyothers of the type [H2BL2]
þ, [HXBL2], and [X2BL2] arewell

known576–581 (X¼ halogen, L¼ electron-donating ligand). Even doubly and triply
charged tetracoordinate boron cations are known. However, dicoordinate borenium
ions, wich are elusive and highly electrophilic species, are much less known. To date,
no dicoordinate borenium ion with either only alkyl and/or aryl substituent is known.
Developments in the area have been reported in reviews.582,583

It is well recognized that electron deficiency of boron compounds can be consid-
erably compensated by p-back bonding. Exploiting this principle, N€oth and
Staudigl584 have succeeded in obtaining borenium ions.

Reaction of anhydrous aluminum bromide with a series of 2,2,6,6-tetramethylpi-
peridinoaminoboron bromides in dichloromethane leads to specific displacement of
bromide, which is trapped as tetrabromoaluminate. By formation of this less nucleo-
philic anion, and owing to the steric and electronic shielding of theb atomby the bulky
2,2,6,6-tetramethylpiperidino moiety, dicoordinate borenium ions 231 are generated
[Eq. (4.157)].

231

N B

Y

Br

AlBr3

CH2Cl2

N B Y

+

Y = Me2N   a
       Et2N    b
       Me
       Ph

AlBr4
−

ð4:157Þ
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27Al NMR spectra confirm exclusive formation of the AlBr4
� anion, which,

compared to Al2Br6, is characterized by its substantially sharper signal; the linewidth
of n1/2� 20Hz in 231a and 231b corresponds to an undistorted tetrahedral AlBr4

�.
The 11B NMR signals of 231 are shifted 6–18 ppm downfield relative to those of the
starting compounds; their linewidths, which are greater by a factor of about 5, are
consistentwith a linear heteroallene structure.Also consistentwith such a structure are
the isotopically split IR bands at 1850–1900 cm�1, which are assigned to an antisym-
metricBN2vibration.Theheteroallene structure hasbeenconfirmedbyX-rayanalysis
of 231a.585

Such studies have been extended to a variety of amidoborenium ions.585 Subse-
quently, Parry and coworkers have isolated and characterized bis(diisopropylamino)
borenium ion 232 at low temperature as tetrachloroaluminate salt.586 Attempts
to prepare the analogous bis(dimethylamino)borenium ion 233 was, however,
unsuccessful.

N B N

+

N B N

+

232                                               233

Cations with sterically demanding tert-Bu and Me3Si groups on the nitrogen
atoms have been obtained by K€olle and N€oth.587 Because of the protective bulky
amino groups, the cations are stable in solution. 11B NMR spectroscopy gives
resonances in the region expected for boron cations (d11B 32–36), whereas IR
bands around 1800 cm�1 were assigned to B–N stretching and N–B–N bending
vibrations.

Stephan and co-workers588 have synthesized cation 234with an extended structure
containing a P¼N�B�N¼B moiety [Eq. (4.158)]. The crystal structure reveals a
linear arrangement of the fiveatoms (N�B�Nbondangle¼ 180.0�)with aB�Nbond
length of 1.236A

�
. This bond distance is considerably shorter than those in cation 231a

(1.30 and 1.42A
�
) indicative of strong electron donation from the phosphinimide

ligand.

234

+

2 HN P(tertBu)3

Me2S BH3

toluene,
reflux

B
N P(tertBu)3N(tertBu3)P

H

B N P(tertBu)3N(tertBu)3P

Ph3C+ (C6F5)4B−

CH2Cl2, RT

−Ph3CH

(C6F5)4B−

ð4:158Þ
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The chemistry of dicoordinate boron cations with additional coordinating donor
ligands has also been explored.583Three-coordinate cations235havebeen reported by
Jutzi et al.589 andcations236havebeen synthesizedbyKuhnet al.590TheX-ray crystal
structure of cation 237a reported by Cowley et al.591 indicates that the 1,3,2-
diazaborenium ring is planar with trigonal boron geometry (sum of angles¼ 359.9�)
and longer B�N bond lengths (average 1.449A

�
). 11B NMR spectroscopy gives a

resonance at d11B 72, whereas calculations (B3LYP/3-21G* level) show
p-interactions in the ring. Cation 237b prepared by methyl abstraction shows a
resonance at d11B 37.1 shifted downfield substantially and a line width typical for
three-coordinate boron.592 The downfield shift of the methine proton at d1H 6.73
coupled with the fact that cation 237b coordinates only with the strong Lewis base
pyridine is indicative of a significant aromatic stabilization.

B

Cl

N

= phenanthridine,
   acridine

235                                      236                                              237

+ N
B

N

R

+ Y−

R = F, Cl, Et, Ph

Y = BF4, AlCl4

N
B

N

R

ArAr
+

a R = Ph, Ar = 2,6-diisoPrC6H3, Y = Al2Cl7
b R = Me, Ar = 4-MeC6H4, Y = MeB(C6F5)3

N

Y−

Further examples are cations 238593 and 239.594 Cation 239 is particularly
interesting, since the two boron substituents (phenyl and H) are barely able to
contribute to p-stabilization. A broad resonance at d11B 38.7 in the low-temperature
11B NMR spectrum, which disappears at warming, was assigned to the trivalent
B atom.

B

NMe2

H

+
(C6F5)4B−

N

+

B R

(C6F5)4B−

R = H, Me, isoPr

238 239

An additional n-donor ligand results in themost stable boron cations because of the
filledoctet of boronand the complete coordination sphere.583Boron in cation240has a
distorted tetrahedral geometry and a N(1)�B�C angle of 99.5�.583 In cation 241 the
boron atom is complexed to [Cp*Fe(CO)2].

595 TheCp* group is bonded to boron in an
h5 fashion and the Cp–B–Fe vector is essentially linear (bond angle¼ 177.86�). Both
spectroscopic data and DFT calculations (B3LYP with LANL2DZ and 6-31þG*
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basis sets) show that the Fe�B bond order is 1.

B

NMe2

Me

H

+

BF4
−

1

240                                                                   241

N

Fe

+

AlCl4
−

OC

OC

B

Examples of boron dications are also known. The tris(amine) dications
[X3BH]

2þ(PF6
�)2 (X¼ pyridine, 2-Me- and 4-Me-pyridine, 3,5-diMe-pyridine)were

synthesized by Mathur and Ryschkewitsch.596 Cowley and co-workers have recently
succeeded in generating boron dication 242with the coordinated bidentate base 2,20-
bipyridine597 [Eq. (4.159)]. The 11B NMRchemical shift (d11B 6.44) is in the range of
boronium cations.583 The BN2C3 ring is planar and orthogonal to the plane of the
bipyridine ligand. The average bond distances (N�C¼ 1.358A

�
, C�C¼ 1.381A

�
) are

identical to those of cation 237a. Since boron in 242 has a tetragonal geometry, the
average B�N bond length (1.514A

�
) is longer than that in the trigonal planar cation

237a (1.450A
�
).

242

N
Si

N
ArAr

N
B

N
ArAr

1. BCl3

2. AgOTf

OTfTfO

N
B

N
ArAr

2 TfO−

CH2Cl2,

RT, 48 h NN

2,2'-bipyridine 2+

Me3

Ar = C6F5

ð4:159Þ

4.3.1.2. Alumenium Ions. A few examples of alumenium cations are known.
Cation 243598 and the pentamethylcyclopentadienyl analog599 most likely possess
h5-bound metallocene-type structure. Cation 244 has been prepared from the
reaction of Et3Al with carborane trityl salts.600 The crystal structure of the salts
244 reveal weak bidentate interaction between the Et2Al

þ fragment and two
halogen substituents of the anions. The AlrBr interactions (2.54 and 2.58 A

�
) are

longer than typical Al�Br bonds (2.25–2.30 A
�
). The C�Al�C bond angles

(130.0� and 136.6� for the bromo and chloro derivatives, respectively), which
are larger than the ideal tetrahedral and trigonal angles suggest considerable
alumenium ion character. Salts of the cation isoBu2Al

þ with the weakly coordi-
nating anions (C6F5)4M

� (M¼B, Al) and [Al{OC(CF3)3}4]
� have recently been
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generated.601 The cation in [isoBu2Al]
þ(C6F5)4B

� is stabilized by two tetrahy-
drofuran donor ligands.

Al

+

Me(C6F5)3B−

243                                               244

Et

Al+ CB11H6X6
−

Et
X = Cl, Br

4.3.2. Enium Ions of Group 14 Elements

4.3.2.1. Silicenium Ions. One of the key intermediates that was not observed in
solution for a long time is trivalent positively charged silicon, the silicenium ionR3Si

þ,
the analog of a carbocation.602–604 On the contrary, silicenium ions are well known in
the gas phase as high-abundance fragments in the mass spectra of organosilicon
compounds.605,606 The failure to observe them in solution is due to the poor ability
of silicon to undergo pp–pp bonding. Whereas carbocations are readily stabilized by
2p–2p resonance, the silicenium ion is moreweakly stabilized through 2p–3p overlap
over longer bonds with lone pairs or p-electrons on carbon, nitrogen, or oxygen.607

Furthermore, silicon, unlike carbon, has the ability to increase its coordination number
and valency, and, consequently, is prone to complexation with various nucleophiles
including counterions and solvents. Moreover, the very large bond strength of silicon
with oxygen, nitrogen, andmost halogens make common leaving groups unavailable.
This is the main reason, why attempts to prepare silicenium ions under superacidic
conditions have failed (due to nucleophilic fluorosulfate or fluoride ions which
strongly bond electrophilic silicon).608–611

Olah and Field612 were able to obtain only a polarized complex 245 from
methylsilyl bromideand aluminumbromide inmethylenebromide solution.However,
theywere able to correlate 29Si NMRchemical shiftswith 13C NMRchemical shifts of
analogous compounds.Basedon such an empirical relationship, theyhavebeen able to
predict 29Si chemical shift of trivalent silicenium ion.

Me3Si Br
δ+                  δ−

245

AlBr3

Later, Lambert and Schulz613 have prepared triisopropylthiosilicenium ion 246 by
hydride abstraction from triisopropylthiosilane using trityl perchlorate in dichloro-
methane solution [Eq. (4.160)].

246

Si H    +    Ph3C+ ClO4
−(isoPr2S)3 (isoPrS)3Si+ ClO4

−   +   Ph3CH ð4:160Þ
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The evidence for 246 comes from both electrical conductivity measurements and
1H and 13C NMR spectra. The IR spectrum of 246 clearly showed the presence of
perchlorate anion. The 1H and 13C NMR data were interpreted to indicate that there is
not much positive charge delocalization from silicon to sulfur. Unfortunately, the
authors were not able to obtain a satisfactory 29Si NMR spectrum. Subsequently,
Lambert and coworkers reported the synthesis of triphenylsilyl perchlorate614 and
trimethylsilyl perchlorate615 using the same method. 29Si and 35Cl NMR spectro-
scopic and X-ray crystallographic studies by Prakash, Olah, and co-workers616

showed, however, that triphenylsilyl perchlorate exists as a covalent perchloryl ester
in both the solid state and solution. They also pointed out that existence of a silicenium
ion can be proved by observing a significantly downfield shifted 29Si NMR signal.
Such proof, however, did not exist.

Since the late 1980s a variety of approaches has been employed to generate
silicenium ions.606,617–621 Most of the results, however, have been chal-
lenged.606,620,622–628

Lambert and co-workers629–631 have made continued efforts to generate silicenium
ions in high-polarity, low-nucleophilicity solvents (sulfolane, dichloromethane) using
the hydride abstraction method with trityl perchlorate. In a subsequent study, Olah,
Prakash, and co-workers622 compared experimental and computed (ab initio/IGLO)
1H, 13C, and 29Si NMRchemical shifts of trimethylsilyl perchlorate and concluded that
no long-lived persistent trimethylsilicenium ion was observed in solution. The 13C
chemical shifts at various concentrations in sulfolane–CD2Cl2 reported by Lambert631

correspond closely to the calculated values of the covalent trimethylsilyl perchlorate.
Furthermore, the experimentally observed 29Si chemical shift (d29Si 47.0) is funda-
mentally different from the IGLO-calculated value of d29Si 355.7.

In 1993 Lambert and co-workers632,633 reported the synthesis of the
Et3Si

þ(C6F5)4B
� salt [Eq. (4.161)]. It was identified as the cation 247a on the

basis of a long Si�Ctolyl bond distance of 2.18 A
�
. However, the Et3Si moiety is not

planar (average C�Si�C bond angle¼ 114�), and calculated (carbocation chemis-
try) bond distances and bond angles (HP/6-31G* level) are in close agreement with
those found experimentally.625 Similarly, there is a particularly good agreement
between the observed (d29Si 81.8 in toluene632 and d29Si 92.3 in benzene633) and
calculated (d29Si 82.1; IGLO” at HP/6-31G* level) 29Si NMR chemical shifts, in
contrast with the calculated highly deshielded shift of 355.7 ppm of the still elusive
Me3Si

þ ion. These observations and additional calculations626,634,635 showed that
there is a substantial covalent bonding and substantial transfer of positive charge to
toluene. Consequently, the actual species is the para-triethylsilyltoluenium ion
247b with contribution from the resonance form 247a. According to the interpre-
tation of Reed,636 the actual structure is not a p-arene complex nor a s-bonded
arenium ion (Wheland intermediate), but a structure in between. Additional
reports about the generation of silicenium ions with a variety of weakly
coordinating anions such as (C6F5)4B

�,637 CB9H5Br5
�,638 CB11H6Br6

�,639,640

and 1-Me-CB11F11
� 641 similarly resulted in the formation of species with limited

silicenium ion-like character as indicated by 29Si NMR chemical shift values in
the range d29Si 100–120.
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Et3Si H    +    Ph3C+ (C6F5)4B−

a                                   b

247

Et3Si

H

Me

+

H

Me

Et3Si+

toluene

(C6F5)4B−

ð4:161Þ
A report by Jørgensen and co-workers642 about the synthesis of the first chiral

tertiary alkylsilicenium ion 248 was also questioned. DFT/IGLO NMR studies
showed627 that it is a silylated acetonitrilium ion. Calculations (B3LYP/6-31G* level)
to find a minimum energy structure for the free silicenium ion failed. Instead, the
intramolecularly silylated spirocyclopropylarenium ion was found.

Si Me
+

248

It became clear after these efforts that the successful synthesis of free silicenium ion
requires the use of a counterion as inert as possible. Furthermore, it is necessary to
hinder the Siþ environment with bulky, sterically demanding groups and electroni-
cally stabilize the cation by appropriate substituents to suppress any interaction with
the anion or the solvent.643,644

Recently, Lambert and co-workers645,646 have reported the preparation of the
trimesityl-substituted Mes3Si

þ cation 249 using the so-called allyl leaving group
approach [Eq. (4.162)] instead of the hydride transfer reaction applied in earlier
studies. The electrophile attacks the double bond and the intermediate carbenium
decomposes, yielding the cation.

Mes3Si CH2CH

249

C6D6, RT

CH2

E = Et3Si−(C6H6)

       Et3SiCH2CPh2

−E CH2CH CH2

Si+

(C6F5)4B−

+

E+ (C6F5)4B−

ð4:162Þ
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Due to the steric crowding of the mesityl groups, ion 249 is not able to react with
nucleophiles or interactwith the counterionor solvent. The 29Si NMRchemical shift of
the ion is practically independent from the solvent (d29Si 225.5–225.7). Calculations
for the chemical shifts of arylsilicenium ions give values in the range d29Si 226–243.9
depending on the basis sets used.647,648 X-ray crystal structure analysis of the related
Mes3Si

þ(1-H-CB11Me5Br5)
� species649 reveals well-separated anions, cations,

and solvent molecules. The silicon center is three-coordinate and planar as indicated
by the sum of the three C�Si�C bond angles (120.5�þ121.7�þ117.7� ¼ 359.9�).
As expected, the Si�C bond lengths (average 1.817A

�
) are shorter than those in the

neutral precursor (average 1.91A
�
). The mesityl groups adopt a propeller-like arrange-

mentwith twist angles 51.3, 54.5, and 41.9�, which are close to the calculated values of
47.3–49�. This allows still considerable conjugation between the aryl rings and the
empty orbital of silicon. The 29Si NMR chemical shift measured in the solid sate is
d29Si 226.7. A new silicenium ion, tris(2,3,5,6-tetramethylphenyl)Siþ exhibits a
similar 29Si NMR chemical shift (d29Si 226.8).650

Olah et al.622made anunsuccessful attempt toprepare thedibenzosilatropylium ion
250 and only the corresponding covalent perchlorate ester was isolated. However,
Komatsu and coworkers651 have recently synthesized the stable silatropylium ion 251
by hydride transfer reaction under conditions suitable for the formation of stable
silicenium ions. The observed 29Si NMR chemical shift of d29Si 142.9 deshielded
from that of the precursor by 192.2 ppm, compares favorably with d29Si 159.9, which
is the calculated value [GIAO/HF/6-311þG(2df,p)(Si), 6-31þG*//B3LYP/6-31G*
level] for the idealized gas-phase structure. This indicates only small interaction
between the cation and CD2Cl2 the solvent for NMR measurements.

250                                                     251

Si

Me

+

+Si

TPFPB−

The positively charged Si is similarly a part of a p-conjugated system in the
homocyclotrisilylenium ion252 [Eq. (4.163)].652The 29Si NMRresonances show that
the central silicon atom is more deshielded [d29Si(2) 315.7] than the terminal silicons
[d29Si(1) and Si(3) 77.3] and Si(4) is themost shielded [d29Si(4) 15.7]. Themolecular
structure in the solid state shows no interaction between the cation and the benzene
molecule present as solvent of crystallization. The four-membered ring is folded
[dihedral angle between the planes Si(1)–Si(2)–Si(3) and Si(1)–Si(4)–Si(3) is 46.6�].
The cationic part is completelyplanar andSi(4) has adistorted sp3 environment and the
Si�Si bond lengths are between the Si�Si single and double bonds of the precursor.
These features and the observation that the most deshielded Si is the central
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tricoordinated Si(2) indicate homoaromatic character with charge delocalization at
Si(2).

Si
Si

Si

Si

+

Butert

        1

                   3

2

tertBu

SiMe(tertBu)2

(tertBu)2MeSi

(tertBu)2MeSi

4

252

Si

Si Si

(tertBu)2MeSi

(tertBu)2MeSi

SiMe(tBu)2

SiMe(tertBu)2

[Et3Si+ (C6H6)] (C6F5)4B−

benzene, RT
(C6F5)4B−

ð4:163Þ

Lickiss and co-workers653 have performed the hydride abstraction reaction
shown in Eq. (4.164). On the basis of multinuclear NMR characterization,
including the single sharp resonance at d29Si 17.8 observed at 60�C, the species
is fluxional with rapidly equilibrating ions but with little benzenium character
253a. (Me3Si)4C as a byproduct (about 20%) was also detected indicative
of intermolecular Me and Ph exchange processes and intramolecular migrations.
X-ray crystal studies allowed to identify the salt as the ion 253b. The phenyl group
forms an almost symmetrical bridge [Cipso–Si bond lengths¼ 2.104 and 2.021A

�
].

The four-membered ring is folded about the Si�Si vector (dihedral angle¼ 13.5�).
The bond distances in the aromatic ring (Cipso–Cortho¼ 1.408 and 1.400 A

�
, Cortho–

Cmeta¼ 1.372 and 1.363A
�
, Cmeta–Cpara¼ 1.358 and 1.369A

�
) show small differ-

ences, are closely similar to those of the neutral species (Me3Si)3CSiMe2Ph, and do
not show the typical long, short, long characteristic of cyclohexadienyl resonance
structures. Consequently, the ion has little 253a character and better represented as
structure 253b.

253a

253b

C6D5CD3, 20°C, 24 h

−Ph3CH

Si

(Me3Si)2C

Si

Me2

Me2

Si

(Me3Si)2C

Si

Me2

Me2

+

+

(C6F5)4B−

Ph3C+ (C6F5)4B−

+

(Me3Si)3CSiMePhH

ð4:164Þ

Ions with bridging hydrogen have also been prepared and studied.422,423,654

Common characteristics of ions 254–256 are the strong dependence of the 29Si
NMR chemical shift on the system (d29Si 99.1, 76.7, 54.4, respectively)
and the markedly reduced JSi–H coupling constants (two doublets of heptets with
JSi–H¼ 26.0 and 6.6 Hz for ion 254, JSi–H¼ 39Hz for ion 255, and JSi–H¼ 46Hz for
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ion 256) compared to neutral silanes (JSi–H¼�180–200 Hz). Furthermore, the
hydrogen in the Si–H–Si two-electron three-center bond is unusually shielded in
comparison to the precursor silanes (Dd1H –2.43 and –1.85 for 255 and 256,
respectively). Calculations at the MP2/6-31G(d,p) level422,654 predict a geometry
that is very similar to the X-ray structure found experimentally, and computed d29Si
chemical shifts and JSi–H coupling constants agree well with experimental data.
Furthermore, theoretical analysis suggests very small 3s(Si)-orbital contribution to
the Si�H bond, that is, the bond is almost completely of 3p nature. All these data
suggest that these cations have larger silicenium ion character than the correspond-
ing halonium ions (see Section 4.2.4).

+

254                                   255                                  256

SiMe2Me2Si

H

SiMe2Me2Si

Me3Si SiMe3

Me2Si
H

SiMe2

SiMe2

H
Me2Si+

+

Reed and co-workers655 have obtained carborane salts of simple hydrogen-bridged
disilyl cations 257. The X-ray structure of 257 (R¼Me) confirms an essentially
symmetrical cation well-separated from the anion with the following parameters:
Si�H bond lengths¼ 1.60 and 1.62A

�
, SirSi distance¼ 3.1732A

�
, Si�H�Si bond

angle¼ 160�, average C�Si�C bond angle¼ 116.7�. The corresponding calculated
data [B3LYP/6-311þG(d,p)] are SirSi¼ 3.82A

�
, Si�H�Si¼ 179.7�, C�Si�C

116.0�. The 29Si NMR chemical shifts (d29Si 85.4 and 82.2) are reproduced well
by DFT/IGLO calculations (d29Si 107).

R

Si

R
R

H

R

Si

R
R +

R = Me, Et
257

Silylium ion 258 generated from perdimethylsilyl-substituted benzene by hydride
abstraction is stabilized by two agostic Si�HrSi interactions.656 The highly de-
creased JSi–H coupling constant of the a-Si (46.3Hz), again, is indicative of the
hydrogen-bridged silylium ion, whereas the upfield shifts of the a-SiH and b-SiH
resonances (d1H 4.26 and 4.41, respectively) are characteristic of agostic bondings.
Ion 259made from perdimethylsilyl-substituted toluene, in contrast, has no bridging
hydrogen and exhibits resonances at d29Si 34.3 (a-Si) and 33.5 (b-Si). The agostic
interactions are also supported by DFT calculations.
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SiMe2

SiMe2H

Me

HMe2Si

Me2Si

Si

SiMe2

SiMe2HHMe2Si

Me2Si

Si Si

MeMeMe
Me

MeMe

H H

H
H Hα

    β

+
+

258                                                                     259

α

           β

Schleyer and co-workers657 and M€uller et al.658 have prepared silanorbornyl
cations 260 by the p-route via the intramolecular addition of the transient silicenium
ion [Eq. (4.165)]. All three cations 260 exhibit strong downfield shift upon ionization
(Dd29Si¼ 86.4–102.1). The 29Si NMR chemical shifts of the cations are d29Si 80.2–
87.2 and agree well with calculated values (d29Si 77–93). These values are similar to
those found for silabenzenium ions (d29Si 70–100), but markedly smaller than the
chemical shifts for trivalent cations (d29Si 225 forMes3Si

þ). The 13C NMR chemical
shift pattern of the C(3)–C(4)–C(5) saturated backbone is characteristic of the
norbornyl cage. The chemical shifts for the C(6) and C(7) vinylic carbons (d13C
149.6–150.6) showamarkeddownfield shift relative to the precursors (Dd13C¼ 19.3–
20.3) indicative of the intramolecular coordination and charge transfer from Si to the
vinylic carbons. The calculated structures [GIAO/B3LYP/6-311G(3d,p)//MP2/6-
311G(p,d) level] support the bridged norbornyl structure of the ions.

C6D6, RT

−Ph3CH

+

(C6F5)4B−

R2HSi

+   Ph3C+ (C6F5)4B−

R = Me, Et, Bu

R2Si

260

5

           4
6

           7

2

          3

ð4:165Þ
M€uller and co-workers659 have also attempted to generate the 7-silabenzonorbor-

nadien-7-ylium cation 261. However, only the corresponding nitrilum and oxonium
ions, prepared in acetonitrile and diethyl ether, respectively, could be isolated, and the
solvent-free ion 261 could not be detected.

261

Si

Ph

PhPh

Ph

Ph +
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The first synthesis and characterization of a persilaaromatic compound, the
cyclotrisilenylium ion 262 have been accomplished by Sekiguchi and co-workers660

[Eq. (4.166)]. In the 29Si NMR spectrum the signals d29Si 284.6 and 288.1 (relative
intensity¼ 2:1) were assigned to the cationic ring Si atoms bearing the (tert-Bu)3Si
and (tert-Bu)2MeSi substituents, respectively. The significant downfield shifts were
well reproduced by calculations [GIAO/B3LYP/6-311þG(2df,p)//B3LYP/6-31G(d)
level]. In the solid state, the crystals contain two molecules of toluene and the cations
are well-separated from both the solvent and the anion clearly showing a free
silicenium ion. The ring atoms form an almost regular triangle (internal bond
angles¼ 59.76–60.20�) with the substituent Si atoms being in the same plane within
0.39A

�
. The ring Si�Si bond distances are in the range 2.211–2.221A

�
, which are

intermediate between the single and double bond lengths of the precursor and agree
well with the calculated value of the (HSi)3

þ analog of D3h symmetry (2.203A
�
).661

262

Si

Si Si

(tertBu)3Si

(tert Bu)2MeSi

Si(tert Bu)3

SiMe(tert Bu)2

Ph3C+ TSFPB−

toluene, RT, 8 h

TSFPB = [4-(tert-BuMe2Si)C6F4]4B

Si

Si Si

(tert Bu)3Si

(tertBu)2MeSi

Si(tertBu)3

TSFPB−+

ð4:166Þ

Sekiguchi and co-workers662 have performed one-electron oxidation of the pre-
cursor radical 263 to generate silicenium ion 264 [Eq. (4.167)]. In the presence of
acetonitrile, the corresponding nitrile adduct was isolated, whereas in CD2Cl2, the
isomeric silicenium ion 265 was formed as a results of rapid 1,2-methyl migration
from the peripheral Si to the central cationic Si atom. The observed 29Si NMR
resonances are at d29Si 29.1 and�69.7, and for the cationic Si atom at d29Si 303. This
value indicates that ion 265 may exist as a free silicenium ion. A temperature-
dependent NMR study shows that there is a rapid exchange ofMe groups through 1,3-
methyl migration between the peripheral Si atoms with an activation energy of
13.1 – 0.4 kcal mol�1.

263

+Si
SiMe(tBu)2

SiMe(tBu)2

(tBu)2MeSi

Ph3C+ (C6F5)4B−
[(tBu)2MeSi]3Si

Si
SiMe(tBu)2

Si

(tBu)2MeSi
Me

tButBu
+

264                                         265

CD2Cl2, −78°C

ð4:167Þ

Jutzi and Bunte663 have reported the synthesis and characterization of the
unusual cation 266with divalent Si. In the 13C NMR spectra, one signal for the Me
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and one signal for the ring carbon atoms are observed. A doublet at d29Si �12.1 in
the coupled 29Si NMR spectrum corresponds to a downfield shift of Dd 386
compared to the precursor. Note that this signal is still more than 230 ppm less
deshielded that the one for the Mes3Si

þ ion (d29Si 225). The large difference of the
coupling constant of ion 266 (JSi–H¼ 302 Hz) when compared to that of Cp*2SiH2

(JSi–H¼ 194 Hz) indicates an increase in s-character in the Si�H bond as expected
for the sp2-hybridized silicon. Theoretical analysis of the parent Cp2SiH

þ cation
[B3LYP/6-311G(2d,p)//B3LYP/6-31G(d)þDZPV level] reveals664 that ion 266a
of C2 symmetry (h1.5 : h1.5 coordination) is the most stable but ion 266b of Cs

symmetry (h2 :h3 bonding) is very close in energy (DE< 1 kcal mol�1). Because
the positive charge is effectively transferred to the cyclopentadienyl rings cation
266 has high thermodynamic stability. The ion is 18.7 kcal mol�1 more stable than
Me3Si

þ.

Si

H

+

a                                                  b

266

Si

H

+

C2                                                          Cs

Another unusual cation reportedby Jutzi et al.665,666 is thehalf-sandwichcation267
[Eq. (4.168)]. Both salts show equivalency of all ring substituents and ring carbon
atoms, respectively, in the 1H and 13C NMR spectra. Resonances in the 29Si NMR
spectra for salts 267a and 267b appear at d29Si�400.2 and�397.4, respectively. Such
high-field shifts are characteristic of p-complexes of divalent Si. In the solid-state ion,
267a has an almost ideal pentagonal–pyramidal structurewith weak interactions with
the anion but no contact between Si and incorporated solvent molecules (CH2Cl2) is
observed. The distance between Si and the center of the Cp* ring is 1.76A

�
and the

Si�C(Cp*) distances are in the range 2.14–2.16A
�
. These distances are significantly

shorter than those in the starting Cp*2Si molecule.

Cp*2Si: 

+ 

Cp*2H2
+ (C6F5)4B−

+

Cp*(isoPr5C5)Si 

+ 

H(OEt2)2
+ Al[OC(CF3)3]4

−

R

R

R

R

R

Si

CH2Cl2

 −50°C to RT

Y−

267   R = Me, Y = (C6F5)4B
         b  R = isoPr, Y = Al[OC(CF3)3]4

CH2Cl2

 −2 Cp*H
−2 OEt2

a

ð4:168Þ

A related species with divalent Si is cation 268.667 The Si resonance in the 29Si
NMR spectrum (d29Si 69.3) is indicative of strong donor–acceptor interaction of Si
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with the N ligand. The 1H NMR chemical shift of the g-CH proton (d1H 6.92) and
the molecular structure of the salt suggest aromatic 6p-electron delocalization
(268b).

N

Si:

N

Ar

Ar

N

Si:

N

Ar

Ar

a                                      b
268

+

H

Ar = 2,6-diisoPrC6H3

(C6F5)4B−

The high electrophilicity of the silicenium ion can be modified by intramolecular
electron donation from remote substituents. Corriu and co-workers668 were the first to
synthesize species269with thebidentate nitrogen ligand.Cationswithother structural
units and donor atoms (O, S, P) were subsequently generated.669–674 Due to the
interaction called internal solvation,675 the silicon atom becomes pentacoordinated
and largely loses its ionic character, that is, such ions differ in principle from the
trivalent silicenium ions.

269

N

N

Si
Ph

Me2

Me2

H

+

Finally, it is appropriate tomake a short note about five-coordinate siliconium ions.
The parent ion SiH5

þ, a penta-coordinate, tetravalent species, has been studied
theoretically676–679 and by cyclotron resonance680 and IR spectroscopy.681 According
to the latest computational study682 the global minimum structure is of Cs symmetry.
Ion SiH5

þ can be described as a complex between SiH3
þ and H2 with the hydrogen

molecule bound sideways to the SiH3
þ fragment. This conclusion is in agreementwith

spectroscopic observations.
Penta-coordinate siliconium species have been referred to as possible reactive

intermediates in organic transformations. Such claims, however, were unsubstanti-
ated.683Olah, Prakash, and colleagues,684 in turn, reported that trialkylsilanes undergo
H/D exchange of the tertiary Si�H(D) bondwhen treated with HI–AlI3 at 0

�C. This is
in contrast to otherHXBrønstead acids (X¼ F,Cl, Br,OSO3H,OSO3F) andHX–MXn

conjugate acids (X¼AlCl3,AlBr3,BF3, SbF5),which givehalogen-exchangedR3SiX
products. The suggested mechanism of the exchange process, which includes the
2e–3c intermediate 270, is depicted in Eq. (4.169).
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+

AlI4
−

270

DR3Si + AlI3HI HR3Si + AlI3DIR3Si

H

D
R = Me, Et

ð4:169Þ

4.3.2.2. Germenium Ions. The allyl leaving group approach [see Eq. (4.162)]
has been successfully applied to the synthesis of the ion Mes3Ge

þ, the germani-
um analog of ion 249.646 Since Ge lacks a sensitive and convenient nuclide, there
is no easy and direct NMR method to assess the germenium ion character of the
species isolated. Nevertheless, a comparison of the 13C NMR chemical shifts
with those of the analogous Si and Sn ions indicates comparable cationic
character.

Sekiguchi and co-workers have recently generated numerous germenium ions of
varied structures.621 Cation 271 is formed as a result of an unexpected rearrange-
ment of the initially formed intermediate germenium ion685 [Eq. (4.170)]. Accord-
ing to the 1H NMR spectrum, the three tert-butyl groups are nonequivalent and one
shows hindered rotation. The 13C NMR chemical shift of C(2) of one of the phenyl
groups (d13C 102.8) is upfield by about 25 ppm relative to the C(2) carbons of the
other two aromatic rings (d13C 130.3 and 126.3). In contrast, the other carbons are
shifted downfield. These changes are close to those calculated for the Me3Si

þ–
benzene complex. Consequently, in cation 271 the Geþ ion is intramolecularly
coordinated to the C(2) atom of the aromatic ring which has a weak arenium ion
character.

271

+

toluene, RT

Ar3C+ (C6F5)4B−

Ge

H

H

CAr3

Ar = 4-tert-BuC6H4

+

SiMe3

SiMe3

Me3Si

Me3Si

(C6F5)4B−

Me2Si

C

Ge
CH

Ar

Ar

Me

Me

SiMe2

(Me3Si)2HC

tertBu

2

[(Me3Si)2CH]2Ge:

ð4:170Þ

One-electron oxidation of the isolable Ge-centered radical results in the formation
of the corresponding germenium cation 272 [Eq. (4.171)].686 Because of its highly
symmetric nature, cation 272 exhibits simple NMR spectra. The resonances of Me
groups attached to Si (d1H 1.17) and the Si signals (d29Si 49.9) are highly deshielded,
which are indicativeof the positive charge transferred fromGe to the electropositiveSi
atom. Indeed, DFT calculations [B3LYP/6-31G(d) level] on the compound
(H3Si)3Ge

þ show the following charge distribution: Ge¼ –0.12, Si¼ þ 0.37. In the
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solid state, the Ge center has a completely planar geometry with very long Ge�Si
bonds (average bond distance¼ 2.5195A

�
).

272

benzene, RT

+

(C6F5)4B−

Ge
SiMe(tertBu)2

SiMe(tert Bu)2

(tertBu)2MeSi

Ph3C+ (C6F5)4B−

Ge
SiMe(tert Bu)2

SiMe(tert Bu)2

(tert Bu)2MeSi

ð4:171Þ

Using themethod applied for the preparation of the persilaaromatic ion 262 shown
in Equation (4.166), Sekiguchi and co-workers687,688 have succeded in obtaining the
corresponding Ge analogs 273. According to X-ray crystal structure analysis of 273a
and 273b (Y¼TFPB or TSFPB), the Ge atoms form an equilateral triangle (Ge�Ge
bond lengths¼ 2.321–2.335A

�
, Ge�Ge�Ge bond angles¼ 59.8–60.3�) with the Si

atoms lying approximately in the same plane. The Ge�Ge bond distances are
intermediate between Ge�Ge single (2.522A

�
) and Ge¼Ge double bonds

(2.239A
�
). The Ge�Ge bond lengths agree well with that calculated for the (HGe)3

þ

analog ofD3h symmetry (2.361A
�
).661 There is no significant interaction between the

cation and the counterion. The characteristic NMR features are practically the same
for cation 273bwith all three anions and independent from the solvents used. The 29Si
NMR resonances are shifted downfield (d29Si 37.2 for the tert-Bu3Si attached to the
saturated Ge atom and 50.1 for the tert-Bu3Si attached to the Ge¼Ge double bond)
relative to the neutral precursor, which indicates significant charge transfer from Ge
to Si. The Mulliken charges (Ge¼ –0.07, Si¼þ0.64) are in harmony with this
observation.

273

Ge

Ge Ge

(tertBu)3E

(tertBu)3E

E(tertBu)3

Y−+
a  E = Si, Y = Ph4B

b  E = Si, Y = TFPB, (C6F5)4B,

                       TSFPB

c  E = Ge, Y = TFPB, (C6F5)4B

Two other germenium ions obtained by Sekiguchi and co-workers are the bisho-
mocyclopropenylium ion 274689 and the cation cluster 275 with trishomoaromati-
city.690 Cation 274 is free in the solid state and forms a Ge3 equilateral triangle and a
Ge2C2 four-membered ring. The Ge(3)–C(1) and Ge(3)–C(2) distances are short
(2.415 and 2.254A

�
), whereas the C¼C double bond is long (1.411A

�
) because of

through-space interaction and effective homoconjugation. This results in a significant
bending of Ge(3) toward the C¼C double bond [dihedral angle between the Ge(1)–
Ge(2)–Ge(3) and Ge(1)–Ge(2)–C(1)–C(2) planes¼ 67�] and a slight pyramidaliza-
tionof theGe(3),C(1), andC(2) atoms.Cation274 shows the characteristic deshielded
29Si NMR resonances (d29Si 56.1 and 67.2) and considerably shielded 1H chemical
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shift of the proton attached to C(2) and 13C NMR shifts of the C(1) and C(2) atoms
relative to the precursor.

Ge

Ge

Ge

Ph

(tertBu)3Si

(tert Bu)3Si Si(tert Bu)3

+

274                                                            275

      3

1               2

     1      2

H
Ge

Ge

GeGe

Ge

Ge Ge

Ge

Si(tert Bu)3

1                      2

3

Si(tertBu)3

Si(tert Bu)3(tert Bu)3Si

Si(tert Bu)3

I

(tertBu)3Si

Ge

Ge

(2,3,5,6-F4C6H)4B−

+

The structure of cation 275 was characterized by X-ray crystallography and
multinuclear NMR spectroscopy.690 The cluster of 10 Ge atoms has an approximate
C3v symmetry. TheGe�Gebond distances of unsubstitutedGe atoms [G(1),G(2), and
G(3)] in the central Ge3 core (3.2542–3.2642A

�
) are longer than the other Ge�Ge

bonds in the cluster (2.4711–2.5449A
�
), but they are in the range of metallic Ge�Ge

bond lengths. ADFT calculation [B3LYP/6-31G(d) level] on the compoundGe10H7
þ

gives the cluster skeleton of cation 275 as the global minimum structure. Molecular
orbital calculations indicate bonding interactions between the three Ge atoms in the
core and show that the positive charge is evenly distributed over these atoms,
indicating the formation of a 2e–3c bond. The calculated aromatic stabilization
energy of �19.2 kcalmol�1 indicates a large homoaromatic stabilization.

The characteristic structural features of two-coordinate low-valent germanium
cation 276 are similar to those of the analogous Si cation 268 discussed above. The
average C�N and C�C bond distances (1.348A

�
and 1.392A

�
, respectively) and

the essentially planar ring indicate aromatic delocalization.691 In contrast, however,
the g-CH proton (d1H 4.23) is more shielded. The aromatic substituents are perpen-
dicular to the GeN2C3 plane.

[HO{B(C6F5)3}2]−

Ar = 2,6-diisoPrC6H3

N

Ge:

N

Ar

Ar

276

+

H

4.3.2.3. Enium Ions of Other Group 14 Elements. Stannylium ions obtained
in early studies by Birchall and Manivannan (Me3Sn

þFSO3
�),692 Lambert and

Kuhlmann693 [Bu3Sn
þH(C6F5)3B

�], andKira et al.694 (Bu3Sn
þTFPB�) exhibit 119Sn

NMR chemical shifts in the region d119Sn 322–360. Using the empirical correlation
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between 29Si and 119Sn chemical shifts, Arshadi et al.695 concluded that these claimed
stannylium ions have, in fact, little ionic character (assuming linear relationship
between 29Si and 119Sn chemical shifts, the chemcial shift of d29Si 225 corresponds to
d119Sn 1100). However, using the approach, which finally led to the preparation of the
first long-lived bona fide silicenium cations, Lambert et al.646 succeeded in synthe-
sizing the stannylium cation (Mes3Sn

þ) analogous to silicenium ion 249. The 119Sn
NMR chemical shift value at d119Sn 806 observed for the ion Mes3Sn

þ(C6F5)4B
�,

although compares favorably with the calculated value (d119Sn 1100), indicates that
the cationic character of the ion is smaller (about 75%) than that of silicenium ion 249.
Other stannylium ions, phenylbis(2,4,6-triisopropylphenyl)Snþ and tris(2,3,5,6-
tetramethylphenyl)Snþ, exhibit even lower shift values (d119Sn 697 and 720).646,650

Subsequently, Michl prepared the cations Me3Sn
þ and Bu3Sn

þ and obtained the
crystal structure of Bu3Sn

þCB11Me12
�.696,697 The geometry around the tin, however,

was found to be nonplanar (sum of C�Sn�C bond angles¼ 353.1�) and the cation
weakly coordinated to the anion. Furthermore, the 119Sn NMRchemical shifts of these
cations aremuch smaller (d119Sn 335.9 forMe3Sn

þ and 454.3 for Bu3Sn
þ) than those

mentioned above. Lambert et al.698 succeeded in obtaining the crystal structure of tris
(2,4,6-triisopropylphenyl)Snþ(C6F5)4B

�. Although the chemical shift value is also
low (d119Sn 714; the value calculated by the GIAOmethod is d119Sn 763), the cation
has a practically planar geometry (sum of C�Sn�C bond angles¼ 359.9�).

Sekiguchi et al.621,699 haveprepared the cation [(tert-Bu)2MeSi]3Sn
þ the tin analog

of cation 272 using the one-electron oxidation method [see Eq. (4.171)]. X-ray
analysis shows that the Sn ion has a perfectly planar geometry (sum of the bond angles
around Sn is 360.0�) and the Me substituents of Si atoms lie in the same plane. An
unexpectedly high 119Sn NMRchemical shift at d119Sn 2653was observed.This value
greatly exceeds those observedearlier for anystannyliumionand the estimategivenby
Arshadi using the empirical correlation with 29Si. However, it agrees well with the
value of d119Sn 2841 calulated for the model parent ion (H3Si)3Sn

þ.
In addition to the silanorbornyl cations 260 [see Eq. (4.165)], M€uller et al.658

obtained the corresponding Ge and Sn (R¼ n-Bu), and Pb (R¼Et) analogs. The
downfield shift of theC(6) andC(7) vinylic carbons is also observed for theGe, Sn, and
Pbcations, but thevalues are smaller and theydecrease fromSi toSn (Dd13C 19.3–20.5
forSi cations, 14.6 forGe, 11.1 forSn, and7.8 forPb).This shows that electron transfer
from the C¼C double bond to themetal decreases from Si to Sn. The Pb center is less
deshielded (d207Pb 1049) than those in other triorganolead ions (for example, d207Pb
for [Et3Pb�C6D6]

þ(C6F5)4B
� is 1432620,658] and the same is observed for the Sn ion

(d119Sn 334 versus 806 for Mes3Sn
þ). Additionally, the coupling constants

between vinylic carbons and Sn or Pb are reduced by about an order of magnitude
(JC–Sn¼ 26Hz, JC–Pb¼ 16Hz), suggesting a direct bonding.

The plumbyliumcation 277 is an intramolecular bisalkene complex and can also be
considered as a spironorbornyl cation700 [Eq. (4.172)]. The 13C NMR spectrum (only
six resonances) suggests that the cyclopentenemethyl substituents are equivalent and
symmetrically situated. Other spectral characteristics are similar to those of related
norbornyl cations of Group 14 elements already discussed. The vinylic carbons are
downfield-shifted (Dd13C 5.9), the C–Pb coupling constant is significantly reduced
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(JC–Pb¼ 14.4 Hz), and the 207Pb NMR resonance is strongly downfield-shifted
relative to the precursor (d207Pb 807, Dd207Pb 777) but less deshielded than in other
triorganolead ions. Anions and cations are well-separated in the solid state and the
trigonal base is planar (sumofC�Pb�Cbond angles¼ 360.0�). ThePbhas a distorted
trigonal–bipyramidal geometry with the double bonds in apical position but tilted by
14� toward the C3Pb plane. According to calculations [MP2/6-311G(d,p)(C,H),SDD
(Pb)//MP2/6-31G(d)SDD(Pb)] the intramolecular interactions stabilizes the ion by
about 28.3 kcalmol�1.

277

C6D5CD3

−Ph3CH, −C2H4

(C6F5)4B−

Ph3C+ (C6F5)4B−Et2Pb

2

+
Pb

Et

ð4:172Þ

In the synthesis of cation 277 the cation 278was also isolated as a byproduct. 13C
NMR data show that all three cyclopentenemethyl substituents are equivalent
at the NMR time scale, suggesting a dynamic equilibrium between bisalkene
complexes.620

+
Pb

+
Pb

278

+
Pb

The tin analog of ion 267a [see Eq. (4.168)] has been prepared and a 119Sn NMR
chemical shift at d119Sn –2219 was reported.701

4.3.3. Enium Ions of Group 15 Elements

4.3.3.1. Nitrenium Ions. Nitrenium ions containing positive nitrogen have been
postulated as intermediates in rearrangement, synthesis, and cleavage of nitrogen-
containing organic compounds.702–704 Arylnitrenium ions have recently attracted
considerable interest because of their suspected role in chemical carcinogenesis. In
contrast to a trivalent carbocation, the nitrenium ion 279 is unusual in that it has both a
positive charge and a nonbonding pair of electrons [Eq. (4.173)]. Hence, the nitrenium
ion could exist both as a singlet (279a) and a triplet (279b).704 The singlet would
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resemble a carbocation and the triplet a radical cation with great tendency for hydride
abstraction.

a                                     b

279

R
N

R

X
+

−X−..
N

R

R σ

p

+
N

R

R σ

p

ð4:173Þ

Quantum-chemical calculations for a wide variety of nitrenium ions are abun-
dant.704 For the parent H2N

þ ion the triplet statewas found experimentally to bemore
stable by 30 kcalmol�1.704 The H�N�H angle in the triplet is calculated to be
considerably greater (149.4 versus 107.1�).705 The infrared spectrum of the complex
He�H2N

þ has also been observed.706

Attempted generation of nitrenium ions as distinct species under long-lived
stable ion conditions has thus far been unsuccessful.707–710 Protonation of nitro-
sobenzenes in superacid media, for example, has led only to benzenium-iminium
dications 280.707–710 [Eq. (4.174)].

+

+

N
H OH

N
O

280

H+

R R

ð4:174Þ

One exception is the trifluorodiazenium ionN2F3
þ 281, which could be considered

as a potential nitrenium ion. Christe and Schack711 have obtained N2F3
þ 281 by the

ionization of tetrafluorohidrazine inHF�SbF5 solutions [Eq. (4.175)]. Similarly, they
have been successful in preparing pentafluorostannate and hexafluorostannate salts.
The vibrational and 19F and 15N NMR spectroscopic data448,711 are consistent with
planar structure 281a with Cs symmetry with very little nonplanar nitrenium ion
(281b) character of C1 symmetry.

N

F

F

N

F
+

NF

F

N

F

+

a                                      b

281

..

..

HF−SbF5

RT
N2F4

SbF6
−

ð4:175Þ

Recently, persistent nitrenium ions—including the triazolinium ion 282, which is
considered a nitrenium ion on the basis of the resonance form 282b—have been
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isolated and structurally characterized by X-ray crystallography.712 The N�N bond
distanceswere found to be equal (1.286A

�
) and distinctly shorter than those in an 1,2,3-

triazole studied for comparison (1.375 and 1.302A
�
).

N

NN
MePh

..

+ N

NN
MePh

..+

.. ..          ..

a                                                       b

282

ClO4
−

The ambivalent nature of an a-cyano group on a carbocationic center has been
demonstrated by the solvolytic work of Gassman and co-workers.713,714 Inductively,
the cyano group strongly destabilizing. However, the major portion of this effect is
offset by the mesomeric nitrenium ion structure 283b.

++
C C N

R

R

C C N

R

R

a                                           b

283

Olah et al.715,716 have prepared a series of a-cyanodiarylcarbenium ions 283
(R¼Ar) under superacidic conditions and have evaluated their mesomeric
nitrenium ion character by 1H, 13C, and 15N NMR spectroscopy. A subsequent
one-bond 13C–13C coupling constant measurement717 also indicates significant
mesomeric nitrenium ion character of 283 (R¼Ar). Protonated aroyl cyanides
284, however, exist predominantly in the carboxonium ion form of 284a over the
nitrenium ion form 284b.718

+

+

C C N

HO

Ar

C C N

HO

Ar

a                                           b

284

4.3.3.2. Phosphenium Ions. In contrast to widely studied phosphonium ions
(R4P

þ), the chemistry of the dicoordinate phosphenium ionswas little known,719 but
there have recently been significant developments.720–722 It has been recognized
that phosphenium ions can only be generated if one of the substituents is a
dialkylamino group723 [Eq. (4.176)]. Obviously, these ions are stabilized by the
strong electron-donating amino function directly attached to phosphorus. On the

ENIUM IONS 417



other hand, the iminium ion character (285b) compromises their phosphenium ion
character (285a).

+
P Cl

R2N

R'

+

+   0.5 Al2Cl6 P AlCl4
−

R2N

R'

P AlCl4
−

R2N

R'

R = alkyl, Me3Si

R' = Me2N, (Me3Si)2N, Me3C, Cl

a                                          b

285

ð4:176Þ

Parry and co-workers724,725 have carried out detailed 31P NMRspectroscopic study
of a series of phosphenium ions. Their study indicates that the chemical shift of the Pþ

center depends upon the steric crowding around phosphorus and the extent of back-
donation from the nitrogen lone pair. In the case of tert-butyldimethylaminopho-
sphenium ion 286a the 31P chemical shift of the Pþ center is at d31P 510 (from 85%
H3PO4), and it appears to be the largest-ever

31P downfield shift to bemeasured.On the
other hand, bis(dimethylamino)phosphenium ion 286b shows a chemical shift of d31P
264. Two-coordinate geometry of phosphenium ions has been confirmed by X-ray
diffraction studies on the tetrachloroaluminate salt of cation 286b with a N�P�N
angle of 114.8�.726

R
P

NR'2

286

+

a  R = tert-Bu, R' = isoPr

b  R = Me2N, R' = Me

c  R = (isoPr)2N, R' = isoPr

Structurally related cations are cyclic phosphenium ions 287,727,728288,728–731

289,732–734 and 290735 with an NPN moiety. No interionic contacts were observed in
the crystals of hexafluorophosphate, tetrafluoroborate, and triflate salts of cations 288.
The planar ring structure and the ring bond distances being intermediate between
single and double bonds lent evidence for p electron delocalization. This, however, is
only a weak delocalization and the cations cannot be described as genuine aromatic
systems.730

P

NN
R

+

287                           288                                289                                      290

N
P

N

+

P

NN
RR

+

+

N

P

N
Ar Ar

R = tert-Bu
      4-MeOC6H4

      2,4,6-triMeC6H2

      2,6-(isoPr)2C6H3

R = tert-Bu
       2,6-diMeC6H3

       2,4,6-triMeC6H2

       2,6-(isoPr)2C6H3

R' = H, Me, Cl

R R

R = isoPr, Ph
Ar = 2,6-(isoPr)2C6H3

R' R'

R
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Veith et al.736 have prepared the unique four-membered cyclic phosphenium ion
291. X-ray crystal structure analysis of the tetrachloroaluminate salt clearly indicates
the intramolecular backbonding from ring nitrogen atoms (average N�P bond
distance¼ 1.633A

�
).

P

N

Si

Ntert Bu tert Bu

291

+

The phosphenium ion 292 with a P�C s-bond has been isolated and structurally
characterized by X-ray crystallography.737 The loss of electronic stabilization upon
the replacement of a dialkylamino group is countered by kinetic stabilization by the
bulkymesityl substituent in ion 292. The 31P NMR resonance of the ion is at d31P 500
(368 ppm downfield from that of the parent chlorophosphine). As a rare example, the
31P signal is a triplet due to coupling to the quadrupolar 14N (JP–N¼ 65Hz). A notable
feature of the X-ray structure is the N�P bond distance (1.617A

�
), which is,

surprisingly, not different from those found in ion 286c (1.611 and 1.615A
�
), where

the double-bond character is distributed over twodialkylamido substituents. The P�C
bond length (1.787A

�
) is of single-bond character, although it is relatively short for

P(III) (the P�Cbond length in the neutral parent chlorophosphine is 1.848A
�
, the P�C

double bond in a phosphaalkene is 1.684A
�
). The mesityl group is rotated out of the

NPC(1)C(2) planeby69�,whichprevents anyconjugationwith the aromaticp system.
Interestingly, the N�P�C(3) angle is only 107.0�, that is, significantly smaller than
the N�P�N angle in ion 286b (114.8�). The unique ferrocenyl-stabilized two-
coordinate phosphenium ion 293 was also prepared and analyzed.738

P

Fe Fe

+

P
N

+

AlCl4
−

1

                           3
  

                        
       2

292                                                           293

AlCl4
−

Phosphenium ions can also be stabilized by intramolecular coordination to a Lewis
base. In ion 294, which was prepared by hydride abstraction739 [Eq. (4.177)],
intramolecular bis-coordination exists. The 31P NMR spectrum of the corresponding
P�H derivative740 exhibits one doublet at d31P 37.6 (JP–N¼ 243Hz). The X-ray
structure,which shows no interaction between the cation and the hexafluorophosphate
anion, clearly demonstrates an ionic structure. Both arms are coordinated to the
phosphorus center. The N�P distances are 2.082 and 2.068A

�
, which are longer than

the N�P s-bond (1.769A
�
) but significantly shorter than the sum of the two van der
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Waals radii (3.4A
�
). The P�H bond is almost orthogonal to the plane of the benzene

ring (Cipso�P�H bond angle¼ 99.4�). The phosphorus atom has a distorted trigonal
bipyramid with the amino groups occupying the axial sites and Cipso, H, and the
phosphorus lone pair occupying the equatorial sites.

294

N

N

P
Ph

Me2

Me2

N

N

P
Ph

Me2

Me2

..H
PF6

−

Ph3C+ PF6
−

CH2Cl2, −30°C, 30 min

−Ph3CH

ð4:177Þ

In cation 295 analogous to borenium ion 236, both anN directly attached to P and a
donor nitrogen ligand contribute to stabilization.741 Ion 296, in contrast, is N,
C-bonded.742 A single-crystal X-ray diffraction study of 296 (R¼Cl, Y¼TfO)
reveals a hydrogen bond between the triflate oxygen and the nonligated nitrogen.
The six-membered ring adopts an envelope conformation with a nearly planar P�N
(1)�C(2)�C(3)�C(4) moiety and a flip of C(5) by 45.99�. Bond distances are
indicative of considerable electron delocalization.

295                                                                  296
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2              4

1                   5

Considering the observation743 that the stabilizing effect of donor substituents
decreases in the orderNH2> SH,OH>Cl, it is not surprising that examples of cations
with oxygen as directly attached donor atoms, such as cation 297, are scarce.744Cation
298 with sulfur as an intramolecular n-donor is the only example of its kind.745

P

N

O

tert Bu

N

O

tert Bu

+

Ph4B−

S

P
O O

tert Butert Bu

+

297                                                           298

AlCl4
−

Di- and triphosphenium ions have also been synthesized and characterized. The 299
phosphanyl phosphonium ion was generated by a large excess of methyl triflate746
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[Eq. (4.178)].Creation of the positive charge brings about a considerable low-frequency
shiftofboth31P NMRresonances (fromd31P 495of theprecursor to twodoubletsatd31P
237and332.2).ThephosphoruscenterP(1) is trigonalplanar, and there isnotwistaround
the P¼ P double bond. The only notable change in the X-ray characteristics upon
methylation is the enlargement of the P(1)–P(2)–Cipso bond angle (102.8 versus 123.1

�).
These features indicate that the ion has a low phosphenium ion (299a) character.

+

a                                  b

299

P

Ar TfO−

1        2

P

Ar

P

Ar

P

Ar
35 equiv. TfOMe

Me

Ar = 2,4,6-tri-tert-BuC6H2

+ P

Ar

P

Ar Me

ð4:178Þ

The mixture of Ph3P and AlCl3 reacts with PCl3 to yield the 300 triphosphenium
ion747 [Eq. (4.179)].There are two independent, yetnot significantlydifferent cations in
the crystal. The P�P distances (2.128 and 2.137A

�
, and 2.124 and 2.141A

�
) lie between

that of a P�P single bond (2.20–2.25A
�
) and a P¼ P double bond (2.00–2.05A

�
).

300

PCl3    +   3Ph3 P   +   2AlCl3
CHCl3, 3°C

+   Ph3PCl+ AlCl4
−

[Ph3P P PPh3]+ AlCl4
−

ð4:179Þ

The cation 301 with homoatomic P!P coordination has been shown to be better
represented by resonance structure301b.727 In contrast, cations302 and303, aswell as
dications 304 obtained by Burford et al.,748,749 have been characterized as dipho-
sphines linked to one or two R2P

þ Lewis acid units. The P of phosphine ligands has
distorted tetragonal geometry and the geometry of Pþ is distinctly pyramidal with
standard phosphine-like bond angles (90–105�). Furthermore, all cations exhibit
strikingly uniform P�P bond distances (2.187–2.230A

�
for monocations and 2.163–

2.233A
�
for dications). The salts are R2P

þ cation donors in ligand exchange reactions.

P

N

N

Ar

Ar

Me3P
+

P

N

N

Ar

Ar

Me3P
+

TfO−
TfO−

301

Ph

P

Ph

P

R

P

R

(CH2)2

R R
Ph

P

Ph

+                                       +

R = Me, Ph
2TfO−

302                                  303                                             304

R3P PPh2

TfO−R = Me, Ph,
       cyclohexyl

P

Ph

Ph2P CH2

Ph

PR2

+                                                 +

TfO−
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Attempts have been made to observe bisphosphenium dications [Eq. (4.180)] and
trisphosphenium trications723 [Eq. (4.181)]. In all cases, however, only monoioniza-
tion takes place.

N

P

N

P

N

P

N

P ClCl

N

P

N

PCl
+            + +

2AlCl4
− AlCl4

−

2Al2Cl6 Al2Cl6

ð4:180Þ

+             +

+

P

N
P

N

P
N

Et

Cl

Et

Cl

Et

Cl
P

N
P

N

P
N

Et

EtEt

P

N
P

N

P
N

Et

Et

Cl

Et

Cl +

AlCl4
−3AlCl4

−

3Al2Cl6 Al2Cl6

ð4:181Þ

Laali, Regitz, and co-workers750 have reported the first synthesis and characteri-
zation of a phosphirenylium ion. Cation 305 was obtained by exploiting the super
Lewis acidity of B(OTf)3 [Eq. (4.182)]. The single phosphorus resonance in the 31P
NMR spectrum at d31P 309.7 is deshielded by 313 ppm from the precursor, indicating
the cationic character of the P atom. Both 1H and 13C NMR spectral data of all ring
atoms showdownfield shifts indicative of charge delocalization over the ring. The 13C
NMR phenyl resonances are also deshielded, suggesting that charge delocalization to
the aromatic ring also takes place. Ab initio calculations (HF/6-31þG* level) show
that bonds are delocalized (P�C and C�C bond orders are 0.980 and 1.776,
respectively).

B(OTf)4
−

305

P +

Ph

tertBu

OOSCF3 +  B(OTf)3

SO2

−78°C
P

Ph

tert Bu

ð4:182Þ

Regitz and co-workers751 have recently reported the phosphirenylium ion 306
complexed toW(CO)5. Similar to ion 305, the formation of cation 306 is characterized
by a significant downfield shift of the 31P NMR resonance (about 300 ppm). NMR
spectroscopic data, in general, exhibit close resemblance to the values of the non-
complexed ion 305. The prototype aromatic phosphirenylium ion cyclo-C2H2P

þ 307
has been generated in the gas phase and characterized using collision-induced
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dissociation (CID) spectra.752 DFT calculations (B3LYP/6-31G* and G3//B3LYP/
6-31G* levels) have found that the ion 307 is the lowest energy structure of 10 possible
isomers.

P
..

+

306                                                    307

W(CO)5+ P

Et

Et
B(OTf)4

−

4.3.3.3. Enium Ions of Other Group 15 Elements. Similar to phosphenium
ions, amino group(s) directly attached to arsenic or antimony provide stabilization
through strong electron donation (308–311).729,753–757 Interestingly, however, in the
AlCl4

� saltsof thestibiumandbismuthanalogsofion291, theoriginof stabilization is a
strong interionic interactionbetweenSbþ andBiþ, respectively, and the chlorine atoms
of Al (SbrCl¼ 3.05A

�
, BirCl¼ 3.09A

�
).736 The As and Sb analogs of 289 and 290

have also been prepared and characterized.734,735 Diphosphane donors may also
stabilize arsenium cations as shown by the synthesis of [(Me2N)3PAsP
(NMe2)3]

þBPh4
�.758

R2N

As+  TfO−

R'

308                         309                               310                               311

R = Me, Et
R' = Cl, NR2

As

NN
RR

+

TfO−

R = Me, Et
n = 1, 2

(  )n

As+ AlCl4
−

N
H

SM

NN
R

+

R

M = As, Sb
R = tert-Bu, Mes

TfO−

Chloride abstraction from the corresponding precursors of identical structure has
resulted in the formation of the amidocyclopentadienylAs and Sb cations 312 and 313
with different structures.759 In both cases 31P NMR spectra show a downfield shift.
Single crystal structure of the arsenium cation 312 reveals a modest increase in the
N�As�C angle and decrease in the As�N and As�C bond lengths. In contrast to
theh1 (s) attachment found in cation 312, the stibeniumcation313 has ah3 bonding to
the cyclopentadienyl ring. An additional noteworthy feature is the shortening of the
N�Sb bond by about 0.2A

�
indicating a more significant electron donation.

+

312                                              313

N

AsMe2Si

tert Bu

+

Me2Si

Sb

N

Bu
AlCl4

−
AlCl4

−

tert
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Intramolecular coordination to a Lewis base such as in cation 314 likewise
contributes to the stabilization of arsenium ion.760 Examples for intermolecular
complexation are more numerous. X-ray crystal structure analysis of cations 315
and 316 reveals similar features to those of the corresponding phosphenium ions
discussed above.761,762 The dimeric cation 317 is unique since it is stabilized by both
the amino group attached directly and through intermolecular coordination.763 In the
stibenium cation 318,764 the stereochemistry around antimony is trigonal pyramidal
with the antimony at the center of the trigonal plane containing the two phenyl groups
and the lone pair of electrons of the six-electron Ph2Sb

þ group. TheMe3Pmoiety lies
directly above the antimony atom and is orthogonal to the trigonal plane. In the solid
state, four cationic units surround a central chloride or bromide ion in a centrosym-
metrical, square-planar arrangement of C4h symmetry. The SbrCl and SbrBr
contacts are 3.1362 and 3.2236A

�
(sums of the van derWaals radii for the two elements

are 3.87 and 4.24A
�
, respectively).

+
N

AsP

N
MeMe

+

BPh4
−

O

Ph

tertBu R

R = Me, Ph
314 315

Me

As

Ph PF6
−

PPhRR'

R, R' = Me, Ph, 2-MeOC6H4

+  

             +

N

As
N

Me

N

As
N

Me

Me

Me

2 AlCl4
−

316 317 318

As

H
N

PR3R = Me, Ph

+

+
Ph

Sb

Ph PF6
−

PMe3

TfO−

4.3.4. Enium Ions of Group 16 Elements

4.3.4.1. Oxenium Ions. Oxenium ions similar to nitronium ions are, in general,
too reactive to be observed. The parent ion—that is, the hydroxyl cation HOþ—is
elusive, and it is improbable that it can be observed in its “free” form in the condensed
state. However, the incipient hydroxyl cation is involved in acid-catalyzed electro-
philic hydroxylation with protonated (or Lewis acid complexed) hydrogen peroxide
(HO�OH2

þ) or ozone (HO�O�Oþ).125Nitrous oxide is also a potential precursor for
the hydroxyl cation (in its protonated form). The hydroxy diazonium ion HON2

þ has
not yet been observed.

Alkyl- and aryloxenium ions (ROþ) are similarly too reactive to be observed;
however, they may be involved in the oxidation of alkanes under superacidic
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conditions with ozone (see Section 5.12.2). Of all the possible alkyloxenium ions, the
tert-butyloxenium ion is the most significant. Superacid cleavage of tert-butyl
hydroperoxide in a Hock-type reaction gives acetone and methyl alcohol, indicative
of the intermediacy of the tert-butyloxenium ion 319 [Eq. (4.183)]. Under stable ion
conditions even at low temperatures, only the rearranged carboxonium ion could,
however, be observed.125

319

Me3C OOH
H+

[Me3C O]+

−H2O
C O

MeMe

Me

+
C O

Me

Me

+   MeOH
H2O

−H+

ð4:183Þ

Similarly, the cumyloxenium ion 320 is involved in the acid-catalyzed cleavage
rearrangement reaction of cumene hydroperoxide to phenol and acetone [Eq. (4.184)].

320

H+

−H2O

+
H2O

Me

C

Me

Ph OOH

Me

C

Me

Ph O
+
OPh C

Me

Me

OHPh C O

Me

Me
−H+

+

ð4:184Þ

Aryloxenium cations, however, can be best regarded as cyclohexadienyl ions
because of strong delocalization (321b). The lifetime of cation 321 in water was
estimated to be 0.55ms.765 Properties of phenyloxenium and phenylnitrenium ions
havebeen calculated (HF/6-31G* and pBP/DN*//HF/6-31G* levels).766Both ions are
ground-state singlets and stabilized by 4-methyl and 4-phenyl substituents. The
phenyloxenium ion has much greater charge localization on the ring primarily at the
para position.

O

tert Bu tert Bu

tertBu

+ O

tert Bu tert Bu

tertBu

+

a                                                 b

321

4.3.4.2. Enium Ions ofOtherGroup 16Elements. Furukawa et al.316,320 have
obtained enium ions of the heavier chalcogen elements stabilized by intramolecular
complexation with dimethylamino groups (322). Resonances of the benzylic and
methyl protons in the 1H NMR spectrum of cation 322a are shifted downfield
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indicative of the coordination of nitrogen to sulfur.767 There is no cation–anion contact
in the solid state. The S�N distances are longer than the covalent single bond (2.063
versus 1.74A

�
) and the molecular structure reveals a significant distortion of the

N�S�N angle from linearity (168.54�). The charge on the sulfur atomwas calculated
to be þ0.550 with the two nitrogen atoms negatively charged (–0.535). Bond orders
were found to be 0.379 (Mulliken) and 0.539 (L€owdin). The singlet peak in the 77Se
NMR spectrum of cation 322b is significantly deshielded relative to the neutral
precursor (d77Se 1208 and 90, respectively)768 and a similar phenomenon is observed
in the 125Te NMR spectrum of cation 322c (d125Te 1950 versus 287).768 These
changes are characteristic of cationic species.

322   a X = S
         b X = Se
         c X = Te

N

N

X

Me2

Me2

+

PF6
−

The 323 pentamesityltritellurium cation has been prepared and character-
ized.287,769 The two Mes2Te groups in the cation are NMR equivalent. Their signal
(d125Te þ854) and that of the central MesTe unit (d125Te þ388) exhibit different
broadening indicative of dynamic exchange equilibria. The Te3 unit is not linear
(Te�Te�Tebondangle¼ 159.51�), and theTe�Tebonds are unsymmetric (2.979and
3.049A

�
) and significantly longer than the single bond in 108b. Thevalence shell of the

central Te atom contains 10 electrons and, consequently, the Te3 unit is a nonclassical
hypervalent moiety.

323

Te Te Te

Mes

Mes

Mes

Mes

+

Mes

The energies andgeometries of the phenylsulfeniumcation havebeen optimized by
ab initio calculations (MP2/6-31G*//MP2/6-31G* level)770 and the singlet state has
been found to be 63.0 kcal mol�1 more stable than the triplet state.

4.4. HOMO- AND HETEROPOLYATOMIC CATIONS

In this section, the polyatomic cations of group 17 elements (halogen and interhalogen
cations and polycations), cations and polycations of group 16 elements (O, S, Se, and
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Te), and mixed polyheteroatom cations of group 15, 16, and 17 elements obtained in
superacid media will be discussed.

4.4.1. Halogen Cations

Theexistenceofmanywell-knowncompounds inwhich chlorine, bromine, and iodine
are found in theþ1 oxidation state led to the assumption that the cations Clþ, Brþ, and
Iþ are important and stable entities or at best as reaction intermediates. However, no
evidence exists formonoatomic Clþ, Brþ, and Iþ as stable species.771,772 In contrast, a
whole series of polyatomic halogen cations are known.773–776

4.4.1.1. IodineCations. The existence of I3
þ and I5

þ ions, deduced byMasson777

70 years ago in aromatic iodination reactions, has been confirmed now by physical
measurements. The controversy over the nature of blue solutions of iodine in strong
acid media has now been settled. It has been shown conclusively that these solutions
contain I2

þ ions778–780 and not Iþ as suggested earlier.781

I3
þ and I5

þ Ions. The first evidence for stable iodine cations was obtained by
Masson.777 He postulated the presence of I3

þ (324) and I5
þ (325) ions in solutions of

iodine and iodic acid in sulfuric acid to explain the stoichiometry of the reaction of
such solutions with chlorobenzene to form both iodo and iodoso derivatives. Later,
Symons and co-workers782 gave conductometric evidence for I3

þ formed from iodic
acid and iodine in 100% sulfuric acid and suggested that I5

þ may be formed on the
basis of changes in the UVand visible spectra when iodine is added to I3

þ solutions.
Gillespie and co-workers,783 on the basis of detailed conductometric and cryoscopic
measurements, confirmed that I3

þ is formed fromHIO3 and I2 in 100% sulfuric acid
[Eq. (4.185)]. The I3

þ cation may also be prepared in fluorosulfuric acid.778

Solutions of red brown I3
þ 324 in H2SO4 or HSO3F have characteristic

absorption maxima at 303 and 470 nm, with a molar extinction coefficient of
5200 at 305 nm.

324

HIO3    +   7I2    +   8H2SO4 5 I3
+    +   3H3O+    +   8HSO4

− ð4:185Þ

Solutions of I3
þ in 100%sulfuric acid783 or fluorosulfuric acid778 dissolve at least 1

mol of iodine per mol of I3
þ, and a new absorption spectrum is obtained which has

bands at 240, 270, 345, and 450 nm. At the same time, there is no change in either the
conductivity or the freezing point of the solutions. This leads to the conclusion that ion
I5
þ 325 is formed [Eq. (4.186)]. Some further iodine also dissolves in solutions of I3

þ,
indicating possible formation of I7

þ.

324                                            325

I3
+     +      I2                              I5

+

ð4:186Þ
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Solutions of I3
þ 324 in H2SO4 give Raman spectra784 that have three bands, in

addition to the solvent peaks at 114, 207, and 233 cm�1 which may be assigned as the
n2, n1, and n3 vibrations of an angular molecule. The average stretching frequency of
220 cm�1 in the I3

þ molecule is appreciably lower than the stretching frequency of
238 cm�1 for the I2

þmolecule and, in fact, closer to the frequency of 213 cm�1 for the
neutral molecule I2. This is consistent with I3

þ having a formal I�I bond order of 1.0
for both bonds as in the simple valence bond formation 324, whereas that in I2

þ is 1.5.

I
I

I

+

324

On the basis of 127I nuclear quadrupole resonance (NQR) studies of I3
þAlCl4

�,
Corbett and co-workers785 have predicted a bond angle of 97� between the two
bonding orbitals on the central atom. X-ray crystal structures of I3

þAlCl4
� and

I5
þSbF6

�havebeenobtained.786,787 In the latter salt, twocations areweaklybound to a
central I5

þ ion and themoiety can be regarded as I15
3þ(SbF6

�)3. In contrast, in the salt
I5
þAsF6

�prepared subsequently byPassmore,White, and co-workers788 byoxidizing
iodine with AsF5 in liquid SO2, the cation I5

þ (325) exists. It is planar, has C2h

symmetry and a Z-shaped (trans) structure (325), and features the following char-
acteristics: I(1)–I(2) and I(2)–I(3) bond lengths¼ 2.645 and 2.895A

�
, respectively,

I�I�I bond angles¼ 97.0� and 180�.

I I I

I

I
              1

3

325

2

+

I I I

I

I
+

I I I

I

I

+

a                                  b

325

The bonding in I5
þ (and in Br5

þ) can be described in terms of valence bond
structures 325a and 325b showing a formal bond order of 1 for the terminal I�I
bonds.788 The bond order of the central bonds is 0.5, and these bonds may be
considered as three-center four-electron bonds.

I2
þ Ion. Gillespie andMilne have shown,778 by conductometric, spectrophotometric,

and magnetic susceptibility measurements, that the blue iodine species observed in
strong acids is I2

þ 326. When iodine was oxidized by peroxodisulfuryl difluoride in
fluorosulfuric acid [Eqs. (4.187) and (4.188)], the concentration of the blue iodine
species reached amaximumat 2:1 I2:S2O6F2mole ratio and not at the 1:1mole ratio as
would be anticipated for the formation of Iþ. The conductivities of 2:1 solutions of
iodine:S2O6F2 at low concentrations were found to be very similar to solutions of
KSO3F at the same concentration, showing that 1mol of FSO3

� had been formed per
mole of iodine. The magnetic moment of the blue species in fluorosulfuric acid was
found to be 2.0 – 0.1D,which agreedwith thevalue expected for the 3p3=2 ground state
of the I2

þ cation 326. The I2
þ has characteristic peaks in its UVabsorption spectrum at
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640, 490, and 410 nm and has a molar extinction coefficient of 2560 at 640 nm.

326

2 I2    +     S2O6F2 2 I2
+     +     2FSO3

− ð4:187Þ

I2    +     S2O6F2 2 I+     +     2FSO3
− ð4:188Þ

The I2
þ cation is not completely stable in fluorosulfuric acid and undergoes some

disproportionation to the more stable I3
þ ion 324 and I(SO3F)3 [Eq. (4.189)]. This

disproportionation is largely prevented in a 1:1 iodine:S2O6F2 solution in which
I(SO3F)3 is also formed [Eq. (4.190)].

8 I2
+      +     3FSO3

− 5 I3
+     +     I(SO3F)3

326                                              324

ð4:189Þ

5 I2     +     5S2O6F2 4 I2
+     +     4FSO3

−     +     2I(SO3F)3

326

ð4:190Þ

The disproportionation can also be prevented if the fluorosulfate ion concentration
in fluorosulfuric acid is lowered byadditionof antimonypentafluoride [Eq. (4.191)] or
by using the less basic solvent, 65% oleum.

SbF5     +     FSO3
− (SbF5SO3F)− ð4:191Þ

In 100% H2SO4, the disproportionation of I2
þ to I3

þ and an iodine(III) species,
probably I(SO4H)3, is essentially complete, and only traces of I2

þ can be detected by
means of its resonance Raman spectrum.

Solution of the blue iodine cation in oleum has been reinvestigated779 by conduc-
tometric, spectrophotometric, and cryoscopic methods confirming the formation of
I2
þ. In 65% oleum, iodine is oxidized to I2

þ [Eq. (4.192)].

2 I2      +     5SO3    +     H2S4O13 2 I2
+     +     2HS4O13

−    +     SO2

326

ð4:192Þ

Adhami and Herlem789 have carried out a coulometric titration at controlled
potential of iodine in fluorosulfuric acid and have shown that iodine is quantitatively
oxidized to I2

þ by removal of one electron per mole of iodine.
Pure crystalline I2

þSb2F11
� has been prepared by the reaction of iodine with

antimony pentafluoride in liquid sulfur dioxide as solvent.789 After removal of
insoluble SbF3, deep blue crystals of I2

þSb2F11
� were obtained from the solution.

AnX-ray crystallographic structure determination showed the presence of the discrete
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I2
þ and Sb2F11

� ions.790 Crystalline solids that can be formulated as I2
þSb2F11

� have
also been prepared by Kemmitt et al.780 by the reaction of iodine with antimony or
tantalum pentafluoride in iodine pentafluoride solutions.

Besida and O’Donnell791 have studied the existence and stabilization of iodine
cations in hydrogen fluoride using Lewis acids (NbF5, TaF5, SbF5) and NaF to control
acidity and basicity. Excess F� causes disproportionation of the cations I5

þ, I3
þ, and

I2
þ to I2 and IF5. When these products are dissolved in HF and the acidity level is

adjusted appropriately, the individual cations can be generated.

I4
2þ Dication. In an early study of the I2

þ cation, Gillespie et al.792 observed that on
cooling theHSO3F solution the color of the solution changed from an intense blue to a
deep red-brown at about �80�C with the concomitant considerable decrease of the
paramagnetism. This was suggested to result from the dimerization of the
paramagnetic I2

þ ion to the diamagnetic I4
2þ cation. Subsequently, they were able

to prepare the I4
2þ dication 327 by the reaction of iodine with either AsF5 or SbF5

solution793 [Eq. (4.193)].

2 I2     +     4 MF5 I4
2+ Y−

327M = As, Sb

SO2

RT Y = AsF6, (Sb3F14
−)SbF6

−

ð4:193Þ

The X-ray crystal structure of salts I4
2þ(AsF6)2

2� and I4
2þ(Sb3F14)

�SbF6
� have

been determined.793 The I4
2þ dication is described as two I2

þ cations bonded together
by two relatively weak bonds. The interaction between the two I2

þ ions may be
described as a four-center two-electron p*–p* bond formed between the singly
occupied antibonding p* molecular orbitals of the two I2

þ monomers. Each of the
long iodine–iodine bonds has a bond order of 0.5. This model is consistent with the
long I�I distances and the diamagnetism of the dication.

4.4.1.2. Bromine Cations

Br3
þ Ion. In1906,Ruff et al.794 prepared acompoundby the reactionofBr2 andSbF5,

which was formulated as SbF5Br. Later McRae795 showed that Br3
þ328 is formed in

the system. Subsequently, Gillespie and Morton796,797 found that Br3
þ328 is formed

quantitatively in the superacidmediumHSO3F�SbF5�SO2 (mainly be the reaction of
S2O6F2) [Eq. (4.194)].

3 Br2     +     S2O6F2 2 Br3
+ FSO3

−

328

ð4:194Þ

These solutions are brown in color and have a strong absorption at 300 nm with a
shoulder at 375 nm. Solutions of Br3

þ can also be obtained in a similar way in
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fluorosulfuric acid; however, theyare not completely stable in this solvent andundergo
some disproportionation [Eq. (4.195)].

Br3
+     +     FSO3

− Br2    +     BrOSO2F

328

ð4:195Þ

Glemser and Šmalc798 have prepared the compound Br3
þAsF6

� by the displace-
ment of oxygen in dioxygenyl hexafluoroarsenate by bromine [Eq. (4.196)] and by the
reaction of bromine pentafluoride, bromine, and arsenic pentafluoride [Eq. (4.197)].
The compound is chocolate-brown and in solution has absorption bands at 310 nm and
375 nm; it has fair thermal stability and can be sublimed at 30–50�C under nitrogen
atmosphere.

2 O2
+ AsF6

−     +     3Br2 2Br3
+ AsF6

−     +     2O2

328

ð4:196Þ

7Br2     +     BrF5     +     5AsF5 5Br3
+ AsF6

−

328

ð4:197Þ

Christe et al.799 have obtained the crystal structure of the Br3
þAsF6

� salt and
showed that it contains discrete ions with some cation–anion interactions. The Br3

þ

cation is symmetric with a bond distance of 2.270A
�
and a bond angle of 102.5�.

Br2
þ Ion. TheBr2

þ cation 329 can be prepared797 byoxidation of bromine byS2O6F2
in the superacid HSO3F�SbF5�3SO3; however, even in this very weakly basic
medium, the Br2

þ ion is not completely stable because it undergoes appreciable
disproportionation [Eq. (4.198)].

Br3
+    +     BrOSO2F     +     H2SO3F+2Br2

+      +     2HSO3F

329                                                    328

ð4:198Þ

Moreover, the BrOSO2F that is formed also undergoes some disproportionation by
itself toBr2

þ, Br3
þ, andBr(OSO2F3)3, [Eqs. (4.199) and (4.200)], and the equilibria in

these solutions are quite complex.

2Br2
+    +     Br(OSO2F)3      +     4HSO3F

329

5BrOSO2F     +     2H2SO3F+

ð4:199Þ

Br3
+    +     Br(OSO2F)3      +     2HSO3F4BrOSO2F     +     H2SO3F+

328

ð4:200Þ
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A solution of Br2
þ 329 in superacid has a characteristic cherry red color with

maximumabsorption at 510 nmand a single band in theRaman spectrumat 360 cm�1.
Theparamagnetic scarlet crystalline compoundBr2

þSb3F16
�has beenprepared800,801

according to Eq. (4.201).

10Br2
+ Sb3F16

−

329

9Br2      +     2BrF5      +     30SbF5 ð4:201Þ

It is a stable salt and can be sublimed at 200�C. The X-ray crystal structure of
Br2

þSb3F16
� 329 shows a bromine–bromine bond distance of 2.13A

�
. The shorter

bond distance of 329 compared to neutral bromine is in accord with increase in bond
order resulting from the loss of an antibonding electron from the neutral
molecule.800,801

Br5
þ Ion. The Br5

þ cation was first isolated799 as a mixture of Br3
þAsF6

� and
Br5

þAsF6
�. On the basis of the Raman spectrum, it was shown to have three colinear

central bromine atoms with a semi-ionic, three-center four-electron bond and two
terminal, perpendicular bromine atoms with covalent bonds. Minkwitz and
co-workers802 have obtained the 330 salts by oxidation with XeFþ [Eq. (4.202)].
The planar trans geometry of the cation is similar to that of I5

þ (325). It is
centrosymmetric in the solid state with two short bonds between the external
bromine atoms (2.275A

�
in the AsF6

� and 2.268A
�
in the SbF6

� salt) and two
longer bonds to the central atom (2.512 and 2.514A

�
in the AsF6

� and SbF6
� salts,

respectively). The Br(1)–Br(2)–Br(3) bond angles are 96.91 and 97.69�, respectively.
According to local density functional calculations,803 in the optimized structure the
three central bromine atoms deviate from linearity by 11.4� and the terminal bromine
atoms form a dihedral angle of 82� about the Br(2)–Br(4) axis.

330

3XeF+ MF6
−      +     8Br2                         3Br5

+ MF6
−     +     3Xe     +     BrF3

M = As, Sb
RT ð4:202Þ

4.4.1.3. Chlorine Cations

Cl3
þ Ion. There is noevidence for eitherClþorCl2

þ in superacidmedia.804However,
Cl2, ClF, and AsF5 react at �70�C to form Cl3

þAsF6
� 331 [Eq. (4.203)].772

Cl3
+ AsF6

−

331

Cl2     +     ClF     +     AsF5 ð4:203Þ

The Cl3
þ cation 331 has been identified by its Raman spectrum in the yellow solid

which precipitates from solution of Cl2 and ClF in HF–SbF5 at –76
�C or formed by

treatingClF2
þAsF6

�with chlorine.772At roomtemperature theCl3
þ cation completely
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disproportionates in the HF–SbF5 media to chlorine and ClF2
þ salts. There is no

evidence for the formation of Cl3
þBF4

� salt from mixtures of Cl2, ClF, and BF3 at
temperatures ranging from ambient to –120�C.

The Raman spectrum of Cl3
þAsF6

� shows bands due to the AsF6
� ion, together

with three relatively intense bands at 490 (split to 485 and 493), 225, and 508 cm�1.805

These frequencies are very close to the vibrational frequencies of neutral SCl2
molecule.806 Subsequently, Clegg and Downs807 isolated the bright-orange
Cl3

þSb2F11
� salt at room temperature and Minkwitz et al.808 performed Raman

characterization of Cl3
þSbF6

�.
Seppelt and co-workers809 have synthesized Cl3

þ salts by warming Cl2O2
þ salts to

room temperature [Eq. (4.204)] and isolated yellow crystals. The Cl3
þ cation in all

salts exists as a symmetric, bent entity with Cl�Cl bond distances of 1.972–1.994A
�

and bond angles of 104.51–105.62�.

Cl3
+ M'−Cl2O2

+ M−

M = SbF6, Sb2F11                   M' = SbF6, Sb2F11, Sb3F16

HF−SbF5

RT, 1 day ð4:204Þ

A DZP calculation by Burdett and Marsden810 predicted a bent structure for Cl3
þ

(Cl�Cl bond length¼ 2.010, bond angle¼ 105.6�). Calculations by Olah and
co-workers811 found the Cl3

þ ion a bent ground-state singlet (1.998A
�
and 107�) with

a singlet–triplet gapofonly2.5 kcalmol�1.Furtherab initiocalculations for all fourX3
þ

ionswereperformedbySchwarz andco-workers812 (RHFandMP2 levelswith different
basis sets). Cacace et al.813 have prepared the Cl3

þ ion in the gas phase and investigated
with FT–ICR mass spectrometry and DFT method. The theoretical study [B3LYP/6-
311þþG(3df)] shows that theglobalminimumon theCl3

þ energy surface is a singlet of
C2v symmetry with a Cl�Cl bond distance of 1.996A

�
and a bond angle of 110.0�.

Cl4
þ Ion. In anattempt togenerate the elusiveCl2

þcation, Seidel andSeppelt814 have
oxidized chlorine with IrF6. Instead, however, they isolated the blue salt Cl4

þIrF6
�.

The compound contains a rectangular Cl4
þ ion with one short (1.941A

�
) and one long

Cl�Cl bond (2.936A
�
) and without any significant contact with fluorine atoms.

4.4.2. Interhalogen Cations

Interhalogen cations form a class of polycations containing at least two different
halogen atoms.771 Cations containing one or more halogens and another element such
as oxygen, nitrogen, or xenon will not be considered here. The class of interhalogen
cations includes triatomic, pentaatomic, and heptaatomic systems. Many of these
interhalogen cation salts, which are strong oxidants, have been found useful for
collecting radioactive noble gases such as 222Rn and 133Xe.815,816

4.4.2.1. Triatomic Interhalogen Cations. Of all the possible 16 triatomic
interhalogen cations ClF2

þ, BrF2
þ, IF2

þ, Cl2F
þ, Br2F

þ, I2F
þ, ClBrFþ, ClIFþ, BrIFþ,
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BrCl2
þ, ICl2

þ, Br2Cl
þ, I2Cl

þ, BrIClþ, IBr2
þ, and I2Br

þ, only five are known. They are
ClF2

þ, BrF2
þ, IF2

þ, Cl2F
þ, and ICl2

þ. It seems reasonable to predict that the least
electronegative halogen occupies the central position, where it carries a formal
positive charge.

ClF2
þ Ion. Adducts of ClF3with Lewis acids such as AsF5, SbF5, and BF3 have been

known for some time,817 and it has been established by IR, Raman, and 19F NMR
spectroscopic studies that these compounds are best formulated as salts of ClF2

þ

cation 332-Cl (e.g., ClF2
þAsF6

�).818,819 The spectroscopic data indicate a bent
structure. Additional support for the bent structure of 332-Cl comes from X-ray
crystallographic studies820 on ClF2

þSbF6
� salt. The ClF2

þ ion 332-Cl has a bond
angle of 95.9� and a bond length of 1.58A

�
. There is a good evidence for the fluorine

bridging between the anion and the cation and the two fluorine bridges formed by each
ClF2

þ give rise to a very approximately square coordination of fluorine around
chlorine, which is the geometry predicted by the valence shell electron pair-repulsion
theory for AX4E2 coordination (where X is a ligand and E a lone pair). It is interesting
to note that the SbF6

� ion in this structure forms trans bridges rather than the cis
bridges that have been observed in other related systems.

F

X

F

332   X = Cl     332-Cl

         X = Br     332-Br

+

BrF2
þ Ion. The 1:1 adduct of BrF3 with SbF5 has been shown by X-ray

crystallography821 to contain BrF2
þ 332-Br and SbF6

� ions held together by
fluorine bridging in such a way that bromine acquires a very approximately
square-planar configuration. Each bromine atom has two fluorine atoms at 1.69A

�
,

making an angle of 93.5� at bromine, and two other neighboring fluorine atoms at
2.29A

�
which formpart of the distorted octahedral coordination of the antimonyatoms.

The two fluorine bridges formed by SbF6
� are cis rather than trans, as in the unusual

structure ClF2
þSbF6

�.
The IR and Raman spectra of BrF3–SbF5, BrF3–AsF3, and (BrF3)2GeF4 have been

reported.822,823 The electrical conductivity of liquid bromine trifluoride824 (specific
conductance¼ 8 10�3 ohm�1 cm�1)may be attributed to self-ionization [Eq. (4.205)].

BrF2
+ BrF4

−2 BrF3

332-Br

ð4:205Þ

IF2
þ Ion. The salts of IF2

þwithAsF6
�andSbF6

�anionshavebeenprepared from IF3
and AsF5, and from IF3 and SbF5 in AsF5 as solvent at �78�C.825 The compound
IF2

þSbF6
� is stable up to 45�C and the solid gives two broad overlapping 19F NMR
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signals whose relative intensities were estimated to be 1:2.6 and which were assumed
to arise, therefore, from fluorine on iodine and fluorine on antimony, respectively.
IF2

þAsF6
� was found to be stable only up to –20�C.

Cl2F
þ Ion. Raman spectra of the adducts AsF5–2ClF and BF3–2ClF have

established that these compounds contain the unsymmetrical ClClFþ cation805

and not the symmetrical ClFClþ cation previously reported on the basis of the IR
spectrum alone.826 The observed vibrational frequencies indicate that there is a
strong fluorine bridging between the cation and the anion in Cl2F

þAsF6
� 333 salt.

Theoretical calculations confirm that the ClClFþ cation is more stable by
43.0 kcal mol�1 [MP4(SDTQ)/6-311G(2df)//M3/6-311G(2df)þZPE level]827

and 44.3 kcal mol�1 [CCSD(T)/cc-pVQZ level].813 Cl�F bond strength in the
ClClFþ cation is twice as strong as in cation ClFClþ (41.6 kcal mol�1 versus
21.2 kcal mol�1).827

The Cl2F
þ ion 333 appears to be unstable in solution and was found to be

completely disproportionated in HF�SbF5 even at –78�C805 [Eq. (4.206)]. As
mentioned, Cl3

þ in the media disproportionates further at room temperature to give
chlorine and 332-Cl.

ClF2
+    +     Cl3

+2 Cl2F+

333                             332-Cl

ð4:206Þ

ICl2
þ Ion. X-ray crystallographic investigations828 of the adducts of ICl3 with SbF5

and AlCl3 have shown that these may be regarded as ionic compounds, that is,
ICl2

þSbCl6
� and ICl2

þAlCl4
�. However, there is considerable interaction between

the two ions via two bridging chlorines, which give an approximately square-planar
arrangement of four chlorines around the iodine atom, similar to the arrangement of
fluorines around bromine and chlorine in BrF2

þSbF6
� and ClF2

þSbF6
�,

respectively. The bond angle and bond length for ICl2
þ 334 were found to be

92.5� and 2.31A
�
in ICl2

þSbCl6
� and 96.7� and 2.28A

�
in ICl2

þAlCl4
�.

The electrical conductivity of ICl3 (specific conductance¼ 9.85 10�2 ohm�1

cm�1) can be attributed to the self-ionization.828

I2Cl
þ Ion. There is no certain evidence for the I2Cl

þ cation 335, but presumably the
electrical conductivity of liquid ICl (specific conductance¼ 4.60 10�3 ohm�1 cm�1

at 35�C) which has previously been ascribed to the self-ionization829 according
to Eq. (4.207) is in fact due to a self-ionization that produces I2Cl

þ ion 335
[Eq. (4.208)].

I+    +     ICl2
−2ICl ð4:207Þ

I2Cl+    +     ICl2
−3ICl

335

ð4:208Þ
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The I2Cl
þcation335, however, is possiblyextensivelydisproportionated togive the

known I3
þ cation 324 and ICl2

þ cation 334 [Eq. (4.209)].

2 I2Cl+

335                                   324           334

I3
+    +     ICl2

+

ð4:209Þ

4.4.2.2. Pentaatomic InterhalogenCations. Chlorinepentafluoride forms1:1
adducts with AsF5 and SbF5. The interpretation of Raman spectra of these adducts
indicates the formationofClF4

þcation.830The 19F NMRspectrumofClF4
þ (a doublet

with equal intensity) suggests two pairs of nonequivalent fluorine ligands and a
structure of C2v symmetry.818 Bromine pentafluoride forms the adducts BrF5–2SbF5
and BrF5–SO3.

831 These may, presumably be formulated as BrF4
þ ion salts, although

the latter compoundmight be the covalent BrF4SO3F. Iodine pentafluoride also forms
adducts with SbF5

832 and PtF5.
833 The electrical conductivity of liquid IF5 (specific

conductance¼ 2.30 10�5 ohm�1 cm�1) has been attributed to the self-ionization
[Eq. (4.210)]. In the Raman spectrum of IF4

þ, the observed nine lines have been
assigned to cation IF4

þ 336,834 which is consistent with its C2v structure found by
X-ray crystallography.

IF4
+ IF6

−2IF5

336

ð4:210Þ

The X-ray crystal structure of the ClF4
þSbF6

�, BrF4
þSb2F11

�, and IF4
þSb2F11

�

salts have been obtained.835–837 All three salts contain discrete ions with the cation
havingpseudotrigonal bipyramidal structure likeSF4with two fluorines occupying the
axial positions and two fluorines and a lone pair occupying the equatorial positions
(337). The axial X�F bonds are longer and of more ionic character (mean bond
distances for ClF4

þ, BrF4
þ, and IF4

þ are 1.618, 1.81, and 1.84A
�
, respectively),

whereas the equatorial bonds are shorter and more covalent (1.53, 1.77, and 1.77A
�
).

Each X atom forms two fluorine bridges with two different anions, resulting in
pseudooctahedral coordination of the central X atom and the formation of infinite
zigzag chains. The minimum-energy structure of the cation ClF4

þ was calculated to
be ofC2v symmetry at all levels of theory.837–840 Because of discrepancies between the
observed and calculated values, Christe and co-workers841 have redetermined the
structure of BrF4

þSb2F11
� and IF4

þY� (Y¼ SbF6, Sb2F11).

F

X

F

F

F

..
+

X = Cl, Br, I

337
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4.4.2.3. Heptaatomic Interhalogen Cations

ClF6
þ Ion. The PtF6

� salt of cation ClF6
þ (338) has been prepared by the reaction of

PtF6 with chlorine fluorides842 [Eq. (4.211)] or oxyfluorides [Eq. (4.212)].843

ClF6
+ PtF6

−     +     ClF4
+ PtF6

−

338

2ClF5      +     2PtF6
sapphire reactor

RT, 8 days ð4:211Þ

Cl + CO2F6
+ PtF6

−    +     5ClO2
+ PtF6

−

338

6FClO2      +     6PtF6 −78°C ð4:212Þ

Christe and co-workers844 have recently developed a new synthesis applying the
highly reactive and thermally unstable NiF3

þ cation [Eq. (4.213)].

Cs2NiF6    +   5AsF5   +   XF5 XF6
+ AsF6

−   +   Ni(AsF6)2    +   2CsAsF6
HF

−60 to 10°C
X = Cl, Br

ð4:213Þ
The structure of ClF6

þ cation 338 has been established beyond any reasonable doubt
by19FNMRspectroscopy.818,843TheClF6

þcation338, except for theClO2F2
þcation,845

is the only known heptacoordinate chlorine cation. Besides the well-known NF4
þ

cation,846,847 it is the only known example of a fluorocation derived from the hitherto
unknowncompounds (i.e.,NF5 andClF7).Completevibrational analysis ofClF6

þ cation
338 has been reported,848 and it indicates the octahedral symmetry of the ion.

The ClF6
þPtF6

� salt is canary yellow in color and is quite stable at 25�C when
stored in Teflon-FEP containers. TheClF6

þ salts arevery powerful oxidizers and react
explosively with organic compounds and water.

BrF6
þ Ion. In 1974 Gillespie and Schrobilgen reported the direct oxidation of

bromine pentafluoride to BrF6
þ cation 339 by Kr2F3

þ cation849,850 [Eq. (4.214)].

BrF6
+ MF6

−     +     KrF2     +     KrBrF5     +     Kr2F3
+ MF6

−

339M = As, Sb

0°C ð4:214Þ

The 19F NMR and Raman spectroscopic studies850,851 on BrF6
þ 339 indicate the

octahedral symmetry of the species. The ion 339 is a powerful oxidizing agent and
rapidly oxidizes oxygen and xenon to O2

þ and XeFþ cations, respectively, under
ambient conditions.

IF6
þ Ion. Iodine heptafluoride has been shown to form the adduct IF7AsF5 and IF7–3

SbF5.
852 The latter complex was postulated to have the ionic structure IF4

3þ(SbF6
�)3.

These findings were questioned by Christe and Sawodny,853 who indicated that the
adduct may contain IF6

þ cation. Indeed they showed that the IF7AsF5 adduct is
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actually the IF6
þAsF6

� salt. Hohorst, Stein, and Gebert have been successful in
preparing the IF6

þSbF6
� salt.854

TheRaman and IR spectral analyses of the salts indicate the octahedral nature of the
IF6

þ cation.854,855 The IF6
þSbF6

� salt rapidly reacts with radon gas at room tempera-
ture forming a nonvolatile radon compound. The salt is claimed to have potential
application in purifying radon-contaminated air and in the analysis of radon in air.854

Schrobilgen, Christe, and co-workers have recently carried out the first detailed
structural characterization of theXF6

þ cations (X¼Cl,Br, I) as their Sb2F11
� salts.856

The XF6
þ cations have octahedral geometries with average bond lengths of 1.550A

�

(Cl�F), 1.666A
�
(Br�F), and 1.779A

�
(I�F) measured at �130�C and �173�C. The

cations have 13–16 interionic FrF contacts to the neighboring anions and six FrX
contacts between the fluorine atoms of the anions and the central halogen atoms.
Additional studies (NMR characterization of the central X atoms, Raman spectros-
copy, and calculations) were also performed.

4.4.3. Polyatomic Cations of Group 16 Elements

4.4.3.1. The O2
þCation. The existence of O2

þ cation 340 in the gas phase at low
pressures has been well established.772,857 However, it was not until 1962 that a
compound containing O2

þ was identified.858 It was discovered as a reaction product
during the fluorination of platinum in a silica apparatus. The product was first thought
to be PtOF4,

859 but later it was shown to beO2
þPtF6

�.858 It was subsequently prepared
by direct oxidation of molecular oxygen using platinum hexafluoride at room
temperature. It nowappears that thedioxygenyl saltO2

þBF4
�mayhavebeenprepared

prior to 1962.860 There are at least nine O2
þ salts known with a variety of anions. The

anions are PtF6
�, AsF6

�, SbF6
�, Sb2F11

�, PF6
�, BF4

�, VF6
�, BiF6

�, and SnF6
�. The

most convenient route to O2
þ salts appears to be the photochemical synthesis of

O2
þSb2F11

� from oxygen, fluorine, and antimony pentafluoride.861 Most O2
þ pre-

parations involve the reaction of fluoride ion acceptors with O2F2 or O4F2 at low
temperatures or with O2 and F2 mixtures under conditions favoring synthesis of the
long-lived radical O2F [Eq. (4.215)].

O2
+ Sb2F11

−O2     +     F2

340

hν
−F

O2F
SbF5 ð4:215Þ

Compounds containing O2
þ cation 340 are colorless with the exception of

O2
þPtF6

�, which is red due to the PtF6
� ion. The compound O2

þPF6
� decomposes

slowly at �80�C862 and rapidly at room temperature, giving oxygen, fluorine, and
phosphorous pentafluoride. 18F tracer studies on O2

þBF4
� have led to the conclusion

that the mechanism of the decomposition involves the equilibrium [Eq. (4.216)]
followed by a bimolecular decomposition of O2F.

863

O2
+ BF4

− O2F(g)     +     BF3(g) ð4:216Þ
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Dioxygenyl hexafluoroantimonate has been studied by differential thermal analy-
sis.864 Decomposition of O2

þSbF6
� proceeds in two stages, according to the mecha-

nism given in Eqs. (4.217) and (4.218).

2 O2
+ SbF6

− O2      +     0.5F2     +      O2
+ Sb2F11

−~245°C ð4:217Þ

O2
+ Sb2F11

− O2      +     0.5F2     +      2 SbF5

~280°C ð4:218Þ

The O2
þSb2F11

� was converted to O2
þSbF6

� by heating at 130�C in vacuo;
conversely, O2

þSb2F11
� was prepared by reaction of O2

þSbF6
� and SbF5 at 180–

200�C. Dioxygenyl hexafluoroarsenate is markedly less stable than the hexafluor-
oantimonate salts; it decomposes rapidly at 130–180�C. O2

þPtF6
� can be sublimed

above 90�C invacuo andmelts with some decomposition at 219�C in a sealed tube.863

X-ray powder data obtained from the cubic formofO2PtF6were consistentwith the
presence ofO2

þ and PtF6
� ions.863 The structurewas refined using neutron diffraction

powder data. The O2
þ cation 340 resembles nitrosonium ion.864 The IR, Raman, and

ESR spectra of O2
þ salts have been studied in detail.865–868

Recently, the X-ray crystal structures of O2
þMF6

� salts (M¼ Sb, Ru, Pt, Au) have
been determined.869 For the O2

þ cation in the O2
þRuF6

� salt, an interatomic O�O
bond distance of 1.125A

�
was found at �127�C870 in agreement with the gas-phase

value of 1.1227A
�
.857 Values obtained for the O�O bond length in the O2

þAuF6
� salt

are 1.068A
�
(–122�C) and 1.079A

�
.871,872

The O2
þAsF6

� salt readily oxidizes molecular bromine to Br3
þ ion 328. The

O2
þBF4

� salt also reacts with xenon.873 The major application of O2
þ salts is as an

oxidant for collecting 222Rn in uranium mines, since it has negligible dissociation
pressure at ambient temperature and releases oxygen as a gaseous product. Reactions
of the saltwith radon and components of diesel exhausts (CO,CO2,CH4,SO2,NO, and
NO2) have therefore been studied in some detail.815

4.4.3.2. Polysulfur Cations. The nature of colored solutions obtained by dis-
solving elemental sulfur in oleum874 remained a mystery for a long time, since their
discovery by Bucholz875 in 1804.776,876 Red, yellow, and blue solutions have been
prepared; however, it appears that particular attention has been given to the blue
solutions. The species responsible for blue color has been identified by various
workers as S2O3, S2, radical ion (X2S–SX2)

þ, and the species designated as Sn.
877 The

various colors have now been shown to be due to cations S16
2þ, S8

2þ, and S4
2þ.878–880

Subsequently, it was shown by X-ray crystallography881 that the originally assigned
S16

2þ cation is indeed S19
2þ.

Sulfur (and selenium) can be oxidized by a variety of oxidizing agents including
AsF5, SbF5, and S2O6F2 and by protic acids such as H2S2O7 and HSO3F. It has been
shown882 that a trace amount of halogen facilitates the formation of S4

2þ and Se4
2þ

dications. Along with previously mentioned doubly charged species, several singly
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charged radical cations have been claimed, of which only S5
þ� has been positively

identified.883 So far these singly charged species have been observed only in solution.
Theydonot appear to be as stable as thedoubly charged species andhence are notwell-
characterized. In contrast, all the dipositive ions have been obtained in the form of
relatively stable salts such as S4

2þ(FSO3
�)2 and S8

2þ(AsF6
�)2.

878 The vibrational
spectra of the S4

2þ(MF6
�)2 (M¼As, Sb) salts solvated by SO2 have been reported.

884

In the case of S8
2þ(AsF6

�)2 a single-crystal X-ray crystallographic analysis
showed unequivocally that this cation has an exo–endo cyclic structure with a long
transannular bond (341).880 Recently, the crystal structure of S8

2þ(AsF6
�)2 have been

redetermined.885 The S8
2þ dication consists of a folded eight-membered ring of

approximateCs symmetry. These findings are similar to those reported in the original
study880 and reported for the S8

2þ(SbF6
�)(Sb3F14

�) salt.886 The average S�S single
bond length in the cation is 2.051A

�
and all sulfur atoms exhibit at least one S�F

contact. The unusually long transannular bonds of 2.8–2.9A
�
[S(2)–S(8), S(3)–S(7),

S(4)–S(6)] were reproduced computationally [B3PW91 level of theory with 6-311G*
and 6-311G(2df) basis sets].

341
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The question of the blue color has recently been raised again by Passmore and
Krossing.887 In fact, the blue colorwas assigned byGillespie and Passmore to S8

2þ,888

but S8
2þ(AsF6

�)2 has been shown to be red
885 ; that is, the blue color was not due to

S8
2þ. However, the S8

2þ(AsF6
�)2 salt, when dissolved in HSO3F or SO2, gives a blue

solution, which contains the S5
þ cation and an unknown component. A comparison of

calculated and experimental UV–vis spectra indicates that the unknown species is the
S6

2þ dication, which is a 10p-electron H€uckel system, and the blue color is likely due
to the HOMO–LUMO p*–p* transition.887 The transition into the first excited state
was calculated to be at 564 nm (CIS) and 555 nm (TD-DFT). The experimentally
found maximum in the UV–vis spectra is at 585 nm.

By comparison with analogous selenium and tellurium ions,889,890 the S4
2þ ion is

proposed to have a square-planar structure. Additional support comes from infrared
spectra,891 Raman and electronic spectra,891,892 magnetic circular dichroism,893 and
molecular orbital calculations.894 Indeed, the X-ray analysis of S4

2þ(AsF6
�)2, which

crystallizes with at least 0.62 SO2, shows that the cation is square-planar (S�S bond
distance¼ 2.014A

�
, bond angle¼ 90�).895 The corresponding values for the

S4
2þ(Sb2F4

2þ)(Sb2F5
þ)(SbF6

�)5 salt are 1.988A
�
and 90�.886 According to recent

observations,896 the crystal structure of the salt S4
2þ(AsF6

�)2�AsF3 consists of
discrete square-planar S4

2þ cations, octahedral AsF6
�, and AsF3 molecules, weakly

linked by cation–fluorine interactions. The average S�S bond distance (1.964A
�
) and

angle (90�) are not significantly different from those observed for other salts.
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Calculations showed that the S4
2þ cation is lattice-stabilized in the solid state, as

compared to theS2
þ cation, and presently available anions are unlikely to stabilize S2

þ

(and Se2
þ and Te2

þ) in the solid phase.896,897

Early evidence for the dipositive ion S16
2þwas not so conclusive. The existence of

cation S16
2þwas first reported as a result of isolation of a red solid from the reaction of

sulfur and AsF5 in anhydrous HF solution.888 From the analytical data, the solid
appeared to have a composition corresponding to S16(AsF6)2. In a study of the
progressive oxidation of sulfur by S2O6F2 in HSO3F, it was observed that some
unreacted sulfur always remained until sufficient oxidant had been added to give a
ratio of sulfur to S2O6F2 of 16:1. The cryoscopic measurements were also consistent
with the formulation of this ion as S16

2þ.878 However, attempts to obtain a single
crystal of the ion from various acid solutions were unsuccessful. Subsequently,
Gillespie and co-workers881 obtained both needle- and plate-like crystals originally
believed to be S16

2þ(AsF6
�)2 in 2:1 mixture of SO2 and SO2ClF at�25�C. An X-ray

crystallographic study of these crystals led to the surprising and the unexpected result
that the compound had the composition S19

2þ(AsF6
�)2,—that is, that it is a salt of S19

þ

rather than S16
þ.

The structure of S19
2þ(AsF6

�)2 contains discrete AsF6
� anions and S19

þ cations,
the latter consistingof twoseven-membered rings joinedbya five-atomchain (342). In
contrast to S19

2þ(AsF6
�)2, the two rings in S19

2þ(SbF6
�)2 have similar chair con-

formations.886 In both systems, there is a very noticeable short–long bond alternation.
Furthermore, two of the S�S bonds are significantly elongated [S(1)–S(7)¼ 2.203A

�
,

S(13)–S(14)¼ 2.202A
�
] since bonding and lone pairs of electrons on these atoms are

virtually eclipsed.

S
S

SS

S
S

S
S

S
S S

S S

S

S
S

SS

S

14

      13

1

          7
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Further information of the chemistry of polysulfur, polyselenium, and polytellur-
ium cations can be found in reviews.773,776,876,898,899

4.4.3.3. PolyseleniumCations. The colored solutions produced by dissolving
elemental selenium in sulfuric acid were first observed by Magnus in 1827.900

Since then a number of workers have investigated the nature of selenium solutions
in sulfuric acid, oleum, and sulfur trioxide, providing a substantial amount of
data901 but with little understanding of the system. Subsequently, it was shown
that these solutions contain the yellow Se4

2þ and green Se8
2þ polyatomic

cations.902,903
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Polyselenium cations are less electrophilic than their sulfur analogs and give stable
solutions in various strong acids.902 In fluorosulfuric acid, selenium can be oxidized
quantitatively by S2O6F2 to give yellow Se4

2þ 343 [Eq. (4.219)].

4Se     +     S2O6F2 Se4
2+     +     2FSO3

−

343

HSO3F ð4:219Þ

Theadditionof selenium to theyellowsolutionup to a8:1 ratio ofSe:S2O6F2didnot
appreciably affect the conductivity. This indicated that the FSO3

� ion concentration
remained unchanged and that the Se4

2þ ion is reduced by selenium to Se8
2þ 344

[Eq. (4.220)].

Se4
2+      +     4SeS e8

2+

344

ð4:220Þ

Conductivity measurements of selenium in pure fluorosulfuric acid were also
consistent with the formation of Se8

2þ 344.
Solutions of Se8

þ in 100%H2SO4may be prepared by heating selenium in the acid
at 50–60�C; the element is oxidized by sulfuric acid [Eq. (4.221)]. The Se4

2þ 343 can
also be oxidized to Se8

2þ 344 by selenium dioxide.

8Se    +    5H2SO4 Se8
2+    +    2H3O+     +    4HSO4

−   +    SO2

344

ð4:221Þ

Various compounds containing cations Se4
2þ and Se8

2þ have been prepared by
oxidizing selenium with SeCl4 in the presence of acids (AlCl3, SO3, oleum, SbF5, or
AsF5),

772 or reacting SewithAsF5 or SbF5.
904,905 All polyatomic selenium cations are

diamagnetic, and so far no evidence has been reported for radicals analogous to S5
þ�.

The crystal structure of Se4(HS2O7)2 has shown
889,906 Se4

2þ 343 to be square planar
with an Se�Se bond distance of 2.283A

�
. The average bond length in Se4

2þ(Sb2F4
2þ)

(Sb2F5
þ)(SbF6

�)5 is slightly smaller (2.260A
�
),907 whereas in Se4

2þ(AlCl4
�)2 it is

practically identical (2.285A
�
). These values are significantly less than that of 2.34A

�

found in the Se8 molecule,908 indicating some degree of multiple bonding. Such a
result is consistent with a valence bond description of the molecule involving four-
membered ring structures of the type 343a. Alternatively, the structure can be
understood in terms of molecular orbital theory. The circle in structure 343b denotes
a closed-shell (aromatic) 6p-electron system.Of the four pmolecular orbitals, the two
almost nonbonding (eg) orbitals and the lower-energy (b2u) bonding orbital are
occupied by the six p electrons, leaving the upper antibonding (a1g) orbitals empty.
The intense yellow-orange color of Se4

2þ has been attributed to the dipole-allowed
excitation of an electron from an eg orbital to the lowest empty p orbital (b2u).
Stephens893 has shown that themagnetic circular dichroism results are consistentwith
such a model. The structure is also consistent with a vibrational spectroscopic study
and molecular orbital calculations.891,909
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a                                      b

343

Se

Se Se

Se
+ +

Se

Se Se

Se

The structure of Se8
2þ 344 in Se8(AlCl4)2

910 is similar to that of S8
2þ (see also

structure 341) except that the cross-ring distance Se(3)–Se(7) is relatively shorter
(2.84A

�
) than that found in the sulfur cation (2.859A

�
). However, the distance in cation

S8
2þ in the mixed (Te6

4þ)(Se8
2þ)(AsF6

�)6(SO2) system is 2.905A
�
.911 The cross-ring

distancesSe(4)–Se(6) andSe(2)–Se(8), are relatively long (3.29and3.35A
�
) compared

to those in S8
2þ. All bond angles in Se8

2þ aremore acute than those in S8
2þ. The cation

Se8
2þ is, therefore, reasonably well-described by valence bond structure 3440. In

contrast to the S8
2þ cation, calculations could not reproduce the transannular bonds of

the Se8
2þ cation.885

                          +

+
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Se

Se Se

Se

Se

SeSe

344'

 1         2

8                                  3

7

              6         5

4

The Se10
2þ cation 345 has also been prepared and characterized.912,913 The salts

include Se10
2þ(AsF6

�)2, Se10
2þ(AlCl4

�)2, Se10
2þ(SbF6

�)2, and Se10
2þ(FSO3

�)2.
The X-ray crystal structure of Se10

2þ(SbF6
�)2 indicates that the Se10

2þ cation can
be described as a six-membered boat-shaped ring linked across the middle by a chain
of four selenium atoms; that is, it has a bicyclo[4.2.2]decane-type structure (345). The
selenium–selenium bonds in the cation vary greatly in length from 2.24 to 2.44A

�
.

According to a 77Se NMR study, the Se10
2þ cation undergoes structural isomerization

in SO2 at ambient temperature.914 One of the isomers disproportionates below 273K
to give Se8

2þ and a higher nuclearity species, which was identified as Se17
2þ or, less

likely, Se18
2þ. The Se17

2þ(NbCl6
�)2 and Se17

2þ(TaBr6
�)2 salts have recently been

isolated.915 The cation Se17
2þ consists of two seven-membered rings connected by a

Se3 chain; that is, it contains two three-coordinate Se atoms, which formally carry the
positive charge.

+                           +

Se

Se

Se Se

Se

Se

SeSe

Se
Se

345
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4.4.3.4. Polytellurium Cations. The red color produced when tellurium dis-
solves in concentrated sulfuric acid was first observed as long ago as 1798,916 but the
origin of this color for long remained a mystery. Subsequently, Bjerrum and Smith917

and Bjerrum918 have studied the reaction of tellurium chloride with tellurium in
molten AlCl3–NaCl. They obtained a purple melt that they concluded contained the
species Te2n

nþ, probably Te4
2þ 346, formed by the reaction shown in Eq. (4.222).

7Te      +     Te4+ 2Te4
2+

346

ð4:222Þ

About the same time, solutions of tellurium in various acids were investigated in
detail.919,920 It was found that the red solutions are produced when tellurium is
dissolved in sulfuric acid, fluorosulfuric acid, or oleum with the simultaneous
production of SO2, indicating that tellurium is oxidized. The electronic spectra of
the solutions were found to be identical with those obtained by Bjerrum and Smith
from their melts. Conductometric and cryoscopic measurements of the acid solutions
led to the conclusion that they contain a species Te2n

nþ, which was certainly not Te2þ

but probably Te4
2þ 346.

Reaction of tellurium with disulfuric acid, S2O6F2, SbF5, and AsF5 in SO2

gave920–922 the compounds Te4
2þS3O10

2�, Te4
2þ(FSO3

�)2, Te4
2þ(Sb2F11

�)2, and
Te4

2þ(AsF6
�)2; and, from Te–(TeCl4–AlCl3) melts,923 compounds Te4

2þ(AlCl4
�)2,

and Te4
2þ(Al2Cl7

�)2 were obtained. Gillespie and co-workers907 also prepared
Te4

2þ(SbF6
�)2. The formulation of the red species as Te4

2þ 346 was confirmed by
the determination of the crystal structures of the chloroaluminate salts.890 In both
cases, the Te4

2þ 346 ion lies on a center of symmetry and is almost exactly square
planar. The average tellurium–tellurium distances of 2.661–2.673A

�
are significant-

ly shorter than the tellurium–tellurium distance of 2.864A
�
within the spiral chain in

elemental tellurium.924 This is consistent with a structure exactly analogous to that
for Se4

2þ in which each bond has 25% double-bond character. The Raman spectra of
Te4

2þ in solution and the solid state are analogous to those of Se4
2þ and S4

2þ but
shifted to lower frequency.891 The magnetic circular dichroism893 and visible and
UV spectrum of solutions of Te4

2þ 346 are also similar to those of Se4
2þ 343, as

expected on the basis of their structural similarity and a molecular orbital study.909

Thermochemical measurements have shown that Te4
2þ in Te4

2þ(AsF6
�)2, but not

Se4
2þ in Se4

2þ(AsF6
�)2, is lattice-stabilized in the solid state.

925 The Te4
2þ cation in

Te4
2þ(SbF6

�)2 has bond lengths slightly longer (2.669 and 2.676A
�
) than those in the

chloroaluminate salts. The cation is significantly distorted and has D2h symmetry
compared with the expected D4h symmetry.

If the acid solutions of tellurium described earlier are warmed or if the oleum is
sufficiently strong, then the color of the solutions changes from red to orange-
yellow.919 The same change may also be produced by addition of an oxidizing agent
suchasperoxydisulfate to the sulfuric acid solutionsorS2O6F2 to theHSO3Fsolutions.
Absorption spectra and conductometric, cryoscopic, and magnetic measurements on
the solutions in HSO3F suggested that the yellow species was tellurium in þ1
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oxidation state and it was formulated as “Ten
nþ” where n is even as the cation was

found to be diamagnetic. Furthermore, these studies also established that “Ten
nþ”

could not be Te2
2þ and is probably Te4

4þ, although higher-molecular-weight species
such as Te6

6þ and Te8
8þ could not be ruled out.920,921

On the contrary, Bjerrum926 concluded, from spectrophotometric measurements
on solutions formed by the reduction of TeCl4 with telluriummetal in KAlCl4 melts
buffered with KCl–ZnCl2, that the species was Te2

2þ. Subsequently, Gillespie and
co-workers927,928 were able to show that the Ten

nþ species is indeed a cluster cation
Te6

4þ. The single-crystal X-ray crystallographic study on Te6(AsF6)4–2AsF3 and
Te6(AsF6)4–2 SO2 indicate that the Te6

4þ cation has a trigonal prismatic arrange-
ment 347. In the (Te6

4þ)(Se8
2þ)(AsF6

�)6(SO2) system containing two different
homopolyatomic cations the Te6

4þ cation has the same prismatic structure.911

347

Beck929 prepared a polymeric Te7WOBr5 material, and subsequently the
Te7

2þ(AsF6
�)2 polymeric product was isolated by Kolis and coworkers.930 The

infinite chains of the Te7
2þ polycation in Te7

2þ(AsF6
�)2 consist of six-membered

rings of chair conformation connected through Te atoms bridging between the Te(1)
and Te(4) atoms (348). The shortest bond distance (2.688A

�
) is between Te(2) and Te

(3), whereas the longest one is the Te(40)–Te(1) distance (2.859A
�
). There is also a long

contact betweenTe(40) andTe(3) (3.221A
�
), which ismuch less than the sumof the van

der Waals radii (4.40A
�
).

348

4'

4

             1
3       2

~

~

4.4.3.5. Polyheteroatom Cations. So far, only studies on homopolyatomic
cations of oxygen, sulfur, selenium, and tellurium have been discussed. Most of them
were of the type Xn

2þ. There is a new class of polyatomic cations that comprise two or
more heteroatoms.
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When powdered tellurium metal (0.002mol) was allowed to react with
Se8

2þ(AsF6
�)2 (0.001mol) in SO2 at �78�C and the mixture was allowed to warm

up to room temperature under stirring,904,905 the dark green color of Se8
2þ 344 slowly

diminished (over a 12-h period) resulting in the formation of Te2Se8(AsF6)2SO2.
931

The X-ray crystal structure of this product indicates that the adduct has Te2Se8
2þ

cation with a bicyclo[4.2.2]decane-type structure similar to that of the Se10
2þ cation

(345). By changing the ratio of tellurium metal to Se8
2þ 344, Gillespie and co-

workers931 have managed to prepare Te3.7Se6.3
2þ(AsF6

�)2. The structure of
Te3.7Se6.3

2þ is similar to that of Te2Se8
2þ.

Preparation of adducts Te2Se6
2þ(MF6

�)2 (M¼As, Sb), Te4.5Se5.5
2þ(AsF6

�)2, and
(Te2Se6)

2þ(Te2Se8)
2þ(AsF6

�)4(SO2)2 was accomplished by reacting powdered Te
and Sewith AsF5 or SbF5 in SO2.

932 The novel Te2Se6
2þ cation in (Te2Se6)

þ(SbF6
�)2

is not isostructural with previously known cations S8
2þ and Se8

2þ. Instead, it has a
bicyclo[2.2.2]octane structure with the two Te atoms occupying bridgehead positions
(349) resembling a distorted cube with three long (nonbonding) edges. The average
Te�Se bond is 2.603A

�
, significantly longer than the sumof the covalent radii (2.54A

�
)

and the average Te�Se distance of 2.57A
�
in Te2Se6

2þ(AsF6
�)2. Furthermore, the

Se(1)–Se(2) bond is longer than the other Se�Se bonds. Interestingly, the three
transannular Se�Se contacts at the cube edges (3.34–3.42A

�
) are shorter than the sum

of the van der Waals radii, indicating weak cross-ring bonding.

Se
Se

Se

Te

Te
Se

SeSe

349

  1

2

+

                       +

Based on the same principle, adducts Te3S3
þ(AsF6

�)2, Te2Se4
2þ(SbF6

�)2,
Te2Se4

2þ(Sb3F14
�)(SbF6

�), Te2Se4
2þ(AsF6

�)2, Te2.7Se3.3
2þ(SbF6

�)2, and
Te3.4Se2.6

2þ(SbF6
�)2 have been prepared.933,934 The Te3S3

2þ and Te2Se4
2þ cations

have novel structures that can be described as consisting of a three-membered ring and
a five-membered ring fused together or as a boat-shaped six-membered ring with a
cross-ring bond corresponding to a bicyclo[3.1.0]hexane-type arrangement.

The trans-Te2Se2
2þ dication891,935 and the Te3.0Se1.0

2þ dication935 have been
also prepared and studied by Raman and IR spectroscopy. The trans-Te2Se2

2þ

cation in Te2Se2
2þ(Sb3F14

�)(SbF6
�) has Te�Se bond lengths of 2.446 and 2.481 A

�

and has Se�Te�Se0 and Te–Se–Te0 bond angles of 89.1 and 90.9�, respectively.
Consequently, it is significantly distorted because of the different sizes of Te and Se.
Furthermore, the Te�Se bond lengths are considerably shorter than bond distances
in cations Te2Se4

2þ (2.525–2.539A
�
) and Te2Se8

2þ (2.579–2.644A
�
). This is consis-

tent with the bonds in trans-Te2Se2
2þ having some double bond character. The

bonding in the trans-Te2Se2
2þ cation is similar to the resonance structures 343 found

for the Se4
2þ cation. The Te3.0Se1.0

2þ dication was found to be a disordered mixture
of cations Te3Se

2þ, Te4
2þ, and trans-Te2Se2

2þ. A disordered mixture of SnSe4�n
2þ
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dications was also shown to give a cation with an average composition of
S3.0Se1.0

2þ.936

Selenium and tellurium multinuclear NMR studies provided useful structural
information for Te�Se polyheteroatom cations.937–939

4.4.4. Mixed Polyheteroatom Cations of Group 15, 16, and 17 Elements

4.4.4.1. Polyheteroatom Cations of Nitrogen and Sulfur. The simplest
stable S�Nspecies is theNSþ thiazyl cation.940A convenient synthesis is the reaction
of excess AgAsF6with S3N3Cl3 in SO2.

941 The bond length of theNSþ cation shows a
pronounced temperature dependence (corrected value¼ 1.42A

�
), and of the two

resonance structures N�Sþ is stabilized by ionic interactions.942

Thionitronium ion NS2
þ,943–945 the sulfur analog of nitronium ion NO2

þwas first
obtained by Gillespie and co-workers946 [Eq. (4.223)] and an improved synthesis was
subsequently reported by Passmore and co-workers947 [Eq. (4.224)]. The X-ray
crystal structure analysis of the salt NS2

þSbCl6
� shows a linear centrosymmetric

cation with short N�S p-bondings, nevertheless, the positive charge is delocalized to
the S atoms.946,948 The experimental bond length of 1.49A

�
is well reproduced by

calculations.

S2N+ SbCl6
−S7NH   +   BCl3 S7NBCl2

SbCl5

SO2, −48°C

−S8

SO2, −196 to −48°C

−HCl

ð4:223Þ

1/8 S8  +  S4N4  +  6 AsF5 4 S2N+ AsF6
−   +  2AsF3

Br2

SO2, RT
ð4:224Þ

Several other cations containing both sulfur and nitrogen have cyclic structure.
These include the S3N2

þ cation,949–951 S3N2
2þ dication,951,952 S6N4

2þ dication,944,950

S4N3
þ cation,953 S4N4

2þ dication,954 and S5N5
þ cation.955,956

The S3N2
þ radical cation has a planar ring and exists only in the S3N2

þAsF6
�

salt,950 whereas in all other salts it is dimeric. The S6N4
2þ dication (350a) consists of

two centrosymmetric units with delocalized 6p electrons held together through strong
SrS interactions (2.971A

�
).944,950 ThemixedSe4S2N4

2þ dication (350b) analogous to
S6N4

2þ has also been obtained and characterized.957 The length of the diselenide
bonds in the AsF6

� and SbF6
� salts (2.345–2.369A

�
) are close to the single-

bond length (2.335A
�
), whereas the SerSe contacts between the two rings are much

longer (3.111–3.171A
�
).

X
X

NS

N

X
X

N S

N

350

+

                 +

a   X = S
b   X = Se
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Passmore and co-workers952 have prepared the S3N2
2þ dication by the cycloaddi-

tion of SNþ to SNSþ. The ion, predicted to be a stable 6p-electron-rich aromatic,
dissociates reversibly in SO2 solution, but it is stable in the solid state. The S�N and
S�S bond distances (1.525–1.584A

�
and 2.093A

�
, respectively) are close to those

found in other S3N2 ring systems. The analogous SeS2N2
2þ, Se2SN2

2þ, and Se3N2
2þ

dications have also been prepared and characterized.958–960

In the planar ring of the S4N3
þ cation, the S�S bond distance is 2.066A

�
and the

S�N bond lengths show small variations (1.542–1.569A
�
).953 The eight-membered

ring of the S4N4
2þ dication in the S4N4

2þ(AlCl4
�)2 and S4N4

2þ(FSO3
�)2 salts has

been shown to be planar with D4h symmetry and equal bond lengths, whereas a
nonplanar boat-shaped structure has been found for the dication in the
S4N4

2þ(SbCl6
�)2 salt.954 For the S5N5

þ cation, which is a 14p-electron system,
heart-shaped955 and azulene-like956 structureswere found and the latterwas predicted
by calculations.961 According to Gillespie et al.962 the cation in the S5N5

þ(SbCl6
�)

salt is planar and its geometry is intermediate between the structures suggested
earlier (351).

N
S

N N

S

+

S

N

S

N

S

351

The (S3N2)2N
þAsF6

� salt with two identical (S3N2)2N
þ cations andAsF6

� units in
the crystal has been prepared byPassmore and co-workers.963 In the unique cation 352
the S3N2 rings are connected by a bridging nitrogen attached to a sulfur atom of each
ring (S�N�S bond angle¼ 111.6�). The average bridging S�N bond length is
1.624A

�
corresponding to a bond order of 1.47. The two rings are eclipsed with an

average S�N bond length of 1.586A
�
.

S
S

N

S
N

+                           +
N S

S

N

S
N

−

352

4.4.4.2. Polyheteroatom Cations of Halogens with Oxygen or Nitrogen.
Lewis acid adducts of chlorine trifluoride oxide (ClF3O),

964,965 chlorine trifluoride
dioxide (ClF3O2),

845,966 and nitrogen trifluoride oxide (NF3O)
967 are all known. They

are best described as ClF2O
þ, ClF2O2

þ, and NF2O
þ, respectively. The spectroscopic

properties of these cations have been investigated extensively.448,818,845,964–966,968,969
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A new stable nitrogen fluoride oxide, N3NFO
þ has recently been reported by

Christe and co-workers970 [Eq. (4.225)]. Spectroscopic investigation of the fluor-
oantimonate salt (14=15N and 19F NMR, Raman) showed the presence of two stereo-
isomers in agreementwith theoretical studies [B3LYP/G(2df),MP2,CCSD(T) levels]
giving two structures of minimum energy (DE� 0.6 kcalmol�1). Both structures are
planar (Cs symmetry) and differ in the relative position of the azido moiety and
fluorine. The nitrogen chemical shifts indicate a covalent azido group attached to a
highly electronegative ligand and a nitrogen bonded to a F and an O. The calculated
bond distances and bond angles are given for the E-[N3NFO

þ] isomer 353. The 19F
NMR chemical shifts and the N�F bond lengths of the isomers (1.377A

�
for the

Z-isomer) differ significantly.

NF2O+ SbF6
−   +   HN3 −45 to 25°C

−HF

HF
N3NFO+ SbF6

− ð4:225Þ

N

N

N

1.331 Å

1.111 Å

106.8 °

169.2 °

+

353

N

F

O

1.327 Å

1.331 Å

Str€ahle and co-workers971 were the first to report the synthesis of the dichloroni-
tronium ion [Eq. (4.226)]. According to X-ray crystal structure analysis of the
hexachloroantimonate salt, which shows a remarkable stability up to 145�C, the
cation is almost planar (maximum deviation from the plane is 0.038A

�
) and has Cs

symmetry. The N�O bond distance is 1.31A
�
, that is, lies between the length of a NO

single bond (1.151A
�
) and aNOdouble bond (1.47A

�
). This is indicative of a decreased

p-bond contribution, which is also reflected in the IR spectrum (stretching vibration at
1650 cm�1 as compared to 1827 cm�1 of phosgene).

NCl3   +   SbCl5   +   SOCl2 Cl2NO+ SbCl6
−   +   SCl2

CCl4
ð4:226Þ

An improved method developed byMinkwitz et al.972 allowed to obtain other salts
[Eq. (4.227)].The structureof thecationwascharacterizedbyvibrational spectroscopy,
14N NMR (a single peak at d14N -282 from CH3NO2), and by ab initio theory.

2ONCl   +   Cl2    +   3MF5 2Cl2NO+ MF6
−   +   MF3

SO2

−70°C

M = As, Sb

ð4:227Þ

An ionic structure for the complex between NF3O and AsF5 was suggested by
Bartlett et al.,973whichwas subsequently proved byChriste andMaya967 by preparing
and characterizing (IR, X-ray) stable salts [Eq. (4.228)]. The 19F NMR spectrum of
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ion F2NO
þ shows a triplet with equal intensity and line width (d19F -331, JN–

F¼ 250Hz), and the 14N NMR shows a singlet (d14N 281).445,974 Ion F2NO
þ has

also been prepared975 by fluorination with XeFþ [Eq. (4.229)].

NF3O   +   HF   +   SbF5 F2NO+ M−

−78°C

MFn = BF3, AsF5

NF3O   +   MFn

M = BF4, B2F7,

       AsF6, SbF6

ð4:228Þ

ONF   +   XeF+ MF6
− HF

−50°C

M = As, Sb

F2NO+ MF6
−   +   Xe ð4:229Þ

The calculated geometric parameters [B3LYP/6-311þG(2d,p) level of theory] of
the ion F2NO

þ (N�F¼ 131.2A
�
, N�O¼ 112.9 A

�
, F�N�F angle¼ 108.4�, F�N�O

angle¼ 125.8�)976 deviate considerably from those determined by Christe and co-
workers977 for the F2NO

þAsF6
� salt (N�F¼ 124.5A

�
, N�O¼ 119.0A

�
, F�N�F

angle¼ 115.9�, F�N�O angle¼ 122.1�). This suggests O/F disorder and refinement
of the structure with variable occupancy factors resulted in values with good
agreement with those predicted by theory (N�F¼ 128.4A

�
, N�O¼ 111.4 A

�
, F�N�F

angle¼ 107.9�, F�N�O angle¼ 126.0�).
The mixed halonitronium ion ClFNOþ has been obtained byMinkwitz et al.975 by

oxidative fluorination of ONCl [Eq. (4.230)]. The ion has much lower stability than
the difluoro analog. Subsequently, however, thevalidity of the structure determination
of both Cl2NO

þ and ClFNOþ was questioned on the basis of large discrepancies
between experimental and theoretical vibrational spectra.978,979

ONCl   +   N2F+ AsF6
− CCl3F

−78°C
ClFNO+ AsF6

−   +   N2 ð4:230Þ

Fluorination and methylation have been used to synthesize975 related fluorinated
nitronium ions [Eq. (4.231)]. The trifluoromethyl(methyl)nitronium ion ON(Me)
CF3

þ exits in the keto form in solution, butX-ray crystal structure data indicate that the
enol form HON(CH2)CF3

þ exists in the solid state stabilized by a hydrogen bond
between the enolic OH group and one of the fluorines of the counterion.

N2F+ AsF6
−

CCl3F, −35°C

CF3NO
MeF, MF5

ON(CF3)F+ AsF6
−   +   N2

ON(Me)CF3
+ MF6

−
SO2, −40°C

M = As, Sb

ð4:231Þ

4.4.4.3. Polyheteroatom Cations of Chalcogens with Halogens. A num-
ber of binary polyheteroatom cations of Group 6 and 7 elements have been prepared
and characterized.

450 HETEROCATIONS IN SUPERACID SYSTEMS



The S2I4
2þ and Se2I4

2þ dications have been studied extensively.980 The S2I4
2þ

dication has been prepared byPassmore and co-workers981 [Eq. (4.232)]. The dication
in S2I4

2þ(SbF6
�)2 consists of twoplanar quadrilateral S2I2 units joined at the common

S�S bond (I�S�I bond angle¼ 90.38�) (354).981 It hasC2v symmetry and a distorted
trigonal-prism-like shape. The dication in S2I4

2þ(AsF6
�)2 shows a significant differ-

ence: The S�S bond is not parallel with the I�I bonds and, consequently, has C2

symmetry. The S�S, I�I, and S�I bond distances in S2I4
2þ(SbF6

�)2 (1.818, 2.571,
and 2.993A

�
, respectively) correspond to bond orders of 2.7, 1.4, and 0.1, respectively.

TheS2I4
2þ cation, therefore, can be considered to contain anS2 unit of bond order 2.33

and two I2
þ units of bond order 1.33 with a total p-bond order of 2, held together by a

weak interaction.982,983 The positive charge is delocalized evenly over all atoms.

0.25 S8   +  2I2   +  3MF5 S2I4
2+ (MF6

−)2  +  MF3

M = As, Sb

SO2

ð4:232Þ

354                                 355

S

S I

I

I

I
2+2+

Se

Se I

I

I

I

The Se2I4
2þ dication, synthesized in a similar way,984 has a shape similar to that of

the S2I4
2þ dication and a long Se�Se bond (2.841A

�
). In sharp contrast, however, the

bonding of Se2I4
2þ can be described as a weak dimer of two SeI2

þ units (355) with
evenlydelocalized positive charge.983According to recent quantumchemical calcula-
tions (MPW1PW91 method),985 the Se2I4

2þ dication has aromaticity resulting from
through-space conjugation, analogous to transition states of somepericyclic reactions.

Y3X3
þMF6

� salts (Y¼ S, Se, X¼Cl, Br, M¼As, Sb) have been synthesized and
characterized by Raman and 77Se NMR spectroscopy, and X-ray crystallo-
graphy986,987 [Eq. (4.233)].TheSe3Cl3

þcation adopts a structurewith an intracationic
SerCl contact (3.289A

�
) and substantial Se�Se bond alternation (2.191 and 2.551A

�
)

resulting from the delocalization of the positive chargewith resonance structure 356b.
The crystal structure of S3Cl3

þAsF6
� contains two crystallographically different

disordered cations. The disorder arises from the superimposition of the two ordered
cations 357a and 357b.

SeCl3AsF6   +  2Se Se3Cl3
+ AsF6

−
SO2, RT ð4:233Þ

Se

Cl Se

Se

Cl

Cl

Se

Cl

Cl

+

+

Se

Se

Cl

a                                           b

356

S

Cl S

S

Cl

Cl

+

a                              b

357

S

S S

Cl

Cl

Cl

+
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The Se3Br3
þ cation gives three resonances of equal intensity in the 77Se NMR

spectra at�70�C (d77Se 1065, 1263, 1735).987 At�40�C the two peaks at d77Se 1065
and 1263 coalesce into a broad peak (d77Se 1184) consistent with an intercationic
exchange process rendering Se(1) and Se(3) equivalent (358a and 358b). The short
S�SandSe�Se bond distances of these cations are indicative of 3pp–3pp and4pp–4pp
bonds, respectively.

Se

Br Se

Se

Br

Br

+

a                                   b

358

1                2

  3

Se

Br Se

Se

Br

Br

+

1                2

   3

Passmore and co-workers988 have prepared the Se6I2
2þ dication 359 [Eq. (4.234)].

X-ray crystal structure analysis showed that the dication hasCi symmetry and contains
a hexaselenium ring in the chair conformation with iodine atoms in endo position
(359). The Se�Se bonds of di- and tricoordinate selenium atoms alternate signifi-
cantly [average Se(1)–Se(2) and Se(2)–Se(3) bond lengths are 2.475 and 2.227A

�
,

respectively]. The reaction of Se, I2, and AsF5 in a molar ratio of 12:1:3 results in the
formation of the polymeric (Se6I

þ)n�n(AsF6�) salt, and the reaction of Se with
I2Sb2F11 yields (Se6I

þ)n�n(SbF6�).988 Both salts contain polymeric strands of
(Se6I

þ)n species. The geometry of the cationic unit is similar to that of the Se6I2
2þ

dication with iodine atoms connecting the Se6 rings (360). The Se�I�Se bond is
almost linear (bond angles are 173.7� and 174.2� for the AsF6

� and SbF6
� salts,

respectively) and can be considered a three-center four-electron bond. The (Se6I
þ)n

strands are joined together by weak intercationic interactions.

6Se  +  I2   +  3AsF5 Se6I2
2+ (AsF6

−)2
SO2

−AsF3

Se8(AsF6)2  +  SeI3AsF6
SO2

359

ð4:234Þ

Se Se

Se

SeSe

Se I

I

                            +

+

I

I

I

359                                                        360

                         +

+

2                1

3
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The general synthetic route shown in Eq. (4.235) has been used to prepare
S7X

þMF6
� (M¼As, Sb) salts.989–991 The stability of the cations decreases in the

order I>Br>Cl> F. The X-ray structure of the S7I
þ and S7Br

þ cations was
obtained.980,989,990 Both cations were shown to have a seven-membered sulfur ring
in a slightly distorted chair conformation with markedly varying S�S bond
distances (1.900–2.389 A

�
for S7I

þSbF6
�).980 The S�I (2.30–2.37A

�
) and S�Br

(2.11A
�
) bond lengths are slightly shorter then the sum of the van der Waals radii

(2.37 and 2.18A
�
, respectively). All S7I

þ cations have IrF contacts with the SbF6
�

anions in the solid state.

S7X+ MF6
−   +   EMF6    +   1/8S8

SO2
S8

2+ (MF6
−)2   +   EX

M = As, Sb
E = Na, K
X = F, Cl, Br, I

ð4:235Þ

4.5. CATIONS OF GROUP 6–12 ELEMENTS

4.5.1. Homoleptic Metal Carbonyl Cations

The first homoleptic carbonyl cations of Group 7 metals with the general formula [M
(CO)6]

þ (M¼Mn, Tc, Re) were generated by Fischer and co-workers992,993 and
Hieber and co-workers994,995 in the 1960s996,997 applying halide abstraction by Lewis
acids [Eq. (4.236)].

M(CO)5X   +   AlX3   +   CO
85−100°C, 300 atm CO

[M(CO)6]+ AlX4
−

M = Mn, Tc, Re
X = Cl, Br

ð4:236Þ

The method, however, could not be extended to the synthesis of other metal
carbonyl cations. Thus, Group 7metal carbonyl cations remained isolated examples
until 1990, when Aubke and co-workers generated [Au(CO)2]

þ in HSO3F.
998

This was followed by the isolation and characterization of the salts
[Au(CO)2]

þSb2F11
�999 and [Hg(CO)2]

2þ(Sb2F11
�)2.

1000 Since then, stable salts
of Group 6–12 metal carbonyl cations with the SbF6

� or Sb2F11
� anion have been

isolated and characterized mainly by Aubke’s group (Figure 4.4).1001,1002

These cations with the general formula [M(CO)n]
mþ (n¼ 2, 4, 6; m¼ 1–3) have

mainly s-bonded CO ligands. In addition, thermally unstable polycarbonyl com-
plexes [M(CO)n]YofCu andAg are also known (n¼ 1–4); however, the nature of the
M�Y bond, in most cases, is covalent.

Versatile synthetic routes are available to prepare metal carbonyl cations in
superacidic media. The most successful methods include reductive carbonylation of
metal fluorosulfates or fluorides [Eqs. (4.237)1003 and (4.238)1004].1002,1005 This
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Figure 4.4. Metals with known homoleptic carbonyl cations (shading indicates structural
characterization).

methodwas also applied in the synthesis of [Au(CO)2]
þSb2F11

� fromAu(SO3F)3 and
AuF3,

999 and the corresponding metal chlorides could also be used as starting
materials to prepare Au, Pd, and Pt fluoroantimonates.1006 In contrast to reductive
carbonylation, the oxidation state of the metal remains unchanged in solvolytic
carbonylation [Eqs. (4.239)1000 and (4.240)1003].

Pt(SO3F)4  + 5CO + 8SbF5
[Pt(CO)4]2+ (Sb2F11

−)2   +

2Sb2F9(SO3F) + S2O5F2

HF−SbF5

25°C, 1 day

−CO2

ð4:237Þ

2IrF6  + 15CO + 6SbF5  + 8HF [Ir(CO)6]3+ (SbF6
−)3   4 HF + 3COF2

HF−SbF5

25°C, 28 h

ð4:238Þ

Hg(SO3F)2  + 2CO + 8SbF5 [Hg(CO)2]2+ (Sb2F11
−)2  + 2Sb2F9(SO3F)

SbF5

100°C, 1 h

ð4:239Þ

cis-M(CO)2(SO3F)2  + 2CO + 8SbF5 [M(CO)4]2+ (Sb2F11
−)2  + 2Sb2F9(SO3F)

HF−SbF5

25°C, 1 day

M = Pt, Pd

ð4:240Þ
Oxidative reactions are the method of choice in the generation of cations of Group

6, 8, and 9 metals [Eq. (4.241)].1007 The fac-Rh(CO)3(FSO3)3 complex used in
the synthesis of the Rh(I) salt 361 [Eq. (4.242)] was prepared from the solvated [Rh
(CO)4]

þ cation generated from [Rh(CO)2Cl]2.
1008 All procedures are performed

under a CO atmosphere (1–2 atm).1002

2Fe(CO)5  + 2CO + XeF2  + 4SbF5 2[Fe(CO)6]2+ (Sb2F11
−)2 + Xe

SbF5

50°C, 2 days

ð4:241Þ

[Rh(CO)4]+ Sb2F11
−fac-Rh(CO)4(FSO3)3

2. CO, HF−HSO3F,

    −196°C to −40°C

1. CO, HSO3F, 25°C

361

ð4:242Þ
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The stable, isolable salts have been thoroughly characterized by vibrational and 13C
NMR spectroscopy, and molecular structures have also been elucidated.1001,1002 The
geometry of the cationic complexes depends on the coordination number and electron
configuration of the metal ion: Metal ions with coordination number 2 (d10 electron
configuration) and 4 (d8 electron configuration), respectively, form linear (D¥h
symmetry) and square-planar (D4h symmetry) cationic complexes, whereas
complexes of metals with d6 electron configuration (coordination number 6)
are octahedral (Oh symmetry). Illustrative of each class is the XRD structure
of linear [Au(CO)2]

þSb2F11
�999 and [Hg(CO)2]

2þ(Sb2F11
�)2,

1000 square-planar
[M(CO)4]

2þ(Sb2F11
�)2 (M¼ Pd, Pt),1003 and octahedral [M(CO)6]

2þ(Sb2F11
�)2 (M

Fe, Ru, Os)1007,1009 and [Ir(CO)6]
3þ(Sb2F11

�)3
1004 metal carbonyl cations. The

molecular geometries are very regular and only slight angular distortions are detected.
In the [Fe(CO)6]

þ cation, for example, the C�Fe�C angles deviate from 90� by 0.2–
1.1� and the Fe�C�O angles are between177.5� and 179.4�.

The C�O bond lengths (about 1.1 A
�
) are unusually short, which is a common

feature of all s-bonded metal carbonyl cations. This is related to the fact that
M!CO p backbonding is almost absent, resulting also in increased M�C bond
lengths. For so-called superelectrophilic cations (metals with oxidation states þ2
and þ3) the M�C bond distances are about 2.0 A

�
. As a result, very high n(CO)av

values are detected (up to about 2280 cm�1), indicating high polarization of the
C�O bond and electrophilic nature of carbon. The strength of the C�O bond in [M
(CO)n]

mþ homoleptic carbonyl cations is found to be proportional to the charge m
and inversely proportional to the coordination number n.1002 In many salts,
significant intercationic contacts are observed between the electrophilic carbon
and fluorine, whereas MrF interactions are negligible. These observations are
supported by DFT calculations.

In addition to the varied homoleptic carbonyl cations isolated as undecafluor-
odiantimonates (V), salts with other counteranions are also known. Two examples
are [Co(CO)5]

þ[(CF3)3BF]
� and [Rh(CO)4]

þ1-Et-CB11F11
�. The Co salt contains

the univalent metal carbonyl cation, which is the first example of a trigonal-
bipyramidal structure (D3h symmetry).1010 It is synthesized by oxidation of the
Co2(CO)8 cluster with H2F

þ [Eq. (4.243)]. There are no significant interactions
between cations and anions, and the Co�Cax bond is somewhat shorter than the
Co�Ceq bond (1.826A

�
versus 1.853A

�
). The formation of the Rh salt was first

observed by differential total reflectance FT–IR in a rather unexpected reaction
between the solid complex 362 and CO [Eq. (4.244)], and then it was independently
prepared according to Eq. (4.245).1011 The cation has D4h symmetry and, interest-
ingly, there is a contact between Rh and one of the hydrogens of the methyl group of
the carborane anion.

[Co2(CO)8] + 2 (CF3)3BCO + 2 HF
HF, CO (2 bar)

2 [Co(CO)5]+[(CF3)3BF]− + H2−196°C to RT
overnight

ð4:243Þ
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[(η6-C6H6)Rh(CO)2]+ 1-Et-CB11F11
− + 2 CO

25°C

−C6H6

[Rh(CO)4]+ 1-Et-CB11F11
−

362

ð4:244Þ

[Rh(CO)2Cl]2 + Ag(1-Et-CB11F11)
CH2Cl2, RT,
16 h, −AgCl

CO
[Rh(CO)4]+ 1-Et-CB11F11

−
50°C to RT,

overnight

ð4:245Þ

Despite the fact that CO is reversibly bound to Ag(I), Strauss and co-workers1012

succeeded in isolating crystalline silver carbonyl complexes at low temperature under
a CO atmosphere and studying the crystal structure of [Ag(CO)]þ[B(OTeF5)4]

– and
[Ag(CO)2]

þ[B(OTeF5)4]
–.

The synthesis and characterization of heptachloroaluminate and -gallate com-
plexes ofRh(I) [Eq. (4.246)]1008 and the first tetrafluoroborate salts have recently been
recently reported. Oxidative decarbonylation with XeF2 was used for the synthesis of
the Fe salt as shown in Equation (4.241), whereas the [M(CO)6]

þBF4
� (M¼Ru, Os)

derivativeswere obtained byoxidative decarbonylationwith F2 followedby solvolytic
carbonylation [Eq. (4.247)].1013 Experimental studies (XRD, FT–IR) show that
structural and spectroscopic properties of the cations [M(CO)6]

þ (M¼ Fe, Ru, Os)
are independent of the anion.

[Rh(CO)2Cl]2   +   MCl3 [Rh(CO)4]+ M2Cl7
−CO

25°C, several weeks

M = Al, Ga

ð4:246Þ

M3(CO)12  +  F2 [M(CO)6]+ BF4
−1. HF, −78°C to RT

2. HF−BF3, CO, RT

M = Ru, Os

ð4:247Þ

4.5.2. Other Cations of Group 6–12 Elements

Agroupofmetal carbonylcationswithSb2F11
� ascounteraniongenerated insuperacids

include [h6-(C6H6)Rh(CO)2]
þ, [M(CO)5Cl]

þ (M¼Rh, Ir), [W(CO)6(FSbF5)]
þ, and

the polymeric [{Mo(CO)4}2(cis-m-F2SbF4)3]þ.1014 The PF6� salt of the hexamethyl-
benzene analog of cation 362 was first reported in 1982 without structural charac-
terization.1015 Strauss and co-workers1011 have isolated the carborane anion salt
[Eq. (4.248)] and found that it has two nearly identical cations of C2v symmetry in
the crystal state. TheC�Rh�C angle in the Rh(CO)2moiety is�90� deduced from the
equal intensities of the twon(CO)bands.Themolecular structure of the isostructuralRh
and Ir cations show C4v symmetry and nearly identical bond angles and bond
lengths.1008,1016Theunusually longM�CandshortC�ObondsandhighCOstretching
frequencies are characteristic features observed for the correspondinghomolepticmetal
carbonyl cations as well.

456 HETEROCATIONS IN SUPERACID SYSTEMS



[Rh(CO)2Cl]2 + [Ag(C6H6)]+ 1-Et-CB11F11
− [(η6-C6H6)Rh(CO)2]+ 1-Et-CB11F11

−

362

CH2Cl2
−AgCl

ð4:248Þ

Two-electron oxidation of W(CO)6 with SbF5 in HF–SbF5 to give
[W(CO)6(FSbF5)]

þSb2F11
� in quantitative yield without loss of CO is unprecedent-

ed.1017 The cation is seven-coordinated with a distortedC2v capped trigonal prismatic
structure. FSbF5 is tightly coordinated to W with nearly equal WrF and SbrF bond
lengths.Mo(CO)6 reactswith SbF5 in avery similarmanner to form the fluoro-bridged
product [Mo(CO)6(FSbF5)]

þSb2F11
�.1014 This, however, undergoes condensation

with partial elimination of CO and SbF5, and cis-m-F2SbF4 bridges are formed to yield
polymeric [{Mo(CO)4}2(cis-m-F2SbF4)3þ]x(Sb2F11�)x. The polymerization of the
tungsten analog, in turn, requires elevated temperature (>100�C). A comparison of
XRD data shows a rather wide range of bond parameters for the cations, but the
differences are less pronounced for the Mo(CO)4 moiety.

During the synthesis of the [Os(CO)6]
2þ(Sb2F11

�)2 salt by the reductive carbon-
ylation of Os(SO3F), OsF6, or OsO4, Aubke and co-workers1018 observed a band at
2253 cm�1 in the IR spectra of the products. They used a modified synthesis
[Eq. (4.249)] to isolate the extremely moisture-sensitive compound 363. The cation
identified by vibrational spectroscopy has octahedral geometry with trans oxygen
atoms. Experimental frequencies agree well with calculated data (gradient-corrected
DFT calculations at the BP86/ECP2 level).

OsO4  +  5 CO [OsO2(CO)4]+ Sb2F11
−  +  SbOF3  +  CO2

363

SbF5, 1.5 atm CO

25°C
ð4:249Þ

Schrobilgen and co-workers1019 have prepared oxafluoro cations of Tc, Re, and Os
as Sb2F11

� and AsF6
� salts and characterized them by X-ray diffraction and Raman

and NMR spectroscopy. The Tc2O2F9
þ cation contains two fluorine-bridged square

pyramidal TeOF4 groups with the F bridge trans to the oxygen atoms (TcrFrTc
angle¼ 158.2�, bridgingTcrFbonddistances¼ 2.061A

�
and2.075A

�
).1019Geometric

and spectral characteristics (vibrational frequencies, 19F and 99Tc NMR data)
calculated by local DFTare in good agreement with experimental values. According
to the 19F NMR spectrum, the Re2O4F5

þ cation consists of two ReO2F2moiety with a
bridging fluorine.1020 In the crystal structure of [m-F(OsO2F3)2]

þSb2F11
� the di-

nuclear fluorine-bridged (F3O2OsrFrOsO2F3) cation has a distorted octahedral cis-
dioxo arrangement and the fluorine bridge is trans to one of the oxygen atoms of each
OsO2F3 unit (OsrFrOs angle¼ 155.2�, OsrF bond distance¼ 2.086A

�
).1021

Varied salts of the OsO3F
þ cation were generated by reacting osmium trioxide

difluoride with AsF5 and SbF5 in HF solvent.1022 The OsO3F
þ cations in OsO3F

þY�

(Y¼AsF6, SbF6) have distorted C3v symmetry with one Os�O bond significantly
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longer (1.711A
�
and 1.708A

�
for the AsF6

� and SbF6
� salts, respectively). The cations

are bridged through a fluorine of the anion and two such cation–anion pairs form a
cyclic dimer by additional fluorine bridges. The cation–anion pairs in the cyclic dimer
of the solvated salt OsO3F

þ(HF)2AsF6
� are linked together by two hydrogen-bonded

(HF)2 moieties. One Os�O bond of the cation is much shorter (1.666A
�
). The X-ray

structure of the OsO3F
þ(HF)SbF6

� salt contains helical (FO3OsrFHrFSbF5)¥
chains. In sharp contrast, the cations are well-separated from the cis-fluorine-bridged
Sb3F16

� anion in the crystals of the OsO3F
þSb3F16

� salt.
Acetonitrile complexes of Pd, Pt, and Au were prepared by complete ligand

exchange of the corresponding homoleptic metal carbonyl salts under solvolysis
conditions with the concomitant conversion of the dioctahedral anion Sb2F11

� into
SbF6

�. The [Au(MeCN)2]
þSbF6

� salt formed is not solvated,999 in contrast to the
resulting Pd and Pt salts [Eq. (4.250)].1023 The Pd and Pt cations are square planarwith
a slight deviation of the N�C�C group form linearity (177�), whereas the molecular
structure of the [Au(MeCN)2]

þ cation is highly regular.

[M(CO)4]2+ (Sb2F11
−)2   +  7MeCN

50°C,

−COM = Pd, Pt

[M(MeCN)4]2+ (SbF6
−)2   MeCN + 2MeCN  SbF5

ð4:250Þ

The Re oxafluoro acetonitrile complex prepared by Schrobilgen and co-
workers1020 [Eq. (4.251)] and characterized by spectroscopic methods (1H, 13C,
19F NMRandRaman) has a pseudooctahedral cis-dioxo arrangement. The acetonitrile
ligands are trans to the oxygens and the fluorines are trans to each other.

ReO2F3   SbF5    +   2MeCN [ReO2F2(MeCN)2]+ SbF6
−

−196°C to RT ð4:251Þ

The homoleptic carbonyl salt [Hg(CO)2]
þ(Sb2F11

�)2 reacts with traces of water in
the HF�SbF5 superacid to yield the bis-aqua solvate [Hg2(OH2)2]

2þ(SbF6
�)2�

4 HF.1024 The cation is almost linear with nearly C2h symmetry. The Hg�Hg and
Hg�O bond distances are 2.4917A

�
and 2.148A

�
, respectively, and the O�Hg�Hg

bond angle is 177.6�.
The [Au(PF3)2]

þSb2F11
� salt was synthesized from the corresponding homoleptic

dicarbonyl complex by ligand exchange with PF3 and reductive phosphorylation of
Au(SO3F)3 with excess PF3 in HSO3F.

1025 Spectroscopic data (19F and 31P NMR,
FT-IR,Raman) suggest a linear structure, predominantly covalentAurPbonding, and
highly reduced p backdonation. The crystal structure of [(PF3)2Au]

þSbF6
� supports

the above conclusions.1026

The first metal–xenon compound with direct Au�Xe bonds has been reported by
Seidel and Seppelt1027–1029 [Eq. (4.252)]. The salt crystallizes in two crystallographic
modifications differing in cation–anion interactions. In each form the cation is a
regular square. In the triclinic modification the Au�Xe bond lengths are
between 2.7330A

�
and 2.7779A

�
and there are three weak interionic contacts (AurF
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distances¼ 2.671A
�
, 2.950A

�
, 3.153A

�
). The interionic contacts in the tetragonal

modification are weaker (AurF distance¼ 2.928A
�
).

AuF3    +   6Xe [AuXe4]+ (Sb2F11
−)2   +   Xe2

+HF−SbF5 (2:1)

−196°C to RT
ð4:252Þ

When excess Xe was pumped off from the reaction mixture at �78�C, the [cis-
AuXe2]

2þ(Sb2F11
�)2 was isolated in the form of violet-black crystals.1028 The cation

has twoXe and twoF contacts with slightly shorter Au�Xe bond lengths (2.658A
�
and

2.671A
�
) and rather short AurF contacts (2.181 and 2.238A

�
). Seppelt and coworkers

were also successful in isolating [trans-AuXe2]
2þ(SbF6

�)2 and [Au2Xe2F]
3þ(SbF6

�)3
with the Au2þ center residing in a square-planar environment. In the latter case, the
cation has a Z-shaped [Xe�Au�F�Au�Xe]3þ ion. In addition to these gold salts,
Hwang and Seppelt1030 also isolated the unique [Au(HF)2]

2þ(SbF6
�)2 � 2 HF by

reducing AuF3 in HF–SbF5 upon UV irradiation. It is a rare example of compounds
with HF as ligand with square-planar AuF4 units in the crystal structure.

In all salts discussed above the cation has a gold(II) center. The only example of a
cation with a gold(III) center is [trans-AuXe2F]

2þ(SbF6
�)(Sb2F11

�).1028 The Au–Xe
distances (2.593A

�
and 2.619A

�
) are markedly shorter than those in the Au2þ com-

plexes. In further studies Seppelt and co-workers prepared twogold(I) complexes.The
very strong cation–anion contacts in [(F3As)Au]

þSbF6
� through one fluorine atom

allow the possible description as F3As–Au–FrSbF5.
1026 Thiswas then transformed to

[(F3As)AuXe]
þSb2F11

� [Eq. (4.253)], which is stable at room temperature.1031

The As–Au–Xe moiety is almost linear (173.26�), the Auþ–Xe bond is similar to
the Au3þ–Xe distance but much shorter than the Au2þ–Xe bonds, and there are only
weak interionic interactions (the shortest AurF separation is 2.848A

�
).

[(F3As)Au]+ SbF6
−   +   Xe [(F3As)AuXe]+ Sb2F11

−HF−SbF5

−196°C to RT then to −50°C

ð4:253Þ

Additional Au(I) cation complexes with phosphane ligands are the binuclear
halogen-bridged complexes {[(R3P)Au]2X}

þBF4
� (R¼Et, Ph, ortho-tolyl, Bn,

mesityl, X¼Cl, Br, I).1032 Themolecular structure of {[(Ph3P)Au]2Br}
þBF4

� shows
a V-shape structure (Au�Br�Au bond angle¼ 96.83�) and a quasi-linear coordina-
tion of the gold atoms (P�Au�Br¼ 177.87�). The Au�Au distance (3.6477A

�
)

indicates negligible interactions between the gold atoms. These data differ consider-
ably from those observed earlier for {[(Ph3P)Au]2Cl}

þClO4
�1033: The Au�Br�Au

bond angle is much smaller (81.7�) and the Au�Au distance is significantly shorter
(3.06A

�
), indicating intramolecular bonding interactions.

Hg2þ ions, which are isoelectronic with Auþ, reacting with SbF5 in the presence of
xenon above room temperature yield the stable [HgXe]2þ(SbF6

�)(Sb2F11
�) salt.1031

The salt has a highly distorted capped structure with Xe in the capping position. The
Hg�Xe bond length (2.7693A

�
) is similar to that of the Au�Xe bond distance
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in AuXe4
2þ and there are six HgrF contacts with distances between 2.279A

�
and

2.594A
�
.

4.6. MISCELLANEOUS CATIONS

4.6.1. Hydrogen Cations

4.6.1.1. Hþ Ion. The naked proton “Hþ” exists only in the gas phase. In the
condensed state, the proton is always solvated, thus no free proton is capable of
existence. It is customary, however, as short hand notation to depict “Hþ” as the
solvated proton.

4.6.1.2. H3
þ Ion. The H3

þ ion 364 was discovered by Thompson1034 in 1912 in
hydrogen discharge studies. Actually, it was the first observed gaseous ion–molecule
reaction product [Eq. (4.254)] and the reaction sequence was established in 1925 by
Hogness and Lunn.1035,1036 Since then, extensive mass spectrometric studies of H2,
D2, and their mixtures have been carried out in an effort to study thermodynamic and
kinetic aspects of ion–molecule reactions of (H,D)3

þ cations.1037

H2
+     +     H2 H3

+     +     H

364

ð4:254Þ

Despite numerous studies in the gas phase onH3
þ364, notmuch solution chemistry

has been reporteduntil the 1960s.Gillespie andPez1038 reported that according to their
solubility, cryoscopic, and 1H NMR spectroscopic measurements, HSO3F–SbF5–
(Magic Acid)–SO2 is not sufficiently strong to protonate a series of weak bases,
including molecular hydrogen. Their investigation pertained, however, to observe
H3

þ364 as a stable, detectable intermediate with a long life.
Olah, Shen, and Schlosberg1039 were subsequently able to observe the hydrogen–

deuterium exchange of molecular H2 and D2, respectively, with 1:1 HF–SbF5 and
HSO3F–SbF5 at room temperature. The facile formation of HD does indicate that
protonation or deuteriation occurs, involvingH3

þ 364 at least as transition states in the
kinetic exchange process. The H3

þ ion 364 is the simplest two-electron three-center-
bonded entity. The H3

þ ion 364 has also been observed by IR spectroscopy.1040

H H

H

H H

H

+
+

364

4.6.2. Cations of Noble Gases

Reviews about the chemistry of noblegases including the cations of xenonandkrypton
are available.1041–1047
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A large number of Xen
þ cations (n � 30) have been detected by mass spectro-

metry,1048 and the Xe2
þ ion was first generated in the solution phase in 1978.1049

Drews and Seppelt1050 were the first, however, to report the isolation and molecular
structure of Xe2

þSb4F21
� (365) [Eq. (4.255)]. In the crystals of the dark green

compound, weak multiple contacts exist between xenon and fluorine atoms. The
Xe�Xe bond is surprisingly long (3.087A

�
) but much shorter than the theoretically

predicted values (3.17–3.27A
�
).

XeF+ Sb2F11
−    +     Xe

365

HF−SbF5

−196 to 0°C
Xe2

+ Sb4F21
− ð4:255Þ

The solution ofXe2
þhas recently been shown toundergo a color change fromgreen

to dark blue upon increasing the xenon pressure.1051 Of the possible cationic species
(Xen

mþ,n¼ 2–4;m¼ 1, 2), calculatedvibrational spectra and energies agreewellwith
those observed for Xe4

þ, but the presence of higher xenon aggregates (Xe4
þ�Xen)

cannot be ruled out.According to calculations, the ion has a symmetric linear structure
(D¥h, Xe�Xe bond lengths¼ 3.529A

�
and 3.190A

�
).

Both xenon and krypton are known to undergo ion–molecule reaction with Hþ to
give the corresponding onium ions. The XeHþ and KrHþ ions are well-recognized in
mass spectroscopic studies.1052–1060 and they have been also characterized by IR1061

and microwave spectroscopy.1062 The Xe2H
þ cation has been observed in low-

temperaturematrices,1063 whereasXe2H3
þ has been studied by ab initiomethods.1064

Homogeneous and mixed noble gas species Ar2H
þ, KrHþ, Xe2H

þ, ArKrHþ, and
ArXeHþ have also been observed.1063,1065 Even methylated xenon and krypton,
CH3Xe

þ and CH3Kr
þ, have been observed by Holtz and Beauchamp 1066 in the gas

phase. The carbon–inert gas atom bond strengths in these cations are estimated to be
43 – 8 and 21 – 15 kcalmol�1, respectively. The C�Xe bond strength in CH3Xe

þwas
determined by ion cyclotron resonance to be 55.2 – 2.5 kcalmol�1.1067

In solution chemistry too attempts have been made to protonate xenon to XeHþ in
the superacid media.150,1038 Evidence for the protonation comes from suppression of
proton–deuterium exchange rates of deuterium gas in the presence of xenon in strong
acid medium.342

In 1989 the synthesis and isolation of the first compounds with stable Xe�C bond
were reported byNaumann and Tyrra285 and Frohn and Jakobs1068 by the introduction
of the organic group through nucleophilic substitution called xenodeborylation
[Eq. (4.256)]. The boron as Lewis acid center polarizes the Xe�F bond and thereby
allows it to overcome the low electrophilicity of the Xe center to form the fluoroar-
ylxenonium fluoroborates 366. When the reaction is carried out in anhydrous HF, all
C6F5 groups of the borane are transferred to xenon [Eq. (4.256)].1069

XeF2    +    (C6F5)3B

366

MeCN, 0°C, Y = (C6F5)3BF

CH2Cl2,−30°C, Y = C6F5BF3

HF,−30°C, Y = BF4 and F(HF)n

C6F5Xe+ Y−
ð4:256Þ
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Frohn et al.1070 have obtained the X-ray structure of the acetonitrile complex of
the salt C6F5Xe

þ(C6F5)2BF2
�. The Xe�C bond distance is 2.092A

�
and the Xe�N

contact is 2.681A
�
. The 129Xe NMR spectrum contains a triplet at d129Xe�1956, and

the coupling with the ortho F atoms (JXe–F¼ 68.8 Hz) indicates the presence of the
Xe�C bond. The 129Xe NMR resonance (�1784.5) is strikingly high-field com-
pared with that of XeF2, which is attributed to the solvation of the cation by
acetonitrile. At the same time, the signals in the 19F NMR spectrum are shifted
significantly downfield relative to the isoelectronic C6F5I molecule, indicating
charge delocalization to the aromatic ring. Subsequently, the X-ray structure of
366 (Y¼AsF6) prepared by metathesis from 366 [Y¼ (C6F5)2BF2] was also
reported.1071 In the crystal cell, there are two independent molecules. In each, one
fluorine atom of the anion forms an almost linear but asymmetric C�XerF contact
(C�Xe bond lengths¼ 2.079 and 2.082 A

�
, XerF distances¼ 2.714 and 2.672A

�
,

C�XerF angles¼ 170.5 and 174.2�). There are also additional Xe�Fe contacts.
Schrobilgen, Frohn, and co-workers1072 have recently synthesized new examples of
C6F5Xe

þ salts with a range of weakly coordinating anions BY4
� [Y¼CF3, C6F5,

CN, OTeF5].
The xenodeborylation method has been extended to hydrogen-containing aryl

compounds, in which the aryl group bears at least one electron-withdrawing substitu-
ent (F or CF3).

1073,1074 The resulting salts, however, are unstable in CH2Cl2.When the
synthesis is carried out in the presence of BF3�OMe2, in turn, stable tetrafluoroborates
are isolated.1075–1077 Recently, Frohn et al.1078 have developed a more convenient
route to xenonium salts by the use of aryldifluoroboranes generated in situ
[Eq. (4.257)].

Ar = C6F5, 2,3,4,5-F4C6H,

        3,4,5-F3C6H2, 3,5-F2C6H3

KArBF3  +  BF3
CH2Cl2,−40 to −50°C

−KBF4

ArBF2

XeF2

CH2Cl2
ArXe+ BF4

−

ð4:257Þ

Naumann et al.1079,1080 developed the xenodeprotonation method using the unique
electrophilic Xe(II) reagent to generate arylxenononium triflates from highly deac-
tivatedbenzenederivatives [Eq. (4.258)]. Stable derivativeswere isolated in lowyields
(10–15%), whereas other products were observed by NMR spectroscopy. The cations
and anions in the crystals of [Xe(2,6-F2C6H3)]

þTfO� areweakly coordinated through
short Xe�O contacts.

ArXe+ TfO−

Ar = C6F5, ClC6H4, 1,3-F2C6H3, 1,3,5-F3C6H2,

       1,3,5-Cl3C6H2, NO2C6H4, 1,3-(NO2)2C6H4, 

       1-F,4-NO2C6H3, 1-F,4-CF3C6H3, 1,3-(CF3)2C6H3

1. CF3COOH

2. CF3SO3H
XeF2

Ar H

CCl3F,−40°C
CF3CO2XeO3SCF3

CCl3F,−40°C ð4:258Þ
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Fluorinated vinyl derivatives 367a and 368a have also been prepared by Frohn and
Bardin,1081 and the synthesis of the partially fluorinated 367b and 368b and oxygen-
ated compounds 369 and 370 was also reported.1082 They utilized the method
described in Equation (4.257) for the synthesis of the first acyclic vinylxenon
compound 371.1083 Alkynylxenonium salts have been obtained by Stang and
co-workers1084 (372) and Frohn and Bardin1085,1086 (373).

Y

Xe+

FF

F F

Y

Xe+

FF

F F

F

F

F

F

F

F

367                           368                                     369                                 370

a   Y = F, Z = AsF6

b   Y = H, Z = BF4

Z− Z−

Y

Xe+

F F

Y

Xe+

F F

F

F

F

F

O

AsF6
−

O

AsF6
−

O

F

F Xe+ BF4
−

F

371 372 373

C CXe+ BF4
−R

R = Et, Pr,

       tert-Bu, SiMe3

C CXe+ BF4
−F3C

Frohn et al.1087 have recently reported the first organoxenon(IV) compound
[Eq. (4.259)]. The 129Xe resonance is significantly shielded compared to that of
XeF4 (d129Xe �1706.5 versus 316.9). The three substituents and the two nonbonding
electron pairs of Xe predict a pseudo-trigonal–bipyramidal arrangement and a
T-shaped molecular geometry.

C6F5BF2    +    XeF4
CH2Cl2,

−55°C

Xe

F

F

+F BF4
− ð4:259Þ

The fluorides and oxyfluorides of xenon are well recognized.1088–1090 Most of the
xenon fluorides and oxyfluorides react with Lewis acids to give the corresponding
cations. The following cations have been prepared and characterized spectroscopi-
cally: XeFþ,1091 XeF3

þ,1092 Xe2F3
þ,1041 XeF5

þ,1041 Xe2F11
þ,1093 XeOF3

þ,1092 and
XeO2F

þ,1092,1094 and [FO2XeFXeO2F]
þ.1094 XeFþ salts have widely been used for

oxyfluorination.73 The X-ray structure of XeFþ,1050,1095 Xe2F3
þ,1096–1098 XeF5

þ,1097

XeOF3
þ,1099 XeO2F

þ,1100 and [FO2XeFXeO2F]
þ1100 has been determined. Cations

containing the highly electronegative fluoro analog OTeF5 ligand, such as
XeOTeF5

þ,1101–1106 Xe2(OTeF5)3
þ,1104 O2XeOTeF5

þ,1107 [FnXe(OTeF5)3 – n]
þ

and [OXeFn(OTeF5)3 – n]
þ (n¼ 0–2)1107 have also been prepared and studied
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experimentally and theoretically. Additional examples are [F5TeN(H)
Xe]þAsF6

�,1108 [CF3C(OXeF)NH2]
þAsF6

�,1109 and various adducts such as
[RC�NXeF]þAsF6

�.1110 Recently, the XeOþ and XeOHþ ions have been observed
in the gas phase,1111 and the XeOOþ ion has been prepared and characterized in solid
argon matrix.1112

Cations of Xe bonded to nitrogen are [XeN(SO2F)2]
þMF� (MF¼AsF6,

Sb3F16),
1113 F[XeN(SO2F)2]2

þAsF6
�,1113 [F5TeN(H)Xe]

þAsF6
�,1114 [CF3C

(OXeF)NH2]
þAsF6

�,1115 and various adducts such as [RC�NXeF]þAsF6
� (R¼H,

Me, Et, CH2F, CF3, C2F5, C3F7, C6F5),
1116,1117 and [F3S�NXeF]þAsF6

�.1118 The
anion of [F5TeN(H)Xe]

þAsF6
� in the solid state forms a fluorine bridgewith theXe of

the cation [F5TeN(H)Xe]
þ (F–Xe�N¼ 171.6�).1114 The arangement of the Xe, Te,

and H atoms around the nitrogen is nearly tetrahedral. The salt [F3S�NXeF]þAsF6
�

synthesized by reacting XeFþAsF6
�withN�SF3was extensively characterized.

1118

Calculations predict a linear geometry of the cation; however, the actual geometry in
the crystal state is nonlinear (Xe�N�S bond angle¼ 142.6�), which is attributed to
closeNrF contacts in the unit cell and crystal packing. Calculations also reveal a very
weak Xe�N donor–acceptor interaction.

In contrast to the numerous examples discussed, only two chlorine-containing
xenon cations are known. Seidel and Seppelt1119 observed the formation of a blue
solution in the reaction shown in Eq. (4.260) containing Cl4

þ formed by oxidation.
Slow cooling of this solution resulted in the deposition of XeClþSb2F11

� as orange
crystals formed in the Cl/F exchange reaction. As predicted by ab initio calculations,
the Xe�Cl bond in the XeClþ cation corresponds to a Xe�Cl single bond (2.307A

�
)

and is much shorter than in any XeCl compounds. There is a cation–anion contact
forming an almost linear Cl�XerF array with a contact distance of 2.628A

�
.

−196°C to RT then
slow cooling to −30°C

XeF+ SbF6
−  +  SbCl5

HF−SbF5
XeCl+ Sb2F11

− ð4:260Þ

Frohn and coworkers have obtained the unique chloroniumcation 374,1120which is
the first unambiguously characterized xenon(II) chlorine compound [Eq. (4.261)].
There is no strong contact between cation 374 and the anion in the solid state. The two
C�Xe�Cl contacts are linear (bond angles¼ 176.0 and 178.8�) with shorter C�Xe
(2.111 and 2.116A

�
) and longer Xe�Cl (2.784 and 2.847A

�
) bond lengths. The

Xe�Cl�Xe bond angle is 116.96�.

CH2Cl2, −78°C
2 C6F5Xe+ AsF6

−

374

C6F5Xe

C6F5Xe

Cl+ AsF6
− +  6Me3SiF  +  AsCl3  +  Cl2

ð4:261Þ
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Similarly to xenon fluorides, krypton fluorides give cations KrFþ and Kr2F3
þwith

Lewis acids.1047,1121,1122 As mentioned earlier, cation salts Kr2F3
þSbF6

� and
Kr2F3

þAsF6
� are capable of oxidizing bromine pentafluoride to BrF6

þ cation 339.
The crystal structure of both cations has been obtained.872,1123 In the solid state, the
KrFþ ion has an interesting feature that is not observed forXeFþ salts: there is a small,
but significant deviation from linearity of the F�KrrF moiety (175.4–177.9�).1047

The KrOn
þ (n¼ 1, 2) ion has been shown to be a stable species in the gas phase.1124

[RC�NKrF]þAsF6
� adducts1117 aswell as [HC�NKrF]þAsF6

�1125withKr�Nbond
in the cations were also prepared and characterized.

Cations of the lighter noble gases (He, Ne, Ar) have been observed in the gas phase
and studied theoretically.1126–1128 Koch and Frenking1129 have calculated the struc-
tures and stabilities of He2O

2þ, He2N
2þ, and He2C

2þ dications, and Radom and co-
workers1130 found (ab initio studies at the MP4/6-311G** level) that the trihelio-
methyl trication (He3C

3þ) and tetraheliomethane tetracation (He4C
4þ) should be

experimentally observable. Olah, Prakash, and Rasul1131 have found that both the Cs

symmetry structureof thehelionitronium trication (HeNO2
3þ) and theC¥v structure of

helionitrosonium trication (HeNO3þ) are minima on the potential energy surface (ab
initio MP2/6-31G** level). In the trication HeNO2

3þ, oxygen is strongly bonded to
helium. Dissociation of the trication to NOþ and OHe2þ is thermodynamically
preferred by 183.1 kcalmol�1, but dissociation has a kinetic barrier of 12.4 kcal
mol�1. Recent multireference configuration interaction (MRCI) studies1132 have
shown that the triplet state of C2v symmetry with He binding to the N atom is the
ground state for the helionitronium trication (HeNO2

3þ).
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CHAPTER 5

Superacid-Catalyzed Reactions

In discussing superacids as catalysts for chemical reactions,wewill reviewboth liquid
(Magic Acid, fluoroantimonic acid, etc.) and solid (Nafion-H, etc.) acid-catalyzed
reactions, but not those of conventional Friedel–Crafts-type catalysts. The latter
reactions have been extensively reviewed elsewhere (see G. A. Olah, Friedel–Crafts
Chemistry, Wiley, New York, 1972; G. A. Olah, ed., Friedel–Crafts and Related
Reactions, Vols. I–IV, Wiley-Interscience, New York, 1963–1965).

As already mentioned and shown, considerable experimental and theoretical
evidence has been collected over the last decades, which supports the idea of
superelectrophilic activation, that is, protosolvation1,2 or de facto protonation of
cationic intermediates.3–5 Examples of superelectrophiles as highly reactive dica-
tionic (doubly electron-deficient) and tricationic intermediates were discussed in
Chapter 4.

The success of carbocation chemistry lies in the stabilization of carbocations in a
medium of low nucleophilicity. Superelectrophiles, in turn, are reactive intermediates
generated by further protonation (protosolvation). This second protonation increases
electron deficiency, induces destabilization, and, consequently, results in a profound
increase in reactivity. In particular, charge–charge repulsive interactions6 play a
crucial role in the enhanced reactivity of dicationic and tricationic superelectrophilic
intermediates. As various examples of acidity dependence studies show, without an
appropriate acidity level, transformationsmay occur atmuch lower rate or even do not
take place at all. In addition to numerous examples of superacid catalyzed reactions,
various organic transformations, in which the involvement of superelectrophilic
intermediates is invoked or superelectrophiles are de facto observed in the condensed
state, are also included in this chapter.

5.1. CONVERSION OF SATURATED HYDROCARBONS

Solid and liquid acid-catalyzed hydrocarbon conversions involve by far the largest
amount of catalysts and largest economic efforts in oil refining and chemical

SuperacidChemistry, SecondEdition, GeorgeA.Olah,G.K. Surya Prakash, �Arp�adMoln�ar, and Jean Sommer
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industry.7–9 Saturated hydrocarbons are the main components of natural gas and
crude oil, which play presently an absolute key role in world economy as the number
one source not only of energy but also of chemical feedstock covering our daily
needs.

At the endof the 1800s, saturated hydrocarbons (paraffins) played only aminor role
in industrial chemistry.Theyweremainlyusedas a source ofparaffinwaxaswell as for
heating and lighting oils. Aromatic compounds such as benzene, toluene, phenol, and
naphthalene obtained from destructive distillation of coal were the main source of
organicmaterials used in the preparation of dyestuffs, pharmaceutical products, and so
on. Calcium carbide-based acetylene was the key starting material for the emerging
synthetic organic industry. It was the ever-increasing demand for gasoline after the
First World War that initiated study of isomerization and cracking reactions of
petroleum fractions. After the Second World War, rapid economic expansion neces-
sitated more and more abundant and cheap sources for chemicals and this resulted in
the industry switching over to petroleum-based ethylene as the main source of
chemical raw material. One of the major difficulties that had to be overcome is the
low reactivity of some of the major components of the petroleum. The lower boiling
components (up to 250�C) are mainly straight-chain saturated hydrocarbons or
paraffins, which, as their name indicates (parum affinis: slight reactivity), have very
little reactivity.Consequently, the lower paraffinswere cracked to giveolefins (mainly
ethylene, propylene, and butenes). The straight-chain liquid hydrocarbons have also
very lowoctane numbers, whichmake them less desirable as gasoline components. To
transform these paraffins into useful components for gasoline and other chemical
applications, they have to undergo diverse reactions such as isomerization, cracking,
or alkylation. These reactions, which are used on a large scale in industrial processes,
necessitate acidic catalysts (at temperatures around100�C)or noblemetal catalysts (at
higher temperature, 200–500�C) capable of activating the strong covalent C�H or
C�C bonds.10

Despite worldwide trends toward severe environmental legislation, the use of such
acids as HF and H2SO4 is still in effect because of their high activity at low
temperature. But simultaneously a huge effort has been and is still currently underway
to develop solid or supported strong acids, which are easier to handle and to recycle.
This trend is reflected by the impressive number of patents, special issues, and reviews
devoted to this subject.11–16

The preparation of new solid acids, their characterization, mechanistic studies,
and theoretical approaches to understand the fundamental aspects of acid-catalyzed
hydrocarbon conversion constitute a very large fraction of the topics discussed
in the last decade in all journals related to catalysis and physical chemistry.
However, in contrast with liquid-acid-catalyzed activation processes, many fun-
damental questions concerning the initial step, the true nature of the reaction
intermediates, and the number of active sites remain open for discussion. For this
reason, the results obtained in liquid-superacid-catalyzed chemistry, which can be
rationalized by classical reaction mechanisms, supported by the usual analytical
tools of organic chemists, represent the fundamental basis to which scientist in the
field refer.
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Since the early 1960s, superacids are known to react with saturated hydrocarbons,
even at temperatures much below 0�C. This discovery initiated extensive studies
devoted to hydrocarbon conversions.

5.1.1. Sigma-Basicity: Reversible Protonation or Protolysis of C�H
and C�C Bond

The fundamental step in acid-catalyzed hydrocarbon conversion processes is the
formation of the intermediate carbocations. Whereas all studies involving isomeriza-
tion, cracking, and alkylation reactions under acidic conditions (Scheme 5.1) agree
that a trivalent carbocation (carbenium ion) is the key intermediate, the mode of their
formation of this reactive species from the neutral hydrocarbon remained controver-
sial for many years.

Due to the unclear picture concerning the initial step in hydrocarbon conversion on
solid acids, generallyoneof fourpathwayscanbe found in the literature: protolysis (1),
hydride abstraction by an already existing carbenium ion (2), hydride abstraction by a
Lewis acid (M) (3), and oxidation (4) (Scheme 5.2).

In 1946 Bloch, Pines, and Schmerling17 observed that n-butane (1) isomerizes to
isobutane (2) under the influence of pure aluminum chloride only in the presence of
HCl. Theyproposed that the ionization step takes place through initial protolysis of the
alkane as evidenced by formation of minor amounts of hydrogen in the initial stage of
the reaction [Eq. (5.1)].

CH3CH2CH2CH3   +   HCl CH3CHCH2CH3  AlCl4
−   +   H2

1                                                                  3

AlCl3 +

ð5:1Þ

The first evidence of protonation of alkanes under superacid conditions has been
reported by Olah and Lukas18 as well as by Hogeveen and co-workers.19,20

R H
acid

R+

isomerization

cracking

alkylation−homologation

Scheme 5.1

RH   +   "H+"                              R+   +   H2                                 (1)

RH   +   R'+                              R+   +   R'H                   (2)

M   +   RH                              R+   +   MH                     (3)

RH                            R+   +   "H+"                                 (4)
− 2 e−

Scheme 5.2
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When n-butane 1or isobutane 2was reactedwithHSO3F�SbF5 (MagicAcid), tert-
butyl cation 4 was formed exclusively [Eq. (5.2)] as evidenced by a sharp singlet at
4.5 ppm (from TMS) in the 1H NMR spectrum. In excess Magic Acid, the stability of
the ion is remarkable and the NMR spectrum of the solution remains unchanged even
after having been heated to 110�C.

CH3CH2CH2CH3 (CH3)3C+ SbF5FSO3
−  +  H2

1                                         4                                       2

HSO3F−SbF5

RT

HSO3F−SbF5
(CH3)3CH

ð5:2Þ
It was also shown21 that the tert-butyl cation 4 undergoes degenerate carbon

scrambling at higher temperatures (see Chapter 3). A lower limit of Ea� 30 kcal
mol�1was estimated for the scrambling process,which could correspond to the energy
difference between tert-butyl cation 4 and primary isobutyl cation 5 (the latter being
partially delocalized).

H3C

CH

H3C

CH2

+

5

n-Pentane and isopentane are ionized under the same conditions to the tert-amyl
cation. n-Hexane 6 and the branched C6 isomers ionize in the same way to yield a
mixture of the three tertiary hexyl ions [Eq. (5.3)] as shown by their 1H NMR spectra.

6

HSO3F−SbF5
n-C6H14 +                                   

++
+                       +

ð5:3Þ
Both methylcyclopentane and cyclohexane were found to give the methylcyclo-

pentyl ion, which is stable at low temperature, in excess superacid.22 When alkanes
with seven or more carbon atoms were used, cleavagewas observedwith formation of
the stable tert-butyl cation 4. Even paraffin wax (see Section 2.2.2.2 on Magic Acid)
and polyethylene ultimately gave the tert-butyl cation 4 after complex fragmentation
and ionization processes.

In compounds containing only primary hydrogen atoms such as neopentane 7
[Eq. (5.4)] and 2,2,3,3-tetramethylbutane, a carbon–carbon bond is broken rather than
a carbon–hydrogen bond.23

7

CH3 C

CH3

CH3

CH3 CH4     +     (CH3)3C+

4

H+

ð5:4Þ
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Results of protolytic reactions ofhydrocarbons in superacidmediawere interpreted
by Olah as indication for the general electrophilic reactivity of covalent C�H and
C�C single bonds of alkanes and cycloalkanes. The reactivity is due to the s-donor
ability of a shared electron pair (of s-bond) via two-electron, three-center bond
formation. Consequently, the transition state of the reaction, is of three-center bound
pentacoordinate carbonium ion nature [Eq. (5.5)].

H

H

+

R3C+   +   H2R C

R

R

H
H+

R C

R

R

ð5:5Þ

5.1.1.1. Deuterium–Hydrogen Exchange Studies. H/D exchange between
alkanes and strong or superacids have proven very useful for mechanistic investiga-
tions. Already in the early 1970s, monodeuteromethanewas reported to undergoH–D
exchange without detectable side reactions in the HF�SbF5 system24 [Eq. (5.6)].
d12-Neopentane, when treated with Magic Acid, was also reported to undergo H–D
exchange before cleavage.25

+

CH4   +   DF−SbF5HF−SbF5   +   CH3D H3C

H

D

ð5:6Þ

Based on the demonstration of H–D exchange of molecular hydrogen (and
deuterium) in superacid solutions, Olah et al.26 suggested that these reactions go
through trigonal isotopic H3

þ ions (8, 9) in accordance with theoretical calculations
and IR studies.27

H

HD

H

DD

+                   +

8                   9

Consequently, the reverse reaction of protolytic ionization of hydrocarbons to
carbenium ions—that is, the reduction of carbenium ionbymolecular hydrogen28,29—
can be considered as alkylation of H2 by the electrophilic carbenium ion through a
pentacoordinate carbonium ion. Indeed, Hogeveen and Bickel have experimentally
proved this point by reacting stable alkyl cations in superacids with molecular
hydrogen [Eq. (5.7)].

R3C+   + R3C

H

H

+

R3CH   +   H+
H

H

ð5:7Þ
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However, due to competitive reaction pathways the reaction of small alkanes yields
a quite complex product distribution (Schemes 5.2 and 5.3). Especially hydride
transfer to the initially formed carbenium ions [reactions (2) and (3) in Scheme 5.2]
makes it difficult to study the initial steps.

However, if the reactions are run in the presence of carbon monoxide the initially
formed carbenium ions are trapped as oxocarbenium ions, which do not initiate
hydride abstraction [Eq. (5.8)].

R+   +   R'+   +   2 CO                         RCO+   +   R'CO+ ð5:8Þ

By using this technique, Sommer and his group reinvestigated the H–D exchange
reaction occurring between small alkanes and deuteriated superacids and showed that
the reaction depended not only on the structure of the alkane but also verymuch on the
superacid system.30,31

Methane. Methane is abundant on earth. It is the major component of natural gas8

and is produced on short time scale by biological conversion of biomass.32 During the
last decades much effort has been expended to the challenge of converting methane
into useful products.33–38 One of the approaches is the electrophilic activation, which
relies on the s-basicity of the C�H bond—that is, its ability to react with strong
electrophiles.39 In liquid superacids, Hogeveen and co-workers24,40 and Olah and
co-workers23,25 have observed protium/deuterium exchange with methane and the
methonium ion was suggested as an intermediate or transition state.

The methonium ion (CH5
þ) was first discovered in the mass spectrometer.41,42 A

number of theoretical studies have shown its shallow potential energy surface43–47

(see also Section 3.5.1.1).
The eclipsed Cs conformer [Cs(e), Figure 5.1] is now accepted as being the lowest

on the potential energy surface, although the barriers for rearrangements are extremely
small. The barrier for methyl rotation to a staggered Cs conformation [Cs(s)] is about
0.1 kcal mol�1, and the exchange between two eclipsed Cs structures via a flip-
transition state with C2v symmetry is about 0.8 kcalmol�1. Addition of zero-point
energy suggests that the energy difference is almost negligible.43 A recent high-
resolution infrared spectrum in the gas phase seems to confirm that the parent
alkonium ion CH5

þ is highly fluxional and that its structure is not described by a
single nuclear configuration, although any assignment of peaks was not possible.48

RH   +   "D+"                              RD   +   H+                                             (1)

R−R'   +   H+                              RH   +   R'+                                             (2)

RH   +   SbF5                              R+   +   "H+"   +   2 F−   +   SbF3           (3)

Scheme 5.3
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Methane and ethane, the weakest s-bases, which are extremely difficult to ionize,
will exchange hydrogens without side reaction in any acid having anH0 value of�12
or below.

Methane is slightly soluble in HF–SbF5 even at atmospheric pressure (0.005 M),
which facilitates direct kinetic studies byNMR. Thus the transition states formethane
activation in this medium have been studied experimentally by Ahlberg et al.49 The
first-order rate constants [Eqs. (5.9) and (5.10)], determined experimentally on the
basis of 2H -decoupled600-MHz 1HNMRtime-dependent spectra (Figure5.2), are on
the order of 3.2� 10�4 s�1 at �20�C and show a secondary kinetic isotope effect
(SKIE) of 1� 0 02.

13C1H4  +  2HF−SbF5                    13C1H3
2H  +  1HF−SbF5

4 ka ð5:9Þ

12C1H3
2H  +  2HF−SbF5                    12C1H2

2H2  +  1HF−SbF5

3 kb ð5:10Þ

12C1H2
2H2  +  2HF−SbF5                    12C1H2H3  +  1HF−SbF5

2 kc ð5:11Þ

12C1H2H3  +  2HF−SbF5                    12C2H4  +  1HF−SbF5

kd ð5:12Þ

By using the reagent pairs 13CH4=
12CH3D and 13CH4=

12CH2D2 as starting
materials, the first-order rate constants of all isotopologs were obtained and the
secondary kinetic isotope effects were estimated to be around 1.00� 0.05. Because
these results were surprising in view of the expected dramatic structural change in
going frommethane to the presumedmethonium ion-like activated complex, DFTand
ab initio methods were used to optimize the structures and energies of the inter-
mediates and transition states at various levels of theory. Protonation of methane by
H2F

þ to yield the strongly HF-hydrogen-bonded CH5
þ ion 10 was found to be

barrierless and lowered the potential energy by 29.0 kcal mol�1. The activated
complex 11 for hydrogen exchange showed a potential energy of only 1.9 kcalmol�1

Figure 5.1. Calculated conformations of the methonium ion CH5
þ.
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higher than 1, the exchange taking place in the complex. Themethonium ion structure
in 10 and 11 is closely similar to the Cs structure in CH5

þ.

H

C

HH

H

H

+
H

C

H
H

H

H

+
F

H

F H

10                                             11

‡

Only the unsolvated superacid H2F
þ was found to be strong enough to protonate

methane to yield the methonium ion solvated by HF as a potential energy minimum.
Similar calculations at the B3LYP/6-31þþG**þRECP (SB) level have been per-
formed byMota and colleagues50 using the H2F

þSb2F11
– cluster as an electrophile to

mimic the liquid superacid HF–SbF5 and C1�C4 alkanes.

Figure 5.2. 1H NMR spectra recorded at different reaction times for the 13CH4–
12CH3D

Deuterium-decoupled mixture (1:1 molar ratio) at �20�C.
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Figure 5.3. Deuterium-decoupled 1H NMR spectra during the reaction betweenmethane and a
mixture of DSO3F�SbF5 (41 mol%) at 30�C.

As methane is also slightly soluble in Magic Acid, the hydrogen exchange rate
between methane and a series of DSO3F–SbF5 superacids could be measured by in
situ 2H-decoupled 1H NMR spectroscopy (Figure 5.3).51 The rates of exchange,
much lower than in HF–SbF5, showed a strong dependence on antimony penta-
fluoride concentration, with the free energy of activation DGz

30�C decreasing from
23 to 20 kcal mol�1 over the range of concentration 19 to 49 mol% SbF5. The
constant free enthalpy of activation DHz (about 15.5 kcal mol�1) and the decreasing
entropy of activation DSz seem to indicate that an increase in acidity of the
superacid system does not substantially change the nature of the transition state
but rather its solvation. If the rates of exchange were directly related to acidity, the
activation energy measured in the temperature range of�25�C toþ 75�C appeared
to be constant, which would indicate that not the nature but only the concentration
of the protonating species was changing when the amount of SbF5 was increasing in
order to increase the acidity. No exchange was observed when pure HSO3F was
used in the same temperature range.

At temperatures above 270�C, H–D exchange occurs even in D2SO4.
52 Above

300�C, however, oxidation to CO takes place, which is then further oxidized to CO2

with the formation of SO2 and water [Eqs. (5.13) and (5.14)].

CH4  +  3 H2SO4                         CO  +  3 SO2  +  5 H2O ð5:13Þ

CO  +  H2SO4                         CO2  +  SO2  +  H2O ð5:14Þ
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Small AlkaneswithMore than TwoCarbonAtoms. Whereasmethane and ethane
show a very similar behavior towards superacidic media, alkanes with more than two
carbon atoms undergo amore complex reaction scheme inwhichC�HandC�Cbond
cleavage compete with reversible protonation. In order to follow the initial steps, it is
very useful to run the reaction in presence of carbon monoxide, which reacts rapidly
with the initially formed carbenium ions yielding stable oxocarbenium ions unable to
activate alkanes by hydride transfer.53

When isobutane (2) is contacted with HF–SbF5 at �10�C in the presence of
carbon monoxide, analysis of the reaction products both from the gas phase and
from the liquid phase can be rationalized by the two pathways described in
Scheme 5.4.30,54,55

The main pathway for ionization as expected is the protolytic cleavage of the
tertiary C�H bond producing stoichiometric amounts of tert-butyl cation and
hydrogen. The tert-butyl ion is converted into ethyl pivalate (12) after reaction with
CO and neutralization of the superacid with ethanol–bicarbonate mixture. The minor
pathway is C�C bond cleavage resulting in the formation of ethyl isobutyrate (13).
The fact that in earlier work the purely protolytic pathway was questioned23 has now
been explained on the basis of the composition of the HF–SbF5 system: When the
concentration of SbF5 exceeds 20% of HF, a small and increasing amount of
uncomplexed SbF5 is present, which participates in the activation by an oxidative
process (vide infra).56

The protolytic activation of the alkane is, however, only the apparent part of the
reaction as long as the alkane or the acid is not isotopically labeled. When HF is
replaced by DF and the isobutane–CO mixture is bubbled through the DF–SbF5 acid
(6:1 molar ratio) at�10�C, the apparent conversion based on ester or H2 formation is
only 4% but the 1H=2H NMR analysis of the apparently unreacted isobutane (96%)
shows extensiveH–Dexchange (18 atom%in the tertiaryposition and9atom%at each
primary position).30 The most plausible rationalization of hydrogen exchange is via
the formation of carbonium ions (here pentacoordinate transition states or inter-
mediates) as described in Eq. (5.15).

H

H

H

CO COOEt

H

Me H

CO EtOH

CO
CO

EtOH
COOEt

H+

+

+

+

+

+

+

H2

+

CH4

+

95%

5%

12

13

2

Scheme 5.4
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CH3 H

CH3

CH3

DF−SbF5

CH3 H

CH2

CH3

DH

CH3

CH3

CH3
H

D

H

CH3

CH3

H3C

D

+                                   +

+                                   +

+

"−D+"

2

ð5:15Þ
By selective labeling experiments, it has been shown that, in contrast with CH5

þ,
the proton scrambling does not occur in the isoC4H11

þ and C3H9
þspecies. Rather, the

exchange takes place between the alkane and the acid and not between the isotopolog
structures of the isoC4H11-XDx

þ and C3H9-XDx
þspecies57 [Eqs. (5.16) and (5.17)].

D3C H

CD3

CD3

HF−SbF5

D3C D

CD2H

CD3

ð5:16Þ

HF−SbF5

D3C CD3

HH

D3C CD2H

DH

ð5:17Þ

Under similar experimental conditions, propane is slightly ionized (2%conversion)
but extensively deuteriated when bubbled through DF–SbF5 in the presence of CO
(12 atom% in the primary position and 17 atom% in the secondary position). Skeletal
rearrangement in protonated propane via carbonium-ion-type intermediates has been
suggested several times based on results obtained with zeolites.58,59 This type of
rearrangement could be excluded as 13C-labeled propane, extensively deuteriated in
DF–SbF5, showed no 13C label scrambling.60

Isopentane is the smallest alkane in the series, having primary, secondary, and
tertiary hydrogens.Under similar conditions aspropaneand isobutane, isopentanewas
partially ionized in DF–SbF5 at �10�C (10% conversion); the recovered 90% of
alkane showed extensive deuterium/proton exchange (12 atom% of the primary,
16 atom% of the secondary, 19 atom% of the tertiary hydrogens were exchanged as
expected in accord with their relative s-basicity).61

From these experiments, some general conclusions can be drawn concerning the
behavior of small alkanes in the strongest HF–SbF5 system. (1) The reversible
protonation of the alkanes (i) is very fast in comparison with the ionization step;
(ii) it takes place on all s-bonds independently of the subsequent reactivity of the
alkane; (iii) it involves carbonium ions (transition states), which do not undergo
molecular rearrangements. (2) Protonation of an alkane is a typical acid–base reaction
and carbon monoxide has no effect on this step.

The Oxidative Pathway. For a long time, one of the difficulties in understanding
the mechanism of the superacid-catalyzed transformations of alkanes was that no
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stoichiometric amount of hydrogen gas evolution was observed from the reaction
mixture. This led to a controversy, which was only solved in the early 1990s.

Onemechanism thatwas proposed involves direct hydride abstraction by theLewis
acid62 [Eq. (5.18)].

RH   +   2 SbF5 R+ SbF6
−   +   SbF3   +   HF ð5:18Þ

Olah, however, pointed out that if SbF5 would abstract H
�, it would need to form

SbF5H
� ion involving an extremely weak Sb�H bond compared to the strong C�H

bond being broken.63 Calculations based on thermodynamics64 also seemed to
indicate that the direct oxidation of alkanes by SbF5 was not feasible. Hydrogen is
generally assumed to be partially consumed in the reduction of one of the superacid
components [Eqs. (5.19) and (5.20)].

2 HSO3F  +  H2 SO2  +  H3O+  +  HF  +  SO3F−             ∆H= −49 kcal mol-1 ð5:19Þ

SbF5  +  H2 SbF3   +   2 HF  ∆H= −33 kcal mol-1 ð5:20Þ

It could, however, be shown30 that the amounts of hydrogen and ester obtained in
the presence of CO from isobutane in HF–SbF5 are stoichiometric only as long as the
SbF5 concentration is lower then 20%. For higher concentrations the ester production
increases steadily whereas hydrogen formation decreases. Competition between
ionization and exchange is described in Scheme 5.5.

CH3 H

CH3

CH3

DF−SbF5

CH3 H

CH2

CH3

DH

CH3

CH3

CH3
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CH3

CH3

H3C
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+                                     +

+                                        +

+
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Scheme 5.5
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Figure 5.4. Isobutane conversion based on ethyl pivalate production (&) compared with
hydrogen production (�) (60min time-on-stream).30

An increasing amount of esters is accompanied by a decreasing amount of H2

concomitantwith reduction of SbF5 to SbF3 (Figure 5.4). TheH–Dexchange on tertiary
andprimaryhydrogens as a functionof the concentrationofSbF5 is shown inFigure5.5.

The same phenomenonwas observed61 with propane (Figure 5.6) and isopentane
(Figure 5.7): above 20 mol% of SbF5, reversible protonation and protolytic
ionization decrease rapidly whereas the conversion of the alkane with concomitant
reduction of SbF5 increases. H–D exchange data observed in small alkanes are
collected in Table 5.1.

Thedirect reductionofSbF5 in the absenceof hydrocarbonsbymolecular hydrogen
necessitates, however, more forcing conditions (50 atm, high temperature), which
suggests that theprotolytic ionizationofalkanes proceedsprobablyvia solvationof the
protonated alkane by SbF5 and concurrent ionization–reduction.

63 That SbF5 could be
reduced by alkanes even in the absence of protons was demonstrated by Culmann and
Sommer56who showed that SbF5 reactswith isobutane at 0

� in the presence of a proton
trap according to Eq. (5.21).

CH3 H

CH3

CH3

H3C
C

CH3

O

+
SbF5

CH3

C
H3C

CH3

+ H3C
C

CH3

O

+                     +   SbF3   +   F−

H+

ð5:21Þ
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Figure 5.6. H�D exchange and conversion of propane reacted with DF�SbF5 at various SbF5
concentrations.61
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Table 5.1. H–DExchangeObserved in Small Alkanes UponReactionwithDF�SbF5
61

SbF5,
Exchange (atom %)b on

Alkane mol% in DFa Primary C�H Secondary C�H Tertiary C�H

Propane 12 12.0 16.5
1d 1.38

n-Butanec 12.7 28.1 38.9
1 1.38

Isobutanee 12.7 7.7 17.5
1 2.27

Isopentane 12.4 12.1 16.2 19.3
1 1.34 1.60

aMol % determined by weight (�% of the indicated value).
bDetermined by 1H and 2H NMR (� 3% of the indicated value).
cSee ref. 65 for a complete study.
dAll numbers in italic are normalized to the exchange in the primary position.
eSee ref. 30 for a complete study.
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Figure 5.7. Isopentane conversion compared to hydrogen production.61
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This direct oxidation generates itself a proton and is probably only aminor pathway
under superacidic condition where, in the absence of the proton trap, protolysis of the
C�HandC�Cbond occurs very rapidly. Themechanism ismost probably of electron
transfer nature as suggested in Eq. (5.22) and (5.23)

SbF5   +   2 e−                              SbF3
+   +   2 F− ð5:22Þ

RH                               R+   +   "H+"
− 2 e− ð5:23Þ

Small Alkanes with More than Two Carbon Atoms in Weaker Superacid
Systems. As already observed for methane (vide supra), with decreasing acidity
it becomesmore andmore difficult to protonate reversibly C�Hbonds. Nevertheless,
when alkanes with more than two carbon atoms are used as starting material,
carbenium ions are generated by competitive protolytic and oxidative processes.
Depending on the strength of the superacid system, proton exchange can take place by
two competitive reactions: (i) directly via reversible protonation and (ii) via
deprotonation of the carbenium ion and reprotonation of the alkene.

Whereas the importance of the exchange mechanism via route (i) is rapidly
decreasing with decreasing acidity, route (ii) is facilitated by the increasing basicity
of the superacid counterion.

For this reason whenMagic Acid (HSO3F–SbF5, 1:1 molar ratio) is used under the
same experimental conditions as above at room temperature, isobutane undergoes
very slow ionization and the formation of the tert-butyl ion can be monitored.
However, recovered isobutane shows no exchange because the reversible protonation
via carbonium ion transition state does not take place and because the tert-butyl ion,
stable in this solution at room temperature, does not deprotonate.

When still weaker superacids are used, such as HSO3F (H0¼�15) or CF3SO3H
(H0¼�14), linear alkanes do not react at room temperature, but branched alkanes are
ionized via an oxidativeprocess involving the reactive tertiaryC�Hbond. The tertiary
cations that are generated undergo reversible deprotonation to alkenes that are
reprotonated. This process ends when hydride transfer occurs from unreacted iso-
alkane; but, when deuteriated acids are used, it leads to isoalkanes extensively and
regioselectively deuteriated on the carbons vicinal to the branching carbon. This
exchange process is similar to the one observed by Otvos et al.66 in the early 1950s
while studying the deuteriation of isobutane in D2SO4 as described in Scheme 5.6.

Because the reaction is catalytic in tert-butyl cation and the deprotonation/
reprotonation steps are very fast, extensive regioselective deuteriation of the
isoalkane is observed at room temperature as shown by GC–MS analysis. The
absence of mass 68 (d10-isobutane) and the presence of mass 64 due to SO2

formation in the oxidative process are typical features in accord with the oxidative
activation of the alkane and the Markovnikov-type addition of deuterons on the
intermediate isobutylene (14). However, the exchange process does not take place in
the presence of carbon monoxide, which traps the tert-butyl cation and prevents
deprotonation (Scheme 5.7).
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Alkanes and Strong Solid Acids. Since the early reports by Nenizetscu and
Dragăn67 on alkane isomerization on wet aluminum chloride in 1933, all
mechanistic studies have led to a general agreement on the carbenium-ion-type
nature of the reaction intermediates involved in acid-catalyzed hydrocarbon
conversions. In contrast with this statement, the nature of the initial step is still
under discussion and a variety of suggestions can be found in the literature among
which direct protolysis of C�H and C�C bonds, protonation of alkenes present as
traces, and oxidative activation are the most often quoted.54,55

Solid acids aregenerallyoxides containingvariousOHgroups,whichmay function
as proton donors. The deuteriation of these OH groups allows mechanistic isotope
tracer studies. Monitoring the appearance and localization of the isotope in the alkane
activated by the solid acids will provide interesting information on the reaction
mechanism.H–D exchange of theOHgroups occurs readily atmoderate temperatures
below200�Cwhen the solid is exposed toD2Oor at higher temperatures (500�C) in the
presence of D2.

When isoalkanes are contacted with D2O-exchanged solid acids such as zeolites,
sulfated zirconias, or heteropoly acids, proton–deuteriumexchange takesplace slowly
even at room temperature; but above 100�C the catalysts are rapidly depleted of
their deuterons, which are recovered in the alkane.54,55 This exchange process is
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regioselective because only hydrogens vicinal to the branched carbon are exchanged
in accord with a mechanism very similar to the one observed in H2SO4 and in weak
acids (Scheme 5.8).

Linear alkanes,which are known tobe less reactive, also undergoH–Dexchangeby
the same mechanistic scheme at slower rates at and above 150�C.54,55 This exchange
reaction occurs in a very clean way because no side products from cracking and
isomerization are observed. The cations that are adsorbed on the surface are prone to
deprotonation, but the alkenes that are formed are rapidly reprotonated before
substantial oligomerization can take place.

The occurrence of carbenium ions as reaction intermediates is strongly supported
by the observation that the isotopic exchange can be totally suppressed in the presence
of carbon monoxide.68 Furthermore, trapping of the intermediate carbenium ions by
CO and water has been observed by insitu NMR spectroscopy when isobutane, water,
and CO reacted on HZSM-5 zeolite to form pivalic acid.69,70 Regarding the small
conversion, only a limited number of acid sites are suggested to be strong enough for
the initial protolytic activation to take place.

Methane does not react with D2O-exchanged solid acids at temperatures below
400�C. The H–D exchange has, however, been observed on sulfated zirconia (SZ) at
400�C.71 When the stronger acid SZA3 (sulfated zirconia doped with 3% Al2O3) is
used,72 the exchange rates are substantially higher.71 In the presence of D2O-
exchanged zeolites, the H–D exchange process can only be measured at temperatures
as high as 500�C or higher.73

Theoretical Approaches. Computer modeling is an increasingly fruitful tool in
catalysis, and several research groups have attempted to rationalize high carbon
conversion over zeolites from a theoretical point of view. The main problem to be
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solved is the choice of a model (generally a small cluster) representative of the
zeolite framework.

Both the carbenium ion and carbonium ion transition states have been investigated.
In the presence of the oxygen lone pairs, it is clear that the most stable reaction
intermediateswill not be free carbenium ionbut surface alkoxygroups.Thegeneration
of these alkoxy species from alkenes has been demonstrated by Haw et al.74 The
structure of the transition state of the H–D exchange process in methane has been
calculated by van Santen and Kramer75 to be symmetrical with essentially covalent
bond sharing character (Figure 5.8).

Bymodifying the proton affinity, the authors76 could demonstrate the dependence
of the exchange rate on the proton affinity of the zeolite cluster, relating the activity
of the catalyst with its acidity. The activity of the catalyst was found to be determined
by the acidity differences between the proton donating and proton accepting oxygen
sites. The calculated energy of activation is close to the experimentally determined
values of approximately 33.5 kcal mol�1 with an uncertainty of 5 kcal mol�1.76

Restudying the mechanism of hydrogen exchange between methane and H-USY
and replacing the bare cluster by an accurate ab initio embedded cluster, including
the Madelung potential, Vollmer and Truong77 found that the transition state had
carbonium-like characteristics from both geometric and electron density considera-
tions. Using the CCSD(T)/6-31G(d,p) level of theory including zero-point energy
and tunneling, the activation energy was predicted to be 30� 1 kcalmol�1 and
34� 1 kcal mol�1 for hydrogen exchange from two different binding sites.

It is interesting to compare this transition state in the solid with the one calculated
from the HF–SbF5 system. In the liquid superacid, the ionic character is very strong
and it is easier to connect the reactivity with the unusual activity of the proton even
when solvated by the HF solvent. In contrast, on the solid the theoretical calculated
transition state is further away from the carbonium ion type and in line with the much
higher temperatures needed to activate the alkane with weaker acids.
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Figure 5.8. Calculated transition state geometry for H�D exchange between a zeolite cluster
and methane.
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5.1.2. Electrochemical Oxidation in Strong Acids

The protolytic oxidation of alkanes is also strongly supported by electrochemical
studies. In 1973, Fleischmann, Plechter, and co-workers78 showed that the anodic
oxidation potential of several alkanes in HSO3F was dependent on the proton donor
ability of the medium. This acidity dependence shows that there is a rapid protonation
equilibrium before the electron transfer step and it is the protonated alkane that
undergoes oxidation (Scheme 5.9).

The electrochemical oxidation of lower alkanes in the HF solvent system has been
investigated by Devynck and co-workers79 over the entire pH range. Classical and
cyclic voltammetry show that the oxidation process depends largely on the acidity
level. Isopentane (15, 2-methylbutane, 2MeBuH), for example, undergoes two-
electron oxidation in HF–SbF5 and HF–TaF5 solutions

80 [Eq. (5.24)].

2MeBuH                              2MeBu+    +     H+

15

−2 e− ð5:24Þ

In thehigher-acidity region, the intensity–potential curve shows twopeaks (at 0.9 V
and 1.7V, respectively, versus the Ag/Agþ system). The first peak corresponds to the
oxidation of the protonated alkane and the second the oxidation of the alkane itself.

The chemical oxidation process in the acid solution [Eq. (5.25)] can be considered
as a sum of two electrochemical reactions [Eqs. (5.26) and (5.27)].

RH     +     H+                              R+     +     H2 ð5:25Þ

2 H+     +     2 e−                              H2          (E0      )H+/H2
ð5:26Þ

RH                            R+     +     H+     +     2 e−          (E0        )R+/RH ð5:27Þ

The chemical equilibrium [Eq. (5.25)] is characterized by the constant K1

[Eq. (5.28)]. With the experimental conditions set to control pH2 , the acidity level
and Rþ concentration, [RH] can be evaluated from voltammetric results andK1 can be
determined.

K1 ¼ ½Rþ�pH2

½RH�½Hþ� and RA ¼ ½Rþ�
½RH� ¼

K1

pH2

� ½Hþ� ð5:28Þ

However, when log RA is plotted as a function of pH, the authors noticed that in the
case of 2MeBuH below pH¼ 1.25, the ratio becomes pH-independent (Figure 5.9).

R H RH2
+

HSO3F
R+

RH

CO

CH3COO−

oligomers

acids

esters

Pt anode

Scheme 5.9
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Thus, at a higher acidity level, another equilibriummust be taken into account, which
is the protonation of the alkane [Eq. (5.28)] with constant K2 [Eq. (5.30)], and the
oxidation reaction becomes pH-independent [Eq. (5.31)].

RH     +     H+                              RH2
+ ð5:29Þ

K2 ¼ ½RHþ
2 �

½RH�½Hþ� ð5:30Þ

RH2
+                     R+     +     H2 ð5:31Þ

The acidity level at point A is representative of the basicity of the hydrocarbon: If
KA is the acidity constant of theprotonatedalkane, thenpHA¼ pKA.On theother hand,
as the redox reactions [Eqs. 5.26 and 5.27] are combined in Eq. 5.25, the equilibrium
constant K1 is related to the standard potentials of redox couples Rþ/RH and Hþ/H2

according to Eq. (5.32).

2:3RT

2F
logK1 ¼ E0

Hþ=H2
� E0

Rþ=RH ð5:32Þ

BecauseK1 can be determined experimentally and the oxidation potential of Hþ/H2

is known in the acidity range, oxidation potential can be calculated. This allowed the
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authors to plot the B–D part of the potential–acidity diagram versus the Hþ/H2 system
as shown in Figure 5.10 for isopentane (15, 2MeBuH). The diagram shows that
oxidation of the alkane (2MeBuH) byHþ gives the carbocation only at pHvalues below
5.7. In the stronger acids (pH< pHA), it is the protonated alkane which is oxidized. At
pH values higher than 5.7, oxidation of isopentane gives the alkane radical that
dimerizes [Eqs. (5.33) and 5.34] or is oxidized in a pH-independent process [Eq. 5.35].

2MeBuH                      2MeBuH+                      2MeBu     +     H+

−e
15

ð5:33Þ

2 2MeBu                      (2MeBu)2 ð5:34Þ

2MeBu                      2MeBu+
−e ð5:35Þ

An interesting point is the intersection pointR at which crossover of theHþ/H2 and
the Rþ/RH systems occurs. From this acidity level onwards, RH is oxidized sponta-
neously into Rþ.

This potential–acidity diagram (Pourbaix’s type) has been determined for a large
series of alkanes.79 All of these results indicate two types of oxidation mechanism of
the C�H bond: (i) oxidation of alkanes into carbenium ion at high acidity levels and
(ii) oxidation of alkanes into radicals at low acidity levels.

Using isopentane 15 as a reference alkane, the authors calculated the Gibbs free
energy between the redox couples of various alkanes and the 2MeBuH/2MeBuþ

couple. This leads to the standard potential of the alkane redox couples in HF
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Figure 5.10. Potential–acidity diagram of isopentane 15 (2MeBuH) versus the hydrogen
electrode system (pH2¼ 1 atm).79
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Table 5.2. Standard Potential of Redox Couples of Alkanes in HF
(at H0��22.1) and Acidity Levels of Oxidation (pHR in HF).79

Alkane E0
Rþ=RH pHR

CH4 1.15 �34
C2H6 0.70 �17
C3H8 0.34 �4.3
n-C4H10 0.38 �5.6
isoC4H10 0.17 2.0
n-C5H12 0.37 �5.2
isoC5H12 0.15 2.7
neoC5H12 0.78 �21
n-C6H14 0.36 �5.0
2-Methylpentane 0.14 3.0
3-Methylpentane 0.16 2.4
2,2-Dimethylbutane 0.26 �1.5
2,3-Dimethylbutane 0.13 3.5

(at H0��22.1) (Table 5.2). The position of the redox couple Rþ/RH versus Hþ/H2

system leads to the determination of the oxidation pHor acidity level atwhich reaction
in Eq. (5.31) is quantitative.

These results are in agreement with the alkane behavior in superacid media and
indicate the ease of oxidation of tertiary alkanes. However, high acidity levels are
necessary for the oxidation of alkanes possessing only primary C�H bonds.

Once the alkane has been partly converted into the corresponding carbenium ion,
the carbenium ion may undergo various reactions following (a) intramolecular routes
such as skeletal rearrangement [Eq. (5.36)] and fragmentation [Eq. (5.37)] or
(b) intermolecular routes such as hydride transfer [Eq. (5.38)] and alkylation of
another alkanemolecule [Eq. (5.39)]. The specificity of someof these reactionswill be
discussed in the following sections.

+ +
ð5:36Þ

+         ++ H ð5:37Þ

+                                                           +
+ +

ð5:38Þ

CH3
+    + CH3 CH3 CH3 CH2 CH3 +    H+ ð5:39Þ
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In a subsequent study Devynck and co-workers81,82 studied the electrochemical
oxidation of alkanes and alkenes in triflic acid monohydrate. The acidity of
CF3SO3H �H2O was found to be intermediate between that of aqueous acid media
and superacidity. Alkanes undergo two-electron oxidation, whereas alkenes are
protonated to yield carbenium ions in this medium. In addition to various transforma-
tions characteristic of carbenium ions [Eqs. (5.36)–(5.38)], they undergo a reversible
disproportionation to give an alkane and an aldehyde [Eqs. (5.40)].

2 R+    +    H2O R'CHO   +   RH   +    2 H+ ð5:40Þ

5.1.3. Isomerization of Alkanes

Acid-catalyzed isomerization of saturated hydrocarbons was first reported in 1933 by
Nenitzescu and Dragăn.67 They found that when n-hexane was treted with aluminum
chloride under reflux, it was converted into its branched isomers. This reaction is of
major economic importance as the straight-chain C5–C8 alkanes are the main
constituents of gasoline obtained by refining of the crude oil. Because the branched
alkanes have a considerably higher octane number than their linear counterparts, the
combustion properties of gasoline can be substantially improved by isomerization.
Table 5.3 gives the octane number of a series of straight-chain and branched
hydrocarbons.

The isomerization of n-butane 1 to isobutane 2 is of great importance because
isobutane reacts under mild acidic conditions with olefins to give highly branched
hydrocarbons in the gasoline range. A substantial number of investigations have
been devoted to this isomerization reaction and a number of reviews are avail-
able.83–89 The isomerization is an equilibrium reaction that can be catalyzed by
various strong acids. In the industrial processes, aluminum chloride and chlorinated
alumina are the most widely used catalysts. Whereas these catalysts become active
only above 80–100�C, superacids are capable of isomerizing alkanes at room
temperature and below. The major advantage (besides energy saving) is that lower
temperatures thermodynamically favor the most branched isomers (Table 5.4).

During the isomerization process of pentanes, hexanes, and heptanes, cracking of
the hydrocarbon is an undesirable side reaction. The discovery that cracking can be
substantially suppressed by hydrogen gas under pressure was of significant impor-
tance. In our present-day understanding, the effect of hydrogen is to quench carbo-
cationic sites through five-coordinate carbocations to the related hydrocarbons, thus
decreasing the possibility of C�C bond cleavage reactions responsible for the acid-
catalyzed cracking.

The nucleophilic nature of the alkanes is also shown by the influence of the acidity
level on their solubility. Torck and co-workers90 have investigated the composition of
the catalytic phase obtained when n-pentane or n-hexane is thoroughly mixed with
HF–SbF5 in an autoclave under hydrogen pressure [Eq. (5.41)]. The total amount of
hydrocarbon in the catalytic phase (dissolved ions and neutrals) was obtained by
extraction with excess of methylcyclopentane. The amount of physically dissolved
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hydrocarbons was obtained by extracting the catalytic phase with Freon 113. The
amount of cations is calculated by difference. The results are shown in Figure 5.11.

RH    +    H+ Sb2F11
− R+ Sb2F11

−   +    H2 ð5:41Þ

The total amount of hydrocarbons increases from1.6%to14.6%inweightwhen the
SbF5 concentration varies from 0 to 6.8mol L�1. The amount of carbenium ions
increases linearly with the SbF5 concentration, and the solubility of the hydrocarbon
itself reaches amaximum for 5mol L�1 of SbF5. The apparent decrease in solubility of
the hydrocarbon at higher SbF5 concentration may be due to the rapid rate of
hydrocarbon protolysis, along with the change in the composition of the acid, causes
SbF6

� anions to be transformed into Sb2F11
� anions.

Isomerization of n-hexane 6 in superacid proceeds by three steps: formation of the
carbenium ion (step 1, Scheme 5.10), isomerization of the carbenium ion via hydride
shift, alkyde shift, and protonated cyclopropane (for the branching step) (step 2,

Table 5.3. Comparison of the Octane Numbers of Straight-
Chain and Branched Paraffinic Hydrocarbons85

Paraffinic Hydrocarbon Octane Number

n-Butane 94
Isobutane 100
n-Pentane 63
2-Methylbutane 90
2,2-Dimethylpropane (neopentane) 116
n-Hexane 32
2-Methylpentane 66
3-Methylpentane 75
2,2-Dimethylbutane (neohexane) 94.6
2,3-Dimethylbutane (bis-isopropyl) 95
n-Heptane 0
2-Methylhexane 45
3-Methylhexane 65
2-Ethylpentane 68
2,2-Dimethylpentane 80
2,3-Dimethylpentane 82
2,4-Dimethylpentane 80
3,3-Dimethylpentane 98
2,2,3-Trimethylbutane (triptane) 116
n-Octane �19
2-Methylheptane 23.8
3-Methylheptane 35
4-Methylheptane 39
2,2,3-Trimethylpentane 105
2,2,4-Trimethylpentane 100
2,3,3-Trimethylpentane 99
2,3,4-Trimethylpentane 97
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Table 5.4. Thermodynamic Isomerization Equilibria of Butanes,
Pentanes, and Hexanes at Various Temperatures85

Temperature (�C)

�6 38 66 93

Butanes
Isobutane 85 75 65 57
n-Butane 15 25 35 43

Pentanes
Isopentane 95 85 78 71
n-Pentane 5 15 22 29
2,2-Dimethylpropane (neopentane) 0 0 0 0

Hexanes
2,2-Dimethylbutane (neohexane) 57 38 28 21
2,3-Dimethylbutane 11 10 9 9
2-Methylbpentane 20 28 34 36
3-Methylpentane 8 13 15 17
n-Hexane 4 11 14 17
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Scheme 5.10), and hydride transfer from the alkane to the incipient carbenium ion
(step 3, Scheme 5.10).

Whereas step 1 is stoichiometric, steps 2 and 3 form a catalytic cycle involving the
continuous generation of carbenium ions via hydride transfer from a newhydrocarbon
molecule (step 3) and isomerization of the corresponding carbenium ion (step 2). This
catalytic cycle is controlled by two kinetic and two thermodynamic parameters that
can help orient the isomer distribution, depending on the reaction conditions. Step 2 is
kinetically controlled by the relative rates of hydrogen shifts, alkyl shifts, and
protonated cyclopropane formation, and it is thermodynamically controlled by the
relative stabilities of the secondary and tertiary ions. (This area is thoroughly studied;
see Chapter 3.) Step 3, however, is kinetically controlled by the hydride transfer from
excess of the starting hydrocarbon and by the relative thermodynamic stability of the
various hydrocarbon isomers.

For these reasons, the outcomeof reactionwill bevery different depending onwhich
thermodynamic or kinetic factor will be favored. In the presence of excess hydro-
carbon in equilibrium with the catalytic phase and long contact times, the thermo-
dynamic hydrocarbon isomer distribution is attained. However, in the presence of a
large excess of acid, the product will reflect the thermodynamic stability of the
intermediate carbenium ions (which, of course, is different from that of hydrocarbons)
if rapid hydride transfer or quenching can be achieved. Torck and co-workers90–92 have
shown that the limiting step in the isomerization of n-hexane 6 and n-pentane with the
HF–SbF5 acid catalyst is the hydride transfer with sufficient contact in a batch reactor,
as indicated by the thermodynamic isomer distribution of C6 isomers. Figure 5.12
shows the isomer distribution versus reaction time of n-hexane 6 (Hex) at 20�C.

It also shows that 2-methylpentane (16, 2MeP), 3-methylpentane (17, 3MeP), and
2,3-dimethylbutane (18, 2,3DiMeBu) appear simultaneously and their concentration
reaches a maximum at the same time. Their relative ratio stays the same at all times
and is identical to the thermodynamically calculated one. 2,2-Dimethylbutane
(19, 2,2DiMeBu), however, appear much more slowly. The reaction network is
depicted in Scheme 5.11.

The detailed kinetic study of this system shows that after the initial period during
which the catalytic phase is formed, the experimental rate constant of isomerizationK1
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is expressed as in Eq. 5.42, in which b is the partition coefficient of the paraffin
between the hydrocarbon and the catalytic phase, Nc is the number of moles in the
catalytic phase, N0 is the total number of moles of paraffin at the start, [Rþ] is the
concentration of carbenium ion, andKsp is the temperature-dependent constant.Under
external hydrogen pressure, the rate of isomerization slows down in agreement with
thecorresponding reductionof the carbeniumion into alkane (reverse step).This effect
was found more pronounced for weaker superacids (SbF5 content < 2mol L�1).

K1 ¼ Ksp½Rþ�bNc

N0
ð5:42Þ
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The isomerization of n-pentane in superacids of the type RFSO3H–SbF5 (RF¼
CnF2nþ1) has been investigated by Commeyras and co-workers.93 The influence of
parameters such as acidity (A), hydrocarbon concentration (B), nature of the
perfluoroalkyl group (C), total pressure (D), hydrogen pressure (E), temperature
(F), and agitation has been studied. Only A, C, E, and F have been found to have
an influence on the isomerization reaction in accordance with such reactions in
the HF–SbF5 system.

Inweaker superacids such as neatCF3SO3H, alkanes that haveno tertiary hydrogen
are isomerized only very slowly, because the acid is not strong enough to hydride
abstract to form the initial carbocation. This lack of reactivity can be overcome by
introducing initiator carbenium ions in the medium to start the catalytic process. For
this purpose, alkenes may be added, which are directly converted into their corres-
ponding carbenium ions by protonation, or alternatively the alkane may be electro-
chemically oxidized (anodic oxidation) [Eq. (5.43)]. Both methods are useful to
initiate isomerization and cracking reactions. The latter method has been studied by
Commeyras and co-workers,94,95 who came to the conclusion that it was much more
favorable for side reactions such as condensation and cracking of alkanes than for
simple isomerization reactions. Considering the low superacidity of themediumused,
the result is in good agreement with the predictions of the acidity–potential diagrams
described earlier.

RH                      RH+                      R                       R+

−e−H+− e ð5:43Þ

Olah96 has developed a method wherein natural gas liquids containing saturated
straight-chain hydrocarbons can be conveniently upgraded to highly branched hydro-
carbons (gasoline upgrading) using triflic acid, HF and a Lewis acid (BF3, PF5, AsF5,
SbF5,TaF5,NbF5).The addition of small amount of olefins, preferably butenes, helped
the reaction rate. This can be readily explained by the formation of alkyl fluorides
(HF addition to olefins), whereby an equilibrium concentration of cations is main-
tained in the system during the upgrading reaction. The gasoline upgrading process is
also improved in the presence of hydrogen gas, which helps to suppress side reactions
such as cracking and disproportionation and minimize the amount of hydrocarbon
products entering the catalyst phase of the reaction mixture. The advantage of the
above method is that the catalyst HF–BF3 (being gases at ambient temperatures) can
easily be recovered and recycled.

Olah has also found HSO3F and related superacids are efficient catalysts for the
isomerization of n-butane to isobutane.97 Isomerization carried out in a flow system
with fluorosulfuric acid containing up to 5% HF as a co-acid at 21�C gave �70%
conversion to isobutane with generally less than 3% cracking.98 The acidity of
the HF–HSO3F system decreases significantly with higher amounts of HF; conse-
quently, isomerization becomes less efficient. Under superacid conditions, butane
isomerization is an intramolecular reaction proceeding through protonated methyl-
cyclopropanes [Eq. (5.44)]. This process, however, differs from that of higher
alkanes in that the secondary 2-butyl cation (3) cannot undergo facile b-scission.
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This is why cracking is not significant in butane isomerization. In contrast,
prolonged reaction of pentane and hexane in this acid system resulted in predomi-
nant protolytic cleavage.

+

+

H

+    CH3
+

+

3                                                                               4 ð5:44Þ

Fărcaşiu andLukinskas have studied the isomerization ofC6 hydrocarbons (hexane,
3-methylpentane) in triflic acid (a two-phase system) under mild conditions (below
42�C).99–101 It was observed that the immediate vicinity of the liquid–liquid interphase
became yellow. If left undisturbed, dehydrogenation (formation of alkenyl cations)
took place and then, after an induction period, rapid transformation was observed,
resulting in the formation of mostly cracking and disproportionation products. The
induction period could be reduced by the addition of one-electron oxidizers such as
Fe3þ ions. When the reaction mixture was shaken periodically or a mild magnetic
stirringwas applied, isomerization became themain reactionwith amuch lower overall
rate. Significant crackingwas also observed in the homogenized reaction but only after
a much longer period, when the concentration of the alkenyl cations reached a critical
concentration throughout the acid phase. This was interpreted as the isomerization
mode being an induction period to the cracking mode with features of a free-radical
chain reaction.

Cracking and disproportionation in the reaction of hexane could be suppressed by
the addition of cycloalkanes (cyclohexane, methylcyclopentane, cyclopentane).101

Furthermore, 3-methylpentane and methylcyclopentane also reduced the induction
period. These data indicate that reactions are initiated by an oxidative formation of
alkene intermediates. Thesemay be transformed into alkenyl cations, which undergo
cracking and disproportionation. When there is intensive contact between the
phases ensuring effective hydride transfer, protonated alkenes give isomerization
products.

The relative reactivity of hexane and 3-methylpentane (about 1000) in the isomeri-
zation mode was shown to be the same as found for isomerization in HF–SbF5.

102 In
the cracking mode, however, the ratio is about 10, resulting from the dramatic
acceleration of the reaction of hexane compared to that of 3-methylpentane. Further
characteristics of the cracking mode are a large excess of branched isomers in the
C4�C5 fractions, the absence of unsaturated cracking products, and formation of
dibranched C6 products, particularly 2,2-dimethylbutane. These features are very
similar to those found in zeolite catalysis.100,103

The difficulties encountered in handling liquid superacids and the need for
product separation from the catalyst in batch processes have stimulated research in
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the isomerization of alkanes over solid superacids. The isomerization of 2-methylpen-
tane (16), 3-methylpentane (17), and 2,3-dimethylbutane (18), using SbF5-intercalated
graphite as a catalyst, has been studied in a continuous flow system.104,105 The
isomerization reaction carried out at�30�C,�17�C, and room temperature shows an
unusually high activity of this catalyst. At �17�C, conversions over 50% with a
selectivityover99%innonbranching isomerization couldbeachieved.For comparison,
to obtain the same conversion with acidic zeolites, temperatures as high as 180�C are
necessary. At room temperature, the activity of the catalyst is higher, but branching and
cracking reactions compete. The study of the skeletal rearrangement of 13C-labeled
2-methylpentane, 3-methylpentane, and 2,3-dimethylbutane has been carried out over
the same catalyst under similar conditions.106 Despite the high conversion, very little
scrambling occurs. The isomerization process involves only intramolecular rearrange-
ment of the hexyl ions and can be fully described in terms of 1,2-hydride, methide, or
ethide shifts and protonated cyclopropane intermediates. The advantage of the 13C
tracer technique is to differentiate betweenmono- andmultimolecular processes and to
remove the degeneracy of otherwise indistinguishable pathways.Combinedwith a flow
system, it allows the investigation of the initial steps under kinetic control. For example,
in the isomerization process of 2-methylpentane to 3-methylpentane, it permits
distinguishing between the methyl and ethyl shift and estimating the relative rates of
these two alkyde shifts.

When 3-methyl[3-13C]pentane (170) is isomerized to 2-methylpentane, the label
distribution shows that the isomerization cannot be explained by a simple 1,2-methide
shift: 30% of the 2-methylpentane has the 13C label in a position that can be best
explained by the ethyl shift (Scheme 5.12). The recovered 3-methylpentane (96%)
also shows a very large degree of internal shift [Eq. (5.45)].

+96% recovered

17'                                                           89%                          11%

ð5:45Þ

The rate of ethyl shift in this reaction is three times as high as the apparent rate
of conversion of 3-methylpentane to 2-methylpentane.A simple calculation shows that

+

4%

++ +

70%                              15%                            15%

+                            +

17'

Scheme 5.12
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the ethyl shift is about four times faster than the methyl shift in this isomerization
process. The occurrence of a competitive ethyl shift in the 3-methyl-3-pentenyl ion has
been studied by Olah and co-workers under stable ion condition. Subsequently,
Sommer and co-workers107 showed by using the deuterium-labeled 3-methyl-3-
pentenyl ion that the ratio of ethyl:methyl shift was the same both in Magic Acid
and in the presence of solid superacid. SbF5-intercalated graphite has also been shown
to exhibit a 99% selectivity in n-pentane skeletal isomerization at room temperature in
a batch process108 (48% conversion after 2 h). The selectivity in isomerization of n-
hexane was much lower because of the competing cracking process described earlier.
However, in the presence of HF, the selectivity of the catalyst substantially improves as
shown by the skeletal isomerization of n-hexane (96% selectivitywith 86%conversion
after 2 h). The major drawback in the extended use of this catalyst system is its
relatively rapid deactivation (studied by Heinerman and Gaaf109).

The isomerization of cycloalkanes over SbF5-intercalated graphite can be achieved
at room temperature without the usual ring opening and cracking reactions, which
occur at higher temperatures and lower acidities.110 In the presence of excess
hydrocarbon after several hours, the thermodynamic equilibrium is reached for the
isomers. Interconversion between cyclohexane (20) and methylcyclopentane (21)
yields the thermodynamic equilibrium mixture [Eq. (5.46)].

or                                                                                +

20                     21                                                       20                      21

  9%                   91%

SbF5-intercalated

graphite ð5:46Þ

The thermodynamic ratio for the neutral hydrocarbon isomerization is very
different as compared with the isomerization of the corresponding ions. The large
energy difference (> 10 kcalmol�1) between secondary cyclohexyl cation 22 and the
tertiarymethylcyclopentyl ion 23means that in the presence of excess superacid, only
the latter can be observed [Eq. (5.47)].

22                                                    23

+
                                                        + ð5:47Þ

When amixture of cis- and trans-decalins 24 (61.5:38.5) are treated with the same
solid superacid at 0�C, the thermodynamic equilibrium is rapidly achieved110

[Eq. (5.48)]. In the reaction, decalin 24 serves as the solvent, substrate, and the
hydride donor. When the equilibrium is reached, the hydrocarbon can be separated
from the catalyst by simple filtration. Perhydroindane 25 was also isomerized under
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mild condition at 0�C to the thermodynamic equilibrium mixture110 [Eq. (5.48)].

n = 2   24                                                   24-trans                        24-cis
                                                                    98%                               2%
n = 1   25                                                   25-trans                        25-cis
                                                                    62%                              38%

+

H

H

H

H

SbF5-intercalated

graphite,

0°C, 3 h

( )n ( )n ( )n

ð5:48Þ

The potential of other solid superacid catalysts, such as Lewis-acid-treated metal
oxides for skeletal isomerization of hydrocarbons, has been studied in a number of
cases. The reaction of n-butane 1 with SbF5–SiO2–TiO2 gave the highest conversion
forming C3, isoC4, isoC5, and traces of higher alkanes (Table 5.5). TiO2–SbF5, on the
other hand, gave the highest selectivity for skeletal isomerization of n-butane. With
SbF5–Al2O3, however, the conversions were very low (Table 5.5).111,112

Similarly, isomerization of pentane and 2-methylbutane over a number of SbF5-
treatedmetal oxides has been investigated.113 SbF5�TiO2�ZrO2 systemwas themost
reactive and at the maximum conversion the selectivity for skeletal isomerization was
found to be about 100%. Table 5.6 summarizes the effect of temperature on desorption
of SbF5 out of the catalyst and shows thatwith increasing temperature, theweight%of
the retained Lewis acid decreases.

A comparison of the reactivity of SbF5-treated metal oxides with that of HSO3F-
treated catalysts showed that the former is by far the better catalyst for the reaction of
alkanes at room temperature, although the HSO3F-treated catalyst showed some
potential for isomerization of 1-butene.111

SbF5�SiO2�Al2O3 has been used to isomerize a series of alkanes at or below room
temperature. Methylcyclopentane, cyclohexane, propane, butane, 2-methylpropane,
and pentane all reacted at room temperature, whereas methane, ethane, and
2,2-dimethylpropane could not be activated.111

An IR study of SbF5–Al2O3 after addition of pyridine to the catalyst shows an
absorption at 1460 cm�1, which is assigned to pyridine coordinated with the Lewis
acid site, and shows another absorption at 1540 cm�1, which is attributed to the
pyridinium ion resulting from the protonation of pyridine by the Brønsted acid sites.
When the catalyst is heated up to 300�C, the IR band of the pyridinium ion disappears,
whereas the absorption for the Lewis acid is still present. The fact that the catalyst is
still active for n-butane isomerization suggests that the Lewis acid sites are the active
sites for the catalysis.111

Methane produced in the reaction of butanewith SbF5–SiO2–Al2O3 did not contain
any deuterium when the surface OH groups of the catalyst were replaced by OD.
Furthermore, no hydrogen evolution could be detected in these reactions.
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Two alternative mechanisms have been suggested. (i) The reactions are initiated by
hydride abstraction from the alkane by theLewis acid to form a carbenium ion, and not
by protonation of the C�C bond of n-butane. (ii) n-Butane is protonated by the
Brønsted acid to forma carbonium ion intermediate; and either the hydrogen formed is
used up to reduce SbF5 or it loosely remains bound to the ion during the isomerization
process.111

The isomerization of a large number of C10 hydrocarbons under strongly acidic
conditions gives the unusually stable isomer adamantane 26. The first such
isomerization was reported by Schleyer in 1957.114 During a study of the facile
aluminum chloride-catalyzed endo–exo isomerization of tetrahydrodicyclopenta-
diene (trimethylenenorbornane) 27, difficulty was often encountered with a highly
crystalline material that often clogged distillation heads. This crystalline material
was found to be adamantane 26. Adamantane 26 can be prepared from a variety of
C10 precursors and involves a series of hydride and alkyde shifts. Scheme 5.13
shows the rearrangement map of C10 hydrocarbons to adamantane. The mecha-
nism of the reaction has been reviewed in detail.115 Fluoroantimonic acid
(HF–SbF5) very effectively isomerizes tetrahydrodicyclopentadiene 27 into ada-
mantane 26.116

Boron tristriflate and the conjugate superacids triflic acid–SbF5 and triflic
acid–B(OSO2CF3)3 were also found to be highly effective in subsequent stud-
ies.117,118 They induce the isomerization of endo-trimethylenenorbornane to
exo-trimethylenenorbornane in near-quantitative conversion followed by the
isomerization of the latter to adamantane in high yields [Eq. (5.49)]. Sonication
was shown to accelerate isomerization. Furthermore, the same catalysts could be

Table 5.6. Amount of SbF5 Retained in Catalyst (wt%)113

Adsorption
Temperature

Evacuation Temperature

Catalysta of SbF5 (
�C) 0�C 30�C 50�C 100�C

SbF5�SiO2�Al2O3 0 49.7 37.6 27.7
10 53.2 40.9 34.5 30.7
30 34.1 32.2
100 17.2

SbF5�TiO2�Al2O3 0 49.9 30.0 32.8
10 33.5 27.2
30 29.8
100 30.9

SbF5�SiO2 0 33.1 18.8 12.8
10 18.2
30 17.2

SbF5�Al2O3 0 37.1
SbF5�TiO2 0 23.1
SbF5�ZrO2 0 24.8

aAdsorption–desorption cycle in SbF5 was repeated four times.
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26

27

Scheme 5.13

successfully applied to transform C14H20 and C18H24 precursors to diamantane
[Eq. (5.50)] and triamantane, respectively.118

B(OSO2CF )33 , Freon-113, 0.25 h      98%

CF3SO3H−B(OSO2CF )33 , 11 h          98%

CF3SO3H−SbF5, 10 h                      98%

                     sonication, 1.5 h          98%

       27                                                                                            26

catalyst

0°C to RT

ð5:49Þ

536 SUPERACID-CATALYZED REACTIONS



B(OSO2CF )33 , Freon-113, 0.25 h      99%

CF3SO3H−B(OSO2CF )33 , 11 h          98%

CF3SO3H−SbF5, 10 h                      98%

                     sonication, 1.75 h        98%

catalyst

0°C to RT

ð5:50Þ

The superelectrophilicAcBr–nAlBr3 complexes, called aprotic organic superacids
developed byVol’pin and co-workers,119,120 were used in the isomerization of C12H20

tricyclanes with the main component being perhydroacenaphthene to dimethyl- and
ethyladamantanes121 [Eq. (5.51)].

71−76% yield

AcBr−n AlBr3

RT, 3−5 min

n = 1.8−2

Me Et

Me

+ ð5:51Þ

Another example of superacid-catalyzed formation of an unusually stable highly
symmetric hydrocarbon has been provided by Paquette andBalogh122 in the synthesis
of 1,16-dimethyldodecahedrane 28 [Eq. (5.52)].

Me

Me Me

Me

CF3SO3H

CH2Cl2, RT

28

ð5:52Þ

Twomechanistic schemes (Schemes5.14and5.15)via carbocationic intermediates
have been proposed by Paquette and Balogh.122

The reaction path depicted in Scheme 5.14 involves Wagner–Meerwein shifts of
the methyl group prior to cyclization followed by hydride shift to a number of
cationic intermediates. The second scheme (Scheme 5.15) depicts ring closure
before methyl migration. The first step involves protolysis of the C�H bond next to
the methyl-bearing carbon. The corresponding ion can then rearrange by a 1,2-
methyl shift and yield 1,16-dimethyldodecahedrane 28 by hydride abstraction from
a hydride donor.
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An unusual isomerization of perhydro[2.2]paracyclophane 29, an out–in hydrogen
transfer process, was observed in triflic acid123 [Eq. (5.53)]. Reaction in CF3SO3D
resulted in the incorporation of up to five deuteriums without specific locations. The
authors suggested the backside attack of the inside hydrogen (Hi) to the bridgehead

+

28

−H+

Me

Me

1,2 ~Me
Me

Me

H+

Me

Me

+

Me

Me

Me

Me

+1,2 ~H

Me

Me

+1,2 ~H 1,2 ~H

Me

Me

+

1,2 ~H

Me

Me

+

Scheme 5.14

+

Me

Me

Me

Me

CF3SO3H

+

28

Me

Me

HH

Me

Me

−H2

+

Me

Me

hydride
donor

1,2 ~Me

Scheme 5.15
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carbon participating in 2e–3c bonding (29) as the key step in the isomerization.

29

H

H
Hi

Ho

H
H

H

H
Hi

Ho

HH

H

H

H
Ho

H

HH

+

H
+

H

H

HH

−H+

CF3SO3H

CH2Cl2, RT, 16 h

98%

ð5:53Þ

5.1.4. Cleavage Reactions (b-Cleavage versus C�C Bond Protolysis)

The reduction in molecular weight of various fractions of crude oil is an important
operation in petroleum chemistry. The process is called cracking. Catalytic cracking
is usually achieved by passing the hydrocarbons over a metallic or acidic catalyst,
such as zeolites at about 400–600�C. The molecular weight reduction involves
carbocationic intermediates and the mechanism is based on the b-scission of
carbenium ions [Eq. (5.54)]. The main goal of catalytic cracking is to upgrade
higher boiling oils, which, through this process, yield lower hydrocarbons in the
gasoline range.124–126

R C C R'
+

R+     + C C
R' ð5:54Þ

Historically, the first cracking catalyst used was aluminum trichloride. With the
development of heterogeneous solids and supported catalysts, the use of AlCl3 was
soon superseded, since its activity was mainly due to the ability to bring about acid-
catalyzed cleavage reactions.

The development of highly acidic superacid catalyst in the 1960s again focused
attention on acid-catalyzed cracking reactions. HSO3F–SbF5, trade-named Magic
Acid, derived its name (see Section 2.2.2.2) from its remarkable ability to cleave
higher-molecular-weight hydrocarbons, such as paraffin wax, to lower-molecular-
weight components, preferentially C4 and other branched isomers.

As a model for cracking of alkanes, the reaction of 2-methylpentane (16, 2MeP)
over SbF5-intercalated graphite has been studied in a flow system, with the hydrocar-
bon being diluted in a hydrogen stream.104,105 A careful study of the product
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distributionversus timeonstreamshowed that propanewas the initial crackingproduct
whereas isobutane and isopentane (as major cracking products) appeared only later
(Figure 5.13).

This result can only be explained by the b-scission of the trivalent 4-methylpent-
2-yl ion 30 as the initial step in the cracking process. Based on this and on the
product distribution versus time profile, a general scheme for the isomeriza-
tion and cracking process of the methylpentanes has been proposed103,104

(Scheme 5.16).
Propene (32), which is formed in the b-scission step, never appears as a reaction

product because it is alkylated immediately under the superacid condition by a C6
þ

carbenium ion (MePþ), forming a C9
þ carbocation, which is easily cracked to form an

isoC4
þor isoC5

þ ion and the correspondingC4 orC5 alkene (C4
¼, C5

¼). The alkenes are
further alkylated by a C6

þ carbenium ion in a cyclic process of alkylation and cracking
reactions. The C4

þ or C5
þ ions also give the corresponding alkanes [isobutane, isoC4H

and isopentane, isoC5H) by hydride transfer from the starting methylpentane. This
scheme, which occurs under superacidic conditions, is at a variance with the scheme
that was proposed for the cracking of C6 alkanes under less acidic conditions
(Scheme 5.17).94,95

Under superacidic conditions, it is known that the deprotonation equilibria
(Scheme 5.17, first reaction) lie too far to the left (K¼ 10�16 for isobutane127)
to make this pathway plausible. On the other hand, among C6 isomers, 2MeP is by
far the easiest to cleavebyb-scission. The 4-methylpent-2-yl ion 30 is the only species
that does not give a primary cation by this process. For this reason, this ion is the key
intermediate in the isomerization cracking reaction of C6 alkanes.
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on stream at 20�C.104
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Under superacid conditions, b-scission is not the only pathway by which
hydrocarbons are cleaved. The C�C bond can also be cleaved by protolysis
[Eq. (5.55)].

H +

C C +   H+

C C
C
+

+ C H ð5:55Þ

The protolysis under superacid conditions has been studied independently by
Olah128 and Hogeveen and co-workers19,20,129 The carbon–carbon cleavage in
neopentane (7) yielding methane and the tert-butyl cation 4 occurs by a mechanism
different from the b-scission of carbenium ions [Eq. (5.56)].

+

CCH3 CH3 +   H+

H

CH3

CH3

CH3

CCH3

CH3

CH3

(CH3)3C+   + CH4

                                                                                              4

7

ð5:56Þ

The protolysis occurs following the direct protonation of the s-bond providing
evidence for the s-basicity of hydrocarbons. Under slightly different conditions,
protolysis of a C�H bond occurs, yielding rearranged tert-amyl cation 33
(2-methylbut-2-yl cation) [Eq. (5.57)]. In cycloalkanes, the C�C bond cleavage
leads to ring opening [Eq. (5.58)].

+

(CH3)3C CH3 +   H+

H

H

7                                                                                                               33

(CH3)3C CH2
CH3

C
CH2CH3

CH3

+−H2

ð5:57Þ
+

+   H+

21

+H
tert-hexyl ions

−H2

ð5:58Þ

This reaction is much faster than the carbon–carbon cleavage in neopentane,
despite the initial formation of secondary carbenium ions. Norbornane is also cleaved
in a fast reaction, yielding substituted cyclopentyl ions. Thus, protonation of alkanes
induces cleavage of the molecule by two competitive ways: (i) protolysis of a C�H
bond followed byb-scission of the carbenium ions and (ii) direct protolysis of a C�C
bond yielding a lower-molecular-weight alkane and a lower-molecular-weight
carbenium ion.
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This reaction, which is of economic importance in the upgrading of higher boiling
petroleum fractions to gasoline, has also been shown applicable to coal depolymeri-
zation and hydroliquefaction processes.130–132 The cleavage of selected model
compounds representing coal structural units in the presence of HF and BF3 and
under hydrogen pressure has been studied by Olah et al.130 Bituminous coal (Illinois
No. 6) could be pyridine-solubilized to the extent of 90% by treating it with HF–BF3
catalyst in the presence of hydrogen gas at 105�C for 4 h. Under somewhat more
elevated temperatures (150–170�C), cyclohexane extractability of up to 22% and
distillability of up to 28%was achieved. Addition of hydrogen donor solvents such as
isopentane has been shown to improve the efficiency of coal conversion to cyclohex-
ane-soluble products. The initial depolymerization of coal involves various protolytic
cleavage reactions involving those of C�C bonds. HF–BF3 was also shown to be a
highly effective catalyst for the hydrocracking of oil sand bitumens evidenced by a
high conversion of the bitumen to volatiles (56%).133 When methylcyclohexane is
applied as a hydrogen-donor solvent, new products are formed resulting from the
oligomerization of methylcyclohexane. This points to possible complications arising
in the application of hydrocarbons as stabilizers or hydrogen donors, since oligomeri-
zation consumes the hydrocarbons and the highly reactive polyenic oligomers formed
may induce secondary reactions during product analyses.

Shimizu et al. have reported the use of triflic acid,HF, andBF3 in the liquefaction of
coals of various origins. Triflic acid was effective to convert lignite and Taiheiyo coal
to pyridine-solubles almost completely in the presence of isopentane without hydro-
gen (150�C, 3h).134–136 Relatively low conversions with diphenyl ether and biphenyl
as model compounds indicated that aromatic ether and aryl–aryl linkages are more
difficult to cleave under these conditions. Solubilization was mainly attributed to
cleavageofmethylenebridges in the coal.Desulfurizationof lignite (35.4–41.3%)was
achieved with triflic acid in toluene originating mainly from sulfides.137 Mixtures of
HF and BF3 were found to be highly effective in the depolymerization of Miike
bituminous coal138,139 and Taiheiyo subbituminous coal in toluene.140 The high
effectiveness of the HF–BF3 system was ascribed to its ability to efficiently cleave
both ether groups and methylene bridges. Since both deoxygenation and depolymeri-
zation are required forYallourn lignite, it underwent solubilization undermore forcing
conditions (higher acidity, elevated temperature).

A combination of triflic acid with iodinewas shown to be effective to liquefy three
types of coal in toluene or tetralin under hydrogen pressure.141 The major role of acid
was found to enhance coal depolymerization to asphaltenes, whereas the main
function of iodine was to hydrogenate and hydrocrack asphaltenes to oils. The
combined catalytic system removed 50% of the nitrogen and 90% of the sulfur of
the coals (Illinois No. 6 and Pittsburg seam samples).

5.1.5. Alkylation of Alkanes and Oligocondensation of Lower Alkanes

The alkylation of alkanes by olefins, from a mechanistic point of view, must be
considered as the alkylation by the carbenium ion formed by the protonation of the
olefin. The well-known acid-catalyzed isobutane–isobutylene reaction demonstrates
the mechanism rather well (Scheme 5.18).
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As is apparent in the last step, isobutane is not alkylated but transfers a hydride to
the C8

þ carbocation before being used up in the middle step as the electrophilic
reagent (tert-butyl cation 4). The direct alkylation of isobutane by an incipient tert-
butyl cation would yield 2,2,3,3-tetramethylbutane,142 which indeed was observed in
small amounts in the reaction of tert-butyl cation with isobutane under stable ion
conditions at low temperatures (vide infra).

The alkylating ability of methyl and ethyl fluoride–antimony pentafluoride com-
plexes has been investigated by Olah et al.,143,144 who showed the extraordinary
reactivity of these systems. Self-condensation was observed as well as alkane
alkylation. When CH3F–SbF5 was reacted with excess of CH3F at 0�C, at first only
an exchanging complex was observed in the 1H NMR spectrum. After 0.5 h, the
starting material was converted into the tert-butyl cation 4 (Scheme 5.19).

Similar reactionswere observedwith theCH3CH2F–SbF5 complex (Scheme5.19).
When the complexwas treatedwith isobutaneor isopentane, direct alkylationproducts
were observed [Eq. (5.59)].

+CCH3 H

CH3

CH3

CH3CH2F SbF5 (CH3)3CCH2CH3−HF

2

ð5:59Þ

4

FCH3  + CH3F SbF5

+H

CH3

FCH2

SbF6
−

FCH2 CH3−H+

FCH2CH3    + CH3CH2F SbF5 FCH2CH2CH2CH3 (CH3)3C+

−HF

Scheme 5.19

+

+

+   H+

+
+

+
+                                                               +H

+

14                                                4

4                        14

2                                                                             4

Scheme 5.18
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To improve the understanding of these alkane alkylation reactions, Olah and his
group carried out experiments involving the alkylation of lower alkanes by stable car-
benium ions under controlled superacidic stable ion conditions128,145,146 [Eq. (5.60)].

+    R'+R H +    H+R R'

H +

R R'

ð5:60Þ

Thes-donor ability of theC�CandC�Hbonds in alkaneswas demonstrated from
a variety of examples. The order of reactivity of single bonds was found to be tertiary
C�H>C�C> secondary C�H>> primary C�H, although various specific factors
such as steric hindrance can influence the relative reactivities.

Typical alkylation reactions are those of propane, isobutane, and n-butane by the
tert-butyl or sec-butyl ion.These systemsare somewhat interconvertibleby competing
hydride transfer and rearrangement of the carbenium ions. The reactions were carried
out using alkyl carbenium ion hexafluoroantimonate salts prepared from the corre-
sponding halides and antimonypentafluoride in sulfuryl chloride fluoride solution and
treating them in the same solvent with alkanes. The reagents were mixed at �78�C
warmed up to�20�Candquenchedwith icewater before analysis. The intermolecular
hydride transfer between tertiary and secondary carbenium ions and alkanes is
generally much faster than the alkylation reaction. Consequently, the alkylation
products are also those derived from the new alkanes and carbenium ions formed
in the hydride transfer reaction.

Propylation of propane by the isopropyl cation 31, for example, gives a significant
amount (26% of the C6 fraction) of the primary alkylation product [Eq. (5.61)].

+

+

H

−H+

31

+ ð5:61Þ

TheC6 isomer distribution—2-methylpentane (28%), 3-methylpentane (14%), and
n-hexane (32%)—is very far from thermodynamic equilibrium, and the presence of
these isomers indicates that both isopropyl cation 31 [Eq. (5.62)] and n-propyl cation
34 [Eq. (5.63)] are involved as intermediates [as shown by 13C(2)�13C(1) scrambling
in the stable ion147].

+

31

+                                                 +
−H+ ð5:62Þ

34

+

+                                                +
−H+

ð5:63Þ
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The strong competition between alkylation and hydride transfer appears in the
alkylation reaction of propane by butyl cations, or butanes by the propyl cation. The
amount of C7 alkylation products is rather low. This point is particularly emphasized
in the reaction of propane by the tert-butyl cation, which yields only 10% of
heptanes. In the interaction of isopropyl cation 31with isobutane 2 themain reaction
is hydride transfer from the isobutane to the isopropyl ion followed by alkylation of
propane by the isopropyl ions (Scheme 5.20).

Even the alkylation of isobutane by the tert-butyl cation 4 despite the highly
unfavorable steric interaction has been demonstrated142 by the formation of small
amounts of 2,2,3,3-tetramethylbutane 36. This result also indicates that the related
five-coordinate carbocationic transition state (or high-lying intermediate) 35 of the
degenerate isobutylene–tert-butyl cation hydride transfer reaction is not entirely
linear, despite the highly crowded nature of the system (Scheme 5.21).

2,2,3,3-Tetramethylbutane 36was not formed when n-butane and sec-butyl cation
were reacted. The isomer distribution of the octane isomers for typical butyl cation–
butane alkylations is shown in Table 5.7.

Alkylation ofmethane, ethane, propane, and n-butane by the ethyl cation generated
via protonation of ethylene in superacidmedia has been studied by Siskin,148 Sommer
et al.,149 and Olah et al.150 The difficulty lies in generating in a controlled way a very
energetic primary carbenium ion in the presence of excess methane and at the same
time avoiding oligocondensation of ethylene itself. Siskin carried out the reaction of

4                          2                                          35                                       36

+
H+

+H

−H+

H +       +

Scheme 5.21

+

31                          2                                                                       4

+H+                                                     +

+

31

+ hexanes (70%)
−H+

Scheme 5.20
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methane–ethylene (86:14) gas mixture through a 10:1 HF–TaF5 solution under
pressure with strong mixing. Among the recovered reaction products 60% of C3 was
found (propane andpropylene) [Eq. (5.64)]. Propylene is formedwhenpropane,which
is substantially a better hydride donor, reacts with ethyl cation [Eq. (5.65)].

H+

CH3CH2 CH3

H +

[CH3CH2]
+

−H+
CH3CH2CH3CH2H2C

CH4

ð5:64Þ

CH3CH2CH3   + [CH3CH2]
+

CH3CH3   + CH2CHCH3CH3CHCH3 −H+

+

ð5:65Þ

Propane as a degradation product of polyethylene (a byproduct in the reaction) was
ruled out because ethylene alone under the same conditions does not give anypropane.
Under similar conditions but under hydrogen pressure, polyethylene reacts quantita-
tively to form C3 to C6 alkanes, 85% of which are isobutane and isopentane. These
results further substantiate the direct alkane alkylation reaction and the intermediacy
of the pentacoordinate carbonium ion. Siskin also found that when ethylene was
allowed to react with ethane in a flow system, n-butane was obtained as the sole
product, indicating that the ethyl cation is alkylating the primaryC�Hbond through a
five-coordinate carbonium ion [Eq. (5.66)].

Table 5.7. Isomeric Octane Composition Obtained in Typical Alkylations of Butanes
with Butyl Cations

C4�C4

(CH3)3CH CH3CH2CH2CH3 CH3CH2CH2CH3 (CH3)3CH
Octane (CH3)3C

þ (CH3)3C
þ MeEtCHþ MeEtCHþ

2,2,4-Trimethylpentane 18.0 4.0 3.8 8.5
2,2-Dimethylhexane 0.4
2,2,3,3-Tetramethylbutane 1–2 Trace 1–2
2,5-Dimethylhexane 43.0 0.6 1.6 29.0
2,4-Dimethylhexane 7.6 Trace 6.6
2,2,3-Trimethylpentane 3.0 73.6 40.6 3.2
3,3-Dimethylhexane 12.3 7.1
2,3,4-Trimethylpentane 1.5 7.2 15.5 6.2
2,3,3-Trimethylpentane 3.6 3.8 8.8
2,3-Dimethylhexane 4.2 6.9 12.8
2-Methylheptane Trace 10.3 6.7
3-Methylheptane 19.3 7.6 6.8 9.5
n-Octane 0.2 4.8 Trace
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CH3CH2 CH2CH3

H +

[CH3CH2]
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−H+
CH3CH2CH2CH3CH2H2C

CH3CH3

1

ð5:66Þ

If the ethyl cation would have reacted with excess ethylene, primary 1-butyl cation
would have been formed, which irreversibly would have rearranged to themore stable
sec-butyl and subsequently tert-butyl cations giving isobutane as the end product.

Superacid-catalyzed alkylation of adamantane with lower alkenes (ethene,
propene, isomeric butenes) has been investigated by Olah et al.151 in triflic acid
and triflic acid–B(OSO2CF3)3. Only trace amounts of 1-tert-butyladamantane
(37) were detected in alkylation with 1- and 2-butenes, whereas isobutylene
gave consistently relatively good yield of 37. Since isomerization of isomeric
1-butyladamantane under identical conditions did not give even traces of 37, its
formation can be accounted for by s-alkylation, that is, through the insertion of the
tert-butyl cation into the C�H bond (Scheme 5.22). This reaction is similar to that
between tert-butyl cation and isobutane to form 2,2,3,3-tetramethylbutane dis-
cussed above (Scheme 5.21). In either case, the pentacoordinate carbocation
intermedate, which may also lead to hydride transfer, does not attain a linear
geometry, despite the unfavorable steric interactions.

The yield of the alkane–alkene alkylation in homogeneous HF–TaF5 depending on
the alkene–alkane ratio has been investigated by Sommer et al.149 in a batch system
with short reaction times. The results support direct alkylation ofmethane, ethane, and
propane by the ethyl cation and the product distribution depends on the alkene–alkane
ratio (Figure 5.14).

Despite the unfavorable experimental conditions in a batch system for kinetically
controlled reactions, a selectivity of 80% in n-butanewas achieved through ethylation
of ethane. The results show, however, that to succeed in the direct alkylation the
following conditions have to bemet. (i) The olefin should be completely converted to

+
+

H

−H+

+

+

H

37

+

Scheme 5.22
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the reactive cation (incomplete protonation favors the polymerization and cracking
processes); this means the use of a large excess of acid and good mixing. (ii) The
alkylation product must be removed from the reaction mixture before it transfers a
hydride to the reactive cation, in which case the reduction of the alkene is achieved.
(iii) The substrate to cation hydride transfer should not be easy; for this reason the
reaction shows the best yield and selectivity when methane and ethane are used.

The direct ethylation of methane with ethylene was also investigated by Olah
et al.150 using 13C-labeled methane (99.9 13C) over solid superacid catalysts such as
TaF5–AlF3, TaF5, and SbF5–graphite. Product analyses by gas chromatography–mass
spectrometry (GC–MS) are given in Table 5.8.
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Figure 5.14. Selectivity dependence of alkylation on the ethylene–alkane ratio for the
following reactions: ethylene þ methane (*), ethylene þ ethane (�), ethylene þ propane
(~), ethylene þ n-butane (&).

Table 5.8. Ethylation of 13CH4 with C2H4
150

Products Normalized (%)b,c
Label Content of
C3 Fraction (%)d

Run 13CH4:C2H4 Catalysta C2H6 C3H8 isoC4H10 C2H5F
13CC2H8 C3H8

1 98.7:1.3 TaF5–AlF5 51.9 9.9 38.2 31 69
2 99.1:0.9 TaF5 15.5 3.0 81.5 91 9
3 99.1:0.9 SbF5–graphite 64.1 31.5 4.4 96 4

Values are in mol%.
aCatalysts pretreated with HF for 30 s.
bExcluding methane.
cTrace amounts of Me2SiF2 detected in all runs are probably due to SiF4 impurity (from HF) reacting with
methane.
dIsobutane contained no 13C label; thus it is derived from ethylene.
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These results show a high selectivity in monolabeled propane 13CH3CH2CH3,
which can only arise fromdirect electrophilic attack of the ethyl cation onmethanevia
pentacoordinate carbonium ion [Eq. (5.67)].

H+

CH3CH2
13CH3

H +

[CH3CH2]
+

−H+
CH3CH2

13CH3CH2H2C

13CH4

ð5:67Þ
An increase in the alkene–alkane ratio results in a significant decrease in single-

labeled propane; ethylene polymerization–cracking and hydride transfer become the
main reaction. This labeling experiment carried out under conditions where side
reactions were negligible is indeed unequivocal proof for the direct alkylation of an
alkane by a very reactive carbenium ion.

Corma and co-workers152 have performed a detailed theoretical study (B3PW91/6-
31G* level) of the mechanism of the reactions between carbenium ions and alkanes
(ethyl cation with ethane and propane and isopropyl cation with ethane, propane, and
isopentane) including complete geometry optimization and characterization of the
reactants, products, reaction intermediates, and transition states involved. Reaction
enthalpies and activation energies for the various elemental steps and the equilibrium
constants and reaction rate constants were also calculated. It was concluded that the
interaction of a carbenium ion and an alkane always results in the formation of a
carbonium cation, which is the intermediate not only in alkylation but also in other
hydrocarbon transformations (hydride transfer, disproportionation, dehydrogenation).

Olah et al.153 have made detailed studies of the use of triflic acid in the isobutane–
isobutylene alkylation. A high-quality alkylate with about 70% branched C8 isomers
could be produced at �30�C with a catalyst/hydrocarbon ratio of 0.5. At higher
temperatures and longer residence time, cracking becomes significant, resulting in the
formation of increasing amounts of products of low molecular weight (light end)
(Scheme 5.23). Triflic acid could be recycled several times without purification to
produce alkylates of good quality and contained low amounts of acid-soluble oils
(ASO) after four cycles.Acid-soluble oils are conjunct polymers and formedprimarily
from the decomposition of ester intermediates.154,155 These are rich in heavy

+ iso C12H25
+ isoC16H33

+

C5H10   +   C7H15
+                  C5H10   +   C11H23

+

C6H12   +   C6H13
+                  C6H12   +   C10H21

+

C7H14   +   C5H11
+                  C7H14   +   C9H19

+

                                                C8H16   +   C8H17
+

C4H8

−C4H8

β-scission            β-scission

β-scission
−C4H8
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isoalkanes and alkenes and dilute the acid, resulting in loss of effectiveness. It was
shown that esters, including triflate esters, which are short-lived intermediates formed
in the reaction of alkenes with triflic acid, play an important role in alkylate
selectivity.156 Intermediates such as surface alkoxides formed between an alkene
and an acid site are believed to passivate solid acids.

Acidity-dependence studies were also made using triflic acid modified with
trifluoroacetic acid (TFA) and water in the range of acidity between H0¼�10.1 and
�14.1.157 The best alkylation conditions were found to be at an acid strength of about
H0¼�10.7, giving calculated research octane numbers of 89.1 (triflic acid–TFA) and
91.3 (triflic acid–water). Alkylation in liquidCO2withweak acids shows a decrease in
alkylate quality because CO2 acts as a competing weak base and decreases acidity.158

The heavy ends—that is, C9 and higher fractions—formedbyoligomerization, in turn,
increase (Scheme 5.23). With the stronger acids (triflic acid, HF), however, higher
optimum research octane numbers were obtained than in the neat acids (95.6 for HF
and 88.0 for triflic acid). Moreover, these reactions required less acid catalyst and
afforded increased selectivities to trimethylpentanes.

Pyridinium poly(hydrogen fluoride) (PPHF), which serves as an HF equivalent
catalyst with decreased volatility,159 showed similar characteristics in liquid CO2.

158

Other liquid amine poly(hydrogen fluoride) complexes with high (22:1) HF/amine
ratios are also effective catalysts in the alkylation of isobutanewith butenes and, at the
same time, also act as ionic liquid solvents.160Likewise the solid poly(ethyleneimine)/
HF and poly(4-vinylpyridinium)/HF (1:24) complexes have proved to be efficient
catalysts affording excellent yields of high-octane alkylates with research octane
numbers up to 94.

Silica-supported triflic acid catalysts were prepared by variousmethods (treatment
of silica with triflic acid at 150�C or adsorption of the acid from solutions in
trifluoroacetic acid or Freon-113) and tested in the isobutane–1-butene alkylation.161

All catalysts showed high and stable activity (near-complete conversion at room
temperature in a continuous flow reactor at 22 bar) and high selectivity to form
saturated C8 isomers (up to 99%) and isomeric trimethylpentanes (up to 86%).
Selectivities to saturated C8 isomers, however, decreased considerable with time-
on-stream (79% and 80% after 24 h).

Various Nafion preparations have extensively been studied in alkane–alkene
alkylations. The initial high activity of Nafion-H beads applied in isobutane–2-butene
alkylationat 80�Cdecreased rapidly,whichwasattributed tocoking.162Cormaandco-
workers163 have studied Nafion–silica nanocomposites with 13%, 20%, and 53%
loadings. They observed a lower initial activity and selectivity and faster deactivation
for catalysts with the same Nafion content but with larger surface area. This was
explained by the fact that in nanocomposites with higher surface area the interaction
between silanol groups of silica and sulfonic acid groups of highly dispersed Nafion
particles ismore extensive.A charge transfermay occur, resulting in decreased acidity
and, consequently, lower catalytic activity. This may be significant for a demanding
reaction such as alkane–alkene alkylation. Because of this leveling effect,164 the
catalytic performance of a 16% Nafion–SiO2 catalyst prepared by impregnation was
similar to those of the nanocomposites.
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The isobutane–1-butene alkylationwas studied in dense CO2 in both fixed-bed and
slurry reactors.165–167BothNafionSAC-13 andNafion SAC-25 exhibited steady-state
conversions and selectivities for 50 h. Enhanced C8 alkylate selectivity could be
achieved at near total butene conversion. The maximum value attained, however, was
only about 40%.The higher effective alkylation rate constant for SAC-25 compared to
SAC-13 indicates improved accessibility of the acid sites.NafionSAC-13andSAC-25
applied in a study to test the effect of supercritical fluids on alkylation exhibited only
modest activities.168

A comparative study of nanocomposites (16% Nafion–silica and commercial
SAC-13) has been performed by Hoelderich and co-workers169 in the alkylation of
isobutane and Raffinate II. Raffinate II, the remaining C4 cut of a stream cracker
effluent after removal of dienes, isobutane, propane, and propene, contains butane,
isobutylene, and butenes as main components. High conversion with a selectivity of
62% to isooctanewas found forNafion SAC-13 (batch reactor, 80�C). Both the quality
of the product and the activity of the catalysts, however, decrease rapidly due to
isomerization and oligomerization. Treating under reflux, the deactivated catalysts in
acetone followed by a further treatment with aqueous hydrogen peroxide (80�C, 2 h),
however, restores the activity.

The protolytic condensation of methane in Magic Acid solution at 60�C is
evidenced by the formation of higher alkyl cations such as tert-butyl and tert-hexyl
cations23,25,170 (Scheme 5.24).

It is not necessary to assume a complete cleavage of methonium ion [CH5]
þ38 to a

free, energetically unfavorablemethyl cation. The carbon–carbon bond formation can
indeed bevisualized as theC�Hbond ofmethane reactingwith the developingmethyl
cation [Eq. (5.68)].
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In order to overcome unfavorable thermodynamics, hydrogen must be oxidatively
removed (either by superacid or added oxidant). Considering the abundance of
methane in nature, the conversion of natural gas into branched liquid hydrocarbons
in the gasoline range is of immense interest.

Polycondensation of alkanes over HSO3F–SbF5 has also been achieved by
Roberts and Calihan.171 Several low-molecular-weight alkanes such as methane,
ethane, propane, n-butane, and isobutane were polymerized to highly branched
oily oligomers with a molecular weight range from the molecular weight of
monomers to around 700. These reactions again follow the same initial
protolysis of the C�H or C�C bond, which results in a very reactive carbenium
ion. Similarly, the same workers172 were able to polycondense methane with a
small amount of olefin such as ethylene, propylene, butadiene, and styrene to
yield oily polymethylene oligomer with a molecular weight ranging form 100
to 700.

Herlem and Jobert-Perol173 carried out the oligocondensation of methane,
ethane, and propane in HF–HSO3F (1:1) by generating carbenium ions by anodic
oxidation using a Pt anode. Reactions were quenched by injecting hydrogen into
the high-pressure electrolysis cell. Methane gave ethane with high selectivity
(90%), which is attributed to the low electrooxidation rates to ethane. Propane
was formed with similar selectivity from ethane the rest being isobutane,
whereas propane was transformed to isobutane (74%) and isopentane (25%).
The observed high electrical yields are likely due to high local acidity around
the anode.

The superelectrophilic RCOX–2AlBr3 (R¼Me, Pr; X¼Cl, Br, I) complexes
induce rapid oxidative coupling of excess C5–C6 cycloalkanes without solvent to
form a mixture of isomeric dimethyldecalins with high selectivities174 [Eq. (5.69)].
Yields calculated on the superelectrophiles are near quantitative. Complexes of
polyhalomethanes (CBr4, CCl4, CHCl3) with AlX3 (X¼Cl, Br) have recently been
shown to be equally effective.175

Me

2                                                                                                                            2
RCOX−2 AlBr3

20°C, 1 h

Me

Me

RCOX−2 AlBr3

20°C, 1 h

ð5:69Þ

The AcBr–2AlX3 (X¼Cl, Br) complexes display high activity in the alkylation
of adamantane with alkanes to form polyalkylated adamantanes (C11<Cn<C33)
and bisadamantylalkanes (C23<Cn<C50)

119 [Eq. (5.70)]. The suggested pathway
includes the 1-adamantyl cation and alkyl cations generated by hydride removal by
the superacidic complexes. The 1-adamantyl cation then alkylates alkenes equili-
brating with the alkyl cations. Various transformations may follow, resulting in the
formation of additional products.
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ð5:70Þ

5.2. ALKYLATION OF AROMATIC HYDROCARBONS

5.2.1. Alkylation with Alkenes

Cumene is industriallyproducedbypropylatingbenzeneover supportedacidic catalysts
such as phosphoric acid. On the other hand, the largest-scale single industrial alkylation
process—that is, ethylationofbenzenewith ethylene—is still carried out to a significant
degree in the liquid phase using acid catalysts; since ethylene is less polar than pro-
pylene, it requires more forcing conditions in the protolytic initiation step [Eq. (5.71)].

H+

[CH3CH2]
+

CH2CH2

C6H6

−H+

CH2CH3

ð5:71Þ

Consequently, stronger solid acids were needed to activate the ethylation reaction.
The solid acids that were available earlier exhibited only limited acidity, which was
sufficient to promote the propylation of benzene with propylene at reasonable
temperatures and pressures, but it was not high enough to promote ethylation of
benzene with ethylene under similar conditions.

The conventional resinsulfonic acids such as sulfonated polystyrenes (Dowex-50,
Amberlite IR-112, and Permutit Q) are of moderate acidity with limited thermal
stability. Therefore, they can be used only to catalyze alkylation of relatively reactive
aromatic compounds (like phenol) with alkenes, alcohols, and alkyl halides. Nafion-
H, however, has been found to be a suitable superacid catalyst in the 110–190�C
temperature range to alkylate benzene with ethylene (vide infra).176 Furthermore,
various solid acid catalysts (ZSM-5, zeolite b, MCM-22) are applied in industrial
ethylbenzene technologies in the vapor phase.177

In addition to alkenes, functionalized alkenes can also be used as alkylating agents.
Koltunov, Walspurger, and Sommer,178,179 have reported the alkylation of benzene
with a,b-unsaturated carboxamides in the presence of excess aluminum chloride
[Eq. (5.72)]. The reaction takes place under mild conditions and gives the products in
near-quantitative yields. Results with ortho-dichlorobenzene and triflic acid are
usually inferior. Triflic acid, however, can catalyze similar reactions of cyclic and
open-chain unsaturated amines with benzene to give phenylalkylamines in excellent
yields.180 The transformations are interpreted by invoking the involvement of dica-
tionic intermediates 39 and 40.
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Shudo and co-workers181 have studied the effect of various functional groups on the
reactivity of the carbon–carbon double bond in alkylations. a,b-Unsaturated carbonyl
compounds reactwith benzene under superacidic conditions toyield the corresponding
ketones [Eq. (5.73)]. The primary alkylation products, however, may undergo cycli-
zation (R¼H, Me) to give phenylindene derivatives. The parent compound cinna-
maldehyde is almost unreactive in triflic acid (6%of3-phenylindene), but ketones react
readily. Higher yields were found in the presence of triflic acid–SbF5. The correspond-
ing oximes are more reactive to give products in very high yields (65–99%).

R =  H, Me, Ph, PhCH=CH                                                                        6−98% yield

CF3SO3H or CF3SO3H−SbF5

23°C, 1.5−24 hPh R

O

+
Ph R

OPh

ð5:73Þ
Superelectrophilic dicationic species41,42, and43were suggested tobe involved in

the alkylation steps of the above transformations.
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Nitroalkenes react with benzene derivatives at low temperature in triflic acid to
afford a-aryl ketones after quenching with methanol182,183 [Eq. (5.74)]. At higher
temperature the O-protonated oxime intermediate may react further to yield 4H-1,2-
benzoxazines (see Section 5.14.1.3). a-Nitrocarbonyl compounds show similar
characteristics as alkylating agents to yield oximes with the involvement of the
tricationic intermediate 44.181

R = Me, Et, Ph, R2 = H, Ph                                                                          37-93% yield
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ð5:74Þ

Shudo and co-workers181 have made the general observation that electron-
withdrawing substituents on the cationic center increase reactivity toward benzene
by increasing electrophilicity. Reactive carbenium ions may be described by the
general formula 45, where X represents genuine electron-withdrawing groups such
as carbenium, oxonium, and ammonium.
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Klumpp and co-workers have shown that phosphonium184 or ammonium185 groups
can also dramatically enhance the reactivities of adjacent electrophilic centers and,
consequently, the alkylating ability of alkenes (and carbonyl compounds). For
example, they have prepared aryl-substituted piperidines in high yields (60–99%)
by reacting 1,2,3,6-tetrahydropyridines with benzene in triflic acid.186 The alkylation
is regioselective: the parent compound and N-methyl- and 2,2,6,6-tetramethyl-
substituted derivatives give 4-phenyl-substituted products exclusively, whereas
3-substituted N-methyl compounds afford 3-phenyl-substituted derivatives. This
observation and reactivities of substituted benzenes indicate the possible involvement
of 1,4-dicationic and 1,3-dicationic species (46) and (47), respectively, as the most
stable intermediates.
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+

      +

R

46                                          47

TheAlCl3–graphite andgraphite intercalatesof relatedLewisacidhalideshavebeen
tested as solid catalysts for the gas-phase alkylation of aromatic hydrocarbons.112,187

Thecatalytic activity of intercalationcompoundsofAlCl3,AlBr3, andFeCl3 ingraphite
wasmeasured toward twomodel reactions, the alkylation of benzenewith ethylene and
propylene [Eq. (5.75)] and the transethylation of benzene with diethylbenzene. The
ethylation of benzenewith ethylene proceeded to give high initial yield at temperatures
as low as 125�C (Table 5.9) when the intercalated Lewis acid halide was AlCl3. The
initial yield is lower when AlBr3 is used and very low when SbF5 or FeCl3 are
intercalated in thegraphite layers. The same resultswere observedwhen these catalysts
wereused to induce transethylationof benzenewith diethylbenzene (seeSection5.2.6).

+

CH

R = H, CH3

CH2CHR

R

CH3catalyst ð5:75Þ

Although in the case of relatively active catalysts (AlCl3–graphite and AlBr3–
graphite) the initial conversions were high, their activity declined rapidly with the

Table 5.9. Ethylation of Benzene with Ethylene over Graphite-Intercalated Metal
Halides187

Metal Halide: AlCl3 AlCl3 AlCl3 AlCl3 AlBr3 SbF5 FeCl3
% Intercalated: 16.6 16.6 16.6 28.4 4.5 26.1 50.5
Temperature (�C): 125 160 200 160 160 160 185
[C6H6]/[C2H4] Ratio: 3.3 3.4 3.2 3.5 3.3 3.6 3.2

Time-on-Stream (h) % Conversion (Based on Ethylene)

1 61.7 41.7 15.1 60.4 31.7 4.8
2 10.3 12.0 5.7 62.9 15.1
3 5.4 7.3 2.4 43.8
4 4.3 5.3 1.7 33.7
5 2.9 5.7 1.9 26.5
6 1.9 1.4 0.7 6.8
7 2.6
8 2.2
9 1.7
10 1.5
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time-on-stream. The catalysts were completely deactivated after a period of 6–8 h.
There are two possible reasons for the loss in catalytic activity of these systems:
(i) possible hydrolysis by traces of moisture present in the feed and (ii) leaching of the
metal halide from the graphite layers by the feed.

Lalancette et al.188 indicated that intercalation process can be carried out in CCl4
solution only if the Lewis acid halide is slightly soluble in the solvent. Therefore,
AlCl3 is probably eluted from the graphite by the feed. The rate of this process will
increase with the increase in temperature, which increases the vapor pressure of
Lewis acid halide. Hence, there are several drawbacks in using these graphite
intercalates.

On the other hand, theNafion resin in its acidic form (Nafion-H) showshighactivity
in a variety of electrophilic reactions. Gas-phase alkylation of benzene with ethylene
and propylene in a flow system proceeds at temperatures as low as 110�CoverNafion-
H (Table 5.10).

In the alkylation of ethylbenzene with ethylene, with conventional acid catalysts
under usual conditions, sec-butylbenzene is a byproduct. sec-Butylbenzene was
detectedwhen the reactionwas carriedout over catalysts such as supportedphosphoric
acid,189 ferric phosphate,189 or AlCl3�NiO�SiO2.

190 When Nafion-H or AlCl3 are
used, no such byproduct is detected, probably due to fast dealkylation of sec-
butylbenzene under the more acidic conditions.

The high acidity of the Nafion-H catalyst is further demonstrated by its ability to
promote both polyalkylation and isomerization. In reaction between benzene and
ethylene at 190�C, 20% of the alkylated products are diethylbenzenes.187 The isomer
distribution of the diethylbenzenes is 1%of the ortho, 75%of themeta, and 24%of the
para isomers. This composition is very close to the equilibrium composition of
diethylbenzenes determined in solution chemistry with AlCl3 catalyst and indicates
that the reaction is thermodynamically controlled.

Nafion–silica nanocomposite catalysts and silicas modified with superacidic
surface functions (see Section 2.4.2.2) developed recently have been tested in

Table 5.10. Alkylation of Benzene with Alkenes over Nafion-H Catalyst187

Temperature (�C) [C6H6]/[Alkene]
Contact
Time (s)

Alkene
Conversion (%)

Ethylene 110 4 7 10
150 4 6 24
180 4 6 36
190 3.4 3.5 44

Propylene 110 1.5 7 9
150 1.5 6 16
180 1.5 6 19
180 3 4 21
180 6 4 29
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Friedel–Crafts alkylation of aromatics with various alkenes.191,192 Alkylation of
benzene with 1-dodecene to form linear alkylbenzenes (LABs) is of particular
interest because LABs play a key role in the industrial production of surfactants.
The preferred product is 2-phenyldodecane, and a high linearity of all alkylated
products is also required. A nanocomposite sample made by the hydrolysis of
sodium silicate gave better than 95% LAB selectivity at 99% conversion,193,194

whereas lower conversion was measured over silica with anchored perfluorinated
sulfonic acid sites192 (structure 48, Figure 5.15). At low conversion, selectivity of
2-phenyldodecane was 28%,194 which is significantly higher than values for the
industrial HF process (15–18%). Another significant advantage of nanocomposites
is the very low selectivity for the undesirable branched alkylbenzenes, which is
attributed to the low activity of Nafion–silica to catalyze skeletal isomerization.
Superior catalyst performance was observed for the type 2 catalyst in transalk-
ylation as well.193,194

An alkene mixture of industrial source (equal amounts of C9–C13 alkenes and
alkanes) was used in the alkylation of benzene on three Nafion–silica catalysts with
5%, 13%, and 20% loadings.195 20% Nafion–silica showed high and stable activity
and its performance exceeded that of a Y-zeolite-based material. The selectivity to
2-phenylalkanes (25%) was higher than in the Detal process using fluorinated silica–
alumina but decreased somewhat with increasing Nafion content.

Harmer et al.196 used 1,1,2,2-tetrafluoroethanesulfonic acid in the alkylation of
para-xylene with 1-dodecene. The silica-embedded catalyst prepared by the sol–gel
method showedmuchhigher activity than theneat acid (almost complete conversion in
15min at 100�C over the sol–gel-derived material versus 10% conversion, using the
same molar amounts of acid). Practically no leaching was detected and the catalyst
couldbe recycledwith a slight decrease in conversion. It is in sharp contrastwith silica-
supported triflic acid, which showed much lower activity due to the loss of volatile
triflic acid.

Superelectrophilic dications 50 have been observed by Coustard,197 who used 1H
and 13C NMR spectroscopy in triflic acid at low temperature (Scheme 5.25). They

48

49

O

O
SiOSiO2 O CF2CF SO3H

CF3

OSiO2 (CH2)3(CF2)2O(CF2)2SO3H
O

O
Si

Figure 5.15. Superacidic perfluorinated sulfonic acid functions anchored to silica surfaces.
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were slowly transformed into ions 51, which alkylated benzene to yield aryliminohy-
droxyimino derivatives. The 4-MeO-substituted compound gave the cyclialkylated
product as well.

5.2.2. Alkylation with Alcohols and Cyclic Ethers

Data for the use of alcohols as alkylating agents in superacids are scarce.A study of the
alkylationof phenol andnaphtholswith tert-butyl alcohol has shown198 that triflic acid
adsorbed on aminopropyl-modified silica is themost selective to yieldmonoalkylated
products compared to solid acids (triflates immobilized in silica).

Sarca and Laali199 have used triflic acid in butylmethylimidazolium hexafluor-
ophosphate [BMIM][PF6] ionic liquid for the benzylation of various arenes with
benzyl alcohol [Eq. (5.76)].When comparedwithYb(OTf)3, triflic acid proved to be
a better catalyst showing higher selectivity (less dibenzyl ether byproduct) by
exhibiting similar activity (typically complete conversion). Of the isomeric pro-
ducts, para isomers dominate. Experimental observations indicate that dibenzyl
ether originates from less complete protonation of benzyl alcohol and, consequent-
ly, serves as a competing nucleophile. Both substrate selectivity (kT/kB) and
positional selectivity (ortho/para ratio) found in competitive benzylation with a
benzene–toluene mixture (1:1 molar ratio) are similar to those determined in earlier
studies, indicating that the nature of the electrophile is not affected in the ionic
liquid.

51%

CF3SO3H

−18°C

benzene

R = H, F, MeO

R N NO2

MeS

R N NO2H

MeS

HH
+               +

R N

N

MeS

H
+

                  +

R N N

MeS

OH

Ph

MeO

N

NOH

SMe

R = H        77%
R = F         83%
R = MeO   36%

OH

50

51

−20 to 12°C
3.5−9 h

Scheme 5.25

560 SUPERACID-CATALYZED REACTIONS



+

R = H, Me, Et, MeO, Ph

R' = H, Me, 2,4-diMe, 3,5-diMe

R'

R

CH2OH

Nafion-H

R'

R CH2[BMIM][PF6]
60−70°C,
1.5−68 h

ð5:76Þ

Prakash, Bach, and co-workers200 have subjected a series of chiral benzylic
alcohols to SN1-type displacement reaction with aromatics catalyzed by triflic acid
or HBF4�OEt2. Under optimized conditions the alcohols give alkylated products in
high yield with high facial diastereoselectivity [Eq. (5.77)]. The enantomerically
pure alcohol (R¼H) showed no significant racemization. NMR characterization
of the long-lived benzylic cation 52 generated under superacidic conditions (SbF5–
SO2ClF, �70�C) allowed the authors to demonstrate that such conformationally
restricted carbocationic intermediates are responsible for the high stereoselectivity
of alkylation observed.

+   ArH

R = H, Me, MeO, Cl

Ar = 5-Me-thienyl, N-Tos-pyrr,

       2-benzofuryl, 2,4-(MeO)2C6H3

Me

OH

tertBu

R
Me

Ar

tertBu

R

HBF4  OEt2

−78°C to RT

87−99% yield

91/9−97/3 diastereomeric ratio

ð5:77Þ

H

Me
Et

Me
+

52

ArH

Triflic acid is also efficient in the alkylation of electron-rich aromatics (anisole,
1,3-dimethoxybenzene, 2-methylfurane, pyrrole, benzofurane, indole) with sec-
ondary benzylic alcohols and 3-phenylallyl alcohols (50�C, 1–9 h, 66–95%
yield).201 Benzene, toluene, and halobenzenes are also alkylated with hydroxy-
biindantetraone 53 in triflic acid within 1–2 h202 [Eq. (5.78)]. Suprisingly, however,
the primary products (with the exception of the 4-methylphenyl-substituted
compound) undergo rearrangement upon prolonged treatment to yield alkenes
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selectively with the indicated stereochemistry [Eq. (5.78)]. The possible involve-
ment of dicationic intermediates is suggested.

O

O

O

O

OH

O

O

O

O

Ar

ArH,

CF3SO3H

ArH = benzene, toluene,
          4-halobenzenes

78−82%

50−67%

O

O

O

O

CF3SO3H

RT, 12−24 h

Ar

53

RT, 1−2 h

ð5:78Þ

Kotsuki et al.203 have reported high yields of alkylated products formed in the
presence of triflic acid using cyclohexyl methanesulfonate [Eq. (5.79)]. Similar
performance was found for mesitylene, durene, and naphthalene, as well as for other
secondary alcohol methanesulfonates.

+

R = H, Me, MeO                                                            56−94% yield

R' = H, Me

CF3SO3H

80°C, 0.2−2 h

R

OMs

R'

R

R'

ð5:79Þ

Epoxides are well-known carbon electrophiles and proved to be useful reagents in
alkylations. A systematic study204 with oxetanes, oxiranes, and oxolanes in the
presence of triflic acid showed that various alkylated products are formed, but with
lowselectivities due tomultiple alkylations and cyclialkylation.Methyl (R)-glycidate,
in turn, has been shown to react with electron-rich arenes in triflic acid to give
a-hydox-b-arylpropanoates with high stereospecificity205 [Eq. (5.80)]. The high
regioselectivity was attributed to the selective ring opening to yield the intermediate
cation 54, and dication 55 was also postulated. In a recent similar study,206 the facile
synthesis of 1-trifluoromethyl- and 1,1-bis(trifluoromethyl)-2-arylethanols has been
reported [Eq. (5.81)]. Observations with respect to reactivities and selectivities were
well demonstrated through DFT calculations (B3LYP/6-31G* level).
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R, R' = H, Me, Et                                                                   53−93% yield
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R
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−0°C to RT
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ð5:80Þ
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−

+
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R1 = H, Me, Et, Pr                                             70−95% yield
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CF3SO3H
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CH2Cl2
−0°C to RT

O

R

CF3

OH

R

R1 R2

CF3

ð5:81Þ

Whenolefins are usedas alkylatingagents, the catalytic activity ofNafion-Hslowly
decreases, most probably due to some polymerization on the surface, which deac-
tivates the catalytic sites. The activity decreases faster when more reactive branched
alkenes are used. The use of alcohols instead of olefins as the alkylating agents
improves the lifetime of the catalyst. With alcohols, no ready polymerization takes
place, since water formed as byproduct inhibits polymerization of any olefin formed
(by dehydration) but does not affect the acidity of the catalyst at the reaction
temperatures.

Reaction of alcohols with benzene over Nafion-H catalysts gave the corresponding
alkylbenzenes (Table 5.11). When n-propyl alcohol was the alkylating agent, no
n-propylbenzenewas detected, and the only product obtainedwas cumene.112,187 This
indicates the intermediacy of the isopropyl cation in the alkylation process.

The alkylation of aromatic hydrocarbons with methyl alcohol over Nafion-H
catalysts, including the mechanistic aspects, has been studied in detail. The degree
of conversion ofmethyl alcoholwasmuch dependent on the nucleophilic reactivity of
the aromatic hydrocarbon. For example, the reactivity of isomeric xylenes was higher
than that of toluene or benzene.

A study of the temperature dependence of the reaction between toluene andmethyl
alcohol showed a substantial increase in xylene formation as the temperature was
increased.207 However, the overall yield of xylene at 209�C was lower than that
expected from extrapolation of data obtained at lower temperatures. This is probably
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due to the increasing thermal instability ofNafion-Hat temperatures aroundand above
200�C and hence its reduced activity.

Yields and conversion of methyl alcohol were much higher when the aromatic
substratewas phenol or anisole and their derivatives208 (Table 5.12). In recent studies,
various degrees of selectivity were reported in the gas-phase methylation of phenol
toward the ortho substitution, using catalysts such as Al2O3,

209–211 TiO2,
212 ZnO,

Fe2O3,
213,214 ZnO �MO (M¼Cu, Ba, Ca, Co, Mn, Mg, Ni),215 MgO alone,216 or

mixedwith oxides ofMn, Cu, Sn, Bi, Pb or Cr217 at temperatures ranging from 250�C
to 400�C.Unlike these examples, the selectivity toward orthomethylationwhen using
Nafion-H as catalyst is somewhat lower,208 probably due to the absence of basic sites
on this solid catalyst.

In gas-phase methylation reactions over Nafion-H using methyl alcohol as the
alkylating agent, the consumption ofmethyl alcoholwashigher than that calculatedby
product analysis.207,208 This is due to the formation of dimethyl ether as the byproduct
[Eq. (5.82)]. Indeed, when neat methyl alcohol is passed over Nafion-H catalyst at
temperatures over 150�C, dimethyl ether is the only product formed quantitatively
with water as the byproduct.218

Table 5.11. Alkylation of Benzene with Alcohols over Nafion-H Catalyst

Alcohol [C6H6]/[ROH] Temperature (�C)
Contact
time (s)

Alcohol
Conversion (%)

EtOH 2.6 180 9 3.5
2.6 210 8 6

n-PrOH 0.85 110 10 0
0.85 175 9 5
2 175 9 17

isoPrOH 2 170 9 11
2 210 8 16

Table 5.12. Methylation of Phenol, Cresols, and Anisole with Methyl Alcohol over
Nafion-H Catalyst208

Product Composition, (%)

Unreacted
Starting
Material Anisolea

Me-
Anisoles

DiMe-
Anisoles Phenola Cresols Xylenols

Phenol 37.3 37.2 9.7 1.0 10.4 4.4
Anisole 58.6 13.9 3.0 18.1 4.7 1.7
ortho-Cresol 51.4 0.1 23.4 4.7 0.4 0.6 19.4
meta-Cresol 48.1 Trace 26.0 5.8 0.2 1.0 18.9
para-Cresol 39.2 3.3 23.4 6.4 8.4 4.6 14.8

aExcluding starting material.
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CH3OCH3    +    H2O
Nafion-H

150°C
2  CH3OH ð5:82Þ

Therefore, studies were also carried out using dimethyl ether as the methylating
agent over Nafion-H catalyst. The initial conversions were similar to those obtained
with methyl alcohol as the methylating agent. However, the reactivity of the catalyst
was found to decrease sharplywith time probably due to the increased esterification of
the acidic sites of the solid catalyst.207 The reactivity of the catalyst could be, however,
readily regenerated by passing steamover it at 180�C for 1 h. In general, it appears that
the presence ofwater vapor (i.e., steam) in the systems catalyzed byNafion-Hdoes not
reduce the activity of the catalyst. In cases where polymerization and other possible
side reactionswould lead to thedeactivationof the catalyst, the presence ofwater helps
tomaintain the catalytic activity ofNafion-Hcatalyst. For example,whenbenzenewas
alkylated by dimethyl ether over Nafion-H, the use of benzene saturated with water
slowed down the deactivation of the catalyst considerably.

Olah and co-workers219 have applied Nafion-H in the benzylation of benzenewith
benzyl alcohols [Eq. (5.83)] and also reported the reaction of benzyl alcohol with
substituted aromatics (toluene, xylenes, mesitylene) to yield diphenylmethanes. The
reaction is performed undermild conditions and produces the corresponding dibenzyl
ethers as byproducts (2–22%). The substrate and positional selectivity in competitive
benzylation of benzene and toluene (1:1 molar ratio) was found to be almost the
same as observed in solution-phase Friedel–Crafts benzylation with benzyl chlo-
ride (AlCl3–CH3NO2). Cyclic products 56 and 57 resulting from cyclialkylation were
isolated when Nafion-H-catalyzed benzylation was applied to 2-(hydroxymethyl)
diphenylmethane and 3,4-dimethoxybenzyl alcohol, respectively.

Nafion-H

CH2OH

R

R = H, Me, tert-Bu, Br, NO2                                                       60−97% yield

+

CH2

R

reflux, 1−24 h
−H2O

ð5:83Þ
OMeMeO

MeO

MeO

OMe

OMe

56                                                             57
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Friedel–Crafts alkylation of benzene,220,221 toluene,222para-xylene,220 and
naphthalene223 with benzyl alcohols have been studied over Nafion–silica nano-
composite catalysts, including the kinetics of alkylation.221,223 In most cases, 13%
Nafion–silica showed the highest activity, testifying again to the much higher
accessibility of the active sites. Complete conversion of para-xylene was found in
the presence of triflic acid, and it was the only reaction when ether formation as side
reaction did not occur.

The isopropylation ofmeta-cresol with propylene and isopropyl alcohol224,225 and
anisole with propan-1-ol226 [Eq. (5.84)] was studied in supercritical CO2 in a
continuous flow reactor over Nafion SAC-13 and, for comparison, other organic-
based and inorganic solid acids. The optimal reaction temperature for Nafion SAC-13
was found to be 200–250�C. This temperature range is significantly higher than those
for organic-based catalysts,which lost sulfonic acid groups at these high temperatures.
Selectivity toward monoalkylated products, however, decreases with increasing
temperature.

Nafion SAC-13
+   CH3CH2CH2OH

200−250°C

OMe OMe

isoPr

OMe

(isoPr)n

+

n = 2, 3

ð5:84Þ

Fujiwara et al.227 tested a nanocomposite material having Nafion immobilized in
MCM-41 mesoporous silica in Friedel–Crafts alkylations with benzyl alcohol.
Whereas Nafion–MCM-41 showed lower activity in the alkylation of toluene than
13% Nafion SAC-13 under identical conditions, it exhibited increased activity when
used in the alkylation of para-xylene.

In 1976, Lalancette et al. studied228 the catalytic activity of graphite intercalated
AlCl3 and compared it with neat AlCl3 in solution-phase alkylations.Whereas the rate
of alkylation slowed down using the intercalated catalyst, a higher selectivity toward
monoalkylation was found (Table 5.13).

5.2.3. Alkylation with Alkyl Halides

Jouannetaud and co-workers229 have explored electrophilic trifluoromethylation
under superacidic conditions of aniline derivatives229 and N-heterocycles. Methyl-
substituted anilines and substituted acetanilides [Eq. (5.85)] react with the “CCl3

þ”
cation generated from CCl4 in HF–SbF5 followed by fluorination to yield the
corresponding trifluoromethyl derivatives. Under similar conditions, indolines are
transformed to the 6-triluoromethyl derivatives, whereas substituted indoles yield
5-triluoromethyl derivatives.230

566 SUPERACID-CATALYZED REACTIONS



NHAc

HF−SbF5
+   CCl4

R

CX3

NHAc

R

−20 to 0°C,
0.5−2 h

CF3

NHAc

R

HF−pyridine

R = H, Me, Cl                             CX3 = CCl3, CCl2F,                           65−85% yield

                                                              CClF2, CF3

−78 to 0°C,
overnight

ð5:85Þ

Olah et al.231 have used boron tris(triflate) [B(OSO2CF3)3 or B(OTf)3] in Friedel–
Crafts alkylationwith alkyl halides to give alkylated arenes in low yields (Table 5.14).
It is known that alkylation of alkylbenzenes promoted byLewis acids, in general, leads
to the formation of increased amounts of meta isomers. Indeed, high, sometimes
exclusive formation of themeta isomer is observedwith the use ofB(OTf)3. In the case
of ethyl chloride, for example, high initial meta selectivity is found, which changes
after prolonged reaction approaching the equilibrium distribution.

Highmeta selectivities canbeexplainedby intramolecular isomerizationwithin the
arenium ion intermediates to the most stable 1,3-disubstituted isomeric ethyltolue-
nium ion [Eq. (5.86)]. Isomerization is induced by the very strong conjugate acid
formed between B(OTf)3 and HF or HCl generated during alkylation from the
corresponding alkyl halides. Ethyltoluene isomers were found in independent experi-
ments to readily undergo isomerization with B(OTf)3 in dichloromethane to give
equilibrium isomer composition. Alkylation with isopropyl chloride shows that
isomerization is more pronounced in the less coordinating dichloromethane solvent
than in nitromethane. In tert-butylation with tert-butyl fluoride the high initial meta
isomer content rapidly decreases. This is accounted for by facile de-tert-butylation
with excess toluene yielding predominantly para-tert-butyltoluene (kinetic product).
After prolonged reaction the quantity of the meta product increases again due to the
thermodynamically directed intramolecular isomerization.

+

Me

+
H

Et

−H+

Et H

Me

1,2 ~Et 1,2 ~H
+

Me

H H

Et

Me

Et

ð5:86Þ

Boron tris(triflate) has also been tested in the adamantylation of benzene and
toluenewith 1-haloadamantanes [Eq. (5.87)] and 2-haloadamantanes.232 B(OTf)3 is a
highly active catalyst to promote the transformation in very short time under mild
conditions toyield isomeric aryladamantanes andadamantanebyproduct (Table5.15).
Of the isomeric 1-tolyladamantanes, 1-meta-tolyladamantane predominates, whereas
thepara isomer is themainproduct of the 2-tolyladamantanes.Theortho isomerswere
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Table 5.14. Alkylation of Toluene with Alkyl Halides in the Presence of B(OTf)3
231

Time Yield
Isomer Distribution (%)

Alkyl halide (min) (%) ortho meta para

Methyl fluoridea 1 18 41 24 35
30 30 47 26 27

Methyl chloridea 1 2 46 22 32
60 11 17 58 25

Ethyl fluoridea 1 23 17 70 13
30 32 28 45 27

Ethyl chloridea 1 15 3 97
60 25 4 83 13
150 20 7 64 29

Ethyl bromidea 10 15 100
60 18 100

Isopropyl chloridea 5 25 83 17
30 17 77 23

Isopropyl chlorideb 5 10 47 24 29
60 27 58 21 21

tert-Butyl fluoridea 5 42 60 40
25 46 4 96

tert-Butyl chloridea 5 30 79 21
30 36 75 25

tert-Butyl chlorideb 1 30 45 55
30 16 70 30

Reaction conditions: 10mol% catalyst, 25�C.
aIn dichloromethane as solvent.
bIn nitromethane as solvent.

Table 5.15. Adamantylation of Toluene with 1-Haloadamantanes in the Presence
of B(OTf)3

232

Yield (%)
Tolyladamantanes, Isomer

Distribution (%)

Time (min) Adamantane Tolyladamantanes 1-meta 1-para 2-meta 2-para

1-Ad-Cl 0.25 27 72 65 34 1
1 33 66 72 25 3
30 34 56 68 27 Trace 5
120 35 54 49 29 6 16

1-Ad-Br 1 17 82 66 33
5 28 71 70 29 1
30 32 66 67 28 5

Reaction conditions: toluene/1-haloadamantane/B(OTf)3 molar ratio¼ 1:1:0.25, dichloromethane, room
temperature.
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not detected, which is attributed to the significant steric hindrance with the tertiary
bridgehead system and possible fast isomerization.

R

catalyst

R
X

+                                                                                    +

R = H, Me
X = F, Cl, Br

ð5:87Þ

The relative reactivities of benzene and toluene were studied in competitive
reactions with benzene–toluene mixture. Isomeric tolyladamantanes, in this case,
was formed in much lower yield (Table 5.16); that is, low substrate selectivity
(kT=kB¼ 0.5–4.8) prevails. These data, however, are obscured by significant dispro-
portionation indicated by the high amounts of adamantane detected. Furthermore,
various isomerizations resulting in rather varied isomer distributions were also
observed. In the isomeric tertiary and secondary substituted phenyladamantanes,
1-phenyladamantane is highly favored. Interestingly, 1-adamantanoyl chloride was
also found to give aryladamantane products. 1-Adamantanoyl chloride readily ionizes
with the strong Lewis acid B(OTf)3 and, then, the formed adamantanoyl cation loses
CO to form the 1-adamantyl cation.

Formation of the 2-substituted aryldamantane products can be accounted for by an
intermolecular isomerization process (Scheme 5.26). It requires the formation of

+

H+

R R

H

+

+

R

+

+
+

intermolecular
hydride transfer

RR

R

R

−H+

Scheme 5.26
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adamantane through hydride transfer followed by the formation of isomeric 1- and
2-adamantyl cations,which alkylate the arene formed in the first step. Isomerizationof
meta- and para-tolyladamantes, in turn, is interpreted as intramolecular 1,2-migration
processes (Scheme 5.27).

Olah and et al.233 have studied the alkylation of aromaticswith 1-chloronorbornane,
3-halonoradamantane, and fluorocubane in the presence of AlCl3 and BF3. Back-
side SN2-type displacement at bridgehead positions is not possible. Consequently,
Friedel–Crafts alkylation with these halides must involve strongly polarized
bridgehead halide–Lewis acid complexes in equilibrium with their energetic,
reactive carbocations. Since the strained bridgehead centers cannot flatten out,
the carbocationic center is sp3-hybridized and the empty orbital of these carboca-
tions is of sp3 nature (58–60). The reactive 1-norbornyl, 3-noradamantyl, and cubyl
cations could not be observed under stable ion conditions by NMR spectroscopy at
low temperature (SbF5�SO2ClF solution, �78�C).

58                                 59                                    60

+
+

+

H+

Me

Me

H H

Me

HMe

H

Me

Me

−H+
Me

+ +

+ +

Scheme 5.27
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Laali et al.234 havedeveloped amethod to the highly selectivepara-adamantylation
of arenes (toluene, ethylbenzene, anisole) with haloadamantanes (1-chloro- and
1-bromoadamantane, 1-bromo-3,5,7-trimethyladamantane) and 1-adamantanol
promoted by triflic acid in butylmethylimidazolium triflate [BMIM][OTf] ionic
liquid. In contrast to reactions run in 1,2-dichloroethane, little or no adamantane
byproduct was detected in [BMIM][OTf]. Furthermore, no isomerization of para-
tolyladamantane was observed supporting the intramolecular nature of the formation
ofmeta isomers. In competitiveexperimentswithbenzene–toluenemixture (1:1molar
ratio), high substrate selectivities were found (kT/kB¼ 16–17) irrespective of the
alkylating agent. This is in sharp contrast to values about unity measured in 1,2-
dichloroethane.

Satisfactory results were obtained in the Nafion-H-catalyzed gas-phase alkylation
of aromatic hydrocarbonswith alkyl halides235 [Eq. (5.88)]. Alkyl halides are reactive
Friedel–Crafts alkylating agents and give high conversions when alkylating benzene
in the gas phase overNafion-H catalyst. For example, in the alkylation of benzenewith
isopropyl chloride, conversions as high as 87% were achieved (Table 5.17, run 11).
Conversions, however, were temperature and contact time dependent (Table 5.17).

ArR    +    HXArH    +    RX
Nafion-H

140−200°C

X = halogen

ð5:88Þ

The selectivity of the Nafion-H catalyst for monoalkylation has been found to be
generally high.With amolar ratio of benzene:isopropyl chloride being 5:1, about 94%
of the alkylate is monoalkylbenzene. This result is comparable to the highly selective
monoalkylation reaction reported by Langlois.236 They alkylated benzene with
propylene (5.2:1 molar ratio) over H3PO4-quartz catalyst at �200�C and obtained
cumene in 95% yield.

The results obtained in the gas-phase isopropylation of various aromatic hydro-
carbonswith isopropyl chloride overNafion-H catalyst showed only a relatively small
variation of reactivity in going from fluorobenzene to xylenes.235 Therefore, it has
been assumed that the reaction rate is controlled by the formation of a reactive
electrophilic intermediate (possibly, protonated alkyl halide 61, or some form of
incipient alkyl cation) rather than by s-complex formation between the electrophile
and the aromatic nucleus [Eq. (5.89)].

CR X

R'

H

CR X

R'

H

H
+

CR

R'

H

+ +    HX

61

ð5:89Þ

The relatively minor differences observed in the degree of conversion in the
reaction of various aromatic hydrocarbons with isopropyl chloride over Nafion-H are
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explained by the possibility of some dealkylation (i.e., reverse reaction). Dealkylation
reactions occur as a competitive process to the alkylation process. The more
nucleophilic is the alkylated aromatic product, the higher the rate of dealkylation
reaction.

Besides the advantage of their high reactivity toward alkylation reactions, primary
and secondary alkyl halides show little tendency for dehydrohalogenation in Nafion-
H-catalyzed gas-phase reactions.235 Although a minor amount of olefin is reported to
be formed, no polymer formation was observed on the catalyst. As a result, the
catalytic activity of Nafion-H stays constant over prolonged on-stream periods.

Benzylation of various aromatics with benzyl chloride also proceeds smoothly
over 13% Nafion–silica to afford diphenylmethane derivatives in high yields237

(Table 5.18). Although deactivated aromatics (nitrobenzene, methyl benzoate) gave
low (<10%) yields, chlorobenzene reacted readily with complete conversion similar
to naphthalene. Furthermore, the catalyst, after recovery, exhibited the same activity.

Olah et al.238 have performed a comparative study of the adamantylation of
substituted benzenes with 1-bromoadamantane [see Eq. (5.87)] using various Nafion
preparations and higher perfluroalkanesulfonic acids supported on zeolite HY.
Nafion-H and Nafion–silica nanocomposite exhibited high activity in the adamanty-
lation of bromobenzene and toluene, resulting in the formation of the para isomer as
the main alkylated product (Table 5.19). Exclusive formation of the para isomer was
observed in the adamantylation of phenol, anisole, and fluorobenzene over Nafion-H
at complete conversion. tert-Butylbenzene, in turn, gave only byproducts. Among
these, 1-phenyladamantane was the only adamantylated product, which indicates the
facile de-tert-butylation of the intermediate carbocation.

In a similar study,Nafion-H beads, 10%Nafion-H on silica, and 13%Nafion–silica
were compared in the adamantylation of toluene with 1-bromoadamantane.239 13%
Nafion–silicananocomposite exhibited thehighest activity and showedachange in the
isomeric ratio of the twoalkylated products: thepara/meta ratio shifted to lower values
in prolonged reaction (Table 5.20). Acidity is known to exert a significant influence on

Table 5.18. Benzylation of Aromatics with Benzyl Chloride over 13% Nafion–Silica
Catalyst237

Aromatic Time (h) Conversion (%) Yield (%)
Isomer Ratio

ortho/meta/para

Benzene 10 30 29 —
Toluene 1.5 98 92 45/8/47
para-Xylene 0.75 100 96 —
Anisole 8 96 94 47/<1/52
para-Methylanisole 8 98 98 82/18a

Chlorobenzene 1 100 99 38/<1/61
Naphthalene 0.5 100 99 67/33b

Reaction conditions: 1.2mmol of benzyl chloride, 24mmol of aromatic, 100mg of catalyst, 120�C.
a2-Benzyl-4-methylanisole/3-benzyl-4-methylanisole.
ba/b.
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regioselectivity.232,240 In this case, after complete conversion the kinetic distribution
(high excess of the para isomer) changed to the thermodynamic distribution (increas-
ing amount of themeta isomer) with increasing reaction time over the nanocomposite
catalyst with highly accessible acid sites. As it was pointed out, such isomeri-
zation takes place within the para-adamantylated arenium ion intermediate
(Scheme 5.27).238

5.2.4. Alkylation with Carbonyl Compounds and Derivatives

Carbonyl compounds, particularly aromatic aldehydes, when activated with electro-
philic catalysts, can also react with aromatics.241 The process is often called
condensation or reductive alkylation, but it is actually a multistep Friedel–Crafts
alkylation reaction.

Olah et al.242 and Shudo and co-workers243 have shown that benzaldehyde reacts
with benzene in various superacidic systems [triflic acid, triflic acid–SbF5,

Table 5.19. Adamantylation of Bromobenzene and Toluene over Various Solid
Acids238

Bromobenzenea Tolueneb

Catalyst
Time
(h)

Conversion
(%)

Selectivity
para/meta

Time
(h)

Conversion
(%)

Selectivity
para/meta

Nafion-H 1 100 88/12(16) 1.5 100 70/30(9)c

Nafion-H�SiO2 2 5 97/3 1 30 92/8
Nafion–silica
nanocomposite

1.5 92 89/11(8) 1.5 100 71/29(7)

C8F17SO3H�HY 1 76 84/16(14) 1 100 79/21
C10F21SO3H�HY 2 56 89/11(21) 1.5 100 79/21

aReaction temperature¼ 156�C.
bReaction temperature¼ 111�C.
cIn parentheses: % adamantane formed.

Table 5.20. Adamantylation of Toluene over Various Nafion Catalysts239

Catalyst Time (min)
Conversion

(%) Ratea
Selectivity
para/meta

Nafion beads 5 5.4 5.02 10�2 85/15
35 37.5 82/18

10% Nafion–SiO2 5 19 0.58 83/17
35 34 86/14

13% Nafion–silica nanocomposite 5 47 3.38 80/20
35 100 55/45

Reaction conditions: 5ml of toluene, 1mmol of 1-bromoadamantane, 0.2 g of catalyst, 111�C.
aInitial reaction rate, mmol (gcat min)�1.
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CF3SO3H2
þB(OSO2CF3)4

�] to give triphenylmethane (Scheme 5.28). Experimental
evidence supports the involvement diprotonated benzaldehyde in the reaction. Cal-
culations showed (MP2/6-31G*//MP2/6-31G*þZPE level) that the reactive interme-
diate is the O,C(aromatic)-diprotonated dication 62 and not the O,O-diprotonated 63
dication, which is less stable by 20.6 kcal mol�1.

In a subsequent study, Shudo and co-workers244 showed that benzaldehydes with
electron-withdrawing groups (NO2, CF3) react with 2 equivalents of benzene in the
presence of triflic acid to give substituted triphenylmethanes in good yields
[Eq. (5.90)]. They also observed that para-fluorobenzaldehyde and biphenyl-4-
carboxaldehyde yield diphenylmethane and triphenylmethanol under similar condi-
tions, and the same products were also isolated in the reaction of triphenylmethane
(Scheme 5.29).

+

+

+

+

C

H

O
H+

C

H

OH

C

H

OH

H+

H+

+ C

H

OH2

+

C

H

OH

H
H

Ph2CHOH

Ph3CH

C6H6, H+ −H2O, −H+

C6H6

62

63

Scheme 5.28

+

C
H

O

R = F, 50°C, 19 h            36%               29%
R = Ph, 70°C, 16 h          52%               40%

R

CF3SO3H

OH+

Scheme 5.29
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+

C
H

O

R = NO2: 50°C, 35 min, 96% yield

R = CF3: 5°C, 6 h, 82% yield

R
R

CF3SO3H

CF3SO3H = 100 equiv.

benzene = 500 equiv.

ð5:90Þ
Product formation was interpreted in terms of transalkylation of substituted

triphenylmethanes. Protonation at the ipso position of the substituted phenyl ring to
form arenium ion 64 followed by the C�C bond breaking yields the diphenylmethyl
cation, which alkylates benzene or is stabilized by hydride transfer (Scheme 5.30).
The protonated intermediate 64 is highly unstable when the ring has an electron-
withdrawing substituent. Consequently, its transformation is extremely slow and the
primary product triphenylmethane can be isolated.

Fukuzawa et al.245 used 2-phenyl-1,3-dioxane to benzylate a variety of arenes
[Eq. (5.91)]. Similar observations were made when substituted benzaldehydes were
treated in the presence of 1,3-propanediol under identical conditions. Although
2-phenyl-1,3-dioxane gave similar results, benzaldehyde dialkylacetals in general
were unreactive under similar conditions. Mechanistic studies including reaction of a
labeled dioxane indicate the involvement of the alkylated intermediate 65 and product
formation was interpreted via an 1,3-hydride shift.

+

+

R

H
fast

−C6H5R

fast
C6H6

quench

Ph3COH

+

64
hydride
tansfer

Scheme 5.30
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+

R

OO

R R1

R2

R1

R2

R = H, Me, MeO, F, Cl, Ph                      17−100% yield

R1 = H, Me, MeO

R2 = H, 4-Me, 3,5-diMe

CF3SO3H

reflux, 7−20 h ð5:91Þ

H
O

OH

H
H

+

65

Aminoacetals proved to be more reactive in triflic acid reacting with benzene at
room temperature to give diphenyl-substituted products of alkylation246 [Eq. (5.92)].
Propanal acetals (n¼ 1), in general, give somewhat lower yields than acetaldehyde
acetals (n¼ 0). In addition to benzene, halobenzenes also react, affording decreasing
yields with decreasing nucleophilic character. Only monoprotonated species (ammo-
nium cations) were detected in triflic acid by NMR spectroscopy. In turn, when the
dioxolane derivative of 3-piperidin-1-yl-propionaldehyde was treated in triflic acid–
SbF5 (SO2ClF solution,�80�C), the isomeric dicationic intermediates 66were shown
to exist. This allowed the suggestion of a mechanism involving diprotonated electro-
philes (carboxonium–ammonium dications).

+
CF3SO3H

R = H, Me, Et

R−R1 = −(CH2)4−, −(CH2)5−, −(CH2)6− 30−99% yield

R2 = Me, Et

R2−R2 = −CH2CH2−
n = 0, 1

R1

N

OR2

R

OR2

( )n

R1

N

Ph

R

Ph

( )n

RT

−2 R2OH ð5:92Þ

ON

H

OH

ON

H

H H

OH

+                       + +                       +

66
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Klumpp et al. and Sommer and co-workers have studied the alkylating ability of a
variety of heterocycles with carbonyl substituents in the presence of triflic acid.
Pyrazolecarboxaldehydes [Eq. (5.93)],247 pyridinecarboxaldehydes,248–250 quinoli-
necarboxaldehydes,251 piperidinones [Eq. (5.94)],252,253 tropinone and quinuclidone,
and acetyl-substituted heteroaromatic compounds (pyridines, thiazoles, pyrazine,
quinoline, and isoquinoline)254 proved to be highly reactive alkylating agents when
reacted with benzene to give the corresponding diphenyl-substituted products in good
to excellent yields.

CF3SO3H

RT

−H2O

N
N

R1

R2

R

CHO

R = Ph, 4-MeC6H4

R1 = Ph, 4-MeC6H4, 4-ClC6H4,                           70−99% yield

        4-NO2C6H4, 4-PhC6H4

R2 = H, Cl

N
N

R1

R2

R

CHPh2

+

ð5:93Þ

CF3SO3H

RT

−H2O

R = H, Pr, Bn,

       AcO, COOEt, PhCO                           90−99% yield

+

N

O

R

N

R

PhPh

ð5:94Þ

In all cases, superelectorophilic dicationic intermediates3–5 were suggested to be
involved in the activation of carbonyl compounds based on the observation that
protonated N-heterocycles significantly enhance the reactivity of adjacent carbo-
cationic centers. For example, cyclohexanone and acetophenone are unreactive
toward benzene in triflic acid, whereas 4-piperidones252 and acetylpyridines254

react readily. Likewise, 3-pyridinecarboxaldehyde is able to alkylate deactivated
aromatics such as chlorobenzene, ortho-dichlorobenzene, and nitrobenzene.248

Furthermore, dicationic intermediates 67, 68, and 69 generated in FSO3H–
SbF5–SO2ClF solution have been directly observed by low-temperature NMR
spectroscopy at�80�C.247,248,253 Recent computational studies have shown255 that
the first protonation of 4-heterocyclohexanones at the carbonyl oxygen in triflic acid
is exergonic (4-piperidone is an exception protonated at the N atom). The second
protonation is slightly endergonic, but it is thermodynamically highly unfavorable
for cyclohexanone.
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CH
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N

Ph

Ph
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H
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O

H
            +

+

N
N

Ph

Ph

C

H

H

OH
            +

+

67                                     68                                               69

MeN

OH

HO

+

+

Prakash, Olah, and co-workers256 have prepared Mosher’s acid analogs by the
hydroxyalkylation of substituted benzenes with ethyl trifluoropyruvate [Eq. (5.95)].
Deactivated aromatics (fluorobenzene, chlorobenzene) required the use of excess
triflic acid indicative of superelectrophilic activation.3–5 In contrast to these observa-
tions, Shudo and co-workers257 reported the formation gem-diphenyl-substituted
ketones in the alkylation of benzene with 1,2-dicarbonyl compounds [Eq. (5.96)].
In weak acidic medium (6% trifluoroacetic acid–94% triflic acid), practically no
reaction takes place. With increasing acidity the reaction accelerates and complete
conversion is achieved in pure triflic acid, indicating the involvement of diprotonated
intermediates.

CF3SO3H
+

R'

R = H, Me, tert-Bu, MeO, F, Cl                                             46-86% yield
R' = H, Me, 3,5-diMe

R

R'

R

COOEt

OH

F3C COOEt
C

O

F3C

20°C, 5−20 h ð5:95Þ
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CF3SO3H

21−94% yield

+

R = Me, Et
R' = Me, Et, Ph, MeO

R C
C

O

5 or 18°C, 5 min−36 h
− H2O

R'

O

R C
C

Ph

R'

O

Ph

ð5:96Þ

The use of triflic acid in the alkylation with other dicarbonyl compounds, such as
isatins,258 parabanic acid,259 and ninhydrin,260 has also been explored. A significant
acidity dependence was found in the reaction of isatin with benzene.258 Alkylation
does not take place in the presence of trifluoroacetic acid (H0¼�2.7) at 25�C in 12 h.
Adding 22% of triflic acid (H0¼�10.6) brings about a 90% yield of the 3,3-
diphenyloxindole, whereas complete conversion is achieved in neat triflic acid
(H0¼�14.1) in 8 h. Ninhydrin undergoes facile reaction with various benzene
derivatives in the presence of triflic acid260 to yield 3-(diarylmethylene)isobenzofur-
anones [Eq. (5.97)], which is interpreted with the participation of the ring-opened
intermediate 70. In a similarmanner, alkylation in the case ofa-ketoacids261 is usually
followed by additional reactions to results in the formation various products. For
example, a-ketosuccinic acid and a-ketoglutaric acid give 3,3-diphenylindanone and
4,4-diphenyltetralone, respectively, as a result of dehydrative decarbonylation. Two
major products were isolated in the reaction of phenylpyruvic acid as a result of
secondary transformations (Scheme 5.31).

+

+

−H2O

−H+

OH

OH

Ph Ph

+
C

O

Ph Ph

Ph

Ph

H

Ph
Ph

Ph

O

Ph

Ph

−CO −H+

50%

29%

OH

O

O

CF3SO3H

2 C6H6

−H2O

Scheme 5.31
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CF3SO3H

   +

+

O

O

OH

OH

OH2

O

Ar

Ar

+

+
C

O

O

O

Ar
Ar

+

−2 H+

70

OH2

Ar

Ar

25°C, 8h

−2 H2O

77−98% yield

R

R = F, Cl, Br, I
       H, Me

ð5:97Þ

b-Ketoesters, b-ketophosphonates, and b-ketosulfones have been used to alkylate
ferrocene to afford the corresponding b-ferrocenyl-a,b-unsaturated derivatives in
excess triflic acid262,263 [Eq. (5.98)]. The transformations are highly stereoselective,
giving exclusively the (E)-isomers; this was explained by the exo-deprotonation of
carbenium ion 71a of more stable conformation. Acetals of formylphosphonates and
formylsulfones react in a similar manner.

CF3SO3H
+ FeFe

R
X

O

R

H

X

R = Me, Et, Pr, Ph, X = CO2Me, CO2Et; 5 h                    49−83%

R = Me, X = P(O)(OMe)2, SO2Me; 2 h                             52−59%

RT, CH2Cl2
−H2O

ð5:98Þ

a                                               b

71

+                                                +

Fe

R
H X

Fe

R
X H

HexoHexo

A variety of solid acids has been studied in the alkylation of benzene with
formaldehyde to produce diphenylmethane264 [Eq. (5.99)]. Aciplex–SiO2 exhibited
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the highest activity and gave the highest yield. Nafion SAC-13, in turn, showed the
highest specific activity and highest selectivity. The difference between these two
catalysts is due to the amount of acid sites. In the reaction with formalin solution, all
perfluorinated resinsulfonic acid catalysts including Nafion NR50 were superior to
other solid acids studied for comparison.

                           yield %   selectivity %

Aciplex−SiO2          66                81

Nafion−SiO2           32                88

NafionNR50           16                 81

+ H2C O
catalyst

140°C, 3 h

Me CH2Ph

CH2Ph

+                  +

ð5:99Þ

5.2.5. Alkylation with Acid Derivatives

The versatility of the catalytic activity of Nafion-H is well-demonstrated in the
alkylation of aromatic hydrocarbons by carboxylic acid alkyl esters both in the gas
phase and in heterogeneous liquid-phase reactions.265 Esters in the presence of
conventional Lewis acid halide catalysts tend to give rise to acylation products along
with alkylation products.266,267 The heterogeneous liquid-phase alkylation reactions
have been generally carried out under reflux conditions. Two types of alkylating agent
have been studied: (i) alkyl esters of carboxylic acids [Eq. (5.100)], preferentially
those of oxalic acid and (ii) alkyl chloroformates [Eq. (5.101)]. The advantage of alkyl
chloroformates lies primarily in their volatile byproducts (HCl and CO2). Diethyl
oxalate shows particularly good alkylating ability even under mild conditions
(Table 5.21).

ArR'    +    RCOOHArH    +    RCOOR'
Nafion-H ð5:100Þ

ArR    +    HCl    +    CO2ArH    +    ClCOOR
Nafion-H ð5:101Þ

The gas-phase alkylation of toluene with alkyl chloroformates over Nafion-H was
also reported to be an efficient transformation. It is interesting to compare the
alkylating ability of methyl chloroformate with that of methyl alcohol on toluene
under similar reaction conditions. For example, a 59% conversion with methyl
chloroformatewas observed,265 compared with 15% conversion with methyl alcohol.

The gas-phase alkylation of toluene with dimethyl and diethyl oxalate over
Nafion-H was also reported.265 The alkylating ability of diethyl oxalate is
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Table 5.21. Nafion-H Catalyzed Liquid-Phase Alkylation of Toluene with Esters
and Haloesters265

Isomer Distribution (%)

Alkylating Agent Temperature �C Conversion (%) ortho meta para

MeO(CO)Cl 70–72 2 48 26 26
EtO(CO)Cl 90 24 46 26 28
isoPrO(CO)Cl 110 80 42 21 37
CF3COOEt 82 5.5 49 24 27
CCl3COOEt 110 20 44 28 28
(COOEt)2 110 50 48 24 28

Reaction time¼ 12 h.

comparable with that of ethyl chloroformate. However, the alkylating ability of
dimethyl oxalate is lower than that of methyl chloroformate.

5.2.6. Isomerization and Transalkylation of Alkylbenzenes

When dialkylbenzenes are passed over Nafion-H at 160�C, both isomerization and
disproportionation take place [Eqs. (5.102) and (5.103)]. Monoalkylbenzenes also
disproportionate under these conditions268–271 [Eq. (5.104)].

R

R

R

R

R R

R

+                            +

R

R

ð5:102Þ

R R

R

R

R

R

+                       +                           +

R

R

R

R

R

ð5:103Þ
R

R

R

R

+                            +                        +

R

R

R

R

ð5:104Þ
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As expected, the aptitude for disproportionation of the aromatic compound
depends upon the nature of the alkyl group, and the order of reactivity is isopropyl
> ethyl>methyl. Due to their higher nucleophilicity, polyalkylbenzenes react faster
than monoalkylbenzenes. This effect is pronounced in the case of methylbenzenes.
Toluene itself shows little reactivity over Nafion-H at 193�C. Diethylbenzenes react
much faster than dimethylbenzenes. The rate of conversion of diethylbenzenes over
Nafion-H at 193�C is �5 10�5molmin�1 g�1 of catalyst.269 This is a low rate when
compared with that using AlCl3�HCl in the liquid phase at room temperature
(10�4molmin�1 g�1 of catalyst).272 However, one should bear in mind that
Nafion-H is a truly insoluble heterogeneous catalyst, whereas in the case of
AlCl3�HCl a soluble complex is formed with the hydrocarbon and therefore the
rates are not directly comparable. The equilibrium composition of the acid-catalyzed
disproportionation of diethylbenzenes depends upon the nature of the catalyst.

Thepredominanceofmeta-diethylbenzene in the isomerization of diethylbenzenes
is easily rationalized. Since isomerization reaction proceeds via arenium ion inter-
mediates, the s-complex derived from meta-diethylbenzene is the most stable one.
Moreover, meta-diethylbenzene is also the most basic of the isomeric diethylben-
zenes.273,274 Therefore, more acidic catalysts increase the amount of themeta isomer
at the expense of the para (and ortho) isomers, due to the increased stability of the
substrate–catalyst complex.

The AlCl3–graphite and graphite intercalates of related Lewis acid halides have
also been tested as solid catalysts for the transethylation of benzene with diethyl-
benzene in the gas phase112 [Eq. (5.105)]. The results were very similar to those
observed in the ethylation of benzene (see Section 5.2.1); that is, high initial yields
were found for intercalated AlCl3, lower yields were found for AlBr3, and very low
yields were obtained when SbF5 was intercalated (Table 5.22).

C2H5

C2H5

+                                                    2

C2H5

catalyst

ð5:105Þ

Nafion-H appears to be a very useful catalyst for transalkylation reaction as
indicated in these studies. Transalkylation of benzene with diethylbenzenes, as well
aswith diisopropylbenzene, is efficiently catalyzed byNafion-H in a flow system. The
efficiency of the catalyst is, however, more limited when the transferring group is a
methyl group.268 Beltrame and co-workers have also carried out269 detailed mecha-
nistic studies on the isomerization of xylenes over Nafion-H.

The use of Nafion-H in de-tert-butylation—in fact, trans-tert-butylation—has
been extensively studied by Olah, Yamato, and co-workers. An early study
established275 that tert-butyl-substituted aromatics, when treated in the presence
of a suitable acceptor compound, are easily de-tert-butylated over Nafion-H used
in catalytic amount [Eq. (5.106)]. Additional compounds including substituted
biphenyls, bibenzyls, and cyclophanes, along with a range of substituted
tert-butylphenols, all gave de-tert-butylated products in high (80–97%) yields.
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2-Amino- and 2-acetamino-4-tert-butyltoluene, in turn, are unreactive. In the
case of 2,20,6,60-tetramethyl-4,40-di-tert-butyldiphenylmethane, trans-debenzylation
competes with trans-tert-butylation. It was also observed in the ring closure of 2,20-
dihydroxybiphenyls276 (see Section 5.14.1.1).

Me

+                                                                                  +

Me

Nafion-H

reflux, 2−12 h

tertBu

R'R

Me

R'R

Me

tertBu
R = Me, MeO                                         98−100% yield
R' = H, Me

ð5:106Þ

Subsequently, Yamato and co-workers277–280 successfully applied trans-tert-
butylation in the multi-step synthesis of various polycyclic aromatic compounds,
where the tert-butyl group served as a positional protective group and could be easily
removed in the final step. The method was also applied to introduce the tert-butyl
group into a suitable position in the aromatic ring using 2,6-di-tert-butyl-para-
cresol281 [Eq. (5.107)]. The de-tert-butylation of para-tert-butylcalix[4]arene has
also been reported282 and the process (with toluene under reflux or para-xylene at
120�C) was found to be more convenient than the widely employed AlCl3-catalyzed
reaction. In addition, the use of Nafion-H allows the isolation of partially de-tert-
butylated products.

Table 5.22. Transethylation of BenzenewithDiethylbenzene
over Graphite-Intercalated Metal Halides.112

Metal Halide: AlCl3 AlBr3 SbF5
% Intercalated: 28.4 4.5 26.1

Time-on-Stream (h)
% Conversion

(Based on Diethylebenzene)

1 45.0 66.2 2.4
2 70.4 51.8
3 66.9 41.4
4 70.3 3.1
5 56.9
6 16.2
7 13.8
8 15.2
9 12.7
10 10.4

Reaction temperature¼ 180�C, [C6H6]/[C6H4Et2] ratio¼ 4.
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OH

+                                                                                           +

R

Nafion-H

Me

R = Me, Et, Pr, isoPr,  tert -Bu, MeO
R' = H, 2-Me, 3-Me

67−93% yield
89−100% para selectivity

R'

tertBu

R

tertBu

R'
130−135°C,

1.5−3 h

OH

Me

tert Bu

ð5:107Þ

Nafion-H is also very efficiently catalyzes the rearrangement of anisole, methy-
lanisoles, and phenetole to ring-alkylated phenols and products of transalkylation
when vapors of the alkyl aryl ethers are passed over it at temperatures higher than
160�C.208,268 At these reaction temperatures, some of the starting alkyl phenyl ethers
undergo cleavage of the alkyl group to give phenol.

Recently, the results of the isomerization and transalkylation of isomeric
diethylbenzenes with benzene in the presence of triflic acid have been reported.
The aim is to find the best condition for the preparation of ethylbenzene.283–285ortho-
Diethylbenzene and benzene reacting in 1:1molar ratio at 35�Cgave ethylbenzene in
49% yield in 6 h.285 An even higher yield was obtained with para-diethylbenzene
(51% at 22�C), whereas meta-diethylbenzene produced ethylbenzene only in 29%
yield.283 Both decreasing temperature and decreasing diethylbenzene/benzene ratio
resulted in decreasing yields.

5.2.7. Alkylation with Miscellaneous Reagents

In liquid-phase alkylations besides conventional Friedel–Crafts systems, superacids
that are capable of forming stable carbocations and onium ions have also found
applications. Olah,128 in his extensive studies, has shown that alkyl halides readily
ionize in SbF5 to the corresponding alkylcarbenium hexafluoroantimonates. Tertiary
and some secondary carbocations are remarkably stable in solutions of SO2–SbF5 and
SO2ClF–SbF5, respectively. These systems were also found to be highly efficient
aromatic alkylating agents286 (their ability to alkylate saturated aliphatic hydrocar-
bons was discussed in Section 5.1).

Methyl fluoride and ethyl fluoride form stable addition complexes with SbF5,
which are powerfulmethylating and ethylating agents, respectively.143,144 In the study
of alkyl halide–antimony pentafluoride systems, Olah and DeMember287 found that
dialkylhalonium ions R2X

þ are formed when 2mol (or excess) of an alkyl halide
(except fluoride) are reacted with SbF5 (see Section 4.2.4) in SO2 or SO2ClF solution.
The alkylation of aromatic hydrocarbons, such as benzene, toluene, and ethylbenzene,
has been studied with highly electrophilic dimethylhalonium and diethylhalonium
hexafluoroantimonates (72a and 72b) in SO2ClF solution under superacidic condi-
tions288 [Eq. (5.108)]. Data for alkylations are summarized in Table 5.23.
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ArR    +    RX    +    HSbF5XArH    +    RXR SbF5X−

72a   R = CH3

72b   R = C2H5       X = Cl, Br, I

+

ð5:108Þ

Dimethyl-chloronium and -bromonium ions give similar methylation results and
are quite reactive even at temperatures as low as�50�C. The dimethyliodonium ion is
less reactive and alkylates benzene and toluene in SO2ClF solution onlywhen allowed
to react (if necessary under pressure) at or above 0�C.

The ethylation of toluene by diethylhalonium ions gives ethyltoluenes with ortho:
para isomer ratios between 0.60 and 0.96. The ortho: para isomer ratios obtained for
the alkylation of toluene in conventional Friedel–Crafts ethylations range from1.17 to
1.84 (average �1.60). Such differences are considered to be due to the steric ortho
effect caused by diethylhalonium ions, and are in accordance with the most probable
displacement reaction on the bulky diethylhalonium ions by the aromatic substrate.
This can be envisioned to proceed through an SN2-type transition state involving no
free alkyl cations [Eq. (5.109)].

+

HAr

H3C

C

H

H

X
Et

SbF6
−

+
H3C

C

H

H

XEtHAr

SbF6
−

CH2CH3

Ar

H

+

SbF6
−

−HSbF6
ArCH2CH3

−EtX

ð5:109Þ

The alkylation data obtained from the reaction of dimethyl- and diethylhalonium
ions provide evidence for direct alkylation of aromatics by dialkylhalonium ions. In
addition, the data also indicate that dialkylhalonium ions are not necessarily involved
as active alkylating agents in general Friedel–Crafts systems, although some of the
reported anomalous alkylation results, particularly with alkyl iodides, could be
attributed to reaction conditions favoring dialkylhalonium ion formation.

Vol’pin and co-workers289 used the superelectrophilic reagent CBr4–nAlBr3 to
alkylate pentafluorobenzene a deactivated arene with propane to form the isopropy-
lated derivative in almost quantitative yield (Scheme 5.32). In the absence of propane,
tribromomethylation takes place in a slow reaction. The suggested mechanism
involves cation C6F5

þ formed by hydride abstraction induced by CBr3
þ. The formed

intermediate cation then reacts with either propane or propene also formed by hydride
abstraction to give the alkylated product. Pentafluorobenzenewas also alkylated with
perfluoroindane promoted by SbF5 to yield perfluoro-1-phenylindane in 61% yield
(C6F6 solvent, 22

�C, 3.5 h).290

A variety of substituted aromatics have recently been found to be effective in
alkylations. Phenols, naphthols, and their ethers,291,292 5-amino-1-naphthol,293

hydroxyquinolines294,295 and hydroxyisoquinolines295,296 [Eq. (5.110)] are activated
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under superacidic conditions (HF–SbF5, AlCl3 or AlBr3) to form intermediate
dications, which serve as the alkylating agents to produce partially saturated cyclic
carbonyl compounds.

N

OH

NH

O

NH

O

Ph

benzene

AlCl3, 70 h,

or AlBr3, 15 h

RT

Ph

Ph

75% yield                                                                                                      70% yield

benzene

HBr−AlBr3

ð5:110Þ

Quinoline and isoquinoline react in an analogous manner with benzene in
conjugated superacids (HCl–AlCl3, HBr–AlBr3) to yield predominantly cis-5,7-
diphenyl-5,6,7,8-tetrahydroquinoline and cis-6,8-diphenyl-5,6,7,8-tetrahydroisoqui-
noline, respectively (75–94% yield).297 The regioselectivity observed corresponds to
the most stable dicationic intermediates 73 and 74. Unsaturated imides298 exhibit
similar behavior in triflic acid (Scheme 5.33).

Klumpp and co-workers have recently shown299 that 2-oxazolines,which are prone
to ring opening, when bearing a phenyl substituent at C(5) are capable of alkylating
weak nucleophiles under superacidic conditions to yield phenyl-substituted amides
[Eq. (5.111)]. Benzene and even ortho-dichlorobenzene could be alkylated in excel-
lent yield. The diprotonated ring-opened intermediate 75 has been invoked to interpret
the reactions.

90−94% yield

40% yield

CBr4−n AlBr3

0°C, 1.5 h

n = 1, 2

20°C, 24 h

n = 2

F

F

F

F

F

F

F

F

F

F

CBr3

F

F

F

F

F

C3H8

Scheme 5.32
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+
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−H+
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−H2O
NH
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Ph
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NH

O

PhPh

X+, H+

+

+

C6H6

ArH

−H+, −X+
NH

O

O

Ar

CF3SO3H

X = H, AlnCl3n
−, AlnBr3n

−

Ar = Ph, 4-MeC6H4, 3,4-diClC6H4

−2 H+

−H2O

Scheme 5.33

O

N

Ph

R

R'

R = Me, Et, Ph

R' = H, Me, CH2OH, CH2OMe, Ph

R N

OH

H Ph

R'
+

                    + R N

O

H Ph

R'
CF3SO3F C6H6

Ph

75                                            40−99% yield

ð5:111Þ
Protonated phenols and phenol ethers formed in superacids can be trapped by

aromatics (benzene, naphthalene, tetrahydroquinoline).292,300 The products are either
cyclohexenonederivatives301 [Eq. (5.112)] or aryl-substituted phenols. In the reaction
of phloroglucinol with benzene, the diphenyl-substituted derivative is the main
product [Eq. (5.113)], whereas 1,3,5-trimethoxybenzene gives selectively the mono-
phenyl derivative (80% yield). Protonated dicationic species, such as 76, detected by
Olah and Mo302 using NMR, were suggested to be intermediates in these processes.

R = H, 1.5 min              29%                      33%

R = Me, 15 min            2−3%                     90%

OR

Me

HF−SbF5

0°C

O

Me Ph

O

Me

Ph

+                                                                              +

ð5:112Þ
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+

  +

R = OH          10%
R = Ph           75%

OH

HO OH

OH

HO OH

HF−SbF5

−10 to −5°C

OH

R Ph

76

benzene

ð5:113Þ
Substituted alkynes (disubstituted propynones, 3-arylpropyonates) are used to

perform alkenylation of varied benzene derivatives in the presence of HSO3F and
triflic acid.303–305 It is known306 that arylpropyonic acids and esters substituted with
electron-releasing groups on the aromatic ring are protonated inHSO3Fat C(2) to give
the unstable vinyl cation 77, which, in turn, alkylates aromatic compounds to furnish
isomeric alkenes in moderate yields [Eq. (5.114)].

+
RAr RAr

HSO3F or TfOH

−78°C to 10°C

quench

Ar = Ph, 4-HlgC6H4, 4-MeC6H4, 4-MeOC6H4,

        2,4-diMeC6H3, 2,4,6-triMeC6H2,

        2,3,5,6-tetraMeC6H

R = Me, COOH, COOMe, COOEt, CN

R1 = MeO, 3-MeO-1,2,4,5-tetraMeC6H,

        3-FSO2-1,2,4,5-tetraMeC6H,

        3-CN-1,2,4,5-tetraMeC6H

77

Ar

H R

+

R1

R2

R2 = 4-MeO, 4-MeO-2,3,5,6-tetraMeC6H,

        4-FSO2-2,3,5,6-tetraMeC6H,

        4-CN-2,3,5,6-tetraMeC6H

ð5:114Þ
Depending on the substitution pattern and reaction conditions, however, dimer-

ization may take place; that is, the intermediate vinyl cation alkenylates another
acetylenic molecule (self-alkenylation)305,307 [Eq. (5.115)].

RAr

RAr

R

HSO3F

R'
Ar = 4-MeC6H4, 2,4-diMeC6H3,

       2,4,6-triMeC6H2,

R = COMe, COPh, COOMe, PO(OEt)2

R' = 4-Me, 2,4-diMe, 2,4,6-triMe

H

ð5:115Þ

Alkynes bearing an adjacentN-heterocycle, such as 5-ethynyl-1-methyl-imidazole
and 1-propargylbenzotriazole, readily alkylate benzene in the presence of triflic acid
to yield diphenyl-substituted products.308 Isomeric ethynylpyridines exhibit distinct
differences in reactivity: 3-ethynylpyridine exhibits the highest reactivity, whereas
2-ethynylpyridine is the least reactive [Eq. (5.116)]. This is consistent with the
involvement of dicationic intermediates as the de facto alkylating agents. Indeed,
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calculations showed (B3LYP/6-311G** level), that of the three dications with vinyl
cation moiety, 78 is the most stable formed most easily.

N N

+

Ph

Me

Ph

                               25°C       80°C 
2-ethynylpyridine      5%         5%
3-ethynylpyridine     84%       94%
4-ethynylpyridine       5%       75%

CF3SO3H

6 h

ð5:116Þ

N

H

        +

+

78

5.2.8. Cyclialkylation

Electrophilic ring closure of aryl-substituted compounds such as alkenes, halides,
alcohols, and carbonyl compounds called cyclialkylation can be induced by conven-
tional Friedel–Crafts catalysts309 and by superacids. Examples are also known in
which an intermolecular alkylation step is followedby intramolecular alkylationof the
intermediate to furnish a cyclic product.

A range of diols and cyclic ethers were used to carry out alkylation of aromatics
(benzene, toluene, xylenes, trimethylbenzenes, naphthalene) in the presence of triflic
acid.204,310 In a recent study,311 various methyl-substituted benzene derivatives were
alkylated with 1,4-diols [Eq. (5.117)] to form substituted tetralin derivatives in high
yields. The transformations involve an intermolecular alkylation step followed by
intramolecular alkylation (cyclialkylation). 2,2,5,5-Tetramethyltetrahydrofuran is
similarly effective. For example, it alkylates benzene to give octamethyloctahydroan-
thracene (98% yield) and reacts with naphthalene to yield octamethyloctahydrote-
tracene [Eq. (5.118)].

R2

OH

+

OH

CF3SO3H

RT, 5 min−1 h

R

R1

R3

R2
R3

R3R2

R2 R3

R

R1

R, R1, R2 = H, Me

R3 = Me                                                                                        51−95% yield

ð5:117Þ
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+
CF3SO3H

RT, 3 hO Me

MeMe

Me

MeMe

Me Me Me Me

MeMe

88% yield

ð5:118Þ
T€or€ok and co-workers312 have reported the one-pot synthesis of N-arylsulfonyl

heterocycles through the reaction of primary aromatic sulfonamides with 2,5-
dimethoxytetrahydrofuran. When triflic acid is used in catalytic amount,
N-arylsulfonylpyrroles are formed (Scheme 5.34). Equimolar amount of triflic
acid results in the formation of N-arylsulfonylindoles, whereas N-arylsulfonylcar-
bazoles are isolated in excess acid (Scheme 5.34). In the reaction sequence 1,4-
butanedial formed in situ from 2,5-dimethoxytetrahydrofurane reacts with the
sulfonamide to give the pyrrole derivative (Paal–Knorr synthesis). Subsequently,
one of the formyl groups of 1,4-butanal alkylates the pyrrole ring followed by a
second, intramolecular alkylation (cyclialkylation) step.

Intramolecular alkylation of aryl ketones with the concomitant elimination of
water, also called cyclodehydration,313 has been studied by Shudo and co-workers.314

Cyclodehydration of 1,3-diphenylpropanones to give 1-phenyl-1H-indenes
[Eq. (5.119)] shows strong dependence on acidity.

C
O

R'

R

R

R'

R, R' = H, Me, CF3, Cl

CF3CO2H−CF3SO3H

80°C

ð5:119Þ

SO2Ar NH2

O
OMeMeO

N

SO2Ar

N

SO2Ar

N

SO2Ar

Ar = Ph, 2-MeC6H4, 4-MeC6H4,

       4-MeOC6H4, 4-ClC6H4,

       4-BrC6H4, 2-naphthyl

+
CH2Cl2, RT, 2 h

5 mol% of TfOH

1 equiv of TfOH

3.5 equiv of TfOH
79−91% yield

85−92% yield85−92% yield85−92% yield

75−86% yield

Scheme 5.34
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Table 5.24. Acidity Dependence of Cyclodehydration of 1,3-Diphenylpropanones314

Substrate (79)

R R0 Acids �H0 Time Yield (%)

H H TFA 2.7 17 h 0
95% TFA–5% TfOH 9 17 h 7
TfOH 14 17 h 72

H Me 95% TFA–5% TfOH 9 144 h 16
TfOH 14 144 h 86

H CF3 95% TFA–5% TfOH 9 20min 2
TfOH 14 20min 68

H Cl 95% TFA–5% TfOH 9 18 h 22
TfOH 14 18 h 84

Me H 95% TFA–5% TfOH �9 5.5 h 28
TfOH 14 5.5 h 84

The reaction of the parent compound did not take place in trifluoroacetic acid (TFA),
but did proceed on the addition of triflic acid to give the alkylated product in low yield
(Table 5.24). In neat triflic acid the reaction is faster and the product is formed in much
higher yield. Similar changes were observed with the other 1,3-diphenylpropanones.
Substituents on the benzoyl group also induce significant differences in reactivities
(compare the results forR0 ¼MeandCF3 inTable5.24).Theseobservations suggest that
the protosolvated dicationic species 79 is involved in the rate-determining step of
cyclization (Scheme 5.35).

Cyclodehydration has been used to prepare the antihistamine precursor 80 under
superacid conditions315 [Eq. (5.120)].

HF−BF4

80   91% yield

N

Cl

O

N

N

Cl

N

Me Me

−35°C

−H2O

ð5:120Þ

The related transformation of 1-phenyl-2-propen-1-ones 81 (a Nazarov-type
cyclization) [Eq. (5.121)] has also been studied by Shudo and co-workers.316 The
acidity dependence (Table 5.25) and, in particular, the linear relationship between
rates and acidity values strongly suggest the involvement of O,O-diprotonated
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intermediates. In agreement with earlier observations, an electrocyclization mecha-
nism rather than Friedel–Crafts type reaction is suggested to be operative. According
to calculations (B3LYP/6-31G*þZPE), the energy barrier of the electrocyclization of
the carbenium–oxoniumdication of the parent compound through transition state82 is
much lower than that of the monocation through transition state 83 (12.4 kcal mol�1

versus 24.9 kcal mol�1). Appropriate substitution (R0 ¼Me) lowers the energy barrier
even further (9.0 kcal mol�1). A similar study317 with respect to the cyclization of
hydroxycarbonyl compounds 84 likewise indicated the involvement of diprotonated
species 85 [Eq. (5.122)]. 3-Arylbenzofurans affording the same intermediate show
the same transformation. Subsequently, the substituent effects of electrocyclization of
similar systems were also studied to explore the synthetic utility of the reaction.318

Ph Ph

O

H+

Ph Ph

OH
+

Ph Ph

OH2

2+

Ph Ph

OH2
+

+

H+

PhH
OH2

Ph

+

+

−H2O, −2 H+

79

Scheme 5.35

Table 5.25. Acidity Dependence of Cyclization of 1-Phenyl-2-propen-1-ones316

Substrate (81)

R R0 Acids –H0
a

Time
(h)

Temperature
(�C)

Yield
(%)

H H 94% TFA–6% TfOH 8.7 120 25 51
TfOH 12.7 120 25 63

H Ph TFA 2.7 5 0 0
94% TFA–6% TfOH 8.7 5 0 59
TfOH 12.7 5 0 98

CF3 Ph 70% TFA–30% TfOH 10.6 5 0 61
TfOH 12.7 5 0 93

Me Ph 94% TFA–6% TfOH 8.7 5 0 48
TfOH 12.7 5 0 91

H 4-CF3C6H4 94% TFA–6% TfOH 8.7 5 0 43
TfOH 12.7 5 0 99

H 4-MeC6H4 94% TFA–6% TfOH 8.7 5 0 78
TfOH 12.7 5 0 100

H Me 93% TFA–7% TfOH 8.9 2 25 49
TfOH 12.7 2 25 97

H Et 93% TFA–7% TfOH 8.9 3 25 54
TfOH 12.7 3 25 97

aAcidity function values are corrected for the reaction media.
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R

O

R'

R

O

R'
CF3SO3H

81

ð5:121Þ

O

82                                                   83

HH +

+

O
H

+

44−100% yield

R

O

R'

R'

R

O

R'

R'

84                                                            85

CF3SO3H

R

OH

R'

R'

                      +

+

−2 H+

R = Me, OH, MeO
R' = H, Me, F, Br

HO
−45°C to 20°C

−H2O

ð5:122Þ
Coxon, Steel, and co-workers studied the transformations of a series of phenylalk-

anols in fluorosulfuric acid at low temperature to find a variety of reaction modes.
Cyclization of 2-phenylethanols, in most of the cases, is accompanied by rearrange-
ment to afford various polycyclic products.319 The formation of propellane 86 was
rationalized by the plausible mechanism shown in Eq. (5.123).

CH2Cl2,

−78°C, 30 min

−H2O

Ph

OH

Ph
+

+

Ph

86                         80% yield

HSO3F

ð5:123Þ
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3-Phenylpropanols generally undergo rearrangement prior to cyclization.320

For example, the reaction of 1-(2-phenylethyl)cyclohexanol (87, R¼H) in HSO3F
gives a mixture of two products (88 and 89) in a ratio of 1:3 in 40% yield
(Scheme 5.36). The initially formed tertiary cation yields the spiro compound 88.
The 1,2-hydride shift to give the secondary cation, however, competes success-
fully with the first process and results in the preferential formation of the
octahydrophenanthrene derivative 89. This latter cyclization is stereoselective;
this affords only the less stable cis isomer, indicating that it is a kinetically
controlled product. In the transformation of the 2-methyl derivative (87,
R¼Me), only isomeric octahydrophenanthrenes were isolated (80% yield, 90a/
90b¼ 3:1). In this case, formation of the spiro compound is not competitive with
hydride transfer to form the other tertiary carbocation. 4-Phenylbutanols
undergo direct cyclization of the initially formed carbocation to give tetralin
derivatives.

Sommer and co-workers321–323 have performed detailed studies of the cyclization
of1,3-diarylpropynones to form3-arylindenones invarious superacids (TfOH,TfOH–
SbF5, HF–SbF5, HSO3F; –H0¼ 14–20). In the superacid HSO3F, the starting com-
poundswith electron-withdrawingR substituents undergo protonation at the carbonyl
oxygen to give stable carbocationic intermediates characterized by 1H and 13C NMR
spectroscopy (�80�C and 0�C). Electron-releasing R groups, in turn, increase the
electron-density of the ynone moiety and the intermediates undergo ring closure to
3-arylindenones [Eq. (5.124)]. O-Protonated and C-protonated intermediates 91a
and 91b and O,C-diprotonated dication 92 have been proposed to participate in
product formation.

CH2Cl2, −78°C, 30 min

−H2O

HSO3F

87                                                                                                                                  88

HO

Ph

+

+

quench

quench

Me

H

Me

H

+

R

H

R

R

R = H

RR = Me

quench

1,2 ~H

R = H      89

R = Me    90a

90b

Scheme 5.36
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43−100% yield

superacid

R = H, 4-Me, 4-MeO
R' = H, 3,4-diMe, 3-MeO, 4-MeO

−75°C to 25°C,

15−120 min

O

R

R'

O

R'

R

ð5:124Þ

Ar'

O
+

H+

−H+

H+

−H+

H

Ar

H     +

+

Ar'

O

H

Ar

+
Ar

Ar'

O
H

91a                                            92                                             91b

It has been reported in a follow-up study,324 that the product 3-arylindenones
underwent double protonation in strong superacids (HSO3F, CF3SO3H) and the
stability of formed species allowed their observation by NMR spectroscopy at room
temperature. Although fast proton exchange prevented to observeO-protonation, 1H
and 13C chemical shifts unequivocally showed the presence of dication 93.

O

Me

Me

MeO

H

H

H +

+

O

Me

Me

MeO

H

H

H +

+

93

Shubin and co-workers325 have generated long-lived cyclobutenyl cations and
studied their varied rearrangements,which involvecyclialkylation steps. For example,
cation 94 gives the isomeric pentacycle 95 under superacid conditions [Eq. (5.125)].
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Further treatment of product 95 in triflic acids allows the isolation of the isomeric
product via ring-opening–ring-closing reaction steps [Eq. (5.126)].

HSO3F−SO2ClF

CH2Cl2, −120°C
Me

CH2

Me

Me

94

+Me

Me

Me

Me

H

+

quench

−H+

95       61% yield

ð5:125Þ

100% yield

H

+

+
H

+

H

H

95
CF3SO3H

CHCl3, RT

quench

−H+

1,2 ~Me

H

ð5:126Þ

Triflic acid has been used in the ring closure of allyl-substituted heterocycles to
synthesize compounds 96 and 97,326 whereas isomeric compounds 98was isolated in
the reaction of propargyl-substituted benzylamines.308
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96                                         97                                          98

N
SO2

N

N

Ph

Me
Ph

N

Me Ph

R

R = H, Me

H

H H

Tricationic and dicationic intermediates were suggested to be involved in the intra-
molecular cyclization of 2-nitromethylene-1-phenylalkyl-substituted N-heterocycles
with the participation of superelectorophilic hydroxynitrilium cation 99 to give
tricyclic products in triflic acid327 (Scheme 5.37). Likewise, the intramolecular
trapping of the intermediate hydroxynitriliumcation affords the six- to nine-membered
ring oximinoorthodithiolactones328 [Eq. (5.127)].

+

       +−10°C to RT,

30 min−2 h

n =                      1    2    3    4
R = Me              70  74  82  28% yield 
R = Ph(CH2)n    83  73  71 12% yield

S
( )n

RS

NO2

S
( )n

OMe

SR
N

HO

S
( )n

SR
N

HO

CF3SO3H MeOH/CH2Cl2
−60 to −80°C

ð5:127Þ

m = 2−4         62−90% yield

m = 5             12, 13% yieldCF3SO3H

60°C, 24 h

m = 2−5
n = 1, 2

N

N

NO2 H

( )m
( )n N

N

H

( )m
( )n

N
HO

+

TfO−

NaOH

H2O, 0°C

N

N

N
H

( )m
( )n

O OHH

H

+
        +

+

N

N

H

( )m
( )n

N
HO

−H+
N

N

H

( )m
( )n

N
HO H+

                +

+

             +

99

Scheme 5.37
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Construction of the 1,2,3,4-tetrahydroisoquinoline skeleton through cyclialky-
lation has also been achieved with triflic acid. Elevated temperature is required to
transform aldimines of 2-arylethylamine (Pictet–Spengler cyclization) to substituted
tetrahydroisoquinolines329 [Eq. (5.128)]. Kinetic and acidity dependence studies and
substituent effects led to postulation regarding the intervention of the dicationic
species 100 in the rate-determining cyclization step. In a subsequent study,330 high
stereoselectivity was observed under superacidic conditions particularly for 2-alkyl-
N-benzylidene derivatives as comparedwith the corresponding reactions inweak acid
(TFA). N-Acyl enaminoketones were assumed to react with the involvement of an
iminium ion intermediate to give the N-acyl tetrahydroisoquinoline derivatives in
good yield331 [Eq. (5.129)].

100                                    69−94% yieldR = H, isoPr, Ph, 4-MeC6H4,

        4-ClC6H4

R1 = H, Me, MeO

R2 = H, MeO R3 = H, Me

N

R

60−150°C,
2−30 h

R1

R2

R3

NH2

R

R1

R2

R3

NH

R

R1

R2

R3

CF3SO3H
     +
+

ð5:128Þ

R = Me, CH=CMe2,                                                                                     75-81% yield 

      CH=CHMe, Ph

N

O

CCl3

O

R

CF3SO3H

20°C, 4 h

N

O

CCl3

O

R

N

HO

CCl3

O

R

+

quench

ð5:129Þ

Cyclialkylation has been applied in the synthesis of N-heterotri- and tetracycles.
Reimann et al.332 have performed the stereoselective ring closing of the diastereo-
meric mixture of piperidinols 101 and isolated the product ergoline with a C/D cis
configuration in low yield [Eq. (5.130)]. It was also observed, however, that one of the
isomers afforded the product quantitatively under identical conditions, whereas the
other slowly decomposed.
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N

N

HO

RT, 14 h

−H2O

N

N
+

CF3SO3H

N

N

H
H

H

quench

D 

      C

101                                                                                                 42% yield

*

  *

*

  *

ð5:130Þ

N-acyliminium ions, in general, are widely used in the formation of varied ring
systems.333 Triflic acid was applied in the synthesis of polycyclic compounds 102 and
103 starting from hydroxy lactam precursors,334,335 whereas a lactone was trans-
formed to compound 104.336

N

R

R'

OMe

COOMe

O

AcO
H

102                                                103                                     104

R = H, Me, MeO
R' = H, OAc

N

PthN

O

COOH

Bu

Pth = phthalyl

N

F3C

Ar = benzene, Cl-benzene,
        diMeO-benzene,
        naphthalene, indole,
        N-methylpyrrol, thiophene

Ar

O

In a study byKlumpp and co-workers,337N-acyliminium ions were prepared in situ
and ring closure was induced by the addition of triflic acid to the reaction mixture
[Eq. (5.131)].

R = H, 4-F, 2,5-diMeO

O

1. CH2Cl2, 1 h

2. CF3SO3H, RT, 2 h

Cl

R2

N

R3

R1

R

+

R

N

O

R1

R2 R3

R1 = Me, Ph, Bn, 4-FC6H4,

        1-naphthyl                                     37−97% yield

R2 = H, Ph

R3 = Ph, 4-FC6H4, C6F5

ð5:131Þ
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Detailed experimental and theoretical investigationswere subsequently performed
with 1-methyl-5-hydroxypyrrolidin-2-one.338 It was shown that para-dimethoxyben-
zene, a stronger nucleophile, is able to react in CF3COOH, whereas the deactivated
aromatic para-dichlorobenzene is unreactive. However, it gives the alkylated product
in67%yield in thepresenceof excess triflic acid.Theseobservations showthat ion105
formed in CF3COOH can react with the activated aromatic, but further protolytic
activation—that is, formation of protosolvated species 106a or dication 106b—is
required to induce the transformation of the deactivated compound. Cation 105 was
identified by 1H and 13C NMR spectroscopy under stable ion conditions (HSO3F–
SO2ClF). In the even stronger acidHSO3F–SbF5 at�40�C, two sets of peaks appeared
with all 1H NMR resonances significantly deshielded. Notable is the chemical shift of
the iminium proton at d1H 9.42. The carboxonium and iminium carbon signals of the
fully protonated dication 106b in the calculated gas-phase NMR spectrum are
significantly deshielded from those in the experimental spectrum suggesting the
formation of the protosolvated structure 106a.

N

O

Me
+

N

O

Me
+

H OTf
δ−

δ+

N

OH

Me
+

+

106a

106b

105

CF3SO3H

Acylium salts undergo aza-Nazarov cyclization under similar conditions to form
varied five-membered N-heterocycles.339 Aryl-tethered pyrrolinones and dihydro-
pyridones [Eq. (5.132)] were induced to cyclize with triflic acid to afford tri- and
tetracyclic products.340

66% yield

CF3SO3H

Cl(CH2)2Cl, 50°C, 2 h

N

COOEt

MeO

MeO

O

N

O

MeO

MeO COOEt

ð5:132Þ
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When 5- and 8-hydroxyquinolines and 5-hydroxyisoquinoline are used as alkylat-
ing agents (see Section 5.2.7) the primary alkylation products undergo a second,
intramolecular alkylation to formmethano-bridged compounds in lowyields,which is
due to the reversibility of the reactions294,295 [Eq. (5.133)].

N

HBr−AlBr3

reflux, 20 h

54% yield

N

O

+

Br3nAln

quench

OH AlnBr3n
−                 −

N

OH

benzene

ð5:133Þ
The alkylation method developed by Fukuzawa et al.245 (see Section 5.2.4) has

been used in cyclialkylation to synthesize polycyclic aromatic hydrocarbons such as
benzopentaphene 107 [Eq. (5.134)].341

CHO

CHO

CF3SO3H

solvent, reflux

              107           

CH2Cl2           43%

1,4-dioxane     37%

propane-1,3-diol

ð5:134Þ
Nafion-H has been shown to promote cyclialkylation of arylalkylepoxides to form

tetralin derivatives342 [Eq. (5.135)]. The reactions were performed by passing a solu-
tion of the epoxide in a solvent mixture (CH2Cl2, CFCl3, 1,1,2,2-tetrafluoroethanol)
through a 0.8-cm� 10-cm column packed with Nafion powder. Aryl-alkenes
and -alkanols could also be used as starting materials.343

R = H, Me, MeO, F, Cl
R' = H, Me, MeO

Nafion-H

O
R

R'

R

R'
OH

R

OH

+

R'

R' = H                42−88% yield
R = H, R' = Me                    35%         43%
R = H, R' = MeO                 31%         43%

ð5:135Þ
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Doyle et al.344 andWee and Liu345 have reported the ring-closing transformation of
a-diazoacetamides 108 and 109 to yield 2(3H)-indolinones over Nafion-H
[Eq. (5.136)]. In the transformation of compounds 109 the electrophilic intramolecular
substitution is followed by decarboxylation.345 Small amounts of 2-azetidinone
derivatives (4–10%) formed through a carbene intermediate were also detected. The
yield of products fromcompounds108 are even higher than observed in the presence of
Rh(OAc)2 often applied in the decomposition of diazo compounds.344

toluene,
reflux,
20 h

N

N2

R

O

H

N

N2

R

O

COOMe

N

R

O

R'R'R'

CHCl3,
reflux,

overnight

Nafion-HNafion-H

R = Et, Bn                                     90−97%

R' = H, 3-Me, 2,3-diMe,

        3,4-CH2(O)2

28−84%                R = Et, Bu, Bn, (CH2)2CO2Me,

                                     (CH2)3OSiMe2tert-Bu

                             R' = H, 4-Me, 4-MeO, 2,5-diMeO,

                                     3,4-diMeO, 4-CO2Me, 2-Br-4-Me

108 109

ð5:136Þ

5.3. ACYLATION OF AROMATICS

Friedel–Crafts acylation of aromatics is of considerable practical value owing to the
importance of aryl ketones and aldehydes as chemical intermediates.346 Whereas
alkylation of aromaticswith alkyl halides requires only catalytic amounts of catalysts,
acylation to ketones generally necessitates equimolar or even some excess of the
Friedel–Crafts catalysts. Usually one molar equivalent of catalyst combines with an
acyl halide, giving a 1:1 addition compound, which then acts as the active acylating
agent [Eq. (5.137)].

RCOX    +    AlX3 RCOX AlX3 RCO+ AlX4
− ð5:137Þ

Evidence supporting the formation of 1:1 addition compounds is further substan-
tiated by the actual isolation of stable acyl cation salts (Chapter 3). Therefore, it is
highly desirable to develop methods in which only a catalytic amount of Friedel–
Crafts acid catalyst may be used for effective conversion.

Effenberger and Epple347 showed that alkylbenzenes are effectively acylatedwhen
�1% triflic acid is added to the mixture [Eq. (5.138)] (Table 5.26). It was shown that
when other Brønsted or Lewis acids were used, the yield decreased drastically
(Table 5.27). Perfluorobutanesulfonic acid was found similarly effective (35–84%
yields)348 [Eq. (5.138)].
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       4-MeC6H4, 4-MeOC6H4, 

         4-ClC6H4, 4-NO2C6H4
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80−154°C
4−110 h

R1

R2

R3

C
R

O

n = 1, 4              R1, R2, R3 = H, Me, MeO, Cl

ð5:138Þ

Acyl chlorides were also tested in acylations promoted by B(OTf)3.
231 Acylation of

benzene and toluene in competitive reactions (molar ratio¼ 5:1) with acetyl chloride
shows high para selectivity (92–95% with 2.5–7% of meta, kT/kB¼ 31–73), whereas
the para isomer is formed onlywith 72–75%selectivity (8–10%ofmeta, kT/kB¼ 78) in
benzoylation with benzoyl chloride. Acetylation appears not to be affected by signifi-
cant isomerization as indicated by isomer distributions and relative reactivity data.

Table 5.26. Triflic Acid-Catalyzed Acylation of Aromatics with Acyl Chlorides
(RCOCl)347

Reactants
T Time Yield

R Aromatics (�C) (h) Product (%) o:p

C6H5 Benzene 80 8.5 Benzophenone 14
C6H5 Chlorobenzene 132 5 2- and 4-Chlorobenzophenone 13 1:3
C6H5 Toluene 110 48 2- and 4-Methylbenzophenone 85 1:2
C6H5 para-Xylene 138 6 2,5-Dimethylbenzophenone 82
4-NO2C6H4 Benzene 80 4 4-Nitrobenzophenone 82
Me3C Anisole 154 12 tert-Bu-4-methoxyphenyl ketone 54
Me2CH Anisole 154 0.2 isoPr-4-methoxyphenyl ketone 46

Table 5.27. Catalytic Action of Brønsted or Lewis Acids in the Acylation of
para-Xylene by Benzoyl Chloride347

Catalyst Amount (%) Temperature (�C) Time (min) Yield (%)

CF3SO3H 1 138 6 82
HSO3F 1 138 6 20
4-MeC6H4SO3H 1 138 6 31
H2SO4 1 138 6 28
HClO4 1 138 6 14
CF3COOH 2.6 138 10 21
HPOF2 3.1 138 10 4
AlCl3 2 138 15 26
SnCl4 2 138 15 30
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Triflic acid has been found to be an effective catalyst in the aroylation of
fluorobenzene with 3- and 4-trifluoromethyl- and 3,5-bis(trifluoromethyl)benzoyl
chloride.349 Although a prolonged treatment is required (reflux, 144 h), the reactions
proceed with high selectivity to give the desired CF3-sustituted 4-fluorobenzophe-
nones in high yields (79–98%).

Studies onmixedanhydrides of carboxylic acids and triflic acid have shown them to
be extremely powerful acylating agents.350 Similarly, higher perfluoroalkanesulfonic
acids also form mixed anhydrides.351

Triflic acid has been shown to exhibit high activity in the acylation of aromatics
with methyl benzoate to give benzophenone derivatives in good to excellent
yields352 [Eq. (5.139)]. Aromatic carboxamides bearing an additional functional
group,when protonated by triflic acid to form activated dicationic intermediates, are
capable of reacting with benzene to yield acylated products.253 Triflic acid also
activatesb-lactams to react with arenes to form aryl-substitutedb-amino ketones353

[Eq. (5.140)]. Naphthalene, ferrocene, andN-substituted pyrroles were also reacted.
In all three reactions, diprotonated cationic intermediates were invoked for inter-
pretation of the results.

C

OMe

O

R

R'

+

R = H, Me, MeO, CF3, F, Cl, NO2

R' = H, 2-Me

CF3SO3H

85°C, 0.5−8 h
R'

O

70−93% yield

ð5:139Þ

R'

+

R = COPh, CO2Me, CO2CH2CCl3
R' = H, Me, MeO, F, Cl, Br

CH2Cl2, 0°C to RT,

15−30 min

NHR

O

65−91% yield

N

O

R

R'

CF3SO3H

ð5:140Þ

Roberts and Wells354 were the first to use triflic acid in the acylation of phospha-
ferrocenes with acetic anhydride and benzoic anhydride to afford ketophosphaferro-
cenes in good yields (62–78%). Recently, acyl trifluoroacetates in excess triflic acid
have been shown to be even more effective reagents355 [Eq. (5.141)].
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+  R'COOH  +  CF3COOH

X = CH, R = H           R' = Me, Et, tert-Bu, Ph,

X = P, R = Me                   Bn, 4-MeOC6H4

CF3SO3H (4 equiv.)

CH2Cl2, RT, 1 h

58−97% yield

X

Fe RR

X

Fe RR
R'

O

X

RR

X

RR

ð5:141Þ

Amorphous and mesostructured ZrO2 solid catalysts impregnated with various
amounts of triflic acid were tested in the acylation of biphenyl356,357 and toluene358

(with benzoyl chloride and para-toluyl chloride, respectively, nitrobenzene sol-
vent, 170�C and 130�C). All catalysts exhibited lower activity when compared with
neat triflic acid. The mesoporous catalysts, however, showed complete selectivity
in the formation of para-benzoylbiphenyl. A triflic acid–silica catalyst, in turn,
prepared using an aminopropyl-modified silica, showed good characteristics in the
solvent-less acetylation of anisole and 2-methoxynaphthalene with acetic anhy-
dride.359,360 The activity of 1,1,2,2-tetrafluoroethanesulfonic acid, either neat or
embedded in silica, was found to be similar to that of triflic acid in the acetylation
of anisole.196

The protonation of a series of a-substituted cinnamic acid in HSO3F at�78�C has
been studied.361 The protonated (Z)-a-phenyl cinnamic acid intermediate 110 under-
goes further transformation to yield 2-phenylindenone as a result of intramolecular
acylation [Eq. (5.142)].

+

HSO3F

−78°CO

H

OH

O

OH

H

OH

−H2O

110

ð5:142Þ

Klumpp and co-workers362 have performed a detailed study of the acylation
reactions of benzene with a variety of cinnamic acid derivatives in triflic acid.
Cinnamic acids with alkyl or weakly electron-withdrawing groups (F, Br) on the
phenyl ring give the corresponding substituted indanones as a result of a two-step
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intermolecular and intramolecular acylation (61–98% yield). In addition to indanone
derivatives, dihalogenated cinnamic acid derivatives yield chalcones the products of
intermolecular acylation of benzene [Eq. (5.143)]. Note that the unsubstituted (i. e.,
more electron-rich) ring participates in the ring closure. Finally, only chalcones are
formedwith compoundswith strong electron-withdrawing groups. In a large excess of
triflic acid (100 equiv.) triarylpropanones are also detected. The suggestedmechanism
involves diprotonated cationic intermediates with the reactivity of the cationic
center greatly enhanced by the adjacent protonated carboxylic or carbonyl group
(Scheme 5.38).

+

O

OH

O

R

Ph

O

R

R

benzene

CF3SO3H

RT, 6 h

                                            yield %
R = 2,6-diF                       29           60
R = 2,4-diCl                      80           19
R = 3,4-diCl                      28           71

ð5:143Þ

The intramolecular acylation of 2-aryloxybenzonitriles allowed the synthesis of
molecules with dixanthone skeleton.363 The procedure, in fact, is an intramolecular
Houben–Hoesch reaction364 to afford the intermediate bisiminium salts [Eq. (5.144)]
which, after hydrolysis, gave the final diketo products.

+

Ph OH
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Ph OH
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−H+
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Ph Ph
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Ph Ph
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Scheme 5.38
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O
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O

+H2N
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+

2 TfO−

ð5:144Þ
Examples of a two-step process of intermolecular alkylation followed by intramo-

lecular acylation have also been reported. 5-Aryltetrahydrofuran-2-ones undergo
ring opening in triflic acid to give the intermediate benzyl cation, which alkylates
benzene or chlorobenzene followed by intramolecular acylation to afford tetralone
derivatives in low yields365 [Eq. (5.145)]. The reaction of aromatics with a,b-
unsaturated carboxylic acids in triflic acid is a general method to synthesize substi-
tuted indanones366 [Eq. (5.146)]. The alkylation–acylation sequence was deduced
from the observations that in certain reactions (benzenewith crotonic acid and phenol
with styrylacetyic acid), only acylated products are formed. Likewise, 1-tetralones are
produced from b,g-unsaturated carboxylic acids.

CF3SO H3

reflux

O

O

R

OH

O

R

+

C

R

O +

R

benzene or
chlorobenzene

R'

−H2O −H+

R = H, Cl

O

R = Cl, R' = H          45% yield
R = H, R' = Cl            5% yield
R = Cl, R' = Cl         30% yield

R'

ð5:145Þ

20, 50 or 80°C, 16−20 h
−H2O

+

R
COOH

R1

R = Me, Ph

R1 = H, Me

R2 = H, Me, Cl, OH

R3 = 3-Me, 4-Me, 4-Cl

R2

R3

O

R
R1

R2

R3

CF3SO3H

45−95% yield

ð5:146Þ
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Nafion-H has also been found to be an effective catalyst for heterogeneous
acylation of aromatic hydrocarbons with aroyl chlorides and anhydrides.367

The reported gas-phase acylations with Nafion-H catalyst were generally carried
out at the boiling point of the hydrocarbon to be acylated. The yield of aroylation
reaction depends on the relative amount of the catalyst used. Optimum yields were
obtained when 10–30% of Nafion-H was employed relative to the aroyl halide.
Although this procedure allows very clean reactions with no complex formation and
easy work-up procedures, it is presently limited to only aroylation. Attempted
acetylation of aromatics with acetyl chloride under similar conditions led to thermal
HCl elimination from the latter to form ketene and products thereof. In the reaction of
acetyl chloride by itself with Nafion-H, diketene was detected by IR and NMR
spectroscopy.367

Olah, Prakash, and co-workers368 have shown that direct aroylation with arene-
carboxylic acids including pentafluorobenzoic acid can be performed over Nafion-H.
Arenes, with the exception of benzene and toluene, react in the liquid phase at reflux
temperature to give benzophenone derivatives in moderate to good yields
[Eq. (5.147)]. Intramolecular Friedel–Crafts acylations can be performed under
similar conditions by the reaction of arylalkyl-benzoyl chlorides or arylalkyl-benzoic
acids in para-xylene,369 or treating benzoic acids bearing an ortho substituent with a
phenyl group in dichlorobenzene370 [Eq. (5.148)].

R1COOH

R

+

R = H, 2-F, 3-F, 4-F

        3,5-diCF3, pentaF

R1 = Me, MeO, Cl

R2 = 3-Me, 4-Me, 3,5-diMe

O

26−88% yield

Nafion-H

refluxR2 R2

R1

R

ð5:147Þ

X

82−95%

1,2- or 1,3-dichlorobonezene,

reflux, 1−3 h

−H2O

R

X

R

CO2H

X = CH2, CH2CH2, O, NH, CO, R = H

X = none, R = H, COOH

Nafion-H

O

ð5:148Þ

Nafion–silica nanocomposite catalysts have also been tested in the Friedel–
Crafts acylation of aromatics with acyl chlorides.191,194,371 Anisole, toluene, and
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xylenes, when reacted with phenylacetyl and phenylpropionyl chloride, give the
corresponding ketones with high selectivity.371 Hybrid organic–inorganic silica
catalysts modified with superacidic fluoroalkanesulfonic acid groups (catalysts 48
and 49, Figure 5.15) showed high specific activity exceeding that of Nafion
NR50.192 The rapid formation of the ortho isomer was observed in the benzoylation
of anisole, followed by a slower isomerization to the para isomer.372 This process,
however, was shown to be not an isomerization reaction, but a transacylation
occurring between anisole and ortho-benzoyl anisole. Furthermore, a catalyst with a
more hydrophobic character led to more complete isomerization (para/ortho¼
62.5). Nafion SAC-13, in turn, gave the acylated product in low yield (10%)
when para-xylenewas reacted with heptanoic acid. Among the byproducts, dimeric
para-xylene was identified.373

Acetic anhydride was found to be very effective in the acetylation of anisole over
silica with anchored perfluorinated sulfonic acid site 48 (Figure 5.15).374 Activity of
catalysts with high surface concentration of sulfonic acid groups exceeded that of
Nafion SAC-13.Rapid deactivation, however,was observed at elevated temperature.A
study of Nafion SAC-13 applied in continuous operation375 (anisole:acetic anhydride
molar ratio of 5, 70�C) arrived at the same conclusion: para-methoxyacetophenone
was formed with high selectivity (>95%), but the initial activity (40–50% conversion)
was completely lost in 24 h. Treatment of the spent catalyst with boiling HNO3 (40%
solution), however, successfully restored the activity by removing strongly adsorbed
acylated products. Acylation of anisole with octanoic acid was also studied.376,377

Nafion SAC-25 with mesopores larger than those of SAC-13—and, consequently,
more accessible nanoparticles—show the highest specific activities (Table 5.28).
Because of competitive adsorption, removal of water formed is essential for optimal
catalyst performance.

The reversibility of Friedel–Crafts acylation is only occasionally observed.378–383

Schlosberg and Woodbury384 have studied transacylation between tetramethylace-
tophenones and some arenes in superacidic HF–SbF5 (5:1) and other strong superacid
media. In fact, Keumi and co-workers385 have been able to observe diprotonated
acetylpentamethylbenzene intermediate 111 inHSO3F–SbF5–SO2ClFmediumat low
temperatures, which deacetylates to pentamethylbenzenium ion at more elevated
temperatures [Eq. (5.149)].

Table 5.28. Activity of Nafion Catalysts in the Acylation of Anisole with Octanoic
Acid376

Reaction Rate

Catalyst [10�3 L (gcat h)
�1] [10�3 L (gNafion h)

�1] Selectivitya (%)

Nafion beads 28 28 46
Nafion SAC-13 39 280 66
Nafion SAC-25 193 790 64

Reaction conditions: anisole/acid molar ratio¼ 40, 0.3 g of catalyst, 150�C.
aSelectivity of the para isomer at 50% conversion.
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+
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Sarca and Laali386 have developed a convenient process for transacylation of
sterically crowded arenes such as acetylmesitylene [Eq. (5.150)] and tetramethyl- and
pentamethylacetophenones to activated aromatics using triflic acid in the presence of
imidazolium-type ionic liquids under mild conditions. When the reactions are run
without an activated arene acceptor, efficient deacylation takes place. Simple
4-methoxyaryl methyl ketones can be transacetylated with toluene and para-xylene
as acceptors with triflic acid.387Nafion-Hhas been found to be an efficient catalyst for
the decarboxylation of aromatic carboxylic acids as well as deacetylation of aromatic
ketones.388

+                                                                                 +
CF3SO3H, IL

70°C, 14−48 h

COMe

Me Me

Me

R

Me Me

Me COMe

R

R = Me, MeO

IL = [BMIM][PF6], [BMIM][OTf],

       [EMIM][OTf]

R = Me,        91%                      98%
R = MeO,   100%                    100%

ð5:150Þ

Apparently, only a single example is known for deformylation of aromatics
reported by Yamato et al.389 Treatment of 9-formylanthracene derivatives in the
presence of a large excess (200wt%) of Nafion-H resulted in the formation of the
deformylated product (Scheme 5.39). For the di-tert-butyl-substituted derivative,
selective deformylation and concomitant de-tert-butylation could be achieved under
appropriately selected reaction conditions.

Akhrem et al.390 have reported a unique method for the acylation of aromatics.
When alkanes and cycloalkanes (propane, butane, cyclopentane, cyclohexane) are
treated with CBr4–2AlBr3 in the presence of carbon monoxide, the intermediate acyl
cations react with aromatic silanes to yield acylated products by desilylative acylation
[Eq. (5.151)]. The ipso-substitution of trimethylsilane takes place regioselectively,
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except for meta-trimethylsilylanisole, which gives the para-acylated product. This
was explained by suggesting the initial coordination of the acyl cation to the methoxy
group and the resulting steric hindrance for the ipso attack. As a result, direct acylation
at the para position occurs. Consistent with this is the observation that para-
trimethylsilylanisole was unreactive even in a tenfold excess of the acyl cation.
Furthermore, both toluene and anisole could be directly acylated with cyclopentane
under identical conditions (92% and 81% yield, respectively).

+

SiMe3

R = Pr, Bu, cycloC5H9,

       cycloC6H11

R H  +  CO
1 atm CO
0°C, 1.5 h

R1 CO+

R2

COR1

R2

50−97% yieldR1 = isoPr, sec-Bu, cycloC5H9,

        cycloC6H11

R2 = 3- or 4-Me, 4-MeO,

        3- or 4-Cl

quenchCBr4−2AlBr3

ð5:151Þ

The one-step double functionalization of aromatics—that is, alkylation and
acylation—can be accomplished with alkanes or cycloalkanes (in large excess) using
the aprotic organic superacids RCOþAl2X7

� (R¼ alkyl, aryl, X¼Cl, Br)391

[Eq. (5.152)]. However, the method can be used only for benzene and bromobenzene.

96% yield
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benzene,
reflux, 7 h
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Scheme 5.39
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Activated arenes (toluene, meta-xylene, naphthalene) undergo acylation, whereas
strongly deactivated arenes (nitrobenzene, acetophenone) do not react. On the basis of
this information, the transformationwas suggested to startwith alkylation followedby
the acylation step.

X = H, Br

R = Bu, isoBu, C5H11, isoC5H11,

       isoC6H13, Me-cycloC5H9

R' = Me, Pr, Ph

R'CO+ Al2X7
−

0−20°C, 5−60 min

X

COR'

40−87%         traces−41%

X

+   RH R

X

COR'

+

ð5:152Þ

Fries rearrangement—that is, the transformation of phenolic esters to isomeric
hydroxyphenyl ketones—is related to Friedel–Crafts acylations.392,393 Olah et al.394

have found a convenient way to perform the Fries rearrangement of a variety of
substituted phenolic esters in the presence of Nafion-H in nitrobenzene as solvent
[Eq. (5.153)]. A catalytic amount of Nafion-H is satisfactory, and the catalyst can be
recycled. In contrast, Nafion–silica nanocomposites, in general, exhibit low activities
in the Fries rearrangement of phenyl acetate to yield isomeric hydroxyacetophe-
nones.239,395 In a recent study, BF3–H2O was found to be highly efficient under mild
conditions (80�C, 1 h) to transform phenolic esters of aliphatic and aromatic carbox-
ylic acids to ketones (71–99% yields).396 In most cases the para-hydroxyphenyl
isomers are formed with high (up to 94%) selectivity.

Nafion-H
C

O

R

OH

R

nitrobenzene
reflux, 12 h

C

O

O R'

R = H, 4-Me, 3-Cl                                                                63−75% yield
R' = H, Me

R'

ð5:153Þ

5.4. CARBOXYLATION

The Koch–Haaf reaction397 for the preparation of carboxylic acids from alkenes uses
formic acid or carbon monoxide in strongly acidic solutions. The reaction between
carbocations and carbon monoxide affording oxo-carbenium ions (acyl cations) is a
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key step in the Koch–Haaf reaction and the topic has been reviewed by Hogeveen.398

The original studies used sulfuric acid. Subsequently, the application of liquid
superacids in the Koch–Haaf carboxylation met with remarkable success. Triflic
acid has been found to be by far superior to 95% H2SO4 for carboxylation of alkenes,
alcohols, and esters with carbon monoxide at atmospheric pressure. This is attributed
to the high acidity of triflic acid and also the higher solubility of CO in this medium as
compared with H2SO4. Moreover, triflic acid has the advantage that, unlike H2SO4,
it does not form electrophilic substitution products with aromatics and can be
regenerated.399

Whereas the C2�C4 alcohols are not carboxylated under the usual Koch–Haaf
conditions, carboxylation can be achieved in the HF–SbF5 superacid system under
extremely mild conditions.400 Moreover, Olah and co-workers401 have shown that
even methyl alcohol and dimethyl ether can be carboxylated with the superacidic
HF–BF3 system to formmethyl acetate and acetic acid. In the carboxylation ofmethyl
alcohol the quantity of acetic acid increased at the expense of methyl acetate with
increase in reaction time and temperature. The quantity of the byproduct dimethyl
ether, in turn, decreased. Dimethyl ether gave the desired products in about 90% yield
at 250�C (90% conversion, catalyst/substrate ratio¼ 1:1, 6 h). On the basis of
experimental observations, first methyl alcohol is dehydrated to dimethyl ether.
Protonated dimethyl ether then reacts with CO to yield methyl acetate [Eq. (5.154)].
Themost probable pathway suggested to explain the formation of acetic acid involves
the intermediate formation of acetic anhydride through acid-catalyzed ester cleavage
without the intervention of CO followed by cleavage with HF [Eq. (5.155)].

2 MeOH                       Me2O                  Me2OH−H2O −H+

HF−BF3 H+ +                             +CO
MeCO  +  MeOH                MeCOOMe

ð5:154Þ
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O
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−MeOH

+ +
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Me +

MeOH

−H+, −Me2O
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ð5:155Þ

Nafion-H has also been found to be a suitable catalyst to carry out Koch-type
carbonylation of a variety primary, secondary, and tertiary alcohols.402 Under
optimal conditions, tertiary carboxylic acids are formed in moderate-to-good yields
(Table 5.29). Increased CO pressurewas shown to increase acid yields by enhancing
the carbonylation of the intermediate tertiary carbocation prior to dimerization and
oligomerization. Solvents had a small effect on catalyst performance, which is in
contrast to the findings of Lange.403 Over Nafion NR50, acid yields of 39% and 42%
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in heptanoic acid and pivalic acid, respectively, were reported in the carbonylation
of 2,6-dimethyl-1-heptanol (150�C, 80 bar CO, 5 h), whereas only 1% of acid was
formed in dodecane (99% conversion, 17.5 h).

Olah and Bukala404 have developed a method for the oxidative carboxylation of
methyl halides with CO and copper oxides or Cu and oxygen over SbF5–graphite
[Eq. (5.156)]. Time-dependence studies indicated that the three products—methyl
acetate, dimethyl ether, and methyl fluoride—were formed in parallel reactions. The
reactivity of methyl halides shows the decreasing order MeBr>MeCl>MeF.

MeBr   +   CO                                        MeCOOMe   +   Me2O   +   MeF
SbF5−graphite

270°C

CuO, 150 atm, 26 h         45%              21%          11%

Cu2O, 140 atm, 24 h       41%              47%            9%

Cu+O2, 140 atm, 22 h     51%                5%            6%

ð5:156Þ

Using HF–SbF5, Yoneda et al.
405 have obtained dicarboxylic acids from diols by

reaction with CO under mild conditions. Some cyclization products were also
obtained. Scheme 5.40 was suggested for the reaction.

The formation of C6 and C7 acids along with some ketones was reported in the
reaction of isopentane, along with methylcyclopentane and cyclohexanewith CO in
HF–SbF5 at ambient temperatures and atmospheric pressure.406 Yoneda et al.407

have also found that other alkanes can be carboxylated as well with CO in HF–SbF5.
Tertiary carbenium ions, which are produced by protolysis of C�H bonds of
branched alkanes in HF–SbF5, undergo skeletal isomerization and disproportion-
ation before reacting with CO. Formation of the tertiary carboxylic acids in the

Table 5.29. Carbonylation of Alcohols over Nafion-H402

Alcohol Main Product
Yield
(%)

Yield of
Total Acids

(%)

tert-Butyl alcohola 2,2-Dimethylpropanoic acid 53 63
1-Pentanol 2,2-Dimethylbutanoic acid 48 65
2-Pentanol 2,2-Dimethylbutanoic acid 40 53
1-Hexanol 2,2-Dimethylpentanoic acid 26 58

2-Methyl-2-ethylbutanoic acid 23
1-Octanol 2,2-Dimethylheptanoic acid 27 57

2-Methyl-2-ethylhexanoic acid 22
1-Adamantanola 1-Adamantanecarboxylic acid 77 77

Reaction conditions: 2 g of Nafion-H, 20mmol of alcohol, hexane, 160�C, 9 MPa CO, 22 h.
aCHCl3 as solvent.
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superacid HSOF–SbF5 was shown to be accelerated by the addition of Cu2O to the
reaction mixture.408 It was also found that alkyl methyl ketones react with CO in the
HF–SbF5 superacid system to form oxocarboxylic acids after hydrolysis
(Scheme 5.41). Alkyl methyl ketones with a short alkyl chain (less than C4) do
not react under these conditions due to the proximity of the positive charge on the
protonated ketone and the developing carbenium ion.409

Sommer and co-workers410,411 have made detailed studies of the carbonylation
of lower alkanes in superacidic media. Carbonylation of propane was carried out
by bubbling mixtures of propane and CO through a HF–SbF5 solution (molar
ratio¼ 4:1) at �10�C and monitoring the composition of the solution by 1H NMR
spectroscopy.412 Two acylium (acyloxonium) ions, propanoyl cation (ethylcarbox-
onium ion, 112) and isobutyryl cation (isopropylcarboxonium ion, 113), were
detected which, upon quenching (ethanol or NaHCO3/H2O), give the corres-
ponding acids or esters [Eq. (5.157)]. The two products were formed in a ratio
of 2:3 using a CO/propane mixture of 3 with a propane conversion of 4%. The gas
phase was shown to contain a large excess of methane (H2/methane/ethane
4:89:7). In a large-scale test the ratio of the two acids were 1:6 (propane
conversion¼ 94%). All experiments with excess CO showed the predominant
formation of the ethylcarboxonium ion (112); that is, preferential C�C bond
cleavage takes place.
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CH3CH2CH3   +   CO

CH3CH2

HF−SbF5

−10°C
+

(CH3)2CH CO+

CO+

CH3CH2COOR
           +
(CH3)2CHCOOR

R = H, Et

quench

−H+
     112

     113

ð5:157Þ

Considering all possibilities, the protolytic cleavage of propane can be summarized
according to Scheme 5.42. Since the butyryl cation was not detected, path a
(involvement of n-propyl cation 34) can be excluded. Pathway b (protonation of the
secondary C�H bond) is kinetically disfavored compared with protonation of the
more electron-richC�Cbond (pathways c andd). The large amount ofmethane leaves
only path c as the major activation route of propane leading to the formation of
ethylcarboxonium ion 112 (formation of the ethyl cation followed by carbonylation
with CO).

It was also found that the ratio of the two esters is highly dependent on the propane/
CO ratio. In contrast to the preferential C�C bond cleavage and formation of
ethylcarboxonium ion (112) observed at high CO/propane ratios, increasing amounts
of propane result in increasing selectivities of the formation of the isopropylcarbox-
onium ion 113 (Figure 5.16). Under such conditions, formation of the isopropyl cation

O

+

+

H

C−H bond protolysis   C−C bond protolysis

OH

+

OH
+

O COOH

1. CO
2. H2O −2 H+

+

OH

−2 H+

+

O

COOH

− H2                                                            − CH4

1. CO
2. H2O

Scheme 5.41
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31 via route b (Scheme 5.42, direct protolysis of the secondary C�H bond) can be
neglected in comparisonwith the activation of propane by the ethyl cation. That is, the
isopropyl cation is formed by the hydride transfer between the ethyl cation and
propane (Scheme 5.43).

Addition of small amounts of bromine to the reaction mixture before adding the
propane/CO mixture resulted in both an increase in conversion and increasing
selectivity of the isopropylcarboxonium ion independently of the propane/CO
ratio.413,414 This was accounted for by the involvement of the bromocarbonyl cation
BrCOþ, which, upon protosolvation, acts as a superelectrophile exhibiting high

H3C
CH

CH3

H H

CH3CH2CH3
H+

CH3CH2CH2

H

H

CH3CH2
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CH3

CH3CH2CH2
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Figure 5.16. Selectivity of the formation of the isopropylcarboxonium (113) ion as a function
of the propane/CO ratio (selectivity: [113]/[113þ 112]).412
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reactivity toward propane. Furthermore, exclusive formation of the isopropylcarbox-
onium ion (113) was observed when carbonylation was performed in the presence of
carbon tetrachloride or chloroform.415 This was explained by the regioselective C�H
bond activation by the halomethyl cations CCl3

þ and HCCl2
þ. Carbonylation of

isobutane in HF–SbF5 selectively and almost stoichiometrically occurs through the
protolytic cleavage of the tertiary C�H bond to form the tert-butyl cation and
subsequently pivaloic ester in high yield.410

In a subsequent study, Sommer et al.416 have carried out the carbonylation of
methylcyclopentane under two reaction conditions. When CO is bubbled through the
HF–SbF5 solution at�40�C, the methylcyclopentyl cation (23) yields quantitatively
the corresponding carboxonium ion and, upon quenching with ethanol, gives ethyl 1-
methylcyclopentanecarboxylate (80% yield based on SbF5) (Scheme 5.44). Carbon-
ylation at 0�C, in turn, leads to the formation of ethyl cyclohexanecarboxylate (60%
yield). Under such conditions, where carbonylation is a reversible process, the
cyclohexyl carbenium ion (22), which is in equilibrium with the more stable
methylcyclopentyl cation 23, has a much higher reactivity toward CO. As a result,
the reaction mixture becomes enriched in the cyclohexyl carboxonium ion, the
quenching of which gives the corresponding ester (Scheme 5.44).

Akhrem and co-workers417 have successfully applied aprotic organic superacids in
the carbonylation of a series of alkanes. Butane was transformed into isomeric
carboxylic acids depending on the superelectrophilic reagent and isolated as the
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esters114a and114b (Scheme5.45),whereas pentanegave2,2-dimethylbutanoic acid
selectively in almost quantitative yield in the presence of CBr4–2AlBr3.

418

Isopropyl esters of cyclohexanecarboxylic acids have been synthesized by using
CBr4–2AlBr3 (1 atm CO pressure, �40�C).419 Isopropyl 1-methylcyclohexanecar-
boxylate was isolated in the reaction of cycloheptane and methylcyclohexane (82%
and 73% yield, respectively), whereas isopropyl 1-ethylcyclohexancarboxylatewas
formed from cyclooctane and ethylcyclohexane (67% and 69% yield, respectively).

It has been demonstrated by Olah et al.420 that a,b-unsaturated ketones are
O-protonated in HF–SbF5 to form hydroxyallylic cations, which were directly
observed by NMR spectroscopy. Jacquesy and Coustard have found indirect
evidence for diprotonation of a,b-unsaturated ketones (enones) by trapping the
dication with CO.421 The resulting acylium ion centers are then quenched with
methanol or benzene. An interesting synthetic method was therefore developed for
carboxylation of bicyclic enones in superacid media at atmospheric pressure
[Eqs. (5.158) and (5.159)].
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When cyclohexene is mixed with anhydrous triflic acid under a high pressure of
carbon monoxide (120 atm) followed by the addition of benzene, cyclohexyl phenyl
ketone and the isomeric cyclohexenyl cyclohexyl ketones are obtained with little
isomerization of the initially formed cyclohexyl cation 22 tomethylcyclopentyl cation
23 (Scheme 5.46).422

Lee et al.423 have reported the carbonylation of formaldehyde over various ion-
exchange resins. Nafion NR50 showed the highest specific activity (moles of
formaldehyde converted per proton site) yielding methyl glycolate with high selec-
tivity [Eq. (5.160)].

+

H2C O   +   CO
Nafion NR50

238 atm CO,
dioxane−water,

135°C, 1h

H2C C O

OH

1. H2O, −H+

2. MeOH, −H2O

H2C COOMe

OH

82% selectivity

ð5:160Þ

Oxidative carbonylation of alkynyltungsten(II) complexes in excess triflic acid
leads to formation of indanone derivatives424 [Eq. (5.161)]. Elucidation of the reaction
mechanism was made by isolation and characterization of acyltungsten(IV) species
indicating the involvement of the h1-vinylidene cation 115.
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ð5:161Þ

Carboxylationof aromaticswith carbondioxidewithAl2Cl6/Al hasbeen studiedby
Olah, Prakash, and co-workers425 and shown to be a chemoselective process to give
aromatic carboxylic acids in good to excellent yields (20–80�C, CO pressure¼ 57
atm). Two possible mechanistic pathways with the involment of organoaluminium
intermediates and complexes of CO2 with AlCl3 were postulated. On the basis of
extensive experimental studies and theoretical calculations, the authors concluded
that the most feasible mechanism involves CO2 activated with superelectrophilic
aluminum chloride. Complex 116 reacts with aromatics in a typical electrophilic
substitution.

O

Al
Cl

Al

O
C

Cl

Cl

Cl Cl

Cl

AlCl3
δ−

δ+

116

5.5. FORMYLATION

Aromatic formylation reactions areknown tooccurunderGattermann–Kochconditions
usingmixtures ofCOþHClþAlCl3 andCuCl2.

426–428 Theuse of superacidicHF–BF3
and HF–SbF5 as catalysts for aromatic formylation has been demonstrated.429–431

Mechanistic studies by Olah et al.432 have shown that selectivity in formylation
reactions strongly depends on the nature of the formylating agent.

Among the most frequently used formylation methods, the Gattermann–Koch
reaction shows the highest selectivity reflected both in the observed high
ktoluene:kbenzene rate ratios as well as a high degree of para substitution (Table 5.30).
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Gross formylation with dichloromethyl methyl ether433 is somewhat less selective,
as is the Gattermann synthesis using Zn(CN)2 and AlCl3.

428 Friedel–Crafts-type
formylation with formyl fluoride434 gives a much lower selectivity indicating that
the HCOF–BF3 system produces a more reactive electrophile (HCOF�BF3 complex,
but not necessarily a free formyl cation, HCOþ).

The lowest selectivity was observed in the case of HF–SbF5-catalyzed formyla-
tion with CO in SO2ClF solution at �95�C, which gave a very low ktoluene:kbenzene
ratio (Table 5.30) and an isomer distribution of 45% ortho-, 2.7%meta-, and 52.1%
para-tolualdehydes.432 Under the superacidic conditions studied, CO is protonated
to give rapidly equilibrating (with the solvent acid system) protosolvated formyl
cation, an obviously very reactive electrophilic reagent.When the reaction is carried
out at 0�Cusing only excess aromatics as solvent, the selectivity becomes higher and
giving an isomer distribution of 7.5% ortho-, 2.8% meta-, and 89.8% para-
tolualdehydes.

Subsequently, Olah et al.435 made a detailed study of the formylation of a variety of
arenes (benzene, toluene, ethylbenzene, xylenes, mesitylene) in the superacidic
catalyst systems triflic acid–HF–BF3 and triflic acid–SbF5. Increasing acidity was
found to result in increasing yields of aromatic aldehydes. Good to high yields of
aldehydes (59–78%), in general, could be achieved under mild conditions (atmo-
spheric CO pressure, room temperature). Toluene gave isomeric ditolylmethanes
through the reaction of intermediate protonated para-tolualdehyde with excess
toluene. High positional selectivity (91–94% para isomer) was observed in both
catalyst systems studied. Substrate selectivities (kT/kB), in turn, were lower (21 in
triflic acid–HF–BF3 and 15 in triflic acid–SbF5) as compared to those in Gattermann–
Koch reaction. The elusive formyl cation could not be observed (triflic acid–SbF5–
SO2ClF solution, �80�C) only exchanging 13CO could be detected suggesting the
existence of a rapidly equilibrating protosolvated ion.

The formylation of hexadeuteriobenzene, C6D6, with HCOF–BF3 shows a kinetic
hydrogen isotope effect of kH/kD¼ 2.68, based on comparison of the reactivity of
C6H6/CH3C6H5 and C6D6/CH3C6H5.

432 This isotope effect is similar to that observed
in Friedel–Crafts acetylation and propanoylation reactions, and it indicates that
the proton elimination step is at least partially rate-determining. The low substrate

Table 5.30. Selectivities in Various Formylation Reactions432

Method Reagent Catalyst ktoluene:kbenzene para Product (%)

Gattermann–Koch CO HClþAlCl3þCuCl2 155–860 88.7–96
Gross Cl2CHOCH3 AlCl3 119 60.4
Gattermann Zn(CN)2 AlCl3 93–128 57.8–63.9
Friedel–Crafts HCOF BF3 34.6 53
Superacidica CO HF�SbF5�SO2ClF 1.6 52.1
Superacidicb CO HF�SbF5 �25 89.8

aAt �95�C.
bAt 0�C.
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selectivity formylation with the CO–HF–SbF5 system, however, shows no primary
isotope effect.

Tanaka et al.436 have studied the formylation of alkylbenzenes, halobenzenes,
indane, and tetralin in HSO3F–SbF5 under atmospheric CO pressure and observed
both formylation and sulfonation.Time-dependence studieswithmeta-xylene showed
that the formylation product is formed first and then transformed into the sulfo-
nated aldehydewith increasing reaction time.However, selectivity could be controlled
bychanging theacid strengthof the system, and formylatedproducts couldbeobtained
in high yields with high para selectivity under appropriately selected reaction
conditions (high acidity, short reaction time). On the basis of additional studies by
comparing formylation and sulfonation, it was concluded437 that the formyl cation has
dual reactivity and can act as an electrophile or Brønsted acid. On the other hand,
protonated aromatics can also act as Brønsted acids to produce formyl cations. Under
typical electrophilic conditions, where most of the arenes are protonated, formyl
cations are produced close to the aromatic ring by the protonated aromatics. For-
mylation, consequently, has priority over sulfonation.

The HF–SbF5 system could be used for the synthesis of dialdehydes of bicyclic
aromatic compounds.438,439 With an SbF5/arene ratio of 2, naphthalene, biphenyl,
diphenylmethane, and bibenzyl gave dialdehydes with high positional selectivity
(31–98% yield). It was surprising to find in this study, however, that methylnaphtha-
lenes react slowly and exhibit lowpositional selectivity. Subsequently, the kinetics and
regioselectivity of the formylation of 1-methylnaphthalene and meta-xylene in the
HF–SbF5 and CF3SO3H–SbF5 acid systems were studied.440–442 Dependence of the
rate on the SbF5/arene ratio revealed that formylation can be explained by taking into
account the protonation equilibrium ofmeta-xylene and the apparent formylation rate
decreasing by protonation. The extent of inhibition by protonation is related to the
extent of the transformation of the arene to an inactive s-complex. The apparent
formylation rate of arenes, consequently, is not generally proportional to their relative
basicities. Furthermore, high para selectivity of the formylation of 1-methylnaphtha-
lenewas observedat SbF5/substratemolar ratios around1, but increasingSbF5 content
resulted in decreasing selectivity. On the basis of this information, an intracomplex
reactionmechanismwas suggested [Eq. (5.162)]with the arenium ion protonatingCO
to form the para-oriented p-complex 117. At high SbF5/substrate molar ratios,
protonated CO (formyl cation) is the actual formylating agent and the regioselectivity
reflects the ratio of the two mechanisms.

MeMe

H H

CO

Me

CHO
HCO

+

+
−H+

117

ð5:162Þ
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Unprecedented high ortho selectivities were observed in the monoformylation of
bibenzyl inHF–Lewis acid systems (Lewis acid: SbF5, TaF5, BF3, NbF5) in contrast to
biphenyl, diphenylmethane, and 1,3-diphenylpropane.443 The selectivity increased
with decreasing SbF5/Lewis acid molar ratios, and with the strength of the Lewis acid
used. The orthomonoformylationwas explained to take placewith the participation of
the sandwich-like complex 118 formed from the monocation, whereas dication 119
gives the para-diformyl product.

CH2 CH2
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CO
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+

CH2CH2
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−                                                                         SbF6

−
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For nearly a century, Friedel–Crafts acylations were considered to give nearly
exclusive para substitution of toluene. The reason accounting for this fact was
considered to be steric. The present-day understanding of the mechanism of electro-
philic aromatic substitution indicates that this is not necessarily the only reason. para
Substitution is greatly favored if the transition state of highest energy is an intermedi-
ate arenium ion (s-complex) like, where a paramethyl group is more stabilizing than
an ortho (and much more than a meta). However, when the highest transition state is
becoming increasingly “early” on the reaction path, the ratio of ortho:para substitu-
tion increases.metaSubstitution always stays relatively low, generally less than 5–6%
varying with the reactivity of the reagent within this limit. This substitution pattern is
also observed in Friedel–Crafts-type formylation reactions. In these reactions, the
involved substituting agents are obviously less space demanding than those of other
acylation reactions. Steric effects consequently cannot be a significant factor affecting
selectivity, which is primarily reflected in the changing ortho:para isomer ratio. The
methyl group always remains predominantly ortho:para directing, even in very low
substrate selectivity reactions, and the meta isomer does not increase above 4%.

Regioselective formylation of toluene, meta- and para-xylene, and mesitylene has
been achieved by carbonylation in triflic acid at COpressures of 90–125 atm.However,
the use of six- to sevenfold excess of acid over arene is required to obtain high yields of
thealdehydes.422Recently, apara-tolualdehydeyieldof99.1%hasbeenreported(triflic
acid/toluene molar ratio¼ 20, CO pressure¼ 70 atm, room temperature, 30min).444
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Formylation of the less reactive phenol and anisole with CO in HF–BF3 was found
to require at least stoichiometric amount of the acid for effective transformation
(50 equiv. of HF, 2 equiv. of BF3, 50 bar CO, 45�C).445 Conversion increases with
increasing reaction time but results in decreasing para/ortho ratios suggesting a
change from kinetic control to thermodynamic control and the reversibility of
formylation. Furthermore, the amount of byproducts (mainly diphenylmethane
derivatives) originating from reactions between substrates and products also
increases. Additional studies in ionic liquids showed that imidazolium cations with
increased chain lengths—for example, 1-octyl-3-methylimidazolium salts—are
effective in the formylation process. This was attributed to the enhanced solubility
of CO in the ionic liquid medium. Tris(dichloromethyl)amine, triformamide, and tris
(diformylamino)methane have recently been applied in the formylation of activated
aromatic compounds in the presence of triflic acid at low temperature (�10 to�20�C)
albeit yields are moderate.446

While studying the reaction of adamantane with carbon monoxide under super-
acidic catalysis, formylation (formation of 1-adamantanecarboxaldehyde) was found
by Olah and co-workers447 to effectively compete with Koch�Haaf carboxylation
(formation of 1-adamantanecarboxylic acid, major product formed in 60–75% yield).
On the basis of results acquired by the reaction of 1,3,5,7-tetradeuteroadamantane,
formylation was interpreted by insertion of the formyl cation into the tertiary C�H
s-bond [Eq. (5.163)].

H CHOH CHO+

Freon-113
82 atm, RT, 10 h

superacid quench

CF3SO3H                0.2% yield

CF3SO3H−B(OTf)3 3.4% yield

CF3SO3H−SbF5      8.2% yield

+  CO

ð5:163Þ

A more effective formylation of adamantane has been developed by Vol’pin,
Akhrem, and co-workers448,449 using the aprotic organic superacids CBr4–2AlBr3
and CH2Br2–2AlX3 (X¼Cl, Br). With methylcyclopentane as the hydride source,
1-adamantanecarboxaldehyde was isolated in 100% yield under optimized condi-
tions (substrate:superacid:methylcyclopentane molar ratio¼ 1:1:2, CH2Br2–2AlCl3,
atmospheric CO pressure, 20�C, 2 h).

Olah et al.450 have recently described a new, highly efficient superelectrophilic
formylation–rearrangement of isoalkanes. Branchedketones are formed in highyields
and with high selectivity with no detectable branched acids (Koch products) in the
presence of moderately strong superacids such as HF–BF3 or triflic acid–BF3.
Carbonylation of isobutane under such conditions gives isopropyl methyl ketone in
high yield [Eq. (5.164)] The transformation was interpreted with the involvement of
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the pentacoordinate carbodication 120a formed by the attackof reactive protosolvated
formyl cation [HC¼COH]2þ on the tertiary C�H bond of isobutane. According to
subsequent calculations [MP2(full)/6-31G*],451 this species is a minimum on the
potential energy surface and can be considered as the enolic formof 2-methylpropanal
with a proton on one face and amethyl cationon the other face of theC�Cdouble bond
(120c).This dication can rearrange in a single step to adistonic dication,which leads to
the final product isopropyl methyl ketone (see Section 5.17.3).
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Attempts have been made435 to observe the long-lived formyl cation under stable
ion conditions using 13C-enriched carbon monoxide. However, even at very low
temperatures proton exchange with the superacid solvent is fast on the NMR time
scale. In a recent study, however, de Rege, Gladysz, and Horv�ath452 have observed
protonated carbon monoxide by IR and NMR spectroscopy at high CO pressure in
HF–SbF5. They were also able to demonstrate453 the carbonylation of methane with
carbon monoxide under similar conditions (HF–SbF5 or HSO3F–SbF5, 80�C,
pressure), which leads to the exclusive and quantitative formation of the acetylium
ion CH3CO

þ. Quenching the reaction mixture with water gives acetic acid in
quantitative yield.

5.6. THIO- AND DITHIOCARBOXYLATION

Aromatic carboxylic acid derivatives are generally prepared by Friedel–Crafts
methods using phosgene, oxalyl chloride, or carbamoyl chlorides.397Carbon disulfide
reacts with arenes in the presence of excess AlCl3 catalyst to give dithiocarboxylic
acids.454–456 However, these reactions generally require at least 2mol excess of the
strong Lewis acid catalyst, and significant side reactions occur.

Olah et al.457 have developed amildmethod for the preparation ofmethyl and ethyl
thio(dithio)benzoates. Theyprepared S-methyl (S-ethyl) thiocarboxonium and dithio-
carboxonium fluoroantimonates 121a and 121b bymethylating (ethylating) carbonyl
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sulfide and carbon disulfide, respectively, with methyl(ethyl)fluoride–antimony
pentafluoride complexes in SO2 solution [Eq. (5.165)]. Then these reagents were
used under mild conditions for the preparation of methyl and ethyl thio(dithio)
benzoates by electrophilic substitution of aromatic hydrocarbons [Eq. (5.166)].

[R O S O]+ SbF6
− +    S C

−25°C
R S C X SbF6

−+

X = O, S
121   a = Me, Et, X = O
         b = Me, Et, X = S

X

ð5:165Þ

R1

[R S C X]+ SbF6
−

−70 or −30°C,
5 or 20 min

quench

R1 R1

C
HX SR

R1

C
SX R

+

H C

+

SbF6
−X

SR+

R2

R2

R2 R2

R = Me, Et                                                                                                     60−84% yield
R1 = H, Me, iso=Pr, MeO, F 
R2 = 2-, 3- and 4-Me,  3,5-diMe
X = O, S

SO2

ð5:166Þ

5.7. SULFONATION AND SULFONYLATION

Sulfonation of aromatic compounds is generally carried out with sulfuric acid,
halosulfuric acids, or sulfur trioxide as reagent with or without solvent.458,459

Friedel–Crafts catalysts such as aluminum chloride and boron trifluoride are effective
catalysts in certain sulfonations with sulfuric acid and chlorosulfuric acid.

When SO3 is used in fairly dilute solution, the attacking species is SO3 itself. In
concentrated sulfuric acid, however, themechanism ismore complex. Fuming sulfuric
acid (inwhich themolar fraction ofSO3> 0.5) is actually amixture of SO3and ionized
or nonionized monomers, dimers (H2S2O7, with), trimers (H2S3O10), and tetramers
(H2S4O13) ofH2SO4 (the latter three formed by dehydration).At higherwater content,
the tetramer and trimer disappear and the amount of dimer decreases. The reactive
species in sulfuric acid thus depends on the amount of water in the acid and on the
reactivity of the substrate. The reactive species in aqueous sulfuric acid areH2SO4 and
H2S2O7, with the latter beingmore important at higher acid concentrations. In fuming
sulfuric acid, H3S2O7

þ and H2S4O13 are also involved.460

Chlorosulfuric acid (HSO3Cl) reactswith aromatic hydrocarbons to give sulfonic
acids, sulfonyl chlorides, and sulfones, with the relative yields depending on
the reaction conditions. The reaction with benzene with an equimolar amount of
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chlorosulfuric acid in sulfur dioxide as solvent at �8�C yields mainly benzene-
sulfonic acidwith onlyminor amounts of diphenyl sulfone.461 However, with excess
of the acid, arylsulfonyl chloride is also formed.462 ComparedwithHSO3Cl, HSO3F
is a poorer sulfonating agent and tends to give arylsulfonyl fluorides more easily;
excess of halosulfuric acids gives halosulfonation.

Studying the formylation of alkylbenzenes in HSO3F–SbF5, Tanaka et al.
436 have

observedbothformylationandsulfonation.However, in thepresenceofHSO3F, that isat
low acidity level, only sulfonyl compoundswere obtained [Eq. (5.167)], whereas incre-
asing acidity (with added SbF5) resulted in the formation of products of formylation.

SO2F

+

Me

Me

Me

Me

SO2

Me

Me

Me

Me
1 atm CO
−0°C, 1 h

                        50%                                        48%
4-Me/6-Me     83:17                                       78:22

HSO3F

ð5:167Þ
Herlem et al.463 have observed that asphaltene is dissolved in fluorosulfuric acid

and the process is accompanied by strong redox reactions (SO2 andHFevolution). The
products are mainly functionalized by SO3H groups, but SO2F groups were also
detected by XPS. Indeed, model studies with benzene showed the formation of
benzenesulfonic acid, diphenylsulfone, and benzenesulfonyl fluoride. For alkyl-
benzenes, sulfonation was not accompanied by cracking of the alkyl chain.

Nafion-H has also been used as sulfonation catalyst.464 When oleum and long-
chain alkylbenzenes were separated from each other by a Nafion-H membrane, the
membrane transported the sulfonating agent into the alkylbenzene at a rate convenient
for dissipating the heat of the reaction. Reported yields of sulfonation products were
34% (4 h), 63% (6 h), and 86% after 22.5 h.

Friedel–Crafts-type intermolecular sulfonylation of aromatics can also be conve-
niently carried out over Nafion-H by reacting aromatics with arenesulfonic acids at
reflux temperature with azeotropic water removal465 [Eq. (5.168)]. Methanesulfonic
acid also reacts with para-xylene to yield 2-methanesulfonyl-1,4-dimethylbenzene in
much lower yield (30%).

SO3H

S

48−82% yield

R

R2
R1

O

O

R = H, Me

R1 = H, Me, Cl

R2 = H, 3-Me, 4-Me

R

R1

R2

Nafion-H

reflux, 8−20 h
+

ð5:168Þ
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Olah et al.466 observed immediate formation of protonated benzenesulfinic acid
upon addition of SO2 to benzenium ion formed in HSO3F–SbF5–SO2ClF solution at
�78�C. Based upon this observation, Laali andNagvekar467 developed amethod for
the synthesis of aromatic sulfoxides [Eq. (5.169)]. Product formation was inter-
preted in terms of dehydration of protonated benzenesulfinic acid followed by
nucleophilic attack by the aromatic to the formed arenesulfinyl cation. Mixed
sulfoxides (4-fluorophenyl-4-methylphenyl and 4-fluorophenyl-3-trifluoromethyl
sulfoxides) were also prepared by sequential addition of the two aromatics. The
direct synthesis of symmetric diaryl sulfoxides in high yields (room temperature,
2–48 h, 50–95%) has been reported through the electrophilic activation of thionyl
chloride with triflic acid.468

32−100% yield

R2

R = Me, Et, F, CF3, 

R1 = Me, Et, F, Cl

R

R1

+   SO2
HSO3F−SbF5

Freon-113, −78 to 0°C

S

O

R2 = 4-Me, 4-Et, 4-F, 3-CF3, 

       2,4-diMe, 2,4-diEt,

       4-F-2-Me, 4-F-3-Me, 4-Cl-3-Me

R2

ð5:169Þ

Triflic acid itself is a poor catalyst for the sulfonylation of aromatics with
arenesulfonyl chlorides to give diarylsulfones. Addition of BiCl3, however, dramati-
cally increases theactivity (10mol%TfOH,5mol%BiCl3, 120

�C,65–97%yields).469

A similar synergistic effect has been observedwithBiCl3 or SbCl3 in the sulfonylation
of both activated and deactivated aromatics with methanesulfonyl chloride470

[Eq. (5.170)]. The triflic acid–BiCl3 system (10 mol% each) proved to be more
efficient in most cases; however, only the triflic acid–SbCl3 system could be used for
fluorinated arenes because of solubility reason. The actual active species was
suggested to be the mixed anhydride MeSO2OTf.

BiCl3+CF3SO3H    19−94% yield

SbCl3+CF3SO3H     8−97% yield
R = H, Me, F, Cl 

R1 = H, 2-, 3-, 4-Me,

        3,5-diMe,

        2-, 3-, 4-F, 2-Cl

R

R1

+   MeSO2Cl
catalyst Me

S

O

R2
105 to 130°C, 0.7−7 days

−HCl

R2 = 2-, 3-, 4-Me, diMe,

        2- or 4-F, 2,4-diF, F+Me,

        2- or 4-Cl, 2,3- or 2,4-diCl

ð5:170Þ
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5.8. NITRATION

Convenient nitration of aromatic compounds is carried out using a mixture of nitric
acid and sulfuric acid (mixed acid). There are, however, difficulties associatedwith the
use of mixed acid.459,471–473 In particular, the water formed as the reaction proceeds
dilutes the acid and therefore reduces its strength.Also, the strongoxidizing ability of a
mixed acid systemmakes it unsuitable to nitrate many acid-sensitive compounds. The
disposal of the spent acid alsoposes a significant environmental problem.Toovercome
these difficulties of anhydrous Friedel–Crafts-type nitrations catalyzed by strong
acids, nitronium salts (such as NO2

þBF4
�, NO2

þPF6
�, NO2

þSbF6
�, etc.) were

developed474 which are extremely powerful nitrating agents.
Stable nitronium salts, which are readily prepared fromnitric acid (or nitrates)with

HF andBF3 (and other Lewis acids such as PF5, SbF5, etc.) [Eqs. (5.171) and (5.172)],
will nitrate aromatics in organic solvents generally with close to quantitative
yield.472,473 Because HF and PF5 (or BF3) can be easily recovered and recycled, the
method can be considered as a nitric acid nitration using a superacid catalyst
[Eq. (5.173)].

HNO3    +   HF    +     2 BF3 NO2
+ BF4

−    +     BF3−OH2 ð5:171Þ

RONO2    +   HF    +     2 BF3 NO2
+ BF4

−    +     BF3−ROH ð5:172Þ
ArH    +    NO2

+ MFn+1
− ArNO2    +    HF    +    MFn

MFn+1 = BF4, PF6

ð5:173Þ

The powerful nature of nitronium salts as nitrating agents is demonstrated in their
ability to affect even trinitration of benzene to trinitrobenzene [Eq. (5.174)].475

Nitronium salts enable nitration of every conceivable aromatic substrate.

NO2
+ BF4

−

HSO3F

NO2

NO2O2N

ð5:174Þ

The powerful nitronium salts are also capable of reacting with aliphatics. Electro-
philic nitration of alkanes and cycloalkanes has been carried out with NO2

þPF6
�,

NO2
þSbF6

�, or NO2
þBF4

� salts in CH2Cl2–tetramethylenesulfolane or HSO3F
solution.476 Table 5.31 lists some representative reactions of nitronium ion with
various alkanes and cycloalkanes. The formation of nitroaliphatics indicates the
insertion of nitronium ion into aliphatics-bonds involving two-electron, three-center-
bonded five-coordinate carbocations as indicated in the nitration of adamantane477

[Eq. (5.175)].
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+   NO2
+

H NO2H + NO2

−H+ ð5:175Þ

Nitronium ion, which is linear with sp-hybridized nitrogen, is not very reactive in
aprotic media and not capable of nitrating deactivated aromatics. The reactivity of
nitronium salts, however, can be further increased, when nitration is carried out in
superacid solution (HF, HSO3F). The enhanced reactivity is attributed to protosolva-
tion,3–5—that is, to the formation of protonitronium dication (122, NO2H

2þ)
[Eq. (5.176)], suggested as early as 1975 by Olah et al.1 The interaction of the
superacid with the nitronium ion weakens the N�Op-bond character, resulting in the
bending of the linear ion and rehybridization of the N from sp to sp2. Nitronium salts
under superacidic conditions were shown to react even with methane proceeding
through the 3c–2e bound carbocation transition state formed by the insertion of
protonitronium dication 122 into the C�H bond478 [Eq. (5.177)].

122

O N O
+

O N
O

+

H
+

+    H+

ð5:176Þ

CH4   +   NO2H2+ H3C

NO2H

H

−H+

2+

122

CH3NO2H+ ð5:177Þ

This has been demonstrated in a comparative study479 using nitronium salts in
the nitration of deactivated polyfluoronitrobenzenes performed in dichloromethane
and sulfolane, as well as triflic acid. When 2,4-difluoronitrobenzene, 2,3,4-tri-
fluoronitrobenzene, and 1,3,5-trifluorobenzene were reacted with NO2

þBF4
� in

Table 5.31. Nitration and Nitrolysis of Alkanes and Cycloalkanes with NO2
þPF6

�476

Hydrocarbon Nitroalkane Products (molar ratio)

Methane CH3NO2

Ethane CH3NO2>CH3CH2NO2 (2.9:1)
Propane CH3NO2>CH3CH2NO2> 2-NO2C3H7> 1-NO2C3H7 (2.8:1:0.5:0.1)
n-Butane CH3NO2>CH3CH2NO2> 2-NO2C4H9� 1-NO2C4H9 (5: 4:1.5:1)
Isobutane tert-C4H9NO2>CH3NO2 (3:1)
Neopentane CH3NO2> tert-NO2C4H9 (3.3:1)
Cyclohexane Nitrocyclohexane
Adamantane 1-Nitroadamantane> 2-Nitroadamantane (17.5:1)
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sulfolane at 70�C, no product was formed, whereas 2,4-difluoronitrobenzene and
1,3,5-trifluorobenzene gave the corresponding nitrated derivative in dichloro-
methane under reflux (30% and 90% yield, respectively). In contrast, all model
compounds underwent nitration in triflic acid at 70�C; moreover, 1,3,5-trifluor-
obenzene gave the dinitro derivative (yields are 34%, 65%, and 29%). In addition to
better solubility and higher dissociation of the nitronium salt, the enhanced
reactivity was attributed to protosolvation of the NO2

þ ion by the superacid.
Olah et al.480 have found that nitration of aromatics with potassium nitrate or nitric

acid catalyzed by boron trifluoride–monohydrate BF3–H2O proceeds with good to
excellent yield and is capable of nitrating even some deactivated aromatics
[Eq. (5.178)]. Later, it was shown that potassium nitrate with the complex boron
trifluoride–trifluoroethanol BF3–2CF3CH2OH is equally effective481 [Eq. (5.178)].

R

R'

R = H, Me, F, Cl, Br, NO2

R' = 2-F, 4-F                         81−98% yield

R

R'

NO2
BF3−2CF3CH2OH

KNO3, BF3−H2O or

HNO3, BF3−H2OKNO3

RT, 2 h

R

R'

NO2

                                       R = H, Me, F, Cl

82−92% yield                 R' = 4-Me, 2-F, 4-F

ð5:178Þ

Nitration of strongly deactivated aromatics was carried out with nitric acid mixed
with triflatoboric superacid.482 The method is characterized by high yields (penta-
fluorobenzene, 99%, 1,2,3,5-tetrafluorobenzene, 89%; 2,3,4-trifluoronitrobenzene,
96%; methyl phenyl sulfone, 78%), usually high regioselectivity, and mild reaction
conditions (room temperature), and it also tolerates many functional groups.

The anhydride of nitric acid and triflic acid prepared according to Eq. (5.179) was
also shown to be a highly effective nitrating agent in various solvents (nitromethane,
nitroethane, CFCl3) to afford nitro products in high yields (67–99%).483 According to
15N NMR spectroscopy of 15N-enriched nitric acid in triflic acid, trifluoromethane-
sulfonyl nitrate formed is predominantly covalent in nature. However, triflic acid
formed in the system allows protolytic cleavage of the O–NO2 bond. Competitive
nitration of benzene–toluene mixtures may shed light to the nature of the nitrating
agent. Preformed, highly reactive nitronium salts, in general, show very low substrate
selectivity (kT/kB< 2), whereas less reactive covalent nitrates exhibit higher kT/kB
values (nitric acid/acetic acid, 24; trifluoroacetyl nitrate, 28). Thevalue for nitric acid/
triflic anhydride (benzene–toluene, 1:1 molar ratio) is 36. Kinetic studies of nitration
with nitric acid in neat triflic acid andover triflic acidon silica showed484,485 that triflic
acid is less effective in nonaqueous solution, which is attributed to ion pairing and
strong interaction between ionic species.

(CF3SO2)2O   +   HNO3                         CF3SO3NO2   +   CF3SO3H ð5:179Þ
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Nitronium tetrafluoroborate used in large excess (>6 equiv.) is able to transform
hexamethylbenzene and its derivatives to dinitroprehnitene (1,2,3,4-tetramethyl-5,6-
dinitrobenzene) in a highly selective nitration process486 [Eq. (5.180)]. Scheme 5.47
summarizes thekey stepsof themechanistic proposal, including the ipso-nitroarenium
ion 123, the formation of benzyl nitrite 124, and the complexation of the NO2

þ ion to
form the mononitro intermediate (125) facilitating the attack to the ortho position
resulting in the formation of the 1,2-dinitro product.

R

+   NO2
+ BF4

−

R = Me, Br, NO2, COOH                                                        90−96% yield

CH2Cl2, RT, 10 h

NO2

NO2

ð5:180Þ

Excellent results have been reported on the nitration with the NO2Cl�3MXn

(Xn¼AlCl3, SbCl5) superelectrophilic aprotic nitrating agent.487 Strongly deacti-
vated arenes, including benzotrifluoride, polyhalogenated arenes, and aroyl deriva-
tives, give the corresponding nitro derivatives in high, often quantitative yields under
mild conditions (CH2Cl2, 0–20

�C) in short reaction times (15–180min).

NO2 N

NO2H3C

+

CH2

+

NO2
−

CH2ONO CHO

−CO, −H+

NO2
+

oxidation

NO2

+

NO2OHC

+

O O
N

O

O

+           +

−

NO2
NO2

NO2

−HNO2

123                                                                                  124

125

NO2
+ NO2

+

Scheme 5.47
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Nitronium ions such as N-nitropyridinium salts, which are readily prepared from
the corresponding pyridine and nitronium salts,488,489 act as convenient transfer
nitrating agents. Transfer nitrations are applicable to C-nitrations [Eq. (5.181)] as
well as to a variety of heteroatom nitrations. For example, they allow safe, acid-free
preparation of alkyl nitrates and polynitrates from alcohols (polyols) in nearly
quantitative yield490 [Eq. (5.182)].

+N

R

NO2

+                                                                                  +

Me

MeMe

Me

MeMe +N

R

H

X−

NO2

X−

R = 2-Me, 2,6-diMe, 2,4,6-triMe,

       4-MeO-2,6-diMe

X = PF6
−, BF4

−

ð5:181Þ

+N

R

NO2

+    3                                                                          +   3

+N

R

H

CH2 CH CH2

OH OH

CH2 CH CH2

ONO2 ONO2ONO2 BF4
−

R = H, Me, iso=Pr, tert-Bu

HO BF4
−

ð5:182Þ

Electrophilic nitration of olefins can also be carried out with nitronium salts in
pyridiniumpoly(hydrogen fluoride) (PPHF) solution491 (which also acts as solvent) to
give high yields of nitrofluorinated alkanes. In the presence of added halide ions
(iodide, bromide, chloride) the related haloalkanes are formed, and these can be
dehydrohalogenated to nitroalkenes492 [Eq. (5.183)].

+
−HF

NO2F NO2 NO2
NH (HF)nF−+

NO2
+ BF4

−

ð5:183Þ

Originally, the nitronium ion was recognized only as a nitrating agent.493

Subsequently, it was found494–496 to possess significant ambident reactivity and
thus be capable of acting as an oxidizing agent. Dialkyl (diaryl) sulfides
[Eq. (5.184)] and selenides [Eq. (5.185)] as well as trialkyl (triaryl) phosphines
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[Eq. (5.186)], triaryl arsines, and triaryl stibines react with nitronium salts to give
the corresponding oxides.

+
SR R SR R

NO2

+                                                        + NO+

+
SR R

ONO

SR R

O

R = alkyl, aryl

NO2
+

ð5:184Þ

R Se R R Se R

O

R = alkyl, aryl

+    NO+
NO2

+

ð5:185Þ

R = alkyl, aryl
X = P, As, Sb

R3X R3X O +    NO+
NO2

+

ð5:186Þ

Stable nitronium (NO2
þ) salts, particularly with PF6

� and BF4
� counterions, can

act as mild, selective oxidative cleavage reagents for a wide variety of functional
groups.497–499 Examples such as the oxidation of methyl ethers [Eq. (5.187)], oximes
[Eq. (5.188)], dimethylhydrazones [Eq. (5.189)], and thioacetals [Eq. (5.190)] illus-
trate the utility of these methods.

R = H, Me
R' = C6H13, Bn, 2-MeBn,                      57−93% yield
       4-MeBn, 4-NO2Bn
R−R' = cyclo-C7H13

CHOMe

R

R'

NO2
+ BF4

−

CH2Cl2, RT, 1 h
C

R

R'

O
H2O

ð5:187Þ

R'

C

R

N
OH

R = H, Me, Pr
R' = Pr, C7H15, Ph
R−R' = cyclo-C6H10, 2-Me-cycloC6H9

55−84% yield

NO2
+ BF4

−

CH2Cl2, pyridine, RT, 20 min
C

R

R'

O
H2O

ð5:188Þ

C

R

R'

N N

Me

Me

R = Me
R' = C5H11, Bn
R−R' = cyclo-C6H10, 2-Me-cyclo-C6H9,
            4-tert-Bu-cyclo-C6H9

59−86% yield

C

R

R'

O
H2ONO2

+ BF4
−

CH2Cl2, −0°C, 1 h

ð5:189Þ
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C

S

S

R

R'

R = H
R' = Ph, 4-MeC6H4, cyclo-C6H11

R−R' = 1,1-cyclohexyl, 2,2-norbornyl,
            9,9-fluorenyl

R'

C

R

O
NO2

+ BF4
−

CH2Cl2, −15°C, 15 min

93−98% yield

H2O

ð5:190Þ

Bicyclo[2.2.1]heptane (norbornane) and bicyclo[2.2.2]octane, when treated with
nitronium tetrafluoroborate in nitrile-free nitroethane, unexpectedly gave no nitro
products. Instead, only bicyclo[2.2.1]heptane-2-oneandbicyclo[2.2.2]octan-1-olwere
isolated, respectively.500 Observation of bicyclo[2.2.1]heptane-2-yl nitrite as an inter-
mediate and additional information led to the suggestion of the mechanism depicted in
Scheme 5.48. In the transformation of norbornane the first intermediates are the
2-norbornyl cation 126 formed by hydride abstraction and nonclassical cation 127
formed through insertion ofNO2

þ into the secondaryC�Hbond. In the case of bicyclo
[2.2.2]octane, theoxidationofbridgehead tertiaryC�Hbond takesplace andno further
transformation can occur under the reaction conditions. Again these electrophilic
oxygenation reactions testify to the ambident character of the nitronium ion.

Mononitro compounds could be selectively obtained in the nitration of phenyl-
propiolic acid derivatives with HNO3–HSO3F at low temperature501 [Eq. (5.191)].
Addition of fluorosulfuric acid to the triple bond, however, may also take place with
substituted derivatives.

HNO3−HSO3F

−75 or −50°C

30−61% yield

R R' R R'

NO2
R = H, Me
R' = COOMe, CN

ð5:191Þ

The nitrolysis of the highly energetic gem-(bisfluoroamino) derivative 128 has
proved to be difficult.502The functionalization of the sterically hindered amido groups

NO2
+

ONO

H

+

−HONO

H

+

H

ONO

H

−H+     H+

H+

−H+

HONO
ONO

H

O

H

+

126

127

Scheme 5.48
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with HNO3–triflic acid required long reaction time at elevated temperature
[Eq. (5.192)]. Addition of SbF5 to the nitrating system, in turn, resulted in a faster
reaction under milder conditions.

128    Ns = 4-nitrobenzenesulfonyl                                        65% yield

N N

NO2O2N

F2N NF2

Ns Ns N N

NO2O2N

F2N NF2

O2N NO2

HNO3−CF3SO3H, 55°C, 40 h

or HNO3−CF3SO3H−SbF5

RT, 24 h

ð5:192Þ
The solid superacidicNafion-Hhas also been found to catalyze effectivelynitration

reactionswithvarious reagents.503Thenitrating agents employedweren-butyl nitrate,
acetone cyanohydrin nitrate, and fuming nitric acid. In nitric acid nitrations, sulfuric
acid can be substituted by Nafion-H and the water formed is azeotropically removed
during the reaction (azeotropic nitration).503

Nitrobenzene was also prepared in a liquid flow system using a hollow tube of
Nafion-H membrane. Benzene was passed over the outside of tube containing 70%
nitric acid. The yield of nitrobenzene was 19%.504 The nitration of aromatic com-
pounds has also been carried out with Nafion-H in the presence of mercury nitrate as
well as Hg2þ-impregnated Nafion-H catalyst.505 These studies indicated that Nafion-
H�HNO3 and Nafion-H–(HNO3)Hg

2þ nitrate by different mechanisms. It was
proposed tat the mercury-containing catalyst operates in part by mercurating the
arene followed by nitrodemercuration of the initial product.

Generally, nitration of aromatic compounds is considered to be an irreversible
reaction. However, the reversibility of the reaction has also been demonstrated.506

9-Nitroanthracene and pentamethylnitrobenzene transnitrate benzene, toluene, and
mesitylene in the presence of HF–SbF5 as well as Nafion-H [Eq. (5.193)].

+                                                         +

RNO2
R

NO2

catalyst

ð5:193Þ

5.9. NITROSONIUM ION (NOþ)-INDUCED REACTIONS

Nitrosonium ion (NOþ) is the electrophilic species formed from nitrous acid media,
which is responsible for such reactions as diazotizationof amines.Nitrosonium ionhas
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been isolated as salts with a wide variety of counterions such as BF4
�, PF6

�, and
SbCl6

�. The nitrosonium ion does not react with aromatics except in the case of
activated systems (such as N,N-dimethylaniline or phenols).507,508 Frequently, they
form colored p-complexes. Nitrosonium ion is a powerful hydride abstracting agent.
Cumene reacts with NOþ to give various condensation products, which involves
intermediate formation of cumyl cation.509 Similarly, the nitrosonium ion is employed
in the preparation of a variety of stabilized carbocations.510 Some of the reactions of
nitrosonium ion are depicted in Scheme 5.49.492

The hydride abstraction reaction of NOþ has been employed in a modified Ritter-
type reaction511 (Scheme5.50, routea) aswell as in ionic fluorination512ofbridgehead
hydrocarbons (Scheme 5.50, route b).

NHCOR

+   NO
H F

+ PF6
−

H2O

CH3CN
CH2Cl2, RT, 5 h

N C R
−H+

PPHF,
CH2Cl2, RT, 5 h

a

b

+

R = Me, Et, Pr, Ph, Bn                   70−98% yield

95% yield

Scheme 5.50
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+
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Similarly, NOþ is also capable of halogen abstraction from alkyl halides.513,514 In
the presence of a suitable oxygen donor such as dimethylsulfoxide, nitrosonium ion
can act as a nitrating agent493,494 [Eq. (5.194)].

+    NO+

Me

S

Me

O
+      −

Me

S

Me

ONO
+

Me

S

Me

NO2

+
ArNO2

ArH

−Me2S

ð5:194Þ
Nitrosonium ion can also act as a mild and selective oxidizing agent. It has been

used to cleave oxidatively oximes, hydrazones,498 and thioketals to their correspond-
ing carbonyl compounds,499 to cleave benzylic esters515 [Eq. (5.195)], and to oxidize
O-tributylstannyl and O-trimethylsilyl ethers and benzylic alcohols516 [Eq. (5.196)].

R C

OCH2Ar

O

CR

OH

O

R = C10H21, cyclo-C6H11Ph, 82−98% yield

       4-ClC6H4, 4-MeOC6H4

Ar = Ph, benzhydryl

H2O

benzene or nitromethane,

50°C, 30 min

NO+ PF6
−

ð5:195Þ

R = H, Me, Ph

Ar = Ph, 4-FC6H4, 4-MeC6H4

R

CH

Ar

OH

R

C

Ar

O
NO+ BF4

−

CH2Cl2, RT, 1 h

60−78% yield

H2O ð5:196Þ

An additional useful synthetic application is the oxidative nitrolysis with sodium
nitrite/pyridiniumpoly(hydrogen fluoride) (PPHF)517 ofmethyl ketoneswith only the
methyl group being enolizable. The transformation, analogous to the haloform
reaction, yields carboxylic acids [Eq. (5.197)] and is suggested to proceed through
nitrosation of the enolic form of the ketones to form the corresponding oximes via
tautomeric rearrangement followed by C�C bond scission.

R = tert-Bu, 1-adamantyl,

       Ph, 2-Me-, 3-MeC6H4, 

       2-MeO-, 3-MeOC6H4, 

       4-ClC6H4,  4-BrC6H4

CH3

CR

O

PPHF

RT, overnight

44−85% yield

OH

CR

O
NaNO2

C

CR

O

H

OH

N

H+

C

CR

O

H

OH2

N
−HCN

−H+

+

ð5:197Þ
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Nitrosonium ionwas found to insert into the Cr�C bond518 [Eq. (5.198)] and into
the C�C bond of the cyclopropane ring519 [Eq. (5.199)]. The latter reaction opens
up a new route to 2-oxazolines. On the basis of experimental observations,
particularly the similarity of product distributions in the analogous photoinsertion
of NO, the involvement of the intermediate cationic species 129 and 130 was
suggested.

Cr

+

CH3ON
ON

+   NO+ PF6
− Cr

NON
ON

CH2Cl2
RT, 3.5 h

CH3

O

Cr
NON

ON

OH

CH2

+

ð5:198Þ

++   NO+ BF4
−

MeCN,
RT, 30 min

Ar Ar'

Ar, Ar' = Ph, 4-MeC6H4, 4-MeOC6H4,

             4-ClC6H4

ON

Ar'Ar

ON

ArAr'

26−88% yield
8:2−7:3 isomer ratios

ð5:199Þ

CH2

CH

ON

HC HC
Ar'Ar

+

129                                   130

CH2

CH

ON

Ar'Ar

+

Direct fluorination of diarylacetylenes to the corresponding tetrafluoroethane
derivatives has been accomplishedwith nitrosonium tetrafluoroborate and pyridinium
poly(hydrogen fluoride)520 [Eq. (5.200)].

NO+ BF4
−, PPHF

CH2Cl2, RT, 24 h

R = H, Me, MeO, F, CF3 38−75% yield

C CPh C CPh

F F

F F

R R

ð5:200Þ

The same reagent combination—that is, NOþBF4
� (used in an excess of 1.2

equivalent) in conjunction with PPHF—also induces desulfurative fluorination of
phenylsulfides521 (Scheme 5.51). A possible mechanism includes the intermediate
cation 131, which undergoes fluorination via an SN2 or SN1 pathway. Dithiolanes,
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under the same conditions (NOþBF4
� in an excess of 2.2 equivalents), afford the

corresponding gem-difluorides [Eq. (5.201)].

71−96% yield

S S

R

R = Me, Ph, 4-FC6H4, 2,4,6-triMeC6H2

R' = H, 4-Me, 4-F, 2-MeO, 4-MeO

R'

R

R'

NO+ BF4
−, PPHF

CH2Cl2, RT, 1 h

FF

ð5:201Þ

Trialkylsilanes and triarylsilanes are fluorinated to the corresponding tertiary
organofluorosilanes with NOþBF4

� or NO2
þBF4

� applied in a slight excess
(2–20%)522 [Eq. (5.202)]. The nitrosonium or nitronium ion induces hydride abstrac-
tion followed by fast quenching of the tertiary silicenium ion intermediate by fluoride
to give the products in high yields.

R = Me, Et, isoPr, Bu                 NO+ BF4
−       91−98% yield

       tert-Bu, Ph, Bn                    NO2
+ BF4

−      88−95% yield

NO+ BF4
− or NO2

+ BF4
− 

MeCN, 0°C, 2−12 h
R3Si H R3Si F

ð5:202Þ

5.10. HALOGENATION

5.10.1. Halogenation of Nonaromatic Compounds

The halogenation of saturated aliphatic hydrocarbons is usually achieved by free
radical processes.523 Ionic halogenation of alkanes has been reported under superacid
catalysis. Olah and co-workers524,525 have carried out chlorination and chlorolysis of

CH2Cl2
RT, 1 h

R = Me, Ph
R' = H, Me, F

79−92% yield

SPh

H

R

R' SPh

H

R

R'
F−

SN2

H

R

R'

H

R

R' +

NO

F

SN1

131

F−

+

NO+ BF4
−

PPHF

Scheme 5.51
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alkanes in the presence of SbF5,Al2Cl6, andAgSbF6 catalysts. As a representative, the
reaction ofmethanewithCl2–SbF5 is depicted in Scheme5.52. The results ofAgSbF6-
catalyzed chlorination are shown in Table 5.32.

Subsequently, selective ionic chlorination of methane to methyl chloride was
achieved in the gas phase over solid superacid catalysts.526 For example, chlorination
ofmethane in excess chlorine over Nafion-H and SbF5–graphite gavemethyl chloride
with 88% and 98% selectivity, respectively (185�C and 180�C, 18% and 7% conver-
sion).527 Similarly, electrophilic bromination of alkanes has also been carried out528

(Scheme 5.53).

Even electrophilic fluorination of alkanes is possible. F2 and fluoroxytrifluoro-
methane have been used to fluorinate tertiary centers in steroids and adamantanes by
Barton and co-workers.529 The strong influence of electron-withdrawing substituents
on the reaction rate, as well as reaction selectivity, in the presence of radical inhibitors
seems to suggest the electrophilic nature of the reaction involving polarized, but not
cationic, fluorine species. Claims for the latter have been refuted.530 Gal and
Rozen531,532 have carried out direct electrophilic fluorination of hydrocarbons in the
presence of chloroform. Fluorine appears to be strongly polarized in chloroform
(hydrogen bonding with acidic proton of chloroform). However, positively charged
fluorine species (i.e., fluoronium ions) are rare, and only a few examples are known in
solution chemistry (see Section 4.2.4.2).

Olah, Prakash, and co-workers533 have reported the electrophilic fluorination
of methane with N2F

þ and NF4
þ salts serving as “Fþ” equivalents in pyridinium

Cl

H

H C

H
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ClCl SbF5

HCl  +  [CH3
+]

CH3ClCH3H C
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H Cl2
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[CH3
+]

δ+   δ−

+

+

H+  +  CH3Cl

+

or "Cl"

a
b

a

b

Scheme 5.52
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+
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+                       −
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−
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poly(hydrogen fluoride) (PPHF) [Eq. (5.203)]. Exclusive formation of methyl
fluoride was observed with NF4

þSbF6
� in a large excess of methane (16 equiva-

lents), whereas the other two reagents (NF4
þAsF6

� and N2F
þAsF6

þ) gave methyl
fluoridewith high selectivity in amethane excess of 4. Calculations with respect to a
model of the CH4 þ Fþ reaction (QCISD/6-31G*//QCISD/6-31G*þZPE level)
showed that structure 132 (a complex between CH3

þ and HF) is a global minimum
on the potential energy surface. It is 27.7 kcal mol�1 more stable than structure 133

Table 5.32. AgSbF6-Induced Chlorination of Alkanes with Chlorine in the Dark525

Alkanes
Temperature (�C),

Time (min) Reaction Productsa (%)

Isobutane �15, 10 tert-Butyl chloride (7.1)
0, 10 tert-Butyl chloride (5.3)

Isopentane �15, 10 tert-Pentyl chloride (0.7)
0, 10 tert-Pentyl chloride (1.4)
10, 10 tert-Pentyl chloride (5.0)

Cyclopropane �15, 10 n-Propyl chloride (40.0),
Isopropyl chloride (31.5),
1,3-Dichloroporpane (1.2)

�10, 10 n-Propyl chloride (39.2), Isopropyl chloride
(36.0), 1,3-Dichloroporpane (1.4)

Cyclopentane �15, 10 Cyclopentyl chloride (0.5),
1,2-Dichlorocyclopentane (1.8)

�15, 20 Cyclopentyl chloride (0.3),
1,2-Dichlorocyclopentane (1.9)

�15, 60 Cyclopentyl chloride (0.5),
1,2-Dichlorocyclopentane (7.1)

25, 180 Cyclopentyl chloride (0.3),
1,2-Dichlorocyclopentane (3.0)

Cyclohexane �15, 10 Cyclohexyl chloride (5.1)
�15, 60 Cyclohexyl chloride (3.3)

Norbornane 25, 15 exo-2-Chloronorbornane (66.6),
endo-2-Chloronorbornane (15.8),
7-Chloronorbornane (7.6)

25, 30 exo-2-Chloronorbornane (69.5),
endo-2-Chloronorbornane (18.3),
7-Chloronorbornane (6.0)

Adamantane �15, 5 1-Chloroadamantane (62.4),
2-Chloroadamantane (1.2),
1-Hydroxyadamantane (36.3)

Reaction conditions: Cl2:AgSbF6:alkane molar ratio¼ 5:1:10, CH2Cl2 as solvent. Analysis by gas
chromatography.
aYields of the reaction products based on the amount of AgSbF6.
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(a loose complex between CH2F
þ and H2). Formation of cation 132 from CH4 and

Fþ is exothermic by 293.1 kcal mol�1.

CH4   +   "F+"                                                  CH3F   +   CH2F2   +   CHF3

HF or PPHF

RT

NF4
+ SbF6

−, 24 h         100%

NF4
+ AsF6

−, 4 h              92%          6%             2%

N2F+ AsF6
−, 4 h              89%          8%             3%

ð5:203Þ
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+
+

CH
H

F

FC
H

H

HH

132                                   133

H

Nonactivated C�H bonds in imines can be selectively monofluorinated in
HF–SbF5 in the presence of CCl4 to yield the corresponding fluoroketones when the
reactionmixture is quenchedwithHF–pyridine534 (Scheme5.54). The transformation
is initiated by hydride abstraction with CCl3

þ from the most reactive carbon farthest
from the functional group and involves dicationic intermediates 134 and 135.

Selective monohalogenation (chlorination and bromination) can be accompli-
shed with excess methylene halides in the presence of SbF5.

535 Adamantane, for
example, gives 1-chloroadamantane in 80% yield at ambient temperature in 24 h.
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H
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n = 1   68% yield
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2. HF−pyridine (70:30)

Scheme 5.54
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Propane and cyclopentane give isopropyl chloride and cyclopentyl chloride, respec-
tively, whereas isobutane is transformed to tert-butyl chloride under the same
reaction conditions (yields are 69%, 74%, and 76%, respectively). Neopentane
undergoes isomerization to yield 2-chloro-2-butane (88%). When saturated, hydro-
carbons were allowed to react with methylene bromide and SbF5 bromoalkanes were
obtained in comparable yields (64–75%). Formation of the halogenated product can
be best explained by the mechanistic pathway (I) depicted in Scheme 5.55. Since
SbF5 always contains some HF, mechanism (II) may also contribute to product
formation (Scheme 5.55).

The aprotic organic superacid systems polyhalomethane–nAlX3 (X¼Cl, Br)
developedbyVol’pin,Akhrem, andco-workers536–538 canpromote ionichalogenation
of saturated hydrocarbons. The bromination of ethane catalyzed by CBr4–2AlBr3
leads to the formation of 1,2-dibromoethane with high selectivity (55–65�C, CH2Br2
solution or solvent-free conditions). Propane yields isopropyl bromide selectively,
whereas butane gives isomeric monobromides at �20�C. Cycloalkanes (cyclopen-
tane, cyclohexane, methylcyclopentane) can be monobrominated effectively and
selectively at �20�C. Saturated hydrocarbons (propane, cyclopentane, cyclohexane,
norbornane, adamantane) also undergo monoiodination with I2 in the presence of
CCl4–2AlI3 (CH2Br2 solution,�20�C, 1.5–2 h, 50–79% yield).539 The related super-
acid system AcBr–2AlX3 (X¼Cl, Br) is able to effectively promote selective
monobromination of C4�C7 alkanes and cycloalkanes with molecular bromine
between�20�C and 20�C.540 Surprisingly, AlBr3 alonewith Br2 also exhibits activity
in bromination.

1-Bromopropargylic imides [Eq. (5.204)] and amines can be transformed to the
corresponding fluoromethyl derivatives in HF–SbF5.

541 The reaction is fast but
in some cases affords a mixture of CF2Br- and CF3-substituted products. Subse-
quent treatment with HF–pyridine, however, allows complete bromine–fluorine
exchange to get the trifluoromethyl derivatives in high yields (60–96%). A new
synthesis of trifluoroalkanes from 1,1-dichloro-1-alkenes under similar conditions
has recently been reported.542 HF in high excess in combination with SbCl5
transforms 1,3-bis(trichloromethyl)benzene to 1,3-bis(trifluoromethyl)benzene in

+
2 CH2X2   +   (SbF5)2 [XCH2 X CH2X] Sb2F10X−

CH2X2   +   CH3X   +   R+ Sb2F10X−                    RX   +   (SbF5)2

R+ SbF6
−                    [XCH2XR] SbF6

−                    RX + (XCH2)2X+ SbF6
−+

RH  +  HF−SbF5

CH2X2 CH2X2

(I)

(II)

R H
X = Cl, Br

Scheme 5.55

HALOGENATION 651



high yield (80%) with high selectivity (99%) (50�C, 1 h).543 With increasing
temperature, redistribution of halogen atoms in the partially fluorinated products
becomes significant to form the starting material and the hexafluorinated product.
1-Trichloromethyl-3-trifluoromethylbenzene, the most desired product, can be
produced with the highest selectivity in the presence of HF alone. Complete
halogen exchange in chloromethoxybenzene is also achieved with HF and a
catalytic amount of SbCl5.

544

HF−SbF5, −60°C, 10 min                                   CF2Br/CF3 ratio = 11, 77% yield

HF−SbF5, −40°C, 10 min; HF−pyridine, 12 h     R = CF3   88% yield

N

O

O

Br

N

O

O

R

R = CF2Br, CF3

ð5:204Þ

The HF–SbF5 superacid finds numerous additional useful applications in other
fluorination reactions. Allylic amines are hydrofluorinated in HF–SbF5 (7:1) to give
b-fluoro-substituted products (�20�C, 24–85% yields).545 HF–SbF5 in combination
with N-bromosuccinimide transforms allylic amines and haloalkyl amines into gem-
difluoro derivatives (0�C or 20�C, 43–70% yield).546

In a search for new fluorinated compounds with biological activity, Jacquesy and
co-workers have reported in a series of papers the fluorination of various Cinchona
and Vinca alkaloids and derivatives under superacid conditions. When quinidinone
was treated in HF–SbF5 at �78�C, the single monofluoro compound 137 was
isolated in 90% yield547 [Eq. (5.205)]. The reaction is interpreted by invoking the
formation of the intermediate cyclic carboxonium ion 136, which undergoes a
concerted rearrangement (ring enlargement) and fluorination to give the final
product [Eq. (5.205)].

+

     +
−H+

136                                      137

NArCO

H

H

Ar = 6'-MeO-quinolin-4'-yl

N
Ar
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H

H
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+

              +NAr
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H

H

H

F−

H+

N
Ar

O

H

F

ð5:205Þ
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Quinine acetate, 9-epiquinine, and 9-epiquinine acetate give complex mixtures
upon treatment in HF–SbF5 at �30�C.548 In the presence of a chloride source
(2 equivalents of CCl4 or reacting the dihydrochlorides), however, equal amounts
of two10,10-difluoroderivatives, epimeric atC(3), couldbe isolated in60%yield.The
suggested mechanism, shown in Scheme 5.56 for 9-epiquinine, implies that dication
138a formedbyprotonationundergoes isomerization togivedication138bepimeric at
C(3). The ions are trapped by the complex SbF5Cl

� to form epimeric intermediates
chlorinated at C(10). This is followed by hydride abstraction, reaction with F�, and
finally halogen exchange to give the10,10-difluorinatedproducts (139; only oneof the
epimers is shown).

Likewise, dihydrochlorides of quinidine and epiquinidine acetate give epimeric
10,10-difluoro derivatives in HF–SbF5 in the presence of CCl4 (39% and 30%,

+
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2. quench+

139

Scheme 5.56

HALOGENATION 653



respectively).549 The pathway given in Scheme 5.56 can also explain the formation of
these products. In addition, however, rearranged difluoro derivatives were also
obtained in 46% and 45% yield, respectively. This novel rearrangement shown for
quinidine acetate (Scheme 5.57) involves 1,2- and 1,3-hydride shifts and a carbon
shift.

Two dimeric Vinca alkaloids, vinorelbine and anhydrovinblastine, have also been
investigated using the CHCl3–HF–SbF5 system.550–552 In both cases, the correspond-
ing products difluorinated in the ethyl side chain (140) were isolated in modest yields
[Eq. (5.206)]. The mechanistic pathway suggested that the transformation includes
steps already depicted in Schemes 5.57 and 5.58.

140

n = 1     35% yield
n = 2     40% yield
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H
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ð5:206Þ
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Stable dialkyl ether poly(hydrogen fluoride) complexes have been shown to be
convenient and effective fluorinating agents.553Various open-chain and cyclic alkenes
undergohydrofluorinationwith dimethyl ether–5HF(DMEPHF) at room temperature
to furnish the corresponding fluoro derivatives in high yields (73–94%)with excellent
selectivities. The fluorination of secondary and tertiary alcohols exhibit similar
features. Bromofluorination of alkenes can also carried out with DMEPHF in
combination with N-bromosuccinimide. The homologous diethyl ether and dipropyl
ether complexes are also suitable for fluorinations.

5.10.2. Halogenation of Aromatic Compounds

The halogenation of a wide variety of aromatic compounds proceeds readily in the
presence of ferric chloride, aluminum chloride, and related Friedel–Crafts catalysts.
Halogenating agents generally used are elemental chlorine, bromine, or iodine and
interhalogen compounds (such as iodinemonochloride, brominemonochloride, etc.).
These reactions were reviewed554 and are outside the scope of the present discussion.

Generally, electrophilic halogenation of phenols leads to the corresponding ortho-
and para-substituted products. The synthesis of meta-substituted products is consid-
ered difficult.474,555

The protonation of phenols and alkyl phenyl ethers in superacids has been
extensively investigated.420 Both oxygen protonation as well as ring protonation
occurs (Scheme 5.58). In general, oxygen protonation is observed for unsubstituted
phenols and unsubstituted alkyl phenyl ethers, usually at low temperatures. Substitu-
tion of electron-releasing groups in the aromatic ring causes ring carbonprotonation to
predominate.

Jacquesy et al.556 have succeeded in preparing meta-bromophenols from phenols
using the Br2–HF–SbF5 system. The ortho-protonated phenol or alkyl phenyl ether,
which is in equilibrium with the neutral precursor, reacts with the reactive Brþ in the
HF–SbF5medium, leading to onlymeta-brominated phenols (Scheme 5.59). The ring
protonated phenols are unreactive toward electrophilic bromine in the superacid

+

H+

OR

OR

OR

H

H+

OR

H

H
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H

H

+

+

Scheme 5.58
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medium. Subsequently, the mechanism of isomerization of ortho- and para-
bromophenols to meta-bromophenols using HF–SbF5 and CF3SO3H superacid sys-
tems were also studied.557,558 The Br2�HF�SbF5 system was also applied in the
bromination of 2,3-dihydro-1H-indoles and 1,2,3,4-tetrahydroquinoline to yield
isomericmonoboromo derivativeswith the bromine always occupyingmeta positions
from the N atom (ortho or para to the side chain).559

Later, Sommer and co-workers560 used NaBr in HF–SbF5 to brominate anisole
and isomeric methylanisoles. High meta selectivity was observed only for para-
methylanisole. A comparative kinetic study showed that bromine is more effective
(faster reaction, higher yields) than the NaBr–HF–SbF5 system, but the product
distribution is practically the same.Upondissolution ofNaBr inHF–SbF5, a strong red
color developed and SbF3 was also detected. On the basis of these observations, the
involvement of Br2

þ formed via oxidation with SbF5 was suggested.
Jacquesy and co-workers561 have reacted anilinewith Br2 in the presenceHF–SbF5

and isolated monobrominated anilines (ortho/meta/para¼ 3:24:50). Isomerization
was not observed under the reaction conditions (�40�C), but the products equilibrate
at room temperature through 1,2-Br shift. Dibromination yields 2,5-dibromoaniline
(10%) and 3,4-dibromoaniline (55%), with the second bromination being controlled
by the first bromine introduced.

para-Alkylphenols (para-cresol, indan-5-ol, 6-hydroxytetralin) or methyl ethers
can be transformed to 4-chloro-2,5-cyclohexadienones via ipso-chlorination with the
polychloromethane–SbF5 system (�55 to 0�C, 1.5–90min, 43–92% yield).562 Chlor-
omethyl cations (ClCH2)2Cl

þ, CHCl2
þ, and CCl3

þ, formed in situ from methylene
chloride, chloroform, and carbon tetrachloride, respectively, induce electrophilic
chlorination to yield ionic species 141 characterized by NMR spectroscopy
[Eq. (5.207)].
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Me Cl

141
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+

ð5:207Þ

In 1993, Olah, Prakash, and co-workers563 reported the ability of N-iodosucci-
nimide (NIS) to efficiently iodinate deactivated aromatics in the presence of triflic
acid. Deactivated arenes, such as nitrobenzene, halogenated nitrobenzenes, tri-
fluoromethylbenzene, polyhalogenated benzenes, acetophenone, and benzophe-
none, react readily with NIS in triflic acid (two- or fivefold excess) to give the
corresponding iodoarenes in good yields (53–91%) under mild conditions (room
temperature, 2 h). The 13C NMR spectrum of NIS–triflic acid showed carbonyl
resonances at d13C 189 and 192 deshielded by 11 ppm from the corresponding peak
in NIS. This indicates the presence of both protonated NIS and succinimide
[Eq. (5.208)]. The de facto iodinating agent is suggested to be protosolvated
superelectrophilic iodine(I) triflate 142.

N

O

O

+

                                  +
I

CF3SO3H
N

OH

O

I

+

N

OH

O

I

CF3SO3
−

N

O

O

H +   CF3SO3I
CF3SO3H

CF3SO3
− CF3 S O

OH

O

I

142

ð5:208Þ

Later, the reagent combination N-halosuccinimides with BF3–H2O were found to
exhibit similar efficiency in chlorination, bromination, and iodination of aromatics564

[Eq. (5.209)]. Even pentafluorobenzene could readily be halogenated in high yields
(83–96%). Most reactions are performed under mild conditions; however, chlorina-
tion and bromination of nitro compounds required elevated temperature
(100–105�C). DFT calculations (B3LYP/6-311þþG**//B3LYP/6-31G* level) for
N-chlorosuccinimide suggest that multiple protonation can take place at increasing
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acidities, which may lead to ring opening to reduce internal Coulombic repulsion.
The most stable structure with intact ring was found to be dication 143, which is
slightly less stable than the ring-opened dication 144. Increasing degree of proton-
ation of the reagent leads to higher degree of charge–charge repulsion, that is,
increasing destabilization. Consequently, ground-state destabilization is the driving
force to transfer the Xþ moiety to the aromatic nucleophile.

N

O

O

X+

R

R'

R = F, Cl, Br, I, NO2

R' = 2-F, 4-F, 3-Br

X = Cl, Br, I

BF3−H2O

RT, 0.25−72 h

R

R'

X

chlorination       60−95% yield
bromination       77−96% yield
iodination          74−98% yield

ð5:209Þ
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O

Cl
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H

143                                144

+

+
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O
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+

H

Barluenga et al.565 have reported the selective monoiodination of arenes with bis
(pyridine)iodonium(I) tetrafluoroborate [I(py2)BF4] in excess superacids (2 equiv.)
[Eq. (5.210)]. Comparable results were found for activated compounds with both
HBF4 and triflic acid, whereas triflic acid was more effective in the iodination of
deactivated aromatics. For example, nitrobenzene andmethyl benzoate are unreactive
in HBF4 but give the corresponding iodo derivatives in triflic acid (83% and 84%
yields, respectively, in 14 h). Iodination of phenol required low temperature (–60�C).

+  I(py)2BF4
CH2Cl2,

RT, 6 min−45 h

R

R'

R = H, Me, tert-Bu, OH, MeO,

       Cl, Br, NH2, NMe2, NO2, CHO, COOH

R' = H, 3-Me, 2-NO2, 4-Br

       2,3-diMe, 3,5-diMe, 3,5-diMeO,

R

R'

I

catalyst

HBF4            28−99% yields

CF3SO3H     40−99% yields

ð5:210Þ
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5.11. AMINATION

Electrophilic amination of aromatics is not a widely used reaction. However,
attempts have been made with reagents such as hydroxyl ammonium salts,566–571

hydroxylamine-O-sulfonic acid,572,573 hydrazoic acid,574–576 andorganic azides,577–580

mostly under Lewis acid-catalyzed conditions (and also with thermal initiation581–587

or photolysis588,589). Kovacic and co-workers590,591 have found that haloamines can be
used as reagents for aromatic amination giving preferential meta substitution in the
presence of large excess of AlCl3 catalyst. They have also investigated

592 the aromatic
amination reaction with hydrazoic acid catalyzed by AlCl3 or H2SO4, but the reaction
conditions necessitate a 2:1 ratio of catalyst to azide at reflux temperature, giving only
modest yields.

Olah and co-workers593 have carried out a comprehensive investigation of ami-
nodiazonium ions under superacid conditions using 13C and 15N NMR spectroscopic
methods (see Section 4.2.5.2). They also studied the electrophilic amination ability of
these aminodiazonium ions. It has been found594,595 that NaN3 (or trimethylsilyl
azide) reacts with AlCl3 and dry HCl in situ to form aminodiazonium tetrachlor-
oaluminate 145 [Eq. (5.211)], which reacts with a variety of arenes to give the
corresponding aromatic amines [Eq. (5.212)]. Best results for aromatic aminations
were obtained when an excess of the aromatic substrate itself was used as the reaction
medium. The results are summarized in Table 5.33.

+
NaN3   +   AlCl3

−NaCl

HCl
AlCl4

−H2N N N

145

AlCl2N3 ð5:211Þ

135    +    ArH ArNH2  HCl   +   N2   AlCl3 ð5:212Þ

Table 5.33. Yield and Isomer Distribution of Aromatic Amines Obtained
by Amination of Aromatic Substrates with Aminodiazonium
Tetrachloroaluminate593

Aromatics Yield (%)
Isomer Distribution (%)

ortho/meta/para

Benzene 63.3
Toluene 72.6 47.3:13.8:38.9
Mesitylene 77.8
1,2,3,4-Tetramethylbenzene 39.0
Chlorobenzene 25.1 28.5:15.3:56.2
para-Xylene 69.8
Anisole 48.7 74.4:4:21.6
Nitrobenzene 1.5

AMINATION 659



Subsequently they showed that trimethylsilylazide is an even more effective
reagent when applied in the presence of triflic acid596 to afford the corresponding
aminated products in high yields (73–95%, 40–70�C, 50–90min). The suggested
reaction pathway involves the formation of the aminodiazonium ion intermediate
upon protonation with triflic acid, which then reacts with the arenes. This method has
been successfully applied in the surface functionalization of polystyrene nanospheres
(PS) with a loading of 0.19mmol of amine group g�1 [Eq. (5.213)].597

CF3SO3H

CH2Cl2,

1,2-dichlorobenzene,

55−60°C, 12 h

PS +  Me3SiN3 PS

NH3
+ TfO−

ð5:213Þ

Triflic acid effectively promotes the phenylamination of aromaticswith phenylazide
in a fast, convenient, high-yield process598 (Table 5.34). The highortho/para selectivity
with only a small amount of meta product and high substrate selectivity (kT/kB¼ 11)
indicate the involvement of a substantially electron-deficient species, the phenylami-
nodiazonium ion intermediate with the possible protosolvation by triflic acid.

5.12. OXYFUNCTIONALIZATION

Converting alkanes and aromatics in a controlled way into their oxygenated com-
pounds is of substantial interest. The discovery and development of superacidic

Table 5.34. Yield and Isomer Distribution of Aromatic Phenylamines Obtained with
Phenylazide–Triflic Acid

Time
(h)

Temperature
(�C)

Yield
(%)

Isomer Distribution (%),
ortho/meta/para

Benzenea 1 55 82
Toluenea 1 60 94 36:1:63
ortho-Xylenea 1 50 90 37.5:0:62.5
Chlorobenzenea 2 65 82 20:3:77
Bromobenzenea 2 60 88 14.6:0.8:84.6
Naphthaleneb 2 50 84c

Anisoleb 2 42 75 35:0:65
Adamantaneb 2 50 d

Benzonitrileb 2 42 Trace
Nitrobenzeneb 2 42 d

aReactant was used as solvent.
bIn CH2Cl2 as solvent.
c1-Phenylaminonaphthaline was obtained in >95% yield.
dNo reaction.
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systems and weakly nucleophilic solvent such as HSO3F–SbF5–SO2, HSO3F–SbF5–
SO2ClF, and HF–SbF5–SO2ClF have enabled the preparation and study of a variety of
carbocations (see Chapter 3). In connection with these studies, it was also found that
electrophilic oxygenation of alkanes with ozone (O3) and hydrogen peroxide (H2O2)
takes place readily in the presence of superacids under typical electrophilic condi-
tions.599 The reactions giving oxyfunctionalized products of alkanes can be explained
as proceeding via initial electrophilic attack by protonated ozone HO3

þ or the
hydrogen peroxonium ion H3O2

þ, respectively, on the s-bond of alkanes through
pentacoordinated carbonium ions.

In recent years, oxyfunctionalization of various natural products (steroids, alka-
loids) under superacidic conditions have also been explored. In addition,Nafion resins
in combinationwith various oxidizing agents have also been used in the oxygenations.

5.12.1. Oxygenation with Hydrogen Peroxide

5.12.1.1. Oxygenation of Alkanes Hydrogen peroxide (H2O2) in superacidic
media is protonated to hydrogen peroxonium ion (H3O2

þ) [Eq. (5.214)]. Christe
et al.600 have reported characterization and even isolation of several peroxonium salts.
The 17O NMR spectrum of H3O2

þ has also been obtained.601

+

H+

HOOH
H +

HOOH [OH H2O] ð5:214Þ

The hydrogen peroxonium ionmay be considered as an incipient OHþ ion capable
of electrophilic hydroxylation of single (s) bonds in alkanes and, thus, be able to effect
reactions similar to such previously described electrophilic reactions as protolysis,
alkylation, chlorination (chlorolysis), and nitration (nitrolysis).

The reaction of branched-chain alkanes with hydrogen peroxide in Magic Acid–
SO2ClF solution has been carried out with various ratios of alkane and hydrogen
peroxide and at different temperatures.602 Some of the results are summarized in
Table 5.35.

Because neither hydrogen peroxide nor Magic Acid–SO2ClF alone led to any
reaction under the conditions employed, the reaction must be considered to proceed
via electrophilic hydroxylation. Protonated hydrogen peroxide inserts into the C�H
bond of the alkane.A typical reaction path is as depicted in Scheme 5.60 for isobutane.

The reaction proceeds via a pentacoordinate hydroxycarbonium ion transition
state, which cleaves to either tert-butyl alcohol or the tert-butyl cation. Since 1mol of
isobutane requires 2mol of hydrogen peroxide to complete the reaction, one can
conclude that the intermediate alcohol or carbocation reacts with excess hydrogen
peroxide, giving tert-butyl hydroperoxide. The superacid-induced rearrangement and
cleavage of the hydroperoxide results in very rapid formation of the dimethylmethyl-
carboxonium ion, which, upon hydrolysis, gives acetone and methyl alcohol.

When the reaction is carried out at room temperature, by means of passing
isobutane into a solution of Magic Acid and excess hydrogen peroxide, the formation
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of methyl alcohol, methyl acetate, and some dimethylmethylcarboxonium ion
together with dimeric acetone peroxide was observed. These results clearly show
that the products observed can be rationalized as arising from hydrolysis of the
carboxonium ion and from Baeyer–Villiger oxidation of acetone.

The mechanism was substantiated by independent treatment of alkane hydroper-
oxides withMagic Acid.603 Similarly, Baeyer–Villiger oxidation of several ketones in
the presence of H2O2 and superacids gave similar product compositions.

Table 5.35. Products of the Reaction of Branched-Chain Alkanes with H2O2 in
HSO3F�SbF5�SO2ClF Solution602

Alkane
Alkane
mmol

H2O2

mmol
Temperaturea

(�C) Major Products

Me

CMe Me

H

2 2 �78 to �20 (Me2C¼OMe)þ

2 4 �78 to �20 (Me2C¼OMe)þ

2 6 �78 to �20 (Me2C¼OMe)þ

2 6 þ20 (Me2C¼OMe)þ (trace), DAPb (25%),
MeOH (50%), MeCO2Me(25%)

Me

CCH2 Me

H

Me
2 3 �78 to �20 (Me2C¼OEt)þ, EtMe2C

þ

2 6 �78 to �20 (Me2C¼OEt)þ

Me

C MeC

H

Me

Me

Me

2 4 �78 (Me2C¼OMe)þ (50%),
(Me2C¼OH)þ (50%)

2 6 �40 (Me2C¼OMe)þ (50%), DAPb (50%)

a1H NMR probe temperature.
bDAP: dimeric acetone peroxide.
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+

Me C

Me

Me
H

OH
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+

+
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Scheme 5.60
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Under the same reaction conditions as employed for branched-chain alkanes,
straight-chain alkanes such as ethane, propane, butane, and evenmethane gave related
products.602

Methane, when reacted with hydrogen peroxide–Magic Acid above 0�C, gave
mainlymethyl alcohol.A similar result was obtainedwith hydrogen peroxide–HSO3F
at 60�C. Ethane with hydrogen peroxide–Magic Acid at �40�C gave ethyl alcohol.
The reaction of propane with hydrogen peroxide takes place more easily than that of
methane or ethane and yields isopropyl alcohol as the initial oxidation product. On
raising the temperature, isopropyl alcohol gave acetone, which underwent further
oxidation with hydrogen peroxide, giving dimeric acetone peroxide, methyl acetate,
methyl alcohol, and acetic acid.

The activation barriers for the hydroxylation of simple alkanes (methane,
ethane, propane, butane, and isobutane) with the hydroperoxonium ion were
calculated to be 5.26, 0.16, �4.64, �4.74, and �4.98 kcal mol�1, respectively
(MP4//MP2/6-31G** level).604 The same order of reactivity has been found at
the B3LYP/6-31G(d,p) level (the corresponding activation barrier values for
the hydroxylation of methane and ethane are 2.58 and 1.40 kcal mol�1,
respectively).605 Both studies showed that the high reactivity of the H3O2

þ ion
originates from its relatively low LUMO energy (�9.18 eV). This value is
approximately the same or even lower than the HOMO energy of alkanes
(�10.8 to�8.0�eV). This facilitates a nucleophilic electron transfer of s electrons
to the s* orbital of the peroxo bond. Reaction path calculations showed that the
electrophilic oxygen atom of the hydroperoxonium ion attacks the hydrogen atom
of the C�H bond.605 Consequently, dehydration takes place without the interven-
tion of the pentacoordinate carbocation, and the carbenium ion formed is then
hydrated to form protonated alcohol.

5.12.1.2. Oxygenation of Aromatics. Although there have been reports of the
direct, one-step hydroxylation of aromatic compounds with peracids in the presence
of acid catalysts, monohydroxylated products (i.e., phenols) have generally been
obtained in only low yields.606–615 Although moderate-to-good yields of phenols,
based on the amount of hydrogen peroxide used, were reported for the AlCl3-
catalyzed reaction of simple aromatics with hydrogen peroxide, a 10-fold excess of
aromatics was used over hydrogen peroxide.615 The conversion of the aromatics
thus was low, probably due to the fact that introduction of an OH group into the
aromatic ring markedly increases its reactivity and thus tends to promote further
side reactions.616

It is well-recognized that phenols are completely protonated in superacidic
solutions.420 This raised the possibility that protonated phenols, once formed in these
media, might resist further electrophilic attack. Electrophilic hydroxylations of
aromatics with hydrogen peroxide (98%) in superacidic media has been achieved
by Olah and Ohnishi617 in Magic Acid, which allows clean, high-yield preparation of
monohydroxylated products. Benzene, alkylbenzenes, and halobenzenes are effi-
ciently hydroxylated at low temperatures. The obtained yields and isomer distribu-
tions are shown in Table 5.36. Subsequently, Olah et al.618 found that benzene and
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Table 5.36. Yields and Isomer Distributions of the Hydroxylation of Aromatics617

Aromatic Substrate Isomer Distributiona (%) Yieldb (%)

Benzene 67
Fluorobenzene 24 (2) 3 (3) 73 (4) 82
Chlorobenzene 28 (2) 7 (3) 65 (4) 53
Toluene 71 (2) 6 (3) 23 (4) 67
Ethylbenzene 68 (2) 6 (3) 26 (4) 70
sec-Butylbenzene 49 (2) 11 (3) 40 (4) 55
Isobutylbenzene 65 (2) 7 (3) 28 (4) 83
n-Amylbenzene 64 (2) 7 (3) 29 (4) 67
ortho-Xylene 12 (2,6) 59 (2,3) 29 (3,4) 63
meta-Xylene 16 (2,6) 2 (2,5) 82 (2,4) 1 (2,3) 73
para-Xylene 64 (2,5) 36 (2,4) 65
1,2,3-Trimethylbenzene 3 (2,3,6) 91 (2,3,4) 6 (3,4,5) 43
1,2,4-Trimethylbenzene 9 (2,4,6) 30 (2,3,6) 61 (2,3,5þ 3,4,6) 57
1,3,5-Trimethylbenzene 100 (2,4,6) 57

Reactions were performed in HSO3F�SO2ClF solution at �78�C.
aBased on chromatographic analysis of quenched phenolic products. Parentheses show position of
substituent(s).

bBased on aromatics used.

alkylbenzenes are smoothly hydroxylated using 30%H2O2 in HF–BF3 acid system at
low temperatures. The abovemethod is particularly attractive because the acid system
is recoverable and recyclable.

All these reactions involve hydroxylation of aromatics by hydrogen peroxonium
ion [Eq. (5.215)].

R

+

R

+   H3O2
+

−H2O

H

OH

R

OH

−H+

ð5:215Þ

Olah et al.619 have also hydroxylated naphthalene to the corresponding
naphthols. Depending upon the acid strength of the medium employed, preferen-
tially a- or b-naphthol is formed. In hydroxylation with 90% H2O2 in hydrogen
fluoride or HF–solvent systems the actual electrophilic hydroxylating agent is the
hydroperoxonium ion (H3O2

þ), resulting in the formation of a-naphthol by the
usual aromatic electrophilic substitution mechanism. In superacids (HF�BF3,
HF�SbF5, HF�TaF5, HSO3F, HSO3F�SbF5), in contrast, b-naphthol is formed
through the attack of hydrogen peroxide to protonated naphthalene according to
Eq. (5.216).
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ð5:216Þ
Jacquesy and co-workers620 have developed a new route to resorcinols by reacting

alkyl-substituted phenols or their etherswithH2O2 inHF–SbF5. The products observed
are formed by the reaction ofH3O2

þ either on neutral substrate or on the corresponding
O-protonated ions. When the C-protonated form is highly stabilized by alkyl sub-
stituents, no hydroxylation occurs. Ring-substituted higher phenol ethers (R¼Et,
n-Pr) isomerize621 and are then hydroxylated to dialkyl resorcinol.622 Even hydroxyl-
ation of aromatic aldehydes and ketones in HF–SbF5 medium has been achieved with
H2O2.

623 No Baeyer–Villiger oxidation products were detected in these reactions.
The H2O2–HF–SbF5 system has been applied by Jacquesy and co-workers in the

hydroxylation of a variety of functionalized arenes.624 Hydroxylation of phenyl esters
has been shown to afford themeta and para isomers asmain products625 [Eq. (5.217)].
Substantial amounts of the deacylated derivatives were obtained in the reaction of
phenyl formate and diphenyl carbonate. In the hydroxylation of 2-chlorophenyl and
4-chlorophenyl acetate, regioselectivity is controlled by the chlorine substituent with
the hydroxyl entering into themeta position to the ester group.626 A similar effect was
observed in the hydroxylation of anilines and anilides.

+   H2O2

O
C

R

O O
C

R

O

HO

HF−SbF5

−20 to −78°C

R = Me, MeO, Ph 83.5−98% yield
ortho/meta/para selectivity

2.5−23:30−64:30−52

ð5:217Þ
The procedure has also been applied for the hydroxylation of aromatic amines.

Aniline and its N-alkyl-substituted derivatives show similar behavior under similar
conditions to afford the meta-substituted aminophenols as the major hydroxylated
product.627 Product formation was interpreted by the attack of protonated hydrogen
peroxide on the anilinium ion protected by N-protonation from oxidation or degrada-
tion. Indoles, indolines, and tetrahydroquinoline have also been successfully hydrox-
ylated with H2O2 in HF–SbF5 with the hydroxyl group meta to the nitrogen
function.559,628 Hydroxylation of tryptophane and tryptamine derivatives affords
pretonine and serotonine derivatives in 42% and 38% yields, respectively.629
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It is noteworthy to point out that polyhydroxylation in most cases is practically
suppressed under the reaction conditions because phenols are totallyO-protonated in
the superacid media and thus deactivated against further electrophilic attack or
secondary oxidation. However, it has been shown by Jacquesy et al.630 that hydroxyl-
ation of a- and b-naphthols can be achieved in H2O2–HF–SbF5 under certain
conditions. The hydroxylation occurs selectively on the nonphenolic ring.

5.12.1.3. Oxygenation of Natural Products Jacquesy and co-workers631 have
also studied the hydroxylation of a series of natural products, including estrone and its
acetate, and various alkaloids. Hydroxylation of vincadifformine in HF–SbF5 with
H2O2 (4 equiv., 0

�C, 30min) yields amixture of twomonohydroxylated derivatives in
60% yields, whereas products with exclusive substitution at C(11) (146) are obtained
in the reaction of 2,16-dihydrovincadifformine and its 14b-hydroxy analog.632 This
corresponds to the same regioselectivity observed for indoles and indolines.Amixture
of all four possible hydroxylated derivatives (147) were obtained in a combined yield
of 69% in the oxidation of yohimbine with Na2SO5 (HF–SbF5, �35�C, 1 h).633

N

N
R

H

HO

COOMe

H

H

146a R = H       40% yield

146b R = OH    37% yield

147

9-OH  11%, 10-OH  32%

11-OH  23%, 12-OH  3%

N
H

N

H

H

H

MeOOC OH

HO

            9

10

11

           12

Quinine acetate, 9-epiquinine, and 9-epiquinine acetate give mixtures of 10-keto
(148) and 10-fluoro-3-hydroxy (149) derivatives upon treatment with H2O2 in
HF–SbF5 (Scheme 5.61).634 Each product is epimeric at C(3). The initial isomeriza-
tion (double bond migration) to form the exocyclic alkene 150 followed by the attack
of electrophile “OHþ” equivalent to yield isomeric protonated epoxides 151 are the
key steps in product formation [Eq. (5.218)]. Isomerization of epoxides affords the
ketones and trans ring opening by F� gives the fluorohydrins.

NH

151a                                           150                                                151b

HH3C

H

+NH

H
H3C

H
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+

OH

"OH+", H+"OH+", H+

NH

H

CH3

H

HO
 +

+

ð5:218Þ
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5.12.2. Oxygenation with Ozone

Ozone can be depicted as the resonance hybrid of canonical structures 152a–152d,635

and one might expect ozone to react as a 1,3-dipole, an electrophile, or a nucleophile.
The electrophilic nature of ozone has been recognized in its reactions toward alkenes,
alkynes, arenes, amines, sulfides, phosphines, and soon.636–640Reactionsofozone asa
nucleophile, however, are less well documented.641

O
O

O

+                      +
−

O
O

O
−

O
O

O
−

O
O

O
+                                      +−

a                      b                      c                      d

152

Itwas shown in the reaction ofozonewith carbenium ions642 that the initial attackas
expected is alkylation of ozone giving rise to intermediate trioxide, which then
undergoes carbon to oxygen alkyl group migration with simultaneous cleavage of
a molecule of oxygen, similar to the acid-catalyzed rearrangement of hydroperoxides
to carboxonium ions (Hock reaction) [Eq. (5.219)].
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H
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H
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3 equiv H2O2
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−35°C, 3 min

R = H, Ac
Ar = 6'-MeO-quinolin-4'-yl

149a                              149b                             148a/148b/149a/149b

RO = (R)-OAc           20 : 20 : 20 : 10

RO = (S)-OH              6 :   6 :  16 :  8

RO = (S)-OAc           15 : 15 : 33 : 17

O
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3                                                    3

Scheme 5.61
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ð5:219Þ

When a stream of oxygen containing 15% ozone was passed through a solution
of isobutane in HSO3F–SbF5–SO2ClF solution held at �78�C, the colorless
solution immediately turned brown in color. 1H and 13C NMR spectra of the
resultant solution were consistent with the formation of the dimethylmethylcar-
boxonium ion in 45% yield together with trace amounts of acetylium ion
(CH3CO

þ). Further oxidation products (i.e., acetylium ion and CO2) were reported
to be observed in a number of reactions studied. Such secondary oxidation
products, however, are not induced by ozone. Similar treatment of isopentane,
2,3-dimethylbutane, and 2,2,3-trimethylbutane resulted in formation of related
carboxonium ions as the major products (Table 5.37).

For the reaction of ozone with alkanes under superacidic conditions, two mecha-
nistic pathways could be considered. The first possible pathway is the formation of an

Table 5.37. Products of the Reaction of Branched Alkanes
with Ozone in Magic Acid�SO2ClF at �78�C599,642

Alkane Products

Me

CMe Me

H

(Me2C¼OMe)þ

Me

CCH2 Me

H

Me (Me2C¼OEt)þ

Me

C MeC

H

Me

Me

H

(Me2C¼OCHMe2)
þ (60%)

(Me2C¼OH)þ (40%)

Me

C MeC

H

Me

Me

Me

(Me2C¼OMe)þ (50%)

(Me2C¼OH)þ (50%)
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alkylcarbenium ionvia protolysis of the alkane prior to quenching of the ion by ozone,
as shown in Eq. (5.220). Alkylcarbenium ions may also be generated via initial
oxidation of the alkane to an alcohol followed by protonation and ionization
[Eq. (5.221)]. There have already been a number of reports of ozone reacting with
alkanes to give alcohols and ketones.643–645 In both cases, intermediate alkylcarbe-
nium ions would then undergo nucleophilic reaction with ozone as described earlier
[Eq. (5.219)].

H

H
+

+    +    H2R1 C

R2

R
H+

R1 C

R2

R

H R1 C

R2

R

ð5:220Þ

O3

−O2

H+

+    +    H2OR1 C

R2

R

H R1 C

R2

R

R1 C

R2

R

OH ð5:221Þ

The products obtained from isobutane and isoalkanes (Table 5.37) are in accord
with the above-discussed mechanism. However, the relative rate of formation of the
dimethylmethylcarboxonium ion from isobutane is considerably faster than that of the
tert-butyl cation from isobutane in the absence of ozone under the same conditions.642

Indeed, a solution of isobutane in excess Magic Acid–SO2ClF solution showed only
trace amounts of the tert-butyl cation after standing for 5 h at �78�C. Passage of a
stream of oxygen gas through the solution for 10 times longer a period than in the
ozonization experiment showed no effect. It was onlywhen ozonewas introduced into
the system, that rapid reaction took place.

On theother hand, tert-butyl alcohol itself inMagicAcid–SO2ClF solutiongave the
tert-butyl cation readily and quantitatively, even at�78�C. In the presence of ozone,
however, under the same conditions it gave dimethylmethylcarboxonium ion.

Although isobutane does not give any oxidation products in the absence of Magic
Acid under the same low-temperature ozonization conditions, it was not possible for
the authors to determine642 whether formation of intermediate oxidation products,
suchas alcohols, plays anyrole in theozonizationofalkanes inMagicAcid.There is no
experimental evidence for reactions proceeding via the intermediacy of carbenium
ions; whether the initial oxidation step of alkanes to alcohols is important. This
oxidation, indeed, was found to be extremely slow in the acidic media studied.

The most probable reaction path postulated for these reactions is electrophilic
attack by protonated ozone [Eq. (5.222)] on alkanes, resulting in oxygen insertion
into the involved s-bond and cleavage of H2O2 from pentacoordinated trioxide
insertion transition state giving a highly reactive oxonium ion intermediate, which
immediately rearranges to the corresponding carboxonium ion, which can be
hydrolyzed to ketone and alcoholic products [Eq. (5.223)].
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+
− +   H+ HO O O

+
HO O O

+ ð5:222Þ

+  +OOOH
H

OOOH
+

+ C O

RR1

R2

+−H2O2

R1 C

R2

R

R1 C

R2

R

OR1 C

R2

R

H

ð5:223Þ

Since ozone is a strong 1,3-dipole,635 or at least has a strong polarizability (even
if a singlet biradical structure is also feasible), it is expected to be readily
protonated in superacids, in manner analogous to its alkylation by alkylcarbenium
ions. Protonated ozone HO3

þ, once formed, should have a much higher affinity
(i.e., be a more powerful electrophile) for s-donor single bonds in alkanes than
neutral ozone.

Attempts to directly observe protonated ozone by 1H NMR spectroscopy were
inconclusive642 because of probable fast hydrogen exchange with the acid system
(may be through diprotonated ozone H2O3

þ) and also the difficulty in differentiating
between shifts of HO3

þ and H3O
þ.

Straight-chain alkanes also efficiently react with ozone inMagic Acid at�78�C in
SO2ClF solution. Ethane gave protonated acetaldehyde as the major reaction product
together with some acetylium ion (Scheme 5.62). Reaction of methane, however, is
rather complex and involves oxidative oligocondensation to tert-butyl cation, which
reacts with ozone to give methylated acetone (Scheme 5.63).

Similar reactions have been investigated with a wide variety of alkanes.599,642

Cycloalkanes in particular give cyclic carboxonium ions along with protonated
ketones. The reaction of cyclopentane is shown in Scheme 5.64.

Even electrophilic oxygenation of functionalized compounds has been
achieved.599 Alcohols are oxidized to the corresponding keto-alcohols [Eq. (5.224)].

H3CH2C
H

O3H

+O3H
CH3CH3

C O

HH3C

H
−H2O2

CH3CO+

O3H

CH3H3C −2 H2O

+

+

+

Scheme 5.62
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Ketones and aldehydes are oxidized to their corresponding dicarbonyl compounds
[Eq. (5.225)].

+
CH3C (CH2)n

H

H

CH2OH2

+O3H
CH3C (CH2)n

H

CH2OH2

O3HH

2+

−H+
CH3C (CH2)n

H

CH2OH2

O3H

+ H+

−H2O2

CH3C (CH2)n CH2OH2

O

+

−2 H+

H
+

CH3C (CH2)n CH2OH

O

ð5:224Þ
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+

+

+
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Scheme 5.63

+O3H

−78°C

O3

−O2

H

H H H

O3H

O

H

O O

−H2O3

O

H

O OH

O

H

O OH

O

H

O

H

−H+

H+

H

−H2O2

−H2O2

+
+

+ +
+

+

Scheme 5.64
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HSO3F−SbF5−SO2ClF

−40°C
O

H
+

O

H
+                          +
O

H

+   O3 ð5:225Þ

In the case of carbonyl compounds, the C�H bond located farther than g-position
seems to react with ozone in the presence of Magic Acid. It appears that the
strong electron-withdrawing effect of protonated carbonyl group is sufficient to
inhibit reaction of these C�H bonds (in a-, b-, and g-positions). Jacquesy and
co-workers646,647 have shown that protonated ozone in HF–SbF5 reacts with 3-
keto-steroids bearing various substituents such as carbonyl, hydroxy, and acetoxy
groups at the 17 positions. In situ diprotonation of the substrate in the superacid
medium directs the electrophilic attack of ozone to the B- or C-ring methylenes. The
position of oxidation depends both on the steric hindrance of the corresponding axial
C�H bond and the remoteness of the positive charges initially present (diprotonated
species) in the molecule. For example, 3,17-diketosteroids (R¼O) only lead to the
formation of the corresponding 3,6,17- and 3,7,17-triketones (153a and 153b,
respectively, R¼O) (Scheme 5.65), whereas oxidation at the 11 or 12 position is
alsoobservedwhenanOHorOAcgroup is present at the17bposition (153c, R¼bOH
and 153d, R¼bOAc, respectively) (Scheme 5.65). In all cases, the 6-keto to 7-keto
ratio appears to be higher for substrates having a cis A/B ring junction as compared
with those with trans one. Low reactivity of the 11 position, especially for substrates
with cis A/B ring junction, was observed. Oxidation of the tertiary carbon atoms,
however, was not observed in any of these systems.

5.12.3. Oxygenation Induced by Nafion Resins

Frusteri and co-workers648–651 have evaluated the activity of Nafion-based mem-
branes in the oxidation of light alkanes. Themembraneswere prepared by depositing a

O3, HF−SbF5

R

O
H

R

O
H

R

O
H

R = O

R = βOH, αH

R = βOAc, αH

−20°C,−40°C,

or −70°C
O

R

O
H

R

O
H

O

O

O

153a                             153b

153c                             153d

Scheme 5.65
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carbon–Teflon paste on carbon paper followed by activation and subsequent impreg-
nationbyaNafion-Hsolution in isopropyl alcohol.Theywere evaluated in a three-way
catalytic reactor using Fe2þ–H2O2 as the oxidant. Of various acidic catalysts studied,
Nafion-H proved to be the best catalyst to afford the selective oxidation ofmethane (to
methanol), ethane (ethanol and acetaldehyde), and propane (1- and 2-propanol,
propanal, acetone) under mild conditions (80–110�C, 1.4 bar). The high efficiency
of Nafion-H was attributed to its high chemical stability toward H2O2.

Nafion-H is an effective catalyst in the Baeyer–Villiger oxidation of cyclic and
polycyclic ketones to form lactones in high yields (86–100%) with H2O2 or meta-
chlorobenzoic acid in refluxing dichloromethane.652 Nonsymmetric ketones, such as
2-methylcyclopentanone, give isomericmixtures dependingon themigratory aptitude
of the group adjacent to the carbonyl function [Eq. (5.226)].

+

O

O

O

O O

85                15        86% yield

Nafion-H

CH2Cl2, reflux, 36 h
+  30% H2O2

ð5:226Þ

When Nafion SAC-13 and SAC-40 were used in the Baeyer–Villiger oxidation
of cyclopentanone, the peroxidic byproduct dicyclopentylidenediperoxide 154
was obtained with unusually high selectivity (24% yield)653 [Eq. (5.227)]. This
was interpreted in terms of the high acid strength of Nafion leading to the preferable
formation of H3O2

þ species able to form the peroxidic byproduct. Nafion NR50
has been found to be an efficient and recyclable catalyst in the oxidation of
various organic compounds with 30% H2O2 under mild conditions.654 High yields
were achieved in the oxidation of secondary alcohols to esters or lactones,
aldehydes in methanol to methyl esters, tertiary amines to N-oxides, and sulfides
to sulfoxides.

+

O

O

O

Nafion−SiO2

70°C, 6 h

154

24% yield

OO

O O

+  30% H2O2

ð5:227Þ
A clean, solvent-free method has been developed for the bis-hydroxylation of

alkenes by the use of Nafion-based acidic catalysts and 30% H2O2.
655 Nafion NR50

and SAC-13 exhibited high activity in the oxidation of isomeric C6 alkenes, cyclo-
hexene [Eq. (5.228)], 1,4-cyclohexadiene, and allylic alcohols in the temperature

OXYFUNCTIONALIZATION 673



range of 70–90�C to afford the corresponding 1,2-diols inmoderate to excellent yields
(40–100%).

catalyst, 30% H2O2

70°C, 20 h

OH

OH

Nafion NR50       98% yield
Nafion SAC-13    95% yield

ð5:228Þ

Hoelderich and co-workers656,657 have applied various acidic resins loadedwith Pt
and Pd to perform direct hydroxylation of benzene to produce phenol. Among various
Nafion SAC catalysts (loadings between 8 and 80%), SAC-13 gave the best results.
The highest phenol yield of 7.6% was found using a semicontinuous process over a
pre-reduced catalyst (0.5 wt% Pdþ 0.5 wt% Pt/SAC-13, 30–40�C, 1.3 L h�1 H2 and
O2 flow, and 1.4 L h�1 N2 flow, 1400 kPa, water–methanol solvent).

Ohsaka and co-workers658 have reported a new method to prepare peroxyacetic
acid by oxidizing acetic acid with H2O2 in the presence of Nafion catalysts. Nafion-H
proved to be superior to Nafion SAC-13 to give a conversion of 16% (5% of catalyst,
initial reactant concentrations: [CH3COOH]¼ 1.65M, [H2O2]¼ 2.85M, 17 h).

5.12.4. Oxygenation by Other Methods

TheCCl4–HF–SbF5 systemdeveloped by Jouannetaud and co-workers and used in the
selective fluorination of imines (see Section 5.10.1) can be applied in the oxygenation
of ketones and carboxamides as well. The hydroxylation of ketones is selective
[Eq. (5.229)], provided that a five- or six-membered cyclic carboxonium ion pre-
venting fluorination is involved.534,659 Fluorination, however, may be a side reaction
with product distributions depending on quenching conditions (aqueous Na2CO3 or
HF–pyridine). Similar features are characteristic of the transformation of carbox-
amides.659

R = Me , R' = H    80% yield
R = H , R' = Me    92% yield

CCl4−HF−SbF5

−30°C, 5 min

O

R

R' O

OH ð5:229Þ

Karpov and co-workers developed twomethods to transform perfluorinated cyclic
compounds to the corresponding oxo-derivatives. When perfluoroindane (155) is
treated in the presence of SiO2 and SbF5, perfluoroindan-1-one is formed in high
yield660 [Eq. (5.230)]. According to the suggested mechanism, SiO2 serves as the
oxygen source by reacting with the carbocation intermediate formed by F� loss.
The selectivity of oxygenation is highly sensitive to the reaction conditions since the
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product is prone to undergo complex transformations. Perfluorinated benzocyclobu-
tene, indane and their perfluoroalkyl-substituted derivatives (156) [Eq. (5.231)], and
perfluoroalkylbenzenes are transformed in CF3COOH–SbF5 to give carbonyl deri-
vatives under mild conditions in high yields.661 The key step in product formation, in
this case, is the acyloxylation of the carbocation intermediate by CF3COOH.

155

quench

+

F         F
SiO2, SbF5

70°C, 9 h

155/SiO2/SbF5 molar ratio = 1:0.51:2                                            85% yield

F         F

OSiO
F

F−

−SiOF2
F         F

O

ð5:230Þ

156

quench
F         F

CF3COOH, SbF5

20°C, 1.5−21 h

156/CF3COOH/SbF5 molar ratio = 1:1.4:3                                       88−99% yield

F         F

OOCCF3F

(  )n

R'
R

F         F (  )n

R'
R

O

F
F

R, R' = F, CF3, C2F5

n = 0, 1

ð5:231Þ
Bis(trimethylsilyl) peroxide662 and sodium perborate663 are also efficient electro-

philic oxygenating agents in the presence of triflic acid. Both reagents are capable of
the selective monohydroxylation of aromatics to the corresponding phenols in high
yields [Eq. (5.232)]. Isomer distributions are in accordance wit the electronic nature
of the reactions. Moderate substrate selectivity (kT/kB¼ 20) was found with bis
(trimethylsilyl)peroxide in the competitive hydroxylation of benzene and toluene at
�40�C.The byproduct (trimethylsilyloxy)arenes support amechanistic pathwaywith
the involvement of (trimethylsilyloxy)arenium ions. Bis(trimethylsilyl) peroxidewas
also used in the hydroxylation of polystyrene nanospheres promoted by triflic acid.597

R = H, Me, Et, Cl

R′ = H, 2-Me, 4-Me,

        3,5-diMe

R

Me3SiOOSiMe3, −50 or 0°C, 30 min, or
NaBO3  4H2O, −30, −10 or 0°C to RT, 20 h

R'

R

R'

CF3SO3H
OH

Me3SiOOSiMe3    63−94% yield

NaBO3  4H2O        57−73% yield

ð5:232Þ

OXYFUNCTIONALIZATION 675



Adamantane can be transformed to 4-oxahomoadamantane in good yields by bis
(trimethylsilyl)peroxide664 and sodium percarbonate665 in the presence of triflic acid.
Product formation is explained byC�Cs-bond insertion [Eq. (5.233)].Diamantane is
transformed into isomeric oxahomodiamantanes (C�C insertion) and bridgehead
diamantanols (C�H insertion).664

Me3SiOOSiMe3

CF3SO3H

CH2Cl2
0°C, 30 min

OSiMe3

−CF3SO2OSiMe3

CF3SO3
−O

SiMe3

+
+

O

83% yield

ð5:233Þ

5.13. SUPERACIDS IN PROTECTION GROUP CHEMISTRY

Olah et al.666 have developed a highly efficient thioacetalization method using boron
trifluoride monohydrate BF3–H2O. A variety of carbonyl compounds, aromatic and
aliphatic aldehydes, and ketones were readily transformed to the corresponding
1,3-dithiolanes in high yields (90–99%) under mild conditions (CH2Cl2 solution,
0�C, 15–30min). A new method for the synthesis of stannyl ethers for further use in
glycosylationhasbeen reportedbyYamago,Yoshida, andco-workers667 [Eq. (5.234)].
The efficiencyof themethod applicable for primary and secondary alcoholswas tested
by benzoylation.

CH2Cl2,

RT, 1−25 h 75−98% yield

R OH +   Bu3SnR'
CF3SO3H

R OSnBu3

BzCl
R OBz

R = Me, isoPr
R' = H, allyl

ð5:234Þ

A newly developed stable dimethyl ether–HF complex (1:15),668 which
can be stored at room temperature, is highly effective for the deprotection and
cleavage of peptides from Merrifield resins (isolated peptide yields ¼ 88–94%). It
can easily be handled, and it is a very useful and convenient hydrogen fluoride
equivalent.

Amorphous and mesostructured ZrO2 solid catalysts loaded with various amounts
of triflic acid (5–30%) were tested in the acetalization of ethyl acetoacetate to form
fructone357 [Eq. (5.235)]. Whereas the amorphous samples [ZrO2(a)–TfOH] were
nonselective and induced the formation of a byproduct, the mesoporous catalysts
[ZrO2(m)–TfOH] showed complete selectivity to give the desired product in high
yields.

676 SUPERACID-CATALYZED REACTIONS



toluene,
reflux

                          Conversion (%)           Selectivity (%) 

ZrO2(a)−TfOH            83−95              64−97         3−36

ZrO2(m)−TfOH           82−93            100

OEt

O O

OEt

O
OO

OH

O
OOcatalyst

+

HOCH2CH2OH

+

ð5:235Þ
Fluoroboric acid supported on silica (HBF4–silica) has recently been found to be a

highly efficient catalyst in the protection of various functional groups. Structurally
diverse alcohols, phenols, thiophenols, and anilines can be acylated under solvent-free
conditions at room temperature.669 Even acid-sensitive tertiary alcohols (1-alkylcyclo-
hexanols) and sterically hindered compounds, such as endo-borneol, give the acylated
products in high yields. A triflic acid–silica catalyst also shows high activity in the
O-acetylation with Ac2O of alcohols and phenols.359

The transformation of carbonyl compounds to O,S-acetals and S,S-acetals can be
carried out without solvent under mild conditions (1mol% of catalyst, room tempera-
ture, 5–40min) toafford theproducts inhighyields (70–97%).670O,O- andO,S-acetals
are also readily transformed to S,S-acetals [Eq. (5.236)].

89−98% yields

R R'

X

R R'

SS

( )n

SHHS

( )n
+ HBF4−SiO2

RT, 7−40min

R = C9H19, Ph, 4-MeC6H4, 4-HOC6H4,

       4-ClC6H4, 4-MeOC6H4, 4-NO2C6H4,

       4-BnOC6H4, PhCH2CH2, PhCH=CH

R' = H, Me

X = (OMe)2, (OEt)2, O(CH2)nO, O(CH2)nS

n = 1, 2

ð5:236Þ

HBF4–silica also exhibits high activity in the protection of aldehydes as 1,1-
diacetates (acylals)671 [Eq. (5.237), Table 5.38]. Both aliphatic and aromatic alde-
hydes react readily to form diacetates in high yields. The catalyst can be reused with
marginal decrease in activity.

+     Ac2OR C

H

O

R CH

OAc

OAc
HBF4−SiO2 ð5:237Þ

Nafion-H has been shown to be effective in a variety of protection–deprotection
reactions includingO-trialkylsilylation of alcohols, phenols, and carboxylic acids, as
well as the preparation and methanolysis of tetrahydropyranyl (THP) ethers.672

However, when compared, for example, with HBF4–silica or Nafion nanocomposites,
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Nafion-H exhibits lower activity. In the acetylation of alcohols,673 in the transforma-
tion of aldehydes and ketones with trimethyl orthoformate to the corresponding
dimethylacetals,674 and in the formation of acylals,675 longer reaction times (several
hours) are required to achieve high yields at room temperature. Furthermore, the
formation of ethylenedithioacetals in benzene674 and the direct transformation of
acetals to thioacetals with ethane-1,2-thiol in dichloromethane676 can only be
performed at reflux temperature.

The catalytic performance of Nafion SAC-13 in the formation of 1,1-diacetates,677

in turn, is very similar to that of HBF4–silica. In the acetalization of carbonyl
compounds with ethane-1,2-diol and propane-1,3-diol, products are isolated in good
to excellent yields. The formation of THP ethers of alcohols is fast and protected
alcohols are isolated in high yields [Eq. (5.238)]. Nafion SAC-13 can also be used in
the removal of the THP ether group677 although the transformation requires somewhat
longer reaction times (30min–6 h, 81–97% yield). Furthermore, the catalyst could be
recycled in all three processes with practically no loss of activity.

+R OH
Nafion SAC-13

CH2Cl2, RT, 30 min

O ORO

81−100%R = isoBu, 1-C8H17, 2-C8H17,

       Bn, CH2=CHCH2, 

       cycloC5H9, cycloC6H11

ð5:238Þ

Nafion SAC-13 was also demonstrated to be a superior catalyst in the formation of
mixed acetals in the reaction of alcohols with dialkoxymethanes678 [Eq. (5.239)]. The

Table 5.38. Transformation of Aldehydes
to Diacetates in the Presence of HBF4�Silica671

R Group Time (min) Yield (%)

Propyl 1 98
Pentyl 1 96
Heptyl 1 97
Phenyl 2 99
4-F-phenyl 2 98
4-Me-phenyl 2 97
4-MeO-phenyl 2 97
4-CN-phenyl 2 96
1-Naphthyl 2 97
2-Naphthyl 2 96
2-Furyl 5 97
2-Thienyl 4 98
CH3CH¼CH 2 96
PhCH¼CH 7 98

Reaction conditions: aldehyde:Ac2O¼ 1, 0.1mol%of catalyst, room
temperature.
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product acetals are isolated in good to excellent yields in an almost instantaneous
transformation and the catalyst can be reused with minor loss of activity.

R OH
Nafion SAC-13

CH2Cl2, reflux, 5 min

83−100%

+   (R'O)2CH2 RO CH2 OR'

R = 1-C8H17, 2-C8H17, Bn,

       PhCH2CH2, cycloC6H11,

       cholesteryl

R' = isoPr, Bu

ð5:239Þ

Again, the activity of Nafion-H in the above protection processes (transformation
of alcohols toTHPethers672 andmethoxymethyl ethers679) is lower, and consequently,
longer reaction times and elevated temperatures are required to achieve yields
comparable to those over Nafion nanocomposites. Obviously, this is due to the low
specific surface area and low accessibility of the active sites of Nafion-H as compared
with Nafion SAC-13.

A simple process for the trimethylsilylation of alcohols, phenols, and carboxylic
acids in refluxing CH2Cl2 over Nafion-H has been reported by Olah et al.672

[Eq. (5.240)]. The transformation of phenols and carboxylic acids requires higher
temperature (CCl4 reflux).

R OH
Nafion-H

89−98%

+   CH2=CHCH2SiMe3 R O SiMe3

R = 1-C7H15, 2-C9H19, Bn,

       cycloC6H11, cycloC6H11CH2,

       Ph, 2,6-diMeC6H3,

       C5H11CO, C6H5CO

CH2Cl2 or CCl4,

reflux, 1−3.5 h

−CH3CH=CH2
ð5:240Þ

Selective deprotection of trialkylsilyl ethers can also be accomplished by
Nafion-H. Trimethylsilyl ethers are cleaved to the corresponding alcohols under
mild conditions680 [Eq. (5.241)]. Nafion-H with NaI (1 equiv.) in methanol was
shown to readily cleave tert-butyldimethylsilyl ethers (room temperature, 4–25 h,
65–99% yields).681

R = C6H13, C7H15,

       cyclo-C6H11, cycloC7H13,

       substituted Ph, PhCH=CH,

       PhCHMe, 1-indanyl, 2-thienyl

Nafion-H

hexane,

RT, 15−45 min

RCH2 O SiMe3

90−98%

R OH

ð5:241Þ

Nafion-H has also been applied in the transformation of protected organic
compounds. Acetals and ketals can be reductively cleaved very efficiently to the
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corresponding ethers with triethylsilane (CH2Cl2 reflux, 1–4 h, 82–99% yields).682

The combination of acetal synthesiswith the use of trimethyl orthoformate,674 and this
cleavagemethod allows the one-pot direct conversion of carbonyl compounds to their
alkyl ethers. Recently, Nafion-H has been applied in the conversion of primary and
secondary trimethylsilyl ethers to the corresponding symmetric ethers683 (hexane,
RT, 70–90% yield).

Hyroxamic acids protected in the form of dioxazoles can be readily recovered by
treatment with Nafion-H in isopropyl alcohol684 [Eq. (5.242)]. The method is
applicable to primary, secondary, tertiary, and aromatic hydroxamic acids and the
byproduct isopropyl esters are formed only in negligible amounts (0–4%).

Nafion-H

reflux

85−99%
R = Ph, 4-MeOC6H4, 4-NO2C6H4,

      4-PhC6H4, PhCH2CH2,

      PhCH2CHCH3, PhCH2CMe2,

      PhCH=CH

R
C

N
H

OH

O

R N

O

O

+ CHOH

Me

Me

ð5:242Þ

Protection groups related to carbohydrate chemistry are discussed in Section 5.16.

5.14. SUPERACIDS IN HETEROCYCLIC CHEMISTRY

5.14.1. Synthesis of Heterocycles

5.14.1.1. Preparation of Oxacycloalkanes. Unsaturated alcohols can be
cyclized under superacid conditions to yield oxolane derivatives. Laali et al.685 have
studied the protonation of homoallylic adamantylideneadamantyl alcohols. The
pseudo-axial alcohol 157was protonated in HSO3F–SO2ClF to give the intermediate
protonated cyclic ether observed by 1H and 13C NMR spectroscopy, which, upon
quenching, furnished the corresponding ether [Eq. (5.243)].

157

HHO H

O

1. HSO3F−SO2ClF, −78°C

2. quench

ð5:243Þ
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Derivatives with five- and six-membered oxygen-containing rings have been
isolated when vindoline and deacetylvindoline were treated under superacid
conditions.686 Formation of the unexpected oxolane derivatives (R¼Ac: 4%,
R¼H: 18%) was accounted for by rearrangement through ethyl and hydride shifts
(Scheme 5.66).

The ring-closure (cyclodehydration) of dihydroxy compounds affords five-,
six-, seven-, and eight-membered cyclic ethers. The reaction can efficiently
and conveniently be carried out with Nafion-H.687,688 Even diphenols (2,20-
dihydroxybiphenyls) undergo dehydration to afford oxolane derivatives276

[Eq. (5.244)]. The low yields of the tert-butyl-substituted compounds result
from trans-tert-butylation (see Section 5.2.6). Cyclodehydration of stereoisomeric
2,5-hexanediols was shown to be stereospecific688: The racemic mixture yields cis-
2,5-dimethyloxolane, whereas the meso diol gives the trans compound. This
indicates that the transformation is an intramolecular SN2 process without the
involvement of carbocationic intermediates.

quench

H+

N

N

COOMe

OH

OR

N

N

COOMe

OH

O

*

N

N

COOMe

OR

O

N

COOMe

OH

OR

H

+

           +

N

COOMe

OH

OR

H

+

         +

N

COOMe

OH

OR

H

+

                +

H

H

1,2 ~Et

1,2 ~H

HF−SbF5

−0°C

R = H, Ac

..

MeO MeO

MeO

Scheme 5.66
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Nafion-H

R, R' = H, Me         40−96% yield
R or R'= tert-Bu      12% and 16% yields

O
R'

R

R'

R

ortho-xylene,

reflux, 12 h

−H2O

OHR'

R R'HO

R

ð5:244Þ

cis-2,6-Disubstituted 4-methylenetetrahydropyrans found in a variety of natural
products can be synthesized by the highly diastereoselective (de> 98%) ring closure
of enol ethers developed by Schrock, Hoveyda, and co-workers689 [Eq. (5.245)]. The
use of triflic acid in very low amounts (0.01–0.1mol%) is necessary to avoid
polymerization.

11 : 1 : 1−3.5 : 1 : 1
53−75% yield

O

R1

OR Me

R2

H H
OR Me

R1

H H

+                               +
benzene, 22°C,

10 min

R = cycloC6H11, PhCH2CH2,
R1 = Me, Et
R2 = H, Me

CF3SO3H

OR Me

R1

H H

R

H

ð5:245Þ

Triflic acid supported on titania has proved to be an effective catalyst to transform
hydroxyphenyl-1,3-propanediones to chromone derivatives in high yield and with
high selectivity690 [Eq. (5.246)].

R = H, Cl, MeO                                                           82−88% yields

Ar = Ph, 1- and 2-naphthyl

toluene, reflux, 6 h −
H2O

O

O

Ar

O O

OH ArRR

CF3SO3H−TiO2

− ð5:246Þ

Nafion–silica nanocomposites exhibit high selectivity in the synthesis of substi-
tuted 7-hydroxychromanones 158 in high yields691 [Eq. (5.247)]. Conversions
increase with increasing Nafion loading and, consequently, Nafion SAC-80
(Nafion–silica with a Nafion content of 80wt%) affords the highest yields. The
catalysts could be recycled after treatment with nitric acid or hydrogen peroxide.
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R = H     158a       78−88% yields

R = Me   158b       66−96% yields

O

R

OH OHOHO

COOEt

O

+           or

COOH

Nafion−silica

toluene, reflux, 2 h

ð5:247Þ

A low amount (1 mol%) of triflic acid is sufficient to carry out the hetero Diels–
Alder reaction of aromatic aldehydes with simple dienes to furnish 3,6-dihyro-2H-
pyran derivatives in moderate to good yields692 [Eq. (5.248)]. The strongly
deactivated para-methoxybenzaldehyde and pentanal gave the products in very
low yields.

R, R1 = H, Me                                                                          40−85% yields

R2 = H, 4-Me, 4-Cl, 4-NO2, 3-MeO

CF3SO3H

toluene, RT, 14−18 h
O

C
HO

R2

+

R

R1

R

R1

R2

ð5:248Þ

3-Alkenamides react with trioxane in triflic acid to yield 3,6-dihydro-2H-pyran
derivatives693 [Eq. (5.249)]. An oxo–ene reaction to form a homoallyl alcohol
followed by a second oxo–ene reaction and subsequent dehydration were suggested
to explain the product formation. Interestingly, lactam formation was not observed.

X = O, S

R = H, Bu                                               38−58% yield

R' = H, Me

CH2Cl,
RT, 3−4.5 h O

CF3SO3HRHN

R'

X

O O

O

+

CH2CXNHR

ð5:249Þ

Triflic acid has been successfully used in the stereocontrolled synthesis of
substituted tetrahydropyrans. 2,4,6-Trisubstituted tetrahydropyrans have been syn-
thesized by an intramolecular Prins reaction–pinacol sequence694 [Eq. (5.250)].
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The 2,6-cis isomers are formed exclusively and in all cases the equatorial C(4) epimer
159a is the major product.

R = Me, isoPr, tert-Bu, Ph,

       PhCH2, PhCH2CH2, PhCH=CH

nitromethane,
−25°C, 2 h

Ph OH

Me OH

+   RCHO
OPh

COMe

R

OPh

COMe

R

159a

159b

159a/159b         18:1−6:1
yields of 159a     61−81%

CF3SO3H

ð5:250Þ

Nafion–silica nanocomposites (5%, 13%, 20%, 40%, and 80% loading) have
been applied in the synthesis of a-tocopherol (160) in various solvents695,696

[Eq. (5.251)]. Under optimized conditions, Nafion SAC-40 proved to be the best
catalyst (91% yield of a-tocopherol using 0.6 wt% of catalyst). Catalyst recycling
was possible after reactivation with oxidizing agents (nitric acid or hydrogen
peroxide).

+

HO

OH HO

HO

O

toluene, reflux, 2 h or

propylene carbonate−heptane, 100°C, 1 h
Nafion−silica

−H2O

160

ð5:251Þ

Bright, Coxon, and Steel697 reported the cyclization of a methallyl carbinol in
HSO3F via the intermediacy of a protonated oxetane involving a unique oxygen atom
migration [Eq. (5.252)].
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+

Me

OH

Me

O

Me

O

H

H
+

OH

Me
H

+

OH
Me

+
O

H

Me

Me

Me

HSO3F

−78°C

1,2 ~ H

−H+

ð5:252Þ
Additional examples for the formation of oxacycloalkanes under superacidic

conditions are to be found in Section 5.17.1.

5.14.1.2. Synthesis of Nitrogen Heterocycles. Pyrrolidines and piperidines
are synthesized by intramolecular hydroaminaton of N-protected alkenylamines.698

Both triflic acid and conc. sulfuric acid are active; however, triflic acid gives better
yields at much shorter reaction times [Eq. (5.253)]. 4-(para-Nitrophenyl)but-
3-enylamine was unreactive, whereas the para-methoxy-substituted compound
decomposed. The transformation of the tosylate of 1-isobutyl-pent-4-enylamine gave
the 2,5-disubstituted pyrrolidine with modest selectivity (trans/cis¼ 68:32) The
possible reaction pathway includes an intramolecular proton transfer from the pro-
tonated protected amino group to the double bond followed by trapping of the formed
carbocation by the sulfonamide function.

R = H, 2-, 3- and 4-Me, 4-Cl

R' = tosyl, 4-NO2C6H4SO2 

m = 1−3

CF3SO3H

100°C, 2−4 h

NHR'( )m
( )n

R

N

R'

R

n = 1, n' = 0    77−99% yield
n = 2, n' = 0    83% yield
n = 2, n' = 1    51% yield

( )n'

ð5:253Þ

The tandem cyclopropyl ring-opening/nitrilium ring-closing reaction in the pres-
ence of triflic acid results in the stereoselective formation of cyclic imines 161
(Scheme 5.67).699

Cyclic imines are obtained in the related transformation ofmethylenecyclpropanes
with nitriles mediated by triflic acid700 (Scheme 5.68). The reaction pathway
suggested to interpret product formation is similar to that in Scheme 5.67. The
reaction of intermediate 162 with water may give Ritter products (carboxamides)
isolated in some cases.

Similar carbocationic intermediates may be involved in the transformation of
substituted ethyl pentadienoates underRitter conditions in excess triflic acid (3 equiv.)
to furnish the bicyclic aza compounds 163 [Eq. (5.254)].701
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R = Me, Et, isoPr 78−89% yields

                                                                                  2.2−2.4:1 E/Z selectivity

COOEt

SiMe3

+    R CN

N

COOEt
H

R
CF3SO3H

RT, 1 h

163

ð5:254Þ

R = H          81% yield

R = Me       35% yield

+  Me CN
CF3SO3H

RT, 3 h

MeO

R

MeO

R

N

Me

MeO

R

+

MeO

R

+
N

Me
MeO

R

N

Me

H+

H

+

−H+

161

MeCN

Scheme 5.67

R = Me, Ph

R1, R2 = Me, Ph, 4-FC6H4, 2-ClC6H4,

              4-ClC6H4, 4-MeC6H4,

              4-MeOC6H4, 4-EtOC6H4,

30−96% yields

162

R2R1

R

H+

R2R1

+
H

CN

N
C

R
R1

R2

+

N

R1

R2

R

H

+

N

R1

R2

R

+

H

quench

N

R1

R2

R

CF3SO3H

CH2Cl2, RT, 4 h
+  R CN

Scheme 5.68
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Dihydroquinoline derivativesare synthesized in intramolecular heteroDiels–Alder
reaction from a-(alkynylsiloxy)aldimines in triflic acid702 [Eq. (5.255)].

Ar = Ph                       73% yield

Ar = 2,6-diMeC6H3     80% yield

CF3SO3H

CH2Cl2

O

H

Si

N

R

Ar

tert-Bu

Hex

tert-Bu N
H

Si

O

Ph

tert-Bu

R'

tert-Bu

N

Si

O

Bu

Me

Me

Hex

Hex

R = Bu, Ph

Ar = Ph, 2,6-diMeC6H3

tert-Bu

tert-Bu

ð5:255Þ
Efficient synthetic methods have been developed for the synthesis of 4-

functionalized quinolines mediated by triflic acid.703 Electron-rich, highly reactive
ethynyl ketene-S,S-acetals react readily with arylamines and aldehydes in an aza-
Diels–Alder reaction to afford the desired products [Eq. (5.256)]. Arylimines and
ethynyl ketene-S,S-acetals react similarly (60–70% yields).

CF3SO3H

CH2Cl2, RT, 5 min

R = COOH, COOEt

R1 = H, 3-Me, 4-Me, 4-F, 4-Cl

R2 = tert-Bu, Ph, Bn, PhCH=CH, 4-FC6H4,                                     53−72% yield

         4-ClC6H4, 3-MeOC6H4, 4-MeOC6H4,

         4-NO2C6H4, 3,4-CH2O2C6H4,

         4-pyridyl, 2-thienyl

S S

R
NH2

+                   +  R2CHO

N

R

S

S

R1

R1
R2

ð5:256Þ
Knorr cyclization of a range of N-susbtituted butyramides in triflic acid yields

4-methyl-1H-quinolin-2-one derivatives704 [Eq. (5.257)]. Suggested intermediates of
the transformation directly observed by low-temperature multinuclear NMR spec-
troscopy (HSO3F�SbF5�SO2ClF,�40�C) are distonic superelectrophiles formed by
diprotonation of the two carbonyl oxygen atoms.
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R = isoPr, MeO, Ph, R' = H                                                     −96% yields

R = H, R' = C10H21, F, Ph, PhO

H
N

Me

O O

R'

CF3SO3H

R

O

Me

N
H

R'

R

CH2Cl2, 25°C

−H2O

44

ð5:257Þ

When aliphatic azido compounds with a suitably placed alkene or alcohol function
are treated with triflic acid, nitrogen heterocycles are formed. This intramolecular
version of the Schmidt reaction affords the synthesis of 2-substituted pyrrolines from
4-substituted-3-butenyl azides,705 whereas fused or bridged aza compounds are
obtained from exomethylene cycloalkanes706 [Eq. (5.258)] or cycloalkene deriva-
tives707 [Eq. (5.259)]. The precondition for the reactions is the formation of stable
(tertiary, allylic, benzylic, propargylic) carbocations, which are captured by the azido
group followed by rearrangement to yield the final product after quenching
[Eq. (5.259)]. Azidoalkyl-substituted ketals or enol ethers of cycloalkanones also
react under similar conditions to form bicyclic lactams.708

(CH2)3N3

CH2

( )n
N

( )n

H

N
( )n

H

2. NaBH4, MeOH

1. CF3SO3H,

    benzene, 5°C

n = 1, 2 n = 2       71% yield
n = 3       79% yield

+

ð5:258Þ

(CH2)3N3

CF3SO3H

benzene, 0°C +

Ar

Ar = 3,4-methylenedioxyphenyl

(CH2)3N3

Ar

N
N2

+

Ar

N

Ar

−N2 + N

Ar

+
H+

−H+
N

Ar
H

NaOH/H2O

82% yield

ð5:259Þ
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Vankar and co-workers709 have shown thatNafion-H can catalyze the heteroDiels–
Alder reaction between the Danisefsky diene 164 and aromatic imines to form 2,3-
dihydro-g-pyridones (Scheme 5.69). The reaction with aromatic aldehydes, however,
yields only the Mukaiyama aldol condensation products.

In analogywith the ring closure of 2,20-dihydroxybiphenyls [Eq. (5.244)], Nafion-H
catalyzes the formation of carbazole derivatives from 2,20-diaminobiphenyls.710

The synthesis, however, requires higher temperature and 4-tert-butyl-ortho-xylene
was found to be the best solvent [Eq. (5.260)].

Nafion-H

R = H, tert-Bu, Br, MeO                                                              50−100% yields

R1 = H, Me, MeO

R2 = H, Me

4-tert-Bu-ortho-xylene,

reflux, 12−24 h

−NH3

R1

NH2R2

R

R

R1

R2H2N

R1

H
NR2

R

R2

R1

R

ð5:260Þ

5.14.1.3. Heterocycles with Two or Three Heteroatoms. As already dis-
cussed (see Sections 5.10.1 and 5.12.1.3), Jacquesy and co-workers548,549,634,711 have
studied the transformations of various alkaloids in superacids. They have found that
quinine and quinidine, but not epiquinine and epiquinidine, afford cyclization
products resulting from the reaction between the 9-OH group and the rearranged
quinuclidine skeleton (HF–SbF5 or H2O2–HF–SbF5). The transformation illustrated
by the reaction of quinine in Scheme 5.70 involves polyprotonated quinine, which
undergoes a series of rearrangements before the final ring-closing step to yield the
oxazapolycyclic product.

OMe

Me3SiO

+  Ar C

H

X

X = O, NPh

Ar = Ph, 3-MeC6H4, 4-MeC6H4, 

       4-MeOC6H4, 4-BrC6H4, 2-NO2C6H4, 

       2-furyl, 3-pyridyl

Nafion-H

Ar

O O

OMe

N
H

O

Ar

72−89% yields

X = NPh

4−16 h

X = O

164

Me3Si

Scheme 5.69
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Austin and Ridd712 have described an interesting ring-closing transformation of
1-ethyl-2-nitrobenzene to 3-methylbenzo[c]isoxazole in triflic acid. On the basis of
deuterium labeling and the large substituent effect observed (the reaction of 1-methyl-
2-nitrobenzene is extremely slow), the mechanism shown in Eq. (5.261) including a
hydride transfer from the benzyl carbon to one of the oxygens of the protonated nitro
group as the rate-determining step has been proposed.

CH2

N

O

Me

C

N

O

Me

O

+
      −

CH2

N

O

Me

OH

+H+

CH

N

O

Me

OH

+
H

CH

N

OH

Me

OH

+

−H2O−H+

ð5:261Þ

Shudo and co-workers183 found that nitroalkenes react with benzene in triflic
acid to yield 4H-1,2-benzoxazines in a two-step reaction: the O,O-diprotonated

N

MeO

    +

+

N

H

H

HO

H H
9

          10
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H

H

+

+

                         +

H
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H

OH
Ar H

N

MeO
H N

O

H

N

H

OH
Ar H

H

     +

+

+

    +

H

N

H

OH
Ar H

H

N

H

OH
Ar H

         +
+

..

quenchH+

H

Scheme 5.70
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nitroalkene alkylates benzene (see Section 5.2.1) and then the diprotonated oxime
intermediate undergoes ring closure to afford 4H-1,2-benzoxazines. A detailed
study carried out recently by Ohwada and co-workers713 has shown that triflic acid
in large excess (10 equiv.) can induce a similar intramolecular cyclization of methyl
3-aryl-2-nitropropionates to form 4H-1,2-benzoxazines [Eq. (5.262)]. Compounds
with electron-donating substituents (para-methyl- and para-methoxyphenyl deri-
vatives) and 3-naphthyl- and 3-indolyl-2-nitropropionates are either unreactive or
give products in very low yields. The use of triflic acid–TFA mixtures showed that
the transformation is highly sensitive to acid strength: An acidity of H0¼�9.1
(TfOH/TFA¼ 9:1) is required, which was interpreted in terms of activation by
protonation of the methyl ester group.

COOMe

R

NO2

COOMe

R

N
O

CF3SO3H

CHCl3, 50°C, 30 min

R = H, 3-Cl, 3-NO2, 4-F, 4-Cl,                                     74-93% yield

       4-Br, 4-CF3, 4-NO2, 4-NC

ð5:262Þ

meta-Substituted derivatives give isomeric products, whereas ortho-halogen-
substituted compounds yield products formed via halogen shift [Eq. (5.263)]. It was
also found that the ring-closing is characteristic of only 3-aryl-2-nitropropionates
(formation of six-membered ring), whereas analogous compounds with longer alkyl
chain (methyl phenylnitro-acetate, -butanoate, and -pentanoate) decomposed under
identical reaction conditions.

COOMe

NO2

COOMe

N
O

CF3SO3H

CHCl3, 50°C

X, X' = F: 10 eqiv. of acid, 30 min

X = H, X' = Cl: 50 eqiv. of acid, 1.5 h

X, X' = Cl or Br: 50 eqiv. of acid, 2.5 h

X

X'

X

X'
                                   yield, %

X = F, X' = TfO            46

X or X' = Cl             27 and 41

X, X' = Cl                     50

X, X' = Br                     68

ð5:263Þ

Deuterium labeling studies indicated that the electrocyclization mechanism
necessitating the removal of a benzylic hydrogen, suggested earlier by Shudo and
co-workers,183 is not operative here. Instead, experimental observations indicate the
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involvement of the superelectrophilic diprotonated intermediate 165 stabilized by an
intramolecular hydrogen bond (Scheme 5.71). Indeed, theoretical calculations
showed that the activation energy of transition state 166 is significantly reduced
compared to those ofmonocations (28.7 kcal mol�1 versus 46.2 and 47.4 kcal mol�1).

The transformation of optically active epoxides with acetonitrile into optically
active oxazolines (167,168) can be inducedbyvarious superacids714 [Eq. (5.264)]. The
reaction proceeds with inversion of the asymmetric center with high stereospecificity
with anhydrous HF and AlCl3, whereas partial racemization is observed in triflic acid
(Table 5.39).

COOMe

N
O

H+

COOMe

N
OHO−       +

C

N
OHO

COOMe

N
OHHO

−       +

+
OH

OMe

+

H+
C

N
OHHO

             +

+

OH

OMe

C

N
OO

H

             +

+

O

OMe

H
H

H

− 2H+

−H2O

165                                           166

‡

Scheme 5.71

Table 5.39. Synthesis of Optically Active Oxazolines714

Epoxide Temperature Time Yield

R R0 Acid (�C) (h) (%) 167/168 %eea

C6H13 H HF 0 2.5 68 73:37 91
CF3SO3H RT 4.5 47 74:26 53
AlCl3 0 1 45 52:48 91

C6H13OCH2 H HF 0 1.5 91 27:73 89
n-C4H9 CH3 CF3SO3H 0 1.5 45 100:0 36

AlCl3 0 2 66 100:0 88
C6F5 H HF 0 1 74 100:0 35

CF3SO3H 0 1 67 100:0 23
AlCl3 0 1.5 18 100:0 91

aEnantiomeric excess.
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O

R

R' ON

Me

R
R'

NO

Me

R
R'

+CN+  CH3

catalyst

167 168

ð5:264Þ

Aone-step synthesis of tricyclic diazadihydroacenaphthyleneswith an isoxazoline
ring has been developed from 1-benzylamino-1-methylthio-2-nitroethene derivatives
induced bya large excess of triflic acid715 [Eq. (5.265)].Dications169, similar to those
detected byCoustard,197were observed byNMRspectroscopy.Quenchingwithwater
gives a reactive intermediate nitrile oxide, which undergoes an intramolecular
cyclization to furnish the final products in fair yields.

CH2Cl2,

−30 to −10°C

+

 

            +

R = H, F, Me, MeO 169                                      41−57% yield

R

N

NO2

SMe

H R

N

SMe
N

HO

N

O N

H

SMe
H

R
CF3SO3H quench

ð5:265Þ

An unusual oxetane cyclization of compound 170 with the participation of the
neighboring carbonyl group to yield bicyclic acetal 171 can be induced by triflic
acid716 [Eq. (5.266)].

chlorobenzene,
80°C, 10 min

N
OO

O

Ph

O N
O

Ph
OH

+

O
O N

Ph

O

quenchCF3SO3H

170                                                                                                         171

                                                                                                           82% yield

ð5:266Þ

1,3-Dioxanes can be efficiently synthesized from styrenes using formalin as the
formaldehyde source (Prins reaction) with triflic acid as catalyst717 [Eq. (5.267)].
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R = H, Me, MeO, Cl

R1, R2 = H, Me                                                                                      45−94%

CF3SO3H
R

R1

R2
+   HCHO(H2O)

50°C, 80°C, or 90°C

10−30 h
R

OO

R1 R2

ð5:267Þ

Superacids have been found to be efficient catalysts for the three-component con-
densation of aldehydes with 1,3-dicarbonyl compounds and urea (thiourea) to synthe-
size dihydropyrimidin-2(1H)-one derivatives (Biginelli reaction). Compared to the
traditional process, the use of superacids results in high yields in shorter reaction times.
Fluoroboric acid718 [Eq. (5.268)] and Nafion NR50 (acetonitrile, reflux, 74–96%)719

have been shown to give excellent results even with aliphatic aldehydes. The use of
cyclic 1,3-diketonesallows the synthesis ofoctahydroquinazolinonederivatives ingood
yields720 [Eq. (5.269)]. Unexpectedly, 3- and 4-pyridincarboxaldehydes afforded
hexahydroxanthenes.

R = Ph, 4-MeOC6H4, 4-HOC6H4, 4-Me2NC6H4,

       4-ClC6H4, 4-NO2C6H4, 3,4-diMeC6H3,                                           51−95% yield

       2,4-diClC6H3, 3-Me-4-HOC6H3,

       isoPr, cycloC6H11, C6H5CH=CH

R' = Me, EtO

X = O, S

Me R'

O O

R H

O

H2N NH2

X

+                                  +

N
H

NHR'

Me

O

X

R

45°C, 20−300 min

−H2O

10 mol% HBF4

ð5:268Þ

Nafion-H

R = Ph, 4-MeC6H4, 3- and 4-FC6H4, 

       3- and 4-ClC6H4, 2-, 3- and 4-BrC6H4,                                                66−88% yield

       4-MeOC6H4, 4-NO2C6H4, 2,6-diClC6H3,

R' = H, Me

R H

O

H2N NH2

O

+                             +

N
H

NH

O

R

ethanol, reflux, 10 h

−H2O

O

O

O

R'

R'

R'

R'

ð5:269Þ

Nafion-H is highly efficient to induce the one-pot, three-component synthesis of
2,3-disubstiuted 4-(3H)-quinazolines under solvent-free conditions with microwave
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irradiation721 [Eq. (5.270)]. Reactions are complete in a few minutes to afford the
products in high yields.

R = H, Me, Et, Ph

R' = 4-Me, 3-CF3, 4-CF3,                                        73−94% yield

       2-Cl-5-CF3, 2-NO2-4-CF3

Nafion-H

 MW, 2−6 min

N
H

O

NH2

COOH

O

O

or               +  RC(OEt)3  +

R'

NH2

N

N

O

R

R'

ð5:270Þ
The condensation–cyclization of fluoromethyl ketones with bifunctional aniline

derivatives or anthranilic acid gives a range of fluorinated heterocycles (benzimida-
zolines, benzothiazolines, benzoxazolines and dihydrobenzoxazinones) over
Nafion-H and Nafion SAC-13 both exhibiting high catalytic activity.722 Products are
formed under mild conditions in high yields with high selectivity and purity.
Illustrative is the transformation shown in Eq. (5.271).

R = H, Cl

R1 = Me, Et                                                                      75−98% yield

R2 = CH2F, CHF2, CF3

X = O, S, NH

Nafion-H

XH

NH2

R R1 R2

O

X

H
N

+

R
R2

R1

 CH2Cl2, 120°C, 2−20 h

−H2O

ð5:271Þ
Fluoroboric acid supported on silica is also highly efficient for the synthesis of 1,5-

benzodiazepines under solvent-free conditions723 [Eq. (5.272)].

R = H, Me, Cl, NO2

R1 = H, Me

R2 = Me, Et, ClCH2, Ph, 4-MeC6H4, PhCH=CH

R3 = Me, Et

R2−R3 = cycloC5, cycloC6

R2 R3

O

RT, 30−35 min

−H2O

R

R1 NH2

NH2

HBF4−SiO2
+

70−96% yield

R

R1 N

H
N R3

R2

R4

R4 = R3 or

R2−R3 = cyclo-C5, cyclo-C6, and 
R4 = condensed cyclo-C5, cyclo-C6

ð5:272Þ
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5.14.2. Ring Opening of Oxygen Heterocycles

Olah et al.724 have shown that Nafion-H induces the ring opening of oxiranes under
mild conditions to afford various products. Substituted oxiranes undergo hydrolysis or
alcoholysis to yield 1,2-diols or 1,2-diol monoethers, when treated with Nafion-H
under mild conditions in the presence of water or alcohols, respectively. Cycloalkene
oxides give the corresponding trans products stereoselectively [Eq. (5.273)].

O

( )n

+   R OH
Nafion-H

20°C, 2 h
( )n

OH

OR

R = H, Me, Et
n = 1, 2                                       73−80% yield

ð5:273Þ

Ring opening of epoxidized fatty esters with alcohols has been studied to explore
the synthesis of vicinal hydroxy ethers,which are potential lubricants725 [Eq. (5.274)].
In a comparative study of ring-opening with methanol, Nafion SAC-13 showed
superior activity (TOF¼ 1min�1 versus 0.04min�1 after 0.5 h at 60�C) when
compared to Amberlist 15 (TOF¼ 0.04min�1) both exhibiting equally high selecti-
vity (>98%).

Nafion SAC-13

 40 or 60°C

O

CH3(CH2)7 (CH2)7COOMe

R−OH = C1−C5 isomeric alcohols

CH3(CH)7

(CH2)7COOMe

OR

OHR OH

+

ð5:274Þ

Isomerization of substituted styrene oxides allows the synthesis of aldehydes in
high yields726 [Eq. (5.275)]. Cycloalkene oxides do not react under these conditions,
whereas 2,2,3-trimethyloxirane gives isopropyl methyl ketone (85% yield). Isomeri-
zation of oxiranes to carbonyl compounds is mechanistically similar to the pinacol
rearrangement involving either the formation of an intermediate carbocation or a
concerted mechanism may also be operative. Glycidic esters are transformed to
a-hydroxy-b,g-unsaturated esters in the presence of Nafion-H727 [Eq. (5.276)].

60−98% yield

CH2Cl2, RT or 40°C,

5−12 h

O

R'

R
R

R = H, 3-Me, 4-Me, 4-MeO, 2-F
R' =  H, Ph

Nafion-H CHO

R'

ð5:275Þ
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Nafion-H

CH2Cl2, reflux, overnight

O COOEtR

R1

R = Me, R
1
 = Ph 

R−R1 = cycloC6H10, 2-Me-cycloC6H9,

            4-Me-cycloC6H9, cycloC7H12,

            1-decalyl

R2
COOEt

R

OH

R = Ph, R2 = CH2             69−99% yield

R−R2 = cycloalkenyl

ð5:276Þ
Methyloxirane showed a complex pattern of transformations over various solid

acids in a pulse microreactor study.728 Nafion-H was found to exhibit the highest
activity (30% conversion at 90�C) to produce propanal (about 22% selectivity) and
cyclic dimers (substituted 1,3-dioxacycloalkanes, 60% selectivity).

Ring opening of chiral epoxy alcohols with long-chain n-alcohols was induced by
triflic acid (65�C, 4–24 h) to afford mono-O-alkylated glycerols (172).729 The
products are formed in good yields (36–83%) with high regiospecificity [ratio of
C(3)/C(2) attack> 10, ee’s > 95%]. 3,3-O-polymethylene glycerols (173) were
synthesized in a similar manner using a,v-diols (neat, 82�C, 8–10 h or CHCl3, reflux,
48 h, 36–68% yield).

OX

OH

OR

172                                                                            173

R = C16H33, C18H37, C20H41

X = 3-nirobenzenesulfonyl

n = 16, 20

OX

O (CH2)n

OX

O

HOOH

The ring opening of oxanorbornadiene 174 in triflic acid results in the formation of
isomeric phenols730 [Eq. (5.277)]. Products are formed directly via the rearrangement
of the ringO-protonated oxonium ion intermediate175orWheland intermediatesmay
also be involved. The related transformation of the diepoxytetralin 176, which
includes aWagner–Meerwein phenylmigration to a carbocation generated by oxirane
ring opening, was performed with Nafion-H731 [Eq. (5.278)].

CF3SO3H

CH2Cl2, reflux, 1 h

R = COOEt, R' = CF3       31% yield

R = CF3, R' = COOEt       48% yield

O

CF3

COOEt

OH

R

R'

174                                                           175

R

R'

HO+

H

H

ð5:277Þ
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Nafion-H

toluene, reflux, 28 h

176                                                                  62% yield

O O

OH

O

ð5:278Þ

5.15. DEHYDRATION

1,2-Diols are known to undergo the pinacol–pinacolone rearrangement under acidic
conditions732 including Nafion-H733 to yield carbonyl compounds with the concomi-
tant elimination of water. Olah, Klumpp, and co-workers734,735 have, however,
observed that aryl pinacols and epoxides are cleanly and selectively afford condensed
aromatics in superacidic triflic acid [Eq. (5.279)]. Although amixture of isomerswere
obtained from 1,2-bis(4-fluorophenyl)-1,2-diphenyl-1,2-ethanediol, the transforma-
tion of other 1,2-bishalophenyl derivatives and 1,2-bis(2,4-difluorophenyl) diol was
regioselective. Acidity-dependence studies with benzpinacol, tetraphenyloxirane,
and triphenylacetophenone, the correspondingpinacol rearrangement product ketone,
showed that they are all converted to 9,10-diphenylphenanthrene in acid systemswith
acid strengths greater than H0¼�12—that is, with superacids. This led to the
suggestion of a reaction mechanism with the involvement of superelectrophilic
protosolvated reactive intermediate 177 [Eq. (5.280)]. Similar observations were
made with superacidic BF3–2CF3CH2OH in benzene solution.481

R R

R R

HO OH

R R

R R

benzene, RT, 12−24 h

−2 H2O

CF3SO3H

R = H, Me, F, Cl                                                   90−100% yield

ð5:279Þ

177 Ph Ph

−2 H+,−H2O

Ph Ph

Ph Ph

Ph Ph

H2O
+ +

H H

H2O

+

+

ð5:280Þ
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Takeuchi and co-workers736 have reported that ionization of 3,4-dimethyl-
4-homoadamantanol in Magic Acid results in ionization and rearrangement to yield
the 3-ethyl-5-methyl-1-adamantyl cation 178 observed by 13C NMR spectroscopy at
�30�C, which, after quenching with methanol, gives ether 179 [Eq. (5.281)]. A series
of known rearrangement steps and intermediates including protoadamantyl cations
can account for the observation.

178                                               179

                                                  71% yield

+

CH3
CH3

CH3O

CH2CH3

CH3

OH

HSO3F−SbF5

SO2ClF, −120°C
CH3

CH2CH3

MeOH

quench

ð5:281Þ

Dehydration of alcohol to alkenes usually does not require superacidic conditions.
Surprisingly, however, perfluroalkylcyclopentanols could not be dehydrated with
para-toluenesulfonic acid, but alkenes could be isolated with the use of the stronger
acid Nafion-H albeit in low yields737 [Eq. (5.282)].

Nafion-H

toluene, reflux, 24 h

OH

RF RF

RF = C6F13     47%

         C8F17     20%

ð5:282Þ

Alcohols can undergo acid-catalyzed dehydration to give either the corresponding
alkenes or the corresponding ethers. The product distribution of the dehydration of
alcohols over Nafion-H catalyst shows temperature dependence187 (Table 5.40).
Alcohols are thus efficiently dehydrated in the gas phase over Nafion-H under
relatively mild conditions with no evidence for any side reactions such as dehydroge-
nation or decomposition. At higher temperature, olefin formation predominates.

Table 5.40. Dehydration of Alcohols over Nafion-H187

Temperature Contact Dehydration
Product

Alcohol (�C) Time (s) (%) Alkene (%) Ether (%)

isoPrOH 100 10 9 100
130 9 28 45 55
160 8 >97 100

n-PrOH 130 4.5 8 47 53
160 8 96 100

tert-BuOH 120 5 100 100
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Nafion SAC-13 exhibited the highest activity and selectivity in the dehydration of
1- and2-hexanol and cyclohexanol to alkenes in thegas phaseover various solids in the
temperature range of 200–300�C.738 Furthermore, it did not show the dramatic
decrease in activity when compared to zeolites; rather, it exhibited an initial activity
increase. This was attributed to solvation of the polymeric matrix by the water vapor
formed in the process. This served to swell the resin, rendering previously inaccessible
sites available to the reactants.

Low temperature and high alcohol partial pressure were found to favor ether
formation in the dehydration of methanol and isobutyl alcohol over Nafion-H.739

The mixed methyl isobutyl ether as the dominant product, the absence of methyl
tert-butyl ether, and large amounts of 2,5-dimethylhexene indicate that free
carbenium ions are not involved in the transformations. In a comparative study,
Nafion NR50 showed the highest selectivity to form dipentyl ether from 1-pentanol
(150–190�C), but its activity was lower than that of Amberlyst resins calculated on
a weight basis.740,741 Nafion-H has been found to be an excellent catalyst to
transform primary alcohols to the corresponding symmetric ethers (reflux temper-
ature, 7–12 h, 92–98% yield),742 whereas mixed diphenylmethyl ethers of both
primary and secondary alcohols were isolated in good to high yields under mild
conditions743 [Eq. (5.283)].

Nafion-H

R = 1-, 2- and 3-pentyl, 1-hexyl,
       cyclo-C6H11, cyclo-C6H11CH2, allyl,                −92% yield
       Bn, 2- and 4-FC6H4CH2,
       2-, 3- and 4-ClC6H4CH2, 2-BrC6H4CH2

OH +   R OH OR
MeCN, 80°C 1−4 h

−H2O

35

ð5:283Þ

5.16. SUPERACIDS IN CARBOHYDRATE CHEMISTRY

O-Glycosylation—that is, the condensation of a sugar derivative bearing an appro-
priate functional group (donor) with an appropriately protected other sugar derivative
with a free hydroxyl group (acceptor)—is a crucial methodology in carbohydrate and
natural product chemistry.744

Glycosyl fluorides, widely used reagents in carbohydrate and natural product
chemistry,745,746 can be used to carry out stereoselective synthesis of glycosideswith a
catalytic amount (5mol%) of triflic acid. The appropriately protected b-D-glycosyl
fluorides of glucose and galactose as donor molecules, when applied in dichloro-
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methane as solvent, afford the corresponding b-D-glycosides747,748 (Scheme 5.72). In
contrast, the same combination of reagents in diethyl ether solvent leads to the
formation of thea-linked disaccharides749 (Scheme 5.72). One-pot sequential stereo-
selective glycosylation based on this method has been applied for the convergent total
synthesis of oligosaccharides.750

Mukaiyama and co-workers751 have tested a variety of donor compounds in glyco-
sylation of various acceptormolecules in triflic acid.Glucosyla-thioformimidates are
highly reactive donors and the stereochemistry can be controlled by reaction condi-
tions: In methyl tert-butyl ether at 0�C, a-glycosylation takes place with selectivities
up to 90%, whereas selective b-glycosylation was observed in propionitrile (�78�C,
up to 98% selectivities). In a comparative study with various donors in triflic acid,
6-nitro-2-benzothiazolyl a-glucoside showed the highest b-selectivity752 [Eq.
(5.284)].

O

BnO
BnO

BnO

R
BnO

O

BnO
BnO

HO

OMe
BnO

CH2Cl2, 5A,

−78°C, 1 h

CF3SO3H

O

BnO
BnO

BnO

BnO

O

BnO
BnO

O

OMe
BnO

N

S

O

NH

CCl3

O

NC6H4-4CF3

SCH2C6H4-4CF3

O

+

NO2

Yield, %              91                        98                      97              0
α/β                    4/96                     8/92                  43/57

FR =

ð5:284Þ

67−97% yield

R = BnO, R' = H
R = H, R' = BnO
R'' = Bn, Bz

O

R2
R1O

R1O

R1O

OR1

R3

         Sugar

R1 = H, Bn, Bz, Ac

R2 = H, R3 = OMe

R2 = OMe, R3 = H

+
CH2Cl2, 5A,

0°C, 4−18 h

88−99% yield

80−88% α selectivity

Et2O, 5A,

 0°C or RT, 4−20 h

CF3SO3H

O

BnO
R

R' OBn

F

O

BnO
R

R' OBn

OSugar

O

BnO
BnO

BnO

OSugar
BnO BnO

R"O

5A = 5Å
molecular sieve

CF3SO3H

Scheme 5.72
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Wongandco-workers753 andHashimoto and co-workers754 havedemonstrated that
triflic acid is an ideal promoter in chemo- and stereoselective glycosylation with
phosphites [Eq. (5.285)].

72% yield

β/α  >99

O

BnO
BnO

BnO

OP(OBn)2BnO

O

BnO
BnO

HO

OMe
BnO

CH2Cl2,

−78°C, 1 h

CF3SO3H
+

O

BnO
BnO

BnO

BnO

O

O

BnO
BnO

OMe
BnO

ð5:285Þ
Franck andMarzabadi755 have developed the heterocyclic donor 180 and used it in

couplingwith avariety of alcohol acceptors to obtainb-glycosides in good yieldswith
excellent stereoselectivities using equimolar amount of triflic acid [Eq. (5.286)].

Yield, %        74             73                     57                           67                     31
β                 100           100                   100                        100                      90

O

BnO
BnO

BnO

O
S

+   R OH
CH2Cl2, 3A,

−20°C, 1 h

CF3SO3H
O

BnO
BnO

BnO

O

S

OR

O

MeO
MeO

O

OMe
MeO

O

OC16H33

OMe

O

MeO
O

BnO

OMe
MeO

O

BnO
BnO

BnO

OMe

O

MeO

180

RO =

ð5:286Þ
Catalytic amount (5mol%) of triflic acid has been shown to be effective in the

intramolecular condensation–dehydration-type glycosylation to form anhydroketo-
pyranoses without the necessity to introduce any leaving groups756 [Eq. (5.287)].
Interestingly, the twist-boat conformerswere also detected in the transformation of the
1-phenyl- and 1-benzyl-susbtituted compounds.

O

BnO
BnO

HO

BnO

R

OH

R = Me, allyl, Bu, Ph, Bn                                  70−93% yield                        R = Ph    14%
                                                                                                                       R = Bn     26%

O

OBn

O

R

OBnBnO

O
BnO

O

R

OBn

BnOCF3SO3H

MeCN, 0°C, 2 h
+

ð5:287Þ
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In another application of catalytic glycosylation with triflic acid, two disac-
charides were synthesized with donors bearing trichloroacetimidate function and
then the disaccharides thus prepared were condensed in a similar manner to a
tetrasaccharide757 (1,2-dichloroethane, 55�C, 1.5 h, 50–85% yields). The same
protocol was used in the synthesis of a decasaccharide from mono-, tetra-, and
pentasaccharide building blocks.758 The trichloroacetimidate procedure has been
successfully used in the glycosylation of b-cyclodextrins promoted by triflic
acid.759,760

Glycosylations can also be effectively induced with Nafion-H.761–763

Protected mannopyranosyl 1-a-sulfoxide reacts with alcohol acceptors to yield
a-glycosides with high stereoselectivity762 [Eq. (5.288)]. In fact, the sulfoxide
method using arylsulfoxide derivatives as the donor and an appropriate scavenger
in triflic acid has been successfully applied in the synthesis of di- and oligo-
saccharides764 and in the coupling of unreactive nucleophiles as glycosyl
acceptors.765

Yield, %     94           99           94              97                          90                      80
α/β           97/3        96/4        97/3           97/3                      98/2                    96/4

O

BnO
BnO

BnO

S

OBn

+   R OH
MeCN, 5A,

25°C, 3 h

Nafion-H

O

BnO
BnO

O

OMe
BnO

Ph O

O

BnO
BnO

BnO

OR

OBn

isoPrO C8H17O

O CH2O

O

OBn
O

N3HO

RO =

ð5:288Þ

Neighboring group participation by substituents such as a PhS goup at an
adjacent carbon atom has long been considered to control stereochemistry
in glycosylation. Sulfonium ions, for example, thiiranium ion 181, have
often been postulated to be involved; moreover, such ions have been observed
by low-temperature NMR spectroscopy (see Section 4.2.2.4). The participation of
sulfonium ions as reactive intermediates in glycosylation, however, has recently
been disputed. Woerpel and co-workers766 have analyzed the stereochemistry of
various glycosylation reactions and computed possible reaction intermediates.
They concluded that the bridged form (181) equilibrates with the open carbox-
onium ion form (182), and the latter should be the prescursor to the products if
electron donation from oxygen is more stabilizing than anchimeric assistance from
sulfur.
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Ph

+
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R'
SPh

R'

RO
+

181                                                             182

SPh

R'

RO
+

C-2-Methylene a-glycosides 183 and 184 are readily synthesized by reactingC-2-
acetoxymethyl glycals with alcohols in the presence of Nafion-H763 [Eq. (5.289)].
Unexpectedly, para-cresol gave the corresponding b-glycoside, whereas b-naphthol
afforded a C-glycoside. Facile chemoselective deprotection at room temperature of
terminal isopropylidene acetals (2–4 h, 68–96% yields) and trityl ethers (7–14 h, 75–
92% yields) with Nafion-H in methanol has also been reported.767 Nafion SAC-13
showed high stereoselectivity in the condensation of glucosyl imidate with protected
glucose at low temperature (66% yield, b/a¼ 13.3, �20�C, 4 h).768

R OH

Nafion-H

CH2Cl2, RT, 6−20 h

O

MeO
MeO

OMe

OR

O

O

R' OMe

MeO
R

CH2OAc

R = OMe, R' = H
R = H, R' = OMe

+

O

MeO

OMe

or

OR

MeO

183                                                     184

Yield %      80               65                     Yield %      65                    70

183                          184

BnO
O

BnO
BnO

O

OMe
BnO

CH2=CHCH2ORO =

ð5:289Þ

Triflic acid has been applied in the transformation of monosaccharides into
spiroketals (dianhydrides).769,770 3,4,6-Tri-O-protected 1,2-O-isopropylidene-b-D-
fructofuranoses undergo a tandem acetal cleavage–intermolecular glycosylation–
intramolecular spiroketalization process in the presence of triflic acid to give binary
mixtures of a,a and a,b diastereomeric products [Eq. (5.290)]. The isomer ratio
strongly depends on the nature of the protecting groups. Ether groups prefer the
nonsymmetric a,b distereomer, whereas the benzoyl group favors the symmetric a,a
diastereomer. Similar observations were made in the transformation of D-fructopyr-
anose derivatives. The method has recently been used in the synthesis of D-fructose
spiroketals attached to xylylene tethers.771 Anhydrous hydrogen fluoride and pyridi-
nium poly(hydrogen fluoride) (PPHF) were also used in the synthesis of oligosacchar-
ides with spiroketal moieties.772
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O
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O
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O
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O
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O
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                                 α,α/α,β
R = CH2=CHCH2      1:7
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R = OBz                 25:1

75−92% yield

ð5:290Þ

Fusedor spiro sugar oxazolineshavebeen synthesizedby treatingD-fructopyranose
or D-fructofuranose 1,2-O-acetonides with nitriles in triflic acid773 (Scheme 5.73).
First the activation of the anomeric center takes place with simultaneous isopropy-
lidene cleavage to form the oxocarbenium ion intermediate, which is attacked by the
nitrile. The resulting nitrilium ion is then trapped by the hydroxyl group in an
intramolecular Ritter-like reaction to yield the final product.

Anhydrous hydrogen fluoride has been successfully applied in the structural
analysis of polysaccharides to cleave glycosidic linkages since the 1980s. Recently,
triflic acid has been found tobe amore potent andmore selective agent.774 In structural
studies, for example, polysaccharides isolated from bacteria were stable toward

R CN
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O
O

O
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O
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O OBn

OH

O
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OH
R

R = Me, Et, Pr, Ph
65−80% yield

+

+

CH2Cl2,
−20°C to RT, 1−5 h

CF3SO3H

Scheme 5.73
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solvolysis in anhydrous HF. Triflic acid, in turn, selectively cleaved glycosidic
linkages without affecting amide-like substituents.775,776

5.17. REARRANGEMENTS AND CYCLIZATIONS

5.17.1. Rearrangements and Cyclizations of Natural Products

Acid-catalyzed rearrangements of natural products, particularly those of terpenes,
which often involve cyclization, have been studied extensively.777–784 This research
has unraveled numerous unique rearrangements that are both synthetically and
mechanistically significant. Moreover, the recognition that cationic cyclizations play
a key role in biogenesis777,785–789 of isoprenoids (terpenes) has provided incentive to
mimic in vitro790–792 many of these rearrangements by generating the appropriate
carbocations.

The literature abounds with examples of rearrangement of a wide variety of
terpenoids with varying acid catalysts.777–784 One of the most significant areas is
the synthesis of triterpenoids by van Tamelen,790 Johnson,791 and others. However,
most of these rearrangements havebeen studied undermild conditions, in nucleophilic
media with relatively weak acids. Under these conditions of low acidity, only a very
minute amount of the reactants exists as carbocation at any time because the electron-
deficient intermediates react immediately with available nucleophiles, both external
and internal via a number of competitive, irreversible reactions. In other words, only
short-lived, transient intermediates are involved. Consequently, quite often, complex
mixtures of products are formed in the rearrangements during mild acid catalysis,
because the products obtained aregenerally comparable in energycontent. In addition,
products with more than two carbocycles could not be obtained in high yields.

The use of carbocation-stabilizing superacids such as HSO3F, HSO3F�SbF5,
CF3SO3H,HF�SbF5,HF�BF3, and so on, to alter the normal course of acid-catalyzed
rearrangements has offered unique possibilities, since the stable carbocation would
have time to exploremany internal escape paths (through a probably shallow potential
energy surface) but would not convert to neutral products. In recent decades,
considerable progress has been made in this area, especially by the pioneering work
of Jacquesy784 and the wide-ranging studies by Vlad793 and Barkhash and
Polovinka.794

As early as 1893, it was discovered795 that camphor 185 rearranges to 3,4-
dimethylacetophenone 186 in concentrated H2SO4 and themechanism of the reaction
has been elucidated by Roberts796 and Rodig797 [Eq. (5.291)].

O

H2SO4

O

185                                       186

ð5:291Þ
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However, Jacquesy andco-workers784,798 have shown that in superacidicHF�SbF5
medium, the reaction takes a different course. Camphor gives a mixture of three
ketones [Eq. (5.292)].

O

185

HF−SbF5

24 h

O

+                             +

O

O

ð5:292Þ

Sorensen and co-workers799–801 have studied the fate of observable camphene
hydrocation 190 prepared from isoborneol 187, camphene 188, or tricyclene 189 in
HSO3F acid medium (Scheme 5.74). The intermediate cycloalkenyl cation 191 can
also be prepared by protonation ofa-terpineol (192), sabine (193), andb-pinene (194)
(Scheme 5.75).

187

188

189

+

OH

HSO3F−SO2ClF

−120°C
+

1,2 ~Me

−120 to −80°C

+

−70°C

+                                        +

6,2 ~H

−30°C

190a                                             190b

191

Wagner−Meerwein
 shift

Scheme 5.74
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An early example is the fascinating rearrangement802 of acyclic monoterpenes
geraniol195 andnerol196 to a stable observable oxonium ion inHSO3F�SO2�CS2at
�78�C, which represents yet another dramatic example of altered course of terpene
rearrangement in superacidmedium. Careful quenching of this ion led to the isolation
of 3b,6a,6ab-trimethyl-cis-perhydrocyclopenta[b]furan 197 in excellent yield
(Scheme 5.76).

192                                   193                                    194

OH OH

+

191

Scheme 5.75

195

196

+

CH2OH

CH2OH

O

H

H

O

H

Na2CO3

MeOH, H2O

H

197

HSO3F−SO2−CS2

−78°C

Scheme 5.76
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In a subsequent study, however, Whittaker and co-workers803 showed that the
product formed from geraniol, in fact, is the isomeric bicyclic ether 198. It was also
shown that cyclization of citronellal in HSO3F�SO2 at �78�C affords pulegol and
neoisopulegol; that is, the transformation parallels closely the reaction in normal
acids.804

O

198

H

Whittaker and co-workers805,806 have also prepared a number of terpenoid bicyclic
ethers, such as isomeric 1,6-dihydrocarveols 199 (HSO3F�SO2, 78

�C) from unsatu-
rated alcohols or diols.805,806para-Menth-1-en-9-ol and a related diol afforded the
seven-membered ring systems 200. The oxolane moiety in compound 201 was
generated from the corresponding unsaturated alcohol precursor in 2 equivalents of
triflic acid.807

O
R

R = H, Me
O

199                                       200                                                201

O

O

O

O

O
H

OH

Fluorosulfuric acid is a widely used, highly effective reagent808 in electrophilic
polyene cyclizations to synthesize fully cyclized compounds in a selective and
stereospecific way. Furthermore, an internal nucleophile, most often oxygen, allows
the construction of polycyclic skeletonswith a heteroatom (vide supra). Snowden and
co-workers809 transformed trienone 202 (a mixture of 4 diastereomers) into three
isomeric irone derivatives [Eq. (5.293)]. Other acids gave inferior results.

202                                                                                  70% yield

O
2-nitropropane,

−70°C, 1 h

O
HSO3F

ð5:293Þ
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Structurally related dienols and acyclic trienols, when reacted in fluorosulfuric
acid, give tricyclic ether derivatives in kinetically controlled cyclization.810,811 The
stereospecific product formation is rationalized by synchronous internal anti-addition
via chair-like conformations of the protonated cyclohexene ring, resulting in ring
closure with equatorial C�C bond formation and concomitant internal nucleophilic
termination by anti-addition of the OH group [Eq. (5.294)]. Z/E isomerizationmay be
competitive with cyclization.

OH
2-nitropropane,

−90°C

HSO3F

OH

+

O

H

quench

80% yield

ð5:294Þ
Chlorosulfuric acid used less frequently has been shown to be equally effective in

related transformations. Altarejos, Barrero, and co-workers812,813 carried out super-
acid-mediated cyclizations including the transformation of trienol 203 to racemic
ambrox (204a) and epi-ambrox (204b) constituents of ambergris fragrances
[Eq. (5.295)]. Isomeric b-monocyclofarnesol and -nerolidol and their acetates gave
a single unique rearranged ocathydromethanonaphthalenol product in chlorosulfuric
acid under similar conditions (2-nitropropane, �78�C, 10min)814 [Eq. (5.296)].

1-nitropropane,

−78°C, 6 min

HSO3Cl
+

O

41%                               34%

OH

O

203 a                                       b

204

ð5:295Þ

28−60% yield

OR
OR

R = H, Ac

OH

ð5:296Þ
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Vlad and co-workers havemade extensive studies of the superacidic cyclization of
terpenoids. Early results have been summarized in a review.793 Subsequently, they
reported the superacidic low-temperature cyclization of terpenols and terpenol
acetates to form homoallylic alcohols or hydroxy acetates of cyclized terpenols,
respectively815 (Schemes 5.77 and 5.78). The transformations are highly efficient,
chemo- and structurally selective, and stereospecific. The configuration of the
hydroxymethyl (acetoxymethyl) group is determined by the configuration of the
allylic double bond of the precursor (Schemes 5.77 and 5.78). Terpenoid acids and
esters,816,817 aswell as phenylsulfones,818,819 also undergo stereoselective cyclization
in the presence of HSO3F. In bicyclic stereoisomeric compounds, the internal (13Z)
C¼C double bonds were shown to affect the selectivity of cyclization.817 In the
transformation of isomeric methyl (6Z)-geranylfarnesoates in HSO3F the (6Z) double
bond plays a key role to form steroisomeric tricyclic products.820

HSO3F

1-nitropropane

87%

72%

OR

OH

−85 to −80°C,
4 min

OAc

OH

R = H

−78 to −75°C,
20 min

R = Ac

R = H, Ac

Scheme 5.77

1-nitropropane,

−85 to −80°C

54%

55%

R = H

120 min

OR

HSO3F

R = Ac

90 min

OH

OAc

OH

R = H, Ac

Scheme 5.78
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Vlad and co-workers821 have also found that the cyclization of stereoisomeric
farnesols proceeds regioselectively and stereospecifically inHSO3F�SO2ClF toyield
drimenol 205 (Scheme 5.79) and epi-drimenol, respectively. The configuration of the
C(6)�C(7) double bond does not affect the stereochemistry.When 205 or trans,trans-
farnesol 206 was dissolved in HSO3F�SO2ClF at �115�C and the solution was
warmed to �70�C, the tricyclic oxolane derivative 207 was isolated (Scheme 5.80).
Recently, they have successfully carried out the cyclization of several aliphatic
sesquiterpene derivatives (E,E-farnesol and its acetate, E,E-farnesyl phenylsulfone,
and the methyl ester of E,E-farnesylic acid) with HSO3F in ionic liquids ([BMIM]
[BF4], [BMIM][PF6]).

822

HSO3F−SO2ClF

+

OH

1-nitropropane,

various temperatures

between −115 and −80°C

OH

H

7

6

OH

+

OH
OH

H

+

H+

205

58−94% yield

quench   −H+

Scheme 5.79

OH

205         206                                                                      207

OH

H

OH

+

H+

HSO3F−SO2ClF

CH2Cl2, −115 to −70°Cor

OH

+

H

quench   −H+

O

H

+

H

O

H

Scheme 5.80
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They have also reported the transformation of all-trans-v-acetoxyfarnesol benzyl
ether to afford a mixture of two stereoisomers in a clean reaction823 [Eq. (5.297)]. In
sharp contrast, the hydroxy compound gave a complex mixture of products. The
selective reaction of the acetoxy derivative was interpreted as resulting from a rare
example of initial protonation of the internal C(6)�C(7) double bond.

OBn

AcO

OBn

OAc

1-nitropropane,

−78°C, 15 min

HSO3F

2:1
72% yield

OBn

OAc

+
7

6

ð5:297Þ

Barkhash and Polovinka794 have reported in a series of papers the results of their
extensive studies of the transformations of a large number of terpenoids induced by
homogeneous and heterogeneous acids including fluorosulfuric acid. 2,3-Epoxyger-
aniol 208 was shown previously by Whittaker and co-workers824 to afford epimeric
oxabicyclooctanes in HSO3F�SO2 at 70

�C [Eq. (5.298)]. Repeating the transforma-
tion at lower temperature (�100�C) and quenching the reactionmixture bymethanol/
ether, Barkhash and co-workers isolated the tetrahydropyranyl derivative 209
(Scheme 5.81).825 Quenching at �80�C gave, in addition to compound 209, one of
the oxabicyclooctane isomers and isomeric dehydrooxepanes.

+OH

O

HSO3F−SO2ClF

−100°C

O

OH

H

                                                                                                                                209

208                                                                                                                       67% yield

O
CHCH2OH

quench
O

CHCH2OH

OCH3

CHCH2OH

O+ CH2OH

O

+

CH2OH

HO

−80°C    quench

Scheme 5.81
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+

OH

O

HSO3F−SO2

CS2, −78°C, 30 min
O

OH

H

O

OH

H

2.5:1
36% yield

208

ð5:298Þ

Cyclic epoxide derivatives, such as 2,3-epoxy-cis-pinane 210 [Eq. (5.299)]826 and
isomeric caryophyllene diepoxides 211 [Eq. (5.300)],827 undergo varied transforma-
tions including ring contraction under similar conditions.

O

1. HSO3F

    CH2Cl2, −115°C

O

OMe

O

H

OMe+                               +

4−21%                  44−60%             10−25%

2. MeOH, Et2O

210

ð5:299Þ

2. acetone, H2O

O

O

H

1. HSO3F−SO2ClF

    CH2Cl2, −110°C, 15 min

H O

O

H

OH

O

40%

20%

211

+

ð5:300Þ

Alkenes of the aromadendrane series rearrange into tricyclic ring systems in
fluorosulfuric acid828 [Eq. (5.301)]. The transformation of related compounds under
similar conditions and calculations suggest the involvement of cation 212 as the key
intermediate.
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HSO3F−SO2ClF

CH2Cl2, −115°C

H
H

H
H OMe

+

212

+
quench

MeOH
(+)-ledene

(+)-aromadendrene

ð5:301Þ

Additional examples are the clean ring opening transformation of cis- and trans-
3-methyl-cis-verbanone829 [Eq. (5.302)]. Product structures indicate that there is no
epimerization at C(3) (in the starting materials) and C(6) (in the products) despite the
strongly acidic conditions. The ring opening and rearrangement shown in Eq. (5.303)
are key steps in the synthesis of a marine nor-sesquiterpene.830

HSO3F

−70°C to RT, 30 min

O

R'

R

Me

O

Me

Me

O

Me

Me

+

R = Me, R' = H               1  :  1      75% yield
R = H, R' = Me               0  :  100  90% yield

3 6 6

R, R' = H, Me

ð5:302Þ

HSO3F

2-nitropropne, −78°C, 30 min

O

OAc

H H

quantitative yield

OAc

O

ð5:303Þ
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Collado and co-workers made detailed studies of the chemistry of the sesquiter-
penoid caryophyllene and its hydroxylated products including rearrangements in-
duced by superacids.831 They have recently reported832 novel rearrangements of the
sesquiterpenoid panasinsane derivatives 213 to provide three products and interpreted
the transformations by the involvementof the commoncarbocationic intermediate214
[Eq. (5.304)].

+

Et2O,

 −63°C, 1 h

R

R'
OH

H

R = Me, R' = OH  213a                              214

R = OH, R' = Me  213b

OH

H

FSO3
−

H

H

O

H

H

OO

SO2

H

O

H
HSO3F

10%                             5%

6%

ð5:304Þ

Triflic acid has been used to induce cyclization of polyisoprene (xylene,
75�C, 5–30min) and the various ring moieties (215–217) were identified by 1H
NMR.833

215 216 217

Farnum, Mehta, and co-workers834,835 have shown that longifolene 218 and
isolongifolene 219 inHSO3Fmedia give amixture of cyclohexenyl cations at different
temperatures. Quenching these cations provides some unusual sesquiterpene like
C15-hexahydronaphthalenes 220–225 (Scheme 5.82).
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The rearrangement of some resin acids226,227, and228 in superacidicHSO3Fand
HSO3Clmedia has also been studied.836,837 Jacquesy and et al.838,839 havedeveloped a
novel isomerization of pregnan-3,20-diones 229 to mixture of isomers that also
contains 13a isomers. The reaction is proposed to occur through the cleavage of
C(13)�C(17) bond (Scheme 5.83).

Similarly, HF�SbF5-induced isomerization of androsta-4,6-diene-3,17-dione 230
has been studied in detail,840 which led to a new entry into the 9-methylsterane series
231. Also, methods have been developed for the synthesis of isosterane derivatives841

and othermethyl-substituted estrane dione derivatives of unnatural configurations.842

HF�SbF5 superacid medium is also capable of demethylating aromatic ethers. This
reaction has been successfully employed in the synthesis of 11-deoxyanthracyclines
232 [Eq. (5.305)].843

218                          219

HSO3F, −40°C

+
Na2CO3

H2O

220                              221

+                                          + 222 + 225

+

+

Na2CO3

H2O

222                              223

+                                          + 220 + 221

0°C

25°C

Na2CO3

H2O

224                              225

+                                          + 221

Scheme 5.82
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O

O

H

H

O

HO

H

H

230                                                                231

232

HF−SbF5

−40°C, 15 min

OMe

O

O OR

O

O

O OH

R = H, Et

ð5:305Þ

In a series of papers, Jacquesy and Jouannetaud have demonstrated the efficacy of
aromatic cyclization reactions in HF�SbF5 medium.784 1,3-Bis(methoxyphenyl)
propanes and other substituted phenylpropanes 233 give substituted indenes (234)
and tricyclic spiro enones (235) in the superacid medium844 (Scheme 5.84).

H

COOH

H
A

H

COOH

H

H

COOH

H

226 227 228 

+

229   a = 5αH

         b = 5βH

O
H

O

O
H

O

O

Me H

H
+

OH
Me

H

−H+H+

mixture of
4 isomers

HF−SbF5

0°C, 7 h

Scheme 5.83
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1,2-Bis(methoxyphenyl)ethanes subjected to a similar treatment (HF�SbF5, 0
�C,

5–270min) gave tetrahydrophenanthrenone derivatives845 [Eq. (5.306)].

H+

O

MeO

R

MeO

R

H
R = 2-, 3- or 4-MeO

H+

MeO

R

H

+ +

+

MeO

H
R R+

H

+
MeO

R

−H+

+
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45−78% yield

ð5:306Þ
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+
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+
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+
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H

R

O
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+

B−

H2O

R
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+

+
R

O
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H+

+

+

Scheme 5.84
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This cyclization method has been applied in the synthesis of the C-ring aromatic
analog, 4-androstene-3,17-dione derivative 236. Two cyclizations and the subsequent
hydroxylation take place under superacidic conditions846 [Eq. (5.307)].

MeO

CO2Et

MeO

CO2H

O

O

O

O

HO

1. HF−SbF5, −0°C, 10 min

2. KOH/MeOH

HF

20°C, 12 h

H2O2, HF−SbF5

−10°C, 30 min

236

ð5:307Þ

Monocyclic phenols and their methyl ethers react with benzene in HF�SbF5
medium to provide 4,4-disubstituted cyclohexenones 237 [Eq. (5.308)].301para-
Methylanisole gives three products: two cyclohexenone derivatives [see Eq. (5.112)]
and an interesting tricyclic ketone 238.

HF−SbF5

0°C

               +

+

(CH2)n

O

R OMe

(CH2)n

237     20−75%

R = H, Me
n = 2, 3

R O

(CH2)n

Me

H

H

H

ð5:308Þ

238

O
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By utilizing the above methods, a convenient route to the tetracyclic ketone 240,
a derivative of the benzobicyclo[3.2.1]octane skeleton, has been developed847 using
20-methoxy-50-methyl-1,3-diphenylpropane 239 (Scheme 5.85).

Zhao and co-workers848 synthesized macroreticular para-(v-sulfonic-perfluor-
oalkylated) polystyrene (FPS) and used it in the cyclization of pseudoionone into a-
ionone 241a an important fragrancematerial. The ring closure induced by the catalyst
led to complete conversion and the product was formed in low yield but selectively
(b-iononewas not observed) [Eq. (5.309)]. Amberlyst proved to be less active and less
selective. A new catalyst loaded with perfluoroalkanesulfonic as well as phenylsul-
fonic acid groups (FPSS) exhibited improved performance849 [Eq. (5.309)].

241a

241b

O

O

O

catalyst

cyclohexane, 80°C

                         conv.,%   241a/241b

FPS, 1 h            100             22/0
Amberlyst, 3 h     96             35/14
FPSS, 1.5 h       100            42/0

ð5:309Þ
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O
MeH

O
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+
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+
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+

O
Me

++

+

O
Me+

O
Me

O
Me

route a
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H+

H+

+

−H+

Scheme 5.85
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5.17.2. Phenol–Dienone Rearrangements

Conversion of phenol to a dienone and vice versa is an important transformation and is
widely used in organic natural product synthesis. Jacquesy and co-workers850 have
demonstrated that this rearrangement occurs very efficiently in superacid solutions.
Treatment of estrone derivatives 242 in HF�SbF5 followed by aqueous bicarbonate
work up led to estra-4,9-diene-3,7-dione 243 [Eq. (5.310)]. The reaction also occurred
inHSO3F�SbF5medium.The intermediate tricationic species and their isomers of the
above rearrangement process have been characterized by 1H NMR spectrosco-
py.851,852 Coustard and Jacquesy853 have also investigated as models, the rearrange-
ment of simple bicyclic phenols and phenolic ethers in HF�SbF5 or HSO3F�SbF5
medium [Eq. (5.311) and Scheme 5.86].

O

O

O

RO

R = H, Me, Ac                                                                               70−80% yield

HSO3F−SbF5

0°C, 1−4 h

242                                                                                 243

ð5:310Þ

RO

R = H, Me

R

O

R
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ð5:311Þ
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+
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+
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−2 H+
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+
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−2 H+
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Scheme 5.86
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RO R = H, Me
X = βOH, αH; βOCOH, αH;
      βOAc, αH; βCOMe, αH

HSO3F−SbF5

244                                                                                  245

H

X

O

X

ð5:312Þ

Similarly, many A-norsteroids 244 have been subjected to phenol–dienone rear-
rangement in HF�SbF5 medium854 [Eq. (5.312)]. 1H NMR spectroscopic studies
at low temperature confirms the formation of O-protonated intermediates
(Scheme 5.87), which subsequently rearrange to diprotonated precursors of the
dienones 245.

Androsta-1,4,6-triene-3,17-dione 246, when treated with ordinary acid catalysts
such as acetic anhydride–para-toluenesulfonic acid, gives the meta phenolic product
247 (Scheme 5.88). However, under HF�SbF5 catalysis at �50�C the phenolic
product 248 is obtained in 75% yield855 (Scheme 5.88). The mechanism of the above
discussed phenol–dienone and dienone–phenol rearrangement has been investigated
in detail.856,857

RO O
R

H

+

H+

H+

O
R
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+

H+

H

H
+

−H+

O
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H

+

−H+

O
R

H

+

+

RO
+

+

RO
+

Scheme 5.87
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A related transformation is the rearrangement–aromatization of ketoisophorone to
trimethylhydroquinone diacetate, an intermediate in the industrial synthesis of (all-
rac)-a-tocopherol. Of heterogeneous catalysts, Nafion–silica exhibited the best
catalyst performance858 [Eq. (5.313)], but activities decreased with repeated use
because of the leaching of Nafion resin.

O

O

OAc

OAc

catalyst

45°C
+    3 Ac2O

CF3SO3H, 2 h 30 min            93% yield

Nafion NR50, 24 h                 91% yield

Nafion−silica, 10 h 20 min     92% yield

ð5:313Þ

5.17.3. Other Rearrangements and Cyclizations

Sheldon and co-workers859 have performed the cyclization of N-formyl enamide 249
in triflic acid or over Nafion-H to form the corresponding N-formyloctahydroisoqui-
nolines starting compounds in the synthesis of N-formylmorphinanes [Eq. (5.314)].

CF3SO3H, CH2Cl2−toluene or

Nafion-H, MeOCH2CH2OMe

249

NCHO

Ph

NCHO

Ph

reflux, 16 h

82−100% yield

ð5:314Þ
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247                                                                                               248
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O

H

H

H

HO

246

conventional
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HF−SbF5

−50°C

75% yield

Scheme 5.88
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Anovel one-pot tandemoxidation–cyclization–oxidationprocesswas successfully
applied in the transformation of unsaturated alcohols 250 [Eq. (5.315)].860 The
intermediate aldehyde formed by oxidation with pyridinium chlorochromate (PCC)
undergoes a carbonyl–ene cyclization followed by an additional oxidation to form
3-substituted piperidinones.

250

59−67% yield

Ts
N

OH
R

R

Ts
N

O
R

R
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N

O
R

R

Ts
N

OH
R

R

5 equiv. PCC + 

1.5 equiv. CF3SO3H

CH2Cl2, RT, 24 h

R = H

R−R = (CH2)2,  (CH2)3

ð5:315Þ

The allyl-transfer reaction based on 2-oxonia Cope rearrangement allows highly
stereocontrolled chirality transfer. Triflic acid has been shown to induce the rear-
rangement of the 251 allyl sterols into 22-homoallylic sterols with high stereose-
lectivitywithout side reactions861 [Eq. (5.316)].Theprotocol, however, is not effective
for syn substrates (for example, 251, R¼H, R0 ¼COOEt).

251

71−82% yield

22R/22S = 98 : 2

CF3SO3H

CH2Cl2, 25°C, 8−24 h

St

OH

R R'

R = Me, CF3, COOEt, Ph
R ' = H, Me
St = 3-oxo-4-pregnen-17-yl

St

OH

R'

R
22

ð5:316Þ

Isomerization of pivalaldehyde toyield isopropylmethyl ketonehas been shownby
Olah et al.451 to strongly depend on the acidity. Triflic acid, anhydrous HF, and
BF3�2CF3CH2OH, but not trifluoroacetic acid, induce quantitative isomerization;
that is, acids with H0 � �11 are required for complete isomerization. These
observations and DFT calculations (B3LYP/6-31G* level) suggest that protonation
(protosolvation) of protonated pivalaldehyde forms the reactive superelectrophilic
species 252 [Eq. (5.317)]. Gitonic dication 252, however, is not a minimum on the
potential energy surface and is transformed to the most stable distonic dication 253
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(the globalminimum) in a barrierless process. Formation of dication 252 increases the
electrophilic character of the protonated carbonyl oxygen leading to methyl shift,
which alleviates the electron demand in the adjacent position. Gitonic dication 252
was estimated to be 48 kcalmol�1 less stable than distonic dication 253.
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+
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OH3C
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H3C CH3
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OH3C

H
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ð5:317Þ

By studying stable ion chemistry of polycyclic aromatic systems, Laali et al.862

observed the ring closure of dicyanometacyclophanediene 254 with the involvement
of diprotonated intermediate255 [Eq. (5.318)].Whenproduct256was treated again in
superacids under different conditions, rearrangement took place to yield 1-cyanopyr-
ene through mono- and diprotonated intermediates [Eq. (5.319)].

254                                                      255                                         256

quench
NC CN R+ R+

HSO3F−SO2ClF

−78°C

R = CNH

+   254

CN

CN

ð5:318Þ

HSO3F, or

HSO3F−SbF5

(4:1 or 1:1)
256

+ 254

+ 256

CN

major product

SO2ClF, −78°C
+  255

NC CN
H

+

quench

ð5:319Þ
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Karpovand co-workers290,660,863,864 haveperformed extensive studieswith respect
to the transformation of perfluorinated benzocyclobutene, indane, tetralin, their
perfluoroalkyl-substituted, and mono- and dioxo derivatives in HF�SbF5 or SbF5
at elevated temperatures. Complex product mixtures are usually obtained resulting
fromringcleavage, ring expansion and ring contraction. Product distributions strongly
depend on temperature and the quantity of SbF5 used. For example, compounds 257,
258, and 259 could be isolated in modest yields (10–58%), when perfluoro-3-
ethylindan-1-onewas treated in excess SbF5 followedbyquenchingwith hydrochloric
acid.865 Cations 260 and 261 were detected by 19F NMR spectroscopy.

257

COOH

CF3

CF3

F
F

R

R'

O
F

F

+

R

R'

O
F

O

258   R = R' = CF3

259   R = CF3CF2, R' = F

260   R = R' = CF3

261   R = CF3CF2, R' = F

In the presence of SiO2 serving as the oxygen source, complex mixtures of
rearranged oxygenated compounds are formed. As the transformation of per-
fluoro-1-ethylindane (262) shows, however, products may be isolated in high yields
under appropriate conditions865 [Eq. (5.320)].

262

quench

COF

CF3

O
F

F

+

CF2CF3

F         F
SiO2, SbF5

75−80°C, 7 h

COOH

CF3

O
F

O

262/SiO2/SbF5 molar ratio = 1:1.5:10                                            85% yield

ð5:320Þ

5.18. IONIC HYDROGENATION

In catalytic hydrogenations, usually hydrogen is activated (generally by noble metal
catalysts). In contrast, in ionic hydrogenations an acid catalyst activates the hydro-
carbon-forming carbocationic sites, which then are quenched by hydrogen to reduced
products. A significant number of ionic hydrogenations were studied and a review of
earlier work is available.866 Hydride transfer in superacidic media is a very versatile
reaction, especially in isomerization and crackingof hydrocarbons (Sections 5.1.3 and
5.1.4). The reaction has been extensively employed in liquefaction of coal using
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tetralin, methylcycolpentane, and so on, as hydride donors in the presence of strong
Lewis acids.867 In fact, Olah and co-workers130–132 have found that coal can be
depolymerized in the presence of HF�BF3 under hydrogen pressure at modest
temperatures (100–170�C). Addition of isopentane to this reaction substantially
improved depolymerization (vide supra). The related hydrogenation of benzene has
been studied using HF�TaF5 and HF�SbF5 as catalyst.

868 Another early example is
the use of BF3�H2O in combination with triethylsilane to reduce anthracene,
naphthancene, and hydroxy- and methoxynaphthalenes to the corresponding di- or
tetrahydroderivatives.869 2-Acetonaphthalene and adamantanonewere transformed to
the corresponding parent hydrocarbons, whereas benzene, substituted benzene deri-
vatives, naphthalene, and phenantrene could not be reduced.

The hydride transfer reaction catalyzed by strong acids has also been successfully
adapted in the natural product chemistry. Jacquesy et al.870 have found that protonated
dienones and enones of steroid nucleus can be conveniently reduced in HF�SbF5
medium under hydrogen pressure. The reaction has also been carried out with added
hydrocarbons (methylcyclopentane, cyclohexane) as hydride donors.871 The pro-
posed mechanism is depicted in Scheme 5.89.

As model studies, several bicyclic compounds have also been reduced using
cyclohexane in HF�SbF5

872 [Eq. (5.321)]. 2-Hydroxytetralin undergoes phenol–
dienone rearrangement before reduction. Estrone and an unsaturated estrane have
been reduced in HF�SbF5 medium under hydrogen pressure yielding an anthraster-
oid, whose structure and absolute configuration have been determined.873

HO

HF−SbF5

60% yield                   80−85% yield

OO

H

H

HF−SbF5

cyclohexane
0°C, 3 min

cyclohexane
0°C, 3 min

ð5:321Þ
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In a series of papers, Koltunov, Repinskaya, and co-workers874–877 have reported
the ionic hydrogenation of isomeric naphthols and dihydroxynaphthalenes with
alkanes in the presence of aluminum halides. 1-Naphthol and substituted derivatives
undergo regioselective reduction under mild conditions in excess alkane and alumi-
num halides with the involvement of various reactive intermediates to yield a-
tetralone derivatives874 [Eq. (5.322)]. Byproducts are 3-, 6-, and 7-alkyl-substituted
derivatives. Mechanistic studies875 with cyclohexane-d12 showed that deuterium
incorporation takes place exclusively at C(4), indicating the involvement of super-
electrophilic dication 263. 2-Naphthol is much less reactive and complete conversion
cannot be achieved.876

263

OH

R

AlkH = cyclohexane
            methylcyclopentane

AlX3

RT or reflux

R = H, 4-Me, 4-Cl, 3-Ph

22−72%

O

R

X3Al

+

O

R

X3Al

H+

−H+

−     + −     +

O

R

X3Al
−     +

AlkH 

−AlkH+

O

R

−H2O

ð5:322Þ

When isomeric 1,5-, 1,6-, and1,7-dihydroxynaphthalenes are reactedunder similar
conditions,877 quantitative formation of the corresponding hydroxy-substituted a-
tetralones were observed. Results were interpreted by invoking the superelectrophilic
tricationic complex intermediate 264. In a similar manner, the 1-hydroxy-substituted
ring is reduced regioselectivelywhen5-amino-1-naphthol is reactedwith cyclohexane
in the presence of superacidic AlCl3, AlBr3, triflic acid or triflic acid–SbF5.

293 In the
Brønsted superacids, N,C-diprotonated dication 265 is suggested as the superelec-
trophilic intermediate.

264                                                      265

+

O

O

X3Al
−     +

X3Al
−     +

            +

+

OH

NH3

Detailed studies have been reported of the ionic hydrogenation of isomeric
hydroxyquinolines and hydroxyisoquinolines. 5-, 7-, and 8-hydroxyquinolines are
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selectively reduced with cyclohexane in the presence of aluminum chloride to yield
5,6,7,8-tetrahydroquinoline.295 5-Hydroxyisoquinoline shows a similar transforma-
tion in triflic acid–SbF5.

294 As shown by the example of 5-hydroxyquinoline, the
probable mechanism (Scheme 5.90) involves the stepwise selective ionic hydrogena-
tion of superelectrophilic dications 266, 267, and 268. 5- and 8-hydroxyquinolines
exhibited the highest reactivity,whereas 6-hydroxyquinolineproved tobe inert toward
cyclohexane. This is in agreement with calculations showing 6-hydroxyquinoline to
be the weakest nucleophile on the basis of LUMO energies (B3LYP/6-31G*) and
atomic charges (NBO analysis) on the reaction center.

Isomeric 2- and 4-hydroxyquinolines undergo selective ionic hydrogenation with
cyclohexane in triflic acid–SbF5 to produce the corresponding 5,6,7,8-tetrahydroqui-
nolinones (83% and 92% yields), whereas 3-hydroxyquinoline gives 5,6,7,8-tetra-
hydro-3-quinolinol in 72%yield.878NMRspectroscopy showed that the three isomeric
hydroxyquinolines undergomonoprotonation in triflic acid, whereas 3-hydroxyquino-
line gives theN,C-diprotonated species 269 in themore acidic triflic acid–SbF5 system.
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+
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+
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+
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+
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Scheme 5.90
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When 1-, 3-, and 8-hydroxyisoquinolines are treated with AlCl3
296,870 isomeric

tetrahydroisoquinolinones 270 and271 are formed,whereas selective formationof the
corresponding 5,6,7,8-tetrahydroisoquinolinone 270 is found in the presence of triflic
acid–SbF5 [Eq. (5.323)]. Quinoline also undergoes hydrogenation upon treatment in
CF3SO3H–SbF5 system (room temperature, 24 h) or in HBr�AlCl3�CH2B2 (70

�C,
150 h) to yield 5,6,7,8-tetrahydroisoquinoline as the sole product.297 Isoquinoline
exhibits higher reactivity in CF3SO3H�SbF5 (94% yield in 2 h). The observations,
again, were interpreted by invoking superelectrophilic dicationic intermediates.

N

AlCl3, 90°C                    55%                                      45%           96% yield

CF3SO3H−SbF5, RT     90% yield

+

catalyst

cyclohexane

OH

NH

O

NH

O
270                                     271

ð5:323Þ
During the reductive isomerization of 7b-methyl-14-isoestr-4-ene-3,17-dione 272

in HF�SbF5/methylcyclopentane at 0�C, it was found879 that a 1,3-hydride shift
occurs followed by kinetically controlled hydride transfer (Scheme 5.91). The
mechanism of the reaction was confirmed by employing the deuteriated donor
cyclohexane-d12 as well as a specifically deuterium-labeled starting steroid.

The ionic transfer hydrogenation in superacidic media has also been studied in the
case of bicyclo[4.n.0]enones under both kinetic880 and thermodynamic control.881
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Kinetically controlled hydride transfer between the hydrocarbon hydride source and
the substrate often involves skeletal rearrangements. This has also been demonstrated
in the reduction of androsta-4,6-diene-3,17-dione 230.882

Ionic hydrogenation of a,b-unsaturated ketones has been studied by Koltunov
et al.883 Avariety of a,b-unsaturated ketones reacts with cyclohexane in the presence
of excess aluminum chloride or bromide to yield the corresponding saturated ketones
in high yields [Eq. (5.324)]. Similar observations were made using triflic acid–SbF5.
The only exception is 4-phenyl-2-butanone, which produces a mixture of products
including alkylated derivatives. The reactive intermediates are likely to be C-
protonated complexes (when aluminum halides are used) or the O,C-protonated
analogs (in triflic acid–SbF5). A few a,b-unsaturated carboxamides could also be
reduced to the corresponding saturated amides with cyclohexane in excess AlCl3.

178

R
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CH

O

C
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R2

R
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CH2

O

CH

R1

R2

R = Me, Ph; R1 = H, Me

R2 = Me, Pr, Ph, 2,4-diClC6H3, 4-MeOC6H4,

        2-HOC6H4, 4-HOC6H4, 4-Me2NC6H4

60−97% yield

AlCl3 or AlBr3, cyclohexane

RT

ð5:324Þ

Jacquesy and co-workers884 have reported the stereoselective ionic hydrogenation
of Vinca alkaloids to produce the corresponding 40R reduced analogs (Scheme 5.92).
Mechanistic studies with cyclohexane-d12 showed that deuterium incorporation takes
place exclusively at C(200).
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Scheme 5.92
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Ionic hydrogenation can be used to reduce alcohols and it is a convenient way to
transform carbonyl compounds to the corresponding methylene derivatives. Olah
et al.885 have reported that 2-aryladamantanes and 3-aryldiamantaneswere isolated in
near-quantitative yields by reducing the corresponding tertiary alcohols with NaBH4

or formic acid in superacidic triflic acid. TheNaBH4–triflic acid systemwas also used
to carry out a single-step reductive isomerization of unsaturated polycyclics to
C4nþ6H4nþ12 diamondoid cage hydrocarbons.886 Tertiary and benzylic alcohols are
also reduced with trialkylboron–triflic acid887 [Eq. (5.325)]. Trimethylboron is
nonselective producing about 1:1 mixtures of the methylated and reduced products.
Triisopropylboron–triflic acid was also reported to selectively convert a variety of
hydroxy-substituted carbonyl compounds (carboxylic acids, aldehydes, ketones) to
the corresponding carbonyl compounds.888 NaBH4–triflic acid is also effective in
methanation; that is, it reduces CO, CO2, CS, CS2, methanol, and formic acid to
methane under mild conditions.889

R = tert-Bu, Bn, Ph2CH, Ph3C,

      1-adamantyl

R' = Et, isoPr

90−100% yield

R OH   +   R'3B
CF3SO3H

Freon-113
−30°C to RT, 5−6 h

R H

ð5:325Þ

Various reagents such as Et3SiH–triflic acid,890 Et3SiH with the complex
BF3�2CF3CH2OH,

481 and cyclohexane in the presence of triflic acid–SbF5
(Scheme 5.93)298 are capable of transforming the carbonyl group tomethylene group.
Themechanism depicted for the reduction ofmaleimide is interpreted by the potential
involvement of the superelectrophilic dicationic intermediates. Phthalimide is re-
duced similarly bothwith triflic acid–SbF5 and in the presence of an excess ofAlCl3 at
elevated temperature. Aromatics (acenaphthylene, anthracene, benz[a]anthracene,
dibenz[a,h]anthracene) can also be reduced with Et3SiH–BF3–2CF3CH2OH.
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5.19. ESTERIFICATION AND ESTER CLEAVAGE

Esterifications do not require superacid catalysis. However, various Nafion prepara-
tions have been tested in ester formation. In fact, Olah et al.891 showed in 1978 that
Nafion-H offers a convenient and improved method for direct esterification with
unchanged catalytic activity for prolonged periods of operation. Recently, esterifica-
tion of cyclic alkenes and dienes with saturated and unsaturated carboxylic acids have
been reported.892 Nafion nanocomposites exhibited activities about two orders of
magnitude higher than Amberlyst 15 and gave the product esters with higher
selectivities. Silica with anchored perfluorinated sulfonic acid sites (catalyst 49,
Figure 5.15) showed high activity for the esterification of long-chain fatty acids with
ethanol and long-chain alcohols.374 Nafion preparations have also been tested in
transesterification of triacetin (1,2,3-triacetoxypropane) in connection with biodiesel
production.893,894 In a comparative study, Nafion SAC-13, and zeolite Hb exhibited
the same activity in gas-phase esterification of acetic acid with methanol when
calculated on a weight basis.895 On a rate-per-active sites basis, however, all catalysts
including sulfated and tungstated zirconia showed similar activities. On the basis of
rate data acquired onNafion SAC-13, they concluded that the reaction occurs between
acetic acid adsorbedonactive sites andalcohol from thebulkphase.896NafionSAC-13
has recently been found byMeunier andNi to be a promising candidate to esterify free
fatty acids found in vegetable oils, thereby obtaining fatty-acid free oil.897 SAC-13
does not show mass transport limitations and can be used in batch and fixed-bed
reactors, and its mild poisoning by water is reversible.

Carr and Whittaker898 studied lactone formation of 1-hydroxycycloalkanecar-
boxylic acids in superacidic media. When 1-hydroxycyclohexanecarboxylic acid
was treated in HSO3F, the protonated acid observed by 1H and 13C NMR
spectroscopy at �78�C slowly transformed to 1,4-lactone 275 [Eq. (5.326)].
When the 2,2,6,6-tetratedutero derivative was treated under identical conditions,
lactone formation was not detected. This was interpreted as indicating that the
intermediate dication 273 is transformed to dication 274 through 1,2-hydride shifts
and the presence of deuterium hinders the hydride shifts. The surprising feature of
the transformation is that the cyclohexyl cation does not undergo ring contraction
even though cyclization requires the flipping of the chair form of cyclohexane to
the boat conformation having a high energy barrier. Ring contraction of 1-
hydroxycycloheptanecarboxylic acid, in turn, did take place to yield 1-methylcy-
clohexanecarboxylic acid 1,4-lactone as the major product. Triflic acid has been
reported to be highly active and selective in the transformation of unsaturated
carboxylic acids to lactones.899
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      +
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273                           274                                      275
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ð5:326Þ
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Triflic acid has been used in the selective esterification (O-acylation) of a series of
aminoalcohols in thepresence ofa crownether (DB24C8) toprepare rotaxanes.900The
test reaction of diethanolamine with bulky anhydride, crown ether, and triflic acid
(molar ratio¼ 1:2:2:1.5) gave the rotaxane 276 in high yield in a clean reaction
[Eq. (5.327)]. N-Arylmethylaminoalcohols were similarly transformed (85–92%
yields).
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++
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+
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CF3SO3H

CH2Cl2, 0°C, 6 h

Ar = 3,5-dimethylphenyl

276    84% yield

ð5:327Þ
Olah, Prakash, and co-workers901 have studied ester cleavage in superacidicmedia.

Protonated methyl acetate was found to undergo slow acyl–oxygen cleavage in
HSO3F�SbF5�SO2 solution even at�78�C to give acetyl cation andmethyloxonium
ion.Diprotonationofmethyl acetate to form thedistonicdication277was found tobea
thermodynamically favorable process by ab initio calculations [MP4(SDTQ)/6-
31G*//MP2/6-31G* level of theory], which allowed the authors to suggest a new
mechanism for the acid-catalyzed ester cleavage in superacidic media [Eq. (5.328)].

Me O
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+
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+

      +

277

"H+"

−H+
MeCO+  +  MeOH

ð5:328Þ

5.20. ADDITIONS

5.20.1. Cycloadditions

Olah et al.902 demonstrated in 1979 that Nafion-H is able to catalyze Diels–Alder
reaction of anthracene with a number of dienophile (maleic anhydride [Eq. (5.329)],
para-benzoquinone, dimethyl maleate, dimethyl fumarate) in chloroform or benzene
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as solvent to afford the corresponding adducts in excellent yields (87–95%).
In addition, reactive dienes such as isoprene, 2,3-dimethylbutadiene, and 1,3-
cyclohexadiene reacted with benzoquinone, naphthoquinone, and acrolein, respec-
tively, at room temperature without polymerization (80–93% yields). Nafion-H
proved to be an excellent catalyst in the Diels–Alder reaction of olefinic acetals to
provide cycloadducts in good to excellent yields and with high endo selectivities903

[Eq. (5.330)].
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87% yield
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ð5:329Þ
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CH2Cl2, RT

                                yield, %     endo/exo
R = Me, 10 h               81             85/15
R = Ph, 12 h                84             90/10

ð5:330Þ
The aza-Diels–Alder reaction in Eq. (5.331) catalyzed by triflic acid has been

carried out to synthesize adduct 278a, an intermediate in the total synthesis of
microfungal alkaloid (�)-lapatin.904Whereas the reaction of the substituted azadienes
led to the exclusive formation of exo compounds, the unsubstituted parent compound
gave a 1:1 mixture of the isomers.
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Gorman and Gassman905 have shown that undecatetraenes undergo cyclization
(intramolecular Diels–Alder reaction) in the presence of triflic acid to provide
bicyclo[4.3.0]nonyl [Eq. (5.332)], bicyclo[4.4.0]decyl, and bicyclo[5.4.0]undecyl
[Eq. (5.333)] ring systems, depending on the methyl-substitution pattern. On
the basis of a comparative study with varied tetraenes, they concluded that pro-
duct formation, at least in some cases, could be best interpreted by a stepwise
process.905,906
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86% yield
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ð5:332Þ
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ð5:333Þ

Recently, Shin and co-workers907 have studied the cyclization of the trienol279 and
isolated two compounds (280 and 281) (Scheme 5.94). Temperature-dependence
studies and the transformation of related compounds resulted in the conclusion that
both a concerted process (route a) and a stepwise mechanism are operative (route b).

The formation of polysubstituted cycloheptadienones depicted in Eq. (5.334)
constitutes the first example of an acid-induced ketene–diene cycloaddition.908
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CH3CN, 0°C, 5 min
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+
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H

O

Ar = 4-MeC6H4                59% yield

        4-MeOC6H4             45% yield

ð5:334Þ
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5.20.2. Other Additions

Kotsuki et al.909 have developed a method to effect the Michael addition of b-
ketoesters with ethyl acrylate in the presence of triflic acid under solvent-free
conditions [Eq. (5.335)]. Nonactivated cyclohexanones as Michael donors and
a,b-unsaturated ketones as acceptors are also reactive. The use of menthyl acrylates
did not result in any significant asymmetric induction.
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            CH2C6H4, (CH2)2C6H4
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R
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+
R

COOEt

O

R'

COOEt

ð5:335Þ

The addition of phenols [Eq. (5.336)], carboxylic acids, and sulfonamides
[Eq. (5.337)] to alkenes can be induced by triflic acid.910,911 Whereas the yields are
low with the use of 10–15mol% of acid, triflic acid in catalytic amounts (1–5mol%)
allow the isolation of addition products in good to high yields.
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toluene,

RT, 48 h or

50°C, 16−24 h

R = MeO, NO2

R' = H, MeO

n = 1, 2

40−93% yield

+
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OH

R' R

O( )
CF3SO3H

Ar( )
n

n

ð5:336Þ

toluene, 60 or 85°C,

overnight or 22 h

R = Me, MeO                                                                    58−95% yield

n = 1, 3

+

R

SO2NH2
CF3SO3H

NHSO2Ar

( )n

ð5:337Þ

Amino-sulfonation of alkenes has been performed in a three-component reaction
with SO3–dimethylformamide complex (SO3�DMF) and acetonitrile followed by
hydrolysis.912 Whereas amino-sulfonation occurs without the use of triflic acid, the
acid accelerates the reaction considerably and prevents the formation of byproducts.
The X-ray structure of intermediate 282 provided evidence that the addition is
completely regio- and stereoselective [Eq. (5.338)].

CF3SO3H

0°C, 1.5 h

+

+  SO3  DMF

+ CH3CN

N

OHH

SO3
−

50% yield

N

OHH

SO3
−

.

+

hydrolysis

NH3

SO3
−

+

282

ð5:338Þ

The superacid CF3SO3H2
þ–B(OSO2CF3)4

� was shown to catalyze the addition
of allylsilanes to aldehydes and cyclohexanone to form homoallylic alcohols913

(CH2Cl2 solvent, room temperature, 60–95% yields). 2-Alkoxyallylboronates add
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to aldehydes in the presence of triflic acid to affordb,g-disubstituted d-lactoneswith
an a-exo-methylene group914 [Eq. (5.339)]. Aromatic, straight-chain and cyclic
aliphatic aldehydes are all suitable for allylboronation. While all reactions with Z-
alkenes gave trans-lactones, the reversal of stereochemistry was observed for some
of the E-alkenes. The suggested mechanism includes the borate intermediate 283,
which is transformed to carbocation 284 (Scheme 5.95).When 284 is trapped by the
ester before bond rotation, the expected cis stereoisomer is formed. In turn, bond
rotation to form the favorable conformer followed by trapping by the ester group
results in the trans isomer. 18O labeling studies indicated the loss of aldehyde
oxygen. Additional results with respect to the chemo- and stereoselectivity of
allylboronation promoted by triflic acid have been reported.915,916

CF3SO3H

toluene, 0°C, 16 hB
O

O

+

MeO2C

                 % yield          cis/trans
E-alkene   11−79      > 19:1 or < 1:19
Z-alkene    26−91           < 1:19

+  RCHO

R = Ph, PhCH2CH2, 4-NO2C6H4,

       2-Me and 4-MeC6H4,

       4-BrC6H4, 4-MeOC6H4,

       E-CH2CH=CH, cycloC6H11

O

R

O

O

R

O

ð5:339Þ

A highly selective synthesis of homoallylic alcohols has been reported by Tietze
et al.,917 who reacted methyl ketones, the chiral norpseudoephedrine derivative 285,
and an allylsilane in the presence of a catalytic amount (0.2mol%) of triflic acid
[Eq. (5.340)]. The transformationwas interpreted as an SN2 attack of the allylsilane to
the protonated mixed acetal 286. The obtained ethers were then cleaved to the final
product, homoallylic alcohols.

O

R

O

+                                         +

pinBO

R

COOMe

H Me

H R

OMeO

B
O

O
pinBO =

O

H OTf

Me H

H R

OMeO

−pinBOH
O

R

OMe

+

O

R

O

283                                               284

Scheme 5.95
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CH2Cl2,
−78°C, 48 h

Me
C

O

+

R = H, R' = Me, Bu, Bn, allyl,
                  (CH2)2CO2Me,
                  (CH2)2OSiPh2tert-Bu
R, R' = Me

R'

R

Me3SiO
NH

Ph COCF3

SiMe3

NH

Ph COCF3

Me
C R'

R

O
Me3SiO

H

+ CF3SO3H

NH

Ph COCF3

C R'

R

O
Me

285

Na, NH3

−78°C
C R'

R

OHMe

58−98% yield
76−92% de

286

ð5:340Þ

Fluorosulfuric acid and triflic acid add stereoselectively to acetylenic acids, esters,
and ketones to form vinyl sulfonates and vinyl triflates, respectively.918 Acids and
esters yield the corresponding E derivatives with high selectivity [Eq. (5.341)]. In
contrast, exclusive formation of the Z compounds was observed in the transformation
of keto derivatives (R¼ 4-FC6H4, R

1¼Me). The stereochemistry is accounted for by
postulating the attack of the sulfonate anion from the sterically less hindered side of
diprotonated intermediate 92 to furnish the E isomers. Accordingly, the stereoselec-
tivity is always better for the triflate addition. Isomerization to the thermodynamically
more stable Z isomers, however, was observed in prolonged reactions at increased
temperature. Furthermore, compounds that are unreactive under the above conditions
(methyl oct-2-ynoate, hex-3-yn-2-one, 4-phenylbut-3-yn-2-one) react in stronger acid
(CF3SO3H�SbF5,H0�20) and giveZ compounds.Acidity, consequently, also plays a
key role in the isomerization process. Isomerization appears to be slow for acids and
esters but fast for keto derivatives.

−40, −30 or 0°C,
0.5 or 1 h

+

R = Ph, 4-FC6H4,

       4-MeC6H4, 4-MeOC6H4

R1 = OH, OMe, OEt

R2 = F, CF3 92

90−100% yield

R COR1

R1

O

H

R

H

R2SO3H

R2SO2O− +

R

R1

HR2SO2O

O

                      E/Z ratio

R2 = F        78:22−10:90 

R2 = CF3    85:15−95:5

ð5:341Þ
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The efficient azidobromination of cycloalkenes [Eq. (5.342)] and open-chain
alkenes to give b-bromoalkyl azides with N-bromosuccinimide and azidotrimethylsi-
lane is catalyzed byNafion-H.919 Terminal alkenes and alkeneswith bulky substituents
do not react, whereas 2,3-trimethylbutene-2 reacts without catalysis. The stereochem-
istry of the process suggests the involvement of a bromonium ion intermediate.

CH2Cl2−MeNO2 (3 : 1)
30°C or −5°C, 1.5 h

R = H, Me 55−77% yield
n = 1, 2

R

N3

Br

R

Nafion-H
+      Me3SiN3 + NBS

( )n

ð5:342Þ

5.21. RITTER REACTIONS

In addition toRitter-type transformations already discussed in previous sections, there
are additional examples of theRitter reaction—that is, the transformationof alkenes or
alcohols with nitriles to give carboxamides carried out under superacidic conditions.

Ritter reaction of the triene 287 in triflic acid, performed to accomplish the
synthesis of a marine sesquiterpene, gave the product acetamide derivative via a
predominant trans antiparallel addition of Hþ and acetonitrile to the endocyclic
double bond920 [Eq. (5.343)].

AcHN

R
Me

N

C

Me

H

CF3SO3H, MeCN

CH2Cl2, −78°C, 3 h

+

quench

93% selectivity
73% combined yield

287

ð5:343Þ

2-(Arylmethylene)cyclopropylmethanols have been reported to react with acetoni-
trile in triflic acid to give ring-enlarged N-(arylmethylidenecyclobutyl)acetamides921
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[Eq. (5.344)]. The suggested mechanistic pathway is a Ritter-type reaction with the
involvement of the bicyclobutonium ion 288.

Ar

OH

Ar

NHCOMe

Ar
Ar

N

+

N C Me

60°C, 5 h
−H2O

C

Me

+

quench

288Ar = Ph, 4-MeC6H4,

       3- and 4-FC6H4, 4-ClC6H4,

       2- and 4-BrC6H4,

       2,3-diClC6H4, 2,4-diClC6H4,

31−76% yield

MeCN

CF3SO3H

ð5:344Þ
Triflic acid has been applied in a three-component condensation of phenols or 2-

naphthol, aromatic aldehydes, and alkyl nitriles to form amidoalkylphenols under
mild conditions in good to high yields922 [Eq. (5.345)]. The reaction involves a Ritter-
type step, wherein the intermediate condensation product reacts with the nitrile
component.

R = H, 4-Cl, 4-OH

R1 = H, 4-Cl, 2-Br, 2,4-diCl, 4-OH, 3-NO2, 4-NO2

R2 = Me, CH2=CH,

50−91% yield

OH

R

CHO

R1

+
R2 CN O

CHAr

OH

:NC R2 NHCOR2Ar

OH

NAr CR2

H+

TfOH
80−85°C,
1.5−6 h

RR R

ð5:345Þ

Nafion-H has also been shown to be active in the Ritter reaction. Treatment of
alcohols, such as benzyl alcohols, 1-adamantanol [Eq. (5.346)], and 2-norborneols
with acetonitrile or benzonitrile in the presence of Nafion-H under forcing conditions
(140–145�C, 18–48 h), affords the corresponding carboxamides in moderate to
excellent yields (40–99%).652 Nafion-H can be reused after a simple activation
(washing with deionized water and acetone followed by drying at 105�C).

OH NHCOR
+   RCN

R = Me, Ph                                                                       95% yield

Nafion-H

140−145°C, 36 h ð5:346Þ
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Nafion beads, Nafion�SiO2, and Aciplex–SiO2 were tested by Okuhara and co-
workers923,924 in the Ritter reaction between 1-adamantanol and acrylonitrile [Eq.
(5.347)]. Nafion SAC-13 exhibited the highest specific activity calculated by taking
into account the number of acidic sites.

CH2 CH CN

                             100°C          60°C 

Nafion NR-50         98%           17%

SAC-13                  97%            29%

Aciplex-SiO2                              27%

+
6 h

−H2O
NH-COCH=CH2

catalyst

OH

ð5:347Þ

5.22. POLYMERIZATION

The key initiation step in cationic polymerization of alkenes is the formation of a
carbocationic intermediate, which can then react with excess monomer to start
propagation. The kinetics and mechanisms of cationic polymerization and polycon-
densation have been studied extensively.925–928Kennedy andMar�echal926 have pointed
out that only cations ofmoderate reactivity are useful initiators, since stable ions such as
arenium ions were found to be unreactive for olefin polymerization. On the other hand,
energetic alkyl cations such as CH3CH2

þ were too reactive and gave side products.
It has been shownbyOlah et al.928,929 that cationic polymerizationofalkenes canbe

initiated by stable alkyl or acyl cations as well as nitronium ion salts.
Trivalent carbenium ions play a key role, not only in the acid-catalyzed polymeri-

zation of alkenes [Eq. (5.348)] but also in the polycondensation of arenes (p-bonded
monomers) as well as in the cationic polymerization of ethers, sulfides, and nitrogen
compounds (nonbonded electron-pair donor monomers). On the other hand, penta-
coordinated carbonium ions play the key role in the electrophilic reactions of
s-bonds (single bonds), including the oligocondensation of alkanes and alkenes
(Section 5.1.5).

+

+
RF  +  BF3                R+ BF4

−  + C2H5CH CH2 C2H5CHCH2R BF4
−

n (C2H5CH CH2)
C2H5CH2 [CH2CH

C

]n-1 CH2CHC2H5 BF4
−

C2H5

+   HF   BF3C2H5CH2 [CH2CH

C

]n-1 CH

C2H5

C2H5

H2R

H2R

ð5:348Þ
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In general, the cationic polymerization of olefins should be considered as a typical
example of general carbocationic reactivity in electrophilic reactions, and all other
suggestedmechanisms can be looked upon as only differing in the nature of the initial
electrophiles, always leading to the key trivalent alkyl cation, which then initiates the
polymerization reaction [Eq. (5.349)].

E+
CH3

C

CH3

CH2

+
CH3

C

CH3

CH2 E
alkene

ploymer ð5:349Þ

The solid superacid Nafion-H is also a good polymerization catalyst. Isobutylene
has been polymerized with Nafion-H. At 145�C, only oligomers (dimers and tetra-
mers) were obtained; decreasing the temperature increased the molecular weight of
the oligomers.930 The oligomerization reaction has also been studied for higher
alkenes. For example, in the liquid phase, the addition of 1% by weight Nafion-H to
1-decene at 150�C gave, after 5 h, a 65% conversion to oligomeric products, of which
55% consisted of the trimer.931 Under similar conditions, 5-decenewas converted to a
4:1 mixture of dimers and trimers, which was hydrogenated to a lubricating-type
oil.932

Nafion-H has also been used as a catalyst for the oligomerization of styrene. The
reactionwas studied byHigashimura and co-workers.933,934Hydroxy-terminated poly
(alkylene)oxides were prepared by condensation–polymerization of 1,8-octanediol
and 1,10-decanediol in the presence of Nafion-H.935 It showed higher activity than
sulfuric acid; consequently, polymerization could be carried out at lower temperature.

In the patent literature, there are several reports of the cationic polymerization of
tetrahydrofuran (THF) with Nafion-H. In most cases, small amounts of acetic
anhydride were added so the initial polymer had a terminal acetate group that could
be hydrolyzed to the free hydroxyl. THF has also been homopolymerized936–938 and
copolymerized with ethylene oxide and propylene oxide in the presence of Nafion-
H.939–941

Triflic acid has become a widely applied catalyst in various polymerization
processes, and a few selected characteristic examples are discussed here. Additional
basic information, examples of practical significance, and recent trends of cationic
polymerization can be found in books and monographs.942–945

A polyaldolic condensation of acetone can be induced by triflic acid to give a solid
resin with a polyenic structure resembling poly(methylacetylene) having some
functional groups946 (289).

C CH C CH

MeMe

Me

C CH C CH

O Me

m
C CH

Me

C CH2 C CH

Me OH

C
n

Me Me

Me

289
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Zolotukhin and co-workers947 have performed experimental and theoretical
studies with respect to the use of superelectrophiles generated by triflic acid in
the polycondensation of carbonyl compounds such as isatins,948 fluorinated ke-
tones,949,950 and acenaphthenequinone951 with aromatics (biphenyl, diphenyl ether,
4,40-diphenoxyacetophenone, etc.) (Scheme 5.96). It has been concluded in recent
studies (PBE0/aug-cc-PVTZ//PBE0/6-31þG* level of theory)255,952 that C,O and
O,O diprotonated species derived from molecules with electron-withdrawing or
moderately electron-donating substituents (for example, hexafluoroacetone) do not
participate in polycondensation. This is due to the high positive Gibbs energy for
their formation. Acidity dependence is accounted for by a multistep mechanism
involving onlymonoprotonated species.Monoprotonated species ofmolecules with
strongly electron-donating substituents (for example, acetophenone), in turn, are
highly stable, and their transformation is thermodynamically unfavorable.

Ring-openingpolymerizations canalsobe inducedby triflic acid. It is oftenused for
the initiation of the ring-opening polymerization of oxacycloalkanes,953,954 dioxa-
cycloalkanes,955,956 and cyclosiloxanes.957–961 There has been a growing interest in
poly(hydroxyalkanoates) and, in particular, polylactides as biodegradable and bio-
compatible polymers. A combination of triflic acid and a protic solvent (alcohols or
water) has been recently reported to initiate the cationic polymerization of lactide at
room temperature.962 Polymerizationwas shown to occur selectively via acyl–oxygen
cleavage [Eq. (5.350)]. Polymer characteristics show that triflic acid preferentially
activates the monomer compared with the polymer chain. Polymerization of L-lactide
resulted in the formation of a perfectly isotactic polymer, indicating that epimeri-
zation did not occur. In a similar manner, ring-opening polymerization of (R)-b-
hydroxybutyrolactone catalyzed by triflic acid in toluene afforded chiral poly(b-
hydroxybutyrate). The polymerization process proceeds with the retention of

CF3SO3H

CH2Cl2,          −nH2O 

RT, 3 days

O

C

O

O

O

C

O

O

n

+

C

C
F3C O

Ph
CF3

Scheme 5.96
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configuration.963 The cyclic thiocarbonate 290 undergoes a ring-opening polymeri-
zation into a poly(monothio)ester with the adamantane moieties in the backbone
initiated by triflic acid964 [Eq. (5.351)].

CF3SO3F

CH2Cl2, 25°CO

O

O

Me

Me

O

R = H, isoPr, C5H11

R
O

O
O

H

O

Me O

Me

n
n

O

O

O

Me

Me

O

H

+

ROH

ð5:350Þ

CF3SO3H

CH2Cl2, 30°C

O
O

S

O S

O

n

>99% conversion
290

n ð5:351Þ

Polymerization of tetrahydrofuran to produce linear polyethers or cyclic oligomers
is initiated by the protonation of the ring oxygen965 (Scheme 5.97). The formed ion
then reacts with themonomer to give tertiary oxonium ion intermediates.Macrocyclic
oligomer formation proceeds by intramolecular attacks involving backbiting (route a)
or tailbiting mechanism (route b). The ability of triflic acid to form tertiary oxonium
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O(CH2)4HO

O O

H

THF

TfO−

OC4H8OC4H8HO OC4H8
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O

H

O

O

O
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+

+

+

+

a

b

Scheme 5.97
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ion intermediates, participating in chain growth instead of ester formation, was shown
to be the highest among various initiators studied (CF3SO3H>HSO3F>MeOTF>>
ScOF). The highest concentration of crown ethers ranging from 15-crown-3 to 100-
crown-20 [(C4H8)n, n¼ 3–20] was generated in nitromethane.

Kanoh et al.966 have reported unusual monomer isomerization–polymerization
processes of oxetanes with varied substituents. Cyclic imide-substituted mono-
mers, such as 170, undergo isomerization catalyzed by triflic acid as shown
previously in Eq. (5.266) and then polymerize. Polyacetals 291 are formed below
room temperature (single ring opening), whereas at elevated temperature (120–
130�C) polyethers 292 are isolated (double ring-opening). Oxetanes with ester
substituents exhibit similar dual characteristics.967 Monomer 170, however,
showed an exceptional behavior yielding the oligoindene derivative 293 with a
carbon backbone.968

N

O

O

O

R

R = Me, Et, Bn

n

291 292 293

N
O O

O

R

n

N

O

O

n

Hyperbranched carbohydrate polymers have been synthesized through ring-
opening multibranching polymerization of 1,4-anhydroerythritol and 1,4-anhydro-
L-threitol using triflic acid and fluorosulfuric acid as cationic initiators.969

HSO3F resulted in a polymer of lower molecular weight. The proposed mecha-
nism shown for 1,4-anhydroerythritol includes ring opening with the proto-
nated monomer initiator, and branching is induced by proton transfer reaction
(Scheme 5.98).

Photoinitiated cationic polymerization is in widespread use in UV curing and
photoresist technology. Crivello and Lam970 were the first to report that diaryliodo-
nium salts undergo photodecomposition to generate Brønsted superacids
(Scheme 5.99), which are capable of initiating the polymerization of suitable mono-
mers. Since then, triarylsulfonium and triarylphosphonium and other salts with
weakly coordinating anions have also been applied.971,972

A rare example of cationic polymerization of emulsified epoxy resins has been
reported by Walker et al.973 Polymerization of water emulsion of epoxy resins with a
variety of superacids (triflic acid, HClO4, HBF4, HPF6) results in polyols with two
glycidyl units (294) in contrast to commercial epoxy resinswithoneunit separating the
aromatic moieties. The level of residual glycidyl ether and Bisphenol-A units is also
much lower than in conventional epoxy resins.
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Lacaze and co-workers974 have prepared poly(para-phenylene) films by elec-
tropolymerization of benzene in strong acidic media including triflic acid and

+
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ArI+  X−   +   Ar'

+   R H H+ X−   +   PhI   +   R

 (I)

(II)

RH = solvent or monomer

ArI+  X−

Scheme 5.99

+O

H

+

HO OH

O

HO

HO

+
OH

HO OH

O

HO

HO

O

HO OH

O

HO

HO

H

O

O OH

O

HO

HO

H

−H+

Scheme 5.98

POLYMERIZATION 749



fluorosulfuric acid. The films grown in superacids are characterized by sharp redox
peaks in contrast to films prepared in other acids, which exhibit wide, ill-defined
peaks. Poly(para-phenylene) prepared in the superacid media has linear chains, a
high degree of polymerization, and a narrow molecular weight distribution.
Extremely well-organized polymers were prepared by performing the electropo-
lymerization in SO2 or in organic solvents.975

Jones and co-workers976 have recently reported the use of catalyst 49
(Figure 5.15) with perfluorinated alkanesulfonic acid sites anchored to SBA-15
as a methylaluminoxane-free supported cocatalyst for ethylene polymerization.
When catalyst 49 and trimethylaluminum were used in combination with
Cp*2ZrMe2 as the metallocene precatalyst, productivities as high as 1000 kg
polyethylene mol Zr�1 h�1 were obtained without experiencing reactor fouling.

In a recent communication, amicrosystem allowing controlled polymerization and
block copolymerization of vinyl ethers with triflic acid as the initiator at �25�C has
been described.977 The system allows a high level of control on molecular weight
distribution.

5.23. MISCELLANEOUS REACTIONS

Isomerization of 3,30- and 4,40-dimethylbiphenyl in triflic acid results in the formation
of only 3 of the possible isomers: 3,30-dimethylbiphenyl (�40%), 3,40-dimethylbi-
phenyl (�55%), and 4,40-dimethylbiphenyl (�5%).978 This product composition
reflects the relative stability of the intermediate carbocations. Isomerization was
suggested to occur by ipso protonation to the methyl group followed by a slowmethyl
migration as the rate-determining step [Eq. (5.352)]. The intermediate formed by ipso
protonation to the phenyl group was calculated to have higher energy by 5.4 kcal
mol�1 (AM1 method).

+

Me

Me Me

H Me

+

Me

H

Me

quench

Me

Me

CF3SO3H 1,2 ~Me

25 to 100°C

ð5:352Þ

Triflic acid has proved to be an efficient catalyst to promote directC-alkylation of
1,3-dicarbonyl compounds with benzyl alcohols979 [Eq. (5.353)]. Alkylation of
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hydroquinone by tert-butyl alcohol in a solventless reaction yields 2,5-di-tert-
butylhydroquinone (93% selectivity at 90% conversion, 150�C), whereas 2-tert-
butylhydroquinone is the main product in 1,4-dioxane (79.5% selectivity at 39%
conversion).980

Ar R

OH

R1 R2

O O

+ R1 R2

O O

Ar R

CF3SO3H

neat or MeNO2, 100°C

Ar = Ph, 4-ClC6H4, 2-naphthyl 
       2-, 3- and 4-BrC6H4,                                                                          53−90% yield
R = Me, Et, Pr, Bu, CH=CH2

R1 = Me, Ph
R2 = Me, Ph, OEt

ð5:353Þ

Aub�e and co-workers981,982 have found that enolizable ketones react with benzyl
azide in triflic acid to yield N-(phenylamino)-methylated products [Eq. (5.354)]. The
transformation is an aza-Mannich reaction interpreted with the involvement of the
Mannich reagent N-phenyl iminium ion 295 formed in situ in a Schmidt rearrange-
ment. Cyclic tertiary alcohols react with alkyl azides in triflic acid to yield N-
alkylamines (296, 297)983 [Eq. (5.355)]. The Schmidt rearrangement was used to
transform Merrifield resin into amino-polystyrene resin by reacting the azido deriva-
tive in excess triflic acid (CH2Cl2, 0

�C).984

R

O

Ph N3

+
CF3SO3H (4 equiv.)

CH2Cl2, 0°C to RT

R = Me, Et, Ph, EtO 

R1 = H, R−R1 = C4H8, C5H10                                                        50−98% yield

R2 = H, Me, Pr, CO2Et

R

O

R2

R1

R2

R1

NHPh

ð5:354Þ
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+
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H
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N
C

H

H
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−N2

+

1. CF3SO3H
    CH2Cl2, 0°C or RT

OH

R

+   R'N3

( )n

N
R R'

N
R'

R

( )n
( )n

296                    297
                                         Yield (%) 296/297

R = Ph, R' = Bu, n = 1          97        16 : 84
                           n = 2          66        52 : 48
                           n = 3          82        71 : 29

2. NaBH4

R = Me, n = 2, R' = Bu      297     95% yield
                        R' = Bn      297     88% yield

ð5:355Þ
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N-Alkylation of methyl N-(trimethylsilyl)pyroglutamate with benzhydryl chlor-
ides or trimethylsilyl benzhydryl ethers can be carried out in almost quantitativeyields
with the use of catalytic amounts of triflic acid (0.3–3mol%)985 [Eq. (5.356)].

+
CF3SO3H

130°C, 15 min−5 h

R, R' = H, 4-F, 4-Cl, 4-MeO,           82−99% yield
            3,4-diMeO, 3,4,5-triMeO,
            3,4-CH2O2

X = Cl, OSiMe3

N
O

SiMe3

COOMe

H

X

R R'

R R'

N
O

COOMe

H

ð5:356Þ

The reaction of chiral aldimineswith 2-silyloxybutadienes in the presence of triflic
acid affords novel Mannich-type products with high diastereoselectivity986

[Eq. (5.357)].

+
diethyl ether, 

30°C, 6 h

R = Ph, 4-ClC6H4, 4-MeC6H4             62−74% yield

R1, R2 = H, Me, Ph                             70−92% de

MeO
N
H

R2

O

R O R1

*

MeO
N

O

R

Me3SiO R2

R1

H

CF3SO3H

ð5:357Þ

a-Hydroxy ketones have been shown by Olah and Wu987 to undergo various
transformations in triflic acid depending on their substitution pattern. Compounds
without b-hydrogen give fragmentative products (Scheme 5.100, route a). Since
formation of the intermediate carbocation is not favored because of the lack of
stabilizing substituents, a concertedmechanismwas suggested. A similar mechanism
accounts for the exclusive formation of a,b-unsaturated ketones under similar
conditions (Scheme 5.100, route b). The involvement of the stable benzylic cation,
in turn, allows the formation of the cyclized product as shown in route c.

In the 1980s, Rudenko et al.988,989 made pioneering studies on the electrochemical
oxidation of various aromatic compounds in HSO3F and HSO3F�SbF5. Recently,
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oxidations using the HSO3F�PbO2 system have been reported in a long series of
papers. The studies, amongothers, included the oxidation of substituted nitrobenzenes
and anilines,990 benzoic acids,991 phenols and derivatives,992 and so on, in the
temperature range �75�C to 0�C. Product formation is interpreted by two one-
electron oxidation steps followed by a proton loss. The formed intermediate reacts
with the fluorosulfate anion and the work-up procedure leads to the final chloro-
substituted product as shown for 2-methylbenzonitrile993,994 [Eq. (5.358)]. In most
cases, a range of products including various dimers are formed usually in low yields,
but selective transformations may also be observed. Oxidation of 2,4,6-trisubstituted
benzonitriles, for example, affords carboxamides in highyields formed in aRitter-type
transformation993,994 [Eq. (5.359)]. Benzonitriles could be transformed into 2,4,6-
triaryltriazines (298) in HSO3F alone at higher temperatures (20�C, 3 h, 49–65%
yield).993 The elementary steps, the nature of the reaction intermediates, and general
trends of chemical and electrochemical oxidation of aromatics in HSO3F have been
discussed in a review paper.995

−75°C, 5 h
−e

29% yield

CN

CH3

CN

CH3

+
.

CN

CH2OSO2F

CN

CH2ClHSO3F,
PbO2 cc HCl

−H+, −e

FSO3
−

ð5:358Þ

R = H, R' = tert-Bu      82% yield
R−R' = 2-adamantyl    90% yield

R'

R

OH

COPh

R

C

R'

O

78% yield

H

OTf

H

O

R

R'

O
Ph

H

OHH

TfO

tertBu
COPh

Ph

tertBu

O

79% yield

R = Me,
R' = tert-Bu

R = H, R' = Ph

O O

CH2Cl2,
0°C to RT,

16 h

+

−H2O
CF3SO3H

−PhCHO
route a

route b

route c

Scheme 5.100
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CN

Me
HSO3F, PbO2

−75°C, 5 h

Me

R'

R = H, Me
R' = H, Me, tert-Bu                                                   75−94% yield

C

O

NH R'

Me

Me

Me

Me

R'

RR

R

R

R

R

ð5:359Þ

N

N

N

Ar

ArAr

298

Ar = 4-MeC6H4,
        4-tert-BuC6H4,
        3,5-diMeC6H3

Harmer and co-workers996,997 tested various Nafion-based samples in the dimer-
ization ofa-methylstyrene to form isomeric pentenes and a cyclic dimer, which are of
industrial interest: 13% and 40% Nafion–silica nanocomposites exhibited near-
complete conversion and gave the cyclic dimer 300with high selectivity [Eq. (5.360)],
whereas compound 299awas the main product over Nafion NR50. In sharp contrast,
isomeric pentenes 299 could be obtained in a continuous process (86% selectivity at
conversion>95%).Similar findingswere reportedwithNafion immobilized inMCM-
41mesoporous silica.227 In kinetic studies, 13%Nafion–silica996 and the catalyst with
anchored perfluorinated sulfonic acid site (catalyst 48, Figure 5.15)192 showed the
highest activity. Dimerization of isobutylene has been studied in a forced-flow
catalytic membrane reactor using Nafion-based catalytic membranes made with
various binders.998 The best results were found for Nafion SAC-13 exhibiting high
selectivity (80%) at low conversion (45%). The fast removal of product isooctene
inhibits secondary processes, whereas byproducts are purged from the active sites,
thereby preventing catalyst deactivation.

catalyst

toluene, 60°C, 6.5 h

Ph Ph

Ph Ph

Ph

299a

299b

300

                                                       Selectivity, %
13% Nafion-SiO2            300                 91
40% Nafion-SiO2            300                 99
Nafion NR50         299a/299b/300   47:15:24

ð5:360Þ

754 SUPERACID-CATALYZED REACTIONS



Olah and Ip999 showed that Nafion-H catalyzes condensation of acetone to give
mesitylene999 [Eq. (5.361)]. In contrast to phosphoric acid and sulfuric acid, the
reaction carried out in a flow system gives the product with high selectivity. Likewise,
substituted aryl methyl ketones can be transformed to 1,3,5-triarylbenzenes1000

[Eq. (5.361)]. ortho-Substituted acetophenones, however, do not react.

R
C

Me

O

R = Me, Ph, 4-MeC6H4,

       4-EtC6H4, 4-tert-BuC6H4,

       4-MeOC6H4, 4-ClC6H4,

       4-BrC6H4

R

R R

Nafion-H

R = Me, 115°C              8.3% yield, 99% sel.
R = aryl, 145−150°C      31−74% yield
       12−24 h

ð5:361Þ

The Peterson silyl-Wittig methylenation of carbonyl compounds has been signifi-
cantly improved by performing the elimination of the trimethylsilanol form of the
intermediate b-hydroxysilanes with Nafion-H under mild conditions1001

[Eq. (5.362)].

R

C

R'

CH2

R, R' = Me, C5H11, C8H17, cycloC3H5,

            cycloC6H11, Ph 

R−R' = 4-tert-Bu-cycloC6H9, cycloC7H12,

            2,2-adamantyl

OH

SiMe3
CH2Cl2, RT, 1 h

−Me3SiOH

R

R'

55−97% yield

R

C

R'

O
Nafion-HMe3SiCH2Li

b-Acetamido ketones have been prepared in a multicomponent reaction from
aromatic aldehydes, enolizable ketones (acetophenone and propiophenone), and
acetyl chloride in acetonitrile over Nafion-H1002 [Eq. (5.363)]. High yields are
achieved under mild conditions and the catalyst proved to be recyclable.

R = H, 4-F, 2-Cl, 4-Cl, 4-Me,

       2-, 3-, 4-NO2, 4-COOMe                                                             78−96% yield

R1 = Me, Cl, Br, MeO, NO2

R2 = H, Me

AcCl, MeCN

Nafion-H

CHO

R

+

R1

CH2R2

O

R

NHAc

R2

O

R1
RT, 2.5−8 h

ð5:362Þ

ð5:363Þ
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OUTLOOK

In the first edition of this book we wrote the following:

“Acids have played a fundamental role in the entire history of chemistry. Mineral
acids such as sulfuric and perchloric acid were until recently considered as the
strongest acids. In the last two decades, emergence of acid systems up to 1015 times
stronger than 100% sulfuric acid has opened up a whole new area of chemistry.
These superacids, reviewed in the present monograph in a systematic way, range
from liquid systems such as antimony pentafluoride–hydrogen fluoride, antimony
pentafluoride–trifluoromethanesulfonic acid, and related acids containing arsenic,
tantalum, and niobium pentafluorides and the like, to solid superacids such as
polymeric perfluorinated resinsulfonic acids (Nafion-H), immobilized or interca-
lated antimony pentafluoride and related Lewis acid-based systems. The exceed-
ingly high acidity of these systems covering a broad range allows many weak bases
to undergo acid-catalyzed reactions, which otherwise would not take place using
conventional acid catalysts. Many hydrocarbon conversions, including those of
methane and alkanes, are some of the examples of applications catalyzed by
superacids that in the future are expected to gain increasing importance. Usually,
acid-catalyzed reactions such as isomerization of alkanes, carried out with mineral
acids or conventional Friedel–Crafts systems, necessitate relatively high tempera-
tures. However, superacids promote such reactions at much lower temperatures,
thus allowing favorable isomer distribution of branched hydrocarbons (increasing
the octane number significantly).

Awhole arrayof potentialweakly basic reagents, such asCO2,CO,O3,O2 (singlet),
N2O, Cl2, Br2, and the like, are starting to show electrophilic reactivity under
superacid-catalyzed conditions. These reactions could lead to novel and practical
applications, and some of them are already emerging. Ionic reactions generally show
much higher selectivity than their free radical counterparts. The ability of superacid
catalysts to cleave carbon–carbon bonds with ease has resulted in novel hydrocarbon
cracking applications, particularly in systems where metal-based catalysts are sus-
ceptible to deactivation (poisoning) by impurities such as sulfur and nitrogen
compounds. This is of particular interest in processing heavy oils, tar sands, and oil
shale, as well as in coal conversion–liquefaction processes.

SuperacidChemistry, SecondEdition, GeorgeA.Olah,G.K. Surya Prakash, �Arp�adMoln�ar, and Jean Sommer
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Superacid-catalyzed reactions and ionic reagents (obtained under superacidic,
stable ion conditions) are gaining increasing significance in synthetic and natural
product chemistry, and this trend is expected to continue and expand. Some special
applications, such asuse of intercalated antimonyor arsenic pentafluoride/graphite (or
polyacetylene) as highly conducting (even superconducting) materials, has attracted
and will continue to attract considerable attention.

Future development of new and improved superacidic systems, particularly
allowing long onstream time in catalytic applications without deactivation and ease
of regeneration, is of particular interest. Applications of superacids are foreseen to
expand in catalysis and in synthetic chemistry, as well as in preparation and study of
reactive ionic intermediates.”

It is rewarding to see thatmanyof our expectations havematerialized during the last
two decades. The use of superacids has become common practice in synthetic organic
chemistry as demonstrated by the numerous new areas of applications, including
particularly their use in the chemistry of hydrocarbons, protecting groups, hetero-
cycles, and carbohydrates. Furthermore, superacids have also found wide application
in the generation of varied inorganic cations and complexes. Additional important
developments include that of new weakly coordinating anions and methods to
manufacture and use Nafion–silica and other nanocomposites, which show high
stability and specific activities in catalytic applications.

Extending the concept of superacids to varied superelectrophiles has emerged as a
productivenew field in recent years (G.A.Olah andD.A.Klumpp, Superelectrophiles
and Their Chemistry, Wiley-Interscience, Hoboken, NJ, 2008). Highly reactive and
activated protosolvated or multiply charged superelectrophilic intermediates are
involved in varied chemical reactions, many of them of substantial practical
significance.
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b-Acetamido ketones, synthesis of, 755
Acetanilides, substituted,
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para-Adamantylation of arenes, 574
Adamantyl cation(s), 117–119, 257, 571, 573
in alkylation, 553
1H NMR spectrum of, 117
methyl-substituted, 118
stability of, 119

Adamantylideneadamantane, halonium
complexes, 373, 374

X-ray studies, 374
Adamantylideneadamantyl alcohols,

protonation of, 680
Adamantylidene cations, 124, 125
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AgBF4, 87, 186, 240, 323, 327, 330, 336,
352

[Ag(CO)]þ[B(OTeF5)4]
� salt, 456

[Ag(CO)2]
þ[B(OTeF5)4]

� salt, 456
AgSbF6, 87, 195, 323, 356, 363, 364, 447
in chlorination and chlorolysis, 648, 649

AlBr3
in alkylation of aromatics, 592
intercalated into graphite, 74
in ionic hydrogenation, 729, 732

AlBr3–Br2, intercalated into graphite, 74
AlBr3–graphite intercalate, 74
in gas-phase alkylation of aromatics, 557
in transethylation of aromatics, 587, 588

AlBr3–HBr
in alkylation of aromatics, 592
in cyclialkylation, 607

AlCl3, 442. See also Aluminum chloride
in acylation, 609
in alkylation of aromatics, 558, 568, 569,

573, 592
complexed with Lewis acids, 70
complexed with polymeric resin sulfonic

acids, 65
fluorinated, 74
in forming oxazolines, 692
in formylation, 628
in generating fullerene cations, 165, 166
intercalated into graphite, 74
in ionic hydrogenation, 729–733

Al2Cl6, in chlorination and chlorolysis,
648

Al2Cl6/Al, in carboxylation, 627
AlCl3–graphite intercalate, 74
in alkylation of aromatics, 557, 566, 568,

569
in transethylation of aromatics, 557, 587,

588
AlCl3–HCl
in alkylation of aromatics, 592
in disproportionation, 587

AlCl3–metal chlorides, 71
AlCl3–metal sulfates, 70
AlCl3–NiO–SiO2, in ethylation of

ethylbenzene, 558
Alcohol(s)
acetylation of, 678
acylation of, 677
alkylation with, 560, 561, 563, 564

benzylic, ionic hydrogenation of, 733
carbonylation of, 619, 620
dehydration of, 699, 700
temperature dependence, 699

electrophilic oxygenation of, 185
heat of ionization, 92
hydrofluorination of, 655
ionic hydrogenation of, 733
ionization of, 5, 141
long-chain, esterification with, 734
protonation of, 108, 109
tertiary, ionic hydrogenation of, 733
THP ethers of, 677–679
trimethylsilylation of, 677, 679
unsaturated
carbonyl–ene cyclization of, 725
cyclization of, 680

Aldehydes
in additions, 739, 740
protection of, 677
protonated, resonance forms of, 173

Aldimines, chiral, in forming Mannich-type
products, 752

Aliphatic alcohols
protonated, reactivity of, 315
protonation of, 313, 314

Aliphatic ethers, protonation of, 110
Aliphatic glycols
protonated, reactivity of, 315–317
protonation of, 315

Aliphatic thiols, protonation of, 332
Alkadienyl cations, 125
Alkaloids, 736
cyclization of, 681, 689, 690, 732
fluorination of, 652–654
ionic hydrogenation of, 732
oxygenation of, 666

Alkanes, see also Saturated hydrocarbons
as acylating agents, 616, 617
in alkylation and acylation, 617, 618
alkylation of, 543, 553
theoretical study, 550

chlorination of, 647, 648
chlorolysis of, 647
electrochemical oxidation of, in strong

acids, 520–524
electrophilic oxygenation of, 185
fluorination of, 648–651
ionization of
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Alkanes (Continued)
oxidative pathway, 511, 516
over strong solid acids, 516
in superacids, 510
in weaker superacids, 517

isomerization of, 524
in CF3SO3H, 529
over solid superacids, 531

monobromination of, 651
nitration of, 636, 637
nitrolysis of, 637
oxygenation of
branched-chain, 661, 662, 668
straight-chain, 663, 670

polycondensation of, 553
protolysis of, 503
protonated, 206
anodic oxidation of, 520

protonation of, 503
redox couples, standard potential

of, 523
solubility of, 524
tertiary, ease of oxidation, 523

3-Alkenamides, in ring closing, 683
Alkene(s)
in addition, 738, 739
amino-sulfonation of, 739
azidobromination of, 742
bis-hydroxylation of, 673
bridgehead, protonation of, 250
bromofluorination of, 655
carboxylation of, 619
cationic polymerization of, 744, 745
electrochemical oxidation of, 524
hydrofluorination of, 655
as initiators, in alkane isomerization, 529
nitration of, 640
protonation of, 108
reversible deprotonation of, 516

Alkenoyl cations
diprotonation of, calculations, 191
resonance contributions of, 191

Alkenylamines, N-protected,
hydroaminaton of, 685

Alkenyl(aryl)iodonium ions, 368, 369
Alkenylation, 594
Alkenyl cations, 123, 530
Alkenylselenonium ions, 353
Alkonium ions, 206

2-Alkoxyallylboronates, addition of,
739, 740

Alkoxycarbenium cations, 181, 187
X-ray studies, 188

Alkoxy group
role of, in ester cleavage, 176
surface-bound, 519

Alkoxymethyl cations, fluorinated, 187
Alkoxysulfonium perchlorates, X-ray

studies, 344
Alkyde shift, 525, 535
Alkylaminodiazonium ions, 388
9-Alkylanthracenes, protonation of, 130
Alkyl aryl ethers
cleavage of, 589
protonation of, 322, 655
rearrangement of, to ring-alkylated

phenols, 589
Alkyl azides, in aza-Mannich reaction, 751
2-Alkyl-N-benzylidenes, cyclialkylation

of, 604
Alkyl cations, as initiators, in cationic

polymerization, 744
Alkyl chloroformates, alkylation with, 585,

586
Alkyl groups, effect on disproportionation,

587
Alkylarylmethyl cations, 140, 145
Alkylated intermediate, 580
Alkylation, 502, 503, 523
of alkanes, 543
of alkenes, in cracking, 540, 541
with alkylcarbenium hexafluoroantimo-

nates, 589
of aromatic hydrocarbons, 554
competitionwith hydride transfer, 545, 546
of ethers, 323–325
intramolecular, 595, 596
of selenides, 352
of sulfides, 335, 336
of tellurides, 353

N-Alkylation, 752
Alkylation–acylation sequence, 613
Alkylation and acylation, one-step, 617, 618
Alkyl azides, protonation of, 388
Alkylazulenes, protonation of, 160
Alkylbenzenes
formylation of, 629
isomerization and transalkylation of, 586
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Alkylbenzenes (Continued)
monohydroxylation of, 663, 664
sulfonation of, 634

Alkylcarbenium hexafluoroantimonates,
alkylation with, 589

Alkylcarbenium ions, in oxygenation, 669
Alkylcarboxonium cations, 181, 186
Alkyl cations, 93

13C NMR shifts of, 97, 98
coupling constants of, 99, 100
early studies, 93
electronic spectra of, 104
1H NMR parameters of, 96
IR frequencies of, 104, 105
Raman frequencies of, 104, 105
Raman spectra of, 106
reaction of, with hydrogen, 505

Alkyl chlorides, heats of ionization of, 92
1-Alkylcyclohexanols, acylation of, 677
Alkylcyclopropylhalonium ions, 365
Alkyldiaryloxonium ions, 325
Alkyldiazonium ions, 384
Alkylene dihalides, alkylation of, 366
Alkylenehalonium ions
bridged, long-lived, 362
dialkyl, 366, 367

Alkyl esters
of carboxylic acids, as alkylating agents,

585
of oxalic acid, as alkylating agents, 585

S-Alkyl esters, protonation of, 192
Alkyl fluorides

1H NMR spectra of, in SbF5, 95
in SbF5, 94

Alkyl fluorosulfonium hexafluorometalates,
335

Alkyl halide–Lewis acid halide complexes, 84
Alkyl halides
alkylation of aromatics with, 566
protonation of, 93
self-condensation of, 362

Alkyl hydrogen carbonates, protonated,
179, 180

para-Alkylphenol methyl ethers,
chlorination of, 656

para-Alkylphenols, chlorination of, 656
Alkylsilicenium ion, tertiary, chiral, 403
Alkylsulfonium ions, 192
Alkyl tellurides, protonation of, 351

Alkyl thiohaloformates, fragmentative
ionization of, 110, 111

Alkylvinylhalonium ions, 365
Alkynyl(aryl)iodonium salts, X-ray studies,

369
Alkynylcyclopropenylium ions, 157
1-Alkynyldiphenylonium tetrafluoroborates,

355
Alkynylselenonium ions, 353
a-(Alkynylsiloxy)aldimines, hetero

Diels–Alder reaction of, 687
Alkynyltungsten(II) complexes, oxidative

carbonylation of, 626, 627
Alkynylxenonium salts, 463
Allenes, protonation of, 125
Allenylmethyl cations, 134, 135
Allenylselenonium triflates, 353
Allylboronation, 740
Allyl cation(s), 116, 124, 316
1,3-dimethyl, 316
rotational barrier of, 124
studies by cryogenic matrix isolation, 124

Allylic alcohols, bis-hydroxylation of, 673
Allylic amines
fluorination of, 652
hydrofluorination of, 652

p-Allylic cations, complexed to metal, 204
Allyl leaving group approach, 403, 411
Allylsilanes, in additions, 739, 740, 741
Allyl sterols, 2-oxonia Cope rearrangement

of, 725
Alumenium ions, 400
Alumina, chlorinated, 70, 524
g-Alumina, fluorinated, 74, 75
Aluminum chloride, see also AlCl3
in alkane isomerization, 503, 517, 524, 535
in alkylation of benzene, 554, 555
in ionic hydrogenation, 730, 732

Aluminum halides, in ionic hydrogenation,
729

Aluminum trichloride, in catalytic cracking,
539

Amberlite IR-112, 554
Amberlyst
in cyclization of pseudoionone, 721
in esterification, 734

Amides
phenyl-substituted, formation of 592, 593
O-protonation of, 195, 196
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Amidines, cationic derivatives, resonance
forms of, 199

Amidoborenium ions, 398
Amidocyclopentadienyl As cation, X-ray

studies, 423
Amidocyclopentadienyl Sb cation, X-ray

studies, 423
(Amidomethyl)dimethylsilanols, protonated,

X-ray studies, 318
Amination of aromatics, 659
Amine poly(hydrogen fluoride) complexes,

in alkylation, 551
Amines, protonation of, 111
Aminoacetals, as alkylating agents, 580
Aminoalcohols, esterification of, 735
Aminodiazonium ion(s), 387
amination with, 659
diazotization of, 389
X-ray studies, 388

Aminodiazonium tetrachloroaluminate, 659
Aminofluorosulfonium ions, 344
5-Amino-1-naphthol
as alkylating agent, 591
ionic hydrogenation of, 729

Amino-polystyrene resin, 751
Aminopropylated silica, modified

with triflic acid, 71
Amino-sulfonation, 739
tert-Amyl cation, 332, 504, 542
Anchimeric assistance, 703
Androsta-4,6-diene-3,17-dione,

isomerization of, 717, 718
Androsta-1,4,6-triene-3,17-dione,

rearrangement of, 723, 724
a-Angelicalactone, cleavage and

polymerization of, 178
1,4-Anhydroerythritol, polymerization of,

748
Anhydroketopyranoses, synthesis of, 702
1,4-Anhydro-L-threitol, polymerization of,

748
Anhydrovinblastine, difluorination of, 654
Anilides, hydroxylation of, 665
Aniline, bromination of, 656
Aniline derivatives
acylation of, 677
hydroxylation of, 665
trifluoromethylation of, 566, 567

Anilinium ion, in hydroxylation, 665

para-Anisaldehyde, protonated, as indicator,
18, 19, 322

Anisole
acylation of, 611, 614, 615
adamantylation of, para selectivity, 576
alkylation of, 564, 566, 574
bromination of, 656
formylation of, 631
rearrangement of, 589

[16]Annulene, protonation of, 162
[16]Annulenediyl dication, 162
Anodic oxidation, to generate carbenium

ions, 529, 553
Anthracene(s)
Diels–Alder reaction of, 735, 736
ionic hydrogenation of, 728, 733
two-electron oxidation of, 163

Anthracenium ions, 130
Antiaromaticity, 156, 157
Antihistamine precursor, in

cyclodehydration, 597
Antimony pentafluoride, 42, 84. See also

SbF5
hydrolysis of, 43
polymeric structure of, 43
preparation of, 43

Aprotic nitrating agent, 639
Aprotic organic superacids, 10, 46
in alkylation and acylation, 617
in carbonylation of alkanes, 624
in formylation, 631
in halogenation, 651
in isomerization, 537

Arene dications, polycyclic, 162
Arenes
benzylation of, 579, 580
formylation of, 628
iodination of, 658
transacylated, 615

Arenesulfinyl cation, 635
Arenesulfonic acids, sulfonylation with, 634
Arenesulfonyl chlorides, sulfonylation with,

635
Arenium ions, 126, 129, 145, 567, 577, 579,

587, 630
para-adamantylated, in isomerization,

571, 573, 577
bis-silylated, X-ray studies, 128, 129
stabilized by Os complexation, 205
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Ar2H
þ cation, 461

ArKHþ cation, 461
Aromadendrane alkenes, rearrangement of,

714, 715
Aromatic
aldehydes
hetero Diels–Alder reaction of, 683
multicomponent reaction of, 755
in Ritter reaction, 743

carbonyl compounds, hydroxylation of,
665

carboxamides, as acylating agents, 610
nitro compounds, as indicators, 5, 14, 37,

47, 56
Aromatic compounds
bicyclic, formylation of, 629
carbonyl, 18
disproportionation of, 587
halogenation of, 655
use in industry, 502

Aromatic cyclization, 718–720
Aromatic ethers, demethylation of,

717, 718
Aromatic hydrocarbons, see also Aromatics
acylation of, 608
alkylation of, 554
with acid derivatives, 585
with alcohols, 560
with alkenes, 554
with alkyl halides, 566
with carbonyl compounds, 577
with cyclic ethers, 560

dithiocarboxylation of, 633
thiocarboxylation of, 633

2p-Aromatic pericyclic systems, 264
Aromatics, see also Aromatic hydrocarbons
activated, nitrozation of, 644
amination of, 659
carboxylation of, with carbon dioxide,

627
deactivated
alkylation of, 576
iodination of, 657, 658
nitration of, 638, 639

de-tert-butylation of, 587
deformylation of, 616
electrochemical oxidation of, 752–754
electron-rich, alkylation of, 561, 562
formylation of, 627

halogenation of, 655
in polycondensation, 746
nitration of, 636
oxygenation of, 663
substituted, alkylation of, 565
sulfonylation of, 634, 635

Aromatic silanes, desilylative acylation of,
616, 617

Aromatic stabilization, in cations and
dications, 157

Aromatic sulfonamides, in cyclialkylation,
596

Aromatic sulfoxides, synthesis of, 635
Aroyl
anhydrides, in acylation of aromatics, 614
azides, protonation of, 196
chlorides, in acylation of aromatics, 614
cyanides, protonated, 417

Aroylation, of fluorobenzene, 610
with arenecarboxylic acids, 614

[(Ar3PAu)4O]
2þ(BF4

�)2, X-ray studies, 329
Arsenium cations, 423, 424
with donor ligands, X-ray studies, 423

ArXeþBF4
� salts, 462

ArXeHþ cation, 461
Aryladamantanols, in ionic hydrogenation,

733
Arylalkanols, cyclialkylation of, 607
Arylalkenes, cyclialkylation of, 607
Arylalkyl-benzoic acids, intramolecular

acylation of, 614
Arylalkyl-benzoyl chlorides, intramolecular

acylation of, 614
Arylalkylepoxides, cyclialkylation of, 607
Arylamines, aza-Diels–Alder reaction of, 687
Aryldiazonium ions, 386
dediazoniation of, 386
Na–Nb inversion, 386

Aryl epoxides, to give condensed aromatics,
698

2-Arylethylamine aldimines, cyclialkylation
of, 604

3-Arylindenones
double protonation of, 601
formed in cyclodehydration, 600, 601

Aryl ketones, cyclodehydration of, 596
Arylmethyl cations, 140
2-(Arylmethylene)cyclopropylmethanols,

Ritter reaction of, 742, 743
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1,2-Aryl migration, 166
3-Aryl-2-nitropropionates, to form

benzoxazines, 691
2-Aryl-2-norbornyl cations, 13C NMR

chemical shifts of, 236
Aryloxenium cations, as cyclohexadienyl

ions, 425
2-Aryloxybenzonitriles, intramolecular

acylation of, 612
Aryl(pentafluorophenyl)iodonium

tetrafluoroborates, X-ray studies, 371
Aryl pinacols, to give condensed aromatics,

698
3-Arylpropyonates, as alkenylating agents,

594
N-Arylsulfonylcarbazoles, formed in

cyclialkylation, 596
N-Arylsulfonylindoles, formed in

cyclialkylation, 596
N-Arylsulfonylpyrroles, formed in

cyclialkylation, 596
5-Aryltetrahydrofuran-2-ones,

intramolecular acylation of, 613
Arylxenonium triflates, 462
AsCl4

þAsF6
� salt, X-ray studies, 394

AsF5, 44, 201, 431, 434, 439, 442, 444,
447, 451, 452

intercalated into graphite, 73
AsFCl3

þAsF6
� salt, 394

AsH4
þMF6

� salts, 395
AsH4

þTaF6
� salt, 395

AsH4
þTa2F11

� salt, 395
Asphaltene, functionalization in

HSO3F, 634
AsX4

þ[As(OTeF5)6]
� salt, X-ray studies, 394

[Au(CO)2]
þSb2F11

� salt, 453, 454
X-ray studies, 455

[Au(HF)2]
2þ(SbF6

�)2 �2 HF, X-ray studies,
459

[Au(MeCN)2]
þSbF6

� salt, X-ray studies, 458
[Au(PF3)2]

þSbF6
� salt, X-ray studies, 458

[Au(PF3)2]
þSb2F11

� salt, 458
[(AuPPh3)4As]

þ salt, X-ray studies, 396
[(AuPPh3)3NR]

þ salts, X-ray studies, 395
[(AuPPh3)4N]

þ salts, X-ray studies, 395
[(AuPPh3)3O]

þBF4
�, aurating agent, 395,

396
[(AuPPh3)5P]

2þ(BF4
�)2 salt, 396

[(AuPPh3)3PR]
þBF4

� salt, 396

Aurated ions, 218, 328, 348, 349, 350, 357,
395

Autoprotolysis, 2, 3, 55, 56
Autoprotonation, 7, 41
[Au2Xe2F]

3þ(SbF6
�)3 salt, X-ray studies, 459

[trans-AuXe2F]
2þ(SbF6

�)(Sb2F11
�)2 salt, X-

ray studies, 459
[AuXe4]

þ(Sb2F11
�) salt, X-ray studies, 458,

459
[cis-AuXe2]

2þ(Sb2F11
�)2 salt, X-ray studies,

459
[trans-AuXe2]

2þ(Sb2F11
�)2 salt, X-ray

studies, 459
2-Azaallenium ions, 202
2-Azaallyl cations, bent structure, 381, 382
1-Aza-2-azoniaallene salts, 382
cyanamidium salt of, X-ray studies, 382

Aza-Diels–Alder reaction, 687, 736
Aza-Mannich reaction, 751
Aza-Nazarov cyclization, 606
Azeotropic
nitration, 643
sulfonylation, 634

Azidobromination, of alkenes, 742
a-Azidocarboxonium ions, 196
Azido compounds, in synthesis of nitrogen

heterocycles, 688
Azidotrimethylsilane, in azidobromination,

742
2-Azoniaallene cations, 381
Azulenes, substituted, hydride abstraction

from, 160
Azulenium cations, 159, 160

Backbiting mechanism, in ring-opening
polymerization, 747

Baeyer–Villiger oxidation, 662, 673
9-Barbaralyl cation(s), 253, 262

13C-labeled, 255
degenerate rearrangement of, sixfold, 256
equilibrating structures of, 254
isotopic perturbation, 255
NMR, temperature dependence of, 255
octadeuteriated, 255
total degeneracy of, 253, 255, 256

s-Basicity
of C�H bond, 506
of hydrocarbons, 542
of methane, 506
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B(CF3)3, 45, 46
B(C6F5)3, 45, 461
Benzaldehyde(s)
alkylation of aromatics with, 577–579
dication intermediate, 578

Benz[a]anthracenes
ionic hydrogenation of, 733
protonation of, 130, 131

Benz[a]anthracenium cations, 130
Benzene
acylation of, 609, 610, 611, 612
competitive, 609

adamantylation of, 567, 570–572
alkylation and acylation of, 617, 618
alkylation of
with alcohols, 563, 565
with aldehydes, 577, 578
with alkenes, 558, 568, 569
with alkyl halides, 567, 575
with aminoacetals, 580
competitive 560, 565, 571, 572, 574
with 1,2-dicarbonyl compounds, 582
with diethylhalonium hexafluoroanti-
monates, 589, 590

with formaldehyde, 584, 585
with heteroaromatic compounds, 581,
592, 593

with hydroxybiindantetraone, 561
with phenols and ethers, 593
with substituted aromatics, 591, 592
with 1,2,3,6-tetrahydropyridines, 556
with unsaturated amines, 554
witha,b-unsaturated carboxamides, 554

benzylation of, 565
carbonylation of, 626
cyclialkylation of, 595
electrophilic hydroxylation of,

competitive, 675
electropolymerization of, 749, 750
ethylation of, 554, 557, 558
formylation of, competitive, 627, 628
ionic hydrogenation of, 728
monohydroxylation of, 663, 664
competitive, 675

nitration of, 636
competitive, 638

phenylamination of, competitive, 660
propylation of, 554, 557, 558
sulfonation of, 633

transethylation of, 557, 587
transnitration of, 643

Benzene derivatives
alkenylation of, 594
alkylation of, 556
cyclialkylation of, 595
hydroxyalkylation of, 582

Benzene dication, bisallylic, 147
Benzenesulfinic acid, protonation of, 635
Benzenium-iminium dications, 416
Benzenium ion(s), 126

1H NMR spectrum of, 126
Benzhydryl
cations, 140, 141
as indicators, 15–17, 19, 58

chlorides, alkylation with, 752
Benzochloronium ion, intermediate, 380
Benzocyclobutadiene dications, 161
Benzocyclopropenium ions, 158
1,5-Benzodiazepines, synthesis of, 695
Benzo[e]dihydropyrenes, protonation

of, 131
Benzo-3-dioxolium ion, 174
Benzoic anhydride, as acylating agent, 610
Benzonitrile(s)
electrochemical oxidation of, 753, 754
in Ritter reaction, 743

Benzonorbornenyl cations, 134
Benzopentaphene, synthesis of, by

cyclodehydration, 607
Benzo[a]pyrenium cations, 130
para-Benzoquinone, Diels–Alder reaction of,

735, 736
Benzotrifluoride, nitration of, 639
4H-1,2-Benzoxazines, synthesis of,

690, 691
Benzoyl chloride, as acylating agent,

609, 611
Benzyl alcohol(s)
alkylation with, 560, 565, 566,

750, 751
in Ritter reaction, 743

Benzylamines, propargyl-substituted, ring
closure of, 602

1-Benzylamino-1-methylthio-2-nitroethane,
ring closing of, 693

Benzylation, competitive, 560
Benzylation of aromatics, 576
Benzyl azide, in aza-Mannich reaction, 751
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Benzyl cation(s)
calculated structure of, 143
complexed to Cr(CO)3, resonance

forms, 205
in intramolecular acylation, 613
rotational barrier of, 142
substituted, 142

Benzylic alcohols
alkylation with, 561
chiral, 146
oxidation of, 645

Benzylic cation, 561, 752
Benzyl chloride, alkylation with

565, 576
BF3, 44, 434
alkylation of aromatics with, 573
in generating acetyl tetrafluoroborate, 189
in preparation of NO2

þ salt, 636
BF3–2CF3CH2OH, 45, 638, 698, 725, 733
BF3–H2O, 45
in Fries rearrangement, 618
in halogenation of aromatics, 657
in ionic hydrogenation, 728
in nitration, 638
thioacetalization in, 676

BF3�OEt2, 339, 354
BF3�OMe2, 462
BH6

þ ion, 213
B6H10, 272
Bicyclic enones, carboxylation of, 625
Bicyclobutonium ion(s), 241, 242, 244, 245,

246, 743
Bicyclobutonium-type structures, additivity

of chemical shifts, 244, 245
Bicyclo[4.2.2]decane-type structure, in

polyheteroatom cations, 443, 446
Bicyclo[4.n.0]enones, ionic transfer

hydrogenation of, 731
Bicyclo[3.2.0]heptadienyl cation, 260
Bicyclo[2.2.1]heptane, see Norbornane
Bicyclo[2.2.1]heptane-2-yl nitrite

intermediate, 642
Bicyclo[2.2.1]heptyl cation, see 1-Norbornyl

cation
Bicyclo[3.2.0]hept-3-yl cation, 224
Bicyclohexane, protonated, 113
cis-Bicyclo[3.1.0]hexan-3-ol, 265
Bicyclo[3.1.0]hexane-type arrangement, in

polyheteroatom cations, 446

2-Bicyclo[2.1.1]hexyl cation, 240
s-bridging in, 240, 241
calculated structures of, 241
labeling studies of, 241

Bicyclo[3.2.2]nonatrien-2-ol, ionization of,
253

Bicyclo[3.2.2]nona-3,6,8-trien-2-yl cations,
253

Bicyclo[4.3.0]nonatrienyl cation, 254
Bicyclo[2.2.2]octane, reaction with NO2

þ

salts, 642
Bicyclo[2.2.2]octane-1,4-diyl dication, 148,

264, 265
Bicyclo[2.2.2]octane structure, in

polyheteroatom cations, 446
Bicyclo[3.3.0]oct-1-yl cation, 113, 114
Bicyclo[2.2.2]octyl-1-oxonium hexafluor-

oantimonate, 323
Bicyclopentyl cation, 241
in,out-Bicyclo[4.4.4]tetradecane,

protonation of, 250
Bicyclo[3.3.3]undeca-1,5-yl dication, 148,

149
Bicyclo[3.3.3]undecyl cation, 118
Biginelli reaction, 694
Binaphthylic dication, 182
Binding energy differences, 236
Biphenyl
acylation of, 611
alkylation of, 568
in polycondensation, 746

Biphenyl-4-carboxaldehyde, alkylation with,
578

Biphenylenes, two-electron oxidation of, 161
Bisadamantyl cation, 228
Bisadamantylmethyl cations, 109, 110
Bisalkenyliodonium salts, 369
Bis[bis(4-methylphenyl)tellurium] oxide,

X-ray studies, 360
N,N-Bis(carboxyl)-1,2-diaminoethane,

diprotonated, 198
Bis(chloromethyl)chloronium ion, 365
cis-1,2-Bis(chloromethyl)cyclohexane,

ionization of, 379
2,6-Bis(chloromethyl)mesitylene, ionization

of, 147
[Bis(cyclopropylidene)methane],

protonation of, 136
Bisdiazonium dication, 389

800 INDEX



Bis(diisopropylamino)borenium ion, 398
Bis(dimethylamino)phosphenium ion, 418

31P NMR chemical shift, 418
Bis(dimethyleneammonium) salts,

substituted, X-ray studies, 381
1,8-Bis(diphenylmethylium)naphthalenediyl

dication, X-ray studies, 379, 380
gem-(Bisfluoroamino) derivative, nitrolysis

of, 642, 643
Bisformamidinium dication, X-ray studies,

203
Bisguanidinium dications, X-ray studies,

203
3,3-Bis(halomethyl)trimethylenebromonium

ions, 375
Bishomoaromatic dication, sandwiched, 261
s-Bishomoaromatic species, 263, 264
s-Bishomoconjugation, 263
1,4-Bishomotropylium ion, 254
folded structure of, 262

Bis-hydroxylation, 673, 674
Bisiminium salts, 612, 613
Bismethano[14]annulene, protonation of,

132
1,2-Bis(methoxyphenyl)ethanes, aromatic

cyclization of, 719
1,3-Bis(methoxyphenyl)propanes, aromatic

cyclization of, 718, 719
Bis(4-methylphenyl)telluride, two-electron

oxidation of, 360
Bisphosphenium dications, 422
Bis(pyridine)iodonium(I) tetrafluoroborate,

monoiodination with, 658
Bissulfonium salts, aurated, X-ray studies,

350
2,20-Bis(triarylmethylium) dications, 151
1,3-Bis(trichloromethyl)benzene,

trifluorination of, 651
1,1-Bis(trifluoromethyl)-2-arylethanols,

synthesis of, 562, 563
3,5-Bis(trifluoromethyl)benzoyl chloride,

acylation with, 610
Bis(trifluoromethyl)methane diazonium ion,

384
Bis(trimethylsilyl) peroxide, as oxygenating

agent, 675, 676
[BMIM][OTf]
in alkylation of aromatics, 574
in terpenoid cyclization, 712

[BMIM][PF6]
in alkylation of aromatics, 560, 561
in terpenoid cyclization, 712

Borenium ions, 397
complexed to
2,20-bipyridine, X-ray studies, 400
[Cp*Fe(CO)2], 399, 400

with donor ligands, 399
endo-Borneol, acylation of, 677
Boron tris(triflate), B(OTf)3, 46, 422
in acylation of aromatics, 609
in alkylation of aromatics, 567, 571
meta selectivity, 567, 570

inducing isomerization, 567
in isomerization, 535–537

Boron tris(trifluoromethanesulfonate), see
Boron tris(triflate)

B(OTf)3, see Boron tris(triflate)
Br3

þAsF6
� salt, X-ray studies, 431

Br5
þAsF6

� salt, X-ray studies, 432
BrF2

þ ion, 434
BrF2

þSbF6
� salt, X-ray studies, 434, 435

BrF4
þSb2F11

� salt, X-ray studies, 436
Br2–HF–SbF5, bromination with, 655, 656
Bridgehead cations, 116, 573
Bridgehead halide–Lewis acid complexes, in

alkylations, 573
Brþ ion, in bromination, 655, 656
Br2

þ ion, 431
disproportionation of, 431
involvement in bromination, 656

Br3
þ ion, 430, 431, 439
disproportionation of, 431

Br5
þ ion, 428, 432

Bromine cations, 430
Bromine trifluoride, self-ionization of, 434
1-Bromoadamantane, adamantylation with,

574, 576
Bromobenzene
adamantylation of, para selectivity in, 576,

577
alkylation and acylation of, 617, 618

b-Bromocarbenium ion, 373
Bromocarbonyl cation, BrCOþ, 623
1-Bromocyclopentadiene, precursor in

matrix isolation, 267
Bromofluorination, 655
7-Bromoniabicyclo[4.1.0]heptane, 378,

379
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Bromonium ion
bridged intermediate, 361
concept, 361

Bromophenols, isomerization of, 656
meta-Bromophenols, preparation of, 655,

656
1-Bromopropargylic amines, trifluorination

of, 651, 652
1-Bromopropargylic imides, trifluorination

of, 651, 652
N-Bromosuccinimide
in azidobromination, 742
in bromofluorination, 655
in fluorination, 652

1-Bromo-3,5,7-trimethyladamantane,
adamantylation with, 574

Brønsted acids, in acylation of aromatics, 609
Brønsted superacids, 35
generated, in photodecomposition, 748,

749
Br2

þSb3F16
� salt, X-ray studies, 432

Br5
þSbF6

� salt, X-ray studies, 432
1,2-Br shift, 656
Bullvalene, 253
[(tert-Bu)2MeSi]2[(tert-Bu)2Si]Si

þ ion,
methyl exchange in, 408

[(tert-Bu)2MeSi]3Ge
þ ion, 411, 412

[(tert-Bu)2MeSi]3Si
þ ion, 408

[(tert-Bu)2MeSi]3Sn
þ ion, X-ray studies,

414
[(tert-Bu)3PN]2B

þ(C6F5)4B
� salt, X-ray

studies, 398
Bu3Sn

þCB11Me12
� salt, X-ray studies, 414

Bu3Sn
þH(C6F5)3B

� salt, 413
Bu3Sn

þTFPB� salt, 413
n-Butane
alkylation of, by
butyl cations, 545
ethyl cation, 546

bromination of, 651
carbonylation of, 624, 625
ethylation of, 546, 549
formation of, in ethylation of ethane,

221, 547
H–D exchange of, 515
ionization of, 504
isomerization of, 68, 503, 524, 529, 533,

534
protonation of, 221–223

1,4-Butanedial, intermediate, 596
2,3-Butanediol, diprotonated, rearrangement

of, 316
Butanes
alkylation of, by
butyl cations, 546
isopropyl cation, 546

isomerization equilibria of, 526
Butenes, alkylation of adamantane with,

548
Butonium cations, calculated structures of,

220, 221, 222
n-Butyl alcohol, protonated, cleavage of,

315
tert-Butyl alcohol
as alkylating agent, 560
protonated, on Ru(001) surface, 315

tert-Butylbenzene, adamantylation of, para
selectivity, 576

sec-Butylbenzene, byproduct in alkylation,
558

para-tert-Butylcalix[4]arene, de-tert-
butylation of, 588

tert-Butyl carbamate, protolytic ionization of,
198

n-Butyl cation, rearrangement of, 315
sec-Butyl cation
alkylation by, 545, 546
1,2-hydride shift in, 225
hydrogen-bridged, 226
isotope scrambling in, 102–104
line-shape analysis of, 225

tert-Butyl cation, 93, 179, 220, 226, 315, 320,
321, 334, 516, 542

alkylation by, 545, 546, 548
13C NMR shifts of, 96
13C scrambling in, 102, 103
deuterated, in H–D exchange, 219
ESCA spectrum of, 107, 235
generation of, in superacids, 94, 510
1H NMR spectrum of, 95
in isobutane–isobutylene alkylation, 544
in Magic Acid, 104, 504
nutation NMR spectroscopy of, 107
in oxygenation of alkanes, 661, 670
in protolytic condensation of methane, 552
IR frequencies of, 105, 106
IR photodissociation spectrum of, 104
X-ray studies, 107
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Butyl cations, alkylation with, 546, 547
tert-Butyldimethylaminophosphenium ion,

418
31P NMR chemical shift of, 418

1-(tert-Butyldimethylsilyl)bicyclobutonium
ion, 244

3-endo-(tert-Butyldimethylsilyl)
bicyclobutonium ion, 244

tert-Butyl fluoride, alkylation with, 567, 570
1-tert-Butyl-1-fluoroethyl cation,

intermediate, 373
tert-Butyl hydroperoxide, 661
n-Butyl methyl ether, protonated, cleavage of,

320
sec-Butyl methyl ether, protonated, cleavage

of, 321
tert-Butyl methyl sulfide, protonated,

cleavage of, 334
tert-Butyloxenium ion, intermediacy of, 425
tert-Butylphenols, de-tert-butylation of, 587
(tert-Butyl)3SiOH2

þBr6CB11H6
�, X-ray

studies, 318
n-Butyl thiol, protonation and cleavageof, 333
sec-Butyl thiol, protonation and cleavage of,

333
tert-Butyl thiol, protonation of, 332
Butyramides, N-substituted, Knorr

cyclization of, 687, 688

C60, protonation of, 165
CAD, see Collisionally activated dissociation
Cage dications, 262–265
Calorimetry, 92, 237
Camphene, protonation of, 707
Camphene hydrocation, 707
Camphene hydrochloride, rearrangement of,

83
Camphor, rearrangement of, 706, 707
Carbamic acid, protonated, 198
Carbenium ions, 85
in alkane isomerization, 516
in cationic polycondensations, 744
in cationic polymerizations, 744
controversy of, 503
disproportionation of, 524, 620
in exchange, 518
a-ferrocenyl, 205, 206
formation of, 503, 525, 527
generated by anodic oxidation, 529, 553

hexafluoroantimonate salts, alkylation by,
544

as initiators, in alkane isomerization, 529
isomerization of, 525, 527
reactions of, 523
reduction of, 528
reversible disproportionation of, 524
b-scission of, 540–542
tertiary, in carboxylation, 620

Carbenium–oxonium dication, 598, 599
Carbocation(s), 85, 86, 688, 740
adamantyl, 257
with aromatic stabilization, 157
azulenyl-substituted, 160, 161
9-barbaralyl, 253
classification of, 86
complexed to metal atoms, 204
concept, development of, 83, 84
degenerate 1,2-sifts in, 225
equilibrating (degenerate), 206
halogen-substituted, 167
general definition of, 85
generation of, 87, 88
by using NOþ, 644

heteroatom-stabilized, 167
stability of, 195

higher-coordinate, 86, 206
homoaromatic, 258
hydroxylated, 172
long-lived, observation of, 84
methods to study, 88
nonclassical, 206
pentacoordinate, in alkylation, 548
perfluorophenyl-substituted, 168
pyramidal, 267
rearrangement of, 101, 116, 118, 224, 225,

253–255, 260, 315, 511, 523, 531, 699
b-silyl-substituted, 111
sp3 hybridized, 150, 573
in superacid systems, 83
trifluoromethyl-substituted, 168
trivalent, 93

Carbocationic intermediate(s), 503, 527, 535,
561, 562, 576, 579, 716

in carbon scrambling, 545
in cracking, 539, 540
in exchange, 506, 508, 510
in hydride transfer, 546
in hydrocarbon transformations, 550
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Carbocationic intermediate(s) (Continued )
in isomerization, 535, 537, 540, 750
in polymerization, 744
protonated cyclopropane, 101–103, 113,

525, 527, 531
pyramidal, 224
in rearrangement, 511, 714, 716

Carbodications, 147
bicyclic, sulfur-stabilized, 194, 195
pentacoordinate, in formylation, 632

Carbon dioxide
activated complex of, 627
carboxylation of aromatics with, 627
protonation of, 180

Carbon disulfide, alkylation of, 632, 633
Carbonic acid, protonated, 179, 180
calculated structures of, 180, 181
X-ray studies, 180

Carbonium ion(s), 85, 86
in alkylations, 544–548, 550, 552
in carbonylation, 631, 632
in cationic oligocondensations, 744
in H–D exchange, 220, 510, 511
intermediates, in isomerization, 535
in NO2

þ insertion, 636, 637, 642
in oxyfunctionalization of alkanes, 661,

662, 669–671
in protonation of hydrocarbons, 207, 212,

216, 218, 219, 505, 623
Carbon monoxide
in acylation, 616, 617
formylation with, 627–632
in Koch–Haaf reaction, 618–622
protonated, 632
protonation of, 188
solubility of
in ionic liquid, 631
in triflic acid, 619

suppressing exchange by, 518
trapping of carbenium ions with, 506, 510,

621, 625
Carbonscrambling,102,103,112,255,504,545
Carbon shift, 654
Carbon tunneling, 233
Carbonylation, 453
of propane, 621–624
oxidative, 626, 627
reductive, 453, 454, 457
solvolytic, 454

Carbonyl compounds
acetalization of, 677
aromatic
as indicators in acidity measurements,
18, 19, 322

hydroxylation of, 665
diprotonation of, calculations, 173
hydroxy-substituted, ionic hydrogenation

of, 733
methylenation of, 755
oxygenation of, 671, 672
polycondensation of, 746
thioacetalization of, 676

Carbonyl group, reduction to methylene
group, 733

Carbonyl sulfide, alkylation of, 632,
633

Carborane superacids, 41, 42, 127
Carbosulfonium ions, 193, 194
Carbotrications, 131
Carboxamides
formation of, in Ritter reaction,

685, 742
oxygenation of, 674

Carboxonium–ammonium dications, in
alkylation, 580

Carboxonium ions, 172, 425
acidic, 172
alkylated, 185
cyclic, 185, 652, 670, 671
in glycosylation, 703, 704
in oxygenation, 668–671
O-silylated, 188
stability of, 182
X-ray studies of, 173

Carboxonium ion salts, 84
cyclic, 185

Carboxylation, 618
Carboxylic acid alkyl esters, alkylation

with, 585
Carboxylic acid anhydrides, protonated,

cleavage of, 179
Carboxylic acids
addition to alkenes, 738
protonated, 174, 734
trialkylsilylation of, 677, 679
unimolecular cleavage of, 175
unsaturated, esterification of, 734

Car–Parrinello simulation, 209, 313
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Caryophyllene
derivatives, rearrangements of, 716
diepoxides, ring contraction of, 714

Cationic complexes, bimetallic, 204
Cationic intermediates, 646, 647
protonation of, 501

Cationic polymerization, photoinitiated, 748,
749

Cations, reactivity of
in polymerization, 744
towards benzene, 556

CBr4–nAlBr3
in acylation, 616, 617
in alkylation, 591

CBr4–2AlBr3
bromination with, 651
in carboxylation, 625
in formylation, 631

CBrnðOTeF5Þþ3�n cations, 171
C�C bond
cleavage of, 510, 539
electrophilic reactivity of, 505
insertion into, 646, 676
protolysis of, 516, 517, 539, 542, 553,

622
CCl3

þ, as hydride abstractor, 650
CCl4–3AlBr3, in carboxylation, 625
CCl4–2AlI3 and I2, monoiodination with, 651
CCl4–HF–SbF5
as fluorinating agent, 650
oxygenation with, 674

CFBr2
þ cation, 171

CFCl2
þ cation, 171

CFCl2
þSb(OTeF5)6

� cations, 171
[CF3C(OXeF)NH2]

þAsF6
� salt, 464

(C6F5)2FS
þMF6

� salts, X-ray studies, 342
(CF3)2FS

þ salts, 341
CF3SCl2

þAsF6
� salt, 340

CF3S(Cl)F
þSbF6

�, symmetrization of, 341
CF3SCl2

þSbF6
� salt, 340, 341

CF3SF2
þAsF6

� salt, 340
CF3SF2

þSbF6
� salt, 341

CF3S(NMe2)2
þAs6

� salt, X-ray studies, 345
(CF3)2SNMe2

þAs6
� salt, X-ray studies, 345

CF3SO3H, see Triflic acid
CF3SO3H2

þ–B(OSO2CF3)4
�, see Triflic

acid–B(OSO2CF3)3
CF3SO3H–HF–Lewis acid, 63
C8F17SO3H–HY, adamantylation with, 577

C10F21SO3H–HY, adamantylation with, 577
CF3SO3H–SbF5, see Triflic acid–SbF5
CnF2nþ1SO3H–SbF5, in isomerization of

n-pentane, 529
CF3SO3H–TiO2, in ring closing, 682
C6F5SX2

þMF6
� salts, 340

C6F5Xe
þAsF6

� salt, X-ray studies, 462
C6F5Xe

þ(C6F5)2BF2
� salt, acetonitrile

complex, X-ray studies, 462
(C6F5Xe)2Cl

þAsF6
� salt, X-ray studies, 464

C6F5XeF2
þBF4

� salt, 463
C4H5

þ, see Homocyclopropenyl cation
Chalcogenium cations, 425, 426
Charge delocalization, 86, 91, 135, 145, 156,

175, 188, 192, 203, 245, 405
into C60 cage, 165
continuum, 85
into cyclopropyl group, 120, 123, 150, 153
into cyclopropylidene group, 136
in ethylenebenzenium ion, 133
into phenyl group, 150, 151

C4H8
2þ bishomoaromatic dication, 264, 265

C�H bond
cleavage of, 510
electrophilic reactivity of, 505
insertion into, 631, 636, 637, 642, 661, 676
protolysis of, 503, 516, 517, 537, 542, 553,

620, 622–624, 669
regioselective activation of, 624

CH2Br2–2AlX3, in formylation, 631
(CH3)2Br

þAsF6
� salt, 364

(CH3)2Br
þSb2F11

� salt, 364
CH5

þ cation, 207. See also Methonium ion
fluxional species, 208, 211
protonation with, 363
solvation in HF–SbF5, 508
studied by radiolysis of g-rays, 210
studies by cryogenic matrix isolation, 207

C2H7
þ cation, 216

calculated structures of, 217
distorted, in zeolite cluster, 217

C3H9
þ cations, calculated structures of,
218, 219

C4H7
þ cation, 244

C4H11
þ cation, 220, 221

C7H11
þ cation, 224, 244

C8H19
þ cations, 222

C5H9
þ cations, calculated structures of,
223, 224
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C9H9
þ cations, calculated structures of,
256, 257

CH5
þ(CH4)n cluster ions, 210

13CH4/
12CH2D2, kinetic study with, 507

13CH4/
12CH3D

1H NMR spectra of, 508
kinetic study with, 507

CH3CHF
þ cation, calculated structure

of, 169
CH3CH2F–SbF5, direct alkylation with, 544
CH3CO

þSbF6
� salt, X-ray studies, 190

C4H4
2þ cyclobutadiene dication, 264

CH4
2þ dication, calculated structure of, 214

CH6
2þ dication, 212

C2H8
2þ dication, calculated structures of,
217, 218

C5H12
2þ dication, calculated structure of, 223

C3H10
2þ dications, calculated structures of,
219

C4H12
2þ dications, calculated structures of,
223

Chemical shift, see NMR spectroscopy
CHe4

4þ tetracation, 215
CH4F

þ ions, in fluorination of methane, 649,
650

CH5
þ(H2), IR spectroscopy, 209

CH5
þ(H2)n, IR spectroscopy, 209

CH4He
2þ dication, calculated structures of,
215, 216

C8H9
þ homoaromatic cation, 259

C9H10
2þ homoaromatic dication, 259

C12H13
3þ homoaromatic trication, 259

(CH3I2)n
nþMF6

� salt, 364
CH3Kr

þ cation, 461
CH3Li2

þ ion, 211
Chloride abstraction, in generating

fullerene cations, 165
Chlorinated alumina, 70, 524
ipso-Chlorination, 656
Chlorine cations, 432
1-Chloroadamantane, adamantylation with,

574
2-Chloroallyl cation, 124
Chlorobenzene, alkylation of, 576,

581, 582
cis-3-Chlorobicyclo[3.1.0]hexane, ionization

of, 265
1-Chloro-1-cyclopentyl cation, 378
Chlorofluorosulfonium salts, 341

Chlorohexamethylbenzenium cation, 126
Chloromethyl cations, in chlorination, 656
Chloromethylhalonium ions, 365
Chloronium ion, bicyclic, 379
1-Chloronorbornane, alkylation of aromatics

with, 573
exo-2-Chloronorbornane, 13C labeled,

ionization of, 232
Chlorophenyl acetates, hydroxylation of, 665
Chlorosulfuric acid, 36, 633. See also

HSO3Cl
8-Chloroticyclo[3.2.1.02,4]octane, ionization

of, 266
C14H20 precursors, isomerization of, to

diadamantane, 536
C18H24 precursors, isomerization of, to

triamantane, 536
(CH)5

þ pyramidal cations, 267
calculated structures of, 267, 268
dimethyl derivative, 268
homo derivative, 269
methano-bridged, 270
octamethylated, degenerate equilibration

of, 270
C8H9

þ pyramidal cations, 270
(CH)6

2þ pyramidal dications, 270
degenerate equilibrium of, 271
isotopic perturbation of, 272
nonclassical nature of, 271
substituted analogs of, 272

[(C6H6)Rh(CO)2]
þ1-Et-CB11F11

� salt, 456,
457

[h6-(C6H6)Rh(CO)2]
þ1-Et-CB11F11

� salt,
456, 457

CH6
4þ tetracation, 215

CH8
4þ tetracation, 214

CH5
3þ trication, calculated structures of, 215

CH7
3þ trication, calculated structures of,

213, 214
C12H20 tricyclanes, isomerization of, 537
C6H10X

þ cations, calculations, 379
CH3Xe

þ cation, 461
CH3XH2

2þ dications, calculated structure
of, 363

CH2X2–SbF5, selective monohalogenation
with, 650, 651

C10 hydrocarbons
isomerization of, to adamantane, 535
rearrangement map, 536
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CID, see Collision-induced dissociation
spectroscopy

Cinchona alkaloids, fluorination of,
652, 653

Cinnamic acid derivatives, acylation of, 611,
612

C6 isomers, branched, ionization of, 504
Cl3

þAsF6
� salt, 433

Classical ions, trivalent, 85, 86
Classical–nonclassical ion controversy, 132,

229
Cln�3BrnPSBr

þAsF6
� salt, 396

ClnBr3�nPSMeþMF6
� salts, 396

Cl2CHC70
þ cation, 166

Cl2C¼NHCCl3
þSbCl6

� salt, X-ray studies,
200

Cl2C¼NH2
þSbCl6

� salt, X-ray studies, 200
b-Cleavage, 539
ClF2

þAsF6
� salt, 432, 434, 435

ClF2
þ ion, 434

Cl2F
þ ion, 435

ClFNOþ cation, 450
ClF2O

þ cation, 448
ClF2O2

þ cation, 448
ClF6

þPtF6
� salt, 437

ClF2
þSbF6

� salt, X-ray studies, 434
ClF4

þSb2F11
� salt, X-ray studies, 436

CLi6
2þ dication, 212, 213

CLi5
þ ion, 211

Cl3
þ ion, 432
bent structure, calculated, 433
disproportionation of, 433

Cl3
þ salts, X-ray studies, 433

Cl4
þ ion, 433

Cl4
þIrF6

� salt, X-ray studies, 433
ClNH3

þ salts, 394
Cl2NO

þMF6
� salts, 449

Cl2NO
þSbF6

� salt, X-ray studies, 449
ClO2F2

þ cation, 437
Cl3PSBr

þSbF6
� salt, 396

Cl3S
þAsF6

� salt, X-ray studies, 340
Cl2–SbF5, chlorination and chlorolysis

with, 648
Cl3

þSbF6
� salt, 433

Cl3
þSb2F11

� salt, 433
[Cl3Te–F–TeCl3]

þ[Sb(OTeF5)6]
� salt, X-ray

studies, 357
(C6Me6)

2þ dication, calculated structure of,
212

13C NMR
chemical shift additivity, 89, 233, 245, 246
line broadening, 226
methyl substituent effects, 226
in solid state, 90

CO adsorption, for acidity measurement, 28
Coal
depolymerization of, 543, 728
hydroliquefaction of, 543

[Co(CO)5]
þ[(CF3)3BF]

� salt, X-ray studies,
455

Codeposition technique, 124, 135, 140, 267
Collisionally activated dissociation, 243
Collision-induced dissociation spectroscopy,

390, 422
s-Complex, in disproportionation, 587
Condensation–polymerization, 745
Conductivity measurements, 24, 25, 94, 356,

395, 402, 428, 434, 435, 436, 442,
444

Conductometry measurements, 428
Congressane cation(s), 118, 148
Conjugate Friedel–Crafts acids, 61
Cope rearrangement, 253
Copper oxides, in carboxylation, 621, 622
Core electron spectroscopy, 91. See also

ESCA spectroscopy
C(OTeF5)3

þ cation, X-ray studies, 180
Cp2Al

þMe(C6F5)3B
� salt, 400, 401

Cp*2HSi
þ ion, calculated structures of, 409

CP-MAS NMR, 118, 124, 227, 233, 234, 243
Cp*Siþ(C6F5)4B

� salt, X-ray studies, 409
Cracking, 502, 503
acid-catalyzed, 539
and disproportionation, 530
and isomerization, 524
catalytic, 539
lack of, in n-butane isomerization, 529, 530
suppressing
with cycloalkanes, 530
with hydrogen, 524, 529

Cr�C bond, insertion into, 646
meta-Cresol, alkylation of, 566
para-Cresol
chlorination of, 656
b-glycoside formation, 704

Cresols, alkylation of, 564
Croconic acid, triprotonated, 174
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Crown ethers
formation of, in ring-opening

polymerization, 748
in formation of rotaxanes, 735

Cryoscopy, 24, 25, 319, 356, 444
13C scrambling
in sec-butyl cation, 103, 104
in tert-butyl cation, 102, 103
in isopropyl cation, 545

C5SiMe7
þ cation, 272

Cubylacylium ion, 177
Cubyl cage, stabilizing effect of, 177, 191
Cubylcarboxonium ions, 177
Cubyldiacylium ion, 191
Cubylhalonium ions, 365
Cumene, 554, 563, 644
Cumyl cation(s), 393, 644
X-ray studies, 143

Cumyloxenium ion, 425
CX4–nAlBr3, 624
a-Cyanocarboxonium ions, 196
a-Cyanodiarylcarbenium ions, 417
Cyanodiazonium ion, 389
Cyclialkylation, 560, 565, 595
Cyclic ethers
alkylation with, 562
in cyclialkylation, 595
protonation of, 321

Cyclic selenonium ions, 353
Cyclic sulfides, protonation of, 335
Cyclization
of natural products, 706
in preparing thiophenium salts, 336

Cycloacylium ions, 190
Cycloadditions, 735
Cycloalkanes
as acylating agents, 616, 617
in alkylation and acylation, 617, 618
bromination of, 651
C5–C6, oxidative coupling of, 553
C�Cbondcleavageand ringopeningof, 542
exomethylene, in synthesis of aza

compounds, 688
isomerization of, 532
monobromination with, 651
monoiodination of, 651
oxygenation of, 670, 671

Cycloalkanone enol ethers, in synthesis of
lactams, 688

Cycloalkenes
acylation of, 185
esterification with, 734
in synthesis of aza compounds, 688

Cycloalkenyl cation, 707, 708
Cycloalkonium ions, hydrogen-bridged, 249
Cycloalkyl
cations, 112
aryl-substituted, 115
m-hydrido bridging in, 114
2-propyl, 114, 115
tertiary, 113

rings, hydride shifts in, 249
Cycloalkylcarboxylic acids, protonated, 176
Cyclobutadiene
capped, 267
dications, calculated structure of, 158

Cyclobutenyl cation, 259, 601
cyclialkylation of, 601, 602

Cyclobutyl, cation, rearrangement of, 116
Cyclobutyl chloride, ionization, 243
Cyclobutyldicyclopropylmethyl cation, 122,

246
Cyclobutylmethyl cations, nonclassical, 246
calculated structures of, 246

Cyclo-C2H2P
þ ion, 422, 423

Cyclodecyl cation, static hydrido structures
of, 249

Cyclodehydration, 596
of dihydroxy compounds, 681

b-Cyclodextrins, glycosylation of, 703
Cycloheptane, carboxylation of, 625
p-Cycloheptatrienyl cations, complexed to

metal, 204
1,4-Cyclohexadiene, bis-hydroxylation of,

673
1,3-Cyclohexadiene, Diels–Alder reaction of,

736
Cyclohexadienyl cations, 126–129, 133, 425.

See also Arenium ions
Cyclohexane
carboxylation of, 620
as hydride donor, 728–733
ionization of, 504
isomerization of, 532, 533

Cyclohexane-d12, in ionic hydrogenation,
729–732

Cyclohexanol, dehydration of, 700
Cyclohexanones, in additions, 738, 739
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Cyclohexene
bis-hydroxylation of, 673, 674
in carbonylation, 626

Cyclohexenone derivatives, in alkylation,
593

Cyclohexyl cation, 113, 532, 624, 626, 716,
717, 734

Cyclohexyl methanesulfonate, alkylation
with, 562

Cyclooctane, carboxylation of, 625
Cyclooctatetraene dications, 161
p-Cyclooctatrienyl cations, complexed to

metal, 204
Cyclooctyl cations, 250
Cyclopentadienyl cations, 267
Cyclopentane
as acylating agent, 617
monochlorination of, 651
oxygenation of, 670, 671

Cyclopenta[a]phenanthrenium cations, 130
Cyclopentenebromonium ion, 377, 378
Cyclopentenyl cation(s), 94, 241
4-Cyclopentenyl cation, 261, 262, 377
Cyclopentyl cation, 113, 224, 227, 233
ESCA spectrum of, 235
1,2-hydride shift in, 227
hydrogen equilibration in, 227
X-ray studies, 113

[2.2]-para-Cyclophane, protonation of, 132
Cyclopropane
corner-protonated, 102, 247
edge-protonated, 101, 102
face-protonated, 101
labeled, 101
protonated intermediate, 101
in isomerization, 525, 527, 531
isotope scrambling in, 103, 113

Cyclopropenium ion, 157
Cyclopropenylcarbinyl cation, 173
Cyclopropylcarbinyl cations
bisected, 241
boat, 244
calculations, 243
1H NMR spectrum of, 242
studies by cryogenic matrix isolation, 243

Cyclopropyl cation, bent, 116
Cyclopropylcyclopropylidenemethyl cation,

136
Cyclopropyldicarbinyl dication, 154

Cyclopropyl group
charge delocalization into, 120, 123, 150,

153
stabilizing effect of, 123, 125, 153, 241

Cyclopropylmethyl cation(s), 120
degenerate, equilibration of, 241
in gas phase, 123
nonclassical, generation of, 241, 242

Cyclopropylmethylchloride, ionizationof, 243
Cyclosiloxanes, ring-opening polymerization

of, 746
Cyclotrigermenium ion, X-ray studies, 412
Cyclotrisilenylium ion, X-ray studies, 408
[Cy3PB(AuPPh3)4]

þ complex, X-ray studies,
212

Danisefsky dienes, hetero Diels–Alder
reaction of, 689

Deacetylvindoline, ring formation of, 681
Deactivation
of Nafion catalysts, 551, 552, 565, 615, 754
of SbF5–graphite intercalate, 74, 532

Dealkylation, in alkylation overNafion-H, 576
De-tert-butylation, 567, 587, 616, 617
Decagermanylium trishomoaromatic cation,

X-ray studies, 413
Decalins, isomerization of, 532
9-Decalyl cation, 228
1,10-Decanediol, condensation–

polymerization of, 745
Decarbonylation, oxidative, 456
Decenes, oligomerization of, 745
Dediazoniation, enthalpy of, 385
Deformylation, of aromatics, 616
Degenerate 1,2-shifts, 225
Dehydration, 698
1,3-Dehydro-5,7-adamantanediyl dication,

266
calculated structure of, 267

1,3-Dehydro-5-adamantyl cation, calculated
structure of, 266

Deltic acid, protonated, 174
Depolymerization, in coal liquefaction, 543,

728
Deprotection
of isopropylidene acetals, 704
of THP ethers, 678

Deprotonation, 518, 540, 584
reversible, 516
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exo-Deprotonation, 584
Desilylative acylation, of aromatic silanes,

616, 617
Deuteriation, regioselective, 516
Deuterium–hydrogen exchange, of alkanes,

505, 507, 508
DF–SbF5, exchange in, 220, 510, 511, 514,

515
1,1-Diacetates, 677, 678
Diacylium dications, 190
1,10-Diadamantylbenzyl cations, 143
Dialdehydes, in formylation, 629
Dialkoxyhydroxymethyl cation, 179
Dialkylaryloxonium ions, stability of, 325
Dialkylbenzenes, isomerization and

disproportionation of, 586
Dialkyl carbonates, protonation of, 179
Dialkyl ether–PF5 adducts,

disproportionation of, 323
Dialkyl ethers
alkylation of, 323
poly(hydrogen fluoride) complexes of, 41,

655
Dialkylhalonium ion(s), 362–364, 589
alkylation with, 335, 366
deshielding characteristics of, 366
stability of, 366
unsymmetrical, disproportionation of,

366
Dialkyloxonium ions, 319
Dialkylphenylenedihalonium ions, 368
Dialkynyliodonium ions, 365
Diamantane
dication, 148
formation of, 536, 537
oxygenation of, 676

Diamantyl cation(s), rearrangement of, 118,
119

2,20-Diaminobiphenyls, ring closure of, 689
Diamondoidyl cations, calculated structure

of, 119
Diarylacetylenes, fluorination of, 646
Diaryl(alkoxy)sulfonium perchlorates, 344
Diaryl ethers, protonation of, 322
Diarylhalonium ions, 361, 369, 370
Diaryl-l3-iodanes, 370
Diaryliodonium salts, 370
in photoinitiated cationic polymerization,

748, 749

3-(Diarylmethylene)isobenzofuranones,
formation of, 583, 584

2,5-Diaryl-2,5-norbornadiyl dications, 153
1,3-Diarylpropynones, cyclization of, 600,

601
1,3-Diaza-2-azoniaallene cations,

substituted, 388
1,3,2-Diazaborenium ring cations, X-ray

studies, 399
1,3,2-Diazaphospholes, X-ray studies, 418
a-Diazoacetamides, ring closing of, 608
2-Diazo-5a-cholestan-3-one, protonated,

384
Diazomethane
diprotonated, 385
protonation of, 202, 384

Diazonium ion(s), 383
2,6-disubstituted, Na–Nb inversion, 386

Dibenz[a,h]anthracene, ionic hydrogenation
of, 733

Dibenzocyclobutadiene dications, 161
Dibenzo[b, f]pentalene dications, 164
Dibenzo[b, f]pentalenes, two-electron

oxidation of, 164
Dibenzyl ether, byproduct, in alkylation, 560
trans-1,2-Dibromocyclopentane, ionization

of, 377
Di-tert-butoxy deltate, protonation of,

calculations, 174
Di-tert-butylcarbodiimide, methylation of,

382
Di-tert-butyl carbonate, protonated, cleavage

of, 179
2,6-Di-tert-butyl-para-cresol, in trans-tert-

butylation, 588
(2,4-Di-tert-butyl-6-methyl)benzyl cation,

rotational barrier of, 142
Di-tert-butyl sulfide
protonated, cleavage of, 334
synthesis of, 335

1,3-Dicarbonyl compounds, C-alkylation of,
750, 751

Dicationic intermediates
in acylation of aromatics, 610
in alkylation of aromatics, 556, 557, 562,

563, 580, 592–595
in cyclialkylation, 603, 604, 606
in cyclization, 600, 601
in fluorination
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Dicationic intermediates (Continued)
of alkaloids, 652, 653
of imines, 650

in lactone formation, 734
Dicationic species, protosolvated
in cyclialkylation, 597, 606
in isomerization, 725, 726

Dications
with aromatic stabilization, 157
with bicyclo[2.2.1]heptyl skeleton, 153
bisallylic, 153, 263
bis(3-guaiazulenyl)-substituted, 156
cage, 262–265
cyclopropyl-substituted, 153
1,5-distonic, 151
in halogenations, 658
with naphthalenediyl skeleton, 155, 158
X-ray studies, 155

polycyclic, arene, 162
in ring closing, 692, 693
with two cyclopropenium ionmoieties, 158

1,1-Dichloro-1-alkenes, trifluorination of, 651
ortho-Dichlorobenzene, alkylation of, 581
para-Dichlorobenzene, in cyclialkylation,

606
trans-1,2-Dichlorocyclopentane, ionization

of, 378
Dichloromethyleneiminum salts, 200
Dichloropentamethylbenzyl cation, 147
Dicyanoiodonium ion, 365
Dicyanometacyclophanediene, ring closure

of, 726
Dicyclopropylbromonium ion, 365
Dicyclopropylcarbinyl cation, 269
Diels–Alder reactions, 735–737
intramolecular, 737

Dienes, esterification with, 734
Dienones, protonated, reduced in ionic

hydrogenation, 728
1,3-Dienyl-2-cations, calculations, 136, 137
p-Dienyl cations, complexed to metal, 204
Diepoxytetralin, ring opening of, 697, 698
meta-Diethylbenzene, selective formation of,

587
Diethylbenzene, transethylation of benzene

with, 557, 587
Diethylbenzenes
disproportionation of, 587
isomerization and transalkylation of, 589

Diethylhalonium hexafluoroantimonates,
alkylation with, 589–591

Diethylhalonium ions, ethylation with, 591
Diethyl oxalate, as alkylating agent, 585, 586
Diethyltelluronium ion, 351
Diffuse reflectance IR, for acidity

measurement, 28
4,40-Difluorobenzhydryl cation, 141
1,3-Dihaloalkanes, ionization of, 374
Dihalobutanes, ionization of, 375, 376
1,4-Dihalocubanes, methylation of, 365
a,a-Dihalomethyl methyl ethers, ionization

of, 184
Dihalonium ions, 377
1,5-Dihalopentanes, methylation of, 377
Di-m-hydrido bridging, 248
cis-8,9-Dihydro-1-indenyl structure, 262
2,3-Dihydro-1H-indoles, bromination of,

656
3,6-Dihyro-2H-pyrans, synthesis of, 683
Dihydropyridones, aryl-tethered, cyclization

of, 606
2,16-Dihydrovincadifformine, hydroxylation

of, 666
2,20-Dihydroxybiphenyls
ring closure of, 681, 682
trans-tert-butylation of, 588

Dihydroxy compounds, cyclodehydration of,
681

Dihydroxynaphthalenes, ionic hydrogenation
of, 729

4,4-Diisobutyl-2,6-dimethylheptyl cation
di-m-hydrido bridged, 248
hydrogen exchange in, 249

Dimerization, in alkenylation, 594
para-Dimethoxybenzene, in cyclialkylation,

606
3,4-Dimethoxybenzyl alcohol,

cyclialkylation of, 565
Dimethoxyfluorosulfonium ion, 343
2,5-Dimethoxytetrahydrofuran, in

cyclialkylation, 596
Dimethylacetals, 678
Dimethylamino groups, complexing, 425,

426
N,N-Dimethylaniline, nitrozation of, 644
Dimethylbiphenyls, isomerization of, 750
2,3-Dimethylbutadiene, Diels–Alder reaction

of, 736
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2,2-Dimethylbutane, in hexane
isomerization, 527, 528, 530

2,3-Dimethylbutane
in hexane isomerization, 527, 528
isomerization of, over solid superacids,

531
oxygenation of, 668

Dimethyl carbonate, protonated, X-ray
studies, 180

Dimethyl cubane-1,4-dicarboxylate,
protonated, 177

1,5-Dimethylcyclodecyl cation, 1,5-m-
hydrido bridging, 250

1,3-Dimethylcyclohexyl cation, degenerate
shift in, 247

1,4-Dimethyl-1-cyclohexyl cation, 1,4-
hydrogen shift in, 247

Dimethylcyclopropylmethyl cation, 120, 122
1H NMR spectrum of, 122

Dimethyldecalins, formation of, 553
O,S-Dimethyl dithiocarbonate, protonated,

X-ray studies, 193
1,16-Dimethyldodecahedrane, synthesis of,

537, 538
Dimethyl ether, protonated
alkylation with, 565
as byproduct, in alkylation, 564
calculated structure of, 319
carboxylation of, 619
1H NMR spectrum of, 320
as methylating agent, 565

Dimethyl ether–5 HF, 41
hydrofluorination with, 655

Dimethyl ether–HF complex, in
transformations of peptides, 676

Dimethylethylene halonium ions, 373
Dimethyl fumarate, Diels–Alder reaction of,

735
Dimethylhalonium dications, protonated,

calculated structure of, 367
Dimethylhalonium hexafluoroantimonates,

as alkylating agents, 589–591
Dimethylhalonium ions, 363
as methylating agents, 591

2,6-Dimethyl-1-heptanol, carbonylation of,
620

2,6-Dimethylheptyl cation(s), 248, 249
2,5-Dimethyl-2-hexyl cation, 1,4-hydrogen

shift in, 247

3,4-Dimethyl-4-homoadamantanol,
ionization and rearrangement of,
699

Dimethylhomotetrahedranol, ionization of,
268

Dimethylhydrazones, oxidative cleavage of,
641

Dimethyl maleate, Diels–Alder reaction of,
735

2,6-Dimethylmesitylene-2,6-diyl dication,
147

Dimethylmethylcarboxonium ion, in
oxygenation, 661, 668, 669

Dimethylnaphthalenium ions, 129, 130
2,2-Dimethyloxacycloalkanes, protonated,

calculations, 321, 322
Dimethyl oxalate, as alkylating agent, 585
2,2,-Dimethyl-6-oxoquinuclidine, N-

protonation of, 196
2,4-Dimethylpent-2-yl cation, degenerate

shift of, 247
Dimethyl peroxide, protonated, 330
Dimethylselenonium ion, 351
Dimethyl sulfide, protonation of, 335
Dimethyl sulfoxide, mono- and diprotonated,

343
Dimethyltelluronium ion, 351
2,5-Dimethyltetrahydrofurans, protonated,

316
3,10-Dimethyltricyclo[5.2.1.02,6]deca-4,8-

dien-3,10-diyl dications, 153, 154
Dimethyl(trimethylsilyl)sulfonium ion,

348
Dimethyl trithiocarbonate, protonated, X-ray

studies, 193
Diols
cyclialkylation with, 595
dicarboxylation of, 620, 621
enhanced proton affinities of, 317
ionization of, 151, 152

1,2-Diols
dehydration of, 698
pinacolone rearrangement of, 698

Dioxacycloalkanes, ring-opening
polymerization of, 746

3-Dioxolium ions, 174
Dioxygenyl hexafluoroantimonate, 439
4,40-Diphenoxyacetophenone, in

polycondensation, 746
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Diphenyl carbonate, deacylation of, in
hydroxylation, 665

Diphenyl ether, in polycondensation, 746
3,3-Diphenylindanone, product of

dehydrative decarbonylation, 583
Diphenylmethane, formation of, 578, 584,

585
Diphenylmethyl cation(s), 140, 141, 579
1,3-Diphenylpropanones, cyclodehydration

of, 596
cis-6,8-Diphenyl-5,6,7,8-tetrahydroisoqui-

noline, formation of, 592
cis-5,7-Diphenyl-5,6,7,8-

tetrahydroquinoline, formation of, 592
4,4-Diphenyltetralone, product of

dehydrative decarbonylation, 583
Diprotiomethonium trication, see CH7

3þ

trication
Diprotonated intermediates
in acylation, 612, 615, 616
in addition, 741
in alkylation, 592, 593
in cyclodehydration, 597–601
in ionic hydrogenation, 730
in polycondensation, 746
in ring closure, 726

Diselenonium dication, cyclic, 359
with hypervalent Se and Te, X-ray

studies, 360
Disilyl cations, hydrogen-bridged, X-ray

studies, 406
Disproportionation
in adamantylation, 571
in alkane isomerization, 529, 530
of alkylbenzenes, 586, 587
of carbenium ions, 524, 620
of dialkylhalonuim ions, unsymmetrical,

366
of halogen cations, 429–431, 433, 435, 436
reversible, 524
of Se10

2þ ion, 443
suppressing of
with cycloalkanes, 530
with hydrogen, 529

Disulfonium dications, 358, 359
calculations, 358
with hypervalent Se and Te, X-ray studies,

359
X-ray studies, 358, 359

1,5-Dithiacyclooctane, ionization of, 358
1,2-Dithiin, substituted, two-electron

oxidation of, 348
Dithiocarboxylation, 632
Dithioesters, protonation of, 192
Dithiolanes, desulfurative fluorination of, 647
Ditriaxane-2,2-dimethyl alcohol, 246
Ditriaxane-2,2-dimethyl dication, 245
nonclassical structure of, 246

DMEPHF, see Dimethyl ether–5 HF
1,16-Dodecahedradienes, ionization of, 263
Dodecahedrane-1,16-diyl dication, 149, 150
Dodecahedryl cation, 119, 120
1-Dodecene, alkylation of aromatics with,

559
s-Donor ability
of C�C and C�H bonds, 545
of single bonds, 505

n-Donors, 85
p-Donors, 85
s-Donors, 85
Dowex-50, 554
Drimenol, cyclization of, 712
D2SO4

deuteriation of isobutane in, 219, 516,
517

H–D exchange of methane in, 509
DSO3F–SbF5, 220, 509
D3SO4

þSbF6
� salt, X-ray studies, 343

Durene, alkylation of, 562
Dynamic NMR, for acidity measurements, 18

b-Effect, see b-Silyl effect
Electrochemical measurements, 24
Electrochemical oxidation
of alkanes, in strong acids, 520
of aromatics, 752–754

Electrocyclization mechanism, 598, 691
Electronic spectroscopy, 92, 104, 441
Electrophilicity, role in alkylation of

aromatics, 556
Electropolymerization, 749, 750
Enium ions
of group 13 elements, 397
of group 14 elements, 401
of group 15 elements, 415, 423
of group 16 elements, 424, 425

Enoldiazonium ions, 386
Enol ethers, ring closure of, 682
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Enones, protonated, reduced in ionic
hydrogenation, 728

Enzymes, as superacid catalysts, 7
Epiquinidine acetate dihydrochloride,

difluorination of, 653
9-Epiquinine
difluorination of, 653
oxygenation of, 666

9-Epiquinine acetate
difluorination of, 653
oxygenation of, 666

Episelenonium ion, X-ray studies, 353
Episulfonium ions, 337, 339
Epoxides
optically active, to form oxazolines, 692,

693
protonated, 666

Epoxy alcohols, chiral, ring opening of, 697
2,3-Epoxygeraniol, cyclization of, 713, 714
2,3-Epoxy-cis-pinane, ring contraction of,

714
Epoxy resins, emulsified, cationic

polymerization of, 748, 749
EPR spectroscopy, 164
for acidity measurement, 28

Ergoline, synthesis of, 604, 605
ESCA spectroscopy, 92, 207, 228, 235
ESR spectroscopy, 267, 439
Esterifications, 734
Esters
alkylation with, 336
carboxylation of, 619
cleavage of, 734, 735
protonated, unimolecular cleavage of, 175

Estrane, unsaturated, ionic hydrogenation of,
728

Estrone
hydroxylation of, 666
ionic hydrogenation of, 728

Estrone acetate, hydroxylation of, 666
Estrone derivatives, phenol–dienone

rearrangement of, 722
Et2Al

þCB11H6X6
� salts, X-ray studies, 400,

401
Et2ClS

þSbCl6
� salt, 341

Ethane
alkylation of, by ethyl cation, 546
bromination of, 651
ethylation of, 220, 221, 547–549

hydroxylation of, 663
oligocondensation of, 553
oxygenation of, 670, 673
protonated, in reactions on zeolites, 217
protonation of, 216

Ethane-1,2-diol, 678
Ethanol, see also Ethyl alcohol
protonated, on Ru(001) surface, 315
protonation of, 313
proton-bound dimer of, 314, 315

Ethanophenantrenium–carboxonium
trication, 164

Ethene, alkylation of adamantane with, 548
Ether formation, 700
Ethers, protonated, 319
bidentate complexes of, 319
cleavage of, 319

Ethide shift, 531
Ethonium ion, 216
tetraaurated, 218

Ethyl acrylate, Michael addition of, 738
Ethyl alcohol, see also Ethanol
protonated, reactivity of, 315

Ethylarylhalonium ions, 368
Ethylation of
benzene, 554, 557
ethane, 221, 547, 548
methane, 547, 548
propane, 548

Ethylbenzene
alkylation of, 558, 574, 589, 590
formation of, in transalkylation, 589

Ethylcarboxonium ion, 622–624
Ethyl cation, 623
direct alkylation with, 546, 548

Ethylcyclohexane, carboxylation of, 625
Ethyl N,N-diisopropyl carbamate,

protonation of, 196
Ethyldimethyloxonium ion, cleavage of, 328
Ethyl dithiobenzoates, preparation of, 633
S-Ethyl dithiocarboxonium

fluoroantimonates, preparation of,
632, 633

Ethylene
alkylation with
of alkanes, 546–549
of aromatics, 554, 557, 558

polymerization of, 750
Ethyleneanthracenium ions, 134

814 INDEX



Ethylenearenium ions, 132
Ethylenebenzenium ion, 133
charge delocalization in, 133

Ethylene 1,2-dications, 155, 156
Ethylene glycol, diprotonated,

rearrangement of, 316
Ethylenehalonium ions, 372
Ethylenenaphthalenium ions, 133
Ethylenephenonium ions, 132
Ethyl fluoride–antimony pentafluoride

complex, see Ethyl fluoroantimonate
Ethyl fluoroantimonate, alkylation with, 363,

366, 367, 544, 632, 633
3-Ethyl-5-methyl-1-adamantyl cation, 699
Ethyl N-methyl carbamate, protonated,

hindered rotation of, 199
Ethyl methyl ketone, protonated, 316
1-Ethyl-2-nitrobenzene, ring closing of, 690
Ethyl pentadienoates, ring closing of, 685,

686
Ethyl pivalate, 510, 513
Ethyl shift, 531, 532, 681
Ethyl thiobenzoates, preparation of, 633
S-Ethyl thiocarboxonium fluoroantimonates,

preparation of, 632, 633
Ethyl trifluoropyruvate, alkylation with, 582
Ethynyl ketene-S,S-acetals, aza-Diels–Alder

reaction of, 687
5-Ethynyl-1-methyl-imidazole, as alkylating

agent, 594
Ethynylpyridines, as alkylating agents, 594, 595
Et3O

þSbCl6
�, alkylation with, 385

Et3Si
þ(C6F5)4B

� salt, see also para-
Triethylsilyltoluenium ion

X-ray studies, 402
[Et3Si(C6H4Me)]þ cation, 127, 128
Et3SiH–BF3–2CF3CH2OH, ionic

hydrogenation with, 733
Et3SiH–triflic acid, ionic hydrogenationwith,

733
Exchange
rate, for acidity measurements, 18
suppressed by CO, 518

trans,trans-Farnesol, cyclization of, 712
E,E-Farnesol and acetate, cyclization of, 712
Farnesols, selective cyclization of, 711, 712
E,E-Farnesyl phenylsulfone, cyclization of,

712

[(F3As)Au]
þSbF6

� salt, X-ray studies, 459
[(F3As)AuXe]

þSb2F11
� salt, X-ray studies,

459
Fatty acids, esterification of, 734
Fatty esters, epoxidized, ring opening of, 696
[Fe(CO)6]

þBF4
� salt, X-ray studies, 456

[Fe(CO)6]
2þ(Sb2F11

�)2salt,X-raystudies, 455
Fe2þ–H2O2, as oxidant, 673
Ferrocene
acylation of, 610
alkylation of, 584

a-Ferrocenyl carbenium ions, X-ray studies,
205, 206

Ferrocenyl group, stabilizing effect of, 206
b-Ferrocenyl-a,b-unsaturated derivatives,

formation of, 584
Five-center four-electron bonding, 252, 266
Flemion, perfluorinated polymer resin acid,

67
Flowing afterglow, 22
9-Fluorenyl cation, 156, 157
Fluorenyl cations, intramolecular

interconversion of, 269
9-Fluorenyl dications, 157
Fluorinated heterocycles, synthesis of, 695
Fluorination, 646, 647, 648
desulfurative, 646, 647

Fluorine, stabilizing effect of, 167
Fluoroantimonic acid, see HF–SbF5
Fluoroarylxenonium fluoroborates, 461
para-Fluorobenzaldehyde, alkylation with,

578
Fluorobenzene
adamantylation of, para selectivity in, 576
alkylation of, 582
aroylation of, 610
gas-phase protonation of, 363

Fluoroboric acid, see HF–BF3
b-Fluorocarbenium ion, equilibrating, 373
Fluorocubane, alkylation of aromatics with,

573
Fluorocyclopentyl cation, calculated

structure of, 169
Fluorocyclopropenium cations, 169
Fluorodiazonium salts, X-ray studies, 384
Fluorodihydroxysulfonium cation, 342, 343
X-ray studies, 342

Fluoromethanol, protonated, 184
Fluoromethylation, 336
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S-Fluoromethyldiarylthiophenium salts,
fluoromethylation with, 336

Fluoromethyl ketones, 695
exo-2-Fluoronorbornane, ionization of, 229
2-Fluoro-2-propyl cation, 167, 168

19F NMR spectrum of, 168
1H NMR spectrum of, 168
X-ray studies, 167

Fluorosulfuric acid, 36, 37, 38. See also
HSO3F

Fluorosulfuric acid–antimony pentafluoride,
see Magic Acid and HSO3F–SbF5

Fluoroxytrifluoromethane, fluorination with,
648

F2(MeO)Sþ ion, 344
FNH3

þHF2
��nHF salt, 394

F2NH2
þMF6

� salt, 394
19F NMR, 167–169, 171, 335, 342, 344, 356,

369, 384, 416, 434–437, 449, 450,
457, 458, 462, 727

in studying superacids, 25, 37, 39, 43, 50,
52–55, 58, 62, 73

F2NO
þAsF6

� salt, 450
F2NO

þ salts, 450
FOH3

2þ, calculated structures of, 319
F2OH2

2þ, calculated structures of, 319
FOH2

þMF6
�, 318

Formaldehyde
alkylation of benzene with, 585
carbonylation of, 626
diprotonated, calculated structure of, 193,

194
protonated, 172
protonation of, 317

Formalin
alkylation of benzene with, 585
in Prins reaction, 693

Formic acid, protonated, X-ray studies, 175
mono- and diprotonation of, calculations,

176
9-Formylanthracenes, deformylation of, 616,

617
Formylation
of aromatics, 627
reversibility of, 631
selectivities in, 627–630, 634

superelectrophilic, 631, 632
Formylation–rearrangement,

superelectrophilic, 631, 632

Formyl cation, 628
calculated structure of, 188, 189
dual reactivity of, 629
insertion into tertiary C�H bond, 631
long-lived, 632
proton exchange of, 188
protosolvated, 628, 632

N-Formyl enamide, cyclization of, 724
Formyl fluoride, formylation with, 628
[m-F(OsO2F3)2

þSb2F11
� salt, X-ray studies,

457
Four-center three-electron bonding, 432
Four-center two-electron bonding, 263, 264,

266, 430
[FO2XeFXeO2F]

þ cation, 463
F4�nPHn

þ salts, 394
FPS, in cyclization of pseudoionone, 721
FPSS, in cyclization of pseudoionone, 721
Fragmentation, 523
Friedel–Crafts
acid systems, 21
acylation, 71, 608, 614, 618, 630
reversibility of, 615
selectivity in, 630

alkylation, 366, 565–567, 573, 574, 577,
591

catalysts, 42, 595, 608, 633, 655
chemistry, 39
conjugate acids, 10, 61
dithiocarboxylation, 632
formylation, 628
nitration, 636
sulfonylation, 634

Friedel–Crafts-type reactions, 24, 46, 61, 72,
74, 206, 636

Fries rearrangement, 618
D-Fructofuranose, transformation into sugar

oxazolines, 705
D-Fructopyranose, transformation into sugar

oxazolines, 705
F3S

þBF4
� salt, X-ray studies, 340

F2SNMe2
þAs6

� salt, X-ray studies, 345
[F3S�NXeF]þAsF6

� salt, X-ray studies, 464
[F5TeN(H)Xe]

þAsF6
� salt, X-ray studies,

464
FT–ICR mass spectrometry, 102, 209, 210,

217, 224, 238, 243, 331, 433
FT–IR, 124, 164, 455, 458
for acidity measurement, 28
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Fullerene cations, 164
pentaarylated, 165, 166

Fullerenols, ionization of, 165
F[XeN(SO2F)2]2

þAsF6
� salt, 464

[FnXeðOTeF5Þ3�n]
þ cation, 463

Gasoline upgrading, 529
Gassman–Fentiman tool, 91, 115, 235,

260, 266
Gattermann–Koch formylation, 627, 628
Gattermann synthesis, 628
Geraniol, rearrangement of, 708, 709
Germanorbornyl cation, 414
Germenium ions, 411
with donor ligands, X-ray studies, 413
rearrangement of, 411

Glucosyl imidate, condensation of, 704
Glucosyl a-thioformimidates, as glycosyl

donors, 701
Glycerols, O-alkylated, synthesis of, 697
Glycidic esters, ring opening of, 696, 697
b-D-Glycosides, 701
a-Glycosylation, selective, 701, 703
b-Glycosylation, selective, 701, 702
Glycosylations, 676, 700
intramolecular, 702
sulfonium ion intermediates in, 338
sulfoxide method, 703

Glycosyl donors
glucosyl a-thioformimidates, 701
b-D-glycosyl fluorides, 700
phosphites, 702
trichloroacetimidate, 703

b-D-Glycosyl fluorides, as glycosyl
donors, 700

Gold complexes, pyramidal, 211
Graphite
fibers, 72
fluorinated, 74
intercalation into, 72–74
pyrolitic, 72

Gross formylation, 628
3-Guaiazulenylmethyl cations, 145
4-dimethylaminophenyl derivative of, 145
X-ray studies, 146

Guanidines, cationic derivatives, resonance
forms, 199

Guanidinium dication, generation and
calculated structure of, 201

Guanidinium ion, 181, 201
protonated, calculated structure of, 201

Guanidinium tri- and tetracations, calculated
structures of, 201, 202

Haloadamantanes, alkylation with, 567, 570–
572, 574

Haloalkyl amines, fluorination of, 652
Haloalkyl carboxonium ions, 184
Haloalkyloxonium ions, 317
Halobenzenes
alkylation of, 580
formylation of, 629
monohydroxylation of, 663, 664

4-Halobenzenium ions, 363
Halocarbonyl cations, 189
4-Halocyclopentenes, ionization of,

261, 262
1-Halo-2-fluoroethanes, ionization of, 372
Haloformates, ionization of, 109
Halogen abstraction, with NOþ, 645
Halogenation
of aromatic compounds, 655
of non-aromatic compounds, 647

Halogen cations, 427
1,4-Halogen participation, 375
Halogens, stabilizing effect of, 169, 170
Halogen shift, 691
Halomethyl cations, 624
Halomethyloxonium ions, 317
Halonium ions, 360
acidic, 362
acyclic, 362
bicyclic, 377
bicyclic, Si-containing, X-ray studies, 380,

381
cyclic, 372
ring, 374–377

3-Halonoradamantane, alkylation of
aromatics with, 573

Halophenium ions, heteroaromatic, 380
N-Halosuccinimides, halogenation with,

657
Halosulfites, ionization of, 109
Halosulfonium ions, 340
Halosulfuric acids, sulfonation with, 633
Hammett
acidity, 54
acidity function, H0, 4, 5, 12
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Hammett bases, 5, 12–14
adsorbed, color change of, 28, 68
ionization ratios for, 13

Hammett indicators, 4, 39, 64, 68
Hard and soft acid theory, 24
HBF4, 341
in iodination, 658
in polymerization, 748
inpreparingcarbocations,146,151,155,205

HBF4�OEt2, in SN1 reaction of chiral benzylic
alcohols, 146, 147, 561

HBF4–silica, see HBF4–SiO2

HBF4–SiO2

in protection group chemistry, 677, 678
in synthesis of 1,5-benzodiazepines, 695

HB(HSO4)4–H2SO4, 47
HBr–AlCl3–CH2B2, in ionic hydrogenation,

731
H(CB11H6Cl6), 165
HC60

þ cation, in carborane superacids, 41,
165

HC�CIPhþTfO� salt, X-ray studies, 369
HCl–AlBr3, acidity of, 21
HCl–AlCl3
acidity of, 21
in amination, 659

HClþAlCl3þCuCl2, in formylation,
627, 628

H2Cl
þSbF6

� salt, 362
[HC�NKrF]þAsF6

� salt, 465
HCOF–BF3, formylation with, 628
H–D exchange, 313
in C2H7

þ ion, 217
in isobutane, 219, 220, 510–514
of molecular H2 and D2, 460, 505
of monodeuteromethane, 505
of OH groups in solid acids, 517
in propane, 514
regioselective, 219, 220, 518
in trialkylsilanes, 410, 411
over zeolites, computermodeling, 518, 519

Heats of ionization and isomerization, 237
He2C

2þ dication, calculations, 465
He–H2N

þ ion, 416
Helionitronium trication, HeNO2

3þ,
calculations, 465

Helionitrosonium trication, HeNO3þ,
calculations, 465

He2N
2þ dication, calculations, 465

He2O
2þ dication, calculations, 465

Heptanoic acid, as acylating agent, 615
Heptaphenyltropylium ion, X-ray studies,

159
Heteroaromatic cations, sulfur-stabilized, 193
Heteroaromatic compounds, carbonyl-

substituted, alkylation with, 581
Heterocations, in superacid systems, 311
Heterocycles
allyl-substituted, ring closure of, 602, 603
synthesis of, 680

N-Heterocycles
five-membered, formation of, in aza-

Nazarov cyclization, 606
protonated, enhanced reactivity of, 581
substituted, intramolecular cyclization of,

603
trifluoromethylation of, 566, 567

4-Heterocyclohexanones, protonation of,
calculations, 581

Hetero Diels–Alder reaction, 683, 687, 689
[4]Heteroheliceniumcation,X-raystudies,144
Heteropoly acids, D2O-exchanged, 517
N-Heteropolycycles, synthesis of, 604, 605
Hexadeuteriobenzene, formylation of, 628
1,1,2,3,3,3-Hexafluoropropanesulfonic

acid, 40
Hexahydropyrene, protonation of, 154
Hexamethylbenzene, nitration of, 639
Hexamethylbicyclo[2.1.1]hexenyl cation,

261, 269
X-ray studies, 261

n-Hexane
ionization of, 504
isomerization of, 524, 530
isomer distribution, 528
rate limiting step, 527
reaction network, 528
selectivity, 532
three-step process, 525, 527

protolytic cleavage of, 530
solubility in HF–SbF5, 524

2,5-Hexanediol(s)
diprotonated, rearrangement of, 316, 317
stereospecific cyclodehydration of, 681

Hexanes, isomerization equilibria of, 526
Hexanols, dehydration of, 700
(Hexaphenyltrimethylene)methane dication,

152
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Hexathia-1,3,5,7-tetramethyladamantane,
protonation of, 194

tert-Hexyl cation, in condensation of
methane, 552

Hexyl ion(s), 504, 531
HF, 36, 40, 47, 56, 59, 60 317, 318, 341, 455,

456, 461, 502, 692
in carbohydrate chemistry, 704, 705
hydroxylation in, 664
as impurity in HSO3F, 37, 62, 63
in preparation of NO2

þ salt, 636
in rearrangement, 725
solvating CH5

þ ion, 210, 211
trifluorination with, 652

H2F
þ, unsolvated, in methane protonation,

210
HF–AsF5, 330, 457
HF–BF3, 60
acidity of, 61
in Biginelli reaction, 694
calculated structure of, 60
in carboxylation, 619
in coal hydroliquefaction, 543, 728
in formylation, 627, 631
in formylation–rearrangement, 631, 632
in generating
diazonium ions, 384, 388
metal carbonyl cations, 456
NO2

þBF4
� salt, 391

immobilized on silica, 72
in monohydroxylation of aromatics, 664
in protonating
acetone, 173
alkyl tellurides, 351
carboxylic acids, 174
ethanol, 313
selenonium ions, 350

HF–CF3SO3H, 47
HF–FSO3H, 47
HF–Lewis acids, in gasoline upgrading, 529
HF–MF5, in generating
dialkylsulfonium salts, 335
hydrogen peroxonium ion, 329
iminum ions, 200, 201
methoxyhalo-carbenium ions, 184
onium ions, 395
oxonium ions, 184
protonated carbonic acid, 180

HF–NbF5, 430

HF–PF5, 59
HF–pyridine, quenching with, 650, 651
HF–SbCl5, trifluorination with, 652
HF–SbF5, 56–58, 530, 727
acidity of, 57, 58
in activation of methane, 210
in alkylation, 566, 567, 592
anionic composition of, 58, 59
calculated structure of, 60
in carbonylation, 621, 622, 624
in carboxylation, 619–621, 625
in cyclialkylation, 600
in disproportionation, 433, 435
in fluorination, 650–652
in formylation, 627–629
in generating
alkyl cations, 108, 112
diazonium ions, 384
ethylenebenzenium ion, 133
formyl cation, 188
halogen cations, 432
halonium ions, 362, 363
hydronium ion, 312
metal carbonyl cations, 457–459
noble gas cations, 461
oxonium ions, 184

in H–D exchange, 505, 509
in ionic hydrogenation, 728, 732
in ionization of isobutane, 510
in isomerization, 524–526, 530
kinetic studies in, 507
in natural product chemistry, 707
oxidation of isopentane in, 520, 521
in oxygenation, 664, 665, 666, 667, 672
in phenol–dienone rearrangement, 722,

724
in protonating
acetone, 173
alkanes, 511
carboxylic acids, 174
hexafluoroacetone, 317
methane, 507, 508
oxalic acid, 175
unsaturated ketones, 625

in transacylation, 615
in transformation of alkaloids, 689

H7F6
þSbF6

�, X-ray studies, 362
HF–SbF5–NBS, fluorination with, 652
H2F

þSbF6
� salt, X-ray studies, 362
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HF–SbF5–SO2, 63
HF–TaF5, 60
in alkane–alkene alkylation, 548
in ethylation of ethane, 220, 547, 548
in ethylation of methane, 547
halogen cations in, 429
in hydroxylation of aromatics, 664
in ionic hydrogenation, 728
in oxidation of isopentane, 520

[Hg(CO)2]
2þ(Sb2F11

�)2 salt, 453
X-ray studies, 455

[Hg2(OH2)2]
2þ(SbF6

�)2�4 HF, X-ray studies,
458

[HgXe]2þ(SbF6
�)(Sb2F11

�) salt, X-ray
studies, 459

HI–AlI3, in H–D exchange of silanes, 410,
411

Hindered rotation, 174, 199
Hþ ion, 460
H3

þ ion, as intermediate, 460
H2N

þ ion, calculations, 416
1HNMR, time dependent spectra, of methane

exchange, 507–509
HNO3–HSO3F, nitration with, 642
HO3

þ, see Ozonium ion and Ozone,
protonated

Hock reaction, 667
[H(OEt2)2]

þ(C6F5)4B
�, X-ray studies, 315

Hogeveen’s hexamethyl cation, 270
H2O2–HF–SbF5, in transformation of

alkaloids, 689
H3O

þ�(H2O)n clusters, 313
H3O

þ ion, see Hydronium ion
H3O2

þ ion, see Hydrogen peroxonium ion
H3O2

þMF6
�, decomposition of, 329

Homoadamantyl cation, bridgehead, 118
Homoallyl chloride, ionization of, 243
Homoallylic alcohols, synthesis of, 711,

739–741
Homoallylic sterols, synthesis of, 725
Homo[15]annulenyl cation, 162
Homoaromatic cations, 258
bishomoaromatic, 260
monohomoaromatic, 259
trishomoaromatic, 265

Homoaromaticity, 258
criteria for, 258, 259
theoretical studies of, 258, 259
three-dimensional, 266

Homoazulene, bridged, protonation of, 160
Homocyclopropenyl cations, 259
Homocyclotrisilylenium ion, X-ray studies,

404, 405
Homotropylium ion, 150
calculated structures of, 259
substituted, 160, 259

HON(CH2)CF3
þ salt, X-ray studies, 450

H3O2
þSbF6

�
17O NMR spectroscopy of, 329
X-ray studies, 329

Houben–Hoesch reaction, 612
HPF6
in polymerization, 748
in preparing 3-guaiazulenylmethyl cations,

146
H3S

þ, see Hydrosulfonium ion
H2SO4, 87, 94, 444, 502
in acylation, 609
in generating
carbodications, sulfur-stabilized, 194
fullerene cations, 166
halogen cations, 427
polyatomic cations, 442
tricyclopropylmethyl cation, 120

in protonating
carboxylic acids, 190
lactones, 178
phenols, 317
urea, 196

in rearrangement of camphor, 706
H2SO4–CF3SO3H, in generating fullerene

cation, 166
HSO3Cl, see also Chlorosulfuric acid
in generating alkylarylmethyl cations, 141
in natural product chemistry, 710, 717
sulfonation with, 633

HSO3F, 442, 444
in acylation, 609, 611
addition of, 741
in alkenylation, 594
in anodic oxidation of alkanes, 520
in cyclialkylation, 600, 601
in cyclodehydration, 599, 600
in electrochemical oxidation, 752, 753
in esterification, 734
in generating
alkyl cations, 108
arenium ions, 130–132
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HSO3F (Continued)
arylmethyl cations, 141
cubylacylium cation, 177
diazonium ions, 384
dications, 152
halogen cations, 427, 429, 430, 431
metal carbonyl cations, 453, 454
onium ions, 384, 395
pyramidal cations and dications, 268,
270, 271

b-silyl-substituted vinyl cation, 139
thiouronium ion, 197
tropylium ions, 160
uronium ion, 196

in hydroxylation of aromatics, 664
in natural product chemistry, 707–717
oxidative pathway in, 516
in polymerization, 748, 750
in protonating
N,N-bis(carboxyl)-1,2-diaminoethane, 198
tert-butyl carbamate, 198
carbamic acid, 198
ethyl N-methyl carbamate, 199
lactones, 179
phenols, 317
tetraarsacubane, 397
tetraphosphacubane, 397

as sulfonating agent, 634
in synthesis of heterocycles, 680, 684, 685
treatment of SiO2–Al2O3 with, 69

HSO3F–AsF5, 54
HSO3F–HF–CF3SO3H, 63
HSO3F–HF–SbF5, 62
HSO3F–MFnðSO3FÞ5�n, 53
HSO3F–PbO2, in electrochemical oxidation,

753, 754
HSO3F–SbF5, see also Magic Acid
acidity of, 49, 50, 51
butanes, reacted with, 504
in carboxylation, 621
cleavage of carboxylic acids in, 175, 176
composition of, 51, 52
in dehydration, 699
dicationic intermediates in, 581, 582
disproportionation in, 431
in electrochemical oxidation, 752–754
in ester cleavage, 735
in formylation, 629, 634
in generating

acylium ions, 192
alkyl cations, 108–110, 112, 123, 173
allyl cations, 125
[16]annulenediyl dication, 162
arenium ions, 126, 131
arylmethyl cations, 140, 141
azulenium cations, 160
9-barbaralyl cations, 253
benzenium ion, 635
bridgehead cations, 117
carboxonium ions, 172, 173, 177
diazonium ions, 388, 389
dications, 153, 154
fluorocarbonyl cation, 189
guanidinium ion, 201
halogen cations, 430, 431
halonium ions, 362, 363, 374, 376
homocyclopropenyl cations, 259
m-hydrido bridging cations, 251
nitrilium ions, 202
onium ions, 313–316, 318, 331, 332,

334, 351, 395
pyramidal dications, 270, 271
b-silyl-substituted vinyl cation, 137
trications, 164

in hydroxylation of aromatics, 664
in isomerization of n-butane, 529
in natural product chemistry, 707, 708,

717–720
in oxygenation, 664, 668, 672
in phenol–dienone rearrangement, 722,

723
in polycondensation, 553
in protonating
alcohols, 313–315
N,N-bis(carboxyl)-1,2-diaminoethane,

198
tert-butyl carbamate, 198
carbon dioxide, 180
carbonic acid, 180
carboxylic acids, 174
cyclic ethers, 321
dialkyl carbonates, 179
diazomethane, 384
diazonium ions, 384
esters, 175
ethyl N-methyl carbamate, 199
glycols, 316
imines, 200
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HSO3F–SbF5 (Continued)
ketenes, 192
ketoximes, 200
lactones, 178
phenols, 317
tetraarsacubane, 397
tetraphosphacubane, 397

protonation curves in, 17
structure of, 52
sulfonylation with, 633
superelectrophilic species, detected in,

615, 687
temperature range for, 53
in transacylation, 615

HSO3F–SbF5–SO3, 63
HSO3F–TFA, in generating m-hydrido

bridging cations, 252
HSO3F–triflic acid, 186
H2SO4–SO3, acidity of, 48
H5S

þ trication, calculations, 332
H3X

2þ dications, calculations, 362
Hydrazoic acid, protonated, 387
Hydrazones, oxidative cleavage of, 645
Hydride abstraction, 653
with CCl3

þ, 650
from cycloheptatriene, 144
from hydrocarbons, on solid acids, 503
from isobutane, 220
lack of, in CF3SO3H, 529
by Lewis acids, 512, 535
with NOþ, 393, 644, 647

Hydride donors, 728
Hydride shift, 525, 535, 537, 538
transannular, 249

1,2-Hydride shift, 118, 133, 378, 531, 600,
654, 681, 734

degenerate, 225
nondegenerate, 114

1,3-Hydride shift, 244, 579, 654, 731
2,3-Hydride shift, 229, 230
6,1,2-Hydride shift, 229, 230
6,2-Hydride shift, 230, 707
Hydride transfer, 238, 506, 516 527,

573, 623
competition with alkylation, 544, 545
in cracking, 540
intermolecular, 102, 220, 523, 571, 579
in ionic hydrogenation, 731, 732
isodesmic, 182, 266

as rate limiting step, in alkane
isomerization, 527

m-Hydrido bridging, 114, 149, 248, 250–252
1,5-m-Hydrido bridging, 250
Hydridohalonium ions, as intermediates, 362
Hydridoiodonium ion, 363
Hydridoselenonium ion, 350
Hydroaminaton, 685
Hydrocracking, of oil sand bitumens, 543
Hydrogen
decreasing rate of isomerization, 528
formation of, in protolysis of alkanes, 503,

512, 513, 515
in ionic hydrogenation, 728
reaction of, with carbenium ion, 505
reducing superacid, 512
suppressing cracking with, 524, 529, 539

Hydrogen bridging, 144, 247, 249
Hydrogen cations, 460
Hydrogen–deuterium exchange
of H3S

þ, in superacids, 332
of methane, in superacids, 208

Hydrogen exchange, 249
involvement of, in carbonium ions, 510

Hydrogen fluoride, anhydrous, see HF
Hydrogen fluoride–antimony pentafluoride,

see HF–SbF5
Hydrogen fluoride–fluorosulfuric acid, 47
Hydrogen fluoride–SbF5, protonation curve

in, 17
Hydrogen fluoride–trifluoromethanesulfonic

acid, 47
Hydrogen peroxide, protonated, in

oxygenation, 661, 662, 664, 665
Hydrogen peroxonium ion, 329, 673
electrophilic hydroxylation with, 661–665
insertion into C�H bonds, 661
intermediate, 329

Hydrogen scrambling
in sec-butyl cation, 102
in CH5

þ ion, 208–210
in C2H7

þ ion, 217
in 1-methyl-1-cyclopentyl cation, 112
in tert-pentyl cation, 102

1,2-Hydrogen shift, 375
1,4-Hydrogen shift, 247
1,5-Hydrogen shift, 248
1,3-Hydrogen shift, degenerate, 247
Hydrogen shift, distant, 246
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Hydrogen transfer, out–in, 538, 539
Hydronium ion, 311. See also H3O

þ ion
clusters, 313
17O NMR spectrum of, 312
pyramidal structure of, 312
water-solvated, 312

Hydronium salts, 312
Hydroquinones, alkylation of, 751
Hydrosulfonium ion, 331
calculations, 332
isotopomers, gas phase studies of, 332

Hyroxamic acids, protected, deprotection
of, 680

Hydroxyallylic cations, 625
a-Hydoxy-b-arylpropanoates, synthesis of,

562
Hydroxybiindantetraone, alkylation with,

561
(R)-b-Hydroxybutyrolactone, ring-opening

polymerization of, 746
Hydroxycarbonium ion, pentacoordinate,

661
Hydroxycarbonyl compounds, cyclization of,

598, 599
Hydroxycarboxylic acids, protonation of, 178
7-Hydroxychromanones, synthesis of, 682,

683
1-Hydroxycycloalkanecarboxylic acids,

lactone formation of, 734
Hydroxydiazonium ion, theoretical studies

of, 389
Hydroxyisoquinolines
as alkylating agents, 591, 607
ionic hydrogenation of, 730

a-Hydroxy ketones, transformations of, 752
Hydroxylation
of alkaloids, 666
of alkanes, 663
of aromatics, 663–665, 675
of diphenyl carbonate, 665
of estrone and acetate, 666
of heterocycles, 665

Hydroxyl cation, incipient, 424
2-(Hydroxymethyl)diphenylmethane,

cyclialkylated, 565
Hydroxymethyl(methylidene)oxonium ion,

X-ray studies, 184
Hydroxynaphthalenes, ionic hydrogenation

of, 728

Hydroxynitrilium cation,
superelectorophilic, 603

Hydroxyphenyl-1,3-propanediones, ring
closure of, 682

Hydroxyquinolines
as alkylating agents, 591, 607
ionic hydrogenation of, 729–731

6-Hydroxytetralin, chlorination of, 656
HZSM-5 zeolite, 518

I3
þAlCl4

� salt, X-ray studies, 428
I4
2þ(AsF6

�)2 salt, X-ray studies, 430
I5
þAsF6

� salt, X-ray studies, 428
ICl2

þ ion, 435
I2Cl

þ ion, 435
disproportionation of, 436

ICl2
þSbCl6

� salt, X-ray studies, 435
I4
2þ dication, 430

IF2
þAsF6

� salt, 434, 435
IF6

þAsF6
� salt, 438

IF2
þ ion, 434

IF6
þ ion, 437

IF2
þSbF6

� salt, 434
IF4

þSbF6
� salt

to purify radon-contaminated air, 438
X-ray studies, 436

IF4
3þ(SbF6

�)3 salt, 437
IF4

þSb2F11
� salt, X-ray studies, 436

IF6
þSbF6

� salt, 438
I2
þ ion, 428
disproportionation of, 429, 430

I3
þ ion, 427–429
disproportionation of, 429, 430

I5
þ ion, 427
disproportionation of, 430
valence bond structures of, 428

Imides, unsaturated, as alkylating agents,
592, 593

Imines
aromatic,heteroDiels–Alderreactionof, 689
cationic derivatives of, resonance forms, 199
cyclic, synthesis of, 685, 686
monofluorination of, 650
protonation of, 200

Iminium ions
acidic, 200
as intermediates, 604
nonacidic, 200
protonated, calculated structures of, 200
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Increasing electron demand, see Gassman–
Fentiman tool

Indane, formylation of, 629
Indan-5-ol, chlorination of, 656
Indanyl cation, X-ray studies, 145
Indoles
hydroxylation of, 665
trifluoromethylation of, 566

Indolines
hydroxylation of, 665
trifluoromethylation of, 566

2(3H)-Indolinones, formed in ring closure,
608

INDOR technique, 88, 226
Induction period, of cracking, 530
Infrared spectroscopy, see IR spectroscopy
Insertion
into aliphatic s-bonds, 636, 669, 670
into C�C bond, 646, 676
into C�H bond, 631, 636, 637, 642,

661, 676
into Cr�C bond, 646

Intercalation, 72–74
Interhalogen cations
heptaatomic, 437
pentaatomic, 436
triatomic, 433

Intracomplex mechanism, in formylation,
629

Iodine, one-electron oxidation of, 429
Iodine cations, 427
Iodine ion, blue species, 428, 429
Iodine(I) triflate, protosolvated, 657
5-Iodopentyne, protonation of, 376
para-Iodophenylphenyliodonium bisulfate,

361
N-Iodosuccinimide, in iodination, 657
Ion cyclotron resonance, 22, 410, 461
Ionic
fluorination, with NOþ, 644
hydrogenation, 727
role in coal liquefaction, 728

Ionic liquids
in alkylation, 551, 560, 561, 574
in formylation, 631
in terpenoid cyclization, 712
in transacylation, 616

Ion–molecule reactions, 22, 207, 210, 221,
461

[Ir(CO)6]
3þ(Sb2F11

�)3 salt, X-ray studies,
455

IR–MPD, 102
IR photodissociation spectroscopy, 104, 124,

173, 314, 317, 363
IR spectroscopy, 69, 92
in studying
borenium ions, 398
carbocations, 104–106, 124, 140, 164,
209, 216, 238, 240, 243

metal carbonyl ion, 457
onium ions, 329, 354, 435, 449

Isatins
alkylation with, 583
polycondensation of, 746

I2
þSb2F11

� salt, X-ray studies, 429
I5
þSbF6

� salt, X-ray studies, 428
I4
2þ(Sb3F14)

�SbF6
� salt, X-ray studies,

430
Isoalkanes, formylation–rearrangement of,

631, 632
Isoborneol, protonation of, 707
IsoBu2Al

þ salts, 400
Isobutane, 524, 529, 552
as alkylating agent
of tert-butyl cation, 544, 546
of butyl cations, 545
alkylation of, with CH3CH2F–SbF5, 544

carbonylation of, 624, 631, 632
as cracking product, 540, 541
H–D exchange of, 219, 220, 510, 512, 515
involvement of carbenium ions in, 219

hydride transfers from, 544
ionization in HSO3F–SbF5, 504
isomerization of, 533, 534
monochlorination of, 651
oxygenation of, 661, 662, 668, 669
protonation of, 222, 223
in the presence of CO, 510

reducing SbF5, 513
regioselective deuteriation of, 516, 517

Isobutane–1-butene alkylation, 551, 552
Isobutane–2-butene alkylation, 551
Isobutane–isobutylene alkylation, 543, 544,

550
Isobutonium cations, calculated structures of,

222
Isobutyl alcohol, ether formation of, 700
Isobutyl cation, primary, 102, 103, 504
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Isobutylene
in alkylation, 543, 544, 548, 550
oligomerization of, 745

Isodesmic reaction, 182, 266
Isoformyl cation, calculated structure of, 188,

189
Isolobal relationship, 211, 212, 213, 328
Isolongifolene, rearrangement of, to

sesquiterpenes, 716, 717
Isomerization, 502, 503
in adamantylation, 571, 573
of alkanes, 517, 524
within arenium ion, 567
of bromophenols, 656
euilibria, 526
of n-hexane, three-step process, 525, 527
pivalaldehyde, 725

Isopagodanes, two-electron oxidation of, 263
Isopentane
carbonylation of, 624
in coal liquefaction, 728
as cracking product, 540, 541
direct alkylationwithCH3CH2F–SbF5, 544
H–D exchange of, 511, 515
ionization of, 504
oxygenation of, 668
potential–acidity diagram of, 522
two-electron oxidation of, 520

Isopentyl alcohol, protonated, stability of,
315

Isoprene, Diels–Alder reaction of, 736
Isopropyl alcohol, alkylation with, 566
Isopropylation of aromatics, 574, 575
protonated alkyl halide in, 574

Isopropylcarboxonium ion, 622–624
Isopropyl cation, 93, 94, 622, 623
alkylation by, 545, 546
alkylation of, 563
chiral, 102
13C NMR shift of, 96
13C scrambling in, 545
1H NMR spectrum of, 95
labeled, 101
line-shape analysis of, 96
rearrangement of, 101
studies by cryogenic matrix isolation, 102

Isopropyl chloride, alkylation of aromatics
with, 567, 570, 574, 575

Isopropylidene acetals, deprotection of, 704

1,2-O-Isopropylidene-b-D-fructofuranoses,
transformation of, into spiroketals,
704, 705

Isopropyl sulfide, protonated, stability, 335
[(N-IsoPr2)P(mesityl)]þAlCl4

�, X-ray
studies, 419

IsoPrSH2
þSbF6

� salt, X-ray studies, 333
Isoquinoline
as alkylating agent, 592
ionic hydrogenation of, 731

Isotope effect, in formylation, 628
Isotopic perturbation, 90, 227, 228, 234, 242,

243, 255, 272

Ketene, in acetylation of aromatics, 614
Ketene–diene cycloaddition, 736
Ketenes, protonation and silylation of, 191,

192
a-Ketoacids, alkylation with, 583
b-Ketoesters
alkylation with, 584
Michael addition of, 738

a-Ketoglutaric acid, alkylation with, 583
Ketoisophorone, rearrangement–

aromatization of, 724
Ketones
fluorinated, polycondensation of, 746
oxygenation of, 674
in oxygenation of alkanes, 670, 671, 673
protonated, resonance forms of, 173

a-Ketonitriles, protonation of, 196
4-Ketopentanoic acid, diprotonated, 178
b-Ketophosphonates, alkylation with, 584
3-Ketosteroids, oxygenation of, 672
a-Ketosuccinic acid, alkylation with, 583
b-Ketosulfones, alkylation with, 584
Ketoximes, protonation of, 200
Kinetic factor, in alkane isomerization, 527
Kinetic studies, of methane exchange, in

HF–SbF5, 507, 508
Knorr cyclization, of N-substituted

butyramides, 687, 688
Koch–Haaf
acid synthesis, 116, 631
reverse, 110

reaction, 618
Kr2F3

þAsF6
� salts

oxidation with, 437
X-ray studies, 465
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KrFþ cation, 461
Kr2F3

þ cation, 461
Kr2F3

þSbF6
� salts

oxidation with, 437
X-ray studies, 465

KrHþ cation, in mass spectrometry, 461
KrOn

þ cation, in gas phase, 465

b-Lactams, as acylating agents, 610
Lactide, cationic polymerization of,

746, 747
Lactones
formation of, 734
protonated, 178, 179

LAuþBF4
� salts, X-ray studies, 328

[(LAu)6C]
2þ complexes, X-ray studies,

213
Lewis acids
acid strength of, 8, 23, 24
in acylation of aromatics, 609
in coal liquefaction, 728
fluoride ion affinities of, 27
and polymeric resin sulfonic acids, 65
relative acidities of, 21, 23–27

Lewis superacids, 42–46
definition of, 7
intercalated into graphite, 72

Linear alkylbenzenes, 558
Line-shape analysis, 18, 19, 96, 225, 228, 229,

258
Longifolene, rearrangement of, to

sesquiterpenes, 716, 717
Lower alkanes
alkylation of, by stable carbenium ions,

545–547
oligocondensation of, 543, 553

Macrocycles, iodonium-containing, 371
Magic Acid, 49, 84, 87, 104, 504. See also

HSO3F–SbF5
cracking ability of, 539
in generating
alkylcarboxonium ions, 186
carbodications, sulfur-stabilized, 194
diazonium ions, 386, 387
guanidinium dication, 201
hydronium ion, 312

H–D exchange in, 505, 509
in isomerization, 532

in oxygenation, 661–664, 668–672
protolytic condensation of methane in, 552
in protonating
alkanes, 504, 516
diaryl sulfoxides, 343

protonation in, 154, 174, 202
treatment of SiO2–Al2O3 with, 69

Magnetic circular dichroism measurements,
440, 444

Magnetic susceptibility measurements, 428
Maleic anhydride, Diels–Alder reaction of,

735, 736
Maleimide, ionic hydrogenation of, 733
Mannich-type products, 752
Manxyl dication, 148

13C NMR spectrum of, 149
Marine nor-sesquiterpene, synthesis of, 715
Mass spectrometry, 93, 141, 142, 207, 223,

238, 461
charge stripping, 200, 215
high-pressure, 22
pulse electron-beam, 209, 210, 216, 221

Matrix isolation technique, 88, 102, 124, 140,
207, 233, 238, 240, 244, 267

MCM-22, 554
MeAsF3

þMF6
� salts, 396

Me3AsH
þAs2F11

� salt, X-ray studies, 395
Me(CF3)PhSe

þBF4
� salt, 352

Me2ClS
þSbF6

� salt, 341
[(Me2N)3PAsP(NMe2)3]

þBPh4
� ion, 423

Me2NSF2
þ ion, 344, 345

Me2OCF3
þSb2F11

�, X-ray studies, 324
MeOH2

þMF6
� salts, X-ray studies, 314

Me3O
þPF6

� salt, 17O NMR of, 325
MeOXHþ salts, 322
MePF2H

þMF6
� salts, 395

MePh(PPhRR0)AsþPF6
� salt, 424

Mercaptosulfonium salts, 333
Merrifield resins, 676, 751
Me2SCl

þBF4
� salt, 341

(MeSe)3
þ ion, X-ray studies, 353

Mes3Ge
þ ion, 411

(Me3Si)2C(Me2Si)2Ph
þ(C6F5)4B

� salt, X-
ray studies, 405

Mesitylene
alkylation of, 562, 565
formylation of, regioselective, 630
transnitration of, 643

Mesitylenium ion, X-ray studies, 127
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Mesityl-vinyl cation, 136
Me3Sn

þFSO3
� salt, 413

(MeS)3
þSbCl6

� salt, X-ray studies, 346
Mes3Si

þ(C6F5)4B
� salt, 403

Mes3Si
þ(1-H-CB11Me5Br5)

� salt, X-ray
studies, 404

(MeS)2SMeþAsF6
� salt X-ray studies, 347

Me2SSMeþSbCl6
� salt, X-ray studies, 346

Mes3Sn
þ(C6F5)4B

� salt, 414
[Mes2TeSeAr]

þSbF6
� salt, X-ray studies,

355, 356
[Mes2TeTeAr]

þSbF6
� salt, X-ray studies,

355, 356
Metal carbonyl cations, homopleptic, 453
Metal halides, graphite-intercalated, in

ethylation of benzene, 557
Metal oxides, 69
modified
with Brønsted acids, 68, 533
with Lewis acids, 69, 533

Metal salts, 69
Metathetic silver salt reaction, 87, 195, 323
Methane
activation in HF–SbF5, 210
alkylation by ethyl cation, 546
carbonylation of, 632
chlorination and chlorolysis of, 648
13C labeled, ethylation over solid

superacids, 549
dication, see CH4

2þ

diprotonated, 212
electrophilic activation of, 506
ethylation of, 546, 548, 549
fluorination of, 648–650
calculations, 649, 650

H–D exchange of, 507–509, 519
hydroxylation of, 663
ions, multiply-protonated, 212
nitration of, 637
oligocondensation of, 553, 670, 671
oxygenation of, 670, 671, 673
produced in reaction of butane, 534
protolytic condensation of, 552
protonation of, 207, 507
radical cations, 214, 215
reaction with D2O-exchanged solid acids,

518
tetraprotonated, 214
triprotonated, 213

Methanesulfonic acid, sulfonylation with, 634
Methanesulfonyl chloride, sulfonylation

with, 635
1,6-Methano[10]annulene, protonation of,

132, 154
Methano-bridged polycycle, synthesis by

double alkylation, 607
Methanol, see Methyl alcohol
Methide shift, 531
Methine hydrogen, exchange of, 219, 220
Methonium ion, 207. See also CH5

þ cation
calculated structures of, 208, 506, 507
fluxionality of, 208, 209, 506
intermediate or transition state, in

exchange, 506
in protolytic condensation of methane, 552
solvated, 210
theoretical studies of, 506

4-Methoxyaryl methyl ketones, in
transacylation, 616

para-Methoxybenzenediazonium ion, O-
protonation of, 387

para-Methoxybenzhydryl cations, as
indicators, 15–17, 19, 58

Methoxydiazonium ion, 389, 390
2-Methoxyethyl benzoates, ionization of, 186
Methoxyhalo-carbenium ions, X-ray studies,

184
Methoxymethyl cation, 183
20-Methoxy-50-methyl-1,3-

diphenylpropane, cyclization and
rearrangement of, 721

2-Methoxynaphthalene, acylation of, 611
Methoxynaphthalenes, ionic hydrogenation

of, 728
4-Methoxyphenyl cation, 140
1-(para-Methoxyphenyl)-2-

(triisopropylsilyl)vinyl cation, 138
a-(para-Methoxyphenyl)-vinyl cation, 136
Methoxysulfonium ions, 344
2-Methoxy-1,7,7-trimethylbicyclo[2.2.1]

hept-2-ylium tetrafluoroborate, X-ray
studies, 188

Methyl acetate
cleavage of, 735
dimethylation of, calculations, 183
distonic dication of, 735
gitonic dications of, 176, 177, 183
mono- and diprotonation of, 176
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Methyl alcohol
alkylation with, 563, 564, 585
carboxylation of, 619
esterification with, 734
ether formation of, 700
protonated, 313

1H NMR spectrum of, 314
stability of, 315

proton-bound dimer of, 314, 315
trans-1-Methylallyl cation, 124
para-Methylanisole, cyclization of, 720
Methylanisoles
bromination of, 656
rearrangement of, 589

Methylarylhalonium ions, 368
Methylation of aromatics, 563, 564
Methylazide, protonated, 387
Methyl benzoate, as acylating agent, 610
2-Methylbenzonitrile, electrochemical

oxidation of, 753
9-Methylbenzonorbornenyl cation, X-ray

studies, 134
Methylbicyclobutonium ions, 243
1-Methyl-1,4-bishomotropylium ion, 254,

262
2-Methylbutane, isomerization of, 533
2-Methylbutane-2-thiol, protonated, cleavage

of, 332
Methyl carboranes, 107
3-Methyl[3-13C]pentane, isomerization of,

531
1-Methylcyclobutyl cation, rearrangement of,

116
Methylcyclohexane
carboxylation of, 625
as hydride donor, in coal

hydroliquefaction, 543
Methylcyclopentane
carbonylation of, 624
as hydride donor, 631, 728, 729, 731, 732
ionization of, 504
isomerization of, 532, 533

Methylcyclopentyl ion, 504, 532, 624, 626
1-Methylcyclopent-1-yl cation
ESCA spectrum of, 235
generation of, 112
isotope scrambling in, 102, 112

Methylcyclopropane(s), protonated
intermediates, 102, 103, 226, 529, 530

1-Methylcyclopropylmethyl cation,
nonclassical, 241

Methyldiazonium ion, 384
calculated structures of, 385

Methyldifluorocarbenium ion, calculated
structure of, 169

Methyl dithiobenzoates, preparation of, 633
S-Methyl dithiocarboxonium

fluoroantimonates, preparation of,
632, 633

Methylenation
by ionic hydrogenation, 733
Peterson silyl-Wittig, 755

Methylenecyclobutenes, polysubstituted,
ionization of, 259

Methylenecyclpropanes, 685, 686
Methylenediazonium ion, 384
2-Methylenetetramethyleneiodoniumion,376
Methyleniminium cations, protonated,

calculated structures of, 200
Methyl ethers, oxidative cleavage of, 641
Methyl E,E-farnesylic acid, cyclization of,

712
Methyl fluoride–antimony pentafluoride

complex, see Methyl
fluoroantimonate

Methyl fluoroantimonate, alkylation with,
363, 365, 366, 367, 368, 376, 377,
544, 632, 633

Methyl formate, protonated, X-ray studies,
175

Methyl (6Z)-geranylfarnesoates, selective
cyclization of, 711

Methyl (R)-glycidate, alkylation with, 562
Methyl halides, oxidative carboxylation of,

620
4-Methyl[6]helicenium cation, 131
Methylhydridohalonium ions, 363
1-Methyl-5-hydroxypyrrolidin-2-one, in

cyclialkylation, 606
7b-Methyl-14-isoestr-4-ene-3,17-dione,

ionic hydrogenation of, 731
Methyl ketones
carboxylation of, 621
condensation of, 755
4-methoxyaryl, transacetylation with, 616
oxidative nitrolysis of, 645
in synthesis of homoallylic alcohols, 740,

741
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Methyl migration, 408, 750
1-Methylnaphthalene, formylation of, 629
2-Methyl-2-norbornyl cation, 235
deuterated, isotope shift of, 238

Methyloxonium ion, 735
2-Methylpentane
cracking of, 539–541
product distribution in, 540

in isomerization, 527, 528, 531
isomerization of, over solid superacids, 531

3-Methylpentane
isomerization of, 530
over solid superacids, 531

in isomerization of n-hexane, 527, 528
Methylpentanes, isomerization and cracking

of, 540, 541
3-Methyl-3-pentenyl ion, ethyl and methyl

shifts in, 532
4-Methyl-2-pentyl cation, b-scission of, 540
2-Methylpropane, isomerization of, 533
2-Methylpropane-2-thiol, protonated,

cleavage of, 332
Methylselenonium ion, 350
Methyl shift, 532, 726
1,2-Methyl shift, 227, 228, 707
a-Methylstyrene, dimerization of, 754
Methylthiirane, protonation of, 335
1-Methylthiiranium ions, 2,3-disubstituted
anionotropic rearrangements of, 337, 338
X-ray studies, 337

Methyl thiobenzoates, preparation of, 633
S-Methyl thiocarboxonium

fluoroantimonates, preparation of,
632, 633

11-Methyltricyclo[4.4.1.01,6]undecyl cation,
116, 259

Methyl trifluoroacetate
methylation of, 187
protonation of, 178

3-Methyl-cis-verbanones, selective ring
opening of, 715

Me2XS
þ salts, 341

MF5, in generating nonacidic imines, 201
Michael addition, 738
Microwave spectroscopy, 461
Migration, intramolecular, 573
Mixed acetal(s)
synthesis of, 678, 679
protonated, 741

Mixed acid, 636
Mixed anhydrides
as acylating agents, 610
CF3SO3NO2, nitration with, 638
MeSO2OTf, sulfonylation with, 635

Mixed oxides, 63, 69
modified with Lewis acids, 69

Mixed sulfates, 69
Mixed sulfoxides, 635
[Mo(CO)6(FSbF5)]

þSb2F11
� salt, 457

[{Mo(CO)4}2(cis-m-F2SbF4)3
þ]x(Sb2F11

�)x
salt, X-ray studies, 456

Molecular hydrogen
H–D exchange of, 505
reduction of carbenium ion with, 505

Monoalkylbenzenes, disproportionation of,
586, 587

b-Monocyclofarnesol and acetates, cyclo-
rearrangement of, 710

b-Monocyclonerolidol and acetates, cyclo-
rearrangement of, 710

Monodeuteromethane, H–D exchange of, 505
Monofluorosulfonium hexafluoroantimo-

nate, 333
Mosher’s acid analogs, preparation of, 582
MRCI studies, 465

NaBH4–triflic acid
ionic hydrogenation with, 733
methanation with, 733

NaBr–HF–SbF5, bromination with, 656
Nafion beads, 551, 577, 615, 744
Nafion-H, 66, 755
in acylation of aromatics, 614
in alkylation of
alkanes, 551
aromatics, 558, 563, 564, 565, 574–577,

585
in azidobromination, 742
in benzylation, 560, 561
in carbohydrate chemistry, 703, 704
in carbonylation, 619, 620
in cationic polymerization, 745
in chlorination, 648
in condensation, 755
in cyclialkylation, 607
in cyclization, 724
in deacetylation, 616
deactivation of, 551, 565
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Nafion-H (Continued)
in decarboxylation, 616
in deformylation, 616, 617
in dehydration, 681, 698–700
in Diels–Alder reaction, 735, 736
in disproportionation, 586–589
embedded in MCM-41, 67
in Fries rearrangement, 618
in isomerization, 558, 586
in methylenation, 755
in nitration, 643
in oxygenation, 673, 674
in polyalkylation, 558
in protection group chemistry, 677–680
in rearrangement, 589
in ring opening, 696–698
in Ritter reaction, 743
in sulfonylation, 634
in synthesis of heterocycles, 694, 695
in transalkylation of aromatics, 587, 588

Nafion-H–HNO3, nitration with, 643
Nafion-H–(HNO3)Hg

2þ nitrate, nitration
with, 643

Nafion-H–SiO2, in adamantylation, 577
Nafion-MCM-41
in alkylation, 566
in dimerization, 754

Nafion membrane, 66, 634, 643, 672, 673,
754

Nafion NR50
in acylation of aromatics, 615
in alkylation, 585
in Biginelli reaction, 694
in carbonylation, 619, 620, 626
in dehydration, 700
in dimerization, 754
in oxygenation, 673, 674
in phenol–dienone rearrangement, 722
in Ritter reaction, 744

Nafion resins
in esterification and ester cleavage,

734
in oxygenation, 672–674

Nafion SAC, 68
Nafion SAC-13
in acylation of aromatics, 615
in alkylation of
alkanes, 552
aromatics, 566, 585

in carbohydrate chemistry, 704
deactivation of, 552, 615
in dehydration, 700
in dimerization, 754
in esterification, 734
in oxygenation, 673, 674
in protection group chemistry, 678, 679
in ring opening, 696
in Ritter reaction, 744
in synthesis of heterocycles, 695

Nafion SAC-25
in acylation of aromatics, 615
in alkylation of alkanes, 552

Nafion SAC-40, 673, 684
Nafion SAC-80, 682
Nafion SAC catalysts, with Pt and Pd, in

hydroxylation, 674
10%Nafion–silica, in alkylation of aromatics,

576
13%Nafion–silica, in alkylation of aromatics,

576, 577
Nafion–silica nanocomposites, 67
in acylation of aromatics, 614, 615
in alkylation of
alkanes, 551, 552
aromatics, 558, 559, 566, 576, 577

deactivation of, 551
in dimerization, 754
in esterification, 734
in Fries rearrangement, 618
in phenol–dienone rearrangement, 724
in synthesis of heterocycles, 682, 684

Nafion–SiO2, in alkylation, 551, 577
NaN3, as aminating agent, 659
Naphthacenyl cation, X-ray studies, 145
Naphthalene(s)
acylation of, 610, 618
alkylation of, 562, 566, 568, 576, 593
cyclialkylation of, 595
diprotonated, 154
hydroxylation of, 664
protonated, 664, 665
two-electron oxidation of, 163

Naphthalenium ion, 1H NMR spectrum of,
126

Naphthol(s)
as alkylating agents, 591
alkylation of, 560
C-glycoside formation of, 704
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Naphthol(s) (Continued)
hydroxylation of, 666
ionic hydrogenation of, 729
in Ritter reaction, 743

Naphthoquinone,Diels–Alder reaction of, 736
Natural clay minerals, 69
Natural gas liquids, upgrading of, 529
Natural products
cyclizations of 706
oxygenation of, 666
rearrangements of, 706

Nazarov-type cyclization, 597
NbF5, 44
intercalated into graphite, 74

N5
þ cation, X-ray studies, 389

Neighboring group participation, in
glycosylation, 703

Neopentane
C�C bond cleavage of, by protolysis, 542
C�H bond protolysis, 542
chlorination and isomerization of, 651
ionization of, withC�Cbondbreaking, 504
d12-labeled, H–D exchange of, 505

Neopentyl alcohol, protonated, stability, 316
Nerol, rearrangement of, 708
Neutron diffraction, 311, 312, 329, 439
NF4

þAsF6
� and PPHF, fluorination with,

649, 650
N2F

þAsF6
� and PPHF, fluorination with,

649, 650
NF4

þBF4
� salt, X-ray studies, 394

NF2O
þ cation, 448

NF4
þSbF6

� and PPHF, fluorination with,
649, 650

Ninhydrin, alkylation with, 583
Nitration, 636
ipso-Nitration, 639
Nitrenium ions, 415
mesomeric structures of, 417

Nitric acid, nitration with, 638
Nitriles, in Ritter reaction, 685, 686, 705, 742,

743
Nitrilium ions, X-ray studies, 202
Nitrito onium ion, 393
S-Nitritiosulfonium ions, 345, 392
Nitroalkenes
alkylation of benzene derivatives with,

556
to form benzoxazines, 690, 691

9-Nitroanthracene, transnitration with, 643
Nitrobenzene, alkylation of, 581
a-Nitrocarbonyl compounds, as alkylating

agents, 556
Nitrogen, protonated (deuterated), gas-phase

studies, 383
Nitrogen heterocycles, synthesis of, 685
Nitrolysis, 642, 643
oxidative, 645

Nitronium ion, 390
insertion into aliphatic s-bonds, 636, 637,

642
as nitrating agent, 392
protonated, 391, 392

Nitronium salts, 390
ambident reactivity of, 345, 392, 640
as initiators, in cationic polymerization, 744
as nitrating agents, 636
oxidative cleavage with, 641, 642
as oxidizing agents, 640, 641
preparation of, 636

N-Nitropyridinium salts, as transfer nitrating
agents, 640

Nitrosonium ion, 392
halogen abstraction with, 645
hydride abstraction with, 393, 644
insertion into Cr�C bond, 646
as nitrating agent, 645
as nitrosating agent, 392
oxidative cleavage with, 645
as oxidizing agent, 645
protonated, 393
reactions induce by, 643, 644

Nitrosonium salts, 393
generating carbocations by, 111
X-ray studies, 393

S-Nitrosulfonium ions, 345, 392
NMR spectroscopy, 24, 28
chemical shift
for acidity measurement, 15, 16,

18, 27
for hydrogen-bridged cations, 251, 252
to study degenerate rearrangements, 89

dynamic, for exchange rate measurement,
18

rate exchange, for acidity measurement, 14
to study carbocations, 88

N3NFO
þSbF6

� salt, calculated structure of,
449
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15N NMR spectroscopy, 196–198, 201, 202,
383, 385–389, 391–393, 416, 417,
449, 638, 659

Na–Nb rearrangement, 383, 386
N2O, O-methylation of, 389
NOþBF4

�/PPHF
desulfurative fluorination with, 646, 647
fluorination with, 393, 646

NOþBF4
� salt, 358, 360, 378, 383, 389, 393,

644
fluorination with, 393, 646, 647
as nitrating agent, 393
two-electron oxidation with, 358–360

NO2
þBF4

� salt, 391
fluorination with, 647
nitration with, 636, 638–642

Noble gases, cations of, 460
NO2Cl–3MXn, as aprotic nitrating agent, 639
NO2

þHSO4
� salt, X-ray studies, 390

NOþ ion, see Nitrosonium ion
NO2

þ ion, see Nitronium ion
Nonclassical ion(s), 85, 86, 87, 206, 229, 238,

239, 241, 242, 246 271
controversy, 132, 229

Nonclassical ion controversy, 229
NO2

þNO3
þ, 391

NOþPF6
� salt, 347, 359, 360, 644

as nitrating agent, 636, 637
NOþSbCl6

� salt, 385, 644
NOþSbF6

� salt, as nitrating agent, 636
7-Norbornadienyl cation, 260
Norbornane
cleavage of, 542
reaction with NO2

þ salts, 642
7-Norbornenyl cation, 260, 261
2-Norborneols, in Ritter reaction, 743
1-Norbornyl cation, 119
2-Norbornyl cation, 119, 228, 240, 642
additivity of chemical shift analysis for,

233
calculations, 238, 239
s-delocalized nonclassical structure of,

238
equilibrating classical trivalent ions, 229
13C NMR spectra of, 232
ESCA spectroscopy of, 235, 236
exceptional stability of, 238
extra stabilization of, 238
Gassman–Fentiman tool, 235

1H NMR spectra of, 231
isotopic perturbation of, 234
line-shape analysis of, 229
NMR, temperature dependence of, 230–233
solid-state NMR of, 233, 234
stability of, 237, 238
studies by cryogenic matrix isolation, 233,

238
symmetrically bridged nonclassical

structure of, 229, 239
unsymmetrically bridged ions, 231

7-Norbornyl cation, 224, 239
nonclassical structure of, 240
studies by cryogenic matrix isolation, 240

Norpseudoephedrine derivative, in addition,
740, 741

A-Norsteroids, phenol–dienone
rearrangement of, 723

Nortricyclylmethyl cation, 244, 245
NS2

þSbCl6
� salt, X-ray studies, 447

Nuclear decay, 224
Nuclear quadrupole resonance, 428

O2
þAsF6

� salt, as oxidizing agent, 439
O2

þBF4
� salt, 438

O2
þ cation, 438

OCNCOþSb3F16
� salt, X-ray studies, 383

Octamethylnorbornadienediyl dication, 265
Octane, composition of, in alkylations, 547
1,8-Octanediol, condensation–

polymerization of, 745
Octane number(s), 502, 524, 525, 551
Octanoic acid, as acylating agent, 615
OHþ ion, incipient, in electrophilic

oxygenation, 661, 666
Oil sand bitumens, hydrocracking of, 543
18O labeling, 740
Olefins, see Alkenes
Oleum(s), 442
acidity function values for, 48
in generating
acyl cations, 190
arylmethyl cations, 141

vapor pressure of, 48
Oleums–polysulfuric acids, 47
Oligocondensation, 543
of alkanes, 208, 553, 744
of alkenes, 744
oxidative, 670, 671
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Oligomerization, of alkenes, 745
Oligosaccharides
convergent total synthesis of, 701
synthesis of, 703

One-electron oxidation, 129, 408, 411, 412,
414, 429, 530, 753

Onium ions, 311
of group 15 elements, 381

ON(Me)CF3
þ ion, 450

17O NMR spectroscopy, 172, 190, 312, 314,
325, 329, 343, 392, 393, 661

O2
þPtF6

� salt, 438, 439
X-ray studies, 439

O2
þRuF6

� salt, X-ray studies, 439
O2

þ salts, for collecting 222Rn
O2

þSbF6
� salt, 439

O2
þSb2F11

� salt
decomposition of, 439
photochemical synthesis of, 438

[Os(CO)6]
þBF4

� salt, X-ray studies, 456
[Os(CO)6]

2þ(Sb2F11
�)2 salt, 455, 457

X-ray studies, 455
[OsO2(CO)4]

þSb2F11
� salt, 455

OsO3F
þAsF6

� salt, X-ray studies, 457,
458

OsO3F
þ(HF)BF4

� salt, X-ray studies, 458
OsO3F

þ(HF)SbF6
� salt, X-ray studies,

458
OsO3F

þSbF6
� salt, X-ray studies, 457, 458

OsO3F
þSb3F16

� salt, X-ray studies, 458
1-Oxa-3-azabutatrienium chloroantimonate,

X-ray studies, 382
Oxacycloalkanes
preparation of, 680
ring-opening polymerization of, 746

Oxalic acid, protonated, X-ray studies, 175
Oxanorbornadiene, ring opening of, 697
Oxazolines
as alkylating agents, 592, 593
optically active, synthesis of, 692, 693

½OXeFnðOTeF5Þ3�n�þ cation, 463
Oxenium ions, 424
O2XeOTeF5

þ cation, 463
Oxetane(s)
cyclization of, 693
isomerization–polymerization of, 748
as protonated intermediate, 684, 685

Oxidation, of hydrocarbons, 503
Oxidation dications, 162–164

Oxidative pathway, in alkane ionization, 511,
516

Oxime intermediates
diprotonated, ring closure of, 691
protonated, 556, 645

Oximes, oxidative cleavage of, 641, 645
Oximinoorthodithiolactones, formed in

cyclialkylation, 603
Oxindoles, Diels–Alder reaction of, 736
Oxirane cation, O-methylated, calculated

structures of, 326
Oxiranes
alkylation with, 563, 564
protonation and cleavage of, 321, 322
calculations, 321

ring opening of, 696
Oxocarbenium ions, 506
Oxocarbon compounds, protonation of, 173,

174
4-Oxo-1,3-dioxolane-2-ylium ion, 185, 186
4-Oxo-1,3-dioxane-2-ylium ion, 185, 186
Oxo–ene reaction, 683
1-Oxoniaadamantane, X-ray studies, 327
2-Oxonia Cope rearrangement, 725
Oxonium dication, H4O

2þ

calculated structure of, 313
role in H–D exchange, 313

Oxonium ion intermediate
in ring opening, 697
in ring-opening polymerization, 747
in terpene rearrangement, 708

Oxonium ions, 172, 311
aurated, 328
ozonium ion, 330
peroxonium ions, 329
primary, 313
secondary, 319
tertiary, 322

Oxonium ion salts, 84
Oxyfunctionalization, 660
Oxygen atom migration, 684, 685
Oxygenation
of alkanes, 661
of aromatics, 663
of natural products, 666
of perfluorinated cyclic compounds, 727

Oxygen heterocycles, ring opening of, 696
Oxygen insertion, into s-bond, in

oxygenation with ozone 669, 670
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Ozone
canonical structures of, 330, 331, 667
oxygenation with, 667
protonated, 661, 669–671

Ozonium ion, 330
as electrophilic oxygenating agent, 185,

669–671
proton affinity of, 331

Paal–Knorr synthesis, 596
Pagodadiene, two-electron oxidation of, 262,

263
Pagodane, two-electron oxidation of, 262,

263
Pagodane dications, 263, 265
X-ray studies, 263

Panasinsane, rearrangement of, 716
Parabanic acid, alkylation with, 583
Paraffin wax, cleavage to form
tert-butyl cation, 49, 504
lower-molecular-weight components, 539

207Pb NMR chemical shift, 414, 415
PCl4

þSbF6
� salt, X-ray studies, 394

[Pd(CO)4]
2þ(Sb2F11

�)2 salt, X-ray studies,
455

[Pd(MeCN)4]
2þ(SbF6

�)2�MeCN, X-ray
studies, 458

5-Pentacyclo[6.2.1.13,6.02,7.04,10]dodecyl
cation, 252

9-Pentacyclo[4.3.0.02,402,805,7]nonyl cation,
266

Pentacylopropylethyl cation, 228
Pentafluorobenzene
alkylation of, 591
halogenation of, 657

Pentafluorobenzoic acid, aroylationwith, 614
Pentafluorooxotellurate anion, see Teflate

anion
Pentalene, dibenzoannulated, two-electron

oxidation of, 163, 164
Pentamesityltritellurium cation, X-ray

studies, 426
1,2,3,5,7-Pentamethyl-2-adamantyl cation,

257
Pentamethylcyclopentadiene, ionization of,

268
Pentamethylcyclopentadienyl cation, 268
trans-1,2,3,4,5-Pentamethyl-1-

cyclopentenyl allylic cation, 268

Pentamethylenebromonium ion, 377
Pentamethylnitrobenzene, transnitration

with, 643
n-Pentane
hydroisomerization of, 75
ionization of, 504
isomerization of, 524–526, 533
in CnF2nþ1SO3H–SbF5, 529
rate limiting step in, 527
selectivity in, 532

protolytic cleavage of, 530
solubility in HF–SbF5, 524–526

2,4-Pentanediol, diprotonated, rearrangement
of, 316

Pentanes, isomerization equilibria of, 526
1-Pentanol, protonated, stability of, 315
Pentaphenyltelluronium salts, hypervalent,

355
tert-Pentyl cation

13C NMR shifts of, 96
1H NMR spectrum of, 95
computational study of, 108
isotope scrambling in, 102
protonated, 223
X-ray studies, 107

Perchloric acid, 35, 36, 609, 748
Perchloroallyl cation, 169
Perchlorotriphenylmethyl cation, 169, 170
Perfluorinated cyclic compounds
complex transformations of, 727
oxygenation of, 675

Perfluorinated polymer resin acids, 66. See
also Nafion-H

Aciplex, 67
Flemion, 67

Perfluorinated sulfonic acids, anchored to
silica

in acylation of aromatics, 615
deactivation in, 615

in alkylation of aromatics, 559, 560
in esterification, 734
in polymerization, 750

Perfluoroalkanesulfonic acids, 38, 39,
40, 721

and Lewis acids, 54–56, 71
supported on zeolite HY, 576
tethered to silica surface, 67, 68

Perfluoroalkylaryliodonium ions, 367
S-Perfluoroalkylbenzothiophenium ion, 336
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Perfluroalkylcyclopentanols, dehydration of,
699

Perfluoroalkyl-substituted trialkyloxonium
salts, 324

Perfluorobutanesulfonic acid, in acylation,
609

Perfluoroindane
as alkylating agent, 591
oxygenation of, 674, 675

Perhydroacenaphthene, isomerization of, 537
Perhydroindane, isomerization of, 532
Perhydro[2.2]paracyclophane, isomerization

of, 538, 539
7-Perhydropentalenyl cation, 228
Permutit Q, 554
Peroxonium intermediates, 330
Peroxyacetic acid, synthesis of, 674
Peterson silyl-Wittig methylenation, 755
Petroleum fractions, higher boiling,

upgrading of, 543
PF5, 44
in preparation of NO2

þ ion, 636
PF3H

þSbF6
��HF salt, X-ray studies, 394

Ph3C
þBF4

�, hydride abstraction with, 187,
194

Ph3C
þ(C6F5)4B

�

hydride abstraction with, 161, 398, 403,
405, 407, 415

one-electron oxidation with, 408, 412
in silylation, 188, 192, 327, 348

PhCH2–N2O
þ ion, 390

Ph3C
þPF6

�, hydride abstraction with, 420
Ph3C

þTFPB�, hydride abstraction with, 328
Ph3C

þTPFPB�, hydride abstraction with,
268, 272

Ph3C
þTSFPB�, hydride abstraction with,
408

Phenanthrenium ions, 130
Phenetole, rearrangement of, 589
Phenol(s)
acetylation of, 677
acylation of, 677
adamantylation of, para selectivity in, 576
addition of, to alkenes, 738, 739
as alkylating agents, 591
alkylation of, 560, 564
ortho selectivity in, 564

bicyclic, phenol–dienone rearrangement
of, 722

bromination of, meta selectivity in, 655,
656

cyclization of, 720
electrophilic halogenation of, 655
formylation of, 631
hydroxylation of, 665
nitrozation of, 644
protonated, in alkylation of aromatics, 593
protonation of, 317, 655, 656
ring-alkylated, formation of, 589
in Ritter reaction, 743
trialkylsilylation of, 677, 679

Phenol–dienone rearrangements, 722, 728
Phenol ethers
cyclization of, 720
hydroxylation of, 665
protonated, in alkylation of aromatics, 593

Phenolic esters, Fries rearrangement of, 618
Phenolic ethers, phenol–dienone

rearrangement of, 722
Phenoxymethyl cation, 183
Phenylacetyl chloride, as acylating agent, 615
2-Phenyladamant-2-yl cation, X-ray studies

of, 115
Phenylalkanols, cyclization of, 599, 600
3-Phenylallyl alcohols, alkylation with, 561
Phenylamination, 660
Phenylaminodiazonium ion, protosolvated,

660
Phenylazide, phenylamination with, 660
Phenylbis(2,4,6-triisopropylphenyl)Snþ ion,

414
4-Phenylbutanols, cyclization of, 600
Phenyl cation, 139
calculations, 140
IR spectroscopy of, 140
studies by cryogenic matrix isolation, 140

Phenylchloromethyl cations, 169
(Z)-a-Phenyl cinnamic acid, protonated, 611
Phenyl(cyano)iodonium ion, 365
1-Phenylcyclobutyl cation, 116
7-Phenyl-2,3-dimethyl-7-norbornenyl

cation, X-ray studies, 260
2-Phenyl-1,3-dioxane, benzylation with, 579,

580
2-Phenyldodecane, selectivity of, in alkylation,

559
2-Phenylethanols, cyclization and

rearrangement of, 599
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b-Phenylethyl cations, 132, 133
1-Phenylfluoroethyl cation, 167, 168
Phenyl formate, deacylation of, in

hydroxylation, 665
Phenyl group, charge delocalization into,

150, 151
1-Phenyl-1H-indenes, formed in

cyclodehydration, 596
Phenylpropanes, substituted, aromatic

cyclization of, 718, 719
3-Phenylpropanols, rearrangement and

cyclization of, 600
1-Phenyl-2-propen-1-ones, cyclodehydration

of, 597, 598
Phenylpropiolic acid, nitration of, 642
Phenylpropionyl chloride, as acylating agent,

615
Phenylpyruvic acid, alkylation with, 583
Phenylsulfenium cation, calculated structure

of, 426
Phenylsulfides, desulfurative fluorination of,

646, 647
Phloroglucinol, as alkylating agent, 593, 594
Phosphaferrocenes, acylation of, 610, 611
Phosphanyl phosphonium ion, X-ray studies,

420, 421
Phosphenium ions, 417
cyclic, X-ray studies, 418, 419, 420
with donor ligands, 419, 420
ferrocenyl-stabilized, 419
with homoatomic P!P coordination, 421
iminium ion character of, 418
31P NMR chemical shift of, 418, 419, 422
role of dialkylamino groups, 417

Phosphines, tertiary, oxidation of, 641, 642
Phosphirenylium ions, 422, 423
Phosphites, as glycosyl donors, 702
{[(Ph3P)Au]2Br}

þBF4
� salt, X-ray studies,

459
[(Ph3PAu)2(tert-Bu)S]

þ BF4
� salt, X-ray

studies, 349
[(Ph3PAu)5C]

þBF4
� salt, X-ray studies, 211

[(Ph3PAu)6C]
2þ complex, X-ray studies, 213

{[(Ph3P)Au]2Cl}
þClO4

� salt, X-ray studies,
459

(Ph3PAu)3S
þBF4

� salt, X-ray studies, 348,
349

[(Ph3PAu)4Se]
2þ(TfO�)2 salt, X-ray studies,

357

[(Ph3PAu)3Se]
þPF6

� salt, X-ray studies, 357
(Ph3PAu)3S

þPF6
� salt, X-ray studies, 348,

349
[(Ph3PAu)4S]

2þ(TfO�)2 salt, X-ray studies,
349, 350

[(Ph3PAu)4Te]
2þ dication, 357

[(Ph3PAu)3Te]
þPF6

� salt, X-ray studies, 357
Ph2(PMe3)Sb

þPF6
� salt, 424

pH scale, 3
Phosphorus compounds, protonation of,

395
Ph2Se6

þAsF6
��SO2 salt, X-ray studies, 355

PH4
þTaF6

� salt, 395
Pictet–Spengler cyclization, 604
Pinacolone rearrangement, 316, 698
b-Pinene, protonation of, 707, 708
Piperidinols, stereoselective ring closing of,

604, 605
Piperidinones, alkylation with, 581
3-Piperidin-1-yl-propionaldehyde, dioxolane

of, 580
Pivalaldehyde, isomerization of, 725
Pivalic acid, 518
Pivaloyl cation, 110
Plumbanorbornyl cation, 414
Plumbylium cations, bisalkene complexes,

414, 415
31P NMR, 418, 419, 422, 458
Polyalkylbenzenes, disproportionation of,

587
Poly(arylenesulfonium) salts, 336
Polyatomic cations, 426
of group 16 elements, 438

Polycations, 147
Polychloromethane–SbF5, chlorination with,

656
Polycondensation, 553, 744, 746
Polycyclic aromatics, synthesis of, by

cyclodehydration, 607
Polycyclics, reductive isomerization of, 733
Polyene cyclizations, 709
Polyenylic cations, 125
Polyethylene, to form
tert-butyl cation, 504
C3–C6 alkanes, 547

Poly(ethyleneimine)/HF complex, in
alkylation, 551

Polyfluoronitrobenzenes, nitration of, 637,
638
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Polyhalomethane–nAlX3, halogenation with,
651

Polyheteroatom cations, 445, 447, 448
Polyisoprene, cyclization of, 716
Polylactides, 746
Polymeric resin sulfonic acids, 65
complexed with Lewis acids, 65

Polymerization, 744
Polymethylacetophenones, in transacylation,

615, 616
Polymethylene oligomer, 553
Polyols, transfer nitration of, 640
Polysaccharides, cleavage of glycosidic

linkages in, 705, 706
Polyselenium cations, 441
Polystyrene nanospheres, functionalization

of, 660, 675
Polystyrenes, sulfonated, 554
Polysulfur cations, 439
Polytellurium cations, 444
Polytopal rearrangement, 208
Polytrityl cations, 152
Poly(4-vinylpyridinium)/HF complex

(PVPHF), 41
in alkylation, 551

Positional selectivity (ortho/para ratio), in
competitive

acylation, 609
alkylation, 560, 565, 571, 572, 574
electrophilic oxygenation, 675
formylation, 629
nitration, 638
phenylamination, 660

Potassium nitrate, nitration with, 638
Potentiometry, 25
Pourbaix’s type diagram, 522
Pregnan-3,20-diones, isomerization of, 717,

718
Prins reaction, 683, 693
Propane
as alkylating agent, 591
alkylation of, by carbocations, 545, 546,

548, 549
bromination of, 651
carbonylation of, 621–624
protolytic cleavage in, 622, 623
selectivity in, 623, 624

C6 isomer distribution, in alkylation of, 545
13C labeled, 511

as cracking product, 540, 541
H–D exchange in, 514, 515
hydroxylation of, 663
ionization of, 511
monochlorination of, 651
oligocondensation of, 553
oxygenation of, 673
protonation of, 218, 219

Propane-1,3-diol, 579, 607, 678
1,2-Propanediol, diprotonated,

rearrangement of, 316
Propanol, see n-Propyl alcohol
1-Propargylbenzotriazole, as alkylating

agent, 594
Propargyl cations, 134, 135
Propargyl complexes, cationic dicobalt, 204
Propene
alkylation of adamantane with, 548
in cracking, 540, 541

Propionaldehyde, protonated, 316
Propiophenone, multicomponent reaction of,

755
Proponium ions, 218
n-Propyl alcohol
alkylation with, 563
protonated, reactivity of, 315
proton-bound dimer of, 314, 315

Propylation, of benzene, 554, 557
n-Propyl cation, 101
Propylene, alkylation with, 554, 557, 566
Propylenebromonium ion, 373
Propyleneiodonium ion, 373, 374
Propynones, disubstituted, as alkenylating

agents, 594
Protection group chemistry, 676
Protiomethonium dication, see CH6

2þ

dication
Protium–deuterium exchange
of isoalkanes, on solid acids, 517
of methane, 506

Protoadamantyl cation(s), 245, 257, 258
Protoformyl dication, calculate structure, 188
Protolysis
of C�C bonds, 503
of C�H bonds, 503, 623, 624

Protolytic cleavage
of C�H bond, 510
of pentane and hexane, 530

Proton, generation in oxidative pathway, 516
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Protonated alkyl halide, in isopropylation of
aromatics, 574

Protonated intermediates
in cyclialkylation, 600, 601
in oxidative nitrolysis, 645
in ring closure, 726

Protonation
of alkanes, in electrochemical oxidation,

520, 522
of s-bond, 542
of C�C bonds, 503
of C�H bonds, 503
reversible, 503, 510, 511, 513, 516

ipso-Protonation, 131, 579, 750
Proton exchange, 101, 197, 313, 314,

329, 516
Protonitronium dication, 391
calculations, 391, 392
gas-phase studies, 392
in nitration, 637
17O NMR spectrum of, 392

Protonitrosonium dication, 393
17O NMR spectrum of, 393

Proton shielding, in Se and Te ions, 351
Proton transfer, 685, 748, 749
Protosolvation, 327, 391, 501, 623, 637, 638,

660, 725
Pseudoionone, cyclization of, 721
[Pt(CO)4]

2þ(Sb2F11
�)2 salt, X-ray studies,

455
[Pt(MeCN)4]

2þ(SbF6
�)2�MeCN, X-ray

studies, 458
Pyramidal
cations, 267, 269
intermediate, 224

Pyramidalization, 115, 118, 134
Pyrazolecarboxaldehydes, alkylation with,

581
Pyrenium cations, 130
Pyridine, absorbed, IR spectroscopy of, 68,

69, 533
Pyridinecarboxaldehydes, alkylation with,

581
Pyridinium poly(hydrogen fluoride) (PPHF),

41
in alkylation, 551
in nitration, 640
in oligosaccharide synthesis, 704

Pyrroles, N-substituted, acylation of, 610

Pyrrolinones, aryl-tethered, cyclizationof, 606
Pyrylium salts, 181

Quantum mechanical calculations, 93
4-(3H)-Quinazolines, synthesis of, 694, 695
Quinidine, cyclization of, 689
Quinidine dihydrochloride, difluorination of,

653
Quinidinone, monofluorination of, 652
Quinine
cyclization of, 689, 690
polyprotonated, 689, 690

Quinine acetate
difluorination of, 653, 654
oxygenation of, 666

Quinoline
as alkylating agent, 592
ionic hydrogenation of, 731

Quinuclidone, alkylation with, 581

Radiolysis, 224
Raffinate II, alkylation of, 552
Raman spectroscopy, 25, 28, 92
data for carbocations, 104–106
in studying
halogen cations, 428, 432, 434–438
N3NFO

þ ion, 449
Te4

2þ dication, 444
[RC�NKrF]þAsF6

� salt, 465
[RC�NXeF]þAsF6

� salt, 464
RCOþAl2X7

�, in alkylation–acylation, 617,
618

RCOX–2AlBr3, in oxidative coupling of
C5–C6 cycloalkanes, 553

(R5C5)Si
þ salts, X-ray studies, 409

Rearrangement(s)
in alkylation of aromatics, 561, 562
anionotropic, 337, 338
of 9-barbaralyl cations, 253–255
bridge flipping, 260
of sec-butyl cation, 225, 226
of carbocations, 101, 116, 118, 315, 511,

523, 531, 699
of C5H9

þ ions, 224
of C10 hydrocarbons, 535, 536
circumambulatory, 150
Cope, 725
degenerate, 116, 244, 256, 257
of dications, 154
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Rearrangement(s) (Continued)
and formylation, 631, 632
Fries, 618
of natural products, 706
Na–Nb, 383, 386
of perfluorinated cyclic compounds, 727
phenol–dienone, 722, 728
of phenolic ethers, 589, 599, 600
of phenylalkanols, 599, 600
pinacolone, 306, 698
polytopal, 208
of protonated diols, 316, 317
of resin acids, 717, 718
of ring halonium ions, 366, 377
Schmidt, 751
skeletal, 511, 523, 531
of terpenes, 708, 710, 715, 716

Redox couples, standard potential of, 523
Re2O4F5

þ cation, X-ray studies, 457
[ReO2F2(MeCN)2]

þSbF6
� salt, 458

Repulsive interactions, charge–charge, 501
Resin acids, rearrangement of, 717, 718
[Rh(CO)4]

þ1-Et-CB11F11
� salt, 456

X-ray studies, 455
fac-Rh(CO)3(FSO3)3 complex, 454
[Rh(CO)4]

þ salts, 456
Rhodizonic acid, tetraprotonated, 174
Ring closure
of dihydroxy compounds, 681
of enol ethers, 682

Ring contraction, in esterification, 734
Ring opening
of cycloalkanes, 542
of oxygen heterocycles, 696–698

Ritter products, 685, 686
Ritter reaction, 644, 705, 743, 753
Ritter-type reaction, 742
222Rn in uranium mines, collecting of, 439
Rotational barrier, 124, 137, 138, 142, 204
Rotaxanes, synthesis of, 735
(R3PAu)3S

þBF3
� salts, X-ray studies, 349

{[(R3P)Au]2X}
þBF4

� salts, 459
[Ru(CO)6]

þBF4
� salt, X-ray studies, 456

[Ru(CO)6]
2þ(Sb2F11

�)2 salt, X-ray studies, 455
R2XS

þ ions, 341

S4
2þ(AsF6

�)2 salt, X-ray studies, 440
S8

2þ(AsF6
�)2 salt, X-ray studies, 440

S16
2þ(AsF6

�)2 salt, 441

S19
2þ(AsF6

�)2 salt, X-ray studies, 441
Sabine, protonation of, 707, 708
Saturated hydrocarbons, see also Alkanes
conversion of, 501
hydrogen abstraction from, 110
monohalogenation of, 651

[{S(Au2dppf)}2{Au(C6F5)2}]
þTfO�salt,X-ray

studies, 349
SbCl5, 382, 447, 449
in generating
carbosulfonium ion, 194
a-p-complexed organometallic cation,

205
cyclic carboxonium ions, 185, 186

SbCl4
þSb2F11

� salt, X-ray studies, 394
SbF5, 42, 95, 439, 442, 444, 451, 727
in benzylation, 561
concentration effect of, 510–515, 525, 526,

528, 629, 634
dehalogenation with, 187
fluorinated, 74
in generating
acylium ions, 191
alkylcarbenium hexafluoroantimonates,

589
alkyl cations, 94, 95, 109, 110, 112, 114,

116, 120, 121
allyl cations, 124
arylmethyl cations, 141, 146
bridgehead cations, 117, 119
cage dications, 262, 263
chlorocarbonyl cation, 189
cubyldiacylium ion, 191
dications, 149, 157
enium ions, 416
halocarbonyl cations, 189
halogen cations, 428, 429, 430, 434
halonium ions, 363, 365, 366, 372–378
homoaromaticcations,261,263,265,267
metal carbonyl cations, 457
methoxyhalo-carbenium ions, 184
2-norbornyl cation, 229–232
onium ions, 330, 341, 343, 344
pagodane dication, 263
polyatomic cations, 439
pyramidal dications, 270, 271
silylbicyclobutonium ions, 244
thiouronium dication, 197
triaxane cations, 245, 246

INDEX 839



SbF5 (Continued)
intercalated into
Al2O3, 74
graphite, 73, 74

leaching of, 74, 533, 535, 558
in oxygenation, 674
polymeric structure of, 43
in preparation of NO2

þ ion, 636
reduction of, 513, 535
superelectrophilic species, detected in, 727
treatment of SiO2–Al2O3 with, 70
two-electron oxidation with, 161, 163, 164

SbF5–Al2O3, in isomerization of alkanes, 534
SbF5–graphite intercalate, 73
in chlorination, 648
in cracking of alkanes, 539
in ethylation of benzene, 557
in ethylation of 13CH4, 549, 550
in isomerization of alkanes, 531, 532
selectivity in, 532

in oxidative carboxylation, 620
rapid deactivation of, 74, 532
SbF5, retained in, 535
in skeletal rearrangement, 531
in transethylation of aromatics, 587, 588

SbF5–SiO2, in isomerization of alkanes,
534

SbF5–SiO2–Al2O3, in isomerization of
alkanes, 533, 534

SbF5–SiO2–TiO2, in isomerization of
alkanes, 533

SbF5–TiO2, in isomerization of alkanes, 534
SbF5–TiO2–SiO2, in isomerization of

alkanes, 534
SbF5–TiO2–ZrO2, in isomerization of

alkanes, 534
SbH4

þSbF6
� salt, 395

S7Br
þSbF6

� salt, X-ray studies, 453
SbX4

þ[Sb(OTeF5)6]
� salt, X-ray studies,

394
S5

þ cation, 440
Schmidt reaction, 688
Schmidt rearrangement, 751
b-Scission, 539–542
S3Cl3

þAsF6
� salt, X-ray studies, 451

S4
2þ dication, 439

S6
2þ dication, blue color, 440

S8
2þ dication, 439

S16
2þ dication, 439, 441

S19
2þ dication, 439

Se4
2þ(AlCl4

�)2 salt, X-ray studies, 442, 443
Se8(AlCl4)2 salt, X-ray studies, 443
Se10

2þ(AlCl4
�)2 salt, 443

Se8
2þ(AsF6

�)2 salt, 446
Se10

2þ(AsF6
�)2 salt, 443

Se3Br3
þ cation, X-ray studies, 451

Se4
2þ cation, 441, 442

SeCl3
þAsF6

� salt, 356
Se3Cl3

þAsF6
� salt, X-ray studies, 451

Secondary oxidation products, 668
Se8

2þ dication, 441–443, 446
Se10

2þ dication, 443
Se17

2þ dication, X-ray studies, 443
Se18

2þ dication, 443
SeF3

þ salts, 356
Se10

2þ(FSO3
�)2 salt, 443

Se4(HS2O7)2 salt, X-ray studies, 442
SeI3

þAsF6
� salt, FT–Raman spectrumof, 357

Se6I2
2þ(AsF6

�)2 salt, X-ray studies, 452
Se2I4

2þ dication, X-ray studies, 451
(Se6I

þ)n�n(AsF6�) salt, X-ray studies, 452
(Se6I

þ)n�n(SbF6�) salt, X-ray studies, 452
endo Selectivities, in Diels–Alder reaction,

736
Selenides, disubstituted, oxidation of, 641
Selenonium ions, 350
Self-alkenylation, 594
Self-condensation, 544
77Se NMR chemical shifts, 350–353, 357,

359, 426, 443, 451, 452
Se17

2þ(NbCl6
�)2 salt, 443

Se3N2
2þ dication, 448

Se10
2þ(SbF6

�)2 salt, X-ray studies, 443
Se4

2þ(Sb2F4
2þ)(Sb2F5

þ)(SbF6
�)5 salt, X-ray

studies, 442, 443
SeS2N2

2þ dication, 448
Se2SN2

2þ dication, 448
Se4S2N4

2þMF6, X-ray studies, 447
Se17

2þ(TaBr6
�)2 salt, 443

SF5
3þ ion, calculated structure of, 340

S4
2þ(FSO3

�)2 salt, 440
SF4�SO3 system, 356, 357
S2I4

2þ(AsF6
�)2 salt, X-ray studies, 451

Si cations, divalent, 409, 410
S2I4

2þ dication, 451
Sigma-basicity, 503
SiH5

þ ion, calculations, 410
S5

þ� ion, 440
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7-Silabenzonorbornadien-7-ylium cation,
407

Silabicyclo[3.1.0]hexenyl ion, 272
Silanorbornyl cations, 407
Silatropylium ions, 404
Silica
aminopropylated, 71
loaded with perfluoroalkanesulfonic acids,

67, 68, 71, 72
Silicenium ions, 401
with bridging hydrogen, 405, 406
X-ray studies, 406

with donor ligands, 410
29Si NMR chemical shifts of, 401, 404–409

Siliconium ions, 410, 411
b-Silyl effect, 111, 137–139, 192
Silyloxonium ions, 318, 327
2-Silyloxybutadienes, in forming Mannich-

type products, 752
SiO2, oxygenation with, 674, 727
SiO2–Al2O3, treated
with Magic Acid, 69
with SbF5, 70

S2I4
2þ(SbF6

�)2 salt, X-ray studies, 451
S7I

þSbF6
� salt, X-ray studies, 453

Skeletal rearrangement, 511
of alkanes, 531
of carbenium ion, 523
in ionic hydrogenation, 732
of protonated propane, 511

S4N4
2þ(AlCl4

�)2 salt, X-ray studies, 448
S3N2

þAsF6
� salt, X-ray studies, 447

S3N2
þ cation, X-ray studies, 447

S4N3
þ cation, 447

X-ray studies, 448
S5N5

þ cation, 447
S3N2

2þ dication, 447
X-ray studies, 448

S4N4
2þ dication, 447

S6N4
2þ dication, X-ray studies, 447

S4N4
2þ(FSO3

�)2 salt, X-ray studies, 448
(S3N2)2N

þAsF6
� salt, X-ray studies, 448

S4N4
2þ(SbCl6

�)2 salt, X-ray studies, 448
S5N5

þ(SbCl6
�) salt, X-ray studies, 448

SO3, sulfonation with, 633, 634
SO3–dimethylformamide complex,

amino-sulfonation with, 739
Sodium nitrite/PPHF, oxidative nitrolysis

with, 645

Sodium perborate, as oxygenating agent, 675
Sodium percarbonate, as oxygenating agent,

676
S2O6F2, 428–431, 439, 441, 442, 444
Solid acids, 502, 517
acid strength of, 9, 27–29
D2O-exchanged, 517, 518
with enhanced acidity, 68, 69
hydrocarbon conversion on, 503

Solid superacids, 63
acidity measurements of, 27–29
types of, 10

Solvent systems, low nucleophilicity, 85, 402
Spirocyclopropane-norbornane cations, 122,

123
Spiroketals, formation of, 704, 705
Spiro[2.5]octadienyl cations, 132, 133
Spiro[2.5]oct-4-yl cation, 113, 114, 120
Spiro[2.2]pentane
corner-protonated, 224
edge-protonated, 224
protonation of, 223, 224

Squaric acid, diprotonated, 174
S4

2þ(Sb2F4
2þ)(Sb2F5

þ)(SbF6
�)5 salt, X-ray

studies, 440
S3.0Se1.0

2þ dication, 447
SnSe

2þ
4�n dications, 446

Stannanorbornyl cation, 414
Stannylium ions, 413

119Sn NMR chemical shift of, 413–415
Steric ortho effect, 591
Steroid dienones, protonated, reduction of,

728
Steroid enones, protonated, reduction of, 728
Stibenium cations, 423, 424
Styrene, oligomerization of, 745
Styrene oxides, isomerization of, 696
Styryl cations, secondary, 142
ipso-Substitution, 131, 579, 616, 617, 639,

656, 750
Substrate selectivity (kT/kB), in competitive
acylation, 609
alkylation, 560, 565, 571, 574
electrophilic oxygenation, 675
nitration, 638
phenylamination, 660

Sulfated zirconia
acidity of, 28, 64
activity of
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Sulfated zirconia (Continued)
in isomerization, 28, 68
in oxidation, 29

D2O-exchanged, 517, 518
preparation of, 68

Sulfides
disubstituted, oxidation of, 641, 642
protonation of, 192, 334

Sulfonamides, addition of, to alkenes, 738,
739

Sulfonation, 629, 633
Sulfonic acid resins, complexed with
AlCl3, 66
Lewis acids, 65

para-(v-Sulfonic-perfluoroalkylated)
polystyrene, 721. See also FPS and
FPSS

Sulfonium ions, 331
aurated, 348
mixed-valence, 349

cage, 338
Sulfonium salts, monoalkyl, 333
Sulfonylation, 633
Sulfoxides
diaryl-substituted, protonated,

calculations, 343
O-methylation of, 344
reaction with NO2

þ, 345
Sulfuranyl dication, X-ray studies, 339
Sulfuric acid
dissolving elemental selenium in, 441
in hydroaminaton, 685
in Koch–Haaf reaction, 619
in preparing
HB(HSO4)4, 47
sulfated metal oxides, 68, 69

protonated ethers, cleavage in, 319, 320
sulfonation with, 633

Superacidity scales, calculated, 22
Superacids
binary, 10, 47
Brønsted, 35
in carbohydrate chemistry, 700
conjugate Brønsted–Lewis, 10, 47
definition of, 6, 7, 24
in heterocyclic chemistry, 680
immobilized, 71
primary, 10, 35
in protection group chemistry, 676

ternary, 10, 62
types of, 9

Superelectrophiles, 83, 501
Superelectrophilic activation, 501, 582
Superelectrophilic dications, 193, 194, 687,

698
in alkylation, 555, 559, 581, 582
in formation of benzoxazines, 692
in ionic hydrogenation, 729, 730, 733

Superelectrophilic metal cations, 455
Superelectrophilic species, 657, 725
Superelectrophilic trications, 555, 556, 603,

722, 729

TaF5, 44, 430
in ethylation of 13CH4, 549
intercalated into graphite, 74

TaF5–Al2O3, in ethylation of
13CH4, 549, 550

Tailbiting mechanism, in ring-opening
polymerization, 747, 748

Tandem ring opening/ring closing, 685
Tc2O2F9

þ cation, X-ray studies, 457
99Tc NMR, 457
Te4

2þ(AlCl4
�)2 salt, X-ray studies, 444

Te4
2þ(Al2Cl7

�)2 salt, X-ray studies, 444
Te6(AsF6)4–2 AsF3, X-ray studies, 445
Te4

2þ(AsF6
�)2 salt, 444

Te7
2þ(AsF6

�)2 salt, X-ray studies, 445
Te6(AsF6)4–2 SO2, X-ray studies, 445
Ten

nþ cation, 445
Te2n

nþ cation, 444
Te4

4þ cation, 445
Te6

6þ cation, 445
Te8

8þ cation, 445
TeCl3

þAsF6
� salt, 356

Te6
4þ cluster cation, 445

Te4
2þ dication, 444, 446

Teflate anion, 171
TeF3

þNb2F11
� salt, X-ray studies, 356

Te4
2þ(FSO3

�)2 salt, 444
TeI3

þAsF6
��SO2 salt, X-ray studies, 357

Telluranyl dication, X-ray studies, 355
Telluronium ions, 350
Telluronium tetrafluoroborates, X-ray

studies, 354
Temperature programmed desorption, for

acidity measurement, 28, 29
125Te NMR chemical shifts, 353–355, 359,

426
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Terpenes, 706
Terpenoid
acids and esters, selective cyclization of,

711
bicyclic ethers, synthesis of, 709
dienols, cyclization of, 710
phenylsulfones, selective cyclization of,

711
trienols, cyclization of, 710
trienone, cyclization of, 709

Terpenol acetates, selective cyclization of,
711

Terpenols, selective cyclization of,
711

a-Terpineol, protonation of, 707, 708
Te3S3

þ(AsF6
�)2 salt, 446

Te4
2þ(SbF6

�)2 salt, X-ray studies, 444
Te4

2þ(Sb2F11
�)2 salt, 444

Te2Se4
2þ(AsF6

�)2 salt, 446
Te3.7Se6.3

2þ(AsF6
�)2 salt, X-ray studies,

446
Te4.5Se5.5

2þ(AsF6
�)2 salt, 446

Te2Se8(AsF6)2SO2, 446
(Te6

4þ)(Se8
2þ)(AsF6

�)6(SO2), 443
X-ray studies, 445

trans-Te2Se2
2þ dication, 446

Te3Se
2þ dication, 446

Te2Se8
2þ dication, X-ray studies, 446

Te3.0Se1.0
2þ dication, 446

Te2Se4
2þ(SbF6

�)2 salt, 446
Te2.7Se3.3

2þ(SbF6
�)2 salt, 446

Te3.4Se2.6
2þ(SbF6

�)2 salt, 446
Te2Se6

2þ(SbF6
�)2 salt, X-ray studies,

446
Te2Se2

2þ(Sb3F14
�)(SbF6

�) salt, X-ray
studies, 446

Te2Se4
2þ(Sb3F14

�)(SbF6
�) salt, X-ray

studies, 446
(Te2Se6)

2þ(Te2Se8)
2þ(AsF6

�)4(SO2)2, 446
Te4

2þS3O10
2� salt, 444

Tetraanisylethylene 1,2-dication, 155, 156
X-ray studies, 155

9,9,10,10-Tetraaryldihydrophenanthrenes,
oxidation of, 151

Tetraaryl pinacols, to give condensed
aromatics, 698

Tetrabenzo[5.5]fulvalene dication, 157
Tetra-tert-butyltetraarsacubane, protonation

of, 396

Tetra-tert-butyltetraphosphacubane,
protonation of, 396

Tetracation, tetrahedrally arrayed, 151
1,3,5,7-Tetradeuteroadamantane,

formylation of, 631
Tetrafluoroboric acid, see also HBF4 and

HF–BF3
in generating polytrityl cations, 152

1,1,2,2-Tetrafluoroethanesulfonic acid, 40
in acylation, 611
in alkylation of aromatics, 559
supported on silica, 72, 559

Tetrahaloneopentanes, 375
Tetraheliomethane tetracation, He4C

4þ,
calculations, 465

Tetrahydridosulfonium ion, calculations
332

Tetrahydrodicyclopentadiene, see
Trimethylenenorbornane

Tetrahydrofuran
cationic polymerizations of, 745, 747
protonated, 747

Tetrahydrofuryl ions, for acidity
measurement, 21

Tetra(hydrogen sulfato)boric acid–sulfuric
acid, 47

Tetrahydroisoquinoline derivatives, formed
in cyclialkylation, 604

Tetrahydropyrans, stereospecific synthesis of,
682, 683

Tetrahydropyranyl (THP) ethers, 677–679
Tetrahydroquinoline
alkylation of, 593
bromination of, 656
hydroxylation of, 665

Tetrahydroxyphosphonium hexafluoroanti-
monate, X-ray studies, 395

1,1,3,3-Tetrakis(alkylamino)allyl cation,
X-ray studies, 203

Tetrakis(dimethylamino)ethylene dication,
202, 203

Tetralin(s)
formed in cyclialkylation, 595, 600, 607
formylation of, 629
hydride donor, in ionic hydrogenations,

728
Tetralones, formation of, in ionic

hydrogenation, 729
Tetramantyl cations, 119
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1,3,5,7-Tetramethyl-2-adamantyl cation, 257
degenerate rearrangements of, 257
line-shape analysis of, 258
nondegenerate rearrangement of, 258
static s-bridged structure, 257, 258
static protoadamantyl cation, 257

2,2,3,3-Tetramethylbutane
formation of, in direct alkylation, 546
ionization of, with C�C bond breaking,

504
2,20,6,60-Tetramethyl-4,40-di-tert-butyldiphe-

nylmethane, 588
1,2,3,4-Tetramethyl-5,6-dinitrobenzene,

formation of, 639
Tetramethylenebromonium ion, 367
Tetramethylenehalonium ions, 375, 376
Tetramethylethylene halonium ions, 373
Tetramethylfluoronium ion, 373
1,2,4,7-anti-Tetramethyl-2-norbornyl cation,

X-ray studies, 238
Tetramethyloxirane cation, O-methylated,

calculated structures of, 327
2,2,5,5-Tetramethyltetrahydrofuran,

cyclialkylation with, 595, 596
2,2,5,5-Tetramethyltetramethylenechloro-

nium ion, 376
Tetraphenylethylene 1,2-dication, 155
Tetraphosphatricyclodiene, protonation of, 397
Tetrasubstituted ethylenes, two-electron

oxidation of, 155
Te7WOBr5, 445
TFA, see Trifluoroacetic acid
Theoretical calculations, for acidity,

22, 23
Thermodynamic factor, in alkane

isomerization, 527
1-Thia-3-azabutatrienium chloroantimonate,

X-ray studies, 382
Thiane-3,3,5,5-d4, protonation of, 334
Thianthrene, alkylation of, 336
Thiazyl cation, NSþ, 447
Thiethanium ion, 338
Thiethium ion, 338
Thiirane, protonation of, 335
Thiirane-1-oxide, protonation of, 335
Thiiranium ions,
involved in glycosylation, 703, 704
isomerization of, 338
X-ray studies, 337

Thiirenium ions rearrangement of, 338
Thioacetalization, 676, 677
Thioacetals, oxidative cleavage of,

641, 642
Thiobenzoyl cations, 195
Thiocarbenium ions, 194
Thiocarbonate(s)
cyclic, ring-opening polymerization of,

747
protonation of, 192

Thiocarbonic acid, protonated, X-ray studies,
192

Thiocarboxylation, 632
Thiocarboxylic acids, protonation of, 192
Thioesters, protonation of, 192
Thioethers, protonation of, 110
Thioformaldehyde, diprotonated, calculated

structure of, 193, 194
Thioketals, oxidative cleavage of, 645
Thioketones, protonation of, 193
Thiols
protonated, cleavage of, 332, 333
protonation of, 110, 192, 332

Thionitronium ion, NS2
þ, 447

Thionyl chloride, sulfonylation with,
635

Thiophene, alkylation of, 335, 336
Thiophenols, acylation of, 677
Thiosulfonium ions, 347
Thiourea, protonation of, 197, 198
Three-component synthesis, 694, 695
TiO2–SiO2, in isomerization of alkanes,

534
a-Tocopherol, synthesis of, 684
Toluene
acylation of, 611, 618
competitive, 609

adamantylation of, 567, 570–572, 574,
576, 577

para selectivity in, 576, 577
alkylation of, 563, 565, 566, 568–570,

575, 576, 585, 586, 589, 590
competitive, 560, 565, 571, 572, 574
temperature dependence of, 563

cyclialkylation of, 595
formylation of
competitive, 627, 628
regioselective, 630
with high para yield, 630
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Toluene (Continued)
monohydroxylation of, competitive, 675
nitration of, competitive, 638
phenylamination of, competitive, 660
transnitration of, 643

para-Toluyl chloride, as acylating agent, 611
Tool of increasing electron demand, 91.

See also Gassman–Fentiman tool
Transacylation, 615, 616
Transalkylation
of aromatics, 587
of dialkylsulfides
with dialkylhalonium ions, 335
with trialkyloxonium ions, 335

of oxonium ions, 323, 324
Trans-tert-butylation, 587–589, 681
Trans-debenzylation, 588
Transesterification, 734
Transfer hydrogenation, ionic, 731, 732
Transfer nitration, 640
Transnitration, 643
1,2,3-Triacetoxypropane, transesterification

of, 734
Trialkyl(aryl)silanes, fluorination of,

647
Trialkylboron–triflic acid, ionic

hydrogenation with, 733
Trialkyloxonium salts
alkylation with, 327, 382
perfluoroalkyl-substituted, 324
pyramidal structure, 326
syntheses of, 323, 324
X-ray studies, 324

Trialkylselenonium fluorosulfates, 352
O-Trialkylsilylation, 677
Trialkylsilyl ethers
cleavage of, 679
oxidation of, 645
transformation of, into ethers, 680

g-endo-Trialkylsilyl substituent, stabilization
effect of, 244

Triamantane
formation of, 536
ionization of, 119

9-Triamantanol, ionization of, 119
Triamantyl cations, 119
Triangulenium cations, X-ray studies,

144
Triaryl arsines, oxidation of, 642

Triarylmethane–triarylmethylium
naphthalene cations, X-ray studies,
144

Triaryloxonium ions, stability of, 325
Triarylphosphonium salts, in photoinitiated

cationic polymerization, 748
Triaryl stibines, oxidation of, 642
Triarylsulfonium salts, in photoinitiated

cationic polymerization, 748
Triaxane-2-methyl alcohol, ionization of,

245
Triaxane-2-methyl cation, 245
Triazolinium ion, X-ray studies, 416, 417
Tribromomethylation, 591
Tribromomethyl cation, X-ray studies, 171
Tributylstannanes, 369
O-Tributylstannyl ethers, oxidation of, 645
Tricationic intermediates, in cyclialkylation,

603
Trichloromethyl cation, X-ray studies, 171
Tricyclene, protonation of, 707
Tricyclo[4.1.0.01,3]heptyl cation, 224
Tricyclo[3.3.1.02,8]nona-3,6-dien-9-yl

cations, 253
2,6-anti-Tricyclo[5.1.0.03,5]octan-2,6-diyl

dication, 150
Tricyclopropylmethyl cation, 120

1H NMR spectrum of, 121
Triene, Ritter reaction of, 742
Trienol, cyclization of, 737, 738
Triethyloxonium tetrafluoroborates,

alkylation with, 182, 324
Triethylselenonium fluorosulfate, 352
Triethylsilane
in ionic hydrogenation, 728
reductive cleavage with, 680

b-Triethylsilylmethyl tropylium ion, X-ray
studies, 161

para-Triethylsilyltoluenium ion, 128, 402
Triflate esters, in alkylation, 551
Triflatoboric acid, 56. See Triflic acid–

B(OSO2CF3)3
Triflic acid, 36, 38, 39. See also Trifluoro-

methanesulfonic acid and CF3SO3H
in acylation, 608–613
addition of, 741
in additions, 738–741
in alkenylation, 594
in alkylation, 336, 548, 750–752
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Triflic acid (Continued)
in alkylation of aromatics, 554–556,

560–563, 574, 577–584, 592–595
in amination, 660
anchored to aminopropyl silica, 71
in acetylation, 611
in alkylation, 560

in aza-Mannich reaction, 751
in carbohydrate chemistry, 700–706
in cyclialkylation, 595–600, 602–607
in cyclization, 724
in cycloadditions, 736–738
in dehydration, 698
in desulfurization of lignite, 543
in esterification, 734, 735
in formation of sulfoxides, 635
in formylation, 630, 631
in gasoline upgrading, 529
in generating
carbodications, sulfur-stabilized, 194
Cl2CHC70

þ ion, 166
fullerene cations, 165
guanidinium ion, 201
helicenium cation, 131
hydrido-bridged cation, 250
polytrityl cations, 152

in H–D exchange, regioselective, 220
impregnated into ZrO2, 611
in iodination, 657, 658
and iodine, in coal liquefaction, 543
in ionic hydrogenation, 729
in isobutane–isobutylene alkylation, 550
in isomerization, 529, 530, 537–539, 750
in isomerization and transalkylation,

589
in Koch–Haaf reaction, 619
loaded into oxides, 71
in nitration, 638
in oxidative carbonylation, 626, 627
oxidative pathway in, 516
in oxygenation, 675, 676
in phenol–dienone rearrangement, 724
in polymerization, 745–750
preparation of, 38
in protection group chemistry, 676
in rearrangements, 725
in ring opening, 697
in Ritter reaction, 742, 743
superelectrophilic species, detected in, 693

in synthesis of heterocycles, 682–688,
690–694

in transacylation, 616
Triflic acid, silica-supported
in acetylation, 677
in alkylation, 551
in nitration, 638

Triflic acid–BF3, in formylation–
rearrangement, 631

Triflic acid–BiCl3, in sulfonylation, 635
Triflic acid–boron tris(triflate), see Triflic

acid–B(OSO2CF3)3
Triflic acid–B(OSO2CF3)3
in alkylation, 548, 578
in isomerization, 535–537
in nitration, 638
in synthesis of homoallylic alcohols, 739

Triflic acid–HF–BF3, 628
Triflic acid monohydrate, in electrochemical

oxidation of alkanes, 524
Triflic acid–SbCl3, in sulfonylation, 635
Triflic acid–SbF5, 54, 55
in additions, 741
in alkylation of aromatics, 555, 577
in cyclialkylation, 600, 601
dicationic intermediates in, 580
in formylation, 628, 629, 631
in ionic hydrogenation, 729–733
in isomerization of alkanes, 535–537
in oxygenation, 675, 676
protonation curve in, 17
superelectrophilic species, detected in,

580
Triflic acid–trifluoroacetic acid, in

acidity-dependence studies
in alkylation, 551, 582, 583
in cyclodehydration, 596–598, 604

Trifluorination, 651, 652
Trifluoroacetic acid, 375
in acidity-dependence studies, 551, 582,

583, 596–598, 604
in acylation, 609
in generating
homotropylium ion, 160
hydrido-bridged cation, 250

Trifluoroacetone
methylation of, 187
protonation of, 178

Trifluorodiazenium ion, 416
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2,2,2-Trifluoroethyldiazonium ion, 384
Trifluoromethanesulfonic acid, see Triflic

acid
Trifluoromethanol, 317
1-Trifluoromethyl-2-arylethanols, synthesis

of, 562, 563
Trifluoromethylation, 566, 567
Trifluoromethylbenzoyl chlorides, acylation

with, 610
Trifluoromethyldiazomethane, protonation

of, 384
Trifluoromethyl ketones, condensation–

cyclization of, 695
Trifluoromethyloxonium salts, 317
Triformamide, formylation with, 631
Trigermabicyclo bishomocyclopropenylium

ion, 412, 413
Trihalomethyl cations, 170, 171
protonated, calculated structures of, 170

Trihalonium ions, 368
Trihaloselenonium ions, X-ray studies, 357
Trihalosulfonium ions, 340
Trihalotelluronium ions, X-ray studies, 357
Triheliomethyl trication, He3C

3þ,
calculations, 465

Trihydroxymethyl cation, see Carbonic acid,
protonated

Trihydroxysulfonium ion, 343
Triiodomethyl cation salt, X-ray studies, 171
Triisopropylthiosilicenium ion, 401, 402
Trimercaptosulfonium salts, 346
Trimesityltelluronium cation, X-ray studies,

354
1,3,5-Trimethoxybenzene, as alkylating

agent, 593
3,5,7-Trimethyladamant-1-yl cation, X-ray

studies, 118
Trimethylbenzenes
cyclialkylation of, 595
monohydroxylation of, 664

2,4,6-Trimethylbenzyl cation, 142
2,2,3-Trimethylbutane, oxygenation of, 668
2,2,3-Trimethyl-2-butyl cation, 227
Trimethylene halonium ions, 374
Trimethylenenorbornane, endo–exo

isomerization of, 535, 536
Trimethylethylene halonium ions, 373
1,3,5-Trimethylheptadienyl cation,

cyclization of, 125

Trimethyl orthoformate, acetalyzation with,
678

Trimethyloxonium dication, calculated
structure of, 325

Trimethyloxonium ion, 323–325
calculations, 325
intermediacy of, 327

Trimethyloxonium tetrafluoroborate,
alkylation with, 182, 339, 353

Trimethylperoxonium ion, 330
Trimethylselenonium fluorosulfate, 352
meta-Trimethylsilylanisole, desilylative

acylation of, 617
Trimethylsilyl azide, as aminating agent, 660
Trimethylsilyl benzhydryl ethers, alkylation

with, 752
1-(Trimethylsilyl)bicyclobutonium ion, 244
(Trimethylsilyl)methylhalonium ions, 364
[(Trimethylsilyl)methyl]oxonium ion, 318,

322
[(Trimethylsilyl)methyl]oxonium salts, 323
Trimethylsilyloxonium ions, 322
(Trimethylsilyloxy)arenium ions, 675
Trimethylsilyl perchlorate, 402
N-(Trimethylsilyl)pyroglutamate, alkylation

of, 752
2-[(1-Trimethylsilyl)vinyl]-2-adamantyl

cation, 139
Trimethyltelluronium fluorosulfate, 353
Trimethylthiocarbenium ion, 194
Trioxide intermediate, in oxygenation with

ozone, 667, 668
Triphenylmethane(s), formation of, 578,

579
Triphenylmethanol, formation of, 578
Triphenylmethyl cation, see Trityl cation
Triphenylmethyl chloride, ionization of, 83
Triphenyloxonium ions, 325
Triphenylsilyl perchlorate, 402
Triphosphenium ion, 421
Tris(1-adamantyl)methyl ion, 106
Tris(amine) boron dications, 400
Tris(dichloromethyl)amine, formylation

with, 631
Tris(diformylamino)methane, formylation

with, 631
Trishomocyclopropenyl cations, 265, 269
calculated structure of, 266
ethano-bridged, 266
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Tris(methylthio)sulfonium hexafluoroanti-
monate, 346

Tris(naphthyl)methyl cations, 144
Tris(pentafluorophenyl) borane, 45
Tris(pentafluorophenyl)telluronium cation,

354
Trisphosphenium trications, 422
Tris(2,3,5,6-tetramethylphenyl)Snþ ion 414
Tris(2,4,6-triisopropylphenyl)Snþ(C6F5)4B

�

salt, X-ray studies, 414
Tris(trimethylsilyl)cyclopropenium ion,

X-ray studies of, 157
Triterpenoids, synthesis of, 706
Trityl cation, 140
hydride abstraction with, 161, 187, 194,

268, 398, 402, 403, 405, 407, 415 420
X-ray studies of, 140

Tropinone, alkylation with, 581
Tropylium ion, 158–160
generation of, by hydride abstraction, 144
in MS studies, 142
b-triethylsilylmethyl-substituted, 161

Tryptamine derivatives, hydroxylation of,
665

Tryptophane derivatives, hydroxylation of,
665

Two-electron oxidation
of alkanes, 524
of anthracenes, 163
of biphenylenes, 161
in generating
diselenonium dication, 359, 360
disulfonium dications, 358
ditelluronium dication, 359
1,2-dithiin dication, 348
fullerene cations, 166
metal carbonyl cations, 457

of isopentane, 520
of naphthalenes, substituted, 163
of pagodane, 262, 263
of tetrakis(dimethylamino)ethylene, 203
of tetrasubstituted ethylenes, 155

Two-electron–three-center bonding, 85, 144,
505

in alkane isomerization, 527, 538, 539
in exchange between H2 and D2, 460,

505
in H–D exchange, 220, 410, 411, 505, 510,

511

in m-hydride bridged cations, 250–252
in methane cations, 208–210, 212–215
in methylhalonium dications, 363
in nitration, 637
in 2-norbornyl cation, 229, 231, 239
in protonated
butanes, 220–223
ethanes, 216, 217
propanes, 218, 219

Undecatetraenes, Diels–Alder reaction of,
intramolecular, 737

Unsaturated amines, alkylation of benzene
with, 554

a,b-Unsaturated carbonyl compounds, as
alkylating agents, 555

a,b-Unsaturated carboxamides
alkylation of benzene with, 554
ionic hydrogenation of, 732

Unsaturated carboxylic acids, acylation of,
613

a,b-Unsaturated ketones
formation of, 752
in ionic hydrogenation of, 732
Michael addition of, 738
protonation of, 625

Urea, protonation of, 196, 197
Uronium ions, 196, 197
UV spectroscopy
for acidity measurement, 13, 28, 39, 40, 53,

64
for carbocations, 94, 104, 140, 151
for onium ions, 322, 428–431

UV–visible spectroscopy, 5, 24, 54
for carbocations, 126, 145
for onium ions, 427, 440, 444

Vibrational spectroscopy, 437, 440, 455,
457

Vinca alkaloids
fluorination of, 652–654
ionic hydrogenation of, 732

Vincadifformine, hydroxylation of, 666
Vindoline, ring formation of, 681
Vinorelbine, difluorination of, 654
Vinyl cation(s), 134, 594
charge delocalization in, 136
Coulomb-explosion imaging of, 134, 135
b,b0-disilylated, X-ray studies, 138
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Vinyl cation(s) (Continued)
a-mesityl-b-silyl-substituted, 137
mesomeric, 134, 135
b-silylated, 137
stabilized, 136
viny-substituted, 136, 137

Vinylcyclopropenyl cation, 267
Vinyldiazonium ions, 385
Vinyl ethers, polymerization of, 750
h1-Vinylidene cation, 626, 627
Vinylxenon compound, acyclic, 463
Vinylxenonium ions, fluorinated, 463
Vol’pin’s systems, see Aprotic organic

superacids
Voltammetry, 520

Wagner–Meerwein
phenyl migration, 697
shift, 92, 230, 233–235, 697, 707

[W(CO)6(FSbF5)]
þSb2F11

� salt, X-ray
studies, 457

WO3–Al2O3, in methyl alcohol into gasoline,
327

Woodward–Hoffmann transition states, 263,
264

Xe4
þ cation, 461

Xen
þ cations, in mass spectrometry, 461

XeClþSb2F11
� salt, 464

XeFþ cation, 463
XeF3

þ cation, 463
Xe2F3

þ cation, 463
XeF5

þ cation, 463
Xe2F11

þ cation, 463
[Xe(2,6-F2C6H3)]

þTfO� salt, X-ray studies,
462

XeFþMF6
� salts

oxidation with, 432
oxidative fluorination with, 318, 333, 335,

341, 450
Xe2H3

þ, calculations, 461
XeHþ cation, 461
Xe2H

þ cation, studies by cryogenic matrix
isolation, 461

129Xe NMR, 463
XeOF3

þ cation, 463
XeO2F

þ cation, 463
XeOHþ ion, 464
XeOþ ion, 464

XeOOþ ion, 464
XeOTeF5

þ cation, 463
Xe2(OTeF5)3

þ cation, 463
Xenodeborylation, 461, 462
Xenodeprotonation, 462
Xenon fluorides, 463
Xenonium ions, bonded to nitrogen, 464
Xenon oxyfluorides, 463
[XeN(SO2F)2]

þAsF6
� salt, 464

[XeN(SO2F)2]
þSb3F16

� salt, 464
Xe2

þSb4F21
� salt, X-ray studies, 461

Xe4
þ�Xen aggregates, 461

X2FPSMeþMF6
� salts, 396

XF6
þSb2F11

� salts, X-ray studies, 438
X3PH

þAs2F11
� salt, X-ray studies, 394

X-ray crystallography, 127
X-ray crystal structure of
alkoxycarbenium ions, 188
arenium salts, 128, 129
a-aryl-b,b0-disilylated vinyl cations, 138
aurated salts, 218, 328, 348–350, 357, 358
azonium salts, 381, 382
bisguanidinium salts, 203
tert-butyl cation, 107
carbon dioxide, protonated, 180
carboxonium ions, 173
carboxylic acids and esters, protonated, 175
cumyl cation, 143
cyclopentyl cation, 113
dications, 155, 156, 203
dichloromethyleneiminum salts, 200
dimethyl carbonate, protonated, 180
enium salts, 419–421, 423, 424
a-ferrocenyl carbenium ions, 206
gold complexes, 211–213
3-guaiazulenylmethyl cations, 145
halogen cations, 428–436, 438
halonium salts, 369, 371, 374
2-halo-substituted cations, 167, 168
halosulfonium salts, 340
heptaphenyltropylium salt, 159
homoaromatic cations, 260, 261
H3O2

þSbF6
�, 329

indanyl cation, 145
mesitylenium salt, 127
metal carbonyl cations, 455–459
methoxyhalo-carbenium ions, 184
9-methylbenzonorbornenyl cation, 134
naphthacenyl cation, 145
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X-ray crystal structure of (Continued)
nitrilium ions, 202
noble gas cations, 461–465
norbornyl cation, tetramethyl, 238
onium salts, 324, 333, 337, 338, 344,

353–355
oxonium salts, 184, 318, 324, 327
tert-pentyl cation, 107
2-phenyladamant-2-yl cation, 115
polyatomic cations, 440–445
polyheteroatom cations, 446–453
silicenium ions, 404–406
b-triethylsilylmethyl tropylium ion,

161
trihalomethyl cations, 171
3,5,7-trimethyladamant-1-yl cation, 118
trityl cation, 140
meta-xylenium ion, 127

X-ray diffraction, 91
meta-Xylene
acylation of, 618
formylation of, 629
sulfonylation of, 634

para-Xylene

acylation of, 609, 615
alkylation of, 559, 566

Xylenes
alkylation of, 565
cyclialkylation of, 595
formylation of, regioselective, 630
monohydroxylation of, 664

meta-Xylenium ion, X-ray studies, 127

Yb(OTf)3, alkylation of aromatics with, 560
Yohimbine, hydroxylation of, 666

Zeolite b, 554, 734
Zeolites
acidity of, 28, 29, 64
cluster model of, 518, 519
D2O-exchanged, 517, 518

isomerization on, 530, 531
Zeolitic acids, 64, 65
Zn(CN)2, 628
ZrO2, impregnated with triflic acid
in acetalization, 676, 677
in acylation of aromatics, 611

ZSM-5, 554
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