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ABSTRACT
Nucleophilic solvation is the interaction of electron-donor solvents
with electron-deficient reagents. Electrophilic solvation is the
related reverse interaction. Superelectrophilic solvation involves the
interaction of electron-donating groups (ligands) of overall electron-
deficient species (electrophiles) with strongly electron-acceptor
superacids. It occurs with liquid superacids, on solid acids, and
even in some enzymatic biological systems. Diminishing neighbor-
ing group participation of the electrophilic centers by the affected
groups greatly enhances their electrophilic reactivities (superelec-
trophilic activation), resulting in unusual reactions of substantial
interest. Representative examples of superelectrophilic solvation
are discussed.

Introduction
The reaction medium can have a profound influence on
the outcome of organic chemical reactions.1 Solvation (the
interaction of solvent with the reactants) has been shown
to control reaction rates, product yields, and regioselec-
tivities and stereoselectivities in reactions. Solvent effects
involving the interaction of electron-donor (nucleophilic)

solvents with electron-acceptor (electrophilic) reagents
have been widely studied. This in a way stabilizes the
electrophiles but at the same time decreases their reactiv-
ity. Stability and reactivity are not parallel but opposing
properties. The counterpart of nucleophilic solvation,
electrophilic solvation is the interaction of reagents of
electron-donating ability with electron-acceptor protic
acids, which reduces anionic nucleophilicity. It has only
more recently been recognized that electron-donating
ligands (substituents) of electrophilic reagents can them-
selves further interact with the superacidic system greatly
enhancing electrophilic reactivity. We call it superelec-
trophilic solvation to differentiate it from what is conven-
tional electrophilic solvation. This new field is gaining
significance, hence the timeliness of this Account.

Acid-base interactions are one of the foundations of
chemistry. Electron acceptors (i.e., Bronsted or Lewis
acids) readily interact with n-donor (nonbonding electron
pair donors) as well as with π-donor systems. Superacids
can even protonate σ-donors. Interactions leading to
protonated and subsequently to diprotonated carbo-
cations or onium ions (as well as related Lewis acid
complexed systems) called superelectrophiles were re-
viewed and are outside the scope of this Account.2

Superelectrophilic solvation diminishes the intramolecular
interactions of neighboring electron-donating substituent
groups with electron-deficient centers. It thus decreases
Winstein’s neighboring group participation and can in-
volve n-, σ-, and π-donor groups. This results in greatly
enhanced electrophilic reactivity and higher reaction rates
and allows many unusual reactions to take place. In 1975,
one of us (G.A.O.) first reported that in superacidic media
the acetyl (CH3CO+) and the nitronium cations (NO2

+)
display highly enhanced reactivities (vide infra).3 These
results suggested protolytic solvation. Subsequently, the
de facto existence of limiting CH3COH2+ and NO2H2+ were
also shown.

Concerning the nature of superacid-activated reactions,
it should be recognized that they may proceed through
superelectrophilic solvation without necessarily forming

* Corresponding author.
‡ University of Southern California.
† Northern Illinois University.

George A. Olah is a distinguished professor of chemistry and Director of the
Loker Hydrocarbon Research Institute at the University of Southern California.
He received the Nobel Prize in Chemistry in 1994 for his work on carbocations
and hydrocarbon chemistry. His research interests are in synthetic and
mechanistic chemistry with emphasis on hydrocarbon chemistry.

Douglas A. Klumpp (B.S., University of Oklahoma; Ph.D., Iowa State University)
was from 1993 to 1996 a postdoctoral research fellow in the Olah group at the
University of Southern California. From 1996, he was an assistant professor at
California State Polytechnic University, Pomona, and presently is an associate
professor of organic chemistry in Northern Illinois University. His research
interests are synthetic and mechanistic organic chemistry related to reactive
intermediates.

V O L U M E 3 7 N U M B E R 4

®

APRIL 2004

Registered in U.S. Patent and Trademark Office; Copyright 2004 by the American Chemical Society

10.1021/ar020102p CCC: $27.50  2004 American Chemical Society VOL. 37, NO. 4, 2004 / ACCOUNTS OF CHEMICAL RESEARCH 211
Published on Web 02/06/2004



limiting dicationic (doubly electron-deficient) intermedi-
ates (eq 1).2 Lewis acidic electrophiles are uncharged, and
with these superelectrophilic solvation avoids charge-
charge repulsion effects. The frequently used depiction
of protosolvated species as their limiting dications is for
simplicity. This does not imply that protosolvation de facto
forms these dications in any appreciable concentration
(except in limited equilibria), although quantum mechan-
ical calculations have found many of these at energy
minima. The reactions of these species can take place with
any suitable nucleophile including π-donor arenes and
olefins (even when strongly deactivated), n-donor het-
eroatom containing substrates, and even weak σ-donor
alkanes.

Superacids used in superelectrophilic activation are
defined as being stronger than 100% H2SO4 for Bronsted
acids and stronger than AlCl3 for Lewis acids.4 The use of
superacids has enabled previously the preparation and
study of many types of long-lived cationic electrophilic
species such as carbocations,5 acyl and carboxonium
cations,6 and varied onium ions such as oxonium, sulfo-
nium, halonium, nitronium, and azonium ions.7 Their use
in superelectrophilic solvation (activation) extends their
application to many useful reactions.

Alkylation with Protosolvated Oxonium Ions
and Carbocations
Trialkyloxonium salts (Meerwein salts, R3O+ X-) in the
presence of strong acids show substantial increase in their
reactivities. These Meerwein salts are excellent alkylating
agents for nucleophiles containing heteroatoms but are
not capable of C-alkylating aromatic or aliphilic hydro-
carbons.8 When superacids such as FSO3H-SbF5 (magic
acid, Ho ) -21 to -24) or CF3SO3H-B(O3SCF3)3 (triflato-
boric acid, Ho -20 to -21) are added, trialkyloxonium ions
(1) alkylate aromatics such as benzene, toluene or chlo-
robenzene (eq 3).9 Weaker acids do not effectively catalyze

the alkylations. Although trialkyloxonium ions have a
formal positive charge, the oxygen atom can still act as a

Lewis base resulting in an interaction between the lone
pair electrons on the oxygen and the highly acidic sol-
vating system. Similar results were obtained with the salts
of trimethyl sulfonium ((CH3)3S+), selenonium ((CH3)3Se+),
and telluronium ((CH3)3Te+) ions.10 These onium salts
methylate toluene in FSO3H-SbF5, but with the weaker
Bronsted superacid CF3SO3H (triflic acid, Ho ) -14.1), no
methylation takes place. The need for extremely high
acidity is in accord with the protosolvation of the onium
salts (eq 4).

Protolytic activations can also be achieved in case of
primary and secondary oxonium ions. This has been
shown to be an important aspect of the superacid-
catalyzed chemistry of alcohols.11 Protosolvation is also
suggested in the superacid-catalyzed carbonylation of
dimethyl ether (or methanol) to form methyl acetate (eq
5).12 The methyloxonium ion (2) is itself not reactive
toward CO. However, superelectrophilic activation allows
it to react with carbon monoxide.

The reactions of C-C and C-H σ-bonds are of funda-
mental importance in the chemistry of hydrocarbons.13

In superacids, alkanes can undergo isomerization, crack-
ing, and oligomerization reactions through steps involving
σ-bond protonations. In these reactions, carbocationic
intermediates play a key role. Several recent studies have
demonstrated that interaction of their σ-bonds can also
be involved via protosolvation in superacidic media
enhancing their reactivity. The tert-butyl cation (3) is well-
known as a stable species in superacids. However when
the tert-butyl cation is generated in an SbF5/SO2ClF
solution and 1:1 DF/SbF5 is added, the tert-butyl cation
undergoes slow but well characterized (1H and 2H NMR)
hydrogen-deuterium exchange (Scheme 1).14 To account
for the isotopic exchange in the superacidic system where
no deprotonation equilibrium with isobutylene (5) can
take place, protonation (deuteration) of the tert-butyl
cation (3) to the protio-tert-butyl dication (4) or corre-
sponding protosolvation must occur. In a similar respect,
2-chloropropane can be ionized in SbF5/SO2ClF to the
2-propyl cation (6), and subsequent addition of 1:1 DF/

SbF5 leads to hydrogen-deuterium exchange (5% ex-
change after 72 h at -78 °C).15 The exchange can be
envisaged to occur by reactions at the C-H bond via the

Scheme 1. Superacidic Hydrogen-Deuterium Exchange of the
tert-Butyl Cation
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dication 7 (eq 6). Alkyl cations such as the tert-butyl cation
and 2-propyl cation (6) are significantly stabilized by
hyperconjugative C-H and C-C σ-back-donation into the
empty carbocationic p-orbitals. Protosolvation involving
σ-bonds can diminish hyperconjugative stabilization and
thus lead to activated carbocationic species.

Hydrogen Exchange in Protosolvolysis of the
Hydronium and Sulfonium Ions
In understanding the chemistry of protosolvolytically
activated alkyloxonium ions, the protonation of the parent
hydronium ion (H3O+) to the tetrahydridooxonium dica-
tions (H4O2+, diprotonated water) is of fundamental
significance.2 The isotopomeric ions H2DO+, and HD2O+

exhibit no hydrogen/deuterium exchange when the ions
are formed in HSO3F:SbF5 (Ho ) -21); however, in even
stronger superacidic medium (HF/DF-SbF5, Ho ) -25),
hydrogen/deuterium exchange is observed.16 Two mech-
anisms are possible for the observed H/D exchange
(Scheme 2): (a) deprotonation-protonation equilibria

involving neutral molecules and monocations or (b)
protonation-deprotonation equilibria involving mono-
cations exchanging H and D through H4O2+ dications.
Because H/D exchange only occurs at the highest acidities
(i.e., with HF/DF-SbF5 but not with HSO3F:SbF5) and
deprotonation to form water is not feasible in these
systems, the results suggest that isotopic exchange takes
place via isotopomeric H4O2+ or corresponding protosol-
vated H3O+ species. This is in accord with theoretical
studies, which have predicted H4O2+ to be a kinetically
stable species (Koch and Schwarz and Olah et al.).17

Similar to the studies involving protosolvation of hy-
dronium ion, hydrogen/deuterium exchange experiments
have suggested the protosolvation of H3S+ involving H4S2+

(eq 7).18 The existence of intermediate H4S2+ is further

supported by the recent reports of stable organosulfurane-

(IV) dications (8-10).19-21 Salt 8 is prepared by the
oxidation of the neutral organosulfurane with XeF2 to

obtain the product 8 as a crystalline solid. X-ray diffraction
studies of 8 revealed a tetrahedral geometry at the sulfur
and determined the C-S bond length to be 1.753 Å, which
is comparable to C-S single bond lengths. Schmidbaur
and his associates have even been able to prepare and
study by X-ray crystallography the tetraaurated derivatives
{O[o-CH3-C6H4)3PAu]4}2+ and {S[C6H5)3PAu]4}2+, ana-
logues of both H4O2+ and H4S2+, respectively.22 These
studies indicate that H4X2+ species in the limiting cases
are isolable real intermediates (energy minima) and not
only transition states. In superacidic systems, they and
their analogues can also be considered to be protosolvated
H3X+ onium ions with some contribution of the dicationic
species.

Alkylation with Protosolvated Carboxonium
Ions and Their Analogues
Considerable evidence has been reported to suggest that
electrophilic solvation can activate carboxonium ions.23

It has been long recognized that carboxonium ions are
highly stabilized by strong oxygen participation and
therefore are much less reactive compared to alkyl cations.
For example, trivalent carbocations are efficient hydride
abstractors that generate related carbocations from tertiary
isoalkanes. In contrast, carboxonium ions do not abstract
hydride from isoalkanes when they are reacted in aprotic
solvents (also estimated to be thermodynamically unfa-
vorable). When acetaldehyde or acetone (11a,b) is treated
with isobutane in HF:SbF5 or HF:BF3, the tert-butyl cation
is formed (Scheme 3).24 These considerations lead to the
mechanistic proposal involving the protosolvation of the
carboxonium ions (12a,b) forming superelectrophilic spe-
cies (13a,b), enabling hydride abstraction to occur. Similar
reactions have also been observed for formaldehyde and
its ionized products.24b

Several recent reports have described kinetic studies
suggesting protosolvated carboxonium ion intermediates.
Divinyl ketones are known to cyclize to 2-cyclopentanones
in acid-catalyzed electrocylization reactions. The Nazarov
and related reactions often require forcing conditions of
high acidity and high temperatures and O-protonated

Scheme 2. Two Possible Mechanisms for H/D Exchange of the
Hydronium Ion in Superacids

Scheme 3. Proposed Mechanism for the Superacid-Catalyzed Hydride Transfer from Isobutane to Carbonyl Compounds
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cationic intermediates have been proposed. In reactions
of a series of 1-phenyl-2-propen-1-ones catalyzed by
superacidic triflic acid (CF3SO3H), 1-indanones were
obtained in generally good yields (eq 8).25 In kinetics

studies, 1-phenyl-2-propen-1-ones were reacted in solu-
tions of varying acidity and in all cases the cyclizations
were found to exhibit first-order kinetics. The rate con-
stants were found to be dependent on the acid strength
over the range of acidities from Ho ) -9 to -13. These
results are consistent with the Zucker-Hammett hypoth-
esis, which states that reaction rates are proportional to
acidity if the reactive species (protonated intermediates)
are formed in low concentrations and are involved in the
rate-determining step.25 Given that the carbonyl group is
almost fully protonated at Ho ) -9, the increasing rate
suggests the involvement of a protosolvated reactive
intermediate (16).

1,3-Diphenyl-1-propanone (18) was found to give the
cyclization product 21 in good yield from reaction in
superacid (Scheme 4).26 The acid-catalyzed cyclization
shows a dramatic dependency on the acidity of the
reaction medium: a yield of 72% in 100% CF3SO3H (Ho )
-14.1); a yield of 7% in 6% w/w CF3SO3H-94% CF3CO2H
(Ho ) -8.7); a yield of 0% in 100% CF3CO2H (Ho ) -2.7).
The cyclodehydration reaction was also examined in
kinetics studies, and between the range of Ho ) -8.2 and
-14.1, the reaction rate constant was found to increase
linearly with acidity. These results also suggest the pro-
tosolvated species 20 to be involved in the rate-determin-
ing cyclization step (Scheme 4).

When the unsaturated acetal 22 is reacted with super-
acid at -60 °C and irradiated, a photostationary state is
observed consisting of the two stereoisomers 23a and 23b
(Scheme 5).27 Evaluation of the kinetics of stereomutation
shows good first-order kinetics, and the rate constant
increases with acidity. Consequently, dication 24 is pro-
posed.

A number of synthetically useful conversions have been
reported in which protosolvated carboxonium ion inter-
mediates are involved (Table 1). Limiting dicationic
intermediates in which the positive charge centers are in
close proximity are called gitonic (close by) superelectro-
philes. When the positive charge centers are separated by
two or more carbon atoms, they are distonic (distant)

superelectrophiles. Such superelectrophiles are involved
in the series of studied reactions.28-32

Thiocarboxonium ions have received less attention
than the carboxonium ions, but it was shown that they
can also undergo protosolvation or Lewis acidic electro-
philic solvation.33 With a 2:1 molar excess of AlCl3,
chloromethyl methyl sulfide reacts rapidly with arenes to
give methylthiomethylation products (eq 9). The alkylating

ability of chloromethyl methyl sulfide is greatly enhanced

Scheme 4. Proposed Mechanism for the Cyclization of 1,3-Diphenyl-1-propanone (18)

Scheme 5. Role of Dication (24) in the Stereomutation of the
Oxonium Ion (23b)

Table 1. Superacid-Catalyzed Conversions Involving
Protosolvated Carboxonium Ion Intremediates and

Related Dicationic Systems
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by using excess Lewis acid. Along with NMR studies, these
results suggest an electrophilic solvation involving the
reactive electrophilic species (41).

Protosolvation has also been shown in the acid-
catalyzed formation of acyl cations from the correspond-
ing carboxylic acids. For example, tetrafluoromethane is
formed in the reaction of trifluoroacetic acid (CF3CO2H)
with FSO3H-SbF5 (50 mol % SbF5; Scheme 6).34 These

results were interpreted as the protonation of CF3CO2H
to form ion 42, subsequent protosolvation involving the
gitonic dication 43, and dissociation to the protiotrifluo-
roacetyl cation 44, which ultimately leads to CF4. In a
similar respect, protosolvation has been suggested in the
superacid-induced formation of the acetyl cation from
acetic acid and the formation of the transient formyl
cation from formic acid.2,6

Carboxylic acids can also form a variety of distonic
superelectrophilic intermediates by protonation of the
carboxylic acid group and ionization of adjacent functional
groups. R-Keto acids generate reactive electrophilic (45,
46) species capable of condensing with arenes in high
yields (eqs 10 and 11).35 Benzilic acid gives fluorine-9-
carboxylic acid almost quantitatively (eq 12) in excess H2-

SO4 or AlCl3 via dication 47.36 A high degree of delocal-
ization of positive charge through the phenyl rings in 47
facilitates this 4π electron electrocyclization.

Acid-catalyzed ester cleavage has been extensively
studied in organic chemistry, and recently evidence has
emerged to suggest that protosolvation (electrophilic
solvation) can play a role in this chemistry. In low-
temperature NMR studies, methyl acetate is found to be
completely protonated at the acyl oxygen in superacidic
FSO3H/SbF5/SO2 solution.37 There is no indication of an
equilibrium with the neutral ester or the ether protonated

isomer. However even at -78 °C, protonated ethyl acetate
undergoes slow acyl oxygen cleavage to acetyl cation and
methyl oxonium ion (eq 13). This suggests further pro-

tolytic activation via the superelectrophilic gitonic car-
boxonium dication (48). Further evidence for dicationic
intermediates comes from a study of the 1,1-dimethoxy-
ethyl cation (49) and its reaction with CD3F:SbF5/SO2 (eq
14).37 At -30 °C, slow methyl exchange occurs at the
methoxy oxygen. Since demethylation (to form the neutral
ester) is unlikely in such highly acidic solution, the methyl
exchange is best interpreted by electrophilic solvation of
49 by the CD3F:SbF5/SO2 and methylation to give the
dication 50. Subsequent demethylation then gives the
exchange product 51. Superelectrophilic intermediates
have also been proposed in the reaction of some esters.
For example, a recent report describes the conversions
of methyl benzoate to benzophenone products (70-93%
yields) from reactions in superacid (eq 15).38 To explain
the high level of electrophilic reactivity of this system, the
protosolvated species 52 and 53 are proposed as possible
intermediates. In the acid-catalyzed cyclization of some
ethylene dications, protonation of the ester group is
thought to be a key activation step.39 Reaction of R-(meth-
oxycarbonyl)diphenylmethanol with CF3SO3H (Ho ) -14.1)
gives the fluorene product (56) in 94% yield (eq 16). The
yield of the product 56 drops with decreasing acidity.
Moreover, the kinetics of the cyclization was studied, and
the cyclization rate was found to increase linearly with
acidity between Ho ) -11 and Ho ) -13. The linear rate
correlation provides strong evidence for the protonation
of the monocationic intermediate (54). Theoretical studies
suggest that formation of the dication 55 lowers the barrier

Scheme 6. Superacid-Catalyzed Formation of CF4 from
Trifluoroacetic Acid
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to conrotatory electrocyclization by about 8 kcal/mol and
thus facilitates the conversion to 56.

Reactions with Protic or Lewis Acid Solvated
Acyl Cations or Carbon Monoxide
Like carboxonium ions, acyl cations are relative weak
electrophiles that are effectively stabilized by resonance.40

Although acetyl salts are capable of reacting with benzene
and activated arenes, the acetyl cation generally does not
react with weaker nucleophiles such as deactivated arenes
or saturated alkanes. However, there are several reports
of activation of acyl cations by superacids. For example,
hydride transfer from isobutane to the acetyl cation has
been reported when the reaction is carried out in excess
HF-BF3 (Scheme 7),3 yet hydride transfer does not occur
in aprotic solvents such as SO2, SO2ClF, or CH2Cl2. Our
earlier studies have shown that acetyl salts such as CH3-
CO+ SbF6

- exhibit significantly higher reactivities in protic
superacids (Ho < -12) when compared to weaker acids
(Ho > -12).6 These results are consistent with a proto-
solvation of the acetyl cation with the Bronsted superacid.
The monocationic species (57) is unreactive, while the
dicationic species (58) can abstract hydride. In addition
to protosolvation, the activation of the acetyl cation can
be accomplished with Lewis acids. As Vol’pin found,
reaction of CH3COCl with two or more equivalents of AlCl3

with alkanes leads to isomerization and other electrophilic
reactions (Scheme 8).41 Since the reaction does not occur
when one equivalent of AlCl3 is used, the results have been

interpreted as evidence for an electrophilic solvation
involving a dicationic complex (59 or 60). These results
are also consistent with the protosolvation of the acetyl
cation.

The reactions of carbon monoxide in superacids have
been of substantial interest in synthetic and mechanistic
studies.2 Carbon monoxide can be protonated at the
carbon to yield the formyl cation (61, HCO+), and its direct
observation has been reported in HF-SbF5 solution using
high-pressure NMR spectroscopy.42 While the formyl
cation is considered to be sufficiently electrophilic to react
with arenes (Gatterman-Koch formylation), a more elec-
trophilic protosolvated species is needed in reactions with
saturated hydrocarbons (Scheme 9). For example, isobu-
tane is converted to methyl isopropyl ketone in high yield
by the reaction of carbon monoxide with HF-BF3.43 Since
HF-BF3 is not capable of ionizing isobutane to the
tertiary-butyl cation directly, the results are consistent with
the formation of the protosolvated formyl cation (62).
Formylation then occurs by reaction of 62 with the
carbon-hydrogen bond (63) giving protonated pivalde-
hyde, which then rearranges to methyl isopropyl ketone.
Pivaldehyde itself has been shown to isomerize to methyl
isopropyl ketone in superacid.30 Similarly, the protosol-
vated formyl cation (or limiting protoformyl dication) is
proposed in the conversion of adamatane to 1-adaman-
tanecarboxaldehyde (64, eq 17).44 The yield of 64 increases

with acidity (9% in CF3SO3H; 21% in CF3SO3H-SbF5), and
deuterium-labeling experiments ruled out a mechanism
involving the formation of the 1-adamantyl cation and
hydride abstraction from adamantane.

Scheme 7. Proposed Mechanism for the Superacid-Induced Hydride Transfer from Isobutane to Acetyl Cation

Scheme 8. Lewis Acidic Solvation of the Acetyl Cation Inducing
Alkane Reactions

Scheme 9. Proposed Mechanism for the Formylation of Isobutane and Rearrangement to Methyl Isopropyl Ketone
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Nitrations with Protic or Lewis Acid Activated
Nitronium Ion
In 1974, the first observation of the enhanced electrophilic
reactivity of nitronium salts (65) in superacid was re-
ported,45 and the protosolvation of the nitronium ion was
later suggested (66, NO2H2+, Scheme 10).3 More recently,
a mixture of nitric acid and triflatoboric acid (2 CF3SO3H-
(CF3SO3)3B; Ho ) -20.5)46 was shown to nitrate deactivated
arenes in high yields, and the reactivity of this system was
attributed to the formed protonitronium dication (NO2H2+).
A similar conclusion is made from the nitration of the trityl
cation (67) with nitronium salts in superacid (Scheme
11).47 When nitronium tetrafluoroborate is reacted with
the trityl cation in CH2Cl2 or sulfolane, nitration does not
occur due to the deactivating effects of the carbenium ion
center of 67. Nitration is achieved by activation with triflic
acid giving 68. Nitration is also affected quantitatively by
reaction of NO2Cl with 3 mol excess AlCl3 suggesting Lewis
acidic electrophilic solvation of the nitronium cation (69).
Remarkably, nitronium salts have been shown to react
with even methane under superacidic conditions (eq 18).48

The mechanism of nitration is thought to proceed via a
two-electron three-center bond carbocationic transition
state (67) formed by insertion of dication 66 into the C-H
σ-bond of methane.

The activation of the nitronium ion (65, NO2
+) is a

consequence of the interaction of the oxygen nonbonded
pair electrons with superacidic Bronsted or Lewis acids
(Scheme 10). Protonation (or coordination by Lewis acid)
weakens the N-O π-bond character and results in the
bending of the linear nitronium ion and rehybridization
of the nitrogen from sp to sp2.49 The rehybridization
creates a developing p orbital on the nitrogen, which is
capable of interacting with weak π-donor or σ-donor
nucleophiles. High-level theoretical calculations have
shown the protonitronium dication (66) to be a kinetically
stable species with an estimated (gas-phase) barrier to
deprotonation of 17 kcal/mol.50 These calculations also
found the optimized structure to have a bent structure
with a O-N-O bond angle of about 172°. Recently, the

protonitronium dication (66) was observed by Schwarz
in the gas phase by electron impact mass spectrometry.50

Attempts to directly observe 66 under superacidic condi-
tions by 15N NMR and FT-IR (Raman) spectroscopy have
shown only moderate effects by the superacids. This
suggests that the protonitronium ion (66) if formed is only
in very low equilibrium concentrations even in the
strongest superacids where the nitronium ion is proto-
solvated.

Superelectrophilic Solvation of Halogenated
Systems
Superelectrophilic solvation has also been suggested
involving halogenated ions. The trihalomethyl cations
CX3

+ (X ) Cl, Br, I) were shown to have enhanced
reactivities in superacid solution, while polyhalomethanes
in the presence of excess AlBr3 or AlCl3 exhibit the
properties of aprotic superacids.51 The trihalomethyl
cations are capable of hydride abstraction from alkanes
and alkyl groups when the reactions are done in the
presence of Bronsted or Lewis superacids (eqs 19 and
20),52 while complex systems such as CBr4‚2AlBr3, CCl4‚

2AlCl3, and others have been shown to efficiently catalyze
the cracking, isomerization, and oligomerization of al-
kanes and cycloalkanes.53 Electrophilic solvation (68a,b,
Scheme 12) can be envisaged for these systems. Dialkyl-

halonium ions (69) can be prepared and even isolated as
stable species by reacting an excess of haloalkane with
strong Lewis acid halides such as SbF5 (Scheme 13).54

Protosolvated species such as 70 have been proposed as
gitonic superelectrophilic intermediates and have been

Scheme 10. Protosolvation of the Nitronium Ion

Scheme 11. Superelectrophilic Nitration of the Trityl Cation (67)

Scheme 12. Activation of Trihalomethyl Cations

Superelectrophilic Solvation Olah and Klumpp

VOL. 37, NO. 4, 2004 / ACCOUNTS OF CHEMICAL RESEARCH 217



studied by theoretical methods.55 In the HF-SbF5 super-
acid-catalyzed carbonylation reaction of alkanes, when
bromide ion is added into the reaction mixture, the
reaction rate increases greatly.56 This can be best inter-
preted to be a consequence of the protolytic activation of
H2Br+ via the gitonic trihydrobromonium dication H3Br2+,
though it was suggested by the authors that the enhanced
reactivity may be due to the formation of “Br+”.2

Enzymatic Analogues of Protosolvolytic
Reactions
In studies of a metal-free hydrogenase enzyme, a reaction
mechanism has been proposed by Thauer et al. that
invokes a process remarkably similar to protosolvation
reactions in superacid.57 The chemistry is part of an
enzymatic system that converts CO2 to methane. It was
found that N5,N10-methenyl tetrahydromethanopterin (71)
undergoes an enzyme-catalyzed reaction with H2 by
hydride transfer to the pro-R position and release of a
proton to give the reduced product 72 (eq 21). Authors

pointed out that, despite the low nucleophilicity of H2,
cations such as the tert-butyl cation (3) are sufficiently
electrophilic to react with H2 via a two-electron three-
center bond (eq 22). However, because of stabilization
from adjacent nitrogen atoms, cations such as the guani-
dinium system (73) do not react with H2 (eq 23). Since
N5,N10-methenyl tetrahydromethanopterin (71) should
also exhibit significant stabilization of the cationic site,
its reactivity with molecular hydrogen is somewhat sur-
prising. It was suggested that protonation of one or both
of the adjacent nitrogen base sites could generate a more
electrophilic system (Scheme 14). This would result in
decreased neighboring group stabilization and increased
electrophilicity.

Solid Acid-Catalyzed Analogues of
Protosolvolytic Reactions
Our discussion of electrophilic solvation has centered on
the effect of superacids in solution chemistry. However,
solid superacids may also participate in electrophilic
solvation. One of these is the hydrogen form of DuPont’s
perfluorinated resin sulfonic acid Nafion-H, which is
frequently used as an acidic catalyst. It contains acidic
SO3H groups clustered together in pockets capable of
interacting with electrophilic reagents not unlike solution
systems. Certain zeolites such as Mobil’s ZSM-5 contain
Bronsted or Lewis acid sites in close proximity enabling
the formation of highly reactive intermediates through bi-
and multidentate interactions.

Conclusions
In summary, a growing body of evidence suggests that
many electrophilic reagents even when positively charged
are capable of further interaction (coordination) with
strong Bronsted or Lewis acids resulting in superelectro-
philic solvation and thus activation. These proto- and
Lewis acidic solvation equilibria can involve n-donor,
π-donor, and even σ-donor ligands or substituents of the
electrophilic reagents. Similar activation involving some
transition metal catalysts has also been recently sug-
gested.58 While in some cases the equilibria may involve
distinctly formed species having full dipositive charge (i.e.,
superelectrophiles), superelectrophilic solvation may only
involve weaker interactions resulting however in enhanced
electrophilic reactivity. An important aspect of these
interactions is diminished neighboring group participation
and thus activation of the electron-deficient centers
(electrophilic sites). The reactivity of the parent electro-
philes can be much increased by proto- or, in general,
superelectrophilic solvation. It is suggested to call this
superelectrophilic solvation to differentiate it from con-
ventional electrophilic solvation, which is decreasing
nucleophilic reactivity of basic reagents. Whereas super-
electrophilic solvation of organic and inorganic systems
is discussed in our Account mainly in solution chemistry,
similar activation can also occur with solid acids or even
in some enzymatic systems.

Scheme 13. Activation of Halonium Ions Scheme 14. Proposed Mechanism for the Enzymatic Protolytic
Activation of Cation 71
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