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PREFACE

Our book is about the emerging field of “Superelectrophiles and Their
Reactions.” It deals first with the differentiation of usual electrophiles from
superelectrophiles, which show substantially increased reactivity. Ways
to increase electrophilic strength, the classification into gitionic, vicinal,
and distonic superelectrophiles, as well as the differentiation of superelec-
trophilic solvation from involvement of de facto dicationic doubly electron
deficient intermediates are discussed. Methods of study including sub-
stituent and solvent effects as well as the role of electrophilic solvation in
chemical reactions as studied by kinetic investigations, spectroscopic and
gas-phase studies, and theoretical calculations are subsequently reviewed.
Subsequently, studied superelectrophilic systems and their reactions are
discussed with specific emphasis on involved gitionic, vicinal, and distonic
superelectrophiles. A brief consideration of the significance of superelec-
trophilic chemistry and its future outlook concludes this book.

Results of substantial experimental and theoretical work of the field
accumulated in recent years warrant a comprehensive review and discus-
sion. This should be of general use to chemists not only with academic and
research fields interest but also to advanced students. Because of relevance
to potential significant practical applications (including the pharmaceutical
and petrochemical fields), industrial chemists should also benefit from it.

vii



viii PREFACE

We believe that continuing work will result in much further progress and
practical applications. If our book will be of help toward this endeavor,
our goal will be achieved.

GEORGE A. OLAH
DouGLas A. KLuMPP



1

GENERAL ASPECTS

Electrophiles (i.e., electron-deficient species) are of fundamental impor-
tance to chemistry. The concept of nucleophiles (lit. “nucleus seeking”)
and electrophiles (lit. “electron seeking”) was suggested by Ingold follow-
ing similar views implied by Lapworth’s description of “anionoid” and
“cationoid” reagents, Robinson’s concepts, and Lewis’s theory of bases
(electron donors) and acids (electron acceptors).!

The realization of carbon electrophiles or carbocations dates back to
1901, with the reports of the ionization of triphenylmethyl alcohol in con-
centrated sulfuric acid and triphenylmethyl chloride with aluminum and
tin chlorides.'®? These reactions gave deeply colored solutions, which
are now attributed to the formation of the m-conjugatively delocalized
triphenylmethyl cation. In later studies by Meerwein, Ingold, Hughes,
Whitmore, Roberts, Winstein, Schleyer, and others, using kinetic, stere-
ochemical, and varied experimental methods, carbocation electrophiles
were recognized as intermediates in reactions. It was Olah who discov-
ered in the early 1960s methods to prepare and study long-lived persistent
carbocations, for which he received the Nobel Prize in 1994. The topic
was well reviewed and there is no need for further discussion here.? Varied
diverse electrophilic reagents, functionalities, and intermediates have been
further studied in detail.> They were reviewed in preceding monographs,
which are referred to for the interested reader.>>¢ With the advance of our

Superelectrophiles and Their Chemistry, by George A. Olah and Douglas A. Klumpp
Copyright © 2008 John Wiley & Sons, Inc.



2 GENERAL ASPECTS

structural and mechanistic understanding, it became clear that electrophilic
reactivity is an important driving force in many chemical reactions.

Extensive efforts have been made to characterize nucleophile and elec-
trophile strengths. Hammett first correlated*® the acidities of substituted
benzoic acids (1)

: (6]
X
OH

1

with the structures of the substituent groups and set up his equation as
log k/k,=op (where k, is the rate or equilibrium constant for X=H,
k is the rate or equilibrium constant for the substituted benzoic acid,
p is a constant for the given reaction, and o (Hammet’s constant) is the
value characteristic for the substituent).* In their linear free-energy studies,
Swain and Scott characterized nucleophiles and electrophiles in kinetic
experiments by comparing reaction rates according to the equation 1,

log kx/ ku,0 = sny (D

where s is the parameter characteristic for the electrophile and ny is
the parameter characteristic for the nucleophile.’ More recently, Mayr
and co-workers have conducted extensive kinetic studies in estimating
the electrophilicities and nucleophilicities of a wide variety of reactants
(Figure 1).° Using equation 2,

log k(20°C) = s(N + E) 2)

the rate constants k for nucleophile-electrophile reactions may be cal-
culated from three parameters (N the nucleophilicity parameter, E the
electrophilicity parameter, and s the nucleophile-dependent slope param-
eter). By analyzing pseudo-first order rate constants with various types of
nucleophiles, the electrophilicities of many cationic and neutral species
have been established. These electrophiles include dithiocarbenium ions,
iminium ions, cationic organometallic complexes (such as propargyl
cations with cobalt carbonyl stabilization, cationic palladium complexes,
and others), and quinone methides. When experimentally observed, rate
constants k are compared with those values of k predicted from the three
parameter equation (eq 2), they are generally accurate to within a factor of
10 to 100, excluding reactions with bulky reagents or multi-centered reac-
tions (like Sn2). Moreover, the three-parameter equation may be used to
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Figure 1. Estimated reaction rates, kcycd, Using nucleophilicity parameter N and elec-
trophilicity parameter E.

describe numerous types of reactions involving electrophiles in such reac-
tions as Michael additions, Mannich aminoalkylations, palladium-cataly-
zed allylations, Freidel-Crafts alkylations, and others.

In addition to the linear free energy studies discussed, there have been
many attempts to estimate the thermodynamic stabilities of electrophilic
species, such as carbocations.” The pKg. values for carbocations reveal
trends in relative stability and is defined as, according to the equilibrium
established between the carbinol

pKg. = log(I[R*]/ROH]) + H*

and carbocation in acidic solution. The pKgry value for triphenylmethyl
cation is —6.63 and that of the tri(p-nitrophenyl)methyl cation is —16.27,
which is consistent with the resonance destabilization of the cationic center
by the nitrophenyl substituents. Gas-phase ionization techniques have also
been used to provide thermodynamic data for a variety of electrophiles.®
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It has been recognized that electrophiles must have sufficiently high
reactivity in order to react with weak nucleophiles. This concept of elec-
trophilic reactivity is well demonstrated in the carbonyl chemistry of alde-
hydes and ketones. The carbonyl group is a reactive electrophilic center
when encountering strong nucleophiles like Grignard and organolithium
reagents (eq 3). The rapidly formed alkoxide product is thermodynami-
cally heavily favored. With weaker nucleophiles like water or alcohols,
reaction rates are considerably slower and the equilibria often favor the
starting carbonyl compounds. However, protonation or complexation of
a carbonyl group increases its electrophilic reactivity, and weaker nucle-
ophiles may then react with the resulting carboxonium ion (eq 4).

/\(‘)‘ (I)Ll (3)
8+
i + _C. _— _C—
CHiLi + g o-Coe, e G CHy
CH,
. H
] o @)
CH,OH + PN —_— —
3 H;C~ ~CH, HIC/C\ OCH;
CH,

Examples of acid-catalyzed carbonyl chemistry are abundant in synthetic
organic chemistry, biochemistry, industrial processes (such as in the syn-
thesis of malachite green; eq 5), and in polymer chemistry (such as in the
synthesis of bisphenols of derived epoxy and polycarbonate resins; eq 6).”

HCI
2 ©\ +  PhCHO
N(CHy),

leucomalachite (5 )
green
N(CHjy),
H;C_ CH
OH (0] .50 3 3
2 + 8 #, epoxy and
H,C~ "CH, polycarbonate
‘ ‘ HO OH resins
bisphenol A
(6)

Without protonation of the carbonyl group, weak nucleophiles (N, N -dime-
thylaniline and phenol) would only react slowly or not at all with the car-
bonyl groups. Similarly, complexation with Lewis acids can enhance the
electrophilic reactivities of carbonyl compounds. This occurs by decreas-
ing participation (using Winstein’s concept) of the neighboring oxygen



GENERAL ASPECTS 5

into the developing carbocationic center and thus increasing the polarized
character of the (complexed) carbonyl group and lowering the energy of
the LUMO (as described by the frontier molecular orbital theory). It has
also been shown that substitution by electron withdrawing groups can sig-
nificantly increase the electrophilic reactivity of carbonyl groups and their
related protonated carboxonium ions. Whereas protonated acetophenone
(2) is unreactive towards benzene (a weak m-nucleophile), the carboxo-
nium ion from 2,2,2-trifluoroacetophenone reacts to give the condensation

product in high yield (eqs 7—8).1°

+

OH

CF,3S0;H #_' unreactive to (7)
benzene

(0}
_Crsop ey Colly CeHs
CF; —— —— FC %CGHS €))
C6H6 —H,0
C()HS

The electron withdrawing inductive effects of the fluorine substituents
render the carboxonium ion 3 more electrophilic than carboxonium ion 2,
and consequently it reacts with benzene. Thus, the electrophilic reactivity
of the carbonyl group can be greatly enhanced by Brgnsted or Lewis acid
solvation and by substitution with electron withdrawing groups.

Although increased electrophilicity can lead to reactions with weak
nucleophiles, highly electrophilic cations can exist as stable, long-lived
species in solutions of low nucleophilicity.!! Superacidic media are espe-
cially well suited for studies of such highly electrophilic species. Super-
acids and their chemistry, a topic extensively reviewed in a previous
monograph,'! have enabled the preparation and study of varied long-lived
cationic electrophiles such as carbocations, acyl and carboxonium cations,
and varied onium ions such as oxonium, sulfonium, halonium, nitronium,
and azonium ions.> Whereas these electrophilic species react instan-
taneously with many common electron donor solvents, the superacidic
media is essentially an environment of very low nucleophilicity. For
example, efficient routes to carbocation electrophiles include the ioniza-
tion of alkyl fluorides in SbFs and the ionization of alcohols in magic
acid, FSO3H-SbFs (eqs 9-10).12-13
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K cH, o6 GHs 9
] e _Co_.. SbF& ©)
HiC™ “cH, HyC ™+ "CH,
OH FSO;H-SbFj +
-, CH,
CH; ; (10)

[FSO5-(SbFs)n]

In the superacids, the resulting counterions are weak nucleophiles: SbFg™
or [SbF¢~ (SbFs),]1~, [FSO3-(SbFs),]™, etc.

Gillespie proposed the widely accepted definition of superacids as those
being stronger than 100% H,SO,4 for Brgnsted acids (i.e., Hy < —12).11
Similarly, according to Olah, Lewis acids stronger than anhydrous AICl;
are considered superacidic. Brgnsted superacids span the logarithmic Ham-
mett acidity scale from Hy —12 for anhydrous H,SOy4, to —27 for FSO3;H-
SbFs (9:1) and ca. —30 for HF-SbF5(1:1) (Figure 2). The isolated (“naked”)
proton is unobtainable in solution chemistry, but by comparing gas phase
data with superacid solution chemistry, its acidity has been estimated to be
in the —50 to —60 Hj range. Superacids can react with weak base-sites like
the n-electrons of carbonyl and other groups, the -electrons of unsaturated
groups (alkenes, alkynes, and arenes), and even with o -electrons of alkanes.
Not only carbocationic but also other varied reactive electrophiles can be
generated as long-lived species in the superacids, and these electrophiles can
often be studied directly by spectroscopic methods. They can also participate
in many superacid-catalyzed reactions.

10 15 20 (—Hp) 25 30
3
H,S0, (50)
SbF5 Magic Acid
HSOsF T (90)
SbFs (50)
CF;SO3H (10)
BF;
HF N
SbFs
HF :::::::::::::::::::::::::::::::::::(50)
@)

10 15 20 (-Hy) 25 30

Figure 2. Acidity ranges for several common superacids. The solid bars are measured
using indicators, while the broken bar is estimated by kinetics measurements; in (%) mol
Lewis acid.
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With respect to electrophiles and electron-deficient varied species, there
have been suggestions of “non-coordinating solvents” and ‘“non-coordi-
nating anions.” Of course, by definition anions are electron donors. In
order to prepare highly electron-deficient species such as trialkylsilyl
cations, claims were made for the use of non-nucleophilic or non-coordi-
nating anions.'* Even more surprisingly, some of these reactive ions have
been prepared from toluene solution, referred to as a “non-nucleophilic
solvent.”!* It should be mentioned that “the myth of non-coordinating
anions” was discussed as early as 1973 by Rosenthal, who concluded that
“it is clear that the notion of the non-coordinating anion should be put
to rest alongside the notion of non-coordinating solvent.”!> Olah et al.
subsequently discussed this point critically. As a result, the terms “least
coordinating” and more correctly “weakly coordinating” anions were
substituted.

Much effort has been made recently to find new weakly coordinating
anions as counter ions for strong electrophiles and acids.!® Like the con-
jugate bases of superacids, these weakly coordinating anions are generally
characterized by the anionic charge being delocalized over the entirety of
large anions, with no individual atom bearing a substantial part of the
charge. Many of the most useful weakly coordinating anions have hydro-
gen and fluorine atoms on their periphery, thus avoiding the presence of
strongly Lewis basic-sites. Among the most common low or weakly coor-
dinating anions are borate anions, such as Meerwein’s BF;~ (which is of
course the conjugate base of the important superacid HF-BF3), Wittig’s
B(C¢Hs)4~, and the more recent B(CgF5)4~, and [B(OTeFs)4]~, as well
as Olah’s SbFg~ or SbF¢ -(SbFs),. The weakly coordinating borates
are of particular practical importance to the activity of the electrophilic,
one-component Ziegler-Natta olefin polymerization catalysts.!” These
cationic, metallocene catalysts have been shown to have high activities as
polymerization catalysts, due in large part to their electrophilic metal cen-
ter and weakly coordinating anions. It has been shown that for a given type
of catalytic site, the more weakly coordinating anions result in more active
polymerization catalysts. Another class of less coordinating anions are
Reed’s 1-carba-closo-dodecaborate monoanions (CB{{H,~ and related
halogenated analogs). In addition to being used as counter ions in active,
cationic polymerization catalysts, these anions have also been shown to be
useful in the preparation of salts of varied electrophilic cations.'® These
include four-coordinate Fe(Ill)porphyrins, crystalline salts of carbocations
(eq 11), a weakly coordinated, highly crowded stannyl cation (eq 12) and
highly stabilized silicenium cations (eq 13), and other salts, despite the
high electrophilic reactivities of the cations. Reactive electrophilic salts
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)\/ — }K/
+  CH[CHB, (CHy)sBre]  — = (11)
-30°C [CHB,(CH;3)sBrg]™

n-Bu, n-Bu

- J— 4 - /\/\ + T—
n-Bu §n Sr{ n-Bu +  2CB,(CHy) — sn____ (12)
n-Bu n-Bu
[CB;(CH3)p1”
i Ar
Arg = —(CH3CH,);SiCH,CH=CH,
>Si7 N & (CH;CH,)Si[CHB,,(CH;)sBrg] &
Ar Ar Ar Ar
Ar = mesityl [CHB(CH3)sBrg]~
(13)
+
i (CaHasC B(CeFs), OSi(CH,CHj),
Co _— Co
Ph” " "CH; (CH,CH,),SiH Ph” “CH + (GeHs);CH (14)

.
s B(C{Fy),
4

such as the silylated carboxonium ion (4, eq 14) and the tris-mesityl
silicenium ion have been prepared as tetra(pentafluorophenyl)borate salts.
Recent reviews have been published on weakly coordinating anions, espe-
cially with respect to polymerization catalysts.!%!7

Although monocationic carbon electrophiles have been involved in
chemical reactions for many years, multiply charged organic electrophiles
(dications, trications, etc.) have only been studied recently.!® It was the
high reactivity of dicationic vicinal and geminal electrophiles that led to
the concept of superelectrophilic activation as proposed by Olah in the
1970s.2° In 1973, Brouwer and Kiffen reported the results of superacid-
catalyzed reactions between protonated aldehydes and ketones (carboxo-
nium ions) and alkanes, as well as the reactions of the acetyl cation with
alkanes (Scheme 1).2! In solutions of HF—SbFs or HF—BFj3, reaction
products are formed that are consistent with hydride transfer between the
acetyl cation (generated in situ from acetic acid) and isobutane. Earlier
studies by Olah and co-workers showed, however, that acetyl salts like
acetyl hexafluoroantimonate do not abstract hydride from alkanes in apro-
tic solvents (SO,, SO,CIF, or CH,Cly). In order to explain the enhanced
reactive of the acetyl cation in superacid, Olah proposed the formation of
a protosolvated, superelectrophilic intermediate (5).2° Despite the fact that
the acetyl cation has a positive charge, it has nonbonding oxygen elec-
tron pairs, which are capable of interacting with the superacidic media.
In the limiting case, the hydrogen-bonded species (7) can lead toward the
formation of the highly electrophilic, doubly electron deficient, dicationic
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+ + 2+
Q HE:BF; 10 R L 0H  CH,
Cog = ¢ = ¢ HCOH; — ¢+ HCCH; —1 & docny
HsC ISOBUTANE CH, CH;  CHj CH, CH, HiC ey
5 H
6
NO REACTION
OH CHj
Increasing Reactivity H3C/ ‘q H3C/ \CH3
. H—A
0 0: o :OH
P S
i I i
CH; CHjy CHjy CHj
7 5

Scheme 1. Protosolvation of the acetyl cation and its reaction with isobutane.

species 5. It is the superelectrophilic intermediate (5 or 7) that is capable
of reacting with the C—H bond of the hydrocarbon substrate (isobutane).
Subsequently, the complex 6 then leads to the formed hydride abstraction
products. As described more thoroughly in Chapter 5, the proposed super-
electrophilic activation is also supported by thermodynamic calculations.

About the same time, a similar type of activation was observed in the
reactions of nitronium salts.2? Nitronium salts (such as NO>,"BF4~ or NO,™
PF¢ ™) show little or no tendency toreact with deactivated arenes or alkanes in
aprotic media. However, in fluorosulfuric acid or HF-BF; solution, nitration
takes place giving nitration products even nitromethane (eq 15).

2+

H H
CH, + NO,H* H-C- < CH;NO,H" (15)
H NOH H
8
Increasing
Reactivity
e e s SH-A L. .o
O=N=0 O=N=0 O=N=0
8

These results can be interpreted in terms of protosolvation of the nitron-
ium ion. While the monocationic nitronium ion is a sufficiently polarizible
electrophile to react with strong nucleophiles such as olefins and acti-
vated arenes, it is generally not reactive enough to react with weak
nucleophiles including methane. Partial or complete protonation of the
nitronium oxygen then leads to the superelectrophilic species 8. The
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heightened electrophilic reactivity of 8 allows the reactions with deac-
tivated aromatics and alkanes.

The protionitronium ion (8, NO,H?*) and the protioacetyl cation (5,
CH3;COH?*) were the first examples of superelectrophilic intermediates.
Their electrophilic reactivities are much greater than that of the cor-
responding parent monocations.’> As such, these superelectrophiles are
capable of reacting with weaker nucleophiles than the nitronium (NO,™)
and acetyl (CH3;CO™) cations. A defining feature of these superelec-
trophiles (and those described subsequently) is the further complexation
(solvation) of the monocationic electrophile by Brgnsted or Lewis acids.
As a result of this interaction, neighboring group participation with the
electrophilic center is decreased and the resulting electrophiles are increas-
ingly electron deficient and reactive.?” In the limiting cases, multiply
charged de facto dications (even multications) may result. As discussed in
Chapter 7, superelectrophiles are distinguished from such distant dications
in which the two charged groups are isolated. Distant onium dications
exhibit chemistry no different than the monocationic onium ions. The
term “superelectrophile” previously has been applied occasionally to a
number of other chemical systems, including metal complexes in high oxi-
dation states, electrophiles bearing multiple electron-withdrawing groups,
and other highly reactive electrophiles. While these systems may exhibit
unique chemistry, they are not superelectrophiles within the context of
discussed acid-base interactions. Consequently, their chemistry will not
be included in our discussions in this book.

Superelectrophilic intermediates have been categorized into two distinct
groups: the distonic (distant) and the gifonic (close) superelectrophiles
(Table 1).?? Distonic superelectrophiles are defined as electrophiles in

Table 1. Classes and examples of superelectrophiles

Gitonic Superelectrophiles Distonic Superelectrophiles
+ OH2
H)\ e "0 _0 CN’CHZCI
+ 3C-Br-CHj \\/\// +
[ \CH3 111 [,NJ
CH;4 F*
2 +OH

Ph

O= N—6H NJ\CH +OH
X P + Q Com \/\)J\OH
HO +

_OH,
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which the positive charge centers are separated by two or more carbon
or hetero atoms, while gitonic superelectrophiles are characterized by the
positive charge centers being in close proximity. Both types of superelec-
trophiles and their chemistry will be discussed in subsequent chapters.

Theoretical calculations have been done on varied superelctrophilic spe-
cies. They are often found in deep potential energy wells on the energy
surfaces, although others are higher lying minima. Moreover, the calcu-
lated gas-phase structures are often only kinetically stable species but with
sizable energy barriers to proton loss or other fragmentations. These cal-
culations have been verified by the observation of a number of superelec-
trophiles by gas-phase mass spectroscopy studies (vide infra). Reactions
of superelctrophiles in the condensed phase frequently involve discreetly
formed dicationic (or tricationic) species. However, as noted with the
protioacetyl dication (CH;COH?*, 5) and the protionitronium dication
(N02H2+, 8), formation of effective dications may be the limiting case.
Partial protonation or weaker donor-acceptor interaction with a Lewis acid,
what we now call electrophilic solvation, can also activate electrophiles
to produce superelectrophiles. Along these same lines, there has been
kinetic evidence to suggest varying degrees of protonation in the transi-
tions states involving superelectrophiles.>®> For many superelectrophiles,
it has not been possible to de facto directly observe these species, even
with fast spectroscopic methods. It has been proposed in several of these
studies that superelectrophiles are formed in only low concentrations. As
an explanation for these reactions, superelectrophilic transition states may
be involved with no persistent intermediates.

Two types of interactions have been shown to be involved in super-
electrophilic species. Superelectrophiles can be formed by the further
interaction of a conventional cationic electrophile with Brgnsted or Lewis
acids (eq 16).23 Such is the case with the further protonation (protosolva-
tion) or Lewis acid coordination of suitable substitutents at the electron
deficient site, as for example in carboxonium cations. The other involves
further protonation or complexation formation of a second proximal onium
ion site, which results in superelectrophilic activation (eq 17).%*
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.
N S Y (I7)
= = =
10

Both types of dicationic species (9—10) exhibit the properties and reac-
tivities of superelectrophiles.

It should be noted that it was Pauling who predicted the viability of a
doubly charged molecular structure in the 1930s by suggesting the kinetic
stability of the helium dimer dication (He,>*).?> Despite the large esti-
mated exothermic energy of dissociation (200 kcal/mol), theoretical cal-
culations predicted a substantial energy barrier to dissociation (33.2 kcal/
mol). The recent mass spectrometric observation of the helium dimer
dication, He,?*, confirms Pauling’s prediction.”® The kinetic stability
of the helium dimer dication can be understood by the bonding interac-
tion (He,?T is isoelectronic with the hydrogen molecule) offsetting the
large electrostatic charge-charge repulsion. Molecular orbital theory also
predicted the stability of aromatic dications, including the cyclobutadi-
ene dication, the biphenylene dication, and the cyclooctatetrene dication.
These dicationic species (11-13),

2+

13

as well as many other related systems, have since been observed as stable
ions in under high-acidity, low nucleophilicity conditions.'*?

Superelectrophilic onium dications have been the subject of exten-
sive studies and their chemistry is discussed in chapters 4-7. Other
multiply charged carbocationic species are shown in Table 2. These
include: Hogeveen’s bridging, nonclassical dication (14)*%; the pagodane
dication (15)27; Schleyer’s 1,3-dehydro-5,7-adamantane dication (16)28;
the bis(fluroenyl) dication (18)%°; dications (17 and 19);!°% trications
(20-21)"9%39; and tetracations (22-23).3! Despite the highly electrophilic
character of these carbocations, they have been characterized as persistent
ions in superacids.

In solutions of low nucleophilicity, multiply charged electrophiles can
frequently exhibit deep-seated rearrangements and fragmentation reac-
tions. These reactions often stem from the electrostatic repulsive effects
involving the charge centers, and they have precluded the observation of
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Table 2. Some persistent multiply charged carbocations

Dications Higher Cations

oy
HyC, C

N =g

Ph.+_Ph

some multi-charged ions. For example, a long-sought goal in carbocation
studies was the generation of an aliphatic 1,3-carbodication. Whereas ion-
ization of 2,5-dichloro-2,5-dimethylhexane gives the stable 1,4-dication
(24, eq 18) ionization of 2,4-dichloro-2,4-dimethylpentane (25) leads only
to the 2-pentenyl cation (27, eq 19).3% It is thought that the 1,3-dication
(26) if formed undergoes rapid deprotonation to give ion 27. Similarly,
ionization of the diol (28) gives the two monocations instead of the
expected 1,3-dication (eq 20).3? Other reactions of dicationic species are
described in chapters 4—7.

a %
ca “soar )\/\( (18)

-78°C

-78°C

HO OH “gsbc;:
(20)
T soF
28

—78°C

Y et W W (19)
25
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The concept of superelectrophilic activation was first proposed 30 years
ago.”’ Since these early publications from the Olah group, superelec-
trophilic activation has been recognized in many organic, inorganic, and
biochemical reactions.?? Due to the unusual reactivities observed of super-
electrophiles, they have been exploited in varied synthetic reactions and
in mechanistic studies. Superelectrophiles have also been the subject of
numerous theoretical investigations and some have been directly observed
by physical methods (spectroscopic, gas-phase methods, etc.). The results
of kinetic studies also support the role of superelectrophilic activation.
Because of the importance of electrophilic chemistry in general and super-
acidic catalysis in particular, there continues to be substantial interest in
the chemistry of these reactive species. It is thus timely to review their
chemistry.
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STUDY OF SUPERELECTROPHILES

2.1 INTRODUCTION

Many of the methods used in the study of electrophiles can also be applied
in studies of superelectrophiles. As noted in the introduction, superelec-
trophiles often exhibit very high reactivities when compared with conven-
tional electrophiles. The heightened reactivities can consequently be used
to estimate the degree of superelectrophilic activation in the chemistry
of superelectrophiles. In this respect, several reports have characterized
superelectrophiles based on kinetic studies. Reaction rates were shown
to increase with acidity for certain types of acid-catalyzed conversions
indicative of superelectrophilic activation. Although superelectrophiles
affecting reactions are generally present only in low concentrations, some
persistent superelectrophiles have been studied using varied spectroscopic
techniques. Low-temperature NMR and gas-phase techniques have been
used in studies of several types of superelectrophiles. Theoretical calcula-
tions have been used to characterize many superelectrophilic systems. In
addition to proving their intermediate nature as energy minima, they also
have provided ground state geometries and energies. Calculations have
also indicated significant energy barriers to dissociation for a variety of
dicationic and tricationic superelectrophiles. This chapter describes the

Superelectrophiles and Their Chemistry, by George A. Olah and Douglas A. Klumpp
Copyright © 2008 John Wiley & Sons, Inc.
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various methods of study of characteristic superelectrophilic systems that
have been studied. Other techniques, such as isotopic labeling studies,
calorimetric measurements, and various physical measurements, are also
discussed when relevant.

2.2 REACTIVITY PROFILES

One of the defining features of superelectrophiles is the often-observed
high level of reactivity towards nucleophiles of low strength.' This experi-
mental observation is frequently used as an indication for the involvement
of a superelectrophiles. To illustrate, the following examples show how the
electrophile’s reactivity can be characterized to indicate superelectrophilic
chemistry.

It was the enhanced reactivities of nitronium and acetylium salts in
superacidic media that lead Olah to first propose in 1975 the concept of
superelectrophilic activation.” As mentioned in Chapter 1, nitronium salts
exhibit markedly enhanced reactivities in strong acids when compared
with reactions in aprotic solvents. Even the slow nitration of methane can
be accomplished using nitronium hexafluorophosphate (NO,"PFg™) in
superacidic FSOzH, while nitronium salts in aprotic solvents are unreac-
tive. This increased reactivity in superacid was suggested to involve pro-
tosolvation of the nitronium cation, forming the limiting superelectrophile
NO,H?*. In a similar respect, nitration of strongly deactivated arenes is
only effected by nitronium salts in superacidic media. For example, nitro-
nium tetrafluoroborate (NO>* BF, ™) does not nitrate m-dinitrobenzene in
nitromethane solvent, but in FSO3H it gives 1,3,5-trinitrotoluene (eq 1).3

O,N NO, Fsou O,N NO,
\©/ + NOBF, —55c \©/ (D)

62% NO»

When nitronium tetrafluoroborate was attempted to be reacted with
pentafluorobenzene in the triflic acid, CF3SO3H (Hy —14.1), no nitration
occured. However, using the much stronger superacid, triflatoboric acid
(2 CF3SO3H-B(03SCF3)3, Hg —20.5), nitration occurs in high yield (the
nitronium ion being in situ generated from nitric acid; eq 2).3

F F

F 2 CF3S03H-B(038CF3)3 ON '
+ HNO;j

25 2)
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Even the trityl cation has been successfully nitrated using superacidic
activation of nitronium salts (eq 3).*

O 1) CF;S03H, 0°C
N07BF4 Ph_OH _ESH
+
O O 2) H,0 Il ,O-BF;
64%
BF,”

Due to the delocalization of the cationic charge into the phenyl rings, they
are only very weakly nucleophilic. The reaction of nitronium tetrafluo-
roborate with triphenylcarbenium tetrafluoroborate in excess CFzSOsH
however, gives the mononitration product, which can then be reduced
using ionic hydrogenation (Et3SiH). The same reaction in an aprotic
medium (CH,Cl,) gives no nitration product. These results are all consis-
tent with the protolytic activation of the nitronium cation in the superacids.
Methane, m-dinitrobenzene, pentafluorobenzene, and the trityl cation, are
all weak nucleophiles, and the nitronium cation (1) does not possess suf-
ficient electrophilic reactivity to attack these nucleophiles. Increasing the
acidity of the reaction medium, however, leads to an equilibrium with the
protosolvated nitronium ion (2) (or even the protonitronium ion, 3),

5+/,H_A

e + oo e + . + +/H
O=N=0 O=N=0 O=N=0
1 2 3

which is a significantly more reactive electrophile. Thus, nitration of
these weak nucleophiles suggest the involvement of the superelectrophilic
species (2 or 3). A more detailed discussion of the superelectrophilic
nitronium ion is found in Chapter 5.

Friedel-Crafts type reactions of strongly deactivated arenes have been
the subject of several recent studies indicating involvement of super-
electrophilic intermediates. Numerous electrophilic aromatic substitution
reactions only work with activated or electron-rich arenes, such as phe-
nols, alkylated arenes, or aryl ethers.’ Since these reactions involve weak
electrophiles, aromatic compounds such as benzene, chlorobenzene, or
nitrobenzene, either do not react, or give only low yields of products. For
example, electrophilic alkylthioalkylation generally works well only with
phenolic substrates.® This can be understood by considering the resonance
stabilization of the involved thioalkylcarbenium ion and the delocaliza-
tion of the electrophilic center (eq 4). With the use of excess Lewis acid,
however, the electrophilic reactivity of the alkylthiocarbenium ion can be
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greatly enhanced, indicating superelectrophilic activated species (4).° The
greater electrophilic reactivity allows for the electrophilic alkylthioalky-
lation of even benzene and halogenated arenes in good yields (eq 5).

8

~AICH,

RS N R -
TR R Rl\*’(.s.\R 4)

R R 3

2 2 R,
4
a~s-CHs S,CH3 5
2 Equivalents AICl3 ( )
CH,Cl,, 0°C 87%

Similarly, hydroxyalkylation with aldehydes or ketones is best accom-
plished with activated aromatic compounds, such as phenols.” However,
reaction even with chlorobenzene has been carried out with either para-
banic acid or isatin using triflic acid (eqs 6—7).8°

(6)

(7

99% H

Diprotonated, superelectrophilic intermediates were suggested to be
involved in both conversions. Considering protonated aldehydes, benzal-
dehyde gives a carboxonium ion that is significantly resonance stabilized
and thus unreactive towards aromatic substrates such as o-dichlorobenzene
or nitrobenzene. Pyridinecarboxaldehydes, however, show much higher
electrophilic reactivities due to their ability to form via N -protonation the
superelectrophile (5, eq 8).' A similar situation is seen in the hydrox-
yalkylation reactions of acetyl-substituted arenes. Acetophenone is fully
protonated in excess triflic acid, but the resulting carboxonium ion (6) is
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not sufficiently electrophilic to react with benzene (eq 9).!' Yet, acetyl-
substituted pyridines (and other N -heterocycles) give the related conden-
sation products in excellent yield under the same conditions (eq 10). The
higher reactivity of the pyridine system is attributed to the formation of
dication (7). In the superacid catalyzed acylation of arenes with methyl
benzoate, even nitrobenzene is acylated in high yield, suggesting the for-
mation of a superelectrophile (8, eq 11).?

NO,
H H H
N CF;S0:H H.+ N N
N o ¥ N Son | —— N (8)
_ CeHsNO, \ Z
=
10%
5 02
(0] *OH
CH, CF3S0;H CH, no reaction (9)
e ’ with CgHg
6
O +
N +E 'y N %
‘ x CH, _CFSO ‘ N CH, | X CH,
) | O _ (10
93%

(0] +*OH O
OCH,4 CF;SO;H + NO,
 cano, QCH; (11)
65 2 H

82%
8

Although electrophilic reactions involving dications with deactivated
arenes may suggest the formation of superelectrophilic intermediates, there
are a number of well-known examples of monocationic electrophiles that
are capable of reacting with benzene or with deactivated aromatic com-
pounds. For example, 2,2,2-trifluoroacetophenone condenses with benzene
in triflic acid (eq 12).'* A similar activation is likely involved in the H,SO,
catalyzed reaction of chloral (or its hydrate) with chlorobenzene giving
DDT (eq 13).
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+
O OH Ph_ Ph
C. s C.
N e R N R = (Y ek (12)
Pz Cetlg pZ Pz
Cl Cl
+
9 HZSO4 9H (13)
H’C\CCI3 CeHsCl H™"CCly ]
H CCly

The inductive effects of the trifluoromethyl and trichloromethyl groups
increase the electrophilic reactivities of the carboxonium ions when com-
pared with those formed from acetophenone or acetaldehyde.

As mentioned in Chapter 1, some superelectrophiles are even capable
of reacting with the o-bonds of alkanes or alkyl groups. o-Donor alka-
nes are of course weak nucleophiles. But in reactions with exceedingly
strong acids or electrophiles, o -bonds can act as electron donors. This was
demonstrated in the study of the superacid catalyzed reactions of alkanes
with the protosolvated acetyl cation (Scheme 1, Chapter 1). Olah et al.
showed carbon monooxide can react with isobutane to give methyliso-
propyl ketone in high yield upon rearrangement of formed pivaldehyde
(Scheme 1).!* Other branched alkanes react similarly. The results are
consistent with the formation of the protosolvated formyl cation (9),
which reacts directly with the tertiary CH bond via a five coordinate
carbocation (10). Subsequent rearrangement yields the methylisopropyl
ketone product. Although it is conceivable that the carbonylation might
occur by initial formation of a fert-butyl cation (via reaction of isobu-
tane with superacid) followed by trapping it with carbon monooxide, this
pathway is unlikely because no carboxylic acids are detectable in the
product mixtures. An analogous superelectrophilic formylation has also

H CH; 2+ i
HF:BF SR H_C‘ES{H3 *QH  CH, . QH
CO —3; '9 L ‘|(|)+ —3> H/C\Y"C:CH:; L H,C\C/\CH:%
C C+ " CH, CH,
H H H 3
9 10 1 -
OH
+ + :
Q e QH OH. 1o CHy
.CCH; «— .C.,CHs H,C-C. CH3 <— HC-
H3C (lj\CH 3C ?\CH -H 3 VC\CH@ k| CH3
91% H 3 H 3 * CHj

Scheme 1.
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been observed in the reactions of adamantane and carbon monooxide to
give 1-formyladamantane (eq 14)."

+

H H. E CHO

1) CF3S0;H

CO (15 atm) —2H*
R ——
B S (14)

E*=HCO" or HCOH?**

The reaction yield increases with acid strength, further suggesting the inter-
mediacy of the protosolvated, superelectrophilic formylating species (9).

Superelectrophilic activation has also been proposed to be involved,
based upon the reactivity of carbocations with molecular hydrogen (a o-
donor).'® This chemistry is probably even involved in an enzymatic system
that converts CO, to methane. It was found that N°.N'®—menthyl tetrahy-
dromethanopterin (11) undergoes an enzyme-catalyzed reaction with Hp
by hydride transfer to the pro-R position and releases a proton to give
the reduced product 12 (eq 15). Despite the low nucleophilicity of H,
cations like the ferz-butyl cation (13) are sufficiently electrophilic to react
with H, via 2 electron-3 center bond interaction (eq 16). However, due to
stabilization (and thus delocalization) by adjacent nitrogen atoms, cations
like the guanidinium ion system (14) do not react with Hy (eq 17).

N : s

H

H j. H I:{
0 Y/N o YN
N:ﬁ"'CH:; o X Nf"lCH +
HN | o ENZYME HN / 3+ H
. + H, ——— | ‘H

N
H,N N7 N
: Ho CHs HN N" “cH,
1 12
(15)
N
HyC _+_CH, e H,e S .
R Y LV Py PV
CH; CH, H CH,4

13
(16)
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e +
/H + H +> N / + H

QN% 2 Q >N (17)

Since N°.N'®—menthyl tetrahydromethanopterin (11) should also exhibit
significant delocalization of the cationic site, its reactivity with molecular
hydrogen is remarkable. It is suggested that protonation (protosolvation)
of one or both of the adjacent basic nitrogen sites by the enzymatic system
could generate an enhanced electrophilic system (Scheme 2). This super-
electrophilic system would be the result of decreased neighboring group
participation and thus resulting in increased reactivity. A more detailed
discussion of this system is found in Chapter 5.

The above examples are illustrative of how activated electrophilic chem-
istry involving weak nucleophiles can indicate involvement of superelec-
trophiles. Chemical reactivity with weak nucleophiles, however, by itself
cannot be considered sufficient evidence for superelectrophilic intermedi-
ates or reactive dicationic intermediates. Many reactions of alkanes, for
example, occur by oxidative, free radical reaction pathways. Strong acid
systems may also cause medium effects, such as, for example, increasing
the solubility of reagents, which can lead to higher yields or increased
reaction rates. However, when these effects can be ruled out and the elec-
trophilic reactions of weak nucleophiles give higher yields and increased
reaction rates (e.g., in conversions dependent on acid strength) superelec-
trophilic activation is indicated.

2.3 KINETIC STUDIES

Kinetic studies have been important in the characterization of varied elec-
trophilic reactions, such as electrophilic aromatic substitutions, addition

R H
H;C N+ H¢ R o HyC R .
HN Y H e NG
H N_ . H N—ring H N—ring
ring e ring 0 ring O

11 T
Protonation

Scheme 2. Proposed mechanism for the activation of the stabilized cation (11).
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reactions to alkenes, and various carbonyl reactions. Several superelec-
trophilic reactions have also been studied using kinetics experiments.
These reactions typically show dramatic increases in reactions rates (and
yields) with increasing acidity. Some representative examples are dis-
cussed here. 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 elevated tem-
peratures. O-Protonated cationic intermediates have been proposed in the
reactions. With a series of 1-phenyl-2-propen-1-ones in superacid-catalyzed
reactions, 1-indanones were obtained in generally good yields (eq 18).'%

+ 2+ +
(0] ‘OH OH, :OH,
CF;SOzH CF;SOzH
Ph 3 Ph 3773 Ph Ph
W O S P O
15 16 17 it

(6]

b

18 91%

(18)

The reactions were also carried out in solutions of varying acidity and, in
all cases, the cyclization required highly acidic conditions. Cyclization of
15 gives 91% yield of 18 in 100% CF3zSOsH (Hy —14.1) and 48% yield
in 6% w/w CF3SO3H : 94% CF;CO;H (Hp —8.7). Attempted reactions
in CF3CO;H (100%, Hp —2.7) gave no cyclization. In kinetic studies,
1-phenyl-2-propen-1-ones were reacted in solutions of varying acidity
and in all cases the cyclizations were found to exhibit pseudo first-order
kinetics. The rate constants were found to be directly proportional to acid
strength over the range of acidities from Hy —9 to —13. These results are
consistent with the Zucker-Hammett hypothesis, which states that reac-
tion rates are linearly proportional to acidity if the reactive species (i.e.,
the present protonated intermediates) are formed in low concentrations
and are involved in the rate-determining step. Given, however, that the
carbonyl group is essentially fully protonated at Hy —9, an increasing rate
constant with acidity indicates formation of the diprotonated intermediate
7).

1,3-Diphenyl-1-propanone (19) is found to give the cyclization product
22 in good yield when the reaction is carried out in superacid.!” This
acid-catalyzed cyclization also shows a dramatic dependence on the acid-
ity of the reaction medium: a yield of 72% in 100% CF;SOsH (Hy —14.1);
a yield of 7% in 6% w/w CF3SO3H : 94% CF3CO,H (Hy —8.7); a yield
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+ 2+ +

0 ‘OH OH, :OH
CF;S0;H H* 2
Ph/’\\//u\Ph T s0c Ph//\\“/u\Ph Ph Ph Ph/”\\//£‘Ph
19 20 21
slow or rate-
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Scheme 3. Proposed mechanism for the cyclization of 1,3-diphenyl-l-propanone (19).

of 0% in 100% CF3;CO;H. Using NMR and UV titration methods, the
pK g+ value of ketone 19 was estimated to be —5.9. Thus, 19 is fully
protonated in the solution of acidity Hy —9, and at higher levels of acid-
ity, the monocationic species (20) is in equilibrium with the diprotonated
species (21). The cyclodehydration reaction was also examined in kinet-
ics studies. Between the range of Hy—8.2 and —14.1, the reaction rate
constant was found to increase linearly with acidity. These results indi-
cate that the superelectrophilic species 21 is formed and is involved in
the rate-determining cyclization step (Scheme 3). The monoprotonated
species (20) itself is stabilized by inductive and resonance effects and
therefore the cyclization does not occur. A second protonation at the car-
bonyl group is needed to give the superelectrophile (21), which leads to
the cyclization.

In a study involving an intramolecular Houben-Hoesch reaction (eq. 19),

H, H\ H
CF3S0;H N
CF3CO,H Ne

o DT )T
(19)

kinetic evidence suggested the involvement of superelectrophilic diproto-
nation of nitriles.?? 4-Phenylbutyronitrile (23) was found to cyclize at an
appreciable rate only in solutions more acidic than Hy = —10. The first-
order rate constant was found to be linearly proportional to acidity over a
range of Hy = —10.5 to —13. In fact, the rate increases 100-fold over this
range of acidity. The monoprotonated nitrile (24) itself is approximately
half protonated in solutions of acidity Hy = —10. However, at this acid




KINETIC STUDIES 27

strength, there is little or no cyclization. This is consistent with the forma-
tion of the superelectrophilic intermediate 25 with increasing acid strength.
The kinetic data also indicate that the superelectrophilic intermediate 25 is
formed (even if in low concentration) and is involved in the rate-limiting
reaction step. These experiments also suggest that the rapid increase in reac-
tion rate with acidity is probably due to the degree of protonation, where, in
this case, protonation is nearly complete. In the study of the intramolecu-
lar cyclization of 1,3-diphenyl-1-propanone (Scheme 3), a similar increase
was found in reaction rate with acidity, but the reaction rate increase was
in this case not as large. This was interpreted in terms of a more limited
degree of protonation or the protosolvation of the activated complex.

When the unsaturated acetal 26 was reacted with superacid at —60°C
and irradiated, a photostationary state is observed consisting of the two
stereoisomers 26a and 26b (Scheme 4).2' Evaluation of the kinetics of
stereomutation shows good first order kinetics, and the rate constant in-
creases with acidity. Based on the kinetics results, it was proposed that
protonation of the carboxonium group of 26b leads to the dication (27),
and this facilitates isomerization through delocalization of the positive
charge.

The Pictet-Spengler and Bischler-Napieralski reactions are used to pre-
pare biologically and pharmocologically important isoquinoline ring sys-
tems. Versions of these reactions have also been proposed in biosynthetic
pathways. Under mildly to strongly acidic conditions, the cyclizations

OCHj,4
X" 0CH,; FBOHSHEs ©/\/\0CH3 = m
-60°C
OCH;
26 6a
k| -H" ot
O/\Locm ©/\\\OCH
27 27

Scheme 4. Role of superlectrophile (27) in the stereomutation of the oxonium ion (26b).



28 STUDY OF SUPERELECTROPHILES

require activating groups (R) on the aryl-substituent of the imine (eq 20).
N S NH (20)

From studies of the Pictet-Spenger reaction using superacidic conditions,
kinetic evidence for superelectrophilic intermediates was reported.>> While
N -methylene-2-phenethylamine (28a) reacts slowly or not at all with
strong acids, in 90% CF;SO3H:10% CF;CO,H (w/w; Hp—12.5; 100
equivalents), the cyclization product is obtained in 76% yield (eq 21).
When a variety of aldimines were reacted in 100% CF3SO3H, the cycliza-
tion occurred in good yields. For example, compounds 28b and 28c gave
the cyclized products (eqs 22 and 23)

90% CF3SO5H : 10% CF3CO,H
=N 50°C, 1'h NH (21)

28a 76%
CF3S0;H
—_—
_N 150°C NH
(22)
69%
28b
CF,;S0;H
_— + — + —
N 150°C N. + N—-H NH
1 -~ H H
Ph Ph Ph ph 90%
28¢c 29 30 31

(23)
in CF3SO3H. In 100% CF;CO;H, the starting aldimines (28b-c) were
recovered unreacted. NMR analysis indicated that the imines are com-
pletely protonated in CF3CO,H. The proton bound to the imine nitrogen
appears as a doublet at § 11.2 for ion 29. The authors noted that, despite
being fully protonated in CF3CO,H, 28b and 28¢ were unreactive towards
cyclization. In kinetic studies, the imines were dissolved in solutions of
varying acidity and the formation of products was monitored by 'H NMR.
It was found that cyclizations occur at significant rates when the solutions
are more acidic than Hy —10.5. The cyclizations showed good first-order
kinetics with reaction rates increasing steadily as the acidity of solution
increased (Figure 1). Reaction rates should level off if the monoproto-
nated imine is the intermediate leading to cyclization, because the imines
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Figure 1. Acidity-rate profiles of the superacid-catalyzed Pictet-Spengler cyclizations.??

are fully protonated at acidities as low as Hy —2.7 (CF3CO,H). Electron
donating groups (alkyl) on the phenethyl aryl group increased the reaction
rate, suggesting that cyclization is involved in the rate-determining step.
The linear correlation between acidity and reaction rates indicates that
diprotonated, superelectrophilic intermediates such as 30 were involved
in the cyclization, leading to the cyclized product 31.

A hallmark of superelectrophilic reactivity is often the greatly increased
yields and reaction rates dependent on increasing acidity. While absolute
reaction rate constants can be obtained from kinetic studies and indicate
evidence for superelectrophilic activation, qualitative evidence can also be
obtained from realitive reaction rates. For example, in a study involving an
acetophenone derivative, 2,2,2-triphenylacetophenone (32) was converted
to 9,10-diphenylphenanthrene (36) in quantitative yield in reactions car-
ried out in superacid (Scheme 5).23 The relative reaction rate is found
to increase with acidity and the exclusive product (36) is formed only in
solutions more acidic than about Hy —12 (limit of superacidic solution;
Table 1). Acetophenone is fully protonated in acidic media stronger than
Hy—12,%* and 2,2,2-triphenylacetophenone should exhibit a similar basic-
ity. This suggests the involvement of the diprotonated, superelectrophilic
species 34. Formation of the superelectrophile 34 leads to a retro-pinacol
rearrangement and subsequent cyclization.



30 STUDY OF SUPERELECTROPHILES

N + +

OH OH, 0 b
Ph %Pb CF3SOH — pp >‘)KPh ~pn Ph
Ph Ph h * Ph
Ph Ph

32 33 34 35
l o
1—]—[20
Ph Ph

ot
36

Scheme 5. Proposed mechanism for the condensation of ketone 32.

Table 1. Relative yields of product 36 with varying acidity

Acid System

(CF3SO3H-CF3C02H> Product
Acidity (Hp) wiw% Ratio (32:36)
—14.1 100 % CF3SO3H 0:100
—12.5 72.8 0:100
~115 43.5 30:70
~10.6 22.1 100:0
—2.7 100 % CF;CO,H 100:0

Reaction conditions: compound 32 (50 mg), benzene (0.5 mL), and acid
(0.5 mL), reacted at 25°C for 24 h.

Superelectrophilic intermediates were also proposed in the cyclization
reaction of «-(methoxycarbonyl)diphenylmethanol (37) with superacid
(eq 24).%° The yield of cyclized product is found to increase dramatically
with increasing acidity of the reaction medium. The conversion is believed

O W
+
- 0 ACID R OH OCH;
0 \OC —40°C OCH —_—
o™ 0 @
38 H

37 0 27 118 -132

% YIELD: 0% 20% 94%



KINETIC STUDIES 31

to involve the dicationic intermediate (38) that further reacts by a con-
rotatory electrocyclization. The involvement of the superelectrophile was
further supported by kinetic experiments and theoretical calculations, as
described in more detail in Chapter 5.

Several types of 1,2-dicarbonyl compounds have been studied in super-
acid and their chemistry indicates the involvement of superelectrophiles.
One of the earliest studies involved the chemistry of 2,3-butanedione
(39), which condenses rapidly with benzene in CF;SO3H (Scheme 6)
in good yield.?® It was proposed that the dicationic intermediates (40)
and (41) are formed under the superacidic conditions and these superelec-
trophiles lead to product formation. As expected with superelectrophilic
activation, the reactivity of 39 drops off rapidly with decreasing acid
strength. While the yield of product 42 is 94% in CF3SOsH (Hy —14.1)
and 94% in 50% CF3;SOsH : 50% CF;CO,H (Hy—12.0), the reaction
is slower in the later case. The product yield falls to 62% at Hy—11
(20% CF3SO3H : 80% CF3;CO;H) and no reaction is observed at Hy —8
(6% CF3SO3H : 94% CF3;CO;H). Further evidence for superelectrophile
40 was obtained from 'H and '3C NMR studies in superacid solutions
of 39.

In acid-catalyzed reactions of cyanides with arenes (Gattermann reac-
tion), the yield of products and relative reactions rates are found to cor-
relate with the acid strength of the media.?’ The reaction of either NaCN
or trimethylsilyl cyanide (TMS-CN) with benzene in superacid gave the
benzaldimine, which upon hydrolysis yielded benzaldehyde (eq 25). The
reactions were found to give reasonable yields (> 40%) of product only

+
Q CF;SOzH +OH + o
H3C T . HC T~ HC
3 \H)J\CH:; C()Hﬁ 3 CI_I3 (:H3
0 5 min. 0 + OH
39 40

0 “OH
H;C HsC . *
CH3 3 CH;
94% O - ;
42 41

Scheme 6.
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when the acidity of the solution was stronger than Hy= —14 and gave
excellent yields when acidity was H o < —18 (Table 2). Since the pKpp+
of hydrogen cyanide (43) is between —10 and —11, hydrogen cyanide
is more than half protonated in CF3SO3H:CF;CO,H (50:50, Hy = —12).
This suggests that it is not the monoprotoned hydrogen cyanide (44, eq 26)

.
NH, 0
O = O - s
aCN or N
TMS-CN H H
’ o + + + +
NaCN or H-C=N H-C=N-H H—C=N
TMS-CN \H (26)
43 44 45

that reacts with benzene, but a second protonation generates the superelec-
trophilic species (45), which is sufficiently reactive to give the product.
As noted previously in Chapter 1, the electrophilic reactivities of acetyl
salts increase dramatically as the acidity of the reaction medium increases.
This was one of the observations that lead Olah and co-workers to first
propose the concept of superelectrophilic activation, or protosolvation of
the acetyl cation, in 1975.2 This seminal paper described the chemistry
of acetyl hexafluoroantimonate (CH3CO"SbFs~) and the reaction with
alkanes in various solvents. In aprotic solvents such as SO,, SO,CIF,
AsF3, and CH;Cl,, there was no reaction. However in HF-BF3, acetyl
salts react with iso-alkanes and efficient hydride abstraction is observed.?’
This was interpreted by Olah as evidence for protonation of the acetyl

Table 2. Reaction of benzene with cyanides to give benzaldehde

Cyanide Acid Hy Time, min % Yield

NaCN 23% TfOH : 77% TFA —10.6 300 0
55% TfOH : 45% TFA —11.8 300 3
80% TfOH : 20% TFA —12.7 300 11
100% TfOH —14.0 30 44
1% SbFs : 99% TfOH —16.8 30 65
5% SbFs : 95% TfOH <—18 5 92

TMS-CN 20% TfOH : 80% TFA —10.0 720 0
55% TfOH : 45% TFA —11.8 300 2
80% TfOH : 20% TFA —12.7 30 17
100% TfOH —14.0 30 55
5% SbFs : 95% TfOH <—18 5 99

TfOH:CF;SO3H; TFA:CF;CO,H
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Table 3. Yields of acetylated product from the reaction of
chlorobenzene with CH3CO*SbFs™~ in solutions of varying
acid strength

Acid Hy Yield?®
100% CF;CO,H 2.7 0%
20% CF;SOs;H : 80% CF;CO;H —10.0 9%
40% CF3;SO3H : 60% CF;CO,H —12.0 21%
100% CF3;SOsH —14.1 32%
1% SbFs : 99% CF;SOs;H —16.8 48%
5% SbFs : 95% CF;SOsH <—18 82%

salts. Similarly, acetyl salts show heightened reactivities with aromatic
substrates in solutions of increasing acidity. For example, it was found by
Shudo and Ohwada that acetyl hexafluoroantimonate (CH3;CO™'SbFg™)
and benzoyl hexafluoroantimonate (CgHsCOTSbFs™) salts acylate aro-
matic compounds most effectively in highly acidic solution.?” In the case
of chlorobenzene, the acetylated product is formed in 0 to 32 to 82%
yield, for progressively stronger acid systems (Table 3). NMR studies
ruled out solubility of the salts as an explanation for the increased reac-
tivity. Similar results were obtained with the benzoyl cation. Together
with the results obtained from other work, these data suggest the
formation of the protioacyl dications 46 and 47 in the highly acidic
solutions.

+ ut + o+ + Ht +  +
H;C-C=0 =—= H,C-C=OH C=0 C=OH

46 47

These examples illustrate how electrophilic systems can exhibit en-
hanced reaction rates and yields with increasing strength of the acidic
reaction media. Both qualitative and quantitative kinetic studies strongly
suggest the involvement of superelectrophilic species in reactions.

2.4 SPECTROSCOPIC STUDIES

Similarly, as spectroscopic techniques have been used to study many
long-lived, electrophilic species such as carbocations, acyl and carbox-
onium ions, and various onium ions, they have also been used in a
number of reports directed to characterization of superelectrophiles. Both
condensed and gas phase techniques have been used to study superelec-
trophilic systems. In the condensed phase, however, superelectrophiles are



34 STUDY OF SUPERELECTROPHILES

generally formed in equilibria containing only low concentrations, or with
very short lifetimes. Consequently, their direct observation has frequently
not yet been possible. In some cases, however, they are persistent enough
for spectroscopic methods, even NMR studies.

Nuclear magnetic resonance (NMR) spectroscopy has been used to
directly observe varied persistent superelectrophilic species. Although 'H
and 13C NMR have been the most often used techniques, there have also
been applications of 5N, 170, and 'F NMR in their structural char-
acterization. Coupled with theoretical computational methods capable of
estimating NMR chemical shifts, these studies have been very useful in
the study of superelectrophiles.

It was reported that arylpinacols (48a) can undergo a superacid-
catalyzed dehydrative cyclization to give the aryl-substituted phenan-
threnes (eq 27).2* Superelectrophilic intermediates were proposed in the
conversion. Tetraarylethylene dications have been studied by several meth-
ods and were observed directly by NMR as well as by UV-vis spec-
troscopy and X-ray crystallography.?® The low temperature oxidation of
tetraarylethylenes gives the dicationic species (50, eq 28).

:\< >/: CF,S0,4H

X X @7
e e e

48a, X = OH 49
R R R R R R
o SbF5 Heat
SO CIF
SO O O QQ‘ -
R R
50

R = H, NMe,, OCH;

'H and 13C NMR studies of the dichloride (48b, X = Cl) with Lewis acid
(SbFs or SbCls) showed only the cyclized phenanthrene product. The
incipient dication (50) in this case was not observed.
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In several recent studies, nitro-substituted olefins have been shown to
exhibit high electrophilic reactivities in superacid-promoted reactions.?’
NMR studies have been used to identify some of the superelectrophilic
intermediates in these reactions. For example, it was found that nitroethy-
lene reacts with benzene in the presence of 10 equivalents of CF3SOsH
to give deoxybenzoin oxime in 96% yield (eq 29). Since the reaction
does not occur with only one equivalent of TfOH, it was proposed
that the N,N -dihydroxy-iminium-methylium dication (51) is generated.
In spectroscopic studies, 1-nitro-2-methyl-1-propene (52) was dissolved in
CF3SO3H, and at —5°C the stable dication (53) could be directly observed
by 'H and '3 C NMR spectroscopy (eq 30).

_N-0H

N
. CF;S0;H +_OH
D e L NS
! CeHe (I)H
o 0°C

51

(29)

BC NMR Data (ppm):  26.6 199.9 130.3

W

+

H,;C .0 CRSOH o +_OH H;C + +_OH
E = - '3 = z - 3 SN
YN N T (30)
CH; O _sec CH; O CH; OH
52 53 T
29.6

Based on chemical shift data, it is clear that a considerable amount
of positive charge resides at the C-2 position of the nitroolefin. The two
methyl groups on dication 53 are, however, nonequivalent, indicating slow
rotation around the C1-C2 bond (partial double bond character). Simi-
larly, diprotonated intermediates were suggested to be involved in the
reactions of B-nitrostyrene and nitro-substituted naphthalenes (Scheme
7 and 8). Superelectrophilic intermediates 54 and 55 were proposed in
the reactions with superacidic CF3SOsH. The involvement of these inter-
mediates was supported by their direct observation using 'H and '3C
NMR in superacidic solvents. When (E)-B-nitrostyrene is dissolved in
CF3SO3H at —20°C, spectral data are consistent with the diprotonated
species 54. Double protonation at the nitro group generates positive charge
at the C-2 position, which is reflected in the deshielding of this car-
bon. When the same NMR experiment was done with (Z)-B-nitrostyrene,
the N,N -dihydroxyiminium benzyl dication (54) is likewise observed,
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indicating free rotation about the C1-C2 bond. In the reaction of
I-nitronaphthalene with CF3SO3H (30 equiv.) and benzene, phenylated
products were obtained (Scheme 8).3° These Freidel-Crafts-type reactions
are consistent with the formation of dicationic electrophilic intermediates
(55). The dication 55 was characterized by IH, 13C, and °’N NMR spec-
tra. When compared with the spectrum from the weaker acid CF;CO,H,
the naphthalene ring carbons are more deshielded in the superacid
(CF3SO3H), indicating delocalization of positive charge into the ring sys-
tem. Similar results were obtained for the 2-nitronaphthalene system.
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In a study involving the superacid-catalyzed reaction of amino-alcohols,
a chiral, dicationic electrophile was observed by low temperature '3C
NMR.3! Tonization of benzylic alcohols in superacids can generate stable
carbocations, such as the trityl cation. Because of the resonance stabi-
lization of the carbocationic centers, they are fairly weak electrophiles,
incapable of reacting with benzene (eq 31). However, it was shown that
adjacent ammonium groups can increase the electrophilic reactivities of
the diphenylethyl cations (eq 32).

HO CF,SO;H Ph Aqueous Ph
303 queous
Ph %CH; +>—CH;, ——— — (31)
Ph ’ CeHg Ph>¥ : Workup Ph
CHj CH; CH;

Ph. CF;SO;H Ph_ -~ 80% Ph -~

e L S ] VR (32)
Ph”: CeHg Ph * CeHlg

OH Ph
56 57

When the amino alcohol (56) is ionized in FSO3;H-SbF5-SO,CIF at
—40°C, a clean NMR spectrum is observed for the reactive dicationic
electrophile (57, Figure 2), showing the carbocationic resonance at §'>C
211.5.

Carboxonium ions are indicated to be involved in a number of super-
electrophilic reactions. In several cases, the direct observation of the
superelectrophiles and reactive dications has been possible using low

CH;

+ < _Ph
HNTYS
57 Ph

——dg-Acetone

o
=
Q
=
5]
Q
<
X}
o

200 180 160

Figure 2. '3C NMR spectrum of dicationic electrophile 57.
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temperature, stable ion conditions. For example, the condensations of the
ketones and aldehydes occur in high yields in CF3SO3H (eqs 33—37).32~34

+ _H
HO- &~ NOH
CF;SO;H ‘ 75%
)w( g Hx H,C )ﬁ(CHS _Dbr chjJ\’/\CH3 (33)
66 N -
OH" Ph
ss Ph
.
0 ] HO Ph
N CH CF3S0;H T/\ 75% Ph
3 CeH N CH; N._CH;
bl o S N
0 59 OH' o
(34)
. + Ph
Ph o CF;S0,H Ph_}, OH 99% Ph i; -
Ph7 | B =~ pn | ~ ph7| 35
Ph ' CH, Cells Ph  CH, Ph  CH, (35)
ar-
60
H H
CF;SO3H + + 87% C H,Cl,
2 s
N0 Tepa WY ©H CHCL (36)
NS N
61
0
CF3SO3H 74-99%
] J
N . : \ N (37)
|
R’ R' R
62

The proposed dicationic, carboxonium ion intermediates (58—62) have
been directly observed by '*C NMR. A more detailed description of this
superelectrophilic chemistry is found in chapters 5-7.

A comprehensive series of ionic hydrogenation reactions have been
studied by Koltunov, Repinskaya, and co-workers, and superelectrophilic
intermediates have been proposed.** Some of these intermediates have
been characterized by 'H and '3C NMR (Table 4). Many of these dica-
tionic intermediates have been shown to react with cyclohexane by hydride
abstraction, indicating superelectrophilic character.

As mentioned previously, superelectrophilic intermediates were pro-
posed in the reaction of «-(methoxycarbonyl)diphenylmethanol (37)
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Table 4. Superelectrophilic intermediates observed by 'H and 1*C NMR
spectroscopy and capable of hydride abstraction from cyclohexane*
Entry Superelectrophile
H H
| N CF3SO3H-SbFs N
(D N/ e | N
OH YOH 0
HH 4
o @TOH CF;S03H-SbFs OH
N° -30°C N;
H
OH OH"
3) ® CF;SO3H-SbFs ‘ N
N/ -30°C . N—I/—
OH OH"
O e oy
-30°C
NH, *NH;H H
H H HH .
OH  HF-SbE OH  + OH
o ~ O = ULt
-30°C
H
78% 22%
HH 4 HH
OH  HE-SbF OH 4t OH
O O
o H
-30°C u
Cl Cl Cl
33% 67%
OH OHJ;I OHJ}FI
” CO — OO = LI
-30°C HH
Cl Cl Cl
FSO;H-SbFs 80% 20%

HF-SbFs 0% 100%
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and related compounds with superacid (eq 38, R=H).%

R R
R
- -
O CF,SO;H OH OCH,
HO 20°C * D ——
O OCH; h O OCHj,
R R
37,R=H 65, R = -OCH,4

64, R =—OCH,
(38)

Both kinetic and theoretical studies support the involvement of dica-
tionic intermediates. Spectroscopic studies were also used to confirm the
involvement of superelectrophiles. However, compound 37 does not pro-
duce an NMR observable superelectrophilic intermediate in FSO3H—SbF;
at —50°C. Because the cyclization reaction occurs so rapidly, only the
cyclized product 63 (in its protonated form) is seen in the low tem-
perature NMR experiments. When the system was further stabilized by
para-methoxy groups, the dicationic intermediate (65), however, was
observed as a cleanly formed species in CF3SO3H. In the '3C NMR spec-
trum, the carbenium ion resonance is observed at §'2C* 176.0, while the
para-carbons are at 813C 174.7. Based on the chemical shifts, the authors
concluded that the carbocation is largely delocalized in the para-methoxy
phenyl rings. The delocalization of charge is thought to be important in
the activation of the electrocyclization reaction step leading to product
formation.

In addition to the direct observations of some dicationic superelec-
trophilic intermediates, NMR spectroscopy has been also used in some
of the previously discussed kinetic studies. For example, in the case of
the fluorene cyclization (eq 38), the alcohol (37) was dissolved in mix-
tures of CF3SO3H and CF;CO,H (using large excess of acid ) at low
temperature.”> The cyclization reaction rates were then determined by
'H NMR by following the disappearance of the starting material. The
cyclization was found to exhibit good pseudo-first order kinetic behav-
ior. By repeating the experiments with differing ratios of CF3SO3zH and
CF;CO;H, the acidity of the media was systematically varied and the
reactions rate constants were shown to increase linearly with acidity. This
observation strongly supports the proposed role of superelectrophiles in
the conversions.

In superacids, many superelectrophiles capable of -delocalization gen-
erate vividly colored solutions. Despite the strong absorptions in the
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visible range of the electromagnetic spectrum, there have been so far no
systematic studies of the UV-visible spectra of superelectrophilic species.
Neither has UV-visible spectroscopy by itself been used to study super-
electrophiles. UV-visible spectroscopy has been, however, used in some
studies to estimate the pKppy+ of monoprotonated species, such as pro-
tonated ketones.>® Based on pKgy+ values, it then becomes possible to
estimate the acidity range at which a substrate is completely protonated.
If increasing acidity of the medium leads to new chemistry or increasing
reaction rates, then it can be used to probe for diprotonated, or superelec-
trophilic intermediates. Superelectrophiles, as mentioned, generally are
formed in low concentration and may be in equilibrium with strongly
absorbing monocationic species. Therefore, UV-visible spectroscopy is
expected to have only limited value in the studies of w-delocalized super-
electrophiles.

Infrared and Raman are also rapid spectroscopic techniques that have
been useful in the characterization of electrophiles in the condensed phase.
Many superelectrophiles are expected to possess characteristic or new
vibrational modes. The harmonic vibrational frequencies and infrared
intensities for the nitronium ion (NO, %) and protonitronium ion (HNO,?*)
have been estimated using ab initio molecular orbital calculations
(Table 5).37 Although the vibrational modes for the superelectrophile
(HNO,”) clearly differ from that of the monocation, data were so far not
reported for the superelectrophile using infrared and Raman spectroscopy.
When nitronium salts were dissolved in excess HF-SbFs, no apparent

Table 5. Calculated harmonic vibrational frequencies
(cmy) and infrared intensities (KM mol;)*’

HF/6-31G*// MP2/6-31G**//
HF/6-31G* MP2/6-31G**
w 1 w 1
O=14\—I=O 2760 190 2526 1717
2660 1773 2415 19
1426 3 1246 2
1006 540 884 408
682 0 553 21
630 50 541 51
0= 14\—1 = OH 2654 919 2566 62
1682 0 1302 0

750 5 601 3
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changes were observed in the Raman frequencies and no new absorptions
were observed in the infrared spectrum. The failure to observe the super-
electrophile (HNO,?*) by vibrational spectroscopy may be attributed to
its formation in only low equilibium concentration.

An impressive application of infrared and Raman spectroscopy was
demonstrated in studies of superelectrophilic diprotonated thiourea,
[H3NC(SH)NH;]2"e2AsFs~. The Raman spectrum (taken at —110°C)
corresponded reasonably well with calculated vibrational bands predicted
by density functional theory.*® Coupled with computational methods for
predicting vibrational frequencies, it is expected that vibrational spectro-
scopic techniques will be useful for the observations of these and other
superelectrophiles.

2.5 GAS PHASE STUDIES OF SUPERELECTROPHILES
AND RELATED IONS

There has been continuing interest in the study of multiply charged species
in the gas phase using mass spectroscopic techniques.*® The small dica-
tionic and tricationic structures in these gas phase studies are clearly
related to superelectrophiles generated in the superacidic condensed phase.
Among the techniques used in these studies, electron ionization (EI) is well
known as a source of persistent, multiply charged ions of small size. In
the case of dicationic species, these ions can be generated by direct ion-
ization of neutral molecules with the loss of two electrons, or by stepwise
electron ejection processes involving first a monocation and then a dica-
tion. Multiply charged ions have also been generated by photoionization.
However, this technique can be problematic because the multiply charged
cations are sometimes generated in an excited state, which can lead to
rapid dissociation due to Franck-Condon effects. Another useful approach
has been through the use of charge stripping (CS) techniques.*® Good
thermochemical data have also been obtained using CS experiments. In a
typical CS experiment, a mass-selected monocation M is collided with a
suitable target gas (often O») to provide the dication M>* (eq 39). Anal-
ysis of the kinetic energies of the cation M* and dication M>* can then
provide a good approximation of the vertical ionization energy of mono-
cation M*. A similar approach is used in double-charge transfer (DCT)
spectroscopy (eq 40).

MY +T— M* +T+e” (39)
PT+M— P~ +M** (40)
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DCT experiments involve colliding a monocationic projectile (P™) with a
target molecule of interest (M). The dicationic product (M?*) is formed
from the collision and kinetic energy analysis of the anionic product (P™)
can give information about the electronic states of M?*. Electrospray
ionization (ESI) is another method of generating multiply charged ions
in mass spectral studies. This technique involves generating ions from a
solvation sphere. However, there is the limitation that the highly charged
species can either react with the solvent, or resist decomplexation from
the solvent. An interesting approach suggested by Schroder and Schwarz
involves the direct use of liquid superacids as solvents for electrospray
ionization techniques with the goal of generating superelectrophiles from
desolvation.?*® Present ESI technology, however, limits the use of highly
corrosive superacidic solvents.

Unlike superelectrophiles generated in the condensed phase, the gas
phase species are not stabilized by solvation or association to counter
ions. The stabilities of multiply charged small ions are dependent on their
tendencies to dissociate into fragments in the gas phase.* For diatomic
systems, there are two possible routes of dissociation to atomic fragments:
the cleavage to a pair of monocations (eq 41) or cleavage to a dication
and neutral species (eq 42).

XY — Xt 4+ YT (41)
XY — X2t +Y (42)

Cleavage of the dication (XY2T) to a pair of monocations is sometimes
referred to as “coulombic explosion.” Cleavage of the dication (XY>*)
to a dication and neutral species is simply the reverse reaction of an
electrostatic intereaction between the dicationic X>* and a neutral atom.
Small dicationic (or tricationic) species may be observable in gas phase
studies when the dication rests in a global energy minimum or rests in a
local minimum protected from dissociation by an energy barrier.

Several types of densely charged cationic molecules have been gener-
ated and observed using mass spectrometry techniques (Table 6). Rare gas
clusters have been of interest to experimentalists and theoreticians since
as mentioned Linius Pauling first predicted the stability of He,?t in the
1930s. A number of these clusters have been experimentally observed.*’
Other types of dicationic and trication species studied in the gas phase
include metal halides, oxides, sulfides, selenides, diatomic species, and
halogenated carbons. Among the oxides, the protonitronium dication
(HONO?*) was observed by Schwarz and associates in the gas phase
by dissociative electron ionization.*! Attempts to observe HONO?* by
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Table 6. Experimentally observed gas phase dicationic and
tricationic species®

Rare Gas Clusters GeNe?t, GeAr?t, GeKr?t, PtHe?t, He,2t,
XeNe?t, KrHe?*, XeHe>", ArNe?t, VHe?+

Metal Halides MgF?*, AIf?*+, SiF?+, TiF**, BaF*™,
UF>+, MgCI*t, FeCI*t, SrCI*+, BaCI*™,
CaBr**, BaBr**, Bal’*, SF*+, TIF*+,
VF3+ , UF3+ , UF23+

Oxides, Sulfides; UO%*t, HONO?**, VO**, COS3t, 0,3,
and Selenides CS3t, CS,3F, CSey3t

Diatomics B,y3t, Sp3F, CL3H, Brp?t, I3t
Halogenated Carbon CCL2*, CF,%t, CF32t

?Adapted from reference 39a; references cited therewithin.

charge stripping methods were so far not successful, as this ionization
method produces a species in a vibrationally excited state leading to rapid
dissociation to monocationic fragments. The protonitronium dication was
generated in the gas phase from electron impact (100-eV electrons) of
HNOs;. The resulting ion at m/z 23.5 is assigned to the protonitronium
dication (HONO?T). The observation of the protonitronium dication is
consistent with theoretical calculations that predict the structure to reside
in a potential energy well, slowing the deprotonation reaction path to H
and NO,™ or the dissociation reaction path leading to OH™ and NO™,
In another study, the C,H40** dications were studied by theoretical and
experimental methods.*> These gas phase experiments found evidence
for the protioacetyl dication (CH;COH2"), which could be produced by
charge stripping experiments from CH3COH™®. The mass spectroscopy
studies confirmed theoretical predictions that the protioacetyl dication was
at a potential energy minimum protected by a significant barrier to dissoci-
ation. As mentioned, the protonitronium dication and the protioacetyl dica-
tion were the first superelectrophiles to be proposed in superacid-catalyzed
chemistry. Subsequent gas phase techniques have proven to be useful in
the direct study of these superelectrophiles.

Mass spectrometric techniques also enable experimentalists to react
dications and trications with neutral substrates in the gas phase to explore
the chemical reactions of these multiply charged species. Although only
a few superelectrophiles have thus far been examined experimentally for
their gas phase chemical reactivities, other electrophilic gas phase reac-
tions have demonstrated the potential of these methods. For example, the
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nobium dication can be generated in the gas phase and it reacts with
methane by a dehydrogenation reaction to produce a stable NbCH,>*
species (eq 43).43

Nb2* + CH; —> NbCH,2" + H, C—':I“> C—E‘& NbCsHe2* + NbCgHg>"
—Irp —rp

(43)
The dicationic product (NbCH,>%) is itself highly electrophilic and reacts
further with up to six molecules of methane to yield dicationic products
like NbCHg?". There have also been a number of reports of stable dica-

tionic systems in which an electrophilic species coordinates with substrates
(66—68).*

[CFyeH, >t [CClyeCL >+ [CreO,]*t
66 67 68

For example, when CF,%* was generated and reacted with H,, a long-lived
intermediate (66) was observed. It is proposed to have a structure in which
H, is coordinated with the CF,%t, although new covalent bonds are not
believed to be formed. The complex itself dissociates to the monocations,
CHF," and H'. When dicationic carbon tetrachloride is generated, the
ion rearranges to a Cy, structure thought to involve coordination of Cl,
and CCL2t (67). Similarly, side-on coordination of O, was proposed in
the chromium complex 68. A gas phase reaction has also been described
for HCBr?** and molecular hydrogen.*4¢

Roithova and Schroder have demonstrated that a dicationic species can
participate in carbon-carbon bond forming reactions in the gas-phase and
that this is a potential route to polycyclic aromatic hydrocarbons.*> When
C;Hg?* is generated (from double ionization of toluene) and allowed to
react with acetylene, new ions, CoH72T and CoHg?t, are detected (eq 44).

HC=CH

—2¢” \ 44
C¢HsCH; —> C;Hg>" CoH72* + CoHg2* (44)

Experiments with deuterated species show extensive H/D scrambling,
which implies longer-lived intermediates in the reaction. Calculations
at the B3LYP/6-3114+G(2d,p) level suggest that the reaction pathway
involves bond formation between the cycloheptatrienylidene dication and
acetylene, followed by isomerization and hydrogen loss (Scheme 9). The
authors of this study note the possibility of similar chemistry generating
polycyclic aromatic compounds in interstellar space.
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Scheme 9.

Although there are many experimental challenges to observing super-
electrophiles by mass spectrometry, gas phase techniques have some
apparent advantages over condensed phase studies. Mass spectroscopic
studies are extremely sensitive, and, consequently, dicationic or tricationic
superelectrophiles can be detected and studied despite being short-lived.
As noted previously, many superelectrophiles are formed in very low con-
centrations in equilibria with conventional, monocationic electrophiles (in
the condensed phase). Depending on the methods by which the super-
electrophiles are generated, gas phase studies may be able to exclude
the effects of these equilibrium reactions. Finally, gas phase studies have
already been demonstrated to provide good thermochemical data and these
data can be compared with those from theoretical calculations.

2.6 CALCULATIONAL METHODS

Quantum mechanical calculations are an essential part of chemistry, and
these methods have been extremely useful in studies of superelectrophilic
chemistry. For example, computations have been used in some stud-
ies to show that the formation of dicationic superelectrophiles lowers
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the activation energy for chemical conversions, when compared with
the similar reaction involving singly charged cationic electrophiles. In
other studies, high-level calculations were used to estimate the amount
of positive charge at each of the relevant atoms of a superelectrophile.
The centers of highest positive charge were then shown to also be the
locations of nucleophilic attack. Studies have also been done to relate
superelectrophilic character to global electrophilicity indexes and local
electrophilicity (related to its electrophilic Fukui function, f; ). In con-
junction with spectroscopic studies, theoretical methods are often used to
predict NMR chemical shifts or spectral absorption frequencies of super-
electrophiles. Many superelectrophiles have also been studied using high
level ab initio calculations to find optimized geometries and the energies
of the optimized structures.

An example of the application of theoretical methods comes from a
study of diphenylmethyl cations having electron-withdrawing substituents.
Over the years, somewhat conflicting reports were published related to
the chemistry involving diphenylmethyl cations. Depending on the condi-
tions of the experiment, three types of major products have been reported
for the reaction of the diphenylmethyl cation 69 (eq 45). Products 70
and 71 are thought to form by conrotatory electrocyclization reactions
involving cationic intermediates. For monocation 69, the transition state
energy for the fluorene cyclization is estimated to be 8.05 kcal/mol above
the transition state for the benzofuran cyclization (B3LYP/6-31%+ZPE).
These results are consistent with experimental studies in that less acidic
conditions tend to favor monocationic intermediates and benzofuran (70)
products. When the O-protonated, dicationic species (72) is studied, the
energy barrier to fluorene cyclization dramatically decreases.

(45)
Dication 72 is estimated to have a fluorene cyclization barrier of 8.52 kcal/
mol, compared with a value of 25.04 kcal/mol for the cyclization of
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monocation 69. The theoretically predicted barriers to cyclization are also
in accord with the thermodynamic values obtained from kinetic experi-
ments. Moreover, these results are consistent with the high yield formation
of the fluorene product (71) in superacid.

In a study of the Nazarov cyclization and related reactions, theoretical
calculations were used to show that formation of dicationic superelec-
trophiles significantly lowers the energy barriers for concerted electrocy-
clization reactions.'® In ab initio calculations at the B3LYP/6-31G* theory
level, 1,4-pentadien-3-one (73) and 1-phenyl-2-propen-1-one (78) were
used as models for the acid-catalyzed cyclization (Scheme 10). When
comparing monocationic (74 and 79) and dicationic intermediates (75
and 80), the energy barriers for the conrotatory, 4m-electrocyclizations
are considerably lower for the dications. Cyclization of the dication 75
is estimated to have an energy barrier about 12 kcal/mol less than the
cyclization involving the monocation 74.

Computational methods have also been used frequently to estimate the
thermodynamic stabilities of superelectrophiles. These calculations have
often involved the estimation of barriers to gas phase dissociation or
deprotonation, and the proton affinities of conventional electrophilic inter-
mediates. Other useful studies have calculated the heats of reactions for
isodesmic processes. An interesting example of these calculations comes
from a study of the protoacetyl dication (CH;COH?").*? In calculations
at the 6-31G*//4-31G level of theory, the protoacetyl dication (83) is esti-
mated to react with methane by hydride abstraction with a very favorable

o) *OH *OH, o) *OH *OH,
[ = =1 | ] |
73 74 75 78 79 80
AE = 18.27 AE =6.16 AE = 18.27 AE = 12.37
kcal/mol kcal/mol kcal/mol kcal/mol
*OH,

76 77 Transition State Structures

Scheme 10.
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enthalpy of reaction (eq 46).

+ +
+C,/OH 9H .
- _ - +
H;C + CH, HLC _C H CH;4 (46)
46 83 84

AH°R =—-160 kcal/mol

It was concluded that separation of charge is the dominant driving force
for the reaction.

In superacid catalyzed reactions of hydroxyquinolines and isoquino-
lines, dicationic superelectrophiles were proposed as intermediates in their
reactions (see Table 4).33¢ In order to explain differences in relative
reactivities between the isomeric superelectrophiles, the energies of the
lowest unoccupied molecular orbitals (e ymo), the square of the coeffi-
cients (c?) at the reactive carbon atoms, and the NBO charges (¢) on
CH groups were determined by MNDO and DFT computational methods.
For example, 8-hydroxyquinoline (85) is found to be more reactive than
6-hydroxyquinoline (87) in the superacid catalyzed reactions with benzene
and cyclohexane (eqs 47-48).

@\/j CF3SO,H-SbFs | N
b - —
N +N 47)

OH " OH
85 86
+
HO HO
\Cj\/j CF,SO,H-SbF; | X
_—
~ ~
N N7 (48)
H
87 88

When the e ymo for dication 86 is compared with the e ymo for dication
88, dication 86 has a LUMO of much lower energy. Thus, lower & ymo
values correspond to increased electrophilic reactivities. These studies also
suggested the importance of atomic charge, g, at a reaction center in
determining the reactivity from a kinetic point of view. A more detailed
discussion of this chemistry is found in Chapter 7.

Calculations by Pérez have examined superelectrophilic species within
the context of both electron deficiency and polarizability of the active
sites of superelectrophiles.*® Using the model equation proposed by Parr
and associates,

w = u?/2n
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where p is the electronic chemical potential and 7 is chemical hard-
ness (these values being estimated by the one-electron energies derived
from the frontier molecular orbitals HOMO and LUMO), the global elec-
trophilicity index (w) was calculated for several types of superelectrophilic
systems (Table 7). In all cases, the superelectrophilic species (H;O?T,
H,C(OH,)**, and HC(OH)(OH,)>*) are found to have significantly great-
er electrophilicities than the corresponding neutral or monocation species.
It is noted that the calculations indicate the “enhanced electrophilicity
mainly results from their remarkably high electronegativity.” Further cal-
culations were done to estimate the local electrophilicities at potential
reaction centers and this was done by taking into account the electrophilic
Fukui function (f; ). The results from these calculations show good agree-
ment between the local electrophilicity index (w.) and calculated NMR
chemical shifts.

Over the years, computational methods have become increasingly accu-
rate in their predictions of NMR chemical shifts for given structures.*’
The combination of ab initio-optimized geometries, theoretically calcu-
lated chemical shifts, and experimental NMR data affords a powerful
tool for structural determination. Noncorrelated chemical shift methods
such as IGLO (individual gauge for localized orbitals) and LORG (local-
ized orbital/local origin gauge) allow the prediction of NMR chemi-
cal shifts and have been applied extensively to carbocationic structures.
More recently, correlated chemical shift calculations have been used
(GIAO-MP2 and SOPPA, gauge-independent atomic orbital method and
second-order polarization propagator approximation, respectively) and a

Table 7. Estimated chemical hardness (1), electronic chemical potential (x), and

electrophilicity indexes (w)*

HOMO LUMO n (eV) u (eV)  (eV)
H,0%* —1.2954 —0.6021 18.86 —25.82 17.67
H O —0.7489 —0.2700 13.03 —13.86 7.37
H,O —0.2911 —0.0627 9.63 —3.11 0.50
H,C(OH,)** —1.0243 —0.6891 9.12 —23.31 29.97
H,COH* —0.6727 —0.3773 8.04 —14.29 12.70
H,CO —0.2685 —0.0421 6.16 —4.23 1.45
HC(OH)(OH,)** —0.9377 —0.5899 9.46 —20.78 22.82
HC(OH); —0.6400 —0.3085 9.02 —12.90 9.22
HCOH —0.2917 —0.0008 7.92 —-3.98 1.00

2Calculations done at the B3LY/6-31G(d) level.
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multiconfigurational SCF version of IGLO has been applied to prob-
lems requiring an MCSCF wave function. There has been generally good
agreement between calculated NMR chemical shifts and experimentally
determined values for a variety of NMR active nuclei and electrophiles.
For example, acetic acid, mono and diprotonated acetic acid (89), the
acetyl cation, and the protioacetyl dication (46) have all been studied using
computational methods (Table 8; MP2/6-31G*//GIAO-MP2/tzp/dz level
of theory).®® In the case of protonated acetic acid, fast proton exchange
leads only to one averaged !’0O NMR signal, and the experimentally deter-
mined 13C and 'O NMR chemical shifts agree reasonably well with those
calculated by theory. Although the superelectrophilic species (89, 46)have
not been observable using NMR experiments, theory predicts the 'O
NMR signals to be significantly deshielded by protonation. Computational
studies were also done on nitric acid, the nitronium cation, and the pro-
tionitronium dication (3), with respect to '>’N NMR spectra.*> Comparsion
to the experimentally determined '>’N NMR chemical shifts of HNO3 and
NO,* shows good agreement between experiment and theory. Although
1SN NMR has not yet provided evidence for the protionitronium dication
(3), 70 NMR suggests protosolvation in superacid and formation of 3.4%
The geminal superelectrophile H;O?* (90) has likewise not been observed
by NMR experiments, but theory has been used to estimate the chemical
shift values of 670 50.7 and §'H 13.6 for '"H NMR. Although with the-
oretical methods it has become possible to include solvation spheres in
calculations of molecular structures and properties, little or no effort has
been made to apply these types of calculations to the solvation of elec-
trophiles in superacidic solvents. If such calculations were to be done,
then the predicted NMR chemical shifts for electrophiles in superacids
would become increasingly accurate.

Many of the superelectrophiles that have been proposed in chemical
conversions have been studied by ab initio-computational methods. These
calculations generally determine the optimized geometry of the superelec-
trophile and calculate the potential energy of the species. These results are
then used to further understand the superelectrophilic chemistry. Many of
the structures calculated to date are shown in Table 9. The table generally
lists only the highest-level calculations, and references to earlier calcu-
lations or those at lower-levels may be found in the cited manuscripts.
Moreover, a vast number of doubly and multiply charged species have
been proposed from mass spectroscopy studies and related plasma studies.
These charged species have often been studied in both ground and excited
states by high-level computational methods. A comprehensive description
of these species is outside the scope of this text, but the interested reader
may consult one of the recent reviews.>
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Table 8. Calculated and experimental NMR chemical shifts?
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Calculated NMR Chemical

Experimental NMR Chemical

Compound Shifts (8, ppm)® Shifts (8, ppm)®

CH;CO,H Bc,:171.9 13C,:20.7 13C,:176.9 13¢,:20.8
170,:1943  170,:413.4 1701,:251.0

CH;3C(OH),+ 13C:2020  BC,:21.7 13¢,:203.7
170,:228.3 170,:231.2 170:193.0

CH;C(OH)(OHp)**  13C,;:203.4 13C,:24.7 Not Observed

89 170,:148.2 170, :294.2

CH;CO* 13C,:155.7 3C,:6.3 13C,:150.3

170.343.8 170:299.5

CH;C(OH)*" 3¢, :157.6 13¢,:4.8 Not Observed

46 170:194.6

HNO; I5N':366.8 I5N:377.0

NO; N:268.3 5N:251.0

1

NO,H*+ 5N:272.8 Not Observed

3

H;0* 170:30.0 170:10.2

'H:7.2 'H:9.5-10.6
H,O* 170:50.8 Not Observed
90 IH:13.6

2Acetic acid, protonated acetic, diprotonated acetic acid (89), acetyl cation, and the protioacteyl
cation (46) were calculated at the MP2/6-31G*//GIAO-MP2/tzp/dz level of theory; nitric acid,
nitronium cation, and the protionitronium cation (3) were calculated at the HF/6-31G*// 11//6-31G*
level of theory; hydronium ion and the tetrahydridooxonium ion (90) were calculated at the
MP2/6—31G*//GIAO-MP2/tzp/dz level of theory.
bChemical shifts referenced to the following: 3C, (CH3)4Si; 170, H,0; 1°N, NH;.
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Table 9. Superelectrophiles studied by theoretical methods

53

Structure® Level of Theory Calculated Properties References
Carboxonium-Based Systems
+ OH, MP2/6-31G**// Geometry, energy, frequency, 48,50,51,52
,CI\ MP2/6-31G** proton affinity of H;COH™,
H + H isodesmic reaction,
deprotonation barrier, IGLO-II
and GIAO-MP2 NMR chemical
shifts
+ OH, MP2/6-31G**// Geometry, energy, isodesmic 48,50
,CI\ MP2/6-31G** reaction, frequency, proton
H;C"+ H affinity of CH;CHOH™,
IGLO-IT and GIAO-MP2 NMR
chemical shifts
+ OH, MP2/6-31G**// Geometry, energy, isodesmic 48,50
,CI\ MP2/6-31G** reaction, frequency, proton
H;C™+ "CH; affinity of (CH3),COH™,
IGLO-IT and GTAO-MP2 NMR
chemical shifts
+ OH MP2/6-31G**// Geometry, energy, isodesmic 48,50
,EJ MP2/6-31G** reaction, frequency, proton
H™ OH, affinity of HC(OH), ", IGLO-II
and GIAO-MP2 NMR chemical
shifts
+ OH MP2/6-31G**// Geometry, energy, isodesmic 48,50
/'(':\Jr MP2/6-31G** reaction, frequency, proton
H;C™ "OH, affinity of CH3;C(OH),,
IGLO-IT and GIAO-MP2 NMR
chemical shifts
+ OH MP2/6-31G**// Geometry, energy, isodesmic 48,50,53
/(If\+ MP2/6-31G** reaction, frequency, proton
HO™ "OH, affinity of C(OH)3*, IGLO-II
and GIAO-MP2 NMR chemical
shifts
H6:C =0OH MP2/6-31G**// Geometry, energy, isodesmic 48,50
MP2/6-31G** reaction, frequency, proton
affinity of OC(OH)™,
deprotonation barrier, IGLO-II
and GIAO-MP2 NMR chemical
shifts
CO,02AICI;3 B3LYP/6-311+G*// Geometry, energy, vibrational 54

MP2/6-311+G*

frequencies
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Table 9. (continued)

STUDY OF SUPERELECTROPHILES

Structure® Level of Theory Calculated Properties References
Carboxonium-Based Systems
* OH MP4(SDTQ)/6-311G*// Geometry, energy, IGLO 55
L MP2/6-311G* and GIAOMP2 NMR
H;N ’C\OH chemical shifts
+*OH MP2/6-31G*// Geometry, energy, 56
8 N MP2(fu)/6-31G* enthalpy of
F;C~ "OH, CF;C(OH),*
protonation
* OH MP2(SDTQ/6-31G**//  Geometry, energy, 57
& 4 MP2/6-31G** transition state structure
F” "OH, leading to proton loss
and barrier to
deprotonation, IGLO
and GIAO-MP2 NMR
chemical shifts
+* OH MP4(SDTQ)/6-31G*//  Geometry, energy 58
I MP2/6-31G*
C. _CH;
H;C (I)
H
H;C( o MP4(SDTQ)/6-31G*//  Geometry, energy 58
I MP2/6-31G*
/C\ /CH’5
HyC™ 0 :
CHj;
H;C. o MP4(SDTQ)/6-31G*//  Geometry, energy 58
i MP2/6-31G*
/C\ /CH’j
H;C (I)
H
HO' B3LYP/6-31G*// Geometry, charge 59
B3LYP/6-31G* densities, IGLO NMR
OH chemical shifts
+
HO

OH
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Table 9. (continued)
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Structure® Level of Theory Calculated Properties References
Carboxonium-Based Systems
A B3LYP/6-31G*// Geometry, energy, NBO 35¢
~ + B3LYP/6-31G* charges, LUMO
g . OH energy
(MNDO)
= | B3LYP/6-31G*// Geometry, energy, NBO 35¢
NH B3LYP/6-31G* charges, LUMO
+ energy (MNDO)
" OH
+ OH B3LYP/6-31G*// Geometry, energy, NBO 35¢
> B3LYP/6-31G* charges, LUMO
| energy (MNDO)
NS
N7
+ OH B3LYP/6-31G*// Geometry, energy, NBO 35¢
~ B3LYP/6-31G* charges, LUMO
| energy (MNDO)
NS
hi
H * OH B3LYP/6-31G*// Geometry, energy 60
N B3LYP/6-31G*
7"
=
O/ O\ B3LYP/6-31G*// Geometry, energy, 61
v 0 B3LYP/6-31G* rotational energy
+/> barriers, IGLO and
o GIAO-MP2 NMR
chemical shifts
O/ O\ B3LYP/6-31G*// Geometry, energy, 61
n

B3LYP/6-31G*

rotational energy
barriers, IGLO and
GIAO-MP2 NMR
chemical shifts
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Table 9. (continued)

Structure® Level of Theory Calculated Properties References
Carboxonium-Based Systems
*OH HF/6-31G*//HF 4-31G ~ Geometry, energy, proton 62
u E affinity of H,CCHO™,
;g’ “H charge densities
H
*OH HF/6-31G*//HF 4-31G ~ Geometry, energy, proton 62
H 6 affinity, charge densities
~C” "OH
I
H
+*OH MP2/6-31G*// Geometry, energy, IGLO 63
HO E MP2/6-31G* NMR chemical shifts
“OH
+ NH, MP2/6-31G*// Geometry, energy, IGLO 63
n MP2/6-31G* NMR chemical shifts
HO\ /C\
+C” OH
I
NH,
*OCH;4 HF/6-31G*//HF 6-31G* Geometry, energy, IGLO 63
A NMR chemical shifts
H3;CO. .C.
3 ¢ OCH;
* OCH;,
HO * OH HF/6-31G*//HF 6-31G* Geometry, energy, IGLO 63
ji NMR chemical shifts
HO® , OH
*OH MPA4(SDTQ)/6-311G*//  Geometry, energy, IGLO 64
+ E MP2/6-311G* NMR chemical shifts
H;N” "NH,
*OH MPA4(SDTQ)/6-311G*//  Geometry, energy, IGLO 64

MP2/6-311G*

NMR chemical shifts
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Table 9. (continued)
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Structure® Level of Theory Calculated Properties References
Carboxonium-Based Systems
+ g + B3LYP/6-31G*//  Geometry, energy, NBO 65
HOVOH B3LYP/6-31G* charges, LUMO energy
+ H + B3LYP/6-31G*// Geometry, energy, NBO 65
HO?N§OH B3LYP/6-31G* charges, LUMO energy
Cll B3LYP/6-31G*//  Geometry, energy, energetics 66
Ha\v\i/\&&'l B3LYP/6-31G* for CIT dissociation
L H B3LYP/6-31G*//  Geometry, energy, energetics 66
HO\V\E%OH B3LYP/6-31G* for CIT dissociation
6H B3LYP/6-31G*//  Geometry, energy, transition 18
2 B3LYP/6-31G* state structure leading to
¥ electrocyclization and
| | energy barrier for
cyclization
6H B3LYP/6-31G*//  Geometry, energy, transition 18
2 B3LYP/6-31G* state structure leading to
o electrocyclization and
energy barrier for
cyclization
6H B3LYP/6-31G*//  Geometry, energy, transition 18
2 B3LYP/6-31G* state structure leading to
A CH3 electrocyclization and
energy barrier for
cyclization
H CH; H B3LYP/6-31G*//  Geometry, energy 14b
>c. __oZ B3LYP/6-31G*
H5C +C| H
CH;
H H HF/6-31G*// Geometry, energy, proton 24

HF/4-31G

affinity of CH,CHCHOH™
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Table 9. (continued)

STUDY OF SUPERELECTROPHILES

Structure® Level of Theory Calculated Properties References
Carboxonium-Based Systems
CI)H n MP2/6-31G*// Geometry, energy, energetics of 67
*_C. .OH HF/6-31G* bond rotation
HO™ C
OH
Acylium and Related Systems
HyC—C=O—H  MP2/6-31G*/ Geometry, energy, IGLO and  42,52,70
MP2/6-31G* GIAO-MP2 NMR chemical
shifts
B3LYP/6-311G**//
B3LYP/6-311G**
H + MP2/6-3114+-G**// Geometry, energy, transition 69
+/(':\ /C/,/O MP2/6-311+G** state structure and energy
H C barrier leading to proton loss,
H H NBO charges,
GIAO-CCSD(T) and
GIAO-MP2 NMR chemical
shifts
. CIH% .o MP4(SDTQ)/ Geometry, energy, transition 69
_.C._.C~ 6-311+G**// state structure and energy
H,5C H,C\H MP2/6-3114+G** barrier leading to proton loss,
NBO charges,
GIAO-CCSD(T) and
GIAO-MP2 NMR chemical
shifts
/,/O . B3LYP/6-31G**// Geometry, charge densities, 59
C B3LYP/6-31G** IGLO NMR chemical shifts
/L
O+
+ +
H—-C=0-H MP2/6-31G*// Geometry, energy, energy 50
HF/6-31G* barrier leading to proton loss,
proton affinity of HCO+,
isodesmic reaction
F— E:J(r) —H MP4(SDTQ)/ Geometry, energy, IGLO and 57
6-31G**// GIAO-MP2 NMR chemical

MP2/6-31G**

shifts
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Table 9. (continued)

Structure? Level of Theory Calculated Properties References
Oxonium-Based Systems
Ili ) MP4(STDQ)/ Geometry, energy,proton 48,50,70,71
H’O:i-l 6-311++G**// affinity of H;O™, transition
}II MP2/6-311G** state structures for
dissociation, IGLO-II and
GIAO-MP2 NMR chemical
shifts
III QCISD(T)/6-311G**//  Geometry, energy, proton 72
F/OerH QCISD(T)/6-311G** affinity of H,FO™, transition
I—II state structure and energy
barrier to proton loss,
GIAO-MP2 NMR chemical
shifts
PII QCISD(T)/6-311G**//  Geometry, energy,proton 72
F-O fh QCISD(T)/6-311G** affinity of HF,O™, transition
}': state structure and energy
barrier to proton loss,
GIAO-MP2 NMR chemical
shifts
I|{2 MP2/6-31G*/ Geometry, energy, proton 48,50
H C’OJH MP2/6-31G* affinity of (CH3),OH™,
3 S IGLO-1I and GIAO-MP2
3 NMR chemical shifts
P|12 MP2/6-31G*// Geometry, energy, isodesmic 48,50
HaC ’O:CH HF6-31G* reaction, frequency, proton
3 C'H 3 MP4(STDQ)/ affinity of (CH3);0™,
3 6-311+-+G**// IGLO-II and GIAO-MP2
MP2/6-311G** NMR chemical shifts
QHz ¥ B3LYP/6-31G*// Geometry, energy 14b
f.C. __OH, B3LYP/6-31G*
H;C <
I "CHj
(FH3 MP2/6-31G*/ Geometry, energy, IGLO and 73
N .CH; MP2/6-31G* GIAO-MP2 NMR chemical
HC QL shifs
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Table 9. (continued)

Structure® Level of Theory Calculated Properties References

Hypercoordinate Systems

H n B3LYP/6-31G**// Geometry, energy 68
H-C-C=0 B3LYP/6-31G**
H-H
T
H H H B3LYP/6-31G**// Geometry, energy 68
o Cs B3LYP/6-31G**
H-C"C,
H-yg O
I H cH, B3LYP/6-31G**// Geometry, energy 68
H-c"“ e B3LYP/6-31G**
7\ O+
S
o /CH3 B3LYP/6-31G**// Geometry, energy 68
H:(;-C\CH3 B3LYP/6-31G**
+ \C ’
W
O+
CH *O’H B3LYP/6-31G**// Geometry, energy 14b
HyC L 3 0 B3LYP/6-31G**
HyC " H
H
H ,H HF/6-31G*//HF/6-31G* Geometry, energy 74
H-C-N-H
H:H
L4 HF/6-31G*//HF/6-31G* Geometry, energy 68
H-C-N=N
H:H
H MP4(SDTQ)/6-311+G**// Geometry, ener 75
_ y, energy
H= ,C¢+N,H MP2/6-3114+G**
H::‘H i
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Table 9. (continued)
Structure® Level of Theory Calculated Properties References

Hypercoordinate Systems

MP4(SDTQ)/
6-3114+G**//
MP2/6-3114G**

MP4(SDTQ)/
6-3114+-G**//
MP2/6-3114-G**

MP4(SDTQ)/
6-311+G**//
MP2/6-3114G**

B3LYP/6-31G**//
B3LYP/6-31G**

B3LYP/6-31G**//
B3LYP/6-31G**

B3LYP/6-31G**//
B3LYP/6-31G**

B3LYP/6-31G**//
B3LYP/6-31G**

QCISD(T)/
6-311G**//
MP2/6-311G**

QCISD(T)/
6-311G*+//
MP2/6-311G#*

Geometry, energy

Geometry, energy

Geometry, energy

Geometry, energy, NBO charges,
GIAO-MP2 NMR chemical
shifts

Geometry, energy, NBO charges,
GIAO-MP2 NMR chemical
shifts

Geometry, energy, NBO charges,
GIAO-MP2 NMR chemical
shifts

Geometry, energy, NBO charges,
GIAO-MP2 NMR chemical
shifts

Geometry, energy, energetics of
dissociation

Geometry, energy, energetics of
dissociation

75

75

75

76,77

76,77

76,77

76,77

78

78
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Table 9. (continued)

STUDY OF SUPERELECTROPHILES

Structure® Level of Theory Calculated Properties References
Hypercoordinate Systems
CHs**+ MP2/6-31G**// Geometry, energy, NBO 79
MP2/6-31G** charges
CH¢?t MP4(SDTQ)/6-311G**// Geometry, energy, transition 80
MP2/6-311G** state structure and energy
barrier to proton loss
CH;**+ MP4(SDTQ)/6-311G**// Geometry, energy, 81
MP2/6-311G** energetics of cleavage
processes
H\ H\+—/H MP4(SDTQ)/6-311G**// Geometry, energy, 80
H-C-C—H MP2/6-311G** energetics of cleavage
H/L\H \H processes
H_H H _H MP4(SDTQ)/6-311G**// Geometry, energy, 80
[+ C< C/C¢ MP2/6-311G** energetics of cleavage
~ o H processes
H\:/ H H 0 MPA4(SDTQ)/6-311G**// Geometry, energy, 80
H-C. .CL /iy MP2/6-311G** energetics of cleavage
H /C\ /g\ processes
H H H-H
H_ ,H H\ _H MP4(SDTQ)/6-311G**// Geometry, energy, 80
|+/C\C/C\+ MP2/6-311G** energetics of cleavage
4 \CH3 processes
H\ + H QCISD(T)/6-311G**// Geometry, energy, 78
H—/C\—C: MP2/6-311G** energetics of dissociation
H
“H
H\ . CH; MP4/6-31G**// Geometry, energy 82
H-C~C! MP2/6-31G**
AN
H—H
H IL‘I: C/H MP4/6-31G**// Geometry, energy 82
H—\C—C/ “H MP2/6-31G**
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Table 9. (continued)
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Structure® Level of Theory Calculated Properties References
Hypercoordinate Systems
H H MP2/6-31G*/MP2/ Geometry, energy, 48,50,74,77
H—:C -0+ 6-31G* dissociation pathways,
H-y H GIAO-MP2 NMR
chemical shifts; proton
affinity of CH;0H, ™,
isodesmic enthalpies
H H MP2/6-31G*// Geometry, energy, 50,77
H-C-§ + HF/6-31G* GIAO-MP2 NMR
HI\H H chemical shifts; proton
affinity of CH3SH,™,
isodesmic enthalpies
H  CH; MP4(STDQ)/ Geometry, energy 75
H-C-O+ 6-311-++G**//
H-H CH; MP2/6-311G**
SHs>* CCST(T)/cc-pVTZ/ Geometry, energy, 83
QCISD(T)/6-311G* energetics of dissociation
pathways
BH;2t and BH¢>™  CCST(T)/6-311G**// Geometry, energy, NBO 79a
QCISD(T)/6-311G** charges
NHs2* and NH¢>t CCST(T)/6-311G**// Geometry, energy, 71,84,85
QCISD(T)/6-311G** energetics of dissociation
pathways
PHs>* and PHg>* CCST(T)/6-311G**// Geometry, energy, 71,85
QCISD(T)/6-311G** energetics of dissociation
pathways
AsHg*+ and Ang+ CCST(T)/6-311G**// Geometry, energy, 71,85
QCISD(T)/6-311G** energetics of dissociation
pathways
H-H CH; QCISD/6-311G**// Geometry, energy 84
I} 2 N‘CH; QCISD/6-311G**
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Table 9. (continued)

STUDY OF SUPERELECTROPHILES

Structure® Level of Theory Calculated Properties References
Hypercoordinate Systems
H MP4(SDTQ)/ Geometry, energy 86
I+,C\+C,CH3 6-31G**//
i MP2(fu)/6-31G**
CHj;
+ B3LYP/6-31G**//  Geometry, energy, GIAO NMR 87
@ B3LYP/6-31G** chemical shifts
N
°~ "H
Carbocationic Systems
H . WH MP3/6-31G**// Geometry, energy, energetics 88
+ ,C—C; HF/6-31G* of cleavage processes,
H H transition state structure and
energy barrier to proton loss.
F WF MP2/6-31G*// Geometry, energy, energetics 67
+ ,C—C; HF/6-31G* of bond rotation
F o F
. I;I H\ H MP4(SDTQ)/ Geometry, energy, IGLO NMR 89
H,C\C,C\ _H 6-31G*// chemical shifts
H CH " MP2(fu)/6-31G*
B3LYP/6-31G**//  Geometry, IGLO NMR 90
B3LYP/6-31G** chemical shifts
+ +
B3LYP/6-31G**//  Geometry, energy, transition 25

B3LYP/6-31G**

state structure and energy
barrier leading to
electrocyclization, NBO
charges
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Table 9. (continued)
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Structure® Level of Theory Calculated Properties References
Carbocationic Systems
B3LYP/6-31G**// Geometry, energy, 25
B3LYP/6-31G** transition state
structure and energy
! ZOH barrier leading to
O electrocyclization,
OCHj3 NBO charges
B3LYP/6-31G**// Geometry, energy, 25
B3LYP/6-31G** transition state
structure and energy
* *OH barrier leading to
O electrocyclization,
H NBO charges
+ B3LYP/6-31G**// Geometry, energy 87
B3LYP/6-31G**
+
B3LYP/6-31G**// Geometry, energy, GIAO 91
& B3LYP/6-31G** NMR chemical shifts
"
+
H;C " B3LYP/6-31G**// Geometry, energy, GIAO 91
B3LYP/6-31G** NMR chemical shifts
+
CH;
<17 > 2+ MP2/3-21G//HF/3-21G  Geometry, energy, IGLO 89
@ NMR chemical shifts
+ CH; | B3LYP/6-311G**// Geometry, energy, IGLO 92
H,C CH, B3LYP/6-311G** NMR chemical shifts,
NBO charges
H5C CH;
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Table 9. (continued)

STUDY OF SUPERELECTROPHILES

Structure® Level of Theory

Calculated Properties References

Carbocationic Systems

+ H B3LYP/6-31G**//

EN;\O B3LYP/6-31G**
>
T 7
0
CHs
S
/ +
N
S
)
L
N

Nitrogen-Based Systems

\

B3LYP/6-31G**//
B3LYP/6-31G**

B3LYP/6-311G**//
B3LYP/6-311G**

B3LYP/6-311G**//
B3LYP/6-311G**

Hog H B3LYP/6-31G**//
R B3LYP/6-31G**
H,N"+ NH,
N B3LYP/6-31G**//
N’ B3LYP/6-31G**
1
N.
N3/ + N3
H.*.H MP4(SDTQ)/6-31G*//
N MP2/6-31G*
Co+
H,N” “NH,

Geometry, energy, NBO 35c
charges, energy of
LUMO (MNDO)

Geometry, energy, NBO 35¢
charges, energy of
LUMO (MNDO)

Geometry, energy 93

Geometry, energy 93

Geometry, energy, NBO 94
charges, transition
state structure and
energy barrier to
proton loss,
vibrational frequencies
and IR intensities
Geometry, energy, NBO 94
charges, transition
state structure and
energy barrier to
proton loss,
vibrational frequencies
and IR intensities
Geometry, energy, 94
energy barrier to
proton loss, IGLO and
GIAOMP2 NMR
chemical shifts
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Table 9. (continued)

Structure® Level of Theory Calculated Properties References
Nitrogen-Based Systems
H.*.H MP4(SDTQ)/6-31G*//  Geometry, energy, energy 95
. lﬁ . MP2/6-31G* barrier to proton loss, IGLO
H%NzC\NHg and GIAO-MP2 NMR
’ ’ chemical shifts
H\f\i’H B3LYP/ 6-311+G**//  Geometry, energy, Wiberg 96
o B3LYP/6-3114+G** bond indices, NBO charges,
HzN’C‘N’CH3 GIAO-MP2 NMR chemical
H' \H shifts
H.*.H B3LYP/6-311+G**// Geometry, energy, Wiberg 96
I}I. B3LYP/ 6-311+G** bond indices, NBO charges,
HZN’C‘KI’BH“ GIAO-MP2 NMR chemical
H' \H shifts, energetic of
dissociation processes
H.f.H B3LYP/6-3114+-G**// Geometry, energy, Wiberg 96
1}1. B3LYP/6-311+G** bond indices, NBO charges,
HON AC - AlCL GIAO-MP2 NMR chemical
H/ ‘H shifts, energetic of
dissociation processes
O=1J\rI=OH MP2/6-31G**// Geometry, energy, atomic 37,41
MP2/6-31G** charges, transition state
CASSCF/6-31G* structure and energy barrier
to proton loss, vibrational
frequencies and IR
intensities, energetics of
dissociation pathways.
(0) :IJ\rI=6 - ﬁe B3LYP/6-31G**// Geometry, energy, NBO 97
B3LYP/6-31G** charges, transition state
structure and energy barrier
to proton loss, vibrational
frequencies and IR
intensities
[O=N—He]*+ B3LYP/6-31G**// Geometry, energy, NBO 97

B3LYP/6-31G**

charges, transition state
structure and energy barrier
to proton loss, vibrational
frequencies and IR
intensities
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Table 9. (continued)

STUDY OF SUPERELECTROPHILES

Structure® Level of Theory Calculated Properties References
Nitrogen-Based Systems
+ o+
H-N=N-H MP4(SDTQ)/6-31G*// Geometry, energy, NBO charges, 98
MP2/6-31G* transition state structure and
energy barrier to proton loss,
IGLO NMR chemical shifts
+ o+
H—N=N-OH MP4(SDTQ)/6-31G*// Geometry, energy, NBO charges, 98
MP2/6-31G* IGLO NMR chemical shifts
N=N-NH3; MP4(SDTQ)/6-31G*// Geometry, energy, NBO charges, 98
MP2/6-31G* IGLO NMR chemical shifts
H , . g MP4SDTQ)/6-31G*// Geometry, energy, NBO charges, 98
C :N:N; MP2/6-31G* transition state structure and
H H energy barrier to proton
loss,GIAO-MP2 NMR chemical
shifts
H\ + HF/6-31G*// Geometry, energy, charges 62
+C-C=N-H HF/4-31G densities, proton affinity of
H +CH,CN
. I+\IH3 MP4(SDTQ)/6-31G*// Geometry, energy 99
HsC —C\/ MP2/6-31G*
H
1tI 0 MP4(SDTQ)/6-31G*// Geometry, energy 99
H o M5 Mpe3ics
+ C—?\H
H
ltIH MP4(SDTQ)/6-31G*// Geometry, energy, NBO charges, 99
H C—E/ 3 MP2/6-31G* transition state structure and
3 \CH energy barrier to proton loss,
’ IGLO NMR chemical shifts
H .H MP2/6-31G**// Geometry, energy, transition state 51
+C—N—-H MP2/6-31G** structure and energy barrier to
H H proton loss, isodesmic reaction

with hydride donor, proton
affinity of CH,NH,




CALCULATIONAL METHODS

Table 9. (continued)
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Structure® Level of Theory Calculated Properties References
Nitrogen-Based Systems
OH MP2/6-31G*#// Geometry, energy, 67
)\l//NHZ MP2/6-31G** energetics of bond
HO rotation
¥ NH,
OH | MP2/6-31G**// Geometry, energy, 67
)YNHZ MP2/6-31G** energetics of bond
HoN rotation
T OH
NH, | MP2/ 6-31G**// Geometry, energy, 67
)YNHZ MP2/6-31G** energetics of bond
HoN rotation
*  NH,
HF/6-31G*// Geometry, charge, Mulliken 100
s N HF/6-31G* charges
O
Phosphonium Systems
}II MP2/6-31G**// Geometry, energy, transition 51
tCt_H MP2/6-31G** state structure and energy
H l.) ~H barrier to proton loss,
H isodesmic reaction with
hydride donor, proton
affinity of CH,PH,,
GIAO-MP2 NMR
chemical shifts
H PII MP2/6-31G**// Geometry, energy, transition 51
SC2+H MP2/6-31G** state structure and energy
H l.) barrier to proton loss,
H isodesmic reaction with
hydride donor, proton
affinity of CH,PH,,
GIAO-MP2 NMR
chemical shifts
Sulfur-Based Systems
Si* and S2* (n = 3-7) B3PW9l/ Geometry, energy, spectral 101
6-311+G(3d, )/ absorption bands

B3PW91/6-311+G*
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Table 9. (continued)

STUDY OF SUPERELECTROPHILES

Structure?

Level of Theory

Calculated Properties

References

Sulfur-Based Systems

g i
s
H H

H3C —Sl —H
CHj;

H,N

MPA4(SDTQ)/6-31G**//

HF/6-31G*

MP2/6-31G**//
HF/6-31G*

MP2/6-31G**//
HF/6-31G*

MP2/6-31G**//
HF/6-31G*

B3LYP/6-3114-G**//
B3LYP/6-311+G**

B3LYP/6-311+G**//
B3LYP/6-311+G**

B3LYP/6-311+G**//
B3LYP/6-311+G**

B3LYP/6-311+G**//
B3LYP/6-311+G**

B3LYP/6-31G*//
B3LYP/6-31G*

Geometry, energy, transition 50,102

state structure and energy
barrier for proton loss

Geometry, energy,
energetics for dissociation

Geometry, energy,
energetics for
dissociation, proton
affininty of +S(CHj3)3

Geometry, energy,
energetics for dissociation

Geometry, energy,
energetics for
dissociation, GIAO NMR
chemical shifts

Geometry, energy,
energetics for
dissociation, GIAO NMR
chemical shifts

Geometry, energy,
energetics for
dissociation, GIAO NMR
chemical shifts

Geometry, energy,
energetics for
dissociation, GIAO NMR
chemical shifts

Geometry, energy,
energetics for proton loss,
IGLO and GIAO-MP2
NMR chemical shifts,
vibrational frequencies
and IR intensities

50

50

50

103

103

103

103

38
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Table 9. (continued)
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Structure® Level of Theory Calculated Properties References
Sulfur-Based Systems
* SH B3LYP/6-31G*// Geometry, energy, 38
+ /E\Jr B3LYP/6-31G* energetics for proton
H;N~  NH; loss, IGLO and
GIAO-MP2 NMR
chemical shifts,
vibrational frequencies
and IR intensities
* SH, B3LYP/6-31G*// Geometry, energy, 38
+ /&\Jr B3LYP/6-31G* energetics for proton
H,oN NH; loss, IGLO and
GIAO-MP2 NMR
chemical shifts,
vibrational frequencies
and IR intensities
SH °, 2+ (P)MP4(SDTQ)// Geometry, energy, 104
i HF/6-31G* hydride affinity,
HS -G SH rotational barriers
o, MP2/6-31G*// Geometry, energy, 50
H;C—-S—H HF/6-31G* energetics for
CH; dissociation
SH | MP2/6-31G**// Geometry, energy, 67
*.C. .SH HF/6-31G* energetics of bond
HS C. rotation
SH
Boron-Based Systems
. t H MP4/6-311G(d,p)//  Geometry, energy, 105
H.\-B MP4/6-311G(d,p) transition state
H/ILI structure and energy

barrier for proton loss
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Table 9. (continued)

STUDY OF SUPERELECTROPHILES

Structure? Level of Theory Calculated Properties References
Halonium Systems
PII B3LYP/LANL2DZ// Geometry, energy, transition 76,106
H-F %* B3LYP/LANL2DZ state structure and energy
I'{ barrier leading to proton
loss, NBO charges, proton
affinity of HyF
IfI B3LYP/LANL2DZ// Geometry, energy, transition 76,106
H- ?1 2z B3LYP/LANL2DZ state structure and energy
H barrier leading to proton
loss, NBO charges, proton
affinity of HoCly
ITI B3LYP/LANL2DZ// Geometry, energy, transition 76,106
H- Br 2+ B3LYP/LANL2DZ state structure and energy
P'I barrier leading to proton
loss, NBO charges, proton
affinity of H,Br
PII B3LYP/LANL2DZ// Geometry, energy, transition 76,106
H—I 2+ B3LYP/LANL2DZ state structure and energy
I—'I barrier leading to proton
loss, proton affinity of Hol,,
NBO charges
CH3  B3LYP/LANL2DZ// Geometry, energy, NBO 76
H;C-F**  B3LYP/LANL2DZ charges
CH;
CH3  B3LYP/LANL2DZ// Geometry, energy, NBO 76
H;C - ICl 2+ B3LYP/LANL2DZ charges
CH;
CH;  B3LYP/LANL2DZ// Geometry, energy, NBO 76
H;C —]|3r 2+ B3LYP/LANL2DZ charges
CH;
CH;  B3LYP/LANL2DZ/ Geometry, energy, NBO 76
H;C —'I 2+ B3LYP/LANL2DZ charges

CH,
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Table 9. (continued)

Structure® Level of Theory Calculated Properties References

Halonium Systems

}II MP2/6-31G**// Geometry, energy, transition 51
tC_t_H MP2/6-31G** state structure and energy
H F barriers of dissociation
processes, proton affinity of
CH,F., GIAOMP2/tzp/dz
NMR chemical shifts,
isodesmic reactions
H MP2/6-31G**// Geometry, energy, transition 51,107
+.CcorH MP2/6-31G** state structure and energy
barriers of dissociation
processes, proton affinity of
CH,F+, GIAOMP2/tzp/dz
NMR chemical shifts,
isodesmic reactions

+1.: MP4(SDTQ)/6-31G**// Geometry, energy, transition 107
F /C\F -H MP2/6-31G** state structure and energy
+ barrier for proton loss
Cl MP4(SDTQ)/6-31G**// Geometry, energy, transition 107
CltC\Cl’H MP2/6-31G** state structure and energy

barrier for proton loss,
GIAO-MP2 NMR chemical
shifts, isodesmic reaction

Br MP4(SDTQ)/LANL2DZ// Geometry, energy, transition 107
tc. .H MP2/LANL2DZ state structure and energy
Br Er barrier for proton loss
¥ MP4(SDTQ)/LANL2DZ// Geometry, energy, transition 107
tc. .H MP2/LANL2DZ state structure and energy
I J} barrier for proton loss
Cl MP4(SDTQ)/6-31G**// Geometry, energy, transition 107
H. "c. .H MP2/6-31G** state structure and energy
9 gl barrier for proton loss,
GIAO-MP2 NMR chemical
shifts, isodesmic reaction
Br MP4(SDTQ)/LANL2DZ// Geometry, energy, transition 107
H\B:_C\Br,H MP2/LANL2DZ state structure and energy

7 + barrier for proton loss
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Table 9. (continued)

Structure® Level of Theory Calculated Properties References

Halonium Systems

¥ MP4(SDTQ)/LANL2DZ// Geometry, energy, transition 107
H. +_C\ .H  MP2/LANL2DZ state structure and energy
l 1 barrier for proton loss
+ CI'H MP4(SDTQ)/6-31G**// Geometry, energy, transition 107
iy MP2/6-31G** state structure and energy
H‘C]‘C\Cl’H barrier for proton loss,
+ + GIAO-MP2 NMR
chemical shifts, isodesmic
reaction
+ H MP4(SDTQ)/LANL2DZ// Geometry, energy, transition 107
+B|r MP2/LANL2DZ state structure and energy
H\Br'C\Br'H barrier for proton loss
+ +

H MP4(SDTQ)/LANL2DZ// Geometry, energy, transition 107

N II MP2/LANL2DZ state structure and energy
H{ ~C<-H barrier for proton loss
+ +
II{ MP2/6-31G**// Geometry, energy, transition 107
tC.t H MP2/6-31G** state structure and energy
crd barriers of dissociation
processes, proton affinity
of CH,F+,
GIAOMP2/tzp/dz NMR
chemical shifts, isodesmic
reactions
PII MP2/6-31G**// Geometry, energy, transition 107
H. ".C. _.H MP2/6-31G** state structure and energy
9 Sl barriers of dissociation

processes, proton affinity
of CH2F+,
GIAOMP2/tzp/dz NMR
chemical shifts, isodesmic
reactions

“Calculated structures found to be at potential energy minima (zero imaginary frequencies).
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3

GENERATING
SUPERELECTROPHILES

As discussed in Chapter 1, many electrophiles are stable in solvents
and the presence of substances of moderate Lewis basicity. Even rela-
tively strong electrophiles can be generated and handled under appropriate
conditions.! A wide variety of electrophilic carbocationic and onium ion
salts have been prepared and characterized by spectroscopic methods,
X-ray crystallography, kinetic studies, and other techniques. Several types
of these electrophilic salts are even available commercially (such as varied
onium, iminium, and carbocationic salts, etc.). Electrophiles are generally
generated by the reactions of suitable precursors with Brgnsted or Lewis
acids. They can be sometimes isolated, but for synthetic conversions they
are more often generated in situ and reacted directly with nucleophilic
reagents.

When superelectrophilic reagents are involved in condensed phase reac-
tions, they are usually generated in situ in highly acidic systems.?> Super-
electrophiles are generally not isolated as persistent stable salts, although
some highly stabilized onium dicationic systems have been isolated (vide
infra). Both Brgnsted and Lewis acid containing systems, including solid
and liquid acids, have been shown suitable to form superelectrophiles.
Because superelectrophilic activation often involves interaction of a sub-
strate with two or more equivalents of acid, superelectrophilic conversions
are often carried out in the presence of excess acid. Among the Brgnsted

Superelectrophiles and Their Chemistry, by George A. Olah and Douglas A. Klumpp
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acids, sulfonic acids and their Lewis acid conjugate systems have been
most frequently used for the reactions involving superelectrophiles. Direct
spectroscopic observation of superelectrophiles in these acids have also
been reported. Although sulfuric acid and oleum are known to catalyze
conversions involving reactive dications (vide infra), HySO4 (Hp —12) and
H,S04-SO3 (Hp > —14.5) have seen relatively limited use in superelec-
trophilic reactions, as they themselves can react with many of the involved
systems (sulfonation, oxidation, etc.). HF-based superacid systems have
been important in the study of many superelectrophilic systems. Their
Lewis acid conjugates such as HF-BF; and HF-SbFs were used in exten-
sive, fundamentally important studies of many systems. Acid systems
based on AICI; and AlBr; have also been useful in various superelec-
trophilic reactions.

Trifluoromethanesulfonic acid (CF3SOsH, triflic acid) is an effective
and most widely used catalyst and activating agent in superelectrophilic
chemistry. Triflic acid is a stable, nonoxidizing (or weakly oxidizing)
superacid with a useful liquid range (mp —40°C; bp 161-162°C) and
with an acidity of Hy — 14.1.% It has been used to protolytically generate
superelectrophiles from varied electrophiles (Table 1). Triflic acid has
been shown inter alia to protolytically activate nitronium salts, as well
as nitrosubstituted olefins and arenes (entries 1-3).#7% In a study of
the cyclization of imines, triflic acid was found to be an effective cat-
alyst and superelectrophilic activating agent (entry 4).” A number of
carboxonium-type superelectrophiles have been generated using triflic
acid, including those from 1,2-dicarbonyl compounds (entries 5—7),8_10
enones (entries 8—10),'1713 ketones (entry 11-13),'4~16 ynsaturated car-
boxylic acids (entries 14—15),!” amides (entries 16—18),'>18:1 and esters
(entry 19).29 Because the acidity of hygroscopic triflic acid is significantly
decreased by water, the importance was noted to freshly distill it prior to
use. Water can also be produced in some triflic acid catalyzed reactions,
leading to decreased acidity. This water-induced decrease of acidity must
be taken into account for reactions requiring high levels of acidity, as
well for quantitative studies, such as kinetic experiments. Using the triflic
acid—triflic anhydride system can remedy this problem.

The acidity of triflic acid solutions can be greatly increased with added
Lewis acids.? For example, mixtures of triflic acid with either SbFs or
B(O3SCF3); have been estimated to have Hy — 16.8 (with SbFs) and
Hy — 18.5 (with B(O3SCF3)3). These conjugate Brgnsted-Lewis super-
acids have been used to generate superelectrophiles from varied substrates.
In a study related to the Gattermann and Houben-Hoesch reactions, super-
electrophiles 1 and 3 were suggested as the intermediates in reactions
with CF3SO3H:SbFs (eqs 1-2).?! When the hydroxyester (4) is ionized
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Table 1. Superelectrophiles generated in solutions of CF3SO3;H.

Entry  Substrate Superelectrophile Entry  Substrate Superelectrophile
+
+.0 + ,(SH 0 OH,
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in either CF3SO3H:SbFs or CF3SO3H at low temperature, the dication (5)
can be directly observed by NMR spectroscopy (eq 3).2

NaCN or  5%SbF5:95%CF;S0,H ++ H
TMS-CN N (1)
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. CH;4
N,CH3 o 0
C/// 5%SbF5:95%CF;S05H + N -~ C
CoHly (2)
TfO™
2 3
OMe
HO SbF5:CF,SO;H (3)
(0]
O OMe
MeO
4

Triflatoboric acid (2 CF3;SO3H—B(0O3SCF3)3) can be prepared by the reac-
tion of five equivalents of triflic acid with one equivalent of BCl; (with
HCI gas evolution).”® This very strong conjugate Lewis acid has been
shown to produce superelectrophilic protonitronium ion (6), or its equiv-
alent protosolvated species, in equilibria (eq 4).%3 In a study of the C-
alkylation with alkyloxonium ions, triflatoboric acid was found to enhance
the electrophilic reactivity of a trimethyloxonium salt (7). Formation of
a the superelectrophilic species (8) was indicated (eq 5).>* Protosolvated
formyl cation (9) has also been proposed as the active electrophile in reac-
tions of carbon monoxide in CF3SO3H, CF3SO3H:SbF5, or 2 CF3SO3H-
B(03SCF3)3 (eq 6).>> The methyloxonium ion was similarly suggested
to be protosolvated in triflatoboric acid, producing a superelectrophilic
species (eq 7).%6

H"

2 CF;S0,H:B(0;SCF3), + + o+
HNO, s 0=N=0 0=N=0-H @
’ 6
+ 2+
HAC - CH, 2 CF;S0;H:B(0;SCFy), H,C \E/CHz
‘ . )
CH; CH,
7 8
2 CFSO;H:B(0;SCFy)
or
SbF5:CF,SO;H N N (6)
CcO H-CO" =——= H-CO H
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2+

H* + HA +
CH;0H =——= CH;0H, =—— CH3O‘H2 ——= CH;0H;4 (7)
HA

Shudo and Ohwada have developed and used acid systems composed
of varying ratios of CF3SO3H and CF;CO,H in order to obtain solu-
tions having acidities between Hy— 7.7 and Hy — 13.7.%7 These acid
systems have been used in kinetic studies related to superelectrophiles
10-13 (eqs 8—11).7-13.14.21

CF;S0O4H -CF,CO,H +
A ——— ®)

Ph Ph H
10
“OH “on,
CF;S0;H -CF3CO5H
Ph 32Y3 3 3 + Ph
Ph)H( = Ph )
11
*OH CF3S0;H ~CF;CO,H * OH,
_— +
Ph/\)]\Ph Ph/\)\Ph (10)
12
H\ +
Ns

H H
+N
Ne CF,SO,H ~CF,CO,H @*\CJ (11)
13

Kinetic evidence suggests the formation of increasing superelectrophilic
activity (10—13), as the acidity of the reaction media increases from Hy —
7.7 to Hy — 13.7 (vide supra).

Superacidic FSO3H (fluorosulfonic acid, Hy — 15) has also been used
in some studies involving superelectrophilic activation. However, due to
its tendency for sulfonation and oxidation, this acid has found only limited
use in synthetic conversions involving superelectrophiles. Fluorosulfonic
acid has been shown effective to activate nitronium salts in their reactions
with weak nucleophiles, and again it was suggested that the protosolvated
species (6) is involved in the reactions.”® Both fluorosulfonic acid and
triflic acid have been reported to give the diprotonated species (14) from
3-arylindenones (eq 12).%°
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FSO H
(12)
Cl~ 1SO3H
O
OH A
+ N
OH +
HO
16

15

The FSO3H:SbF5 conjugate superacid (“Magic Acid”’; Hyp — 15 to —25)
has been useful in extensive studies of onium cations and dications."? Its
very high acidity was the basis for the “stable ion conditions” developed
by the Olah group to directly observe many types of reactive electrophiles.
The acidity of the magic acid system varies according to the proportion
of SbFs in the mixture (FSO3H:SbFs 1:1, Hy — 25).> Magic Acid solu-
tions have also been used in several NMR studies of reactive dications
and superelectrophiles, such as ions 15 and 16.!7-'® Among the superelec-
trophiles generated in FSO3H:SbF5 solutions are protosolvated oxonium
ions (Table 2), sulfonium ions, and related species (17—18),3%-3! carbox-
onium ions (19-20),3233 and others (21-22).3*3 In the cases of 17,
18, and 21, data indicate low-equilibrium concentrations of the superelec-
trophiles, while 19, 20, and 22 are formed in sufficiently high-equilibrium
concentrations to allow their direct observation by spectroscopic methods.

HF-based conjugate Lewis acid systems have been particularly impor-
tant in the study of superelectrophiles. Commercial anhydrous HF is a
relatively modest Brgnsted acid (Hy — 11), but as shown by Gillespie, if
carefully dried and handled, anhydrous HF has Hy —15. The acidity of
HF is greatly increased with the addition of Lewis acids, such as BF;
(HF-BF3, Hy — 11 to —16) and SbFs (HF-SbFs, Hy — 11 to —28).% Like
Magic Acid, these Lewis acid conjugates vary in strength according to
the ratio of HF and the Lewis acid.

As discussed in Chapter 1, Brouwer and Kiffen reported the obser-
vation that HF-BF; promoted hydride transfer from isoalkanes to acyl
cations. These results were later shown by Olah and co-workers to be due
to superelectrophilic activation of the acyl cation (24, eq 13).3” Diproto-
nated acetone and aldehydes were also shown to abstract hydride from
isoalkanes in HF-BF; solutions.®® Carboxonium ions (25) are generally
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Table 2. Superelectrophilic species generated in FSO;H:SbF5 solution.

Entry Superelectrophile
q 2+
H3C\- -/CH3 FSO3H:SbFy H3C\ | /CH3
(1) ),( + - >|(
CH, CHj;
X=0,S, Se, Te 17
2+
H\°S°/D FSO3H:SbF5 ]I)
@ + — H=3-D
H H
18
H H +
OCHj FSO3H:SbFs OCH;
3) - H
H
OCH, + OCH;4
19
oy
D O’CH3 FSO;H:SbFs XN O/CH3
) e —_— ©/\/\ I
I H
B¢ +
% O,CH3
|
H
20
FSO3H:SbE
J _cn SH:SOFs ~CH;
) H,c” Y073 Hy,C™ 707
21
JOJ\ FSO3H:SbE OH”
305085
6 _
©) H,N~ “NH, H2NJ\NH3+
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not reactive towards weak nucleophiles such as alkanes and deactivated
arenes. However, a superelectrophilic species (26) is formed in HF-BF;
solution (eq 14) and hydride abstraction occurs. HF-BF; has also been
shown to promote synthetically useful reactions (see Chapter 5) such as
involving the protosolvated formyl cation (9),3° diprotonated pivaldehyde
(27),% and the superelectrophile derived from dimethyl ether (28).40

+ +
I HF:BF3 9 (i) H .QH
e D +
Hc~C oH ¢ ‘ G* (13)
CH, CH, CH,
23 24
BE. + 2+ +
HF:BF; : OH
I or HF-SHF I H OH, OH,
-Cs = r-C- Co .~ _C. (14)
R™C CH, R™" CH, R-Ccm R-Ccn,
R =H, CH, 25 2
2+ OH, + OH,
& - HF:BF, i - o -
u 3 T oy 3 H 3
\’<CH2 \KCH3 w<CH3 (15)
CH; - CH; CH;
27
HF-BF, + H o,
CH;0CH; — > CH;0CH; - CH30CHj4 16)
BF, H H B,
28

Besides the synthetic utility of the HF-BF; system, both HF and BF; are
gases at room temperature and thus they can be readily recovered from
reaction mixtures.

The strongest liquid superacid known so far, HF—SbFs has been used
to generate a variety of superelectrophiles. In their study of the protosol-
vation of oxonium ions, Olah and co-workers found evidence even for
diprotonated water.*! Hydrogen/deuterium exchange of the hydronium
ion (H30") was observed in DF-SbFs solution (Hy — 25) where there
is no deprotonation equilibrium, and the diprotonated superelectrophile
(29) is indicated to be the key intermediate (eq 17). Hydrogen/deuterium
exchange was not observed in somewhat weaker FSO3;H-SbF5 solution.
Evidence was reported to suggest that carboxylic acids form diprotonated
species in HF-SbFs, and these intermediates can subsequently generate
superelectrophilic acyl dications (eq 18).4?
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H
LA HE-SbF =/ -p* +
0o-p —— | H=O7D| —» :0-H 17
D \ 17)
D D
29
0 OH . oH" '
8 HF:SbFs I H I -H0 (I)IH (18)
E— C —-— Ct C
F;C”7 TOH F,C” “OH F,C” “OH, FC7

A number of substituted naphthols were studied in HF-SbFs solution by
NMR and their superelectrophilic diprotonated carboxonium ions were
directly observed (eqs 19-20).*3 These superelectrophiles are capable of
reacting with weak nucleophiles, such as cyclohexane. Even alkyl cations
such as the tert-butyl cation (30) have been shown to undergo protol-
ysis in DF-SbFs5.** When DF—-SbFs is added to the previously formed
tert-butyl cation (obtained from the alkyl halide in SbFs), it results in
hydrogen/deuterium exchange (eq 21). Under these conditions no depro-
tonation equilibrium with isobutylene can exist to account for this isotopic
exchange. Deuteration at the C-H o-bond must occur, forming the super-
electrophile (31). In studies related to trihalomethyl cations, Sommer,
Jacquesy, and others have demonstrated that HF—SbFs strongly activates
the trichloromethyl cation in its reactions with C—H o-bonds.*> The for-
mation of the superelectrophilic species (32) is suggested (eq 22).

+

OH OH
HF-SbFs
e ®
Cl Cl
OH " OH
= L -~
- 5 .
OH OH
Hu
HyC L CHy _DIStry HC(CL H HiC\ [ ACHD
i -78°C ! + i 21)
CH;4 CH; D CH;4
30 31
N
HF-SbF Cl .t Cl H* Cl i+ Cl
ccly ——> ? 9 H (22)
Cl Cl
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A similar type of activated trichloromethyl cation has been generated from
CCly in excess Lewis acids (SbFs or AlCls, vide infra).

In the above examples, the superelectrophiles are formed via protona-
tion or protosolvation of the corresponding electrophiles via their electron
donating ligands by superacids. There are also a number of examples of
superelectrophiles being formed by coordination with strong Lewis acids,
such as SbFs, AICl3, and AlBrs. In general, Lewis acids can participate
in the formation of superelectrophiles by two routes:

1. The electrophile initially formed is further complexed by a Lewis
acid, thus decreasing neighboring group participation into the elec-
trophilic center, generating the superelectrophile.

2. An electron donor Lewis base complexes simultaneously with two
Lewis acid sites, forming a doubly electron-deficient species, or
superelectrophile.

In most of the examples of superelectrophilic reactions involving Lewis
acids, they are conducted using an excess of the Lewis acid. This is in
accord with electrophilic solvation by the Lewis acid, i.e. activation of the
electrophile requires interaction with two or more equivalents of Lewis
acid. As an example, superelectrophilic nitration can be accomplished
with NO,Cl and at least three equivalents of AICl3 (eq 23).*¢ This pow-
erful nitrating reagent involves a superelectrophilic complexed nitronium
ion (33).

AICl

ON0 A (23)

NO,Cl + 3 AlCl,

33

Complexation between the oxygen lone pair electrons and the AICl;
generates an increasing positive charged bent nitronium ion, creating a
low-lying LUMO at the nitrogen. Using excess aluminum halide, Vol’pin,
Akhrem, and co-workers have developed several types of ‘“aprotic
superacids.” These superelectrophilic reagents are capable of cracking
hydrocarbons by their reactions with C-C and C-H o-bonds, vide infra.
For example, a superelectrophilic acyl cation (34) is formed by the reaction
of acetyl chloride with excess AICI3 (eq 24).4’

L6t 5

10" — AICK
AlC, |(|: 7
H,C™7+ ALCH

34

10 ——=AICK;

CH,COCI * 2AIC; i Ol —AlCl,

st

(24)
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Highly electrophilic species are also generated in the reactions of halo-
genated methanes and excess aluminum halides (eq 25), probably involv-
ing the superelectrophilic complex (35).*® A reactive thio-methylating
agent has also been developed based on superelectrophilic activation by
AICl; (eq 26).* Similarly, electrophilic solvation was proposed in the
carboxylation of arenes with CO,/Al/AICI;3 (eq 27).%°

o e .. ee st _
CBr 2 Al PBrBr: AlBry s By *+_Br “ AlBr;
Br, Bry .e .o = ‘.. oo
Bri 3 T (25)
Al,Br, ..
35
2 AICI AIC
o g — Ng-CHs - N5 -CHs
= 5" AlLCly (26)
A12Cl; + 5
AICI,
//O ’/O //O
g £ C
o, AlC, 0 \ 2 AICH, o "
| |
AlT 2 T Al st
c1’ | a ‘ \Cl — AICly ‘SCI/ | \CI‘SH AICl4 (27)
Cl Cl Cl
/ 5+\
AlCI, AlC;

These are representative examples (eqs 23-27) of superelectrophilic
species being generated by interactions with Lewis acids. The presence
of trace water impurities in Lewis acids, such as AICl3, creates strong
protic Brgnsted acids to produce superelectrophiles, as in reactions with
enones (eq 28)°! and o,B-unsaturated amides (eq 29).12.52 Superelec-
trophilic species have been similarly formed from a variety of naphthols
with excess aluminum halide (eqs 30—31).53 These multiply charged inter-
mediates are capable of reacting with benzene or cyclohexane (hydride
abstraction). Several studies have also described the use of H,O-BF;5 as
a strong acid catalyst (Hy —12), which is believed to act primarily as a
Brgnsted acid.>* It has been shown to produce superelectrophilic species
arising from N -halosuccinimides (eq 32).

1.3 equiv - 3
CH; O _Ad CH: @ (28)
/K/lk g
H;C CH;4
+ . X
O 5 equiv + O‘
AlC1
RMNR, e, Rﬁ(kNR'2 (29)
H H

X = AICl;” or Al Cly,~
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H_H

3 equi +
OH g 0L,
— H (30)
H

X = H, AICl;™ or AlL,Cly,~

OH

o X
X, S
3 equiv + H
HO AICI, u© °
- . (31)
H

X =H, AlBry” or Al Bry,~

+ + +
0 OH OH OH
BF;-H,0 H* H* + _H
N-Cl =—— N-Cl N-CI N (32)
0 o] OH OH
+ +

In addition to the discussed Brgnsted or Lewis superacidic activation
in solution chemistry, there have been reports to suggest that superelec-
trophilic species can be formed with solid acids, and even in biochem-
ical systems. For example, Sommer and co-workers have found several
examples in which HUSY zeolite has exhibited catalytic activity similar
to liquid superacids (eqs 33—34).1? In the same study, the perfluorinated
resinsulfonic acid Nafion-H (SAC-13) was found to give products consis-
tent with the formation of the superelectrophile (36, eq 35).

+ . X
HUSY o 97%

(6] Ph O
_HUSY | e (33)
Ph /\)J\ NEt, S pn A NEt, Ph A NEt,

130°C

o HUSY +O’ X 70% 0
_— - + _—

Ph /\)J\CH3 o ph /\)I\cm Ph /\)J\cm %)

Ph Ph Ph

| | Nafion-H +Kt\[H 70% ©\)\/\[\
ol = o =cd, «
ﬂ o) 130°C E (3H E (¢}
36

Although it is still difficult to correctly determine or estimate the acidities
of solid acids, both Nafion-H and HUSY are considered weaker acids
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than typical liquid superacids.> Favorable geometry in rigid systems (i.e.,
Nafion-H and HUSY), however, can cause bi-dentate or multi-dentate
interaction between the substrate molecule and the solid acid (or acidic
enzyme site), which can explain the observed electrophilic activation.
Accordingly, superelectrophiles are generated by multiple interactions
with closely oriented acid sites (both Brgnsted and Lewis) on the sur-
face of the solid acid. Consistent with this, the structure of Nafion-H
contains clusters of sulfonic acid groups. This type of multi-dentate com-
plexation is similar to the discussed catalytic activation of electrophiles
having suitable electron donor ligands in varied liquid acids systems
(vide supra). A closely related bi-dentate electrophilic activation has been
demonstrated with carbonyl compounds involving double hydrogen bond-
ing. Several similar catalytic systems have been developed, for example,
Gong and Wu’s enantioselective aldol reaction catalyst (37).55 Theo-
retical calculations have shown that the catalyst activates the carbonyl
group of benzaldehyde by double hydrogen bonding (38, Scheme 1),
which is shown to be more effective than the proline-catalyzed reaction
involving only a single hydrogen bond (39). This carbonyl activation is
strikingly similar to Shudo and Ohwada’s superelectrophilic activation of
1,3-diphenylpropan-1-one (40) and benzaldehyde (41).'%:3® Compounds
capable of double hydrogen bonding to carbonyl groups belong to a
promising new class of catalysts. While these catalysts clearly do not
generate a full di-positive charge at the carbonyl group, the multi-dentate
interaction significantly lowers the energy of the carbonyl LUMO (the
C=0 m* orbital), enhancing the electrophilic reactivities of the carbonyl
compounds.

As discussed previously, superelectrophilic activation in biological sys-
tems has been found even with a metal-free hydrogenase enzyme found
in methanogenic archea, an enzymatic system that converts CO; to
methane.”’ It was found that N°.N'°—menthyl tetrahydromethanopterin
(42) undergoes an enzyme-catalyzed reaction with H, by hydride transfer
to the pro-R position and release of a proton to form the reduced product
(43; eq 36).

£
al o
() HY/N H,-forming H, ?r

N “ICH methylene tetrahydromethanopterin o %‘N
HN %, 3 dehydrogenase N .
« \ H ¢ oH TN [ UCHy o+ gt
., 2 H
H,N N CH ~
3 ,
H H,N N on,
42 43
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o) Ph
C#L /'\ Ph
N
NH H OH
Q Q 20 371‘7 QH Q
mol7o -
N :
Ph A H = HC J\CH3 25°C Ph /\)J\CH3
51% yield
‘ 83% ee
0 Ph
oA
N
N |

[ o, o,
H

N
PN o D Ph/\)\Ph S
\i/f N 40 4

Scheme 1.

It was suggested that protonation of one or both of the adjacent nitrogen
sites generates an enhanced electrophilic system. This superelectrophilic
system would be the result of decreasing stabilization by neighboring
groups and increasing electron deficiency at the electrophilic site, enabling
cation 42 to react with molecular hydrogen. As noted by Berkessel and
Thauer, a localized, highly acidic enzyme active site is formed by properly
positioned acidic functional groups and a nonbasic environment.

The vast majority of examples reported so far of superelectrophilic
activation have been found in studies involving liquid superacids with
acidities in the range of Hy — 12 to —26. Most often, these acids have
been fluorinated sulfonic acids (CF3SOszH and FSO3;H, CF3SO3;H:SbFs,
2 CF3S0O3H-B(03SCF3)3), HF-based Lewis conjugates (HF-BF; and HF-
SbFs), and systems with excess Lewis acids. Nevertheless, several
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examples of superelectrophilic activation were reported in weaker acid
systems, such as zeolites and perfluorinated resinsulfonic acid, such as
Nafion-H. Multi-dentate interaction with weaker acidic sites can extend
the realm of superelectrophilic activation to physiological conditions. In
principle, superelectrophiles (doubly electron deficient systems) may also
be generated from two-electron oxidation of neutral substrates. A number
of these systems are discussed in subsequent chapters.

Besides acidity, the involved temperature has also been found to be
a factor in the chemistry of superelectrophiles. A number of super-
electrophilic reactions have been shown to require more elevated tem-
peratures in order to accomplish reactions with weak nucleophiles
(Table 3).7-12:14.23.54.58-60 1y cases, lower temperatures fail to allow the
reactions. However, these same electrophilic systems will often react with
more nucleophilic substrates at lower temperatures. For example, fluo-
robenzene gives p-chlorofluorobenzene in 95% yield at 25°C by reaction
with N-chlorosuccinimide and H,O-BF;3,>* 3-pyridinecarboxaldehyde
condenses with benzene in 99% vyield by reaction with CF;SOs;H at
25°C,” and 5-hydroxy-1-methyl-2-pyrrolidinone reacts with o-dimeth-
oxybenzene in CF3;SO3H giving the arylated product in 67% yield at 0°C
(compared with entries 1, 5, and 6, respectively).60 The need for more ele-
vated temperatures, however, can sometimes be avoided through the use
of a different acid system, as shown in the cyclization of the cinnamoyl
amide (entry 3).!? There may be several reasons for the required higher
temperatures in some superelectrophilic reactions. Since the superelec-
trophiles are often higher-energy species, it may be necessary to use more
elevated temperatures to generate their appreciable concentrations. Even
with the formation of a dicationic superlectrophile, the higher tempera-
ture may also be necessary to overcome the significant activation energy
barrier associated with their electrophilic attack on weak nucleophilic
substrates. Nitrobenzene, for example, itself is almost completely pro-
tonated in superacidic media (protonated nitrobenzene, pK, — 11.3), and,
therefore, electrophilic reactions with nitrobenzene may require that the
superelectrophilic reagent collide with a protonated nitrobenzene. Higher
temperatures may be necessary to overcome the electrostatic repulsive
effects in such reactions.

While many superelectrophilic reactions are accomplished at ambient or
somewhat elevated temperatures, a significant number of conversions are
found to work better at lower temperatures. As some of these reactions
employ gaseous reagents such as HF, BF;, and low molecular weight
alkanes, the lower temperatures may be necessary to help to keep the
reagents in the condensed phase. In other reactions, the lower tempera-
tures are used to control the excessive reactivities of the superelectrophiles
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Table 3. Superelectrophilic reactions requiring more elevated temperatures.

Entry Substrate Acid Temperature  Nucleophile Proposed R Product Yield
Superelectrophile
0 “on
NO, + H NO,
) N-CI  H,0-BF;  105°C ©/ NG © 69%
o +OH Cl

OH O * OH 0
@ AlCI 110°C | (;é 70%

NH, E}CHz NH, NH,

©) O HUSY 130°C phenyl +OH o} 90%
Hoy N Hoy
\ H3PO,P,05  130°C phenyl . 90%
Ph Ph Ph
CF;SO3H 25°C phenyl 85%
F F
F . O,N F
) HNO;  2CF3SO;H-  65°C 0=N=0OH 96%
B(035CF3); F F
NO, NO,
N\
) % n  CFSOsH  130°C 10%
o}
0
O al +OH
©®) EﬁN—CH3 CF3S03H  80°C /@( d”t cH N-CHj 60%
cl 2
OH C
a
? “on
o) Ph/\)L Ph 2 84%

CF3 SO3H 80°C phenyl n Ph
S

®) ©/\ CFySOsH  150°C phenyl ©/h 69%

and increase selectivity. For example, a number of superelectrophilic sys-
tems are based upon halogenated methyl cations, such as CCly-nAlCl3,
CCly-nSbFs, and CBrs-nAlBr3. These systems tend to form very reac-
tive trihalomethylcation-Lewis acid complex (44) and have been used in
a variety of reactions of alkanes and cycloalkanes at lower temperatures.
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The effect of temperature is clearly seen in the iodination of alkanes and
cycloalkanes with CCly-Alls3-I;, where only monoiodination is observed
at —20°C, but further products are also obtained at 0°C (eq 37).°!

8+
.o .o 5 1
X . X---MXn CCl,-AlL, T
ST T (37)
X —20°C
.e 70%
44

In other conversions, better yields (Scheme 2) and product selectivity
(Scheme 3) are obtained at lower temperatures.®” In the case of the
Koch-Haaf butane carbonylation, it was noted the importance of temper-
ature on the equilibria between the sec-butyl and fert-butyl cations and
their derived acyl cations. Besides providing better yields and product

CCly/SbFs Oy . OCH;
CH;CH,CHj (0.08 mole ratio) CH;0H CI
+CO CH.
H;C CH;
Temp Yield
-30°C 50%
-10°C 28%
Scheme 2.
CBry/AlBr5
CH;3CH,CH,CH; _(0.08 mole ratio) N H3C £ ~CH3
: ;

CH3CH2CHCH3 _— ]

CHj3

CcOo CO
i-PrOH j j i-PrOH

+CO

OO~ CH(CHy) Ox o~ O~ CH(CHy),

I |
CH;CH,CHCH; C(CH3)3

Temp Product Ratio
-20°C 5.25 1.00
0°C 1.29 1.00

Scheme 3.
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selectivity, the lower temperatures also prevent cracking and oligomeriza-
tion reactions which are known to occur with trihalomethyl cation-Lewis
acid complexes and saturated hydrocarbons. Protosolvated nitronium salts
(6) are exceptionally reactive electrophiles. A number of synthetic conver-
sions with superelectrophilic nitronium salts have been carried out at lower
temperatures, often to prevent polynitration of the aromatic substrates.
Nitrobenzene and 1-nitronaphthalene can both be prepared effectively at
low temperatures using superelectrophilic nitrations (eqs 38—39).% Good
positional selectivity is seen in the low temperature nitration of naphtha-
lene. With the use of a single equivalent of nitronium salt (or its precursor),
di and trinitration is suppressed by lower temperatures. This is also seen
in the superelectrophilc nitration of the trityl cation (eq 40).46

(CF;S0,),0 NOZ
. HA @ _(CFs0p0 C( (38)
0=N=0"s+ HNO; -78°C 30%
07;1781{ (CF3902>20
- THNo, mC (39)
6

NO,* BF,~ _ NO'BRS NO
‘!‘ Ck;SO;H ‘!‘/ 2 (40)

64 %

Several conversions based on superelectrophilic hydroxycarbenium ions
(such as 45) were also carried out at lower temperatures, including the
condensation reaction (eq 41) and electrocyclization (eq 42).%13 A simi-
lar electrocyclization reaction with a benzilic acid methyl ester was also
found to proceed in high yield at —40°C (eq 43).22

+
o CF,SO;H OH o
H —— > HiC —— H;C
N 5 min + OH Ph’ Ph
(0] 95%
45
1) (0)

HZ
P crsos m , ©;/< 42)
0°C

91%
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Ph CF,;SO;H Ph I
HO it ] . 0
Ph }\f 0 40°C Ph /Kf O (43)

OCHj, OCH; OCH;

94%
46

The reactivity of superelectrophile 46 precludes its direct observation by
NMR, but as discussed in Chapter 2, stabilization of the carbenium ion
center with para-methoxyphenyl groups allowed the dicationic species
(5) to be observed at low temperature.

As discussed previously, several types of reactive dications and super-
electrophiles have been directly observed using NMR spectroscopy. These
experiments have all used low temperatures (—100°C to —30°C) and
superacidic conditions to generate the observable reactive dications and
superelectrophiles. Some reactive dications and superelectrophiles are sta-
ble at low temperatures and can be directly observed by NMR, but at
higher temperatures they readily cleave and decompose. The low temper-
atures also slow down proton exchange reactions and enable the ions to
be observed as static species.

Lower temperatures were also an important aspect of other studies of
superelectrophilic chemistry. For example, Olah and co-workers studied
the role of superelectrophiles in the acid-catalyzed cleavage of esters.>*
One of the key experiments was carried out under highly acidic conditions
and at —40°C to prevent nucleophilic attack of monocationic intermediates
(eq 44).

Nu (NuCHy)*

N
2 PTH op o ks /O_CH3 . O~CH;
H,C —< TP o HC —< H,C
O—CH, -0 0—CH, 0—CD,
BF, D;C *
47 48
(44)

Under these conditions, it is highly unlikely that exchange of the —CHj3
group for —CD3 could occur by nucleophilic attack on the monocation
(47). The superelectrophile (48) is indicated to be involved in the exchange
reaction. In studies related to the protosolvation of carbocations, very high
acidities and low temperatures were used to probe the proton-deuterium
exchange of carbocationic electrophiles (Scheme 4 and vide supra).%*
Low temperature “stable ion” conditions are important to prepare the
2-propyl cation (49). Despite the low temperatures, isotopic exchange was
observed, indicating involvement of the protosolvated superelectrophile
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H
I
+ HiC_*_c? gt H;C_*_CH,D
H;C \C/CH3 DF/SbF5 e \Y -H e 2
, —78°C I L+ I
H H D H
49 % 50
H;C \C//CHZ
| + H+
H
Scheme 4.
OCH,
FSO3H:SbF
NXocH; — 20y NX-"N0cH; N
60°C k
OCHj,
51a 51b
le—HJr H'
N
S
. — L
+ + Ut
OCH,4 OCH
H H
52 52
Scheme 5.

(50; see also related study of tert-butyl cation**). The very high acidities
and low temperatures prevent any deprotonation-deuteration equilibrium
involving propylene. As discussed briefly in Chapter 2, low tempera-
ture was also important in the study of a protosolvated carboxonium ion
(Scheme 5).33 At —60°C, a photostationary state is found for the conju-
gated oxonium ion 51. As the temperature is increased, the Z (51b)-> F
(51a) isomerization rate is increased. The isomerization is also found to
occur at an increasing rate at higher acidities. In FSOsH at —5°C, the
stereomutation rate constant is found to be 2.0 x 10~% s~!, while in
FSO3;H-SbFs (4:1) at —5°C, the rate constant is measured to be 6.9 x
1073 s~!. This indicates the involvement of dicationic intermediate (52).
Delocalization of the positive charge in the dicationic structure is thought
to enhance the isomerization rate.
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In summary, superelectrophilic systems are usually generated with an
excess of Brgnsted and Lewis superacids, although examples are known
in which under suitable conditions superelectrophiles are formed by the
multidentate interaction of less strong acids. Multidentate interactions
can also lead to doubly electron deficient systems exhibiting superelec-
trophilic chemistry. Besides the highly acidic conditions, solvents for the
superelectrophilic reactions must be themselves of low nucleophilicity.
Superelectrophiles are typically generated from the same precursors and
functional groups that form the parent electrophiles. Indeed, the discussed
superelectrophiles are usually in equilibrium with their corresponding par-
ent electrophiles. Lower temperatures may be needed in superelectrophilic
reactions to control excessive, unselective reactivities. Higher tempera-
tures are found important, however, in the reactions of superelectrophiles
with weak nucleophiles.
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A

GITONIC GEMINAL
SUPERELECTROPHILES

4.1 STRUCTURAL CONSIDERATIONS

As noted in the first chapter, superelectrophiles are divided into two basic
categories: gitonic (close) and distonic (distant) superelectrophiles. The
distonic superelectrophiles are characterized by structures having two
or more carbon or hetero atoms separating the positive charge centers,
while the gitonic superelectrophiles have the two charges in close prox-
imity. Gitonic superelectrophiles thus can be characterized according to
the distance between the two (or more) charge centers. This chapter dis-
cusses systems in which the charges are located on (or around) the same
atom (i.e., HyO?>"). These are referred to as geminal systems. Chapter
5 deals with vicinal superelectrophiles having greater charge separation
corresponding to 1,2-dicationic systems. Distonic superelectrophiles are
discussed in Chapter 7.

Although gitonic superelectrophiles may be viewed as closely located
di- or polycationic systems, in fact the positive charges are often strongly
delocalized through resonance, conjugative, and inductive interactions
with involved ligands. For example, in the case of water, natural bond
analysis (NBO) derived atomic charges from DFT calculations show
charges of —0.916 and +0.458 on the oxygen and hydrogen atoms,!

Superelectrophiles and Their Chemistry, by George A. Olah and Douglas A. Klumpp
Copyright © 2008 John Wiley & Sons, Inc.
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+0.458 +0.70 1 4049 H  H4049 |
I,{ 1,{ "
~0.80 +0.35 ¢
O O"'u S"vu
H™ -0916 N\ H 4070 O\ H 4056
+0.458 +0.70 H +0.56 H
+0.70 +0.56
Cy, ’ T, s c,

Figure 1. Calculated NBO charges on water, diprotonated water (1), and pentahydrido-
sulfonium trication (2).

respectively, while similar calculations show charges of —0.80 and +-0.70
on the oxygen and hydrogen atoms for the gitonic superelectrophilic,
diprotonated water (H402+, 1, Figure 1).2 Similarly, theoretical studies
of the pentacoordinate sulfonium trication HsS3* (2) have shown that
most of the positive charge is delocalized on the hydrogen atoms.? It has
also been noted that in systems like H4O** and HsS3*, the distribution
of the positive charge on the periphery atoms leads to a large decrease in
the quantum mechanical Coulombic repulsion energy.*

In a similar sense, charge delocalization through resonance-type con-
tributions is important in the nature of some superelectrophiles and in
the understanding of their chemistry. For example, the superelectrophilic
Nazarov-cyclization is also considered to involve delocalization of posi-
tive charge in a gitonic superelectrophile (Scheme 1).> Although double
protonation of the carbonyl group can be represented as the geminal-type
dication 4a, this is only a minor contributing resonance structure. The de
facto best representation of this superelectrophile involves the 1,2-dication
4b and delocalized structure 4¢, which leads directly to the transition state
structure of the 4m-electrocyclization (5). Compared with a cyclization

H. 0+ H2+H
@)H( 3 CF3SOsH Q)W W ©)W
4b
+
0 H.5H * HoH
Ci&cm — L_cH; ~CHs

{+} o

97% 4c
5

Scheme 1.
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reaction involving the monoprotonated intermediate (3), it was shown (by
ab initio calculations) that the reaction involving the superelectrophile has
a significantly lower energy barrier to the cyclization (vide supra).

It should be clear when considering superelectrophilic chemistry that
fully formed dicationic superelectrophiles are only the limiting case. There
is always a varying degree of protolytic (or Lewis acids complexat-
ing) interaction involved in superelectrophilic condensed phase reactions
(Figure 2).° While much evidence has been accumulated for the de facto
role of varied superelectrophiles, their direct observation (in most cases)
has not yet been accomplished in the condensed phase. Besides being
energetic, high lying and therefore by necessity, short-lived species, this
could also suggest either incomplete protonation to a superelectrophilic
state (i.e., 6), formation of low concentrations of fully formed dicationic
superelectrophiles (7), or an equilibium system involving both structures.
Based on the results of kinetic studies, Shudo and Ohwada have found evi-
dence to suggest the varying degree of protonation of superelectrophiles
(vide infra). In one of the studied systems, it was proposed that proton
transfer at the transition state is about 50%.’

In the following, we describe geminal gitonic superelectrophiles,
including carbo, azo, oxo and sulfo, and halodicationic gitonic super-
electrophiles. There is even evidence for the protonation and alkylation of
noble gases and thus superelectrophiles based on them are a possibility.?
Though doubly ionized noble gases (i.e., Xe’*) are well known, there
have been no reports yet describing geminal gitonic superelectrophiles
centered at noble gases, although they have been studied by ab initio
calculations.* As noted in Chapter 1, metal atoms in high oxidation states
are not considered geminal gitonic superelectrophiles within the context
of this discussion.

Increasing Reactivity
(le3 C|H3 ?H%
o< o oxX
PN PN
H,C”** “CH, H,C 7" CH, H,C” | “CH,
' H
A%
6 7

Figure 2. Degree of protosolvation of the oxonium cation.
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4.2 GEMINAL SYSTEMS

4.2.1 Geminal Carbodications

One of the foundations of organic chemistry is Kekulé’s concept (sug-
gested independently by Couper) of the tetravalency of carbon. The struc-
ture of higher bonded (coordinated) carbon systems, such as alkyl-bridged
organometallics [AI(CH3);], or carbonium ions of which CHs™ is the
parent, however, cannot be explained by Kekulé’s four-valent concept
involving only two electron-two center bonding (2e-2c). Extensive exper-
imental and theoretical studies have provided evidence for the involvement
of two-electron three center (2e-3c) bonding in such systems showing
that carbon atoms can be simultaneously coordinate to more than four
groups or atoms.’ Diprotonated methane, CHg>" (8) or its analogues can
be considered as gitonic superelectrophiles with multiple 2e-3c bond-
ing. Ab initio calculations at the HF/6-31G* level have shown CHg>*
to have a C, symmetrical structure, with two orthogonal 2e-3c interac-
tions. It was shown to be kinetically stable, with a calculated barrier of
63 kcal/mol to deprotonation.'® Despite this kinetic stability and the fact
that CHs™ is readily observed in gas-phase studies, CHs>* has not yet
been observed in condensed phase studies. However, a remarkably stable
analogous gold complex (9) has been prepared and even isolated as a crys-
talline compound allowing X-ray structure determination by Schmidbaur
and co-workers.!! Compound 9 may be considered an isolobal analog of
the CHg?" ion. In addition to CHg?*, the CH7** ion (10, triprotonated
methane) has been studied computationally at the MP2/6-31G** level.'?

2+

AuPPh,
--H x ) 3+
o PhPAU A | o AuPPhy H---H
b e H - H
N PhyPAu “AuPPh, AN
o H AuPPh, HyH
2X"
$ 9 10

The ab initio calculations determined the C3, structure to be a kinetically
stable minimum.

Varied one carbon geminal dications have been generated in the gas-
phase and studied by theoretical methods. For example, mass spectroscopic
studies of methane have detected dicationic species, CH;>, CHze’T,
CH,%t, and CHe*t, while other studies have examined the structures
of halogenated one carbon geminal dications.!®> The halogenated systems
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(11a-b) have been studied by both theoretical and experimental
methods.'*

[ H*C*F]% [ H—C—Cl] o [ H*C*Br]ﬁ [ H*C*I]%

11a 11b 11c 11d

In gas-phase studies, these dicationic species were found to react by com-
peting electron and proton transfer routes.!> These studies found that for
ion-molecule reactions involving CHX?* and nonpolar molecules (N, and
O,) or rare gas atoms, the electron transfer reaction dominates, at the
expense of proton transfer, if the electron transfer process is significantly
exothermic (>2eV). However, in reactions involving CHX?** species and
polar molecules (H,O, CO, and HCI), proton transfer becomes far more
important. The difference in reaction paths was attributed to an increasing
stabilization of the encounter complexes involving the CHX?* species
and polar molecules. This stabilization tends to favor the formation of the
thermodynamic products from proton transfer, versus the kinetic products
from electron transfer reaction.

In other theoretical and experimental studies, CF,%2t and CF;%t have
been examined for their gas-phase chemistry.'® The gas-phase reaction
of CF,?* with molecular hydrogen has been extensively studied as was
briefly mentioned in Chapter 2.'%* In chemistry that is characteristic of
several superelectrophilic systems (vide infra), the gas-phase reaction of
CF,?* with hydrogen leads to the formation CHF,* and H*, products in
which the two formal positive charges are separated by a fragmentation
process. Other reaction pathways have been described for gas-phase colli-
sions involving CF,2* and diatomic molecules, including non-dissociative
electron transfer, dissociative electron transfer, and collision induced
charge separation.!%® The carbodication CCl,>* (13a,b) may be involved
in the conversion of trichlorofluoromethane to methylene chloride by the
action of SbFs in the presence of a hydride donor.!” Such a reaction
would involve superelectrophilic solvation of the trichloromethyl cation
by SbFs (Scheme 2), producing an equilibrium involving the incipient
trichloromethyl dication (12) and the geminal dication (13a,b). Subse-
quent reactions with the hydride donor then give the reduced product.
The CCl,>* ion (13a,b) has also been studied by theoretical calcula-
tions and mass-spectroscopic experiments.'® Calculations have estimated
the carbon-halogen bond length to be quite short, indicating a significant
amount of charge delocalization (i.e., 13b). Interestingly, superelectrophile
13 is isoelectronic with carbon disulfide (S=C=S).
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e SOy
SbFs  :Cl.+_Cl: orH" :Cl.*_Cl — SbFs RrRH
o - C. — HCCI; * SbF;

FCCl4

:Cl: - Cl:
.o .o 12

“ — SBCIFy

e+ 4+ e 2t .o +
:Cl-C=Cl: =—— :CI-C-CI: HCCl, CH,Cl,
13b 13a
Scheme 2.
Table 1. Observed gas-phase one-carbon dications and trications
Dicationic Species Tricationic Species
CCl, - CL>*, CF3** CHCl3*, CCL2T, COS**, €Sy*H, CSer ™, CS*F

CBr2t, CLL2+, CH,Cl2t,
CH;CI2t, CO*t, CO,2T,
CS,2t, CF?, €S2t

Gas-phase experiments have been used to detect a variety of doubly
and triply-charged one carbon species (Table 1).!° While many of these
species presently do not have a direct analog in condensed phase chem-
istry, studies of their generation, stability (including determinations of
electronic states, structures, and energies), and gas-phase reactivities may
provide further insight towards the behavior of gitonic superelectrophiles,
especially geminal-type systems.

4.2.2 Geminal Azodications

The formal expansion of the valence octet involving hypervalent and
hypercoordinate first row elements has been a subject of considerable
interest. Some of these species can be directly observed (i.e., BHs and
CHs™). The gitonic superelectrophile NHs?* (14; doubly protonated

ammonia) has been studied by experimental and theoretical methods.?’
At both MP2(fu)/6-31G** and QCISD/6-311G** levels of theory, struc-
ture 14 (C 4, symmetry) is found to be a minimum on the potential energy
surface. The dissociation of 14 into NH4s* and HT is estimated to be
exothermic by 99.1 kcal/mol, however, the gitonic species (14) has a con-
siderable kinetic barrier to dissociation, estimated to be about 25 kcal/mol.
Interestingly, the same study suggests the possibility of directly observ-
ing NHs5?" in mass-spectrometry experiments, as theoretical calculations
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indicate that the NH3?* species (16) reacts with molecular hydrogen in a
highly exothermic reaction (eq 1).

2+ 2+
I‘-I TAuL
H'NH LAHI/N*AUL 2BF47
VAN LAu
H H c AuL
” L =P(CHs);
14 15
AH=-143kcal/mol
NH3** + H, NH;** (M
16 14

No evidence for the gitonic superelectrophile 14 has yet been obtained
from condensed phase superacidic experiments. In experimental studies,
ammonium chloride NH;,TC1~ was reacted with DSO3;F:SbFs in solution
at 100°C for 14 days, but no hydrogen/deuterium exchange was observed.
However, a gold (I) stabilized species (15) analogous to 14 has been pre-
pared and characterized by X-ray crystallography in work by Schmidbaur
and associates.?! It was found that the central nitrogen atom is coordinated
to five (C¢Hs)3PAu ligands in a trigonal-bipyramid geometry.

Besides the hypervalent or hypercoordinate gitonic ammonium dica-
tions such 14, there is considerable experimental and theoretical evidence
for trivalent, dicationic nitrogen species, of which NH;2+ (16) can be
considered the parent system. The NH3%* dication (16) itself has been
observed in the gas-phase by charge-transfer mass spectroscopy.?? Related
gitonic superelectrophiles have also been generated in the condensed phase
by superacid-promoted reactions of hydroxylanilines, aniline N-oxides,
and nitrosobenzene.>? For example, when N-phenylhydroxylamine (17) is
reacted in superacid with benzene, diphenylamine (18) and the amino-
biphenyls (19) are formed as products (Scheme 3).23* With CF3CO-H,
the major product is diphenylamine (18), while in CF;SOsH the major

H H
| |

N\OH acid N . R NHZ

CeHe | /_Ph

17 18 19
CF;CO,H: 56% 9% para
8% ortho
CF;SO3H: trace 43% para
23% ortho

Scheme 3.
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products are the aminobiphenyls (19). In the reaction with CF;CO,H
(Hy—2.7), it is proposed that monocationic intermediates (20, 21, or
22) lead to diphenylamine (19) (Scheme 4). Although the divalent anile-
nium ion (21) cannot be ruled out, the authors favor either an Sy2-like
bimolecular substitution (A2) mechanism, or one that involves a cationic
species having partial anilenium ion character (22). In the reaction with
CF3;SOsH (Hp —14.1), dicationic intermediates are thought to be involved
and lead to the biphenyl products 19 (Scheme 5). Protonation of both the
N and O-sites provides the diprotonated species 23, which gives a gitonic
superelectrophile (or iminium-benzenium dication) 24 upon loss of H,O.
Electrostatic repulsive effects make structure 24b the more important res-
onance contributor to the overall structure of 24.The reaction of dication
24 with benzene produces intermediates 25 and 26, and eventually leads
to the aminobiphenyl products (19). Similarly, aniline N -oxide (27) and

i H i
Nog H N\B,H Sn-2-like N —ut 1
H CeHg H
17 20
- H,0 +
H
C¢H !
N N 6He N -
Z "H <«— N‘H Q
H
21 22
Scheme 4.
H
113 H\I‘_I ‘2+ 1‘34»
"OH 2H* +N\(‘),+H -H0 N\H / "H
H
17 23 24a 24b
CeHe
H H
I‘\ﬁ N+
X NH2 + 7 'H 7 "H
T —2H H H
O/Ph - +
=
o G
19 26 25

Scheme 5.
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the nitrosobenzene (29) react in superacid to form superelectrophiles 28
and 30, respectively (eqs 2—3).>" Both superelectrophiles (28 and 29)
have been shown to react with benzene in electrophilic aromatic substitu-
tion reactions. Analogous chemistry was used in the superacid-promoted
reaction of the N-oxide (31) in the preparation of the natural product
alkaloid (32, eq 4).2%¢

e C‘H3
+ 1\‘I*CH3 CF;SO;H Ni
N “Cn Z >CH
o (j * o
27 28b
H H
I, | +
N, ‘ Nt N{
O I — @ o
29 30a 30b
‘ +
crson cho 3co
H,CO
o H,CO

H,CO

“)

4.2.3 Geminal Oxo and Sulfodications

There are several types of oxygen-based geminal dications that have been
studied by experiment and theory. A fundamentally important system is
diprotonated water, i.e., H,0%**. In superacidic solution, the hydronium
ion has been shown to be extremely stable by 'H and 'O NMR
spectroscopy.?* Isotopic hydronium ions have also been prepared from
HSO5F:SbF5s—~D,0/SO,CIF.* The ions H;0", H,DO™, and HD,O™, can
be generated and characterized by 'H and ?H NMR spectroscopy, and
there is no evidence for any deprotonation or hydrogen/deuterium exchange
when the hydronium ions are formed in the superacid HSOs;F:SbF;
(Hop —21). However in even stronger superacidic medium (HF/DF-SbFs,
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+ /H -D* /H H' +/H -D* /H H* +/H
@ :0-D ok O-H :0: :0-H
D D D H H
+ H H* 2 H pt + H H* 2 H o+ H
(b) :O\—D _— H—O\—D O\—H H—Q—H O\—H
D D D D H

Scheme 6. Two possible mechanisms for H/D exchange in superacids.

Hy —25), hydrogen/deuterium exchange is observed2® 'H, 2H, and
70 NMR spectroscopy was used to study the system indicating
isotopomeric ions including DH!’O* and DH,'’O" exchange through
D,H,!70%*. Two mechanisms are possible for the observed H/D exchange
(Scheme 6): (a) deprotonation-protonation equilibria involving neutral
molecules and monocations or (b) protonation-deprotonation equilibria
involving monocations exchanging H and D through H;O** dications.
Because H/D exchange only occurs at the highest acidities (i.e., with
HEF/DF-SbFs but not with HSO3F:SbFs) and deprotonation to water is not
taking place in these systems, the results suggest that isotopic exchange
takes place via isotopomeric H;O?* or corresponding protosolvated species
(H3;0%..HA) involving the nonbonded electron pair of the oxygen atom.

The observed H/D is in accord with theoretical studies by Schwarz et al.
and Olah et al., respectively, which indicating H4O>* to be a kinetically
stable species.27 At the MP4SDTQ/6-311++G**//MP/6-31G** level, cal-
culations show that H4O%* lies in a potential energy well with a barrier
for proton loss estimated to be 39.6 kcal/mol in the gas-phase. Calcula-
tions at the HF/6-31G* level likewise indicate a deprotonation barrier of
39.4 kcal/mol. The optimized geometry is shown to possess 7; symme-
try (isoelectronic with NH4*, CHy4, and BH; ™) and much of the charge
is located on the hydrogen atoms (calculated charges: hydrogen atoms
+0.70, oxygen atom —0.80).> The GIAO-MP2 derived § 7O for H;0**
has also been calculated and it is estimated to be 39.2 ppm, which is
29 ppm deshielded from the experimentally observed 7O chemical shift
from H307.272 Despite the predicted kinetic stability of H4O>*, the ion
has not yet been generated in gas-phase experiments, although H;O***
has been observed from charge stripping of the hydronium ion, H;O*.27?
Other computational studies have investigated the structures and energies
of the fluorooxonium dications, FOH3>t and F,OH,2*.? Schmidbaur and
co-workers have remarkably succeeded in preparing dipositive tetrahedral
gold complexes of 0>+ (33).28
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2+

.- AuPAr;
AryPAu;, A0
PN
ArPAET -~ AuPAT
; Ar = C¢H; or (0-CH5CgHy)
33

The gold complexes were characterized by X-ray crystallography and
represent isolobal analogs of H;O%*.

Other superelectrophilic oxonium dication systems have also been stud-
ied. For example, trialkyloxonium salts (Meerwein salts, R;0" X™) in
the presence of strong acids show substantial increase in their reactivi-
ties, indicating superelectrophilic activation.?” Meerwein salts are excel-
lent alkylating agents for nucleophiles containing heteroatoms, but in the
absence of superacids, they are not capable of C-alkylating aromatic or
aliphatic hydrocarbons. When superacids like FSO3H—-SbFs (Magic Acid,
Hy—21 to —24) or CF3SO3;H-B(03SCFj3)3 (triflatoboric acid, Hy —20 to
—21) are added, trialkyloxonium ions (34) readily alkylate aromatics such
as benzene, toluene or chlorobenzene (eq 5).30

S FSO3H - SbFs ]-|I 2+ CeHg o
H;C=0=CH; —————= HC—0—CH; —» CgHsCH3+ H;C—0—CHy
CH, CH, H

34
)
Weaker acids do not catalyze the methylation. Despite that trialkyloxo-
nium 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 protosolvating system.

Protolytic activations can also be achieved in cases of primary and
secondary oxonium ions. Primary alcohols, even methanol, and ethers
form acidic oxonium ions with strong acids. Methanol is completely
protonated in superacids and forms the methyloxonium ion (35) as a sta-
ble, well-defined oxonium ion.>' The methyloxonium ion requires forcing
conditions to C-alkylate arenes such as phenols. The methylation of aro-
matics including benzene is greatly facilitated by the use of solid or liquid
superacids.’? This is indicative of the activation of the methyloxonium ion
through protosolvation of the nonbonded electron pair of the oxygen atom
(36 or 37, eq 6), or alternatively it may suggest a protosolvated species
(39) arising from the dimethyloxonium ion (38, eq 7).
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H--A
, H
.. " H_ - HA H s s | 2+ (6)
H-O0-CH; =—=  _O-CH, >0-CH; =—= H-0-CH,
.. H™ + H™ + I i
H
35 36 37
H
-H,0 H' + HA | 2+
2 CH;OH —> CH;0CH; CH3(|)CH3 —-— CH3(?CH3 %
H H
38 39

The methyloxonium ion CH3OH," in superacidic media also readily
undergoes ionic hydrogenation to give methane (eq 8),*

CF3SO3H—-B(OSO,CF
CH;OH 3503 (OS0,CF3)3 CH,4 (8)

_H2

again suggesting the formation of superelectrophilically activated species
(36 or 37). Under forcing conditions in varied superacids (even polyphos-
phoric acid) methanol undergoes self-condensation to give C3-Cy alkanes,
toluene, and Cs-C;o aromatics (Scheme 7).343 The carbon-carbon bonds
are initially formed by a reaction step involving the methyloxonium ion
CH3;0OH,™" and protosolvated dication CH;0H;3%t. Due to the superelec-
trophilic nature of CH3O0H3%* (37), it is capable of insertion into the
carbon-hydrogen bond of CH3;0H,™" (35) with concomitant loss of hydro-
nium ion. Subsequent reactions of protonated ethanol readily yield the
observed hydrocarbon products (by further alkylation or through dehydra-
tion to ethylene). A similar mechanism has been proposed in the formation
of hydrocarbon products from dimethyl ether in superacidic media.>> Pro-
tosolvation is also suggested in the superacid-catalyzed carbonylation of

dimethyl ether (or methanol) to form methyl acetate (eq 9).3°
HF-BF; + I;I 2+ _2HF + -
CH;0CH; ————> CH;0CH; === (» CH,0CH; — CH;CO BF,0CH,
I 1
— H _
BE, H C 2BF, -BF,

38 M

0
CH,CO,CH,4

®)

The dimethyloxonium ion (38) is itself not reactive towards CO. However,
superelectrophilic activation enables it to react with carbon monoxide.

A considerable amount of work has also been done to show that super-

electrophilic sulfonium dications can be generated. For example, like the
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H + H +
HT H-02" H < _.H -H0" H . §-H
CH;OH o ~co + H:C/O\ 0 :C'zi\C/O\H
I 'H H H / \H
H H H H
37 35 Tt
H +
H .. s+ H
- SC. .0C
hydrocarbons  =— H 7 H
H H
Scheme 7.

protosolvated (protonated) hydronium ion (H4O?*"), evidence has been
obtained for protosolvation of H3S* involving H4S>*.37 When HD,S*
is generated in FSO3H:SbF5(4:1, Hy —18) solution, it also forms the iso-
topomeric products (i.e., HDS") by H/D exchange (eq 10).

+ /H ut 24 /H -t + /H Bty 2+ /H " +/H

:S—D H—S—D S—H H-S—H| —= IS—H (10)
\ \ \ \ \
D D D D H

Moreover, the exchange rate increases when FSOsH:SbF5(1:1, Hy —21.5)
is used as the reaction medium. The increasing rate of H/D exchange
at higher acidities is in accord with exchange occurring by a protosol-
vation mechanism involving isotopomeric HyS>*. Ab initio calculations
have been done on the HysS2" ion, and like H4O%**, it was shown to be
thermodynamically unstable but kinetically stable. The global minimum is
found at the tetrahedral structure (7; symmetry, isoelectronic with AlH4™,
SiHy4, and PH4™) with a significant barrier to gas-phase dissociation (59.2
kcal~! at the MP4SDTQ/6-31G**//HF/6-32G* level). Interestingly, cal-
culations also suggest that the H4S?>* ion may be more readily obtained
than H4O?*. Although the calculations were done on isolated gas-phase
species, the proton transfer from H4O%* to H3S™ is estimated to be ther-
modynamically very favorable at the MP4SDTQ/6-31G** level (eq 11).%

b + 4 + 4 2+ 7/
H-O-H + S-H — IO0-H 4+ H-S-H
H H H H (11)

AH® = -27.7 kealsmol ™

The increased stability of the sulfonium dication may be due to the larger
size of sulfur and thus greater ability to disperse the positive charge.
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Other stable, organosulfurane (IV) dications (40-42) were reported.’

2+

STy
S XeF ,. | K. N-CH;
SR S. S(NP(CH S,
O BF;+OEt, -, [S(NP(CH3),4] F/ lI\I—CH3
O O O 2BF, 2l CH, 2 SbF,

40 41 42

2+

Salt 40 is prepared by the oxidation of the neutral organosulfurane with
XeF, to obtain 40 as a crystalline solid.?®? X-ray diffraction studies of
33 reveal a tetrahedral geometry at the sulfur and C-S bond length of
1.753 A, which is comparable to C-S single bond length. Laguna and
co-workers were able to prepare and study by X-ray crystallography the
perchlorate salt of [(C¢Hs);PAulsS?t (43) an analog of HyS**.>° The
salt was prepared by the reaction of [(Ph3PAu),S] with two equivalents
of [AuPPh3;ClO4™] and exhibits an approximately tetragonal pyramidal
framework.

Little experimental or theoretical work has been done on the related
H4Se*t and HyTe*t dications (44 and 45).

Ph;P \ N
Au
e \\ N \ o2t \ 24
Ph3P\Au:‘S ',\Au/PhPh_g H—/Se —H H—;['e —H

A H H

/ _ 44 45
Ph;P 2C104

43

The tetraaurated species [(C¢Hs)sPAulsSe?t has been prepared and char-
acterized, however.*°

Like the trialkyloxonium superelectrophiles, the salts of trimethyl sul-
fonium (CH3)3S™, selenonium (CH3)3Se™, and telluronium (CHz);Te™
ions have also been shown by Laali et al. to undergo superelectrophilic
activation.*! These onium salts methylate toluene in FSO3;H-SbFs, but
with the weaker Bronsted superacid CF3SOsH (triflic acid, Hy —14.1), no
methylation takes place (eq 12).

:—. FSO;H-SbF5 l]l 2+ CgHsCHy
H3C _)I(_ CH3 _— H3C _)I(_CH3 - Xylenes
CH, CH;, (12)

X =38, Se,Te
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The need for extremely high acidity is in accord with the protosolvation
of the onium salts.

There has been some experimental and theoretical work related to
even higher coordinate polycationic geminal superelectrophiles, such as
H;03* and H5S3*.4> When triprotonated water, HsO3*, was studied at the
MP2/6-31G** level of calculation, the entire potential energy surface is
found to be repulsive. The trication HsO>T dissociates into H4O>* and H*
upon optimization. However, with the larger sulfur atom, the tricationic
species (2, HsS31) is found at a stable minimum. At the MP2/6-31G**
level, the Cs-symmetric form of 2 is determined to be the only stable
structure, one that resembles a complex between SH33* and a hydrogen
molecule (eq. 13).

H SHy** + H, SHs*  AH = —124 kcalemol ™!

H [ 2 (13)
H
2

The structure 2 is isostructural with the Cs-symmetric structure of the pen-
tacoordinate carbonium ion CHs™, involving a 3 center-2 electron bond.
Interestingly, theoretical calculations at the CCSD(T)/cc-pVTZ//QCISD
(T)/6-311G** + ZPE level indicate that the reaction of SH33* and H,
may be a viable gas-phase reaction as it is shown to be highly exother-
mic (eq 13). Calculations also indicate that SH33* itself is located at
a potential energy minima. Although SHs?* (2) has not yet been thus
far generated experimentally, the isolobal gold complex [S(AuPR3)s3*]
has been reported in the solution phase.*® The same study also reports
evidence for the [S(AuPR3)s**] species. However, neither of the salts,
[S(AuPR3)5°*] or [S(AuPR3)¢**], could be characterized by crystallog-
raphy. These sulfur complexes represent isolobal analogues of the SHs>*+
and SH¢*t, respectively.

4.2.4 Geminal Halodications

Halonium ions are an important class of onium ions.** The dialkylchloro,
bromo, and iodohalonium ions can be prepared and even isolated as sta-
ble salts (i.e., 46), as shown by Olah et al. by reacting an excess of
haloalkane with strong Lewis acid halides in solvents of low nucleophilic-
ity (eq 14). In superacid solution, dialkylhalonium ions show enhanced
alkylating reactivity.** It is considered that this enhanced reactivity is due
to further protolytic (or electrophilic) activation involving the non-bonded
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electron pairs of the halogen atom leading to gitonic superelectrophiles
(47 or 48, eq 15).

SbF

. el
2H;C-Br: H;C—-Br—CH
RS SO,CIF e X, ’ (14)
46
., .

ey HX H,C~Br—CH, H,C-Br—CH,

H,C —Br—CH, 0 D= :
o T 5 - xd " B (15)

X 2X
46 47 48

There is further evidence for the involvement of the halogen-centered
gitonic superelectrophiles from isotopic exchange experiments.*> When
bromonium ion 46 (X=SbF¢™) is generated in a solution containing the
isotopomeric CD3F—SbFs, methyl interchange is observed (Scheme 8).
Under conditions of low nucleophilicity and high acidity, it is unlikely
that demethylation of 46 occurs to give free bromomethane (and subse-
quently the exchange product 50). Thus, methyl exchange is best explained
through the methylation of 46 to give the geminal dication 49. Pro-
tosolvated dialkylhalonium ions such as 48 have also been studied by
theoretical methods.*42

In studies of fluoro, chloro, bromo, and iodonium ions and their super-
electrophilic, H3X?* ions were investigated by density functional theory
calculations at the B3LYP/6-31G**//B3LYP/6-31G** level. The H3I*t,
H;3Br’*, and H3CI?* ions were found to be stable minima (C3, sym-
metry), with significant energy barriers to dissociation, 35.8, 37.9, and
27.4 kcal/mol, respectively. In all cases, however, gas-phase dissociation
into HyX*and H* is shown to be exothermic. The H3F**species is also
located at a potential energy minimum, however, the optimized geome-
try shows D3, symmetry and a significantly lower barrier to dissociation,

2+

e + CDj;F, SbF5 .o oo 4
H3C*BT*CH3 H3C*B|I‘7CH3 H3C*BI‘*CD3
SbFg CD;
46 ) 50
49

é’%u :

H;C-Br: + H3C-Nu

Scheme 8.
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2+ H 2+
H Br M H i?».r M
o G-H H-¢ - G-H
H
H H H H
51 52
Relative Energy: 0.0 kcalemol™! 21.7 kcalemol ™!
Figure 3.

8.6 kcal/mol. These calculations agree well with earlier calculations done
at the MP2(FU)/6-31G** level.

In the HF—SbF; superacid-catalyzed carbonylation reactions of alkanes,
Sommer and co-workers reported that addition of bromide ion to the
reaction mixture leads to greatly increased reaction rates.*® This can be
best interpreted to be a consequence of the protolytic activation of HyBr™
via the gitonic trihydrobromonium dication H3Br>*, though the authors
suggested that the enhanced reactivity may be due to the formation of
“Brt” for which, however, there is no evidence in the condensed state.%?
Thermodynamically, H3Br?>* is expected to be more stable in solution
than in the gas phase, due to interaction with the involved counter ions. In
comparing H3Br?* to H;O?*, it has been noted that the calculated proton
affinity of HyBrt (—42.9 kcal/mol) is greater than the calculated proton
affinity of H30™ (—60.4 kcal/mol). Yet, the calculated dissociation barriers
are comparable (H3Br?*, 37.9 kcal/mol; H4O%*, 38.2 kcal/mol). Given
the discussed experimental evidence for the formation of H4O?>* in liquid
superacid, it seems likely that H3Br?™ is a viable gitonic superelectrophile.

In the case of the dimethylbromonium cation 46, ab initio calcula-
tions have found two stable minima for the protosolvated superelec-
trophile, the bromine and carbon protonated forms, 51 and 52, respectively
(Figure 3).*%% Dication 51 is estimated to be more stable than 52 by
about 21 kcal/mol at the B3LYP/6-31G**//B3LYP/6-31G** level. When
dimethylbromonium cation (46) is reacted in DF/SbF5 in SO, at —78°C,
no deuterium incorporation is observed into the methyl groups. This obser-
vation is in accord with the theoretical calculations in that Br-protonation
is expected to be the preferred process.

The protonated methyl halides have also been studied by ab initio com-
putational methods.*** Whereas initial protonation occurs on the halogen
atom, the second protonation occurs primarily on the C-H bonds. The
B3LYP/6-31G** potential energy surfaces (PES) for CH;XH,?* (X=F,
Cl, Br, I) are found to be repulsive.
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GITONIC VICINAL
SUPERELECTROPHILES

5.1 STRUCTURAL CONSIDERATIONS

Similar to the geminal-type superelectrophiles described in the previous
chapter, vicinal systems may be formally depicted with adjacent posi-
tive charges, but these charges are often delocalized by induction and
conjugation. In the case of the ethylene dication (CoH4>*, 1), theoreti-
cal calculations have shown the perpendicular structure (D;;) to be the
most stable geometry.! The two formally vacant orbitals are orthogonal
and capable of interacting with the vicinal CH, groups by hyperconju-
gation (Figure 1). This leads to a remarkably short carbon-carbon bond
(estimated to be 1.432 A), as well as positive charge residing on the hydro-
gen atoms. Similarly, protosolvation of the fert-butyl cation (2) gives the
protio-tert-butyl dication (3). Theoretical calculations (MP2/6-3114+G**
level) of the NBO charges show that much of the positive charge is located
on the methyl groups.?

There have been many studies related to tetraaryl-1,2-ethylene dica-
tions, formally gitonic superelectrophiles, which show extensive charge
delocalization into the aryl rings (Scheme 1). Low temperature '3C NMR
studies have shown that the para carbons are deshielded, from §'3C

Superelectrophiles and Their Chemistry, by George A. Olah and Douglas A. Klumpp
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1.432 A
H\+ + «\H H* \\H
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y C\ /C C
H H H H*
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1
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NBO charges: 058 +0.94
+0.14 ‘ '
et H 4027 7oy
H;C. Y _CH; H---
\C/ /C\\C/CH3
! Hoyj

tert-butyl cation

2

protio-tert-butyl cation
3

Figure 1. Ethylene dication (1) and calculated NBO charges for the tert-butyl cation (2)
and the proto-fert-butyl cation (3).

SbFs, SO,CIF
—_—
-78°C

Scheme 1.

158.3 in the tetrakis(p-methoxyphenyl)ethylene (4), to §'3C 175.3 in the
corresponding dication (5).> This large downfield shift is best explained
by the delocalization of the positive charge, caused by the repulsive inter-
action of the two positive charge centers. Inductive effects have likewise
been shown to increase the acidic and electrophilic character of adja-
cent groups. For example, the bicyclic hydrazinium dications react with
nucleophiles at the «-carbon instead of at one of the nitrogen centers
(eq D).
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Y N ‘/“ «CN
H H

: T
DU

As described previously, a fully formed dicationic superelectrophile
is generally considered the limiting case, and there are likely varying
degrees of superelectrophilic activation. In Chapter 1, the 1,2-dicationic
systems, such as the protoacetyl dication (CH3COH?") and protonitron-
ium dication (NO,H?T), were considered in terms of varying degrees of
protosolvation. Superelectrophilic activation in these systems may involve
only partial protonation or partial Lewis acid coordination to generate the
reactive species. The kinetic studies of Shudo and Ohwada were described
in Chapter 2 wherein the cyclizations of 4-phenylbutyronitrile (6) and
1,3-diphenyl-1-propanone (9) were compared (eqs 2 and 3).4

CF,,SO H C
cr 4,CO,H

+

+ Ph
(e} . .
/\)J\ CF,S0,H /\)O]i{ - /\)O\Hz
Ph Ph 80°C Ph Ph Ph + Ph ‘

9 10 11

+O_—_Z +

While both 4-phenylbutyronitrile (6) and 1,3-diphenyl-1-propanone (9)
cyclizations show a dependence on acid strength, the kinetic data sug-
gest differing degrees of protonation at their transition states, or differing
protosolvation of the activated complexes.

Koltunov and Sommer have noted that an important consideration is
the timing of the second protonation in superelectrophilic reactions.> For
example, in the superacid-catalyzed condensation of benzaldehyde with
benzene (vida infra), two studies have proposed superelectrophilic dipro-
tonated benzaldehyde (12 or 13) as the reactive electrophile leading to
condensation products (Scheme 2).%7 An alternative explanation for this
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+ +
o) OH, OH
+ H
H  CF;SO;H H o H H — plus other
—_— O O products
CeHe

12 13

+
(6] OH
ACID CeHyg H H
H— H
3
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N
H OH, 4 Oty
H
Products <= O O O ﬁég 12+ CgHg
—H"
16
Scheme 2.

conversion, without invoking superelectrophiles 12 or 13, involves mono-
protonated benzaldehyde (14) forming the o-complex with benzene (15)
followed by protonation of the resulting hydroxy group to give the distonic
superelectrophile (16). This proposal suggests another, potentially impor-
tant, aspect of superelectrophilic chemistry: formation of diprotonated (or
other multiply charged species) intermediates may lead to favorable shifts
in equilibria leading to products.

The vicinal-dicationic intermediates comprise a large group of super-
electrophilic species. We are subsequently discussing sections on boron,
aluminum, carbon, nitrogen, oxygen, halogen, and even noble-gas
based systems. Each of these sections is further divided as necessary.
For example, the carbon-based systems include, vicinal-carbon-carbon,
carbon-nitrogen, carbon-oxygen, and carbon-halogen dicationic systems.

5.2 VICINAL SYSTEMS

5.2.1 Boron and Aluminum-Centered Systems

There are relatively few examples known of doubly electron-deficient
gitonic superelectrophiles involving boron or aluminum. In studies by
Schwartz and associates, the NBH42" dication has been generated in
gas-phase studies using charge stripping mass spectroscopy, and its poten-
tial energy surface has been studied by theoretical calculations.® The
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NBH,4>* dication is formed by the collision of the NBH4*t ion with
O,, and experimental detection of the NBH,42" ion indicates a lifetime
greater than 5x107%s. This is in accord with computational studies that
find significant energy barriers to decomposition or fragmentation. At
the MP4/6-311G(d,p)//6-31G(d)+ZPE level of theory, two minima are
located, the ammoniaborene dication NH3;BH?t (17) and its isomer
NH,BH,** (18).

H 2+
/ H \H
H*B*N-.,,l_l B—N\
\ H H
H Cs,
Cy,
17 18

The ammoniaborene dication NH3BH?t (17) is estimated to be about
60 kcal/mol more stable than NH,BH,%2+ (18). Much of the interest in
activated boron and aluminum electrophiles arises from their isoelectronic
relationships to related carbon-centered superelectrophiles (Table 1).” For
example, a variety of superelectrophilic trihalomethylcations (i.e., 19)
have been proposed in superacid-catalyzed conversions and these species
have been shown to have significance in the functionalization of alka-
nes (vide infra). Isoelectronic boron and aluminum species 20 and 21
are thought to be involved in some reactions with weak nulceophiles:
the reaction of BCl3 with arenes in the presence of AICl3 gives phenyl-
borondichloride (eq 4).'°

AlCI
CeHg + BCl; —— CgH¢BCl, + HCI 4)

The activity of aluminum chloride as a strong Lewis acid (including its
ability to crack or isomerizes alkanes) may be related to the formation of
its mono-bridged dimer (21).!' The carbodication CCl,>* (22) has been
suggested as a possible intermediate in condensed phase reactions,!? while
the carbodication CH,?* (25) has been studied by high level ab initio cal-
culations and directly observed by mass-spectrometric techniques.!? The
isoelectronic boron and aluminum species (23-24) have likewise been
studied by theoretical methods,!* while cation 26 has also been observed
in gas-phase experimental studies.'®> Carbodication 27 has also been stud-
ied extensively by experimental and theoretical work, and computations
have shown 27 to have planar structure (Cy,).10 Similarly, the isoelectronic
boron species 28 was studied theoretically and it was proposed as an inter-
mediate in the condensed phase.!” Evidence for the boron analog (29) to
the protosolvated tert-butyl dication (3) has also been suggested from con-
densed phase superacid chemistry.'® Diprotonated carbonic acid (30) may
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Table 1. Carbon superelectrophiles and their isoelectronic boron and aluminum
systems.

Superelectrophile Isoelectronic Boron or Aluminum Systems
U T L N N
3,C,1\E/§15 SbFj :C'1\+/.C' — SbF5 :C.I‘B/.C.l_' AlCl; :C.lAl,.C_]‘»Alcg
:C]: :_C‘.I: :¢'1: :¢J:
19 20 21
e 2+ .. et e e
:ClI-C-CL: :CI-B-Cl:  :Cl-AI-Cl:
22 23 24
2+ +
H-C-H H-B-H
25 26
2+ +
H\C, H\B,
HH H H
27 28
H H
+ /
ey e By
H';C )‘\ H';C )‘\
oiH e
3 29
+ +
o o
+
C B
HO™ ~OH HO™ ~OH
30 31
g--H 72+ p-H 1+
\H \H
H H
32 33

be involved in the superacidic cleavage of carbonates or bicarbonates.!”
The isoelectronic boron species, protonated boric acid (31), has been
observed in gas-phase studies and examined by theoretical methods.?’
Even the methonium dication CHg>* (32, diprotonated methane) has an
analogous boron species (BHg™, 33) which has been observed in gas-phase
studies and been examined by computational methods.?! The BHg" (33)
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ion is generated in a flowing afterglow-selected ion flow tube apparatus by
the gas-phase reaction of BH, ™ (26; previously generated from molecular
oxygen and B,Hg) with two dihydrogen molecules. Calculations at the
MP2(fu)/6-311G9 d,p)//MP2(fu)/6-311G(d,p) level of theory indicate that
BH, " binds to two H, molecules in reaction steps that are exothermic by
14.5 kcal/mol (first reaction) and 17.6 kcal/mol (second reaction).!”® The
reactions of BH,™ (26) and BCl3-AlICl; (20) with weak nucleophiles (Hp
and CgHg) indicate that the isoelectronic boron and aluminum species
possess a high level of electrophilic reactivity. Although these boron
and aluminum systems are monocationic, they can be good models for
carbon-centered gitonic superelectrophiles, or other doubly electron-
deficient systems.

5.2.2 Carbon-Centered Systems

Vicinal 1,2-carbodicationic systems are some of the most important and
thoroughly studied superelectrophiles. They include inter alia 1,2-ethylene
dications, related carbon-nitrogen superelectrophiles (diprotonated imines
and nitriles), protosolvated carboxonium ions, and superelectrophilic tri-
halomethyl cations. It is understood that many of these systems involve
extensive charge delocalization, and in a sense may not be considered
formal 1,2-dicationic systems. For example, diprotonated 2,3-butanedione
(34) may be represented formally as a 1,2-ethylene dication (35a, a gitonic
superelectrophile), but even in monocationic carboxonium ions, there is a
significant amount of double-bond character retained in the carbon-oxygen
bond (eq 5).%

)Ok[fCH% S g CH hig CH
wer s s
Y OH *OH
34 350 35b

Charge-charge repulsive effects increase the importance of the resonance
form (35b) having dione-type structure (a 1,4-dication and representing a
distonic superelectrophile). Despite the importance of the charge separated
structure 35b, the system is included here with other 1,2-ethylene dications
and gitonic superelectrophiles.

5.2.2.1 Carbon-Carbon Vicinal-Dications FEthylene dications are a
major group of carbon-centered superelectrophilic systems. The parent
ethylene dication (CH,CH,?>*, 1) has been studied experimentally in
the gas-phase, as well as in several theoretical studies.! Two electron
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ionization of ethylene in the gas-phase produces the ethylene dication
1. Calculations at the HF/6-31G(d) and MP2/6-31G(d) levels indicate
the Dy, structure as the most stable geometry. Other two carbon sys-
tems studied include the acetylene dication (36), the ethane dication (37,
MP4/6-311G** optimized structure), and diprotonated ethane (38).13:23

-Hoog [ .H H 2+
H\c+ N [H c-c-u |* H\‘é d Mot
- -C-C- wC- :C—C
~ N \
H/ H Doy HH/ \H H/ "
c, H H ]
1 36 37 38

Halogenated ethylene dications have also been studied in theoretical and
gas-phase studies.”* Although the ethylene dication (1) can be detected
in mass spectrometric experiments by charge stripping of the ethylene
radical cation with molecular oxygen, 1 could not be generated yet in the
condensed phase. On the other hand, substitution by good n- or w-donor
groups leads to ethylene dications that can be readily generated in solution.

Among the stabilized ethylene dications produced, the aryl-substituted
ethylene dications have received most attention (Table 2). These have
been prepared by the direct oxidation of the ethylene derivatives or by
ionization of suitable functional groups. In the case of tetraanisylethylene
(4), oxidation by SbCls, Br;, or I,/CCls produces the remarkably stable
dark green ethylene dication 5, which has been characterized by X-ray
crystallography.?> Other organic oxidants, such as anthracene-based rad-
ical cations, have also been used to generate S. The tetraanisylethylene
dication (5) can itself oxidize hydrocarbon substrates (octamethylbipheny-
lene and cyclooctatetraenes) to their radical cations by electron-transfer
reactions.’® The reversible oxidation of the chiral tetraaryl ethylene (50)
provides a chiral tetraaryldication (51), which may be useful in chiroptical
switching and memory devices (eq 6).2

/\/O j/\ /\/O j/\
UL T L T UL

2SC
L O (A JO (i
51
(6)

The (R)-alkyl groups induce left-handed helicity in dication 51 which
gives an intense Cotton effect in the circular dichroism (CD) spectrum.
As in the case of the tetraanisylethylene dication (5), the X-ray crystal
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Table 2. Generation of aryl-substituted 1,2-ethylene dications.

Substrate Reagent Dication
Ar, Ar Ar Ar
— SbCls, Bry, or I, Ry
Ar Ar Ar Ar
4 5
Ar = p-methoxyphenyl
Ar, Ar Ar ., Ar
— SbCls or AgNO;
Ar Ar Ar Ar
39 40
Ar = p-dimethylaminophenyl
Ph Ph Ph Ph
— SbFs o
Ph Ph Ph Ph
41 42
Ar, CH,CH Ar CH,CH
— S Electrochemical LA
CH;CH, Ar Oxidation CH;CH, Ar
43 44
Ar = p-methoxyphenyl
Ph (0] Ph OH
HO CF;SO3;H >+_+<
Ph Ph Ph Ph
45
Ph (0] Ph ., . OH
Cl Ag (I), CF3SO3H >~
Ph OCH; Ph OCHj3;
46
A O Ar OH
HO CF3SO3H-SbFs >*_*<
Ar OCH3 Ar OCH3
Ar = p-methoxyphenyl 47
Ph 0] Ph ; . OH
HO CF;SO3H >_<
Ph OH Ph OH
48
o 0 HQ  OH
CF;S05H or FSO3H >—<
Ar Ar Ar Ar

49
Ar = p-methoxyphenyl Ar = p-methoxyphenyl




134 GITONIC VICINAL SUPERELECTROPHILES

structure of the chiral dication 51 shows extensive delocalization (and thus
stabilization) of the positive charges. Another related and important system
is the tetrakis-(p-dimethylaminophenyl)-ethylene dication (40) which can
be readily prepared by the chemical oxidation (by Ag (I) salts or SbCls)
of the olefin (eq 7).2

@)

The stability of dication 40 is seen in the fact that it can be studied in
DMSO solution and isolated with counter-ions having somewhat higher
nucleophilic nature. The X-ray crystal structure of the bis-triiodide salt of
dication 40 reveals that the C=C bond length increases from 1.35 A in
starting compound 39 to 1.50 A for the dication (40), reflecting a charge
delocalized structure and roughly a single bond between the two central
carbons.”® While the stabilized tetraarylethylene dications such as 5, 51,
and 40, do not possess the high electrophilic reactivities typical of gitonic
superelectrophiles, the reactivities of these systems are greatly increased
in structures having substituents that are less electron donating.

The tetraphenylethylene dication (42) can be generated by the direct
oxidation of the olefin, or by other routes (Scheme 3).>° Tonization of ben-
zopinacol, tetraphenylethylene oxide, and 2,2,2-triphenylacetophenone in
triflic acid gives the ethylene dication 42 by dehydration of the carbenium-
oxonium dication (52).3° Although dication 42 can be directly observed
under stable ion conditions at low temperatures, warming of the solutions
containing dication 42 leads to cyclization with proton loss giving quanti-
tatively 9,10-diphenylphenanthrene. The same 9,10-diphenylphenanthrene
is also produced from the reaction of 1,2-dichloro-1,1,2,2-tetraphenyl-
ethane with SbCls, a reaction that likely involves dication 42. For dication
42, the *C NMR spectrum (—75°C, SbFs5-SO,CIF) shows §'3C reso-
nances at C7,198.6; Cipso,140.1;  Corno,143.0, 148.4; Cipear, 143.3;
Cpara>152.9. When compared to the 13C NMR spectrum of tetraphenylethy-
lene, it is clear that the positive charge is delocalized into the phenyl
rings 42. It is, however, also apparent that the charge delocalization is
considerably less in 42 than in the tetraanisylethylene dication (5) or the
tetrakis-(p-dimethylaminophenyl)ethylene dication (40).
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Scheme 3.

The dication 44 was generated by the reversible electrochemical oxida-
tion of the corresponding olefin (43).2° It was also prepared by chemical
oxidation using the ethanoanthracene derivative (53, eq 8).

OCH;
Ar  CH,CH,4 Ar . CH,CH, Ar . CH,CH;
2 + = —_— —_—
CH;CH, Ar CH;CH, Ar CH;CH, Ar
OCH; 43 54 44
53 Ar = p-methoxyphenyl
®)

Dication 44 decomposes at room temperature. The poor stability is thought
to arise from the liable a-protons of the ethyl groups of dication 44. A
series of 1,2-ethylene dications have been generated and studied involving
both aryl-stabilized and oxygen-stabilized carbocationic centers (45-49;
(Table 2). When the hydroxyketone is reacted with a substantial excess of
CF;SO3H at —50°C, two cyclization products (55-56) are obtained (eq
9).3! The reaction is thought to occur through the dication 45. Similarly,
the fluorene products (§9-60) are obtained from the hydroxyester (57)
and acid (58), via the dications 46 and 48 (eq 10).

O 0 Ph
. ph

OH
&
74% 8%

45 45 55 56

Ph Ph Ph
HO CF,SO;H +
O 303 + +
Ph*f Ph OH _ | P OH .
Ph Ph Ph

€))
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. QL

HO O CESOH P}: .

Ph e Ph)\*‘»MOH OR
o o v

R = CH;, 57 R = CH,, 46 R = CHs, 59,81%
H,;CO R=H, 58 R=H, 48 R =H, 60, 65%
47
(10)

Several lines of evidence in the studies of Ohwada and Shudo support the
involvement of these gitonic superelectrophiles. An analagous dicationic
species (47) has been directly observed by 'H and '*C NMR at low tem-
perature in both CF3SO3H—SbF5 and CF3SO3H solutions. With dication
47, the NMR spectra show an equivalence of the aromatic rings suggest-
ing a perpendicular relationship between the two cationic centers. The
dications having the 4-methylphenyl substituents (61-62) have likewise
been directly observed by NMR at low temperature, and upon warming
the solutions, the expected cyclization products are formed (eqs 11-12).

Ar

Ar O o Ar  OH
HO O  CF3SO;H-SbFs +, OH 0°C .
Ar T e Ar = Ar T
Ar Ar O O Q
Ar = p-methylphenyl 61 70% 14%

(11)
HO Ar Ar O (6]
CF,S0,H t. 0
Arj\fo T AI‘)\/ H - = ' OH (12)

OH 30 min OH O
Ar = p-methylphenyl 62 82%

In the case of dication 62, the cyclization reaction was found to exhibit
first order kinetics (k =4.03 x 1073 s~!). The activation parameters were
also calculated (AH* =11.1 kcal/mol and AS* = —28.7 eu).’*
Evidence for the dicationic intermediates was also obtained from kinetic
experiments involving the hydroxyester 57.3% The yield of the cyclization
product (59) increases considerably with the acidity of the reaction media
(Scheme 4). The fluorene product 59 is formed in appreciable quantities
only in superacids Hy < —12). Following this observation, the kinetics of
the fluorene cyclization was also studied in solutions of varying acidity.
When compound 57 is reacted in solutions with acidity in the Hy —11 to
—13 range, the cyclization rate is found to increase linearly with acidity.
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Oy OCH;
Ho Fh :
Phﬂ\fO ACID . Hy: -2.7 -11.8 -132
ocH; ¢ Q O %YIELD: 0% 20% 94%
57 59
Scheme 4.

The linear rate profile provides strong evidence for the second protonation
of the monocationic intermediate, and a rate-determining step involving
the dicationic superelectrophile 46.

In addition to the above kinetics studies, the fluorene cyclization
was studied using ab initio computational methods.>*® It was found
that the theoretically predicted barriers to the cyclizations for the dica-
tionic intermediates agree well with the values obtained from the kinetic
experiments. For example, geometry optimization and energy calculations
at the B3LYP/6-31* level estimated that the activation energy (E,) is
14.0 kcal/mol for the 4m-electron conrotatory electrocyclization reaction
involving compound 57 and the diprotonated intermediate (46, eq 13).

Ph
2 H* ¥ E, = 14.0 kealemol '
s 2 o (13)
OCH,4
46

This is reasonably close to the experimentally determined value of
AH*=11.1 kcal/mol for the superelectrophilic cyclization of 62
(eq 12). Another computational study showed that the energy barriers
dramatically decrease for the electrocyclization when the monocations
are protonated to form superelectrophiles. In the case of 63, cycliza-
tion provides the acetyl-substituted fluorene in 70% yield from CF;SOsH
(Scheme 5). At the B3LYP/6-31%* level of theory, dication 64 is estimated
to have a cyclization barrier to fluorene of 8.5 kcal/mol, compared to a
value of 25 kcal/mol for the cyclization of monocation 65.

The described superelectrophilic activation and fluorene-cyclization is
thought to involve a lowered energy of the LUMO and concomitant delo-
calization of positive charge into the aryl ring(s).>*® Calculations at the
4-31G//STO-3G level on a model system (Figure 2) have shown that the
amount of positive charge in the phenyl ring increases upon formation of
the dication (67) when compared to the monocation (66) and the benzyl
cation (calculations are based on fully planar structures). It is well known
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(0]
CH,
HO i CF3SO3H
o 7, 70%
ol e o
CHj
63
B 1%
Ph Ph
HO o 2u' ., E, = 8.52 kcalemol !
Ph - Ph)\‘"“OH
CH3 CH3
63 64 - N
B 1%
Ph Ph
HO o ut © 0 E, = 25.04 kealemol ™!
Ph — ~ Ph
CH;, CH,
63 65 - -
Scheme 5.
. H H
(0] OH
+ +
66 67
Total ring charge: +0.594 +0.635 +1.063
(planar structures)
LUMO energies: — —0.13875 au —0.34115 au
H H H
° +OH _~t OH _~¢ OH
H H H
67a 67b 67c
Figure 2.

from experimental studies that charge-charge repulsive effects can lead
to separation of the charge centers. The calculations also show that the
LUMO energy decreases considerably upon formation of the dicationic
system (—0.13875 au for the monocation 66 and —0.34115 au for the
dication 67). Moreover, calculations of the LUMO coefficients indicate
that resonance forms such as 67b and 67c¢ are important to the description
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of the dicationic structure. These two aspects, LUMO lowering and charge
delocalization, are critical factors in the superelectrophilic activation of
these 4 -electron controtatory electrocyclizations.

Further experimental evidence for gitonic superelectrophiles comes
from the catalytic activation of the monocationic species.’’® When the
a-chloro ester (68) is reacted with AgBF4 or Ag(O,CCF;), the mono-
cationic intermediate (69) is cleanly formed. This is evident from the
observed trapping product (57, eq 14).

Ph Ag"  Ph H,0 Ph
OCH, —— 3 OCH; ——= OCH,

Ph Ph Ph (14)
68 69 57

’ CF3SO;H 96%
46

59

With the monocationic species, no fluorene cyclization is observed. How-
ever upon addition of CF;SOsH, the cyclization occurs almost quanti-
tatively. This is consistent with formation of the protonated, dicationic
intermediate (46) leading to the cyclization product (59). In this same
study, it is noted that other stable monocationic 1,1-diarylethyl cations
(i.e., the 1,1-diphenylethyl cation) do not readily form the fluorene ring
system, indicating the importance of superelectrophilic activation.

Besides the fluorene cyclization, the 1,2-ethylene dications are known to
undergo another type of electrocyclization reaction to produce the phenan-
threne ring system (see eqs 9 and 11 and Scheme 3).3?? Although derived
carbenium-carboxonium dications (70) will give the phenanthrene-type
products (albeit in low yield; eq 15), the bis-carboxonium dication 71 does
not. Moreover, the fluorene cyclization occurs readily in 1,1-dihydroxylic
systems (eq 10).

OH

HO O CEsoH .

o M ﬁ< i ()~ as)
Ph Ph

70 70
0 O CF;SO;H OH o
; 2 >—< -~ + > . )
Ph Ph Ph>—<Ph cyclization (16)
71 71

In order to understand this apparent difference in reactivities, two isomeric
dications (72 and 73) were studied calculationally.
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H-0, . H H., + O-H
/ - \ /CiC‘
H O-H H O
H
72 73
Relative Energies: 0 kcalemol ™" 25 kcalemol™!

Calculations at the 4-31G level of theory found that the 1,2-bis-
carboxonium ion (72) is significantly more stable than the carbenium-
carboxonium dication (73). Thus, when compared with the 1,1-dihydroxylic
structure 73, the 1,2-dihydroxylic structure 72 is more effective at stabilizing
the 1,2-ethylene dication. This effect leads to the stabilization of dication 71
(eq 16), and not to phenanthrene cyclization.

Other oxygen stabilized ethylene dications have been prepared and stud-
ied using stable ion conditions. For example, Olah and White were able to
observe as early as 1967 diprotonated oxalic acid (74) in FSO3;H—SbFs
solutions.® This species and related dications were also studied subse-
quently by theoretical methods. Diprotonated «-keto acids and esters have
likewise been generated in superacidic media, such as 75-77.3

"
HO (6]

H HO OH HQ OH HO OCH,
-~ +>—<+ +>—<+ +>—<+
HO, OH HO OH PP OH P OH
74 74 75 76
HO  OCH, HO  OCH,
+ o — +
OH 7 on
H.C H,C
3 77 3 77

For each of these ions, the 'H and '3C NMR spectra are consistent with
dicationic species. In the case of dication 77, the '3C signal for the
para-carbon is found at §'3C 177.5 (CF3SO3H—SbFs solution at —20°C).
This again indicates a significant amount of positive charge delocalization
arising from charge-charge repulsive effects.

Similar oxygen stabilized ethylene dications were proposed in sev-
eral types of superacid-catalyzed condensation reactions involving 1,2-
dicarbonyl compounds. For example, 2,3-butanedione condenses in high
yield with benzene and the superelectrophile (35) is considered to be
the key intermediate, because the monoprotonated species (78) is not
sufficiently electrophilic to react with benzene (eq 17).%> Several biologi-
cally important a-ketoacids were also found to generate superelectrophiles
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0 *OH *OH

CF,SOH
CH,4 CH; — CH,4
H,C C.H, H,C 3 H,C
0 5 min., 0°C 0 *OH
34 78 35
J (17
Ph Ph OH on
H;C = H*C& ’
3 95% : OH
0
0 *OH OH
OH  CFS03H OH OH
H;CJ\H/ —on ~ HC = H,C T+ Y,
h 66 h h
0 *OH OH
79 l (18)
Ph Ph_ Ph
= +CO+H0 = . C&OH
Ph 3 Ol

(79-82) in CF3SO3H, all of which condense with benzene, (eq 18 and vide
infra).’® In the case of 81 and 82, it is likely that these superelectrophiles
are in equilibrium with diprotonated species.

+OH OH +OH *to
+
Ph /}})kOH Ph /ﬁ)\OH HOW W
tOH OH toun
80 80 81 81
+
*OH OH HO OH HO OH

Dication 79 has been observed by low temperature NMR from
FSO3;H-SbFs solutions.>* Although diprotonated quinones (83-84) are
expected to have extensive delocalization of the positive charges, sev-
eral have been reported, and their condensation chemistry suggests a
relatively high level of electrophilic reactivity (eq 19).3” Diprotonated
acenaphthenequinone and aceanthrenequinone (83 and 84) have been
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proposed as intermediates in superacid-catalyzed condensation reactions.
High molecular weight polymers have also been prepared by superelec-
trophilic condensations involving 83.37®¢ Both superelectrophiles 83
and 84 were studied by calculations, while 83 has been directly
observed by spectroscopic methods. In each case, calculations at the
B3LYP/6-311G**//B3LYP/6-311G** level show that the global minima
involve protonation at both carbonyl oxygen atoms.>® Aceanthrenequinone
and acenaphthenequinone have been shown to condense with moderately
deactivated arenes in the superacid-promoted reactions (eq 19).

.
O 0 HO O HO OH HO OH
+ +
[\ crson [ ) [ ) {
OO0 e 0 o O
cl
84 84

oY,
o (L

This indicates that strong electrophilic species (i.e., 84) are generated from
the quinones.

Besides oxygen and aryl-stablized ethylene dications, there have
been several reports of nitrogen-stabilized systems. For example, Olah
and co-workers described the oxamide dication (85) using theoreti-
cal and experimental studies (eq 20).>°> When oxamide is dissolved in
FSO3H-SbF; solution at —78°C, the '3C NMR of dication 85 is obtained
with a single '*C signal at §'3C 157.9. This experimental result agrees
reasonably well with the IGLO-calculated chemical shift of §'> C 165.7
for the dication 8S.

(19)

Q FSO,H-SbE. +OH OH QOH
NH, 7%, NH, ~» A _NH, — NH,
H,N )S( s H,N 2 H,N 2 H,N (+
o] " OH OH OH
85 85 85
(20)

Calculations at the MP2/6-31G*//MP2/6-31G* level indicates that the Cy,
fully planar structure is about 8 kcal/mol more stable than the C;, perpendic-
ular form (a transition state). Likewise, condensation reactions with isatins
have suggested the involvement of the superelectrophile 86 (eq 21).*° This
superelectrophilic chemistry has been successfully applied in the prepa-
ration of hyperbranched polymers and other macromolecules.*®~¢ Other
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synthetic studies have used the isatin condensations to prepare biologically
active products.**® The monooxime of 2,3-butanedione is protonated twice

in CF3SO3H to generate the dication 87 (eq 22).4!
OH
+
OH
@;\% @1
H

0 *on
CF,S0,H +
0 OH
N N
H H

86 86
HO\N
J\(Cm CF,SO,H-SbF; HO\NIZ,H HO. -H
HC - cH, +A._CH
O H;C )\r{ 3 H,;C "> 3 (22)
* OH OH
87 87

Both of these superelectrophiles (86—87) are capable of reacting with ben-
zene in condensation reactions. Dication 87 can be directly observed by
low-temperature NMR, being generated by dissolving the oxime in
CF3SO3H-SbF; solution at —30°C. Based on the NMR studies, the pK, of
dication 87 is estimated to be about —17 to — 19, suggesting that in CF;SO3H
(Hy — 14) a low but significant concentration of the dication is present.

Another ethylene dication with significant nitrogen stabilization is the
tetrakis(dimethylamino)ethylene dication (88). By reaction of the sub-
stituted-ethylene with Cl; or Br, (eq 23),

/ N\ /\ + / 0\ / N\
—N  N— 4 —N N— —N, N— —N  N—
— 2. Dt e ot ~— +>>—\ ¢+
—N  N— —N  N— —N  N— —N  N— (23)
N/ N/ N/ N/
201
88 88 88

the dication salt (88) can be formed and its X-ray crystal structure has been
determined.*? Shortening of the C—N bonds and twisting of the N—-C—N
sub-units 76° relative to each other is consistent with almost complete delo-
calization of the positive charges. The same dication (88) can be prepared
as a 1:2 salt by the reaction of tetrakis(dimethylamino)ethylene and tetra-
cyanoethylene. The stability of this dication is evident from the formation
of stable salts with counter ions having relatively high nucleophilic nature.

An unusual class of gitonic superelectrophiles (having vicinal -dicationic
structure) are the protosolvated alkylcarbenium ions (of carbenium-car-
bonium dication nature). Several studies have shown that alkylcarbenium
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ions can undergo protosolvation of the C—H o-bonds in superacidic
media.*? For example, the fert-butyl cation (2) is a remarkably stable
species in superacids with no deprotonation to isobutylene. However,
when it is generated in an SbF5/SO,CIF solution and then 1:1 DF/SbFs is
added, the rert-butyl cation undergoes slow but well-characterized (by 'H
and 2H NMR) hydrogen-deuterium exchange (Scheme 6).4% To account
for the isotopic exchange in superacid, protonation (deuteration) of the
tert-butyl cation (2) to the protio-zert-butyl dication (3) or the correspond-
ing protosolvation must occur. Theoretical calculations have estimated that
C-H protonation of 2 is more favorable than C—C protonation by about
14 kcal/mol.

In a similar respect, 2-chloropropane can be ionized in SbFs/SO,CIF at
—78°C to the 2-propyl cation (89).**" Subsequent addition of 1:1 DF/SbFs
again leads to slow hydrogen-deuterium exchange. The exchange is envis-
aged to occur by reactions at the C—H bond via the dication 90 (eq 24).

" _H 4
DF/SbF. - _ut H \+/ H-D HC\ ,CH
H3C. /.-CH3 78°C5 H3C\E,C\Y,H H 3C c CH, 3 c 3
H B H b H D
89 90
(24)

Alkyl cations like the zerz-butyl cation (2) and 2-propyl cation (89) are sig-
nificantly stabilized by hyperconjugative C—H and C-C o-back donation
into the empty carbocationic p-orbitals. Protosolvation involving o -bonds
can diminish this hyperconjugative stabilization and thus lead to super-
electrophilic carbocationic species.
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5.2.2.2 Carbon-Nitrogen Vicinal-Dications There are several types of
gitonic superelectrophiles having the 1,2-dicationic structure involving
carbon-nitrogen bonds. As described in Chapter 2, diprotonated nitriles
and cyanides have been proposed as intermediates in superacid-catalyzed
reactions.** The Gatterman reaction (the acid-catalyzed reaction of
cyanides with arenes) is known to provide improved yields of prod-
ucts with increasing acidity of the catalyst. Shudo and Ohwada studied
the superacid catalyzed reaction of trimethylsilyl cyanide with aromatics
and found significantly increased reaction rates and yields with stronger
superacids (eq 25).

/© (CHy);SiCN H,0 /©/ CHO CECHO
acid, 20°C "
Cl Cl Cl

acid system time product yield (ca. 25% ortho, 75% para)
100% CF;SO;H (H, - 14) 30 min 2%
95% CF;SO;H, 5% SbFs (H, < — 18) 10 min 93%

(25)

Based on these results, the diprotonated superelectrophile (92) is suggested
to be involved in the reactions (eq 26).

NaCN " + + + +/H
aCN or P —C=N-— —C=
TMS-CN H=C=N: HZC=N=H H=c N\H (26)

91 92

Theoretical studies of dication 92 have shown it to reside in a deep poten-
tial energy well, with a gas-phase barrier to deprotonation estimated to be
about 42 kcal/mol (MP4/6-311G** level).®

The nitrilium salt 93 is known to react with activated arenes, but in
relatively weak acids (CF;CO,H, Hy —2.7), it does not react with benzene
or deactivated arenes. However in 5% SbF5 : 95% CF3;SOsH Hy —18
solution, the nitrilium salt 93 gives with benzene benzophenone in 55%
yield (eq 27).

o i
+ +
=N— CeHo + N 29 ¢
@C,N CHy —22- Ny ——
_ 27)
CF;S0;
93 94

Since the reaction only occurs in highly acidic media, it is suggested that
the gitonic superelectrophile (94) is formed and leads to product.*
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Kinetic evidence suggests the involvement of gitonic superelectrophiles
also in superacid-promoted Houben-Hoesch reactions.** As discussed pre-
viously, 4-phenylbutyronitrile (6) is found to cyclize at an appreciable rate
only in solutions more acidic than Hy —10 (eq 28).

@MCN CF,SOH ©MC‘\\N+ dow o
- N 2 (0]

H 2
“ | CO

(28)

This is indicative of the formation of the diprotonated intermediate 8 and
its involvement in the rate-limiting step of the cyclization.

Protonated iminium dications have also been studied by theoretical and
gas-phase experimental studies.*® For the methyleniminium ion (95), the
N -protonated species (96) was found to be a stable minimum. A second
dicationic species was also located as a minimum, corresponding to the
nonclassical structure 97, but it lies 27 kcal/mol above 96 on the potential
energy surface (MP2/6-31G** level).

H H H---H
| 1 4 NS
~C. _H LT H C. _H
H™ SN H™ N H™ SN,
I 4 I
H H H H
95 96 97

Using charge stripping mass spectrometry, Schwarz and co-workers found
evidence for the formation of the gitonic superelectrophile 96 in the gas
phase (generated from the ethylamine radical cation, CH;NH,**).*” The
ethyleniminium and related dications have also been studied using theo-
retical methods.*® Three types of structures have been found at the global
energy minima from their respective iminium ions (eqs 29-31):

H H
| H+ H\ / + |
O H 5 H _C{r_H O H
H,C N7 ~C N HC N
I [ | “H | “H (29)
H H H H
98 99

Relative Energy, kcal/mol: 0.0 6.0
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CH, CH,
/Cl\\ M —H+> +/C|\+/H
He TN me” N (30)
H H
100
T s
;N% H —>H+ H ;N\\ M
HsC Plee C (31)
| H Hl'+:H |
101

the nitrogen-protonated charge-separated dication (98), the nitrogen pro-
tonated dications (99 and 100), and the C—H protonated dication (101).
The preferred type of structure is evidently determined by the pattern of
substitution of the iminium ion. In the case of the isopropyleniminum ion
(eq 30), nitrogen protonation leads to a carbenium ion center (100) that is
stabilized by hyperconjugation with the methyl groups. Similar stabiliza-
tion occurs with dication 99 (eq 29). However the repulsive effects of the
positive charges lead to charge separation and stabilization of structure 98.

In superacidic reactions, diprotonated imines form gitonic super-
electrophiles.*® As described in Chapter 2, kinetic experiments have shown
that diprotonated intermediates are involved in these conversions. Other
experiments showed that the reaction provides higher yields in stronger
acid systems (eq 32),

H,C H,C H,C H,C
: acid - ) — :
—_— + +n-H —_—
H
Ph CH; Ph
102 104

CH; Ph CH; CH; Ph
103
acid system time temperature product yield
100% CF;SO;H (H, - 14) 2h 60°C 94%
100% CF;CO,H (H,—2.7) 26h 72°C 50%
(32)

indicating the involvement of vicinal-superelectrophiles (i.e., 104). In
order to further probe the superelectrophilic activation, compound 105
was reacted in deuterated triflic acid (CF3SO3;D; 23°C for 24 hrs) and
deuterium incorporation was only seen in the phenethyl group (Figure 3).
This H/D exchange must occur through intermediates such as 106. Thus,
superelectrophilic ring closure does not occur via dications 107 or 108,
but rather involves an N,N -diprotonated species (such as 104 or 109).
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Figure 3.

Another example of a carbon-nitrogen gitonic superelectrophile is the
protonated guanidinium ion.** The guanidinium ion (110) can be proto-
nated in FSO3H:SbFs to give the gitonic superelectrophile (111; eq 33),

NH, * NH,4
4| FSO;H:SbFs L
C\ T e /C\ 33
HN" CNH,  4C  HN~ "NH, (33)
110 111

which is a stable dication in the superacidic medium. Dication 111 was
characterized with 13C, 'H, and >N NMR spectroscopy.

As described in Chapter 2, a unique gitonic superelectrophile is consid-
ered to be involved in an enzyme system that converts CO, to methane.
Berkessel and Thauer have studied this metal-free hydrogenase enzyme
from methanogenic archaea and a mechanism is proposed involving acti-
vation through a vicinal-superelectrophilic system (eq 34).°

SA, A SA
. H

(34)

Although the exact nature of the superelectrophilic intermediate is not
known, it was suggested that protosolvation of one or both of the iminium
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nitrogen atoms leads to the superelectrophile, such as 113. This results
in a decreased neighboring group stabilization and enables reaction with
the weakly nucleophilic molecular hydrogen. It was also noted that local-
ized, highly acidic realms (such as those necessary to produce a super-
electrophile) may be possible in an enzyme’s active site given properly
positioned acidic functional groups and a nonbasic local environment.
In accord with the proposed superelectrophilic activation, model studies
have shown that the carbenium ion salts themselves are unreactive towards
molecular hydrogen, even in the presence of added base (eq 35).!

/tBu /tBu
N N 1 atm H2, DMAP N H
(n —7—— [ X (35)
N - N H
v al \
tBu tBu

The metal-free hydrogenase enzyme system was also studied by the-
oretical calculations.’?> This study involved the reactions of two model
systems (115 and 116) with molecular hydrogen (Table 3). Cation 115

Table 3. Calculated model reactions of the amidinium ions 115 and 116 with H; in
the absence and presence ofa base (BLYP/6-311G(2d, 2p) level).

AH (kcalemol™!)

H
I
HConZN-CH: - HCon Nl s ”
115 117

116 118

s —2 17 + HO' 33
H,0 3
H, +

116 118 + H;0 57
H,0 :
H, +

115 117 + NH, 4
NH;
H, +

116 —— 118 + NH, -87

NH;,
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represents the resonance stabilized amidinium ion of N°.N'—methenyl
tetrahydromethanopterin (112), while cation 116 serves as a model hav-
ing resonance stabilization diminished or eliminated. In Berkessel and
Thauer’s mechanistic proposal, loss of planarity is suggested as one of
the factors that makes the system (112) more electrophilic and reactive
towards hydrogen. Using the BLYP/6-311G(2d, 2p) level of theory and
solvation modeling using SCI-PCM (self-consistent isodensity polarized
continuum model), it was found that reactions with molecular hydrogen
were energetically more favorable with cation 116 compared with cation
115. When the calculations included reaction of base with the proton
generated from the electrophilic reaction, the reaction energetics show
exothermic or slightly endothemic values (4 kcal/mol, 115, H,, and NHj3).
The authors suggest that these data indicate the thermodynamic feasibility
of the Berkessel-Thauer mechanism in the presence of a base. However,
these studies did not address the possibility of superelectrophilic activa-
tion, and ascribed reactivtity to decreased neighboring group stabilization
by a folding or bending of the imidazolidine ring, rather than due to
protonation of the nitrogen lone pair electrons.

Pnictogenocarbenium ions [HyC=XH,]" (119-121, X = P, As, Sb)
and their superelectrophilc dications have been studied using high-level
ab initio calculations.”® Cations 119-121 can be protonated at either the
C- or X-sites (Figure 4), and studies of proton affinities (PA) show an
increasing PA in the order P < As < Sb (for both C-protonation and
X -protonation). For cation 119, calculations indicate that protonation at the

+ + +
H H H H H H
C=P C=As C=Sb
/ / . / .
H H H H H H
119 120 121
2+ 2+ 2+
H\ /H H\ /H H\ H
H—C-P H—C-As H—C-Sh
H H H H H H
122 123 124
2+ 2+ , 2+
H\ /H H\ /H I—I\ /H
C-P—H C-As-H C-Sb-H
H H H H H H
125 126 127

Figure 4.
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P-site (125) is favored by 3.3 kcal/mol over protonation at the C-site (122).
However, protonation at the carbon is favored for cations 120 and 121. All
three dicationic species 123, 124, and 125, are predicted to be kinetically
stable with significant energy barriers towards homolytic or heterolytic
fragmantation reactions. In studies of isodesmic reactions with methane,
the dicationic species are shown to be far more reactive (eqs 36—37).

N
Hb ’X/H + (w:H . X =P, As, Sb - H\C XlH N CI-\I
= H-C-H ————— H—C-= H-C+
m N | C Ny i (36)
H H H H
119-121
2+ +
H  H i X=P, As,Sb H H H
C—X-H + H-C-H H—C—X-H | + H-C' (37)
H H ! u \
H H H
125-127

For the reactions of cations 119-121 with methane, all the conversions
are endothermic (eq 36). Hydride abstractions involving the dications
(125-127) are, however, strongly exothermic (eq 37). Thus, the isodesmic
reactions go from being moderately endothermic to strongly exothermic
upon changing involvement of monocationic species (119-121) to the
superelectrophilic, dicationic species (125-127).

5.2.2.3 Carbon-Oxygen Vicinal-Dications A parent system of these
vicinal-dications is formed upon diprotonation of carbon monoxide. Car-
bon monoxide can be protonated at carbon to yield the formyl cation (128,
HCO™) or at oxygen to yield the isoformyl cation (COH™), though the
latter is estimated to be around 38 kcal/mol less stable than the formyl
cation.>* The formyl cation has been observed in the gas phase using
infrared, microwave, and mass spectroscopy. In the condensed phase, the
direct observation of the formyl cation has been reported by Gladysz and
Horvath in HF—SbFs solution using high-pressure NMR spectroscopy.”
While the formyl cation is considered to be sufficiently electrophilic to
react with arenes (Gatterman-Koch formylation), a more activated pro-
tosolvated formyl cation (or the protoformyl dication 129) is needed in
reactions with saturated hydrocarbons (Scheme 7). For example, Olah et
al. found that isoalkanes are converted to branched ketones in high yields
by the reaction of carbon monoxide with HF—BF;.>® The carbonylation-
rearrangement of isoalkanes to branched ketones is fundamentally
different from the Koch-Haaf type carbonylative carboxylation which
exclusively gives branched carboxylic acids. A mechanism is suggested
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H CH,CHj 2 +

P H-CCCHCH, ‘OH CH,CH 1OH
HEBF; 10" w10+ “on I R i I H.CH
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[ “CH,CHj, CHs

Scheme 7. Proposed mechanism for the formylation of isoalkanes and rearrangement to
ketone.

involving the superelectrophilic formyl dication 129 (or its protosolvated
form) and reaction with the o-donor tert C—H bonds of the isoalkanes
through a 3 center-2 electron bond (130). Rearrangement of the interme-
diate products (i.e., 131) then gives the branched ketones, potential high
octane gasoline additives. As described in Chapter 2, superelectrophilic
carbonylation has also been demonstrated with adamantane.

Further evidence for the protoformyl dication comes from aromatic
formylation with CO in superacids.>’ It has been shown in the formyla-
tion of toluene/benzene that the k7/kp rate ratio is sensitive to the strength
of acidic catalyst. Formylation in HF—SbF5 gives a low kp/kp rate ratio
of 1.6 and a significant amount of ortho substitution, while with less
acidic systems, formylation gives a kp/kp rate ratio of up to 860 with
predominantly para substitution. These data indicate that the formylat-
ing agent in HF—SbFs is an extreme reactive electrophilic species as
it does not discriminate between toluene and benzene. It has been pro-
posed that the protoformyl dication (132) or a protosolvated species (129)
are involved in these superacid-catalyzed formylations (Scheme 8). Olah
and co-workers have also shown that HCOF with excess BF3 is also an
exceedingly reactive formylating agent, having a significantly enhanced

Increasing Reactivity —_—
; &5 i o F
.||| :(l)._“H"A :9+ (GBS
¢ ¢ ¢ AT
H H H H 4
128 129 132 133

Scheme 8. Protosolvation of the formyl cation (128).
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reactivity over the 1:1 complex HCOF:BF;.%® The Lewis acid-complexed
1:2 superelectrophile (133) was suggested as the reacting species.

In work by Stahl and Maquin, the protoformyl dication was observed
in the gas-phase by charge-stripping mass spectrometry.” Ionization of
methanol and reaction with O, leads to detectable HCOH?* (or DCOH?*
when CD3;OH is used). Several theoretical studies have examined the
structure and stability of the protoformyl dication (132) and its isomers.®
At the MP4/6-31G** level, the protoformyl dication (132) is found to
be in a fairly deep potential energy well. The barriers for proton loss are
20 kcal/mol (O—H protonation, 134) and 47 kcal/mol (C—H deprotonation,
135) above the energy minimum for 132 (Figure 5). In structural studies,
the protoformyl dication is found to have a relatively short C—O bond
length, suggesting considerable -bonding.

Related classes of gitonic superelectrophiles are the previously men-
tioned protoacetyl dications and activated acyl cationic electrophiles. The
acyl cations themselves have been extensively studied by theoretical and
experimental methods,? as they are intermediates in many Friedel-Crafts
reactions. Several types of acyl cations have been directly observed by
spectroscopic methods and even were characterized by X-ray crystal struc-
ture analysis. Acyl cations are relative weak electrophiles as they are
effectively stabilized by resonance. They are capable of reacting with aro-
matics such as benzene and activated arenes, but do not generally react
with weaker nucleophiles such as deactivated arenes or saturated alkanes.

There are several reports of activation of acyl cations by superacids,
suggesting the involvement of gitonic superelectrophiles.®! As discussed
in Chapter 2, hydride transfer from isobutane to the acetyl cation has been
reported when the reaction is carried out in excess HF—BFs. At the same

2+ 2+ 2"

[icmon|* — [wemo-n]® — [s-c=o-]

Relative ! c_ Cc_
Energy - - o
(MP4/6-31G**): 135 132 134
47 kealemol™ 0.0 kcalemol™ 20 kcalemol ™!
i
.
H 0 o+
B ~o" I I
| [l g (; +
C C
H [ H H™ TH He He,
C-O Bond 128 132
Length, A: 1.400 (6-31G*)  1.232 (6-31G*) 1.087 (6-31G*) 1.102 (6-31G*)
1.120 (MP3/ 6-31G**)

Figure 5. Calculated structures/energies and C-O bond lengths of protonated formyl
cations.
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8" H--F--BF, N
P 10 0 <OH
|C|) HF:BF, ° 8 Il HF:BF; I Il
,C\ - > C C+ C+ _— Ct
H;C OH -H)0 | ] I ]
‘ CH; CH; CH; CH;
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Scheme 9. Protosolvation of the acetyl cation 136 to superelectrophile 137.

CH;COCI * 2AICI; . . \
CnH2n+2 - l—C4H10 + l—C5H12 + l—C4H10COCH3 + *|—C-C—|*

20°C, 30 min / N\
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I
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Hye”C o — Alcl H;C AICI,

st
138 139

Scheme 10. Electrophilic solvation of the acetyl cation and reactions with alkane.

time, hydride transfer does not occur with acetyl cation salts in aprotic sol-
vents such as SO5, SO,CIF, or CH,Cl,.%2 These results are consistent with
the activation by protosolvation of the acetyl cation (generated from acetic
acid) by the Brgnsted superacid (Scheme 9). The monocationic acetyl ion
(136) is unreactive, while the dicationic species (137) abstracts hydride. In
addition to protosolvation, the activation of the acetyl cation can also be
accomplished with Lewis acids. As Vol’pin found, reaction of CH3COCl
in the presence of two or more equivalents of AICl; with alkanes leads to
ready isomerization and other electrophilic reactions (Scheme 10).5% Since
the reaction does not occur when only one equivalent of AlICl; is used, the
results indicate evidence for electrophilic solvation involving a dicationic
complex (138 or 139). In a similar respect, pivaloyl chloride was found
to give methyl isopropyl ketone in reactions with hydride donors and a
large excess of AICI; (eq 38).%4

0 O—AICI o M
HC. C 2AC oo CF H,C., . C7 } H,C . C.
HC/C Cl H C/Q + H‘C/C + .\ HC/C H
& ¢ (CH3);CH 3~ CH 3& ¢ 304
CH, 3)3 3 CHjy H-C(CHs) CHj
AlICl,~ AlCl,~
140
(38)

A proposed mechanism involves hydride abstraction by the superelec-
trophilic pivaloyl-AlCl; dicationic complex (140), which in turn undergoes
the mentioned rearrangement to methyl isopropyl ketone.
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As discussed in Chapter 2, Shudo and Ohwada found that acetyl and
benzoyl hexafluoroantimonate salts (CH;CO* SbFg ~ and C¢HsCO™* SbFq ™,
respectively) acylate aromatic compounds with increasing reaction rates
and greater yields in progressively more acidic media.** These data are
consistent with the formation of the superelectrophilic species 137 and 141
(eq 39).93

+ H' al —2H"
QC:O C O H 4> ——
Cl

(39)

Like other superelectrophiles, protonation of the acyl cations leads to de-
crease of neighboring group participation and a lowering of the LUMO
energy level, which facilitates reactions with even weak nucleophiles.

Although attempts to directly observe the protoacetyl dication (137) by
low temperature NMR spectroscopy have not been successful, the stretch-
ing frequency of the acetyl cation carbonyl group is significantly shifted
in superacids.®®> The protoacetyl dication (137) has been observed in the
gas phase by charge-stripping mass spectroscopy, obtained by the disso-
ciative ionization of pyruvic acid to generate CH3;COH™* followed by
charge stripping via collision with 0,.°¢ The gas phase observation of
the protoacetyl dication is also consistent with ab initio calculations.®’
Despite possessing high thermochemical instability towards deprotona-
tion, calculations indicate a significant kinetic barrier towards such uni-
molecular dissociation. The protoacetyl dication (137, C3, symmetry) was
found to be at the global energy minimum for the C,H,02" structures
(MP2/6-31G*//4-31G+ZPE level of theory). Based on the high enthalpy
of formation of 137 and the exothermicity of model disproportionation
reactions, it was predicted that the free protoacetyl dication was unlikely
to exist in solution.%® Nevertheless, superelectrophilic activation of the
acyl salts may not require formation of the discrete fully formed dica-
tionic species (137), but may involve partial protonation or protosolva-
tion (Scheme 9) in the condensed phase. Moreover, solvation and ion
pairing effects may significantly stabilize these doubly-electron deficient
species.

Another related class of gitonic superelectrophiles are the superelec-
trophilic halocarbonyl dications. The halocarbonyl cations (XCO*, X =
F, CI, Br, I) have been prepared under long-lived stable ion conditions
and characterized by '3C NMR spectroscopy.®® Sommer and co-workers
studied the bromine-assisted carbonylation of propane in superacids, and
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the bromocarbonyl cation was proposed as the reactive electrophilic inter-
mediate.®” Considering the high acidity of the reaction mixture, an alter-
native mechanistic proposal involves the superelectrophilic protosolvated
species (142). Reaction with propane, an extremely weak nucleophile
is considered to require further activation of the electrophile by coor-
dination with the superacid (Scheme 11). This leads to the carbonylation
product.

Carboxonium ions are an important group of electrophiles in chemistry.??
Carboxonium ions are categorized by the number of oxygen atoms bound
to the carbon atom (one, two, or three) and by the groups bonded to the oxy-
gen atoms (as acidic or non-acidic carboxonium ions). All of these types of
carboxonium ions have the potential to form vicinal-dications by protona-
tion or complexation of the non-bonded electron pairs of oxygen with acids
(eq 40).

Ho+ He He.._H
0 : T o7
M e I
Co Co Co
R Cope - r Y (40)

R’= alkyl, aryl, alkoxy, OH

A wide variety of these superelectrophilic carboxonium ions have been
studied. It has long been recognized that carboxonium ions are highly sta-
bilized by strong oxygen participation and therefore are much less reactive
than alkyl cations. For example, trivalent carbocations are efficient hydride
abstractors from tertiary isoalkanes (eq 41).
R R, R R,
R-C+ + H-C-R* — R-C—H + +C-¥ 41
R R’ R R’
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HF:SbFs + 2 +
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Scheme 12. Proposed mechanism for the superacid-catalyzed hydride transfer involving
carboxonium ions and isobutane.

In contrast, carboxonium ions do not hydride abstract from isoalka-
nes when they are reacted in aprotic solvents. However, as mentioned
Brouwer and Kiffin observed that reaction of acetaldehyde or acetone
(143a,b) with isobutane in HF:SbFs or HF:BFj3, leads to formation of
the tert-butyl cation (Scheme 12).7% Under these conditions, the carbonyl
group of acetaldehyde or acetone is completely protonated. However, cal-
culations estimate hydride transfer from isobutane to the carboxonium
ions (144a,b) to be thermodynamically unfavorable. These considerations
lead to the early mechanistic proposal by Olah ef al. in 1975 involving
the protosolvation of the carboxonium ions (144a,b) forming superelec-
trophilic species (145a,b), enabling hydride abstraction to occur.®? Similar
reactions have also been observed for formaldehyde and its protonated
ions.”! In gas-phase studies, it has been shown that charge-stripping of the
radical cation [CH,OH,]** leads to the formation of CH,OH,?* (dipro-
tonated formaldehyde) and quantum mechanical calculations also show
that CH,OH,?" sitting in a considerably deep potential energy well.”?

Several recent reports have described kinetic studies suggesting proto-
solvated carboxonium ion intermediates. Shudo, Ohwada, and associates
have described kinetic experiments and theoretical studies to show that
superelectrophilic carboxonium ions (i.e., 146) are involved in superacid-
catalyzed Nazarov reactions (Scheme 13; see also Chapter 2).”> Using
deuterated superacid, no deuterium was incorporated into the product, sug-
gesting protonation only at the carbonyl group rather than at the olefinic
moiety resulting in an intramolecular Friedel-Crafts-type reaction. In ab
initio calculations at the B3LYP/6-31G* level, diprotonation is shown to
significantly lower the energy barriers (compared to the monoprotonated
species) leading to the products of the 4m-electrocyclizations.

Similarly, kinetic experiments have shown that superelectrophilic
carboxonium dications are involved in the cyclodehydrations of 1,3-
diphenyl-1-propanones.** Several examples of the cyclodehydrations were
described, including the trifluoromethyl-substituted system (Scheme 14;
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146

acid system time temperature product yield
100% CF3SO3H (H(~14) 5h 0°C 99%
94% CF3CO,H : 6% CF3SOsH (Hy—9) 5h 0°C 43%
Scheme 13.

see also Chapter 2). The reactions exhibit significantly increased yields
and reaction rates in more highly acidic media. Along with the results
from kinetic studies, these data indicate the involvement of superelec-
trophilic carboxonium ions (i.e., 148). Monocationic carboxonium ions
such as 147 are in contrast significantly stabilized, and they either do
not give the cyclization products or they react very slowly. The acti-
vation parameters from the superacid-promoted cyclization (CF3SOsH,
Hy —14.1) of 1,3-diphenyl-1-propanone were also determined in this
study (AH 20kcal/mol, AG 29 kcal/mol, and AS — 26 cal/Kemol).

The acid-catalyzed condensation reactions of benzaldehyde with ben-
zene have been well studied. A gitonic superelectrophile has been pro-
posed in one study,® while distonic superelectrophiles have been suggested
in others.>”” When benzaldehyde (149) is reacted with CF3SO3H and
C¢Hg, four products are obtained (150-153, Table 4). The relative yields
of the products vary with conditions. For example, no anthracene is formed
when large excess of CgHg is used in the reaction. In studies using catalytic
systems of varying acidities, it was found that overall product formation
(% yield) increased with acidity. Given that the pKgy, of benzaldehyde
149 is —6.8, the carbonyl group should be almost completely protonated
at Hy —9 or —10. Since the product yields increase with systems more

0 *oH *OH, '
acid . _—,
FyC F3C FsC FsC
147 148

acid system time temperature product yield
100% CF3SO3H (H-14) 20 min 80°C 68%
95% CF3CO,H : 5% CF;SO3H (Hy-9) 20 min 80°C 2%

Scheme 14.
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Table 4. Products and yields of the reactions of benzaldehyde (149) with benzene at

varying acidities.

0] OH
e (0 0
CoHg 150 152
—+
(I
151 153
Total Yield
Acid Acidity, H Products
150+151+152+153
100 % CF;CO,H =27 0%
5% CF3;CO,H: 95% CF;SO;H -9.0 4%
5% CF3;CO,H: 95% CF;SO;H -10 15%
5% CF;CO,H: 95% CF3;SO3H -12 40%
5% CF3;CO,H: 95% CF3;SO3H -13 77%
100% CF3SOsH -14 83%

acidic than Hyp —10, it is suggested that diprotonated benzaldehyde is the
superelectrophilic intermediate responsible for the condensation chem-
istry. In considering the mechanism, the first protonation of benzaldehyde
occurs at the carbonyl oxygen while the second protonation could be at the
ring positions (ortho, meta, para, or ipso) or at the carbonyl group. When
benzaldehyde is reacted even with a large excess of CF3SO3;D at 50°C for
19 h, no deuterium incorporation is observed either on the phenyl ring or
aldehyde group of compound 149. Based on these considerations, it was
proposed that the O,O-diprotonated species (12) is the key intermediate
involved (eq 42).
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+ 2+ +
OH OH, OH,
+
Al eaEea
H H OH

Né*%*ﬁ

(42)

In theoretical studies of the benzaldehyde condensation, the diproto-
nated structures were calculated at the MP2/6-31G*//MP2/6-31G* level
and five structures were found at energy minima (12—13 and 154-156).
The global minima for the gas-phase C;HgO?* structure are found at 13
and 155 (distonic superelectrophiles; same relative energies), both being
C,O-diprotonated benzaldehyde isomers. The O,O-diprotonated species
(12) is found about 20 kcal/mol~! above 13 and 155 in energy, while
154 and 155 are 14 and 5 kcal/mol~! above the global minima, repec-
tively. The condensed phase experiments with CF3SO3D and benzalde-
hyde argue however against the involvement of 13. Consequently, an
alternative explanation has been suggested involving neither 12 or 13,
based also on the results from analogous chemistry with acidic zeolites.
In the latter case, benzaldehyde was found to give triphenylmethane when
reacting with benzene in the presence of HUSY zeolite, a solid acid cata-
lyst with an acidity estimated at Hy ~ —6. Benzaldehyde is also found to
react with cyclohexane (a hydride source) using the same zeolite catalyst.
It was argued that the relatively low acidity (and low density of acidic
sites) of HUSY makes it improbable to form diprotonated benzaldehyde
(12 or 13), and a mechanism was proposed involving only monoproto-
nated benzaldehyde (14, Scheme 2). These considerations assumed the
same mechanism to be involved in liquid superacid-promoted condensa-
tion. It should be noted however that confinement effects associated with
zeolite-catalysis may also have a role in the reactions.

Besides promoting reactions with weak nucleophiles, several molecular
rearrangements have been reported with superelectrophilic carboxonium
ions suggested as intermediates. This includes the superacid promoted
rearrangment of 2,2,2-triphenylacetophenone (157) with subsequent for-
mation of the 9,10-diphenylphenanthrene (160, eq 43).°
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+ + Ph Ph
0 pp  CFiSOH OH Ph +OH2 Ph H,0 Ph
Ph& . Ph& - — Ph)\ﬁ . — Ph>1\(+ Ph —_ O
Ph Ph Ph Ph O Q
157 158 159 5 160
(43)

As described in Chapter 2, the superacid produces the diprotonated gitonic
superelectrophile (159) which undergoes a retropinacol rearrangement.
Phenyl migration is driven by the resulting charge-charge separation. Sub-
sequent reaction steps then give the final cyclization product (160).

A related reaction was reported in the discussed acid-catalyzed formy-
lation of isobutane with rearrangement to methyl isopropyl ketone (a
potentially significant gasoline additive).”* Following the insertion of the
protosolvated formyl cation into isobutane (vide supra), a key step in the
formation of the methyl isopropyl ketone involves the superelectrophilic
0,0 -diprotonated species (162, Scheme 15). Methyl shift is driven by
Coulombic repulsion to give initially the charge-separated species (163).
Quantum mechanical calculations indicate that the methyl shift is very
favorable energetically (A H = —48 kcal/mol for the gas-phase reaction).
Upon undergoing deprotonation, subsequent hydride shift then gives pro-
tonated methyl isopropyl ketone (166) in another energetically favorable
step (estimated gas-phase AH = —24 kcal/mol). Interestingly, calcula-
tions also suggest that the hydride shift is unlikely to involve the distonic
dication 165, because such a step would be significantly endothermic (AH
= 24 kcal/mol) due to charge-charge repulsive effects in 165. Although,
according to calculations, the fully formed gitonic superelectrophile 162
is not a stable minimum in the gas-phase at the B3LYP/6-31G* level
of theory, partial proton transfer (protosolvation) is also likely to acti-
vate the electrophilic center. Moreover, ion pairing may also stabilize the
superelectrophile 162 in the condensed phase.

H

+ +
/CH3 CcO HO\\ FH3 H' H- O\ FH3
H-C-CH; ——— C-C-CH; =——= —C-
C-CH; HE_BF, LG CH; CCCHy
CH; H CH; H CH;
161 162
+ + /H + /H
o, CHs . HO_ CHj HO ~ CHj H-O  CH; H-O  CHj
\ -H N\ ! \ ! \ ! \ 1
C-C-H <— C-C-H =— H-C-C+ H-C-C+ —ff~ C—C-H
U \ ! \ ! \ 7H+ ! \ / + \
H;C  CH; H;C  CH, H;C  CH;, H,C  CH, H,C  CHy
166 164 163 165

Scheme 15.
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Table 5. Results of the CF3SO3H:CF3;CO,H catalyzed isomerization of
pivaldehyde.?

Hy Acid System, w/w Pivaldehyde Methyl Isopropyl Ketone
—10.9 26.9% CF;SOszH 0% 100%

-9.7 11.4% CF3;SOzH 17% 83%

-94 8.0% CF3SO3H 29% 71%

—8.4 3.1% CFzSOszH 68% 32%

=77 0.9% CF;SOsH 83% 17%

—2.7 100% CF3CO,H 100% 0%

aReaction conditions: 2h, 25°C, 1:5 pivaldehyde: acid.

Further support for the involvement of the superelectrophile (162) was
obtained from experimental studies establishing the effect of acidity on the
rearrangement. The yield of methyl isopropyl ketone from pivaldehyde is
found to increase in proportion to acidity (Table 5) with complete con-
version occurring at Hy —10.9. The pK, for the protonated pivaldehyde
is estimated to be —8.0, indicating that more than half of the aldehyde
is in its monoprotonated form (161) at Hy—10.9. Thus, protosolvation
of the monoprotonated species (161) should lead to the formation of the
superelectrophile (162) albeit in low concentrations.

Another O,O-diprotonated gitonic superelectrophile has been proposed
in the condensation chemistry of ninhydrin (Scheme 16).”> It was shown
that ninhydrin condenses with arenes in HySOy4 to give the 2,2-diaryl-1,3-
indanediones (167) while reaction in superacidic CF3sSO3H give the 3-(di-
arylmethylene)isobenzofuranones (168). If the 2,2-diaryl-1,3-indanedione
products are isolated and then reacted with CF3SOsH, they isomerize
cleanly to the 3-(diarylmethylene)isobenzofuranones. As triflic acid (Hy
—14.1) is more than 100 times more acidic than anhydrous H;SO4 (Hp
—12), it suggests the involvement of a protosolvated superelectrophile
(169) in the formation of the 3-(diaryl-methylene)-isobenzofuranones.
There may be several other factors contributing to the protosolvated dica-
tion 169 undergoing rearrangement. Ring-opening serves to spread out the
positive charge between the acyl cation and a protonated enol group (170).
Moreover, the acyl cation is in conjugation with the diphenylmethylene
group as shown by the resonance structure. This stabilizing effect of the
gem-diphenyl group may be also an important aspect in the rearrangement,
because when 2-phenyl-1,3-indanedione is reacted in CF3SO3H, no rear-
rangement is observed and the starting material is recovered quantitatively.

As discussed in Chapter 2, kinetic evidence has been reported to indicate
the involvement of the diprotonated product 174 from the unsaturated acetal
171, formally a superelectrophilic carboxonium dication (eq 44).7°
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QCH; FSO3H:SbFs + i
" "OCH; ©/\AOCH3 _ er er
—60°C A \OCH + _OCH3
H
171 172 173 174

(44)

Protonated carbonic acid (H3COs™*, 175) is recognized as a stable
species in superacids and even a salt was isolated with its X-ray crys-
tal structure obtained. In strong superacids, diprotonated carbonic acid
(30) was found to undergo ionic hydrogenation to methane (eq 45).”’

+

OH OH,

| 4 H* 17 H* + + 4H,
¢ —_— C ————— HO=C=OH CH
HO~ “OH HO™ TOH  H,0* ~2H;0" !
175 30 176
(45)

This has been interpreted as a protosolvation of 175 to give the super-
electrophile 30, which itself undergoes protolytic cleavage to give pro-
tosolvated carbon dioxide (176). The gitonic superelectrophile 176 then
reacts with Hj to eventually give methane. In gas-phase studies, dicationic
species such as CO,>* and OCS?* have been generated using mass spec-
trometry techniques.’® Both of these dicationic species have been shown
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to react with molecular hydrogen (deuterium), for example, producing
DCO™*, DCO, ", and OD* ion products (reaction of CO,>* and D,).

5.2.2.4 Carbon-Halogen Vicinal-Dications Trihalomethyl cations are
shown to have enhanced reactivities in superacid solution, while poly-
halomethanes in the presence of excess AlBr; or AICI3 exhibit the proper-
ties of aprotic superacids.”® The trihalomethyl cations CX3* (178, X=Cl,
Br, I) have been characterized by NMR and IR spectroscopy. The stabil-
ity of these species is attributed to substantial resonance-stabilization by
back-donation from the nonbonded electron pairs of the halogen atoms.??
Trihalomethyl cations are capable of hydride abstraction from alkanes and
alkyl groups when the reactions are carried out in the presence of Bronsted
or Lewis superacids (eq 46—48).80

CCl,~SbF;
D — D (46)

(SbF5 Matrix)
CCl,—SbFy
NN ——————— r
—-123°C (47)
(SbF5 Matrix)
+
i I
CCl,~HF-SbF,
CH; ! ’ + CH
H3 C ITI/\/Y H%C 171 /\/Y 3
-30°C N
H CH; H CH,4
1) HF-Pyridine
2) Na,CO3, Hy0 (48)
(0]
F
M cH,
H,c” TN ;
| 80%
H CH,

Sommer et al. has noted that the reactivities of the chloromethyl cations
decrease in the order CCls* > CHCL* > CH,CI*.8!Since increasing
chloro-substitution should give less reactive electrophiles (due to reso-
nance stabilization), this trend has been interpreted to be a consequence
of protosolvation/electrophilic solvation involving the halogen nonbonded
electron pairs (178 and 179, (Scheme 17). Complexes such as CBry
*2AIBr3, CCly «2AICl3, and others have been shown to efficiently cat-
alyze the cracking, isomerization, and oligomerization of alkanes and
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Scheme 17. Superelectrophilic activation of trihalomethyl cations.

cycloalkanes.?? Electrophilic solvation similar to 178 can also be envis-
aged for these systems.!’

Theoretical studies have examined the structures and energies of the
vicinal-carbon-halogen dications, such as 178 and 17933 An ab initio
computational study described the structures, energies, and reactivities of
protonated halomethyl cations. In the case of the trichloromethyl cation
(181), calculations at the MP2/6-31G* level reveal a shortening of the
C-ClI bond length when compared with carbon tetrachloride (Scheme
18). This is consistent with delocalization of the positive charge among the
three chlorine atoms. Upon protonation, the vicinal-dication 182 is formed
showing further shortening of the C-CI bonds (indicating a stronger p-p
interaction) and a lengthening of the C-CIH bond due to charge-charge
repulsive effects. Calculations estimate a gas-phase energy barrier to pro-
ton loss of 69.5 kcal/mol, suggesting that 182 should be a viable species in
mass-spectrometric studies. Diprotonated (CClzH,3*, 183) and triproto-
nated (CCl3H3**, 184) ions were also found at energy minima. In the case

+ + +
Cl Cl CIH CIH CIH
IR . &
c” °cr o’ e o ta a” \CJer Hq/ \ng
180 181 182 183 184
C-Cl Bond Length(s), A:  1.766 1.648 1.839 1.779 1.732
1.606 1.575
1.603
Energy Barrier
to H* Loss, kcal/mol: N/A N/A 69.5 27.4 4.3

Scheme 18. Calculated structural and energy parameters of prototrichloromethyl cations.
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of 184, however, deprotonation is highly exothermic (—261.7 kcal/mol)
and having a barrier to proton loss of only 4.3 kcal/mol. In the same study,
13C NMR chemical shifts were calculated for the species (181-184).'8

To evaluate the impact of superelectrophilic activation of halogenated
methyl cations, a series of isodesmic reactions were studied by ab initio
calculations (Table 6).83° For the trichloromethyl cation (181), protonation
leads to dramatically more reactive electrophiles. This is evident from the
calculated reaction enthalpies in hydride transfer from propane to give
the 2-propyl cation. Indeed, protosolvation of 181 to give the superelec-
trophile 182 leads to an increasingly exothermic reaction, more favorable
by more than 140 kcal/mol (gas-phase). Another significant trend is seen
in the calculated reaction enthalpies for the trichloromethyl cation (181),
dichloromethyl cation (185), and the chloromethyl cation (186, entries
1-3). In the series 181 — 185 — 186, the reaction enthalpy is pro-
gressively more exothermic, —3.9 — —11.9 — —26.6 kcal/mol. This is
consistent with the observation that halogen substitution on a carbenium
carbon leads to increasing stabilization, and the trichloromethyl cation is
the most stable cation in the series. However, reactions of halogenated
methanes in superacid show that the tetrahalogenated methanes produce
the most reactive electrophilic systems. This has been interpreted as evi-
dence for activation involving superelectrophilic species like 182 and
183.

Another computational study examined the structures and energies of
the trichloromethyl cation-AlCl; complexes by semi-empirical and ab

Table 6. Calculated isodesmic reactions between chloromethyl cations
(181-186) and propane.

Entry Reaction AH (kcal/mol)
+ +
(N H,CCIl +CH3CH,CH3; — CH,Cl,+ CH3CHCH3 —26.6
186
+ +
2) HCCl, +CH3CH,CH;3; — CH,Cl,+ CH3CHCH3 —11.9
185
+ +
3) CCl; +CH3CH,CH3; — HHCI3+ CH3CHCH; -39
181
24 + +
4) CCI3H +CH3CH,;CH3s —HCCI3; H+ CH3CHCH3 —145.5
182
3+ 2+ +
5) CCI3H,; +CH3CH,CH3 —HCCI3H; + CH3CHCH3 —269.4
183

4+ 34+ +
(6) CCl3H3 +CH3CH,CH3s — HCCIl3H3 4+ CH3CHCH3 —423.8
184
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initio calculations.®* In contrast to the study of protosolvated superelec-
trophiles (182), this study could find no evidence for the formation of
the CCl3T — AICl; complex(es), or donor-acceptor complexes analo-
gous to 178. The superelectrophilic character of the CCly-2AICl; system
was attributed to formation of a bidentate complex with substantial chlore-
nium ion character, AlICly ~ CICCI** AICl4 —, or CCl3t AICl, ~involving
C-Cl — CI-Al interactions. As described in Chapter 4, protonation of the
dimethylbromonium cation (187) has been studied by ab initio calcula-
tions and two stable minima were found, i.e., the carbon and bromine
protonated forms 188 and 189 (Figure 6).3° Dication 188 is estimated
to be more stable than 189 by about 21 kcal/mol. Monoprotonation of
methyl halides occurs on the halogen atom to give the protohalonium
ion. Diprotonation is shown by calculations to give the vicinal-dications
(190) involving also protonation at a C-H bond, forming a 2e-3c bond.
Calculations also show that the halogen atoms carry significantly more
charge in the dications (190, CH4XH?") than in the respective monoca-
tions (CH3XH™). In the case of bromomethane, the NBO charge on the
bromine atom increases from 0.46 to 0.70 with formation of 190 from
the monoprotonated species. Thermodynamically, diprotonation of fluo-
romethane is determined to be the least favorable while diprotonation of
iodomethane is found to be the most favorable.

Other types of vicinal carbon-halogen dications have been studied by
gas-phase and theoretical methods. Their full discussion is beyond the scope
of this chapter and many can be found in published review articles.
Charge-stripping experiments have been shown to provide CH, XH?* (X=F,
Cl, Br, 1) dications in the gas-phase and their structures have been stud-
ied by computational methods.®” The CX32* (X=F, Cl) dications can also
be generated in the gas-phase and have also been studied by theoretical
investigations. The chemistry of CF,>* is considered important in plasma
etching processes and these ions may also be important in ozone deple-
tion chemistry.® In the case of CF3%", it can be generated in the gas-phase
by electron impact on CF,;. The CF3%* ion is shown to react with neu-
tral collision partners and yield products from bond forming reactions,

2+ 24+ 2+
/H H
H + H H X H H v e H SE
No—Br— 7 N —Br— 7 S —Br— 7 H | %
O T i et B P S Y R
H H HH H H H H
187 188 189 190 C,
Relative Energy: 0.0 kcalemol™! 21.7 kealemol™! X=F, Cl,Br,1

Figure 6.



168 GITONIC VICINAL SUPERELECTROPHILES

such as DCF,* and OCF, ", by respective reactions with D, and O,.”°
High-level quantum chemical calculations have been carried out on ions
such as CF3%*.8 As noted in the previous chapter, the CX,>* (X = F,
Cl) ions have also been the subject of gas-phase and theoretical studies.®’
Likewise, CX>* dications have been examined.*” While these novel CX2+
dications may not necessarily be described as vicinal -type gitonic superelec-
trophiles, their demonstrated gas-phase reactivities are remarkably similar
to the high electrophilic reactivities of condensed-phase superelectrophiles.

5.2.3 Nitrogen-Centered Vicinal-Dications

There are a number of well-characterized nitrogen-centered vicinal-
dications that can be considered gitonic superelectrophiles. For example,
Olah and co-workers showed that tetramethylammonium ions undergo
slow hydrogen-deuterium exchange, when reacted with DF-SbFs at 20°C
(Scheme 19).°° Theoretical calculations suggest that C-H protonation
(deuteration) (192) is the most likely mechanism of exchange ruling out
the intermediacy of 191. Structure 192 was characterized as a stable
minimum (Cs symmetry) at the MP2(fu)/6-31G** level of theory. Tetra-
methylammonium ion did not undergo methyl exchange with CD;F-SbFs,
indicating that there is no involvement of a penta-coordinate nitrogen (i.e.,
N(CD;)(CH3)4*%)."?

Hydrazinium dications and their related systems can be readily formed
and show remarkable stability. These vicinal-dications show enhanced
electrophilic reactivities compared to their monocationic precursors. Their
chemistry has been recently reviewed,”! therefore only a brief overview is
warranted here. Hydrazine itself can be doubly protonated with HCl. When

2+ D
D\ /CH3 |+
HyC | CHs | oy Hyc—\~ch,
CHj, : CH,
CH
I‘\I + : DF-SbFs 191 not formed
H;C~ ' ~CH; 20°C
CH;
2+
ToH cH,
—~N—+—-H +
HyC o < - He—~\~cH,D
3 ,’é; D CH3
H
192

Scheme 19.
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tetramethyl hydrazine was reacted with strong methylating agents, how-
ever, only monomethylation was achieved (eq 49).”> If the monomethy-
lated product (193) is then reacted in 70% H>SOy, the hydrazinium
dication is formed to an extent of about 50% (eq 49).

CH;

I H,C (\:H3 H.C C\H3
_N__ _CHjy CH,SO,4F SN cH 70% H,S0, SN+ cH
e N H3C/+\1\‘1/ ’ H3C/+\N1H ’
) I
s CH 49
193 ©3 cH;  (49)
CH,SO;F

No Reaction

Several bicyclic hydrazinium ions have been prepared and two synthetic
strategies have emerged as generally useful, i.e., electrochemical oxida-
tion and Lewis or Brgnsted acid-promoted cyclization.”®> Oxidation of
1,6-diazabicyclo[4.4.4]tetradecane, for example, (194) gives the interme-
diate radical cation (195) and the bicylic dication (196, eq 50).7%

> e /
X7 N7 TN (s0)
194 195 196
N-N Distance, A:  2.81 2.30 1.53

X-ray crystal structures have been obtained for them and the nitrogen-
nitrogen distance decreases with successive oxidation. When 1,5-diazabi-
cyclo[3.3.0Joctane is reacted with 3-bromo-1-propanol, followed by
reaction with 40% HBF,, the hydrazinium dication (197) is obtained in
80% yield (eq 51).® The '3C labeled hydrazinium dication (198) was
prepared through double alkylation of tetramethyl hydrazine, the second
alkylation being assisted by the silver (I) salt (eq 52).%3¢

e e
WQ VNQ : (51)

+

197
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CH,

%
CH3 CH3 H3C !
* ‘ AgBF, + N—CH;,4
Br .N_ __CH \ .
Br/\/K: + H,C N 3 e, \CITICH3 2BF,
13CZ " CH3 * CH3
198

(52)

Although acyclic and monocyclic hydrazinium dications are readily
obtainable, the propellane-type structures (i.e., 196 and 197) have been
shown to be the most easily prepared hydrazinium dications. There have
been no examples reported of direct nucleophilic attack at the nitrogens
of the hydrazinium ions. Nucleophilic reactions generally occur at the
a-carbon atoms or at hydrogens. Even water has been shown to be capa-
ble of deprotonating the a-carbon in some of the bicyclic hydrazinium
dications. This is consistent with the delocalization of positive charge in
gitonic superelectrophiles and significant positive charge on the neighbor-
ing hydrogen atoms.

A related category of vicinal-dications involves aromatic systems
having adjacent nitrogen atoms. The diquaternary salts of diazenes and
diazoles can be prepared using strong alkylating agents (eqs 53—54).
Compound 199 is prepared in 52% yield by alkylation with trimethylox-
onium salt, with some of the positive charge being delocalized onto the
sulfur (eq 54).

BF,~ 1:]/CHzCHs . 2BF,” X ;I/CH2CH3
| + (CHy,0 BE, —— | (53)
_N 3)3 _N.
+ CH3

.
S + - S S
() * @oBE, —— () Y
N-N *N-N+ NTN (54)
H,C CH, H, ¢ CH,

109 2BF 2 BF,
No systematic study of the reactivities of these electrophiles has been
done, but they are known to be easily reduced to their radical cations.
The N,N-bipyridiniums and related systems have not yet been studied
in detail, but some have been prepared, such the 1-pyridinopyridinium
dication 200.% Little is known about the electrophilic reactivities of these
compounds, but 200 has been shown to react with water at a ring carbon
(eq 55). An unusual gitonic superelectrophile has been proposed involving
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J N\ — +
¢ - NC/>7C1 N-N + 2HCI
— A\N (55)
2Cr
200
CH, H  CH, H  CH, H CH,
+ + +
[N\]/g CF;SOH [Nj/g ot J:N\]/K J/i/N]/\+
~ ~
N/ l‘\] i HH 1}1 i H \ :
H H H
201
(56)

a tricationic intermediate 201 (eq 56).°® Deuterium labeling suggests triple
protonation of the pyrazine ring with delocalization of positive charge into
the propenyl group.

Diazenium dications may also be considered gitonic superelectrophiles,
but only a limited number of them have been prepared and studied.”” In
principle, diazenium dications could be prepared by double alkylation
or protonation of various azo-compounds. To date, only monalkylation
has been achieved with strong alkylating agents (eq 57).”’* However,
Olah et al. showed that diazenium dications can be produced by double
protonation of azobenzenes in FSO3H—SbFs at low temperature.”’® It has
also been demonstrated that the diazenium dications are prepared from

electrochemical and chemical oxidations (eqs 58—59).97¢:4
e CF;S0,CH .. CHj
Ph—N=N—-Ph ——— Ph—N=N_  CF;80; (57)
+ Ph
- +
C@ \N@ (58)
2ClO,”

LEk ZNO PF6™ ¢
2PF (59)
81%

In the oxidation of 202, the tetracyclodiazenium ion 203 is produced in
81% yield. Like the hydrazinium dications, the diazenium dications exhibit
relatively high acidities of their o-hydrogen atoms.

Diazonium dications have been studied extensively in both experi-
mental and theoretical work. The parent system for diazonium dications
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is doubly protonated dinitrogen (204). Calculations at the QCISD/
6-3114++G**//QCISD/6-3114++G** level show that dication 204 (Dsoy
symmetry) is a kinetically stable species in the gas-phase, having a barrier
of about 30kcal/mol for dissociative proton loss.”® Although monoproto-
nated dinitrogen has been observed directly in gas-phase studies (and it is
generated from protonated diazomethane, vide infra),99 dication 204 has
not yet been detected. Diazomethane is observed to be diprotonated under
conditions of kinetic control in extremely acidic FSO3H—SbFs.' The
experimental studies suggest protonation at both termini of diazomethane
(208, eq 60).

i

+ o+ ’NJ\: + I_I\+ + H\+ +

H—N=N-H H N\\C,H H—}\I—NEN /NZN:N—H
; ! .
204 205 206 207
H. *
Ni + Nt +
SN H FSO;H-SbFy ~ N\ H —H +
S’ —_ i CH;0SOCIF + N
¢ SO,CIF o C.\H SO,CIF } > (60)

H -120°C H
208 \_/
Calculations at the MP2(FU)/6-31G**//MP2(FU)/6-31G** level have
found that the global minimum is the N,N -diprotonated species 205 (gas-
phase structure) while the C,N -diprotonated species (208) is 11 kcal/mol
higher in energy.”® From kinetic studies it is known that the displacement
of nitrogen from the methyldiazonium ion (CH3N;™) is a nucleophilic
substitution type reaction. Weakly nucleophilic SO,CIF is also known
to displace nitrogen from methyldiazonium ion with a reaction rate that
increases with the acidity of the solution. This is in accord with the
formation of the protosolvated, gitonic superelectrophile 208 leading to
nucleophilic attack by SO,CIF (eq 60). Similarly, Olah and co-workers
demonstrated the use of azide salts as effective aromatic aminating agents
with excess HCI-AICI3.!9" Diprotonated hydrazoic acid (206) has been
proposed as an intermediate in the conversion. This gitonic superelec-
trophile (206) was also studied by theory at the MP2(FU)/6-31G**//
MP2(FU)/6-31G** level and found to be a global minimum, at least
20 kcal/mol more stable than structure 207.%

Aryldiazonium dications are thought to be intermediates in the Wallach
rearrangement.”’® Azoxybenzene is shown to form the monoprotonated
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H H .
,O + ,O + /O*H
@N HF»SbFS @N N
W A\ E I\Y
O 5 YO O
=78°C
209 210

H,0 +  +
oM DD OO
211
Scheme 20.

ion (209) in FSOsH at low temperature, while the dicationic species (210
and 211) are directly observable by NMR in HF-SbFs at low temperature
(Scheme 20).°’® In the Wallach rearrangement, delocalization of the posi-
tive charges then leads to nucleophilic attack by water at a ring carbon. The
pK, of ion 209 is estimated to be —9, indicating that the azoxybenzene is
completely monoprotonated under the conditions required for the Wallach
rearrangement, being likely in equilibrium with the diprotonated interme-
diate 210. Water elimination then gives the diazonium dication 211. There
has been a report showing that superelectrophilic intermediates like 211
can react with relatively weak nucleophiles, such as benzene.!??

An important class of nitrogen-based gitonic superelectrophiles are the
protonitronium dication (214) and related systems (Scheme 21). These
gitonic superelectrophiles are highly efficient for nitration of very weak
nucleophiles (vide infra). In 1975, the observation of the enhanced elec-
trophilic reactivity of nitronium salts in superacids was reported by Olah et
al. and protosolvation of the nitronium ion (212) was suggested (Scheme
27).92 While the often used nitronium tetrafluoroborate reagent reacts with
a large variety of arenes, it does not react with highly deactivated ones
(such as meta-dinitrobenzene) under aprotic conditions. In contrast the
reaction in superacid gives 1,3,5-trinitrobenzene in 70% yield.lO3 This
suggests the formation of an activated protosolvated species or even the
de facto protonitronium dication NO,H>* (214). A convenient system of
nitration for deactivated aromatics is a mixture of nitric acid and triflato-
boric acid (2 CF3SO3H-(CF3S03)3B; Hy — 20.5).!% This system readily
nitrates deactivated arenes such as inter alia pentafluorobenzene, nitroben-
zene, and methyl phenyl sulfone in high yields (78—-99%). Nitronium salts
are reported to nitrate the trityl cation (215) in superacid to give 216
(eq 61).19
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Increasing Reactivity
.

+ .. .. + Y H-A
=N=0 O=N=0

212 213 214

O

+ + _H
:N:O/

Scheme 21. The nitronium ion (212) and the protonitronium dication.

‘ 1) NO,BF,, CF;803H  2) (CH;CH,);SiH  64% j

f BF, NO,
H

215 216

(61)

‘ 1) NO,CI, 3 AICly 2) (CH3CH,);SiH 100% T

When nitronium tetrafluoroborate was attempted to react with the trityl
cation in CH,Cl, or sulfolane, no nitration occurred due to the deactivat-
ing effects of the carbenium ion center in 215. Nitration of deactivated
substrates is also readily accomplished by reaction with NO,Cl with three
mole excess AICl3 suggesting Lewis acidic electrophilic solvation of the
nitronium cation (217, eq 62).!%

P AlCl,
st/ (62)
NO,Cl + 3AICl; —= O=N=0 ALCE
N 217
217

Remarkably, nitronium salts have been shown to react even with methane
under superacidic conditions.'% Nitronium hexafluorophosphate (NO,PFg)
reacts with methane, albeit in low yields, when the reaction is carried out
in the presence of boron tris(triflate) in triflic acid (eq 63).

2+

o O o HH\C - CH,NO,H* + H*
NO,¥ ———> NOH* —> | H-C- < —> CH;NO,H* +
B(0,SCFy), / \ E & 63
214 H NOH (63)
218

The reaction is suggested to proceed via a two-electron three-center bound
carbocationic transition state (218) formed by insertion of dication 214
into the C-H o-bond of methane.

The activation of the nitronium ion (212, NO, ") can be understood
as a consequence of the interaction of the oxygen lone pair electrons
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with superacidic Brgnsted or Lewis acids. Because the linear nitronium
cation has no vacant orbital on the nitrogen atom nor low-lying unoc-
cupied molecular orbital, extremely weak nucleophiles such as methane
or deactivated arenes are unable to initiate the necessary polarization
of the nitrogen-oxygen m-bond. Protonation (or coordination by Lewis
acid) weakens the N-O m-bond character and results in the bending of
the linear nitronium ion and rehybridization of the nitrogen from sp to
sp 2. The rehybridization creates a developing p orbital on the nitro-
gen which is capable of interacting with weak m-donor or even o-donor
nucleophiles. High-level theoretical calculations have shown the protoni-
tronium ion (214) to be a kinetically stable species with an estimated
(gas-phase) barrier to deprotonation of 17 kcal/mol.!%7 These calculations
also found the optimized structure to be bent with a O—N—-O bond angle of
about 172°. The protonitronium ion (214) was experimentally observed by
Schwarz in the gas phase by electron impact mass spectrometry of nitric
acid.'® Attempts to directly observe 214 under superacidic conditions
by >N NMR and FT-IR (Raman) spectroscopy as a stable species have
been inconclusive but the 70O NMR signal is deshielded from that of the
nitronium ion NO,*.197" This suggests that the protonitronium ion (214)
is formed only in low-equilibrium concentrations even in the strongest
superacids.

5.2.4 Oxygen- and Sulfur-Centered Vicinal -Dications

A significant number of vicinal-dicationic systems containing oxygen,
such as superelectrophilic carboxonium ions, acylium ions, and nitronium
ions, have been previously discussed. Few systems have been reported
involving only oxygen cationic centers. Other than doubly ionized O,
(known in gas-phase studies), scarce indications for such oxygen-based
vicinal-dications have been reported. Hydrogen peroxide has been studied
by low temperature NMR in HF-SbF;5 solution but no direct evidence for
diprotonated species was reported and only the monoprotonated species
(219) was observed (eq 64).!%° Even at very high acidity (ca. Hy —20),
proton exchange is fast compared with the NMR time scale, as both oxy-
gen atoms are found to be equivalent by 7O NMR. In a similar respect,
dimethylperoxide forms trimethylperoxonium ion (220) under superacidic
methylating conditions (eq 65).!1°

H H
HF-SbFy | ny
— . O H —p— O H

00, —%c ~ H¥ O H 07 (64)



176 GITONIC VICINAL SUPERELECTROPHILES

GHs GHs
_O. _CH, CFiFSbrss0, _O.__CH, ‘0. _CH,
H,C 0 ~so°C H,C™+70 —#— Hc 0% (65)
3
220 21

No NMR evidence ('H and '3C) could be obtained for the vicinal -dication
(221). Calculations at the MP2/6-31G* level however show dication 221
to be a stable minimum. Its structure has Dysymmetry with the two COC
units in an almost perpendicular arrangement (dihedral angle between
two COC units is 83.7°). Protonated ozone, OsH™, was studied by Olah
et al. and by Italian researchers.'!! In the superacid catalyzed reactions of
ozone, diprotonated ozone is however possibly involved as the de facto
intermediate.

In contrast to the vicinal-oxonium dications, vicinal-sulfonium dica-
tions are well known dicationic systems. Many examples have been pre-
pared and studied. As discussed in review articles,’’ the disulfonium
dications can be readily prepared by electrochemical or chemical oxi-
dation of appropriate disulfides (eq 66), by reactions of mono-S-oxides
with acidic reagents (eq 67),

O 2 (CF480,),0 Cg } (66)

2 CF;803
(0]
T CF,CO,H +
b ) om OO @
S S ~
+ 7 2CF5C0,

and other methods.!!'? The reactions of mono-S-oxides with acidic reagents
have been the subject of mechanistic studies. Some of these studies sug-
gest a complex mechanism in the formation of the vicinal-disulfonium
dications. On the other hand, experimental and theoretical studies of the
protonated and alkylated dications of dimethylsulfoxide (vide infra) have
suggested the possibility of O,0-diprotonation of the sulfoxide group.!!
Thus, formation of the vicinal-disulfonium dication could involve dipro-
tonation of the sulfoxide bond of 222 forming the gitonic superelec-
trophile 224, which upon intramolecular nucleophilic attack gives the
vicinal -disulfonium dication (225, Scheme 22). It has been shown that
dications such as 225 possess moderately high electrophilic reactivities.
For example, 225 (X=CF3;S03 ™) has been shown to react with activated
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Scheme 22.

arenes (phenols and anilines) at the sulfonium center (eq 68).'4

2 CF;805

/—\
+ e /\Jr
DO O o
22

5

Similar chemistry has been described for the vicinal-dications of selenium,
tellurium, and mixed chalcogen systems, both for the preparation and
reactions of these vicinal-dications.”!

Vicinal -sulfoxonium-oxonium dications have been studied by experi-
mental and theoretical methods, specifically the dicationic species from
dimethylsulfoxide (DMSO).'!3 The structures and energies for the pro-
tonation products of DMSO were calculated at the B3LYP/6-3114+G**//
B3LYP/6-311+G** level (Figure 7). For the monoprotonated products,
the O-protonated structure (226) is found to be 37 kcal/mol more stable
than the S-protonated structure (227). Similar results are obtained from
methylation of DMSO. The second protonation of O-protonated DMSO
can take place on either oxygen or sulfur. Both the O,O-diprotonated
species (228) and the O,S-diprotonated species (229) are found to be
minima on the potential energy surface. However, the O,0-diprotonated
species is found to be 20.87 kcal/mol more stable than the isomeric O,S -
diprotonated species (229). Not surprisingly, there is a significant length-
ening of the O—S bond with the second protonation (226 — 228, 1.641
A — 1.817 A) due to electrostatic repulsive effects. In addition to struc-
tures and energies, 1>C, 70, and S NMR chemical shifts were calcu-
lated using the correlated GIAO-MP2 method with the DFT optimized
geometries. Comparison of the calculated chemical shift values with the
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Figure 7. Protonated dimethylsulfoxide (DMSO) and calculated '*C NMR chemical shift
values.

experimentally determined data in FSO3sH-SbFs-SO,CIF media indicate
predominant formation of the monoprotonated species (226). For example,
the experimentally determined value for the '3C chemical shift of 226 is
found at 8'3C 34.3, while GIAO-MP2 value is estimated to be §'3C 40
(8'3C 35 at the GIAO-SCF level). The diprotonated species is estimated
to be further deshielded to §'>C 56.0.

5.2.5 Halogen-Centered Vicinal -Dications

Despite the importance of halogens in synthetic and mechanistic chem-
istry, there has been very little work on the superelectrophililc activation of
halogens, of vicinal -halogen dications, and related systems. Gas-phase and
theoretical studies have demonstrated the possibility of multiply-ionization
of diatomic halogens, such as producing I,3*, Br,?*, and Cl,3+.!15 In
the condensed phase, acid-catalyzed halogenation of weak nucleophiles
is thought to occur by interaction of halogen lone pair electrons with the
acid (eq 69).

st 5~

AICl; <~— Cl-Cl — AICl

+ — — +
3 3 AlC1 s 3

AlCI 5

:CI-Cl: ——> :CI-Cl—= AICl,

230
s stost (69)
HA e e HA o
H--ClI—CI: H--CI—Cl---H

S_A 5 A Aa‘

231
Complexation with a second equivalent of Lewis acid could produce a super-
electrophilic species (230) having the vicinal -dication structure, or alterna-
tively, double protonation could conceivably generate superelectrophile 231.
Olah and Rasul recently reported a calculational study of both protonated and
methylated vicinal dihalogen dications (HXXH?*, CH;XXCH3%*, etc.).!1
Superelectrophilic activation can also be envisaged for hypohalogen sys-
tems and other oxygenated halogens. Diprotonation of iodosyl systems or
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hypochlorous acid could potentially form the vicinal-dications (232-234)
(eqs 70-71).

u + H + + H +
X—I=0 — X—I=0-H — X—I1-0 or X—[=0-H
H ! (70)
H
232 233
H-0-c] —¥ H\o+ o - H\o+ Cl—H
0 " (71
234

Protonation of perchloric acid could form the corresponding dication 235
and trication 236 (eq 72).

*OH

" + I+ H* I+ HY [+
HO*CHFO — HO*CHl*OH —_— HO*(%]*OH — HO*(‘Z‘I*OH (72)

0 0 “OH "OH

235 236

These systems await future studies.

5.2.6 Noble Gas-Centered Vicinal -Dications

As noted in Chapter 1, the helium dimer dication, He,2t, was predicted
by Pauling to be a stable species.!'” This unusual dication indeed can
be generated in the gas-phase and it has been studied by several the-
oretical investigations.!'® Many other noble gas diatomic species have
been observed by gas-phase studies, including: Ne,>t, ArNe?t, XeNe?*,
and KrHe?" 3% Dicationic species have also been observed with noble gas
bound to other atoms. For example, noble gas chloride dications (NeCI>*,
KrCI>*, and XeClI>*) are reported in mass spectrometric studies.?% Bond-
ing to metal and nonmetal centers have also been seen in dicationic and
tricationic species, for example, in GeNe’*, PtHe’*, VHe’", SiNe’T,
and CAr?+ 865-¢ Other related dicationic and tricationic species have been
studied by theoretical methods. Not surprisingly, the vicinal-dications (and
trications) of noble gas clusters are limited to the gas-phase, and no anal-
ogous condensed phase species have been reported. It may be possible to
form a doubly electron deficient species (237, eq 73)

+

SbF 8 8 SbF, 5 s 8
F-Xe—F ——»= F-Xe—F---SbF; ——> SbFs ---F-Xe—F---SbF;  (73)

237
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by complexation of xenon fluorides by Lewis acids, although it is uncertain
if such a species could be persistent in the condensed phase.

Olah and colleagues have studied the heliomethonium dication,
CH,He** (238)

H\i 7IH 2 g
H7'C\He
H
238

by ab initio calculations at the MP2/6-31G** and MP2/6-311+G(2d,p)
levels.'!” This gitonic superelectrophile 238 is a stable minimum (Cy sym-
metry) on its potential energy surface and its structure is isoelectronic with
CHs™. The transition state structure for proton loss was calculated and
dication 238 is protected from dissociation by a significant energy barrier
(21.3 kcal/mol). Based on calculations, it is suggested that dication 238
may be produced by the reaction of CH4>* and He.
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6

GITONIC 1,3-SUPERELECTROPHILES

6.1 STRUCTURAL CONSIDERATIONS

Multiply charged onium cations have been actively studied over the years.!

With the development of the concept of superelectrophiles and the stud-
ies of varied related onium dications and trications, it has become clear
that electrophilic reactivities drop off rapidly with an increasing distance
between the charge centers. A large enough separation of the charge
centers in onium dications leads to electrophilic reactivities similar to
monocationic electrophiles. As discussed in the previous chapters, gemi-
nal and vicinal-type dications are very reactive gitonic superelectrophiles.
A number of studies have also demonstrated that 1,3-dicationic systems
can exhibit superelectrophilic activity, despite the increased charge-charge
separation. These 1,3-dicationic superelectrophiles are discussed in this
chapter. First superelectrophiles composed of 1,3-carbodications, specif-
ically containing carbenium and carbonium ion centers, are considered.
This is followed by those containing oxonium and carboxonium ions, acyl
dications, and azacarbodications.

6.2 1,3-DICATIONIC SYSTEMS
6.2.1 1,3-Carbodications

The destabilization and connected superelectrophilic character of some
1,3-carbodications can be seen in the unsuccessful attempts to prepare

Superelectrophiles and Their Chemistry, by George A. Olah and Douglas A. Klumpp
Copyright © 2008 John Wiley & Sons, Inc.

187



188 GITONIC 1,3-SUPERELECTROPHILES

certain persistent 1,3-carbodications. For example, the tert-butylcation
(1) is known to be a remarkably stable species in superacidic solution
(eq 1).2 In contrast, ionization of 2,3,3,4-tetramethyl-2,4-pentanediol (2)
does not produce the expected 1,3-carbodication (3), but instead dispropor-
tionation products 2,3-dimethyl-2-butyl cation (4) and protonated acetone
(5) are formed (eq 2).3

superacid HgC \é,CH3

CH, )]
1

(CH3);C-X

FSO,H/SbFs
D —
HO OH —78°C

)\( +
2 4
3
In a similar respect, ionization of 2,4-dichloro-2,4-dimethylpentane (6)
does not give the 1,3-carbodication (7, eq 3).> Despite the superacidic
conditions, deprotonation occurs to give the allylic cation (8). Even sub-
stitution by phenyl groups is not enough to stabilize the 1,3-dication.
For example 1,1,3,3-tetraphenyl-1,3-propanediol (9) also undergoes the
deprotonaton or disproportionation reactions (eq 4).3
In an attempt to prepare an adamanta-1,3-diyl dication 12, only the

monocationic, donor-acceptor complex (11) could be observed experimen-
tally in the superacid-promoted reaction of the difluoride (10, eq 5).4

*OH
N
> (2)

SbF;s

S ol e s S

6 7 8
Ph "OH
FSO;H/SbFs  Ph Ph  FSO;H/SBFs ph Ph
+ + - —_— AN
Ph N CH; Ph )kp ho e HOmOH e m @
9

excess 6+ 57
F F SbFs * F —> SbF; 75 * * 5)
11 12

10
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Although the fully formed dicationic structure (12) is not formed, the
donor-acceptor complex 11 may have partial superelectrophilic character
by interaction with SbFs5. The adamanta-1,3-diyl dication 12 has been
found to be the global minimum structure on the CioH 42" potential
energy surface.’ Theoretical studies at the B3LYP/6-31G** level have
shown 12 to be 0.4 kcal/mol more stable than the isomeric 1,4-dication
13. The loss of stabilization on going from the 3° carbocationic center
to the 2° carbocationic center is compensated by an increasing distance
between charge centers. The next most stable structure is the 1,5-dication
14, which is found to be 3.3 kcal/mol less stable than 12. The struc-
tures and energies for the protio-adamantyl dications (CjoHs>t) were
also studied by theoretical calculations.” At the B3LYP/6-31G** level,
five energy minima were located. The global energy minimum for the
protio-adamantyl dication was found for structure 15, which can be con-
sidered as the C(3)—C(9) protonated 1-adamantyl cation. The structure
contains a two electron—three center (2e—3c) bond involving two car-
bons and a carbenium center separated by a methylene group. The other
C1oH6>" structures are energy minima with considerably higher energy
(> 18 kcal/mol) than dication 15.

+ + H H
N
+ + + o H
+ +

12 13 14

Rel. Energy: 0.0 0.4 33 15
(kcal/mol)

As in the case of vicinal dications, stabilization of the carbocationic
centers has provided several examples of observable 1,3-carbodications.
For example, Olah and co-workers were able to generate the cyclopropyl
stabilized 1,3-carbodication (17) by ionization of the diol (16) in FSO;H—
SbFs at low temperature (eq 6).°

"SO,CIF, 78°C + + + CH;
’ (6)
18

OH OH

sBC 262 s13C 274

The carbocationic centers of 17 exhibit a §!3C resonance of 262.8, which
agrees reasonably with the calculated IGLO DZ/B3LYP/6-31G*
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chemical shift of §'3C 282.6. The cationic centers of the carbodication (17)
are shielded by 12 ppm, when compared with the 1,1-dicyclopropylethyl
cation (18), showing an increased delocalization of the charge from the
cationic centers into the cyclopropyl groups. The trimethylenemethane
dication (20) is an interesting example of a prepared 1,3-dication.” Ion-
ization of the diol (19) in FSO3H—-SbFs produces the dication (20), which
was observed by NMR (eq 7).

24

OH OH Ph  Ph Ph  Ph

Ph Ph  gs0,H-SbF, * + ]
Phyjl\/ih Soarowem P P or | P )fk Ph %)
Ph Ph Ph Ph Ph Ph
19 20

Another class of gitonic superelectrophiles (based on the 1,3-carbodica-
tion structure) are the Wheland intermediates or sigma complexes derived
from electrophilic aromatic substitution of carbocationic systems (eq 8).

+

+ §
Ph O=N=0---HA
)\ or —»Ph + <~ Ph™ + , < etc.
Ph™* Ph o+
O=N=0OH

21 22

®)

Few examples of such intermediates have been reported, but one example
involves the superelectrophilic nitration of the trityl cation.® Attack of
the trityl cation (21) by the protosolvated nitronium ion (22, HNO,?")
leads to a sigma complex (23) having the 1,3-dicationic structure. It is
expected that delocalization of the charges leads to significant contribu-
tions from charge separated resonance forms (eq 8). In general, these types
of dicationic sigma complexes will also be formed when the reacting arene
contains a potentially cationic substituent group. This would include the
superacid-catalyzed reactions of nitrobenzenes, aryl ketones, aryl aldehy-
des, and anilines, many of which are fully protonated in superacids. The
nitration of phenalenone is another example in which a dicationic species
has been proposed as a key intermediate (eq 9).

7N H
OH OH
HNog
70% H,80, H,S0,
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In strongly acidic media, 2-nitrophenalenone is produced which is consis-
tent with formation of dication 24. There are also examples of diprotonated
phenalenones, similar to intermediate 24, that have been directly observed
by NMR spectroscopy.

A similar type of intermediate has been proposed in the superacid-
catalyzed hydrogen-deuterium exchange involving 9-substituted-9-fluo-
renyl cations.!® For example, 9-methyl-9-fluorenyl cation (25) can be
generated in deuterated fluorosulfonic acid solution from ionization of
the 9-methyl-9-fluorenol (Scheme 1). Deuterium exchange is observed at
the C-2/7, C-4/5, and at the methyl carbon. These exchange products have
been rationalized by formation of the ring-deuterated, dicationic species
(26). Formation of the dicationic species likely increases the acidity of
the methyl hydrogens (making them superelectrophilic) and deprotonation
gives monocation 27, which undergoes subsequent deuteration.

There are several other carbodications that may be represented as 1,3-
dicationic systems (or nonclassical, highly delocalized systems), including
Schleyer’s 1,3-dehydro-5,7-adamantanediyl dication (28),'' Hogeveen’s
pyramidal dication (29),'? diallyl dications (i.e., 30),'® dicationic ethers
(i.e., 31),'* diprotonated pyrones (32)," as well as various aromatic dica-
tions.

0=

CIH3 CIHs
oN

C AN
H,C CHy —— | HC—. "\ CH,
B ; = 3C =502 O
H,C CH; H;C /<'>\CH3

28 28 CH, CH,
29 29

CH, CHy  H,Q H CH H CH

N N AN 3 0 AN 3
N '’ H
H3C 00 CH} [+/>;O_<\+j +  + ~
N N 0~ "OH 0~ TOH
+
CHs CH, H,C *
30 31 32 32

Though interesting as dicationic species, these ions are not generally
considered gitonic superelectrophiles. Several recent reviews have sum-
marized their chemistry.'®

As described in the case of the 1-adamantyl cation, protosolvation of
carbon-carbon and carbon-hydrogen sigma bonds can lead to cationic
2e—3c bonding and the formation of carbonium ion centers. The role of
this interaction in the chemistry of superelectrophiles is typified by proto-
solvation of the fert-butyl cation (1) in superacid to provide the dicationic
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HO, CHg
DSO;F H H
so ClF

D+

N ek

Scheme 1. Superacid-promoted deuterium-hydrogen exchange on the 9-methyl-9-fluo-
renyl cation (25)

species (33, eq 10)."7 As described in the previous chapter, this leads
to isotopic exchange when deuterated superacid is used. Although such
protosolvation of trialkylcarbenium ions has only been reported for the
tert-butyl cation and 2-propyl cation, similar dicationic species should also
be possible for larger systems leading 1,3-dicationic superelectrophiles.
For example, the 3-ethyl-3-pentyl cation (34) should preferentially be pro-
tosolvated at the methyl groups (35) instead of the methylene groups (36),
due to the charge-charge repulsive effects (eq 11).

H
_H
+ DF/SbF. H.C .+ _C-: -u* H;C . +_CH,D
H;C \C,CH3 s 3Cs6 \Y,H H 3C56 2 (10)
] —-78°C ]  t ]
CH, CH; D CH;
1 33
H A I]I _H CH,
+
CHyCH, . CH,CHy - HFSOFs | oy cq, | C—c |, | cu «cH, r.ccH g
] N C 17_ --H C Y .
CH,CHj CH2CH3 H CH3CH2 H
34 35 36

(11)

In addition to the carbenium-carbonium dications (i.e. 35), bis-
carbonium dications have been studied by theoretical methods. Exami-
nation of the potential energy surface of C3H;o>* (diprotonated propane)
finds three structures at energy minima.'® The global minimum corre-
sponds to the structure (37) in which both terminal carbons are involved
in electron-deficient 2e—3c bonds. The next most stable C3H o structure
(38) lies 6.7 kcal/mol higher in energy and it possesses two 2e—3c bonds,
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one involving the C—H bond and the other involving the C—C bond. In
a similar respect, the global minimum on the C4H;,>* potential energy
surface is found at a structure (39) involving 2e—3c bonds of the terminal
carbons. '8

H H
Ho /7 \ _H H_ A . _H H /" '\ _H
H «..CT_.H . .C_ % H. .C. .CI{_.H
J;T /C\ T ;T /C\ | H +Y /C\ AE:
; \ ; H - .
HH HH g H H ot cuu
37 38 39

It might be argued that structures such as 37 and 39 should actually
be described as distonic superelectrophiles, because three carbon atoms
separate the protosolvated, 2e—3c bonds. However, as it is understood that
some of the positive charge resides at the carbon atoms of the —CHy™
groups, the designations as gitonic superelectrophiles can be considered
appropriate for 37 and 39.

6.2.2 Carboxonium-Centered 1,3-Dications

There have been a significant number of reports of gitonic superelec-
trophilic systems involving carboxonium-centered dications. Many of
these can be represented as 1,3-dicationic systems, although charge delo-
calization may increase the distance between charge centers. Some
superelectrophiles of this type could be considered gitonic or distonic,
depending upon which resonance form predominates in describing the
structure. For example, acidic carboxonium ions can be described as either
the carbenium or oxonium structures (40a and 40b, respectively).

H

| H_*

:0% CH; 0! CH;
fco.cl o —s .Cc._.ct
H;C™ °C” "CH;, H;C™ ~C7 TCHy
H H H H
40a 40b

With the adjacent carbocationic center, structure 40a would be consid-
ered a gitonic superelectrophile while 40b would be a distonic super-
electrophile. Although it is generally recognized that the oxonium-type
structure (40b) is the more important resonance form in the description of
many carboxonium ions,'® for demonstrating the raised point we use the
hydroxycarbenium ion form for some of the dicationic structures in this
section. These include carboxonium dications from 1,3-dicarbonyl groups,
o,B-unsaturated carbonyl compounds, and others. The oxonium-type of
representation is, however, used in the section describing gitonic super-
electrophiles from diprotonated esters and carboxylic acids.
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6.2.2.1 Carboxonium-Carbenium Dications The protonation of mesityl
oxide (41) has been studied by several groups.!® It has been proposed that
mesityl oxide can form equilibria in superacid with the O,O-diprotonated
species (42) and (at more elevated temperatures) with the C,O-diprotona-
ted species (40, eq 12).1%

O CHy " +9H CH; - +(?Hz CH;
.C. 2Co . C.2C = =——= _Ce ..Cl
H,C =" CH, Hy,C™ 7 C7CH, HyC™SC7 7 CH,
H H H
41 . 42
H
_ (12)
CLALL + "OH CH, OH CH,
” (0] CH; I [ Ny [
I [ C. .C< - .C. .C<
e e en H,C™ ~C7 TCH; H;C™ °C” TCH;
3 M 3 H H H H
H H
40b 40a
43

Evidence for the involvement of the diprotonated species 40 and 42
includes '*C NMR data, which shows deshielding of the involved car-
bons as the acidity of the media increases from Hy —8 to —26 (mesityl
oxide is estimated to be fully monoprotonated in acids of about Hy —8).
Dication 42 has been shown to be capable of reacting even with very weak
nucleophiles, for example, abstracting hydride from cyclohexane.'”® An
analogous species (43) has been proposed in interaction with excess AlCl3.
Protonated cyclohex-2-enone is converted to 3-methylcyclo-pent-2-enone
in HF—SbFs solution at 50°C.2° The reaction mechanism is thought to
involve the dicationic intermediate 44 (eq 13). Likewise, aryl-substituted
indenones are converted to the dications by reaction in superacid (eq 14).%!

0 *OH OH oH" 0
+
HF-SbF.
_HFSOFs — S . (13)
+ +
44 44 CH, CH,

O

OH"
A CF;SO;H A
S S+
R’ R’ R’
R
45

(14)

R
45
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Dications (45) can be directly observed in some cases (R= —CHj3 and
—OCH3). Depending on the substituents, the carboxonium carbon (C-1)
is observed between §13C 214-217, C-2 is observed at §'3C 4446, and
C-3 is observed at about §'3C 197. These data are consistent with the
formation of diprotonated species 45. For «f-unsaturated ketones, both
C,O-diprotonated and O,O-diprotonated species have been observed. For
example, dication 46, arising from C,O-diprotonation, is the product from
4-phenyl-3-buten-2-one in superacid,?> while dication 47, arising from
0,0-diprotonation, is the product from chalcone in superacid.??

‘OH "OH,
+ +
4
Ph /\)kcm Ph /\/kPh
46 47

Carboxonium-carbenium dications have also been proposed in the reac-
tions of aryl ethers, phenols, and naphthols, with superacids. When
2-naphthol is reacted with an excess of AICl; (3 equivalents) and cyclo-
hexane, the product of ionic hydrogenation is observed in 59% yield
(eq 15).2* This conversion is thought to occur by double protonation of
the 2-naphthol ring to give the dication 48, which is capable of abstract-
ing hydride from cyclohexane. Similar intermediates are formed by the
reactions of HF—SbFs with naphthyl ethers (eq 16).%>

3 equiv O
AlCly C(H|
“/O Cetiy (15)

48, X =H, AlCl3 , ALCly,~

.
OCH, OCH, + OCH,4
3 HF-SbFs
O e O "
Ph

-30°C
Ph

Dication 49 can be directly observed by low temperature NMR. Like other
carboxonium ions, dication 49 forms an equilibrium mixture of the £ and
Z stereoisomers.

A variety of 1,3-dicationic carboxonium superelectrophiles have been
generated from protonation of carboxylic acids and their derivatives. For
example, carboxonium-carbenium dications have been proposed in the
superacid promoted reaction of cinnamic acid (50) and related
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compounds.26 When cinnamic acid is reacted with triflic acid and benzene,
the indanone product 51 is formed in good yield (eq 17).

O

/\i CF,SO;H
Ph OH CeHo 17
Ph
50 51
+ + + +
OH OH OH OH, Ph OH
- /
PhMOH Ph/*\)kOH PhMOH Ph/*\)\ OH PhMOH
52 53 53 54 55

Mechanistically, it is suggested to involve protonation of the carboxylic
acid group to give the monocation 52, followed by a second protona-
tion at the C-2 position to give the superelectrophile 53.2%¢ Cyclization
of the propionic acid derivative (55) then gives the indanone product.
Ab initio calculations suggest that 53 is the key intermediate, rather than
dication 54 (arising from O,O-diprotonation).?®* Structure 54 is found
to lie 28 kcal/mol above 53 on the potential energy surface. Although
superelectrophile 53 could not be directly observed using low tempera-
ture '3C NMR, the dication (57) from B-phenylcinnamic acid (56) can
be observed in FSO3H-SbF5—SO,CIF solution.?6® The superelectrophilic
character of dication 57 is seen by comparing it with a monocationic ana-
logue, the 1,1-diphenylethyl cation 59. While dication 57 reacts readily
with benzene, and gives the indanone (58) in high yield from a cyclization
(eq 18), the 1,1-diphenylethyl cation (59) is unreactive towards benzene

(eq 19).

0
Ph O crsom )Ph\;(l)f - *OH
3 3 6116
PhMOH CH,  Ph7F OH phMOH (18)
56 57 Ph Ph
58
Ph CF3SO3H Ph C(,H() .
AN T o, NoReacton (19)
Ph 6He 3
59

This suggests that the protonated carboxylic acid group enhances the
electrophilic reactivity of the carbocationic site (i.e., makes it superelec-
trophilic), despite the resonance stabilization by the two phenyl groups.
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Several types of unsaturated amides have produced gitonic superelec-
trophiles in superacidic media. For example, reaction of the cinnamamide
(60) with benzene in CF3SO3sH gives the addition product in quantitative
yield (eq 20).”’

+

o CF,SO;H , OH CeHg Ph o
3 3 i
Ph /\)I\NH2 Cofle Ph/\/mNHz PhMNHz (20)
60 61

The dicationic species (61) is proposed as the key intermediate in the
reaction. Dicationic intermediates such as 61 have also been proposed
in conversions of unsaturated amides with polyphosphoric acid, sulfated
zirconia, and zeolite catalysts, such as HUSY.?® Likewise, ionic hydro-
genation of 2-quinolinol (62) can be best understood by the involvement
of the dicationic species (63), which is sufficiently electrophilic to react

with cyclohexane (eq 21).2°

;
/\lCl; N / X 8()0/
@ @
63 "

90(
X =Hor ALCly,~

H

| +

N O~y

SR HAT
H

H

64

It was also noted that dications like 63 may only be discrete intermediates
in reactions in very strong liquid superacids, while protosolvated species
like 64 may be more likely intermediates in reactions involving weaker
superacids or zeolites.

There have been two reports involving gitonic superelectrophiles com-
posed of carboxonium ions and vinylic carbocations in a 1,3-relationship.
In the reaction of 3-phenylpropynoic acid (65) with benzene in superacid
the novel carboxonium-vinyl dication 66 is generated, followed by reac-
tion with benzene and then cyclization (eq 22).2%* Likewise, the unsatu-
rated amide (67) gives the cyclization product in high yields (70-97%)
in very strong acids (polyphosphoric acid, CF3SOsH, Nafion SAC-13, or
HUSY; eq 23).30
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CE.SOH HO + HO
Ph—= —CO,H o0, +/_2:OH - J}_?*OH
CgHg — =
i’ H pi’ H
6 66

65 6
0 : (22)
Ph  OH
99%
Ph™+ OH
Ph' Ph
58 57
+ _H l_\[
(0] O N (0]
Ph—= —C— NHPh A
CeHg Ph” ™S N~ — (23)
H H
67 68 Ph

The carboxonium-vinylic dication (68) is considered the key intermedi-
ate leading to the cyclization product. The analogous vinylic dications
(69-71) have also been generated in superacid.’! Each of the species
exhibits high electrophilic reactivity.

Ph H
Ph h N-N  +Z
PR m S Dh/
+
H
69 70 71

6.2.2.2 Bis-carboxonium Dications A number of reports describe
gitonic superelectrophiles arising from carboxonium ion groups sepa-
rated by a carbon, oxygen, or nitrogen atom (Table 1). As noted, acidic
carboxonium ions can be represented as either the oxonium-type or
hydroxycarbenium-type structures. Depending on which resonance form
is considered, these bis-carboxonium dications are considered either a
gitonic or distonic superelectrophiles. For example, aliphatic 1,3-diketones
can be diprotonated in FSO3sH-SbF5—SO, solution at low temperature
(eq 24) 3%

+ +
o 0 FSO5H-SbF5-SO, OH OH OH OH
— Q< -~ 24
H3cMCH3 —60°C H3CMCH3 H3CMCH3 ( )
73a 73b

The two important resonance structures for the dication are the bis-
oxonium structure (73a, a distonic superelectrophile) and the bis-
carbenium structure (73b, a gitonic superelectrophile). Although it is
understood that various factors should favor structure 73a (including
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charge-charge repulsion), a considerable amount of positive charge resides
at the carbon. Thus, due to their (partial) 1,3-dicationic character, these
types of dicationic species are considered as gitonic superelectrophiles.

Bis-carboxonium ions such as 73 can be directly observed using low-
temperature NMR. In the case of 73, 2,4 pentanedione is dissolved in
FSO3H-SbF5—S0, solution at —60°C and the 'H NMR shows three
absorptions, including the carboxonium protons.>? In some cases (espe-
cially in weaker superacid systems), the diprotonated species form
equilibrium mixtures with the monoprotonated species. When either 1,3-
cyclohexane-dione or 2-methyl-1,3-cyclopentanedione is reacted in very
strong superacids, only the monoprotonated species are observed.’? This
is attributed to increased stability of the enol-type cations, 90 and 91,
when compared with the acyclic systems.

+ CH3 OH" OH"
HO OH + X
U HO OH o
OH* OH"
90 91 92 93

However, diprotonated and triprotonated indane derivatives (92 and 93)
have been reported.>?

The dicationic species have also been obtained from B-ketoacids,
B-ketoesters, and pS-ketoamides in superacid solutions (Table 1,
entries 2—4). Diprotonated acetoacetic acid (75) can be observed by
low-temperature NMR under stable ion conditions.** Likewise, diproto-
nated methylacetoacetate (77) can be observed by NMR at temperatures
lower than —80°C in FSO3H—SbFs5—SO, solution.*> With ethyl acetoac-
etate in HF—SbFs, the equilibrium constant for the dication-monocation
equilibrium has been estimated to be at least 107, indicating virtually
complete conversion to the superelectrophile.®> The B-ketoamide (78) is
found to give the condensation products 95 in good yield from CF;SOs;H
and the superelectrophile 79 is proposed as the key intermediate in the
condensation reaction (eq 25).”’

(6} (6} CF;SO;H 6H (Jr)H Ph (;H
H3CMNH2 CeHo H;CMNHZ HyC 7+ NH,
78 79 94
| o0 (25)
Ph O
Ph
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Table 1. Dications formed upon protonation of 1,3-dicarbonyl groups and related

precursors.
Entry Precursor Dication Acid
+ +
j\/cl)l\ OH OH
FSO;H-SbF
M H,C CH;, H,C CH; A
72 73
+ +
)Oj\/l?\ OH OH
2 FSO;H-SbF
@ HAC OH H,C J\/U\ oH 3 5
74 75
O O + +
OH OH
3 FSO;H-SbFs
3) ;. MM oc, ne )J\/U\O%
76 77
+ +
0O o OH OH
4 CF;SO;H
@ H3CJ\/U\NH2 H3C)J\/U\NH2
78 79
O O + +
OH OH
5 FSO;H-SbF
80 81
+ +
o o\v\i\/éo Ho\v\i/v/OH FSO;H-SbFs
82 83
X X CF;SO;H
N f_ N_ _*
) O\v\_/v/o HO\V\_/V/OH FSO3H-SbFs
X =H, Cl, Br, I BF3-H,0
84 85
.
o, 0 o, OH
(8) Ns ( Ns iN CF;SO:H
H- \[rN‘H H- “H
0 *OH
86 87
OH “OH
) OO HF-SbFs
+
OH OH
88 89

4Cyclic dication 83 is in equilibrium with open chain dication, see text.
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Following electrophilic attack on benzene, the carbenium-carboxonium
dication 94 is generated, which then gives the product 95. There have
been several studies of the chemistry of malonic acid (80) and its esters
in superacidic media. It has been shown that diprotonated products (i.e.,
81) are formed (Table 1, entry 5).3¢

A number of cyclic systems have produced bis-carboxonium dications
(Table 1, entries 6-9). In the case of succinic anhydride (82), however,
the product formed at —80°C in FSO3;H-SbF5—SO, solution was the
acyl-carboxonium dication (96, eq 26).%

+ +

OH H6 0 6H OH
+ —_ _ +
OCVJ\OH v HOMCO (26)
N6 S 83 96

When the solution is warmed to —40°C, NMR suggests that the acyl-
carboxonium dication 96 rearranges through the bis-carboxonium dication
83 leading to the acyl-carboxonium dication 96.

The succinimide ring system is also thought to form diprotonated,
bis-carboxonium type dications (entry 7).3%3° When succinimide (84, X =
H) is dissolved in FSO3H—-SbF5—-SO; solution, the dicationic species (85,
X =H) can be directly observed by low temperature NMR.3>* Recently,
Olah and co-workers demonstrated that N -halo-succinimide (84, X =Cl,
Br, )-BF3-H,O0 is a highly effective halogenating system for arenes.*
A remarkable aspect of this halogenating system is its ability to even
readily halogenate deactivated arenes. For example, 2-fluoronitrobenzene
is converted to the halogenated products (97, X =Cl, Br, I) in high yields
from the corresponding N -halosuccinimides and BF;—H,O (eq 27).

NO, X NO, X Yield
F N BF3-H,0 F Cl 81%
+ 0 0 Br 95% 27)
I 92%
X
84 X =Cl,Br, 1 97

To account for these conversions, two mechanistic proposals have been
made: either the halogenating system involves a highly reactive and sol-
vated X*, or the reaction involves X' transfer from a protonated form
of N-halosuccinimide. In the later case, X transfer could occur from
the neutral N -halosuccinimide, monoprotonated, or multiply protonated,
superelectrophilic species. These mechanistic possibilities were further
examined using DFT calculations. For N -chlorosuccinimide and its pro-
tosolvated intermediates, a series of calculations were done at the B3LYP/
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Table 2. Calculated reaction enthalpies for the generation of C1* from
N-chlorosuccinimide and its protonated forms.

AH, kcal/mol

Cl

|
(0] N O O /N O

HoT
N N
HOu
+
o< _o HO~N\_oH
H C H
+ + + +
98

6-3114++G**//B3LYP/6-31G* level to estimate the reaction enthalpies
for the generation of CI* (Table 2).3°® Optimized structures and energies
were calculated for N -chlorosuccinimide, its mono-, di-, and triproto-
nated forms, and the dehalogenated product. Not surprisingly, cleavage
of the nitrogen-chlorine bond to form CIT becomes increasingly favor-
able with a greater degree of protonation of N -chlorosuccinimide. Only
in the case of the triprotonated species (98), however, is the release of
CI* predicted to be exothermic. Although it is not presently clear whether
this particular halogenating system involves the release of solvated CI*
or the direct transfer of CI* to the arene nucleophile, the calculations sug-
gest that protosolvation of the N -chlorosuccinimide leads to ground state
destabilization. If CI* is directly transferred to the arene nucleophiles,
this estabilization of the N -chlorosuccinimide by superelectrophilic acti-
vation should lead to lowered activation barriers leading to the product,
compared to the uncatalyzed reactions (eqs 28—29).

(28)



1,3-DICATIONIC SYSTEMS 203

AG F > AGT

. + o0t
AGSF 8 H H. cl

N - (29)

Transfer of CI™ to the arene provides some relief of the Coulombic repul-
sion in the multiply charged, superelectrophilic system. Under the reaction
conditions, it is not yet known to what extent the N -halosuccinimides are
protonated in BF3—H,O, but this acid-catalyst has an estimated acidity
around Hy —12.

Parabanic acid (86) has been shown to produce highly electrophilic species
in superacidic CF3SO3H, and the resulting electrophile is capable of reacting
with C¢Hg and moderately deactivated arenes.*’ The superacid-promoted
condensation reaction of parabanic acid with benzene (and other arenes) in
CF3SOsH provides satisfactory yields of the 5,5-diarylhydantoins (eq 30),

0, O o} OH o FPh

H CF,S0,H H 2 CeHg th
H'NYMH Tem T N A T H N o (30)
(0] +OH (0]
86 87

well known for their use as anticonvulsant drugs. To explain the high elec-
trophilic reactivity of parabanic acid in CF3SO3H, the superelectrophilic
intermediate (87) is suggested as the key intermediate. Alternatively, a
protosolvated ion with partial dicationic character may also be involved.

A series of protonated napthalenediols have also been studied and in
some cases the bis-carboxonium dications can be observed by low temper-
ature NMR from HF—SbFs solution.” In the case of 1,3-napthalenediol
(88), the bis-carboxonium ion (89) is formed having the 1,3-dicationic
character (Table 1, entry 9).

6.2.2.3 Carboxonium-Ammonium and Related Dications A wide vari-
ety of species have been generated in which the 1,3-dicationic structure
arises from carboxonium ion centers being adjacent (separated by one car-
bon) to an ammonium or related charge center. These intermediates may
be described as reactive dications, yet they have been shown to exhibit
electrophilic reactivities comparable to superelectrophiles.
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It was demonstrated that o-aminoacids can be protonated in superacids
to form well-defined dicationic species (99, eq 31).#! It is not known if
racemization of the «-aminoacid dications occurs from deprotonation at
the a-carbon. Given the high acidity of the media, however, this seems
unlikely. Triprotonated amino acids were likewise observed with amino
acids lysine, methionine, aspartic acid, and glutamic acid. Interestingly,
there were no examples of the a-aminoacid dications (i.e., 99) cleaving
to the corresponding acyl dications (i.e., 100). Increasing the charge sep-
aration of the cationic centers however facilitates the dehydration to the
acyl dication (102, eq 32).

CH, CHj,

FSO;H-SbF-SO CHy
+ O 3 572 + OH +
H;N)\f e H;N/'\f/ e HNT N 31
: ; K 5 .

T U7 e i, G31)

99 100

*OH
+M +/\/\///O+
H;N OH -n,0 H;3N (32)
101 102

The different chemistry of the dications 99 and 101 seems to reflect
the superelectrophilic nature of the gitonic dication. It has also been
shown that simple peptides may be multiply protonated in acids like
FSO3;H-SbFs, generally being protonated at the terminal amino group,
the carboxyl group, and at the peptide bonds. In a study of the chemistry
of N-tosylated phenylalanine derivatives, the diprotonated intermediate
(103) was proposed in a reaction with superacid CF3SO3H (eq 33).%

*OH
(0}
CESOH o OH
Ph OH
Honi 0 (33)
NHTs o8
o Ar

103

It has also been shown that gitonic dications may be generated from
superacid-promoted reactions of aminoacetals (eq 34).+

N
OCH CF,SO;H + OCH; + OCH
H,N o N HNT
OCH, o
104 105 105
CeHg l ~CH;0H (34)

Ph + Ph
H,N /\r H3N/\+/
95% Ph
107 106
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Reaction of acetal 104 with benzene in the presence of CF3SO3H leads
to product 107 in high yield. This conversion involves formation of the
ammonium-carboxonium dication (105), a reactive dication possessing
some 1,3-dicationic character. Reaction with benzene and subsequent loss
of methanol generates another reactive dication (106), which then gives the
product. The superelectrophilic character of the ammonium-carboxonium
dications is indicated by their reactions with moderately deactivated
arenes, such as o-dichlorobenzene.

The N -heterocyclic systems have likewise been shown to produce reac-
tive dications having 1,3-dicationic character. Piperidones and related
systems are diprotonated in superacid and the resulting intermediates
are capable of reacting with benzene in condensation reactions
(eq 35).%

o oM %SH AJ/OH
[ff LN T LT (35)
o + H +

Several types of nitrogen-containing heteroaromatic compounds are also
capable of producing carboxonium-centered dications (Table 3)*> Among
the dications 108-113, all have been shown to react with weak nucle-
ophiles such as benzene, deactivated arenes, and even saturated hydro-
carbons. Moreover, their reactivities greatly exceed that of comparable
monocationic electrophiles. In the case of dication 111, for example, it is
shown that it will condense with benzene in a hydroxyalkylative conver-
sion (eq 36).4

O cF so2
Q “‘f — Q &C@’h (36)

Under the same reaction conditions, however, protonated acetone does not
react with benzene. Dications 112 and 113 have been shown to undergo
ionic hydrogenation in the presence of cyclohexane, an exceptionally weak
nucleophile.*>f

The chemistry of N-acyliminium ions has great synthetic value and
many of the conversions are done in highly acidic media.*® There are sev-
eral examples of N-acyliminium ion reactions that likely involve gitonic
superelectrophiles. For example, reaction of the 3-chlorophthalimidine
114 with excess AICl3 produces an electrophile capable of reacting with
m-dichlorobenzene (eq 37).4
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Table 3. Dicationic species (108—113) arising from diprotonation of
N-heteroaromatic compounds.

Entry Substrate Dication Acid
+ H
N NN 7
(1) N Ny CF3S0;H
N0 _~__OH
0 108§
s. O s. ‘oH
2) [ < [ >~ CF3SO5H
N  CHs TN CH
H
109
0 H "OH
+
3) | N H | NS H CF3S0;H
= =
110
+ 0 _OH
AN
@) | N /A\Tﬁ CF3S03H
) CH, ~  CHs
X- 111
X N
5) | CF;SO3H-SbFs
~ ~
N N,
OH *OH H
112
“OH
~OH _
(6) HBr-AlBr3
_N /IH\X
113

X =H or Al,Brz,

0 0 o — A1c12
m-CgH,C N AlCl
NH 0 cquiv, NH s0% cl
AICI, Cl

Cl
114 115 116

(37)
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As a reasonable explanation for the high electrophilic reactivity, the
N-acyliminium ion (115) may be interacting with excess Lewis acid to
produce the gitonic superelectrophile (116). Another superelectrophilic
N-acyliminium ion is involved in the superacid-promoted Tscherniac
amidomethylation reaction of aromatic compounds.*® It was observed
that N -hydroxymethylphthalimide reacts with benzene and deactivated
arenes in superacidic CF3SOsH (Scheme 2). Given the high electrophilic
reactivity, the gitonic superelectrophiles (117 and 118) were proposed as
probable intermediates. The cyclic N-acyliminium (120) ion is obtained
from ionization of the 5-hydroxypyrrolidone (119) and indirect evidence
suggests the formation of the gitonic superelectrophile (121) in superacids
(eq 38).* A dramatic acidity effect is seen in the reactions of 119 with
arenes and CF;SOs3H (Hy —14) or CF3CO;H (Hyp —2.7). Compound
119 reacts with a moderately deactivated arene, p-dichlorobenzene, in
CF3SO3H. In contrast, the same reaction with CF3CO,H gives no ary-
lated product (122). However, when an activated arene is used in the
reaction with 119 and CF3CO;H, the arylated product (123) is obtained
(eq 39), indicating that the N-acyliminium ion (120) is generated in the
CF3CO,H media. This is in accord that the superacidic CF3SOszH pro-
tosolvates the N-acyliminium ion (120) to produce the superelectrophile
(121, eq 38). This chemistry was also studied by calculations (Figure 1)
that indicate that the superelectrophilic N-acyliminium ion (121) is far
more reactive towards benzene than the monocationic N-acyliminium ion
(120). Calculations using gas-phase modeling indicate that formation of
the o-complex from the monocationic N-acyliminium ion (120) and ben-
zene is significantly endothermic (at the MP2/6-314G* level no minimum

0 0 P
©i§\l ~ OH CE3sOH Cg%l
CeHe
0O (0]
*OH 0O
OH CF3S03H + o — + H
N=CH, \EHZ
(6] (0]
I 117 118
OH
+ ¥ {
©:§NCH2 CQ\[CHZ
(0]

OH2
H

.
N-CH, ~

o}
.

Scheme 2.
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could be found for the o-complex, and without a fixed ring-ring bond,
the structure reverts to benzene and 120). However, formation of the
o-complex from the superelectrophilic N-acyliminium ion (121) and ben-
zene is found to highly exothermic. The more favorable thermodynamics
is clearly the result of effective charge dispersal in the formation of the
o-complex from the superelectrophile. Given the highly acidic conditions
and high temperatures often used in the reactions of N-acyliminium ions
with arenes, it is likely that other examples of superelectrophilic interme-
diates arising from protosolvation, or interaction with excess Lewis acids
are to be found.

0 0 *OH

N-CH,
CF;SO;H Nt cH Nt CH, _%%
N e L S (38)

80°C Cl
119 120 121 122
(6]
0 0
CF,CO,H 5}\; - 7% N—=CH;
- ., -
N-CH; p-CgH,(OCH;), 7 } (39)
80°C H;CO
OH OCH,4
119 120 123

A series of phosphonium-carboxonium dications have also been studied
in superacid catalyzed reactions.>'* When the dicationic electrophiles are
compared with similar monocationic species, it is clear that the phos-
phonium group enhances the electrophilic character of the carboxonium
center. For example, protonated acetone is incapable of reacting with
benzene in condensation reactions, however, the phosphonium-substituted
carboxonium ion (124) reacts in high yield (eq 40).

Ph . O CRSOH  pp + YOH 8% Ph_ "
PN Ry —= e Ph
Ph” Gt Ph7 Ph” | (40)
Ph  CH, Ph  CH, Ph  CH,
124 X

Phosphonium groups are well known for their ability to stabilize adjacent
anionic sites (i.e., Wittig reagents), but the results with the dicationic
species indicate that phosphonium groups can also destabilize adjacent
cationic groups producing their superelectrophilic reactivities.
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+
OH
N-CHj;
Y H
Th o H
! cnlry + y N-CHj; AHreaction
evel (kcal/mol)
120
HF/6-31+G* Energy + ZPE ~ -230.711092 —323.093601 —557.69292 +22.2
(Hartrees)
MP2/6-31+G* -231.472004 -324.061503 —-555.513348 +12.6
(ring-ring bond fixed)
2+
OH
N-CH,
N 3
OH H
T 5 - H AH
heory N-CH reaction
Level * Y 3 (kcal/mol)
121
HF/6-31+G* Energy + ZPE ~ -230.711092 —323.236421 —557.016575 —43.3
(Hartrees)
MP2/6-31+G* —231.472004 —324.183270 —555.743085 =55.1

Figure 1. Calculated energetics for the reactions of monocation 120 and superelectrophile
121 with benzene to form the initial o-complexes.

6.2.2.4 Diprotonated Esters and Carboxylic Acids A significant class
of 1,3-dicationic gitonic superelectrophiles are the diprotonated esters
and carboxylic acids. Acid-catalyzed ester cleavage has been extensively
studied in organic chemistry and evidence has emerged to suggest that
superelectrophiles can play a role in this chemistry. The acid catalyzed
Ayl cleavage mechanism involves initial protonation at the acyl oxy-
gen, followed by proton transfer to the ether oxygen, followed by direct
cleavage to the acyl cation and alcohol (eq 41). In low-temperature NMR
studies, methyl acetate is found to be completely protonated at the acyl
oxygen (125) in superacidic FSO3H/SbFs/SO, solution.®® There is no
indication of an equilibrium with the neutral ester or the ether protonated
isomer (126). However, even at —78°C, protonated methyl acetate under-
goes slow acyl oxygen cleavage to acetyl cation and methyloxonium ion
(eq 42).

e N Toen o 3

_CHy 94 _CHy —= +_CH

H,c” ~0" 2% Ta H, T o7 HC” 70 3 H,c” ~ t CHOH
125 126 H

(41)
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+

j\ - FSO;H:SbFs )J\ cH )Ojil o j) +
—» _—
H,c” 073 3 H,C” T0” 3T n,c” * + CHOH
—78C -
H
125 127

(42)

This is indicative of further protolytic activation via the superelectrophilic
gitonic carboxonium dication (127). The protonated species arising from
methyl acetate were also studied by calculational methods.’® Consistent
with the experimental results, the most stable monoprotonated species is
found to be the acyl-oxygen protonated monocation (125). Several dipro-
tonated structures were found as minima on the potential energy surface
(MP4(SDTQ)/6-31G*//MP2/6-31G* level) and a stereoisomer of 127 is
found to be the most stable. Structurally, the second protonation on 125
leads to a lengthening of the oxonium centers oxygen-carbon bond and a
shortening of the oxygen-carbon bond of the acyl center. Another mini-
mum on the potential energy surface is the dication arising from double
protonation at the acyl oxygen. It is found just 3.0kcal/mol higher in
energy than the global minimum (i.e., 127).

Further evidence for dicationic intermediates comes from a study of the
1,1-di-methoxyethyl cation (128) and its reaction with CD3;F—SbFs5-SO,
(eq 43).>° At —30°C, slow methyl exchange occurs at the methoxy oxy-
gen. Since demethylation (to form the neutral ester) is unlikely in such
highly acidic solution, the methyl exchange is best interpreted by elec-
trophilic solvation of 128 by the CD3F:SbFs and methylation to give the
dication 129. Subsequent demethylation then gives the exchange product
130. The superacid-promoted ring opening of the B-lactone 131 has also
been shown to produce the distonic acyl-oxonium dication 133!

Nu  (NuCHy"*

O~CH; . ksoryso O-CH, O-CHs
H,C _< I me = yc<
H3 -30°C IO+—CH3 O- CD3 (43)
BF, D,C
128 129 130
CH, CH,
) J CH
H;C HF-BF;  H;C Hg 3
—_—
o} + o . (44)
0 HO OH2
131 132 133

This ring opening may likewise involve the gitonic superelectrophile 132.
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Superelectrophilic intermediates have further been proposed in the reac-
tions of some esters. For example, a recent report describes the conver-
sions of methyl benzoate to benzophenone products (70—93% yields) in
reactions with superacid (eq 45).>2

0 (0]
. NO
CF;SO;H 2
o L P
CHNO,

82%

+ +
OH OH,
+
OCH; OCH,
H +
134 135

To explain the high level of electrophilic reactivity of this system, the
protosolvated species 134 and 135 are proposed as probable intermediates.

Like the diprotonated esters, gitonic superelectrophiles are thought to
arise from the reactions of some carboxylic acids in superacidic media.
Protosolvation of the monoprotonated carboxylic acids has been suggested
in the superacid-catalyzed formation of acyl cations from the correspond-
ing carboxylic acids. For example, tetrafluoromethane is formed in the
reaction of trifluoroacetic acid (CF;CO,H) with FSO3H-SbF5 (50 mol %
SbFs; eq 46).>3

+ +
(.C). FSO,H:SbFg OH ut OH ~H,0 QH _con* CF SbF;- -
N —_— /C\ _— /C\ + —_— P R — —_—
F,C”"OH F,C” “OH F,C”~ “OH, F5C C, 3 -SbF; 4
136 137 138 139
(46)

With decreasing mol % of SbFs and thus decreasing acidity, the yield of
CF4 diminishes, and at 10 mol % SbFs no CF;, is detectable. These results
are interpreted as the protonation of CF;CO,H to form the carboxonium
ion 136, and subsequent protosolvation involving the gifonic dication 137.
Formation of 137 then leads to cleavage to the protiotrifluoroacetyl cation
138, which ultimately leads to CF,. Theoretical calculations found the
dication 137 to be a stable minimum structure at the MP2/6-31G* level >
However calculations at the same level of theory could not find a stable
minimum for the protiotrifluoroacetyl dication 138 because of its sponta-
neous dissociation into CF3;" and protonated carbon monoxide (COH™).
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This suggests that the formation of the CF3z" cation and fluoride abstrac-
tion from SbFg™ leads to the product CFy.

In a similar respect, protosolvation has been suggested in the superacid-
induced formation of the acetyl cation from acetic acid and the for-
mation of the formyl cation from formic acid* In theoretical studies
related to such processes, both diprotonated acetic acid and diprotonated
formic acid were found at a minimum on the potential energy surfaces
(MP2/6-31G* level). In the case of acetic acid, the global minimum
structure involves protonation at both oxygen atoms (140) and the struc-
ture is characterized by a long C—OH; bond and relatively short C—OH
bond.’3C and 70O NMR chemical shifts were also calculated using IGLO,
GIAO-SCF, and GIAO-MP2 methods. The gitonic superelectrophile (140)
can be considered as a donor-acceptor complex of HO and the pro-
tonated acetyl cation (CH3;COH?*). A similar structure (both Cy point
group) is found at the global minimum for diprotonated formic acid (141).

—| 2+ 2+
1.221 A —>H\9 1.20 Z\HH\'(')
} 207

_C. Co

H3C/C, 'l H/’(\) !
. \ .
1.376 A H 1351 A H
140 141

Although monoprotonated acetic and formic acid can be directly observed
as persistent species in superacids at low temperature,> the diprotonated
ions 140 and 141 have not been detectable in the condensed phase as they
cleave to their acyl cations

6.2.3 Oxonium 1,3-Dications

Like gitonic 1,2-dicationic species, analogous superelectrophiles having
two oxonium cationic centers in a 1,3-dicationic structure are so far vir-
tually unknown. There have been no reports of persistent bis-oxonium
1,3-dicationic species such as 142—-143. This may be due to the facile
cleavage pathways that are available to such systems. In the case of
1,3-dioxane, reaction in superacid does not lead to the gitonic superelec-
trophile 143, but rather ring opening products such as 145 and 146 are
observed.”® These are thought to arise from monocationic intermediates
like 144 (eq 47).

CH; CHy Hot ~*_H
PONGFON
HyC ™+ > 5 CH,

142 143
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0~ >0 HF-SbF;

(o U — 0, @D

Several gitonic superelectrophiles have been reported having closely
oriented oxonium and carboxonium ion centers, some of which may be
considered 1,3-dications. A series of hydroxy-substituted carboxylic acids
were studied in FSO3H—-SbF5 in solution and the oxonium-carbonium
dications could be directly observed at low temperature.’ In the case of
lactic acid, dication 147 is a persistent ion at —80°C, but at temperatures
above —60°C, formation of the diprotonated lactide (148) is observed
(eq 48).

. CH; |,
Q e OH ) /LW7OH
HOJS/CH3 FSO3H:SbFs J\/CH; /K(CH3 -2 H;0 0
SO, HO —-30°C + }\/O
OH -80°C OH OHZ HO L
147 147 148 ’

(48)

Although no mechanism is proposed for the dimerization of lactic acid
in the FSO3H-SbFs solution, the process may very well involve the
superelectrophile 147. Other oxonium-carbenium 1,3-dications have been
suggested in superacid promoted pinacolone rearrangments of diproto-
nated aliphatic glycols and alkoxy alcohols (eqs 49-50).%8

t *OH
CH,CH, FSO3H. SbFs CH,CH, -H,0 CH,C -H i
/ \ / \ — / \ — C
HO OH SO, H—-O O—H H—O H -t H "CH;
—80°C \ ! 1
H H H
149 150 152
H 2+ (49)
M s H
H\f 5/
(e
H-0 O—H
+\ gt
H H
151
H +,
/CHZC\H2 10 o C+, OH
H-O0 O—-H RN —— Co 50
f{ i -H"  H—O0 H H CH; (50)

149 152
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Ethylene glycol is shown to be diprotonated in FSO3;H-SbF;5 solution at
—80°C, giving the distonic superelectrophile 149. When the solution of
149 is warmed to 25°C, NMR indicates that protonated acetaldehyde (152)
is generated. This conversion can be understood as the loss of water with
an accompanying shift of a hydride and subsequent proton loss. Although
the gitonic superelectrophile 150 may only be a short-lived species, or a
transition state structure (i.e., 151), this conversion is novel with respect
to the formation of a gitonic superelectrophile (150 or 151) from a dis-
tonic dicationic species (149). An alternative mechanism may also be
proposed involving equilibration with the monoprotonated species in the
dehydration step (eq 50). Similar conversions have been reported for the
superacid-promoted rearrangements of alkoxy alcohols.”® For example,
2-methoxy-ethanol is also diprotonated in FSO3;H-SbF;5 solution, forming
the observed bis-oxonium dication (153) at —80°C (eq 51).

H;C.

/CHZC\HZ FSO3H, SbF /CHzc\Hz -H,0 FCI)+
CH,O  OH S0, HyC=0 O~H H™ "CH, (&2))
-80°C H H
153 154

When the solution is warmed to 70°C, dication 153 rearranges to the
carboxonium ion 154 (t; =30min). This conversion likely follows a
mechanistic pathway similar to the superacid-promoted conversion of
ethylene glycol to acetaldehyde (eq 49).

Further insight into the above reactions may be found in the previously
discussed conversion of pivaldehyde (155) to methyl isopropyl ketone
(160, Scheme 3) and in the closely related superacid-catalyzed prepara-
tion of methyl isopropyl ketone from isobutane and carbon monoxide.
These conversions involve formation of the O,O-diprotonated species
(156) which triggers a methyl shift to produce a oxononium-carbenium
1,3-dication (157).°0 Theoretical calculations indicate that 1,3-dication
157 is the global minimum on the potential energy surface, and that
a direct hydride shift producing 158 is highly improbable energetically
(AH =23.7 kcal/mol). Charge-charge repulsive effects lead to the desta-
bilization of 158 relative to 157. To explain the formation of methyl
isopropyl ketone (160), it is suggested that the monocationic interme-
diate (159) is formed and the hydride shift occurs in a rapid, ener-
getically favorable step (AH = —19.7 kcal/mol). This suggests that the
superacid-promoted rearrangements involving glycols and alkoxy alcohols
described above may likewise involve formation of a oxonium-centered
superelectrophile (i.e., 150) followed by the deprotonation step.
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.« e 4 + +
. (|)| . :(I)IH :OH, <OH,
+ + | |
H/c\ ,LCH; _H' H/C\ ,LCHy _H +/C\ ,CH3 HyC—C. ,CH;
| \CH3 ?\CH?, H (;\CH:; I_{ (Ij +
CHj; CH; CH; CHj;
155 156 157
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+ N +
Q “OH . (I)H *OH,
_Co /CH3 - _C. /CH3 -« H;C—Co /CH3 iC\ /CH3
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H H CHj H
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Scheme 3. Proposed mechanism for the superacid-catalyzed isomerization of pivaldehyde
(155) to methyl isopropyl ketone (160).

Another novel class of oxonium dications involves the superacid-
promoted ring opening reactions of oxazolines and related conversions.5!
Oxazolines are well known for their ability to react with strong nucle-
ophiles (i.e. alcohols) when protonated at the ring nitrogen.®? It was shown
that the dicationic species (161 or 162) are capable of reacting with weak
nucleophiles such as benzene (eq 52).

H H

H3C/\(/\> CF3S03H H3C/\4N *  CF;SO;H Hsc/\f/N +
O

Do

CeHs
Ph
161
e
0 "OH
CH,
H3C\)LNA(P}1 -5 H3C¢N/\+
| |
H Ph H Ph
163 162

In this conversion, protonation at both the ring nitrogen and oxygen atoms
leads initially to the 1,3-dication (161). Although benzene may attack the
superelectrophile 161 directly to give the ring opened product, it seems
more likely that ring opening precedes nucleophilic attack. Ring opening
effectively separates the two positive charge centers. A similar conversion
was reported in which isoxazolidine 164 was reacted with an excess of alu-
minum chloride in benzene to give product 167 in good yield (eq 53).5°
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NS 7 oy, ALCY _(\;s—/llch OAIC, . OH
equiv. 3 7 3 i - % i
Ph - Ph _ Ph. + N\Ph _27_ Ph N\Ph
CA 0 pp 8 19
-AlCl, SAICH,
164 165 166 167
(53)

It was proposed that product 167 arises from coordination of the
isoxazolidine (164) to AICl; to generate the dicationic, superelectrophilic
intermediate (165), which undergoes ring-opening to give product 167
by a Friedel-Crafts type reaction.

6.2.4 Acyl-dications

There have been several types of gitonic superelectrophiles having acyl
cationic groups as part of a 1,3-dicationic system. Monocationic acyl
cations (168) can be prepared as persistent species in superacidic media
and salts have even been studied by X-ray crystallography.!® Much of the
interest in superelectrophilic species from acyl cations has focused on the
protioacyl dications (169, vide supra).%”

el L0 gt _OH
.C C” LCT+
R™ T+ R R™*
168a 168b 169

In principle, gitonic superelectrophiles may also be possible in struc-
tures that have two acyl cationic groups or in structures having an acyl
cation adjacent to another cationic center. Like the superelectrophilic car-
boxonium dications, there is also some ambiguity here in distinguishing
between gitonic and distonic superelectrophiles, as there are two impor-
tant representations of acyl ions (168a,b). For the purposes of the present
discussion, it is assumed that both the acyl oxygen and carbon atoms have
partial positive charge.

Diacyl dications have been examined in both experimental and theoret-
ical studies. Attempts to directly observe the oxalyl dication (174) were
not successful as ionization of oxalyl chloride (170) with SbFs leads to the
chlorocarbonyl cation (172, Scheme 4).5° The initially formed chloroxa-
lyl cation 171 immediately decarbonylates under the reaction conditions.
Interestingly, complexation of the chloroxalyl cation 171 with excess
Lewis acid is expected to generate superelectrophile 173. Theoretical cal-
culations (MP2/6-31G* level) indicate that the oxalyl dication (174) is at
a minimum on the potential energy surface.®® Calculated bond lengths for
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Scheme 4. Reaction of oxalyl chloride with SbFs and the attempted generation of the
oxalyl dication 174.

the species (174) are estimated to be 1.442 A for the carbon-carbon bond
and 1.145 A for the carbon-oxygen bonds.

As expected, separation of the acyl groups leads to increasing stability
of the diacyl dications. Malonyl fluoride (175) reacts with excess SbFs to
give the donor-acceptor complex (176), which is in equilibrium with the
dicationic species (177, eq 54).57

Q ¥ SbF5, SO,CIF + Oy (H) s - +O\\\C C,//O+ O\\C C/’O
FOCSE T aee T ScCp—-sRs T S S
H H H H H H H H
175 176 177
2 Q SbF Osc o
F’ \(CH2>/C\F >3 (CH2>/C 2 SbF;
n n
178
(54)

Larger systems (178) produce persistent diacyl ions that may be observed
directly by NMR and IR spectroscopy and in some cases are considered
distonic superelectrophiles (Chapter 7). Increasing distances between the
acyl ion centers lead to structures with electrophilic reactivities similar to
monocationic acyl ions.

Several types of onium dications have been studied in which a single
acyl cationic center has been part of 1,3-dicationic superelectrophiles.
For example, pyruvic acid has been studied in FSO3H—-SbFs solution
at low temperatures.>* Initially the diprotonated species is observed in
equilibrium with some of the monocation (eq 55).
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*OH +OH 0
If FSO;H i é L O,
H3C’C‘(Hj’OH e ch’C\c’OH — H,C \qo“ H3C’C\C$O — H3C”C
0 s OH' OH* I
179 181
+QH
C_+
HiC™Coy
180
(55)

The diprotonated species (179) is then observed slowly cleaving to the
acetyl cation (181) in a process thought to involve dication (180). A num-
ber of B-carbenium-acyl dications have also been studied by experiment
and theory. Reaction of the 4-chloro-butanoyl cation (182) in superacidic
HF-SbFs or HSO3;F—-SbFs leads to formation of the 2-butenoyl cation
(185, eq 56).58

HF-SbF +

Cl/\/\c\\\dr HZC\/\C$O+ —_ H3C\+/\C\\\O+ —_ H3C\/\C\‘\o*
182 183 184 185
N (56)
\/\C\\\OJr
186

One of the proposed intermediates in this transformation is the super-
electrophilic species (184), which undergoes deprotonation to give the
2-buten-oyl cation. Further evidence for the superelectrophile 184 is
obtained from experiments in which the 2-butenoyl cation (185) is gen-
erated in DSO3F—SbFs. Significant deuterium incorporation is found at
the @ and y positions, suggesting equilibria involving 184-186. In a sim-
ilar respect, formation of the 4-chloro-3-methylbutanoyl cation (187) in
superacid leads to the two acyl dications (188-189, eq 57).%°

sbr.  H3C &
CIMCSO+ HF-SbFs 3 %C\\\O‘* . H3C/Y\C\\\O+ - products

CHjy CH;
187 I I
H;,C+ +
3 C‘\O H3C/\+/\Ct\
CH, Y
188 189
i H_H "
Ho O Ho CL H.CL,
T OH T 0" H ot (57)
H H H
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Carbenium-acyl dications have also been investigated by theoretical
methods.”” The structures of the propenoyl (CH,=CH-CO") and
the isopentenoyl ((CH3);C=CH-CO") cations and their superelec-
trophilic, protonated dications were calculated at the MP2/6-3114-G**
and MP2/cc-pVTZ levels. In the case of the propenoyl cation, calcu-
lations find three structures for the protonated dications (190-192) at
minima on the potential energy surface. The global minimum is found to
be the C, protonated structure (191), while the oxygen protonated (190)
structure is 15.3 kcal/mol higher in energy. Gas-phase proton loss from
191 is calculated to be endothermic by 3.0kcal/mol, and the transition
state for deprotonation is estimated to be 77.8 kcal/mol higher in energy
than structure 191. Thus, dication 191 is predicted to be a kinetically
stable species in the gas-phase. Structure 191 may be visualized as a
product from the reaction of carbon monoxide with the ethylene dication
(CH,CH,2"). Calculations of NBO charges indicate that the CO group
bears +0.90 of charge (including 4+1.08 on carbon) and the terminal CH;
group bears +1.02 of charge. With the isopentenoyl ((CH3),C=CH-CO™)
cation, three isomeric protonated dications were located at minima, the
oxygen protonated species (193), the C, protonated structure (187), and
the methyl C—H protonated species (193). In the case of Cg protonation
(analogous to 191), all attempts to locate a stationary point for the product
dication were unsuccessful and the ion spontaneously rearranges to dica-
tion 195. The structure 195 is less stable than the global minimum (188)
by only 10.4 kcal/mol. Again the most stable product from protonation of
the alkenoyl cation corresponds to the one producing the carbenium-acyl
dication (188). It is estimated to be 32.8 kcal/mol more stable than dication
193 and 31.4 kcal/mol more stable than dication 194.

H
H |
! H H H,C. _C. H
HyCn O HyCo o Cu e Cso* & H C,CHs H H
1 \\OH + 5 \\\O+ H\lc\ H™ Jr\C/ \C\\ . H3C\C,C H
CH; CHy woH R .
H H CH; H
193 188 194 195 196

In dication 188, the NBO charge at the carbenium ion center is +0.69
and at the acyl carbon is +1.09. The tert-butyl cation has been found to
have NBO charge at its carbenium center of +0.67, suggesting a modest
superelectrophilic activation of the carbenium ion center in 188, compared
with the fert-butyl cation. When charges on the methyl groups are also
considered, structure 188 is similar to the protosolvated terz-butyl cation
196.
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6.2.5 Aza-carbo Dications

As seen in the gitonic and vicinal systems, ammonium and related cationic
centers may be components of superelectrophiles and reactive dications
having the 1,3-dicationic structure. Several types of superelectrophilic
aza-carbo dications have been studied in which protonated nitro groups
are involved. For example, it was found that nitroethylene reacts with ben-
zene in the presence of 10 equivalents of CF3SO3H to give deoxybenzoin
oxime in 96% yield (eq 58).”" Since the reaction does not occur with only
one equivalent of CF3SO3H, the formation of the N,N -dihydroxyiminium-
methyl dication 197 was proposed. In spectroscopic studies, the stable
dication (199) can be directly observed by 'H and '*C NMR spectroscopy
from solutions of 1-nitro-2-methyl-1-propene (198) in CF3SO3H (eq 59).

n
CF,SO;H +
/\N”O 350; /\N/,OH A;\I'OH

| CgHg !
0°C OH

+

OH

197 197

CF;SOH  HyC + +_OH
H3C%N¢O 3503 3 N

I
CH; O CH; OH (59)
198 199
H. _H
H 2+ N +
H._ _A.___OH H. . _H
\%\\N{/ \N)\ -
' | |
H  on H H
197 200

It was further proposed that dications 197 and 199 are stabilized by
Y-delocalization involving six m-electrons (four lone pair electrons from
the oxygen and olefinic electrons). This stabilization is thought to be
similar to that of the guanidinium ion 200. Ab initio calculations were
carried out to estimate the Y delocalization stabilization energies of 197
and 200. By studying the energies of conformational isomers, the total
m-stablization energy was estimated to be 89.50kcal/mol for 197 and
113.17 kcal/mol for the guanidinium ion 200 at the 4-31G level of the-
ory. Similarly, 2-nitropropene (201) reacts with C¢gHg in CF3SO3H, and
following a methanol then water quench, «-phenylacetone is formed in
85% yield (Scheme 5).7% It is proposed that the superelectrophilic inter-
mediate 202 is formed by diprotonation, and arylation gives the aci —nitro
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IQI+ CF;SO;H + OH CeHe 01{]}4{
\( 07 G OH Ph Z “OH
CH; e CH; CH;,
201 202 203
CH;OH l
O H,0 OCHj; CH;0H OCH;
Ph\)J\CH3 ’ Ph/\’»OCH3 PhA’—NjOH
85% * CH, CH, OH
Scheme 5.

species 203. Quenching of the reaction mixture yields the ketal, and with
water, the ketone product is obtained. The arylated product is also formed
in high yield if chlorobenzene is used, indicating that the electrophilic
intermediate (202) is highly reactive. When nitro-substituted cyclic olefins
are reacted with benzene and CF3SOs;H at —40°C, similar products are
formed. 1-Nitrocyclohexene (204) reacts to give 2-phenylcyclohexanone
in 72% (eq 60).7?

[e) Ph
1+ CF;SO3H 1) CH;0H 0

N. _ 3 3
©/ 0 CeHy 2)H,0 ij (60)
-40°C 2%

2 hr

If the nitro olefins are reacted with benzene at higher temperatures, the
product mixtures are dominated by the formation of 4H -1,2-benzoxazines.
For example, compound 204 reacts in CF3SO3H at 40°C to give the
4H -1,2-benzoxazine (206) in 87% yield (Scheme 6). It was proposed that
the cyclization involves the dicationic intermediate (207), with positive
charge substantially delocalized into the aryl ring. Intramolecular reaction
of the hydroxy group then provide the novel heterocyclic product 208.
Further evidence for the proposed dicationic intermediates comes from
a study in which B-nitrostyrenes are found to generate stable, diproto-
nated species in CF3SO3H.”> When (E)-B-nitrostyrene 209 is dissolved
in CF3SO3H at low temperature, the spectroscopic data are consistent with
the formation of O,0-diprotonated species (210, eq 61).

©/\/NO CF soz _ N CF;SO;H ®
, 0 61
20°C (j/V 20°C NO, (61)
209 211
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13C NMR spectroscopy shows the C2 resonance at §'°C 165.1 and
C1 resonance at 128.3. As expected with the formation of dication
210, (Z)-B-nitrostyrene 211 gives the identical spectra from CF3SO3H.
Cryoscopic experiments also confirmed the formation of the dicationic
species in the superacid.

An analogous series of dicationic species have been proposed in the
reactions of nitro-substituted arenes in superacid. For example, 2-nitro-
naphthalene (212) reacts in superacid to give the arylated product (214)

in good yield (eq 62).7*
"OH Ph
+II
NO>  crsom Noog 0% _ NH,
CeHg
212 214
(62)
OH
+ +N\
SO

213

Although no detailed mechanism for the conversion was proposed, the
initial step likely involves the formation of the superelectrophilic, dipro-
tonated species (213), which reacts with benzene by electrophilic attack.
There is some 1,3-dicationic character in 213, however it is understood
that the positive charge is delocalized throughout the naphthalene
ring-system. Evidence for the dicationic species comes from cryoscopic
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measurements, as well as, 'H,'3C, and PN NMR spectroscopy. All of
these data confirm the formation of 213 in CF;SO3H. In a similar respect,
1-nitronapthalene (215) is found to produce the dicationic species (216) in
CF3;SO03H and the superelectrophile 216 can be directly observed by spec-
troscopic studies. When 1-nitronapthalene (215) is dissolved in CF3SO3D

no deuterium is incorporated onto the ring positions, indicating that dipro-
tonation occurs at the nitro group. Intermediates like 213 and 216 have
also been found to be involved in the superacid-promoted reactions of
hydroxylanilines and aniline-N -oxides (eq 64).

0, Ho\*,OH Of,OH
H

“ “ ob

H
©/N OH CFSOH @/ ©/N u /N\i; (64)
4—[7

The chemistry of these species is discussed in Chapter 4.

It has been demonstrated that nitronic acids and «-carbonyl nitro-
methanes can form superelectrophilic intermediates in strong acids and
the resulting species are capable of reacting with benzene (eqs 65-67).2

— +

OH OH, CH,
|+ HF —_—
H —» HiC N. — H;C N. — X, .OH
2 Noona o, 7 iToH NZoH Ph)\N
i QIHZ+
H5C N.
Eon
217 “—CeHe
(65)
+ + (6] OH
0 OH OH OH OH ,
CF;SO;H ] 1
e N. - N. T =N
EtO)K/NO2 CeHg EtO)J\?Jr OH EIOJH/ OH, Eto&/
+ Ph
218 219\ _cn,
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0 RSO "OH OH "OH OH O OH
393
> N. _ N. _— _N
Ph kNOZ Cog Ph)K? + OH Ph)J\+/ OH, Ph)J\(
+
Ph
220 221
\_ C¢Hg

(67)

It has been proposed that the gitonic superelectrophiles (217, 219, 221)
arise from double protonation at the nitro group, and in the case of
a-carbonyl nitromethanes (eqs 66—67), protonation also occurs at the car-
bonyl group to form highly reactive tricationic superelectrophiles (219
and 221). Because weaker acids are capable of forming the diprotonated
species but do not lead to arylated products, tricationic reactive superelec-
trophiles are thought to be involved in limited equilibria concentrations.
The dicationic species 218 can be directly observed by NMR spectroscopy.

It has been shown that ammonium-carbenium 1,3-dications can be
generated from superacid-promoted reactions of some amino-alcohols.”®
Reactions of compounds such as 222 in CF3SO3H lead to the formation of
ammonium-carbenium dications, which have been shown to possess super-
electrophilic reactivities. Dication 223 reacts in high yield with benzene
(eq ), while the analogous monocationic electrophile, 1,1-diphenylethyl
cation (59), does not react with benzene. When compound 222 is reacted
in FSO3H-SbFs at low temperature, the dication 223 can be observed
by NMR spectroscopy. The para-carbon atoms are deshielded in the '>C
NMR (by about 10 ppm from the alcohol 222) indicating significant delo-
calization of the carbocation charge into the phenyl rings. Interestingly, a
number of biologically important compounds possess the phenethylamine
substructure, and it has been shown that some of these compounds can
ionize to the dicationic electrophiles in superacid. For example, adrenaline
(224) leads to dication (225) in FSO3;H—-SbFs. NMR studies suggest that
the dication is best represented as the charge separated, distonic superelec-
trophile (225a), although it is expected that some 1,3-dicationic character
is also present in the structure (i.e., 225b).

CH; CH; CH;
Ph - CF3SO3H Ph - Ph -
>(\NH2 — }\ANH3 Ph>\/\NH2 (68)
Ph 6He +
OH Ph Ph
222 223 80%
Ph
A+
c—cH,
Ph
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OH H H , H H
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CH, FSO3H-SbFs = + CH,4 + CH4
HO HO HO

OH OH OH
224 225a 225b

(69)

Ammonium-carbenium dications and related species are also generated
readily from olefinic precursors.”” For example, the tetrahydropyridine
(226) leads to the 1,3-dication (227) and vinyl-substituted N-heteroaro-
matics can give dications (i.e., 228) in superacid, both of which show
high electrophilic reactivities (eqs 70-71).

~OCHy . CH, Ph

+ 0
N CeHg N 87% N (70)
CH CH

H 'cH, '
3 3

226 227
Ph
+H + N
|N\ N RSO ‘N\ CHy . | NS CH;4 (71)
_— CeHe = =
228

It was previously noted that superelectrophilic carboxonium ions
may be generated from suitable precursors, including amino-ketones,
N-heteroaromatic ketones and aldehydes, amino-acetals, and other
substrates.*> In their superacid-promoted condensation reactions, these
compounds often produce ammonium-carbenium superelectrophiles as
intermediates in the reactions. As an example, the amino-acetal (229)
reacts with arenes in the presence of superacid to give the arylated product
(231, eq 72).8

Cl
CH;5CHj . OCH,CH; CF;SO;H CH3CH, CH5CH,
N/\r 3 \+/\/OCH2CH;*> \
h H—N Cl
1

CHLC é OCH,CH;  *CeHliCly H=N" 7 ot
3CHy ; CH;CH, CH3CH,

229 230

c
N cl
/
CH;CH, O
231 c

Cl

(72)
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Initial ionization gives an ammonium-carboxonium dication, which then
produces the ammonium-carbenium dication (230). A variety of dicationic
electrophiles like 230 have been proposed.

Several studies have examined the possibility of generating carbenium-
nitrilium dications. lonization of benzophenone cyanohydrin (232) in
FSO3H-SbF5—SO,CIF at —78° C leads to the formation of the monoca-
tionic species (233), which was characterized by NMR spectroscopy
(eq 73).”® Despite the superacidic conditions, no direct evidence for the
gitonic superelectrophile (234) was obtained. When compound 232 is reacted
with benzene in CF3SO3H, the phenylated product (236) is obtained in good
yield (eq 74).

Ph QH FSO;H-SbFs Ph\ + Ph\ + + Ph ot st 5
N N _— /c—CEN: /C—CEN*H or /C—CEN***H***A
ph” CN Ph Ph Ph
232 233 234 235
(73)
Ph \QH CF3SO;H Ph
C. —— > Ph—C-CN o
7" "CN CeHg / 74% 74
Ph s - (74)
236 237

Based on related observations, it was concluded that the superelectrophile
234 is not involved in the phenylation reaction. However, weak interaction
(solvation) of the nitrile lone pair (i.e., 235) with the superacid may gen-
erate increasing dipositive character and the observed superelectrophilic
reactivity.
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7

DISTONIC SUPERELECTROPHILES

7.1 STRUCTURAL CONSIDERATIONS

In distonic superelectrophiles, the two (or more) electrophilic charge
centers are separated by at least two carbon or other heavy atoms. As
discussed earlier, increasing separation of charge leads to decreasing elec-
trophilic activation. Depending on the electrophilic system and the distance
between charge centers, distant onium dications may exhibit chemistry no
different than isolated onium monocations. For example, it was shown that
4-acetylpyridine will condense with benzene through the distonic super-
electrophile (1, eq 1), but the analogous more charge-separated
species (2) is unreactive towards weakly nucleophilic benzene.!

.
OH Ph_ Ph

(0]
H,C Ny, 2 he X — H,C X
3 ‘ CeHg } ‘ + > } ‘ 1
N _ N\H N ( )

Reactive to C¢Hg

Superelectrophiles and Their Chemistry, by George A. Olah and Douglas A. Klumpp
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. L.

HO ~N.

CH;
Unreactive to CgHg

While structure 2 is an onium dication, it can not be considered a super-
electrophile. Only if the electrophilic site(s) exhibit significantly increased
reactivities due to interaction of the onium charge centers can the species
be classified as distonic superelectrophiles.

Several examples of superelectrophiles have already been described in
which delocalization of charge may lead to structures that could be consid-
ered gitonic or distonic superelectrophiles, depending on which resonance
form is being considered predominant. While the bis-oxonium structure
(3a) is formally a distonic superelectrophile, the bis-carbenium structure
(3¢) is considered a gitonic superelectrophile (eq 2). These types of sys-
tems have been previously discussed and therefore will not be included
in this chapter. In a similar respect, there are examples of equilibration
between gitonic (4) and distonic (5) superelectrophilic systems (eq 3).2

+ +
OH OH "OH OH OH OH
H,C Mcm H,C Mcm H,C Mcm 2
3a 3b 3¢
CH; +
H-\7™o-H +_Ph
N7 "0
HCTONTY 3)
Ph Ph H Ph
4 5

Although there have been almost no systematic studies of these equilibria,
it is expected that for many of these systems the distonic superelectrophile
should be preferred in the equilibria, due to favorable separation of posi-
tive charge. Besides the number of atoms separating charge centers, another
important consideration is the actual distance between charges. If a partic-
ular conformational or structural effect leads to charge centers being forced
into closer proximity, then this may lead to superelectrophilic activation.
Several examples of this effect are described in subsequent sections.

7.2 DISTONIC SYSTEMS

7.2.1 Carbodicationic Systems

There has been considerable experimental and theoretical work re-
lated to carbodications, many of which may be considered distonic
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superelectrophiles.® In the absence of aryl stabilization of the positively
charged centers, long-lived acyclic carbodications can be formed only if
the charge bearing carbons are separated by at least two carbon atoms
while the carbenium centers are tertiary.* For example, the 2,2'-ethyl-
enediisopropyl dication 6 has been prepared by the ionization of 2,5-
dichloro-2,5-dimethylhexane in SbFs/SO,CIF (eq 4).

CH;4 CH,4
Cl SbF< :
e CH, 5 . +_CH,
> a SO,CIF H;C 4)
CH;4 -78°C CHjy
6

The '*C NMR spectrum shows a characteristic absorption of §'3C 331.3
for the carbenium centers.

The instability (and superelectrophilic nature) of aliphatic 1,4-dicationic
systems can be seen in the failure to prepare some analogous cyclopropyl
and 2,5-dimethyl-substituted 2,5-norbornadiyl dications (eqs 5 and 7).4

HC on CH; CH;
H CH,4 FSO;H )\/\)\
HC— e, BT SN RCH, ©)
HO SO,CIF
CHj,
7 8

OH
H FSO3H
H SbF; (6)
HO SO,CIF
-78°C
9
%&0}1
Ho .
CH, (7
HAC
11 12

Despite the stabilizing effects of the cyclopropyl ring, diol 7 ionizes in
superacid to give only the heptadienyl cation (8) from ring opening and
proton loss.* It is only with further stabilization by cyclopropyl groups
that the 1,4-dication was found to be persistent (eq 6).5 Likewise, ion-
ization of diol (11) does not provide the 2,5-dimethyl-2,5-norbornyldiyl
dication (12, eq 7).° Only with more powerful electron donating groups,
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such as aryl or hydroxy groups, is the 2,5-norbornadiyl dication persistent
(vida infra). The 1,4-dialkyl-1,4-cyclohexyl dications are also found to be
unstable.® For example, diol (13) does not give the expected 1,4-dication
15, but instead forms the allylic cation 14 (eq 8), and 1,4-di-n-butyl-1,4-
cyclohexanediol (16) leads to the rearranged dication (18, eq 9). It is not
clear if the distonic superelectrophile (17) is formed initially, but never-
theless, rearrangement leads to the more stable charge separated species
(18). Stabilization of the carbocationic centers with cyclopropyl groups,
however, leads to a persistent 1,4-dication (eq 10).’

o FSO;H CH; /@/CHS
3 H
H;C SbFs HaC F not formed (8)
HO SO, CIF H;C 3
13 14 15
OH ’
FSO;H y
SbF; * -
HO SO,CIF
i
16 17 18

(€))

H OH sf)bkcw
T (10)
HO H

The above examples of the 2,5-norbornadiyl dication (12) and the
1,4-dialkyl-1,4-cyclohexyl dications (15 and 17) illustrate the importance
of distance between charge centers implicating stability. Another inter-
esting example of this effect is in the isomerization of the 1,5-manxyl

dication (19, eq 11).
FSO;H H;C 4
SbF
SOzClF
» X an
CH;
Relative

Energies: 0.0 kcalemol™! —26.8 kcalemol™!

PPN

+ +

21
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It was observed that dication 19 was stable at —105°C, but upon warm-
ing to —60°C the 3,7-dimethylbicyclo[3.3.1]nona-3,7-diyl dication (20)
is cleanly formed.®° The '3C NMR of dication 20 shows a resonance
at 813 C 323 for the cationic carbons. Calculations at the B3LYP/6-31G*
level indicate that the isomerization increases the distance between charge
centers from 2.80 A in 19 to 3.58 A in 20 and this leads to a concomitant
decrease in potential energy of more than 26 kcal/mol. The increasing
distance between the charge centers is thought to be the driving force
for the isomerization and it is consistent with the superelectrophilic char-
acter of dication 19. Interestingly, bicyclic dications (19-20) are shown
to have charges in closer proximity than the 2,6-dimethyl-2,6-heptadiyl
dication (21, charge-charge distance: 5.21 A). Though each of these sys-
tems (19-20) are considered 1,5-dications, the structural constraints of
the bicyclic framework force the positive charge centers closer to each
other. This enhances their distonic superelectrophilic character. A sulfur-
stabilized dication (22) has also been reported from the superacid-

promoted reaction of tetramethylhexathiaadamantane (eq 12).!°
iz + CH,
S
S S CF;SO3H
S CH;
S —_— :
H3C@§j\CH3 chs/b\ssf (12)
HyC H;C
2

Like the structurally similar dication 20, dication 22 has been observed by
13C NMR in superacidic solutions (FSO3H-SbFs or CF3SO3H) and the
carbocationic centers are found at §'3C 230. This large shielding compared
to that of dication 20 (8'3C 323) is indicative of the sulfoxonium-type
interaction. AM1 calculations estimate the distance between the charge
centers to be 3.88 A, which is slightly longer than the distance (3.58 A)
found in dication 20.

In addition to the 1,5-manxyl dication (19), the 1,4-bicyclo[2.2.2]
octadiyl dication (25) has been claimed to have been observed (eq 13).!1°

Cl + +
SbFs
SO,CIF A (1 3)

cl -80°C cl
23 24 25

Subsequent NMR experiments indicate that the monocationic species (24)
is formed initially as a donor-acceptor complex and then a second chloride
abstraction could provide the dication (25). At temperatures above —60°C
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Ao A5 A5 | TS

1

26 27 25 28
C1-C4
Distance: 259 A 234 A 1.99 A
Figure 1.

dication 25 is found to be unstable. The carbenium ion centers are found
at 813 C 307. MINDO calculations'!® estimate the C1- C4 distance to
be 1.99 A. Interestingly, calculations show a shortening of this distance
upon progressing from the parent uncharged bicyclo[2.2.2]octane (26), to
the monocation 27, and to the dication 25 (Figure 1). Although it might
be expected that strong coulombic repulsion would lead to an increasing
distance between C1 and C4, this is not observed. The shortening of the
C1-C4 distance in the dication 25 is attributed to hyperconjugative transfer
of electron density to the carbocationic centers, which leads to symmetry
allowed 1,4 bonding (i.e. 28). Calculations indicate that more than half of
the positive charge is delocalized over the 12 hydrogen atoms as a result
of hyperconjugative effects.

The 2,6-adamantadiyl dication systems have likewise been studied and
the results are consistent with the superelectrophilic character of some
these 1,5-carbodications. When diol 29 was reacted in superacid the 2,6-
adamatanediyl dication 31 was not formed (eq 14).'> Despite the super
acidic conditions, only the dioxonium ion (i.e. diprotonated diol, 30) could
be observed. Structure 31 and other adamantadiyl dications (C1oH1421)
have been also been studied by theoretical calculations.'* As described
in Chapter 6, dication 31 is found to be 3.3 kcal/mol less stable than the
1,3-dication having the two carbocationic centers located at the bridgehead
carbons. Even the ionization of the tertiary-diol 32 gives only a single
carbocationic center, while the other hydroxy group produces an oxonium
center (eq 15).1?

H H
OH FSO;H-SbFs QHZ +
-80°C + ;5
HO H,0 +
H H

H

H

29 30 31
(14)
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CHs CH,4 CH,4
OH FSO;H-SbFj + +
-80°C b 7
HO H,0 +
H
CH,4 CH, ¢
32 33 34
(15)

Water elimination in the superacidic solution is a highly exothermic step,
but nevertheless the 2,6-adamantadiyl dication 34 is not formed. This
observation suggests that structures like 34 can be distonic superelec-
trophiles. As in the case of other 1,4- and 1,5-carbodications, the 2,6-
adamantadiyl dications are stabilized and persistent when the carbenium
centers bear an aryl substitutent (vide infra).

Other adamantane-based dications have also been prepared. Although
systems such as diadamanta-4,9-diyl dication (35) and 1,1’-bisadamanta-
3,3’-diyl dication (36) have been prepared (both 1,6-dications), experimen-
tal data suggests that these systems are more related to the monopositive
adamantyl cations rather than distonic superelectrophilic systems.'* How-
ever, the adamanta-1,3-dimethyldiyl dication (38) has been prepared in
superacid media (eq 16).!3

OH H;C.+ CH
HyC CH; 3 3
* + CH; o, +/CH;
OH
35 36 CH CH,
37 38
(16)

The 13C NMR data for 38 clearly indicate that, due to the close proximity
of the cationic centers, the positive charges are highly delocalized into the
substituents and the adamantyl cage.

Many of the unstable distonic superelectrophiles discussed here have
been prepared as stabilized species by incorporating aryl substituents into
them (Table 1).4’6’12’15 In the cases of 39 and 44, however, the analogous
methyl-substituted dications (6 and 38) are also persistent. In comparing
the 13C NMR data, the aryl-stabilized dications (39 and 44) show large
shieldings of the carbocationic centers when compared to 6 and 38. For
example, the 2,2'-ethylenediisopropyl dication 6 has a resonance of §
13C* 331.3 while dication 39 has the resonance of §'3C* 222.4. This is
indicative of the significant charge delocalization into the phenyl rings in
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Table 1. Aryl-stabilized dicationic systems (39—-44) and their

§13Ct data
Structure I3C NMR, C* Structure I3C NMR, C*
Ph
Ph )Jr\/\’r(Ph 2224 %b/ Ph 245.1
+
Ph
Ph
39 42
. _Ph
Ph
Ph /+K<]\*( Fh 220.9 + 2523
w0 P P,
Ph _+_Ph
+ +
Ph Oph 2479 . Ph 245.6
41 Ph
44

dication 39. Charge delocalization and stabilization results in diminishing
superelectrophilic character.

There are a number of other aryl-substituted carbodicationic systems
that can be properly described as distonic superelectrophiles. For example,
dication 45 has been generated from 2,2'-p-phenylenedi-2-propanol in
SbFs at —78°C.* When compared to the dimethyl(phenyl)carbenium ion
(cumyl cation) 46, NMR data indicate that the positive charges are dis-
persed to a considerable extent into the neighboring methyl groups in the
dication 45.

8'3C NMR Signals: 813C NMR Signals:
—CH; 47.1 —CH; 339
ct 2408 HC, . s . s ct 255.7
C 149.1 C G < C 140.7
e 1379 HC CH, CH, 1424
ring 45 46 ortho

Due to coulombic repulsion, there is also less charge delocalization into
the phenyl group. The diminished neighboring group participation (stabi-
lization) is one of the characteristics of superelectrophilic activation.! In
the case of dication 45, the aryl group is less capable of donating electron
density to either carbenium center.

Other distonic superelectrophiles arise from aryl-substituted carbodica-
tionic systems in which the positive charge centers are forced into close
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proximity due to structural effects. A series of aryl-substituted phenyl
enediyl dications (47-49)

Ph Ph Ph+
+ +
Ph
Ph Ph g
Ph
second
PR+ (ionizution) -10.5 -9.9 -16.6

were prepared in sulfuric acid solutions.!” Within this series, it was found
that the pKgr value (for the ionization producing the dication) is signif-
icantly higher for the ortho-substituted system (49). This higher pKgr
value is attributed to the close proximity of the two charge centers and
it suggests some distonic superelctrophilic character in 49. The 1,8-bis
(diarylmethyl)naphthalene dications have been extensively studied and
experimental observations suggest partial distonic superelectrophilic
character. The 1,8-bis(diphenylmethyl)naphthalene dication (50) has been
prepared by several methods, including Ichikawa and coworker’s deoxy-
genation method using strong silylating agents (eq 17).'%

Ph.| O.| Ph . L\ Ph Fh
(CH3);Si-0O3SCF5 2e Ph . Ph
e o W
[(CH;)5Si],0
2X”

50 51

Ph _ Ph pn Ph Ph P

Although formally considered a 1,5-dication, 50 possesses a structure in
which the carbenium centers are constrained at a distance of separation
of 3.11 A. NMR studies show the carbenium ion centers at §'3C 207.7,
consistent with the carbocationic structure 50. In cyclic voltamographic
analysis, the compound 51 shows an especially high oxidation potential
(two-electron oxidation peak at 1.10 V), when compared to analogous
dications and triarylmethyl monocations.!” It has also been shown that
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the oxidation potential varies in a predictable manner based on the nature
of the aryl rings. The high oxidation potentials are considered to be the
result of close proximity of the charge centers. Despite the close proximity
of the charges, dication 50 has been reported as stable in acetonitrile
solutions. This suggests a decreased degree of electrophilic reactivity. An
isoelectronic neutral boron-containing compound (52) has likewise been
prepared and studied.

An interesting application of the dicationic species has been reported
in which 50 has been used as a two-electron oxidant to couple N,N -

dialkylanilines (eq 18)."°
CH,4 CH; H;C
50.X=ClO,
(H;C),N (H;C),N O O N(CHy),  (18)
CH, CH; H3C 95%

The oxidative coupling is thought to involve single electron transfer steps.
The use of 50 in this coupling reaction is shown to superior to the use
of other oxidizing agents, such as Ceric ammonium nitrate (CAN) and
PhI(O,CCFj3),. This type of conversion is not possible with triphenyl-
methyl (trityl) cation salts, indicating that dications like 50 could be
considered distonic superelectrophiles.

More highly stabilized 1,8-bis(diarylmethyl)naphthalene dications have
been prepared, including the p-methoxyphenyl derivative 53.2° This dica-
tion is generated from ionization of the diol in HBF; and (CF3C0),0.20
Dication 53 has been characterized by experimental studies (single crys-
tal X-ray analysis and NMR) and theoretical calculations. The carbenium
ion centers are found to be separated by just 3.076 A (X-ray and ab ini-
tio results) and show '*C NMR resonances at §'3C 191.8. Two electron
reduction is also shown to give the acenaphthene derivative 54.

(19)
Other 1,8-naphthalene or acenaphthene dication systems have been
described and some have been shown to have useful electrochromic pro-
perties. 2
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Closely related systems have been studied which are composed of
1,1’-biphenyl-2,2'-diyl dications and 1,1’-binaphthalene-2,2’-diyl dica-
tions. In the case of the 1,1’-biphenyl-2,2’-diyl dications, these have been
prepared by the ionizationof related diols (i.e., 55) in HBF, and by the
oxidation of compound 57 (electrochemically or with reagents such as
(p—BrC6H4)3N+'SbCl(,*).21 Conversely, dication 56 is converted back to
57 by Mg or by electrochemical reduction.

Mg

HO Ar Ar Ar Ar
/\\ Ar Ar
O O O O OO
Ar =p-MeOC¢H, Ar OH Ar 2 (p-BrCgH 3N+
55 56 SbClg

(20)

Dication 56 has been isolated and studied by crystallography, revealing a
separation of the carbenium ion centers by 3.66 A.
Among the binaphthyl-systems, Suzuki and co-workers have reported

two methods to prepare these dications (eq 21-22).22

2 (p-BrCgHy)3N**
SbCly™

60
(2D

The diol or diether (58) can be ionized in HBF,. Optical resolution has
been achieved to produce the chiral distonic superelectrophilic dication
(59). X-ray analysis shows an interplanar separation of the charged rings
by about 3.53 A. Due to its helical structure and the exciton coupling
of the dye components, there is a very high amplitude of the circular
dichroism (CD) signals. Along with its redox chemistry, the chiroptic
response makes these compounds promising candidates for chiral redox
memory systems, or electrochiroptic materials. Another system (62) has
been generated from the oxidation of the binaphthylic diolefin (61) by
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iodine (eq 22).2

Ar Ar

(22)

Ar = p-(Me,N)CgHy

61

Oxidation leads to formation of the new o-bond and aryl-stabilized car-
bocationic centers in 62. Interestingly, there is no evidence of proton loss
from the dihydro[S]helicene dication 62 and the dication is stable in the
presence of the reasonably nucleophilic counter ion, I3~. This again sug-
gests that these stabilized systems are considered only as weakly distonic
superelectrophiles.

There is also the possibility of distonic, superelectrophilic bis-carbo-
nium ions. Despite the fact that such species may be important in the
superacid-catalyzed cracking reactions of aliphatic hydrocarbons, there
have been very few studies of such systems. The structures and energies
of small distonic alkonium dications have been studied using ab initio
calculations.?* For diprotonated n-butane (C4H;22T) two structures were
located as stable minima on the potential energy surface. Structure 63 is
formed by a protonation of the two terminal C-H bonds, resulting in a
pair of two electron-three center bonds. The other structure (64) arises
from protonation of the terminal C-H bond and the most distant C-C
bond.

2+ 2+
H H
H-<"" HH H<""HHu H
H-c__.c. H H-c__.C--< g
H & €C-H H & iy
HH x~_ H !
H H H
63 (Cy) 64 (C))

The gas phase structures are found to be within 2 kcal/mol in energy, with
63 being more stable. It is notable that both 63 and 64 are the diprotonated
structures possible from n-butane having the maximum charge-charge sep-
aration. Interestingly, gas-phase proton loss is estimated to be endothermic
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by 50.3 kcal/mol (MP4(SDTQ)/6-311G**//MP2/6-31G** level), while the
carbon-carbon bond cleavage reaction is found to be exothermic by more
than 50 kcal/mol (eq 23).

+ 2+ +
H H- H
| H\ /H H " H,H + ITI H H
> / -H* H-c__.c. H ~CH; H- Z
H/C:C\/C\CfH - H & C-n - - @ 5 H’C\C:C H
. \ AH = 50.3 kcal/mol * AH = —50.4 kcal/mol RN
H “_ H HH | H H rH
H H H H
63
(23)

The product ions are the most stable monocationic carbonium ions, those
protonated atthe secondary carbon.

Another class of distonic superelectrophiles are the carbenium-carbo-
nium dications. As discussed, Olah and co-workers found experimental
and theoretical evidence for the protosolvated fert-butyl dication ([(CHz),
CCH4]*") and 2-propyl dication ([CH;CHCH4]?T), both gitonic super-
electrophiles (vide supra).”> However, analogous distonic superelectro-
philic systems like 65 and 66 have not yet been studied.

H

H
L Ho/
H3CM “H H,C N\Y,cm
H !
CH, H CH,4 H
65 66

7.2.2 Carbo-onium Dication

Among other distonic superelectrophiles described in the literature, there
are carbo-onium dications. These include carbo-carboxonium dications,
carbo-ammonium dications, and related ions. Despite the separation of
charge in these superelectrophiles, some have been shown to have very
high electrophilic reactivities. Like the carbodications described previ-
ously, the discussion here is limited to those systems that have been
shown to have electrophilic reactivities greater than the related monoca-
tionic onium ions, as well as structural criteria supporting their designation
as a distonic superelectrophilic species.

There have been a wide variety of carbo-carboxonium dications des-
cribed in the literature. Some of the related distonic superelectrophiles
can be used for remote functionalization of appropriate substrates. For
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0 HF-SbF H,0 0] CO,H O
H3CWCH3 co 20+C H;C ch{} *oHC CH;
CO,H

|u 7 68

+0H G toH H H +OH . © ton co+
H3C)KA/\CH3 —_— chM/T\CH; ﬁ» H3CWCH3 R H3CWCH3
H,

H

H,0

67

69 70 71 72
v
+oy M. CHy +OH + OH
T+ ~H M _~_cH, _co )J\/YCH H,0
3 — - 3
HBC)JVV‘\H ~ H;C Y H3C . 68
H co
CH,
73 74 75
Scheme 1.

example, it was shown that aliphatic ketones are converted to the keto
acids (67 and 68) by the reactions in superacid in the presence of car-
bon monoxide (Scheme 1).26 The two products from 2-heptanone are
thought to arise from protolytic cleavage of C-H and C-C bonds. Pro-
tonation of the carbonyl group leads to the carboxonium ion (69) and
further protosolvation leads to the carboxonium-carbonium dications (70
and 73) and subsequently to the carboxonium-carbenium dications (71
and 74). Capture of the carboxonium-carbenium dications by carbon
monoxide and water then gives products 67 (20% relative yield) and
68 (74% relative yield). The key step in this conversion is formation
of the carboxonium-carbonium dications (70 and 73), and it is notable
that these species are formed with the maximum possible charge-charge
separation. It is not known to what extent each cationic charge influ-
ences the other charge center’s electrophilic character. This chemistry
has been shown to be selective and useful in functionalizing remote 3°
alkyl carbons (eq 24).2°

(6] (0]
cH HF-SbFs H,0 CH;
PI}C)'J\/\/\r 3 CO —20°C > > H3C COZH (24)
CH,4 60% CHs

In chemistry involving conversion of camphor, two distonic superelec-
trophiles are proposed.”’” When ketone 76 is reacted with HF—SbFs, the
enone 80 is produced (eq 25).
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CH, CH,4 CHj3
o) HF-SbFy O+l_l H+ H ) OH
- - - +
-
CH;4 CHj

H CHs
76 77 78

‘k H, (25)

CH CH
20 3 oHY CH}OH
D -~ + *
CH; CH, CH;
80 79

The conversion is thought to involve formation of the carboxonium ion
(77) by protonation of the carbonyl oxygen, and subsequent protona-
tion then occurs at the C-H bond. The resulting carboxonium-carbonium
dication (78) possesses the maximum possible charge-charge separation
for this bicyclic framework. Subsequently, an intermediate carboxonium-
carbenium dication (79) is produced, which isomerizes to the tertiary-
carbenium ion, and deprotonation provides the product enone (80).
Similar distonic superelectrophiles are proposed in other rearrangements
of terpenes in superacid.?®

Another type of carboxonium-carbenium dication is obtained from
remote functionalization of alkylamides (eq 26).%°

[0} + OH 1) HF-pyridine

(0]
CCl,. HF-SbF 2) Na,CO5, H,0 F
M cHy s M + CHy P NaCOs M M CH;,
HC NW e H,C NW HLC NW
H CHj N H CHj H CHj

81 82
(26)
In the presence of superelectrophilic trihalomethyl cation, the carboca-
tionic center is formed by hydride abstraction generating the distonic
superelectrophile (81). Capture of the superelectrophile with fluoride leads
to the fluorinated product (82).

A number of steroidal systems have also been shown to generate
carboxonium-carbenium dications in superacid. These intermediates are
known to lead to novel products and their chemistry has been recently
reviewed.?8d

Olah and associates demonstrated the oxyfunctionalization of aldehydes
and ketones by superacid promoted reactions with ozone.*® These con-
versions are thought to involve carbo-carboxonium dications and it has
been shown to be an effective method for the preparation of bifunctional
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products. In the case of aldehydes and ketones, oxyfunctionalization pro-
duces dicarbonyl products (eqs 27—-28). It has been found that the reaction
requires a minimum separation of two carbons between the carboxonium
and the developing carbonium ion centers in order for product formation
to occur. Thus, pentanal gives dicarbonyl product (84), while no such
reaction occurs with butanal (eq 29).

0 FSO,H-SbFs OGO 27)
0, -18°C 60%

H

N

+ i -H,0, " ,OH 0

HO . .CH,CH,—C—CHj . HOy .CH,CH,~C  ___
C i C

P H

FSO,H-SbF;

O . -CH,CH,CH,CHy CH,

i 0, -78°C i AL i CH;
H H H "0-0-OH H 0 80%
83 84
(28)
H +
I E ,OH
Os - CH,CH,CHy PO / HO< _CH,—C—CH, %% wos.cH—C
i 0, -78°C ¢ R G CH;
H H H O-0-OH H
85 not formed
(29)

The mechanism is thought to involve the reaction of protonated ozone with
the C-H o-bond and formation of the carboxonium-carbonium dication
(83). Evidently, formation of the analogous gitonic superelectrophile (85)
from butanal is disfavored due to the close proximity of the two positive
charges. Like most of the chemistry discussed preceedingly there is a
strong preference for functionalization at the site most distant from the
carboxonium ion group (assuming it is a 2° or 3° reaction center).

Carbo-carboxonium dications have also been generated by the direct
ionization of appropriate functional groups by the action of Brgnsted
superacids. For example, unsaturated acids are shown to give the reactive
distonic superelectrophiles, which are shown to be moderately reactive.’!
Protonation of the carboxyl and olefinic groups give the distonic super-
electrophiles (86 and 88; eqs 30-31).

CF,S0,H + on* +
H3C/\/Y or CH}/\/\\\O+ —
OH
86 87 85% CHj4
(30)

Z>"ScoH

CeHe
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O
CF;SO3H + oH* +
S S or D
Ph X COZH oy Ph/\/\g—l Ph/\/\\\o+
88 89 98% Ph
(3D
+ HO+ + +
Ph OH H OH OH
YO . mTTY (32)
OH Ph ( H OH
90 88
CF;SOzH

It has been shown in another study that protonated carboxylic acids tend
to form acyl ions at temperatures above 10°C, so it is possible that the
acyl-carbenium dications (87 and 89) are the electrophiles that lead to the
final cyclization products.>> Based on the ability to react with deactivated
arenes, it has been shown that there is a marked decrease in superelec-
trophilic character upon going from the gitonic superelectrophile 90 to
the distonic superelectrophile 88. In addition to protonation of the olefin,
protonation of a cyclopropane derivative has also been shown to produce
the distonic superelectrophile 88.3?® There is evidence that these types of
distonic superelectrophiles are significantly more reactive than analogous
monocationic electrophiles. For example, the distonic superelectrophile
(91) is generated from a condensation reaction with «-ketoglutaric acid,
and despite the stabilizing effect of the two phenyl groups, dication 91
reacts withbenzene and gives the phenyl-substituted tetralone (eq 33).3?

+

N
Q O CRsoH -2H0 OH CeHe OH o
T 2 +Ph 5 .
HOWOH o, —co HO)W HOMPb
o) Ph Ph
91

89% Ph” Ph

(33)

Ph _+_CH,

Y

Ph
92

In contrast, the 1,1-diphenyl ethyl cation (92) is unreactive to benzene.
This indicates that the carboxonium group (or the corresponding acyl ion)
participates in the superelectrophilic activation of the adjacent carboca-
tionic center.
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Several reports have suggested that carbo-carboxonium superelectro-
philes may also be produced from phenols, naphthols, and related species,
by diprotonation in superacidic media.** For example, 1-naphthol is
thought to form the distonic superelectrophile (93) with a variety of
acids (excess AICIl3;, HF—SbFs, and HUSY zeolite).34a In the presence
of benzene, the substituted tetralone, and with cyclohexane, 1-tetralone is
produced (eq 34).

OH *OH 0
ACID CgHg
(34)
93

‘ cyclohexane ©©

Since benzene and cyclohexane are both fairly weak nucleophiles, this
chemistry indicates that such dicationic species (i.e., 93) are indeed super-
electrophilic.

As mentioned, 2-oxazolines may form a ring-opened distonic super-
electrophile in reactions in superacid. These carboxonium-carbenium dica-
tions are capable of reacting with benzene and moderately deactivated
substrates.” For example, the optically active oxazoline (94) reacts in
CF3;S03H to generate the chiral dication (95) and this superelectrophilic
species is capable of reacting with o-dichlorobenzene in fair to modest
yield and diastereoselectivity (eq 35).

O Ph
TOH En AN )th
H;C _CRSOH - HC 3 N
/ﬁ/\)‘Ph o- C6H4(‘]7 ’ \)J\N)\?Ph - Il{
Ph 61% H H
94 (86% de) 95 Cl
cl

(35)
Carbo-acyl dicationic species have been proposed as intermediates in
several reports, but these types of distonic superelectrophiles have not yet
been sufficiently studied. Work by the Olah group has shown that pro-
tonated carboxylic acids cleave to the acyl ions in superacidic media at
temperatures above —10°C.3? In principle, ionization of a second group
(such as hydroxyl or olefinic) can generate a carbocationic site adjacent to
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the acyl cation, producing the carbo-acyl dicationic species. Two types of
distonic superelectrophiles are possible for the carbo-acyl dications: the
acyl-carbenium dications (i.e., 97) and acyl-carbonium dications (i.e. 99).
As described in Chapter 6, it has been proposed that the distonic superelec-
trophile (97) is formed as a short-lived and reactive intermediate from the
4-chlorobutanoyl cation (96, eq 36).>> An acyl-carbonium dication (99)
could be produced by protosolvation of an acyl cation (98, eq 37). It has
been shown in a closely related study that proto(deutero)solvation of the
propionyl cation (100) occurs in superacid, to provide deuterium incor-
poration at the methyl group.’® Experimental and theoretical evidence
demonstrated that formation of the carbonium ion center occurs preferen-
tially at the most distant carbon, giving the gitonic superelectrophile (101,
eq 38).

HF-SbFs *

Cl/\/\C\\\O+ HZCV\C\\\OJr — H3C\+/\C\\\O+ - H3C\/\C\\\ .

96 97
(36)

i
H @ + HF-SbFj A + 3
c=o0 H = 7
H HOC © 37)
98 99
+ DF-SbFj _* -
CH;CH,—C=0 CH,CH,—C=0 CH,DCH,—C=0

3 20°C ;

12 days )‘\Jr T (3 8)
D 'H
2.5% D
100 101

This provides maximum charge-charge separation in the dication. Thus, it
is expected that analogous distonic superelectrophiles will likewise tend to
undergo protosolvation at the carbon(s) most distant from the acyl cation
center.

A fair number of carbo-ammonium dicationic species and related sys-
tems have been reported. These distonic superelectrophiles have been
directly observed and shown to be useful in synthetic methodologies. For
example, the acid-catalyzed Grewe-cyclization is a well-known reaction
used in the preparation of morphine analogues.’” The conversion involves
formation of the distonic superelectrophile (102) from an appropriate



250 DISTONIC SUPERELECTROPHILES

tetrahydropyridine derivative (eq 39).

N
| 0 r—N
_N H,PO, —~N
R —_— / .
R
OH
OCH;4 OCH,
102

(39)
Related ammonium-carbenium distonic superelectrophiles (1,4-dications,
103-104) have been shown to possess strong electrophilic reactivies,
undergoing arylation with benzene and dichlorobenzene (eqs 40-41).38

Cl

+ =
‘ CF;SO3H - . 42% H-N ‘
-N 0-CgH,Cl, ~N N Cl (40)
H H
103
0 . Ph
N/\/\Ph CF;SO3;H N/V\Ph 999 N/\/kph 41
CeHg * 41)
104 105
+ + +NH; k - ph
Ph CH, + CH Z
~ H;N \CH
3 H
106 107 110

The formation of distonic superelectrophile 104 provides a high-yield
route to the antispasmodic drug, fenpiprane 105. The 1,4-dication (108),
1,5-dication (106) and 1,6-dication (107) have likewise been shown to
react with benzene in high yields.>® The superelectrophilic vinyl-dications
(109-110) have also been studied.*?:#!

A number of related distonic superelectrophiles have been generated
from N -heteroaromatic compounds (Table 2). Vinyl-dications (111-112)
have been produced from the ethynyl pyridines,** while N -alkenyl
N -heterocycles provide dications (113-115).4>* Vinyl-substituted N-
heterocycles provide access to distonic superelectrophiles such as dica-
tion 116.%° Dications 117 and 118 are generated from their precursors, and
both intermediates lead to efficient cyclization reactions with the adjacent
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Table 2. Distonic superelectrophiles (111-118) formed with CF3SO;H.

Precursor Distonic Superelectrophile Precursor Distonic Superelectrophile
N |+ + + +
N PN 7" 0H Z " 0H

111 115
H* S S +
9 S T L e
N a N+ N N
N N CH, H CH;
112 116
+ + CH; + CH;
\NW \N/\/\/CH3 Ph — Ph
\ | + 7 CH i CH;
= — \ 3 \
N. u-N-
113 N N
Ph Ph
117
+ + A 0 0

B “>Z"Ph | SN”""Ph Ph_ O Ph Ph. O, Ph

__OH _OH Pl}}N Pl}}l(ﬁ
— 4 \
HyC H,C H
114 118
CH;, 0 Ph
O
- e
/N\ 7
ph” N H,C
119 120

phenyl groups.*?**3 Products 119 and 120 are obtained from the conver-
sions. Distonic superelectrophiles 111-116 have all been shown to react
with benzene in Friedel-Crafts type reactions, indicating their reactivi-
ties as electrophiles. As expected, the diprotonated species 111-118 are
formed with the largest possible charge separation, with preference for
highly substituted carbenium centers.

Some theoretical work has been done to estimate the relative stabil-
ities of distonic superelectrophiles with respect to the distance between
the charge centers. For example, compound 121 is ionized in CF3SO3H
to give initially the 1,3-dication (122), which is found to undergo the
kinetically controlled isomerization to the charge separated 1,4-dication
(123, Figure 3).*3 Experiments using isotopic labeling indicate that the
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N N Ph
Ph  56% Ph 26%
Figure 2.

charge migration occurs via successive deprotonation-reprotonation steps.
Calculations at the B3LYP 6-311G**//B3LYP 6-311G** level of theory
estimate that the 1,4-dication (123) is about 16 kcal/mol more stable than
the 1,3-dication (122) for the gas-phase geometry-optimized structures.
In another study, the olefinic quinoline (124) was found to preferentially
give the charge separated 1,5-dication (126) rather than the 1,4-dication
(125, Table 3).** As described subsequently, dication 125 leads by cycliza-
tion to a very efficient conversion to benz[c]acridine. The two dications
(125-126) were studied using calculational methods to determine their rel-
ative stabilities (Table 3). Although their relative energies varied with the

Table 3. Calculated energies for dications 125 and 126.

N/ Ph

N + Ph
SO
+N~ "Ph
H

N/ Ph

+

124 125 126

Level of Theory Relative Energy, kcal/mol™!

HF/3-21G 0.0 17.7
HF/6-31G (d) 0.0 17.1
HF/6-311G (d) 0.0 17.9
PBE1/6-311G (d) 0.0 10.0
MP2/6-311g (d) 0.0 10.3
MPW1/6-311G (d)//PCMsp 0.0 7.4
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level of theory used in the calculations, all computational methods showed
the charge-separated species (125) to be considerably more stable. Besides
the charge-separation, dication 125 also benefits from favorable benzylic
interaction. A calculation was also done using the solvation-sphere model
MPW1/6-311G(d)//PCMsp, using sulfuric acid as the solvent. While the
energy difference between the two dications becomes even less, this
solution phase model still suggests more than a 7 kcal/mol difference in
stabilities between the two dications.

Examination of the dication pairs 122/123 and 125/126 may also sug-
gest a further useful definition of the distonic superelectrophiles: the
distonic superelectrophiles may be distinguished from onium dications
that are without superelectrophilic activation (i.e., two isolated cationic
centers) by comparison of the energies, reactivities, or structural/electronic
criteria, of two closely related species. For example, it is expected that
ammonium-carbenium dications 127 and 128 should vary considerably in
terms of energy, due to the proximity of the charges.

+ H
H. CH H. +
H/I\\I/\/\/ ’ :I\I\/\/\/\/\/CHz
H H + .
127 129
1,4-dication 1,9-dication
1,5-dication 1,10-dication
H\;I/\/\/C}—h H\]‘-I
H + H'N\/\/\/\/\/CH3
H * +
128 130

Thus, dication 127 can be called a distonic superelectrophile. However,
there is very little difference in energy between the ammonium-carbenium
dications 129 and 130, due to the large distance between charges. Dica-
tion 129 is therefore not a distonic superelectrophile, but rather an onium
dication with isolated electrophilic sites. This concept has been demon-
strated experimentally for a number of onium dications, as in studies
of carbodications having a large distance between the charge centers. In
order to distinguish between distonic superelectrophiles and onium dica-
tions, an arbitrary energy criteria may be set. For example, if increasing
charge-charge separation by a single carbon atom leads to a stabilization
greater than 1.0 kcal/mol, then the species may be considered as a distonic
superelectrophile. Likewise, the energy levels of LUMO orbitals could be
compared and used as a basis for distinguishing between these two types
of closely related dicationic species.
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Scheme 2.

Charge-charge separation has been shown to be a useful driving force
in the reactions of carbo-ammonium dications. For example, in the com-
mercial synthesis of the analgesic drug butorphanol, a key step involves
the ring expansion step of dication 131 to dication 132 (Scheme 2).4
The carbocationic center in 131 is located at a benzylic charge position,
being adjacent to an electron rich aryl ring. It is somewhat unexpected
that migration should occur to produce dication 132 because the resulting
carbocationic center loses its benzylic stabilization. Clearly, an important
driving force for this conversion is the charge-charge separation, where
the 1,4-dication (131) produces a 1,5-dication (132). In other studies, it
was demonstrated that distonic superelectrophiles 133 and 135 undergo
charge migration (eqs 42—-43).%

HyC-N HsC~ N + HyC~N
—_—
C6H(x i

H 98%

(42)

Ph
I \ Ph CF;SO;H N Ph
|
N~ C"Hb N Z Ph 979

(43)
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The charge-separated species (134 and 136) are then quantitatively trapped
with benzene. Interestingly, the conversion of 135 to 136 involves the
migration of charge from one benzylic position to another benzylic posi-
tion. This indicates that charge-charge repulsion drives the conversion.
The charge migration chemistry has been exploited in the synthesis of a
variety aza-polycyclic aromatic compounds (eqs 44—-45).4

OQ (44)

\N (45)

60%

As shown in Scheme 3, these conversions involve two key reaction steps.
From the pyridine derivative (137), ionization of the starting material
involves protonation of the N -heterocycle and the hydroxyl group, with
loss of water producing the distonic superelectrophile (138). Charge migra-
tion then provides the dicationic species (139) which is able to undergo
ring closure. Ipso-protonation of the phenyl group leads to benzene elim-
ination and formation of the condensed aromatic system.

Besides carbo-ammonium dicationic systems, there have been stud-
ies related to carbo-phosphonium dication systems. Some of the reported
chemistry suggests that superelectrophilic activation is involved. Olefinic
phosphonium salts are protonated in superacid to generate dications like
140 and these species have been shown to react with benzene in good

Ph CH, Ph  CH,4 Ph CH,4 Ph CH,

Mph CF;SO;H Ph _ H L0 ﬁjﬂk/ ﬁj}\/
2 OH
137 138 139

e

93%

Scheme 3. Proposed mechanism for aza-polycyclic aromatic compound formation.
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yields (eq 46).% In the reaction of the 2-pentenyl system (141), the
superacid catalyzed addition reaction gives a product arising from a charge
migrationstep (eq 47).

ph phoi P
N CF;SO;H < Ph .
PJ CH S PJ + CH SPS
- AN 3 — - 3 -
Ph Y\( CeHlg Ph \/\( Ph -
Br CH, 2X” CH, 2X” H,C 3
140 92%
(46)
Ph Ph Ph Ph CH,
Ph CF3SO3H  Ph ) Ph_ + Ph
Ph” Y\L c, T PR T CH T P T e T
o CHs 2X 2X 2X 99%
141 142 143
(47)

Initial protonation gives the 1,4-dication (142), but charge migration pro-
vides the more stable 1,5-dication (143). Reaction of dication 143 with
benzene then gives the product.*®

There have been few reports of carbo-halonium dicationic species in
the literature. In an attempt to prepare an adamantadiyl dication, Olah and
co-workers reported NMR evidence for the carbenium ion (144),

OH CH,

+ 3
CH, FSO3H-SbF;
50, oc (48)

s __B
Br SbF 'St 144

which possesses significant donor-acceptor interaction between the
bromine atom and the Lewis acid (eq 48).!> This species is expected to
also exhibit modest superelectrophilic activation from the partial positive
charge on the bromine.

7.2.3 Carboxonium-Centered Distonic Dication

A number of studies have reported the formation of carboxonium-centered
distonic dications. These systems include diprotonated diketones, diproto-
nated dicarboxylic acids, their derivatives, and others. A wide variety of
mixed dications have also been reported such as ammonium-carboxonium
dications, oxonium-carboxonium dications, acyl-carboxonium dications,
and other species. Many of these carboxonium-centered dications exhibit
properties indicative of distonic superelectrophiles.
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7.2.4 Bis-carboxonium Dication

As described in the previous chapter, a number of diketones have been
diprotonated in superacid to generate distonic superelectrophilic species.
Several types of 1,4-diketones yield the respective distonic superelec-

trophiles (eq 49).4’
FsoxH SbFs _OH
HO
145

146 148a 148b 149
(49)

These distonic superelectrophiles (145-147) have been characterized by
low-temperature '"H NMR (and 13C NMR in the case of 147) from FSO;H—
SbFs solution. Dication 146 was also studied by calorimetric studies to deter-
mine the heat of diprotonation of 2,5-hexanedione.*® It was found that the
heat of diprotonation for the y-diketones (like 2,5-hexanedione) is about
5 kcal/mol less than expected, when compared to twice the heat of protona-
tion of acetone or other monoketones. The destabilization of dication 146
by 5 kcal/mol can be the result of electrostatic effects, and it can be consid-
ered evidence for the superelectrophilic character of such dications. When
2,6-admantanedione is reacted in FSO3H—-SbF5 solution, the dication 148
is formed as a persistent species, observable by 'H and '3C NMR.!? The
carboxonium carbons of 148 are observed at §'3C 247.7, while the mono-
cationic species (149) has a carboxonium carbon at §'3C 267.1. These 13C
NMR data were interpreted as evidence for the increasing importance of the
carboxonium-type resonance structure (148a) due to electrostatic repulsive
effects. Some examples of aromatic diketones (i.e., diacetylbenzenes) have
also been reported to produce bis-carboxonium dications in their protonation
reactions in superacids.*’

A homologous series of aliphatic ketoacids were studied in FSOsH—
SbFs solution by low-temperature NMR. As discussed previously, the
gitonic superelectrophiles (150a,b) have been generated, but the distonic
superelectrophiles (150c-e) were also observed.** Among the distonic
superelectrophiles, the two systems with the greatest distance between
charge centers (150 d,e) undergo cleavage to the acyl-carboxonium dica-
tions (151d,e) at 0°C by loss of water (eq 50). Diprotonated levulinic
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acid (150c), however, is found to be stable to dehydrative cleavage up to
temperatures as high as 60°C (eq 51).

+ + +

+ T QH QH FSO,H-SbF; OH 0"
OH OH _C C. - e &
é ! HxC > (CHZ)n 7" "OH 0°C  -H,0 H}C ~ (CH2)n 7 (50)
HyC™ ™ (CHy),*"OH 150d,e 151d,e
150 a:n=0c:n=2
o 1don— + .
b g'. : - j (\C).H gH FSO,H-SbFy ]
: ——————— > noreaction
Hy,C™ (CH,),” "OH 0°C -HoO 51
150¢

The resistance to cleavage is an indication of the superelectrophilic char-
acter of dication 150¢. Several aromatic compounds have likewise been
shown to produce dicationic species upon the protonation of carboxyl and
carbonyl functional groups. Other bis-carboxonium dications have been
described involving protonation of carbonyl, amide, and other groups.>’
These distonic superelectrophiles (152—153) have been shown to be useful
in condensation reactions (eqs 52—53).

)0]\ “OH 0
40\] " Q J\CH3 7©J\CH%
CeHg + Ph
0 HO
Ph 90%
152
(52)
)Ol\ + OH 0
/J/i}\l OEt  CF3SOH N)J\OEt N 7O\J)j\om
—— —
CgHg + Ph
o) HO
P 97%
153
(53)

A number of bis-carboxonium distonic superelectrophiles have been
generated from dicarboxylic acids and diesters. Early studies of the pro-
tonation of the aliphatic diacids were done by cryoscopic techniques
using sulfuric acid media.’! More recent work was also involved using
low-temperature NMR methods. The aliphatic dicarboxylic acids are con-
verted to their diprotonated products (154a-f) in FSO3;H-SbFs-SO; solu-
tion and the dications 154a-f have been characterized by 'H NMR.3
Like the dications from the ketoacids discussed previously, it was shown
that the bis-carboxonium dications may undergo dehydration to form acyl
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cation center(s). This cleavage reaction is also shown to be sensitive to
the distance between the carboxonium charge centers (eq 54).

+9H +9H
.C C.

HO”™ ™ (CH,),” "OH

154 a:n=0 d:n=3
b:n=1 en=4
cn=2 fn=5

+ + +

Q,H QH FSO,H-SbFs QH O * ~H,0 * O\\\ C///O+
PPV C c’ o /
HO Co (CH,), ’C\OH -20°C -H,0 HO™ “(CH,),” —20°C ~(CHy), (54)
- tp=1hr
154d-f 2 155d-f 156d-f

Diprotonated pimelic, adipic, and glutaric acids (154 d-f) cleave to the
acyl-carboxonium dications (155d-f) at a rate that is similar to that of
monoprotonated aliphatic carboxylic acids. However, succinic acid (154c)
only cleaves to an extent of 50% in the FSO3H—-SbF5—-SO; solution. Loss
of the second water molecule from 155 d-f occurs readily, but even with
increased acidity the acyl-carboxonium dication 155¢ only cleaves to an
extent of about 50% to the biacyl ion (156c¢). These data are consistent with
a significant degree of superelectrophilic activation in the case of 154c
and 155c¢, although the results also show a diminishing superelectrophilic
activation in the charge separated species (154 d-f) and (155 d-f). There
are also close parallels between these results and the formation of bis-acyl
dications from the aliphatic diacid chlorides (vide infra).

The dicationic species arising from phthalic acid and its esters have
also been studied. Diprotonated phthalic acid (157) is observed by low
temperature 'H and 3C NMR, with its carboxonium carbons found at
813C 181.0.°% Warming the solution of 157 leads to the appearance of
a new set of signals that were assigned to the cleavage product, the
acyl-carboxonium dication 158 (eq 55).

*OH *OH ‘oH o
CO,H FSO;H SbF5 -H,0 Z
OH
X — T — o
CO,H B -30°C \\O . +
+*OH 0 "OH

158 159
(55)

NMR evidence also suggests the degenerate rearrangement via the anhy-
dride derivative (159). A similar process was described for the chemistry
of succinic and glutaric anhydrides in superacid. The methyl ester of
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+ + + + + +
OH OH OH OH OH OH
OMe OMe OMe OMe MeO OMe (> 6
©¢OM& g M(:Q'(ED)L MCMOMC MeO ¢©¢OMS O;(COZM?,H) +
TOH 5 om “oH “oH ‘oH *oH TOH
160 161 162 163 164 165

Scheme 4.

phthalic acid was also shown to form the diprotonated species (160) in
FSO3H-SbFs5-SO,CIF at low temperature (Scheme 4). Other multiply
protonated species (161-165) are formed by the reactions of their respec-
tive esters in superacid.”®

Diprotonated aliphatic esters have been studied by low-temperature
NMR experiments and by calorimetric techniques.*®>* A series of diesters
(166a-e) were studied in superacid by low-temperature NMR, and in each
case the diprotonated species (167a-e) could be observed as a persistent
species at —60°C (eq 56).>*

I Il +C‘?H +9H
.C _C. FSO;H-SbF. _C
Hy,CO™ N (CHy), ™ 0CH, — "~ HyCO™ “(CHy,~ “ocH, (56)
166 a:n=0 d:n=3 167 a:n=0 d:n=3
b:n=1 en=4 b:n=1 en=4
c:n=2 c:n=2

In general, the diprotonated diesters (167a-e) are more easily obtained than
analogous diprotonated diketones. It has been suggested that this reflects
the effective charge delocalization, or dispersal, in the ester-based carbox-
onium ions.*® This is evident by the acid-strength required to form the
diprotonated species, with diketones requiring much stronger superacids.
Based on the results from calorimetric studies of diester (di)protonation, it
was observed that the effects of charge-charge repulsion is negligible with
separation of the two positive charges by three or more methylene units.*8
Thus, 167¢ can be properly described as a distonic superelectrophile, while
the higher homologs 167 d-e have rapidly diminishing superelectrophilic
activation.

Another interesting type of bis-carboxonium dications is the bis(1,3-
dioxolanium) dication series (168—170).

O (0]
0 &
0 TN FSO;H 0
o~ (0)
— &
o -2 CH;0H o

168
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(57)

169 170

These ions were prepared from the appropriate 2-methoxyethyl esters
(eq 57).” Reaction in superacid leads to the formation of the 1,3-di
oxolanium cation centers and the respective dicationic species. Dica-
tions 168—170 were directly observed by NMR spectroscopy. Their struc-
tures, energies, and GIAO/DFT 813C values were determined by ab initio
computational methods. There is generally good agreement between the
observed 13C NMR spectra and the calculated spectra. Dication 168 gives
a 13C NMR signal at §'>C 182.2 for the carboxonium carbons in FSOsH
solution, while the calculated value (B3LYP/6-311G*//B3LYP/6-31G*
level) is at §'3C 188.5. When the energies of the dications are compared,
the ortho-isomer (168) is found 15.0kcal/mol higher in energy then the
meta and para isomers (169-170). This increasing energy is thought to
be due to the steric effects of the ortho substituents, as well as the electro-
static repulsive effects of the two closely oriented cationic centers. Clearly,
species 168 should be considered a distonic superelectrophile, due in part
to energy considerations. Using the same chemistry, the tricationic species
(171) is produced in superacid (eq 58).

(6] (6]
O 0O~ Fsou
\ (58)
o o 0 -2 CH;0H

171

When comparing the 3C NMR data from the dications 168—170 and the
trication 171, there is evidence for increasing superelectrophilic activation
with the trication. For example, the methylene carbons are found at §'3C 77.5
for dication 169 and 6'3C 86.9 for trication 171. This increased deshielding
of the methylene carbons can be understood in terms of a greater delo-
calization of the positive charges (in the trication) onto the ring oxygen
atoms, leading to deshielding of the methylene carbons. The enhanced res-
onance interaction with the oxygen atoms is thought to be the result of the
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electrostatic repulsive effects of the three positive charges. The optimized
geometries also reveal a structural effect from the third positive charge. The
bond length between the carboxonium carbon and the ipso-carbon increases
from 1.453 A in dication 169 to 1.471 A in the trication 171. This increase
in bond length is due to coulombic repulsive effects.

7.2.5 Onium-carboxonium dication

Among the reported distonic superelectrophiles, a significant number of
ammonium-carboxonium dications and related species have been stud-
ied. It has been shown that these electrophiles show enhanced reac-
tivities compared with monocationic carboxonium ions. For example,
4-piperidone (172) is diprotonated in superacidic CFzSOsH to give the
distonic superelectrophile (173), which condenses with benzene in high
yield (eq 59).°° In contrast, cyclohexanone forms the monocationic car-
boxonium (174) ion, but ion 174 is not sufficiently electrophilic to react
with benzene (eq 60).

N
OH Ph_ Ph
CF,SO.H
CoHg + - (59)
N N
H H H
172 173

*OH Ph _ Ph
CF;S04H
SO0 e
C(H(
174

The observed electrophilic reactivity is indicative of superelectrophilic
activation in the dication 173. Other ammonium-carboxonium dications
have also been reported in the literature, some of which have been shown
to react with benzene or other weak nucleophiles (Table 4).!:42b:57-60
Besides ammonium-carboxonium dications (175-179), a variety of N-
heteroaromatic systems (180-185) have been reported. Several of the
dicationic species have been directly observed by low-temperature NMR,
including 176, 178—180, 183, and 185. Both acidic (175, 180-185) and
non-acidic carboxonium (176-177) dicationic systems have been shown
to possess superelectrophilic reactivity. The quinonemethide-type dication
(178) arises from the important biomolecule adrenaline upon reaction in
superacid (entry 4). The failure of dication 178 to react with aromatic
compounds (like benzene) suggests only a modest amount of superelec-
trophilic activation. An interesting study was done with aminobutyric acid
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Table 4. Distonic superelectrophiles based on ammonium-carboxonium dications

and related heterocyclic systems.

Entry Precursor Dication Entry Precursor Dication
H N
H;C -N H,C N OH (0] OH H OH
) ; + M N A oH
Y OH
— >
175 181

/\)O\S i ~ ~_OH 0 +OH
@ S @MO ® oS HeS
i T CHs 3H\I\(} I cH;
CHj + CH;
176 182
OCH;3 H o HO *
() HCONTTOCH; oS OCH; o Ph>/_§¥H Ph>/_§LH
H,C N I~
3 H5C N Ny
177 b b
OH H HN'H 183
HO N.py HO (
@ MOy o Moy, o con
HO HO (10) A¢H Q)LH
178 J P
N X 2N
CH CH
O YOH 3 3
(5) HCTY TP HCTY TP 184
"NH; O~ *NH; OH
OH OH
179b an R} R §
(0] +OH _ |
(6) ®)LH @AH N *E
N7 HN -~
180 185

derivatives.®’ The series of diprotonated species (179a-c) were observed
as persistent species in FSO3H-SbFs solution at low temperature. The
diprotonated «- and S-aminobutyric acids (179a,b) were found to be sta-
ble at temperatures as high as 45°C, but the diprotonated y -aminobutyric
acid was found to undergo cleavage to the amino-acylium dication
(186, eq 61).

+

NH,
H3CQ\%0H H;C\(\%OH + JOH 4+
: HNSNPOH e s.. (61)
OH * NH, OH OH 3m0+

179a 179b 179¢ 186
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As described in the previous chapter, 179a,b are thought to be stable
towards cleavage due to the close proximity of the charge centers. Dipro-
tonated 4-pyridinecarboxaldehyde (180) has been shown to react with
nitrobenzene and saturated hydrocarbons, demonstrating its superelec-
trophilic character (eqs 62—-63).52

‘ X CHO CF4SO,H (62)
—_—
N~ CgHsNO,
140°C
H O
N CHO CF;SO;H N (;H/_\ o
N~ adamantane, CO HN. + +
" 60%
180
(63)

Other diprotonated acyl-pyridines have likewise been studied.%! In stud-
ies of 5-, 6-, 7-, and 8-hydroxyquinolines and 5-hydroxyisoquinoline,
dicationic intermediates like 185 (Table 4) were found to be involved
in superacid catalyzed reactions with benzene and cyclohexane.’® For
example, 8-hydroxyquinoline (187) reacts in CF3SO3H—SbF5 to generate
dications (188 and 189) and undergoes ionic hydrogenation in the pres-
ence of cyclohexane (eq 64). Compound 187 also reacts with benzene in
suspensions of aluminum halides (eq 65).

CF;SO H-SbFj | N CeHyp | Xy CHp, (:(j
/ / —_—
LéHl . E E* NG
"OH “OH

(64)

X
ABr3 or AlCly N |
— N//
T eme N . (65)
H
+

OH
190
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Interestingly, the comparable monocation (190) is not reactive towards
benzene or cyclohexane. This is an indication of the superelectrophilic
character of dication 188. The isomeric hydroxyquinolines and 5-hydroxy-
isoquinoline react with 5—7 molar excess of aluminum chloride and
cyclohexane at 90°C to give ionic hydrogenation products, and the corre-
sponding distonic superelectrophiles (191-193) are proposed as

intermediates.
. OH
.
T 0 C0 00
.
— — NH
N/+ Hp ng + N Z
H +OH H
192 188 193

185 191

+

OH

=

+

N
H

When the reactions with benzene were compared, it was found that the
distonic superelectrophiles 185, 188, and 193 are the most reactive electro-
philes.”® Based on the results from computational studies (MNDO and
DFT), the relative reactivities of the isomeric hydroxyquinolines and
5-hydroxyisoquinoline can be correlated with the energies of the low-
est unoccupied molecular orbital (sLuymo, the square of the coefficients
(c?) at the reactive carbon atoms, and the NBO charges (¢) on CH
groups. For example, 8-hydroxyquinoline (187) is found to be more reac-
tive than 6-hydroxyquinoline in the superacid catalyzed reactions with
benzene and cyclohexane. When the e ymo for dication 188 is com-
pared with the e ymo for dication 191, dication 188 has a LUMO of
much lower energy. It was proposed that lower e ymo values correspond
to increased electrophilic reactivities. It is also noted that typical dica-
tionic structures are found to have much lower g ymo values (~—12¢eV)
compared to analogous monocation e ymo values (~—7eV). This study
also showed evidence for the importance of atomic charge, ¢, at a reac-
tion center in determining the reactivity from a kinetic point of view.
Given that the energy levels for the highest occupied molecular orbitals
(HOMOs) for benzene (—9.782 eV) and cyclohexane (—9.109 eV) are con-
siderably higher (less negative) than the e ymo values for the dications,
the superelectrophilic character of these species can be understood. To
further characterize the intermediates involved in the conversions, dica-
tionic species 185 and 191-193 were also studied by 'H and '3C NMR
from 5-hydroxyquinoline, 6-hydroxyquinoline, 7-hydroxyquinoline, and
5-hydroxyisoquinoline, respectively, in CF3SO3H-SbFs solutions. Despite
the high acidity of the media, however, dications 191-193 were found to
be in equilibrium with the monoprotonated species.

In a related report, 5-amino-1-naphthol (194) was shown to react with
weak nucleophiles (cyclohexane and benzene) and the distonic super-
electrophile 196 is proposed as the key intermediate (Figure 3).52 NMR
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OH OH “OH “OH
e ()
3 3

NH, "NH; *NH;

194 195 196 190
eLumo  —10.979 eV =7.277 eV
q3 +0.3 +0.25

Figure 3. 5-Amino-1-naphthol, its protonated ions 195-196, and comparison to monoca-
tion 190.

studies indicate that the monocationic species 195 is formed in CFz;CO,H
(Hp —2.7), and the dicationic species 196 from CF;SOs;H (Hy —14.1)
or CF3SO3H-SbFs5 (Hog —20), although with CF3SO3H both the mono-
cation (195) and dicationic (196) are present in appreciable concentra-
tions. A dicationic species similar to 196 is also thought to arise from
solutions with excess anhydrous AICl3 or AlBr; (eq 66). The superelec-
trophilic reactivity of dication 196 is consistent withcomputation results,
the energy level of the lowest unoccupied molecular orbital (epymo) and
the atomic charge of the reaction center (g;). In order to show the effect
of a second charge center, dication 196 is compared to the monocationic
4-hydroxy-1-naphthalenonium ion 190. Dication 196 is found to have a
much lower ey ymo and a greater positive charge at carbon 3, when com-
pared to the monocation 190. In reactions with excess (4 equivalents)
AICI; or AlBr3, 5-amino-1-naphthol undergoes ionic hydrogenation with
cyclohexane while the reaction with benzene gives 5-amino-3- phenyl-1-
tetralone (197) (eq 66).

N 1. C¢Hy,

OH X 2. H,0

Excess :
OO AICI or AlBr, O‘ 70-80% T
[ it B i
i (66)

NH, " NH,X 1. CeHg O‘
2. Hy0
X=H or Al,Clz,” or Al Br3,~ 157240%
NH,

197

Since monocation 190 does not react with either benzene or cyclohexane,
the results show that the protonated amino group significantly enhances the



DISTONIC SYSTEMS 267

electrophilicity of the carboxonium ion. These results are also consistent
with the predictions based on e ymo and g;.

The activating effects of ammonium groups on carboxonium elec-
trophiles has also been exploited in the Friedel-Crafts acylations with
amides.”® For example, in comparing the superacid-catalyzed reactions
of acetanilide, the monoprotonated species (198) is found to be unreac-
tive towards benzene (eq 67), while the diprotonated, superelectrophilic
species (199) reacts with benzene to give the acyl transfer product in
reasonably good yield (eq 68).

0] CF;SO3H "OH 98%
)k _ )k — recovery of
N~ cH, S N~ “CH, (67)

H 3 100°C N acetanilide
198
(0]
N~ SCH,  Colls N~ CH, . (68)
H ‘ 100°C + H 3
NH, NH;
199

Other related distonic superelectrophiles (200—201) were also shown to
provide acyl-transfer products with benzene, and in the case of the
aminopyridine derivative (202) intramolecular reaction produces the
indanone (eq 69).

+ +
H;N H;N
N N7 CcH,
H H ’
200 201
0 OH" ?
/\)k H CE3SO3H. CgHg k H
Ph” X N .
> Ph N (69)
70%
— b
N 202 N
H

Although Friedel-Crafts acylation is well known with carboxylic acids,
anhydrides, and acid halides, there are virtually no reports of Friedel-Crafts
acylations being done with amides.®3 These results demonstrate the appli-
cation of distonic superelectrophiles to accomplish such a difficult
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synthetic goal as the Friedel-Crafts acylation of aromatic compounds with
amides.

The diprotonated benzoquinone monooximes have also been studied.
Using low temperature NMR, dications such as 203 can be directly
observed (eq 70)%*. Little work has been done to study the electrophilic
chemistry of these ionic species, although Shudo and Okamato generated
dication 204 in superacid and found it capable of reacting with phenol

(eq 71).9
O FSO,H-SbFs + @ H

203

9 CF;SO3;H + | 1
o N—S-CH; ——— HO =N—S-CH; —~ o
I 3 c Hs0H A : O
0 0 HO O NH-S~CH,
204 0

(71)

Carbo-oxonium dications have also been described in the literature and
some of these may be considered distonic superelectrophiles. An inter-
esting example has been described by Sommer and co-workers in the
case of diprotonated p-anisaldehyde (206, Figure 4).¢ The protonation
equilibria of p-anisaldehyde in superacids were studied using dynamic
NMR techniques. It is known that O-protonated benzaldehydes and related
compounds exhibit significant rotational barriers (compared to the neu-
tral benzaldehyde) due to m-delocalization (i.e., 205b). For monoproto-
nated p-anisaldehyde (205), the rotational barrier was estimated to be
18.6 kcal/mol. In strong superacid systems however, the oxonium center
is formed producing the diprotonated p-anisaldehyde (206). This is found
to have a decreased rotational barrier of about 12.6 kcal/mol. The decreas-
ing rotational barrier is the result of diminished neighboring aryl-group
stabilization of the carboxonium group. Electron delocalization from the
aryl group towards the carboxonium group is disfavored due to the interac-
tion of the two positive charges (i.e. 206b). Other oxonium-carboxonium
dications have been reported, such as the diprotonated products (207-208)
from hydroxycarboxylic acids,®’ but little is known about the electrophilic
character and superelectrophlic activation in such dications.

i *OH CH
HOJ\/\/&H Mz H

HO 0,
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Figure 4.

7.2.6 Acyl-centered Distonic Dications

Monocationic acyl ions are readily prepared as persistent species in solu-
tions of low nucleophile strength.®® These acyl ions have been thoroughly
characterized by IR and NMR spectroscopy, and several acyl ion salts
have been characterized by X-ray crystallography. The monocationic acyl
ions are often prepared in situ from carboxylic acids, esters, or anhydrides,
by the action of a strong Brgnsted acid, or the ions can be prepared from
ionization of an appropriate acid halide with a strong Lewis acid. Both
methods have been used to prepare acyl-centered dications, some of which
can be considered distonic superelectrophiles. As described previously,
dicarboxylic acids cleave to the bis-acyl ions in superacid (FSO3;H—SbFs)
provided that the acyl cations are separated by at least three methylene
units (eq 54).%> The first bis-acyl dications were reported by Olah and
Comisarow, being prepared by the reactions of dicarboxylic acid fluorides

with superacidic SbFs (eq 72).%°
1" 9
+ +
F’C\(CH ) /C\F 0 0 SbF5-SO, O\\\C el
2)n _— c”’ _
P ey, CE Sy, 2 (72)
209 c:n=2 fin=5 -
d:n=3 gn=6 209d-h 210d-h
en=4 hn=7
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Within the series of dicarboxylic acid fluorides, ionization provided the
bis-acyl dications in all cases except with succinyl fluoride. It was sug-
gested that the electrostatic repulsive effects inhibit formation of the
bis-acyl dication from succinyl fluoride (209¢). Dications 210d-h were
characterized by IR and 'H NMR in this study and they were also shown to
be reactive towards benzene to give the expected diketones. Using calori-
metric techniques to study the ionizations, similar results were obtained
by Larson and Bouis.*’ It was found in these studies that systems with
greater than four methylene groups (i.e., 210f-g) exhibit similar heats of
reaction. Thus, bis-acyl dications (210f-h) may be considered onium dica-
tions with separated acyl groups. However based on heats of reaction, it
is estimated that dication 210e is ca. 4 kcal/mol less stable than 210f,
and consequently bis-acyl dications separated by four or less methylene
groups (210c-e) can be considered superelectrophilic.

Bis-acyl dications have also been generated from terephthalic acid
derivatives. lonization of terephthaloyl fluorides (211a-c) with SbFs has

been used to prepare bis-acyl cations (212a-c, eq 73),%°
x Q X o X
X C. X c”
F  sbFg X +
Fe X
I +o7© X (73) ! X
X X
211a: X=H 212a: X=H
b: X=Cl b: X=Cl 213b: X=Cl
¢: X=Br ¢: X=Br ¢ X=Br

which have been characterized by IR, UV, and 'H NMR spectroscopy.’’
The halogenated derivatives 212b,c¢ can also be generated from tetra-
haloterephthalic acids with SOs3. These bis-acyl dications have been stud-
ied by mass spectroscopy, being generated from the terephthaloyl
chlorides. They fragment to the highly abundant CsX,4>* ions (213b,c).

7.2.7 Varied Distonic Superelectrophilic Systems

Besides the discussed distonic superelectrophiles, there are a variety of
other dicationic systems that may be considered as such. A significant
number of sulfur-centered systems have been shown to form such per-
sistent dicationic systems. For example, the dicationic carbosulfonium
species (215) was obtained by the oxidation of compound 214 (eq 74).”!



DISTONIC SYSTEMS 271

S S —
)k 2NO™ BF4 {
s H—s" 57 74
\—/ [ 2 BF; (74)
214 215

Many types of bis-sulfonium dications have been described in the litera-
ture, although little is known about the extent of superelectrophilic acti-
vation in these species. As an example, the dithioniabicyclo[2,2,2]octane
dication (217) is produced by reaction of the bicyclic dithioether dica-
tion (216) with styrene derivatives (eq 75).”> Tertiary sulfonium dications
(useful synthetic intermediates) have been prepared (eq 76).”

H
s N st 75
2 CF,505 [s'j " ©/\ lss\7 2 CF4505” (73)

45%
216 217
BF H,C- s +S—CHj (76)
: 2BF;
218

The chemistry of dicationic sulfur-centered systems has been recently
reviewed,”* and is therefore not further discussed here.

Due to the inherent stability of most ammonium ion centers, struc-
tures with two well-separated ammonium centers are considered onium
dications without superelectrophilic activation.®® In rare cases, however,
distonic superelectrophiles are formed containing two ammonium cationic
centers. One of the most important examples is the electrophilic fluo-
rinating agent called Selectfluor™ (220). It is a very useful reagent to
prepare varied fluorinated products and its chemistry has been recently
reviewed.”” In a study comparing several types of electrophilic fluori-
nating agents, Selectfluor™ 220 was found to have a reduction poten-
tial significantly more positive than the analogous monocationic salt 221
(Table 5).76 Other than N -fluorobis(trifluoromethylsulfonyl)imide (219),
220 has the most positive reduction potential. Moreover, it has been
shown that the electrophilic reactivity parallels the reduction potential
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Table 5. Electrophilic fluorinating agents and their electrochemical reduction
potentials (E ).

E, Reduction E, Reduction
I | I
FyC —S—N—S—CF; +0.18 +/ N ~0.47
0 0 N="" CF;505-
F
219 222
A\T ,CH,CI 0 4
. 1 ,
J ~0.04 S—N 078
N~ 28R R
F 0
220 223
0
n ,CH;
[ 037  HC S—N. 210
N BF,~ o F
F
221 224

data. 219 reacts with benzene to give fluorobenzene. However 220 does
not react with benzene, but fluorinates anisole in good yield. However, in
CF3SO3H medium 220 fluorinates benzene, chlorobenzene, etc. Likewise,
N -fluorobenzenesulfonimide (223) is incapable of fluorinating anisole, but
does fluorinate the more nucleophilic, 1,3—dimethoxybenzene.76 Based on
these results, it is clear that the adjacent ammonium group enhances the
electrophilic reactivity of the N-fluoro group in Selectfluor™, and thus
220 can be properly considered as a distonic superelectrophile.

Phosphonium and arsonium dications have been studied and their chem-
istry has also been recently reviewed.’*

There have been several distonic superelectrophiles described in the lit-
erature that are oxonium-centered dications. For example, a series of diols
were solvated in FSO3H-SbFs-SO, and the dicationic species were persis-
tent at —80°C.”” Upon warming to 25°C, the bis-oxonium ions undergo
rearrangement to the more stable carboxonium monocations (eq 77). Bar-
ring a concerted mechanism, the transformations are thought to involve
the carbo-oxonium dications (i.e., 225) and concomitant hydride shifts.
Interestingly, 2,5-hexanediol ionizes in superacid, and with warming the
cyclic oxonium ion (229) is formed (eq 78).
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H pgH “OH H
FSO,H-ShE “H,0 +
H.  ~_~,-H 3 3 o~ ~H > H. + -H H
o 0 —-80°C Q Q 25°C +Q . H g H H
H H H H
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(77)
O Fso,mser. TOHy o . D
Hsc\(vk S HgC\(\)\ ~2 HyC 2
T e e — CH
CH; — ¢ CH; o0 D/\jcm HyC™ Ny 3
OH *OH, Lo o OH
H
227 228
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9
(78)

In superacid, it is possible to even generate gitonic superelectrophiles
such as diprotonated water (H40%*).”® This suggests the possibility that
the gitonic superelectrophile (228) may be involved in the cyclization
step, although it is unclear if it is a transition state in the conversion or
a discrete high lying intermediate. Some of the bis-oxonium ions lead to
cleavage reactions (eq 79).

H H H, "OH *OH
N+ + -H,0 + + + +
0 o X 2 .0 -H + -H +
H %% H ™ 50 H )%% A = )K
H
230

(719)
2,3,3,4-Tetramethyl-2,4-pentanediol forms the oxonium dication 230 in
superacid, and dehydration is followed by carbon- carbon bond cleavage.
Although such cleavage reactions can occur with monocationic onium
ions, in this case the cleavage reaction is likely an indication of the super-
electrophilic nature of the dicationic intermediate(s).

Similar distonic superelectrophiles have been described as products
from the superacidic reactions of hydroxy ethers. Olah and Sommer pre-
pared and observed (by low temperature NMR) both 1,4- and 1,5-dioxo-
nium dications (231-234).7°

CH; H H
+ L+ + ’ + ! + ! +
i | i i i

H H H CH, H H
231 232 233 234
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These species were prepared from the appropriate ethers in FSO3H-SbFs-
SO; solution at —60°C. Like the protonated diols, these oxonium dications
(i.e., 235) were observed to undergo cleavage reactions leading to mono-
cationic fragments or dehydration-rearrangement to give the oxonium ion
236 (eq 80).

HaC o FSO;H-SbF c* 6 + TOH
3C< ~ HyC N + _
Oﬁ/ ™ e 0 Hjoec PN H;0~CH,
CH HyC

+ —u*
HyC S~ CHy HC. A~ -CH
-10°C T ~H v

236
(80)
Another interesting oxonium-based dication arises from p-methoxy-
benzene-diazonium ion in FSO3;H-SbFs solution (eq 81).8° Dication 237
was observed by low-temperature '3C NMR spectroscopy. Interestingly,
the o-methoxybenzenediazonium ion does not form the oxonium dication
238 (eq 82),

+ +
N <N FSO3H-SbF N N
o LY
Q X -75°C H\O 2X (81)
|
CH,4 CH,
237
HiC. HC.*.H
o, o7
N"’N FSO,H-SbF N/"N
SO,CIF (82)
<~ -75°C 2X"
238

presumably due to the proximity of the developing charge on the oxonium
and diazonium groups. This may be an indication that oxonium-based
dications like 237 should be considered distonic superelectrophiles.

A number of distonic halonium-based dications are also known and
their properties are often superelectrophilic.3! The chemistry of halonium
ions was thoroughly reviewed, thus only a few aspects are described
here. Alkylation of dihaloalkanes with methyl and ethyl fluoroantimonate
(CH3F-SbF5-SO; and CH3;CH,F-SbF5-SO,) gives the monoalkylated
halonium ions and/or the dialkylated dihalonium ions, depending on the
reaction conditions. Iodine shows an unusual ability to stabilize positive
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charge, as seen in the formation of dialkyl alkylene diiodonium ions (239,
eq 83). Remarkably, the dihalonium ion 239a has been prepared with
only a single methylene group separating the iodonium centers, formally
a gitonic superelectrophile. However, in the case of dibromoalkanes, the
dihalonium ion 240 is formed with three methylene groups separating the
halonium centers (eq 84).

excess

CH,F-SbF; + +
I-(CH,),-1 CH3-1-(CH,),-1-CH;4 83
239 aan=1 d:n=4 ( )
b:n=2 e:n=5
c:n=3 f:n=6
excess
CH,F-SbFs
B >"Br g H3C\Br/\/\Br/CH3 (84)
~78°C + +

In contrast, the 1,2-dibromoalkanes only give the monohalonium ions and
cleavage products. Dialkyl alkylenedichloronium ions were not observed.
In the case of dialkyl alkylenedibromonium ions, it is clear that charge-
charge repulsive effects lead to a significant destabilization of the sys-
tems having only two methylene groups between the bromonium groups
when compared to the charge separated species 240. This may indicate
the superelectrophilic character of 240 and other related species. The
dialkyl phenylenedihalonium ions exhibit similar trends.®! For example,
all isomeric diiodobenzenes give the dihalonium ions 241-243 and even
the triiodonium ions (244) can be prepared. p-Dibromobenzene can be
dialkylated to give the dibromonium ion 245, however, the reactions of
m- or o-dibromobenzene with excess alkylating agent only provides the
monoalkylation products (246—247).

+

CH
+ + + I/ 3 4 +
IN 1 1 I
e ey (e wey
HC
1
“CH,

241 242 243 244

+ + Br |
Br, Br Br. Br. Br,
O gt O
.
H;C ~Br H;C ~
i
247

245 246 248
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Coloumbic repulsive effects are thought to destabilize the o- or m-dibro-
monium ions. Mixed dihalonium ions (248) have also been prepared.
Alkylarylchloronium ions however could not be prepared under these
conditions due to facile aromatic ring alkylation.

In a related study, bromoanisoles were reacted with excess CH3F-SbF;
and the dicationic product 250 was only formed with p-bromoanisole.®?
NMR studies indicated that the dication is in equilibrium with the oxonium
monocation 249 (eq 85).

cH, cH,
CXCCS:S X O\
O\CH3 CH,F-SbFs q\CH3 + CHs
-78°C H;C.
Br Br : ]?rr
Ratio: (1.0) 4.4)
249 250

(85)
The isomeric o- or m-bromoanisole give only the oxonium monocations.
Presumably, dialkylation is inhibited by unfavorable charge-charge repul-
sive effects in the m- or o-isomers.

Interesting dihalonium ions have also been prepared from 1,4-dihalo-
cubanes (251, eq 86).3% Both diiodo and dibromocubanes were dimethy-
lated in excess CH3F-SbFs to give the dihalonium ions (252a,b) which
were stable at —70°C. 1,4-Dichlorocubane (251¢) did not give the dihalo-
nium ion 252¢. When the halocubanes (253a-c¢) were reacted with CH3F-
SbFs, the corresponding halonium cubanes (254a-c¢) could not be obtained
as stable species (eq 87).

X excess ;(7 CH’;
CH,F-SbF; ;
-70°C (86)
X H;C —X
251a: X =1 252 ab
b: X =Br
c¢: X=Cl
4
X X—CH;,4
CH;F-SbFs
o e 87
253a: X =1 254a-c
b: X =Br
c: X=Cl

This unusual observation is explained with consideration of the super-
electrophilic nature of the dihalonium ions (252a,b). It is thought that the
cubyl framework is stabilized by the pair of electron-withdrawing halo-
nium groups, while in the case of the monohalonium cubanes (254a-c),
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the cubyl framework does not have this stabilization. In this same study,
cubyl diacyl and dicarboxonium dications were also prepared, as well as
a novel tetracarbocationic species.
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3

SIGNIFICANCE AND OUTLOOK

The concept of superelectrophilic activation was first developed based on
the increasing trend of electrophilic reactivities observed in superacidic
media.! Varied electrophiles showed significantly enhanced reactivities
in superacids and were capable of reacting with extremely weak nucle-
ophiles. Many of the reported superelectrophiles have been generated in
strong and superacidic media.” The need for a highly acidic media can be
understood in terms of their low nucleophilicity and ability to protonate
(or coordinate) available electron pair donor site(s) of the electrophiles
decreasing neighboring group participation with the electrophilic center.
This interaction with the acidic media leads to doubly electron-deficient,
activated species or superelectrophiles. Fully formed cationic species,
however, are the limiting case, and superelectrophilic activation more
often involves only partial proton transfer or weak coordination with
Lewis acids, i.e., electrophilic solvation.

Although superelectrophilic activation has been most often observed
in superacid media, examples have also been reported involving reactions
occurring in less acidic environments, including enzyme systems, zeolites,
etc., as well as in the gas phase. It has also been shown that onium charge
centers (ammonium, phosphonium, etc.) can be involved in superelec-
trophilic activation. These considerations suggest that superelectrophilic
activation is a rather general phenomenon. Berkessel and Thauer suggested
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for example that locally highly electron deficient environments could be
present at enzyme active sites.> Moreover, properly positioned acidic
functional groups and Lewis acid sites may be able to participate in mul-
tidentate interaction with substrates, producing doubly electron-deficient
superelectrophilic species. Besides superelectrophilic activation in biolog-
ical systems, multidentate interaction may also be important in solid acid
catalyzed reactions involving, for example, Nafion-H and H-ZSM-5 and
their analogs.* Some solid acids are known to possess acidic sites clustered
together in close proximity. In order to explain how these acids can some-
times display remarkable activities, for example, allowing the catalytic
transformations of extremely low nucleophilicity alkanes (even methane),
it has been suggested by Olah that bi- and multidentate interactions can
lead to superelectrophiles.* In other types of zeolites, Corma noted that
cationic charges in the zeolite framework “produce very high electrostatic
fields (¢pn) and field gradients (¢rq) in the channels and cavities.” This
may also contribute to observed superelectrophilic activation.

There is now considerable experimental and theoretical evidence to
support the concept of superelectrophilic activation discussed throughout
our book. Several types of superelectrophilic dicationic species have been
observed in the condensed phase using spectroscopic techniques, such as
low-temperature NMR. Other superelectrophiles have been observed in the
gas phase using mass spectrometric methods. Kinetic studies have likewise
provided evidence for various superelectrophiles in superacid-catalyzed
reactions. Superelectrophilic activation is also confirmed by varied obser-
vations, as trends of reactivity vs. acidity, electrophilic chemistry involv-
ing extremely weak nucleophiles, product studies, isotopic exchange, and
structure-activity relationships. Calorimetric and kinetic studies have also
provided thermodynamic data by which superelectrophiles can be studied.
Theoretical calculations have been particularly useful. Many superelec-
trophiles were shown to be kinetically stable gas-phase species, often hav-
ing considerable barriers to deprotonation or fragmentation reactions. By
comparing usual electrophiles with the corresponding superelectrophiles,
calculations have been able to correlate reactivity trends with molec-
ular orbital energy levels and charge densities of the involved super-
electrophiles. Moreover, thermodynamic activation parameters obtained
from ab initio calculations have been compared with kinetically deter-
mined experimental values. Good agreement between the calculated and
experimental data has been considered evidence for the involvement
of superelectrophiles. Theoretical calculations have also provided use-
ful structural and spectral data allowing comparison with experimentally
determined data.
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Superelectrophilic reactions have been shown to be particularly use-
ful in various synthetic conversions particularly of unactivated o and
m-bonds, such as in alkanes and electron deficient arenes. Superelec-
trophiles have also been used in the synthesis of natural products and
biologically active compounds. Superelectrophilic chemistry has also
found varied applications in macromolecular chemistry and material
science.!3 717

Experimental and theoretical studies of superelectrophiles have revealed
many interesting structure-activity relationships. Superelectrophilic acti-
vation was shown to be a consequence of decreasing neighboring group
participation into electron deficient reactive cationic centers of the elec-
trophilic reagent. Decreasing neighboring group participation often leads
to enhanced reactivities, as a consequence of the inductive, electrostatic,
and/or resonance effects of electron withdrawing substituents in the dou-
bly electron-deficient species. For de facto dicationic superelectrophiles
(and higher polycations), coulombic repulsion has been shown to signif-
icantly influence the chemistry of these species. Charge-charge separa-
tion is an important driving force for such superelectrophilic reactions.
Onium (ammonium, pyridinium, phosphonium, etc.) substituents particu-
larly enhance the reactivities of adjacent electrophilic sites. Similar acti-
vating effects have been demonstrated in organometallic and catalytic
systems.

Significant structure-activity relationships in superelectrophiles relate
to the distance between charge centers. To an approximation, superelec-
trophilic activation decreases with increasing separation of charge centers.
This leads to the distinction between gitonic and distonic superelectro-
philes, the latter being characterized by three or more atoms separating
the charge centers. It was shown, however, that superelectrophilic acti-
vation may also occur by suitable geometrical arrangement forcing the
charge centers into close proximity. It has been suggested that superelec-
trophilic activation in enzymatic systems may be accomplished by closely
oriented cationic charges.®

Since the concept of superelectrophilic activation was proposed 30
years ago, there have been many varied superelectrophiles reported both in
experimental and theoretical studies. Superelectrophiles can be involved
in both gas and condensed phase reactions, ranging from interstellar space
down to the active sites of certain enzymes. Moreover, synthetic conver-
sions involving superelectrophiles are increasingly used in the synthesis
of valuable products. Superelectrophilic activation has also been useful in
the development of a number of new catalytic processes. It is our belief
that superelectrophilic chemistry will continue to play an increasing role
in both synthetic and mechanistic chemistry.
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ab initio calculations
estimated activation energies, for
superelectrophilic
electrocyclizations 47-48
of superelectrophiles
energies of LUMOs, 49
estimation of electronic chemical
potential, 49-50
estimation of electrophilicity indexes,
49-50
estimation of chemical hardness,
49-50
estimation of NBO charges, 49
estimation of NMR chemical shifts,
50-52
superelectrophilic isodesmic reactions,
48-49
Aceanthrenequinone
condensation with deactivated arenes,
141-142
diprotonated in superacid, 141-142
superelectrophilic, in polymer synthesis,
142

Acenapthenequinone
condensation with benzene, 141
diprotonated in superacid, 141
Acetic acid
diprotonated, calculated NMR chemical
shifts, 51-52
diprotonated, calculated structure and
stability, 212
Acetoacetamide
condensation with benzene, 199
diprotonation, 199-200
Acetoacetic acid, diprotonation and NMR
study, 199-200
Acetone, diprotonated, 86—88, 157, see
also carboxonium ions
N-Acetonylpyridinium salts
condensation with benzene, 205
protonation in CF3SO3zH, 205
Acetyl cation
electrophilic solvation, 154
superelectrophilic
from AICls, 154
reactions with arenes, 155
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Acetylene dication (CHCH?"), structure
and stability, 132
N-Acetyl-4-piperidone, diprotonation,
258
Acyl cations
long-lived, 5
monocationic, 269
superelectrophilic, 153—-155
acetyl cation, 153-155
from AICl3z, 90
from HF-BF;, 86
studied by theoretical methods,
58
pivaloyl cation, from AlCl3, 154
propenoyl cation, 219
propionyl cation, 249
N-Acyliminium salts, superelectrophilic
calculated structures, stabilities, and
reactions, 207-208
evidence for, 207-208
in AlCl3, 205-206
in CF3SO3H, 207-208
reactions with weak nucleophiles,
205-208
Acyl-transfer, from amides, 267
Adamanta-1,3-diyl dication
attempted preparation, 188
calculated structure and relative
stability, 189
2,6-Adamantanedione, diprotonation,
257
2,6-Adamantanediyl dication
attempted preparation, 236
calculated structure and relative
stability, 189
Adipic acid, 259
Adrenaline, formation of dication,
224-225
Aliphatic 1,3-carbodication, deprotonation,
13
Aliphatic diesters, diprotonated
calorimetric studies, 260
NMR studies, 260
Aliphatic glycols
diprotonation in superacid, 213
superelectrophilic pinacolone
rearrangement, 213
Alkenyl N-heterocycles, diprotonated,
250-251

INDEX

Alkoxy alcohols
diprotonated, 214
superelectrophilic pinacolone
rearrangement, 214
Alkylthioalkylation reaction, with
deactivated arenes, 19-20
Aminoacetals
forming ammonium-carbenium
dications, 204, 225-226
forming 1,3-carboxonium-ammonium
dications, 204
reactions with benzene, 204
o-Aminoacids
diprotonation in superacid, 204
triprotonation in superacid, 204
Aminoalcohols
formation of dications in superacid, 37,
224
observation of dications in
FSOs;H-SbFs, 37, 224-225
reactions with arenes in CF3SO3H, 37,
224
Aminobutyric acids, diprotonation
cleavage to acyl-ammonium dications,
262-263
NMR studies, 262-263
5-Amino-1-naphthol, diprotonation,
calculated structures, stabilities, and
properties,
266
NMR studies, 266
reactions with weak nucleophiles, 266
Ammoniaborene dication (NH;BH21)
structure and stability, 129
generation using charge stripping mass
spectroscopy, 128—129
Ammonium group
activation of adjacent carboxonium
ions, 262-268
activation of adjacent carbocations,
224
Ammonium-carbenium dications
from aminoacetals, 225
from aminoalcohols, 224
from heterocycles, 225
Aniline N-oxides,
formation of geminal dications,
111-113
reactions in superacid, 111-113
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p-Anisaldehyde diprotonation
decreased neighboring group
participation, 268—-269
NMR studies, 268—-269
Aprotic superacids, 90-91
Aromatic dications. 12
Aromatic diesters, diprotonation, 260
Arsonium dications, 272
Aryldiazonium dications, 173
3-Arylindenones, diprotonated, in triflic
acid, 85
Aspartic acid, triprotonated, 204
Atomic charge (g;), 266
Aza-polycyclic aromatic compounds,
255
Azonium ions, long-lived, 5

Benzaldehyde, diprotonated
calculated structures and stabilities,
160
reactions in superacid, 127-128,
158-160
Benzene elimination, 255
Benzophenone cyanohydrin, 226
Benzopinacol, reaction in superacid,
134-135
Benzoquinone monooxime, 268
Benzoyl cation, superelctrophilic,
reactions with arenes, 155
Bicyclic hydrazinium ions
methods of preparation, 169—170
structures, 169
1,4-Bicyclo[2.2.2]octadiyl dication,
235-236
Bi-dentate interaction
with hydrogen bonding catalysts, 93—-94
with solid acids, 93
1,1’-Binaphthalene-2,2’-diyl dications,
241
Biological systems, 93-94, 148—150
1,1’-Biphenyl-2,2’-diyl dications, 241
1,8-Bis(diarylmethyl)naphthalene dications
effects of charge-charge separation,
239-240
preparation and study, 239-240
Bis(1,3-dioxolanium) dications
calculated structures and stabilities,
261
NMR studies, 260-261
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Bis(fluroenyl) dication, 12—13
Bis-acyl dications
observation by NMR, 269-270
reactions with arenes, 269-270
1,1’-Bisadamanta-3,3'-diyl dication,
237
Bis-carboxonium ions, diprotonated
1,2,3-indanetrione, 199
1,3-indanedione, 199
2,4-pentanedione, 198—199
Bis-sulfonium dications, 271
Boron and aluminum-centered systems,
128-131
Boron-based ions, superelectrophilic,
studied by theoretical methods,
71
p-Bromoanisole, dialkylated, 276
2,3-Butanedione
condensation with benzene, 140—-141
diprotonation in CF3SO3H, 140-141
monooxime, diprotonation in CF3SOsH,
143

Calorimetric studies
bis-acyl dications, 270
protonation of diesters, 260
protonation of diketones, 257
Campbhor, 245
pB-Carbenium-acyl dications
calculated structures and stabilities,
219
generation in superacid, 218
1,3-Carbenium-cabonium dications,
192
Carbenium ions, superelectrophilic,
studied by theoretical methods,
64-66
Carbenium-nitrilium dications,
226
1,3-Carbenium-oxonium dications,
213-215
Carbocations
crystalline, 7—8
historical background, 1
long-lived, 5
Carbon dioxide
protosolvated, 163
superelectrophilic, from Al/AICl3,
91
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Carbonic acid, diprotonated, 163
Carbonium ions, superelectrophilic,
studied by theoretical methods,
60-64
Carbonyl group
electrophilic and protosolvation, 5
electrophilic strength, 4-5
LUMO, 5
protonation, 4
inductive effects of trifluoro and
trichloromethyl groups, 22
see also carboxonium ions
«-Carbonyl nitromethanes,
superelectrophilic reactions with
benzene, 223-224
Carbonylation, of dimethyl ether, 116
Carborane anions, 7—8
Carboxonium ions
activating adjacent electrophilic sites,
247
long-lived, 5
silylated, 8
superelectrophiles, 156—164
superelectrophilic
diprotonated acetaldehyde, 157
diprotonated acetone, 157
from FSO3;H-SbF5, 8687
from HF-BF;, 86-88
generated in triflic acid, 82—83
hydride abstraction, 157
observation of by NMR, 37-38
piperidones, 205, 262
pivaldehyde, 8, 214-215
promoting rearrangments, 160—163
studied by theoretical methods,
53-58
Carboxonium-carbenium 1,3-dications,
194-198
Carboxonium-vinyl dication, 197—-198
Carboxylation
of alkyl groups, 243-244
superelectrophilic with CO,, from
AlCl3, 91
Carboxylic acids, diprotonated, 88—89,
211-212
CClL**+
reaction with Cl,, 45
structure and stability, 109
CF22+
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gas phase reactions, 45, 109
structure and stability, 109
CF3%* ion, gas phase formation and
reactions, 167—168
C-H o-bond protonation, from HF-SbF5,
89
CH2XH2+ (X =F, Cl, Br, I) dications,
167
Chalcone, diprotonation in superacid,
195
Charge-charge separation
effect on amino acid ionization, 204
effecting heats of protonation, 257
effecting pKg4 values, 238—-239
effecting relative stabilities, 251-253
in 1,8-Bis(diarylmethyl)naphthalene
dications, 238-239
in charge migration reactions
aza-polycyclic aromatic compounds,
254-255
butorphanol, 254
structural effects, 254-255
in the Nazarov reaction transition state,
106
in oxyfunctionalizations, 245-246
in remote functionalization, 244
in retropinacol rearrangements, 161
isomerization of 1,4-dialkyl-1,
4-cyclohexyl dications, 234
isomerization of 1,5-manxyl dication,
234-235
Chiral dications
1,1’-Binaphthalene-2,2’-diyl dications,
241
from 2-oxazolines, 224
from aminoalcohols, 224
redox behavior, 241
N-Chlorosuccinimide, diprotonated, from
H,0-BF;3, 91-92
Cinnamic acids,
diprotonation, observation by NMR,
196
reactions in superacid, 195-196
Cobalt-stabilized propargyl cations,
electrophilicities, 2
Coulombic explosion, 43
Coulombic repulsive effects
alkylation of bromoanisole, 276
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alkylation of dihaloalkanes and
dihaloarenes, 275
ionization of dicarboxylic acid fluorides,
270
protonation of o-methoxybenzene-
diazonium ion, 274
tris(1,3-dioxolanium) trication,
262
Cryoscopic experiments, 222, 258
Cyclizations, superelectrophilic
aza-polycyclic aromatic compounds,
255
cyclodehydration, 25-26, 157-158
1,2-ethylenedications
ab initio calculations, cyclization
energetics, 137
cyclization kinetics and
thermodynamics, 136
cyclizations to fluorene products,
134-139
cyclizations to phenanthrene
products, 134—139
Grewe cyclization, 249-259
Houben-Hoesch reaction, 2627,
82-83, 146
indanones, 195—196
Nazarov reaction, 25, 48, 106, 157—158
Pictet-Spengler reaction, 28—-29, 82—-83,
147
tetralones, 246—248
Cyclodehydration of
1,3-diphenyl-1-propanone
kinetic studies, 25-26
pPKpH+, 26
activation parameters, 158
evidence for superelectrophiles,
157-158
use of CF3SO3H, 25-26
1,4-Cyclohexanedione, diprotonation,
257
Cyclohexenone
diprotonated in HF-SbFs, 194
isomerization in superacid, 194
Cyclopropyl-stabilized 1,3-carbodication
calculated and experimental NMR data,
189-190
method of preparation, 189
1,3-Dehydro-5,7-adamantane dication,
12-13
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Diacetylbenzenes, diprotonation, 257
Diadamanta-4,9-diyl dication, 237
Dialkylhalonium ions
formation of geminal superelectrophiles,
119-121
superelectrophilic
evidence for, 120
in the alkylation of arenes, 119
structures and stabilities, 120
2,2-Diaryl-1,3-indanediones,
superelectrophilic rearrangement,
162-163
Diazenes, dialkylation, 170
Diazenium dications, methods of
preparation, 171
Diazoles, dialkylation, 170
Diazomethane
diprotonation, 172
formation of methyldiazonium dication,
172
Diazonium dications
calculated structures and stabilities,
171-172
diprotonated diazomethane, 172
diprotonated dinitrogen (N,H,2h), 172
Dibromonium dications, 275
1,2-Dicarbonyl compounds, formation of
superelectrophiles, 140—143
Dicarboxylic acid fluorides, reactions to
bis-acyl dications, 269270
Dicarboxylic acids, diprotonation
cleavage to acyl cations, 258—259
cryoscopic studies, 258
NMR studies, 258-259
Dicationic carbon dioxide (CO,%)
formed in the gas phase, 163
reactions with H,, 164
2,4-Dichloro-2,4-dimethylpentane,
ionization in superacid, 188
1,4-Dihalocubanes, formation of
dihalonium ions, 276
Dihalogen dications (HXXH?**, X = CI,
Br), 178
Dihydro[5]helicene dication, 242
Diiodonium dications, 275
Diketones, diprotonation, 140—143, 257
Dimethyl oxonium ion
carbonylation, 116
superelectrophilic, 115-116
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Dimethylbromonium ion, protosolvation,

structures and stabilities, 121, 167

Dimethylperoxide

alkylation, 175-176

formation of a vicinal dication,
calculated structure and stability,
176

Dimethylsulfoxide

NMR studies from superacid, 177-178
protonation and diprotonation
calculated structures and stabilities,
177-178
GIAO-MP2 NMR data, 177-178

Diols, diprotonated, 272—-273

1,3-Dioxane, superacidic ring opening,
213

Diprotonated

acetaldehyde, 157
acetone, 157
ammonia (NHs21)
analogous gold complex, 111
calculated structure and stability,
110-111
from gas phase reaction, 110-111
butane (C4H %), calculated structures
and stabilities, 242—-243
formaldehyde (CH,OH,>")
calculated structure and stability, 157
observation in gas phase, 157
reaction with isoalkanes, 157
hydrogen sulfide (H;S**)
analogous gold complex, 118
calculated structure and stability, 117
evidence for its formation, 117
imines
evidence for, 147
superelectrophilic cyclizations,
147-148
methane (CHg2t)
analogous gold complex, 108
calculated structure and stability, 108
methyl halides, calculated structures and
stabilities, 121
nitriles, 145
propane (C3H;%"), calculated
structures and stabilities, 192—-193
o,B-unsaturated ketones, 194—195
water (H,0%1)
analogous gold complex, 114-115
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calculated NBO charges, 105-106
calculated NMR chemical shifts,
51-52
evidence for its formation, 113114
calculated structure and stability,
114
Distonic superelectrophiles
1,4-carbodications, 233-234
acyl-carbenium dications, 248—-249
acyl-carbonium dications, 248—-249
ammonium-carboxonium dications,
262-268
aryl-stabilzed carbodications, 237-238
bis-carbonium dications, 242-243
bis-carboxonium dications, 257-262
bis-oxonium dications, 272—-274
carbenium-carbonium dications, 243
carbo-ammonium dications, 249-256
carbodicationic systems, 232-243
carbo-halonium dications, 256
carbo-phosphonium dications, 256
carboxonium-carbenium dications, 244,
246-247
carboxonium-carbonium dications, 244
cyclopropyl-stabilzed, 233-234
dihalonium dications, 274-276
structural requirements, 231-232
sulfur-based dications, 270-271
Disulfonium dications
methods of preparation, 176—177
reactions, 176—177
Dithiocarbenium ions, electrophilicities, 2

Electrocyclization
a-(methoxycarbonyl)diarylmethanol
NMR observation of
superelectrophiles, 40—41
kinetic studies, 136—137
effects of acidity, 30-31
Electron transfer, involving HCX?* ions
(X =F, (], Br, I), 109
Electrophile, strength, 2—5
Electrophiles, historical background, 1
Electrophilic activation involving
phosphonium, 208
Electrophilic solvation, 11, 283
Electrophilicity, 2—-3
Enones
Superelectrophilic
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3-arylindenones, diprotonated, in
triflic acid, 85, 194
chalcone, 195
cyclohexenone, 194
from AlCl3, 91
from HUSY zeolite, 92
mestityl oxide, 194
Ester cleavage
Ay, 209
superelectrophilic
evidence for superelectrophiles,
209-210
need for low temperatures, 99
NMR studies, 209-210
Esters, diprotonated
calculated structures and stabilities,
210
reactions with arenes, 211
Ethane dication (CH3CH321), structure
and stability, 132

Ethylacetoacetate, diprotonation and NMR

study, 199-200
Ethylene dication (CH,CH,%")
formation in gas phase, 131-132
halogenated derivatives, 132
hyperconjugation, 126
calculated structure and stability,
131-132
1,2-Ethylenedications
ab initio calculations, cyclization
energetics, 137
cyclization kinetics and
thermodynamics, 136
cyclizations to fluorene products,
135-139
cyclizations to phenanthrene products,
135-139
evidence for, in fluorene cyclization,
139
observation by NMR, 136
Ethylene glycol, diprotonated, 214
Ethyleniminium, protonated, calculated
structures and stabilities, 146—147
Ethynyl pyridines, diprotonated, 250-251

Fluorooxonium dications (FOH32t and
F,OH,%"), 114

Fluorosulfonic acid (FSO3H), use in
forming superelectrophiles, 85
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Formic acid, diprotonated, calculated

structure and stability, 212

Formyl cation

Gatterman-Koch formylation, 151
superelectrophilic

calculated structures and stabilities,

153

evidence for, 151153

from HF-BF;5, 88

from CF3;SOsH, 84

reaction with adamantane, 23

reactions with isoalkanes, 22, 151

Freidel-Crafts acylation

reactions of deactivated arenes, 21

superelectrophilic acetyl and benzoyl
ions, 33

involvement of diprotonated esters,
211

use of amide derivatives, 267

Gatterman reaction

evidence for superelectrophiles, 145
pKgu+ of hydrogen cyanide, 32
use of CF3SO3H-SbFs, 8283

use of superacids, 32

Gitionic superelectrophiles

1,3-carbodications, 187-193
carbon-carbon vicinal systems, 131-144
carbon-halogen vicinal systems,
164-168
carbon-nitrogen vicinal systems,
145-151
carbon-oxygen vicinal systems,
151-164
carboxonium-centered 1,3-dications,
193-212
geminal
azodications, 110—-113
carbodications, 108—110
delocalization of charge, 105-106
halodications, 119-121
oxo and sulfodications, 113—-119
structural considerations, 105—-107
halogen-centered vicinal-dications,
178-179
nitrogen-centered vicinal systems,
168175
noble gas-centered vicinal systems,
179-180
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Gitionic superelectrophiles (contd.)
oxygen and sulfur-centered vicinal
dications, 175-178
vicinal, structural considerations,
125-128
Glutamic acid, triprotonated, 204
Glutaric acid, 259
Grewe cyclization, 249-250
Guanidinium ion, protonated dication,
148

H,0-BF3, use in forming
superelectrophiles, 91-92
H,;Se”* dication, analogous gold complex,
118
H4Te** dication, 118
H5S3+
calculated
NBO charges, 106
structure and stability, 119
analogous gold complexes, 119
Halocarbonyl cations, superelectrophilic,
155-156
Halogenation, superelectrophilic
N-halosuccinimides, 201
Halonium ions, superelectrophilic
(H3X3%), calculated structures and
stabilities, 120—-121
Halonium ions
long-lived, 5
superelectrophilic, studied by theoretical
methods, 72-74
N-Halosuccinimides
superelectrophilic
calculated structures, stabilities,and
reactions, 201-203
reactions with deactivated arenes,
201-203
Hammett acidity scale, 6
Hammett equation, 2
HCX?** ions (X =F, Cl, Br, I)
gas phase reactions, 108—109
calculated structures and stabilities,
108-109
Heliomethonium dication (CH4He?"), 180
Helium dimer dication, He,?*, 12
N-Heteroaromatic compounds,
diprotonation, 205-206
2,5-Hexanedione, diprotonation, 257

INDEX

HF-BF;3, use in forming
superelectrophiles, 86—88
HF-SbFs, use in forming
superelectrophiles, 88—89
Houben-Hoesch reaction
involving diprotonated nitriles, 146
superelectrophilic
kinetic studies, 26—27
use of CF3SO3H-SbFs, 82-83
HUSY zeolite, use in forming
superelectrophiles, 92—-93
Hydrazinium dications
methods of generation, 168—170
inductive effects, 126—127
Hydrazoic acid, diprotonated (H,N;H?>*),
172
Hydride transfer, from alkanes or
cycloalkanes
to diprotonated naphthols, 91-92
to superelectrophilic
acetyl ion, 8-9
carboxonium ions, 86—87, 157
trihalomethyl cations, 164—166
Hydrogen peroxide, studies of protonated
products, 175
Hydroxyalkylation
2,2,2-trifluoroacetophenone, 5
acetophenone, 5
superelectrophilic
N-acetonylpyridinium salts, 205
N-acetyl-4-piperidone, 258
2,3-butanedione, 31
carboxonium ions, 38
diprotonated acetoacetamide, 199
isatin, 20
parabanic acid, 20, 203
4-piperidones, 205, 262
phosphonium-substituted ketones, 208
reactions involving deactivated
arenes, 20-21
use of low temperature, 98
with chloral, 21-22
Hydroxyanilines
formation of geminal dications,
111-112
reactions in superacid, 111-112
Hydroxycarboxylic acids, diprotonation,
268
Hydroxyethers, diprotonation, 273274
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Hydroxyquinolines
diprotonation
calculated structures, stabilities, and
properties, 264—-266
ionic hydrogenation, 264—265
LUMO energies, 264—-265
reactions with arenes, 264—265
superelectrophiles from AlCl3, 264
Hyperconjugation, ethylene dication, 126
Hypercoordinate ions, superelectrophilic,
studied by theoretical methods, 63

Imines, diprotonated
from CF3SO3H, 82-83
reactions of, 28-29
Iminium ions, electrophilicities, 2
Indenones, diprotonated, 85, 194—195
Inductive effects, fluorine-substitution, 5
Infrared and Ramen spectroscopy, use in
the study of superelectrophiles,
41-42
Iodination, of alkanes and cycloalkanes, at
low temperature, 96—97
Ionic hydrogenation
hydroxyquinolines, 38—-39, 264-265
1-naphthol, 248
5-Amino-1-naphthol, 266
carbonic acid, 163
methanol, 116
Isatin, superelectrophilic
condensation with arenes, 142—143
polymer formation, 142—-143
Isoformyl cation, 151
Isopentenoyl cation, protonation,
calculated structures and properties,
219
Isopropyleniminium, protonated,
calculated structures and stabilities,
147
Isoxazolidines, formation of dications,
216

Ketoacids
diprotonation
cleavage to acyl-carboxonium
dications, 257-258
NMR studies, 257-258
a-ketoacids
condensation with benzene, 140—141
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diprotonated, 140
a-Ketoesters, diprotonated, 140
Kinetic studies

estimating nucleophilicities and
electrophilicities, 2—3
use of NMR, 40
cyclodehydration, 157—-158
Nazarov reaction, 157-158
Houben-Hoesch reactions, 146
Pictet-Spengler reaction, 27-28, 147
stereomutation, role of
superelectrophile, 27
Koch-Haaf carbonylation,
superelectrophilic, effect of
temperature, 97-98

Lactic acid

diprotonation, 213

formation of lactide in superacid, 213
B-Lactone, ring opening via

superelectrophile, 210

Lewis acids, electrophilic solvation, 90
Linear free-energy relationships, 2—3
Lysine, triprotonated, 204

Magic acid (FSO3H-SbFs)
use in stable ion conditions for NMR,
86
acidity range, 6
Malonic acid, diprotonation and NMR
study, 201
Malonyl fluoride
preparation of the diacyl dication, 217
reaction with SbFs, 217
Mass-spectroscopy
charge stripping, 42
electron ionization, 42
electrospray ionization, 43
photoionization, 42
observation of protoacetyl dication, 44,
155
observation of protoformyl dication, 153
observation of protonitonium dication,
43-44
Mesityl oxide
diprotonated
observation by NMR, 194
reaction with cyclohexane, 194
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Mesityl oxide (contd.)
superelectrophile, AICI;3 electrophilic
solvation, 194
Metal-free dehydrogenase enzyme, 93—-94
model studies related to, 148—150
Metallocene catalysts, 7
Methane
dicationic ions from mass spectrometry,
108
diprotonation, 108
triprotonation, 108
Methanol
reactions in superacid, 115-116
self-condensation, 116—117
Methionine, triprotonated, 204
Methyl acetate
protonation and reaction in superacid,
209-210
synthesis from dimethyl ether, 118
9-Methyl-9-fluorenyl cation, protonation,
191
Methyl halides, diprotonation
calculated structures and stabilities, 121,
167
NBO charges, 167
Methyl oxonium ion (CH3;0H,>"),
formation of geminal superelectrophile,
115
superelectrophilic
alkylation of arenes, 115
reaction with hydrogen, 115
Methyleniminium ion, protonated
calculated structures and stabilities,
146
observation in gas phase, 146
Multi-dentate interaction
with hydrogen bonding catalysts, 93-94
with solid acids, 93
Multiply-charged ions, fragmentation and
rearrangements, 12—13

Nafion-H, use in forming
superelectrophiles, 92
Naphthols
diprotonated
from AICl3z, 91-92
from HF-SbFs, 89
reactions with weak nucleophiles, 248
2-Naphthol

INDEX

protonation and electrophilic
solvation, 195
superelectrophilic ionic
hydrogenation, 195
Naphthyl ethers, diprotonation, 195
Nazarov reaction
in superacid, 157—-158
superelectrophilic
ab initio calculations, 48
delocalization of charge, 106
kinetic studies, 25, 157-158
use of low temperature, 98
use of CF3SO3H, 25
Neighboring group participation,
decreasing
in superelectrophilic activation, 4, 10,
283
in enzymatic activation, 24
shown by NMR, 238
influencing rotational barriers, 268
NH32+ dication, structure and stability,
111
Ninhydrin
condensation with arenes, 162—-163
superelectrophilic rearrangement,
162-163
Nitration
reactivities with deactivated arenes,
18-19, 173-174
superelectrophilic reactions, 173—-174
superelectrophilic, use of low
temperature, 98
Nitriles, diprotonated, 26—27
Nitrilium ions, protonation to form
superelectrophiles, 145
Nitroethylene
diprotonated
evidence for, 220
reaction with benzene, 220
reaction in CF3SO3H, 35
Nitrogen-based ions, superelectrophilic,
studied by theoretical methods,
66-69
Nitronic acids
diprotonation, 223
reactions with arenes, 223
Nitronium ion
protosolvation, 174
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reactivities with deactivated arenes,
18-19, 173-174
superelectrophilic
70 NMR study, 175
calculated structures and stability,
175
electrophillic solvation with AICl3,
173-174
formation in superacids, 173—-174
from fluorosulfonic acid, 85
from triflatoboric acid, 84
from CF;SO5;H, 82-83
study by infrared and Ramen
spectroscopy, 41
with AICl3, 90
long-lived, 5
reactions with alkanes, 9
2-Nitropropene, diprotonated, reaction
with benzene, 220
Nitrosobenzene, formation of geminal
dication, 113
B-Nitrostyrene, reaction in CF3SO3H,
35-36
Nitro-substituted benzenes, diprotonation
NMR studies, 222-223
reactions with benzene, 222-223
Nitro-substituted naphthalenes
diprotonation in superacid, NMR
studies, 35-36
reaction in CF3SO3H, 35-36
Nitro-substituted olefins
diprotonation in superacid, NMR
studies, 35-36, 222
reactions with benzene, 220-222
superelectrophiles from CF3SO3H,
82-83
NMR

necessity of low temperature for studies

of superelectrophiles, 99-101
use in the study of superelectrophiles,
34-40
Noble gas clusters, 44, 179
Nucleophiles
historical background, 1
strength, 2—5
Nucleophilicity, 2—3

Olefinic amines
diprotonated, 250
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reactions with arenes, 250
Oleum (H;SO4-S03), use in forming
superelectrophiles, 82
Organosulfurane (IV) dications,
118
Oxalic acid, diprotonated, 140
Oxalyl chloride
attempted preparation of the oxalyl
dication, 216217
reaction with SbFs, 216-217
Oxalyl dication (+OCCO+), calculated
structure and stability, 216-217
Oxamide dication, 142
Oxazolines
diprotonation, 215
reaction with arenes, 215
ring opening to distonic
superelectrophiles, 215
Oxonium ions
long-lived, 5
superelectrophilic
from FSO3;H-SbFs, 86-87
from HF-BF;, 88
from HF-SbFs, 88—-89
from triflatoboric acid, 84—-85
studied by theoretical methods,
58-59
see also diprotonated water
trialkyloxonium salts (Meerwein salts,
R30TX™)
formation of geminal
superelectrophiles, 115
superelectrophilic alkylation of
arenes, 115
Oxyfunctionalization, 245-246
Ozone, reactions in superacid, 176,
246

Pagodane dication, 12—13

Parabanic acid, superacid promoted
reactions with arenes, 203

Phenalenone, 190

Phenylenediyl dications, pKr4 values,
239

2,2'- p-Phenylene-di-2-propanol, ionization
to superelectrophile, 238

3-Phenylpropynoic acid, diprotonation,
197-198

Phosphonium dications, 272
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Phosphonium ions, superelectrophilic,
studied by theoretical methods, 69
Phosphonium-carboxonium dications, 208
Phthalic acid, 259
Pictet-Spengler reaction, kinetic study and
role of superelectrophiles, 27
Pimelic acid, 259
Pinacolone rearrangement, 213
Piperidones
condensation with benzene, 205
diprotonated, 205
4-piperidone, 262
Pivaldehyde
diprotonated, 88
superelectrophilic rearrangement
calculated structures and stabilities,
214-215
conditions, 214-215
Pivaloyl cation, superelectrophilic, from
AlCl;, 154
pKr+ value, definition, 3
p-Methoxybenzene-diazonium ion,
protonation, 274
Pnictogenocarbenium ions (CH,XHZt,
X =P, As, Sb)
calculated isodesmic reactions of
superelectrophiles, 151
protonation, 150—151
Polycyclic aromatic hydrocarbons,
superelectrophilic gas phase route,
45-46
Polymer, catalysts, 7—8
Polymer, polycarbonate and bisphenols, 4
Polymer synthesis, 285
1,3-Propanediol
diprotonation, NMR studies, 272-273
diprotonation, rearrangement to
propanal, 272-273
Propenoyl cation, protonation, calculated
structures and properties, 219
Propionyl cation
evidence for acyl-carbonium dication,
249
protosolvated, calculated structures and
stabilities, 249
Protio-adamantyl dications (C1oHi621),
calculated structures and stabilities,
189
Proto-tert-butyl cation

INDEX

evidence for, 144
NBO charges, 125-126
Protoacetyl dication (CH;COH?")
calculated NMR chemical shifts, 51-52
from HF-BF3, 153-154
gas phase observation, 44, 155
generation in the gas phase, 155
isodesmic reaction, 48—-49
reaction isobutane, 153—154
Protoformyl dication (HCOH?%),
generation in the gas phase, 153
Protonated iminium dications, 146—147
Protonitronium dication (HONO?**)
calculated NMR chemical shifts, 51-52
calculated structure and stability, 175
gas phase observation, 43-44
generation in the gas phase, 175
Protosolvated
alkylcarbenium ions, 143-144
alkylcarbenium ions, leading to
1,3-carbodications, 191-192
tert-butyl cation, 144
2-propyl cation, 144
Protosolvation
acetyl cation, 8—10, 153-154
activated complex, 128
nitronium salts, 9—-10
Pyruvic acid
cleavage to acetyl cation in superacid,
218
diprotonated, 218

Quantum mechanical Coulmobic repulsion
energy, 106

2-Quinolinol, superelectrophilic ionic
hydrogenation, 197

Rare gas clusters, 43-44

Retropinacol rearrangement
calculated energetics, 161
promoted by superacids, 160—161
reactions in CF3SO3H, 29-30
superelectrophillic, 29-30

Selectfluor™, 271-272

Silicenium ions, 8

Solid acids, use in forming
superelectrophiles, 92—93
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Stannyl cation, 7-8
Stereomutation, kinetic study and role of
superelectrophile, 27
Steroid chemistry, 245
Succinic acid, 259
Succinic anhydride, diprotonation
equilibrium with acyl-carboxonium
dication, 201
NMR study, 201
Sulfonium ions, long-lived, 5
Sulfonium ions
superelectrophilic
from FSO3;H-SbFs, 86—87
studied by theoretical methods,
69-71
Sulfuric acid, use in forming
superelectrophiles, 82
Superacidic media, 5-6, 283
Superacids
Brgnsted, definition, 6
CF3;SO3H-SbFs, acidity range, 6
FSO3;H-SbFs, acidity range, 6
HF-BF;3, acidity range, 6
HF-SbFs, acidity range, 6
H,S04-S03, acidity range, 6
nucleophilicity of, 5-6
properties, 5—6
Superelectrophilic activation
effect on LUMO, 93
historical background, 8
in acyl-transfer, 267
Superelectrophiles
calculational methods and studies,
46-74
chemical hardness, 49—-50
classes and categories, 10—11
effecting equilibria, 128
electronic chemical potential, 49—50
electrophilicity index, 49-50
enzyme system, 23-24, 148-150
experiments requiring of low
temperatures, 95—100
from reactions with Lewis acids, 90-92
gas-phase studies, 42—46
in situ generation, 81
kinetic studies, 24-33
necessity for elevated temperatures,
95-96
partial protonation, 107
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reactions in the gas phase, 44-46
reactivities
with alkanes or alkyl groups, 22-23
with deactivated arenes, 18—19
with hydrogen, 23-24
profiles, 18-24
spectroscopic studies, 33—42
Wheland intermediates, 190

Terephthaloyl fluorides, reactions to
bis-acyl dications, 270
Terpene chemistry, 244—245
tert-Butyl cation, protosolvation, from
HF-SbFs, 89
Tetraaryl-1,2-ethylene dications
charge delocalization, 125-126
chiral derivatives, 132—-134
NMR study, 34
X-ray crystallography, 34
Tetrahydropyridines
diprotonation, 225
reactions with arenes, 225, 250
Tetrakis(dimethylamino)ethylene dication
methods of preparation, 143
structure, 143
Tetrakis-( p-dimethylaminophenyl)-
ethylenedication
methods of preparation, 134
structure, 134
Tetralones, 246—-248
Tetramethylammonium ion
calculated structures and stabilities of
protonated dications, 168
protosolvation in superacid, 168
Tetramethylhexathiaadamantane, 235
Tetramethylhydrazine, formation of the
hydrazinium dication, 169
2,3,3,4-Tetramethyl-2,4-pentanediol,
ionization in superacid, 188
Tetranisylethylene dication
chemistry of, 133
methods of preparation, 132—133
3C NMR, 134
Tetraphenylethylene dication
cyclization, 134—135
methods of generation, 134—135
reaction in superacid, 134—-135
Theoretical calculations, kinetic stability
of superelectrophiles, 11
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Thioalkylcarbenium ion
superelectrophilic reactions, 19-20
superelectrophilic, from AICI3, 91

Thiourea, diprotonated, study by infrared

and Ramen spectroscopy, 42

Tri(p-nitrophenylmethyl)cation, pKgr+

value, 3
Trialkyloxonium salts (Meerwein salts,
R;07X")
formation of geminal superelectrophiles,
115
superelectrophilic alkylation of arenes,
115

Trialkylselenonium salts (R3Se™X™)
alkylation of arenes, 118
formation of geminal superelectrophiles,

118

Trialkylsulfonium salts (R3STX™)
alkylation of arenes, 118
formation of geminal superelectrophiles,

118

Trialkyltelluronium salts (R3TetX™)
alkylation of arenes, 118
formation of geminal superelectrophiles,

118
Trications, one-carbon, 110
Triflatoboric acid (2 CF3SO3zH-B
(0O3SCF3)3), use in forming
superelectrophiles, 84—85, 115

Triflic acid (CF3SO3H)

use in forming superelectrophiles,
82-83

with CF3CO;H, use in kinetic studies,
85

with SbFs, use in forming
superelectrophiles, 82—84

Triflic anhydride, use with triflic acid,
82

Trifluoroacetic acid
protosolvated, 211
diprotonated

calculated structure and stability,
211-212
cleavage reactions, 211-212

Trihalomethyl cations
protosolvation, from HF-SbFs, 89
superelectrophilic

calculated structures and stabilities,
165-167

INDEX

effect of temperature, 96—97
evidence for, 164—166
from AICl; and AlBrj3, 91
isodesmic reactions, 166
reactions with alkanes and alkyl
groups, 164-166
Trihydrobromonium ion (H3Br?*),
formation in superacid, 121
Trimethylene methane dication, 190
Triphenylmethyl cation
historical background, 1
pKr+ value, 3
reaction with superelectrophilic
nitronium ion, 19
Triprotonated hydrogen sulfide (HsS3*)
analogous gold complex, 119
structure and stabibility, 119
Triprotonated methane (CH73%),
calculated structure and stability,
108
Triprotonated water (HsO3*), 119
Tris(1,3-dioxolanium) trication, 261-262
Trivalent dicationic nitrogen species
(R3N?™), in superacid reactions,
111-113
Tscherniac amidomethylation,
superelectrophilic, 207
Two-electron three center bonding, 108

Unsaturated amides
diprotonated
from HUSY zeolite, 92
from Nafion-H, 92
reactions with arenes, 197
superelectrophilic, from AlCl3, 91
Unsaturated carboxylic acids
diprotonation, 246—247
reactions with arenes, 246247
see also cinnamic acid
Unstable 1,3-carbodications, 188
UV-visible spectroscopy, use in the study
of superelectrophiles, 40—41

Varying degree of protonation, of
superelectrophiles, 27, 127

Vicinal superelectrophiles, see
superelectrophiles

Vinyl dications, 250-251
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Wallach rearrangement, involvement of
aryldiazonium dications, 172—173
Weakly coordinating anions, 7—8

Xenon difluoride, 179
X-ray crystal structure
tetraarylethylene dications, 34
1,8-Bis(diarylmethyl)naphthalene
dications, 238-239
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tetrakis(dimethylamino)ethylene
dication, 143

Zeolites, electrostatic fields, 284
Zucker-Hammett Hypothesis, applied to
the study of superelectrophiles,

25
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