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“Every generation of scientific men (i.e. scientists) starts where
the previous generation left off; and the most advanced discov-
eries of one age constitute elementary axioms of the next. - - -

Aldous Huxley

INTRODUCTION

Hydrocarbons are compounds of the elements carbon and hydrogen. They
make up natural gas and oil and thus are essential for our modern life.
Burning of hydrocarbons is used to generate energy in our power plants and
heat our homes. Derived gasoline and diesel oil propel our cars, trucks, air-
planes. Hydrocarbons are also the feed-stock for practically every man-made
material from plastics to pharmaceuticals. What nature is giving us needs,
however, to be processed and modified. We will eventually also need to make
hydrocarbons ourselves, as our natural resources are depleted. Many of the
used processes are acid catalyzed involving chemical reactions proceeding
through positive ion intermediates. Consequently, the knowledge of these
intermediates and their chemistry is of substantial significance both as fun-
damental, as well as practical science.

Carbocations are the positive ions of carbon compounds. It was in 1901
that Norris®and Kehrman"independently discovered that colorless triphe-
nylmethyl alcohol gave deep yellow solutions in concentrated sulfuric acid.
Triphenylmethyl chloride similarly formed orange complexes with alumi-
num and tin chlorides. von Baeyer (Nobel Prize, 1905) should be credited
for having recognized in 1902 the salt like character of the compounds for-
med (equation 1).”

ArgC-X ——= ArC* + X (1)

He then proceeded to suggest a correlation between the appearance of color
and formation of salt - the so called “halochromy”. Gomberg“(who had just
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shortly before discovered the related stable triphenylmethyl radical) as well
as Walden"contributed to the evolving understanding of the structure of
related dyes, such as malachite green 1.

RaNCeH, < + RaNCgHy <+
/C:<:>:NR2 R A NPz

CeHs CeHs
Stable carbocationic dyes were soon found to be even present in nature. The
color of red wine as well as of many flowers, fruits, leaves, etc. is due in part
to flavylium and anthocyanin compounds formed upon cleavage of their
respective glycosides.

The constitution of flavylium and anthocyanin compounds envolved based
on Robinson’s and Willstatter’s pioneering studies. Werner formulatedthe
parent benzopyrilium or xanthylium salts 2 and 3 as oxonium salts, while
Baeyer“emphasized their great similarity to triarylmethylium salts and con-
sidered them as carbenium salts. Time has indeed justified both point of view
with the realization of the significance of the contribution of both oxonium
and carbenium ion resonance forms.

X
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Whereas the existence of ionic triarylmethyl and related dyes was established
at around the turn of the 20th century, the more general significance of car-
bocations in chemistry was for long unrecognized. Triarylmethyl cations
were considered as an isolated curiosity of chemistry, not unlike Gomberg’s
triarylmethyl radicals. Simple hydrocarbon cations in general were believed
not only to be of unstable nature but their fleeting existence was even
doubted.

One of the most original and significant ideas in organic chemistry was the
suggestion that carbocations (as we now call all the positive ions of carbon
compounds) might be intermediates in the course of reactions that start
from nonionic reactants and lead to nonionic covalent products.

It was Hans Meerwein’ who in 1922, while studying the Wagner rearran
gement of camphene hydrochloride 4 to isobornyl chloride 5, found that the
rate of the reaction increased with the dielectric constant of the solvent.
Further, he found that certain Lewis acid chlorides - such as SbCl,, SnCl,,
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FeCl,, AICI, and SbCl,(but not BCl,or SiC,), as well as dry HCI (which
promote the ionization of triphenylmethyl chloride by formation of carbo-
cationic complexes) considerably accelerated the rearrangement of cam-
phene hydrochloride to isobornyl chloride. Meerwein concluded that the
isomerization actually does not proceed by way of migration of the chlorine
atom but by a rearrangement of a cationic intermediate, which he
formulated as

HaC——CH—C(CH,), H,C—CH—C(CHa), |*
I CI3H2 | ~CHs = (IJHZ | CH -
Hzc C HzC I C_ 3
~
cu”” el ~N¢cn”
4
camphene H,C—CH-—C(CH3), |* H,C—CH—C(CHjy),
hydrochloride ! — CIH
H,c—CH2 c—CH, HZC—|—2—/C—CH3
CH CICH
5

isobornyl chloride

Hence, the modern concept of carbocationic intermediates was born.
Meerwein’s views were, however, greeted with much skepticism by his con-
temporary peers in Germany, discouraging him to follow up on these studies.

C. K. Ingold, E. H. Hughes, and their collaborators in England, starting in
the late 1920s carried out detailed Kkinetic and stereochemical investigations
on what became known as nucleophilic substitution at saturated carbon and
polar elimination reactions.” Their work relating to unimolecular nucleo-
philic substitution and elimination called S ;1 and EIl reactions (equations 2
and 3) laid the foundation for the role of electron deficient carbocationis
intermediates in organic reactions.
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F. Whitmore® in the US in a series of papers in the thirties generalized these
concepts to many other organic reactions. Carbocations, however, were gene-
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rally considered to be unstable and transient (short lived) as they could not
be directly observed. Many leading chemists, including Roger Adams, deter-
minedly doubted their existence as real intermediates and strongly opposed
even mentioning them. Whitmore consequently never was able in any of his
publications in the prestigious Journal of the American Chemical Society
use their name or the notation of ionic R,C". The concept of carbocations,
however, slowly grew to maturity through Kkinetic, stereochemical and pro-
duct studies of a wide variety of reactions. Leading investigators such as P. D.
Bartlett, C. D. Nenitzescu, S. Winstein, D. J. Cram, M. J. S. Dewar, J. D.
Roberts, P. v. R. Schleyer, and others have contributed fundamentally to the
development of modern carbocation chemistry. The role of carbocations as
one of the basic concepts of modern chemistry was firmly established and is
well reviewed.”” With the advancement of mass spectrometry the existence
of gaseous cations was proven, but this could give no indication of their struc-
ture or allow extrapolation to solution chemistry. Direct observation and
study of stable, long-lived carbocations, such as of alkyl cations in the con-
densed state remained an elusive goal.

My involvement with the study of carbocations dates back to the fifties and
resulted in the first direct observation of alkyl cations and subsequently the
whole spectrum of carbocations as long lived species in highly acidic (supe-
racidic) solutions.””* The low nucleophilicity of the involved counter anions
(SbF,, Sb,F,, etc.) greatly contributed to the stability of the carbocations,
which were in some instances even possible to isolate as crystalline salts. The
developed superacidic, “stable ion” methods also gained wide application in
the preparation of other ionic intermediates (nitronium, halonium, oxoni-
urn ions, etc.). At the same time the preparation and study of an ever incre-
asing number of carbocations allowed the evolvement of a general concept
of carbocations, which | suggested in a 1972 paper, as well as naming the
cations of carbon compounds as "carbocations".”*“Carbocations” is now the
IUPAC approved”generic name for all cationic carbon compounds, simi-
larly to the anionic compounds being called “carbanions”.

FROM ACYL CATIONS TO ALKYL CATIONS

The transient nature of carbocations in their reactions arises from their high
reactivity towards reactive nucleophiles present in the system. The use of
relatively low nucleophilicity counter-ions, particularly tetrafluoroborate
(BF,) enabled Meerwein in the forties to prepare a series of oxonium and
carboxonium ion salts, i. e, RgO*BF,; and HC(OR),*, respectively.12 These
Meerwein salts are effective alkylating agents, and transfer alkyl groups in
S.2 type reactions. However, no acyl (RCO*BF,) or alkyl cation salts (R*BF,)
were obtained in Meerwein’s studies.

Acetic acid or anhydride with Lewis acids such as boron trifluoride was
shown to form complexes. The behavior of acetic acid and anhydride in
strong protic acids (sulfuric acid, oleum, perchloric acid, etc.) was also exten-
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sively studied. None of these resulted, however, in the isolation or unequivo-
cal characterization of the acetyl cation (or other related homologous acyl
cations). F. Seel prepared for the first time in 1943 acetylium tetrafluorobo-
rate1s by reacting acetyl fluoride with boron trifluoride (equation 4).

CHaCOF + BFy === CH3CO'BF,’ (4)

In the early fifties while working at the Organic Chemical Institute of the
Technical University in Budapest, led by the late Professor G. Zemplen, a
noted carbohydrate chemist and former student of Emil Fischer (Nobel
Prize, 1902) whose “scientific grandson” | thus can consider myself, | beca-
me interested in organic fluorine compounds. Zemplen was not much
impressed by this, as he thought attempts to study fluorine compounds
necessitating “outrageous” reagents such as hydrogen fluoride to be extre-
mely foolish. Eventually, however, | prevailed and was allowed to convert an
open balcony at the rear of the top floor of the chemistry building into a
small laboratory where together with some of my early dedicated associates
(A. Pavlath, S. Kuhn) we started up the study of organic fluorides as reagents.
Seel’s previous work particularly fascinated me. As Zemplen’s interest was in
glycoside synthesis and related carbohydrate chemistry, | thought that selec-
tive o- or B-glycoside synthesis could be achieved by reacting either acetoflu-
oroglucose (as well as other fluorinated carbohydrates) or their deacetylated
relatively stable fluorohydrins with the corresponding aglucons. In the cour-
se of the project -COF compounds were needed. As Seel did not seem to have
followed up his earlier study, | got interested in exploring in general acyla-
tion with acyl fluorides. The work was subsequently extended to alkylation
with alkyl fluorides using boron trifluoride as catalyst to achieve Friedel-
Crafts type reactions. These studies also arose my interest in the mechanistic
aspects of the reactions, including the complexes of RCOF and RF with BF,
and subsequently with other Lewis acid fluorides (equations 5 and 6). Thus,
my long fascination with the chemistry of carbocationic complexes began.

F
ArH + RCOF BF3 ArCOR + HF (5)
ArH + RF B AR+ HF (6)

Carrying out such research in post-war Hungary was not easy. There was
no access to such chemicals as anhydrous HF, FSO,H or BF, and we needed
to prepare them ourselves. After we prepared HF from fluorspar (CaF,) and
sulfuric acid, its reaction with SO, (generated from oleum) gave FSO,H. By
reacting boric acid with fluorosulfuric acid we made BF,. Handling these
reagents and carrying out related chemistry in a laboratory equipped with
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the barest of necessities was indeed a challenge. It was only around 1955
through Meerwein’s kindness, who read some of my early publications, star-
ted up a correspondence and offered his help, that we received a cylinder of
BF, gas. What a precious gift it was!"

My early work with acyl fluorides also involved formyl fluoride, HCOF,”
which was first prepared by Nesmejanov in the thirties,6 but did not pursue
its use in synthesis. We also prepared a series of higher homologous acyl flu-
orides and studied their chemistry.s

In Friedel-Crafts chemistry it was known that when pivaloyl chloride was
reacted with aromatics in the presence of aluminum chloride besides the
expected ketones tert-butylated products were also obtained (equation 7).

@c C(CHa)s
@ + (CHa) 3cco<:|,"'&< @)
~ C(CH3)3+ co

Formation of the latter was assumed to involve decarbonylation of the inter-
mediate pivaloyl complex or cation. In the late fifties, now working at the
Dow Chemical Company laboratory in Sarnia, Ontario (Canada), | was able
to return to my studies and extend them by using IR and NMR spectroscopy
in the investigation of isolable acyl fluoride - Lewis acid fluoride complexes,
including those with higher valency Lewis acid fluorides such as SbF, AsF,,
PF.. Consequently, it was not unexpected that when the (CH,),CCOF-SbF,
complex was obtained it showed substantial tendency for decarbonylation.”
What turned out to be exciting was that it was possible to follow this process
by NMR spectroscopy and to observe what turned out to be the first stable,
long-lived alkyl cation salt, i.e., tert-butyl hexafluoroantimonate.*”

(CH3)3CCOF + SbFs — (CH3)3CCO*SbFg - CO (CH3)3C*SbFg™ (8)

18-19

This breakthrough was first reported in my 1962 papers,”” and was follo-
wed by further studies which led to methods to obtain long lived alkyl cations
in solution.ze Before recollecting: some of this exciting development, howe-
ver, a brief review of the long quest for these long elusive alkyl cations is in
order.
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EARLIER UNSUCCESSFUL ATTEMPTS TO OBSERVE ALKYL CATIONS
IN SOLUTION

Alkyl cations were considered until the early sixties only as transient species.
Their existence had been indirectly inferred from kinetic and stereochemi-
cal studies.® No reliable spectroscopic or other physical measurements of
simple alkyl cations in solution or in the solid state were reported despite
decades of extensive studies (including conductivity and cryoscopic measu-
rements). Gaseous alkyl cations under electron bombardment of alkanes,
haloalkanes, and other precursors have been investigated from the fifties in
mass spectrometric studies, but these studies of course did not provide struc-
tural information.”

The existence of Friedel-Crafts alkyl halide-Lewis acid halide complexes
had been established from observations, such as Brown’s study of the vapor
pressure depression of CH,Cl and C,H.Cl in the presence of gallium chlo-
ride.22 Conductivity measurements were carried out of aluminium chloride
in alkyl chlorides” and of alkyl fluorides in boron trifluoride” and the effect
of ethyl bromide on the dipole moment of aluminium bromide was studi-
ed.z However, in no case could well-defined, stable alkyl cation complexes
been established or obtained even at very low temperatures.

Electronic spectra of alcohols and olefins in strong protic acids such as
sulfuric acid were obtained by Rosenbaum and Symons.” They observed for
a number of simple aliphatic alcohols and olefins to give an absorption max-
imum around 290 nm and ascribed this characteristic absorption to the cor-
responding alkyl cations. Finch and Symons,”™ on reinvestigation, however,
showed that condensation products formed with acetic acid (used as solvent
for the precursor alcohols and olefins) were responsible for the spectra, not
the simple alkyl cations. Moreover, protonated mesityl oxide was also identi-
fied as the absorbing species in the isobutylene-acetic acid sulfuric acid
system.

Deno and his coworkers™ carried out an extensive study of the fate of
alkyl cations formed from alcohols or olefins in undiluted H,SO,and oleum
and showed the formation of equal amounts of saturated hydrocarbon mix-
ture (C,to C,) insoluble in H,SO,and a mixture of cyclopentenyl cations
(Cg to C,) in the H,SO,layer. These cations exhibit strong ultraviolet
absorption around 300 nm.

Olah, Pittman and Symons subsequently reviewed and clarified the ques-
tion of electronic spectra of various carbocationic systems and the fate of
various precursors in different acids.™

At this stage it was clear that all earlier attempts to prove the existence of
long-lived, well-defined alkyl cations were unsuccessful in acids such as sul-
furic acid, perchloric acid, etc. and at best inconclusive in case of the inter-
action of alkyl halides with Lewis acid halides. Proton elimination from any
intermediately formed alkyl cation giving olefin which then react further can
lead to complex systems affecting conductivity, as well as other chemical and
physical studies.
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It was not realized till the breakthrough in superacid chemistry (vide infra)
that in order to depress the deprotonation of alkyl cations to olefins (equa-
tion 9) (with subsequent formation of very complex systems via reactions
such as alkylation, oligomerization, polymerization, cyclization, etc. of ole-
fins with alkyl cations) acids much stronger than those known and used at
the time were needed.

(CH3)3C+ - H+ + (CH3)20=CH2 (9)

Finding such acids (called “superacids™) turned out to be the key for being
able to finally obtain stable, long lived alkyl cations and in general carboca-
tions. If any deprotonation would still take place, in however, limited equilib-
rium, the alkyl cation (a strong acid) would immediately react with the ole-
fin (a good Tm-base) leading to the multitude of mentioned reactions.

LONG LIVED ALKYL CATIONS FROM ALKYL FLUORIDES IN
ANTIMONY PENTAFLUORIDE AND RELATED CONJUGATE
SUPERACIDS

The idea that ionization of alkyl fluorides to stable alkyl cations could be pos-
sible with excess of strong Lewis acid fluorides serving themselves as solvents
first came to me while still working in Hungary in the early fifties and study-
ing the boron trifluoride catalyzed alkylation of aromatics with alkyl fluori-
des. In the course of these studies | attempted to isolate RF:BF, complexes.
Realizing the difficulty to find suitable solvents which would allow ionization
but at the same would not react with developing potentially highly reactive
alkyl cations, neat alkyl fluorides were condensed with boron trifluoride at
low temperatures. At the time | had no access to spectroscopic methods such
as IR or NMR (which were still in their infancy). | remember a visit by Costin
Nenitzescu (an outstanding but never fully recognized Rumanian chemist,
who carried out much pioneering research on acid catalyzed reactions). We
commiserated on our lack of access to even an IR spectrometer: (The story
of Nenitzescu’s cyclobutadiene-Ag complex travelling on the Orient Express
to a colleague in Vienna for IR studies, but decomposing en route was recal-
led by him later.) All we could carry out at the time on our RF-BF, systems
were conductivity measurements. The results showed that methyl fluoride
and ethyl fluoride gave only low conductivity complexes, whereas the iso-
propyl fluoride and tertiary butyl fluoride complexes were highly conducting
(equation 10). The latter systems, however, also showed some polymerization
(from deprotonation of the involved carbocations giving olefins) Thus, the
conductivity data must have been affected by acid formation.”

5+ 5 )
R—F + BF; === R—F—=BF; === R'BF,  (10)
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To me the most significant consequence of the norbornyl cation studies was
the realization of the ability of C-H and C-C single bonds to act as two elec-
tron o-donors not only in intramolecular but also in intermolecular trans-
formations and electrophilic reactions. Two electron three center (2e - 3c)
bonding (familiar in boron and organometallic chemistry) is the key for
these reactions. Much new chemistry rapidly evolved and allowed the recog-
nition of the broad scope and significance of hypercoordinated carbon com-
pounds (in short hypercarbon) chemistry.”

THE GENERAL CONCEPT OF CARBOCATIONS

Based on the study of carbocations by direct observation of longlived speci-
es and related superacid chemistry, it became apparent that the carbocation
concept is wider than previously thought and needed a more general defini-
tion which | offered in a 1972 paper.“The definition takes into account the
existence of two major limiting classes of carbocations with a continuum of
varied degree of delocalization bridging them.

a) Trivalent [“classical”] carbenium ions contain an spy-hybridized elec-
tron deficient carbon atom, which tends to be planar in the absence of con-
straining skeletal rigidity or steric interference. (It should be noted that sp-
hybridized, linear oxocarbonium ions and particularly vinyl cations also show
substantial electron deficiency on carbon). The carbenium carbon contains
six valence electrons, thus is highly electron deficient. The structure of
trivalent carbocations can always be adequately described by using only two-
electron two-center bonds (Lewis valence bond structures). CH, is the
parent for trivalent ions.

b) Penta- (or higher) coordinate [“nonclassical”] carbonium ions, which

contain five or (higher) coordinated carbon atoms. They cannot be descri-
bed by two-electron two-center single bonds alone, but also necessitate the
use of two electron three (or multi) center bonding. The carbocation center
is always surrounded by eight electrons, but overall the carbonium ions are
electron deficient due to sharing of two electrons between three (or more)
atoms. CH,+ can be considered the parent for carbonium ions.
Brown and Schleyer subsequently in 1977 offered a related definition:™
“a nonclassical carbonium ion is a positively charged species which cannot be
represented adequately by a single Lewis structure. Such a cation contains
one or more carbon or hydrogen bridges joining the two electron-deficient
centers. The bridging atoms have coordination numbers higher than usual,
typically five or more for carbon and two or more for hydrogen. Such ions
contain two electron-three (or multiple) center bonds including a carbon or
hydrogen bridge.”

Lewis’ concept that a covalent chemical bond consists of a pair of elec-
trons shared between the two atoms became a cornerstone of structural che-
mistry. Chemists tend to brand compounds as anomalous whose structures
cannot be depicted in terms of such bonds alone. Carbocations with too few
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electrons to allow a pair for each “bond”, came to be referred to as “nonc-
lassical”, a name first used by J. D. Roberts” for the cyclopropylcarbinyl
cation and adapted by Winstein to the norbornyl cation.” The name is still
used even though it is now recognized that like other compounds, they adopt
the structures appropriate for the number of electrons they contain with two
electron-two or three (even multi) center bonding (not unlike the bonding
principles established by Lipscomb, Nobel Prize, 1976, for boron com-
pounds). The prefixes “classical” and “nonclassical” are expected, however,
to gradually fade away as the general nature of bonding will be recognized.

Whereas the differentiation of trivalent carbenium, and pentacoordinated
carbonium ions serves a useful purpose to define them as limiting ions, it
should be clear that in carbocationic systems there always exist varying
degrees of delocalization. This can involve participation by neighboring n-
donor atoms, n-donor groups or o-donor CH or C-C bonds.

Carbocations
trivalent "classical” ions penta (or higher) coordinated "nonclassical”
(carbenium ions) ions (carbonium ions)
CHs* is parent CHg* is parent

Trivalent carbenium ions are the key intermediates in electrophilic reactions
of n-donor unsaturated hydrocarbons. At the same time pentacoordinated
carbonium ions are the key to electrophilic reactions of o-donor saturated
hydrocarbons (C-H or C-C single bonds). The ability of single bonds to act
as electron donors lies in their ability to form carbonium ions via two elec-
tron three-center (2e - 3c) bond formation.

Expansion of the carbon octet via 3d- orbital participation does not seem
possible; there can be only eight valence electrons in the outer shell of car-
bon, a small first row element.” The valency of carbon cannot exceed four.
Kekule’s concept of the tetravalency of carbon in bonding terms represents
attachment of four atoms (or groups) involving 2e - 2c Lewis type bonding.
There is, however, nothing that prevents carbon to also participate in multicen-
ter bonding involving 2e - 3c (or multicenter) bonds. Penta- (or higher) -
coordination of carbon implies five (or more) atoms or ligands simultane-
ously attached to it within reasonable bonding distance.”

Neighboring group participation with the vacant p-orbital of a carbenium
ion center contributes to its stabilization via delocalization which can invol-
ve atoms with unshared electron pairs (n-donors), n-electron systems (direct
conjugative or allylic stabilization), bent o-bonds (as in cyclopropylcarbinyl
cations), and C-H or C-C o-bond hyperconjugation. Trivalent carbenium
ions with the exception of the parent CHg* therefore always show varying
degrees of delocalization without becoming pentacoordinated carbonium
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ions. The limiting cases define the extremes of a continuous spectrum of car-
bocations.

R\ R, F-f‘ . ?9
® . ® AP AN
c———C c——=¢C h— C C
open hyperconjugation  unsymmetrical symmetrical
trivalent but no bridging bridging bridging
1 .|
r ]

increasing non-classical character
“classical” "non-classical”

The Role of Carbocations in Electrophilic Reactions

Acid catalyzed electrophilic reactions and transformations such as isomeri-
zation, alkylation, substitution, addition, elimination, rearrangements, etc.
involve carbocationic intermediates. Many of these reactions also gained sig-
nificance in industrial applications. Aromatic hydrocarbon chemistry and
that based on acetylene laid the foundation for organic industries a century
ago. Subsequently olefin based chemistry took on great significance. In all
this chemistry reactive x-bonded systems are the electron donor substrates.
In electrophilic reactions they readily form trivalent carbocationic interme-
diates (equations 14 and 15).

RCHXCH,E

Ht

+
RCH=CH, + E*X' === RCHCH,E RCH=CHE  (14)

E*=H*, R*, NO,*, Hal* etc.
H*
/ -H*
ArH + B — Ar\ =~ ArE (15)
E

The discovery of pentacoordinate carbonium ions discussed precedingly led
to the realization that they play an important role not only in understanding
the structure of nonclassical ions, but more importantly represent the key to
electrophilic reactions at single bonds, e.g. of saturated aliphatic hydrocar-
bons (alkanes and cycloalkanes). Such reactions include not only acid-cata-
lyzed hydrocarbon isomerizations, fragmentations, cyclizations, but also vari-
ed substitutions and related electrophilic reactions and transformations.

In ionization of Pphenylethyl systems neighboring x-participation into the
carbocationic center occurs, which can be considered as intramolecular 7c-
alkylation giving Cram’s phenonium ions. The corresponding ionization of
2-norbornyl systems involves participation of a properly oriented C-C single
bond (i.e. intramolecular c-alkylation) giving the bridged ion.
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CHy, —CHp
phenonium ion

Alkylation of n-systems in Friedel-Crafts type reactions (either by an inter- or
intramolecular way) is for long well known and studied. Extending these
relationships it was logical to ask why intermolecular alkylation (and other
electrophilic reactions) of s-donor hydrocarbons could not be affected?

g-alkylation
Our studies in the late sixties and early seventies for the first time provided

evidence for the general reactivity of covalent C-H and C-C single bonds of
alkanes and cycloalkanes in various protolytic processes as well as in hydro-
gen-deuterium exchange, alkylation, nitration, halogenation, etc. (equations
16 and 17) This reactivity is due to the s-donor ability (sigma basicity) of
single bonds allowing bonded electron pairs to share their electron pairs
with an electron deficient reagent via two-electron, three-center bond for-
mation. The reactivity of single bonds thus stems from their ability to parti-
cipate in the formation of pentacoordinated carbonium ions. Subsequent
cleavage of the three-center bond in case of C-H reaction results in forma-
tion of substitution products, C-C reaction results in bond cleavage and for-
mation of a fragment carbenium ion, which then can react further.
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. ",H +/ RgC+ + EH
RaC‘H + E _— Rac---<~\‘E \ (16)
RsCE + H*
+
RaC CRs

RsC'CRa + EY =—= N
= R3CE + R;C* (17)

E* = D*, H*, R*, NO,*, Hal* etc.

As bond-to-bond shifts can readily take place within five coordinate carboni-
urn ions through low barriers, the involved intermediates can be more com-
plex but always involving interconverting carbonium ions.

Superacidic hydrocarbon chemistry involving conditions favoring carbo-
cationic intermediates is also gaining in significance in practical applica-
tions. Relatively low temperature effective isomerization of alkanes, much
improved and environmentally adaptable alkylation, new approaches to the
functionalization of methane and possibilities in its utilization as a building
block for higher hydrocarbons and their derivatives, as well as moderate con-
ditions for coal liquefaction are just a few examples to be mentioned here.48

PROTOSOLVOLYITC ACTIVATION OF CARBOCATIONIC SYSTEMS

Carbocations are electrophiles, i.e. electron deficient compounds. In elec-
trophilic reactions of unsaturated, p-donor hydrocarbons and their derivati-
ves (such as acetylenes, olefins, aromatics) the reaction with the electrophi-
lic reagents is facilitated by the nucleophilic assistance of the substrates. In
reactions with increasingly weaker (deactivated) It-donors and even more so
with only weakly electron donating saturated hydrocarbons (o-donors) the
electrophile itself must provide the driving force for the reactions. Hence the
need for very strongly electron demanding electrophiles and comparable
low nucleophilicity reaction media (such as superacidic systems).

It was only more recently realized”that electrophiles capable of further
interaction (coordination, solvation) with strong Bronsted or Lewis acids can
be greatly activated. The resulting enhancement of reactivity can be very sig-
nificant compared to that of the parent electrophiles under conventional
conditions and indicates superelectrophile formation i.e. electrophiles with
greatly enhanced electron deficiency (frequently of dipositive nature). | have
reviewed49 elsewhere the superelectrophilic activation of varied electrophiles.
and will not discuss it here with the exception of some superelectrophilic
activation which can also affect the reactivity of carbocations.

In carboxonium ions, originally studied by Meerwein, alkyl groups of an
alkyl cation, such as the tert-butyl cation, are replaced by alkoxy, such as met-
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hoxy groups. The methoxy groups delocalize charge (by neighboring oxygen
participation) and thus make these ions increasingly more stable.

+ + +
(CH4)sC* < (CH4),COCHy3 < CH3C(OCHg), < C(OCH3),

At the same time their reactivity as carbon electrophiles decreases. For exam-
ple they do not alkylate aromatics or other hydrocarbons. Strong oxygen par-
ticipation thus greatly diminishes the carbocationic nature.

Neighboring oxygen participation, however, can be decreased if a strong
acid protosolvates (or protonates) the non-bonded oxygen electron pairs
(equation 18). Consequently, carboxonium ions (and related ions such as
acyl cations) in superacidic media show greatly enhanced carbon electrohilic
reactivity indicative of dicationic nature.

HaC~_ + e HO o+
X Cc—OCH 18
C == OCHj,4 P vtk (18)

H3C/ H3C

Similarly halogen substituted carbocations, such as the trichloromethyl
cation Cl3C*,% are strongly stabilized by n-p back donation (not unlike BCl;).
They can also be greatly activated by superacidic media, which protosolvate
(protonate) the halogen non-bonded electron pairs diminishing neighbor-
ing halogen participation (equation 19).

CI\*&'—yCI . Clx s
: HT x2C—CiH (19)
: o]
o

This explains for example why carbon tetrachloride highly enhances the
reactivity of protic superacids for alkane transformations. Lewis acids have
similar activating effect.”

Alkyl cations themselves, in which only hyperconjugative C-H or C-C sing-
le bond interactions stabilize the electron deficient center, are also activated
by superacidic solvation. Theoretical calculations and hydrogen-deuterium
exchange of long lived alkyl cations in deuterated superacids, under condi-
tions where no deprotonation-reprotonation can take place substantiate the
existence of these protoalkyl dications as real intermediates (equation 20).”

CHS\ +/CH3 CHa\ + /'H
C H* . C—CHp---<*  (20)
| CHy” H

CH,
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The well recognized high reactivity of alkanes for isomerization alkylation
reactions in strongly acidic media is very probably assisted by protosolvation
of the intermediate alkyl cations. Similar activation can be involved in other
acid catalyzed hydrocarbon transformations, which are preferentially carried
out in excess acid solutions.

ACTIVATION BY SOLID SUPERACIDS AND POSSIBLE RELEVANCE
TO ENZYMATIC SYSTEMS

The chemistry of carbocations and their activation was discussed so far in
superacidic solutions. However, superacidic systems are not limited to solu-
tion chemistry. Solid superacids, possessing both Bronsted and Lewis acid
sites, are of increasing significance. They range from supported or intercala-
ted systems, to highly acidic perfluorinated resinsulfonic acids (such as
Nafion-H and its analogues), to certain zeolites (such as H-ZSM-5).

In order to explain why their remarkable activity, for example in catalytic
transformations of alkanes (even methane), an appraisal of the de facto acti-
vity at the acid sites of such solid acids is called for.*

Nafion-H is known to contain acidic SO,H groups clustered together

Fi . ’ ///////////%/

HO;

Fig. 5. Clustered SO,H acid sites in a perfluorinated resinsulfonic acid

" H-ZSM-5, which also displays superacidic activity, was found by Haag et al.52
to isomerize and alkylate alkanes readily (H, was observed as the protolytic
by-product in stoichiometric amounts). In this zeolite, active Bronsted and
Lewis acid sites are again in close proximity, approximately 2.5 A apart (Fig.

). L
OH OH=-—-B

| v |
o P

Fig. 6. Bronsted (B) and Lewis acid sites (L) in zeolites.

})
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In comparison with solution chemistry it is reasonable that in these (and
other) solid superacid catalyst systems, bi- or multidentate interactions for-
ming highly reactive intermediates are possible. This amounts to the solid-
state equivalent of protosolvation (protonation).”

Nature is able to perform its own transformations in ways which chemists
have only begun to understand and can not yet come close to duplicate. At
enzymatic sites many significant transformations take place which are acid
catalyzed (including electron deficient metal-ion-catalyzed processes).
Because of the unique geometry involved at enzymatic sites bi- and multi-
dentate interactions must be possible and the concepts discussed previously
may also have relevance to our understanding of some enzymatic processes.”

CONCLUSIONS

The chemistry of long-lived carbocations became a very active and fast deve-
loping field with contributions by researchers from all around the world. It
is with understandable satisfaction that | look back at the progress achieved
and the possibilities ahead. What started out as obtaining one of the most sig-
nificant class of chemical reaction intermediates (i.e. carbocations) as long
lived species and study of their structure, led subsequently to the develop-
ment of the general concept of the electrophilic reactivity of single bonds,
such as C-H and C-C bonds and related superacidic hydrocarbon chemistry.

Despite of all the progress that has been made | believe that most exciting
chemistry in the field still lies ahead for future generations to explore. | wish
them as much excitement and satisfaction in their work as | had.

The concept of the tetravalency of carbon stated by Kekule well over a cen-
tury ago remains an essential foundation of organic chemistry. Carbon as a
small first new element can not extend it valance shell and the octet rule
allows formation of only four two electron two center (2e - 2c¢) Lewis type
bonds (or their equivalent multiple bonds). It is, however, possible for one
(or more) electron pair of carbon to be involved in two electron-three cen-
ter (2e - 3c) bonding.46 This allows carbon to simultaneously bond five (or
even six) atoms or groups. This is the case in carbonium ions which contain
hypercarbon (hypercoordinate carbon). It also provides the key to under-
stand the rapidly emerging electrophilic chemistry of saturated hydrocar-
bons, including parent methane and that of C-H and C-C bonds in general.
Whereas hypercoordinate carbocations are Se carbon systems which do not
violate the octet rule, carbanionic S,2 transition states [Y-CR,-X]- are 10e
systems and thus can not be intermediates

| wrote more than twenty years ago? “The realization of the electron donor
ability of shared (bonded) electron pairs (single bonds) could one day rank
equal in importance with G. N. Lewis’ realization of the electron donor uns-
hared (non-bonded) electron pairs (or for this reason | could add the elec-
tron pairs involved in multiple” bonding). We can now not only explain the
reactivity of saturated hydrocarbons and single bonds in general electrophi-
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lic reactions, but indeed use this understanding to explore new areas and
reactions of carbocation chemistry.” It is with some satisfaction that | feel this
promise is being fulfilled.
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