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Stable Carbonium Ions in Solution

New superacid solvents and nuclear magnetic

resonance spectroscopy permit direct study.

In organic chemical reactions, reac-
tive intermediates like carbonium ions,
carbanions, free radicals, radical ions,
carbenes, nitrenes, and arynes were for
a long time considered only as transient,
metastable species with very short lives.
Rapid advances in experimental and
spectroscopic techniques have made an
increasing number of reactive inter-
mediates available for direct observa-
tion and study (). One of the most im-
portant classes of reactive organic inter~
mediates is that of carbonium ions,
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aluminum and tin chlorides. In 1902
von Baeyer (4) recognized the salt char-
acter of these compounds and named
them carbonium salts.

As mentioned, the observation of the
first stable carbonium ions was achieved
with triphenylmethyl systems some 70
years ago. It is somewhat surprising
that, despite the substantial amount of
data gathered in this specific field (as
a result of widespread interest in con-
nection with dye chemistry), carbonium
ion chemistry was long considered by
organic chemists as a topic limited to
triarylmethyl dyes. No attempt was
made to extend the scope to other areas
until nearly 20 years later. The analogy
between the development of carbonium
ion chemistry and of free radical chem-
istry is evident. It is also apparent that
the availability of newer physical meth-
ods, like electron spin resonance spec-
troscopy in the free radical field and
nuclear magnetic resonance spectros-
copy in the carbonium ion field, helped
substantially to extend our knowledge.
In a brief review only selected areas
of the large field can be discussed. The
selection reflects my own interest as an
organic chemist and in addition covers
some aspects of biological interest,
which may be of future importance.
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Question of Nomenclature

Baeyer originally suggested the
carbonium ion nomenclature with ob-
vious reference to “onium” ions. Gom-
berg objected to this nomenclature and
proposed the term carbyl salt which,
however, never became popular. In the
late 1920’s, Dilthey and Wizinger (5)
suggested the name carbenium salts
for triphenylmethyl cation complexes
of the formula RgC+X—. This nomen-
clature has been maintained to some
degree in the German scientific litera-
ture.

It is appropriate at this point to bear
in mind that in present day usage we
can name organic cations by either the
carbonium ion or cation nomenclature
interchangeably. Although both of these
naming systems are permissible, certain
basic rules must be obeyed. With the
carbonium ion nomenclature, the elec-
tron-deficient carbon atom is called the
carbonium ion and the attached ligands
are given their usual names. According-
ly with this nomenclature one refers
to the trimethylcarbonium ion, while
with the cation nomenclature, which is
based on the naming of the parent hy-
drocarbon, the name tertiary-butyl (z-
butyl) cation is employed.

CHy
\+/

c

I
CH,

t-butyl cation or
trimethylcarbonium jon

CHy
+
(CH)3 C—CHy

t-butylcarbonium jon
or neopentyl cation

From the foregoing it is obvious that

the #-butyl cation must not be named
the #-butylcarbonium ion, as the latter
is the alternative name for the neopen-
tyl cation.

Development of Modern

Carbonium Ion Theory

One of the most audacious and fruit-
ful ideas born in organic chemistry was
the suggestion that carbonium ions
might be intermediates in the course
of reactions that start from nonionic
reactants and lead to nonionic covalent
products. It was H. Meerwein (6) who
in 1922, while studying the kinetics of

the rearrangement of camphene hydro-

chloride to isobornyl chloride reported
the important observation that the reac-
tion rate increased in a general way
with the dielectric constant of the sol-
vent. Further he found that metallic
chlorides—such as SbCl;, SnCl,, FeCl,,
AlICl;, and SbClg (but not BCl; or
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SiCly), as well as dry HCl—which pro-
mote the ionization of triphenylmethyl
chloride by formation of ionized com-
plexes, considerably accelerate the re-
arrangement of camphene hydrochlor-
ide. Meerwein concluded that the con-
version of camphene hydrochloride to
isobornyl chloride actually does not pro-
ceed by way of migration of the chlor-
ine atom but by a rearrangement of a
cationic intermediate. Thus the modern
conception of carbonium ion intermedi-
ates was born.

Ingold, Hughes, and their collab-
orators in England, starting in the late
1920°s carried out detailed kinetic in-
vestigations on what later became known
as nucleophilic substitution at saturated
carbon and polar elimination reactions
(7). The well-known work relating to
Syl and later E1 reactions established
the carbonium concept in these reac-
tions. Whitmore (8), in a series of pa-
pers which began in 1932, generalized
Meerwein’s rearrangement theory to
many organic chemical reactions.

Stable, Long-Lived Carbonium Jons

Kinetic  and sterochemical evidence
helped to establish carbonium ion in-
termediates in organic reactions. These
species, however, are generally very
short lived and could not be directly ob-
served by physical means.

The transient nature of such ions
arises of course from their extreme reac-
tivity with nucleophiles. By the use of
highly acidic and very weakly nucleo-
philic solvents, it was possible to pre-
vent reactions leading to covalent prod-
ucts; this technique made it possible
to observe a wide range of carbonium
ions as stable, long-lived species. The
following discussion centers entirely
on these stable, long-lived carbonium
ions.

Alkylcarbonium Ions

Simple alklycarbonium ions were
considered until very recently as tran-
sient entities only (9, 10). Their exist-
ence has been inferred from the study
of the course of certain reactions. No
reliable physical measurements other
than electron impact measurements of
the simple alkylcarbonium ions were

known. The formation of gaseous or-.

ganic cations under electron bombard-
ment of alkanes, haloalkanes, and other
precursors has been widely investigated
in mass spectral studies (Z7). No simi-

lar direct observation of carbonium ions
in solution was achieved.

The observation of alkylcarbonium
ions (alkly cations) like that of the tri-
methylcarbonium ion (#-butyl cation)
(CH3)3;C+ or the dimethylcarbonium
ion (isopropyl cation) (CH,),CH+ thus
was a challenge. The existence of alkyl-
carbonium ions in systems of alkyl
halides and Lewis acid halides has been
inferred from a variety of observations,
such as vapor pressure depressions of
CH;Cl and C,H;Cl in the presence of
gallium chloride (72); conductivity of
aluminum chloride in alkyl chlorides
(I3) and of alkyl fluorides in boron tri-
fluoride (14); as well as the effect of
ethyl bromide on the dipole moment of
aluminum bromide (15). However, in
no case had well-defined, stable ionic
salts or complexes been established even
at very low temperatures.

Electronic spectra of alcohols and
olefins in strong proton acids (H,SO,)
were obtained by Rosenbaum and Sy-
mons (/6). They observed, for a num-
ber of simple aliphatic alcohols and ole-
fins, absorption maximums around 290
nanometers and ascribed this absorption
to the corresponding alkylcarbonium
ions.

Finch and Symons (/7), on reinvesti-
gation of the absorption of aliphatic
alcohols and olefins in sulfuric acid
solution, showed that the condensation
products formed with acetic acid (used
as solvent for the precursor alcohols
and olefins) were responsible for the
spectra, not the simple alkylcarbonium
ions. Protonated mesityl oxide was
identified as the absorbing species in the
system of isobutylene, acetic acid, and
sulfuric acid.

Deno and his co-workers (I8) carried
out an extensive study of the fate of
alkyl cations in undiluted H,SO,, based
on nuclear magnetic resonance (NMR)
and analysis of the quenched products.
Dissolving alcohols and olefins (such as
(z-butyl alcohol and isobutylene) in con-
centrated H,SO, and oleum produces
equal amounts of a saturated hydro-
carbon mixture (C, to Cyg) insoluble in
H,S0, and a mixture of cyclopentenyl
cations (Cy to Cy) in the H,SO, layer.
These cations exhibit strong ultraviolet
adsorption around 300 nm.

It must therefore be concluded that
earlier attempts to prove the existence
of stable, well-defined alkylcarbonium
ions were unsuccessful both in experi-
ments with sulfuric acid solutions as
well as in the interaction of alkyl hal-
ides with Lewis acid halides.

In 1962 my co-workers and I first
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directly observed stable alkylcarbonium ions in solution (/9-
21). We obtained the trimethylcarbonium ion {z-butyl cation)
when #-butyl fluoride was dissolved in excess antimony pen-
tafluoride, which served both as Lewis acid and solvent. Later
the gegen-ion was found to be, under these conditions, primar-
ily the dimeric Sb,F,;— anion; whereas in SbF;-SO, or

SbF;-SO.CIF solutions, SbF;— and Sb,F,; — were both found. .

(CH3)5CF + (SbF, ),— (CH4),CtSb,F,~
574 1

The possibility of obtaining stable alkylcarbonium fluoro-
antimonate salts by interaction of alkyl fluorides with anti-
mony pentafluoride (neat or diluted with sulfur dioxide,
sulfury] chloride fluoride, or sulfuryl fluoride) was evaluated
in detail, extending the investigations to all isomeric Cg, Cy,
and Cj alkyl fluorides.

Propyl, butyl, and pentyl fluorides in excess antimony
pentafluoride gave these stable carbonium ions.

C3H,F + (SbFs), —» CH C*HCH, Sb,F,.~

CHoF + (SbF,)2—>CH3——(‘2+— CH; Sb,F,~
CHy

CsHyF + (SbF;),—> CHa—C—CH,—CHy ShyFyy~
CHs

Generally, the most stable tertiary or secondary carbonium
ions are observed from any of the isomeric alkyl fluorides
in strongly acidic solvent system. Rearrangement to those
more stable ions can be studied at low temperature.

One of the most powerful tools in the study of carbonium
ions is nuclear magnetic proton resonance spectroscopy. The

HaC, o CHy
G- CH2-CH3
3C

+ CH3
-C
Sy

s n
13 5 4 3 2 1 ppm

Fig. 1. The PNMR spectra of the ¢-butyl cation (top), t-amyl
cation (middle), and isopropyl cation (bottom). Note large
deshielding effects and the long-range coupling in the ¢-amyl
cation indicating sp®—sp® rehybridization at the potential car-
bonium ion center.
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main feature of the proton NMR spectra of alkyl fluorides
in antimony pentafluoride is the substantial deshielding of
the protons in the carbonium ions as compared with the
starting alkyl fluorides (Fig. 1). No H-F coupling was ob-
served in any of the spectra of the carbonium ion com-
plexes. This would not be expected in the ionic forms where
the covalent C-F bond of the starting alkyl fluorides must
be cleaved. However, this observation can be used only as
supporting, but not as conclusive, evidence for the ionic dis-
sociation. Fast exchange in a highly polarized donor-acceptor
complex in the strongly acidic solvent could equally well
result in the absence of observable H-F coupling. Such
complexes were indeed well defined recently in the case of
methyl fluoride—antimony pentafluoride and related primary
alkyl fluoride—antimony pentafluoride complexes.

F
.CH/"\slb/F
'R\F/[]: \F

The 1°F spectra of the carbonium fluoroantimonate com-
plexes indicated the absence of covalent C-F bonds and the
presence of the ionic SbFg— or Sb,F;;— forms. However,
there is again no evidence to exclude the possibility of an
exchanging, highly polarized gr-F:—-sbF, system.

The possibility of fluorine exchange in a highly polarized
complex of the type R—F—SbF; must be considered. In
this type of complex, the C-F bond must be considerably
weakened and, in the limiting case, ionized. There is also a
possibility of exchange involving solvent SbFj;. Fluorine
resonance probably cannot differentiate between the SbFg—
line and the line that corresponds to an exchanging F—SbFj
system. Attempts were made to see whether, at lower tem-
peratures, differences due to decreased exchange rates are
observable, but this was not the case.

In order to prove that stable alkylcarbonium ions and not
exchanging donor-acceptor complexes were obtained, we in-
vestigated the 13C nuclear magnetic resonance of the poten-
tially electropositive carbonium carbon atom in alkylcar-
bonium ions (22).

The 13C shift of the z-butyl cation (CH,);13C+ in SO,CIF-
SbF; solution at —20°C is at —135.4 parts per million (from
13CS,) with a long-range coupling to the methyl protons of
3.6 hertz. From the methyl !3C satellites in the proton
spectrum of the ion, the long-range proton coupling constant
was 3.5 hertz.

The 13C shift of the isopropyl cation, under identical con-
ditions, is —125.0 ppm with a long-range coupling to the
methyl protons of 3.3 hertz. The direct 1*C-H coupling is
169 hertz (indicating sp? hybridization of the carbonium
carbon atom), while the long-range, proton-proton coupling
constant is 6.0 hertz.

Substitution of the methyl group in the #-butyl cation by
hydrogen thus causes an upfield shift of 10.4 ppm. The
well-established relation between 13C shifts and electron
density leads to the conclusion that the central carbon atom
in the t-butyl cation is slightly more positive than that in
the isopropyl cation.

In spite of the fact that the z-butyl cation is calculated
(23) to be more stable than the isopropyl cation (by 4.70
electron volts), the charge on the central carbon in the ¢-butyl
cation (+40.692 electron volt) is more positive than that in
the isopropyl cation (40.611 electron volt). If we assume
that the chemical shift dependence is 200 ppm per electron,
this difference gives a 13C chemical shift difference of 16
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ppm, a value in reasonable agreement with the observed dif-
ference of 10.4 ppm. Chemical shift data thus support the
assumption that the methyl group is electron-withdrawing
relative to hydrogen in accordance with a negative inductive
effect. At the same time, hyperconjugative stabilization in
-the planar carbonium ions will make the (CHj);C+ ion
more stable than (CHj),CH relative to their precursors.

The 13C shift of the z-amyl cation CoH;C+t(CHj), is at
—139.4 ppm, only 4 ppm down field from the #-butyl cation.
This shift difference is much smaller than the 17 ppm found
in the case of the related alkanes, although the shift ob-
served is in the same direction.

It is difficult to interpret these large deshieldings in any
way other than as a direct proof that (i) the state of hybridi-
zation of the carbon atoms involved in the carbonium ion
is sp2; and (i) at the same time, the carbon atom carries
a substantial positive charge.

When the isopropyl cation was generated from 2-chloro-
propane with 50 percent 13C enrichment of C-2 in SO,CIF-
SbF; at —60°C, equilibration of the 13C label occurred with
a half-life of 1 hour. After several hours, the 13C was dis-
tributed equally among the three carbons, This observation
suggests that a protonated cyclopropane is responsible for
the proton scrambling mechanism.

* . *

CH, HC——CH, C
J + 2 12 +
NEn = \ + = H\rcu
/* N H /

CH3 CH, CH,

Similar scrambling was observed in the secondary butyl (sec-
butyl) and ¢t-amyl cations.

Infrared and Raman spectra of the stable alkylcarbonium
ions were also observed (20, 24) and are in complete agree-
ment with the planar structure of the carbonium ions. Infra-
red spectra of these ions and of their deuterated analogs
correspond to the spectra predicted by calculations based
on molecular models and force constants. Thus, vibrational
spectra can also be used in the identification of stable car-
bonium ions.

Laser Raman spectroscopy, particularly with helium-
neon lasers, is another powerful tool in the study of car-
bonium ijons. Because Raman spectra give valuable infor-
mation on symmetry, these spectra help to establish, in
detail, structures of the ions and their configurations. The
Raman spectroscopic data provide strong evidence that the
trimethylcarbonium ion in superacid (25) solution prefers a
conformation leading to overall C;, point group symmetry.
Thus, the +C(CHj); ion exists in these solutions with a
planar +C(Cg) carbon skeleton and with one hydrogen atom
of each CH; group above the plane parallel to the threefold
axis of rotation. The other two hydrogen atoms are arranged
symmetrically to the right and left of the threefold axis.
Raman spectra observed for the f-amyl cation (dimethylethyl
carbonium ion), the pentamethylethyl cation (dimethyl-z-
butylcarbonium ion), and the dimethylisopropylcarbonium
ion also show a planar, sp2? hybridized structure. The Raman
spectroscopic studies thus provide, in addition to 13C NMR
data, direct evidence for the planar structure of alkylcarbo-
nium ions.

The observation of stable alkylcarbonium ions in anti-
mony pentafluoride solutions also opened up the possibility
of investigating the electronic spectra of these solutions.
Waack and I reported (26) that solutions of alkylcarbonium
ions in FSO3H-SbF; solutions at —60°C showed no absorp-
tion maxima above 210 nm. In view of this observation, it
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is now highly probable that previous claims relating to a
290 nm absorption of alcohols and olefins in sulfuric acid
solutions were due to condensation products or cyclic allylic
ions and not to the simple alkylcarbonium ions (27).

Alkylcarbonium ions can be formed not only from halide
precursors (the earlier investigation of generation from
alkyl fluorides was later extended to alkyl chlorides, bro-
mides, and even iodides) but also from olefins in superacids
like HF-SbF; (28, 29).

FSO;H—SbFg

+
RCH~—CH3
HF—SbFs

RCH=CH,.

Tertiary and reactive secondary alcohols in superacids like
FSO3zH-SbF; (“magic acid”) (30), FSOzH, and SbF;-SO,-
(SO,CIF) also ionize to the corresponding carbonium ions
(31). The generation of alklcarbonium ions from alcohols
indicates the great advantages of increasing acidity and of
using ‘acid systems with low freezing points. Deno showed
that the use of sulfuric acid and oleum results in formation
of cyclized allylic ions from simple aliphatic alcohols (I8).
With the use of the extremely strong acid FSO3H-SbF; these
alcohols can be ionized to the corresponding tertiary and sec-
ondary alkylcarbonium ions without further rearrangements.

FSO3H — SbFy
——————
-H,0

(CH,),C — OH (CHahe*
Primary and less reactive secondary alcohols are pro-
tonated in FSO;H-SbF; solution at low temperatures

(—60°C) and show very slow exchange rates (32).

+
CHyCH,CH,0H == CH4CH,CH,0H,
CHs?HCHs = CHs GHCHy
OH +0H,
Temperature-dependence studies of the NMR spectra of

protonated alcohols allow the kinetics of dehydration to be
followed (33).

— SbFs —SO +
FSOsH — SBFs 301 | [eH,CH,CHCH,OH,)
—60°C &

CH,CH,CH,CH,0H

-+,
[CH3CH,CH,CH,) + H30™
rearrangement
{CHakCt

To overcome difficulties and achieve ionization of primary
and less reactive secondary alcohols at low temperatures, we
found, in some cases, that it is advantageous to transfer
them with thionyl halides or carbony! halides to the corre-
sponding haloformates or halosulfites. These in turn ionize
readily in SbF;-SO, solution and lose CO, or SO, (29).

. COX2 F
ROH—— ROOCX s =502 o

SbF; X+ €O,
SbF, —S0,
ROH S Roosx ——> %, RFSE X+ SO,
X =CLF

Aliphatic ethers are protonated in strong acids, and, at
low temperatures, the exchange rates of the acidic proton
are low enough to permit direct observation by NMR spec-
troscopy (34). Studies of temperature-dependence of NMR
spectra again allow, following the kinetics of ether, cleavage
to form alkylcarbonium ions.

FSO3H — SbFs +
"__—_"——"CH;-O-— CH;CHchchg
-60°C %o
SR

+

CH30H2 + [CHyCH,CH,CH; ] rearrangement, (CHo),C*

CHz— O~ CH,CH,CH,CH,
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Protonation and ionization of mercaptans (thiols) and sul-
fides were similarly studied (35).

Superacids such as FSO4H-SbFj; act as very effective
hydride-abstracting agents, allowing the generation of car-
bonium ions from saturated hydrocarbons (36).

FSO;H— SbF;
S0,CIF

CH3(l:H CHy (CHa),CT + H,

CH;
Carbonium ions can also be generated by decarbonylation
of tertiary alkyloxocarbonium ions, like the #-butyloxocar-
bonium ion (pivalyl cation) (27).

heat .
{CH,),CCOF + SbF, ==(CH4);CCO™SbE™ == (CH4);CSbFg ™+ CO

This reaction corresponds to the reverse of the Koch-Haaf
acid synthesis, which is known to involve carbonium ion
intermediates, Indeed the reaction of the tertiary butyl
cation with carbon monoxide gives the pivalyl cation.
Amines also can be used as precursors for the generation
of alkylcarbonium ions. The classic method of deaminative
formation of carbonium ions involves some type of diazoti-
zation reaction producing an equimolar amount of water.

HNO
R—NH,—-—-—-—-»HO’ [RN' ] R + N2

Newer methods overcome this difficulty. The corresponding
sulfinylamine or isocyanate is prepared and then reacted
with stable nitrosonium salts to give the corresponding car-
bonium ion. »
SOC'? +. - e -
RNH,——5-RNSO + NO™ 'SbF,"—>R"SbFg ™+ N + SOz

RNHp22 5 RNCO + NO™ SbE,"—» R"SbFg+ N + CO,

Cyclopropylcarbonium Ions

The solvolysis studies of Roberts (38) and Hart (39)
showed both the unusual stability of cyclopropylcarbonium
ions and the facility with which such ions rearrange.

Cyclopropyl groups have a strong stabilizing effect on
carbonium ions and effectively delocalize charge. The direct
observation of cyclopropylcarbonium ions by NMR spec-
troscopy provides the clearest example known of delocali-
zation of charge into a saturated system. ‘

The first cyclopropylcarbonjum ion directly observed was
the tricyclopropylcarbonium ion (40). Its NMR spectrum
in H,SO, consists of a single sharp line at 8 2.26 (parts per
million relative .to trimethylsilane), In SbF;-SO,CIF solu-
tion at —78°C, the 100-megahertz spectrum, however, shows
the methine and methylene cyclopropyl protons separately.

Pittman and I have observed several mono- and dicyclo-
propylcarbonium ions in FSO,;H-SbF;-SO, solution at low
temperatures (41). The cyclopropyl ring protons are resolved
in the NMR spectrum of each of these ions. Most interesting
of these is the dimethylcyclopropylcarbonium ion (Fig. 2).
The methyl groups are not equivalent and are seperated by
0.54 ppm. In uncharged systems the hydrogens lying in the
face of the cyclopropane ring experience an upfield shift of
0.3 to 0.5 ppm. This leads us to- conclude that the cyclo-
propane ring lies in a plane perpendicular to the plane of the
dimethylcarbonium ion center (bisected form).

The plane of the cyclopropane ring is parallel to the axis
of the vacant p orbital of the positive central carbon. In
this configuration, one methyl group is cis to the cyclo-
propane ring and the other is trans. This cis methyl group
now ecxperiences the dimagnetic anisotrophy of the cyclo-
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propane ring. This accounts for its observed position 0.54
ppm upfield from the frans methyl group. The methyl bands
do not coalesce at —30°C, where the ion undergoes ring
opening and subsequent decomposition reactions. This shows
that the cyclopropane ring does not rotate at this temper-
ature, corresponding to a rotational barrier of at least 10
kilocalories per mole.

Alkenyl Cations

Many alkenyl cations have now been directly observed,
particularly by Deno and Richey (I8, 42), Sorensen (43),
and Olah (44) and their co-workers. Deno reviewed the chem-
istry of these ions (18), and the number of examples has in-
creased substantially since. The cations of the allylic type
particularly show great stability. Representative examples are

PN C“ib\
CcH3 CH3 cHy CH, CH3
CH;
CH; CHs
)\*r)\ '
CHz CH CHj

CHy 3

The opening of halocyclopropane rings with the formation
of allyl cations has been investigated (45-47).

CH,

FSO,H — SbF, cH
i~ J0F 7 4\
ci 4 \

CHj CH CHCHy

CHJ
Protonation of certain allenes also leads to allyl cations

which are otherwise difficult to obtain from allylic precursors
48, 49).

H

i J\C“C“C/CHs FSO,H. —Sbk, cH,\c/+ N
== —————

cHy” ScHy cHy” “CH;

Alkadienyl and Polyenylic Cations

Deno, Richey, and their co-workers (18) observed a sub-
stantial number of alkadienyl and polyenylic cations, Soren-
sen (50) has reported the observatlon of the divinyl- and
trivinylcarbonium ions.

P .
NN o \/39/ X
’/
A\
\
\

Alkenyl cations show a substantial tendency to cyclize to
the more stable cyclic allylic ions. Pittman, Sorensen, and I
were able to follow these cyclizations by NMR (57).

S A o SAN R

Cycloalkadienyl cations, particularly cyclohexadienyl ca-
tions (benzenonium ions), show remarkable stability. They
can be obtained by protonation of aromatic hydrocarbons
by strong acids (52—54).

" CHy  HF-BF, CHy
HF—SbF;
=
CH3 CH, CH3 | CHy
H
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Doering and his colleagues observed the very stable hepta-
methylbenzenonium ion (55).

CH,

CHs CHa pel
CH;3 CH,

CH{ “CHj

Cycloalkyl Cations

Tertiary cycloalkylcarbonium ions, like the l-methyl-1-
cyclopentyl cation, show high stability in strong acid solu-
tions. This ion can be obtained from a variety of precursors
(55).

1- methy!- ‘s
5.0?', cyclopentyl 6@ =
catlon 0,
&« A
\p

Q
5‘0
(F Br) 3 FSOaH—SbFs %o
S e
« ©
-

D<CH3 O—o y CH,—G

It is worthwhile to mention that not only cyclopentyl but
also the cyclohexyl type of precursors gives the 1-methyl-
cyclopentyl cation. This indicates that the cyclopentyl ca-
tion has higher stability, which causes isomerization of the
secondary cyclohexyl cation to the tertiary methylcyclopentyl

ion.
[ >+ m— DICHg

The mechanism of this rearrangement probably does not
involve primary carbonium ions but goes through a proton-
ated cyclopane (bicyclo[3.1.0]hexane) intermediate.

The cyclopentyl cation shows in its proton magnetic
resonance spectrum in SbF3-SO,CIF solution, even at
—70°C, only a single absorption line at 8 4.68 (22, 57).
This observation indicates a completely degenerate ion with
a low barrier to the secondary-secondary hydride shift.

A5 . m rmr\r

Bridgehead Carbonium Ions

Bredt’s rule in its original form (58) excluded the possi-
bility of carbonium ion formation at bridgehead positions of
cycloalkanes. Indeed, bridgehead halides, such as apo-
camphyl chloride, proved extremely unreactive under hydrol-
ysis conditions (59). However, 1-bromoadamantane very
readily gives the bridgehead carboxylic acid under the
usual conditions of the Koch-Haaf acid synthesis (60).
1-Fluoroadamantane is ionized in SbFj to give the stable
bridgehead adamantyl cation (61).

12 JUNE 1970

The NMR spectrum of the adamantyl cation in SbFj
soloution at 25°C consists of bands at 5.42, 4.50, and 2.67
in & units with areas of 3 :6: 6. The y-CH hydrogens have
their bands at a lower field than the three §-CH, groups
even though they are farther from the positive carbon. This
is explained as the lobe of the empty p-orbital lying inside
the cage overlapping with the back sides of the three sp®
bridgehead CH orbitals. Such overlap would distribute
charge preferentially to the bridgehead positions, which
may account for their downfield position in the NMR
spectrum,

SbF,” 4(ppm)
452
«-——5.40

2.67

Schieyer and I also observed a series of methyladamantyl
cations, The bridgehead congressane (diamantane) cation
was also recently observed (57) and it also shows the cation
cage effect. Although the bridgehead 1-norbornyl cation was
not directly observed, 1-chloronorbornane yields the stable
2-norbornyl cation in SbFy-SO, solution. Thus, ionization to
the bridgehead carbonium ion must be followed by a fast
shift of hydrogen from C-1 to C-2, the driving force for
which is obviously the tendency to relieve strain in the
carbonium ion (62).

> CHs
‘CH3
)'»l 1 3 1 l 5 i 1 1 l L L B IS 1
T N I Ly
2.0 PPM (5) 3.0

Fig. 2. The PNMR spectrum of the dimethylcyclopropyl car-
bonium ion shows nonequivalent methyl group proving the
“bisected” structure, '
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Alkylarylcarbonium Ions

Mono- and dialkylarylcarbonium ions can be readily ob-
tained from the corresponding alcohols, olefins, or halides in
strong acid solution, such as H.SO, (63), FSO;H-SbF; (64),
CISO,H and FSO4H (65), and oleum (66). Representative
alkylarylcarbonium ions are: '

_CH, CHy % CH,CHy ©\ ¥ _CH,CHy @ /CH-—©

Because of the high stability of the tertiary ions, these
are preferentially found in the strong acid systems from
both tertiary, secondary, and cven primary precursors (67).

O P o- O T D- @@w@

©
o+to
©

If, however, the tertiary carbonium ion is not benzylic,
rearrangement to a secondary, benzylic ion can be observed:

OH H
i FSO4H—SbF; + ~CHs
@-w;—c—-w, —_— CH—CH
| “NCH,
CHy

With suitable substituent groups (which also prevent trans-
alkylations), cven secondary styryl cations and primary
benzyl cations were found as stable, long-lived ions (68, 69).

HE ACHa H\C/H

Arylcarbonium Ions

The first stable long-lived carbonium ion obscrved was the

triphenylcarbonium ion (2—4).
+ /
[CS

This ion is still the best-investigated carbonium ion (Z/0) and
its propeller-shaped structure is well proved. Diphenylcar-
bonium ions (benzhydryl cations) are considerably less stable
than their tertiary analogs. Although ultraviolet spectra in
dilute sulfuric acid solutions have been obtained (63), only
recently has the benzhydryl ion been observed in higher
concentrations in acid solutions [CISO;H (65), FSO;H, and

FSO,H-SbF; (64)].
c
|
H
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The observation of benzyl cations in acid solutions was
also recently achieved (68). Although the unsubstituted ben-
zyl cation is still elusive, we have observed many substituted
derivatives.

+ +
CH, CH,
CH3 CH, CH; CHy
CH3 CH;
CH3 CHJ
+ +
CH, CH,
CH3 CH, CH; CH;,
CH3 CHy CH3 CH;,
OCHIJ Br
In a cation such as
+
CH
2 CH,
CHz CHj
CH,
CH;

2, 4-dimethyl-6-t-butyl -
phenylcarbonium ion

a high rotational barrier around the sp2-hybridized carbon
atom is observed (NMR studies). This means that the
methylene protons are magnetically nonequivalent (69). No
rearrangement of benzyl cations in acid solution to tropylium
ions has been found, although this rearrangement is claimed
in the gas phase (mass spectroscopy).

A number of substituted styryl cations have also been
observed (70).

+
H & CHa H\’é _CH,
o o™
OCH, CHy

methyl p-anisyl-
carbonium ion

methyl mesityl-

carbonium ion

But the styryl cation (phenylmethylcarbonium ion) itself is
still elusive because of its great tendency for proton elimi-
nation and subsequent polymerization.

Dicarbonium Ions

Earlier reports (7/) that a dicarbonium ion had been
observed from pentamethyltrichloromethylbenzene turned
out to be incorrect. The species is the benzylic dichloro-
pentamethylphenylcarbonium ion (72-74).

CH,CH,
CHZ ct-ci
GH,CH, CH,CH,
CH cel. —<
@ $ CH,CH;
CH,CH, o/
CH5 ¢
o
CH,CH,

The 1,2,3,4-tetraphenylcyclobutenium di-cation has been re-
ported (75). However, there is evidence that this ion was only
an equilibrating cyclobutenyl mono cation. X-ray crystallo-
graphic investigation of the isolated crystalline complex
confirm this conctusion (76). Recently Bollinger, White, and
I succceded in obtaining the 1,2,3,4-tetramethylcyclobute-
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nium di-cation (77). 1H and 13C nuclear magnetic resonance
studies confirmed its structure and its 2-7r electron aromatic
nature, which are similar to Breslow’s previously observed
cyclopropenium cation.

CH3
CH cl . CH CHy
3 ¢ SbF; ~802 T~
—_— 2+
i -78°C N o
CH ~ CH CH:
3 CH, 3 3

If two carbonium centers are separated by a phenyl ring, a
variety of di- and tricarbonium ions can be obtained (78 79).

©\@<:

aryltricarbonium ion

@

arvldlcarbomum |on
Recently, simple alkyldicarbonium ions were also observed
(80). Separation of the two carbonium ion centers by two
or three methylene groups enables these species to be present
as stable entities in the strongly acidic solvent system
(SbF;-S0,) at low temperature (—60°C).

CH, ?H; Hy (I7H3
CHy~C~CH,~CH,—C—CH3  CH3—C—CH,—CHz~CH,~C—~CHj;
+ + + +

alkyldicarbonium ions

Aromatically Stabilized Carbonium Ions

If a carbonium ion is also a Hiickel-type aromatic system,
resonance causes very substantial stabilization. The best
known examples of aromatically stabilized carbonium ions
are the cycloheptatrienyl (tropylium) cation (87-83),
cyclopropenyl cations (84), and the tetramethylcyclobutenium
di-cation (85).

R CHy CHj
o= @
R CHg CHg
Because of their aromatic character, these ions are highly

stable. Numerous other examples of aromatically stabilized
carbonium ions are known.

Heteroatom-Stabilized Carbonium Ions

In contrast to hydrocarbon cations, heteroatom-substituted
carbonium jons are strongly stabilized by electron dona-
tion from the unshared electron pairs of the heteroatoms
adjacent to the cationic carbon center:

+ . +

R2C—X<—>R,C=X

X=Br, O, N, S, F, C
The stabilizing effect is enhanced when two, or even three,
. ¢lectron-donating heteroatoms coordinate with the electron-
deficient carbon atom.

3 d +‘ .. + 13 .
x—<': -—X«-—»‘X=?-X<—> x—t':=x+
R R R

4+ . .
:X._(';_x. <—-> ? X ey X —-? =xt.—>‘ :x_ﬁ_x;
X X X X
+
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Halogen as Heteroatom

In 1965, Cupas, Comisarow,'and I reported the first
fluorocarbonium ions (86).

+ +
©r-& OO

phenyldifiuoro- diphenylfluoro-

carbonium ion carbonium ion
Fluorine has a particular ability to stabilize carbonium ions
via back-coordination of its unshared electron pairs into
the vacant p orbital of the carbon atom. Because 1°F mag-
netic resonance offers an excellent possibility for structural
investigations of these ions, extensive work was initiated.
The dimethyl- and phenylmethylfluorocarbonium ions were

obtained (87).
+ +
Hy— CF—CH, @—cr—-cm

Trifluoromethylcarbonium ions (88) and perfluorophenyl-
carbonium ions were also reported (89, 90).

Because of the relatively large fluorine chemical shifts,
anisotropy and ring current effect play a relatively much
smaller role than they do in the case of proton shifts. There-
fore, a better correlation of charge distribution with chem-
ical shifts can be obtained as is also true of 13C NMR

- spectroscopy.

The trifluorocyclopropenium ion was also recently ob-

tained (91).
Fy\ F

F

A series of chlorocarbonium ions were observed, includ-
ing phenyldichlorocarbonium ions (72-74, 92).

CH,y CHy CH,
+ + +
CH; CCl, CHz @ cl, <@>~ccn2
CH; CHa. CH4

West (93) observed the perchloroallyl cation.
ccl, CClz
N\

\Y //
\\+//

C

Cl
Comisarow and I observed (94) a series of chloro-, as well
as bromo- and iodocarbonium ions and showed the general
stabilizing ability of halogen attached to carbonium ion

centers.

+ +
CHjC—CH CjHy—C—CHy X =1,Br, Cl, F

X X

Oxygen as Heteroatom

Crystalline addition compounds of alcohols, ethers, alde-
hydes, and ketones with Bronsted and Lewis acids have been
known since the middle of the last century. They were long
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considered unstable “molecular compounds” (95). Collie and
Tickle (96) were the first to assign “oxonium salt” character
to the acid complexes of dimethylpyrones. They formulated
the complexes as containing a tetravalent oxygen, analogous
to the ammonium salts in which nitrogen at that time was
assumed to be pentavalent:

Ry H
X RIH
PLIN R—~N

R X R X

The ionic structure of the pyrylium salts was clearly stated
by Hantzsch as early as 1922 (97).

CH3 CH,
N N
07 07+
CHy 7 CHy CH, CHs
Cloy Clo;

In pyrylium salts there is contribution from carbonium ion
structures, a fact apparent in the behavior toward strong
nucleophiles leading to phenols.

Alkoxycarbonium Ions

Resonance, similar to that in the pyrylium salts, was
shown by Meerwein (98) to exist between oxonium and car-
bonium ions in the crystalline fluoroborates obtained by
alkylation of ketones, esters, and lactones with trimethyl-
or triethyloxonium fluoroborates.

C2Hs0
C==0 + (C,H;),0"BF| —»
C2Hs0
CzH50 C2Hs0
\ + 205 it
€ =0CHs<—> C—0CaHs + (C;Hs)0

C2HsO C2Hs0

Taft and Ramsey (99) used NMR spectroscopy to investi-
gate a series of secondary and tertiary alkoxycarbonium ions.

OCH; 4+ _OC,Hs + OCH3
we”” we”” CH3—C<

*0CH; 0C:Hs OCH;3

Bollinger and I (100) obtained primary alkoxycarbonium

ions such as the methoxy- and phenoxycarbonium ions and
their halogenated derivatives:

+ + + +
CH,OCH;~>CH;0=CH;  CH;-OCHCI <—CH;0 = CHCI

+ + + +
CICH,0CH;—CICH,0=CH;  CH;—OCHF <> CH,0=CHF
+ +
C4H;0CHz>C H;0=CH,

With Sommer and Namanworth (33) we showed that
primary and secondary alcohols are protonated in FSO,H-
SbF;5(S0,, SO,CIF) solution at —60°C, giving well-resolved
spectra of the protonated species.

SbFs —FSO3H(S0,, SO,CIF) +

R-OH ROH,
—60°C

At higher temperatures they cleave to carbonium ions; the
kinetics of these cleavage reactions could be followed by
NMR spectroscopy.

+ heat + +
ROHz —— R+ H,0
H+
Tertiary alcohols (with the exception of the ones containing
strong electron withdrawing groups like CF;) generally de-
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hydrate very fast in the acid media, and the intermediate
protonated species cannot be observed, even at low tempera-
ture, before cleavage.
Ethers protonate in superacid media and give well-resolved

spectra.

H—SbFs —SO +

Ry0 —0sH 7B 7802 Ok

-60°C
Again cleavage reactions can be followed by NMR spectros-
copy as in the case of methyl n-butyl ether .

+ heat
CH30CHzCH2CH,CHy ————

CH3OHz+ [CH3CHZCHZCH; T~ (CH3),c ™+
Aldehydes and ketones protonate on the carbonyl oxygen

atom, and in superacid media at low temperatures the
protonated species can be directly observed (101-105).

FSO3H—SbF; —S0, +
RCHO ———————— RCH=0H
+
R,C0 ————R,C=0H
Even protonated formaldehyde was observed. Protonated

acetaldehyde was observed in two isomeric forms, the proton
on oxygen syn or anti to the aldehyde proton:

H

6 H \o+
=z ~
el == cHel
~
H H
syn anti
80 percent 20 percent

The hydroxycarbonium ion forms of protonated ketones
and aldehydes (observable in strong acid solutions) contrib-
ute to the resonance hybride. Based on 13C NMR studies
(106), the degree of contribution of the hydroxycarbonium
ion forms can be quite accurately estimated.

R R\ .
C=0H <—>  C-OH
R’ R’
+
R(‘.‘.=0H*—““" R(')—OH
A 4

Oxocarbonium Ions (Acyl Cations)

Seel observed in 1943 the first stable acyl cation (/07).
Acetyl fluoride with boron trifluoride gave a complex (de-
composition point 20°C) which was characterized as the
acetyl tetrafluoroborate salt

CHyCOF + BFy === CH4CO BFi”

The identification was based on analytical data and
chemical behavior. Only in the 1950’s were physical meth-
ods applied, infrared and NMR spectroscopy making further
characterizations of the complex possible, Since 1954, a
group of other acyl cations (oxocarbonium ions) has been
isolated and identified (108—110). The hexafluoroantimonate
and hexafluoroarsenate complexes were found particularly
stable (110). Deno and his co-workers investigated solutions
of carboxylic acids in sulfuric acid and oleum (Z71). They
observed protonation at lower acid concentrations and dehy-
dration, giving acyl cations at higher acidities.

oleum
F———— RCOT+ Ha0"

H,S04
RCOOH =—==——= RCOOH; =——>
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The investigation of acyl cations (oxocarbonium ions) was
substantially helped by NMR. Not only H, but also 2H,
13C, and 19F resonance studies established the structure of
these ions (110, 112). These investigations, based on 13C
and proton resonance, showed that acyl cations, such as
the CH4CO+ ion, are not simple oxonium ions (acylonium
complexes), but are indeed oxocarbonium ions with a sub-
stantial positive charge on the carbonyl carbon atom.

+ + + + +
CH3—CO, CH4CH,CO, C4H5CO, (CH,),CH—-CO, (CH,);CCO

Recent x-ray crystallography studies of the CHZCO+-
SbF¢— complex (113) substantiated this suggestion and pro-
vided convincing evidence for the linear structure of the
crystalline complex.

+
CH3~C=0
Investigation of acyl cations has been extended to the

study of cycloalkyloxcarbonium ions (Z14), alkylene di-
oxodicarbonium ions (715), and alkenyl oxocarbonium ions

(116).
Q— =0 <}0~o

D>-&-0 [T
0=C(CHC=0 0= c@c 0

+ +
0=C(CH,),C=0
CH;=CHC=0  CHyCH=C(CH,) =0
Alkylene dioxodicarbonium ions can be formed with at

least three methylene groups separating the two positive
charges.

CH,=C(CH3) &=0

Protonated Carboxylic Acids

The use of strong acid media, coupled with low tempera-
ture NMR spectroscopy, provides a convenient method of
investigating the protonation of weak organic bases and
subsequent reactions involving the protonated species. This
approach is best illustrated by the behavior of carboxylic
acids in media such as FSO3;H-SbF;5-SO,, HF-SbF;, or HF-
BF; (117). The NMR spectrum of acetic acid in such media
at low temperature shows two OH resonances indicating (i)
that carbonyl protonation is favored and (ii) that hindered
rotation about the resultant COH bonds is present. The pre-
dominate conformer observed is the syn, anti, although about
5 percent of the syn, syn isomer has also been observed.

H\o
CHy—COH 8o CHJ-c/ CHy—C7{x
0 \6
W H
syn, anti syn, syn
- 95 percent 5 percent

The NMR spectrum of formic acid, when protonated
under the same conditions, is more complex because of the
presence of proton-proton coupling and because of the fact
that the two conformers are present in a ratio of 2:1,
with the syn, anti isomer predominating.

H
H* /, A2
H-COH ~—> H-C+ + H-C{+
N, \~
W H/
syn, anti syn, syn

" These isomers can be readily identified from the magnitudes

of the vicinal coupling constants; thus in the syn, anti isomer,
12 JUNE 1970

the methine proton is a doublet of doublets (Jyy = 15 and
3.5 hertz) while in syn, syn isomer a triplet is observed
(Jy = 3.5 hertz). No evidence for the anti, anti isomer
has been found in either protonated carboxylic acids, esters,
or their thio analogs.

Protonated Esters

Esters behave in an analogous fashion, with carbonyl
protonation being predominant. Thus protonated methyl
formate is present in FSO3zH-SbF;-SO, solution as two iso-
mers in a ratio of 90 to 10 (/18).

CH3\
+ O
H=COaCHa— > HC 4 CHy + H—C% M
— 3 =L+ + | (4 +
! N TNy
H/
90 percent 10 percent

Cleavage of Protonated Acids and Esters

By raising the temperature of solutions of protonated
carboxylic acids and esters, further reactions of the species
involving unimolecular cleavage are observed. These reac-
tions can be considered within the framework of the two
unimolecular reaction pathways for acid-catalyzed saponifi-
cation of esters, either involving alkyl- or alkyl-oxygen
cleavage. The advantage of studies of these reactions in
superacid media as compared to solvolytic conditions is
that the cleavage step can be isolated and studied in detail
because the cleavage products generally do not undergo any
further reaction.

For example, in the case of protonated acetic acid in
FSO;H-SbF;5-SO, solution, a reaction analogous to the rate-
determining step in the unimolecular cleavage of esters is
observed leading to oxocarbonium ion (acyl cation) and
hydronium ion formation.

—002H2+-—'%%-C—>R——C=O + Hy0*

Unimolecular cleavage in this case, of course, corresponds
to dehydration of the acid, but in the case of protonated
esters the cleavage pathway found depends on the nature of
the alkoxy group as shown below.

OH
4, 20
R-C{ + ._g..._» rR—ct=0 + CH30H2
OCH3;
OH OH
< ~60°C g
R—CK& — R—C/(+ + [(CHy),CHY]
Ne CH, oH ¥
OCH\ hexy! cations
CH,4
OH H
/77 —60°C /,0

R=C{+ 22 R4 4 C(CHaks
0—C(CH3) Non
In the case of ethyl esters both pathways are observed to
occur with comparable rates.

R—C0 + C,HsOH,*

/on
R-—C (4 K
-Ht
CzH\ —c/ + [CaHs]== CHz=CHa
CoHs™
{CHauCt
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Protonated Carbonic Acid and Its Derivatives

Dialkyl carbonates have been studied in FSO4H-SbFj
solution and have been shown to be protonated on the
carbonyl group giving the dialkoxyhydroxy carbonium ion
(119).

Pl /H
\( -
\
O\R

Di-t-butyl carbonate cleaves immediately at — 80°C with
alkyl-oxygen fission, giving the #-butyl cation and protonated
carbonic acid. The structure of the latter has been established
from the C!¥ NMR spectrum of the central carbon atom
which shows a 3.5 hertz quartet, being coupled to three
equivalent hydroxyl protons (I18).

: HO

(CH’):‘CO\t BT O +
C—OH C=0H + 2 (CH,),C

(CHHC07 Ho?”

Di-isopropyl and dicthyl carbonate cleave at a higher tem-
perature, also via alkyl-oxygen cleavage, with initial for-
mation of protonated alkyl hydrogen carbonates. The alkyl
hydrogen carbonates can also be formed by protonation of
their sodium salts.

RO H¥ HOx

N - Hi+ g
>c \ C-OH Hosst C=OH
RO7- T heat'por”T st o
+ [R¥] + [R¥]

Protonated carbonic acid can also be obtained by dissolving
inorganic carbonates and hydrogen carbonates in FSO;H-
SbF; at —80°C. It is stable in solution to about 0°C, where
it decomposes to the hydronium jon and carbon djoxide.
Protonated carbon dioxide (CO,H+) may be an intermedi-
ate.

co;  _FSOJH-SbF H3C0;"—» CO,+ Ha0T
or HCO3 - heat
The observation of protonated carbonic acid as a stable
chemical entity with substantial resonance stabilization may
have major implications in our understanding of some of
the more fundamental biological carboxylation processes.
Our present (in vitro) observation in specific, highly acidic,
solvent systems cannot be simply extrapolated to different
environments {(biological systems). However, it is possible

that on the active receptor sites of enzyme systems (for-

example, those of the carbonic anhydrase type) local hydro-
gen ion concentration may be very high, as compared with
the overall “biological pH.” In addition, on the receptor sites
a very favorable geometric configuration may help to stabil-
ize the active species, a factor which cannot be reproduced
in model systems in vitro.

Carbon-13 magnetic resonance studies of protonated
carbonic acid and comparison with data on a series of
known carbonium ions indicate that the carbon atom of
protonated carbonic acid is fairly electron-deficient and
consequently it should be a reactive carboxylating agent.
This prediction was substantiated in experiments where
protonated carbonic acid and its esters were found to car-
boxylate ammonia to ammonium carbamate and alkylamines
to alkyl carbamates. We are studying the possibility of C-
carboxylations and the carboxylating ability of these com-
pounds on biologically important systems like biotin. The
“reactive form” of carbonic acid in certain systems indeed
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could be its protonated form which would account for its
high reactivity at active sites.

+ + M o

NH + c(OH) == |>NH C—OH picY
NoH,
e NH
/N—-C< —> ">NCOONH,
OH

..w‘“‘

~

“NCOOH

The related observation of protonated carbamic acids as
a stable species and its carbamylating ability €20)

OH
Hy N"C'/

NoH,

as well as the stability of mono- (and di-) protonated guani-
dine and urea (I21) seem to support our contention

HN_ NHg 4
e ~0H
Cr+ HzN—C/
i “SNH,
NH, ‘

that protonated carbonic acid, like its derivatives, is a highly
resonance-stabilized intermediate of substantial importance.

Orthoesters of carbonic acid cleave at —80°C in FSOzH-
SbFy solution giving trialkyloxocarbonium jons and pro-
tonated alcohols, analogous to the cleavage of orthoesters of
carboxylic acids under the same conditions,

4 H
|
CH30 OCH ~2OCH3
¥ \c< J—» cmonz + CH;O—C<+
CH30 OCH3 OCH3

Sulfur as Heteroatom

Thiols and sulfides are protonated on sulfur in superacid
media, and the corresponding protonated species can be di-
rectly observed (preferentially by NMR spectroscopy).

FSO3H—SbFs (S0,, SO,CIF
Rop S0 SOR 80x SOCIR) e,

FSO;H—SbF; +
RQS - > RzSH

Protonated thiols and sulfides are generally more stable than
their oxygen analogs, and cleavage reactions take place only
at much higher temperatures or with tertiary systems.

—SbF. 50, + _309 +
_FS05H—S5F; =502 01, 0ncsH,0°S (cHac T + Hys*
-60°C

(CH,);CSH
FS03H—SbF; —S02
—— ey

+ ~15°C is .
s (CHhG~S—CHy ———5-(CHhC " CHySH;

H

Disulfides are also protonated under similar conditions,
but in this case rapid exchange (with respect to the NMR
time scale) takes place between equivalent sulfur atoms.
Protonated thio (722) and dithiocarboxylic (123) acids can
also be-easily obtained in superacid media. Protonated thio-
formic acid exists in three conformations, the syn-anti
isomer being predominant. A similar type of behavior is
found for other protonated thio acids.

(CH3)3C—S—CHs

H\s H
H+
H—COSH—-H~ c<f . H--C/ S e /H
H/ H/
syn,syn syn, anti anti, syn
30 percent 60 percent 10 percent
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S-alkyl thio esters show analogous behavior to their oxygen
analogs (I/22) in protonation and subsequent cleavage re-
actions.

2 o 14
y ;o
AR_c(‘;OH<R en TR R =C(CHals
X
SR R-CEG  # R'SHF  R'=CHaCaHe,(CHs)iCH

In the case of O-alkyl thio esters, only the z-butyl ester was
cleaved. Esters of primary and secondary alcohols proved to
be stable to higher temperatures, a reflection of stability of
oxocarbonium ions as compared to their sulfur analogs.
The thio analogs of protonated carbonic acid have also
been prepared in FSO;H-SbF,-SO, solution (122). Prepara-
tion of the ions containing both OH and SH groups also
lead to formation of both protonated carbonic acid and
protonated trithiocarbonic acid; it was proposed that pro-
tonated carbon dioxide, carbonyl sulfide, or carbon disul~
fide, or all three, were intermediates in this interconversion.

Nitrogen as Heteroatom

Since nitrogen is a much stronger electron donor than
oxygen, the contribution of carbonium ion structures in
acid salts of imides, amidines, and guanidines is small.

+ +
RzC-—-NR14—>R2C-—N_R2

N
RaN—C=NR; RzNL('IuNRz -~ R,N—(;I-—NR,

R R R
NRz NR; Ny R,
[ C C cr
AT AN TSN N
R2N  NRp RzN NRz R2N NR; RzN ‘NRa

Even in protonated nitriles contributions from the imino-
carbonium ion resonance form can be considered.

+ +
CH3~CHA—C=NH<>CH3=CH,—C=NH

With Kiovsky we studied the protonation of hydrogen
cyanide and alkyl nitriles in' FSO;H-SbF;5-SO, solution by
1H, 13C, and 1N NMR spectroscopy (I24). Both the proto-
nated nitriles and N-alkylnitrilium ions (125) appear to have
linear configurations involving the — C=N+ bond; only
this form was observed in all cases studied. Iminocarbonium
ion character — *C=N-— would be expected to give de-
shielded 13C NMR shifts. Carbon-13 NMR observations
indicate, however, that the latter form is only a minor con-
tributor in protonated nitriles and N-alkylnitrilium jons.

With protonated imines (126) NMR data indicate the
predominance of immonium structures (R;R,;C=-+NHR;),
with only limited contributions of aminocarbonium ion
forms (R;R,TC—NHR;).

Amino acids are observed to undergo N-protonation and
in superacids simultaneous O-protonation of the carboxylic
acid group can be observed by NMR at low temperature
(—70°C) (127). O-Protonation of the carboxylic acid group
is conveniently -observed because of its low-field chemical
shift, which is usually in the range 8§ 14 to 8 15.5. Amino
acids containing functional groups behave as might be
anticipated. With the exception of those giving difficulty be-

cause of either high charge density or side reactions (serine, .

threonine, and cysteine), all amino acids were protonated on
the carboxylic acid function. Aspartic and glutamic acids
were protonated on their 8 and « carboxylic acid groups,
respectively, as well as on the « functional groups. Aspargine
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and glutamine were also O-protonated on their amide groups;
arginine was diprotonated on the nitrogen of the guanidino
group, and heterocyclic amino acids gave characteristic
spectra of their protonated rings.

BEven protonated. carbamic acid and its derivatives can
be readily obtained and observed in the superacid media
(119). Alkyl carbamates are found to be protonated on the
carbonyl group, giving ions analogous to the alkyl carbo-
nates.

N + -"'1 QH ) OH
RNH—C—OR -, RNHZCs o RNHGC +HRTH
\bR' \‘QH

Cleavage of the alkyl-oxygen bond occurs, even in the
case of carbamate esters of primary alcohols, giving proto-
nated carbamic acids. These latter ions have high stability
in strong acid media, reflecting the extensive delocalization
of the positive charge.

10H
““’2—"
HaN—-C{+

2TV

0OH

In contrast to the usual observation of O-protonation of
carbamate esters, N,N’-diisopropy! carbamate esters (methyl
and ethyl) have been shown to be N-protonated in FSO;H
and 98 percent H,SO, solution (728). It has, in this case,
been possible in our related studies to observe rearrangement
from O-protonated N,N’-diisopropyl carbamate esters to the
N-protonated jons. Protonation of the methyl and ethyl esters
in fluorosulfonic acid alone, or diluted with either sulfur di-
oxide or sulfuryl chlorofluoride at — 78°C, gives the O-pro-
tonated carbamate ester. At — 60°C, rearrangement to the
N-protonated ester occurs, the rate being highly dependent
on the solvent composition. This rearrangement is irreversi-
ble. At equilibrium a mixture of N- and O-protonated ions
is observed, the mixture composition being 98 percent N-
protonated and 10 percent O-protonated. This composition
was independent of the solvent used. Carbonyl protonation
is thus favored kinetically under these conditions, even
through this leads to the thermodynamically least stable ion.

Protonated Ureas and Guanidines

Introduction of a second and third amino group at the
carbonium jon center increases the basicity enough for di-
protonation to be observed. Both ureas and guanidines have
been studied in superacid media, giving di-cations (120).

H2N

Ht NHX-
>C=NH _— 2>C-’—NH2
HaN *NH;
H2N + NHF‘~J'
Sc=0 AL TG
- . C—OH
HzN NHy™

Protonation of Biotin

The versatility of the FSO;H-SbF; (“magic acid”) solvent
system for structural determinations in relatively complex
molecules is illustrated by the observation of biotin in
FSO3H-SbF;-SO, solution (121). Protonation at three sites .
was found: at the sulfide group, the carboxyl group, and
the urea carbonyl oxygen atom. Based on a detailed analysis
of the NMR spectrum it was shown that protonation of the .
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sulfide group occurs preferentially zrans to the valeric acid
side chain. Relatively strong interaction between the sul-
fur in D-biotin and the protein to which it is attached
has been suggested. The fact that protonation of the
sulfur occurs trans to the valeric acid side chain suggests
that binding of the sulfur with the protein should occur from
the same direction. Attack from this side of the thiolane
ring is particularly favorable in D-biotin in which the valeric
acid side chain is cis to the ring junction. In rL-biotin, any in-
teraction with the sulfur would have to occur with approach
from either the same side as the side chain or the same side
as the ureido ring. Both of these modes of attack would be
less favorable on steric grounds than in the case of p-biotin,
and indeed L-biotin shows no physiological activity.

OH

i
C

AN

HN;/5\\("NH

Protonated Peptides and Proteins

Amides are protonated, in superacid media at low tem-
peratures, on the carbonyl oxygen atom, as shown first by
Gillespie (129).

0 Ht OH
RC{ — RC<+;
NH, NHq

It should be kept in mind, however, that if there is contri-
bution from the imino-form of the amides, protonation

0
R~Cf ~— R_C/OH
NH, \NH

of the latter on nitrogen will give the same result.

The possibility of observing the protonated amide linkage
in strong acid media has particular relevance in the study of
peptides and proteins (/27, 130). In superacid solutions
(FSO,H-SbF;), Sudmeier and Schwartz (I/30) found that
O-protonation occurs on the peptide bond in glycylglycine,
triglycine, and tetraglycine. The OH proton was observed by
proton magnetic resonance spectroscopy in the region § 12
to 13.5 ppm. In our studies with Porter (/31) we have ob-
served similar internal O-protonation for rL-alanine-L-leucine,
L-leucine-L-leucine, and L-leucine-L-alanine dipeptides. Por-
cine insulin has also been studied in low concentration and
at low temperature (—85°C). The time-averaged NMR
spectrum (up to 525 passes), although not offering the
narrow linewidths hoped for, indicates the peptide linkages
to be extensively O-protonated (127).

We are currently extending the study of solutions of
polypeptides and proteins in the rather unique; superacid
solvent systems where complete protonation, including the
peptide and carboxylic acid oxygen functions, is possible.
If these protons can be directly observed under nonex-
changing conditions, the studies will contribute to our knowl-
edge of structure and interaction of reactive sites.
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Conclusions

Rapid development of the preparation and direct observa-
tion of stable, long-lived carbonium ions in highly acidic
solutions has occurred in less than a decade. Much of this
success must be attributed to the application of new super-
acidic solvent systems and of NMR spectroscopy. A new
field of carbonium ion chemistry has opened in which a
continuously increasing number of carbonium ions can be
obtained and studied as stable species. Even isolation of
crystalline carbonium ion complexes has become a possibil-
ity. Structural studies extend from magnetic resonance, vi-
brational, Raman, and electronic spectra to x-ray crystallog-
raphy. The application of the field to preparative chemistry
and to the studies of natural products is just opening up. In
a brief review complete coverage is not possible, and in-
terested readers are referred to more comprehensive reviews
and the original literature.

References and Notes

1. For a comprehensive review, see the monograph series, Reactive
Intermediates in Organic Chemistry, G. A. Olah and L. Friedman,
Eds. (Wiley-Interscience, New York, 1968).
J. F. Norris, Amer. Chem. J. 25, 117 (1901);
ders, ibid., p. 54.

F. Kehrmann and F. Wentzel, Chem. Ber. 34, 3815 (1901); ibid. 35,

622 (1902).

A. Baeyer and V. Villiger, ibid. 35, 1189, 3013 (1902).

. W, Dithey and R. Wizinger, J. Prakt. Chem. Series 2 118, 321 (1928).

H. Meerwein and K. Van Emster, Chem. Ber. 55, 2500 (1922).

For a summary see, C. K. Ingold, Structure and Mechanism in

Organic Chemistry (Cornell Univ. Press, Ithaca, N.Y., 1953).

. F. C. Whitmore, J. Amer. Chem. Soc. 54, 3274, 3276 (1932); Ann.

Rep. Progr. Chem. (Chem. Soc. London) 1933, 177 (1933).

. For a summary, see C. D. Nenitzescu, in Carbonium Ions, G, A. Olah
and P. v. R. Schleyer, Eds. (Wiley-Interscience, New York, 1968),
vol. 1, pp. 1-75.

10. D. Bethell and V. Gold, Carbonium Ions. An Introduction (Academic

Press, London, 1967).

11. For an extensive review, see F. W. McLafferty, Ed., Mass Spec-
trometry of Organic Ions (Academic Press, New York, 1963).

12. H. C. Brown, H. W, Pearsall, L. P, Eddy, J. Amer. Chem. Soc. 42,
5347 (1950).

13. E. Wertyporoch and T. Firla, Ann. Chim. 500, 287 (1933).

14, G. A. Olah, S. J. Kuhn, J. A. Olah, J. Chem. Soc. (London) 1957,
2174 (1957).

15. F. Fairbrother, ibid. 1945, 503 (1945).

16. J. Rosenbaum and M. C. R. Symons, Proc. Chem. Soc. (London)
1959, 92 (1959); J. Rosenbaum, M. Risenbaum, M. C. R. Symons,
Mol. Phys. 3, 205 (1960); J. Rosenbaum and M. C. R. Symons, J.
Chem. Soc. (London) 1961, 1 (1961).

17. A. C. M. Finch and M., C. R, Symons, J. Chem. Soc. (London) 1965,
378 (1965).

18. For a summary, see N. C. Deno, Progr. Phys. Org. Chem. 2, 129
(1964).

19. For preliminary communications and lectures, see: G. A, Olah, Con-
ference Lecture at the 9th Reaction Mechanism Conference, Brook-
haven, New York, August 1962; Abstr. 142nd Nat. Meet. Amer.
Chem. Soc. (Atlantic City, N.J., 1962), p. 45; , W. S. Tolgyesi,
J. S. MacIntyre, 1. J. Bastien, M. W. Meyer, E. B. Baker, Abstr. A,
19th Int, Congr. Pure Appl. Chem. (London, 1963), p. 121; G. A. Olah,
Angew. Chem. 75, 800 (1963); Rev. Chim. Acad. Rep. Populaire Roum-
aine 1, 1139 (1962); Div. Petrol. Chem. Amer. Chem. Soc. 9, (7), 31
(1964); Organic Reaction Mechanism Conference, Cork, Ireland, June
1964, Special Publications No. 19, Chemical Society, London, 1965;

and C. U. Pittman, Jr.,, Advan. Phys. Org. Chem. 4, 305

N

and W, W, San-

© ® Naus w

(1966).

20. G. A. Olah, E. B. Baker, J. C. Evans, W. S. Tolgyesi, J. S. McIntyre,
I. J. Bastien, J. Amer. Chem. Soc. 86, 1360 (1964).

21. G. A. Olah, W. S. Tolgyesi. S. J. Kuhn, M. E. Moffait, I. J. Bastien,
E. B. Baker, ibid. 85, 1378 (1963).

22, For a comprehensive report, see G. A. Olah and A. M. White, ibid.
91, 5801 (1969).

23. R. Hoffman, J. Chem. Phys. 40, 2480 (1964).

24, G, A, Olah, A. Commeyras, J. DeMember, J. L. Bribes, J. Amer.
Chem, Soc., in press.

25. Superacids are, according to R. J. Gillespie [Accounts Chem. Res. 1,
202 (1968)] more acidic than 100 percent sulfuric acid, the most
frequently used strong acid solvent. The name superacid was first
suggested by Conant in 1927 [N, F. Hall and J. B. Conant, J. Amer.
Chem. Soc. 49, 3047 (1927)] for nonaqueous strong acid solutions
(like perchloric acid) of weak bases (like amides) where salt formation
is exceptionally complete.

26. G. A. Olah C. U. Pittman, Jr.,, R, Waack, M. Doran, J. Amer. Chem.
Soc. 88, 1488 (1966).

27. G. A. Olah, C. U, Pittman, Jr., M. C. R, Symons, in Carbonium
Ions, G. A. Olah and P, v. R, Schleyer, Eds. (Wiley-Interscience,
New York, 1968), vol. 1, pp. 153-222.

28. D. M. Brouwer and E. L. Mackor, Proc. Chem. Soc. (London) 1964,

SCIENCE, VOL. 168



29.
30.

43,
. G. A, Olah and M. B. Comisarow, J. Amer. Chem. Soc. 86, 5682

45.
46.

417,
48.
49,
50.
51.

52.

53.
54.

68.
69.

70.

80.

81.
82,

83.

. G. A. Olah,

147 (1964);
(1968).

G. A. Olah, Chem. Eng. News 45, 76 (27 March 1967).

This is the trivial name for highly concentrated SbF;-FSO,H solu-
tions [A. Commeyras and G. A. Olah, J. Amer. Chem. Soc. 91, 2929
(1969)].

D. M. Brouwer, Rec. Trav. Chim. Pays-Bas 87, 210

. G. A. Olah, M. B. Comisarow, C. A. Cupas, C. U, Pittman, Jr.,

ibid. 87, 2997 (1965).

. G. A. Olah and E., Namanworth, ibid. 88, 5327 (1966).

. G. A. Olah, J. Sommer, E. Namanworth, ibid. 89, 3576 (1967).

. G. A. Olah and D. H. O’Brien, ibid., p. 1725.

. ——— and C. U. Pittman, Jr., ibid., p. 2996.

. G. A. Olah and J. Lukas, ibid., p. 4739.

. G. A. Olah, N. Friedman, J. M, Bollinger, J. Lukas, ibid. 88, 5328

(1966).

. J. D. Roberts and R, H, Mazur, ibid. 73, 2509 (1951).
. H. Hart and J. M. Sandri, ibid. 81, 320 (1959).
. N. C. Deno, H. G. Richey, Jr., S. Liu, J. D. Hodge, J. J. Houser,

M. J. Wisotsky, ibid. 84, 2016 (1962).

. C. U. Pittman, Jr., and G. A. Olah, ibid. 87, 2998 (1965).
. N. C. Deno, H. G. Richey, Jr., N. Friedman, J. D. Hodge, J. J.

Houser, C. U. Pittman, Jr., ibid. 85, 2991 (1963); N. C. Deno, J. M.
Bollinger, N, Friedman, K. Hafer, J. D. Hodge, I. J. Houser, ibid.,
p. 2998.

T. S. Sorensen, Can. J. Chem. 42, 2768 (1969).

(1964).

G. A. Olah and J. M. Bollinger, ibid. 90, 6082 (1968).

G. Biale, A. J. Parker, S. G. Smith, I. D. R. Stevens, S. Winstein, ibid.
92, 115 (1970).

P. v. R. Schleyer, T. M. Su, M. Saunders, J. C. Rosenfeld, ibid. 91,
5174 (1969).

G. A, Olah and J. M. Bollinger, ibid. 90, 6083 (1968).

C. U. Pittman, Jr.,, Chem. Comm. 1969, 122 (1969).

T. S. Sorensen, J. Amer. Chem. Soc. 87, 5075 (1965); Can. J. Chem.
43, 2744 (1965).

G. A. Olah, C. U. Pittman, Jr., R. S. Sorensen, J. Amer. Chem. Soc.
88, 2331 (1966).

A. A. Verrijn Stuart and E. L. Mackor, J. Chem. Phys. 27, 826
(1957); G. Dallinga, E. L. Mackor, A. A. Verrijn Stuart, Mol. Phys.
1, 123 (1958); C. Maclean and E. L. Mackor, Discuss. Faraday Soc.
34, 165 (1962).

T. Birchall and R. J. Gillespie, Can. J. Chem. 42, 502 (1964).

G. A. Olah and S. J. Kuhn, Nature 178, 693 (1956); Naturwissen-
schaften 43, 59 (1956); J. Amer. Chem. Soc. 80, 6535 (1958); G. A.
Olah, Abstr. 138th Nat. Meet. Amer. Chem. Soc. (New York, 1960),
p. 3P; J. Amer. Chem. Soc. 87, 1103 (1965).

. W. E. Doering, M. Saunders, H. G. Boyton, H, W. Earhart, E. F.

Wadley, W. R. Edwards, G. Laber, Tetrahedron 4, 178 (1958).

. G. A. Olah, J. M. Bollinger, C. A. Cupas, J. Lukas, J. Amer. Chem.

Soc. 89, 2692 (1967).

. G. A. Olah and J. Lukas, ibid. 90, 933 (1968).
. J. Bredt, J. Houben, P, Levy, Chem. Ber. 35, 1286 (1902); J. Bredt,

H. Thouet, J. Schmitz, Ann. Chem. 437, 1' (1924).

. P. D. Barlett and L. H. Knox, J. Amer. Chem. Soc. 61, 3184 (1939).
. H. Koch and W. Haaf, 4Angew. Chem. 72, 628 (1960).
. P, v. R, Schleyer, W. E. Watts, R. C, Fort, Jr., M. B. Comisarow,

G. A. Olah, J, Amer. Chem. Soc. 86, 4195 (1964).
, ibid., p. 5679.

. V. Gold and F. L. Tye, J. Chem. Soc. (London) 1952, 2172 (1952).
. G. A. Olah, J. Amer. Chem. Soc. 86, 934 (1964).
. D. G. Farnum, ibid., p. 934.

. N. C. Deno, E. Booker, C. U. Pittman, Jr., J. O. Turner, Progr.

Phys. Org. Chem. 2, 129 (1964).

and C. U, Pittman, Jr., J. Amer. Chem. Soc. 87,
3507 (1965); G. A. Olah, C. U. Pittman, Jr., E. Namanworth, M. B.
Comisarow, ibid., p. 5571.

C. A. Cupas, M. B. Comisarow, G. A. Olah, ibid., p. 361,

J. M. Bollinger, M. B. Comisarow, C., A. Cupas, G. A. Olah, ibid.
89, 5687 (1967).

G. A. Olah, M. B. Comisarow, E. Namanworth, B. Ramsey, ibid.,
p. 711; ibid., p. 5259.

. H. Hart and R. W. Fish, ibid. 80, 5894 (1958); ibid. 82, 5419 (1960);

ibid. 83, 4460 (1961).

. R. J. Gillespie and E. A. Robinson, ibid. 86, 5676 (1964).

. C. Deno, N. Friedman, J. Mockus, ibid., p. 5676.
A. Robinson and J. A. Ciruna, ibid., p. 5677.
. H. Freedman and A. M. Frantz, Jr., ibid. 84, 4165 (1962).

N
E.
H
. R. F. Bryan, ibid. 86, 733 (1964).
G
H.

. A. Olah, J. M. Bollinger, A. M. White, ibid. 91, 3667 (1969). )
Hart, T. Sulzberg, R. R. Rafos, ibid. 85, 1800 (1963).

. H. Volz and M. J. Volz de Lecea, Tetrahedron Lett, 1964, 1871 (1964);

ibid. 1966, 4863 (1966).

J. M. Bollinger, C. A. Cupas, K. J. Friday, M. L. Woolfe, G. A.
Olah, J. Amer. Chem. Soc. 89, 156 (1967).

G. Merling, Chem. Ber. 24, 3108 (1891).

\(?\17951) E. Doering and L. H. Knox, J. Amer. Chem. Soc. 76, 3203

H. J. Dauben, Jr., F. A. Gadecki, K. M. Harmon, D. L. Pearson,
ibid. 19, 4557 (1957).

12 JUNE 1970

99.

100.
101,
102,
103.

104,
105.

106.
107.
108.

109,
110.

112,
113,
114.
115.
116.
117.

118.

119.
120.
121.
122,
123,
124.
125.

126.
127.
128.
129.
130.

131.
132,

2R0Q0

R. Breslow and C. Yuan, ibid. 80, 5591 (1958); R. Breslow, J. T.
Groves, G. Ryan, ibid. 89, 5048 (1967). .
A. Olah, J. M. Bollinger, A, M, White, ibid., in press.
. A. Olah, M. B. Comisarow, C. A. Cupas, ibid. 88, 362 (1966).
. A, Olah, R. D. Chambers, M. B. Comisarow, ibid. 89, 1268 (1967).
. A, Olah, and C. U. Pittman, Jr., ibid. 88, 3310 (1966).
. A. Olah and M. B. Comisarow, ibid. 89, 1027 (1967).

Filler, C. S. Wang, M. A, McKinney, F. N. Miller, ibid., p.
26.

0o

. P. B. Sargeant and C. G. Krespan, ibid. 91, 415 (1969).

. H. Volz, Tetrahedron Lett. 1963, 3413 (1963); ibid. 1966, 5229 (1966).
. R. West and P. T. Kwitowski, J. Amer. Chem. Soc. 88, 5280 (1966).
. G, A. Olah and M. B. Comisarow, ibid. 91, 2955 (1969).

. For a review of the ‘early literature,

see P. Pfeiffer,
Molekulerbindungen (Verlag, Stuttgart, 1927).

Organische

. J. N. Collie and T. Tickle, J. Chem. Soc. (London) 75, 710 (1899).
. A. Hantzsch, Chem. Ber. 55, 953 (1922); ibid. 58, 612, 941 (1925).
. H. Meerwein, K. Bodenbeneer, P. Borner, F. Kunert, K, Wunder-

lich, Ann. Chem. 632, 38 (1960); H. Meerwein, V. Hederick, H.
Morschel, K. Wunderlich, ibid. 635, 1 (1960).

B. C. Ramsey and R. W. Taft, Jr.,, J. Amer. Chem. Soc. 88, 3058
(1966).

G. A. Olah and J, M. Bollinger, ibid. 89, 2993 (1967).

C. MacLean and E. L. Mackor, J. Chem. Phys. 34, 2207 (1961).
T. Birchall and R, J. Gillespie, Can. J. Chem. 43, 1045 (1965).

H. Hogeveen, Rec. Trav. Chim. Pays-Bas 86, 696 (1967); D. M.
Brouwer, ibid., p. 879.

M. Brookhart, G. C. Levy, S. Winstein, J. Amer. Chem. Soc. 89,
1735 (1967).

G. A. Olah, D. H, O’Brien, M. Calin, ibid., p. 3582; G. A. Olah, M.
Calin, D. H. O’Brien, ibid., p. 3586; G. A. Olah and M. Calin,
ibid., in press.

G. A. Olah and A, M. White, ibid. 91, 5801 (1969).

F. Seel, Z. Anorg. Allgem, Chem. 252, 24 (1943).

D. Cook, Can. J. Chem. 37, 48 (1959); for a review see also D.
Cook, in Friedel-Crafts and Related Reactions, G. A, Olah, Ed.
(Interscience, New York, 1963), vol. 1, pp. 767-820.

B. P. Susz and J. J. Wuhrman, Helv. Chim. Acta. 40, 971 (1957).
G, Olah, S. Kuhn, S. Beke, Chem. Ber. 89, 862 (1956); G. A. Olah,
S. J. Kuhn, W. S. Tolgyesi, E. B. Baker, J. Amer. Chem. Soc. 84,
2733 (1962); G. A. Olah, Rev. Chim. Acad. Rep. Populaire Roumaine
7, 1139 (1962); W. S. Tolgyesi, S. J. Kuhn, M. E. Moffatt, I. J.
Bastien, E. B. Baker, J. Amer. Chem. Soc. 85, 1328 (1963).

. N. C, Deno, C. U, Pittman, Jr.,, M. J. Wisotsky, J. Amer. Chem.

Soc. 86, 4370 (1964).
G. A. Olah and A. M. White, ibid. 89, 7072 (1967).
F. P. Boer, ibid. 88, 1572 (1966).
G. A. Olah and M. B. Comisarow, ibid., p. 4442.
, ibid., p. 3313.
, ibid. 89, 2694 (1967).
G. A. Olah and A. M. White, ibid., pp. 3591, 4752; H. Hogeveen,
Rec. Trav. Chim. Pays-Bas 86, 289, 809 (1967).
G. A. Olah, D. H. O’Brien, A. M. White, J. Amer. Chem. Soc.
89, 5694 (1967); H. Hogeveen, Rec. Trav. Chim. Pays-Bas 86, 816
(1967); H. Hogeveen, A. F. Bickel, C. W. Hilbers, E. L. Mackor,
C. MacLean, Chem. Comm. 1966, 898 (1966); Rec. Trav. Chim. Pays-
Bas 86, 687 (1967),

. A. Olah and A. M. White, J. Amer. Chem. Soc. 90, 1884 (1968).
A. Olah and M. Calin, ibid., p. 401.
A. Olah and A. M. White, ibid., p. 6087.
A
A

. Olah, A. Ku, A. M. White, J. Org. Chem. 34, 1827 (1969).

. Olah and A. Ku, ibid. 35, 331 (1970).

A. Olah and T. E. Kiovsky, J. Amer. Chem. Soc. 90, 4666 (1968).
. Meerwein, P, Laasch, R, Mersch, J. Spille, Chem. Ber. 89, 209
(1956).

G. A. Olah and P. Kreienbithl, J. Amer. Chem. Soc. 89, 4756 (1967);
H. Hogeveen, Rec. Trav. Chim. Pays-Bas 86, 1288 (1967).

G. A. Olah, D. L. Brydon, R, D. Porter, J. Org. Chem. 35, 317
(1970).

V. C. Armstrong, D. W. Farlow, R. B. Moodie, Chem. Comm. 1968,
1362 (1968).

R. J. Gillespie and T. Birchall, Can. J. Chem. 41, 148 (1963).

L. Sudmeier and K. E. Schwartz, Chem. Comm. 1968, 1648 (1968).
G. A. Olah and R. D. Porter, unpublished results.

Our work was supported by the National Institutes of Health (GM
14082), the National Science Foundation (GP 18098), and the Petrol-
eum Research Fund administered by the American Chemical Society.

HO00000

Bibliography

D. Bethell and V. Gold, Carbonium Ions—An Introduction (Academic
Press, London, 1967).

D. Bethell and V. Gold, Quart. Rev. 12, 173 (1958).

N. C. Deno, Progr. Phys. Org. Chem. 2, 127 (1964).

N. C. Deno, Chem. Eng. News 45, 88 (5 October 1964).

G. A, Olah and M. W. Meyer, in Friedel-Crafts and Related Reactions,
G. A. Olah, Ed. (Interscience, New York, 1963), vol. 1, p. 623,

G. A. Olah and C. U. Pittman, Jr., Advan. Phys. Org. Chem. 4, 303
(1965). ’

G. A. Olah,

in Organic Reaction Mechanisms (Special Publications

Series, No. 19, The Chemical Society, London, 1965), p. 21.
G. A. Olah and P. v. R. Schleyer, Eds., Carbonium Ions (Interscience,
New York 1968), vol. 1; ibid., vol. 2 (1970) and vols, 3 and 4, in press.

1311



