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Saturated hydrocarbons are the main components of 
natural gas and raw oil. They play a key role in the 
world economy as the number one source of energy, 
especially for heating and transportation. These fossil 
fuels are the outcome of a 600-million-year-old geo- 
logical transformation of organic sediments, and con- 
sidering the yearly consumption, following an optimistic 
forecast, the supply should last for only 40 years. The 
chemical industry, however, to meet its demand for 
carbon-containing feedstock, takes less than a 10% 
share of this raw material. The rest (90 % ) is burned 
mainly for energy supply. 

This situation is alarming and should be of concern 
not only to chemists (Figure 1). 

One major drawback for the direct use of alkanes as 
chemicals is their chemical inertness toward most of 
the usual reagents. For this reason, costly, large-scale 
refinery operations such as catalytic reforming and 
vapocracking are needed, which necessitate the use of 
noble metal catalysts and/or high temperature to 
activate the strong C-H and C-C bonds and yield the 
primary chemical building blocks such as ethylene, 
propylene, butadiene, benzene, toluene, and xylene. 

In response to the challenge to use more economically 
a larger share of alkanes, an increasing number of 
research groups are working on the activation func- 
tionalization processes of the saturated hydrocarbon 
C-H bond. The goal is to overcome smoothly and 
selectively the chemical inertness of the starting (par- 
affinic) material. A book and special issue1 have been 
published recently on this subject. 

Alkanes and Superacids 

Despite earlier observations, it is accepted that the 
first clear evidence of the reactivity of alkanes under 
mild temperature and pressure has been reported 
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independently by Olah and Lukas as well as by 
Hogeveen and co-workers using superacidic media.2 

When n-butane or isobutane was reacted with 
HS03F-SbF5 or HF-SbF5 at  room temperature, the 
tert-butyl cation was formed with evolution of hydrogen 
gas (Scheme I). 
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Pioneering this field, Olah recognized soon the scope 
of this reaction and ascribed it to the so-called a-basicity 
of alkanes3 (Le., the a-bonded electron pair of the C-C 
and C-H bonds). He pointed out that the single bond 
was able to share its electron pair with an electrophile 
and form a two-electron-three-center bonded inter- 
mediate or transition state (Scheme 11). 
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This concept was found to be extremely useful, 
extending the structural variety of carbocations from 
the classical sp2-hybridized ions to the hypercoordinated 
ions (including protonated alkanes) .4 Using superacid 
solutions and Olah’s technique, many research groups 
were able to observe spectroscopically a variety of these 
reaction intermediates.5 

On the other hand, this concept was also very practical 
for depicting the reaction intermediates in protolysis, 
alkylolysis, electrophilic substitution, and hydrogen/ 
deuterium exchange reactions on alkanes, and recently 
a review on two-electron C-H-C bonds in organic 
chemistry has appeared in this journal.6 

However, in the industrial applications of such 
reactions, a major problem is the lack of selectivity, 
due to the general inertness of the starting molecule 
and the very high reactivity of the cationic reaction 
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Figure 1. 

intermediates, leading to cracking and rearrangement 
of the carbon skeleton. 

In this Account we intend to illustrate the factors 
governing the selectivity in electrophilic activation of 
alkanes by comparing the three competitive activation 
pathways which take place in HF-SbFs superacid 
solution: protolysis, hydride abstraction, and oxidation 
by SbFs. Propane and isobutane are used as model 
compounds, and the reactions are run in the presence 
of excess carbon monoxide. Thus the initially formed 
unstable carbocations react rapidly with CO and yield 
the much more stable oxocarbenium ions, which can be 
quenched in excess ethanol-sodium hydrogen carbon- 
ate. GC analysis of the resulting esters and of the 
hydrocarbons in the gas phase allows a full material 
balance over the acid and neutral phases. 

Protonation of Alkanes 
The first spectroscopic observation of a protonated 

alkane was made in the gas phase during relatively high 
pressure ion-molecule reaction studies by mass spec- 
tro~copy.~a The methonium ion (CH5)+ was produced 
by reacting methane with the proton produced in the 
spectrometer. The structure of this ion has been 
extensively studied by ab initio theoretical calculations, 
and the C, symmetry has been found the most stable.7b 
Recently, more refined calculations find no difference 
with the Cpu structure7c (Scheme 111). 

Scheme I11 
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With alkanes having a larger number of carbon atoms, 
competitive protonation can occur on primary, sec- 
ondary, and tertiary C-H bonds as well as on various 
C-C bonds. Despite a large amount of experimental 

(7) (a) Field, F. H.; Muneon, M. S. B. J. Am. Chem. SOC. 1966,87,3289. 
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J.  Am. Chem. SOC. 1981,103,5649. (c) Schleyer, P. v. R.; Carneiro, J. W. 
de M. J.  Comput. Chem. 1992,13,997. 

data supporting the occurrence of protonated alkanes 
in liquid and in solid-superacid-catalyzed reactions, the 
proof of their formation as reaction intermediates when 
alkanes react with superacids in the condensed state is 
based only on product distribution. 

The following competing reactions can be observed: 
(1) protiumjdeuterium isotope exchange; (2) protolysis 
of C-H bonds; (3) protolysis of C-C bonds; (4) activation 
of the alkane by hydride transfer; and (5)  direct 
oxidation by SbF5. 

We will illustrate here which parameters control the 
selectivity of the activation process. 
C-H Bond Protolysis and the Protium/Deute- 

rium Exchange Reaction. (We follow in this text 
the IUPAC recommendation for nomenclature of 
hydrogen atoms or ions and use the specific names 
pertaining to the specific isotopem31 In the literature 
the expression hydrogenjdeuterium exchange has been 
most generally used up to now.) Hydrogen exchange, 
which may occur in competition with CH bond pro- 
tolysis, can be observed only if the alkane or the acid 
is isotopically labeled. Isotope exchange taking place 
between hydrogen atoms of isoparaffins (paraffins 
possessing tertiary carbon atoms) and the hydrogens 
of sulfuric acid had already been reported in the 1930s 
by Ingold and co-workers8 using sulfuric acid-dz. A 
more detailed study in the 1950s by Stevenson and co- 
workersg showed that all hydrogens on carbon atoms 
adjacent to the tertiary carbon atom exchanged rapidly 
with sulfuric acid whereas invariably the hydrogen on 
the tertiary carbon was recovered unexchanged. For 
isobutane, for example, see Scheme IV. This was 

rationalized as an ionic chain reaction, via tertiary 
carbocationic intermediates in which the protium/ 

(8) Ingold, C. K.; Raisin, C. G.; Wilson, C. L. J. Chem. SOC., Chem. 
Commun. 1936, 1643. 
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Chem. SOC. 1961, 73,5741. (b) Stevenson, D. P.; Wagner, C. D.; Beck, 
0.; Otvos, J. W. J.  Am. Chem. SOC. 1952, 74, 3269. 
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deuterium exchange probably takes place via elimina- 
tion and reversible olefin deuteration. 

In the first years of superacid chemistry, both 
Hogeveen'o and Olahl' observed deuterium -+ protium 
exchange on deuterated methane treated with HF-SbF5 
or HS03F-SbF5 superacid mixtures under mild con- 
ditions of temperature and pressure. In this case olefin 
formation could not be considered, and the exchange 
mechanism was suggested to take place via protonated 
methane as a transition state or intermediate of C, type 
geometry (see Scheme 111). 

Dedeuteration of isobutane-d2 in HF-SbF5 was 
observed to be much faster than ion formation via 
hydride abstraction.12 On the other hand, Olah and 
his group reported also a significant exchange but only 
of the tertiary hydrogen when isobutane was treated 
with deuterated superacids at low temperature (-78 
"C) and atmospheric pressure.13 Believing that the rates 
of the protonation exchange process should be funda- 
mentally related to the a-basicity of the C-H bonds as 
defined by Olah, we reinvestigated the hydrogen 
exchange problem under our experimental conditions. 

When a mixture of isobutane and nitrogen (1:l molar 
ratio) was bubbled at  atmospheric pressure through a 
HF-SbF5 solution (41 molar ratio), during 1 h a t  0 'C, 
20% of the alkane was converted into the tert-butyl 
cation and a stoichiometric amount of hydrogen was 
re~overed.1~ This is a clear example of a selective C-H 
bond protolysis as less than 1.5 7% methane and propane 
could be detected (Scheme V). The observed selectivity 

Scheme V 

Sommer and Bukala 

is due mainly to the structural effect of the protolysis 
reaction as pointed out by OlahI3 in the early 1970s: 

tertiary C-H > C-C > secondary C-H >> 
primary C-H 

When HF was replaced by DF, carbon monoxide was 
added to the hydrocarbon stream (RH:CO, 1:3 molar 
ratio) in order to inhibit the formation of isobutane 
from the tert-butyl cation by protide transfer. 'H and 
2H NMR analyses of the recovered isobutane show a 
significant exchange on the alkane. Both the methine 
and the methyl hydrons were exchanged for deuterium 
to the extent of 13% per atom. 

These results are rationalized as depicted in Scheme 
VI. The protonation takes place on both primary and 
tertiary C-H bonds at  comparable rates, yielding 
carbocationic intermediates I and 11. Species I can 
either lose H-D and form the stable tert-butyl ion or 
exchange the tertiary hydron for deuterium. Species 
I1 by loss of H-D would lead to a very energetic primary 
carbocation, and for this reason ionization does not take 
place. Species I11 can only cleave, forming CH3D and 
the secondary isopropyl cation at  a rate which is much 
lower than the rate of formation of tert-butyl cation 
from I. 

The deuteration of propane by DF-SbF5 also has 
been studied15 in the presence of carbon monoxide to 
avoid side reactions. The results show that primary 
and secondary hydrons exchange also at  comparable 
rates: 15% of the methyl hydrons and 15% of the 
methylene hydrons were exchanged for deuterium when 
propane was bubbled through a DF-SbF5 solution as 
described above for isobutane. 

Under the same experimental conditions, methane 
and ethane also exchange the primary hydrons for 
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deuterium but need longer contact times. It is clear in 
all these cases that the exchange mechanism is different 
from the one taking place in less acidic media such as 
H2S04 in which only the hydrons adjacent to a tertiary 
carbon exchange for deuterium. 

The important point to notice is that all C-H bonds 
behave as a-bases independently of further reactivity 
of the protonated alkane. A small difference in basicity 
does not lead to a significant difference in the proto- 
nation exchange rates. In our view these results indicate 
clearly that the protonated alkane is an intermediate 
step on the way to protolytic ionization. Once formed 
in the superacid medium, the C-H protonated alkane 
can either exchange H for D or continue on the reaction 
path depending on the energy available (Scheme VII). 

Scheme VI1 
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C-C Bond Protolysis and Selective Activation 
via Hydride Abstraction. In comparison with the 
selective protolytic activation of isobutane, the case of 
propane is a better illustration of the competitive 
pathways an alkane can undergo in superacid media. 
On the other hand, propane is a potential starting 
material for the synthesis of methacrylic esters via 
isobutyric acid, a source of high-quality polymeric 
material (Scheme VIII). 

Scheme VI11 
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As depicted in Scheme IX, four competing reaction 
pathways can be considered (1) protolytic cleavage of 
a primary C-H bond (energetically very disfavored); 
(2) protolytic cleavage of a secondary C-H bond (giving 

(16) Olah, G. A.; Hdpem, Y.; Shen, J.; Mo, Y. K. J. Am. Chem. SOC. 
1973,96,4960. 
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the thermodynamically most stable ion); and (3) 
protolytic cleavage of one of the C-C bonds (kinetically 
favored) yielding either (a) methane or (b) ethane. 

Trapping the intermediate ions quantitatively with 
CO helped us to establish the relative importance of 
these pathways. When a propane-carbon monoxide 
mixture (co:c3 molar ratio = 3) was bubbled during 
1 h through the HF-SbF5 solution (4:l molar ratio) in 
a Kel-F reactor, the NMR spectrum of the resulting 
solution showed only two ions: the isopropyloxocar- 
benium ion (IPOC) and the ethyloxocarbenium ion 
(ETOC) in a 2:3 relative ratio. The amount of hydrogen 
produced was negligible in comparison with the amount 
of isopropyloxocarbenium ions formed in the superacid 
solution (the ratio of C-H/C-C bond protolysis is of 
the order of 1:70 at 0 OC). On the other hand, besides 
unreacted propane, methane and ethane were found in 
the gas phase (CHr > CzH6 >> H2). 

Further, when our experiments were carried out with 
a variable CO:C3 ratio, the influence of this ratio on the 
selective production of the isopropyloxocarbenium 
became apparent (Figure 2). 

0 

20 , I I I '  I '  
C 20 4 0  6 0  80 100 

(C3H8 I CO + C3H8) Yo 
Figure 2. 

At high CO:C3 ratios, the product distribution is in 
accord with preferential protolytic C-C bond cleavage 
followed by carbonylation of the ethyl cation (path a, 
Scheme X). However, when the co:c3 ratio is below 
unity, the ethyl cation rapidly abstracts a hydride from 
available propane (path b), and the resulting more stable 
isopropyl cation reacts with carbon monoxide. Ethane 
and methane are then produced in equivalent amounts. 
Under these conditions the selective carbonylation of 
1 mol of propane is achieved at the expense of 1 mol 
of propane sacrificed to produce the ethyl cation and 
methane.17 

These results illustrate well the early conclusions by 
Olah and his group: the initial protolytic cleavage of 
the C-C bond in the small alkanes, forming lower 
alkanes and reactive carbocations, results in hydride 
abstraction by these ions from the starting alkanes.le 
Due to the relative bulkiness of these ions compared 
with the superacidic proton, the less hindered C-H bond 
is preferred. Under these conditions, with alkanes 
having no tertiary hydrogen, the protolytic activation 
via C-H bond protolysis becomes negligible as shown 

(17) Dehvarenne, 5.; Simon, S.; Fauconet, M.; Sommer, J.J. Am. Chem. 
SOC. 1989,111,383. 
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Scheme IX 
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by the trace amount of Hz in the gas phase after reaction. 
In the presence of excess carbon monoxide, the initial 
ions obtained by cleavage of the C-C bond are trapped 
as oxocarbenium ions. In the absence of carbon 
monoxide the product selectivity is governed by the 
reactivity of those ions formed by C-C bond cleavage 
and able to activate the alkane by hydride abstrac- 
tion. 

Selective Activation via Hydride Abstraction by 
Other “Super” Electrophiles. Hydride Abstrac- 
tion by Halogen Cations or Halocarbonyl Cations. 
During our studies on propane carbonylation, we 
noticed accidentally that the presence of catalytic 
amounts of bromide ion induced a drastic change in 
selectivity in favor of secondary C-H bond activation.17 
Moreover, the conversion of propane into isopropyl- 
oxocarbenium ion was also remarkably enhanced. The 
same results could be achieved by addition of small 
amounts of bromine (Figure 3). The effect of adding 
iodine was much smaller, and addition of chlorine had 
no effect at all. 

A careful analysis of the product distribution showed 
that under these conditions a selectivity of 99 % in IPOC 
could be obtained and only negligible amounts of 
methane and ethane are produced. (No hydrogen was 
detected.) 

The intriguing point was not the high selectivity, 
which could be ascribed to steric requirements hindering 
electrophilic attack on the C-C bond, but the absence 
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Figure 3. 

of protolytic C-C bond cleavage in the presence of a 
large excess of superacidic protons under these con- 
ditions. These results were rationalized as follows: the 
bromide ion or bromine is oxidized in situ (by antimony 
pentafluoride) into positive halogen cations having a 
powerful hydride-abstraction ability; the rate of hydride 
abstraction is much faster than the competitive pro- 
tolysis of the C-C bond (Scheme XI). 

Despite the fact that no experimental evidence has 
been brought for the existence of monatomic ions, the 
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Scheme XI 
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Lewis acid assisted generation of "Br+" from bromine 
has been suggested in electrophilic bromination of 
alkanes.ls 

Another series of experiments seem to show that 
carbon monoxide is associated with the positive halogen 
in the activation step.Ig Whereas in the absence of 
bromide ion the partial CO pressure has no effect on 
the yield of ester, in the presence of the halogena drastic 
increase in yield is observed when the partial CO 
pressure is increased. As halocarbonyl cations (COX+) 
have been observed as stable ions under superacidic 
conditions, we believe that COX+ itself is an active 
electrophile for hydride abstraction (Scheme XII). 

Scheme XI1 
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Protosolvation of carbon monoxide (HCO+) is known 
in the acid-catalyzed formylation of aromatic com- 
pounds2O and has also been demonstrated in the 
superacid-catalyzed formylation of adamantane.21 The 
high selectivity in C-H bond activation is ascribed to 
the high rate of hydride transfer between the alkane 
and the electrophilic halogen cation compared with 
much lower rates of protolytic cleavage of the C-C and 
C-H bonds. Unfortunately, however, this high selec- 
tivity is obtained at the expense of the reduction of 
SbFs necessary to generate the electrophile. 

Chloromethyl Cations Cl&+, CHC12+, and CH2- 
C1+. Carbonylation of propane in the presence of carbon 
tetrachloride or chloroform at -30 "C yields exclusively 
the isobutyryl cation.22 In the absence of CC4 or HCl& 
the reaction is extremely slow (Scheme XIII). This 
very selective hydride abstraction is initiated by SbFs, 
which abstracts a chloride ion from tetra- or trichlo- 
romethane. The trichloromethyl cation abstracts se- 
lectively the secondary C-H bond of propane with 
formation of chloroform, which itself can follow a similar 
reaction path. This mechanism is confirmed by the 
presence of trifluoro- and difluoromethane, which are 

(18) Olah, G. A.; Shilling, P. J. Am. Chem. SOC. 1973,95,7680. 
(19) Bukala, J.; Culmann, J. C.; Sommer, J. J. Chem. SOC., Chem. 

(20) Olah, G. A.; Laali, K.; Farooq, 0. J. Og. Chem. 1986,50, 1483. 
(21) Farooq, 0.; Marcelli, M.; Prakash, G. K. S.; Olah, G. A. J. Am. 

(22) Culmann, J. C.; Simon, M.; Sommer, J. J. Chem. SOC., Chem. 

Commun. 1992,482. 

Chem. SOC. 1988,110,864. 

Commun. 1990,1098. 
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formed from their chlorinated homologues by the 
chlorine-fluorine exchange reactions occurring under 
these conditions. The absence of methane, ethane, and 
hydrogen in the gas phase is in good agreement with 
the absence of protolytic activation. 

Here again the regioselective C-H bond activation 
by the halocations is not surprising. However, the 
increased reactivity in comparison with the protolytic 
activation in the presence of a large excess of superacidic 
protons is unexpected. The observed reactivity de- 
creases in the order CC13+ > HC1&+ >> H&lC+. 

This order of reactivity is also surprising if one 
considers the back-donating ability of the halogen, 
which should stabilize the positive charge on the carbon 
center. 

This unexpected reactivity has also been observed 
by Vancik and Sunko during FTIR studies of carbocat- 
ions trapped in an SbF5 matrix.= Whereas cyclohexane 
(or n-hexane) did not ionize in SbF5, its ionization 
occurred rapidly at 150 K in the presence of CCl, with 
formation of HCCl3 and the methylcyclopentyl cation 
(or 2-methylpentyl ion) (Scheme XIV). 

Scheme XIV 

t CCI, + SbF, L+ SbF5CI- + CHCI, 

at 150 K in S b F , m a t r i x  

Direct NMR observation of halomethyl cations as 
long-lived species in superacid media have been re- 
ported by Olah and his 

In order to explain the unusual reactivity of the above 
described species as hydride-abstracting reagents, one 
must assume that a strong protosolvation, or complex- 
ation by the Lewis acid, takes place in the superacid 
media; for example, for the case of CC13+ in HFSbFs, 
see Scheme XV. 

Experimental proof of this type of protosolvation has 
been reported in the case of diprotonated water2s 
(H4022+), and the occurrence of protonitronium dicat- 

(23) Vancik, H.;Percac,K.; Sunko,D. E. J. Am. Chem. SOC. 1990,112, 

(24) Olah, G. A.; Heiliger, L.; Prakash, G. K. S. J. Am. Chem. SOC. 

(25) Olah, G. A.; Prakash, G. K. S.; Barzaghi, M.; Lammertsma, K.; 

1418. 

1989, 111, 8020. 

Schleyer, P. v. R.; Pople, J. A. J. Am. Chem. SOC. 1986,108,1062. 
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ion% (NOZHZ+) in superacid-catalyzed nitration led Olah 
to suggest calling these species “superelectrophiles” 
(electrophiles activated by protosolvation in superacid 
media). 

The selectivity is here again ascribed to the high 
hydride-transfer rates from the alkane to the super- 
electrophile in comparison with the rates of C-C and 
C-H bond protolysis occurring under the same con- 
ditions. 

Alkane Oxidation by SbFa. Since the early ob- 
servations of alkane ionization in superacid solution, 
the reaction mechanism via C-H bond protolysis has 
been a subject of controversy because the amount of 
hydrogen produced was not stoichiometric and de- 
pended on the alkane, the acid, and reaction conditions. 
The deficiency in hydrogen was related to the con- 
comitant reduction of SbFs, and controversial propo- 
sitions have been made for the reduction mechanism 
of the Lewis acid. 
As hydrogen does not reduce SbFs under the usual 

experimental conditions, two pathways have been 
proposed implying the participation of the Lewis acid 
in the alkane ionization process: (1) reduction of SbF5 
after formation of an antimony hydride obtained via 
hydride abstraction from the alkanem and (2) reduction 
of SbFs by the protonated alkane (Scheme XVI), which 

Scheme XVI 

is a way to attribute the reduction of SbF5 to an activated 
form of hydrogen (“nascent hydrogen”).28 In hypothesis 
1, the postulated hydride abstraction from the strong 
C-H bond to form the very weak SbH bond is not very 
plausible, but hypothesis 2 was difficult to disprove 
because of the experimental difficulty to remove 
residual protons from neat SbF5. The use of a proton 
trap helped us solve this problem29 by comparing the 
two following experiments: (i) Isobutane was mixed at 
low temperature (<-30 “C) with SbFs in SOzClF 
solution, and a stoichiometric amount of hydrogen was 
collected. (ii) Under the same experimental conditions, 
excess acetone was added before addition of isobutane 
(molar ratio, 3:l acet0ne:isobutane). No hydrogen was 
produced, and the lH NMR spectrum showed the 
complete ionization of isobutane to the tert-butyl ion 
and the corresponding amount of protonated acetone. 

These reactions can be written as depicted in Scheme 
XVII. The oxidation of the alkane occurs selectively 
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on the tertiary C-H bond and generates an equivalent 
amount of protons and tert-butyl cation. Formally the 
oxidoreduction process is best represented as depicted 

Scheme XVIII 

SbF5 + 2e- -5 SbF3 + 2F- 

In the presence of acetone, the proton generated by 
the oxidation process is trapped by the carbonyl group 
and no hydrogen is formed. In the absence of acetone, 
the proton will attack the strongest base present, i.e. 
the alkane, on the tertiary C-H bond, in agreement 
with the a-bond reactivity sequence, and protolytic 
ionization of the alkane does occur. 

The relative amount of Hz produced by the protolytic 
cleavage and by direct oxidation is in a ratio of 2:l. This 
explains why in many cases the stoichiometric amount 
of hydrogen was not found. 

The direct oxidation of the alkane by SbFs occurs 
also as acompetitive activation during the carbonylation 
reaction of propane described above, and the relative 
importance of this activation step can be measured by 
a careful analysis of the product balance.’g We have 
also shown that this activation is regioselective, for when 
propane is carbonylated in the presence of SbF6 alone, 
the exclusive formation of the isobutyryl cation can be 
observed by IH NMR of the resulting so1ution.m 

Here again the selectivity is ascribed to an oxi- 
doreductive step which depends on regeneration of the 
superacid solution. 

Conclusion 
Protonated alkanes are “bona fide” reaction inter- 

mediates in superacid-catalyzed protolysis. Protona- 
tion occurs on all C-C and C-H a-bonds independently 
of the further reactivity of the protonated alkane as 
confirmed by using 2H-labeled superacids. The pro- 
tonated alkane either deprotonates or undergoes pro- 
tolytic cleavage depending on the energy profile of the 
reaction. The use of carbon monoxide as trapping agent 
for the reactive carbocations inhibits the competitive 
side reactions that usually occur. 

Direct and selective C-H bond protolysis is limited 
to tertiary alkanes whereas linear alkanes undergo less 
selective C-C bond cleavage. However, the use of 
superelectrophiles such as halogen cations or halocar- 
benium ions, which act as strong hydride acceptors, 
allows regioselective activation of linear alkanes on 
secondary C-H bonds. Unfortunately, the generation 
of these highly reactive species is obtained at the 
expense of the stoichiometric complexation or reduction 
of antimony pentafluoride. 
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‘ in (Scheme XVIII). 

RH - 2e- -> R+ + H+ 


