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was more pronounced. Dilution of the trap with an inert solvent 
(perfluorohexane) enhanced this further. The results are shown 
in Table I. Automerization is not fast enough to provide for 
complete scrambling of the label [25:50:25 for positions 1(6), 
2(5,7,8), and 3(4), respectively] before the reactive intermediates 
are destroyed in effectively irreversible reactions. The data, 
however, fit very well a statistical analysis correlating label dis­
tribution with the ratio of rate of automerization (ATa) to rate of 
irreversible removal of the carbene (K,).8 

Our findings provide unambiguous proof for automerization 
of homocubylidene and its corollary that the homocubene-to-
homocubylidene rearrangement is indeed reversible. As the energy 
difference between 9-phenyl-l(9)-homocubene (1) and 1-
phenylhomocubylidene (2) is less than that between the desphenyl 
pair,6,9 it is economic to assume similar conclusions for this system. 
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Acid-catalyzed hydrocarbon conversion processes such as 
isomerization, alkylation, and cracking are industrial transfor­
mations of high economic importance. The common key step in 
these reactions is the formation of the reactive trivalent carbo-
cations. Whereas a consensus has been reached on the nature 
of this intermediate species, the mode of its formation remains 
controversial despite the important contributions of mechanistic 
and structural studies facilitated by the use of superacid solutions 
as pioneered by Olah and his group.1 

In this work, we report experimental proof of the direct oxi­
dation of isobutane by antimony pentafluoride to the tert-bu\y\ 
cation. The presence of a proton trap shows that the proton is 
not essential for this ionization process. 

When isobutane (13.4 mmol) is mixed at -80 0C with excess 
SbF5 (65 mmol) in SO2ClF (70 mmol) at -80 0C and the tem­
perature is raised to -30 0C, a stoichiometric volume of hydrogen 
gas (6.5 mmol) can be collected over a period of I h. The 
quantitative transformation of isobutane into the /erf-butyl ion 
is shown by 1H NMR spectra of the starting and resulting solu­
tions. The reduction of SbF5 to SbF3 is evidenced by RX analysis 
of the white precipitate that occurs during the reaction, which 
can be written as 

2/-C4H10 + SbF5 — 2/-C4
+ + 2F- + SbF3 + H2 (1) 

In fact, SbF5 in SO2ClF is a polymeric chain and the fluoride ions 
will be complexed and form polymeric SbnF5^f ions2 (« = 4 or 
5). 
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When under the same experimental conditions excess acetone 
(molar ratio 3:1 to isobutane) is dissolved in the SbF5-SO2ClF 
solution before isobutane addition, only traces of hydrogen are 
detected, whereas the 1H NMR spectrum shows the complete 
ionization of isobutane to the lert-butyl ion and the formation of 
the corresponding amount of protonated acetone (COH+ signal 
at 13.5 ppm). 

The ionization reaction of isobutane can thus be written as 
/-C4H10 + 3SbF5 + (CH3)2CO -* 

/-C4H9
+ + (CH3)2COH+ + 2SbF6- + SbF3 (2) 

In fact, as shown by the 1H chemical shift of the methyl groups 
of acetone (5 = 3.0 ppm) and in accord with the literature on SbCl5 
adducts,3 the ketone is not a free base in the presence of SbF5 
but complexed by the Lewis acid at the start. The immediate 
appearance of the COH+ signal during the ionization process of 
isobutane shows, however, that the affinity for the proton is much 
higher. Since the early observations of alkane ionization in 
superacid solutions reported by Olah and his group,4 a large 
number of attempts have been made to establish the mechanism 
of the ionization step. The first mechanism as proposed by Olah5 

is based on the o--donor ability of the C-H and C-C bonds. The 
ionization step occurs after protonation of the alkane via a 
three-center two-electron bond intermediate with formation of 
hydrogen: 

R-H R - C R + Hj (3) 

This pathway has been strongly supported by experiment6 as well 
as theory7 and thermodynamics.8 The potential acidity diagrams 
(Pourbaix type) of the lower alkanes plotted vs the H+/H2 system 
as shown by Devynck9 can be very useful to illustrate the acidity 
domain in which this reaction will take place. However, whereas 
the stoichiometric production of hydrogen could be demonstrated 
in various systems, this was not always the case, and the deficiency 
in H2 was related to the concomitant reduction of SbF5.

10-12 For 
this reason, controversial propositions have been made in which 
SbF5 was the main oxidant. 

As SbF5 is not reduced by H2 under the usual experimental 
conditions, two different mechanistic pathways have been proposed 
implying the participation of the Lewis acid in the ionization 
process: (1) reduction of SbF5 by the protonated alkane (reaction 
4), which is a way to attribute the reduction OfSbF5 to an activated 

R - . 
.H 

+ ^SbF3 —•- R* + 2HF + SbF3 (4) 
•H F 

form of hydrogen as proposed by Olah" and later by Ledford;12 

and (2) reduction of SbF5 after formation of an antimony hydride 
obtained by hydride abstraction from the alkane (reactions 5-7). 

R-H + SbF5 — HSbF5- + R+ (5) 

HSbFf + 2SbF5 — SbF6' + SbF3 + HSbF6 (6) 

HSbF5- + HSbF6 — H2 + SbF5 + SbF6' (7) 
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This hypothesis was consistent with the fact that 'H NMR did 
not reveal any peak for acid protons. On the other hand, until 
this work, due to the difficulty of purifying SbF5, no experimental 
proof was available to exclude the participation of residual protons 
when the neat Lewis acid was used. In this case, the protolytic 
cleavage of the C-H bond could occur at a much faster rate in 
an autocatalytic way via reaction 4. 

In our experiments, the simultaneous production of the protons 
and the carbocation in the presence of SbF5 throws considerable 
doubt on both proposed reduction mechanisms. 

In itself, the postulated direct hydride abstraction is not very 
plausible as already indicated by Olah, because a very strong C-H 
bond would be heterolytically cleaved to form the weak Sb-H 
bond. On top of this, the existence of a metal hydride, even as 
a short-lived intermediate, in the presence of strong electrophiles 
(such as the proton that is formed, the proton on the carbonyl, 
and the activated carbonyl group) without chemical reaction seems 
an unacceptable hypothesis. Unfortunately, this concept of hydride 
abstraction from saturated alkanes by Lewis acids has already 
found its way into the literature with extension to aluminum 
halides.13 

Our experiments with acetone exclude also the hypothesis of 
the reduction of SbF5 by the protonated alkane. In the presence 
of acetone, the protons are quantitatively trapped by the carbonyl 
group, no hydrogen is formed, and no protons are available for 
alkane protonation. Nevertheless, the formation of the ion and 
reduction of SbF5 are verified. When deuterated isobutane (2-
deuterio-2-methylpropane) was used as starting material in the 
presence of acetone, the quantitative formation of (CH3)2COD+ 

could be followed by 2H NMR. This experiment again proves 
that the proton is formed during the oxidation step of the hy­
drocarbon. 

In 1976, Larsen8 applied classical thermodynamics to the 
various superacid-catalyzed hydrocarbon oxidation processes 
proposed in the literature and found that the direct oxidation of 
isobutane by SbF5 (reaction 1) should not occur because the 
reaction was strongly endothermic. In light of our results, this 
prediction seems puzzling, as in the same paper it was shown that 
SbF5 was able to oxidize hydrogen and further that protons were 

SbF5 + H2 — SbF3 + 2HF -33 kcal 

able to oxidize isobutane. This contradiction is probably due to 
the lack of data concerning the solvation enthalpy of the various 
species in superacid solution. 

That SbF5 itself was the oxidant has also been suggested earlier 
by Herlem13 by comparison with HS03F-containing systems where 
the formation of SO2 during the ionization process could be 
measured. 

Formally the oxidoreduction process is best represented as 
SbF5 + 2e- — SbF3 + 2 P 

RH - 2e" - R + - H H + 

The excess SbF5 accepts the fluoride ions to form polymeric anions, 
which are the well-known low-nucleophilic counterions in superacid 
media, whereas the proton will attack rapidly the strongest base 
present in the system. In the presence of acetone, it will be trapped 
by the carbonyl group and no hydrogen is formed. In the absence 
of acetone, the strongest base is the alkane and the protolytic 
ionization process will occur via protonation of the tertiary C-H 
bond in accord with the <r-bond reactivity sequence proposed by 
Olah," tertiary C-H » C-C > secondary C-H » primary C-H, 
and the stoichiometric amount of hydrogen (based on isobutane) 
will be recovered; the differentiation between Lewis and Bronsted 
acid cannot be established. 
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The bleomycins (BLMs) are antitumor agents believed to exert 
their therapeutic effects via DNA degradation.1 Bleomycin-
mediated DNA degradation requires O2 and a redox-active metal 
ion such as Fe, Cu, or Mn.2,3 Extensive mechanistic studies of 
DNA degradation have established two sets of products and 
suggested that both form by initial abstraction of the C-4' H from 
deoxyribose.3'4 

Although the formation of activated Fe-BLM involves the re­
duction of oxygenated Fe(II)-BLM,5 much less is known about 
the stoichiometry of O2 consumption or the fate of the O atoms 
when BLM is activated in the presence or absence of DNA. To 
characterize O2 participation in greater detail, we have employed 
"O NMR spectroscopy6 to monitor product formation concom­
itant with 17O2 consumption by Fe(II)-BLM in the presence and 
absence of DNA. 

Admixture of equimolar quantities of Fe(II) and BLM in ox­
ygenated solution has been shown to afford equal amounts of 
Fe(III)-BLM and an activated Fe-BLM3MM believed to contain 
a reactive, coordinated oxygen.3,5 In the absence of DNA, the 
activated species decays within minutes to Fe(III)-BLM,5a_c 

presumably with concomitant formation of H2O. Formulation 
of the catalytic cycle as a 4e~ reduction of O2 to H2O, consistent 
with other metal-catalyzed O2 reductions,7 is supported by O2 
consumption data5b and the 2e~ titration of activated Fe-BLM to 
Fe(IlI)-BLM with T or thio-NADH.8 The low natural abundance 
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