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Abstract

Reactions between deuterium labelled alkanes and H,OOH* have been investigated by conducting gas phase reactions within the cell of an
FT-ICR mass spectrometer. Propane is exceptional in giving off a hydride (deuteride) thereby producing the propyl cation and two water molecules,
as well as demonstrating high activity for proton induced H/D exchange. The detailed mechanistic scenario has been modelled using accurate
quantum chemical methods (MP2 and G3). The calculations show that hydrogen exchange takes place via a synchronous flip—flop mechanism.
Results of reactions with partially deuteriated propanes demonstrate quite exceptional regioselectivity for hydride abstraction in favour of the
secondary positions (2-H) compared to the primary (1-H). This observation is understood on the basis of transition state theory.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Controlled activation of bonds between carbon and hydro-
gen is prerequisite for all types of functionalisation of alkanes,
including oxidation. For this reason C—H bond activation contin-
ues to be a subject of great interest both in industry and academia.
A lot of effort has been put into transition metal research [1-3].
However, for direct and selective oxidation of alkanes, for exam-
ple, conversion of methane to methanol, no efficient transition
metal catalyst has yet been found. Alternative strategies for
direct oxidation should therefore also be investigated.

Recently, it was demonstrated experimentally that free
molecules of protonated hydrogen peroxide are powerful oxi-
dants since they react with all alkanes except methane [4]. Earlier
work had shown that butane is oxidized to butanol in super acidic
solutions of hydrogen peroxide [5-7]. The key step is hydride
abstraction from the alkane to the ion [4,8]

RH + H,OOH" — R* 4 2H,0 (D
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Protonated hydrogen peroxide is member of a larger family of
potential oxidants, which may be considered as ligated hydroxyl
cations, L-OH* (L = H,O, NH3, p-methyl-pyridine). It has been
shown, by experiment and theoretical modelling, that the oxida-
tion power of such cations depends on the Lewis basicity of L;
the better electron donor, the poorer oxidant [9].

In addition to being potential two-electron oxidants, these
species are also potential proton donors. It is well known that
C—H activation is the result when an alkane is protonated. Any
compound of sufficient acidity may transfer a proton to an alkane
thereby giving rise to an alkanium ion, C,Hy,43*. This was
observed independently by Olah et al. [10,11] and Hogeveen
and Bickel [12] from studies of super acid solutions in the late
1960s. As a matter of fact, alkanium ions were well known from
mass spectrometric studies already in the early 1950s [13,14].
This and the above examples show that the gas phase is an ideal
medium for studying elusive ionic species and their reactiv-
ity. An interesting point in the present context is the particular
molecular and electronic structure of alkanium ions. Since all
available valences of the carbon atoms of alkanes are occupied
by an atom, adding a proton will break the classical structure,
and the result is a hypervalent species with half bonds between
carbon and hydrogen and sometimes also between two car-
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bon atoms—in other words, bond activation has been achieved
[15].

From previous work we were able to identify the primary
mechanism of the reaction between protonated hydrogen perox-
ide and alkanes [4]. However, important mechanistic questions
remain unanswered. Propane and larger alkanes have hydro-
gen atoms in structurally non-equivalent positions. It would
be extremely interesting to see if hydride abstraction demon-
strates any regioselectivity, and in case it does, reveal the factors
that determine reactivity. Moreover, larger alkanes have higher
proton affinities (PA) than small alkanes. If the alkane has a suffi-
ciently high PA, we could expect C—H activation through proton
transfer. From experiments with propane in HF/SbF; super acid,
it has been demonstrated that H/D exchange takes place [16].
To answer these pertinent questions, we decided to investigate
reactions between protonated hydrogen peroxide and suitably
deuterium labelled alkanes. In addition, we performed ab initio
quantum chemical calculations to model the reaction mecha-
nisms under investigation.

2. Experimental and computational methods
2.1. Experiment

HOOH,* was produced from the mixed urea and hydro-
gen peroxide formulation (synthesized and prepared in the
laboratory [17]), in an external ion source using chemical
ionisation with methane. To avoid decomposition of the for-
mulated hydrogen peroxide in the gas/liquid sample intro-
duction system, a direct inlet probe (DIP) equipped with a
glass container rather than the normal aluminium container
was used. The DIP was kept at r=0°C. The ions formed
in the source were transferred to the cell of an FT-ICR
mass spectrometer, a Bruker 4.7 T Bio Apex (Billerica, MA,
USA). Substrates, ethane-1,1,1-d3 (99 atom%), propane-2,2-d»
(99 atom%), and propane-1,1,1,3,3,3-dg (98 atom%, all Icon Iso-
topes, USA) were dispensed into the FT-ICR cell through a
leak valve (p=2.0 x 10~ mbar to 1.5 x 10~7 mbar). Ion iso-
lation and all subsequent isolation steps were performed using
a computer controlled ion-ejection protocol, which combines
single frequency ion-ejection pulses with frequency sweeps.
Briefly, all ions except the chosen reactant ion were ejected
from the cell by this procedure. The remaining population
of HOOH* ions was cooled to ambient temperature upon
introduction of a short pulse of argon (peak-pressure around,
p=1x10"%mbar). The reactant ions were then again iso-
lated by single optimised frequency shots that removed ions
formed during the cooling period of 2s. After this process
the ions were allowed to react freely with the substrate for
a time delay of 4s before a mass spectrum was recorded.
To account for minor contributions from light ions (m/z < 14)
— neither observable nor ejectable in the FT-ICR — control
experiments were run in which also HOOH" was ejected
from the cell. A background spectrum obtained in this manner
was then subtracted from the original spectrum. The substrate
pressure was determined via the use of a cold cathode ion
gauge that was calibrated against the reaction of NH3** (gener-

ated externally by EI) plus NH3, k; =2.2 x 10~ cm?® mol~! s~
[18,19].

2.2. Computations

In order to estimate the energetics of potential reaction chan-
nels a series of ab initio calculations were conducted employing
the Gaussian 03 suite of programs [20]. Initially, MP2 calcu-
lations were done with the 6-31G(d) basis sets. All station-
ary points were subject to complete geometry optimisation,
including a check for the correct number of negative Hessian
eigenvalues and imaginary frequencies. To obtain more accurate
estimates for the energies, G3 theory calculations were used.
G3 is a composite technique, which involves several geome-
try optimisations and energy evaluations at the HF, MP2 (full),
MP4 levels as well as coupled cluster calculations. For a fur-
ther description see reference [21]. As a modification, we froze
the MP2/6-31G(d) geometries throughout the G3 procedure,
as described previously [9,22]. We use G3p, as notation for
the modified G3 scheme. All calculations relate to the singlet
electronic state throughout, as the corresponding triplet state
energies are known to be sufficiently high not to be of relevance
to the present reactions [23,24].

Statistical rate coefficients for the hydride abstraction reac-
tions and the flip—flop proton exchange [25] were calculated
with a modified RRKM program originally from Sture Nord-
holm, Géteborg, employing spectroscopic constants (moments
of inertia and harmonic vibrational frequencies) from the G3y,
calculations. To account for tunnelling probabilities, the poten-
tial energy surface at the transition state was approximated by a
parabolic fit based on the imaginary frequency.

3. Results and discussion
3.1. Hydride abstraction

The reaction of HOOH* with C,Hg is slow (k=5 x 10~!!
cm® molecule™! s™!) [4]. The corresponding reaction with
ethane-1,1,1-d3 appears to be equally slow or even slower, and
arather poor signal-to-noise ratio did unfortunately not allow us
to determine rate coefficients, regioselectivity or isotope effects
with confidence. On this basis, the rest of the discussion will be
limited to the results for the isotopically labelled propanes.

In the reactions with deuterated propane (k=4 x 10710
cm? molecule ! s71) [4] we observed the expected hydride
abstraction (approximately 92%)

C3Hg + H,OOH' — C3;H;t +2H,0 2)

In addition the experiments displayed results due to two addi-
tional reaction channels:

C3Hg + H,OOH" — C3Hg +H,0 + H30" 3)
and (approximately 8%)

C3H;H + [HOOHJH' — C3Hg + [HOOHJH™ 4)
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Table 1
Temperature dependence of the various relative reaction rates obtained using
G3y, energies and the Arrhenius equation

Temperature (K)

298 388 530
ki/ky 0.066 0.123 0.216
kia/kip 1.68 1.49 1.34
kon/kap 1.81 1.58 1.40

Reaction (3) was reported in the earlier study and the prod-
uct hydroxonium ion is formed via proton transfer within the
intermediate [C3Hy7---H,OJ*. The hydrogen exchange reaction
(4) has not yet been reported, and it represents a very intrigu-
ing observation, since it shows that the C—H activation of the
propane is taking place. This will be discussed later on. The ratio
for Reaction (3) cannot be assigned unambiguously, since forma-
tion of H3O* may also be due to proton transfer from H,OOH™*
to background water [4]. The latter, as well as the related identity
SN2 reaction of HOOH™ and H,O, have recently been studied
theoretically by ab initio molecular dynamics simulations [26].

For both labelled propanes, two product peaks were observed,
which means that HyOOH?" abstracts a hydride from either the
1- or the 2-position. The analysis of reaction rates can be done in
two different ways. The best would be to compare the absolute
rates for abstraction of hydride in either the 1- or the 2-position
for the two isotopomers, thereby directly providing the ratios
of interest, namely k1/k, as well as the isotope effects kiy/k1p,
and kyp/kop. Regrettably, the absolute error of FT-ICR gas phase
ion molecule rates is too high (in unfavourable cases up to
440%), not allowing determination of normal isotope effects.
There is little to do in order to circumvent this situation, since the
uncertainty comes from unreliable determination of the absolute
pressure using an ion gauge. The alternative method — which we
have been left with in the present case — is to take advantage of
the high accuracy of peak area determination, and make the esti-
mates based on the relative peak areas obtained in the separate
measurements with the two complementary isotopomers. The
obvious drawback of this approach is that we are left with an
under-determined set of equations, in the sense that we want to
estimate three ratios k1/k2, kig/kip, and kyp/kop, but have only
access to the experimental numbers kig/kop and kop/kp. For
this reason we had to make one simplification, namely setting
the isotope effects for the 1- and the 2-positions to be equal. This
approximation is justified on the basis of the quantum chemi-
cal calculations that showed the theoretical isotope effects to be
identical within £4% (Table 1, vide infra) (Fig. 1).

Introducing this approximation we obtain the following
results:

ﬁ =0.123 £ 0.012,
ko

and

k—H =1.24+0.13.
kp
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Fig. 1. Excerpt of the difference mass spectrum obtained after 4 s for the reaction
between the CD3CH,CD3 and H30,™.

The uncertainty estimate is based on systematic errors from three
sources: the limitation in the signal to noise ratio, inaccuracy in
product ion peaks arising from reactions of energetic ions with
mf/z < 14 (<10%), and errors introduced by the side reactions
(<10%).

The hydride abstraction reaction is exothermic by
312kImol !, vide infra. On the basis of this considerable fig-
ure alone, one might anticipate hydride abstraction to be com-
pletely indiscriminating with regard to which hydrogen atom
is removed. It is therefore highly remarkable that we observe a
regioselectivity of this magnitude in favour of the central methy-
lene group. Theoretical calculations may provide the explana-
tion.

Fig. 2 shows the G3y, transition structure energies and the
embedded MP2/6-31G(d) geometries of the transition structures
for hydride abstraction. Since the potential energy barrier for
abstraction of a hydride from methane is at +12kJ mol~! rela-
tive to the total potential energy of the reactants, no reaction is
observed for this alkane. For ethane the barrier is at —7 kJ mol !
relative to the reactants, which nicely explains the slow rate,
observed in this case. For propane there are two barriers, one for
attack on one of the hydrogen atoms of the methylene group (2-
H) and one for attack on one of the hydrogen atoms of the methyl
groups (1-H). Both barriers are below that for ethane, and the
barrier for 2-H is the lowest. In order to understand the exper-
imentally observed regioselectivity, the existence of the two
barriers as well as the potential energy minimum corresponding
to the reactant complex [C3Hg---H;OOH]* (13) (Fig. 3) has to
be accounted for. Only the existence of along-lived intermediate
that exhibits ergodic behaviour can explain the delicate discrim-
ination in favour of the hydride transfer with the lowest barrier,
even though both barriers are well below the total energy of the
reactants (i.e., the potential energy has a negative value), and that
the energy difference between the related transition structures
is only around 6 kI mol~!. This situation can nicely be put into
quantitative terms by applying reaction rate theory. The simplest
is the use of the Arrhenius equation. The necessary activation
entropies and enthalpies were estimated using relative energies
and explicit spectroscopic data for the isotopomers (frequencies
and moments of inertia) from the G3, calculations.
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Fig. 2. Transition structures (bond lengths in A) and corresponding G3y, energies (kJ mol~') for the hydride abstraction reactions. The energies are relative to the

respective separated reactants RH + H,OOH™.

It can be seen that the experimental ratio ki/k», which
describes the regioselectivity, is smaller than the corresponding
theoretical figure at room temperature (Table 1). However, one
should note that there is an amount of energy not accounted for
by this simple approach. By adding the complexation energy of
33.8kImol~! to the reactant complex [C3Hg---H,OOH]* (13)
distributing it statistically among the degrees of freedom, we
obtain an upper limit for the complex temperature of 530 K. The
best match with our experimental value is obtained for a com-
plex temperature of 388 K. Any value between 298 K and 530 K
is fully acceptable taking the experimental uncertainty as well as
the low reaction efficiency of <10% into account. For example,
there are ample possibilities for collisional and even radiative
cooling (Fig. 4).

An alternative, and a priori more accurate, treatment can be
obtained using RRKM theory. In Fig. 3 we have displayed the
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Fig. 3. Potential energy diagram for the reaction of protonated hydrogen per-
oxide with propane, obtained by the G3,, method. Both the proton exchange
reaction (synchronous flip—flop mechanism) and the hydride abstraction from
the 2-position are shown. The numbers refer to the structures as provided in the
supplementary material.

outcome of our calculations, again obtained using the G3, data.
In this case, the theoretical model is also very good. The dis-
crepancy is consistent with inaccuracies in the relative barriers
of 1-2kJmol~!. In essence, we conclude that the theoretical
models give very satisfactory descriptions of the experimental
observations.

3.2. Proton exchange

The observation of the peak due to HyO,D* (Fig. 1) and
its variation with time is clear evidence for proton exchange
between protonated hydrogen peroxide and propane. As already
mentioned, C3Hg is not sufficiently basic to be protonated by
H,O,H™, also evident by the fact that the proton resides within
the HOOH™ unit in the addition complex 13. There is no mini-
mum corresponding to [C3Hyg---HOOH]* but the relatively small
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Fig. 4. Theoretical relative rates (ky1/ky2) obtained from RRKM calculations;
solid line: RRKM rates including tunnelling; dashed line: RRKM rates without
tunnelling. Energies are relative to the free reactants. The experimental ratio
(0.123 £0.012) corresponds to 30.8 kJ mol~! internal energy.
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Fig. 5. Transition structures (bond lengths in A) and corresponding G3,, energies (kJ mol~!) for the proton exchange reaction (synchronous flip—flop mechanism).

The energies are relative to the respective separated reactants RH + HoOOH™.

difference in proton affinity between propane and hydrogen
peroxide of 49 [51] kJ mol~! (experimental value [G3 value])
[27,9] could allow for an exchange reaction within the com-
plex. In order to investigate the energetic, mechanistic, and
structural features of the exchange, we performed further quan-
tum chemical calculations. We were able to locate the transition
structures displayed in Fig. 5, not only for propane but also
for methane and ethane. While the potential energy minima
corresponding to complexes between protonated hydrogen per-
oxide and the alkanes are of the type [C,Hp,42---H,OOH]",
the transition structures represent the complementary complexes
between the hypervalent alkanium ions and hydrogen peroxide,
[CyH2p43--HOOH]".

Table 2 gives the relative energies and entropies for the reac-
tion of HyOOH* with methane, ethane, propane (1-H), and
propane (2-H) in analogy to the potential energy diagram for
propane (2-H) (Fig. 3). Itis fascinating how closely the transition
structure energies for proton exchange and hydride abstraction
follow each other (Figs. 2 and 5; Table 2); methane does not
allow for any of the reactions, ethane barely opens up for both,
while hydride abstraction and proton exchange are evident for
propane. As a matter of fact, there is perfect linear correla-
tion between the two sets of transition structure energies, and
each shows good linear correlation with the substituent a-values
[28] for methyl, ethyl, and isopropyl. It is also illustrative that
the three transition structures for each propane reaction corre-
spond to one of the three tautomers of protonated propane: the

2-protonated, the in-plane 1-protonated, and the out-of-plane 1-
protonated [29]. Already in 1938 it was suggested that the three
hydrogen nuclei of H3* (protonated dihydrogen) form the cor-
ners of an equilateral triangle [30]. This has later been confirmed
[31,32]. Although CHs* and C,H7* are quite stable structures
[15,33], larger alkanium ions appear to be fragile molecular enti-
ties. This includes the three isomers of C3Hg* that are all highly
unstable in their own right, since they are known to undergo
easy dehydrogenation or demethanation [29,34]. However, dur-
ing the extremely short lifetime of the transition structure no
decomposition of the propane molecule occurs. This is mani-
fested in our experimental observation that loss of CH4 remains
unobserved. This is also consistent with the finding that propane
does not undergo any skeletal rearrangement in HF/SbFs solu-
tion, although extensive H/D exchange occurs [16].

The reaction coordinate is best characterized as a syn-
chronous motion of the incoming and an outgoing proton (syn-
chronous flip—flop mechanism, Fig. 5). In terms of the transient
propanium molecule this corresponds to the asymmetric combi-
nation of the corresponding C—H stretches. The hydrogen perox-
ide part acts as bidendate base by accepting the incoming proton
at the other oxygen site than the site of the departing proton. This
arrangement is obviously stereo-electronically very favourable.
Based on quantum chemical model calculations a completely
analogous mechanism has been suggested for the H/D exchange
observed for propane over a zeolite catalyst (H-ZSM-5) [35].
Two separate oxygen sites of the partially protonated zeolite are
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Table 2
Results from the quantum chemical calculations

MP2/6-31G(d),

MP2/6-31G(d), MP2/6-31G(d), G3,, AE (K mol~1)

AE (kImol™") AS (Jmol™' K1) AG® (kImol™")
[H,OOH---CHy4]* 1 —153 —99 14.4 —18.9
TS [H,OO(H)---H-CH3* 2 23.8 —118 573 12.2
[CH30H,---H,0]* 3 —429.6 —131 —392.8 —433.8
CH;0Hy* 4 —-301.5 —10 —297.7 —323.4
CH;*? 5 —27.9 52 —36.6 —67.9
CH3*b 5 -7.0 137 -38.8 —-55.5
TS [HOOH---(H),-CH31* 6 33.1 —136 69.5 21.4
[H,OOH---CHg* 7 —21.3 —101 9.9 —26.0
TS [H,OO(H)---H-CH,CH3* 8 2.5 —124 39.0 -73
[CH3;CH,OH,---H,O]* 9 —468.4 —134 —429.1 —473.8
CH;CH,0H,* 10 —348.5 —14 —342.5 —371.6
CoHs*? 11 —199.1 49 —207.8 —244.8
C,H5*P 11 —178.2 164 —210.0 —232.5
TS [HOOH.--(H),-CH,CH3]* 12 11.7 —142 51.6 —2.7
[H,OOH.---C3Hg]* 13 —27.8 —109 5.8 —33.8
[H,OOH.--CH3CD,CH;3]* 13-d, -27.9 —108.7 5.7 -33.9
[H,OOH---CD3CH,CD;]* 13-ds —27.9 —109.0 6.0 —33.9
TS [H,OO(H)---H-CH,CH,CH;31* 14 —-1.7 —114 324 —115
TS [H,OO(H)---H-CH,CD,CH;3 ]* 14-d, —-1.8 —113.9 322 —11.7
TS [H,OO(H)---D-CD,CH,CD;1* 14-ds —0.5 —114.3 33.8 —-103
[CH3CH,CH,0H,---H,0]* 15 —472.1 —126 —434.2 —478.4
CH;3CH,CH,OH,* 16 —354.1 -6 —349.6 —378.0
TS [HOOH---(H),-CH,CH,CH;3]* (out of plane) 17 4.7 —131 41.8 -9.7
TS [HOOH.-(H),-CH,CH,CH3]* (in plane) 18 6.3 —143 46.5 5.7
TS [H,OO(H)---H-CH(CH3),]* 19 -9.5 —123 26.9 —183
TS [H,OO(H)---D-CD(CH3),]* 19-d> —-83 —123.4 28.4 —17.1
TS [H,OO(H)---H-CH(CD3),J* 19-ds -9.7 —1232 26.9 —18.5
[(CH3),CHOH,---H,OT* 20 —499.0 —136 —458.6 —503.8
(CH3),CHOH,* 21 —386.4 —11 —380.7 —409.4
CH3CHCH;*? 22 —279.2 68 —291.8 —324.2
CH;3;CHCH;*? 22 —258.2 153 —294.0 —311.8
cyclo-C3Hp*P 23 —231.2 145 —265.8 —276.5
TS 1,2 H-shift [CHy(H)CHCH;]** 24 —238.0 151 —274.3 —292.3
TS [HOOH---(H),-CH(CH3),]* 25 —-1.9 —137 37.1 —175

2 The neutral product is a water dimmer.
b The neutral products are two water molecules.

¢ Convergence criteria for geometry optimisation were not met, but one imaginary frequency is found for the current structure.

involved in the synchronous exchange. The same mechanism has
also been inferred for H/D exchange for propane in super acidic
solutions, also this from quantum chemical calculations [34]. In
that case the SbFs unit acts as a bidendate base by involving two
of the fluorine atoms in the synchronous exchange.

3.3. Implications for methane, ethane, propane, and higher
alkanes

We have already mentioned the correlation between the
transition structure energies for proton exchange and hydride
abstraction. The statistical rate analysis reveals an increasing
preference for proton exchange for the higher and more basic
alkanes (Fig. 6). The upper limit for the available energy in the
[alkane---H,OOH]* complexes is estimated by adding the com-
plexation energy and the thermal energy of the free reactants
to the complex. While the energy is not sufficient for proton
exchange in methane (Fig. 6b), proton exchange becomes com-
petitive for the more basic propane, knydride/kproton =4.3. The

basicity as principal driving force for proton exchange reaction
is also consistent with the transition structures, where the proton
in all cases is located on the alkane rather than on HOOH accord-
ing to [C,,Hy,.43---HOOH]*. The nascent positive charge of the
transition structure for the hydride transfer will be influenced
in a similar way. Both transition structures therefore depend
directly on the capability of R to stabilize the charge — expressed
as a-values [28] — but to different extent. Propane represents a
crossing point between the tendencies for hydride abstraction
and proton exchange/transfer, and is unique in the sense that
both reactions proceed at similar rates (Fig. 6).

The next higher alkanes — n-butane and isobutane —
are borderline cases. The proton affinity of isobutane is
678/686 kJ mol ! (experimental value/G3 value) [27,9] above
the PA of HOOH, 675/668 kJ mol !, Larger alkanes will there-
fore have a tendency towards protonation, and the so-formed
alkanium ion will decompose, as discussed above. The two
major decomposition reactions of alkanium ions are loss of dihy-
drogen or loss of methane. This leads us to consider an additional
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mechanism for alkyl cation formation from alkanes larger than
propane.

C,H,42 +H,O0HT — C,Hy,+1 T +HOOH + H,, (5)
and
C,H,12+H,O0H" — C,_1H,_ ;" +HOOH + CHj. (6)

Based on our experiments, we can differentiate between these
two mechanisms and we find that loss of methane is not observed
in the case of butane. However, we cannot differentiate read-
ily between the formation of C,Hp,+;* through Reaction (5)
or through hydride transfer (Reaction (1)). For example, using
available thermochemical data [27,36] and combining them with
the reaction energy of —372kJmol~! for Reaction (1) [4,27],
we find that Reaction (5) is 26 kJ mol~! exothermic while Reac-
tion (6) is 6kJmol~! endothermic. Whether Reaction (1) or
Reaction (5) therefore accounts for the experimentally observed
C4Ho" remains unsettled for the moment. However, in the case
of propane, a similar estimate rules out any other mechanism
but hydride abstraction.

From an industrial perspective, utilizing propane and hydro-
gen peroxide to accomplish both oxidative dehydrogenation to
produce propene (Reaction (3)) and partial oxidation to produce
propanol

C3Hg + H,OOH' — C3H;0H," 4+ H,0 @)

are feasible under acidic conditions, as demonstrated above. In
the gas phase it becomes difficult to accomplish a full catalytic
cycle since the proton affinity of hydrogen peroxide is lower than
both that of water, isopropanol, and propene, so proton transfer
back from the product to hydrogen peroxide can therefore not
be achieved. This fact does of course not rule out the possibility
for acidic catalysis in a condensed medium (solution, zeolite,
etc.).

4. Conclusions

The gas phase reactions between deuterium labelled alkanes
and HyOOH* have been investigated and two different C—H
activation products have been identified:

(a) alkyl cations due to hydride abstraction;
(b) proton induced hydrogen exchange product.

Both reactions demonstrate strong dependency on the basic-
ity of the alkane and on its capability of stabilizing a positive
charge during the hydride transfer.

The detailed mechanistic scenario has been modelled using
accurate quantum chemical methods and we found a linear
dependency of the transition state energies for hydride trans-
fer and proton exchange. The transition structure for the proton
exchange reaction is characterized by a synchronous motion of
the incoming and an outgoing proton (synchronous flip—flop
mechanism) and the hydrogen peroxide part acts as bidendate
base by accepting the incoming proton at the other oxygen
site than the site of the departing proton. The same mecha-
nism has been inferred for H/D exchange for propane in super
acidic solutions as well as over zeolite catalysts where two
separate oxygen sites of the partially protonated zeolite are
involved in the synchronous exchange. The transition struc-
tures for the proton exchange reactions represent complexes
between the hypervalent alkanium ions and hydrogen peroxide,
[C,H3,43---HOOH]". For propane, three transition structures
were identified, each corresponding to one of the three tau-
tomers of protonated propane. The hypervalent alkanium ion
also explains the stronger dependency of the transition state
energies for the proton exchange than for the hydride abstrac-
tion reaction. Propane is, perhaps with the exception of ethane,
unique in the sense that the reaction rates for both reactions are
within the same order of magnitude and are both easily observ-
able.

Propane is also the smallest alkane with two different hydro-
gen atoms, one on the methylene group (2-H) and one on
the methyl groups (1-H). Despite the overall very exother-
mic reaction (AEgR=312kImol~!) a remarkable selectivity
of ki/kp=0.123 is observed. Theoretical calculations pro-
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vide an explanation. Even though both (1- and 2-H) barri-
ers are well below the energy of the reactants and only dif-
ferent by 6kJmol~!, the remarkable selectivity is explained
by the ergodic behaviour of the long-lived reactant complex
[C3Hg---H,OOH]* (13). The more accurate treatment using
RRKM theory gave very satisfactory descriptions of the exper-
imental observations.

In addition to the hydride abstraction mechanism (Reaction
(1)) an alternative route for formation of R* seems likely for
larger alkanes. It involves the proton transfer from HOOH™" to
the alkane and Hj elimination from the transient hypervalent
alkanium ion RHy* (Reaction (5)). Butane and isobutane rep-
resent borderline cases since they are the smallest alkanes with
proton affinities above that of HOOH. The access to the proton
transfer initiated mechanism could explain the observed great
rate enhancement for the reaction of HoOOH" with propane
and isobutane, respectively.

Supporting information

Structures, energies, and frequencies of all stationary points
of the potential energy surface can be found in the supporting
information.
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