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environmentally friendly chemical in a large number of
practical applications—for example, for bleaching in the pulp
and paper industry—more effective catalysts are required.!]
Detailed mechanistic studies of simplified model systems are
necessary to realize this development.

The compound H,0, is unstable and decomposes into water
and dioxygen (O,) in both acidic and basic solution, as well as
in the presence of transition metals.?! Good examples of
transition metal activation occur with Fenton’s reagent (Fe**
and H,0,) as well as the enzymes involved in respiration and
other oxidative processes.’*! The fine balance between the
decomposition chemistry of H,O, and its action as an oxidant
is quite clear, both when it is promoted by protonation or by
coordination to a transition metal cation. We have recently
proposed that [HOOH]H', the species most likely to be
formed in acidic hydrogen peroxide solution, is a highly active
oxidant in the gas phase; only 150 kJmol~! are needed to
break the O—O bond.[!

Hydrogen peroxide demonstrates extraordinary oxidative
behavior in superacidic solutions: it inserts an oxygen atom
into aliphatic and aromatic C—H bonds to give aldehydes/
ketones or alcohols, respectively.’-] Theoretical calculations
indicate that the reactive species is protonated hydrogen
peroxide, and not free OH*.'Y To date, no experimental
evidence has been published that demonstrates the intrinsic
chemical properties of HOOH,™, but it is known that this
species can be formed by proton transfer in the gas phase (a
rough value of 675 445 kJ mol~! was reported for the proton
affinity (PA) of H,0,).I'l Herein we present the results from
an experimental study of the unimolecular and bimolecular
gas-phase chemistry of protonated hydrogen peroxide.

We have previously investigated the unimolecular chem-
istry of the isoelectronic [H,NNH,]H* and [HONH,]H*
systems.l'> 131 On the basis of the behavior of these ions and
from a detailed quantum chemical survey of the singlet and
triplet potential energy surfaces of (H;,0,)" we recently
proposed that protonated hydrogen peroxide in its singlet
ground state will preferably lose an oxygen atom according to
the spin change mechanism [Eq. (1)].1°)

'HOOH,* — 'HO --- OH,* —3HO --- OH,*
—30 - H,0* =30 + H,0* )

We have now conducted experiments on a grand-scale
magnetic sector tandem mass spectrometer to verify this
prediction. A pure beam of [HOOH]H" ions (m/z 35.01) was
selected using the first mass spectrometer of the tandem
combination. A small fraction of these ions, with energies
close to the threshold value for reaction (the so-called
metastable ions), decompose spontaneously during passage
through the field-free region preceding the second mass
spectrometer, and the fragment ions were registered by
scanning the second electric sector. The spectrum obtained is
shown in Figure 1. the spectrum contains only one significant
peak, namely for H;O*, which corresponds to the loss of one
oxygen atom, and is in complete agreement with the
theoretical predictions. The maximum amount of energy
available to the HOOH," ions produced in the ion source
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Figure 1. Metastable ion kinetic energy spectrum (see text for explan-
ation) of protonated hydrogen peroxide (m/z 35). Reactant ions were
accelerated by an electric potential difference of 6 kV. The translational
energy release, which is obtained from the width of the peak at half height,
is Tys=8kJmol™'. The small peak at m/z34 arises from collisional
activation with residual gas in the analyzer tube (7 x 10~8 mbar). Separate
experiments show that the peak at m/z 34 dominates the collisional
activation spectrum. The observed peaks are m/z (relative intensity,
collision gas He): 34 (100), 33 (8), 32 (9), 19 (27), 18 (25), 17 (10), 16 (2). In
addition, there is a narrow signal for m/z 17.5, which corresponds to
HOOH,**, and is more prominent when O, is used as the collision gas.

under the conditions employed is around 150 kJ mol~'. This
value corresponds to the difference in proton affinity between
methane (the ionizing agent is CHs") and hydrogen peroxide
(Table 11014 151) - and includes 20 kImol~' as an estimated
upper limit to the available thermal energy.

Table 1. Reaction data.

Com-  PAR AH® for H transferl® E_ [l kldl

pound [kImol™!] [kJmol™] [kImol™!] [cm®molecule~!s™!]
CH, 544 ~31 2 <7x10°1

CH{l 596 —214 1 49 %10

CH, 626 ~306 ~19 3.6x 1010
iCH,, 678 —372 —21 1.3x10~°

H,0, 675 - - -

[a] Proton affinity (data from ref. [14]). [b] Standard enthalpy change for
hydride transfer [Eq. (2); data from ref. [15]]. [c] Calculated critical energy
(barrier height; data from ref. [10]). [d] Rate coefficient [Eq. (2)] for this work,
estimated standard deviations: 20 % (absolute). [e] Deuterium-labeling experi-
ments showed that a second reaction channel is operative giving H,Ot+
C,H, + H,O, with a rate coefficient of less than 3 % relative to the dominating
C,H;"-producing reaction.

The O—O bond dissociation energy of neutral HOOH is
214 kI mol~.51 The present experiment in conjunction with
the theoretical model suggests that the effective barrier for
bond dissociation of HOOH,* is <150 kJmol~!, which shows
that protonation activates the hydrogen peroxide molecule
considerably. It is noticeable that the neutral product of
Equation (1) is oxygen in its triplet electronic state. This atom,
and the corresponding isoelectronic triplet NH and CH,
species, are well known to insert into C—H bonds.

Bimolecular reactions between HOOH, " and alkanes were
investigated using a Fourier transform ion cyclotron reso-
nance (FT-ICR) mass spectrometer using conditions descri-
bed in detail elsewhere.l'Y Briefly, HOOH," ions were
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produced in an external ion source, transferred to the cell of
the instrument, isolated, thermalized, reacted with the alkane,
and the reaction rates were determined by recording FT-ICR
mass spectra at different reaction times.

The key reaction data are given in Table 1, and a typical
mass spectrum is shown in Figure 2. With the exception of

A CHy
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T | eHO
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Irel " a a
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0.3 .

0.2 4 « " .

0.1 2 "
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Figure 2. Top: Mass spectrum obtained after 5.5s reaction between
HOOH, " and isobutane at 5 x 10~ mbar. The signal for H;O" at m/z 19
arises from fast proton transfer with background water. Bottom: The
temporal dependence of the reactant ion signal and the two product ions.

methane, all the alkanes investigated underwent reaction
according to Equation (2).

RH + HOOH,* — R* +2H,0 )

There are several noticeable features of these results:
Firstly, n-butane and isobutane are known to be oxidized to
the corresponding alcohols by hydrogen peroxide in super-
acid,® while in the gas phase even ethane and propane react.
Secondly, the reaction product collected in superacid is the
alcohol, which means that an O atom has been inserted into
the C-H bond. In the gas phase the product is the
corresponding alkyl cation, which means that a hydride ion
has been abstracted from the alkane. The alternative, namely
proton transfer to the alkane followed by dihydrogen loss, is
unlikely since Table 1 shows that proton transfer is endother-
mic, except for isobutane.

Bach and Su have presented a quantum chemical model to
account for the observations from the experiments performed
in superacid solution.'! Interestingly, the properties of the
transition state they identified imply that the first stage of the
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reaction [Eq. (3)] is hydride abstraction from the alkane by
HOOH,*.

RH + HOOH,* — ROH,* + H,0 (3)

The O—O bond breaks simultaneously, and a C—O bond is
formed subsequently. Bach and Su took it for granted in their
model that the final reaction product is the alcohol plus water,
as observed in solution. This may at first glance seem to be
inconsistent with the formation of R* in the gas phase, but
Bach and Su did not take the full gas-phase reaction dynamics
into account.

To deal with this problem, we found it pertinent to perform
ab initio direct dynamics calculations[!”?%l on the reaction of
ethane. Our approach was the following: First, we duplicated
the calculations of Bach and Su. As already indicated, the
reaction coordinate obtained for the transition structure (TS)
corresponds to hydride transfer from ethane to the oxygen
atom of the OH part of the molecule in concert with
dissociation of the O—O bond (first frame of Figure 3).
Secondly, we calculated a series of ab initio direct dynamics
trajectories to get an insight into how the liberated energy
influences the course of the reaction. In this method Newton’s
equations are integrated step-by-step along the classical
trajectory of a reaction. A total of 25 different trajectories,
starting at the TS, were computed using randomly chosen
initial conditions. The HF/6-31G(d) wave function was
used.?! One typical trajectory is presented in Figure 3. The
calculations reveal that the water molecule derived from the
OH, group of the original HOOH," molecule is already

-
9@ ¥ @

il f= s

150 = 0 s

- T

pushed away from the rest of the product system after passage
of the TS. For a short period the remaining C,H;OH," unit
may be regarded as one entity (a short-lived complex between
C,H;s" and H,0O). The large amount of energy deposited in the
complex leads in 80 % of the trajectories to dissociation into
C,Hs™ and H,O in less than 60 fs after generation of the TS.
According to the calculations, all the complexes have
dissociated within 400 fs, with the exception of one which
dissociates at 900 fs. This behavior of the free gas-phase
reaction differs from that in the condensed phase where
surrounding molecules confine the products and also act as
energy sinks, thereby giving the alcohol as the ultimate
product.

When we treated fully deuterated ethane (C,Dg) with
HOOH,* we observed that greater than 97 % of the product
mixture is C,D5* (including secondary products) and less than
3% HD,O". The latter product ion is the result of proton
transfer from C,Ds" to HDO during the short lifetime of the
initially formed C,Ds"--- HDO complex. This result is inter-
esting, since it is well known that long-lived C,Hs" --- OH, ions
have a strong preference for giving the thermodynamically
more-stable product H;O*.?>?1 In other words, our deute-
rium-label experiment verifies the outcome of the trajectory
calculations, and shows there is an essentially nonstatistical
(nonergodic) behavior in the system—at most the complex
exists for a couple of vibrational periods. None of the
25 trajectories shows proton transfer to water.

In conclusion, we have found that the oxidation of alkanes
by protonated hydrogen peroxide does not occur by insertion
of O into C—H, but by a multistep sequence in which a simple
hydride transfer is the essential step. There is an ongoing

3
sl =

&
{r

s

Figure 3. Images of a direct dynamics reaction trajectory (HF/6-31G(d)) for HOOH," + C;H, — C,H;" +2H,0. Images are shown from ¢ =0 (transition
state) up to 250 fs. The colour codings are H: white, C: light gray, and O: dark gray.
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discussion about the mechanism of the activation of iron
cations in Fenton chemistry and in related enzymes. We think
that the present findings point towards the Fe(OH)OH*
structural motif as the active species in these systems.-]
The above discussion showed that the first stage of
Equation (2) corresponds to a concerted hydride abstrac-
tion/water loss mechanism. It may be regarded as an S\2
reaction type and it provides a hint for regarding protonated
hydrogen peroxide as a charge-transfer complex formed
between OH* and H,O. The analogy to protonated laughing
gas (N,OH")?%l and protonated ozone (O;H*)?" on one hand,
and protonated methanol (CH;OH,")?! on the other is
evident. From this point of view it became pertinent to see
how easily HOOH,* reacts in more typical Sy2 reactions. The
natural prototype would be the identity substitution reaction

[Eq. (D]

H,0 + HOOH," — HOOH," + H,0 4)

In order to check this possibility we performed MP2/6-
31G(d,p) abinitio quantum-chemical calculations.?'l The
calculations (Figure 4) revealed that the reaction should have

H0 + H30,

—_

o

=}
(]

-150

"
H,OH™0,H,

H;0, * H,0

H;0 + H,0,

-200
& —>

Figure 4. Potential energy diagram for the hypothetic reaction between
H,0 and HOOH," obtained from MP2/6-31G(d,p) calculations. Relative
energies are in kJmol~! and include scaled zero-point vibrational energy
corrections.

a potential-energy barrier far below that of the reactants. We
also considered an alternative reaction route, the proton-
transfer reaction [Eq. (5)].

H,0 + [HOOH]H* — HOOH + [H,O]H* )

These theoretical predictions encouraged us to perform an
experimental investigation of the outcome of reactions
between '®0-labeled water and HOOH,* by using FT-ICR
mass spectrometry. Despite the potentially promising Sy2
mechanism, it was not possible to observe any product ion
incorporating '®0. Instead proton transfer [Eq. (5)] is domi-
nating as a consequence of its highly favorable entropy factor
relative to the tight transition state required for a Sy2

1308 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

mechanism. Proton transfer occurs efficiently, close to the
theoretical collision rate limit. Our results do not rule out the
occurrence of Equation (4). If it occurs, the product ion is
consumed at an even faster rate through Equation (5). It is
possible that HOOH,"™ will remain unobserved under the
conditions of the experiment, even when the rate of Equa-
tion (4) is as high as 15% of that of Equation (5). In any case,
it is highly interesting and relevant that our theoretical model
indicates that S\2 reactions are feasible for molecules of this

type.

Experimental Section

Protonated hydrogen peroxide was produced in a custom-made chemical
ionization ion source in a four-sector (EBEB geometry) mass spectrometer
(JMS-HX/HX110 A, JEOL Ltd.). Methane was used as the reagent gas.
The source of hydrogen peroxide was a 35 wt % H,O,/urea formulation
(Acros Chemicals) which permits the use of a direct inlet probe. The ions
were accelerated (accelerating voltage 6 kV) and a pure beam of ions with
m/z 35.01 at a mass resolution of 2000 was isolated with the first two sectors.
A small fraction of the HOOH," ions selected in this manner—having an
energy sufficiently close to the threshold—decompose spontaneously in the
field-free region proceeding the second E-sector. To reach this stage these
metastable ions have survived approximately 25 ps after they were formed
in the ion source. The product ions formed by this spontaneous
unimolecular decomposition were analyzed with the second E-sector, and
registered by a detector mounted in the field region following that sector.

HOOH," ions were produced in an external ion source using chemical
ionization with methane. The ions formed in the source were transferred to
the cell of a Bruker 47T FI-ICR instrument. All ions—except those
having m/z 35—were then ejected from the cell. The remaining population
of HOOH," ions (m/z 35.0133) were cooled to ambient temperature upon
introducing a short pulse of Ar. The HOOH," ions were then isolated by
single frequency shots that removed ions fromed during the cooling period
of 4 s. After this process the ions were treated with the respective alkane
(p=2x%10"?-1.5 x 1077 mbar) for a variable time before a mass spectrum
was recorded. In this way the reaction could be followed as a function of
time, and rate coefficients obtained by fitting kinetic models to the reactant
deacy and formation of the product ions.

The direct ab initio approach to trajectory calculations utilizes the first and
second derivatives (with respect to atomic displacements) of a general
wave function within the framework of the Born—Oppenheimer approx-
imation. Each trajectory q(¢) =[q(t,), q(,),...] is calculated by a stepwise
procedure which requires recalculation of the wavefunction at points g; in
time steps typically varying between 0.2 and 0.5 fs. This approach is of
course very demanding in computer time; one single trajectory requires the
calculation of the wave function for a large number of points. For this
reason there are limits to the dimension of the wave function which can be
used. In this case we were able to calculate 25 different trajectories using
HF/6-31G(d), which we think is a reasonable compromise between
computer time and chemical accuracy, and is a representative ensemble
of the initial conditions taken from a thermal distribution at 298 K.

All quantum chemical calculations were performed using Gaussian 98.71 A
more comprehensive documentation of the results of the trajectory
calculations, including movies, are exclusively available at: http://www.uio.-
no/~vebjornb/supmat.html.
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