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M ethane is one of the most ubiquitous feedstocks available
in large amounts from petrological as well as biogenic
resources. Its economic use for purposes other than mere
combustion remains a conceptual problem, however. Steam
reforming converts methane into syngas [Eq. (1)] from which
methanol can be produced in a second step [Eq. (2)]; the
CO:H, ratio of the syngas can be adjusted by the water—gas-
shift reaction.!! While the technology of this process is well
developed, investment volumes are large and smaller sources
of methane cannot be exploited this way.

CH, + H,0 — CO +3H, (1)

CO +2H, — CH,OH 2)

Considerable research efforts are devoted to alternative
routes and a particularly attractive variant would be the
selective partial oxidation of methane according to Equa-
tion (3). Methanol as a liquid, easily transportable, and
chemically versatile product offers several advantages and it
has even been suggested as the basis of future energy
economy.””! While easily written on paper, Equation (3) poses
quite a formidable challenge, because methane is the least
reactive of all hydrocarbons and hence needs a highly reactive
catalyst for activation, whereas methanol can easily be
oxidized further, ultimately leading to complete combustion.
The selective functionalization of methane has accordingly
received quite some attention in condensed-phase research
and several promising systems have been developed,” though
they are still far away from practical applications.!

CH, +'5 0, — CH,OH (3)

An alternative approach to achieve a fundamental under-
standing into the requirements for the C—H bond activation
of methane are model studies of small reactive fragments in
the gas phase.™ In this area, interesting progress has been
achieved recently. In 2006 it was reported that methane could
be activated by MgO~¥, the first main-group metal oxide
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cation to do this,”! and by V,0,,%, the first metal oxide
cluster.® Shortly afterwards (Al,O;)," (n =3-5) was reported
as the first oxide clusters of a main-group metal to activate
methane;®! also methane activations by non-metallic ele-
ments have been found more recently.”” Most of these
reactions are driven by the radicaloid nature of the oxide
cations with the spin mostly located on oxygen, which leads to
a high preference for hydrogen-atom abstraction from
methane to generate methyl radicals. This situation is in
contrast to the dehydrogenation of methane by various
Sdelements to give metal carbenes MCH," [ or
MCH,?*,/** and to the C—C coupling reactions with methane
observed for medium-sized hydrocarbon dications,"! in
which the dehydrogenation takes place with the “CH,”
fragment remaining at the ionic species.

To date, nearly all the bare metal cations M* have been
screened experimentally with respect to their reactivity
towards methane.[>' Bare metal cations are, however, an
extreme simplification in comparison to real catalysts and in
this respect the investigation of gaseous metal clusters is of
prime interest.') While platinum clusters in various charge
states have been shown to activate methane,'*!" to date, gold
clusters, like most other M, "~ ions, were considered to be
unreactive towards methane.!"™

The C—H bond activation of methane is, however, only the
first step. The second task is to selectively convert the (free or
bound) methyl radical into useful products (Scheme 1), for
example, through the C-O coupling with a suitable oxidant to
afford methanol [Eq. (3)]. Alternatively, C-C coupling of two
methyl entities can lead to ethane which may then be
converted into the basic chemical ethene [Eq. (4)].

2CH, — G,H, — GH, + H, (4)

In this respect, Lang et al. report in this issue that isolated
Au," cluster cations can mediate a C-C coupling of methane

CH, OCH,

+[0] +[H]
—_— % — [CH,0H
v

-H
=

Scheme 1. C—H bond activation of methane and subsequent C-O or
C—C coupling.
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to afford ethene.” To this end, they used an ion trap, which—
simply put—is the gas-phase chemist’s equivalent of a
chemical reactor. Specifically, mass-selected Au,” ions (ap-
proximately 10° ions ) were trapped for hundreds of milli-
seconds in CH,:He mixtures at pressures of about 1 Pa and
temperatures between 200 and 300 K. By careful investigation
of the reaction kinetics and the effects of temperature in
combination with an exhaustive theoretical study, a catalytic
cycle for the dehydrogenative coupling of methane to give
ethene could be established (Scheme 2). In addition to the
phenomenological description of the processes observed,
Lang etal. quantitatively modeled the observed product
distribution and thereby derived essential thermodynamic
and kinetic parameters.
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Scheme 2. Simplified representation of the catalytic cycle for the C-C
coupling of methane to ethene realized by Lang et al."

Several aspects of this work are remarkable:

1) Unlike most other gas-phase studies, relatively high
pressures are applied, that is, a multicollisional regime is
explored which enables the stabilization of reaction
intermediates as well as the occurrence of endothermic
reactions at increased reaction times.

2) The results illustrate a methane coupling occurring at
ambient temperatures, and the analysis of kinetic profiles
as a function of temperature provides deep mechanistic
insight including the estimation of activation energies.

3) In the multicollisional mechanism, methane plays a crucial
role not only as the reactant, but also as a ligand which can
replace the product ethene associated to the Au," species.

These aspects are of particular relevance with regard to
the so-called pressure gap,”” which often hampers the
translation of model studies to real catalysis. In their recent
work, Lang et al. indeed manage to bridge this gap at least
partially. Their study may thus be considered as an important
step in basic research towards the understanding of catalytic
cycles, which may also bear practical relevance.
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