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Detlef Schrödera,1 and Helmut Schwarzb,1

aInstitute of Organic Chemistry and Biochemistry, Academy of Sciences of the Czech Republic, Flemingovo nám. 2, 16610 Prague,
Czech Republic; and bInstitut für Chemie, Technische Universität Berlin, Strasse des 17 Juni 135, 10623 Berlin, Germany

Edited by Fred W. McLafferty, Cornell University, Ithaca, NY, and approved April 24, 2008 (received for review February 25, 2008)

Motivated by the search for ways of a more efficient usage of the large, unexploited resources of methane, recent progress in the
gas-phase activation of methane by ligated transition-metal ions is discussed. Mass spectrometric experiments demonstrate that the
ligands can crucially influence both reactivity and selectivity of transition-metal cations in bond-activation processes, and the most
reactive species derive from combinations of transition metals with the electronegative elements fluorine, oxygen, and chlorine. Fur-
thermore, the collected knowledge about intramolecular kinetic isotope effects associated with the activation of C–H(D) bonds of
methane can be used to distinguish the nature of the bond activation as a mere hydrogen-abstraction, a metal-assisted mechanism
or more complex reactions such as formation of insertion intermediates or �-bond metathesis.

bond activation � kinetic isotope effects �
mass spectrometry

T
he conversion of methane from
fossil or biogenic resources to
more valuable feedstock forms
one of the central challenges

for solving global energy problems (1).
The first burden to master in this chal-
lenging task is the activation of methane
under ambient conditions to subse-
quently enable a selective transfor-
mation of the intermediate to useful
products, such as methanol.

Here, we describe various thermal
reactions of methane with gaseous metal
cations, which may be of relevance in
these respects. If it would be possible to
extend the reactions described below
from the laboratory to large-scale indus-
trial processes, the resources of methane
could be used much more efficiently.
Imagine, for example, a small plant that
has methane and air as inputs with
methanol dropping out as the product.
Likewise, oxidative coupling of methane
to larger hydrocarbons would be of con-
siderable interest, provided a catalyst
can achieve high selectivity and large
conversion. At the very outset, we
would like to point out that our contri-
butions are basic research dealing with
isolated, very much idealized systems
and are thus quite remote from achiev-
ing these goals in a practical sense.
Furthermore, because of Coulomb re-
pulsion, gas-phase reactions with
charged species comprise only several
106 molecules at best and are hence ir-
relevant for any kind of ‘‘production.’’
Nevertheless, gas-phase studies may
serve to experimentally verify theo-
retical predictions and particularly to
propose new concepts for the low-
temperature C–H bond activation of
methane.

Conceptually, there exist several ways
for the activation of methane by a reac-

tive metal species [M], where [M] stands
for a bare or ligated, neutral, or charged
metal atom or metal-containing frag-
ment. Heterolysis of a C–H bond by ei-
ther deprotonation (route a in Scheme
1) or hydride transfer (route b in
Scheme 1) leads to methyl anion and
cation, respectively, concomitant with
the corresponding metal-hydride frag-
ments. C–H bond homolysis, usually oc-
curring as H-atom abstraction (route c
in Scheme 1), leads to the production of
a methyl radical, which constitutes the
first step in the oxidative coupling of
methane to ethane via recombination of
two CH3

• radicals. Transition metals ca-
pable to easily change their valence
state are also able to undergo oxidative
insertion into the C–H bond (route d in
Scheme 1). Finally, particularly 5d ele-
ments can also dehydrogenate methane
to afford metal-bound carbenes (route e
in Scheme 1). Note, however, that the
activation of methane is only the first
step in the conversion of methane be-
cause occurrence of a catalytic process
requires that the exothermicity released
in the subsequent reaction of the free or
coordinated methyl or methylene frag-
ments with another partner (e.g., oxygen
to finally afford methanol) is sufficiently
large to also regenerate the initial metal
species [M].

Early gas-phase studies of methane
activation were focused on the reactions
of bare metal cations. A landmark dis-
covery was made by Irikura and
Beauchamp (2, 3), who detected thermal
reactions of methane with 5d transition-
metal cations; Reaction 1 with M � Ta,
W, Os, Ir, and Pt.

M� � CH43 MCH2
� � H2 [1]

In the case of M � Pt, also a catalytic
variant with molecular oxygen leading to
oxidized products such as methanol,
formaldehyde, and formic acid could be
realized (4, 5), and for M � Ta, a (stoi-
chiometric) coupling of the initially
formed TaCH2

� with CO2 to afford
ketene as a product was found (6, 7).
More recently, the details of these reac-
tions, including those metals that cannot
activate methane under thermal condi-
tions, were analyzed by combined exper-
imental and theoretical approaches, e.g.,
for M � Fe (8), Ni (9), Zr (10), Hf
(11), Mo (12), Ta (13), W (14), Re (15),

Author contributions: D.S. and H.S. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

1To whom correspondence may be addressed. E-mail:
detlef.schroeder@uochb.cas.cz or helmut.schwarz@
mail.chem.tu-berlin.de.

© 2008 by The National Academy of Sciences of the USA

H C   H  +  3 [ ]M

H C   H  +  3 [ ]M H C      H3 [ ]M

H C   H  +  3 [ ]M

H C   H  +  3 [ ]M

H C   H  +  3 [ ]M

a  Deprotonation

d  Insertion

b  Hydride transfer

e  Carbene formation

c  H-atom abstraction

+-CH   +  3 [ ]MH

CH   +  3 [ ]MH

+ -CH   +  3 [ ]MH

[ ]   M CH   +  H2 2

Scheme 1.

18114–18119 � PNAS � November 25, 2008 � vol. 105 � no. 47 www.pnas.org�cgi�doi�10.1073�pnas.0801849105



Ir (16), and Au (17). Several metal dica-
tions were also found to activate meth-
ane in analogy to Reaction 1 (18).

Bare metal cations are, however,
rightly considered as a very extreme
case, and most of them bear limited rel-
evance with respect to processes in ap-
plied catalysis because the reduction of
complexity is too large. In fact, most of
the above-mentioned examples of meth-
ane activation lead to species that do
not react further with methane; excep-
tions are found among 5d metals (2, 3,
13, 14, 19, 20). In addition, bare transi-
tion-metal ions correspond to the oxi-
dation state (�I), which is unusual in
condensed-phase chemistry. To ap-
proach slightly more realistic molecular
models that are still amenable to theory,
in this contribution, we describe recent
progress with respect to the activation of
methane by ligated transition-metal ions.
Because they form a topic on their own,
we note that, with a few exceptions, di-
and oligonuclear metal clusters are not
covered here. Generally, it has be con-
cluded, however, that polynuclear metal
cluster ions are not more reactive than
their atomic brethren, because, despite a
favorable thermochemistry, kinetic bar-
riers in the entrance channels may
hinder alkane activation (8, 21, 22).

Ligated Metal Cations
At the outset, let us make a general dis-
tinction of the ligands in terms of their
electron shell. Mere coordinative,
closed-shell ligands L, such as L � H2O,
CO, alkenes, or arenes, do not change
the formal oxidation state of the metal.
In contrast, open-shell ligands X form
(polarized) covalent bonds to the metal
and thereby increase the formal oxida-
tion state, e.g., X � F, OH, Cl, Br, I,
CH2, NH, O, and N. Note that some
open-shell ligands bear an intermediate
behavior, e.g., NO and O2.

Closed-Shell Ligands L. In general, coordi-
nation of metal ions to closed-shell li-
gands L lowers the reactivity compared
with bare metal cations, which may,
however, result in increased selectivities,
provided the reactivity is not quenched
completely (23, 24). In this respect,
Tjelta and Armentrout (25) reported
impressive examples for the ability of
tuning selectivities in C–H- versus C–C-
bond activation of small alkanes by
Fe(L)� cations with L � H2O and CO;
the former ligand induces a preferential
attack of C–H bonds, and the latter also
promotes the cleavage of C–C-bonds in
the substrate. Both ligated cations,
Fe(H2O)� and Fe(CO)�, are less reac-
tive than bare Fe�, however, and none
of these three cationic species allows

a room-temperature activation of
methane.

Albert et al. (26) found a spectacular
example for the effect of ligation with a
closed-shell ligand, in that Rh2Ar� can
activate methane, whereas the bare
dirhodium cation Rh2

� does not. The au-
thors explained the pronounced effect,
exerted by no more than a single rare-gas
atom, by the increased lifetime of the in-
termediate encounter complex formed
upon exchange of argon by methane in
the first step to yield excited [Rh2CH4]�*
that subsequently undergoes dehydrogena-
tion according to Reaction 2; in terms of
the classification in Scheme 1, Reaction 2
is an example for route e.

Rh2Ar� � CH43 �Rh2CH4�
�*

� Ar3 Rh2CH2 � H2 � Ar [2]

Similarly, PtAr� is able to dehydroge-
nate methane, but here, the ligand
damps the reactivity in that the rate
constant for bare Pt� is �7 times larger;
higher PtArn

� clusters (n � 2–6) do not
activate methane any more (27). These
simple examples thereby illustrates the
general consideration that ligated
M(L)� species are much less reactive
than the corresponding bare metal cat-
ions and often even act as sinks of cata-
lytic cycles.

The seemingly straightforward classifi-
cation of ligands L encounters some am-
biguity with transition metals that can
easily change their oxidation state. A
metal–olefin complex, for example, can
also be viewed as a metallacyclopropane
in which the metal formally undergoes a
two-electron oxidation. Thus, in the
triad of the coinage metals, Ag(C2H4)�

is a T-shaped �-complex with genuine
Ag(I), whereas Au(C2H4)� exhibits an
auracyclopropane structure with a trian-
gular bonding scheme and a significantly
elongated C–C bond; for Cu(C2H4)�,
the situation is in between these ex-
tremes (28). Recently, we also could
generate the insertion intermediate
HNi(OH)�, which is experimentally dis-
tinguishable from the water complex
Ni(H2O)� (29). Formally, HNi(OH)�

corresponds to the unusual oxidation
state Ni(III), and it is thus not too sur-
prising that the HNi(OH)� cation is
able to activate methane according to
Reaction 3. Mechanistically, this process
may be viewed as an example for either
route c or route d in Scheme 1, depend-
ing on whether the formation of dihy-
drogen is considered as a formal
abstraction (via �-bond metathesis) or
whether an insertion intermediate is
involved.

HNi�OH�� � CH43 �H3C�Ni�OH��

� H2 [3]

Formally, Reaction 3 may also be re-
garded as an example of route a in
Scheme 1, i.e., the reaction of a metal
hydride with the methane to yield the
corresponding methanideconcomitant
with dihydrogen. Interestingly, the met-
al-hydrido species HNi(OH)� was gen-
erated by electrospray ionization of a
NiI2 solution in the protic mixture of
methanol and water. The details of ion
generation are still not resolved, but use
of nickel(II) iodide is essential, and the
hydridic H-atom stems from the me-
thoxy group of the methanol used as a
cosolvent, whereas the hydroxy group
stems from water (29, 30).

An even more extreme situation with
regard to the ambivalent behavior of
ligands evolves for dioxygen complexes
of metal cations in which the (open-
shell) dioxygen ligand can behave either
as a mere �-type ligand or give rise to
peroxide- or even dioxide structures
(31–34).

Open-Shell Ligands X. The prototype of
this class of covalent ligands is X � F.
Because of its large electronegativity
and poor donor properties, f luorine
forms strongly polarized covalent bonds
to metals, and thus, each fluorine in-
creases the metal’s formal oxidation by
one unit. Even in the very extreme situ-
ation of the diatomic trication UF3�

(35), f luorine still acts as an electroneg-
ative ligand, as demonstrated by popula-
tion analysis that reveals a formal
charge of 3.4 for uranium in UF3�.
Other electronegative ligands such as
X � Cl, Br, I, and OH behave similarly
to fluorine in this respect, although the
metal f luorides are most reactive.

Unlike coordinative ligands L, attach-
ment of a covalent ligand X often in-
creases reactivity. Bare Cr� for example,
is one of the least reactive transition-
metal cations, whereas already CrCl� is
significantly more reactive (36), and
CrF� is even capable of dehydrogenat-
ing propane (37). With respect to the
activation of methane, a single fluorine
is not sufficient, however, and CrF2

�

does not react with CH4, whereas CrF3
�

and CrF4
� are able to activate the C–H

bonds of methane (37). In the case of
CrF3

�, the major product of the reaction
with methane corresponds to a methyl
cation concomitant with neutral HCrF3
(or CrF2 � HF). This reaction hence is
an example for hydride transfer accord-
ing to route b in Scheme 1. Hydride
transfer also occurs for bare and ligated
transition-metal dications (18), but this
is due less to the presence of a transi-
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tion metal than a general feature in the
bimolecular reactions of isolated dica-
tions (38). Similar to CrF�, FeF� is also
more reactive than other FeX� species
(X � OH, Cl, Br, I, etc.), but none of
these cations can activate methane (39).
In the case of NiX�, diatomic NiF� pro-
motes C–H bond activation of methane
according to Reaction 4, whereas the
nickel–halide cations NiCl�, NiBr�, and
NiI� react only with larger alkanes (40).

NiF� � CH43 NiCH3
� � HF

[4]

The trends in reactivity can be ex-
plained not only in terms of the electro-
negative character of X, but also by the
corresponding reaction enthalpies that
are mostly related to the formation of
HX, whose bond-dissociation energies
are much lower for the heavier halo-
gens. Formation of HX as the thermo-
chemical driving force also accounts for
the strong preference of C–H over C–C
bond activation in the case of larger al-
kanes (36, 37, 40).

Also the platinum-chloride and -bro-
mide cations PtXn

� (n � 1, 2) are capa-
ble of methane activation under thermal
conditions (41). For the chlorides PtCl�
and PtCl2

�, exclusive losses of HX in
analogy to Reaction 4 are observed,
whereas in the case of PtBr� formation
of the corresponding carbene also takes
place to some extent, i.e., Reaction 5,
which is analogous to Reaction 1, with
M � PtBr. Notably, the formal platinu-
m(IV) species PtCl3

� does not react with
methane, most probably because it is
coordinatively saturated to an extent
that there exists no sufficiently attractive
vacant coordination site for the initial
binding of methane before its activation
within the collision complex.

PtBr� � CH43 BrPtCH2
� � H2

[5]

Although the electron affinity of hydro-
gen is much lower, the corresponding
metal-hydride cations MH� behave simi-
lar to the metal halides in several re-
spects (42–44). Thus, NiH� and PtH�

promote C–H bond activation of meth-
ane according to Reaction 6 (29, 41).
The obvious explanation for this behav-
ior is the favorable thermochemical driv-
ing force associated with the formation
of dihydrogen in conjunction with the
energetic preference of M–C over M–H
bonds. The investigation of the group 10
metal-hydride cations has recently been
completed by a study of PdH� (45). De-
spite the similarities of Reaction 6 for
M � Ni, Pd, and Pt, however, the de-
tails of the potential-energy surfaces

differ decisively, in that the reactions of
NiH� and PtH� involve two spin sur-
faces, whereas �-bond metathesis in the
case of PdH� exclusively proceeds on
the singlet surface.

MH� � CH43 MCH3
� � H2 [6]

Metal-oxide cations comprise an impor-
tant class of compounds with ligands of
the type X that are able to activate
methane. Methane activation by gaseous
metal-oxide cations MO� generally
leads to three different kinds of prod-
ucts, bare metal cations concomitant
with methanol (Reaction 7), metal hy-
droxides via loss of a methyl radical
(Reaction 8), and formation of metal-
carbene cations, concomitant with water
as a neutral product (Reaction 9).

MO� � CH43 M� � CH3OH

[7]

MO� � CH43 MOH� � CH3
•

[8]

MO� � CH43 MCH2
� � H2O

[9]

Reactions 7 and 8 are of direct rele-
vance for the conversion of methane to
more valuable products. The former
leads to methanol, and the latter is the
first step in the oxidative coupling of
methane to ethane. Therefore, the reac-
tions of metal-oxide cations have re-
ceived great attention and have been
reviewed repeatedly (46–48). Here, we
concentrate on a few key features that
are of particular relevance for the acti-
vation of methane. Reactions 7 and 9
proceed via the insertion species
(H3C)M(OH)� as the key intermediates.
Although the metal has the formal oxi-
dation state M(III) in MO� and in
(H3C)M(OH)�, there exist a fundamen-
tal difference in the bonding situations,
which has important consequences.
Thus, at least 3d and 4d metals cannot
effectively support �-type double bonds
in MO�, which consequently leads to
high-spin ground states of the MO�

monocations. In contrast, the insertion
intermediates primarily involve �-type
bonding, for which perfect pairing and
thus low-spin ground states are pre-
ferred. This leads to a situation in which
the spin surfaces cross each other such
that the reaction pathway of lowest en-
ergy demand involves a cross-over from
the high- to the low-spin surface and
eventually back to high spin in the final
products. In fact, the reactions of bare
metal-oxide cations in the gas phase in-
ter alia led to the development to the
concept of two-state reactivity (49),

which is now widely accepted in various
areas of science far beyond gas-phase
ion chemistry, as, for example, in orga-
nometallic chemistry and also in the
context of metalloenzymes (50). In con-
trast, Reaction 8 formally corresponds
to a simple abstraction hydrogen-atom
and therefore does not need to involve a
spin change. As outlined further below,
these differences in the types of reaction
mechanism are also reflected in the ki-
netic isotope effects associated with the
C–H bond activation of methane.

So far, thermal methane activation
has been achieved by the mononuclear
transition-metal oxide cations MnO�

(51), FeO� (52, 53), NiO� (54), OsO�

(55), and PtO� (5). Interestingly, the
branching ratios of Reactions 7–9 very
much depend on the position of the
metal in the periodic table. Thus, MnO�

leads to exclusive hydrogen-atom ab-
straction (Reaction 8), for FeO� Reac-
tions 7 and 8 compete, whereas NiO�

only undergoes Reaction 7. In OsO�,
oxygen serves as a mere spectator li-
gand, and the osmium center activates
methane in analogy to Reaction 1, with
M � OOs (55, 56). Finally, PtO� reacts
with a collision rate with a competition
of Reactions 7 and 9 in favor of the lat-
ter because of the operation of relativis-
tic stabilization of the PtCH2

� product
(57). Furthermore, several high-valent,
higher metal-oxide cations were found
to activate methane in the gas phase
under thermal conditions, i.e., CrO2

�

(33, 58), HOFeO� (59), MoO3
� (60),

OsOn
� with n � 2, 4 (55), and PtO2

�

(61). Also notable is the main-group
metal-oxide cation MgO�, which effi-
ciently activates methane with a strong
preference for hydrogen-atom abstrac-
tion to afford MgOH� according to
Reaction 8 (62).

Metal-imido cations MNH� and
metal carbenes MCH2

� are formally
isolobal to MO� species; in general,
however, the latter are found to be
much more reactive. FeNH�, for exam-
ple, can activate methane to afford Fe�

and methylamine (63), but the reaction
is much less efficient than for FeO�.
Bare metal-nitrido cations MN�, which
could potentially activate methane,
could so far not be generated experi-
mentally in yields sufficient for subse-
quent reactivity studies.

Combinations of L and X. With regard to
bridging the gap to condensed-phase
catalysts, more promising systems are
perhaps those in which the metal species
bear additional coordinative ligands and
yet have preserved their intrinsic reac-
tivity. Unfortunately, precisely the oppo-
site behavior is often observed. For
example, the reactive FeO� cation,

18116 � www.pnas.org�cgi�doi�10.1073�pnas.0801849105 Schröder and Schwarz



which oxidizes almost any substrate, in-
cluding such inert compounds as aceto-
nitrile or C6F6 (64), does not activate
alkanes any more if attached to an
arene ligand, e.g., (C6H6)FeO� (65–67).
These arene complexes of FeO� react
only with activated compounds such as
olefins. A related, but conceptually dif-
ferent, example is represented by the
cation (phen)CuO� (phen � 1,10-
phenanthroline), which is a formal
Cu(III) compound (68). In this case, the
bare CuO� cation itself is too reactive
to be generated in yields sufficient for
gas-phase reactivity studies. The phen
ligand can stabilize the Cu(III) center
and (phen)CuO� is one of the few li-
gated metal-oxide cations that is capable
of activating small alkanes, although
methane itself does not react with
(phen)CuO�. The key step in the gas-
phase synthesis of (phen)CuO� is the
homolytic decomposition of the nitrato
ligand in the copper(II) precursor spe-
cies (phen)Cu(NO3)� according to
Reaction 10.

�phen�Cu�NO3�
�3 �phen�CuO�

� NO2 [10]

A gas-phase activation of methane itself
at room temperature has recently been
achieved by related complexes of plati-
num(II) with aromatic nitrogen ligands
(phen and bipy, where the latter stands
for 2,2�-bipyridyl). These complexes of
the type (H3C)Pt(L)� (69) react with
methane via degenerate �-bond met-
athesis that is detected only by use of
isotopic labeling, Reaction 11. Within
the lifetime of the encounter complex
[(H3C)Pt(L)(CD4)]�*, C–H(D) bond
activation of methane can occur repeat-
edly, leading to a substantial amount of
H/D scrambling in the overall reaction.
The intermediate steps in Reaction 11
are partially reversible such that the
evaluation of the respective kinetic pa-
rameters requires explicit kinetic model-
ing (70, 71) of the sequential steps that
reveals moderate kinetic isotope effects
for the C–H(D) bond activation of
methane by this cationic platinum
complex.

�H3C�Pt�L�� � CD43 ��H3C�Pt�L�

� �CD4��
�* 3 ��D3C�Pt�L�

� �CH3D���* 3 �D3C�Pt�L��

� CH3D [11]

Similar to the generation of the reactive
Cu(III) species (phen)CuO�, an attempt
was made recently to generate a free
metal–nitrido complex in the gas phase,
where a polydendate cyclamacetato li-

gand was used for the stabilization of
the FeN� center containing formal
iron(V). Analysis of the experimental
findings suggests that the nitren [(cycla-
macetato)FeN]� was indeed generated
initially upon decomposition of the azi-
docomplex [(cyclamacetato)Fe(N3)]�

used as the precursor, but before any
subsequent bimolecular reactions, the
intermediate nitrido complex promotes
sacrificial self-oxidation of the ligand
(72). Notably, the elusive [(cyclamaceta-
to)FeN]� cation could be trapped in the
condensed phase via matrix-isolation
techniques (73). Very recently, a FeN2�

unit with formal iron(V), stabilized by a
polydendate aminoligand, could be gener-
ated in the gas phase in a similar manner
(Scheme 2). The resulting species is able
to transfer the nitrido-nitrogen to organic
substrates such as dienes, yet it does not
react with alkanes (74). Future work in
this direction will show whether the design
of other multiply ligated systems for the
room-temperature activation of methane
can be realized successfully.

In the context of multiply ligated
metal species, we further note that with
V4O10

� the first transition-metal oxide
cluster was also found to activate meth-
ane via hydrogen-atom abstraction (75).
Most recently, H-atom abstraction from
methane has also been achieved with
the cationic aluminum-oxide clusters
Al2nO3n

� (n � 3–5) (76).

Intramolecular Kinetic Isotope Effects (KIEs)
as a Mechanistic Probe for Methane Activa-
tion. Finally, let us address the intramo-
lecular KIEs associated with the
C–H(D) bond activation of methane by
cationic metal fragments in the gas
phase; hence, KIE � kC–H/kC–D; investi-
gation of CH2D2 is most suited for this
purpose. Before a more detailed discus-
sion of the results, it is important to
point out that intramolecular KIEs pro-
vide direct mechanistic insight, whereas
intermolecular KIEs (e.g., the rate con-
stants for oxidation of CH4 and CD4,
respectively) might be affected by a
difference in collision rates, diffusion
effects, etc. (53, 77, 78). This is particu-
larly true for cases of two-state reactiv-
ity in which the cross-over between two
spin surface can be the rate-determining

step, such that the resulting intermolec-
ular KIEs may be rather low, whereas
intramolecular KIEs can still be signifi-
cant. With the increased knowledge
gathered in recent years, both experi-
mentally and theoretically, some mecha-
nistic guidelines for the interpretation of
the primary, intramolecular KIEs associ-
ated with the C–H(D) bond activation
of methane can be provided, however.

For the platinum species listed in the
left side of Table 1, the KIEs are gener-
ally quite low, which is consistent with
the view that for platinum not the acti-
vation step itself, but the release of the
products is rate-determining (5, 27, 79).
In contrast, a sizable KIE occurs in the
case of the nickel(II) f luoride cation
NiF�, which is consistent with the view
that this reaction proceeds as a �-bond
metathesis in which C–H(D) bond cleav-
age and H(D)-F bond formation con-
tribute to the rate-determining step
(40). For the metal-oxide cations (right
side of Table 1), the reaction of the
cluster cation V4O10

� proceeds as a genu-
ine H-atom abstraction (75) that is close
to the KIE of �1.3 reported for H-atom
abstraction by free OH radicals (80).
H-atom abstraction from methane by
MnO� (51) and MgO� (62) is also pro-
moted by the radical character of the
oxygen atom, although theory implies a
significant participation of the metal
and the formation of an insertion inter-
mediate (62, 81), as is reflected by the
significant KIEs. MoO3

� exhibits a KIE
of the same magnitude, thus pointing to
the operation of a similar mechanism
(60). In the case of OFeOH� (59) and
FeO� (52, 53), even larger KIEs are
observed that, at least in the latter case,
can be ascribed to the formation of an
intermediate insertion species in con-
junction with spin cross-over (81–85).

In a more general perspective, the
knowledge collected so far allows the
consideration of the experimentally
measured intramolecular KIEs associ-
ated with the activation of CH2D2 as a
mechanistic probe for the activation of
methane. Thus, KIEs 	1.5 can be attrib-
uted either to reactions in which the
initial C–H(D) bond cleavage does not
contribute to the rate-determining step
(i.e., the Pt species in Table 1) or to

N N

2+ 2+

H H2 2N N
H H2 2N NN NH H2 2

N N

-

activation

H H

N

2

3

2

2

F Fe e

N N

Scheme 2.
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very exothermic reactions that proceed
as simple H-atom abstraction (i.e.,
V4O10

� ). Medium KIEs (1.5–2.5) indicate
the occurrence of a metal-assisted
mechanism (i.e., MnO�, MgO�, and
MoO3

�), which is, however, still gov-
erned by the radical character of the
attacking oxygen atom. In contrast,
large KIEs (
2.5) are indicative of con-
certed reactions with the formation of a
covalently bound insertion intermediate
(i.e., FeO�) and/or occurrence of
�-bond metathesis (i.e., NiF�).

Conclusions
Recent research has demonstrated that
gas-phase model studies of the methane
activation by transition-metal cations are
not limited to the bare, atomic cations,
but also comprise several ligated metal
ions. These research efforts provide
valuable insight with respect to basic
research about the interplay between

theory and experiment. In this context,
the development of new mechanistic
paradigms, such as two-state reactivity
(TSR), is a particular highlight, and
TSR scenarios are meanwhile consid-
ered relevant in several areas of chemi-
cal and biological sciences far beyond
the field of gas-phase ion chemistry (50,
86). Inclusion of ligated systems does
not only extend beyond the world of
idealized ‘‘naked’’ atom chemistry (87),
they also serve as more realistic models
for active metal species capable of acti-
vating methane in the condensed phase.
In the case of platinum, for example,
the studies of the platinum-halide cat-
ions described above relate the chemis-
try observed in the gas phase with that
of the famous Shilov system (88) and
more recently proposed condensed-
phase variants for the activation of
methane (89–92), all of which involve

platinum in the oxidation states (�II)
and (�IV).

Unlike the activation of higher al-
kanes, that of methane continues to
constitute a challenge that can neither
be ‘‘planned’’ or engineered in advance.
Aspects like the preparation of the reac-
tive reagents, the control over compet-
ing pathways for C–H bond activation or
overoxidation of intermediates are only
a few of the obstacles to be coped with.
Continuous work on this topic is there-
fore not only of considerable impor-
tance with regard to future energy
resources but also a fascinating field
of chemistry in its own right.
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23. Schröder D, Eller K, Prüsse T, Schwarz H (1991) Ligand-
enhanced selectivity in the CH/CC bond activation of
ketones by iron(I) ions in the gas phase. Organometal-
lics 10:2052–2057.
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48. Schröder D, Schwarz H (2007) Intrinsic mechanisms of
oxidation reactions as revealed by gas-phase experi-
ments. Top Organomet Chem 22:1–15.
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51. Ryan MF, Fiedler A, Schröder D, Schwarz H (1995) Rad-
ical-like behavior of manganese oxide cation in its
gas-phase reactions with dihydrogen and alkanes. J Am
Chem Soc 117:2033–2040.
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