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Abstract: The reactivity of the heteronuclear oxide cluster
[Ga2Mg2O5]C

+, bearing an unpaired electron at a bridging
oxygen atom (ObC

�), towards methane and ethane has been
studied using Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR-MS). Hydrogen-atom transfer (HAT)
from both methane and ethane to the cluster ion is identified
experimentally. The reaction mechanisms of these reactions are
elucidated by state-of-the-art quantum chemical calculations.
The roles of spin density and charge distributions in HAT
processes, as revealed by theory, not only deepen our
mechanistic understanding of C�H bond activation but also
provide important guidance for the rational design of catalysts
by pointing to the particular role of doping effects.

C�H bond activation of methane under ambient conditions
continues to attract much attention,[1] not only because of the
great economic interest, but also due to the inherent scientific
challenges associated with this seemingly trivial transforma-
tion.[1e, 2] Well-designed, state-of-the-art mass spectrometry
(MS) experiments in conjunction with quantum chemical
(QC) calculations have permitted the identification of the
elementary steps of methane activation at a strictly molecular
level and, thus, provided mechanistic insights, which are
a prerequisite for the rational design of low-molecular-weight
catalysts.[1a–d]

Spin density plays a crucial role in the hydrogen-atom
transfer (HAT) from methane to cluster oxides.[3] In partic-

ular, metal oxides (MOs) possessing a terminal oxygen-
centered radical (OtC

�) are capable of activating even
methane, the least reactive hydrocarbon.[4] In contrast, MOs
containing a bridging oxygen-centered radical (ObC

�) have
been found to be much less reactive; here, HAT takes place
only in reactions with more reactive alkanes.[3a,4h, 5] Further,
the local charge distribution around the OC� centers also
influences the kinetic features of HAT.[4i,6] In addition, the
HAT activation barrier correlates with the reorganization
energies of the reactants required to accept and donate the
hydrogen atom.[3b, 6c,7]

Magnesium oxide exhibits relatively good reactivity
toward methane,[8] and magnesium oxide species have
served in gas-phase experiments as model systems for
methane activation. For example, diatomic [MgO]C+ activates
methane under thermal conditions in the gas phase,[9] while
[Mg2O2]C

+, as the most simple homonuclear cluster unit of
[MgO]C+,[9, 10] exhibits a much lower reactivity and is only
reactive towards propane and higher alkanes.[8b, 9,11] Further, it
has been found that the reactivity of magnesium oxides, or of
zeolites, can be enhanced upon doping with other met-
als.[6a, 11, 12] Despite extensive mechanistic studies and a good
understanding of some aspects,[8b, 9, 11, 13] controversies still
exist.[14] Herein we report our combined experimental/com-
putational findings on the reactivity of the heteronuclear
[Ga2Mg2O5]C

+ cluster toward methane and ethane in gas phase
(see the Supporting Information for details of the exper-
imental and computational methods).

The FT-ICR mass spectra in Figure 1 show the reactions
of mass-selected, thermalized [Ga2Mg2O5]C

+ ions (m/z = 268,
see Supporting Information for details) with isotopomers of
methane and ethane; spectra of the reactions with back-
ground impurities as well as with helium as an inert substrate
have also been recorded as reference spectra. As observed in
Figure 1a, the HAT product ion [Ga2Mg2O5H]+ is generated
even when only He is introduced into the ICR cell. This
reveals that [Ga2Mg2O5]C

+ reacts via HAT with impurities like
water and hydrocarbon residues present in the ICR cell.
However, HAT from ethane (Reaction (1)) can clearly be

½Ga2Mg2O5�Cþ þ C2H6 ! ½Ga2Mg2O5H�þ þ C2H5 C

DHr ¼ �115:8 kJ mol�1
ð1Þ

identified when comparing the spectra in Figures 1a,b: the
intensity of the product ion [Ga2Mg2O5H]+ is much higher
when ethane is leaked into the ICR cell (Figure 1b) instead of
only He (Figure 1a) with the same pressures applied. By

[*] Dr. J. Li, Dr. X.-N. Wu, Dr. M. Schlangen, Dr. S. Zhou,
Dr. P. Gonz�lez-Navarrete, Dr. S. Tang, Prof. Dr. H. Schwarz
Institut f�r Chemie, Technische Universit�t Berlin
Strasse des 17. Juni 135, 10623 Berlin (Germany)
E-mail: Helmut.Schwarz@tu-berlin.de

Dr. J. Li
State Key Laboratory of Theoretical and Computational Chemistry
Institute of Theoretical Chemistry, Jilin University
Changchun 130023 (P.R. China)

[**] This research was sponsored by the Deutsche Forschungsgemein-
schaft (DFG), in particular the Cluster of Excellence “Unifying
Concepts in Catalysis” (coordinated by the Technische Universit�t
Berlin and funded by the DFG), and the Fonds der Chemischen
Industrie. Dr. J. Li. is grateful to “Unicat” for a postdoctoral
fellowship. Dr. X.-N. Wu and Dr. P. Gonz�lez-Navarrete appreciate
support from the Alexander von Humboldt Foundation in the form
of postdoctoral research fellowships. We are grateful for helpful
discussions with Dr. N. Rijs, Dr. R. Kretschmer, and Dr. T. Weiske.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201412441.

.Angewandte
Communications

5074 � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 5074 –5078

http://dx.doi.org/10.1002/ange.201412441
http://dx.doi.org/10.1002/anie.201412441
http://dx.doi.org/10.1002/anie.201412441


subtracting the portion of the reactions with the background
from the overall intensity of the product ion [Ga2Mg2O5H]+,
the rate constant k([Ga2Mg2O5]C

+/C2H6) is estimated to be
1.7 � 10�10 cm3 molecule�1 s�1, corresponding to a collision
efficiency of 18 %. The intramolecular kinetic isotope effect
(KIE) derived from the [Ga2Mg2O5]C

+/CH3CD3 system (Fig-
ure 1c) amounts to 1.5.

Regarding the activity of [Ga2Mg2O5]C
+ towards methane,

the background reactions make the evaluation of the data
more difficult. Thus, when [Ga2Mg2O5]C

+ ions are trapped for
10 s in the ICR cell without introducing a substrate (at
a background pressure of 1.5 � 10�9 mbar), [Ga2Mg2O5H]+

ions are observed (Figure 1e) resulting from reactions with
impurities. Repeating this experiment on another day shows
that the degree of background reactions is subject to large
day-to-day fluctuations. When [Ga2Mg2O5]C

+ ions are exposed
to CH4 introduced into the reaction cell at a stationary
pressure of 1.0 � 10�7 mbar (Figure 1 f), the intensity of
[Ga2Mg2O5H]+ is almost the same as in Figure 1e. Thus,
HAT from methane cannot be identified unequivocally from
this experiment. However, HAT from methane is clearly
demonstrated in labeling experiments (Figure 1g):
[Ga2Mg2O5D]+ ions are generated which originate from the

reaction of [Ga2Mg2O5]C
+ with CD4 under the elimination of

CD3C (Reaction (2)); the composition of [Ga2Mg2O5D]+ has
been confirmed in high-resolution measurements. Taking only
the intensity of [Ga2Mg2O5D]+ into account and neglecting
the formation of [Ga2Mg2O5H]+ from background reactions,
the rate coefficient for Reaction (2) is estimated to be 4.0 �
10�13 cm3 molecule�1 s�1; this corresponds to a collision effi-
ciency (f) of 0.4%.

½Ga2Mg2O5�Cþ þ CD4 ! ½Ga2Mg2O5D�þ þ CD3 C

DHr ¼ �88:7 kJ mol�1
ð2Þ

To obtain mechanistic insights in the [Ga2Mg2O5]C
+

mediated HAT from methane and ethane, QC calculations
were carried out;[15] the corresponding potential energy
surfaces (PESs) of these reactions are shown in Figure 2.
The most stable structure of [Ga2Mg2O5]C

+ corresponds to
a quasi-planar structure with the spin density unevenly
distributed over the bridging oxygen atoms of the [Mg-
(m-O)2Mg] moiety (Figure S1 and Figure 2, R). In the reaction
of [Ga2Mg2O5]C

+ with C2H6, an encounter complex (EC) 1a is
formed initially from the reactants (R and C2H6); this step is
exothermic by �57 kJmol�1. Subsequently, one C�H bond is

Figure 1. Mass spectra showing the reactivity of [Ga2Mg2O5]C
+ with a) He, b) C2H6, c) CH3CD3, and d) C2D6, respectively, at a pressure of

3.0 � 10�8 mbar and a reaction delay of 5 s, and with e) background air, f) CH4, and g) CD4 at pressures of 1.5 � 10�9, 1.0� 10�7, and
2.0 � 10�7 mbar, respectively; reaction delays of 10, 10, and 20 s, respectively. The relative intensities of the reactant ion [Ga2Mg2O5]C

+ as well as
the product ions [Ga2Mg2O5H]+ and [Ga2Mg2O5D]+ in the reaction with CD4 as a function of the time are shown in (h). The signal [Ga2Mg2O5H]+

is caused by HAT from the substrate and/or from background impurities such as H2O. See text for details.
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activated and the corresponding hydrogen atom is transfered
to the ObC

� unit of R via transition state TSa which is
�35 kJmol�1 lower in energy than the separated reactants.
This HAT process results in the formation of the association
product 2a (�139 kJmol�1), in which the ethyl radical is
loosely coordinated to the cluster via the H atom of the newly
formed OH group. Finally, the hydroxide product ion P is
generated under evaporation of an ethyl radical. As shown in
Figure 2, the rate-determining step corresponds to transition
state TSa which is accessible under thermal conditions, in line
with the experimental results.

As expected, and also in line with the experiments, the
same mechanism as that for the reaction of [Ga2Mg2O5]C

+ and
C2H6 has also been identified for the reaction of [Ga2Mg2O5]C

+

with CH4. As shown in Figure 2, the corresponding rate-
determining transition state TSb is �5 kJmol�1 lower in
energy than the reactants, thus indicating that this reaction is
also accessible under thermal conditions. However, as the
relative energy of HAT via TSb is 30 kJ mol�1 higher than that
via TSa, the experimentally observed reaction efficiency of
HAT from methane (Reaction (2)) is much lower than HAT
from ethane (Reaction (1)).

In order to gain insight into the doping effect
of the Ga2O3 unit, the reaction mechanisms of
the related [Mg2O2]C

+/CH4 and [Mg2O2]C
+/C2H6

systems were also studied computationally for
comparison.[8b] While the overall mechanisms of
the HAT reactions of the homonuclear magne-
sium oxide (Figure S2) corresponds to that
calculated for the mixed oxide as described
above, much higher barriers are encountered
for the homonuclear magnesium oxides: HATs
from methane and ethane are hampered by
kinetic barriers of 21 kJ mol�1 and 9 kJmol�1,
respectively, relative to the separated reactants
[Mg2O2]C

+/CH4 and [Mg2O2]C
+/C2H6. Further, the

reaction is about 40 kJmol�1 less exothermic for
the [Mg2O2]C

+/CnH2n+2 systems compared to the
[Ga2Mg2O5]C

+/CnH2n+2 reactant pairs (n = 1,2),
respectively.

Regarding the structural features of the
reaction intermediates, distinct differences are
also observed for the [Mg2O2]C

+/CH4 and
[Ga2Mg2O5]C

+/CH4 systems. For example, in the
reaction of [Mg2O2]C

+ with CH4 on going from the
reactants to the HAT transition state, the two
Mg�ObC

� bonds at the reactive site of the cluster
and the C�H bond of methane increase from 1.85 � to 1.96 �
and from 1.10 � to 1.20 �, respectively; the O�H bond length
in the transition structure amounts to 1.38 �. In sharp
contrast, in the [Ga2Mg2O5]C

+/CH4 system the two Mg�ObC
�

bonds at the reactive site remain almost intact (1.94 � to
1.93 �), the C�H bond in transition structure TSb is
elongated by only 0.04 � compared to free methane, and
the O�H bond with 1.59 � is much longer than the O�H bond
of the [Mg2O2]C

+/CH4 system (Table 1). Thus, the transition
states of the [Ga2Mg2O5]C

+/CH4 and [Mg2O2]C
+/CH4 systems

correspond to early and late transition structures, respec-
tively.[16] Moreover, the addition of the [Ga2O3] motif to
[Mg2O2]C

+ in the [Ga2Mg2O5]C
+ cluster results in longer Mg�

ObC
� bond lengths (Table 1) with correspondingly lower force

constants. Thus, the calculated frequencies of the Mg�ObC
�

stretching modes are nsym(Mg-ObC
�) = 340 cm�1 for [Mg2O2]C

+

and nsym(MgObC
�) = 271 cm�1 for [Ga2Mg2O5]C

+, respectively,
indicating that the reorganization energy for the
[Ga2Mg2O5]C

+/CH4 system is lower than that required for
[Mg2O2]C

+/CH4.
[3a, 6c] Accordingly, the barrier for the self-

exchange reaction is lower for [Ga2Mg2O5]C
+/[Ga2Mg2O5H]+

than for the [Mg2O2]C
+/[Mg2O2H]+ system, due to smaller

Figure 2. The potential energy surfaces (kJmol�1) and key ground-state structures
involved in the reactions of the reactant [Ga2Mg2O5]C

+ with methane and ethane at the
G4MP2-6X level of theory. The inset shows the ground-state structure of [Ga2Mg2O5]C

+

(Cs symmetry). The blue isosurface indicates the AIM-calculated spin density distribu-
tion.

Table 1: Geometric parameters of stationary points in the reactions of [Mg2O2]C
+ and [Ga2Mg2O5]C

+ with methane calculated at the
BMK/6-31+G(2df,p) level of theory. Bond length, [�]; angle, [8] .

[Mg2O2]C
+ [Ga2Mg2O5]C

+

RMg-O RO-H RC-H RMg-Mg RO-O ]O-H-C RMg-O RO-H RC-H RMg-Mg RO-O ]O-H-C

R + CH4 1.85 – 1.10 2.75 2.48 – 1.93 – 1.10 3.13 2.4 –
1b 1.86 3.36 1.11 2.76 2.48 109.40 1.94 2.96 1.10 3.17 2.4 109.3
TSb 1.96 1.38 1.20 2.64 2.63 178.10 1.93 1.59 1.14 3.03 2.5 177.3
2b 1.93 0.97 2.18 2.56 2.72 173.89 1.93 0.97 2.18 2.88 2.6 171.7
P + CH3 1.94 0.96 – 2.58 2.71 – 1.93 0.96 – 2.90 2.6 –
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structural changes and smaller force constants in the former
system (Figure S3).

A Bader population analysis[17] has also been performed
to provide even deeper insight. The AIM (Atoms in
Molecules) charge of both bridging oxygen atoms is
�1.279e for the homonuclear magnesium oxide [Mg2O2]C

+,
whereas the charge of the ObC

� unit that constitutes the
reactive site in [Ga2Mg2O5]C

+ amounts to only �0.941e
(Table S1). Moreover, the spin density in [Mg2O2]C

+ is
delocalized and amounts to 0.517e on each O atom. In
contrast, for [Ga2Mg2O5]C

+, this value increases up to 0.896e
on ObC at the active site, while the spin density at the oxygen
atom in the center of [Ga2Mg2O5]C

+ is reduced to 0.092e. Thus,
the [Ga2O3] fragment affects both the charge and the spin
distribution of the reactive [Mg(m-ObC)Mg] unit: as noted
earlier,[4i, 6a] increasing spin density and decreasing charge on
ObC

� favorably affect a reactive species, with the consequence
that even methane can be activated. These effects are nicely
demonstrated in a comparison of the spin and charge
distributions at the oxygen atoms that constitute the active
sites of the four oxides [MgO]C+,[9] [Mg2O2]C

+,[8b] [Ga2Mg2O5]C
+,

and the recently studied homonuclear cluster [La10O15]C
+;[18]

with the exception of [Mg2O2]C
+, the three other oxides are—

with different efficiencies—capable of HAT from methane at
ambient conditions. The rate constants amount to 3.9 �
10�10 cm3 molecule�1 s�1 for [MgO]C+ bearing an unpaired
electron at a terminal oxygen atom (OtC

�), and to 4.0 � 10�13

and 1.0 � 10�12 cm3 molecule�1 s�1 for [Ga2Mg2O5]C
+ and

[La10O15]C
+, respectively, bearing higher spin densities at

bridging oxygen atoms. As shown in Figure 3a, the highest
spin density, close to 1, is located at the terminal oxygen of
[MgO]C+, whereas the lowest value of around 0.5 has been
found at the bridging oxygen atoms in [Mg2O2]C

+. Also
[Ga2Mg2O5]C

+ and [La10O15]C
+ exhibit spin density only at

bridging instead of terminal oxygen atoms; however, the spin
density at one of these bridging oxygen atoms is much higher
than that calculated for [Mg2O2]C

+ and reaches almost the spin
density obtained for the OtC

� in [MgO]C+. Since the spin
density and the local charge at the oxygen atom are not
independent,[1c] the same holds true for the charge distribu-
tion: as shown in Figure 3b, a less negative charge on the
reactive oxygen atom is beneficial for HAT reactions.

In summary, this study shows that a bridging oxygen atom
bearing an unpaired electron (ObC

�) as in [Ga2Mg2O5]C
+

corresponds to the reactive site for the C�H bond activation
of methane and ethane. Insights from QC calculations not
only deepen our understanding of C�H bond activation but
also provide important guidance for the rational design of
catalysts. To the best of our knowledge, hydrogen atom
abstraction from CH4 by [Ga2Mg2O5]C

+ constitutes the first
example of the thermal activation of methane by a bridging-
oxygen-bonded (ObC

�) binary element oxide cluster. The
increased reactivity is due to a doping effect of the Ga2O3 unit
on the otherwise inert cluster [Mg2O2]C

+.

Keywords: C�H activation · computational chemistry ·
gas-phase reactions · mass spectrometry · radicals
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