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Abstract: The closed-shell cluster ion [OSiOH]+ is generated
in the gas phase and its reactivity towards the thermal acti-
vation of CH4 has been examined using Fourier transform-
ion cyclotron resonance (FT-ICR) mass spectrometry in con-
junction with state-of-the-art quantum chemical calculations.
Quite unexpectedly at room temperature, [OSiOH]+ efficient-
ly mediates C�H bond activation, giving rise to [SiOH]+ and

[SiOCH3]+ with the concomitant formation of methanol and
water, respectively. Mechanistic aspects for this unprecedent-
ed reactivity pattern are presented, and the properties of
the [OSiOH]+/CH4 couple are compared with those of the
closed-shell systems [OCOH]+/CH4 and [MgOH]+/CH4 ; the
last two couples exhibit an entirely different reactivity sce-
nario.

Introduction

Selective activation of alkane C�H bonds constitutes a major
challenge in the syntheses of value-added products. Methane,
as the principal component of natural gas, is estimated as one
of the largest hydrocarbon resources on earth, and activation
of its thermodynamically stable and kinetically inert C�H bond
under ambient conditions to produce transportable liquids as
well as more valuable chemicals has been identified as one of
the key challenges in the context of addressing the global
energy problem.[1] Heterogeneous catalysis mediated by metal
oxides, though rather inefficient, provides means to activate
methane.[2] As demonstrated repeatedly, combined experimen-
tal/computational studies on the gas-phase reactions of metal-
oxide clusters with methane have uncovered mechanistic as-
pects and shed light on the elementary steps of catalytic pro-
cesses at a strictly molecular level, and may thus help to
design new efficient catalysts.[3]

In previous studies, different types of methane activation by
gaseous open-shell oxide cluster ions have been identified.
The first variant involves hydrogen-atom transfer (HAT) to pro-
duce [M(OH)]+ with the liberation of CH3 [Eq. (1)] .[4] Here, the
reactive species may correspond to simple diatomic oxides
[MO]+ as well as to larger cluster oxides [MxOy]

+ possessing
a higher nuclearity, and it has been shown that a high spin
density at a terminal oxygen atom is key to bring about effi-
cient HAT.[4, 5] Spin states also play a major role in the thermal

reactions of simple diatomic [MO]+ species, including, for ex-
ample, [FeO]+, [CuO]+, and [AuO]+,[6] with methane to form
CH3OH [Eq. (2)] . For a proper understanding in this case,
a two-state reactivity (TSR) scenario needs to be invoked, that
is, in thermal reactions excited spin states are involved.[7] For
those metal oxides or bare metals which, due to large relativis-
tic effects,[8] afford very strong metal–carbon bonds, a third
variant for activating methane is operative giving rise to
metal–carbene formation[9] along with the expulsion of water
[Eq. (3)] ; typical examples include [PtO]+ and [OsO2]+.[3d, 10]

½MO�þþCH4 ! ½MðOHÞ�þþCH3C ð1Þ

½MO�þþCH4 ! MþþCH3OH ð2Þ

½MO�þþCH4 ! ½MðCH2Þ�þþH2O ð3Þ

Recently, quite rare examples for the thermal reaction of
methane mediated by closed-shell oxide clusters were report-
ed. Not surprisingly, in the absence of a radical center, the acti-
vation processes followed entirely different mechanisms, which
highly depend on the composition and structural properties of
the metal clusters. For example, for the [HTiO]+/CH4 couple,
which lacks a radical site at the oxygen atom and for which
the penalty to decouple the Ti=O bond is much too high, the
system bypasses the classical HAT and prefers to engage in
a metathesis-like ligand exchange process involving the hy-
dride ligand [Eq. (4)] .[11] Also, the closed-shell cluster [TaO2]+

brings about C�H bond activation at ambient conditions
[Eq. (5)] . Here, the presence of a 5 d element causes a much
higher reactivity as compared to the lighter congeners of the
Group 5 metal dioxide cluster cations [MO2]+ (M = V, Nb); the
difference in reactivity is likely due to relativistic effects, which
favors the formation of a strong Ta�C bond.[12] Yet another ex-
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ample of methane activation by a closed-shell oxide cluster is
given in Equation (6). In contrast to the inertness of diatomic
[HfO]+ towards methane, the closed-shell, halogenated oxide
ions [XHfO]+ (X = F, Cl, Br) activate the H3C�H bond and form
the insertion products [XHf(OH)(CH3)]+. The presence of the
halogen ligand strengthens the formation of a Hf�C bond and,
at the same time, weakens the p(Hf�O) bond such that C�H
bond activation of CH4 can take place under ambient condi-
tions.[13]

½HTiO�þþCH4 ! ½ðCH3ÞTiO�þþH2 ð4Þ

½TaO2�þþCH4 ! ½TaðOHÞðOÞðCH3Þ�þ ð5Þ

½XHfO�þþCH4 ! ½XHfðOHÞðCH3Þ�þ ð6Þ

Silicon oxide constitutes an abundant substance on earth
and serves as an important catalyst support widely used in
many large-scale chemical transformations.[14] This material is
usually considered to act as a catalytically innocent linker be-
tween the active metal oxide sites and the support.[15] For ex-
ample, high catalytic activities have been observed when SiO2

is used as a support for the activation of methane, such as in
the selective oxidation of methane to formaldehyde,[16] or the
direct conversion of methane to ethylene.[17] In recent years,
the concept of catalytic functionalization of C�H bonds using
metal-free catalysts have fascinated scientists and led to impor-
tant conceptual breakthroughs with regard to various aspects
of C�H bond activation.[18] Therefore, probing the reactivity of
silicon oxide clusters may not only deepen the mechanistic un-
derstanding of C�H bond activation by silica-supported sys-
tems, but may also shed light on the active site of a metal-free
catalyst. Here, we report our combined experimental/computa-
tional findings on the gas-phase reactivity of the silicon oxide
cluster [OSiOH]+ towards CH4, and a detailed comparison with
the closed-shell systems [OCOH]+/CH4 and [MgOH]+/CH4 is
made.

Results and Discussion

The cluster ion [OSiOH]+ (m/z : 61) was generated in the reac-
tion of [SiO2]+· with water ; see the Experimental and Computa-
tional Details section for further information. The Fourier trans-
form-ion cyclotron resonance (FT-ICR) mass spectra of the reac-
tions of mass-selected, thermalized [OSiOH]+ ions with meth-
ane are reproduced in Figure 1; the reactivity of [OSiOH]+

toward inert argon as well as background impurities have
been included as a reference spectrum (Figure 1 a). When
[OSiOH]+ is exposed to methane (Figure 1 b), two ionic prod-
ucts, [SiOH]+ (m/z : 45) and [SiOCH3]+ (m/z : 59) are formed with
a branching ratio of 35 and 65 %, Eqs. (7) and (8), respectively.
The rate constant k([OSiOH]+/CH4) is determined to be 1.64 �
10�10 cm3 s�1 molecule�1, corresponding to an efficiency of
22 %, relative to the collision rate.[19] Mechanistic insights are
provided by labeling experiments: reacting [OSiOH]+ with CD4

gives rise to the corresponding deuterated [SiOD]+ and
[SiOCD3]+ ions; quite unexpectedly, [SiOH]+ and sparse

amounts of [SiOCHD2]+ are also observed. The ions
[SiOH]+:[SiOD]+ are generated in a ratio of 1:1.8, while in the
reaction with CH2D2, this ratio amounts to 4.2:1. We have also
reacted [OSiOD]+ with CH4 (Figure 1 e); here, the ratio
[SiOH]+:[SiOD]+ amounts to 2.2:1. An interpretation of these
branching ratios will be given below together with the analysis
of the theoretical results. In the reactions of [OSiOH]+ with CH4

and CD4, no intermolecular kinetic isotope effect (KIE) could be
identified, that is, the intermolecular KIE is approximated to 1.0
within the error bars of the experiment.[20]

½OSiOH�þþCH4 ! ½SiOCH3�þþH2O DHr ¼ �118 kJ mol�1 ð7Þ

½OSiOH�þþCH4 ! ½SiOH�þþCH3OH DHr ¼ �69 kJ mol�1 ð8Þ

Mechanistic insight into the details of the methane activa-
tion step by [OSiOH]+ has been derived from high-level quan-
tum chemical calculations. The most favorable pathways for
the reactions of the [OSiOH]+/CH4 couple were located on the
singlet potential energy surface (PES) as shown in Figure 2. An
encounter complex 1 is initially formed from the reactants ; this
barrier-free step is exothermic by 104 kJ mol�1, thus indicating
a rather strong interaction between the positively charged sili-
con atom and methane (the charge on the silicon atom of
[OSiOH]+ amounts to 2.5 je j based on a natural bond orbital
(NBO) analysis). Subsequently, one C�H bond of the incoming
hydrocarbon substrate is activated and a hydrogen atom is
transferred to the oxo-group of [OSiOH]+ via transition state
TS1/2 to form the rather stable silyl cation 2. In the latter, the
positive charge at the silicon atom amounts to 2.41 je j , and
the formations of strong Si�C and O�H bonds account for the
high stability of 2 ; the calculated homolytic Si�C bond energy
in 2 is 428 kJ mol�1, close to the reported value of silicon car-
bide.[21] Next, rather than homolytically splitting the Si�C bond
of 2, the methyl group can migrate via TS2/3 to one of the hy-

Figure 1. Mass spectra showing the room-temperature reactivity of [OSiOH]+

with a) Ar, b) CH4, c) CD4, and d) CH2D2 at a pressure of 1.0 � 10�9 mbar and
reaction delay of 15 s; and e) the reactivity of [OSiOD]+ with CH4 at a pres-
sure of 2.0 � 10�9 mbar and reaction delay of 3 s. The signals labeled as B
and J are due to the reaction with background impurities, and the signal A
in e) is due to an H/D exchange between [OSiOD]+and background water.
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droxide ligands, thus forming complex 3. This intermediate
then serves as a branching point to liberate either CH3OH with
the formation of [SiOH]+ or to bring about H2O loss accompa-
nied by the generation of [SiOCH3]+. For the latter route, com-
plex 3 first isomerizes to intermediate 4 via TS3/4. As this step
and the elimination of H2O to produce [SiOCH3]+ are much less
energy-demanding than the formation of [SiOH]+ and CH3OH,
a higher branching ratio in favor of [SiOCH3]+ is expected, in
line with the experimental findings. In the overall activation of
CH4 by [OSiOH]+, the energetically most demanding steps cor-
respond to the transition states TS1/2 and TS2/3 ; however, as
both are located approximately 60 kJ mol�1 below the entrance
channel, in line with the experimental results, facile activation
of CH4 can occur under ambient conditions.

For the formation of [SiOH]+ and, in particular, the genera-
tion of [SiOH]+ and [SiOD]+ from the [OSiOH]+/CD4 couple (Fig-
ure 1 c), the PES analysis is quite instructive. Since the rotation
around the Si�O bond in 2 is energetically extremely favorable,
the two hydroxide ligands become constitutionally equivalent
(as shown for 2 QTS2/2’Q2’). Thus, the formations of [SiOH]+

and [SiOD]+ from [OSiOH]+/CD4 are expected to occur because
the rebound of the CD3 group can involve either the -OH or
the -OD unit. However, in the absence of a significant secon-
dary KIE, which can only be expected when the hybridization
in the reaction center is changed in the TS compared to the
adduct[22] (and this is not the case for reaction step 2!3), the
experimentally observed ratio [SiOH]+:[SiOD]+ of 1:1.8 is not
compatible with this reasoning since a 1:1 ratio is expected
under the assumptions that 1) both hydroxy groups are indis-
tinguishable, 2) the intramolecular energy redistribution of the
rovibrationally hot intermediates 2 and 3 is complete (ergodic
behavior[23]), and 3) dynamic effects do not matter.[24] Thus,
other processes must be taken into account that explain the
preferred formation of [SiOD]+ from the [OSiOH]+/CD4 couple.
Since the barrier TS1/2 is lower than TS2/3,[25] an H/D scram-
bling process along 1Q2 is possible. As a consequence, the H/
D exchange of the deuterated methyl group with the hydrox-

ide ligand OH in [(OH)Si(CD3)(OD)]+ leads to the formation of
the complex [(OD)Si(CD2H)(OD)]+; thus, more [SiOD]+ is formed
under the liberation of CD2HOD. The existence of an H/D ex-
change is indeed confirmed also in the reaction of the
[OSiOD]+/CH4 couple (Figure 1 e). After hydrogen abstraction
by the oxo group of [OSiOD]+ forming the complex [(OH)Si(-
CH3)(OD)]+, H/D exchange gives rise to the complex [(OH)-
Si(CH2D)(OH)]+; as a consequence, more [SiOH]+ is formed
along with the liberation of CH2DOH. The fact that an H/D ex-
change through 2Q3 occurs is further substantiated by the
signals for [SiOCHD2]+ and [SiOCH2D]+ in Figures 1 c and 1 e, re-
spectively. However, the intensity of these two signals is rather
small compared to the signals for the generation of [SiOCD3]+

and [SiOCH3]+from [OSiOH]+/CD4 and [OSiOD]+/CH4, respective-
ly. As a consequence, the H/D exchange alone is not likely to
explain the [SiOH]+/[SiOD]+ ratios given in Figures 1 c, d, and e.
It is possible to speculate that the rovibrationally active TS1/2
and TS2/3 are also subject to dynamic effects as indicated by
the vectors for the movement of the incipient methyl group in
each case (Scheme 1). Accordingly, we expect the production
of more [SiOD]+ and [SiOH]+ from [OSiOH]+/CD4 and [OSiOD]+/
CH4 couple, respectively, in line with the experimental findings.
Clearly, a much more detailed analysis would be required to
describe the branching ratios in a quantitative manner. Howev-
er, this is beyond our present capabilities.

To achieve a more thorough understanding of the reactivity
of [OSiOH]+ towards CH4, we have also investigated the related
open-shell system [SiO2]+/CH4. Whereas [SiO2]+ reacts with H2O
to generate [SiO2H]+, it is not capable to bring about C�H
bond activation of methane. The difference in reactivity, favor-
ing activation of the strong O�H bond of water, can be as-
cribed to different reaction mechanisms, as reported previous-
ly.[26] The inertness of [SiO2]+ towards CH4 can be well ex-
plained by quantum chemical calculations (Figure 3). Instead
of having a terminal oxyl radical, possessing a high spin densi-
ty, the most stable structure of [SiO2]+ in its doublet ground
state corresponds to a superoxide configuration, in which the
two oxygen atoms are bridged by a cationic silicon atom. The

Figure 2. PES and selected structural information of the associated species
for the reaction of singlet [OSiOH]+ with CH4 at the CCSD(T)/C//BMK/B level
of theory. Zero-point corrected relative energies are given in kJ mol�1 and
bond lengths in �; charges are omitted for the sake of clarity.

Scheme 1. Dynamic effects indicated by the vectors for the movement of
the incipient methyl group in TS1/2 and TS2/3.
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O�O bond length of [SiO2]+ amounts to 1.34 � and is thus sim-
ilar to that of free O2

� (1.33 �);[27] the spin is evenly distributed
over the two oxygen atoms (0.53 for each). This structure is
about 18 kJ mol�1 lower in energy than the linear [OSiO]+

isomer. Furthermore, only Si+ (m/z :28) is observed in a collision-
al activation experiment of [SiO2]+, supporting the presence of
an O�O bond in this cluster. According to the PES shown in
Figure 3, due to an intact O�O bond and lacking an oxygen-
centered radical, the reaction with methane is kinetically hin-
dered by a barrier of 28 kJ mol�1 relative to the entrance chan-
nel, and therefore not accessible at ambient conditions. Re-
garding the previously studied [SiO]+/CH4 couple,[28] in this
system the spin density is exclusively located at the oxygen
atom, thus representing a ‘prepared’ state.[5d] Consequently,
[SiO]+ brings about efficient activation of methane at room
temperature. However, in contrast to the closed-shell couple
[OSiOH]+/CH4, which gives rise to the generation of closed-
shell molecules, for example, CH3OH and H2O, a CH3-radical is
generated in the open-shell system [SiO]+/CH4. Evidently, the
chemoselectivity of methane activation can be controlled by
switching between open- and closed-shell oxide cluster ions.

A comparison of [OSiOH]+ with other closed-shell species is
also instructive as this may address the question, what are the
prominent features of [OSiOH]+ that cause its quite distinctive
reactivity towards methane? Thus, in order to obtain further
insight into the C�H bond activation by closed-shell clusters,
we have also computationally addressed the reactivity of
[OCOH]+ and [MgOH]+ towards CH4. The latter is closely relat-
ed to the open-shell cluster [MgO]+·, which has been extensive-
ly studied both in the condensed and in the gas phase for
methane activation.[29]

Regarding the [OCOH]+/CH4 couple, according to the calcu-
lations, only the generation of [CH3CO]+ upon water elimina-
tion is exothermic (Figure 4). However, in contrast to the
[OSiOH]+/CH4 system, in which CH4 is strongly bound to the sil-
icon atom in the encounter complex 1, the PES of [OCOH]+/

CH4 reveals that the energy gained in generating an encounter
complex 7 amounts to only 11 kJ mol�1; this is not sufficient to
energetically pull down transition state TS7/8 below the en-
trance channel. Based on an NBO analysis, the charge on the
carbon atom of [OCOH]+ amounts to 1.2 je j , which is much
less than that of the silicon atom in [OSiOH]+ (2.5 je j), that is,
in the silicon system, the higher Lewis acidity results in a much
stronger interaction of the oxide cluster ion with the incoming
hydrocarbon substrate. Moreover, the absolute HAT barrier
height for the cleavage of the strong C=O bond in [OCOH]+

(TS7/8, 81 kJ mol�1) is much higher when compared to that of
TS1/2 (42 kJ mol�1). Thus, while the production of [CH3CO]+/
H2O is exothermic, the reaction is kinetically hindered, and, in
line with the experimental findings, does not take place. An-
other pathway for the reaction of [OCOH]+ with CH4 corre-
sponds to the well-known proton transfer to form [CH5]+; this
process is exothermic by 2 kJ mol�1, in line with the experimen-
tal data of the proton affinities (PA(CH4) = 543.5 kJ mol�1 and
PA(CO2) = 540.5 kJ mol�1).[30]

The reaction of [MgOH]+ with CH4 is shown in Figure 5. For
the singlet PES, it commences by forming stable encounter
complex 13, in which CH4 is coordinated at a vacant site of the
Mg atom of [MgOH]+. Although this interaction is quite strong
(93 kJ mol�1), the subsequent intra-complex H transfer from
CH4 to the oxygen atom of the hydroxyl group of [MgOH]+ en-
counters a significant kinetic barrier, which amounts to
27 kJ mol�1 relative to the reactants, and can therefore not be
surmounted under ambient conditions. Furthermore, a compar-
ison of the absolute barriers for H transfer from CH4 to the hy-
droxo groups of [MgOH]+ and [OSiOH]+, reveals that this step
is more energy demanding for the former system (i.e. ,
120 kJ mol�1 for [MgOH]+/CH4 versus 88 kJ mol�1 for [OSiOH]+/

Figure 3. PES and key ground-state structures involved in the reactions of
doublet [SiO2]+ with CH4 at the CCSD(T)/C//BMK/B level of theory. Zero-point
corrected relative energies are given in kJ mol�1 and bond lengths in �;
charges are omitted for the sake of clarity.

Figure 4. PES and selected structural information of the associated species
for the reactions of singlet [OCOH]+ with CH4 at the CCSD(T)/C//BMK/B level
of theory. Zero-point corrected relative energies are given in kJ mol�1 and
bond lengths in �; charges are omitted for the sake of clarity. Note that the
energy of intermediate 11 is a little higher than the transition state TS11/12
due to zero-point energy correction.

Chem. Eur. J. 2016, 22, 1 – 8 www.chemeurj.org � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4&&

�� These are not the final page numbers!

Full Paper

http://www.chemeurj.org


CH4). Moreover, whereas the silyl cation intermediate [(OH)Si(-
CH3)(OH)]+ (2, Figure 2) is much lower in energy compared to
the encounter complex [(OH)Si(CH4)(O)]+ (1), the isomers 13
and 14 (Figure 5) are almost of equal energy. The reason for
this is that the processes for bond breaking and bond making
of the steps 1!2 and 13!14 (Figures 2 and 5, respectively)
are much more favorable for the silicon system compared to
the magnesium species. Thus, according to the calculations,
the newly formed Si�C bond is much stronger than the Mg�C
bond (428 kJ mol�1 compared to 232 kJ mol�1, respectively).
Whereas the hydrogen transfer in the [OSiOH]+/CH4 system in-
volves the cleavage of a relatively weak Si=O p-bond, a quite
substantial effort is required for weakening of the Mg�O bond
in the [MgOH]+/CH4 couple (the Si�O bond lengths amount to
1.49 � and 1.57 � in intermediates 1 and 2, respectively,
Figure 2. Also, the Mg�O bond is elongated from 1.71 � in 13
to 2.00 � in 14, Figure 5). Furthermore, the H transfer from
methane to the hydroxo ligand of [OSiOH]+ is 46 kJ mol�1 less
favorable than the H transfer to the oxo group of this cluster;
this option does not exist for [MgOH]+.

Conclusion

In summary, our experimental and theoretical studies demon-
strate that the closed-shell cluster ion [OSiOH]+ efficiently acti-
vates methane, giving rise to [SiOH]+ and [SiOCH3]+ upon elim-
ination of the neutral closed-shell products CH3OH and H2O, re-
spectively. By comparing the [OSiOH]+/CH4 couple with those
of the closed-shell systems [OCOH]+/CH4 and [MgOH]+/CH4,
the capability of [OSiOH]+ to thermally activate methane can
be traced back to the higher Lewis acidity of the silicon atom
in [OSiOH]+ versus that of the carbon atom in [OCOH]+, result-
ing in a stronger interaction with methane that favors hydro-
gen-atom transfer to the oxo group. The absolute barrier of
this step further benefits from the cleavage of the relatively
weak Si=O bond, whereas the weakening of the strong ionic

Mg�OH interaction disfavors the H transfer to the OH group in
the [MgOH]+/CH4 system.

To the best of our knowledge, this is the first example of
a hydrogen-atom transfer in a closed-shell, metal-free cluster.
These results not only deepen our mechanistic understanding
of C�H bond activation, but may also shed light on the role of
silicon oxide surfaces in heterogeneous catalysis, underlining
its potential as a possible metal-free catalyst.

Experimental and Computational Details

The experiments were carried out using a Spectrospin-CMS-47X
Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrom-
eter as described elsewhere.[31] In brief, [SiO2]+ cations were gener-
ated by laser ablation of a rotating silicon plate using a Nd:YAG
laser (l= 1064 nm) in the presence of about 1 % O2 seeded in
helium carrier gas. The [SiO2]+ ions were transferred from the exter-
nal ion source into the cylindrical ICR cell, which is positioned in
a superconducting magnet field (7.05 T), by using a system of elec-
trostatic potentials and lenses. [OSiOH]+ was generated by the re-
action of [SiO2]+ with background water in the ICR cell. Thermaliza-
tion of the ions of interest has been achieved by collisions with re-
peatedly pulsed-in argon. Collisional activation experiments[32]

were performed for structural investigations through the introduc-
tion of argon into the ICR cell for collisions with the ions of inter-
est.

The theoretical work was performed using the Gaussian 09 pro-
gram.[33] The BMK (Boese-Martin for kinetics) density functional[34]

in conjunction with a 6-31+G(2df,p) basis set (BMK/B) were applied
to optimize the structures of stationary points along the reaction
coordinates; this level of theory has previously been proven to be
able to reproduce experimental results for C�H bond activation
processes with rather small error bars;[35] the single-point energies
of optimized structures have been recalculated by using CCSD(T)[36]

with the aug-cc-pVTZ basis set (CCSD(T)/C). Stationary points were
optimized without symmetry constraint, and their nature con-
firmed by vibrational frequency analysis. Intrinsic reaction coordi-
nate[37] calculations were performed to link transition structures
with the respective intermediates. Unscaled vibrational frequencies
were used to correct the relative energies for zero-point energy
(ZPE) contributions. All the optimized Cartesian coordinates as well
as computed total energies and ZPE energies have been given in
the supporting information.
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Efficient Room-Temperature Methane
Activation by the Closed-Shell, Metal-
Free Cluster [OSiOH]+: A Novel
Mechanistic Variant

The closed-shell cluster ion [OSiOH]+

can efficiently mediate C�H bond acti-
vation at room temperature, giving rise
to [SiOH]+ and [SiOCH3]+ under the

concomitant formation of methanol and
water, respectively. Mechanistic aspects
for this unprecedented reactivity pat-
tern are presented.
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