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ABSTRACT: The reactivity of the homo- and heteronuclear
oxide clusters [XYO2]

+ (X, Y = Al, Si, Mg) toward methane was
studied using Fourier transform ion cyclotron resonance mass
spectrometry, in conjunction with high-level quantum mechan-
ical calculations. The most reactive cluster by both experiment
and theory is [Al2O2]

•+. In its favorable pathway, this cluster
abstracts a hydrogen atom by means of proton-coupled electron
transfer (PCET) instead of following the conventional hydro-
gen-atom transfer (HAT) route. This mechanistic choice
originates in the strong Lewis acidity of the aluminum site of
[Al2O2]

•+, which cleaves the C−H bond heterolytically to form
an Al−CH3 entity, while the proton is transferred to the
bridging oxygen atom of the cluster ion. In addition, a
comparison of the reactivity of heteronuclear and homonuclear oxide clusters [XYO2]

+ (X, Y = Al, Si, Mg) reveals a striking
doping effect by aluminum. Thus, the vacant s−p hybrid orbital on Al acts as an acceptor of the electron pair from methyl anion
(CH3

−) and is therefore eminently important for bringing about thermal methane activation by PCET. For the Al-doped cluster
ions, the spin density at an oxygen atom, which is crucial for the HAT mechanism, acts here as a spectator during the course of
the PCET mediated C−H bond cleavage. A diagnostic plot of the deformation energy vis-a-̀vis the barrier shows the different
HAT/PCET reactivity map for the entire series. This is a strong connection to the recently discussed mechanism of oxidative
coupling of methane on magnesium oxide surfaces proceeding through Grignard-type intermediates.

1. INTRODUCTION
Methane constitutes the major component of natural gas and is
regarded as an attractive building block for C1 chemistry.
However, breaking the thermodynamically strong and kineti-
cally inert C−H bond of CH4 is viewed as the decisive step in
methane conversion. Understanding the underlying mecha-
nisms and improving existing procedures continue to form a
major challenge in catalysis and beyond.1−5

While it is well accepted that spin density plays a crucial role
in the gas-phase chemistry of open-shell metal oxide clusters, in
particular with respect to hydrogen-atom transfer (HAT) from
methane,6−13 the nature of the active metal-oxide surface
species in heterogeneous catalysis is under fierce debate.14−18

In an exhaustive review by Zavyalova et al.,16 covering more
than 2700 research articles and about 140 patents on the topic

of oxidative coupling of methane by metal oxides, it was
concluded that “the real structure of Li/MgO, the nature of the
active center and the structure-activity relationship remain
unclear, despite all the research that has been done”.16

However, in the gas phase numerous, well-defined cationic
oxide clusters containing oxygen-centered radicals are capable
of abstracting a hydrogen atom under ambient conditions via
homolytic C−H bond scission.6,7,19,20 Examples include simple
diatomic transition-metal or main-group element oxides as well
as larger cluster ions, for example, [MgO]•+,21 [CuO]•+,22

[Al2O7]
•+,23 [(Al2O3)x]

•+ (x = 3−5),20 [V4P10]
•+,24

[P4O10]
•+,25 [Ga2Mg2O5]

•+,26 and [YAlO3]
•+.19 Generally,
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the more reactive cluster ions are those having a localized
unpaired electron on one of the oxygen atoms (hence, an oxyl
species9). However, according to the VB-diagram model, even
closed-shell species may abstract a hydrogen atom from
hydrocarbons, but in doing so they eventually must undergo
additional electronic reorganization to create along the reaction
coordinate a radical species at the site of abstraction.9,27 As a
consequence, higher activation barriers will result,5,7 unless the
system can bypass HAT and proceed via the lower energy
alternative, proton-coupled electron transfer (PCET).7,9,27−52

Metal oxides, capable of bringing about thermal activation of
methane in the gas phase,26,53 are regarded as prototypical
systems of active sites in heterogeneous catalysis, the so-called
“aristocratic atoms”.54,55 Aluminum-oxide clusters are of special
interest because γ-Al2O3 has been broadly used as a catalyst in
the context of C−H bond activation or as catalyst support in
many industrial applications; this is due to its versatile catalytic
activity and its high thermal and hydrothermal stability, as well
as the low cost.56−59

Indeed, gas-phase studies on structurally well-defined metal
oxide clusters are considered to serve as ideal models to probe
the active site of a catalyst and can provide valuable clues as to
mechanistic insight at a molecular level.1−3,6−10,60−63 In this
article, we report the thermal activation of methane mediated
by the oxide cluster ions [XYO2]

+ (X, Y = Al, Si, Mg) and
investigated by Fourier transform-ion cyclotron resonance (FT-
ICR) experiments in conjunction with high-level quantum
mechanical (QM) calculations. This combination permits the
identification of the elementary steps of C−H bond activation
at a strictly molecular level. The thorough comparison of the
reactions of methane with both homo- and heteronuclear oxide
clusters [XYO2]

+ (X, Y = Al, Si, Mg) turned out to be rather
informative with regard to the role of doping effects brought
out by the aluminum atom in the cluster. In addition, this gas-
phase work reveals an unexpected mechanistic resemblance

with the recently suggested heterolytic bond cleavage of
methane14,15 at MgO surfaces in the context of oxidative
coupling of methane.16,64−68

2. RESULTS AND DISCUSSION

The FT-ICR mass spectra, Figure 1, represent the reactions of
mass-selected, properly thermalized [Al2O2]

•+ ions (m/z = 86)
with isotopologues of methane; spectra of the reactions with
background impurities as well as with argon as an inert
substrate have also been recorded to serve as a reference. As
shown in Figure 1a, when only argon was introduced in the
ICR cell, a signal with Δm = +18 relative to the precursor ion
[Al2O2]

•+ appears, which can be assigned to the product ion
[Al2O2(H2O)]

•+, indicating that [Al2O2]
•+ reacts with back-

ground water.26,69,70 When CH4 was admmitted to the ICR cell
at a stationary pressure of 4.0 × 10−9 mbar, a signal due to
hydrogen-atom transfer (HAT) from methane can clearly be
identified as [Al2O2H]

+, Figure 1b. The C−H bond scission
was confirmed in isotopic labeling experiments with CD4: only
[Al2O2D]

+ is generated with the concomitant elimination of
CD3

•, Figure 1d. The compositions of all the product ions
[Al2O2(H2O)]•+, [Al2O2H]+, and [Al2O2D]

+ have been
confirmed in high-resolution measurements.
The rate constant for this process, k([Al2O2]

•+/CH4), is
estimated to be 1.1 × 10−10 cm3 molecule−1 s−1, corresponding
to a collision efficiency of ϕ = 10.3%, relative to the collision
rate.71−73 Thus, the reaction of the oxygen-deficient oxide
cluster [Al2O2]

•+ with methane is slightly more efficient than
that of the [Al2O3]

•+/CH4 couple (ϕ = 7%), which bears a
terminal O• radical.74 The intramolecular kinetic isotope effect
(KIE) derived from the [Al2O2]

•+/CH2D2 couple amounts to
KIE = 2.9, Figure 1c.
To obtain mechanistic insight into the [Al2O2]

•+ mediated
hydrogen-atom abstraction from methane, high-level QM

Figure 1. Mass spectra showing the reactivity in the thermal reactions of [Al2O2]
•+ with (a) argon, (b) CH4, (c) CH2D2, and (d) CD4 at a pressure

of 4.0 × 10−9 mbar after a reaction delay of 5 s. The unit for the x axes corresponds for all spectra to m/z. See text for details.
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calculations were carried out. The corresponding potential
energy surfaces (PESs) are shown in Figure 2.

The most stable structure of [Al2O2]
•+ corresponds to a

rhombus-like geometry75 with the spin density evenly
distributed over the two aluminum atoms (Figure 2, R). For
the reaction of [Al2O2]

•+ with CH4, two reaction paths, A and

B, were located on the doublet ground state surface (Figure 2).
Both paths start with the formation of an encounter complex,
EC, from the reactants R and CH4; this barrier-free step is
exothermic by 121 kJ mol−1. Notably, EC is significantly
stabilized by an electrostatic interaction between the Lewis
acidic aluminum (δ+) coordination site and the Lewis basic
carbon atom (δ−) of methane.
Let us consider first the conventional hydrogen atom

transfer, pathway A in Figure 2. Since the spin is localized on
the Al atoms, one might have thought that they would abstract
a H atom. This is however not the case since Al• is a poor H-
abstractor due to unfavorable thermodynamics. Indeed, the
calculations indicate that the energy of the system invariably
goes up during a hydrogen-atom transfer from methane to the
Al atom, and this process is rather endothermic by 120 kJ mol−1

higher in energy relative to the separated reactants. Thus, we
omitted it from Figure 2 for the sake of simplicity and
considered HAT by the bridging oxygen. However, since the
spin is not located on O, the [Al2O2]

•+ cluster has to undergo
electron reorganization to create an O-centered spin, for which
it will have to pay a penalty of a high barrier.9,27 Indeed, as
shown in the blue energy profile in Figure 2, the HAT starting
from EC to IHAT via TSHAT is not accessible under thermal
conditions because the reaction is associated with a barrier that
is located 88 kJ mol−1 higher in energy than the entrance
channel. The structures of the stationary points along pathway
A closely resemble those of a radical mechanism described
before for HAT processes.6,7,9,26,27,53,69

However, in pathway B, starting from EC, a C−H bond is
cleaved and the hydrogen atom is transferred to the bridging
oxygen atom via transition state TSPCET; the latter is located 28
kJ mol−1 below the separated reactants. This process results in
the formation of a rather stable intermediate IPCET that lies
below the reaction entrance by 300 kJ mol−1. To generate the
HAT products, the methyl group dissociates from the cluster.

Figure 2. Potential energy profiles for the reaction of [Al2O2]
•+ with

CH4 at the CCSD(T)/CBS[AVTZ:AVQZ]//B2GP-PLYP/def2-
TZVP level of theory. Key bond lengths (Å) are also given. The
inset shows the ground-state structure of [Al2O2]

•+. The yellow and
cyan lobe-isosurfaces indicate the NBO-calculated spin density
distributions. Charges are omitted for the sake of clarity.

Figure 3. Schematic frontier molecular orbital diagrams represented by QROs (quasi-restricted orbitals) for the HAT (blue) and PCET (black)
processes.
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This process takes place along with the opening of the [Al2O2]
ring thus forming the linear-shaped hydroxide product ion P2.
Pathway B can be described as a heterolytic cleavage of the C−H
bond (of methane) by the Al+−O− bond of the cluster. The
rate-determining step corresponds to the activation of the C−H
bond via transition state TSPCET. Thus, the basic oxygen moiety
abstracts hydrogen as a proton, while the CH3 moiety moves
with the electron pair, as CH3

−, and makes a bond with the
positively charge Al+, as such forming two new bonds, O−H
and Al−CH3 (IPCET). This mechanistic scenario of C−H bond
activation is in line with the KIE measured in the experiments.
To provide further details and insight, we performed an

analysis of the orbitals that participate in the chemical
transformation.53,69,76−81 Figure 3 shows the detailed evolution
of the electronic structures along the two reaction pathways, A
and B.
Pathway A can be described in terms of a standard hydrogen-

atom transfer mechanism. As shown in Figure 3a, initially, the
reactants possess a singly occupied orbital distributed over the
two Al atoms, n(Al−Al), and a σ(Al−Ob) orbital that represents one
of the bridging Al−O bonds, and finally the third orbital
corresponds to σ(C−H) of the bond undergoing cleavage. At the
EC intermediate, the electron-spin undergoes localization on a
single Al and resides in the singly occupied n(Al) orbital. The
other Al moiety becomes cationic and binds to the substrate
methane by exerting significant electrostatic interactions
(Figure 3a, inset). In Figure 3b, at the TSHAT species, there is
a major electronic reorganization; the n(Al−Al) orbital of the Al···
Al moiety becomes doubly occupied (shown by the coupled
spin orbitals in the center) as the β electron migrated from the
oxygen atom Ob; the residual α electron is used to form the
new Ob−H bond, and the radical occupies now an
antisymmetric orbital (σ*(C−H−Ob)) composed of the lobes on
H3C and Ob. Also depicted is the doubly occupied bonding
orbital, σ(C−H−Ob), such that there are three electrons
delocalized over the C−H−Ob moiety in TSHAT. In Figure
3c, at the intermediate IHAT, the cluster has an Ob−H bond
described by the σ(Ob−H) orbital, and the radical is located at the
weakly coordinated CH3 moiety in ϕC. These features are
consistent with a conventional HAT pathway, which is steered
by an electronic reorganization that shifts the unpaired electron
from the Al···Al moiety to the oxygen atom Ob, while paying
the energetic price in terms of a high-energy TSHAT species.
Note that the NBO spin and charge developments along the
reaction coordinates also support the above analysis (see Table
1). The electronic reorganization during C−H bond cleavage is
summarized in Scheme 1.
In contrast, pathway B has the features of a heterolytic

cleavage of a C−H bond of methane via a proton-coupled
electron transfer. Thus, as shown in Figure 3d, the electron pair
residing in the σ(C−H) bond of methane interacts with an empty
s−p orbital of the Al atom to which methane coordinates and
forms a three centered orbital, σ(Al−C−H). Further, the remaining
proton interacts with the doubly occupied σ(Al−Ob) orbital of a
bridging oxygen atom (Ob). Thus, in the IPCET complex, a
σ(Ob−H) bond and a σ(Al−C) bond are created; in the former the

two electrons originate from the doubly occupied σ(Al−Ob)

orbital and in the latter from the σ(C−H) bond of methane.9

Note that the unpaired electron that was initially delocalized
over the two Al atoms in the precursor ion R is shifted in the
encounter complex EC as well as in TSPCET and intermediate

IPCET to the Al atom opposite to the Al coordination site for
methane. Indeed, the analysis of NBO spin and charge
distribution (Table 1) indicates that the unpaired electron is
not located on the hydrogen abstracting oxygen atom Ob, and
significant negative charge accumulates at the oxygen atom Ob
and carbon atom in TSPCET; the Ob charge facilitates the C−H
bond activation by proton abstraction, and the carbon charge is
beneficial to the creation of an Al−CH3 bond (Scheme 1). In
addition, with an Al−C covalent bond being formed in TSPCET
compared with the unfavorable 3e/3c bond in TSHAT, the
former TS lies much lower in energy than the latter. Therefore,
pathway B is favored over pathway A.
In addition to [Al2O2]

•+, the related oxide clusters
[Mg2O2]

•+21 and [Si2O2]
•+82 have also been studied with

respect to their reactivity toward small alkanes. As described
previously,21 [Mg2O2]

•+ activates propane and butane in single
and double HAT reactions. According to our experimental
observations, [Mg2O2]

•+ is also capable of abstracting up to two
hydrogen atoms from ethane, while [Si2O2]

•+ reacts only slowly
with propane at ambient conditions under 3-fold HAT (for
details, see Figures S1−S5 in Supporting Information, SI).

Table 1. NBO Spin and Charge Development along the
Reaction Coordinates in the PCET and HAT Pathways of
the [Al2O2]

•+/CH4 Couple
a

SR EC TSHAT IHAT TSPCET IPCET

Spin
Ala 0.56 0.03 0.87 −0.90 0.00 0.00
Al 0.56 0.92 −0.78 0.90 0.92 0.93
Ob −0.06 0.02 0.45 0.03 0.03 0.03
O −0.06 0.02 0.03 0.00 0.03 0.04
C 0.00 0.00 0.42 1.04 0.02 0.01
Ht 0.00 0.00 0.01 0.02 0.00 0.00

Charge
Ala 1.93 2.12 1.60 1.62 2.13 2.07
Al 1.93 1.62 1.73 1.62 1.62 1.64
Ob −1.43 −1.45 −1.21 −1.32 −1.42 −1.28
O −1.43 −1.45 −1.47 −1.51 −1.43 −1.48
C −0.99 −1.05 −0.60 −0.49 −1.29 −1.28
Ht 0.25 0.29 0.29 0.54 0.47 0.55

aSR, isolated oxide cluster and substrate; EC, encounter complex;
TSPCET, transition state in the PCET pathways; TSHAT, transition state
in the HAT pathways. Ala, the active site; Al, the spectator aluminum;
Ob, the hydrogen abstracting atom; O, the spectator oxygen; Ht, the
transferring hydrogen.

Scheme 1. Schematic Electron Transfers during HAT and
PCET Pathwaysa

aLone pair electrons not involved in the reaction are omitted for the
sake of clarity.
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However, neither of these two clusters reacts with methane.
Thus, the oxide cluster ions [Mg2O2]

•+, [Si2O2]
•+, and

[Al2O2]
•+ exhibit quite distinct reactivity patterns toward

small hydrocarbons.
It is well-known that doped oxide clusters permit one to

address some of the fundamental challenges related to, for
example, the conversion of hydrocarbons.6,26,60 Therefore, we
systematically studied the activation of methane for the series of
both homo- and heteronuclear oxide cluster ions [XYO2]

+ (X,
Y = Mg, Al, Si, Scheme 2) by computational methods. For all
species, both pathways have been located, that is, the
conventional HAT reaction involving a transition structure
with a linear arrangement of the O−H−C atoms (TSHAT) and
the PCET reaction (TSPCET), possessing features of a σ bond
heterolytic addition corresponding to an insertion of a [X+−
O−] unit into the C−H bond of methane (Scheme 2). The
NBO charges and spin density distributions are shown in
Tables S1 and S2, respectively. The relative energies are given
in Table S3.
For all PCET pathways of the [XYO2]

+/CH4 systems
considered in this study, the spin density on the transferring
hydrogen atom, Ht, is zero, except for the [MgSiO2]

+/CH4
system, in which a negligible spin density of 0.01|e| at Ht has
been calculated. Furthermore, the negative charge on the
carbon atom increases significantly from −0.99 in free methane
to values ranging from −1.16 to −1.34 in TSPCET (Table S1),
indicating that in the PCET reaction electron density is
transferred to the carbon atom as outlined in Scheme 1.
Regarding the spin density distribution of the HAT pathway
(Table S2), only the oxide cluster [Mg2O2]

•+ possesses a
significant spin density at Ob, and as expected, the
corresponding barrier for the HAT reaction, TSHAT, is
consequently lower in energy (15 kJ mol−1) than the TSHAT
of the other systems investigated for which they cover a range
from 97 to 124 kJ mol−1 with respect to separated reactants
(Table S3).
To understand the HAT/PCET dichotomy, we examined in

Figure 4 a map of the deformation energy (ΔEdef) vs the
respective barrier (ΔE⧧) for all the reactions studied herein
using the energy decomposition analysis.83−93 The barrier is
related to the deformation energy as follows:

Δ = Δ + Δ⧧E E Edef int

ΔEint is the total interaction energy, contributed by repulsive
interactions (e.g., Pauli repulsion) and stabilizing interactions
(electrostatic, polarization, and bonding). As noted by some of
us (S.S. and U.D.) in the past, Figure 4 serves as diagnostic of
the HAT/PCET dichotomy.94 The line in the figure has a slope
of unity and is the location where ΔE≠ = ΔEdef. It is seen that
for most of the HAT reactions (blue spheres) the barriers
cluster close to the line and, hence, are close to the deformation
energies, such that the barrier derives largely from the
deformation energy.94,95 By contrast, in all the PCET reactions
(black spheres), the ΔEdef is much larger than the barrier,
whereas the interaction energy compensates for this high
deformation and lowers the barriers well below the

Scheme 2. Schematic Presentation for the HAT and the PCET Pathways from Methane Mediated by Homo- and Heteronuclear
Metal Oxide Clusters Studied Computationally

Figure 4. A plot of the sum of the deformation energies of the
reactants in the TS (ΔEdef, kJ mol−1) vs the corresponding barriers
ΔE⧧ (kJ mol−1) relative to the encounter complexes, for the reactions
of systems R1−R9 (Scheme 2). The line is drawn with a slope of unity
such that ΔEdef = ΔE⧧ while the vertical distance from the line gauges
the interaction energy between the deformed reactants at the TSs. The
black spheres correspond to the PCET pathways, while the blue
spheres correspond to the HAT pathways.
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corresponding HAT reaction. These significant stabilizing
interactions in the TSPCET reflect its multicentered bonding
as well as its highly ionic character, which brings about
electrostatic stabilization and thus stabilizes the transition state
for PCET pathways.94,95

Among the various clusters, those with X = Al, that is, all
systems in which methane coordinates to an Al atom (R4 and
R5, Table S3), are more reactive than the other congeners with
respect to the PCET reactions. Further, prohibitively high
barriers are encountered for pathways in which Si serves as an
active site. Overall, the most reactive cluster for PCET
corresponds to the closed-shell cluster ion [AlMgO2]

+ in
which the Al atom acts as the active site.
What are the particular properties of aluminum that facilitate

methane activation mediated by the oxide clusters [XYO2]
+ (X,

Y = Mg, Al, Si) via a PCET reaction? In general, the formation
of rather stable encounter complexes and intermediates can pull
the barrier below the entrance channel. For the systems
investigated in this study, the relative energies of the rate-
limiting transition states are controlled by the Lewis acidity of
the metal M (M = Al, Si, Mg) and the Lewis basicity of the
oxygen atom (Ob) of the active sites.61,96 Al can form three
covalent bonds; further, as a Lewis acidic metal, the cluster is
electron-deficient and the Al atom possesses an empty orbital.
Thus, in these PCET pathways in which Al serves as the active
site, the clusters favor the heterolytic cleavage of the C−H bond
(Scheme 1). When Mg serves as active site, the formation of a
Mg−C bond is expected to be relatively unfavorable since only
two ionic bonds can be formed for Mg. For instance, for the
cluster ions [MgAlO2]

+ and [MgSiO2]
+, the formation of the

Mg−C bond is associated with a cleavage of the Mg−O bond,
and for [Mg2O2]

+, the Mg−O bond is significantly elongated.
Regarding the Si containing oxides, this element can form a σ
and a π bond to Ob, rather than the single Al−Ob σ bond in the
Al containing oxides and the ionic Mg−Ob bond in the oxides
consisting of Mg. Therefore, when Si serves as active site, a π-
bond between Si and Ob has to be broken in the metathesis
process. This causes the Si atom to undergo an sp2 → sp3

hybridization transition and shifts the dihedral angle of the
methyl group out of the Si2O2 ring. This process requires a
significant promotion energy. Moreover, the newly generated
O• and Si• radicals do not favor a PCET but a HAT reaction.
In the [AlMgO2]

+ species (R4), the Lewis acid character of
Al for the heterolytic cleavage of the C−H bond of methane is
supported by the ionic character of the Mg−O bond. Thus, in
contrast to the Si−O bond, which possesses a more covalent
character, the oxygen atom Ob of the active site is more
electron-rich and can thus serve as a better Lewis base to accept
the proton in the PCET reaction. Therefore, the closed-shell
cluster ion [AlMgO2]

+ exhibits the lowest transition structure
for the PCET reaction as mentioned above. This finding
provides an unexpected analogy to the recently reported
oxidative coupling of methane on magnesium oxide surfaces
proceeding through Grignard-type intermediates generated
upon a heterolytic cleavage of the C−H bond.15 More
interestingly, the [Al2O2]

•+ unit demonstrates much higher
reactivity toward methane with a −28 kJ mol−1 activation
barrier relative to the reaction entrance, while the Li+O•−

doped magnesium oxides cannot do this job since a significant
barrier ranging from 12 to 61 kJ mol−1 is unavoidable.15

Furthermore, these trends are in line with the VB modeling of
the PCET/HAT dichotomy.7,27,94

3. CONCLUSIONS
In summary, we provide herein mechanistic insight into the
activation of methane mediated by the oxide cluster ions
[XYO2]

+ (X, Y = Al, Si, Mg). While the homonuclear cluster
[Al2O2]

•+ has been investigated by FT-ICR-MS experiments
and high-level QM calculations, the reactivity patterns of the
other cluster oxides toward methane have only been compared
in a theoretical study. [Al2O2]

•+ exhibits a surprisingly high
reactivity, and the energetically most favorable pathway
exhibits, according to the calculations, features typical of a
PCET mechanism instead of a more conventional HAT
process. This finding can be ascribed to the strong Lewis
acidity of the aluminum site of the cluster ion, which enables
the heterolytic cleavage of the C−H bond of methane and forms
a new Al−CH3 bond concomitant with a proton transfer to the
bridging oxygen atom (Ob) of the cluster (Scheme 1). Further,
a comparison of the reactivities of homo- and heteronuclear
oxide clusters [XYO2]

+ (X, Y = Al, Si, Mg) predicts a striking
doping effect by aluminum. Unlike Mg, which has a 3s2

configuration, Al has 3s23p1 and as such it is better suited to
give up its 3p electron, become cationic, and make the bridging
metal−O bonds sufficiently ionic to participate in a heterolytic
cleavage of the C−H bond. Accordingly, the presence of an
empty s−p orbital accepting the electron pair from methyl
anion (CH3

−) is crucial to bring about thermal methane
activation, while the spin density has no effect on the PCET
process. A diagnostic plot of the deformation energy vis-a-̀vis
the barrier shows the different HAT/PCET reactivity map for
the entire series of reactions (Figure 4).94

4. METHODS
4.1. Experimental Details. The ion/molecule reactions were

carried out using a Spectrospin-CMS-47X Fourier-transform ion
cyclotron resonance (FTICR) mass spectrometer as described
elsewhere.97−99 Briefly, the oxide cluster ion [M2O2]

•+ (M = Al, Si,
Mg) cations were produced by laser ablation of magnesium,
aluminum, and silicon targets using a Nd:YAG laser (λ = 1064 nm)
in the presence of O2, which is seeded in the helium carrier gas. The
ions generated were transferred from the external ion source into the
cylindrical ICR-cell, which is positioned in a superconducting magnet
field (7.05 T), by using a system of electrostatic potentials and lenses.
After proper thermalization by repeatedly pulsing-in argon (ca. 2 ×
10−6 mbar), the reactions of mass-selected [M2O2]

•+ were studied by
introducing the neutral reactants via a leak valve. As to the double-
hydrogen transfer from ethane to the cluster [Mg2O2]

•+ ion, we also
study separately the reaction of [Mg2O2H]

•+ with ethane to identify
the precursor ions of secondary or higher-order products. A
temperature of 298 K for the thermalized clusters has been
assumed.97,99,100

4.2. Computational Methods. Unless stated otherwise, all
calculations were performed with the Gaussian 09 package.101 The
B2GP-PLYP69,102−104 double hybrid density functional method in
conjunction with the triple-ζ quality basis set def2-TZVP105 were used
to optimize the structures of stationary points along the reaction
coordinates. Dispersion correction has been added using Grimme’s
empirical dispersion parameters implemented in Gaussian 09.106

Harmonic vibrational frequencies were computed to verify the
nature of the stationary points. The minimum structures reported in
this paper show only positive eigenvalues of the Hessian matrix,
whereas the transition states (TSs) have one negative eigenvalue.
Intrinsic reaction coordinate (IRC)107−110 calculations were also
performed to confirm the connection between transition states and
intermediates. Single-point energies at the standard CCSD(T)/
CBS[AVTZ:AVQZ] levels of theory using the B2GP-PLYP/def2-
TZVP structures were also carried out by using Molpro2012.1.111

Natural bond orbital (NBO)112−117 calculations were performed to
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obtain further information on selected stationary points along the
reaction coordinates. Quasi-restricted orbitals analysis118,119 were
carried out by using ORCA.120

Deformation energies (ΔEdef) were calculated at the B2GP-PLYP/
def2-TZVP level for the transition states of HAT and PCET pathways
and were plotted against the respective barriers (ΔE⧧) as a diagnostic
tool.94 ΔEdef is the energy spent by reactants upon reaching to
transition state, namely ΔEdef = E(CH4 + [XYO2]

+ at TS geometry) −
E(EC), while the respective barriers are the electronic barrier without
zero-point energy and any thermal corrections. To avoid negative
barriers (see Figure 2), the energy of the encounter complex (EC,
Figure 2) was used as a reference state.
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(57) Wischert, R.; Copeŕet, C.; Delbecq, F.; Sautet, P. Angew. Chem.,
Int. Ed. 2011, 50, 3202−3205.
(58) Coperet, C. Chem. Rev. 2010, 110, 656−680.
(59) Larson, J. G.; Hall, W. K. J. Phys. Chem. 1965, 69, 3080−3089.
(60) Schwarz, H. Angew. Chem., Int. Ed. 2015, 54, 10090−10100.
(61) Roach, P. J.; Woodward, W. H.; Castleman, A. W.; Reber, A. C.;
Khanna, S. N. Science 2009, 323, 492−495.
(62) Johnson, G. E.; Tyo, E. C.; Castleman, A. W. Proc. Natl. Acad.
Sci. U. S. A. 2008, 105, 18108−18113.
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