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ABSTRACT: The C—H bond activation of methane
mediated by a prototypical heteronuclear metal-oxide cluster,
[Al,Mg,0;]**, was investigated by using Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR-MS) in
conjunction with high-level quantum mechanical calculations.
Experimentally, hydrogen-atom abstraction from methane by
the cluster ion [Al,Mg,Os]*" takes place at ambient
conditions. As to the mechanism, according to our computa-
tional findings, both the proton-coupled electron transfer
(PCET) and the conventional hydrogen-atom transfer (HAT)
are feasible and compete with each other. This is in distinct
contrast to the [XYO,]* (X, Y = Mg, Al, Si) cluster oxide ions
which activate methane exclusively via the PCET route (Lj, J.;
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The electronic origins of the mechanistically rather complex reactivity scenarios of the [ALMg,0;]**/CH, couple were
elucidated. For the PCET mechanism, in which the Lewis acid—base pair [Al*—O7~] of the cluster acts as the active site, a clear
correlation has been established between the nature of the transition state, the corresponding barrier height, the Lewis acidity-
basicity of the [M*—O7] unit, as well as the bond order of the M*—O~ bond. Also addressed is the role of the spin and charge
distributions of a terminal oxygen radical site in the direct HAT route. The knowledge of the factors that control the reactivity of
PCET and HAT pathways not only deepens our mechanistic understanding of metal-oxide mediated C—H bond activation but

may also provide guidance for the rational design of catalysts.

1. INTRODUCTION

The conversion of cheap and abundantly available methane to
more valuable commodities constitutes one of the central
challenges for solving some of the global energy problems,"”
and selective cleavage of the thermodynamically strong and
kinetically inert C—H bond of methane under ambient
conditions continues to capture much attention. Great efforts
have also been spent to uncover the elementary steps and the
mechanisms associated with these transformations.

Metal oxides, capable of bringing about activation of methane
under single collision-conditions in the gas phase,3 have served
as prototypical systems to probe the active sites in
heterogeneous catalysis, the so-called “aristocratic atoms”.”’
Further, metal-oxide mediated hydrogen-atom transfer (HAT)
from CH, to generate CH;"* is viewed as a decisive step in the
oxidative coupling of methane (OCM)."~"!
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Conceptually, there exist several mechanisms for the C—H
bond activation of methane by a reactive metal oxide (Scheme
1)."*" In the conventional HAT process,"”~"> a hydrogen
atom is transferred directly to an oxygen site that provides an
electron hole, i.e., an oxyl radical (O®); concomitantly, in the
homolytic cleavage of the C—H bond a methyl radical is
released, Scheme la.'”'* If the metal center is sufficiently
carbophilic, a metal-assisted HAT may occur, resulting in a
[H,C—M—0O—H] intermediate, Scheme 1b. For these two
mechanistic scenarios, quite a few examples do exist.'*"® For
metal oxides lacking a significant spin density at the accepting
oxygen atom, in order to allow a direct HAT, a “prepared state”
needs to be created, Scheme 1c.'*'* This can be achieved, for
example, by decoupling of the M=0O double bond along the
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Scheme 1. Mechanistic Scenarios for Metal-Oxide Mediated
C—H Bond Cleavage of Methane
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reaction coordinate; as this step is energy demanding, HAT is
rather sluggish and often requires substrates having an activated
C—H bond.'*™"® Finally, Scheme 1d depicts a proton-coupled
electron transfer (PCET)"*~">'7"*~** mechanism mediated by
a Lewis acid—base pair [M"—O~] serving as the active site of
the catalyst. Here, a proton is abstracted from methane by the
Lewis base O~ while the methyl anion is transferred to the
Lewis-acidic metal center, thus forming a Grignard-type
intermediate.'”**** While scenarios (a)-(c) afford a homolytic
C—H bond cleavage, the PCET mechanism (Scheme 1d)
constitutes its heterolytic counterpart.

Generally speaking, these aforementioned mechanisms may
be competitive and, therefore, can take place simultaneously. In
practice, many factors, such as the effects of solvent,
counterions, aggregations, surface defects, and so on, that
prevail in homogeneous or heterogeneous catalysis, play an
important role and a comprehensive understanding of the
reaction is often lacking. Consequently, the unambiguous
identification of the active sites and a proper characterization of
their intrinsic properties as well as a clear-cut mechanistic
assignment are hampered if not precluded. This holds true in
particular for the study of methane activation under working
conditions; here, the nature of the active center, the structure—
activity relationship etc. are often shrouded in mystery, and
mechanistic aspects continue to evoke fierce debates.”'"*>*7~>*
Since gas-phase experiments are not obscured by these difficult-
to-control or poorly defined factors, well-designed studies on
“isolated” reactants when combined with adequate computa-
tional work provide an ideal arena for experimentally probing
the energetics and kinetics of a chemical reaction in an
unperturbed environment at a strictly molecular level.>>™*" In
fact, over the last years, numerous gas-phase studies have been
conducted to uncover mechanistic aspects of bond activation by
employing well-defined cluster oxides and subjecting them to
single-collision experiments with the organic substrate.”” Thus,
molecular level-based knowledge has been provided which may
prove helpful in the development of new concepts for the
design of catalysts.”*®'~%*

The role of basic or acidic properties of metal oxides on the
OCM has already formed the subject of detailed discussions,”*®
but so far consensus has not been reached. In an exhaustive
review by Zavyalova et al. covering more than 2700 research
articles and about 140 patents on the topic of OCM by metal
oxides, it was concluded that “all oxides of the selected elements,

which positively affect the selectivity to C, products, show strong
basicity”.”® In addition, it has been argued that the relative
energies of the transition states for the heterolytic X—H
cleavage (X = C, H) of CH, and H, can be rationalized in
terms of both the different gas-phase acidities of CH, and H,
and the basicity of the active sites which play a determining
role. "% However, in contrast to the extensive studies on the
basicity effect, the role of the acidic site of the metal oxides has
received much less attention.”®’

In a combined theoretical/experimental approach, we
demonstrated recently that the heterolytic cleavage of the C—
H bond of methane benefits not only from the basicity of
oxygen, but also from the acidity of aluminum.'” Thus,
following a PCET mechanism, the strong Lewis acidic Al
and the basic O~ of the [Al*—O7] active site of the cluster act
in cooperation. It was found that significant charge densities
effectively polarize the nearly nonpolar C—H bond in the initial
stage of the process. Subsequently, the Al" site forms a new Al—
CH,; bond, concomitant with transfer of the proton to the O~
site, thus generating an O—H bond, as depicted in Scheme 1d.
Further, the computational study demonstrated for a series of
homo- and heteronuclear oxide-cluster ions [XYO,]* (X, Y =
Mg, Al, Si) that the relative energies of the rate-limiting
transition states are controlled by both the Lewis acidity of the
metal and the Lewis basicity of the oxygen atom of the active
sites."”

As shown earlier, “doping” a free cluster in a designed way
not only permits to control its chemistry but also to
systematically change mechanistic details; conseguently,
fundamental scientific questions can be addressed.'”’® For
example, “doping” the [Mg,0,]** cluster with Ga,0; changes
the reactivity toward C—H bond activation dramatically: while
the [Ga,Mg,0,]*" cluster abstracts a hydrogen atom even from
methane under ambient conditions,”’ C—H bond activation by
the homonuclear cluster [Mg,0,]*" is onl7y observed with those
substrates having weaker C—H bonds.”””*

Herein, we report our findings on the thermal activation of
methane by the heteronuclear oxide cluster [Al,Mg,05]*"
probed under single-collision conditions using Fourier trans-
form ion cyclotron resonance mass spectrometry (FT-ICR-MS)
and augmented by high-level quantum chemical calculations.
We chose this species on the following grounds: (i) Magnesium
oxides are of special interest not only in the present context, but
also because they serve as superb, catalytically active metal
oxides.*>”*”* Also, aluminum oxides are of interest because y-
AlL)O; is broadly used as a catalyst or catalyst support in
numerous industrial chemical transformations.***>”>"® (i) In
our previous study,'” among the series of oxide cluster ions
[XYO,]" (X, Y = Mg, Al Si), the heteronuclear oxide
[AIMgO,]" was found to exhibit the lowest barrier for the
PCET reaction with methane. As will be shown, the lowest-
energy structure of [AL,Mg,O]** contains two [AIMgO,] units
(see AO1 in Scheme 2). (iii) Finally, this heteronuclear cluster
can be regarded either as [Mg,0,]*""*”* doped with Al,O; or
as [ALO;]*""” doped with Mg,0,, respectively; the reactivities
of the two homonuclear cationic oxides have been investigated
previously. In addition to systematically explore and compare
the reactivity patterns of all the four mechanistic scenarios
depicted in Scheme 1, in the present experimental/computa-
tional exercise we shall address the following aspects: i) the role
of doping effects, ii) the correlation between the Lewis acidity
and basicity of the Lewis acid—base [M*—O~] unit and the
activation energy, and iii) the determining factors that drive the
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“(a) The most stable isomers of [AL,Mg,0;]** clusters; symmetries
and relative enthalpies (kJ mol™) are given in parentheses: numbers in
black are calculated at the G4 level of theory, and values in blue are
calculated at the CCSD(T)-F 12/aug-cc-pVTZ//MP2/cc-pVTZ level
of theory. (b) Schematic doublet ground-state structure of AO1. The
charge is omitted for the sake of clarity. The cyan isosurface indicates
the spin-density distribution.

reaction to proceed through a conventional HAT versus a
PCET pathway.

2. RESULTS AND DISCUSSION

The Fourier transform ion-cyclotron resonance (FT-ICR) mass
spectra for the reactions of mass-selected, thermalized
[ALMg,"®0;]** ions (m/z = 192) with the isotopologues of
methane (see Experimental Details) are given in Figure 1;
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Figure 1. Mass spectra for the thermal reactions of [Al,Mg,'®0,]**
with (a) background gases at a pressure of 6.0 X 107'° mbar after a
reaction time of 3s, (b) CH, and (c) CH,D,, at a pressure of 1.0 X
1077 mbar after a reaction time of 3s, (d) CD, at a pressure of 1.0 X
1077 mbar after a reaction time of S s, respectively. The unit for the x
axes is m/z.

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, a signal with Am =
—1 appears relative to the precursor ion [Al,Mg,'®05]**; this
signal can be assigned to the product ion [AL,Mg,'*0,'*OH]*
which originates from an '0/'*OH exchange process between
the cluster ion [Al,Mg,'*0;]** and background water, reaction
1.
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A hydrogen-atom abstraction product [AL,Mg,"*OH]"
clearly identified when CH, is admitted to the ICR cell at a
stationary pressure of 1.0 X 1077 mbar; Figure 1b, reaction 2,
and the C—H bond scission was confirmed in isotopic labeling
experiments. For example, [Al,Mg,'®O;D]" ions are generated
from CD, under the concomitant elimination of CD5°, reaction
3. The compositions of all ionic species [A,Mg,'*0,'SOH]*,
[ALL,Mg,'*OH]", and [Al,Mg,'*0;D]" have been confirmed in
high-resolution measurements.

The rate coeflicient for the hydrogen-atom abstraction from
CH, has been estimated to 3.6 X 10~">cm® molecule™ s7'; this
corresponds to a collision efficiency (¢)) of 0.4%, relative to the
collision rate.”*™® The intramolecular kinetic isotope effect
(KIE) derived from the [Al,Mg,"®0;]**/CH,D, couple, Figure
Lc, reactions 4a, 4b), amounts to KIEc_y/c-p = 2.0.

Summarizing the experimental findings, it is clear that
[ALLMg,'®0,]*" activates methane under thermal, single-
collision conditions.

[Aleg21805:|o+ + H2160
- [Al,Mg "*0,'°OH]" + ""OH" (1)
[Al,Mg,""0,]** + CH, — [Al,Mg,"*OH]" + CH,’
@)
[Al,Mg,""0,]** + CD, — [Al,Mg,"*O,D]" + CD;* (3)
[Al,Mg,""0,]** + CH,D, — [Al,Mg,"*O;H]" + CHD,’
(42)
18 o+ 18 + o
[Al,Mg,'*0,]** + CH,D, — [Al,Mg *O,D]" + CH,D
(4b)

In order to obtain mechanistic insight, high-level quantum
mechanical (QM) calculations were carried out. Since the
reactivity pattern turned out to be rather complex, we confine
our discussion to key results in the main text; for additional
details, see the Supporting Information (SI).

The most stable structure of [AL,Mg,O;]** corresponds to
AO01; it has a cage-like geometry with a terminal oxygen atom
(Oy), at which the spin density is located. The electronic
ground state of the cluster oxide has a doublet configuration
with the quartet state higher in energy by 303 kJ mol™
(Scheme 2, and Table 1). The terminal oxygen in A0l is
coordinated to a fourfold coordinated Aly, atom which,
together with a threefold coordinated Alyy; atom, is located on
the upper face of the quasi-cubic cell; the Aly atom is
connected to the Aly atom via two threefold coordinated
oxygen atoms, O,. The two magnesium atoms are located at the

Table 1. NBO Charge and Spin Density Distributions of the
Cluster Ion A01“

spin charge
0, 1.01 —0.64
o, 0.00 -151
O 0.00 -1.65
0. 0.00 -1.62
Al 0.00 217
Al —0.01 2.03
Mg 0.00 187

“See Scheme 2b for the atom code.
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bottom of the cube; due to the C; symmetry of the cluster, both
magnesium atoms are equivalent as are the bridging oxygen
atoms O,. The two magnesium atoms are linked by the oxygen
atoms Oy, and O, which also connect the lower and the upper
faces of the cube. We note that the core of this structure
resembles closely that of the cubane-shaped LiMg;O, and
Mg, O, clusters; the latter have been discussed as mimics for
lithium-doped magnesium oxides.”"*

As shown in Scheme 2, there exist in AO1 several potential
reactive sites and routes for methane activation. In our
calculations, we considered H atom abstraction by the oxygen
atoms O, O, O, and O, with or without the formation of
metal—carbon bonds (pathways A—D and E—J, respectively,
Scheme 3). The relative energies of the corresponding
transition states (TSs) are summarized in Table 2; for
schematic representations of the various transition-state
geometries, see Scheme 3. We should note that the binding
of methyl group to the Aly atom is much weaker; test
calculations confirmed that the reaction channel corresponding
to a transfer of the methyl group to the 4-fold coordinated Al
atom is unfavorable.

Since the unpaired electron of A01 is localized at the terminal
oxygen atom Of~, this site is expected to be engaged in a
conventional HAT reaction.'***®* This is, indeed, confirmed
by the calculations: HAT to Of~ can proceed at thermal, single-
collision conditions with a negative apparent barrier (—4 kJ
mol ™!, pathway A). Not surprisingly, prohibitively high barriers
are encountered in the HAT to the oxygen atoms having no
spin density, i.e, O, Oy, and O, in pathways B, C, and D.
However, though not unexpectedly, H-abstraction by O~ is
rather unfavorable when in concert the Aly; atom forms an Al—
C bond to the methyl group (pathway E). In contrast, HAT by
0,, Oy, and O_ is much less impeded when this step is coupled
with forming a metal—carbon bond to an adjacent aluminum
atom (pathways F—]J versus B—D). We note that no transition
states have been located for making a Mg—C bond; according
to relaxed scan calculations, the Mg—C bond is cleaved leading
to TS-O, instead.

In the following, we will discuss in more detail pathways A
and G; both, on their doublet ground state surfaces, possess
negative apparent energy barriers, Figure 2.”* In consideration
of the uncertainty of the theoretical methods (a few kJ mol™),
pathway F is also feasible under thermal, single-collision
conditions, as the rate-limiting step, TS-Al/O,, is rather similar
to TS-Al/O, of pathway G. For the sake of clarity, details of the
former as well as of all other remaining pathways, considered in
this study, are transferred to the SI (Figure S1 and Scheme S1).

Let us consider first the conventional HAT to Of~, pathway
A, which commences with generating an encounter complex,
EC1, from the separated reactants AO1 and CH, (SR). EC1 is
stabilized by an electrostatic interaction between the incoming
hydrocarbon substrate and the magnesium site; this step is
exothermic by 64 k] mol™". Next, one C—H bond of methane is
activated and the hydrogen atom is transferred to the Of* unit
of EC1 via transition state TS-Oy the latter is located 4 kJ
mol™" below the entrance channel. Completion of the C—H
bond cleavage results in the formation of intermediate I1
(=101 kJ mol™); in I1 the methyl radical is loosely coordinated
to the cluster via the hydrogen-atom of the newly formed OH
group. Finally, the hydroxide product ion P1 is generated under
the liberation of the methyl radical. The structures of the
stationary points along pathway A resemble closely to that of a

Scheme 3. Various Pathways (A— J) for the C—H Bond
Activation Mediated by Cluster Ion AO1 As Calculated at the
B2GP-PLYP/def2-TZVP Level of Theory”
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“SR refers to the separated reactants A0l and CH,; ECI and EC2
denote the encounter complexes.

radical mechanism as described before for HAT reac-
tions'13,14,l7,7l,85,86

As to pathway G, the reaction starts with the formation of a
rather stable encounter complex, EC2; this barrier-free step is
exothermic by 92 kJ mol™'. Notably, EC2 is significantly
stabilized by a strong electrostatic interaction between the
Lewis acidic Aly; coordination site (%) and the Lewis basic
carbon atom (67) of methane; the H---C-+-Al triad in EC2 is
linearly arranged with the lobe of the ¢ orbital of the C—H
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Table 2. Relative Energies (AH, k] mol ") of the Transition
State for the First Hydrogen-Atom Abstraction in the
Pathways A—J for the Reactions of AO1 with CH, As
Calculated at the B2GP-PLYP/def2-QZVPP//B2GP-PLYP/
def2-TZVP Level of Theory

pathway TS AH

A TS-O, —6.0 (—4.3%)
B TS-0, 2264

C TS-Oy 185.7

D TS-O, 175.1

E TS-Al/O, 95.3

F TS-Al/O, —3.1 (3.19)
G TS-Al/O, -7.3 (—4.8%)
H TS-Mg/O, 69.0

I TS-Mg/O, 53.3

J TS-Mg/O, 50.2

“Single-point energies calculated at the CCSD(T)/CBS-
[VTZ:VQZ]//B2GP-PLYP/def2-TZVP level of theory. See Scheme
3 for the details.
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Figure 2. Potential energy profiles (AH, kJ mol™") and schematized
key ground-state structures involved in the reaction of A01 with CH,.
(a) Overview of the reaction; (b) detailed reaction sequence from
intermediate I2 to the separated product P1 and the methyl radical. All
relative energies, except TS-O, and TS-Al/O,, are calculated at the
B2GP-PLYP/def2-QZVPP//B2GP-PLYP/def2-TZVP level; TS-O,
and TS-Al/O, are based on the CCSD(T)/CBS[VTZ:VQZ]//
B2GP-PLYP/def2-TZVP calculations. The energies are corrected by
ZPVE contributions. For details, see the SI.

bond interacting with the aluminum atom. Subsequently, C—H
bond cleavage takes place at the [Alj;—O7 ] unit of EC2; the
hydrogen atom is transferred to the oxygen site O; via
transition state TS-Al/O,; the latter is located S kJ mol™! below
the separated reactants. After passing TS-Al/O,, a quite stable
intermediate 12 is generated, lying 164 kJ mol™' below the
reaction entrance. Next, as shown in Figure 2b, rather than
splitting the Al—C bond directly, the reaction proceeds by a
series of hydrogen-atom-shifts, i.e. 12 — TSa — I3 — TSb —14,
to generate the final products P1 and CH;". Indeed, pathway G
can be described as a heterolytic cleavage of the C—H bond of

methane mediated by the Lewis acid—base pair [Al'—O~] of
the cluster ion; the basic oxygen O abstracts the hydrogen
atom as a proton, while the CH; moiety moves with its electron
pair as a methyl anion CH;™ to generate a covalent bond with
the positively charged Lewis acidic Alfy;. The rate-determining
step corresponds to the activation of the C—H bond via
transition state TS-Al/O, which is also accessible under
ambient conditions.

Both mechanistic scenarios of C—H bond cleavage by either
the radical oxygen atom in pathway A or the Lewis acid—base
pair [Alj;—O7] in pathway G have in common that cleavage of
the C—H bond constitute the rate-limiting step; thus, in line
with the experimentally findings a KIE > 1 has been observed.

To understand the origins of the respective barriers of the
various pathways summarized in Table 2, we examined the
correlation of the deformation energy (AEg4,) required for the
geometric distortion of the reactants on way to their TSs with
the respective reaction barrier (AEF), Figure 3; this was done

500

H TS-Al/O:

450
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TS-Mg/O. B

350 TS-Mg/O. g

TS-Al/O: B W TS-Mg/Os

300
TS-Al/O, B
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AE et (kJ/mol)

HTS-Oc

200 150, WTS-Op
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TS-O¢
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0 50 100 150 200 250 300 350 400 450 500
AE* (kJ/mol)

Figure 3. Plot of the sum of the deformation energies of the reactants
in the TS (AEg kJ mol™") versus the corresponding barriers AE* (K]
mol™") relative to the encounter complexes, for the TSs corresponding
to the first C—H bond activation in pathways A—J. The line is drawn
with a slope of unity such that AEy¢ = AE* while the vertical distance
from the line gauges the interaction energy between the deformed
reactants at the TSs. The black squares correspond to a PCET
mechanism, while the red squares correspond to a HAT mechanism.

for all the pathways using the energy decomposition analysis
according to which the barrier for HAT is composed of AEy
and the interaction energy between the deformed reactants in
the TS.*”™" According to previous studies, a plot of AEg
against AE¥ serves as a simple diagnostic of the HAT/PCET
dichotomy.*””® Thus, the plots of AEy against AE¥ are
located near the line AE, = AE* for pathways A, B, C, and D;
this indicates that the deformation energy alone accounts for
the reaction barrier and, as shown before, this correlation can
be assigned to HAT pathways.””*® By contrast, for pathways
E—J, we note AEy,>> AE¥; this shows that the TSs of all these
pathways are stabilized by attractive interactions between the
deformed reactants. These significant stabilizing interactions in
the TSs reflect their multicentered bonding as well as their
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Figure 4. Schematic orbital diagrams represented by QROs (quasi-restricted orbitals) for separated reactants SR, and TS in the HAT (A and B) and
PCET (E and G) pathways. Only representative orbitals are shown for the transition states.

ionic character, which brings about electrostatic and bonding
stabilization and thus lowers the energy of the transition state
for PCET pathways.'”'7'?"* We note that the largest
stabilization is observed for pathway E proceeding through TS-
Al/O,. As discussed below, the mechanism of C—H activation
via TS-Al/O, does not correspond to a conventional HAT
reaction even though an oxyl radical O;* serves as the reactive
site.

Further, in order to obtain complementary and insightful
information regarding a distinction between HAT versus
PCET, the electronic structures of the TSs were ana-
lyzed."®#>%19971% Figure 4 shows the orbitals that participate
in the chemical transformation for the pathways A, B, E, and G;
for the remaining pathways, this information is provided in SI,
Figure S2.

First we consider the electronic structures of A0l and CH,,
as shown in Figure 4. The precursor ion AOl possesses an
empty orbital on Alfy;, n(sy, a singly occupied orbital localized
on the terminal oxygen, ®(,, and three doubly occupied
orbitals accommodating the lone-pair electrons of the oxygen
atoms O, O,, and O orbitals with electrons of O, are not
involved in the reactions. One of the four doubly occupied
O(c-p) orbitals from methane is also given.

As mentioned, pathway A can be described in terms of a
standard HAT mechanism. As shown in Figure 4A, three
electrons are delocalized over the O—H—C moiety in transition
state TS-O,; one of the electrons is contributed by the Of*
radical (®(qy) in SR), and two by the 6(c_s;) bond of methane.
Thus, TS-O, is characterized by a 3-electron/3-center bond
with a doubly occupied bonding orbital along the O—H—C axis,
O(0-n-cy and a singly occupied antibonding orbital, 6*o_y;_c),
with a node on the H atom in transit. The empty orbital n4) of
Alfj; acts as a spectator herein.

In contrast, the unpaired electron of the Of® radical is not
involved in the HAT process of pathway B (Figure 4B). Here,
one of the lone-pair electrons of O, shifts to the empty orbital
nyy where it increases spin density of Al from 0.00 to —0.64
(see Table S2). This leads to have electron hole on O,, which
then serves as a H atom acceptor as is typical for a standard
HAT. However, this process, which involves high-penalty due
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to the requisite electronic reorganization, leads to a high barrier
located 226 k] mol™" above the energy of the entrance channel.
Obviously, this pathway is not accessible under thermal
conditions. The same holds true for pathways C and D (see
Figure S2); here a f-electron is shifted from a doubly occupied
orbital of the spin-free oxygen atoms Oy, or O,, so as to create
an electron hole to facilitate the subsequent HAT from
methane.

Next, we consider pathway E. As shown in Figure 4E, the
electron pair from the 6(c_g) bond of methane is donated into
the empty orbital n,;y of the Aljy; atom of the cluster, resulting
in the formation of a new 6(c_ai_1;) bond. Then, the remaining
proton in transit is captured by the doubly occupied ®(qy
orbital of the terminal oxygen atom O;°, thus generating a
O(o-m) bond in the intermediate. However, an electronic
reorganization of the singly- and doubly occupied @) orbitals
in SR is required for the formation of the o(o_y) bond; this
gives rise to a high energy barrier TS-Al/O, (95 kJ mol™).
Since the Iocatlons to which the proton and the electron are
transferred differ,"”’ pathway E can be assigned to a PCET
rather than 2 HAT even though an O;° radical serves as the
reactive site.'>'* In addition, the negative charge on the carbon
atom increases significantly from —1.00 in isolated CH, to
—1.27 (Table S2), indicating that the electron does not transfer
simultaneously along with the proton in this process.

Pathways F—]J have the features of a heterolytic cleavage of the
C—H bond of methane via a PCET process. In the following,
pathway G is discussed as a representative example. As shown
in Figure 4G, the electron pair from the o(_y) bond of
methane in SR, is accepted by the empty orbital n, of the Aljy;
atom of the cluster in SR, forming a mixed 6(c_y_py) bond in
TS-Al/O.. Further, the proton is captured by the doubly
occupied @y orbital of oxygen atom O_ in SR. Thus, a 6(o_p)
and a 6(4_c) bond are created in the intermediate; in the
former the two electrons originate from the doubly occupied
® o) orbital of the cluster and in the latter from the o(c_p)
bond of methane (see SR in Figure 4). The analysis of the
NBO-calculated spin and charge distributions (Table S2)
indicates that an unpaired electron is not located on the
hydrogen abstracting oxygen atom O instead, significant
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negative charges are generated on O, and the carbon atom in
TS-Al/O,; the former facilitates the C—H bond activation by
proton abstraction and the latter is beneficial to create the Al—
CH; bond. As a result, TS-Al/O., is significantly stabilized, and
even lies lower in energy than TS-O, in which the oxyl unit
O;* serves as the H-abstractor for enabling a conventional
HAT.

As noted earlier, an increasing spin density and a
decreasing negative charge on the hydrogen-abstracting oxygen
atom favorably affect a HAT reaction, with the consequence
that even methane can be activated.”* As shown in Tables 1 and
2, we can see that a less negative charge, as well as a significant
spin on the reactive oxygen atom are beneficial for a
conventional HAT reaction (pathways A); in contrast, a
significantly negative charge on the reactive, spin-free oxygen
atoms results in prohibitively high barriers (pathways B—D).

Quite interestingly, inspection of the NBO charge of the
Lewis acid—base pair [M*—O0~] (M = Al, Mg) of the cluster ion
reveals a correlation with the relative energies of the TSs in
PCET pathways E to J. Indeed, a clear correlation between the
nature of TS, its barrier and the Lewis acidity—basicity of the
[M*—O~] unit serving as the reactive site can be established:
the more acidic the metal and the more basic the oxygen atoms
are in the [M"—O7] unit (Table 1), the stronger stabilized is
the corresponding TS in a PCET reaction.

A comparison between the [Al,Mg,0;]*"/CH, couple and
the [ALO,]**/CH, pair described previously’” reveals a striking
doping effect.”’ The Al(u-0),AlO0, of [Al,0,]** is also present
in AOl; here the [Mg,O,] unit acts as a dopant. The
corresponding rate constant k([Al,05]**/CH,) amounts to
7.0 X 107" cm® molecule™ s~ with an efficiency of around
7%.”” Thus, the reactivity of [AL,O;]** toward CH, is an order
of magnitude higher than that of the [Al,Mg,0Os]**/CH,
couple. Therefore, doping the cluster ion [AL,O;]*" with
Mg,0, decreases its reactivity. However, “doping” increases the
chemoselectivity as the competing conversion of methane into
formaldehyde becomes unfavorable for the heteronuclear
cluster oxide. As to the mechanistic implications, a sizable
barrier (TS-O,) in pathway A of the doped system is
encountered, while a barrier-free hydrogen-atom abstraction
occurs in the [Al,05]**/CH, couple.”” As a PCET pathway had
not been considered in the previous study on the [Al,0,;]**/
CH, couple,”’” thus, we recalculated the PCET pathway for
comparison. The corresponding TS-Al/O, for the [ALO;]**/
CH, couple is located 65 k] mol™* below the entrance channel
(Figure S3), in sharp contrast to the corresponding value of 3
k] mol™' found in pathway F of the A01/CH, couple. The
significant HAT barrier of the doped system compared to that
of the [AL,O;]**/CH, couple can be ascribed to a larger bond
order between the terminal oxygen and the Al atom: the
calculated Wiberg bond index (WBI) of the Al-O, bond in A01
amounts to 0.60, whereas a value of 0.34 is obtained for the
corresponding bond in [AL,O;]** (Table S1). The same holds
true for the PCET transition state TS-Al/O,: the WBI of the
Al;-O, bond in the active site of [A,0;]** corresponds to 0.30,
whereas this value amounts to 0.45 for that Al;-O, bond in
[AL,Mg,0,]°*. These findings imply that metal oxides
possessing a more ionic nature of the [M*—O7~] unit have a
smaller apparent activation energy for the C—H bond activation
of methane and favor PCET pathway.

105,106

3. CONCLUSIONS

In summary, we investigated mechanistic variants and their
electronic origins for the reactions of the heteronuclear oxide
cluster [ALMg,0;]** with CH, by using the FT-ICR-MS
experiments and high-level QM calculations. First, HAT from
methane to the cluster ion AO1 proceeds under thermal, single-
collision conditions. Second, as shown computationally, both a
proton-coupled electron transfer (PCET) mechanism and the
conventional HAT route are feasible and competitive. To our
knowledge this is the first example demonstrating that both
mechanistic variants may coexist. In detail, the PCET reaction
takes place on the Lewis acid—base pair [Alf;—OC];
alternatively, the terminal oxygen O;°® abstracts a hydrogen-
atom through the conventional HAT route. Third, a correlation
between the nature of the TSs, the barriers and the Lewis
acidity-basicity of the [M*—O~] units serving as the reactive
site has been established by a quantitative analysis of the NBO-
calculated spin and charge distributions, as well as WBI. Fourth,
the roles of the spin and charge distributions on the oxyl site of
a terminal oxygen radical site in HAT processes are clarified.
The present results may provide a valuable and general
guidance for probing doping effects on the mechanisms of C—
H bond activation and, thus, may prove useful in the rational
design of catalysts.

4. METHOD

4.1. Experimental Details. The ion/molecule reactions were
performed with a Spectrospin CMS 47X Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometer eguipged with an
external ion source as described elsewhere.'”””'" In brief,
[ALMg,'®0;]*" was generated by laser ablation of a Al/Mg (1:1)
disk using a Nd:YAG laser operating at 1064 nm in the presence of
180, (>99%) seeded in helium; the latter serves as carrier gas. 'O, was
used to avoid ambiguities in the assignment of product species due to
the generation of isobaric species in the course of the reactions with
methane and background gases.

Using a series of potentials and ion lenses, the ions were transferred
into the ICR cell, which is positioned in the bore of a 7.05 T
superconducting magnet. After proper thermalization by pulsed-in
argon (ca. 2 X 107° mbar), the reactions of mass-selected
[ALMg,'80;]**, m/z = 192, were studied by introducing isotopo-
logues of methane, ie, CH, CD,, and CH,D,, via a leak valve at
stationary pressures. A temperature of 298 K for the thermalized
cluster ions was assumed.'%” "%

4.2. Computational Details. Assignment of the Lowest-Energy
Structure. To obtain the lowest-energy structure of the cluster ion
[AL,Mg,'®0;]*", a Fortran code based on a genetic algorithm (GA)''°
has been used to generate initial guess structures of the [A,Mg,05]**
clusters. The B3LYP/6-31G level of theory was employed in the GA
calculations that produced more than 200 fully optimized structures
without imposing any symmetry constrains.''""'* Subsequently, more
than 100 low-lying isomers were reoptimized at the G4 level of theory
to obtain the global minimum structure of [Al,Mg,0;]**. In addition,
the artificial bee colony (ABC) algorithm''®"'* was also employed by
using the “ABCluster” software to search the global as well as the
local minima; the B3LYP/def2-TZVP level of theory was used in these
structural optimization. Finally, the five lowest-energy structures were
reoptimized at the MP2/cc-pVTZ level of theory; the so-obtained
structures were used for single-point energy calculations by employing
advanced QM computational methods free of any empiricism, i.e., at
the CCSD(T)-F12/AVTZ level of theory.'"> All these calculations
were confined to the doublet cage-like structure AO1. We note that the
global minimum of the quartet state is located more than 140 kJ mol ™
above doublet AOI.

Electronic Structure Calculations. The B2GP-PLYP''® double
hybrid density functional method in conjunction with the def2-TZVP
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basis set were applied to optimize the structures of stationary points
along the reaction coordinates. The influence of van der Waals effects
has been studied by using the Gaussian 09 default of Grimme’s
empirical dispersion parameters.''”

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)''*7'*' calculations were also
performed to confirm that the transition states correlate with the
designated intermediates.

The zero-point vibrational energy (ZPVE) and thermal corrections
to the enthalpy were calculated on structures optimized at the B2GP-
PLYP/def2-TZVP level. The thermodynamic functions (AH) were
estimated within the ideal gas, rigid-rotor, and harmonic oscillator
approximations at 298 K and 1 atm.

To refine the energies, single-point energy (SPE) calculations were
performed further at the B2GP-PLYP/def2-QZVPP level of theory. In
order to obtain a chemical precision for the rate-limiting transition
barriers, TS-O,, TS-Al/O, and TS-Al/O,, SPE calculations at the
standard CCSD(T)/CBS[VTZ:VQZ] level of theory using the B2GP-
PLYP/def2-TZVP structures were carried out.

Natural bond orbital (NBO)'**™**” calculations were performed to
obtain further information on selected stationary points along the
reaction coordinates.

Deformation energies (AEy,;) were calculated at the B2GP-PLYP/
def2-TZVP level for the respective transition states, and were plotted
again the respective barriers (AE¥) as a diagnostic tool.”” AEy is the
energy spent by the reactants to reach the structure adopted in the
transition state, respectively, namely, AEy¢ = E(CH, + [AL,Mg,'*0,]**
at TS geometry) — E(EC), while the respective barriers are the
electronic barrier without corrections for zero-point energy or any
thermal contributions. To avoid negative barriers (see Table 2), the
energy of the encounter complex was used as a reference state.

The barrier is related to the deformation energy as follows:

AE* = AEclef + AEint

AE,;, corresponds the total interaction energy, contributed by
repulsive interactions (e.g., Pauli repulsion) and stabilizing interactions
(electrostatic, polarization, and bonding). The line in the Figure 3 has
a slope of unity with AE* = AE4 Large AE;, values indicate strong
missing between the proton-transfer/electron-transfer states and the
HAT states in the neighborhood of the TS.'*'”%12%

All density functional theory calculations were performed with the
Gaussian 09 package,'” and the coupled-cluster theory calculations
were carried out by using Molpro2012.1."*°
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