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Abstract: The thermal reactions of the heteronuclear oxide
cluster [Ga,MgO,]"" with methane and water have been
studied using state-of-the-art gas-phase experiments in con-
junction with quantum-chemical calculations. The significant
reactivity differences, favoring activation of the strong O—H
bond, can be ascribed to a proton-coupled electron transfer
(PCET) mechanism operative in the activation of water. This
study deepens our mechanistic understanding on how inert R—
H bonds are cleaved by metal oxides.

As the major component of natural gas, methane is abundant
in nature and is regarded as an attractive building block for C,
chemistry;m further, activation of this
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the-art mass-spectrometric experiments in conjunction with
quantum-chemical calculations.® Implications derived from
this combined experimental/computational investigation may
provide mechanistic insights, which are a prerequisite for the
rational design of low-molecular-weight catalysts.[?*<

The Fourier transform ion-cyclotron resonance (FT-ICR)
mass spectra in Figure 1 show the reactions of mass-selected,
thermalized [Ga,MgO,]" ions (m/z 228; see the Supporting
Information for details) with isotopomers of methane and
water; mass spectra of the reaction with neon have also been
recorded as reference spectra. As shown in Figure 1a, the
hydrogen-atom transfer (HAT) product ion [Ga,MgO,H]" is
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extremely inert hydrocarbon has attracted a) , b) Y o) ] d) P

much attention not only because of the great

economic interest, but also because of the

inherent scientific challenges associated with

this seemingly trivial transformation.l”! Water i

is the most ubiquitous compound on earth Ne CHs J CH:D> ¥ CD4 Q

and its splitting constitutes a key step for 200 228 260 ) | 200 228 260 ) | 200 228 260 ) | 200 228 260
capturing solar energy.”! In addition, cleav- e) 1 ) i 9 1

age of the O—H bond in water by transition-
metal compounds results in the generation of

metal hydroxides or metal alkoxides.’** 2 ) 5
. . . 3 = [Ga;MgO.D]*
Metal alkoxides, and in particular, metal .
. N 18,
oxides have founded quite a few useful H0 ) - D20 Jl H2'%0 4 = [Ga;MgO3'80H]*
applications  including their reactivity 200 228 260,200 G 200, \200 228 2009

1 = [GazMgO4]**

2 = [Ga2MgO4H]*

towards small, inert molecules, such as meth-
ane and water.’**>! While a mechanistic
understanding of these reactions is of funda-
mental interest, many aspects remain to be
elucidated in detail ]

Homolytic dissociation of the CH;—H
bond (439.3kJmol™') requires much less
energy than that of the HO-H bond
(497.1 kJmol™');” thus, whenever the activation of H,O
proceeds faster than that of CH,, this may point to a funda-
mental mechanistic difference. Herein we describe the gas-
phase reactions of the heteronuclear oxide cluster
[Ga,MgO,]" with water and methane, examined by state-of-

is always m/z.
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formed even when only neon is present in the ICR cell,
revealing that [Ga,MgO,]" reacts with background impur-
ities, such as water. Comparing the spectra in Figure 1a—-d, H-
atom abstraction from methane [Eq. (1)] is clearly demon-

[Ga,MgO,|"" + CH, — [Ga,MgO,H|" + CH;’ 1)

strated. For example, the intensity of the product ion
[Ga,MgO,H]" is much higher when methane is passed into
the ICR cell (Figure 1b). By correcting for the contribution
of the reaction with the background, the rate constant
k([Ga,MgO,]""/CH,) is estimated to be 1.6x
10" cm®*molecule 's™!, corresponding to a collision effi-
ciency (¢) of 2%, relative to the collision rate;® the
intramolecular kinetic isotope effect (KIE) derived from the
[Ga,MgO,]*/CH,D, couple (Figure 1c) and corrected for
background contribution is 2.0. The O—H bond scission
[Eq. (2a)) was confirmed in an isotopic labeling experiment
[Ga,MgO,]"* + H,0 — [Ga,MgO,H]" + OH" (2a)
with D,0, in which the product ion [Ga,MgO,D]" is detected
(Figure 1f). When labeled H,"O is introduced into the ICR
cell, a signal with Am=+3 relative to the precursor
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Figure 1. Mass spectra showing the reactivity of [Ga,MgO,]"" with a) Ne, b) CH,, ¢) CH,D,, and
d) CD, at a pressure of 4.0x107® mbar and a reaction delay of 3 s, e) H,O at a pressure of

approximately 1.4x107° mbar after a reaction time of 3 s, f) D,O at a pressure of approximately
2.5x107° mbar after a reaction time of 2's, g) H,"®O at a pressure of approximately
1.0x10° mbar after a reaction time of 4 s. The occurrence of [Ga,MgO,H]" in (a) is caused by H-
abstraction from background impurities, such as H,O. See text for details. The unit for the x axes
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[Ga,MgO,]* appears in addition to that for the product
[Ga,MgO,H]" from the HAT from water (Figure 1g); this
suggests the exchange of an oxygen atom between H,*O and
the oxide cluster concomitant with the transfer of a hydrogen
atom [Eq. (2b)]. These ions are formed in primary reactions

[Ga:MgO3'®OH]* + OH*

2b
[Ga:MgO4H]* + "8OH- (2b)

[GaaMgO4]* + H2'80 ‘I::

as revealed by double-resonance experiments. In the double-
resonance experiments, constant removal of the product ion
[Ga,MgO,H]" from the reaction cell does not affect the
formation of [Ga,MgO;*OH]". In addition, the ratio of
[Ga,MgO;'*OH]":[Ga,MgO,H]" is approximately 1:1, pro-
vided the intensity of [Ga,MgO,H]" as obtained from the
reference spectra measured at the same pressure and with the
same reaction delay is considered and corrected for. The rate
constant k([Ga,MgO,]""/H,0) is estimated to be 4.5x
107" cm® molecule ' s7!, corresponding to a collision effi-
ciency of $=25%.

Summarizing the experimental findings, it is clear that
[Ga,MgO,]"" activates both methane and water under thermal
conditions, and the reactivity of the cluster toward H,O is an
order of magnitude higher than toward CH,.

To obtain mechanistic insights into the [Ga,MgO,]*-
mediated C—H and O—H activations of methane and water,
quantum-chemical calculations were carried out.’® The most
favorable potential-energy surfaces of these reactions are
shown in Figure 2, and relevant structural parameters are
given in Table 1.

The most stable structure of [Ga,MgO,]"" corresponds to
a quasi-planar structure R (Figure 2 and Figure S1 in the
Supporting Information) with the spin density localized on
the terminal oxygen atom O, . As shown in Figure 2, in the
reaction of [Ga,MgO,]"" with CH,, an encounter complex 1a
is formed initially from the reactants (R and CH,); this step is
exothermic by —15 kImol'. Subsequently, one C—H bond is
activated and the corresponding hydrogen atom is transferred
to the O; unit of R via transition state TSa which is
12 kJmol ' lower in energy than the separated reactants. This
process results in the formation of the association product 2a
(=98 kJmol "), in which the methyl radical is loosely
coordinated to the cluster by the H atom of the newly
formed OH group. Finally, the hydroxide product ion

% -1156.3

Mg GaC O H
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Figure 2. The potential energy surfaces (k) mol™') and key ground-state
structures involved in the reactions of [Ga,MgO,]"" with CH, and H,O
calculated at the G4 MP2-6X level of theory. The inset shows the
ground-state structure of [Ga,MgO,]"" (C, symmetry). The blue isosur-
face indicates the AIM-calculated spin-density distribution.

[Ga,MgO,H]" (P) is generated under release of a methyl
radical. The rate-determining step corresponds to the for-
mation of transition state TSa which is accessible under
thermal conditions, in line with the experimental results.
Remarkably, a strikingly distinct reaction mechanism has
been identified for the [Ga,MgO,]*/H,O couple. As shown in
Figure 2, a very
stable encounter complex 1b (—115 kJ mol ™) is formed at the
reaction entrance; interestingly, water does not directly
approach the reactive oxygen atom but coordinates first to
the metal center. Subsequently, the O—H activation proceeds
via TSh, resulting in intermediate 2b. Notably, TSb
(=53 kJmol ") is much lower in energy than the separated
reactants, in contrast to TSa of the [Ga,MgO,]""/CH, couple.
There are two newly formed, structurally equivalent OH
groups in 2b, and release of OH yields the product ion P
which is 24 kJmol™' lower in energy than the isolated
reactants. The OH ligands in 2b are indistinguishable, in
line with the 1:1 ratio for the formation of [Ga,MgO;"*OH]"

Table 1: Geometric parameters of stationary points in the reactions of [Ga,MgO,]"" with methane and water calculated at the BMK/6-31 + G (2df,p)
level of theory. Bond lengths [A] and bond angles [°]. For the reaction with water, O, indicates the terminal oxygen atom of the cluster ion, O,, the

oxygen atom of water.

CH, H,0
Species Rea-o, Ro-n Ren Rea-c %0-H-C Species Rea-o, Ro-+ Ro,-+ Rea-o, %0,-H-0,
R+CH, 1.77 - 1.10 - - R+H,0 1.77 - 0.96 - -
Ta 1.78 2.96 1.09 2.59 91.2 1b 1.80 2.84 0.97 1.99 80.7
1c 1.77 2.10 0.96 4.53 180.0
TSa 1.76 1.49 1.16 3.33 165.7 TSb 1.95 1.24 1.24 1.86 134.2
TSc 1.76 1.24 1.09 3.46 180.0
2a 1.73 0.97 2.13 4.06 172.2 2b 1.86 0.97 2.47 1.85 64.7
2c 1.73 0.97 1.91 3.95 1751
P+CH;, 1.74 0.96 - - - P+OH 1.74 0.96 - - -
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and [Ga,MgO,H]" in the labeling experiment described
above. The rate-determining step corresponds to the cleavage
of a Ga—O(H) bond with the concomitant release of OH. An
alternative mechanism, similar to the one identified for the
activation of CH,, was also explored for the reaction of
[Ga,MgO,]" with water in which the HAT reaction takes
place by a direct approach of the substrate to the reactive
oxygen atom of the cluster (R + H,0—1¢, Figure 2); how-
ever, this pathway encounters a prohibitively high barrier
TSe, being 22 kJmol™ in energy higher than separated
reactants. Thus, this reaction channel is not an option for
O—H activation through this cluster under thermal conditions.

Regarding the structural features of the stationary points,
the pathways of [Ga,MgO,]"*/CH, via TSa and [Ga,MgO,]"*/
H,O via TSc are quite similar. As shown in Table 1, in the
reaction of [Ga,MgO,]* with CH,, the Ga—O,~ bond at the
reactive site of the cluster and the C—H bond of methane
remain almost intact: the Ga—O,;” bond is shortened by
anegligible 0.02 A (from 1.78 A to 1.76 A) and the C—H bond
lengthened by only 0.07 A (from 1.09 A to 1.16 A), in going
from 1a to TSa. This indicates an early transition state and
thus a rather small intrinsic barrier (3 kJ mol™). Similarly, the
Ga—O; bond length decreases also by only 0.01 A in the
reaction of [Ga,MgO,]"" with H,O in going from 1c to the
transition state TSe¢, and the activated O—H bond of water is
lengthened by 0.13 A (from 0.96 A to 1.09 A; Table 1). The
different barrier heights of 3 kJmol™' and 19 kI mol " for C—
H and O—H activation via TSa and TSe, respectively, can be
explained by the different increments of stretching the C—H
(5%) versus O—H (14 %) bonds in TSa versus TSc¢ and their
different bond dissociation energies as noted above. This
results in an apparent barrier for the O—H activation via TSe
which cannot be surmounted under thermal conditions.

The different energy pattern of the C—H and O—H
activations via TSa and TSb can also be explained based on an
inspection of the structural features. In sharp contrast to the
features noted above for the C—H activation for the
[Ga,MgO,]*/CH, couple, in the [Ga,MgO,]*/H,O system
the Ga—O,” bond at the reactive site of the cluster as well as
the O—H bond of water lengthen by 0.15 A (from 1.80 A to
1.95A; Table1) and by 027 A (from 0.97 A to 1.24 A),
respectively, in going from 1b to TSb. These dramatic bond
elongations, especially for the stronger O—H bond of H,O,
account for the considerably higher intrinsic barrier for the
O—H activation via TSb. Further, the relatively high energy
difference between the two encounter complexes 1a and 1b
with an energy preference of 100 kJmol™" in favor of 1b can
be attributed to the strong interaction between the Ga atom
at the reactive site and the oxygen atom of H,O: the
calculated Wiberg bond index of the Ga—C bond in 1la
amounts to only 0.08, whereas a value of 0.24 is obtained for
the Ga—O,, bond in 1b. In contrast to the strong ion—dipole
interaction between the Ga atom and O,, only a rather weak
dispersion interaction between the cluster and the incoming
water exists in 1ec.

A frontier-molecular-orbital analysis on the electron-
density development has been performed to provide further
details and insight."”! As shown in Figure 3, [Ga,MgO,]"*
reacts with CH, in a standard HAT mechanism.'! Three
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Figure 3. Schematic MO diagrams for homolytic HAT from

methane (black), or water (red), and PCET from water (blue). For the
sake of clarity, the structures of TSb and 2b were rotated by 90°
around the Gay—Mg axis.

electrons are delocalized over the C-H-O moiety in the
transition state TSa; one of the electrons is contributed by the
O, radical (O p, in R) and two by the o(C—H) bond of CH,.
TSa is characterized by a 3-electron/3-center bond with
a doubly occupied bonding orbital along the C-H-O axis, o(C-
H-0), and a singly occupied antibonding orbital, 0%(C-H-O);
the doubly occupied p, orbital of O, is perpendicular to the
C-H-O axis and acts as a spectator. Similarly, the reaction of
[Ga,MgO,]* with H,O via a collinear O-H-O arrangement, to
proceed via TSe, also corresponds to a standard HAT
mechanism. However, as mentioned above there is an
alternative pathway for the activation of the O—H bond for
the [Ga,MgO,]"*/H,0O couple. Thus, to avoid the rather high
promotion energy required to transfer an electron from the
0(O—H) bond orbital to O p,, the electron pair located in O p,
abstracts a proton from the o(O—H) bond of H,O; thus, four
electrons end up in two strong 6(O—H) bonds of transition
state TSb in which, O p, is perpendicular to the O-H-O axis
and is singly occupied in both the reactant R as well as in TSb.
In 2b, the unpaired electron is equally delocalized in a 0*(O—
O) orbital over the H-abstracting oxygen atom and the
oxygen atom of the water moiety. Thus, this reaction path has
features of a proton-coupled electron transfer (PCET) with
the net effect of a HAT."1?]
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In summary, in this study we demonstrated that the

activation of methane and water by the heteronuclear oxide
cluster [Ga,MgO,]™" proceeds by distinctly different mecha-
nisms. The higher reactivity of [Ga,MgO,]" towards the
stronger O—H bond of water is due to a proton-coupled
electron transfer mechanism; this is beneficial to lower the
rate-determining transition state by avoiding the population
of a relatively high-lying, singly occupied O p, orbital. In
contrast, activation of methane does not have this option but
rather involves the classical homolytic hydrogen-atom trans-
fer for which the high spin density at the terminal O, unit of
the cluster ion matters.""

Keywords: bond activation - computational chemistry -
gas-phase reactions - mass spectrometry - radicals
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