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Abstract: Mechanistic insight into the homolytic cleavage of
the O—H bond of water by the heteronuclear oxide cluster
[Ga,Mg,Os]"* has been derived from state-of-the-art gas-phase
experiments in conjunction with quantum chemical calcula-
tions. Three pathways have been identified computationally. In
addition to the conventional hydrogen-atom transfer (HAT) to
the radical center of a bridging oxygen atom, two mechanis-
tically distinct proton-coupled electron-transfer (PCET) pro-
cesses have been identified. The energetically most favored
path involves initial coordination of the incoming water ligand
to a magnesium atom followed by an intramolecular proton
transfer to the lone-pair of the bridging oxygen atom. This step,
which is accomplished by an electronic reorganization,
generates two structurally equivalent OH groups either of
which can be liberated, in agreement with labeling experiments.

Water is the most ubiquitous compound on earth, and
sunlight-initiated efficient water splitting is regarded as the
holy grail in the context of a sustainable hydrogen-based
economy."! Metal oxides are considered as promising cata-
lysts for water oxidation.”! Further, cleavage of the O—H
bond in water by transition-metal compounds results in the
generation of valuable metal hydroxides or metal alkoxides.
The mechanistic understanding of how water interacts with
metal oxides is of fundamental importance, but still far from
being complete.!

The ultimate goal in heterogeneous catalysis is, in the
extreme, to perform single-atom catalysis (SAC),! and gas-
phase clusters have been considered to serve as ideal models
to probe the active site of a catalyst.”] Herein, a detailed
investigation on the reactivity of the heteronuclear oxide
cluster [Ga,Mg,Os]"" toward water in the gas phase has been
conducted by state-of-the-art mass-spectrometry based
experiments in conjunction with quantum chemical (QC)
calculations.) As shown earlier, the mechanistic understand-
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ing derived from these investigations provides fundamental
concepts and may guide in the rational design of low-
molecular-weight catalysts.*>™7

The Fourier transform ion-cyclotron resonance (FT-ICR)
mass spectra, Figure 1, show the reactions of mass-selected,
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Figure 1. Mass spectra showing the reactions of mass-selected
[Ga,Mg,Os]"" with a) Ne at a pressure of approximately

1.0x107° mbar, b) H,O at a pressure of approximately 1.3x107° mbar,
c) D,O-enriched water at a pressure of approximately 2.4x10° mbar,
and d) H,"0 at a pressure of approximately 2.0x10~° mbar after

a reaction delay of 3 seconds. See text for details and Supporting
Information for a larger mass range.

thermalized [Ga,Mg,Os]"" ions (m/z 268, see Ref. [7a] for
details) with water and its isotopomers; the reaction with Ne
has also been recorded to provide a reference spectrum. As
shown in Figure 1a, the hydrogen-atom transfer (HAT)
product ion [Ga,Mg,OsH]" is formed even if the ICR cell is
filled only with neon, that is, [Ga,Mg,Os]"" reacts with
background impurities. However, the intensity of the product
ion [Ga,Mg,OsH]" is much higher when H,O is leaked into
the ICR cell (Figure 1b, and Reaction (1)). The O—H bond
scission was confirmed in an isotopic labeling experiment with
D,0O-enriched water, in which the product ion [Ga,Mg,0sD]*
is observed (Figure 1c, Reaction (2)). When labeled H,'"®O is
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introduced in the ICR cell, in addition to a signal for
[Ga,Mg,OH]", a signal with Am=+3 relative to the
precursor [Ga,Mg,Os]" appears (Figure 1d; Reactions (3)
and (4)). The presence of [Ga,Mg,0,*OH]" indicates an
oxygen-atom exchange between H,'®O and the oxide cluster
(Reaction (3)). All these product ions are formed in primary
reactions as revealed by double-resonance experiments. For
example, constant removal of the product ion [Ga,Mg,0OsH]|"
from the reaction cell does not affect the formation of
[Ga,Mg,0,"*OH]". The rate constant k([Ga,Mg,0s]""/H,0) is
estimated to 6.6 x 107'” cm®molecule 's™!, corresponding to
a collision efficiency of ¢ =37 %, relative to collision rate
calculated with average-dipole orientation theory.®! Summa-
rizing the experimental findings, it is clear that [Ga,Mg,Os]*
activates water under thermal conditions.

[Ga,Mg,0s]* +H,0 — [Ga,Mg,0sH]" +HO 1)

[GaMgy05]* +D,0  — [GaMg,0sDI" + DO’ (2)
18 [GapMg04'80H]"  + HO' )

Ga,Mg,05]* + H,'80

[GaMg,Od 2 [Ga,Mg,OsH]* +H180" )

To obtain mechanistic insight in the [Ga,Mg,Os]"" medi-
ated activation of H,O, QC calculations have been perform-
ed;® the potential energy surfaces (PESs) are shown in
Figure 2, and the corresponding structural parameters are
given in Table 1.

As shown in Figure 2, three different pathways A, B, and
C have been located on the PESs for the reaction of

80

TS4

40 o

R (Cs
[Ga2Mg20s]*

A
o

AHye (kJ mol)
g

Table 1: Geometric parameters of the stationary points involved in the
reaction of [Ga,Mg,Os]"" with H,O as calculated at the BMK/6-31 + G-
(2df,p) level of theory.”!

Rug.o, Royh Ro,.+ Rug.o, Ro,0, %£0,-H-O,

R + H,0 1.93 - 0.96 - - -

EC 1.92 3.58 0.96 1.98 3.25 62.6
TS1 2.24 1.53 1.01 1.94 2.35 133.9
1 3.41 1.45 1.05 1.91 2.48 163.4
TS2 3.44 1.00 1.58 1.87 2.33 127.2
2 3.26 0.96 2.31 1.90 2.13 67.4
TS3 1.97 1.32 1.07 3.55 2.22 136.0
TS4 1.97 1.29 1.08 3.64 2.36 166.4
3 1.92 0.96 2.04 4.72 2.86 141.6
4 1.93 0.96 2.01 3.88 2.88 148.9
P+ OH 1.93 0.96 - - - -

[a] Bond lengths [A] and bond angles [°]. O, indicates the bridging
oxygen atom of the cluster ion, and O,, refers to the oxygen atom of water.

[Ga,Mg,Os]" with H,O. All start with the formation of
a quite stable encounter complex (EC), in which the oxygen
atom of water coordinates to one of the Mg atoms of the
cluster ion; this step is exothermic by —146 kJmol™'. Sub-
sequently, in pathway A in the course of lengthening the bond
between magnesium and the bridging oxygen atom, the Mg-
bound water ligand forms a H bond to the oxygen atom (O, ")
that originally bridged the two magnesium atoms (R, p=
1.45 A) thus generating intermediate 1 (=113 kJmol ') via
transition state TS1 (—99 kJ mol'). Next, cleavage of the O~
H bond takes place via transition state TS2 (—89 kJmol ') to
give rise to intermediate 2 (—97 kJmol™') which has two
structurally equivalent OH groups. The ejection of either
of the OH groups constitutes the rate-limiting step and
results in the formation of product P, [Ga,Mg,OsH]",
which is —44 kI mol™' lower in energy than the isolated
reactants. Clearly, the overall process is accessible at
thermal conditions, in agreement with the experiments, in
particular with the labeling experiments with H,'®O,
Figure 1d. Pathway A is by far the most-favored ener-
getically compared to the two alternative routes B and C.
For these two processes, high barriers, that is, TS3 and
TS4, have to be surmounted; as they are 14 kJmol ' and
65 kJ mol " higher in energy than the separated reactants,
respectively, they are not accessible under thermal
conditions.

As shown in Table 1, TS2 corresponds to a late
transition structure: the HO—H bond (R,_) is elongated
by 0.53 A (from 1.05 A in 1 to 1.58 A in TS2), and the
length of the newly formed O,—H bond (R, ) is only
1.00 A in TS2 (compared to 1.45 A in 1 and to 0.96 A in
2). These bond breaking and bond making processes
result in an overall barrier of 24 kImol™' relative to 1.
Regarding the structures of the alternative hydrogen-

-120
-160
-200 (C1) —A @
68 3
0 (C)
-240 ¢

Reaction Coordinates

Figure 2. The most favorable potential energy surfaces (k) mol™') and key
ground-state structures involved in the reaction of [Ga,Mg,0s]"" with H,O at

the G4(MP2)-6X level of theory. Inset: ground-state structure of

[Ga,Mg,O]"". The blue isosurface indicates the AlM-calculated spin-density

distribution. For selected geometrical parameters, see Table 1.
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atom abstraction via TS3 and TS4, both transition
structures share similar structural properties (see
Table 1), yet TS3is 51 kI mol ™" lower in energy than TS4.

A frontier molecular orbital (FMO) analysis on the
electron-density development has been performed to
provide further details.”! Figure 3 shows the detailed
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Figure 3. Schematic frontier MO diagrams for the three pathways A, B,
and C in the reactions of the [Ga,Mg,0s]'*/H,O couple. A point from
the IRC on the way from EC to TS4 in pathway C is also given to
demonstrate the orbital rearrangement, that is, the rotation of the O,
p, orbital to hybridize with the O,, p, orbital. See text and Figures S2,S3
for details.

evolution of the electronic structures along the three reaction
pathways.

For pathway A, the overall process 1-TS2—2 can be
separated into two events, that is, proton and electron
transfers, in which different orbitals are involved. Thus, the
electron lone pair (LP) localized at O, in the p, orbital in
1 abstracts a proton from the OH group of water and forms
a 0(O,—H) bond in TS2; accordingly, the electron pair of the
former o(O,,—H) bond of the H,O moiety in 1 is transformed
to a lone electron pair on O, in TS2. At the same time,
a hybridization of the doubly occupied p. orbital of O,,
perpendicular to the O-H-O axis, and the singly occupied p,
orbital of Oy is achieved by rotations of the Mg—O, and Mg—
O,, bonds, respectively, giving rise to a doubly occupied 6(Oy—
O,,) bonding orbital and a singly occupied o*(0,—0,,) anti-
bonding orbital in TS2; thus electron density is transferred to
O,,. In going from TS2 to 2, the Mg—O,, bond rotates further to
achieve a better alignment of the 0*(O,—0O,,) anti-bonding
orbital. Apart from that, the electronic structure of 2 is similar
to that of TS2; this is in line with assigning TS2 as being a late
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transition structure as mentioned above. In total, this reaction
pathway can be characterized as a proton-coupled electron
transfer (PCET).["

In contrast, pathway B can be described in terms of
a standard hydrogen-atom transfer (HAT) mechanism. As
shown in Figure 3, three electrons are delocalized over the O-
H-O moiety in transition state TS3; one of them originates
from the p, orbital of O, in R and two from the o(O,—H) bond
in H,O, thus resulting in a 3-electron/3-center transition state
characterized by a doubly occupied bonding orbital along the
O-H-O axis, 6(O,-H-0O,,), and a singly occupied anti-bonding
orbital, 0%(O,-H-O,,). The electron pair in the p, orbital of O,
is perpendicular to the O-H-O axis and thus acts as
a spectator. These features are consistent with classical
HAT mechanism.!"*'"]

As mentioned above, pathways B and C have similar
features regarding the structural properties. However, a more
detailed analysis reveals that pathway C actually corresponds
to a PCET rather than a conventional HAT process as
identified for pathway B. As shown in Figure 3, in pathway C
as the incoming water ligand approaches O,, of the cluster, the
singly occupied O,, p, orbital in EC rotates for a better overlap
with the doubly occupied O, p, to form two orbitals, that is,
a doubly occupied nt(O,—O,,) orbital and a singly occupied
anti-bonding 7*(0O,—0,,) orbital in TS4. From these two
orbitals, the singly occupied O,, p, orbital and the doubly
occupied O, p. are generated in intermediate 4; as a result, an
electron has been transferred from the O,, p, orbital to the O,
p. orbital. The proton transfer takes place in going from TS4
to intermediate 4 involving different orbitals: the lone pair at
O, in TS4 is transformed to the 6(O,—H) bond in 4 while the
0(O,—H) bond in TS4 is converted into a lone pair at O,, in
4.00.12]

As stated earlier, the energetics of the electron donator
and electron acceptor orbitals are crucial for the reactivity of
metal oxide clusters towards R—H bonds.”**'¥ The funda-
mental difference between pathways B and C can be traced
back to different electron-donator orbitals (EDO). The p,
orbital of O, corresponds to the electron-accepting orbital
(EAO) in both pathways; however, the EDO corresponds to
the 0(O,,—H) orbital in pathway B and to the p, orbital of O,
in pathway C. This gives rise to a 3-electron/3-center o(O,-H-
0,,) and 0*(0,-H-O,,) bond in pathway B while an energeti-
cally rather unfavorable 3-electron/3-center with w character,
that is, ©1(O,—0O,,) and *(0,—0,,), is involved in pathway C.
The different O--O interaction is also reflected in a shorter
Ro.o distance of 2.22 A in TS3 (pathway B) and a longer R o
of 2.36 A in TS4 (pathway C).

In summary, herein we provide novel mechanistic insight
into various reaction pathways of hydrogen-atom transfer
from water to the heteronuclear oxide cluster [Ga,Mg,0s]"".
The by far most favorable pathway corresponds to a proton-
coupled electron transfer (PCET) mechanism, in the course
of which two structurally equivalent Mg-(OH) units are
formed. A conventional hydrogen-atom transfer (HAT)
mechanism, which characterizes the [Ga,Mg,Os]""/CH,/C,H;
couples,” is much more demanding energetically. A second
PCET pathway also exits for the [Ga,Mg,0s]""/H,O system.
Although the transition state of this alternative mechanism
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has a structure similar to that of the HAT pathway, the
electronic structures are quite different.
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