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Gas-phase investigations of judiciously doped oxide clusters permit to
address fundamental challenges related to, for example, the low-
temperature oxidation of CO or the selective conversion of hydro-
carbons. Modifying the size and composition of a free cluster in

a controlled way enables the modification of local charge effects and of
spin states, and spectroscopic studies in combination with computa-
tional work help to identify the active site of a catalyst and to unravel
mechanistic details. Also, the interplay of the support material with the

reactive part of a composite catalyst cluster can be addressed. Exam-  of a chemical process.”*!% While this
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ples will be presented demonstrating how and why the gas-phase
reactivities of heteronuclear clusters, in comparison with their homo-
nuclear counterparts, toward small, generally rather inert molecules
can be increased, decreased, or not significantly affected.

1. Introduction

The ultimate goal in heterogeneous catalysis is to make
use of each and every atom of supported (metal) catalysts,
that is, in the extreme to perform single-atom catalysis (SAC).
While this task constitutes a nontrivial challenge in “real-life”
chemistry,V in the gas-phase SAC can be achieved in a rather
straightforward manner by conducting experiments with
mass-selected species under (near) single-collision condi-
tions.>! In fact, gas-phase studies on “isolated” reactants
provide an ideal arena for probing experimentally the
energetics and kinetics of a chemical reaction in an unper-
turbed environment at a strictly molecular level, without
being obscured by difficult-to-control or poorly defined
solvation, aggregation, counter ions, and other effects. Thus,
they offer an opportunity to explore the concept of SAC or,
more generally, to help in identifying the active site(s) of
single-site catalysts directly; the latter constitutes one of the
intellectual cornerstones in contemporary catalysis.**! In
addition, in gas-phase experiments, reactions can be analyzed
in detail, mechanisms uncovered, and questions can be
addressed on how factors such as cluster size and dimension-
ality, stoichiometry, oxidation number, spin and charge states,
degree of coordinative saturation etc. will affect the outcome
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approach, on principal ground, never
accounts for all the details that prevail
at a surface or in solution, when
complemented by appropriate compu-
tational or spectroscopic studies, in-
vestigations in the gas phase have
proved extremely meaningful over
the last two decades, because they
provide a systematic approach to address the above-men-
tioned questions, and, moreover, offer a conceptual frame-
work. This has been demonstrated, for example, for the
DEGUSSA process, that is, the large-scale, platinum-medi-
ated coupling of CH, and NH; to generate HCN. Crucial
insight on the elementary steps and on how to improve the
catalytic performance were derived initially from mass-
spectrometry-based studies;'""'? later, these predictions were
confirmed by in situ photoionization experiments.!”! Quite
clearly, each and every piece of information that helps to
optimize or improve the often trial-and-error-based strategies
of catalyst developments'®!% is highly welcome.

An important aspect that supports the feasibility of using
small systems as catalytic models derives from the fact that
chemistry is a local event: bond breaking and bond making
are confined to the catalytically active site(s). Consequently,
studying the chemistry and physics of free clusters has become
extremely helpful in uncovering many facets of quite a few
heterogeneously catalyzed processes.?>*1%1%15] Of particular
interest are those systems in which size and doping effects
control the reaction. The properties of clusters change
dramatically as a function of size, one atom at a time, or are
affected by the implementation of a different element; in
short: Each atom counts!®!®l Too many examples exist to
provide a comprehensive account on, for example, the power
of micro- and nanoalloys!'”! in real-life catalysis; therefore, it
may suffice to mention just four systems:

1) A single platinum atom anchored to the surface of iron
oxide mediates efficient oxidation of CO.!'*!
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2) The active site in the heterogeneously catalyzed industrial
methanol synthesis consists of Cu steps decorated with Zn
atoms."”

3) It is a Zn-doped zeolite that enables direct coupling of
CH, and CO, to form acetic acid.?”!

4) The remarkable synthesis of hydrogen peroxide from O,
and H, has been achieved by a binary Au-Pd catalyst.*!}

Not surprisingly, doped clusters in the gas phase—the
chemistry of which forms the subject of this Review—also
exhibit quite extraordinary features. For example, the
[PtZnH;s]™ cluster anion possesses an unprecedented planar
pentagonal coordination for platinum and exhibits o-aromatic
character,” or the heterolytic cleavage of H,, according to
Eq. (1), is quite unique,” because the gold-free homonuclear
cluster ion [CeO,]" is not capable to thermally activate
H,.?1 As shown by DFT calculations, the gold atom of
[AuCeO,]" fulfils two functions, that is, it serves as the
adsorption site for H, and facilitates the reaction.”!

[AuCeO,|" + H, — [CeO,H|" + AuH 1)

One of the earliest examples for a gas-phase “microalloy
catalysis” concerns the coupling of methane and NH; to
generate HCN [Eq. (2)]."Y While platinum is crucial to
activate methane and to initially form a platinum-carbene
complex,”? %! the presence of a coinage metal M (M = Cu,
Ag, Au) is essential for the actual coupling of the carbene
fragment with ammonia, as shown by experimental and
relativistic DFT studies.">*>!! As depicted in Figure 1, none
of the homonuclear cluster ions [MM]" (M = Cu, Ag, Au, Pt)
mediates the C—N coupling. They are either unreactive with
CH, M =Cu, Ag, Au) or the carbene complex [Pt,(CH,)]*
forms a carbide in the reaction with NH;, rather than
delivering C—N coupling products.

CH, + NH, ™™ HCN +3H, 2)

In this Minireview, I will focus on two types of reactions by
“doped” cluster ions, that is, 1)oxidation of CO under
ambient conditions, and 2) the competition between hydro-
gen-atom transfer to the cluster or oxygen-atom delivery to
hydrocarbons. While I will address questions related to, for
example, the role of charge and spin states, the nature of the
active site in the cluster, or discuss mechanistic features, I will
refrain from describing any experimental or computational
details, as these can be found in the original articles. Also, gas-
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Figure 1. Activation of methane, coupling with ammonia, or carbide
formation as a function of cluster composition with M =Cu, Ag, Au.

phase spectroscopic studies of cluster ions conducted in the
context of selective bond activation®™ ¥ will not be
discussed in detail; rather, one system may suffice to illustrate
the power of these techniques when combined with computa-
tional work.

The homonuclear cluster oxide [V,0,]" exhibits no or
only minor reactivity toward small hydrocarbons, such as
CH,, C,H,, C;Hy, n-C,H,,, and C,H,: however, substitution
of one vanadium atom by a phosphorus atom results in the
highly reactive oxide [VPO,]"" (1), and this cluster leads to the
oxidative dehydrogenation of and hydride abstraction from
saturated alkanes as well as the conversion of C,H, to
CH;CHO under thermal conditions.””! The infrared photo-
dissociation (IRPD) spectrum of [VPO,]** (Figure 2) together
with electronic structure calculations show the origin of this
distinctly different behavior and, in addition, uncovers crucial
mechanistic aspects. In [V,0,]"", the unpaired electron is
centered at one vanadium atom, thus corresponding to
a mixed-valence cluster [VYVYO,]"". In contrast to the
structurally related [V,0,]"" ion,F"*¥ in the heteronuclear
cluster 1 the reactive site is located at the P—O unit, and the
reactions are driven by the favored reduction process PV —
P (for the conversion C,H,—CH;CHO) and the fact that
the phosphorus atom is a better hydride acceptor compared to
the vanadium atom. Isomers 2 and 3 of [VPO,]"" are much too
high in energy to play a role and, as shown in Figure 2, they
are not generated in the experiment.

-+

2. Oxidation of CO under Ambient Conditions

Arguably, the metal-mediated CO—CO, conversion is
one of the most often studied systems, both at surfaces®” and
in the gas phase.” In recent years, the focus of interest shifted
from the investigation of homonuclear to “doped” clusters, as
it turned out that even seemingly simple phenomena, such as
adsorption energies, dissociative versus physical adsorption,
and cluster reorganization or cluster fragmentation upon
landing of CO, crucially depend on the composition of the
heteronuclear clusters.*"! In this chapter, I will primarily
discuss mechanistic aspects of the redox process mediated by
heteronuclear metal oxides (for an exhaustive review on
homonuclear cluster oxides, see Ref. [40]).

The couple [AIVO;]*/[AIVO,]" serves as an example for
probing the catalytic redox features and determining the
active site of a heteronuclear metal-oxide cluster in the room-
temperature oxidation of CO by N,O.! In the presence of
CO (Figure 3), [AIVO,]"" is reduced to [AIVO;]", and if N,O
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Figure 2. Experimental IRPD spectra (top) of the helium complexes
[VPO,]""-He, , compared to simulated B3LYP+ D/TZVPP linear absorp-
tion spectra of three bare isomers (1-3) and the helium-tagged isomer
1-He,. Given values indicate the zero-point-corrected relative energies
(in k)mol™) of the optimized structures (yellow P; green V; red O;
gray He). The V=0 stretching modes are marked with a circle, and
P=0 modes with an asterisk (adapted from Ref. [37]).
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Figure 3. Fourier-transform ion-cyclotron resonance (FT-ICR) mass
spectra showing the thermal reactions of a) [AIVO,]"* with CO (t=3s)
and c) [AIVO,]'"" with N,O (t=2s). The relative intensities of [AIVO,]""
and [AIVO;]'™ with increasing reaction times are shown in (b) and (d),
respectively (adapted from Ref. [45]).
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is added, the reverse reaction occurs. Both processes are clean
and proceed with efficiencies of 59 % and 65 % relative to the
collision rate, respectively. In principle, the turnover number
of the catalytic cycle is infinite.

DFT calculations provide insight into the actual mecha-
nism and, in particular, the question of the active site in
[AIVO,]"*."! As shown in Figure 4, the transition state TS1 of

CO +N,0 — CO, + N,

AE/ kJ mol™

P

@V JAl e0 eN acC

+CO

[AIVO],"
—[AIVO]," + CO,

[AIVO],™

+N,0 — [AIVO],* + N

Figure 4. Potential-energy surfaces (B3LYP/TZVP) for the oxidation of
CO by N,O in the absence (red graph) and the presence of [AIVO,]"*
(blue/green graphs). The relative energies AE are corrected for zero-
point energy. The blue and green profiles correspond to the reaction of
[AIVO,]'* with CO and of [AIVO;]'* with N,O, respectively. TS =transi-
tion state; R=reactants =CO + N,O + [AIVO,]""; P=product=

CO,+ N, +[AIVO,]'" (adapted from Ref. [45]).

the uncatalyzed reaction is much too high in energy to play
a role under ambient conditions. In contrast, the catalytic
conversion, which takes place at the doublet ground state of
[AIVO,]*, commences by a barrier-free binding of the carbon
atom of CO to the radical oxygen atom of the AI-O; (O,=
terminal oxygen atom) moiety to generate intermediate 4.
This species is formed with an internal energy of 298 kJ mol™"
below the entrance channel; as the energy in an “isolated”
system cannot be dissipated to a heat bath, the liberation of
CO, (from “hot” 4) occurs spontaneously, requiring only
121 kImol™". The catalytic cycle is completed by a straightfor-
ward, barrier-free reoxidation of [AIVO;]™" with N,O.

Interestingly, this catalytic cycle of a redox couple cannot
be promoted by the nonradical terminal oxygen atom of the
V=0, moiety of [AIVO,]*. Computational findings demon-
strate that this pathway is kinetically and thermodynamically
much less favorable than the one commencing at the AlI-O;
unit (Figure 5). Thus, the existence and operation of an active
site can even be probed in a rather small heteronuclear
cluster.

A comparison of the reactivities of the heteronuclear
couple [AIVO,]""/[AIVO;]"" and the homonuclear analogue
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Figure 5. The reaction [O,V(u-0),AlO]"" + CO —[V(u-0),Al0]" + CO,
(blue lines) is kinetically inhibited and thermodynamically much less
favorable than the process [O,V(u-0),AlO]"" +CO —[O,V-
(1-O),Al"* + CO, (red line) (adapted from Ref. [45]).

[ALO;]*/[ALO,]* shows that the superior performance of
the bimetallic system derives from the fact that replacement
of an Al atom by a V=0, unit totally inhibits the unwanted
cluster fragmentation to generate Al' in the reaction of
[ALO;]"" with CO.H!

However, “doping” a cluster does not necessarily improve
its catalytic performance. For example, all steps in the cycles
shown in Figure 6 are highly exothermic; yet, kinetic barriers

N,O ... . [YAIO,]"

N, & A [YAIO ]

co,

v

CcO

VS.
N2O : : [Y20,]™ Xr CO;

No [Y203]™ co
Figure 6. Bottlenecks in the cluster-mediated redox process
CO+N,0—CO,;+N,.

impede efficient redox cycles.*”! While oxidation with N,O
corresponds to the bottleneck for the [YAIO,]""/N,O/CO
system, oxidation of [Y,0,]"" with N,O is facile, but reduction
of [Y,O;]"" by CO is prevented on the ground that this cluster
lacks a high-spin density at a terminal oxygen atom as present
in [YAIO;]"*. Rather, the unpaired electron is delocalized
equally over two of the bridging yttrium atoms of [Y,0;]",
and the absence of a “prepared state” is the origin of the
energy barrier for the OAT.

The role of the overall charge state of cluster oxides in the
context of CO/N,O conversion has been studied by the groups
of Castleman and Bonaci¢-Koutecky."**-!l Stoichiometric
cluster oxides [ZrO,],* and [Zr,0,,,1]" (n=1-4) have been
generated and found to initiate oxidation of CO. While both
the cations and anions possess terminal radical oxygen
centers, at which the reaction commences, the cations are
more reactive, thus suggesting that the charge state matters in
the initial phase of generating the encounter complexes with
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CO. Furthermore, based on a theoretical analysis, it was
proposed that by “doping” the charged zirconium oxides, for
example, [Zr,0,]" or [Zr,Os]"", with a metal that contains
one electron more or less (i.e. Sc or Y), the generation of
neutral bimetallic oxide clusters containing reactive M—O,
centers should be feasible.’!! As indicated by DFT calcula-
tions, these systems (Figure 7) should undergo selective
conversion of CO/N,O in fully catalytic cycles under ambient
conditions.

a) 4 b) 1
1.97 A 2.04 A

[Zr204]'+ [Zr,0s]"
c) ? d) ?
197 A 193 A
[ZrScO,] [ZrNbOs]”

Figure 7. Calculated lowest-energy structures for a) [Zr,0,]"",

b) [Zr,0s]7, ¢) [ZrScO ], and d) [ZrNbOs]". The radical oxygen centers
are indicated by an arrow, and the isosurfaces represent localized spin
densities (adapted from Ref. [51]).

The landmark discovery of Haruta et al. that gold nano-
particles promote the low-temperature oxidation of CO® has
triggered an avalanche of experimental and theoretical
studies to address questions as the effect of particle size, the
coordination number or the oxidation state of gold, the roles
of support materials and support effects, etc.’” Many of these
and other questions have also been addressed in gas-phase
experiments on free gold clusters, and the results have been
reviewed repeatedly.®> 1143451 Here, T will briefly mention
the remarkable effects of a single gold atom attached to three
different metal-oxide cluster ions, as studied experimentally
and computationally by He and co-workers.’*%!

CO oxidation according to Eq.(3) proceeds with an
efficiency of 23% relative to the collision rate.”®! Based on
DFT calculations, the CO molecule is first attached to the
loosely bound gold atom (Figure 8). CO oxidation without the
direct participation of gold in [AuFeOs;]” or in gold-free
[FeOs]~ can be ruled out on energetic grounds. In the course
of the reaction, there is an electron flow such that the initially,
nearly neutral gold atom delivers electrons to the FeOj; unit
upon forming an Au—C bond. In the subsequent oxidation of
CO, the gold-atom transfers its CO ligand to the nearby
“lattice” oxygen to form intermediate 12, in which the gold
atom has accumulated a negative charge. This mechanism
lends support to an Au-assisted Mars-van-Krevelen mecha-
nism, as suggested to be operative in both the condensed®**"!
and the gas phase.’ In addition, these gas-phase studies
underline the crucial role that structural flexibility of the
active site plays in catalytic processes, as well as the capability
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Figure 8. DFT-calculated potential-energy profile for the reaction
[AuFeO;]” + CO—[AuFeO,]” + CO,. The zero-point-corrected energies
and the Gibbs free energies at 298 K (AHq/AGgs¢ in k) mol™) are
given with respect to the separated reactants. Bond lengths in pm
(adapted from Ref. [56]).

of gold to serve as an electron-relay station by varying its
charge and oxidation states as a response to the chemical
environment. The latter feature is an immediate consequence
of strong relativistic effects, which are responsible for much of
the remarkable chemistry of gold.[®!¢

[AuFeO;]” + CO — [AuFeO,]” + CO, 3)

In the rather efficient reactions of Au-doped aluminum
oxide clusters with CO and O,, Figure9, the oxidation
catalysis is also driven by electron cycling primarily through
making and breaking a Au—Al bond. As shown computation-
ally, some of the species involved in the catalytic cycle exhibit
quite unique bonding features. For example, the cluster
intermediate [AuAl;O,]"" contains both a reductive Au—Al
bond and a highly oxidative O'* radical center. In the
[AuALO,]* system (n=3, 4, 5) there is also a dramatic
change in the charge of the gold atom along the reaction path;
again, this is due to relativistic effects, which are also the cause
for the significant differences of the Au—Al bond strength in
[AuAlO,]"" and [AuAlOs]™". This [Au,Al,O] bimetallic system
seems to be the first example of thermal catalytic CO
oxidations by molecular oxygen mediated by a gas-phase
cluster with a single gold atom acting as the active site.

[AUALO,] "
Cco, co
co— #= 1% 9=83% co,
[AuALOs"*  [AuALO,™
W
O,

Figure 9. Catalytic oxidation of CO by O,. Efficiencies (¢) are given
relative to the collision rate (adapted from Ref. [58]).
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3. How to Control Competitive Oxygen- versus
Hydrogen-Atom Transfer?

As the gas-phase reactions of hydrocarbons with homo-
nuclear metal-oxide clusters are well documented, 142563681
in this chapter the focus will be on presenting and discussing
the often dramatic effects that “doping” exerts on these
reactions.”*” T first mention the industrially relevant direct
CH,;—CH,O conversion. While this process can be initiated
at room temperature with the homonuclear oxides [PtO,]*,™
[CrO,]", " [ALO;]* ™ or [ReO,]",” the chemoselectivities
and efficiencies are often disappointingly poor, and for the
couple [Y,O5]""/CH,, one does not even observe any activa-
tion of methane. " The situation changes completely for the
heteronuclear oxide [YA1O;] in that this cluster is both more
reactive than [Y,0s]'*, and more selective than [AL,O5]** in its
thermal reaction with CH,."”! Also, adding a single platinum
atom to the [Al,O,]~ cluster anion exerts a dramatic effect,
and the oxidation of CH, in Eq. (4) occurs with an efficiency
of 7%.I7%]

[PtALO,]"” + CH, — [PtALO,H,]~ + CH,O (4)

A computational analysis of Eq. (4) shows an extraordi-
nary co-operative effect. The reaction is initiated by a Pt-
mediated C—H bond activation, however, the support cluster
[ALO4]"~ does not act as an innocent spectator. Rather, as
other oxygen-rich species, 7% its O~ center abstracts
a hydrogen atom from the oxygen-anchored CHj; group to
pave the way for eventually liberating CH,O.["™

3.1 Structural Effects on Hydrogen-Atom Transfer

The network of possible metal-oxide-mediated oxidations
of hydrocarbons is depicted in Figure 10.% In the following, I
begin with a discussion of the HAT reactions. Refs. [68-70]
provide reviews on gas-phase aspects of this fundamental
process, in particular of the role of unpaired spin densities at
oxygen atoms to initiate a homolytic scission of the C—H bond
at room temperature, Eq. (5). For R = CHj, this cleavage is
considered to correspond to the first and crucial step for the
metal-oxide-mediated oxidative coupling of methane,

Eq. (6).%
MO’ + RH — MOH + R’ 5)
2CH, + 40, — C,H, + H,0 (6)

For alternative mechanistic views, in particular the
possibility of a heterolytic activation of the C—H bond of
methane at MgO surfaces or in Zn-doped zeolites, see
Ref. [83] and [84]. As to the general features of an efficient
metal-oxide-mediated gas-phase HAT from hydrocarbons,
the consensus views can be summarized as follows:*

1) The presence of unpaired, high spin density at the
abstracting, preferentially terminal oxygen atom of
M—Oy is crucial.

2) Cationic systems are generally more reactive than neutral
or anionic analogues.

Angew. Chem. Int. Ed. 2015, 54, 10090 —10100
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Figure 10. Schematic description of three metal-oxide-mediated oxidation processes of hydrocarbons, all commencing with C—H bond activation:
hydrogen-atom transfer (HAT), oxygen-atom transfer (OAT), and oxidative dehydrogenation (ODH; adapted from Ref. [81]).

3) Depending on the nature of the metal-oxide clusters two
mechanistic scenarios exist. The direct HAT process
prevails predominantly for open-shell oxide clusters with
metal centers in relatively high oxidation states and with
coordination numbers that prevent interaction of RH with
the metal center. A canonical, well studied system is
[V,04]"t/CH,.¥ The indirect, metal-mediated pathway is
generally limited to small, diatomic metal oxides having
vacant sites to permit prior coordination of RH to the
metal; here, the metal keeps control of the fate of RH
from its initial coordination through C—H bond scission to
the eventual liberation of R". For both scenarios there exist
numerous examples,® and a more recent, rather intrigu-
ing one for the indirect process corresponds to the couple
[CuO]*/CH,.*!

While these general reactivity patterns pertain to both
homo- and heteronuclear cluster oxides, the latter systems
permit to modify crucial properties, for example, spin
densities or local charge distributions around the reaction
centers by judicious choices of the dopants. As a good
example on how the spin density at the H-accepting oxygen
atom can be changed by doping, let us discuss the reactivity of
[MgO],”" (n=1-7) clusters toward hydrocarbons. While
diatomic [MgO]™" initiates HAT even from CH,, the larger
clusters with n > 2 are completely inert toward methane, even
though the reactions are exothermic. Why is this so? In
contrast to diatomic [MgO]", in [Mg,O,]"" the spin is equally
distributed over the two bridging oxygen atoms of the cluster;
intracluster spin-density transfer and the associated kinetic
barrier for HAT from CH, are too high in energy to be
accessible under thermal conditions. Thus, HAT is only
observed with those substrates that have weaker C—H bonds,
as for example, propane or butane.®”%! However, doping the
[Mg,O,]* cluster with Ga,O; changes the reactivity com-
pletely, in that C,Hg and even CH, undergo HAT at room
temperature.® This is due to the fact that in the [Ga,Mg,Os]"*
cluster, the spin density of a bridging O atom at the active site
is increased to 0.896 compared to 0.517 on each O atom in
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[Mg,O,]" and 0.092 at the O atom in the center of
[Ga,Mg,Os]*. Also the negative charge around the active
site of the heteronuclear cluster is reduced to —0.941e
compared to —1.279 e for [Mg,0,]"". As a consequence, the
potential-energy surfaces for the HAT reactions are such that
activation of RH (R = CHj;, G,H;) by [Ga,Mg,Os]* becomes
possible at room temperature (Figure 11).

He and co-workers investigated the effects of the doping-
induced local charge distributions around the active O°
centers.[ 7" As shown in Figure 12, the relative rate
constants, krel, for HAT from CH4 correlate very well with
the local positive charges (Q;) around the M—O" centers.
Common to all systems in Figure 12 is that the net charge of
the cluster ion is + 1 and that the clusters contain terminal O*
radicals in the active site. Thus, the huge differences in
reactivity suggest that changing the charge distribution within

TSb

(Cy)

-57.2

P
el
(€

Cy)

— Methane
— Ethane

Mg Gac o
6068¢Y

Figure 11. The potential-energy surfaces (kJ mol™") and key ground-
state structures involved in the reactions of [Ga,Mg,Os]"" with a) C,Hg
and b) CH,, calculated at the G4MP2-6X level of theory. The inset
shows the ground-state structure of [Ga,Mg,Os]"", and the blue
isosurfaces indicate the spin-density distributions calculated using the
“atoms in molecules” (AIM) approach (adapted from Ref. [89]).
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Figure 12. Variation of the experimentally determined relative rate
constants (k.) with respect to the calculated local charges (Q,) with:
Keer= Ky (X CH.) [ky ([VaOnol " + CH,) s X=[AlgO15]"; [V205(SiO4)1-4]",
and [V,_,Y,010_,]"", n=0-2 (adapted from Ref. [90]).

a small cluster either by doping or, quite interestingly, even by
applying external electric fields!”"*?! can affect the barriers for
HAT significantly.

As already mentioned, the overall charge state of clusters
can also matter a lot for HAT processes. This becomes
obvious when, for example, the charge and spin distribution of
the isoelectronic cluster oxides shown in Figure 13 are
compared.” All three systems possess a high-spin density
at a terminal oxygen atom, thus making them good candidates
for thermal HAT. In fact, [VAIO,]"" accomplishes efficient
C—H bond scission of CH, at room temperature,[94] in line
with the potential energy surface (PES) for the couple

ESP = Electrostatic Potential

.
=0.2 0.2
isovalue =0.001

1.29
-0.43
[VAIO,I™*

-0.64

-0.64 -0.30

[TIAIO,]"

-0.79
[SCAIO,]"™

Figure 13. Charge and spin distributions of the isoelectronic clusters
[VAIO ", [TIAIO,]', and [ScAIO,]". The Mulliken atomic charge values
are denoted in blue and the Mulliken atomic spin distributions are
denoted in red on the structures at the left (adapted from Ref. [93]).
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[VAIO,]""/CH,.”>*! In contrast, for the structurally related
cluster oxides [TiAlO,]" and [ScAlO,]~, the PESs clearly
indicate barriers along the reaction coordinate, which impede
the occurrence of HAT under ambient conditions. Obviously,
the approach of the electron-rich hydrocarbon to a negatively
charged surface of the metal oxides is not favored.

Gas-phase studies with heteronuclear oxide clusters have
also shed light on the role of support materials, for example,
phosphates, silicates, and aluminum oxide, in heterogeneous
catalysis. These materials are usually considered catalytically
innocent linkers between the active metal-oxide sites and the
support, as for example in the VPO catalysts, permitting the
large-scale transformation of z#-butane to maleic anhydride.”!
This conjecture was questioned by gas-phase experiments
with metal-free oxide clusters; for example, [P,O,,]* activates
methane under ambient conditions with an efficiency of 66 %
relative to the collision rate.” Similarly, oligomeric alumi-
num oxide clusters [(ALO;),]" (n=3-5) with an even
number of aluminum atoms are capable to activate CH, at
room temperature.””! With regard to heteronuclear clusters,
for example, [V,_,P,0]" B [(V,05),(Si0,),.]"~ (n=1, 2;
m=1-4)"" or [V,AL,0,]"~ (n+m=2, 3, 4; 0=3-10),"
they all possess a high spin density located at a terminal
oxygen atom that is not bound to the transition metal
vanadium but to the main-group atom, that is Al-O,, Si—
O,, or P-O;. The V=0, unit is completely inert. Obviously,
questions regarding the actual nature of the active site in
heteronuclear oxo clusters and the particular role of the
various components of a heterogeneous catalyst are once
more raised.

3.2 Reactivity Conundrum of the [V,P, ,O,]/C,H, Couples
(n=o0-4;x=4, 6)

Common to the thermal reactions of all [V,P, O]
clusters with CH, is a facile scission of the C—H bond with
efficiencies of more than 60% relative to the collision
rate.8>%1%1 Also, irrespective of the composition of the
cluster, HAT from CH, proceeds through a direct pathway, as
depicted in Figure 14 exemplarily for the Jahn-Teller-distort-
ed tetrahedral cage structure of [P,0,]"".l"**! However, as
shown in Table 1, an entirely different scenario is encountered
when these cluster ions react with C,H, (x =4, 6),11%-1%2 apd
the major questions raised by the unexpected branching ratios
can be summarized as follows:

1) What are the reasonable reaction mechanisms for these
VPO clusters when subjected to these substrates?

2) Why does only the [V,0,,]"*/C,H, couple undergo exclu-
sively oxygen-atom transfer, but as soon as one phospho-
rus atom is present, OAT is no longer observed?

2) Why does the homonuclear cluster [P,O;,]™" not permit
the oxidative dehydrogenation (ODH) of the C, hydro-
carbons?

Clearly, for the reactions of these oxide cluster ions,
“composition counts”!'*?l Explanations and insight were
sought by DFT studies,®" and here I will only describe part of
the results obtained for the [V,P,0,,]""/C,H, couple.
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Figure 14. Potential-energy surface for the reaction of [P,O;(]"" with
CH, (yellow P; red O); the relative energies from DFT and CCSD(T) (in
parentheses) are corrected for unscaled zero-point-corrected energies
and given in k) mol~". Selected bond lengths are given in A and the
blue isosurface indicates the spin density (adapted from Ref. [68]).

Table 1: Branching ratio of the product distributions in the reactions of
VaPsOud" (n=0, 2-4).B1

C,H, CHe
OAT HAT ODH OAT HAT ODH
V4Ol 100 - - - - 100
[VsPO " - 36 64 - 79 21
[VoP,0:] - 38 62 - 83 17
[P4Oqo]" - 100 - - 100 -

The preference for OAT observed for [V,0,,]"*/C,H, and
its complete absence for any of the phosphorus-containing
systems can be traced back to the bond-dissociation energies
(BDE:s) for the terminal V-0, and P—O, bonds, respectively.
As shown in Table 2, BDE(V—0,) increases when phosphorus

Table 2: BDEs (k) mol™') of the terminal V—O, and P—O, bonds
calculated at the B3LYP/aug-cc-pVTZ//B3LYP/TZVP level of theory.®!

[VaOnol* [V2P0no]"* [PsOno]"
BDE(V—0,) 280 351 -
BDE(P-0,) - 396 399

atoms are present in the cluster. In [V,0,]"", BDE(V-0,)
amounts to only 280 kJ mol ™!, which is 71 kJ mol " lower than
the value calculated for [V,P,0,]'*; in contrast, the BDEs of
the terminal P—O bond for the heteronuclear clusters are
around 400 kJmol . These features reflect the fact that the
ground-state structures of the P-containing cluster oxides
possess a P—O; bond; a V—O; bond is only present in
[V,O,0]". Thus, extra energy in addition to the 280 kJmol ' is
required to cleave an inert V=0 bond. While for the
heteronuclear clusters the removal of an electron from the
P=0 rather than from a V=0 bond is energetically favored,
the resulting BDEs (P—O,) are still so high that OAT from
heteronuclear VPO clusters is energetically prohibited.

The branching ratios of the competing HAT and ODE
channels depend on the relative energies required to form the
[V,P,O,H]" and [V,P,O,,H,]"" product ions, respectively.

Angew. Chem. Int. Ed. 2015, 54, 10090 —10100

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ang

Internatic

HAT gives rise to a closed-shell product ion concomitant with
spin transfer from the cluster to the emerging hydrocarbon
radical; in contrast, open-shell systems are regenerated in the
course of the second hydrogen-atom transfer, which is
accompanied by the reduction of a vanadium or phosphorus
atom to the formal oxidation state +IV. As this oxidation
state is disfavored for phosphorus, [P,O;]"" prefers HAT
rather than ODH. However, the presence of a redox-active
vanadium atom opens up the ODH channel for the hetero-
nuclear oxide cluster.

Quite detailed mechanistic insight has been derived from
a DFT analysis (Figure 15).*! The initially formed encounter
complex 13 serves as branching point for two different
reaction channels A (OAT) and B (HAT and ODH). In
pathway A, which has already been identified by Castleman
and co-workers for the [V,0,,]""/C,H, couple,'® a hydrogen
atom from the oxygen-bound methylene group undergoes
a 1,2 migration (via TS13/14) to form intermediate 14.

Remarkable differences among the VPO clusters that
were investigated relate to the spin distributions of TS 13/14
and intermediate 14. In line with avoiding a high spin density
at a P atom and the energetic disadvantage of an associated
reduction PV —P*™, the spin in P, (i.e., the all-phosphorus
intermediate) is located at the C2-unit and the C—-O bond
length in the CH;CHO building block is rather long,
amounting to 1.472 A. This feature makes TS13/14 energeti-
cally rather unfavorable for the vanadium-free system. For
the vanadium-containing species, the bonding situation is
quite different: 1) the respective C—O bond length in 14 is
around 1.25 A, and 2) the spin density in TS13/14 has been
shifted to a vanadium atom of the cluster; thus, for these
systems the actual hydrogen migration corresponds to a more
favorable 1,2 hydride shift within a cationic, closed-shell C2
unit (Figure 16).

Pathway B results either in HAT or ODH with 16 serving
as a common intermediate for both processes. In competition
with the evaporation of C,H; to form 17, the incipient vinyl
radical can rebind to the oxygen atom of the newly formed
hydroxy group (16—18). For vanadium-containing systems,
the spin density is exclusively located at one of the vanadium
atoms within the cluster skeleton, and the reaction continues
through the transfer of the C,H; fragment to a bridging,
vanadium-bound oxygen atom (18 —19). The ODH process is
completed by yet another hydrogen-atom migration from the
terminal CH, unit to the adjacent V=0 site, thus generating
20, from which C,H, can be liberated. The formal 1,2 elim-
ination in the overall ODH process C,H,—C,H,+H, has
been confirmed by labeling, with CH,=CD, leading to the
specific transfer of HD to the cluster ion.""!

The reactivity patterns observed in the reactions of the
well-studied homonuclear clusters [V,O,]"" and [P,O]"
with C,H, are consistent with the calculated PESs.’!! For
[V4O,]"", OAT is kinetically and thermodynamically clearly
favored; the same holds true for the HAT pathway in the case
of [P,O,o]"". The branching ratio of OAT versus HAT/ODH is
mainly determined by the relative energies of the barriers
TS13/14 versus TS13/16 in Figure 15, respectively. For
example, the OAT transition structure TS13/14 is energeti-
cally lowest for the [V,0,,]""/C,H, couple and increases upon
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Figure 15. Potential-energy surface (PES) for the reactions of [V,P,0,0]"" (12) with C,H,, calculated at B3LYP/aug-cc-pVTZ//B3LYP/TZVP level of
theory (green V; yellow P; red O; gray C; white H). The electronic energies and relative Gibbs free energies (in parenthesis) are given in kj mol ™'
and corrected for unscaled zero-point energy contributions (adapted from Ref. [81]).
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Figure 16. Schematic description of the process 13—TS13/14—14 for
the homonuclear couples [X,0,0]""/C,H, with X=P,V (adapted from
Ref. [81]).

doping the cluster with phosphorus atoms. With respect to the
HAT channel, the replacement of one vanadium atom by
phosphorus has only a minor effect on the relative energy of
TS13/16. Finally, the non-observation of the second hydro-
gen-atom transfer in the case of the homonuclear [P,O,]"*/
C,H, couple results from the unfavorable energetic situation
of the corresponding all-phosporus transition structure TS 19/
20, reflecting the reluctance of phosphorus to attain the
formal oxidation state + I'V. Quite clearly, the combination of
a main-group element (phosphorus) with a transition metal
(vanadium) in these structurally related adamantoid hetero-
nuclear cluster oxides gives rise to new product distributions
when compared to the homonuclear analogues; furthermore,
the heteronuclear clusters illustrate the existence of remark-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

able co-operative effects between metals and nonmetals in
complex oxo frameworks.

4. Conclusions and Prospects

In a superb review on fundamental aspects of gas-phase
organometallic chemistry, Armentrout and Beauchamp noted
that “... it remains a source of frustration to know so much
about the reactions of transition-metal ions with hydrocarbons
and yet have so many questions remain unanswered” "
Processes of higher complexity, involving for example “free”
clusters were considered as “largely shrouded in mystery”.[1%4l
However, over the last few decades things have changed—
and, fortunately, to the better! This is in no small part due to
breathtaking instrumental developments that permit experi-
ments, which were thought of as simply impossible a quarter
of a century ago; also the progress in theoretical chemistry
and the introduction of new concepts, for example, the role of
electronically excited states in thermal processes,'” have
contributed enormously.

As shown in this Minireview, there is good reason to argue
that an integrated experimental/computational approach
helps to address important problems that extend well beyond
traditional gas-phase chemistry and physics. The study of
“doped” cluster oxides enables one to modify in an engi-
neered way features such as the charge and spin states of
a reacting system, to identify the active site of a catalyst, to
disentangle the role of the support from the active component
in composite material, or to affect and control to some extent
branching ratios of competing processes.
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Finally, there is also hope that quite a few of the
mechanistic challenges associated with the activation of small
molecules, for example, carbon dioxide, dihydrogen, meth-
ane, or water can be addressed at a strictly molecular level.
Thus, at long last, bridging the gap between chemistry
conducted in the gas phase and the most complex behavior
at surfaces or in solution seems possible,**1**! provided
scientists do not ignore Gerhard Ertl’s gentle reminder about
the relationship between the simple and the complex (Fig-
ure 17).11
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fin @aqwejrﬁ’ vt mehr
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Figure 17. About the simple and the complex (with courtesy from G.
Ertl, Berlin). The text reads “A baguette is more than the sum of its
crumbs”.
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