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Reducible metal oxides (RMOs) are widely used materials in heterogeneous catalysis due to their ability to facilitate the
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conversion of energy-poor substrates to energy-rich chemical fuels and feedstocks. Theoretical investigations have modeled

the role of RMOs in catalysis and found they traditionally follow a mechanism in which the generation of oxygen-atom

vacancies is crucial for the high activity of these solid supports. However, limited spectroscopic techniques for in situ analysis

renders the identification of the reactivity of individual oxygen-atom vacancies on RMOs challenging. These obstacles can

be circumvented through the use of homogenous complexes as molecular models for metal oxides, such as

polyoxometalates. Summarized herein, a sub-class of polyoxometalates, polyoxovanadate-alkoxide clusters, ([VsO7(OR)12]";

R = CHs, CoHs; n = 1-, 0, 1+), are explored as homogenous molecular models for bulk vanadium oxide. A series of synthetic

strategies have been employed to access oxygen-deficient vanadium oxide assemblies, including addition of V(Mes)s(thf),

tertiary phosphanes, and organic acids to plenary Lindqvist motifs. We further detail investigations surrounding the ability

of these oxygen-deficient sites to mediate reductive transformations such as O, and NO" (x = 2, 3) activation.

Introduction

Reducible metal oxides (RMOs) are materials composed of
redox active metal centers (e.g. Ti, V, Fe, Ce) capable of
multiple oxidation states.!3 These
materials are widely used as functional components in
industrially relevant processes, including energy-based
applications,*€ biomass conversion to commodity chemicals,7-?
and in the remediation of environmental contaminants.10-14
Furthermore, owing to the modular nature of these metal
oxides (i.e. tunable atomic composition which influences the
chemical, physical, and electronic properties of these
materials), these solid supports are well-established to catalyze
various chemical transformations with high turnover numbers
and/or selectivity.2 15,16

Given the widespread applicability of these extended solids,
researchers have become interested in analyzing the reactive
components of RMOs. Through this work, oxygen-atom
vacancies, located at the surface of the material, have been
identified as the active sites in catalysis.2 1718 These defects play
a central role in the most commonly accepted mechanism for
substrate activation with RMOs, the Mars van Krevelen (MvK)
mechanism (Figure 1).1% 20 |n 1954, Mars and van Krevelen
published a report detailing the oxidation of organic
compounds over vanadium(V) oxide (V,0s). In this work, the
authors noted that in the presence of heat, organic substrates
with weak C-H bonds (e.g. anthracene) could be oxidized by the
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Figure 1. lllustration of the Mars van Krevelen (MvK) mechanism. Key: O, red; transition metal; CO,, green; H*, yellow.1®

material under inert conditions. The authors invoke oxygen
atom transfer (OAT) from the RMO to the substrate, resulting in
the formation of an oxygen-deficient site at the surface of the
material. Subsequent investigations of the reactivity of these
oxygen-atom defects revealed that unsaturated metal cations
are able to reduce substrates (e.g. O,, CO,), resulting in
restoration of an oxygen atom at the surface of the material.1®
21-24

Certainly, compelling support for the MvK mechanism has
been garnered through experimental analysis over the past 60
years.19, 20, 2531 However, it is important to note that these
investigations provide only indirect evidence of oxygen atom
vacancy formation. Difficulties in gaining molecular-level insight
into the formation and role of single oxygen vacancies using
surface analytical techniques makes the in situ identification of
these defect sites challenging.3238 Thus, to analyze the
structural and electronic consequences of creating oxygen-
deficient sites on the surface of RMOs during catalysis,
researchers have turned to computational investigations,
typically involving discreet models (i.e. clusters) to represent
small sections of the extended solid.3%4! These calculations
have provided crucial information related to the influence of O-
atom removal on the electronics of the RMO. For example,
theoretical analysis of the oxidation state of vanadium ions
within V,0s show that excess charge, generated via V=0 bond
cleavage, is redistributed throughout the RMO, ultimately
resulting in the reduction of neighboring redox-active metal
ions (e.g. V¥ — V"WV (comproportionation) — V'V,) 3941

An alternative approach to studying the surface chemistry
of metal oxides is through the use homogeneous cluster
complexes as molecular models for these materials. In
particular, polyoxometalates (POMs) have emerged as
promising candidates for modelling extended solids due to their
comparable metal oxide surface structure and electronic
properties.4245  These polynuclear inorganic molecular
assemblies are comprised of multiple transition
oxyanions connected through bridging oxygen atoms, with
general formulas of [MOy]™, where M is commonly a high-
valent, early-transition metal (e.g. WV!, Mo"!, or VV). One of the
most noteworthy characteristics of these polynuclear
assemblies is that their composition and delocalized electronic
structure often manifests in rich redox properties.6 47 Indeed,
the electrochemical profile of these polynuclear assemblies

metal
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have resulted in their applicability in

nanotechnology,5% 5! medicine,5 53 energy storage,*’- 5457 and

catalysis,# 49

materials science.49 58

surface structure and delocalized
oxide materials,
researchers have targeted an improved understanding of the
mechanism of substrate activation at the surface of RMOs via
the use of these homogenous cluster complexes. Extensive
studies analyzing the oxidation of organic molecules, catalyzed
by a Keggin phosphovanadomolybdate cluster (e.g.
[PV2M010040]%), reveals a noteworthy resemblance to the
proposed oxidative MvK mechanism. These seminal
contributions have revealed that these reactions likely proceed
through OAT from the surface of the cluster to the substrate.>®-
67 Additional support of a POM-mediated MvK-type mechanism
was garnered from theoretical calculations which revealed that
the overall free energy of OAT from the heteropolyanion to the
organic substrates is energetically favorable (i.e. AGz9s anthrancene
= -17.1 kcal/mol).6? However, to date, isolation and
characterization of the expected oxygen-deficient cluster-
containing product, complex [PV2M010039]™, remains elusive.

Indeed, despite the established OAT reactivity of POMs,
there is relatively few examples of isolated clusters with surface
oxygen-atom defects. This is mainly credited to the difficulties
in controlling the metal-to-oxygen ratios within self-assembled
POMs, as well as the lack of literature featuring methods for the
post-synthetic O-atom abstraction from these discreet metal
oxide assemblies. Indeed, “vacancy formation” in POMs has
traditionally been relegated to the removal of entire [MO]"
subunits (Figure 2, top).#5 68 Prior to our studies, only a single
example of an “oxygen-deficient” POM had been reported;
Pope and Pipegrass found that cluster reduction was possible
following the proton-assisted reduction of the Keggin ion,
[SiW1,040]6°.69 70 Labelling studies confirmed that these
reductive conditions resulted in the conversion of three
tungsten (VI)-oxo moieties to three tungsten(IV)-aqua species
at the surface of the metal oxide core (Figure 2, bottom).

To further extend our understanding of oxygen atom
vacancy formation in POMs, our research group has been
investigating defect formation via post synthetic modification of
a unique class of these metal oxide assemblies, namely
Lindgvist-type polyoxovanadate-alkoxide (POV-alkoxide)
clusters ([V607(OR)12]"; Figure 3).7173 Indeed, we have found

Given the similar
electronic nature of POMs and metal

This journal is © The Royal Society of Chemistry 20xx
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“Vacancies” in POMs: Lacunary Clusters

Base-catalyzed degradation of plenary POMs give rise to
clusters deficient of [MO,J" fragments

Formation of Heteropolybowns

Conversion of terminal "WV'=0" (light blue) to “W"V-OH,”
(dark blue) mediated by proton coupled electron transfer

Figure 2. “Vacancies” in polyoxometalate research. Lacunary clusters derived
from the addition of base to plenary motifs, pictured are the mono- (top, left)
and tri- (top right) lacunary assemblies of the Keggin ion; the vacant site(s) in
lacunary structures are highlighted by large spherical oxygen atoms (red). The
6 e reduction of the Keggin ion in the presence of acid results in formation of
three metal-agua moieties at the surface of the polyoxotungstate. Light blue
polyhedral: WY'; dark blue polyhedral: WV; red spheres: oxygen; orange
polyhedral: Si.6% 70

that the structural composition and tunable electronic
properties of these alkoxovanadium clusters makes them
promising molecular candidates for studying the formation of
surface defects in RMOs. These vanadium oxide assemblies
have fewer sites available for reduction in comparison to the
surface of bulk materials (i.e. only six terminal vanadyl ions,
surrounded by inaccessible alkoxide-bridged moieties),
presenting a more controlled system that allows for the
unambiguous determination of the consequences of removal of
a terminal oxido ligand from the surface of the cluster.
Furthermore, the bridging alkoxide ligands increase the
solubility of these clusters in organic solvents, and provide the
opportunity to use homogeneous spectroscopic handles for

1. Redox-flexible Vanadium Centers
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Figure 3. Polyoxovanadate-alkoxide (POV-alkoxide) clusters as models for
surface reactivity of metal oxides. Oxygen-atom vacancy formation is observed
at vanadyl sites within the Lindgvist assembly upon addition of stochiometric
reductant or acid. POV-alkoxide clusters serve as excellent models for this
transformations due to their physicochemical properties. Figure reprinted with
permission from fnorg. Chem. 2019, 58, pg. 10462-10471. Copyright 2019
American Chemical Society.

This journal is © The Royal Society of Chemistry 20xx

probing defect formation on these model complexes (e.g. 1H
NMR spectroscopy).

It is important to note that while there are similarities
between POV-alkoxides and bulk vanadium oxide systems,
variations in the physical and chemical properties of these
clusters and their heterogeneous congeners limits our ability to
directly compare the two systems. For example, while the
introduction of bridging alkoxide moieties aids in the self-
assembly and solubility of our POV-alkoxide clusters, V.Oy
materials typically lack surface ligands.?® 74 Furthermore,
significant variation of the electronic structure of POMs and
RMOs (i.e. discreet frontier orbitals and continuum of states,
respectively) challenges the ability to electronically compare
the clusters and extended solids.72 75 76 Nonetheless, the
molecular composition has driven our laboratory to investigate
these molecular clusters as models for extended solids.

This feature article summarizes our efforts to understand
OAT in polyoxovanadate assemblies, in an attempt to model the
surface reactivity of RMOs. Beginning with the initial step of the
MvK mechanism (i.e. oxygen atom vacancy generation), we
outline synthetic methodologies toward isolating reduced POV-
alkoxide clusters via V=0 bond cleavage.7780 These
investigations have resulted in the isolation of a family of
oxygen-deficient polyoxometalate clusters, namely
[VeOe(OR)lz]” (n = -1, 0, 1+; R= CH3, Csz) and [VeOs(OCH3)12]O.
Notably, characterization of the resultant clusters show similar
structural and electronic perturbations to that of oxygen
deficient vanadium oxides (e.g. V»0s, VO;). Next, a summary of
the exploration of these metal oxide surrogates as functional
models for the extended solids is presented, revealing that the
oxygen-deficient clusters are capable of mediating small
molecule activation {(e.g. O; and NOy!;; x = 2, 3).77.81,82

Metal Oxygen Bond Cleavage on Lindqvist POV-
Alkoxides using V{Mes)s(thf)

Synthesis of Oxygen-deficient Vanadium Oxide Clusters

With the ultimate goal of using POV-alkoxides to analyze the
consequence of vacancy formation on metal oxide surfaces, the
discovery of synthetic methods to access oxygen deficient
vanadium oxide assemblies was required. As such, we began
our investigations by targeting vacancy generation on the
homometallic, Lindgvist POV-alkoxide cluster, [VeO7{OCH3)12]*
.77 We hypothesized that addition of V(Mes)s(thf) (Mes = 2,4,6-
trimethylphenyl), a potent reductant and OAT reagent,??® to
[VeO7{OCH3)12]t might promote V=0 bond cleavage and result
in the formation of a cluster bearing a single oxygen-deficient
site. Indeed, addition of V(Mes)s(thf) to the fully oxygenated
cluster resulted in an immediate color change from green to
brown/yellow over the course of 30 minutes (Figure 4, top).
Given the aforementioned solubility of these POV-alkoxides
in organic solvents, 'H NMR spectroscopy has proven to be an
exceptional tool for analyzing modifications to the cluster
surface. The parent, fully-oxygenated cluster has a single, broad
resonance located at ~23 ppm in acetronitrile-ds (CDsCN),
corresponding to the protons of the twelve, symmetry-

J. Name., 2013, 00, 1-3 | 3
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Figure 4. Top, synthesis of oxygen-deficient POV-alkoxide cluster. Bottom,
paramagnetic region of H NMR spectra of fully-oxygenated POV-alkoxide
cluster (bottom, green) and mono-vacant cluster (top, blue) in CD3CN. Figure
reprinted with permission from J. Am. Chem. Soc. 2018, 140, pg. 8424-8428.
Copyright 2018 American Chemical Society.

equivalent methoxide ligands of the hexavanadate cluster
(Figure 4, bottom). However, removal of a single oxygen atom
from the surface of the cluster lowers its symmetry from
pseudo-O, to pseudo-Cy, yielding a spectrum with three
resonances (8 (CD3sCN) = 25.3, 23.9, -15.5 ppm). Further analysis
of the cluster containing product by electrospray ionization
mass spectrometry (ESI-MS; (-)ve mode, carrier solvent: MeOH)
revealed formation of a new parent ion with a mass-to-charge
ratio (m/z) consistent with the molecular weight of an oxygen-

information toward understanding the change in vanadium
oxidation state distribution following OAT. The absorption
spectra of the mixed-valent parent POV-alkoxide complex (ox.
state distribution: VVsVV) features two intervalence charge
transfer (IVCT) bands located 398 nm (¢ = 3542 M1 cm) and
1000 nm (¢ = 814 M- cm1); these features are diagnostic of
charge transfer between VV (d') and VV (d° metal centers
within the Lindqvist core.”? However, following O-atom
abstraction, these absorption features disappear, suggesting
reduction of the VVion to V" (ox. state distribution: V'V'Vs),
Notably, the change in the oxidation state of vanadyl ions within
the reduced POV-alkoxide cluster is similar to the theorized
electronic consequences of oxygen-atom vacancy formation in
V,05.39-41

The change in the oxidation state distribution between the
parent and mono-vacant clusters (i.e. V¥V — V') suggested that
the availability of d° vanadyl ions is crucial for the POV-alkoxide
to undergo this two-electron redox reaction. Indeed, the
reduction of VV ions embedded within the POV-alkoxide is
unlikely as no reports, to date, feature an electron-rich V" ion
within a POM. As such, we hypothesized that repeating this
reaction with the parent POV-alkoxide cluster in its neutral
charge-state, [Vs07(OCH3)12]° (ox. state distribution: VIV4VVY,),
would afford an additional site for OAT, ultimately resulting in
the ability to form up to two oxygen vacancies. Through
manipulating the equivalence of reductant added [i.e. 1-2 equiv
V(Mes)s(thf)], we were able to control the metal-to-oxygen
ratio within the cluster, isolating a neutral, mono- and di-vacant
POV-alkoxide cluster, [VeOg(OCH3)12]®  (V'"WWV4VVY)  and
[V6Os(OCH3)12]° (V,V1VYy), respectively (Scheme 2).7°

Striking changes in the electrochemical profiles of the
resultant oxygen-deficient POV-alkoxide clusters were
observed via cyclic voltammetry (CV; Figure 5). The CV of the
parent, fully-oxygenated Lindqvist POV-alkoxide cluster,
[VeO7(OCH3s)12]9, features four, quasi-reversible, one-electron
redox events, located at +0.83, +0.20, -0.40, and -0.93 V in
dichloromethane (vs. Fc%+).72 These redox processes
encompass five redoxmers of the vanadium oxide assembly,
ranging from the di-anionic (ox. state distribution: VVg) to di-
cationic (ox. state distribution: VV,VV,) charge-states. However,
the CV of the mono-vacant cluster, [VgOe(OCHs)12]°, only
possesses three quasi-reversible redox events (Ei> = -0.70, -

deficient POV-alkoxide cluster, [VeOe(OCH3)12]%, plus an
equivalent of methanol. 0.16, and 0.52 V vs. Fc%* in DCM), assigned to sequential
Characterization of [VeOg(OCHs3)12]* by electronic  Oxidation of vanadyl ions. 79 A fourth, irreversible redox event
absorption  spectroscopy presented crucial electronic Was observed at E,, = +1.16 V, suggesting that vacancy
Scheme 2. Synthesis of [VsOs(OCH3)1,]° and VgOg(OCH3)1,]°.
\ /o \ / o / o
O y=0/ o' _o / \Poy=0
o I\/OV\\Q NG 700 o kC)V\\,
o 2vives, OOl vies), VUl o
For /\6% -20V(Mes); 0% /\06/ N, - OV(Mes); 0% /\5% ~0
~ 0=Y—0 “To=V=g il !
/ I \ J/ 1 \ / Il \
[V605(OCH3)1,]° [V607(OCH;);,]° [V60s(OCH3)1,]°
e distrib: VI, V'Y, e distrib: V!V, e distrib: VIV,
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Figure 5. Cyclic voltammograms of fully-oxygenated (bottom, green),
mono-vacant (middle, blue), and di-vacant (top, red) POV-alkoxide
clusters. CV collected in dichloromethane with 0.1 M ["BusN][PF¢] as
supporting electrolyte.”®

formation translates to oxidative instability of the POV at high
potentials.

Similar perturbations were observed in the voltammogram
of the di-vacant cluster; in this case, the removal of a second
oxygen-atom results in the retention of only two quasi-
reversible redox events. We hypothesize that these electronic
changes are due to the decoupled nature of the resultant V"
ions within the POV-alkoxide, which limits electron transfer to
the remaining VV/VV vanadyl ions within the oxygen-vacant
POVs (i.e. only 5 and 4 vanadium ions able to participate in
electron transfer in [VgO0e(OCHs3)12]° and [VeOs(OCHs)12]10,
respectively).

Structural Characterization of Oxygen-deficient POV-alkoxides
With electronic evidence supporting the formation of
[V60s(OCH3)12]" (n = 1-, 0) and [Ve0s(OCH3)12]% in hand, we next

ARTICLE

set out to investigate the structural influence of O-atom
removal from the POV-alkoxide surface via single-crystal X-ray
diffraction (SCXRD; Figure 6, Table 1). In addition to
unambiguously confirming the formation of the oxygen-
deficient species, SCXRD can provide insight into the structural
perturbations that occur across the Lindqvist framework upon
defect formation. Furthermore, the growth of crystals with site-
differentiated metal ions can provide insight into the valency of
the vanadium ions that compose the cluster core via bond
valence sum (BVS) calculations.”? 84 Such investigations would
provide atomic-level insight into the structural and electronic
consequences of vacancy formation in metal oxides; analyses
that accentuate the value of using homogenous inorganic
complexes to model heterogenous metal oxides.

To analyze these new oxygen-deficient complexes by
SCXRD, we explored crystallization methods toward growing
crystals suitable for X-ray analysis.”” Unfortunately, all
crystallization attempts of the monoanionic and neutral, mono-
vacant clusters, [VsOg(OCHs3)12]t and  [VeOe(OCHs)12]°,
respectively, resulted in significant disorder within the unit cell,
presenting challenges in performing the desired bond metric
analyses. Thus, to modify the mode of crystalization the POV-
alkoxide, we oxidized complex [VeOg(OCHs)12] with silver
triflate, resulting in formation of the triflate-bound POV-
alkoxide, [VsOs(OCH3)12]OTf. The use of this weakly
coordinating anion presented an opportunity to have a large
functional group bind to the electron-rich vanadium(lll) ion,
reducing the overall symmetry of the unit cell. Indeed, crystals
that featured site-differentiated vanadyl ions were obtained via
cooling methanolic solutions of the cluster to -35 2C, permitting
bond metric analyses.

Significant changes in V-O bond lengths and V-O-V bond
angles were observed; removal of a surface oxygen atom
resulted in a shortened V1-O¢ (Oc = central pe-oxygen atom)
bond length and truncated V1-Oy-V, (O = bridging methoxide
oxygen atom; n = 2, 3, 4, 5) bond angles, relative to that of the
parent, fully-oxygenated metal oxide cluster (Figure 6, Table
1).7t Taken together, these structural variations between the

Vg04(OCH;),,0Tf
E=0
e distrib: VIV vV,

V60,(OCHy),,
e distrib: VIV, VY,

V6O5(OCH,)5(CH;CN),

e distrib: VIV, vV

V404(OCH),2(OP(CH;),(CeHs))

e distrib: VIV,

Figure 6. Molecular structures of complexes [Vs07(OCH3)1,]%,71 [VgOs(OCH3)12]OTF,7” [VgOs(OCHs)1,],7° and [VeOg(OCH3)12(OP(CHs),(CeHs)]78. Structures are depicted
with 30% probability ellipsoids. Hydrogen atoms, counter ions and solvent molecules have been omitted for clarity. Key: O, red; V, dark green; C, grey; S, yellow; F,

light green; N, blue; P, purple; H, pink.
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Table 1. Structural parameters of [Vs07(OCH3)12]*,7t [V60s(OCH3)1,]OTf,77, [V605(OCHs)12]°,7° [V60s(OCH3)12(OP(CHs)3)1%,78 and [V60s(OCH3)12(OP(CHs),(CeHs)]0.78

Compound
Bond V607(OCH;)10R  [V6O6(OCH3)1o]OTFREF  VeO5(OCH3)1o(CHsCN)FE  VsO6(OCH;)12(OP(CH3)s)RF  VOg(OCHs3)12(OP(CHs)o(CoHs))FEF

(E=0) (E=N) (E=0) (E=0)
V1-E 2.052(8) A 2.112(2) A, 2.104(3) A 2.062(5) A 2.0403(19) A
V1-0, - 2.079(4) A 2.0666(17) A 2.0760(17) 2.120(5) A 2.0982(17) A

A

01-P1 - - - 1.467(6) A 1.5032(19) A
V1-0,-V, - 105° 105° 105.1° 105.3°
V1-0,-V1 - - 96.9° - -
V,-O. (avg.) 2.25A 2.32A 2.37A 2.31A 2.32A
V,-O; (avg.) 1.60 A 1.59A 1.61A 1.59A 1.60 A
V,-Op-V,, (avg.) 110° - - - -

Key: V1= apical V" center; O, = central pb-oxygen atom; O; = terminal oxygen atom of the vanadyl moieties; V, = vanadium centers, n= 2-5; O, = oxygen atom of

the bridging methoxide ligands.

parent and oxygen-deficient POV-alkoxides reveal that the
reduced vanadium ion is pulled toward the center of the cluster
in the oxygen-deficient assemblies.

Similar structural perturbations have been predicted for O-
atom removal from the surface of vanadium (V) oxide. Using
density functional theory (DFT), Hermann and coworkers found
that generation of vacant sites on V,0s results in a substantial
reorganization of vanadium ions within the lattice.39-41
Ultimately, these structural changes are predicted to result in
the formation of new V-O-V linkages throughout the extended
solid which are hypothesized to stabilize the oxygen-deficient
metal oxide. While the geometry of vanadyl ions within
vanadium(V) oxide is clearly different from that of the Lindqvist
cluster (i.e. V,0s, square pyramidal; V¢O7(OCHs)12, octahedral),
the similar movement of the reduced vanadium(lll) ion presents
further evidence that these vanadium oxide clusters are
reasonable models for that of the nanocrystalline material.

Analysis of the molecular structure of the di-vacant species
revealed that the two oxygen-deficient sites are located on
adjacent vanadium ions within the Lindqvist core (Figure 6).7°
The sole formation of the cis-isomer of [VsOs(OCH3)1,]? is likely
a result of the structural perturbations observed upon O-atom
removal. Similar to the changes observed in bond metric
analyses of the triflate-bound species described above, the V!
(V1) ions within the di-vacant cluster are pulled toward the
central, pe-oxygen atom, manifesting in decreased V1-O. bond
lengths and V1-O-V, bond angles. Indeed, while the trans-
isomer could form following the second O-atom abstraction,
the subsequent 0.2 A truncation of trans-V-O. moieties would
result in greater structural perturbations relative to that of the
cis-vacant molecule, destabilizing the assembly.

With the X-ray data for [VeOe(OCH3)1,]OTf and
[V6Os(OCHs)12]° in hand, we next turned our attention to
analyzing the oxidation state of vanadyl ions within the
hexanuclear core via BVS calculations.8486 According to this
valence sum rule, the valence of a metal ion can be calculated

6 | J. Name., 2012, 00, 1-3

by summation of the individual bond valences surrounding the
atom (Eq 1-2):

Valence =3 v;; (1)

R::
vij = (R—LO])_N (2)

where v;; is the individual bond valencies and Ro,® b,8* and N&>
are calculated parameters for the ideal bond length of Mn-E
bonds (Mn= metal of ‘n’ charge state, E= element) and Rj; is the
experimentally determined bond length(s) in Angstroms (A). In
the case of the vanadium ions in POV-alkoxide clusters, this
would be consideration of all V=0, V-Oy, and V-O. bond lengths
(O = terminal oxo). The BVS calculations of complex
[V6Oe(OCH3)1,0Tf] indicate an overall oxidization state
distribution of V'"W/WV3VV, (Figure 7).77 These results not only
confirm that O-atom removal results in the two-electron
reduction of a VVion within the parent POV-alkoxide cluster, but
also reveals that the electron-rich V" ion retains its trivalent
oxidation state upon oxidation. The retention of the V" ion
confirms that the apical vanadium ion is decoupled from the
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Figure 7. Bond valence sum (BVS) calculations for the crystallographically
independent vanadium ions in [Vs0s(OCH3);,]OTf (left)?” and [VsOs(OCHs)1,]°
(right)?°. BVS calculated using equations 1 -2, where R° = 1.762 (V"-0), 1.770
(VV-0) and 1.791 (VV-0) and b = 0.37. Key: V', blue; VV, green; VY, orange.
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remainder of the V=0 moieties within the Lindqvist core, as a
completely delocalized metal oxide cluster would likely result in
comproportionation between VV and V' ions. Notably, DFT
calculations describing the electronic perturbations of vacancy
generation on V,0s suggest that comproportionation of a VV=0
moiety neighboring the reduced V' ion results in the formation
of a VIV-0-VV linkage.3%-41 These results showcase the electronic
differences between the Lindqvist cluster and V,0s. Similar
electronic perturbations were observed in the BVS calculations
of the di-vacant complex, which show that the two d° vanadyl
ions were reduced by two-electrons, resulting in an overall
oxidation state distribution of V,V1V,.79

Alternative Methods for Oxygen-atom Vacancy
Formation in POV-alkoxides

Oxygen-atom transfer to tertiary phosphanes

Tertiary phosphanes (PRs; R = aliphatic, aromatic) have been
demonstrated to efficiently remove oxygen atoms from a
variety of transition metal-oxo complexes via OAT.87-94 The
prevalent application of phosphanes as oxygen atom acceptors
is credited to the strong P=0 bond generated following OAT
(e.g. (CH3)3PO; 139 kcal/mol, (CgHs)sPO; 127 kcal/mol).%> As
such, we began our efforts toward probing OAT from POV-
alkoxide clusters to phosphanes by adding trimethylphosphine
(P(CH3)3) to complex [Vs07(OCHs)12]*. We posed that in analogy
to the OAT chemistry observed with V(Mes)s(thf), OAT to the
phosphane would result in the formation of the previously
reported oxygen deficient POV-alkoxide cluster. Unfortunately,
despite exhaustive modifications to the experimental
conditions, no reactivity was observed between the
monoanionic, fully-oxygenated cluster and P(CHs)s. We justified
this observation by the fact that the reduced character of the
complex requires a more potent reductant for successful OAT.
Thus, we turned our attention to the reactivity of P(CH3)s with
the more-oxidized, neutral POV-alkoxide cluster,
[V607(OCH3)12]0.78

Addition of excess P(CHz); to [VsO7(OCHs)12]° resulted in
complete consumption of the fully-oxygenated cluster after 19
hours at 70 2C (Figure 8, top). Analysis of the resultant reaction
mixture by TH NMR and electronic absorption did not match
that of the previously isolated monovacant cluster.”® Although
the *H NMR spectra of the product of [VsO;(OCHs)1,]° and
P(CHs); was comprised of three paramagnetically shifted and
broadened signals, consistent with the expected reduction of
cluster symmetry (i.e. pseudo-Oj to pseudo-Cy,), the resonances
obtained were shifted from those expected for [VeOg(OCH3)12]°
(Figure 8, bottom). We hypothesized that these inconsistencies
were a result of coordination of the byproduct of the reaction,
OP(CH3s);, to the oxygen-deficient site of the reduced POV-
alkoxide (|e [VeOe(OCHg)lz(OP(CH3)3]O).

Crystals suitable for SCXRD unambiguously confirmed that
the trimethylphosphine oxide byproduct was indeed
coordinated to the site-differentiated V" ion (Table 1). Similar
to that observed in [Vs06(OCH3)12]OTf and [VeOs(OCHs)1,]°, the
V1-O. bond length was decreased by ~0.2 A. Furthermore, the

This journal is © The Royal Society of Chemistry 20xx
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Figure 8. Top, Reduction of POV-methoxide cluster with a series of tertiary
phosphanes. Bottom, paramagnetic region of 'H NMR spectra of fully-
oxygenated POV-alkoxide cluster (red), mono-vacant cluster (black), and
phosphine oxide-bound clusters in CD3CN.78

V1-01 bond in [VOe(OCH3)12(OP(CH3)3)] was significantly
lengthened in comparison to the average V=0: bond length
within the parent cluster.” This lengthened V1-01 bond,
coupled to the similar P=O bond distances of free (1.48 A,
theoretically determined®) and coordinated (1.467(6) A)
OP(CH3s)3in complex [VsOs(OCH3)12(OP(CHs)3)]° offered support
for a dative interaction between the reduced V" centre and the
resultant phosphine oxide moiety. The oxidation state
distribution of vanadyl ions within the product was analysed via
BVS calculations, revealing the expected mixed-valent
distribution for a neutral, oxygen-deficient cluster, VI'VIV,VV.
Previous investigations of the influence of phosphane
identity on OAT with inorganic metal-oxo complexes have
revealed that alteration of the phosphane nucleophilicity
and/or cone angle can significantly affect the rate of these
reductive transformations.8?. 97-101  To investigate this
phenomenon with POV-alkoxide clusters, a series of
phosphanes, ranging in nucleophilicity and cone angle (i.e.
P(CH3)2(CeHs), P(CH3)(CeHs)2, P(CeHs)s), were added to
[V6O7(OCHs)12]° (Table 2). In each case, phosphine addition
resulted in formation of a mono-vacant POV-methoxide cluster
with a datively-coordinated phosphine oxide ligand. However,
qualitative analysis of the reaction rate showed that the rate of
OAT was significantly influenced by the identity of the
phosphane. More nucleophilic phosphanes, which also have
smaller cone angles, (i.e. P(CH3)s, P(CHs)2(CgHs)) facilitated OAT
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Table 2. Relationship between phosphine nucleophilicity (pKa or an
electronic parameter derived from v{CO) of a nickel compound), cone angle,
and reaction time for formation of all {OPRs)-bound clusters.?

P(CHs3);s  P(CH3)2(CsHs)  P(CH3)(CeHs):  P({CeHs)s
pKa % 8.65 6.50 4.59 2.73
Electronic 2064.1 2065.3 2067.0 2068.9
parameter 190
Tolman Cone 118 122 136 145
Angle 100
Reaction time 19h 7 ht 28 h 15 days
[V607{OCHs)y,]°
Reaction time 4 days 4 days > 20 days -
[VESC)7(()CZH5)IZ]O

2 General reaction conditions: 1 equiv [VgO;{OCHs)12], 4 equiv phosphane, 70
2C. bonly 2 equiv P{CH3),(CeHs) used.”®

in less than 24 h, whereas the larger, less nucleophilic
phosphanes, such as P{CsHs)s, took significantly longer for
complete consumption of [VsO7(OCH3)12]° (e.g. 15 days; Table
2). These results suggest that the sterics and/or basicity of PR;
significantly influence OAT from the surface of the cluster.

In an effort to decouple the steric and electronic influences
of OAT to PR3, we extended our investigations to Lindqvist
architectures with longer bridging alkoxide ligands. Previously,
it has been demonstrated that an increased alkoxide chain
length of bridging oxides within the vanadium oxide assembly
has no effect on the electronic structure of the hexavanadate
core.’2:76,102 Thjs suggests that similar OAT between the series
of phosphanes and the neutral POV-ethoxide cluster,
[VeO7{OC3Hs)12]° (ox. state distribution: VIV4VY;), would be
observed, providing a method to solely examine the correlation
between sterics and OAT.

We initiated these efforts by investigating the reactivity of
P(CH3)3 and P(CH3)2(C6H5) with [VGO7(OC2H5)12]O.78 While
complete OAT was indeed possible from the POV-ethoxide
cluster to the more nucleophilic phosphines, the increased
steric bulk surrounding the vanadyl moieties resulted in a 4-fold
increase in reaction time in comparison to the POV-methoxide
analogues (Table 2). Furthermore, attempts to deoxygenate
complex [VeO07(OC;Hs)1,]° with more sterically encumbered
phosphanes (i.e. P(CH3){CsHs),, P(CeHs)s) resulted in limited OAT
after prolonged heating (> 2 weeks at 70 2C).

Acid-induced oxygen-atom vacancy formation

Interested in developing a “green” route for oxygen-atom
vacancy formation at the surface of POV-alkoxide clusters, we
next turned our attention to the reactivity of [V¢O7(OR)1,]" with
organic acids. Inspiration for these studies was derived from
reports describing the electron-proton co-doping mechanism of
surface activation of bulk VO, (Figure 9).103.104 |n these reports,
formation of low valent vanadium centres were observed upon
addition of electrons and protons to the material. While there
is debate as to the location of these reduced ions within the
material, the authors cite that reduction of the bond order of
vanadium oxygen bonds via formation of hydroxyl and aqua
ligands within the material.

8 | J. Name., 2012, 00, 1-3
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To model the surface reactivity of VO, with acid, we
explored stochiometric reactions of our POV-alkoxide cluster in
its most-reduced charge state with an organic acid.? Following
addition of triethylammonium tetrafluoroborate ([HNEt3]BF4, 1
equiv) to the dianionic POV-ethoxide cluster, [Vs07{OCyHs)12]%
(1 equiv), analysis of the crude reaction mixture by *H NMR
spectroscopy revealed a series of resonances consistent with
the formation of a mixture of products. Signals located at 26.07
and -2.00 ppm correspond to the protons of the bridging
ethoxide moieties of the previously reported, monoanionic,
POV-ethoxide cluster, [VeO7{OCyHs)12]1.7¢ The remaining
paramagnetically shifted and broadened resonances, (o= 29.56,
28.53, -1.30, -2.56, and -25.66 ppm) suggested formation of an
oxygen-deficient organofunctionalized POV cluster,
[VeOe(OC3Hs)12]t. The identity of this product was confirmed
through independent synthesis of the monoanionic, oxygen-
deficient assembly via reduction of the previously reported
complex, [VGOG(OC2H5)12]O.78

The formation of an oxygen-deficient metal oxide assembly
upon addition of acid is a rare observation in POM chemistry.
Studies focused on interactions between POMs and protons
typically involve acidification of an aqueous solution containing
the polyoxoanion; results have predominantly shown cation
exchange processes, yielding metal oxide assemblies with one
or more protonated bridging oxido ligands.10510% This disparate
reactivity of plenary POM motifs is likely due to the fact that
these clusters are composed of metal centres with d° electronic
configurations (e.g. WY!, MoV, VY, Ta¥, and NbV). In contrast the

Acid-induced Metal Oxide Reduction
Electron Proton Co-Doping

(XYY Y (XYY YY)
000 W (X XD
Gooe . o on?
‘oooee ooese
Bulk Material Formation of M-OH
(e.g. VO,) and M-OH, moieties
®o> Vv oV o H

Vacancy Formation on POV-ethoxide Cluster via

Addition of Organic Acids
2- 1-
0 ) 0
/\ + A
1D 5= BNLAEND = BN
0 (o]
Oy—=0ZAV% — o0y
04\’\|o }'\o — 04‘(\|o )’\o
—V— -1 —=V—
N T U R T
[V60#OC:Hs)1o1* [V506(OC2Hs)y1™
e distrib: V'Vg e distrib: VIV

Figure 9. Schematic representation of proton-induced activation on a metal
oxide surface (top) and the comparable reactivity observed in POV-alkoxide
clusters (bottom).2¢
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reduced POV-alkoxide possess six, d! VV ions that provide
electron density for proton reduction.

The reactivity of [Vs07(OCzHs)12]% with acid more aptly
resembles the reported synthesis of reduced,
“heteropolybrown” polyoxotungstate architectures, originally
reported by Launay and coworkers (Figure 2, bottom).110-112 |n
this study, the authors propose that the six-electron reduction
of the polyoxotungstate Keggin ion, [(H2)W12040], via
controlled potential electrolysis under acidic conditions, results
in the reduction of three terminal WV'=0 moieties to W'V-OH,
groups.%® subsequent article, Piepgrass and Pope
spectroscopically confirm the proposed structural
configuration.113

In a

Small Molecule Activation by Oxygen-deficient
POV-alkoxides

Computational investigations on RMO-catalyzed OAT processes
have determined that substrate-surface interactions can enable
the formation of deoxygenated products though multi-electron
redox reactions at defect sites within bulk materials.2* However,
challenges in monitoring reaction progress using current in situ or in
operando analytical techniques have hampered our understanding
of the structural and electronic perturbations of RMO surfaces during
heterogeneous OAT transformations.3238 As such, with the
aforementioned strategies in hand for oxygen-atom removal from
the surface of POV-alkoxide clusters, we turned our attention to the
reactivity of the defect sites in these molecular assemblies. In this
section, we explore the mediation of small molecule (e.g. O;,77 NO*
; X =2, 381,82) activation with oxygen-deficient POV-alkoxide clusters.
Overall, the capability of the mono-vacant POV-alkoxide
clusters to facilitate substrate coordination and activation
confirms that Lindqvist metal oxide cluster complexes can serve
as a functional model for RMO-catalyzed MvK transformations.

Dioxygen reduction with oxygen-deficient POV-alkoxide clusters
The reduction of O, is an important step in heterogenous
catalysis.114 115 |ndeed, the addition of molecular oxygen to
extended solids can influence both the chemical composition
and reactivity of the solid support. For example, surface-O,
interactions are crucial in a wide variety of industrially
important transformations such as chemical conversion (i.e. CO
and hydrocarbon conversion)!16-119 and electrocatalysis (i.e.
oxygen reduction reaction in fuel cells).120-122 Fyrthermore,
molecular oxygen is typically added to reduced RMOs to restore
surface oxygen atoms via oxygen exchange between the solid
support and gaseous reactant.1? 21-23 This process makes RMO
materials recyclable, often remaining operational for several
yea rs_16, 123,124

Given the importance of O, interactions with RMOs, we
decided to begin our investigations into the reactivity of
oxygen-deficient POV-alkoxide clusters with O,. Addition of 1
atm of O to [Vs0e6(OCHs)12]1 resulted in quantitative formation
of the fully-oxygenated cluster, [V6O7(OCHs)1,]%, after 24 hours
at 50 oC (Scheme 3). To probe the solution stability of the
monovacant cluster at the relevant reaction conditions, a

This journal is © The Royal Society of Chemistry 20xx

Scheme 3. Reactivity of [Vg0g(OCH3)1,] with O,.
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Figure 10. ESI-MS (-)ve mode of control experiment using 180, (1 atm). Inset
highlights mass distribution resulting from incorporation of labelled oxygen
atoms within the hexavanadate cluster (red), however the un-labelled
cluster ([Vs07(OCHs)1,]; m/z 790), is observed in a relatively high quantity.
This is likely due to exchange of H,0 with [Vs0s!80(OCHs;):,]%. Figure
reprinted with permission from J. Am. Chem. Soc. 2018, 140, pg. 8424-8428.
Copyright 2018 American Chemical Society.

control experiment was conducted by heating [VsOg(OCH3)12]%
to 50 oC for 24 hours; no evidence of cluster degradation was
observed. Furthermore, confirmation that the oxygen-atom
participating in OAT was from O3 reduction was achieved via the
addition of isotopically-enriched dioxygen (180,). Analysis of the
resulting product by 'H NMR and electrospray ionization mass-
spectrometry  (ESI-MS) confirmed formation of the
corresponding labelled product, [Vs0s!80(OCHs)12]1 (Figure 10,
bottom). Collectively, these results confirm that the oxygen-
deficient cluster can reduce molecular oxygen, revealing the
propensity of the surface-defect on the homogenous molecular
model to facilitate activation of oxygenated substrates.

Reduction of nitrogen-containing oxyanions with oxygen-deficient
POV-alkoxide clusters

To expand the reactivity profile of the mono-vacant POV-
alkoxide cluster, we became interested in investigating whether
[V6Oe6(OCHs)12]* could mediate the reduction of oxyanions,
specifically nitrite (NO,1; one-electron reduction) and nitrate
(NOsY; two-electron reduction). Although POMs are well-
established to facilitate the electrocatalytic reduction of these
oxyanions,*” it is unclear how these oxide-terminated
polyoxoanions bind to the substrate and facilitate the requisite
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Scheme 4. Reactivity of [Vs0s(OCHs);,]' with NO,'" (left) and NO,' (right).5!
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OAT chemistry. In cases where mechanistic insight has been
presented, these transformations are commonly mediated by
transition metal-substituted polyoxoanions, where substrate
activation occurs at the heterometallic center.47,125-128

Addition of 1 equiv of NO,! to complex [VsOs(OCH3)12]%
resulted in the one-electron reduction of NO,!- and OAT to the
reduced POV-alkoxide.8! This translated to the release of nitric
oxide (NO), and formation of the dianionic POV-alkoxide cluster,
[VeO7(OCH3)12]? (Scheme 4). Formation of the fully-oxygenated
cluster in its most reduced charge state was confirmed via
electronic absorption spectroscopy; the lack of IVCT bands
attributed to mixed-valent POV-alkoxides is consistent with the
formation of the [V'Ve]? cluster.”? Confirmation of N-O bond
scission was garnered from NO-trapping experiments using
cobalt tetraphenylporphyrin (CoTPP).123-132

We next set out to explore if the oxygen-deficient POV-
alkoxide would be able to mediate the two-electron reduction
of NOs;'. While this transformation is significantly more
endergonic than that reduction,133 134 we
hypothesized that NO3!- activation would follow a similar
pathway; following coordination of NO3;!~ to the oxygen
deficient POV-alkoxide, two electrons would be transferred to
the substrate resulting in N-O bond cleavage (formation of NO,?-
). In this case, the expected reactivity would result in a change
in the overall oxidation state distribution of the cluster from
[VIVIVe]1- to [VIVsVV]L- (i.e. [VeO7(OCH3)12]1). Although addition
of ["BusN]NO3 to [VeOe(OCH3)12]t at 21 °C resulted in only

of nitrite

[VeO(OCHg)o]"
041V

[VeOs(OCHg)1o]™
+ NOg"

[VeOs(OCHg) o]
+ % NOg"
-0.59V

-0.9 -0.4 0.1

Potential (V) vs. Fc/Fc+
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Figure 11. Open circuit potential for the independently synthesized, fully-
oxygenated cluster ([VsOs(OCH3)y,]1; -0.41V, red) and the products of NO!-
reduction (stoichiometric, -0.61V; sub-stoichiometric, -0.59 V) via
[V6Os(OCH3)1,]Y. CV collected in acetonitrile with 0.1 M ["BuyN][PF¢] as
supporting electrolyte.®!
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minimal conversion to product, heating the reaction to 70 °C
resulted in complete conversion of the oxygen-deficient cluster.

Further analysis of the resulting cluster-containing product
by electronic absorption spectroscopy and cyclic voltammetry
showed substantial inconsistencies from that which would be
expected for the monoanionic POV-alkoxide cluster,
[VeO7(OCH3)12]t (Figure 11). example, the absorption
spectrum of the crude product contains two IVCT bands located
at 392 nm (2594 M1 cm?) and 1000 nm (605 M cm1),
consistent with formation of a cluster with a mixed-valent VV/v

For

oxidation state distribution. However, comparison of the molar
absorptivity values between the nitrate reduction product and
that of the independently synthesized monoanionic cluster,
[VeO7{OCH3)12]1,7® revealed that the IVCT intensities are
significantly lower than expected. These results, coupled with
an open circuit potential for the product shifted cathodically by
0.2 V (Figure 11), suggested that complex [V¢07(OCHs)1,]% is not
the sole product of this reaction.

Given that NO,! reduction occurs at room temperature, we
hypothesized that the nitrogen-containing byproduct of nitrate
reduction, NO,!-, could be competing with the two-electron
of NO;3?; following deoxygenation of NOsl,

starting  material  ([VeOe(OCH3)12]t)  would
preferentially reduce the in situ generated NO,%, resulting in
the formation of the dianionic POV-alkoxide cluster,
[VeO7{OCH3)12]?. To test this hypothesis, a substiochiometric
amount of ["BusN]NO3 (0.5 equiv) was added to [VeOe(OCH3) 1]t
. Analysis of the resulting product by *H NMR revealed that
although only half of the required substrate was added,
complete conversion of the oxygen-deficient cluster was
observed (Scheme 4). Further analysis of the cluster-containing
products in the substiochiometric reaction, via cyclic
voltammetry, confirm that the same ratio of POV-alkoxide
clusters are formed regardless of NO,1-equivalence (Figure 11).

To analyze both the effect of changing the surface structure
and oxidation state distribution of the Lindqvist cluster, we
opted to investigate the reactivity of the redox-series of
monovacant POV-ethoxide clusters, [VsOs(OCoHs)12]" (n=1-, 0,
1+) with NO,> (x = 2, 3).82 Spectroscopic investigations of the
POV-ethoxides have revealed that the site-differentiated
vanadium(lll) centre retains its oxidation state across all three

reduction
unreacted

charge states of the cluster,’® 8. 135 providing a method for
analysing the influence of the oxidation state of remote vanadyl
ions (i.e. cluster redox potential) on N-O bond scission.
Furthermore, alteration of the bridging alkoxide chain length,

This journal is © The Royal Society of Chemistry 20xx
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Properties of metal-oxide nanocrystals the
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Figure 12. Physicochemical properties that influence the reactivity of metal oxides, including chemical composition of surface ligands, surface charge, and the
oxidation state of remote metal ions surrounding the catalytically active metal center (left). Key: red, O; green, V.; orange, remote vanadyl ions. Structure-function
investigations reveal the role these properties play in dictating the rate of oxyanion reduction at the surface of oxygen-deficient POV-alkoxide clusters. Figure is
reprinted, in part, with permission from /norg. Chem. (DOI: 10.1021/acs.inorgchem.0c02052). Copyright 2020 American Chemical Society.

from methoxide to ethoxide, presents the opportunity to
concurrently analyse the effect of changing the steric
accessibility of the active V" ion on reaction rate.

Collectively, these investigations revealed that NO,
reduction is influenced by three factors. As expected, both the
ligand identity (i.e. Table 3, entry 1 vs 2) and oxidation state
distribution of neighbouring vanadyl moieties (i.e. Table 3, entry
2-4) significantly influence the rate of NO,!- activation, with OAT
reaction times ranging from 5 minutes to 96 hours.
Furthermore, our investigations ion-pairing
interactions, in particular, repulsive substrate-cluster
interactions, hinder the rate of OAT for both nitrite and nitrate
reduction (Table 3, entry 2 vs. entries 3-4). We anticipate that
similar consequences might be observed in the analogous

revealed that

reduction chemistries with heterogenous systems. These
factors reveal design strategies that could improve the OAT
reactivity of metal oxides, ultimately resulting in the synthesis
of new, efficient heterogeneous catalysts for the activation of
oxyanions.

Table 3. Comparative reaction times and temperatures for NO,'* (x = 2, 3}
reduction via [Vs0{OCH3);,]' and the redox-series of POV-ethoxide clusters.
Table is reprinted, in part, with permission from /norg. Chem. (DOl

10.1021/acs.inorgchem.0c02052). Copyright 2020 American Chemical
Society.
Complex Ox. State NO,- NO,

Distrib. Reduction Reduction
Conditions Conditions
1 [V60s(OCH3)1,]" ViV 24 h,21°C 24 h,70°C
2 [V60s{OC;Hs)1]" Vi Vg 30min,21°C  24h,50°C
3 [VsO0s{OCoHs)1,]° VIV Y 5 min, 21 °C 1.5h,50°C
4 [Ve0s(OCoHs) 1] VINVZW, 15 min, 21 °C 96 h, 50 °C

Conclusions and Outlook

In summary, over the past four years we have investigated
Lindqvist POV-alkoxide clusters as atomically-precise analogues

This journal is © The Royal Society of Chemistry 20xx

of vanadium oxide materials, with particular interest in studying
defect formation in RMOs. Driven by our ultimate goal of
gaining a molecular-level insight into the structural and
electronic perturbations of metal oxide supports during
catalysis (i.e. the MvK mechanism; vacancy formation, substrate
adsorption, substrate activation, product desorption), we
began by developing new methods for the post-synthetic
removal of oxygen-atoms from terminal vanadyl ions within the
cluster core. Indeed, addition of reductants (e.g. V(Mes)s(thf) or
PR3) or acid to the fully-oxygenated vanadium oxide clusters
resulted in the generation of a redox-series of oxygen-deficient
POV-alkoxide clusters that feature up to two coordinatively
unsaturated vanadium Rigorous electronic
characterization of the mono- and di-vacant clusters revealed

ions.

that O-atom removal results in the formation of V! moieties as
site-differentiated ions that are decoupled from the remaining
Robin and Day Class Il delocalized cluster core. In addition,
structural characterization, via SCXRD, revealed that O-atom
removal results in significant lattice distortions; the reduced
vanadium ion(s) is pulled toward the centre of the cluster,
resulting in a ~0.2 A truncation of the V-O. bond.

We have also analysed the reactivity of the reduced POV-
alkoxides by investigating transformations relevant to the
reduction of chemical pollutants and other oxygenated
While not described herein, we have also
demonstrated that the oxygen-deficient POV-alkoxides can
mediate the deoxygenation of organic substrates, such as the
conversion of styrene oxide to styrene . In all cases, substrate
reduction and OAT results in restoration of an oxygen atom to
the site-differentiated V"' ion. Analysis of reaction parameters
that influence substrate reduction revealed that OAT is
influenced by the sterics of the alkoxide ligands surrounding the
active V' ion, substrate-cluster electrostatic interactions, and
cluster charge state or redox potential. Collectively, these
investigations have revealed that polyoxometalates can serve
not only as structural and electronic models for reduced RMOs

substrates.
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but also provide a method for modelling heterogenous OAT
processes that invoke the MvK mechanism.

Looking forward, the ability to further expand Lindqvist
POV-alkoxide clusters as atomically-precise models for metal
oxides is promising, given the recently developed syntheses of
heterometal-functionalized POV-alkoxide clusters, e.g. [VexO7-
«(OCH3)12(MX’)] (x =1 , MX' = FeOTf,136 FeCl,137 GaCl,137
Ti(OCH3),*38 Hr(OCHs),'38 Zr(OCH3s); x = 2, MX’ = Ti(OCH3)).13°
These multimetallic clusters can serve as structural and
electronic models for cationically doped transition metal oxides
which are commonly used as catalysts in industrially relevant
transformations.’> Indeed, it is well established that the
chemical and photochemical behavior of a metal oxide can be
modified by introducing heterometallic dopants. Ideally,
analyzing vacancy generation on [Ve.xO74(OCHs)12(MX’)x]  will
provide atomistic insight into the consequences of dopant
addition on the MvK reactivity of metal oxides. In particular, we
are interested in investigating the relative ability to mediate
V=0 bond cleavage on the heterometallic systems, the location
of the resulting unsaturated vanadyl ion (i.e. cis- vs trans- to the
heterometal), as well as the influence of the heterometal on
substrate deoxygenation. Ultimately, insights from this work
will reveal important design considerations for the generation
of ternary metal oxides as heterogeneous catalysts for small
molecule activation and chemical valorization.
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