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We report the transfer of H-atoms from a reduced
polyoxovanadate ["OctsN][VsOs(OH,)(OMe)12]  via
concerted proton-electron transfer. Oxygen reduction is compared
between bridging and terminal O-H bonds revealing similar
mechanisms, providing new insight to design criteria for metal-
oxide electrocatalysts that faciliate oxygen reduction by concerted-

proton electron transfer.

alkoxide

Hydrogen fuel cells (HFCs) are promising technologies for
renewable electrical energy due to their zero carbon emissions.
With the paired employment of the hydrogen oxidation and
oxygen reduction reactions (HOR and ORR, respectively),
electrical energy is created with water as the sole waste
product. ORR is considered the bottleneck to the widespread
adoption of HFCs due to its sluggish kinetics.:2 Currently, to
meet performance levels necessary for HFC technologies, high
loadings of precious metal catalysts (typically Pt) are required,
rendering these systems prohibitively expensive.? Thus, the
development of inexpensive, high-performing cathode
materials is necessary.

An alternative class of catalysts that has been demonstrated
to facilitate ORR are reducible metal oxides (MOy).4¢ Despite
the library of oxides competent for ORR, the scale and
heterogeneity of MOy renders direct mechanistic determination
of the net 4H*/4e  reaction challenging, hindering further
advances in the optimization (e.g. efficiency, selectivity) of MOy
derived catalysts.

To study metal oxide-mediated small molecule activation
hydrogenation chemistries with atomic precision, our lab and
others have turned to a class of molecular analogues called
polyoxometalates (POMs).7-11 These clusters feature similar
composition and surface structure to nanoscopic and bulk MOy,
rendering them ideal platforms for the investigation of
reactions and mechanisms at MOy surfaces. With respect to the
ORR, it is well established that exposure of reduced POMs to air
results in cluster re-oxidation.12 13 However, relatively little is
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known about the mechanism(s) of ORR at the surface of these
assemblies.’* A notable example of ORR by a reduced POM
comes from Weinstock and coworkers, where a reduced,
Keggin-type polyoxotungstate, [AIW12040]%, reduces O, via
proton-coupled electron transfer (PCET).1> The multi-site PCET
to form H,0; occurs by initial electron transfer from the cluster
followed by proton transfer from the acidic surrounding media
(ET-PT). Subsequent work from our laboratory demonstrated
the use of a 6H*/6e" reduced complex, [VsO7(OH)g(TRISNO2),]2-,
(Figure 1) for ORR to H,0 in acetonitrile through a series of
concerted proton-electron transfer (CPET) steps.16

Recently, we reported the in situ generation of a reduced
POV-alkoxide via addition of two H-atom equivalents to
["Oct4N][VeO7(OMe)12] (1-VeOs¥), yielding a cluster
hypothesized to feature a terminal VII-OH,,
[nOCt4N][VsOs(OHz)(OMe)lz]l' (2-V505(0H2)1'; Scheme 1).17 The
BDFE(O-H)avg values of 2-Vg0g(OH)*- are similar to the reported
values for the bridging hydroxides of [VsO7(OH)g(TRISNOZ),]2-
(59.9 and 61.6 kcal mol?, respectively), rendering the
thermodynamics of small molecule hydrogenation comparable

Terminal O-H

QP

Bridging O-H
O
A4
R H_ H
ﬁ \CI)/
0/\|’\o \O/V\O/
o:v/\(?\/\,/éo —oll (l)\/_l/o/
o/\ \l/o / (0] o”\f\io/y\\o
0= 0 0=Y=0q
R g “H 78N
Matson (2021) this work

Figure 1. H-atom uptake at POV-alkoxide clusters that model MO, surfaces.
Reducing equivalents can be isolated to bridging and terminal oxide sites
at the surface of POV-alkoxides. Blue spheres represent O-atoms while
white sphere represent H-atoms.
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Scheme 1. Synthesis of 2-VgOg(OH,)*.
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for the clusters that possess disparate sites (e.g. terminal vs.
bridging).16. 17 We thus became interested in understanding the
reactivity of 2-VgOg(OH2)* small  molecule
hydrogenation reactions, as comparison of the reactivity

toward

between the two systems would provide an opportunity to
examine the effect of the location of surface O-H moieties on
the mechanism and kinetics of PCET from POV-alkoxides.
Complex 2-Ve0g(OH2)! can be isolated by addition of an
equivalent of 5, 10-dihydrophenazine to 1-VeOz*" in THF.17. 18
The H NMR spectrum of the product features an asymmetric
feature at 26.0 ppm and a symmetrical signal at -14.9 ppm;
reduction in cluster
symmetry upon formation of a site-differentiated V"' center

these features are consistent with

(Figure S1).19 20 Analogous reactions performed on the 1le-
oxidized cluster, Vs07(OMe)1,, have been shown to result in
formation of a POV-alkoxide bearing a single V'"-OH, moiety,
Ve0s(OH,)(OMe)12.21  Attempts to obtain crystals of 2-
Vs06(OH2)1- were unsuccessful due to the greasy counterion
required to maintain solubility of the aquo-ligated cluster. Thus,
we rely on the following spectroscopic and reactivity analyses
to support the formation of the terminal aquo.

The infrared (IR) spectrum of 2-VgOg(OH;)1 reveals features
corresponding to the O-CHsz and V=0 stretching modes (1042
and 953 cml, respectively; Figure S2). An additional broad,
weak band at 3429 cm-1is observed, assigned to the O-H stretch
of the bound water molecule. We note that this feature is not
present in IR spectrum of the MeCN adduct of the O-atom
assembly, [VeOs(MeCN)(OMe),2].12  Additional
evidence of the delivery of two H-atom equivalents to the

deficient

cluster surface is observed upon inspection of the electronic
absorption spectra (EAS) of the POV-alkoxide clusters (Figure
S3).18 The parent cluster, 1-Vg07%-, has a prominent feature in
the near-IR region (Amax = 1265 nm, € = 937 M-1cm1), due to
intervalence charge transfer (IVCT) between the VV and VV in
the assembly. This band is quenched upon 2e/2H* reduction,
with the only NIR band being a weak d-d transition at 1010 nm
(e = 138 M-Icm1). The absorption spectrum of the reduced
assembly possesses a transition at 519 nm (¢ = 1137 M-lcm1),
with an extinction coefficient that is significantly greater than
the corresponding band of [VeOs(MeCN)(OMe)12] (Amax = 518
nm; € = 180 M-1cm1). We suggest that intensity of this band is
related to the changes in ligand field imparted by the aquo on
the d-d transition. Finally, the presence of a terminal aquo
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moiety is confirmed from the reaction of 2-V¢Og(OH2)!- with
MeCN, where the water signal is shown to grow over time as
MeCN binds to the reduced vanadium centre (Figure S4).

Having successfully generated the aquo-ligated POV-
alkoxide, we next turned to H-atom transfer from 2-VgOg(OH2)*

TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy), (TEMPO-H
BDFE(O-H) = 65.5 kcal mol1), serves as an excellent model for
H-atom abstraction due to the fact that this substrate is difficult
to reduce, and is unlikely to be protonated by the moderately
basic 2-Vg0e(OH2)1.18 22, 23 Thijs |leaves the most likely pathway
for oxidation of 2-VgOg(OHz)!" as CPET. Exposure of two
equivalents of TEMPO to 2-VgO0g(OH2)* results in quantitative
formation of 1-V¢O,', as indicated by H NMR spectroscopy
(Figure S5-S6). Kinetic investigations were performed by
monitoring the reaction progression via EAS, through the
method of initial rates (see ESI for more information). The
reaction is found to proceed through a rate determining step
that is first order in cluster, 2-V¢0g(OH2)*", and first order in
TEMPO with an overall experimentally derived rate constant of
0.15 £ 0.01 M1 st (Figure S7-S10; see ESI for more details).

Next, we conducted variable temperature kinetic
experiments to determine the activation parameters of
oxidation of 2-VgOg(OH2)- by TEMPO (Figure 2). These
experiments have been shown to be valuable for assessing
mechanisms of PCET reactions (Figure S11).2427 For the
oxidation of 2-VgOg(OH;)?%, a large and negative value for the
entropy of activation (AS* =-41 + 8 cal mol K'1) is consistent with
an ordered, bimolecular, H-bonded intermediate invoked in
CPET mechanisms.18 2730 Accordingly, small enthalpy of
activation (AH* = 6 + 2 kcal mol1) suggests stabilization by an H-
bonded complex in the activated state, in range of AH* values
reported for CPET in metal oxide complexes.18 2428 These
studies that 2-VgOg(OHz)- is capable of
transferring H-atoms via CPET.
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Figure 2. Oxidation by TEMPO (top), Eyring plot for the reaction of 0.30 mM
2-V¢06(OH,)* and 10 mM TEMPO, 0 — 25 °C.
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After establishing the mechanism of H-atom transfer from
2-Vg06(OH2)- as CPET, we investigated the reactivity and
mechanism of cluster-mediated O, reduction. Exposure of 2-
Vs0s(OH2)*- to 1 atm of O; results in quantitative formation of
1-Ve07;- and 1 equiv of water, as confirmed by H NMR
spectroscopy (Figure S12). In our work investigating ORR by
[V6O7(OH)s(TRISNO2),]12-, H,0, was observed prior to the
formation of water. Similarly, for 2-V¢Og(OH2)'", at early time
points (~80 s), we observe a signal at 9.37 ppm as the cluster is
oxidized, which is consumed by 910 s (Figure S13). To confirm
the assignment of this resonance as H,0,, we performed
trapping experiments using triphenylphosphine (PPhs).31 32
Importantly, PPhs is unreactive toward O, and 1-VgO7'- under
these conditions, meaning any OPPhs; formation is solely due to
the presence of H,0; produced in situ (Figure S14 —S17).20 Upon
exposure of clusterto Oz in the presence of PPhs, the generation
of OPPhs is observed, suggesting that ORR by 2-VgOg(OH2)*
proceeds through an H,0, intermediate.

H,0; formation upon exposure of 2-VgOg(OH2)!" to O is
made possible due to the relative strength of the O-H bonds
formed in the product (BDFE(O-H)ayg = 69 kcal molt in water) in
comparison with those of 2-VgOg(OH2)1".23 This suggests that
substrate activation is proceeding through PCET from the V-
OH, moiety.23 This result differs to prior work from our
laboratory that has described the mechanism of reoxidation of
O-atom deficient POV-alkoxide clusters by O, as proceeding
through a Mars-van-Krevelen-type mechanism.19 33 Following
this route, bifurcation of the O-O bond through interaction of
the substrate with an exposed V" site (formed following the
dissociation of solvent) results in oxidation of the assembly.

We next turned to kinetic analyses to elucidate the
mechanism of ORR by 2-VgOg(OH2). ORR was monitored by
EAS, following the procedure described previously (Figure 3 and
Figures S18 — S22; see ESI for details). To determine the order
with respect to 2-V¢Os(OH2)*", we performed reactions under
pseudo-first order conditions by adding an excess of O, (Figure
3, inset). Results suggest a rate expression for ORR described as:
rate = Kexp[2-V60s(OH2)*-]1[O;]1. From the intercept of the line,
the experimentally derived second order rate constant, kexp, can
be extracted to (kexp = 0.061 + 0.008 M1 s'1). The observed rate
for ORR by 2-VgOe(OH;)Y is significantly accelerated compared
to the MeCN bound assembly, VeOg(MeCN)(OMe)121, which is
oxidized over the course of 8 days (Figure S23).

Next, we considered the possible mechanisms of H-atom
transfer from the cluster to O,. Initial proton transfer to O, is
thermodynamically disfavoured.3> Instead, transfer of a net H-
atom (H*/e’) to O, occurs through either CPET or ET-PT. Such
stepwise mechanisms are invoked for catalysts that enable
ORR; initial ET is observed by either an outer or inner-sphere
mechanism to form O*, followed by protonation by the
surrounding solvent media.3> However, in the case of 2-
Vs06(OH2)!- we observed no evidence of ET. In situ analysis of
the reaction progression following addition of O, to 2-
Vs0s(OH2)*- by 1H NMR spectroscopy shows no formation of the
one electron oxidized 2-VgOg(OH2)1", VsOs(OH,)(OMe)12° (Figure
S13). This is consistent with the fact that 2-V¢Og(OH2)* lacks
sufficient driving force (Eox = -0.67 V vs Fc*/0) to readily perform

This journal is © The Royal Society of Chemistry 20xx
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ET to O; (Ered = -1.25 V vs Fc*/9).21,36 We consequently propose
that ORR by 2-VgOg(OH2)* occurs via a rate limiting CPET from
the V"-OH; terminus.

There are limited examples of O, reduction via CPET. ORR by
2-Vg06(OH2)Y is reminiscent of the mechanism previously
investigated by our group for [VeO7(OH)s(TRISNO2),]2-16 These
POV-alkoxides are unique because they facilitate ORR from
adsorbed H-atoms on the cluster surface. We therefore
attribute CPET reactivity to the H*/e" originating from the same
bond (i.e. bridging hydroxide or terminal aquo). This observed
preference for CPET ORR by both 2-VgOg(OHz)" and
[V6O7(OH)s(TRISNO2),]12- may be credited to the thermodynamic
preference to avoid energetically costly charged intermediates,
a consequence of strong thermodynamic coupling of the proton
and electron. Additionally, while at first glance the rates of ORR
by the two POV-alkoxides seem similar, considering the number
of available H-atoms available to react with O, (2 for 2-
Vs06(OH2)*- and 6 for [V6O7(OH)s(TRISNO2),]12-, the aquo-bound
complex in fact reacts ~4 times faster (1.8 x 10> M s’ and 5.0 x
10 M s1). This acceleration could be accounted for by the
driving forces for 2H*/2e" transfer to O,; ORR by 2-VgOg(OH2)1
is 1.5 kcal mol* more thermodynamically downhill, though we
cannot rule out the effect of site-specific reactivity in
accelerating the rate. The H-atoms in [Vs07(OH)g(TRISNO2),]2- are
located across the six equatorial bridging oxides of the Lindqvist
core, meaning that an O, molecule would need to migrate
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Figure 3. a. Initial and final EAS scans for the oxidation of 2-VgOg(OH,)*". Inset
shows Log-log plot of the rate versus [2-Vs0g(OH;)*].
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between each CPET step. By localizing both reducing
equivalents, ORR at 2-VgOg(OH2)- requires little to no
movement of O, accelerating the reaction. Therefore, the
implication for the design of MOy is to generate bound H-atoms
to terminal or bridging sites to accelerate reaction rates by
pushing the mechanism towards CPET.

Here, the terminal V'-OH; site on 2-Vg0g(OH3)*- is found to
be capable of mediating hydrogenation reactions via CPET for
small molecule substrates (e.g. TEMPO, O,). After establishing
reactivity, we employ our POV-alkoxide clusters as molecular
models for ORR to explore the effect of H-atoms bound at
bridging vs terminal oxide sites. Ultimately, both O-H sites yield
CPET mediated ORR, suggesting that adsorbed H-atoms dictate
the preferred mechanism. This work presents a new synthetic
strategy to improve ORR by incorporating bound H-atoms on
the surface of MO.
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