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reduced phosphovanadomolybdates by molecular
oxygen: theory and experiment in concerty:
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Ronny Neumann (2 *

The reactivity of the HsPV,Mo0,0040 polyoxometalate and its analogues as an electron transfer and
electron transfer—oxygen transfer oxidant has been extensively studied in the past and has been shown
to be useful in many transformations. One of the hallmarks of this oxidant is the possibility of its
re-oxidation with molecular oxygen, thus enabling aerobic catalytic cycles. Although the re-oxidation
reaction was known, the kinetics and mechanism of this reaction have not been studied in any detail.
Experimentally, we show that both the one- and two-electron reduced polyoxometalate are reactive
with O,, the two-electron one more so. The reactions are first-order in the polyoxometalate and O,.
Solvents also have a considerable effect, protic solvents being preferred over aprotic ones.
HsPV,Mo10040 Was reduced either by an electron transfer reaction (H,) or an electron transfer—oxygen
transfer reaction (PhzP). Similar rate constants and activation parameters were observed for both. DFT
calculations carried out on the re-oxidation reactions strongly suggest an inner-sphere process.
The process involves first the formation of a coordinatively unsaturated site (CUS) and subsequently the
binding of O, to form superoxo and then peroxo 12-O, adducts. Most interestingly, although vanadium
is the reactive redox centre as well as a necessary component for the oxidative activity of
HsPV,oMo0,0040, and a CUS can be formed at both Mo and V sites, O, coordination occurs mostly at the
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Introduction

Molecular oxygen is a very attractive oxidant for the oxidative
transformation of industrially relevant substrates. However, its
direct interaction with organic compounds, particularly in the
oxidation of hydrocarbons, is characterized by low selectivity
because of radical chain reactions associated with the prevalence
of oxo and peroxo radical intermediates. One alternative
approach for use of dioxygen is its use as a terminal oxidant
in oxidase type reactions, such as those catalysed by Pd
compounds,’ or those catalysed by phosphovanadomolybdates,
notably the H;PV,M0,(04, of the o-Keggin structure.>® In the
latter reactions, substrates are typically activated by electron
transfer (ET) to yield either a dehydrogenated product or an
oxygenated product by further oxygen transfer (OT). Over the
years, reactions involving C-H, C-C and C-M bond activation as
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Mo CUSs, preferably those where the vanadium centers are distal to each other.

well as oxidation of sulphides have been studied.” Importantly,
the reduced catalyst, whose structure has been studied by EPR
experiments'®'" and DFT calculations,'” can be re-oxidized by
molecular oxygen. This spatiotemporal separation between the
substrate oxidation and the catalyst regeneration is responsible
for high selectivity of such reactions. It should be stressed, as
indicated in Scheme 1, that the reaction of one equivalent of
HsPV,Mo0,,0,, with one equivalent of substrate or reducing
agent typically leads first to an observable intermediate consisting
of an oxidized substrate and reduced HsPV,M0,004.” ** In principle,
in the presence of O, two scenarios can be considered for a catalytic
reaction that includes re-oxidation of the reduced HsPV,Mo0;(O40:
(i) product formation as shown in Scheme 1 followed by catalyst
re-oxidation; and (ii) direct aerobic oxidation of the intermediate as
recently demonstrated in the oxidation of benzene."?

Dehydrogenation
HoS + HsPV,M0;g040 —E1> HoS -~ -[HsPVaM01g0s — > S + HyPVaMoyoOsp

Oxygenation

. _ oT
S + HsPVaMo;oOgp —im 8" --[HgPV2MO1oOug]

——8-0 + H,PV;Mo,,0
H,0 7PV2M019040

Scheme 1 Oxidation of generic substrates (S) by HsPV>M0100 40.
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Thus, although much is known about the mechanisms of
substrate oxidation, much less is known about the reactions of
reduced polyoxometalates with oxygen. It has thus been shown
that a Fe(u)-substituted polyoxotungstate binds O,,"* but more
generally the re-oxidation of reduced polyoxotungstates with O,
in water has been shown to proceed by an outer-sphere electron
transfer (ET).">™"” The mechanism is less clear in the case of
phosphovanadomolybdates. Moreover, although the redox potentials
for different o-Keggin polyoxometalates show the following
general trend, polyoxotungstates < polyoxomolybdates <
polyoxovanadomolybdates,'® the rates of their aerobic re-oxidation
are not correlated with the redox potential: polyoxotungstates
(seconds) » polyoxovanadomolybdates (minutes) > polyoxo-
molybdates (days). It was suggested that aerobic re-oxidation
of HgPV'VVMo,,0,, after reaction with o-terpinene occurs
through inner-sphere electron transfer to oxygen,'® but other
publications suggest different scenarios.”* Herein, we examine
the mechanism of oxidation of reduced HsPV,M0,,04 by O, under
conditions similar to practical catalytic oxidation applications. In
order to understand the mechanism at the atomic and electronic
level, the experimental studies were combined with density
functional theory (DFT) calculations. It is known that important
factors for O, activation include, but are not limited to, redox
potential, solvent, spin state, ligand architecture, and additional
co-reductants.”?* In this work we have considered the oxidation of
HPV,M0,,040 and H;PV,Mo0,,04, by molecular oxygen.

Results and discussion
Kinetics of aerobic oxidation

As can be seen from Scheme 1 the reaction of HsPV,M0,40;, (the
oxidized compound, 1,,) with substrates either by an ET dehydro-
genation or an ET-OT oxygenation is intrinsically a two-electron
process. However, self-exchange ET between polyoxometalates is
fast,>'>' that is, the two-electron reduced H,PV,M0:40s0 (Lredze)
can readily react with 1, to yield the one-electron reduced
HePV,;MO0,;0040 (Lreare)- According to our calculations, this interaction
is exergonic by 3.73 kcal mol " in acetonitrile and is favoured
kinetically by the strong acidic nature of the surface protons. There-
fore, the substrate/1,x ratio can be manipulated to form either 1,eq1e
Or 1pedze- Molecular hydrogen, H,, is the simplest reducing agent,
since there is no product formed besides 1,eqie OF 1redze- ThUS, 1redie
and 1,eq2e can be formed by the reaction of 0.5 equivalents and
1.0 equivalent of H, with 1,,, respectively, as in eqn (1):

Hy + 15« = Liedze aNd Lieasze + 1ox = lredie (1)

In the reaction of either the one- or two-electron reduced
species (1rq) With O, in CH3CN, 1 equivalent of O, was
consumed per 2 equivalents and 4 equivalents, respectively,
Of 1iedze and 1ieqre, as determined by volumetric measure-
ments, Table S1 (ESIi). Therefore, we conclude that 1,eq2e and
1 eq1e Teact with O, according to eqn (2) and (3), respectively:

2H,PV,M0(049 + O, = 2H5PV,M04(,04 + 2H,0 (2)

4HcPV,;M0,¢040 + O, — 4HsPV,M0,¢040 + 2H,0 (3)
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The kinetics of reoxidation of 1,.q in acetonitrile was studied
spectrophotometrically, by following the disappearance of the
reduced polyoxometalate blue colour at 750 nm. Typical kinetic
curves are shown in Fig. S1 (ESIi). The reaction order with
respect to the concentration [1,.q] was determined by measuring
the initial rate, —d[1,eq)/d?, as a function of the initial concen-
tration of [1yeq), [1rea]o, at @ constant initial concentration of [O,].
The linear increase in the initial rate with the increase in 1,.q over
a wide range of [1,eq]o reveals the reaction to be first-order with
respect to [1.q] reduced by either 1 or 2 electrons, Fig. S2 (ESIE).
Similarly, the linear dependence of the initial rate on [O,],, Fig.
S3 (ESI%), indicates that the reaction is first order with respect to
O,. Therefore, the direct reaction of 1,.q with O, obeys the rate
law as shown in eqn (4):

d[1yeq)/dt = k[1realo[O2]o (4)

From this equation, one can calculate a rate constant for 1,eqse,
Fxos = 0.09 £ 0.02 M~* s™'. This rate constant is two orders of
magnitude lower than that for oxidation of one electron reduced
polyoxotungstates in water.'® The rate constant for the reoxidation of
Lredze 18 Kaos = 0.9 & 0.1 M~ " s, which is an order of magnitude
higher than that measured for 1,44 In addition, once the blue
colour associated with 1,.q disappeared, iodometric titration revealed
that no H,O, was present in the reaction mixture, although this does
not rule out the possibility of H,O, as a fastreacting oxidizing
intermediate. Indeed, a control experiment on the oxidation of 1,eqse
by H,0O, yielded a rate constant, ks = 3.2 £ 0.8 M ' s, which is
significantly higher than the one with O, as oxidant.

It is worth noting that the initial rates, V,, for the aerobic
oxidation of 1,.q are solvent dependent - although as seen in
Table 1, Vo(1reaze) is always greater than Vi(1,eqse)- Generally,
the reactions are faster in protic solvents compared to aprotic
ones, although addition of trifluoroacetic acid positively affects
the rates in aprotic solvents, while the effect is small for protic
solvents. The rate constants are not correlated with the redox
potential of 1 in the various solvents.

In addition to the reduction of 1, by H,, the reduced
polyoxometalate was also formed by a typical but simple ET-OT
reaction, that is, the oxidation of triphenylphosphine to the

Table 1 |Initial rates for oxidation of 1,.q reduced by H, in different
solvents

Solvent Vo(lreaze) M 81 X 107 Vo(lreare) M s ' x 107 E (V)
Water 8.4+ 0.9 3.70 £ 0.4 0.50
0.1 M H,SO, 21.8+2.5 4.48 + 0.4 0.52
AcOH 15.7 £ 1.5 421+ 04 0.38
MeOH 15.1 £ 1.6 2.92 £ 0.3 nd
Acetonitrile 3.6 £ 0.5 0.36 + 0.06 0.49
Sulfolane 0.6 + 0.1 0.12 £+ 0.02 0.50
DMSO 2.8 + 0.3 0.12 £+ 0.02 0.40
Diglyme 3.1+04 0.24 + 0.03 0.45

Conditions: 0.25 mM 1,q, 1 bar air, 25 °C. The redox potentials were
obtained by cyclic voltammetry (see the Experimental section) and
standardized versus Fc/Fc'. Since the solubility of O, depends somewhat
on the solvent, the dependence of the rate of reoxidation of 1,eq is
presented in terms of initial rates V, rather than rate constants. nd - not
determined.
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o o+
PhsP + HsPV¥Mo;0Os0 22-"Co PhgP™ - pyIvyWMo, 0,0

70°C, PhgP=0 + HPV"V,Mo0,0040

PhsP™ - -HPVVYVMO, 0,0 + H0

Scheme 2 The ET-OT oxygenation of triphenylphosphine.

Table 2 Rate constants and activation parameters for the aerobic oxidation
of 1,eq4 formed by different reducing agents (RA)

AHg’*)X’ AS§987 AGg‘)S)
RA  1pq  kpog, M 's™' kcalmol™' calmol ' K' keal mol*
Hy, lreqe 0.09 4+ 0.02 8.4 ~326 18.3
H, leare 09+01 5.4 —39.8 17.3
PhsP  1reqre 0.05+0.01 8.3 —36.6 19.2
PhiP 1reme 07 +01 6.5 —36.5 17.4

Conditions: 0.50 mM 1,4 in CH;CN, 1 bar air. Data from Fig. S5 and S6
(ESI).

corresponding oxide, Scheme 2. At 25 °C, the ion pair formed as a
result of electron transfer can be observed by EPR, Fig. S4 (ESL).
A *'P NMR measurement at this point shows no formation of
triphenylphosphine oxide, which however can easily be formed
by heating the mixture to 70 °C.

The rate constants as well as the transition state energies
found for the oxidation of 1,.q formed by reduction with either
H, or Ph;P are presented in Table 2. As one can see, there is
some small variation in the values obtained, but they are very
similar and likely within experimental uncertainty. Notable is
the large negative value of AS”, pointing towards an organized
rate-limiting state.

Computational results

The overall reactions of oxygen reduction by H,PV,M0,,0,, and
HePV,Mo0,00, according to eqn (2) and (3) are energetically
highly favourable: AG,9g = —57.2 and —50.3 kcal mol™! in
acetonitrile, respectively. However, the first step of the inter-
action, that is the abstraction of the first H-atom or coupled
proton-electron transfer (CPET), is endergonic by 13.5 kcal
mol™! for 1eqse and 16.9 kcal mol™* for 1,eqie. This is in
agreement with the strongly negative one-electron reduction
potential of oxygen (which is —0.33 V vs. NHE in water at pH 7,
25 °C).”® The interaction between an acidic surface hydrogen of
1,ea1e and apolar O, leads to a highly unstable intramolecular
complex before hydrogen transfer that is 22.4 kcal mol ™" above
the energy of the reactants. The subsequent activation barrier
for H transfer is 29.8 kcal mol ™', prohibitively high for a room
temperature reaction. See Fig. S7 (ESIf) for optimized struc-
tures for outer sphere complexes. We were unable to locate a
similar precursor complex and transition state for 1,eqze Using
our computational approximation. In both cases the probability
of the outer-sphere H-transfer is expected to be extremely low
since CPET or H-atom transfers are viewed as vibrational
processes that require at least weak hydrogen bonding between
the reaction centres.”®>®

Due to the absence of spin restrictions, electron transfer (ET)
is often considered the most probable initial stage of oxygen
activation.”®*° Our calculations showed that in spite of the high

This journal is © the Owner Societies 2018
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Fig. 1 Surface oxygen atoms in the 1,2 (a) and 1,11 (b) isomers of the
[PV2M010040]9™ anion.

oxidation potential of oxygen and the presence of lone pair
electrons, ET and PT from the reduced polyoxometalates are
unacceptably high in energy, especially in the gas phase, Table S2
(ESI). These results, together with the experimental observations
that (a) a catalytic amount of Cu" does not influence the rate of
the oxidation reaction and (b) H,O, was not observed as an
intermediate in the reaction mixture, prompted us to consider an
inner-sphere mechanism for aerobic oxidation of 1,.q. By way of
example, we consider the (1,2) and (1,11) isomers of the
[PV,M0,0040)?" anion (Fig. 1), which have two vanadium atoms
at the proximal and distal positions, respectively, to each other.
These isomers were chosen because they represent two different
structure types with different reactivity that have been previously
observed."®"* According to our calculations, the (1,2) isomers of
145 and 1,eqqc are 1.5 and 2.2 keal mol ™" more stable, respectively,
than the (1,11) isomer. In contrast, the (1,11) isomer of 1,eqze iS
0.6 keal mol ' more stable than the corresponding (1,2) isomer.

All 12 metal atoms in the Keggin structure are hexa-
coordinated with oxo ligands and thus are not likely to coordinate
O,. However, we have previously shown that the tendency of
vanadium atoms in high oxidation states towards a reduced
coordination number facilitates the formation of defect structures
with coordinatively unsaturated sites (CUSs). Depending on which
bonds are broken, V or Mo CUSs could be formed.'> Further
calculations reported here show that reduction of the polyoxo-
metalate tends to slightly decrease the energetic cost for such
defect formation, while protonation slightly increases it, Table 3.
The experimentally observed accelerating effect of protic solvents
presents an additional indirect proof for CUS formation as an
important stage of interaction.

The bonding analysis, Fig. S9 (ESI}), shows that one of the
V-0O-V bonds represents the weakest bridging bond in the 1,
(1,2) isomer. Breaking of this bond together with one of the

Table 3 Stability of V and Mo CUSs (AGaog in acetonitrile, kcal mol™)
compared to the corresponding intact structures

(1,2)V CUS (1,2)Mo CUS (1,11)Mo CUS
HsPV,M0,4040 20.54 16.50 16.25
[HsPV,M01004]”  19.58 17.85 14.10
HePV;M010040 22.28 16.93 14.35
[HePVoMO,0040]”  17.64 (19.69)  13.75 (17.94)  15.08 (16.71)
H,PV,M010040 18.64 (19.96)  15.32 (18.86)  15.54 (21.03)

The energies of 2e-reduced structures in the triplet state are shown in
parentheses. The optimized structures of the V.and Mo CUS are shown
in Fig. S8 (ESI).
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adjacent weak Mo-O or V-O bonds leads to molybdenum- or
vanadium-centred CUSs, respectively. The electron spin density
in intact 1,.q is distributed between t;, orbitals that are non-
bonding with respect to V-O and t,, orbitals that are strongly
antibonding with respect to Mo-O, Fig. S10 (ESI%). Therefore, the
reduction of phosphovanadomolybdates most strongly destabilizes
Mo-O bonds, making the formation of molybdenum centred CUSs
more preferential. Thus, for the (1,2) isomer of 1.4, the formation of
a Mo CUS is preferred by 2-5 keal mol " relative to its V counterpart.
Moreover, Mo CUSs are usually slightly less endergonic for the
(1,11) isomer, especially for 1,eq1. In contrast to the intact 1,eqze
structures that have triplet ground states, closed-shell electronic
configurations are 1.3-5.5 keal mol™" more stable for the defect
structures. Finally, it is also notable that the presence of water
as a coordinated ligand stabilizes defect structures, especially
for the 1,4 and 1,eq1e With V CUSs, Table S3 and Fig. S11 (ESL¥).

Now given that the calculations have shown that the CUSs of
1 are viable species, they can be also considered as excellent
candidates for the ligation of O, and its activation by an inner
sphere reaction. Side-on n?-O,, end-on n'-O, and n*O,H
as well as bridged M-O-O-M coordination modes of O, at
molybdenum and vanadium sites are shown in Chart 1, together
with their calculated stabilities. Selected bond lengths, vibrational
frequencies and atomic charges of these complexes are assembled
in Table S4 (ESIE). The most notable observation is that the side-on
n>0, coordination to either Mo or V in defect structures was
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found to be the most energetically favourable for the one-electron
reduced polyoxometalate. This also holds true for the two-electron
reduced polyoxometalate, although here also certain M-O-O-H
species were stable, albeit still less than the side-on n>-O, species.
In all considered (1,2) isomers, oxygen binding and activation is
preferred at a molybdenum CUS where longer O-O bonds, lower
O-0 vibrational frequencies, and greater transfer of electron
density were found (Table S4, ESI}) compared to the vanadium
CUS. The only exception is the end-on coordination mode, for
which V superoxo complexes are slightly more stable than the
corresponding Mo complexes. The (1,11) isomer possesses only
Mo sites that show oxygen binding affinity qualitatively similar
to that of the (1,2) isomer.

These findings can be explained by n-repulsion caused by
metal interactions with o- and n-donating oxygen ligands, and
this effect is stronger for V than for Mo because of the difference in
atomic sizes.'” For superoxo complexes, the electron transfer from
1yea to O, is comparable for side-on and end-on coordination
modes, resulting in quite similar stabilities of these complexes. In
contrast, effective 2e-backdonation from metal to O, in side-on
peroxo complexes results in their dramatically higher stability.
Indeed, for a V** complex with bulky amine ligands that does not
suffer from n-repulsion, the side-end peroxo complex was found to
be much stronger than in our case (AH = —75.0 + 2.0 kecal mol ™)
with a much smaller energy difference between the two isomers
(4.2 keal mol "), favouring n> binding.**

Binding mode Reduced species M=V
[HsPV,M010040]” 21.1(3.3) 15.9 (-3.7)
, HePV>M010040 22.7 (5.8) f 17.4 (-4.9)
(1,2) n°-0-M _ {
[HePV2M010040] 2.1(-11.7) 4.4(-13.2)
H;PV>M014040 7.3(-8.0) 11.7 (-6.9)
[HsPV,M010040]” 17.8 (3.7)
HePV>M010040 20.0 (5.7)
(1,11) n*0-M _
[HePV2M014040] 2.0(-13.0)
H,PV>M010040 5.0 (-10.5)
[HsPV,M010040]” 34.9 (17.1) 39.5 (19.9)
HePV>M010040 39.5 (22.6) 41.8 (19.5)
(1,2) M-0-0-V ~
[HePV2M014040] 20.6 (6.8) 30.6 (13.0)
H,PV>Mo15040 24.2(8.9) % 26.4 (7.8)
[HsPV,M010040]” 22.6 (4.8) 21.2 (1.6)
HePV2M016040 27.5(10.6) 26.4 (4.1)
(1,2) M-0-0 -
[HsPV2M01040] 20.5 (6.7) >
H,PV>M010040 22.8(7.5) ’
[HsPV;M010040]” 25.1(7.3) : 29.5(9.9)
HsPV2Mo010040 26.8 (9.9) Not found
(1,2) M-0-O-H —
[HePV2Mo14040] 6.6 (-7.2) 15.0 (-2.6)
H,PV>M010040 13.9 (-1.4) \ 25.5 (6.9)

Chart1 Typical O, modes of ligation to reduced species of 1 and their calculated stabilities. The free energy, AGaqg, kcal mol™, of the species is given
relative to the intact polyoxometalate and to the relevant defect structures (in parentheses). All the complexes are in the lowest possible spin state, that is
singlet or doublet. These are the lowest-energy states that were found at the level of theory employed.
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Having the defect structures with CUSs and their oxygen
complexes in side-on and end-on binding modes as possible
intermediates, the mechanism of inner-sphere oxidation 1,eq
can be studied in more detail. The first reaction considered was
the stoichiometric oxidation of four HsPV,M0,¢O40, 1lredie; SPECiES
by O, on three different coordinatively unsaturated sites - Mo CUS
in (1,11) and Mo and V CUS in (1,2) isomers, Fig. 2.

Inspection of the reaction profiles in Fig. 2 shows that defect
formation and oxygen coordination are the highest energy
states in acetonitrile at room temperature. For activation at
vanadium, the enthalpy-controlled reaction of V CUS formation
would appear to be the rate determining state of the reaction. In
contrast, for the Mo CUS, entropy-controlled oxygen coordination
represents the limiting state. Energetically, reactions on both Mo
and V CUSs have lower barriers than that for the outer-sphere
CPET (vide supra).

Transformation of superoxo to peroxo complexes by hydrogen
transfer from another 1,.q1¢ species significantly stabilizes oxygen
coordination on the Mo CUS. Protonation of coordinated oxygen
and subsequent water dissociation are endergonic at this stage by
5-10 kcal mol~'. Hydrogen transfer from the third 1,eqse species
causes transformation from the side-on to the end-on M-OOH
coordination mode, in which intramolecular proton transfer and
consequent water dissociation take place. These intermediate
reactions proceed with small changes in energy, and most of the
complexes remain endergonic with respect to the reactants. Transfer
of the fourth H-atom completes 4e O, reduction and proceeds
with strong energy gain. These energetic trends qualitatively
resemble the outer-sphere oxygen reduction (Table S2, ESIf).
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The last strongly exergonic stage is water dissociation and recovery
of 1oy

Although all points in Fig. 2 correspond to local minima on
the corresponding potential energy surface, we believe that the
activation barriers are well approximated by the calculated
energies of the intermediate structures. The first reaction,
formation of defect structures with CUSs, is the only individual
step for which a substantial activation barrier could be anticipated.
For the most unstable V CUS in the 1, isomer, we found a late
transition state that was only 3.12 kcal mol ™" higher in energy than
the final defect structure. In spite of numerous efforts, we were
unable to locate a saddle point on the way to other defect
structures, presumably because of close geometric and energetic
proximity of the local minima corresponding to the final state.
Moreover, the presence of water further stabilizes the transition
state. The second reaction is the formation of the n*0,-M
adducts in the absence of spin restriction for the interaction of
1reare With oxygen in its ground state. Finally, self-exchange
hydrogen transfer from other 1,.41 Species at the next stages of
the interaction is fast and is favoured kinetically by the strong
acidic nature of the surface protons, vide supra. Reorganization
of the n*-0, coordination mode to n'-OOH and the following
water dissociation smoothly proceed on the energetic scale and
are facilitated by hydrogen bonding (see the corresponding
structures in Chart 2). Thus, we believe that the reaction
profiles in Fig. 2 represent not only the thermodynamics, but
also the kinetics of the 1,.q1e OXidation reaction.

Reoxidation of 1,e45e Shows specific features, related mainly
to the spin state of the systems. As mentioned above, the defect

30 - n%-0,-M
2 superoxo
CUs 22.7 2.0
Ny 200 M0 5
20 2 ARTT7a\\ peroxo n2-M-O,H
cus-H0, T /,F'ﬁ\ 152 _ - ===~ N-M-00H
0, /7143 AG, e 169 ~ «
112 ,° 4° T M 10s 10.7 12 = O
_w{ B T 4 i Leeare - P TR 115 \
o / 4=f :AG 50 /77-\‘
£ & 6.8 H.0 1808cuys — e/ \
s ¢ P ¥ 1 1 45 \ v \
o y | defect | ox redle _ / 20
= 2 Ledte {formation W2 - \
2 - 1 t
] H,0 \ ‘\
.g 10 v\
- \\
Q
® = \
c 451 q1e + 0, = 4x1,, + 2xH,0 Leae N |\ M-OH
_3-20 \\m“
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Chart 2 The most stable O, adducts to the (1,2) isomer of l,eq2e With
different spin states and their Gibbs free energy, O-O bond stretching
vibrational frequency and Atomic Polar Tensor (APT) charges on oxygen
atoms (Qo). The AGoygg values are relative to the plenary, non-defect
structure.

Metal Q, Complex Metal O, Complex Metal O,
~
B Tty
0SS tnplet

Scheme 3 Schematic representation of oxygen interactions with metals
of various electronic states.

structures of the 2e-reduced polyoxometalates have singlet
electronic configurations in the ground state, but the triplet
states are only a few kcal mol~ " higher in energy, and thus, the
oxygen complexes may have different multiplicities, Scheme 3.
Interaction between the defect structures in the singlet state
with an oxygen molecule results in the formation of a superoxo
n%0, adduct in the triplet state. Oxygen interaction with the
defect structures in the triplet state might lead to superoxo
complexes in the open shell singlet (OSS) electronic configu-
ration. In both cases, consequent intramolecular ET yields
closed-shell n*>-O, peroxo complexes.

Depending on the spin state, oxygen coordination to 1iedze
features various kinds of interaction, from weak bonding (quintet)
to superoxo (triplet) and peroxo (singlet), Chart 2 and Fig. S12
(ESI%).** For some superoxo complexes, we succeeded in locating
spin symmetry-broken solutions. Calculations show that the OSS
states are lower in energy and correspond to somewhat stronger O,
activation than the triplet state.

The calculated reaction profiles for the oxidation reaction of
1 edze are shown in Fig. 3. In contrast to 1,eq1e, Water coordination
does not promote defect formation in these complexes, or only
barely does so. Very similar to the case for the re-oxidation of
1rea1e, the two-competitive rate-limiting states in these systems
are defect formation and barrier-less (spin allowed, Scheme 3) O,
coordination with formation of the triplet superoxo n*-O, adduct.
The next stage of the interaction, intramolecular ET resulting in a
much more stable singlet peroxo n*-O, complex, could potentially
have a finite barrier. However, for such transition metal systems,
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Fig. 3 Reaction profiles for the oxidation of H;PV,M010040, Lredze-

spin crossing probabilities were shown to be close enough to
unity, so that they will not materially affect reaction rates.*® The
subsequent stages of the reaction are very similar to those for
the re-oxidation of 1,.41. and involve intermolecular H-transfers
from another 1,.4e Species, resulting in dissociation of two
water molecules and recovery of the intact Keggin structure. As
in the case of le-reduced polyoxometalates, inspection of the
reaction profiles in Fig. 3 shows that for Mo CUSs, oxygen
coordination represents the highest energy state of the pathway.
In contrast, for activation at vanadium, V CUS defect formation
would appear to be the rate determining factor of the reaction
while the following O, coordination proceeds with some energy
gain in this case.

Although, using the broken spin-symmetry approximation,
we found the OSS 1n?-O, superoxo complexes to be more stable
than their triplet isomers (vide infra), these reaction profiles are
energetically less favourable because of the high energy of the
previous stage of interaction, ie. formation of the defect
structure in the triplet state.

In order to bridge between the experimental and computational
kinetic data, the energetic span model of Kozuch and co-workers
can be applied.>*® This model is based on Eyring’s transition
state theory together with the concept of rate-determining states
rather than rate-determining steps. In such a way, one can retrieve
the computed activation energies for oxidation of different forms
of 1,.4 on three coordinatively unsaturated sites, Table 4.

The following conclusions could be drawn from the comparison
of experimental and computational data presented in this work.

Table 4 Calculated apparent activation energies for the aerobic oxidation
of different forms of 1,eq

AH§98) ASg‘)S! AGg‘)S!
1red keal mol ~* cal mol ' K™* keal mol™*
Leare Mo (1,2) 14.6 —27.2 22.7
Mo(1,11) 10.2 —33.1 20.0
Vv (1,2) 24.5 7.4 22.3
Lease Mo (1,2) 13.8 ~27.6 22.0
Mo(1,11) 115 —28.2 19.9
v (1,2) 19.3 2.2 18.6
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(i) The experimental results showed that the oxidations with
O, of both the one- and two-electron reduced polyoxometalates
are first-order in 1,.4 and O, with entropy-driven kinetics. The
intermediate species shown in Chart 2 found by computation
supported an inner sphere mechanism of these oxidation
reactions with oxygen coordination as a rate determining state.
Together, inspection of the reaction profiles for oxidation of 1,eq
and kinetic parameters collected in Table 4 show that the
stationary points defining the overall apparent activation barrier
for Mo CUSs are always the energies of the superoxo complexes.
In accordance with the experimental results, these reactions are
entropy-driven. The rate-limiting state for oxygen activation on V
is clearly enthalpy-driven CUS formation. This reaction pathway
is higher in energy than that on the Mo CUS for 1,e41 and thus
is not expected to be experimentally observed for 1e-reduced
polyoxometalates. FOr 1,eqze, both reaction pathways are energetically
comparable; however, Mo CUSs are more common than V CUSs in
HsPV,M0,40, (only two out of five isomers have V atoms in
adjoining positions, and even in these cases there are 7 V-O-Mo
bonds per each V-O-V bond). Thus, we expect that depending on
the relative number of isomers and on the reaction temperature, the
kinetics of the Mo CUS or V CUS driven reaction profiles could be
observed in the experiments.

(if) It is notable that theoretically O, activation by 1,edse is
slightly preferred for the (1,11) isomer compared to the (1,2)
isomer. In fact, in an EPR experiment where one can differentiate
between 1,eqse Species with vicinal and distal vanadium atoms,'>**
we found that the species associated with distal isomers, e.g. the
(1,11) isomer, were oxidized faster than the species associated with
vicinal vanadium atoms.

(iii) Since the reduction of O, to H,O is a four-electron
process, additional intermolecular electron transfer and proton
transfer steps are needed to split the O-O bond and form water
after initial interaction of O, with the reduced polyoxometalate.
The fact that the reaction is first-order in the polyoxometalate
and O,, together with the calculated energies of the intermediate
hydrogen transfer reactions, clearly indicates that these latter
reactions are fast relative to the O, activation step.

(iv) For 1,eaze, the experimental and computed kinetic para-
meters (AG*, AH* and As”) are similar and also very similar to
those found for 1,eq1e. The slight difference in the experimen-
tally found AG" explains the faster rate constant found for
1 edze, DUt this is not so obvious from the calculated data.

Experimental
Preparation of the reduced polyoxometalate

The oxidized plenary Keggin compound, HsPV,M040040, 1lox,
was prepared using the published method.*” One- or two-
electron reduced forms were prepared in organic solvents by
reduction with H, using a 10% Pt/C catalyst or with organic
substrates. The degree of reduction was spectrophotometrically
verified at 750 nm by titration with m-chloroperbenzoic acid
and verified also by oxidation using a standardized solution of Br,
as oxidant. The reduced polyoxometalate was stored under argon.
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Precise values for the extinction coefficient ¢ of the one- or two-
electron reduced polyoxometalates were determined by titra-
tion with m-chloroperbenzoic acid. Using this method, for
1,ea1e AN extinction coefficient of &5, = 1.1 + 0.2 x 10° M~!
cm ™! was found and for 1,eqpe; €750 = 2.2 + 0.3 x 10° M~ em ™.

Kinetics measurements

Reactions of reduced 1,.q with O, were carried out in various
organic solvents. Known amounts of 1,.q were treated with a
solution saturated with pure O,, air or O,/Ar mixtures in
spectrophotometric cuvettes. Measurements were carried out
on an Agilent 8453 diode array spectrometer equipped with a
temperature controller nominally accurate to 0.1 °C. Changes
in absorption with time at various concentrations and temperatures
were observed at 750 nm. The initial rates were derived from these
absorption versus time data when plots were linear (about 10%
conversion). The solubility of O, in air-equilibrated CH;CN is
1.6 mM or 8.1 mM in O, saturated CH,CN at 25 °C.>%3°

Cyclic voltammetry

Measurements were carried out at 25 °C under an argon atmo-
sphere using an EC-Lab VCP-201 electrochemical workstation
(BioLogic Science Instruments). A standard three-electrode
electrochemical cell was employed with a glassy carbon disk
(surface area 0.071 cm?) as the working electrode, a platinum
wire as the counter electrode, and Ag wire as the reference
electrode. The scan rate used was 100 mV s '. Potentials
measured versus Ag/Ag" were converted to the Fc/F¢' (Fe =
ferrocene) scale by analysis of cyclic voltammetry of ferrocene
in acetonitrile under same conditions (0.1 M Bu,NClO, 50 mM
trifluoroacetic acid) in acetonitrile.

Computational methods

All computations were done using a locally modified version of
the Gaussian 09 package.*® Geometry optimizations and harmonic
frequency evaluations were performed using the nonempirical
GGA density functional*"**> PBE*? in conjunction with the PC1
basis set. The latter is a combination of Jensen’s polarization
consistent pc-1 basis set**™*° for the main group elements and V
and the Stuttgart-Dresden-Dolg (SDD) basis set-RECP (relativistic
energy-consistent pseudopotential) combination”” for molybdenum;
to the latter, a single f-type polarization function was added, the
exponent being the geometric average of the two f-exponents given
by Martin and Sundermann.*® This combination is of double- plus
polarization quality. In order to speed up the calculations, we
applied the density fitting (DF) approximation®®™" for calculating
the two-electron (Coulomb) integrals. This approximation is known
to speed up pure-DFT calculations on large systems by 1-2 orders of
magnitude. The auxiliary basis sets required for this were generated
by the automatic algorithm as implemented in Gaussian 09. Thus,
geometries of all the complexes were optimized at the PBE-DF/PC1
level of theory without symmetry constraints. Subsequently, single-
point calculations at the optimized geometries were performed
using the empirical hybrid meta-GGA functional M06>> combined
with the same basis set (M06/PC1), as well as using the PBE
functional but combined with a larger AUG-PC1 basis set.
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The AUG-PC1 basis set represents a combination of the aug-pc-1
basis set on the main group elements and vanadium******** and
the SDD basis set with added f basis functions on molybdenum.
The final level of theory applied in the present work is thus the
additivity approximation E.[M06/AUG-PC1] ~ E[PBE-DF/AUG-
PC1] — E[PBE-DF/PC1] + E[M06/PC1].

Bulk solvent effects of the acetonitrile medium have been
calculated at the M06/PC1 level via the self-consistent reaction
field (SCRF) method,>® using the continuum solvation model
COSMO as implemented in Gaussian 09.°**” Dispersion inter-
actions within the computed structures are partially accounted
for in the M06 functional. Adding the D3 empirical dispersion
correction term,”®* further improved the energies by considering
long interactions. No D3(B]) parameters for M06 are available from
the Grimme group;®® as we optimized parameters for many
additional functionals in the framework of a large benchmark
project for noncovalent interactions,”* we found the D3(BJ)
optimization for M06 to be divergent.

Oxygen is a triplet in its ground state while oxidized products
usually have a closed-shell electronic configuration. Therefore,
reactions of molecular oxygen often involve a step of intersystem
crossing. Thus, we considered doublet and quartet states for
le-reduced complexes and closed- and open-shell singlet, triplet
and quintet states for 2e-reduced complexes. Spin contamination
was negligible for all wave functions except for open-shell singlets,
for which the broken-symmetry wave functions were contaminated
by triplet state with (S*) close to 1. In this case the energy was
corrected using the sum method of Cramer and Ziegler®
according to the equation

Foss — 2Eg,T — Er(S?)

2 —(S?)
where Eg.r is the energy of the broken symmetry unrestricted
DFT wave function for the optimized geometry; Er is the energy
of the triplet state with the same geometry; and (S) is the value
obtained in the calculations.

The calculations were performed for two isomers, (1,2) with
adjacent vanadium atoms and (1,11) with the most distant
vanadium atoms. If not stated otherwise, the energetic results
present Gibbs free energy in acetonitrile at 298 K and relate to
the (1,2) isomer. Presented enthalpy values involve the same
corrections as AG, ie. correction for AUG-PC1, Grimme’s dispersion
correction D3 for M06 functional and solvation correction.

Conclusions

This combined experiment and computational study provides,
for the first time, important insights into the oxidation by O, of
one- and two-electron reduced HsPV,Mo0,,0,4, species, which is
one of the key steps in many aerobic catalytic cycles.”” The
experimental kinetic studies show that the reactions are first-order
in both the polyoxometalate and O,, where the rate constants
are somewhat higher for the two-electron reduced species.
Solvents have a considerable effect, protic solvents being preferred
over aprotic solvents—presumably the protons are aiding in the
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formation of coordinatively unsaturated sites (CUSs). Reduction of
H5PV,M0,0040 by an ET (H,) or ET-OT (Ph;P) reaction showed
similar reoxidation kinetics (rate constants and activation para-
meters). The entropy of activation is strongly negative, indicating a
significant reorganization energy in the transition state because
two species interact to form one species. DFT calculations and
experiments carried out on the re-oxidation reactions suggest an
inner-sphere process for O, activation in contrast with what was
observed with the isostructural tungstates.">™” The reaction
pathways proceed by the formation of a CUS, and then the
binding of O,, to form a superoxo -0, adduct. After formation
of this superoxo n>-0, adduct, additional inter- and intra-
molecular ET and CPET steps lead to O-O bond cleavage and
formation of H,O. Most interestingly, although vanadium is the
reactive redox centre for oxidation of substrates (reducing
agents) and a necessary component for the oxidative activity
of H;PV,Mo0,,040—and a CUS can be formed at both Mo and V
sites—O, coordination occurs at the Mo CUSs, preferably those
where the vanadium centres are distal to each other. This may
be at least a partial explanation of the unique activity of
H;5PV,M0,00,, as opposed to monomeric or oligomeric vanadates,
such as decavanadate where V(iv) species are inert to oxidation
with O,.
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