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ABSTRACT: The decomposition of hydrogen peroxide (H,O,) is the Zr-catalyzed H,0, decomposition
main undesired side reaction in catalytic oxidation processes of industrial

interest that make use of H,0, as a terminal oxidant, such as the OH
epoxidation of alkenes. However, the mechanism responsible for this [ir]
reaction is still poorly understood, thus hindering the development of

design rules to maximize the efficiency of catalytic oxidations in terms of | 2 H,0, |¥| Zr-trioxidane |
product selectivity and oxidant utilization efficiency. Here, we thoroughly 2H,0 '
investigated the H,0, decomposition mechanism using a Zr-monosub-

stituted dimeric Lindqvist tungstate, (Bu,N)s[{W;03Zr(y-OH)},]

({ZrwW},), which revealed high activity for this reaction in acetonitrile.

The mechanism of the {ZrW},-catalyzed H,0, degradation in the absence

of an organic substrate was investigated using kinetic, spectroscopic, and computational tools. The reaction is first order in the Zr
catalyst and shows saturation behavior with increasing H,O, concentration. The apparent activation energy is 11.5 kcal-mol™", which
is significantly lower than the values previously found for Ti- and Nb-substituted Lindqvist tungstates (14.6 and 16.7 kcal-mol ",
respectively). EPR spectroscopic studies indicated the formation of superoxide radicals, while EPR with a specific singlet oxygen trap,
2,2,6,6-tetramethylpiperidone (4-oxo-TEMP), revealed the generation of 'O,. The interaction of test substrates, a-terpinene and
tetramethylethylene, with H,O, in the presence of {ZrW;}, corroborated the formation of products typical of the oxidation
processes that engage 'O, (endoperoxide ascaridole and 2,3-dimethyl-3-butene-2-hydroperoxide, respectively). While radical
scavengers ‘BuOH and p-benzoquinone produced no effect on the peroxide product yield, the addition of 4-oxo-TEMP significantly
reduced it. After optimization of the reaction conditions, a 90% yield of ascaridole was attained. DFT calculations provided an
atomistic description of the H,O, decomposition mechanism by Zr-substituted Lindqvist tungstate catalysts. Calculations showed
that the reaction proceeds through a Zr-trioxidane [Zr-#>-OO(OH)] key intermediate, whose formation is the rate-determining step.
The Zr-substituted POM activates heterolytically a first H,O, molecule to generate a Zr-peroxo species, which attacks
nucleophilically to a second H,0,, causing its heterolytic O—O cleavage to yield the Zr-trioxidane complex. In agreement with
spectroscopic and kinetic studies, the lowest-energy pathway involves dimeric Zr species and an inner-sphere mechanism. Still, we
also found monomeric inner- and outer-sphere pathways that are close in energy and could coexist with the dimeric one. The highly
reactive Zr-trioxidane intermediate can evolve heterolytically to release singlet oxygen and also decompose homolytically, producing
superoxide as the predominant radical species. For H,0, decomposition by Ti- and Nb-substituted POMs, we also propose the
formation of the TM-trioxidane key intermediate, finding good agreement with the observed trends in apparent activation energies.
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B INTRODUCTION

The selective oxidation of organic compounds using environ-
mentally friendly oxidants is one of the main goals in oxidation
catalysis.' > A molecule of H,0, contains 47% active oxygen,
which can potentially be delivered to the organic substrate,
leaving water as the only byproduct. Although most hydrogen
peroxide is still produced by the anthraquinone process,
selective oxidations that employ aqueous hydrogen peroxide
are considered to be very attractive from the viewpoint of
ecology and economy.””> However, the efficiency of such
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oxidation processes is often limited by the contemporaneous
nonproductive degradation of H,O, into O, and H,O. In

modern processes for the production of propylene oxide and
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hydroquinone/pyrocatechol, which are based on the use of the
microporous titanium-silicalite-1 (TS-1), the oxidant utilization
efficiency is usually 80—90%.” For substrates with relatively low
reactivity, the contribution of H,0, decomposition becomes
significant. Besides being detrimental to the efficiency of the
process by itself, the nonproductive degradation of H,O, can
also deteriorate selectivity, promoting the formation of
undesired homolytic oxidation products.

Therefore, the identification of active intermediates and the
elucidation of the mechanisms of H,0, decomposition would
lead to an understanding of the main factors that can be
employed to suppress side processes and increase the selectivity
of the target oxidation reaction. These may prove to be highly
valuable for increasing the oxidant utilization efficiency and
product selectivity, with a positive impact on the development of
cost-effective, clean, and safe industrial processes.

Several types of active oxygen species are known to form
during the homolytic decomposition of hydrogen peroxide,
namely, “OH hydroxyl radicals, *O,” superoxide radicals (or its
protonated form HO,*), and, more rarely, singlet oxygen
10,.7"" Fenton-type H,O, degradation in the presence of
redox-active transition metals involves electron-transfer steps,
leading to the change in the metal oxidation state and formation
of *OH and *HO, radicals via the well-known Haber—Weiss
mechanism.'”~"> Other non-Fenton-type homolytic pathways
were suggested for catalysts based on metals which are not able
at all (Al and other group III metals)'*'” or not prone (e.g,
Ti'**" and Zr*' ") to change their oxidation state. The key
feature of these mechanisms is that the metal itself does not
participate in the electron-transfer step. Instead, it interacts with
hydrogen peroxide to form a metal hydroperoxo species, [M]—
OOH (eq 1), and the latter plays a crucial role in the formation
of *OH and HO,® radicals.

[M]—-OH + H,0,—[M]-OOH + H,0 (1)

Homolytic cleavage of the O—O bond in a hydroperoxo
titanium species leading to the generation of TiO® and *OH
radicals (eq 2) was suggested to initiate the process of H,0,
degradation over titanium-silicate catalysts.”’

[Ti]-OOH — [Ti]-0° + *OH (2)

However, Don Tilley and co-workers performed DFT
calculations on the Ti-, Si-catalyzed decomposition process
and revealed that step 2 is energetically unfavorable.'® They
suggested that the key step is the interaction of [Ti]—OOH with
the second H,0, molecule, resulting in the formation of TiO*
and HO,® radicals (eq 3).

[Ti]-OOH + H,0, — [Ti]-0* + HO,® + H,0 (3)

The mechanism of H,0, unproductive decomposition
involving steps 2 and 3 was also supported by Clerici on the
basis of characteristic features of H,0,-based oxidations of
hydrocarbons over TS-1.'”?° EPR studies confirmed the
formation of superoxide radicals both adsorbed and covalently
bound to Ti during H,0, decomposition over TS-1 and other
Ti-silicates,”**” although spectroscopic identification of TiO®
still remains a challenge. [Ti]—O,° superoxide was suggested to
be a side product of hydrogen peroxide decomposition formed
through the reaction of lattice [Ti]—OH groups with mildly
acidic HO,® radical."’

[Ti]-OH + HO,* - [Ti]-0," + H,0 )

Although Zr catalysts have been less studied in their relation
to selective oxidation with H,0, than Ti-containing
ones,””**7** the generation of active oxygen species during
H,0, decomposition over ZrO, (both amorphous and
crystalline) was investigated by several research
groups,” ~*7* 7 first of all, in relation to water radiolysis in
nuclear reactors.**** While early works proposed a mechanism
that involves homolytic O—O bond cleavage with the formation
of *OH as the first step of H,0, decomposition,”****~** more
recent studies implicated the simultaneous formation of *O,~
and *OH radicals.”

On the other hand, it is well known that hydrogen peroxide
can disproportionate into singlet oxygen ('O,) and water in the
presence of a few non-redox-active catalyst systems, including
Na,MoO,, Na,WO,, Ca(OH),, La(OH);, and some
others.””™** So far, MoO,* is the most efficient catalyst in
terms of 'O, yield and reaction rate, which makes possible its
application on an industrial scale for the production of some
valuable fine chemicals.*”** Due to unique nonradical reactivity
and specific chemoselectivity, singlet oxygen finds a wide
application in organic synthesis,*”** which stimulates the search
for new catalysts capable of the “dark” transformation of H,O, to
'0,. Recently, Neumann and co-workers have discovered that a
bismuth-substituted polyoxometalate (POM) of the sandwich
structure [Zn,Bi"™,(ZnW,0;,),]'*", combined with H,0,,
realizes ene-type reactivity rather than epoxidation for alkenes
and dienes, suggesting the involvement of 'O, in the oxidation
process.

Our studies on molecular compounds, Zr-substituted
polyoxometalates (Zr-POMs), demonstrated significant cata-
Iytic activity of Zr(IV) in the H,O,-based oxidation of organic
compounds.’*™*>*® Until recently, Zr-POMs, like Zr-based
heterogeneous catalysts, were associated mostly with homolytic
oxidation mechanisms.””> However, the recently discovered
highly selective alkene epoxidation in the presence of the
Lindqvist-type Zr-POM, (Bu,N)([{W;0,3Zr(u-OH)},]
({ZrwW},), provided strong evidence that Zr(IV) is able to
activate H,0O, heterolytically.”® Using experimental and
computational methods, we implicated an electrophilic oxygen
transfer mechanism for alkene epoxidation, where a monomeric
Zr-hydroperoxo species, [W;0,;4Zr(7*-O0H)]*~ (ZrOOH),
acts as the real epoxidizing agent. At the same time, {ZrW;},
reveals high activity in H,0, decomposition in the absence of an
organic substrate. From the traditional viewpoint, high
epoxidation selectivity seems to be incompatible with high
rates of H,0, degradation.”” This prompted us to focus our
attention on the H,0, decomposition over {ZrW;}, and
investigate the reaction mechanism by means of spectroscopic,
kinetic, test product, and computational tools. We have found
evidence that H,0, underdoes {ZrW},-catalyzed disproportio-
nation with the evolution of singlet oxygen. To the best of our
knowledge, this is the first demonstration of the ability of a Zr
catalyst to accomplish H,0, activation with the production of
'0, and fulfill ene-type reactivity under base-free conditions.

B EXPERIMENTAL SECTION

Materials. Acetonitrile (Panreac, HPLC grade) that was
used as a solvent in catalytic reactions was dried and stored over
activated 3 A molecular sieves. The concentration of hydrogen
peroxide (30, S0, or 77% in water) was determined iodometri-
cally prior to use. All of the other chemicals were of AR grade,
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obtained commercially from Sigma-Aldrich and used as received
without further purification.

Synthesis of POMs. The syntheses of tetrabutylammonium
(TBA) salts of {Zrw},,** (Bu4N) [W,0,4Zr(H,0);]
(ZrWS), o (BuyN)g[(u-n2:n2-0,){ZrW;0,4},]
({Zrwi}, (0,)),*° (BuyN)s [{PW11039Zr(ﬂ OH)},]
({PW,,Zr(OH)},), . (BuyN);[(CH;0) TiW;0,4]
(Tiws);w’so and (BuyN),[(NbW;03),0] ({Nb‘/vs}zo)Sl
were carried out following the literature protocols. The
compounds were characterized by elemental analysis and IR
and multinuclear NMR spectroscopy (see the SI).

H,0, Decomposition. The decomposition of H,0, (0.2
M) was studied in the absence of an organic substrate at 50 °C in
CH,CN (3 mL) in the presence of {ZrW}, (0.004 M). Aliquots
of 0.2 mL were taken periodically during the reaction course, and
the H,O, concentration was determined by iodometric titration.
Two or three experiments were carried out in parallel in
temperature-controlled glass vessels under vigorous stirring
(500 rpm).

Reaction Order in the Catalyst. The concentration of POM
was varied in the range of 0.001—0.006 M. The concentration of
H,0, was held constant (0.2 M).

Reaction Order in H,0,. The initial H,O, concentration was
varied in the range of 0.05—0.4 M. The concentration of water in
these experiments was kept constant (1.41 M) by the addition of
corresponding amounts of H,0. The concentration of POM was
0.004 M.

Reaction Order in H,0. The initial concentration of water
was varied from 0.71 to 6.26 M. Other parameters were held
constant: [H,0,] = 0.2 M and [POM] = 0.004 M.

Determination of Activation Energies. The temperature
dependence of the H,O, decomposition was studied in the
range of 25—70 °C in CH;CN using the following reaction
conditions: [H,0,] = 0.2 M and [POM] = 0.004 M.

Initial Rate Determination and Evaluation of the Rate
Law. The initial rate method was employed to determine the
reaction orders. Initial rates were calculated as d[H,0,]/dtat t=
0. The rate law was derived by applying a steady-state
approximation to concentrations of all active species or by
using a quasi-equilibrium approximation. For a detailed
description of the kinetic modeling procedure and derivation
of the rate law, see the Supporting Information (SI).

Kinetic Modeling. The kinetic modeling was done in
Python 2.7 using library numpy 1.16.6. The sums of the squares
of the difference between the experimental and theoretical
values were minimized. O}atlmlzatlon was performed using the
Canonical PSO algonthm with parameters of ¢ = 4.1 and y =
0.729.

Catalytic Oxidation of Test Substrates. Catalytic
oxidations were performed under vigorous stirring (500 rpm)
in thermostated glass vessels. Each experiment was reproduced
two to three times, and the average value was reported. The
catalytic oxidations of tetramethylethylene (TME, 2,3-dimethyl-
2-butene) and a-terpinene were initiated by the addition of
H,0, (0.1—0.3 mmol) to a solution of substrate (0.1 mmol) in 1
mL of acetonitrile containing {ZrW}, or another POM catalyst
(0.004 mmol or 0.008 mmol of active heterometal) at 27 °C.
The oxidation products were identified by 'H NMR, gas
chromatography—mass spectrometry (GC—MS), and a com-
parison of their GC retention times with those of authentic
(hydro) peroxides prepared using a conventional sodium
molybdate catalyst™ (Figure S1). 'TH NMR characteristics of
the principal products, 2,3-dimethyl-3-buten-2-hydroperoxide

(from TME) and ascaridole (from a-terpinene), were identical
to those reported in the literature®”>> (see the ST). The product
yields and substrate conversions were quantified by gas
chromatography (GC) using biphenyl as an internal standard.
For a-terpinene, GC analyses of the reaction mixture before and
after reduction with an excess of PPh; revealed no changes in the
peroxide product yield, while the TME-derived hydroperoxide
product was reduced to 2,3-dimethyl-3-buten-2-ol.

Stoichiometric and Quasi-Stoichiometric Interaction
of {ZrW;},0, with a-Terpinene. Reactions between a-
terpinene and the peroxo complex {ZrW;},0, (isolated or
prepared in situ from {ZrW}, and H,0,) were performed at 27
°C in dry acetonitrile ([POM] = 0.0025 or 0.0125 M,
[substrate] = 0.0125 M). The reaction course was monitored
using GC.

EPR Studies. Experiments with 5,5-dimethyl-1-pyrroline N-
oxide (DMPO) and 2,2,6,6-tetramethyl-4-piperidone (4-oxo-
TEMP) spin traps were carried out at room temperature under
an Ar atmosphere. To a reaction mixture containing 0.2 ymol of
POM and 20 ymol of H,0, in 100 uL of CH;CN, 5.4 ymol of
DMPO was added. In the case of experiments with 4-oxo-
TEMP, 20 umol of the spin trap was added to the reaction
mixture containing 1 gmol of POM and 0.1 mmol of H,0, in
100 uL of CH;CN under an Ar atmosphere. Aliquots of 30 yL
were withdrawn immediately, placed on a flat quartz capillary,
and analyzed by EPR at room temperature. For comparison,
EPR spectra were recorded using POM solutions and a spin trap
without the addition of H,O, under the same conditions.

EPR experiments without spin traps were performed by using
a solution of POM (0.012 mmol) in acetonitrile (200 L) and
77% aqueous H,0, (0.048 mmol). Once EPR tubes were
prepared, they were immediately frozen in liquid nitrogen and
then analyzed by EPR.

Instrumentation and Methods. 'H NMR spectra were
recorded on a Bruker Avance 300 spectrometer operating at
300.0 MHz using S mm o.d. glass NMR tubes (0.5 mL solution
volume) and referenced to residual CHD,CN at § 1.97 ppm in
CD;CN solvent. 3'P, **Nb, 70, and "*W NMR spectra were
recorded at 161.67, 97.94, 54.24, and 16.67 MHz, respectively,
on an Avance-400 Briiker spectrometer using a high-resolution
multinuclear probe head with 10 mm o.d. (3 mL solution
volume) sample tubes. 7O NMR spectra were recorded at a
natural O abundance (0.037%). Chemical shifts, 5, were
referenced to 85% H;PO, NbCl;, H,0, and Na,WO, for *'P,
%Nb, 70, and "W NMR spectra, respectively. FT-IR spectra
(in KBr pellets) were recorded by using a Cary 660 FTIR
spectrometer (Agilent Technologies). GC analyses were
performed using a Chromos GH-1000 gas chromatograph
equipped with a flame ionization detector and a quartz capillary
column (30 X 0.25 mm?) filled with BPX5. GC—MS analyses
were carried out using an Agilent 7000B system with an Agilent
7000 triple—quadrupole mass-selective detector and a GC
Agilent 7890B apparatus (quartz capillary column 30 m X 0.25
mm/—35 MS). EPR spectra were measured on a CMS 8400 EPR
spectrometer at 9.4 GHz, with a modulation frequency of 100
kHz and a modulation amplitude of 5 G. Frozen solution EPR
measurements were conducted in a quartz finger Dewar filled
with liquid nitrogen (—196 °C). A toluene solution of TEMPO
(2 x 1073 M) was used as an external standard. The exact EPR
parameters of the detected species were obtained by spectra
simulation using the Easyspin program.”

Computational Details. DFT calculations were performed
with Gaussian 16, rev. A03 software®” at the B3LYP level of
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theory.”®~*° The LANL2DZ basis set and associated pseudo-
potentials®’ were used for W and Zr atoms whereas the
remaining atoms were described by the 6-31g(d,p) basis
set.”””%* Geometry optimizations were full and without any
symmetry constraints, and solvent effects of acetonitrile were
included in both geometry optimizations and energy calcu-
lations by means of the IEF-PCM implicit solvation model®* as
implemented in Gaussian 16 using standard parameters (¢ =
35.688). This level of theory has been proven to be accurate and
reliable enough to study the reactivity concerning POMs and
their transition-metal-substituted analogues, always showing a
high degree of consistency with experimental outcomes and
kinetic studies.”*”®” Also, we have recently benchmarked the
employed level of theory against other computational methods,
assessing the size of the basis set and the dispersion effects, for
the alkene epoxidation catalyzed by [a-B-SbW,O45;(‘BuSiO), Ti-
(O'Pr)]*~ complex.69 The standard-state correction of 1.89 kcal
mol™" was applied to the free energy of all species to account for
the conversion from the reference state of 1 atm used in
Gaussian calculations to the standard state of 1 mol L™" at 25 °C.
A data set collection of the optimized structures for the most
representative species is available in the ioChem-BD reposi-
tory’ (see the Supporting Information).

B RESULTS AND DISCUSSION

General Regularities of H,0, Decomposition over Zr-
POM. The activity of {ZrW}, in the decomposition of H,0,
was systematically investigated in the absence of an organic
substrate. Taking into account the solubility of TBA salts of
POM, acetonitrile was used as the solvent. The rate of H,0,
decomposition in the absence of any catalyst was negligible.
Dimer {ZrW}, revealed high catalytic activity in this reaction,
much higher than that of Ti- and Nb-substituted Lindqvist
tungstates (Figure S2).

Another interesting feature of the {ZrW},-catalyzed H,0,
decomposition was the pronounced rate-retarding effect of
protons. The addition of 1 equiv of mineral acid (HClO,)
greatly slowed down the H,0, degradation rate, while the
addition of base, on the contrary, accelerated the reaction
(Figure 1). A similar effect of protons on the H,O, unproductive
decomposition was recently documented for Zr-MOFs.**

Note that the epoxidation of cyclohexene with H,O, in the
presence of {ZrW;}, exhibited the opposite trend.”® The

Additive:
H none
O OH
A H

0 20 40 60 80 100 120
Time, min

Figure 1. H,0, decomposition in the presence of {ZrWj},. Reaction
conditions: 0.008 M Zr, 0.008 M HCIO,,or Bu,NOH (if added), 0.2 M
H,0, (30%), and 3 mL of CH,CN at 50 °C.

reaction was accelerated with the addition of acid, leading to a
significant improvement of the oxidant utilization efliciency,
while 1 equiv of Bu,NOH practically deactivated the catalyst.
FT-IR spectroscopy revealed the disappearance of the 730 cm™
feature attributed to the Zr—O(H)—Zr bond in the {ZrW},
dimer after the catalytic reactions; however, the main vibrations
of the Lindqvist ZrWy structure remained (Figure S3).

The effect of radical scavengers, ‘BuOH (quencher for *OH)
and p-benzoquinone (quencher for *O,” radicals), was then
investigated. While the influence of ‘BuOH was minor, the
impact of quinone was significant (Figure 2), indicating that
superoxide radicals are certainly involved in the H,0O,
decomposition process and the radical chains are relatively long.

0.204 B no additive
\\\}\ ® p-benzoquinone
1\ A 'BuOH
0,154 Mg,
A\\(
= [ |
Soto{ W e
z A e
" ®
0,05 - A
nta
] A
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0,00 . . . .
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Time, min

Figure 2. Influence of ‘BuOH and p-benzoquinone on the rate of H,0,
decomposition in the presence of {ZrW},. Reaction conditions: 0.008
M Zr, 02 M H,0, (30%), 0.002 M scavenger (if added), 3 mL of
CH;CN, and 50 °C.

EPR Studies. To further investigate the H,0, decom-
position mechanism, EPR spectroscopy was employed. Frozen
solution (—196 °C) EPR spectra of the sample {ZrW,}, + H,0,
(CH4CN, [{ZrW(},]:[H,0,] = 1:4) recorded immediately
after reagent mixing displayed a signal with orthorhombic g-
value anisotropy (g, = 2.0375, g, = 2.0121, and g; = 2.0053;
Figure S4). This signal resembles those assigned earlier to
zirconium—superoxide species formed upon ZrO, treated with
H,0,.”"*>”" Note that [Zr]—0,* can exist in equilibrium with
the free superoxide HO,®. Hence, it is reasonable to suggest the
formation of superoxide radicals in the {ZrW;},/H,0, system.
This fully agrees with the fact that {ZrW},-catalyzed H,0,
decomposition is greatly decelerated by the addition of p-
benzoquinone, a well-known superoxide scavenger (Figure 2).

DMPO, the diamagnetic spin-trap molecule, is widely used for
the detection of "OH and *O," radicals.”*~"® Since hydroxyl and
superoxide radicals are often formed simultaneously during
H,0, dismutation, experimental EPR signals of DMPO-°O,~
and DMPO-"OH adducts may overlap.””** Based on the
literature,”””>””*" we may assume that the EPR spectrum
(Figure SS) recorded immediately after the addition of DMPO
to the sample {ZrW,}, + H,0, (CH,CN, [H,0,]:[Zr] = 50)
displays resonances characteristic of DMPO-"0O,” species,
although some contribution of DMPO-*OH cannot be ruled
out.

Sterically hindered 4-oxo-TEMP has long been used for
singlet-oxygen-selective detection.”’~** The reaction between
4-0x0-TEMP and 'O, gives the 4-oxo-TEMPO nitroxide radical
displaying a characteristic 1:1:1 triplet signal in the EPR with the
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hyperfine splitting constant A(™*N) = 1.50 mT.*"** Liquid
solution EPR spectra recorded immediately and 1 h after 4-oxo-
TEMP addition to sample {ZrW,}, + H,0, (CH,CN, [H,0,]:
[Zr] = 50) are presented in Figure 3. Three strong equal-

g,=2.006

355 3é0 355 3£I10 34I15 3’:I'10
H, mT

Figure 3. Liquid solution (25 °C) EPR spectra of the sample {ZrW},/
H,0,/4-0x0-TEMP (CH,CN, [Zr]:[H,0,]:[4-ox0-TEMP] = 1:50:10,
[Zr] = 0.02 M): (A) immediately after 4-oxo-TEMP addition; (B)
sample in A, stored for 25 min at 25 °C; (C) sample in A, stored for 60
min at 25 °C; and (D) — simulated spectrum (C) (g =2.006, A("*N) =
1.48 mT, and lwpp = [0.28 0.85]).

intensity resonances (A(**N) = 1.48 mT) attributed to the 4-
0x0-TEMPO nitroxide radical clearly indicate the formation of
singlet oxygen in the {ZrW;},/H,0, system.

Kinetics of H,0, Decomposition over Zr-POM and the
Rate Law. Kinetic curves of H,0, degradation over {ZrW},
revealed no induction period. Light or molecular oxygen
produced no effect on the reaction rate, which discarded any
photochemical process or a radical chain process with the
participation of O,.

The rate of {ZrW;},-catalyzed H,O, degradation showed a
typical Arrhenius dependence (Figure 4), which implies no
alteration of the rate-limiting step over the studied temperature
range. The value of the apparent activation energy E, estimated
from the Arrhenius plot (11.5 kcal mol™") turned out to be
considerably lower than the values of E, previously determined
for Ti- and Nb-monosubstituted tungstates of the Lindqvist
structure (14.6 and 16.7 kcal mol™, respectively)>® and a bit

-3.0
-3.5 e
-4.0

-4.57

In(W,)

5.0 ™~
[ %

55  E,=11.5%0.5 kcal/mol .

0 T T T T T 1
0.0029 0.0030 0.0031 0.032 0.0033 0.0034
1T, K

Figure 4. Arrhenius plot for H,O, decomposition in the presence of
{ZrW,}, in CH,CN. Reaction conditions: 0.008 M Zr, 0.2 M H,0,
(30%), and 3 mL CH;CN.

higher than E, reported for H,0, decomposition over ZrO, (8—
10 kcal mol 1) %3739

The dependences of the initial rate of H,O, decomposition on
the concentrations of {ZrW},, H,0,, and water are plotted in
Figure S. The reaction is first order in the catalyst {ZrWi},
(Figure Sa) and has a variable order (1—0) with respect to the
H,0, concentration (Figure Sb). The addition of extra water to
the reaction system slightly decelerated the H,0, decom-
position rate (Figure Sc).

On the basis of the literature devoted to the mechanisms of
H,0, decomposition (see the Introduction), at least three
alternative reaction pathways can be envisaged for interaction
and transformation of H,0, over dimeric {ZrW},. (See the SI
for a detailed description.) The first two stages might be the
same for all three mechanisms and include dimer monomer-
ization and the formation of hydroperoxo complex ZrOOH.
Then this hydroperoxo species (or a Zr-peroxo [HW;0,5Zr(17*-
00)]*" protonated at a bridging Zr—O—W site, which exists in
equilibrium with ZrOOH)*® can interact with the second H,O,
molecule, leading either directly to decomposition products
(mechanism 1) or producing a diperoxo species followed by an
inner-sphere process resulting in the peroxide degradation
products (mechanism 2). Alternatively, ZrOOH can dissociate
with the formation of ZrO® and *OH radicals (mechanism 3).
All of the mechanisms are first order with respect to the
concentrations of {ZrWs},, which might be a consequence of
the rapid step of dimer monomerization in the presence of water.
Mechanisms 1 and 2a (mechanism 2 under the assumption that
the diperoxo species is not stable; see the SI for details) propose
that the reaction order with respect to H,O, must be equal to 1
or 2. However, the experimentally observed reaction order was 1
changing to 0 at high concentrations of H,0, (Figure 5b). On
the other hand, mechanisms 2b and 3 suggest varied first to zero
reaction order in H,0,, which is in agreement with the kinetic
experiments. Despite this similarity, mechanisms 2b and 3 can
be distinguished by using reciprocal coordinates 1/W, — 1/
[H,0,] (Figure S6). Therefore, the experimental kinetic data
better match the rate law derived from mechanism 2 under the
assumption that both monoperoxo and diperoxo species are
relatively stable and exist in chemical equilibria with ZrOH and
ZrOOH, respectively (mechanism 2b). Fitting the rate law
deduced for mechanism 2b (eq S37) to the experimental data is
shown in Figure 5.

Unfortunately, it is difficult (if possible, at all) to determine
the value of K, with good accuracy. (See the Supporting
Information for a detailed discussion.) On the other hand, the
kinetic modeling study made it possible to estimate the value of
K, (mechanism 2b) as ca. 20. Therefore, the formation of a
diperoxo complex is certainly plausible if our kinetic model is
correct. Note that H,O, decomposition catalyzed by group III
metals [M(H,0),]** (M = AL Ga, In, Sc, Y, or La) was suggested
to involve the formation of a diperoxo species, cis-[M-
(H,0),_,(0O0H)(H,0,)]*, with subsequent homolytic cleav-
age of the O—O bond, leading to the generation of hydroxyl
radicals,'"” while triperoxo molybdenum complexes were
implicated as the active species responsible for H,O,
disproportionation to 'O, and H,0.*

Taking into account that previous results demonstrated that
the hydrolysis of {ZrW}, is a rather slow process (or
thermodynamically unfavorable),*”*® we cannot also exclude
mechanism 4 where the Zr dimer interacts with H,O, directly to
form a dimeric peroxo complex, [(u-17*:1*-0,){ZrW;0,5},]%"
({Zrw,},(0,)). Then it can further react with the second H,0,
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Figure S. Experimental kinetic data (M) and fitted eq S37 (red circle) plots of the initial rate (W;) of H,O, decomposition in the presence of {ZrW},
(50 °C) versus the concentration of (a) {ZrW},, (b) H,0,, and (c) H,O. For reaction conditions, see the Experimental Section.

Scheme 1. Oxidation of a-Terpinene with H,O, in the Presence of {ZrW,},

{ZrWs}2
CHsCN, 27 °C

M + 2 H0s

a-terpinene

ascaridole

p-cymene

molecule to produce peroxide decomposition products or,
alternatively, give a dimeric diperoxo species, followed by an
inner-sphere peroxide transformation into the peroxide
degradation products. Note that, in this case, the rate law will
be similar to that derived from mechanism 2b (see the SI for
details). All four mechanisms will be analyzed computationally,
providing an atomistic and an energetic description and
identifying several active species for hydrogen peroxide
decomposition (see below).

Peroxidation of Test Substrates. To distinguish among
different mechanisms of H,O, activation, the oxidation of test
organic substrates, indicative of the involvement of '0,, was
carried out. Oxidation of a-terpinene and TME with H,0, in the
presence of catalytic amounts of {ZrW;}, revealed the
formation of endoperoxide ascaridole and 2,3-dimethyl-3-
butene-2-hydroperoxide, respectively (Schemes 1 and 2), the

Scheme 2. Oxidation of TME with H,0, in the Presence of
{ZrW},

>:\/ + 2 H02

TME

{ZrWs),

+ 2H0

CHCN, 27°C o0

2,3-dimethyl-3-buten-2-hydroperoxide

products typical of singlet oxygen participation.’”*>** In

particular, the oxidation of a-terpinene with a 2-fold excess of
H,0,, corresponding to a stoichiometric amount of 'O,, at

nearly room temperature afforded ascaridole in 40% yield at 50%
substrate conversion, while the yield of the main byproduct p-
cymene was 4%. The optimization of the reaction conditions
resulted in a 90% yield of ascaridole (see Table SI and Figure
S7). Under optimized conditions, TME gave the characteristic
hydroperoxide in a 70% yield. This allowed us to suggest that
{ZrW}, possesses a pronounced ability to generate singlet
oxygen upon interaction with hydrogen peroxide. It is
noteworthy that the results were the same when the reaction
was performed in the dark or under an atmosphere of argon.

Additives of 4-oxo-TEMP resulted in the appearance of a
pronounced induction period on the kinetic curve of a-
terpinene oxidation to ascaridole (Figure S8), which further
supports the participation of singlet oxygen in this reaction.
Oppositely, the addition of the radical scavengers ‘BuOH and p-
benzoquinone had no effect on the ascaridole formation rate and
attainable yield (Figure S9), suggesting that 'O, is generated
directly upon interaction of H,0, with {ZrW},. The addition
of base (Bu,NOH in methanol) slowed the reaction but did not
affect the selectivity to endoperoxide (Table S1, entry 6). On the
other hand, selectivity to ascaridole dropped significantly and
attained only 10% in the presence of small amounts of HCIO,
(Table S1, entry 7). The latter is not surprising if we recall that
acid additives prevent the dismutation of H,0, over {ZrW},
(Figure 1). Note that the effect of acid on the alkene epoxidation
in the presence of {ZrW}, was, on the contrary, positive,46
which indicates that different active zirconium intermediates are
involved in the two oxidation processes.

Table 1. Stoichiometric and Quasi-stoichiometric Interaction of {ZrW;},0, (or {ZrW,}, + H,0,) with a-Terpinene”

Entry POM a-Terpinene:POM:H,0, molar ratio
1 {ZrW¢},(0,) 1:0.2
2 {ZrW},(0,) 1:0.2:0.4
3 {ZrW¢},(0,) 1:0.2:2.4
4 {ZrW,},(0,) 1:1:1
N {ers}z 1:1:1
6 {ZrW}, 1:1:2

“Reaction conditions: 0.0125 M a-terpinene, 0.5 mL CH;CN, and 27 °C.

10329

Yield, %
a-Terpinene conversion, % Ascaridole p-Cymene
0 0 0
30 8 2
100 83 3
S0 27 4
10 1 1
S0 27 4
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The dimeric peroxo complex {ZrW;},(0,), while being
inactive toward a-terpinene and TME under stoichiometric
conditions, can be activated by the addition of quasi-
stoichiometric amounts of H,O, (Table 1) The same reaction
outcome could be achieved using both the peroxo complex and
parent {ZrW,}, if an appropriate amount of H,0, is added
(entries 4 and 6 in Table 1). These results suggest that a Zr
complex with two peroxo (or hydroperoxo) moieties is
responsible for the generation of singlet oxygen and
peroxidation reactions. Note that the key role of a dimeric
diperoxo species in the H,0, degradation over {ZrW,}, was
supported by the kinetic study (mechanism 4 in the SI),
although the participation of a monomeric diperoxo species
could not be excluded (mechanism 2b). Interestingly, dimeric
diperoxo zirconium complexes have been described for the
Keggin and some other structures,””~** but they have not been
isolated for the Lindqvist structure.

The ene-type reactivity of {ZrW,}, was unique among the
other POMs studied (Table 2). Neither Nb- nor Ti-substituted

Table 2. @-Terpinene Oxidation with H,O, over Various
POMs*“

Selectivity, %

POM a-Terpinene conversion, %  Ascaridole  p-Cymene
_ 5 20 NV
{ZrW,}, 41 78 7
ZrW, 34 4 38
{PW,,Zr(OH)}, 59 2 27
(NbW,),0 96 2 25
TiW, 94 2 24

“Reaction conditions: 0.1 M a-terpinene, 0.004 M Zr, Nb or Ti, 0.1
M H,0, (30%), 1 mL CH;CN, 27 °C, and S h.

Lindquist tungstates were able to produce ascaridole. More
importantly, a Zr-substituted dimer of the Keggin structure,
{PW,,Zr(OH)},, and Lindqvist monomer {ZrW;} revealed the
formation of p-cymene instead of ascaridole, indicating no
capability of generating singlet oxygen (Table 2). Interestingly,
only traces of the characteristic peroxide products were recently
found in the oxidation of TME and a-terpinene over Zr-
MOFs.”

IR Studies. FT-IR studies on the catalyst recovered after
completion of the reaction showed that the IR spectra (and
therefore the catalyst state) were affected by the reaction
conditions, specifically, the concentration of H,O, and the
oxidant addition mode (Figure S10). Similar changes in the IR
spectra were previously observed for Zr peroxo complexes upon
increasing the amount of H,0, used for their preparation and
have been rationalized by the formation of a dimeric p-1*:17*-
peroxo complex {ZrWS}z(OZ) atalow H,0, excess (H,0,/Zr <
20) and 2 monomeric 77>-hydroperoxo species ZrOOH at H,0,/
Zr > 35.* The spectra of the catalyst remaining after a-terpinene
oxidation with 2 equiv of H,O, and with the dropwise addition
of 3 equiv of H,0, were nearly identical and close to the IR
spectrum of {ZrW}, recovered after H,0, decomposition in
the absence of any organic substrate. In turn, these IR spectra
resemble that of the dimeric peroxo complex {Zrw},(0,)
reported in our previous work (see Figure S10)," mdlcatmg that
the stepwise addition of the oxidant produces a milder effect on
the catalyst and disfavors monomerization of the dimeric
structure (the latter is manlfested by the higher-energy shift of
the W=0 vibrations).*® This agrees well with the results of the

kinetic study, which supported mechanism 4 through a dimeric
peroxo Zr species.

DFT Calculations on the H,0, Decomposition Mech-
anism. To better understand the mechanism responsible for the
H,0, decomposition, we have analyzed computationally all of
the variants proposed in the kinetic studies (mechanisms 1 to 4,
see Figure 6 and the SI), providing a full atomistic and energetic

3
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Figure 6. Possible reaction mechanisms for the H,0, decomposition
catalyzed by the [{W;0;3Zr(u-OH)},]*" (Ad) anion involving
monomeric (mechanisms 1 to 3) and dimeric (mechanism 4) Zr-
POM species, analyzed computationally. Relative Gibbs free energies
and free-energy barriers are given in kcal'mol™

description that is consistent with the experimental findings.
Unlike previous studies for related systems in which only
homolytic bond-cleavage processes are considered, """~ w
herein propose novel and plausible pathways involving the
heterolytic H,O, activation that leads to the formation of singlet
oxygen, as observed experimentally. Concurrently, we have also
characterized a competitive homolytic pathway that explains the
formation of *OH and °O,” radicals. As it is not possible to
unequivocally discern whether the active species are monomeric
or dimeric structures on the sole basis of experimental data, we
have analyzed both types. First, we focused on the reaction
pathways proceeding through monomeric species, as shown in
Figure 6 (mechanisms 1 to 3). Starting from the dimeric anion
[{W0,5Zr(u-OH)},]*" (Ad), the common early stages consist
of monomerization and the subsequent heterolytic activation of
H,O0, through a rapid proton transfer to the hydroxo ligand to
release a water molecule, forming the Zr-hydroperoxo complex
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Figure 7. Gibbs free-energy profile (kcal'mol™") for the formation of monomeric Zr-trioxidane intermediate D, via inner- and outer-sphere pathways
(black solid lines and red dashed lines respectively). All free energies are relative to those of the initial dimeric structure Ad.

[W;0,5Zr(7>-O0H)]*~ (B), which is in equilibrium with the
Zr-peroxo complex [HWO,3Zr(17*-00)]*” (B’) protonated at
a bridging Zr—O—W site. These initial steps have been
previously studied in detail for Zr-substituted POMs,*®'*%'%!
showing that all of the species involved lay within a narrow range
of energies and that they have mild to low free-energy barriers
for interconversion (20.6, 3.6, and 3.8 kcal-mol ™" for monomer-
ization, H,0O, activation, and peroxo formation, respectively, as
shown in Figure S11). Our calculations show that in both
mechanisms 1 and 2 the Zr-peroxo and Zr-hydroperoxo species
can interact with a second H,0, molecule, decomposing it to
form an unprecedented Zr-trioxidane intermediate [W;O4Zr-
(7*-00(OH))]*~ (D) through moderate free-energy barriers
(Figure 6). As we will discuss below, the Zr-trioxidane
intermediate D can then easily evolve to generate either singlet
oxygen or superoxide radicals, which have both been observed
experimentally (vide supra). Conversely, we can discard the
homolytic O—O bond breaking of the hydroperoxo moiety to
produce the radical species [W;0;3Zr(0*)]*” and °*OH
(mechanism 3) because of the prohibitively high free-energy
cost (+41.9 kcal-mol™).

Figure 7 shows the calculated free-energy profile for the
formation of Zr-trioxidane intermediate (D) through an outer-
and an inner-sphere mechanism (red dashed and black solid
lines, respectively). In line with mechanism 1, the Zr-peroxo
moiety in B can perform an outer-sphere nucleophilic attack'**
on an oxygen atom of a second H,0, molecule, promoting the
heterolytic O—O bond cleavage in the latter, which can occur
concomitantly with a proton transfer from the POM framework
to the leaving hydroxyl group to generate a water molecule
(TSg.pin Figure 8). Here we cannot rule out that during the Zr-
peroxo attack explicit solvent molecules participate in the
polarization of the O—O bond instead of the mobile POM
proton or in addition to it. Also, we note that alkene epoxidation
involves a different active species, the Zr-hydroperoxo complex
B, from which there is an electrophilic oxygen transfer to the
substrate.”® This could explain the opposite effect of the acid
additives in H,0O, decomposition and alkene epoxidation, in
which the reactions are slowed or accelerated, respectively. In

1.95
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Figure 8. DFT-optimized geometries for the most relevant species in
the reaction profile for the formation of monomeric Zr-trioxidane
species. Selected distances are given in A. Color code: Zr (violet), W

(cyan), O (red), and H (white).

fact, the ambiphilic character of some metal-peroxide complexes
has been previously observed.'”>™'"> The computed process
occurs through an affordable free-energy barrier of 20.6 kcal-
mol™" from B’ and generates the Zr—trioxidane species D,
Zr[n*-O0(OH)], and a water molecule, in an overall exergonic
process (by more than 10 kcal mol™’, see Figure 7).
Alternatively, the second H,O, molecule can coordinate to
the flexible Zr center, forming the “diperoxo” complex
[W;0,,Zr(OOH)(H,0,)]*~ (C), which then yields the Zr-
trioxidane complex D via an inner-sphere hydrogen peroxide
degradation (mechanism 2, as illustrated by solid lines in Figure
7). The participation of complexes similar to C ([L,,M(OOH)-
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Figure 9. Free-energy profile (kcal-mol™") for the evolution of monomeric Zr-trioxide intermediate D to produce singlet oxygen (black and red lines)
and superoxide radicals (orange lines). Dashed lines denote the triplet state, and the red star stands for a minimum-energy crossing point (MECP)

between the singlet and the triplet potential energy surfaces.

(H,0,)]™) has been proposed for the H,0, decomposition by
group III metals."”"” Moreover, the computed free energy
associated with the process (—1.7 kcal'mol™!, from B to C) is
like the equilibrium constant K, determined by kinetic modeling
(estimated AG = —1.8 kcal-mol™" for K, = 20, see above). From
C, the formation of the Zr-dihydroperoxo intermediate
[HW;0,,Zr(OOH),]*~ (C’, see Figures 7 and 8) proceeds
through a rapid proton transfer from the coordinated H,0, to
the POM framework (bridging Zr—O—W oxygen), assisted by
the hydroperoxo ligand and a water molecule acting as proton
shuttles (TS¢_¢ in Figure 7) that results in a low free-energy
barrier (AG* = 4.6 kcal mol™). Finally, the two a-oxygens of
hydroperoxo ligands couple to form the new O—O bond of
trioxidane, while one of the O—OH bonds is cleaved to form a
water molecule out of the leaving hydroxyl moiety and the
proton from the POM framework (see TS¢p in Figure 8). The
computed overall free-energy barrier for the H,0, decom-
position through the monomeric, inner-sphere mechanism (C
— TSc.p) is 19.2 kcal-mol™, with the transition state TS¢'p
lying 3.3 kcal'mol™' below that of the outer-sphere path
(TSg'.p)- Thus, we can conclude that the inner-sphere pathway
(mechanism 2) is preferred over the outer-sphere pathway
(mechanism 1), although we cannot rule out that both
mechanisms are operative, given the small free-energy difference
between them.

As anticipated above, the Zr-trioxidane intermediate D can
then decompose through different pathways to give a singlet
oxygen molecule or superoxide radicals (Figure 9). Specifically,
species D can rapidly release singlet molecular oxygen and
regenerate Zr-hydroxo species Am through transition state
TSp,, overcoming a small free-energy barrier of 9.3 kcal-mol ™.
Along the pathway, the system may hop from the singlet to the
triplet potential energy surfaces, yielding Am and the more
stable triplet molecular oxygen *0O,. We found a minimum-
energy crossing point (MECP) very close to TSp, in the free-
energy landscape since their energies and geometries are almost
identical. The transition state in the triplet-state surface could
not be located, as geometry optimization algorithms brought the

structure to products. The transition from the singlet to the
triplet surface to produce >0, without the intermediacy of 'O,
could occur to some extent during the reaction, reducing the
yield of the oxidation of organic substrates described above.
Alternatively, in the presence of water, the hydrolysis of Zr-
trioxidane complex D can release trioxidane (H,O;) into the
medium, overcoming a very low free-energy barrier of 4.9 kcal
mol™" (TSp, in Figure 9) and also regenerating Am, which can
be reincorporated into the main catalytic cycle. Trioxidane is
known to decompose in the presence of water into a water
molecule and singlet molecular oxygen '0,.'%°7'% At the
employed level of theory, the free-energy barrier for the H,0O;
decomposition is 17.5 kcal mol™ (TSw in Figure 9), which is
close to the enthalpy barriers previously found,'*” indicating that
the entropic contribution for this process is small. Although the
free-energy barrier for H,O; decomposition is feasible under the
working conditions, the reverse free-energy barrier is very low
(Am + H,0; - D, AG* = 5.3 kcal-mol ™), suggesting that the
formation of H,Oyj is reversible and that the reaction yielding
'0, proceeds preferentially through the lower-energy path
involving the direct decomposition of Zr-trioxidane (TSp, in
Figure 9). We also note that an additional water molecule could
participate in the hydrolysis of Zr-trioxide, as we have previously
reported for the hydrolysis of dimeric Zr structures'®" and of the
Zr—H,0, complex.46 Nevertheless, in this case, adding a water
molecule to reactive species does not provide new mechanistic
insight (see Figure S12), while the specific nature of
intermediates might depend on the macroscopic environ-
ment 100101

The singlet oxygen ('O,) is known to undergo radiative decay
to the ground-state triplet oxygen (*0,) on the microseconds
timescale."'” Nonetheless, 'O, has shown the ability to activate
allylic C—H bonds in organic molecules;''" therefore, it is
reasonable to think that if 'O, reaches a TME substrate molecule
in solution then it can react through an ene-like mechanism, as
found by Houk et al.''? In the absence of organic substrates, we
expect the heterolytic pathways for H,0, decomposition to
produce water and *O, through either the minimum-energy
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Figure 10. Gibbs free energy profile (kcal-mol™") for the formation of dimeric Zr-trioxidane intermediate G via the inner-sphere pathway. All free

energies are relative to those of structure Ad.

crossing point or the radiative decay of 'O,. This mechanism
would also explain the formation of 2,3-dimethyl-3-butene-2-
hydroperoxide from the oxidation of TME with H,O,, which is
computed to be strongly exergonic by more than 40 kcal mol ™
(Figure 9). Also, we evaluated the effect of the homolytic O—O
bond breaking on the Zr-trioxidane complex [WO,Zr(17*-
OO(OH))]*” (D) to yield the Zr-superoxide [W;O,Zr-
(0O0*)]*~ and *OH (Figure 9). The computed free-energy
cost for this process (8.3 kcal'mol™) is significantly less
demanding than that from the Zr-hydroperoxo species (41.9
kcal'mol™), thus becoming competitive with the heterolytic
trioxide decomposition to give 'O,.

Our kinetic and spectroscopic observations (see above)
suggest that the mechanism for H,0O, decomposition could also
proceed through the active participation of dimeric peroxo Zr
species (mechanism 4). Previous DFT studies on the oxidation
of organic substrates with H,O, by group IV-metal-substituted
POMs have shown that dimeric structures can also be active for
oxygen-transfer processes when the substrates have low steric
demand,*®®”"'¥!11* a5 is the case of H,0,. Thus, we next
investigated the H,0, decomposition promoted by the dimeric
species. In a previous contribution, we have analyzed in detail
the first activation of H,0, by the interaction with the Ad dimer
that results in different type of peroxo-bridging, dimeric Zr
species.”® From these complexes, here we found a favorable
pathway for the activation of a second H,0O, molecule to give a
dimeric Zr-trioxidane species from the [(u-7*:7*-0,)(u-OH)-
(H){ZrW;05},]°” (E) complex, which bears one peroxo and
one hydroxo bridging ligand (see Figure 10). The Supporting
Information shows other computationally characterized path-
ways that are less energetically feasible or unlikely (see Figures
S13 and S14). The proposed mechanism is analogous to that
described for inner-sphere peroxide degradation by monomeric
species (mechanism 2 in Figure 7). First, a second H,0,
molecule interacts with the u-hydroxo ligand in E, releasing
water and forming a bridging hydroperoxo ligand in
intermediate [ (u-17%:7*-0,) (u-OOH)(H){ZrW0,5},]° (F)

after getting over a low free-energy barrier of 10.9 kcal-mol ™.
Then, an intramolecular proton transfer from the POM
framework to the peroxo moiety yields the dihydroperoxo
intermediate [(u-OOH),{ZrW;0,4},1®” (F’), from which the
two hydroperoxo ligands react through the transition state
TSp.¢ (Figure 11), giving access to the hydroxo-trioxidane,

G

Figure 11. DFT-optimized geometries for the most relevant species in
the reaction profile for the formation of the dimeric Zr-trioxidane
species. Selected distances are shown in A. Color code: Zr (violet), W
(cyan), O (red), and H (white).

dimeric species G, [(u-OH)(u-O0(OH)){ZrW;0,5},]°™ (see
Figures 10 and 11). The overall process to form G is exergonic
(—1.8 kcal'mol™) and shows a moderate, overall free-energy
barrier (18.6 kcal'mol™!, Ad — TSp.) that is somewhat lower
than those computed for monomeric pathways (22.0 and 19.2
keal-mol™"). For dimeric species, the outer-sphere mechanism
whereby the peroxo group in E nucleophilically attacks an
incoming, second H,0, molecule (Figure S14) was energetically
unfeasible, with a free-energy barrier of 28.6 kcal-mol™".
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Scheme 3. Possible Reaction Pathways for the Decomposition of the Dimeric Zr-Trioxidane Intermediate G to Produce a Singlet
Oxygen Molecule via a Heterolytic Mechanism (a) and Superoxide Radicals via Homolytic O—O Bond Breaking (b)“
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“Gibbs free energies, relative free energies with respect to species Ad, and free-energy barriers are given in kcal-mol™".

Similar to the monomeric path, the trioxidane intermediate G
can decompose heterolytically to form 'O, and recover the
dimeric form of the catalyst Ad (Scheme 3a). This process
occurs with a low free-energy barrier of 8.1 kcal-mol ™ through
transition state TSg; in which the a- and S-oxygens of the
trioxidane ligand form the 'O, product and the y-O(H) moiety
turns into the hydroxyl bridging ligand. As in the case of the
monomeric path, here we also assume that a fraction of the
reaction mixture can hop from the singlet to the triplet surface to
produce *0,. From G, the homolytic decomposition of the
trioxidane ligand to yield the radical products Zr-superoxide and
*OH is also feasible with a free-energy cost of 14.0 kcal-mol™
(Scheme 3b). The Zr-superoxide can further react with H,0, to
produce free hydroperoxyl radicals *OOH and regenerate the
dimeric peroxo intermediate (AG = —0.4 kcal'mol™). In
parallel, hydroxyl radicals *OH can also react with hydrogen
peroxide to élve water and again (*OOH) as the radical
product' """ in a favorable exergonic process of —33.5 kcal-
mol™'. Note that the radical *OOH can coexist as the
corresponding conjugate base *O,” in aqueous or polar
solvents.''® Interestingly, the generation of the singlet oxygen
from trioxidane intermediate G is energetically preferred over
that of the superoxide radicals (8.1 vs 14.0 kcal'mol™), in
qualitative agreement with the selectivity observed in the
oxidation of a-terpinene and TME substrates (Schemes 1 and 2
and Table 1). Moreover, this trend is inverted for monomeric
species (9.3 vs 8.3 kcal'mol ™ for singlet oxygen and superoxide
generation, respectively), in line with the experimental decrease
in singlet oxygen formation, which becomes the minor product,
in moving from the dimer to the monomer (see Table 2).
Experimentally, the ene-type reactivity is observed only for
{ZrW}, and {ZrW},(0,) dimers, and the IR spectra indicate
the retention of a dimeric structure after the oxidation reaction.
Note, however, that the accurate evaluation of the selectivity is
difficult due to the intrinsic limitations of DFT in evaluating
homolytic bond-breaking processes.

To summarize, we have computationally characterized three
viable pathways for H,0, decomposition (mechanisms 1, 2, and
4), all of them involving the heterolytic activation of a first H,0,
molecule to yield a Zr-(hydro) peroxo species, followed by the
heterolytic degradation of a second H,0, molecule to form an
unprecedented Zr-trioxidane intermediate. The latter species
can then evolve through either a heterolytic or a homolytic Op—
O, (H) bond cleavage to produce a singlet oxygen molecule or
superoxide radicals, respectively. In all three pathways, the rate-
determining step corresponds to the formation of the Zr-

10334

trioxidane species via heterolytic O—O bond cleavage of a
peroxide group, a H,0, molecule, or a Zr-OOH ligand in outer-
and inner-sphere mechanisms, respectively. The computed free-
energy barriers lay in a narrow range (22.0, 19.2, and 18.6 kcal-
mol™" for mechanisms 1, 2, and 4, respectively), and it is not
possible to rule out the participation of any of them. Kinetic
simulations, using rate constants derived from DFT free-energy
results via transition-state theory, set the following reactivity
prevalence: monomeric outer-sphere (mechanism 1) <
monomeric inner-sphere (mechanism 2) < dimeric inner-
sphere (mechanism 4), as detailed in Table S3. Moreover, in
agreement with the experiments collected in Figure Sc,
simulations showcase an acceleration of the reaction rate for
H,0, decomposition when decreasing the water content.

To further validate our mechanistic proposal, we compared
the DFT results with the experimental Arrhenius activation
energy for H,0, decomposition in the presence of {ZrW},.
The computed zero-point-corrected energy barriers for the
corresponding rate-determining steps in mechanisms 1, 2, and 4
are 13.9, 10.1, and 8.8 kcal'mol™, respectively. From the
Boltzmann distribution of the three pathways, the computed,
weighted-average activation barrier is 9.2 kcal-mol™', which is
rather close to the experimental E, value of 11.5 kcal-mol™".
Moreover, we compared the barrier obtained for {ZrW,}, with
those for Ti- and Nb-substituted Lindqvist tungstate analogues,
assuming that in all cases either heterolytic or homolytic H,0O,
decomposition proceeds through TM-trioxidane formation,
which is the rate-determining step. The computed barriers are
9.2, 14.7, and 18.6 kcal-mol™! for Zr-, Ti-, and Nb-substituted
POMs, in good agreement with the experimental values of 11.5,
14.6, and 16.7 kcal-mol ™, respectively. (See Figure S15 and
Table S2 for details.) Note that for second-row transition metal
Nb the inner-sphere mechanism is preferred, whereas for the
first-row Ti metal the outer-sphere attack is more favorable. In
fact, we did not succeed in characterizing an inner-sphere
mechanism for Ti, most likely due to the stiffer nature of its
coordination sphere compared to those of Nb and Zr.***°
Another consequence is that the activation barrier increases on
going from the Zr(IV)- to Ti(IV)-substituted POM, despite
both metal centers having the same oxidation state. In going
from Zr(IV) to Nb(V) within the same transition-metal row, the
metal fragment becomes less nucleophilic*® and consequently
the nucleophilic attack of the Nb-hydroperoxo moiety on the
second H,0, molecule becomes less favored, increasing the
apparent activation energy. Overall, we can conclude that the
central role of a metal-trioxidane intermediate that we have
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identified for the H,0, decomposition by the Zr(IV)-
substituted Lindqvist anion can also apply to other TM-
substituted POMs such as Ti(IV) and Nb(V).

B CONCLUSIONS

In this work, we provide the first atomistic, full characterization
of the reaction mechanism responsible for the hydrogen
peroxide decomposition promoted by transition-metal-based
catalysts using the Zr(IV)-monosubstituted dimeric Lindqvist
tungstate anion [{W;0,5Zr(u-OH)},1%", namely, {ZrW},.
Using kinetic, spectroscopic, and computational tools, we
propose a novel mechanism that involves the formation of an
unprecedented Zr-trioxidane [Zr-n*>-O0(OH)] key intermedi-
ate upon nucleophilic attack of a Zr-peroxo species, which is
generated after the heterolytic activation of a first H,0,
molecule, to a second molecule of H,0,, promoting the
heterolytic O—O cleavage in the latter. This process was found
to be the rate-determining step of the whole H,0,
decomposition reaction. The as-formed Zr-trioxidane inter-
mediate is highly reactive and can evolve heterolytically to
produce singlet oxygen ('O,) or homolytically to yield
superoxide radicals (*O,”), showcasing that the formation of
the main byproducts in catalytic oxidations with H,O, is indeed
related to the H,0, disproportionation reaction. Moreover, we
show that the formation of a TM-trioxidane intermediate is also
feasible for Ti- and Nb-substituted POMs, in which the
trioxidane species would evolve preferentially through the
homolytic path rather than through 'O, generation. Exper-
imentally, we have demonstrated that the {ZrW;}, complex
exhibits high activity in the dismutation of hydrogen peroxide,
producing singlet oxygen along with superoxide radicals.
Depending on the reaction conditions and the organic substrate
nature, {ZrW;}, can realize either epoxidation or ene-type
catalytic oxidation. So far, {ZrW}, is the only known
representative of TM-substituted POMs capable of 'O,
generation and related ene-type catalytic oxidation. Overall,
we expect the herein reported in-depth understanding of the
reaction pathways that govern the unproductive decomposition
of H,0, to inspire the design of unique selective oxidation
catalysts.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.3c02416.

Additional experimental and computational details: 'H
NMR, FT-IR, and EPR spectra; HPLC-ICP-AES
chromatograms; synthesis procedures; catalytic results;
additional energy profiles; results from microkinetic
simulations; DFT structures of relevant intermediates
and transition states; and Cartesian coordinates of
computed structures (PDF)

B AUTHOR INFORMATION

Corresponding Authors
Oxana A. Kholdeeva — Boreskov Institute of Catalysis,
Novosibirsk 630090, Russia; © orcid.org/0000-0002-5315-
5124; Email: khold@catalysis.ru
Jorge J. Carb6 — Departament de Quimica Fisica i Inorganica,
Universitat Rovira i Virgili, 43005 Tarragona, Spain;
orcid.org/0000-0002-3945-6721; Email: j.carbo@urv.cat

Authors

Nataliya V. Maksimchuk — Boreskov Institute of Catalysis,
Novosibirsk 630090, Russia; © orcid.org/0000-0001-7810-
8220

Jordi Puiggali-Jou — Departament de Quimica Fisica i
Inorganica, Universitat Rovira i Virgili, 43005 Tarragona,
Spain; © orcid.org/0000-0003-4862-0973

Olga V. Zalomaeva — Boreskov Institute of Catalysis,
Novosibirsk 630090, Russia; © orcid.org/0000-0002-0152-
8443

Kirill P. Larionov — Boreskov Institute of Catalysis, Novosibirsk
630090, Russia

Vasilii Yu. Evtushok — Boreskov Institute of Catalysis,
Novosibirsk 630090, Russia; © orcid.org/0000-0001-6555-
095X

Igor E. Soshnikov — Boreskov Institute of Catalysis, Novosibirsk
630090, Russia; © orcid.org/0000-0002-9043-9847

Albert Solé-Daura — Departament de Quimica Fisica i
Inorganica, Universitat Rovira i Virgili, 43005 Tarragona,
Spain

Josep M. Poblet — Departament de Quimica Fisica i Inorganica,
Universitat Rovira i Virgili, 43005 Tarragona, Spain;

orcid.org/0000-0002-4533-0623

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal.3¢02416

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank Dr. M. V. Shashkov for the GC—MS
measurements and Prof. E. P. Talsi for discussions. This work
was partially supported by the Ministry of Science and Higher
Education of the Russian Federation within the governmental
order for the Boreskov Institute of Catalysis (BIC, project
AAAA-A21-121011390008-4). The studies were carried out
using facilities of the shared research center “National Center of
Investigation of Catalysts” at BIC.].J.C.,J.M.P,, A.S.-D., and ].P.-
J. are grateful for grants PID2021-128128NB-100 and PID2020-
112762GB-100 funded by MINECO/AEI/10.13039/
501100011033 and by “ERDF A way of making Europe” and
the Generalitat de Catalunya (2021SGR00110). A.S.-D. also
acknowledges the Spanish Ministry of Universities and the
European Union - Next Generation EU for financial support
through a Margarita Salas grant.

B REFERENCES

(1) Green Chemistry and Catalysis; Sheldon, R., Arends, I. W. C. E,,
Hanefeld, U., Eds.; Wiley-VCH: Weinheim, 2007.

(2) Liquid Phase Oxidation via Heterogeneous Catalysis: Organic
Synthesis and Industrial Applications; Clerici, M. G., Kholdeeva, O. A,,
Eds.; Wiley: Hoboken, NJ, 2013.

(3) Handbook of Advanced Methods and Processes in Oxidation
Catalysis; Duprez, D., Cavani, F., Eds.; Imperial College Press: London,
2014.

(4) Strukul, G.; Scarso, A. Environmentally Benign Oxidants. In Liquid
Phase Owidation via Heterogeneous Catalysis: Organic Synthesis and
Industrial Applications; Clerici, M. G., Kholdeeva, O. A., Eds.; Wiley:
Hoboken, NJ, 2013; Chapter 1, pp 1—20.

(5) Goti, A.; Cardona, F. Hydrogen Peroxide in Green Oxidation
Reactions: Recent Catalytic Processes. In Green Chemical Reactions.
NATO Science for Peace and Security Series; Series C: Environmental
Security; Tundo, P.; Esposito, V., Eds.; Springer: Dordrecht, 2008.

https://doi.org/10.1021/acscatal.3c02416
ACS Catal. 2023, 13, 10324—-10339


https://pubs.acs.org/doi/10.1021/acscatal.3c02416?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c02416/suppl_file/cs3c02416_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oxana+A.+Kholdeeva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5315-5124
https://orcid.org/0000-0002-5315-5124
mailto:khold@catalysis.ru
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jorge+J.+Carbo%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3945-6721
https://orcid.org/0000-0002-3945-6721
mailto:j.carbo@urv.cat
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nataliya+V.+Maksimchuk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7810-8220
https://orcid.org/0000-0001-7810-8220
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordi+Puiggali%CC%81-Jou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4862-0973
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Olga+V.+Zalomaeva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0152-8443
https://orcid.org/0000-0002-0152-8443
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kirill+P.+Larionov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vasilii+Yu.+Evtushok"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6555-095X
https://orcid.org/0000-0001-6555-095X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Igor+E.+Soshnikov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9043-9847
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Albert+Sole%CC%81-Daura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Josep+M.+Poblet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4533-0623
https://orcid.org/0000-0002-4533-0623
https://pubs.acs.org/doi/10.1021/acscatal.3c02416?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c02416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

(6) Czapski, G. Reaction of -OH. Methods Enzymol. 1984, 105, 209—
21S.

(7) Hayyan, M.; Hashim, M. A.; AlNashef, I. M. Superoxide Ion:
Generation and Chemical Implications. Chem. Rev. 2016, 116, 3029—
308S.

(8) Kitajima, N.; Fukuzumi, S.-i.; Ono, Y. Formation of Superoxide
Ion during the Decomposition of Hydrogen Peroxide on Supported
Metal Oxides. J. Phys. Chem. 1978, 82, 1505—1509.

(9) Ono, Y.; Matsumura, T.; Kitajlma, N.; Fukuzumi, S.-i. Formation
of Superoxide Ton during the Decomposition of Hydrogen Peroxide on
Supported Metals. J. Phys. Chem. 1977, 81, 1307—1311.

(10) Khan, A. U.; Kasha, M. Singlet Molecular Oxygen in the Haber-
Weiss Reaction. Proc. Natl. Acad. Sci. U. S. A. 1994, 91, 12365—12367.

(11) Adam, W.; Kazakov, D. V.; Kazakov, V. P. Singlet-Oxygen
Chemiluminescence in Peroxide Reactions. Chem. Rev. 2005, 10S,
3371-3387.

(12) Haber, F.; Weiss, J. The Catalytic Decomposition of Hydrogen
Peroxide by Iron Salts. Proc. R Soc. Lond [A] 1934, 147, 332—351.

(13) Weiss, J. The Catalytic Decomposition of Hydrogen Peroxide on
Different Metals. Trans. Faraday Soc. 1935, 31, 1547—1557.

(14) Applications of Hydrogen Peroxide and Derivatives; Jones, C. W.,
Ed.; The Royal Society of Chemistry, 1999.

(15) Bokare, A. D.; Choi, W. Review of Iron-free Fenton-like Systems
for Activating H, O, in Advanced Oxidation Processes. J. Hazard. Mater.
2014, 275, 121—135.

(16) Kuznetsov, M. L.; Kozlov, Yu.N.; Mandelli, D.; Pombeiro, A. J.
L; Shul'pin, G. B. Mechanism of AP**-Catalyzed Oxidations of
Hydrocarbons: Dramatic Activation of H,0, toward O-O Homolysis
in Complex [Al(H,0), (OOH)(H,0,)]** Explains the Formation of
HO?® Radicals. Inorg. Chem. 2011, 50, 3996—4005.

(17) Novikov, A. S.; Kuznetsov, M. L.; Pombeiro, A. J. L.; Bokach, N.
A;. Shul’pin, G.B. Generation of HO® Radical from Hydrogen Peroxide
Catalyzed by Aqua-Complexes of the Group III Metals [M(H,0),]*
(M =Ga, In, Sc, Y, La): a Theoretical Study. ACS Catal. 2013, 3, 1195—
1208.

(18) Yoon, C. W.; Hirsekorn, K. F.; Neidig, M. L.; Yang, X,; Don
Tilley, T. Mechanism of the Decomposition of Aqueous Hydrogen
Peroxide over Heterogeneous TiSBAI1S and TS-1 Selective Oxidation
Catalysts: Insights from Spectroscopic and Density Functional Theory
Studies. ACS Catal. 2011, 1, 1665—1678.

(19) Clerici, M. G.; Domine, M. E. Oxidation Reactions Catalyzed by
Transition-Metal-Substituted Zeolites. In Liquid Phase Oxidation via
Heterogeneous Catalysis: Organic Synthesis and Industrial Applications;
Clerici, M. G.; Kholdeeva, O. A., Eds.; Wiley: Hoboken, NJ, 2013;
Chapter 2, pp 21-93.

(20) Clerici, M. G. The Activity of Titanium Silicalite-1 (TS-1): Some
Considerations on its Origin. Kinetics and Catalysis 2018, 56, 450—45S.

(21) Giamello, E.; Volante, M.; Fubini, B.; Geobaldo, F.; Morterra, C.
An EPR Study on the Formation of the Superoxide Radical Ion on
Monoclinic Zirconia. Mater. Chem. Phys. 1991, 29, 379—386.

(22) Giamello, E.; Rumori, P.; Geobaldo, F.; Fubini, B.; Paganini, M.
C. The Interaction Between Hydrogen Peroxide and Metal Oxides:
EPR Investigations. Appl. Magn. Reson. 1996, 10, 173—192.

(23) Sobanska, K; Pietrzyk, P.; Sojka, Z. Generation of Reactive
Oxygen Species via Electroprotic Interaction of H,O, with ZrO, Gel:
Ionic Sponge Effect and pH-Switchable Peroxidase-and catalase-like
Activity. ACS Catal. 2017, 7, 2935—2947.

(24) Zheng, H.-Q.; Zeng, Y.-N,; Chen, J; Lin, R.-G.; Zhuang, W.-E,;
Cao, R;; Lin, Z.-J. Zr-Based Metal—Organic Frameworks with Intrinsic
Peroxidase-like Activity for Ultradeep Oxidative Desulfurization:
Mechanism of H,0, Decomposition. Inorg. Chem. 2019, 58, 6983—
6992.

(25) Jorda, E.; Tuel, A, Teissier, R; Kervennal, J. Synthesis,
Characterization, and Activity in the Epoxidation of Cyclohexene
with Aqueous H,O, of Catalysts Prepared by Reaction of TiF, with
Silica. J. Catal. 1998, 175, 93—107.

(26) Antdliff, K. L.; Murphy, D. M,; Griffiths, E.; Giamello, E. The
Interaction of H,0, with Exchanged Titanium Oxide Systems (TS-1,

TiO,, [Ti]-APO-S, Ti-ZSM-5). Phys. Chem. Chem. Phys. 2003, S,
4306—4316.

(27) Srinivas, D.; Manikandan, P.; Laha, S. C.; Kumar, R.; Ratnasamy,
P. Reactive Oxo-Titanium Species in Titanosilicate Molecular Sieves:
EPR Investigations and Structure—Activity Correlations. J. Catal. 2003,
217,160—171.

(28) Gontier, S.; Tuel, A. Novel Zirconium Containing Mesoporous
Silicas for Oxidation Reactions in the Liquid Phase. Appl. Catal. A:
General 1996, 143, 125—135.

(29) Morandin, M.; Gavagnin, R; Pinna, F.; Strukul, G. Oxidation of
Cyclohexene with Hydrogen Peroxide Using Zirconia—Silica Mixed
Oxides: Control of the Surface Hydrophilicity and Influence on the
Activity of the Catalyst and Hydrogen Peroxide Efficiency. J. Catal.
2002, 212, 193—200.

(30) Maksimchuk, N. V.; Melgunov, M. S.; Mrowiec-Bialon, J.;
Jarzebski, A. B.; Kholdeeva, O. A. H,0,-Based Allylic Oxidation of a-
Pinene over Different Single Site Catalysts. J. Catal. 2005, 235, 175—
183.

(31) Kholdeeva, O. A; Maksimov, G. M.; Maksimovskaya, R. I;
Vanina, M. P.; Trubitsina, T. A,; Naumov, D. Yu.; Kolesov, B. A,
Antonova, N. S.; Carbd, J. J.; Poblet, J. M. Zr'V-Monosubstituted
Keggin-Type Dimeric Polyoxometalates: Synthesis, Characterization,
Catalysis of H,0,-Based Oxidations, and Theoretical Study. Inorg.
Chem. 2006, 45, 7224—7234.

(32) Kholdeeva, O. A.; Maksimovskaya, R. 1. Titanium- and
Zirconium-Monosubstituted Polyoxometalates as Molecular Models
for Studying Mechanisms of Oxidation Catalysis. J. Mol. Catal. A: Chem.
2007, 262, 7—24.

(33) Kholdeeva, O. A. Recent Developments in Liquid-Phase
Selective Oxidation Using Environmentally Benign Oxidants and
Mesoporous Metal Silicates. Catal. Sci. Technol. 2014, 4, 1869—1889.

(34) Maksimchuk, N. V.; Lee, J. S.; Solovyeva, M. V.; Cho, K. H.;
Shmakov, A. N.; Chesalov, Y. A; Chang, J.-S.; Kholdeeva, O. A. Protons
Make Possible Heterolytic Activation of Hydrogen Peroxide over Zr-
Based Metal-Organic Frameworks. ACS Catal. 2019, 9, 9699—9704.

(35) Anpo, M.; Che, M.; Fubini, B.; Garrone, E.; Giamello, E.;
Paganini, M. C. Generation of Superoxide Ions at Oxide Surfaces. Top.
Catal. 1999, 8, 189—198.

(36) Hiroki, A.; LaVerne, J. A. Decomposition of Hydrogen Peroxide
at Water—Ceramic Oxide Interfaces. J. Phys. Chem. B 2005, 109, 3364—
3370.

(37) Lousada, C. M.; Jonsson, M. Kinetics, Mechanism, and
Activation Energy of H,0, Decomposition on the Surface of ZrO,. J.
Phys. Chem. C 2010, 114, 11202—11208.

(38) Lousada, C. M.; Johansson, A. J.; Brinck, T.; Jonsson, M.
Mechanism of H,0, Decomposition on Transition Metal Oxide
Surfaces. J. Phys. Chem. C 2012, 116, 9533—9543.

(39) Aubry, J.-M. Search for Singlet Oxygen in the Decomposition of
Hydrogen Peroxide by Mineral Compounds in Aqueous Solutions. J.
Am. Chem. Soc. 1985, 107, 5844—5849.

(40) Nardello-Rataj, V.; Alsters, P. L; Aubry, J.-M. Industrial
Prospects for the Chemical and Photochemical Singlet Oxygenation
of Organic Compounds. In Liquid Phase Aerobic Oxidation Catalysis:
Industrial Applications and Academic Perspectives; Stahl, S. S., Alsters, P.
L., Eds.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, 2016;
Chapter 22, pp 371-395.

(41) Nardello, V.; Aubry, J.-M.; De Vos, D. E.; Neumann, R.; Adam,
W.; Zhang, R;; ten Elshoff, J. E.; Witte, P. T.; Alsters, P. L. Inorganic
compounds and materials as catalysts for oxidations with aqueous
hydrogen peroxide. J. Mol. Catal. A: Chemical 2006, 251, 185—193.

(42) You, Y. Chemical tools for the generation and detection of singlet
oxygen. Org. Biomol. Chem. 2018, 16, 4044—4060.

(43) Aubry, J.-M.; Adam, W.; Alsters, P. L.; Borde, C.; Queste, S.;
Marko, J.; Nardello, V. Dark Singlet Oxygenation of Organic Substrates
in Single-Phase and Multiphase Microemulsion Systems. Tetrahedron
2006, 62, 10753—10761.

(44) Ghogare, A. A; Greer, A. Using Singlet Oxygen to Synthesize
Natural Products and Drugs. Chem. Rev. 2016, 116 (17),9994—10034.

https://doi.org/10.1021/acscatal.3c02416
ACS Catal. 2023, 13, 10324—-10339


https://doi.org/10.1016/S0076-6879(84)05027-8
https://doi.org/10.1021/acs.chemrev.5b00407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100502a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100502a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100502a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100528a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100528a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100528a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.91.26.12365
https://doi.org/10.1073/pnas.91.26.12365
https://doi.org/10.1021/cr0300035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0300035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1098/rspa.1934.0221
https://doi.org/10.1098/rspa.1934.0221
https://doi.org/10.1039/tf9353101547
https://doi.org/10.1039/tf9353101547
https://doi.org/10.1016/j.jhazmat.2014.04.054
https://doi.org/10.1016/j.jhazmat.2014.04.054
https://doi.org/10.1021/ic102476x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic102476x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic102476x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic102476x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs400155q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs400155q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs400155q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs2003774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs2003774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs2003774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs2003774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1134/S0023158415040059
https://doi.org/10.1134/S0023158415040059
https://doi.org/10.1016/0254-0584(91)90032-P
https://doi.org/10.1016/0254-0584(91)90032-P
https://doi.org/10.1007/BF03163108
https://doi.org/10.1007/BF03163108
https://doi.org/10.1021/acscatal.7b00189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b00189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b00189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b00189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b00604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b00604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b00604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1006/jcat.1998.1982
https://doi.org/10.1006/jcat.1998.1982
https://doi.org/10.1006/jcat.1998.1982
https://doi.org/10.1006/jcat.1998.1982
https://doi.org/10.1039/b306398b
https://doi.org/10.1039/b306398b
https://doi.org/10.1039/b306398b
https://doi.org/10.1016/S0021-9517(03)00060-5
https://doi.org/10.1016/S0021-9517(03)00060-5
https://doi.org/10.1016/0926-860X(96)00075-0
https://doi.org/10.1016/0926-860X(96)00075-0
https://doi.org/10.1006/jcat.2002.3782
https://doi.org/10.1006/jcat.2002.3782
https://doi.org/10.1006/jcat.2002.3782
https://doi.org/10.1006/jcat.2002.3782
https://doi.org/10.1016/j.jcat.2005.08.001
https://doi.org/10.1016/j.jcat.2005.08.001
https://doi.org/10.1021/ic0608142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0608142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0608142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molcata.2006.08.023
https://doi.org/10.1016/j.molcata.2006.08.023
https://doi.org/10.1016/j.molcata.2006.08.023
https://doi.org/10.1039/C4CY00087K
https://doi.org/10.1039/C4CY00087K
https://doi.org/10.1039/C4CY00087K
https://doi.org/10.1021/acscatal.9b02941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b02941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b02941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1023/A:1019117328935
https://doi.org/10.1021/jp046405d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp046405d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp1028933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp1028933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp300255h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp300255h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00307a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00307a002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molcata.2006.02.052
https://doi.org/10.1016/j.molcata.2006.02.052
https://doi.org/10.1016/j.molcata.2006.02.052
https://doi.org/10.1039/C8OB00504D
https://doi.org/10.1039/C8OB00504D
https://doi.org/10.1016/j.tet.2006.08.093
https://doi.org/10.1016/j.tet.2006.08.093
https://doi.org/10.1021/acs.chemrev.5b00726?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00726?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c02416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

(45) Amanchi, S.; Khenkin, A. M.; Diskin-Posner, Y.; Neumann, R. A
Bismuth Substituted “Sandwich” Type Polyoxometalate Catalyst for
Activation of Peroxide — Umpolung of the Peroxo Intermediate and
Change of Chemoselectivity. ACS Catal. 20185, 5, 3336—3341.

(46) Maksimchuk, N. V.; Evtushok, V. Y.; Zalomaeva, O. V.
Maksimov, G. M,; Ivanchikova, I. D.; Chesalov, Y. A.; Eltsov, L. V,;
Abramov, P. A,; Glazneva, T. S.; Yanshole, V. V.; Kholdeeva, O. A;;
Errington, R. J.; Solé-Daura, A.; Poblet, J. M.; Carb, J. J. Activation of
H,0, over Zr(IV). Insights from Model Studies on Zr-Monosub-
stituted Lindqvist Tungstates. ACS Catal. 2021, 11, 10589—10603.

(47) Metal-Catalyzed Oxidations of Organic Compounds: Mechanistic
Principles and Synthetic Methodology Including Biochemical Processes;
Sheldon, R. A., Kochj, J. K, Eds.; Academic Press: New York, 1981.

(48) Carabineiro, H.; Villanneau, R.; Carrier, X.; Herson, P.; Lemos,
E.; Ribeiro, F.; Proust, A.; Che, M. Zirconium-Substituted Isopolytung-
states: Structural Models for Zirconia-Supported Tungsten Catalysts.
Inorg. Chem. 2006, 45, 1915—1923.

(49) Clegg, W.; Elsegood, M. R. J; Errington, R. J.; Havelock, J.
Alkoxide Hydrolysis as a Route to Early Transition-Metal Polyox-
ometalates: Synthesis and Crystal Structures of Heteronuclear
Hexametalate Derivatives. J. Chem. Soc.,, Dalton Trans. 1996, 681—690.

(50) Maksimchuk, N. V.; Ivanchikova, I. D.; Maksimov, G. M.; Eltsov,
L. V,; Evtushok, V. Y.; Kholdeeva, O. A,; Lebbie, D.; Errington, R. J.;
Solé-Daura, A; Poblet, J. M.; Carbé, J. J. Why does Nb(V) Show
Higher Heterolytic Pathway Selectivity than Ti(IV) in Epoxidation
with H,0,? Answers from Model Studies on Nb- and Ti-Substituted
Lindqvist Tungstates. ACS Catal. 2019, 9, 6262—6275.

(51) Maksimchuk, N. V.; Maksimov, G. M.; Evtushok, V. Yu,;
Ivanchikova, I. D.; Chesalov, Yu. A.; Maksimovskaya, R. L; Kholdeeva,
0. A; Solé-Daura, A.; Poblet, J. M.; Carbd, J. J. Relevance of Protons in
Heterolytic Activation of H,0, over Nb(V). Insights from Model
Studies on Nb-substituted Polyoxometalates. ACS Catal. 2018, 8,
9722-9737.

(52) Clerc, M.; Kennedy, J. The Particle Swarm-Explosion, Stability,
and Convergence in a Multidimensional Complex Space. IEEE
transactions on Evolutionary Computation 2002, 6, 58—73.

(53) Nardello, V.; Bogaert, S.; Alsters, P. L.; Aubry, J.-M. Singlet
Oxygen Generation from H,0,/Mo0O,*": Peroxidation of Hydro-
phobic Substrates in Pure Organic Solvents. Tetrahedron Lett. 2002, 43,
8731—-8734.

(54) Dang, H.-S.; Davies, A. G.; Davison, I. G. E.; Schiesser, C. H.
Reactivities of Some Allylic Hydroperoxides toward Allylic Rearrange-
ment and Related Reactions. J. Org. Chem. 1990, 55, 1432—1438.

(55) Tokuyama, H.; Nakamura, E. Synthetic Chemistry with
Fullerenes. Photooxygenation of Olefins. J. Org. Chem. 1994, S9,
1135—-1138.

(56) Stoll, S.; Schweiger, A. EasySpin, a Comprehensive Software
Package for Spectral Simulation and Analysis in EPR. J. Magn. Reson.
2006, 178, 42—5S.

(587) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A,; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson, G.
A.; Nakatsuji, H.; Li, X; Caricato, M.; Marenich, A. V.; Bloino, J.;
Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J.
V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F,;
Lipparini, F.; Egidi, F.; Goings, ].; Peng, B.; Petrone, A.; Henderson, T.;
Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G.; Liang,
W.; Hada, M.; Ehara, M,; Toyota, K.; Fukuda, R.; Hasegawa, ].; Ishida,
M.,; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T,;
Throssell, K.;; Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark,
M.]J.; Heyd, J.].; Brothers, E. N.; Kudin, K. N.; Staroverov, V. N.; Keith,
T. A,; Kobayashi, R,; Normand, J.; Raghavachari, K.; Rendell, A. P,;
Burant, J. C.; Iyengar, S. S.; Tomasi, ].; Cossi, M.; Millam, J. M.; Klene,
M.; Adamo, C.; Cammi, R.; Ochterski, J. W.; Martin, R. L.; Morokuma,
K.; Farkas, O.; Foresman, J. B; Fox, D. J. Gaussian 16, Revision C.01;
Gaussian, Inc.; Wallingford, CT, 2016.

(58) Lee, C.; Yang, W.; Parr, R. G. Development of the Colle—Salvetti
Correlation—Energy Formula into a Functional of the Electron Density.
Phys. Rev. B 1988, 37, 785—789.

(59) Becke, A. D. Density-Functional Thermochemistry. II1. The Role
of Exact Exchange. J. Chem. Phys. 1993, 98, 5648—5652.

(60) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. Ab
Initio Calculation of Vibrational Absorption and Circular Dichroism
Spectra Using Density Functional Force Fields. J. Phys. Chem. 1994, 98,
11623—-11627.

(61) Hay, P. J.; Wadt, W. R. Ab Initio Effective Core Potentials for
Molecular Calculations. Potentials for K to Au Including the Outermost
Core Orbitals. J. Chem. Phys. 1985, 82, 299—310.

(62) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon,
M. S.; DeFrees, D. J.; Pople, J. A. Self-Consistent Molecular Orbital
Methods. XXIII. A Polarization-Type Basis Set for Second-Row
Elements. J. Chem. Phys. 1982, 77, 3654—3665.

(63) Hehre, W. J; Ditchfield, R,; Pople, J. A. Self-Consistent
Molecular Orbital Methods. XII. Further Extensions of Gaussian-Type
Basis Sets for Use in Molecular Orbital Studies of Organic Molecules. J.
Chem. Phys. 1972, 56, 2257—2261.

(64) Hariharan, P. C.; Pople, J. A. The Influence of Polarization
Functions on Molecular Orbital Hydrogenation Energies. Theoret.
Chim. Acta 1973, 28, 213—222.

(65) Cances, E.; Mennucci, B.; Tomasi, J. A New Integral Equation
Formalism for the Polarizable Continuum Model: Theoretical
Background and Applications to Isotropic and Anisotropic Dielectrics.
J. Chem. Phys. 1997, 107, 3032—3041.

(66) Lépez, X.; Carbg, J. J.; Bo, C.; Poblet, J. M. Structure, Properties
and Reactivity of Polyoxometalates: a Theoretical Perspective. Chem.
Soc. Rev. 2012, 41, 7537—7571.

(67) Skobelev, L. Y.; Zalomaeva, O. V.; Kholdeeva, O. A.; Poblet, J. M.;
Carbé, J.J. Mechanism of Thioether Oxidation over Di- and Tetrameric
Ti Centres: Kinetic and DFT Studies Based on Model Ti—Containing
Polyoxometalates. Chem.—Eur. . 2015, 21, 14496—14506.

(68) Skobelev, 1. Y.; Evtushok, V. Y.; Kholdeeva, O. A.; Maksimchuk,
N. V.; Maksimovskaya, R. L; Ricart, J. M.; Poblet, J. M.; Carbg, J. J.
Understanding the Regioselectivity of Aromatic Hydroxylation over
Divanadium—Substituted y—Keggin Polyoxotungstate. ACS Catal.
2017, 7, 8514—8523.

(69) Solé-Daura, A.; Zhang, T.; Fouilloux, H.; Robert, C.; Thomas, C.
M.; Chamoreau, L.-M.; Carbd, J. J.; Proust, A.; Guillemot, G.; Poblet, J.
M. Catalyst Design for Alkene Epoxidation by Molecular Analogues of
Heterogeneous Titanium-Silicalite Catalysts. ACS Catal. 2020, 10,
4737-4750.

(70) Alvarez-Moreno, M.; de Graaf, C.; Lépez, N.; Maseras, F.;
Poblet, J. M.; Bo, C. Managing the Computational Chemistry Big Data
Problem: The IoChem-BD Platform. J. Chem. Inf. Model. 2015, 55, 95—
103.

(71) Bedilo, A. F.; Plotnikov, M. A.; Mezentseva, N. V.; Volodin, A.
M.,; Zhidomirov, G. M.; Rybkina, I. M.; Klabunde, K. J. Superoxide
Radical Anions on the Surface of Zirconia and Sulfated Zirconia:
Formation Mechanisms, Properties and Structure. Phys. Chem. Chem.
Phys. 2008, 7, 3059—3069.

(72) Ozawa, T.; Hanaki, A. Hydroxyl Radical produced by the
Reaction of Superoxide Ion with Hydrogen Peroxide: Electron Spin
Resonance Detection by Spin Trapping. Chem. Pharm. Bull. 1978, 26,
2572-2575.

(73) Finkelstein, E.; Rosen, G. M.; Raukman, E. J. Spin Trapping of
Superoxide and Hydroxyl Radical: Practical Aspects. Arch. Biochem.
Biophys. 1980, 200, 1-16.

(74) Turner, M. J.; Rosen, G. M. Spin Trapping of Superoxide and
Hydroxyl Radicals with Substituted Pyrroline 1-Oxides. J. Med. Chem.
1986, 29, 2439—-2444.

(75) Buettner, G. R. The Spin Trapping of Superoxide and Hydroxyl
Free Radicals with DMPO (§,5-Dimethylpyrroline-N-oxide): More
About Iron. Free Radical Res. Commun. 1993, 19, s79—s87.

(76) Goldstein, S.; Rosen, G. M.; Russo, A.; Samuni, A. Kinetics of
Spin Trapping Superoxide, Hydroxyl, and Aliphatic Radicals by Cyclic
Nitrones. J. Phys. Chem. A 2004, 108, 6679—6685.

(77) Shetti, V. N.; Srinivas, D.; Ratnasamy, P. Ti-Oxo Radicals and
Product Selectivity in Olefin Oxidations over Titanosilicate Molecular
Sieves. Z. Phys. Chem. 2008, 219, 905—920.

https://doi.org/10.1021/acscatal.3c02416
ACS Catal. 2023, 13, 10324—-10339


https://doi.org/10.1021/acscatal.5b00066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b00066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b00066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b00066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c02485?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c02485?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c02485?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic051941l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic051941l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/dt9960000681
https://doi.org/10.1039/dt9960000681
https://doi.org/10.1039/dt9960000681
https://doi.org/10.1021/acscatal.9b01326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b01326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b01326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b01326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02761?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02761?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02761?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1109/4235.985692
https://doi.org/10.1109/4235.985692
https://doi.org/10.1016/S0040-4039(02)02108-1
https://doi.org/10.1016/S0040-4039(02)02108-1
https://doi.org/10.1016/S0040-4039(02)02108-1
https://doi.org/10.1021/jo00292a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00292a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00084a036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00084a036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jmr.2005.08.013
https://doi.org/10.1016/j.jmr.2005.08.013
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1021/j100096a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100096a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100096a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.448975
https://doi.org/10.1063/1.448975
https://doi.org/10.1063/1.448975
https://doi.org/10.1063/1.444267
https://doi.org/10.1063/1.444267
https://doi.org/10.1063/1.444267
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.1677527
https://doi.org/10.1007/BF00533485
https://doi.org/10.1007/BF00533485
https://doi.org/10.1063/1.474659
https://doi.org/10.1063/1.474659
https://doi.org/10.1063/1.474659
https://doi.org/10.1039/c2cs35168d
https://doi.org/10.1039/c2cs35168d
https://doi.org/10.1002/chem.201501157
https://doi.org/10.1002/chem.201501157
https://doi.org/10.1002/chem.201501157
https://doi.org/10.1021/acscatal.7b02694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b02694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b05147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b05147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci500593j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci500593j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b504262c
https://doi.org/10.1039/b504262c
https://doi.org/10.1039/b504262c
https://doi.org/10.1248/cpb.26.2572
https://doi.org/10.1248/cpb.26.2572
https://doi.org/10.1248/cpb.26.2572
https://doi.org/10.1016/0003-9861(80)90323-9
https://doi.org/10.1016/0003-9861(80)90323-9
https://doi.org/10.1021/jm00162a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00162a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3109/10715769309056s79
https://doi.org/10.3109/10715769309056s79
https://doi.org/10.3109/10715769309056s79
https://doi.org/10.1021/jp048441i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp048441i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp048441i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1524/zpch.219.7.905.67088
https://doi.org/10.1524/zpch.219.7.905.67088
https://doi.org/10.1524/zpch.219.7.905.67088
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c02416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

(78) Zalomaeva, O. V.; Trukhan, N. N.; Ivanchikova, 1. D,
Panchenko, A. A;; Roduner, E.; Talsi, E. P.; Sorokin, A. B.; Rogov, V.
A.; Kholdeeva, O. A. EPR Study on the Mechanism of H,0,-Based
Oxidation of Alkylphenols over Titanium Single-Site Catalysts. J. Mol.
Catal. A: Chemical 2007, 277, 185—192.

(79) Makino, K.; Hagiwara, T.; Murakami, A. A Mini Review:
Fundamental Aspects of Spin Trapping with DMPO. Radiat. Phys.
Chem. 1991, 37, 657—665.

(80) Dvoranova, D.; Barbierikovd, Z.; Brezovi, V. Radical
Intermediates in Photoinduced Reactions on TiO, (An EPR Spin
Trapping Study). Molecules 2014, 19, 17279—17304.

(81) Moan, J.; Wold, E. N. Detection of Singlet Production by ESR.
Nature 1979, 279, 450—451.

(82) Dzwigaj, S.; Pezerat, H. Singlet Oxygen-Trapping Reaction as a
Method of 'O, Detection: Role of Some Reducing Agents. Free Rnd.
Res. 1995, 23, 103—118.

(83) van Laar, F. M. P. R;; Holsteyns, F.; Vankelecom, L F. J.; Smeets,
S.; Dehaen, W.; Jacobs, P. A. Singlet Oxygen Generation Using PDMS
Occluded Dyes. J. Photochem. Photobio. A: Chemistry 2001, 144, 141—
151.

(84) Konaka, R.; Kasahara, E.; Dunlap, W. C.; Yamamoto, Y.; Chien,
K. C.; Inoue, M. Irradiation of Titanium Dioxide Generates both
Singlet Oxygen and Superoxide Anion. Free Radic. Biol. Med. 1999, 27,
294-300.

(85) Nardello, V.; Marko, J.; Vermeersch, G.; Aubry, J. M. Mo NMR
and Kinetic Studies of Peroxomolybdic Intermediates Involved in the
Catalytic Disproportionation of Hydrogen Peroxide by Molybdate
Ions. Inorg. Chem. 1995, 34, 4950—4957.

(86) Errington, R. J.; Petkar, S. S.; Middleton, P. S.; McFarlane, W.;
Clegg, W.; Coxall, R. A,; Harrington, R. W. Synthesis and Reactivity of
the Methoxozirconium Pentatungstate (nBu,N)4[{(x-MeO)
ZrWOg},]: Insights into Proton-Transfer Reactions, Solution
Dynamics, and Assembly of {ZrW;0,s}*~ Building Blocks. J. Am.
Chem. Soc. 2007, 129, 12181—12196.

(87) Bassil, B.; Mal, S.; Dickman, M.; Kortz, U.; Oelrich, H.; Walder,
L. 6-Peroxo-6-Zirconium Crown and its Hafnium Analogue Embedded
in a Triangular Polyanion:[My (0,)s (OH)s (y-SiW4034)5]"%" (M=
Zr, Hf). J. Am. Chem. Soc. 2008, 130, 6696—6697.

(88) Mal, S.; Nsouli, N.; Carraro, M.; Sartorel, A.; Scorrano, G.;
Oelrich, H.; Walder, L.; Bonchio, M.; Kortz, U. Peroxo-Zr/Hf-
Containing Undecatungstosilicates and Germanates. Inorg. Chem.
2010, 49, 7-9.

(89) Aoto, H.; Matsui, K.; Sakai, Y.; Kuchizi, T.; Sekiya, H.; Osada, H.;
Yoshida, T.; Matsunaga, S.; Nomiya, K. Zirconium (IV)-and Hafnium
(IV)-Containing Polyoxometalates as Oxidation Precatalysts: Homo-
geneous CATalytic Epoxidation of Cyclooctene by Hydrogen Peroxide.
J. Mol. Catal. A: Chem. 2014, 394, 224—231.

(90) Zalomaeva, O. V.; Evtushok, V. Yu.; Ivanchikova, I. D.; Glazneva,
T. S.; Chesalov, Yu. A.; Larionov, K. P.; Kholdeeva, O. A. Nucleophilic
vs electrophilic activation of hydrogen peroxide over Zr-based metal-
organic frameworks. Inorg. Chem. 2020, 59, 10634—10649.

(91) Shul’pin, G. B.; Kozlov, Y. N; Nizova, G. V.; Siiss—Fink, G.;
Stanislas, S.; Kitaygorodskiyc, A.; Kulikova, V. S. Oxidations by the
Reagent “O,—H,0,—Vanadium Derivative—Pyrazine-2-Carboxylic
Acid”. Part 12. Main Features, Kinetics and Mechanism of Alkane
Hydroperoxidation. J. Chem. Soc., Perkin Trans. 2001, 2, 1351—1371.

(92) Wang, Y.; Balbuena, P. B. Potential Energy Surface Profile of the
Oxygen Reduction Reaction on a Pt Cluster: Adsorption and
Decomposition of OOH and H,0,. J. Chem. Theory Comput. 2008, 1,
935—-943.

(93) Kirillova, M. V.; Kuznetsov, M. L.; Romakh, V. B.; Shul’pina, L.
S.; Frausto da Silva, J. J. R; Pombeiro, A. J. L; Shul’pin, G. B.
Mechanism of Oxidations with H,0, Catalyzed by Vanadate Anion or
Oxovanadium(V) Triethanolaminate (Vanadatrane) in Combination
with Pyrazine-2-Carboxylic Acid (PCA): Kinetic and DFT Studies. J.
Catal. 2009, 267, 140—157.

(94) Yoon, C. W.; Hirsekorn, K. F.; Neidig, M. L.; Yang, X.; Tilley, T.
D. Mechanism of the Decomposition of Aqueous Hydrogen Peroxide
over Heterogeneous TiSBA1S and TS-1 Selective Oxidation Catalysts:

Insights from Spectroscopic and Density Functional Theory Studies.
ACS Catal. 2011, 1, 1665—1678.

(95) Ryan, P.; Konstantinov, L; Snurr, R. Q.; Broadbelt, L. J. DFT
Investigation of Hydroperoxide Decomposition over Copper and
Cobalt Sites within Metal-Organic Frameworks. J. Catal. 2012, 286,
95—102.

(96) Lousada, C. M.; Johansson, A. J.; Brinck, T.; Jonsson, M.
Reactivity of Metal Oxide Clusters with Hydrogen Peroxide and Water
— a DFT Study Evaluating the Performance of Different Exchange—
Correlation Functionals. Phys. Chem. Chem. Phys. 2013, 15, 5539—
§5552.

(97) Plauck, A.; Stangland, E. E.; Dumesic, J. A.; Mavrikakis, M. Active
sites and Mechanisms for H,0, Decomposition over Pd Catalysts. Proc.
Natl. Acad. Sci. US.A. 2016, 113, E1973—E1982.

(98) Szecsenyi, A; Li, G.; Gascon, J.; Pidko, E. A. Mechanistic
Complexity of Methane Oxidation with H202 by Single-Site Fe/ZSM-
S Catalyst. ACS Catal. 2018, 8, 7961—7972.

(99) Jiménez-Lozano, P.; Ivanchikova, L. D.; Kholdeeva, O. A.; Poblet,
J.M.; Carbg, ].J. Alkene Oxidation by Ti-Containing Polyoxometalates.
Unambiguous Characterization of the Role of the Protonation State.
Chem. Commun. 2012, 48, 9266—9268.

(100) Jiménez-Lozano, P.; Carbg, J. J.; Chaumont, A.; Poblet, J. M.;
Rodriguez-Fortea, A.; Wipff, G. Nature of Zr-Monosubstituted
Monomeric and Dimeric Polyoxometalates in Water Solution at
Different pH Conditions: Static Density Functional Theory Calcu-
lations and Dynamic Simulations. Inorg. Chem. 2014, 53, 778—786.

(101) Jimenez-Lozano, P.; Sole-Daura, A.; Wipff, G.; Poblet, J. M,;
Chaumont, A.; Carbo, J. J. Assembly Mechanism of Zr-Containing and
Other TM-Containing Polyoxometalates. Inorg. 2017, 56, 4148—4156.

(102) In the transition state (TSy.p), the peroxo moiety loses electron
density with respect to the reactant B’ (0.18 au, using the NBO
scheme), supporting the nucleophilic character of the peroxo attack and
explaining why the substrate is activated by a concerted, intramolecular
proton transfer.

(103) Lueckheide, M. J.; Ertem, M. Z.; Michon, M. A.; Chmielniak, P.;
Robinson, J. R. Peroxide-Selective Reduction of O, at Redox-Inactive
Rare-Earth(IIT) Triflates Generates an Ambiphilic Peroxide. . Am.
Chem. Soc. 2022, 144 (37), 17295—17306.

(104) Jasniewski, A. J.; Komor, A. J; Lipscomb, J. D.; Que Jr, L.
Unprecedented (u-1,1-Peroxo) diferric Structure for the Ambiphilic
Orange Peroxo Intermediate of the Nonheme N-Oxygenase CmlL J.
Am. Chem. Soc. 2017, 139 (30), 10472—1048S.

(10S) Zhao, N.; Filatov, A. S.; Xie, J.; Hill, E. A;; Rogachev, A. Y,;
Anderson, J. S. Generation and Reactivity of a NillI2 (u-1, 2-peroxo)
Complex. . Am. Chem. Soc. 2020, 142 (52), 21634—21639.

(106) Cerkovnik, J.; Plesnicar, B. Characterization and Reactivity of
Hydrogen Trioxide (HOOOH): A Reactive Intermediate Formed in
the Low-Temperature Ozonation of 2-Ethylanthrahydroquinone. J.
Am. Chem. Soc. 1993, 115, 12169—12170.

(107) Plesnicar, B.; Cerkovnik, J.; Tekavec, T.; Koller, J. On the
Mechanism of the Ozonation of Isopropyl Alcohol: An Experimental
and Density Functional Theoretical Investigation. 170 NMR Spectra
of Hydrogen Trioxide (HOOOH) and the Hydrotrioxide of Isopropyl
Alcohol. J. Am. Chem. Soc. 1998, 120, 8005—8006.

(108) Plesnicar, B.; Cerkovnik, J.; Tekavec, T.; Koller, J. 70 NMR
Spectroscopic Characterization and the Mechanism of Formation of
Alkyl Hydrotrioxides (ROOOH) and Hydrogen Trioxide (HOOOH)
in the Low-Temperature Ozonation of Isopropyl Alcohol and Isopropyl
Methyl Ether: Water-Assisted Decomposition. Chem.—Eur. J. 2000, 6,
809—-819.

(109) Plesnicar, B.; Tuttle, T.; Cerkovnik, J.; Koller, J.; Cremer, D.
Mechanism of Formation of Hydrogen Trioxide (HOOOH) in the
Ozonation of 1,2-Diphenylhydrazine and 1,2-Dimethylhydrazine: An
Experimental and Theoretical Investigation. J. Am. Chem. Soc. 2003,
125, 11553—11564.

(110) Bregnhej, M.; Westberg, M.; Jensen, F.; Ogilby, P. R. Solvent-
dependent singlet oxygen lifetimes: temperature effects implicate
tunneling and charge-transfer interactions. Phys. Chem. Chem. Phys.
2016, 18, 22946—22961.

https://doi.org/10.1021/acscatal.3c02416
ACS Catal. 2023, 13, 10324—-10339


https://doi.org/10.1016/j.molcata.2007.07.047
https://doi.org/10.1016/j.molcata.2007.07.047
https://doi.org/10.1016/1359-0197(91)90164-W
https://doi.org/10.1016/1359-0197(91)90164-W
https://doi.org/10.3390/molecules191117279
https://doi.org/10.3390/molecules191117279
https://doi.org/10.3390/molecules191117279
https://doi.org/10.1038/279450a0
https://doi.org/10.3109/10715769509064025
https://doi.org/10.3109/10715769509064025
https://doi.org/10.1016/S1010-6030(01)00532-9
https://doi.org/10.1016/S1010-6030(01)00532-9
https://doi.org/10.1016/S0891-5849(99)00050-7
https://doi.org/10.1016/S0891-5849(99)00050-7
https://doi.org/10.1021/ic00124a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00124a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00124a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00124a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0725495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0725495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0725495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0725495?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja801424q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja801424q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja801424q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic902203p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic902203p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molcata.2014.07.020
https://doi.org/10.1016/j.molcata.2014.07.020
https://doi.org/10.1016/j.molcata.2014.07.020
https://doi.org/10.1021/acs.inorgchem.0c01084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c01084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c01084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b101442k
https://doi.org/10.1039/b101442k
https://doi.org/10.1039/b101442k
https://doi.org/10.1039/b101442k
https://doi.org/10.1021/ct0500794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct0500794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct0500794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcat.2009.08.006
https://doi.org/10.1016/j.jcat.2009.08.006
https://doi.org/10.1016/j.jcat.2009.08.006
https://doi.org/10.1021/cs2003774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs2003774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs2003774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcat.2011.10.019
https://doi.org/10.1016/j.jcat.2011.10.019
https://doi.org/10.1016/j.jcat.2011.10.019
https://doi.org/10.1039/c3cp44559c
https://doi.org/10.1039/c3cp44559c
https://doi.org/10.1039/c3cp44559c
https://doi.org/10.1073/pnas.1602172113
https://doi.org/10.1073/pnas.1602172113
https://doi.org/10.1021/acscatal.8b01672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b01672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b01672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2cc34577c
https://doi.org/10.1039/c2cc34577c
https://doi.org/10.1021/ic401999r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic401999r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic401999r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic401999r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b00096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.7b00096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c08140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c08140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b05389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b05389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c10958?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c10958?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00078a067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00078a067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00078a067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja981568z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja981568z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja981568z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja981568z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja981568z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/(SICI)1521-3765(20000303)6:5<809::AID-CHEM809>3.0.CO;2-8
https://doi.org/10.1002/(SICI)1521-3765(20000303)6:5<809::AID-CHEM809>3.0.CO;2-8
https://doi.org/10.1002/(SICI)1521-3765(20000303)6:5<809::AID-CHEM809>3.0.CO;2-8
https://doi.org/10.1002/(SICI)1521-3765(20000303)6:5<809::AID-CHEM809>3.0.CO;2-8
https://doi.org/10.1002/(SICI)1521-3765(20000303)6:5<809::AID-CHEM809>3.0.CO;2-8
https://doi.org/10.1021/ja036801u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja036801u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja036801u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6CP01635A
https://doi.org/10.1039/C6CP01635A
https://doi.org/10.1039/C6CP01635A
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c02416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis pubs.acs.org/acscatalysis Research Article

(111) Alsters, P. L.; Jary, W.; Nardello-Rataj, V.; Aubry, J.-M. Dark”
Singlet Oxygenation of #-Citronellol: A Key Step in the Manufacture of
Rose Oxide. Org. Process Res. Dev. 2010, 14, 259—262.

(112) Singleton, D. A,; Hang, C.; Szymanski, M. J.; Meyer, M. P,;
Leach, A. G.; Kuwata, K. T.; Chen, J. S.; Greer, A.; Foote, C. S.; Houk,
K. N. Mechanism of Ene Reactions of Singlet Oxygen. A Two-Step No-
Intermediate Mechanism. J. Am. Chem. Soc. 2003, 125, 1319—1328.

(113) Donoeva, B. G; Trubitsina, T. A.; Antonova, N. S.; Carbé, J. J.;
Poblet, J. M.; Kadamany, G. A, Kortz, U; Kholdeeva, O. A.
Epoxidation of Alkenes with H202 Catalyzed by Dititanium-
Containing19-Tungstodiarsenate(III): Experimental and Theoretical
Studies. Eur. J. Inorg. Chem. 2010, 2010, 5312—5317.

(114) Jiménez-Lozano, P.; Skobelev, 1. Y.; Kholdeeva, O. A.; Poblet, J.
M,; Carbé, J. J. Alkene Epoxidation Catalyzed by Ti-Containing
Polyoxometalates: Unprecedented f-Oxygen Transfer Mechanism.
Inorg. Chem. 2016, 5S, 6080—6084.

(115) Gligorovski, S.; Strekowski, R.; Barbati, S.; Vione, D.
Environmental implications of hydroxyl radicals (¢ OH). Chem. Rev.
20185, 115 (24), 13051—13092.

(116) Florence, T. M. The production of hydroxyl radical from
hydrogen peroxide. J. Inorg. Biochem. 1984, 22 (4), 221—230.

(117) Chen, L; Li, X.; Zhang, J.; Fang, J.; Huang, Y.; Wang, P.; Ma, J.
Production of hydroxyl radical via the activation of hydrogen peroxide
by hydroxylamine. Environ. Sci. Technol. 2015, 49 (17), 10373—10379.

(118) Walton, J. C. Radical-Enhanced Acidity: Why Bicarbonate,
Carboxyl, Hydroperoxyl, and Related Radicals Are So Acidic. J. Phys.
Chem. A 2017, 121 (40), 7761-7767.

[0 Recommended by ACS

K-ZrO, Interfaces Boost CO, Hydrogenation to Higher
Alcohols

Tangkang Liu, Guoliang Liu, et al.

MARCH 22, 2023
ACS CATALYSIS READ

Dynamic Formation of Brgnsted Acid Sites over Supported
WO,/Pt on SiO, Inverse Catalysts—Spectroscopy, Probe
Chemistry, and Calculations

Yurong Wu, Dionisios G. Vlachos, et al.
MAY 16, 2023
ACS CATALYSIS READ z

Dynamic Catalytic Mechanism of the Methanol-to-
Hydrocarbons Reaction over Zeolites

Xingiang Wu, Zhongmin Liu, et al.

JULY 04,2023
ACCOUNTS OF CHEMICAL RESEARCH READ &

Effect of Diffusion Constraints and ZnO, Speciation on
Nonoxidative Dehydrogenation of Propane and Isobutane
over ZnO-Containing Catalysts

Dan Zhao, Evgenii V. Kondratenko, et al.
FEBRUARY 22, 2023
ACS CATALYSIS READ &'

Get More Suggestions >

10339 https://doi.org/10.1021/acscatal.3c02416
ACS Catal. 2023, 13, 10324—-10339


https://doi.org/10.1021/op900076g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op900076g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/op900076g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja027225p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja027225p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejic.201000615
https://doi.org/10.1002/ejic.201000615
https://doi.org/10.1002/ejic.201000615
https://doi.org/10.1021/acs.inorgchem.6b00621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b00621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500310b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0162-0134(84)85007-2
https://doi.org/10.1016/0162-0134(84)85007-2
https://doi.org/10.1021/acs.est.5b00483?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b00483?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.7b08081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.7b08081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c02416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acscatal.3c00074?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00074?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00074?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00074?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00074?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00074?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00074?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00074?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00074?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00074?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00074?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00074?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00074?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00074?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00074?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00074?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00074?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00074?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00074?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00074?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.3c00279?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acs.accounts.3c00187?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
http://pubs.acs.org/doi/10.1021/acscatal.2c05704?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1696472710&referrer_DOI=10.1021%2Facscatal.3c02416
https://preferences.acs.org/ai_alert?follow=1

