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Why a simple vanadate is inefficient as a catalyst
in the oxidation of alkanes with H,O, — the
long-standing puzzle is solved+i
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In contrast to V(v) complexes with various organic ligands, a simple vanadate without any additive is inac-
tive in neutral medium toward the oxidation of alkanes with H,O,. In this work, we discovered that the
insufficient activation of H,O, upon coordination to the simple vanadate — the commonly accepted
reason for the low catalytic activity of the vanadate — cannot explain this phenomenon. Two main
findings are reported here on the basis of DFT calculations. First, the generally accepted Fenton-like
mechanism of the generation of the active oxidizing species (HO") in a vanadate/H;Oz(aq/MeCN system
was revisited. A new mechanism based on the tremendous activation of the OOH ligand in the intermedi-
ate [V(OO),(OOH)(H,0)] toward the homolytic O—O bond cleavage is not only feasible but significantly
more favourable than the Fenton-like pathway. The surprisingly low activation barrier calculated for the
HO" generation (15.4 kcal mol™) demonstrates the efficiency of this process. The presence of easily oxi-
dizable non-innocent OO ligands in this intermediate explains such an activation. Second, it was found
that the generated HO® radicals may be easily captured by the V atom soon after their formation followed
by the elimination of the molecular oxygen. This side reaction of the H,O, dismutation efficiently con-
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Introduction

Alkanes represent a cheap and abundant carbon raw material,
and their functionalization into various valuable organic pro-
ducts is of tremendous importance." ™ The main challenge
associated with such transformations is the high chemical
inertness of alkanes that requires the application of catalysts
and strong oxidants. One of the most popular types of the cata-
lysts used for the oxidation of alkanes is based on transition
metal complexes or oxides. Vanadium is an element exhibiting
several non-zero oxidation states, which permits its easy par-
ticipation in various redox processes and enables broad appli-
cations of this element and its compounds in a number of
catalytic reactions with the involvement of electron transfer
(for reviews see ref. 13-33). Being the 6™ most abundant tran-
sition metal on Earth, vanadium is quite cheap, and its usage
as a catalyst is attractive from the economic point of view.
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Several vanadium complexes with organic ligands (e.g. qui-
nolin-8-olate, pyridine-2-carboxylate, triethanolaminate, bipyri-
dines, phenanthrolines, terephthalohydrazides, NO,-donor
Schiff bases, etc.) demonstrated a high catalytic activity in the
oxidation of alkanes with hydrogen peroxide.***® Moreover,
the simple vanadate VO;~ was found to be active in these pro-
cesses but only in the presence of either an appropriate addi-
tive (e.g. pyrazine-2-carboxylic acid, PCAH)***° or a strong
acid.* In the first case, the in situ formation of V-complexes
with the additive occurs in solution, and these complexes
serve as active catalytic forms. In the second case, the acidic
medium provokes oligomerization of the vanadate, and the
active catalytic form is divanadate.

The generally accepted Fenton-like mechanism includes (i)
the formation of the H,0, adduct with a catalyst molecule, (ii)
proton transfer leading to a hydroperoxo intermediate, (iii)
elimination of the HOO® radical with the reduction of the
vanadium atom to V(w), (iv) formation of the second H,O,
adduct, (v) second H-transfer and (vi) elimination of the HO
radical with the oxidation of the V(iv) atom®® (Scheme 1). The
formed HO' radical directly oxidizes an alkane molecule via a
hydrogen atom abstraction. The key feature of this mechanism
is the direct participation of the metal centre in the electron
transfer processes. At the HOO" generation step, the V(v) atom
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Scheme 1 Generally accepted mechanism of HO® formation from
H,O, catalysed by V(v) complexes.

serves as an oxidant, while at the HO" formation step, the V(v)
centre is a reducing agent.

Meanwhile, the simple monomeric vanadate without any
additive in the neutral medium - reaction conditions most
attractive from the economic and environmental viewpoints —
is not active toward the oxidation of alkanes with H,0,.>%*
The commonly accepted reason is the insufficient activation of
H,0, by the vanadate toward HO" production that leads to a
high activation barrier for this process. It is expected that the
introduction of an appropriate organic ligand or a second
vanadate unit (in the case of divanadate) into the vanadate
molecule increases the potential of the catalyst to activate
H,0, and decreases the activation energy. However, to the best
of our knowledge, this hypothesis was never proved either
experimentally or theoretically.

Recently, the authors paid attention to the fact that in-
organic salts of some metals bearing only a single stable non-
zero oxidation state (SSOS metals such as Al, Ga, Zn, etc.) are
quite active as catalysts for the oxidation of alkanes with
H,0,.*>"** The mechanism of a principally new type was pro-
posed for these systems. This mechanism is based on the par-
ticipation of a non-innocent (redox active) ligand in the cata-
lyst molecule (or intermediate), whereas the metal oxidation
state is not altered (the “non-innocent ligand mechanism”). It
includes (i) the formation of a H,O, adduct with the catalyst
molecule, (ii) deprotonation of H,0,, (iii) addition of a second
H,0, molecule to give a key intermediate I bearing simul-
taneously the H,0, and OOH™ ligands and (iv) homolytic HO-
OH bond cleavage in the H,0, molecule affording HO" and
complex II with the hydroperoxyl radical ligand (Scheme 2).
The OOH™ ligand in I is non-innocent and undergoes intra-
molecular oxidation upon HO-OH bond rupture. This oxi-
dation stabilizes one of the products of the coordinated H,0,
decomposition and enables tremendous activation of H,O,
toward homolysis.

The non-innocent nature of the carbonate ligand and the
hydrogen peroxide molecule in the Fenton like process
between [Co(H,0)s]*" and H,0, as well as the non-innocent
character of the Cp ligand in the radical generation from the
complexes [Cp,Ti(n"-O0Bu)L] (L = CI~, OTf™, Br~, OEt,, Et;P)
were also previously reported.*>™*®
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Scheme 2 Non-innocent ligand mechanism of HO® formation from
H,O, catalysed by salts of SSOS metals.

The initial goal of this study was two-fold, i.e. (i) to confirm
(or disprove) that the HO" generation from H,O, catalysed by
the simple vanadate has a high activation barrier and, for this
reason, this catalyst is not active and (ii) to verify if the non-
innocent ligand mechanism may effectively operate also for
catalysts with a metal exhibiting various oxidation states (such
as vanadium) or if it is feasible only for the SSOS metals.

The results obtained demonstrated that the non-innocent
ligand mechanism is not only feasible but more favourable
than the conventionally accepted pathway, and the latter
should be revisited. Another unexpected finding indicated that
the low activity of the simple vanadate in this reaction is
associated not with a high activation barrier of the HO" gene-
ration but with an efficient side reaction of H,0, decompo-
sition into O, and H,O catalysed by vanadate. The results of
this study are described and discussed below.

Computational details

The full geometry optimization of all structures and transition
states (TS) has been carried out at the density functional
theory (DFT) level using the PBEO functional*® with the atom-
pairwise dispersion correction and the Becke-Johnson
damping scheme D3BJ*° with the help of the Gaussian-09
program package.’’ Recently, this functional demonstrated the
excellent performance in the theoretical treatment of the acti-
vation of various main group bonds with (Ni,Pd)-based tran-
sition metal catalysts.”> The geometry optimization was per-
formed by using the aug-cc-pVDZ basis set for all atoms with
consideration of the solvent effects applying the polarizable
continuum model in the “solvent model of density” (SMD)
version®® with acetonitrile as the solvent typically used in the
experimental studies of the alkane oxidation with H,O, cata-
lysed by V species.’*?*™*% Cartesian d and f basis functions
(6d, 10f) were used in all calculations. No symmetry operations
have been applied for any of the structures calculated. Singlet
biradical structures were calculated using the broken sym-
metry approach®>° applied with the Guess = Mix Gaussian
keyword.

This journal is © The Royal Society of Chemistry 2023
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The Hessian matrix was calculated analytically for the opti-
mized structures in order to prove the location of correct
minima (no imaginary frequencies) or saddle points (only one
imaginary frequency), and to estimate the thermodynamic
parameters, the latter being calculated at a 298.15 K tempera-
ture and 1 atm pressure. The nature of all transition states was
investigated by the analysis of vectors associated with the ima-
ginary frequency and by the calculations of the intrinsic reac-
tion coordinates (IRC) wusing the Gonzalez-Schlegel
method.”” ™’

All possible geometrical isomers were calculated for all V
complexes, and the most stable isomers are discussed (if not
stated otherwise).

Results

In this section, first, equilibria in the vanadate/H,O,(,q)/MeCN
catalytic system and the nature of the active catalytic species
are discussed; second, the conventional mechanism of HO®
formation from H,O, catalysed by the simple vanadate is ana-
lysed; third, the feasibility of the non-innocent ligand mecha-
nisms is discussed; and fourth, the reasons for the low activity
of the simple vanadate in the generation of the HO" radicals
are uncovered.

Equilibria in the vanadate/H,0,(,q)/MeCN system

Initial adducts. The reaction between the vanadate and
hydrogen peroxide involves a series of H,0, addition/substi-
tution steps and proton transfers. In a solution bearing
aqueous hydrogen peroxide, the coordination sphere of the
vanadate HVO; may be saturated by water and/or H,O, mole-
cule(s). Equilibria between HVO; and the simple H,O and/or
H,0, adducts are shown in Scheme 3. Among the aqua com-
plexes, the most thermodynamically stable adduct is [V
(=0),(0OH)(H,0)] (1-H,0) with a tetrahedral arrangement of
the ligands which contains one water molecule, while the octa-
hedral complexes [V(=0),(OH)(H,0);] (1-3H,0) do not exist.
In contrast, the most stable form of the H,O, adduct is the
trigonal  bipyramid complex [V(=O0),(OH)(H,0,)(H,0)]
(1-H,0,-H,0) and this complex is the first reactive species
toward the formation of the peroxo and diperoxo complexes of
vanadium.

Formation of the monoperoxo complexes. Due to the acidic
nature of the coordinated H,O, in 1-H,0,-H,0, this molecule
can lose a proton as a result of the intramolecular H-transfer
either to one of the oxo-ligands to give [V(=O)(OH),(OOH)
(H20)] (2-H,0) or to the OH ligand affording [V(=0),(OOH)
(H20),] (3-2H,0) (Scheme 4). The latter pathway is slightly
more Kkinetically favourable. The H-transfer occurs with the
assistance of a water molecule which stabilizes the 6-mem-
bered transition states TS1 and TS2 (Fig. 1). The effect of water
on the H-transfer in V-species has previously been discussed
in detail.*®*® For both channels, the following water liberation
results in more stable tetrahedral complexes 2 and 3-H,O.
Among all the mentioned hydroperoxo complexes, 2 is the

This journal is © The Royal Society of Chemistry 2023
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Scheme 3 Equilibria between HVO3z and water or hydrogen peroxide
adducts (Gibbs free energies are indicated in parentheses in kcal mol™*
relative to that of HVO3, and the most stable H,O, adduct is boxed; here
and further, only the most stable geometrical isomers are shown).

most stable one and it is formed through the 1-H,0,-H,0 —
3-2H,0 — 3-H,O — 2 pathway. The second H-transfer in 2
from the OOH ligand either to the hydroxo or to the oxo
ligand leads to the formation of the monoperoxo complex [V
(=0)(0OH)(00)(H,0)] (4-H,0) or [V(OH);(00)] (5), respectively.
The first process is both kinetically and thermodynamically
more feasible.

Formation of the diperoxo complexes. This process starts
with the associative substitution of H,O for H,0, in 4-H,0 fol-
lowed by the proton transfer which can occur to one of the
=0, OH or OOH ligands in 4-H,0, (Scheme 5). The calcu-
lations indicate that the most favourable route is the 4-H,0 —
4-H,0, — 7 — 6-H,0 one. The second H-transfer affords the
diperoxo species [V(OH)(00),(H,0) (9-H,O). Finally, one more
substitution of H,O for H,0, in 9-H,0 and the proton transfer
yield the hydroperoxo diperoxo complex [V(OOH)(OO),(H,O)]
(10-H,0). The last two species are the most thermodynamically
stable ones in the vanadate/H,0,(,q/MeCN system. The dis-
cussed equilibria are easily established, and the activation bar-
riers for the formation of the most stable intermediates do not
exceed 12.4 kcal mol ™.

Conventional Fenton-like mechanism of HO" generation

The general scheme of the currently accepted Fenton-like
mechanism of HO radical formation from H,O, catalysed by a
V(v) species was discussed in Introduction and it is shown in

Dalton Trans., 2023, 52, 8601-8612 | 8603


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3dt00967j

Open Access Article. Published on 22 May 2023. Downloaded on 1/22/2026 3:04:01 PM.

Paper

TS1
(6.0)

<—,

HO
HO/,, I
Ho'| o)
5:H,0 (-8.3)

HOO,, ||

-V —OH
HO”

2:H,0 (-13.5)

View Article Online

Dalton Transactions

HOQ JOH
<= /V’\,o
(-16.0)
TS4
(-7.8)
TS5
)
— (—>) H2Ou,, U.\\O
Vol

TS2

(4.7)
=

1:H,0,°H,0 (-1.9)

(6]

HO |
Gy

HZO’I

3+2H,0 (-6.3)

(=21.1) 4-H,0 (-20.7)
TS3
(-4.8)
A\ 1OH:
—_— V
~<— 4 YooH

3+H,0 (—11.4)

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

TS1 TS2

Fig. 1 Equilibrium structures of TS1 and TS2.

(cc)

O—
HOZ 0
PR
HO” i >0
HO”
8 (=20.0)
2 (21.1) TS8
TS5 (-8.7)
(-8.7) H,0, o
-H,0
HoOyy,, U“\o —3 H2001, U \\O
Ho? O Ho” o]

4-H,0 (-20.7) 4-H202 (-16.1)

Scheme 4 Mechanisms of the formation of monoperoxo complexes (Gibbs free energies are indicated in parentheses in kcal mol™ relative to that
of HVO3; the initial and final species of this step and the most plausible pathway are indicated).

Scheme 1. The active catalytic forms in the vanadate/H;O05(aq)/
MeCN system, which initiate this mechanism, are the V(v)
hydroperoxo complexes 2, 6-H,0 and 10-H,O.

The HOO® formation step. Elimination of the HOO" radical
from the hydroperoxo species upon V-OOH bond cleavage
affords the reduced V(iv) complexes [V(=O)(OH),(H,0),]
(11-2H,0), [V(=0)(00)(H,0),] (12:2H,0) and [V(0O),(H,0)]
(13-H,0) (Scheme 6). In the case of complexes 2 and 6-H,O,
this process occurs via an associative mode including initial
addition of two or one H,O molecules, respectively, and the
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Scheme 5 Mechanisms of the formation of diperoxo complexes (Gibbs free energies are indicated in parentheses in kcal mol™ relative to that of
HVOg; the initial species of this step and the most stable complexes in the vanadate/H;05(,q/MeCN system are boxed).

8604 | Dalton Trans., 2023, 52, 8601-8612

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3dt00967j

Open Access Article. Published on 22 May 2023. Downloaded on 1/22/2026 3:04:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

H20,

View Article Online

Paper

TS12

OH 20, 9.9 H20 TS17 o
\\ S Hon | _ o e HOul_ o O wou|_ 129 Ho,ll_
/ YOOH oo HO”'| ™ ‘ HO”'| ™ - Hoo’ - HzO'

2 (<21.1)
11-2H,0 (5.6) 11-H,0,°H,0 (7.8) 14-2H,0 (1.4) 1-2H,0
Vv
Ve TS13 TS18
(10.5) A (36) HO_
=z /=0 V-
HoO O~ - 7 %>0

OOH Q H20 16°H,0 (7.2
\\ N\ \\ N \\ \\ 2 ( . ) °H20

w0 —» » — —

/’ © -HOO' /b’o - Hzof”o *f TS16
6+H,0(-23.9) 12:2H,0 (0.0 . TS14
2 20(0.0) 12:H,0,°H,0 (6.0) 2.9) A &
- / ;;.OH
Hoo ©
15-H,0 (=3.7)
TS15 TS19

i —/- 202 |- —05 _ 4.8 _
o,v,,o o--o _j o =0 (05) 0; |mon 48 o // 0

=0 4>0 TNy > ~o
O/ o— o— O/O O/

10-H,0 (-25.8) 13-H,0 (2.6) 13+H,0,*H,0 (3.0) 17-H,0 (-12.5) 6-H,0
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and the most favourable pathway is boxed).

following HOO" elimination (Scheme S1 in the ESI}). In the
case of complex 10-H,0, the HOO" generation is realized disso-
ciatively. The V-OOH bond cleavage is accompanied by the
monotonous increase of the total energy of the system. The
potential energy surface (PES) scan in 6-H,O indicates that
until a V-OOH distance of ca. 2.41 A is achieved, the singlet
closed shell configuration is the most stable one (Fig. 2, left).
At a longer distance, the singlet biradical configuration with
unpaired electrons localized at the V atom and the leaving
OOH group becomes more stable (Fig. 2, right).

The HO' formation step. At this step, the hydrogen peroxide
adducts [V(=O0)(OH),(H,0,)(H,0)] (11-H,0,-H,0), [V(=0)(00)
(H20,)(H,0)]  (12:H0,-H,0) and  [V(0O),(H,0,)(H,0)
(13-H,0,-H,0) are formed upon water substitution for H,O, or
addition of H,0, (Scheme 6). The subsequent proton transfer
from the coordinated H,O, molecule can occur to the oxo,
hydroxo or peroxo ligand furnishing the hydroperoxo V(i)
complexes [V(=0)(OH)(OOH)(H,0),] (14-2H,0), [V(OH)(OOH)
(0O0)(H,0)] (16:H,0) and [V(OOH),(OO)(H,0O) (17-H,0). The
formation of 16-H,0 occurs in two steps via complex 15-H,0.
Finally, the O-O bond cleavage in the OOH ligand yields the
HO'’ radical and restores the V(v) active catalytic forms.

The non-innocent ligand mechanisms of HO" generation

In this mechanism, the HO" radical is formed either from the
OOH ligand in a V(v) complex or from the coordinated H,O,

This journal is © The Royal Society of Chemistry 2023

molecule which are activated toward the O-O homolysis due to
the presence of a non-innocent ligand in the complex.

Homolysis of the OOH ligand in the V(v) complexes. As dis-
cussed above, the establishing of the equilibria in the vana-
date/H,0,(aq)/MeCN system leads to the formation of three
stable hydroperoxo V(v) complexes, ie. [V(=O)(OH),(OOH)]
(2), [V(=0)(0OH)(00)(H,0)] (6-H,0) and [V(OOH)(00),(H,0)]
(10-H,0).

Thermodynamic consideration. The dissociation of the OOH
ligand in the first complex produces HO" and [V(0),(OH),] (18)
but it is endergonic by 35.9 kcal mol™" (Scheme 7). Such a
high value is not surprising given that there is no non-inno-
cent ligand in 2. This value is only by 2.0 kcal mol™" lower
than that for the homolytic dissociation of free H,0, (37.9 kcal
mol ™).

A qualitatively different situation was found for the OOH
homolyses in 6-H,O and 10-H,O. In the former species, the
AG®° value of HO" formation is only +5.8 kcal mol™, whereas
in the latter complex, this process is exergonic by —8.2 kcal mol ™
indicating that the generation of HO" from 10-H,O is thermo-
dynamically spontaneous. The reasons of such huge thermo-
dynamic activation of OOH in these complexes become clear
from the analysis of the products of this step, [V(O),(OO)(H,0)]
(19-H,0) and [V(0)(00),(H,0)] (20-H,0). The unpaired electron
in these doublet species is localized at the OO ligand rather than
at the V atom (Fig. 3). Thus, the HO" elimination does not result
in a change of the V oxidation state which remains at +5. The

Dalton Trans., 2023, 52, 8601-8612 | 8605
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homolytic VO-OH bond cleavage produces a free HO" radical and
an oxyl anion-radical O™~ which is coordinated to V in 19-H,0 or
20-H,0. During the O-O bond rupture, the coordinated O™
anion-radical is reduced intramolecularly, oxidizing the OO
ligand and not the V centre as in the V(v) complexes 11-2H,0,

12-2H,0 and 13-H,0 of the conventional mechanism. As a result,
O~ is transformed into the oxo ligand (—0)>~, while the peroxo
(00O)*~ ligand is oxidized into the peroxyl species (OO)~
Therefore, the (00)*~ ligand exhibits non-innocent behaviour
which permits further oxidation of the V(v) complexes 6-H,O and
10-H,0 despite them bearing the metal centre in its highest oxi-
dation state. The ability of the (00)*~ ligand to be easily oxidized
is a driving force for the tremendous thermodynamic activation
of OOH in the hydroperoxo V(v) complexes 6-H,0 and 10-H,O.

Kinetic consideration. The low AG° values of HO" formation
from 6-H,0 and 10-H,O allow the assumption that these pro-
cesses are controlled by kinetic factors rather than by thermo-
dynamic ones. The analysis of the kinetic features is not trivial
in this case since the initial complexes are singlet close shell
structures while both reaction products are doublets.
Therefore, the PES scans for the VO-OH bond cleavage in
6-H,0 and 10-H,0 at different spin states were firstly analysed.
At the singlet close shell PES, an increase of the VO-OH dis-
tance corresponding to the heterolytic VO-OH bond cleavage
is accompanied by the monotonic enhancement of the
system’s energy (Fig. 4). This process is unfavourable, and the
elongation of the VO-OH bond until 2 A requires 30-33 kcal
mol ™.

The adiabatic excitation of 6-H,O with the unrelaxed VO-
OH bond distance to the singlet biradical state “'6-H,O
requires only 12.2 kcal mol™". One of the unpaired electrons in
116.H,0 is localized at the V atom while another one is mostly
distributed among the peroxo ligand (Fig. 4A). The OOH

0—OH o
O)-:20 Osl=0

H2 —‘V\/ " Hzo_‘V\/
O/O -HO o—
10‘H20

20'H20

Fig. 3 O-OH bond cleavage in 10-H,0, intramolecular electron transfer and spin density distribution in 20-H,0.
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and TS21 are shown by cross and plots of spin density for 226-H,0 and 10-H,0O are provided).

ligand being bidentate in the ground state of 6-H,O becomes
monodentate in '6-H,0. The V-O(o0) bonds elongate upon
excitation from 1.82-1.83 A to 1.96-1.99 A which corresponds
to the formation of the peroxyl ligand (OO) ™. Thus, this exci-
tation results in the formation of a V(iv) species due to an
intramolecular redox process between the metal centre and
the OO ligand. Upon increase of the VO-OH distance, the total
energy on the singlet biradical PES reaches the maximum at
1.74 A and then decreases.

The PES character of the complex 10-H,O is similar
(Fig. 4B). In this case, the singlet biradical structures could be
calculated only for VO-OH distances longer than 1.63 A. The
initial excitation energy to the triplet state *10-H,O is 10.4 kcal
mol ™. The excitation affects only one peroxo ligand.

With the help of PES scan results, the singlet biradical tran-
sition states TS20 and TS21 which correspond to the homolytic
VO-OH bond cleavage in 6-H,O and 10-H,O were located
(Fig. 5). The spin density in these TSs is mostly localized at the
V atom (ps, = 0.81 and 0.72¢), one OO ligand (p, 3 = 1.05¢) and
the oxygen atom of the leaving HO" radical (ps, = 0.54 and
0.53e). Thus, the VO-OH bond rupture in the excited com-
plexes “'6-H,0 and “'10-H,O leads to the intramolecular
reduction of the oxygen atom coordinated to the V atom to
form the oxo ligand O*".

Homolysis of the coordinated H,0,. Coordination of H,0,
to the V(v) centre can activate this molecule toward homolysis
and formation of the HO" radical (Scheme 8). Three H,O,

TS21

TS20

Fig. 5 Equilibrium structures and plots of spin densities for TS20 and
TS21.

This journal is © The Royal Society of Chemistry 2023
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9:H,0, (-20.1) 23 (-22.2)

Scheme 8 Formation of the HO® radical from the hydrogen peroxide
V(v) complexes through the non-innocent ligand mechanism (Gibbs free
energies are indicated in parentheses in kcal mol™ relative to that of
HVO3, and the most favourable pathway is boxed).

adducts can be formed in the vanadate/H,0,(,q)/MeCN system,
L.e. [V(=0),(OH)(H,0,)(H0)] (1-H,0,-H,0), [V(=O0)(OH)(00)
(H20,)] (4-H,0,) and [V(OH)(00),(H;0,)] (9-H,0,). The
decomposition of 1-H,0,-H,O0 into HO" and [V
(=0),(0OH),(H,0)] (21-H,0) is not favourable due to the
absence of any non-innocent ligands in this complex (AG°® =
25.3 kecal mol™"). In contrast, the homolysis of H,0, in the
other two adducts is exergonic by —9.7 and —2.1 kcal mol™*
because of the presence of the redox active peroxo ligand. As
in the case of the V(v) hydroperoxo species, the homolytic HO-
OH bond cleavage in 4-H,0, and 9-H,O, results in the intra-
molecular oxidation of the redox active OO ligand to the OO™™
anion-radical and reduction of the formed coordinated OH
group, while the oxidation state of vanadium remains intact.

Dalton Trans., 2023, 52, 8601-8612 | 8607
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The PES scan analysis allowed the localization of the singlet
biradical transition states TS22 and TS23 corresponding to the
homolytic HO-OH bond cleavage in 4-H,0, and 9-H,0,
(Fig. S1 in ESIf). The spin density in TS22 and TS23 is mostly
localized at the V atom, one peroxo ligand and the leaving HO’
radical.

Activation energies and comparison of reaction mechanisms

The inspection of the calculated mechanisms indicates the fol-
lowing. First, in the solution of vanadate with aqueous hydro-
gen peroxide, several diperoxo, monoperoxo and hydroperoxo
complexes are easily formed. The diperoxo complexes 9-H,O
and 10-H,O are the most thermodynamically stable in such a
solution, and they are in equilibrium with other slightly less
stable monoperoxo and hydroperoxo complexes 6-H,O, 7,
4-H,0 and 2 (Scheme 5). The diperoxo and monoperoxo V(v)
species were detected experimentally in the aqueous solution
in the presence of H,0, using the NMR technique.®*"®®

Second, the most favourable pathway of the conventional
mechanism is based on the hydroperoxo diperoxo complex
10-H,0 and includes the sequence of steps 10-H,O — 13-H,0
(+HOO") — 13-H,0,-H,0 — 17-H,0 — 6-H,0 (+HO)
(Scheme 6). The overall Gibbs free energy of activation for HO
formation in this pathway is 28.8 kcal mol™" relative to
10-H,O. The rate determining step is the formation of the V(i)
hydrogen peroxide adduct 13-H,0,-H,0.

Third, the non-innocent ligand mechanism based on the
simple homolysis of the OOH ligand in [V(OOH)(0O0),(H,0)]
10-H,O (Scheme 7) is significantly more favourable than the
conventional mechanism. This pathway has an activation
barrier of 15.4 kcal mol™ relative to 10-H,0, and the rate limit-
ing step is the VO-OH bond cleavage in 10-H,0.

Fourth, the non-innocent ligand mechanism based on the
homolysis of H,0, coordinated in [V(OH)(0O0),(H,0,)] 9-H,0, has
an activation energy of 28.1 kcal mol ™" relative to 10-H,O which is
comparable to that of the conventional mechanism (Scheme 8).

Fifth, the presence of two peroxo ligands in the catalytic
complexes is crucial for the highest activation of the H,0, and
OOH ligands toward homolysis. All pathways based on the
monoperoxo species 2 and 6-H,O require a higher activation
barrier than the pathways of the same mechanism based on
the diperoxo complex 10-H,O.

Thus, one of the most important results of this work is that
the mechanism involving the non-innocent peroxo ligand is not
only feasible but also more favourable than the conventional
Fenton-like mechanism.

Why a simple vanadate is not efficient as a catalyst for the
oxidation of alkanes with H,0,?

The calculated overall activation barrier for the most plausible
mechanism of HO' generation is 15.4 and 17.4 kcal mol™" in
terms of the Gibbs free energy and enthalpy of activation,
respectively. Such low values make the generation of the HO’
radicals in the vanadate/H,0,(,q/MeCN system quite efficient.
The latter value correlates well with the experimental activation
energy of HO" generation in the 7n-BuyNVO3;/PCAH/H,O0;(q)/

8608 | Dalton Trans., 2023, 52, 8601-8612
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MeCN system which is active for the oxidation of alkanes (17 +
2 keal mol™" (ref. 39)). Thus, the low activity of the simple vana-
date (without any additive) as a catalyst in the oxidation of
alkanes with H,0, cannot be justified by the high activation
energy for this process.

During the search for PES for the VO-OH bond cleavage in
10-H,O0 it was found that the liberating HO" radical can easily
be trapped by the V atom soon after the formation of TS21.
Indeed, the PES scan for the shortening of the V:-:OHjeaying
distance starting from a point on the energy curve after TS21
revealed a barrier of HO" capture of only 2.0 kcal mol™" (Fig. 6,
see the ESII for details). As a result, the singlet biradical
complex [V(=O)(OH)(00),] (“'24) is formed that is
accompanied by an extrusion of the water molecule initially co-
ordinated in 10-H,O. The spin density in “'24 is localized at
two peroxo OO ligands (1.07e for each ligand, Fig. 7) which

-1471.605
A °F i
L
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B ® T ° H,0=V_" +HO"®
0 -1471.610 - TS21 ’ d-=c
N ° g * 20-H,0
T ¥ . —_—
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Fig. 6 Singlet biradical PES scans for the O-OH bond cleavage in
10-H,O (A) and for the shortening of the V-:-:OHc,,ing distance from one
of the points on the reaction path after TS21 (B).

1,1

24

Fig. 7 Plots of spin density in 1124 and 324.
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Scheme 9 HO’ radical trap upon O—OH bond cleavage in 10-H,0 and the

corresponds to the structure with two anion-radical peroxyl
ligands (OO)"". The spin conversion from the singlet biradical
to the triplet state 24 then occurs, the latter state being more
stable by 0.6 kcal mol™". Both states have similar spin distri-
bution with some involvement of the V atom in the case of the
triplet structure.

The formation of complex 24 from 10-H,O is highly exergo-
nic by (—43.6)-(—44.2) kcal mol™" (Scheme 9). Both singlet bi-
radical and triplet complexes 24 can easily lose the molecular
oxygen affording the monoperoxo species [V(=O)(OH)(00)] (4)
which is stabilized by water addition to give 4-H,O. The singlet
biradical channel leads to the formation of the singlet oxygen
which was detected experimentally in the reactions of the V(v)
species with H,0,.** Upon these processes, one of the (00)~
ligands experiences further oxidation to O,, whereas another
(00)"~ ligand is reduced to the peroxo ligand (OO)*~ (Fig. 8).
The O, liberation has quite a low activation barrier of 15.7 kcal
mol ™" and it is exergonic by —12.5 kcal mol™". Thus, the HO’
radical trapping by the V centre is very efficient. Overall, this
reaction channel corresponds to the catalytic dismutation of
H,0, into O, and H,0 (Scheme 10). The consumption of HO
in this side reaction significantly decreases the concentration
of these radicals in the reaction mixture and makes their inter-
action with an alkane molecule inefficient.

Discussion and final remarks

The low efficiency of the simple vanadate as a catalyst in the
homogeneous oxidation of alkanes with H,0, is a long-stand-
ing puzzle. Insufficient activation of H,0, toward the pro-
duction of HO" radicals upon its coordination to the V centre

G i
Oo HO,
D =

0/0
324

Fig. 8 Liberation of O, in complex 324.

This journal is © The Royal Society of Chemistry 2023

following liberation of O,.

HO\ ‘\\OHz

Cat= LV~
O/ b/O

4‘H2O

2H,0, > 2H,0 + O,

Scheme 10 Dismutation of H,O, catalysed by the complex 4-H,0.

in the simple vanadate has been postulated as the reason for
such low activity. However, to the best of our knowledge, no
systematic studies aimed at supporting this assumption have
been undertaken. In this article, the results of the detailed
mechanistic study of HO" formation in the vanadate/H,05(,q)/
MeCN system are reported.

This work resulted in two unexpected discoveries which
finally shed light on this issue. First, the commonly accepted
mechanism of the vanadium(v) catalysed oxidation of alkanes
with H,0, represented in the most general form by eqn (1)
and (2) was revisited. Another mechanism of HO" generation (eqn
(3)) based on the participation of a non-innocent ligand — which
was not previously considered for the V activation of H,0, toward
homolysis — was found to be not only feasible but also more
favourable than the conventional mechanism.

HO-[VY]-OOH + H,0, — HO-[VV]-0,H, + HOO" (1)
HO-[VY]-0,H, — H,0-[V']=0 + HO' (2)
[VY]-OOH — [V¥]=0 + HO' (3)

This new mechanism starts with the formation of the
hydroperoxo diperoxo complex [V(OOH)(0O0),(H,0)] 10-H,O
upon several H,O-for-H,0, substitution and H'-transfer steps
- 10-H,0 being the most stable catalytic form in the vanadate/
H;05(2q/MeCN system - and includes simple monomolecular
homolytic VO-OH bond cleavage in 10-H,O affording [V(=O)
(00),(H,0)] 20-H,0 and HO" (Scheme 11). Despite the V atom
being in its highest oxidation state in 10-H,0O, the further oxi-
dation of the catalyst may occur upon VO-OH bond cleavage
due to the presence of the non-innocent peroxo ligand which
is oxidized instead of the metal centre. The reaction product
20-H,0, thus, represents the V(v) species bearing one peroxyl

Dalton Trans., 2023, 52, 8601-8612 | 8609
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Scheme 11 Overall non-innocent ligand mechanism of HO" generation in the vanadate/H,O2(,q)/MeCN system and of the side reaction of H,O, dis-

mutation via complex 24 (reaction and activation (in parentheses) energies are indicated in terms of Gibbs free energies in kcal mol™).

anion-radical ligand (0O)-7, and the oxidation state of the
vanadium is not altered. The VO-OH bond rupture in 10-H,O
yields one HO" radical and one peroxyl anion-radical (OO)™
which, being coordinated to the V centre, is quite stable. Such
a stabilization of one of the products explains the tremendous
thermodynamic activation of the OOH ligand in 10-H,O. Thus,
the role of the non-innocent ligand in the generation of the
HO’ radicals from H,0, is not restricted to the catalysts with
the metals bearing the only one stable oxidation state, reported
previously.*>** A similar mechanism is also applicable to cata-
lysts based on the metals with variable oxidation states.

The calculations demonstrate that the overall activation
barrier of HO® generation in the vanadate/H,0(q)/MeCN
system (15.4 kcal mol™") is sufficiently low to permit efficient
radical formation. The second principal result of this work indi-
cates that the low efficiency of the simple vanadate in the oxi-
dation of alkanes is not related to insufficient activation of H,0,
by the V catalyst. Instead, an easy capture of the generated HO’
by the V atom decreases the effective concentration of HO in
the reaction mixture and, therefore, hampers the following oxi-
dation of alkanes. This side reaction corresponds to the cata-
lytic dismutation of H,0, into O, and H,O (Scheme 11).

The V atom in the complex 10-H,O is an efficient HO
radical trap because it has an unsaturated coordination

8610 | Dalton Trans., 2023, 52, 8601-8612

sphere. Saturation of the coordination sphere in 10-H,O by a
solvent molecule (e.g. H,O) is not thermodynamically feasible
(AG® = 5.2 keal mol™). In contrast, the formation of 24 from
10-H,0 is highly exergonic (AG® = —44.2 kcal mol™") and,
additionally, the following O, elimination also has a negative
AG° value (—12.5 kecal mol™).

Application of additives or V(v) complexes with various
organic ligands often significantly improves the performance
of the catalyst in comparison with the simple vanadate.**3%3°
Taking into account the results of this work, it is possible to
speculate that such an improvement is associated not with a
higher activation of H,0, by such catalysts but with the satur-
ation of the V coordination sphere by organic ligands. For
instance, the NMR spectroscopic studies showed that com-
plexes 26a and 26b (Chart 1) are the predominant forms of the
catalyst in solution of vanadate in the presence of H,0, and
PCAH.>*3%°® These complexes have the saturated coordination
sphere of the metal and, therefore, the V atom here cannot
serve as an efficient HO' radical trap. This can explain the pro-
nounced effect of the PCAH additive on the catalytic activity of
vanadate in the alkane oxidation reaction. The verification of
this hypothesis should be the subject of further investigations.

The role of the hydroperoxo V complexes as active catalytic
species was revealed in the oxidation of halide anions with

This journal is © The Royal Society of Chemistry 2023
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H,0, catalysed by vanadium haloperoxidase enzymes or
mimicking model complexes.®®® In this reaction, the OOH
ligand undergoes two-electron reduction by the Hal™ anion
while the latter is oxidized to the hypohalite anion OHal™
which may be coordinated to the V atom (eqn (4)). The formed
hypohalite oxidizes hydrogen peroxide to the molecular oxygen
and water (eqn (5)), and the overall process corresponds to the
dismutation of H,O, (eqn. (4)-(7)).*” In the case of the simple
vanadate with an unsaturated coordination sphere, the gener-
ated HO" radicals serve as such oxidizing species.

[V]-OOH + Hal- — HO-[V]-OHal~ — [V]-O~ + HOHal @)
H20: + HOHal — Oz + Hal™ + H* + H20 )
[V]-O™ + H202 + H" — [V]-OOH + H20 (6)
2H202 = 2H20 + O2 7
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