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Hydrogen peroxide is widely used as an oxidant. The results of thermodynamic calculations in-
dicate the impossibility of spontaneous generation of hydroxyl and hydroperoxyl radicals from hy-
drogen peroxide in aqueous solutions. Hydrogen peroxide spontaneously decomposes in ferrous, fer-
ric, and cupric Fenton reaction systems. Ferric xylenol orange and ferric pyridoxine complexes are
oxidized rapidly and spontaneously by this oxidant. Hydrogen peroxide in aqueous solutions sponta-
neously oxidizes the sulfur atoms of hyposulfite anions and benzylpenicillin molecules. Thus, a hy-
drogen peroxide molecule generates another intermediate that differs from hydroxyl and hydrope-
roxyl radicals. Theoretical modeling shows that hydrogen peroxide can participate in the proton
transfer reactions. Its isomerization to oxywater zwitterion with subsequent oxywater intramolecular
disproportionation is a process that is very suitable for explaining all events of hydrogen peroxide
decomposition and oxidative reactivity in aqueous systems. The oxywater zwitterion is a bipolar ion
in which the opposite charges are localized on neighboring oxygen atoms. This determines the dis-
placement of electron density from the negatively charged atom to the positively charged atom. As a
result, the interoxygen bond heterolytically dissociates with liberation of a water molecule and for-
mation of an oxygen atom (oxene) in a singlet quantum state. This atom has a vacant atomic orbital.
The S-oxidation of benzylpenicillin and hyposulfite occurs via targeting of electron pairs of the sul-
fur atoms by the vacant atomic orbitals of the singlet oxygen atoms. We substantiate an oxene-
mediated pathway of hydrogen peroxide disproportionation. A singlet oxygen atom interacts with a
second hydrogen peroxide molecule through targeting the unshared electron pair of the oxygen atom
by a vacant atomic orbital. The process may be called O-oxidation of hydrogen peroxide; it results in
trioxidane (dihydrogen trioxide) formation. Hydrogen trioxide rapidly decomposes and produces water
and singlet dioxygen. We have suggested a mechanism of the electron spin rotation during the singlet
dioxygen quenching into the triplet quantum state. We have assumed the formation of a dimeric asso-
ciate from singlet dioxygen antipodes by orbital parameter. Two simultaneous redox reactions (the
electron exchange interaction) result in generation of two triplet dioxygen molecules. The first triplet
molecule has +1 total electron spin, and the second one has —1 total electron spin. For Fenton reaction
systems, the zwitterionization of hydrogen peroxide in Lewis acid-base complexes with metal ions is
followed by intramolecular disproportionation of oxywater. The singlet oxene remains in complex with
a metal ion. Ferrous iron ion changes its oxidation state to ferric due to rapid and inevitable one-
electron transfer within the iron(Il)-oxene complex. The ferric-oxyl complex is known as alpha-oxygen
complex. In our opinion, the classic Fenton reaction occurs through alpha-complex formation. We
maintain such view that is alternative to widespread conceptions of the hydroxyl radical generation or
oxoferryl(IV) formation. We have reproduced electro-Fenton reactions of transition metal ions with
electrogenerated hydrogen peroxide and presumably observed voltammetric signals for the singlet
oxene atoms and oxyl radical anions (alpha-oxygen particles). The oxywater-oxene concept is success-
fully applicable to explain the catalytic activity of redox-inactive substances. We have used our oxywa-
ter-oxene concept for explanation of hydroperoxide monooxygen and dioxygen oxidative functionali-
zation mechanisms in organic synthesis.

Keywords: hydrogen peroxide molecule, oxywater zwitterion, singlet oxene atom, Fenton reac-
tion, oxyl radical anion, ferric-oxyl alpha-complex, electro-Fenton reaction.

Introduction
Hydrogen peroxide HOOH is widely used as an oxidant for medical disinfection, in advanced oxi-
dation processes [1], in delignification processes [2], in organic synthesis for monooxygen and dioxygen
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functionalization of substrates [3]. Hydrogen peroxide is a redox-signaling molecule in biological sys-
tems [4], and it is a facilitator of pathological oxidative stress via endogenous Fenton reactions [5].
There is a widespread opinion that hydrogen peroxide directly generates free radicals (hydroxyl HO" and
hydroperoxyl HOO") through one-electron redox reactions [1, 3, 5]:

HOOH+e¢ — HO'+ OH (1)

HOOH — HOO" +H" +e~ (2)

Equation (1) is used for explanation of divalent (ferrous) iron and monovalent (cuprous) copper in-
teraction with hydrogen peroxide [1, 3, 5]:

Fe** + HOOH — Fe** + HO"+ OH (3)

Cu* +HOOH — Cu** + HO'+ OH 4)

Equation (2) is used for explanation of trivalent (ferric) iron and divalent (cupric) copper interaction
with hydrogen peroxide [1, 3, 5]:

Fe’* + HOOH — Fe’* + HOO" + H* (5)

Cu** +HOOH - Cu" +HOO" +H* (6)

Equations (3)—(6) are widespread interpretations of Fenton reactions [1, 3, 5], but these schemes are
not proved [3, 6—8]. The summation 1+2 or 3+5 or 4+6 gives Equation (7) of one-electron hydrogen pe-
roxide dismutation with simultaneous generation of hydroxyl and hydroperoxyl radicals:

2HOOH — HOO" + HO®* + HOH (7)

Earlier, Chumakov A.A. et al. [9] used Equation (7) as the probable first step of non-catalytic

(thermal or photochemical) hydrogen peroxide decomposition. It was shown that one hydrogen atom

transfer led to increase in Gibbs free energy +39.9 kJ/mol in the gas phase. There was an assumption for
endergonic activation of two hydrogen peroxide molecules associate (Fig. 1).
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Fig. 1. Previously proposed thermal or photonic hydrogen peroxide
one-electron with one-proton disproportionation within dimeric associate

O-

The purpose of our present study is argumentation against the widespread view that hydrogen pe-
roxide is a direct precursor of hydroxyl and hydroperoxyl radicals, as well as presentation of an oxywa-
ter-oxene conception for hydrogen peroxide decomposition kinetics and oxidative reactivity in aqueous
systems.

I. Results

We carried out a complex study using thermodynamic calculations, performing reactions such as
hydrogen peroxide decomposition in Fenton systems, model substrates oxidation (hyposulfite, benzyl-
penicillin, ferric xylenol orange chelates, ferric pyridoxine chelates), and electro-Fenton reactions. Be-
sides, we used theoretical modeling.

I-1. Thermodynamic analysis. We carried out thermodynamic analysis of radical-generating reac-
tions (Equations (3)~(7) for aqueous phase, using reference values [10] of standard thermodynamic
functions of reagents (rg) and products (prd) of reactions (Table 1) and the known laws and equations of
thermochemistry:

A Hjy, = ZVAJ‘H;)%de _ZVAJ‘HS%Vg
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A, Syq = ZVSg%pm’ - szzo%”g

0 0 0
A, Gy = A, Hog —298A, S)oq (A)
0 0 0
A Gy = ZVA me prd — ZvAmerg (B)
Table 1
Reference values of standard thermodynamic functions of reagents and products of reactions
Rg and Prd Phase Anggg kJ/mol Syg J/(mol-K) Anggg kJ/mol
HOOH aqueous —191.2 +143.9 —134.0
HOH liquid —285.8 +69.9 -237.1
HO’ gaseous +39.0 +183.7 +34.2
HOO' gaseous +10.5 +229.0 +22.6
H' aqueous 0 0 0
HO® aqueous -230.0 —-10.8 —157.2
Fe'" aqueous —89.1 -137.7 —78.9
Fe'" aqueous —48.5 -315.9 —4.7
Cu’ aqueous +71.7 +40.6 +50.0
Cu™ aqueous +64.8 —99.6 +65.5

The calculated standard thermodynamic functions of reactions 3—7 are presented in Table 2.

Calculated standard thermodynamic functions (kJ/mol) of radical-generating reactions Table 2
Reaction A, H 298A, S5 A, G (A) A, Gy, (B)
Fe’* + HOOH — Fe** + HO*+ OH +40.8 —44.5 +85.3 +85.2
Cu* +HOOH — Cu* + HO"+ OH 6.7 -33.2 +26.5 +26.5
Fe** + HOOH — Fe** + HOO® +H* +161.1 +78.5 +82.6 +82.4
Cu* +HOOH— Cu"+HOO +H" +208.6 +67.2 +141.4 +141.1
2HOOH — HOO® +HO®* + HOH +146.1 +58.1 +88.0 +87.7

I-2. Hydrogen peroxide decomposition in Fenton systems. We used a digital gas volume and
temperature USB-detector for recording molecular dioxygen, produced during hydrogen peroxide de-
composition in ferrous, ferric, and cupric Fenton reaction systems (Fig. 2). The reagents used were
H202, FCSO4'7H20, FCC13'6H20, and CuC122H20

Decomposition of hydrogen peroxide was complete because of respective dioxygen volume. In ac-
cordance with Equation (8), the dismutation of two mol H,O, gives one mol O:

2H,0, »2H,0+0, T (8)

At room temperature and standard atmospheric pressure (conditions of our experiments) one mmol
H,O, gives approximately 12 mL O, by the ideal gas Clapeyron—-Mendeleev law calculation. We ob-
tained approximately 42, 53, 64, and 75 mL O, from, respectively, 3.5, 4.4, 5.3, and 6.2 mmol H,0,
(Fig. 2).

The ferric and cupric systems had no changes in catalyst condition after the completion of hydrogen
peroxide decomposition, that is, the ferric system looked like the initial yellow ferric chloride aqueous
solution and the cupric system looked like the initial blue-green cupric chloride aqueous solution. In
contrast, ferrous catalyst obviously changed its condition. The initial ferrous sulfate aqueous solution
was transparent and colorless. Its interaction with hydrogen peroxide resulted in precipitation of iron(III)
oxide-hydroxide with rusty color.

I-3. Oxidation of hyposulfite (thiosulfate). We used aqueous solutions of Na,S,0; 1.90 mol/L and
H,0, 0.88 mol/L. The mixtures of 1-2 mL hyposulfite with 3—4 mL hydrogen peroxide rapidly and
spontaneously heated up to 5055 Celsius degrees.
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Fig. 2. The kinetics of dioxygen accumulation in Fenton systems (0.025 mol/L Fe?*, 0.025 mol/L Fe**, 0.25 mol/L
Cu?, 0.77 mol/L H;02, 1 — 6.2, 2 — 5.3, 3 — 4.4, 4 — 3.5 mmol H;0,): a) Fe*'/H;0,; b) Fe**/H,0;;
¢) Cu®'/H,0; (3.5 mmol H,0,); d) the comparison of ferric, ferrous and cupric systems (3.5 mmol H,0)

I-4. Oxidation of benzylpenicillin. The benzylpenicillin sodium salt was dissolved in aqueous hy-
drogen peroxide solution without any Fenton catalyst addition. The system was protected from thermal
and photochemical activation. As a result, we observed the colloid solution formation, and hydrogen
peroxide disproportionation with the gas-phase molecular oxygen liberation.

The NMR-spectroscopy data (Section I-7) was indicative of S-oxidation of the sulfide fragment.

I-5. Oxidation of ferric xylenol orange chelates. The xylenol orange aqueous solution 5-10> mol/L
has yellow color and absorbs visible light with A,,,,=430 nm. When the equimolar amount of iron(III)
chloride was added, violet color with A.,,=575 nm appeared. The violet color was stable for many
months. When hydrogen peroxide was added, the discoloration of solution occured very quickly within a
few minutes. The final solution had no absorption maximums in visible region and it looked like pale
yellow ferric chloride aqueous solution.

The NMR-spectroscopy data (Section I-7) were an evidence in favor of N-oxidation with subse-
quent Cope elimination.

When iron(I) sulfate was added into the xylenol orange aqueous solution, the yellow color and ab-
sorption maximum on 430 nm were not changed. Further addition of hydrogen peroxide led to violet
coloring with maximal absorption at 575 nm.

I-6. Oxidation of ferric pyridoxine chelates. The ferric pyridoxine chelates determine the red col-
or of aqueous solution with absorption maximum of visible light at 449 nm. The hydrogen peroxide add-
ing resulted in solution discoloration. The final solution had no absorption maximums in visible region
and it looked like pale yellow ferric chloride aqueous solution.

Based on NMR-spectroscopy results (Section I-7) we concluded that the primary alcohol group at
pyridine nucleus 4 carbon atom oxidized into carboxyl group as the main reaction path.

When iron(Il) sulfate was added into the pyridoxine aqueous solution, the latter remained colorless.
Further addition of hydrogen peroxide led to red coloring with maximal absorption at 449 nm.

I-7. The NMR-spectroscopy. We used a Bruker Avance Il HD NMR-spectrometer for determin-
ing the products of benzylpenicillin and two chelate complexes oxidation. The initial structures of or-
ganic molecules are presented on Fig. 3.
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Fig. 3. The structures of organic model substrates of oxidation (received from ChemSpider database,
www.chemspider.com): a) benzylpenicillin (ChemSpider ID 5693),
b) xylenol orange (ChemSpider ID 65838), c) pyridoxine (ChemSpider ID 1025)

1-7-a. Oxidation of benzylpenicillin. For benzylpenicillin sodium salt aqueous solution, two methyl
groups gave 1.37 and 1.43 ppm signals in 'H-NMR spectrum and 26.42 and 30.61 ppm signals
in "C-NMR spectrum (positive in DEPT-135 spectrum). The neighboring quaternary carbon atom gave
64.33 ppm signal in “C-NMR spectrum (absent in DEPT-135 spectrum). For the colloid solution
(formed soon after benzylpenicillin sodium salt dissolved in aqueous hydrogen peroxide solution), there
were six methyl-group signals in the range 1.08—1.47 ppm of "H-NMR spectrum and in the range 16.83—
26.85 ppm of “C-NMR spectrum (positive in DEPT-135 spectrum). There were two quaternary carbon
atoms signals 50.04 and 56.01 ppm in "C-NMR spectrum (absent in DEPT-135 spectrum). There were
no conditions for new methyl groups and quaternary carbon atoms generation during benzylpenicillin
oxidation by hydrogen peroxide. Thus, the increasing of their number was determined by surrounding
modification that was the stepwise S-oxidation (sulfide — sulfoxide — sulfone):

O O
Il Il

g *H0, g +H0, g ©)
-H,0 -H,0 §

1-7-b. Oxidation of ferric xylenol orange chelates. The NMR-spectroscopy data are available in our
previous paper [11] where the N-oxidation of tertiary amine fragments is argued:

.
R,N+H,0, >R, N-O"+H,0 (10)

The scheme of proposed subsequent N-oxide Cope elimination and some rearrangements with poss-
ible oligomerization of intermediates is in the article [11].

1-7-c. Oxidation of ferric pyridoxine chelates. The detailed NMR-spectroscopy data are available in
our previous paper [12]. Partially, for pyridoxine aqueous solution, two methylene fragments of primary
alcohol groups gave 4.60 and 4.79 ppm signals in "H-NMR spectrum and 56.63 and 58.02 ppm signals
in PC-NMR spectrum (negative in DEPT-135 spectrum). For final solution, formed after hydrogen pe-
roxide adding to the red aqueous solution of ferric pyridoxine chelates, there were signals 3.97 ppm in
'H-NMR spectrum and 59.04 ppm in “C-NMR spectrum (negative in DEPT-135 spectrum) that were
for only one methylene group. We concluded that the primary alcohol group at para-position relative to
pyridine nitrogen atom was oxidized into carboxyl group. The acylation of hydroxyl group at nearby
molecule 3 carbon atom resulted in intermolecular ester bond formation. That was the main reaction
pathway (Fig. 4). The additional oxidative modifications were the oxidation of another primary alcohol
group at pyridine nucleus 5 carbon atom and the N-oxidation of pyridine nitrogen atom [12].

I-8. Electro-Fenton reactions. Earlier, Chumakov A.A. et al. [13] reproduced electro-Fenton-like
reactions of metal ions Cr'", Fe**, Fe*', Co*, Ni*', Cu?', La**, and Ce*" with electrogenerated hydrogen
peroxide. The voltammetry with mercury film working electrode was used. The molecular dioxygen was
electrochemically reduced on the mercury film electrode. The voltammogram of oxygen reduction was
a two-wave curve (Fig. 5a). The first wave in the voltage ranging from zero to —1 V corresponded to
hydrogen peroxide generation reaction [13]:

0, +2e +H,0—->H,0,+2HO" (11)
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Fig. 4. Suggested scheme of main reaction pathway during ferric pyridoxine chelate oxidation
by hydrogen peroxide in aqueous solution

The second wave between —1 and —2 V was the electric current of two-electron hydrogen peroxide
reduction:

H,0, +2¢" —» 2HO™ (12)

When hydrogen peroxide was added into an electrochemical cell, we watched amperage increasing

between —1 and —2 V. The electric current was proportional to hydrogen peroxide concentration in the

cell, and there were no changes in the shape of the second wave of voltammetric curve (Fig. 5b). In the

presence of Cr'', Fe*', Fe', Co*', Ni*', Cu*', La*", or Ce*" ions, there was appearance of a new wave in

the voltage range between —1.4 and —1.8 V with current maximum near —1.6 V (Fig. 5¢)
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Fig. 5. Voltammograms: a) oxygen reduction on the mercury film electrode,

b) changing when hydrogen peroxide is added, c) changing in the presence of transition metal ions

The voltammogram changing in the presence of transition metal ions (Fig. 5¢) was interpreted as
hydroxyl radical generation and its one-electron cathodic reduction [13]. However, at the present time

we outline another explanation presented in the discussion section of this paper
I-9. Theoretical foundation. Theoretically, hydrogen peroxide molecule can participate not only in

one-electron redox reactions (Equations (1) and (2)) but also in proton transfer reactions with generation
of hydroperoxide anion [14], hydroperoxonium cation [15] and oxywater zwitterion [16]:

HO-OH —»>HO-0O +H"
HO-OH + H* - HO—OH,
HO—-OH — H,0-0"
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Earlier, Chumakov A.A. et al. [3] argued the zwitterionization of hydrogen peroxide in Fenton reac-
tion systems due to positively charged electrostatic field of the metal ion Me"" catalyst (polarization of
H,0, in Lewis acid-base complex with Me™):

(1) H—) oo oo H
Me"™ +HO-OH ->Me"" O-OH —> Me"™ . 0-0" (16)
L1} H

Noncatalytically, the oxywater generation can take place in an associate of two hydrogen peroxide
molecules, due to simultaneous intermolecular proton transfers (Fig. 6).

Fig. 6. Suggested scheme of oxywater generation
within hydrogen peroxide dimeric associate

The oxywater is a bipolar ion, in which the opposite charges are localized on neighboring oxygen
atoms. This determines the displacement of electron density from the negatively charged atom to the
positively charged atom. As a result, interoxygen bond heterolytically dissociates (intramolecular dis-
proportionation) with liberation of a water molecule and formation of an oxygen atom (oxene) in a 'D-
singlet quantum state. This atom has a vacant atomic orbital [3]:

H,0" <e—o— ——>H,0+ 0°('D) (17)
2p NN ]

I1. Discussion

II-1. Common basis for oxywater-oxene conception. The results of thermodynamic calculations
are the evidence for impossibility of spontaneous hydroxyl and hydroperoxyl radicals generation from
hydrogen peroxide in aqueous solution, even in the presence of iron and copper ions, because radical-
generating reactions are endergonic (Table 2). However, the facts of iron and copper ions interactions
with hydrogen peroxide are undoubted. Firstly, there is a great number of the literature data, for exam-
ple, referenced in papers [1, 3]. Secondly, we have shown that hydrogen peroxide spontaneously de-
composes in ferrous, ferric, and cupric Fenton reaction systems (Fig. 2). Thirdly, ferric xylenol orange
and ferric pyridoxine complexes are oxidized rapidly and spontaneously by hydrogen peroxide, due to
interaction of chelated iron(IIl) ions with oxidant molecules (Sections I-5 and I-6). Lastly, hydrogen pe-
roxide in aqueous solutions spontaneously (without thermal, photonic or catalytic activation) oxidizes
the sulfur atoms of hyposulfite and benzylpenicillin molecules (Sections -3 and I-4). Thus, a hydrogen
peroxide molecule generates another intermediate that differs from hydroxyl and hydroperoxyl radicals.
In our opinion, the hydrogen peroxide molecule isomerization to oxywater zwitterion (Equation (15))
with subsequent oxywater intramolecular disproportionation (Equation (17)) is a process that is very
suitable for explaining all events of hydrogen peroxide reactivity in aqueous systems.

I1-2. Hydrogen peroxide decomposition. In contrast to widespread schemes of one-electron redox
reactions (Equations (1) and (2)), we postulate the priority of proton transfer reactions in hydrogen pe-
roxide aqueous solutions (Equations (13)—(15)). In contrast to our previous assumption for thermal or
photonic one-electron with one-proton transfer in the associate of two hydrogen peroxide molecules
with simultaneous hydroxyl and hydroperoxyl radicals generation (Fig. 1), we now argue the oxywater
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zwitterions generation in hydrogen peroxide dimer, due to simultaneous intermolecular proton transfers
(Fig. 6). Further, the oxygen atoms in 'D-singlet quantum state are generated (Equation (17)).

For Fenton reaction systems, the zwitterionization of hydrogen peroxide in Lewis acid-base complex
with Me™" (Equation (16)) is also followed by intramolecular disproportionation of oxywater (Equa-
tion (17)). The 'D-oxene remains in a complex with the metal ion. Thus, the complexes [Fe> 0°('D)]*",
[Fe’ 0°('D)]*", and [Cu**O°('D)]*" are primary intermediates in ferrous, ferric, and cupric Fenton reac-
tion systems (Section I-2).

The singlet oxygen atom has a vacant atomic orbital (2p[1]][1|][ ]). In contrast to our previous ar-
gumentation for the free radical chain mechanism of hydrogen peroxide decomposition [9], we now
substantiate a 'D-oxene-mediated pathway of hydrogen peroxide disproportionation in aqueous solu-
tions. A singlet oxygen atom interacts with another hydrogen peroxide molecule through targeting the
unshared electron pair of oxygen atom by the vacant atomic orbital:

H . H .
O[ [+.0-OH—- 0-0-0OH (18)
+

The process may be called O-oxidation of hydrogen peroxide. The proton transfer follows this reac-
tion and results in trioxidane (dihydrogen trioxide) formation:
H . H
"0O-0-0OH—->0-0-0OH (19)

Hydrogen trioxide rapidly decomposes and produces water and singlet dioxygen [17]:
H,0, > H,0+'0,(A)) (20)
Thus, dismutation of hydrogen peroxide (Equation (8)) results in singlet molecular oxygen genera-
tion via Equations (15), (17)—(20):
2H,0, - 2H,0+'0,(A)) 1)

The decomposition of hydrogen peroxide in ferric (Fig. 2b) and cupric (Fig. 2¢) systems occurs
via Equations (16)—(20).

Previously, Chumakov A.A. et al. [3] carried out the substantiation of the singlet quantum state of
molecular oxygen generated during hydrogen peroxide decomposition (Equation (21)), using simple
quantum chemical graphical modeling. Besides, we have suggested a mechanism of electron spin rota-
tion during the quenching process '0,—0,. We have assumed the formation of an associate ('O,), from
antipodes of orbital parameter. Two simultaneous redox reactions (the electron exchange interaction)
result in two triplet dioxygen molecules generation. The first molecule *O, has +1 total electron spin and
the second one has —1 total electron spin:

'0, + '0, — ('0,), -

* *

i N7, o NI Ir, 7 1IN,
o NI Im,
(22)
- (0, - °0, + ’0,
70 A O A B O [ N P A [
o [,

The overall equation of hydrogen peroxide disproportionation is the following:
4H,0, — 4H,0+°0, (spin +1)+°O, (spin — 1) (23)
II-3. Classic Fenton reaction mechanism. The trivalent iron and divalent copper ions serve as cat-
alysts of oxywater formation and singlet 'D-oxygen atom generation. The ferric ions are more active
than cupric ions (Fig. 2d). The ferric and cupric ions are true catalysts because their oxidation states do
not change after the completion of hydrogen peroxide decomposition. In contrast, ferrous iron ions are
not true catalysts of hydrogen peroxide dismutation because of change of their oxidation state to ferric.
Ferrous sulfate is a reagent oxidized by hydrogen peroxide:

2Fe** + H,0, — 2Fe’* +2HO™ (24)
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The process of hydrogen peroxide decomposition in ferrous Fenton system (Fig. 2a) is accompanied
by precipitation of iron(III) oxide-hydroxide with rusty color:

4Fe** +2H,0, — 4Fe® +4HO™ — 3Fe’* + HO +Fe(OH), (25)

Fe(OH), —» FeO(OH)+H,0 (26)

The oxidation of divalent iron to trivalent one by hydrogen peroxide is proved by violet coloration
(Amax=575 nm) of yellow ferrous xylenol orange aqueous solution (Section I-5) and red coloration
(Amax=449 nm) of colorless ferrous pyridoxine aqueous solution (Section 1-6), when hydrogen peroxide

is added.
We argued [3] the rapid and inevitable one-electron transfer within the iron(Il)-oxene complex:

[F62+OO(]D)]2+ N [Fe3+0-—]2+ 27)
The ferric-oxyl radical-anion complex is known to be generated from nitrous oxide on the surface of
FeZSM-5 zeolite and is considered as a-oxygen complex [18]. In our opinion, the classic Fenton reac-
tion occurs through this complex formation:
Fe’* +H,0, »[Fe* 0" " +H,0 (28)
Such view is alternative to the widespread classic Fenton reaction conceptions of hydroxyl-free rad-
ical generation (Equation (3)) or the oxoferryl(IV) cation formation by Equation (29) [3, 6-8]:

Fe’* +H,0, - [Fe*"O* " +H,0 (29)
The a-oxygen complex oxidizes the second ferrous ion:
[Fe3+0-—]z+ +Fe? [Fe3+02—F63+]4+ (30)
Further, the hydrolysis of complex cation occurs:
[Fe**O* Fe*' " + H,0 — 2Fe* + 2HO~ (31)

The sequence of reactions by Equations (16), (17), (27), (30), and (31) is the mechanism of reaction
by Equation (24). The generated ferric ions decompose hydrogen peroxide by the mechanism including
consequent formation of oxywater, 'D-oxene, dihydrogen trioxide, singlet dioxygen and quenching of
singlet dioxygen to triplet quantum state (Equations (16)—(20), and (22)). The rate of hydrogen peroxide
decomposition in ferrous system decreases compared to ferric system, because of removal of Fe’” jons in
the first one by precipitation of iron(Il) oxide-hydroxide (Fig. 2).

I1-4. Electro-Fenton reactions. Earlier [13], we interpreted changes of the second voltammogram
wave (Fig. 5¢) as hydroxyl radical generation and its one-electron cathodic reduction including redox
cycling of metal ion oxidation state:

Me"" +H,0, - Me™' + HO™ + HO® (32)
HO® + e (from cathode) - HO™ (33)
Me""! + e~ (from cathode) — Me"” (34)

At the present time, we maintain another explanation. The second wave is the electric current of
two-electron hydrogen peroxide reduction (Equation (12)), but the detailed mechanism includes hydro-
gen peroxide isomerization to oxywater (Equation (15)) and 'D-oxene generation (Equation (17)). The
polarization of hydrogen peroxide occurs in an electrochemical cell under the electric field between
electrodes. Thus, the second wave is in truth the current of 'D-oxene two-electron reduction:

0°('D) +2e (from cathode) — O (35)

In the presence of transition metal ions, there is Lewis acid-base complexation between a Me" ion
and the O°('D) atom. The one-electron transfer within the complex [Me" 0°('D)]™" results in a-oxygen
(oxyl radical-anion) O™ generation in the [Me™'O"]™ form (versus Equation (32)) Thus, the wave in the
voltage range between —1.4 and —1.8 V with current maximum near —1.6 V (Fig. 5¢) is the current of
oxyl radical-anion one-electron cathodic reduction (versus Equation (33)):

0" + e (from cathode) — O*" (36)
The hydrolysis of oxide anion occurs:
0O’ +H,0 — 2HO" (37)

The redox cycling of metal ion oxidation state occurs as Me™ «<>Me""'. For the used salts [13], there
are cycles Fe* —Fe’", Cu'Cu’’, La* —La’", Ce’"Ce*’, and others.
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II-5. Model substrates oxidation. The sulfur atom of benzylpenicillin molecule has two unshared
electron pairs. Thus, the S-oxidation by Equation (9) occurs via targeting of sulfur atom electron pairs
by vacant atomic orbitals of two singlet oxygen atoms generated from hydrogen peroxide molecules.
The reaction of hyposulfite oxidation by hydrogen peroxide occurs rapidly and spontaneously. As sup-
ported by us, the reaction occurs via the non-radical stepwise S-oxidation by 'D-oxene oxidant and re-
sults in dithionite, metabisulfite, dithionate, pyrosulfate, and bisulfate formation:

O O O
_O—§|=S O('D) ‘O—S:—S—O_—| oxide shift >_O—S|—|S—O_ (38)
0 J
9 o('D) ? (H)
_O—S—‘Sl—O_ _O—S—‘Sl—O_ (39)
O O
~ [ _ o(D) _ ? (H) ~
O—S—‘Sl—O —_— O—%—‘Sl—O (40)
O O
~ 0 o(D) [ Cll) ~
O—%—% O O—%—O—ﬁ—O (41)
0 O
o L HOH . 7
_O—ﬁ—O—ﬁ—O_—ﬂHO—ﬁ—O‘ (42)
O 0 O

For ferric chelate oxidation, the direct oxidant is also a singlet 'D-oxygen atom generated by the
chelated Fe’* ions. The N-oxidation of xylenol orange molecule (Equation (10)) occurs via targeting of
the nitrogen atom unshared electron pair by 'D-oxene vacant atomic orbital [11]. The oxidation of pri-
mary alcohol group of pyridoxine (Fig. 4) occurs, presumably, via hydride transfer [12]:

—C:IH+[ ]O(lD)_){_Ch..H—...O:l—)[—(:j++_OH:|—>—C—OH (43)

There is consequent formation of geminal diol, aldehyde, and carboxylic acid. Further, the acylation
of hydroxyl group at nearby molecule 3 carbon atom results in intermolecular ester bond formation [12].

II-6. The application of oxywater-oxene conception. The oxywater-oxene concept is successfully
applicable to explain the catalytic activity of redox-inactive substances, for which the free radical or
high-valence species generation schemes are unusable. For instance, gallium(IIl) and aluminum(IIl) ni-
trates catalyze the epoxidation of some olefins with hydrogen peroxide [19]. The mechanism is unclear.
We assume the formation of Lewis acid-base complexes [AI’'O°('D)]*" and [Ga’*0°('D)]’*. The epoxi-
dation occurs by singlet oxene. For another example, the hydrogen peroxide lanthanum(IIl) system (in-
cluding La(NOs);, or La(OH);, or La,0;) is a generator of 1Ag—singlet dioxygen [20]. Although we main-
tain the redox cycling La**«<>La’" in an electrochemical cell [13], it is unlikely that lanthanum(III)
changes oxidation degree +3 when generating a singlet dioxygen 'O, from hydrogen peroxide [20]. We
suggest the formation of a similar Lewis acid-base complex [La’*0°%'D)]*" and subsequent generation
and decomposition of dihydrogen trioxide (Equations (18)—(20)).

Hydroperoxides, including the simplest hydrogen peroxide, are widely used in organic synthesis for
oxygen functionalization processes, such as alkanes and arenes hydroxylation, alkenes epoxidation,
Baeyer-Villiger ketones oxidation to esters, organonitrogen compounds N-oxidation and organosulfur
compounds S-oxidation [3]. In addition to monooxygen oxidation, the dioxygen functionalization
by ]Ag-singlet molecular oxygen also takes place in organic synthesis and includes synthesis of hydrope-
roxides from alkenes and cyclic peroxides from alkadienes [21-23].

We used our oxywater-oxene concept for explanation of the mechanisms of hydroperoxide mo-
nooxygen (Fig. 7) and dioxygen (Fig. 8) oxidative functionalization processes in organic synthesis.
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Lewis acid-base complex of catalyst K with The N- and S-oxidation of organonitrogen and
hydrogen peroxide — the Fenton system ~ organosulfur compounds via targeting of unshared electron
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via insertion of oxygen atom between carbonyl
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'D-oxene. The carbon atom of carbonyl group
has a partial positive charge, which
coordinates an oxene
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Alkanes hydroxylation by Arenes hydroxylation by Alkenes epoxidation via targeting
hydride transfer with carbocation hydride transfer with carbocation of pi-electron pair by vacant atomic
generation generation orbital of 'D-oxene

Fig. 7. Suggested mechanisms of oxygen atom insertion into molecules of organic substrates of monooxygen
functionalization when using the Fenton catalytic systems

Synthesis of cyclic peroxides from conjugated HZOZK'K(HZOZ) Synthesis of hydroperoxides from alkenes
dienes by [4+2]-cycloaddition mechanism K R CH-R
V4
01 HO-O0-C-C
O = KO'(D) H.O R A R
| — / 22
(0] . [H,0,] R\ /CHZ -R
C=C
\ l \112—0’/ / N
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Fig. 8. Suggested mechanisms of peroxide group insertion into molecules of organic substrates
of dioxygen functionalization when using the Fenton catalytic systems

Conclusion

Hydrogen peroxide isomerization to oxywater zwitterion with subsequent oxywater intramolecular
disproportionation is a process that is very suitable for explaining all events of hydrogen peroxide de-
composition and oxidative reactivity in aqueous systems.

An oxygen atom (oxene) in a singlet quantum state has a vacant atomic orbital. It mediates dispro-
portionation of hydrogen peroxide in aqueous solutions via O-oxidation of the second hydrogen perox-
ide molecule. The formed trioxidane (dihydrogen trioxide) rapidly decomposes and produces water and
singlet dioxygen. The quenching of the latter substance into triplet quantum state occurs via electron
exchange interaction between two singlet dioxygen molecules.
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For Fenton reaction systems, the complexes of singlet oxene with metal ions are primary interme-
diates. The classic Fenton reaction occurs through alpha-complex (ferric-oxyl radical anion) formation
due to rapid and inevitable one-electron transfer within the iron(Il)-oxene complex.

The singlet oxygen atoms are direct oxidants during alkanes and arenes hydroxylation, alkenes
epoxidation, Baeyer-Villiger ketones oxidation to esters, organonitrogen compounds N-oxidation and
organosulfur compounds S-oxidation. The most common mechanism is the targeting of shared or un-
shared electron pairs by a vacant atomic orbital.
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OBOCHOBAHUE TrEHEPUPOBAHUA LULBUTTEPUOHOB OKCUBO[bI
N CUHITIETHBIX ATOMOB KUCJNTOPOOA U3 MOJNEKYN
NMEPOKCUOA BOOOPOAOA B BOAHbIX PACTBOPAX

A.A. Yymakos, O.A. KomenbHukos, KO.I". Cnuxoe, T.C. MuHakoea
HauuoHarnbHbIl uccnedoeamernbckul ToMcKuli 20cydapcmeeHHbIl yHusepcumem,
2. Tomck, Poccus

Ilepokcun Bogopoda MIMPOKO HCMOJIB3YETCA B KaueCTBE OKUCIUTENSA. Pe3ynbTaThl TepMmo-
JUHAMUYECKUX PacYETOB CBUAETEIHCTBYIOT O HEBO3MOKHOCTH CaMOIPOU3BOJIBLHOTO T€HEPUPO-
BaHUS TUAPOKCHIIBHOTO M THAPONEPOKCHIBHOTO PaJMKajIOB U3 MEPOKCHAA BOJAOPOAa B BOAHBIX
pactBopax. OgHAKO TMPU STOM MEPOKCH BOJOPO/Ia CIIOHTAHHO Pa3iiaraeTcs B pEaKIMOHHBIX CHC-
Temax DeHTOHA C JBYXBaJCHTHBIM U TPEXBAJICHTHBIM JKEJIE30M U JIBYXBaJICHTHOM Melbto. Xe-
JIATHBIE KOMIDIEKCH KCHJICHOJIOBOTO OpaHXeBOro W mupuaokcuHa ¢ xene3oM(IIl) oxucmsrores
MIEPOKCUIOM BOAOPOAa CaMOIIPOU3BOJIBFHO U OBICTpo. HakoHer, mepokcua BOIOPOAa B BOJHBIX
pacTBopax CIOHTAaHHO OKHCIISET aTOMBI Cephl aHHOHOB THOCYIb(aTa (rumocynbdura) 1 MOJIEKyII
OCH3WINECHUIIIUIHHA. TakuM 00pa3oM, HHTEPMEAUATHI, TCHEPUPYEMBIC M3 MOJEKYN MEePOKCHAA
BOJIOpO/a, C OOJNBIIOW BEPOATHOCTHIO OTIMYAIOTCS IO MPUPOAE OT PAJAUKAIOB THIAPOKCHIA H
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ruponepokcuna. TeopeTuueckoe MOJEIUPOBaHUE MMOKA3bIBAET, YTO MOJIEKYJIa MEPOKCU BOIO-
polla MOXKET OT/AaBaTh WM aKIEHTHPOBATH MPOTOH, a TAKKE W30MEPH30BATHCSA B OUITOIAPHBII
HOH (ULBUTTEPHOH) OKCHBOABL. CxeMa BHYTPHUMOJICKYJSPHOW Mepeladyd MPOTOHA C MOCIETYIo-
MM BHYTPHMOJICKYJIIPHBIM TUCTIPOITOPIIHOHUPOBAHUEM OKCHBOIBI CIOCOOHA YHHBEPCAIHEHO
OOBACHATH BCE CIYYaHW PA3NIOKEHHUS W OKHCIUTEIBHON PEaKTHBHOCTU MEPOKCHIA BOIOPOIA B
BOJIHBIX CHcTeMax. [[BUTTepHOH OKCHBOMKI (OKCHIa BOABI) XapaKTepU3yeTcs JIOKaIu3auen pas-
HOMMEHHBIX 3apsSJ0B Ha COCEOHHUX HEMOCPEACTBEHHO CBA3aHHBIX KHUCIOPOTHBIX aTOMax. ITO
00ycIaBIUBaeT CMEUICHUE AJIEKTPOHHON IUIOTHOCTH B CTOPOHY IIOJIOKHTEIHHO 3apsKEHHOTO
aToMa KHCJIOpOAa M, B WTOTE, AMCCOLMAIMIO MEXKHCIOPOAHON CBSA3U IO I'eTEPOTUTHYECKOMY
THUILY C BBICBOOOKIEHHEM MOJIEKYJIBI BOABI M 00pa30BaHHEM aToMa KHcIopoja (OKCeHa) B CHHT-
JIETHOM KBaHTOBOM COCTOSTHHHM. J|aHHBII aTOM MMeeT BaKaHTHYIO aTOMHYIO opOuTaib. [Iporecchr
S-okucieHUs OCH3WINCHUIIMIDINHA U THOCYIIb(aTa IPOTEKAIOT Yepe3 aKIICTIUI0 HETOCICHHBIX
JJIEKTPOHHBIX AP aTOMOB CEPhl BaKAHTHHIMH ATOMHBIMH OpPOUTANIIMH CHHTJICTHBIX aTOMOB KH-
ciopojga. Hamu aprymeHTHpoBaHa cxema OKCEH-ONOCPEIOBAHHOTO IUCIPONOPLUUOHUPOBAHUS
nepokcuga Bogopoja. CUHITIETHBIA aTOM KUCJIOPOJAa PearupyeT co BTOPOW MOJIEKYJIOW MepoK-
CHUJIa BOJIOPO/Ia, aKIEITHPYS BaKAHTHOH aTOMHOU OpOHUTAIbIO HETOACICHHYIO dJICKTPOHHYIO Ta-
Py OIHOTO U3 IBYX aTOMOB Kuciopoaa. [Ipomecc MoxkeT ObITh HazBaH O-OKUCICHHEM MIEPOKCHIIA
BOZIOPOJIa, OH MPUBOAMUT K 00pa30BaHUIO TPUOKCUAAHA (TPUOKCUIA TUBOJOPOJA), KOTOPBIA ObI-
CTPO pacmagaeTcsi Ha BOJLY U CHHTIIETHBIA MOJIEKYJSIPHBIN Kuciaopos (aukuciopoxa). Hamu mpen-
MIOJIOXKEH MEXaHHU3M OOpaIleHus 3JIeKTPOHHOTO CIIMHA B XOJI€ TYIICHHUS CHHIJIETHOI'O COCTOSHHSA
JTUKHUCIIOPOJIa U TIepexo/ia B TPUIIETHOE COCTOsHHUe. JlomymmeHo ¢popMHpOBaHUE THUMEPHOTO ac-
coumaTa U3 MOJIEKYJ CHHIJIETHOTO JUKHUCIOPO/a, SBISIOMINXCA aHTHUIIOJAMH 10 OpOHTaIbHOMY
MOMEHTY. BHyTpu accommara ocymiecTBisieTcs 3JIeKTPOHOOOMEHHOE B3aMMOACHCTBHE, HMPUBO-
JiIIee K 00pa30BaHMIO JBYX MOJEKYIN TPHUIUIETHOTO AUKHUCIOPOa, SBISIOIIUXCS aHTHUIIOJAMH T10
CIIMHOBBIM MOMEHTaM: OJlHa MOJeKyJia co cnuHOM +1, apyras mojekyna co cnuHoM —1. Jlis
mo00# peakunoHHOW cucTeMbl DEeHTOHA, BUTTEPUOHU3AINS TIEPOKCHIA BOJOPOA U BHYTPH-
MOJIEKYJISIPHOE JTUCHPONOPLUUOHUPOBAHUE OKCUBOJBI MPOTEKAIOT B KHCIOTHO-OCHOBHOM KOM-
miekce JIptornca ¢ noHoM MeTania. CUHITIETHBIA OKCEH OCTAaETCsl B KOMIIEKCE ¢ MOHOM MeTallja.
JIByXBaJIeHTHBIN MOH eJle3a MEHSAET CBOIO CTEIIEHb OKUCIICHUS Ha TPEXBAJIEHTHYIO B pe3yJIbTaTe
ObIcTpOoll M HEM30EXKHOU Tepenadyn OJHOTO AJIEKTpOoHa BHYTpH Komruiekca xenes3a(ll)-oxcena.
®opmupoBanue komruiekca xene3a(lll)-okcuibHOro panukan-aHuoHa (anbda-KoMIuiekca) B
KJaccuueckoil cucteme OeHTOHA SBISETCA MPEACTABICHUEM, AIbTEPHATUBHBIM IIMPOKO PACIIpPO-
CTpaHEHHBIM KOHIIETIUSAM TeHEPUPOBAHUS THIAPOKCIIIBHOTO pagiKala W KaTHOHA OKCOXele-
3a(IV). Hamu Boctipomn3BeieHbl peakiuu 3eKTpo-DeHTOHA — B3aUMOICHCTBUS HOHOB METaJNIOB
MEPEMEHHOI BaJEHTHOCTH C 3JIEKTPOreHEPUPOBAHHBIM NEPOKCUAOM Bojopoaa. [1pu atom, npen-
MOJIOKUTEIBHO, IOTyYEHBI BOJIBTAMIIEPOMETPUUECKHUE CUTHAIIBI aTOMOB CHHIJIETHOTO KUCIIOpOJa
U OKCHJIBHBIX PaJHKal-aHUOHOB (a1b(a-KUCIOpOIHBIX YacTull). OKCHBOTHO-OKCEHOUTHAS KOH-
UEeNNUs YCIENIHO TPHUMEHHMA Ui OOBSCHEHHS KATAMTHYCCKOW aKTUBHOCTH PEIOKC-
HCAKTHBHBIX BEIICCTB, IS KOTOPHIX B MPUHIIAIEC UCKITIOYAIOTCS CXEMBI TeHEPUPOBAHUS CBOOOI-
HBIX paJWKaJoOB WIHA TUMCPBaJCHTHBHIX (GopM. Hamu apryMeHTHPYIOTCS MEXaHHU3MBI THAPOIIC-
POKCHITHON MOHOKHCJIOPOJHOM M JTUKUCIOPOIHON OKUCIUTENBHON (DyHKIMOHAIM3AWU B Opra-
HHYECKOM CHHTE3e.

Kniouesvie cnosa: monexyna nepokcuda 6000pood, USUMMEPUOH OKCUBOObBI, AMOM CUHZ-
Jemno2o Kuciopooa, peaxyusi OeHmona, OKCUNbHBIN paduxar-anuon, dceneso(lll)-oxcunvHolii
anvgha-xomniexc, peaxyus snekmpo-Denmona.
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