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The reaction of oxygen with the nitrosyl iron complex [Fe(SС(NH2)2)2(NO)2]+ (com-
plex 1) was studied. According to the results obtained, three main directions of transform-
ation of complex 1 under aerobic conditions can be distinguished: (i) reversible binding 
of complex 1 with oxygen leading to a sharp decrease in the oxygen concentration at the 
initial moment, (ii) irreversible spontaneous transformation of complex 1 without parti-
cipation of oxygen accompanied by the elimination of thio ligands and NO groups, and 
(iii) irreversible reaction of complex 1 with oxygen to form oxygen coordination products 
(at the iron atom, Fe—N bond, and two N atoms of nitrosyl ligands), which then revers-
ibly transform into oxidation products. The latter process is accompanied by an increase 
in the absorbance in the experimental UV spectra and the formation of nitrates and nitrites 
in the reaction system.
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Diverse physiological processes are controlled by 
signal molecules, in particular, nitric oxide (NO)1 in-
volved in cardiovascular tonus modulation, thrombo-
cyte aggregation, immune regulation, nervous system 
operation, etc.2,3 Nitrosyl iron complexes (NICs) act 
as depos of NO in vivo.4,5 Their high-molecular-weight 
protein-bound forms are considered to be most stable 
and prevail in cells.6,7 These compounds and their 
decomposition products are known to actively react 
with various components of cells and blood plasma 
(such as heme- and thiol-containing proteins, low-
molecular-weight thiols, etc.)4,8,9 and they are also very 
sensitive to the presence of oxygen in the system.10—13 
It is found11,14 that oxygen is capable of forming dif-
ferent coordinate bonds in the NICs, which results in 
diverse reaction routes and a whole set of possible 
products. An analysis of mechanisms of such transfor-
mations would make it possible to evaluate the prob-
ability of occurrence of this or another process and to 
propose structures of the formed products. 

The purpose of the present work is the study of 
the reaction of a promising representative of this 
class of compounds, viz., NIC with thiourea ligands 
[Fe(SС(NH2)2)2(NO)2]+ (complex 1),15 with oxygen. 
Complex 1 in trials in vitro, along with the NIC bearing 
the thiourea derivatives as ligands,15—18 showed a high 
cytotoxic and cardiotropic activity, which together with 
a low toxicity provides a prospect application of this 
complex for the treatment of socially signifi cant diseases. 

Experimental

Materials. 2-Amino-2-hydroxymethypropane-1,3-diol 
(Tris, Serva, Germany), sulfanyl amide (SA, Sigma—Aldrich, 
USA), and N-(1-naphthyl)ethylenediamine dihydrochloride 
(NEDA, MP Biomedicals, Germany) were used. Water was 
distilled in a Bi/Duplex distillator (Germany). The salt of 
complex 1, [Fe(SС(NH2)2)2(NO)2]Cl•H2O, was synthesized 
as described previously15 (CIF fi le CCDC No. 997479). 

Operation technique in an inert gas atmosphere was de-
scribed earlier.19 

Decomposition of complex 1 under aerobic and anaerobic 
conditions. Experiments were carried out under anaerobic 
conditions using a freshly prepared anaerobic solution of 
complex 1 (3•10–3 mol  L–1) in a 0.05 М Tris-HCl buff er 
(рН 7.0). An aliquot of a solution of the complex was taken 
and introduced into a 4-mL trial cell with the optical path 
length 1 cm containing an anaerobic 0.05 М Tris-HCl buff er 
(рН 7.0). The fi nal concentration of complex 1 in a trial cell 
was 6•10–5 mol L–1.

To prepare aerobic solutions, a weighed sample of complex 1 
was dissolved for 5—10 min in a Tris-HCl buff er (рН 7.0) 
preliminarily purged with oxygen. The fi nal concentration of 
the complex was (11.8, 20.0, or 41.0)•10–5 mol L–1. 

The reference cell contained a 0.05 М Tris-HCl buff er 
(рН 7.0) in all experiments. Absorption spectra were re-
corded at certain time intervals in the 200—650 nm range at 
23 С on an Agilent Cary 60 spectrophotometer. 

Reaction of complex 1 with deoxyhemoglobin (Hb). A homo-
geneous solution of HbO2 was isolated from the fresh blood 
of experimental animals using a standard procedure.20 To 
transform HbO2 into Hb, a 1-mL solution of protein was 
purged with argon for 10 min. A portion of the prepared 
solution (200 L) was introduced into a trial cell containing 
a 0.05 М Tris-HCl buff er (pH 7.0). Then an anaerobic solu-
tion of complex 1 with a concentration of 3•10–3 mol L–1 
was prepared. The reaction was started by introducing 200 L 
into a trial cell with Hb. The fi nal concentrations of the 
complex and protein were 2•10–4 and 2•10–5 mol L–1, re-
spectively. The kinetics of HbNO accumulation was de-
tected for 21 h. To estimate the concentrations of Hb and 
HbNO, the absorption spectra of the reaction mixture were 
expanded to components (Hb and HbNO) using the MathCad 
software as described previously.19 

Determination of the NO concentration by amperometry. 
The amount of NO generated by complex 1 in a phosphate 
buff er (sodium and potassium dihydrophosphates, sodium 
chloride, phosphoric acid) with pH 6.5 was measured with 
an amiNO-700 sensor electrode of the inNO measuring 
system (Innovative Insruments, Inc., USA) for ~500 s (with 
an increment of 0.2 s). The fi nal concentration of the complex 
was 44.8•10–6 mol L–1. All experiments were carried out in 
aerobic 1% aqueous solutions of DMSO at 25 С and pH 7.0. 
For the calibration of the electrochemical sensor, a standard 
aqueous solution of NaNO2 (100 mol L –1) was used, which 
was added to a mixture containing KI (20 mg, Aldrich), a 1 М 
solution of H2SO4 (2 mL, pure, Khimmed), and water (18 mL). 

Determination of the concentration of nitrates using am-
perometry. The amount of nitrates generated by complex 1 
in 50 mL of an aqueous solution containing K2SO4 (5 mL, 
0.5 mol L–1, VEKTON, Russia) was measured with an Ekom-
NO3 ion-selective electrode of the Ecotest-2000 system 
(Econix, Russia) in 15 min after the onset of dissolution of 
the complex. The fi nal concentration of the complex was 
6.07•10–5 mol  L–1. Standard aqueous solutions of КNO3 
(LenReaktiv, Russia) were used for electrode calibration. To 
eliminate the infl uence of nitrite ions, 1% sulfanilic acid 
(5 mL, LenReaktiv, Russia) was added to the cell.

Determination of the oxygen concentration with oximeter. 
The oxygen concentration in a solution of complex 1 was 
measured with an HI 9147 potable oximeter (HANNA 
Instruments, USA). A weighed sample of complex 1 was dis-
solved in a 0.05 М Tris-HCl buff er (pH 7.0) prepurged with 
oxygen for 15 min. The fi nal concentrations of complex 1 
were (11.7, 21.4, and 40.0)•10–5 mol L–1.

Determination of the concentration of nitrite ions using the 
Griess test. Solutions of complex 1 with a concentration of 
6.07•10–5 mol L–1 was prepared in a 0.05 М Tris-HCl buff er 
(рН 7.0). Aliquots of the reaction mixture of complexes 
(0.3 mL) were sampled and introduced into vessels contain-
ing 0.9 mL of a 0.5% solution of SA in 0.25 М HCl. After 
5 min of incubation, a 0.02% solution of NEDA (0.6 mL) in 
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0.5 М HCl was added. After 10 min, the absorbance at 540 nm 
was determined. The concentration of nitrites formed by the 
decomposition of the complex was calculated from the cali-
bration curve plotted for NaNO2. 

Quantum chemical calculations were performed with the 
full geometry optimization of the initial, fi nal, and interme-
diate complexes in the Gaussian 09 (version D) program21 
using the TPSSh metahybrid functional and 6-311++G**/6-
31G* basis set taking into account solvation in an aqueous 
solution in terms of the polarized continuum model (PCM). 
Transition states (TS) were optimized using the Berny algo-
rithm, and the vibrational frequencies were calculated, which 
confi rmed that these states are saddle points of the fi rst order, 
since each TS has an only imaginary frequency. After the TS 
was found, the resulting wave function was introduced into 
the calculation of the internal reaction coordinate (IRC) to 
confi rm that the TS connects the initial state with the fi nal 
state. The Born—Oppenheimer molecular dynamics (BOMD) 
was applied in especially complicated cases where the IRC 
could not connect two states. In this method, the NVE en-
semble was used with the Hartree energy equal to 0.1 (in 
default), which is characterized by the Boltzmann distribution 
over all vibrational modes but with the addition of an addi-
tional energy value of 50—100 kcal mol–1 to the imaginary 
vibrational mode, and then the calculation was performed. 
After the analysis of the obtained energy profi le, the local 
maxima as transition states and local minima as intermediate 
states were optimized using the standard self-consistent 
fi eld (SCF). 

Kinetic modeling. The proposed reaction scheme that 
describes the processes under study was considered for ki-
netic modeling. The reaction rate constants were determined 
by least squares on the basis of numerical solution of the cor-
responding system of diff erential equations. 

Results and Discussion 

Experimental study of the decomposition of complex 1

An intense band at 236 nm is observed in the UV 
spectra of the mononuclear NIC with thiourea ligands 
(Fig. 1, a) as in the earlier studied NICs with the thio-
urea derivatives.22,23 No maximum is observed in 
a range of 250—600 nm in the spectrum of complex 1, 
unlike the mononuclear NICs with aliphatic thio ligands 
characterized8,24 by the bands at 390 nm. The main 
band intensity decreases with time, indicating the de-
composition of the complex. According to the quantum 
chemical calculations,25 this band corresponds to the 
transfer of an electron from the orbital occupied by lone 
pairs of the nitrogen atoms of the thiourea ligands 
(LP(N)) to the unoccupied orbital consisting of dz2-
orbitals of Fe and p-orbitals of S. This means that the 
decreasing intensity of this maximum is related to the 
elimination of the thiuourea ligands. The kinetic de-

pendence describing this process reaches a plateau 
within 14 h (see Fig. 1, a, inset).

The shape of the UV spectrum of complex 1 in the 
presence of oxygen is diff erent (Fig. 1, b): the main 
maximum at 236 nm is retained, but a broad shoulder 
appears in the 250—400 nm range. Its intensity increases 
in time, and the curve of the kinetic dependence reaches 
a plateau within 2 h (see Fig. 1, b, inset). The presence 
of bands in this range is characteristic of a number of 
the oxygen-containing products.10 The increase in the 
absorbance in time observed in the spectra indicates 
the formation and subsequent transformation of such 
products. 

According to the results obtained on an oximeter, 
the oxygen concentration decreases in an aqueous solu-
tion of complex 1 (Fig. 2). Therefore, a portion of 
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Fig. 1. Change in the absorption spectra of complex 1 under 
anaerobic (a) and aerobic conditions (b). Insets: kinetic de-
pendences of changing absorbance at 236 (a) and 310 nm (b), 
eff ective reaction rate constants are keff  = 5.8•10–5 (a) and 
4.6•10–4 s–1 (b). Conditions: initial concentration of complex 
1 is 6•10–5 mol L–1 (а), 4.4•10–5 mol L–1 (b); Tris-HCl buff er 
(pH 7.0), 23 C. Arrows indicate the direction of changing ab-
sorbance of the bands in time. 
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oxygen is involved in the reaction with the complex, 
although oxygen can react not only with complex 1 but 
also with its decay products. 

One of the main routes for the reaction of oxygen 
with the products of decomposition of complex 1 is the 
oxidation of the formed NO groups. Their generation 
from the complex and subsequent consumption under 
aerobic conditions are shown in Fig. 3, a. The kinetic 
curve is bell-shaped, and the maximum is achieved in 
90 s. A further decrease in their concentration is related 
to the formation of nitrites: the major products of the 
three-step oxidation of NO26: 

4 NO + О2 + 2 H2O  4 NO2
– + 4 H+.

Their accumulation in the studied system was 
examined using the widely known Griess reaction 
(Fig. 3, b).27 The curve reaches a plateau within the 
fi rst 15 min of the reaction, and nitrites are accumul-
ated (in the concentration about 6 mol L–1) within 
the same time (the concentration of the complex is 
6.07•10–5 mol L–1). Note that nitrates are also formed 
in this system. According to the amperometric re-
sults, nitrates are accumulated in a concentration of 
24 mol L–1 after the reaction was conducted for 15 min 
at the same initial concentration of complex 1 in the 
reaction mixture. The oxidation of nitric oxide to nitrate 
is known to occur readily in biological media,28 for 
example, nitrate is formed stoichiometrically in the 
reaction of nitric oxide with oxyhemoglobin. In the 
reaction considered, the oxygen molecule coordinated 
on hemoglobin is reduced by four electrons, three of 
which are delivered by nitrogen, and the fourth electron 
comes from the iron of the heme. This additional reduc-
ing equivalent coming from iron makes it possible to 
change the oxidation state of nitrogen from two to fi ve, 

i.e., to nitrate formation. In our case, iron of the de-
cayed nitrosyl complex serves as a source of the addi-
tional reducing equivalent. In addition, nitrates can be 
formed due to the hydrolysis of the nitrosyl complex 
with the ONO2 ligand, the products of NO2 coordin-
ation at the FeO fragment of the NIC.11

When analyzing the decomposition of initial com-
plex 1, its spontaneous dissociation in aqueous solutions 
should also be taken into account. In the absence of 
oxygen, NO is accumulated in this system, but no 
products observed earlier under the aerobic conditions 
are formed. To evaluate the NO-donor activity under 
the anaerobic conditions, we carried out experiments 
with deoxyhemoglobin (Hb), which is a "trap" of NO 
(binding constant for the reaction 

Hb + NO  HbNO 
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Fig. 2. Oxygen uptake in an aqueous aerobic solution of com-
plex 1. Conditions: initial concentration of complex 1 is 
11.7•10–5 mol L–1; Tris-HCl buff er (pH 7.0), 23 C.
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Fig. 3. Kinetic curves of NO generation by complex 1 in aqueous 
aerobic conditions (а) and accumulation of nitrites in an aqueous 
aerobic solution of complex 1 (b). The eff ective reaction rate 
constant is keff  = 5.1•10–3 s–1 (b). Conditions: initial concentr-
ation of complex 1 is 44.8•10–4 mol L–1 (a), 6.07•10–5 mol L–1 (b); 
[Hb] = 2•10–5 mol L–1; phosphate buff er, pH 6.5, 25 C (a), 
Tris-HCl buff er, pH 7.0, 23 C (b).
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is K = 3•1010 L mol–1).29 The formed nitrosohemo-
globin (HbNO) gives the characteristic spectrum in 
which one absorption band of Hb (556 nm) is split into 
two bands (545 and 575 nm) upon the formation of 
HbNO, and this eff ect provides a convenient way to 
determine the reaction depth. The generation of NO 
from complex 1 is accompanied by the formation 
of HbNO detected spectrophotometrically as shown 
in Fig. 4. Unlike the kinetic dependences of accumul-
ation of NO and nitrites formed in air, the accumu-
lation curve of this process reaches a plateau in 6.0—
7.5 h after the reaction onset (Fig. 5), which corre-
sponds to the complete saturation of the protein 
with NO. 

Thus, according to the experimental data, complex 1 
actively reacts with oxygen to form various oxygen-
containing products. Under anaerobic conditions, the 
complex decomposes to form NO and thiourea ligands. 

Kinetic and quantum chemical modeling 
of the decomposition of complex 1 

under aerobic conditions 

The kinetic modeling method was applied to study 
the transformation mechanism of complex 1 under 
aerobic conditions in more detail. According to the 
previous results,10 complex 1 can interact with an oxy-
gen molecule via diff erent routes to form a number of 
products. 

A sharp decrease in the [O2] concentration at the 
initial moment upon the introduction of complex 1 into 
the system is observed on the experimental curves of 
oxygen uptake (Fig. 6). This can be explained by the 
reversible reaction for which the equilibrium condition 
(so-called detailed equilibrium) is hold at every mo-
ment, including the initial moment: 

1 + O2  1O2, (1)

where 1O2 is the product of oxygen molecule coordina-
tion on complex 1, and K0 is the equilibrium constant. 

To describe this process, we obtained the optimized 
geometries for three possible coordination modes of 
oxygen (Fig. 7) to which complexes 2—4 correspond. 
An oxygen molecule can attack a molecule of initial 
complex 1 at the Fe atom (complex 2), Fe—N bond 
(complex 3), or two N atoms of the nitrosyl groups 
(complex 4). 
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Fig. 4. Change in the absorption spectra for the reaction of 
complex 1 with Hb. Conditions: initial concentration of complex 
1 is 2•10–4 mol L–1; [Hb] = 2•10–5 mol L–1; Tris-HCl buff er, 
pH 7.0, 23 C. 
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Fig. 5. Kinetic curve of HbNO accumulation in the reaction 
of complex 1 with Hb under aerobic conditions. The eff ective 
reaction rate constant is keff  = 1.2•10–4 s–1. Conditions: ini-
tial concentration of complex 1 is 2•10–4 mol  L–1; [Hb] = 
= 2•10–5 mol L–1; Tris-HCl buff er, pH 7.0, 23 C. 
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Fig. 6. Kinetic curves of the oxygen uptake in the presence of 
complex 1. Conditions: initial concentrations of the complex are 
[1]0•105 = 11.7 (1), 21.4 (2), and 40.0 mol L–1 (3); initial ox-
ygen concentrations are [O2]0•105 = 55.8 (1), 54.1 (2), and 
58.2 mol  L–1 (3); Tris-HCl buff er, pH 7.0, 23 C; points are 
experiment; and lines are calculation from the determined kinetic 
parameters. 



Decay of thiourea NIC in aerobic solutions Russ. Chem. Bull., Vol. 71, No. 8, August, 2022 1609

In addition, when analyzing the complex 1—oxygen 
reaction system, one should consider the spontaneous 
transformation of the complex 

1  P1, (2)

where P1 is the transformation products. 
As shown previously,30 the initial complex can de-

compose with the cleavage of the Fe—N and Fe—S 
bonds. According to the calculation (AIM and NBO) 
results, the strength of the bond between the thiourea 
ligand and the Fe atom is two times smaller than that 
of Fe with the NO ligand. The formed tricoordinate 
iron products are unstable and can react with solvent 
molecules or undergo dimerization. The experimentally 
observed decrease in the absorbance in time under 
anaerobic conditions (see Fig. 1, а), which indicates 
thio ligand elimination, and the accumulation of NO 
(see Fig. 5) confi rm the earlier quantum chemical 
modeling data on the cleavage of the Fe—N and Fe—S 
bonds during the transformation of complex 1. 

The third route in the analyzed system results in the 
formation of products of the reaction of the complex 
with an oxygen molecule: 

1 + O2  Q, (3)

where Q is a set of the products of the reaction of com-
plex 1 with oxygen, whose formation changes the 
absorbance of the system. We succeeded in calculating 
three possible routes of reaction (3) depending on the 
way in which oxygen attacks a molecule of complex 1. 

In the case where oxygen directly attacks the Fe 
atom of complex 1, the further formation of complex 
1а can be envisaged (Fig. 8, a). The process requires 
an energy expense of 14.2 kcal  mol–1, and formed 
complex 1а represents a hexacoordinate iron complex 
with the O2 ligand. Note that one Fe—NO bond in this 

complex lengthens by 0.25 Å compared to the optimized 
geometry of the initial complex.10 It can be expected 
that this ligand could readily be eliminated, since the 
energy needed for this reaction, according to our cal-
culations, is only 3.1 kcal mol–1. In addition, this reac-
tion can be reversible and NO can add to product 1а. 
According to our calculations, the process can also 
occur further; i.e., complex 1b can also transform via 
two diff erent routes with diff erent transition states. 
Although both routes include the О—О bond cleavage, 
the pentacoordinate iron complex with a very weak 
Fe—NO bond (complex 1с) is formed in the fi rst case, 
whereas oxygen is inserted at the Fe—S bond with the 
formation of the mononitrosyl iron complex with the 
OSC(NH2)2 ligand (complex 1d) in the second case; 
i.e., intramolecular oxidation occurs. Then NO can 
detach itself from complex 1с to form complex 1е, which 
is associated with an energy barrier of 6.4 kcal mol–1 
only. The backward process can be assumed, namely, 
the addition of NO to compound 1е with the formation 
of compound 1f, which would occur with a signifi cant 
energy gain (21.0 kcal  mol–1). At the same time, al-
though the intramolecular oxidation itself is exothermal 
in the case Fe—S, this process is characterized by a high 
activation barrier and would be reversible with a low 
probability. 

The second route assumed for the reaction of com-
plex 1 with oxygen (at the Fe—N bond) leads to the 
formation of complex 2а, which gives complex 2b with 
the NO2, NO, and O ligands via a low energy barrier 
of the О—О bond cleavage. Since the intramolecular 
oxidation of the Fe—S bond occurs simultaneously, 
complex 2с lying at a lower energy level (Fig. 8, b) can 
be formed. On the contrary, complex 2b undergoes the 
further transformation associated with either the revers-
ible elimination (complex 2d) and addition of NО2 
(complex 2f), or oxidation of the NО ligand to NО2 
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(complex 2g), which is accompanied by the known 
nitro-nitrite rearrangement.31 On the whole, all reac-
tions of this route (see Fig. 8, b) can be reversible, 
except for the formation of complexes 2с and 2g. 

The third route involving two nitrogen atoms of the 
NO groups results in complex 3а capable of decompos-
ing to form either stable complex 2g, or complex 2а 
again (Fig. 8, с). Thus, in this case, the reaction would 
proceed via the second route (see Fig. 8, b), but insig-
nifi cant energy barriers, which are especially pro-
nounced for the backward reactions, make the equilib-
rium impossible. Thus, the experimentally observed 
(see Fig. 1, b) change in the absorbance is related to 
the formation of a set of products presented in Fig. 8. 
Since an exact composition of the products is unknown, 
we characterized them by the overall molar absorption 
coeffi  cient . The kinetic curves on the initial region of 
the process, where the absorbance increases due to the 
formation of products Q, are shown in Fig. 9. 

As can be seen from the data in Fig. 10, when the 
absorbance achieves the highest value it decreases then 
slightly to reach a constant (diff erent from zero) value. 
This behavior of the experimental data can be explained 
by the reversible consumption of products Q with the 
rate constants k3 and k–3:

Q  P2. (4)

The system of equations corresponding to the 
scheme of reactions (1)—(4) with an allowance for 
detailed equilibrium in reaction (1) has the following 
form: 

d[1]/dt = –(k1[1](1 + K0[1]) + k2[1][O2])/B(t), (I)

d[O2]/dt = (k1[1]K0[O2] – k2[1][O2])/B(t), (II)

d[Q]/dt = k2[1][O2] – k3[Q] + k–3[P2], (III)

d[P2]/dt = k3[Q] – k–3[P2], (IV)

d[P1]/dt = k1[1]; (V)

the initial conditions with an allowance for the equi-
librium character of reaction (1) are as follows: 

[1](0) = [–(1 + c0) + (1 + c0
2 + 2d0)0.5]/(2K0),

[O2](0) = [–(1 – c0) + (1 + c0
2 + 2d0)0.5]/(2K0),

[Q](0) = [P1](0) = [P2](0) = 0,

where B(t) = 1 + K0[1] + K0[O2]; c0 = K0([O2]0 – [1]0); 
d0 = K0([O2]0 + [1]0); [1]0 and [O2]0 are the initial 
concentrations of complex 1 and oxygen in the system. 

The absorbance of the system measured in experi-
ment was A(t) = [Q]. The main task was to calculate 
the equilibrium constant K0 using experimental data 
(see Figs 6, 9, and 10), as well as the reaction rate 
constants k1, k2, k3, and k–3 and molar absorption 
coeffi  cient .

The equilibrium constant K0 and rate constants k1 
and k2 can be determined following the oxygen uptake 
in the system. For this purpose, the equilibrium oxygen 
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1
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Fig. 9. Initial regions of the kinetic curves of changing absorbance 
for the complex 1—oxygen system. Conditions: initial concentra-
tions of the complex are [1]0•105 = 11.8 (1), 20.0 (2), and 
41.0 mol L–1 (3); initial oxygen concentrations are [O2]0•105 = 
= 56.5 (1), 55.3 (2), and 56.4 mol  L–1 (3); Tris-HCl buff er, 
pH 7.0, 23 C; points are experiment; and lines are calculation 
from the determined kinetic parameters. 
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Fig. 10. Kinetic curves of changing absorbance for the complex 
1—oxygen system. Conditions: initial concentrations of the 
complex are [1]0•105 = 11.8 (1), 20.0 (2), and 41.0 mol L–1 (3); 
initial oxygen concentrations are [O2]0•105 = 56.5 (1), 55.3 (2), 
and 56.4 mol L–1 (3); Tris-HCl buff er, pH 7.0, 23 C; points are 
experiment; and lines are calculation from the determined ki-
netic parameters.
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concentration [O2](0) at the initial moment was fi rst 
determined by the extrapolation of the experimental 
[O2](t) values on the basis of each curve presented in 
Fig. 6, and K0 was found using this concentration. Then the 
k1 and k2 constants were determined using the [O2](t) 
dependence by the minimization of the functional 

,

being the sum of squared deviations at specified 
mo ments tj of the calculated [O2]calc(tj) and experimen-
tal [O2]exp(tj) oxygen concentrations [O2](t).

Then the kinetics of accumulation of products Q in 
the corresponding experiments (see Fig. 9) was calcu-
lated using the determined parameters, and the molar 
absorption coeffi  cient  was determined and the k1 and 
k2 constants were refi ned by comparing the calculated 
and experimental values. Taking into account the fi nal 
(after the maximum) region of the time dependence of 
the absorbance (see Fig. 10), we estimated the rate 
constants k3 and k–3. The calculation results are given 
in Table 1. The calculated and experimental kinetic 
curves are compared in Figs 6, 9, and 10.

The scheme of reactions (1)—(4) with the deter-
mined parameters satisfactorily describe the experi-
mental data. 

To conclude, the mechanism of the decomposition 
of the nitrosyl iron complex with thiourea ligands 
(complex 1) under aqueous aerobic conditions was 
examined on the basis of the experimental data obtained 
using the kinetic and quantum chemical modeling. The 
presence of oxygen in the system substantially aff ects 
possible routes of the reaction of complex 1 under these 
conditions. The obtained data indicate that oxygen 
coordinates to diff erent positions in the structure of 
complex 1, which further results in the oxidation of the 
ligands. The process is accompanied by an oxygen 
uptake in the reaction mixture and the appearance of 
a broad shoulder in a range of 250—400 nm in the 
absorption spectrum. The rate constants (see Table 1) 
found by kinetic modeling satisfactorily describe the 
obtained experimental data. 

The specifi c features found for the decomposition 
of nitrosyl complex 1 under aerobic conditions should 
be taken into account in the further modeling and 
studying the mechanisms of its reactions with targets 
in vitro and in vivo. 

This work was carried out in terms of state assign-
ment (state registration Nos AAAA-A19-119071890015-6 
and AAAA-A19-119111390022-2).

No human or animal subjects were used in this 
research.

The authors declare no competing interests. 
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