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a b s t r a c t

In this work, transformation of DNIC with thiourea ligands, [Fe(SС(NH2)2)2(NO)2]Сl∙H2O (I), in an
aqueous buffer solution at neutral pH and in the presence of reduced glutathione (GSH) has been studied.
Decomposition of the complex was shown to occur in the buffer solution, with removal of the first
thiourea ligand having a higher rate (k¼(3.8 ± 1.3)∙10-4 s-1) than the NO group release (k¼(0.7± 0.2)∙10-4

s-1). This corroborates a quantum-chemical model of I decomposition suggested earlier. Using UVeVis
spectrophotometry and EPR spectrometry, the interaction of I with GSH in solution was shown to
yield a new binuclear tetranitrosyl iron complex (TNIC) with two GS�- ligands (II). Using quantum-
chemical modeling, the reaction scheme was suggested, which involves replacement of one thiourea
ligand by GS�, and then dimerization of the forming complexes accompanied by removal of the second
thiourea ligand. Theoretical UVeVis spectra were calculated and interpreted for the initial I and for the
product of the substitution reaction, II.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Endogenous nitric oxide (NO) is characterized by such biological
effect as the ability to form nitrosyl complexes of non-heme iron
(NICs), which are found in the cells and tissues of animals, in plants
and bacteria [1]. In addition to NO, non-heme iron and competing
thiol groups of proteins and low-molecular thiols participate in
their formation [2,3]. Over the last years, these complexes have
been proved to be a stable form of NO existence in an organism
[4,5]: in proteins NICs provide NO stabilization and depositing,
while in a low-molecular form they provide NO transfer to the
targets.

Synthetic water soluble NICs analogs with functional sulfur-
containing ligands are promising prodrugs for the treatment of
socially relevant diseases [6,7]. A therapeutic effect of such a hybrid
molecule is due to synergism of biologically active thiol and NO
activity [8]. It should be noted that NICs stability, including their NO
donor activity, is affected considerably not only by the initial
structure of the complex but also by components of the biological
medium. For instance, deoxyhemoglobin was shown to stabilize
TNICs, thus transforming them into more prolonged NO donors
[9,10].

The present study investigated the biotransformation of water
soluble mononuclear complex I (Fig. 1), which spontaneously
generates NO into solution. Thiourea and its derivatives are good
chelating agents, this being favorable for synthesis of many com-
plexes on their base [11,12]. Such ligands have a wide range of
pharmacologic activity, including antituberculosis, antiviral, anti-
bacterial, and antitumor properties [13]. Binuclear complex with N-
ethylurea was found to exceed the reference compounds, cisplatin,
and satraplatin, with respect to its antitumor potential [14,15]. In
addition, based on the structural data and physical-chemical
properties of these compounds, we can state that complexes of
this type are more efficient NO donors than other NICs [11].

Recently, homogeneous (from the data of small-angle X-ray
scattering) water soluble composites of polyvinylpyrrolidone con-
taining these DNICs have been obtained. These polymeric com-
posites keep NO donor activity of initial DNICs and can be used as a
targeted drug delivery system [16].

Thus, for these promising DNICs, the study of their biotrans-
formation in solution, and, in particular, their interaction with
biological substrates in vitro and in vivo is the most important step.

mailto:pov@icp.ac.ru
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2019.05.005&domain=pdf
www.sciencedirect.com/science/journal/00222860
http://www.elsevier.com/locate/molstruc
https://doi.org/10.1016/j.molstruc.2019.05.005
https://doi.org/10.1016/j.molstruc.2019.05.005
https://doi.org/10.1016/j.molstruc.2019.05.005


Fig. 1. Molecular structure of cationic mononuclear complex [Fe(SC(NH2)2)2(NO)2]
Cl$H2O (I) (X-ray data published in Refs. [11,12]).
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Formerly, decomposition pathways for some NICs with aliphatic
and aromatic thioligands have been suggested [17e20]. In aerobic
conditions, both NO and nitrosonium ions (NOþ) [17] were shown
to release, while in anaerobic conditions only neutral NO groups
form [21]. In our works [9,22,23], while studying the decomposi-
tion of binuclear TNICs of various classes in anaerobic conditions
(NO reaction with deoxyhemoglobin was used for the study), we
have also determined that all neutral NO groups release. Decom-
position pathway of binuclear TNICs was shown to depend on the
redox potential of the initial complexes or the forming in-
termediates [19,24].

It was found out using the most available non-protein thiol of
living organisms, GSH, that in binuclear TNICs of m-S type with
cysteamine and penicillamine ligands GS� anions substitute for the
original thiolate ligands [25,26], while in complexes of m-N-C-S type
no substitution is observed [27]. Based on these data, the
assumption was made that antitumor activity of the studied TNICs
of m-S type is due not only to their NO donor activity but also to the
ability to bind free GSH in tumor cells. For example, the relationship
was discovered between the oxidative stress and oncogenesis,
which is based on the glutathionylation of a tumor suppressor p53
[28]. This post-translational modification is typical for many redox-
sensitive proteins under oxidative and nitrosative stress conditions
[29]. Glutathionylation of p53 supposedly prevents p53 tetrame-
rization, thus suppressing its DNA-binding activity [30]. Thus,
TNICs can prevent S-glutathionylation of the tumor suppressor p53,
thus restoring its activity and providing an antitumor effect.
Therefore, to design new compounds of the most promising
family of NO donors of this class, viz., mononuclear cationic DNICs,
it is important to study their ability to substitute GS� anions for
thiourea ligands under conditions similar to physiological ones.

2. Experimental

2.1. Materials and methods

In the work, tris(hydroxymethyl)aminomethane (“Serva”, Ger-
many) and L-glutathione in the reduced form (“Aldrich”, USA) were
used. Water was distilled in a “Bi/Duplex” distiller (Germany).

2.2. Synthesis of I

Complex I (Fig. 1) was synthesized using the procedure
described in Refs. [11,12]. CCDC for I e 997479.

2.3. Operation technique in inert gas atmosphere

Operation technique in the inert gas atmosphere was described
earlier in Ref. [22].

2.4. Amperometric determination of NO donor activity

The concentration of NO generated by I in solutions was
measured using a sensor electrode amiNO-700 of “inNO Nitric
Oxide Measuring System” (USA). NO concentration was recorded
during 500 s (with 0.2 s pace) in the NO donor solution. To calibrate
the electrode, a standard aqueous solution of NaNO2 (100 mM) was
used, which was added to the mixture containing 20mg of KI
(“Aldrich”), 2ml of 1M solution of H2SO4 (pure grade, Khimmed),
and 18ml of water [31]. Working solutions of complex I were
prepared in an aqueous solution using phosphate buffer of pH¼ 7.0
(HydrionTM, “Aldrich”). All experiments were performed in the
temperature-controlled cell at 25�С and intense stirring.

2.5. Complex I decomposition at pH 7.0 in Tris-HCl buffer

Anaerobic 0.05M Tris-HCl buffer pH 7.0 was added to the vessel
filled with argon and containing complex I sample so that con-
centration of the complex in solution was 6 $10-4 М. Dissolution
was performed using magnetic stirrer for 3min at 23 �C. Then, the
aliquot of the solution was taken under an argon flow and inserted
in an anaerobic experimental cuvette of 4ml volume with the op-
tical path length 1 cm, which contained 0.05M Tris-HCl buffer pH
7.0. The final volume of the complex solution in the experimental
cuvette was 3ml. The reference cuvette contained 3ml of Tris-HCl
buffer pH 7.0.

2.6. Kinetics of I interaction with GSH

We used solutions of I in 0.05M Tris-HCl buffer pH 7.0, prepared
as described above. 0.3ml of 10-2M anaerobic GSH solution pre-
pared in 0.1M Tris-HCl buffer, and 0.1ml of 6 $10-4 М solution of
complex I were inserted in the anaerobic experimental cuvette
containing 2.6ml of 0.05M Tris-HCl buffer pH 7.0. The reference
cuvette contained 3ml of Tris-HCl buffer pH 7.0.

2.7. UVevis absorption spectra

UVeVis absorption spectra were recorded at 23�С at using an
Agilent Cary 60 UVeVis Spectrophotometer in the range of
200e750 nm at certain time intervals.
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2.8. EPR spectra

EPR spectra of complex I powder and solutions were registered
on a Bruker Elexsys II E 500 EPR spectrometer at room temperature.

The powder was placed in the 5mm ampoule (inner diameter
4mm) made of suprasil; aqueous solutions were placed in thin-
walled glass ampoules with an inner diameter of 1.0mm. Below
N stands for the ratio of the number of paramagnetic centers
determined by EPR to the number of complexes calculated from the
sampleweight. The number of paramagnetic centers in the samples
and g-factor were determined using Xepr program package. To
verify the correctness of these procedures, CuSO4$5H2O sample and
diphenyl picrylhydrazyl sample with g-factor 2.0036 were used.
The procedure for determination of paramagnetic centers number
used in Xepr program package involves double integration of the
spectrum and takes into account Q factor of a resonator and spin of
paramagnetic centers S. In our case we assumed S¼ 1/2. The ac-
curacy of N value determination is about 15%. For N value deter-
mination, the molecular weight of the complex was considered as
321.

2.9. Kinetic modeling

For kinetic simulation, a supposed reaction scheme has been
considered, which describes the processes under study. The rate
constant values were determined by the least square method based
on the numerical solution of the corresponding system of differ-
ential equations.

2.10. Quantum-chemical calculations

Quantum-chemical calculations were performed with full ge-
ometry optimization of the initial, final, and intermediate com-
plexes using Gaussian 09 program (D version) [32] by means of a
local functional BP86 and a basis set 6-311þþG**//6-31G* taking
into account solvation in an aqueous solution in the frame of
polarizable continuum model (PCM). The electronic spectra were
calculated by means of the time-dependent density functional
theory (TDDFT).

3. Results and discussion

3.1. Decomposition of I in buffer aqueous solution

As is well known [1,2,5,33], mononuclear DNICs, unlike binu-
clear TNICs, are easily identified by a typical signal with g¼ 2.03 in
the EPR spectrum. To study complex I decomposition, EPR spectra
of I powder and its aqueous buffer solution were recorded. The
shape of the powder EPR spectrum (Fig. 2a) is typical for DNICs
powders with axial asymmetry of g-factor with a weak exchange
interaction between the complexes [33]. N value is 0.46.

In solution, the anisotropy of g-factor is averaged due to the
complex fast rotation; a shape of the EPR spectrum of the complex
solution is typical for hyperfine splitting on two equivalent nitrogen
atoms with aN¼ 0.21mT (Fig. 2 b).

The intensity of the EPR spectrum of the complex solution de-
creases in time, with invariable line shape (inset, Fig. 2b). The
number of paramagnetic centers decreases due to decomposition of
complex I.

The data of UVeVis spectrophotometry of I decomposition
(Fig. 3) confirm the results of EPR spectroscopy: the complex decay
and intensity of the optical density in the DNIC absorption
maximum at 236 nm (ε¼ 2.54$104 М-1cm-1) decreases.

In the theoretical UVeVis spectrum of I obtained using TDDFT
(Fig. 4), there is also one intense absorption band at 245 nm, which
corresponds to the experimental value (236 nm). According to
TDDFT calculations, it corresponds to the electron transition from
the orbital occupied by the lone pairs of the nitrogen atoms of the
thiourea ligands (LP(N)) to the vacant orbital consisting of dz2 or-
bitals of Fe and p orbitals of S (inset, Fig. 4).

Thus, this electron transition does not involve the NO groups,
and hence, the band at 236 nm in the UVeVis spectrum only cor-
responds to the bond between the iron atom and thiourea ligands.
Therefore, its decrease in the spectrum is due to the removal of the
thiourea ligand, not of NO.

It is known that for the formerly studied cationic DNICs, the
band at 390 nm is typical [34,35], which is not observed in the
UVeVis spectrum of complex I (Fig. 3). It should be noted that in the
theoretical spectrum there is a band at 395 nm, which corresponds
to the transition related to the NO ligands, i.e., from the orbital
occupied by p electrons of the Fe-N and p* electrons of NO to the
vacant orbital consisting of dxy of Fe and p* of NO. But its intensity
is significantly, by 24 times, less than that of the band at 245 nm.

According to the quantum-chemical calculations performed
earlier for complex I [36], removal of the thiourea ligand in an
aqueous solution is energetically more favorable than that of NO,
and the complex decomposition could be accompanied by the
thiourea ligand replacement with the water molecule, and by the
formation of dimeric intermediates. It should be noted that
decomposition of complex I is only accompanied by the decrease of
intensity of the absorption band at 236 nm in the UVeVis spectra
with time (Fig. 2), while a formation of new bands is not observed,
which could be attributed to binuclear TNIC.

For a more thorough study of the mechanism of I decomposi-
tion, a series of spectrophotometric measurements was performed
in 0.05M Tris-HCl buffer pH 7.0 with various initial concentrations
of I (Fig. 5).

To elucidate the mechanism and to describe quantitatively the
experimental data, the following reaction schemes were
considered:

I����!k1 P1 þ L (1)

P1����!k2 P2 þ L (2)

While considering the decomposition process, it is assumed that
the change of the absorption maximum intensity at 236 nm is only
due to the removal of thiourea ligands (L).

According to the reaction scheme (1)e(2), change of the optical
density of the complex solution in time can be presented as:

A(t) ¼ (ε1[I] þ ε2[L] þ ε3[P1] þ ε4[P2])$l

Values of the extinction coefficients ε1¼2.54$104 М-1cm-1 and
ε2¼1.10$104 М-1cm-1 were determined experimentally, while
ε3¼1.27$104 М-1cm-1 was estimated from quantum-chemical
modeling. ε4 for P2¼ 0. Optical path length l¼ 1 cm.

k1, k2 values were determined from minimization of F(k1, k2)
functional

Fðk1; k2Þ ¼
Xn
j¼1

�
Aexp

�
tj
�� Acalc

�
tj
��2

which is a sum of deviation squares of the calculated (Acalc(tj)) and
experimental (Aexp(tj)) values of optical density A(t) at certain time
moments ti.

The results of the calculations are presented in Table 1. The
obtained values of kinetic parameters satisfactorily describe the
experimental data during 5e6 h of the reaction (Fig. 5).



Fig. 2. EPR spectra of the powder (a) and aqueous buffer solution pH 7.0 (b) of complex I. The inset shows the time dependence of N after start of dissolution of complex I.
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Fig. 3. Kinetics of change of absorption spectra of I (6.65 $10-5 М) in time: the spectra
were recorded for 6 h. The reaction conditions: 0.05М Tris-HCl buffer, pH 7.0, T¼ 23�С.

Fig. 4. Theoretical UVeVis spectrum of I. The inset shows the orbitals, which partic-
ipate in the electron transitions corresponding to the absorption maximum (245 nm)
of complex I.
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Fig. 5. Kinetics of complex I decomposition at 236 nm. Initial concentrations of
complex ([I]0): 10.3�10-5 М (1), 7.6�10-5 М (2), 6.65�10-5 М (3), 6.4�10-5 М (4). Circles
are the experimental data, solid lines are calculation on the basis of the reaction
schemes (1)e(2).

Table 2
Rate constants of complex I reactions calculated according to scheme (3)e(4).

N [I]0�106 М k3�104 s-1 k-3�10-5 М-1 s-1 k4�103 s-1 k-4�10-4 М-1 s -1

1 11.82 0.915 13.9 5.30 17.4
2 24.88 0.651 14.1 7.59 3.92
3 43.54 0.514 13.1 9.53 2.53
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To analyze the rate of NO release, a series of experiments with
different initial concentrations of I was performed using a sensor
electrode (Fig. 6).

To describe NO release by complex I, the sequence of two
reversible reactions was considered:

I ������������! ������������k3;k�3 P3 þ NO (3)

P3 ������������! ������������k4 ;k�4 P4 þ NO (4)

The process is supposed to occur as follows. The start of the
Table 1
Rate constants of complex I decomposition determined using kinetic modeling.

N� [I]0�106 М k1�104 s-1 k2�104 s-1

1 103 3.8 2.1
2 76 5.1 1.8
3 66.5 3.3 0.27
4 64 2.9 1.1
process, according to equation (3), is determined by the constant k3,
then reaction (3) tends to the equilibrium state, this being the
reason of the experimental rate decrease. Further, NO release is due
to product P3 decomposition, i.e., is determined by the reaction (4).
As shown by the calculations, the considered reaction scheme
satisfactorily describes the experimental data.
0 100 200 300 400 500
0

Time (s)

Fig. 6. Kinetic curves of the accumulation of NO in solution (the measurements were
carried out by a sensor electrode) in the course of the decomposition of complex I in
aqueous solution under anaerobic conditions. The complex concentration [I]0: 11.82
(1), 24.88 (2), 43.54 (3) mM. Dotted lines are the experimental data, solid lines are
calculations according to the obtained values of kinetic parameters (Table 2).



Table 3
Rate constants of complex I decomposition determined using kinetic modeling.

N� [I]0�106 М k1�104 s-1 k2�104 s-1

1 103 3.8 (3.7)a 2.1 (2.1)
2 76 5.1 (5.0) 1.8 (1.8)
3 66.5 3.3 (3.2) 0.27 (0.27)
4 64 2.9 (2.7) 1.1 (1.2)

a The values in parentheses are the values of the constants calculated taking into
account reactions (3)e(4).
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The corresponding system of equations is as follows:

d[I]/dt¼ -k3[I] þ k-3[P3][NO]

d[NO]/dt¼ k3[I] e k-3[P3][NO] þ k4[P3] e k-4[P4][NO]

d[P3]/dt¼ k3[I] e k-3[P3][NO] e k4[P3] þ k-4[P4][NO]

d[P4]/dt¼ k4[P3] e k-4[P4][NO]

The initial conditions are: [I](0)¼ [I]0;
[NO](0)¼ [P3](0)¼ [P4](0)¼ 0.

Unknown constants k3, k-3, k4, k-4 were determined in each
experiment from the experimental dependence [NO](t) by mini-
mization of functional

Fðk3; k�3; k4; k�4Þ ¼
Xn
i¼0

�
½NO�expðtiÞ � ½NO�calcðtiÞ

�2
;

where [NO]exp(ti) are experimental [NO] values in the time mo-
ments ti, while [NO]calc(ti) are the corresponding [NO] values
calculated by numerical solution of the equation system. The re-
sults are presented in Table 2.

The data of Table 2 quantitatively characterize the ability of the
complex to generate NO. The average values of the reaction rate
constant are: k3 ¼ (0.7± 0.2)∙10-4 s-1, k-3¼(13.7± 0.4) ∙105 М-1s-1,
k4 ¼ (7.5± 2.1) ∙10-3 s-1. A strong dependence of k4 on the initial
concentration of the complex, [I]0, is apparently due to the fact that
not all reactions of product P4 are taken into account in this
mechanism.

The values of the constants (k1, k2) and (k3, k-3, k4, k-4) were
determined from independent experimental data (Figs. 5 and 6).
The determination of k1, k2 from spectrophotometric measure-
ments did not take into account the reaction of NO release (3)e(4),
and when calculating k3, k-3, k4, k-4 from amperometric measure-
ments, the reaction of the ligand removal (1)e(2) was not taken
into account. As a result, the additional consumption of the com-
plex I in these reactions was not taken into account. Such an
approach is equivalent to the assumption that the NO release does
not change the conditions under which the removal of ligand L
occurs, and the removal of the ligand does not interfere with the
subsequent release of NO. The available experimental data are not
enough to confirm or refute this assumption. But it is possible to
estimate how the result will change, if we assume that this
assumption is not fulfilled. For this, a scheme was considered,
including all reactions (1)e(4):

d[I]/dt¼ek1[I] e k3[I] þ k-3[P3][NO]

d[NO]/dt¼ k3[I] e k-3[P3][NO] þ k4[P3] e k-4[P4][NO]

d[L]/dt¼ k1[I] þ k2[P1]

d[P1]/dt¼ k1[I] e k2[P1]

d[P2]/dt¼ k2[P1]

d[P3]/dt¼ k3[I] e k-3[P3][NO] e k4[P3] þ k-4[P4][NO]

d[P4]/dt¼ k4[P3] e k-4[P4][NO]

The initial conditions are: [I](0)¼ [I]0; concentrations of all
other substances are zero.

The constants were determined in an iterative process, using the
values of the constants, which were found independently, as the
initial approximation. The values of k1, k2 were determined from
spectrophotometric data (Fig. 5), as described above. As the values
of k3, k-3, k4, k-4 we used the average values of these constants found
in the previous step (Table 2). The constants k3, k-3, k4, k-4 were
determined in a similar way from the experimental data of the
sensor electrode (Fig. 6); the average values of k1, k2 found at the
previous iteration were used in the calculation (Table 1).

The final values of the constants are given in Tables 3 and 4 in
parentheses. The obtained values of the constants differ little (no
more than 2%) from those found earlier in independent experi-
ments. This is explained by the fact that the consumption of the
complex I in the unaccounted reactions turned out to be small. The
removal of ligand L is a slow process that lasts for several hours
(Fig. 5), therefore, in 10min of an experiment with a sensor elec-
trode (Fig. 6) the consumption of complex I according to reaction
(3) is very small. The effect of the NO release reactions in the
experiment on the registration of absorption spectra is even less.
Thus, the processes of two independent experiments have no sig-
nificant effect on each other.

Comparison of the average rate constants for removal of the first
thiourea ligand (k1¼(3.8± 1.3)∙10-4 s-1) and NO group
(k3¼(0.7± 0.2)∙10-4 s-1) shows that the ligand removal occurs
faster.

Thus, two independent experiments support the data obtained
by quantum-chemical modeling [36], viz., the ligand removal is the
first and the most probable stage of DNIC I decomposition.
3.2. I interaction with GSH

It has been established [21,22,26] that mono- and binuclear
nitrosyl iron complexes in solutions dissociate to release both the
thiolate ligand and NO/NOþ. In the presence of GSH, as mentioned
above [20,25,26], the GS� anions substitute for the original thiolate
ligands to form TNIC with two GS� ligands, viz, II. Decomposition of
this compound in anaerobic and aerobic conditions has been
studied thoroughly [21,25]. This complex was shown to be themost
stable among TNICs with other aliphatic ligands (e.g., cysteine,
cysteamine, penicillamine, etc.).

In the case of the mononuclear DNIC I under study, the ab-
sorption spectrum of the solution immediately changes after the
addition of a fourfold excess of GSH, and two absorption maxima
appear at 310 and 360 nm (Fig. 7). The shape of the absorption
spectrum is similar to that of binuclear TNIC with two GS�-ligands
(II), and the absorption maxima coincide with literature data
[25,34]. The concentration of the resulting binuclear TNIC is two
times less than that of the initial complex I, thus suggesting com-
plete dimerization of the initial complex. The intensity of the ab-
sorption spectra of the obtained TNIC in anaerobic conditions
changes inconsiderably in time, this being due to the presence of
GSH excess in solution. It should be noted that in aerobic conditions
dimerization also occurs immediately after GSH addition.

It should be noted that after adding an excess of GSH to complex
I, the characteristic for DNIC EPR signal of the reaction product with



Table 4
Rate constants of complex I reactions calculated according to scheme (3)e(4).

N� [I]0�106 М k3�104 s -1 k-3�10-5 М-1 s -1 k4�103 s -1 k-4�10-4 М-1 s -1

1 11.82 0.915 (0.933)a 13.9 (14.2) 5.30 (5.18) 17.4 (13.4)
2 24.88 0.651 (0.659) 14.1 (14.3) 7.59 (7.79) 3.92 (3.23)
3 43.54 0.514 (0.520) 13.1 (13.4) 9.53 (9.78) 2.53 (2.10)

a The values in parentheses are the values of the constants calculated taking into account reactions (1)e(2).
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Fig. 7. Absorption spectra of the reaction mixture containing 2$10-4 М I and 10-3 М
GSH. The spectra were recorded for 3 h.

Fig. 9. Electron transitions corresponding to main bands of UVeVis spectrum for II.
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g¼ 2.03 was not detected, this also indicates the formation of
diamagnetic TNIC (DNIC dimer). Obviously, upon GSH addition to
complex I solution, the processes will occur in the system under
study, which are similar to those occurring upon I decomposition in
water solution [36], but involving GSH, with total replacement of
Fig. 8. Simulated UVeVis spectrum of complex II. The inset shows the ab
the thiourea ligand (UR) by GS� being energetically more favorable
than by water. Scheme 1 shows possible ways of ligands
substitution.

As can be seen, replacement of the first UR ligand by GS� in the
initial mononuclear complex is accompanied by the release of
18.44 kcal/mol, while replacement of the second ligand by GS� is
sorption spectrum of the product of complex I and GSH interaction.



Fig. 10. Simulated UVeVis spectrum of complex III. The inset shows the absorption spectrum of the product of complex I and GSH interaction.

Fig. 11. Simulated UVeVis spectrum of complex IV. The inset shows the absorption
spectrum of the product of complex I and GSH interaction.
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thermally neutral.
According to the EPR and absorption spectra, mononuclear

DNICs are not final products of the reaction, viz, they undergo
dimerization. Product II may form from mononuclear DNIC with
two GS� through dimerization with the removal of two GS�

(Scheme 1). The singlet-triple splitting is 33.5 kcal/mol and singlet
state lays lower. This is not surprising, because dimer II is a Rous-
sin’s red salt esters, and they are known to be EPR-silent.

For mononuclear complex I*, three different dimers may form.
Removal of two thiourea ligands yields complex II, while removal of
one UR and one GS� results in the formation of binuclear TNIC III,
however, this reaction being more energetically costly. Dimeriza-
tion of I* to yield IV, accompanied by removal of two GS� ligands,
requires a considerable expenditure of energy. Therefore, this re-
action is highly unlikely.

On the whole, in the resulting complexes, the Fe-S bond is twice
more stable for GS� than for UR-ligand. Thus, according to
quantum-chemical calculations, the interaction of Iwith GSH more
likely results in the formation of complex II through reaction:

2 [Fe(UR)2(NO)2]þþ2 GSH/ [Fe2(GS�)2(NO)4]2þ þ 4UR þ Hþ

As follows from Scheme 1, this total reaction is accompanied by
the release of 6.6 kcal/mol. To corroborate that the forming product
is actually binuclear TNIC II, theoretical spectra of all three probable
reaction products were simulated and characterized (Fig. 8e11).

As can be seen, the theoretical spectrum of II satisfactorily co-
incides with the experimental one (Fig. 8). There are 2 bands at 328
and 382 nm, which are compatible with experimental 310 and
360 nm because they correspond to the electron transitions
referred to the Fe(NO)2 fragments (Fig. 9). The shift of approxi-
mately 20 nm to the long-wave region is not important for this type
of calculations [37,38].

The band at 465 nm in the theoretical spectrum appears as a
hump in the range of 400e475 nm in the experimental one. It
corresponds to the transition from p of Fe-S in the Fe2S2 fragment
to the p*-orbital of the GS� - ligand, and is due to the formation of
binuclear TNIC.

It should be noted that below 300 nm, free ligands (UR and GSH
taken in a fourfold excess) contribute considerably in the absorp-
tion spectrum of the reaction mixture (inset, Fig. 8), therefore it is
difficult to isolate the calculated intense band at 295 nm, which
corresponds to the dFe þ LP(S)/ p*(GS�) transition.

For complex III, the situation is different (Fig.10). As can be seen,
the shape of the theoretical spectrum differs essentially from that
of the experiment. There are 3 absorption bands at 279, 332, and
468 nm, which cannot be interpreted as a shift because the



Scheme 1. Scheme of UR replacement by GSH. Values of energy (DE¼ E(products) e E(reagents)) are in kcal/mol.
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intensity ratios also differ. Furthermore, in this theoretical spec-
trum, the bands at 279 nm (transition p*NO þ dFe
/p*NO þ dFe þ pS) and 468 nm (transition p*NO þ dFe /

p*(GS�)þpN þ dz2Fe) correspond to the Fe(NO)2 groups, as
opposed to the experimental spectrum. The band at 332 nm, in
contrast to the spectrum of II, corresponds to transitions between
orbitals involving the p-systems of ligands, p-orbitals of sulfur, and
d-orbitals of iron.

Formation of IV, as mentioned above, is unlikely because of
considerable energetic expenditures. Theoretical UVeVis spectrum
(Fig. 11) is not compatible with the experimental one, similar to the
case of dimer III: in the experimental spectrum, there is no band at
360 nm.

Thus, as follows from quantum-chemical modeling of theoret-
ical UVeVis spectra, the experimental spectrum of the product of I
transformation in an aqueous GSH solution corresponds best of all
to the spectrum of binuclear TNIC II.

Based on literature data on UVeVis spectroscopy of complex II
[25,34], as well as on EPR studies and quantum-chemical calcula-
tions of ligands substitution performs in the present work, we can
state with certainty that binuclear tetranitrosyl iron complex with
two GS�-ligands (II) is the reaction product.

4. Conclusions

To further use DNIC as medicines, it is necessary to thoroughly
study their probable transformations in solutions in the presence of
biologically important cell substrates.

In this work, EPR, UVeVis spectroscopy, and quantum-chemical
and kinetic modeling supplement each other and allow the ex-
periments on DNIC I decomposition in an aqueous GSH solution to
be interpreted. By means of TDDFT, the band at 236 nm in the ab-
sorption spectrum of I was shown to correspond to electron tran-
sitions, which do not involve the NO groups, but only orbitals of the
iron atom and thiourea ligands. Thus, the decrease of the intensity
of the DNIC absorption spectrum in time is due to the removal of
thiourea ligands. This allowed the kinetic model of DNIC decom-
position to be proposed and elementary constants k1 and k2
describing this process to be determined.

As follows from the data obtained, the Fe-S bond in the complex
under study is weaker than the Fe-N one; therefore, the most likely,
removal of thiourea ligands in complexes of this family will occur
easier than NO donating. As far as affinity to Fe atom is considerably
higher for glutathione ligand than for thiourea one, free GS� can
easily coordinate the iron atoms. In addition, it was found out, that
in the neutral medium and with the excess of free GS�, this process
does not stop at the stage of thiourea ligand being replaced by the
glutathione one, but the further dimerization of the complex occurs
to yield a more stable NO “depot”.

It is important to mention that compounds of this new NO
donor class can be used for reducing the quantity of free GSH in
tumor cells and for studying molecular-genetic mechanisms of S-
glutathionylation in vivo.
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