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Abstract

Photochemical behaviour of the title complex (RS− = mercaptosuccinate) was defined as photodissociation and photooxidation–
substitution reactions induced by the MLCT transition. The stable products as well as shortly lived intermediate species were identi-
fied and characterised by ESR and fast UV/VIS spectroscopic methods. The photodissociation of excited [Fe(CN)5N(O)SR)]3− (Scheme
1, path a) shifts the equilibrium between the complex and [Fe(CN)5NO]2− (Eq. (1)). Photooxidation–substitution reaction (Scheme 1, path
b) leads to formation of the [FeIII(CN)5SR]3− complex and the RSNO•− radical. The radical generates different NO-donors in secondary
thermal processes, which, however, have no noticeable influence on the nitrosation capacity of the system. Moreover, due to the fast reac-
tions in equilibrium between nitroprusside and its thiolate derivative (Eq. (1)), the photooxidation–substitution is really a photocatalytic
process and the nitrosation agents are produced mostly at the expense of nitroprusside, whereas the [Fe(CN)5N(O)SR]3− complex behaves
as a photocatalyst. Its photoreactivity induced by visible light (λmax = 526 nm, εmax = 6000) reduces the threshold energy of the process
to nearly the phototherapeutic window. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Recent developments in phototherapy revealed that
the NO delivery to selected tissues is of great prac-
tical importance [1]. This stimulates search for com-
pounds able to generate NO or reactive NO-donors using
low-energy irradiation. The interest is focussed espe-
cially on S-nitrosothiols and metal nitrosyl complexes.
Several systems, including different metal nitrosyls such
as [Fe(CN)5NO]2− [1,2], red and black Roussin’s salts
([Fe2S2(NO)4]2− and [Fe3S4(NO)7]−) [1–6], ruthenium
(e.g. [Ru(tpp)(NO)(ONO)]) [1] and chromium complexes
(e.g. [Cr(cyclam)(NO2)2]) [7,8], have recently been studied.
All the investigated systems were found to release nitric
oxide upon visible irradiation, but low absorbance and low
quantum yield of the NO photorelease within the pho-
totherapeutic window made the systems not very useful for
the therapeutic applications. Also different S-nitrosothiols,
RSNO, have been studied as potential NO-photodonors [9].
They have been suggested to be effective against leukemic
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cells due to NO and RS• generation [10]. Some new aspects
of thermal behaviour of the [Fe(CN)5N(O)SR]3− complexes
and their photoreactivity reported recently [11] stimulated
us to study in more detail these medically relevant com-
plexes. Sodium nitroprusside (NP) itself is a widely used
nitrovasodilator, but detailed mechanism of its physiological
action is still not fully understood. It is supposed, however,
that its interaction with thiolate groups of aminoacids and
peptides plays crucial role in the metabolism of nitroprus-
side [12]. It is known from the previous studies [5,11–20]
that nitroprusside and thiolates generate S-nitrosothiol com-
plexes in the reversible reaction (1).

[Fe(CN)5NO]2− + RS− � [Fe(CN)5N(O)SR]3− (1)

In most cases, the reaction product is thermally unstable and
in redox decomposition yields Fe(I) complex and disulphide
(2–3) [5,10,11,14–20].

[Fe(CN)5N(O)SR]3− → [Fe(CN)5NO]3− + 1
2 RSSR (2)

[Fe(CN)5N(O)SR]3−+RS− → [Fe(CN)5NO]3−+RSSR•−

(3)
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Insertion of an electronegative substituent into the thiol
moiety increases, however, thermal stability of the
[Fe(CN)5N(O)SR]3− complex [19]. Recently, it was found
that the complex with RS− = mercaptosuccinate is ther-
mally stable and undergoes photooxidation–substitution
reaction like its parent complex [11].

Photochemistry of nitroprusside is well documented. Ex-
posure to high-energy radiation (λ ≤ 313 nm) induces pho-
toreduction (4) [21–23]

[Fe(CN)5NO]2− + solv
hν→[Fe(CN)5NO]3− + solv•+ (4)

whereas irradiation with light of lower energy (λ > 313 nm)
causes photooxidation–substitution reaction (5) [21–27].

[Fe(CN)5NO]2− + OH− hν→[Fe(CN)5OH]3− + NO• (5)

Quantum yield of the process (5) decreases with increase
in irradiation wavelength and increasing pH. In low-energy
region quantum yield of the photooxidation–substitution is
very low (Φ546 = 0.006 ± 0.001) [11], which makes the
system not very useful for the NO photodelivery.

The [Fe(CN)5N(O)SR]3− photosensivity is bathochromi-
cally shifted in relation to that of nitroprusside, and its
absorption within the low energy range is relatively high
(ε526 = 6100 ± 100 M−1 cm−1). The photoreaction pro-
duces nitrosothiyl radical anions and relatively stable
[Fe(CN)5SR]3− complex, with quantum yield equal to
0.022 ± 0.002 at 578 nm [11]. These characteristics of the
nitroprusside–thiolate system fit well to the expected pho-
tomedical applications. This stimulated us to investigate the
mechanism and products of the photolysis in more detail.

Fig. 1. Kinetic traces following a 532 nm laser photolysis of 2.90 × 10−4 M [Fe(CN)5N(O)SR]3− in equilibrium with 1.71 × 10−3 M nitroprusside and
9.71 × 10−3 M RS− (RS− = mercaptosuccinate) at pH = 10; (a) traces recorded within first 100 ns upon pulse characteristic of: [Fe(CN)5N(O)SR]3−
(520 nm, scaled down 10 times), transient species (315 and 351 nm) and stable product (700 nm); (b) traces recorded within 100 ms; the sharp minimum
within 0–15 ns represents laser pulse duration.

Scheme 1.

2. Results and discussion

2.1. Primary processes

To study primary photochemical processes, the so-
lution containing nitroprusside, mercaptosuccinate and
[Fe(CN)5N(O)SR]3− in equilibrium (Eq. (1)) was pho-
tolysed with a laser pulse at λ = 532 nm. The radiation,
absorbed only by the [Fe(CN)5N(O)SR]3− complex, caused
immediate decrease in the substrate absorption recorded at
520 nm (Fig. 1a), which was followed by an appearance of
two transient species absorbing within 300–380 nm (Fig. 2)
and by increase in absorption at ∼700 nm, due to formation
of a relatively stable product (Fig. 1).

The stable product, characterised by an intensive ab-
sorption within the visible range (λmax = 700 nm, ε =
2700 M−1 cm−1) and half-life equal to 650 s, has been
identified earlier as the [FeIII(CN)5SR]3− complex [11].
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Fig. 2. Transient spectra of solution containing 2.9 × 10−4 M
[Fe(CN)5N(O)SR]3− in equilibrium with 1.71×10−3 M nitroprusside and
9.71×10−3 M RS− (RS− = mercaptosuccinate) at pH = 10; (a) recorded
within first 5 ns upon 532 nm laser photolysis; (b) within 5–30 ns; and (c)
within 1–100 ms.

Its formation was found, moreover, to be accompanied by
growing of a broad, distinctly anisotropic, ESR signal with
g⊥ = 2.126 and g‖ = 2.086 at 77 K and giso = 2.086 at
room temperature (Fig. 3, Table 1). The parameters of the
signal resemble well those of the similar low spin Fe(III)
complexes containing both cyano and thiolato ligands [28].

Fig. 3. (a) ESR spectra of irradiated (λirr ≥ 380 nm) solutions of
[Fe(CN)5N(O)SR]3− generated from 5 × 10−3 M [Fe(CN)5NO]2− and
0.015 M RS− (RS− = mercaptosuccinate) in water–glycol glass at 77 K;
(b) after partial and (c) almost complete annealing. Line (d) depicts the
simulation of the first spectrum.

Transformation of the [FeII(CN)5N(O)SR]3− com-
plex into the [FeIII(CN)5SR]3− ion had to include both
charge-transfer and substitution steps. The 532 nm exci-
tation results in the MLCT transition towards the RSNO
ligand [5,11,19]. The charge transfer is effective in popula-
tion of the antibonding orbital localised at the RSNO ligand
[29] and, in consequence, in cleavage of the N–S bond
generating [Fe(CN)5NO]2− and thiolate anion (Scheme 1,
path a). The effective electron transfer outside the Fe-centre
may as well lead to formation of the Fe(III) complex and
the RSNO•− radical, easily substituted by the RS− ligand
(Scheme 1, path b).

The dissociation reaction (Scheme 1, path a) could be ob-
served only indirectly. It was signalled by the laser induced
decrease in the [Fe(CN)5N(O)SR]3− concentration, which
was significantly larger than the increase in concentration of
[FeIII(CN)5SR]3−. On the average, only about 30% of the
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Table 1
Spectral characteristics of substrates and products of photochemical reaction in the system [Fe(CN)5NO]2−-mercaptosuccinate

Species UV/VIS, (λmax, nm; ε, M−1 cm−1) ESR parameters: g and A (14N) (G), A (1H) (G) tensors Reference

[Fe(CN)5NO]2− 264 (900) Diamagnetic [33]
330 (40)
393 (25)
497 (8)

[Fe(CN)5NO]3− 345 (3500) [34]
430 (550)

g⊥ = 2.005, NA⊥ = 13–15 [35]
g‖ = 2.035, NA‖ = 17
giso = 2.027, NAiso = 14.7 [36]

[Fe(CN)5N(O)SR]3− 318 (1320) Diamagnetic [19]
526 (6000)

[Fe(CN)5SR]3− 700 (2700) [11]
g⊥ = 2.126, g‖ = 2.086 This work
giso =2.086

[Fe(SR)2(NO)2]− 316, 363, 436 sh g⊥ = 2.0406, g‖ = 2.0120 This work
giso = 2.0295 NAiso = 2.42, HAiso = 0.97

RSNO 230 (5100) Diamagnetic [37]
336 (840)
546 (13)

RSNO•− ∼350 g⊥= 2.0010, NA⊥ = 32 This work
g‖ = 1.9299, NA‖ = 7.2

substrate decayed within first 100 ns was transformed into
the Fe(III) complex (Fig. 1a). Moreover, concentration of
the [FeII(CN)5N(O)SR]3− complex was almost completely
regenerated within hundredths of a second, while concen-
tration of the [FeIII(CN)5SR]3− product was kept constant
(Fig. 1b).

In the photooxidation–substitution pathway, formation of
the [FeIII(CN)5SR]3− complex and RSNO•− radical was
preceded by an increase and subsequent decay of weak
transient absorption within the 300–380 nm, whose suc-
cessive growth and fading were recorded within the first
15 ns (Figs. 1a, 2a and b). This may be assigned to the
[FeIII(CN)5{N(O)SR}•]3− species and its time-resolved
spectrum suggesting the decay by association/interchange
mechanism (Scheme 1, path b) rather than by dissociation.

Although unequivocal assignment of the substitution
mechanism was not possible, some additional arguments
against the dissociation mechanism are coming from the
concurrent photochemistry of nitroprusside (vide infra).
Moreover, the tendency of the [Fe(CN)5N(O)SR]3− and
mercaptosuccinate anions to form ion pairs or aggregates
[5,14,19] seems to support the association/interchange
mechanism.

The second transient absorption which grows up within
15 ns, concurrently with that of the [FeIII(CN)5SR]3− com-
plex, is characterised by λmax at 350 nm and increase in
absorption at λ < 300 nm (Figs. 1a and 2b). It decays with
the half-life time of the order of microseconds (τ1/2 ∼ 4 �s)
and fits well to the RSNO•− radical, whose generation was
postulated also in other thiolate systems [29]. This attribu-
tion was supported by detection of a three-line ESR signal,
assigned to the RSNO•− radical (Fig. 3, Table 1). This

signal, recorded in water–glycol glass at 77 K and decayed
on annealing, is characterised by g⊥ = 2.0010, g‖ =
1.9299, A⊥(14N) = 32 G and A‖(14N) = 7.2 G. The param-
eters were calculated in orthorhombic approach although,
as can be judged from the point symmetry of the RSNO•−
species, the actual symmetry may be lower (monoclinic).
The high splitting constant suggests that the unpaired elec-
tron is localised mainly at the nitrogen atom and the distinct
g-value shift from that of ge can be explained by interaction
of the unpaired electron with the sulphur atom [30–32].

2.2. Effect of nitroprusside

Owing to the equilibrium (Eq. (1)), nitroprusside is the
inherent partner of the [Fe(CN)5N(O)SR]3− complex in so-
lution and, thus, its interference should be examined in de-
tail. The main effects come from the very fast reactions in
the equilibrium (Eq. (1)) and from the photochemical reac-
tivity of the [Fe(CN)5NO]2− complex.

The former effect, readily observed in nanosecond pho-
tolysis (Fig. 1), revealed an important aspect of the sys-
tem: irradiation of the [Fe(CN)5N(O)SR]3− component
results in considerable acceleration of the reaction rate
towards nitroprusside by contribution of the photodisso-
ciation mode (Scheme 1, path a), which unbalances the
equilibrium (Eq. (1)) at delay times shorter than ∼50 ms
upon laser pulse (cf. Fig. 1b). This effect was used to esti-
mate the second-order rate constant of the reaction between
[Fe(CN)5NO]2− and mercaptosuccinate (Eq. (1)). The
value of 7.5 × 103 M−1 s−1 at 296 K was obtained, which
is fairly consistent with the rate constant reported earlier by
Johnson and Wilkins ((3.2–3.6) × 103 M−1 s−1 at 298 K)
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Fig. 4. Spectrum of the solution containing 4.9 × 10−6 M [Fe(CN)5N(O)SR]3−, 1.95 × 10−3 M [Fe(CN)5NO]2− and 1.0 × 10−3 M RS−
(RS− = mercaptosuccinate) before flash (dashed line) and spectral changes recorded every 5 s upon flashing with full light of the xenon lamp (solid
lines); insert shows the kinetic traces at wavelengths characteristic of the [Fe(CN)5SR]3− (700 nm) and [Fe(CN)5OH]3− (400 nm) complexes.

[13], although completely different methods were used and
the experimental conditions differed in some details. The
consequences of the drastic change in reaction rate were
also observed under continuous irradiation within the spec-
tral range of the [Fe(CN)5N(O)SR]3− absorption. Then the
photochemically induced shift of the equilibrium (Eq. (1))
to the left was observed, and the equilibrium constant in
photostationary state (Kph) was significantly lower than the
constant in the dark (Kd).

Photochemical reactivity of nitroprusside can really in-
terfere with that of [Fe(CN)5N(O)SR]3− only at irradiation
wavelengths shorter than ∼400 nm, i.e. when NP absorp-
tion starts to be detectable (cf. Table 1) and its quantum
yield exceeds that of the thiolate derivative [11]. This is
the reason why laser photolysis at λ = 355 nm leads to
generation not only of [FeIII(CN)5SR]3−, but also of the
[FeIII(CN)5OH]3− complex, which is the known photo oxi-
dation product of nitroprusside in alkaline medium [21–27].
Absorption characteristic of the hydroxo complex (with a
maximum at ∼400 nm) is observed up to delay times of the
order of seconds. At still longer delay times, however, the
[Fe(CN)5SR]3− concentration increases at the cost of the
hydroxo complex, due to the substitution reaction

[FeIII(CN)5OH]3− + RS− → [FeIII(CN)5SR]3− + OH−

(6)

which is a relatively slow process. Its estimated second-order
rate constant at 296 K is roughly k ≈ 4.5 M−1 s−1. The

substitution reaction (Eq. (6)) is illustrated by the spectral
changes recorded within seconds upon flash photolysis by
full xenon light, which excites mostly the [Fe(CN)5NO]2−
complex and thereby the initial spectra of the flashed solution
are characteristic mainly of the NP photoproduct (Fig. 4).

The substitution of the OH− by mercaptosuccinate
(Eq. (6)) was so verified by monitoring an increase in
the ESR signal at giso = 2.086 characteristic of the
[Fe(CN)5SR]3−, but not of the [FeIII(CN)5OH]3− complex.

In conclusion, photochemical conversion of [Fe(CN)5
NO]2− into [Fe(CN)5OH]3−, instead of [Fe(CN)5SR]3−,
even in the presence of an excess of mercaptosuccinate
(e.g. in 5:1 molar ratio), seems to exclude the [Fe(CN)5]2−
precursor of these products. Thus, the dissociation mecha-
nism of the photooxidation–substitution is in our opinion
less probable.

2.3. Secondary processes

Amongst the primary products of the [Fe(CN)5N(O)SR]3−
photooxidation–substitution (Scheme 1), the [FeIII(CN)5
SR]3− complex is relatively stable, whereas the RSNO•−
radical is highly reactive [38,39]. Its decay, observed within
∼100 ms, is accompanied by hypsochromic shift of the
350 nm band to ∼330 nm with simultaneous increase in
absorption (cf. Figs. 1b and 2c). The spectral region, how-
ever, is not specific (cf. Fig. 6b) and, therefore, the fate of
the RSNO•− radical was followed mostly by ESR method.
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Table 2
ESR characteristics of different [Fe–IL2(NO)2]n− complexesa

Ligands 77 K Room temperature Reference

g⊥ g‖ giso Aiso (14N) Aiso (1H)

Mercaptosuccinate 2.0406 2.0120 2.0295 2.42 0.97 This work
Glutathione 2.04 2.01 – – – [40]
Cysteine 2.04 2.01 – – – [41]
Cysteine 2.039 2.013 2.028 1.2 1.2 [42]
(CH3)2CHS− – – 2.028 2.5 0.5 [42]
(CH3)2CHS− – – 2.027 2.5 1.3 [43]
CH3CH2CH(CH3)S− – – 2.028 2.5 0.5 [42]
HS− – – 2.028 2.7 0.5 [43]
CH3S− – – 2.028 2.1 2.1 [43]
(CH3)3CS− – – 2.027 2.7 – [43]
C6H5CH2S− – – 2.027 2.4 1.4 [43]
CH3CH2CH2S− – – 2.028 1.2 1.2 [42]
CH3CH2CH2CH2S− – – 2.028 1.2 1.2 [42]
CH3(CH2)10CH2S− – – 2.028 1.2 1.2 [42]
HOCH2CH2S− – – 2.028 1.2 1.2 [42]
Homocysteine – – 2.028 1.2 1.2 [42]
2-Mercaptobenzimidazole-S 2.039 2.013 2.028 2.5 – [42]
2-Mercaptobenzimidazole-N 2.040 2.012 2.029 2.5 – [42]
2-Mercaptobenzoxazole-S 2.040 2.013 2.029 ∼2 – [42]
1,2,3-Benzotriazole – – 2.027 2.5 – [42]
DMF – – 2.033 2.4 4.0 [43]
DMF, (CH3)2CHS− – – 2.027 2.6 1.3, 4.6 [43]
DMA – – 2.033 2.5 – [43]
DMA, (CH3)2CHS− – – 2.027 2.5 1.3 [43]
Pyridine – – 2.031 2.2, 4.5 – [43]
DMSO, CH3S− – – 2.032 6.0 3.2 [43]
2,6-Dimethylpyridine – – 2.031 2.3, 4.6 – [43]
Quinoline – – 2.032 2.2, 4.4 – [43]
(CH3CH2)2NH, CH3S− – – 2.030 4.0 2.0 [43]
Pyrrolidine, CH3S− – – 2.029 4.2 2.0 [43]
Piperidine, CH3S− – – 2.029 4.2 2.1 [43]
Pyrrolidine, C6H5CH2S− – – 2.029 4.2 2.0 [43]

a Abbreviations: DMF, dimethylformamide; DMA, dimethylacetamide; DMSO, dimethylsulphoxide.

The spectra shown in Fig. 3 demonstrate that decay of the
signal of the RSNO•− radical (see Table 1) is accompanied
by an increase in another signal with g⊥ = 2.0406 and
g‖ = 2.012 at 77 K. The registration of new species at room
temperature allowed us to determine not only giso = 2.0295,
but also the hyperfine splittings Aiso(

14N) = 2.42 G, and
Aiso(

1H) = 0.97 G. The g‖ < g⊥ indicates that the ground
state is largely confined to dz2 orbital. The spectrum is
characteristic of the dinitrosyl tetrahedral complexes, con-
taining formally the Fe(–I) centre, [FeL2(NO)2]− [40–43].
The ESR signals of these compounds are only slightly de-
pendent on the thiol structure and can be treated as finger
print of this class of the complexes (Table 2).

The dinitrosyldithiolatoferrate(–I) complexes have been
known since long as produced thermally from nitroprus-
side at extremely high thiolate excess and at elevated
temperature [44]. Under conditions applied in this work
[Fe(SR)2(NO)2]− was formed only in consequence of
the photochemical reaction of the [Fe(CN)5N(O)SR]3−
complex. In all studied cases, even at very low thiolate
concentration, the dinitrosyl complex, [Fe(SR)2(NO)2]−,

appeared to be the main paramagnetic species containing
reduced Fe centre. Beside this dominant product, however,
a minor amount of [FeI(CN)5NO]3− (Table 1) was also
detected. The formation of [Fe(SR)2(NO)2]−, but not of
[FeI(CN)5NO]3−, was found to be strongly affected by the
thiolate concentration: the Fe(–I)/Fe(I) ratio was never <2;
whereas even at moderate RS− excess this ratio increases
easily by two-orders of magnitude (cf. Fig. 5).

Thus, the oxidative decay of the RSNO•− radicals is
responsible for the reduction of the iron complexes. As
nitrosyl and dinitrosyl species are here produced, both
nitroprusside and its thiolate derivative can be the main
targets of the RSNO•− attack. As in other cases [45], the
Fe(I) complex is expected to be produced from NP by an
electron transfer (Eq. (7))

[FeII(CN)5NO]2− + RSNO•−

→ [FeI(CN)5NO]3− + RSNO (7)

which is thermodynamically allowed due to the favourable
redox potentials of the reagents: E[Fe(CN)5NO]2−/[Fe(CN)5NO]3−
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Fig. 5. (a) Time-resolved ESR spectra recorded during continuous 545 nm photolysis of [Fe(CN)5N(O)SR]3− generated from 0.05 M [Fe(CN)5NO]2−
in the presence of 3.33 × 10−3 M RS− (RS− = mercaptosuccinate); (b) time dependence of [Fe(SR)2(NO)2]− and [FeI(CN)5NO]3− concentrations as
derived from the ESR analysis for the nitroprusside-to-thiolate initial ratio 1:5 (empty marks) and 15:1 (black marks).

= −0.3 V versus Ag/AgCl and E
RSNO/RSNO•− = −1.0 V

versus Ag/AgCl (reported by [39] and [45], respectively,
and confirmed in this study).

The Fe(–I) complex could be formed as a result of inter-
action between the RSNO•− radical and one of the CN−
ligands in nitroprusside or its thiolate derivative. It is diffi-
cult to assess the role of the two above targets, but there are
some arguments advocating the [Fe(CN)5N(O)SR]3− com-
plex. Firstly, the reaction is affected by a large RS− excess
that shifts the equilibrium (Eq. (1)), decreasing nitroprus-
side and increasing the [Fe(CN)5N(O)SR]3− concentrations.
Secondly, if the nucleophilic attack of the coordinated CN−
is responsible for the Fe(–I) production, the more favoured

target would be the complex with weaker Fe–NO bond (i.e.
the thiolate derivative).

In oxygenated solutions, the RSNO•− radical decays as
well in reaction with oxygen [38] (Eq. (8)).

RSNO•− + O2 → RSNO + O2
•− (8)

Unfortunately, in such a case another active species (O2
•−)

is produced that additionally complicates the already com-
plex system. Finally, another conceivable pathway of the
RSNO•− decay is also its dissociation [39].

RSNO•− → RS− + NO• (9)
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Besides the RSNO•− radicals, also the products contain-
ing reduced iron undergo oxidation by O2 leading to forma-
tion of Fe(II) complexes as stable products.

2.4. Product analysis

Any practical application of a system needs the recog-
nition of its stable products, or products stable enough
to be used in required procedures. In the studied sys-
tem the compounds are: RSNO, [FeIII(CN)5SR]3−,
[Fe(SR)2(NO)2]−, and [FeI(CN)5NO]3−. At least two of
them, [Fe(SR)2(NO)2]− and RSNO, are of medical im-
portance. Unfortunately, using UV/VIS spectroscopy, only
the [Fe(CN)5N(O)SR]3− substrate decay (decrease in ab-
sorption at 526 nm) and formation of the [Fe(CN)5SR]3−
product (increase in absorption at 700 nm) can be followed
directly. The results are exemplified in Fig. 6a.

Fig. 6. (a) Spectral changes recorded during irradiation (λirr 578 nm)
of aerated solution of 3.9 × 10−4 M [Fe(CN)5N(O)SR]3− in the
presence of 2.1 × 10−3 M [Fe(CN)5NO]2−, and 0.0125 M RS−
(RS− = mercaptosuccinate) at pH 10; (b) spectra of reagents and rela-
tively stable products calculated by means of SPEXFA programme using
experimental data shown in (a).

Concentrations of other components could be evaluated
only indirectly: the amount of [Fe(CN)5NO]2− was esti-
mated from the equilibrium constant (Eq. (1)); whereas
the sum of the minor products containing Fe(II), Fe(I)
and Fe(–I) complexes was assessed basing on their similar
absorption within 450–300 nm (together with the parent
[Fe(CN)5N(O)SR]3−). To solve the problem, the spectral
isolation factor analysis (SPEXFA) was used to separate the
product spectra from the experimental curves. The results
of the numerical analysis, compared with the genuine spec-
tra of the components, were consistent with the expected
composition of irradiated solutions (Fig. 6b). The spec-
trophotometric measurements were completed by analytical
detection (using Saville’s method [46]) of the products
containing weakly bonded NO, i.e. compounds being po-
tential NO-donors, such as S- nitrosomercaptosuccinate or
[Fe(SR)2(NO)2]− (Fig. 7).

The results of the continuous photolysis, although only
approximate, indicated that:

1. Concentration of the photochemically produced [FeI

(CN)5NO]3− depends strongly on the presence of oxy-
gen; only in deaerated solutions the Fe(I) complex is
generated in significant amounts. This points to a sub-
stantial contribution of the nitroprusside in scavenging
the RSNO•− radicals (Eq. (7)) in the absence of oxy-
gen. In the aerated system, O2 is obviously among the
principal radical scavengers (Eq. (8)).

2. Photochemistry of [Fe(CN)5N(O)SR]3− produces NO-
donors in amount not lower than that of [FeIII(CN)5SR]3−
(cf. Fig. 7). This means that nitrosation capacity of the
system acquired in the photooxidation–substitution re-
action (Scheme 1, path b) is not significantly reduced

Fig. 7. Time dependence of substrate decay ([Fe(CN)5N(O)SR]3− and
sum of [Fe(CN)5N(O)SR]3− and [Fe(CN)5NO]2−) compared with prod-
uct formation ([Fe(CN)5SR]3− and sum of NO-donors); experimental
conditions as in Fig. 6.
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as a result of the secondary processes. The contribution
from dissociation of the RSNO•− radical (Eq. (9)) can
thus be neglected.

3. Photoproduction of the [Fe(CN)5SR]3− complex is ac-
companied by its slow thermal decomposition (τ1/2 =
650 s [11]), which reduces its actual concentration es-
pecially at longer irradiation times (Fig. 7). When the
actual concentrations are corrected for the thermal de-
composition, the c versus tirr plot for [Fe(CN)5SR]3−
nearly overlaps that for the total NO-donors. The
[Fe(CN)5SR]3− concentration in photolyte is always
higher than the decrease in concentration of the parent
[Fe(CN)5N(O)SR]3− complex, which means that not
only [Fe(CN)5N(O)SR]3−, but also nitroprusside are
consumed in the photochemical process.

4. Analysis of the substrate decay, i.e. both [Fe(CN)5NO]2−
and [Fe(CN)5N(O)SR]3−, leads to a conclusion that the
decay is always at least two times larger than the in-
crease in [FeIII(CN)5SR]3− concentration (e.g. Fig. 7).
This indicates that the quantum yield values of the
[FeIII(CN)5SR]3− production reported earlier [11] do
not represent the total yields of the substrate decay,
which are actually more than two times higher.

5. Moreover, it is the [Fe(CN)5NO]2− complex, not the
[Fe(CN)5N(O)SR]3−, that is mostly consumed in the
photochemical reaction, even when the irradiating light
is not absorbed directly by nitroprusside (e.g. 578 nm). In
different experiments, the contribution of nitroprusside
to the total substrate loss amounted to 80–85% (Fig. 7).
The value was higher in deaerated photolytes, consis-
tent with nitroprusside contribution to scavenging the
RSNO•− radicals (cf. point (1)).

The results indicate that the studied reaction is in reality
an indirect photooxidation–substitution of [Fe(CN)5NO]2−,
catalysed by the mercaptosuccinate anion. The reaction may
be defined as photoassisted reaction in which nitroprusside
may be treated as a substrate, mercaptosuccinate anion as
a photoactivator, whereas the [Fe(CN)5N(O)SR]3− complex
plays a role of the substrate–activator adduct, which under-
goes the photochemical reaction.

3. Conclusions

All the results testify that the [Fe(CN)5N(O)SR]3−–
[Fe(CN)5NO]2−– thiolate system is potentially suitable for
photomedical applications. For RS− = mercaptosuccinate,
the nitrosothiol complex is thermally stable and absorbs
strongly near the phototherapeutic window. Irradiation
of the complex with the low energy light causes gener-
ation of moderately reactive nitrosation agents, such as
S-nitrosomercaptosuccinate and [Fe(SR)2(NO)2]−, which
are known as medically relevant compounds. In addition,
the nitrosation capacity of the system does not decay in
course of the secondary reactions.

Due to the fast reactions in equilibrium between nitroprus-
side and its thiolate derivative (Eq. (1)), the process is photo-
catalytic in character. This means that the nitrosation agents
are produced at the expense of nitroprusside although the
[Fe(CN)5N(O)SR]3− complex absorbs light and undergoes
the photooxidation–substitution reaction (Scheme 1, path b).
Moreover, because there is a variety of nucleophiles avail-
able, which can form similar substrate–activator adducts
equilibrated with nitroprusside [12,14,18,19,47,48], the pho-
toassistance may be responsible as well for photochemical
behaviour of [Fe(CN)5NO]2− in many other systems.

Furthermore, the studied system is highly manipulat-
able and allows changing its reactivity by modification of
the reaction conditions. The equilibrium between nitro-
prusside and its thiolato derivative (Eq. (1)) is sensitive to
many parameters, such as temperature, pressure [49,50],
pH, ionic strength, concentration and nature of cations
[5,14,19,49,50], and additionally to the intensity and wave-
lengths of irradiating light. Thus, change in the reagent
ratio, irradiation conditions, medium viscosity, pH, con-
centration of oxygen, ionic strength and even nature of the
cations can modulate the reaction course, quantum yield
and ratio of the produced compounds.

4. Experimental

The [Fe(CN)5N(O)SR]3− complex was generated in situ
from sodium nitroprusside and mercaptosuccinic acid [19].
All other chemicals were of analytical purity (Aldrich).
Carbonate–borate buffer of pH 10 was prepared from triply
distilled water and used in all the experiments.

ESR spectra were recorded at 77 K on Bruker ELEXYS
500 spectrometer operating at the X band with 100 kHz mod-
ulation. Glass containing 0.1 M K2CO3 and 1,3-propanediol
(1:1 v/v) was used as a reaction medium. Room tempera-
ture ESR measurements were performed on Bruker EMS
spectrometer in flat quartz cells with DPPH as internal
standard. ESR spectra were analysed using PEST Winsim
0.96 [52] and SIM14S [53] software. UV/VIS spectra were
recorded on Shimadzu UV/VIS 2100, Hewlett-Packard HP
8463 and Ocean Optics SD-1000 spectrophotometers in
1 cm quartz cells. Factor analysis was performed using Tar-
get 96M software (MATLAB version) [54]. A high-pressure
mercury lamp (HBO 200) equipped with LPS 250 power
supply (Photon Technology International) was used as a
light source; chosen wavelengths were selected using in-
terference filters. Nanosecond photolysis was performed
using laser spectrometer LKS 50 (Applied Photophysics)
equipped with Nd-YAG laser Surelite Sl I-10 (Continuum).
Microsecond flash photolysis apparatus was home made
with a xenon lamp [49,51]. Electrochemical measurements
were performed on BAS CV 50W electrochemical analyser
(Bioanalytical Systems) with glassy carbon working elec-
trode, and Ag/AgCl reference electrode FLEXREF (World
Precision Instruments). S-nitrosothiol and other NO-donors
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were determined quantitatively using Saville’s method [46].
Before the analysis samples were acidified and oxygenated
to transform [Fe(CN)5N(O)SR]3− and [Fe(CN)5NO]3− into
nitroprusside.
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