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Reactions of the [Fe(CN)5NO]2� complex with biologically relevant thiols (HnRS ¼ cysteine, N-acetylcysteine,
ethyl cysteinate and glutathione) are initiated by the nucleophilic attack of a thiolate (RSn�) on the N atom of
the NO+ ligand in the complex to form [Fe(CN)5N(O)SR](n+2)�. The N–S bond in the latter complex is,
however, weak and can undergo both heterolytic and homolytic splitting. The former process makes the
synthesis reaction reversible, whereas the latter is responsible for the spontaneous redox decomposition:
[Fe(CN)5N(O)SR](n+2)�! [FeI(CN)5NO]3�+RS�(n�1)�. The rate of the monomolecular reaction is controlled
by an inductive effect in the thiol with an additional stabilisation coming from formation of a six-membered
ring in the case of the N-acylated compounds. In the presence of thiolate excess, the RS�(n�1)� radicals are
transformed into the more stable RSSR�(2n�1)� radicals, which are scavenged by both [Fe(CN)5N(O)SR](n+2)�

and [Fe(CN)5NO]2�. The former reaction initiates, whereas the latter terminates, chain reactions of the
catalysed redox decomposition. The catalytic decomposition (in the thiol excess) is much faster than the
spontaneous decay (in the nitroprusside excess) but leads to the same final products. The Fe(I) reduction
product is identified by UV/Vis, IR, electrochemical and EPR methods. The effect of molecular oxygen is
investigated and explained. The mechanism is interpreted in terms of intermediate [Fe(CN)5N(O)(SR)2]

(2n+2)�

complex formation via nucleophilic attack and its decay mainly via homolytic splitting of the N–S bond. To
verify the mechanism, a simple reaction model is constructed, based on the assumption that the RSNO(n�1)�

ligands are mostly responsible for the [Fe(CN)5N(O)(SR)](n+2)� reactivity and their electronic properties are
discussed within the DFT framework.

Nitric oxide is a potent vasorelaxant and neurotransmitter and
therefore NO delivery to selected biological targets is of great
importance.1–10 Different organic and inorganic NO donors
are currently applied, among them sodium pentacyanonitro-
sylferrate (customarily named sodium nitroprusside), which
is the only clinically used metal nitrosyl complex.11 It is used
as a hypotensive anaesthetic during surgery and in the treat-
ment of erythromelalgia. It is known to induce a very rapid
physiological response, which becomes evident within seconds
after the infusion. Its metabolism is quite different from
other common NO donors (like nitroglycerine, syndonimines,
S-nitrosothiols or NONOates).12,13 Nitroprusside can react
with numerous compounds present in mammalian cells, but
most of these processes are far too slow. The only known pro-
cess fast enough to be responsible for such an effect is the
reaction between the [Fe(CN)5NO]2� complex and a thiolate
anion.14–16 Several components of cellular medium contain
thiol groups; the most important are cysteine, homocysteine
and glutathione. The mechanism of this physiological activity
is still not elucidated, although the reactions between nitro-
prusside and thiolates have been studied extensively.14–27 It is
believed, however, that reduction of nitroprusside is the
first stage of its metabolism with subsequent contribution of
membrane-bound enzymes.
It is well evidenced that nitroprusside in the presence of a

thiolate anion is transformed into the S-nitrosothiolato-N

complex via a nucleophilic attack on the NO ligand:14–27

½FeðCNÞ5NO�2� þRSn�  �
�! ½FeðCNÞ5NðOÞSR�

ðnþ2Þ�;

K1 ¼ k1=k�1 ð1Þ

The nitrosothiol complexes, [Fe(CN)5N(O)SR](n+2)�, are gen-
erated immediately upon mixing solutions containing nitro-
prusside and a thiol. The reaction is accompanied by a
colour change from yellow to purple-red {all as yet known
[Fe(CN)5N(O)SR](n+2)� complexes are characterised by
lmax ¼ 522–526 nm, emax� 103–104 M�1 cm�1}.16 In almost
all studied cases a fast decomposition is the next step, which
is accompanied with bleaching of the reaction mixture to a
yellowish brown colour and formation of a Fe(I) complex
and disulfide as the ultimate products.15,16,18,21–23

The structure of the thiolate anion was found to influence
the [Fe(CN)5N(O)SR](n+2)� stability: the presence of elec-
tron-withdrawing groups stabilises, while electron-rich groups
destabilise the complex.16 The rate of the redox decomposition
depends also on other factors, such as the nitroprusside to
thiol ratio and the presence of molecular oxygen. The decom-
position of the [Fe(CN)5N(O)SR]4� complex (H2RS ¼
cysteine) was reported to occur spontaneously both in the pre-
sence of an excess of nitroprusside and cysteine; in the latter
case the reaction was much faster that in the former case.21,22

Moreover, the presence of oxygen was found to increase the

DOI: 10.1039/b204719p New J. Chem., 2002, 26, 1495–1502 1495

This journal is # The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2002



stability of the coloured species.21 The role of these parameters
is not yet cleared up and even identification of the final product
is questionable: in some papers formation of the
[Fe(CN)5NO]3� complex is reported,16,21,22 while in others the
[Fe(CN)4NO]2� species is claimed to be the final product.15,18,19

Thus, despite numerous studies,14–27 the mechanism of the
[Fe(CN)5N(O)SR](n+2)� decomposition is not fully under-
stood. In this paper, we present a detailed analysis of the com-
plex product and kinetics of the decomposition of the
[Fe(CN)5N(O)SR](n+2)� complexes with two biologically rele-
vant thiols: cysteine and glutathione; to follow the effect of
the thiol structure—two cysteine derivatives (ethyl cysteinate,
N-acetylcysteine) are also included. In order to interpret
the kinetic results, the reactions are modelled using DFT
calculations.

Results and discussion

Product analysis

Reduction of nitroprusside, both chemical and electrochemi-
cal, may lead to direct formation of two different reaction pro-
ducts. In acidic media or in non-aqueous solutions the blue
[Fe(CN)4NO]2� complex is the main product, while in alkaline
media the brown [Fe(CN)5NO]3� ion is generated. Changes in
pH and cyanide concentration induce an interconversion of the
complexes:27–31

½FeðCNÞ5NO�3�  �����
�����!Hþ

OH� ;CN�
½FeðCNÞ4NO�2� ð2Þ

Ascorbic acid in acidic solution reduces nitroprusside to
[Fe(CN)4NO]2�, whereas in alkaline solution the
[Fe(CN)5NO]3� complex is formed.29,32,33 The reaction
between nitroprusside and thiols such as cysteine, ethyl cystei-
nate, N-acetylcysteine and glutathione needs alkaline medium
to proceed. Under these conditions, an initial increase in
absorption characteristic of [Fe(CN)5N(O)SR](n+2)�, is fol-
lowed by its decrease and growth of two new bands with lmax

at 350 and 440 (sh) nm. The band assignment to
[Fe(CN)5NO]3� 29,30,34 is supported by the spectroelectro-
chemical measurements. Reduction of nitroprusside at a plati-
num minigrid electrode at �0.5 V vs. Ag/AgCl at pH 10 yields
an air sensitive species that is characterised by the two absorp-
tion bands at 350 and 440 nm, whose properties can only be
attributed to [Fe(CN)5NO]3� 30–33,35,36. The assignment is con-
firmed by IR as well as ESR experiments.
IR detection shows that the reaction between nitroprusside

and a thiolate is accompanied by immediate formation of
two intense peaks at 2100 and 2074 cm�1 {assigned to nCN
in the [Fe(CN)5N(O)SR](n+2)� complex.}16,34 In the next step,
these bands decay gradually and a new peak at 2088 cm�1 is
formed. The latter value is consistent with the 2088–
2090 cm�1 reported as characteristic of the [Fe(CN)5NO]3�

complex.34,37

EPR investigations of the nitroprusside–thiolate system
made at room temperature (Fig. 1) revealed the generation
of only one stable paramagnetic species, whose spectral para-
meters: g ¼ 2.027, a(N) ¼ 14.0 G, are close to those reported
for [Fe(CN)5NO]3� [g ¼ 2.027, a(N) ¼ 14.8 G].38–41 This
observation is consistent with previous reports.16,21,22,36 How-
ever, at lower pH or in the case of certain thiols16 formation of
the [Fe(CN)4NO]2� complex and release of cyanide cannot be
excluded.15,16,18,19,37,39

All these results unambiguously confirm the earlier
presumptions14 that the thermal decomposition of [Fe(CN)5-
N(O)SR](n+2)� (RSn� ¼ anions of cysteine, ethyl cysteinate,
N-acetylcysteine or glutathione) leads to the generation of
the [Fe(CN)5NO]3� complex. Moreover, the results show that
neither detectable amounts of [Fe(CN)4NO]2�, nor other

paramagnetic Fe complexes, are formed from nitroprusside
under these conditions.

Kinetics

Nitroprusside excess. At high nitroprusside excess (10- to
200-fold), decomposition of the [Fe(CN)5N(O)SR](n+2)� com-
plex proceeds according to first-order kinetics, with kobs inde-
pendent of nitroprusside concentration. Thus, the reaction can
be considered as the reversible homolytic splitting of the N–S
bond, accompanied by generation of the RS�(n�1)� radicals,
which are the source of disulfides:

½FeðCNÞ5NðOÞSR�
ðnþ2Þ�  �

�!

½FeðCNÞ5NO�3� þRS
�ðn�1Þ�; k3=k�3 ð3Þ

The kinetics are consistent with an empirical kinetic equation
for a system with a pre-equilibrium:42

kNP
obs ¼

K1k3½NP�
1þ K1½NP� þ k�3 ð4Þ

where NP denotes nitroprusside, K1 is the pre-equilibrium
[eqn. (1)] constant, whereas k3 and k�3 are the rate constants
of the inner-sphere redox decomposition [eqn. (3)]. As K1

values are relatively large (see Table 1), at high NP concentra-
tion the relation (4) is simplified to kNP

obs ¼ k3+ k�3 . The lack
of effect of the NP concentration under the studied conditions
indicates that the concentration used is high enough to reach
the limiting value of kNP

obs.
The rates of the monomolecular (inner-sphere) redox

decomposition (k3+ k�3 values in Table 1) depend on the thiol
structure, which correlates well with the inductive effect.16 The
presence of the –NH2 group destabilises, whereas the car-
boxylic group stabilises, the [Fe(CN)5N(O)SR](n+2)� complex.
However, when the groups are blocked by acetylation or ester-
ification for example, their influence is suppressed.16 Thus, the
presence of unprotected COO� and acetylated amino groups
makes the complex with N-acetylcysteine the most stable in
the series. In contrast, the complex with ethyl cysteinate having
unprotected –NH2 and protected –COO� groups undergoes the
fastest decomposition. The effect of both unprotected groups is
similar to that where both groups are blocked, giving virtually
no difference in the reaction rates between glutathione and
cysteine complexes. The formation of a six-membered ring
by N-acylated thiols43 results in a strengthening of the S–N
bond at the expense of the N–O bond (Scheme 1). This effect
may contribute also to the increased stability (the lowest

Fig. 1 EPR spectra of the oxygen-free system consisting of 0.1 M
[Fe(CN)5NO]2� and 0.1 M cysteine at pH ¼ 10, T ¼ 298 K; the spec-
tra were measured immediately after mixing the reagents (the lowest
spectrum recorded) and every 60 s; the signal recorded at g ¼ 2.027,
a(N) ¼ 14.0 G is characteristic of the [Fe(CN)5NO]3� product.
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k3+ k�3 values) in the case of N-acetylcysteine and glutathione
complexes. Moreover, the strength of the S–N bond in the
[Fe(CN)5N(O)SR](n+2)� complex correlates well with the
strength of the S–H bond in thiols. The higher the pKa value
of the thiol dissociation, the less probable is spontaneous decom-
position of the [Fe(CN)5N(O)SR](n+2)� complex (cf. Table 1).
The influence of oxygen on the nature of the final products

in this case is negligible. Although under aerobic conditions
the [Fe(CN)5NO]3� complex can be reoxidised to
[Fe(CN)5NO]2�,25 in alkaline medium, however, the reaction
is relatively slow and the reoxidation of [Fe(CN)5NO]3� and
any significant regeneration of [Fe(CN)5N(O)SR](n+2)� is not
observed, unless an additional thiolate is present.16 The only
difference consists in the fate of the RS�(n�1)� radicals, which
are scavenged by O2 (vide infra).

Thiolate excess. At high concentration of the thiolate (10- to
200-fold excess), the reduction of iron proceeds much faster
than it does at the nitroprusside excess. Under these condi-
tions, kinetic traces depend strongly on the presence of oxygen,
but even those recorded under anaerobic pseudo-first-order
conditions cannot be simply approximated by mono-exponen-
tial curves. Instead, the traces are indicative of autocatalysis:
they start from an induction period, followed by pseudo-
zero-order and, at the end, by pseudo-first-order fragments
of the curve (Fig. 2).
Analysis of the induction period shows that catalyst forma-

tion is accelerated by an increased RSn� concentration and
decelerated by an increased concentration of molecular oxy-
gen. The initial increase in the reaction rate depends addition-
ally on the thiolate nature and under the same conditions
follows the series:

cysteine > ethyl cysteinate > glutathione > N-acetylocysteine

ð5Þ

The chain reaction is initiated by the RS�(n�1)� radicals, pro-
duced originally in the spontaneous redox decomposition of
[Fe(CN)5N(O)SR](n+2)� [eqn. (3)], which are scavenged by
the thiolate ions and transformed into the RSSR�(2n�1)�

radicals:44–46

RS
�ðn�1Þ� þRSn�  �

�! RSSR
�ð2n�1Þ�; k6=k�6 ð6Þ

This reaction proceeds somewhat faster in the case of cysteine
than glutathione radicals (k6 ¼ 1.2� 109 and 4.5–5.8� 108

dm3 mol�1 s�1 for cysteine and glutation, respectively)47–49

and O2 scavenger competes effectively with thiolates (vide
infra). These effects are consistent with the differences in the
induction period duration.
The RSSR�(2n�1)� radicals, known from their reducing and

nucleophilic properties,44–51 can be scavenged by both com-
plexes involved in the equilibrium (1): The reaction with
[Fe(CN)5N(O)SR](n+2)� should be responsible for chain pro-
pagation, whereas that with [Fe(CN)5NO]2� for the chain ter-
mination. The former can proceed if the dithiolato transient
species can be formed as a result of the nucleophilic attack
of the dithiolate radical on the O–N–S fragment of the
[Fe(CN)5N(O)SR](n+2)� complex:

½FeðCNÞ5NðOÞSR�
ðnþ2Þ� þRSSR

�ð2n�1Þ�  �
�!

½FeðCNÞ5NðOÞðSRÞ2�
ð2nþ2Þ� þRS

�ðn�1Þ� ð7Þ

This reaction resembles the nucleophilic attack of thiolate
anion on the nitrogen atom of the nitrosothiol, which can be
followed by successive processes leading to oxidation of sulfur
at the expense of the NO reduction.43,52–60 In the case of the
nitrosothiol bound to the Fe atom, the electron would be
transferred through NO to the central atom, yielding the
Fe(I) complex:

½FeðCNÞ5NðOÞðSRÞ2�
ð2nþ2Þ�  �

�!

½FeðCNÞ5NO�3� þRSSR
�ð2n�1Þ� ð8Þ

Table 1 Rate constants of spontaneous (k3+ k�3) and catalytic reduction (k0 , kI) of the [Fe(CN)5N(O)SR](n+2)� complexes by selected thiols,
collated with the constants (K1) of the equilibrium reaction 1 and the ionisation constants (pKa) of the parent thiols, HnSR (T ¼ 298 K,
[Na+] ¼ 0.66 M)

Thiolate qT
a pKa

14 K1 (k3+ k�3)/s
�1 k0

b /Ms�1 kI
c /s�1

N-Acetylcysteine �2 9.52 220 0.0014� 0.0001 0.0043� 0.0001 0.059 � 0.001

Ethyl cysteinate �1 6.5 190 0.0037� 0.0001 0.012� 0.001 0.164 � 0.008

Cysteine �2 8.3 210 0.0021� 0.0001 0.017� 0.001 0.210 � 0.02

Glutathione �3 8.75 95 0.0020� 0.0001 0.0035� 0.0001 0.129 � 0.02b

a Total charge of the entity. b Calculated for high excess (120–200) of thiolate. c Calculated according to eqn. (12) except for glutathione, for

which eqn. (13) was used.

Scheme 1 Model of intramolecular stabilisation of the N–S bond due
to formation of the six-membered rings in the [Fe(CN)5N(O)SR](n+2)�

complexes with the N-acylated S-nitrosothiols (N-acetylcysteine and
glutathione) (adapted from ref. 40).

Fig. 2 Effect of cysteine concentration on the decay rate of the
[Fe(CN)5N(O)SR](n+2)� complex at 1 mM total Fe concentration,
pH ¼ 10 and T ¼ 298 K, as recorded at l ¼ 600 nm in aerated
([O2]� 0.1 mM) and deaerated solutions.
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The sequence of reactions [eqns. (6)–(8)] not only
reproduces but also generates additional amounts of the
RSSR�(2n�1)� radicals and therefore is responsible for the
chain mechanism of the RSSR�(2n�1)� catalysed redox
decomposition of the [Fe(CN)5N(O)SR](n+2)� complex
(Scheme 2).
The reaction between [Fe(CN)5NO]2� and RSSR�(2n�1)�

terminates the chain mechanism due to radical consumption
and generation of the final products:

½FeðCNÞ5NO�2� þRSSR�ð2n�1Þ�  ����
����!ð2n�2ÞHþ

½FeðCNÞ5NO�3� þRSSR ð9Þ

Recombination of the RS�(n�1)� radicals:

RS�ðn�1Þ� þRS�ðn�1Þ�  ����
����!ð2n�2ÞHþ

RSSR ð10Þ

as well the heterolytic decomposition of the intermediate
[Fe(CN)5N(O)(SR)2]

(2n+2)�:

½FeðCNÞ5NðOÞðSRÞ2�
ð2nþ2Þ�  �

�!

½FeðCNÞ5NðOÞSR�
ðnþ2Þ� þRSn� ð11Þ

can contribute to the termination of the catalytic cycle.
As long as the production of the RSSR�(2n�1)� radicals

compensates for their consumption the pseudo-zero-order
kinetics in [Fe(CN)5N(O)SR](n+2)� concentration is observed.
This means that the intermediate steps [eqns. (6) and (7)]
are very fast, whereas decomposition of the transient
[Fe(CN)5N(O)(SR)2]

(2n+2)� species [eqn. (8)] is the rate-deter-
mining step. Pseudo-zero-order kinetics plays a more impor-
tant role at large thiol excess and depends on the thiol
nature mostly according to the thiolate reactivity series
[eqn. (5), k0 in Table 1].
However, as the reaction proceeds, the concentration of

[Fe(CN)5N(O)(SR)2]
(2n+2)� decreases and the first-order path-

way starts to contribute substantially to the rate of the overall
process. The pseudo-first-order behaviour is observed earlier at
lower excess of thiolates. Analysis of the first-order kobs depen-
dence on the thiolate concentration (Fig. 3) shows that for
cysteine, ethyl cysteinate and N-acetylcysteinate the kinetics
is again consistent with an empirical kinetic equation [eqn.
(12)] for a system with a pre-equilibrium [eqn. (1)]:

kRS
obs ¼

K1kI½RSn��
1þ K1½RSn�� ð12Þ

where kI is the pseudo-first-order rate constant. Only in the
case of glutathione is a better fit of the experimental data
obtained with eqn. (13); this indicates substantial contribution
of another process involving the thiolate anion.

kRS
obs ¼

K1kI½RSn��2

1þ K1½RSn��2
ð13Þ

To interpret this dependence, formation of the transient dithio-
late complex in the competitive reaction between
[Fe(CN)5N(O)SR](n+2)� and the thiolate anion [reverse of
eqn. (11)] is considered. The slower scavenging of the RS�(n�1)�

radicals, the tendency of these radicals to be converted into
the C-centred isomers61–63 and the strong reducing properties
of glutathione64,65 advocate this hypothesis.
The crucial role of the RSSR�(2n�1)� radicals in activation of

the [Fe(CN)5N(O)SR](n+2)� decay is confirmed by the kinetic
traces recorded in the presence of oxygen. In this case, the
induction period is much longer than in deaerated solutions
(Fig. 2). The break in the kinetic curve correlates well with
the time of complete oxygen consumption (Fig. 4).
The duration of the first period depends not only on the O2

but also on the thiolate concentration and nature, consistent
with the thiolate reactivity series [eqn. (5)]. The increased

Scheme 2 Spontaneous homolytic splitting of the [Fe(CN)5N(O)SR](n+2)� complex followed by autocatalytic redox reactions proceeding at the
thiolate excess. The molecular oxygen contribution is also included.

Fig. 3 Effect of thiol concentration on kobs of the pseudo-first order
decay of [Fe(CN)5N(O)SR](n+2)� calculated according to eqn. (12) for
ethyl cysteinate, cysteine and N-acetylcysteine, and according to eqn.
(13) for glutathione. Experimental conditions: total Fe concentration
1 mM, pH ¼ 10, T ¼ 298 K.
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oxygen concentration prolongs, whereas the increased thiolate
concentration shortens the induction period (Fig. 2).
This behaviour may be interpreted in terms of competition

between the two scavengers of the RS�(n�1)� radicals [eqns.
(6) and (14)]:

RS
�ðn�1Þ� þO2 ! RSOO

�ðn�1Þ� ! RSO
� þ ½O�; k14 ð14Þ

The rate of the RS�(n�1)� scavenging by O2 is similar to that by
cysteine (k14 ¼ 1.6� 109 M�1 s�1), whereas in the case of
glutathione it is about 10 times greater than k6
(k14 ¼ 8.0� 109 M�1 s�1).50–52 Consistent with the differences
in the rate constants, the induction periods for glutathione are
much longer than for cysteine. When oxygen is exhausted, the
thiolate becomes the only scavenger, generation the
RSSR�(2n�1)� radicals is enhanced and the chain mechanism
[eqns. (7)–(9)] is initiated and proceeds as in a deoxygenated
system (Scheme 2).
To recapitulate, the pathway of the [Fe(CN)5N(O)SR](n+2)�

decay consists in its redox decomposition yielding the Fe(I)
complex and the RS�(n�1)� radical, in spontaneous [eqn. (3)]
or, under the RSn� excess, in a process catalysed by the
RSSR�(2n�1)� radicals [eqns. (6)–(8)]. The conversion of these
radicals into disulfides [eqn. (9)] is the chain termination step.
As the radical mechanism presented above involves the transi-
ent dithiolato complex, whose existence could not be con-
firmed experimentally, DFT calculations were used to
substantiate the proposal.

Modelling

To interpret the reactions of spontaneous and catalysed
decomposition of [Fe(CN)5N(O)SR](n+2)�, a simple reaction
model was constructed, based on the assumption that it is
the RSNO(n�1)� ligand that is mostly responsible for the

reactivity. In this approach the rest of the complex is ignored
and its interaction is mimicked to some extent by protonation
of the N atom of the RSNO(n�1)� group.
Such a procedure is supported by the low stability of nitro-

sothiols (much lower than that of their parent thiols) and their
propensity to react with thiolates and thiols.43,52–60 The reac-
tions with thiolates are initiated by the nucleophilic attack of
the thiolate on the NO group of an S-nitrosothiol followed
by the homo- or heterolytic splitting of the S–N bond. In con-
sequence, the nitrosyl group transfers from one thiol moiety to
another in a so-called transnitrosation process. Reactions of S-
nitrosothiols with thiols generally consist of a 1,2-addition
reaction at the N=O bond, followed by the homo- or heteroly-
tic splitting of the S–N bond. Consequently, the nitrosyl group
is transferred or the sulfur moiety is oxidised at the expense of
the NO group reduction.43,52–60

The behaviour of the RSNO(n�1)� ligand in the
[Fe(CN)5N(O)SR](n+2)� complex is found to resemble that of
its parent nitrosothiol in undergoing both heterolytic and
homolytic splittings of the S–N bond: the former is accompa-
nied with the formation of [Fe(CN)5NO]2� and RSn� ions,
that is the inverse reaction of complex synthesis [eqn. (1)],
whereas the homolytic splitting leads to the formation of
[Fe(CN)5NO]3� and RS�(n�1)� species, that is the products of
the redox decomposition [eqn. (3)].
In order to model the reaction, the electronic properties of

RSNO(n�1)� ligands (HnRS ¼ cysteine, N-acetylcysteine, ethyl
cysteinate and glutathione) are discussed within the DFT fra-
mework.66 The results of the calculations confirm the expected
nucleophilic properties of the studied thiols (Table 2). In all
cases the HOMO orbital is localised mostly (�90%) on the sul-
fur atom (see Fig. 5), which is negatively charged (�0.65 on
average).
Moreover, the DFT calculations indicate that a successive

addition of NO+ and H+ to the thiolate results in a consider-
able decrease in the energy difference between the frontier
orbitals (HOMO�LUMO) (cf. Tables 2–4). According to
Pearson’s hardness definition,67,68 this means that the ligand
hardness decreases, whereas its polarizability increases, in the
series

RSn� > RSNOðn�1Þ� > RSNOHðn�2Þ� ð15Þ

The lowered barrier between the HOMO and LUMO orbitals
may influence the LUMO population, and, consequently, may
lead to a decrease of the compound stability. This would explain
the decreased stability of nitrosothiolates and nitrosothiols in
comparison with their parent thiolates and thiols, respectively.
Propensity of the RSNO(n�1)� group to undergo nucleophi-

lic attack is also confirmed by the character of the frontiers
orbitals of nitrosothiols (Table 3) as well as of the nitrosothiols
protonated at the N atom (Table 4): in all cases the LUMO
orbital is spread almost uniformly over the S, N and O atoms
and has symmetry appropriate to overlap with the thiolate
HOMO (Fig. 6).

Fig. 4 Correlation between oxygen concentration and shape of the
kinetic curve, recorded as change in absorption of
[Fe(CN)5N(O)SR](n+2)� (RSn� ¼ 2-mercaptopropionate) at 650 nm
(right scale); total Fe concentration and initial concentration of thio-
late are 1 mM and 50 mM, respectively, T ¼ 298 K, pH 10, buffer
was saturated with molecular oxygen prior to the measurement.

Table 2 Charges at the S atom and characteristics of frontier orbitals of the studied thiolates, RSn�

Thiolate qT
a qS

EHOMO/eV

% AO’s in MO

ELUMO/eV %

GO’sb in MO DEc /eV

N-Acetylcysteine �2 �0.69 +3.73

88 S

+6.92

79 C2H5COO

3.19

Ethyl cysteinate �1 �0.56 +0.69

91 S

+2.49

83 COO

1.80

Cysteine �2 �0.75 +4.70

91 S

+8.89

67 COO

4.19

Glutathione �3 �0.61 +4.54

91 S

+7.66

75 CONH

3.12

a Total charge of the entity. b Group orbitals. c HOMO-LUMO energy gap.

New J. Chem., 2002, 26, 1495–1502 1499



The ligand that is present in the transient
[Fe(CN)5N(O)(SR)2]

(2n+2)� complex resembles the thiol-nitro-
sothiol adduct, (RS)2NOH, and similarly may undergo homo-
lytic and heterolytic splittings of the S–N bond.43–52 The
successive processes are not obvious, but the electron transfer
towards the [Fe(CN)5] moiety could be facilitated by the posi-
tive charge on the sulfur atom of RSNO(n�1)� (q�+0.3, cf.
Table 3). The sulfur charge is considerably increased (up to
q�+0.5) when the electron density on the N atom is decreased
by proton association (Table 4). This tendency should be even
intensified by the coordination of the RSNO(n�1)� ligand to
the Fe centre.

Concluding remarks

The analysis of the thermal reactivity of the [Fe(CN)5-
N(O)SR](n+2)� complexes (where HnRS ¼ cysteine, N-acetyl-

cysteine, ethyl cysteinate and glutathione) reveals their very
complicated behaviour. The redox decomposition occurs via
spontaneous homolytic splitting [eqn. (3)] and autocatalysed
redox processes [eqns. (6)–(9)], in which the RS�(n�1)� and
RSSR�(2n�1)� radicals play a crucial role. The chain termina-
tion consists in scavenging the RSSR�(2n�1)� radicals by nitro-
prusside, accompanied with generation of the final products,
[Fe(CN)5NO]3� and disulfide [eqn. (9)]. The processes are pre-
ceded by a pre-equilibrium [eqn. (1)] and kinetic traces show an
induction period, followed by pseudo-zero-order and pseudo-
first-order segments. The proposed mechanism is supported
by DFT calculations (Tables 2–4, Figs. 5 and 6). The results
provide an understanding of the particular steps of both path-
ways of the redox decomposition. The results of the calcula-
tions justify also the propensity of nitrosothiols and
nitrosothiolates to react with thiols and thiolates, respectively.
In reality, however, the studied systems are even much more

complicated than it is shown in this paper. First, the thiols,
both free and bonded as ligand, are involved in the protona-
tion equilibria, which were not taken into consideration. Sec-
ond, cyanometallates are known for their tendency to form
ion pairs,16,17 and a similar behaviour is expected also for all
the complexes, as well as thiolates, present in the studied sys-
tems. Moreover, rate constants for different redox reactions
involving cyanometallates strongly depend on the concentra-
tion and type of cations.69–72 Thus, the additional equilibria,
including ion-pair formation, should be taken into account
in more sophisticated kinetic studies. To get the essential data,
experimental work on ion-pair formation in the [Fe(CN)5-
NO]2�-thiolate system is reported elsewhere.72

Experimental

Chemicals

Sodium nitroprusside (Merck), glutathione (Aldrich), N-
acetylcysteine (Merck), cysteine hydrochloride (Aldrich) and
ethyl cysteinate hydrochloride (Aldrich) of highest available
purity were used as purchased. All measurements were per-
formed at 298 K, in buffered solutions (pH 10), containing
0.25 M Na2CO3 , 0.082 M Na2B4O7 and 0.001 M Na2edta,
with total sodium concentration of 0.666 M. The reagent con-
centrations used in kinetic measurements were as follows: 1
mM thiolate with 0.01–0.2 M nitroprusside (in the case of
nitroprusside excess), and 1 mM nitroprusside with 0.01–0.2
M thiolate (at thiolate excess).

Instrumentation

UV-Vis spectra were measured in quartz tandem cells of 0.864
cm pathlength on Shimadzu UVPC 2001 and HP8453 spectro-
photometers. Slow kinetic traces (nitroprusside in excess)
were recorded on a Shimadzu UVPC 2001 spectrophoto-
meter whereas a SX17MV stopped flow apparatus (Applied

Fig. 5 HOMO orbital for the cysteine molecule; contour (cut
through the plane containing S and C1 atoms) and orbital plots.

Table 3 Atomic charges and characteristics of frontier orbitals of S-nitrosothiols, RSNO(n�1)�, derived from the studied thiolates

Thiolate qT
a qS qN qO

EHOMO/eV

% GO’sb in MO

ELUMO/eV

% AO’s in MO DEc

N-Acetylcysteine �1 +0.30 �0.14 �0.23 �1.29
79 COO

�0.27
19 S, 47 N, 31 O

1.02

Ethyl cysteinate 0 +0.28 �0.08 �0.15 �5.92
72 NH2 10 COO

�4.12
15 S, 50 N, 32 O

1.80

Cysteine �1 +0.30 �0.18 �0.23 �0.64
81 COO

�0.12
17 S, 45 N, 30 O

0.52

Glutathione �2 +0.32 �0.18 �0.20 +1.00

75 COO 15 NH2

+1.02

16 S, 47 N, 31 O

0.02

a Total charge of the entity. b Group orbitals. c HOMO-LUMO energy gap.
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Photophysics) was used in the case of the thiolate excess. All
kinetic measurements were performed under pseudo-first-order
conditions. Room temperature ESR measurements were made
on a Bruker EMS spectrometer operating at the X band with
100 kHz modulation in flat quartz cells with DPPH as internal
standard. Electrochemical experiments were carried out by use
of CV50W (Bioanalytical Systems) and CX-741 (Elmetron)
electrochemical analysers. For spectroelectrochemical moni-
toring of [Fe(CN)5NO]2� reduction, a 2 mm quartz cell was
equipped with a Pt–Ir minigrid electrode (5% Ir), auxiliary
electrode (Pt wire) and reference Ag/AgCl electrode (FLEX-
REF, World Precision Instruments). Oxygen concentration
was measured using a CTN-920.S electrochemical sensor with
PTFE membrane (Elsent, Poland).

Calculations and modelling

Kinetic traces of the [Fe(CN)5N(O)SR](n+2)� decay were pro-
cessed using standard stopped flow kinetic software supplied
by Applied Photophysics and Gepasi (version 3.21).73–75

Pseudo-first-order rate constants for spontaneous decomposi-
tion of the complex [eqn. (3)] were calculated from mono-expo-
nential fits to experimental kinetic traces. kobs values were
found to be concentration independent. In the case of thiol
excess, pseudo-zero-order rate constants (k0) were calculated
from the slopes of the linear segment of the kinetic traces at
high thiolate excess, whereas pseudo-first-order rate constants
were determined from mono-exponential fits at lower thiolate
concentration. Concentration dependence of the kobs values
allowed for the kI determination [eqn. (12) or (13)].
DFT calculations66 were made using the DFT-LCGTO

program package.76 For the exchange and correlation, the
local-density approximation (DFT-LDA) with the Vosko–
Wilk–Nusair (VWN) parameterisation77 was used. Kohn–
Sham orbitals were represented by linear combinations of
atomic orbitals using extended basis sets of contracted Gaus-
sian-type orbitals (CGTO) of double zeta quality. Traditional
quantum mechanical tools such as Mulliken population analy-
sis,78 electron density plots of the frontier orbitals as well as
characterisation of HOMO and LUMO orbitals was applied
to examine inter-atomic binding.
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24 A. Kovács and I. Bányai, J. Inorg. Biochem., 1995, 59, 191.
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