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a  b  s  t  r  a  c  t

The  susceptibility  of  the nitrosonium  ligand  (NO+) of  metal  nitrosyls  to nucleophilic  attack  has  been
reviewed.  The  reactions  of  nitroprusside  with  thiolate  (RS−) nucleophiles  (H2S, cysteine,  glutathione,
N-acetylcysteine  and  others)  have  been  covered,  albeit  the  main  focus  is on  the  reactivity  of ruthenium
nitrosyl  ammines  (trans-[Ru(NH3)4(L)NO+]n+)  with  cysteine  and  glutathione.  Kinetic  aspects  and  reaction
products  are  discussed.  Nitric  oxide  (NO)  and  nitroxyl  (HNO)  are  the  primary  and  main  nitrogen-based

−

eywords:
itric oxide
itroxyl
ucleophilic attack

products  of  the  reactions  with  RS .  The  final  nitrogen  based  product  N2O is  identified  and  suggested
as  the  direct  product  from  the  dimerization  reaction  of  HNO.  The  accumulated  data  strongly  suggest
that  the ratio  of  [NO]/[HNO]  formed  is  dependent  on  the [RS−]/[RSH]  ratio,  which  can  be  controlled  by
the  experimental  conditions.  Some  aspects  of  thiol-responsive  nitric  oxide-releasing  materials  are  also
ysteine discussed.
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. Introduction

The electrophilic character of nitrosyl complexes of the type
(L)5M(NO+)]n has been verified with nucleophilic species before
he 1900s [1–3]. The pentacyanonitrosylferrate(II) or nitroprus-
ide ion [Fe(CN)5NO]2− (abbreviated as NP) was the first and most
xplored system for nucleophilic addition reactions between nitro-
yl complexes and bases (B), such as OH− and HS−, providing the
nitial framework for this study (Eq. (1)) [4].

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

These studies were extended for a diverse class of bases that
ncludes N- (ammines, hydrazine, hydroxylamine, and azide) [4–8]
nd S-binding species (hydrogen sulfide, sulfites, and thiols).
able 3 summarizes some constants calculated in the reaction
f metal nitrosyls with thiols and OH− nucleophiles (see Sec-
ion 2.3) [4,7–16]. Although the mechanisms and products of Eq.
1) with different nucleophiles were treated in a similar manner
or many years, subsequent studies performed with several tech-
iques described multiple and complex steps following the simple
ddition shown in Eq. (1) [5,6,10,11]. Recently, these reactions
ave received additional interest due to the biological implications
f some species, such as hydroxylamine, H2S/HS−, cysteine, and
lutathione [17–20]. This biological focus was motivated by the
iscovery of the physiological functions of nitric oxide in the 1980s
21–26] and, more recently, of nitroxyl (HNO) [27–30]. The possi-
ility that the [(L)5MN(O)B]n−1 adduct may  be an external source
f NO and/or HNO in physiological conditions has stimulated the
earch for new, robust, and easily modulated systems as possible
ources [31,32]. In this regard, some nitrosyl complexes have been
xplored as nitric oxide and nitroxyl sources [10,11,33–40]. This
eview is mainly focused on the chemistry of the reactions between
ifferent nitrosyl complexes and the nucleophilic thiolate species
RS−). A comparison of classical systems and ruthenium nitrosyl
etraammine complexes is performed.

. Nucleophilic addition in nitrosyl complexes

Probably the first studies in this field have been carried out with
he nitroprusside ion [Fe(CN)5NO]2−, using OH− and H2S/HS− as
ases [1,3]. Reports on the reaction between [Fe(CN)5NO]2− and
S− were already published in the 1850s [1,3], and received new
ttention in the 1960s [4,41].

The [Fe(CN)5N(O)SH]3− adduct formed by the addition of the
S− ion to the nitrosonium ligand of nitroprusside was  proposed
s the product of the reaction (Eqs. (2) and (3)) [4]. This mechanism
as an extension of the pathways postulated for the addition of
H− to [Fe(CN)5(NO)]2− (Eqs. (4) and (5)).

Fe(CN)5(NO)]2− + HS− � [Fe(CN)5N(O)SH]3− (2)

Fe(CN)5N(O)SH]3− + OH− � [Fe(CN)5N(O)S]4− + H2O (3)

Fe(CN)5(NO)]2− + OH− � [Fe(CN)5N(O)OH]3− (4)

Fe(CN)5N(O)OH]3− + OH− � [Fe(CN)5NO2]4− + H2O (5)

The rate constants for both nucleophilic additions were calcu-
ated [4,11,42] to be kHS

− = 170 ± 20 M−1 s−1 for Eqs. (2) and (3) and
OH

− = 0.55 M−1 s−1 for Eqs. (4) and (5). These studies already sug-
ested that the S-binding nucleophiles were stronger bases than
he OH− ions. Despite the apparent simplicity of these systems,
ubsequent investigations revealed complicated mechanisms for
eactions with HS− and other thiols [10,11,34].
It is well known that OH− addition follows a direct,
eversible and non-redox reaction pathway, however recent stud-
es [10,11,34] have revealed that upon the addition of HS− to
itroprusside, the formation of [Fe(CN)5N(O)SH]3− occurs in a
try Reviews 306 (2016) 615–627

rapid initial step that can subsequently yield reduced nitrogen
species (i.e., NO•, N2O, NH3) and a variety of substituted iron
complexes (i.e., [Fe(CN)4NO]2−, [Fe(CN)5(H2O)]3−, [Fe(CN)6]4−,
and [Fe(CN)5−x(SCN)x(H2O)] [10]). Indeed, recent data on the
[Fe(CN)5N(O)SH]3− adduct led to some controversies regarding the
products formed [10,11,34]. Due to the biological relevance of these
products, this subject received renewed attention in the litera-
ture [10,11,20,34,43,44]. In addition, quite attention has been also
directed to low molecular weight thiols on the reaction with nitro-
prusside ion. More details about such reactions are given in the next
sections.

2.1. Reaction of the nitroprusside ion with RSH/RS−

In the last few years, the reaction of NP with RSH species,
e.g. H2S/HS−, glutathione (GSH), cysteine and other thiols, has
attracted the attention of many researchers [10,11,34,43,44]. The
generic [Fe(CN)5N(O)SR](n+2)− adduct is the primary product and
the source of several sulfur and nitrogen reactive species, e.g. disul-
fide (RSSR), RS•, N2O, NH3 and NO [10,11,13]. The mechanisms of
formation and the chemical nature of these species are reported
to be quite diversified (Scheme 1) due to the influence of pH
and dissolved O2 on the reactions [10,11,13,14]. Moreover, dif-
ferent thermal stability and electronic features were induced in
the [Fe(CN)5N(O)SR](n+2)− adduct as function of the R properties
[13,14]. In Scheme 1, we  summarized the main pathways and prod-
ucts suggested by different authors regarding the formation and
decomposition of [Fe(CN)5N(O)SR](n+2)− under aerobic and anaer-
obic conditions. This will be discussed below.

Johnson et al. [14] used fast kinetic techniques (temperature-
jump/stopped-flow combination) to study the formation and
dissociation of the [Fe(CN)5N(O)SR](n+2)− adduct formed by the
reaction of NP with different thiols (i.e. mercaptoethanol, mercap-
tosuccinate, cysteine and glutathione). They found [14] that the rate
constants for adduct formation with different thiols occurred in a
close range (in alkaline conditions), namely 1.4–4.9 × 104 M−1 s−1.
However, the decomposition rate constants were significantly
influenced by the nature of the thiol. They were affected by the
presence of charged groups, such as NH3

+ and COO−, close to
the S NO bond. For instance, the decomposition rate constant of
[Fe(CN)5N(O)SR](n+2)− (RS = cysteine and 2-aminoethanethiol) was
accelerated up to 20-fold when the NH2 group was protonated in
both thiols [14]. On the other hand, little or no effect was observed
for glutathione, in which the NH2 group lies far from the S NO bond
[14].

In addition, Szaciłowski et al. [13] (see pathway (c) on Scheme 1)
performed an embracing work considering kinetic, products anal-
ysis and DFT quantum calculations on respect to the reaction
between NP and RSH (RSH = cysteine, glutathione, ethyl cysteinate
and N-acetylcysteine). These authors verified that the decompo-
sition of the adduct [Fe(CN)5N(O)SR](n+2)− is dependent on the
chemical structure of the thiol. The presence of carboxylic groups
on the thiols stabilizes the adduct, whereas the NH2 groups desta-
bilizes it [13]. However, if the NH2 or carboxylic groups are
blocked by esterification or acetylation for example, their influ-
ence on the stabilization of the adduct [Fe(CN)5N(O)SR](n+2)− is
suppressed [13]. These facts explain why the adduct formed when
RS = N-acetylcysteine was the most stable in the series, whereas
the adduct with RS = ethyl cysteinate was the less stable [13]. For
the N-acylated thiols, the stabilization of the adduct was  ascribed
to the formation of a six-membered ring (Scheme 2A), result-
ing in a strengthening of the S N bond [13]. In agreement, DFT

studies have suggested a significantly positive charge (�+) on the
sulfur atoms of the nitrosothiol ligand in [Fe(CN)5N(O)SR](n+2)−,
which is reasonable, considering the charge stabilization mech-
anism provided by the interaction of the sulfur atom with a
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Scheme 1. Summarized pathways suggested for the reaction between NP and RSH (H2S and other thiols) under aerobic and anaerobic conditions*. *The [Fe(CN)5N(O)SR](n+2)−

adduct formation is an essential step of the proposed mechanisms, under both aerobic and anaerobic conditions. Three main subsequent steps are suggested in the literature: (a)
Under  aerobic conditions the reaction with a second RS− species can reduce the nitrosothiol ligand (RSNO, or SNO− when R = H) to form the transient species [Fe(CN)5(HNO)]3− ,
and  generating also RSSR or HS2

− [10]. N2O is proposed to be the dimerization product of the released HNO [10]. Thiocyanate complexes are produced from the reaction of
cyanide ligands in [Fe(CN)5(HNO)]3− with HS2

− or HSx
− . HSx

− can be produced from the reaction between O2 and HS2
− [10]. (b) Two parallel pathways for the reaction under

anaerobic conditions are proposed in the literature [11]: the main route (b1) gives two  new possible adducts by the reaction between [Fe(CN)5N(O)SR]3− and H2S/HS− . These
adducts have different properties and their decomposition generates NH3, and at pH ≥ 11 N2O as well [11]. The less favored pathway (b2) describes the homolytic cleavage
o al (RS
[  RSH, w
a

c
c
a
i
c
s
o
s

S
f
[
[

f  the SNO bond to produce the reduced species [Fe(CN)5NO]3− and the thiyl radic
11]. (c) The generation of RS• may  trigger an autocatalytic process under excess of
re  produced [13].

arboxylic group (see Scheme 2A). On the other hand, similar cal-
ulations have suggested a quite negative charge on the sulfur
tom (Scheme 2B) when it comes from the HS− as well as a pos-
tive charge on the nitrogen atom of the same moiety [11]. This

hanged significantly the electronic features of the adduct and con-
equently its stability in comparison to the complexes containing
ther RS− [13]. Kinetic data for the formation and decompo-
ition of the [Fe(CN)5N(O)SH]3− adduct (kHS− = 190 M−1 s−1 and

cheme 2. (A) Proposed model for the stabilization of the N S bond due to the
ormation of a six-membered ring in the [Fe(CN)5N(O)SR](n+2)− (adapted from Ref.
13]). (B) Acid–base equilibrium of the HSNO ligand in the [Fe(CN)5N(O)SH]3− adduct
11].
•)[11]. Under excess of RSH, [Fe(CN)4NO]2− , [Fe(NO)2(RS)2]− and NO are produced
here strong reducing (RSSR•−) and oxidizing agents (RSOO•− , aerobic conditions)

k-HS− = 0.30 s−1) [11] suggest that HS− is a poorer nucleophile than
other thiols (RS−). In addition, the acid–base equilibrium presumed
for the [Fe(CN)5N(O)SH]3− and [Fe(CN)5N(O)S]4− (Scheme 2B)
[11,34] makes difficult the study of this system, once the protonated
and deprotonated forms are suggested to have different reactivities
toward H2S/HS− [10,11,34].

More recently, the reaction between NP and H2S was revis-
ited under anaerobic conditions and in pH range of 8.5–12.5
by Olabe et al. [11], and new approaches on the mechanism
and products analysis were raised by these authors. The ini-
tial addition of HS− to NP leads to an absorption increase at
570 nm,  which was  ascribed to the [Fe(CN)5N(O)SH]3− adduct
[11]. On basis of kinetic data and DFT calculations, a pKa of 10.5
was suggested for the [Fe(CN)5N(O)SH]3− adduct, which coexists
with the respective deprotonated form [Fe(CN)5N(O)S]4− in alka-
line conditions [11]. According to the authors, [Fe(CN)5N(O)S]4−

is responsible for an absorption band centered at 535 nm [11].
Both protonated and deprotonated species are proposed to be
involved in two possible similar pathways, which lead to dif-
ferent products (see pathway b1 on Scheme 1). The authors

[11] assumed that both [Fe(CN)5N(O)SH]3− and [Fe(CN)5N(O)S]4−

species can react with HS− (see pathway b1 on Scheme 1) to give
the [Fe(CN)5N(OH)(SH)2]3− and [Fe(CN)5N(OH)(S)(SH)]4− species,
respectively. These latter species were proposed mainly based on
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heoretical approach and on the stoichiometry of the products
ormed. The nitrogen based products from the decomposition of
hese species were NH3 and N2O as presented in the pathway
1 on the Scheme 1 [11]. According to the authors, the produc-
ion of N2O was observed only at pH ≥ 11 where the formation of
Fe(CN)5N(OH)(S)(SH)]4− would be favored [11]. The production of
2O was taken by the authors [11] as an indirect evidence of the for-
ation of HNO because HNO dimerizes according the Eq. (6) with

 rate constant of 8.0 × 106 M−1 s−1 [27].

NO + HNO → HONNOH → N2O + H2O (6)

Moreover, in a minor extent, an additional pathway is suggested
o produce [Fe(CN)5NO•]3− and HS2

•2−, as shown generically for
he reaction between NP and RS− (see pathway b2 on Scheme 1).
his is a commonly accepted mechanism for the reaction between
P and excess of thiol, such as cysteine and glutathione [13]. As
ell known [13,45], the species [Fe(CN)5NO•]3− is involved in an

quilibrium with [Fe(CN)4NO]2− through cyanide labilization (see
athway b2 on Scheme 1). This last species was characterized by a
ypical EPR spectrum obtained at room temperature (25 ◦C), which,
ccording to the authors [11], decays to another spectrum assigned
o the dinitrosyl complex [Fe(NO)2(SH)2]2−. This dinitrosyl com-
lex would be the source of the observed NO released.

Some controversies about the mechanism proposed by Olabe
11] (pathways b1 and b2 on Scheme 1) were raised by the Ivanovic-
urmazovic’s group [34]. The main points are regarding the
eprotonated species [Fe(CN)5N(O)S]4−, which was suggested by
labe [11] to be formed from the initial adduct [Fe(CN)5N(O)SH]3−,
nd the subsequent process ascribed to the decomposition of
hese adducts [34]. Ivanovic-Burmazovic’s group [34] performed
he reaction of NP with H2S at pH 7.4 (under anaerobic condi-
ions) and verified by electronic spectroscopy similar results to
hat reported by Olabe [11] at pH 10.4. This would be inconsistent
ith the suggested acid–base equilibrium (pKa 10.5) between the

pecies [Fe(CN)5N(O)SH]3− and [Fe(CN)5N(O)S]4− (Scheme 1) [11].
vanovic-Burmazovic [34] assumed, based on the pKa 10.5 [11], that
t pH 7.4 only the [Fe(CN)5N(O)SH]3− form would be present, being
his species the one associated with the absorption band at 535 nm,
nd not at 570 nm as ascribed previously [11].

In a subsequent work, Ivanovic-Burmazovic’s group [10] inves-
igated the reaction between NP and H2S under physiological
onditions (aerobic conditions at pH 7.4, see pathway (a) on
cheme 1). Based on different techniques and experiments (chem-
cal and biological assays), the authors provided evidence that
NO is the direct product of the reaction between [Fe(CN)5NO]2−

nd H2S [10]. The proposed mechanism in this case suggests
hat the reaction of [Fe(CN)5N(O)SH]3− with another molecule of
S− gives N2O as final product (pathway (a) on Scheme 1) [10].
imilarly to Olabe et al. [11], these authors assumed that N2O
as produced from the dimerization of HNO (Eq. (6)). Although

vanovic-Burmazovic et al. [10] does not cite the formation of a
econd adduct, like the mechanism proposed by Olabe [11] (com-
are the pathways (b1) and (a) on Scheme 1), the transient species
Fe(CN)5(HNO)]3− is indicated as the direct product from the reduc-
ion of the [Fe(CN)5N(O)SH]3− adduct by HS− [10]. Up to this
oint the aerobic condition used in the experiments performed by

vanovic-Burmazovic’s group [10,34] does not seem to have much
nfluence in the decomposition of the [Fe(CN)5N(O)SH]3− adduct,
t least not in terms of the main products formed (N2O) when com-
ared with Olabe’s group (anaerobic conditions) [11]. However, this
easoning is only a rough and qualitative comparison since, despite
f the presence or absence of O2, the studies were performed

n a quite different pH range [10,11,34]. Certainly a contribution
rovided by the study of Ivanovic-Burmazovic [10,34] to the mech-
nism of the reaction between NP and HS− is the assignment of the
and at 575 nm to the thiocyanate complex. This absorption was
try Reviews 306 (2016) 615–627

originally [11] ascribed to the [Fe(CN)5N(O)SH]3− adduct. The thio-
cyanate species [Fe(CN)4(SCN)(H2O)]3− would be formed during
the reaction of polysulfides (HS2

− or HSx
−) with cyanide ligands

[10]. The presence of O2 was  associated by the authors with a cat-
alytic process which promoted the conversion of HS2

− in to HSx
−

in the presence of excess of H2S [10]. According to the authors this
process can yield the total conversion of the cyanide ligands into
thiocyanate giving the [Fe(SCN)5(H2O)]3− complex [10].

The recent propositions [10,34] for the reactivity of
[Fe(CN)5N(O)SH]3− are accurate and based on different tech-
niques. However, the diversity of products suggested in these
reactions appears to be strongly related with the reactivity of
the cyanide ligand [10]. In this aspect, trans-[Ru(NH3)4(L)(NO)]3+,
which contains inert NH3 equatorial ligands [33,35,39], can provide
better structural conditions for the systematic study of reactions
involving OH−, S- and N-binding nucleophiles. Moreover, these
ruthenium nitrosyl tetraammines have been studied as a model of
nitric oxide donors [33,35,39,46–48], and some of them presented
activity in different biological assays (vasodilatation [49], Chagas’
disease [50–52], Leishmaniasis [53], cancer [54], tuberculosis
[55], anti-inflammatory and analgesic [56]). The next section
discusses some important aspects of the chemistry and reactivity
of ruthenium nitrosyl ammine complexes with nucleophiles and
also makes comparisons to other ruthenium systems and the
nitroprusside ion.

2.2. Nucleophilic addition in ruthenium nitrosyl ammines

More recently, the redox reactions of ruthenium nitrosyl
complexes, such as [(L)5Ru(NO)]n, with thiols (i.e., cysteine and glu-
tathione) have been described as a sequence of additions of the
deprotonated thiols (RS−) on the nitrosonium (NO+) ligand [37]
(Eqs. (7) and (8)). These reactions were largely based on the addition
of OH− and HS− on [Fe(CN)5(NO)]2− (Eqs. (2)–(5)).

[(L)5Ru(NO)]n + RS− � [(L)5RuN(O)SR]n−1 (7)

[(L)5RuN(O)SR]n−1 + RS− � [(L)5RuN(O)(SR)2]n−2 (8)

The first step is a fast and reversible reaction between the metal
complex and RS− species, yielding the [(L)5RuN(O)SR]n−1 adduct
(Eq. (7)) analogous to the formation of [Fe(CN)5N(O)SR](n+2)− (Eq.
(2)). The authors proposed the sequential formation of a second
species, [(L)5RuN(O)(SR)2]n−2, which is reversible and a dependent
reaction on the concentration of the thiol [RS−] (Eq. (8)) [37,38].
This second step (Eq. (8)) is slower than the first (Eq. (7)), see
Table 3, because the [RuN(O)SR] moiety presents a smaller elec-
trophilicity than the initial [RuNO+] moiety [37]. The proposition
of the formation of [(L)5RuN(O)(SR)2]n−2 was mainly based on the
transnitrosylation reaction suggested for thiols and nitrosothiols
[57–60], as illustrated in Scheme 3A. In this reaction, an intermedi-
ate species containing two  thiol groups binding to the NO moiety
is proposed (Scheme 3A).

In that concern, kinetic studies have been carried out in vitro
with proteins (human and bovine serum albumin) and low-
molecular-weight thiols (S-nitrosoglutathione, S-nitrosocysteine
and S-nitroso-N-acetyl-d,l-penicillamine) [62]. The calculated rate
constants for these reactions (Scheme 3A) are in the range of
103–107 M−1 s−1 [62] and are the highest values associated with
the low-molecular-weight thiols. The transnitrosylation reaction
(Scheme 3A) is the preferential pathway. However, the detec-
tion of disulfide species, RSSR (including mixed disulfides) and
HNO (indirectly detected by the identification of N2O and other

nitrogen species) suggests a parallel reaction that would occur
via a S-binding nucleophilic attack, as illustrated in Scheme 3B
[57]. Indeed, N2O, NH3, NH2OH, and the respective sulfonamide
(RS(O)NH2) (see Scheme 5) have been identified in these studies as



M.L. Souza et al. / Coordination Chemistry Reviews 306 (2016) 615–627 619

Scheme 3. Reaction of nitrosothiols with thiols: (A) transnitrosylation reaction [57–60] and (B) proposed disulfide bond formation in the reaction between nitrosothiol and
thiol  [61].

Table 1
Calculated bond distances (Å) and natural bond order (NBO) charges for optimized structures of free (non-coordinated) and coordinated thiols [MN(O)SR]n .

Compound Distances (Å) NBO charge*

M N S N N O S N O

[Fe(CN)5N(O)SH]3−a 1.787 2.136 1.210 −0.385 0.228 −0.277
[Fe(CN)5N(O)S]4−a 1.970 1.864 1.248 −0.520 0.059 −0.375
[Fe(CN)5N(O)SCH3]3−b 1.759 2.244 1.220 −0.109 0.284 −0.318
trans-[IrCl5N(O)SCH3]2−b 1.939 1.939 1.243 0.263 0.035 −0.308
trans-[IrCl4(CH3CN)N(O)SCH3]2−b 1.854 1.854 1.240 0.403 0.014 −0.269
trans-[Ru(NH3)4(4-pic)N(O)SR]2+c 2.002 1.831 1.222 0.432 (0.427) 0.015 (−0.033) −0.357 (−0.379)
trans-[Ru(NH3)4P(OEt)3N(O)SR]2+c 2.118 1.813 1.214 0.472 (0.469) 0.017 (−0.053) −0.323 (−0.341)
trans-[Ru(NH3)4(4-pic)(NO)]3+c 1.808 – 1.116 – 0.434 (0.362) 0.016 (−0.001)
trans-[Ru(NH3)4P(OEt)3(NO)]3+c 1.834 – 1.117 – 0.439 (0.333) 0.010 (−0.007)
Cysteinec – – – −0.775 (−0.774) – –
S-nitroso-cysteinec – 1.849 1.181 0.333 (0.334) 0.015 (0.013) −0.272 (−0.270)

a Ref. [11].
b SCH3

− = methylthiol Ref. [32].
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c RS− = cysteine Ref. [63].
* The values in parentheses were obtained by using NBO6. The NBO 6.0 program

esults.

roducts of the reaction between HNO and the reduced thiol (RSH)
61].

The reactions shown in Eqs. (7) and (8) were proposed in the lit-
rature [37] to explain the formation of disulfides (RSSR) and N2O
fter the mixing of ruthenium nitrosyl complexes [(L)5Ru(NO)]n

L = polypyridine, pyrazine, NH3 and EDTA) with cysteine [37].
owever, in this case, the authors [37] only assume the attack of

he second thiol (Eq. (8)) on the nitrogen atom of the nitrosonium
igand (similar to the transnitrosylation reaction in Scheme 3A)
nd do not consider the intermediate species – analogous to that
hown in Scheme 3B – in the case of the ruthenium complexes [37].
FT calculations on trans-[Ru(NH3)4(L)N(O)SR]2+ (L = 4-picoline or
(OEt)3 (triethylphosphite) and RS = cysteine) predicted a more
ositive charge on the sulfur atom of the coordinated RSNO
olecule than on the free one (Table 1) [63] (Of note, this

endency was  also observed for NBO6 charges). Furthermore,
his positive charge on the sulfur atom of the RSNO ligand is
ubstantially greater than the charge calculated for the nitro-
en atom, as shown in Table 1. This trend was not observed
or [Fe(CN)5N(O)SR](n+2)− when RS− = HS− (S2−) and CH3S− (see
able 1). However, Szaciłowski et al. [13] found that this is likely not
rue for RS− = N-acetylcysteine, ethyl cysteinate, cysteine and glu-
athione where Mulliken charge analysis gave positive values for
he charge of the respective sulfur atoms of [Fe(CN)5N(O)SR](n+2)−

+0.30 in average, data not shown in Table 1).
The positive charge on the sulfur atom of the [MN(O)SR]n moi-

ty (M = Fe or Ru, RS = thioamine acid) has been interpreted as
 plausible factor suggesting that the sulfur atom in the coor-
inated S-nitrosothiol acts as a preferential electrophilic site for

he addition of a second thiol. Doctorovich et al. [32] performed
xperimental and theoretical studies on the nitrosothiols derived
rom an iridium complex (trans-[IrCl4(CH3CN)N(O)SR]n−) and from
he nitroprusside ion ([Fe(CN)5N(O)SR]n−) (RS = mercaptosuccinic
131] overcomes the limitations observed in older versions, giving more consistent

acid, benzyl thiol, phenyl thiol, N-acetyl-l-cysteine, l-cysteine
ethyl ester, and glutathione) [32]. The results obtained are in
agreement with the calculations predicting a more positive
charge on the sulfur atom than on the nitrogen atom of trans-
[Ru(NH3)4(L)N(O)SR]2+ (Table 1). Doctorovich et al. [32] have also
described the synthesis and stability of the respective nitrosoth-
iol complexes as a function of the nature of the RS group.
The coordinated S-nitrosothiol is more stable than the free one
based on its decomposition [32]. The DFT calculations were per-
formed on structures of trans-[IrCl4(L)N(O)SR]n− (L = Cl− or CH3CN)
and [Fe(CN)5N(O)SR]3−, where RS− = methylthiol as a model thiol
[32]. The calculated bond distances (Å) and natural bond order
(NBO) charges reported by these authors are listed in Table 1
and compared to those reported for trans-[Ru(NH3)4(L)N(O)SR]2+

(L = 4-picoline and P(OEt)3; RS− = cysteine) [63].
A similar trend was  observed for iridium and ruthenium species

regarding both the bond distances and charges on the [M N(O)SR]
moiety (Table 1). The negative charge of the free thiol (RS−),
as calculated for cysteine and expected for other thiols such as
methylthiol model (CH3S−), should be significantly distributed on
the nitrogen atom and the metal center (RuII and IrIII) when RS− is
coordinated to the complexes (compared to the charge of the sulfur
atom in free and coordinated cysteine, see Table 1). However, this
was not the case reported for [Fe(CN)5N(O)SR]3− (RS− = CH3S- and
HS−) [11,32], in which the sulfur atom presents a negative charge.
This negative charge was likely due to the lower stabilization of the
coordinated nitrosothiol by the [Fe(CN)5] moiety compared with
the RuII and IrIII systems. Indeed, Doctorovich et al. [32] described
that in aqueous solution the iridium nitrosothiol complexes are

more stable (t1/2 up to 14 days) than the iron nitrosothiol com-
plexes (1.16 < t1/2 < 2166 min) [32]. Because the iridium complexes
have already been isolated and based on the similarity of the the-
oretical results for the iridium and ruthenium ammine complexes
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Scheme 4. Proposed competitive pathways for the NO and HNO forma

Table 1), the complexes of ruthenium can likely also be isolated.
verall, the more positive charge on the sulfur atom of the trans-

Ru(NH3)4(L)N(O)SR]n+ and trans-[IrCl4(L)N(O)SR]n- complexes can
e a key factor to understanding the formation and nature of the
uggested [(L)5MN(O)(SR)2]n−2 species (Eq. (8)).

To date and to the best of our knowledge, structures of the type

RuN(O)(SR)2] have not yet been isolated or theoretically stud-
ed. Nevertheless, they are suggested as the intermediate species
ormed in the reaction between the [RuN(O)SR] adduct and RS− (Eq.
8) and Scheme 4). However, there is no strong evidence regarding

cheme 5. Nitrogen products formed in the reaction between HNO and thiol (RSH)
61,84,86].
om the addition of RS− to ruthenium nitrosyl complexes [37,38,63,69].

the preferential site for the addition of the second thiol: either
the nitrogen or sulfur atom of the [RuN(O)SR] moiety. Theoreti-
cal studies on the intermediate species [RSN(O)SR]− (Scheme 3A)
and [RS(NO)SR]− (Scheme 3B) have been performed by consider-
ing the free nitrosothiol, and the energies related to each possible
pathway have been calculated. The calculations demonstrated that
both pathways (Scheme 3A and B) are energetically viable, although
the first one (Scheme 3A) has been considered slightly favored
[57,64]. In fact, in the case of nitrosothiol complexes, a similar
trend should not necessarily be expected. The positive charge on
the sulfur atom of the complexes (see Table 1) suggests it as a plau-
sible electrophilic site leading the reaction to proceed via a pathway
similar to Scheme 3B.

Although the nature of the proposed intermediate in Eq. (8) is
still unresolved, the literature [37] suggests [(L)5RuN(O)(SR)2]n−2

as the precursor of the [(L)5Ru(HNO)]n−1 species. This latter species
is proposed to be the HNO donor due to the high lability of the
nitroxyl ligand [37]. The experimental evidence of the formation
of the [(L)5Ru(HNO)]n−1 species suggests that the HNO ligand is
more weakly coordinated to the ruthenium(II) center than the

NO• species [36,40,65]. In this regard, HNO was recently proposed
to be formed through a two-electron chemical or electrochemical
reduction of trans-[Ru(NH3)4P(III)(NO)]3+ (P(III) = diethylphosphite
and triethylphosphite) [36,40]. In this case, the nitroxyl ligand
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Fig. 1. EPR spectrum of a frozen solution of trans-[Ru(Cl)(cyclam)(NO)]2+ in an ethyl-
ene glycol + 30% H2O solution that was frozen after the addition of Eu2+.Considering
the fast labilization of Cl− after reduction of trans-[Ru(Cl)(cyclam)(NO)]2+ , the EPR
signal is likely due to the complex trans-[Ru(H2O)(cyclam)NO]2+ . The dashed line is
M.L. Souza et al. / Coordination C

as rapidly aquated (k−HNO ≥ 0.98 s−1) from the coordination
phere, and the identification of N2O was used as evidence of HNO
ormation. The rapid labilization of HNO from the coordinated
phere is expected to occur, although stable HNO derivatives
n aqueous solution and even isolated complexes are known
i.e., [Fe(CN)5(HNO)]2− [66], [Ru(Me3[9]aneN3)(bpy)(HNO)]2+,

e3[9]aneN3 = 1,4,7-trimethyl-1,4,7-triazacyclononane [65],
Ru(ttp)(HNO)(1-MeIm)], ttp = tetratolylporphyrinato dianion,

eIm = methylimidazole) [67], [Ru(HNO)(′pybuS4
′)], ′pybuS4

′ = 2,6-
is(2-mercapto-3,5-di-tert-butylphenylthio)dimethylpyridine
68]. However, the ruthenium nitroxyl complexes of the type
(L)5Ru(HNO)]n−1 (L = NH3, bpy, CN−) were proposed to be tran-
ient species formed during the reactions between several [RuNO+]
omplexes and RS− [37].

Another report by Lopes et al. [38] described the kinetics and
roduct analysis of the reaction between cis-[Ru(NO)(bpy)2(L)]n+

nd RS− (L = imidazole (imN) or sulfite (SO3
2−); RS− = cysteine

r glutathione). Although the authors suggest the forma-
ion of an intermediate containing two RS− groups (cis-
Ru(bpy)2(L)N(O)(SR)2]n), NO, not HNO, was proposed as the
roduct [38]. Because the cis-[Ru(bpy)2(L)(NO•)]n (L = imN  and
O3

2−) species were characterized by EPR spectroscopy and free
O• was detected using a NO electrode, the authors suggest that the

eaction between cis-[Ru(NO)(bpy)2(L)]n+ and RS− does not lead to
he formation of cis-[Ru(bpy)2(L)(HNO)]n and thus does not release
NO [38].

In this context, despite the similarity of the ENO+/NO
• couple for

he cis-[Ru(NO)(bpy)2(L)]n+ complexes in terms of structure and
eduction potential (with L = SO3

2− or imidazole [38] or L = NO2
−,

l−, or AcN [37], see Table 4 in Section 2.3), the reactions of these
pecies with RS− lead to either NO [38] or HNO [37] under simi-
ar experimental conditions. In this regard, recently was reported
53,69] both NO and HNO as products of the reaction between
rans-[Ru(NH3)4P(OEt)3(NO)]3+ and cysteine (pH 3.0–7.4) [53,69].
O was reported as the major product in mild acidic conditions

3.0 ≤ pH ≤ 4.0), whereas HNO was suggested as the main product
n solutions close to neutrality [69]. This difference was ascribed
o the natural increase in RS− concentration with respect to RSH
ith increasing pH. Indeed, the thiolate ion (RS−) is considered

he reactive species of thiols [37], and its formation occurs in two
ituations: (i) from the acid–base equilibrium involving the depro-
onation of the SH group (pKa’s 8.3 and 8.7 for cysteine and
lutathione respectively) and (ii) at acidic pH according to the tau-
omeric equilibrium constants described in the literature [70–72].
herefore, at a pH close to the pKa of the SH group, the formation
f the intermediate species containing two thiol molecules, trans-
Ru(NH3)4P(OEt)3N(O)(SR)2]n, is favored [69]. This last effect is also
bserved when the [RS−]/[RSH] ratio increases at a given pH. The
ependence on the concentration of [H+] and [RS−] appears to be
onsistent with the equilibrium constants for the formation of the
(L)5RuN(O)SR]n−1 and [(L)5RuN(O)(SR)2]n−2 species, as shown in
cheme 4 and by Eqs. (9) and (10).

The formation of NO and HNO in solution and their ratio
ould be dependent on the stability of the [(L)5RuN(O)RS]n−1

nd [(L)5RuN(O)(RS)2]n−2 species, respectively, for the ruthenium
etraammine systems [69]. In both cases, the [RuH2O]n complex
Scheme 4) would be the final product and would be formed accord-
ng to the rate in Eq. (11) [69].

1 = [RuN(O)SR] · [H+]
[RuN(O)] · [RSH]

(9)

[RuN(O)(SR) ] · [H+]

2 = 2

[RuN(O)SR] · [RSH]
(10)

[Ru(H2O)]
dt

= k3[RuN(O)SR] + k4[RuN(O)(SR)2] (11)
the simulated spectrum.

Source: Reprinted with permission from [73] Inorg. Chem.,  2000, 39 (16), pp.
3577–3581. Copyright (2014) American Chemical Society.

The products of the reaction of trans-[Ru(NH3)4(L)(NO)]3+ (L = 4-
picoline and P(OEt)3) with glutathione were verified to be the same
as the products of the reaction with cysteine [63]. In particular, the
reaction between trans-[Ru(NH3)4(4-pic)(NO)]3+ and glutathione
yields a signal profile characteristic of coordinated NO• in the EPR
spectrum [63], similar to that described for cis-[Ru(bpy)2(L)(NO•)]n

[38], trans-[Ru(H2O)(cyclam)(NO•)]2+ [73] and other nitrosyl com-
plexes [63,74–76] (see Fig. 1 and Table 2).

The identification of free and coordinated NO• in these reac-
tions (Fig. 1 and Table 2) suggests that the nucleophilic addition
of RS− on these complexes should not necessarily only lead to
the [RuN(O)(SR)2]n−2 adduct species shown in Eq. (8). The forma-
tion of species such as [(L)5Ru(NO•)]n−1 is a strong evidence of
the homolytic cleavage of the S N bond of the [Ru(L)5N(O)SR]n−1

adduct (Eq. (7), Scheme 4). This pathway has been indicated
for the reaction between [Fe(CN)5(NO)]2− and RS− [37]. The
[Fe(CN)5(NO•)]3− species was  detected by EPR spectroscopy; more-
over, [Fe(CN)4(NO•)]2− has been isolated from the equilibrium in
Eq. (12), and its crystalline structure was  studied by X-ray diffrac-
tion [45].

[Fe(CN)5(NO
•
)]

3− � [Fe(CN)4(NO
•
)]

2− + CN− (12)

The set of considerations described above allows for the
proposition of an adapted sequence of reactions that explains
the formation of the products identified in the reactions between
nitrosyl complexes and thiols in a more adequate fashion
(Scheme 4). The possible products originated from the inter-
mediate [(L)5RuN(O)SR]n−1 species will be associated with the
chemical features of the [RuN(O)SR] moiety promoted by other
ligands (L). The modulation of the coordination sphere of these
nitrosyl complexes can provide more or less stability to this
moiety. Indeed, although most reports describe species of the
type [(L)5RuN(O)SR]n−1 with a half-life of milliseconds to sec-
onds [13,14,37], examples of kinetically and thermodynamically
stable compounds formed after the nucleophilic addition of
nitrosyl complexes are known: cis-[RuIICl(bpy)2N(O)SO3] [9] and
trans-K[IrIIICl4(CH3CN)N(O)SCH2Ph] [77].
Scheme 4 presents NO, HNO and the aquo complex as the main
products formed in the reaction of thiols with ruthenium nitrosyl
complexes. The aquo complexes are generally detected by cyclic
voltammetry and UV–vis spectroscopy [37,69]. Nitric oxide has also
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Table  2
g values and 14N hyperfine constants (both in Gauss) for reduced* ([M(NO•)]) nitrosyl complexes.

Complex*,# g(1) g(2) g(3) A(1) A(2) A(3) Ref

[Fe(CN)5NO]3−a 1.99 1.99 1.92 n.a 28 n.a [74,75]
[Ru(CN)5NO]3−b 2.004 2.002 1.870 n.o 38 n.o [74]
[Os(CN)5NO]3−b 1.959 1.931 1.634 n.o 35 n.o [74]
trans-[Ru(H2O)(cyclam)NO]2+ c 2.035 1.995 1.883 17 32.1 15 [73]
trans-[Ru(Cl)(depe)2NO]2+d 2.010 1.984 1.888 18 35 19 [73]
cis-[Ru(bpy)2(SO3)NO]e 1.99 n.o 1.87 n.o. n.o. n.o. [38]
[Ru(HEDTA)(NO)]− f 2.015 1.985 1.872 21.8 27.8 15.2 [76]
trans-[Ru(NH3)4(4-pic)NO]2+g 2.038 2.003 1.885 n.o n.o n.o [63]

* The nitrosyl complexes were obtained by chemical or electrochemical reduction.
# Cyclam = 1,4,8,11-tetraazacyclotetradecane; depe = 1,2-Bis(diethylphosphino)ethane; 4-pic = 4-picoline or methylpyridine.
a Reduced by dithionite at pH 8.0, EPR measurements at 77 K.
b Reduced by electrolysis in CH3CN/0.1 M Bu4NPF6, EPR measurements at 3.5 K.
c Reduced by Eu2+ in ethylene glycol/water (1:0.3), EPR measurements at 77 K.
d Not specified experimental conditions.
e Reduced by cysteine in phosphate buffer pH 7.0, EPR measurements in ethylene glycol/water (1:1) at 77 K.
f Reduced by Eu2+ in ethylene glycol/water (1:0.4), EPR measurements at 77 K.
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Reduced by glutathione at pH 7.5 (TRIS buffer), EPR measurements in ethylene 

een detected and quantified by several electrochemical, spectro-
copic, and chemiluminescence methods [78,79]. Despite recent
ublications describing the development and application of a direct
ethod for the detection of HNO (using a modified gold electrode in

mperometric experiments) [80–82], this molecule has been indi-
ectly detected in most studies due to its high reactivity [27,83].
s noted above, some products of the reaction between nitrosoth-

ol and thiols were detected and described in the literature [61]
s indirect evidence of the formation of HNO. For example, sev-
ral research groups have characterized nitrogen species, such as
2O, NH2OH, NH3 and sulfonamides (RS(O)NH2), in the reaction
etween thiols and HNO donors [61,84–87]. HNO donors, such as
ngeli’s salt, are largely applied for the modification of cysteine
esidues in proteins, and products such as sulfinamide have been
dentified [86]. The suggested pathways for these reactions were
implified as illustrated in Scheme 5 [61,84,86].

Most of the ruthenium nitrosyl complexes of the type
(L)5Ru(NO)]n (L = polypyridines, pyrazine, NH3 and EDTA) have
een described as HNO donors in reactions with thiols [37]. In
his regard, 15N NMR  investigations of the reaction of glutathione
GSH) with the labeled trans-[Ru(NH3)4(4-pic)(15NO)]3+ and trans-
Ru(NH3)4P(OEt)3(15NO)]3+ ruthenium complexes in aqueous
olution (pH 7.5) indicated 15NH3, 15NH2OH, and GS(O)15NH2 as
roducts [63]. These products were likely formed in a similar man-
er as suggested for other HNO donors (Scheme 5).

The pathways in Schemes 4 and 5 summarize a set of plausible
eactions that can start with the simple nucleophilic addition
f a thiolate ion (RS−) on the nitrosonium ligand of ruthenium
omplexes. However, the kinetics and products generated in this
ucleophilic addition step are dependent on the electronic features
f the [RuNO+] moiety and thus on thermodynamic parameters,
uch as the redox potential of the RuIINO+/RuIINO• couple. In this
ense, important information and generalizations regarding the
ormation, stability and chemical features of the products formed
rom the reaction between ruthenium nitrosyl complexes and
ucleophiles can be obtained by considering the kinetic (kB) and
hermodynamic (ENO+/NO

•) aspects, as will be discussed in the next
ection.

.3. Some kinetic and electrochemical aspects of thiol and
ydroxide addition in ruthenium nitrosyl complexes
A relationship between the energy of the stretching fre-
uency of the NO group (�NO) and both the redox potential of
he [RuNO]n+/[RuNO](n−1)+ couple and the corresponding rate of
/water (1:1) at 77 K.

nucleophilic attack on the nitrosonium (NO+) ligand by hydroxyl
and thiols has been experimentally observed [37,39]. This has been
interpreted as a function of the population of the �* orbital of nitric
oxide as a consequence of the d� p� backbonding interactions
in the [Ru NO] moiety. Stronger Ru NO backbonding will lead
to a smaller nucleophilic susceptibility of the nitrosonium ligand
[39,88]. Furthermore, these backdonation effects are highly sen-
sitive to the composition of the coordination sphere and to the
acceptor abilities of the other ligands, as demonstrated in sys-
tems such as [(L)5RuNO]n, where L = ammines, polypyridines, and
cyanides [39,88].

The influence of trans ligands on the rate of nucleophilic addition
of RS− and OH− species on the [RuNO+] moiety can be determined
using the ruthenium tetraammine trans-[RuII(NH3)4(L)(NO+)]n+ as
a model [37,69]. The synthetic routes for these ruthenium ammines
are well known [33,35,39], and those compounds are more versa-
tile than the nitroprusside ion for tailoring new nitrosyl complexes.
Based on these facts, the ruthenium ammines were chosen for
the development of an experimental approach to investigate their
reactions with nucleophiles, such as thiols and hydroxide, with
respect to the composition of the coordination sphere. In the
tetraammine complexes trans-[RuII(NH3)4(L)(NO+)]n+, the equa-
torial NH3 ligands are considered substantially inert regarding
substitution reactions [33,35,39,48,89]. This allows for a focus on
the reactivity of the complex along the L–Ru–NO axis, which is
highly sensitive to the nature of the trans ligand L [33,35,39].
Although this relative inertness of the NH3 ligands is not observed
in the reaction between [Ru(NH3)5NO]3+ and OH−, in which
a mixture of the [Ru(NH3)5NO2]+ and [Ru(NH3)4(NH2)NO]2+

species are formed [90], it is still observed in many other cases
[39,88].

Table 3 displays the rates (k) of the reaction of nucleophi-
lic addition of OH− or RS−, as well as the �NO and ENO+/NO

• for
the trans-[Ru(NH3)4L(NO)]3+ (L = P(OEt)3, pyrazine (pz), pyridine
(py), nicotinamide (nic), 4-chloropyridine (4-Clpy), 4-picoline (4-
pic), l-histidine (l-hist)) complexes. According to the literature, the
data in Table 3 for ruthenium tetraammines suggest that a higher
�-withdrawing ability of the trans ligand L will lead to a more
positive redox potential of the [RuNO]n+/[RuNO](n−1)+ couple and
a higher �NO energy [39]. In the case of trans-[Ru(NH3)4L(NO)]3+,
the complexes with the more positive redox potential for the

[RuNO]n+/[RuNO](n−1)+ couple and higher energy for �NO were also
found to exhibit higher rate constants (kOH, k1RS−, k2RS2−) for
nucleophilic attack (Table 3). In fact, when the redox potential
of trans-[Ru(NH3)4(L)(NO)]3+/2+ (ENO+/NO

•) is plotted against the
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Table  3
Rate constants (k, at 25 ◦C) for the nucleophilic addition, �NO, ENO+/NO

• , and electrochemical Lever’s parameter (�EL) values of ligand L for several nitrosyl complexes.

Complex Nucleophile (B) k1(B) (M−1 s−1) # k2(B) (M−1 s−1) ## k1(RS
−

) (M−1 s−1) ∗ k2(RS
−

) (M−1 s−1) ∗ ENO+/NO
• (V vs NHE) �NO (cm−1) �EL

[Ru(NO)(CN)5]2− OH− 0.95 [12] – – – −0.153 [88] 1926 [92] –
[Os(NO)(CN)5]2− OH− 1.37 × 10−4 [92] – – – −0.483 [88] 1897 [92] –
[Ru(NO)(EDTA)]− OH− 4.35 [76] – – – −0.113 [76] 1890 [76] –

Cysteine – – 4.9 × 104a [12] ∼50a [12] –
trans-
[Ru(NH3)4P(OEt)3(NO)]3+

Cysteine 3.5 × 103b [69] 3.6b [69] 1.4 × 108 [69] 1.6 × 104 [69] 0.132 [39] 1909 [39] 0.68 [39]

trans-
[Ru(NH3)4(pz)(NO)]3+

OH− 1.77 × 102 [88] – – – 0.112 [39] 1942 [39] 0.61 [39]

Cysteine 1.6 × 105c [12] 60c [12] 3.2 × 106 [12] 1.2 × 103 [12]
trans-
[Ru(NH3)4(py)(NO)]3+

OH− 14.5 [88] – – – 0.012 [39] 1931 [39] 0.53 [39]

Cysteine 3.2 × 103d [93] 31d [93] 2.8 × 104 [93] 2.7 × 102 [93] –
trans-[Ru(NH3)4(4-
pic)(NO)]3+

OH− 9.54 [88] – – – −0.008 [39] 1934 [39] 0.51 [39]

Cysteine 2.5 × 103d [93] 13.2d [93] 2.2 × 104 [93] 4.9 × 101 [93]
trans-
[Ru(NH3)4(nic)(NO)]3+

OH− 33 [88] – – – 0.072 [39] 1940 [39] 0.56 [39]

trans-[Ru(NH3)4(l-
hist)(NO)]3+

OH− 0.76 [88] – – – −0.108 [39] 1921 [39] 0.42 [39]

trans-[Ru(NH3)4(4-
Clpy)(NO)]3+

OH− 26 [88] – – – 0.012 [39] 1928 [39] 0.54 [39]

cis-[Ru(NO)(bpy)2Cl]2+ OH− 8.5 × 103 [88] – – – 0.247 [88] 1933 [88] –
Cysteine 9.6 × 103e [37] 3.2e [37] 1.5 × 108 [37] 4.0 × 104 [37] –

cis-
[Ru(NO)(bpy)2NO2]2+

OH− 5.06 × 104 [88] – – – 0.377 [88] 1942 [88] –

Cysteine 1.36 × 104e [12] 11.6e [12] 2.7 × 108 [12] 2.3 × 105 [12] –
cis-
[Ru(NO)(bpy)2(AcN)]2+

OH− 5.6 × 106 [88] – – – 0.547 [88] 1960 [88] –

Cysteine 2.89 × 104e [12] 18e [12] 5.8 × 108 [12] 3.6 × 105 [12] –
cis-
[Ru(NO)(bpy)2(SO3)]+

Cysteine – 154c [38] – 2.2 × 109 [38] 0.057 [38] 1911 [38] –

Glutathione – 11.8c [38] – 6.7 × 108 [38] –
cis-
[Ru(NO)(bpy)2(ImN)]2+

Cysteine – 0.84f [38] – 1.3 × 109 [38] 0.397 [38] 1944 [38] –

Glutathione – 0.32f [38] – 2.5 × 108 [38] –
[Ru(NO)(bpy)(tpy)]3+ OH− 3.17 × 105 [88] – – – 0.447 [88] 1946 [88] –

Cysteine 2.67 × 104e [12] 35e [12] 5.3 × 108 [12] 7.0 × 105 [12] –
[Ru(NO)(bpz)(tpy)]3+ OH− 7.6 × 106 [37] – – – 0.657 [37] – –

Cysteine 3.56 × 104e [12] 179e [12] 7.1 × 108 [12] 3.6 × 106 [12] – –

# k1(B) is the first addition of the nucleophiles B = OH− or thiol total ([RSH]total = [RSH] + [RS−]) to metal nitrosyls.
## k2(B) is the second addition of thiols considering the thiol total ([RSH]total).

* k1(RS
−

) and k2(RS
−

) are respectively the first and second additions of the thiols to metal nitrosyls considering only the deprotonated species (RS−).
a pH 9.9 (� = 1 M).
b pH 3.5 (� = 0.1 M).
c pH 7.0 (� = 0.1 M).
d pH 7.4 (� = 0.2 M).
e pH 4.0 (� = 1 M).
f pH 4.0 (� = 0.1 M).
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alues of kOH− or k1RS− and k2RS−, a linear free energy relationship
LFER) is observed (Fig. 2). The relatively similar slopes observed in
ig. 2 reasonably suggest an analogous mechanism for the nucleo-
hilic addition of OH− and RS− to ruthenium nitrosyl complexes
12,88,91].

The relationship between the electronic properties of the trans
igands (L) in trans-[Ru(NH3)4(L)(NO)]3+ and the rate constants for
ucleophilic addition can be better envisaged when plotting kRS−
r kOH− as a function of �EL (the sum of EL, the ligand electrochem-
cal parameter – Lever’s parameter) [94] (Fig. 3). This parameter is

 useful model for describing the redox potential/structure rela-
ionships in metal complexes [94]. Thus, because similar slopes
re observed for the curves in Fig. 3 and considering the LFER
or the trans-[Ru(NH3)4(L)(NO)]3+ system (Fig. 2), the mechanism
f the addition of RS− likely follows a similar pathway to the

ne for the reaction with OH− [37,88]. An increase in the EL
eflects an increase in the nitrosonium character [39] as a func-
ion of L in the order l-hist < 4-pic ∼ py < nic ∼ pz < P(OEt)3 in the

Fig. 2. Linear free energy relationships (LFERs), based on the redox potential
(ENO+/NO

•), for the reactions of a series of trans-[Ru(NH3)4(L)(NO)]3+ complexes with
RS− and OH− (data from Table 3). The abbreviations in the graphic refer to ligand L.
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Table  4
Redox potential of the [RuNO]n+/[RuNO](n−1)+ couple (ENO+/NO

•) for several ruthenium nitrosyl complexes and the suggested nitrogen products formed in the reaction between
nitrosyl  complexes and thiols.

Complex ENO+/NO
• (V vs NHE) Primary products* Secondary products# Ref

trans-[Ru(NH3)4(4-pic)(NO)]3+ −0.008 HNO/NOa NH3 [63]
cis-[Ru(NO)(bpy)2(SO3)]2+ 0.057 NOb – [38]
trans-[Ru(NH3)4P(OEt)3(NO)]3+ 0.132 HNO/NOc NH3/NH2OH/N2O/GS(O)NH2 [63,69]
cis-[Ru(NO)(bpy)2Cl]2+ 0.247 HNOd N2O [37]
cis-[Ru(NO)(bpy)2(NO2)]2+ 0.377 HNOd N2O [37]
cis-[Ru(NO)(bpy)2(imN)]2+ 0.397 NOe – [38]
[Ru(NO)(bpy)(tpy)]3+ 0.447 HNOd N2O [37]
cis-[Ru(NO)(AcN)(bpy)2]2+ 0.547 HNOd N2O [37]

* NO and HNO are proposed to be generate on the coordinated sphere and then rapidly released.
# Products from the HNO reactions after its release from the coordinated sphere.
a Detection of NO and NH3 at pH 7.5 (reaction with cysteine and glutathione).
b Detection of NO at pH 7.0 (reaction with cysteine and glutathione).
c Detection of NO, N2O, NH3 and other nitrogen based species at pH range 3.0–7.5 (rea
d Detection of N2O at pH 4.0 (reaction with cysteine).
e Detection of NO at pH 4.0 (reaction with cysteine and glutathione).
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rochemical parameter of the ligand (�EL), for the reactions of a series of
rans-[Ru(NH3)4(L)(NO)]3+ complexes with RS− and OH− (data from Table 3). The
bbreviations in the graphic refer to ligand L.

rans-[Ru(NH3)4(L)(NO)]3+ system [39]. Thus, the extent of the
ucleophilic attack in trans-[Ru(NH3)4(L)(NO)]3+ can be controlled
y changing the trans ligand L.

According to the above discussion, there are certainly similar-
ties in the kinetic aspects of the reactions between ruthenium
itrosyls and the OH− and RS−nucleophiles [37,88]. However, this

s not true regarding the reaction products. No oxidation/reduction
rocess occurs in the case of OH− addition, where the final prod-
cts are the nitro species [39,88]. However, in the reactions with
S−, a diversity of products is possible due to the redox processes

nvolving the thiol and the intermediate products of this reaction
10,11,34,37,38,69]. Moreover, the excess of thiols also influences
he final products formed (Scheme 4 and Table 4) [69].

According to the data in Table 4, the redox potential of the
RuNO]n+/[RuNO](n−1)+ couple, when considered in isolation, is not

 sufficient parameter to predict when NO and/or HNO will be
roduced in the reaction between nitrosyl complexes and thiols.
or example, complexes having close ENO+/NO

• values do not lead
o the same final products (Table 4). Moreover, in the case of
rans-[Ru(NH3)4(4-pic)(NO)]3+, the complex with the less posi-
ive ENO+/NO• value in Table 4 is able to release both NO and
NO [63]. This same behavior is also observed for the trans-

Ru(NH3)4P(OEt)3(NO)]3+ complex [69].
Part of the explanation about the formation of NO or HNO is
ikely related to the stability of the adduct formed after the first
ucleophilic addition (Eq. (7) and Scheme 4) on metal nitrosyls.
his adduct has different chemical properties with respect to the
orresponding original nitrosyl complex (Table 1). In this regard,
ction with cysteine and glutathione).

the following step, which is either the decomposition of the first
adduct or the nucleophilic addition of a second thiol (Scheme 4),
will be dependent on the stability of the first adduct. This stability,
which is related to the intrinsic electronic characteristics of the
metal complex, is a theme to be explored with a series of nitrosyl
complexes to identify the most relevant parameters that will define
the reaction pathway (Scheme 4). Despite this discussion, the redox
potential remains a guide to evaluate nucleophilic addition in metal
nitrosyls.

3. Thiol-responsive nitric oxide-releasing materials

Different classes of compounds, such as S-nitrosothiols (RSNO),
diazeniumdiolates (NONOates) [95,96], metal nitrosyls [39], and
organic nitrites/nitrates, have been synthesized and investigated as
NO-releasing compounds. Many NO-releasing materials (NORMs)
have also been developed by associating these NO donors with
different materials, such as silica, micelles, dendrimers, polymers
and hydrogels [47,96–99]. Most of these materials can be molded
and/or modified, resulting in different shapes, such as fibers, films,
and nanoparticles, which can be used as platforms for nitric oxide
delivery. The main advantage of NORMs is the possibility to tune
the structural properties of the matrices (e.g., surface functionali-
ties, size) and the parameters of NO release (e.g., kinetics, payload,
and control of NO release) [47,96,98–106].

One of the main challenges associated with NO therapy is the
release of the desired amounts of NO in a controlled manner.
Many of the NORMs are produced using compounds that sponta-
neously release NO in physiological media (e.g., diazeniumdiolates
[95,99]). Although these materials work well in various situations,
NO release is spontaneously initiated in physiological media, and
controlling that release is limited to chemical modifications in the
nature of the NO-donor moiety or in the material. One of the strate-
gies employed to overcome the intrinsic shortcomings of such NO
donors is the use of light to induce NO donation. Light is a non-
invasive trigger that can be used for the spatiotemporal control of
NO delivery, with the advantage of not strongly affecting physiolog-
ical parameters, such as temperature, ionic strength, and pH [103].
In this regard, the literature describes different devices capable of
NO release induced by light [47,96,97,99,103–105,107–115].

Despite the advantages of using light to induce NO donation,
this trigger (light) is not practical in some situations, such as
ischemia/reperfusion injury [116]. Moreover, during reperfusion,

large concentrations of superoxide are produced, which limits the
use of spontaneous NO donors, such as N-diazeniumdiolates [116].
One of the alternatives for such situations is NO donation triggered
by endogenous compounds. For example, S-nitrosothiols are able
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Scheme 6. Decomposition of S-nitrosothiol [96].

o release NO by copper-mediated decomposition [97,117] and by
eaction with ascorbate [97,118] according to Scheme 6 (NO release
y S-nitrosothiols is also triggered by heat and light [96,98,119]).

Another example is the decomposition of S-nitrosothiols (RSNO)
n the presence of glutathione (GSH) or other thiols (RSH), result-
ng in NO and HNO release [61,116]. In this regard, Johnson et al.
116] synthesized polyamidoamine (PAMAM) dendrimers surface-
unctionalized with S-nitroso-N-acetylpenicillamine (SNAP) as a
O donor, in which the release of NO was initiated by the addition
f glutathione (GSH) [116]. The exposition of these S-nitrosothiol-
odified dendrimers (G4-SNAP) to GSH [116] increased the total

mount and rate of NO release compared with spontaneous NO
elivery at physiological conditions (phosphate buffered saline, pH
.4 at 37 ◦C, without GSH). The greatest rate and total amount
f NO release was verified for a GSH-to-SNAP ratio of 25:1 for
.5 mM  of GSH [116]. Moreover, increasing the GSH concentrations
aused a dose-dependent decrease in the total amount of released
O. This was attributed to the scavenging of NO by GSH at more
levated concentrations of the thiol [116]. Despite this drawback,
herapy using the thiol dendrimer G4-SNAP in association with GSH

inimized ischemia/reperfusion in an ex vivo heart model with
 significant reduction of the optimal therapeutic dose (effective)
ompared with free SNAP (not attached to the dendrimer) [116].

Another example of biological stimuli-responsive NORM is a
iodegradable starch-based film impregnated with the nitrosyl
omplex trans-[Ru(NH3)4(isn)NO](BF4)3 (this complex is abbrevi-
ted as RuNOisn; isn = isonicotinamide) [114,120]. This material
CS-RuNOisn) was able to release NO when triggered by light as
ell as by reaction with cysteine. In principle, this effect can also

e caused by other biological species or other suitable reductants
48,121]. In these systems, NO release was only initiated by the
ddition of cysteine, and the time to reach maximum NO flux was
imilar for both the immobilized and non-immobilized RuNOisn
114]. A similar behavior was also observed for the other NO-release
arameters [78] for the cysteine-initiated NO release, e.g., the total
mount of released NO, duration, half-life, and maximum flux [114].
tarch-based films released physiologically relevant NO concen-
rations for more than 7 h, with an average NO flux of ∼1.9 pmol
−1 cm−2, which was similar to that produced by endothelial cells
122] (1.67 pmol s−1 cm−2). The total amount and half-life (t1/2) of
O release verified for 1 cm2 of CS-RuNOisn were 49 ± 5 nmol of NO
nd t1/2 = 1.65 ± 0.22 h, respectively, which were close to the values
btained for RuNOisn in solution [114]. Such results are in agree-
ent with those of other ruthenium nitrosyl complexes, in which

he chemical properties in solution were maintained after immobi-
ization in different matrices [46,115]. Despite the total amount of
O released from the ruthenium nitrosyl (immobilized or in solu-

ion) has physiological relevance, this amount was only 2.5–3.5%
f the total RuNOisn content used in the assays. This low level of
O released was attributed to the formation of other products, and
mong them, likely HNO [114].

Other advantages of starch-based films are their mechanical
roperties, their in vivo degradation, and the ability to mold them
s needed [114,120]. Such characteristics enable these films to be

sed as coating materials for NO release. Additionally, due to the
ild conditions used for the preparation of the starch-based films,

his platform can also be used for the transport and delivery of other
rugs [114].
ry Reviews 306 (2016) 615–627 625

Silva et al. [123], employing a similar strategy, functionalized
mesoporous silica spheres with isonicotinic acid to coordinate the
cis-[Ru(bpy)2(L)NO]3+ (bpy = 2,2′-bipyridine) and [Fe(CN)4(L)NO]−

(L = isonicotinic acid immobilized on silica) complexes on the sur-
face of the silica. NO release was observed with these materials
upon light irradiation (350 nm)  as well as via a reaction with cys-
teine (phosphate buffer solution, pH 7.0) [123]. In these systems,
sluggish NO release kinetics were observed for the iron complex
compared with the ruthenium system upon both photolysis and
reaction with cysteine [123]. The authors suggested that this behav-
ior was  likely due to the labilizing effect of the chelating ligand bpy,
which facilitates NO release from the ruthenium nitrosyl complex
[123].

Others strategies have also been developed for biological
responsive NO release, in which materials have been impregnated
with copper complexes and nanoparticles for the catalytic gener-
ation of NO by contact with solutions containing S-nitrosothiols
(simulating physiological conditions) as well as with blood. Readers
are directed to the following selected references for a more in-depth
discussion [97,124–129]. The main advantage of such materials is
the unlimited source of nitric oxide, which can be generated at the
material/blood interface, compared to materials containing a finite
reservoir of NO donors.

In conclusion, despite the relative scarcity of available litera-
ture on thiol-responsive nitric oxide-releasing materials, the use of
thiols or other biological triggers for NO release represents a novel
strategy with clinical relevance, mainly for ischemic tissue therapy
[116].

4. Concluding remarks

In the last few years, advances in kinetic studies and product
analysis of the reaction between metal nitrosyl complexes and sev-
eral nucleophiles have provided important chemical and biological
insights with respect to NO and HNO molecules. The recent liter-
ature led to significant advancements regarding the development
of NO-donor platforms based on metal complexes with recognized
physiological and pharmacological effects. Since the first studies on
the nitroprusside ion complex, the number of studied compounds
having clinical uses has increased considerably. The current stud-
ies involving the reaction products of the nitroprusside ion and
hydrogen sulfide, a secular theme, provide a new and scientifically
important framework.

The new nitrosyl metallic systems are now studied to design
compounds with well-defined chemical and electronic structures.
Such investigations are mainly performed by modulating the ther-
modynamic and kinetic properties of the nitrosonium ligand,
which can be governed by the coligands. Ruthenium nitrosyl
complexes have been useful for exploring the nucleophilic addi-
tion of important species, such as cysteine and glutathione (RS−),
which are abundant in biological media. Both NO and HNO, as
well as the respective ruthenium(II) aquo complexes, are the sug-
gested intermediate products of the reaction between [(L)5RuNO]n

(L = polypyridine, pyrazine, EDTA, NH3) and RS− species. How-
ever, the generation of these products occurs via the formation
of the nitrosothiol complex [(L)5RuN(O)SR]n−1, which can present
variable electronic and stability features, based on the distribu-
tion of the additional negative charge provided by the nucleophile
(RS−) in the complex. This effect is mainly due to the nitrogen
and ruthenium atoms of the [RuN(O)SR] moiety but also to the
L ligands. In these aspects, ruthenium nitrosyl ammines, trans-

[Ru(NH3)4(L)(NO)] , present a convenient and useful structure
because the electrophilic character of the NO ligand can be mod-
ulated as a function of the � and � electronic properties of L,
without a major influence of the ammine ligands. The isolation of
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 manageable compound such as trans-[Ru(NH3)4(L)N(O)SR](X)n,
imilar to the trans-(A)n[Ir(Cl)4(L)N(O)SR] [32], would provide a
romising platform to better clarify aspects of the addition of
he second thiol group on the nitrosyl moiety. Complexes such
s trans-[Ru(NH3)4(L)N(O)SR](X)n, can provide relevant insight
n the chemistry of nitrosothiols, transnitrosylation reactions
ith reduced thiols, and the transport, storage and release of
O and HNO in situ and in vivo. It is important to gain new
erspectives on the behavior observed for these nitrosyls in
iological tests and thus support the results obtained for the
asodilator properties, the trypanocidal (Trypanosoma cruzi and
eishmania major) and the anticancer activity exhibited by com-
ounds trans-[Ru(NH3)4(L)(NO)]3+, which are credited to their NO-
nd HNO-donor properties.

The fact that the nitrosyl complexes trans-[Ru(NH3)4(L)(NO)]3+

xhibit the same properties when in solution or when immobi-
ized on degradable cassava starch films and other supports is an
dditional incentive to the application of this system as biomedical
evices [99,116,130], mainly in ischemia/reperfusion injury [116],

n which thiols or reductant species can trigger NO and/or HNO
elease.
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