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a b s t r a c t

The aqueous decomposition of the iridium coordinated nitrosothiols (RSNOs) trans-K[IrCl4(CH3CN)NOS-
Ph] (1), and K2[IrCl5(NOECyS)] (2, ECyS = cysteine ethyl ester), was studied by MS analysis of the gaseous
products, ESI-MS, NMR, and UV–Vis spectroscopy. Bent NO (NO�, nitroxyl anion), sulfenic acids and
nitrite were observed as coordinated products in solution, while nitrous oxide (N2O) and nitrogen were
detected in the gas phase. The formation of coordinated NO� and N2O, a nitroxyl dimerization product,
allows us to propose the formation of free nitroxyl (HNO) as an intermediate. Complex 1 decomposes
300 times slower than free PhSNO does. In both cases (1 and 2) kinetic results show a first order decom-
position behavior and a very negative DS– , which strongly indicates an associative rate-determining step.
A proposed decomposition mechanism, supported by the experimental data and DFT calculations,
involves, as the first step, nucleophilic attack of H2O on to the sulfur atom of the coordinated RSNO, pro-
ducing an NO� complex and free sulfenic acid, followed by two competing reactions: a ligand exchange
reaction of this NO� with the sulfenic acid or, to a minor extent, coordination of N2O to produce an NO�/
N2O complex which finally renders free N2 and coordinated NO2

�. Some of the produced NO� is likely to
be released from the metal center producing nitroxyl by protonation and finally N2O by dimerization and
loss of H2O. In conclusion, the decomposition of these coordinated RSNOs occurs through a different
mechanism than for the decomposition of free RSNOs. It involves the formation of sulfenic acids and coor-
dinated NO�, which is released from the complexes and protonated at the reaction pH producing nitroxyl
(HNO), and ultimately N2O.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

The decomposition of S-nitrosothiols (RSNOs) in water to form
NO is a biologically important reaction, since it is supposed to be
involved in the transport and release of NO [1]. RSNOs� stability
in solution varies as a function of, among other things, the pH, oxy-
gen, and metal content of the solution [2–4]. RSNO compounds
may be prepared by treatment of the precursor thiol (RSH) with
nitrosating agents [5], including nitric oxide, in the presence of
electron acceptors, such as nitrosonium salts, nitrous acid, inor-
ganic nitrites, and metal nitrosyl complexes [6]. In cases when
the nitrosating agent is a metal nitrosyl, the thiol reacts with the
nitrosyl ligand to form an S-nitrosothiol ligand coordinated to
the metal center, {M–N(O)SR}. Another method that has been used
to prepare nitrosothiols complexes in situ consists of the reaction
of the free thiolate anion with the ligand NO+ coordinated to

[Fe(CN)5]3� or other coordinating moieties [7,8]. Ashby and co-
workers have described time-resolved IR spectra in solution for
the transient ‘‘red products’’, the adducts that are formed when
nitroprusside reacts with thiols in aqueous media [9]. This reaction
of nitroprusside with thiols has been extended to a great variety of
nitrosyl complexes of formula type {(X)5MNO}n, with X comprising
ligands of different donor–acceptor abilities and M = Fe, Ru, and Os.
In most cases these complexes are unstable and decompose spon-
taneously to metal complexes and disulfides, with the lifetimes
depending strongly on the thiol structure [10].

In a previous work, we presented the reaction between a free
thiol, benzyl mercaptan, and K[IrCl5NO], leading to the formation
of the stable coordinated nitrosothiol trans-K[IrCl4(CH3CN)-
N(O)SCH2Ph] [11,12]. This was the first time that a nitrosothiol
complex was isolated and fully characterized, including a struc-
tural determination by X-ray crystallography. This finding repre-
sents a good example of how the coordination chemistry of
RSNOs uncovers new aspects of the nitrosation processes, since
coordination to metal centers considerably change the stability of
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the RSNOs. In a more recent work we presented a complete and de-
tailed experimental characterization and theoretical study of these
novel compounds bearing a variety of coordinated nitrosothiols:
cysteine derivatives, mercaptosuccinic acid, benzyl thiol and phe-
nyl thiol [13]. Although the free forms of some of these nitrosothi-
ols are extremely unstable and sensitive, upon coordination they
become very stable even in aqueous solution. The report of several
stable coordinated nitrosothiols which can be isolated as pure
materials, allows for a careful study of their decomposition and im-
plies new and interesting intermediates that were not seen before
for free RSNOs. Herein we present detailed studies for the decom-
position of two coordinated RSNOs with distinct structures and
stabilities: trans-K[IrCl4(CH3CN)NOSPh], (1) and K2[IrCl5(NOECyS)],
(2) (Fig. 1) supported by MS analysis of the gaseous products, ESI-
MS, NMR, UV–Vis spectroscopy, and DFT calculations.

2. Experimental

2.1. Materials

K2[IrCl5NO](cysteine-ethyl-ester), trans-K[IrCl4(CH3CN)NOSPh]
and their 15N counterparts were made as previously described
[13]. Na15NO2 was purchased from Aldrich and used as received.

2.2. UV/Visible spectroscopy and kinetic measurements

Absorption spectra were acquired on a Hewlett-Packard
HP8453 diode array spectrometer with 1 cm path length cells, un-
der N2 preparing the solutions using Schlenk methods. A thermal
bath was used to vary temperatures and the solvent was allowed
to equilibrate for half an hour prior to use. After the experiment
was done the temperature was measured externally. The reaction
rates were measured in milliQ water (pH 7, T = 20–75 �C,
k = 475–581 nm) without buffering the solution to avoid secondary
reactions with buffer compounds (the pH decreased ca. 2 units
during the decomposition). The kinetic rate constants were calcu-
lated from the first order plots (ln (Ir-coordinated nitrosothiol con-
centration) versus time), which in all cases showed R2 > 0.99. The
activation parameters were obtained from Eyring plots in the range
300–350 K, with R2 = 0.99 for 1 and 0.98 for 2, respectively.

In a typical experiment, samples were prepared by placing 0.2–
1.2 mg of solid 1 or 2 in a quartz cuvette equipped with a Schlenk
adapter and degassing the cuvette. About 3.0 mL degassed milliQ
water was placed in another cuvette. Both cuvettes were placed
in a water bath to equilibrate to the temperature at which the
UV–Vis was to be measured. The cuvette with 1 or 2 was then
placed in the UV–Vis spectrometer, with the appropriate tempera-
ture maintained by a hot water bath, and the water was added
with a syringe. UV–Vis spectra were then measured every 3 min
for 3–12 h.

2.3. NMR spectroscopy

The 1H, 13C, and 15N NMR spectra were obtained at room tem-
perature on a Bruker 500 MHz instrument, with deoxygenated
D2O and DMSO-d6. 15N NMR spectra were referenced to an external
standard of Na15NO2 at 232 ppm. 1H and 15N NMR spectra were

measured by dissolving the compound in degassed deuterated sol-
vent. When measurements were done over a period of time the
NMR tubes were stored wrapped in tinfoil to protect from decom-
position due to light and the NMR caps were protected with para-
film to minimize the entry of oxygen. In a typical experiment, the
decomposition of 1 or 2 were followed in an NMR tube purged with
Ar or N2 and closed with a cap protected with parafilm, by dissolv-
ing the corresponding coordinated nitrosothiol in degassed D2O at
r.t. to obtain 0.5 mL of a 0.1 M solution. A first measurement was
recorded immediately, and the reaction was followed by taking
successive spectra for a period of several days (ca. 1 spectrum
per day).

2.4. Mass spectrometry

2.4.1. Gases
Qualitative and quantitative measurements of the gas produc-

tion (extracted from the headspace of the reaction mixtures) were
conducted using a thermostated homemade flow reactor (volume
0.07 dm3) linked to a vacuum system and to an Extrel Emba II
quadrupolar mass spectrometer through a thin thermostated cap-
illary. The reactor was also supplied with an absolute pressure
transducer, MKS Baratron 622 A, and with a mechanical stirrer.

2.4.2. ESI-MS
All fragmentation of the nitrosothiol complexes and the reac-

tion mixtures were performed under exactly the same conditions.
Mass spectrometric measurements were performed using a high-
resolution hybrid quadrupole (Q) and orthogonal time-of-flight
(TOF) mass spectrometer (QTOF from Micromass, UK) operating
in the negative ion electrospray ionization mode set from 2100
to 3500 V. Samples dissolved in appropriate anhydrous solvents
at room temperature (RT) under an inert atmosphere were injected
through an uncoated fused-silica capillary, using a syringe pump
(Harvard Apparatus, Pump 11, 15 lL min�1). The temperature of
the nebulizer and desolvation gas was set at 100 �C, and the cone
voltage was set between 25 and 35 V. Tandem mass spectra (ESI-
MS/MS) were acquired using the product ion scan mode via mass
selection of the ion of interest, followed by collision-induced disso-
ciation (CID) with Ar using energies varying from 15 to 35 eV with
high-accuracy orthogonal TOF mass analysis of the CID ionic frag-
ments. For comparison with experimental data, isotopic patterns
were calculated using the MassLynx software.

2.5. Theoretical calculations

All the calculations performed in this work were carried out
using the GAUSSIAN 98 [14] package. We have fully optimized the
geometries of all species at the pbe1pbe [15] level with sddall basis
set without symmetry constraints. Each stationary point in the gas
phase was characterized by performing a normal modes analysis.
The energetics for the reactions obtained form the pbe1pbe func-
tional with sddall basis set, were validated by single-point energy
calculations, using the sddall reference geometries, with the ex-
tended SDB-cc-pVDz basis set. The SDB-cc-pVDZ basis set, com-
bines the Dunning cc-p-VDZ basis set [16] on the main group
elements with the Stuttgart–Dresden basis set-RECP combination
on the transition metals, with an f-type polarization exponent [17].

3. Results

3.1. Reaction products and intermediates

When 1 and 2 are allowed to decompose anaerobically in water,
in the absence of light, for a period of around 1 week at room tem-Fig. 1. Structures of the studied iridium coordinated RSNOs.
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