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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
ll rights reserved.

torovich).
[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
Fig. 1. Structures of the studied iridium coordinated RSNOs.
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. 2. 15N NMR spectra for the decomposition of 1 (panel A) and 2 (panel B) in
water after 1 week at r.t. (anaerobic and in the absence of light). Shifts are relative
to nitromethane. The insets in panel A and B show the signals corresponding to 1
and 2 at 119 and 104 ppm respectively.

D. Kazhdan et al. / Inorganica Chimica Acta 366 (2011) 85–90 87
perature (see rate constants below), gases are produced. Almost
50% of the nitrogen from the RSNO is released as N2 and N2O when
2 is decomposed in water (Table 1), while 1 produces smaller
amounts of gases. Noticeably, very little or no NO is observed,
although free RSNOs decompose via homolytic cleavage of the S–
NO bond, followed by dimerization to give the corresponding
disulfides and NO [18]. Previous mechanisms have explained the
presence of N2 in the decomposition of free RSNOs by means of
intramolecular attack from the nitrogen of the cysteine moiety
on the nitrosyl group [19]. However, the evolution of N2 in the
decomposition of 1, where the only activated nitrogen is from
the nitrosyl group, indicates that another mechanism is required
in order to explain N2 formation.

The decompositions can also be followed by 15N NMR, by using
15NO labeled 1 and 2. The starting materials 1 and 2 are seen for
the first 1–2 days of the decomposition reaction at 119 and
104 ppm respectively (versus nitromethane), until they disappear.
After a few days the presence of coordinated NO� (bent NO) in both
decompositions is observed (Fig. 2A and B, signals at 421 and
428 ppm respectively). This region corresponds only to bent nitro-
syl complexes and free RSNOs [20,21]. Free nitrosothiols are not
observed [22]. A signal at 141 ppm attributable to NO2

� was also
observed in the case of 1 (free NO2

� appears at 229 ppm). The sig-
nal at 281 ppm could be attributed to a symmetrical bent diazen-
ido (Ir–N@N–Ir). No other species appear in this region of the 15N
NMR spectrum, except for nitride and diazenido [21]. In the 1H
NMR spectra, all signals are masked by the starting material and
the disulfide products (also observed by 13C NMR, see Supplemen-
tary material). No signal was observed in the 10–40 ppm range,
indicating that the coordinated NO� is deprotonated.

The reactions can also be followed by mass spectrometry. The
products of the decomposition of 1 and 2 measured by ESI-MS
are shown in Table 2. In the case of 1, coordinated NO2

�, NO� (ni-
troxyl) and N3O2

� (or NO�/N2O) are identifiable. In the case of 2,
coordinated NO2

� and cysteine sulfenate (ECySO�) are identifiable.
The presence of [IrCl3(ECySO)(H2O)2]� and K[IrCl2(OH)2(H2O)NO]�

is not only confirmed by analysis of the M� mass and isotopic pat-
tern, but also by MS–MS, where loss of sulfenic acid and NO respec-
tively are observed (see Supplementary material).
Table 2
Soluble decomposition products of iridium coordinated RSNOs in water as measured
by ESI-MS.

Compound Experimental m/z values for MS
diagnostic ions (calculated
error in ppm)

Intensity (%)
relative to
base peaka

[IrCl3(ECySO)(H2O)2]� 497.9389 (497.9268, 24) 7
[IrCl2OH(H2O)NO2]� 343.9065 (343.9054, 3) 80/6b

K[IrCl2(OH)2NO]��2(H2O) 401.8933 (401.8874, 15) 30c

[IrCl (N O)NO]� 371.8701 (371.8666, 9) 5c
3.2. Kinetic studies

The decomposition of the coordinated RSNOs in water shows
first order behavior in coordinated RSNO as shown by both initial
rates and plots of the logarithm of concentration versus time.
The rate constants and activation parameters are shown in Table
3. The decomposition of 1 is more than 300 times slower than that
of free PhSNO. In both cases (1 and 2) a negative DS– indicates an
associative rate-determining step.
3 2

a Base peak is [IrCl4]� in all cases.
b 80% for 1; 6% for 2.
c Observed for 1 only.

Table 3
Activation enthalpies, entropies, and Gibbs free energies for the decomposition of 1
3.3. DFT calculations

An energy diagram for the starting materials, observed interme-
diates and products was obtained for a model complex in the gas
phase where the thiol is modeled with methylthiol. Fig. 3 shows
that most of the proposed steps are thermodynamically favorable,
Table 1
Gases formed by decomposition of coordinated RSNOs in water as measured by MS
(headspace analysis).

RSNO %N2
a %N2Oa %NOa

1 7 0.5 4
2 15 34

a Moles of N atoms per 100 moles of RSNO.
except for the step of the decomposition of (a) to (b) plus RSH (Eq.
(3)) and the steps that involve the formation of (f) (Eq. (8)) and (f0)
(Eq. (9)). All reactions shown in Fig. 3 are listed below:

½IrCl4ðNOÞSR��ðaÞ þ OH� þ 3H2O

! ½IrCl2ðNOÞðOHÞ2�
2� �H2OðcÞ þ RSOHþ 2HCl ð1Þ
and 2 in water. All the thermodynamic parameters were determined for the range
293–348 K.

Compound DH–

(kcal mol�1)
DS–

(cal mol�1 K�1)
DG–

(kcal mol�1)
k (s�1)

1 (391 nm) 15(1) �32(3) 24(1) 7.0 ± 0.7 � 10�6a

2 (400 nm) 16(1) �25(5) 23(2) 4.4 ± 0.4 � 10�5a

PhSNO 21.7 [23] 2.2 � 10�3b [19]

a 295 K.
b 303 K.



Fig. 3. Calculated energies in gas phase for the proposed steps in the decomposition mechanism.
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½IrCl4ðNOÞSR��ðaÞ þ RSOHþ 2H2O

! ½IrCl2ðOHÞðH2OÞNO2��ðbÞ þ RSSR þ 2HCl ð2Þ

½IrCl4ðNOÞSR��ðaÞ þ3H2O! ½IrCl2ðOHÞðH2OÞNO2��ðbÞ þRSHþ 2HCl

ð3Þ

½IrCl4ðNOÞSR��ðaÞ þ RSHþ 2H2Oþ OH�

! ½IrCl2ðNOÞðOHÞ2�
2� � H2OðcÞ þ RSSR þHCl ð4Þ

½IrCl2ðNOÞðOHÞ2�
2� �H2OðcÞ þH2O

! ½IrCl2ðOHÞ2ðH2OÞ2�
�ðdÞ þ NO� ð5Þ

½IrCl2ðNOÞðOHÞ2�
2� �H2OðcÞ þ RSOHþHCl

! ½IrCl3OSRðH2OÞ��ðeÞ þ NO� þH2O ð6Þ

2HNO� ! N2O2�
2 þ 2Hþ ! N2OþH2O ð7Þ

½IrCl2ðNOÞðOHÞ2�
2� �H2OðcÞ þ N2OþHCl

! ½IrCl3ðN2OÞNOðH2OÞ��ðfÞ þH2Oþ OH� ð8Þ

½IrCl2ðNOÞðOHÞ2�
2� �H2OðcÞ þ N2OþHCl

! ½IrCl3ðN3O2ÞðH2OÞ��ðf 0Þ þH2Oþ OH� ð9Þ

½IrCl3ðN2OÞNOðH2OÞ��ðfÞ þH2O

! ½IrCl2ðOHÞðH2OÞNO2��ðbÞ þ N2 þHCl ð10Þ

½IrCl3ðN3O2ÞðH2OÞ��ðf 0ÞþH2O! ½IrCl2ðOHÞðH2OÞNO2��ðbÞþN2þHCl

ð11Þ

It is important to mention that N2O affinity to the iridium com-
plex (f) formed (Eq. (8)) is strongly enhanced by the presence of
coordinated NO� (see Supplementary material).

Complexes (f) and (f0) lead to (b) after intramolecular
attack (Eqs. (10) and (11)). An intermediate species where N2

and NO2
� are coordinated could be formed, as this complex is

shown to be quite stable by DFT calculations (see Supplementary
material).
4. Discussion

The starting compounds, 1 and 2, were selected due to their
rather dissimilar structures. Accordingly, although both show
mostly the same products, the observed relative amounts are
noticeably different. While only ca. 12% of gases (based on moles
of nitrogen released relative to moles of RSNO) were observed for
the decomposition of 1, almost 50% was observed for 2, indicating
that more products had to be present in the case of 1. It is therefore
not surprising that coordinated NO2

�, NO�, and N2O/NO� (or
N3O2

�) were observed in solution after the decomposition of 1,
while the decomposition of 2 only showed small amounts of coor-
dinated NO2

�, NO�, and sulfenate (compare the 80 versus 6 peak
intensity relative to [IrCl4] for the NO2

� complex for the decompo-
sition of 1 versus the decomposition of 2 in Table 2, and the ab-
sence of NO2

� and NO� in the decomposition of 2 in the ESI-MS).
The observation of coordinated sulfenate only in the decomposi-
tion of 2 and not of 1 could imply that in the case of 1 the sulfenate
gets released into solution due to its enhanced lability and once in
the free form it rapidly decomposes. It seems reasonable that
PhSO� would be a weaker ligand than the cysteine ethyl ester an-
ion because it has more steric bulk and because the aryl ring stabi-
lizes the negative charge on PhSO�. Therefore, we postulate a first
associative step (as confirmed by the kinetic studies), in which H2O
attacks the coordinated RSNO to give an Ir–NO� complex and the
corresponding sulfenic acid (Eq. (1)), which is a known reaction
for free RSNOs [24,25] and is energetically favorable (Fig. 3). The
ESI-MS results show unequivocally loss of 2 or 3 chlorides which
are replaced by H2O. Chlorides are probably labilized due to the
presence of the strongly negative NO� in the coordination sphere.

In the case of 2, in which coordinated sulfenate has been ob-
served, we propose as the next step coordination of the sulfenic
acid to the iridium center and NO� release (Eq. (6)), which is also
energetically favorable as shown in Fig. 3. The free NO� protonates
at the reaction pH producing nitroxyl (HNO), which rapidly dimer-
izes to hyponitrite, which decomposes to N2O under the acidic
medium present in these reactions (Eq. (7)). The attack of sulfenic
acid to the Ir center in the case of 2, a ligand displacement reaction,
explains the formation of large amounts of gases. In the case of 2,
the coordinating sulfenic acid causes the nitrogen products to dis-
sociate from the iridium center and to be released as gases (for



Scheme 1. Proposed mechanism for the decomposition of iridium-coordinated nitrosothiols in water.

1 For interpretation of color in Scheme 1, the reader is referred to the web version
of this article.
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example, Eq. (6)). In the decomposition of 1, the coordinated sulfe-
nic acid is not observed which explains why the nitrogen products
are observed in solution, coordinated to the iridium center.

Sulfenic acids are known to react with thiols to produce disul-
fide (RSSR) [26,27]. Therefore, a competing reaction for free sulfe-
nic acid would be attack to the coordinated RSNO leading to
coordinated nitrite and RSSR (Eq. (2)), which is also energetically
favorable (Fig. 3). The corresponding disulfides were previously de-
tected as the only final organic decomposition products in the 1H
NMR spectra of both complexes (see Supplementary material)
[13]. It is also possible that in the decomposition of 1 the first step
is formation of NO2

� and PhSH (Eq. (3)), followed by attack of PhSH
to 1, producing the disulfide and coordinated NO� (Eq. (4)). How-
ever, we tend to disfavor this pathway, since reaction 3 is energet-
ically unfavorable (see Fig. 3).

The conversion of N2O and NO� to N2 and NO2
� could occur by

means of an N3O2
� intermediate as has been postulated before

[28]. However, the complex [IrCl3NO(N2O)]� could also be formed
(Eq. (8)), and although its formation is energetically unfavorable
(Fig. 3), after intramolecular attack it may lead to N2 and coordi-
nated nitrite (Eq. (10)), which leads to energetically favorable (by
26.9 kcal mol�1) products. In principle, at least in the case of 1 part
of the N2 remains coordinated as a bridging diazenido ligand, as
observed by 15N NMR. Again, this could be due to the poor coordi-
nation abilities of PhSO�, which does not displace N2 in this case.

A small amount of NO is observed in the case of 1, and therefore
it is possible that NO reacts with HNO (Eq. (12)), which has been
described before [29], with a rate constant of (5.8 ± 0.4) �
106 M�1 s�1, which ultimately also produces N2O.

HNOþ NO! N2O�2 þHþ ð12Þ

Protons are released during the decomposition, as confirmed by
pH measurements showing a decrease of 2–3 units after the reac-
tion, from neutrality up to pH � 5.
5. Conclusions

From the above, a mechanism for the decomposition of the
coordinated nitrosothiols in water can be postulated (Scheme 11),
with a first associative step involving nucleophilic attack of H2O
to the sulfur atom of the coordinated RSNO, producing an NO�

complex and free sulfenic acid, followed by two competing reac-
tions: ligand exchange of this NO� in the complex with the sulfenic
acid (Scheme 1, complex shown in blue), or, to a minor extent, li-
gand exchange of an OH� ligand of the NO� complex with N2O,
to produce an NO�/N2O complex (Scheme 1, complex shown in
green), which finally renders free N2 and coordinated NO2

�. Some
of the NO� is released from the metal center, producing nitroxyl by
protonation and finally N2O by dimerization and loss of H2O. Final-
ly, for both complexes 1 and 2, sulfenic acid could react with the
starting complex leading to formation of coordinated nitrite and
the corresponding disulfide (Scheme 1).

As shown above, the decomposition of coordinated RSNOs occurs
through a different mechanism than for free RSNOs, involving the
formation of sulfenic acids and the biologically relevant nitroxyl.
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