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The reaction kinetics of a set of ruthenium nitrosyl complexes, {(X)sMNO}", containing different coligands X
(polypyridines, NHs, EDTA, pz, and py) with cysteine (excess conditions), were studied by UV-vis spectrophotometry,
using stopped-flow techniques, at an appropriate pH, in the range 3-10, and T = 25 °C. The selection of coligands
afforded a redox-potential range from —0.3 to +0.5 V (vs Ag/AgCl) for the NO*/NO bound couples. Two intermediates
were detected. The first one, I3, appears in the range 410-470 nm for the different complexes and is proposed to
be a 1:1 adduct, with the S atom of the cysteinate nucleophile bound to the N atom of nitrosyl. The adduct
formation step of I; is an equilibrium, and the kinetic rate constants for the formation and dissociation of the
corresponding adducts were determined by studying the cysteine-concentration dependence of the formation rates.
The second intermediate, I, was detected through the decay of I;, with a maximum absorbance at ca. 380 nm.
From similar kinetic results and analyses, we propose that a second cysteinate adds to I; to form I,. By plotting In
kirsy and In kyrs for the first and second adduct formation steps, respectively, against the redox potentials of the
NO*/NO couples, linear free energy plots are obtained, as previously observed with OH™ as a nucleophile. The
addition rates for both processes increase with the nitrosyl redox potentials, and this reflects a more positive
charge at the electrophilic N atom. In a third step, the I, adducts decay to form the corresponding Ru-aqua
complexes, with the release of N,O and formation of cystine, implying a two-electron process for the overall nitrosyl
reduction. This is in contrast with the behavior of nitroprusside ([Fe(CN)sNOJ?~; NP), which always yields the
one-electron reduction product, [Fe(CN)sNOJ®~, either under substoichiometric or in excess-cysteine conditions.

Introduction rates, as well as for other types of redox reactivifjhe
nitroprusside ion (NP; [Fe(CNNOJ?") is unigue among
iron—nitrosyl complexes with biological activifyln addition
to its hypotensive action, other physiological roles have been
described in a recent revieWwThe long-known reversible
additions of nucleophiles have been studied with NP and
other metallonitrosyls by using Otlamines, thiolates, and
other reactantsln these reactions, the electrophilic nitrosyl
ligand can be best described as a nitrosonium’(\gpecies,
with the N atom being the site for the addition of the
nucleophiles:®

The mechanistic study of the reaction of NP with OH
has been extended recently to a great variety of nitrosyl

The reactivity of nitrogen monoxide (NO) bound to
transition metal centers is of particular concern in the context
of the chemistry of NO relevant to biologyVhen discussing
the ability of NO to bind or dissociate from a given metal,
it is crucial to define the redox state of the nitrosyl-bound
species. The redox interconversions in the MNO moieties
can lead to species with different electron contents, which
may be described, in limiting approximations, as M(NO
M(NO), or M(NO"). The electronic structures can be
discussed with the aid of spectroscopic tools (mainly IR and
EPR) or theoretical calculations, corresponding, in each case
to different reactivity patterns for the formation/dissociation
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complexes of formula typg(X)sMNO}", with X comprising picture, NO has been detected by IR during the reaction of
ligands of different doneracceptor abilities, such as amines, NP with excess glutathione and other reductants at pH°7.2.
polypyridines, cyanides, and so foRtfiMost of these studies In a very recent work, the [Fe(CBNOJ*/[Fe(CN)NOJ>~
have been performed with ruthenium, but a similar picture complexes (generated by controlled reduction of NP using
emerges with other low-spinfdnetals such as Fe(ll), Os- dithionite or tetrahydroborate, pH range-20) wereboth
(11, and Ir(lll). The reactions with OH are mechanistically ~ shown to release NO very slowlit & ~10°s™%). The fate
simple; they can be considered as adidse reactions evolv-  of free NO was related to the further formation of dinitrosyls,
ing in two steps: first, OH is added, forming th€(X)sMN- followed by a disproportionarion process leading t®Nand
(O)OH} intermediate, which may go back to M(NDor the regeneration of NF2 Among the final products, EPR-
subsequently lose the proton rapidly under the attack of active compounds have been also found, related to those of
another OH to give the final nitro complex. In the previous formula type{Fe(NO}L,} (L = thiolates, imidazole, etc.),
work ® the redox potentials of the M(NQ/M(NO) couples referred to as “g= 2.03” complexes. These have been
were shown to be the crucial factors controlling the elec- previously suggested to be direct precursors of sGC
trophilic reactivity of the differenf (X)sMNO} " complexes. activation!'® Evidently, all of these reactions are of great
The reactions with other potentially reductant nucleophiles biological relevance, because NP is currently injected into
such as amines or thiolates are more complicated than thosehe bodily fluids for blood-pressure control, and the question
with OH™, because irreversible processes (namely, intramo- arises on the eventual mechanistic role of thiolates in the
lecular redox reactions) operate subsequently to adductmobilization of NO, in order for it to be accessible in solution
formation. The reactions with N-binding nucleophiles (am- for the vasodilation procesd.In this report, we refer to the
monia and amines, hydrazine, hydroxylamine, and azide) latter issue only as a final comment, because our main goal
binding to different metal centers have been revieweahd is to introduce a broader picture for the reactivity studies of
they lead to gas evolution gNor N;O) as a result of the  thiols with metal nitrosyls, in addition to the work published
adduct decompositions, with complex mechanistic issues thatfor the NP ion. This has revealed a complex mechanism,
are dependent on the structure of the metallonitresyl involving nonradical and radical paths, as well as a significant
nucleophile adducts. On the other hand, the reactions ofinfluence of pH and oxygen availability on the reaction
different thiolates have been addressed exclusively with process® We have selected cysteifgHsNTCH(CO,)-
NP &1 Adduct intermediates intensively absorbing around CH,SH} as the starting reagent for S-nucleophilic binding,
520 nm have been observed for the fast reactions of NP withbecause of the biological relevance, and we use a variety of
diverse thiolate8? with ensuing decomposition processes ruthenium nitrosyl complexes already well-characterized in
involving the reduction of NO and the oxidation of the  the literature2 We focus on the stoichiometry and mecha-
thiolates!® Remarkably, one- or two-electron reduction nism of the processes arising after mixing the nitrosyl
products have been detected in different circumstances withcomplexes with an excess of cysteine under anaerobic and
NP. Either in substoichiometric or in excess conditions of pH-controlled conditions, and we address the conditions
thiolate, the [Fe(CNNOJ*~ ion appears as the ultimate main favoring the one- or two-electron reduction of bound NO
product of thiolate additions to NP, in the pH range1® aiming at the comparison with previous results in the
(cyanide release forming predominantly [Fe(GNQ]?>~ reactions of NP with the thiolates.
occurs at lower pHs). This has been found for cysteine,
glutathione, and other thiolaté$:.*At pH 6—8, free NO has

been claimed to be released from [Fe(GWD]>~ 1% and Materials and Methods. All chemicals were analytical grade
even bound NO (nitroxyl) has been reported as an inter- and were used without further purificatianCysteine hydrochloride
mediate in the NP.cysteine reactiotd The mode of nitroxyl ~ monohydrate was purchased from Anedra. Sodium nitroprusside
generation and characterization remains obscure, howevenihydrate (NP) was from Aldrich. The following ruthenium
(e.g., no NO has been detected). To complete this intriguing complexes were prepared as described in the literature: [Ru(bpz)-
NO(tpy)](PF)s,*?2cis-[RU(ACN) (bpy eNO](PFs)z, 2 cis-[Ru(bpy)-
(NO)NOJ(PFy)z, > cis-[Ru(bpy:CINO](PF)2, "¢ [Ru(bpy)NO(tpy)]-
(PRs)3,1% trans [Ru(NH3)4NO(pz)](BF)3,12¢ [RU(HEDTA)NO] 1%

Experimental Section
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Thiolate Additions to Nitrosyl Complexes

Table 1. UV—Vis Maximum Absorptions (nm) of; andl, for Different Nitrosyl Complexes

complex intermediate 1 intermediate 2

1 [Fe(CNRNOJ2~ 526 (16—10%p

2 [Ru(HEDTA)NOJ™ 405 340°

3 trans-[Ru(NHz)sNO(pz)B* 420 33¢

4 cis[Ru(bpy»CINOJZ* 450 (8.0x 109) 384 (5.3x 109)
410 (sh) (6.8x 10°)

5 cis-[Ru(bpy:(NOz)NOJ2* 451 (7.6x 109) 372 (6.6x 10%)
376

6 trans[NCRu(pysCNRu(pyyNOJ3* 461 425 (sh)

7 [Ru(bpy)NO(tpy)F* 467 (9.0x 10%) 394 (6.2x 10%)
390 (6.0x 10°)

8 cis[RU(ACN)(bpypNOJZ* 448 (3x 109) 390

9 [Ru(bpz)NO(tpy)F" 467 (5.6x 10°)

aValues in parentheses correspond to molar absorbances. pH 4.0 (0.1 M acetate baffér) (NaCl), T = 25.0°C. At least a 10-fold excess of
cysteine over the complex concentration was used, unless otherwise %fatenh refs 8 and 95 pH 9.9 (0.1 M borate buffer), = 1 M (NacCl).9pH 7.0
(0.1 M phosphate buffer),= 1 M (NaCl).

andtrans[NCRu(pyyxCNRu(pyxNO](PF;)s'29 (tpy = terpyridine; solutions were mixed using an RX 1000 Applied Photophysics rapid
bpz = 2,2-bipyrazine; bpy= 2,2-bipyridine; pz= pyrazine; py kinetic accessory, and the spectral changes were recorded on the
= pyridine). The purities were checked by IR afd NMR diode array spectrophotometer. To make the systematic studies as
spectroscopy. Solutions were deoxygenated by saturation with N a function of the concentration of cysteine or of the pH, a Hi Tech
or Ar. They were protected from light and were handled using PQ/SF-53 stopped-flow and a Hi Tech SU-40 spectrophotometric
gastight syringesl M NaCl was used for adjusting the ionic  unit were used. The data were acquired by a Hewlett-Packard
strength, and acetic, phosphate, and borate buffers were employed4600A oscilloscope. This last instrument was interfaced with a
to control the pH. computer. The wavelength was always selected close to the
Instrumentation and General Procedures.pH measurements  absorption maximum of intermediate th)((410-470 nm for the
were done with a Metrohm 744 pH meter at room temperature. ruthenium complexes and 526 nm for NP, see Table 1). Kinetic
NMR spectra were recorded on a Brucker 500 MHz spectrometer. traces were always fitted to a single exponential for at least three
A Thermo Nicolet Avatar 320 FT-IR spectrometer and a Spectratech half-lives, usually five, with the aid of a homemade program. Under
IR liquid cell (with two 32 x 3 mm Caf; disks and a 0.1 mm each condition, about 10 measurements were done; values that
spacer) were used for the IR measurements. Usually;-430nM differed less than 20%, usually less than 10%, were averaged. In
solution in cis-[Ru(bpyxCINO]CI, was prepared in D or H;O, this way, kops Values were obtained. Plots kfys versus cysteine
after saturation with Ar. The necessary amount of cysteine was concentration afforded the formation second-order rate constant,
added together with some sodium acetate or sodium carbonate towith an intercept value equal to the dissociation constant (see eq
reach the desired pH. A 273A Princeton Applied Research 1). The formation ofi; could only be studied using the Hi Tech
Potentiostat was used for square wave voltammetry (SWV) and SF technique. Similar values on the decompositioh @ produce
electrolysis. For SWV, a solution contaigii M NaCl and 0.1 M intermediate 2|,) were obtained using both groups of instruments.
sodium acetate at pH 4 was used as an electrolyte. Vitreous carbonFor the experiments as a function of pH, a9.0~° M solution of
Ag/AgQCI (3 M KCI), and a platinum wire were used as working, [Ru(bpy)CINOJ?" and an 8.2x 103 M solution of cysteine were
reference, and counter electrodes, respectively. EPR measurementssed. The second-order rate constant was calculated from the
were done on the X-band of a Brucker ER 200D spectrometer. observed rate constants and the cysteine concentration (neglecting
The spectra were recorded at 9.57 GHz, at 140 K. For thesethe intercept). At pH 4, this procedure introduced an error of ca.
experiments, 1 mMis{Ru(bpy)CINO](PF); solutions were pre- 20%, which was smaller at higher pHs.
pared (0.1 M acetaté,= 1 M, pH 4.0), and 0.8 mg or 20 mg of Some complementary experiments using either substoichiometric
cysteine were added to 10 mL of the complex solution, depending or a small excess of cysteine were done using the diode array
upon the experiment. UVvis spectra were recorded in the range  spectrophotometer and the rapid kinetics accessory described above.
200-1100 nm with a Hewlett-Packard 8453 diode array spectro- The concentration ranges of the complex and cysteine were (0.7
photometer. For the titrations of the complexes with cysteine, 20 1.5)x 10-4M and (0.17-1.5) x 104 M, respectively. The exper-

mL of a 5 x 107> M complex solution (0.1 M acetic buffer; pH  iments were done at pH 4.0 (0.1 M acetate buffer},1 M, NaCl.
4.0;1 = 1 M) were placed in a cuvette attached to a flask. After

bubbling N, 0.1-mL aliquots of a 2« 10-3 M solution of cysteine Results and Discussion
were added. The U¥vis spectral changes were recorded during
the process as described previously. The titrations were done in  For the selection of the reaction conditions, we considered

duplicates. The temperature was kept constant at230 °C by the most significant work on the adduct-formation reactions
means of a Lauda RC 20 thermostat. of NP with thiols1%4P comprising the pH range-810, that
Kinetic Experiments. A solution containing the complex (¥ is, with the thiols (nearly) fully deprotonatedg(RSH) =

10% to 5 x 10 M, depending on the complex and the ey -
concentration of cysteine, witl M NaCl) and some HCI (pH-2 8l. Uhder these_ PH _C(_)ndltlons, [Fe(GNIOT™ is the_
predominant species arising as a product of the reaction of

to discard any reaction with OH was mixed using stopped-flow . . ) . . o
(SF) techniques with another solution containing cysteine (@4 NP with the thiols, with minor quantities of [Fe(CMO]

to 1.4 x 102 M), the buffer system (020.5 M), and NaCl to N a fast equilibriunt.”++*The upper limit of 10 is appropriate
reach a total = 1 M. At least a 10-fold excess of cysteine over for avoiding the competitive attack of OtF A fast equi-

the concentration of the complex was always kept to ensure pseudodibrium is settled in the formation process of the red adduct,
first-order conditions. To get an overall picture of the reaction, the eq 1. For a broad range of studied thiols, the absorption
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- shoulder at 390 nm, and other new bands below 340 nm
P can be appreciated. The isosbestic points at 347 and 376 nm
2 1 ! 813 nm are evidence of a clean reaction. The spectra remain constant
g oo ® after the addition of 0.95 equiv of cysteine (see inset, Figure
‘ g 06 N 4‘7°”Ar"‘ 1), sustaining a 1:1 stoichiometry. Upon addition of larger
o 1.5 3 9 L IR ammsm amounts of cysteine, new spectral changes were observed
o A 351 mm as a result of further reactivity (see below). We describe the
8 N product of the primary interaction as the adduct intermediate
g 11 od " , — [1, similar to the one described in eq 1. The intense bands
g [RSL./ [complex] obtained upon the addition of cysteine to NP and to_ the
presently reported complexes can be traced to metal-to-ligand
05 | charge transfer (MLCT) transitions in tR€X)sMN(O)SR}
adducts, which are expectedly shifted to the blue for the
ruthenium-based adducts compared to those for the NP
0 | ‘ \ thiolate adduct$?
230 330 430 530 630 A similarity in the electronic structures of tH¢X)sMN-
(O)L} adducts (L= nucleophile) can be proposed on the
A (nm) basis of the following experimental and theoretical evidence.
Figure 1. Successive spectra recorded during the addition of 0.1 mL N @ general way, the addition processes involve a change
aliquots of a 2.02«< 103 M cysteine solution to 20 mL of a 5.7¢ 1075 in geometry, from a lineaf (X)sM(NO™)} to an angular
M solution of [Ru(bpy)NO(tpy)}". pH 4.0 (0.1 M acetate buffer)=1 M {(X)sMN(O)L)} moiety? The reactions can be described by

NaCl), T = 25 °C. [RS}, is the analytical concentration of cysteine. . o .
(NaCh RS Y Y a change in N hybridization from sp to%gr, alternatively,

maxima lay at ca. 520 nm, with = ~(5—10) x 10° M1 as a conversion from #MNO}© to a{ MNO}® species? as
cm~189 Both the adduct-formation and dissociation rate @ result of the location of the electron pair of the nucleophile

constants have been determinéd=(0.4 M, 25 °C). For in the vacant LUMO of the reactant. Evidence for this linear-
L-cysteinek; = 2.2 x 10* M~IsTandk_; = 3.4 x 1® s}, to-bent conversion comes from the solid structure of [Ru-
at pH 10.08 (bpy)CIN(O)SQ],** in which the angular RuN(O)S moiety
is clearly identified, and also by the DFT calculations
[Fe(CNXNOJ*™ + RS = [Fe(CN)N(O)SRf~ regarding the reaction progress of NP with QHeading to

the nitrous acid bound intermedidt&he conversion also
involves the triple bond in the NOreactant becoming a
Reaction 1 was studied with T-jump techniques, becausedouble NO bond in th¢ (X)sMN(O)L} moieties. This has
the fast reactions of NP with thiolates are in the detection been nicely demonstrated through the IR measurements in
limit of the SF proceduré.In the present work, we were the reaction of NP with EtS showing the appearance of a
able to reproduce the values for both rate constants in reactiorpeak at 1380 cmt as characteristic of the red addéeall
1 even under these extreme SF conditions. However, theOf this evidence points to the existence of common general
reactions of the ruthenium nitrosyl complexes with cysteine features in the geometry and electronic structure of the
appeared to be very fast at pH 10. As the deprotonated thiols{ (X)sMN(O)L} adducts, even if we change the metal, the
RS, are the only active species in the nucleophilic process coligands (X), or the nucleophiles (L).
(systematic experiments as a function of pH showed that the A similar experiment was performed with thes-[Ru-
RSH species were unreacti¥sge below), we could afford  (bpy)CINO]** complex, and a new band at 450 nm with a
the SF kinetic studies by decreasing the pH, thus controlling shoulder at 410 nm was observed. A 3-fold excess of cysteine
the effective concentration of RSMost of the work was over the complex concentration had to be added in order to
performed under an excess of cysteine over the rutheniumreach a maximum conversion. This is consistent with the
complex. This situation is seemingly the one present in bodily establishment of an equilibrium reaction, similar to the one
fluids containing a high concentration of reduced sulfur described in eq 1.
Species in VIVé't.) . . . (13) We tried to obtain confirmative evidence on the structure ofl the
The results will be ordered according to the different time adduct. As shown in ref 15, a distinctive IR absorption should be

scales for the events occurring after mixing. First, we address ~ expected in the 1400 cm region for the N=O stretching in the
nitrosothiolate ligand. Unfortunately, intense-8 absorptions from

the reactions for cysteine adding to the different nitrosyl the polypyridine ligands precluded any clear assignments coming from
complexes, as detailed in Table 1. Second, we consider the IR or Raman spectra. Besides, only indirect evidence could be obtained

: with field-desorption mass spectrometry measurements. Thus, the
decay of these adducts, as observed in the-\ig spectral observed spectra for the mixtures of the nitrosyl complex with cysteine

kl(Rs—)- k—l(Rs—) 1)

runs, giving additional intermediates in the route to final showed evidence of thermal dissociation of the nitrosothiolate ligand,
products through the appearance of peaks at 596 and 716 au, which may be
. . - . . assigned to [Ru(bpyTI(PFs)] and [Ru(bpy)Cl(PFs)(cys)] substitution
Formation and Dissociation Reactions of the First prodgucts_ [Rubpygl(PFe)] and [Ru(bpy)CI(PFe)(cys)

Intermediate, 11. Figure 1 shows the spectra obtained after (14) ,aotjorglhw, F-éBroolss,ltW- \T/ F-§$9P§1§22,4EésE.; White, P. S.; Mukaida,
. . . . . L J. em. >S0cC., Dalton Iran .
the addition of aliquots of a solution of cysteine to a solution (15) Schwane, J. D.; Ashby, M. T. Am. Chem. So@002 124, 6822

of [Ru(bpy)NO(tpy)f*. A new band centered at 467 nm, a 6823.
4722 1Inorganic Chemistry, Vol. 44, No. 13, 2005
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2 09 80
455 nm 70 a)
§ o k 9.6 x 10°[RS], + 4.0
5] 60 1(obs) = 9-0 X o + 4.
1.5 1 g 328 nm R?=0.998
g o3 50
1 L 40 @ Kifobs)
015 ‘é @ Koops) X 10°
X 30
0.5 20
Reactant 10 | K a(ops) = 3-2[RS], + 3.0 x 10°
) R%=0.994
e ntermediate
0 : : . 0
200 300 400 500 600 0 0.002 0.004 0.006 0.008
25 |
[RS], (M)
Figure 3. Cysteine-concentration dependence of the observed rate constant
2.0 1 § for the first kioby and second kgopy reaction steps for theis-[Ru-
oS 28 (bpy)2CINOJ?+ complex.T = 25.0°C, pH 4.0 (0.1 M acetate buffet),=
= 2 1 M (NaCl). kaobs Values were multiplied by £0o fit the scale.
<
o 15 : o . .
5 during the titration ¢ide suprg. By measuring at different
2 wavelengths, we obtained the same valudg,@f From here
< 10 on, we describe the first formed adducts of cysteine with all
of the Ru complexes ds.
05 Figure 3a shows the cysteine-concentration dependence
' of kiopsfor the formation ofl ;, for thecis-[Ru(bpypCINOJ?*
complex. A linear distribution appears, with a slope that can
0.0 ‘ ‘ , be traced tdk; and an appreciable intercept assignable to
200 300 400 500 600 k_;. To assign these rate constants, we must consider the
2.5 /\ acid—base equilibrium of cysteine, eq 2, and the reactions
o/ Intermediate 1 of RS~ and RSH with the nitrosyl complex (reactions 3 and
20 L e termediate 2 4)8 In this way, we obtain eqs 5 and 6, whekgis the
= oroduct second-order rate constant for the first step-(1) andk_;
rodue is the intercept corresponding to the plotsgf versus [RS]
15 | (analytical concentration of cysteine).
RSH=RS +H" K, )
1.0 |
From the literature, I§, is 8.3 for cysteiné® According
05 [(X) sRUNOT' + RS™ = [(X) sRUN(O)SR]
kl(Rs—)v k—l(Rs—) ®3)
0.0 , ,
200 300 400 500 600 [(X) sRUNOT' + RSH= [(X) ;RUN(O)SR]* + H"
A (nm) Ky(rsHy K-1(rst) (4)

Figure 2. UV —vis spectral changes for the reaction of [Ru(B@}NO]2+

T
with cysteine. [Complex} 8.1 x 107> M, [cysteine]= 3.8 x 103 M, pH _ ki(RS*)Ka + ki(RSH)[H ]

4.0 (0.1 M acetic buffer), =1 M (NaCl), T = 25.0°C. (a) UV—vis spectra + (5)
of [Ru(bpypCINOJ?" without and after the addition of cysteine (reactant Ka + [H ]

andl,, respectively). Inset: kinetic traces at 455 and 328 nm corresponding

to the formation of 1, kiops= 43 s°1. (b) Successive spectra corresponding k =k . +K . HT

to the decomposition of; to producel ; and the productkeps= 1.0 x - = Keirs) T KeisnfH ] 6)

102 s and kgops = 3 x 1072 s7L Inset: kinetic traces at different
wavelengths. (c) Spectra of the product, andi;aindl,, obtained through
a SPECFIT analysis of the results shown in part b.

to eq 5, when [H] > K, a plot of the second-order rate
constank; versus 1/[H] should be linear, with a slope equal
f10 kirs)Kaand an intercept equal tQrsry Figure 4a shows

Figure 2 shows the spectral changes for the reaction of ", . . ) ST
this plot for the first reaction step. A linear distribution is

cis-[Ru(bpy:CINO]J?" with an excess of cysteine. Figure 2a
ShOWS the spectrgm _Of the 'ntermed.late formed in the first (16) CRC Handbook of Chemistry & Physjc&bth ed.; Frederikse, H. P.
reaction step, which is consistent with the bands observed R., Lide, D. R., Eds.; CRC Press: Boca Raton, FL, 1994.
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90 the electrophilic MNO moiety. Interestingly, the activation
80 | a) parameters indicated that the rate increase was associated
K, =0_274/[H]+1600 with an activation enthalpyncrease overcompensated by
70 R7=0998 the large activation entropies displayed by the positively
P charged complexes when reacting with QHGiven the
"0 similar slopes in Figure 5, we can reasonably assume an
s 50 analogous mechanism for the additions of Riticleophiles
< a0l as well.
b The Decay of the Adduct Intermediate b, with Forma-
30 ko= 202 X107 +1.0 tion of Intermediate |,. For [Ru(bpy}CINOJ?*, | reacts
20 | Ri=0.9% ina sepond reaction step tq produce a second intermediate,
.k xi0° 2, which shows a we.II—deflned band centered at 384 nm
10 - .k; (Figure 2b, Table 1). Figure 3b shows the plokgf against
0 the concentration of cysteine for this second reaction step,

showing a behavior similar to the one found for the first
. . step. Thusk, andk_, can be obtained from the slope and
1HT M) intercept, respectively. We propose tHat contains two

Figure 4. Plot of the second-order rate constant for the fikgténd second coordinated, deprotonated cysteines, eq 7.

(ko) reaction steps vs 1/[H for the cis-[Ru(bpyCINO]2" complex.T =

25.0 °C, pH 3.2-5.0 (0.1 M acetate buffer)y = 1 M (NacCl), [Ru- -1 - n—2
(bPYLCINO?*] = 9 x 105 M, [RS], = 8.2 x 10-3 M. k, values were  [(X)sRUN(O)SR]™™ + RS = [(X) sRUN(O)(SR)]

multiplied by 1078 to fit the scale.

0 30000 60000 90000 120000

kZ(RS—)' k—z(Rs—) (7)

observed with no meaningful intercept. This means that
kirshyis negligible in our reaction conditions.

The spectral changes during the reactions of cysteine with
the rest of the complexes of Table 1 were similar to those
observed with theis{Ru(bpy»CINO]?** complex in Figure

2. The bands fot, were observed in the range 46870 o< qescribed here. Also, similar structures comprising two

nm. In all cases, Fhe formatign bf was stud.ied as a function thiolates bound to the N atom of NO have been proposed
of the concentration of cysteine. The reactions always Showedduring the transnitrosation reactions of thiglsPand recent

a linear distribution, with appreciable intercepts in most cases, \\r results together with DFT calculations provide evi-
thus affording values fdt—;. The values of the rate constants dence for these elusive intermediat&sin Figure 4b, the
are included in Table 2. The values obtained I{pcanno_t linear plot of the second-order rate constdat,against the
be compared, because they have been measured at d'fferer?ltuverse of [H] shows, again, that reaction 8 involving the

pHs. ansidering that only the deprotopated form of cysteine protonated cysteine, RSH, can be neglected, as found for
is reactive, we calculatirs) for the different complexes o tormation ofl1 (eq 4).

using eq 5 (see Table 2).

Figure 5 shows a plot of lRyrs) versusEno+mo (redox %) . RUN(O)SRT ! + RSH= [(X).RUN(O)(SR)" 2 + H*
potential of the coordinated nitrosyl). A linear correlation is (s (O)SR] () (O)SRi

This type of intermediate has been proposed in the reaction
of NP with an excess of thiolat®2No direct spectroscopic
evidence was provided, but a linear dependence of the
pseudo-first-order rate constant for the decay of [(§FEN-
(O)SRF™ on the concentration of cysteine was repoff&d,

observed in the lower potential range, that is, for the least Karshy K-2wrsh) (8)
reactive complexes. The most reactive ones show values of _ o
kirs) close to the diffusion limit of 10M~1 s™L. Recently Figure 5 shows a linear behavior in the plots okjgks)

obtained values corresponding to the addition of Qéithe ~ for the second step in eq 7 against the redox potential, for
same complexésare also shown in Table 2 and Figure 5 the same series of ruthenium complexes (againwas

for comparative purposes. The rate constants for the additionscorrected for the pH effect using eqié= 2). The alignment

of thiolates, RS, are expectedly greater than those forQH  Of the points together with the ones for the OBidditions
given the greater relative nucleophilic ability of sulfur. is fortuitous. However, it is entirely reasonable that the rates
However, it can be seen that the values of the slopes arefor the addition of an RSnucleophile in reaction 7 must be
similar, close to 20 V1, for the lines corresponding to the lower than those in reaction 3, because the first bound thiolate
reactions with OH and the meaningful values for the has already diminished the nucleophilic ability of the MNO
reactions with RS. group. Overall, the plots in Figure 5 provide consistent

The significance of this linear free energy relationship €vidence of the successive R&dditions on the nitrosyl
(LFER) has been analyzed recently for the adduct formation cOmplexes, as described by egs 3 and 7.
e : . N -
reactions in which the lineaf(X)sM(NO™)} moieties are (17) (a) Dicks, A.; Li, E.; Munro, A.; Swift, H.; Williams, DCan. J. Chem

transformed into the angulg(X)sMN(O)OH} ones in the 1998 76, 789-794. (b) Houk, K. N.; Hietbrink, B. N.: Bartberger,

respective addition processeshe increase in the rates for M. D.; McCarren, P. R.; Choi, B. Y.; Voyksner, R. D.; Stamler, J. S.;

. . . . Toone, E. JJ. Am. Chem. So2003 125 6972-6976. (c) Perissinotti,
the complexes with more positive reduction potentials was L. L; Turjanski, A. G.; Estm, D. A.; Doctorovich, F.J. Am. Chem.

shown to be related to an increase in the positive charge at  Soc 2005 127, 486-487.
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Table 2. Kinetic Results for the Reactions of Cysteine with Different Nitrosyl Complexes

complex 104k (M~1s7Y ko1 (s} ko (M~1s7Y) 1Pk (s™h
1: [Fe(CN)NOJZ- 22+04 560+ 20° 1-2¢
2. [Ru(edta)NO} 4,94 0.6 2604 20° ~50P
3. trans[RU(NHz)sNO(pz)B* 164+ 34 1104 404 60 + 4 2.8+ 0.6
4: cis[Ru(bpy)CINOJZ* 0.96+ 0.02 4.0£0.9 3.2+0.1 0.3+ 0.07
5 cis[Ru(bpyp(NO)NOJZ* 1.36+0.03 241 11.6+0.2 0.29+ 0.09
6: trans[NCRu(pyCNRu(pyxNO]J3* 0.70+ 0.01 1.5+0.3 35+ 1 1.9+ 0.5
7. [Ru(bpy)NO(tpy)f*+ 2.67+0.08 <3 35+ 2 <0.9
8: cis[Ru(AcN)(bpypNO]2* 2.89+ 0.07 4+ 2 18+ 4 9+1
9: [Ru(bpz)NO(tpy)F* 3.56+ 0.08 <5 179+ 4 <3

complex kirs) (M~1s71)e kors) (M~1s1)e kon (M~1s~yf Eno+moo (V)
1 [Fe(CNNOJ2- 2.2% 104 1-2¢ 0.55 ~0.29
2: [Ru(edta)NOT 4.9x 10° ~50 4.35 —-0.30
3 trans[Ru(NHz)sNO(pz)B+ 3.2x 10° 1.2x 10° 1.77x 10 -0.11
4: cis[Ru(bpy:CINOJZ* 1.5x 108 4.0% 10¢ 8.5x 10 0.05
5. cis[Ru(bpyp(NO2)NOJZ" 2.7x 108 2.3x 10 5.06 x 10* 0.18
6. trans[NCRu(pyCNRu(pyyNO]3+ 1.4x 1C° 7.0x 1¢° 9.2x 10° 0.22
7: [Ru(bpy)NO(tpy)p* 5.3x 108 7.0x 10 3.17x 10° 0.25
8: cis[RU(ACN)(bpyLNOJ2*+ 5.8x 108 3.6 x 10° 5.60x 108 0.35
9: [Ru(bpz)NO(tpy)}+ 7.1x 108 3.6x 10° 7.6x 1059 0.46

apH 4.0 (0.1 M acetate buffer),= 1 M (NaCl), T = 25.0°C, unless otherwise statetlpH 9.9 (0.1 M borate buffer),= 1 M (NaCl). ¢ From ref 10a,b.
dpH 7.0 (0.1 M phosphate buffer),= 1 M (NaCl). ¢ Calculated from eq 5, using<a = 8.3. From ref 6.9 This work ( = 1 M NaCl, T = 25.0°C).

22
7 8
In Kygs-) = 24E no" po* + 18 5 o ® o
o
17 9
9
12
X
c
- @ Kirs-)
71 B Kors-)
2| .kOH
21 24 In K zrs-) = 18Eno " mo- + 8
! Inkoy =21E o' mo+ 7
-3 ‘ : ; ;
0.4 0.2 0 0.2 0.4 0.6
E no*mo- (V)

Figure 5. Linear free energy relationships (LFER) flairs), kors), and
kon. For number assignments, see Tables 1 or 2.

In our experiments with substoichiometric cysteine, we
also observed the formation and decay oflthabsorptions,
with rate constants in the rangex3103s*to 4 x 104
s L. No one-electron reduction products could be found for
the ruthenium complexes 5, 7, and8 (Table 1), given that
[Fe(CNENO]®~ was confirmed by us as the product in the
reaction of NP with cystein®2¢ (The redox decay of
[(NC)sFeN(O)SRY led to identical products, [Fe(CMNOJ*~
and cystine, under working conditions of either substoichio-
metric or excess cystein&)For complex4, no IR absorp-
tions were found in the range 1662800 cm'?, as expected
for reduced nitrosyl. A very weak EPR signal at ca. 3400

G was measured, which cannot be assigned to the NO-bound

complex. The UV-vis absorption spectra of the products
indicate the presence of the Raqua ions. This suggests

that a two-electron nitrosyl reduction could also be operative,

as described below under conditions of excess cystéine.
The Decay of Intermediate b. N2O vs NO as Reduction
Products. Figure 2b shows thdt decomposes slowly (third

reaction stepks) to a product with bands centered at 470
and 350 nm. Figure 2c shows the spectra corresponding to
both intermediated,; andl,, together with the one for the
final product, as obtained through a SPECFIT analisis.
Further reactions of the product were not investigated in
detail. Its spectrum closely resembles that of the[Ru-
(bpy)CI(H,0)]* ion.2° Moreover, a new wave at 0.49 V
versus Ag/AgCl was observed during this reaction by
performing the SWV experiments. A wave in the same
position appeared after the reductiorcaf[Ru(bpyrCINOJ>*

at —1.0 V versus Ag/AgCI. It is well-known that the last
procedure generates the [Ru(b(H.0)]" complex in a
clean way, consistent with theo-electron reductioprocess
occurring at the stated potentfél.

During this third reaction step, 8 was produced, as
detected by IR spectroscopy through its characteristic band
at 2230 cm'.1% We propose reaction 9 for describing the
decomposition of; starting with thecis-[Ru(bpy)CINO]?*
complex, and we assume that similar processes are also
operative for the other Ru complexes.

cis-[Ru(bpy),CIN(O)(SR)] + H" =
cis-[Ru(bpy),CI(HNO)] © + RS-SR (9)
Equation 9 describes a two-electron reduction oftiN@iving

the labile nitroxyl ligand, HNO. A subsequent fast coupling

process leads to 40, eq 10, as described elsewhé&re.
2HNO— N,0 + H,O (20)

Evidence of the lability of HNO in the ruthenium complexes
is provided by the irreversibility of the two-electron reduction

(18) An intermediate character can be envisaged for the less reactive Ru
complexe® and3. In the reaction of [Ru(NB)4NOpzF" with cysteine,
a new absorption at ca. 1800 chdeveloped, which could probably
be ascribed to a one-electron reduction process.

(19) Binstead, R. A.; Zubeftier, A. D. SPECFIT Spectrum Software
Associates: Chapel Hill, NC, 1993.999.

(20) Togniolo, V.; Santana da Silva, R.; Tedesco, Alrorg. Chim. Acta
2001, 316, 7—12.
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Scheme 1
RS- RS-
[(X)sRuNOJ" == [(X);RuN(O)SR]™! == [(X);RuN(O)(SR),]"2 —> [(X);Ru(F,0)]" +¥N,0 + RSSR
-RS- -RS-

waves in the electrochemical experimefitswWe observed  complexes. The reactions are very fast, compared to previ-
a white precipitate of cystine in the aged solutions, in the ously reported additions of OHand N-binding nucleophiles.
experiments with the most concentrated solutions, as foundThe primary interaction of cysteine with the complexes
previously by other authors. generates 1:1 adduct intermediategswith intense absorption
The reason for the different behavior of NP compared to bands in the range 43@70 nm, assigned to MLCT
the ruthenium complexes may be traced to the different transitions, structurally related to the similar adduct with NP
reactivity of the corresponding adducts towastlox de- absorbing at 526 nm. The formation reactions are first order

composition implying a different nature for the products in each of the reactants, whereas the dissociations are first
with either NP or the Ru complexes. The nitrosyl group in order in the adduct.

NP has a comparatively low redox potential (Table 2), but
it can be easily reduced by one electron, leading to

[Fe(CNYNOJ*"; this is obtained after decomposition of the oy hands between 340 and 400 nm. The formation rates
|1 adduct, through the homolytic cleavage of the Slbond" are slower forl, than for |4, but the kinetic order in the

Remarkably, the same product is obtained with a high EXCeSKormation and dissociation reactions of both intermediates

of cysttelr:;]e ' Wr:eremg?me Et‘.ddUCt is also extpeciteld tof be were the same. We propose thats another adduct, with a
erssep tﬁ] I? raﬁes | ormaTlogl arze clczmparablvsly t(rjmwt '?hr 2:1 stoichiometry (thiolate vs nitrosyl complex). Additional
. of. thekyrs) values in Table 2). Itis probable that the . ijonce of these successive adduct-formation reactions is

fwciheltﬁgrggnﬁ ?(LtjC\t/:/?anslsonuol;[jtggziTeosiy?hirT]f:c?tlltth(ltl)ol‘;IIlvaesd n provided by the linear free energy plots of the addition-rate
= ' constants against the reduction potentials of the"NO

bge.n detecte_d through IR spec.troscopy at delayed times e.mercouples. As in the reactions of OHwith a set of nitrosyl
mixing NP with excess glutathione, ascorbate, or NADH in o . :
the hours time scale (pH 7.2% We believe that bD is not complexes, the addition 01_‘ _thlolates is faster fo_r the com-
generated through a direct two-electron reduction at bound plexes affording more positive red'uctlon potentials. .
NO*, but through a novel mechanistic route comprising the I» decays further with the formation of the_correspon_dlng
disproportionation reactivity of dinitrosyl intermediates. We 2qua complexeg(X)sRu(H:0)}, NzO, and cystine. Negatlve
rely on the recently reported evidence in a study of the €vidence was obtained (IR, EPR) for [Ru(bgy/(NO)]" as
thermal decomposition of reduced NP (pH rangel@) 11 to the presence of bound NO radicals, in contrast with NP.
In contrast to NP, the Ru complexes afford a fast Instead, the observed products account for a two-electron

conversion of ; to |5, avoiding the previously described one- reduction of the initial NO-bound species, favored by the
electron route, and lead to,®8 through a two-electron structures of theé, adducts Containiﬂg two thiolates and by
reduction. This also seems to occur under conditions of the oxidizing ablllty of the nitrosyl moieties. In contrast, the
substoichiometric cysteine (see above). Thus, kinetic as wellless oxidizing NP adducts,( and the poorly stable) always
as thermodynamic factors appear to control the formation decompose through a one-electron process. Scheme 1 sum-
of N,O against NO for the more oxidizing ruthenium nitrosyl marizes our proposed mechanism for the ruthenium com-
complexes, influencing the decompositionlgfwhich has plexes.
an appropriate configuration favoring a two-electron transfer.  Given the one-electron vs two-electron nitrosyl-reduction
The influence of the structure of the nucleophile in the products for NP and the ruthenium complexes, respectively,
one-electron or multielectronic reductions of bound™N® a final comment is in order on the connection of these
NP has been recently discussed by using hydrazine andmechanistic issues with the role of thiolates on the release
substituted hydrazines as nucleophiles. HNO-bound inter- of NO to the medium when NP is injected, a crucial point
mediates have been proposed in some of these systems &y triggering the vasodilation process. We have recently
precursors of BD.?? On the other hand, the present work shown that bound NO is very inert toward dissociation when
deals with the changes produced{ysM(NO*)} moieties e consider it as predominantly [Fe(GNOJ*~ (at pHs
with different oxidizing capabilities, for a given nucleophile.  greater than 8) or as [Fe(CW)OJ?~ (at lower pHs)la
Therefore, the role of thiolates should be ascribed, in
principle, to the ability of reducing NOto NO, still as a
The nucleophilic addition reactions under an excess of hound species, with no other influence favoring the mobi-
cysteine have been studied for a number of ruthenium nitrosyl jization of NO to the enzymatic targets. Intracellular condi-

—— tions appropriate to first favoring the prior release of cyanides
(21) (a) Bonner, F. T.; Stedman, G. Methods in Nitric Oxide Research I
Feelisch, M., Stamler, J. S., Eds.; Wiley: Chichester, U. K., 1996; should be needed for NO labilization from reduced NP, thus

The bands ofl; decay in an excess of cysteine, and a
second intermediatd;, is produced, with intense absorp-

Summary and Conclusions

Chapter 1. (b) Shafirovich, V.; Lymar, S. \Proc. Natl. Acad. Sci. accounting for the fast response (minute time scale) upon
U.S.A.2002 99, 7340-7345. injection into the bodily fluids:aWe comment separatéfy

(22) Gutierez, M. M.; Amorebieta, V. T.; EstiuG. L.; Olabe, J.-AJ. | ] y A _p
Am. Chem. So@002 124, 1030710319. on an alternative possibility of free NO generation from NP
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in the presence of thiolates, starting with the dissociation of ~Acknowledgment. This work was supported by the
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occurs with a rate constant of ca. £do 10* s .10 We estimate a EPR measurements.
similar rate for the dissociation of the nitrosothiolate ligand, N(O)-

SR, through the cleavage of the-NN bond, by comparing with data 1C048156D

for the pentacyano(L)ferrate(ll) complex&slf the latter process is
operative, we predict that NO may appear in the solutions through

the well-known homolytic decomposition of free N(O)$Ralthough (24) Baraldo, L. M.; Forlano, P.; Parise, A. R.; Slep, L. D.; Olabe, J. A.
NO could recombine with [Fe(CM),0J3~ (k = 250 M1 s, 25.4 Coord. Chem. Re 2001, 219-221, 881-921.

°C),26the presence of sGC in the medium would compete successfully (25) (a) Stamler, J. S.; Toone, E.Gurr. Opin. Chem. Biol2002 6, 779-

for NO trapping k = ~108 M~ s71),27 leading to vasodilation. Our 785. (b) Szacilowski, K.; Stasicka, Prog. React. Kinet200Q 26,
qualitative experiments with the NRysteine adduct in the presence 1-58.

of pyrazine (pz), reveal the formation of both [Fe(GNP]>~ and (26) Roncaroli, F.; Olabe, J. A.; van Eldik, Riorg. Chem 2003 42,
some [Fe(CNypz]*~, suggesting that both N(O)SR dissociation and 4179-4189.

homolytic scission of the NS bond in{(NC)sFeN(O)SR 3~ occur (27) Ballou, D. P.; Zhao, Y.; Brandish, P. E.; Marletta, M. Proc. Natl.

on comparable time scales. Acad. Sci. U.S.A2002 99, 12097-12101.
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