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Abstract 

This manuscript describes the preparation of a new Ru(II) nitrosylsulphito complex, trans-

[Ru(NH3)4(isn)(N(O)SO3)]
+ (complex 1), its spectroscopic and structural characterization, 

photochemistry, and thermal reactivity. Complex 1 was obtained by the reaction of sulfite ions 

(SO3
2−) with the nitrosyl complex trans-[Ru(NH3)4(isn)(NO)]3+ (complex 2) in aqueous solution 

resulting in the formation of the N-bonded nitrosylsulphito (N(O)SO3) ligand. To the best of our 

knowledge, only four nitrosylsulphito metal complexes have been described so far (J. Chem. Soc., 

Dalton Trans., 1983, 2465–2472), and there is no information about the photochemistry of such 

complexes. Complex 1 was characterized by spectroscopic means (UV-Vis, EPR, FT-IR, 1H- and 
15N-NMR), elemental analysis and single-crystal X-ray diffraction. The X-ray structure of the 

precursor complex 2 is also discussed in the manuscript and is used as a reference for comparisons 

with the structure of 1. Complex 1 is water-soluble and kinetically stable at pH 7.4, with a first-

order rate constant of 3.1 × 10−5 s−1 for isn labilization at 298 K (t1/2 ∼ 373 min). Under acidic 

conditions (1.0 M trifluoroacetic acid), 1 is stoichiometrically converted into the precursor complex 

2. The reaction of hydroxide ions (OH−) with 1 and with 2 yields the Ru(II) nitro complex trans-

[Ru(NH3)4(isn)(NO2)]
+ with second-order rate constants of 2.1 and 10.5 M−1s−1 (at 288 K), 

respectively, showing the nucleophilic attack of OH− at the nitrosyl in 2 (Ru–NO) and at the 

nitrosylsulphito in 1 (Ru–N(O)SO3). The pKa value of the –SO3 moiety of the N(O)SO3 ligand in 1 

was determined to be 5.08 ± 0.06 (at 298 K). 

The unprecedented photochemistry of a nitrosylsulphito complex is investigated in detail with 1. 

The proposed mechanism is based on experimental (UV-Vis, EPR, NMR and Transient Absorption 

Laser Flash Photolysis) and theoretical data (DFT) and involves photorelease of the N(O)SO3
− 

ligand followed by formation of nitric oxide (NO•) and sulfite radicals (SO3
•−, sulfur trioxide anion 

radical). 

 

 

 

 

†This paper is dedicated in memoriam of Prof. Dr Douglas Wagner Franco. 

  



1. Introduction 

Although the sulfite ion (SO3
2−) is potentially toxic to living cells, this species is widely applied as 

an antioxidant and preservative in food and beverages [2], and its chemistry has received increasing 

attention in the last few years [2b,3]. The SO3
2− anion influences the metabolism of thiocyanate 

(SCN−) and nitrite (NO2
−) in the human saliva and stomach [2a], and has been associated with 

several physiological conditions, such as the enhancement and suppression of nitrite-dependent NO• 

production in the stomach [2a], skin and respiratory tract health, and anaphylactic reactions [2b]. 

SO3
2− is metabolized by the enzyme sulfite oxidase [3c,4], for which deficiency may be lethal to 

humans. Most of the SO3
2− toxicity is related to the production of SOX anion radicals, formed 

through chain propagation steps (eqn (1)–(4)) [3d,5]: 

SO3
2–  SO3

•– + e–       (1) 

SO3
•– + O2  –O3SOO•   k = 1.5 × 109 M–1s–1  (2) 

–O3SOO• + SO3
2–  SO4

•– + SO4
2–  k = 1.3 × 107 M–1s–1  (3) 

SO4
•– + SO3

2–  SO4
2– + SO3

•–  k > 2 × 109 M–1s–1  (4) 

Oxidation of SO3
2− yields the sulfite anion radical (SO3

•−), eqn (1), which in the presence of O2 

reacts to form the oxygen-centered radicals, peroxymonosulfate radical anion (SO5
•−) and sulfate 

radical anion (SO4
•−), eqn (2)–(4). Recent studies showed that SO3

•− could be produced through 

oxidation of SO3
2− by prostaglandin H synthase, myeloperoxidase, human eosinophil peroxidase 

and cytochromec. 3b–f SO3
•− and SO5

•− are mild oxidants (E° = 0.63 V and 1.1 V vs. NHE at pH 7, 

respectively) [5b,6], but are precursors of the sulfate radical anion (SO4•−) (eqn(1)–(4)), a strong 

oxidant (E°=2.5–3.1 V vs. NHE) [5b,7] comparable to the hydroxyl radical [8]. Due to its oxidizing 

strength, SO4
•− has been widely studied and recently applied in advanced oxidation process 

technologies [9], DNA damage [10] and organic synthesis [11]. 

Analogously to SO3
2−, the NO2− ion is also used as an antioxidant and preservative in food and 

beverages [2a], and the reaction between these ions is argued to produce the somewhat elusive 

nitrososulfonate ion (O≡N–SO3
−, described from herein as N(O)SO3

−) in the human stomach [2a]. 

N(O)SO3
− is considered an intermediate of several nitrogen reactive species [2a,12], such as nitric 

oxide (NO•), hydroxyimidogen (NOH) and hyponitrous acid (H2N2O2). Furthermore, the N(O)SO3
− 

ion has also been proposed as an intermediate in the Raschig synthesis of hydroxylamine [1,12,13]. 

Nevertheless, little is known about the chemistry and physical properties of N(O)SO3
−. The only 

compounds isolated and characterized are the N-bonded derivative species generated by the 

Boedeker Reaction, i.e. the nitrosylsulphito complexes [Fe(CN)5N(O)SO3]
4− [13,14], 

[RuCl(py)4N(O)SO3] (py = pyridine) and cis-[RuX(bipy)2N(O)SO3] (X = Cl− or Br−, bipy = 2,2′-

bipyridine) [1], of which, only the structure of cis-[RuCl(bipy)2N(O)SO3] has been 

crystallographically characterized [1]. The reactivity of these complexes has not yet been fully 

studied mainly owing to their insolubility and instability [1]. Moreover, the photochemistry of the 

N(O)SO3
− ion and the related nitrosylsulphito complexes has never been described. 

Herein we describe the reactivity of N(O)SO3
− coordinated to a Ru(II) complex, trans-

[Ru(NH3)4(isn)(N(O)SO3)]
+ (complex 1, isn = isonicotinamide), Fig. 1. This complex was 

synthesized by the reaction of the Ru(II) nitrosyl complex trans-[Ru(NH3)4(isn)(NO)]3+ (complex 2 

in Fig. 1) with SO3
2−, eqn (5): 

 

trans-[Ru(NH3)4(isn)(NO)]3+ + SO3
2–  trans-[Ru(NH3)4(isn)(N(O)SO3)]

+ (5)  



The family of trans-[Ru(NH3)4(L)(NO)]3+ complexes is well known to be kinetically stable and 

water-soluble [15], supporting the choice of this type of nitrosyl as the synthetic precursor of 

complex 1. As expected, 1 is water-soluble and kinetically stable at pH 7.4 (at 298 K), and the 

N(O)SO3
− ion is stabilized upon coordination to Ru(II), making studying its reactivity possible. The 

solubility and stability of 1 in water are higher than those of all four previously reported complexes 

[L5M–N(O)SO3]
n (M = Fe, Ru). Our investigations on 1 also contribute to a current interesting topic 

in the chemistry of nitrosyl complexes and sulfur nucleophiles [16], and of S, N, O species [16c,17]. 

Moreover, the light-triggered generation of the relevant radicals (NO• and SO3
•−) from 1 may find 

utility in many important redox and photochemical based applications [18]. 

 

A  B  

Fig. 1. X-ray and molecular structures of complexes (A) 1 and (B) 2. The numbers in red show the 

bond lengths, and in blue, the angles. Ellipsoids at 50% probability; H omitted for clarity. 

2. Results and discussion 

2.1. X-ray crystallography and Infrared spectroscopy 

The reaction of the nitrosyl complex trans-[Ru(NH3)4(isn)(NO)]3+ (2) with SO3
2− (eqn (5)) yields 

the new nitrosylsulphitoion complex trans-[Ru(NH3)4(isn)(N(O)SO3)]+ (1), Fig. 1, a green solid. 

This reaction occurs through the nucleophilic addition of the sulfite ion to the nitrogen atom of the 

nitrosyl moiety (Ru–NO) of complex 2. Complex 1 was characterized by elemental analysis and by 

several spectroscopies, and the experimental data correlated well with the DFT calculations 

(see the ESI). 

The crystal structures of 1 and of its synthetic precursor (2) are shown in Fig. 1. Table 1 shows the 

main bond lengths and angles for 1, 2 and for a previously described nitrosylsulphito complex, cis-

[RuCl(bipy)2N(O)SO3] (3) [1]. 



Table 1. Selected bond lengths and angles for the complexes trans-
[Ru(NH3)4(isn)(N(O)SO3)]

+ (1), trans-[Ru(NH3)4(isn)(NO)]3+ (2) and cis-
[RuCl(bipy)2N(O)SO3] (3). 

 Ru Complex 

 1 a 2 a 3 b 

Distances (Å)    

Ru–N (N(O)SO3 or NO) 1.877(3) 1.750(3) 1.904(14) 

N–O 1.244(5) 1.119(4) 1.208(17) 

N–S 1.844(4) ― 1.820(15) 

Ru–Nisn 2.167(3) 2.099(3) ― 

Ru–NH3 
c 2.12 2.10 ― 

Angles (°)    

Ru–N–O 124.4(4) 175.4(3) 123.8(12) 

Ru–N–S 124.2(19) ― 127.9(7) 

O–N–S 110.4(3) ― 108.0(11) 

Nisn–Ru–N (N(O)SO3 or NO) 178.32(14) 177.39(12) ― 

aThis Work. bRef. 1. cAverage of the four Ru–NH3 bonds. 

 

In both complexes 1 and 2 (Fig. 1), the aromatic moiety of the isn ligand is perpendicular to the 

plane formed by the four nitrogens of the equatorial ammines (NH3) and bisects two opposite N–

Ru–N angles of NH3. The Nisn–Ru–NN(O)SO3 bond angle in 1 is almost linear and very close to that 

observed for the Nisn–Ru–NNO bond angle in 2 (Table 1). Complexes 1 and 2 have slightly different 

Ru–NH3 bond distances (Table 1). The Ru–N(O)SO3 bond length in 1 is ∼0.24 Å shorter than the 

average of the four Ru–NH3 distances (Table 1), showing an increase in the bond order in Ru–

N(O)SO3 relative to Ru–NH3 due to π interactions in the former. A similar behavior is observed for 

complex 2. However, the Ru–NO bond length in 2 is ∼0.13 Å shorter than the Ru–N(O)SO3 bond 

length in 1 (Fig. 1 and Table 1). This indicates a stronger back-bonding of the NO ligand in 2 than 

that of the N(O)SO3 ligand in 1. This result is consistent with the Ru–N–O angle, which is close to 

linear in 2 (175.4°) and is 124.4° in 1 (Fig. 1). The linear angle of Ru–N–O provides a greater 

overlap of the Ru dπ orbital with the π* orbital of NO in 2 [19], and consequently, a stronger Ru–

NO bond in 2 than the Ru–N(O)SO3 bond in 1. 

The longer Ru–Nisn bond length in 1 than in 2 (Fig. 1 and Table 1) shows a stronger trans-influence 

of the N(O)SO3 ligand than that of the NO ligand, regarding isn in the trans position. Furthermore, 

the S–N bond length of ∼1.84 Å for the N(O)SO3 ligand in 1 is ca. 10% longer than that of other S–

N compounds, e.g. nitrosopersulfide (SSNO−) and thionitrite (SNO−), 1.689 Å and 1.707 Å, 

respectively [16c]. It is also longer than S-nitrosothiols coordinated to transition metal complexes 

[16g,h]. 

The Ru–N–O and Ru–N–S angles in 1 (124.4° and 125.2°, respectively) are slightly different from 

those reported for a closely related complex, trans-[Ru(NH3)4P(OEt)3(NO2)](PF6), in which the Ru–

N–O angle is 120.9° for one of the oxygen atoms of the NO2 ligand, and 121.4° for the other [20] 

The Ru–N–O, Ru–N–S and O–N–S angles in 1 are close to those reported for S-nitrosothiols 

coordinated to transition metal complexes [16g,h]. For the N(O)SO3 ligand in 1, the S–O bond 

lengths are shorter than those in sodium sulfite (Na2SO3), ∼1.40 Å and 1.53 Å, respectively. 

However, the O–S–O angles are larger in 1 than those in Na2SO3, 112–117° and 107.4°, 

respectively [21]. 



The bond lengths and angles for the [RuN(O)SO3] moiety of complex 1 are very similar to those 

reported for cis-[RuCl(bipy)2(N(O)SO3)] (complex 3) [1], with differences lower than 0.04 Å and 3° 

for the bond lengths and angles, respectively, Table 1. Therefore, despite considerable differences in 

the coordination spheres of 1 and 3, there were no significant discrepancies among the bond angles 

and bond distances of the [Ru–N(O)SO3] fragments in these complexes. 

The FT-IR spectra of 1 and 2 are shown in Fig. S1 (ESI) and the main IR frequencies of the 

complexes 1, 2, [Fe(CN)5N(O)SO3]
4–, [RuCl(py)4N(O)SO3] and cis-[RuX(bipy)2N(O)SO3] (X = Cl− 

or Br−) [13,14] are shown in Table 2. The ν(NO) observed for 2 at 1933 cm−1 was shifted to 1366 

cm−1 on 1 (Table 2, and Fig. S1 ESI). This shift is consistent with the weakening of the N–O bond 

in 1 (1.24 Å) in comparison with 2 (1.12 Å) (Fig. 1 and Table 1). All the IR bands observed for the 

nitrosylsulphito complexes showed similar frequencies for the N(O)SO3 moiety, with differences 

lower than 30 cm−1 (Table 2). These data revealed that the vibrational frequencies of the N(O)SO3 

moiety were not strongly affected by modifications in the coordination sphere of the complexes, in 

agreement with the X-ray results as discussed above for 1 and 3. 

 

Table 2. Main Vibrational bands (cm−1) and assignments for a series of [L5M–(N(O)SO3)]n complexes [1], 

and for complex 2. 

Complex Assignmentc 

ν(N–O) νasym 

(S–O) 

νsym 

(S–O) 

νsim 

(S–O) 

δasym 

(O–N–S) 

δasym 

(O–S–O) 

Cs4[Fe(CN)5(N(O)SO3)]
a 1357s 1252s 1229s 1041s 758w 621s 

trans-[RuCl(py)4(N(O)SO3)]
a 1346s 1273sh 1258s 1031s 770 604 

cis-[RuBr(bipy)2(N(O)SO3)] a 1372s 1270sh 1255s 1040s 775 605s 

cis-[RuCl(bipy)2(N(O)SO3)] (3) a 1370s 1267sh 1250s 1038s 775 612 

trans-[Ru(NH3)4(isn)(N(O)SO3)]+ (1) b 1366s 1263sh 1225s 1040s 778m 623s 

trans-[Ru(NH3)4(isn)(NO)]3+ (2) b 1933s ― ― ― ― ― 

aref. 1; bthis work; s = strong; m = medium; w = weak; sh = shoulder 

2.2 Electronic structure, 1H- and 15N-NMR, and EPR spectroscopy 

Complex 1 has two doublets in the 1H-NMR spectrum with chemical shifts (δ) at δ = 8.87 and 8.13 

ppm (Fig. S2, ESI), assigned respectively to the ortho and meta hydrogens of the isn ligand in 1. 

The 15N-NMR spectrum of 1 only exhibits one peak at δ = 192.8 ppm (Fig. S3, ESI). The sharp 

narrow-width peaks observed in the 1H-NMR spectrum and the lack of EPR signals (EPR silent at 

77 K) are consistent with a S = 0 ground state of 1, in agreement with the electronic structure 

description for the parent precursor nitrosyl complex 2, and for the family of trans-

[Ru(NH3)4(L)(NO)]3+ complexes [15,22]. 

Nucleophilic attack at coordinated nitrosyls in ruthenium and iron complexes is well documented in 

the literature [16a,23]. In the case of the family of trans-[Ru(NH3)4(L)(NO)]3+ complexes, 

nucleophilic attack of OH− or of thiols occurs on the nitrosyl ligand (Ru–NO) and leads to species 

with an intense and broad band in the long-wave UV and visible ranges of the spectra [16a,f,i,24]. 

This behavior is consistent with the electronic absorption band observed for 1 at λmax = 363 nm 

(Fig. 2) formed after the nucleophilic addition of SO3
2− to the nitrosyl ligand of 2 (eqn (5)). This 

intense band (ε = 6.0×103 M−1cm−1) was assigned by TD-DFT as a metal to ligand charge transfer 



(MLCT) transition, Ru → N(O)SO3 (inset of Fig. 2B; Fig. S6, S7, Table S5, ESI). This MLCT 

transition is of higher energy in comparison with that of the complexes [Fe(CN)5N(O)SO3]
4–, 

[RuCl(py)4N(O)SO3] and cis-[RuX(bipy)2N(O)SO3] (X = Cl− or Br−) [1], which are in the range of 

450–475 nm [1]. The theoretical spectrum of 1 is in agreement with the experimental results (Fig. 

2B and S6 of the ESI), and the detailed assignments of all the electronic absorption bands of 1 are 

given in Table S5 (ESI). 

 

A 

 

B 

 
Fig. 2. Electronic absorption spectra (UV-Vis) of the complexes 1 and 2, both in phosphate buffer 

pH 7.4. (B) Experimental and theoretical UV-Vis of 1. Electronic transitions are represented as 

vertical bars with height equal to the oscillator strength (f ) values. tr. 7, 8 and 10 = electronic 

transitions #7, #8 and #10, respectively. Inset: Electron-density difference maps (EDDM) of the tr. 

7, a MLCT Ru → N(O)SO3 (black indicates a decrease in electron density, white indicates an 

increase; isovalue = 0.001). 

2.3 Thermal stability of 1 at pH 7.4 and under acidic conditions 

The thermal stability of 1 was investigated using electronic absorption (UV-Vis) and 1H-NMR 

spectroscopy (Fig. S8–S11, ESI), and the results showed that 1 is kinetically stable at pH 7.4, with a 

rate constant of 3.1×10−5 s−1 for isn labilization at 298 K (t1/2 ∼ 373 min). The activation parameters 

for the isn labilization from 1 are listed in Table S6 (ESI). This reaction is governed by the positive 



values of the enthalpic (ΔH ≈ 26.5 kcal mol−1) and entropic terms (ΔS ≈ 9.1 cal mol−1K−1), 

suggesting a dissociative (Id) rate-determining step. The product formed after isn labilization from 1 

was characterized by 15N-NMR (using 15N-labeled N(O)SO3 ligand in 1) as being the hydroxo 

nitrosyl complex [25] trans-[Ru(NH3)4(OH)(15NO)]2+, at δ ∼−40.3 ppm [25] (Fig. S12 and S13, 

ESI). Correspondingly, the decomposition of trans-[RuCl(py)4N(O)SO3] in neutral solution also 

yields the hydroxo nitrosyl complex [RuOH(py)4NO]2+ [1]. 

In acidic solution (1.0 M trifluoroacetic acid), complex 1 was stoichiometrically converted into the 

precursor nitrosyl (complex 2) by heterolytic cleavage of the S–N bond of the N(O)SO3 moiety, 

based on the FT-IR and 1H-NMR results (Fig. S14 and S15 ESI). These findings are in agreement 

with the data reported for the complexes cis-[RuCl(bipy)2(N(O)SO3] and trans-

[RuCl(py)4(N(O)SO3)] in aqueous HCl (4.0 M) [1]. 

2.4 The reaction of hydroxide ions (OH−) with the complexes 1 and 2 

One of the main topics of interest in nitrosyl chemistry is metal nitrosyl complex electrophilicity 

[1,16a,23,24,26]. The reaction of nitrosyl complexes with a variety of nucleophiles is well 

documented, and the main species studied are OH−,HS−,N3
−, NH2OH and RS− (thiols). Aiming to 

investigate the electrophilic character of the N(O)SO3 ligand in 1, the reaction of this complex and 

also that of complex 2 with OH− were performed. Of note, in general, nitrosyl complexes of the 

type [L5M(NO)]n react with OH− yielding the respective nitro complexes [L5M(NO2)]
(n−2) [16a,24]. 

This reaction was already investigated for a series of trans-[Ru(NH3)4(L)(NO)]3+ nitrosyl 

complexes [24], but here we show unprecedented electrophilic behavior of a nitrosylsulphito 

complex. 

Both the reactions of 1 and 2 with OH− produced the respective nitro complex trans-

[Ru(NH3)4(isn)(NO2)]
+ [15,24], with a characteristic band at λ = 404 nm (Fig. 3). During the 

reaction of 1 with OH−, the characteristic band of 1 at 363 nm decreases at the rate that the 404 nm 

band grows in (Fig. 3A), with an isosbestic point at 375 nm. Analogously, the 404 nm band appears 

as complex 2 reacts with OH−. These results were confirmed by 15N-NMR spectroscopy, by means 

of comparisons of the reaction of OH− with 15N-labelled 1 and 2 (Fig. S16, ESI) [15,24]. The 

formation of a single peak at δ15
N = 158.2 ppm in the 15N-NMR (Fig. S16, ESI) confirmed that the 

reactions of 1 and 2 with OH− yielded the same product, i.e. the complex trans-

[Ru(NH3)4(isn)(NO2)]
+ [15,24]. 

A complete set of kinetic data for the reaction of OH− with 1 and with 2 is provided in the ESI (Fig. 

S17, S18 and Table S7). Under pseudo-first-order conditions ([OH−] ≫ [complexes 1 or 2]) the rate 

constants for the formation of trans-[Ru(NH3)4(isn)(NO2)]
+ are 2.1 and 10.5 M−1s−1 (at 288 K) for 1 

and 2, respectively (Table S7, ESI). The mechanism of the reaction of 1 with OH− was investigated 

by DFT calculations, and the results showed that the formation of trans-[Ru(NH3)4(isn)(NO2)]
+ 

occurs by the nucleophilic attack of OH− on the nitrogen atom of the N(O)SO3 ligand in 1 (Fig. S19 

and Table S8, ESI). This finding is in agreement with our experimental results (UV-Vis and 15N-

NMR, Fig.3 and Fig. S16 (ESI), respectively) and is comparable to the mechanism reported for the 

reaction of OH− with the family of trans-[Ru(NH3)4(L)(NO)]3+ complexes [15,24]. 

Therefore, the experimental and DFT data showed for the first time the susceptibility of a 

nitrosylsulphito ligand to nucleophilic attack by hydroxide ions, then yielding the respective Ru(II) 

nitro complex. 

 



 
Fig. 3. Representative spectral changes for the reaction of OH− with the complexes 1 (A) and 2 (B). 

2.5 pKa of the N(O)SO3 ligand in complex 1 

The pKa of the N(O)SO3 ligand was determined spectrophotometrically through titration of 1 with 

aqueous trifluoroacetic acid solutions (Fig. S20A, ESI). The titration curve is shown in Fig. S20B 

(ESI), and the pKa values obtained by two treatments (see the Experimental section; Fig. S20B and 

S21A, ESI) were 5.03 and 5.12, respectively, for the protonation shown in eqn (6): 

 

trans-[Ru(NH3)4(isn)(N(O)SO3)]
+ + H3O

+   ⇌   trans-[Ru(NH3)4(isn)(N(O)SO2OH)]2+ + H2O      (6) 

 

Unfortunately, no previous studies on nitrosylsulphito complexes reported pKa values, thus making 

comparisons not possible. However, the pKa determined for 1 (eqn (6)) is within an expected range 

given that the sulfite ion (SO3
2−, non-coordinated) has a pKa value of 7.2 (ref. 4c) and that this 

value should diminish upon coordination to the nitrosyl precursor (eqn (5)). From these values, we 

can estimate that the pKa of the free N(O)SO3
− ion (non-coordinated to the Ru complex) is between 

5.1 < pKa < 7.2 (for the protonation of one of the oxygen atoms of the SO3 moiety). 

2.6 Photochemistry 

Irradiation of 1 with light of wavelengths of 355 or 410 nm produces NO•, SO3
•− and isn in solution, 

and no Ru(III), as discussed in detail below. Of note, since there are no available data on the 

photochemistry of nitrosylsulphito complexes (to the best of our knowledge) some comparisons 

about the photochemistry of 1 will be performed with analogous Ru(II) nitro complexes, [L5Ru–

NO2]
n. 



The MLCT (Ru → N(O)SO3) band at 363 nm (Fig. 2A) decreases with the irradiation time of 1 

(Fig. S22, ESI), and this behavior can be associated with labilization of the N(O)SO3
− ligand. This 

hypothesis corroborates the results reported for the parent nitro complex trans-

[Ru(NH3)4P(OEt)3(NO2)]
+ (P(OEt)3 = triethyl phosphite) [20], and also for other [L5Ru-NO2]

n 

complexes [20,27], which upon irradiation the MLCT band (Ru → NO2) decreases, resulting in 

labilization of NO2
− (eqn (7)) and no Ru(III) formation: 

 

[L5Ru − NO2]
𝑛
ℎ𝜈
→
H2O

[L5Ru − (H2O)]
𝑛+ + NO2

−  (7) 

 

In some of these nitro complexes, nitric oxide (NO•) was also detected in solution during photolysis, 

and this process was related to secondary photochemical reactions [20,27b], eqn (8): 

 

NO2
−
ℎ𝜈
→
H2O

NO• + O•−      (8) 

 

In analogy to eqn (7) and (8), the products most likely formed upon N(O)SO3
− release during 

irradiation of 1 are the radical species NO• and SO3
•−. To investigate this hypothesis, catalase was 

used for the detection of NO•, and DMPO (5,5-dimethyl-1-pyrroline-N-oxide) for the detection of 

SO3
•−. Of note, two well-documented procedures used for NO• detection (oxymyoglobin and PTIO) 

[28] were not effective for distinguishing among the formation of NO• or SO3
•− (Fig. S23, S24, 

ESI). When 1 was irradiated in the presence of catalase two new bands appeared at 538 and 575 nm 

(Fig. 4A). This is in agreement with the spectral changes reported for the binding of NO• to catalase 

[29], thus confirming the formation of NO• during irradiation of 1. The EPR results for irradiation 

of 1 in the presence of DMPO are depicted in Fig. 4B. The simulated spectrum and the hyperfine 

coupling constants (shown in the caption of Fig. 4) are consistent with those reported for the 

DMPO/•SO3
− adduct [3d,30], thus confirming SO3

•− as a photoproduct of 1 (Fig. 4B). Therefore, the 

hypothesis that irradiation of 1 could result in the formation of NO• and SO3
•− species was 

confirmed. 

Transient absorption Laser Flash Photolysis (LFP) studies were performed to gain further insight 

into the photochemistry of 1. The transient spectra obtained after laser excitation of 1 are shown in 

Fig. 5A. The transient spectrum has a maximum at 480 nm (Fig. 5A), and as can be seen in Fig. 5B, 

this band matches the band of the aquo complex trans-[Ru(NH3)4(H2O)(isn)]2+ at λmax = 480 nm 

(ref. 31) (in this aquo complex the coordinated H2O has a pKa value of 11.7 [31a]). Therefore, the 

transient spectrum (Fig. 5) can be assigned to the photoproduct aquo complex trans-

[Ru(NH3)4(H2O)(isn)]2+, formed upon irradiation of 1. 

LFP thus supports the hypothesis that the N(O)SO3 ligand dissociates from the Ru center upon 

irradiation of 1, forming the aquo complex and the radical species NO• and SO3
•−, as summarized in 

Fig. 6. This mechanism is also supported by DFT calculations on the electronic excited state 

resulting from excitation of the MLCT Ru → N(O)SO3 of 1 (tr. 7 in Fig. 2B). 



 
Fig. 4. Formation of NO• and SO3

•− during irradiation of 1. (A) Detection of NO• by UV-Vis: 

complex 1 (9.0 mM) + Catalase (∼15 μM) in phosphate buffer (PBS pH 7.4, 200 mM). (B) 

Detection of SO3
•− by EPR (a) EPR: complex 1 (0.2 mM) + DMPO (100 mM) irradiated for 1 min 

(PBS pH 7.4); (b) simulated spectrum: DMPO/•SO3
− radical adduct (inset), aN = 14.45 G and aH = 

16.10 G; (c) control: PBS (pH 7.4) + DMPO (100 mM) irradiated for 5 min; (d) same solution as in 

(a) but before irradiation. Both (A) and (B) recorded at T = 25 °C, λirrad = 355 nm. 

 

 
 

Fig. 5. Transient absorption spectra after 355 nm excitation of complex 1. (A) Transient absorption 

spectra at different time intervals (11–300 μs); inset shows the decay profile at λ = 500 nm. (B) 

Absorption spectrum of the aquo complex trans-[Ru(NH3)4(H2O)(isn)]2+ and of the transient at t = 

11 μs. Conditions: Phosphate buffer pH 7.4, T = 25 °C. 

 

 

 

 



 
Fig. 6. Proposed photochemical mechanism of complex 1. This mechanism is based on detection of 

the aquo complex trans-[Ru(NH3)4(H2O)(isn)]2+ by Laser Flash Photolysis (LFP), of nitric oxide 

(NO•) by the reaction with catalase (by Uv-Vis), of sulfite radical (SO3
•−, by EPR using DMPO as a 

spin trap), and on DFT results (vide infra). 

 

The DFT analysis of the orbitals involved in this electronic transition highlights the depopulation of 

the bonding HOMO-2 orbital and the population of the antibonding LUMO as main components, 

with respect to the Ru–N(O)SO3 bond (Table S5 and Fig. S7, ESI). Geometry optimization shows 

that the resulting electronic excited state is significantly distorted along the z-axis with respect to 

the GS (labeled S7 in Fig. S25, ESI), with a long Ru–N(O)SO3 bond distance of 2.60 Å (for GS this 

bond length is calculated as ∼1.91 Å), thus further supporting the mechanism of photolabilization 

of N(O)SO3
− from 1 (Fig. 6). 

Additionally, in situ 1H-NMR of the irradiation of 1 showed that the isonicotinamide ligand (isn) is 

also capable of photodissociating from the Ru center (Fig. S26, ESI). Since the formation of the 

aquo complex trans-[Ru(NH3)4(H2O)(isn)]2+ was identified by LFP (Fig. 5B), the labilization of the 

isn ligand thus must arise from a consecutive photochemical event, occurring after the N(O)SO3
− 

photolabilization, as it is most improbable that irradiation of 1 would cause simultaneous 

labilization of both N(O)SO3
− and isn ligands. Analogous consecutive dual photolyses have been 

previously reported for other Ru(II) systems, in which two ligands were photolabilized during 

irradiation [32]. Moreover, the band at 480 nm observed in the transient spectra (by LFP) is formed 

and then decays (Fig. 5A), showing that the isn labilization occurs after dissociation of N(O)SO3
− 

from 1. This conclusion is based on the fact that the 480 nm band is a MLCT Ru → isn transition 

[31] of the aquo complex trans-[Ru(NH3)4(H2O)(isn)]2+, and the decay of this band would be 

related to the labilization of the isn ligand, in agreement with the 1H-NMR results of the in situ 

irradiation of 1. 

Identical results to those shown in Fig. 5 were obtained when LFP experiments with complex 1 

were performed in the presence of an excess of DMPO or of isonicotinamide. This result shows that 

the formation of the aquo complex trans-[Ru(NH3)4(H2O)(isn)]2+, followed by its decay (Fig. 5), is 

not directly influenced by the presence or absence of either the sulfite radical (SO3
•−) or the isn 

ligand in solution. 

In addition, the quantum yield (ϕ) for the photoinduced labilization of the ligands in complex 1 was 

measured using electronic absorption spectroscopy by monitoring the decrease of its MLCT band 

(363 nm) during 355 nm irradiation (Fig. S22, ESI), and was calculated as ϕ = 0.12 ± 0.03. Very 

similar ϕ values were obtained by monitoring the photodissociation of isn by 1H-NMR for the in 

situ irradiation of 1 (Fig. S26, ESI). 



In summary, light irradiation of 1 leads to the labilization of N(O)SO3
−, which then undergoes rapid 

homolysis to form NO• and SO3
•− (Fig. 6). Therefore, the two possible pathways for the formation 

of NO• and SO3
•− are through thermal and photochemical decomposition of the free N(O)SO3

− ion: 

(i) by the thermal homolysis of the S–N bond of the N(O)SO3
− ion, thus dissociating into NO• and 

SO3
•− radicals and (ii) by the photodecomposition of N(O)SO3

− through a process similar to that 

observed during photolysis of S-nitrosothiols (via formation of NO• and thiyl radicals [33], and also 

analogous to the mechanism observed for the photodecomposition of the nitro ligand in Ru(II) nitro 

complexes [20], eqn (7) and (8)). 

Molecules with S–N bonds and structures similar to N(O)SO3
−, such as thionitrous acid (HSNO, S–

N bond length of 1.78–1.93 Å) [34] and other S-nitrosothiols, are proposed to undergo light induced 

homolysis of the weak S–N bond [33]. Therefore, the two possible pathways for N(O)SO3
− 

decomposition, i.e. (i) thermal and (ii) photochemical S–N cleavage, are both likely to occur. The 

investigation of the mechanism for the formation of NO• and SO3
•− radicals from N(O)SO3

− was 

performed by DFT, and the results are provided in detail in the next section. 

2.7 Formation of NO• and SO3
•− by the S–N bond dissociation of N(O)SO3

− 

As discussed in the crystallographic section, the S–N bond length of the N(O)SO3
− ligand in 1 is 

1.84 Å, ca. 10% longer than that of other S–N compounds. Therefore, it is not surprising that the 

N(O)SO3
− anion (formed in solution after irradiation of 1) may rapidly decompose to form NO• and 

SO3
•− (Fig. 6), and this event is likely to occur through thermal and photochemical reaction 

pathways. 

Unconstrained geometry optimizations of N(O)SO3
− were performed on both the singlet and triplet 

surfaces. The resulting singlet structure is 10.7 kcal mol−1 more stable than the optimized triplet 

structure (thus showing that N(O)SO3
− has a singlet ground state), and has a 1.877 Å S–N bond 

length. The energy profile of the thermal homolysis of the S–N bond of N(O)SO3
− (singlet) is 

shown in Fig. 7. The transition state for homolysis has ΔG = 13 kcal mol−1, a single normal mode 

with a low imaginary frequency of −40.85 cm−1 (due to the large reduced masses of the NO and 

SO3 fragments, Fig. S28, ESI), and a bond length of 2.451 Å. Collectively, these geometric and 

electronic structure parameters indicate that the transition state is late on the homolysis pathway, 

and proceeds after substantial S–N bond cleavage has occurred. The NO• and SO3
•− products 

collectively have ΔG = 6.4 kcal mol−1 above that of the N(O)SO3
− molecule (Fig. 7), showing that 

S–N homolysis is slightly endergonic. According to the energy barrier predicted for the thermal 

homolysis of the S–N bond of N(O)SO3
− (ΔG = 13 kcal mol−1, Fig. 7), this reaction is nearly 

instantaneous at room temperature (298 K). This is in agreement with the above results (Fig. 4) 

which demonstrated that the radicals NO• and SO3
•− are formed upon irradiation of 1, thus 

corroborating with the mechanism proposed (Fig. 6). 

The enthalpy of the reaction in eqn (9) at 298 K (ΔrH298), which is by definition [35] the bond 

dissociation enthalpy (BDE) of the ion N(O)SO3
−, was calculated according to the literature [36]. 

The BDE of this reaction (eqn (9)) was predicted as 17.8 kcal mol−1. 

 

N(O)SO3
−  NO• + SO3

•–   (9) 

 

The S–N BDE of N(O)SO3
− is smaller than that predicted for a series of representative S-

nitrosothiols (CH3SNO, CH3CH2SNO, (CH3)2CHSNO, (CH3)3CSNO, CH2CHSNO, ca. 23.3–32.4 



kcal mol−1) [37], and this can be explained by the fact that SO3
•− is a resonance-stabilized radical. 

Indeed, this behavior was already observed in that series of S-nitrosothiols, in which the vinyl-

substituted thiol (CH2CHSNO) had the smallest BDE of the series (23.3 kcal mol−1) because of the 

resonance-stabilized thiyl radical formed after the homolytic S–N dissociation (the BDE values of 

the other S-nitrosothiols of the series were in the range of 31.3–32.4 kcal mol−1) [37]. 

 

 
Fig. 7. Reaction coordinate of the thermal decomposition of the S–N bond of the ion N(O)SO3

− 

(left). Transition state (middle), and NO• and SO3
•− (right). 

 

The second pathway investigated by DFT for the dissociation of the N(O)SO3− into NO• and SO3
•− 

radicals is the photochemical. The theoretical UV-Vis absorption spectrum of N(O)SO3
− is 

characterized by a series of transitions in the UV region, plus a transition in the far red-region (Fig. 

8A). Among the seven electronic transitions (tr.1–tr.7, Fig. 8A), tr.1 and tr.2 have the smallest 

oscillator strengths. The first six electronic transitions (tr.1–tr.6 in Fig. 8A) all involve the 

population of the LUMO, that is antibonding along the S–N bond (Table S9, ESI). In particular, the 

first electronic excited state (S1) has strong dissociative nature. This can be clearly seen by the 

related electron density difference map (Fig. 8B) that shows a loss of electron density along the S–N 

bond (black surface), as a consequence of the electronic transition (tr. 1). 

The geometry optimization of the first singlet excited state (S1) further supports its dissociative 

nature. The relaxed geometry displays a S–N bond length of 2.20 Å, about 0.25 Å longer with 

respect to the ground state (Fig. S29, ESI). Although S1 can be hardly populated directly by light 

absorption due to the extremely low value of the oscillator strength of the tr.1, Fig. 8A (which is 

also low for tr.2 and tr.3), it can be assumed that S1 is the arrival point of the de-excitation process 

from higher electronic excited states. Therefore, irradiation of N(O)SO3
− with light might lead to 

the formation of NO• and SO3
•−, but this process seems to be favorable only for irradiation with UV 

light of higher energy (i.e. λirrad < 300 nm), in which the oscillator strengths have higher values 

(Fig. 8A). However, λirrad < 300 nm is out of the range used in this study. 

Overall, our data support the view that the decomposition of N(O)SO3
− into NO• and SO3

•− (eqn (9)) 

could occur by both thermal and photochemical pathways. Nevertheless, because of the very low 

oscillator strengths predicted for N(O)SO3
− in the wavelength range of 300–900 nm (Fig. 8A), the 

thermal pathway is favored regarding the photochemical one. Moreover, based on the low energy 



barrier predicted for the thermal homolysis of the S–N bond (∼13 kcal mol−1, Fig. 7), the 

dissociation of N(O)SO3
− (eqn (9)) should occur instantaneously at room temperature. Therefore, 

the irradiation of complex 1 with light leads to the photodissociation of N(O)SO3
− (Fig. 6), which 

then dissociates by the thermolysis of the S–N bond (Fig. 7), yielding NO• and SO3
•−. 

 

 
Fig. 8. (A) Theoretical electronic absorption spectrum (UV-Vis) of N(O)SO3

−. Electronic 

transitions are represented as vertical bars with height equal to the oscillator strength (f ) values. 

Inset: Structure of N(O)SO3
−. (B) Electron-density difference maps (EDDM) (black indicates a 

decrease in electron density, white indicates an increase; isovalue = 0.001) and main component 

orbitals (HOMO and LUMO) of the 1st singlet–singlet transition (tr. 1) computed for N(O)SO3−. 

 

3. Conclusions 

In summary, the stabilization of N(O)SO3
− provided by its coordination in complex 1 allowed us to 

better understand the chemical properties of this anion. Our study on the stability of 1 at neutral and 

acidic pH is in accordance with previous studies of nitrosylsulphito complexes. The electrophilic 

behavior described here for N(O)SO3
− in 1 is the first reported for nitrosylsulphito complexes, and 

we furthermore showed that the nucleophilic attack of OH− on 1 produces the respective Ru(II) 

nitro complex. Therefore, these results provide a useful insight to understand the reaction pathways 

of N(O)SO3
− under biological conditions, where hydrolysis and attack by nucleophilic species are 

speculated. Also, the photochemical results presented here are the first described for the 

nitrosylsulphito complexes, and demonstrated the production of two important radicals, NO• and 



SO3
•−, when 1 was irradiated with light. In the context of applications, the main advantage of 

triggering the release of NO• and SO3
•− by light is the possibility of control of dosage and timing 

(i.e. on demand release). Hence, the results showed that complex 1 has significant potential as a 

photoactive source of the radical species NO• and SO3
•−. 

Based on the importance and applications of both nitric oxide and SOx
•− radicals (eqn (1)–(4)), the 

studies performed here with complex 1 contribute to the development of other stable and water-

soluble [L5M–N(O)SO3]
n complexes tuned to release NO• and SO3

•− over an expanded range of 

wavelengths, mainly for biological purposes. 

4. Experimental 

4.1 Chemicals 

Unless otherwise noted, reagents and solvents were purchased from Sigma-Aldrich, Merck or JT 

Baker at the highest quality available and were used without further purification. Milli-Q water 

(18.2 MΩ) was used throughout the experiments. Ruthenium(III) chloride hydrate (Strem 

Chemicals) was the synthetic precursor of all the ruthenium complexes. Sodium sulfite anhydrous 

(Na2SO3, Merck) was used for the synthesis of the nitrosylsulphito complexes. Unless otherwise 

noted, all solutions were deaerated with Ar (99.999%) for at least 30 min. 

4.2 General 

Electronic spectra (UV-Vis) were recorded on a Shimadzu UV3600 or in a Thermo Scientific 

Multiskan GO UV-Vis spectrophotometer, using a 1.00 cm quartz cell. Infrared spectra were 

recorded in a Shimadzu FTIR Spectrophotometer model IRAffinity-1 (for KBr pellets experiments), 

or in a Vertex 70v Bruker (for the experiments in solution). 1H- and 15N-NMR spectra were 

recorded on an Agilent 500 MHz NMR. Spectrometer (Model 500/54 Premium Shield). 3-

(Trimethylsilyl)propionic-2,2,3,3-d4 (TMSP-d4) was used as an internal reference (δ = 0 ppm) for 
1H-NMR experiments, and a glass capillary filled with 15NH4Cl (δ = –354 ppm vs. chemical shift of 

CH3NO2, δCH3NO2 = 0 ppm) was used as reference in the 15N-NMR experiments. Electron 

paramagnetic resonance (EPR) spectra were recorded in a Bruker EMX Plus X-band spectrometer 

at room or liquid nitrogen temperature (77 K). Elemental analysis was performed in a PerkinElmer 

2400 Series II CHNS/O Elemental Analyzer. 

4.3 Syntheses 

The synthetic precursor complexes [15,22,38] [RuCl(NH3)5]Cl3, trans-[RuCl(NH3)4(SO2)]Cl, trans-

[Ru(SO4)(NH3)4(isn)]Cl (isn = isonicotinamide), trans-[Ru(NH3)4(isn)(NO)](BF4)3, and the aquo 

complex [31] trans-[Ru(NH3)4(H2O)(isn)](PF6)2 were prepared and characterized as described 

elsewhere [15,22,31,38]. The 15N-labeled trans-[Ru(NH3)4(isn)(15NO)](BF4)3 was synthesized using 

Na15NO2 [28c]. 

4.3.1 Complex 1, trans-[Ru(NH3)4(isn)(N(O)SO3)](PF6) 

25 mg of complex 2 (4.3×10−5 mol) was added to 1.5 mL of argon degassed water at T = 25 °C, 

followed by the addition of 9 mg of sodium sulfite (Na2SO3, 7.1×10−5 mol) under vigorous stirring. 

After 1 min, 150 mg of NH4PF6 (9.2×10−4 mol) was added, resulting in the precipitation of crystals 

of the nitrosylsulphito complex after 30–60 min upon cooling on an ice-bath or a refrigerator. Yield 



= 60–65%. Elemental Analysis (C6H18F6N7O5PRuS) – Theoretical: C = 13.19%; H = 3.32%; N = 

17.95%; S = 5.87%. Experimental: C = 13.60%; H = 3.39%; N = 17.79%; S = 5.69%. 

4.3.2 trans-[Ru(NH3)4(isn)(15N(O)SO3)](PF6). 

The 15N-labeled complex trans-[Ru(NH3)4(isn)(15N(O)SO3)](PF6) (15N-labeled complex 1) was 

prepared following the same methodology described above, but using the 15N-labeled precursor 

trans-[Ru(NH3)4(isn)(15NO)](BF4)3 [28c]. 

4.4 X-ray data collection and structure determination 

4.4.1 Complex 1, trans-[Ru(NH3)4(isn)(N(O)SO3)](PF6) 

A green crystal of dimensions 0.1 × 0.1 × 0.3 mm3 was selected and mounted on an XtaLAB Mini 

Rigaku diffractometer. Data were collected at room temperature up to 52° in 2θ; final unit cell 

parameters were based on all reflections. Multi-scan absorption corrections were applied. Structure 

solution, refinement and hardware details are in the corresponding cif file. Listing of atomic 

coordinates and equivalent isotropic displacement parameters, full intramolecular bond distances 

and angles, hydrogen coordinates, and anisotropic thermal parameters are available from the authors 

and were deposited with the Cambridge Crystallographic Data Centre, reference number 1915847. 

Fig. 1 and Fig. S4 (ESI) were prepared using the software Mercury 3.9 [39]. Crystal data and 

structure refinement, listing of atomic coordinates and equivalent isotropic displacement 

parameters, and full intramolecular bond distances and angles are provided in Tables S1–S3 (ESI). 

4.4.2 Complex 2, trans-[Ru(NH3)4(isn)(NO)](BF4)3 

The structure of complex 2 was solved by direct methods with SHELXS-97 [40]. The model was 

refined by full-matrix least squares on F2 by means of SHELXL-97 [41]. All hydrogen atoms were 

stereochemically positioned and refined with the ridging model. Fig. 1 and S30 (ESI) were prepared 

using Mercury 3.9 [39]. Structure solution, refinement and hardware details are in the 

corresponding cif file. Listing of atomic coordinates and equivalent isotropic displacement 

parameters, full intramolecular bond distances and angles, hydrogen coordinates, and anisotropic 

thermal parameters of complex 2 are available from the authors and were deposited at the 

Cambridge Crystallographic Data Centre, reference number CCDC 1922883. 

4.5 pKa of the N(O)SO3 ligand in complex 1 

An aqueous solution (20.0 mL) with pH 7.9 and I = 0.1 M (CF3COONa) containing the complex 

trans-[Ru(NH3)4(isn)(N(O)SO3)]
+ (C = 1.8 × 10−4 M) was titrated with small volumes (2.0–5.0 μL) 

of trifluoroacetic acid (HTFA) with a molarity of 0.01 to 1.0 M, and the progress was monitored by 

the decrease of the band at 363 nm by UV-Vis. The pKa was determined by spectrophotometry [42] 

through a graphical solution of eqn (10), where A = observed absorbance (absorbance of the 

mixture A = AI + AM), where AM = absorbance of the molecular species, and AI = absorbance of the 

ionized species. 

 

pH = pKa +log [(A-AM)/(AI-A)]  (10) 

 

pKa was also determined by the first and second derivative of the titration curve. 

4.6 Stability of complex 1 in aqueous solutions 



4.6.1 pH 7.4. 

Stability assays of complex 1 were performed under phosphate buffer pH 7.4, C = 20 mM, I = 0.22 

M CF3COONa. The reaction course was followed by electronic spectroscopy (UV-Vis) at different 

temperatures; using the Arrhenius Equation and Eyring plots, the activation parameters, activation 

energy (Ea), enthalpy (ΔH), entropy (ΔS) of activation and Gibbs energy of activation (ΔG), were 

calculated. The reaction course was also monitored by 1H-, and 15N-NMR using the 15N-labeled 

complex 1.  

4.6.2 1.0 M of trifluoroacetic acid (HTFA). 

Complex 1 was solubilized in a solution of deuterated trifluoroacetic acid (DTFA, 1.0 M), and the 

product was characterized by 1H-NMR. This result was compared to the 1H-NMR spectrum of a 

solution of the nitrosyl complex 2 under the same conditions (1.0 M DTFA). FT-IR assays (in 

solution) were also performed for 1 in 1.0 M HTFA (trifluoroacetic acid), and in aqueous solution 

(control). The FT-IR spectrum of the nitrosyl complex (complex 2) under the same conditions (1.0 

M HTFA) was also recorded for comparisons. 

4.7 Reaction of hydroxide ions (OH−) with complexes 1 and 2 

The reaction of complexes 1 and 2 with hydroxide ions (OH−) was performed using the same 

methodology described for the reaction of a series of nitrosyl complexes with OH− [24], which is 

briefly described below. The reaction progress was followed by electronic spectroscopy (UV-Vis), 

under pseudo-first order conditions ([OH−] ≫ [Ru]). Aqueous solutions of the Ru complexes (CRu = 

1.0×10−4 M) and OH− ranging from 0.01 M to 0.045 M, with ionic strength I = 1.0 M (NaCl), and in 

the temperature ranges T = 15 and 25 °C (for 1) and 15 °C for 2, were used. At least five 

experiments were performed for each concentration of OH− used. This afforded at least 25 values 

for the observed rate constant (kobs). Plots of kobs versus [OH−] were built for both complexes. In all 

cases, a linear distribution was observed. The slope was equal to the second-order rate constant. 
15N-NMR spectra were also recorded for the reaction of OH− with the 15N-labeled complexes 1 and 

2 in order to characterize the products formed. 

4.7.1 Photochemical experiments. 

The UV light source was a Nd: YAG laser (Continuum, model Serulite-II) operating in the third 

harmonic (λ = 355 nm). The pulse energy was measured by using a power meter (Coherent, 

Lasermate-P) and was adjusted to ∼5 mJ per pulse; the pulse frequency was 10 pulses per s. 

Spectral changes during photolysis were measured by electronic spectroscopy (UV-Vis). The 

visible light source was a SD Laser 303, λ = 410 ± 5 nm, output power = 5 mW. For the photolysis 

followed by 1H-NMR, solutions were placed in the NMR tube and irradiated in situ (with 410 nm 

light), or ex situ (with 355 nm light). For the EPR assays (detection of Ru(III)), solutions were 

irradiated in a cuvette at room temperature and then rapidly transferred to EPR tubes and frozen to 

N2 liquid temperature (77 K) to record the spectra. 

For the detection of the sulfite radical species (SO3
•−) by EPR spectroscopy, irradiation of 1 was 

performed in situ (quartz capilar), and the detection was accomplished using the spin trap 5,5-

dimethyl-1-pyrroline N-oxide (DMPO). The EPR spectra were recorded at room temperature (T = 

25 °C), and the spectrometer settings were as follows: modulation frequency, 100 kHz; modulation 

amplitude, 1.0 G; microwave power, 2 mW; microwave frequency, 9.79 GHz; field sweep, 100 G; 

receiver gain, 5×104; time constant, 20.48 ms; sweep time, 41.94 s; number of scans, 1. Computer 

simulations of the EPR spectra were performed using SimFonia software. 



In the experiments using catalase (from bovine liver, 2000–5000 units per mg protein, Sigma) for 

the detection of nitric oxide (NO•), fresh stock solutions of catalase were prepared in phosphate 

buffer pH 7.4, diluted to reach the desired concentration (λmax = 403 nm, ε =4.3×105 M−1cm−1) [29] 

and the photolysis was performed in a cuvette at T = 25 °C; the spectral changes were monitored by 

electronic spectroscopy (UV-Vis). 

Experiments using oxymyoglobin (oxyMb) [28b,c] and carboxy PTIO [28a] for the detection of 

NO• followed previously published procedures [28a,b,c]. Phosphate buffer solutions (pH 7.4) 

containing sodium sulfite (Na2SO3) and PTIO or oxyMB were photolyzed in a 1.00 path quartz 

cuvette; in the case of oxyMb, the reaction course was followed by UV-Vis spectroscopy, and in the 

case of PTIO, by EPR spectroscopy. 

In all cases, the experimental details, such as concentration and temperature used, are described in 

the caption of the figures. 

4.7.2 Laser flash photolysis (LFP). 

LFP experiments were performed in a LFP-112 ns laser flash photolysis spectrometer (Luzchem 

Ottawa, Canada) using the third harmonic (355 nm) of a pulsed QSwitched Nd:YAG laser 

(Brilliant-B, LesUlis, France) attenuated to 15 mJ cm−2 as the excitation source with 8 ns of pulse 

duration. The signal from the photomultiplier detection system was captured by using a Tektronix 

TDS 2012 digitizer (Beaverton, OR, USA). The FFP-112 ns and the digitizer were connected to a 

personal computer via General Purpose Instrumentation Bus (GPIB) and serial interfaces 

controlling all the experimental parameters and providing suitable processing and data storage 

capabilities using a proprietary software package developed in a LabView environment and 

compiled as a stand-alone application (Luzchem, Ottawa, Canada). Each kinetic trace was averaged 

16 times, and observed rate constants were determined by parameter fitting to exponential decay 

functions. All measurements were performed with aqueous phosphate buffer solutions pH 7.4 (20 

mM, I = 0.22 M), thermostatted at 25.0 ± 0.5 °C, and purged with high-purity Argon for at least 30 

min before the experiments. Samples were held under Argon in a round bottom flask, connected to 

a quartz flux cuvette by Tygon tubing, and pumped into the cuvette at a flow rate of about 0.5 mL 

min−1. 

4.7.3 Density functional theory (DFT). 

All the calculations were performed by using the Gaussian 09 Revision C.01 (G09) program 

package [43], employing density functional theory (DFT) and time dependent (TD)-DFT methods  

[44]. Calculations were run using the Becke three-parameter hybrid functional [45], and the Lee–

Yang–Parr gradient-corrected correlation functional (B3LYP) [46]. The solvent effect was included 

using the polarizable continuum model (PCM) with water as the solvent [47]. The SDD basis set 

[48] and effective core potential were used for the Ru atom. The 6-31G** basis set [49] was used 

for all the other atoms, while the photochemistry of N(O)SO3
− was treated at the 6-311++G** level. 

The complete reaction profile has been studied for the addition of OH− to 1 (B3LYP/SDD/6-31G** 

level). Geometry optimizations were carried out without any symmetry constraints. The nature of 

the stationary points in the potential energy hypersurface was characterized either as minima or 

transition states by using harmonic vibrational frequency calculations. No imaginary frequencies 

were found for minima, thus indicating that we had located the minima on the potential-energy 

surfaces, while a single imaginary frequency was found for transition states. UV-Vis electronic 

absorption spectra of 1 and of N(O)SO3
− in the GS were simulated by using TD-DFT, computing a 

total of 80 and 16 singlet excited states, respectively. The electronic distribution and the localization 



of the singlet excited states were visualized by using electron-density difference maps (EDDMs). 

GaussSum 2.2.550 was used to simulate the theoretical UV-Vis spectra and for the extraction of 

EDDMs [51]. Molecular-graphic images were produced by using the UCSF Chimera package from 

the Resource for Biocomputing, Visualization, and Informatics at the University of California, San 

Francisco [52]. For the thermal dissociation of N(O)SO3
−, the reaction coordinate structures were 

calculated with the basis set qzvp, the functional B3LYP within the spin unrestricted formalism, and 

a water solvent (PCM). Transition state calculations were performed with the O–N–S–O dihedral 

frozen at 0 degrees from the eclipsed configuration. 
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