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ABSTRACT 

 

Nitric oxide (NO) has been shown to both promote and inhibit tumor growth 

depending on its concentration. Ruthenium nitrosyl complexes have been suggested as 

catalytic NO donors. Catalysis may provide prolonged and elevated NO donation, which 

can lead to tumor regression. The mechanism of NO release and catalytic activity of 

[Ru(cyclam)(NO(Cl]2+ was explored. Spectroscopic (UV-vis, EPR, IR, mass spec) 

analysis validated the proposed ruthenium-based catalytic cycle. However, detection by 

chemiluminescence revealed that reduction of [Ru(cyclam)(NO)Cl]2+ does not lead to 

NO release. Crystallographic analysis showed that a dinitrogen dimer, [Cl(cyclam)Ru(µ-

N2)Ru(cyclam)Cl]2+ is formed upon reduction, which could explain the lack of NO 

release. Formation of the dinitrogen bridged dimer is supported by IR 

spectroelectrochemistry, which shows an N-N stretching frequency at 2050 cm-1 

following electrochemical reduction. 

HNO has recently emerged as an important pharmacological agent, but HNO can 

be autoxidized to a cytotoxic species. Despite extensive analysis, the identity of the 

autoxidation product remains unknown. HNO autoxidation is isoelectronic with the 

physiologically relevant reaction of NO and superoxide (O2
-) producing peroxynitrite 

(ONOO-). The reactivity of synthetic ONOO- was compared to that of the products of 

autoxidation of HNO and nitroxyl (NO-) with a dual purpose in mind. The first was to 

compare the chemistry of HNO and NO- autoxidation, while the second was to compare 

the chemistry of two preparations of ONOO-. Analysis indicates that aerobic 
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decomposition of IPA/NO (Na[(CH3)2CHNHN(O)NO], sodium 

1-(N-isopropylamino)diazen-1-ium-1,2-diolate) in pH 13 provides a more reliable 

preparation of ONOO- compared to the more common synthetic method. Furthermore, 

HNO autoxidation leads to an oxidant distinct from ONOO-, regardless of formation 

pathway. 
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CHAPTER 1 INTRODUCTION 

The chemical biology of nitric oxide (NO) has been extensively studied due to the 

multifaceted role of this small molecule in mammalian biology. Much of the analysis of 

the chemistry, biology, and pharmacology of NO has been possible due to the availability 

of NO donors. The discovery of the various physiological and pathological roles of NO 

had also led to development of NO donors for therapeutic applications [1-3]. Among the 

several classes of NO donors, ruthenium nitrosyl complexes have been suggested to offer 

the advantages of stability, controlled reactivity, targeted NO release, and potential for 

catalytic NO production [4,5]. The mechanism for the catalytic production of NO from 

nitrite by ruthenium nitrosyl complexes has been hypothesized but not explored in detail. 

Catalytic NO donors may have the potential for prolonged NO donation at elevated 

concentration, which could be useful in treatment of cancer.  

More recently, nitroxyl (HNO), which is one-electron more reduced than NO, has 

also emerged as an important pharmacological agent. Full elucidation of the chemistry of 

HNO is important for the continued development of HNO pharmacology. Of particular 

importance is the cytotoxicity of HNO donors, which is several orders of magnitude 

greater than that of NO [6]. The observed cytotoxicity may result from a variety of 

pathways such as modifications of thiols or formation of a toxic species by autoxidation 

of HNO. A conceivable product of HNO autoxidation is peroxynitrite (ONOO-), which is 

also formed from the reaction of NO and superoxide (O2
-). ONOO- has been associated 

with the pathophysiological effects of NO. However, several studies have demonstrated 
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that the reactive intermediate formed from HNO autoxidation is not ONOO-, and the 

identity remains elusive [7-9]. 

This chapter begins with a review of the chemistry of NO. The relevance of NO 

donors in understanding the chemistry and biology of NO is presented underlining the 

importance of development and complete elucidation of the NO releasing properties of 

NO donors, with focus on ruthenium nitrosyl complexes. The chemistry of HNO with 

focus on HNO autoxidation is also presented with emphasis on the importance of HNO as 

a pharmacological agent. The biological chemistry of ONOO- and its preparation is also 

discussed, highlighting possible issues with the common synthetic protocol of ONOO-. 

1.1 Nitric Oxide 

NO is a free radical messenger that is involved in a number of physiological and 

pathological processes such as blood flow regulation [10,11], vascular smooth muscle 

relaxation [12], neurotransmission [13,14], inhibition of platelet aggregation [15-17], and 

apoptosis [18,19]. NO is endogenously formed by NO synthase (NOS) through oxidation 

of L–arginine to L–citrulline in an O2 and NADPH dependent manner (Scheme 1.1) 

[20,21]. NOS was first isolated and purified from rat brain cerebella in 1990 [20,22], but 

three isoforms are now known to exist: endothelial NOS (eNOS), neuronal NOS (nNOS), 

and inducible NOS (iNOS) [23]. 
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Scheme 1.1. Pathway for NO formation from L–arginine catalyzed by NOS 

eNOS and nNOS are constitutively expressed and produce relatively low levels of 

NO (< 1µM) [24]. iNOS is inducible and expressed at high levels after induction by 

inflammatory agents such as cytokines, haptens, and lipopolysaccharides [25] and 

produces relatively high concentrations of NO (> 1 µM) [24]. The major physiological 

function of iNOS is in immune response by macrophages, but iNOS is also implicated in 

diseases such as toxic shock, inflammation, autoimmune disease, and cancer [26,27].  

1.1.1 Chemistry of NO 

The chemical properties of NO determine its involvement in a number of 

biological processes. Wink and Mitchell [24] classified the reactions of NO in vivo into 

two categories: direct and indirect effects. Direct effects involve reactions in which NO is 

the reactive species whereas indirect effects result from the reactions of reactive nitrogen 

oxide species (RNOS) formed from the reaction of NO with O2 or O2
- (Scheme 1.2) 

[24,28,29]. At low NO concentrations such as those produced by the constitutive 

isoforms eNOS and nNOS, the primary reactions of NO would be direct. Indirect effects 

L-citrulline

O2, 1 eq NADPH
+    NO

L-arginine

O2, 1/2 eq NADPH

H3N+

HN
NH

H2N

O
-O

H3N+

HN
NH

NH

O
-O

HO

H3N+

HN
O

H2N

O
-O



 

 

27 

require larger amount of NO such as those formed from iNOS. Thus, the isoform of NOS 

dictates the chemistry of NO. 

 

Scheme 1.2. Direct and indirect effects of NO (adapted from [29,30]) 

A major direct reaction of NO involves interactions with transition 

metal-containing proteins, particularly hemes. Perhaps the most widely studied direct 

reaction of NO is with the heme group in soluble guanylate cyclase (sGC) [31]. Binding 

of NO activates sGC, resulting in conversion of guanosine triphosphate (GTP) to cyclic 

guanosine monophosphate (cGMP). Formation of cGMP activates a biological cascade 

that ultimately leads to vasorelaxation [31]. 
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NO reacts with other heme containing proteins as well, such as hemoglobin and 

myoglobin. NO reacts rapidly (3.7 × 107 M-1 s-1 [32]) with oxyhemoglobin (HbO2) 

forming methemoglobin (metHb) and nitrate (Eq 1.1). This reaction is considered to be 

the primary endogenous pathway for NO elimination. Reaction of NO with non-heme 

iron is also suggested to have biological importance.  

 HbO2 + NO → metHb + NO3
- 1.1 

   
The first reaction to consider in terms of RNOS formation is the autoxidation of 

NO. The initial product is NO2, which can further react with NO to form N2O3 (Eq 1.2–

1.3) [33,34]. Autoxidation of NO follows third order kinetics with a second order 

dependence on NO. Thus, NO autoxidation will occur to a significant extent in vivo only 

in regions of high NO concentration. NO2 has been shown to induce lipid peroxidation 

and nitration of biomolecules. However, since NO autoxidation requires relatively 

high concentrations of NO, and the reaction of NO and NO2 to form N2O3 occurs 

at >109 M-1 s-1 [35], NO2 mediated reactions may be limited. 

 2NO + O2 → 2NO2 1.2 
   
 NO2 + NO → N2O3 1.3 
   
 N2O3 + H2O → 2H+ + 2NO2

- 1.4 
   

N2O3 is a strong neuclophile capable of nitrosating a variety of biological targets 

[28]. In the absence of target molecules, N2O3 is converted into nitrite in aqueous systems 

(Eq 1.4). Since the hydrolysis of N2O3 to NO2
- occurs rapidly (1 × 103 s-1, [36]), 

nitrosation reactions induced by N2O3 only occur with substrates that are present in high 

concentration and with high affinity towards N2O3 [36]. Thus, nitrosation reactions 
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primarily affect amines and thiols forming N-nitrosoamines and S-nitrosothiols [37,38]. 

Nitrosation of primary amine functional groups in DNA can lead to mutations due to base 

deamination [39]. Enzymes containing thiols are susceptible to S-nitrosation, which can 

lead to alteration of protein activity and function [40-42]. 

1.1.2 Donors of NO 

Inhaled NO is used clinically in neonatal and pediatric critical care, acute 

respiratory distress syndrome, primary pulmonary hypertension, and heart/lung surgery 

[43,44]. However, instability, the inherent issues associated with handling a pressurized 

gas, formation of toxic NO2, and limited solubility in water often necessitates the use of 

compounds capable of donating NO in situ. Given the pharmacological potential of NO, 

such as in the treatment of cardiovascular diseases and cancer, and its roles in biological 

systems, various classes of NO donors have been developed. These donors have 

facilitated extensive research on the chemistry and biology of NO. The major classes of 

NO donors are described in the following sections. 

1.1.2.1 Organic nitrate esters 

Organic nitrates (RONO2) such as glyceryl trinitrate (GTN) comprise the oldest 

class of NO donors. GTN was first used clinically in 1879 in the treatment of angina [45]. 

Other related organic nitrates have since been developed and used clinically in the 

treatment of a variety of cardiovascular diseases (Figure 1.1) [46,47]. The efficacy of 

organic nitrates in the treatment of cardiovascular diseases is attributed to NO formation 

[48]. Organic nitrates are prodrugs and must be transformed in vivo to release NO. 
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Denitration of organic nitrates involves three-electron reduction, either enzymatically or 

non-enzymatically, to liberate NO [49]. However, the precise mechanism for the 

biochemical transformation of organic nitrates to NO is not fully understood and is highly 

debated [50-52]. A limitation in the use of organic nitrates is the development of 

tolerance after prolonged exposure [53]. The exact mechanism is not well understood, but 

depletion of thiol levels have been proposed to lead to tolerance [54].  

 

Figure 1.1. Commonly used organic nitrates 

1.1.2.2 S-Nitrosothiols 

S-Nitrosothiols (RSNO) are formed in vivo and function as storage and delivery 

agents of NO [55]. Formation of RSNOs can occur by nitrosation of thiols by N2O3 

formed from autoxidation of NO [56]. The physiological roles of RSNOs involve blood 

flow regulation [57] and inhibition of platelet aggregation [58], which is attributed to 

release NO. 
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As NO donors, synthetic S-nitrosothiols (reviewed in [59,60]) offer advantages 

over organic nitrates in that they do not lead to development of tolerance [61]. Most 

S-nitrosothiols are unstable, making their isolation, purification, and storage challenging. 

S-Nitroso-N-acetyl-D,L-penicillamine (SNAP) and S-nitrosoglutathione (GSNO) (Figure 

1.2) are two stable RSNOs that are available commercially and are commonly used as 

NO donors. Transformation of an RSNO to NO in vivo can occur in several ways. In the 

presence of Cu+, NO is released with the concomitant formation of the thiol [62,63]. 

Homolytic cleavage of the S-N bond upon exposure to UV light or heat may also lead to 

formation of NO [63]. S-Nitrosothiols can also undergo transnitrosation in which NO+ is 

transferred to another thiol. In the presence of excess thiol, RSNO may lead to formation 

of HNO and the corresponding oxidized RSSR [64]. The resulting uncertainty in the 

products complicates use of RSNOs as donors. 

 

Figure 1.2. Structures of commonly used S-nitrosothiols 

1.1.2.3 Secondary amine diazeniumdiolates 

Diazeniumdiolates, commonly called NONOates, with the general structure 

X[N(O)NO]- (X = C-, N-, O-, or S-based nucleophilic centers), are the most commonly 

used class of NO donor compounds. NONOates were first synthesized by Drago in 
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1960 [65], but the use of NONOates as a controlled NO donors under physiological 

conditions was not explored until the early 1990s [66]. NONOates are relatively easy to 

synthesize, and many are commercially available. 

Amine based NONOates are synthesized from the exposure of amines to high 

pressures of NO followed by cation exchange to produce the sodium salt (Scheme 

1.3) [67]. 

 

Scheme 1.3. Synthesis of NONOate from an amine and NO 

As solids and in alkaline media, NONOates are typically stable but spontaneously 

decompose under physiological conditions to release NO [67]. Secondary amine 

NONOates decompose in an acid-catalyzed manner forming two equivalents of NO and 

the corresponding amine. The mechanism for the production of NO from secondary 

amine NONOates involves initial protonation of the terminal oxygen followed by 

tautomerization and N–N bond cleavage to form the secondary amine (Scheme 1.4) [66]. 

The rate of NO production depends on the secondary amine backbone, and NONOates 

have been synthesized with half-lives ranging from seconds to days [66,68].  

 

 

Scheme 1.4. Mechanism for the spontaneous decomposition of secondary amine 

NONOates [66] 
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Derivatization of the terminal oxygen of NONOates significantly increases 

half-life and also improves characterization and purification [69-72]. For example, 

PYRRO/NO (Na[C4H8NN(O)NO], sodium 1-(pyrrolidin-1-yl)diazen-1-uim-1,2-diolate) 

has a half-life of 2.8 s, but addition of a vinyl group on the terminal oxygen increases the 

half-life to 6 d. Another potential advantage of derivatization is for site-specific delivery 

of NO through attachment of functional groups that stabilize the NONOate towards 

decomposition but can be cleaved by specific enzymes to form NO [69-72]. 

1.1.2.4 Metal nitrosyl complexes 

Metal centers, primarily iron, are the principal targets of NO in bioregulatory 

processes [73]. The synthesis, structure, and physical and chemical properties of metal 

nitrosyl complexes have been well documented (for extensive reviews on this topic, see 

[74-76]). Much of the initial interest in metal nitrosyl complexes was due to the 

non-innocence of NO as ligand and use as a spectroscopic marker. Enemark and Feltham 

[77] have developed the formalism {MNO}n, where n is the total number of electrons 

from the metal d and NO π* orbitals, indicating the covalent nature of the M-NO bond in 

metal nitrosyls. After the discovery of the biosynthesis of NO, the role of metal nitrosyl 

complexes in signaling and as NO donor became of significant interest. 

Sodium nitroprusside (SNP, Na2[Fe(CN)5(NO)]) is the classic example of a 

metal-based NO donor. Prepared in 1850 [78], SNP was the first synthetic iron nitrosyl 

complex. SNP is stable as a solid, but its decomposition is affected by light and O2 [79]. 

SNP is a potent vasodilator and is used in the treatment of high blood pressure 

(Nitropress™). The vasodilator effects of SNP are attributed to release of NO, but the 
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precise mechanism by which NO is formed from SNP is complex and not yet fully 

understood [80]. There is a general consensus that NO release from SNP occurs via 

photoirradiation or one-electron reduction and that thiols enhance the decomposition to 

NO [81,82]. 

A limitation in the use of SNP in vivo is the concomitant release of CN- upon 

decomposition, which could lead to cellular toxicity [83]. However, only low dosages of 

SNP are needed for effective vasodilation, and significant toxicity from CN- arises only 

with millimolar SNP concentrations [84]. Still, SNP-mediated CN- poisoning has been 

reported, which led to the FDA recommended dose limitation of <2 µg/kg/min [85]. 

An initial strategy in the development of new metal-based NO donors involved 

synthesis of complexes that are thermally stable but could be photochemically activated 

to release NO (Scheme 1.5A). Miranda et al. studied the thermal and photochemical 

reactivities of several nitrosyl complexes and found that first row transition metal nitrosyl 

complexes are too labile and/or too reactive with O2 while ruthenium analogs have just 

the right combination of stability and reactivity [86]. Since then, photoactive ruthenium 

nitrosyl complexes have gained significant attention as NO donors [87-90] (see ref. [89] 

for a recent review).  

 

Scheme 1.5. Pathways for NO production from ruthenium nitrosyl complexes.  

[Ru(NH3)(NO)L]n+ [Ru(NH3)(Sol)L]n+    +    NOhν
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Numerous hexacoordinate ruthenium tetraammine nitrosyl complexes have been 

synthesized and studied for their ability to release NO (reviewed in [5,91]). In addition to 

photoactivation, these complexes can release NO after one-electron reduction. The 

pathway of NO release following one-electron reduction (Scheme 1.5B) involves the 

initial formation of a paramagnetic species, which then undergoes aquation to release 

NO. Indeed, paramagnetic [RuLn(NO)]2+ complexes produced after one-electron 

reduction have been observed by EPR spectroscopy from a variety of ruthenium nitrosyl 

complexes (reviewed in ref. [92]). Varying the ligands around the metal center alters the 

chemical properties of ruthenium nitrosyl complexes [93]. For example, the reduction 

potential and rate of dissociation of NO in [Ru(NH3)4(NO)L]n+ can be altered by varying 

the ligand trans to NO [4]. The ability to tune reactivity makes ruthenium nitrosyl an 

attractive platform of NO donors. Structures of common ruthenium nitrosyl complexes 

that have been used as NO donors are shown in Figure 1.3.  

The well-known substitutional inertness of chelating ligands has led to 

development of ruthenium nitrosyl complexes containing macrocyclic ligands. The 

presence of the macrocycle restricts reactivity to the axial ligands. Targeted NO release 

could be afforded by attachment of a site-specific functional group to the macrocycle 

[91]. The ruthenium nitrosyl complexes of ethylenediaminetetraacetic acid (EDTA), 

1,4,8,11-tetraazacyclotetradecane (cyclam), and 1,4,8,12-tetraazacyclopentadecane have 

been shown to induce vasodilation [94-96].  



 

 

36 

 

Figure 1.3. Common ruthenium nitrosyl complexes having {MNO}6 configurations 

Another attractive aspect of ruthenium nitrosyl complexes is the potential for 

catalytic production of NO from nitrite [95]. One-electron reduction of [RuLn(NO)]3+ and 

subsequent NO release forms [RuLn(H2O)]2+ (Scheme 1.6). The aqua complex can then 

react with nitrite to form [RuLn(NO2)]+, which can undergo an acid-base transformation 

at physiological pH to reform the [RuLn(NO)]3+ complex [95,97]. Given the significant 

levels of nitrite in blood (50–500 nM [98]) and tissues (0.5–25 µM [99]), ruthenium 

nitrosyl complexes may have a potential for prolonged NO release in vivo. 
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Scheme 1.6. Proposed mechanism for the catalytic conversion of nitrite to NO by 

ruthenium nitrosyl complexes [95]. 

1.2 Nitroxyl 

Pharmacological responses to HNO donors has been promising in the 

cardiovascular system [100-102] and in cancer biology [103]. HNO has also been shown 

to be effective in the treatment of alcoholism [104-106]. Often, HNO shows unique 

chemical, biochemical, and pharmacological properties compared to those observed for 

NO (reviewed in [107,108]). The activity of HNO is often governed by its chemistry, 

thus a full elucidation of HNO chemistry is needed for the continued development of 

HNO pharmacology. In line with this, studies on HNO have also focused on identifying 

new targets for HNO and development of new HNO donors and/or drugs. 
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1.2.1 Chemistry of HNO 

Many review articles on the chemistry and biology of HNO exist (e.g., [107,109-

113]). The purpose of this section is to give a brief overview of HNO chemistry in order 

to understand the potential role of HNO as a pharmacological agent. HNO has a singlet 

ground state while its conjugate base NO- has a triplet ground state. This dissimilarity in 

spin state complicates the acid-base chemistry of HNO, such that a typical acid-base 

relationship is not observed. The rates for the acid-base interconversion of HNO and 

NO- (Eq 1.5) are unusually slow (kf = 5 × 104 M-1 s-1 and kr = 1 × 102 s-1 at pH 7 and 

22 °C [9]) in both directions due to the necessity of a spin change.  

 1HNO + OH- ∏ 3NO- + H2O 1.5 
   
Nonetheless, experimental and computational studies have suggested that HNO has a 

pKa  > 11 [9,114]). This indicates that at physiological conditions, HNO is the exclusive 

species present.  

HNO rapidly dimerizes (8 × 106 M-1 s-1 [9]) to hyponitrous acid, which then 

decomposes to nitrous oxide (N2O) and H2O (Eq. 1.6). This makes direct detection of 

HNO challenging, but N2O formation is typically used as a marker of HNO formation. 

The dimerization of HNO follows second order kinetics such that it becomes significant 

at high HNO concentrations. 

 2HNO  →  [HONNOH]  →  N2O  +  H2O 1.6 
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The one-electron reduction of NO to 3NO- is determined to occur at –0.8 V vs. 

NHE [114]. The reduction potential for the NO/1NO- couple is even more 

thermodynamically unfavorable (–1.7 V vs NHE), emphasizing the inaccessibility of NO- 

under biological conditions. NO is also inert to reduction relative to O2. 

The proton-coupled reduction of NO to HNO occurs at less negative potential 

(Eo (NO,H+/HNO) = –0.4 V vs. NHE [9,114]). Therefore, it may be possible to reduce 

NO directly to HNO under certain conditions such as at high concentrations of biological 

reductants relative to NO [115]. 

The reactivity of HNO with numerous biologically important species has been 

determined [101], and the majority of these reactions have rate constants that are at least 

an order of magnitude greater than spin-forbidden proton transfer. Due to the high kinetic 

barrier for protonation or deprotonation and other consumption pathways that are more 

favorable than proton transfer, a true equilibrium state does not occur [9,116].  

The reactions of HNO can also be divided into direct and indirect effects similar 

to NO. One of the most facile direct reaction of HNO involves interaction with thiols. 

The initial product is N-hydroxysulfenamide (Eq. 1.7), which rearranges to sulfinamide 

(Eq. 1.8) [117] or reacts with excess thiol to form the disulfide and NH2OH (Eq. 1.9) 

[118]. Sulfinamide has ben suggested to be a selective biomarker of HNO [64].  

 HNO + RSH →  RSNHOH 1.7 
   
 RSNHOH  →  RS(O)NH2 1.8 
   
 RSNHOH + RSH  →  RSSR + NH2OH 1.9 
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Ferric proteins, such as metmyoglobin (metMb) and methemoglobin (metHb), 

also react with HNO resulting in reductive nitrosylation (Eq. 1.10). Reductive 

nitrosylation of metMb is the most commonly used method to detect HNO [119]. 

However, this method is not quantitative presumably due to HNO dimerization [120]. 

 HNO + Fe(III) →  Fe(II)NO + H+ 1.10 
   

The pharmacological utility of HNO donors depends on the ability to elicit 

beneficial responses without inducing harmful side effects. As previously mentioned, the 

deleterious effects of NO are generally associated with RNOS formed from the reaction 

of NO with O2 and O2
-. Aerobic decomposition of an HNO donor resulted in 

consumption of O2 [7,115,121], and this reaction led to a cytotoxic species capable of 

inducing DNA double strand breaks [6,122]. Autoxidation of HNO proceeds with a rate 

constant of 3 × 103 M-1 s-1 [101]. However, the spin forbidden nature of HNO/O2 reaction 

leads to slow kinetics relative to other biological targets of HNO [101]. Therefore, HNO 

autoxidation is likely to be limited inside cells, and may only be relevant in environments 

with high levels of O2 such as in membranes. 

1.2.2 Donors of HNO 

Rapid dimerization (Eq. 1.6) makes storage of HNO impossible. Therefore, 

studies of HNO inherently have required the use of HNO donors. The most commonly 

used HNO donors are discussed here (for a comprehensive discussion of this topic, see 

[112,113,123-125]). 
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1.2.2.1 Angeli’s salt and primary amine diazeniumdiolates 

Angeli’s salt (sodium trioxodinitrate, Na2N2O3) (Scheme 1.8) is the most 

commonly used HNO donor for biological and chemical studies. Angeli’s salt 

spontaneously decomposes to generate HNO in acidic media. Decomposition follows 

first order kinetics, with rates that are independent of pH from pH 4–8 (4–5 × 10-3 s-1 at 

37 oC [66,126]) but increase rapidly below pH 4 and decrease above pH 9 [126,127]. The 

mechanism of decomposition involves initial protonation of the dianion followed by 

tautomerization and heterolytic cleavage of the N–N bond to form HNO and nitrite 

(Scheme 1.7) [121,126,127]. 

 

Scheme 1.7. Mechanism for the spontaneous decomposition of Angeli’s salt 

[121,126,127] 

Angeli’s salt is formally a NONOate, and NONOates synthesized from primary 

amines have been found to produce both HNO and NO [128]. The most widely studied 

primary amine NONOate is IPA/NO, derived from isopropylamine 

(1-(N-isopropylamino)diazen-1-ium-1,2-diolate) (Scheme 1.8), which releases 

exclusively NO below pH 5, exclusively HNO above pH 8, and both HNO and NO 

between pH 5–8 [129]. 
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Scheme 1.8. Diazeniumdiolate HNO donors 

The mechanism for the production of NO or HNO from the decomposition of primary 

amine NONOates has been studied both experimentally [129] and theoretically [130]. At 

high pH, tautomerization of the amine proton followed by heterolytic N–N bond cleavage 

provides access to an HNO-donating pathway  (Scheme 1.9) that is not possible for 

secondary amine NONOates. At lower pH, the decomposition follows that for secondary 

amine NONOates (see Scheme 1.4). 

 

Scheme 1.9. Mechanism of HNO and NO release from primary amine based NONOates 

[129,130] 

IPA/NO has been demonstrated to donate HNO in vivo and elicit positive 
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which enhances stability and purification [131] and may also allow site-specific delivery 

of HNO. 

1.2.2.2 N-hydroxysulfonamides 

Another class of commonly used HNO donor is N-hydroxysulfonamide 

derivatives such as Piloty’s acid (N-hydroxybenzenesulfonamide, C6H5SO2NHOH), 

which is secondary to Angeli’s salt in terms of use. Piloty’s acid decomposes in alkaline 

solution to HNO and benzenesulfinate [132]. The mechanism for the base catalyzed 

decomposition of Piloty’s acid involves initial deprotonation at the nitrogen atom 

followed by S-N heterolytic cleavage (Scheme 1.10) [132]. Decomposition of Piloty’s 

acid follows first order kinetics with a rate constant of 1.8 × 10-3 s-1 at pH 13 and 37 °C, 

which is comparable to that of Angeli’s salt at pH 4–8. Decomposition is significantly 

impeded at neutral pH [132]. 

 

Scheme 1.10. Mechanism of NO and HNO release from Piloty’s acid [132,133]. 

Decomposition of Piloty’s acid in basic anaerobic solution produces HNO. Under aerobic 

conditions, Piloty’s acid decomposes to NO. 
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Under aerobic conditions, Piloty’s acid undergoes one-electron oxidation to form 

a nitroxide radical that decomposes to NO rather than HNO [133]. Since thermal 

decomposition is slow at neutral pH, oxidation of Piloty’s acid becomes significant such 

that it must be used under anaerobic condition to function as HNO donor. The slow 

kinetics of HNO release and susceptibility to oxidation limits the use of Piloty’s acid as 

an HNO donor under physiological conditions. However, Piloty’s acid has been 

structurally modified by substitution on the aromatic group and derivatization at the N- 

and O- positions to produce a variety of derivatives with varying rates of decomposition 

and susceptibility to oxidation [134,135]. 

1.2.2.3 Acyl nitroso compounds 

Acyl nitroso compounds are organic based HNO donors with the general formula 

RC(O)NO. Oxidation of N-acylhydroxylamine derivatives such as N-hydroxyurea by 

agents such as sodium periodate is the most direct method by which acyl nitroso 

compounds are prepared (Scheme 1.11) [136]. 

 

Scheme 1.11. Formation of acyl nitroso compounds from oxidation of 

N-acylhydroxylamine derivatives 
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nitroso compound in solution [137]. On reaction with nucleophiles, acyl nitroso 

compounds release HNO through a nucleophilic acyl substitution mechanism (Scheme 

1.12). Detection of N2O provides evidence for formation of HNO.  

 

Scheme 1.12. Reaction of acyl nitroso compound with a nucleophile to generate HNO 

1.2.2.4 Acyloxy nitroso compounds 

King and coworkers have reported the use of acyloxy nitroso compounds as a new 

class of HNO donor [138,139]. Acyloxy nitroso compounds can be prepared by oxidation 

of oximes with lead tetraacetate, and addition of excess carboxylic acid during oxidation 

produces various acyloxy nitroso compounds with varying acyl group from the same 

oxime (Scheme 1.13). Water solubility of acyloxy nitroso compounds has been achieved 

through incorporation of oxygen into the ring [140]. 

 

Scheme 1.13. Synthesis of acyloxy nitroso compounds [138,139] 

Hydrolysis of the ester bond in acyloxy nitroso compounds releases HNO and the 

corresponding acid and ketone (Scheme 1.14). The rate of hydrolysis and the yield of 

HNO varies with structure and pH [139]. For example, 1-nitrosocyclohexyl acetate 
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(R = CH3, X = -CH2-) is relatively stable in neutral pH (t1/2 > 2 h), but decomposition is 

accelerated under basic conditions (t1/2 = 0.8 min in 0.1 M NaOH) [138]. Preliminary 

studies have shown that this class of donor compounds induces vasorelaxation similar to 

known HNO donors [138,139]. 

 

Scheme 1.14. HNO release from the hydrolysis of acyloxy nitroso compounds  

1.2.3 Autoxidation of HNO 

Despite extensive analysis, the identity of the HNO autoxidation product has yet 

to be determined. A conceivable product would be ONOO- or peroxynitrous acid 

(ONOOH). However, numerous studies have demonstrated that the chemistry of aerobic 

decomposition of HNO donors exhibits a different profile from that of synthetic ONOO- 

[7-9,101,115,121]. While both synthetic ONOO- and HNO/O2 mediate two-electron 

oxidation of dihydrorhodamine 123 (DHR) to rhodamine 123 (RH) with similar 

reactivity, HNO/O2 is more effective at hydroxylating benzoic acid [7,8]. In contrast, 

synthetic ONOO- readily oxidizes 4-hydroxyphenylacetic acid (HPA) by one-electron 

whereas HNO/O2 does not. Addition of sodium bicarbonate and HEPES to the buffer 

further confirms the formation of a unique RNOS from HNO/O2. While sodium 

bicarbonate quenches the oxidation of DHR mediated by synthetic ONOO-, this effect 

was not observed for HNO/O2. Addition of HEPES in the buffer system also impacted 
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the yield of two-electron oxidation of DHR of HNO/O2 in a manner that is different from 

that of synthetic ONOO-. 

Miranda et al. have shown that the oxidant formed could not result from either 

direct autoxidation of Angeli’s salt or from outer-sphere electron transfer [121]. The 

mechanism by which an oxidant is formed from HNO may involve either a direct spin 

forbidden reaction of HNO and O2 or results from the reaction of HNO to a solvent or 

target molecule, which then reacts with O2 [7,8,121]. However, the search for the identity 

of the elusive product of HNO autoxidation is ongoing. 

1.3 Peroxynitrite 

ONOO- and ONOOH are strong biological oxidants that causes deleterious 

reactions such as lipid peroxidation, protein modification, and DNA damage [141] and 

can ultimately lead to cell death [142]. Production of NO and O2
- results in formation of 

ONOO- and has been associated with pathological roles of NO. The biological chemistry 

of ONOO- that makes it pathologically relevant is discussed in this section. 

1.3.1 Physical and chemical properties of ONOO- 

Quantum mechanical calculations revealed that the nitrogen and peroxidic oxygen 

bond in ONOO- has partial double bond character with a calculated bond order of 1.5 

[143]. ONOO- is therefore expected to exist in cis and trans conformations. The cis 

isomer is calculated to be more stable by 2–4 kcal/mol [143,144]. Cis-ONOOH is also 

more stable by 1–2 kcal/mol [143,144]. The cis-trans rotational barrier is predicted to be 

~24 kcal/mol for ONOO- consistent with a partial π bonding between the nitrogen and 



 

 

48 

peroxidic oxygen. This barrier is too high for significant isomerization to occur at 

physiological temperature, but protonation to ONOOH significantly lowers the barrier for 

ismoerization to ~12 kcal/mol [143,144]. Experimental data such as crystallography and 

Raman spectroscopy [145,146] also indicate that cis isomer is the more stable 

configuration. 

 

ONOOH is a weak acid with a pKa of 6.8 [147], thus at physiological pH, both 

ONOO- and ONOOH will be present in proportions of approximately 80% and 20%, 

respectively. ONOO- is relatively stable in alkaline solution but decays rapidly in acidic 

solution. The half-life of ONOO- under physiological conditions is < 1 s and decreases 

rapidly with increasing acidity. The rate of decomposition of ONOO- can be followed by 

monitoring the decrease in the absorbance at 302 nm (1670 M-1cm-1 [148]).  

The major product for the acid-catalyzed decomposition of ONOO- is nitrate. Two 

mechanisms have been proposed for the conversion of ONOO- to nitrate [149]. The first 

involves homolytic cleavage of the central N-O bond to form NO2 and OH in a radical 

cage pair that can then react to form nitrate. The second is an internal rearrangement in 

which the distal peroxy oxygen attacks the nitrogen in trans-ONOOH to form nitrate 

(Scheme 1.15). 
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Scheme 1.15. Mechanisms for the isomerization of ONOOH to nitrite. ONOOH can 

undergo homolysis to form NO2 and OH radical cage pair that then recombines forming 

nitrate (path a). Path b involves internal rearrangement of trans-ONOOH to nitrate [149]. 

ONOOH is a strong oxidant, with a reduction potential estimated to be 1.6–1.7 V 

for one-electron reduction and 1.3–1.37 V for two-electron reduction (Eq. 1.11–1.12) 

[150,151]. 

  ONOOH + H+ + eÈ ∏ NO2 + H2O Eo’ = 1.6–1.7 V (vs. NHE, 25°C) 1.11 
   
  ONOOH + H+ + 2eÈ ∏ NO2

- + H2O Eo’ = 1.3–1.37 V (vs. NHE, 25°C) 1.12 
   

1.3.2 Pathways for formation of ONOO- 

Peroxynitrite formation in vivo is primarily considered to occur due to the reaction 

between NO and superoxide (O2
-). Endogenous production of O2

- can be achieved from 

one-electron reduction of O2 (Eq 1.13). A major source of O2
- is from electron leakage in 

the respiratory chain. Superoxide can also be formed from enzymes such as NADPH 

oxidase and xanthine oxidase. Physiological levels of reactive oxygen species (ROS) 

such as O2
- are beneficial in aerobic organisms, and ROS are involved in cell signaling 

pathways and defense against pathogens [152,153]. However, high concentrations of 

ROS may lead to development of various diseases such as atherosclerosis, cancer, and 

premature aging [154,155]. The main consumption pathway for O2
- is disproportionation 
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(Eq 1.14), which is catalyzed by the family of superoxide dismutases (SOD). These 

enzymes maintain the concentration of O2
- in the nanomolar or picomolar range [156].  

 O2 + e- → O2
-                   Eo’ =  - 0.33 V (vs. NHE, pH 7, 25°C) 1.13 

   
 O2

- → H2O2
 + O2 1.14 

   
The rate of reaction of NO and O2

- to form ONOO- is nearly diffusion-controlled 

[157] (Scheme 1.16), and NO is the only known biomolecule that is produced in high 

enough concentration to react with O2
− fast enough to outcompete SOD [158]. 

 

Scheme 1.16. Competetive pathways for O2
- consumption [157] 

Nitroxyl anion (NO-) can react with O2 to also form ONOO- (Eq 1.15) at a nearly 

diffusion controlled rate (3 × 109 M-1 s-1, [9]). There is currently no explicit evidence for 

endogenous production of HNO biosynthesis, but HNO can be formed biologically by 

NO synthase in the absence of NOS cofactor tetrahydrobiopterin [159], through reduction 

of NO by mitochondrial ferrocytochrome c [160] or through the reaction of 

S-nitrosothiols with thiols [161]. Although deprotonation of HNO to NO- does not occur 

under physiological conditions (see Section 1.2.1), the reaction of NO- with O2 has 

experimental importance. 

 NO- + O2 → ONOO- 1.15 
   

1.3.1 Chemical and biological reactivity of ONOO- 

The concentration of NO needed to induce vasorelaxation is not high enough to 

compete with SOD for O2
-. However, at higher levels of NO (such as from macrophages), 

O2- ONOO-
 SOD

1/2 H2O2 + 1/2 O2 NO
2 × 109 M-1 s-1         1.9 × 1010 M-1 s-1 
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formation of ONOO- becomes kinetically feasible. The reaction between NO and O2
- was 

originally considered to be a scavenging mechanism for O2
- leading to formation of 

non-toxic nitrate. However, formation of ONOO- from O2
- and NO may be a major 

mechanism of injury associated with the production of NO in vivo. 

Like NO and HNO, the reactions ONOO- undergoes in biological systems can be 

divided into direct and indirect reactions (Scheme 1.17). Direct reactions are first order 

with respect to ONOO- and first order with respect to the target molecule, so the rate of 

these reactions increases with increasing target molecule concentration. Direct reactions 

would be more significant where target molecules are present close to the site of 

formation of ONOO-. Indirect reactions are zero order in the target molecules and first 

order in ONOO-, since the formation of the oxidants, NO2 and OH, from ONOO- is the 

rate-determining step. It follows that the rate of indirect reactions does not depend on the 

concentration of target molecules, and target molecules may be relatively distant to the 

site of formation of ONOO-. 

1.3.1.1 Direct reactions 

ONOO- and ONOOH are both strong oxidants that can react directly with a 

number of biological targets leading to both one- and two-electron oxidations. 

One-electron oxidations lead to formation of free radicals, which may participate in 

radical chain reactions. The second order rate constant for the reaction of ONOO- with 

biologically and pharmacologically relevant target molecules ranges from 10 M-1 s-1 

(e.g., for ascorbic acid [162]) to 109 M-1 s-1 (e.g., for OH [157]) with a majority in the 

106 M-1 s-1 range (for an extensive list of reaction rate constants of ONOO-, see reference 
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[141]). Peroxynitrite can oxidize metal centers such as the iron/sulfur centers in 

aconitases (1.4 × 105 M-1 s-1 [163]) and the heme centers in hemoglobin (2 × 104 M-1 s-1 

[164]), oxymyoglobin (1.0 × 104 M-1 s-1 [165,166]), and cytochrome c2+ (2.5 × 104 M-1 s-1 

[167]). Oxidation of thiols by ONOO- has been observed in low molecular weight 

sulfhydryls such as cysteine (5.9 × 103 M-1 s-1 [168]), in human serum albumin 

(9.7 × 103 M-1 s-1 [169]), and in glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

(2.5 × 105 M-1 s-1 [170]). 

 

Scheme 1.17. Reaction pathways of peroxynitrite. Direct reactions of ONOO-/ONOOH 

can cause one- or two-electron oxidations to target molecules (path A). Peroxynitrite can 

also react directly with CO2 to form ONO2CO2, which then decomposes to form NO2 and 

ONOO- pKa 6.8
ONOOH

30%

70%
CO2

ONO2CO2-

35%

65%

NO3-   +   CO2

NO3-   +   H+

NO2   +   OH

NO2   +   CO3-

[ONO- - -OCO2-]

one e- oxidation
nitration

[ONO- - -OH]
slow

one or two e- oxidation
(e.g. thiols, metal centers)

one or two e- oxidation
nitration

hydroxylation

path A

path B

path C



 

 

53 

CO3
-, which can perform one-electron oxidation and nitration to target molecules 

(path C). Protonation of ONOO- causes decomposition to NO2 and OH, which are 

capable of one- and two-electron oxidation, nitration, and hydroxylation (path B) [141]. 

The reaction of ONOO- with CO2 has a second order rate constant of 3–4.6 × 104 

M-1 s-1 [165,171]. This reaction is one of the fastest reactions of ONOO- in vivo because 

of the high concentration of CO2 both in inta- and extracellular compartments (1–2 mM) 

[172].  

 

Scheme 1.18. Representative direct biological reactions of peroxynitrite: oxidation of 

target molecules via direct redox reaction or direct reaction with CO2 forming secondary 

oxidants (CO3 and NO2) [141]. 

1.3.1.2 Reactions with OH and NO2 

ONOO- undergoes homolysis to form NO2 and OH radicals (Scheme 1.17) [173], 

which are strong oxidizing, hydroxylating, and nitrating agents. Indeed, these reactions 

are often used to detect ONOO- indirectly [7]. Homolytic cleavage of the reaction product 

ONOO-/ONOOH oxidation of thiols

oxidation of metals

[ONOOCO2]

RSH

3 × 104 M-1 s-1 

~103–105 M-1 s-1 

~103–106 M-1 s-1 
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of ONOO- and CO2 also produces reactive radical species that are capable of one-electron 

oxidation and nitration. 

ONOO- is good nitrating agent of aromatic compounds such as tyrosine. In fact, 

formation of nitrotyrosine is used as a marker for ONOO- mediated neurotoxicity [174]. 

ONOO- mediated tyrosine nitration is complex and involves a radical mechanism (Eq. 

1.16–1.18) [175].  

 OH + Tyr → Tyr• + H2O 1.16 
   
 Tyr• + NO2 → TyrNO2 1.17 
   
 Tyr + NO2

• → Tyr• + NO2
- + H+ 1.18 

   
Aside from H+ (through ONOOH), CO2 and transition metal centers catalyze 

formation of nitrotyrosine from ONOO- through formation of CO3
- and metal oxo species 

(e.g., O=FeIVEDTA).  

1.3.2 Synthesis of ONOO- 

The reaction of NO and O2
- produces ONOO- at a nearly diffusion controlled rate 

(Scheme 1.16). Thus, systems that generate NO and O2
- simultaneously will in principle 

produce ONOO- in situ. For example, aerobic decomposition of SIN-1 (Scheme 1.19) 

simultaneously releases NO and O2
- [176]. Thus, SIN-1 has been used as an ONOO- 

donor in numerous biological studies [176,177].  
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Scheme 1.19. Mechanism for the simultaneous generation of NO and O2
- from SIN-1 

[79,178] 

Another method of generating ONOO- in situ involves use of NO donors such as 

NONOates, GSNO, and SNAP coincubated with xanthine oxidase and hypoxanthine, 

acetaldehyde, or pterin as the substrate to generate O2
- [179]. 

Autoxidation of hydroxylamine (NH2OH) is also used to produce ONOO- [180]. 

The mechanism involves attack of O2 on NH2OH forming NO- (Eq. 1.19) followed by 

reaction with O2 (Eq. 1.15). This method typically produces 25% yield of ONOO- and 

contains NO2
-, H2O2, and unreacted NH2OH as contaminants. 

 NH2OH + O2 + OH-
 → H2O2 + NO- + H2O 1.19 

   
Another preparation of ONOO- involves ozonation of sodium azide in alkaline 

solution (Eq 1.20) [181]. This method provides a sample of ONOO- that is free from 

H2O2 but may contain unreacted azide. 

 N3
- + 2O3 → ONOO- + N2O + O2 1.20 

   
Irradiation of solid KNO3 with 245 nm UV light generates ONOO- with a steady 

state yield of 30 µmol ONOO-/g of KNO3 [182]. Another solid-state preparation of 

ONOO- involves reacting tetramethylammoniumhydroxide ((CH3)4NOH) with potassium 
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superoxide (KO2) and NO in liquid NH3 (Eqs. 1.21 and 1.22) [183]. This method 

generates ONOO- as stable, bright yellow salt with high purity (98–99%). However, the 

need for specialized glassware and equipment limits the use of this method for routine 

ONOO- synthesis. 

 [(CH3)3N]+[OH]- + 11 KO2 → [(CH3)4N]+[O2]- + 11 KOH + 7.5 O2 1.21 
   
 [(CH3)4N]+[O2]- + NO → [(CH3)4N]+[ONOO]- 1.22 
   

The most convenient, economical, and widely used method of synthesizing 

ONOO- involves mixing sodium nitrite with acidic H2O2 to form ONOOH [148,173]. 

Nitrite has a pKa ~3.4, and nitrous acid is a good nitrosonium (NO+) donor in acidic 

solutions. The nucleophilic attack of HONO on the peroxo oxygen of H2O2 produces 

ONOOH (Scheme 1.20), which is unstable and rapidly isomerizes to nitrate. Addition 

into excess base stabilizes the product as ONOO-. The product of this reaction is 

contaminated with NO2
-, NO3

-, and H2O2. Addition of MnO2 removes the excess H2O2 

but there is no existing method of removing NO2
- and NO3

-. 

 

Scheme 1.20. Formation of ONOOH from nitrite and H2O2 in acidic conditions 

A number of refinements have been reported for synthesis of ONOO- from NO2
- 

and H2O2 (reviewed in reference [184]). The yield of ONOO- using this method is highly 

dependent on the timing at which the reaction is quenched. The yields, amount and 

identities of contaminants vary extensively with preparation. Higher yields with low 
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contamination are typically obtained with careful timing of addition of reagents and 

quenching, usually through the use of a quench flow reactor [185]. 

1.4 Chapter 1 Summary 

There is growing interest in the study of HNO chemistry due to its potential as a 

pharmacological agent. Full elucidation of HNO chemistry is essential, particularly in 

determining potential side effects from HNO. We were interested in identifying the HNO 

autoxidation product, which is cytotoxic. A new preparation of synthetic ONOO- as well 

chemical reactivity comparison of ONOO- and HNO autoxidation products are presented 

in Chapter 2. 

There is need for donors that can deliver high concentrations of NO for prolonged 

periods. Ruthenium nitrosyls are attractive candidates because of their potential to release 

NO catalytically. However, the mechanism of the proposed catalytic cycle has not been 

fully explored. Thus, a detailed examination of the NO donating properties of ruthenium 

nitrosyl complexes is important and would aid in the design and synthesis of new 

ruthenium based NO donors. The results from this analysis are presented in Chapter 3.   
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CHAPTER 2 COMPARISON OF THE CHEMICAL REACTIVITY OF 

SYNTHETIC PEROXYNITRITE WITH THAT OF THE PRODUCTS OF 

NITROXYL OR ITS ANION WITH MOLECULAR OXYGEN 

2.1 Introduction 

Donors of nitroxyl (HNO) have been shown to induce pharmacological responses, 

including enhancement of myocardial contractility [1], preconditioning against 

ischemia/reperfusion injury [2], induction of apoptosis and suppression of tumor 

angiogenesis [3], and inhibition of alcohol metabolism [4-6]. The clinical efficacy of 

HNO donors has been demonstrated with cyanamide (NH2CN) in the treatment of alcohol 

abuse [4,6]. The more recent discovery that HNO donors may also be beneficial in the 

treatment of heart failure [7] has stimulated the development of a variety of structurally 

diverse HNO donors and related prodrugs [8,9].  

As with all pharmacological agents, the therapeutic usefulness of HNO donors 

depends on the ability to elicit beneficial responses without inducing harmful side effects. 

Cyanamide, which upon metabolic activation is converted to HNO and CN-, illustrates 

the potential complications of using donors of HNO. However, such species are 

necessary due to the self consumption of HNO through a dimerization pathway [10] (Eq. 

2.1; 8 × 106 M-1 s-1 [11]).  

 2HNO  →  [HONNOH]  →  N2O  +  H2O 2.1 
   

The potential side effects of the byproducts of HNO donor decomposition are 

likely to be highly variable and thus will require tailored analysis. The production of 
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HNO itself may also induce diverse responses. Analysis may be simplified by the relation 

of HNO to the signaling molecule nitric oxide (NO).  

While endogenous formation of NO regulates physiological processes in the 

cardiovascular, nervous and immune systems [12-14], pathophysiological effects are also 

associated with NO production [15]. This dichotomy is often explained by considering 

the chemical modifications that occur through direct reaction of NO with a biological 

target or following oxidation of NO [16,17]. The deleterious effects of NO are generally 

associated with the nitrogen oxides that form upon reaction with molecular oxygen or 

superoxide (O2
-). These products of NO oxidation are known to induce oxidative or 

nitrosative stress responses that NO itself does not elicit.  

Similarly, the pharmacological effects of HNO donors are associated with direct 

reactions of HNO, particularly with heme proteins and thiols [18,19]. Although, HNO 

does not react with O2
- [20], it is autoxidized to a cytotoxic species [21]. Of particular 

note is the capability of this autoxidation product to induce DNA double strand breaks 

[20-22]. The clinical use of cyanamide as well as numerous pharmacological studies and 

the slow kinetics of the reaction of HNO and O2 (3 × 103 M-1 s-1 [23]) indicate that HNO 

autoxidation is likely to be limited relative to other reactions. In addition, HNO 

autoxidation may only be relevant in environments with relatively high concentrations of 

O2 such as membranes. Nonetheless, full elucidation of HNO autoxidation is critical to 

the continued development of the pharmacology of HNO donors.  

Despite extensive analysis, the identity of the HNO autoxidation product remains 

elusive. Peroxynitrous acid (ONOOH) has been considered as an obvious candidate 
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[20,24,25]. This species is also relevant to the chemical biology of NO, since reaction of 

NO and O2
- produces peroxynitrite (ONOO-) [26] at a nearly diffusion controlled rate 

(Eq. 2.2; 7 × 109 M-1 s-1 [27,28]).  

 NO + O2
- → ONOO- 2.2 

   
Although Eq. 2.2 is considered to be an antioxidant pathway due to consumption of O2

-, it 

can nonetheless initiate deleterious biological reactions, including one- and two-electron 

oxidation, hydroxylation, and nitration, causing damage to cellular components [29].  

In alkaline solution, ONOO- is relatively stable, but once protonated (pKa of 6.8 

[30]) rapid, spontaneous decomposition occurs via competing pathways (t1/2 of 1.9 s at 

pH 7.4, 37 °C [31]). Homolytic cleavage of the O-O bond of ONOOH produces nitrogen 

dioxide (NO2) and the hydroxyl radical (·OH). This pathway accounts for ~30% of 

decomposition products while the major product is the isomer nitrate (NO3
-; ~70%) 

(Scheme 1) [32-35]. In the presence of CO2, decomposition of ONOO- yields NO2 and 

the carbonate radical (·CO3
-, ~35% [34]) through the initial formation of the 

nitrosoperoxycarbonate adduct [36]. 

Autoxidation of the nitroxyl anion (NO-) also produces ONOO- at a nearly 

diffusion controlled rate (Eq. 2.3; 3 × 109 M-1 s-1 [11,37]).  

 NO- + O2 →  ONOO- 2.3 
   
This reaction has historical importance in the search for the product of HNO 

autoxidation. The first report of the pKa of HNO (4.7 [38]) indicated that NO- was the 

major species at physiological pH. Rapid protonation and decomposition would 

complicate detection of ONOO- as the initial product [39]. To determine if autoxidation 
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of HNO produced ONOO-, the chemical profiles of the common HNO donor Angeli’s 

salt (Na2N2O3) and synthetic ONOO- were compared [20,24]. The observed dissimilarity, 

particularly in one-electron oxidation and hydroxylation, led both to the conclusion that 

HNO autoxidation led to a unique reactive nitrogen oxide species from that formed by 

protonation of ONOO- and to the suggestion that the pKa of HNO may be higher than 

4.7 [24]. 

 

Scheme 2.1. Decomposition pathways for ONOO- (adapted from [40]). 

The acid-base relationship of HNO and NO- is atypical because HNO exists in a 

singlet ground state while NO- is a triplet. Detailed analysis has revised the understanding 

of the relationships of these two species. The necessity of a spin change significantly 

impacts the rate of proton transfer (kf = 5 × 104 M-1 s-1 and kr = 1 × 102 s-1 at pH 7 and 

22 °C [11]). Near neutral pH, these slow rates coupled with self-consumption pathways 

(Eq. 2.1) impede interconversion, such that HNO does not significantly deprotonate. The 
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rate of deprotonation becomes progressively more efficient with increased alkalinity, as 

OH- rather than water serves as the base (see reference [41] for a full discussion).  

Degradation of HNO donors in aerobic, alkaline solution visibly produces the 

yellow product ONOO- [11,25,37,42]. Given relative rates, deprotonation is assumed to 

occur prior to autoxidation. In prior studies, the chemical profiles from Angeli’s salt and 

from synthetic ONOO- where compared [20,24]. The synthetic ONOO- preparation is 

convenient but involves neither NO nor NO- as reactants (Eqs. 2.2, 2.3) (see reference 

[43] for a mechanistic details). Here, we sought to compare the chemical profiles of the 

products of both HNO and NO- autoxidation. 

At physiological pH and temperature, Angeli’s salt spontaneously decomposes to 

HNO and nitrite (NO2
-) with a half-life of 2.5 min (Eq. 2.4) [44]. 

 N2O3
2- + H+ → HNO + NO2

- 2.4 
   
In aerobic, alkaline solution, ONOO- is produced by competitive pathways in which O2 

reacts with not only NO- but also directly with N2O3
2- [25].  

We recently determined that unlike Angeli’s salt, which has a degradation 

pathway that is increasingly inhibited at higher pH [45], above pH 8, the HNO donor 

IPA/NO (Na[(CH3)2CHNHN(O)NO], sodium 1-(N-isopropylamino)diazen-1-ium-1,2-

diolate) decomposes through a pH-independent, internal tautomerization (Scheme 2) 

[42]. The resulting nirosamine is rapidly converted to the related alcohol following loss 

of N2 [46]. In aerobic, alkaline solution, formation of ONOO- is assumed to proceed via 

slow release of HNO (6 × 10-4 s-1 at pH 13 [42]) followed by deprotonation to form NO- 

and subsequent fast reaction with O2.  
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Scheme 2.2. Pathway for formation of ONOO- from IPA/NO 

Preparation of ONOO- by degradation of IPA/NO is attractive since it 

spontaneously decomposes exclusively to HNO in a pH-independent manner above pH 8 

without nitrite contamination. Furthermore, that both IPA/NO and Angeli’s salt are from 

the same class of HNO donors (diazeniumdiolates) facilitates comparison of the chemical 

profiles of the reaction of HNO or NO- with O2.  

2.2 Materials and Methods 

2.2.1 Chemicals  

Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich and 

were used without further purification. Unless stated, stock solutions were prepared daily 

in Barnstead Nanopure Diamond filtered H2O. The assay buffer was calcium and 

magnesium-free Dulbecco’s phosphate-buffered saline (PBS, pH 6.0-8.0) containing the 

metal chelator diethylenetriaminepentaacetic acid (DTPA, 50 µM).   

Angeli’s salt and IPA/NO were synthesized as previously described [21,44,47]. 

Synthetic ONOO- was prepared following a published method [24,31]. Alternatively, 

ONOO- was synthesized at room temperature by dissolving IPA/NO (280 mg) in 20 mL 

of 10 mM phosphate buffer (pH 13) to make a 100 mM stock solution. This solution was 

sparged with O2 for a period of 9 h to produce a yellow solution. This in situ preparation 
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was stored at -20 °C and was used for approximately two weeks or until the concentration 

decreased below 10 mM. The yield of ONOO-, as determined from the absorbance at 302 

nm (ε of 1670 M-1cm-1 [48]) ranged from 40-64%, with an average of 51%.  

Directly prior to use, the concentrations of the stock reagents were determined 

from the absorbance values at 250 nm for Angeli’s salt or IPA/NO in 10 mM NaOH (ε of 

8000 M-1cm-1 [44]) or at 302 nm for ONOO- (ε of 1670 M-1cm-1 [48]). Stock solutions 

were further diluted in 10 mM NaOH.  

2.2.2 Instrumentation 

UV-visible spectroscopy was performed with a Hewlett-Packard 8453 diode array 

spectrophotometer, equipped with Agilent 8909A thermostat. Fluorescence 

measurements were made on a Thermo Spectronic Aminco Bowman Series 2 

Luminescence spectrometer. pH measurements were made with a Thermoelectron Orion 

420A+ pH meter. 

2.2.3 Nitrite and nitrate assay 

 The amount of nitrite and nitrate in both preparations of ONOO- were evaluated 

following a published HPLC protocol [49]. The HPLC system (Hitachi D-7000) 

consisted of a L-7100 pump, a L-7200 autosampler, a L-7300 column oven, and a L-7400 

UV detector. A 1 mM stock solution in 100 mM NaOH of both preparations of ONOO- 

was used. The injection volume was 10 µL. The concentration of nitrite and nitrate were 

calculated from standard curves of peak area vs. concentration. Each sample was run in 

triplicate. 
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2.2.4 Fluorescent assays 

Previously, the chemical profiles of Angeli’s salt and synthetic ONOO- were 

compared using assays for one- or two-electron oxidation and hydroxylation [24]. These 

assays were similarly employed here. Two-electron oxidation was evaluated through the 

formation of the fluorescent dye rhodamine 123 (RH) from dihydrorhodamine 123 

(DHR; Molecular Probe, Eugene, OR). One-electron oxidation was monitored through 

the formation of a fluorescent dimer from the oxidation of p-hydroxyphenylacetic acid 

(HPA). Hydroxylation was monitored by conversion of benzoic acid (BA) into the 

fluorescent compound 2-hydroxybenzoic acid (2-OHBA). Typically, aliquots of Angeli’s 

salt or ONOO- were added to assay buffer containing the reagents for oxidation or 

hydroxylation to give a final concentration of 50-250 µM HPA or 10 µM BA or DHR. 

All assays were performed with at least triplicate samples either at 37 °C for 30 min for 

Angeli’s salt or at room temperature for 5 min for ONOO-. Data are presented as 

representative sets from n ≥ 3 experiments and are plotted as mean ± standard deviation.  

2.3 Results and Discussion 

2.3.1 Standard synthesis of ONOO- 

A number of methods to synthesize ONOO- have been published [40]. The 

simplest and most convenient method of preparing ONOO- involves mixing acidified 

H2O2 with NaNO2 to produce ONOOH. Under this condition, ONOOH is unstable and 

decomposes rapidly to NO3
- (Scheme 1). Addition of NaOH quenches the reaction and 

stabilizes the product as ONOO- [31]. Excess H2O2 is removed by addition of MnO2. This 
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preparation is commonly referred to as synthetic ONOO-, to distinguish it from the 

product formed from the more biologically relevant reaction of NO with O2
-. Both the 

yields of synthetic ONOO- and the levels and identities of contaminants vary extensively 

among preparations [40]. Of particular note is the common presence of nitrite, which is 

bioactive [50].  

2.3.2 Synthesis of ONOO- from aerobic decomposition of IPA/NO 

Upon dissolution of IPA/NO in alkaline PBS, a yellow product was observed to 

slowly form [42]. The spectral features and the rate of decay supported identification of 

the product as ONOO-. Here, we sought to optimize the synthetic protocol by varying pH, 

temperature, and O2 concentration so as to produce a maximum yield of ONOO- with 

minimum residual IPA/NO. Spectrophotometric monitoring of a stirring solution showed 

the gradual decrease of the peak centered at 250 nm, indicating the decomposition of 

IPA/NO (Figure 2.1). Concomitant growth of a peak at 302 nm signified formation of 

ONOO-. The optimal conditions for maximum signal at 302 nm with the lowest 

absorbance at 250 nm was observed at a pH of 13 at room temperature with O2 sparging 

for 9 h. The reaction is not quantitative (yield of 40-64% based on ε302 of 1670 M-1cm-1 

[48]) presumably due to partial dimerization of HNO (Eq. 2.1) and to rapid product 

decomposition. 
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Figure 2.1. Spectral changes following the aerobic decomposition of IPA/NO (1 mM) in 

10 mM assay buffer of pH 13 at room temperature with O2 sparging. Spectra are shown 

at 40 min intervals for 6 h.  

Dissolution of the product of this reaction in pH 8 assay buffer resulted in rapid 

decomposition (Figure 2.2) as evident by the decrease in the peak centered at 302 nm. 

This is consistent with the rate of decomposition of ONOO- at pH 8 (8 × 10-2 s-1 [51]). 

These data indicate that aerobic decomposition of IPA/NO provides a new synthetic route 

for production of millimolar concentrations of ONOO-. 
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Figure 2.2. Spectral changes following the spontaneous decomposition of ONOO- in pH 8 

assay buffer. Spectra were collected every 5 s for 50 s then at 95 s. Inset: exponential 

decay fit for the absorbance at 302 nm (5.7 × 10-2 s-1; R = 0.9989). 

2.3.3 Nitrite and nitrate 

The amount of nitrite and nitrate in a 1 mM sample of synthetic ONOO- and 

IPA/NO preparation was evaluated by HPLC. A 1 mM stock solution of synthetic 

ONOO- contained twice as much nitrite and nitrate compared to the IPA/NO preparation 

(Figure 2.3). Since the mobile phase used had a pH of 7, these amounts are from 

decomposed solutions of ONOO-. 
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Figure 2.3. Nitrite and nitrate. Amount of nitrite (blue) and nitrate (red) in 1 mM stock 

sample of synthetic ONOO- and ONOO- prepared from IPA/NO analyzed by HPLC as 

described in the Materials and Methods. 

2.3.4 Product formation during decomposition of IPA/NO  

The reactivities of IPA/NO and Angeli’s salt have been previously compared at 

pH 7.4 [52]. This study demonstrated that IPA/NO does function as an HNO donor, but 

less efficiently than Angeli’s salt. Further analyses determined that IPA/NO can function 

as a dual donor of HNO and NO, in a pH-dependent manner [42,53,54]. At pH ≥ 8, the 

NO-producing pathway is not kinetically competitive. Due to the complications of NO 

formation at physiological pH, IPA/NO itself was not included in the assays described 

below. 
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2.3.5 Oxidation of HPA 

The capacity for one-electron oxidation can be examined using HPA, which can 

be oxidized to a fluorescent dimer [55]. It was previously reported that exposure of 

increasing concentrations of synthetic ONOO- (50-200 µM) in a PBS solution containing 

1 mM HPA resulted in a concentration and pH-dependent increase in fluorescence 

intensity. Decomposition of Angeli’s salt, however, did not appreciably lead to oxidiation 

of HPA [20,24]. In the present study, a similar result was obtained (Figure 2.4A). 

Exposure of 1 mM HPA to increasing concentrations of the IPA/NO preparation (50–250 

µM) also resulted in a concentration-dependent increase in the formation of fluorescent 

product although the yield (<10%) was lower than that observed for ONOO-.  

 

0

50

100

150

200

250

300

50 100 150 200 250

Fl
uo

re
sc

en
ce

[reagent] (µM)

A



 

 

71 

 

   

Figure 2.4. One-electron oxidation of HPA. Angeli’s salt (blue), synthetic ONOO- (red) 

or ONOO- prepared from IPA/NO (green) was added (50–250 µM final concentrations 

produced from 4–20 µL of a 12.5 mM stock solution) to A) assay buffer containing 1 

mM HPA (10 µL of a 100 mM stock) and B) with the addition of 25 mM NaHCO3. 

Endpoint fluorescence intensity was obtained at 400 nm following excitation at 326 nm.  

The chemistry of ONOO-
 can be affected by the presence of CO2 due to formation 

of ONO2CO2
- (Scheme 2.1). As with ONOOH, decomposition of this adduct can lead to 

oxidation or nitration of biological targets [36,56-58]. Addition of 25 mM NaHCO3 to the 

buffer solution resulted in considerable enhancement in fluorescence intensity for both 

synthetic ONOO- and the IPA/NO preparation (Figure 2.4B). The signal from Angeli’s 

salt was not appreciably affected by NaHCO3.  
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Although both ONOO- preparations induced HPA oxidation, the yields were 

dissimilar, and the sensitivity to NaHCO3 was more pronounced for the IPA/NO 

preparation. Addition of nitrite or nitrate (2500 mM), which are present in synthetic 

ONOO-, to the IPA/NO preparation did not impact signal intensity (Figure 2.5). 

Similarly, addition of isopropyl alcohol (2500 mM), which is a byproduct of IPA/NO 

decomposition [42,46], did not affect HPA oxidation induced by synthetic ONOO- 

(Figure 2.6). Thus, the difference in fluorescence intensity between the ONOO- 

preparations cannot be attributed to these impurities. Given that ONOO- is synthesized in 

situ, we investigated whether there was variability in HPA oxidation as a function of 

individual preparations. 

The initial product formed after mixing the reagents is ONOOH, which is 

unstable, and addition of NaOH is required to quench the reaction. The synthetic ONOO- 

yield is sensitive to the time of quenching. Quenching the reaction early would cause 

incomplete reaction of NO2
-
 and H2O2, which results in low yield of ONOO- with 

significant contamination from unreacted NO2
- and H2O2. Quenching the reaction late 

would led to significant decomposition of ONOOH, resulting in elevated levels of nitrate 

and lower yields of ONOO-. In addition, the rate at which the reagents are added also 

impacts the yield. The highest yield of 40% (65 mM) was achieved by rapidly mixing the 

acidic hydrogen peroxide solution to a stirred solution of NaNO2, immediately followed 

by addition of NaOH. 
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Figure 2.5. Effect of nitrate and nitrite. ONOO- prepared from IPA/NO was added (50–

250 µM) to assay buffer containing 1 mM HPA (10 µL of a 100 mM stock) (blue); with 

2500 mM nitrate (red); or with 2.5 M nitrite (green). Endpoint fluorescence intensity was 

obtained at 400 nm following excitation at 326 nm. 
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Figure 2.6. Effect of isopropyl alcohol. Synthetic ONOO- was added (50–250 µM) to 

assay buffer containing 1 mM HPA (10 µL of a 100 mM stock) (blue) or with 2.5 M 

isopropyl alcohol (red). Endpoint fluorescence intensity was obtained at 400 nm 

following excitation at 326 nm.  

Each initial preparation was diluted with 10 mM NaOH to produce a 12.5 mM 

stock solution. Aliqouts (4–20 µL) of these stock solutions were then added to 1 mL of 

assay buffer containing 1 mM HPA. For synthetic ONOO-, HPA oxidation was strongly 

inversely dependent to the initial ONOO- concentration, both in assay buffer alone and in 

the presence of 25 mM NaHCO3 (Figure 2.7). In contrast, little variability was observed 

between the intensity values obtained from two IPA/NO preparations. Interestingly, a 
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higher initial yield of synthetic ONOO- led to a fluorescence signal that was similar to 

those of the IPA/NO preparations.  

That the one-electron oxidation of HPA by synthetic ONOO- is dependent on the 

initial concentration of stock solution indicates that contaminants from unreacted starting 

material or from decomposition products impacts the observed oxidative chemistry. Thus, 

careful attention is needed when preparing ONOO- from nitrite and H2O2. 
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Figure 2.7. Effect of initial stock solution concentration on HPA oxidation. Synthetic 

ONOO- (diluted from a 46 mM (blue) or 21 mM (red) initial stock solution) or ONOO- 

prepared from IPA/NO (diluted from a 45 mM (green) or 29 mM (purple) initial stock 

solution) was added (50–250 µM final concentrations produced from 4-20 µL of a 12.5 

mM stock solution) to A) assay buffer containing 1 mM HPA (10 µL of a 100 mM stock) 

and B) with the addition of 25 mM NaHCO3. Endpoint fluorescence intensity was 

obtained at 400 nm following excitation at 326 nm. 

2.3.6 Hydroxylation of benzoic acid 

The capacity for hydroxylation by the three reagents was assessed by looking at 

the conversion of BA to the fluorescent compound 2-hydroxybenzoic acid (2-OHBA). 

Previous results showed that both Angeli’s salt and synthetic ONOO- are capable of 

hydroxylating BA in a concentration-dependent manner, with Angeli’s salt having a 
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higher hydroxylating capability [24]. Similar results were obtained in the present study 

(Figure 2.8A). Exposure of increasing concentration of BA (0.5–10 mM) to the IPA/NO 

preparation (10 µM) resulted in a concentration-dependent increase in fluorescence as 

well, with signal intensity falling between that from synthetic ONOO- and Angeli’s salt.  

In the presence of 25 mM NaHCO3, fluorescence was completely quenched for 

both ONOO- preparations (Figure 2.8B). This is attributed to conversion of the 

decomposition pathway from homolytic cleavage of ONOOH to homolytic cleavage of 

ONOOCO2
- (Scheme 1). That hydroxylation of BA by Angeli’s salt was only partially 

quenched by CO2 supports formation of a unique hydroxylating species.  
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Figure 2.8. Hydroxylation of BA. Angeli’s salt (blue), synthetic ONOO- (red) or ONOO- 

prepared from IPA/NO (green) was added (500 µM produced from 40 µL of 12.5 mM 

stock solution) to A) assay buffer containing increasing concentration of BA (0.5–10 mM 

from 5–100 µL of a 100 mM stock in 100 mM NaOH, pH adjusted by addition of 

equivalent amount (0.5–10 µL of 1 M HCl) and B) with the addition of 25 mM NaHCO3. 

Endpoint fluorescence intensity was obtained at 410 nm following excitation at 290 nm.  

2.3.7 Oxidation of DHR and effect of buffer composition 

The capacity for two-electron oxidation was evaluated by monitoring the 

conversion of DHR to the fluorescent dye rhodamine. It was previously reported that both 

Angeli’s salt and synthetic ONOO- effectively mediated the two-electron oxidation of 

DHR in a similar concentration-dependent manner [24]. However, the oxidation yield 

from these reagents was impacted differently by buffer composition. Although, the 
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presence of HEPES (10 mM) quenched the oxidation of DHR by both synthetic ONOO- 

and Angeli’s salt in a concentration-dependent manner [20], addition of NaHCO3 (50 

mM) only inhibited the oxidation of DHR mediated by synthetic ONOO- [20,24]. Similar 

results were obtained in the present study (Figure 2.9).  

Exposure of increasing concentrations of DHR (5-50 µM) to the IPA/NO 

preparation (10 µM) also resulted in a concentration-dependent increase in oxidation of 

DHR. Addition of 25 mM NaHCO3 or 50 mM HEPES resulted in a decrease in 

fluorescence intensity in a similar manner to that of synthetic ONOO-. As with 

hydroxylation of BA, these results indicate that the chemistry of Angeli’s salt is unique 

from that of ONOO-, regardless of synthetic preparation. 

2.3.8 Effect of pH 

Given the dependence on pH of the decomposition of both Angeli’s salt and 

ONOO-, the effect of varied pH on DHR oxidation in the presence or absence of HEPES 

and NaHCO3 was examined. Exposure of DHR to Angeli’s salt or synthetic ONOO- at 

either pH 6.5 or 8 and in the absence or presence of HEPES resulted in a concentration-

dependent increase in fluorescence (Figure 2.10A and B), in agreement to prior analysis 

[20]. Again, the reaction profile from IPA/NO preparation (Figure 2.10C) was similar to 

that of synthetic ONOO-.  
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Figure 2.9. Two-electron oxidation of DHR – Effect of buffer composition.  A) Angeli’s 

salt, B) synthetic ONOO- or C) ONOO- prepared from IPA/NO was added (10 µM from 

10 µL of 1 mM stock solution) to increasing concentration of DHR (5–50 µM final 

concentrations produced from 5–10 µL of 1 mM or 2–5 µL of 10 mM stock solutions in 

DMF) in pH 7.4 assay buffer alone (blue), with the addition of 25 mM NaHCO3 (red), 

with the addition of 50 mM HEPES (green), and with the addition of 25 mM NaHCO3 

and 50 mM HEPES (purple). Endpoint fluorescence intensity was obtained at 570 nm 

following excitation at 500 nm.  
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Figure 2.10. Two-electron oxidation of DHR – Effect of pH.  A) Angeli’s salt, B) 

synthetic ONOO- or C) ONOO- prepared from IPA/NO was added (10 µM from 10 µL of 

1 mM stock solution) to increasing concentration of DHR (5–50 µM final concentrations 

produced from 5–10 µL of 1 mM or 2–5 µL of 10 mM stock solutions in DMF) in pH 6.5 

assay buffer (blue), pH 8 assay buffer (red), pH 6.5 assay buffer with the addition of 50 

mM HEPES (green), and pH 8 assay buffer with the addition of 50 mM HEPES (purple). 

Endpoint fluorescence intensity was obtained at 570 nm following excitation at 500 nm.  

In summary, synthetic ONOO- and the IPA/NO preparation were able to mediate 

one-electron oxidation of HPA, whereas Angeli’s salt did not. Addition of NaHCO3 

enhanced the capacity for oxidation of HPA by both synthetic ONOO- and the IPA/NO 

preparation. Synthetic ONOO- showed a concentration-dependent variability in its results. 
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At lower initial stock concentration of synthetic ONOO-, it appears that it is more 

reactive towards HPA relative to that of the IPA/NO preparation, but when a higher 

concentration of stock solution of synthetic ONOO- was used, the results was similar to 

the IPA/NO preparation. The variability observed for synthetic ONOO- may be due to 

contaminants present such as nitrite, and care must be taken when making and using 

synthetic ONOO-. 

All three reagents mediated hydroxylation of BA, with Angeli’s salt giving the 

highest yield followed by the IPA/NO preparation then synthetic ONOO-. Addition of 

NaHCO3 completely quenched the fluorescence intensity from both synthetic ONOO- and 

the IPA/NO preparation while Angeli’s salt was only partially quenched. All three 

reagents were able to mediate two-electron oxidation of DHR with the same degree of 

reactivity. The presence of HEPES and NaHCO3 also affected the chemistry of the 

reagents. 

The hydroxyl radical have been proposed as an alternate product of hyponitrous 

acid decomposition (Eq. 2.5) following HNO dimerization (Eq. 2.1), and that ·OH could 

mediate the oxidative chemistry of HNO [59,60], independent of O2. However, the 

findings that Angeli’s salt toxicity is O2 dependent [21], and that a decomposing solution 

of 60 µM Angeli’s salt consumes equimolar amount of O2 [24], indicating that 

dimerization is not kinetically feasible, rules out the formation of  ·OH from HONNOH. 

 HONNOH  →  2OH + N2 2.5 
   

Another mechanism by which an oxidant could be formed from Angeli’s salt is 

through the reaction of NO and HNO to form hyponitrous acid radical (HN2O2) (Eq. 2.6). 
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Under physiological conditions, HN2O2 would predominantly exist as N2O2
- (pKa 5.5), 

which could carry out the oxidative chemistry (Eo (N2O2
-/N2O2

2-) = 0.96 V [61]). 

However, although Angeli’s salt decomposes to NO at pH < 3, it is an exclusive HNO 

donor at physiological pH [25,52]. Therefore, formation of HN2O2 can be discounted. 

 NO + HNO  →  HN2O2 2.6 
   

The oxidant formed from decomposition of Angeli’s salt has been suggested to 

not result from either direct autoxidation of Angeli’s salt or from outer-sphere electron 

transfer but rather to be a product of direct association of HNO with O2 [25]. This new, 

uncharacterized oxidant could be an isomer of ONOOH resulting from direct reaction of 

HNO and O2 or result from facilitation of the reaction of HNO and O2 by a target 

molecule [20,24,25].  

2.4 Chapter 2 Summary 

We show that aerobic decomposition of IPA/NO at pH 13 provides a more 

reliable preparation of ONOO- compared to the more common method of ONOO- 

preparation, which could aid in the examination of the physiological roles of ONOO-. 

There is little doubt that HNO administration leads to cytotoxicity with significantly 

greater magnitude relative to other RNOS, and this work provides additional evidence 

that autoxidation of HNO produces an intermediate that is unique from ONOO-. The 

identity of the products of the reaction between HNO and O2 remains unknown. 

Continued investigation of HNO chemistry is needed to further develop HNO as 

pharmacological agent. The product of HNO autoxidation may be a different isomer of 
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ONOO-, and IR and Raman spectroscopy may be useful techniques for direct observation 

of such a species. 
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CHAPTER 3 INVESTIGATIONS ON THE MECHANISM OF THE CATALYTIC 

CONVERSION OF NITRITE TO NITRIC OXIDE BY A RUTHENIUM 

NITROSYL COMPLEX 

3.1 Introduction 

Nitric oxide (NO) is involved in a number of physiological and pathological 

processes such as blood flow regulation, neurotransmission, and immune systems [1-3], 

and thus has promising therapeutic applications. NO has also been shown to play a role in 

cancer, having both positive and negative effects that are highly dependent on 

concentration [4-6]. High concentrations of NO (1–10 µM) have been shown to damage 

DNA and cause p53 phosphorylation leading to apoptosis [7], which ultimately leads to 

cell death and tumor regression [4]. Therefore, NO donor compounds that can donate 

high concentrations of NO for prolonged periods may be effective therapeutics for cancer 

treatment. 

The limited solubility of NO in water (2–3 mM [8,9]), instability of NO in the 

presence of various molecules [10], and the difficulty in handling NO solutions has led to 

investigation and development of compounds capable of generating NO in situ [11]. 

Metal nitrosyl complexes are one such class of NO donor compounds, which offer certain 

advantages over other NO donors including site specificity and possible catalytic NO 

generation [12,13]. The classic example of a metal-based NO donor is sodium 

nitroprusside (Na2[Fe(CN)5NO]; SNP; Scheme 3.1) [14]. SNP is a potent vasodilator that 

causes muscle relaxation by releasing NO upon bioactivation. However, CN- may also be 
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released, particularly upon photoirradiation, which could potentially cause harmful side 

effects. 

 

Scheme 3.1. Common metal based NO donor complexes all having a {MNO}6 

configurations. 

The interaction of NO with transition metals has long been studied due to the 

interesting coordination properties displayed by metal-nitrosyl complexes [15-17]. It is 

generally accepted that the bonding in M-NO group in metal nitrosyl complexes is 

covalent. The bonding of NO to a metal involves donation of electrons from a σ orbital of 

NO and back-donation from metal dπ to the NO π* orbital. Enemark and Feltham [18] 

have proposed the formalism {MNO}n where n is the total number of electrons from the 

metal d and NO π* orbitals, indicating that the electrons are delocalized around the 

M-NO moiety.  

Infrared spectroscopy has proven to be a useful technique for direct observation of 

NO bound to a metal and for analyzing the electronic distribution. Reduction typically 

results in a decrease in the IR stretching frequency of the bound NO [19]. IR 
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spectroelectrochemical studies on successive one-electron reduction from 

{MNO}6 → {MNO}7 → {MNO}8 have been reported [19-23]. 

Miranda et al. reported the first structure of a {MNO}6 ruthenium nitrosyl 

porphyrin complex [24]. Numerous hexacoordinate ruthenium nitrosyl complexes have 

since been synthesized, and the capacity of ruthenium nitrosyl complexes to donate NO 

has been studied extensively [25-29]. These complexes can be activated via two 

pathways: light irradiation and chemical reduction (reviewed in [11,30]) (Scheme 3.2). 

 

Scheme 3.2. Reaction pathways for NO release from ruthenium nitrosyl complexes 

By altering the ligand trans to NO in ruthenium nitrosyl complexes, the kinetics 

and thermodynamics of NO release can be controlled [31]. Planar chelating ligands such 

as tetraazamacrocycles also impart stability and limit reactivity to the axial ligands, thus 

maximizing the trans effect [32]. 

Another attractive feature of ruthenium nitrosyl complexes is the proposed ability 

to donate NO catalytically. In a proposed catalytic cycle (Scheme 3.3) [33], one-electron 

reduction of [RuLn(NO)]3+ forms [RuLn(NO)]2+ (step 1). This species undergoes aquation 

releasing NO and forming [RuLn(H2O)]2+ (step 2). Substitution of water with nitrite forms 

[RuLn(NO2)]+ (step 3), which then reacts with water to regenerate the starting complex 

[RuLn(NO)]3+ (step 4). The first two steps in the cycle have been studied for several 

ruthenium nitrosyl complexes, but the amount of NO released has not been quantified, 
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and typically NO release is suggested through observation of vasodilation [22,25-29,34-

42]. 

 

Scheme 3.3. Proposed catalytic cycle for the conversion of nitrite to NO by 

[Ru(cyclam)(H2O)L]2+ [33] 

We are interested in NO donors that can provide prolonged NO donation at 

elevated concentrations for chemotherapeutic applications. Ruthenium nitrosyl 

complexes, with their potential for catalytic NO production, may provide such donor 

compounds. Given the concentration of nitrite in tissues (0.5–25 µM, [43,44]) and the 

ease at which it could be administered, it is possible that ruthenium nitrosyl complexes 

may be useful anticancer agents. Here, we present mechanistic study of catalytic NO 

production by a ruthenium nitrosyl complex exposed to nitrite. 
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3.2 Materials and Methods 

3.2.1 Chemicals 

All chemicals were purchased from Sigma-Aldrich of reagent grade or 

comparable purity and used as received. Unless otherwise noted, all experiments were 

performed under air-free conditions using Schlenk line techniques. Briefly, the solution 

to be deaearated was placed in a vial sealed with a Suba-Seal septum (Sigma-Aldrich) 

and sparged with ultra high purity argon for a minimum of 3 min/mL of solution. 

Deaerated solutions were transferred using gas-tight Hamilton syringes to maintain air-

free conditions. Stock solutions were prepared daily in Barnstead Nanopure Diamond 

filtered H2O, unless otherwise stated. Solutions of Eu2+ were prepared by reduction of 

Eu3+ with Zn(Hg). Briefly, europium(III) chloride hexahydrate (36.6 mg, 100 mmol) was 

dissolved in a 0.1 M HCl (1 mL) to make a 100 mM solution of Eu3+. To this solution 

was added 1–2 pellets of Zn(Hg), prepared by placing Zn pellets in a 6 M HCl solution to 

remove ZnO, and adding a drop of mercury to coat the Zn pellet. After stirring for 1 h 

under argon, the concentration of Eu2+ was determined from the absorbance value at 248 

nm (2160 M-1cm-1) or 320 nm (660 M-1cm-1) [45] in 0.1 M HCl. Such solutions were 

stored for a week in a sealed vial at -20 oC. 

The NO donor DEA/NO (Na[Et2N(N(O)NO)], sodium (Z)-1-(N,N-

diethylamino)diazen-1-ium-1,2-diolate) was synthesized as previously described [46]. 

Stock solutions of DEA/NO were prepared in 10 mM NaOH immediately prior to use and 

stored on ice. The concentration were determined from the absorbance at 280 nm 

(ε = 8000 M-1cm-1 [46]). 
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Solutions for electrochemical measurements were prepared similarly as discussed 

above. High purity anhydrous pyridine and dimethylsulfoxide (Me2SO) was transferred 

through cannulation into a Schlenk bottle and stored under argon in a vacuum dessicator. 

Tetrabutylammoniumhexafluorphosphate (Bu4NPF6) was recrystallized from acetone 

prior to use. [Ru(cyclam)(NO)Cl]2+ solutions used for electrochemical measurements 

were prepared in anhydrous Me2SO containing 0.2 M of Bu4NPF6 as supporting 

electrolyte for nonaqueous experiments, or in nanopure H2O containing 1 M KCl as 

supporting electrolyte for aqueous experiments. 

3.2.2 Synthesis of [Ru(cyclam)(NO)Cl]Cl2 

[Ru(cyclam)(NO)Cl]Cl2 was synthesized following a literature procedure 

(Scheme 3.4 [25]). Briefly, equimolar amounts of 1,4,8,11-tetraazacyclotetradecane 

(cyclam) (1.0642 g, 5 mmol) and K2[RuCl5NO] (1.9904 g, 5 mmol) were refluxed in 

methanol (300 mL) for 36 h. After filtration of the reaction mixture through a glass frit, 

the filtrate was dried under vacuum. The resulting brown residue was dissolved in water 

and loaded onto a Sephadex SP-C-25 cation exchange column 15 cm in height. The 

product was eluted as a yellow solution with 0.2 M HCl. This fraction was dried under 

vacuum yielding a yellow solid (0.895 g, 40%). 1H NMR in D2O: δ 1.6, 1.9, 2.1, 2.3 ppm 

(m, 4 H, 2 N-CH2-CH2-N (ring)), δ 2.7, 3.0, 3.1, 3.3, 3.4, and 3.6 ppm (m, 16 H, 8 N-CH2 

(ring)). IR in cm-1: 1855 (νNO). Mass spectrum: calculated mass corresponding to 

[Ru(cyclam)(NO)Cl]2+ (C10H24N5OClRu+) 366.91 amu ; found (m/z) 366 [M-H]+, 330 

[M-HCl]+, 183.7 [M]2+. See appendix for 1H NMR, IR, and mass spectra. All 

characterization data agree well with the literature [25].  
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3.2.3 Instrumentation 

Absorbance spectra were recorded on an Hewlett-Packard 8453 diode-array UV-

vis spectrophotometer equipped with 89090A thermostat. FT-IR spectra were collected 

with a ThermoNicolet Avatar 370 FT-IR spectrometer using a Smart Performer ATR Zn-

Se crystal. In situ IR measurements for spectroelectrochemistry were conducted using a 

Mettler-Toledo reactIR 15 FT-IR spectrophotometer equipped with a fiber conduit probe.  

EPR spectra were obtained from a frozen sample in liquid nitrogen on a Bruker (CW) 

X-band EPR spectrometer. NMR spectra were obtained on a Bruker AVIII-400 

spectrometer. Mass spectra were recorded on a JEOL HX110A high-resolution mass 

spectrometer. Measurement of NO was done on a Sievers Nitric Oxide Analyzer (NOA 

280i). pH measurements were made using a Thermo Orion 420A+ pH meter. Crystals 

were submitted for structure determination.  

Electrochemical experiments were performed with a BASi CV-50W voltammetric 

analyzer. All electrodes were purchased from Bioanalytical Systems, Inc. Cyclic 

voltammetry experiments were conducted on a home-made electrochemical cell made 

from glass equipped with a Luggin capillary to hold the reference electrode (Figure 3.1). 

All solutions were deaerated with argon for at least 10 min prior to each measurement. A 

blanket of argon was maintained over the electrochemical cell at all times.  

The three-electrode system employed for cyclic voltammetry consisted of a glassy 

carbon (3.0 mm diameter) or a platinum (1.6 mm diameter) working electrode, a platinum 

wire counter electrode, and a silver/silver ion (Ag/Ag+, 0.010 M AgNO3 in anhydrous 

Me2SO with 0.2 M Bu4NPF6) reference electrode for nonaqueous experiment or a 
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silver/silver chloride (4 M KCl) reference electrode for aqueous experiments. The 

working electrodes were cleaned before each measurement using the electrode polishing 

kit from CH Instruments, Inc. 

 

Figure 3.1. Home-made electrochemical cell used for cyclic voltammetry experiments 

For nonaqueous experiments, ferrocene was added to each solution at the end of 

each experiment (with a resulting final concentration of 1 mM), and its peak potential 

was measured. The resulting potentials for the Fc/Fc+ couple differ by ±5 mV between 

experiments. Therefore, all cyclic voltammogram in nonaqueous were plotted relative to 

Ag/Ag+ reference electrode. 

3.2.3.1 UV-vis and IR spectroelectrochemsitry 

UV-vis spectroelectrochemistry was performed using a SEC-C thin layer quartz 

glass spectroelectrochemical cell with a 1 mm pathlength (BASi, Inc.). The cell is 

equipped with a gold gauze working electrode (5 mm × 5 mm), a platinum counter 
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electrode and a Ag/AgCl or a Ag/Ag+ reference electrode. The cell used for IR 

spectroelectrochemistry was made of Teflon with 10 × 10 × 1 mm dimensions. A hole on 

one side of the cell allows the insertion of the probe for IR measurement. When 

assembled, the fiber conduit probe is directly facing the gold gauze working electrode 

(Figure 3.2). 

 

Figure 3.2. Schematic of the setup used for IR spectroelectrochemistry. 

3.2.3.2 X-ray structure determination 

Crystals were transferred from a vial to oil, selected with a micro-loop, and 

mounted on a Bruker Kappa APEX-II Duo diffractometer. The crystal was kept at 

150.0 K during data collection. Using Olex2 [47], the structure was solved with the 

ShelXS [48] structure solution program using Intrinsic Phasing and refined with the 

ShelXL [48] refinement package using Least Squares minimisation. 
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3.2.4 Determination of the Keq of [Ru(cyclam)Cl(NO)]+ to [Ru(cyclam)Cl(NO2)] 

interconversion 

The equilibrium constant for the nitrosyl-nitrite equilibrium (Eq. 3.1) was 

determined spectrophotometrically in assay buffer as previously described [49]. Briefly, 

aliquots of a stock solution of [Ru(cyclam)(NO)L]3+ (1.0 M) were added to 1 mL assay 

buffer (pH 2-12), and the solution was allowed to equilibrate for 24 h. The equilibrium 

constant was calculated from a sigmoidal fit of the absorbance values at 345 nm.  

 [Ru(cyclam)(NO)Cl]2+ + 2 OH− → [Ru(cyclam)(NO2)(Cl)]+ + H2O 3.1 
   

3.2.5 Reaction of [Ru(cyclam)(NO)Cl]2+ with Eu2+ 

Spectral changes following the reduction of [Ru(cyclam)(NO)Cl]2+ with Eu2+ 

were monitored in a buffer of 0.1 M CF3COOH/NaCF3COO at pH 2 or a buffer of 0.1 M 

CH3COOH/NaCH3COO at pH 3–6. To maintain an air-free environment, addition of 

[Ru(cyclam)(NO)L]3+ and Eu2+ was carried out using Hamilton syringes, and volumes 

were restricted to 20 µL or less to avoid significant changes in pH or concentration. 

The reaction was initiated by mixing aliquots of [Ru(cyclam)(NO)L]3+ and Eu2+ 

in a deaerated buffer solution in a graded seal quartz cuvette (Spectrocell) stoppered with 

a Suba-Seal septum (Sigma-Aldrich). The cuvette was shaken to mix the solution and 

spectra were collected immediately after mixing. The cuvette was maintained under an 

argon atmosphere for the duration of the experiment. All reactions were performed at 

25 °C.  

Rate constants for formation of [Ru(cyclam)(H2O)2]2+ were measured 

spectrophotometrically by monitoring the increase in absorbance at 280 nm, and fitting 
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the absorbance data to a double-exponential rise 

(At  =  Ao  +  (A∞  - Ao)(1  -  e
-k1t)  +  (A∞  -  Ao)(1  -  e

-k2t)  using least square method. 

3.2.6 Reaction of the reduction product of [Ru(cyclam)(NO)Cl]2+ with metmyoglobin 

The assay buffer used for this experiment consisted of a calcium- and magnesium-

free Dulbecco’s phosphate-buffered saline (PBS, pH 7.4) containing the metal chelator 

diethylenetriaminepentaacetic acid (DTPA, 50 µM). To prepare metmyoglobin (metMb), 

a small amount of horse heart myoglobin was dissolved in assay buffer. The vial was then 

stoppered with a Suba-Seal septum (Sigma-Aldrich), and the solution was purged with 

argon. To initiate the reaction, the buffer solution (3 mL) was transferred into a graded 

seal quartz cuvette (Spectrocell) containing a Zn(Hg) pellet. The cuvette was stoppered 

with a Suba-Seal septum, and the solution was purged with argon for at least 10 min. The 

solution of metMb and [Ru(cyclam)(NO)Cl]2+ was transferred into the cuvette using a 

Hamilton syringe to provide a final concentration of 50 µM metMb (ε502 10200 M-1cm-1; 

ε630 3900 M-1cm-1 [50]) and 50 µM or 500 µM [Ru(cyclam)(NO)Cl]2+. The reaction was 

monitored spectrophotometrically. The reaction mixture was stirred for the duration of 

the experiment.  
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3.3 Results and Discussion 

3.3.1 Catalytic Study 

3.3.1.1 Steps 1 and 2: Reduction of [Ru(cyclam)(NO)Cl]2+ and NO release 

The first and second steps in the proposed catalytic cycle (Scheme 3.3) are the 

reduction of [RuLn(NO)]3+ to [RuLn(NO)]2+ followed by aquation to form [LnRu(H2O)]2+ 

and NO. Release of NO from ruthenium nitrosyl complexes by chemical reduction is 

commonly suggested by indirect methods of detection such as UV-vis and EPR 

spectroscopy of the ruthenium complexes [13,31,32]. Lang et al. [25] studied 

[Ru(cyclam)(NO)Cl]2+ for its potential to release NO. They observed an EPR signal 

characteristic of the one-electron reduced species, but the stability of the reduced 

complex was not explored. The observed UV-vis spectral changes upon reduction of 

[Ru(cyclam)(NO)Cl]2+ by Eu2+ were suggested to occur due to NO release. A follow-up 

analysis showed that [Ru(cyclam)(NO)Cl]2+reduced blood pressure in conscious Wistar 

rats, which suggested NO release [26]. To more fully explore the NO releasing 

properties, [Ru(cyclam)(NO)Cl]2+ was synthesized by reaction of cyclam (1,4,8,11-

tetraazacyclotetradecane) with [RuCl5NO]2- [25] (Scheme 3.4). 

 

Scheme 3.4. Synthesis of [Ru(cyclam)(NO)Cl]2+ 
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A solution of [Ru(cyclam)(NO)Cl]2+ with 1 eq. Eu2+ in glycerol:water (7:3) 

immediately frozen in liquid nitrogen resulted in the appearance of an EPR signal (Figure 

3.3) with a rhombic g splitting of g1 = 2.028, g2 = 1.992, and g3 = 1.881 and an 14N 

nitrosyl hyperfine coupling of A1 = 24 G, A2 = 32.5 G, and A3 < 15 G. The EPR spectrum 

shows a typical pattern for a {RuNO}7 species (see ref. [51] for discussion of EPR 

spectrum of {RuNO}7 complexes), indicating formation of [Ru(cyclam)(NO)(H2O)]2+ by 

one-electron reduction and fast chloride labilization (1.5 s-1), as previously suggested 

[25]. The stability of this paramagnetic species was investigated at room temperature. 

The EPR signal decreased over 10 min, which indicates conversion of 

[Ru(cyclam)(NO)(H2O)]2+ to [Ru(cyclam)(H2O)2]2+ and subsequent release of NO, 

consistent with Scheme 3.3.   
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Figure 3.3. EPR spectral changes after addition of Eu2+ (1 µmol) to 

[Ru(cyclam)(NO)Cl]2+ (1 µmol) in glycerol:H2O (7:3) solution at 77 K. The spectra were 

collected after a 1 (black), 2 (blue), 7 (red), or 10 min (green) reaction time at room 

temperature. The EPR data were collected at 9.445 GHz frequency, 2 mW power, and 5 

G modulation amplitude. 

Following addition of Eu2+ to [Ru(cyclam)(NO)Cl]2+, a series of absorbance 

changes were observed (Figure 3.4). Initially, the peak centered at 260 nm disappears, 

and two new bands centered at 280 and 330 nm appear. The 330 nm band then decreases 

while the 280 nm band increases with time.  
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Figure 3.4. Electronic spectral changes after addition of Eu2+ (0.50 µmol) to 

[Ru(cyclam)(NO)Cl]2+ (0.25 µmol) in pH 2 assay buffer at 25 °C. Spectral traces are 

shown at 6, 8, 12, 14, 18, 24, 33, 60, 85, 110, 165, 220, 300, 420, and 600 min. 

The series of absorbance changes following the addition of Eu2+ to 

[Ru(cyclam)(NO)Cl]2+ observed in this work somewhat differs from that reported by 

Lang et al. [25]. The authors also observed the initial appearance of a 330 nm band that 

then decreases with time, but the appearance and subsequent increase in a 280 nm band 

was not observed. The authors proposed that the appearance of the 330 nm band is due to 

the formation of [Ru(cyclam)(NO)(H2O)]2+ following one-electron reduction of 

[Ru(cyclam)(NO)Cl]2+
 and chloride labilization (1.5 s-1) and that the disappearance of the 
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330 nm band is due to decomposition of [Ru(cyclam)(NO)(H2O)]2+ to 

[Ru(cyclam)(H2O)2]2+ and NO according to Eqs. 3.2−3.4  [25]. 

 [Ru(cyclam)(NO)Cl]2+ + e- 
k1  [Ru(cyclam)(NO)Cl]+ 3.2 

   
 [Ru(cyclam)(NO)Cl]+ + H2O   

k2  [Ru(cyclam)(NO)(H2O)]2+ + Cl- 3.3 
   
 [Ru(cyclam)(NO)(H2O)]2+  

k3  [Ru(cyclam)(H2O)2]2+ + NO 3.4 
   

However, Eu2+ could complicate the assignment since it absorbs within this 

region (320 nm, 650 M-1cm-1 [45]). To determine whether the peak at 330 nm is due to 

Eu2+ or to an intermediate in the reaction, the order in which the reactants were added 

was changed. A solution of Eu2+ in the assay buffer was used as the blank, and addition 

of [Ru(cyclam)(NO)Cl]2+ to this solution resulted in the spectral changes in Figure 3.5. 

Initially, a peak at 330 nm increases for the first 50 s, and this gradually decreases, while 

a peak at 280 nm increases. These data suggest that the peak at 330 nm could be due to an 

intermediate in the reaction, possibly the one-electron reduced species 

[Ru(cyclam)(NO)(H2O)]2+, and not Eu2+. However, deconvolution is not trivial. We 

suggest that the possible differences in Figure 3.4 and that by Lang et al. are due to the 

difference in concentrations of reactants used. Although the concentrations were not 

reported, based on absorbance values it appears that [Ru(cyclam)(NO)Cl]2+ was used in 

excess such that complete reduction did not occur. 
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Figure 3.5. UV-vis spectral changes after addition of [Ru(cyclam)(NO)Cl]2+ (0.08 mM) 

to Eu2+ (0.64 mM), with Eu2+ as the blank. 

The products formed from reduction of [Ru(cyclam)(NO)Cl]2+ by Eu2+ was 

purified using cation-exchange chromatography and was characterized by EPR and IR 

spectroscopy and mass spectrometry. The sample was EPR silent, and the IR spectrum 

showed similar features to [Ru(cyclam)(NO)Cl]2+ but without the peak at 1800 cm-1 that 

is characteristic of the NO ligand (Figure 3.8). The mass spectrum suggests a 

[Ru(cyclam)(H2O)2]2+ structure (calculated mass of C10H28N4O2Ru2+ is 338 amu; found 

(m/z) 365 [M-2H2O+2CH3OH]+, 337 [M-H]+, 299 [M-H2O-H3O]+), consistent with 

Eqs. 3.2–3.4. 
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3.3.1.2 Steps 3 and 4: Reaction with nitrite and reformation of the starting complex 

The third and fourth steps in the cycle are the reaction of [Ru(cyclam)(H2O)2]2+ 

with NO2
− followed by an acid-base interconversion to regenerate the 

[Ru(cyclam)(NO)Cl]3+. This reaction was performed in acidic solution to ensure 

regeneration of the nitrosyl complex. Under these conditions, the nitro complex initially 

formed undergoes a proton-assisted dehydration forming the nitrosyl complex 

(Eqs. 3.5-3.6). 

 [Ru(cyclam)(H2O)2]2+ + NO2
- → [Ru(cyclam)(NO2)(H2O)]+ + H2O 3.5 

   
 [Ru(cyclam)(NO2)(H2O)]+ + 2H+ → [Ru(cyclam)(NO)(H2O)]2+ + H2O 3.6 
   
After the addition of NaNO2 (5× equivalents) to a solution of [Ru(cyclam)(H2O)2]2+ in 

deaerated pH 2 assay buffer, the peak at 280 nm slowly decreased (Figure 3.6). Upon 

removal of nitrite and purification of the product by cation-exchange chromatography, 

the UV-vis (Figure 3.7 red line), IR (Figure 3.8 red line) and mass spectra (m/z: 366, see 

Appendix) of the purified compound match that of the starting ruthenium nitrosyl, 

supporting the regeneration of the ruthenium nitrosyl complex. Using the regenerated 

[Ru(cyclam)(NO)Cl]2+, the first two steps in the cycle were repeated. UV-vis (Figure 3.9) 

and EPR (Figure 3.10) spectral changes of the regenerated [Ru(cyclam)(NO)L]3+ is 

similar to that observed with the initial complex (Figure 3.3 and Figure 3.4). 
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Figure 3.6. Electronic spectral changes following addition of NO2
- (5 µmol) to  

[Ru(cyclam)(H2O)2]2+ (1 µmol) in deaerated pH 2 assay buffer at 25 oC. Spectral traces 

are shown every 2.5 min for 25 min then at 30 and 45 min. 
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Figure 3.7. UV-vis spectrum of [Ru(cyclam)(NO)Cl]2+ (red), [Ru(cyclam)(H2O)2]2+ 

(blue), and regenerated [Ru(cyclam)(NO)Cl]2+ (green). 
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Figure 3.8. IR spectra of [Ru(cyclam)(NO)Cl]2+ (black), chemically reduced 

[Ru(cyclam)(NO)Cl]2+ (corresponding to [Ru(cyclam)(H2O)2]2+) (blue), and regenerated 

[Ru(cyclam)(NO)Cl]2+ (red). The NO stretch at 1855 cm-1 disappeared upon reduction 

with Eu2+ and then reappeared upon addition of nitrite. 
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Figure 3.9. Electronic spectral changes after addition of Eu2+ (1 µmol) to regenerated 

[Ru(cyclam)(NO)Cl]2+ (1 µmol) in deaerated pH 2 assay buffer at 25 °C. Spectral traces 

are shown every 180 s for 3600 s. 
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Figure 3.10. EPR spectral changes after addition of Eu2+ (1 µmol) to regenerated 

[Ru(cyclam)(NO)Cl]2+ (1 µmol) in glycerol:H2O (7:3) solution at 77 K. The spectra were 

collected at 1 min (black), 5 min (blue), and 10 min (red) reaction time at room 

temperature. 

Taken together, this analysis supports the proposal [52] (see Scheme 3.3) that 

one-electron reduction of [Ru(cyclam)(NO)Cl]2+ leads to formation of a paramagnetic 

{RuNO}7 species assigned to [Ru(cyclam)(NO)Cl]+, which converts to 

[Ru(cyclam)(H2O)2]2+, presumably following NO release [25]. Addition of nitrite to this 

aqua complex leads to regeneration of [Ru(cyclam)(NO)Cl]2+. 
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3.3.2 Detection of NO 

3.3.2.1 Chemiluminescence detection 

Administration of [Ru(cyclam)(NO)Cl]2+ to rats causes lowering of blood 

pressure [26], which has been attributed to release of NO. The concentration of NO 

needed to induced vasodilation is in the high picomolar to low nanomolar range [53]. 

Since we are interested in donors that can release high concentrations of NO (> 1 µM), 

we sought to quantify the amount of NO released from [Ru(cyclam)(NO)Cl]2+. 

Detection of NO by chemiluminescence is very sensitive, as shown in Figure 

3.11A for 10 pmol of a standard NO donor. Surprisingly, a signal for NO was not 

observed even with 250 nmol of [Ru(cyclam)(NO)Cl]2+ (Figure 3.11B). This result 

suggests that very little, if any, NO is released from reduction of [Ru(cyclam)(NO)Cl]2+. 

However, such analysis are complicated by the potential for Eu2+ to reduce NO (Figure 

3.12). 
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Figure 3.11. NO detection via NO analyzer. Chronoamperogram of (A) DEA/NO (10 

pmol), a known NO donor in PBS/DTPA pH 7.4 and (B) [Ru(cyclam)(NO)Cl]2+ (250 

nmol) added to Eu2+ (250 nmol) in pH 2 TFA buffer. 
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Figure 3.12. Scavenging of NO by Eu2+. The peaks marked with A represents the 

injection of NO (10 µL of 10 µM aqueous NO solution) into buffer alone while those 

marked with B represent the injection of NO (10 µL of 10 µM aqueous NO solution) into 

a buffer containing Eu2+ (10 µL of 1 mM). 

3.3.2.2 Reaction of the reduction product of [Ru(cyclam)(NO)Cl]2+ with metmyoglobin 

NO and HNO reacts with metMb forming metMbNO and MbNO, respectively. 

These reactions were used to detect NO and/or HNO from the reduction of 

[Ru(cyclam)(NO)Cl]2+.  

 Fe(III) + NO → Fe(III)NO 3.7 
   
 Fe(III) + HNO → Fe(II)NO + H+ 3.8 
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Since Eu2+ forms a precipitate in phosphate buffer, Zn(Hg) was used as the 

reductant instead. Extinction coefficients for myoglobin (Table 3.1) were used to 

characterize the identity of products. 

 

Table 3.1. Extinction coefficients of horse heart myoglobin in the visible region  

metMb 502 nm, 10.2 mM-1cm-1 630 nm, 3.9 mM-1cm-1 Ref. [50] 
   
Mb     560 nm, 13.8 mM-1cm-1 Ref. [54] 
    
MbNO 543 nm, 11.6 mM-1cm-1 575 nm, 10.5 mM-1cm-1 Ref. [55] 
    
metMbNO 530 nm, 10.5 mM-1cm-1 572 nm, 10.3 mM-1cm-1 Ref. [55] 
    

 

Exposure of metMb to Zn(Hg) in PBS/DTPA pH 7.4 buffer solution did not result 

in any appreciable change in the UV-vis spectra of metMb (Figure 3.13A). This indicates 

that Zn(Hg) is not capable of reducing metMb under this conditions. Formation of 

metMbNO or MbNO was not achieved when metMb was exposed to a mixture of 

[Ru(cyclam)(NO)Cl]2+ and Zn(Hg). However, reduction of metMb to ferrous myoglobin 

(Mb) was observed (Figure 3.13B). [Ru(cyclam)(NO)Cl]2+ could be acting as a redox 

mediator for heterogeneous electron transfer from Zn(Hg) to metMb. In this scenario, the 

rate of electron transfer from Zn(Hg) to metMb may be extremely slow so that reduction 

is not observed when metMb was exposed to Zn(Hg) for a period of 3.5 h (Figure 3.13A). 

Addition of [Ru(cyclam)(NO)Cl]2+ facilitates the reduction of metMb. It is also possible 

that the reduction of [Ru(cyclam)(NO)Cl]2+ by Zn(Hg) could lead to the formation of a 

compound capable of reducing metMb to Mb. 
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To determine whether [Ru(cyclam)(NO)Cl]2+ acts as a redox mediator or 

produces a reductant in the presence of Zn(Hg), a separate experiment was conducted 

where metMb was exposed only to the reduction product of [Ru(cyclam)(NO)Cl]2+ and 

not to Zn(Hg). The reaction between [Ru(cyclam)(NO)Cl]2+ and Zn(Hg) was performed 

on a separate vial for 3 h, and the resulting solution was cannulated into a cuvette to 

remove the Zn(Hg). Upon addition of metMb. formation of Mb was also observed as 

indicated by the appearance of a peak at 560 nm (Figure 3.14, blue spectrum). This 

suggests that reduction of [Ru(cyclam)(NO)Cl]2+ by Zn(Hg) leads to formation of a 

product that is capable of reducing metMb to Mb. 
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Figure 3.13. (A) Spectral changes following the addition of metMb (50 µM) to Zn(Hg) 

(B) and with [Ru(cyclam)(NO)Cl]2+ (50 µM). The reaction was done in pH 7.4 

PBS/DTPA assay buffer under argon. Spectral traces are shown every ½ h for 3.5 h. 
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Figure 3.14. Reduction of metMb to Mb. [Ru(cyclam)(NO)Cl]2+ (50 µM) in pH 7.4 

PBS/DTPA assay buffer (3 mL) was first allowed to react with Zn(Hg) in a separate vial 

for 3 h. The resulting solution was transferred into an empty cuvette via cannulation to 

remove the Zn(Hg). To this solution was added metMb (final concentration of 50 µM). 

The absorbance was measured (blue spectrum) and compared to a solution of metMb in 

the assay buffer (black spectrum). 

Overall, chemiluminescence and metMb data have demonstrated that the 

reduction of [Ru(cyclam)(NO)Cl]2+ by Eu2+ or Zn(Hg) does not lead to production of 

significant amount of NO or HNO. 
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3.3.3 Effect of Eu2+ concentration 

The difference in Figure 3.4 and that by Lang et al. [25], and possible reduction of 

NO by Eu2+ led us to investigate the effect of Eu2+ concentration. A mixture of 

[Ru(cyclam)(NO)L]3+ and Eu2+ in a 1:2 molar ratio produced an EPR signal different 

from a characteristic {RuNO}7 species [18,51]. The EPR signal in Figure 3.15 (blue line) 

is from Eu3+, as confirmed from an authentic sample of Eu3+ solution. The absence of an 

EPR signal for a {RuNO}7 species implies that the stability of the one-electron reduced 

species is affected by the presence of an excess reducing agent. The decay in the EPR 

signal observed when a 1:1 molar ratio of [Ru(cyclam)(NO)Cl]2+ to Eu2+ was used 

(Figure 3.3) may also be due to further reduction of [Ru(cyclam)(NO)(H2O)]2+, 

presumably to [Ru(cyclam)(NO)(H2O)]+ or to other more reduced species [56]. 
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Figure 3.15. Effect of Eu2+ concentration on the EPR spectra. Eu2+ (10 µM, black or 20 

µM, blue) was added to [Ru(cyclam)(NO)Cl]2+ (10 µM) in 7:3 glycerol:H2O and placed 

immediately in liquid nitrogen. 

Kinetic analysis of the absorbance data from Figure 3.4 reveals that the increase 

in 280 nm band fits to a double exponential curve fit corresponding to two parallel first 

order reactions (Figure 3.16). The rate of increase in the 280 nm band is pH-dependent, 

and increases with increasing pH. The corresponding rate constants obtained from the 

kinetic analysis of the absorbance at 280 nm are summarized in Figure 3.17. 
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Figure 3.16. Plot of absorbance at 280 nm versus time during the reduction of 

[Ru(cyclam)(NO)Cl]3+ with Eu2+ in pH 2 assay buffer. Double-exponential equation:  

y = 0.055 + 0.34(1 - e-1.2x10-3x) + 0.26(1 - e-7.1x10-5x); R2 = 0.999x. 
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Figure 3.17. Rate constants of reduction as a function of pH obtained from the kinetic 

curve fit for the absorbance at 280 nm measured as a function of time during the 

reduction of [Ru(cyclam)(NO)Cl]2+ (0.08 mM) with Eu2+ (0.16 mM) (buffer: 0.1 M, pH 2 

CF3COOH, pH 3-6 CH3COOH). 

The pH-dependence of the UV-vis spectrum of [Ru(cyclam)(NO)L]3+ is due to 

nitrosyl-nitrite acid base interconversion (Eq. 3.1), which is observed in other ruthenium 

nitrosyl complexes [49,57,58]. As shown in Figure 3.18, the absorbance at 345 nm 

increases with pH, which is due to conversion of the nitrosyl complex to the nitrite 

complex. The absence of absorbance at 345 nm for the nitrosyl complex (seen at low pH) 

has been attributed to the stabilization of the dπ levels due to the strong dπ → π* (NO) 

back bonding, which shifts the MLCT bands far more into the UV region [49].  
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At extreme pH values, only [Ru(cyclam)(NO)L]3+ (low pH) or 

[Ru(cyclam)(NO2)L]+ (high pH) is present in appreciable quantity while both forms are 

present at intermediate pH. The data in Figure 3.18 are fitted to Eq. 3.9 (where A is the 

absorbance at any pH and Amin and Amax are the absorbance at limiting pH), giving a Keq 

of 6.3 × 1017 M-2, which is in the range of Keq  of other ruthenium nitrosyl complexes 

[49,58-60]. 

 A= Amin + 
Amax - Amin

1 + 10pK + 2pKw- 2pH
 3.9 

   

 

Figure 3.18. Electronic absorption spectra of [Ru(cyclam)(NO)L]3+ at pH 2–13. Inset: 

sigmoidal fit of the absorbance at 345 nm to Eq. 3.9. Regression equation: 

y =   0.085  +    !.!"#
!  !  !"!".!!  !!

; R2 = 0.979. 
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Both the EPR and UV-vis data suggest two processes are involved in the 

reduction of [Ru(cyclam)(NO)Cl]2+. From this analysis, we propose an alternate pathway 

for reduction of [Ru(cyclam)(NO)Cl]2+ than in Eqs. 3.2–3.4. One-electron reduction of 

[Ru(cyclam)(NO)Cl]2+ and fast chloride labilization leads to the formation of a {RuNO}7 

as indicated by EPR, which is assigned to [Ru(cyclam)(NO)(H2O)]2+. This species could 

release NO and produce [Ru(cyclam)(H2O)2]2+ or undergo another one-electron reduction 

to form [Ru(cyclam)(NO)(H2O)]+, which could then decompose to [Ru(cyclam)(H2O)2]2+ 

and HNO.  

If k3 is large relative to k4, the NO releasing pathway (Eq. 3.12) should be 

significant, and formation of [Ru(cyclam)(H2O)2]2+ should follow first order kinetics. 

That the spectrophotometric changes do not follow first order kinetics suggests that k4 is 

larger than k3 such that the second one-electron reduction (Eq. 3.13) occurs much faster 

than NO release (Eq. 3.14), and that formation of [Ru(cyclam)(H2O)2]2+ may occur from 

two parallel reactions, decomposition of [Ru(cyclam)(NO)(H2O)]2+ or 

[Ru(cyclam)(NO)(H2O)]+. 

 [Ru(cyclam)(NO)Cl]2+ + e- 
k1  [Ru(cyclam)(NO)Cl]+ 3.10 

   
 [Ru(cyclam)(NO)Cl]+ + H2O   

k2  [Ru(cyclam)(NO)(H2O)]2+ + Cl- 3.11 

   
 [Ru(cyclam)(NO)(H2O)]2+  

k3  [Ru(cyclam)(H2O)2]2+ + NO 3.12 
   
 [Ru(cyclam)(NO)(H2O)]2+ + e- 

k4  [Ru(cyclam)(NO)(H2O)]+ 3.13 
   
 [Ru(cyclam)(NO)(H2O)]+ + H+ 

k5  [Ru(cyclam)(H2O)2]2+ + HNO 3.14 
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3.3.4 Cyclic voltammetry  

The mechanism in Eqs. 3.10–3.14 was investigated using electrochemical 

techniques. In 1 M KCl solution, two one-electron-transfer processes were observed 

within the solvent window (Figure 3.19). Similar cyclic voltammogram was observed 

previously [25] although a different solvent, temperature, and working electrode was 

used. A reduction peak occurs at Ep,c = −340 mV with an oxidative component at 

Ep,a = −250 mV. The peak current for the first one-electron-transfer has a ratio of ~1, 

suggesting a chemically reversible redox process. The redox process could be represented 

as reduction of [Ru(cyclam)(NO)Cl]2+ to [Ru(cyclam)(NO)Cl]+ (Eq. 3.10). The 

reversibility in the one-electron reduction indicates formation of a stable complex and 

that NO stays bound to the metal center. This is consistent with the known stability of 

FeIINO vs. FeIIINO [15]. It also follows that chemical reduction will not lead to 

significant NO release, thus explaining the lack of NO signal in the chemiluminescence 

experiment. A second, but irreversible reduction occurs at Ep,c = −740 mV. This second 

one-electron process could be represent by Eq. 3.13. The chemical irreversibility may be 

due to the dissociation of HNO/NO- from the complex forming [Ru(cyclam)(H2O)2]2+ 

(Eq. 3.14), a further reduction, or dimerization of bound HNO. 
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Figure 3.19 Cyclic voltammogram of [Ru(cyclam)(NO)Cl]2+ (1 mM) in 1.0 M KCl 

solution. Scan rate = 100 mV/s at a glassy carbon electrode. 

One-electron reduction of [Ru(cyclam)(NO)Cl]2+ is also pH-dependent as a result 

of the acid-base interconversion in ruthenium nitrosyl complexes [49]. The reductive 

current observed decreases with increasing basicity. The data indicates that the 

[Ru(cyclam)(NO)Cl]2+ is the species being reduced consistent with other ruthenium 

nitrosyl complexes [49,57,61]. 

-10

-5

0

5

10

15

20

-1-0.8-0.6-0.4-0.20

C
ur

re
nt

 (µ
A

)

Potential (V vs Ag/AgCl)



 

 

125 

 

Figure 3.20. Cyclic voltammogram of [Ru(cyclam)(NO)Cl]2+ (10 mM) in 10 mM pH 2 

(black), 3 (blue), 4 (red), 5 (green), 6 (purple) and 7 (orange) PBS/DTPA buffer. Scan 

Rate = 150 mV/s at a gold plate working electrode vs. Ag/AgCl. 

The cyclic voltammogram of [Ru(cyclam)(NO)Cl]2+ in Me2SO shows two 

reduction processes at E1/2 –575 mV and –1335 mV (vs. Ag/Ag+) with peak current 

separation of ~60 mV indicating electrochemical reversibility in both steps. This suggests 

that the irreversibility of the second reduction process in water may be mediated by 

protons.  
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Figure 3.21. Cyclic voltammogram of [Ru(cyclam)(NO)Cl]2+ (1 mM) in Me2SO 

containing 0.1 M Bu4NPF6. 

3.3.5 UV-vis spectroelectrochemistry 

Spectrophotometric analysis during electrochemical reduction of 

[Ru(cyclam)(NO)Cl]2+ in 1 M KCl at −500 mV showed a decrease in the peak at 250 nm 

and appearance of a new peak centered at 335 nm (Figure 3.22A). Figure 3.22B shows 

the spectral changes observed during the electrochemical reduction of 

[Ru(cyclam)(NO)Cl]2+ at −900 mV. A peak centered at 335 nm initially appears and then 

grows over time as well as a peak centered at 280 nm. These series of changes could be 

attributed to two successive one-electron reduction of [Ru(cyclam)(NO)Cl]2+ forming 

[Ru(cyclam)(NO)Cl]+ and [Ru(cyclam)(NO)Cl]. However, the final spectrum in Figure 
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3.22B is similar to the spectrum of a purified sample of [Ru(cyclam)(H2O)2]2+ (Figure 

3.7, blue line). Thus, the spectroelectrochemical data shows that [Ru(cyclam)(H2O)2]2+ is 

formed after the second reduction. It also follows that the observed spectral changes in 

Figure 3.4 are due to two one-electron reductions, and that the peak at 330 nm can be 

clearly assigned to the one-electron reduced species. Furthermore, the reversibility in the 

cyclic voltammetry for the first one-electron process and the lack of 280 nm peak in the 

spectroelectrochemical data indicates the stability of [Ru(cyclam)(NO)Cl]+ under these 

conditions. 
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Figure 3.22. UV-vis spectral changes observed during bulk electrolysis of 

[Ru(cyclam)(NO)Cl]2+ (1 mM in 1 M KCl) at an applied potential of A) −500 mV or 

B) −900 mV vs. Ag/AgCl. Spectral traces are shown for A at 30 s, 90 s, 210 s, 300 s, and 

every 240 s thereafter up to 1740 s and for B every 30 s for 210 s, then at 285 s, 900 s, 

and 1800 s. The arrows indicate the spectral changes during the reduction process.  

Electrochemical reduction of [Ru(cyclam)(NO)Cl]2+ in Me2SO at −450 mV is 

accompanied by a decrease in the peak centered at 270 nm and appearance of a new peak 

centered at 290 nm (Figure 3.23A). Electrochemical reduction at −1450 mV (vs. Ag/Ag+) 

resulted in an increase in the peak at 330 nm and 290 nm (Figure 3.23B). Application of 

−100 mV potential to oxidize the electrogenerated product resulted in the complete 

conversion to the starting complex, indicating the formation of a stable two-electron 
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reduced species. The UV-vis spectral changes in water and Me2SO are different for both 

reduction processes, suggesting that the identity and/or electronic structure of the one- 

and two-electron reduced species are dependent on the media. 
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Figure 3.23. UV-vis spectral changes observed during bulk electrolysis of 

[Ru(cyclam)(NO)Cl]2+ (1 mM in anhydrous Me2SO containing 0.1 M Bu4NPF6) at an 

applied potential of  A) −450 mV or B) −1450 mV vs. Ag/Ag+. Spectral traces are shown 

for A every minute for 10 min and for B every minute for 8 min then every 2 min for 30 

min.  The arrows indicate spectral changes during the reduction process. 

3.3.6 IR spectroelectrochemistry 

IR spectroelectrochemistry was conducted on [Ru(cyclam)(NO)Cl]2+ to determine 

the site of reduction. The typical IR frequency for coordinated NO ranges from 

1300−1950 cm-1 [15]. Due to the limited solubility of [Ru(cyclam)(NO)Cl]2+ in Me2SO, 

changes in the NO frequency could not be observed. Thus, only data obtained from 

experiments in water are presented here. 
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 One-electron electrochemical reduction of [Ru(cyclam)(NO)Cl]2+ in 1 M KCl is 

accompanied by a 25 cm-1 shift to low energy in the NO IR frequency, from 1875 cm-1 to 

1850 cm-1 (Figure 3.24). Addition of an electron increases the back-donation of the metal 

to the π* orbital of NO and decreases the σ donor component of NO towards the metal 

resulting in a shift of NO stretch to lower frequency. For one-electron reduction of a 

M-NO bond, a several hundred wavenumber shift to lower energy is typically observed, 

such as those for {MNO}6  → {MNO}7, where the site of reduction is primarily on NO 

[19,22,62]. For example, a ΔνNO = −300 cm-1 was observed for [(TPP)Ru(NO)(py)]BF4 

[22] and a ΔνNO = −275 cm-1 for K[IrCl5(NO)] [19]. The small shift in the NO stretching 

frequency in Figure 3.24 therefore suggests that the ruthenium-nitrosyl bond is strongly 

covalent with the reduction perhaps localized at the metal center rather than on NO 

[19,23].  The result obtained here is similar to that for [Cl5Ru(NO)]2-, where a small 

energy shift of 79 cm-1 was observed upon one-electron reduction [19]. As such, the 

reduction process could be represented as [(cyclam)RuIII(NO)Cl]2+ + e-  → 

[(cyclam)RuII(NO)Cl]+. 

Electrochemical reduction at −1000 mV resulted in the disappearance of the 

1850 cm-1 peak and appearance of a new peak centered at 2050 cm-1. The nitrosonium 

cation (NO+) has νNO around 2300 cm-1 [16] while coordinated NO+ is expected to have a 

lower stretch (1900–1600 cm-1) [15]. The highest νNO measured for a solid metal nitrosyl 

complex is 2006 cm-1 for K[IrCl5NO] [63]. Thus, the observed IR frequency at 2050 cm-1 

is too high to be assigned to a Ru-NO species. The shift to a higher wavenumber 

indicates that a bond stronger than in M-NO+ is formed following reduction. 
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Figure 3.24. Differential IR spectra during bulk electrolysis of [Ru(cyclam)(NO)Cl]2+ 

(100 mM in 1.0 M KCl, 25 °C) at an applied potential of A) −500 mV or B) −1000 mV 

vs. Ag/AgCl. Spectral traces are shown every minute for 10 min. 
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3.3.7 X-ray crystallography 

To further characterize the system, crystals of the reduction product were grown 

using Eu2+ as reductant. Addition of Eu2+ (2× in excess) to a solution of 

[Ru(cyclam)(NO)Cl]2+ in pH 2 assay buffer under deaerated conditions resulted in the 

immediate formation of a green solution from an initial yellow solution. This green 

solution, which may be due to [Ru(cyclam)(NO)Cl]+, slowly converted to an orange 

solution. Orange needle-like crystals formed overnight.  

X-ray crystallographic analysis reveals a dimeric structure. Each ruthenium is 

coordinated to one cyclam and one chloride ion, and bridged by a dinitrogen molecule 

with an interatomic bond distance of N-N 1.13 Å, Ru1-N1N 1.93 Å, Ru2-NN 1.94 Å 

(Figure 3.25). The Ru-N and N-N bond distances lie within the range of 18 other 

dinitrogen bridged ruthenium complexes reported in the Cambridge Structural Database 

[64]. Each unit in the crystal structure also contains a ZnCl4
2- counter ion and four water 

molecules. The Zn2+ ion is presumably from the Zn(Hg) used to prepare the Eu2+ from 

Eu3+.  
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Figure 3.25. Structure of [Cl(cyclam)Ru(µ-N2)Ru(cyclam)Cl]2+. Anisotropically refined 

atoms are shown as 50% probability ellipsoids.  Only the metal and chloride atoms were 

refined anisotropically.  Hydrogens were added at calculated positions.  
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Table 3.2. Crystal data and summary of data collection and structure refinement 
Identification code  mo_km204_0ma  
Empirical formula  C20H56N10O4Cl6Ru2Zn  
Formula weight  980.95  
Temperature/K  150.01  
Crystal system  monoclinic  
Space group  P2/c  
a/Å  20.500(4)  
b/Å  9.3160(15)  
c/Å  19.533(4)  
α/°  90  
β/°  90.319(10)  
γ/°  90  
Volume/Å3  3730.4(12)  
Z  4  
ρcalcmg/mm3  1.747  
m/mm-1  1.909  
F(000)  1992.0  
Crystal size/mm3  0.2 x 0.2 x 0.03  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection  3.974 to 47.63°  
Index ranges  -22 ≤ h ≤ 23, -10 ≤ k ≤ 7, -22 ≤ l ≤ 13  
Reflections collected  19801  
Independent reflections  5749 [Rint = 0.1358, Rsigma = 0.1451]  
Data/restraints/parameters  5749/0/230  
Goodness-of-fit on F2  1.119  
Final R indexes [I>=2σ (I)]  R1 = 0.1268, wR2 = 0.2816  
Final R indexes [all data]  R1 = 0.1760, wR2 = 0.3031  
Largest diff. peak/hole / e Å-3  2.12/-1.60  

 

The NN stretching frequency in dinitrogen complexes is 100–400 cm-1 lower than 

for free N2 (2330 cm-1 in the Raman) [65]. For example, in [Ru(NH3)5N2]PF6, the νN2 is 

observed at 2167 cm-1. Thus, the signal in the IR spectrum of electrochemically reduced 

[Ru(cyclam)(NO)Cl]2+ at 2050 cm-1 is suggested to be due to the NN stretch in the dimer. 

Interestingly, the IR spectrum of the purified reduction product of [Ru(cyclam)(NO)Cl]2+ 
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also shows a peak at ~2100 cm-1 (Figure 3.8 blue line). The mass spectrum of the purified 

reduction product, initially assigned to [Ru(cyclam)(H2O)2]2+ (see Section 3.3.1.1), also 

correlates with a [(Ru(cyclam)Cl)2(µ-N2)]2+ structure (calculated mass of 

C20H48Cl2N10Ru2
2+, M2+ is 704 amu; found (m/z) 365 [M-Ru(cyclam)Cl]+, 337 [M-

Ru(cyclam)ClN2]+, 299 [M-Ru(cyclam)Cl2N2H]+. The formation of dinitrogen complex 

explain the lack of NO and HNO release from [Ru(cyclam)(NO)Cl]2+ following 

reduction Figure 3.11B and Figure 3.13B). 

There is precedence in the literature for formation of a dinitrogen bridged 

ruthenium complex following two-electron reduction of a ruthenium nitrosyl having a 

{RuNO}6 configuration (Eqs. 3.15–3.17) [66]. 

 [(tpy)(bpy)Ru(NO)]3+
 + 2e- → [(tpy)(bpy)Ru(NO)]+ 3.15 

   
 2[(tpy)(bpy)Ru(NO)]+ → [(tpy)(bpy)Ru(NO2)]+ + [(tpy)(bpy)RuN]+ 3.16 
   
 2[(tpy)(bpy)RuIV≡N3-]+ - 2e- → [(tpy)(bpy)Ru(µ-N2)Ru(bpy)(tpy)]4+ 3.17 
   
The authors proposed that two-electron reduction of [(tpy)(bpy)RuNO]3+ is followed by a 

disproportionation reaction forming [(tpy)(bpy)Ru(NO2)]+ and [(tpy)(bpy)RuN]+. The 

latter can be formally assigned as a [(tpy)(bpy)RuIV≡N3-]+, which could then undergo a 

coupling reaction to form [(tpy)(bpy)Ru(µ-N2)Ru(bpy)(tpy)]4+. Our work provides the 

first structural evidence for formation of a dinitrogen bridged ruthenium complex 

resulting from reduction of a {RuNO}6. 
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3.4 Chapter 3 Summary 

One-electron reduction of [Ru(cyclam)(NO)Cl]2+ leads to formation of 

[Ru(cyclam)(NO)Cl]+ complex, as characterize by EPR data. In addition, UV-vis and IR 

data show the disappearance of [Ru(cyclam)(NO)Cl]2+ upon reduction. Formation of the 

aqua complex upon reduction was tentatively assigned based on mass spectrometry 

analysis. Addition of nitrite to the aqua complex led to the reformation of 

[Ru(cyclam)(NO)Cl]2+. Our data have demonstrated spectroscopic evidence for the major 

intermediates in the proposed catalytic cycle (Scheme 3.3). Taken together, the data 

suggest labilization of NO upon reduction as previously suggested [26]. However, 

chemiluminescence detection and trapping with metMb were not able to show the 

expected release of NO upon reduction.  

Cyclic voltammetry revealed that [Ru(cyclam)(NO)Cl]2+ undergoes two 

one-electron transfer processes both in aqueous and nonaqueous solutions. The first 

one-electron transfer process is reversible in both media while the second one-electron 

transfer process is irreversible in aqueous solution. The UV-vis spectroelectrochemical 

changes in water and Me2SO are different, indicating that the identity and/or electronic 

structure of the reduced species are also different in both media. Perhaps water or a 

proton may be participating, giving rise to irreversibility of the second reduction.  

In contrast to other {RuNO}6 systems that undergo nitrosyl-centered reduction, 

[Ru(cyclam)(NO)Cl]2+ undergoes ruthenium-centered reduction with a shift in the NO IR  

frequency of 25 cm-1, suggesting a highly covalent Ru-NO bond. Successive reduction 

leads to appearance of a peak at 2050 cm-1 indicating formation of a stronger metal 
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nitrogen bond. X-ray diffraction analysis shows formation of a 

[Cl(cyclam)Ru(µ-N2)Ru(cyclam)Cl]2+ complex. Formation of the dinitrogen bridged 

ruthenium species from the nitrosyl complex could be due to disproportionation followed 

by coupling reaction. Formation of the dinitrogen complex could explain the lack of NO 

and HNO release from [Ru(cyclam)(NO)Cl]2+.  
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3.5 Appendix: NMR, MS, and X-ray crystallographic data and miscellaneous 

experiments 

 

Figure 3.26. 1H NMR spectrum of [Ru(cyclam)(NO)Cl]2+ in D2O 
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Figure 3.27.  Mass spectrum of [Ru(cyclam)(NO)Cl]2+ 
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Figure 3.28. Mass spectrum of purified reduction product of [Ru(cyclam)(NO)Cl]2+ 
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Figure 3.29. Mass spectrum of regenerated [Ru(cyclam)(NO)Cl]3+ 
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Modification of cyclam 

Modification of cyclam with a carboxylic acid functional group was carried out 

according to Scheme 3.5. Synthesis of 3-(1,4,8,11-tetraazacyclotetradec-1-yl)propanoic 

acid and the triply N-tert-butoxycarbonyl (Boc) protected derivatives were completed 

following a literature procedure [67]. 

 

3-(1,4,8,11-tetraazacyclotetradec-1-yl)propanoic acid. A solution of 3-bromopropanoic 

acid (0.35 g, 2.3 mmol) in acetonitrile (100 mL) was added dropwsie to a solution of 

cyclam (1 g, 5 mmol) and dry potassium carbonate (2 g, 14 mmol) in acetonitrile 

(300 mL) over 1 h at 58 °C. After 2 h of stirring, the solution was filtered, and the filtrate 

was dried under vacuum. The resulting white solid was dissolved in water (20 mL) and 

extracted with CHCl3 (13 × 50 mL) to remove unreacted starting material. The solvent 

was removed by rotary evaporation at 40 °C resulting in a clear oil. This oil was 

dissolved in a minimum amount of ethanol, and concentrated HCl was added until 

precipitation was complete. The precipitate was collected, washed with a minimum of 

cold acetonitrile and ethanol, then dried, yielding a white solid (0.36 g, 57 %). 1H NMR 

in D2O (Figure 3.30): δ 2.05 ppm (m, 4 H, 2 –N–CH2–CH2–CH2–N–), δ 2.79 ppm 

(t, 2 H, CH2–COOH), δ 3.05–3.55 ppm (m, 16 H, 8 –N–CH2 (ring)). 
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Scheme 3.5. Modification of cyclam with a pendant carboxylic acid functional group 

3-(4,8,11-tris(tert-butoxycarbonyl)-1,4,8,11-tetraazacyclotetradecan-1-yl)propanoicacid. 

A solution of di-tert-butylpyrocarbonate (Boc2O) (1.5 g, 6.8 mmol) in acetonitrile (5 mL) 

was added dropwise to a solution of 3-(1,4,8,11-tetraazacyclotetradec-1-yl)propanoic 

acid (0.17 g, 0.62 mmol) in water (5 mL) containing NaHCO3 (5 mL of 0.1 M). The 

solution was stirred for 24 h, and the solvent was removed by rotary evaporation. The 

resulting solid was dissolved in 85:15 CH2Cl2:MeOH and purified by flash column 

chromatography using the solvent as the eluant yielding an oil (yield: 8.1%, 100 mg). 1H 

NMR in CDCl3 (Figure 3.31: δ 1.45 ppm (m, 27 H, 9 –C(CH3)3), δ 1.85 ppm (m, 4 H, 2 –

N–CH2–CH2–CH2–N–), δ 2.55 ppm (t, 2 H, CH2–COOH), δ 2.70 ppm (t, 2 H, N–CH2–

CH2–COOH), δ 2.85 ppm (m, 4 H, 2 –N–CH2 (ring)), δ 3.25–3.40 ppm (m, 12 H, 6 –N–

CH2 (ring)).  

O
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Figure 3.30. 1H NMR spectrum of 3-(1,4,8,11-tetraazacyclotetradec-1-yl)propanoic acid 

in D2O 
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Figure 3.31. 1H NMR spectrum of 3-(4,8,11-tris(tert-butoxycarbonyl)-1,4,8,11-

tetraazacyclotetradecan-1-yl)propanoic acid in CDCl3 
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Reaction of [Ru(cyclam)(NO)Cl]2+ with glutathione (GSH) 

It has been suggested that physiological thiols may play a role in release of NO 

from ruthenium nitrosyl complexes in vivo through the formation of a dithiol complex 

and subsequent release of NO [28]. Another possible mechanism involves the direct 

transfer of NO from the metal nitrosyl complex to the thiol forming nitrosyl thiol 

(RSNO). To investigate this mechanism, the reaction of [Ru(cyclam)(NO)Cl]2+ with a 

common thiol GSH was conducted. The reaction between [Ru(cyclam)(NO)Cl]2+ and 

glutathione (GSH) was carried out in assay buffer and under an argon atmosphere 

following the protocol described for the metMb experiment. Assay buffer pH was 

adjusted by adding NaOH or HCl as appropriate. The reaction was initiated by mixing 

[Ru(cyclam)(NO)Cl]2+  (250 nmol) and GSH (2.5 µmol) in the assay buffer. The solution 

was incubated at pH 2–12 for 10, 35, or 60 min. The reaction mixture was then added 

into a solution of acidic triiodide reagent (prepared by mixing KI (2.0 g) and I2 (1.3 g) in 

nanopure H2O (40 mL) and glacial acetic acid (140 mL)) in the NO analyzer. Under this 

condition, GSNO reacts with triiodide (I3
-) forming nitrous acid, which is then reduced to 

NO by potassium iodide [68]. Detection of GSNO was therefore achieved indirectly 

through measurement of NO. A standard curve of integral over time of 

chemiluminescence signal of NO release from nitrite in I3
- reagent was used to calibrate 

the instrument [69]. 

Exposure of [Ru(cyclam)(NO)Cl]2+ to GSH did not produce appreciable amounts 

of GSNO (Figure 3.32), indicating that GSH does not lead to NO release from 

[Ru(cyclam)(NO)Cl]2+. 
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Figure 3.32. GSNO measurement. [Ru(cyclam)(NO)Cl]2+  (250 nmol) and GSH (25 

µmol) was allowed to react at several pH values for 10 min (blue), 35 min (red), and 60 

min (green). GSNO was measured using chemiluminescence detection. The amount of 

NO was calculated from a calibration curve and presented as % NO = moles NO / moles 

[Ru(cyclam)(NO)Cl]2+ × 100. 

Effect of ligand on the reduction of [Ru(cyclam)(NO)Cl]2+ 

The effect of other ligands on the reductive chemistry of [Ru(cyclam)(NO)Cl]2+ 

was studied to determine whether reduction leads to ligand labilization and subsequent 

binding of the added ligand. Binding of pyridine, a strong σ donor ligand, to the complex 

should lead to a shift in the peak potential depending on the relative affinity of pyridine to 

the oxidized and reduced state of the complex. A cathodic shift (towards a more negative 
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potential) would be observed if binding of pyridine to [Ru(cyclam)(NO)Cl]2+ is more 

favorable than to [Ru(cyclam)(NO)Cl]+. In cases where binding of pyridine to 

[Ru(cyclam)(NO)Cl]2+ is less favorable than to [Ru(cyclam)(NO)Cl]+, then an anodic 

shift (towards a more positive potential) is expected) [70]. Addition of pyridine (1000× in 

excess) to the [Ru(cyclam)(NO)Cl]2+ solution in Me2SO did not result in an appreciable 

change in the voltammogram. It thus seems that in the presence of Me2SO, pyridine does 

not bind to the ruthenium complex or it has the same binding affinity to both the oxidized 

and reduced state, if it binds at all. 

 

Figure 3.33. Cyclic voltammogram of [Ru(cyclam)(NO)Cl]2+ (1 mM) in Me2SO 

containing 0.1 M Bu4NPF6 (blue) and with added pyridine (1 M) (red). 
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In addition to pyridine, 4-dimethylaminopyridine (DMAP) was also used as 

ligand. Addition of DMAP (100× in excess) to [Ru(cyclam)(NO)Cl]2+ also did not lead to 

any appreciable change in the voltammogram (Figure 3.34). DMAP is a stronger σ donor 

ligand and should be able to displace Me2SO or chloride and bind to the ruthenium 

complex. However, the lack of appreciable shift in the peak potentials indicates that 

DMAP binding either does not occur or does not lead to NO release. A new irreversible 

reduction peak (Ep −1100 mV) was observed. Further analysis is required to characterize 

the identity of the species that gave rise to this reduction peak. 

 

Figure 3.34. Example of voltammogram of [Ru(cyclam)(NO)Cl]2+ (1 mM) (red) and 

[Ru(cyclam)(NO)Cl]2+ (1 mM) + 4-dimethylaminopyridine (100 mM) (blue) in Me2SO. 
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An NO solution in Me2SO was made by bubbling NO through a NaOH trap twice 

by means of a gas sparger and then into Me2SO containing 0.2 M Bu4NPF6 for 10 min. 

The cyclic voltammogram of NO solution in Me2SO (Figure 3.35) features two 

irreversible reduction processes with a peak potential of −744 and −1259 mV vs. Ag/Ag+ 

(or −895 and −1410 mV vs. Fc+/Fc), and an irreversible oxidation wave at +228 mV vs. 

Ag/Ag+ (or +77 mV vs. Fc+/Fc). The cyclic voltammogram of NO in acetonitrile was 

shown to have two irreversible reduction peaks at −1420 and −1810 mV vs. Fc+/Fc in 

glassy carbon electrode [71]. This difference in reduction peak potential could be due to 

difference in solvent, nevertheless the voltammogram looks similar in both cases, with a 

smaller first reduction wave and a much bigger second reduction peak, both of which are 

irreversible. In the cylcic voltammetry of [Ru(cyclam)(NO)Cl]2+ in Me2SO, no such 

reduction peaks was observed, again indicating the lack of NO release. 
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Figure 3.35. Cyclic voltammogram of an NO solution in Me2SO  

X-ray crystallographic data and structure determination 

Initial images showed significant degradation of the crystal, probably during this 

process, and significant powder rings (Figure 3.36).  Even so, there were single 

reflections visible at high angle, therefore a diffraction data set was collected.  The 

resulting structure is of low quality, because of the poor crystal, and is probably not 

publishable.  The experiment needs to be repeated with more effort to keep the crystal 

from decomposing during mounting and data collection. 
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Figure 3.36. A diffraction image from the crystal 

The metal complex (Ortep-style figure shown in Figure 3.37)  is dimeric.  Each 

Ru is coordinated by one ligand and one chloride ion.  The two Ru ions are bridged by a 

diatomic molecule with an interatomic bond distance of 1.14 Å.  The bridging ligand has 

been built as a dinitrogen, which is most probable, but the diffraction data quality is 

insufficient to rule out oxygen or carbon as one of the atoms in the bridging molecule. 
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Figure 3.37. An ORTEP-style figure. Note by convention principal axes of vibration are 

shown only for anisotropically refined atoms. 

Table 3.3. Fractional atomic coordinates (×104) and equivalent isotropic displacement 
parameters (Å2×103). Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 
Atom x y z U(eq) 
Ru1 1328.9(8) 971.6(18) 845.1(9) 13.9(4) 
Ru2 3663.2(8) -577.2(18) 937.7(9) 15.8(5) 
Zn3 2489.2(13) -4929(3) 3086.1(14) 21.0(6) 
Cl4 178(3) 1558(6) 778(3) 24.3(13) 
Cl5 4829(3) -1097(6) 926(3) 26.7(13) 
Cl6 1750(3) -5986(7) 3777(3) 36.0(16) 
Cl7 3343(3) -4066(7) 3691(3) 34.4(15) 
Cl8 2019(3) -3040(7) 2489(3) 35.7(16) 
Cl9 2851(3) -6561(7) 2306(4) 37.0(16) 
N1 3836(9) 505(18) 33(9) 21(4) 
N4 1108(9) -617(19) 99(10) 23(4) 
N6 3858(11) 1400(20) 1408(11) 38(6) 
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N8 1441(10) 2610(20) 137(10) 25(5) 
N9 1130(10) -670(20) 1530(10) 29(5) 
N10 3530(10) -2610(20) 507(10) 28(5) 
N16 3579(10) -1720(20) 1876(11) 31(5) 
C5 827(12) -1890(30) 1154(13) 29(6) 
C6 1474(10) -530(20) -534(11) 18(5) 
N2 1449(9) 2674(19) 1574(10) 25(5) 
C9 1416(11) 990(20) -882(11) 19(5) 
C11 4141(12) 2350(30) 855(13) 32(6) 
C15 1140(12) -1960(20) 462(12) 27(6) 
C16 1777(12) 2270(30) -505(13) 31(6) 
C20 3786(12) 2050(20) 193(12) 27(6) 
C1 3585(12) -3230(30) 1717(13) 30(6) 
C2 1046(14) 2520(30) 2154(15) 43(7) 
C7 1427(13) 4000(30) 1177(13) 32(6) 
C8 3179(13) -2630(30) -150(13) 35(6) 
C3 3499(13) -1640(30) -674(14) 33(6) 
C13 3451(12) -50(20) -553(13) 29(6) 
C4 757(13) -210(30) 2146(13) 33(6) 
C17 1756(14) 3860(30) 505(14) 42(7) 
C18 3267(15) -3570(30) 1032(15) 47(8) 
C10 3980(15) -1280(30) 2447(15) 45(7) 
C12 4238(12) 1350(30) 2043(13) 30(6) 
C14 3913(14) 350(30) 2581(15) 41(7) 
N19 2231(9) 384(18) 876(9) 18(4) 
C1A 1075(12) 1120(20) 2497(13) 29(6) 
O3 4831(10) -4390(20) 623(11) 53(5) 
O4 364(13) 4650(30) -588(13) 76(7) 
O5 4681(15) -5540(30) 3105(14) 88(8) 
O1 -447(14) -3640(30) 1914(13) 71(7) 
N19A 2746(8) -56(17) 902(8) 11(4) 
 
Table 3.4. Anisotropic displacement parameters (Å2×103). The anisotropic displacement 
factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…]. 
Atom U11 U22 U33 U23 U13 U12 
Ru1 11.3(9) 16.0(9) 14.6(10) -3.3(7) 2.2(7) 0.1(7) 
Ru2 13.5(9) 15.7(9) 18.2(10) 1.9(7) 1.9(7) 0.7(7) 
Zn3 23.7(15) 22.6(14) 16.7(15) -1.3(11) 0.4(11) 1.2(11) 
Cl4 13(3) 30(3) 30(3) -10(3) -1(2) 3(2) 
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Cl5 20(3) 26(3) 34(4) 8(3) 1(3) 2(2) 
Cl6 44(4) 37(3) 27(4) 1(3) 10(3) -17(3) 
Cl7 43(4) 41(4) 19(3) -6(3) -8(3) -3(3) 
Cl8 43(4) 33(3) 32(4) 9(3) -2(3) 7(3) 
Cl9 36(4) 34(3) 41(4) -16(3) 10(3) 0(3) 
 
Table 3.5. Bond lengths 
Atom Atom Length/Å   Atom Atom Length/Å 
Ru1 Cl4 2.425(6)   N8 C17 1.51(3) 
Ru1 N4 2.125(19)   N9 C5 1.49(3) 
Ru1 N8 2.075(19)   N9 C4 1.49(3) 
Ru1 N9 2.07(2)   N10 C8 1.47(3) 
Ru1 N2 2.144(19)   N10 C18 1.46(3) 
Ru1 N19 1.929(18)   N16 C1 1.45(3) 
Ru2 Cl5 2.439(6)   N16 C10 1.44(3) 
Ru2 N1 2.066(18)   C5 C15 1.50(3) 
Ru2 N6 2.09(2)   C6 C9 1.57(3) 
Ru2 N10 2.088(19)   N2 C2 1.41(3) 
Ru2 N16 2.13(2)   N2 C7 1.46(3) 
Ru2 N19A 1.944(16)   C9 C16 1.58(3) 
Zn3 Cl6 2.261(6)   C11 C20 1.51(3) 
Zn3 Cl7 2.254(7)   C1 C18 1.52(4) 
Zn3 Cl8 2.318(7)   C2 C1A 1.47(3) 
Zn3 Cl9 2.281(6)   C7 C17 1.49(4) 
N1 C20 1.48(3)   C8 C3 1.53(3) 
N1 C13 1.48(3)   C3 C13 1.50(3) 
N4 C6 1.45(3)   C4 C1A 1.55(3) 
N4 C15 1.44(3)   C10 C14 1.55(4) 
N6 C11 1.52(3)   C12 C14 1.56(3) 
N6 C12 1.46(3)   N19 N19A 1.13(2) 
N8 C16 1.47(3)         
  
Table 3.6. Bond angles 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
N4 Ru1 Cl4 85.2(5)   C15 N4 C6 116.7(18) 
N4 Ru1 N2 173.7(7)   C11 N6 Ru2 106.0(15) 
N8 Ru1 Cl4 84.8(6)   C12 N6 Ru2 116.6(16) 
N8 Ru1 N4 94.6(7)   C12 N6 C11 115(2) 
N8 Ru1 N2 83.4(7)   C16 N8 Ru1 117.5(15) 
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N9 Ru1 Cl4 90.3(6)   C16 N8 C17 111.8(19) 
N9 Ru1 N4 83.6(7)   C17 N8 Ru1 107.4(15) 
N9 Ru1 N8 174.9(8)   C5 N9 Ru1 109.1(15) 
N9 Ru1 N2 98.0(7)   C5 N9 C4 113.8(19) 
N2 Ru1 Cl4 88.7(5)   C4 N9 Ru1 114.3(15) 
N19 Ru1 Cl4 176.3(5)   C8 N10 Ru2 115.3(15) 
N19 Ru1 N4 91.4(7)   C18 N10 Ru2 108.5(16) 
N19 Ru1 N8 96.9(7)   C18 N10 C8 115(2) 
N19 Ru1 N9 87.9(8)   C1 N16 Ru2 107.6(15) 
N19 Ru1 N2 94.7(7)   C10 N16 Ru2 118.5(17) 
N1 Ru2 Cl5 85.2(5)   C10 N16 C1 116(2) 
N1 Ru2 N6 85.0(8)   N9 C5 C15 107.5(19) 
N1 Ru2 N10 96.9(7)   N4 C6 C9 112.5(17) 
N1 Ru2 N16 174.8(8)   C2 N2 Ru1 113.1(16) 
N6 Ru2 Cl5 89.6(6)   C2 N2 C7 120(2) 
N6 Ru2 N16 94.4(8)   C7 N2 Ru1 105.7(15) 
N10 Ru2 Cl5 86.7(6)   C6 C9 C16 116.2(18) 
N10 Ru2 N6 175.7(8)   C20 C11 N6 108(2) 
N10 Ru2 N16 83.3(8)   N4 C15 C5 113(2) 
N16 Ru2 Cl5 89.6(6)   N8 C16 C9 109.9(19) 
N19A Ru2 Cl5 176.0(5)   N1 C20 C11 109.2(19) 
N19A Ru2 N1 91.0(7)   N16 C1 C18 113(2) 
N19A Ru2 N6 88.8(8)   N2 C2 C1A 116(2) 
N19A Ru2 N10 95.0(7)   N2 C7 C17 113(2) 
N19A Ru2 N16 94.2(7)   N10 C8 C3 112(2) 
Cl6 Zn3 Cl8 110.7(3)   C13 C3 C8 117(2) 
Cl6 Zn3 Cl9 109.3(3)   N1 C13 C3 116(2) 
Cl7 Zn3 Cl6 111.3(3)   N9 C4 C1A 112(2) 
Cl7 Zn3 Cl8 108.2(3)   C7 C17 N8 107(2) 
Cl7 Zn3 Cl9 109.5(3)   N10 C18 C1 110(2) 
Cl9 Zn3 Cl8 107.8(3)   N16 C10 C14 111(2) 
C20 N1 Ru2 106.5(14)   N6 C12 C14 111(2) 
C20 N1 C13 117.8(18)   C10 C14 C12 116(2) 
C13 N1 Ru2 113.5(14)   N19A N19 Ru1 175.2(16) 
C6 N4 Ru1 115.7(14)   C2 C1A C4 119(2) 
C15 N4 Ru1 104.9(14)   N19 N19A Ru2 173.2(15) 
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Table 3.7. Torsion angles 
A B C D Angle/˚  A B C D Angle/˚ 
Ru1 N4 C6 C9 -55(2)   N16 C1 C18 N10 49(3) 
Ru1 N4 C15 C5 42(2)   N16 C10 C14 C12 -72(3) 
Ru1 N8 C16 C9 57(2)   C5 N9 C4 C1A -177(2) 
Ru1 N8 C17 C7 -43(2)   C6 N4 C15 C5 172(2) 
Ru1 N9 C5 C15 36(2)   C6 C9 C16 N8 -70(2) 
Ru1 N9 C4 C1A -51(2)   N2 C2 C1A C4 -72(3) 
Ru1 N2 C2 C1A 51(3)   N2 C7 C17 N8 56(3) 
Ru1 N2 C7 C17 -38(2)   C11 N6 C12 C14 180(2) 
Ru2 N1 C20 C11 44(2)   C15 N4 C6 C9 -179.0(19) 
Ru2 N1 C13 C3 -52(2)   C16 N8 C17 C7 -174(2) 
Ru2 N6 C11 C20 38(2)   C20 N1 C13 C3 -178(2) 
Ru2 N6 C12 C14 -55(2)   C1 N16 C10 C14 -178(2) 
Ru2 N10 C8 C3 54(2)   C2 N2 C7 C17 -167(2) 
Ru2 N10 C18 C1 -38(2)   C7 N2 C2 C1A 177(2) 
Ru2 N16 C1 C18 -33(3)   C8 N10 C18 C1 -169(2) 
Ru2 N16 C10 C14 52(3)   C8 C3 C13 N1 70(3) 
N4 C6 C9 C16 70(2)   C13 N1 C20 C11 172.7(19) 
N6 C11 C20 N1 -56(3)   C4 N9 C5 C15 165(2) 
N6 C12 C14 C10 74(3)   C17 N8 C16 C9 -178.2(19) 
N9 C5 C15 N4 -54(3)   C18 N10 C8 C3 -178(2) 
N9 C4 C1A C2 70(3)   C10 N16 C1 C18 -168(2) 
N10 C8 C3 C13 -70(3)   C12 N6 C11 C20 168(2) 
 
Table 3.8. Hydrogen atom coordinates (Å×104) and isotropic displacement parameters 
(Å2×103) 
Atom x y z U(eq) 
H1 4304 326 -80 25 
H4 640 -475 -29 28 
H6 3425 1818 1529 45 
H8 991 2931 7 30 
H9 1561 -1020 1701 35 
H10 3978 -2976 408 34 
H16 3123 -1524 2029 38 
H5A 351 -1730 1105 35 
H5B 899 -2794 1406 35 
H6A 1312 -1267 -856 22 
H6B 1939 -731 -436 22 
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H2 1907 2591 1748 30 
H9A 947 1235 -921 23 
H9B 1590 916 -1352 23 
H11A 4088 3374 982 39 
H11B 4613 2154 802 39 
H15A 1603 -2241 519 32 
H15B 920 -2711 187 32 
H16A 2234 1995 -405 37 
H16B 1782 3125 -806 37 
H20A 3322 2327 235 33 
H20B 3980 2621 -182 33 
H1A 3353 -3763 2082 36 
H1B 4042 -3577 1712 36 
H2A 589 2703 2012 52 
H2B 1167 3272 2490 52 
H7A 1639 4777 1443 38 
H7B 966 4276 1100 38 
H8A 2722 -2325 -79 42 
H8B 3173 -3623 -331 42 
H3A 3968 -1894 -699 39 
H3B 3305 -1848 -1128 39 
H13A 3595 454 -972 35 
H13B 2987 198 -480 35 
H4A 739 -1010 2477 40 
H4B 304 33 2009 40 
H17A 2228 3683 571 51 
H17B 1702 4755 235 51 
H18A 3353 -4577 906 57 
H18B 2789 -3433 1065 57 
H10A 4442 -1509 2351 54 
H10B 3848 -1813 2862 54 
H12A 4276 2333 2234 36 
H12B 4684 1000 1945 36 
H14A 4105 566 3036 49 
H14B 3443 590 2602 49 
H1AA 870 1230 2952 34 
H1AB 1540 890 2578 34 
H3C 5158 -4677 376 79 
H3D 4936 -4437 1055 79 
H4C -6 5093 -545 113 
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H4D 389 4273 -995 113 
H5C 4614 -6400 3264 132 
H5D 5035 -5191 3288 132 
H1C -372 -4556 1951 107 
H1D -560 -3297 2310 107 
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CHAPTER 4 CONCLUSIONS AND FUTURE DIRECTIONS 

4.1 Conclusions and Future Directions 

Nitroxyl (HNO) has recently emerged as an important pharmacological agent [1]. 

HNO donors have been shown to induce biological effects that are often orthogonal from 

those of NO donors [2]. The pharmacological utility of HNO donors depends on the 

ability to elicit beneficial responses without inducing harmful side effects. Full 

elucidation of the chemical properties of HNO will assist in further development of 

therapeutic potential of HNO donors. The HNO donor Angeli’s salt have been shown to 

induce an oxygen-dependent toxicity [3,4], with a significantly greater magnitude of 

cytotoxicity compared to other reactive nitrogen oxide species (RNOS) such as NO [3]. 

However, the identity of HNO autoxidation product has not been determined. 

The chemical reactivity of synthetic peroxynitrite (ONOO-), HNO or NO- 

autoxidation was compared with a dual purpose in mind. The first is to compare the 

chemistry of HNO and NO- autoxidation, while the second is to compare two 

preparations of ONOO-. 

Differences in the reactivity profile between Angeli’s salt and both preparations 

of ONOO-, particularly in the one-electron oxidation and hydroxylation reactions, 

indicate that the autoxidation of HNO leads to formation of a reactive species that is 

distinct from ONOO-. 

Preparation of ONOO- from nitrite and hydrogen peroxide is a reasonable method 

given the cost and the simplicity of the procedure. However, nitrite contamination and 



 

 

162 

variability in the yield and concentration may impact the chemistry observed. Nitrite have 

been shown to have its own biological activity, rather than being an inert end product [5]. 

A storable and pure sample of ONOO- is desirable in order to fully examine the chemistry 

of ONOO-. Decomposition of IPA/NO (Na[(CH3)2CHNH(N(O)NO], sodium 1-(N-

isopropylamino)diazen-1-ium-1,2-diolate, a pure HNO donor at pH >8 [6]) in an 

oxygenated pH 13 buffer resulted in the formation of ONOO- without contaminating 

nitrite. The decomposition of IPA/NO in an oxygenated pH 13 buffer may provide such a 

sample. 

The identity of the products of HNO autoxidation remains elusive. Further 

exploration into this topic is therefore needed. The use of scavengers for RNOS such as 

N3
- for N2O3, urate for NO2, and GSH for HNO, NO2 and N2O3 [3,7] may provide further 

insight into the chemical reactivity of HNO autoxidation. The product of HNO 

autoxidation may be a different isomer of ONOOH. Direct detection of the isomers of 

ONOOH from HNO autoxidation may be possible using techniques such as IR and 

Raman spectroscopy [8]. 

Nitric oxide (NO) is an endogenous signaling molecule that that is implicated in a 

variety of biological functions and shows potential therapeutic utility [9,10]. Compounds 

that releases elevated NO concentration (>1 µM) have demonstrated anti-cancer activity 

[11-13]. Metal nitrosyl, particularly ruthenium, complexes have been shown to donate 

NO upon photoirradiation or chemical reduction [14-19]. Moreover, these complexes 

have been suggested to catalytically convert nitrite to NO [20]. Given the relatively high 

concentration of nitrite in tissues (0.5 – 25 µM, [21,22]) and the ease at which it could be 
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administered, catalytic donation can provide a mechanism for prolonged and elevated NO 

concentration from ruthenium nitrosyls in treatment of cancer. However, the mechanism 

for NO release by and catalytic potential of ruthenium nitrosyl complexes have not been 

fully explored. The reduction of a ruthenium nitrosyl complex, [Ru(cyclam)(NO)Cl]2+, 

and subsequent reaction with nitrite was studied by UV-Vis, IR, and EPR spectroscopy 

and mass spectrometry. Reduction of [Ru(cyclam)(NO)Cl]2+ by Eu2+ resulted in 

formation of [Ru(cyclam)(H2O)2]2+. Reaction of this aqua complex with nitrite reforms 

the starting [Ru(cyclam)(NO)Cl]2+. Thus, [Ru(cyclam)(NO)Cl]2+ was found to be 

catalytic, and the proposed reuthenium-based catalytic cycle is validated. However, 

surprisingly free NO was not detected, indicating that other nitrogen containing species 

may be formed. This inconsistency in the proposed decomposition pathway of NO 

release prompted further investigation into the reductive chemistry of 

[Ru(cyclam)(NO)Cl]2+ employing electrochemical techniques. Cyclic voltammetry of 

[Ru(cyclam)(NO)Cl]2+ showed two one-electron reductions in water and in 

dimethylsulfoxide (Me2SO). Only the first one-electron reduction is reversible in water 

while both processes are reversible in Me2SO. That the first reduction is reversible even 

in water indicates stability of the one-electron reduced species and that NO release is 

unlikely. Furthermore, the irreversibility in the second reduction in water may be proton-

mediated. Performing cyclic voltammetry at several pHs would provide insight into the 

role of protons on reduction. 
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 X-ray crystallography analysis showed that a dinitrogen dimer complex, 

[(cyclam)2Cl2Ru2(µ-N2)]2+, is formed and provides direct evidence of lack of NO release 

from [Ru(cyclam)(NO)Cl]2+. 

IR spectroelectrochemistry provided insight into the electronic distribution in the 

Ru-NO bond in [Ru(cyclam)(NO)Cl]2+. One-electron reduction resulted in a small shift 

(ΔνNO = -25 cm-1) in the IR stretching frequency of the NO ligand indicating a metal-

centered reduction. Further reduction leads to disappearance of the NO stretching 

frequence and appearance of a peak at 2050 cm-1, which may be due to the N-N stretch in 

the dinitrogen dimer complex. 

 Formation of a dinitrogen dimer complex could result from disproportionation of 

the two-electron reduced species followed by coupling [23]. In the proposed mechanism, 

one of the products of the disproportionation reaction is a ruthenium nitrite. Cyclic 

voltammetry could provide mechanistic details for formation of a ruthenium nitrite 

complex. Bulk electrolysis past the second reduction would provide a sample of the 

reduction product for further electrochemical analysis and characterization through IR 

and NMR spectroscopy. 

Degradation of the crystal was observed during data collection for X-ray 

crystallographic analysis, resulting in low quality data. Degradation may be due to 

instability towards O2, as commonly observed for dinitrogen complexes [24]. The 

stability of the dinitrogen bridged complex needs to be evaluated. The X-ray 

crystallographic experiment needs to be repeated, by preparing the sample under inert 

atmosphere. An IR spectrum of the crystal would also help in clearly assigning the 
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structure for a dinitrogen complex. Repeating the IR spectroelectrochemistry using 15N 

labeling would also aid in the characterization of the reduction product. 
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