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ABSTRACT 

As an important signaling molecule, nitric oxide (NO) contributes to numerous biological 

effects such as vasodilation, angiogenesis and respiration control. The freedom of action for NO, 

however, is limited by its high reactivity which magnifies the role of its molecular counterparts 

such as RSNOs and NO2
- to serve as air stable NO donors. Moreover, the reaction of H2S with NO 

as well as RSNOs and NO2
- leads to the formation of the simplest S-nitrosothiol, thionitrous acid 

(HSNO). 

Inspired by prevalent Lewis acids in biology and their potential effect in NO signaling of 

RSNOs and nitrite, we have synthetically employed redox innocent Lewis acids as models for 

common biologically relevant Lewis acidic sites such as His3Zn+. Our studies indicate that Lewis 

acid (1) coordination redirects signaling output of RSNOs from NO to N2O via forming Lewis 

acid stabilized trans-hyponitrite intermediate LA-ONNO-LA]2- (2) enables the synthesis and 

isolation of unusual nitrite radical dianion [LA-ONO-LA]2- which undergoes N-N bond formation 

and N2O release through its outer-sphere electron transfer to NO and (3) stabilizes SNO- and 

SSNO- anions, and promoting their reactivity with thiols to release N2O and NO, respectively. 
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Chapter I  

RSNOs and Nitrite in NO Signaling 

1.1. Introduction 

Nitric oxide (NO) along with carbon monoxide (CO) and hydrogen sulfide (H2S) form a 

family of endogenous mediators that are classified as gasotransmitters. These gaseous molecules 

are biosynthesized by catalytic enzymatic reactions and act as signals to control a wide range of 

biological functions. Unlike other biological effects which usually require a direct interaction with 

a single specific site, gasotransmitters are capable of transferring their effects to the molecular 

targets which are far from their site of biosynthesis. Importantly, a very short lifetime ranging from 

seconds to minutes is a common feature among these gasotransmitters. Among these molecules, 

NO with the lifetime of about 5 seconds1 is classified as the most sensitive and at the same time 

the most important signaling molecule. Under normal oxygen condition (normaxia), NO is 

generated from amino acid L-argenine by catalytic activity of nitric oxide synthase enzymes (NOS) 

and initiates its signaling effects through multiple pathways in a process generally called redox 

signaling. In a simple way, NO acts as a ligand and coordinates to the iron heme center in soluble 

guanylate cyclase further activating the enzyme to produce cyclic guanosine monophosphate 

(cGMP) from guanosine triphosphate.2 After production cGMP itself acts as a secondary 

messenger to initiate cascade of reactions that finally leads to a control of a classical NO function 

such as vasodilation (Figure 1.1).3 
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Figure 1.1.  The NO cycle in biology. 

 

Although NO is a short-lived species, it can exhibit long-distance effects far from its 

production site particularly thorough conversion to S-nitrosothiols (RSNOs). While the exact 

mechanistic pathways for RSNO formation are not well-known, recent studies suggest N2O3 

generated in blood plasma from the reaction of NO with O2 leads to S-nitrosation of thiols such as 

glutathione and albumin (Figure 1.1).4 Moreover, in red blood cells (RBCs), depending on the 

concentration of O2, NO may interact with the β-cys93 residue of hemoglobin to form S-

nitrosylhemoglobin (SNO-HB), an important post-translational modification connected to health 

and disease.5 RSNOs, as one electron oxidized counterparts of NO, serve as air-stable storage and 

carriers for NO signaling.   

While thiols such as cysteine has long been known to play an important role in NO 

signaling pathways via RSNOs, H2S as the other important gasotransmitter represents a 

revolutionary change in the biological gaseous signaling world.6-7 pKa of 6.9 is most likely to 
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present as deprotonated form (HS-) in biological conditions (pKa = 7.4) with the equilibrium 

H2S/HS- representing H2S in aqueous solutions. H2S
 is endogenously produced in different organs 

from L-cysteine via enzymatic activity of cystathionine β-synthase (CBS) and cystathionine γ-

Lyase (CBS) with a rate in the range of 1-10 pmoles per second per mg protein.8 More 

interestingly, vasodilation and cytoprotection regulated by H2S resemble those controlled by NO. 

While the discreet mechanistic pathways by which H2S affects its signaling targets are not well-

understood, there is a growing body of evidence that involves cross-talk between NO and H2S.7, 9 

More interestingly, several small molecules with potent biological activity have been identified as 

a result of the direct interaction between NO (including its redox siblings RSNOs and NO2
-) and 

H2S.  

Under oxygen deficient conditions (hypoxia) when the oxygen dependent NO synthase 

(NOS) does not function well, nitrite serves as a pool of NO.10 Nitrite present in the blood flow, 

mainly from dietary sources, becomes activated through enzymatic and non-enzymatic pathways 

during metabolic stress. It has been shown that nitrite is capable of regulating mitochondrial 

function in response to oxygen deficient condition: several enzymes serve as nitrite reductases, 

particularity in the mitochondrial respiratory chain. 

 In this review, we seek to provide insights into the signaling roles of RSNOs, including 

simplest RSNOs thionitrous acid (HSNO), as well as nitrite. We will focus on mechanistic pathway 

for their signaling outcomes triggered by transition metal complexes and Lewis acids.  

1.2. S-Nitrosothiols (RSNOs) 

RSNOs as the most important redox siblings of NO play a crucial signaling role in NO 

controlled biological functions.11-12 Unlike NO which is a short lifetime species under oxygen 

saturated conditions, RSNOs are air-stable and thus preserve NO effects for longer times in the 



 
 

4 
 

blood stream. It has been demonstrated that RSNOs induce vasodilatory effects slower than NO 

itself,1 but does so more persistently. The great physiological and pathological importance of 

RSNOs attributed to their facile NO loss due to the modest S-N bond strength (ca 30 kcal/mol). 

RSNOs present either as low-molecular-weight free SNO molecules (S-nitrosocysteine and S-

nitrosoglutathione) or as high-molecular-weight proteins such Hb-SNO. RSNOs concentration is 

tightly regulated within particular biological environments in the range of 28 nM - 7 µM.13 For 

instance, the total RSNO content of human plasma is measured to be  7 µM, 96% of which circulate 

as S-nitrosoproteins.14 In fact, S-nitrosation of proteins is an important post-translational 

modification that is required for regulation of their function.15-16 For instance, S-nitrosation of 

hemoglobin at β-cys93 is essential for modulation of its reactivity towards oxygen, thus required 

for proper blood oxygenation. As indicated by Stemler et al. high-molecular-weight RSNOs are 

more stable than small molecules, possibly due to the steric hinderance around SNO group.1 

1.2.1. RSNO Formation  

Although RSNOs are the major forms of NO delivery compounds in biological media, the 

exact mechanism for S-nitrosation in biology is still matter of debate. Under anaerobic condition 

thiols (RS-H) do not directly react with NO, though the reaction of thiols with an oxidized form 

of NO leads to formation of RSNOs. The simple oxidation of NO with O2  to form the intermediate 

N2O3 has been shown to occur in plasma, urine, saliva and cells (Figure 1.2).17-20 N2O3 is a 

powerful nitrosating agent serving as a source of nitrosonium (NO+) cation and NO2
- in aqueous 

solution. Thus, reaction of N2O3 with thiols has been reported as one possible route for RSNO 

formation in biology.  
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Figure 1.2. Formation of N2O3 as a nitosating agents for S-nitrosation of thiols in biology. 

 

Another way of generating NO+ equivalents in biology is through capture of NO by 

metalloenzymes particularly with heme and copper containing proteins. For instance, NO reacts 

with hemoglobin with a rate that is 5-6 orders of magnitude higher than that of O2.
21 The outcome 

of this reaction is a heme-Fe(III)NO complex which undergoes a charge transfer from NO to iron 

(oxidative activation) to form heme-Fe(II)NO+ susceptible to nucleophilic attack by various 

nucleophiles including thiols to form RSNOs.22 The Cu(II) site in the structure of  ceruloplasmin 

(CP), the most important copper containing enzyme in human plasma, has also been shown to 

interact and oxidize NO leading to a CP-Cu(I)-NO+ complex. CP-Cu(I)-NO+ is electrophilic 

enough to undergo attack by thiols such as GSH to form GSNO (Figure 1.3).23-24 

 

 

 

 

 

 

 

 

Figure 1.3.  RSNO formation catalyzed by ceruloplasmin (CP). 

 

As RSNOs are one electron oxidized form of NO, they potentially can exhibit NO+ 

character depending on the electrophilicity of the R group. In other words, RSNO can act as 

nitrosating agents themselves and can undergo an attack by nucleophiles such as thiolate anions 
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(RS-) to form other RSNOs. This process that is called transnitosation is another proposed pathway 

for RSNO formation in biology. Transnitrosation is a reversible SN2 type reaction in which thiolate 

anion attacks RSNOs with the formation of nitroxyl disulfide intermediate ([RSN(O)SR]- (Figure 

1.4).25 A report by Fabio Doctorovich confirmed the presence of nitroxyl disulfide intermediate 

by means of 15N NMR spectroscopy as well as theoretical calculations.26 Transnitrosation is a 

highly important nitrosation pathway for proteins due to specific structural conformation required 

for protein-protein interaction. Such interactions render selectivity to the transnitrosation of 

proteins enabling the nitrosylation of specific thiol groups.27-28 

 

Figure 1.4.  Transnitrosation reaction via the intermediacy of a nitroxyl disulfide. 

 

RSNO formation under biological condition has also been observed through the reaction 

of nitrite with thiols under specific conditions (Figure 1.5). NO2
- is a one electron oxidized sibling 

of NO which has a much higher basicity than NO itself (the pKa of protonated nitrite HONO is 

3.11),29 thus it may be protonated under physiological conditions of low pH such as the stomach. 

In chemical synthesis protonated nitrite (nitrous acid (HONO)), has been suggested as one of the 

facile methods for synthesis of RSNOs with thiols (RSH) (Figure 1.5). A report by Fukoto 

indicates that the generated nitrous oxide undergoes a rapid dehydration process to produce N2O3, 

a strong nitrosating agent as discussed earlier in this chapter.30 As nitrite is one of the most 

prevalent counterparts of NO in biology, formation of RSNOs via the reaction of thiols and nitrite 

under acidic physiological conditions seems to be reasonable assumption, though the integrity of 

this postulate is yet to be confirmed. 
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Figure 1.5. RSNO formation through the reaction of nitrite and corresponding thiol under 

acidic condition. 

 

Transition metal proteins can also catalyze conversion of nitrite to RSNOs. Studies suggest 

that hemoglobin functions as a S-nitrosothiol (SNO) synthase in the presence of nitrite as a 

substrate. Earlier in this chapter we mentioned Hb-Fe-NO complex as one of the possible  

candidates for nitrosylation of thiols. Stamler et al. show a Hb-Fe(II) efficiently activates nitrite 

towards formation of RSNOs. The data presented in this report suggests the coordination of nitrite 

to Hb-Fe(II) leads to the formation of Hb-Fe(III)-NO as the active intermediate which 

subsequently undergoes the attack by thiols to generate RSNOs (Figure 1.6). 31 

 

 

Figure 1.6. RSNO formation through activation of nitrite with hemoglobin (Hb). 

 

1.2.2. Physical and Chemical Properties of RSNOs 

RSNOs, especially synthetically prepared ones, have been extensively studied through 

several reports and their physical and chemical properties have been very well characterized.32-35 

RSNOs are colorful compounds usually appear as green or pink depending on the nature of the 

organic group: typically aromatic or tertiary RSNOs are green while primary or secondary aliphatic 

ones are pink or red. UV-vis spectra for RSNOs usually show two separate bands including a high 

intensity absorption typically at around 340 nm (ɛ ~ 1000) M-1cm-1 as well as a low intensity band 

in the range of 550-600 nm (ɛ ~ 10 M-1cm-1).36 The latter has usually been used for both for 

characterization and kinetic studies on RSNOs. Computational data suggest that the low intensity 
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absorption arises from 𝑛 →  𝜋 ∗  transition of the SNO group of RSNOs.37 Since the absorption 

energy for this electron transfer increases with elevating electron deficiency of R group hence the 

blue shift trend going from more electron rich aliphatic to aromatic and primary RSNOs can be 

explained.38 

In general, RSNOs are considered as compounds with low stability, but this highly 

dependent on the identity of R group as well as the experimental conditions. Generally, aliphatic 

RSNOs have longer lifetimes than their aromatic counterpart and among the aliphatic RSNOs, the 

one with bulkier R group are even more stable. For instance, tertiary RSNOs such as Ph3CSNO 

are stable enough to be isolated as solid samples and has been characterized by X-ray 

crystallography.33  

RSNOs are known for their facile NO release, a characteristic that is attributed to the 

unusually weak S-N bond with BDE of ca. 30 kcal/mol.12 More surprisingly, despite being long 

the S-N bond in RSNOs has a partial double bond character confirmed by its restricted rotation. 

The rotation around this bond requires ≥ 10 kcal/mol energy and owing to this relatively high 

rotation barrier RSNOs appear as syn and anti conformers (Figure 1.7).33 IR spectroscopy along 

with X-ray crystallography have been an extremely useful methods to determine the S-N and NO 

bond features in RSNOs. The S-N bond is reported to be in the range of 1.76 Å – 1.85 Å which is 

shorter than typical single S-N bonds. On the other hand, the IR stretches for the S-N bond in 

RSNOs fall within the range of 600 – 670 cm-1 indicative of its partial double bond character 

(Table 1.1).33 

 

 

Figure 1.7. Syn and anti-isomers for RNSOs. 
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                Table 1.1. Comparison of IR and X-ray data for RSNOs.33  

Compound  S-N bond length and IR stretch  NO bond length and IR stretch 

Ph3CSNO 1.792 (5) Å; 650 cm-1 1.177 (6) Å; 1514 cm-1   

SNAP 1.762 (3) Å; 670 cm-1 1.206 (3) Å; 1500 cm-1 

MeSNO 1.8653 Å; 625.9 cm-1 1.1746 (3) Å; 1598.7 cm-1 

 

This unusual nature of the S-N bond in RSNOs has inspired the research community to 

develop strategies to explain this puzzling behavior. Timerghazin et al. suggest that the structure 

of RSNOs could be displayed by combination of three resonance structures (Figure 1.8). These 

resonance structures are named as S representing RSNOs with a single S-N bond, D for a 

zwitterionic structure with a double bond S-N and I representing a hyper-conjugated, no-bond 

structure. The latter two structures D and I are antagonistic in nature, underscoring the paradoxial 

behavior of S-N bond of RSNOs which is unusually elongated and weak (ca. 30 kcal/mol) but at 

the same time has a partial double bond character confirmed by its restricted rotation.38-39 Many of  

the chemical properties of RSNOs including their reactivity can be interpreted through these three 

resonance structures.38, 40-41   

 

 

 

 

 

Figure 1.8. Resonance structures of RSNOs represented as S, D and I.    
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According to these resonance forms one could imagine that (i) RSNOs potentially can 

interact with Lewis acids or transition metals through the S, N, and/or O atoms owing to their lone-

pair electrons and (ii) following coordination of a specific atom, one of these resonance forms 

could be preferentially favored. For instance, Lewis acid coordination of O-atom would favor 

structure D where the coordinated RSNO will show partial double character with higher energy S-

N bond stretch. On the other hand, coordination of S-atom would favor structure I where a 

destabilized S-N and stronger NO bonds would be expected (Figure 1.9).  

 

Figure 1.9. Resonance structures of RSNOs represented as S, D and I.    

 

1.2.3. RSNO Activation towards NO Loss  

Although it has been confirmed that RSNOs easily generate NO and disulfide through the 

homolytic cleavage of their S-N bond, this mechanism is unlikely to participate in NO signaling 

under physiological conditions (Figure 1.10). This can be conveyed from the BDE calculated for 

the S-N bond for a few RSNOs, that span the range 20-30 kcal mol-1, corresponding to the 

spontaneous decomposition rate of minutes to years. Thus, uncatalyzed S-N homolysis does not 

likely govern the release of NO from RSNOs under physiological conditions.12, 42-43 On the other 

hand, RSNOs are exposed to various stimuli in biological media including transition metals and 

hydrogen bonding in the structure of proteins, reactive oxygen species and nucleophiles which can 

mediate homolytic and heterolytic decomposition of RSNOs. Although the majority of RSNOs in 

biology circulate as SNO-proteins and protein S-nitrosylation has been a center of high interest 



 
 

11 
 

among researchers, supporting data for the exact locations and the specific effects of surrounding 

residues on the property and reactivity of SNO group is under debate. Adding to the complexity 

of protein S-nitrosylation are specific transformations that occur on the SNO group in some 

proteins, hence directing the signaling outcome of RSNOs.44  

 

Figure 1.10. NO loss from RSNOs.    

 

One way that proteins potentially can regulate the SNO group reactivity is through 

hydrogen bonding. For instance, Mato shows that the S-nitrosylation of cys121 in methionine 

adenosyltransferase (MAT) is controlled by acidic residues, in particular the interaction of 

proximal protonated Asp335 in the tertiary structure of methionine adenosyltransferase (MAT) 

with Cys121 facilitates its nitrosylation and enhances SNO stability further leading to protein 

deactivation.45  

It is important to note that the exact mechanism by which acidic residues influences the 

SNO group stability and reactivity in proteins is yet to be understood. Timerghazin et al. illustrate 

that the reactivity and stability of RSNOs in proteins is modulated by surrounding charged and 

polar residues through computational modeling. They demonstrate proteins may direct the 

reactivity of RSNOs to either by modulating the SNO interaction with charged residues. For 

instance O-atom coordination of RSNOs to LA favors the resonance form D making nucleophilic 

attack on S more favorable (Figure 1.9). More importantly, they suggested protonated lysine 

residue (Lys) may develop hydrogen bonding interaction with all three S, N and O atoms, hence 

favoring D or I resonance forms, directing the nucleophilic attack on S or N atoms, respectively 

(Figure 1.11).46 This might be an indication of the pathways proteins activate the specific atom in 
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SNO group by charged residues to allow targeted transformations on the RSNOs finally 

modulating their signaling chemistry. 

 

Figure 1.11. DFT optimized interactions of truncated Lys and MeSNO models.    

 

The other plausible way that the stability and reactivity of RSNOs may be affected is 

through coordination to the transition metal buried in the active sites of proteins. Iron and copper-

based proteins, in particular, have been shown to influence both formation and denitroslation of 

RSNOs. As discussed earlier in this chapter, NO is oxidized by Hb-Fe(III) center in the presence 

of oxygen leading to the formation of Hb-Fe(II)-NO+ which subsequent nucleophilic attack by 

thiol on N-atom generates RSNOs or in the case of ceruloplasmin (CA) the CA-Cu(II) center 

catalyzes the formation of RSNOs. Furthermore, the catalytic decomposition of GSNO via 

deoxyhemoglobin is reported to release NO and GSH (Figure 1.12).47  

 

 

Figure 1.12. Decomposition of GSNO via deoxyHb.    

 

 

While the effect of non-redox active Lewis acids on the stability and reactivity of RSNOs 

is not very well-studied the interaction of redox active metals with RSNOs has been examined. 

There have been growing body of reports regarding the effect of metal ions on the stability and 
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reactivity of RSNOs. Ubiquitous copper centers in proteins, in particular, have been the center of 

much attention. The decomposition products are NO and corresponding disulfides RSSR. Indeed, 

Williams shows decomposition of RSNOs occurs if the copper(I) cation (Cu+) is present and the 

Copper(II) (Cu2+) is not an effective reagent for decay of RSNOs (Figure 1.13).48    

 

Figure 1.13. Decomposition of GSNO Copper.    

 

As a model for the type 1 copper site present in many multicopper oxidases such as 

ceruloplasmin and ascorbate oxidase, the Warren group has shown reversible formation of RSNOs 

mediated by [CuII]-SR center in the presence of NO (Figure 1.14).49 While reversible binding of 

NO has been documented at the His2Cu-SCys type 1 copper sites, reversible insertion of NO into 

[CuII]-SR to yield [CuI]-N(O)SR adduct via reductive nitrosylation represents a new motif for NO 

signaling at biologically relevant metal centers. Most importantly, RSNO coordinates to the copper 

center via N-atom leading to stronger S-N bond (slightly shorter S-N distance 1.755(4) Å versus 

1.792(5) Å compared to the free S-nitrosothiol Ph3CSNO) that confirms the previous 

computational predictions.50    

 

Figure 1.14. Reversible formation of RSNOs at a copper center.     
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Other examples of transition metal catalyzed formation of RSNOs have been identified as 

well. Fabio Doctorovich shows addition of thiols including benzyl mercaptan, thiophenol, N-

acetyl-L-cysteine and many others, to K[IrCl5(NO)] leads to the formation of corresponding highly 

stable K[IrCl5(RSNO)] adducts (Figure 1.15). This study also shows the N-coordination of RSNOs 

to the Ir center results in a shorter and stronger S-N bond (S-N 1.73 Å, IR νS-N = 778 cm-1)  bond 

consistent with elevated D character for N-bound RSNOs.51-52 

 
 

Figure 1.15. Formation of RSNOs at Ir center.   

 

1.2.4. RSNO Reactivity  

1.2.4.1 Reaction of RSNOs with Thiols  

Both thiols and S-nitrosothiols present as CysSH and CysSNO in the structure of many 

proteins represent ubiquitous functionalities in biology. Considering their function and reactivity 

protein-SNO group have been considered as a possible regulatory mechanism for NO signaling 

pathways.53-54 This reaction has been suggested to take place via nucleophilic attack of the thiol 

on either N or S atoms of RSNOs, leading to two different pathways.40 The former transformation 

identified as trans-nitrosation reaction is a NO+ shuttle mechanism between thiol and RSNOs that 

has been proposed as one of the possible mechanisms for nitrosothiol formation (Figure 1.4). This 

reaction basically transfers SNO group from one molecule to the other. On the other hand, the 

nucleophilic attack of the thiol on the S-atom of RSNOs leads to a completely different pathway 
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as well as products. This reaction yields nitroxyl (HNO), a potent vasodilator, along with 

disulfides. HNO is one electron reduced sibling of NO with complex biochemistry that undergoes 

a rapid dimerization to form N2O and water, therefore N2O has been considered as an indication 

for HNO (Figure 1.16).55-56  

 

Figure 1.16. Formation of HNO from the reaction of RSNOs and thiols.   

 

1.2.4.2. Reaction of RSNOs with H2S  

Traditionally, H2S with its pungent smell of rotten egg has been considered a gaseous 

molecule with strong toxic effects on environmental and health. Recently, it has been suggested 

that H2S is synthesized endogenously and is considered one of the most important sulfur contain 

compounds in biology.57-59 Similar to NO and CO, H2S serves as a signaling molecule to control 

wide ranges of biological functions, including vasodilation, cytoprotection and cytotoxicity.60-62 

Most of the functions that are controlled by H2S are common between the other gasotransmitter 

family members (NO and CO), leading to the idea of interconnectivity between gasotransmitters.63 

The discreet mechanistic pathways to underpin H2S involvement in signaling are, however, under 

intensive research and yet to be fully understood.  

H2S is synthesized through enzymatic processes from L-cysteine via catalytic activity of 

cysteine β-synthase (CBS) and cystathionine γ-lyase (CSE),  the concentration of H2S is tightly 

regulated in various tissues and organisms.57-58 Its important to note that in aqueous solutions H2S 

is in equilibrium with its conjugate base HS-. Owing to its pKa (6.9), HS- will likely be the 

dominant form of H2S under physiological conditions (pH = 7.4).64  The nucleophilic character of 

H2S/HS- makes it an ideal species to regulate NO signaling through its reaction with RSNOs. 

Indeed, the reaction of H2S/HS- with RSNOs is believed to yield smallest S-nitrosothiols, 
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thionitrous acid (HSNO) which has been suggested as a membrane diffusible nitrosating agent for 

proteins (Figure 1.17).65   

 

Figure 1.17. Reaction of RSNOs with H2S to form HSNO.   

 

Unlike RSNOs which are fairly well-understood in biology as well as through chemical 

synthesis, the biochemistry of HSNO including its routes of formation, signaling pathways and 

pathophysiological effects are still very much unknown. Adding significant complexity, the 

chemical and physical properties of HSNO are extremely challenging to study in vitro and through 

chemical synthesis mostly due to its half-life of few seconds at pH = 7. Thus, many reports have 

studied HSNO computationally to understand the properties and reactivity of this illusive 

molecule. 

1.3. Physical and Chemical Properties of HSNO/SNO- 

HSNO is the simplest RSNOs with properties and reactivity patterns which are drastically 

different from those of regular RSNOs. This is due to presence of hydrogen rather than R group 

which makes HSNO capable of diffusing through cell membranes in biology due to its small size.66 

Moreover, the rapid movement of H+ between SNO group in this illusive molecule makes it 

incredibly reactive, rendering its studies highly complex and challenging thus most of its 

physiochemical behavior is still to be uncovered. Most studies have utilized low temperature and 
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inert atmosphere conditions to generate HSNO.67-69 Recently, McCarthy and co-workers have 

generated HSNO from the reaction of highly diluted H2S and NO in neon as a buffer gas and via 

Fourier transform microwave (FTMW) spectroscopy obtained accurate geometrical properties for 

both cis and trans conformers (Figure 1.18). According to the observation made in this study, 

trans-HSNO with a S-N bond length of 1.852 Å seems to be more reactive than cis-HSNO with 

S-N bond of 1.834. While both cis and trans forms are readily produced, the trans-HSNO is 

populated 5 times more than the cis form. Owing to the relatively higher rotation barrier (6.7 

kcal/mol-1) cis-trans conversion is unlikely to take place in the gas phase.70 (the rotation barrier 

for RSNOs is 10 kcal mol-1). 

 

Figure 1.18. Cis (top) and trans-HSNO (bottom), the figure is taken from Ref. 70 without 

permission.    

 

 The S-N bond length in both cis and trans HSNO is longest ever reported for RSNOs, 

rationalizing the highly reactive nature of HSNO. NO stretching frequencies for cis and trans 

HNSO appear at 1570 and 1596 cm-1 which fall in the range of NO stretches for RSNOs (1500-

1600 cm-1).68 Even though the gas-phase properties of HSNO are well-established, the solution 

behavior of this molecule that includes its solubility, pH and reactivity are essentially unknown.   

The deprotonated form of HSNO, however, has been isolated and characterized.  Seel and 

co-workers were able to synthesize and crystalize SNO- with PNP+ ([PNP][SNO]) (PNP = 
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[Ph3P=N=PPh3]
+) which shows the S-N and N-O bond lengths at 1.695(4) and 1.214(5) Å, 

respectively.71 By conducting computations using a high level of theory, Qadir Timerghazin 

calculated HSNO behavior under physiological conditions. The computation results indicate S-N 

bond length for cis and trans-HSNO are at 1.842 and 1.858 Å, respectively.66 This is in agreement 

with the experimentally measured S-N bond length for cis and trans-HSNO. Intriguingly, the data 

obtained in this study suggests HSNO can be tautomerized in solution to yield two other isomers 

(Figure 1.19). These isomers are the result of labile H+ movement via water assisted proton transfer 

between SNO group of HSNO. HSNO isomerization involves formation of Y-isomer (SN(H)O) 

which is 4.7 kcal/mol higher in energy  

 

 Figure 1.19. HSNO isomerization.     
 

relative to trans-HSNO. Their calculation suggested the generation of the Y-isomer may be viable 

under physiological conditions and it may react with H2S to yield HNO (Figure 1.20).66    

 

Figure 1.20. Proposed HSNO reaction with H2S.       
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1.3.1. Physiological Importance of HSNO/SNO- 

As discussed earlier, HSNO is a key molecule proposed to connect the signaling pathways 

of NO and H2S as a result of the crosstalk between these important molecules. While the known 

reactivity pathways for RSNOs that include NO loss, thiol nitrosation, and HNO formation may 

also be shared with HSNO, the biochemistry and metabolic fate of HSNO turns out to be much 

more complex. Reports indicate HSNO is the precursor to multiple other species that are key in 

NO signaling and thiol trafficking pathways. Indeed, once produced, HSNO initiates a cascade of 

chemical reactions including, but not limited, to self-decay, reaction with thiols or H2S, to yield 

NO, HNO, N2O, SSNO- and so many others (Figure 1.21).  Its important to mention that the 

reactivity and the nature of the products generated in HSNO reactions is still controversial and 

current reports provide contradictory results in most of the cases. Herein, we discuss the data that 

appear in different reports in an attempt to develop an understanding of its reaction pathways.  

 

Figure 1.21. Proposed pathways for HSNO formation and decomposition.  

 

1.3.2. Nitrosation by HSNO/SNO- 

HSNO emerges as the missing molecule for the long standing mystery of the nitrosation 

mechanism in biology, as a membrane diffusible NO+ shuttling species capable of nitrosating 

proteins inside and outside of the cells. Ivanović et al. observed that HSNO generated inside a 

dialysis bag led to S-nitrosation of bovine serum albumin as well as hemoglobin in outer solution 

indicating membrane diffusible character of HSNO.72 Elevation of tissue S-nitrosothiols content 

during NaSH treatment of cardiac ishchemia has been also attributed to HSNO.73 The detailed 
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mechanisms by which HSNO nitrosates proteins by diffusing through cell membrane is under 

investigation and remained to be solved.  

1.3.3. Decomposition Products of HSNO/SNO-, NO or N2O? 

The other possible signaling pathway that HSNO may exhibit under biological conditions 

is self-decomposition to release NO. This phenomenon due to intrinsic instability of HSNO seems 

to be highly possible.  Determining the products of HSNO decomposition will be, however, quite 

challenging as the current methods do not enable isolation of HSNO. Since HSNO has always 

been generated in situ mixed with other reactant and products, identifying decomposition products 

is not straightforward. Ivanović et al. generated HSNO in situ from the reaction of GSNO and H2S 

and simultaneously detected NO using an amperometric monitoring technique. The precipitation 

of S8 was also observed in HSNO decomposition. The authors claimed that NO release was the 

consequence of HSNO homolysis.72 This observation is, however, highly controversial because 

the exact source of NO gas was simply speculated to be HSNO while other metabolic products of 

HSNO such as HSSNO/SSNO-, species that is also suggested to form in the reaction of RSNOs 

and H2S, might also be present and could potentially generate NO. In particular, the same group 

have calculated unbelievably elongated (1.953 Å) and weak S-N bond (16 kcal/mol-1) for HSSNO 

making it more facile NO donor than HSNO.74 Moreover, N2O gas also was detected in this 

reaction which assigned to form from HNO that forms in the reaction of HSNO and H2S (Figure 

1.22). While we cannot exclude formation of N2O from HNO generated in this reaction (Figure 

1.22), HSNO also could release N2O via self-decomposition. This may not seem implausible due 

to the presence of mobile hydrogen in HSNO structure and the fact that it could undergo facile 

isomerization to form three other species including the Y-isomer (Figure 1.19).  
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In a recent report, Sadighi and co-workers observed addition of NO+ to the copper(I) 

complex [NHC]Cu-SH yields N2O. They proposed HSNO forms and releases N2O along with S8 

upon decomposition.75 This is in analogy by Warren’s report of addition of NO+ to the related 

[NHC]Cu-SR complexes that generates RSNO.76 

 

Figure 1.22. Proposed routes for HNO formation in the reaction of RSNO and H2S.       

 

While its essential to have more data to definitely assign the decomposition products of 

HSNO, current reports identify that HSNO is most likely a N2O donor rather than a NO donor 

under many reaction conditions (Figure 1.23).  

 

Figure 1.23. Suggested HSNO decomposition. 

 

1.3.4. Reaction of HSNO/SNO- with H2S, HNO and HSSNO/SSNO-? 

As discussed for the reaction of RSNOs with thiols which proceeds through both S-

thiolation (RSSR and HNO) or S-transnitrosation pathways (Figures 1.4 and 1.16), the reaction of 

HSNO with H2S could potentially occur in the same manner. Nucleophilic attack of H2S on the S 

atom of HSNO leads to formation of HNO as reported in several studies.72 66 Ivanović et al. have 

shown HSNO produced from mixture of GSNO and H2S further reacts with H2S to yield HNO. 

By employing DFT calculation they ruled the possibility of HNO formation from GSNO and H2S 

and attributed the released HNO to the reaction HSNO and H2S.66 McCarthy and co-workers 

characterized HSNO at room temperature and noticed that the addition of extra H2S to the reaction 
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vessel led to disappearance of HSNO and concomitant formation of N2O. By isotopic labeling of 

the reactants they suggested that N2O was generated from the reaction of HSNO and H2S.70        

Hydrogen disulfide (HSSH) is the other product that has been suggested to form in the reaction of 

HSNO and H2S. HSSH is unstable species under highly acidic conditions but in higher pH it can 

be deprotonated to make hydrodisufide anion (HSS-).77 Feelsih et al. have suggested that HSS- is 

strong nucleophile and can undergo further reaction with a nitrosating agent (RSNO, HSNO or 

N2O3) to form HSSNO/SSNO- species (Figure 1.24).78  

 

 

Figure 1.24. Proposed mechanism for the direct reaction of H2S and NO. 

 

1.3.5. HSSNO/SSNO- 

Perthionitrite (SSNO-) recently has been introduced as another important species to the 

network of NO signaling and thiol-trafficking pathways. Initial thoughts on SSNO-  date back to 

1985 when Seel et al. synthesized the [PNP]SSNO (PPN = bis(triphenylphosphine)iminium) salt 

under strict aprotic and anaerobic conditions.71 Later on, with the emergence of HSNO as the 

intermediate species between NO and H2S, SSNO- has been considered one of the important and 

stable metabolic products of HSNO. The exact mechanism of formation, reactivity and biological 

relevance of SSNO-, however, are not very well-stablished and still remain controversial.  

The spectroscopic features of SSNO- anion have been intensively studied using its 

bis(triphenylphosphine)iminium (PNP) salt. The S-N and NO bond lengths SSNO-  anion are at 

1.696(3) and 1.246(3) Å, respectively. The S-N bond length in this anion is comparable to that of 
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typical RSNOs but much shorter than HSNO. This is in agreement with its higher stability. The 

vibrational frequency for NO stretch of SSNO- is a broad band centered at 1300 cm-1. This value 

is much lower in comparison with the NO stretch found in typical RSNOs (1500-1600 cm-1), 

implying to the negative charge on the sulfane sulfur more distributed over the SNO group of the 

molecule.71, 74   

SSNO- is an orange/yellow species with UV-vis absorption that strongly depends on the 

nature of the solvent. When dissolved in aprotic solvents such as acetone it shows a band centered 

at 448 nm with extinction coefficient of 3125 M-1cm-1. In protic solvents this band blue shifts to 

412 nm.74  

The electrochemical behavior of SSNO- has also been studied and it reveals both reductive 

and oxidative characteristics of this anion. The voltammogram of SSNO- shows two irreversible 

reduction waves centered at −0.20 and −0.76 V vs SHE in acetone and two irreversible oxidation 

waves appear at +0.62 and +1.15 V. The reduction peaks have been assigned to one electron 

reduction of SSNO- and NO gas. The oxidation waves correspond to one electron oxidation of 

SSNO- to SSNO• radical decays to release NO gas (Figure 1.25).74 

 

 

Figure 1.25. SSNO-  anion electrochemistry.        
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1.3.6. Decomposition Products of HSSNO/SSNO-, NO or N2O? 

The stability and decomposition products of SSNO- anion have been controversial and the 

data presented in the related reports are contradictory. Ivanović et al. have shown that the SSNO- 

anion is highly unstable in protic solvents such as water and rapidly decomposes to HNO and S8.
74 

The same transformation is catalyzed by exposure of the molecule to the light. They argued that 

in protic solvents SSNO- is protonated on the terminal sulfur (calculated pKa’s = 0.2 for cis-

isomers)79 to form conjugate acid HSSNO. Computational studies performed in the same report 

suggested that HSSNO is even more reactive than HSNO with the S-N bond length and 

dissociation energy of 1.953 Å and 16 kcal/mol.74 The elongated and weak S-N bond may render 

HSSNO prone to hemolysis to generate NO gas rather than N2O.  

One the other hand, Feelish and co-workers have indicated that SSNO- is stable under basic 

aqueous conditions but acidification leads to its immediate decomposition with concomitant 

release of NO gas and formation of polysulfides that finally precipitate as S8 (Figure 1.26).78  

 

Figure 1.26. SSNO-  decomposition proposed by Feelish et al.78      

 

Moreover, Pluth et al. have also described NO and S8 as the decomposition products of 

SSNO-.80 While SSNO- appears quite stable species in aprotic solvents under basic conditions, 

however, protic solvents and acidic condition leads to its protonation to HSSNO. We suggest that 

due to its extremely weak S-N bond HSSNO is prone to homolysis, thus the decomposition 

products will be NO and S8 but this need to be supported by future explorations (Figure 1.27).  
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Figure 1.27. SSNO-  decomposition to release NO.      

 

1.3.7. Possible Reported Routes for HSNO Formation in Biology  

1.3.7.1. Direct Reaction Between NO and H2S 

One of the proposed pathways for generation of HSNO in physiological conditions is the 

direct interaction between NO and H2S, though the mechanism as well as the reaction products of 

this reaction produce much debate.65, 81 It is important to note that the rate of this reaction, however, 

is possibly too low to occur under biology relevant conditions highlighting the necessity of a 

catalyst such as O2 or transition metal complexes. In one of their studies, Ivanovic-Burmazovic 

and Filipovic indicated that the direct interaction between NO and HS- to form HNO and S•- is 

thermodynamically unfavorable process (ΔrxnG°′= +142 kJ mol−1),65 providing further evidence 

for catalyst requirement to oxidize NO before its reaction with H2S (Figure 1.28).  

 

Figure 1.28. Direct one-electron transfer from HS- to NO to form HNO.       

 

  HNO is claimed in a few studies to be the direct outcome the reaction between NO and 

H2S but the integrity of such conclusion is controversial.82While we cannot exclude the formation 

of HNO as one of the intermediates in the course of this reaction, but we strongly believe that 

HSNO is the first species formed, subsequently decaying to yield HNO as one of the products 

which finally dimerizes tor release N2O and water. This hypothesis can be supported by the 

collective observations from reported studies below: 
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(a) McCarthy et al. have recently reported that mixing of NO and H2S at room temperature 

does not provide any product unless a metallic surfaces is present. They observed formation of 

HSNO and proposed the N2O3
 formation from oxidation of NO on the metallic surface is 

responsible for generation of HSNO.70 On the other hand, reports by Dunnicliff as well as 

Kurtenacker show after mixing of NO and H2S, the solution becomes orange which then fades to 

become colorless. They concluded that N2O, water and S were the reaction products.83-84 Now the 

question is what species gives the orange color to the solution?     

(b) Feelish and co-workers have demonstrated NO and H2S react under both anaerobic and 

aerobic conditions to yield a specific main product SSNO- as stable yellow species. They noticed 

the formation of multiple other products including HNO and N2O.85 Interaction of NO with H2S 

to form SSNO- under completely anaerobic conditions is however less likely as indicated by 

Pluth80 possibly due to low kinetic (10-14 M-1 s-1) estimated by Koppenol and Bounds.86 

Furthermore, the data presented in another report by Feelish et al. reveals highly reactive HSNO 

is in fact the precursor for relatively stable HSSNO/SSNO-, giving stronger evidence for generation 

of HSNO as the direct outcome of the interaction between NO and H2S under aerobic conditions. 

They have proposed that HSNO further reacts with H2S to yield HSSH/HSS- which in the presence 

of a nitrosating agent (N2O3 or RSNOs or HSNO) generates HSSNO/SSNO- as more stable yellow 

species.78 Thus, HSNO is the immediate product formed in the reaction of H2S and NO. HSNO is 

releasing HNO either by its reaction with H2S or via self-decomposition as described by Sadighi.75 

considering this body of evidence, it may not be implausible if we frame the following network of 

reactions for the interaction of NO and H2S (Figure 1.29). 
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Figure 1.29. Proposed mechanism for the direct reaction of H2S and NO based on literature 

findings.     
 

 

1.3.7.2. Reaction of H2S with RSNOs  

Previously in this chapter, we explained the effect of thiols as nucleophiles to react with 

RSNOs. Similarly, H2S also has been witnessed to interact with RSNOs to generate a cascade of 

chemical species starting from HSNO. In fact, the reaction of RSNO with H2S has been explored 

by several authors and in spite of the fact that they generally agree on generation of HSNO and 

HNO as the immediate products, the presence of other products such as HSSNO/SSNO- in this 

reaction remains controvercial.65, 81 As the front runners in the field, Ivanovic-Burmazovic and 

Filipovic have done intensive studies and they have shown HSNO, in particular its syn form, is 

created from the reaction of GSNO and H2S (Figure 1.30). Mixing equimolar amount Na2S with a 

buffered solution of GSNO led to an immediate color change to yellow. They studied this reaction 

by means of different spectroscopies including ESI-TOF mass spectrometry, IR, 15N NMR and 

UV-vis. By following this reaction by UV-vis spectroscopy they noticed that the decay of GSNO 

band at 334 nm accompanied by growth of a transient band at 320 nm and simultaneous emergence 

of a band at 412 nm. The band at 320 enhanced by increasing the H2S/GSNO ratio and reached its 

maximum in 1 min. Moreover, the band at 412 nm remained stable long after the 320 band 

disappeared. On the basis of pioneering works by Seel71 (reported PNP+SNO- UV-vis band at 320 
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nm) as well as the evidences obtained from their own studies, the transient band at 320 was 

unambiguously assigned to HSNO. They, however, excluded the formation of SSNO-  in this 

reaction and attributed the yellow coloration (band at 412 nm) to polysulfides HSn
-.71 They 

suggested that HSNO further reacts with H2S to directly yield polysulfides and HNO that is 

dimerizing to release N2O.  

Subsequent reports, however, provide stronger evidences for generation of SSNO- as the 

stable yellow product (optical band at 412 nm) in the reaction of H2S and RSNOs. Feelish et al. 

have found that HSNO is the direct precursor for HSSNO/SSNO- and by means of UV-vis and 

mass spectrometry data have confirmed the presence of SSNO-. 85, 87 Moreover, pioneering studies 

by Seel and Williams71, 88  had already suggested SSNO- might form as stable yellow species in 

the reaction of RSNOs with H2S.  On the basis of current evidences, we also believe HSNO as the 

first species created in the reaction of RSNO and H2S that serves as a precursor for the formation 

of HSSNO/SSNO- and HNO.       

 

Figure 1.30. Proposed mechanism by Ivanovic-Burmazovic and Filipovic for the direct 

reaction of H2S and RSNOs.  

 

It is important to note that the stability of HNSO/SNO- as well as HSSNO/SSNO- strongly 

depends on the pH and type of the solvent. To the best our knowledge, the pKa’s for these species 

are not known yet but has been computationally estimated to be around 3.5 for HSNO.65 The 

deprotonated form of these compounds, that is SNO- and SSNO- are more stable and they tend to 

last longer in aprotic solvents. 71, 74 The HSNO and HSSNO produced in the reaction of H2S with 
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RSNOs will likely be in equilibrium with their conjugate bases SNO- and SSNO-. Thus partial 

protonation will cause their rapid decay to their subsequent species.79 Hence the stable products of 

the reaction between H2S and RSNOs will be N2O (from HNO dimerization), NO and HSS• (from 

HSSNO decomposition) and S8 extruded from HSS• decay (Figure 1.31).  

 

 

Figure 1.31. Proposed mechanism for the direct reaction of H2S and RSNOs based on 

literature findings.     

 

 

1.3.7.3. Reaction of H2S with Acidified Nitrite  

As indicated in the Figure 2.32, the reaction of acidified nitrite with H2S is framed as one 

of the possible pathways for HSNO generation in biology, although under neutral pH this reaction 

does not seem to occur.89 While the presence of  highly acidic condition does not generally in 

biology, there are specific tissues and organs such as stomach with lower pH where nitrite may be 

protonated. Ivanovic-Burmazovic and co-workers report the reaction of H2S with acidified nitrite 

leads to immediate color change to brown followed by decoloration and S8 precipitation. They 

observed and confirmed the existence of HSNO in this reaction by means of ESI-TOF-MS.  

According to the proposed mechanism the acidified nitrite (HNO2) generates N2O3 by dimerization 
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and dehydration steps. N2O3 subsequently undergoes the reaction with H2S to trigger HSNO 

formation (Figure 1.32).72 

 

Figure 1.32. Proposed mechanism for the reaction of H2S with acidified nitrite.     

 

1.3.8. HSNO Transition Metal Complexes 

The coordination chemistry of HSNO has recently attracted greater attention owing to the 

postulated effects ascribed to HSNO in modulating NO signaling pathways as well as protein 

functions in biology. Current data to explain the effect of transition metal coordination on the 

stability and reactivity of HSNO, however, is sparse and evidence for metal coordinated HSNO 

moieties is rare. Initial consideration of metal coordinated HSNO species involved the observing 

the inhibitory effect of H2S on SNP-induced (SNP = sodium nitroprusside) relaxation of isolated 

aorta rings.90 Unlike the preliminary studies that considered SNP ([Na2[Fe(CN)5(NO)]) as a NO 

donor drug,91 the recent evidence supports its NO+ character.92 Low molecular weight thiols are 

suggested to stimulate NO-donor ability of SNP via formation of iron-RSNO adduct. Once formed 

RSNOs could undergo facile NO loss, restoring the typical vasodilatory effect of SNP.93-94 Similar 

reactivity could be framed for H2S as one of the prevalent nucleophiles in biology. Recently Olabe 

and Ivanovic et al. have thoroughly explored the reaction of H2S with SNP and both group agree 

on the formation of [(CN)5Fe(N(O)SH)]3- as the initial transient product.89, 95-96 In particular, 

Ivanovic et al. have confirmed the existence of [(CN)5Fe(N(O)SH)]3- and subsequent products by 

means of ESI-TOF MS, 15N-NMR, UV-vis and FT-IR spectroscopies. They observed that addition 
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of H2S to SNP leads to the rapid formation of an intermediate with an absorption maximum at 535 

nm (assigned to [(CN)5Fe(N(O)SH)]3-) which rapidly converted to a final blue species with an 

absorption maximum at 575 nm. They ascribed the band at 575 nm to  [Fe(CN)5−x(SCN)x(H2O)]3− 

complexes. Its argued that the intermediate [(CN)5FeN(O)SH]3- rapidly reacts with H2S to generate 

[(CN)5Fe(HNO)]3− species which undergoes attack by polysulfides HS2
- to yield the final product 

[Fe(SCN)5(H2O)]3−  along with N2O. On the basis of the overall observations, they have presented 

the following mechanism for this reaction (Figure 1.33).89  

 

Figure 1.33. Proposed mechanism for the reaction of H2S with SNP in aqueous solution 

buffered at pH=7.4.89     

 

On the other hand, in 2015 Wu et al. further investigated this reaction and proposed an 

alternative mechanism. Based on the obtained results, they argue that the red-violet intermediate 
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(band at 535 nm) is [Fe(CN)5(N(O)S)]4- and the stable blue (band at 575 nm) belongs to 

[Fe(CN)5(N(O)SS)]4-. The following mechanism is proposed in this report (Figure 1.34).79 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.34. Proposed mechanism for the reaction of H2S with SNP in aqueous solution 

buffered at pH=7.4.79    

 

In the recent review on the direct interaction of NO and H2S, Ivanovic et al. oppose this 

mechanism by arguing that (i) it is not in agreement with the data provided to support the existence 

of  [Fe(CN)5(N(O)SS)]4-, (ii) HS2
- is less likely to form in the presence of excess HS-, and (iii) 

more importantly, on the basis of computational studies its highly unlikely that SSNO- could exist 

coordinated to a transition metal.65 

Van Eldik and coworkers have introduced another platform for generation of illusive M-

HSNO complexes. They realized that RuIII(edta) complexes could catalyze the reaction of NO and 

H2S towards the formation of HSNO/SNO species. The addition of HS- to the aqueous solution of 

(edta)RuIII(OH) complex in the presence of O2 resulted in a rapid formation of 

[(edta)RuIIISSRuIII(edta)]4−. The subsequent exposure of  [(edta)RuIIISSRuIII(edta)]4− to NO gas 
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under argon atmosphere yields (edta)RuII(SNO) (Figure 1.35). The presence of  (edta)RuII(SNO) 

was confirmed by ESI-MS, FT-IR and EPR.97   

 

 

 

 

 

 

 

 

 

Figure 1.35. Formation of disulfido complex [(edta)RuIII-S-S-RuIII(edta)]4- which reacts 

with NO to give [(edta)RuIII(SNO)]2−. 
 

Another example for complexation of HSNO on transition metals have been observed in 

iron-heme complexes. The reaction of H2S with nitrite takes place under acidic conditions with an 

intermediate formation of HSNO. This is specific to compartments and organelles which 

inherently are acidic but under physiological pH is too slow to occur.98 It has been observed that 

in mitochondria (physiological pH) the reaction of nitrite and sulfide show a strong HNO signal. 

It is believed that heme proteins which are abundant in mitochondria show H2S-facilitatded nitrite 

reductase activity.99 As a model for heme proteins, Ivanovic-Burmazovic, Filipovic and colleagues 

employed iron-porphyrin complexes [Fe3+(P)] to investigate their stimulatory effect on the reaction 

of sulfide and nitrite. This reaction has been shown to progress with an intermediate formation of 

FeII(P)(HSNO). They demonstrated that under anaerobic condition once nitrite and H2S combined, 
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a rapid reaction takes place upon addition of  [Fe3+(P)] to form [Fe2+(P)(NO)]  possibly via (A) 

operation of O-atom transfer (OAT) or (B) reductive nitrosylation pathways. In pathway A which 

occures with excess nitrite, the reaction begins with coordination of nitrite to [Fe3+(P)] followed 

by OAT to HS- to make HSOH and [Fe2+(P)(NO)]. In the presence of excess sulfide, the reduction 

of [Fe3+(P)] by HS- occurs to form [Fe2+(P)] which subsequently reduces nitrite to generate 

[Fe2+(P)(NO)]. The further nucleophilic attack by HS- on N atom of [Fe2+(P)(NO)], a complex 

with NO+ character, generates [Fe2+(P)(HSNO)] thee presence of which was confirmed by 

cryospray ESI-MS (Figure 1.36).65, 99  

 

Figure 1.36. Proposed mechanism for the reaction of H2S with nitrite catalyzed [Fe3+(P)] in 

aqueous solution buffered at 7.4. taken from ref. 65 without permission.     

 

Thiols or H2S could mediate formation of RSNOs or HSNO from nitrite via enzymatic or 

non-enzymatic pathways, one of the possible routes for conversion of nitrite to more facile NO 

donors under oxygen deficient conditions.  
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1.4. Nitrite, the Main Source of NO Under Hypoxic Conditions  

Nitrite as one of the air stable vascular reservoir of NO plays an important role in 

modulating NO-controlled functions predominantly under oxygen deficient conditions when the 

traditional NOS-derived pathways do not function.100-101 Circulating nitrite in the blood flow 

originates from reduction of nitrate which is introduced to the blood flow mainly from dietary 

sources. The reduction of nitrate to nitrite takes place by symbiotic bacteria typically residing in 

salivary glands via catalytic activity of specified nitrate reductase enzymes.102 The produced nitrite 

in saliva is then transferred to the stomach where it could be either absorbed to the blood flow or 

is converted to NO under highly acidic condition.103 Under highly acidic condition of stomach 

nitrite could be protonated to form nitrous acid (HNO2), conjugate acid of NO2
- with a calculated 

pH of 3.1. Once HNO2 is produced it can undergo a dehydration process to form N2O3, a potent 

nitrosating agent, which could either release NO and NO2 gases via disproportionation or nitrosate 

thiols to form RSNOs.104  This demonstrates a non-enzymatic pathway for conversion of nitrite to 

NO or RSNOs which could take place under acidic conditions (Figure 1.37).  

 

Figure 1.37. Conversion of NO2
- to NO under acidic conditions.      

 

  Nitrite present in the circulation is taken up by cells where it enters the mitochondrion 

electron transport chain and subsequently reduced to NO, the traditional vasodilator. It is important 

to note that the reduction of nitrite to NO is, however, a relatively unfavorable process under 

physiological conditions. The reduction potential of nitrite under acidic conditions is 0.99 V vs 

NHE and drops to 0.37 V at neutral pH.105 Mitochondria represents the targeted cell compartment 
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for most of the established processes related to NO signaling pathways.106 This is mainly due to 

the abundance of heme proteins which mediate highly important transformations in NO biology, 

further regulating mitochondrial function in health and disease. For instance, in the situation of 

hypoxia, NO binds to cytochrome c oxidase, the terminal electron acceptor in the mitochondrial 

electron transport chain, further diverting oxygen to non-respiratory targets.107 The reduction of 

nitrite to NO under less acidic conditions is believed to be facilitated by different enzymes in 

mitochondria as the nitrite reductase (NiR) functionality of numerous components of respiratory 

chain has been confirmed.108-109 The overall rate of nitrite reduction by mitochondrial enzymes is 

dependent on number of factors including oxygen tension, local pH and redox status. Since nitrite 

is less potent vasodilator than NO itself, relatively high concentrations of nitrite are essential for 

its effective vasodilatory function.110 The concentration of nitrite varies in different cells and 

tissues depending on their involvement in vasorelaxation. For instance, the reported nitrite content 

of human lungs and plasma are 152 and 0.45 µM, respectively.111-112 

1.4.1. The Reduction of Nitrite by Heme Proteins  

The family of heme proteins including hemoglobin (Hb) and myoglobin (Mb) are the most 

common enzymes to catalyze reduction of nitrite to NO in an oxygen independent manner. The 

main function of these enzymes is oxygen transportation in the blood but in low pressure of oxygen 

they are loaded by nitrite or NO instead and show nitrite reductase activity.102 

The reduction of nitrite by hemoglobin is initiated by coordination of nitrite, a strong 

nucleophile, to the ferrous iron center followed by inner-sphere electron transfer step to release 

NO (Figure 1.38).  

 

Figure 1.38. Conversion of NO2
- to NO catalyzed by Hb.     
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The chemical activation of nitrite by metalloenzymes is pictured to take place through two different 

binding modes: oxygen-bound (nitrito) and nitrogen coordinated (nitro), though the latter is 

favored by heme metalloenzymes.105 On the other hand, the distal histidine in the vicinity of active 

site metmyoglobin and methaemoglobin stabilizes the bound nitrite through hydrogen bonding. 

The effect of this intramolecular interaction strengthens once nitrite binds through the oxygen 

atom. The mutation of this distal histidine has led to decrease in NiR activity (Figure 1.39).113    

 

 

 

 

 

 

 

 

 

 

Figure 1.39. Reduction of nitrite by heme based proteins.  

 

The rate of nitrite reduction by heme proteins have been exhaustively investigated and its 

believed that both electronic and steric factors could influence the overall process. It has been 

observed that the relaxed or R-state (when the iron is at low spin state in at least two of the four 

subunits of Hb tetramer thorough being in ferric (3+) state or bound to a ligand such as O2 or NO) 

of the hemoglobin functions faster than tension or T state (Figure 1.40).114 There have been two 

explanations to rationalize the rate disparity between R and T states.  
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Figure 1.40. Schematic forms of T-state and R-states in hemoglobin.   

 

 

Thermodynamic factors in play favor the R-state due to its more oxidizable nature (lower 

reduction potential, E1/2 HBAR = 42 mV, HBAT = 154 mV vs NHE ).115-116 This means that the 

iron centers in R-state are more electron rich due to the electron donation from the porphyrin rings 

as well as the shifted proximal histidines. R state is stabilized when at least two of the iron centers 

are in 3+ oxidation state or gain octahedral geometry due to ligand (O2 or NO) coordination. 

Kinetic considerations involve steric availability of the active pocket for the coming nitrite also 

works in favor of the R-state. Ligand rearrangements going from the T-state to the R-state opens 

up more space in the vicinity of active site thus enhancing the nitrite reductase activity.116 

Its important to note that the overall nitrite reductase activity of heme proteins is pH 

dependent and the intermediate formation of nitrous acid (HNO2) has been observed during the 

process.117  

1.4.2. The Reduction of Nitrite to NO, Part of the Global Nitrogen Cycle 

Besides being an effective and important molecule in biology, nitrite is present in myriad 

of other environments from soil to wastewater, illustrating its importance in the global nitrogen 

cycle. Nitrite is removed from the environment through the denitrification process which takes 

place in living organisms, in microorganisms. A wide range of microorganisms including bacteria 
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and fungi specially who those survive in the absence of oxygen exploit nitrate or nitrite in place of 

oxygen as the terminal electron acceptor in their respiratory chain and convert them to gases such 

as NO, N2O and N2.
118 The process of nitrite reduction in bacteria is catalyzed by the enzymatic 

action of copper and iron-based nitrite reductases. Oxygen and water content as well as pH are 

among the environmental factors that directly effect of the rate of nitrite reduction (Figure 1.41).119 

 

 

 

Figure 1.41. Global nitrogen cycle.  

 

1.4.3. Modeling NiR Activity Through Transition Metal Complexes 

A number of groups have provided greater insights into the nitrite reduction pathway of 

NiRs by developing model transition metal complexes mainly based on iron and copper (Figure 

1.42). 

 

 

Figure 1.42. Nitrite Reduction in bacteria catalyzed by Fe or Cu based enzymes.   

 

Karlin and coworkers have developed chemical complexes to investigate nitrite reductase 

activity of cytochrome c oxidases, the terminal electron acceptor in mitochondria respiratory chain, 

by employing a binary (P)FeIICuII system. They have illustrated the partially oxidized state of the 

complex [(P)FeII…CuII(NO2)] cleanly splits nitrite to [(P)FeIII-O- CuII] and NO. It has been 

indicated that due to high affinity of NO to ferrous hemes, the initially formed NO rapidly binds 

to [(P)FeII] to form [(P)FeII-NO].120 
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Figure 1.43. Proposed pathway for the reduction of nitrite to NO by heme/Cu model 

complex.    

 

Fout and co-workers have introduced another model for NiR using cationic 

[N(afaCy)3Fe(OTf)]+ complex. This complex has shown high affinity to NO2
- as addition of 0.5 

equiv. [(nBu)4N]NO2 to N(afaCy)3Fe(OTf)]+ leads to rapid formation of  N(afaCy)3Fe(O)]+  and NO 

which subsequently N(afaCy)3Fe(NO)]+ (Figure 1.44).121 

 

 

Figure 1.44. Reduction of nitrite to NO catalyzed by [N(afaCy)3Fe(OTf)]+ complex. 
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1.5. Conclusions 

Acting as an important biological messenger, nitric oxide regulates a number of extremely 

essential biological functions directly connected to health and disease. Intriguingly, under oxygen 

saturated conditions the presence and availability of NO is guaranteed due to the presence of NO-

siblings including S-nitrosothiols and nitrite. In contrast to NO, RSNOs and nitrite are air-stable 

capable of storing and transporting NO under typical oxygen filled biological conditions and 

release it through various enzymatic and non-enzymatic pathways. RSNOs are paramount in NO 

biology owing to their unusually long and weak S-N bond, a character that is essential for facile 

NO loss. More importantly, the majority of RSNOs in circulation are formed as S-nitroso-proteins 

(protein-SNO), important post-translational modifications required for regulation of protein 

function. While several routes have been suggested for formation of RSNOs under physiological 

conditions, the discreet mechanisms of S-nitrolsyation are still a matter of debate. 

 Recently, thionitrous acid (HSNO), the smallest RSNOs, has emerged as an important 

membrane diffusible species capable of protein nitrolsyation. HSNO is the result of cross-talk 

between H2S and NO (along with its counterparts) and is believed to form transiently under 

biological conditions further reacts with thiol or H2S to form its bioactive downstream products 

including HNO and (H)SSNO, an important species recently added to network of NO signaling 

and thiol-trafficking pathways. The biochemistry of HSNO and HSSNO is not very well-

understood mainly due to their incredibly reactive nature. An estimation of pKa’s obtained from 

calculations indicates that HSNO and HSSNO will reside in the form of conjugate bases SNO- and 

SSNO-. The literature record for transition metal interacting with HSNO and HSSNO is even more 

sparse and while a few examples have provided evidences for transient generation of Fe(HSNO) 

and RuSNO,  there has not been any cases for discrete M-SNO or M-SSNO reported so far. 
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 Nitrite, another air-stable NO-donor molecule, which is introduced to the circulation mainly 

from food intake modulates NO-related functions under oxygen limited conditions. A number of 

enzymes, especially heme based proteins, reduce nitrite to NO, leading to hypoxic vasodilation. 

Nitrite reduction is not limited to biological conditions since nitrite is an important inorganic anion 

in the global nitrogen cycle and exists in myriad of other environments. The reduction and removal 

of nitrite from environment, denitrification, occurs in microorganism in the absence of oxygen 

catalyzed by iron and copper based enzymes.         
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CHAPTER II 

Lewis Acid Coordination Redirects S-Nitrosothiol Signaling Output1 

2.1. Introduction  

Nitric oxide (NO) is a key endogenous gasotransmitter which plays crucial signaling roles 

in vasorelaxation, neurotransmission and cytoprotection.1 Nonetheless, NO has a short lifetime 

under biological conditions, under assault by omnipresent O2 and O2
–
.2 S-nitrosothiols (RSNOs) 

serve as air-stable NO reservoirs capable of facile NO release due to the modest RS–NO bond 

strength (~30 kcal mol–1).3-4 Circulating at near micromolar levels, RSNOs such as S-

nitrosoglutathione serve as messengers themselves and participate in protein control via 

S-nitrosation of proteins, an important post-translational modification connected to health and 

disease.5-7 For instance, S-nitrosation of hemoglobin at β-Cys93 is required for proper blood 

oxygenation. 8 

Redox active copper enzymes such as CuZn-SOD facilitate the release of NO from 

RSNOs.9 Model studies revealed that Lewis acid coordination of RSNO to a copper(I) ion to form 

CuI-RSNO adducts precedes intramolecular electron transfer that releases NO.  For instance, 

addition of the synthetic S-nitrosothiol Ph3CSNO to the tris(pyrazolyl)borate complex MesTpCu 

results in MesTpCuI(κ1-N(O)SCPh3) that reversibly loses NO with concomitant oxidation of the 

copper center to MesTpCuII-SCPh3.
10 Given that the reduction potential of Ph3CSNO (-1.25 V vs. 

NHE)10 is dramatically more negative than the corresponding [CuII]/[CuI] redox couple for a 

copper complex that releases NO with formation of the corresponding copper(II) thiolate [CuII]-

 
1 The results of this project was published in Angew. Chem. Int. Ed. 2020, 132, 10946−10950.  
I would like to thank our collaborator Prof. Qadir Timerghazin who performed all the computational studies for this project. 
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SR (iPr2TpCu(NCMe); E1/2 = 270 mV vs. NHE),11 coordination of the RSNO to the Lewis acid is 

clearly required to facilitate electron transfer.10  

RSNOs exist in a variety of protein environments, exposed to a wide range of chemical 

stimuli including Lewis acids.12-14 These stimuli can have a dramatic effect on the –SNO group 

properties owing to the unusual nature of the RSNO electronic structure, whose description 

requires a combination of the three resonance structures S, D, and I (Figure 2.1 A). Two of these 

structures, D and I, are antagonistic, i.e. have opposite bonding patterns and formal charges on 

atoms.15 This antagonistic nature of RSNOs results in the paradoxical properties of the S–N bond, 

which exhibits restricted rotation suggestive of a partial double-bond character while being 

unusually long and weak,16 as well as dual reactivity pattern of RSNO reactions.15-17  

The antagonistic nature of RSNOs also suggests that Lewis acid coordination at N, S, or O 

atoms would radically alter the RSNO reactivity by favoring one antagonistic structure at the 

expense of the other (Figure 2.1 A), an effect that may underline the enzymatic control of the 

RSNO reactions in biological environments.15,18-19 Due to the sensitive nature of RSNOs, 

experimental support for Lewis acid modulation of RSNO properties has lagged computational 

predictions.16,20-21  Seminal studies by Doctorovich revealed that N-coordination of RSNO to an 

IrIII center in [IrCl4(NCMe)(κ1-N(O)SR)]– (R = CH2Ph) to lead to shortening of the S–N bond, also  
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Figure 2.1. (A) Resonance representation of RSNO electronic structure and its modulation 

by Lewis acid coordination. (B) Known N-bound Lewis acid adducts of RSNOs. 

 

seen in MesTpCuI(κ1-N(O)SCPh3).
22 While the S–N distance in Ph3SNO is 1.792(5) Å,23 

[IrCl4(NCMe)(κ1-N(O)SCH2Ph)]–1 and MesTpCuI(κ1-N(O)SCPh3) possess S–N distances of 

1.737(8) and 1.755(4) Å, each consistent with reduced I- and increased D-character of the κ1-N-

bound RSNO. 

 

2.2. Results and Discussion 

We experimentally find that O-coordination of a Lewis acid, however, has an even more 

profound effect on the RSNO reactivity due to the interaction with the oxygen atom which bears 

a formal negative charge in resonance structure D (Figure1A). Addition of the oxophilic Lewis 

acid B(C6F5)3 to synthetic RSNOs AdSNO (1) and MesCH2SNO (2) in pentane at RT leads to 
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rapid color change from green to yellow for 1 or pink to orange for 2. Crystallization from pentane 

provides Lewis acid adducts AdSNO-B(C6F5)3 (3) and MesCH2SNO-B(C6F5)3 (4) in 80% and 71% 

yield, respectively (Figure 2.2). X-ray diffraction analysis confirms short S–N bonds in these 

adducts of 1.6252(17) and 1.608(5) Å in the syn- and anti-conformers of 3 and 4, respectively. The 

observed dramatic contraction of the S–N bond is in agreement with DFT calculations at the 

ωB97XD-PCM(CH2Cl2)/ma-def2-TZVPP level (Figures 2.5-2.7). At the same time, the 

experimental N–O bond lengths of 1.278(2) and 1.274(5) Å in 3 and 4 are longer than typical 1.18-

1.19 Å N-O distances in free RSNOs.23-25 These observations are consistent with increased 

contribution of the resonance component D in O-bound RSNO-B(C6F5)3 complexes: indeed, 

calculations26 suggest that the D weighting increases from ~30% in free RSNOs to ~55% in the 

B(C6F5)3 adducts 3 and 4. 

 

 

 

 

 

 

Figure 2.2. Synthesis (A) and X-ray structures (B) of AdSNO-B(C6F5)3 (3) and 

MesCH2SNO-B(C6F5)3 (4); H and F atoms are not shown. 
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Figure 2.3. Molecular structure of AdSNO-BCF (3) (CCDC 1945525). The thermal ellipsoid 

plots are drawn at the 50% probability level. Hydrogen atoms are omitted for clarity. Selected 

bond distances (Å) and angles (°): S-N 1.6252(17), N-O 1.278(2), O-B 1.612(3), S-N-O 

112.37(13), N-O-B 118.74(14). 
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Figure 2.4. Molecular structure of MesCH2SNO-BCF (4) (CCDC 1945527). The thermal 

ellipsoid plots are drawn at the 50% probability level. Hydrogen atoms are omitted for clarity. 

Selected bond distances (Å) and angles (°): S-N 1.608(5), N-O 1.274(5), O-B 1.586(7), S-N-O 

116.0(4), N-O-B 116.9(4).  
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Figure 2.5. Structures and relative free energies of AdSNO and MesCH2SNO conformers 

calculated at the ωB97XD-PCM(CH2Cl2)/ma-def2-TZVPP level. Bond lengths in Å; hydrogen 

atoms not shown for clarity. 
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Figure 2.6. Structures and relative free energies of AdSNO-B(C6F5)3 complexes calculated at 

the ωB97XD-PCM(CH2Cl2)/ma-def2-TZVPP level. Bond lengths in Å; hydrogen and fluorine 

atoms not shown for clarity. 
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Figure 2.7. Structures and relative free energies of MesCH2SNO-B(C6F5)3 complexes 

calculated at the ωB97XD-PCM(CH2Cl2)/ma-def2-TZVPP level. Bond lengths in Å; hydrogen 

and fluorine atoms not shown for clarity. 

 

Dramatic structural alterations of RSNOs induced by O-coordination of a Lewis acid result 

in distinct spectroscopic changes. Consistent with trends revealed through X-ray structures, IR 

spectra report higher energy S–N stretches at 853 and 863 cm–1 for 3 and 4 relative to 645 and 630 

cm–1 for the corresponding free RSNOs 1 and 2. Conversely, the N–O stretching frequencies 

decrease to 1257 and 1282 for 3 and 4 relative to 1486 and 1484 cm–1 in 1 and 2. Analysis of 15N 

isotopomers of 1 - 4 confirms these assignments (Figures 2.8, 2.9, 2.10 and 2.11). As the oxygen 

atom lone pair becomes involved in dative bonding with B(C6F5)3, the n → π* adsorption 

characteristic to the UV-visible spectra of RSNOs shifts to higher energies. For instance, low 
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intensity bands at 560 (5 M-1 cm-1) and 600 nm (13 M-1 cm-1) for AdSNO (1) shift to 510 nm (9 

M-1 cm-1) in AdSNO-B(C6F5)3 (3), (Figures 2.12 and 2.13). 

 

 

 

 

 

 

Figure 2.8. a) FT-IR spectra of AdS14NO (1) (red trace) and AdS15NO (1-15N) (black trace). 

b) The difference spectrum between (1) (down) and (1-15N) (up). 

 

 

 

 

 

 

 

 

 

Figure 2.9. a) FT-IR spectra of MesCH2S14NO (2) (black trace) and MesCH2S15NO (2-15N) 

(red trace). b) The difference spectrum between (2) (down) and (2-15N) (up). 
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Figure 2.10. a) FT-IR spectra of AdS14NO-B(C6F5)3 (3) (black trace) and AdS15NO-B(C6F5)3 

(3-15N) (red trace). b) The difference spectrum between (3) (down) and (3-15N) (up).  

 

 

 

 

 

 

 

 

 

Figure 2.11. a) FT-IR spectra of MesCH2S14NO (4) (red trace) and MesCH2S15NO (4-15N) 

(black trace). b) The subtracted spectrum of (4) (down) and (4-15N) (up). 
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Figure 2.12. a) UV-Vis spectra of AdSNO (1) in dichloromethane at 25 °C at different 

concentrations. b) Beer’s law plot for (1) depicts λmax = 561 nm (ε = 5 M-1cm-1) and λmax = 601 

nm (ε = 13 M-1cm-1)    

 

 

 

 

 

 

 

 

Figure 2.13. a) UV-Vis spectra of AdSNO-B(C6F5)3 (3) in dichloromethane at 25 °C at 

different concentrations. b) Beer’s law plot for (3) depicts λmax = 510 nm (ε = 9 M-1cm-1). 

 

15N NMR spectra of RSNOs typically reveal two signals for anti- and syn-conformers that 

require low temperature acquisition due to a relatively low barrier for S–N bond rotation (∆Grot
‡

 = 

10-14 kcal/mol).23 For instance, the low temperature 15N NMR spectrum of AdS15NO in CD2Cl2 

at -60 °C exhibits major and minor signal at δ 845.4 and 786.6 ppm (relative to NH3), attributed to 

anti and syn conformers. Low temperature 15N NMR spectra of crystallized adducts 3 and 4 

dissolved in CD2Cl2 each exhibit three upfield shifted resonances. The major resonance for O-anti-

AdSNO-B(C6F5)3 (3) appears at δ 741 ppm, with two minor signals at 681 and 553 ppm. DFT 
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calculations suggest that among the possible forms of AdSNO-B(C6F5)3 the O-syn and N-syn 

species are closest in energy to the most stable O-anti form (enthalpies higher by 1.3 and 3.5 

kcal/mol, Figures 2.6-2.7) with predicted 15N shifts at 755 and 605 ppm (compared to O-anti at 

838 ppm). This allows us to tentatively assign the minor signals experimentally observed at δ 681 

and 553 ppm to the O-syn and N-syn forms of 3, respectively.  

Besides the significant alteration of the RSNO geometry and spectral properties, Lewis 

acid coordination has a dramatic effect on the reduction potentials of RSNOs. Cyclic voltammetrys 

(CVs) of free RSNOs 1 and 2 in CH2Cl2 each reveal two irreversible reduction features at rather 

negative potentials (Figures 2.15 and 2.17). The first corresponds to one-electron reduction of the 

free RSNO to the [RSNO] -/•  radical-anion appearing at -1.13 and -1.01 V vs. NHE for 1 and 2, 

respectively. The second peak in each at -1.32 V corresponds to the reduction of free NO released 

from reduced RSNO. Remarkably, AdSNO-B(C6F5)3 (3) exhibits a quasi-reversible wave centered 

at +0.08 V vs. NHE, nearly 1 V higher than free AdSNO (1) that is also present under CV 

conditions (Figure 2.14). MesCH2SNO-B(C6F5)3 (4) also undergoes reduction at a potential ~1 V 

higher than free MesCH2SNO (2), but is largely irreversible under these conditions signaled by a 

reduction wave centered at +0.1 V vs. NHE (Figures 2.16 and 2.18).  

 

 

 

 

 

Figure 2.14. Cyclic voltammetry of AdSNO-B(C6F5)3 (3) (7 mM) in CH2Cl2 at 25 °C with 

[nBu4N][BPh4] (0.1 M). 
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Figure 2.15. Cyclic voltammetry of AdSNO (1) (7 mM) in dichloromethane at 25 °C in the 

presence of [Bu4N][BPh4] (0.1 M) with a scan rate of 50 mV/s. 

 

 

 

 

 

 

Figure 2.16. Cyclic voltammetry of AdSNO-B(C6F5)3 (3) (7 mM) in dichloromethane at 25 

°C in the presence of [Bu4N][BPh4] (0.1 M) with a scan rate of 50 mV/s. 

 

 

 

 

 

 

 

 

Figure 2.17. Cyclic voltammetry of MesCH2SNO (2) (7 mM) in dichloromethane at 25 °C in 

the presence of [Bu4N][BPh4] (0.1 M) with a scan rate of 50 mV/s. 
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Figure 2.18. Cyclic voltammetry of MesCH2SNO-B(C6F5)3 (4) (7 mM) in dichloromethane at 

25 °C in the presence of [Bu4N][BPh4] (0.1 M) with a scan rate of 50 mV/s. 

 

To provide greater insight into the species generated under CV conditions, we carried out 

chemical reduction with outer-sphere reductants. Addition of Cp2*Co (Ered = -1.24 V vs. NHE in 

CH2Cl2)
27 to free RSNOs 1 and 2 results in NO generation quantified in 82 and 71% yield, 

respectively (Figure 2.20A). This experimental finding is consistent with DFT calculations that 

suggest the [RSNO]-/• structure as a weakly bound complex of RS– and NO• (S–N distance >2.6 Å) 

with >95% of spin density on the NO moiety (Figure 2.19). 
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Figure 2.19. Unpaired spin density distribution (0.004 au isosurfaces) in RSNO anion-

radicals (A, C) and the corresponding RSNO-B(C6F5)3 anion-radicals (B, D) with 

corresponding S–N and N–O bond lengths and total spin populations s on the –SNO group 

atoms calculated at the ωB97XD-PCM(CH2Cl2)/ma-def2-TZVPP level. Hydrogen and 

fluorine atoms not shown for clarity. 

 

The quasi-reversible reduction of AdSNO-B(C6F5)3 (3) observed by cyclic voltammetry 

suggests that the radical anion [AdSNO-B(C6F5)3]-/• (5) may have a long enough lifetime to enable 

characterization by EPR. Indeed, mixing a fluorobenzene solution of 3 with a pentane solution of 

Cp2*Co generates an intermediate with a three-line EPR signal at g = 1.999 (Figure 2.20D). This 

resonance is consistent with an N-centered radical anion predicted by DFT to exhibit extensive 

spin density on N (0.7 e–, Figures 2.20C and 2.19B). The three-line pattern indicates strong 

coupling to the 14N nucleus (I = 1; A(14N) = 45.0 MHz), confirmed via isotopic substitution with 

15N that gives a two line pattern (I = ½; A(15N) = 62.5 MHz) (Figure 2.20D). Attempts to observe 
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[MesCH2SNO-B(C6F5)3] -/• by reduction of 4 with Cp2*Co under similar conditions did not allow 

for EPR observation of the corresponding radical anion consistent with its shorter lifetime 

indicated by the irreversible reduction peak in the CV of 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.20. (A) Outer-sphere reduction of RSNO (R = Ad, MesCH2) by Cp2*Co. (B) Chemical 

reduction of AdSNO-B(C6F5)3 by Cp2*Co. (C) Spin density plot of [AdSNO-B(C6F5)3] -/• (5). (D) 

X-band EPR spectra of radical anions 5-14N and 5-15N recorded in a mixture of 

fluorobenzene/pentane at 25 °C.  

 

Although DFT calculations predict elongated S–N and N–O bonds in [AdSNO-B(C6F5)3] -

/• (5) (1.71 Å and 1.33 Å; Figure 2.19) vs. AdSNO-B(C6F5)3 (3) (1.61 Å and 1.25 Å),  1-electron 

reduction of AdSNO-B(C6F5)3 does not seem to destabilize the S–N bond enough to encourage 

loss of NO• as occurs in the reduction of free RSNOs (Figure 2.20A). Instead, reduction of Lewis 

acid adducts 3 and 4 ultimately delivers the Lewis acid stabilized hyponitrite dianion trans-

[(C6F5)3BO–N=N–OB(C6F5)3]
2– (7) (Figure 2.21). Addition of Cp2*Co to 3 or 4 gives dianion 7 
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charge-stabilized by 2 equiv. Cp2*Co+ in 73% and 65% yield, respectively, along with the 

corresponding disulfides AdS–SAd and MesCH2S–SCH2Mes in 80 and 74% yield, respectively. 

Due to the mild reduction potentials of 3 and 4, a range of metallocene reductants provide 

[M]2[(C6F5)3BO–N=N–OB(C6F5)3] (7-[M]2; M = Cp2*Co+, Cp2Fe+). The X-ray crystal structure of 

[Cp2*Co+]2 [(C6F5)3BO–N=N–OB(C6F5)3]
2– (7-[Cp2*Co+]2) reveals N-N coupling to give a trans 

disposition of the [O–N=N–O]2– hyponitrite core located at a center of inversion with N–N and O-

N distances of 1.257(9) and 1.381(6) Å, respectively. These distances are similar to those found in 

other structures of the trans-hyponitrite anion.28-29 15N NMR analysis of 7-[Cp2*Co+]2 shows 

signals at δ 429.9 (major) and 384.9 (minor). We assign these as the trans and cis isomers of 7 

based on DFT-predicted 15N chemical shifts at δ 425 and 380 ppm, respectively.  DFT also 

indicates a small difference of 1.6 kcal/mol in free energies for these isomers that favors the trans 

form (Figure 2.22). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.21. (A) Reduction RSNO-B(C6F5)3 along with (B) the X-ray structure of the trans-

hyponitrite dianion [(C6F5)3B–ON=NO–B(C6F5)3]2– (7); H and F atoms are not shown. 
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Figure 2.22. Two forms of [(C6F5)3BONNOB(C6F5)3]2– calculated at the ωB97XD-

PCM(CH2Cl2)/red-ma-def2-SV(P) level: relevant bond lengths (Å), relative energies, and 

predicted 15N NMR shifts. Hydrogen and fluorine atoms not shown for clarity. 

 

DFT calculations suggest that the radical anions [RSNO-B(C6F5)3]-/•  (R = Ad (5), MesCH2 

(6)) formed by 1-electron reduction of 3 and 4 undergo thermodynamically favorable dimerization 

via N–N bond formation to give dianions 8 and 9 (∆GR° = -6.5 and -6.7 kcal/mol, respectively). 

These dianions then lose the corresponding disulfide RS–SR (∆GR° = -39.0 and -41.3 kcal/mol, 

respectively) to give the doubly borane-capped hyponitrite dianion 7 (Figures 2.23 and 2.55-2.76). 

Full reaction pathway calculations for a small model system (Figure 2.24) support the proposed 

mechanism with reasonably low barriers (<17 kcal/mol) for the dimer formation and the 

subsequent RS– elimination, and a barrierless RS– attack of to give disulfide RS–SR and Lewis 

acid capped hyponitrite. 
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Figure 2.23. Stepwise conversion of [RSNO-B(C6F5)3]-/• radical anions to dianion 7 and 

disulfide RS–SR. Reaction free energies (in kcal/mol at 298 K) calculated at the ωB97XD-

PCM(CH2Cl2)/red-ma-def2-SV(P) level of theory. 
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Figure 2.24. Full reaction profile for the dimerization reaction of the small model system, 

CH3SNO-BF3 anion-radical, and subsequent CH3S–SCH3 elimination calculated at the 

ωB97XD-PCM(CH2Cl2)/ma-def2-TZVPP level; broken-symmetry unrestricted calculations 

have been used for the open-shell TS1 structure (⟨S2⟩=0.40); transition structures have been 

verified with IRC calculations. Bond lengths in Å. 
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Importantly, reaction of 7-[Cp2*Co+]2 with 2 equiv. CF3COOH triggers release of N2O in 

42-43% yield. Release of N2O, the prototypical reactivity of hyponitrite upon protonation,30 

underscores how Lewis acids can redirect the chemical outcome of RSNO reduction which 

typically generates NO. 

 

 

Figure 2.25. Reaction of (7-[Cp*2Co]2) with trifluoroacetic acid releases N2O. 

 

2.3. Conclusions 

Lewis acid coordination via the O atom of S-nitrosothiols results in significant changes in 

the structure and chemical properties of the RSNO by strongly promoting its RS+=N–O– resonance 

component. Most profoundly, this mode of Lewis acid coordination redirects reduction of RSNOs 

to the hyponitrite dianion [ON=NO]2– rather than NO. Moreover, Lewis acid coordination 

significantly raises the reduction potential of RSNOs, enabling reduction by mild reductants. This 

represents a general strategy to facilitate reduction of small molecules, previously illustrated in the 

reduction of disulfides RSSR by ferrocene that only occurs in presence of a Lewis acid such as 

B(C6F5)3.
31 Thus, Lewis acids could serve as a signaling motif to turn on outer sphere RSNO 

reduction in the vicinity of electron-transfer proteins that function in the range of +700 to -800 mV 

vs. NHE.32 Future studies will examine connection between Lewis acid strength and reduction 

potential, including Lewis acids that serve as H-bond donors that could directly promote N2O 

formation. 
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2.4. Experimental Section  

2.4.1. General Instrumentation and Physical Methods  

All experiments were carried out under dry nitrogen atmosphere by utilizing MBraun 

gloveboxes and/or standard Schlenk techniques unless otherwise mentioned. 1H and 19F NMR and 

13C{1H} NMR spectra were recorded on a Varian 400 MHz spectrometer at room temperature 

unless otherwise noted. Variable temperature 15N NMR experiments were recorded on a Varian 

400 MHz spectrometer at -70 °C to 20 °C range. The chemical shift (δ) values are expressed in 

ppm relative to tetramethylsilane, whereas the residual 1H signal of deuterated solvent served as 

an internal standard. Elemental analyses were performed on a Perkin-Elmer PE2400 micro-

analyzer at Georgetown University. UV-vis spectra were recorded on Agilent 8454 Diode Array 

spectrometer equipped with stirrer and Unisoku USP-203 cryostat. The molar extinction 

coefficients of different isolated complexes were determined from Beer’s law plots (absorbance vs 

concentration) with at least four different concentrations. IR spectra (with spectral resolution of 2 

cm-1) were collected on an ATR spectrometer. Details for X-ray crystallography appear in Section 

2.4.14. 

All chemicals were purchased from common vendors (e.g. Sigma-Aldrich, Acros Organics, 

Strem Chemicals, TCI) and used without further purification unless otherwise mentioned. 

MesCH2SH and Tetrabutylammonium tetraphenylborate ([NBu4][BPh4]   were obtained from 

Sigma-Aldrich and tris(pentafluorophenyl)borane was obtained from Boulder Scientific Company 

and used without further purification. Molecular sieves (4A, 4-8 mesh beads) were obtained from 

Fisher Scientific and were activated prior to use in vacuo at 200 °C for 24 h.  Extra dry solvents 

(≥99.5%) with Acroseal® and deuterated solvents were purchased from Acros Organics and 

Cambridge Isotope Laboratories, respectively. Both anhydrous and deuterated solvents were 
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sparged with nitrogen and stored over activated 4A molecular sieves under a nitrogen atmosphere. 

Nitric oxide gas (unlabeled) was obtained from Praxair and purified by passing through a column 

of Ascarite (8-20 mesh) purchased from Sigma. 

2.4.2. Synthesis and Characterization of AdSNO (1) 

 

 

Scheme 2.1 Synthesis of AdSNO (1). 

The synthesis of AdSNO has been previously reported,33 but we include full 

characterization data here to allow for careful comparison between AdSNO and its 

tris(pentafluorophenyl)borane adduct AdSNO-B(C6F5)3. 

tBuONO (1.225 g, 11.883 mmol) was directly added to a solution of AdSH (0.5 g, 2.97 

mmol) in dichloromethane (ca. 3 mL). The solution was stirred for 0.5 h at RT and the resultant 

dark green solution was dried to obtain a dark green solid (0.530 g, 2.686 mmol) in 90% yield.  

AdS15NO was prepared analogously from tBuO15NO. 34 

1H NMR (400 MHz, 298 K, CDCl3): δ 2.54 (d, 6H, CH2), 2.29 (t, 3H, CH), 1.93 (d, 6H, CH2) 

(Figure 2.26);  

13C{1H} NMR (100 MHz, 298 K, CDCl3): δ 55.77, 43.60, 36.38, 30.11;  

15N NMR (41 MHz, 20 °C, CD2Cl2): δ 839.60 (s, AdS15NO) (Figure 2.27);  

15N NMR (41 MHz, -70 °C, CD2Cl2): δ 845.35 (s, anti, AdS15NO), δ 786.56 (s, syn, AdS15NO);   
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UV-Vis (CH2Cl2, 25 °C): λmax/nm (ε/M-1cm-1) = 561 (5), 601 (13); 

FT-IR (cm-1): 1486 ν(14NO); 645 ν(S-14N); 1455 ν(15NO); 629 ν(S-15N); Hooke’s law predicts 

15N/14NΔν = 27 cm-1 and 15N/14NΔν = 15, respectively.  The IR spectra were taken by putting AdSNO 

as a fine powder directly on the ATR instrument. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.26. 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of AdSNO (1). 
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Figure 2.27. 15N NMR spectrum (41 MHz, CD2Cl2) of AdS15NO (1-15N) at -70 °C. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 2.28. Variable temperature 15N NMR spectra (41 MHz, CD2Cl2) of AdS15NO (1-15N). 
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2.4.3. Synthesis and Characterization of MesCH2SNO (2) 

 

Scheme 2.2. Synthesis of MesCH2SNO. 

tBuONO (0.744 g, 7.216 mmol) was directly added to a solution of MesCH2SH (0.3 g, 

1.804 mmol) in dichloromethane at -40 °C (ca. 3 mL). The solution was stirred for 10 min at RT 

and the resultant dark pink solution was dried to obtain dark pink oil (0.31 g, 1.587 mmol) in 88% 

yield.  

1H NMR (400 MHz, 298 K, CDCl3): δ 6.83 (s, 2H, Aryl-CH), 4.70 (s, 2H, CH2), 2.25 (s, 

3H, CH3), 2.16 (s, 6H, CH3) (Figure 2.29). 

13C{1H} NMR (100 MHz, 298 K, CDCl3): δ 137.36, 137.03, 129.28, 129.22, 32.15, 20.98, 

19.94;  

15N NMR (41 MHz, -60 °C, CD2Cl2): δ 821.50 (s, anti, MesCH2S
15NO), δ 756.10 (s, syn, 

MesCH2S
15NO). 15N NMR (41 MHz, 10 °C, CD2Cl2): δ 764.823 (s, syn, MesCH2S

15NO) (Figure 

2.30);   

UV-Vis (CH2Cl2, 25 °C): λmax/nm (ε/M-1cm-1) = 549 (52), 517 (21) (Figure 2.31);  

FT-IR (cm-1): 1484 ν(14NO); 630 ν(S-14N); 1461 ν(15NO); 614 ν(S-15N); Hooke’s law 

predicts 15N/14NΔν = 27 cm-1 and 15N/14NΔν = 16, respectively.  The IR spectra were taken by putting 

MesCH2SNO as a dense oil directly on the ATR instrument.  
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Figure 2.29. 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of MesCH2SNO (2). The resonances 

marked with (*) and (#) are from the solvent residual peak for chloroform-d1 and pentane, 

respectively. The resonances marked with (@) is from MesCH2SSCH2Mes formed due to the 

decomposition of MesCH2SNO.  



 
 

86 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.30. Variable temperature 15N NMR spectra (41 MHz, CD2Cl2) of MesCH2S15NO (2-
15N).  

 

 

 

 

 

 

 

Figure 2.31. a) UV-Vis spectra of MesCH2SNO (2) in dichloromethane at 25 °C at different 

concentrations. b) Beer’s law plot for (2) depicts λmax = 517 nm (ε = 21 M-1cm-1) and λmax = 549 

nm (ε = 52 M-1cm-1). 
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2.4.4. Synthesis and Characterization of AdSNO-B(C6F5)3 (3) 

 

Scheme 2.3. Synthesis of AdSNO-B(C6F5)3 (3). 

A solution of B(C6F5)3 (0.259 g, 0.506 mmol) in pentane (5 mL) was added to a solution 

of AdSNO (0.1 g, 0.506 mmol) in pentane (2 mL). The color of the solution immediately changed 

from dark green to yellow. The solution was concentrated to ca. 3 mL and kept at -40 °C to give 

the product (0.29 g, 80% yield) as yellow color crystals.  

1H NMR (400 MHz, 298 K, CDCl3): δ 2.35 (d, 6H, CH2), 2.29 (m, 3H, CH), 1.87 (d, 6H, 

CH2) (Figure 2.32); 

19F NMR (376 MHz, 298 K, CDCl3): δ -131.36 (m, 6F), -151.38 (m, 3F), -162.45 (m, 6F) 

(Figure 2.33); 

13C{1H} NMR (100 MHz, 233.15 K, CDCl3): δ 147.72 (m), 140.64 (m), 137.68 (m), 114.93 

(m), 65.53, 42.76(minor), 42.08(major), 37.04(minor), 35.89(minor), 35.30(minor), 35.05(major), 

29.76(minor), 29.52(major), 29.03(minor) (Figure 2.34); 

15N NMR (41 MHz, -60 °C, CD2Cl2): δ 740.59 (s, O-anti-AdS15NO-B(C6F5)3), 681.25 (s, 

O-syn-AdS15NO-B(C6F5)3), 553.49 (s, N-syn-AdS15NO-B(C6F5)3) (Figure 2.35); 

UV-Vis (CH2Cl2, 25 °C): λmax/nm (ε/M-1cm-1) = 510 (9);   

FT-IR (X, cm-1): 1257 ν(14NO); 853 ν(S-14N); 1237 ν(15NO); 835 ν(S-15N); Hooke’s law 

predicts 15N/14NΔν = 24 cm-1 and 15N/14NΔν = 20, respectively. The IR spectra were taken by putting 

AdSNO-B(C6F5)3 as a fine powder directly on the ATR instrument. Anal. Calcd for 
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C28H15BF15NOS (3): C, 47.42; H, 2.13; N, 1.97. Found: C, 47.55; H, 2.48; N, 1.34. The lower 

experimental value for N arises from loss of NO from AdSNO-BCF due to its thermal instability.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.32. 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of AdSNO-BCF (3). The resonances 

marked with (*) and (#) are from the solvent residual peak pentane and chloroform-d1, 

respectively.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.33. 19F NMR spectrum (376 MHz, 25 °C, CDCl3) of AdSNO-BCF (3). 
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Figure 2.34. 13C{1H} NMR spectrum (100 MHz, -40 °C, CDCl3) of AdSNO-BCF (3). 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.35. Variable temperature 15N NMR spectra (41 MHz, CD2Cl2) of AdS15NO-B(C6F5)3 

(3-15N).  
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Figure 2.36. Variable temperature 19F NMR spectra (376 MHz, CD2Cl2) of AdS15NO-

B(C6F5)3 (3-15N).  

  

2.4.5. Synthesis and Characterization of MesCH2SNO-B(C6F5)3 (4) 

 

Scheme 2.4. Synthesis of MesCH2SNO-B(C6F5)3 (4). 

A solution of B(C6F5)3 (0.262 g, 0.512 mmol) in pentane (5 mL) was added to a solution 

of MesCH2SNO (0.1 g, 0.512 mmol) in pentane (2 mL). The color of the solution immediately 

changed from pink to orange. The solution was concentrated to ca. 3 mL and kept at -40 °C to 

yield to give the product (0.26 g, 71% yield) as orange crystals.  

1H NMR (400 MHz, 298 K, CDCl3): δ 6.87 (s, 2H, Aryl-CH), 4.79 (s, 2H, CH2), 2.26 (s, 

3H, CH3), 2.18 (s, 6H, CH3) (Figure 2.37); 

19F NMR (376 MHz, 298 K, CDCl3): δ -129.93 (m, 6F), -148.16 (m, 3F), -161.36 (m, 6F) 

(Figure 2.38);   
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13C{1H} NMR (100 MHz, 233.15 K, CDCl3): δ 147.81 (m), 140.44(s), 140.81 (m), 

138.45(s), 137.01(m), 130.08(s), 118.19(s), 114.69(m), 41.48(s), 21.21(s, minor), 21.21(s, major), 

20.16(s, minor), 20.09(s, major) (Figure 2.39);  

15N NMR (41 MHz, -70 °C, CD2Cl2): δ 678.24 (s), 553.97 (s), 231.756 (s) (Figure 2.40); 

UV-Vis (CH2Cl2, 25 °C): λmax/nm (ε/M-1cm-1) = 481 (40) (Figure 2.42); 

FT-IR (X, cm-1): 1282 ν(14NO); 863 ν(S-14N); 1261 ν(15NO); 845 ν(S-15N); Hooke’s law 

predicts 15N/14NΔν = 25 cm-1 and 15N/14NΔν = 20, respectively. The IR spectra were taken by putting 

MesCH2SNO-B(C6F5)3 as a fine powder directly on the ATR instrument. 

Anal. Calcd for C28H13BF15NOS (4): C, 47.55; H, 1.85; N, 1.98. Found: C, 47.58; H, 2.08; 

N, 1.05. The lower experimental value for N arises from loss of NO from MesCH2SNO-BCF due 

to its thermal instability. 

 

 

 

 

 

 

 

 

 

 

Figure 2.37. 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of MesCH2SNO-BCF (4). The 

resonances marked with (*) and (#) are from the solvent residual peak for chloroform-d1 and 

pentane, respectively.  
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Figure 2.38. 19F NMR spectrum (376 MHz, 25 °C, CDCl3) of MesCH2SNO-BCF (4). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.39. 13C{1H} NMR spectrum (100 MHz, -40 °C, CDCl3) of MesCH2SNO-BCF (4). 
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Figure 2.40. Variable temperature 15N NMR spectra (41 MHz, CD2Cl2) of MesCH2S15NO-

B(C6F5)3 (4-15N).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.41. Variable temperature 19F NMR spectra (376 MHz, CD2Cl2) of MesCH2SNO-

BCF (4).  
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Figure 2.42. a) UV-Vis spectra of MesCH2SNO-B(C6F5)3 (4) in dichloromethane at 25 °C at 

different concentrations. b) Beer’s law plot for (4) depicts λmax/nm (ε/M-1cm-1) = 481 (40).  

 

2.4.6. Cyclic Voltammetry Measurements  

General Considerations. Cyclic voltammetry measurements were done at room 

temperature under dry nitrogen atmosphere of a glove-box using a BASi Epsilon Electrochemistry 

setup with three electrodes (Working electrode: glassy carbon, Auxiliary electrode: platinum wire, 

Pseudo-reference electrode: silver/silver nitrate). As a non-coordinating electrolyte 

tetrabutylammonium teraphenylborate was used for all cyclic voltammetry measurements.  

 

 

 

 

 

 

 

Figure 2.43. Cyclic voltammetry of NO gas (saturated solution) in dichloromethane at 25 °C 

in the presence of [Bu4N][BPh4] (0.1 M).  
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Figure 2.44. Cyclic voltammetry of AdSNO-B(C6F5)3 (3) (7 mM) in dichloromethane at 25 

°C in the presence of [Bu4N][BPh4] (0.1 M) at different scan rates.  

 

 

 

 

 

 

 

 

Figure 2.45. Cyclic voltammetry of MesCH2SNO-B(C6F5)3 (4) (7 mM) in dichloromethane at 

25 °C in the presence of [Bu4N][BPh4] (0.1 M) at different scan rates.  

 

2.4.7. Reduction of AdSNO (1) with Cp*
2Co 

 

Scheme 2.5. Trapping NO released from reaction of AdSNO (1) with Cp*
2Co by (TPP)CoII. 
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Quantitative trapping of nitric oxide was done using Cobalt(II)-meso-tetraphenylporphine 

[(TPP)CoII] which was purchased from Strem Chemical and used for a similar experimental set up 

as previously described.35 AdSNO (1) (1.0 mL, 10.0 mM) was weighed in a small vial and placed 

in a larger vial. The lager vial was sealed with a septum. A solution of (TPP)CoII complex (10.0 

mL, 1.0 mM) in dichloromethane was injected to the big vial. Then a solution of 

decamethylcobaltocene (1.0 mL, 10.0 mM) in fluorobenzene was injected to the inner vial and the 

solutions in both vials stirred for 1 hr. Then an aliquot (100 μL) of the resultant (TPP)Co solution 

from outer vial was diluted to 2.0 mL using CH2Cl2 and analyzed by UV-Vis spectroscopy. The 

Q-band absorption features in the UV-Vis spectra of authentic (TPP)CoII (530 nm) and 

(TPP)Co(NO) (540 nm) samples were used to compare and quantify the yield of cobalt-nitrosyl 

species. 

 

 

 

 

 

 

 

 

Figure 2.46. UV-Vis spectra (in CH2Cl2 at 25 °C) of (TPP)Co (red trace) and (TPP)Co(NO) 

(black trace) species generated  from the reaction of  (TPP)CoII with NO released from the 

reaction of AdSNO (1) with Cp*
2Co. The yield of NO formation is 82%.  
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2.4.8. Reduction of MesCH2SNO (2) with Cp*
2Co 

Decamethylcobaltocene (1.0 mL 10.0 mM) in fluorobenzene was added to MesCH2SNO 

(2) (1 mL, 10 mM) in fluorobenzene and the solution stirred for 5 h. Formation of NO from the 

reaction of MesCH2SNO (2) and decamethylcobaltocene was quantitatively measured by 

employing (TPP)CoII complex as a NO trap in 71% yield. 

Scheme 2.6. Reduction of AdSNO-BCF (3) with Cp*
2Co. 

2.4.9. Reduction of AdSNO-B(C6F5)3 (3) with Cp*
2Co   

A solution of decamethylcobaltocene (0.046 g, 0.141 mmol) in fluorobenzene (3 mL) was 

added to a solution of AdSNO-BCF (3) (0.1 g, 0.141 mmol) in fluorobenzene (2 mL). The color 

of the solution immediately changed from yellow to dark yellow. The solution was evaporated, 

and the resulting dark yellow solid was washed with pentane.  The solid was then dissolved in 3 

mL dichloromethane and was layered with cold pentane and kept at -40 °C to give the product 

[(C6F5)3B-ON=NO-B(C6F5)3][Cp*
2Co]2 (7-[Cp*

2Co]2) (0.180 g, 73% yield) as yellow crystals. 1H 

NMR analysis on the yellow solution indicates the formation of free disulfide in 80% yield via its 

1H NMR spectrum (400 MHz, 298 K, CDCl3): δ 2.06 (br, 6H, CH2-Ad), 1.82 (br, 12H, CH2-Ad), 

1.67 (br, 12H, CH2-Ad).  

Characterization data for 7-[Cp*2Co]2 

1H NMR (400 MHz, 298 K, CDCl3): δ 1.60 (s, 30H) (Figure 2.47); 
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13C{1H} NMR (100 MHz, 233.15 K, CD2Cl2): δ 147.69 (m), 138.42 (m), 136.11 (m), 

123.28(m), 93.84, 7.87;  

19F NMR (376 MHz, 298 K, CDCl3): δ -132.29 (m, 6F), -163.57 (m, 3F), -167.17 (m, 6F) 

(Figure 2.48); 

15N NMR (41 MHz, -40 °C, CD2Cl2): δ 429.91, δ 384.93 (Figure 2.49); 

 UV-Vis (CH2Cl2, 25 °C): λmax/nm (ε/M-1cm-1) = 340 (1575), 405 (344) (Figure 2.50);  

FT-IR (X, cm-1): 1010 ν(14NO); 987 ν(15NO); Hooke’s law predicts 15N/14NΔν = 19 cm-1 

(Figure 2.51). The IR spectra were taken as a thin film by evaporating a dichloromethane solution 

of 7-[Cp*
2Co]2 on a KBr window.  

Anal. Calcd for C76H60B2Co2F30N2O2 (7-[Cp*
2Co]2): C, 52.38; H, 3.47; N, 1.61. Found: C, 

52.22; H, 3.49; N, 1.55.   
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Figure 2.47. 1H NMR spectrum (400 MHz, 25 °C, CDCl3) of [(C6F5)3B-ON=NO-

B(C6F5)3][Cp*
2Co]2 (7-[Cp*

2Co]2). The resonances marked with (*) and (#) are from the solvent 

residual peak for chloroform-d1 and pentane, respectively. 

 

 

 

 

 

 

 

 

 

 

Figure 2.48. 19F NMR spectrum (376 MHz, 25 °C, CDCl3) of [(C6F5)3B-ON=NO-

B(C6F5)3][Cp*
2Co]2 (7-[Cp*

2Co]2).  
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Figure 2.49. 15N NMR spectrum (41 MHz, CD2Cl2) of [(C6F5)3B-ON=NO-B(C6F5)3][Cp*
2Co]2 

(7-[Cp*
2Co]2) at -40 °C.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.50. a) UV-Vis spectra of [(C6F5)3B-ON=NO-B(C6F5)3][Cp*
2Co]2 at 25 °C (7-

[Cp*
2Co]2) in dichloromethane at 25 °C at different concentrations. b) Beer’s law plot for (7-

[Cp*
2Co]2) depicts λmax/nm (ε/M-1cm-1) = 340 (1575).  
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Figure 2.51. a) FT-IR spectra of [(C6F5)3B-O14N=14NO-B(C6F5)3][Cp2
*Co]2  (7-[Cp*

2Co]2) 

(black trace) and [(C6F5)3B-O15N=15NO-B(C6F5)3][Cp*
2Co]2   (7-[Cp*

2Co]2-15N) (red trace). 

b) The subtracted spectrum of (7-[Cp*
2Co]2) (down) and (7-[Cp*

2Co]2-15N) (up). 

 

2.4.10. Reduction of MesCH2SNO-BCF (4) with Cp*
2Co  

Scheme 2.7. Reduction of MesCH2SNO-BCF (4) with Cp*
2Co. 

A solution of decamethylcobaltocene (0.046 g, 0.141 mmol) in fluorobenzene (3 mL) was 

added to a solution of MesCH2SNO-BCF (4) (0.1 g, 0.141 mmol) in fluorobenzene (2 mL). The 

color of the solution immediately changed from orange to dark yellow. The solution was 

evaporated, and the resulting dark yellow solid was washed with pentane.  The solid was then 

dissolved in 3 mL dichloromethane and filtered through celite to give a clear solution which was 

layered with cold pentane and kept at -40 °C to give the product [(C6F5)3B-O15N=15NO-

B(C6F5)3][Cp*
2Co]2 (7-[Cp*

2Co]2) (0.160 g, 65% yield) as yellow crystals. 1H NMR analysis on 

the yellow solution indicates the formation of free disulfide in 74% yield via its 1H NMR spectrum 
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(400 MHz, 298 K, CDCl3): δ 6.83 (s, 2H, Aryl-CH), 3.92 (s, 2H, CH2), 2.36 (s, 3H, CH3), 2.24 (s, 

6H, CH3). 

2.4.11. Reduction of AdSNO-B(C6F5)3 (3) with Cp2Fe  

 

Scheme 2.8. Reduction of AdSNO-BCF (3) with Cp2Fe. 

 

A solution of ferrocene (0.026 g, 0.141 mmol) in dichloromethane (3 mL) was added to a 

solution of AdSNO-BCF (3) (0.1 g, 0.141 mmol) in dichloromethane (2 mL). The color of the 

solution immediately changed from yellow to purple. The solution was evaporated, and the 

resulting purple solid was washed with pentane.  The solid was then dissolved in 3 mL 

fluorobenzene and was layered with cold pentane and kept at -40 °C to give the product [(C6F5)3B-

ON=NO-B(C6F5)3][Cp2Fe]2 (7-[Cp2Fe]2) (0.145 g, 70% yield) as purple crystal. 

 

2.4.12. Reduction of MesCH2SNO-B(C6F5)3 (4) with Cp2Fe 

 

Scheme 2.9. Reduction of MesCH2SNO-BCF (4) with Cp2Fe. 

 

A solution of ferrocene (0.026 g, 0.141 mmol) in dichloromethane (3 mL) was added to a 

solution of MesCH2SNO-BCF (4) (0.1 g, 0.141 mmol) in dichloromethane (2 mL). The color of 

the solution immediately changed from orange to purple. The solution was evaporated, and the 
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resulting purple solid was washed with pentane.  The solid was then dissolved in 3 mL 

fluorobenzene and was layered with cold pentane and kept at -40 °C to give the product [(C6F5)3B-

ON=NO-B(C6F5)3][Cp2Fe]2 (7-[Cp2Fe]2) (0.130 g, 63% yield) as purple crystals.  

 

 

Scheme 2.10. Reduction of AdSNO-BCF (3) with Cp*
2Co to generate [AdSNO-BCF]•/- (5). 

 

2.4.13. EPR Analysis for the Reduction of ASNO-B(C6F5)3 (3) with Cp*
2Co 

 A fluorobenzene solution of decamethylcobaltocene (10 mM, 0.5 ml) in an EPR tube was 

slowly layered with a pentane solution of AdSNO-BCF (3) (23 mM, 0.217 ml) at RT. The EPR 

tube was capped and transferred outside the glovebox without shaking. The tube was then shaken 

couple of times and quickly placed in the EPR instrument. 
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Figure 2.52. Isotropic X-band EPR spectra (blue trace) and simulation (red trace) of  the 

reaction between (a) AdSNO-BCF (3) or (b) AdS15NO-BCF (3-15N) and Cp*2Co to generate 

radical anions 5-14N and 5-15N, respectively, in a mixture of fluorobenzene/pentane at 25 °C. 

Frequency =9.194384 GHz, power = 0.99 mW, ModWidth = 15 mT, time-constant = 0.03 s. 

Simulation provides giso = 1.9985, Aiso(14N) = 45.0 MHz and Wiso = 2.7 mT (for 3), and giso = 

1.9998, Aiso(15N) = 62.5 MHz, Wiso = 2.1 mT (for 3-15N). As expected, the ratio of isotropic 15N 

and 14N hyperfine coupling constants A(15N)/A(14N) = 1.38 is very close to the ratio of their 

gyromagnetic ratios γ(15N)/γ(14N) =1.40. 

 

2.4.14. Crystallographic Details and Additional Structures 

Single crystals of each compound AdSNO-B(C6F5)3 (3) (CCDC 1945525), MesCH2SNO-

B(C6F5)3 (4) (CCDC 1945527), [(C6F5)3B-ON=NO-B(C6F5)3][Cp*
2Co]2 (7-[Cp*

2Co]2) (CCDC 

1945528), [(C6F5)3B-ON=NO-B(C6F5)3][Cp2Fe]2 (7-[Cp2Fe]2) (CCDC 1945529) were mounted 

under mineral oil on a Mitegen micromount and immediately placed in a cold nitrogen stream at 

100(2) K prior to data collection. Data for compounds 3, 7-[Cp*
2Co]2, and 7-[Cp2Fe]2 were 

collected on a Bruker D8 Quest equipped with a Photon100 CMOS detector and a Mo ImS source.  

Data for 4 were collected on a Bruker DUO equipped with an APEXII CCD detector and Mo fine-

focus sealed source.  A series of 0.5o φ- and ω-scans were collected with monochromatic Mo Kα 

radiation, λ = 0.7107 Å and integrated with the Bruker SAINT program. Structure solution and 
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refinement was performed using the SHELXTL/PC suite and ShelXle. Intensities were corrected 

for Lorentz and polarization effects and an empirical absorption correction was applied using 

Blessing’s method as incorporated into the program SADABS. Non-hydrogen atoms were refined 

with anisotropic thermal parameters and hydrogen atoms were included in idealized positions 

unless otherwise noted.  Further comments on structural models: 

[AdSNO-BCF] (C5H12)0.5 (3). One half occupied lattice pentane solvent molecule is 

present in the lattice.  This molecule is disordered across a symmetry site.  The like C-C distances 

were restrained to be similar. 

 [(C6F5)3B-ON=NO-B(C6F5)3][Cp2
*Co]2 (7-[Cp*

2Co]2).  A total of eight highly 

disordered fluoro-benzene solvent molecules per unit cell were removed from the model using the 

SQUEEZE routine in PLATON.  Attempts to model the disordered solvent molecules resulted in 

non-convergence, thus they were removed. 

[(C6F5)3B-ON=NO-B(C6F5)3][Cp2Fe]2 (7-[Cp2Fe]2).  The data was refined as a two 

component twin.  The ratio of the twin domains refined to ~69:31, and the twin law by rows was 

(-1 0 0), (0 -1 0), (.113 0 1).  Two C6F5 groups are disordered over two orientations.  The like C-

F and C-C distances were restrained to be similar.  The C1/C1B and C31/C31B atom pairs were 

constrained to have equal x,y,z positions and equal anisotropic displacement parameters. 
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Figure 2.53. Molecular structure of [(C6F5)3B-ON=NO-B(C6F5)3][Cp2
*Co]2 (7-[Cp*

2Co]2) 

(CCDC 1945528). The thermal ellipsoid plots are drawn at 50% probability level. Hydrogen atoms 

are omitted for clarity. Selected bond distances (Å) and angles (°): N-O 1.381(6), N-N 1.257(9), 

O-B 1.489(7), O-N-N 106.5(5), N-O-B 109.0(4).  
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Figure 2.54. Molecular structure of [(C6F5)3B-ON=NO-B(C6F5)3][CpFe]2 (7-[Cp2Fe]2) 

(CCDC 1945529). The thermal ellipsoid plots are drawn at 50% probability level. Hydrogen atoms 

are omitted for clarity. Selected bond distances (Å) and angles (°): N1-O1 1.380 (4), N2-O2 1.364 

(4), N1-N2 1.274 (4), O1-B1 1.492(6), O2-B2 1.505(6), N1-O1-B1  113.8 (4), N2-O2-B2  111.9 

(3), N2-N1-O1 107.0 (4), N1-N2-O2 106.3 (4).   
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2.4.15. Computational Details and Results 

Electronic structure calculations were performed using density functional theory (DFT) 

with ωB97XD range-separated density functional with empirical dispersion correction;36 previous 

benchmarking of the performance of the DFT methods for the RSNO compounds against high-

level ab inito results37 demonstrated a good performance of the ωB97XD functional for description 

of the –SNO group properties. A triple-zeta quality basis set augmented with diffuse functions, 

ma-def2-TZVPP, has been used throughout; preliminary calculations also employed smaller ma-

def2-SV(P) basis set.38,39 Due to the system size, calculations of structures including more than 

one B(C6F5)3 moieties used a reduced ma-def2-SV(P) basis set, red-ma-def2-SV(P), with removed 

diffuse and polarization basis functions on F atoms and removed diffuse functions on C atoms.  

Solvent (dichloromethane) effects have been treated using the integral equation formalism 

polarizable continuum model (IEFPCM) as implemented in Gaussian 16.40  

Harmonic frequency calculations have been performed for all optimized structures to 

ascertain the nature of the stationary point found; thermodynamic parameters have been calculated 

within harmonic approximation for the T=298 K, 1 M standard state.  

NMR chemical shifts were calculated with the standard Gauge-Independent Atomic 

Orbital (GIAO) method.41 Atomic spin populations were evaluated with Natural Population 

Analysis (NPA).42  

The relative contributions of the resonance structures S, D, and I (Figure 2.1A in the main 

text) have been estimated using Natural Resonance Theory (NRT) approach as implemented in the 

NBO 7.0 code.43-47 The NRT calculations used a local NRT variant, where only the resonance 

structures arising from the –SNO group have been considered. To ensure consistency of the NRT 
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results across the different molecules/complexes, the three resonance structures S, D, and I have 

been used as the reference structures for the NRT calculation and the NRTPAR parameter has been 

set to 99%.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.55. Thermodynamic parameters of (A) the dimerization reaction of the AdSNO-

B(C6F5)3 anion-radical. (B) subsequent AdS–SAd elimination calculated at the ωB97XD-

PCM(CH2Cl2)/red-ma-def2-SV(P) level. Hydrogen and fluorine atoms not shown for clarity. 
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Figure 2.56. Thermodynamic parameters of (A) the dimerization reaction of the 

MesCH2SNO-B(C6F5)3 anion-radical and (B) subsequent MesCH2S–SCH2Mes elimination 

calculated at the ωB97XD-PCM(CH2Cl2)/red-ma-def2-SV(P) level. Hydrogen and fluorine atoms 

not shown for clarity. 
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CHAPTER III 

Lewis Acid-Assisted Reduction of Nitrite to Nitric and Nitrous Oxide via the Elusive Nitrite 

Radical Dianion2 

3.1. Introduction 

Oxyanions are a class of water pollutants of growing concern due to their high solubility 

in water, their potential toxicity and their negative environmental impacts.1,2 Nature has evolved 

several biochemical pathways capable of facile, selective reduction of oxyanions. The constituent 

enzymes in these pathways offer inspiration for the design of catalysts purposed toward 

remediation of oxyanion pollution.3 For example, the nitrite anion (NO2
–) is exploited as a terminal 

electron acceptor during denitrification, where it is progressively reduced to nitric oxide (NO), 

nitrous oxide (N2O), and ultimately to dinitrogen (N2). The initial, selective reduction of NO2
– to 

NO is mediated by metalloenzymes including cytochrome c oxidase and nitrite reductases that 

leverage coordination of NO2
– to Fe or Cu centers.4-7 These redox-active metals transfer an electron 

to NO2
–, facilitated both by the Lewis acidity of the metal centers and accompanied by binding of 

a proton to a nitrite O-atom in nitrite reductase.8,9 Either of these binding events may lower the 

reduction potential of NO2
–, rendering electron-transfer more favorable (Figures 3.1 a and 3.1b). 

Reduction of nitrogen oxyanions also occurs in high level radioactive waste stored in 

nitrate and nitrite rich aqueous solutions.10 Solvated electrons generated radiolytically undergo 

rapid capture by both nitrate and nitrite to form the dianions NO3
2- and NO2

2- (Figure 3.1c). These 

 
2 The results of this project are under external review at Nature Chemistry. 
 I would like to thank Prof. Kyle M Lancaster and Ida M. DiMucci who have collected XAS and EPR data as well as carried out detailed 

electronic structure calculations for this project. 
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dianions are extremely short-lived species with lifetimes on the order of 20 µs before reaction with 

water produces NO2 and NO, respectively.11 

 

Figure 3.1. Nitrite reduction in biology and nuclear waste: the role of protons and Lewis 

acids. (a) Reduction potential of nitrite to NO at pH 7 involves two protons. (b) Metal-nitrite 

coordination, H-bonding networks, and proton transfer facilitate biological nitrite reduction to NO. 

(c) Rapid capture of β-particles (electrons) by nitrite from radioactive decay to form the nitrite 

dianion NO2
2- and subsequent proton-induced release of NO. (d) Lewis acid coordination enables 

isolation of nitrite dianion NO2
2-. 

 

To decouple the effects of Lewis acid coordination and proton transfer to an oxyanion 

during reduction, we explored the effects of coordinating NO2
– to a redox innocent Lewis acid. 

We have previously shown the coordination of the biological nitric oxide reservoir RSNOs to the 

Lewis acid B(C6F5)3 in RSNO–B(C6F5)3 adducts significantly raises the reduction potential for 

RSNOs (ca. –1.1 to –1.3 V vs. NHE) that enables generation of the [RSNO-B(C6F5)3]
–/• radical 

anion at biologically relevant potentials (+0.1 vs. NHE).12 Employing a capping Lewis acid for 

each of the two O atoms of nitrite, this strategy enables the facile reduction of NO2
– to its radical 

dianion NO2
2– without attendant proton transfer. This approach enables the characterization and 
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reactivity study of this novel oxyanion that connects NO2
–, NO, and N2O that represent three redox 

levels in the global nitrogen reduction cycle. 

3.2. Results and Discussion 

3.2.1. Capture of Nitrite Dianion: Synthesis and Characterization  

Addition of 1 equivalent B(C6F5)3 to [Cp*
2Co][NO2] (1) in fluorobenzene leads to the 

formation of [Cp*
2Co][(C6F5)3B-ONO] (2) in near quantitative yield (Figure 3.2a). The X-ray 

structure of unsymmetrically capped 2 shows O-bound nitrite to the B(C6F5)3 with markedly 

different N-O distances of 1.337(10) (capped O atom) and 1.200(10) Å (free O atom), respectively 

(Figure 3.4). Treating [Cp*
2Co][(C6F5)3B-ONO] (2) with a second equivalent B(C6F5)3 in 

fluorobenzene forms the doubly activated nitrite anion in [Cp*
2Co][(C6F5)3B-ONO-B(C6F5)3] (3) 

(Figure 3.2b). The X-ray structure of 3 shows more symmetric NO distances (1.261(2), 1.225(2) 

Å) that result upon coordination of a Lewis acid to each O atom in nitrite. Lewis acid coordination 

also results in a contraction of the nitrite O-N-O bond angle to 112.2(7)° and 109.3(17)° in mono- 

and di-capped species 2 and 3, respectively, compared to the free nitrite anion in 1 (120.6(6)°; 

Figures 3.3-3.6).  
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Figure 3.2. Synthesis and structures of Lewis acid capped nitrite mono- and dianions. (a) 

Synthesis of Lewis acid-capped nitrite anions [Cp*
2Co][(C6F5)3B-ONO] (2), [Cp*

2Co][(C6F5)3B-

ONO-B(C6F5)3] (3) and [Cp*
2Co]2[(C6F5)3B-ONO-B(C6F5)3] (4). (b) X-ray structures of nitrite 

monoanion [Cp*
2Co][(C6F5)3B-ONO-B(C6F5)3] (3) and dianion [Cp*

2Co]2[(C6F5)3B-ONO-

B(C6F5)3] (4) with N-O distances (Å) and O–N–O angles (°). Each anion is charge-balanced by 

the Cp*
2Co+ cation. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Molecular structure of [Cp*
2Co][NO2] (1)(CCDC 2074366). The thermal ellipsoid 

plots are drawn at 50% probability level. Hydrogen atoms are omitted for clarity. Selected bond 

distances (Å) and angles (°): N-O1 1.110(8), N-O2 1.239(6), O1-N-O2 120.6(6). 
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Figure 3.4. Molecular structure of [Cp*
2Co][(C6F5)3B-ONO] (2) (CCDC 2074367). The 

thermal ellipsoid plots are drawn at 50% probability level. Hydrogen atoms are omitted for clarity. 

Selected bond distances (Å) and angles (°): N-O1 1.337(10), N-O21.200(10), O1-B 1.527(11),O1-

N-O2 112.2(7), B-O1-N 113.6(7).  
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Figure 3.5. Molecular structure of [Cp*
2Co][(C6F5)3B-ONO-B(C6F5)3] (3) (CCDC 2074368). 

The thermal ellipsoid plots are drawn at 50% probability level. Hydrogen atoms are omitted for 

clarity. Selected bond distances (Å) and angles (°): N-O1 1.261(2), N-O2 1.225(2), O1-B 1.603(3), 

O2-B 1.628(3), O1-N-O2 109.30(17), B-O1-N 116.78(16), B-O2-N 117.41(16).  
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Figure 3.6. Molecular structure of [Cp*
2Co]2[(C6F5)3B-ONO-B(C6F5)3] (4) (CCDC  2074369). 

The thermal ellipsoid plots are drawn at 50% probability level. Hydrogen atoms are omitted for 

clarity. Selected bond distances (Å) and angles (°): N-O1 1.385(7), N-O21.373(7), O1-B 1.488(9), 

O2-B 1.490(9), O1-N-O2 103.5(5), B-O1-N 109.7(5), B-O2-N 109.7(5). 
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Cyclic voltammetry (CV) studies reveal the effect of the Lewis acid coordination on the 

reduction potential of free nitrite. Under aqueous conditions, the reduction potential for free nitrite 

is highly proton dependent, ranging from +0.98 V and –0.48 vs NHE at pH 0.0 and 14.0, 

respectively.13,14 In fluorobenzene with [PPN][BArF4] (ArF = 3,5-(CF3)2C6H3) as electrolyte, 

however, neither [Cp*
2Co][NO2] (1) nor [Cp*

2Co][(C6F5)3B-ONO] (2) exhibits any reduction 

wave for nitrite or monocapped nitrite anion (Figure 3.7). Rather, only a wave for Cp*
2Co+/Cp*

2Co 

couple is evident which appears at –1.35 V in 2. In marked contrast, the cyclic voltammogram of 

[Cp*
2Co][(C6F5)3B-ONO-B(C6F5)3] (3) shows a quasi-reversible wave centered at –0.74 V vs. 

NHE that corresponds to the [(C6F5)3B-ONO-B(C6F5)3]
–/[(C6F5)3B-ONO-B(C6F5)3]

2– couple 

(Figure. 3.8). The addition of a second Lewis acid to the nitrite anion induces a profound electronic 

effect that facilitates nitrite reduction. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Cyclic voltammetry of [Cp*
2Co][(C6F5)3B-ONO] (2) in fluorobenzene  

(4 mM) at 25 °C in the presence of [PPN][BArF
4] (0.1 M) with a scan rate of 100 mV/s. 

 

 

 

Ered = -1.53 V 

Eox = -1.16 V 
E1/2 = -1.35 V 
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Figure 3.8. Cyclic voltammetry of [Cp*
2Co][(C6F5)3B-ONO-B(C6F5)3] (3) in fluorobenzene (4 

mM) at 25 °C in the presence of [PPN][BArF
4] (0.1 M) with a scan rate of 100 mV/s. 

 

Chemical reduction of [Cp*
2Co][(C6F5)3B-ONO-B(C6F5)3] (3) with Cp*

2Co in 

fluorobenzene effects a color change from yellow to gray (Figure 3.2a). Crystallization of the gray 

product confirms the formation of the borane capped nitrite radical dianion [Cp*
2Co]2[(C6F5)3B-

ONO-B(C6F5)3] (4) (Figure 3.2b). While Lewis acid capped mono- and dianions 3 and 4 possess 

similar overall structures, the bond lengths and angles in nitrite dianion 4 are greatly changed in 

comparison with nitrite 3. In nitrite dianion 4 the N–O bonds are significantly elongated (1.385(7), 

1.373(7) Å) in response to the extra electron present in the nitrite anion. Furthermore, the nitrite O 

atoms in dianion 4 are more tightly bound to the capping boranes (B-O distances: 1.488(9), 

1.490(9) Å), consistent with its greater negative charge in comparison to doubly capped nitrite 

anion 3 (B-O distances: 1.603(3), 1.628(3) Å). Moreover, the O-N-O bond angle in dianion 4 

Ered = -1.61 V 

Eox = -1.20 V  

E1/2 = -1.40 V 

Cp*2Co+/0 

Ered = -0.94 V  

E1/2 = -0.74 V 

[LA-ONO-LA]2-/1- Eox = -0.54 V  
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(103.5(5)°) is contracted relative to monoanion 3 (109.3(17)°). IR spectroscopy reports a 

significantly lower energy N–O stretching frequency for dianion 4 (1010 cm-1) in comparison with 

monoanion 3 (1265 cm-1), consistent with a weakening of the N–O bonds of nitrite upon one 

electron reduction (Figures 3.9 and 3.10).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. a) FT-IR spectra of [Cp*
2Co][(C6F5)3B-ONO-B(C6F5)3] (3) (red trace) and 

[Cp*
2Co][(C6F5)3B-O15NO-B(C6F5)3] (3-15N) (black trace). b) The difference spectrum between 

3 (down) and 3-15N (up). 

 

 

 

 

 

 

 

 

 

Figure 3.10. a) FT-IR spectra of [Cp*
2Co]2[(C6F5)3B-ONO-B(C6F5)3] (4) (red trace) and 

[Cp*
2Co]2[(C6F5)3B-O15NO-B(C6F5)3] (4-15N) (black trace). b) The difference spectrum between 

4 (down) and 4-15N (up). 

 

 

a b 

a b 
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3.2.2. Electronic Structure of the Nitrite Dianion Core 

Qualitative molecular orbital analysis for NO2
2–/1– predicts that lowest unoccupied MO 

(LUMO) of 3 / singly occupied molecular orbital (SOMO) of 4 should be an N-localized π* 

combination between N 2px and a O 2px orbitals. This is confirmed by analysis of electron 

paramagnetic resonance (EPR) spectra. The continuous wave X-band EPR spectrum obtained at 

room temperature for 4 (Figure 3.11a) reveals the expected isotropic 3-line pattern arising from 

14N hyperfine coupling with Aiso(
14N) = 44.0 MHz. Accordingly, the 15N isotopolog exhibits a 2-

line pattern with Aiso(
15N) = 62.0 MHz (Figure 3.11b). The giso value of 2.005 obtained from both 

measurements is consistent with a radical comprised solely of light atoms.  

Frozen-solution spectra recorded at both X- (Figure 3c) and Q-band (Figure 3.11d) (the 

latter obtained by field-swept echo detection at Cornell) reveal substantial anisotropy of the 14N 

hyperfine values, with the best simulation of the X-band data giving Ax = 122 MHz, Ay = 4 MHz 

and Az = 6 MHz. Assignment of the larger HFC as Ax is supported by the corresponding Q-band 

data. The g-values obtained from simulating the Q-band data of 4 are gx = 1.991, gy = 1.996, and 

gz = 1.996. For completeness, frozen-solution spectra and simulations for the 15N isotopolog are 

given in the experimental section. 
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Figure 3.11. Spectroscopy and calculations. (a) 298 K solution continuous wave (CW) X-band 

(9.3886 GHz) EPR spectrum of 14N–4 (9.7249 GHz). (b) Solution CW X-band EPR spectrum of 
15N–4. (c) 96 K frozen solution CW X-band (9.2710 GHz) EPR of 14N–4. (d) 10 K field-swept 

echo-detected Q-band (33.9544 GHz) EPR of 14N–4. Experimental data are in black, simulations 

are red. (e) Smoothed partial fluorescence yield detected N K-edge XAS of 3 (black) and 4 (red). 

Raw data are in gray. (f) B3LYP/def2-TZVP(-f) calculated spin density plots (isovalue 0.002 au) 

of the dianion in 4 and geometry-optimized NO2
2–.  

 

For an electron localized to a MO with substantial N 2px character, the A values [Ax, Ay, 

Az] are expected to be [aiso + Tx, aiso + Ty, aiso + Tz], where T is the anisotropic value for 14N. 

Using values tabulated by Morton and Preston,15 the value of aiso corresponding to an electron 

localized to N 2s is 1811 MHz, while an electron localized to N 2px should have anisotropic [Tx, 

Ty, Tz] = [4/5, –2/5, –2/5] x 138.8 MHz = [111.04, –55.52, –55.52] MHz. Using the well-resolved 

Ax value to obtain Tx, the unpaired spin in 4 resides in a molecular orbital with 2.5% N 2s and 69% 

N 2px character. 
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N-localization of the reduction of 3 to 4 is further supported by N K-edge (1s → 2p) XAS 

(Figure 3e). The spectrum obtained for 3 has an intense pre-edge feature at 400.6 eV this is shifted 

to 397.8 eV in 4. The intensity of this feature is diminished in 4, consistent with occupation of a 

formerly empty MO. The edge position in the spectrum obtained for 3 appears at ca. 5 eV higher 

energy relative to the edge in 4. Together, these are consistent with reduction of N. The intensity 

of the pre-edge feature in 4 be related to N 2p participation in the acceptor orbital via Equation 

(1)16 : 

𝐷0 =
𝛼2𝐼𝑆ℎ

3𝑛
 

 

Where D0 is the pre-edge peak intensity, h is the number of holes, n is the number of 

photoabsorbers (n and h = 1 in 4), Is is the radial dipole integral between N 1s and N 2p, and 2 is 

the % N 2p character of the acceptor MO. Using the experimental D0 of 4.2 and the 69% N 2px 

character determined via EPR, a value of 18.3 is obtained for Is. This value is smaller than an 

estimate of Is obtained by studying a library of N-ligated coordination complexes17 and reflects 

decontraction of the 2p orbital of the highly electron-rich N-center in 4.18 
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Figure 3.12. Overlay of smoothed experimental PFY N K-edge XAS of 3 and 4 (solid lines) 

with TDDFT-calculated spectra (dashed lines). 

Hybrid density functional theory (DFT) calculations using the B3LYP hybrid density 

functional and the scalar-relativistically recontracted ZORA-def2-TZVP(-f) basis set on all atoms 

further support the formulation of 4 as containing a NO2
2– core. The calculated spin density 

occupies a b1-symmetry O–N–O π* orbital composed 2% N 2s and 67% N 2px in excellent 

agreement with values obtained from EPR (Figure 3.11f). The residual spin density resides 

predominantly on O. Calculated spin Hamiltonian parameters exhibit high fidelity to values 

extracted from spectral simulations. Time-dependent DFT calculations of the N K-edge XAS 

confirm that the pre-edge feature in the spectrum obtained for 4 corresponds to a promotion from 

N 1s to the b1-symmetry SOMO. Additionally, these calculations reproduce the energy shifts 

observed between N K features of 3 and 4 (Figure 3.12). 

Given the fidelity of the calculated electronic structure to that deduced from experiment, 

we sought to examine the role of the capping Lewis acids on the electronic structure of the NO2
2– 

core. Geometry optimization of the bare anion NO2
2– at this level of theory affords N-O distances 
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of 1.372 Å and an angle of 111.5°, consistent with an electron in O–N–O π* orbital. A single point 

electronic structure calculation at the stationary point reveals that the NO2
2– dianion is also an N-

centered radical with a similar N orbital heritage (1.3% N 2s and 59% N 2px) as in Lewis acid 

capped 4. Binding of the Lewis acid to the nitrite dianion appears to push electron density from O 

back on to N (Figure 3.11f). 

3.2.3. Chemical Reactivity of the Nitrite Dianion 

The nitrite radical dianion [Cp*
2Co]2[(C6F5)3B-ONO-B(C6F5)3] (4) is stable in the solid 

state and at room temperature in fluorobenzene solution. Since the N atom of nitrite dianion 4 is 

at the same oxidation level as NO gas (Nox = +2), we explored avenues to produce NO gas from 

4. Heating a fluorobenzene solution of 4 at 75 C for 48 h leads to the formation of NO gas in 65% 

yield (Fig. 3.13a). 19F NMR analysis of this reaction indicates multiple B(C6F5)3 derived products, 

including [Cp*(η5-C5Me4CH2–B(C6F5)3)Co] (5) that has undergone deprotonation of the one Cp* 

methyl group followed by capture by the Lewis acid B(C6F5)3 (Figure 3.14). Mimicking proton 

transfer in nitrite reduction, however, addition of 2 equiv. trifluoroacetic acid to dianion 4 at room 

temperature triggers instant release of NO gas in 72% yield with 2 equiv. [Cp*
2Co][(C6F5)3B-

OC(O)CF3] (6) isolated in 80% yield (Figure 3.13a).  

 

Figure 3.13. Reactivity of the nitrite dianion. (a) Release of NO from nitrite dianion 4 upon 

heating or addition of proton sources. (b) Redction of NO to N2O by nitrite dianion 4 generating 2 

equiv. [(C6F5)3B-ONO] (2). (c) Reaction with isotopically labelled NO reveals a net outersphere 

reduction of NO to N2O. 
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Figure 3.14. Molecular structure of [(η5-C5Me4CH2-B(C6F5)3)CoCp*] (7) (CCDC2074372). 

The thermal ellipsoid plots are drawn at 50% probability level. Hydrogen atoms are omitted for 

clarity. Selected bond distances (Å) and angles (°): B-C1 1.669(5) B-C1-C2 120.4(3).  
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Reaction of nitrite dianion 4 with 3 equiv. NO results in a disproportionation reaction that 

generates N2O and 2 equiv. [Cp*
2Co][(C6F5)3B–ONO] (2) quantified in 43% and 90% yield, 

respectively. Isotopic labeling experiments provide reveal that N2O forms solely from the added 

NOgas. Reaction of natural abundance nitrite dianion 4-14N with 3 equiv. 15NOgas results in the 

exclusive formation of 15N15NO while reaction of nitrite dianion 4-15N with 3 equiv. 14NOgas solely 

forms 14N14NO as monitored by IR spectroscopy (Figures 3.16 and 3.18). In each case a 1:1 

mixture of monocapped nitrite anions [(C6F5)3B-O14NO] (2-14N) and [(C6F5)3B-O15NO] (2-15N) 

form according to 15N and 19F NMR analysis (Figures 3.13c, 3.15 and 3.17). We propose a net 

outer sphere electron transfer from nitrite dianion 4 to NO to form NO- (or its Lewis acid adduct). 

Stepwise capture of NO could provide [ON=NO]-/• (or its Lewis acid adduct) that ultimately 

combines with an additional equivalent of NO to provide the disproportionation products N2O and 

[Cp*
2Co][(C6F5)3B-ONO] (2). These observations resemble the reaction of HNO (a source of NO–

) with 2 NO to form N2O and 2 equiv. NO2
-.19  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15. 15N NMR spectrum (41 MHz, CD2Cl2) for the reaction of [Cp*
2Co]2[(C6F5)3B-

ONO-B(C6F5)3] (4) with 3 equiv. 15NO gas.  

[Cp*
2
Co][(C

6
F

5
)
3
B-O

15

NO]  Standard (
15

N acetanilide) 



 
 

134 
 

 

 

 

 

 

 

 

 

 

Figure 3.16. (a) IR spectrum (solution IR, C6H5F) for the reaction of [Cp*
2Co]2[(C6F5)3B-

ONO-B(C6F5)3] (4) with 3 equiv. 15NO gas. (b) The difference spectrum between IR spectrum 

of the reaction mixture and blank C6H5F.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17. 15N NMR spectrum (41 MHz, CD2Cl2) for the reaction of [Cp*
2Co]2[(C6F5)3B-

O15NO-B(C6F5)3] (4-15N) with 3 equiv. 14NO gas.  
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Figure 3.18. (a) IR spectrum (solution IR, C6H5F) for the reaction of [Cp*
2Co]2[(C6F5)3B-

O15NO-B(C6F5)3] (4-15N) with 3 equiv. 14NO gas. (b) The difference spectrum between IR 

spectrum of the reaction mixture and blank C6H5F.  

 

3.3. Conclusions 

In summary, by employing the Lewis acid B(C6F5)3, electron transfer and proton transfer 

steps in nitrite reduction become decoupled from N–O bond scission, permitting isolation of the 

nitrite dianion NO2
2– stabilized by a redox innocent Lewis acid at each O atom. The nitrite dianion 

4 represents a new polyoxoanion with Nox= +2 that provides new, fundamental insights into the 

conversion of NO2
– to NO. Moreover, the nitrite dianion 4 is capable of further reducing NO to 

N2O with formation of the nitrite monoanion 2, connecting three nitrogen oxidation states in the 

global nitrogen cycle (Nox = +3, +2, +1). Use of potent, redox-innocent Lewis acids to enable the 

reduction of small molecules and ions without breaking bonds affords an opportunity to gain 

insight into the reduction of other environmentally relevant species, perhaps opening new 

approaches for catalysis. This is especially true for anions such as nitrate (NO3
-) and perchlorate 

(ClO4
-) for which transition metals that mediate electron- and oxygen-atom transfer steps, yet bind 

b a 
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to metal sites weakly requiring assistance via non-covalent binding to facilitate oxyanion 

reduction.20 

3.4. Experimental Section 

3.4.1. General Instrumentation and Physical Methods 

All experiments were carried out under dry nitrogen atmosphere by utilizing MBraun 

gloveboxes and/or standard Schlenk techniques unless otherwise mentioned.1H,  19F, 13C{1H}, 15N 

and 11B NMR spectra were recorded on a Varian 400 MHz spectrometer at room temperature 

unless otherwise noted. The chemical shift (δ) values for 1H,  and 13C{1H} are expressed in ppm 

relative to tetramethylsilane while the  chemical shift (δ) values for 19F, 15N and 11B NMR are 

expressed in ppm relative to C6H5F, 15NH3 and boric acid, respectively. The residual 1H signal of 

deuterated solvent served as an internal standard for 1H and 13C{1H} NMRs whereas the residual 

19F signal of C6H5F served as an internal standard for 19F NMR. Elemental analyses were 

performed on a Perkin-Elmer PE2400 micro-analyzer at Georgetown University. UV-vis spectra 

were recorded on Agilent 8454 Diode Array spectrometer equipped with stirrer and Unisoku USP-

203 cryostat for variable temperature experiments. The molar extinction coefficients of different 

isolated complexes were determined from Beer’s law plots (absorbance vs concentration) with at 

least four different concentrations. IR spectra (with spectral resolution of 2 cm-1) were collected 

on an ATR spectrometer. Details for X-ray crystallography appear in Section 3.4.14. 
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3.4.2. Materials 

All chemicals were purchased from common vendors (e.g. Sigma-Aldrich, Acros Organics, 

Strem Chemicals, TCI) and used without further purification unless otherwise mentioned. 

Tris(pentafluorophenyl)borane (B(C6F5)3) was obtained from Boulder Scientific Company and 

used without further purification. Molecular sieves (4A, 4-8 mesh beads) were obtained from 

Fisher Scientific and were activated prior to use in vacuo at 200 °C for 24 h. Extra dry solvents 

(≥99.5%) with Acroseal® and deuterated solvents were purchased from Acros Organics and 

Cambridge Isotope Laboratories, respectively. Both anhydrous and deuterated solvents were 

sparged with nitrogen and stored over activated 4A molecular sieves under a nitrogen atmosphere. 

Ag15NO2 was prepared from commercially available Na15NO2 based on the previously reported 

procedure.20,21  
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3.4.3. Synthesis and Characterization of [Cp*
2Co][NO2] (1) 

 

 

Scheme 3.1. Synthesis of [Cp*
2Co][NO2] (1). 

Cp*
2Co (0.300 g, 0.910 mmol) in acetonitrile was directly added to a solution of AgNO2 

(0.140 g, 0.910 mmol) in acetonitrile (ca. 6 mL). The solution was stirred for 2 h at RT and the 

resultant dark brown solution was filtered through Celite and then concentrated to dryness under 

vacuum overnight to obtain a yellow solid. The yellow solid was dissolved in a mixture of CH2Cl2 

/ C6H5F (ca. 6 mL; 2/4) and crystalized at -40 °C by layering with pentane to obtain X-ray quality 

crystals (0.250 g, 0.665 mmol) in 73% yield. 1-15N was prepared similarly from Ag15NO2. 

1H NMR (400 MHz, CD2Cl2): δ 1.73 (s, 30 H, CH3) (Figure 3.19);  

13C{1H} NMR (100 MHz, CD2Cl2): δ 94.63, 8.48;  

15N NMR (41 MHz, CD2Cl2): δ 611.66 (1-15N);   

FT-IR (cm-1): 1226 ν(14NO) (sym); 1344 ν(14NO) (asym); 1201 ν(15NO) (sym); 1317 

ν(15NO) (asym); Hooke’s law predicts 15N/14NΔν = 24 cm-1and 15N/14NΔν = 26, respectively (Figure 

3.20).The IR spectra were taken as a thin film by evaporating a dichloromethane solution of 1 on 

a KBr window. Anal.Calcd for C20H30CoNO2: C, 63.99; H, 8.06; N, 3.73. Found: C, 64.15; H, 

7.90; N, 3.89. 
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Figure 3.19. 1H NMR spectrum (400 MHz, CD2Cl2) of [Cp*
2Co][NO2] (1). The resonance 

marked with (*) belongs to residual proton impurities of CD2Cl2. 

 

 

 

 

 

 

 

Figure 3.20. a) FT-IR spectra of [Cp*
2Co][NO2] (1) (red trace) and [Cp*

2Co][NO2] (1-15N) 

(black trace). b) The difference spectrum between 1 (down) and 1-15N (up). 
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3.4.4. Synthesis and Characterization of [Cp*
2Co][(C6F5)3B-ONO] (2) 

 

Scheme 3.2. Synthesis of [Cp*
2Co][(C6F5)3B-ONO] (2). 

B(C6F5)3 (0.272 g, 0.532 mmol) in fluorobenzene was directly added to a solution of 

[Cp*
2Co][NO2] (0.200 g, 0.532 mmol) in fluorobenzene (ca. 3 mL). The solution was shaken and 

the resultant yellow solution was filtered through Celite, layered with pentane and kept at -40 °C 

overnight to obtain X-ray quality crystals (0.370 g, 0.416 mmol) in 78% yield. 2-15N was prepared 

similarly from 1-15N. 

1H NMR (400 MHz, CD2Cl2): δ -1.69 (s, 30 H, CH3) (Figure 3.21);  

19F NMR (376 MHz, CD2Cl2): δ -132.96, -160.92, -165.81 (Figure 3.22);  

15N NMR (41 MHz, CD2Cl2): δ 599.69 (2-15N);   

11B NMR - (128 MHz, CD2Cl2): δ 0.95 (s, 1 B) 

13C{1H} NMR (100 MHz, CD2Cl2): δ 148.50, 139.21, 136.49, 122.23, 94.56, 8.28;   

FT-IR (cm-1): 1561 ν(14NO); 1531 ν(15NO); Hooke’s law predicts 15N/14NΔν = 30 cm-1 

(Figure 3.23). The IR spectra were taken as a thin film by evaporating a dichloromethane solution 

of 2 on a KBr window. Anal.Calcd for C39H32BCl2CoF15NO2: C, 48.71; H, 3.47; N, 1.42. Found: 

C, 48.64; H, 3.20; N, 1.55. 
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Figure 3.21. 1H NMR spectrum (400 MHz, CD2Cl2) of [Cp*
2Co][(C6F5)3B-ONO] (2). The 

resonances marked with (*) and (#) belong to solvent (C6H5F) and the residual proton impurities 

of CD2Cl2, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.22. 19F NMR spectrum (376 MHz, CD2Cl2) of [Cp*
2Co][(C6F5)3B-ONO] (2). The 

resonance marked with (*) belong to solvent (C6H5F) residual peak used as an internal standard.  
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Figure 3.23. a) FT-IR spectra of [Cp*
2Co][(C6F5)3B-ONO] (2) (red trace) and 

[Cp*
2Co][(C6F5)3B-O15NO] (2-15N) (black trace). b) The difference spectrum between 2 (down) 

and 2-15N (up). 

 

3.4.5. Synthesis and Characterization of [Cp*
2Co][(C6F5)3B-ONO-B(C6F5)3] (3) 

 

 

Scheme 3.3. Synthesis of [Cp*
2Co][(C6F5)3B-ONO-B(C6F5)3] (3). 

B(C6F5)3 (0.261 g, 0.509 mmol) in fluorobenzene was directly added to a solution of 

[Cp*
2Co][NO2] (0.100 g, 0.532 mmol) in fluorobenzene (ca. 3 mL) at -40 °C. The solution was 

shaken, and the resultant yellow solution was filtered through Celite and pentane (ca. 6 mL) was 

added to initiate crystallization. The vial kept at -40 °C to obtain X-ray quality crystals (0.315 g, 

0.416 mmol) in 72% yield. 3-15N was prepared similarly from 2-15N. 

1H NMR (400 MHz, CD2Cl2): δ 1.7 (s, 30 H, CH3) (Figure 3.24); 

19F NMR (376 MHz, CD2Cl2): δ -132.19, -157.01, -164.42. (Figure 3.25);  

a b 
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15N NMR (41 MHz, CD2Cl2): δ 615.67 (3-15N); 

11B NMR - (128 MHz, CD2Cl2): δ 5.85 (s, 1 B)  

13C{1H} NMR (100 MHz, CD2Cl2): δ 148.42, 140.77, 137.41, 117.15, 94.96, 8.34;   

FT-IR (cm-1): 1265 ν(14NO); 1240 ν(15NO); Hooke’s law predicts 15N/14NΔν =24 cm-1. The 

IR spectra were taken as a thin film by evaporating a dichloromethane solution of 3 on a KBr 

window. Anal. Calcd for C56H30B2CoF30NO2: C, 48.07; H, 2.16; N, 1.00. Found: C, 47.87; H, 2.37; 

N, 1.08. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.24. 1H NMR spectrum (400 MHz, CD2Cl2) of [Cp*
2Co][(C6F5)3B-ONO-B(C6F5)3] (3). 

The resonances shown by # and * belong to solvent residual peak for C6H5F and pentane, 

respectively.    
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Figure 3.25. 19F NMR spectrum (376 MHz, CD2Cl2) of [Cp*
2Co][(C6F5)3B-ONO-B(C6F5)3] 

(3). The resonance marked with (*) belongs to C6H5F that is used as an internal standard. 

 

3.4.6. Synthesis and Characterization of [Cp*
2Co]2[(C6F5)3B-ONO-B(C6F5)3] (4). 

 

 

Scheme 3.4. Synthesis of [Cp*
2Co]2[(C6F5)3B-ONO-B(C6F5)3] (4). 

Cp*
2Co (0.074 g, 0.224 mmol) in fluorobenzene was dropwise added to a solution of 

[Cp*
2Co][(C6F5)3B-ONO-B(C6F5)3] (0.315 g, 0.224 mmol) in fluorobenzene (ca. 5 mL) at -40 °C. 

The solution was shaken, and the resultant gray solution was filtered through a filtering pad kept 

at -40 °C to obtain X-ray quality crystals (0.350 g, 0.182 mmol) in 90% yield. 4-15N was prepared 

similarly from 3-15N. 



 
 

145 
 

FT-IR (cm-1): 1010 ν(14NO); 990 ν(15NO); Hooke’s law predicts 15N/14NΔν = 20 cm-1.The 

IR spectra were taken as a thin film by evaporating a dichloromethane solution of 4 on a KBr 

window.C76H30B2CoF30NO2: C, 52.80; H, 3.50; N, 0.81. Found: C, 53.05; H, 3.64; N, 0.83. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.26. a) UV-Vis spectra of [Cp*
2Co]2[(C6F5)3B-ONO-B(C6F5)3] in dichloromethane at 

25 °C at different concentrations. b) Beer’s law plot for 4 depicts λmax = 294 nm (ε = 21000 M-

1cm-1) and λmax = 231 nm (ε = 7900 M-1cm-1).  

 

 

 

 

 

 

3.4.7. Reaction of [Cp*
2Co]2[(C6F5)3B-ONO-B(C6F5)3] with CF3COOH 

 

 

To a solution of [Cp*
2Co]2[(C6F5)3B-ONO-B(C6F5)3] (4) (0.03 g, 0.0173 mmol, 2 equiv.) 

in fluorobenzene was added CF3COOH (034 mL, 1 M) in fluorobenzene. The color of the solution 

changed from light gray to light yellow with concomitant NO gas (64%) evolution (for NO gas 

Compound  ν(NO) cm-1 

[Cp*
2Co][NO2] (1) 1226, 1344 

[Cp*
2Co][(C6F5)3B-ONO] (2) 1561 

[Cp*
2Co][(C6F5)3B-ONO-B(C6F5)3] (3) 1265 

[Cp*
2Co]2[(C6F5)3B-ONO-B(C6F5)3] (4) 1010 

Table 3.1.  Summary of NO stretching frequencies observed in compounds 1, 2, 3 

and 4.  

 

a b 
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trapping experiments see Section 3.4.9). After 30 min stirring the resultant solution was analyzed 

by 1H NMR and 19F NMR spectroscopy which confirms the formation of [Cp*
2Co][(C6F5)3B-

OC(O)CF3] (5) in 85% yield.  

 

 

 

 

 

 

 

 

Figure 3.27. 1H NMR spectrum (400 MHz, CDCl3) for the reaction of [Cp*
2Co]2[(C6F5)3B-

ONO-B(C6F5)3] (4) with 2 equiv. HO(O)CF3 to give [Cp*
2Co][(C6F5)3B-OC(O)CF3] (5). The 

resonances marked with (*) and (#) belong to hexamethylbenzene used as internal standard and 

solvent (C6H5F) residual peaks, respectively.  

 

 

 

 

 

 

 

 

Figure 3.28. 19F NMR spectrum (376 MHz, CDCl3) for the reaction of [Cp*
2Co]2[(C6F5)3B-

ONO-B(C6F5)3] (4) with 2 equiv. CF3C(O)OH to give [Cp*
2Co][(C6F5)3B-OC(O)CF3] (5). The 

resonance marked with (*) belongs to solvent (C6H5F) residual peaks used as internal standard.   
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Isolation of  [Cp*
2Co][(C6F5)3B-OC(O)CF3] (5) 

To a solution of [Cp*
2Co]2[(C6F5)3B-ONO-B(C6F5)3] (4) (0.1 g, 0.0578 mmol) in 

fluorobenzene was added CF3COOH (0.113 mL, 1M, 0.115 mmol, 2 equiv.) in fluorobenzene. The 

color of the solution changed from gray to light yellow. The solution stirred for 30 min at RT, then 

the solvent was evaporated under vacuum to afford a yellow powder (0.040 g, 0.0419 mmol, 72%). 

X-ray quality crystals for [Cp*
2Co][B(C6F5)3OC(O)CF3] (5) were grown at -40 °C by layering a 

C6H5F solution with pentane. 

1H NMR (400 MHz, CDCl3): δ 1.69 (s, 30 H, CH3);  

19F NMR (376 MHz, CDCl3): -76.47, -134.50, -161.42, -166.18;  

11B NMR (128 MHz, CD2Cl2): δ -3.80 

13C{1H} NMR (400 MHz, CDCl3): δ 157.88, 147.96, 139.02, 135.36, 120.77, 94.14, 7.75. 

Anal. Calcd for C40H30BCoF18O2: C, 50.34; H, 3.17; Found: C, 50.35; H, 3.12. 
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Figure 3.29. 19F NMR spectrum (376 MHz, CDCl3) of [Cp*
2Co][(C6F5)B-OC(O)CF3] (5). The 

resonance marked with (*) belongs to the solvent residual peak for C6H5F (*) which also used as 

internal standard.   

 

3.4.8. Reaction of [Cp*
2Co]2[(C6F5)3B-ONO-B(C6F5)3] (4) with HBF4 

 

 

To a solution of [Cp*
2Co]2[(C6F5)3B-ONO-B(C6F5)3] (4) (0.02 g, 0.011 mmol) in 

fluorobenzene was added HBF4 (0.023 mL, 0.5 M, 2 equiv.) in fluorobenzene. The color of the 

solution changed from light gray to light yellow with concomitant NO gas (62%) evolution (for 

NO gas trapping experiments see Section 3.5.9). After 30 min stirring the resultant solution was 

analyzed by 19F NMR which confirms the formation of [Cp*
2Co][(C6F5)3B-F] (6) in 78% yield.  
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Figure 3.30.19F NMR spectrum (376 MHz, CD2Cl2) for the reaction of [Cp*
2Co]2[(C6F5)3B-

ONO-B(C6F5)3] (4) with 2 equiv. HBF4. The resonance marked with (*) belongs to the solvent 

residual peak for C6H5F which also used as internal standard.   

 

Isolation of [Cp*
2Co][(C6F5)3B-F] (6) 

To a solution of [Cp*
2Co]2[(C6F5)3B-ONO-B(C6F5)3] (4) (0.1 g, 0.0578 mmol) in 

fluorobenzene was added HBF4 (0.231 mL, 0.5 M, 0.231 mmol, 2 equiv.) in fluorobenzene. The 

color of the solution changed from gray to light yellow. The solution was shaken several times at 

room temperature then the solvent was evaporated under vacuum to afford a yellow powder (0.065 

g, 0.075 mmol, 65%). X-ray quality crystals of  [Cp*
2Co][(C6F5)3B-F] (6) were grown at -40 °C 

by layering a C6H5F solution with pentane.  

1H NMR (400 MHz, CDCl3): δ 1.69 (s, 30 H, CH3);  
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19F NMR (376 MHz, CDCl3):, -134.89, -162.12, -166.47;  

11B NMR - (128 MHz, CD2Cl2): δ -1.08 (d, 1 B); 

13C{1H} NMR (400 MHz, CDCl3): δ 148.88, 139.59, 137.34, 125.54, 94.96, 8.65. Anal. 

Calcd for C38H30BCoF16 : C, 53.05; H, 3.51; Found: C, 53.03; H, 3.58. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.31.1H NMR spectrum (400 MHz, CDCl3) of [Cp*
2Co](C6F5)B-F] (6). 
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Figure 3.32.19F NMR spectrum (376 MHz, CDCl3) of [Cp*
2Co][(C6F5)B-F] (6). The resonances 

marked with belong to the solvent residual peak for C6H5F which also used as internal standard. 

 

3.4.9. Quantitative NO Trapping by (T(O-Me)PP)CoII Complex 

 

 

Scheme 3.5. Stoichiometric conversion of (T(O-Me)PP)CoII to (T(O-Me)PP)CoNO 

utilized for NO quantification. 
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Quantitative trapping of nitric oxide was done using 5,10,15,20-Tetrakis(4-

methoxyphenyl)-21H,23H-porphine cobalt(II) [T(O-Me)PP]CoII complex. Commercially 

purchased [T(O-Me)PP]CoII was purified by column chromatography to yield a pure purple 

powder before use. Quantification was based on the integration of the 1H NMR spectrum of the 

[T(O-Me)PP]CoII(NO) during each reaction in presence of a quantitative NMR (Q-NMR) 

standard. Here, we used hexamethylbenzene as the Q-NMR standard. [T(O-Me)PP]CoII and [T(O-

Me)PP]CoII(NO) have completely different NMR profiles as shown in Figure S3 which makes 

them suitable for this analysis (resonance at δ 5.31 for [T(O-Me)PP]CoII shifts to  δ 4.07 for [T(O-

Me)PP]CoII(NO).  

(T(O-Me)PP)CoII complex (0.009 g, 0.011 mmol) dissolved in C6H5F in a small vial and 

placed in a larger vial. The larger vial was sealed with a septum. [Cp*
2Co]2[(C6F5)3B-ONO-

B(C6F5)3] (4) (0.02 g, 0.011 mmol) in fluorobenzene was injected to the big vial. Then a solution 

of CF3COOH (0.092 mL, 0.25 M, 2 eq.) in fluorobenzene was injected to the inner vial and the 

solutions in both vials stirred for 2 hr. 0.5 mL of the cobalt (II) solution was transferred to an NMR 

tube for analysis.  
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Figure 3.33. 1H NMR spectrum (400 MHz, CDCl3) of [T(O-Me)PP]CoII(NO) generated from 

the reaction of [Cp*
2Co]2[(C6F5)3B-ONO-B(C6F5)3] (4) with 2 eq. CF3COOH. The resonance 

at δ 5.31 for [T(O-Me)PP]CoII shifts to δ 4.07 for [T(O-Me)PP]CoII(NO). The resonance at δ 2.24 

is for hexamethylbenzene used as internal standard.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.34. 1H NMR spectrum (400 MHz, CDCl3) of [T(O-Me)PP]CoII. The resonances 

marked with (*) belong to the residual proton impurities of CD2Cl2. 
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Figure 3.35. 1H NMR spectrum (400 MHz, CDCl3) of [T(O-Me)PP]CoII(NO). The resonances 

marked with (*) and (#) belong to hexamethylbenzene used as internal standard and the residual 

proton impurities of CD2Cl2, respectively.  

 

3.4.10. Triggering NO Release from [Cp*
2Co]2[BCF-ONO-BCF] via Heat 

 

 

 

A solution of [Cp*
2Co]2[(C6F5)3B-ONO-B(C6F5)3] (4) (0.030 g, 0.0173 mmol) dissolved in 

fluorobenzene was placed in a vial and heated at 75 °C for 48 h. The color of the solution changed 

from light orange to light yellow with concomitant NO gas (65%) evolution (for NO gas trapping 

experiments see Section 3.4.9). X-ray crystallography confirms the formation of [(η5-C5Me4CH2-

B(C6F5)3)CoCp*] (7) as one of the products for this reaction. Further attempts to identify other 

decay products were not successful.  
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3.4.11. Reaction of [Cp*
2Co]2[(C6F5)3B-ONO-B(C6F5)3] with NO 

 

 

 

To a solution of [Cp*
2Co]2[(C6F5)3B-ONO-B(C6F5)3] (4) (0.03 g, 0.017 mmol) in 

fluorobenzene was added NO (3 eq., 0.052 mmol, 1.16 mL, 1.0 atm) in fluorobenzene. The color 

of the solution changed from light gray to light yellow in a course of 30 min with concomitant 

N2O gas (43%) evolution (N2O gas was quantified by GC). After 30 min stirring the resultant 

solution was analyzed by 19F NMR which confirms the formation of [Cp*
2Co][(C6F5)3B-ONO] (2) 

in 92% yield.  

 

Quantification of N2O.22 Gas chromatography was performed on a Gow-Mac GC (Model 

69-400 TCD) equipped with a TCD as well as a 6'  1/8" Molesieve 13x column. The carrier gas 

was He, and throughout the entire separation, the column was kept at 60 °C, while the detector 

was at 100 °C. Using identical reaction vessels and solvent amounts, the identification and 

quantification of N2O was accomplished by withdrawing 250 μL of the headspace using a 250 μL 

Hamilton 1725 sample lock gastight syringe equipped with a large removable needle (22s ga, 2 in, 

point style 2).  

A calibration curve was generated by preparing vials containing known amounts of pure 

N2O gas for reference. This was accomplished by injecting varying amounts of N2O in a stirring 

solution of C6H5F (3 mL) contained in 20 mL glass-vials, capped with rubber septum and sealed 

with parafilm. Quantification of N2O was accomplished by withdrawing 250 μL of the headspace 
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using a gastight syringe and injecting into the GC. The calibration curve was generated by plotting 

the area of N2O (as obtained from the gas chromatograms) vs. mL of N2O added. 

 

 

 

 

 

 

 

 

Figure 3.36. Calibration curve used for the quantification of N2O. 

 

 

 

 

 

 

 

 

 

 

Figure 3.37. 19F NMR spectrum (376 MHz, CDCl3) for the reaction of [Cp*
2Co]2[(C6F5)3B-

ONO-B(C6F5)3] (4) with 3 equiv. NO gas. The resonances marked with (*) solvent (C6H5F) 

residual peaks also used as internal standard. 



 
 

157 
 

3.4.12. Mechanistic Studies for the Reaction of [Cp*
2Co]2[(C6F5)3B-ONO-B(C6F5)3] with NO: 

Isotopic Labeling  
 

3.4.12.1. Reaction of [Cp*
2Co]2[(C6F5)3B-O14NO-B(C6F5)3] with 15NO: Quantification of 

[Cp*
2Co][(C6F5)3B-O15NO] by 15N NMR 

 

 

 

 

 

To a solution of [Cp*
2Co]2[(C6F5)3B-O14NO-B(C6F5)3] (4) (0.05 g, 0.028 mmol) in 

fluorobenzene was added 15NO (3 equiv., 0.086 mmol, 1.94 mL, 1.0 atm) in fluorobenzene. The 

color of the solution changed from light gray to light yellow over the course of 30 min. After 30 

min stirring the resultant solution was analyzed by 15N NMR which confirms the formation of 

[Cp*
2Co][(C6F5)3B-O15NO] (2-15N) in 50% yield.  

3.4.12.2. Reaction of [Cp*
2Co]2[(C6F5)3B-O14NO-B(C6F5)3] with 15NO: Detection of 15N15NO 

by IR 

To a solution of [Cp*
2Co]2[(C6F5)3B-O14NO-B(C6F5)3] (4) (0.05 g, 0.028 mmol) in 

fluorobenzene was added 15NO (3 equiv., 0.086 mmol, 1.94 mL, 1.0 atm) in fluorobenzene. The 

color of the solution changed from light gray to light yellow over the course of 30 min. After 30 

min stirring the resultant solution was analyzed by solution IR which confirms the formation of 

15N15NO. The solution IR stretching frequency for 15N15NO (2152 cm-1) is in agreement with 

previously reported values. 23,24 
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3.4.12.3. Reaction of [Cp*
2Co]2[(C6F5)3B-O15NO-B(C6F5)3] with 14NO: Quantification of 

[Cp*
2Co][(C6F5)3B-O15NO] by 15N NMR 

 

 

 

To a solution of [Cp*
2Co]2[(C6F5)3B-O15NO-B(C6F5)3] (4) (0.05 g, 0.028 mmol) in 

fluorobenzene was added 14NO (3 equiv., 0.086 mmol, 1.94 mL, 1.0 atm) in fluorobenzene. The 

color of the solution changed from light gray to light yellow over the course of 30 min. After 30 

min stirring the resultant solution was analyzed by 15N NMR which confirms the formation of 

[Cp*
2Co][(C6F5)3B-O15NO] (2) in 100% yield.  

3.4.12.4. Reaction of [Cp*
2Co]2[(C6F5)3B-O15NO-B(C6F5)3] with 14NO: Detection of 14N14NO 

by IR 

To a solution of [Cp*
2Co]2[(C6F5)3B-O15NO-B(C6F5)3] (4) (0.05 g, 0.028 mmol) in 

fluorobenzene was added 14NO (3 eq., 0.086 mmol, 1.94 mL, 1.0 atm) in fluorobenzene. The color 

of the solution changed from light gray to light yellow over the course of 30 min. After 30 min 

stirring the resultant solution was analyzed by solution IR which confirms the formation of 

14N14NO. The solution IR stretching frequency for 14N14NO (2152 cm-1) is in agreement with 

previously reported values.23,24  

3.4.13. Cyclic Voltammetry Measurements 

 

General Consideration. Cyclic voltammetry measurements were done at room 

temperature under dry nitrogen atmosphere of a glove box using BASi Epsilon Electrochemistry 

setup with three electrodes (working electrode: glassy carbon disk (0.071 cm2), auxiliary electrode: 
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platinum wire, reference electrode: Ag/AgNO3). The reference electrode consisted of a Vycor-

tipped glass tube having an Ag wire dipped in 1 mM AgNO3 in CH3CN. Ferrocene was added as 

an internal reference after each measurement.  Thus, potentials were first measured with respect 

to Fc+/0 couple and converted to NHE by adding 0.71 V.25 The non-coordinating electrolyte 

bis(triphenylphosphine)iminiumtetrakis[3,5-bis(trifluoromethyl)phenyl]borate ([PPN][BArF
4]) 

was used for all cyclic voltammetry measurements.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.38. Cyclic voltammetry of [Cp*
2Co][(C6F5)3B-ONO-B(C6F5)3] (3) in fluorobenzene 

(4 mM) at 25 °C in presence of [PPN][BArF
4] (0.1 M) with different scan rates. 

 

3.4.14. Crystallographic Details and Additional Structures 

Single crystals of each compound [Cp*
2Co][NO2] (1) (CCDC 2074366), 

[Cp*
2Co][(C6F5)3B-ONO] (2)  (CCDC 2074367), [Cp*

2Co][(C6F5)3B-ONO-B(C6F5)3] (3) (CCDC 

2074368), [Cp*
2Co][(C6F5)3B-ONO-B(C6F5)3] (4) (CCDC 2074369), [Cp*

2Co][(C6F5)3B-
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OCOCF3] (5)  (CCDC 2074370), [Cp*2Co][BCF-F] (6) (CCDC 2074371) and [(5-C5Me4CH2-

B(C6F5)3)CoCp*] (7) (CCDC 2074372) were mounted under mineral oil on a Mitegen micromount 

and immediately placed in a cold nitrogen stream at 100(2) K prior to data collection. Data for 

compounds 1, 2 and 4 were collected on a Bruker D8 Quest equipped with a Photon100 CMOS 

detector and a Mo ImS source.  Data for 3, 5, 6 and 7 were collected on a Bruker DUO equipped 

with an APEXII CCD detector and Mo fine-focus sealed source. A series of 0.5o φ- and ω-scans 

were collected with monochromatic Mo Kα radiation, λ = 0.7107 Åand integrated with the Bruker 

SAINT program. Structure solution and refinement was performed using the SHELXTL/PC suite 

and ShelXle. Intensities were corrected for Lorentz and polarization effects and an empirical 

absorption correction was applied using Blessing’s method as incorporated into the program 

SADABS. Non-hydrogen atoms were refined with anisotropic thermal parameters and hydrogen 

atoms were included in idealized positions unless otherwise noted.  Further comments on 

disordered models: 

[Cp*
2Co][NO2] (1).  The NO2 group is disordered over two orientations.  Similar 

displacement amplitudes were imposed on disordered sites overlapping by less than the sum of 

van der Waals radii.The disordered atoms were restrained to behave relatively isotropic.  A 

partially occupied highly disordered fluorobenzene solvent molecule was removed from the model 

via the SQUEEZE routine in PLATON. 

[Cp*
2Co][(C6F5)3B-ONO-B(C6F5)3] (4).  One of the fluorobenzene solvent molecules in 

the lattice is disordered over two orientations.  The phenyl rings were constrained to be ideal 

hexagons.  The like C-F distances were restrained to be similar.  The disordered atoms were 

restrained to behave relatively isotropic.  Similar displacement amplitudes were imposed on 

disordered sites overlapping by less than the sum of van der Waals radii. 
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[Cp*2Co][BCF-F] (6).  Four highly disordered fluorobenzene solvent molecules were 

removed from the model via the SQUEEZE routine in PLATON. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.39. Molecular structure of [Cp*
2Co][(C6F5)3B-OC(O)CF3] (5) (CCDC 2074370). The 

thermal ellipsoid plots are drawn at 50% probability level. Hydrogen atoms are omitted for clarity. 

Selected bond distances (Å) and angles (°): B-O1 1.525(6), C-O1 1.308(5), C-O2 1.218(5), B-O1-

C 120.3(4).  
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Figure 3.40. Molecular structure of [Cp*
2Co][(C6F5)3B-F] (6) (CCDC 2074371). The thermal 

ellipsoid plots are drawn at 50% probability level. Hydrogen atoms are omitted for clarity. Selected 

bond distances (Å) and angles (°): B-F 1.427(3). 
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3.4.15. XAS 

N K-edge XAS measurements for all compounds were collected on beamline 10-1, 

equipped with a 31-pole wiggler source, a 600 lines/mm spherical grating monochromator and 30 

μm entrance and exit slits. Samples were prepared as solids in an inert-atmosphere drybox, ground 

to a fine powder and spread in a thin layer on carbon tape affixed to an Al sample rod. Data were 

measured by monitoring fluorescence using a transition edge sensor (TES) operated under typical 

conditions as described previously.26 Raw TES data was processed into pulse heights via a matched 

filter,27 and these pulse heights were calibrated by measuring the non-resonant emission from a 

blended powder of graphite, boron nitride, iron oxide, nickel oxide, and copper oxide. The signal 

was normalized to incident photon flux with a gold-grid reference monitor and incident beam 

energy was calibrated to the Ni L3 second order transition at 426.35 eV measured in a reference 

channel. The nitrogen PFY-XAS was created by windowing the measured emission between 360 

and 420 eV. Samples were maintained at room temperature under an ultra-high vacuum (10–9 Torr) 

during collection. Data were collected from 380.0 eV to 485.0 eV. Processing was carried out 

using PyMCA.28 Background subtraction was achieved with E0 set at 410 eV, by fitting a line to 

the pre-edge region below 395 eV and subtracting from the entire spectrum. The post edge region 

from 420.0 eV to 485.0 eV was set to a flattened polynomial and normalized to 1.0. Raw data were 

smoothed in Igor using a 4th order Savitsky-Golay smoothing algorithm. 

3.4.16. EPR Spectroscopy 

X-band cwEPR experiments were carried out with a Bruker E500 spectrometer in an ER 

4103TM resonator.  Microwave powers of 0.2mW (96K) or 2mW (for room temperature) and a 

modulation amplitude of 1 G were used to carry out the measurements. For measurements at 96K, 

the samples were cooled in a steady flow of cold gaseous nitrogen and the temperature controlled 

by a variable temperature unit.  Q-band field swept echoes were measured on a Bruker E580 
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spectrometer equipped with a FlexLine Cryogen-Free VT System at 10K using a three-pulse echo 

sequence (π/2-τ- π/2-T- π/2-τ) with four step phase cycling.  Microwave pulses were generated 

using a 10W solid state amplifier with a π/2 pulse corresponding to 14-16 ns. The pseudo-

modulation algorithm (with 4G pseudo modulation) was used to generate the first derivative 

spectra using Xepr (Bruker Biospin, Karlsruhe, Germany. The EPR simulations were carried out 

using EasySpin.29 

Table 3.2. Experimentala and DFT-calculatedb spin Hamiltonian parameters and fitting 

parameters for 14N–4. 

Collection 

Mode 

CW X-band 

(9.3886 GHz), 

298 K 

CW X-band 

(9.2710 GHz), 

100 K 

FSE Q-band 

(33.9544 GHz), 

 10 K 

DFT 

gx – 1.991 1.996 2.002 

gy – 1.996 1.998 2.005 

gz – 1.996 2.003 2.007 

giso 2.005c   2.005 

14N Ax (MHz) – 122 126 121.4 

14N Ay (MHz) – 4.2 5.0 –1.8 

14N Az (MHz) – 5.7 5.0 0.0 

14N Aiso (MHz) 44 – – 39.9 

H-strain (x) 

(MHz) 
4.7 5.3 12.8 – 

H-strain (y) 

(MHz) 
3.6 4.9 38.8 – 

H-strain (z) 

(MHz) 
6.5 5.0 18.2 – 

Linewidth 

(MHz) 
0.5 1.5 0.6 – 

aObtained from EasySpin simulations. bDetails given below in 18. cObtained by fitting one g-value. 

dObtained by averaging anisotropic g-values.  
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Table 3.3. Experimentala spin Hamiltonian parameters and fitting parameters for 15N–4. 

Collection 

Mode 

CW X-band 

(9.7249 GHz), 

298 K 

CW X-band 

(9.3246 GHz), 

100 K 

FSE Q-band 

(33.9075 GHz), 

10 K 

gx – 2.003 1.995 

gy – 2.003 1.997 

gz – 2.011 2.003 

giso 2.005c   

15N Ax (MHz) – 170 178 

15N Ay (MHz) – 0.0 5 

15N Az (MHz) – 0.0 5 

15N Aiso (MHz) 62 – – 

H-strain (x) 

(MHz) 
6.7 0.0 24 

H-strain (y) 

(MHz) 
8.5 20 70 

H-strain (z) 

(MHz) 
1.9 20 0.0 

Linewidth 

(MHz) 
0.5 1.6 0.8 

aObtained from EasySpin simulations. bObtained by fitting one g-value. cObtained by averaging 

anisotropic g-values.  
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Figure 3.41. 100 K frozen solution CW X-band (9.2346 GHz) EPR spectrum of 15N–4. 

Experimental data are in black, EasySpin simulation is in red. 

 

 

Figure 3.42. 10 K frozen solution FSE-detected Q-band (33.9075 GHz) EPR spectrum of 15N–

4. Experimental data are in black, EasySpin simulation is in red. 
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3.4.17. Electronic Structure Calculations  

All electronic structure and spectroscopic calculations were performed using the ORCA 

computational chemistry package.30 Crystal structure coordinates were used for TDDFT31 

calculations of N K-edge XAS utilizing the B3LYP32 functional, with the zeroth-order regular 

approximation for relativistic effects (ZORA)33-35 as implemented by van Wüllen.36 The RIJCOSX 

algorithm was used to speed the calculation of Hartree−Fock exchange.37 Special integration 

accuracy, Grid738 was used for nitrogen while the scalar relativistically recontracted ZORA-def2-

TZVP(-f) basis set34 with ORCA Grid4 was used for all other atoms. Solvation was modeled with 

CPCM in an infinite dielectric.39 Calculated excitation energies for pre-edge and edge features 

were plotted against experimental energies for the B3LYP functional. This correlation was used 

to shift the calculated energy of the spectra and produce calculated N K-edge spectra that nicely 

reproduce experimental spectra, as described previously.40 Single point DFT solutions were used 

to predict EPR properties using coupled perturbation Kohn−Sham theory for the g-matrix, and the 

SOC operator was treated by the spin−orbit mean-field approximation.41 Fermi contact terms (Aiso) 

and spin–dipole contributions to the first-order hyperfine coupling contributions for 14N were 

obtained as expectation values over the B3LYP ground state spin density.42  
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Figure 3.43. Correlation of experimental and calculated N K-edge peak energies for 3 and 4. 
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CHAPTER IV 

Thionitrite and Perthionitrite in NO Signaling at Zinc3 

4.1. Introduction  

Nitric oxide (NO) serves as a key signaling molecule in biology that is involved functions 

including vasodilation, neurotransmisssion and cytoprotection.1,2 Intriguingly, H2S functions as a 

separate gasotransmitter that exhibits similar physiological effects as NO.3 Endogenously 

produced H2S functions as a relaxant of smooth muscle cells and as a vasodilator.4 Strong cellular 

communication involving NO and H2S suggests a mutually dependant mechanism of action 

between these two gasotransmitters.5,6 The chemical basis for this crosstalk may be related to the 

reaction between H2S and NO and its conterparts S-nitrosothiols (RSNOs) and nitrite (NO2
-) to 

form HSNO, the smallest S-nitrosothiol (Figure 4.1a).7-10 

 

 

 

 

 

 

 

Figure 4.1. (a) Formation and reactivity of HSNO/SNO-. (b) Syn- and anti-isomers for RNSOs 

and HSNO. (c, d) Transition metal complexes of HSNO/SNO- detected via mass spectrometry. (e) 

Reaction of NO2
- and thiols at TpZn sites to form RSNOs. (f) Transnitrosation reactions at TpZn-

SR’ complexes with RSNOs. 

 

 
3 The results of this project were published in Angew. Chem. Int. Ed. 2021.  https://doi.org/10.1002/anie.202104906 
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HSNO is an incredibly reactive species whose instabilty poses challenges in understanding 

its biochemistry and mechanisms of action.11,12 Its reactivity may derive from the elongated S-N 

bond of 1.852 Å in trans-HSNO,13 the longest among regular RSNOs with typical S-N distances 

of 1.70 - 1.80 Å (Figure 4.1b).13 Contrary to typical RSNOs, HSNO easily diffuses through cell 

membranes and acts as a nitrosating agent for large proteins.9 HSNO may serve as a precursor for 

multiple downstream products connecting to NO signaling that includes HNO and SSNO-.11,12 

Moreover, SSNO- also particpates in NO signaling and thiol trafficking pathways, formed in the 

reaction of RSNOs and H2S via unstable HSNO.8,11,12 

Owing to their high acidity, HSNO and HSSNO likely exist as thionitrite (SNO-) and 

perthionitrite (SSNO-) under physiological conditions (calculated pKa’s = 3.5 and 0.2, respectively 

for syn-isomers).14 Charge balance by non-interacting cations enables isolation and X-ray 

characterization of [PPN][SNO] and [PPN][SSNO] (PPN = bis(triphenylphosphine)iminium). 

[PPN][SSNO] forms in the reaction of [PPN][NO2] with elemental sulfur and undergoes 

desulfurization by triphenylphosphine to give [PPN][SNO].15,16 

The coordination chemistry of HSNO/SNO- with biologically relevant metal centers is 

complex and not well understood.17,18 Nitrite reduction at an iron(II) porphyrin results in the 

formation of an [FeIII]-NO species that undergoes reaction with HS- proposed to give [FeII](HSNO) 

observed via high resolution cryospray ESI-TOF (Figure 1c).19 Addition of NO+ to a copper(I) 

hydrosulfide [CuI]-SH generates N2O and S8, thought to proceed via an unstable {[CuI](HSNO)}+ 

adduct.20 Additionally, the disulfido complex[(edta)RuIII-S-S-RuIII(edta)]4- reacts with NO to give 

[(edta)RuIII(SNO)]2− characterized by mass spectrometry (Figure 4.1d).21 

H2S and NO species play important roles in zinc biochemistry. When exposed to H2S, some 

zinc finger proteins undergo persulfidation (-SCys to -SSCys)22 that releases structural Zn2+ ions, 
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but only under aerobic conditions and when the zinc sites are exposed and not enshrouded by RNA 

binding.23 Carbonic anhydrase can convert carbonyl sufide (COS) to H2S,24 inhibitng CO2 

hydration. Inspired by the generation of NO from NO2
- at carbonic anhydrase,25TpZn models of 

its His3Zn2+ active site reveal that thiols RSH react with zinc-bound nitrite to generate NO via 

thermally sensitive S-nitrosothiols RSNO (Figure 4.1e). Emulating the activation of His3Zn2+ via 

the cleavage of the Zn-SCys linkage,26,27 TpZn-SR’ complexes undergo reversible transnitrosation 

with S-nitrosothiols (RSNO) (Figure 4.1f).28,29 Employing similar TpZn models, we examine the 

interaction of SNO- and SSNO-at Zn to explore their reactivity patterns that can inform the 

biochemistry of these species that result from NO / H2S crosstalk. 

4.2. Results and Discussion  

A synthetically versatile source of the SSNO- anion results from crown ether complexation 

of its sodium salt. Addition of 1 equiv. tBuONO to Na(15-C-5)SH (1) (obtained from addition of 

15-C-5 to NaSH in MeOH) in fluorobenzene leads to rapid development of a dark red color. 

Crystallization from fluorobenzene yields Na(15-C-5)SSNO (2) as red crystals in 61% yield 

(Figure 4.2). X-ray diffraction analysis shows κ2-S,O binding of the SSNO- anion to sodium with 

Na-S and Na-O distances of 2.8891(9) and 2.337(8) Å (Figure 4.3). The S-S and S-N bond 

distances of 1.952(5) and 1.686(6) Å are in agreement with the reported values for the free SSNO-

anion in [PPN][SSNO] (S-S 1.9750(9), S-N 1.696(3) Å)15,16 as well as the potassium salt K(18-C-

6)[SSNO] (S-S 1.9526(9), S-N 1.669(2) Å) isolated upon NO addition to a nickel-sulfide [NiII]-S-

K(18-C-6).30 The anomalously short N-O distance of 1.165(6) Å in the X-ray structure of 2 

([PPN][SSNO]: 1.242(6), K(18-C-6: 1.247(2) Å) is likely due to librational disorder. 
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Figure 4.2. Synthesis of Na(15-C-5)SSNO (2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Molecular structure of Na(15-C-5)SSNO (2) (CCDC 2055062). The thermal 

ellipsoid plots are drawn at 50% probability level. Hydrogen atoms are omitted for clarity. Selected 

bond distances (Å) and angles (°): S-S 1.952(5), S-N 1.686(6), N-O 1.165(6), Na-S 2.8891(9), Na-

O 2.337(8), S-N-O 116.2(7), S-S-N 113.0(4), O-Na-S 68.8(3).  

 

Na 
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Addition of Na(15-C-5)SSNO (2) to a solution of Ph,MeTpZn(ClO4)
31 in dichloromethane 

leads to a rapid color change from dark red to light orange. Crystallization from THF affords 

Ph,MeTpZn(SSNO) (3) in 51% yield (Figure 4.4). The X-ray structure of 3 reveals κ2-S,O binding 

of the SSNO- anion to the zinc center with Zn-S and Zn-O distances of 2.3132(9) and 2.302(3) Å 

(Figure 4.5). Such symmetric κ2-S,O binding of the perthionitrite anion at zinc as compared to the 

sodium salt 2 likely reflects the much greater thiophilicity of zinc. On the other hand, the S-S, S-

N and N-O bond lengths for 3 of 1.9826(15), 1.666(4) and 1.232(4) Å, respectively, are quite 

similar to those in free SSNO-.15,16 

 

Figure 4.4. Synthesis and X-ray structures of Ph,MeTpZn(SSNO) (3) and syn and anti isomers 

of Ph,MeTpZn(SNO) (4). 
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Figure 4.5. Molecular structure of Ph,MeTpZn(SSNO) (3) (CCDC 2055063). The thermal 

ellipsoid plots are drawn at 50% probability level. Hydrogen atoms are omitted for clarity. Selected 

bond distances (Å) and angles (°): S-S 1.9826(15), S-N 1.666(4), N-O 1.232(4), Zn-S 2.3132(9), 

Zn-O 2.302(3), S-N-O 118.3(3), S-S-N 111.34(13), Zn-S-S 102.43(5), Zn-O-N 124.5(3), O-Zn-S 

83.35(7).  
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Figure 4.6. Molecular structure of anti-Ph,MeTpZn(SNO) (4-anti) (CCDC 2055064). The 

occupancy of 4-anti is 75% in this sample of 4. The thermal ellipsoid plots are drawn at 50% 

probability level. Hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles 

(°): S-N 1.748(10), N-O 1.206(10), Zn-S 2.250(3), S-N-O 114.4(7), Zn-S-N 94.7(4).  
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Figure 4.7. Molecular structure of syn-Ph,MeTpZn(SNO) (4-syn) (CCDC 2055064). The 

occupancy of 4-syn is 25% in this sample of 4. The thermal ellipsoid plots are drawn at 50% 

probability level. Hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles 

(°): S-N 1.741(12), N-O 1.211(12), Zn-S 2.254(8), S-N-O 113.8(13), Zn-S-N 112.2(8).  
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Comparison of IR spectra of Ph,MeTpZn(SSNO) (3) and its 15N-isotopologue 

Ph,MeTpZn(SS15NO) (3-15N) allowed assignment of S-N and N-O stretches at 686 and 1330 cm-1 

for 3 (Figure 4.27). Coordination to Zn results in a strengthening of both the S-N and N-O bonds 

relative to Na(15-C-5)SSNO (2) which appear at 677 and 1313 cm-1, respectively. The UV-vis 

spectrum of 3 in dichloromethane shows a band centered at λmax = 402 nm (1800  M−1cm−1), shifted 

towards lower wavelengths relative to 2 (max = 427 nm (5330 M-1cm-1)) (Figure 4.26). The 15N 

NMR spectrum of 3 in MeCN exhibits a resonance at 641.3 ppm compared to 706.7 ppm for 

Na(15-C-5)SSNO (2) (Figure 4.25).  

 

 

 

 

 

 

Figure 4.8. (a) FT-IR spectra of Na(15-C-5)SSNO (2) (black trace) and Na(15-C-5)SS15NO 

(2-15N) (red trace). (b) The difference spectrum between (2) (up) and (2-15N) (down).  

 

 

 

 

 

 

 

Figure 4.9. (a) UV-vis spectra of Na(15-C-5)SSNO (2) in dichloromethane at 25 °C at 

different concentrations. (b) Beer’s law plot depicts λmax/nm (ε/M-1cm-1) = 427 (5530). 
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Figure 4.10. 15N NMR spectrum (400 MHz, CD3CN) of (A) Na(15-C-5)SS15NO (2-15N) at RT 

and (B) NaSS15NO. The resonance at δ 245.00 which belongs to CD3CN-15N serves as internal 

standard.  
 

Addition of an equimolar amount of triethylphosphine to Ph,MeTpZn(SSNO) (3) in 

dichloromethane leads to a color change from light orange to reddish-green that  affords light pink 

Ph,MeTpZn(SNO) (4) in 52% crystallized yield (Figure 4.4). X-ray analysis reveals both syn and 

anti conformers that exhibit positional disorder. The anti conformer is the major species (75%) 

with κ1-S binding (Zn-S 2.250(3)Å, Zn-S-N = 94.7(4)°) while the syn conformer (25%) exhibits 

κ2-S,O binding of the thionitrite group (Zn-S2.254(8), Zn-O, 2.302(3) Å, Zn-S-N = 112.2(8)°). 

Notably, the Zn-S bond in each conformer of 4 is shorter than that of the corresponding 

perthionitrite 3. The S-N and N-O bond lengths in the anti (1.748(10), 1.206(10) Å) and syn 

(1.741(12), 1.211(12) Å) conformers of 4 are both shorter (S-N) and longer (N-O) than in organic 

derivatives such as the S-nitrosothiol Ph3CSNO (S-N, 1.792(5) Å, N-O, 1.177 Å) (Figures 4.6 and 

4.7).32 The IR spectrum of 4 shows a S-N stretch at 717 cm-1, higher than 650 cm-1 reported for 

Ph3CSNO. Moreover, the NO stretch for 4 at 1436 cm-1 appears at lower energy than in Ph3CSNO 

a b 
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(1514 cm-1) (Figure 4.11). The UV-vis absorption spectrum of 4 in CH2Cl2 shows a sharp band 

centered at 340 nm (4440 M-1cm-1) as well as a low intensity broad band feature at 578 nm (8 M-

1cm-1) (Figure 4.12).  Such a low energy feature typically occurs in S-nitrosothiols such as 

Ph3CSNO (600 nm (39   M-1cm-1) in CH2Cl2).
32 

 

 

 

 

 

 

 

 

 

 

Figure 4.11. (a) FT-IR spectra of Ph,MeTpZn(S14NO) (red trace) and Ph,MeTpZn(S15NO) (black 

trace). (b) The subtracted spectrum of  Ph,MeTpZn(S14NO) (4) and Ph,MeTpZn(S15NO) (4-15N).  

 

 

 

 

 

 

 

 

Figure 4.12. (a) UV-vis spectra of Ph,MeTpZn(SNO) (4) in dichloromethane at 25 °C at 

different concentrations. (b) Beer’s law plot depicts λmax/nm (ε/M-1cm-1) = 578(8).  
 

a b 
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The 1H NMR spectrum of Ph,MeTpZn(SNO) (4) in MeCN-d3 confirms the presence of two 

isomers in an 85 / 15 ratio in solution at room temperature. Two sets of resonances appear for the 

pyrazole C-H (6.37 and 6.33 ppm) and pyrazole-Me (2.61 and 2.58 ppm) groups that exhibit only 

modest broadening upon heating to 80 °C (Figures 4.13 and 4.14). This allows us to assign a barrier 

of more than 18 kcal/mol for the interconversion of the syn and anti-isomers of Ph,MeTpZn(SNO) 

(4) in solution. This is markedly higher than the barrier for S-N bond rotation of 10.7 kcal/mol 

determined for the S-nitrosothiol Ph3CSNO,32 consistent with the stronger S-N bond in 4 revealed 

by IR spectroscopy. The 15N NMR spectrum of 4 in CH3CN at RT reveals a single resonance 

centered at 836.6 ppm for the major isomer, similar in chemical shift for the anti conformer of 

Ph3CS15NO (δ 843.8 (anti) and 754.8 (syn) ppm) (Figure 4.15).32 

 

  

 

 

 

 

 

 

 

 

Figure 4.13. Variable temperature 1H NMR spectra (400 MHz, CD3CN) of Ph,MeTpZn(SNO) 

(4) tracking the signals at δ 2.61 and 2.58 ppm with varying temperature.    
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Figure 4.14. Variable temperature 1H NMR spectra (400 MHz, CD3CN) of Ph,MeTpZn(SNO) 

(4) tracking the signals at δ 6.37 and 6.33 ppm with varying temperature. 

 

 

 

 

 

 

 

 

 

 

Figure 4.15. 15N NMR spectrum (41 MHz, CD3CN) of Ph,MeTpZn(S15NO) (4-15N). The 

resonance at δ 245.00 which belongs to 15N-CD3CN serves as internal standard.   
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Zinc perthionitrite and thionitrite complexes 3 and 4 are quite thermally stable at room 

temperature. UV-vis studies in fluorobenzene reveal that they degrade slowly upon heating to  75 

°C with half-lives of ca. 5 and 7 h, respectively, dramatically longer than the S-nitrosothiol 

Ph3CSNO (t1/2 ≈ 10 min) under similar conditions (Figures 4.17 and 4.18). Analysis of the 

headspace gas in the thermolysis of 3 and 4 each reveal NO in 80 and 60% yield, respectively 

(Figure 4.16a). Unfortunately, these transformations did not follow well defined kinetics nor were 

we able to track the fate of the zinc complexes following NO release. The high thermal stability of 

the Zn-SNO complex 4 as compared to organic S-nitrosothiols RSNO may result from greater 

stabilization of the resonance form with increased S-N -bond character due to the increased 

electropositive nature of Zn (Figure 4.16b). Both IR (higher (SN)) and NMR (higher barrier for 

S-N rotation) spectroscopy indicate strengthening of the thionitrite S-N bond upon coordination to 

an electropositive element such as zinc. 

 

Figure 4.16. (a) Heating 3 and 4 to 75 °C slowly releases NO. (b) Enhanced S-N bond 

character in Zn-SNO species 4. 
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Figure 4.17. UV-vis spectroscopic monitoring the stability of Ph,MeTpZn(SSNO) (3) in C6H5F 

at 75 °C. 
 

  

 

 

 

 

 

Figure 4.18. UV-vis spectroscopic monitoring the stability of (A) Ph,MeTpZn(SNO) (4) and (B) 

Ph3CSNO in C6H5F at 75 °C. 

 

Owing to their biological significance, we examined the reactivity of Ph,MeTpZn(SSNO) (3) 

and Ph,MeTpZn(SNO) (4) with thiols. We examined aromatic thiols ArS-H for the ability to 

predictably modulate their acidity. Reaction of Ph,MeTpZn(SSNO) (3) with the highly acidic thiol 

C6F5SH at room temperature leads to a rapid color change from orange to light yellow. 1H NMR 

analysis of the reaction confirms the formation of Ph,MeTpZn-SC6F5 (5) in near quantitative yield 

(Figure 4.19a).  
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In the reaction between Ph,MeTpZn(SSNO) (3) and the rather acidic thiol C6F5SH, we 

envision an acid-base exchange mechanism that releases HSSNO that subsequently converts to 

NO and S8, known products in the decomposition of HSSNO.8,33 Moreover, NO forms in 82% 

yield and we observe S8 as well. Further supporting HSSNO formation via acid-base exchange 

from M-SSNO species, addition of 1 equiv. CF3COOH to sodium salt Na(15-C-5)SSNO (2) leads 

to NO formation in 78% yield also with observation of S8. 

 

 

Figure 4.19. Reactivity of (a) Ph,MeTpZn(SSNO) (3) and (b) Ph,MeTpZn(SNO) (4)  with C6F5SH 

and 4-MeArSH. 

 

Reaction of Ph,MeTpZn(SNO) (4) with C6F5SH appears to proceed by a similar acid-base 

mechanism with release of HSNO since Ph,MeTpZn-SC6F5 (5) forms in near quantitative yield. 

Headspace gas analysis reveals that the reaction generates N2O in 84% yield along with S8 as 

byproduct in solution. These observations are consistent with the formation of HSNO as both N2O 

and S8 form in the decay of unstable HSNO.8  

Reactions involving Ph,MeTpZn(SSNO) (3) and Ph,MeTpZn(SNO) (4)  with thiols are quite 

sensitive to the thiol acidity. While the less acidic thiol 4-MeArSH does not react with dithionitrite 

3 in dichloromethane at RT, addition of 4-MeArSH to Ph,MeTpZnSNO (4) results in a slow reaction. 

1H NMR analysis after 5 h reveals formation of Ph,MeTpZn-SAr4-Me (75%), Ph,MeTpZn-SH34 (21%) 

and 4-MeArS-SAr4-Me (10%) (Figure 5b). N2O gas also results, quantified in 60% yield. The 

disulfide 4-MeArS-SAr4-Me likely arises from decomposition of the corresponding S-nitrosothiol  4-
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MeArSNO.35 Following the reaction of Ph,MeTpZn(SNO) (4) with 4-FArSH by UV-vis spectroscopy 

confirms the initial formation of 4-FArSNO (Figure 4.20).  

 

 

 

 

 

 

 

 

 

Figure 4.20. (a) UV-vis spectrum obtained from the reaction of Ph,MeTpZn(SNO) (4) with (4-

FAr)SH in CH2Cl2 at 0 °C. (b) UV-vis spectrum of 4-FArSNO in CH2Cl2 at 0 °C.  

 

We envisioned two competitive pathways for the reaction of Ph,MeTpZn(SNO) (4) with 

aromatic thiols ArSH (Figure 4.21a). Acid-base exchange between Ph,MeTpZnSNO (4) and ArSH 

leads to the formation of HNSO along with corresponding zinc thiolate Ph,MeTpZn-SAr. HSNO 

released further decomposes to observed N2O. Alternatively, Ph,MeTpZn(SNO) (4) may undergo S-

nitrosation with ArSH to form Ph,MeTpZn-SH and the corresponding S-nitrosothiol ArSNO. 

Increasing thiol nucleophilicity in a series of thiols 4-XArSH (X = F, Cl, H, Me, OMe) increasingly 

turns on thiol S-nitrosation, better competing with acid-base exchange as measured by ratios of 

Ph,MeTpZn-SH (from S-nitrosation) and Ph,MeTpZn-SAr4-X (from acid-base exchange) (Figure 

4.21b). 

a b 



 
 

191 
 

 

 

Figure 4.21. (a) Mechanistic pathways considered for the reaction of Ph,MeTpZnSNO (4) and  

ArSH. (b) Hammett plot comparing [Zn]-SR and [Zn]-SH products upon reaction of [Zn](SNO) 

(4) with p-substituted thiols 4-XArSH. 

 

 

4.3. Conclusions 

Tris(pyrazolyl)borate zinc complexes Ph,MeTpZn(SSNO) (3)  and Ph,MeTpZn(SNO) (4) 

enable the isolation, characterization and reactivity study of the perthionitrite and thionitrite anions 

at zinc. Unlike HSSNO and HSNO, these zinc complexes possess high stability, decomposing with 

NO release only after heating to 75 °C. In particular, [Zn](SNO) species 4 is much more stable 

than related S-nitrosothiols such as Ph3CSNO, attributed to a stronger S-N interaction in 4 

supported by IR and NMR spectroscopy. Importantly, Ph,MeTpZn(SSNO) and Ph,MeTpZn(SNO) 

each react with acidic thiols, releasing HSSNO and HSNO that ultimately form NO and N2O, 

respectively. Nonetheless, increasing thiol nucleophilicity RSH turns on competing S-nitrosation 

in reactions with [Zn](SNO) complex 4 to release S-nitrosothiols RSNO.  As S-nitrosothiols serve 
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as mobile carriers for NO, this work illustrates subtle effects at play that control the signaling 

output of perthionitrite and thionitrite at zinc. 

4.4. Experimental Section  

4.4.1. General Instrumentation and Physical Methods 

All experiments were carried out under dry nitrogen atmosphere by utilizing MBraun 

gloveboxes and/or standard Schlenk techniques unless otherwise mentioned. 1H, and 19F NMR 

spectra were recorded on a Varian 400 MHz spectrometer at room temperature unless otherwise 

noted. Variable temperature 15N NMR experiments were recorded on a Varian 400 MHz 

spectrometer over the range -70 °C to 80 °C. The chemical shift (δ) values for 1H, 19F, 13C{1H} 

are expressed in ppm relative to tetramethylsilane and the chemical shift (δ) values for 15N NMR 

are expressed in ppm relative to 15NH3. The residual 1H signal of deuterated solvent served as an 

internal standard for 1H and 13C{1H} NMR whereas the residual 19F signal of C6H5F served as an 

internal standard for 19F NMR. The 15N signal of CD3CN served as an internal standard for 15N 

NMR experiments. Elemental analyses were performed on a Perkin-Elmer PE2400 microanalyzer 

at Georgetown University. UV-vis spectra were recorded on Agilent 8454 Diode Array 

spectrometer equipped with stirrer and Unisoku USP-203 cryostat for variable temperature 

experiments. The molar extinction coefficients of different isolated complexes were determined 

from Beer’s law plots (absorbance vs concentration) with at least four different concentrations. IR 

spectra (with spectral resolution of 2 cm-1) were collected on a Varian 3100 FT-IR spectrometer. 

Details for X-ray crystallography appear in Section 4.4.18.  
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4.4.2. Materials 

All chemicals were purchased from common vendors (e.g. Sigma-Aldrich, Acros Organics, 

Strem Chemicals, TCI) and used without further purification unless otherwise mentioned. 

Molecular sieves (4A, 4-8 mesh beads) were obtained from Fisher Scientific and activated in vacuo 

at 180 °C for 24 h. Extra dry solvents (≥99.5%) with Acroseal® and deuterated solvents were 

purchased from Acros Organics and Cambridge Isotope Laboratories, respectively. Both 

anhydrous and deuterated solvents were sparged with nitrogen and stored over activated 4A 

molecular sieves under a nitrogen atmosphere.  

4.4.3. Synthesis and Characterization of Na(15-crown-5)SH (1) 
 

 

 

Scheme 4.1. Synthesis of Na(15-C-5)SH (1). 

15-crown-5 (3.90 g, 17.9 mmol) was directly added to a solution of NaSH (1.00 g, 17.9 

mmol) in methanol (ca. 3 mL). The solution was stirred for 0.5 h and filtered through a Celite pad 

then dried under vacuum overnight to yield Na(15-C-5)SH (1) (4.83 g, 17.5 mmol) in 97% yield. 

1H NMR (400 MHz, CD3CN): δ 3.64 (s, 20H, CH2), 3.23 (s, 1H, SH).  

13C{1H} NMR (100 MHz, CD3CN): δ 69.65; 

Anal. Calcd for C10H21NaO5S (1): C, 43.47; H, 7.66. Found: C, 43.27; H, 7.96 
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4.4.4. Synthesis and Characterization of Na(15-C-5)SSNO (2) 

 

Scheme 4.2. Synthesis of Na(15-C-5)SSNO (2). 

 

tBuONO (1.87 g, 18.1 mmol) in fluorobenzene (ca. 3 mL) was directly added to Na(15-C-

5)SH (1) (1.00 g, 3.62 mmol). The solution was stirred for 15 min and the resultant dark red 

solution was filtered through a Celite pad and then layered with pentane to obtain dark red crystals 

of Na(15-C-5)SSNO (2) (0.750 g, 2.22 mmol) in 61% yield.  

1H NMR (400 MHz, CDCl3): δ 3.75 (s, 20H, CH2) (Figure 4.22); 

13C{1H} NMR (100 MHz, CDCl3): δ 69.02; 

15N NMR (41 MHz, CD3CN): δ 904.1 (s, Na(15-C-5)SS15NO), δ 706.7 (s, NaSS15NO); 

The resonance at δ 706.7 ppm is assigned to NaSS15NO based on the 15N NMR chemical shift for 

NaSS15NO in CD3CN which appears at δ 697.4 ppm;  

UV-vis (CH2Cl2, 25 °C): λmax/nm (ε/M-1cm-1) = 427 (553); 

FT-IR (cm-1): 1313 ν(14NO); 677 ν(S-14N); 1284 ν(15NO); 663 ν(S-14N); Hooke’s law 

predicts 15N/14NΔν = 24 cm-1 and 15N/14NΔν = 15, respectively.  The IR spectra were taken as a thin 

film by evaporating a dichloromethane solution of 2 on a KBr window.  

Anal. Calcd for C10H20NNaO6S2 (2): C, 35.60; H, 5.98; N, 4.15. Found: C, 35.85; H, 6.08; 

N, 4.10.  
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Figure 4.22. 1H NMR spectrum (400 MHz, CDCl3) of Na(15-C-5)SSNO (2). 

 

4.4.5. Synthesis and Characterization of Ph,MeTpZn(ClO4) 

 

Scheme 4.3. Synthesis of Ph,MeTpZn(ClO4). 

Ph,MeTpZn(ClO4) synthesized based on a modified reported procedure.36 A solution of 

Ph,MeTpK (1.00 g, 1.91 mmol) in THF (5 mL) was directly added to Zn(ClO4)•6H2O (0.712 g, 1.91 

mmol) in THF (5 mL). The solution was stirred for 1 h and filtered through Celite pad. The filtrate 

was concentrated and kept at -40 °C overnight to obtain the product Ph,MeTpZn(ClO4) (0.900 g, 

1.39 mmol) in 72% yield as white crystals.       



 
 

196 
 

1H NMR (400 MHz, CDCl3): δ 7.51 (m, 9H, m-ArH and p-ArH), 7.42 (m, 6H, o-ArH), 

6.27 (s, 3H, pzH), 2.57 (s, 9H, CH3) (Figure 4.23); 

13C{1H} NMR (100 MHz, CDCl3): δ 153.73, 147.31, 131.81, 128.78, 127.71, 126.57, 

105.84, 12.82; 

Anal. Calcd for C30H28BClN6O4Zn : C, 55.59; H, 4.35; N, 12.96. Found: C, 55.80; H, 4.25; 

N, 12.73.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.23. 1H NMR spectrum (400 MHz, CDCl3) of Ph,MeTpZn(ClO4). The resonances 

marked with (*) belong to solvent residual peaks for THF.  

 

4.4.6. Synthesis and Characterization of Ph,MeTpZn(SSNO) (3) 

 

Scheme 4.4. Synthesis of Ph,MeTpZn(SSNO) (3). 
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A solution of Ph,MeTpZn(ClO4) (0.500 g, 0.771 mmol) in dichloromethane (5 mL) was 

directly added to Na(15-C-5)SSNO (2) (0.260 g, 0.771 mmol) in dichloromethane (2 mL). The 

color of the solution immediately changed from dark red to light orange. The solution was stirred 

for 10 min and then filtered through a Celite pad. The filtrate was dried to obtain an orange solid. 

The orange solid was washed with CH3CN (ca. 10 mL; 2 times) and then crystalized from THF by 

layering with pentane to yield orange crystals of Ph,MeTpZn(SSNO) (3) (0.250 g, 0.388 mmol) in 

51% yield.  

1H NMR (400 MHz, CDCl3): δ 7.31 (m, 6H, o-ArH), 7.20 (m, 9H, m-ArH and p-ArH), 

6.17 (s, 3H, pzH), 2.62 (s, 9H, CH3) (Figure 4.24); 

13C{1H} NMR (100 MHz, CDCl3): δ 153.48, 145.36, 132.11, 128.22, 127.95, 127.78, 

105.35, 12.87; 

15N NMR (41 MHz, CD3CN): δ 641.3 (s, Ph,MeTpZnSS15NO) (Figure 4.25);  

UV-vis (CH2Cl2, 25 °C): λmax/nm (ε/M-1cm-1) = 410 (1790) (Figure 4.26);  

FT-IR (cm-1): 1330 ν(14NO); 686 ν(S-14N); 1298 ν(15NO); 671 ν(S-14N); Hooke’s law 

predicts 15N/14NΔν = 25 cm-1 and 15N/14NΔν = 17, respectively (Figure 4.27).  The IR spectra were 

taken as a thin film by evaporating a dichloromethane solution of 3 on a KBr window.    

Anal. Calcd for C30H28BN7OS2Zn (3): C, 56.05; H, 4.39; N 15.25, Found: C, 56.30; H, 

4.53; N, 15.13. 
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Figure 4.24. 1H NMR spectrum (400 MHz, CDCl3) of Ph,MeTpZn(SSNO) (3). 

 

 

 

 

 

 

 

 

 

 

Figure 4.25. 15N NMR spectrum (41 MHz, CD3CN) of Ph,MeTpZn(SS15NO) (3-15N). The 

resonance at δ 245.00 which belongs to CD3CN-15N serves as internal standard. 
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Figure 4.26. (a) UV-vis spectra of Ph,MeTpZn(SSNO) (3) in dichloromethane at 25 °C at 

different concentrations. (b) Beer’s law plot depicts λmax/nm (ε/M-1cm-1) = 410 (1790).  

 

 

 

 

 

 

 

 

 

Figure 4.27. (a) FT-IR spectra of Ph,MeTpZn(SS14NO) (3) (red trace) and PhMeTpZn(SS15NO) 

(3-15N) (black trace). (b) The subtracted spectrum of 3 (up) and 3-15N (down).   

 

 

 

 

 

a b 

a b 
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4.4.7. Synthesis and Characterization of Ph,MeTpZn(SNO) (4) 

 

Scheme 4.5. Synthesis of Ph,MeTpZn(SNO) (4). 

PEt3 (0.040 g, 0.342) in dichloromethane (1 mL) was added directly to a solution of 

Ph,MeTpZn(SSNO) (0.200 g, 0.311 mmol) in dichloromethane (2 mL). The color of the solution 

changed from light orange to reddish-green upon stirring for 1 h. The solution was layered with 

pentane and kept at -40 °C overnight to yield 52% (0.100 g, 0.163 mmol) of Ph,MeTpZn(SNO) (4) 

crystals.  

1H NMR (400 MHz, CD3CN): δ 7.31 (m, 6H, o-ArH), 7.25 (m, 9H, m-ArH and p-ArH), 

6.37 (s, 3H, pzH, syn-Ph,MeTpZn(SNO), minor), 6.33 (m, 3H, pzH, anti-Ph,MeTpZn(SNO), major), 

2.61 (s, 9H, CH3, anti-Ph,MeTpZn(SNO), major), 2.58 (s, 9H, CH3, syn-Ph,MeTpZn(SNO), minor); 

syn and anti-isomers are in 15% and 85%, respectively  (Figure 4.28);    

13C{1H} NMR (100 MHz, CDCl3): δ 154.24, 153.99, 145.88, 145.25, 131.27, 130.77, 

128.85, 128.64, 128.19, 128.00, 128.85, 127.57, 127.39, 105.37, 105.27, 13.03, 12.83;  

15N NMR (41 MHz, CD3CN): δ 836.6 (s, Ph,MeTpZnS15NO);  

UV-vis  (CH2Cl2, 25 °C): λmax/nm (ε/M-1cm-1) = 578 (8).  

FT-IR (cm-1): 1104 ν(14NO); 717 ν(S-14N); 1093 ν(15NO); 696 ν(S-14N) Hooke’s law 

predicts 15N/14NΔν = 20 cm-1 and 15N/14NΔν = 17, respectively.  The IR spectra were taken as a thin 

film by evaporating a dichloromethane solution of 4 on a KBr window.    

Anal. Calcd for C30H28BN7OSZn (4): C, 58.99; H, 4.62; N, 16.05. Found: C, 59.00; H, 

4.64; N, 15.91. 
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Figure 4.28. 1H NMR spectrum (400 MHz, CD3CN) of Ph,MeTpZn(SNO) (4). The resonance 

marked with (*) belongs to the solvent residual peak for CH3CN. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.29. Variable temperature 15N NMR spectra (41 MHz, CD3CN) of  Ph,MeTpZn(S15NO) 

(4-15N). 
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4.4.8. Thermal Stability of Ph,MeTpZn(SSNO) (3)  

 

Ph,MeTpZn(SSNO) (3.0 mL, 0.5 mM in fluorobenzene) was placed in a quartz cuvette with 

a rubber septum in an inert atmosphere. The cuvette was transferred to a UV-vis spectrometer. 

Heating the solution of 3 at 75 °C leads to decay of absorbance at 410 nm over time. NO gas was 

detected in 80% yield by trapping with the (TPP)Co complex. (See Section 4.4.10 for NO 

quantification method). 

4.4.9. Thermal Stability of Ph,MeTpZn(SNO) (4)  

 

Ph,MeTpZn(SNO) (3.0 mL, 8.3 mM in fluorobenzene) was placed in a quartz cuvette with a 

rubber septum in an inert atmosphere. The cuvette was transferred to a UV-vis spectrometer. 

Heating the solution of 4 at 75 °C led to decay of absorbance at 578 nm over time. NO gas was 

detected in 60% yield using the (TPP)CoII complex (see Section 4.4.10 for method). 

4.4.10. Quantification of NO via Trapping with (TPP)Co Complex   

 

 

Scheme 4.6. Stoichiometric conversion of (TPP)Co to (TPP)CoNO utilized for NO 

quantification. 
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Quantitative trapping of nitric oxide was done using cobalt(II)-meso-tetraphenylporphine 

[(TPP)CoII] which was purchased from Strem Chemicals and used for a similar experimental set 

up as previously demonstrated.37 (TPP)Co complex (0.020 g, 0.031 mmol) was dissolved in 

fluorobenzene in a small vial and placed in a larger vial. The larger vial was sealed with a septum. 

Ph,MeTpZn(SSNO) (3) (0.020 g, 0.031 mmol) in fluorobenzene was injected to the big vial. The 

solutions in both vials were heated for 48 h at 75 °C. Then an aliquot (60 μL) of the resultant 

(TPP)Co solution from inner vial was diluted to 3.0 mL using CH2Cl2 and analyzed by UV-vis  

spectroscopy. The Q-band absorption features in the UV-vis spectra of authentic (TPP)Co (530 

nm) and (TPP)Co(NO) (540 nm) samples were used to compare and quantify the yield of the 

cobalt-nitrosyl species (Figure 4.30; Scheme 4.6). 

 

 

 

 

 

 

 

 

Figure 4.30. UV-vis spectra (CH2Cl2 at 25 °C) of [(TPP)Co] (red trace) and [(TPP)Co(NO)] 

species (blue trace) generated upon reacting [(TPP)Co] with NO released from heating 3 at 

75 °C.   

4.4.11. Reaction of Na(15-C-5)SSNO with Trifluoroacetic Acid 
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To a solution of Na(15-C-5)SSNO (2) (0.03 g, 0.09 mmol) in dichloromethane was added 

trifluoroacetic acid (0.18 mL, 0.50 mM) in dichloromethane. The color of the solution changed 

from dark red to light yellow with concomitant NO gas (78%) evolution (for NO gas trapping 

experiments see Section 4.4.10). X-ray crystallography showed the formation of S8 in this reaction.  

4.4.12. Reaction of Ph,MeTpZn(SSNO) (3) with C6F5SH 

 

To a solution of Ph,MeTpZn(SSNO) (4) (0.030 g, 0.047 mmol) in dichloromethane was 

added C6F5SH (0.10 mL, 0.50 mM) in dichloromethane. The color of the solution changed from 

light orange to light yellow with concomitant NO gas (82%) evolution (for NO gas trapping 

experiments see Section 4.4.10). After stirring the resultant solution for 30 min and evaporation of 

the solvent, the resultant product was analyzed by 1H NMR and 19F NMR spectroscopy which 

confirmed the formation of Ph,MeTpZn-SC6F5 (5) in 100% yield (Figures 4.31 and 4.32). X-ray 

quality crystals for Ph,MeTpZn-SC6F5 (5) were grown at -40 °C by layering a THF solution with 

pentane. X-ray crystallography also showed the formation of S8 in this reaction.  

Characterization Data for Ph,MeTpZn-SC6F5 (5) 

1H NMR (400 MHz, RT, CDCl3): δ 7.57 (m, 6H, o-ArH), 7.18 (m, 6H, m-ArH), 7.14 (m,  

p-ArH), 6.20 (s, 3H, pzH), 2.59 (s, 9H, CH3); 

19F NMR (367 MHz, RT, CDCl3): -135.39, -166.34, -167.57; 

13C{1H} NMR (100 MHz, RT, CDCl3): δ 154.00, 145.93, 131.64, 128.75, 128.32, 128.09, 

128.03, 127.79, 127.39, 105.41, 105.03, 12.81; 

Anal. Calcd for C36H28BF5N6SZn (5): C, 57.81; H, 3.77; N, 11.24. Found: C, 58.06; H, 

3.95; N, 11.03. 
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Figure 4.31. 1H NMR spectrum (400 MHz, 298 K, CDCl3) of the crude mixture obtained from 

the reaction of 4 and C6F5SH (1.1 equiv) which leads to the formation of Ph,MeTpZn-SC6F5 

(5).   One equivalent of hexamethylbenzene (*) serves as internal standard.  

 

 

 

 

 

 

 

 

 

 

Figure 4.32. 19F NMR spectrum (367 MHz, RT, CDCl3) of the crude mixture obtained from 

the reaction of 4 and C6F5SH (1.1 equiv) which leads to the formation of Ph,MeTpZn-SC6F5 

(5). Resonances marked with (*) represent unreacted thiol.  
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4.4.13. Reaction of Ph,MeTpZn(SNO) (4) with C6F5SH 

 

To a solution of Ph,MeTpZn(SNO) (4) (0.030 g, 0.088 mmol) in dichloromethane was added 

C6F5SH (0.10 mL, 0.50 mM) in dichloromethane. The color of the solution changed from reddish-

green to light yellow with concomitant N2O gas evolution (84%; N2O gas was quantified by GC). 

The solution stirred for 30 min at room temperature. 1H NMR and 19F NMR spectra of the solution 

confirms the formation of Ph,MeTpZn-SC6F5 (5) in 100% yield. X-ray crystallography showed the 

formation of S8 in this reaction.  

4.4.14. N2O Quantification 

This method follows one that our laboratory has previously described.38 Gas 

chromatography was performed on a Gow-Mac GC (Model 69-400 TCD) equipped with a TCD 

as well as a 6'  1/8" Molesieve 13X column. The carrier gas was He, and throughout the entire 

separation, the column was kept at 60 °C, while the detector was at 100 °C. Using identical reaction 

vessels and solvent amounts, the identification and quantification of N2O was accomplished by 

withdrawing 250 μL of the headspace using a 250 μL Hamilton 1725 sample lock gastight syringe 

equipped with a large removable needle (22s ga, 2 in, point style 2).  

A calibration curve was generated by preparing vials containing known amounts of pure 

N2O gas for reference. This was accomplished by injecting varying amounts of N2O in a stirring 

solution of CH2Cl2 (3 mL) contained in 20 mL glass-vials, capped with rubber septum and sealed 

with parafilm. Quantification of N2O was accomplished by withdrawing 250 μL of the headspace 

using a gastight syringe and injecting into the GC. The calibration curve was generated by plotting 

the area of N2O (as obtained from the gas chromatograms) vs. mL of N2O added (Figure 4.33). 
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Figure 4.33. Calibration curve used for the quantification of N2O. 

 

4.4.15. Reaction of Ph,MeTpZn(SNO) (4) with 4-MeArSH 

 

To a solution of Ph,MeTpZn(SNO) (4) (0.030 g, 0.088 mmol) in dichloromethane was added 

4-MeArSH (0.20 mL, 0.50 mM) in dichloromethane. The solution stirred for 5 h at room 

temperature. The color of the solution changed from reddish-green to light yellow. After solvent 

evaporation, the resultant products were analyzed by 1H NMR which confirms the formation of 

Ph,MeTpZn-SAr4-Me (6), Ph,MeTpZn-SH and 4-MeArSSAr4-Me in 75%, 21% and 10% yield, 

respectively. (Figure 4.44).  Analysis of the reaction headspace by GC confirms the evolution of 

N2O gas in 60% yield (see section 4.5.14). X-ray quality crystals for Ph,MeTpZn-SAr4-Me (6) were 

grown at -40 °C by layering a THF solution with pentane.  
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Spectroscopic Data for Ph,MeTpZn(SAr4-Me) (6) 

1H NMR (400 MHz, RT, CDCl3): δ 7.62 (m, 6H, o-ArH), 7.15 (m, 6H, m-ArH), 7.15 (m, 

3H,  p-ArH), 6.29 (d, 2H, o-ArH),  6.21 (s, 3H, pzH), 6.15 (d, 2H, m-ArH), 2.57 (s, 9H, CH3), 1.97 

(s, 3H,CH3); 

13C{1H} NMR (100 MHz, RT, CDCl3): δ 154.41, 145.69, 136.79, 131.14, 130.90, 129.72, 

128.44, 128.12, 127.81, 127.51, 105.49, 20.52, 12.93;  

Anal. Calcd for C37H35BN6SZn (6): C, 66.13; H, 5.25; N, 12.51. Found: C, 66.25; H, 5.33; 

N, 12.46. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.34. 1H NMR spectrum (400 MHz, RT, CDCl3) of the crude mixture obtained from 

the reaction of 4 and 4-MeArSH which leads to the formation of Ph,MeTpZn-SAr4-Me (6). One 

equivalent of hexamethylbenzene (*) serves as internal standard. 

 

4.4.16. Reaction of Ph,MeTpZn(SNO) (4) with p-substituted Thiols  

To a solution of Ph,MeTpZn(SNO) (4) (0.030 g, 0.088 mmol) in dichloromethane was added 

4-XArSH (0.20 mL, 0.5 mM) in dichloromethane. The solution stirred for 5 h at room temperature. 
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The color of the solution changed from reddish green to light yellow.  After rotary evaporation the 

1H NMR and 19F NMR of the resultant products confirm the formation of Ph,MeTpZn-SAr4-X and 

Ph,MeTpZn-SH in yields collected in Table 4.1. 

 

Table 4.1.  A summary of the product yields for the reaction of Ph,MeTpZn(SNO) (4) with p-

substituted thiols 4-XArSH. 

 

 

 

 

 

 

 

 

4.4.17. Monitoring the Reaction of Ph,MeTpZn(SNO) (4) with 4-MeArSH by UV-vis 

Spectroscopy 

  To the dichloromethane solution of Ph,MeTpZn(SNO) (4) (3.0 ml, 15 mM) in a cuvette  

4-FArSH (0.09 ml, 0.50 M) in dichloromethane was injected at 0 °C. The UV-vis analysis of the 

reaction shows the formation of 4-FArSNO in 15% yield. 

Independent Synthesis of 4-FArSNO 

 

4-FArSNO was synthesized based on the previously reported procedure.39 4-FArSH (0.10 g, 

0.78 mmol) was dissolved in CH2Cl2 and placed in a UV-vis cuvette. The cuvette was equipped 

with a stir bar, sealed with a septum and placed inside the UV-vis spectrometer and cooled down 

4-XArSH Ph,MeTpZn-Ar Ph,MeTpZn-SH 

X = OMe 77% 19% 

X = Me 75% 21% 

X = H 82% 13% 

X = Cl 87% 7% 

X = F 84% 8% 

ArSH = C6F5SH 100% 0% 
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to 0 °C.  tBuONO (0.402 g, 3.90 mmol) was directly syringed into the cuvette and after stirring for 

2 min, the UV-vis spectrum was measured.  

4.4.18. Crystallographic Details 

Single crystals of each compound Na(15-C-5)SSNO (2) (CCDC 2055062), 

Ph,MeTpZn(SSNO) (3) (CCDC 2055063), Ph,MeTpZn(SNO) (4) (CCDC 2055064), Ph,MeTpZn-SC6F5 

(5) (CCDC 2055066) and Ph,MeTpZn-SAr4-Me (6) (CCDC 2055065) were mounted under mineral 

oil on a Mitegen micromount and immediately placed in a cold nitrogen stream at 100(2) K prior 

to data collection. Data for compounds 3 and 4 were collected on a Bruker D8 Quest equipped 

with a Photon100 CMOS detector and a Mo ImS source.  Data for 2, 5 and 6 were collected on a 

Bruker DUO equipped with an APEXII CCD detector and Mo fine-focus sealed source.  A series 

of 0.5o φ- and ω-scans were collected with monochromatic Mo Kα radiation, λ = 0.7107 Å and 

integrated with the Bruker SAINT program. Structure solution and refinement was performed 

using the SHELXTL/PC suite and ShelXle. Intensities were corrected for Lorentz and polarization 

effects and an empirical absorption correction was applied using Blessing’s method as 

incorporated into the program SADABS. Non-hydrogen atoms were refined with anisotropic 

thermal parameters and hydrogen atoms were included in idealized positions unless otherwise 

noted.  Further comments on disordered models: 

 

Na(15-C-5)SSNO (2):  The SSNO group is disordered over two orientations.  The like S-

S, S-N, N-O Na-O, and Na-S distances were restrained to be similar.  The S1/S1B atom pair was 

constrained to have equal x,y,z positions and equal anisotropic displacement parameters.  Similar 

displacement amplitudes were imposed on disordered sites overlapping by less than the sum of 

van der Waals radii. 
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Ph,MeTpZn(SNO) (4):  The SNO group is disordered over two positions.  The like Zn-S, S-

N, and N-O distances were restrained to be similar.  Similar displacement amplitudes were 

imposed on disordered sites overlapping by less than the sum of van der Waals radii. 

 

Ph,MeTpZn-SC6F5 (5):  The C6F5 moiety is disordered over two orientations.  The like S-C 

distances were restrained to be similar.  Similar displacement amplitudes were imposed on 

disordered sites overlapping by less than the sum of van der Waals radii. A partially occupied, 

highly disordered CH2Cl2 solvent molecule was removed from the model via the SQUEEZE 

routine in PLATON.  The occupancy of the disordered solvent refined to be approximately 65%.  

This matches well with the number of electrons removed from the structure.  One fully occupied, 

ordered CH2Cl2 solvent molecule per asymmetric unit was included in the refinement model. 
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Figure 4.35. Molecular structure of Ph,MeTpZn-SC6F5 (5) (CCDC 2055066). The thermal 

ellipsoid plots are drawn at 50% probability level. Hydrogen atoms are omitted for clarity. 

Selected bond distances (Å) and angles (°): Zn-S 2.261(8), Zn-S-C 105.6(7) 
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Figure 4.36. Molecular structure of Ph,MeTpZn-SAr4-Me (6) (CCDC 2055067). The thermal 

ellipsoid plots are drawn at 50% probability level. Hydrogen atoms are omitted for clarity. 

Selected bond distances (Å) and angles (°): Zn-S 2.252(7), Zn-S-C 111.95(9).  
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