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ABSTRACT 

 

The nitrogen–oxygen single bond (>N–O–) is commonly found in organic 

contaminants ranging from aromatic N–oxides (ANOs), oximes, isoxazoles, to 

hydroxylamines. The introduction of N–O containing contaminants (NOCs) such as 

pesticides, pharmaceuticals, and reaction intermediates into aquatic environments is 

arguably an important emerging water issue. Soluble FeII and natural organic ligands, 

commonly co-existing in reducing environments, have been found to quickly reduce a 

number of organic contaminants in anoxic aqueous solution due to their low reduction 

potentials and high redox reactivity. The major objective of this research was to 

understand the reduction kinetics and mechanisms of various NOCs by FeII–tiron 

complex, a highly reactive, homogenous model environmental reductant.  

Experimental results show that various NOCs were reduced by FeII–tiron complex 

at different rates. The 1:2 FeII–tiron complex, FeL2
6-, is the dominant reactive species 

because its concentration highly correlated with the observed NOC reactivity. Depending 

on the structure, NOCs may undergo different reaction pathways, and the rate-limiting 

steps can be protonation, complexation, electron transfer or N–O bond cleavage. 

Specifically, for ANOs, three types of complexes can form between ANOs and FeII–tiron, 

leading to different reactivity and mechanisms: type I refers to those forming 5-

membered ring complexes through the N and O atoms on the side chain; type II refers to 

those forming 6-membered ring complexes through the N-oxide O atom and the O atom 

on the side chain; and type III refers to complexation through the N-oxide O atom only. 

The density functional theory calculations suggested that the elementary reactions, 
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including protonation, N–O bond cleavage, and the 2nd electron transfer processes, are 

barrierless, indicating that the first electron transfer is rate-limiting. Consistent with the 

theoretical results, the experimental solvent isotope effect, KIEH, for the reduction of 

quinoline N-oxide (a type III ANO) was obtained to be 1.072 ± 0.025, suggesting 

protonation was not involved in the rate-limiting step. The measured nitrogen kinetic 

isotope effect, KIEN, for the reduction of pyridine N-oxide (a type III ANO) (1.022 ± 

0.006) is in good agreement with the calculated KIEN for its first electron transfer (1.011 

~ 1.028), confirming that the first electron transfer is rate-limiting. Electrochemical cell 

experiments demonstrated that the electron transfer process can be facilitated 

significantly by type I complexation with FeL2
6-, to some extent by type II complexation 

with free FeII, but not by weak type III complexation. Reduction products of several 

ANOs were identified by HPLC and LC-QToF-MS to be the deoxygenated analogs. 

Similar to ANOs, reduction products of various substituted isoxazoles (ISXs) 

were identified by HPLC/QToF-MS to be the ring-cleavage analogs. The density 

functional theory calculations suggested that the elementary protonation processes are 

barrierless, while the N–O bond cleavage processes have small energy barriers, 

suggesting they are not the rate-limiting step. The experimental iron kinetic isotope 

effects, KIEFe, for the reduction of 3-amino-5-methylisoxazole (AMX) and 3,5-

dimethylisoxazole (DMX) were obtained to be 1.0076 ± 0.0049 and 1.0075 ± 0.0018. 

Both numbers revealed that FeII participated in the rate-limiting step, demonstrating that 

the electron transfer step is rate-limiting. Meanwhile, KIEH for the reduction of AMX 

was obtained to be 1.992 ± 0.068, indicating that proton is involved in the rate-limiting 

step, while that for DMX was 1.209 ± 0.079, suggesting no protonation is involved in the 



iv 

 

rate-limiting step. Thus, the reduction of AMX and DMX undergoes different pathways. 

Ring complexes formed between ISXs and FeII–tiron species can be categorized into 

three types: type I complex forms through 3-N and ring-O; type II complex forms 

through 5-N/O and ring-N; and type III complex forms through 6-O and ring-N. 

However, complexation only occured after ring cleavage due to the lower energies 

calculated for the ring-opened complexes. Electrochemical cell experiments revealed that 

the electron transfer process can be facilitated by various types of complexation at 

different levels. The kobs of type I or II ISXs increased a few times as [FeII] increased 

significantly in the cathodic cell, suggesting that the reduction can be accelerated by 

either type I or II complexation with free FeII to some extent. Meanwhile, the 

significantly higher kobs of ISXs in the batch experiments than that in the cell experiments 

indicated that type I and type II-N complexation with FeL2
6- can strongly facilitate ISX 

degradation. 

Based on these findings, future work will rely on both experimental and 

computational approaches to examine the reduction kinetics and mechanisms of other 

categories of NOCs. Upon successfully elucidating the rate-limiting step for each group 

of NOC, various molecular descriptors will be examined to develop QSARs as predictive 

tools for reducing activity of other structurally-related NOCs. Overall, this project has 

provided a wealth of new mechanistic information on the transformation of NOCs in 

model aquatic environments, which will enable researchers and regulatory agencies to 

develop environmental fate simulators to accurately assess their fate in and possible risks 

to water supply and environmental systems.  
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CHAPTER 1 INTRODUCTION 

1.1 Background  

Emerging organic contaminants, including pharmaceutical, personal care products 

(PPCPs) and endocrine disrupting chemical (EDCs), have gained increasing attention for 

more than 20 years. Both high consumption rates and relatively inefficient removal of 

these contaminants by current waste water treatment systems have led to their release and 

ubiquitous presence at noticeable levels in many environments such as surface water, 

groundwater, soils and sediments.1-3 In addition, disposal of unused or expired household 

wastes into landfill sites also allows these contaminants to enter the environment. A wide 

range of PPCPs has been detected in a variety of environment. In 1999 to 2000, the 

USGS reported the occurrence of various PPCPs in 80 percent of the streams samples at 

concentrations less than 1.0 g/L.4 

The persistence of these contaminants in the aquatic environment likely exhibits 

adverse impacts on both human health and the ecosystem. For example, pharmaceuticals 

and active ingredients in PPCPs cause disruptive hormonal effects on organisms at low 

concentrations (µg/kg).3 Antibiotics accumulated in the environment induced the 

development of antibiotic-resistance germs in indigenous population of microbial 

community.5 EDCs exert damages to the endocrine systems and the immune systems in 

humans.6, 7 More potential toxicities of many emerging contaminants are unclear yet. 

Understanding the fate and transformation of emerging contaminants in aquatic 

environments is important for evaluation of their potential risk. It will provide the much 

needed kinetic and product information to evaluate their persistence and to identify and 

quantify dominant by-products formed in the environment for accurate toxicity 
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assessment. Besides, given the large number of contaminants released to the 

environment, it will be unrealistic to examine each individual contaminant for all possible 

transformation pathways; therefore, developing predictive tools based on the 

understanding of contaminant transformation kinetics and mechanisms is essential for 

proper regulation of chemical products and remediation of contaminated sites.   

So far, most published work on environmental transformation of emerging 

contaminants has been focusing on their adsorption to soils8-12 or surfaces,13, 14 

biodegradation,15-19 hydrolysis,20-23 photodegradation,24-29 and abiotic redox 

transformation.30-34 For contaminants that are resistant to biodegradation and 

photodegradation, redox transformation can be a major pathway in affecting their overall 

fate. 

Iron is the fourth most abundant element on earth, leading to the ubiquity of iron-

containing soil minerals and iron-reducing bacteria. There has been a substantial effort 

toward understanding redox degradation of organic contaminants by dissolved FeII 

associated with either mineral surfaces35-40 or soluble ligands.41-46 Compared to FeII 

bound to mineral surfaces, dissolved FeII and natural organic ligands, commonly co-

existing in reducing environments, are more reactive under circumneutral conditions and 

can significantly affect the fate and transformation of contaminants.47-49 Previous studies 

reported that FeII complexes with organic catechol– and thiol– ligands can quickly reduce 

a number of organic contaminants in anoxic aqueous solution due to their low reduction 

potentials and high redox reactivity.41, 43 
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1.2 Problem Statement  

The nitrogen–oxygen single bond (>N–O–) is commonly found in organic 

compounds ranging from aromatic N–oxides (ANOs), oximes, isoxazoles, to 

hydroxylamines (examples in Figure 1-1). Specifically, various applications have been 

developed for ANOs in the fields of agriculture, synthetic chemistry, and industrial 

chemistry.50, 51 The N–oxide structure can easily form during chemical synthesis or in 

metabolic processes of many drugs and xenobiotics.52 Through feed wastes or from 

wastewater treatment plants, ANOs are likely to enter soils, sediments and aquatic 

environments as emerging contaminants. Several oximes are widely used pesticides in 

agriculture for crop protection purposes, isoxazole is a key moiety in sulfonamide 

antibiotics, and hydroxylamines are important intermediates during transformation of 

nitroaromatics - widely used as agrochemicals, explosives, textile dyes, and chemical 

intermediates. The introduction of nitrogen-oxygen containing contaminants (NOCs) into 

aquatic environments is arguably an important emerging water issue.1, 4, 53, 54 

Despite the frequent usage and potential risks associated with NOCs, limited 

information is available regarding their fate and transformation in the environment.  

Many NOCs will likely be retained in reducing sediments and aquifers where reductive 

transformation is one of the dominant transformation pathways.8, 11, 53 However, studies 

on reduction of environmental contaminants have been limited to a few key functional 

groups such as –NO2 in nitroaromatic compounds (NACs) and halogen groups in 

halogenated compounds.38, 55, 56 Although a limited number of studies have examined 

reduction of a few NOCs under environmental conditions,45, 46, 53, 54, 57, 58 the N–O single 

bond has not been recognized as a reducible functional group, and reduction of NOCs in 
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general is not only poorly understood, but sometimes interpreted by conflicting 

mechanisms. For example, laboratory studies found that electroreduction of aromatic 

oximes and azoxy compounds is typically initiated by the cleavage of the N–O bond 

leading to the formation of imines or amines;59, 60 in reduction of oxime carbamates by 

FeII species (one of the most common environmental reductants), formation of inner-

sphere complexes between FeII and the oximes was believed to play a critical role in 

determining the overall kinetics;45, 46, 54 and in reduction of hydroxylamines, cleavage of 

the N–O bond was regarded as the rate-limiting step10, i. e., the slowest step of a chemical 

reaction, by one study57 but not by another.61 

 

Figure 1-1: Structures of selected NOCs investigated in this study. 

Detailed reaction mechanisms regarding the reductive transformation of NOCs 

under environmental conditions, including the order of the elementary reactions and the 

rate-limiting step, will provide the much needed fate information. Such information is 

important for evaluation of reductive behavior of various types of NOCs through 

developing quantitative structure-activity relationships (QSARs). The mechanistic 

understanding can also be applied to providing kinetic and product information so that 

more accurate risk assessment of NOCs can be achieved. 
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As the amount of organic contaminants discharged into the environment continues 

to grow, their possible environmental and health risks will become increasingly important 

issues in the near future.  Currently, the lack of information on the transformation of 

NOCs in the aquatic environment hinders researchers and regulatory agencies’ ability to 

develop environmental fate simulators to accurately assess their fate in and possible risks 

to water supply and environmental systems.  This project will provide a wealth of new 

mechanistic information on the transformation of NOCs in model aquatic environments.  

Ultimately, results of this work can be used by public health and environmental agencies 

for anything from policy-making to environmental clean-up efforts. They will also 

contribute advance technologies to effectively treat NOCs contaminated water. Our 

findings will also guide the chemical industry to design more environmentally-friendly 

NOCs by keeping the key functional group(s) but adding substituents that can facilitate 

NOC degradation to benign byproducts. 

1.3 Research Objectives 

The main goal of our research was to gain a mechanistic understanding of the 

reduction of various NOCs by FeII–tiron complex as a representative model 

environmental reductant. The specific aims for this research are as follows: 

i) To identify reduction kinetics and products of CDX, AMX and several other 

NOCs in the presence of FeII–tiron complex. Impacts on the observed rate constants by 

varying concentrations of NOCs, FeII and tiron, as well as varying pH conditions were 

examined. 

ii) To study possible complexation between NOCs and FeII–tiron complex that 

may enhance reduction rates.  
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iii) To understand the reduction mechanisms and identify the rate-limiting steps of 

NOCs by FeII–tiron complex based on a combined experimental-theoretical analysis. 

Specifically, the reaction pathways will be proposed. Theoretical calculations will be 

performed to investigate the energy barriers of all elementary processes, as well as the 

optimized geometries of intermediates. Kinetic isotope effects during NOCs reduction 

will be evaluated to identify the rate-limiting step. A electrochemical cell design will be 

used to study the role of complexation during reduction of substituted NOCs. 

iv) To develop molecular descriptors and QSARs that can predict the reactivity of 

structurally-related NOCs. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Aromatic N–oxides 

Aromatic N-oxides (ANOs) are potential pollutants of soils and aquatic 

environments because of their widespread uses as antibiotics, pesticides, and other 

chemical industrial products. Specifically, carbadox (CDX) and olaquindox, representing 

the quinoxaline group of veterinary antibacterial agents, are widely used in the feed of 

starter pigs in the United States to prevent dysentery and promote feed efficiency.62 In 

recent decades, CDX and desoxycarbadox, a major metabolite of CDX, have been found 

as potential mutagens and carcinogens.63-66 Reports of misapplication and accidental 

contamination of CDX 67 led the European Union and Health Canada to issue a ban on 

CDX uses in 1999 68 and 2001,65 respectively. Olaquindox (ODX) has been found to 

induce genotoxicity and oxidative DNA damage in human cells.69 Following intensive 

investigation of ANOs in the 60’s and 70’s on their chemical behaviors,51, 70 there is a 

renewed interest in these compounds due to their wide usage and potential toxic effects 

on humans and the environment.63, 65  

Pyridine N–oxide (PNO), representing simple ANOs, is used as an organic ligand 

in coordination chemistry. It also serves as an oxidizing reagent in chemical synthesis.71 

Contact with  PNO upon eyes, skin, or mucous membranes may cause irritation, e.g., 

gastrointestinal irritation with diarrhea, vomiting and nausea.72 The toxicological 

properties of PNO have not been fully investigated, however, it is highly water soluble 

and can be transformed to pyridine, a potential carcinogenic agent73 exhibiting 

neurotoxic, genotoxic, and clastogenic effects.74, 75 
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2.2 Oximes 

Oximes are a class of NOCs with the general formula of R1R2C=N–OH(R1). A 

wide variety of oximes are produced in large quantities and have been used in various 

industrial applications. Thus, oximes were considered as a concern to human health and 

the environment due to the potential for human exposure.4 For example, cyclohexanone 

oxime is used in a wide variety of industrial applications. In 1976, 15.4 tons of 

cyclohexanone oxime were imported into the U. S. In 1977, about 100,000 to 500,000 

tons of cyclohexanone oximes were produced in the U. S.76 It is mainly used as an 

intermediate in the synthesis of caprolactam, whose annual production in the U.S. is over 

500,000 tons.77 More recent import or production data of cyclohexanone oxime is not 

available. The large amount of production and widespread applications of cyclohexanone 

oxime lead to a high risk of human exposure to this chemical. Exposure to cyclohexanone 

oxime might cause hematologic disorders or dermatitis.78 The toxicity testing in mice 

showed that cyclohexanone oxime mainly attacks erythrocyte, spleen, liver, and nasal 

epithelium.76 

Oxamyl and methomyl are widely used pesticides in agriculture for crop 

protection purposes. Annually, around three million pounds are applied in agriculture in 

the U. S.79 Oxamyl and methomyl are highly toxic to mammals because of their 

inhibition of the activity of the enzyme acetylcholinesterase, resulting in increase of 

acetylcholine to toxic levels.80 The oral acute toxicity is 5 mg/kg for oxamyl and 21 

mg/kg for methomyl.80 The high water solubility and low sorption affinity to soils81, 82 

suggest that oxime will likely enter aquatic environments. Indeed, oxamyl and methomyl 

have been detected in groundwater throughout the U. S.83 For example, oxamyl 
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concentration was between 1 to 2 ppb based on studies in in groundwater in Suffolk 

County, Long Island and North Carolina.84 Methomyl has been detected in groundwater 

in Missouri, New York, and New Jersey at concentrations up to 20 ppb.85  

2.3 Isoxazoles 

Isoxazole (ISX) is an azole (five-membered nitrogen heterocyclic ring) with an 

oxygen atom next to the nitrogen, so the N–O bond is not a strict single bond. ISXs show 

typical properties of aromatic systems and sometimes exhibit ring instability (ring 

opening), particularly at the N–O bond.86 Isoxazole rings are commonly found in a 

number of antibiotics and pesticides, such as cloxacillin, dicloxacillin, flucloxacillin, 

valdecoxib and isoxaflutole, and were considered to have ecotoxicity.87 One example is 

sulfamethoxazole (SMX), an important synthetic sulfonamide antibiotic widely used in 

human health for treatment of infectious diseases88 and in livestock as a growth 

promotor.89 A considerable fraction of antibacterial sulfamethoxazole is discharged into 

the environment via the effluent of Sewage Treatment Plants due to incomplete 

elimination.90 As a result, large amounts of sulfamethoxazole have been detected in 

surface waters at 70−150 ng/L and in secondary wastewater effluents at 200−2000 ng/L,4, 

91-94 making it among the most frequently detected pharmaceuticals in aquatic 

environments.88, 95, 96 

2.4 Phenylhydroxylamine 

Phenylhydroxylamine (PHA) can form as intermediates of nitrobenzene 

reduction56 and can be further reduced to form substituted aniline.6, 56, 105 The polar and 

oxygen sensitive properties of PHA make it more mutagenic than nitrobenzene.97, 98 In 

addition, as a metabolite of aniline,99 preliminary studies for the toxicity of PHA showed 
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that PHA will cause hemolytic anemia100, 101 and methemoglobinemia102. Dose-dependent 

studies in rats conducted by Khan et al.103 verified the toxicity of PHA in blood leading to 

an increase in methemoglobin. It is splenotoxic and cardiotoxic, perhaps due to anoxia 

associated with methemoglobinemia.103 

2.5 Reported Fate and Transformation of NOCs other than Reductive 

Transformation 

An extensive literature search revealed limited published studies regarding 

environmental transformation pathways of ANOs. In most sun-lit environments, 

photolysis of ANOs could occur. For example, photochemical degradation of carbadox 

has been observed in pork tissues by minimal incandescent light.24 More information on 

photochemical reactions of heterocyclic ANOs in water or organic solvent media has 

been published.25, 51 Olaquindox was reported to be slightly adsorbed to various types of 

soil with distribution coefficients Kd in the range of 0.7−1.7 mL/g.104 Primarily aerobic 

and anaerobic biodegradation of olaquindox at intermediate concentrations (50−5000 

μg/L) was observed, indicating that olaquindox can be quickly removed from surface 

water.15 Reaction of heterocyclic ANOs with manganese oxide in the aquatic 

environment was found to be oxidation, involving N–O bond cleavage and neighboring 

α-C hydroxylation.30 

Antibacterial oximes (e.g., carbamoyl-oxime) can enter soils and surface waters 

and can be taken up by plants through root or leaf surfaces.105 In aqueous solution, 

carbamoyl-oxime undergoes a base-catalyzed elimination, converted into a substituted 

oxime, methylamine, and CO2.
106, 107 The elimination can be extremely slow with half-

lives up to years.  
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Generally, the isoxazole ring can be easily cleaved to form β-amino enones or 

other intermediates,108 but at the same time, it is quite stable to many other reagents.109 

For example, studies of reaction kinetics and mechanisms of SMX with free chlorine 

(HOCl/OCl-)110 verified that the SMX degradation undergoes two pathways without ring 

cleavage:111 with sub-stoichiometric concentrations of free chlorine, SMX aniline moiety 

was halogenated to yield a ring-chlorinated product; 68 68 with a stoichiometrically excess 

amount of free chlorine, SMX sulfonamide moiety ruptured to yield 3-amino-5-

methylisoxazole, SO4
2- and N-chloro-p-benzoquinoneimine.  

Biochemical reaction of PHA in blood has been reported, leading to its 

interconversion with nitrobenzene. 112 Oxidation of PHA has been studied in aqueous 

solutions at physiological pH values ranging from 6.80 -7.40.113 The reaction is O2 

dependent and subject to acid and base catalysis. At pH less than 5.8, PHA was 

transformed to p-nitrosophenol, nitrosobenzene, nitrobenzene, and azoxybenzene, 

through a common intermediate generated from PHA and O2.
113  

2.6 Reported Reductive Transformation of NOCs 

A large number of studies have reported, mostly for synthesis purposes, reduction 

of ANOs by various reductants under lab conditions.114 Typically upon reduction, 

deoxygenation of N-oxides occurs. For example, selective reduction of the two N–O 

bonds was observed in carbadox, where trimethyl phosphite in 1,1,2,2-tetrachloroethane 

and sodium dithionite in base solution selectively removed the N1- or N4-O oxygen, 

respectively.115 This information will provide a knowledge base when we examine 

reduction of ANOs in aqueous environments. 
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Several studies have been conducted to determine the fate of oximes in abiotic 

aquatic environments in the presence of reducing species.  For example, it was found that 

the redox degradation of oxamyl and methomyl is significantly accelerated in the 

presence of various aqueous FeII species in anoxic solutions, leading to N−O bond 

cleavage.45, 46, 54 In the pH range of 5.0 to 8.0 which is environmentally related, 

electroreduction of a number of substituted aromatic oximes was also found to be 

initiated by N−O bond cleavage59. The protonation of the O atom can speed up the 

reduction by forming H2O
+ as a good leaving group; Also, the two positive charged 

adjacent N and O atoms can facilitate the cleavage of the N−O bond. 

SMX was reduced in abiotic FeII-amended aqueous suspension of goethite to a 

number of products after accepting one electron, followed by N–O bond cleavage in the 

isoxazole ring.53  

The reduction of substituted PHAs in FeII-treated ferric oxide systems was 

investigated.57 Hammett σ constant values, representing electronic effects of substituents, 

indicated that the electron withdrawing groups in the para position of PHAs have a 

negative correlation with their reduction rates. The calculated bond dissociation enthalpy 

116 of the N−O bond was able to explain 97.6% of variability in kobs of PHAs, confirming 

that the electron donating substituents increased the reduction rates and suggesting that 

the N−O bond cleavage is the rate-determining step. The reduction of p-cyano-PHA 

showed a linear relationship between its reactivity and the concentration of surface-

associated Fe(II) in hematite, goethite, and lepidocrocite suspensions. 
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2.7 Reported Complexation of NOCs 

One of the notable properties of aromatic N–oxides (ANOs) is their ability to 

complex with various transition metals. Typically, two types of inner-sphere complexes 

can form. First, the N–oxide O atom can directly complex with a transition metal.117-119 

For example, simple ANOs such as pyridine N-oxide have been reported to form 

complexes with FeII.120 CoII and NiII complexes with a series of substituted quinoline N-

oxides have been investigated.121, 122 IR spectra showed that the N–O stretching 

frequencies for ANOs have shifted to lower values after complexation, indicating their 

bonding through the N–oxide O atom.19,22,25 Second, 6-membered chelate rings form 

between metals and ANOs via the N–oxide O atom and a neighboring O or N atom, such 

as the bidentate chelates of 2-quinoxalinecarboxylic acid with CuII,118 2-picolinate N-

oxide with FeIII, CuII and ZnII,123 2-pyridylcarbinol N-oxide with a number of metal 

ions,124 and 2-picolinic acid N-oxide with lanthanides.125 In addition, 5- or 7-membered 

rings are able to form with metals through the N or O atoms on the non-N-oxide side 

chains, such as complexes between CuII and N-(3-hydroxypropyl)glycinamide, and 

between CuII and N-(3-hydroxypropyl)-DL-alaninamide.126 Based on the above 

information, inner-sphere complex formation between metal ions and ANOs might 

facilitate their reduction.  

Similarly, ISXs have been reported to be able to complex with various transition 

metals through the ring-N or -O atom prior to degradation. For example, studies on the 

ring cleavage of ISXs have demonstrated the importance of initial complex formation 

with Mo(CO)6 or Fe(CO)5;
127 the mechanism of FeII promoted isomerization of 

isoxazoles to azirines showed that FeII will coordinate with the ring-N atom, forming a 
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complex that will undergo N−O bond cleavage.108 Reduction of 5-

(trifluoromethyl)isoxazoles with lithium aluminum hydride was initiated by complexing 

with the aluminum ion through the ring-O atom.128 However, extensive literature search 

revealed limited published information regarding complexation through the substituents 

of ISXs. 

2.8 FeII–Catechol and –Thiol Complexes  

2.8.1 Environmental Relevance of Feii–ligand Complexes 

In suboxic and anoxic aquatic environments, FeIII bound to mineral surfaces is 

used by microorganisms as electron acceptors, leading to accumulation of dissolved FeII, 

whose concentration can be greater than 1 mM in some environments.47, 48 In organic-rich 

systems, the microbial FeIII reduction is usually faster.49 Other biogeochemical processes 

such as microbial sulfate reduction generate a great diversity of organic substances with 

reduced functional groups, such as hydroquinones and thiols.44 For example, thiol 

concentration was detected to be around16 μM in dissolved organic matter in aquatic 

systems.129 As a result, simultaneous occurrence of dissolved FeII and natural organic 

constituents (organic ligands) are common in many natural systems. Studies have shown 

the importance of interactions between FeII and natural organic ligands due to their 

electron-donating characteristics.130 FeII–ligand complexes play a role in understanding 

the fate of contaminants in groundwater and sediments, where abiotic and microbial 

reduction of contaminants will occur.131 

2.8.2 Explanation for Reactivity of Organic Contaminants by FeII–Catechol and –

Thiol Complex 

Among dissolved FeII–organic ligand complexes that are able to reduce a number 

of contaminants in aquatic environments, catechol and thiol ligands have gained more 
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attention mainly due to their fast redox reactivity and environmental relevance.41-44 

Studies on reduction of nitroaromatic compounds (NACs) by FeII–catecholate complexes 

showed that the high reactivity of NACs associated with a particular FeII complex can be 

explained in terms of the impact of complexation on the one-electron reduction potential 

of the FeII/FeIII redox couple.  

𝐹𝑒𝐼𝐼𝐼𝐿 + 𝑒− = 𝐹𝑒𝐼𝐼𝐿                                  (2.1) 

𝐸𝐻
0 = 0.77 −

𝑅𝑇

𝐹
𝑙𝑛 (

𝐾𝐹𝑒𝐼𝐼𝐼𝐿

𝐾𝐹𝑒𝐼𝐼𝐿

)                   (2.2) 

where 0.77 (V vs NHE) is the value of EH
0 for the FeIII/FeII half reaction, R is the gas 

constant; T is the temperature; and F is the Faraday constant. According to equations 

(2.1) and (2.2), ligands that form a much stronger complex with FeIII than with FeII will 

lead to a much lower reduction potential (EH
0) of  the FeII complex, which is a stronger 

reductant. Similar reduction behavior of other organic compounds such as carbamate 

pesticides and polyhalogenated alkanes by FeII–catechol and –thiol complexes has been 

understood based on the same explanation.41-44, 46 Other surveyed ligands, including 

polycarboxylates, polyaminocarboxylates, and mixed phenolic-carboxylates, showed no 

reactivity towards NACs reduction.43 

2.8.3 FeII–Tiron Complex 

Tiron (4,5-dihydroxy-1,3-benzenedisulfonic acid) is highly solubility in water due 

to its two sulfonate groups, allowing examination over a wider range of ligand 

concentrations. In addition, compared to other FeII−catechol ligand complexes, FeII−tiron 

complex has the highest reactivity.43 As a result, tiron has been typically selected as a 

model catechol ligand in studies of contaminant degradation. 
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In solutions containing both FeII ion and tiron ligand, concentrations of various 

FeII species (FeII, FeOH+, Fe(OH)2
0, Fe(OH)3

-, FeHL-, FeL2- and FeL2
6-) (L4- represents 

the fully deprotonated tiron) can be calculated as a function of medium composition, 

based upon the reported logK values.43 When examining the influence of FeII species on 

the observed rate constants for the reduction of NACs, a strong correlation was reported 

between the measured kobs values of 4-chloronitrobenzene and the concentration of FeL2
6- 

(Figure 2-1), indicating FeL2
6- is the dominant reductant.43 The high reactivity of FeL2

6- 

has been explained based on its low standard one-electron reduction potential (EH
0) as 

compared to other FeII–tiron complexes.43 

 

Figure 2-1: Linear correlation of log kobs of 4-chloronitrobenzene reduction vs 

concentration of FeL2
6-, and the structure of FeL2

6-. Line represents linear regression of 

three data sets, including the variation in total tiron concentration; the variation in pH; 

and the variation in ionic strength.43 

2.9 Theoretical Calculation 

2.9.1 Reaction Mechanisms Based on Theoretical Calculation 

In recent years, quantum chemical calculation has been increasingly used in 

elucidating reaction mechanisms.132, 133 Based on the calculated reaction barriers, one will 
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be able to exclude certain reaction pathways, identify the rate-limiting step, and 

understand the mechanism.134-136 Thus, computation is a reliable way to complement 

experiment approaches. Although theoretical calculation on the reduction mechanisms of 

ANOs is rare so far, it has been applied to understanding those of nitroaromatic 

compounds (NACs). For example, Hofstetter et al.137, 138 carried out a combined 

experimental and theoretical study and reported the rate-limiting step for the reduction of 

NACs by FeII bound to goethite surfaces or by FeII–tiron. However, most published 

calculations on NACs only considered the relative stability of the reactants and products, 

with activation energies of the reactions unexplored.139 According to the classical 

transition state theory, examination on the existence and height of the energy barrier is 

key to studying the rate-limiting characteristic of an elementary reaction.134, 136 

2.9.2 Gaussian 09 

Gaussian was developed in 1970 by John Pople and his research group as 

a computer program for computational chemistry.140 It uses Gaussian orbitals to improve 

performance on computing capacities as compared to those using Slater-type orbitals. 

Gaussian quickly became a popular and widely used electronic structure program when 

released.  

Gaussian 09111 is the latest version which predicts structures, vibrational 

frequencies, energies and chemical properties of molecules and reactions in a variety of 

chemical environments. It offers the most advanced modeling capabilities to study a more 

widespread range of problems and systems. 
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2.9.3 Density Functional Theory (DFT) 

 DFT is widely used in computational chemistry as a computational 

mechanical modelling method to investigate the electronic structures of atoms, 

molecules, and condensed phases. Based on DFT theory, the properties of a multi-

electron system can be determined by using functionals of electron density. One of the 

most popular functionals is known as B3LYP,141, 142 a three-parameter hybrid functional 

in which the exchange energy from Becke's exchange functional143 is combined with the 

exact energy from the Hartree–Fock theory.144 B3LYP functional provides an improved 

description for various molecular properties such as bond length, energy and vibration 

frequency.144 

2.9.4 Basis Sets 

A basis set in computational chemistry is a set of basis functions in linear 

combination to create molecular orbitals. These functions are usually atomic orbitals 

centered on atoms. Generally, basis sets can be divided into two categories: minimal 

basis sets that consider only the basic aspects of the orbitals and extended basis sets that 

consider the higher orbitals of the molecule as well as the size and shape of molecular 

charge distribution. 

The split-valence basis set is one type of extended basis sets. Examples include 3-

21G, 4-31G, 6-31G, etc. Specifically, 6-31G basis set means 6 gaussian functions 

summed to describe the inner core, 3 gaussian functions for the inner valence orbital,  and 

1 gaussian for the outer valence orbital; 6-31+G basis set means 6-31G plus diffuse s and 

p functions for non-hydrogen atoms; 6-31++G has diffuse functions for hydrogen as well. 

6-31++G* is 6-31++G with added d polarization functions on non-hydrogen atoms. The 
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overall computational quality and cost (e.g., calculation time) strongly depend on the 

choice of basis sets.145 Thus, there is increasing interest in finding small basis sets that 

can provide equivalent accuracy to those obtained with larger basis sets.146 

2.10 Kinetic Isotope Effects  

2.10.1 Nitrogen Kinetic Isotope Effect 

The use of isotope analysis for environmental pollutants has great potential in 

gaining information on degradation mechanisms.147 Significant isotope fractionation can 

be expected for a specific element (E) present at various positions within an organic 

molecule, when E is involved in bond cleavage or formation during the rate-limiting step 

of a given process. If kinetic isotope effects of several elements are determined 

simultaneously for a specific compound, one can obtain information on the rate-limiting 

step in the degradation pathway or identify the most possible pathways. 

Using pseudo-first order rate constants lk and hk that quantify the specific reaction 

rates of the lighter and heavier atom of the element E, an kinetic isotope effect KIEE can 

be defined as 

KIE𝐸 =
𝑘𝑙

𝑘ℎ                                                               (2.1) 

Nitrogen kinetic isotope effects (KIEN) during abiotic reduction of NACs have 

been comprehensively studied, which is a powerful tool for interpreting reaction 

mechanisms of N-containing organic contaminants.148-151 KIEN for N−O bond cleavage 

was calculated to be between 1.031 and 1.041 for various NACs, showing no substituent 

effects. This finding agreed well with the experimental observation that the apparent 

kinetic isotope effect (AKIEN) for reduction of NACs by FeII in octahedral layers of a 
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clay mineral is 1.038 ± 0.003, independent of the substituents.138 Later, AKIEN for 

reaction of various NACs with two soluble reductants was found to decrease from 1.043 

to 1.010 with increasing pH, implying that the rate-limiting step can shift from N−O bond 

cleavage to protonation or electron transfer.137 Despite the above information for NACs, 

kinetic isotope analysis for degradation of NOCs has received little attention.152, 153 

2.10.2 Solvent Kinetic Isotope Effect 

Solvent kinetic isotope effects, KIEH are an elegant probe for investigating the 

role of solvent and have been widely used in examining proton transfer processes as the 

rate-limiting step of various reactions,154, 155 as well as to gain details on the degradation 

mechanisms of organic contaminants.156-158 

KIEH values can be computed according to KIE𝐻 =
𝑘𝐻2𝑂

𝑘𝐷2𝑂
. Large KIEH values were 

typically observed if proton transfer is rate-limiting.149, 155, 159-165 For example, primary 

KIEH in base-catalyzed hydrolysis of compounds with poor leaving groups has been 

determined to be in the range of 1.9 to 3.0.164 A significant KIEH of 2.83 was observed 

for the enzymatic hydrolysis of N-acetyl-L-tryptophan methyl ester at high substrate 

concentrations.166 For the substitution of protonated pyridine derivatives with 

nucleophilic carbon-centered radicals, KIEH was reported to be in the range of 1.7 to 

7.7.167 In addition, smaller values of secondary KIEH were reported when there is change 

in orbital hybridization of the α-carbon atom. Specifically, in SN1 reaction, the sp3 

hybridized α-carbon atom is converted to a sp2 hybridized carbenium ion during the rate-

determining step, KIEH values ranging from 1.10 ~ 1.40 were observed since the out of 

plane bending force constant at the transition state becomes weaker.168 In SN2 reaction 
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where hybridization of α-carbon changes from sp2 to sp3, the out of plane bending force 

constant increases, and KIEH ranging from 0.80 ~ 1.04 were observed.169 

2.10.3 Iron Kinetic Isotope Effect 

Since FeII is providing electrons during redox reactions, iron kinetic isotope 

effects, KIEFe, can be used to investigate the role of FeII as the reductant. KIEFe for the 

overall reduction can be calculated based on KIE𝐹𝑒 =
𝑘𝑜𝑏𝑠

54𝐹𝑒

𝑘𝑜𝑏𝑠
56𝐹𝑒 . Despite an extensive 

literature search, few KIEFe values were reported when electron transfer between FeII and 

FeIII is involved in the rate-limiting step. Kavner et. al predicted the KIEFe 

(56Fekobs/
57Fekobs) value from 1.0012 to 1.0021 for electrochemically-induced electron 

transfer between FeII and FeIII as the rate-limiting step.170 The KIEFe (
54Fekobs/

56Fekobs) for 

the electron transfer between FeII and goethite was obtained to be 1.0027.171 Besides 

electron transfer, significant KIEFe values were reported for various processes when Fe 

participates in the rate-limiting step.172-176 For example, adsorption of FeII onto goethite 

as rate-limiting in anaerobic solution revealed a KIEFe (
54Fekobs/

56Fekobs) value  of 1.0008, 

or 1.0012 for the microbial reduction of FeIII in goethite.177 KIEFe (
54Fekobs/

56Fekobs) for the 

soil Fe-exchange process during dissolution of Fe from a silicate soil mineral was 

reported to be 1.0008 by soil microbes, and to be 1.0003 ~ 1.0006 by organic acids acting 

as strong chelating ligands.178 A kinetic isotope effect as large as 1.010 has been inferred 

for the dissociation of FeII–bipyridine complex due to the rupture of the strong covalent 

bond between FeII ion and bipyridine.179 
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2.11 Hypothesis 

We propose that the reduction process of NOCs involves two steps of protonation, 

possible complex formation on NOCs, two electron transfers from the FeII–tiron complex 

to the NOCs, and dissociation of the N–O bond. An example is shown in Scheme 4-1:  

Detailed explanation of the proposed scheme will be presented in Section 3.4.1. 

Our specific hypotheses are: 

1) Various NOCs will be reduced by FeII–tiron complex, 

2) Reduction products will be formed after N–O bond cleavage, 

3) The complexation between NOCs and FeII–tiron complex will greatly facilitate the 

reduction rate, and 

4) Depending on NOC structures, reduction of various types of NOCs will undergo 

different pathways, and the rate-limiting steps can be protonation, complexation, 

first/second electron transfer or N–O bond breaking.  
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CHAPTER 3 COMPLEXATION FACILITATED REDUCTION OF AROMATIC 

N-OXIDES BY AQUEOUS FEII–TIRON COMPLEX: REACTION KINETICS 

AND MECHANISMS 

Note: This Chapter was adapted from the publication below: 

Chen, Y. and Zhang, H. 2013. “Complexation Facilitated Reduction of Aromatic N-

Oxides by Aqueous FeII–Tiron Complex: Reaction Kinetics and Mechanisms”, Environ. 

Sci. Technol. 47 (19), 11023−11031. 

Abstract 

Rapid reduction of carbadox (CDX), olaquindox and several other aromatic N-

oxides (ANOs) were investigated in aqueous solution containing FeII and tiron. 

Consistent with previous work, the 1:2 FeII–tiron complex, FeL2
6-, is the dominant 

reactive species as its concentration linearly correlates with the observed rate constant 

kobs under various conditions. ANOs without any side chains were much less reactive, 

suggesting direct reduction of ANOs is slow. UV-vis spectra suggest FeL2
6- likely forms 

5- or 7-membered rings with CDX and olaquindox through the N and O atoms on the side 

chain. The formed inner-sphere complexes significantly facilitated electron transfer from 

FeL2
6- to ANOs. Reduction products of ANOs were identified by HPLC/QToF-MS to be 

the deoxygenated analogs. QSAR analysis indicated neither the first electron transfer nor 

N–O bond cleavage is the rate-limiting step. Calculations of the atomic spin densities of 

the anionic ANOs confirmed the extensive delocalization between the aromatic ring and 

the side chain, suggesting complex formation can significantly affect the reduction 

kinetics. Our results suggest the complexation facilitated ANO reduction by FeII–tiron 

involves a free radical mechanism, and the subsequent deoxygenation might also benefit 

from the weak complexation of FeII with the N-oxide O atom. 



24 

 

3.1 Introduction 

In this Chapter, the reduction kinetics and product formation of CDX, ODX and 

several other model ANOs (structures shown in Table 3.2) in the presence of FeII–tiron 

complex were examined. Impacts on the observed rate constants by varying 

concentrations of CDX, FeII and tiron, as well as varying pH conditions were examined. 

UV-visible spectra of six compounds (five ANOs and one analog) as either free ligands 

or in the presence of FeII were compared to determine the effect of inner-sphere complex 

formation on the reaction kinetics. Computational calculations were performed to 

determine molecular descriptors that can serve as predictors of the reduction reactivity. 

Based on the above results, the reduction mechanisms of various ANOs by FeII–tiron 

complex were proposed. 

3.2 Materials and Methods 

3.2.1 Chemicals 

ODX (2), N-(2-methoxyphenyl)-3-methyl-2-quinoxalinecarboxamide 1,4-dioxide 

(3), 1-(3,6,7-trimedyl-1,4-dioxide-2-quinoxalinyl)-ethanone (5), 2-methylquinoxaline 

1,4-dioxide (6), 2-methylquinoxaline 1-oxide (7), picolinic acid N-oxide (8), quinoline N-

oxide (9), pyridine N-oxide (PNO), pyrazine N-oxide (11) and acetic 

benzylidenehydrazide (12) were purchased from Sigma-Aldrich at greater than 97% 

purity. Carbadox (CDX) and other employed chemicals were obtained from Maryland 

Biochemical Co, Inc., Sigma-Aldrich or Fisher Scientific. All solutions were prepared 

inside an oxygen-free glovebox (95% N2, 2~5% H2, Pd catalyst) using reagent-grade 

water (18 MΩ cm resistivity) that was deoxygenated by boiling under vacuum prior to 

being transferred into the glovebox. All glassware having prior contact with iron 
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solutions was soaked in 5 N HNO3 and was rinsed several times with reagent-grade water 

prior to use. FeII stock solution was prepared by filtering 1.0 M FeSO4∙7H2O solution 

containing 0.2 M HCl through a 0.2 μm filter. Acetate buffer (0.25 M) was used to 

maintain pH in the range of 5.1~6.0, while MOPS buffer (1 M) was used in the range of 

6.5~8.0. Stocks of ANOs and related compounds were prepared in a 1:1 mixture of 

acetonitrile and water. Carbadox-N4 (4) was synthesized following the method from 

Massy et al.115 Carbadox (6.0 g) was added into water (300 ml) containing NaOH (2.07 

g). After stirring for 5 min, 30 ml fresh solution of Na2S2O4 (4.68 g) was poured in, and 

keep stirring for 2 min. The mixture was then filtered and the collected solid was washed 

with water (15 ml) twice. The solid was then dissolved in water (415 ml) containing 

NaOH (1.665 g). The brown solution of pH 12.3 was slowly adjusted to 10.81 using HCl 

(2 M). The solid was collected again by filtration, washed with water (30 ml) for three 

times, and dried at 90 ºC under vacuum. The target substance (CDX-N4) was identified 

by HPLC.  

3.2.2 Reactor Setup 

All experiments were conducted in 50 mL amber glass serum bottles under 

constant stirring. Reactions were initiated by adding a certain amount of ANO stock to 

solutions containing buffer (0.025 M acetate or 0.02 M MOPS buffers), tiron (5 mM) and 

FeII (0.5 mM). Aliquots of solution were then periodically collected to analyze, within the 

same day, the concentration of ANOs and the expected reduction products. Reactions 

were quenched immediately by excessive EDTA addition.43 Ligand free and FeII free 

control experiments were simultaneously conducted to account for non-reduction 
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processes. Kinetic measurements were made over a wide range of conditions (pH, tiron 

concentration, FeII concentration, ANO concentration). 

3.2.3 Analysis of ANOs and Products 

The extent of ANOs disappearance and structurally-related compounds as well as 

formation of selected reaction products were monitored from 220 nm to 308 nm by an 

Agilent 1200 reversed-phase high performance liquid chromatography (HPLC) system 

with a Zorbax XDB-C18 column (4.6 × 250 mm, 5 μm) or a Zorbax RX-C18 column (4.6 

× 250 mm, 5 μm), and a diode array detector. The flow rate was set at 1 mL/min. The 

mobile phase consisted of a solution containing 60% ammonia acetate (20 mM) and 40% 

methanol for compounds CDX, 3, 4, 5, 9 and 12; 95% acetic acid (0.012 M) and 5% 

methanol for ODX, PNO, 6, 7, and 11; while 80% H2SO4 (pH = 0.8) and 20% methanol 

for 8. Since CDX-N1 and CDX-N4 have very similar structures, we calculated the 

concentration of CDX-N1 based on the standard curve for CDX-N4. 

Reaction products were identified by an HPLC/quadrupole time-of-flight mass 

spectrometry (HPLC/ QToF-MS) system with a XDB-C18 column (4.6 × 250 mm, 5 

μm). Prior to analysis, products were fractionated after multiple injections of the reaction 

mixture into HPLC, dried under a mild N2 flow, and reconstituted by methanol. The flow 

rate was set at 1 mL/min, and the mobile phase was the same as in the HPLC system. The 

MS analysis was conducted using an Agilent 6520 high-resolution mass spectrometer 

with Q-TOF-HRMS electrospray positive ionization at the fragmentor voltage of 

150~200 V and mass scan range 100~1700 m/z. The nebulizer pressure was set at 45 psig 

and the capillary was at 4000 V. 
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3.2.4 Analysis of Iron Concentration and FeII–ANO Complex Formation 

FeII and total iron concentrations were monitored using the standard ferrozine 

method.180 Samples (100 μL of reaction solutions diluted in 1 mL H2O) were mixed with 

100 μL of a solution containing 10 mM ferrozine and 0.1 M ammonia acetate. The 

absorbance of the mixture was measured by UV visible spectrophotometer at 562 nm for 

FeII concentration. 0.8 mL of the mixture was then added to 150 μL reducing reagent (1.4 

M hydroxylamine hydrochloride/2 M hydrochloric acid) for 10 min prior to the addition 

of 50 μL buffer solution (10 M ammonium hydroxide, pH = 9.5). Absorbance of the 

filtrate was measured again at 562 nm for total iron concentration. The difference 

between FeII concentration and total iron is the FeIII concentration. An Agilent 8670 UV-

visible spectrophotometer was used to obtain UV-vis spectra of ANOs and FeII in aqueous 

solution. Samples contained 100 μM FeII and 100 μM ANO (CDX, ODX, 5, 6, 12) in the 

pH range of 3.00-6.00. Immediately after preparation, the UV-vis spectra of the samples 

were obtained. 

3.2.5 Computational Calculation 

The electron affinity (EA), N–O bond length and atomic spin density of the N-

oxide radical anions were calculated in the presence of water solvent, performed by the 

Gaussian 03 software package (Revision C.02, Gaussian, Inc., Wallingford CT, 2004). 

Structural optimizations were carried out by the density functional (B3LYP) theory, and 

the vibrational frequencies were calculated for all the stationary structures to make sure 

that they are the equilibrium ones. The 6-31++G(d) basis sets were used for all the 

calculations. The N–O bond lengths and the B3LYP energies were obtained for the 

neutral molecules and the anions. EA was calculated by subtracting the energy of the 
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anion from that of the neutral molecule. The atomic spin densities of the anions were also 

calculated. 

3.3 Results 

3.3.1 Reaction Kinetics 

Degradation was not observed in solutions containing only FeII (ligand free 

control) or tiron (FeII free control). In contrast, significant degradation of ANOs occurred 

when FeII and tiron were added. A typical time course for CDX degradation in solutions 

containing FeII and tiron is shown in Figure 3-1. The disappearance of CDX followed 

pseudo-first-order reaction kinetics. 

 

Figure 3-1: Time course of CDX reduction by FeII–tiron complex. Reaction conditions: 

100 μM CDX, 0.5 mM FeII, 5 mM tiron, pH 5.70, I = 0.2 M. 

The observed pseudo-first order rate constants kobs for CDX reduction by FeII-

tiron complex were measured in a series of reaction solutions by varying concentrations 

of CDX, FeII and tiron, as well as varying pH conditions. In general, kobs increased 

substantially with increasing FeII concentration, tiron concentration and pH (Table 3-1). 

On the other hand, kobs decreased with increasing CDX concentration. For example, at pH 

5.90, an increase in FeII concentration from 0.2 to 0.5 mM resulted in an increase in kobs 
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from 0.67 h-1 to 3.45 h-1. Values of kobs increased 3 orders of magnitude when pH 

increased from 5.05 to 6.00. At pH >7.00, reactions were too fast to be monitored. In 

addition, CDX reacted much faster when its concentration decreased from 200 to 100 

μM.  

Similar kinetic behaviors were observed for all other ANOs. Values of kobs for all 

ANOs were obtained and are provided in Table 3-2. The order of the observed reaction 

rate constants is: CDX >> 4 > ODX > 5 > 3 > 6 > 7 >> 11 > 8 > 9 > PNO.  

Table 3-1. kobs for CDX at various reaction conditions. 

Parameter Condition kobs (h
-1) 

pHa 

5.05 0.0054 

5.43 0.043 

5.77 0.92 

5.79 1.22 

6 3.27 

[FeII]b (mM) 
0.2 0.67 

0.5 3.45 

[tiron]c (mM) 
5 0.0054 

10 0.44 
a. Reaction conditions: 20 μM CDX, 0.5 mM FeII, 5 mM tiron, I = 0.2 M. b. Reaction 

conditions: 20 μM CDX, 5 mM tiron, pH 5.90, I = 0.2 M. c. Reaction conditions: 20 μM 

CDX, 0.5 mM FeII, pH 5.10, I = 0.2 M. 
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Table 3-2. Structures, physical-chemical properties, and kobs of the selected ANOs. 

# Structure kobs (h
-1) 

EA 

(eV) 
# Structure kobs (h

-1) 
EA 

(eV) 

1 
CDX 

 35.9 ± 0.1a 3.352 7 

6-N1 

 25.8 ± 0.3b 2.823 

2 
ODX 

 
1.01 ± 0.05a 3.164 8  

0.0054 ± 

0.0007b 
2.767 

3 
 

0.26 ± 0.03a 3.228 9 
 0.0032 ± 

0.0003b 
2.460 

4 

CDX-

N4 

 3.63 ± 0.19a 3.091 
10 

PNO 
 

0.0020 ± 

0.0002b 
1.891 

5  0.52 ± 0.01a 

459.5 ± 45.3b 
3.141 11  0.24 ± 0.03b 2.535 

6  
0.13 ± 0.01a 

149.2 ± 17.0b 
3.092 12  

no 

reactionc 
2.230 

a. Reaction conditions: 0.5 mM FeII, pH 6.50. b. Reaction conditions: 2.0 mM FeII, pH 

7.80. Reaction for many of these compounds was too slow at Condition “a” to accurately 

obtain kobs.
 c. Reaction condition was the same as Condition “b”. No reduction was 

observed for two weeks. Other reaction conditions: 20 μM ANOs, 5 mM tiron, I = 0.2 M. 

 

3.3.2 Reduction Products 

Based on HPLC analysis of the authentic standards, products of 6, 8 and 9 have 

been identified to be the corresponding deoxygenated analogs:  2-methylquinoxaline (i.e., 

desoxy-6), picolinic acid and quinoline. Figure 3-2a showed the time course of 6 and its 

reduction intermediates and products. The dominant intermediate of 6 was identified to 

be 7 (6-N1). The concentration of desoxy-6 increased and stayed stable for up to four 

days, confirming it to be the final product. Though not observed, 2-methylquinoxaline 4-

oxide (6-N4) is likely a minor intermediate, whose presence can explain the lower mass 

balance at the reaction time of around 3 h (see more discussion below). The reason that 6-

N4 was not observed can be explained based on the kinetic analysis of the time course, 
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that is, 6-N4 forms at a much slower rate than 6-N1 (details in “Kinetic Modeling” 

section), which leads to its low abundance. The kinetic study of 7 also confirmed that 7 

was completely transformed to desoxy-6 (Figure 3-3). 

 

Figure 3-2: Time course of the reduction products of (a) compound 6 and (b) CDX. 

Reaction conditions: (a) 200μM 6, 1.0 mM FeII, 5 mM tiron, pH 7.82, I = 0.2 M; and (b) 

20μM CDX, 0.5 mM FeII, 5 mM tiron, pH 5.97, I = 0.2 M. 

 

Figure 3-3: Time course of compound 7 and its reduction product. Reaction conditions: 

200μM 7, 1.0 mM FeII, 5 mM tiron, pH 6.72, I = 0.2 M. 

 

LC/QToF-MS analyses of CDX reaction mixtures revealed the existence of three 

products based on the observation of [M + Na]+ and [M + H]+ ions, with the molecular 

ion of 247, 247 and 231 respectively (Figure 3-4). The molecular ion of CDX is m/z 263, 

and its major fragment (m/z 231) corresponds to the loss of -OCH3 (i.e., -m/z 32) from the 

side chain, consistent with our previous work.30 For the two products of m/z 247, similar 

mass spectra were obtained, and the major fragment m/z 215 corresponds to the loss of -
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OCH3 (i.e., -m/z 32) from the side chain. As a result, the two products of m/z 247 were 

proposed to be CDX mono-N-oxides (CDX-N1 and CDX-N4), corresponding to the loss 

of one O atom (i.e., -m/z 16) from the N4 or N1 position of CDX. For the product of m/z 

231, the major fragment m/z 199 corresponds to the loss of -OCH3 (i.e., -m/z 32) from the 

side chain. Based on our previous work,30 the product of m/z 231 should be DCDX, 

formed by the loss of both O atoms from the N1 and N4 positions of CDX. CDX-N4 (4) 

was synthesized through deoxygenation of CDX by sodium dithionite115 and was 

analyzed on HPLC. The product peak of m/z 247 with a later retention time was 

confirmed to be CDX-N4. As a result, CDX-N1 peak was identified as the one with the 

earlier retention time.  

Figure 3-2b shows the time course of CDX and its reduction products. The results 

revealed that CDX-N1 and CDX-N4 were intermediates, with their concentrations 

increasing in the beginning and then decreasing at different rates. CDX-N4 was observed 

as the dominant intermediate. Kinetic modeling results also showed that CDX-N1 forms 

at a much slower rate yet degrades at a much faster rate than CDX-N4 (details in “Kinetic 

Modeling” section), indicating N1-O being much more reactive than N4-O. The amount of 

DCDX formed consistently increased throughout the reaction period for up to 2 weeks, 

suggesting it to be the stable final product. 



33 

 

 

Figure 3-4: HPLC/QToF-MS analyses of CDX and its reaction products in the reaction 

mixture: (a) LC/MS chromatogram of the reaction mixture, (b) spectrum of CDX-N1, (c) 

spectrum of CDX-N4, and (d) spectrum of DCDX. 

Similar to the case of CDX, LC/QToF-MS analyses of ODX (m/z 264) reaction 

mixtures indicate three major products (m/z 248, 248 and 232) (Figure 3-5). The major 

fragment (m/z 159) of ODX corresponds to the loss of the entire side chain on the C2 

atom as well as the N1-O oxygen (i.e., -m/z 105, data not shown). The molecular ions of 

the three products were assigned based on the observation of [M + Na]+ and [M + H]+. 

The two products of m/z 247 were proposed to be ODX mono-N-oxides (ODX-N1 and 

ODX-N4), corresponding to the loss of one O atom (i.e., -m/z 16) from either the N4 or 

N1 position. The product of m/z 232 should be bis-desoxyolaquindox (DODX), 

corresponding to the loss of both O atoms from the N1 and N4 positions. Figure 3-6 

shows the time course of ODX and the products. ODX-N1 and ODX-N4 were confirmed 
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to be the minor and major intermediates, respectively, and DODX was the stable final 

product. 

 

Figure 3-5: HPLC/QToF-MS analyses of ODX and reaction products in reaction 

mixtures:  (a) LC/MS chromatogram of the reaction mixture, (b) spectrum of ODX-N1, 

(c) spectrum of ODX-N4, and (d) spectrum of DODX. 

 

Figure 3-6: Time course of ODX and its reduction products as analyzed by HPLC at 260 

nm (ODX), 245nm (ODX-N1 and ODX-N4), and 262nm (DODX). Reaction conditions: 

20 μM ODX, 0.5 mM FeII, 5 mM tiron, pH 7.00, I = 0.2 M. 
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3.3.3 Kinetic Modeling 

Kinetic data for the reduction of CDX and compound 6 was analyzed using the 

Kintecus V455 modeling software.181 Various possible reactions were considered when 

models were built for the degradation of CDX and 6. Firstly, the simplest models of 

direct transformation of the ANOs to the corresponding deoxygenated products were 

tested. The processes of complexation with FeII–tiron were then added into the previous 

models, with concentrations of FeII–tiron in the range of 2.8510-10 to 1 M. In addition, 

deoxygenation processes were also considered as reversible. The obtained rate constants 

k for each elementary reaction were then evaluated. Kintecus calculated these k values by 

numerically fitting rate constants to experimental data for both parent compound loss and 

reaction product formation. Based on comparison of the calculated and the experimental 

data, product formation, and computational calculation, the reaction mechanisms and k 

values were discussed. 

In the absence of a standard for 6-N4, an accurate modeling of the reduction of 6 

is unlikely, however, all the tested models support the faster formation of 6-N1 than 6-N4 

(data not shown) (Figure 3-7a). For CDX, in the absence of standards for CDX-N1 and 

DCDX, kinetic model fitting is even less likely to be accurate. Indeed, all the tested 

models could not fit CDX kinetics well. However, similar to the modeling of 6, a much 

higher kobs value for the formation of CDX-N4 than CDX-N1 was obtained for all models 

(data not shown) (Figure 3-7b). 
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Figure 3-7: Experimental (symbols) and Kintecus model (lines) data for the time course 

of (a) 6 and the corresponding products. [6]0 = 200 μM; FeII = 1 mM; pH = 6.73. (b) 

CDX and the corresponding products. [CDX]0 = 20 μM; FeII = 0.5mM; pH = 5.97. 

3.3.4 QSAR Analysis 

To determine molecular descriptors that can serve as predictors for the reactivity 

of ANOs, several molecular descriptors were calculated in water solvent, and their 

correlation with the rate constant of reduction was investigated through quantitative 

structure-activity relationships (QSARs). The reduction process of ANOs might involve 

complex formation on ANOs, electron transfer from the FeII–tiron complex to ANOs, or 

cleavage of the N–O bond as the rate-limiting step(s). So we calculated the electron 

affinity (EA) of the neutral ANOs, the length of the N–O bond, and the atomic spin 

density of the anionic ANOs. Values for these descriptors are listed in Tables 3-2, 3-3, 3-

4 and 3-5. 

Table 3-3. Half-wave potential (E1/2) of the selected ANOs. 

# E1/2 vs. SCE (V) # E1/2 vs. SCE (V) 

1 (CDX) n/a 7 (6-N1) -1.419a 

2 (ODX) n/a 8 n/a 

3 n/a 9 -1.809b 

4 (CDX-N4) -1.782 PNO -2.297b 

5 -1.282 11 -1.809b 

6 -1.337 12 n/a 
a. estimated based on ref.182 due to the similar structure between 7 and quinoxaline mono-

N-oxide. b. ref.182 
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Table 3-4. Calculated N–O bond lengths of ANOs. 

Compounds 
N–O bond length (Å) 

Neutral Anion 

CDX 
N1-O 1.288 

N4-O 1.280 

N1-O 1.316 

N4-O 1.310 

ODX 
N1-O 1.297 

N4-O 1.283 

N1-O 1.318 

N4-O 1.337 

3 
N1-O 1.295 

N4-O 1.284 

N1-O 1.332 

N4-O 1.317 

4 1.272 1.302 

5 
N1-O 1.290 

N4-O 1.286 

N1-O 1.306 

N4-O 1.325 

6 
N1-O 1.287 

N4-O 1.283 

N1-O 1.327 

N4-O 1.323 

7 1.278 1.319 

8 1.269 1.304 

9 1.284 1.324 

PNO 1.284 1.335 

11 1.272 1.325 

12 - - 

 

Table 3-5. Calculated atomic spin densities of CDX radical anion. 

       

# Atom 
Spin 

density 
# Atom 

Spin 

density 
# Atom 

Spin 

density 

1 C -0.00071 11 C -0.02875 21 H 0.000697 

2 O 0.004891 12 C 0.122876 22 H -0.00888 

3 C 0.019494 13 C -0.0107 23 O 0.133493 

4 N 0.001353 14 C 0.063368 24 H 0.00116 

5 N 0.203226 15 N 0.112709 25 H -0.00186 

6 C -0.06309 16 C -0.05639 26 O 0.011054 

7 C 0.150464 17 H 0.002771 27 H -0.000039 

8 N 0.24381 18 O 0.06347 28 H 0.000521 

9 C -0.08106 19 H -0.00203 29 H 0.000517 

10 C 0.124354 20 H -0.00673    

EA and E1/2 describe the ability of a compound to accept electrons. These 

descriptors were chosen because the first electron transfer is likely the rate-determining 
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step. Both descriptors correlate poorly with log kobs for all ANOs (Tables 3-2 and 3-3 and 

Figure 3-9), suggesting the first electron transfer is not the rate-determining step for the 

reduction of ANOs. A closer examination revealed that ANOs with side chains (CDX, 

ODX, 4) have higher values of EA and were reduced much faster than ANOs without 

side chains. In addition, as compared with the mono-N-oxides (4, 7, 8, 9, 11, PNO), the 

respective di-N-oxides (CDX, 5, 6) have higher values of EA and also react faster. These 

results suggest that the first electron transfer has an indirect effect on the rate-limiting 

step. 

 

Figure 3-8: Correlation of kobs of ANOs versus EA. For the symbols inside the box ●: 

Solution conditions: 20 μM ANOs, 0.5 mM FeII, 0.5 mM tiron, pH 6.50, I = 0.2 M; for 

the symbols outside the box ○▼△: Solution conditions:20 μM ANOs, 2.0 mM FeII, 0.5 

mM tiron, pH 7.80, I = 0.2 M. 

Knowing that the N–O bond must break after reduction, we calculated its bond 

length for all the neutral and anionic ANOs. If bond cleavage is rate-determining, a 

longer (and hence a weaker) N–O bond should lead to a larger value of log k. Similar 

values of the calculated bond lengths (Table 3-4) for all ANOs indicate that bond 

cleavage is most likely not involved in the rate-determining step. 
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Previous studies have shown the existence of seven resonance structures of PNO 

(Scheme 3-1).183 Electron delocalization on the aromatic ring due to resonance lowers the 

potential energy of ANO and thus makes it more stable. The calculated atomic spin 

densities of all ANOs in their anionic forms (example shown in Table 3-5) showed that 

the negative charge distributed among all the atoms on the aromatic ring and on the side 

chain, if present, confirming the extensive delocalization within the N-oxide structures.  

Because of this extensive delocalization, electrons, once accepted by the side chain, can 

delocalize to the aromatic ring leading to further reaction (see details later). As a result, 

complex formation between ANOs and FeII–tiron complex prior to electron transfer can 

be either rate-limiting or at least significantly affect the rate-limiting step.  

Scheme 3-1. Resonance structures of substituted PNO, where X = substituents, adapted 

from183. 

 

3.3.5 FeII speciation and Reactivity 

After conducting kinetic experiments with varying pH, FeII concentration and 

tiron concentration and calculating the concentration of FeL2
6- at each condition using 

MINEQL+ 4.6 (Table 3-6), we observed kobs of CDX is highly dependent on the 

concentration of FeL2
6- (Figure 3-10). In solutions containing both FeII ion and tiron 

ligand, concentrations of various FeII species (FeII, FeOH+, Fe(OH)2
0, Fe(OH)3

-, FeHL-, 

FeL2- and FeL2
6-) (L4- represents the fully deprotonated tiron) can be calculated as a 

function of medium composition, based upon the logK values reported by Naka et al.43 
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reduction of nitroaromatic compounds, Naka et al.43 reported a strong correlation 

between the measured values of kobs and the concentration of FeL2
6-, indicating FeL2

6- is 

the dominant reductant. The high reactivity of FeL2
6- has been explained based on its low 

standard one-electron reduction potential (EH
0) as compared to other FeII–tiron 

complexes.43 The similar trend we observed in Figure 3-10 also shows that FeL2
6- is the 

dominant reductant in our case. 

Table 3-6. kobs for loss of CDX and log [FeL2
6-] calculated by MINEQL+ 4.6 at various r

eaction conditions. (I = 0) 

Parameter Condition kobs (h-1) log [FeL2
6-] (M) 

pHa 

5.05 0.0054 -15.7 

5.43 0.043 -14.2 

5.78 1.07 -12.9 

6 3.27 -12.1 

[FeII]b (mM) 
0.2 0.67 -12.9 

0.5 3.45 -12.5 

[tiron]c (mM) 
5 0.0053 -15.5 

10 0.44 -14.9 

Reaction conditions: a. 0.5 mM FeII, 5 mM tiron; b. 5 mM tiron, pH 5.90, I = 0.2 M. c. 0.5 

mM FeII, pH 5.10. 

 

Figure 3-9: Correlation between log kobs for CDX reduction and the concentration of the 

1:2 FeII-tiron complex (FeL2
6-). [FeL2

6-] was calculated by MINEQL+ 4.6 at various pH, 

tiron concentration and FeII concentration. 
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3.3.6 UV-vis Spectra 

Earlier studies have reported that comparison between the UV spectra of metal-

ligand mixtures and those of the free metal ion and the free ligand can indicate the types 

of complexes formed between the metal ion and the ligand.22 In this study, UV-vis 

spectra were obtained for FeII in the presence of two compounds without any side chain 

(5, 6) and three compounds with side chains (CDX, ODX, 12) (Figure 3-8). Compared 

with the UV-vis spectra of the free ligands, no shifts were observed in FeII–5 and FeII–6; 

significant shifts were observed in FeII–CDX and FeII–ODX; and only a minor shift was 

observed in FeII–12. 
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Figure 3-10: UV-vis spectra of selected ANOs with and without the presence of FeII. 

Solution conditions: 100 μM ANOs, 100 μM FeII, pH 5.00. 

3.3.7 FeII/FeIII Analysis 

Although not a focus of this work, we monitored the concentration of FeII and 

total iron in systems with various initial conditions (500 uM FeII, 20 uM~200 uM CDX, 

pH 5.70~6.50) using the ferrozine method to illustrate the role of the central metal atom 

during the reduction reactions. All the time courses for FeII and total iron in CDX reaction 
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solution showed that FeII and total iron concentrations remained unchanged while 

significant degradation occurred for CDX within 3 hours (one example shown in Figure 

3-11).  

 

Figure 3-11: Time course of FeII and total Fe concentrations. Reaction conditions: 20μM 

CDX, 0.5 mM FeII, 5 mM tiron, pH 5.70, I = 0.2 M. 

3.3.8 Effect of Tiron on Iron Analysis 

12 groups of samples containing different ratios of FeII/FeIII (Total Fe = 0.6mM) 

with or without 5 mM of tiron were prepared. Measurements were performed 

immediately after the samples were prepared (iron added into DI water with/without 

tiron), and the solution pH was not monitored. The results below in Figure 3-12 showed 

that the presence of tiron in the solution has a significant effect on the iron concentration 

analyzed by the ferrozine method when the FeII concentration is low. However, when FeII 

is dominant in the solution (FeII/FeIII=9:1), which is the case for all our reactions, the 

measured FeII and FeIII concentrations with tiron are similar to the ones without tiron, 

indicating our data obtained by the ferrozine method is reliable. 
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Figure 3-12: Effect of tiron on FeII/FeIII analysis by the ferrozine method. 

3.4 Discussion 

3.4.1 Reaction Sites and Complex Formation 

Based on the kinetic results from Table 3-2, the higher reactivity of ANOs 

without side chains (5~11) versus the non-N-oxide (12) indicates the reduction occurred 

at the N-oxide site. Although hydrazones (>C=N–N<) can be reduced 

electrochemically,184 they (e.g. the side chain in CDX and 12) seem to be stable in our 

system. The much higher reactivity of ANOs with side chains (CDX, ODX, 3, 4) 

indicates that the presence of the side chains is critical in the overall reduction by FeII–

tiron, where FeL2
6- forms a stable 5- or 7-membered ring complex with the N and O 

atoms on the chain (Scheme 3-2c & 3-2d) (see more discussion below). The higher 

reactivity of 5 than 6 and 8 than PNO suggests that the formation of bidentate complexes 

between FeL2
6- and the N-oxide O atom and the O atom on the side chain (Scheme 3-2b) 

is also necessary. However, the higher reactivity of ODX than 5 suggests that the 

complex on the side chain (Scheme 2d) is much stronger than the one formed in 5 

(Scheme 3-2b). Direct complexation of ANOs with FeL2
6- is likely weak (Scheme 3-2a), 

leading to a much slower reaction. Previous studies have reported the synthesis of solid 

complexes of ANOs with metal ions;185 however, due to the weak binding between the Fe 
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and the O, either a high metal ion concentration or 6~10 fold excess of ligand was needed 

to form a soluble complex or to retard the dissociation of the complex.121, 186-188 

CDX, ODX, and 3 contain side chains that can form 5- or 7-membered ring 

complexes with FeL2
6-; however, CDX has the highest reactivity, while 3 has the lowest 

reactivity. Similar strong complexes as shown in Scheme 3-2c for CDX have been 

observed.189 Compared to CDX, ODX forms a less stable 7-membered ring complex 

(Scheme 3-2d), whose carbonyl-O and hydroxyl-O also are less electron dense than the 

imine-N and carbonyl-O in CDX (Scheme 3-2c). We believe ODX prefers to form the 7-

membered ring than a 5-membered ring through the amide-N (and the hydroxyl-O) 

because the carbonyl-O is much more basic.190 Previous work has showed that FeIII 

prefers O donors to amide-N donors;191 a similar 7-membered ring was also reported to 

form when complexing Ni(II) with the carbonyl-O (not a 5-membered ring with the 

amide-N) and a hydroxyl-O.192 3 reacts the slowest likely due to the steric hindrance from 

the phenyl group on the side chain. The mono-N-oxides (4, 7, 8, 9) are much less reactive 

compared with the respective di-N-oxides (CDX, 5, 6) most likely due to their lower 

reduction potentials.182 For example, E1/2 of 11, quinoxaline mono-N-oxide and phenazine 

mono-N-oxide was reported to be -1.809, -1.419 and -0.972 V vs. SCE as compared with 

their di-N-oxides analogs (-1.616, -1.241 and -0.833 V vs. SCE). 

The similar UV-vis spectra observed for FeII–5 and FeII–6 complexes, compared 

with those of the free ANOs (Figure 3-7), suggest a very weak complexation (if any) of 

FeII through the N-oxide O atoms (Scheme 3-2a). The significant shifts observed in the 

UV-vis spectra of FeII–CDX and FeII–ODX as compared with those of CDX and ODX 

confirmed the formation of the 5- or 7-membered ring complexes. The minor shift in the 
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UV-vis spectra of FeII–12 is most likely due to the fact that there is much less resonance 

on the aromatic ring of 12 as compared with those of CDX and ODX. 

Scheme 3-2. Proposed mechanisms for the reduction of (a) 9 (b) 5 (c) CDX and (d) 

ODX. 
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3.4.2 Reaction Mechanisms 

Based on the analysis of reaction products, deoxygenation is considered as the 

main process. It has been reported that the reduction of organic compounds by one-

electron reductants, such as FeII, often yields transient free radicals.54, 193 The reduction of 

ANOs in organic solvents also leads to the formation of radical ANO anions as the 

intermediate,194-197 followed by deoxygenation.197, 198 On the basis of the reported 

information and our findings, reaction schemes for the reduction of ANOs are proposed 

below. 

For all ANOs, complex formation between them and FeL2
6- directly affects the 

overall reaction kinetics. For mono-N-oxides, FeL2
6- might form a complex with 9 

through its N-oxide O atom (scheme 3-2a), or with 5 through its N-oxide O atom and the 

O atom on the side chain (scheme 3-2b). One electron is then transferred from FeL2
6- to 

ANO and delocalized within the aromatic ring to form a radical anion. Following the 

step-wise transfer of a second electron, deoxygenation occurs to form the products (see 

more discussion below). The reduction of CDX is initiated with the formation of a 5-

membered ring by FeL2
6- complexation on the side chain; meanwhile three resonance 

structures exist (Va, Vb, and Vc in Scheme 3-2c).183 The formed inner-sphere complex 

facilitated one electron transfer from FeL2
6- to CDX to form a radical with three similar 

resonance structures (VIa, VIb, and VIc).194 Similar to 5 and 9, transfer of another 

electron leads to deoxygenation from the N1 or N4 position to yield two CDX mono-N-

oxides. The mono-N-oxides will be reduced in a similar way leading to the formation of 

the final stable product DCDX. 



48 

 

The mechanism of how deoxygenation occurred following radical formation is 

not clear yet. In deoxygenation of quinolone N-oxide by sodium alkoxide,197 an anion 

was believed to form after nucleophilic addition of the alkoxide to the N-oxide, which led 

to a single electron transfer from the alkoxide to the N-oxides. The electron was 

delocalized on the ring and a radical formed on the N-oxide O atom. The radical then 

bonded with a second alkoxide and caused the N–O bond cleavage to form quinolone and 

aldehyde as the products. Haddadin et al.199 reported two different deoxygenation 

mechanisms for quinoxaline N-oxides. For alkali induced deoxygenation, N-oxides 

underwent prototropic shift followed by dehydration. For sodium dithionite induced 

deoxygenation, the carbon at the position 2 or 3 on the ring was firstly nucleophilicly 

attacked by dithionite, followed by bond rearrangement on the intermediate leading to the 

deoxygenated products. Ganley et al.200 assumed that the N-oxide O atom would be 

protonated when the quinoxaline ring accepted one electron, causing the N–O bond to 

cleave to form quinoxaline and hydroxyl radicals. Deoxygenation of pyridine N-oxides 

can also occur when nucleophilic reagents attacked the N-oxide O atom, offering an pair 

of electrons to the O atom and leading to deoxygenation.201 

In some cases, selective monodeoxygenation of ANOs can occur. Sodium 

dithionite202 and trimethyl phosphate203 prefer to attack the more electrophilic C2 carrying 

electron withdrawing groups and thus remove the N1-O oxygen; strong intramolecular H-

bonding forms between the N1-O oxygen and the 2-amide N so that the N4-O oxygen was 

removed by trimethyl phosphite.202 In addition, previous studies have reported that the 

reduction of protonated ANOs was much easier than that of non-protonated ANOs, due to 

the formation of a better leaving group (–OH than –O-) and the more electron deficient 
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nature of ANOs once protonated.204, 205 The values of pKa for ANOs are around 

0.79~1.29,206 therefore, the free ANOs are all non-protonated in our system. Weak 

complexation of FeII species (not necessarily FeL2
6-) with the oxygen atom on the N-

oxides might facilitate the reduction of ANOs the same way as protonation does. Indeed, 

formation of bonds between the metal ion and the O in ANOs decreased the N=O double 

bond character as well as electron density on the ring,207 and facilitated the 

deoxygenation.194, 208 

In our case, we hypothesize that the strength of the N–O bond in ANOs is 

weakened in the anion radicals,182 due to the extensive delocalization between the 

aromatic ring and the side chain and the decreased contribution of the resonance 

structures E-G as shown in Scheme 3-1. The weak complexation of FeII species with the 

N-oxide O atom might also facilitate the cleavage of the N–O bond. Based on the kinetic 

results, the N4-O oxygen in CDX is less reactive than the N1-O oxygen, most likely due 

to the electron withdrawing impact of the carboxylate side chain at the C2 position. 

Similarly for 6, the major intermediate of 6 was identified to be 6-N1, suggesting that the 

oxygen was removed more favorably from the N4 position due to the electron donating 

effect of the C2-methyl group. A similar reduction mechanism is also proposed for ODX 

(Scheme 3-2d), where the major difference is the amide tautomerization on the side chain 

before electron transfer occurs.22 

3.4.3 Redox Noninnocent Ligands (RNILs) 

A ligand is innocent when it allows unambiguous determination of the oxidation 

state of the central metal atom. A number of ligands such as o-catecholate have been 

considered as non-innocent.209, 210 It is difficult to determine the oxidation state of the 
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central metal atom in metal–RNIL complexes because of the difficulty deciding whether 

the electron is removed from or added to an orbital that is largely metal or ligand in 

nature. Currently there is little information available regarding redox activity of metal–

RNIL complexes in aqueous transformation of organic contaminants.  

The unchanged concentrations of FeII and total iron in various CDX reaction 

solutions suggest that FeII–tiron complex is likely redox noninnocent, that is, it is difficult 

to determine whether the electron is removed from FeII or tiron during the reduction. 

Similar results have been observed in an earlier study when FeII–thiol complexes were 

used during the reduction of nitroaromatic contaminants.44 Here, the number of electrons 

donated by the complex is much more than the number of electrons FeII can give. FeII 

was proposed to act as an electron shuttle to transfer electrons between the contaminant 

and the thiol complex while by itself remained catalytic. However, the proposed 

mechanism has not been verified yet. As reported earlier, non-innocent ligands typically 

exist in three different oxidation levels in metal complexes.210 For example, o-

catecholates exist as catecholato dianion, o-semiquinonato monoanion, or o-

benzoquinone. As a result, one-electron oxidation of a metalII–catecholato complex may 

yield either metalIII–catecholato or metalII–semiquinonato.211 In our case, the following 

two forms of Fe–tiron (Scheme 3-3) might co-exist after reducing the N-oxides but 

cannot be distinguished by the Ferrozine method. Further research is warranted to 

elucidate the non-innocent behavior of Fe–tiron complexes in aqueous solution. 
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Scheme 3-3. Resonance of Fe–tiron complex as a redox non-innocent ligand. 

 

    Overall, the above mechanistic understanding of the aqueous reduction of 

ANOs will provide basis for developing QSARs that can be used to predict reductive 

transformation of various ANOs. In addition, this is the first study to briefly apply the 

concept of non-innocent ligands to the reductive transformation of organic contaminants 

in the environment. Future work is warranted to further explore the behavior of RNILs in 

aqueous redox-active environments. 
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CHAPTER 4 EXPERIMENTAL AND COMPUTATIONAL EVIDENCE FOR 

THE REDUCTION MECHANISMS OF AROMATIC N-OXIDES BY AQUEOUS 

FEII–TIRON COMPLEX 

Note: This Chapter was adapted from the publication below: 

Chen, Y., Dong, H., and Zhang, H.  2016. “Experimental and Computational Evidence 

for the Reduction Mechanisms of Aromatic N-oxides by Aqueous FeII–Tiron Complex”, 

Environ. Sci. Technol. 50 (1), 249–258 

Abstract 

A combined experimental-theoretical approach was taken to elucidate the 

reduction mechanisms of five representative aromatic N-oxides (ANOs) by FeII–tiron 

complex and to identify the rate-limiting step. Based on the possible types of complexes 

formed with the reductant, three groups of ANOs were studied: type I refers to those 

forming 5-membered ring complexes through the N and O atoms on the side chain; type 

II refers to those forming 6-membered ring complexes through the N-oxide O atom and 

the O atom on the side chain; and type III refers to complexation through the N-oxide O 

atom only. Density functional theory calculations suggested that the elementary reactions, 

including protonation, N–O bond cleavage, and the 2nd electron transfer processes, are 

barrierless, indicating that the first electron transfer is rate-limiting. Consistent with the 

theoretical results, the experimental solvent isotope effect, KIEH, for the reduction of 

quinoline N-oxide (a type III ANO) was obtained to be 1.072 ± 0.025, suggesting 

protonation was not involved in the rate-limiting step. The measured nitrogen kinetic 

isotope effect, KIEN, for the reduction of pyridine N-oxide (a type III ANO) (1.022 ± 

0.006) is in good agreement with the calculated KIEN for its first electron transfer (1.011 

~ 1.028), confirming that the first electron transfer is rate-limiting. Electrochemical cell 

experiments demonstrated that the electron transfer process can be facilitated 
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significantly by type I complexation with FeL2
6- (1:2 FeII–tiron complex), to some extent 

by type II complexation with free FeII, but not by weak type III complexation. 

4.1 Introduction 

The previous chapter revealed a significant increase in ANOs reduction rates by 

forming inner-sphere complexes between FeII species and ANOs, either on the N-oxide 

side chain or on the N-oxide O atom. As a result, the rate-limiting step for substituted 

ANOs might be affected by complexation.58 However, the geometries of the complexes 

between FeII species and ANOs during the reduction processes, as well as the detailed 

reduction mechanisms remain unknown. A full characterization of important 

intermediates and activation energies along reaction pathways is a prerequisite for 

understanding reaction mechanisms. Major analytical techniques for identifying reaction 

intermediates include mass spectroscopy,53 NMR spectroscopy,212 UV-vis analysis,213 

ESR spectroscopy,214 and X-ray crystallography.213 It is, however, computationally 

expensive to estimate and compare the activation energies of all possible elementary 

reactions. So far, the determination of intramolecular electron transfer reorganization 

energy is generally limited.215, 216 Given the above difficulties, effective experimental 

approaches need to be adopted along with theoretical calculations. 

In this Chapter, we examined detailed reduction mechanisms of five 

representative ANOs by FeII−tiron complex via a number of experimental and 

computational approaches. Based on our previous product analysis,58 the ANOs were all 

transformed into the deoxygenated analogs. We propose the reaction involves two 

electron transfers from the reductant to the ANOs, two steps of protonation of ANOs, 

possible complex formation on ANOs, and dissociation of the N–O bond (example in 
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Scheme 4-1). To test the hypothesis, we first theoretically investigated the energy barriers 

of all protonation and N–O bond breaking processes and optimized the corresponding 

intermediate structures and geometries. We then evaluated solvent and nitrogen kinetic 

isotope effects during ANO reduction. Next, based upon the electrochemical cell design 

of Xu et al.,217 we were able to separate complexation from electron transfer for the first 

time to study the role of complexation during reduction of substituted ANOs. Based on 

the above results, we identified the rate-limiting step in the reduction of different types of 

ANOs by FeII−tiron complex. 

Scheme 4-1. Proposed reduction pathways of pyridine N-oxide (PNO) by FeII–tiron. 

 

4.2 Materials and Methods 

4.2.1 Chemicals 

ANOs and other employed chemicals were obtained from Maryland Biochemical 

Co, Inc., Sigma-Aldrich or Fisher Scientific (details in Section 3.2.1). All solutions were 

prepared in ways previously described in Section 3.2.1. Pyridine-15N-oxide (P15NO) was 

synthesized following the method of Limnios et al.218 Briefly, 2,2,2-
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trifluoroacetophenone (0.10 mmol) was added into P15N (1.00 mmol), followed by 

addition of tert-butanol (0.5 mL), aqueous buffer solution (0.5 mL, 0.6 M 

K2CO3/4×10−5 M EDTA tetrasodium salt dihydrate), acetonitrile (0.08 mL, 1.50 mmol), 

and 30 % aqueous H2O2 (0.13 mL, 1.10 mmol). After stirring at room temperature for 21 

h, the reaction solvent was removed under vacuum. The residue was purified through 

flash column chromatography (SiO2; dichloromethane/methanol = 100:0 to 95:5) to yield 

the target chemical (P15NO). The remaining solvent was then dried under a mild N2 flow, 

and P15NO was reconstituted by 10 mL H2O. The synthesized P15NO was identified by 

matching its HPLC retention time and UV spectrum with those of the P14NO authentic 

standard. Note that another synthesis method reported by Murray et al.219 was also 

followed, using the methyltrioxorhenium/hydrogen peroxide (MTO/H2O2) system. 

Despite our extensive effort to purify the synthesized P14NO using both flash column 

chromatography and HPLC fractionation, there was still a large difference between the 

reactivity of the pure and the synthesized P14NO, so this method was not used for P15NO 

synthesis. 

4.2.2 Batch Reactor Setup 

Reduction kinetics of ANOs was conducted in 50 mL batch reactors. More details 

for batch reactor setup are provided in Section 3.2.2. Typical reactions were initiated by 

adding 20 μM of ANO stock to solutions containing 0.5 mM FeII, 5 mM tiron, and 20 

mM MOPS to buffer the pH at 6.50. Note the values of pKa for ANOs are around 

0.79~1.29206 so that they are non-protonated in our systems. 

For nitrogen isotope effects, reduction of the synthesized P14NO and P15NO in 

H2O was examined. Reactions were initiated by spiking 50 μM PNO stock into 20 mL 
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solutions containing 2.0 mM FeII, 10 mM tiron, 0.2 M NaCl, and 50 mM MOPS to buffer 

the pH at 7.95. Aliquots of solution were then periodically collected and quenched 

immediately by excessive EDTA addition for HPLC analysis of the concentrations of the 

remaining PNO. FeII-only and ligand-only controls were simultaneously conducted; no 

ANO degradation was observed in the controls.  

For solvent isotope effects, reduction of 20 μM 9 was performed in H2O or 

deuterated water (D2O). For reactions in D2O, all solutions were prepared in D2O. D2O 

was purchased from Sigma-Aldrich with 99.9 atom %D. FeII stock solution was prepared 

by dissolving FeSO4∙7H2O in D2O containing HCl, following exactly the same procedure 

as above for FeII stock solution in H2O. As a result, at most 0.0065 % of H2O existed in 

the D2O reactor. The small amount of H2O is not supposed to affect the observed KIEH 

values. Prior to usage, D2O was deoxygenated by bubbling with N2 for 3 h before being 

transferred into the glovebox. Reaction conditions and processes were similar to those 

described above. The pD value of D2O reactors was measured as pH* (the pH meter 

reading), which is 7.95 + 0.4 = 8.35 .220 The pH/pD ratio was then calculated to be 

7.95/8.35 = 0.952 in the H2O vs D2O reactors. The close proximity of pH versus pD 

means there is only minor difference in the observed reduction kinetics between the two 

reactors. Preliminary experiments for 9 reduction by FeII–tiron in H2O prepared either by 

boiling under vacuum or by N2 bubbling were compared; the similar kinetics observed 

ruled out differences in the two water deoxygenation methods. 

4.2.3 Electrochemical Cell Experiments 

Electrodes were prepared by attaching both ends of a copper wire (1.0 mm 

diameter) to graphite sheets (3 g/L) via vinyl electrical tape. The graphite sheets provide 
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larger contact areas between the oxidant and the reductant to enhance the reaction rate. 

Salt bridges were built by filling Teflon tubing with 1% agarose in 1 M NaCl and stored 

in 1 M NaCl solution for later use. The electrical circuit was completed by connecting 

two amber bottles via the copper wire as well as a salt bridge (Figure 4-1). Each cell was 

filled with 20 mL solution in 0.2 M NaCl, submerging the graphite sheet as well as 

contacting the salt bridge tubing. The cathodic cell was spiked with 50 μM ANO, 0 ~ 100 

μM Fe2+, and 50 mM MOPS to buffer the pH at 7.00. The anodic cell was spiked with 0.5 

mM FeII, 10 mM tiron, and 50 mM MOPS to buffer the pH in the range of 6.00-7.50. 

Graphite-only and copper wire-only controls were simultaneously monitored to account 

for non-reduction processes (i.e., adsorption). All experiments were run in triplicates, and 

the reduction of ANOs was determined by subtracting adsorption in the graphite-only 

control from the total disappearance (i.e., the sum of adsorption decay and reduction 

decay) in the cathodic cell. 

 

Figure 4-1: Electrochemical cell set up. 
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4.2.4 Analytical 

The extent of ANOs disappearance and reaction product formation were 

monitored by HPLC (details in Section 3.2.3). 

4.2.5 Computation 

Gaussian 09 software package was employed in all calculations.111 The state-of-

the-art ab initio calculations were employed to study elementary reactions (protonation & 

N–O bond breaking) in terms of all possible intermediate structures and transition states. 

Constrained and unconstrained geometry optimization and spectral property calculations 

were carried out with the spin unrestricted density functional theory (DFT). The 

exchange-correlation functional B3LYP221 with the 6-31++G* full core basis set were 

used for C, H, O, and N, while the Lanl2dz double-ζ basis set222 and the effective core 

potential (ECP) for Fe were used. The spin state of each complex was identified by 

comparing the single point energies of the compound with different multiplicities. 

Vibrational analysis was carried out for all stationary points to identify a minimum and to 

obtain the zero-point vibrational energies and Gibbs free energies. The energy barrier of 

each elementary reaction was investigated by potential energy surface scan: starting with 

the reactant structure, we chose one degree of freedom (e.g. OPNO–Hwater bond length) as 

the reaction coordinate. This reaction coordinate was gradually changed to generate a 

series of intermediate state structures, including the possible transition state and the 

product. For each structure, the bond length was fixed with all other degrees of freedom 

relaxed. A smooth and complete potential energy curve can thus be calculated through a 

series of separate, constrained geometry optimization, with all of the stationary points 

along the reaction pathway (the reactant, the transition state, and the product). On the 
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basis of these structures, solvation effects were taken into account with the polarizable 

continuum model (PCM). 

Kinetic isotope effects for the first electron transfer were calculated following 

Hartenbach et al. 137 Geometry optimization of the reductants and products for the 

processes of PNO-1→PNO-2 in path A and PNO→PNO-4 in path B (Scheme 4-1) was 

carried out with the spin unrestricted generalized gradient approximation (GGA) 

functional mPWPW and the 6-311+G* basis set.  

The activation free energies of the electron transfer processes were determined 

using Marcus theory,223 which is  

∆𝐺∗ = (
𝜆

4
+

∆𝐺

2
+

∆𝐺2

4𝜆
)                                                   4.1 

where ∆𝐺 is the reaction driving force, surveyed from -0.6 to to 0.3 eV, and 𝜆 is the 

reorganization energy, surveyed at 100, 200, and 300 kJ/mol, respectively.3 ∆𝐺14𝑁
∗  values 

were determined for P14NO and 14PNO-1 based on equation 4.1. 

In path A, the product and reactant are PNO-1 and PNO-2, respectively; in path 

B, the product and reactant are PNO and PNO-4, respectively. 𝛼 was computed as 

𝛼 =
𝑄15𝑁𝟐

𝑄14𝑁𝟏

𝑄14𝑁𝟐
𝑄15𝑁𝟏

                                                                 4.2 

𝛼 =
𝑄15𝑁𝟒

𝑄14𝑁𝑃𝑁𝑂

𝑄14𝑁𝟒
𝑄15𝑁𝑃𝑁𝑂

                                                            4.3 

The Q values are the partition functions for the 14N and 15N isotopologues of the 

product and reactant, determined from IR frequency calculations.137 The difference in ∆𝐺 

was computed as 

∆𝐺15𝑁 − ∆𝐺14𝑁 = −𝑅𝑇𝑙𝑛𝛼                                              4.4 
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where R is the universal gas constant and T is temperature in K. Using eqs. 4.1~ 4.4, 

 ∆𝐺15𝑁
∗  for P15NO was then calculated for the first electron transfer. KIEN values were 

finally determined as 

𝐾𝐼𝐸𝑁 =
𝑘14𝑁

𝑘15𝑁 = √
𝑀𝑊15𝑁

𝑀𝑊14𝑁
𝑒𝑥𝑝 (

∆𝐺15𝑁
∗ − ∆𝐺14𝑁

∗

𝑅𝑇
)        4.5 

4.3 Results 

4.3.1 Theoretical Calculation 

Starting with the reactant PNO, there are four possible reaction pathways, as 

shown in Scheme 4-1. The elementary processes can be categorized as following: (1) 

protonation (H+, e.g. PNO→PNO-1); (2) electron transfer (e-, e.g. PNO→PNO-4); and 

(3) N–O bond dissociation (BD, PNO-6→PN). To be specific, Path A is H+/e-/H+/e-/BD; 

Path B is e-/H+/e-/H+/BD; Path C is H+/H+/e-/e-/BD; and Path D is e-/e-/H+/H+/BD. Paths 

C and D are much less likely due to the likely large energy barriers associated with 

electrostatic repulsion. For example, since PNO-1 is positively charged, it should be 

much easier to accept an electron to form PNO-2 (Path A) than to uptake another proton 

(Path C). Similarly, it is energetically unfavorable for PNO-4 with one negative charge to 

accept an additional electron to go through Path D. As a result, no further calculation was 

performed for these two paths. 

Since the calculation for the electron transfer processes involves a complicated 

system, i.e., an ANO–metal–ligand complex system, potential energy surface scans were 

only performed for the protonation and N–O bond breaking processes. The protonation 

process includes PNO→PNO-1, PNO-2→PNO-3 in Path A and PNO-4→PNO-2, PNO-

5→PNO-6 in Path B. In our calculations, the H7O3
+ form of hydronium was used as the 
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proton donor. Specifically, the structures of PNO-1, PNO-2, PNO-3 and PNO-6 were 

built and optimized. Once the energy minimum of a structure was located, the bond 

length of H1–O1 of that structure was gradually increased to mimic the deprotonation 

process (Figure 4-2). For each point along the reaction coordinate, the geometry was 

optimized with the H1–O1 bond length fixed. The structure with the highest energy 

relative to the initial point (reactant) was identified as the transition state. Our data 

showed that both the processes of PNO→PNO-1 and PNO-4→PNO-2 were barrierless. 

In addition, the optimized geometries of PNO-3 and PNO-5 or PNO-6 have extremely 

long N…O distances of 2.17 Å and 8.38 Å (Figure 4-3), respectively, indicating a broken 

bond. This suggests that all the processes after intermediate PNO-2, including PNO-

2→PNO-3, PNO-3→PNO-6, PNO-2→PNO-5, PNO-5→PNO-6 and PNO-6→PN, are 

barrierless; therefore, the N–O bond of 2 should dissociate spontaneously to form the 

final product PN. These calculation results disclosed the non-rate-limiting characteristics 

of the processes including protonation, N–O bond cleavage, and the second electron 

transfer in Paths A & B. 

In addition, the enthalpy of each elementary reaction (PNO→PNO-1, 

PNO→PNO-4, PNO-1→PNO-2, PNO-4→PNO-2, and PNO-2→PN) was calculated to 

be -33.50, -91.80, -104.63, -46.32 and -197.18 kcal/mol, while the free energy was 

obtained to be -32.74, -92.98, -104.65, -44.40 and -250.61 kcal/mol (Table 4-1). 

Compared to PNO and PNO-4, PNO-1 and PNO-2 have much lower enthalpies and free 

energies, respectively, indicating the equilibrium of the protonation process favorably 

shifts toward the products; similarly, a significantly lower free energy of PN than that of 

PNO-2 suggests that the N–O bond cleavage and the second electron transfer tend to shift 
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to the final product. All these thermochemical data are consistent with the above results 

based upon the potential energy surface scan. 

Calculations were also performed for CDX following the above processes and 

revealed similar results as PNO, that is, the processes of protonation, N–O bond cleavage, 

and the second electron transfer for the reduction of CDX are spontaneous (example of 

the energy surface scan for protonation shown in Figure 4-4). 

 

Figure 4-2: Potential energy surface scan of the first protonation process in (a) Path A 

(PNO→PNO-1) and (b) Path B (PNO-4→ PNO-2). Color code: white for hydrogen, dark 

grey for carbon, red for oxygen, blue for nitrogen, purple for iron, and yellow for sulfur. 

Distances of RH1–O1 are in Å. 
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Figure 4-3: Optimized geometries of PNO-3 and PNO-5 & PNO-6. Color codes are the 

same as in Figure 4-2. Distances of RN1–O2 are in Å. 

 

Figure 4-4: Potential energy surface scan of the first protonation process of 

CDX→protonated CDX (CDXH+). To improve computational efficiency, the N-oxide O 

atom at the meta position of the side chain and the phenyl group were removed during 

geometry optimization. Color codes are the same as in Figure 4-2. Distances of RH1–O1 are 

in Å. 
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Table 4-1. Calculated thermochemical data of the starting material, intermediates and 

product in Scheme 4-1. Color codes are the same as in Figure 4-2. 

Compound Optimized Geometry Enthalpy (kcal/mol) Free Energy (kcal/mol) 

PNO 

 

-346955.28 -346995.14 

PNO-1 

 

-346988.77 -347027.88 

PNO-2 

 

-347093.40 -347132.52 

PNO-4 

 

-347047.08 -347088.12 

PN 
 

-155750.95 -155771.01 

H2O  -47939.87 -47953.73 

H7O3
+ 

 
-144039.45 -144063.99 

 

Possible structures and geometries of the complexation intermediates in the 

electron transfer processes were examined by studying PNO→PNO-4 in Path B. 

Preliminary calculation was performed for FeIII–ligand complexes, which form after 
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electron transfer, to investigate if the structure of the ligand can be simplified to improve 

calculation efficiency. The results showed that the optimized structures of 1:2 FeIII–tiron 

and 1:2 FeIII–catechol (with the sulfonate groups removed, as they are not directly 

involved in bond forming and breaking) complexes are similar in both the gas phase and 

solution (Figure 4-5). To be specific, the octahedral geometry was kept for both 

complexes in both phases, and the Fe–O bond length was always ~  2.0 Å. This 

demonstrated that solvation has a minor effect on the ligand geometry and that catechol is 

likely a good substitute for tiron. Therefore, to improve computational efficiency in the 

subsequent calculations, we performed optimization of all geometries in the gas phase 

and used catechol as the ligand instead of tiron. On the basis of these geometries, 

solvation effects were taken into account by calculating the electronic energy in solution 

with the polarizable continuum model (PCM). Thermal correction to the free energy was 

computed on the preceding geometries in the gas phase with frequency calculations. The 

total free energy for each geometry was the sum of the free energy in the gas phase and 

the thermal correction.  

Using PNO-TS2 as an example, various possible geometries of PNO-TS2 were 

investigated using two different functionals, B3LYP and M06L, to determine the most 

likely geometry. In general, tests included changing number and position of water 

molecules binding to the Fe center/catechol and having different initial positions of PNO 

relative to the Fe center: (1) upward orientation: the O atom in PNO points to the Fe 

center in the initial input; (2) downward orientation: the O atom in PNO is away from the 

Fe center; (3) side orientation: the ortho-H corresponding to the O atom in PNO points to 

the Fe center; and (4) water bridge: two waters are on the same side, forming a bridge 
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between the O atom in PNO and the O atom in catechol. Descriptions of all the tests 

including configurations are listed in Table 4-2. 

 

Figure 4-5: Optimized geometries of (a) 1:2 FeIII–tiron complex in solution; (b) 1:2 FeIII–

tiron complex in the gas phase; (c) 1:2 FeIII–catecholate complex in solution; and (d) 1:2 

FeIII–catecholate complex in the gas phase. Color codes are the same as in Figure 4-2. 

Distances of RH1–O1 are in Å. 
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Table 4-2. Possible Geometries of PNO-TS2. Color codes are the same as in Figure 4-2. 

# Functional # of H2O Initial Orientation Optimized Geometry 

PNO-TS2-1 B3LYP 1 downward N/A 

PNO-TS2-2 B3LYP 1 upward N/A 

PNO-TS2-3 B3LYP 1 side N/A 

PNO-TS2-4 B3LYP 2 water bridge 

 

PNO-TS2-5 B3LYP 2 water bridge 

 

PNO-TS2-6 M06L 1 downward 

 

PNO-TS2-7 M06L 1 upward 

 

PNO-TS2-8 M06L 2 upward 

 

PNO-TS2-9 M06L 2 water bridge 
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4.3.2 Kinetic Isotope Effects 

Based on Scheme 4-1, formation of the final product must involve two steps of 

protonation. To confirm that protonation is not involved in the rate-limiting step, solvent 

kinetic isotope effects, KIEH, were examined. KIEH is an elegant probe for investigating 

the role of solvent and has been widely used in examining proton transfer processes as 

the rate-limiting step of various reactions,154, 155 and in understanding the degradation 

mechanisms of organic contaminants.156-158 

The pseudo-first order rate constants for the reduction of 20 μM 9 by FeII–tiron 

complex (2.0 mM FeII and 10 mM tiron at pH 7.95) in either H2O or D2O were obtained 

to be 𝑘𝐻2𝑂 = 0.0192 ± 0.0008 h-1 and 𝑘𝐷2𝑂 = 0.0180 ± 0.0005 h-1, respectively. The KIEH 

value was then computed to be 1.072 ± 0.025, according to KIE𝐻 =
𝑘𝐻2𝑂

𝑘𝐷2𝑂
. Large KIEH 

values in the range of 1.7 to 7.7 were typically observed if proton transfer is rate-limiting, 

while smaller values of secondary KIEH were reported when there is change in orbital 

hybridization of the α-carbon atom (details in Section 2.10.2). The KIEH value of 1.072 in 

our case does not fall into any of the above ranges. Hence, protonation is not rate-limiting 

for the reduction of 9 by FeII–tiron complex. This finding is consistent with the calculated 

barrierless protonation processes for PNO. 

Since the N–oxide N atom in the aromatic ring of ANOs is partially positively 

charged, it is more likely to accept electrons during reduction. To examine the rate-

limiting characteristics of the electron transfer processes, the kobs of P14NO and P15NO 

reduction by FeII–tiron complex was obtained experimentally to be 0.0173 ± 0.0007 h-1 
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and 0.0169 ± 0.0006 h-1. KIEN for the overall reduction of PNO is thus 1.022 ± 0.006 

based on KIE𝑁 =
𝑘𝑜𝑏𝑠

14𝑁

𝑘𝑜𝑏𝑠
15𝑁 .  

Meanwhile, KIEN for the first electron transfer in PNO reduction was calculated 

to be 1.011 ~ 1.023 for path A and 1.013 ~ 1.028 for path B. Since the experimental KIEN 

value falls into the ranges of the theoretically calculated ones, we conclude that the first 

electron transfer is rate-limiting for type III ANOs. This is understandable because 

aromaticity in the ring is lost during the process. Since the second electron transfer 

processes were calculated to be spontaneous, no calculation of their KIEN was conducted. 

4.3.3 Batch vs. Electrochemical Cell Experiments 

Although the reactivity of a reaction depends on its rate-limiting step, which is the 

first electron transfer in our system based on the experimental and calculated KIEN, we 

believe complexation can facilitate the reduction, either significantly or slightly 

depending on the nature of the complexation. Within batch reactors, decay of ANOs 

might proceed by forming complexes with FeII species, which will enhance the rate of 

electron transfer. Based on the position where complexation forms, ANOs can be 

categorized into three types: type I forms a 5-membered ring complex with the N and O 

atoms on the chain; type II forms a 6-membered ring complex with the N-oxide O atom 

and the O atom on the side chain; and type III forms complex through the N-oxide O 

atom only (Table 4-2).  Naka et al.43 reported that a number of FeII species exist in 

solutions containing FeII and tiron, among which 1:2 FeII–tiron (FeL2
6-) was the dominant 

reactive species in reducing NACs, while free FeII was not reactive. However, since free 

FeII is much more abundant than FeL2
6- at pH ranging from 4.0 to 7.0, it is more likely to 

form a complex than FeL2
6-. To identify the type(s) of FeII species involved in 
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complexation, the actual complexation site in ANOs, and factors affecting the reactivity, 

the reductant (FeII–tiron) and the oxidant (ANOs) were physically separated using an 

electrochemical cell containing sheet graphite as the electrodes.217 Although the electrical 

connection would permit electron transfer between ANOs in the cathodic cell and FeII–

tiron in the anodic cell, the physical separation of these two species would prevent any 

complexation from forming during the reactions. CDX, 5, and 6 (structures shown in 

Table 4-3) were selected representing the three types of ANOs. No disappearance of 

CDX was observed in copper wire-only control for up to 3 days, excluding any reaction 

or adsorption between ANOs and the copper wire. In contrast, degradation of CDX, 5, 

and 6 was observed in the cell reactor. Because adsorption of all ANOs by the graphite 

sheet was significant, and we were not able to desorb them sufficiently by submerging 

the graphite sheet in methanol or in 1:1 mixture of acetonitrile (ACN) and water 

(desorption efficiencies are 7.64% in methanol and 23.37% in 1:1 ACN/water), ANOs 

reduction kinetics were obtained by subtracting the adsorption decays in the graphite-

only controls from the overall disappearance in the cell reactors (Figures 4-6a and 4-7), 

following pseudo-first order kinetics. Due to adsorption, reduction of ANOs could occur 

either at the surface of graphite or in solution. Further evidence is needed to explore the 

degradation mechanism. However, we do not expect any effect of adsorption on the rates 

of reduction since it occurs much more slowly than the adsorption process. The observed 

reduction rate constants were compared between two systems: (1) batch reactors which 

allowed direct contact of ANOs with FeII–tiron and (2) electrochemical cells which 

separated ANOs from FeII–tiron. 
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When no FeII existed in the cathodic cell (i.e., no complexation, only electron 

transfer), 5 showed the largest kobs, followed by CDX and then 6 (Table 4-3). This can be 

explained by the facts that the carbonyl side chain of 5 is more electron withdrawing than 

the iminyl side chain of CDX and that the methyl side chain of 6 is electron donating, 

leading to different rates of electron transfer. 

Table 4-3. kobs of three ANOs in batch reactors & electrochemical cells. 

# Structure Type 
Complexation 

Type 

kobs (h
-1) 

Batch Cell (no FeII) Cell (50 μM FeII) 

CDX 

 

I 
 

35.9±0.1
a
 0.0119±0.0007

b
 0.0211±0.0006

c
 

5 

 

II 

 

0.53±0.01
a
 0.0647±0.0025

b
 0.0968±0.0030

c
 

6 

 

III 
 

0.13±0.01
a
 0.0085±0.0014

b
 0.0093±0.0004

c
 

k
CDX

/k
6
 

 

  276 1.4 2.2 

k
5
/k

6
 

 

  4.1 7.6 10.4 

a. Reactions conditions: 20 μM ANOs, 0.5 mM FeII, 5 mM tiron, pH 6.50. b. Reactions 

conditions: 50 μM ANOs, pH 7.00, I = 0.2 M in the cathodic cell; 0.5 mM FeII,10 mM 

tiron, pH 7.00, I = 0.2 M in the anodic cell. c. Reactions conditions were identical to b 

except that 50 μM FeII was added to the cathodic cell. 
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Figure 4-6: (a) Time course showing CDX disappearance in both graphite-only control 

(adsorption) and cell reactors (adsorption + reduction), inset shows natural log plot of 

reduction of CDX with pseudo-first-order model fit. (b) Reduction rate constants of three 

ANOs under various concentrations of FeII in the cathodic cell. Reaction conditions 

unless otherwise specified: 50 μM CDX, 50 μM FeII, pH 7.00 in cathodic cell; 0.5 mM 

FeII, 10 mM tiron, pH 7.00 in anodic cell; and 50 μM CDX, 50 μM FeII, pH 7.00 in 

graphite-only control. 

 

Figure 4-7: Time courses showing (a) 5 (b) 6 disappearance in both graphite-only control 

(adsorption) and cell reactors (adsorption + reduction), inset shows natural log plot of 

reduction of ANOs with pseudo-first-order model fit. Reaction conditions are the same as 

in Figure 4-6. 

 

Various [FeII] ranging from 0 to 0.1 mM were then added into the cathodic cell to 

evaluate the possibility of complexation between ANOs and free FeII. [FeII–tiron] in the 

anodic cell was maintained to ensure a constant rate of electron transfer. Reduction of 6 
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in the cathodic cell remains at a constant rate over the entire range of [FeII] (Figure 4-6b), 

suggesting that complexation between free FeII and type III ANO (if any) is too weak to 

facilitate electron transfer. In contrast, the overall reduction rate constant of 5 increased 

with increasing [FeII] (Figure 4-6b). This result indicates a positive correlation between 5 

reduction and FeII–5 complexation. Since the effect of type III complexation has been 

ruled out, the reduction can only be accelerated by type II complexation. Similar to 5, the 

overall reduction rate of CDX increased with increasing [FeII] (Figure 4-6b), 

demonstrating that the reduction can be enhanced by either type I or type II complexation 

with free FeII. A closer examination of Figure 4-6b indicates that the kobs of 5 and CDX 

only doubled as [FeII] increased significantly, suggesting that types I & II complexation 

with free FeII cannot significantly enhance the reduction. It is like that the complexation 

leads to more positively charged FeII–5 or FeII–CDX, easier to accept electrons than 5 or 

CDX when uncomplexed. 

To evaluate the possibility of complexation between ANOs and other FeII species 

(mainly FeL2
6-, the most reactive FeII species in present), kobs of ANOs was compared 

between the cell and the batch experiments. In batch experiments where complexation of 

ANOs with FeII and/or FeL2
6- is possible, the kobs of 5 was 4.1 times greater than that of 

6, smaller than a ratio of 10.4 in cathodic cells containing 50 μM FeII (Table 4-3 and 

Figure 4-8). The smaller ratio in the batch than in the cell experiments is likely due to the 

steric hindrance from the carbonyl group on the side chain, which inhibited type II 

complexation with FeL2
6- to some extent. This inhibited complexation for 5 partially 

canceled the promoting effect of its carbonyl group so that there is a smaller reactivity 

difference between 5 and 6 in batch reaction. In contrast to 5, the kobs of CDX in cell 
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experiments containing 50 μM free FeII was only 2.2 times greater than that of 6, while in 

batch reaction, the kobs of CDX was 276 times greater than that of 6 (Table 4-3 and Figure 

4-8). This comparison provided a strong evidence on the characteristics of the 

complexation that facilitated CDX degradation, that is, type I inner-sphere complexation 

on the side chain of CDX with FeL2
6-. This has led to direct electron transfer within the 

complex from FeL2
6- to type I ANOs, which dramatically increased the reactivity. 

 

Figure 4-8: The kobs ratios of three ANOs in batch reactors & electrochemical cells.  

4.4 Discussion 

4.4.1 Mechanistic Consideration 

We hypothesized in our previous research that, due to the abundance of FeII, type 

III complexation of ANOs with FeII might replace protonation and facilitate N–O bond 

cleavage,58 however, we now exclude this possibility based on a new line of evidence, 

that is, the kobs for the reduction of 6 in the cathodic cell remained constant when FeII 

concentration was increased from 0 to 100 μM, indicating that either type III 

complexation with FeII did not form or was too weak to affect the degradation. Also, we 

had proposed a generic reduction mechanism, that is, ANOs form complex with FeL2
6-, 

and then one electron is transferred from FeL2
6- to ANOs and delocalized within the 
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aromatic ring to form a radical anion. Following the step-wise transfer of a second 

electron, deoxygenation occurs to form the products. We can now provide more detailed 

understanding of this mechanism. First, besides FeL2
6-, free FeII also participates in 

complexation and facilitates the reduction, but only to a limited extent. Second, reduction 

of ANOs appears to proceed in two pathways. In one pathway, ANOs accept the first 

electron from the reductant, either directly or after complexing with FeII species (free FeII 

or FeL2
6-), followed by the first protonation to form a neutral radical (Path A); 

alternatively, the sequence of the first electron transfer and the first protonation can be 

reversed (Path B). The rate-limiting step is either PNO-1→PNO-2 in path A or 

PNO→PNO-4 in path B, or both. The formed radical then goes through barrierless 

processes of one additional electron transfer, the second protonation, and N–O bond 

dissociation to form the product. 

To determine which pathway is more likely, or which elementary process is rate-

limiting (PNO-1→PNO-2 in path A or PNO→PNO-4 in path B), one approach is to 

compare the experimental KIEN with the calculated ones for the first electron transfer in 

PNO-1→PNO-2 and PNO→PNO-4. However, a good agreement of the experimental 

KIEN value with the computed ones for both Paths A and B led to a failure to distinguish 

between them. Also, similar values of enthalpy and free energy between PNO-1→PNO-2 

(-104.63 and -104.65 kcal/mol) and PNO→PNO-4 (-91.80 and -92.98 kcal/mol) indicate 

the favorable shift of equilibrium to the product for both processes. On the other hand, in 

previous research on the reduction of nitroaromatics, it seems that the sequence of 

electron transfer vs protonation can vary in different cases.137, 224-227 Further evidence 

should be explored to distinguish Path A from Path B, i.e., to obtain the activation energy 
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of the rate-limiting step in each path, and the one with a lower barrier height will be 

considered as the most probable reaction pathway; also, both pathways are likely if their 

barriers are energetically comparable. 

Despite the significant effect type I complexation has on CDX reduction, we 

propose the first electron transfer is the rate-limiting step because complexation is 

typically a fast process.228 Indeed, when calculations for CDX reduction were performed 

without considering complexation, following the same procedure as described in 

“Theoretical Calculation”, the processes of protonation, N–O bond cleavage, and the 

second electron transfer were all shown to be spontaneous (Figure 4-4). Type I 

complexation should have significantly increased the rate of electron transfer. However, 

due to the formation of type I complexes, which might affect the transition state of the 

rate-limiting step, it is also likely that the reduction mechanism of CDX has changed. A 

different KIEN value is expected for the transition state with or without complexation. 

The same reasoning could also apply to type II complexation. Further evidence, however, 

is needed to elucidate the nature of the transition states when complexation is involved. 

4.4.2 Proton-Coupled Electron-Transfer Reaction 

According to the theoretical calculation, water molecules might bind to the N-

oxide O atom in ANOs or to the O atom in the ligand (or Fe center) to participate in the 

complexation and electron transfer processes. Because proton can come from either the 

solvent or FeII–tiron–H2O complex during the protonation processes, the possibility of 

proton-coupled electron-transfer reaction was examined. The whole reaction (i.e., 

PNO→PNO-4) may involve electron transfer, deprotonation of FeII–tiron–H2O, and 

protonation of PNO•-, which can occur either simultaneously or sequentially.229 In 
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principle, when the solvent is changed from H2O to D2O, the rate of electron transfer 

could be affected for a proton-coupled electron-transfer reaction. A well-established 

example is polypeptides resulting from the oxidation of tyrosine by tryptophan neutral 

radical linked to oligoproline bridges. During the reaction, a KIEH of about 2.4 was 

observed.230 A previous theoretical analysis of proton-coupled electron-transfer reaction 

also reported significant KIEH values ranging from 1.49 to 8.42.231 Due to the lack of a 

large KIEH, we can eliminate the possibility of proton-coupled electron transfer in our 

case. Preliminary calculations suggested several possible geometries of PNO-TS2 (the 

complexation intermediate of the first electron transfer process in Path B) that can be 

assigned to two categories: the water molecule forms a bridge between PNO and the 

catechol ligand or not (details in “Theoretical Calculation”). The most possible 

geometries of PNO-TS2 were further determined to be PNO-TS2-6 or -7 (Figure 4-9) 

based on the above analysis because no water molecule was involved in electron transfer 

(details in “Theoretical Calculation”). Specifically, PNO-TS2-7 is more likely in two 

regards. First, the electronic energy of PNO-TS2-7 is 3.61 kcal/mol lower than -6, 

indicating that -7 is more stable. Second, despite no direct binding formed, electron 

transfer is allowed to occur only when type III ANO and FeII–tiron get close enough. As 

result, a shorter distance of the N–oxide N atom to the central Fe atom in -7 will make 

this process easier since the positively charged N atom is more likely to accept an 

electron. Future work is warranted to elucidate the transition state during electron transfer 

so that proper molecular descriptors may be identified and quantified for accurate 

reactivity prediction. 
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Figure 4-9: Optimized geometries of PNO-TS2-6 & PNO-TS2-7. Color code: white for 

hydrogen, dark grey for carbon, red for oxygen, blue for nitrogen, and purple for iron. 
 

4.5 Environmental Implications 

Our combined experimental and theoretical analysis has been demonstrated to be 

efficient at elucidating degradation mechanisms of organic compounds, specifically, at 

revealing the rate-limiting step. We have provided compelling evidence for the abiotic 

reduction mechanisms of ANOs by FeII–tiron complex, which may be applicable to other 

types of compounds containing nitrogen-oxygen single bond. Because the rate-limiting 

characteristic of the first electron transfer processes has been confirmed, molecular 

descriptors can now be explored to predict the reductive reactivity of a large number of 

ANOs through establishing quantitative structure-activity relationships (QSARs). 

Electron affinity (EA) and LUMO Energy (ELUMO) have been used to estimate the 

reduction rate of NACs.57 However, no correlation was observed between either EA or 

ELUMO and the reactivity of ANOs in our previous work,58 suggesting that these 

parameters are not appropriate predictors for the electron transfer process. The reason is 

that EA is calculated based on the energy difference between the reactant (i.e., neutral 

atom) and the anion, not exactly the reaction barrier. The free energy difference between 

the transition state and the reactant (i.e., the activation energy) should be a better 

(a)  PNO-TS2-6 (b)  PNO-TS2-7
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descriptor. Other descriptors such as complexation constant should also be explored in 

developing QSARs for type I and type II ANOs in future work. A well-developed QSAR 

can provide an efficient tool for estimating reactivity of various ANOs by FeII–tiron and 

to evaluate their persistence in reducing environments. 

As the amount of ANOs discharged into the environment continues to grow, their 

possible environmental and health risks will become increasingly important issues in the 

near future.  Currently, the lack of information on the transformation of ANOs in the 

aquatic environment hinders researchers and regulatory agencies’ ability to develop 

environmental fate simulators to assess their fate in and possible risks to water supply and 

environmental systems.  The understanding of mechanisms and development of QSARs 

are important for further evaluation of the fate of structurally-related contaminants and 

for more accurate risk assessment of ANOs. They will also advance technologies to 

effectively treat ANOs contaminated water and sites. In addition, our findings will guide 

the chemical industry to design more environmentally-friendly ANOs by keeping the key 

functional group(s) but adding substituents that can facilitate ANO degradation to benign 

byproducts. 
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CHAPTER 5 STRUCTURE-DEPENDENT REDUCTION MECHANISMS OF 

ISOXAZOLES BY AQUEOUS FEII–TIRON COMPLEX 

Abstract 

Various substituted isoxazoles (ISXs) were reduced by FeII–tiron complex at 

different rates. Reduction products were identified by HPLC/QToF-MS to be the ring-

cleavage analogs. Ring complexes form between ISXs and FeII–tiron species can be 

categorized into three types: type I complex forms through 3-N and ring-O; type II 

complex forms 5-N/O and ring-N; and type III complex forms 6-O and ring-N. However, 

complexation only occurs after the ring cleavage. Density functional theory calculations 

released that the elementary protonation processes are barrierless, while N–O bond 

cleavage processes have small energy barriers, suggesting that the rate-limiting step 

would be electron transfer. Consistent with the theoretical results, the experimental iron 

isotope effect, KIEFe, for the reduction of 3-amino-5-methylisoxazole (AMX) and 3,5-

dimethylisoxazole (DMX) were obtained to be 1.0076 ± 0.0049 and 1.0075 ± 0.0018, 

respectively, demonstrating that the electron transfer step is rate-limiting. Meanwhile, 

KIEH for the reduction of AMX was obtained to be 1.992 ± 0.068, indicating that proton 

is involved in rate-limiting step, while for DMX was 1.209 ± 0.079, suggesting no 

protonation involved in the rate-limiting step. Thus, the reduction of AMX and DMX 

undergo different pathways. Electrochemical cell experiments revealed that the electron 

transfer process can be facilitated significantly by type I, type II and type III 

complexation with FeL2
6- , and to some extent with free FeII. 

5.1 Introduction 

Chapters 3 and 4 revealed detailed reduction mechanisms of one group of NOCs, 

i.e., ANOs, by soluble FeII–tiron complex (a representative model environmental 
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reductant).58, 232 In this Chapter, we would like to expand the list of NOCs and investigate 

reduction of isoxazoles (ISXs) in detail. 

Overall, we examined detailed reduction mechanisms of six representative ISXs 

by FeII−tiron complex via a number of experimental and computational approaches. 

Similar to ANOs, we propose the reaction involves two electron transfers from the 

reductant to the ISXs, two steps of protonation of ISXs, possible complex formation on 

ISXs, and dissociation of the N–O bond (Scheme 5-1 and 5-2). We first theoretically 

calculated the energy barriers of all elementary protonation and N–O bond dissociation 

processes and optimized the corresponding intermediate geometries. We then measured 

solvent and iron kinetic isotope effects in ISX reduction to complement the 

computational approaches. To study the role of complexation we separated complexation 

from electron transfer during the reduction of substituted ISXs using the electrochemical 

cell design of Xu et al..217 Based on the above results, a kinetic modeling approach was 

taken to help identify the most probable reaction pathway along with the most likely rate-

limiting step in the reduction of different types of ISXs. 

5.2 Materials and Methods 

5.2.1 Chemicals 

3-amino-5-methylisoxazole (AMX), 3,5-dimethylisoxazole (DMX), 5-amino-3-

phenylisoxazole (13), 5-amino-3-methylisoxazole (14), 3-phenylisoxazol-5-ol (16), (3-

phenyl-5-isoxazolyl)methanol (18) and sulfamethoxazole (SMX) (structures in Table 5-1) 

were purchased from Sigma-Aldrich at greater than 97% purity. Other employed 

chemicals were obtained from Sigma-Aldrich or Fisher Scientific. All solutions were 

prepared in ways previously described in Section 3.2.1. 
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Isotopically enriched 54Fe and 56Fe were purchased from Chemgas (Boulogne, 

France) and ISOFLEX USA, respectively. Reported purities were 99.9% (compared to a 

natural abundance of 5.84% for 54Fe and 91.8% for 56Fe). Isotopically enriched FeII 

solutions were prepared inside an oxygen-free glovebox (95 ~ 98% N2, 2 ~ 5% H2, Pd 

catalyst; Coy Laboratory Products) following the method of Scherer et al.233 Briefly, iron 

metal (28 mg) was added into a serum vial with 5M HCl (1 mL) which was deoxygenated 

by bubbling with N2 for ~ 1 hour (with a glass pasteur pipette) prior to being transferred 

into the glovebox. The vial was covered, but not sealed, and left in the glovebox while 

iron metal was being dissolved. The formed FeII solution was then diluted with 

deoxygenated deionized water to the desired final volume and concentration, and the FeII 

concentration was verified via the ferrozine method.180 

5.2.2 Batch Reactor Setup 

Details of batch reactor setup for the reduction kinetics of ISXs are provided in 

Section 3.2.2.  Typical reactions were initiated by adding 50 μM of ISX stock to solutions 

containing 0.5 mM FeII, 10 mM tiron, 0.2 M NaCl, and 50 mM MOPS to buffer the pH at 

7.00. 

For solvent isotope effects, reduction of 20 μM AMX or DMX was performed in 

H2O or deuterated water (D2O) (details in Section 4.3.2). Reaction solutions were 

buffered at pH 6.00 for AMX and pH 7.00 for DMX. Other reaction conditions and 

processes were similar to those described above. For iron isotope effects, reduction of 

DMX by synthesized 54FeII–tiron and 56FeII–tiron was examined. Reaction conditions and 

processes were similar to those for solvent isotope effects. 
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5.2.3 Analytical 

The extent of ISXs disappearance and reaction product formation were monitored 

by HPLC (details in Section 3.2.3). Detection wavelengths were set from 210 nm to 270 

nm. The flow rate was 1 mL/min for all ISXs. The mobile phase consisted of 80% H3PO4 

(pH =3) and 20% methanol for AMX; 65% H3PO4 (pH =3) and 35% methanol for DMX; 

and 65% ammonia acetate (20 mM) and 35% methanol for APX. A gradient elution was 

carried out for SMX. The gradient was from 80% to 5% H3PO4 (pH =3) and 20% to 95% 

methanol. 

Reaction products were identified by HPLC/QToF-MS (details in Section 3.2.3). 

5.2.4 Electrochemical Cell Experiments 

The electrochemical cell was set up as previously described (details in Section 

4.2.3). The cathodic cell was spiked with 20 μM ISX, 0 ~ 300 μM Fe2+, and 50 mM 

MOPS to buffer the pH at 7.00. The anodic cell was spiked with 0.5 mM FeII, 10 mM 

tiron, and 50 mM MOPS to buffer the pH in the range of 6.00 ~ 7.50. 

5.2.5 Computation 

The energy barrier of each elementary reaction was investigated by potential 

energy surface scan as previously described (details in Section 4.2.5). For protonation 

processes, NDMX–Hwater bond length was chosen as the reaction coordinate, while NDMX–

ODMX bond length was chosen for N–O bond cleavage processes. 
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Scheme 5-1. Proposed reduction pathways of DMX by FeII–tiron. 

  

Scheme 5-2. Proposed reduction pathways of AMX by FeII–tiron. 

  

The pKH and pKD values for the elementary protonation processes of AMX were 

calculated following the method from Pliego et al.234 A theoretical equation for the 

calculation based on a proton/deterium transfer reaction between the parent compound 

and its protonated form was derived using the general chemical equilibrium relationship 

(an example in Scheme 5-3). 
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Scheme 5-3. Thermodynamic cycles used in the calculation of pKH and pKD. 

 

Using AMX→A-1 as an example, geometry optimization was performed for 

AMX, A-1, H2O, H3O+ in water solvent and in gas phase. The total free energy μ for 
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Where the experimental value of Pliego and Riveros was used for ∆𝐺𝑠𝑜𝑙(𝐻3𝑂+), which is 

−110.2 kcal/mol, 
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The pKH value was then corrected by 

𝑝𝐾𝐻 = 𝑝𝐾𝐻(𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑) − 4.54                                                                                      5.5 
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The pKD value in the process of AMX→D-A-1 can be computed following the 

same procedures. 

5.2.6 Derivation of the Expression for Rate Constant 

1) Path 1b (Scheme 5-5) can be simplified as consecutive reactions of which the 

first step is reversible and the second step is rate-limiting: 

 

Since the rate of any step in a reaction is directly proportional to the concentration 

of the reactant in that step, then 

𝑟𝑟𝑑𝑠 = 𝑘𝑟𝑑𝑠[𝐷 − 𝟏] 

Because the first step is much faster, the overall rate of reaction is approximately 

equal to the rate of this rate-limiting step. Thus, the overall reaction rate can be described 

as: 

𝑟 ≈ 𝑘𝑟𝑑𝑠[𝐷 − 𝟏] 

Since the second reaction is rate-limiting, the concentration of D-1 can be 

assumed to be at steady-state, so that: 

𝑑[𝐷 − 𝟏]

𝑑𝑡
= 0 

⇒  𝑘1[𝐷𝑀𝑋] − 𝑘−1[𝐷 − 𝟏] − 𝑘𝑟𝑑𝑠[𝐷 − 𝟏] = 0 

⇒  [𝐷 − 𝟏] =
𝑘1

𝑘−1 + 𝑘𝑟𝑑𝑠

[𝐷𝑀𝑋] 

Substituting the above equation to the rate equation: 

DMX
k1

D     1
k-1

D     14
krds
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⇒  𝑟 = 𝑘𝑟𝑑𝑠[𝐷 − 𝟏] =
𝑘1𝑘𝑟𝑑𝑠

𝑘−1 + 𝑘𝑟𝑑𝑠

[𝐷𝑀𝑋] 

𝐼𝑓 𝑘1, 𝑘−1 ≫ 𝑘𝑟𝑑𝑠 

⇒  𝑟 =
𝑘1𝑘𝑟𝑑𝑠

𝑘−1

[𝐷𝑀𝑋]                                                                                                           5.6 

Since DMX is the one being monitored for degradation kinetics, we can also write 

the apparent first-order reaction rate as: 

𝑟 =
𝑑[𝐷𝑀𝑋]

𝑑𝑡
= 𝑘𝑜𝑏𝑠[𝐷𝑀𝑋]                                                                                                5.7 

Comparing the above two equations, we can get: 

⇒  𝑘𝑜𝑏𝑠 =
𝑘1

𝑘−1
𝑘𝑟𝑑𝑠                                                                                                                5.8 

Therefore, the observed reaction rate constant 𝑘𝑜𝑏𝑠 is only a function of krds.  

2) Path 2a can be simplified as an irreversible reaction followed by consecutive 

reactions consisting of one reversible and one irreversible reaction: 

 

Similar to Path 1b, the overall reaction rate can be described as: 

𝑟 ≈ 𝑘𝑟𝑑𝑠[𝐷 − 𝟏𝟎] 

Since the last step is rate-limiting, the concentration of D-10 can be assumed to be 

at steady-state, so that: 

𝑑[𝐷 − 𝟏𝟎]

𝑑𝑡
= 0 

DMX
k2

D     10
k-2

D     2
k1

D     14
krds
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⇒  𝑘2[𝐷 − 𝟐] − 𝑘−2[𝐷 − 𝟏𝟎] − 𝑘𝑟𝑑𝑠[𝐷 − 𝟏𝟎] = 0 

⇒  [𝐷 − 𝟏𝟎] =
𝑘2

𝑘−2 + 𝑘𝑟𝑑𝑠

[𝐷 − 𝟐] 

Substituting the above equation to the rate equation: 

⇒  𝑟 = 𝑘𝑟𝑑𝑠[𝐷 − 𝟏𝟎] =
𝑘2𝑘𝑟𝑑𝑠

𝑘−2 + 𝑘𝑟𝑑𝑠

[𝐷 − 𝟐] 

𝐼𝑓 𝑘2, 𝑘−2 ≫ 𝑘𝑟𝑑𝑠 

⇒  𝑟 =
𝑘2[𝐷 − 𝟐]

𝑘−2
𝑘𝑟𝑑𝑠                                                                                                          5.9 

Since the rate of conversion of DMX to D-2 is independent of whether or not D-2 

participates in consecutive reactions, the overall kobs we obtained is not related to krds. 

3) Path 2b can be simplified as consecutive reactions consisting of two reversible 

and two irreversible reactions: 

 

The overall reaction rate can be described as: 

𝑟 ≈ 𝑘𝑟𝑑𝑠[𝐷 − 𝟏𝟎] 

If we speculate that the concentrations of D-1 and D-10 are at steady-state 

𝑑[𝐷 − 𝟏𝟎]

𝑑𝑡
= 0 

⇒  𝑘3[𝐷 − 𝟒] − 𝑘−3[𝐷 − 𝟏𝟎] − 𝑘𝑟𝑑𝑠[𝐷 − 𝟏𝟎] = 0 

DMX
k1

D     1
k-1

D     4
k2 k3

D     10
k-3

D     14
krds
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⇒  [𝐷 − 𝟏𝟎] =
𝑘3

𝑘−3 + 𝑘𝑟𝑑𝑠

[𝐷 − 𝟒]                                                                                   5.10 

𝐼𝑓 𝑘−3 ≫ 𝑘𝑟𝑑𝑠 

⇒  [𝐷 − 𝟏𝟎] =
𝑘3

𝑘−3

[𝐷 − 𝟒] 

𝑑[𝐷 − 𝟏]

𝑑𝑡
= 0 

⇒  𝑘1[𝐷𝑀𝑋] − 𝑘−1[𝐷 − 𝟏] − 𝑘2[𝐷 − 𝟏] = 0 

⇒  [𝐷 − 𝟏] =
𝑘1

𝑘−1 + 𝑘2

[𝐷𝑀𝑋]                                                                                          5.11 

However, Eq. 5.10 and 5.11 do not correlate unless the concentration of D-1 can 

be described as a function of the concentration of D-10, therefore, the overall kobs cannot 

be related to krds. 

5.3 Results 

5.3.1 Reaction Kinetics 

Degradation was not observed for ISXs in solutions containing only FeII (ligand 

free control) or tiron (FeII free control). In contrast, significant degradation of ISXs 

occurred when FeII and tiron were added. A typical time course for DMX degradation in 

solutions containing FeII and tiron is shown in Figure 5-1. The disappearance of DMX 

followed pseudo-first-order reaction kinetics.  

Similar kinetic behaviors were observed for all other ISXs. Values of kobs for all 

the ISXs were obtained and are provided in Table 5-1. The order of the observed reaction 

rate constants in batch reactors is: 13, 14 >> AMX >> 16 > SMX > DMX > 18. 
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Table 5-1. Structures, physical-chemical properties, and kobs of the selected ISXs. 

# Structure 
kobs (h

-1) 

Batch Cellc 

13 

 
 

> 1247.7a 0.0541 ± 0.0072 

14 

  
> 1247.7a 0.0113 ± 0.0012 

15 
AMX  

130.78 ± 3.76b 0.0047 ± 0.0015 

16 

 
 

8.074 ± 0.144b 0.0037 ± 0.0017 

17 
DMX  

0.63 ± 0.04b 0.0051 ± 0.0004 

18 

 
 

0.109 ± 0.007b 0.0033 ± 0.0011 

SMX 
 1.43 ± 0.01b N/A 

a. Reactions were too fast to monitor. kobs was estimated based on a half life of 2 seconds. 
b. Reaction conditions: 50 μM ISXs, 0.5 mM FeII, 10 mM tiron, 50 mM buffer, pH 7.00, I 

= 0.2 M. c. Reaction conditions: 20 μM ISXs, 50 mM buffer, pH 7.00, I = 0.2 M in the 

cathodic cell; and 0.5 mM FeII, 10 mM tiron, 50 mM buffer, pH 7.00, I = 0.2 M in the 

anodic cell. 

 

Figure 5-1: Time course of DMX reduction by FeII-tiron complex. Reaction conditions: 

50 μM DMX, 0.5 mM FeII, 10 mM tiron, pH 7.00, I = 0.2 M. 
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5.3.2 Reduction Products 

A summary of the HPLC/QToF-MS data, proposed structures and mass spectra of 

the SMX reaction products in the presence of FeII–tiron complex is shown in Table S1. 

Consistent with a previous work on SMX degradation in FeII-amended suspension of 

goethite,53 the reduction of SMX leads to ring-cleavage products. Similar to SMX, 

analyses of compound 13 reaction mixtures revealed the existence of two products, based 

on the observation of [M + Na]+ and [M + H]+ ions with the molecular ion of 161 and 

164, respectively (Figure 1). The structures of the products were proposed based on the 

masses of the detected molecular ions and fragmentation patterns corresponding to the 

loss of functional groups. Both products exhibit changes to the ISX ring. Product I was 

proposed to be an oxazole ring-substituted isomer of compound 13, corresponding to the 

isoxazole ring isomerization. For product II, the major fragment m/z 147 corresponds to 

the loss of -OH (i.e., -m/z 17) from the 3-position. II was proposed to be the reduced β–

enaminoketone analog of which the 5-NH2 substituent was further oxidized to 5-OH. The 

reduction of ISXs to the corresponding β–enaminoketone has been well documented by 

previous studies.53, 108, 235 However, further structural identification is required via 

comparison with authentic standards (not available commercially) or spectroscopic 

analysis such as NMR. 

Compound 13 is extremely reactive in solutions containing FeII and tiron, leading 

to a failure to obtain the time course of its disappearance. Figure S3 shows the time 

course of product I and II. The results revealed that I is an intermediate, with its 

appearing in the beginning and disappearing after 24 hours (data not shown). However, I 

is not an expected product based on Scheme 1. Additional evidence is needed to elucidate 
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its further transformation. II was observed as the stable final product since it was formed 

consistently throughout the reaction period for up to 24 hours. 

Similar to the case of compound 13, analyses of AMX reaction mixtures indicate 

the β–aminoenone analog as the stable final product. Isomeric intermediates were not 

able to be detected on LC/QToF-MS likely due to their failure of ionization. Thus, further 

analysis approaches are needed to confirm additional reaction products. 

 

Figure 5-2: HPLC/QToF-MS analyses of compound 13 and its reaction mixture: LC/MS 

chromatograms (insets) and spectra of (a) compound 13, (b) product I, and (c) product II. 

(a)  
[M+H]+

N
OH2N

Compound 13

RT=9.5

min0 2 4 6 8 10

mAU

0

10

20

30

40

50

60

70

 DAD1 A, Sig=240,4 Ref=400,100 (CHEN\CHEN12032015 2015-12-03 12-59-35\017-3001.D)

 1.354  1.822  2.008  2.464  3.307  4.054

 9.543

O

NH2N

[M+H]+

Product I
RT=3.3

(b)  

min0 2 4 6 8 10

mAU

0

500

1000

1500

2000

2500

 DAD1 A, Sig=240,4 Ref=400,100 (CHEN\CHEN12032015 2015-12-03 12-59-35\016-2901.D)

 1.36
8

 2.52
4

 3.31
7

 4.14
7

 9.55
1

[M+H]+ [M+Na]+

NH2
OHO

Product II
RT=3.5  

(c)  

min0 2 4 6 8 10

mAU

0

500

1000

1500

2000

2500

 DAD1 A, Sig=240,4 Ref=400,100 (CHEN\CHEN12032015 2015-12-03 12-59-35\018-3101.D)

 1.330

 2.614

 3.539

 7.495  8.446  10.52
2



93 

 

 

Figure 5-3: Time course of the reduction products of compound 13. Reaction conditions: 

50 μM compound 13, 0.5 mM FeII, 10 mM tiron, pH 6.00, I = 0.2 M. 

 

Table 5-2. HPLC/QToF-MS data, proposed structures and mass spectra of the SMX 

reaction products. Fragmentation data for individual products was not provided. 

# 
Retention 

Time (min) 
Proposed Structure 
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m/z 
Mass Spectra 
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254 

 

S-1 1.5 

 

192 

 
 

 

Time (h)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

U
V

 A
re

a
 (

=
2
4
0
 n

m
)

0

200

400

600

800

1000

1200

1400

Product I

Product II

N
O

HN S N2H

O

O

[M+H]+

[M+Na]+

N2H

N
H2N

O

* 192.1132

[M+H]+



94 

 

Table 5-2, continued 

S-2 3.9 

 

254 

 

S-3 2.5 

 

256 

 

S-4 3.3 

 

272 

 
 

5.3.3 Kinetic Isotope Effects 

The pseudo-first order rate constants for the reduction of AMX by FeII–tiron 

complex in H2O and D2O were obtained to be 𝑘𝐻2𝑂 = 0.2440 ± 0.0156 h-1 and 𝑘𝐷2𝑂 = 

0.1226 ± 0.0088 h-1, respectively. KIEH value was then computed to be 1.992 ± 0.068, 

according to KIE𝐻 =
𝑘𝐻2𝑂

𝑘𝐷2𝑂
. Meanwhile, the reduction rate constants of DMX were 
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obtained to be 𝑘𝐻2𝑂 = 0.7398 ± 0.0337 h-1 and 𝑘𝐷2𝑂 = 0.6120 ± 0.0428 h-1, respectively, 

and KIEH value was computed to be 1.209 ± 0.079. Large KIEH values in the range of 1.7 

to 7.7 were typically observed if proton transfer is rate-limiting, while smaller values of 

secondary KIEH were reported when there is change in orbital hybridization of the α-

carbon atom (details in Section 2.10.2). The KIEH value for AMX in our case falls into 

the range of primary KIEH; hence, proton is very likely involved in its rate-limiting step. 

Similarly, the KIEH value for DMX suggests no rate-limiting characteristics of the 

protonation process. More discussion on the KIEH values will be provided in the 

“Mechanistic Consideration” Section. 

To examine the rate-limiting characteristics of the electron transfer processes, the 

kobs of DMX reduction by 54FeII–tiron and 56FeII–tiron complex was obtained 

experimentally to be 0.3342 ± 0.0106 h-1 and 0.3316 ± 0.0093 h-1. KIEFe for the overall 

reduction of DMX is thus 1.0075 ± 0.0018 based on KIE𝐹𝑒 =
𝑘𝑜𝑏𝑠

54𝐹𝑒

𝑘𝑜𝑏𝑠
56𝐹𝑒 . Meanwhile, the 

kobs of AMX reduction by 54FeII–tiron and 56FeII–tiron complex were obtained 

experimentally to be 1.6686 ± 0.0579 h-1 and 1.6489 ± 0.0457 h-1, and the KIEFe value 

was computed to be 1.0076 ± 0.0049. Despite an extensive literature search, few KIEFe 

values were reported when electron transfer between FeII and FeIII is involved in the rate-

limiting step. Besides electron transfer, significant KIEFe values were reported for various 

processes when Fe participates in the rate-limiting step (details in Section 2.10.3). The 

large KIEFe values of DMX and AMX indicate that Fe is directly involved in their rate-

limiting step. Since Fe is providing electrons during the reduction process, electron 

transfer should be rate-limiting. 
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5.3.4 Theoretical Calculation 

Six reaction pathways were proposed for reduction of DMX to the final product 

(β–aminoenone analog, compound D-14), as shown in Scheme 5-1. The elementary 

processes can be categorized as following: (1) protonation (H+, e.g. DMX→D-1); (2) 

electron transfer (e-, e.g. DMX→D-2); and (3) N–O bond dissociation (BD, e.g. D-4→D-

7). Path C is unfavorable since the geometry optimization and frequency calculation of 

intermediate D-3 yielded a much higher free energy than D-1. As a result, no further 

calculation was performed for Path C. 

Potential energy surface scans were only performed for the protonation and N–O 

bond breaking processes since the electron transfer processes involve a complicated ISX–

metal–ligand complex system. More details of the potential energy surface scan are 

provided in Section 4.2.5. In short, our data showed that all the protonation processes are 

barrierless, suggesting their non-rate-limiting characteristics. Meanwhile, the N–O bond 

dissociation processes of D-2→D-5 and D-8→D-11 were barrierless, while the processes 

of D-4→D-7 and D-6→D-9 have an energy barrier of 5.17 kcal/mol and 6.00 kcal/mol. 

However, these energy barriers are relatively small, suggesting the reaction will likely go 

through all five paths leading to the final product (example of the energy surface scan 

shown in Figure 5-4). The difference between the barrier of D-4→D-7 and D-6→D-9 is 

around 0.83 kcal/mol, indicating that Path D is mostly 5 times slower than Path B. 

Calculation for AMX without considering complexation was also performed 

following the above processes and revealed similar results as DMX, that is, the 

protonation processes for the reduction of AMX are spontaneous (example shown in 

Figure S5). The N–O bond dissociation processes of A-6→A-9 and A-8→A-11 were 
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barrierless, while the processes of A-2→A-5 and A-4→A-7 have an energy barrier of 

2.74 kcal/mol and 2.05 kcal/mol (Scheme S1), suggesting that all five paths are likely. 

However, due to the complex formation which might affect the rate-limiting step, as 

suggested by the different KIEH values (details later), the reduction mechanism of AMX 

could be different. Further evidence is needed to elucidate the mechanism when 

complexation is involved. 

 

Figure 5-4: Potential energy surface scan of (a) protonation process (D-10→D-12) and 

(b) N–O bond cleavage process (D-4→D-7) for DMX. Color codes are the same as in 

Figure 4-2. Distances of RH1–O1 are in Å. 
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Figure 5-5: Potential energy surface scan of (a) protonation process (A-10→A-12) and 

(b) N–O bond cleavage process (A-2→A-5) for AMX. Color codes are the same as in 

Figure 4-2. Distances of RH1–O1 are in Å 
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type III forms a ring complex with 6-O and ring-N (Scheme 5-4). Since the isoxazole ring 

will break after accepting the first electron,53 the complexation with FeII species may 

form either before or after the ring cleavage. For example, type I and II ISXs might form 

a 5-membered ring complex with FeII species prior to ring opening, or a 6-membered ring 

after ring opening (Scheme 5-4). To determine which type of complexation is more 

likely, we compared the calculated free energies of both complexes for each type of ISXs. 

The much lower energy of the latter indicated that the complex formed after ring 

cleavage is stronger (data shown in Table 5-3). The less stable complexation before ring 

cleavage is likely due to its “twisted” structure, which inhibited the formation of a 5-

membered ring complex with FeII species. 

Table 5-3. Calculated free energies of various types of complexation in Scheme 5-4. 

Type # 
Energy before ring cleavage 

(hartree) 

Energy after ring cleavage 

(hartree) 

I 
15 

AMX 
-1603.97 -1604.03 

II 13 
-1795.72 -1795.78 

II 14 
-1603.98 -1604.05 

II 16 
-1815.56 -1815.65 

III 18 
-1854.95 -1854.99 
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Scheme 5-4. Various positions where ISXs complex with FeII species (FeII or FeL2
6-) (a) 

prior to ring opening and (b) after ring opening. 

 
 

5.3.6 Batch vs. Electrochemical Cell Experiments 

Based on our previous work on ANOs,58, 232 we believe that complexation with 

FeII species can enhance the reduction of ISX, by facilitating the rate-limiting electron 

transfer. Naka et al.43 reported that a number of FeII species exist in solutions containing 

FeII and tiron, among which 1:2 FeII–tiron (FeL2
6-) was the dominant reactive species in 

reducing NACs, while free FeII was not reactive but much more abundant at pH ranging 

from 4.0 to 7.0. As a result, it is more likely for FeII to form a complex than FeL2
6-. To 

identify the type(s) of FeII species involved in complexation that affect the reactivity, the 

reductant (FeII–tiron) and the oxidant (ISXs) were physically separated using an 

electrochemical cell to prevent any complexation during the reaction, while the electron 

transfer was still allowed. No disappearance of AMX was observed in copper wire-only 

control for up to 3 days, excluding any reaction or adsorption between ISXs and the 

copper wire. In contrast, degradation of ISXs was observed in the cell reactor. ISXs 

reduction kinetics were obtained by subtracting the adsorption decay in the graphite-only 

controls from the overall disappearance in the cell reactors (an example in Figure 5-6), 

following pseudo-first order kinetics. The observed reduction rate constants were 
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compared between two systems: (1) batch reactors which allowed direct contact of ISXs 

with FeII–tiron and (2) electrochemical cells which separated ISXs from FeII–tiron.  

When no FeII existed in the cathodic cell (i.e., no complexation, only electron 

transfer), the order of the observed reaction rate constants is: 13 > 14 > AMX ≈ DMX > 

16 ≈ 18 (Table 5-1). The comparable kobs of AMX and DMX indicates that the electron 

donating 3-NH2 substituent has little effect on the reduction rate. In contrast, 13 than 14 

showing the largest kobs indicates that 5-NH2 substituent enhanced the reduction rate. The 

higher reactivity of 13 than 14 revealed that 3-phenyl substituent will facilitate the 

reaction better than the electron donating 3-methyl substituent. 16 and 18 with the lowest 

reactivity suggests that 5-OH will inhibit the reduction, and the reason is unclear yet.  

Various [FeII] ranging from 0 to 300 μM was then added into the cathodic cell to 

evaluate the possibility of complexation between ISXs and free FeII. [FeII–tiron] in the 

anodic cell was maintained to ensure a constant rate of electron transfer. AMX, 16 and 18 

were selected to represent the three types of ISXs, while DMX was selected to represent 

ISXs forming no complex as a control. Reduction of DMX in the cathodic cell remains at 

a constant rate over the entire range of [FeII] (Figure 5-7a), suggesting that direct 

complexation between free FeII and ring-N (if any) is too weak to facilitate electron 

transfer. Studies have reported direct complexation of ISXs with transition metals 

through the lone pair of electrons on the ring-N,108, 127, 236-240 or ring-O,236 however, our 

previous work has confirmed that direct complexation though the N-oxide O atom of 

ANOs with FeII species did not form or was too weak.58, 232 By analogy, we propose that 

direct complexation of ISXs with FeII species through the ring-N or ring-N is unlikely. 

However, further evidence is needed to elucidate the possibility of direct complexation. 
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In addition, no increase was observed for the reduction of 18 with increasing [FeII] 

(Figure 5-7b), indicating that type III complexation with free FeII (if any) is too weak. In 

contrast, the overall reduction rate constant of AMX and 16 increased with increasing 

[FeII] (Figure 5-7). This result shows a positive correlation between AMX reduction and 

FeII–AMX complexation, as well as 16 reduction and FeII–16 complexation, suggesting 

that the reduction can be accelerated by either type I or II complexation with free FeII. A 

closer examination of Figure 5-7 suggests that the kobs of AMX and 16 only increased by 

a few times as [FeII] increased significantly, suggesting that types I & II complexation 

with free FeII cannot significantly enhance the reduction. It is like that the complexation 

leads to more positively charged FeII–AMX or FeII–16, easier to accept electrons. 

To evaluate the possibility of complexation between ISXs and other FeII species 

(mainly FeL2
6-, the most reactive FeII species in present), kobs of ISXs was compared 

between the cell and the batch experiments. The kobs of AMX in the cathodic cell 

containing 50 μM FeII was 2.1 times greater than that of DMX, while in batch reactor 

where complexation of ISXs with FeII and/or FeL2
6- is possible, the ratio goes up to 207 

(AMX/DMX in Figure 5-8). This comparison provides a strong evidence on the 

characteristics of the complexation that facilitated AMX degradation, that is, type I inner-

sphere complexation with FeL2
6-. This has led to direct electron transfer within the 

complex from FeL2
6- to ISX, which dramatically increased the reactivity. Meanwhile, the 

kobs of 16 is 12.8 times greater than that of DMX in batch reaction, but only 1.1 times 

greater in the cathodic cell (16/DMX in Figure 5-8), indicating that type II inner-sphere 

complexation through 5-O with FeL2
6- can enhance the reduction to some extent. On the 

other hand, the kobs of 14 in cell experiments is 2.2 times greater than that of DMX, while 
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in batch reaction, the ratio goes up to an extremely large value (14/DMX in Figure 5-8), 

indicating that type II complexation through 5-N with FeL2
6- is much stronger than that 

through 5-O, leading to direct electron transfer from FeL2
6- to ISXs. The kobs of 18 in 

batch reactor is 5.8 times smaller than that of DMX, but only 1.9 times smaller in the cell 

experiment (18/DMX in Figure 5-8). The smaller reactivity in the batch than in the cell 

experiments might be due to the steric hindrance from the 5-alcohol, which inhibited type 

II complexation with FeL2
6- to some extent. 

Despite the existence of 3-N, SMX reacted much more slowly than AMX in batch 

reactor. The reason is likely due to the steric hindrance from the sulfanilic acid group that 

prevented SMX from complexing with FeL2
6-. This is further proof that type I 

complexation with FeL2
6- is critical in facilitating the reaction. Without complexation, 

SMX showed comparable reactivity with DMX, indicating that 3-NH2 substituent has 

little effect on the reduction rate, which is consistent with our previous conclusion. 

             

Figure 5-6: (a) Time courses showing compound 13 disappearance in graphite-only 

control (adsorption) and cell reactors (adsorption + reduction); and (b) natural log plot of 

reduction of compound 13 with pseudo-first-order model fit. Reaction conditions: 20 μM 

compound 13, pH 7.00, I = 0.2 M in cathodic cell; 0.5 mM FeII, 10 mM tiron, pH 7.00, I 

= 0.2 M in anodic cell; and 20 μM compound 13, pH 7.00, I = 0.2 M in graphite-only 

control. 
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Figure 5-7: Reduction rate constants of ISXs under various concentrations of FeII in the 

cathodic cell. Reaction conditions: 20 μM ISXs, 0 ~ 300 μM FeII, pH 7.00, I = 0.2 M in 

cathodic cell; and 0.5 mM FeII, 10 mM tiron, pH 7.00, I = 0.2 M in anodic cell. 

 

Figure 5-8: Ratios of kobs of ISXs in the cell and the batch experiment. 
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which interfered with the investigation of the reduction process itself. We can now 

provide more clarified reduction mechanism by studying a series of ISXs with simple 

substituents. First, besides FeL2
6-, free FeII also participates in complexation and 

facilitates the reduction, but only to a limited extent. Second, reduction of ISXs appears 

to proceed mainly in two pathways. In one pathway, ISXs accept the first electron and 

proton, followed by the N–O bond cleavage to form a radical which complexes with FeII 

species (free FeII or FeL2
6-); ring isomerization will then occur, followed by the second 

electron transfer and protonation to form the final product (Path A, B, D and E). 

Alternatively, the N–O bond can dissociate after the second electron transfer to form a 

radical, which goes through a barrierless second protonation leading to the final product 

(Path F). The rate-limiting step is either the first or the second electron transfer.  

Reduction of ISXs likely involves several elementary reactions prior to the rate-

limiting step. The entire reduction process can be simplified as consecutive reactions 

consisting of one/more reversible plus one/more irreversible steps. To be specific, 

protonation processes are usually reversible, while electron transfer processes are 

irreversible. Other barrierless processes (N–O bond cleavage, ring isomerization) can be 

considered as reversible equilibrium steps. Depending on the number of steps prior to the 

rate-limiting step (the first or second electron transfer), the reduction kinetics of ISXs can 

be described in four cases (Scheme 5-5). 

 

 

 

 



106 

 

Scheme 5-5. Simplified paths for the reduction of DMX (Structures in Scheme 5-1). 

 
 

If DMX is initially transformed to D-2 via the first electron transfer as the rate-

limiting step (Path 1a), the rate of conversion of DMX to D-2 is independent of the later 

steps. As a result, the disappearance rate constant of DMX we monitored (kobs) should be 

equal to that of the rate-limiting step (krds). On the other hand, if DMX is initially 

transformed to D-1 via protonation, which is reversible, followed by the rate-determining 

first electron transfer (Path 1b), the reduction of DMX can be described as consecutive 

reactions consisting of one reversible and one irreversible step, within which the second 

step (D-1→D-4) is rate-limiting. Because the first step (DMX→D-1) is reversible and 

much faster than the second, the first step can be approximated as an equilibrium 

reaction, and the concentration of D-1 can be assumed to be at steady-state. If that is the 

case, DMX does not disappear instantaneously. As a result, the overall reaction rate 

constant of DMX (kobs) can be described as 

𝑘𝑜𝑏𝑠 =
𝑘1

𝑘−1
𝑘𝑟𝑑𝑠                                                                                                                      5.12 

Where kobs is a function of krds, but it also depends on the rate constants of the two prior 

elementary steps. Derivation of Eq. 1 is included in Section 5.2.6. 
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If the second electron transfer is rate-limiting, and DMX is initially transformed 

to D-2 via an irreversible first electron transfer followed by a reversible step (D-2→D-10 

or D-12) (Path 2a), then the concentration of D-10 or D-12 can be assumed to be at 

steady-state. Thus, the expression for the overall reaction rate can be derived as 

𝑟 =
𝑘2[𝐷 − 𝟐]

𝑘−2
𝑘𝑟𝑑𝑠                                                                                                               5.13 

Where r is not only a function of krds, but also a function of the rate constants of the 

equilibrium steps and the concentration of D-2. However, in this case, DMX can be 

depleted quickly, which is independent of other parameters. If we only monitor the 

disappearance rate of DMX, then the overall kobs we obtained is only k1, not related to 

krds. Similarly, the overall kobs is not related to krds in Path 2b in which there are 

equilibrium steps before the first electron transfer (details in Section 5.2.6). 

As long as kobs for ISX is the same as krds, the KIEH value obtained will be 

consistent with KIEH of the rate-limiting step. Since the KIEH value of DMX was 

obtained to be 1.209 ± 0.079, not within the ranges of primary and relevant secondary 

KIEH values, DMX is unlikely to be protonated during the rate-limiting electron transfer 

process since no proton is directly involved. As a result, we propose the most probable 

rate-limiting step for DMX is the first electron transfer. Specifically, one electron is 

initially transferred from FeL2
6- to DMX and delocalized within the aromatic ring to form 

a radical anion (D-2), followed by step-wise protonation, second electron transfer and N–

O bond cleavage to form the final product (i.e. Path A, D, E and F in Scheme 5-1 since 

their barriers are energetically comparable). This mechanism is consistent with Path 1a in 

Scheme 5-5.  
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On the other hand, the KIEH value of AMX was 1.992 ± 0.068, within the range 

of primary KIEH values, suggesting that AMX is most likely protonated during electron 

transfer. Therefore, the reduction mechanism of AMX should be different from that of 

DMX. Initially, AMX uptakes one proton from water, followed by the first electron 

transfer from FeL2
6- to form A-4, then, the reaction will likely go through Path D, E and F 

(Scheme 5-2) to form the final product. The rate-limiting step can be either first or second 

electron transfer. Thus, Path 1b, 2a and 2b are all likely for AMX. 

In path 1b, kobs for the reduction of ISX is a function of krds and also depends on k1 

and k-1 (Eq. 5.12). Therefore, the correlation between KIEH and KIEH(RDS) of the rate-

limiting step can be derived based on the dissociation constant of the protonated form of 

ISX obtained in H2O (pKH) and in D2O (pKD) as 

𝐾𝐼𝐸𝐻 =
𝑘𝑜𝑏𝑠

𝐻

𝑘𝑜𝑏𝑠
𝐷 =

𝑘𝑟𝑑𝑠
𝐻

𝑘𝑟𝑑𝑠
𝐷 ∙

𝑘1
𝐻

𝑘−1
𝐻 /

𝑘1
𝐷

𝑘−1
𝐷 =

𝑘𝑟𝑑𝑠
𝐻

𝑘𝑟𝑑𝑠
𝐷 ∙

𝐾𝐻

𝐾𝐷
=

1

𝐾𝐼𝐸𝐻(𝑅𝐷𝑆)
∙

10−𝑝𝐾𝐻

10−𝑝𝐾𝐷
                     5.14 

To obtain KIEH(RDS), the pKH and pKD values in the process of AMX→A-1 were 

calculated to be -7.7 and -6.0, and 14.0 and 15.6 for A-2→A-4, following the method of 

Pliego (details in Section 5.2.5).234 KIEH(RDS) was then calculated to be 21.7 for 

AMX→A-1, and 20.8 for A-2→A-4. The inaccurate absolute pK values based on the 

calculation led to a failure to investigate if KIEH(RDS) falls into the range of primary KIEH 

when proton is involved in the rate-limiting step. Better approaches need to be developed 

to correct the calculation of pKH and pKD. However, the comparable KIEH(RDS) values 

(relative pKH vs. pKD) for AMX→A-1 and A-2→A-4 indicated that both processes are 

likely to occur, consistent with our previous conclusion that Path 1b, 2a and 2b are all 

possible for AMX.  
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5.5 Environmental Significance 

Despite the frequent usage and potential risks associated with antibacterial ISXs, 

limited information is available regarding their environmental persistence and 

transformation pathways. Our investigation on the detailed reaction mechanisms 

regarding ISXs reduction, including the order of the elementary reactions and the rate-

limiting step, will provide the much-needed fate information in reducing environments. 

In addition, our work proposes the most possible pathways that may contribute to the 

reduction of ISXs in aqueous FeII–ligand environments. These pathways are also likely to 

be important for other isoxazole-containing products. The above information is important 

for evaluating reductive behavior of various substituted of ISXs through developing 

quantitative structure-activity relationships (QSARs). It will provide the much needed 

kinetic and product information to evaluate the persistence of ISXs and to identify and 

quantify dominant by-products formed in the environment for accurate toxicity 

assessment. The susceptibility of ISXs to reduction can be applied to developing 

industrial products that will be less persistent in reducing environments. 
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CHAPTER 6 QSAR STUDY OF THE REDUCTION OF N–O CONTAINING 

CONTAMINANTS BY AQUEOUS FEII–TIRON COMPLEX 

6.1 Introduction 

The N–O bonding environment varies largely among structures of diverse N–O 

containing compounds (NOCs). For example, ANOs contain an single N–O bond with 

the N part of an aromatic ring; in ISX, the N–O bond is within an aromatic ring; in 

phenylhydroxylamine, the N-O bond is part of a saturated aliphatic chain, while in 

benzaldehyde oxime, the N is double-bonded to an aliphatic C. In fact, the N–O bond in 

ISX can not be considered as a single bond due to the resonance on the aromatic ring. 

NOCs containing different N–O bonds might lead to a significant effect on their 

degradation kinetics and mechanisms. Considering N–O bond as a reductive functional 

group, the mechanistic understanding of the reductive transformation of NOCs in the 

aquatic environment will help researchers and regulatory agencies to develop QSARs that 

can evaluate their persistence, and to accurately assess their fate in and possible risks in 

reducing environments. 

In this Chapter, we examined detailed reduction mechanisms of seven 

representative NOCs by FeII−tiron complex via a number of experimental and 

computational approaches. We propose the reaction involves two electron transfers from 

the reductant to the NOCs, two steps of protonation of NOCs, and dissociation of the N–

O bond. We calculated a series of molecular descriptors, such as electron affinity (EA), 

stability constant of FeII−NOCs, and pKa values to establish a correlation between these 

parameters and kobs. Based on the above results, we discussed the most probable reaction 

path along with the rate-limiting step for each type of NOCs.  
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Ongoing work for this chapter focuses on the kinetics isotope analysis to elucidate 

the rate-limiting step for each type of NOCs, and the development of more molecular 

descriptors (reduction potential, ELUMO, etc.) to correlate with the reactivity of NOCs. 

6.2 Materials and Methods 

6.2.1 Chemicals 

N,N-dimethybenzylamine N–oxide (19), phenylhydroxylamine (PHA), 3,5-

dimethylisoxazole (DMX), benzaldehyde oxime (BO), benzaldehyde N-methyloxime 

(22) and N-allyloxy-N-methylaniline (23) were purchased from Sigma-Aldrich at greater 

than 97% purity. Other employed chemicals were obtained from Sigma-Aldrich or Fisher 

Scientific. All solutions were prepared in ways previously described in Section 3.2.1. 

6.2.2 Batch Reactor Setup 

Details of batch reactor setup for the reduction kinetics of NOCs are provided in 

Section 3.2.2. Typical reactions for NOCs were initiated by adding 50 μM of NOC stock 

to solutions containing 0.5 mM FeII, 10 mM tiron, 0.2 M NaCl, and 50 mM MOPS to 

buffer the pH at 7.00. For compound 19, the reaction solution was buffered at 5.00.  

6.2.3 Analytical 

The extent of NOCs disappearance and reaction product formation was monitored 

by HPLC (details in Section 3.2.3). Detection wavelengths were set from 210 nm to 292 

nm. The flow rate was 1 mL/min for all NOCs. The mobile phase consisted of 85% acetic 

acid (0.012 M) and 15% methanol for compound 19; 70% acetic acid (0.012 M) and 30% 

methanol for 22; 60% acetic acid (0.012 M) and 40% methanol for BO; 60% ammonia 

acetate (20 mM) and 40% methanol for PHA; and 5% ammonia acetate (20 mM) and 

95% methanol for 23. 
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Reaction products were identified by HPLC/QToF-MS (details in Section 3.2.3).  

6.2.4 Computation 

The potential energy surface scan for each elementary reaction of PHA and BO 

(Scheme 6-1 and 6-2) was investigated as previously described (Section 4.2.5). 

Scheme 6-1. Proposed reduction pathways of PHA by FeII–tiron. 

 

Scheme 6-2. Proposed reduction pathways of BO by FeII–tiron.  
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The stability constants for FeII–NOCs complexes were calculated following the 

method from Casasnovas et al.241 2,2'-Bipyridine (BPY) was used as the reference 

species. Take AMX as an example. Chapter 5 revealed that AMX will undergo ring 

cleavage and form complexation with FeII after the first electron transfer. As a result, 

geometry optimization was performed for A-7 (Scheme 5-1), [Fe(A-7)(H2O)4]
+, BPY and 

[Fe(BPY)(H2O)4]
2+ in water solvent. The total free energy Gaq of each species was then 

computed according to: 

𝐺𝑎𝑞(A−𝟕) =  𝐺𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 + 𝐺𝑡𝑟𝑎𝑛𝑠 + 𝐺𝑟𝑜𝑡 + 𝐺𝑣𝑖𝑏                                                        6.1 

where Gaq is the sum of electronic, translational, rotational and vibrational energies 

obtained from the vibration frequency calculation. Then, 

∆𝐺([Fe(A−𝟕)(𝐻2O)4]+) 

= 𝐺𝑎𝑞([Fe(A−𝟕)(𝐻2O)4]+) + 𝐺𝑎𝑞(A−𝟕) − 𝐺𝑎𝑞([Fe(BPY)(𝐻2O)4]2+) − 𝐺𝑎𝑞(𝐵𝑃𝑌)        6.2 

The stability constant was then computed to be 

𝑙𝑜𝑔𝛽[Fe(A−𝟕)(𝐻2O)4]+ 

=
∆𝐺([Fe(A−𝟕)(𝐻2O)4]+)

𝑅𝑇𝑙𝑛10
+ 𝑙𝑜𝑔𝛽[Fe(BPY)(𝐻2O)4]2+ + ∑ 𝑝𝐾𝑎(A−𝟕)

𝑁

𝑁−𝑛+1

                 6.3 

where 𝑙𝑜𝑔𝛽[Fe(BPY)(𝐻2O)4]2+ is 4.2 from ref.242 

All the pKa values of A-7 were calculated following the method from Pliego et 

al.234 Theoretical equations were generated using the general chemical equilibrium 

relationship depicted in Scheme 6-3. pKa values were then obtained following the 

procedure described in Section 5.2.5. 
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Scheme 6-3. Thermodynamic cycles used in the calculation of pKa. 

 

6.3 Results 

6.3.1 Reduction kinetics 

Degradation of NOCs was observed in solutions containing both FeII and tiron. 

No degradation was observed for compound 23 for up to two weeks. The disappearance 

of NOCs followed pseudo-first-order reaction kinetics. Values of kobs for all the NOCs 

are listed in Table 6-1. The order of kobs is: 19 >> PHA >> DMX >> BO > PNO >> 22 

>> 23. 

Table 6-1. Structures and kobs of the selected NOCs. 

# Structure kobs (h
-1) # Structure kobs (h

-1) 

19  67.91 ± 2.79a 
21 

BO 
 0.002 ± 0.00006c 

1 
CDX 

 
11.50 ± 0.34b 

10 

PNO 

 
0.001 ± 0.0000c 

20 

PHA 

 
53.84 ± 16.52c 22 

 0.00007 ± 

0.00001c 

17 

DMX  
0.63 ± 0.04c 23 

 
No reactionc 

Reaction conditions: a. pH 5.00. b. pH 6.00. c. pH 7.00. Other reaction conditions: 50 μM 

NOCs, 0.5 mM FeII, 10 mM tiron, I = 0.2 M. 
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6.3.2 Reduction Products 

Products of PHA and BO were identified to be the corresponding deoxygenated 

analogs based on HPLC analysis of the authentic standards (Scheme 6-4). Specifically, 

BO transformed to the corresponding aldimine which subsequently hydrolyzed to an 

aldehyde.159 Products of other NOCs have been identified in our previous work to be 

deoxygenated analogs.  

Scheme 6-4. Reduction products of PHA and BO. 

 

6.3.3 Theoretical Calculation 

Seven reaction pathways were proposed for the reductive transformation of PHA 

to the final product (aniline, P-13), as shown in Scheme 6-1. Similar to our previous 

studies on ANOs and ISXs, the elementary processes can be categorized as protonation; 

electron transfer; and N–O bond dissociation. Path C is unfavorable since the geometry 

optimization and frequency calculation led to a much higher free energy for P-3 than 

PHA. As a result, no further calculation was performed for Path C. 

The geometry optimization of P-2, P-5, P-7, P-8, P-9 and P-12 obtained 

unreasonable geometries for these intermediate. This suggests that Path B, D, E, F and G 

are all unfavorable. Thus, Path A is the only process that the reaction will go through. 

The optimized geometry of P-1 and P-4 has extremely long N…O distances indicating a 

broken bond (an example in Figure 6-1). This suggests that the N–O bond of PHA will 

dissociate spontaneously during the first protonation & first electron transfer processes, to 
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directly form P-6 that leads to the final product. Thus, potential energy surface scans 

were only performed for the protonation processes of P-6→P-11 and P-10→P-13. Our 

data showed that both protonation processes were barrierless, suggesting their non-rate-

limiting characteristics in Path A. As a result, the second electron transfer was proposed 

to be the rate-limiting step. 

Seven reaction pathways were proposed for reductive transformation of BO to the 

final product (aldimine analog, B-14), as shown in Scheme 6-2. Similar to PHA, Path C 

is unfavorable since a much higher free energy was obtained for B-1 than BO. The 

geometry optimization of B-8 and B-10 obtained unreasonable geometries, suggesting 

that Path F and G are unfavorable. The optimized geometry of B-5 showed a broken N–O 

bond, suggesting that once B-2 is formed, it will undergo either N–O bond dissociation to 

directly form B-7 in Path A, or protonation in Path B. Thus, Path D was ruled out. To 

further confirm this conclusion, potential energy surface scan was performed for the N–O 

bond dissociation process B-2→B-7 in Path A, showing an energy barrier of 7.79 

kcal/mol, which is relatively small; In addition, all the protonation processes in Path A, B 

and E were calculated to be barrierless, suggesting that they are not the rate-limiting step. 

As a result, the reaction will go through Path A, B or E, and the rate-limiting step could 

be either the first or the second electron transfer in these pathways. Further evidence is 

required to distinguish these pathways and identify the rate-limiting step. 

To determine predictors that can correlate with the reactivity of NOCs, several 

molecular descriptors such as electron affinity (EA) and stability constants for FeII–NOCs 

complexes (log β) were calculated (details in Sections 3.2.5 & 6.2.4). Values for these 

parameters are listed in Tables 6-2. 



117 

 

EA correlates poorly with log kobs for all NOCs mainly due to two reasons. First, 

complexation has a significantly effect on the rate-determining step. Various types of 

complexation between NOCs and FeII species will lead to a change of kobs to different 

extents. For NOCs not forming complex with FeII species, a poor correlation between log 

kobs and EA was still obtained, and the reason could be that the rate-determining step 

varies among NOCs, making EA a poor descriptor for the reactivity. For example, the 

rate-limiting step for the reduction of DMX was proposed to be the first electron transfer; 

while for AMX, there is a failure to determine the rate-limiting step to be the first or 

second electron transfer. log β calculated for ISXs (AMX, 13, 14, 16 and 18) has no 

correlation with their log kobs, and the reason is unclear yet. More molecular descriptors 

(e.g. reduction potential, ELUMO) and further approaches are necessary to be explored to 

develop QSARs. 

 

Figure 6-1: Optimized geometry of P-4. Color codes are the same as in Figure 4-2. 

Distances of RN1–O1 is 3.11 in Å. 
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Table 6-2. Structures, physical-chemical properties, and kobs of the selected NOCs. 

# Structure log kobs 
EA 

(kcal/mol) 
log β 

13 

 
 

3.10a 43.4 22.0 

14 

  
3.10a 31.1 22.4 

19  1.83a 45.3  

1 
CDX 

 
1.06b 77.3  

15 

AMX  
2.12c 32.3 32.3 

20 

PHA 

 
1.73c 17.8  

16 

 

0.91c 43.6 -64.2 

17 

DMX  
-0.20c 27.1  

18 

 

-0.96c 45.8 -13.3 

21 

BO 
 -2.70c 46.1  

10 

PNO 

 
-3.00c 43.6  

22  -4.15c 50.6  

23 
 

N/Ac 16.2  

Reaction conditions: a. pH 5.00. b. pH 6.00. c. pH 7.00. Other reaction conditions: 50 μM 

NOCs, 0.5 mM FeII, 10 mM tiron, I = 0.2 M. 
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK 

7.1 Reduction Kinetics and Products of NOCs by FeII–Tiron 

Degradation of NOCs in the presence FeII–tiron was observed at different rates. 

The trend in the reactivity follows: 5-NH2 substituted ISX >> aliphatic N-oxide >> ANO 

with side chain >> 3-NH2 substituted ISX >> aromatic hydroxylamine >> simple ISX >> 

aromatic oxime > ANO without side chain > imino N-oxide. In general, most of the 

saturated NOCs were much more reactive than the unsaturated ones, indicating that 

electron-rich NOCs are less prone to reduction. However, interactions between FeII 

species (free FeII or FeL2
6-) and NOCs will significantly affect the degradation rate by 

forming 5-, 6- or 7-membered ring complexes. 

Reduction products of the NOCs were formed via the N–O bond dissociation. 

Specifically, ANOs were transformed to the deoxygenated analogs, corresponding to the 

loss of both O atoms from the N1 and N4 positions; reduction of ISXs occurred through 

ring opening to form the reduced β–enaminoketone analog; aromatic hydroxylamines 

were reduced to the corresponding aniline; while oimxes were reduced to the 

corresponding aldimine which subsequently hydrolyzed to an aldehyde. 

7.2 Reaction Mechanisms and Rate-Limiting Step for the Reduction of simple 

ANOs by FeII–Tiron 

In Chapter 3, we have proposed a generic reduction mechanism, that is, one 

electron is transferred from FeL2
6- to ANOs and delocalized within the aromatic ring to 

form a radical anion. Following the step-wise transfer of a second electron, 

deoxygenation occurs to form the products. In Chapter 4, we have provided more detailed 

understanding of this mechanism. Based on the study of PNO (a model simple ANO), 
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reduction of ANOs appears to proceed in two pathways (Scheme 7-1). In one pathway, 

ANOs accept the first electron from the reductant, either directly or after complexing 

with FeII species, followed by the first protonation to form a neutral radical; alternatively, 

the sequence of the first electron transfer and the first protonation can be reversed. The 

formed radical then goes through barrierless processes of one additional electron transfer, 

the second protonation, and N–O bond dissociation to form the product.  

The rate-limiting step is either PNO-1→PNO-2 in path A or PNO→PNO-4 in 

path B, or both. A good agreement of the experimental KIEN value with the computed 

ones for both Paths A and B led to a failure to distinguish between them. Also, similar 

values of enthalpy and free energy between PNO-1→PNO-2 (-104.63 and -104.65 

kcal/mol) and PNO→PNO-4 (-91.80 and -92.98 kcal/mol) indicate the favorable shift of 

equilibrium to the product for both processes. 

Scheme 7-1. Established reduction mechanism of PNO by FeII–tiron. 

 

7.3 Effects of Complexation with FeII–Tiron on the Reduction of ANOs with Side 

Chains 

Based on the position where complexation forms with FeII species (free FeII or 
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complex with the N and O atoms on the chain; type II forms a 6-membered ring complex 

with the N-oxide O atom and the O atom on the side chain; and type III forms complex 

through the N-oxide O atom only. Complexation can facilitate the reduction of ANOs, 

either significantly or slightly depending on the nature of the complexation. Without 

complexation, type II ANOs show the largest kobs, followed by type I and then type III. 

This can be explained by the fact that the carbonyl side chain of ANOs is more electron 

withdrawing than the iminyl or methyl side chain which are electron donating, leading to 

different rates of electron transfer. 

The results of the cell experiments showed that the kobs for the reduction of type 

III ANOs in the cathodic cell remained constant when FeII concentration was increased, 

indicating that either type III complexation with FeII did not form or was too weak to 

affect the degradation. In contrast, the overall reduction rate constant of type I or type II 

ANOs increased slightly with increasing [FeII], indicating that the reduction can be 

enhanced by either type I or type II complexation with free FeII to some extent.  It is 

likely that the complexation leads to more positively charged FeII–ANOs, easier to accept 

electrons than uncomplexed type I or type II ANOs. 

The smaller ratio of the kobs for the reduction of type II ANO versus type III ANO 

in the batch than in the cell experiments is likely due to the steric hindrance from the 

carbonyl group on the side chain, which inhibited type II complexation with FeL2
6- to 

some extent. This inhibited complexation partially canceled the promoting effect of its 

carbonyl group. In contrast to type II ANOs, the kobs of type I ANO was much greater 

than that of type III ANO. This comparison provided a strong evidence on the 

characteristics of the complexation that facilitated type I ANO degradation, that is, type I 
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inner-sphere complexation on the side chain with FeL2
6-. This has led to direct electron 

transfer within the complex from FeL2
6- to type I ANOs, which dramatically increased the 

reactivity (Scheme 7-2). 

Scheme 7-2. Established reduction mechanism of CDX by FeII–tiron. 

 

7.4 Reaction Mechanisms and Rate-Limiting Step for the Reduction of simple 

ISXs by FeII–Tiron 

In Chapter 5, we have obtained a detailed understanding of the reduction 

mechanism of simple ISXs by FeII–tiron. Since the KIEH value of DMX (a model simple 

ISX) was obtained to be 1.209 ± 0.079, not within the ranges of primary and relevant 

secondary KIEH values, the ring-N atom of DMX is unlikely to be protonated during the 

rate-limiting electron transfer process since no proton is directly involved. As a result, we 

proposed that the most probable rate-limiting step for simple ISX is the first electron 

transfer. Specifically, one electron is initially transferred from FeL2
6- to simple ISX and 
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protonation, second electron transfer, and N–O bond cleavage to form the final product. 

In this case, Paths A, D, E and F in Scheme 7-3 are all likely since their barriers are 

energetically comparable. 

Scheme 7-3. Established reduction mechanism of DMX by FeII–tiron. 

 

7.5 Effects of Complexation with FeII–Tiron on the Reduction of Substituted ISXs  

The much higher reactivity of ISXs with amine function groups indicates that the 

presence of the 3-NH2 or 5-NH2 substituent is critical in the overall reduction by FeII–

tiron, where FeL2
6- might form a ring complex with 3-N or 5-N and the ring-N or ring-O. 

The formation of ring complexes through the 3-OH or 5-OH substituent, and the ring-N 

or ring-O with FeL2
6- is also necessary. Based on the position where complexation forms, 

ISXs can be categorized into three types: type I forms a ring complex with 3-N and ring-

O; type II forms a ring complex with 5-N/O and ring-N; and type III forms a ring 

complex with 6-O and ring-N. Theoretical calculations revealed that the complex formed 

after ring cleavage is stronger. The less stable complexation before ring cleavage is likely 

due to its “twisted” structure, which inhibited the formation of 5-membered ring 

complexes with FeII species. 
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The results of the cell experiments showed that when no FeII existed in the 

cathodic cell (i.e., no complexation, only electron transfer), the comparable kobs of type I 

ISX and simple ISX (no complexation with FeII species) indicates that the electron 

donating 3-NH2 substituent has little effect on the reduction rate. In contrast, 5-NH2 

substituent is critical in enhancing the reduction rate. In addition, the electron 

withdrawing 3-aryl substituent will facilitate the reaction better than the electron donating 

3-methyl substituent, and 5-OH will likely inhibit the reduction.  

Reduction of simply ISXs in the cathodic cell remains at a constant rate over the 

entire range of [FeII], suggesting that direct complexation between free FeII and ring-N (if 

any) is too weak to facilitate electron transfer. In addition, no increase was observed for 

the reduction of type III ISX with increasing [FeII], indicating that type III complexation 

with free FeII (if any) is too weak. In contrast, the overall reduction rate constant of type I 

or II ISXs increased a few times as [FeII] increased significantly, suggesting that the 

reduction can be accelerated by either type I or II complexation with free FeII to some 

extent. 

The comparison of the kobs of ISXs in the cell experiments versus batch 

experiments provided a strong evidence on the characteristics of the complexation that 

facilitated type I ISX degradation, that is, type I inner-sphere complexation with FeL2
6-. 

This has led to direct electron transfer within the complex from FeL2
6- to type I ISXs, 

which dramatically increased the reactivity. In addition, type II inner-sphere 

complexation through 5-O with FeL2
6- can enhance the reduction to some extent, while 

through 5-N with FeL2
6- is much stronger than that through 5-O, leading to direct electron 

transfer from FeL2
6- to ISXs. The comparison results also showed a steric hindrance from 
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the 5-alcohol substituent of type III ISX, which inhibited type III complexation with 

FeL2
6- to some extent. 

The KIEH value of AMX (a model substituted ISX) was 1.992 ± 0.068, within the 

range of primary KIEH values, suggesting that the ring-N atom of AMX is most likely 

protonated during electron transfer. Therefore, the reduction mechanism of AMX should 

be different from that of DMX. Initially, AMX uptakes one proton from water, followed 

by the first electron transfer from FeL2
6- to form A-4, then, the reaction will likely go 

through Path D, E and F (Scheme 7-4) to form the final product. The rate-limiting step 

can be either first or second electron transfer.  

Scheme 7-4. Established reduction mechanism of AMX by FeII–tiron. 

 

7.6 Reaction Mechanisms and Rate-Limiting Step for the Reduction of other 

NOCs by FeII–Tiron 

In Chapter 6, an understanding of the reduction mechanisms of PHA and BO by 

FeII–tiron was revealed.  

For PHA, the geometry optimization of the intermediate suggested that Path C, B, 

D, E, F and G are all unfavorable. Thus, Path A is the only process that the reaction will 

go through. The optimized geometry of P-6 has extremely long N…O distances 

indicating a broken bond, suggesting that the N–O bond will dissociate spontaneously 
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during the protonation & first electron transfer process. The potential energy surface scan 

showed that the protonation processes of P-6→P-11 and P-10→P-13 were barrierless, 

suggesting their non-rate-limiting characteristics in Path A. As a result, the second 

electron transfer was proposed to be the rate-limiting step (Scheme 7-5). 

For BO, the geometry optimization of the intermediates suggesting that Path D, E, 

and F are unfavorable. As a result, the reaction will go through either Path A or Path B. 

In Path B, the optimized geometry of B-4 showed a broken N–O bond, suggesting that 

once B-2 is formed, it will undergo either protonation in Path A, or a dissociate of N–O 

bond to directly form B-6. The potential energy surface scan showed that the protonation 

processes, suggesting that they are not the rate-limiting step. As a result, the rate-limiting 

step could be either the first or the second electron transfer in Path A or B (Scheme 7-6). 

Scheme 7-5. Established reduction mechanism of PHA by FeII–tiron. 

 

Scheme 7-6. Established reduction mechanism of BO by FeII–tiron. 
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7.7 Engineering Applications 

This study confirmed the high susceptibility of NOCs toward reduction by 

aqueous FeII–tiron at circumneutral pH, especially for substituted NOCs that can complex 

with FeII. As a result, abiotic reductive transformation by FeII–organic ligand is likely an 

important degradation pathway for NOCs and also for other organic contaminants in 

natural aquatic environment, even though other components such as natural organic 

matter and metal ions might affect the reaction by interacting with NOCs or FeII–tiron. 

Since simultaneous occurrence of dissolved FeII and natural organic ligands are common 

in many natural systems, naturally occurring FeII–organic ligand complexes can be 

utilized to degrade various organic contaminants in groundwater and sediments. Based on 

our kinetics studies, reduction rates of NOCs highly depend on their structures and 

increase substantially with increasing FeII concentration, tiron concentration and pH 

values. Therefore, higher treatment efficiencies during in-situ remediation can be 

achieved by either adding FeII or organic ligands into the environment, or changing pH 

values, to facilitate the degradation of contaminants. Finally, anaerobic digestion is 

increasingly used to treat wastewater and/or sludge containing large amounts of organic 

waste. Enhanced degradation kinetics may be achieved by amending the mixture with 

Fe(II) and/or organic ligands to facilitate reductive degradation of NOCs or other 

reducible contaminants. This is particularly relevant when carbadox or other veterinary 

pharmaceuticals are present in the animal waste.   
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7.8 Future Work 

7.8.1 Extension of the Current Research 

Reduction mechanisms of a few groups of NOCs have been revealed in this 

research. However, a full understanding of the reaction mechanisms of all NOCs is still 

missing due to the multiple pathways proposed during the entire reduction process. 

Further evidence should be explored to distinguish various pathways and to identify the 

most likely rate-limiting step. For example, computational methods should be improved 

to obtain the activation energy of the rate-limiting step in each path, and the one with a 

lower barrier height will be considered as the most probable reaction pathway; in 

addition, pathways with energetically comparable barriers are all likely to occur. 

Theoretical calculation on the reduction mechanisms of NOCs in current research 

was conducted without considering their complexation with FeII species. However, 

complexation can dramatically change the reaction rate based on our experiment results. 

Due to the formation of complexes, which might affect the transition state of the rate-

limiting step, the reduction mechanism of NOC might change as well. More evidence is 

needed to elucidate the nature of the transition states when complexation is involved. For 

example, efforts should be taken to optimize the geometry of the transition state in the 

rate-limiting step; kinetic isotope effects can be determined for certain atoms that were 

involved in complexation, which will help us to understand the characteristic of the 

transition state and the rate-limiting step. 

7.8.2 Structurally-Related NOCs 

The current research examined NOCs with none/simple substituents. When NOCs 

contain multiple substituents, more complicated complexes might be formed with FeII 

species, and the possibility of other side reactions might increase, leading to different 
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mechanisms. Further studies on structurally-related NOCs will improve predictive 

capability regarding their persistence and product formation in reducing environments. 

Plus, the experimental and computational approaches in current research can be applied 

to studying additional compounds that are representative of various classes of organic 

contaminants.  

7.8.3 Other Metal–Ligand Complexes as Reductant 

The importance of FeII–tiron complex in reducing a series of contaminants in the 

aquatic environment has been emphasized in this study. Besides Fe, other metal species 

such as Cd, Cr, Cu, Ni, As, Pb, and Zn are commonly existing in the aquatic environment 

and industrial wastewater effluents because of their high solubility.243 These metal 

species have different reduction potentials, oxidation states, and number of coordinates. 

On the other hand, besides tiron, previous studies reported that FeII complexing with 

organic catecholate, hydroxamate, and organothiol ligands can quickly reduce a number 

of organic contaminants in anoxic aqueous solution due to their low reduction potentials 

and high redox reactivity.41, 43, 44, 244 As a result, future research can investigate the 

reactivity of various metal species complexing with different organic ligands, as well as 

their stability constants, to identify an optimized reductant for a more efficient treatment 

of contaminants in reducing environments. 

7.8.4 Realistic Aquatic Environments 

So far, the reduction kinetics and mechanisms of NOCs were investigated under 

optimized experimental conditions, which have eliminated the disturbance from other 

chemical species. However, various environmental factors should be considered in order 

to better estimate the fate of these contaminants in the aquatic environment. The 
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existence of mineral phases, natural organic matter and trace metal species, which may 

interact with either NOCs or the reductant, will lead to much more complicated 

mechanisms and generate unexpected products. In addition, other processes such as 

adsorption, biodegradation and so on may compete and interfere with the reduction 

process. Their potential effects on the reduction rates and products of NOCs by FeII–tiron 

are currently unclear and should be explored. 

7.8.5 Fate Simulator 

With a better understanding of the reduction mechanism for each type of NOCs 

by FeII–tiron, more molecular descriptors besides EA and stability constant should be 

explored to correlate the reactivity of NOCs to their physical/chemical properties so that 

a systematic estimation of the fate of organic contaminants can be achieved, which can be 

utilized to develop environmental fate simulators to accurately assess their persistence 

and possible toxicity in water supply and environmental systems. 
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